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lipoproteins are secreted by intestinal enterocytes and he-
patocytes and enter the systemic circulation. The triglycer-
ides are then hydrolyzed by lipoprotein lipase (LPL) along 
the luminal surface of capillaries, mainly within heart, adi-
pose tissue, and skeletal muscle, releasing fatty acids for 
use by parenchymal cells ( 1 ). When LPL activity is absent, 
either as a consequence of defects in LPL or its cofactor 
apolipoprotein (apo-) CII, the lipolysis of triglyceride-rich 
lipoproteins is blocked, interfering with the delivery of nu-
trients to parenchymal cells and leading to markedly ele-
vated triglyceride levels in the plasma (chylomicronemia) 
( 3–5 ). In recent years, this schema has been refi ned with 
the identifi cation of proteins that regulate the effi ciency 
of lipolysis (e.g., apo-CIII, apo-AV, ANGPTL3, ANGPTL4, 
LMF1) ( 6–12 ). 

 But despite signifi cant progress, key elements in LPL-
mediated lipoprotein processing remained stubborn mys-
teries. One was how LPL is attached to the luminal face of 
capillaries. For more than 50 years, it has been recognized 
that LPL can be released from its intravascular binding 
sites with heparin ( 13, 14 ), a sulfated glycosaminoglycan. 
That fi nding suggested that LPL might be attached to hep-
aran sulfate proteoglycans (HSPGs) that coat the surface 
of capillaries. Supporting this notion was the fact that LPL 
contains several positively charged heparin-binding do-
mains ( 15–17 ), the fact that LPL binds to HSPGs ( 18–20 ), 
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 The outline for the lipolytic processing of lipoproteins 
has been established for decades ( 1, 2 ). Triglyceride-rich 
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(amino acids 24–48 in mouse GPIHBP1) and the cysteine-
rich Ly6 domain (from Cys-63 to Cys-135 in mouse GPI-
HBP1). The Ly6 domain in mouse GPIHBP1 contains a 
single N-linked glycosylation site (Asn-76), while human 
GPIHBP1 has two (Asn-78 and Asn-82) ( 34 ). Glycosylation 
of these sites is important for effi cient traffi cking of GPI-
HBP1 to the cell surface ( 34 ). 

 In their initial paper, Ioka et al. ( 30 ) pointed out that 
GPIHBP1 is a member of the Ly6 family of proteins. In 
humans and mice, there are  � 25–30 Ly6 proteins ( 35, 36 ). 
Several have been studied extensively, for example UPAR 
(the urokinase-type plasminogen activator receptor) ( 37 ), 
CD59 (an inhibitor of the complement cascade) ( 38 ), and 
SLURP1   (a keratinocyte protein that is mutated in  Mal de 
Meleda , a recessive palmoplantar keratoderma) ( 39 ), but 
many Ly6 family members have no known function ( 40 ). 
The defi ning feature of this family of proteins is an  � 80–
amino acid “Ly6 domain” containing 10 cysteines—all ar-
ranged in a characteristic spacing pattern. Each of the 
cysteines is disulfi de-linked ( 41 ), with the fi rst cysteine 
forming a disulfi de bond with the fi fth cysteine, the sec-
ond with the third, the fourth with the sixth, the seventh 
with the eighth, and the ninth with the tenth ( 41–43 ). The 
disulfi de binding creates a three-fi ngered domain, with 
each fi nger consisting mainly of  � -pleated sheets ( 35, 44–
46 ). Most Ly6 family members contain a single Ly6 motif, 
but several, for example, C4.4A and Heldisin, have two 
( 47 ), and UPAR has three ( 37 ). Most Ly6 proteins are GPI-
anchored, but SLURP1 and SLURP2 ( 48 ) have no GPI an-
chor and are secreted from cells. Apart from the conserved 
three-fi ngered structural motif, most Ly6 proteins are 
quite distinct in their amino acid sequences. GPIHBP1’s 
Ly6 domain has almost no amino acid sequence homology 
with other Ly6 family members, aside from the 10 con-
served cysteines. 

 Ioka et al. ( 30 ) found that GPIHBP1 expression in CHO 
cells led to uptake of DiI-labeled HDL, although the 
amount of uptake was signifi cantly less than in SR-B1–
transfected cells. Treating GPIHBP1-transfected cells with 
phosphatidylinositol-specifi c phospholipase C (PIPLC, an 
enzyme that cleaves the GPI anchor and releases GPI-an-
chored proteins from the cell surface) abolished the abil-
ity of the cells to bind HDL ( 30 ). GPIHBP1 appeared to 
mediate selective uptake of lipids by cells (i.e., lipid com-
ponents of HDL were taken up by cells, but degradation of 
 125 I-labeled HDL proteins was negligible). Unlike SR-B1, 
GPIHBP1 did not increase cholesterol effl ux to HDL in 
the medium ( 30 ). 

 Northern blots by Ioka et al. ( 30 ) showed that GPIHBP1 
was expressed highly in the heart ( 30 ). They also per-
formed in situ hybridization studies and concluded that 
GPIHBP1 was expressed in cardiac myocytes, the sinusoi-
dal endothelium and Kupffer cells in the liver, alveolar 
macrophages of the lung, and the bronchial epithelium. 
Based on the expression of GPIHBP1 in scavenger cells 
(e.g., Kupffer cells, alveolar macrophages), along with 
GPIHBP1’s ability to promote the uptake of HDL lipids, 
they concluded that GPIHBP1 likely plays a role in “the 
initial entry of HDL cholesterol into scavenger cells for 

and the fact that LPL binding to endothelial cells can be 
reduced by treating the cells with enzymes that cleave 
HSPGs ( 21 ). Despite these observations and a fairly strong 
consensus that HSPGs were likely required for LPL bind-
ing, this notion was never particularly satisfying, largely 
because HSPGs are expressed in many cell types, includ-
ing the parenchymal cells from which LPL is secreted, and 
it was never clear why LPL would end up binding preferen-
tially to the HSPGs in the capillary lumen. 

 Another mystery was the mechanism by which LPL is 
transported to the capillary lumen. LPL is synthesized by 
adipocytes and myocytes and secreted into the surround-
ing interstitial spaces, but LPL’s ability to process lipopro-
tein triglycerides depends on its ability to reach the capillary 
lumen. Obunike et al. ( 22 ) investigated LPL transport 
across endothelial cells grown on transwell fi lters and con-
cluded that LPL was carried across cells by the VLDL re-
ceptor and HSPGs. Against the idea that the VLDL receptor 
is important, however, was the fact that VLDL receptor de-
fi ciency in mice does not lead to signifi cant hypertriglyc-
eridemia ( 23 ). 

 During the past few years, there has been progress in 
solving both mysteries—the binding site for LPL within 
capillaries and the mechanism by which LPL is transported 
to the capillary lumen. We now know that glycosylphos-
phatidylinositol-anchored high density lipoprotein–bind-
ing protein 1, (GPIHBP1), a GPI-anchored protein of 
capillary endothelial cells, binds LPL in the subendothe-
lial spaces and transports it to the capillary lumen ( 24 ). 
The binding of LPL to GPIHBP1 is highly specifi c; even 
single amino acid substitutions in GPIHBP1 or LPL can 
abolish their interaction, leading to impaired lipolysis and 
hypertriglyceridemia ( 25–29 ). We discuss each of these 
topics in this review. 

 GPIHBP1, a member of the Ly6 family of proteins 
 GPIHBP1 was initially identifi ed by Ioka et al. ( 30 ) using 

expression cloning. They generated a cDNA library from 
the livers of low density lipoprotein receptor–defi cient 
mice and then screened for cDNA clones that conferred 
upon Chinese hamster ovary (CHO) cells the ability to 
bind high-density lipoproteins (HDL) that had been labeled 
with a fl uorescent dye (1,1-dioctadecyl-3,3,3,3-tetrameth-
ylindocarbocyanine perchlorate, or DiI). They identifi ed 
two cDNA clones, one encoding scavenger receptor class 
B, type 1 (SR-BI), and the other encoding GPIHBP1. Iden-
tifying SR-B1 in this screen was not a surprise, given SR-B1’s 
well-established HDL-binding properties ( 31 ), but GPIHBP1 
was a novel molecule. 

 Mouse GPIHBP1 contains 228 amino acids specifying 
an N-terminal signal peptide, an acidic domain (where 17 
of 25 consecutive residues are glutamate or aspartate) ( 32, 
33 ), a cysteine-rich lymphocyte antigen 6 (Ly6) motif, and 
a carboxyl-terminal hydrophobic sequence that triggers 
the addition of a GPI anchor ( 30, 32, 33 ). The signal pep-
tide is cleaved within the endoplasmic reticulum, and the 
carboxyl-terminal hydrophobic sequence is removed dur-
ing the addition of a GPI anchor; thus, mature GPIHBP1 
has two noteworthy protein domains—the acidic domain 
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crucial for the processing of triglyceride-rich lipoproteins 
( 24, 33 ). These fi ndings led Beigneux et al. ( 33 ) to suggest 
that GPIHBP1 serves as a binding site for LPL within cap-
illaries—a “platform for lipolysis.” Beigneux et al. ( 33 ) 
also speculated that GPIHBP1 might play a particularly 
important role in the metabolism of apo-B48–containing 
lipoproteins, but follow-up studies by Weinstein et al. ( 52 ) 
showed that this was not the case. Weinstein et al. ( 52 ) 
bred  Gpihbp1  � / �    mice that synthesize exclusively apo-B48 
( Gpihbp1  � / �  Apob  48/48 ) as well as  Gpihbp1  � / �    mice that syn-
thesize exclusively apo-B100 ( Gpihbp1  � / �  Apob  100/100 ) and 
showed that the hyperlipidemia was equally severe in both 
groups of mice. 

 Beigneux et al. ( 33 ) also found that GPIHBP1-express-
ing CHO cells bind both apo-AV–phospholipid disks and 
chylomicrons ( d  < 1.006 lipoproteins from  Gpihbp1  � / �    mice). 
The ability of apo-AV to bind to GPIHBP1 was not particu-
larly surprising, given that apo-AV contains a strong hepa-
rin-binding domain ( 53 ). The binding of chylomicrons to 
GPIHBP1-expressing CHO cells was intriguing and raised 
the possibility that other heparin-binding proteins (e.g., 
apo-E, apo-B) might be capable of binding to GPIHBP1, 
but this does not appear to be the case ( 49 ). Instead, chy-
lomicron binding to GPIHBP1-expressing CHO cells ap-
pears to be mediated by the hamster LPL produced by 

further transportation of cholesterol” ( 30 ). They added 
that knockout mice would be important for defi ning pro-
tein function in vivo .  

 The paper by Ioka et al. ( 30 ) was important for uncover-
ing GPIHBP1, but it contained several fi ndings that subse-
quently could not be confi rmed. Ironically, one was that 
GPIHBP1-transfected cells actually bind HDL. Using sev-
eral independent assay systems, Gin et al. ( 49 ) found no 
evidence that GPIHBP1 binds HDL. What explains this 
discrepancy is not entirely clear, but it is noteworthy that 
the experiments by Ioka et al. ( 30 ) were performed with 
CHO cells, and those cells produce LPL ( 50 ), a protein 
that binds avidly to GPIHBP1 ( 33 ). Also, Beigneux et al. 
( 33 ) demonstrated that GPIHBP1 binds apo-AV; thus, it is 
possible that the HDL binding observed by Ioka et al. ( 30 ) 
was due to apo-AV in their HDL preparations. Another 
questionable result in the initial manuscript by Ioka et al. 
( 30 ) was the apparent synthesis of GPIHBP1 by mac-
rophages and cardiomyocytes (as judged by in situ hybrid-
ization) ( 30 ). Antibodies against GPIHBP1 were not 
available when Ioka et al. ( 30 ) identifi ed GPIHBP1; hence, 
they were unable to confi rm their fi ndings with immuno-
histochemistry. Later, Beigneux et al. ( 33 ) and Davies et al. 
( 24 ) showed that GPIHBP1 is expressed only in capillary 
endothelial cells, as judged by immunohistochemical studies 
with GPIHBP1-specifi c monoclonal and polyclonal anti-
bodies. Also,  Gpihbp1  transcripts are absent in mouse peri-
toneal macrophages, as judged by quantitative RT-PCR   
(L. G. Fong, S. G. Young, unpublished observations). 

 Identifi cation of a role for GPIHBP1 in lipolysis 
 The function of GPIHBP1 in lipid metabolism began to 

unfold in 2007 with the analysis of  Gpihbp1  knockout mice 
( 33 ). On a chow diet,  Gpihbp1  � / �    mice have milky plasma 
with plasma triglyceride levels of 2000–5000 mg/dl and 
cholesterol levels of 300–900 mg/dl ( 33 ). The creation of 
GPIHBP1 knockout mice was not specifi cally inspired by 
Ioka et al. ( 30 ) but instead occurred in a screen, initiated 
by Genentech scientists, of knockout mice for 472 genes 
encoding secreted and membrane proteins ( 51 ). The 
presence of hypertriglyceridemia in  Gpihbp1  knockout 
mice prompted efforts to evaluate the function of GPI-
HBP1 and its role in triglyceride metabolism ( 33 ). Not sur-
prisingly, nearly all of the triglycerides and cholesterol in 
the plasma of  Gpihbp1  � / �    mice was contained in  d  < 1.006 
g/ml lipoproteins, and the diameter of the triglyceride-
rich lipoproteins in  Gpihbp1  � / �    mice was far greater than 
in wild-type mice. The plasma apo-B48 levels in  Gpihbp1  � / �    
mice were also elevated and the clearance of retinyl palmi-
tate was markedly delayed ( 33 ), implying that the lipolytic 
processing of triglyceride-rich lipoproteins was impaired. 

 Two other observations by Beigneux et al. ( 33 ) were 
consistent with a role for GPIHBP1 in lipolysis. The fi rst 
was that GPIHBP1-transfected cells bind LPL avidly (K d  = 
3.6 × 10  � 8  M) ( 33 ). The second was that GPIHBP1 is lo-
cated exclusively in capillary endothelial cells ( 33 ), and 
importantly, is expressed along the capillary lumen ( 24 ) 
(  Fig. 1  ).  High levels of GPIHBP1 expression were observed 
in heart and brown adipose tissue, tissues known to be 

  Fig.   1.  GPIHBP1 is located in capillary endothelial cells. A: Con-
focal immunofl uorescence microscopy images of white adipose tis-
sue showing that GPIHBP1 is located in capillaries of wild-type but 
not  Gpihbp1   � / �   mice. Mice were injected intravenously with Al-
exa555-labeled anti-GPIHBP1 (red) and hamster anti-CD31 anti-
bodies and then perfused extensively with PBS. Fixed adipose 
explants were stained with FITC-labeled anti-hamster antibodies 
(green) and BODIPY   (boron-dipyrromethane) to label adipocytes 
(blue). Scale bar, 100 µm. B: Confocal images of heart from the 
same wild-type and  Gpihbp1   � / �   mice, showing GPIHBP1 staining in 
the capillaries of wild-type but not  Gpihbp1   � / �   mice. Tissues were 
stained with an antibody against  � -dystroglycan (magenta), a 
plasma membrane protein of myocytes. Scale bar, 100 µm. Repro-
duced, with permission, from Davies et al. ( 24 ).   
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the liver ( 33 ). Further supporting this idea is the observa-
tion that interventions that increase hepatic LPL expres-
sion in adult  Gpihbp1  � / �    mice lower their plasma triglyceride 
levels, while interventions that lower hepatic LPL expres-
sion increase plasma triglyceride levels ( 57 ). But why 
would hepatic LPL expression lower triglyceride levels in 
the absence of GPIHBP1? The answer, we suspect, relates 
to the fact that the capillaries of the liver are fenestrated, 
making it possible for hepatic LPL to interact with plasma 
lipoproteins in the absence of GPIHBP1-mediated LPL 
transport. 

 Two recent studies have begun to address whether GPI-
HBP1 affects LPL catalytic activity. A study by Sonnenburg 
et al. ( 58 ) reported that a soluble version of GPIHBP1 
(one lacking the GPI anchor) is effective in binding LPL 
but that it did not activate LPL catalytic activity. Interest-
ingly, however, they found that GPIHBP1-bound LPL was 
not susceptible to inhibition by ANGPTL3   and ANGPTL4. 
In a subsequent study, Liu et al. ( 59 ) reported that 
ANGPTL3 inactivates LPL by increasing its susceptibility 
to endoproteolytic cleavage by proprotein convertases 
( 59 ). In their hands, soluble GPIHBP1 did not protect 
LPL from this cleavage event. 

 GPIHBP1’s role in transporting LPL to the capillary 
lumen 

 After discovering that  Gpihbp1  � / �    mice have chylomi-
cronemia, the idea that GPIHBP1 might be crucial for 
the proper localization of LPL within capillaries gradu-
ally picked up steam. Weinstein et al. ( 60 ) found that 
 Gpihbp1  � / �    mice, despite manifesting severe chylomicrone-
mia, had entirely normal amounts of LPL in tissue extracts. 
In the same study, they examined the kinetics of LPL entry 
into the plasma after an intravenous injection of heparin. 
In wild-type mice, plasma LPL levels peaked within 1–3 
min after a heparin injection, but in  Gpihbp1  � / �    mice, LPL 
entered the plasma more slowly and the levels peaked 15 
min after the heparin injection. Also, an intravenous injec-
tion of Intralipid released LPL into the plasma in wild-type 

those cells. Several observations support this conclusion. 
First, chylomicrons no longer bind to GPIHBP1-trans-
fected CHO cells after the cells are treated with heparin, 
but binding could be restored by incubating cells with hu-
man LPL (  Fig. 2  ).  Second, chylomicrons do not bind to 
GPIHBP1-transfected Chinese hamster lung (CHL) fi bro-
blasts (which express only trace amounts of LPL) ( 49 ), but 
these cells acquire the ability to bind chylomicrons 
after they are incubated with LPL. Third, chylomicrons do 
not bind to CHO cells that express mutant GPIHBP1 pro-
teins with Ly6 domain missense mutations that abolish 
LPL binding. Interestingly, those mutations, which leave 
the acidic domain intact, have no effect on apo-AV bind-
ing ( 49 ). 

 The fact that GPIHBP1 binds LPL raised the question of 
whether GPIHBP1 might also bind other members of the 
lipase family [hepatic lipase (HL), endothelial lipase (EL), 
pancreatic lipase (PL)]. Recent studies by Gin et al. ( 49 ) 
showed that this is not the case. Using a cell-based immuno-
fl uorescence microscopy assay, they showed that GPIHBP1 
binds LPL avidly but does not bind HL, EL, or PL (  Fig. 3  ). 
 Similar fi ndings were obtained with cell-based Western 
blot assays ( 49 ). Whether the other lipases have dedicated 
binding partners on the cell surface is not known. 

 The plasma triglyceride levels in adult  Gpihbp1  � / �    mice 
on a chow diet, 2000–5000 mg/dl, are similar to those in 
adult mice with LPL defi ciency ( Lpl  � / �   ) ( 54, 55 ), suggest-
ing that the level of LPL-mediated lipoprotein processing 
in  Gpihbp1  � / �    mice is negligible. But the phenotypes of 
 Gpihbp1  � / �    and  Lpl  � / �    mice differ signifi cantly during the 
suckling phase. The plasma triglyceride levels in suckling 
 Gpihbp1  � / �    mice are relatively low,  � 120 mg/dl ( 33 ). In 
contrast, newborn  Lpl  � / �    mice have plasma triglyceride 
levels of  � 20,000 mg/dl and die within 24 h ( 56 ). Why are 
suckling  Gpihbp1  � / �    and  Lpl  � / �    mice so different? The an-
swer likely rests with the production of LPL in the liver of 
suckling mice ( 33 ). Beigneux et al. ( 33 ) pointed out that 
the emergence of severe hypertriglyceridemia in  Gpihbp1  � / �    
mice is temporally related to waning LPL expression in 

  Fig.   2.  Immunofl uorescence microscopy studies 
showing that chylomicron binding to GPIHBP1-
transfected CHO cells requires LPL. CHO pgsA-745 
cells were transfected with empty vector or S-pro-
tein–tagged wild-type GPIHBP1. After washing with 
PBS, the cells were incubated with DiI-labeled chylo-
microns (red). Hamster LPL secreted by CHO pgsA-
745 cells or exogenously added human LPL was 
detected on the surface of GPIHBP1-transfected 
CHO cells with monoclonal antibody 5D2 ( 87, 88 ) 
(purple), and GPIHBP1 was detected with an anti-
body against the S-protein tag (green). The binding 
of DiI-labeled chylomicrons to GPIHBP1-transfected 
cells was also assessed in cells that had been incu-
bated with heparin and in heparin-treated cells that 
had been washed and then incubated with human 
LPL. Reproduced, with permission, from Gin et al. 
( 49 ).   
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cells (in close proximity to collagen IV on the outside of 
adipocytes in brown adipose tissue and  � -dystroglycan on 
the surface of myocytes in skeletal muscle and heart) (  Fig. 5  ). 
 Of note, when GPIHBP1 is absent, the LPL in the intersti-
tium is immobilized. The immobilization of interstitial 
LPL can be inferred from the immunohistochemical fi nd-
ings ( Fig. 5 ) and by the fact that tissue stores of LPL 
are quite normal in  Gpihbp1  � / �    mice while plasma LPL 
levels are very low ( 60 ). Precisely which molecules in the 
interstitium bind LPL in  Gpihbp1  � / �    mice is unknown, but 
heparan sulfate proteoglycans would be a good possibility, 
particularly since the LPL in  Gpihbp1  � / �    mice can be released 
into the plasma with heparin ( 60 ). We suspect that “post-
secretion” binding of LPL in the interstitium is important 

mice, but not in  Gpihbp1  � / �    mice ( 60 ). Together, these ob-
servations suggested that the LPL in  Gpihbp1  � / �    mice 
might be mislocalized, perhaps in an extravascular com-
partment where the enzyme would be irrelevant to the 
processing of triglyceride-rich lipoproteins in the plasma. 

 To test the notion that LPL was mislocalized in 
 Gpihbp1  � / �    mice, Davies et al. ( 24 ) used LPL-specifi c anti-
bodies and confocal immunofl uorescence microscopy to 
study LPL localization in mouse tissues. In wild-type mice, 
most of the LPL in tissues was in capillaries, colocalizing 
with GPIHBP1 and CD31 (an endothelial cell marker) 
(  Fig. 4  ).  In  Gpihbp1  � / �    mice, LPL localization was mark-
edly different: almost none of the LPL was inside capil-
laries and instead was distributed around parenchymal 

  Fig.   3.  Immunofl uorescence microscopy experi-
ments showing that LPL, but not other lipase family 
members, binds to GPIHBP1-transfected CHO cells. 
CHO-K1 cells were transiently transfected with an 
S-protein–tagged GPIHBP1 or V5-tagged versions of 
different lipases [human LPL (h-LPL), human he-
patic lipase (h-HL), mouse hepatic lipase (m-HL), 
mouse endothelial lipase (m-EL), human pancre-
atic lipase (h-PL)]. The cells that had been tran-
siently transfected with GPIHBP1 were mixed with 
cells that had been transiently transfected with one 
of the four different lipases. The next day, the cells 
were permeabilized and stained for GPIHBP1 (red) 
and for lipases (green). Only LPL bound to GPI-
HBP1-expressing cells (arrow points to a “yellow” 
GPIHBP1-expressing cell with LPL on its surface). 
Reproduced, with permission, from Gin et al. ( 49 ).   
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case; a GPIHBP1-specifi c monoclonal antibody was trans-
ported across GPIHBP1-expressing endothelial cells while 
an irrelevant antibody was not. The movement of the GPI-
HBP1-specifi c antibody across cells was abolished when 
GPIHBP1 at the basolateral surface of the cell was clipped 
off with PIPLC (  Fig. 7  ).  

 Using similar experimental approaches, Davies et al. 
( 24 ) showed that GPIHBP1 also transports LPL (both a 
V5-tagged human LPL as well as native bovine LPL) from 
the basolateral medium to the apical surface of endothe-
lial cells (where it could be released into the apical me-
dium with heparin). The transport of LPL to the apical 
face of cells was abolished by adding PIPLC or heparin to 
the basolateral medium. Also, no LPL transport was ob-
served in endothelial cells that expressed a mutant form of 
GPIHBP1 that lacked the capacity to bind LPL. 

 Davies et al. ( 24 ) also showed that GPIHBP1 functions 
as a transporter in vivo. They injected a rat monoclonal 
antibody against GPIHBP1, along with an irrelevant rabbit 

in normal physiology—to prevent newly secreted LPL 
from disappearing into the lymph and possibly to serve as 
an LPL reservoir for GPIHBP1-mediated transport. Pre-
sumably, GPIHBP1 binds LPL with much greater affi nity 
than other molecules in the subendothelial spaces, result-
ing in net movement of LPL to endothelial cells. 

 The fact that LPL was mislocalized in  Gpihbp1  � / �    mice 
raised the possibility that GPIHBP1 might be involved in 
LPL transport to the capillary lumen. But if GPIHBP1 were 
involved, it would need to be located at both the basolat-
eral and apical surfaces of endothelial cells. We were ini-
tially skeptical that this would be the case, given that 
GPI-anchored proteins are generally targeted to the apical 
face of polarized cells ( 61 ). However, several lines of evi-
dence showed that GPIHBP1 is indeed located on both 
the basolateral and apical surfaces of endothelial cells 
( 24 ). First, when endothelial cells are cultured on tran-
swell fi lters, GPIHBP1 can be released from both the baso-
lateral and apical plasma membrane with PIPLC ( 24 ). 
Second, confocal microscopy revealed that GPIHBP1 is lo-
cated on both the basolateral and apical surfaces of cul-
tured endothelial cells. Third, and most importantly, when 
capillaries in brown adipose tissue were examined by con-
focal microscopy, GPIHBP1 was present in similar amounts 
on the basolateral and luminal face of the cells (on both 
sides of endothelial cell nuclei) (  Fig. 6  )  ( 24 ). 

 Having acquired evidence that GPIHBP1 is located on 
both sides of endothelial cells, Davies et al. ( 24 ) investi-
gated whether GPIHBP1 moves across cells. They fi rst 
asked if GPIHBP1-expressing endothelial cells grown on 
transwell fi lters are capable of transporting a GPIHBP1-
specifi c monoclonal antibody from the basolateral me-
dium to the apical face of the cells. Indeed, this was the 

  Fig.   4.  GPIHBP1 and LPL are found in capillaries. A, B: Confocal 
images showing the binding of GPIHBP1-, LPL-, and CD31-specifi c 
antibodies to brown adipose tissue (BAT) from a wild-type mouse. 
Images were taken with a 63× objective; (A) close-up (scale bar, 
50 µm) and (B) wide-fi eld (scale bar, 100 µm). C: Confocal images 
showing the binding of GPIHBP1-, LPL-, and  � -dystroglycan-
specifi c antibodies to heart tissue from a wild-type mouse (scale bar, 
25 µm). Reproduced, with permission, from Davies et al. ( 24 ).   

  Fig.   5.  Mislocalization of LPL in tissues of  Gpihbp1   � / �   mice. A: 
Confocal microscopy showing the binding of GPIHBP1-, LPL-, and 
collagen IV–specifi c antibodies to brown adipose tissue (BAT) 
from wild-type and  Gpihbp1   � / �   mice. Scale bars, 100 µm. B, C: Con-
focal microscopy showing the binding of CD31-, LPL-, and  � -
dystroglycan-specifi c antibodies to heart (B) and skeletal muscle 
(C) of wild-type and  Gpihbp1   � / �   mice. The scale bars show a dis-
tance of 100 µm (skeletal muscle) or 50 µm (heart). Reproduced, 
with permission, from Davies et al. ( 24 ).   
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heparin-binding domain (K403, R405, K407, K413, K414) 
were changed to alanine ( 62 ). 

 Multiple lines of evidence indicate that GPIHBP1’s Ly6 
domain also plays a role in LPL binding. For example, Gin 
et al. ( 62 ) showed that a chimeric protein containing GPI-
HBP1’s acidic domain and the Ly6 domain of another Ly6 
family member (CD59) was incapable of binding LPL. 
Later, Beigneux et al. ( 42 ) showed that changing any of 
the 10 cysteines in human GPIHBP1’s Ly6 domain to ala-
nine abolished the ability of GPIHBP1 to bind LPL (  Fig. 9  ).  
Similar fi ndings were obtained with a cell-free assay. Thus, 
intact disulfi de bonds—and the maintenance of the three-
fi ngered structure of GPIHBP1’s Ly6 domain—is critical 
for LPL binding. In a more recent study, Beigneux et al. 
( 26 ) changed each amino acid in human GPIHBP1’s Ly6 

antibody, into the quadriceps of wild-type and  Gpihbp1  � / �    
mice. Immunohistochemistry studies revealed that the 
injected antibodies quickly distributed throughout the ex-
travascular spaces around myocytes. In as little as 20 min, 
however, the GPIHBP1-specifi c rat monoclonal antibody 
(but not the irrelevant rabbit antibody) associated with en-
dothelial cells in wild-type mice and could be detected in 
the capillary lumen after an intravenous injection of an 
Alexa 568–labeled anti–rat IgG. No transport of the GPI-
HBP1-specifi c antibody to the capillary lumen was ob-
served in  Gpihbp1  � / �    mice. 

 The mislocalization of LPL in  Gpihbp1  � / �    mice, along 
with experiments showing that GPIHBP1 moves LPL 
across endothelial cells, strongly suggested that GPIHBP1 
is essential for delivering LPL to the capillary lumen. Con-
focal immunofl uorescence microscopy studies have pro-
vided strong support for this idea ( 24 ). When cross-sections 
of capillaries from wild-type mice were examined, LPL was 
present along the luminal surface of capillaries, colocaliz-
ing with GPIHBP1 and CD31. When capillaries from 
 Gpihbp1  � / �    mice were imaged, no LPL could be found in 
the capillary lumen (  Fig. 8  ).  

 Structural features of GPIHBP1 and LPL required for 
their interaction 

 Gin et al. ( 62 ) showed that GPIHBP1’s N-terminal acidic 
domain is important for binding LPL. A rabbit antiserum 
against the acidic domain blocked LPL binding. Also, a 
mutant GPIHBP1 in which the aspartates and glutamates 
in the second half of the acidic domain (residues 38–48) 
were changed to alanine lacked the ability to bind LPL. 
These fi ndings suggested that electrostatic interactions 
are crucial for GPIHBP1–LPL interactions. Consistent 
with this notion, the binding of LPL to GPIHBP1 could be 
blocked by polyaspartate, polyglutamate, or heparin ( 62 ). 
Also, LPL binding to GPIHBP1 was eliminated when 
positively charged residues in LPL’s carboxyl-terminal 

  Fig.   7.  GPIHBP1-transduced endothelial cells, but not nontrans-
duced endothelial cells, are capable of transporting a GPIHBP1-
specifi c monoclonal antibody from the basolateral medium to the 
apical surface of endothelial cell monolayers. A: Bar graph quanti-
fying the amount of GPIHBP1-specifi c 11A12 antibody found in 
the apical medium of endothelial cell monolayers. In these studies, 
an IRDye800-labeled 11A12 antibody and an IRDye680-labeled 
anti-goat IgG control antibody were added to the basolateral cham-
ber and incubated for 3 h at 37°C. The apical surface was treated 
with either PIPLC (1 U/ml; 30 min) or PBS, and both apical and 
basolateral media were dot blotted, scanned, and quantifi ed with 
an Odyssey scanner. The bar graph shows the fold change (mean ± 
SEM) compared with untreated nontransduced cells. B: Assessing 
the ability of PIPLC in the basolateral medium to block the trans-
port of antibody 11A12 from the basolateral medium to the apical 
surface of endothelial cell monolayers. IRDye800-labeled antibody 
11A12 and IRDye680-labeled anti-goat IgG antibody were added to 
the basolateral chamber in the presence or absence of PIPLC 
(1 U/ml) and incubated for 1.5 h at 37°C. The apical surface was 
treated with PIPLC (1 U/ml; 30 min) and the apical medium was 
dot blotted, scanned, and quantifi ed with the Odyssey scanner. The 
bar graph shows the fold change (mean ± SEM) compared with 
untreated vector-transduced cells. Reproduced, with permission, 
from Davies et al. ( 24 ).   

  Fig.   6.  Confocal immunofl uorescence microscopy of brown adi-
pose tissue from a wild-type mouse, showing that GPIHBP1 and 
CD31 are located at both the basolateral and the apical surfaces of 
capillary endothelial cells. To visualize both the apical and basolat-
eral surfaces of capillaries, cross-sections of capillaries containing 
an endothelial cell nucleus (blue) were identifi ed (boxed areas) 
and viewed at high magnifi cation. Both GPIHBP1 (red) and CD31 
(green) were expressed at the apical (arrowheads) and basolateral 
(arrows) surfaces of endothelial cells. Scale bar, 2.5  � m. Repro-
duced, with permission, from Davies et al. ( 24 ).   
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on cLPL binding to heparin. Of note, Cys-418 and Cys-438 
are linked by a disulfi de bond ( 67 ), and earlier studies sug-
gested that the intervening loop might be important for 
dimerization of LPL. The studies by Voss et al. ( 28 ) sug-
gest that the same loop may be important for LPL’s ability 
to bind GPIHBP1. 

 GIHBP1 expression patterns 
 GPIHBP1 is expressed exclusively in capillary endothe-

lial cells, while LPL is expressed in parenchymal cells. In 
general, however, the  tissue  pattern of GPIHBP1 expres-
sion is similar to that of LPL. For example,  Gpihbp1  tran-
scripts are found at high levels in heart and brown adipose 
tissue and at moderate levels in skeletal muscle, mirroring 
the pattern of  Lpl  expression in tissues ( 33 ). 

  Gpihbp1  expression in the mouse is regulated by feeding 
state. In their initial study, Beigneux et al. ( 33 ) found that 
 Gpihbp1  expression increases in skeletal muscle after a fast 
and returns to fed levels 6 h after refeeding. Later, Davies 
et al. ( 68 ) reported that fasting mice have higher levels of 
 Gpihbp1  expression in heart, brown adipose tissue, and 
white adipose tissue. The fasted mice had higher levels of 
 Lpl  expression in heart and brown adipose tissue, but 
lower  Lpl  expression in white adipose tissue. The changes 
in  Lpl  expression with fasting make sense, as they seem-
ingly promote fuel delivery to vital organs (and away from 
storage) during periods of energy deprivation. The “ratio-
nale” for  increased Gpihbp1  expression in white adipose tis-
sue during fasting is not clear. One possibility is that the 
increase in  Gpihbp1  expression in adipose tissue of fasted 
mice serves an as-yet-unidentifi ed function unrelated to 
lipolysis. Another is that increased  Gpihbp1  expression in 
the white adipose tissue of fasted mice somehow facilitates 
the turnover of LPL. 

domain to alanine and then assessed the ability of the mu-
tant proteins to bind LPL. Aside from the conserved 
cysteines, they identifi ed 12 residues that are crucial for 
LPL binding, nine of which were clustered in fi nger 2 of 
GPIHBP1’s three-fi ngered Ly6 domain (  Fig. 10  )  ( 26 ). 
These GPIHBP1 mutants also lacked the capacity to trans-
port LPL from the basolateral to the apical surface of cul-
tured endothelial cells ( 26 ). The fact that the Ly6 domain 
proved to be important for LPL binding was not entirely 
unexpected, given that the Ly6 domains of other Ly6 pro-
teins, for example, those of UPAR and CD59, are crucial 
for ligand binding ( 37, 63 ). In the case of UPAR, many of 
the residues involved in ligand binding are located within 
fi nger 2 of the Ly6 domain ( 37, 47, 64–66 ), as was the case 
for GPIHBP1 ( 26 ). 

 The discovery that two distinct domains within GPI-
HBP1 are important for LPL binding prompted Beigneux 
and coworkers to propose that there might be two corre-
sponding domains within LPL required for binding to 
GPIHBP1 ( 26, 42 ), one interacting with GPIHBP1’s acidic 
domain and a second interacting with the Ly6 domain. It 
seems likely that LPL’s positively charged heparin-binding 
domains would interact with GPIHBP1’s acidic domain. 
The LPL residues that would interact with GPIHBP1’s Ly6 
domain have not been identifi ed with certainty, but a 
stretch of residues located downstream from the carboxyl-
terminal heparin-binding domain might be involved. Re-
cent studies by Voss et al. ( 28 ) showed that mutations of 
Cys-418 and Glu-421 abolish human LPL binding to GPI-
HBP1 without signifi cantly affecting LPL binding to hepa-
rin. Furthermore, a monoclonal antibody against chicken 
LPL (cLPL) with an epitope between amino acids 416 and 
435 blocked binding of cLPL to GPIHBP1. Additional 
mutagenesis studies revealed that changing cLPL residues 
421–425, 426–430, or 431–435 to alanine virtually abol-
ishes cLPL binding to GPIHBP1 without signifi cant effects 

  Fig.   8.  Confocal microscopy showing the binding of CD31-, 
GPIHBP1- and LPL-specific antibodies to brown adipose tissue 
of a wild-type mouse and a  Gpihbp1   � / �   mouse. Images were 
taken with a 100× objective without optical zoom or with 4× op-
tical zoom. To visualize both the apical and basolateral surfaces 
of capillaries, cross-sections of capillaries containing an en-
dothelial cell nucleus (blue) were identified (boxed areas) and 
viewed at high magnification. GPIHBP1 (purple), LPL (red), 
and CD31 (green) were detected at the apical and basolateral 
surfaces of endothelial cells in wild-type mice, but no LPL was 
present on the apical (luminal) surface of capillaries in  Gpihbp1   � / �   
mice. Scale bar, 2.5 µm. Reproduced, with permission, from Davies 
et al. ( 24 ).   

  Fig.   9.  Reduced binding of human LPL to cells expressing mu-
tant versions of GPIHBP1 with cysteine-to-alanine mutations in the 
Ly6 domain. CHO pgsA-745 cells were electroporated with an S-
protein–tagged wild-type GPIHBP1 construct or mutant constructs 
with cysteine-to-alanine mutations. Twenty-four hours after the 
electroporation, cells were incubated with V5-tagged human LPL 
in the presence or absence of heparin (500 U/ml). After washing 
the cells, cell extracts were prepared and the level of LPL bound to 
the cells was assessed by western blotting with a V5-tag–specifi c an-
tibody. 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 loading control. Reproduced, with permis-
sion, from Beigneux et al. ( 42 ).   
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human LPL transcripts in the lung were lower than in skel-
etal muscle, but the LPL protein levels in the lung were 
high ( � 15% of those in liver) while LPL protein levels in 
muscle were low (<1% of those in liver) (M. Weinstein, L. 
G. Fong, S. G. Young, unpublished observations). 

 Because GPIHBP1 is expressed in capillary endothelial 
cells, Olafsen, Fong, and coworkers ( 74 ) reasoned that it 
might be possible to gain insights into the relative amounts 
of GPIHBP1 in different tissues by injecting radiolabeled 
GPIHBP1-specifi c antibodies intravenously and then assess-
ing antibody distribution by positron emission tomography 
scanning. Indeed, when an  124 I-labeled GPIHBP1-specifi c 
monoclonal antibody was injected into wild-type mice, it 
was taken up by GPIHBP1-expressing endothelial cells in 
mouse tissues and quickly disappeared from the plasma. 
Interestingly, the liver removed most of the antibody, fol-
lowed by the lung, but signifi cant amounts were taken up 
by brown adipose tissue and heart. A sizeable amount of 
the GPIHBP1-specifi c monoclonal antibody persisted in 
tissues for >72 h, suggesting that the GPIHBP1 in capillary 
endothelial cells could have a long half-life. 

 Finding high levels of GPIHBP1 expression in capillary 
endothelial cells in mouse tissues led us to suspect that we 
might fi nd high levels of GPIHBP1 expression in endothe-
lial cell lines, but this was not the case. Davies et al. ( 68 ) 
were unable to detect  Gpihbp1  expression (as judged by 
qRT-PCR) in rat heart microvascular endothelial cells 
( 68 ), human umbilical vein endothelial cells ( 68 ), or bo-
vine aortic endothelial cells (unpublished observations). 
They also isolated primary mouse endothelial cells from 
white adipose tissue and found that  Gpihbp1  transcripts 
disappear after a single passage. Why  Gpihbp1  expression is 
silenced in cultured endothelial cells is unknown.  Gpihbp1  
is not expressed in undifferentiated mouse embryonic stem 
cells, but expression is activated when the embryonic stem 
cells are differentiated into embryoid bodies. In embryoid 

 Whether the “fasting/refeeding regulation” of GPI-
HBP1 is physiologically important is uncertain. The 
changes in expression with fasting and refeeding were two-
fold or less, and studies of humans suggest that half-nor-
mal amounts of GPIHBP1 have no signifi cant impact on 
triglyceride levels ( 25, 27 ). Also, at this point, we caution 
that all data on GPIHBP1 regulation is derived from the 
mouse; whether GPIHBP1 expression in humans is regu-
lated in a similar fashion is unknown. 

 While the  tissue  pattern of  Gpihbp1  expression is fairly 
similar to that of  Lpl , there are several tissues where the 
expression pattern is discordant. First, the capillaries of 
the brain—an organ that uses glucose for fuel—express 
almost no  Gpihbp1 , while certain regions of the brain, no-
tably the hippocampus, express large amounts of  Lpl  ( 69–
73 ). The explanation for this discrepancy is unknown, but 
one potential explanation is that LPL in the brain is not 
transported into capillaries and functions in the extravas-
cular compartment. A second tissue where levels of  Gpi-
hbp1  and LPL transcripts are discrepant is the lung.  Gpihbp1  
is expressed at high levels in the lung, while  Lpl  transcript 
levels are very low. Interestingly, however, the lung contains 
a signifi cant amount of LPL protein. We suspect that the 
LPL found in the lung originates in other tissues and then 
is “scavenged” from the plasma by GPIHBP1 inside lung 
capillaries. In support of this idea, the levels of LPL in lung 
extracts are lower in  Gpihbp1   � / �   mice than in wild-type 
mice ( 74 ). Also,  Lpl   � / �   mice harboring a muscle-specifi c 
human LPL transgene have no human LPL transcripts in 
the lung but have signifi cant amounts of human LPL pro-
tein in the lung ( 74 ). Moreover, when a human LPL aden-
ovirus was injected into wild-type mice, signifi cant amounts 
of human LPL could be detected in the lung. In these ex-
periments, the vast majority of the LPL adenovirus was tar-
geted to the liver, but low amounts of human LPL 
transcripts could be found in other tissues. The level of 

  Fig.   10.  Amino acid residues in GPIHBP1’s Ly6 
domain required for LPL binding. A: The amino 
acid sequence of human GPIHBP1 from immedi-
ately after the acidic domain (Thr-51) to the GPI-
anchoring site (Gly-151). This schematic illustrates 
GPIHBP1’s fi ve disulfi de bonds (orange) and the 
three fi ngers of the Ly6 domain [based on the crys-
tal structures of CD59 ( 89 ) and UPAR ( 37 )]. In hu-
man GPIHBP1, the predicted disulfi de bonds are 
C65–C89, C68–C77, C83–C110, C114–C130, C131–
C136. In mouse GPIHBP1, the corresponding disul-
fi de bonds are C63–C88, C66–C75, C81–C109, 
C113–C129, C130–C135. Replacement of the amino 
acids highlighted in green with alanine led to a 
moderate reduction in LPL binding (20–70%), 
while replacement of residues highlighted in red re-
sulted in a marked reduction in LPL binding 
(>70%). For a subset of residues, a second amino 
acid substitution (aside from alanine) was assessed. 
Residues highlighted with two colors indicate cases 
where the effect of the alanine substitution (on the 
right) differed from the effect of the other amino 
acid substitution (on the left). Reproduced, with 
permission, from Beigneux et al. ( 26 ).   
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A young man with lifelong chylomicronemia and a history 
of hepatosplenomegaly and lipemia retinalis was homozy-
gous for a Q115P substitution in GPIHBP1. On a low-fat 
diet, the plasma triglyceride level was 744 mg/dl. When 
GPIHBP1-Q115P was expressed in CHO cells, it reached 
the cell surface but could not bind LPL (  Fig. 11  ),  providing 
a likely mechanism for the patient’s hyperlipidemia. Inter-
estingly, introducing a lysine or a glutamate into residue 
115 did not disrupt LPL binding (lysine is found in the 
dog GPIHBP1 sequence, while glutamate is found in the 
platypus sequence) ( Fig. 11 ) ( 26 ). 

 A homozygous C65Y mutation in GPIHBP1 was identi-
fi ed in a 3-year-old boy with chylomicronemia ( 25 ). The 
proband had no mutations in  LPL ,  LMF1 ,  APOC2 , or 
 APOA5  ( 25 ). The patient had plasma triglyceride levels of 
1,575 mg/dl and a history of lipemia retinalis and pan-
creatitis. The proband’s three siblings and his parents 
(who were fi rst cousins) were heterozygous for the C65Y 
mutation and were normolipemic. When GPIHBP1-C65Y 
was expressed in CHO cells, it reached the cell surface but 
lacked the ability to bind LPL ( 25 ). 

 The C65S and C68G mutations were identifi ed in a 
Swedish family in which three of four siblings had 

bodies, GPIHBP1 is found in CD31-positive endothelial 
cells surrounding beating cardiomyocytes ( 68 ). 

 Relatively little is known about the transcription factors 
that regulate  Gpihbp1  expression, but it seems likely that 
PPAR �  plays a role. Administering a PPAR �  agonist to 
mice markedly upregulates  Gpihbp1  expression in mouse 
tissues, while PPAR �  and PPAR �  agonists have no effect 
( 68 ).  Gpihbp1  expression in embryoid bodies is also upreg-
ulated when a PPAR �  agonist is added to the medium. 
Of note, a PPAR �  binding site is located immediately up-
stream from exon 1 of  Gpihbp1 , and that site exhibits activ-
ity in a luciferase reporter assay. Also,  Gpihbp1  transcript 
levels in brown and white adipose tissue are higher in wild-
type mice than in endothelial cell–specifi c PPAR �  knock-
out mice, suggesting that PPAR �  regulates  Gpihbp1  
expression levels in vivo ( 68 ). 

 Hypertriglyceridemia due to defective GPIHBP1–LPL 
interactions 

 The discovery of chylomicronemia in  Gpihbp1  � / �    mice 
( 33 ) prompted efforts to uncover  GPIHBP1  mutations in 
humans with hypertriglyceridemia. Wang and Hegele ( 75 ) 
screened 160 human subjects with chylomicronemia and 
identifi ed two siblings who were homozygous for a G56R 
substitution in GPIHBP1. This mutation was not found in 
normolipidemic controls. Several family members who 
were heterozygous for the G56R mutation had milder 
forms of hypertriglyceridemia. Because the substitution of 
an arginine for a glycine is not a conservative change and 
because Gly-56 is conserved in many mammalian species, 
Wang and Hegele ( 75 ) suggested that the G56R substitu-
tion was responsible for the chylomicronemia. Subsequent 
studies by Gin et al. ( 76 ) and Franssen, Young, and co-
workers ( 25 ) examined the functional relevance of the 
G56R mutation. They expressed GPIHBP1 harboring the 
G56R mutation in CHO cells and found that it reached 
the cell surface effi ciently and bound LPL as well as wild-
type GPIHBP1. Finding that the GPIHBP1-G56R bound 
LDL normally raised doubts about its relevance to hyper-
triglyceridemia, although one could conceivably argue 
that the development of a knock-in mouse model (or the 
analysis of additional human families) would be necessary 
to assess the signifi cance of the mutation in a defi nitive 
fashion. In any case, the report by Wang and Hegele ( 75 ) 
showed that  GPIHBP1  mutations are rare, even in selected 
subjects with severe and unexplained hypertriglyceridemia. 

 Over the past few years, seven GPIHBP1 missense muta-
tions that eliminate LPL binding have been identifi ed in 
patients with chylomicronemia (Q115P, C65Y, C65S, 
C68G, C68Y, C89F, and G175R) ( 25, 27, 43, 77 ). All affected 
patients had two mutant alleles; heterozygotes were invari-
ably normolipidemic. Thus, GPIHBP1 defi ciency in hu-
mans is a recessive syndrome [as it is in mice ( 33 )]. 

 The fi rst missense mutation with unequivocal functional 
consequences was a Q115P substitution ( 43 ), located in 
fi nger 3 of GPIHBP1’s three-fi ngered Ly6 motif. This mu-
tation was identifi ed by screening 60 patients with severe 
hypertriglyceridemia in whom coding-sequence muta-
tions in  LPL ,  APOC2 , or  APOA5  had been excluded ( 43 ). 

  Fig.   11.  Assessing the effects of mutations in Gln-115 of GPI-
HBP1 on GPIHBP1’s ability to bind LPL. CHO-K1 cells were elec-
troporated with wild-type GPIHBP1 or mutant GPIHBP1 proteins 
containing mutations of Gln-115 (Q115A, Q115E, Q115K, Q115P). 
All constructs contained an S-protein tag. On the morning after 
the electroporation, the cells were incubated with V5-tagged hu-
man LPL (± heparin, 500 U/ml) for 2 h at 4°C. After washing the 
cells, Western blots of cell lysates were performed with a V5-specifi c 
antibody (to assess binding of LPL to cells) and an antibody against 
the S-protein tag (to assess GPIHBP1 expression levels). Actin was 
used as a loading control. Reproduced, with permission, from 
Beigneux et al. ( 26 ).   
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  Gpihbp1  � / �    mice have low levels of LPL in preheparin 
plasma samples ( 60 ), and the same appears to be the case 
in humans with GPIHBP1 defects. The preheparin LPL 
mass levels in the three C65S/C68G compound heterozy-
gotes were quite low, only 5–15% of those in normolipemic 
controls ( 27 ). 

 When  Gpihbp1  � / �    mice were given intravenous heparin 
(50 U,  � 1450 U/kg), LPL mass and activity levels in the 
plasma at the 15-min time point were similar to those in 
wild-type mice ( 60 ). In contrast, LPL levels in the posthep-
arin plasma are low in humans with GPIHBP1 defects. 
After an intravenous injection of heparin (50 U/kg), 
plasma LPL mass levels in the Q115P homozygote were 
 � 10% of those in controls ( 33 ). Similarly, the levels of 
LPL mass in the postheparin plasma of the three C65S/
C68G compound heterozygotes were low, only  � 5% of 
those in the normolipidemic controls ( 27 ). Postheparin 
LPL activity levels were also extremely low or undetectable 
in the C65Y, C68Y, and G175R homozygotes and in the 
C89F patient ( 25, 29, 77 ). Of note, postheparin LPL levels 
were normal in the siblings with the G56R mutation ( 75 ), 
a mutation that had no effect on LPL binding. 

 It is not clear why the postheparin plasma LPL levels 
in patients with GPIHBP1 defects are so low, while they 
were high in  Gpihbp1  � / �    mice, but one factor might be 
the dose of heparin used in humans, which was far lower 
than that used in the mouse experiments ( 60 ). Another 
potential explanation would be that mouse LPL is more 
readily released from its binding sites, compared with 
human LPL. 

 In the  Gpihbp1  � / �    mice, the postheparin LPL levels 
reached levels similar to those in wild-type mice ( 60 ), but 
the kinetics of LPL entry into the plasma were delayed. 
Limited evidence suggests that this also occurs in humans 
with GPIHBP1 defects. In the C65S/C68G compound 
heterozygotes ( 27 ), LPL mass increased slowly for 20 to 60 
min after heparin ( 25, 27 ). When the Q115P homozygote 
was infused with heparin for 6 h, LPL also entered the 
plasma slowly ( 25 ). The entry of LPL into the plasma of 
 Gpihbp1  � / �    mice was accompanied by reduced plasma trig-
lyceride levels ( 60 ). There is some evidence that this also 
occurs in humans. After administering heparin to the 
Q115P homozygote, active LPL entered the plasma and 
the triglyceride levels fell from 1,780 to 534 mg/dl ( 25 ). 
The entry of hepatic lipase into the plasma after heparin 
appears to be normal in both  GPIHBP1 -defi cient humans 
( 25, 27 ) and  Gpihbp1  � / �    mice ( 33 ). 

 The discovery of point mutations in GPIHBP1 that abol-
ish its ability to bind LPL suggested that there might be 
mirror image mutations in LPL that would abolish LPL’s 
ability to bind to GPIHBP1. To address this possibility, 
Voss et al. ( 28 ) took a second look at LPL mutations that 
had been previously identifi ed in patients with chylomicrone-
mia. Two mutations, C418Y and E421K, were of particular 
interest because they were distant from LPL’s N-terminal 
catalytic domain and because they were reported to have 
little or no effect on LPL’s catalytic activity ( 80, 81 ). 

 The C418Y mutation was initially identifi ed in a 30-year-old 
male with severe hypertriglyceridemia (plasma triglycerides, 

chylomicronemia ( 33 ). All three carried both a C65S al-
lele and a C68G allele. The plasma triglycerides in the 
three compound heterozygotes were markedly elevated 
(798–2570 mg/dl), and several had experienced bouts of 
pancreatitis. The father carried the C65S mutation and 
the mother the C68G mutation; both were normolipi-
demic. Studies with transfected cells revealed that GPI-
HBP1-C65S and GPIHBP1-C68G reached the cell surface, 
but neither were capable of binding LPL ( 27 ). LPL mass 
and activity levels were normal in the adipose tissue of af-
fected subjects—a fi nding that is consistent with the nor-
mal stores of LPL in tissues of  Gpihbp1  � / �    mice ( 60 ). 
Interestingly, the authors examined the breast milk of one 
of the C65S/C68G compound heterozygotes. The LPL 
mass and activity levels in the milk of the compound het-
erozygote were as high or higher than in the milk from 
unaffected individuals, even though the lipid content of 
the milk was low and there was a shift toward medium-
chain and saturated fatty acids (suggesting that the milk 
lipids were produced from de novo lipogenesis) ( 27 ). Sim-
ilar abnormalities in the lipid content of milk have been 
observed in the setting of LPL defi ciency ( 78, 79 ). Observ-
ing normal or elevated LPL levels in the milk was an in-
triguing fi nding and showed that GPIHBP1 defects do not 
impair LPL secretion by the mammary epithelium. 

 Coca-Prieto et al. ( 29 ) analyzed fi ve patients with child-
hood-onset chylomicronemia. Four were homozygous for 
a common mutation in the catalytic domain of LPL 
(G188E), but one had a C68Y mutation in GPIHBP1. The 
effect of the C68Y mutation on LPL binding was not re-
ported, but given the results of other studies ( 25, 27, 42 ), 
it is overwhelmingly likely that the C68Y mutation abol-
ishes LPL binding. 

 Most recently, Charrière et al. ( 77 ) identifi ed GPIHBP1 
defects in two subjects among 376 unrelated patients with 
chylomicronemia (plasma triglycerides >1300 mg/dl) and 
no signifi cant mutations in  LPL, APOC2,  or  APOA5 . The 
fi rst patient, a young child with triglyceride levels >1700 
mg/dl and a history of pancreatitis, had a de novo C89F 
mutation in one  GPIHBP1  allele and a second mutant al-
lele with a deletion of the entire  GPIHBP1  gene ( 77 ). The 
second patient, a 35-year-old man with pancreatitis and se-
vere chylomicronemia (plasma triglycerides, 2,280 mg/
dl), was homozygous for a G175R mutation in GPIHBP1. 
The G175R mutation was located in the carboxyl-terminal 
hydrophobic domain that is normally replaced by the GPI 
anchor; presumably, that mutation interferes with effi cient 
replacement of the hydrophobic domain by the GPI an-
chor. Heterozygotes in both pedigrees were normolipi-
demic. In cell transfection experiments, they found reduced 
amounts of the C89F and G175R at the cell surface and 
reduced amounts of LPL binding. In the case of the G175R 
mutation, reduced LPL binding appeared to be fully ex-
plained by reduced amounts of the protein at the cell sur-
face. A very intriguing fi nding in the report by Charrière 
et al. ( 77 ) was that a commonly occurring C14F polymor-
phism in the signal peptide of GPIHBP1 was more fre-
quent in the patients with chylomicronemia than in 
normolipidemic controls ( P  < 0.001) ( 77 ). 
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dothelial cells likely explains the low postheparin LPL levels 
in carriers of the E421K mutation ( 80 ) and the absence of 
catalytically active LPL in the postheparin plasma of the 
C418Y/I194T compound heterozygote ( 81 ). 

 The C418Y mutation was intriguing because Cys-418 is 
involved in a disulfi de bond with Cys-438 ( 67 ). Although 
this disulfi de linkage is not important for LPL’s catalytic 
activity ( 84 ), the inability of LPL-C418Y to bind to GPI-
HBP1 raised the possibility that the C418–C438 disulfi de 
bond might be absolutely required for GPIHBP1 binding. 
This is apparently not the case, however, because LPL-
C438A and LPL-C438Y manifested some, albeit reduced, 
ability to bind to GPIHBP1 ( 28 ). 

 The properties of the C418Y and E421K mutants implied 
that sequences in the carboxyl terminus of LPL are impor-
tant for GPIHBP1 binding. Supporting this notion are the 
observations that a monoclonal antibody with an epitope in 
this region blocks LPL binding to GPIHBP1, and the fact 
that other mutations in this region abolish LPL’s ability to 
bind to GPIHBP1 ( 28 ). It is tempting to speculate that this 
carboxyl-terminal domain (residues  � 418–435), which is 
located downstream from LPL’s principal heparin-binding 
domain, interacts with GPIHBP1’s Ly6 domain. 

 We speculate that “two-domain interactions” between 
GPIHBP1 and LPL are physiologically important. We ima-
gine that GPIHBP1’s acidic domain functions as a lasso, 
binding LPL’s heparin-binding domains and pulling LPL 
away from the HSPGs in the interstitium. Once GPIHBP1’s 
acidic domain has dislodged the LPL, its Ly6 domain would 
engage LPL’s carboxyl terminus, leading to higher affi nity 
and perhaps nearly irreversible interactions. In this fashion, 
GPIHBP1 on endothelial cells could serve to sweep up in-
terstitial LPL and transport it to the capillary lumen. We 
consider this two-domain model to be attractive, but fully 
evaluating domain–domain interactions will likely require 
cocrystallization of LPL and GPIHBP1. 

 Perspectives 
 Recent studies on GPIHBP1 solved a longstanding rid-

dle in plasma triglyceride metabolism—how LPL that is 
secreted by parenchymal cells reaches the capillary lumen 
(  Fig. 14  )  ( 24, 33 ). And follow-up investigations ( 25, 27, 28, 
43 ) yielded fresh insights into human hyperlipidemia, re-
vealing that some patients develop chylomicronemia as a 
result of mutations that interfere with GPIHBP1–LPL in-
teractions ( Fig. 14 ). But despite the progress, many topics 
remain to be investigated. For example, while GPIHBP1 is 
clearly crucial for transporting LPL across endothelial 
cells, mechanisms of lipolysis at the cell surface still need 
to be defi ned. Are GPIHBP1 and LPL located largely or 
exclusively in caveolae? And if so, is the clustering of LPL 
on the cell surface required for effi cient lipolysis? Based 
on the known catalytic activity of LPL and the short half-
life of chylomicrons in the plasma, Olivecrona et al. ( 85 ) 
calculated that a single LPL molecule would be utterly in-
capable of cleaving all of the triglycerides in a single chylo-
micron particle. They concluded that many molecules of 
LPL must act simultaneously on each particle. In the future, 
it will be important to determine if GPIHBP1 somehow 

2,368 mg/dl) and a history of pancreatitis ( 81 ). DNA se-
quencing revealed that the patient carried both an I194T 
mutation, which is known to abolish LPL catalytic activity 
( 82 ), and a C418Y mutation. The patient’s postheparin 
plasma contained a signifi cant amount of LPL mass, but 
no LPL activity. COS cell transfection studies showed that 
the C418Y mutation had little effect on LPL catalytic activ-
ity ( 81 ). 

 The E421K mutation was found in a 24-year-old woman 
who succumbed to hypertriglyceridemia-related pancreatitis 
during pregnancy ( 80 ). The plasma triglyceride level was 
7,632 mg/dl. The patient carried a single mutant LPL allele 
with an E421K mutation. Transfection experiments revealed 
that this mutation had no signifi cant effects on enzymatic ac-
tivity. Family members who carried the E421K mutation had 
mild hypertriglyceridemia and mildly reduced levels of LPL 
activity in their postheparin plasma ( 80 ). 

 Voss et al. ( 28 ) hypothesized that the C418Y and E421K 
mutations ( 80, 81 ) might cause hypertriglyceridemia by 
abolishing LPL’s ability to bind to GPIHBP1. They began 
by confi rming that the enzymatic specifi c activities of the 
mutant LPLs were normal, and they further showed that 
the mutations had little effect on LPL binding to heparin. 
They then showed, with both a cell-based western blot 
binding assay (  Fig. 12  )  and an immunofl uorescence mi-
croscopy assay (  Fig. 13  ),  that both the C418Y and E421K 
mutations abolished LPL’s ability to bind to GPIHBP1 
( 28 ). These mutations also abolished binding to GPIHBP1 
when they were introduced into mouse or chicken LPL. 
Also, neither C418Y-LPL nor E421K-LPL was capable of 
binding to soluble GPIHBP1 in a cell-free assay. Other mu-
tations known to abolish LPL catalytic activity, for exam-
ple, I194T and S132G ( 82, 83 ), had no effect on LPL’s 
ability to bind to GPIHBP1 ( 28 ). 

 Voss et al. ( 28 ) predicted that C418Y-LPL and E421K-LPL 
would lack the ability to be transported across endothelial 
cells. Indeed, when C418Y-LPL and E421K-LPL were added 
to the basolateral medium of confl uent GPIHBP1-expressing 
endothelial cells, they were not transported to the apical 
face of the cells. Their inability to be transported across en-

  Fig.   12.  Western blot assessing binding of wild-type human LPL, 
LPL-C418Y, LPL-C438A, and LPL-E421K to GPIHBP1-transfected 
CHO-K1 cells in the presence or absence of heparin (500 U/ml). 
After a 2-h incubation, cells were washed extensively, and cell ex-
tracts were prepared for Western blotting with GPIHBP1- and LPL-
specifi c antibodies.  � -actin levels were measured as a loading 
control. The top panel shows the amount of LPL present in the 
conditioned medium added to the GPIHBP1-transfected CHO-K1 
cells. Reproduced, with permission, from Voss et al. ( 28 ).   



GPIHBP1, a lipoprotein lipase transporter Q1 1881

to be important ( 28 ), but no one knows if other sequences 
play a role. Also, the fact that LPL is secreted as a homodi-
mer needs to be considered. Do both partner monomers 
bind to GPIHBP1 simultaneously? Or is it possible that 
LPL behaves as a functional heterodimer ( 86 ) and that 
only one of the two monomers binds to GPIHBP1? We 
know that denatured LPL cannot bind to GPIHBP1 ( 62 ), 
but it will be important to determine if a properly folded 
carboxyl-terminal fragment of LPL retains the capacity to 
bind to GPIHBP1. If so, would it be possible to purify such 
a fragment and defi ne its structure? Ultimately, it would be 
highly desirable to crystallize a GPIHBP1–LPL complex. 

 The discovery of GPIHBP1 has cast a spotlight on other 
lingering mysteries in lipolysis. Immunocytochemistry stud-
ies have shown that GPIHBP1 is located only in the smallest 
capillaries of adipose tissue and striated muscle, and that it 
is absent from larger blood vessels ( Figs. 1, 4 ) ( 24 ). What 
factors regulate this expression pattern? Are paracrine sig-
nals from parenchymal cells involved? Or is the distinctive 
expression pattern of GPIHBP1 “hardwired” by specifi c DNA 
enhancer elements? Also, little information exists on the 
molecular interactions that lead chylomicrons to marginate 

facilitates LPL clustering on the cell surface—so that lipol-
ysis can proceed rapidly. 

 Also, mechanisms of GPIHBP1 and LPL movement 
across cells still need to be defi ned. Do GPIHBP1 and LPL 
move across endothelial cells in vesicles derived from cave-
olae? Is the movement of LPL and GPIHBP1 unidirec-
tional (basolateral to apical) or bidirectional? Are other 
cellular proteins, aside from GPIHBP1, crucial for moving 
GPIHBP1 and LPL across cells? Might some cases of hy-
pertriglyceridemia in humans be caused by defects in the 
machinery for moving vesicles across cells? Could some 
cases of acquired hypertriglyceridemia be caused by en-
dothelial cell dysfunction and sluggish GPIHBP1/LPL 
transport? Are there polymorphisms in LPL that  increase  
binding to GPIHBP1 and augment LPL transport to the 
capillary lumen? These questions need to be answered. In 
addition, more work is needed to determine if GPIHBP1 
modulates the catalytic activity of one or both of LPL’s 
partner monomers, or if GPIHBP1 is relevant to the inhi-
bition of LPL activity by ANGPTL3 and ANGPTL4  . 

 Also needed is a better understanding of LPL sequences 
that interact with GPIHBP1. Amino acids 416–435 appear 

  Fig.   13.  Immunofl uorescence microscopy assay of LPL binding to GPIHBP1. CHO-K1 cells that had been 
transfected with S-protein–tagged human GPIHBP1 were mixed with CHO-K1 cells that had been trans-
fected with wild-type human LPL, LPL-C418Y, or LPL-E421K and then plated on a coverslip. After a 2-h in-
cubation at 37°C, permeabilized (A) and nonpermeabilized (B) cells were stained for GPIHBP1 with an 
antibody against the S-protein tag (red) and LPL with antibody 5D2 (green). Cell nuclei were stained with 
DAPI (blue). Wild-type LPL secreted by LPL-transfected cells was captured by neighboring GPIHBP1-ex-
pressing cells; thus, LPL and GPIHBP1 colocalize in the merged image (arrows). LPL-C418Y and LPL-E421K 
did not bind to GPIHBP1; hence, no colocalization was observed. Reproduced, with permission, from Voss 
et al. ( 28 ).   

  Fig.   14.  Schematic depicting the localization of 
LPL in the setting of normal lipolysis, in the setting 
of a GPIHBP1 mutant that cannot bind LPL (e.g., 
GPIHBP1-C65Y) ( 25 ), or in the setting of a LPL mu-
tant (e.g., LPL-C418Y) that lacks the ability to bind 
GPIHBP1 ( 28 ). When LPL cannot bind to GPI-
HBP1, LPL does not reach the capillary lumen, re-
sulting in defective lipolysis and chylomicronemia.   
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within capillaries—so that lipolysis can proceed. Does chylo-
micron margination depend on interactions between apoli-
poproteins and HSPGs on the luminal surface of capillaries, 
or does it depend solely on interactions of chylomicron lip-
ids with GPIHBP1-bound LPL? If LPL is the key factor in 
chylomicron margination within capillaries, would chylomi-
crons simply “fl ow on by” when GPIHBP1 is absent? In any 
case, it will be important to defi ne which molecular interac-
tions—and which protein sequences—are involved in chy-
lomicron margination within capillaries. 

 The discovery of GPIHBP1 also raises questions about 
LPL expression in the brain. LPL is expressed highly in 
certain regions of the brain, as judged by in situ hybridiza-
tion ( 69–73 ), but there is little GPIHBP1 in the brain. 
What underlies this discrepancy? Is there another LPL 
transporter in the brain? Or could LPL have an extravas-
cular role in the brain? 

 GPIHBP1 is easily identifi ed in genomic databases of all 
mammals, including the egg-laying platypus ( 32 ), but no 
one has yet identifi ed GPIHBP1 in other vertebrates (e.g . , 
fi sh, amphibians, birds). The fact that GPIHBP1 is appar-
ently absent in other vertebrates is surprising because 
those species also produce triglyceride-rich lipoproteins 
and express a highly conserved LPL protein. What could 
explain the apparent absence of GPIHBP1? No one knows, 
but it is possible to imagine several possibilities. Perhaps 
endothelial cells of other vertebrates synthesize some LPL, 
rendering an LPL transporter less important. Or perhaps 
another LPL transporter, with little or no homology to 
GPIHBP1, exists in other vertebrates. Still another possi-
bility is that the LPL in other vertebrates is not transported 
at all and remains trapped in the extravascular spaces. 
Rather than moving LPL to the intravascular compart-
ment where lipoproteins are located (the “mammalian 
strategy”), perhaps other vertebrates move lipoproteins to 
the extravascular compartment where LPL resides. Re-
gardless of which explanation applies, we suggest that GPI-
HBP1 may be a defi ning characteristic of mammals. And 
we would further suggest that GPIHBP1’s appearance in 
mammals could be related to another defi ning feature of 
mammals—nursing the young. Nursing requires the secre-
tion of prodigious amounts of triglycerides into the milk, 
and that in turn depends on extraction of triglycerides 
from triglyceride-rich lipoproteins. Perhaps GPIHBP1 ex-
pression—and moving LPL to the capillary lumen—im-
proves the effi ciency of triglyceride metabolism and 
simultaneously facilitates the production of milk fat by the 
mammary gland.  
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