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In mammals, GPIHBP1 is absolutely essential for transporting lipoprotein lipase (LPL) to the

lumen of capillaries, where it hydrolyzes the triglycerides in triglyceride-rich lipoproteins. In all
lower vertebrate species (e.g., birds, amphibians, reptiles, fish), a gene for LPL can be found easily,
but a gene for GPIHBP1 has never been found. The obvious question is whether the LPL in lower
vertebrates is able to reach the capillary lumen. Using purified antibodies against chicken LPL,

we showed that LPL is present on capillary endothelial cells of chicken heart and adipose tissue,
colocalizing with von Willebrand factor. When the antibodies against chicken LPL were injected
intravenously into chickens, they bound to LPL on the luminal surface of capillaries in heart and
adipose tissue. LPL was released rapidly from chicken hearts with an infusion of heparin, consistent
with LPL being located inside blood vessels. Remarkably, chicken LPL bound in a specific fashion
to mammalian GPIHBP1. However, we could not identify a gene for GPIHBP1 in the chicken genome,
nor could we identify a transcript for GPIHBP1 in a large chicken RNA-seq data set. We conclude
that LPL reaches the capillary lumen in chickens — as it does in mammals — despite an apparent
absence of GPIHBP1.

Introduction
GPIHBP1, a glycoprotein expressed by capillary endothelial cells, is crucial for lipoprotein lipase—medi-
ated (LPL-mediated) processing of triglyceride-rich lipoproteins (TRLs) (1-3). In mammals, GPTHBP1 can
be considered as a partner protein for LPL. First, GPIHBP1 is responsible for binding LPL in the intersti-
tial spaces and shuttling it across endothelial cells to the capillary lumen (2). In the absence of GPIHBP1,
LPL is stranded within the interstitial spaces where it is useless for processing TRLs in the bloodstream (2).
Second, the GPIHBP1-LPL complex on capillary endothelial cells is essential for TRL margination along
capillaries (3). In the absence of GPIHBP1-bound LPL, TRLs do not stop along capillaries and simply flow
on by in the bloodstream. Third, GPTHBP1 preserves the structural integrity and catalytic activity of LPL
(4). In the absence of GPIHBP1, LPL’s triglyceride hydrolase domain unfolds, resulting in a rapid decline
in catalytic activity (4). GPIHBP1 and LPL are equally important for intravascular lipolysis; a deficiency of
either protein markedly impairs intravascular triglyceride hydrolysis and leads to severe hypertriglyceride-
mia (chylomicronemia) (5-19). The importance of GPIHBP1 and LPL for plasma triglyceride metabolism
in mammals has been underscored by human genetics; specific missense mutations in either protein can
abolish LPL-GPIHBPI interactions, resulting in reduced delivery of LPL to the capillary lumen, impaired
TRL processing, and severe hypertriglyceridemia (6, 7, 9-14).

GPIHBPI is a GPI-anchored protein of the Ly6 superfamily (35 Ly6 family members in human; 61
in mouse) (20). All Ly6 proteins have at least one approximately 80—amino acid Ly6 domain with 8 or 10
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cysteines, all arranged in a characteristic spacing pattern and all disulfide bonded, creating a 3-fingered
structural domain (21). GPIHBP1 is unique among Ly6 proteins in having a disordered acidic domain at its
amino terminus, with 21 of 26 consecutive residues in the human protein being aspartate or glutamate (22).
Recent work by Mysling et al. (4) showed that GPIHBP1, and more specifically GPIHBP1’s acidic domain,
prevents the spontaneous unfolding of LPL’s hydrolase domain (4). GPIHBP1’s Ly6 domain is responsible
for high-affinity LPL binding, with the acidic domain playing only an accessory role (4). The second finger
of GPIHBP1’s Ly6 domain is particularly important for LPL binding (4, 23). A variety of amino acid sub-
stitutions within the second finger abolish GPIHBP1’s capacity to bind LPL, in some cases by interfering
with the proper formation of disulfide bonds (11, 23, 24). Mutations in W109 in human GPIHBP1 abolish
the capacity of GPIHBP1 to bind LPL and do so without disrupting disulfide bond formation, suggesting
that W109 is directly involved in LPL-GPIHBP1 interactions (24). W109 is perfectly conserved in the GPI-
HBP1 of all mammalian species (Supplemental Table 1).

Genes for GPIHBP1 and LPL are easily detectable in the genomes of all mammals, including marsupi-
als and the egg-laying platypus (20, 25-27). Human and mouse LPL are 92% identical at the amino acid
level; the Ly6 domains of human and mouse GPIHBP1 are 59% identical. Because LPL and GPIHBP1 are
partners in plasma triglyceride metabolism, the conservation of both proteins during mammalian evolution
is not surprising. However, when one examines the genomes of lower vertebrates (e.g., fish, birds, reptiles),
there is a striking discrepancy between GPIHBP1 and LPL. LPL is highly conserved in every lower verte-
brate species (e.g., the amino acid sequences of human and chicken LPL [cLPL] are 72% identical), but no
one has yet identified a GPIHBP1 ortholog in the chicken or any other lower vertebrate species (25, 26).
The function of LPL in plasma triglyceride metabolism is conserved in lower vertebrates. When goat poly-
clonal antibodies against cLPL were injected intravenously into chickens, they inactivated LPL, blocking
TRL processing and resulting in hypertriglyceridemia (28).

Given that the structure of LPL as well as its function in TRL processing are conserved in lower verte-
brates, the absence of LPL’s partner protein (i.e., GPIHBP1) is surprising. Since GPIHBP1 is essential for
shuttling LPL into capillaries in mammals, the obvious question is whether the LPL in lower vertebrates
is able to reach the capillary lumen. It is conceivable that TRL processing in lower vertebrates might be
fundamentally different, with TRLs being transported across capillaries and undergoing processing by the
LPL within the interstitial spaces. This possibility may not be farfetched, given that TRLs produced by the
chicken intestine are said to move into capillaries by vesicular transport (29). Another possibility is that
the LPL in lower vertebrates reaches the capillary lumen, but by a mechanism independent of GPIHBP1.

To gain further insights into TRL processing in lower vertebrate species, we used cLPL-specific anti-
bodies to define the localization of LPL in chicken tissues. We also tested whether cLPL has the capacity
to bind to human and mouse GPIHBP1.

Results

‘We took advantage of goat antibodies against cLPL (30, 31) to examine the localization of LPL in chicken
tissues. The first step was to assess the specificity of the antibodies, which had been purified on a cLPL
immunoaffinity column (generated with LPL purified from chicken adipose tissue). We examined, by West-
ern blotting, the ability of the immunopurified antibodies to bind to LPL in crude homogenates of chicken
tissues. The immunopurified IgGs against cLPL bound to a single protein of the expected size (~52 kDa),
except in the heart where the IgGs also bound to a 38-kDa protein (Figure 1A). We were confident that the
38-kDa band in the heart extracts was a cLPL breakdown fragment, but to be certain about that conclusion
we repeated the Western blot studies with IgGs that had been further purified on a second cLPL immunoaf-
finity column (generated with a cLPL polypeptide produced in E. coli). Again, the antibodies bound exclu-
sively to LPL (along with the 38-kDa LPL breakdown fragment in the heart) (Figure 1B). To determine if the
purified IgG fraction would be useful for immunohistochemistry studies, we first tested their ability to bind
to CHO cells that had been transfected with an expression vector for V5-tagged cLPL. Regardless of whether
the cells were fixed with methanol or paraformaldehyde, the purified IgGs against cLPL bound avidly and
specifically to transfected cells, colocalizing with an antibody against the V5 tag (Figure 2).

Most of the LPL in mouse tissues is bound to GPIHBP1 on capillary endothelial cells (2). In the
absence of GPIHBP1, LPL remains within the interstitial spaces and never reaches the capillary lumen
(2). In immunohistochemistry studies, we found that much of the LPL in the chicken heart is associated
with capillary endothelial cells, colocalizing with an endothelial cell marker (von Willebrand factor; vWF)
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Figure 1. Testing the specificity of an immunopurified goat IgG against chicken lipoprotein lipase (cLPL) with West-
ern blots. Proteins from chicken tissue extracts (30 pg/lane) were size-fractionated by SDS-PAGE and then examined
by Western blotting. (A) Western blot with an immunopurified goat I1gG against cLPL. The antibodies bound specifi-
cally to cLPL from E. coli and recognized a band of similar size in chicken tissues. In heart, the anti-cLPL antibodies
also bound to a smaller fragment of approximately 38 kDa. (B) Western blot with the same antibodies after they had
been repurified on a second cLPL immunoaffinity column generated with cLPL from E. coli. SKM: skeletal muscle.

(Figure 3A). There was no binding of nonimmune goat IgGs or the secondary antibody alone to capillaries
in chicken tissues (Figure 3A). The presence of cLPL on capillaries of heart and adipose tissue was con-
firmed in a second experiment (Figure 3B). In a third experiment, we also observed colocalization of vVWF
and LPL (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.96783DS1). There was occasional LPL staining that did not coincide with vWF
staining, more so than in comparable experiments in mouse tissues, raising the possibility that a fraction of
the cLPL in tissues remained within the interstitial spaces (Figure 3 and Supplemental Figure 1).

To determine if cLPL is located along the luminal surface of capillaries, 9-day-old chickens were inject-
ed intravenously with an Alexa Fluor 555-labeled goat IgG against cLPL, a fluorescein-labeled Lens culi-
naris agglutinin (a lectin), and an Alexa Fluor 647-labeled nonimmune goat IgG. After perfusion-fixation,
white adipose tissue (WAT), heart, liver, and cerebellum were harvested for immunohistochemistry. The
goat IgGs against cLPL bound to capillaries in heart and WAT, colocalizing with the lectin (Figure 4). The
lectin also bound to the luminal surface of large blood vessels, whereas IgGs against cLPL did not. Also,
there was no binding of cLPL antibodies to capillaries of the cerebellum (Figure 4). Only trace amounts
of the nonimmune goat IgG were detectable in capillaries of chicken heart, WAT, or cerebellum, demon-
strating that the perfusion of tissues was adequate (Figure 4). As expected, the nonimmune goat IgGs were
bound by immunoglobulin receptors in the liver (Figure 4). Additional images showing the binding of the
cLPL-specific IgGs to capillaries of chicken tissues are shown in Supplemental Figure 2. The binding of
cLPL-specific IgGs to the luminal surface of heart and WAT capillaries was confirmed with further experi-
ments in which chickens were injected with the Alexa Fluor 555-labeled goat IgG against cLPL and a
fluorescein-labeled Lens culinaris agglutinin (Supplemental Figure 3).

LPL was released rapidly from isolated chicken hearts by perfusing the hearts with heparin (Figure
5A). The cLPL released by heparin was catalytically active (Figure 5B), and the enzymatic activity could
be abolished with the goat antiserum against cLPL (Figure 5C). The rapid release of LPL from isolated
chicken hearts during the heparin perfusion was consistent with results with isolated mouse hearts. LPL
was released rapidly from hearts of wild-type mice with heparin, but LPL release from hearts of Gpihbpl-
deficient mice (where the LPL is mislocalized to the interstitial spaces) was reduced in amount and substan-
tially delayed (Figure 5D). We also examined the release of LPL into the plasma compartment after giving
chickens an intravenous injection of heparin. Again, the release of LPL into the plasma was rapid (Figure
5, E and F), consistent with the LPL being located inside blood vessels (2). LPL protein and LPL activity
could also be released from isolated chicken hearts with a perfusion of phosphatidylinositol-specific phos-
pholipase C (PIPLC) (Figure 6).

The location of cLPL within tissues (i.e., bound to capillaries but not large blood vessels of the
heart; absent in brain capillaries) resembles the localization of GPTHBP1 and LPL in mouse tissues (1,
2). In mice, the presence of LPL in capillaries depends on GPTHBP1 (1, 2). To explore the possibility
that the distribution of LPL in chickens might be governed by GPIHBP1, we first used a cell-based
binding assay to test whether cLPL (produced in CHO cells) is capable of binding to human or mouse
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Figure 2. Testing the ability of an immunopurified goat IgG against chicken lipoprotein lipase (cLPL) to bind to cLPL in cultured cells. CHO pgsA-745 cells
were transiently transfected with V5-tagged cLPL. Immunocytochemistry studies were performed on fixed and permeabilized cells with a goat antibody
against cLPL and a mouse monoclonal antibody against the V5 tag. Binding of the primary antibodies was detected with an Alexa Fluor 555-conjugated don-
key anti-goat IgG (red) and an Alexa Fluor 488-conjugated donkey anti-mouse 1gG (green). As experimental controls, we included transfected cells that had
been incubated with secondary antibodies alone and cells that had been incubated with the anti-cLPL antibody alone. DNA was stained with DAPI (blue). (A)
Immunocytochemistry studies on cells that had been fixed with methanol. (B) Studies of cells fixed with paraformaldehyde (PFA). Scale bars: 50 pm.

GPIHBP1. We also examined the ability of mouse, human, and cLPL to bind to mutant GPTHBP1 pro-
teins that lack the ability to bind LPL (human GPITHBP1-W109S, mouse GPIHBP1-W108S) (23). As
expected, human and mouse LPL bound to wild-type versions of mouse and human GPIHBP1, but not
to human GPIHBP1-W109S or mouse GPTHBP1-W108S (Figure 7). Remarkably, cLPL also bound to
wild-type human or mouse GPTHBP1 but not to the mutant GPIHBP1 proteins (Figure 7). We observed
small amounts of cLPL binding to a few of the nontransfected cells (Figure 7B), but most of the binding
of cLPL was to cells that had been transfected with GPIHBP1.

A p.C418Y substitution in human LPL abolishes LPL’s ability to bind to human or mouse GPIHBP1
(14). Introducing the corresponding mutation into cLPL (p.C420Y) abolished the ability of cLPL to bind
to human or mouse GPIHBP1 (Figure 8).

A segment of human chromosome 8 containing GPIHBPI is syntenic to a segment of chicken
chromosome 2 (Table 1). In both species, the upstream portion of the syntenic region encodes genes
for several Ly6 proteins (PSCA, SLURP1, LYPD2). The Ly6 domains of chicken and human PSCA,
SLURPI, and LYPD?2 are 47%—-65% identical. The downstream portion of the syntenic region con-
tains genes for TOP1MT, MAFA, and ZC3H3. Fifteen genes on human chromosome 8, including GPI-
HBPI, are located between LYPD2 and TOPIMT, whereas only 4 genes have been identified between
LYPD2 and TOPIMT on chicken chromosome 2 (Table 1); those genes encode Ly6E-like proteins (ENS-
GALG00000039585, ENSGALG00000041621, ENSGALG00000043582, ENSGALG00000045170).
None of the 4 Ly6E-like proteins resembles human or platypus GPIHBP1, none contains an amino-ter-
minal acidic domain, and the level of amino acid sequence identity with human or platypus GPITHBP1
is similar to the level of sequence identity to SLURPI (a protein involved in keratinocyte differentia-
tion) (32) (Supplemental Table 1, A and B). None of the 4 chicken Ly6E-like proteins displayed sig-
nificant sequence homology to the most conserved region of mammalian GPIHBPI (residues 106-115
in human GPIHBP1) (Supplemental Table 1C). Aside from the 4 Ly6E-like genes within the syntenic
region of chicken chromosome 2, 10 other Ly6 genes exist in the chicken databases; none of those pro-
teins resembles GPIHBP1 (Supplemental Table 2).
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cLPL Merge + DAPI Figure 3. LPL in chicken tissues is associated with capillaries. Frozen
sections from chicken white adipose tissue (WAT) and heart were
stained with a rabbit antibody against von Willebrand factor (vWF), fol-
lowed by an Alexa Fluor 488-conjugated donkey anti-rabbit 1gG (green)
and an Alexa Fluor 555-conjugated goat anti-chicken lipoprotein lipase
(anti-cLPL) 1gG (red). DNA was stained with DAPI (blue). (A) Sections of
heart stained with both cLPL and vWF antibodies, revealing colocaliza-
tion of cLPL and vWF in capillaries. As controls, we examined a section
incubated with secondary antibodies alone and a section stained with
the VWF antibody and nonimmune goat IgG. (B) An independent chicken
immunohistochemistry study in which sections of WAT and heart were

stained with cLPL and vWF antibodies. Scale bars: 50 um.

The expression patterns of the 4 chicken Ly6E-like proteins
did not closely resemble the pattern of GPIHBP1 in mammals
(high in heart, adipose tissue, lung; medium levels in skeletal
muscle; low levels in liver; absent from the brain). As judged
by RNA sequencing (RNA-seq), ENSGALG00000041621 was
expressed at high levels in lung and gizzard; medium levels in

the optic lobe, thyroid, Harderian gland, and liver; and low lev-
els in trachea, cerebellum, and heart. ENSGALG00000039585
was expressed at high levels in the skin, medium to low lev-
els in the Harderian gland, and very low levels in the heart.
ENSGALGO00000045170 was expressed at high levels in skin,
Harderian gland, and thymus; medium levels in thyroid and giz-
zard; and low levels in the heart. ENSGALG00000043582 was
expressed at high levels in the trachea and medium to low levels

cLPL Merge + DAPI

in heart, Harderian gland, lung, and skin.

Even though the homology between GPIHBP1 and the 4
chicken Ly6E-like proteins and the pattern of expression did not
seem consistent with a role in plasma triglyceride metabolism, we
expressed S-protein—tagged versions of the 4 Ly6E-like proteins
in CHO cells and tested their ability to bind cLPL. All of the
Ly6E-like proteins could be released from the surface of cells with
PIPLC (data not shown), but none bound cLPL (Figure 9). We
again observed binding of cLPL to human GPIHBP1 (Figure 9).

It is possible that the failure to identify a chicken GPIHBP1
gene was due to gaps in the chicken genomic DNA sequences or
incomplete annotation. With the assistance from the UC Santa

Cruz Genomics Institute, we examined GPIHBPI sequences from

46 mammals and examined genomes of 26 lower vertebrates for

sequences similar to the sequences of the human and platypus
GPIHBPI genes, but no matches were found. To address the possibility that the chicken GPTHBP1 gene
is located in an unassembled region of the genome or that the annotation was incomplete, we examined
short-read RNA-seq and long-read isoform sequencing (Iso-Seq) chicken data sets for transcripts similar to
mammalian GPTHBP1. The short-read RNA-seq data set was generated from 20 chicken tissues, including
heart and adipose tissue (>3 billion paired-end reads). The Iso-Seq data were generated from adult chicken
brain, Hamburger-Hamilton (HH) stage 26 whole embryos, and pooled embryonic heart samples (HH
stages 18-20, 25, and 32).

Transcriptome annotations were generated from both the RNA-seq and Iso-Seq data, and the resulting
transcript models were mapped to human, mouse, platypus, and sheep GPIHBP1 sequences and to other
chicken Ly6 proteins with Blastx. All hits were manually examined for GPIHBP1 sequence motifs. We
defined the GPIHBP1 sequence motifs by several conserved features in mammalian GPTHBP1, as outlined
in the Methods. No chicken transcript contained these GPIHBP1 hallmarks. The short-read RNA-seq data
set represented a high-depth search of the mapped exome. Thus, the failure to find candidate sequences for
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Figure 4. Chicken lipoprotein lipase (cLPL) is located along
the luminal surface of capillaries. A 9-day-old chicken was
given an intravenous injection of 0.7 mg of an Alexa Fluor
555-labeled goat IgG against cLPL (red), 0.5 mg of fluores-
cein-labeled Lens culinaris agglutinin (Lectin, green), and 0.7
mg of Alexa Fluor 647-labeled nonimmune goat IgG (cyan).
After 4 minutes, the chicken was perfused with 50 ml of
PBS followed by 30 ml of 3% paraformaldehyde (PFA) in
PBS. Liver, white adipose tissue (WAT), heart, and cerebel-
lum were harvested, fixed in 3% PFA, and 50-um sections of
WAT and 10-um sections of heart, liver, and cerebellum were
prepared. The lectin bound to endothelial cells of capillaries
and larger blood vessels; the goat I1gG against cLPL bound to
capillaries but not larger blood vessels (arrows). The nonim-
mune goat IgGC did not bind to blood vessels of the heart,
WAT, or cerebellum (indicating an effective perfusion) but
as expected did bind to macrophages in the liver. DNA was
stained with DAPI (blue). Scale bars: 50 pm.

Merge + DAPI

a chicken GPTHBP1 strongly suggests that a gene for GPIHBP1 is not present in the Gallus gallus genome
assembly 4.0. The Iso-Seq data set allowed us to identify unmapped chicken transcripts (i.e., transcripts
not present in the Gallus gallus genome assembly 4.0). Again, no transcripts encoding a chicken GPIHBP1
were identified (i.e., no transcripts encoding a Ly6 protein with an acidic domain; no transcripts resembling
human or platypus GPITHBP1; no Ly6 proteins with homology to the most conserved region of GPIHBP1).

Discussion

In mammals, GPIHBP1 plays 3 crucial roles in intravascular triglyceride metabolism — shuttling LPL to its site
of action in the capillary lumen, facilitating the margination of lipoproteins along capillaries, and stabilizing
the structure and activity of LPL (2-4). However, GPIHBP1 — the protein that is so essential for intravascular
lipolysis in mammals — has never been identified in the chicken or any other lower vertebrate species. In the cur-
rent study, our goal was to determine if LPL in chickens, despite an apparent absence of GPIHBP1, could reach
the capillary lumen. The results were clear: LPL in chickens does reach the capillary lumen. First, by immu-
nohistochemistry, LPL is present on capillaries of chicken heart and adipose tissue, colocalizing with vWF (an
endothelial cell marker). Second, a goat IgG against cLPL, when injected intravenously into chickens, binds to
LPL on the luminal surface of capillary endothelial cells, whereas a nonimmune chicken IgG does not. Third,
LPL protein and catalytic activity are released rapidly from isolated chicken hearts after an infusion of heparin,
mirroring results obtained with isolated hearts of wild-type mice (where the LPL is unequivocally intravascular).
When we performed studies on isolated hearts of GpihbpI-deficient mice (where the LPL is extravascular), the
release of LPL by heparin was substantially delayed. Finally, we found that cLPL enters the bloodstream rapidly
after an intravenous injection of heparin, consistent with LPL being located within capillaries. In earlier studies
of wild-type mice (2), we found that LPL enters the plasma rapidly after an intravenous injection of heparin,
whereas the entry of LPL into plasma was substantially delayed in GpihbpI-deficient mice (33).
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Figure 5. Chicken lipoprotein lipase (cLPL) can be released from tissues with heparin. (A) Isolated chicken hearts were perfused with 20 U/ml heparin,
and cLPL protein was detected in individual fractions (0.2 ml/fraction) by Western blotting with a goat antibody against cLPL. (B) cLPL activity in the
fractions from 3 different chickens (Heparin-1, Heparin-2, Heparin-3) was measured with a [3H]triolein substrate. As a control, a chicken heart was
perfused with saline only (Saline). (C) Inhibition of the LPL activity with a goat antiserum against cLPL. For these studies, we pooled fractions 3-5 from
2 of the chickens (Heparin-1and Heparin-2). We aliquoted 25 pl of the pooled fractions and then added either 50 pl of the goat antiserum against cLPL
or normal goat serum. We then performed LPL activity assays. The 4 data points represent duplicate lipase assays on the fractions from 2 chickens. (D)
Bar graph showing rapid heparin-mediated release of mouse LPL (mLPL) from an isolated heart of a wild-type mouse (black bars). Heparin-mediated
release of mLPL from the heart of a Gpihbp1-deficient mouse was delayed (white bars). Similar results were observed in 2 other pairs of wild-type and
Gpihbp1-deficient mice. (E) Rapid release of cLPL (as measured by ELISA) into the plasma of a cockerel after an intravenous injection of heparin (2 U/g
body weight). (F) Rapid release of cLPL into the plasma of 4 hens after an intravenous injection of heparin (2 U/g body weight).

Finding LPL within chicken capillaries implies that plasma triglyceride metabolism is similar in mammals and
birds, with LPL working inside capillaries to carry out the lipolytic processing of TRLs. While we are confident
that LPL is primarily intravascular in the chicken (and presumably other avian species), we would caution
against extrapolating the findings in chickens to other lower vertebrates (e.g., reptiles, amphibians, and
fish). In those species, the processing of TRLs may be significantly different. Of note, the plasma triglycer-
ide levels in Burmese pythons increase 50- to 150-fold after a meal and remain elevated for several days (34),
implying that TRL processing by LPL, if it occurs intravascularly in that species, may be rather inefficient.

What explains intravascular LPL in chickens? One possibility is that chickens actually have a bona fide
GPIHBPI, but this gene has not yet been uncovered, either because of gaps in genomic DNA sequences or
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Figure 6. Chicken lipoprotein lipase (cLPL) is released from chicken hearts by phosphatidylinositol-specific phospholipase C (PIPLC). Isolated chicken
hearts were perfused with 6 U/ml PIPLC or normal saline alone and incubated in a water bath for 10 minutes at 37°C. The hearts were then perfused with
Tyrode's buffer. Six fractions were collected, and cLPL mass and activity were measured. (A) Western blots demonstrating that PIPLC releases cLPL into
the perfusate. (B) Activity assays with a [*H]triolein substrate, revealing that PIPLC releases catalytically active cLPL into the perfusate. Three indepen-
dent experiments with PIPLC were performed (PIPLC-1, PIPLC-2, PIPLC-3), and 2 studies were performed with normal saline alone (Saline-1, Saline-2). (C)
Inhibition of PIPLC-released cLPL activity with a goat antibody against cLPL. We pooled the fractions from the PIPLC-1 and PIPLC-2 experiments, and
cLPL activity was measured in the presence of either the goat antiserum against cLPL or normal goat serum. The 4 data points represent lipase assays,
performed in duplicate, on the fractions from 2 chickens.

incomplete annotation. Interestingly, the chicken gene for APOC2, an LPL cofactor, has never appeared in
the genomic DNA databases, despite the fact that chicken APOC2 was identified and characterized more
than 20 years ago (35). Notwithstanding the APOC2 example, we are skeptical that the apparent absence
of GPIHBP1 in the chicken genomic DNA databases is due to incomplete sequences or annotation, simply
because GPTHBP1 has not been identified in any lower vertebrate. Also, after examining the sequences
for more than 3 billion RNA sequence tags, no transcripts for GPIHBP1 were found (i.e., no Ly6 proteins
with an acidic domain; no Ly6 proteins with strong similarity to mammalian GPIHBP1). Given that GPI-
HBP1 should be expressed at a relatively high level in at least one of the tissue types sequenced, it seems
unlikely that a GPIHBP1 transcript would evade the depth of the RNA-seq efforts. However, the results
from the short-read RNA-seq data set include only genes present in the Gallus gallus genome assembly 4.0,
and it is possible that the GPTHBP1 locus is simply missing from that assembly. The absence of GPTHBP1
motifs in the long-read Iso-Seq data (where unmapped transcripts were assessed) provides strong support
for the notion that GPIHBP1 is absent in the chicken, particularly since these data included transcripts
from embryonic chicken heart at several different HH stages. While it is still conceivable that a chicken
GPIHBP1 might evade these sequence-based searches, we believe that it is rather unlikely and that our
results favor the view that chickens do not have GPIHBP1 and instead express a distinct protein for trans-
porting LPL into capillaries.

The stretch of chicken chromosome 2 syntenic to the GPIHBPI locus on human chromosome 8 encodes
4 Ly6E-like proteins of unknown function. None of those proteins bound cLPL. The absence of LPL bind-
ing was not particularly surprising because the sequences of the 4 Ly6E-like proteins did not resemble the
sequences for human or platypus GPIHBPI (including the most highly conserved segment of GPIHBP1).
Indeed, the sequences for the 4 Ly6E-like proteins were no more similar to GPIHBP1 than to SLURPI, a
protein involved in keratinocyte differentiation (32). Also, the expression patterns of the 4 Ly6E-like proteins,
as judged by RNA-seq, appear to be inconsistent with a role for those proteins in triglyceride metabolism.
For example, none were expressed at high levels in the heart; ENSGALG00000041621 was expressed in the
central nervous system; ENSGALG00000039585 and ENSGALG00000045170 were expressed at high levels
in the skin; and ENSGALG00000043582 was expressed at high levels in the trachea.
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It is possible that another protein, completely unrelated to GPIHBP1, transports LPL to the capillary
lumen in chickens, perhaps by interacting with sequences not present in mammalian LPL proteins. cLPL
contains a 15-residue carboxyl-terminal extension enriched in positively charged residues (Supplemental
Table 3). That extension is highly conserved among other avian species (Supplemental Table 3). Perhaps
another transporter binds those sequences and mediates the transport of LPL across capillaries. Another
possibility is that the positively charged extension augments binding to endothelial cell heparan sulfate
proteoglycans (HSPGs), perhaps including GPI-anchored glypicans. The possible involvement of HSPGs
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Figure 8. Wild-type chicken lipoprotein lipase (cLPL-wt), but not a mutant cLPL with a p.C420Y mutation, binds to GPIHBP1. CHO pgsA-745 cells were
transiently transfected with S-protein-tagged wild-type human (h) or mouse (m) GPIHBP1 (or hGPIHBP1-W103S or mGPIHBP1-W108S) and coplated
with cells that had been transfected with V5-tagged versions of cLPL (wt or C420Y). Immunocytochemistry studies were performed on permeabilized
and nonpermeabilized cells with a goat antibody against the S-protein tag (red) and a mouse monoclonal antibody against the V5 tag (green). DNA was
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stained with DAPI (blue). (A) Immunocytochemistry studies showing that cLPL-wt bound avidly to neighboring CHO cells expressing wild-type hGPIHBP1
(hence cLPL-wt colocalized with hGPIHBP1), whereas cLPL-C420Y had no capacity to bind to cells expressing wild-type hGPIHBP1 (no colocalization). Cells
expressing hGPIHBP1-W1089S did not bind cLPL-wt. (B) Immunocytochemistry studies showing that cLPL-wt bound avidly to CHO cells expressing wild-
type mGPIHBP1 (colocalization), while LPL-C420Y had no capacity to bind to cells expressing wild-type mGPIHBP1 (no colocalization). Cells expressing
mGPIHBP1-W108S did not bind cLPL-wt. Scale bars: 20 um.

in LPL transport has been proposed previously (36). In our studies, perfusing chicken hearts with PIPLC
released cLPL protein and activity. That observation implies that some or all of the LPL on chicken capil-
laries could be bound to a GPI-anchored protein, but caution is warranted. We know that perfusing isolated
mouse hearts with large amounts of PIPLC can result in lysis of endothelial cells and adjacent cardiomyo-
cytes. In our chicken experiments, we used low amounts of PIPLC and observed no visual evidence of
myocardial damage, but we cannot exclude the possibility that some or all of the LPL released by PIPLC
originated from parenchymal cells.

cLPL binds avidly to mouse and human GPIHBP1 but not to mutant versions of human or mouse
GPIHBP1 lacking the capacity to bind LPL (e.g., human GPIHBP1-W109S, mouse GPTHBP1-W108S)
(23, 24). Also, cLPL-C420Y could not bind to human or mouse GPIHBP1. These findings suggest that the
interaction between cLPL and GPTHBP1 is rather specific. One might be tempted to infer from these obser-
vations that GPTHBP1 must be present in chickens, but we doubt that any such inference is justified. We
suspect that the structure of LPL was conserved during vertebrate evolution based on the protein’s ability
to hydrolyze triglycerides. We further suspect that GPTHBP1 evolved to fit this highly conserved structure.
According to this viewpoint, it would not be particularly surprising that cLPL would retain some ability
to bind to GPIHBP1, nor would it be surprising that amino acid substitutions that disrupt the binding of
human LPL to GPIHBP1 would also disrupt the binding of cLPL to GPIHBP1. The notion that GPIHBP1
in mammals evolved to fit an ancient and highly conserved enzyme is not farfetched. The estrogen receptor
appeared early in animal evolution as a protein that activates gene transcription in response to a specific ste-
rol (estrogen). During vertebrate evolution, additional sterol receptors evolved to fit the structures of sterols
that had always been present as intermediates in the synthesis of estrogen (37). Also, it is noteworthy that
mammalian apo-E binds avidly to a member of the LDL receptor family in chickens (the oocyte receptor
for very low density lipoproteins) (38), despite the fact that chickens do not produce apo-E.

Given that LPL is capable of reaching the capillary lumen in chickens, what prompted the appearance
of GPIHBPI1 in mammals? We do not have a clear answer, but we speculate that intravascular lipolysis
in mammals needed to be particularly efficient because mammals — unlike avian species — nurse their
young. In mammals, intravascular TRL processing by LPL is crucial for the production of milk fat by the
mammary gland (39, 40). We suspect that GPIHBP1 appeared in mammals to enhance the activity and
stability of intravascular LPL and to increase the capacity of vital tissues to extract lipid nutrients from
the plasma lipoproteins. Recent biochemical studies have proven that GPIHBP1, and in particular the
acidic domain of GPTHBPI, stabilizes LPL’s hydrolase domain, limiting inactivation of the enzyme (4).
Also, LPL binding to GPIHBP1 protects LPL from inactivation by ANGPTL4 (41). GPTHBP1’s ability to
stabilize LPL likely increased the capacity of many tissues, including the mammary gland, to extract lipid
nutrients from the plasma compartment.

Methods

Goat antibodies against cLPL. cLPL purified from chicken adipose tissue was used to immunize a goat (30).
Goat immunoglobulins against cLPL were first purified from the goat antiserum on a Sepharose—cLPL
immunoaffinity column (31). The immunopurified goat IgG was further purified on a second immunoaffin-
ity column generated with a His-tagged cLPL polypeptide from E. coli. To produce His-tagged cLPL in E.
coli, the coding sequences of mature cLPL were amplified from a chicken cDNA clone with Primestar GXL
polymerase (Clontech) and subcloned into the pMAPLe3 expression vector (42, 43). The plasmid was trans-
formed into E. coli BL21 (DE3) and Rosetta (DE3). Once the culture reached an OD of approximately 1.0,
the expression of cLPL was induced with 1 mM IPTG. After 4 hours, cells were harvested by centrifugation,
and the cell pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 20 mM imidazole,
8 M urea). The cells were lysed using an Emulsiflex C-3 (Avestin), and the lysate was clarified by centrifuga-
tion. The supernatant fluid was loaded onto a Ni-NTA column; the column was washed with lysis buffer,
and the bound protein eluted with lysis buffer containing 300 mM imidazole. The eluted proteins were
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Table 1. The GPIHBP1locus on human chromosome 8 and the syntenic region on chicken chromosome 2

Human genes

PSCA (ENSG00000167653)
Ly6K (ENSGO0000160886)
THEM6 (ENSG00000130193)
SLURP1 (ENSG00000126233)
LYPD2 (ENSG00000197353)

Location
8:142670308-142682724
8:142700111-142705127
8:142727203-142736927
8:142740944-142742411
8:142750150-142752534

Chicken genes
PSCA (ENSGALG0O0000045875)
no homolog
no homolog

SLURP1 (ENSGALGO0000046632)

LYPD2 (ENSGALGO0O000035166)

Location
2:148396683-148400734

2:148421473-148427755
2:148445058-148447137

LYNX1 (ENSG0O0000284505) 8:142764334-142778224 no homolog

LYNX1(ENSG00000283992) 8:142764338-142769844 no homolog

LYNX1 (ENSG00000180155) 8:142771197-142777810 no homolog

Ly6D (ENSG0O0000167656) 8:142784880-142786592 no homolog

GML (ENSG00000104499) 8:142834247-142916506 no homolog

CYP11B1 (ENSG00000160882) 8:142872356-142873846 no homolog

CYP11B2 (ENSG00000179142) 8:142910559-142917843 no homolog

Ly6E (ENSG00000160932) 8:143017982-143023832 ENSGALG0O0000041621 2:148464758-148470888
ENSGALGO0000043582 2:148492682-148497873
ENSGALGO0000039585 2:148501300-148505443
ENSGALGO0000045170 2:148482043-148486885

Ly6L (ENSGO0000261667) 8:143080457-143083001 no homolog

Ly6H (ENSGO0000176956) 8:143157914-143160711 no homolog

GPIHBP1 (ENSG00000277494) 8:143213193-143217170 no homolog

ZFP41(ENSG00000181638) 8:143246821-143262705 no homolog

AC138696.1 (ENSGO0000264668) 8:143247110-143276403 no homolog

GLI4 (ENSG00000250571) 8:143267433-143276931 no homolog

ZNF696 (ENSG00000185730) 8:143289676-143298061 no homolog

TOPIMT (ENSG00000184428) 8:143304384-143359979 TOPIMT (ENSGALGO0000029572) 2:148535366-148546919

RHPN1 (ENSG0O0000158106) 8:143368887-143384220 no homolog

MAFA (ENSG00000182759)
ZC3H3 (ENSG00000014164)

8:143419182-143430406
8:143437655-143541453

MAFA (ENSGALGO0000026264)
Z(3H3 (ENSGALGO0000043265)

2:148778575-148780708
2:148783909-148939588

Data are from the Ensembl database. In this region, many human genes, including GPIHBP1, do not appear to have chicken orthologs.
ENSGALG00000041621is 46.03% identical to human Ly6E; ENSGALGO0000043582, ENSGALGO0000039585, and ENSGALGO0000045170 are 40.48%,
34.48%, and 33.07% identical, respectively, to human Ly6E.

insight.jci.org

concentrated and further purified by size-exclusion chromatography on a Superdex 200 column (GE Health-
care) equilibrated with 50 mM Tris (pH 8.0), 300 mM NaCl, and 8 M urea. The fractions containing cLPL
were pooled, dialyzed against 50 mM Tris (pH 8.0) containing 8 M urea, loaded onto a Q-Sepharose column
equilibrated with dialysis buffer, and then eluted with a 0—1 M NaCl gradient. cLPL eluted at approximately
300 mM NaCl. Fractions containing cLPL were pooled and concentrated to approximately 5 mg/ml. cLPL
was then dialyzed against PBS with 4 M urea and coupled to AminoLink Coupling Resin (ThermoFisher
Scientific). The cLPL-resin was used as a second immunopurification step to purify goat anti-cLPL antibod-
ies. Briefly, the goat anti-chicken antibodies from the Sepharose—cLPL immunoaffinity column were added
to the cLPL—resin affinity column. After washing with PBS, goat IgGs were eluted with 0.2 M glycine-HCl
(pH 2.7). The resulting IgG fraction against cLPL was then neutralized with 1 M phosphate (pH 9).
Detecting cLPL in extracts of chicken tissues by Western blotting. Adipose tissue, liver, brain, gizzard, heart,
white skeletal muscle, and red skeletal muscle were harvested from 9-day-old chickens (approved by UCLA’s
Animal Research Committee). Tissue samples (~2 mm?) were placed in 1.0 ml of ice-cold RIPA buffer (50
mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP40 [vol/vol], 0.25% sodium deoxycholate, I mM
PMSF, and 1 mM NaF) containing a protease inhibitor cocktail (cOmplete ULTRA EDTA-free, Roche) and
homogenized with a motorized homogenizer on ice. The lysate was centrifuged at 18,000 g in a microcentri-
fuge at 4°C, and the supernatant was collected for analysis. Tissue extracts (30 pug protein) and recombinant
cLPL from E. coli were electrophoresed in 12% Bis-Tris SDS-PAGE gels in MES buffer (ThermoFisher Sci-
entific). Size-fractioned proteins were transferred to a nitrocellulose membrane, and Western blots were per-
formed with anti-chicken goat antibodies purified over a Sepharose—cLPL immunoaffinity column (1.75 pg/
ml) or the same immunopurified antibodies that had been purified again with the immunoaffinity column
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Figure 9. Testing the ability of chicken lipoprotein lipase (cLPL) to bind to chicken Ly6E-like proteins on the surface of transfected cells. CHO pgsA-745
cells were transfected with an expression vector for S-protein-tagged human GPIHBP1 (hGPIHBP1) or for S-protein-tagged versions of the chicken Ly6-like
proteins. Immunocytochemistry studies were performed on permeabilized and nonpermeabilized cells with a goat antibody against the S-protein tag (red)
and a mouse antibody against the V5 tag (green). DNA was stained with DAPI (blue). (A) Immunocytochemistry studies performed with expression vectors
for ENSGALGO0000039585, ENSGALGO0000043582, and ENSGALGO0000041621 showing than none of these chicken Ly6-like proteins bound cLPL (no
colocalization). (B) Immunocytochemistry studies performed with 2 different expression vectors for ENSGALGO0000045170 (45170a and 45170b). Vector
45170a contained the Ly6 domain of ENSGALGO0000045170 and also included the acidic domain of hGPIHBP1; vector 45170b contained the Ly6 domain of
ENSGALGO0000045170. Neither vector conferred upon CHO cells the ability to bind cLPL. Scale bars: 20 um.

insight.jci.org  https://doi.org/10.1172/jci.insight.96783 13


https://doi.org/10.1172/jci.insight.96783

. RESEARCH ARTICLE

generated with E. coli—expressed cLPL (1.75 ng/ml). Binding of goat IgGs was detected with an IRDye800-
conjugated donkey anti—goat IgG (LI-COR; 1:2,000). Antibody binding was detected with an Odyssey infra-
red scanner (LI-COR).

Detecting cLPL in CHO cells that had been transfected with V5-tagged cLPL. A modified version of CHO
pgsA-745 cells (in which the small amounts of hamster LPL expression were eliminated by CRISPR/
Cas9 genome editing) were electroporated with a plasmid encoding V5-tagged cLPL (2 ug DNA for 2 x
109 cells). After 24 hours, the cells were washed with PBS/Ca/Mg, fixed in methanol at —20°C for 10 min-
utes or with 3% paraformaldehyde (PFA) at room temperature for 15 minutes, permeabilized with 0.2%
Triton X-100, and blocked with 10% donkey serum. Cells were then incubated for 1 hour at room tem-
perature with the immunopurified goat anti-cLPL antibody (5 pg/ml) and a mouse anti—V5 tag antibody
(ThermoFisher Scientific; 11.6 ug/ml), followed by a 30-minute incubation at room temperature with an
Alexa Fluor 555—conjugated donkey anti-goat IgG (ThermoFisher Scientific; 1:800) and an Alexa Fluor
488—conjugated donkey anti-mouse IgG (ThermoFisher Scientific; 1:800). All antibodies were diluted in
3% donkey serum in PBS. After the staining of cells, they were fixed with 3% PFA at room temperature for
15 minutes. DNA was stained with 4',6-diamidino-2-phenylindole (DAPI). Images were recorded with an
LSM700 confocal fluorescence microscope (Zeiss) and processed with Zen 2010 software (Zeiss). Micro-
scope exposure conditions were identical within each experiment.

Detecting cLPL in tissues by immunohistochemistry. A 9-day-old chicken was anesthetized and perfused
through the heart with 50 ml of PBS. WAT and heart were collected, rinsed in PBS, embedded in OCT com-
pound (Tissue Tek), and frozen sections prepared (50-pum sections for WAT; 10-um sections for heart). Sections
were fixed in methanol at —20°C for 10 minutes, permeabilized with 0.2% Triton X-100 for 5 minutes, and
incubated with a blocking buffer containing 10% FBS (HyClone) and 0.2% BSA in PBS/Ca/Mg. Tissues were
incubated overnight at 4°C with a rabbit polyclonal antibody against human vWF (Dako; 1:200), followed by
a 1-hour incubation with Alexa Fluor 555-labeled goat anti-cLPL IgG (5 pg/ml) and an Alexa Fluor 488—
labeled donkey anti-rabbit IgG (ThermoFisher Scientific; 1:1,000). After washing with PBS, tissues were fixed
with 3% PFA in PBS for 5 minutes at room temperature. DNA was stained with DAPI. Immunofluorescence
microscopy was performed as described above. Microscope exposure conditions were identical for each tissue.

Detecting LPL in capillaries of chicken tissues. A 9-day-old chicken was anesthetized and injected intra-
venously through the brachial vein with a solution containing 73 ul of Alexa Fluor 555-labeled goat anti-
cLPL IgG (9.5 mg/ml), 50 ul of fluorescein-labeled Lens culinaris agglutinin (lectin, 10 mg/ml; Vector
Laboratories), and 70 pl of Alexa Fluor 647-labeled nonimmune goat IgG (10 mg/ml). After 4 minutes,
the chicken was perfused through the heart with 50 ml of PBS, followed by 30 ml of PBS containing 3%
PFA. WAT, heart, liver, and cerebellum were harvested and fixed in 3% PFA at 4°C for 2 hours. Tissues
were embedded in OCT compound, and 10-um sections prepared. Immunofluorescence microscopy was
performed as described above. Microscope exposures were identical within each experiment.

Release of cLPL from isolated chicken hearts with heparin or PIPLC. Chickens between 9 and 21 days of age
were anesthetized and perfused with 20 ml of Tyrode’s buffer (136 mM NaCl, 5.4 mM KCl, 0.33 mM NaH-
,PO,, 1 mM MgCl,, 10 mM Hepes, pH 7.4, and 10 mM glucose) containing I mM CaCl,. The hearts were
removed, cannulated through the aorta, and perfused with 3 ml of Tyrode’s buffer. To release LPL from
blood vessels, the hearts were perfused with 20 U/ml of heparin in 4 ml of Tyrode’s buffer (or buffer alone).
The LPL in the perfusate (0.2 ml/fraction) was stabilized by diluting in DOC buffer (0.1 M Tris, pH 8.5, 0.1
mM SDS, and 5 mM deoxycholate) and stored at —80°C until analysis. LPL in the perfusate was document-
ed by Western blotting or by measuring triglyceride hydrolase activity (44). For the activity measurements,
25 ul of the sample was added to 175 ul of substrate solution composed of Intralipid containing [*H]triolein
and heat-inactivated rat serum (as a source of APOC2). In some studies, LPL activity was inhibited with
50 pl of the goat antiserum against cLPL. Released fatty acids were extracted and counted in a scintillation
counter (45). In other studies, isolated mouse hearts were perfused with PIPLC (6 U/ml) (1) in 1 ml Tyrode’s
buffer (or with buffer alone). Hearts were incubated at 37°C for 10 minutes and then perfused with 2 ml of
Tyrode’s buffer. Fractions (0.3 ml) were collected, and LPL mass and activity were measured (1).

Releasing LPL from chickens with an intravenous injection of heparin. Young male (0.5-1.0 kg) or female
chickens (0.7-0.9 kg) were anesthetized, and the brachial vein was cannulated with a 20-gauge catheter.
Chickens were injected intravenously with heparin (2 U/g body weight). Blood samples (1 ml) were drawn
from the contralateral brachial vein at baseline and 1, 3, 8, 15, and 30 minutes after the injection of heparin.
LPL activity and mass measurements were assessed as described (46, 47).
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Assessing binding of ¢LPL to GPIHBPI1. CHO pgsA-745 cells (2 x 10°) were electroporated with 2 pg of
expression vector encoding S-protein—tagged versions of mouse or human GPIHBP1 or with V5-tagged
versions of human, mouse, or cLPL. The GPIHBP1-transfected cells were then coplated with the LPL-
transfected cells on coverslips in 24-well plates at a ratio of 1:2 (a total of 1 x 100 cells/ well). After 48
hours, cells were washed with PBS/Ca/Mg, fixed with 3% PFA, and blocked with 10% donkey serum
(vol/vol). In some studies, the cells were permeabilized with 0.2% Triton X-100 (vol/vol) after PFA fixa-
tion. Cells were then incubated overnight at 4°C with a goat polyclonal antibody against the S-protein tag
(Abcam; 1:800) followed by an Alexa Fluor 568—conjugated donkey anti-goat IgG (ThermoFisher Scien-
tific; 1:800) and a mouse monoclonal antibody against the V5 tag (ThermoFisher Scientific; 11.6 pg/ml)
followed by an Alexa Fluor 488—conjugated donkey anti-mouse IgG (ThermoFisher Scientific; 1:800). All
antibodies were diluted in 3% donkey serum in PBS. Cells were washed 3 times with 3% donkey serum in
PBS and 2 times with PBS before being fixed with 3% PFA. DNA was stained with DAPI. Images were
recorded and processed as described above; microscope exposures were identical within each experiment.

Expression vectors for chicken Ly6E-like proteins. The open reading frames for ENSGALGO00000039585,
ENSGALGO00000041621, ENSGALG00000043582, and ENSGALG00000045170 were prepared by RT-
PCR from a chicken adipose tissue cDNA library with oligo(dT), random primers, and SuperScript III
(ThermoFisher Scientific). PCR fragments were initially introduced into the pGEM-T Easy Vector (Pro-
mega). The sequences for the mature proteins were amplified and subcloned into the pTriEx-4 mammalian
expression vector (Novagen) as described for expression vectors for human GPIHBP1 or human CD59
(48). In addition, we also introduced the sequences for the Ly6 domain of ENSGALG00000045170 in
frame with the acidic domain of human GPIHBPI in the pTriEx-4 vector. All vectors contained an amino-
terminal S-protein tag. The integrity of the expression vectors was verified by DNA sequencing.

Chicken transcriptome sequencing search. Data were acquired from 2 chicken transcriptome sequencing
projects (49, 50). The data comprise Pacific Biosciences Iso-Seq sequencing of chicken brain (PRJEB13246),
whole embryo (HH stage 26, PRJEB13248), and embryonic heart (pooled HH stages 18-20, 25, and 32;
SRR1177086) samples along with Illumina short-read RNA-seq for 20 tissues of adult female J-line chick-
ens (PRJEB12891). For the Iso-Seq data, mapped and unmapped transcript models were examined with
Blastx for potential GPIHBP1 transcripts, known Ly6 protein transcripts, and LPL transcripts. For the
GPIHBP1 Blastx runs, we compared human, mouse, platypus, and sheep GPIHBP1 amino acid sequences
to chicken transcripts. For the Ly6 protein runs, we examined chicken transcripts for the Ly6 proteins
present in the Uniprot database. For the LPL runs, we used the annotated cLPL amino acid sequence.
For the short-read RNA-seq data, transcript models were assembled with Cufflinks as described in the
chicken transcriptome sequencing project (49) and examined with identical Blastx protocols. Mapped and
unmapped chicken transcript models with hits from the GPIHBP1 and Ly6 Blastx runs were analyzed
for 3 conserved features of mammalian GPIHBP1. The first is a characteristic pattern of cysteines in all
mammalian GPTHBP1 proteins (CXXXXXXXXXXXXXXXCCXXXXC). We allowed a range of 7 to 19
amino acids between the first and second cysteines, and a range of 3 to 5 amino acids between the third and
fourth cysteines. The second is a region with more than 15 acidic residues (D or E) within a 26—amino acid
window at the amino terminus of the protein. The third feature was a WCXXXC motif (allowing a range
of 3 to 5 residues between the 2 cysteines).

Study approval. All the animals used in this study were housed in a facility accredited by Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC International). All animal protocols
are approved by the Chancellor’s Animal Research Committee (ARC). The ARC-approved protocols cover-
ing the work in our laboratory include 2015-097-11, 2004-127-12B, and 2015-097-03.
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