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After producing al-3-galactosyltransferase knockout
(GKO) pigs, most of the organs of these pigs showed less
antigenicity to the human body. However, wild-type adult
pig islets (API) that originally contained negligible levels of
a-galactosidase now showed a clear antigenicity to human
serum. In this study, /V-glycans were isolated from both
APIs and human islets. Their structures were then analyzed
by a mapping technique based on their high-performance
liguid chromatography elution positions and matrix-
assisted laser desorption/ionization-time-of-flight -mass
spectrometric data. Both preparations contained substan-
tial amounts of high-mannose structures. The N-glycans
from human islets were separated into 17 neutral, 8 mono-
sialyl and 4 di-sialyl glycans, and the API glycans were
comprised of 11 neutral, 8 mono-sialyl, 3 di-sialyl, 2 mono-
sulfated, 3 mono-sialyl-mono-sulfated and 1 di-sulfated
glycans. Among them, the API preparation contained one
neutral, five mono-sialyl glycans and six sulfated glycans
that were not detected in human islets. The structures of 9
of these 12 could be clearly determined. In addition, a study
of the sulfate-depleted API suggests that sulfate residues
could be antigenic to humans. The data herein will be
helpful for future studies of the antigenicity associated
with APIL.

Keywords: N-glycan / pig islets / sulfated glycan /
xenotransplantation
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Introduction

The increasing challenges associated with the worldwide short-
age of donor organs have led to a renewed interest in xenotrans-
plantation. The pig pancreas is considered to be the most
suitable source of islets for clinical xenotransplantation. Some
clinical trials have resumed in New Zealand, Russia, etc., using
islets from a wild-type pig via the use of an immuno-isolation
technique (Elliott 2011). In addition, based on data collected
from the “Inventory of human xenotransplantation practices”
(http:/www.humanxenotransplant.org/index html), many clin-
ical trials appear to be ongoing.

On the other hand, after producing o.1-3-galactosyltransferase
knockout (GKO) pigs (Dai et al. 2002; Takahagi et al. 2005),
most of the organs from these pigs were found to show less anti-
genicity to the human body. However, wild-type adult pig islets
(APT) that originally contained negligible levels of a-galactosidase
(o-Gal) (Galal-3Gal) (Galili et al. 1987) showed a clear antige-
nicity to human serum (Komeoda et al. 2004), and this fact
represents a significant obstacle to successful xenotransplant-
ation (Thompson et al. 2011).

Concerning the so-called non-Gal epitopes, many studies
related to glycoproteins and glycolopids are on-going in
attempts to identify them. However, our knowledge of non-Gal
glycoantigens is still incomplete. That is, previous analyses of
N-glycans from pigs included the use of additional tissues, in
addition to islets. However, besides o-Gal and Hanganutziu-
Deicher (Varki et al. 2009; Yamamoto et al. 2013) antigen
expression, the glycosylation of API remains relatively unclear
(Breimer 2011; Byme et al. 2011; Miyagawa et al. 2012).

We wish to report herein on the analysis of the glycosylation
of the N-linked sugars of API, compared with the correspond-
ing values for human islets, using a high-performance liquid
chromatography (HPLC) technique, which is capable of pro-
viding reliable data. The collected data will be of use in future
research concerning non-Gal antigens and promises to provide
us with clues for producing new types of immuno-modified
pigs with less antigenicity than GKO pigs.

Results

Isolation of N-glycans of the porcine and human islets
N-glycans derived from porcine (11.9 mg of protein) and
human islets (12.47 mg of protein) were separated into five
peaks, based on increasing acidity using a diethylaminoethyl
(DEAE) column. The following peaks were produced: Neutral

© The Author 2013. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: Jjournals.permissions@oup.com
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Fig. 1. Anion exchange DEAE elution profiles of PA-glycans derived from
porcine islets (A) and the human islets (B). The PA-glycans were fractionated
according to their sialic acid content and sulfate residues as neutral (Peak 1),
mono-sialyl (Peak 2), di-sialyl or mono-sulfate (Peak 3), mono-sialyl-mono-sulfate
(Peak 4) and di-sulfate (Peak 5) oligosaccharide fractions as indicated.

(N), Peak 1; mono-sialyl (M), Peak 2; di-sialyl (D) or mono-
sulfate (S1), Peak 3; mono-sialyl-mono-sulfate (MS2), Peak 4
and di-sulfate (S2), Peak 5; glycan fractions with molar ratios
(peak areas) of 84.4, 3.6, 2.6, 2.2 and 7.2% from APIs, and
94.0, 4.0, 2.0, 0 and 0% from the human islets, respectively
(Figure 1).

Concerning API, when an octa decyl silyl (ODS) column
was used, it was possible to separate the neutral fraction into
fractions N1-N9, the mono-sialyl fraction into fractions M1-
MB6, the di-sialyl or mono-sulfate fraction into fractions D1-D3
and S1, the mono-sialyl-mono-sulfate fraction into fractions
MS1-MS3 and the di-sulfate fraction into fraction S2. On the
other hand, in the case of human islets, the neutral fraction was
separated into N1-N13, the mono-sialyl into M1-M6 and the
di-sialyl into D1-D4, as shown in Figure 2A-H.

Further analysis with GALAXY database

These ODS fractions were individually fractionated on an
amide column and further subjected to matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometric (MALDI-
TOF-MS) analysis. The porcine N2, N6, M2, M3 and SI and
the human N2, N5, N6, N12, M2 and M4 fractions were found
to contain two kinds of N-glycans (Figures 3 and 4).

The coordinates of all of the N-glycans coincided with those
for known references in the glycoanalysis by the three axes of
MS and chromatography (GALAXY) database except for
several N-glycan fractions including human fractions N5-1,
N5-2, N6-1, N6-2, M1, M2-2 and porcine S1-1, MSland MS3.
Most of the N-glycan structures were then identified by the
mapping technique on the basis of their HPLC elution positions
and MALDI-TOF-MS data.

Structural analysis of each sample

Pyridylamino (PA)-glycans, which did not correspond to any of
the N-glycans so far registered in GALAXY, were trimmed by
treatment with an exoglycosidase, which produced known
glycans (Yagi et al. 2005).

In the case of S1-2, no reactivity was detected by B-acethyl-
hexiominidase. Next, a methanolysis treatment induced the
conversion of S1-2 into S1-2a, but additional treatment with
B-galactosidase resulted in no change to S1-2a. Moreover, the
B-N-acethylhexosaminidase treatment converted S1-2a into
S1-2b, and S1-2b was proved to be the same structure as M4.1 in
GALAXY, as evidenced by the observation that samples of
S1-2b and M4.1 co-chromatographed (Figure 5).

The MS2 sample was analyzed following a similar procedure.
The sample did not serve as a substrate for p-galactosidase and
02,3-sialydase, but was converted into MS2a by treatment with
o-sialydase. Further methanolysis and B-galactosidase converted
MS2a into MS2b and MS2c, respectively. MS2b was next verified
to be 210.4a in GALAXY by the co-chromatography of both
samples. On the other hand, MS2c, when treated with B-N-
acethylhexosaminidase and methanolysis, was converted into MS2d
and MS2e, respectively. MS2e was also proved to be 110.4a in
GALAXY by the co-chromatography of both samples (Figure 6).

Concerning S2, the sample was unchanged as a result of a
B-N-acethylhexosaminidase treatment. On the other hand, a
methanolysis treatment cleaved two sulfate residues from S2 and
produced S2a, which was shown to be 210.4b in GALAXY by
the co-chromatography of both samples (Figure 7).

In the analyses, a total of 28 and 29 N-glycan structures of
API and human islets, respectively, were identified and the
findings are summarized in Tables I-VI (Supplementary data,
Figure S1).

Sodium chlorate treatment on pig islets

The effect of removal of the sulfate structures of pig islets on
the antigenicity to human serum was investigated. The use of a
sodium chlorate and a sulfate-free medium led to a significant
reduction in antigenicity to human serum, suggesting that the
sulfate structures in adult islets are targets for human natural
antibodies (Figure 8).

Discussion

Twenty-eight kinds of N-linked glycans were identified in the
case of the API glycans and 29 were identified from human
islets, based on their HPLC elution peaks. While the human
preparation contained neutral, mono-sialyl, di-sialyl N-linked
glycans, the API sample contained not only these three types,
but mono-sulfate, MS2 and di-sulfate types of N-linked glycans
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Fig. 2. Reverse-phase ODS elution profiles of PA-glycans obtained from each different fraction separated on the DEAE column. The neutral, mono-sialyl, di-sialyl or
mono-sulfate, mono-sialyl-mono-sulfate and di-sulfate fractions were individually applied to the ODS column and gave elution profiles according to their
hydrophobicity. (A) pig Peak 1, (B) human Peak 1, (C) pig Peak 2, (D) human Peak 2, (E) pig Peak 3, (F) human Peak 3, (G) pig Peak 4 and (H) pig Peak 5. N2":
Epimerization of N2; N4': Epimerization of N4; N5": Epimerization of N5; S2": Epimerization of S2. Asterisks indicate the fractions containing no detectable

PA-oligosaccharides.

as well. Among them, one neutral, five mono-sialyl and six
sulfates of N-linked glycans in the API preparation were not
detected in human islets. The structures of 9 of these 12
glycans were clearly identified in this study.

Concerning the characteristics of the N-glycans identified in
the API preparation, the neutral glycans contained relatively
high levels (%) of high-mannose type glycans. In comparison
with the N-glycans from human islets, the high-mannose
type of N-glycan found in API contains high levels (5 or 6) of

mannoses. In addition, glycans with structures of fractions
N6-2 were not detected in human islets. On the other hand,
in the case of API, the relative content of sulfated N-glycans
approached 10%. In addition, the di-sulfate type glycans repre-
sented 7% of the relative quantity, indicating that sulfated
N-glycans are a common structure in N-glycans of API but
do not appear to be produced by human islets. In addition, all
the sulfates are attached to a B-linked N-acetylgalactosamine
(GalNAc).
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Fig. 3. Amide column elution profiles of PA-glycans of pig islets from each different fraction separated on the ODS column. (A) ODS peak-N1+N5'. Peak 1 is the
epimerization of the ODS peak-N5. Peak 2 was then settled as N1. (B) ODS peak-N2. Peaks 3 and 4 correspond to N2-1 and N2-2, respectively. (C) ODS peak-N3.
Peak 5 was contamination of the ODS peak-N4. Peak 6 corresponds to N3. (D) ODS peak-N4. Peak 7 corresponds to N4. (E) ODS peak-NS5. Peak 8 cormresponds to N5.
(F) ODS peak-N6. Peak 9 was contamination of ODS peak-N7. Peaks 10 and 11 correspond to N6-1 and N6-2, respectively. (G) ODS peak-N7. Peak 12 corresponds to
N7. (H) ODS peak-N8. Peak 13 was contamination of ODS peak-N9. Peak 14 corresponds to N8. (I) ODS peak-N9. Peak 15 corresponds to N9. (J) ODS peak-MI1.
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Fig. 4. Amide column elution profiles of PA-glycans from each fraction separated on the ODS column of human islets. (A) ODS peak-N5. Peaks | and 2 correspond
to N5-1 and N5-2, respectively. (B) ODS peak-N6. Peaks 3 and 4 correspond to N6-1 and N6-2, respectively. (C) ODS peak-N11. Peak 5 corresponds to N11. (D)
ODS peak-N12. Peaks 6 and 7 correspond to N12-1 and N12-2, respectively. (E) ODS peak-N13. Peak 8 corresponds to N13. (F) ODS peak-M1. Peak 9
corresponds to M 1. (G) ODS peak-M2. Peaks 10 and 11 correspond to M2-1 and M2-2, respectively. (H) ODS peak-M4. Peaks 12 and 13 correspond to M4-1 and

M4-2, respectively. (I) ODS peak-D2. Peak 14 corresponds to D2.

No terminal fucose was detected in the N-glycans from
either type of islets in this study.

Previous studies reported by other groups concluded that
many kinds of N-glycans are found in API, using MALDI-TOF/
MS and MS/MS (Kim, Gil et al. 2008; Kum, Gil et al. 2009;
Kim, Harvey et al. 2009). The difference in the number of
detected N-glycans in this study can be attributed to the sensitiv-
ity of the MS method and HPLC. It, thus, appears that the accur-
acy of the data presented here using HPLC mapping in
conjunction with a MALDI-TOF technique provided much more
detailed information. That is, MS data are sensitive and can be
rapidly obtained, but indicate only a glycan structure based on
the calculated molecular weight. Therefore, discriminating
between isomeric structures becomes difficult (Wheeler and
Harvey 2001). In addition, except for N-glycolylneuraminic acid
(NeuGo), it does not indicate the specific structure of sialyl acids
present. On the other hand, the data reported herein can be used
to identify the representative features of each N-glycan in the
API preparation. However, the possibility that several glycans,
such as pN6-2, pM2-1, pM2-2, pM3-1, pM3-2 and pMS5, that
were not detected in humans islets as major N-glycans are
expressed in human islets at very low levels cannot be complete-
ly excluded. In addition, concerning the sulfated N-glycans such
as S1-1, S1-2, S2, MS1 and MS3, the accuracy in identifying the

position of the SOH3 attached to B1-4GalNAc was not clear in
this study, and it is possible that these sulfated glycans also may
be produced in human islets or other tissues, because humans
produce several sulfotransferase enzymes that can catalyze the
attachment of a sulfate to GalNAc (Boregowda et al. 2005).

Chlorate is a selective inhibitor of adenosine triphosphate
sulfate adenylyltransferase, the first enzyme in the sulfate acti-
vation pathway (Girard et al. 1998). It inhibits all sulfotrans-
ferases. Therefore, although API had a diminished antigenicity
to human serum, especially IgM, as a result of the presence of
sodium chlorate treatment, a structural analysis of the changes
on the sulfated N-glycans and other nonsulfated glycans of the
API after the treatment might be needed to assess antigenicity
issues. On the other hand, it was not possible to determine the
binding site of the sulfate residue to GalNAc using this method.
However, the possibility that the sulfate residue is one of the
non-Gal antigens in pig islets cannot be excluded based on the
data presented herein. Further study will be needed to analyze
the non-Gal antigen in pig islets, especially to sulfotransferase
enzymes.

In comparison with a report concerning the pig lung and
trachea, using exactly the same HPLC mapping in conjunction
with the MALDI-TOF technique, Sriwilaijaroen et al. (2011)
reported a relatively small percent of high-mannose type

Peak 16 corresponds to M1. (K) ODS peak-M2. Peaks 17 and 18 correspond to M2-1 and M2-2, respectively. (L) ODS peak-M3. Peaks 19 and 20 correspond to M3-1
and M3-2, respectively. (M) ODS peak-M4. Peak 21 corresponds to M4. N: ODS peak-M35. Peak 22 corresponds to MS5. (O) ODS peak-M6. Peak 23 corresponds to
M6. (P) ODS peak-S1. Peaks 24 and 25 were identified as S1-1 and S1-2, respectively. (Q): ODS peak-D1. Peak 26 corresponds to D1. (R) ODS peak-D2. Peak 27
corresponds to D2. (8) ODS peak-D3. Peak 28 corresponds to D3. (T) ODS peak-MS1. Peak 29 corresponds to MS1. Peak 30 is the epimerization of ODS peak-MS2.
(U) ODS peak-MS2. Peak 31 corresponds to MS2. (V) ODS peak-MS3. Peak 32 corresponds to MS3. (W) ODS peak-S2. Peak 33 cormesponds to S2. *Not a sugar.
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N-glycans. However, in this study, pig islets contain a relatively
large percent of N-glycans, 81%, and human islets also contain
76.7%. Therefore, this evidence related to high-mannose types
was assumed to be a typical feature of islets. It is noteworthy
that in this pig islets study no evidence was found for the pres-
ence of 0-Gal and NeuGc structures, while the pig lung and
trachea clearly produce both antigens. Concerning o-Gal, as
has been indicated in many reports, pig islets express very low
levels of a~Gal. On the other hand, concerning NeuGc, our pre-
vious study reported that NeuGe is expressed on the N-glycans
of API (Komoda ct al. 2004). Therefore, pig islets must contain
NeuGe in relatively minor amounts and, as a result, were not
detected in this study, because pig lung and trachea contain
relatively minor levels of NeuGe structures.

In addition, NeuGc-Gal-GlcNAc and Galal-3 Lewis x
(Lew™) were recently reported as novel antigens, as evidenced
by a structural analysis of N-glycans from the miniature pig
kidney (Kim et al. 2006). However, neither of these antigens
was detected in this study.

Blixt et al. (2009) reported on the carbohydrate specificities of
sera obtained from clinical patients in whom neonatal bone pig
islet-like cell clusters (NPCC) had been intraportally injected,
using a printed covalent glycan array with 200 structurally
defined glycans. Besides a-Gal and NeuGec, the patients had Abs

against terminal o-linked GalNAc, B3-linked Gal especially
GalB1,3GIcNAc even if terminally sulfated or sialylated,
B-GlcNAc except for B1,3-linked, oligomannosyl compounds,
some neuranimic acid (NeuAc) and Galal-3Lew”. Compared
with the data reported here, pMS has B-GlcNAc, might be applic-
able for the target structure of the patients. In addition, N6-2,
pM2-2 and pM3-2, which contain Mana1-3Mana1-6Man struc-
tures, are also potential target antigens. However, the antigenicity
of NPCC may slightly be different from that for API.

As the other non-Gal antigens, the Forssman, the terminal
GalNAc related to the Tn-antigen (GalNAco-O-Ser/Thr), T-
antigen (Thomsen-Friedenreich; Gali3GalNAco-O-Ser/Thr) and
sialyl-Tn antigen (NeuAco2,6GalNAco-O-Ser/Thr) are also
reported to be important (Ezzelarab et al. 2005). However, these gly-
cans are related to O-glycans and glicolipids (Diswall etal. 2011).

In summary, as a feature, pig islets are rich in high-mannose
type N-glycans, especially relatively low amounts of mannose.
Several API structures, such as N6-2, pM2-1, 2-2, 3-1, 3-2, and
pMS3, and the sulfate structure, B-linked GalNAc-SOH3, were
not detected in human islets. In addition, it is possible that the
sulfated glycans of API are involved in the observed antigeni-
city to human serum. The data herein provide important infor-
mation that can be useful to future clinical xenotransplantation
studies.
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Fig. 6. Structural analysis of MS2. (A) ODS peak after 02,3-sialidase treatment to MS2. Peak | was just the same as MS2 in GU and molecular weight. (B) ODS
peak after a-sialidase treatment to MS2. Peak 2 corresponds to MS2a (12.1 GU and 1988 Da). (C) ODS peak after methanolysis treatment to MS2a. Peak 3 is the
nonreacted sample. Peak 4 lacked one sulfate residue from MS2a and corresponds to MS2b (13.9 GU and 1907 Da). (D) ODS peak after co-chromatography of
MS2b and 210.4a in GALAXY. MS2b was proved to be the same structure as the 210.4a in GALAXY. (E) ODS peak after p-galactisidase treatment to MS2a. Peak 6
lacked one galactose from MS2a and corresponds to MS2c¢ (11.4 GU and 1826 Da). (F) ODS peak after p-N-acetylhexosaminidase treatment to MS2c. Peak 7
corresponds to MS2d (9.7 GU and 1622 Da). (G) ODS peak after methanolysis treatment of MS2d. Peak 8 was the nonreacted sample. Peak 9 lacked one sulfate
residue from MS2d and corresponds to MS2e (11.0 GU and 1541 Da). (H) ODS peak after co-chromatography of MS2e and 110.4a in GALAXY. MS2e was proved
to be the same structure as the 110.4a in GALAXY. (I) ODS peak after B-galactisidase treatment to MS2. Peak 11 is identical to MS2 in GU and molecular weight.

* Not a sugar.

Materials and methods
Pig islet isolation

Pancreatic glands were removed from several pigs at a slaughter-
house that handles young market weight pigs (Large White/
Landrace x Duroc, 6 months old, ~100 kg). Isolation of porcine
islets was performed using the Islet Isolation Technique (Goto
etal. 2004), with minor modifications. Purified islet fractions were
pooled and cultured at 37°C in a humidified atmosphere with
5% CO, in CMRL1066 medium (Biochrom, Berlin, Germany)
supplemented with 20% heat inactivated porcine serum, 2 mm
N-acetyl-L-alanyl-L-glutamine, 10 mM N-2-hydroxyethylpiper-
azine-N1-2-ethanesulfonic acid, 100 TU/mL penicillin, 100 ug/mL
streptomycin (Biochrom) and 20 pg/mlL ciprofloxacin (Bayer,
Leverkusen, Germany).

Human islet isolation

The method used to isolate islets has been reported previously
(Matsumoto et al. 2002). In brief, the pancreas was distended

with a cold enzyme solution through the pancreatic duct using a
pressure-controlled pump system. In all cases, the distended
pancreata were digested using the semi-automated method
(Matsumoto et al. 2006). All centrifuged pellets were collected
in cold storage/purification stock solution (Mediatech, Inc.,
Manassas, VA).

Islet isolations were conducted based on the Edmonton
protocol with our modifications. The results of the isolations
were evaluated based on the Edmonton protocol. Islets were
purified with a COBE 2991 cell processor (CaridianBCT, Inc.,
Lakewood, CO) using density-adjusted iodixanol-based
continuous density gradient. The final preparation of islets was
assessed using dithizone staining (Sigma Chemical Co.,
St. Louis, MO) for islet yield and purity. Islet yield was con-
verted into a standard number of islet equivalents (diameter
standardizing to 150 pm). Islet viability was evaluated
with fluorescein diacetate (10 pmol/L) and propidium iodide
(15 umol/L) staining. All procedures were done at the Baylor
Research Institute, TX.
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Fig. 7. Structural analysis of S2. (A) ODS peak after methanolysis treatment to S2. Peak 1 was the nonreacted sample, S2 (12.7 GU, 2110 Da). Peak 2 lacked one
sulfate residue from S2, 13.2 GU and 2029 Da. Peak 2 lacked two sulfate residues from S2, corresponding to S2a (15.1 GU and 1948 Da). (B) ODS peak after
co-chromatography of the samples of S2a and210.4b. S2a was the same structure as the 210.4b in GALAXY. (C) ODS peak after B-N-acetylhexosaminidase

treatment of S2. Peak 5 was identical to S2 in GU and molecular weight.

Materials for analyses

Glycoamidase A from sweet almond, o-manosidase, B-galactosi-
dase and B-N-acetylhexosaminidase from jack bean were pur-
chased from Seikagaku Kogyo Co. (Tokyo, Japan). o-Gal from
coffee bean was purchased from Oxford GlycoSciences, Inc.
(Oxford, UK). Trypsin and chymotrypsin were obtained from
Sigma (St. Louis, MO). Pronase protease from Streptomyces
griseus was from Calbiochem (San Diego, CA). The PA deriva-
tives of isomalto-oligosaccharides 4-20 (indicating the degree
of polymerization of glucose residues) and reference PA-
oligosaccharides were purchased from Seikagaku Kogyo Co.

Characterization of N-glycan derived from islets

The residue after extracting each islet with a chloroform—metha-
nol solution was used as the starting material. All experimental
procedures used, including the chromatographic conditions and
glycosidase treatments, have been described previously
(Takahashi et al. 2001). The extract was proteolyzed with chymo-
trypsin and trypsin mixture and further digested with glycoami-
dase A to release N-glycans. After the removal of the peptide
materials, the reducing ends of the N-glycans were derivatized
with 2-aminopyridine (Wako, Osaka, Japan). This mixture was
applied to a DEAE column (Tosoh, Tokyo, Japan) or a TSK-gel
Amide-80 column (Tosoh), and each fraction that was separated on
the amide column was applied to a Shim-pack HRC-ODS column
(Shimadzu, Kyoto, Japan). The elution times of the individual
peaks onto the amide-silica and ODS columns were normalized
with respect to a PA-derivatized isomalto-oligosaccharide with

a known degree of polymerization, and are represented in units
of glucose unit (GU). Thus, a given compound from these
two columns provided a unique set of GU values, which cor-
responded to the coordinates of the two dimension HPLC map.
The PA-oligosaccharides were identified by comparison with the
coordinates of <500 reference PA-oligosaccharides in a homemade
web application, GALAXY (http:/www.glycoanalysis.info/)
(Takahashi and Kato 2003). The calculated HPLC map based
on the unit contribution values was used to estimate some high-
mannose type PA-oligosaccharides. The PA-oligosaccharides were
co-chromatographed with the reference to PA-oligosaccharides
on the columns to confirm their identities.

MS analyses of PA-glycans

PA-oligosaccharides were subjected to MALDI-TOF-MS ana-
lysis. The matrix solution was prepared as follows: 10 mg of
2,5-dihydroxybenzoic acid (Sigma) was dissolved in 1:1 (v/v)
of acetonitrile/water (1 mL). Stock solutions of PA-glycans
were prepared by dissolving them in pure water. One microliter
of sample solution was mixed on the target spot of a plate with
1ul of matrix solution and then allowed to air-dry.
MALDI-TOF-MS data were acquired in the positive modes
using AXIMA-CFR (Shimadzu) operated in the linear mode.

Single islet cell preparation

Single-cell suspensions were prepared by the method described
by Ono et al. (1977). Isolated islets were exposed to 0.04%
ethylenediaminetetraacetic acid for 5 min at room temperature
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Table 1. Structures and relative quantities of neutral, mono-sialyl, di-sialyl or mono-sulfate, mono-sialyl-mono-sulfate and di-sulfate PA-oligosaccharides derived from human and porcine islets

Peak code number GU® ODS (Amid) Molecular® mass (Da) Structure® el:(iltive quantity
(%)
Pig
Neutral glycan
Man & 1-2Man @ 1-6
Mana 1-6 ~
NI 4938 1800 Mena1-3 7 Man B 1-4GlcNAc £ 1-4GloNAc~PA 1.6 249
Man & 1-2Man & 1-2Man cr 1-3 =
Man ¢ 1-2Mana 1-6
Man@ 1-6
N2-1 53079 1638 5.8 3.5
(7.9) Mana 1-3 7 Man B 1-4GIcNAc 8 1-4GIcNAc-PA
Mana 1-2Man o 1-3
Man @ 1-2Man & 1-6 ~
Man o 1-6 ~ <
N2-2 53095 1962 7.4 9.5
©-3) Man & 1-2Man e 1-3 ~ Man 8 1-4GlcNAG § 1-4GIcNAc-PA
Man & 1-2Man @ 1-2Man @ 13~
Man a0 1-6 <
Mana 1-6 ~
N3 6.0(79) 1638 Mana -3 7 Man 8 1-4GlcNAc £ 1-4GlcNAc-PA 30 19
Man @ 1-2Man @ 1-2Man @ 1-3
Mana 1-6
Mano 1-6 ~
N4 2(7.0 1475 16.7 10.1
6200 Mana 1-3 7 Man 8 1-4GlcNAc B 1-4GicNAc-PA
Man ¢ 1-2Man @@ 1-2Man & 1-3
Man @ 1-6
Man @ 1-6 ~_
NS =hN7 3(6.1 1313 24.0 1.3
PNS 736D Mana 1-3 7 Man 8 1-4GlcNAc B 1-4GlcNAc-PA
e
Man @ 1-3
Man @ 1-6
pN6-1 =hN8§ 7.5(4.2) 989 Man B 1-4GlcNAc £ 1~-4GlcNAc-PA 23 6.2
Mana1-3 7
Continued
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Table L. (Continued)

Peak code number GU" ODS (Amid) Molecular® mass (Da) Structure® Relative quantity
)
Pig
Mana1-6
pN6-2 7.5(.1) 1151 Mana1-3 7 Man B 1-4GlcNAc B 1-4GIcNAc-PA 1.7 -
Mana 1-3 7
Mana 1-6 ~_
N7 =hN9 7.7(3.3 827 . .
P @3 Man 8 1-4GloNAG B 1-4GIcNAc-PA 24 22
Mana 1-6 < Fuca 1-6
pN8=hNI10 10.3 (4.6) 1135 Man f8 1-4GlcNAc 8 1-4GIcNAc-PA 3.9 4.1
Mana1-3 7~
Mana 1-6 Fuc 1-6
N9 =hNII 10.5(3.7 973 ~ ~ 22 )
e €7 Man B 1-4GIcNAc 8 1-4GlcNAC-PA 30
GIcNAc B 1-2Man & 1-6 Fuca 1-6
hN12-1 12.8(5.4) 1541 Man B8 1-4GIcNAc 8 1-4GIcNAc-PA - 1.8
GleNAc 8 1-2Mana 1-3 7
Gal 8 1-4GIcNAc B 1-6~,
/Manotl—ﬁ Fuca1-6
hN12-2 12.8(6.5) 1948 Gal 8 1-4GlcNAc B 1-2 Man f3 1-4GlcNAG 8 1-4GicNAc-PA B 29
Gal B 1-4GlcNAc 8 1-4 N -
Mana 1-3
Gal 8 1-4GlcNAc B 1-2 ~~
Gal 8 1-4GlcNAc 8 1-2Man & 1-6~_ Fuc @ 1-6 <
hNI3 14.2(7.4) 1866 Man B 1-4GIcNAc B 1-4GlcNAc-PA - 3.1
Gal B 1-4GicNAc B 1-2Man & 1-37
hN5-1 6.6 (7.4) 1558 (Hexose)4(HexNAc)4(PA)1¢ - 2.7
hN5-2 6.6 (7.9) 1720 (Hexose)S(HexNAc)4(PAYI® - 2.0
hN6-1 6.9 (8.1) 1720 (Hexose)5(HexNAc)4(PA)1¢ - 1.5
hN6-2 6.9 (8.5) 1882 (Hexose)6(HexNAc)4(PA)1© — 1.2

“Units of GU were calculated from the elution times of the peaks obtained from the ODS column in Figure 2 and the Amide column in Figure 3.
bAverage mass calculated from the m/z values of [M + Na]* or [M + H] "ion for neural, [M — H]™ ion for mono-sialyl and mono-sulfated and [M + Na—2H] " ions for mono-sialyl-mono-sulfated and di-sulfated

PA-oligosaccharides (Supplementary data, Figure S1).
“Structures of PA-oligosaccharides are represented.

YMolecular percentage of was calculated from the peak area in Figure 2 by comparison with total N-glycan content in each islet tissue.

°N-glycans did not coincide with those of known references in the GALAXY database.
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N-glycans of porcine islets

Table I Structures and relative quantities of neutral, mono-sialyl, di-sialyl or mono-sulfate, mono-sialyl-mono-sulfate and di-sulfate PA-oligosaccharides derived

from human and porcine islets

Peak code GU*ODS  Molecular®  Structure® Relative
number (Amid) mass (Da) quantity (%)d
Pig  Human
Mono-sialyl glycan
Man & 1-6~_
pM2-1 9.0(5.4) 1646 Man f3 1-4GlcNAc B 1-4GIcNAc-PA 0.2 -
NeuSAc & 2-3Gal 8 1~4GlcNAc B 1-2Man & 1-3
Man @ 1-6~ Fuca1-6
pM3-1 11.9(5.9) 1792 Man £ 1-4GlcNAc S8 1-4GIcNAc-PA 0.3 -~
NeuSAc (¢ 2-3Gal B 1-4GIcNAc f 1-2Man ¢ 1-3 -
Man o 1-6
hM2-1 7.9(6.0) 1646 Man 8 1-4GlcNAc 8 1-4GlcNAc-PA - 0.15
NeuSAc & 2-6Gal B 1-4GlcNAc B 1-2Man o 1-3 i
Mana@ 1-6 <
_ Mana 1-6 <
pM1=hM3 86070 1970 Man.a 1-3 - Man B 1-4GlicNAc B 1-4GicNAc-PA 06 0.2
NeuSAc @ 2-3Gal 5 1-4GlcNAc 8 1-2Man o 1-3 -
Man @ 1-6 <
pM2-2 9.0(6.2) 1808 Man @ 1-3 Man B 1-4GlcNAc B 1-4GlcNAc-PA 03 -
NeuSAc @ 2-3Gal B 1-4GIcNAG 8 1-2Man & 1-3 <~
Man & 1-6 Fuc@ 1-6 ~_
pM3-2 11.9(6.7) 1954 Man @ 1-3 Man 8 1-4GIcNAc 8 1-4GIcNAc—-PA 0.3 -
NeuSAc & 2-3Gal B 1-4GlcNAG 8 1~2Man a 1-3 7
hM1 76017 1970 (Hexose)6(HexNAc)3(NEuAc) 1(PA)1° - 0.2
hM2-2 7.9 (6.8) 2255 (Hexose)4(HexNAc)6(NeuAc)1(PA)1¢ - 0.15
Man & 1-6~_ Fuca 1-6
hM4-1 11.2 (6.4) 1792 Man f 1-4GlcNAc B 1-4GIcNAc~PA - 0.1
NeuSAc @ 2-6Gal 8 1-4GIcNAc B 1-2Man @ 1-3 7
Gal 8 1-4GIcNAc B 1-2Man a 1-6 ~_
hM4-2 11.2(6.7) 2011 Man 8 1-4GlcNAc B 1-4GicNAc-PA - 0.4
Neu5Ac ( 2-3Gal 8 1-4GlcNAc B 1-2Man v 1-3 7~
Gal 8 1-4GIcNAc 8 1-2Man @ 1-6 ~_ Fuc @ 1-6 <
pM4 =hMS5 13.5(7.6) 2157 Man 8 1-4GIcNAc B 1-4GIcNAc-PA 0.5 0.5
NeuSAc @ 2-6Gal B 1-4GlcNAc £ 1-2Man & 1-3 -
GloNAc B 1-2Man & 1-6 < Fucw 1-6 ~
pM5 14.4 (6.2) 1995 Man f 1-4GicNAc 8 1-4GIcNAc-PA 06 -
NeuSAc & 2-3Gal £ 1-4GIcNAc B 1-2Man ¢ 1-3 -
Gal 8 1-4GlcNAc B 1-2Mana 1-6 < Fuca 1-6 ~_
Mé 15.1(7.1) 2157 Man 3 1-4GlcNAc B 1-4GlcNAc-PA 0.6 2.1

NeuSAc & 2-3Gal 8 1-4GleNAc 8 1-2Man &t 1-3 7

#Units of GU were calculated from the elution times of the peaks obtained from the ODS column in Figure 2 and the Amide column in Figure 3.
®Average mass calculated from the m/z values of [M +Na]” or [M + H]" ion for neural, [M — H]™ ion for mono-sialyl and mono-sulfated and {M +Na— 2H] " ions for
mono-sialyl-mono-sulfated and di-sulfated PA-oligosaccharides (Supplementary data, Figure S1).

“Structures of PA-oligosaccharides are represented.

9Molecular percentage of was calculated from the peak area in Figure 2 by comparison with total N-glycan content in each islet tissue.

°N-glycans did not coincide with those of known references in the GALAXY database.

—111—

//:dny woiy papeojumo(

3,

S10Z ‘6T YourA uo Asioatuny 9N 18 /810°S[euinolpioyxo qoak]



S Miyagawa et al.

Table III. Structures and relative quantities of neutral, mono-sialyl, di-sialyl or mono-sulfate, mono-sialyl-mono-sulfate and di-sulfate PA-oligosaccharides derived
from human and porcine islets

Peak code GU*ODS  Molecular® Structure® Relative quantity
number (Amid) mass (Da) (%)°
Pig Human
Di-sialyl glycan
NeuSAc & 2-6Gal B 1-4GicNAc B 1-2Man 1-6
D1 10.6 (7.5) 2302 Man 8 1-4GIcNAc B 1-4GIcNAc-PA 0.2 0.4
NeuSAc @ 2-6Gal B 1-4GlcNAc 8 1-2Mana 1-3 7
NeuSAc ¢ 2-3Gal B 1-4GlcNAc 8 1-2Man i 1-6
hD2 12.1(6.5) 2302 Man B 1-4GlcNAc B 1-4GIcNAc-PA - 0.3
NeuSAc & 2~3Gal 8 1-4GlcNAc B8 1-2Man @ 1-3
NeuSAc &z 2-6Gal 8 1-4GlcNAc 8 1-2Man @ 1-6  ~_ Fuca 1-6 ~_
pD2=hD3 13.5(7.9) 2448 Man 8 1-4GlcNAc B8 1-4GlcNAc-PA 0.8 02
Neu5Ac @ 2-6Gal B 1-4GIcNAc 8 1-2Man o 1-3
NeuSAc o 2-3Gal B 1-4GlcNAc B 1-2Man o 1-6 Fuca1-6
pD3=hD4 158 (6.9) 2448 Man 8 1-4GIcNAc B 1-4GlcNAc-PA 0.5 0.9

NeuSAc @ 2-3Gal B 1-4GIcNAc B 1-2Man @ 1-3 7~

#Units of GU were calculated from the elution times of the peaks obtained from the ODS column in Figure 2 and the Amide column in Figure 3.

® Average mass calculated from the m/z values of [M + NaJ" or [M + H]" ion for neural, [M — H]” ion for mono-sialyl and mono-sulfated and [M + Na-2H] ions for
mono-sialyl-mono-sulfated and di-sulfated PA-oligosaccharides (Supplementary data, Figure S1).

“Structures of PA-oligosaccharides are represented.

“Molecular percentage of was calculated from the peak area in Figure 2 by comparison with total N-glycan content in each islet tissue.

°N-glycans did not coincide with those of known references in the GALAXY database.

Table IV. Structures and relative quantities of neutral, mono-sialyl, di-sialyl or mono-sulfate, mono-sialyl-mono-sulfate and di-sulfate PA-oligosaccharides derived
from human and porcine islets

Peak code GU* ODS Molecular®  Structure® Relative
number (Amid) mass (Da) quantity (%)d
Pig Human
Mono-sulfated glycan
S1-1 7.3(3.8) 1478 (Hexose)3(HexNAc)4(HSO3)1(PA)1¢ 02 -
Man @ 1-6
S1-2 7.3(4.5) 1641 SHO3 Man o 1-3 Man B 1-4GIcNAc B 1-4GIcNAc-PA 0.6 -

GalNAc 8 1-4GlcNAc B 1-2Mana 1-3 7

*Units of GU were calculated from the elution times of the peaks obtained from the ODS column in Figure 2 and the Amide column in Figure 3.

®Average mass calculated from the m/z values of [M + Na]" or [M + H]" ion for neural, [M — H]” ion for mono-sialyl and mono-sulfated and [M + Na — 2H]" ions for
mono-sialyl-mono-sulfated and di-sulfated PA-oligosaccharides (Supplementary data, Figure S1).

“Structures of PA-oligosaccharides are represented.

“Molecular percentage of was calculated from the peak area in Figure 2 by comparison with total N-glycan content in each islet tissue.

¢N-glycans did not coincide with those of known references in the GALAXY database.

and collected by centrifugation at 400 x g for 1 min. The islets
were then suspended in 4 mL of 1000 PU/mL Dispase-II
(Godo-Shusei Co. Tokyo, Japan) and treated at 37°C for 15 min.
Cell aggregates were allowed to settle and the supernatant was
transferred to a conical tube. The pooled harvests were centri-
fuged at 400 x g for 3 min. The cell pellet was washed twice
with phosphate buffer saline (PBS) and re-suspended in PBS.

Flowceytometry

The islets were incubated with a 10% solution of normal human
pooled serum (NHS) at 4°C for 1 h, washed and then incubated
with 1.25 pg of fluorescein isothiocynate-conjugated anti-human

IgG and IgM (Cappel, West Chester, PA) as a second antibody for
1 h at 4°C. The stained cells were analyzed with a FACS Calibur
flow cytometer (Nippon Becton Dickinson, Tokyo, Japan).

Sulfate-depleted cells

Islets were starved for 24 h in sulfate-free RPMI1640 medium
containing 1% of fetal cow serum supplemented with fresh 10
mM sodium chlorate (Nakarai Tesque, Kyoto, Japan).

Supplementary data

Supplementary data for this article are available online at http:/
glycob.oxfordjournals.org/.
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N-glycans of porcine islets

Table V. Structures and relative quantities of neutral, mono-sialyl, di-sialyl or mono-sulfate, mono-sialyl-mono-sulfate and di-sulfate PA-oligosaccharides derived
from human and porcine islets

Peak code GU*ODS  Molecular®  Structure® Relative quantity
number (Amid) mass (Da) (%)
Pig Human

Mono-sialyl-mono-sulfated glycan

MS1 9.8(5.0) 2133 (Hexose)4(HexNAc)5(NeuAc) L(HSO3) 1(PA) 1€ 0.3 -
NeuSAc @ 2-68Gal B 1-4GlcNAc B 1-2Man & 1-6 ~ Fuca 1-6
MS2 12.7(5.3) 2279 SHO3 ~ Man B 1-4GIcNAc 8 1-4GlcNAc-PA 1.3 -

GalNAc B 1-4GlcNAc f 1-2Man @ 1-3

MS3 159(5.4) 2279 (Hexose)4HexNAc)5(Deoxyhexose)1{NeuAc) 1{HSO3{PAI" 0.4 -

#Units of GU were calculated from the elution times of the peaks obtained from the ODS column in Figure 2 and the Amide column in Figure 3.

®Average mass calculated from the m/z values of [M + Na]" or [M + H]" ion for neural, [M — H]" ion for mono-sialyl and mono-sulfated and [M + Na ~ 2H] " ions for
mono-sialyl-mono-sulfated and di-sulfated PA-oligosaccharides (Supplementary data, Figure S1).

“Structures of PA-oligosaccharides are represented.

9Molecular percentage of was calculated from the peak area in Figure 2 by comparison with total N-glycan content in each islet tissue.

°N-glycans did not coincide with those of known references in the GALAXY database.

Table VI. Structures and relative quantities of neutral, mono-sialyl, di-sialyl or mono-sulfate, mono-sialyl-mono-sulfate and di-sulfate PA-oligosaccharides derived
from human and porcine islets

Peak code number  GU" ODS (Amid) Molecular® mass (Da)  Structure® Relative
quantity (%)"
Pig  Human

Di-sulfated glycan

SHO3
GalNAc 8 1-4GicNAc B 1-2Man @ 1-6 Fuc o 1-6
12.7(3.9 2110 ~ |
52 @9 SHO3 Man 8 1-4GIcNAG 8 1-4GIcRAG-PA | C

GalNAc £ 1-4GlcNAc B t-2Mana@ 1-3 7

*Units of GU were calculated from the elution times of the peaks obtained from the ODS column in Figure 2 and the Amide column in Figure 3.

®Average mass calculated from the m/z values of [M + Na]* or [M + H]" ion for neural, [M — H]™ ion for mono-sialyl and mono-sulfated and [M + Na — 2H]  ions for
mono-sialyl-mono-sulfated and di-sulfated PA-oligosaccharides (Supplementary data, Figure S1).

Structures of PA-oligosaccharides are represented.

4Molecular percentage of was calculated from the peak area in Figure 2 by comparison with total N-glycan content in each islet tissue.

°N-glycans did not coincide with those of known references in the GALAXY database.
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Fig. 8. FACS analysis for the antigenicity of sulfate structures. Islets from adult pigs were treated with 10% NHS as the first antibody and anti-human
immmunoglobulins as the second antibodies. Typical FACS profiles of human IgG (A) and IgM (B) deposition on islets are shown. The effect of removal of sulfate
structures by sodium chlorate and sulfate-free medium on the antigenicity of pig islet cells was next investigated. The presence of sodium chlorate led to a reduction
in the reactivity of islets to a natural antibody, suggesting that the sulfate structures of islets contain a considerable amount of natural antibody epitopes; a, Normal
line: API in usual medium; b, painted out: Sulfate depleted API and c, dotted line: Second antibody control.
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Abbreviations

2D, two dimension; API, adult pig islets; ATP, adenosine triphos-
phate; DEAE, diethylaminoethyl; FCS, fetal cow serum; FITC,
fluorescein isothiocynate; GALAXY, glycoanalysis by the three
axes of MS and chromatography; GalNAc, N-acetylgalactosamine;
GKO, al1-3-galactosyltransferase knockout; GleNAc, N-acetyl-
glucosamine; GU, glucose unit; Hex, hexose; HexNAc,
N-acetylhexosamine; HPLC, high-performance liquid chroma-
tography; Lew”, Lewis x; MALDI-TOF-MS, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometric;
Man, mannose; MS2, mono-sialyl-mono-sulfate; NeuAc,
neuranimic acid; NeuGc, N-glycolylneuraminic acid; NHS,
normal human pooled serum; ODS, octa decyl silyl; PA,
pyridylamino; PBS, phosphate buffer saline; S2, di-sulfate;
o-Gal, a-galactosidase.
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Body weight is tightly regulated by food intake and
energy dissipation, and obesity is related to decreased
energy expenditure (EE). Herein, we show that nucleotide
pyrophosphatase/phosphodiesterase 2 (ENPP2, autotaxin)
is an adipose-derived, secreted enzyme that controls
adipose expansion, brown adipose tissue (BAT) function,
and EE. In mice, Enpp2 was highly expressed in visceral
white adipose tissue and BAT and is downregulated
in hypertrophied adipocytes/adipose tissue. Enpp2*/~ mice
and adipocyte-specific Enpp2 knockout mice fed a high-
fat diet showed smaller body weight gains and less in-
sulin resistance than control mice fed the same diet.
BAT was functionally more active and EE was increased
in Enpp2-deficient mice. In humans, ENPP2 expression
in subcutaneous fat and ENPP2 levels in serum were
reduced in obese subjects. Taken together, our results
establish ENPP2 as an adipose-derived, secreted enzyme
that regulates adipose obesity and systemic metabolism.
They also suggest ENPP2 could be a useful therapeutic
target for the treatment of metabolic disease.

Until recently, adipose tissue was viewed as a passive
energy storage organ, but with the discovery of leptin and
the adipose-derived humoral factors now known as “adi-
pokines,” it has become apparent that adipose tissue is an

active endocrine organ that is essential for energy homeo-
stasis (1). Moreover, obese adipose tissue secretes various
inflammatory cytokines, including interleukin-6 (IL-6)
and tumor necrosis factor-a (TNF-a), whose activities
are known to contribute to the development of metabolic
and cardiovascular diseases (2).

Enpp2, also designated autotaxin, phosphodiesterase I
o/autotaxin, and nucleotide pyrophosphatase/phosphodi-
esterase 2, was originally discovered as an autocrine
motility-stimulating factor released from cancer cells (3).
ENPP2 catalyzes the conversion of lysophosphatidylcholine
to lysophosphatidic acid (LPA), which exerts a variety of
biological effects, in part via G-protein-coupled receptors
(3,4). In addition, the COOH-terminal noncatalytic domain
of ENPP2 also has biological effects independent of LPA
(3). Homozygous Enpp2-deficient mice die in utero due to
profound vascular defects, but heterozygous Enpp2-deficient
(Enpp2*/”) mice are apparently healthy, with plasma LPA
levels about half those in wild-type (WT) mice (5). Enpp2
is reportedly expressed in mouse adipose tissue and 3T3-
F442A preadipocytes, and medium conditioned by Enpp2-
expressing COS7 cells increased proliferation of 3T3-F442A
cells. Recently, Dusaulcy et al. (6) reported that adipocyte-
specific Enpp2 knockout (KO) mice fed a high-fat diet
showed greater adiposity and less systemic insulin resistance
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than control mice, with no difference in food intake. By
contrast, Federico et al. (7) reported that fat pad weights
were higher in mice overexpressing Enpp2, although loco-
motor activities, thermogenic profiles, and systemic me-
tabolism were unchanged. These apparently contradictory
results prompted us to examine the role of Enpp2 in sys-
temic metabolism. Our findings demonstrate that ENPP2
is a key regulator of brown adipose tissue (BAT) function,
energy expenditure (EE), and adipose tissue expansion
associated with obesity and metabolic conditions.

RESEARCH DESIGN AND METHODS

Animal Models

Enpp2*’~ mice were provided by Shinichi Okudaira and
Junken Aoki (Department of Molecular and Cellular Bio-
chemistry, Graduate School of Pharmaceutical Sciences,
Tohoku University, Miyagi, Japan) (8). Adipocyte-specific
(Fat) Enpp2 KO mice were generated as previously
reported (6). Enpp2™’F mice carrying a conditional Enpp2-
deleted allele (encoding for the catalytic site of Enpp2)
flanked by two loxP sites were crossed with Fabp4-Cre
mice (obtained from The Jackson Laboratory). Enpp2™/*
Fabp4-Cre (Fat-Enpp2 KO) mice were compared with con-
trol Enpp2"'F littermates of the same generation.

Mice selectively overexpressing ENPP2 in their adipo-
cytes were generated as follows. A 5.5-kb cDNA fragment
corresponding to positions —5.4k to +62 of the murine
Fabp4 (aP2) promoter was ligated to a 2.5-kb fragment
corresponding to positions +1 to +2,475 of Enpp2
(NM_001136077), which included a bovine growth hor-
mone polyadenylation signal. The linearized 9.6-kb Mlul-
KasI FABP4-ENPP2 construct was injected into pronudlei
of fertilized zygotes from C57BL/6 mice and transferred to
pseudopregnant females. Offspring were then screened for
genomic integration by PCR, and mice were generated by
breeding F1 heterozygous transgenic males to WT females.

The background of all the mice was C57BL/6J. Litter-
mates for Enpp2*’~ (shown as Enpp2*’*) were also used as
controls. All mice were housed under a 12-h light-dark
cycle and allowed free access to food.

To examine the changes in metabolic phenotype seen in
diet-induced obesity, we divided C57BL/6 mice into two
groups and then fed one group a standard chow diet (6% fat;
Oriental Yeast Co., Ltd) and the other a high-fat diet
(D12492, 60 kcal % fat; Research Diets) for 10 weeks,
beginning when the mice were 7 weeks old. We performed
glucose tolerance tests (oral, 1 g/kg, after 16 h of fasting)
at age 14 and 17 weeks and insulin tolerance tests (ip.,
1 unit/kg, after 3.5 h of fasting) at 16 weeks to assess
glucose intolerance and insulin resistance. Exercise activity,
oxygen consumption, and carbon dioxide production were
measured using an Oxymax system (Columbus Instruments).

Interscapular BAT was also surgically removed under
microscopic observation for analysis. We were able to
differentiate BAT from white adipose tissue (WAT) based
on its color and confirmed this identification by histolog-
ical analysis.

Nishimura and Associates

Interstitial fluid was sampled from epididymal fat pad
using a modification of an earlier method (9). After plac-
ing microdialysis catheters inside the epididymal fat pads
of anesthetized mice, saline was injected from the cathe-
ters at a rate of 2 wL/min. The interstitial fluid was then
sampled 60 min after implantation of the catheters.

The body temperatures of the mice were measured
using an electronic thermistor equipped with a rectal probe
while the mice were exposed to room temperature and
4°C. Body core temperature was measured at selected
times up to 3 h.

All experiments were approved by the ethics commit-
tee for animal experiments of the University of Tokyo
and Jichi Medical University, and strictly adhered to the
guidelines for animal experiments.

Collagenase Digestion

We isolated stromal vascular (SV) cells using previously
described methods (10,11) with some modification. Mice
were killed under general anesthesia following systemic
heparinization. We then removed epididymal, subcutane-
ous, mesenteric, and BAT and minced them into small
pieces, which were incubated for 20 min in collagenase
solution (2 mg/mL of collagenase type 2 [Worthington] in
Tyrode buffer) with gentle stirring. The digested tissue
was then centrifuged, and the resultant pellet containing
the SV fraction was resuspended in PBS and filtered
through 70-pum mesh. We then washed the collected cells
twice with PBS, incubated them for 10 min in erythrocyte-
lysing buffer as previously described (12), and finally resus-
pended them in PBS supplemented with 3% FBS. Isolated
adipocytes or SV fractions were further used for imaging,
culture, and flow cytometric analysis.

Flow Cytometry of SV Fractions

The isolated cells were labeled with either a monoclonal
antibody or an isotype control antibody and analyzed by
flow cytometry using a Canto II, Aria (Becton Dickinson),
or SP6800 cytometer (Sony), and FlowJo 7.6.5. software
(Tomy Digital Biology). We used propidium iodide to exclude
dead cells, and adipocyte numbers were determined after
collagenase digestion by counting the floating round adipo-
cytes stained with boron-dipyrromethene (BODIPY). Some
cells were analyzed after cell sorting using a MoFlo cell sorter
(Dako) or Aria cell sorter (Becton Dickinson).

SV Fraction Culture

The SV fracton from epididymal adipose tissue was
harvested as described above and cultured until confluent.
The cells were cultured in a standard adipogenic mixture
containing dexamethasone, isobutylmethylxanthine (IBMX),
and insulin (13). To examine their differentiation status,
cells were harvested and real-time PCR analysis or histo-
chemical study was carried out.

Isolated Preadipocyte Culture

We isolated Prefl* CD34" preadipocytes from epididymal
adipose tissue collected from lean 20-week-old C57BL/6
WT, Enpp2"’~, Fat-Enpp2 KO, and adipocyte-specific
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Enpp2-overexpressing mice using a MoFlo or Aria cell
sorter. Then using flow cytometry, we confirmed that
>99.5% of the sorted cells were preadiopocyte cell frac-
tions. Propidium iodide staining was used to exclude
dead cells. Some cells were stained with 5 pmol/L CEFSE
(CellTrace CFSE Cell Proliferation Kit; Invitrogen) for 15
min, after which 2.5 X 10? cells/mL were cultured in
DMEM supplemented with 10% FBS plus recombinant mu-
rine ENPP2 (10 ng/mL; R&D Systems) and LPA (1 wmol/L;
Sigma-Aldrich) for 48 h. Some cells were treated with
si-Enpp2, si-CTRL, and si-EDG2 for 24 h prior to the
incubation period. After incubation, the cultured cells
were harvested and analyzed.

Intravital Microscopy

To visualize ectopic fat accumulation, we used in vivo
multiphoton microscopy, which is a modification of
conventional single photon methods (12). Mice were
anesthetized by injection with urethane (1.5 g/kg), after
which the skin was removed, and they were secured to the
heated stage of an inverted microscope (Eclipse Ti; Nikon,
Tokyo, Japan). BODIPY (Invitrogen), fluorescein-labeled
isolectin (Vector Laboratories), and Hoechst 33342
(Invitrogen) were injected into the mice to visualize fat
accumulations, vessels, and nudei, respectively. TMRE
(tetramethylrhodamine ethyl ester; Invitrogen) dye was
used to monitor mitochondrial membrane potential.
The tissue was excited at a wavelength of 860 nm using a
Ti:Sapphire laser (Vision II; Coherent, Santa Clara, CA),
and images were captured using a Nikon A1IR MP system
equipped with a 40X (N.A. 1.15) water immersion objec-
tive lens (Nikon). More than five animals were examined
in each group. Images were quantified by observers
blinded to the treatment group using NIS-Elements soft-
ware (Nikon).

Imaging Live Adipose Tissue

To image living adipose tissue ex vivo, we used a pre-
viously described method with some modification (14).
Adipose tissues were stained with BODIPY (Invitrogen),
Hoechst (Invitrogen), and isolectin (Vector Laboratories)
(14), after which the cells were imaged using a two-photon
microscope (A1R MP; Nikon). This approach enabled us
to visualize adipose tissue structure in detail at depths
up to >200 pm and to precisely quantify adipocyte cell
numbers. Cell diameters and numbers were quantified
using NIS-Elements software by observers blinded to
the conditions.

Real-Time Quantitative PCR

For real-time PCR, we homogenized adipose tissue in Trizol
(Invitrogen), after which total RNA was purified from the
homogenates. A TagMan fluorogenic reverse transcriptase
PCR assay was used to determine relative mRNA levels
according to the manufacturer’s instructions.

Human Subjects
After obtaining informed consent using an institutional
review board-approved protocol, we examined serum
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samples acquired at periodic health checks. This study
was conducted according to the principles outlined in
the Declaration of Helsinki, and all protocols were ap-
proved by the ethics review committee of Tokyo Univer-
sity School of Medicine. We excluded patients diagnosed
with a malignancy, liver disease, chronic kidney disease,
ischemic heart disease, or type 2 diabetes. In addition to
the screening examination, we used a high-throughput
ELISA system to assess levels of ENPP2 in serum collected
in the morning, after the patients had fasted for at least
6 h (15). Human total and high-molecular-weight adiponectin
levels were assessed using an ELISA kit (Sekisui Medical). We
also measured the intimal-medial thickness in the carotid
arteries as previously reported; the average of the values
measured in the right and left carotid arteries was used as
the intimal-medial thickness value (16).

We also acquired subcutaneous adipose tissue from
healthy female donors undergoing liposuction of the abdo-
men or thighs (10). After digesting 1-g samples of each spec-
imen using collagenase, the samples were centrifuged to
isolate the SV fractions. Total RNA was then isolated using
Trizol (Invitrogen), after which relative mRNA levels were
determined using real-time PCR. This study was approved
by the ethics committee of the University of Tokyo Hospital.

Statistics

The results are expressed as means = SEM. The statistical
significance of differences between two groups was
assessed using Student t tests. Differences among three
groups were evaluated using ANOVA followed by post hoc
Bonferroni tests. Differences among more than three
groups were evaluated using Tukey-Kramer tests. Corre-
lations were examined using the Pearson correlation co-
efficient test. Values of P < 0.05 were considered significant.
Regression analysis was used to identify independent deter-
minants of ENPP2 and the percentage of the variance that
they explained.

RESULTS

ENPP2 Is Produced by Preadipocytes and Adipocytes
To investigate the functions of ENPP2 in metabolism and
obesity, we first assessed its expression in mice. We found
that ENPP2 is expressed in various mouse tissues, but is
particularly high in adipose tissue (Fig. 1A). Moreover,
ENPP2 levels were higher in epididymal fat pads than in
subcutaneous or brown fat. After separating the adipocyte
and SV fractions, we found that levels of Enpp2 expres-
sion were higher in adipocytes than in the SV fraction, as
was reported previously (Fig. 1B) (17). Among the cell
types present in the SV fraction, Prefl™ CD34" preadipo-
cytes expressed higher levels of ENPP2 than CD11b*
F4/80" macrophages or CD8" T cells (Fig. 1C). However,
because the preadipocyte fraction was relatively small
(~5-10%), ENPP2 levels in the whole SV fraction were
lower than in the adipocyte fraction. Collectively, these
results indicate that preadipocytes and adipocytes are the
major cells producing ENPP2 in WAT.
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Figure 1—FEnpp2 secreted from adipose tissue contributed to adipose tissue obesity in mice fed a high-fat diet. A: Tissue distribution of
Enpp2 mRNA expression in lean WT mice. n = 5 animals. epi, epididymal fat pad; mes, mesenteric fat pad; SC, femoral fat pad; tes, testis;
spl, spleen; ao, aorta; col, colon; sm int, small intestine; panc, pancreas; sm, skeletal muscle; Kid, kidney. B: Enpp2 mRNA expression in the
SV fraction (SVF) and adipocyte fraction (Ad) from 20-week-old mice fed an ND and DIO mice. n = 5 animals in each group. C: Enpp2 mRNA
expression in isolated preadipocytes, adipocytes, macrophages, and T cells from 20-week-old WT mice. n = 5 animals in each group. D~/
To analyze the role of ENPP2 in adipose tissue obesity, Enpp2*'~ and Enpp2*"* mice were fed either an ND or a high-fat diet (DIO) for 10
weeks. All mice were examined when they were 17 weeks old. D: Serum ENPP2 levels (n = 8 animals in each group). £: Body weight
changes in Enpp2*'* (gray hnes) and Enpp2*/~ (black lines) mice fed an ND (broken lines) or a high-fat diet (contmuous lines). n = 8-10
animals in each group. §Enpp2*'~ ND vs. Enpp2*'~ DIO; tEnpp2*'* ND vs. Enpp2*/* DIO; *Enpp2** DIO vs. Enpp2*'~ DIO; P < 0.05. F:
Daily food intake. n = 8 animals in each group. G: Weights of visceral epididymal, femoral subcutaneous, and interscapular brown fat pads.
n = 8-10 animals in each group. Results of oral glucose tolerance (1 g/kg glucose) (H) and insulin tolerance (1 unit/kg insulin) (/) tests in
Enpp2*/* (gray lines) and Enpp2*’'~ (black lines) mice fed an ND (broken lines) or high-fat diet (DIO, continuous lines). §Enpp2*/~ ND vs.
Enpp2*'~ DIO; tEnpp2*"* ND vs. WT DIO; *Enpp2*/* DIO vs. Enpp2*/~ DIO. n = 8-10 animals in each group. *P < 0.05.
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ENPP2, Adipose Tissue, and Insulin Resistance

Enpp2 Haploinsufficiency Suppresses Adipocyte
Hyperplasia in Mice Fed a High-Fat Diet

To begin to elucidate the role played by ENPP2 in obesity,
we examined the effects of feeding Enpp2*’~ and Enpp2*’*
mice a high-fat diet. In EnppT/ ~ mice, serum ENPP2
levels were reduced by half (Fig. 1D), as were serum and
interstitial LPA levels (Supplementary Fig. 1). Enpp2"/~
mice fed a high-fat diet showed smaller body weight gains
and smaller fat pad weights than Enpp2"’* mice, although
food intake did not differ between the two groups (Fig.
1E-G). Adipocyte numbers in obese epididymal fat pads
were smaller in EnppZ*/ ~ diet-induced obese (DIO) mice
than in WT DIO mice (Supplementary Fig. 1). In addi-
tion, the results of insulin and oral glucose tolerance
tests showed that the systemic insulin resistance in-
duced by a high-fat diet was diminished in Enpp2*'~
mice (Fig. 1H and I). ENPP2 deficiency similarly sup-
pressed adipose mass expansion and ameliorated glucose
intolerance and insulin resistance in db/db mice (Supple-
mentary Fig. 2).

We compared the ectopic fat accumulation in heart,
skeletal muscle, and liver using two-photon microscopy
(Supplementary Fig. 3). This enabled us to confirm the
remarkable fat accumulation seen in all three tissues in
Enpp2*’* DIO mice, as compared with Enpp2*/* mice fed
a normal diet (ND). Notably, Enpp2 haploinsufficiency did
not affect ectopic fat accumulation in any of these tissues
in DIO mice, which ruled out a contribution of ectopic fat
to the phenotype of Enpp2-deficient mice. Thus, WAT
from Enpp2*'~ DIO mice showed less expansion, im-
proved metabolism, and less inflammation than WAT
from Enpp2** DIO mice.

Adipocyte-Expressed ENPP2 Contributes to Adipose
Tissue Expansion and Metabolic Dysfunction in DIO
Mice

To assess the contribution of ENPP2 produced in adi-
pocytes to the observed phenotype, we selectively deleted
the ENPP2 gene from adipocytes by crossing Fabp4-Cre
and Enpp2®® mice (Fig. 2 and Supplementary Fig. 4). This
deleted ~90, 85, and 80% of Enpp2 gene from adipocytes
in the epididymal, inguinal, and brown fat pads, respec-
tively (Fig. 24). Ennp2 gene was also deleted by >90%
from Prefl® CD34" preadipocytes in epididymal fat pads
(Supplementary Fig. 4). Although it has been reported
that Fabp4-Cre may also drive floxed gene deletion in
macrophages and other cell types (18), the overall effi-
ciencies of Enpp2 deletion from other cell types were
<10% in epididymal fat pads in our models.

As in Enpp2*’~ mice, serum Enpp2 levels were reduced
by half in adipocyte-specific Enpp2 KO (Fat-Enpp2 KO)
mice, as compared with WT mice (Fig. 2B). In addition,
they gained less body weight than control mice when fed
a high-fat diet, with no change in food intake (Fig. 2C
and D). The weights of the visceral epididymal, femoral
subcutaneous, and interscapular brown fat pads were
smaller in Fat-Enpp2 KO DIO mice than in control
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mice (Fig. 2E). The numbers of adipocytes in obese epi-
didymal fat pads were smaller in Fat-Enpp2 KO DIO mice
than in WT DIO mice (Supplementary Fig. 4), and Fat-
Enpp2 KO mice showed lower serum triglyceride and
cholesterol levels.

Induction of the inflammatory cytokines MCP-1 and
TNF-« in epididymal fat pads was diminished in Enpp2*/~
DIO mice (Supplementary Fig. 4). Epididymal fat pads
from Fat-Enpp2 KO DIO mice contained fewer CD8* T
cells, which reportedly amplify adipose inflammation
(10), and fewer Prefl® CD34" preadipocytes and Lin~
CD29" CD34" Scal® progenitors than WT DIO mice
(Fig. 2F) (19). Following injection of BrdU, the percentage
of BrdU" cells among the Prefl” CD34" preadipocytes was
smaller in Fat-Enpp2 KO mice, and the size of the apo-
ptotic preadipocyte cell fraction was increased (Fig. 2G and
H). Expression in epididymal fat of Lpl and CD36(Fat),
which are involved in fatty acid transport, was lower in
Fat-Enpp2 KO than WT mice (Supplementary Fig. 4), and
serum inflammatory cytokine (IL-6, MCP-1, and TNF-a)
levels were also lower in Enpp2*/~ than Enpp2*/* DIO mice.

Enpp2 Deficiency Improves BAT Function and
Increases Energy Expenditure

Adipocyte-specific deletion of Enpp2 also ameliorated glu-
cose and insulin intolerance induced by a high-fat diet,
with no changes in food intake (Fig. 2D and Fig. 34 and
B). Our finding that Enpp2 deficiency reduces fat pad
expansion in WAT and BAT and improves systemic me-
tabolism prompted us to examine locomotion and EE. We
found that the body weights of mice fed a high-fat diet
were increased after 10 weeks but were unchanged after
4 weeks (Fig. 2C). On the other hand, an increase in EE
was observed in Fat-Enpp2 KO DIO mice after as little as
4 weeks on the high-fat diet (Fig. 3C~F and Supplemen-
tary Fig. 4), and Fat-Enpp2 KO DIO mice exhibited
greater spontaneous locomotive activity than WT DIO
mice after 10 weeks on a high-fat diet (Fig. 3G and H).
This suggests increased EE was at least partially respon-
sible for the smaller body weight gain seen in Enpp2 KO
DIO mice.

The expression of Enpp2 in BAT and the contribution
of Enpp2 deficiency to improved systemic metabolism
prompted us to analyze BAT functionality in these mice.
Imaging BAT tissue in WT DIO mice revealed that nearly
30% of adipocytes showed multiple lipid droplets, a morpho-
logical feature of functional brown adipocytes, whereas the
other adipocytes contained single lipid droplets (Fig. 31).
By contrast, the number of adipocytes containing multiple
lipid droplets was increased to ~70% in Fat-Enpp2 KO
DIO mice. We therefore speculated that the number of
functional brown adipocytes was increased in Fat-Enpp2
KO DIO mice. In addition, mitochondrial content is in-
creased in BAT from both ND and DIO Fat-Enpp2 KO
mice (Supplementary Fig. 5). The thermogenic function
of BAT under cold conditions was improved in Fat-
Enpp2 KO DIO mice, as compared with WT DIO mice
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