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Familial hypercholesterolemia (FH) is an autosomal codominant disease characterized by high concentrations of
proatherogenic lipoproteins and premature atherosclerosis secondary to low-density lipoprotein (LDL) receptor
deficiency. We examined a novel cell therapy strategy for the treatment of FH in the Watanabe heritable
hyperlipidemic (WHHL) rabbit, an animal model for homozygous FH. We delivered human adipose tissue-
derived multilineage progenitor cells (hADMPCs) via portal vein and followed by immunosuppressive regimen
to avoid xenogenic rejection. Transplantation of hADMPCs resulted in significant reductions in total choles-
terol, and the reductions were observed within 4 weeks and maintained for 12 weeks. **’I-LDL turnover study
showed that the rate of LDL clearance was significantly higher in the WHHL rabbits with transplanted
hADMPCs than those without transplanted. After transplantation hADMPCs were localized in the portal triad,
subsequently integrated into the hepatic parenchyma. The integrated cells expressed human albumin, human
alpha-1-antitrypsin, human Factor IX, human LDL receptors, and human bile salt export pump, indicating that
the transplanted hADMPCs resided, survived, and showed hepatocytic differentiation in vivo and lowered
serum cholesterol in the WHHL rabbits. These results suggested that hRADMPC transplantation could correct the
metabolic defects and be a novel therapy for inherited liver diseases.

Introduction in short supply. Cellular transplantation has been proposed to

provide functional LDL receptors for the treatment of hy-

AMILIAL HYPERCHOLESTEROLEMIA (FH) 15 characterized

by premature and accelerated development of athero-
sclerotic lesions caused by elevated levels of cholesterol-rich
lipoproteins in plasma. The disease is caused by mutations in
the low-density lipoprotein (LDL) receptor gene that result in
a significant decrease in receptor-mediated uptake of lipo-
proteins from the circulation'™ Patients homozygous for
defects in LDL receptors have serum cholesterol levels 5-10
times those of normal and suffer as early as the first two
decades of life from complications such as coronary artery
disease.*” In homozygous FH patients, conventional drug
therapy cannot treat the condition, and therapeutic recourses
are limited to chronic plasmapheresis or orthotopic liver
transplantation.’ Although liver transplants lower LDL levels,
the procedure is life threatening; in addition, donor livers are

percholesterolemia. Transplantation of allogenic and xeno-
genic hepatocytes has been shown to be effective in lowering
serum cholesterol in the Watanabe heritable hyperlipidemic
(WHHL) rabbit,® which is an animal model for homozygous
FH. Further, a number of gene therapy approaches have
shown some promises in animal models and human,'®*® and
the therapies will cure a number of patients with FH in near
future. As an alternative to. whole-organ transplantation
and/or gene therapy, we have investigated the ability of
human adipose tissue-derived multilineage progenitor cells
(hADMPCs) to differentiate into hepatocytes in vitro and to
replace critical liver functions' as well as previous re-
ports,”>'® because the in vitro differentiation of hADMPCs
into various kinds of cell types in now well reported
and hADMPCs can be easily and safely obtained in large
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quantities without serious ethics issues.”*® In this study, we
are investigating whether hADMPCs could differentiate into
hepatocytes in vivo and replace critical liver functions as
considerable therapeutic potential for cellular replacement.

Materials and Methods
Cells

hADMPCs were Fre7pared as described previously'® with
some modifications."*""'® Adipose tissues from human sub-
jects were resected during plastic surgery in five subjects (four
males and one female, age, 2060 years) as excess discards. Ten
to 50 g of subcutaneous adipose tissue was collected from each
subject. All subjects provided informed consent. The protocol
was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Osaka Uni-
versity Graduate School of Medicine, and Foundation for
Biomedical Research and Innovation. After five to six pas-
sages, the hADMPCs were used for transplantation. Human
cryopreserved hepatocytes were purchased from Invitrogen
(Lot number: HuP81) and cultured as indicated by the man-
ufacturer’s protocol. Human adipose tissue-derived fibroblas-
tic cells were obtained according to previous report.®

Flow cytometric analysis

hADMPCs isolated from adipose tissue were characterized
by flow cytometry. Cells were detached from culture dishes by
0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) and
suspended in Dulbecco’s phosphate-buffered saline (DPBS;
Nacalai Tesque) containing 0.1% fetal bovine serum. Aliquots
(5x10° cells) were incubated for 30 min at 4°C with fluorescein
isothiocyanate-conjugated mouse monoclonal antibodies to
human CD31 (BD PharMingen), CD105 (Ancell Corporation),
CD133 (R&D Systems), phycoerythrin-conjugated mouse
monoclonal antibodies to human CD29, CD34, CD45, CD73
(BD PharMingen), CD44, or CD166 (Ancell). Isotype-identical
antibodies served as controls. Further, the cells were incubated
with mouse monoclonal antibodies against human stage-
specific embryonic antigen-4 (from Chemicon International,
Inc.), ABCG-2, or CD117 (BD PharMingen) with nonspecific
mouse antibody used as a negative control. After washing
with DPBS, cells were incubated with phycoerythrin-labeled
goat anti-mouse Ig antibody (BD PharMingen) for 30 min at
4°C. After three washes, cells were resuspended in DPBS and
analyzed by flow cytometry using a FACSCalibur flow cyt-
ometer and CellQuest Pro software (BD Biosciences).

Adipogenic, osteogenic, and chondrogenic
differentiation procedure

For adipogenic differentiation, cells were cultured in the
differentiation medium (Zen-Bio, Inc.). After 3 days, half of
the medium was changed with adipocyte medium (Zen-Bio)
every 2 days. Five days after differentiation, adipocytes were
characterized by microscopic observation of intracellular lipid
droplets by Oil Red O staining. Osteogenic differentiation
was induced by culturing the cells in Dulbecco’s modified
Eagle’s medium containing 10nM dexamethasone, 50 mg/dL
ascorbic acid 2-phosphate, 10 mM B-glycerophosphate (Sigma),
and 10% fetal bovine serum. Differentiation was examined by
Alizarin red staining. For Alizarin red staining, the cells were
washed three times and fixed with dehydrated ethanol. After
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fixation, the cells were stained with 1% Alizarin red S in 0.1%
NH4OH (pH 6.5) for 5min and then washed with H,O. For
chondrogenic differentiation, hADMPCs were first trypsinized
and 2x10° cells were centrifuged at 400 g for 10 min. The re-
sulting pellets were cultured in the chondrogenic medium
(alpha-minimum essential medium (alpha-MEM) supple-
mented with 10ng/mL transforming growth factor-g, 10nM
dexamethasone, 100 M ascorbate, and 10pL/mlL 100xITS
Solution) for 14 days. For Alcian Blue staining, nuclear counter-
staining with Weigert’s hematoxylin was followed by 0.5%
Alcian Blue 8GX for proteoglycan-rich cartilage matrix.

hADMPC transplantation and
immunosuppression regimen

WHHL rabbits (8 weeks old; purchased from Kitayama-
labes, Inc.) were anesthetized with pentobarbital (50mg/kg).
An incision distal and parallel to the lower end of the ribcage
was made. The peritoneum was incised, and hADMPCs
(n=>5) or human adipose tissue-derived fibroblastic cells
(n=3) (3x10” cells) suspended in 3mL of Hanks’ balanced salt
solutions (HBSS) (20°C) or 3mL of control saline (n = 6) were
infused in 5min into the portal vein via a 18-gauge Angio-
cath™ (BD). The immunosuppression regimen (Fig. 1A)
consisted of the following: (1) intramuscular injection of cy-
closporin A (6mg/kg/day) daily from the day before sur-
gery to sacrifice; (2) intramuscular injection of rapamycin
(0.05mg/kg/day) daily from the day before surgery to sac-
rifice; (3) methylprednisolone at 3mg/kg/day (days 1-7),
followed by tapering to 2mg/kg/day (days 8-14), 1 mg/kg/
day (days 15-21) and 0.5mg/kg/day (day 22 to the time at
sacrifice); (4) intravenous injection of cyclophosphamide
(20mg/kg/day) at days 0, 2, 5, and 7; (5) ganciclovir (2.5mg/
kg/day intramuscular injection (i.m.)) was also administrated
to avoid viral infection in the immunocompromised host.

DNA extraction and quantification
of human-derived cells

Total DNA of WHHL rabbit liver, which was obtained at
the time just after hRADMPC transplantation, and 2, 4, 8, and
12 weeks after transplantation, were isolated using a Nu-
cleoSpin Tissue kit (Macherey-Nagel) according to the man-
ufacturer’s instructions. hADMPCs and rabbit hepatocytes
were mixed at the ratios of 100:0 (100%), 10:90 (10%), 1:99
(1%), 0.1:99.9 (0.1%), 0.01:99.99 (0.01%), and 0.001:99.999
(0.001%), and DNA was isolated. Seven hundred nanograms
of each samples of extracted DNA was quantified by real-time
polymerase chain reaction (PCR) using the ABI Prism 7900
Sequence Detection System (Applied Biosystems), primers for
the 82 bp Alu amplicon (forward, 5-GTCAGGAGATCGA
GACCATCCC; reverse, 5-CCACTACGCCCGGCTAATTT),
and SYBR Green (TOYOBO) dye using a previously published
protocol.?? Reactions were performed in quadruplicate and
the Alu levels were calculated by the standard curve.

Assay for lipid profiling

Serum samples were obtained from nonfasting rabbits
before and after transplantation. Serum total cholesterol was
measured in each sample using assay kits from Wako Pure
Chemical Industries. Serum lipoproteins were analyzed by
an on-line dual enzymatic method for simultaneous quanti-
fication of cholesterol and triglycerides by high-performance
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FIG. 1.

culture, hRADMPCs appeared as a monolayer of large ﬂat cells (2
they assumed a more spindle-shaped, fibroblastic morphology (

receptor) CD73, CD105 (endoglin), and CD166. hADMPCs also were positive for s age-spe
Adipocytic, chondrocytic, and osteocytic differentiation potentials of hADMPX di
hADMPCs was confirmed by Oil Red O staining (the left panel) (bar: 100

liquid chromatography at Skylight Biotech, according to the
procedure as described.?

Immunohistochemical staining of WHHL
rabbit liver sections

The WHHL livers were harvested and fixed immediately
with 10% formalin. They were placed into optimal cutting
temperature compou_nd (Sakura Finetechnical Co.), frozen
immediately, and then sectioned at 7 pm thickness. The sec-
tions were then incubated with blocking solution (Blocking
one; Nacalai Tesque) for 1h. The samples were incubated
with rabbit anti-human-specific albumin antibody (MBL),
rabbit anti-human-specific alpha 1 anti-trypsin antibody, and
rabbit anti-LDL receptor antibody; followed by Alexa Fluor
488-labeled goat anti-rabbit IgG (Molecular Probes). To show
the colocalization of human CD90 and albumin, the samples
were incubated with the rabbit anti-human CD90 monoclo-
nal antibody (Epitomics, Inc.) and then with Alexa Fluor 488-
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(A) Morphological characters of human adipose txssue—d
obtained from adipose tissue were seeded and incubated for 24h
ethylenedlammetetraacenc acid solution, and the resulting suspend

anti- human—spemﬁc albumin ant1body (MBL), fo]lowed by
Alexa Fluor 546-labeled goat anti-rabbit IgG (Molecular
Probes). The treated sample was examined with a BioZero
laser scanning microscope (Keyence).

PCR analysis of WHHL rabbit liver
for human liver-specific genes

Total RNAs of WHHL rabbit liver, hADMPCs, and human
hepatocytes were isolated using an RNAeasy kit (Qiagen).
After treatment with DNase, the cDNA was synthesized using
Superscript III RNase H-minus Reverse Transcriptase (In-
vitrogen). Real-time PCR was performed using the ABI Prism
7900 Sequence Detection System (Applied Biosystems). About
20x Assays-on-Demand™ Gene Expression Assay Mix for
human alpha-1-antitrypsin (Hs01097800_m1), human albumin
(Hs00609411_m1), human factor 9, human GATA-binding
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protein 4 (GATA4) (Hs00171403_m1), human hepatocyte nu-  detectors do not cross-react with the other species. TagqMan®
clear factor 3 beta (Hs00232764_m1l), human LDL receptor Universal PCR Master Mix, No AmpErase® UNG (2x), was
(Hs00181192_m1), and human glyceraldehyde-3-phosphate also purchased from Applied Biosystems. Reactions were
dehydrogenase (FHs99999905_m1) were obtained from Applied  performed in quadruplicate and the mRNA levels were nor-
Biosystems. It was confirmed that human detectors and rabbit malized relative to human glyceraldehyde-3-phosphate dehy-
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FIG. 2. (A) Immunosuppression regimen. Cyclosporin A (6 mg/kg/day) and rapamycin (0.05 mg/kg/day) were adminis-
tered intramuscularly daily from the day before surgery to sacrifice. Methylprednisolone was administered at 3mg/kg/day
(days 1-7), 2mg/kg/day (days 8-14), 1mg/kg/day (days 15-21), and 0.5mg/kg/day (day 22 to sacrifice). Cyclopho-
sphamide (20 mg/kg/day) was injected intravenously at days 0, 2, 5, and 7. Ganciclovir (2.5 mg/kg/day) was also injected
intramuscularly to avoid viral infection in the immunocompromised host. (B) Surgical procedure. Watanabe heritable hy-
perlipidemic (WHHL) rabbits were anesthetized with pentobarbital. An incision was made distal and parallel to the lower end
of the nbcage The peritoneum was incised and hADMPCs, and human adipose tissue-derived fibroblastic cells (hADFCs)
(3x107 cells/rabbit) or controls were infused into the portal vein using an 18-gauge Angiocath. (C) Localization of transplanted
hADMPCs in the WHHL liver. At the day of and 1, 2, 4, 6, and 10 weeks after transplantation of Dil-labeled hADMPCs via the
portal vein, the WHHL rabbit liver was examined histologically. Dil-fluorescent labeled-hADMPCs resided and distributed in
the portal area at the day of transplantation. One to 2 weeks after transplantation, the Dil-stained hADMPCs-derived cells
were localized near the portal areas. Four weeks after transplantation some of the Dil-stained cells resembled innate hepa-
tocytes morphologically. Six and 10 weeks after transplantation, Dil-positive transplanted cells were dispersed in a cen-
trilobular direction, resembling the mature innate hepatocytes. Bars =100 pm. (D) Quantification of repopulation of the
transplanted cells in the liver. The ratios of human-derived cell repopulation were examined by analyzing an Alu repetitive
DNA sequence at the day of and 2, 4, 8, and 12 weeks after transplantation. In upper panel the standard curve was indicated,
and in lower panel the ratio of repopulation of human cells was shown in time course after transplantation of hRADMPCs.
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FIG.3. (A) Total serum cholesterol levels. hADMPC transplantation in WHHL rabbits was followed for 12 weeks. Total serum
cholesterol was measured in five rabbits that each received 3x10” hADMPCs, three rabbits that each received 3x 107 hADFCs,
and in six rabbits that received saline (control). Bars indicated mean =+ standard error of the mean (SEM) (#p < 0.05; control vs.
the hADMPC-transplanted WHHL rabbit; &p < 0.05; the hADFC-transplanted WHHL rabbit vs. the hADMPC-transplanted
WHHL rabbit). (B) Lipoprotein profiles in a representative WHHL rabbit with hADMPC transplantation after gel filtration.
Serum samples from the WHHL rabbit before and 4 weeks after transplantation were fractionated. Note the marked reduction
in low-density lipoprotein (LDL) peak and appearance of high-density lipoprotein (HDL) peak. (C) Rate of clearance of LDL
from the serum of rabbits with and without transplantation of RADMPCs. Animals were injected with '*I-labeled human LDL,
and the time course of clearance was monitored following trichroloacetic acid precipitation of serum at time 5min, 1h, 2h, 4h,
6h, and 28 h. Residual "*I-LDL was expressed as percentages of that at 5min. *p < 0.05 (control vs. the hADMPC-transplanted
WHHL rabbit {low dose]) and *p < 0.05 (control vs. the hADMPC-transplanted WHHL rabbit [high dose]). (D) DiO-LDL uptake
into hADMPC-derived hepatocytes in the WHHL rabbi liver. Thin-sliced recipient liver was incubated with DiO-labeled LDL in
the serum-free medium for 24h. After washing and fixation, the incubated slices were applied for fluorescent microscopy. DiO-

LDL uptake cells (green) and no uptake parenchymal cells were observed in the section. Bar =100 pm.
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drogenase expression. To confirm that hADMPCs differenti-
ated into hepatocytes in vivo, the cells before transplantation
and human primary hepatocytes (Invitrogen, Lot number;
HuP81) were applied for quantitative PCR as control.

Clearance of "?°I-LDL from rabbit serum

WHHL rabbits (8 weeks old) were anesthetized with
pentobarbital (50mg/kg). The peritoneum was incised and
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hADMPCs (high-dose; 3x10” cells/rabbit, n=2, low-dose;
5x10° cells/rabbit, n =2) suspended in 3 mL of HBSS (20°C)
(n=>5) or 3mL of control saline (n =2) were infused into the
portal vein via a 18-gauge Angiocath (BD). The rabbits were
immunosuppressed using the protocol illustrated in Figure
1A. Eight weeks later, the animals were tested by the LDL
turnover assay. "I human LDL (BT-913R, Lot No. 9130709;
Biomedical Technologies Inc.) was delivered via the mar-
ginal ear vein' of the WHHL rabbits and normal control
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rabbits in physiological saline containing 2 mg/mL bovine
serum albumin. Blood was collected from the opposite ear
after injection at 5min, 1h, 2h, 4k, 6h, and 28 h. *I-labeled
apolipoprotein B-containing LDL was precipitated with
20% of trichloroacetic acid (Wako Pure Chemical Industries)
(serum; 320 puL, 100% w/v trichloroacetic acid (TCA) 80 uL),
and then the precipitants were applied for counting.

Uptake of DiO-labeled LDL by transplants ex vivo

Human LDL (1.019-1.063 g/mL) was isolated by sequen-
tial ultracentrifugation from normolipidemic donors as pre-
viously described,* dialyzed against saline-EDTA, and then
sterilized by filtration through a 0.2 um filter. Lipoproteins
were labeled with 3,3'-dioctadecyloxacarbocyanine perchlo-
rate (DiO; Sigma) by incubating the LDL in 0.5% bovine
serum albumin/PBS with 100 mL DiO in dimethyl sulfoxide
(3mg/mL) for 8 h at 37°C. The lipoproteins were obtained by
sequential ultra centrifugation (1.019-1.063g/mL) as de-
scribed,* and then dialyzed against PBS and filtered before
use. To evaluate the uptake of DiO-LDL by transplants ex
vivo, thin-sliced WHHL rabbit liver tissue were incubated
with serum-free Dulbecco’s modified Eagle’s medium con-
taining 10 pg/mL DiO-LDL for 24 h at 37°C. Finally, the in-
cubated slices were rinsed, fixed with 10% formalin,
sectioned into 5um thickness, and mounted with Perma-
Flour (Japan Tanner Corporation). The slides were examined
using -a BioZero laser scanning microscope (Kyence).

Statistical analysis

Values were expressed as mean = standard error of the
mean. Differences between mean values of treated and un-
treated groups were evaluated using the Student’s t-test. A
p-value <0.05 was considered statistically significant. All
statistical analyses were performed using the SPSS Statistics
17.0 package (SPSS Inc.).

Results
Characteristics of hRADMPCs

The cells obtained from adipose tissue were seeded and
incubated for 24h (Fig. 1Ai). After incubation, the adherent

151

cells were treated with EDTA solution, -and the resulting
sus?ended cells were replated at a density of 10,000 cells/
cm” on human fibronectin-coated dishes (BD BioCoat) (Fig.
1Aii and 1Aiii). Within two to three passages after the initial
plating of the primary culture, hADMPCs appeared as a
monolayer of large flat cells (25-30 um in diameter). As the
cells approached confluence, they assumed a more spindle-
shaped, fibroblastic morphology (Fig. 1Aiv). After passaging
five to six times, the hADMPCs were applied for transplan-
tation. We used flow cytometry to assess markers expressed
by hADMPCs (Fig. 1B). The cells were negative for markers
of the hematopoietic lineage (CD45) and of hematopoietic
stem cells, ABCG-2, CD34, and CD133. They were also
negative for CD31, an endothelial cell-associated marker and
the surface antigen c-Kit (CD117). However, they stained
positively for a number of surface markers characteristic of
mesenchymal and/or neural stem cells, but not embryonic
stem cells, including CD29, CD44 (hyaluronan receptor),
CD73, CD105 (endoglin), and CD166. hADMPCs also were
positive for stage-specific embryonic antigen-4. Next, adi-
pogenic, osteogenic, and chondrogenic differentiation po-
tential of hADMPCs were examined (Fig. 1C). Adipogenic
differentiation was induced by culture with differentiation
medium containing 1-methyl-3-isobutylxanthine (a peroxi-
some proliferator-activated receptor y agonist), dexametha-
sone, and insulin. Induction was confirmed by the
accumulation of intracellular lipid droplets that were stained
with Oil Red O. After 7-day induction for osteogenesis,
hADMPCs were stained with Alizarin red S for mineralized
nodules. hADMPCs showed intense Alcian Blue staining,
indicating chondrogenic induction capability of hADMPCs.

Serum cholesterol in WHHL rabbit with transplants

hADMPCs were separated from human  subcutaneous
adipose tissues, cultured for five to seven passages, and
applied for transplantation into WHHL rabbits. WHHL
rabbits received immunosuppressants and an antiviral agent
as illustrated in Figure 2A, and then were transplanted 3x10”
hADMPCs by portal vein infusion (Fig. 2B). At the day of
and 1, 2,4, 6, and 10 weeks after transplantation of
hADMPCs via the portal vein, we examined whether the
cells reside or not in the liver after transplantation. Typical

<<
FIG. 4.

(A) Immunohistochemical identification of human hepatocytic marker cells in liver sections of WHHL rabbits after

hADMPC transplantation. Twelve weeks after hADMPC transplantation, human albumin-, human alpha-1-antitrypsin-, human
bile salt export pump (BSEP)-, and LDL-receptor-positive cells were dispersed within the perivenous regions of the liver
parenchyma, where they made contact with and integrated among the host cells with cell-cell interactions between hADMPC-
derived cells and diseased hepatocytes pair. Ten weeks after transplantation of Dil-stained hADMPCs, copresence of human
albumin (green) and pretreated Dil-fluorescence (red) on the same cells was observed. Bar =100 pm. (B) Differentiation of
transplanted hADMPCs into hepatocyte-like cells. Twelve weeks after transplantation, almost but not all human CD90-positive
cells expressed human albumin, indicating that major population of transplanted hADMPCs could differentiate into hepatocyte-
like cells (left panel: human CD90; middle panel: human albumin; right panel: merge). Arrows indicate human CD90 and
human albumin double-positive cells; arrowheads indicate human CD90-positive but human albumin-negative cells. (C) Hu-
man hepatic gene expression in WHHL rabbit liver after hADMPC transplantation. RNA was prepared from the WHHL rabbit
liver 12 weeks after hADMPC transplantation. We used the following hepatic markers: human alpha-1-antitrypsin, human
albumin, human factor IX, human GATA-binding protein 4 (GATA-4), human hepatocyte nuclear factor 3 (HNF-3) beta, and
human LDL-receptor. Their expression levels were examined by quantitative real time-polymerase chain reaction (RT-PCR)
using Assays-on-Demand Gene Expression Assay Mix. The livers of WHHL rabbits that received saline (1 =3) were negative
for human hepatic genes. The mRNA levels were normalized based on human glyceraldehyde-3-phosphate dehydrogenase
expression as housekeeping gene and data are mean - SEM of triplicate experiments. The livers of WHHL rabbits that received
hADMPC transplantation (1 =3) were positive for human hepatic genes, and their expression levels were similar to those of
human primary hepatocytes but not hRADMPCs per se. Data are mean &= SEM.
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distribution patterns of transplanted hADMPCs were fol-
Jowed in Figure 2C. Dil-fluorescent labeled-hADMPCs re-
sided and distributed in the portal area at the day of
transplantation. Six and 10 weeks after transplantation, Dil-
positive transplanted cells migrated into centrilobular
direction. Next, to demonstrate certain percentage of re-
population of the transplanted cells in the liver, the ratios of
human-derived cell repopulation were examined by ana-
lyzing a repetitive DNA sequence at the day of and 2, 4, 6,
and 12 weeks after transplantation (Fig. 2D). To indicate
standard curve, we mixed the indicated percentage of
hADMPCs with rabbit hepatocytes and plotted the obtained
the amount of Alu PCR products, and estimated the amount
of repopulation of the transplanted cells in the liver. At the
day of transplantation, the ratio of hADMPCs to whole
WHHL rabbit liver cells was 0.21% +0.056% (mean = stan-
dard error of the mean) and the ratio decreased to
0.016% £0.002%, 0.011%=%0.001%, and 0.009% +0.0001%
after 2, 4, and 8 weeks of transplantation, respectively. After
12 weeks of transplantation, the ratio was increased to
0.024% =+ 0.00005% as indicated (Fig. 2D).

To reveal the effects of hADMPC transplantation onto the
lipid profiles of the WHHL rabbit, serum cholesterol levels
were monitored over 12 weeks (Fig. 3A). Significant reduc-
tions in total serum cholesterol were observed within 4
weeks of the transplantation, and the reductions were
maintained for the entire period. The reduction in serum
cholesterol in the animals that received hADMPC trans-
plantation was significantly greater than that of the control
group. To determine the effects of hRADMPC transplantation
on the fractions of high-density lipoprotein and LDL in re-
cipient animals, fractionation by fast protein liquid chroma-
tography was performed (Fig. 3B). Transplantation of
hADMPCs resulted in marked reduction of the peak LDL-
cholesterol and increment of high-density lipoprotein cho-
lesterol fraction (right panel).

Next, clearance experiments were performed with human
LDL to confirm that the transplanted hADMPCs contributed
the fall in serum cholesterol through uptake of LDL via LDL
receptors. The rate of LDL clearance was significantly higher
in the WHHL rabbits with transplanted hADMPCs than
WHHL rabbits without transplanted hADMPCs (Fig. 3C).
Rabbits with hADMPC transplants showed ~2.4-fold (high-
dose; 3x107 cells/rabbit) and 1.4-fold (low-dose; 5x10°
cells/rabbit) increase in the rate of LDL cholesterol clearance.

To evaluate the uptake of DiO-LDL by transplants ex vivo,
thin-sliced WHHL rabbit liver was incubated with DiO-
labeled LDL for 24h and the uptake was examined as
clearance experiment (Fig. 3D). DiO-LDL was uptaken by
some but not all' of the cells in the WHHL rabbit liver
transplanted with hADMPCs. The DiO-LDL-uptaking cells
were seen dispersed, contacted, and integrated among the
nonuptaking parenchymal cells, suggesting that hRADMPCs
differentiated into hepatocytes in vivo, lowered of serum
cholesterol via LDL uptake.

hADMPCs reside, survive, and differentiate
into hepatocytes in vivo

After establishment of the graft as indicated by long-term
lowering of serum cholesterol, human-specific hepatocytic
proteins, such as albumin, alpha-l-antitrypsin, bile salt ex-
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port pump, and LDL-receptor, positive cells were identified
dispersed within perivenous regions of the liver paren-
chyma, where they have contacted and integrated among the
host cells (Fig. 4A), with cell-cell interactions conserved be-
tween hADMPC-derived hepatocytes and diseased hepato-
cytes pair. Ten weeks after transplantation of Dil-prestained
hADMPCs, copresence of human albumin (green) and pre-
treated Dil-fluorescence (red) on the same cells was observed
(Fig. 4A), indicating the transplanted hADMPCs might dif-
ferentiate into hepatocyte-like cells. To confirm transplanted
hADMPCs might differentiate into hepatocyte-like cells and
to reveal the efficacy of differentiation, the colocalization of
human CD90 and human albumin was examined. As shown
in Figure 4B, almost but not all human CD90-positive cells
expressed human albumin, indicating that about 80% or
more of transplanted hADMPCs could differentiated into
human albumin-positive hepatocyte-like cells 12 weeks after
transplantation. Next, to confirm the differentiation of
hADMPCs into hepatocytes in vivo, expression of hepatocyte
markers was analyzed by quantitative RT-PCR. The WHHL
rabbit liver that was transplanted with hADMPCs expressed
higher levels of human-specific alpha-1-antitrypsin, albumin,
and coagulation factor IX than hADMPCs (Fig. 4C). The
expression levels of human GATA-4, human hepatocyte
nuclear factor 3 beta, and LDL-receptor were also higher in
the WHHL rabbit liver than hADMPCs (Fig. 4C). These re-
sults indicate that hADMPCs differentiate into mature he-
patocytes in vivo.

Discussion

We have used the WHHL rabbit to study the ability of
hADMPC-derived hepatocytes to lower serum cholesterol in
an animal model of FH. Our results have shown that
hADMPCs transplanted into the rabbit liver differentiate into
hepatocytes in vivo and effectively clear LDL from the cir-
culation.

The reductions in cholesterol brought about by the en-
grafted hADMPC-derived hepatocytes suggest that human
LDL receptors can act as replacement for the mutant LDL
receptors in the WHHL rabbit. This capacity of hADMPC-
derive hepatocytes is not unexpected, as the liver is the most
important site of LDL uptake, accounting for >50% of total
removal from the circulation, and the liver is only organ
capable of converting cholesterol to bile for excretion. The
substantial decrease in serum cholesterol achieved suggests
that the hADMPC-derived hepatocytes both internalize LDL
and metabolize the cholesterol to bile for excretion. The
correlation between cholesterol and coronary heart disease
has been well documented, and decreases in serum choles-
terol of the magnitude that we have demonstrated would be
expected to decrease morbidity and mortality in the patients
with severe FH.®

The appearance of the hADMPC-derived hepatocytes as
revealed by immunohistochemistry and RT-PCR indicated
that the hADMPCs differentiated into hepatocytes and in-
tegrated into the liver parenchyma. The perivenous migra-
tion of the differentiated hepatocytes derived from
hADMPCs along the portal-venous axis and suggests that
hADMPCs recognize conserved signals on host cells and
matrix. There are some reports describing the hepatogenic
differentiation potential of hADMPCs.">'® These studies
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described that hepatocytes differentiated from hADMPCs ex
vivo engrafted in the liver and functioned, and that the
hADMPCs could be resided and changed their characters
into hepatocyte-like cells only in the chemically damaged
liver. These reports, revealing that hADMPCs have cap-
abilities to differentiate into hepatocytes, hinted us. that
hADMPCs might differentiate into hepatocytes in liver.
Hepatogenic signals from the microenvironment such as cell-
to-cell connections or intermediates are probably important
factors that dictate the type of functional hepatocytes in he-
patic differentiation.”® We are currently investigating the
mechanism for the differentiation hADMPCs into hepato-
cytes.

The choice of cell source is critical for realizing success in
cellular therapy. Liposuction surgeries yield a massive
amount of lipoaspirate adipose tissue from 100mL to >3L
as cell sources.” A major advantage of hADMPCs is their
availability in safe and easy with few ethical issues, as
compared with the shortage of human livers for orthotopic
transplantation, which has been shown to be effective for
the treatment of FH.?> Our serum cholesterol reduction
studies and in vitro studies demonstrated that human LDL
binds to the hADMPC-derived hepatocytes receptor, indi-
cating that this therapy will be useful in humans. Previous

attempts to study the efficacy of hepatocyte transplantation

in the WHHL rabbit model have employed allogenic he-
patocytes, xenogenic hepatocytes, or hepatocytes trans-
duced ex vivo with a recombinant retrovirus containing the
LDL receptor cDNA.5 The lowering effects of hepatocyte
transplantation on serum cholesterol have been reported,
but there was some problems. First, hepatocytes could not
be expanded ex vivo with functional potentials; second, the
cell viability reduced after cryopreservation; third, the
many injected hepatocytes are supposed to be cleared by
the reticuloendothelial system or lose viability during early
phase. The rate of LDL clearance was returned to normal in
LDL receptor knockout mice by introduction of an adeno-
viral construct containing an LDL receptor ¢DNA, and
similar approaches have lowered serum cholesterol levels
in the WHHL rabbit.'®!*!® However, sustained expression
of the LDL receptor from viral vectors can be difficult to
achieve.**®* Moreover, hepatocytes derived from hADMPCs
have the advantage that the LDL receptor is expressed
from an endogenous gene with intact regulatory sequences.
Such control of LDL receptor levels would not be expected
after treatment of hypercholesterolemia with LDL receptor
cDNA construct that lack the regulatory regions of the
gene.”®

Our experiments have shown that the hADMPCs ex-
pressed hepatocyte markers after transplantation in vivo and
the integrated cells into parenchyma provide functional LDL
receptors, indicating that they differentiated into hepatocytes
and might lower serum cholesterol in the WHHL rabbit.
These results suggested that hRADMPC transplantation via
portal vein could correct the metabolic defects of FH patients
and that hADMPC-derived hepatocytes could function as
supplier with plasma proteins derived from liver, giving us
an idea that hADMPC-transplantation might be a novel cell
therapy for hemophilia, alpha-1 antitrypsin deficiency, mu-
colipidosis, and other diseases caused by genetic defects for
liver function. In near future, the therapy will be a novel
therapy for kinds of inherited liver diseases.
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We developed an automated apparatus for rapid releasing of O-glycans from mucin-type glycoproteins
[Anal. Biochem. 371 (2007) 52-61; Anal. Chem. 82 (2010) 7436-7443] and applied the device to analyze
them in some cancer cell lines [J. Proteome Res. 8 (2009) 521-537]. We also found that the device is use-
ful to release glycosaminoglycans from proteoglycans [Anal. Biochem. 362 (2007) 245-251]. Based on
these studies, we developed a method for one-pot analysis of mucin-type glycans and glycosaminogly-
cans after releasing them from total protein pool obtained from some cancer cell lines. Mucin-type
glycans were analyzed by a combination of high-performance liquid chromatography and mass spec-
trometry techniques, and glycosaminoglycans were analyzed by capillary electrophoresis as fluores-
cent-labeled unsaturated disaccharides after digestion with specific eliminases followed by fluorescent
labeling. Ten cancer cell lines, including blood cancer cells as well as epithelial cancer cells, were used
to assess the method. The results clearly revealed that both mucin-type glycans and glycosaminoglycans
showed quite interesting profiles. Thus, the current technique will be a powerful tool for discovery
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of glycan markers of diseases.

© 2011 Elsevier Inc. All rights reserved.

Analysis of glycan structures has become one of the require-
ments of postgenomic research. Most of the glycans attached to
glycoproteins are classified into N- and O-glycans. Because of the
extremely complex structures and heterogeneity of both N- and
0O-glycans, we often need to analyze their structures after releasing
them from the core protein. In the analysis of N-glycans, N-glyco-
amidase having broad specificity is generally used to release
N-glycans from the peptide backbone. We reported two methods
for the analysis of N-glycans by labeling with 9-fluorenylmethyl
chloroformate and 2-aminobenzoic acid (2AA)! [1,2]. These two
methods allow sensitive analysis of N-glycans by high-performance
liquid chromatography (HPLC), capillary electrophoresis (CE), and
mass spectrometry (MS). We also achieved comprehensive analysis
of N-glycans in various cancer cell lines and antibody pharmaceuti-
cals [2,3]. :

* Corresponding author, Fax: +81 6 6721 2353,
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' Abbreviations used: 2AA, 2-aminobenzoic acid; HPLC, high-performance liquid
chromatography; CE, capillary electrophoresis; MS, mass spectrometry; MALDI-TOF,
matrix-assisted laser desorption/ionization time-of-flight; GAG, glycosaminoglycan;
HS, heparan sulfate; HA, hyaluronic acid; DHB, 2,5-dihydroxybenzoic acid; NaBHa,
sodium borohydride; PBS, phosphate-buffered saline; MWCO, molecular weight
cutoff; NP-HPLC, normal phase HPLC; MS/MS, tandem MS; CS, chondroitin sulfate.

0003-2697/$ ~ see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2011.12.017

In contrast, structural and quantitative analysis of O-glycans
attached to the mucin-type glycoproteins has been a difficult task
due to lack of appropriate O-glycan releasing methods. B-Elimina-
tion under mild alkaline conditions is still commonly employed but
requires long reaction times. In addition, reducing reagents such as
sodium borohydride need to be added to prevent unwanted degra-
dation of the released glycans (i.e., peeling) [4-6]. This causes a loss
of the original reducing terminal, and the released glycans do not
have an aldehyde group, which is important for sensitive detection
and high-resolution analysis by labeling thh sensitive fluorescent
or chromophoric reagents.

Release of O-glycans with the intact reducing end has been
reported. Royle and coworkers employed mild hydrazinolysis to
afford free O-glycans from microgram quantities of glycoproteins,
but a lengthy reaction time and reacetylation of de-N-acetylated
groups are required [7]. Huang and coworkers developed a method
for releasing O-glycans in the presence of ammonia, but the meth~
od also requires a long reaction time [8].

Recently, we developed an automatic O-glycan releasing appa-
ratus to obtain O-glycans from core proteins as free form. The
apparatus enables release of O-glycans within only 3 min without
significant degradations of the released glycans. In addition, our
method showed excellent repeatability [9,10]. We also connected
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this system to an automatic spotter (AccuSpot from Shimadzu) for
direct matrix-assisted laser desorptionfionization time-of-flight
(MALDI-TOF) MS measurement for routine analysis of O-glycans,
and the analysis of the released O-glycans is completed within
1.5h [11].

During the releasing reaction, we found that glycosaminogly-
cans (GAGs) are also conveniently released from proteoglycans.
The released GAGs are digested with specific eliminases to produce
a mixture of unsaturated disaccharides that are conveniently la-
beled with a fluorescent tag such as 2AA or 2-aminoacridone and
analyzed by CE [12].

These two types of O-glycans (mucin-type glycans and GAGs)
are concerned with various biological functions [13-16], and there
are a number of research works on the aberrant glycan patterns in
relation to progression of diseases [17-20]. Structural alterations
of mucin-type glycans are often observed in tumors. For example,
core 3 and core 4 mucin-type glycans are synthesized in normal
cells but apparently down-regulated in gastric and colorectal carci-
noma [21,22] (see Supplementary Fig. 1 in supplementary material
for the core structures of O-glycans). Iwai and coworkers showed
that expression of the enzymes related to the synthesis of core 3
structure reduced tumor formation in human fibrosarcoma cells
[22]. Cancer-associated mucin-type glycans were highly sialylated
but less sulfated and were often truncated [23-25]. Truncated mu-
cin-type glycans such as Tn and T antigens as well as their sialylat-
ed analogues became predominant with the progression of cancer
[26]. The occurrence of the sialyl-Lewis* (NeuAco2-3Galpl-
4(Fuca1-3)GIcNAcp1-3Gal-R:SLe*) epitope on O-glycans in colon
cancer patients is also associated with poor survival [27]. In addi-
tion, metastatic cancer cells often express the increased amounts
of sialyl-Lewis® epitope (NeuAco2-3Galf1-3(Fuco1-4)GIcNAcB1-
3Gal-R:SLe?) and SLe* [28,29].

Many reports on the alterations of GAGs in relation to tumori-
genesis have also appeared. Nonsulfated chondroitin is detected
in tumor tissues, whereas it is almost absent in normal specimens
[30]. Furthermore, differences in the sulfation pattern of heparan
sulfate (HS) were also reported [31]. For example, HS from lung
cancer cells exhibited a higher degree of oversulfation that was
due to an increased content of the three repeating disaccharides
having 6-O-sulfated glucosamine residues [31]. Highly sulfated
HS acts as a coreceptor for a variety of pro-angiogenic factors, such
as vascular endothelial growth factor and fibroblast growth factor,
and plays vital roles throughout the various stages of angiogenesis
and tumor growth [32-34]. Increased levels of hyaluronic acid
(HA) are also associated with certain types of human primary
and metastatic cancers [35,36]. Vizoso and coworkers measured
the expression level of HA in gastric tumor tissues from 129
patients, and they revealed that high expression of HA is an indica-
tor of poor prognosis for patients with gastric cancer [37].

Glycans are not the direct products by genes; rather, they are
the product by a combination of actions of the relevant enzymes.
Therefore, alteration of structure simultaneously occurs in some
glycans, and comprehensive analysis of glycan structures is re-
quired to reveal the relationship between biological characteristics
and glycans. Two types of these O-glycans described above were
commonly attached to serine (or threonine) residues on peptides
and can be affected with each other. Based on these considerations,
determination of alterations of multiple kinds of glycans will lead
to accurate understanding of diseases, including tumors.

Unfortunately, it should be noticed that profiles of mucin-type
O-glycans and GAGs have been reported independently. In addition,
there is little information on the relationship between the changes
of mucin-type O-glycans and GAGs. If we can obtain both types of
information at the same time, the amount of knowledge on both
glycans can increase dramatically and will be an important tool
for cancer diagnostics and therapies. Based on these considerations,

this study aimed at one-pot analysis of mucin-type O-glycans and
GAGs.

Materials and methods
Materials

Pronase (Streptomyces griseus) was obtained from Calbiochem
(San Diego, CA, USA). 2AA and sodium cyanoborohydride for fluo-
rescent labeling of the released glycans were obtained from Tokyo
Kasei (Tokyo, Japan) and Sigma-Aldrich Japan (Tokyo, Japan),
respectively. Sephadex LH-20 was obtained from GE Healthcare
(Tokyo, Japan). Triton X-100, 2,5-dihydroxybenzoic acid (DHB),
and sodium berohydride (NaBH,4) were also obtained from Sig-
ma-Aldrich Japan. Protein inhibitor cocktail for animal cells was
obtained from Nacalai Tesque (Kyoto, Japan). A serotonin-immobi-
lized column for the separation of sialo glycans was obtained from
Seikagaku Biobusiness (Tokyo, Japan). Chondroitinase ABC, hepar-
itinase 1, heparitinase 2, and standard samples of unsaturated
disaccharides for the analysis of GAGs were also obtained from
Seikagaku Biobusiness. Fused silica capillary tubing (50 pm i.d.)
was obtained from GE Healthcare. Other reagents and solvents
were of the highest grade commercially available or HPLC grade.
All aqueous solutions were prepared using water purified with a
Milli-Q purification system (Millipore, Bedford, MA, USA).

Cell cultures

In the current study, human-derived cancer cells were em-
ployed: U937 (histiocytic lymphoma), K562 (chronic myelogenous
leukemia), Jurkat (acute T cell leukemia), HL-60 (acute promyelo-
cytic leukemia), LS174T (colorectal adenocarcinoma), HCT116
(colorectal adenocarcinoma), HCT15 (colorectal adenocarcinoma),
BxPC3 (pancreatic adenocarcinoma), PANC1 (pancreatic carci-
noma), and MKN7 and MKN45 (gastric adenocarcinoma). All of
these cells except LS174T were cultured in RPMI 1640 medium
supplemented with 10% (v/v) fetal calf serum and 1% (v/v) penicil-
lin/streptomycin mixed solution (10,000 U/ml penicillin and
10 mg/ml streptomycin, Nacalai Tesque). LS174T cells were cul-
tured in minimum essential medium supplemented with 10%
(v/v) fetal calf serum. Fetal calf serum was previously kept at
56 °C for 30 min. The cells were cultured at 37 °C under 5% CO,
atmosphere and harvested at 80% confluent state. Collected cells
(1.0 x 107 cells) were washed with phosphate-buffered saline
(PBS) and collected by centrifugation at 1000 rpm for 20 min.

Glycopeptide pool from whole cells

Glycopeptide pool derived from cancer cells was prepared
according to the method reported previously [38]. Cultured cells
(1.0 x 107 cells) were suspended in ‘5 mM Tris—-HCl buffer. (pH
8.0, 500 pl) and mixed with an equal volume of 2% Triton X-100
in the same buffer in an ice bath. After homogenizing the cells
for 7 min with a glass homogenizer, the mixture was centrifuged
at 8000g for 30 min. The supernatant layer was collected and
boiled for 7 min at 100 °C and evaporated to dryness by a centrif-
ugal evaporator (SpeedVac, Savant, Sunnydale, CA, USA). The
lyophilized material was suspended in water (200 pl), and ethanol
(800 pl) was added to the mixture to 80% concentration. The pre-
cipitate was collected by centrifugation and washed with ethanol
(1 ml x 3) and then with acetone (1 ml x 2), followed by drying
in vacuo. The residue was digested with pronase (50 pg) in
50 mM Tris-HCl (pH 8.0, 200 pul) at 37 °C for 24 h. The reaction
mixture was boiled for 10 min, and the supernatant was collected
after centrifugation. Because free glycans present in some cancer
cells inhibit the subsequent analysis of O-glycans [39], reduction
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with NaBH, prior to O-glycan releasing reaction is necessary. An
aqueous solution of 2 M NaBH, (500 ul) was added to the superna-
tant and kept at room temperature for 30 min. Glacial acetic acid
was carefully added to the mixture to decompose excess NaBH,,
and the mixture was passed through an ultrafiltration membrane
(5000 MWCO [molecular weight cutoff], Amicon Ultra, Millipore)
at 10,000g. The mixture of glycopeptides on the membrane was
dissolved in water (100 pl) and used for releasing reaction of O-
glycans from mucin-type glycoproteins and proteoglycans.

Releasing reactions of O-glycans

Releasing reaction of O-glycans using the automated glycan
releasing system was performed according to the method reported
previously [9]. Briefly, an aqueous solution of 0.5 M LiOH was used
as the releasing reagent and the eluent. To the flow of the eluent at
1.0 ml/min, an aqueous solution of the mixture of glycopeptides
from each cell line (5.0 x 10° cells/50 j1]) obtained as described
above was injected. After the sample solution was mixed with
the eluent in the mixing device, the mixed solution was moved
to the reactor kept at 60 °C, in which a reaction tube (0.25 mm
i.d., 10 m length, 700 pl volume) was set. During passing through
the reaction tube in the reactor, O-glycans were released from
the peptide. The eluate containing the reaction mixture from the
reactor was immediately introduced to a cartridge (1.0 ml volume)
packed with cation exchange resin and collected to a fraction col-
lector installed in the system while monitoring the absorbance at
230 nm. The collected solution containing the released O-glycans
was evaporated to dryness by a centrifugal evaporator, and the
dried material was used for fluorescent labeling with 2AA.

Fluorescent labeling of the released O-glycans with 2AA

The mixture of the released O-glycans was dissolved in 2AA
solution (200 pul), which was freshly prepared by dissolution of
2AA (30 mg) and sodium cyanoborohydride (30 mg) in methanol
(1 ml) containing 4% sodium acetate and 2% boric acid. The mixture
was kept at 80 °C for 1 h. After cooling, water (100 pl) was added
and the mixture was applied to a column of Sephadex LH-20
(1.0 cm i.d., 30 cm length) previously equilibrated with 50% aque-
ous methanol. The earlier eluted fluorescent fractions were pooled
and evaporated to dryness under reduced pressure. The dried res-
idue was dissolved in water (40 i), and a portion (20 pl) was in-
jected to analyze by serotonin affinity chromatography.

Serotonin affinity chromatography for separation of O-glycans and
GAGs

Mucin-type glycans and GAGs are analyzed according to the
procedures (see Supplementary Fig. 2 in supplementary material).
Serotonin affinity chromatography for group separation of glycans
based on the number of attached sialic acid residues was per-
formed with a Jasco HPLC apparatus equipped with two PU-980
pumps and a Jasco FP-920 fluorescence detector (Tokyo, Japan)
using a serotonin-immobilized column (4.6 x 150 mm) with linear
gradient from water (solvent A) to 50 mM ammonium acetate (sol-
vent B) at a flow rate of 0.5 ml/min. Initially solvent B was used at
5% concentration for 2 min, and then linear gradient elution was
performed to 37% B for 16 min. After collecting mucin-type gly-
cans, an aqueous solution of 1 M NaCl was used to elute GAGs dur-
ing the subsequent 15 min. The column was then equilibrated with
the starting eluent. After group separation, mucin-type glycan frac-
tions were analyzed by MALDI-TOF MS and normal phase HPLC
(NP-HPLC). In addition, GAG fractions were digested with specific
eliminases and analyzed by CE after labeling with 2AA.

HPLC analysis of mucin-type glycans

The apparatus was the same as described above. Separation was
done with a TSK-GEL Amide-80 column (Tosch, 4.6 x 250 mm)
using a linear gradient formed by 0.1% acetic acid in acetonitrile
(solvent A) and 0.2% acetic acid in water containing 0.1% triethyl-
amine (solvent B) at 40 °C. The column was initially equilibrated
and eluted with 85% solvent A for 2 min, from which point solvent
B was increased to 50% over 80 min at 1.0 ml/min. Then, the col-
umn was washed with 90% B for 10 min and equilibrated at initial
conditions for 15 min. The amounts of mucin-type glycans were
calculated from the peak areas based on the standard curve pre-
pared using maltopentaose labeled with 2AA.

MALDI-TOF MS analysis of mucin-type glycans separated by serotonin
affinity chromatography

MALDI-TOF MS spectra of 2AA-labeled glycans were acquired
on a Voyager-DE Pro mass spectrometer (PE Biosystems, Framing-
ham, MA, USA) in negative or positive ion linear mode with a nitro-
gen laser (338 nm) for the ionization source. Accelerating voltage
was set at 20kV, and delayed extraction was performed after
800 ns. DHB was used as matrix material throughout the work.
The mass numbers of the molecular ion peaks were corrected using
a mixture of 2AA-labeled dextran oligomers as standard mass
markers. The sample solution (1 pl) was mixed with 2% DHB
(1 pl) in ethanol on a stainless-steel plate, and the mixture was
dried under atmosphere at room temperature.

MS" analysis of mucin-type glycans

Structures of mucin-type glycans were confirmed by the MS"
technique on a MALDI-quadrupole ion trap~TOF mass spectrome-
ter (AXIMA-Resonance, Shimadzu, Kyoto, Japan). Acquisition and
data processing were controlled by Launchpad software (Kratos
Analytical, Manchester, UK). For collision-induced dissociation, ar-
gon was used as the collision gas. For the sample preparation, a
0.5-pl volume of the matrix solution (DHB, 10 mg/ml in 30% etha-
nol) was deposited on the stainless-steel target plate and allowed
to dry. Then, a portion (0.5 pl) of the appropriately diluted analyte
solution (typically ~1 pmol/jl) was applied to cover the matrix on
the target plate and allowed to dry.

Analysis of GAGs collected by serotonin affinity chromatography

After collecting the GAG pool by serotonin affinity chromatog-
raphy, the GAG pool was passed through a filter device (3000
MW(CO). Half of the GAG mixture on the membrane was dissolved
in 50 mM Tris-HCl buffer (pH 8.0, 100 pl). Chondroitinase ABC
(0.5 U) dissolved in the same buffer (10 pul) was added to the solu-
tion and kept at 37 °C overnight. The other half of the GAG mixture
was dissolved in 100 mM sodium acetate/0.1 mM calcium acetate
(pH 7.0, 100 wl). Heparitinases 1 and 2 (5 mU/10 pl each) were
added to-the solution, and the mixture was kept at 37 °C overnight.
Both reaction mixtures obtained by digestion with chondroitinase
ABC and heparitinases were labeled with 2AA and analyzed by CE.

CE analysis of unsaturated disaccharides from GAGs

CE was performed on a P/ACE MDQ Glycoprotein System (Beck-
man Coulter, Fullerton, CA, USA) equipped with a helium-
cadmium laser-induced fluorescence detector (excitation 325 nm,
emission 405 nm). For the analysis of 2AA-labeled unsaturated
disaccharides derived from GAGs, electrophoresis was performed
with a fused silica capillary (50 pm i.d. x 30 cm) in 100 mM Tris-
phosphate buffer (pH 3.0). Sample solutions were introduced into
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the capillary by pressure injection at 1 psi for 10 s, Separation was
performed by applying the potential of 25 kV at 25 °C.

The amounts of unsaturated disaccharides were calculated
from the peak areas based on the standard curve prepared
using standard samples of unsaturated disaccharides labeled with
2AA.

Results and discussion

Separation of mucin-type glycans and GAGs by serotonin affinity
chromatography

We have been employing serotonin affinity chromatography for
group separation of 2AA-labeled N- and mucin-type glycans pre-
pared from various cancer cell lines using gradient elution with
ammonium acetate. The separation is achieved based on the num-
ber of sialic acid residues [2,38], and the glycans separated in this
way are analyzed by HPLC and MS without further purification
steps because the glycan fractions are in an aqueous solution of
volatile salts at low concentrations. This is one of the advantages
of serotonin affinity chromatography. ,

During the studies on the analysis of the released glycans, we
found that GAGs are also retarded on a serotonin-immobilized col-
umn (Fig. 1). An example for the analysis of oligomers derived from
hyaluronan (HA oligomers) is shown in Fig. 1A. HA oligomers were
strongly retained on the serotonin-immobilized stationary phase
based on their total negative charges (i.e., oligomers having the
higher molecular weight are eluted later). It is considered that glu-~
curonic acid residues in HA molecules play important roles in
interaction with serotonin. We also analyzed the artificial mixture
of mucin-type glycans from fetuin and HA oligomers (Fig. 1B). Mu-
cin~type glycans from fetuin were observed at 8 and 15 min, and
then HA oligomers were observed. The results indicated that sero-
tonin affinity chromatography is useful for group separation of mu-
cin-type glycans and GAGs. Based on these results, we developed
the procedures for one-pot analysis of mucin-type glycans and
GAGs as described in Materials and methods and applied the meth-
od to the analysis of O-glycans on HCT116 cells (colorectal
adenocarcinoma).

A

4mer

0 5 10 15 20 25 30 35 40
Elution time (min)

@n-type glycans || Glycosamino@
B

Monosialo  pjsialo

15 20 25 30 P 40
Elution time (min)

-
wm
-
o

Fig.1. Separation of mucin-type glycans and GAGs by serotonin affinity chroma-
tography. 2AA-labeled HA oligosaccharides (A) and a mixture of HA oligosaccha-
rides and mucin-type glycans derived from bovine fetuin (B) are shown. Analytical
conditions: eluent, water (solvent A) and 40 mM ammonium acetate (solvent B);
gradient condition, linear gradient (5-75% solvent B} from 2 to 37 min and 75 to
100% solvent B from 37 to 45 min.

One-pot analysis of mucin-type glycans and GAGs from HCT116 cells

In the initial step of the analysis of O-glycans expressed on
HCT116 cells, the released glycans were separated by serotonin
affinity chromatography (Fig. 2). Asialo (M1), monosialo (M2 and
M3) and disialo (M4-M6) mucin-type glycans were observed at
3-5, 5.2-10.0, and 10.8-16.0 min, respectively. After all mucin-
type glycans were eluted, GAGs were eluted with 1 M NaCl. Each
fraction obtained in this way was analyzed according to the meth-
od described in Materials and methods.

Six mucin-type glycan fractions (M1-M6) were analyzed by
NP-HPLC and MALDI-TOF MS (Fig. 3), and the list of the observed
mucin-type glycans in HCT116 cells is summarized in Table 1. The
MS data were analyzed by Glycopeakfinder and Glycoworkbench
in EUROCarbDB (http://www.ebi.ac.uk/eurocarb/ftools.action). The
amounts of expressed mucin-type glycans were calculated from
the peak areas observed by NP-HPLC. We found 31 mucin-type
glycans in HCT116 cells. Asialo glycans, T antigen (m/z 503:
Galp1-3GalNAc-2AA), core 2 structure (mfz 706: Galp1-3(Glc-
NAcp1-6)GalNAc-2AA), galactosyl core 2 structure (mfz 868:
Galp1-3(Galp1-4GlcNAcB1-6)GalNAc-2AA), and a polylactos-
amine-type glycan (m/z 1233: HexsHexNAcs-2AA) were observed.
Tandem MS (MS/MS) analysis of the peak observed at 1233 gave
the ions at mfz 544 and 503 (Fig. 4A). These ions are obviously
due to GIcNAcB1-6GalNAc-2AA and Galp1-3GalNAc-2AA (Fig. 4A).
Based on these results, the glycan observed at mfz 1233 was con-
firmed as polylactosaminyl core 2 structure, Gal-GIcNAc-Galp1-4
GIcNAcp1-6(Galp1-3)GalNAc-2AA. Monosialo core 1 and core 2
structures were found in monosialo glycan fractions (M2 and
M3). Monosialo-polylactosamine-type glycans were also clearly
observed in M2. These glycans have polylactosaminyl core 2 struc-
ture. Monosialo glycans having smaller molecular sizes such as
sialyl-T and monosialo core 2 structure were observed in M3. Disi-
alo core 1, core 2, and disialo-polylactosaminyl glycans were ob-
served in M4, M5, and M6. It should be noted that mono sulfated
mucin-type glycans were observed in HCT116 cells. The molecular
ion at m/z 1604 observed in M6 is due to NeuAc;HexsHexNAcz-
2AA + S03. After neuraminidase digestion, MS/MS analysis of this
glycan afforded a desulfated molecular ion peak at mjz 1233
(Fig. 4B, upper spectrum). By MS® analysis, the fragment ion peak
observed at mjz 1233 is confirmed as polylactosaminyl core 2
structure, Gal-GlcNAc-Galp1~4 GIcNAcB1-6(Galp1-3)GalNAc-2AA
(Fig. 4B, lower spectrum). In addition, two fragment ion peaks at
m/z 444 and 948 were observed in MS? spectrum (Fig. 4B, upper
spectrum). The fragment ion peak at m/z 444 corresponds to sul-
fated lactosamine, GalGlcNAc + SOs. The fragment ion peak at m/z

Linear gradient elution

Asialo O-glycans  Disialo O-glycans GAGs
1 —t fractions
" 4
Monosial
o M6 4 1 nac

M3

Fluorescence intensity

10 15 20 25 30
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Fig.2. Separation of mucin-type glycans and GAGs derived from HCT116 cells by
serotonin affinity chromatography. Analytical conditions: eluent, water (solvent A)
and 40 mM ammonium acetate (solvent B); gradient condition, linear gradient (5-
41% solvent B) from 2 to 20 min. After collecting the mucin-type glycans, GAGs
were eluted with 1M NaCl.
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Fig.3. NP-HPLC and MALDI-TOF MS analysis of mucin-type glycans derived from HCT116 cells. The mucin-type glycan fractions separated by serotonin affinity
chromatography were analyzed by NP-HPLC (A) and MALDI-TOF MS (B). Analytical conditions of HPLC: column, Amide-80 (Tosoh, 4.6 x 250 nm); solvent A, 0.1% CH3COOH
in acetonitrile; solvent B, 0.2% CHsCOOH-0.1% triethylamine in water; gradient condition, linear gradient (15-65% solvent B) from 2 to 82 min.

948 is due to sulfated galactosyl core 2 structure, Galp1-4Glc-
NAcB1-6(Galp1-3)GalNAc-2AA + SOs. This fragment ion indicates
that terminal lactosamine is not sulfated. It was reported that Glc-
NAc-6-O-sulfotransferase was expressed and Gal-3-O-sulfotrans-
ferase was down-regulated in colon cancer cells {40]. Based on
these considerations, we concluded that the structure of this
sulfate-containing mucin-type glycan was Gal-GlcNAc-Galp1-4

(503-6)GIcNACB1-6(Galp1-3)GalNAc-2AA. These types of sulfated
glycans were also observed in M1 and M4.

GAG fractions collected by serotonin affinity chromatography
were analyzed as unsaturated disaccharides after digestion with
specific eliminases. Half of the fractions were digested with chon-
droitinase ABC, and the other half were treated with a combination
of heparitinases 1 and 2. The mixture of unsaturated disaccharides
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Table 1
Mucin-type glycans found in HCT116 cells.

Observed molecular Amount of glycans

Structure
ion peaks (mfz) (pmol/L x 10° cells)
Asialo glycans
Galp1-3GalNAc-2AA 503 67.1
GlcNAcB1-3GalNAc-2AA 544 0.5
Galp1-3(GlcNACB1-6)GalNAC-2AA 706 142.1
Galp1-3(Galp1-4GIcNAcB1-6)GalNAc-2ZAA 868 739
Galp1-3(Gal-GlcNAc-Galp1-4GlcNACB1-6)GalNAc-2AA 1233 41.8
Monosialo glycans
NeuAco2-6GalNAc-2AA 632 122.8
NeuAco2-3Galp1-3GalNAc-2AA 794 180.0
NeuAco2-3Galp1-3(GIcNACB1-6)GalNAc-2AA 997 2943
Galp1-3(Galp1-4GlcNACB1-6)GalNAC-2AA + NeuAc, 1159 191.7
GalB1-3(GlcNAc-Galp1-4GIcNAcB1-6)GalNAc-2AA + NeuAc; 1362 325
GalB1-3(Gal-GlcNAc-Galp1-4GlcNACP1-6)GalNAc-2AA + NeuAc, 1524 120.7
Galp1-3(GlcNAc-Gal-GlcNAc-Gal p1-4GIcNACS1-6)GalNAc-2AA + NeuAc, 1727 34.3
Galp1-3((Gal-GlcNAc),-Galp1-4GlcNAcB1-6)GalNAc-2AA + NeuAc; 1889 32.8
Galp1-3((Gal-GlcNAc)s-Galp1-4GIcNAcB1-6)GalNAc-2AA + NeuAc, 2254 215
Disialo glycans
NeuAco2-3Galp1-3(NeuAco2-6)GalNAC-2AA 1085 2173
NeuAc-Gal1-3(NeuAc-Galp1-4GlcNAcP1-6)GalNAc-2AA 1450 199.6
NeuAco2-3Galp1-3(NeuAc-Gal-GlcNAc-Galp1-4GIcNAcB1-6)GalNAc-2AA 1815 170.1
NeuAco2-3Galp1-3(NeuAc-(Gal-GlcNAC),-Galp1-4GlcNAcp1-6)GalNAc-2AA 2180 56.0
NeuAco2-3Galp1-3(NeuAc-{Gal-GlcNAc)s-Galp1-4GIcNAcB1-6)GalNAc-2AA 2545 18.0
Trisialo glycans
NeuAc-Gal-GlcNAc~-(NeuAc-Gal-GlcNAc)Gal1-3(NeuAco2-6 )GalNAc-2AA 2106 0.5
NeuAc-Gal-GleNAc(NeuAc-Gal-GleNAc)Galp1-3(NeuAca2-6)GalNAc-2AA + Gal-GlcNAc 2471 0.2
Sulfate glycans .
HexNAc-HexNAc-2AA + SO3 624 23
Galp1-3(GIcNACB1-6)GalNAc-2AA + SO; 786 66.6
Galp1-3(Galp1-4GIcNACB1-6)GalNAc-2AA + 503 948 81.0
Galp1-3(Galp1-4GIcNAcB1-6)GalNAc-2AA + NeuAc + SO3 1239 8.8
Galp1-3(GlcNAc-Gal1-4GIcNACB1-6)GalNAc-2AA + NeuAc + SO; 1442 17.7
Galp1-3(Gal-GlcNAc-GalB1-4GlcNAcB1-6)GalNAc-2AA + NeuAc; + SO 1604 19.5
Galp1-3((Gal-GlcNAC),-Galp1-4GlcNACB1-6)GalNAc-2AA + NeuAc; + SO3 1969 1.4
NeuAco2-3Galp1-3(NeuAc-{Gal-GlcNAC),-GalB1-4GlcNAcB1-6)GalNAc-2AA + SO3 2260 32
Galp1-3((Gal-GlcNAC);-GalB1-4GIcNACB1-6)GalNAC-2AA + NeuAc; + SO3 2334 0.2
NeuAca2-3Galp1-3(NeuAc-(Gal-GIcNAC)s-Galp1-4GIcNACP1-6)GalNAC-2AA + 505 2625 05

obtained in this way was labeled with 2AA and analyzed by laser-
induced fluorescence (LIF)-CE (Fig. 5). Peaks were assigned by
comparing the migration times with those of the standard unsatu-
rated disaccharides. As shown in Fig. 5A (upper panel), we
achieved excellent separation of nine unsaturated disaccharides
from chondroitin sulfate (CS) and HA. We also succeeded in sepa-
ration of seven unsaturated disaccharides from HS (Fig. 5B, upper
panel). Five unsaturated disaccharides, AdiCS-diSg (SE), AdiCS-6S
(6S), AdiCS-4S (4S), AdiCS-0S (0S), and Adi-HA (HA), were ob-
served in the mixture after digestion with chondroitinase ABC
(Fig. 5A, lower panel; see the list of the structures in Fig. 5A). Rel-
ative abundance of Adi-HA was much higher than those of other
unsaturated disaccharides in HCT116 cells. Seven unsaturated
disaccharides, AdiHS-triS (TriS), AdiHS-diS3 (S3), AdiHS-diS2
(S2), AdiHS-diS1 (S1), AdiHS-6S (6S), AdiHS-NS (NS), and AdiHS-
0S (0S), were observed in the mixture digested with a combination
of heparitinases 1 and 2 (Fig. 5B, lower panel). Relative abundance
of unsulfated HS disaccharide (HS0S) was much higher than those
of other unsaturated disaccharides in HCT116 cells. It should be
noted that there are no other contaminating peaks due to mucin-
type O-glycans. From these results, it was revealed that mucin-type
glycans as well as GAGs were able to be analyzed in the same
sample.

Characterization of cancer cell lines
Based on the results obtained by the analysis of both mucin-

type glycans and GAGs in HCT116 cells, we applied the methods
to the analysis of both glycans on various cancer cells. The results

are summarized in Figs. 6-8. Fig. 6 shows the total amount of mu-
cin-type glycans and GAGs expressed on 10 cancer cell lines, The
amounts of the expressed mucin-type glycans and GAGs were cal-
culated from the peak areas observed by NP-HPLC and CE, respec-
tively, There are significant differences in the expression levels of
mucin-type glycans and GAGs among leukemia cells and epithelial
cells. All leukemia cell lines poorly express both mucin-type gly-
cans and GAGs. In contrast, epithelial cells express large amounts
of them, although the amounts of the glycans are conspicuously
varied among cell lines. There are 10-100 times larger amounts
of mucin-type glycans than GAGs present on cancer cells. This is
probably because proteoglycans are not present as conjugates in
cell membrane but rather loosely interact with the components
of cell surface. During the purification step of whole proteins, some
portions of proteoglycans are not collected or the expression level
of proteoglycans may be intrinsically lower than that of mucin-
type glycans, although further studies are required. In any case,
the data indicate that glycans are not dense on the floating blood
cells. In contrast, glycans in epithelial cells, which form tumor tis-
sues, are present in high density and seem to show important roles
in exchanging intercellular information.

Figs. 7 and 8 show comparisons of relative abundances of mu-
cin-type glycans and unsaturated disaccharides derived from gly-
cosaminoglycans in cancer cells. Fig. 7 shows the glycan profiles
obtained from four leukemia cells. All cell lines commonly con-
tained sialyl-T and disialyl-T antigens as major mucin-type gly-
cans. K562 and U937 cells especially contained these two glycans
as the major glycans. Although it was difficult to discriminate these
two cells only by mucin-type glycan analysis, profiling of GAGs
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Fig.4. MS/MS analysis of mucin-type glycans derived from HCT116 cells. (A) Polylactosaminyl mucin-type glycan observed at mfz 1233. (B) Sulfated mucin-type glycan

observed at m/z 1604. . : :

could easily discriminate these cells. K562 cells contained AdiCS-
4S as the major component. In contrast, AdiHS-0S was the major
component in U937 cells. U937 cells also contained AdiCS-4S,
but the relative abundance of this unsaturated disaccharide was
low. Jurkat cells expressed extremely large amount of Tn antigen.
GAGs in Jurkat cells showed profiles similar to those observed in
U937 cells. HL-60 cells expressed core 2 mucin-type glycans abuh—
dantly. In addition, polylactosaminyl ‘and fucosylated mucin-type
glycans were also observed in HL-60 cells. A feature of HL-60 cells
is that the cells express elongated mucin-type glycans in compar-
ison with other leukemia cells. AdiCS-0S was the major component
in HL-60 cells. This means that low-sulfated GAGs were abundant
in HL-60 cells.

Fig. 8 shows the results on the characterization of six epithelial
cancer cell lines. Mucin-type glycan profiles in epithelial cancer
cell lines except PANC1 cells are generally more complex than
those of leukemia cancer cells. This means that characterization
of mucin-type glycans on epithelial cancer cells will be a powerful
tool for correlating with their biological characteristics such as

tumorigenesis ability. Sialyl-T and disialyl-T antigens were com-
monly observed in all cancer cells, although their relative abun-
dances were diverse among cells. However, all cancer cells
scarcely expressed core 3 and core 4 structures. These data are well
correlated with the reports on down-regulation of these glycans in
various tumor tissues [21,22]. Profiles of GAGs also gave interest-
ing results. Relative abundances of HA in epithelial cancer cells
were commonly higher than those in leukemia cells. In addition,
relative abundances of AdiHS-0S also showed higher values than
those observed for leukemia cells. These data indicate that sulfa-
tion level of HS is significantly low in cancer cell lines. Recently,
some research groups reported that HS sulfatases (SULF) are over-
expressed in subsets of multiple tumors [41-43]. SULF2 overex-
pressed in tumnor tissues was associated with tumor prognosis
[42,44]. These reports indicate that sulfation level of HS is de-
creased in certain cancer cell lines. Our results are well correlated
with these observations. PANC1 cells (poorly differentiated pancre-
atic cancer cells) expressed sialyl-T and disialyl-T as the major mu-
cin-type glycans. The elongated mucin-type glycans were not
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Fig.5. Analysis of unsaturated disaccharides from GAG fractions. 2AA-labeled unsaturated disaccharides of HA and CS (A) and of HS (B) in HCT116 cells were analyzed by CE.
Analytical conditions: capillary, fused silica (40 cm x 50 pm i.d); running buffer, 100 mM Tris~phosphate (pH 3.0); applied voltage, 25 kV; injection, pressure method (1.0 psi
for 10s); temperature, 25 °C; detection, He-Cd laser-induced fluorescent detection (excitation 325 nm, emission 405 nm). Abbreviations of unsaturated disaccharide:
(A) Unsaturated chondroitin and hyaluronic acid disaccharide: 0S, AdiCS-0S (12.8 min); HA, AdiHA (12.3 min); 45, AdiCS-4S (7.4 min); 6S, AdiCS-6S (6.8 min); 25, AdiCS-2S
(6.5 min); SD, AdiCS-diSp (4.8 min); SE, AdiCS-diSg (5.2 min); SB, AdiCS-diSg (5.0 min); TriS, AdiCS-triS (4.1 min). (B) Unsaturated heparan sulfate disaccharide: 0S, AdiHS-0S
(15.3 min); NS, AdiHS-NS (7.2 min); 6S, AdiHS-6S (6.8 min); S1, AdiHS-diS1 (5.0 min); S2, AdiHS-diS2 (4.9 min); $3, AdiHS-diS3 (4.8 min); TriS, AdiHS-TriS (4.0 min).
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Fig.6. Comparison of the amounts of mucin-type glycans-and GAGs expressed on cancer cells. The amounts of the expressed mucin-type glycans and GAGs were calculated
from the peak areas observed by NP-HPLC and CE, respectively.

observed in PANC1 celis. Because PANC1 cells lack core 2 -1,6-N- the mucin-type glycans [45], these observations suggest that
acetylglucosaminyltransferase, which is required for elongation of tumor-associated epitopes on mucin core proteins expressed on
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Fig.7. Characterization of four leukemia cell lines. The contents of mucin-type glycans and GAGs are displayed as black bars and gray bars, respectively. Relative abundances
of mucin-type glycans and unsaturated disaccharides were calculated from the peak areas observed by NP-HPLC and CE; respectively. Abbreviations: Tn, Tn antigen; STn,
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unsaturated disaccharides of HS.

PANCT cells are exposed to the external environment. Mucin-type
glycans of BxPC3 cells were obviously different from those of
PANCT1 cells. Core 2 structure was the major glycan in BxPC3 cells,
and its modified structures (i.e., polylactosaminyl structure and
fucosylated glycans) were also observed in BXxPC3 cells. Mare and
Trinchera reported that BxPC3 cells expressed polylactosamine-
type glycans [46]. The profiles of GAGs of PANCT1 cells are quite
interesting, and only HA and low-sulfated HS (HSOS) were
observed. HA and HS were also the major GAGs in BxPC3 cells
(moderately differentiated pancreatic cancer cell lines), and pro-
files similar to those of PANC1 cells were reported. The expression
level of HA was increased in pancreatic cancer cells [35], and its in-
crease was a risk factor for tumor proliferation and metastasis
[36,47]. In addition, BXxPC3 cells obviously expressed CS, which
was not observed in PANCI cells. Sulfated mucin-type glycans
were characteristically observed in colon cancer cell lines, HCT15
and LS174T. HCT15 cells expressed core 2 and polylactosamine-
type glycans as the major mucin-type glycans. In addition,
sialyl-T and disialyl-T were abundant in HCT15 cells. Most of the
abundant mucin-type glycans in LS174T cells were fucosylated.
LS174T cells also expressed large amounts of Tn antigen and
polylactosamine-type glycans. This is a specific feature of LS174T

cells in which both truncated and extended giycans were present.
Both HCT15 and LS174T cells contained low-sulfated HS (HSOS) as
the major GAGs. In contrast, the level of HS sulfation in HCT15 cells
was a little bit higher than that observed in LS174T cells. However,
relative abundance of AdiCS-6S in LS174T cells was higher than
that in HCT15 cells. We previously reported that the profiles of mu-
cin-type glycans were dramatically changed with differentiation
stages of gastric cancer cell lines [38]. Poorly differentiated gastric
cancer cells (MKN45 cells) expressed large amounts of extended
polylactosamine-type glycans with molecular masses greater than
6000 {38]. In addition, trisialylated mucin-type glycans were char-
acteristically observed in' MKNA45 cells. In contrast, polylactos-
amine-type glycans were not observed in well-differentiated
gastric cancer cells (MKN7 cells). In MKN7 cells, glycans of core 2
structure were observed abundantly. This means that elongation
of core 2 structure to polylactosamine-type glycan is suppressed
in MKN7 cells, although further studies on the related synthetic
enzymes are required. Profiles of GAGs in these two gastric cancer
cells were quite different. HA and low-sulfated HS (HSOS) were
abundant, but CSs were scarcely observed in MKN45 cells. In
contrast, CSs were the major GAGs in MKN7 cells. Relative
abundance of AdiCS-4S was especially distinct in MKN7 cells.



604 One-pot characterization of cancer cells /K. Yamada et al./Anal. Biochem. 421 (2012) 595-606

- ] .
Mucin-type glycans : Glycosaminoglycans
= .
< H >
-
L 3
L 3
X 60 f : £e0
[ - = @©
§5° : éso
g 40r Egdﬂ
PANC1 E 3of T %0
g 20F = %20
= " =
2 10 f =210
"o Tn STh T ST DST!C~2‘C-3,C-4lPL'Fu‘Su'TrESJ £ "o HA.CS.CS.CS'CS'CS,I-;S H HS HS
- . 0S5 43 65 25 diS 0S NS 6§ diS TriS
e 60 x X 6o}
@ - o
g 50 : §5°
T -
BxPC3 § 30 r 1 500
g af R
2 10 | = 510
4 -3 1.1
) =0
y - . CS5 CS C5 CS CS HS HS HS HS HS
Th STn T ST DSTC2 C3 C4 PL Fu Su TriS i HA 52 o 55 58 ae bS NS 68 dis Tus
£ 3 860 |
3o i
g 50 b 2 g50 o
3 40 :g4u
5 : 5
HCT15 § 30 = g0
2 2 2faf
.- -
3 10 | =10} -
) = CS CS C5 CS CS HS HS HS HS HS
R Tn STn T ST DSTC-2 G3 C-4 PL Fu Su TriS P HA 03 08 02 5% o 05 NS 65 dis Tris
2 60 F =X 60 |
8 s0 | =850 |
c - s
g i -]
g :gao 5
LS174T 2 30 | 5530 |
£ - - B
5 fo :%m
- 5S40 L ~
: = =
0 = 0 CS CS CS CS CS HS HS HS HS HS
- = 0S 45 65 25 diS 05 NS 6§ diS TriS
2 60 =260 b
g ==
[ .
g =0 R
& "o
T 40 RE 40k
=3 L]
MKN4SE 2 a0 =830 |
2 2 R
K] " &
- S0 |
g v -
- : : Lo .2 M P -
¢ s 0 Ha CS CS CS Cs CS HS HS HS HS HS
_ [P 05 45 65 25 diS 0S NS 6S dis TriS
£ e | :2;460 -
§ 50 Egso L
5 =3 40 |
MKN7 2 % I5
Q 30 =g 30 -
© - Q
2 2 =820 L
E g
s 10 -§10 -
= o N " n.z L : = Q — - — . 3 P e I
- CS CS CS CS CS HS HS HS HS HS
Thn STh T ST DSTC-2 C-3 C-4 PL Fu Su TriS 05 45 65 25 OIS 0S5 NS 65 dis TS

Fig.8. Characterization of six epithelial cancer cell lines. The contents of mucin-type glycans and GAGs are displayed as black bars and gray bars, respectively. Calculation of
relative abundances and abbreviations are the same as in Fig. 7.

Although further studies are required, these results may indicate As described above, it was revealed that our methods are useful
that GAGs play an important role in differentiation of gastric to characterize the various cancer cell lines. In the future, we will
cancer cells. apply these methods to compare O-glycan profiles between cancer



