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Abstract

Chondroitin sulfate/dermatan sulfate (CS/DS) is a member of glycosaminoglycans (GAGs) found in
animal tissues. Major CS/DS subclasses, O, A, C, D, and E units, exist based on the sulfation pattern in d-
glucuronic acid (GlcA) and Macetyl-d-galactosamine (GalNAc) repeating units. Dermatan sulfate (DS)
chains are formed when GIcA is epimerized into l-iduronic acid (IdoA). Our study aimed to analyze the
CS/DS profile in 3T3-L1 cells before and after adipogenic induction. Their CS/DS contents, molecular
weight (Mw), and sulfation pattern were analyzed by using a high-performance liquid chromatography
system. CS/DS synthesis/degradation- and sulfotransferase-related gene expression was also analyzed
by reverse transcription real-time PCR. The CS/DS amount was significantly decreased in the
differentiated (DI) group compared to the non-differentiated (ND) group, along with a lower expression of
CS biosynthesis-related genes, chondroitin sulfate A-acetylgalactosaminyltransferase 1, chondroitin
sulfate Macetylgalactosaminyltransferase 2, and chondroitin polymerizing factor. The GAGs in the DI
group also showed lower Mw than those of ND. Furthermore, the A unit was the major CS/DS
disaccharide in both groups, with a proportionally higher CS-A ratio in the DI group. This was consistent
with the expression of carbohydrate sulfotransferase 12 that encodes chondroitin 4-O-sulfotransferase,
for CS-A formation. Unlike the ND group, both GIcA and IdoA residues in the O unit of CS/DS from the DI
group were absent. These qualitative and quantitative changes in CS/DS and CS/DS-
synthases/hydrolases before and after adipocyte differentiation reveal valuable insights into adipocyte
development.

Introduction

Chondroitin sulfate/dermatan sulfate (CS/DS) is a type of sulfated glycosaminoglycans (GAGs) that
construct the extracellular matrix in various vertebrates and invertebrates’ tissues [1] in the form of CS
proteoglycans (CSPGs), which are involved in various biological events [2]. Chondroitin sulfate contains
repeating disaccharide structures of d-glucuronic acid (GlcA) and N-acetyl-d-galactosamine (GalNAc), in
the form of 4)GIcAB(1—3)-GalNAcB(1 structure [2—4]. Structural variations associated with the position
of sulfation construct the major CS subclasses, such as O [GIcA-GalNAc], A [GIcA-GalNAc(4S)], C [GlcA-
GalNAc(6S)], D [GIcA(2S)-GalNAc(6S)], and E [GIcA-GalNAc(4S6S)] units [5, 6]. The epimerization of the
uronic acid, d-GIcA into I-iduronic acid (IdoA), results in the formation of DS chains, which are indicated
asiQ, iA, iC, iD, and iE units according to the coding system proposed by Sugahara and Mikami [5]. The
detailed structure of the repeating disaccharides of CS and DS is presented in Fig. 1a.

Biosynthesis of the CS repeating disaccharide region involves several enzymes known as
glycosyltransferases. Chondroitin GalNAc transferase-1 (ChGn-1) and ChGn-2 which possess both
GalNAc transferases | (GalNAcT-l) and GalNAcT-ll activities, respectively, catalyze the chain initiation and
elongation of CS backbone [7-9]. Other glycosyltransferases, chondroitin synthase-1 (ChSy-1), ChSy-2,
ChSy-3, and chondroitin polymerizing factor (ChPF), that possess GIcA transferase Il (GIcAT-Il) and
GalNACT-l activities, respectively, are involved in the chondroitin polymerization [10—12]. Moreover,
formation of the structural variation of CS/DS chains is catalyzed by sulfotransferases and epimerases:
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chondroitin 4-O-sulfotransferase 1 (C4ST-1), C4ST-2, C4AST-3, chondroitin 6-O-sulfotransferase 1 (C6ST-1),
GalNAc 4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST), uronyl 2-0- sulfotransferase (UST), dermatan 4-0-
sulfotransferase 1 (D4ST-1), and glucuronyl C-5 epimerases (DS-epi1 and DS-epi2) [13]. Schematic
illustrations of the CS/DS biosynthesis and sulfation pathways, as well as the related enzyme-encoding
genes are shown in Fig. 1b.

Study on the content and composition of GAGs, especially CS/DS, in animal tissues has been carried out
for decades on various species from both vertebrates and invertebrates [1, 14-24]. In addition,
investigations of their biological roles at the cellular and molecular levels have also been carried out
progressively. CS/DS is essential for the maintenance of cell proliferation and differentiation [13, 25-29].
Furthermore, the fluctuation of CS levels during cell differentiation may provide essential information for
a better understanding of cell and tissue development. Interestingly, such basic knowledge could provide
a potential tool in controlling cells’ commitment to differentiate by manipulating the CS abundance. For
example, in a previous study, Mikami et al. [30] revealed that CS amount is reduced during myogenesis,
and its enforced suppression of CS promotes myogenic differentiation. Thus, in other words, factors
controlling CS levels may provide therapeutic potential for muscle degeneration.

In adipose tissue development, a serial process of adipogenesis, which includes preadipocyte
proliferation and differentiation, occurs and is followed by the enlargement of the lipid droplet. During
adipogenesis, transcription factors such as peroxisome proliferator-activated receptor gamma (PPARgQ),
CCAAT-enhancer-binding protein alpha (C/EBPa), and fatty acid binding protein 4 (FABP4) express to
regulate adipogenesis [31]. In addition to the study in C2C12 myoblast [30], studies on GAG and gene
expression profiles during tissue stem cell differentiation have been conducted in MC3T3-E1 osteoblast
[32], human bone marrow mesenchymal stromal cells (hBMSCs, toward hepatocytes) [33], and murine
embryonic stem cells (MESCs, toward embryoid bodies and extraembryonic endodermal cells) [34, 35].
Moreover, analysis of CSPGs expression in adipose tissue and 3T3-L1 cells adipogenesis, which is our
focus in this study, has also been reported in several studies [36—39]. However, information on the
detailed composition of CS types and expression profiles of CS-related genes in the 3T3-L1, the most
used cell line in adipogenesis studies, is still limited. Given the role of CS in tissue stem cell proliferation
and differentiation, we believe that understanding the changes in CS/DS content and composition during
adipogenesis is essential to elucidate the role of CS/DS in the regulation of adipogenesis. Here, we aimed
to profile the amount and composition of CS/DS in adipogenesis, as well as gene expression associated
with their synthesis and degradation, to understand their trends.

Materials and Methods
Cell culture and differentiation

The 3T3-L1 mouse preadipocytes cell line (JCRB9014, RRID:CVCL_0123) was obtained from the
Japanese Collection of Research Bioresources Cell Bank (JCRB Cell Bank, Osaka, Japan). Cells were
cultured at 37°C under 5% CO, condition in the Dulbecco’s modified Eagle's medium (DMEM; FUJIFILM
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Wako Pure Chemical Corporation, Osaka, Japan), supplemented with 10% fetal bovine serum (FBS;
Biosera, Ringmer, UK) and 1% commercial mixture of antibiotic containing penicillin and streptomycin
(FUJIFILM Wako Pure Chemical Corporation), hereinafter referred to as basic culture medium. Two days
after reaching the confluency, the cells proceeded without or with adipogenic induction for non-
differentiated (ND) and differentiated (DI) groups, respectively. For the DI group, differentiation was
started (day 0) by adding the differentiation medium, which was the basic culture medium supplemented
with Adipolnducer Reagent containing 10 pg/mL insulin, 2.5 pM dexamethasone, and 0.5 mM 3-isobutyl-
1-methylxanthine (Takara Bio, Shiga, Japan), for two days. The medium was then replenished with
maintenance medium (basic culture medium supplemented with 10 pg/mL insulin) every two
consecutive days, until day 10. A standard culture medium added with phosphate-buffered saline (PBS,
pH 7.4) was used to replenish the medium for the ND group at the same time course.

For studies to determine the CS/DS amount and composition as well as the molecular weight analysis,
the 3T3-L1 preadipocytes were cultured in T75 flasks and divided into two groups, ND and DI groups.
Cells were harvested for analysis on day 10. For gene expression analysis using reverse transcription
quantitative real-time polymerase chain reaction (RT-qPCR), cells were seeded in 12-well plates and
divided into five groups at three different time courses as follows: (i) Control, confluent preadipocytes on
day 0, (ii) ND and (iii) DI groups on day 5, and (iv) ND and (v) DI groups on day 10.

Oil Red O staining

Oil Red O (ORO) staining was performed on the Control group, as well as the ND and DI groups on days 5
and 10, to determine the progression of adipocyte differentiation, which was shown by lipid droplet
accumulation. Cells were washed with PBS and fixed with 10% neutral-buffered formalin (pH 7.4;
FUJIFILM Wako Pure Chemical Corporation) overnight at room temperature. Further, cells were stained
with a freshly prepared ORO staining solution (Lipid Assay Kit; Cosmo Bio, Tokyo, Japan) according to
the manufacturer’s instructions. Briefly, after staining for at least 15 minutes at room temperature, ORO
staining solution was removed, and the stained cells were washed with distilled water (dH,0) three times.
Images of the cells were captured using an inverted light microscope (Olympus IX71; Olympus, Tokyo,
Japan). Isopropanol was used to extract the dye from the stained lipid droplets. Semi-quantitative
approach by measuring the absorbance of the dye extraction using a microplate reader (Tecan Sunrise
Remote, Grodig, Austria) at 492 nm was performed to quantify the amount of oil droplets.

Isolation of GAGs from the 3T3-L1

On day 10, the culture medium was aspirated from the flasks, and the cells were washed with PBS to
completely remove the remaining culture medium. The PBS was then aspirated, and 3 mL of absolute
ethanol (EtOH) was added to each flask. The cells were harvested by using a cell scrapper. The EtOH and
the precipitates were moved to the sample tubes and dried in a desiccator equipped with a vacuum pump
for 2 h. These dried samples were weighed and then proteolyzed, concisely, distilled water (8 mL/g dried
sample) was added into the tube containing the dried sample and this suspension was incubated at
55°C, followed by the addition of borate buffer (0.5 M, pH 7.0, 10 mL/g dried sample) and 5% protease
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(PROTIN NY100, Amano Enzyme, Nagoya, Japan) (50 mg/g dried sample). After completing the
incubation for 5 days, each suspension was cooled on ice and quenched by adding the trichloroacetic
acid (5%, w/v), followed by centrifugation. Sodium acetate (5%, w/v) and 4 times the volume of EtOH
were added. The samples were then spined down and the EtOH was removed. To each sample, 0.5 mL of
purified water was added, and the suspension was freeze-dried overnight.

Compositional analysis of CS/DS

Prior to the compositional analysis of CS/DS, 300 pL of dH,0 was added to the dried samples. The
enzymatic digestion was performed by adding 100 pL of the sample substrate in a mixture of bovine
serum albumin (BSA) solution (0.017 mg/pL), 250 mM Tris-HCI buffer (10 pL, pH 8.0), and chondroitinase
ABC (1 mU/pL) (EC 4.2.2.4, Sigma Aldrich, Tokyo, Japan) or chondroitinase AC (1 mU/uL) (EC 4.2.2.5,
IBEX Pharmaceuticals, Montreal, Canada) for 8 h at 37°C or 30°C, respectively. Unsaturated disaccharides
obtained from the enzymatic digestion were filtered with centrifugal filter units (Millipore Ultrafree-MC-HV,
Durapore-PVDF 0.45 pm, Merck Millipore, Carrigtwohill, Ireland). CS/DS amount and type were analyzed
using high-performance liquid chromatography (HPLC) system as previously described by Yoshida et al.
[40]. In the present study, the analysis was performed using HPLC Waters 616 Pump with Waters 600s
Controller and Waters 2487 Dual A Absorbance Detector (Waters Corporation, Milford, MA, USA). A
volume of 25 pL of sample was injected onto a YMC-Pack PA-G column (4.6 x 250 mm, 5 um; YMC,
Kyoto, Japan) and the analysis was performed under the following conditions: isocratic conditions with
eluent 16 mM NaH,PO, buffer for the first 10 min followed by a linear gradient from NaH,PO, buffer to
800 mM NaH,PO, buffer at 25°C, flow rate of 1 mL/min, UV absorbance at 232 nm. To distinguish the HA
from the CS/DS hybrid chains, the 4,5-unsaturated hexuronic acid (AHexA)-GalNAc and AHexA-GIcNAc
were detected by using an HPLC system (AKTA Purifier, General Electric Healthcare, Boston, MA, USA),
according to the method described in the previous study [41]. Briefly, analysis on 50 pL of sample was
carried out on the Hypersil APS-2 columns (100 x 4.6 mm + 250 x 4.6 mm, 5 ym; Thermo Scientific,
Waltham, MA, USA) in combination with the Shodex OHpak SB-G 6B guard column (6.0 x50 mm, Showa
Denko, Kanagawa, Japan), under the following conditions: isocratic at 35°C, using 9 mM of NaH,PO, (pH
2.55), flow rate of 0.8 mL/min, UV absorbance at 231 nm. Calculation of the amounts of CS/DS hybrid
chains and their sulfation patterns was performed by using a calibration curve based on the HPLC peak
area of the standard unsaturated disaccharide (Seikagaku Corporation, Tokyo, Japan). In short, as
previously described by Akatsu et al. [42], the total amount of disaccharide from chondroitinase AC
digests subtracted from chondroitinase ABC digests to estimate the IdoA-containing disaccharides.

Determination of molecular weight of the GAGs

The molecular weight of the crude glycans was estimated by using size exclusion chromatography (SEC).
A concentration of 1 mg/mL glycan solution in dH,0 was prepared and analyzed in a system consisting

of a Shodex OHpak SB-G 6B guard column (6.0 x50 mm, Showa Denko) followed by the Shodex OHpak
SB-805 HQ analytical column (8.0 x300 mm, Showa Denko) using 0.1 M NaNOg buffer at a flow rate 1

mL/min. This HPLC analysis was performed over an 18-min period and monitored with a refractive index
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(RI) indicator. For this measurement, the result obtained from pullulan standards (Shodex Standard
Pullulan Kit P-82, Showa Denko) was used to generate the molecular weight calibration curve.

RT-qPCR

The total RNA was extracted from the cells by using ISOSPIN Cell & Tissue RNA (Nippon Gene, Tokyo,
Japan) and quantified by using NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). An aliquot of each total RNA (500 ng) sample was reverse transcribed for cDONA
synthesis using ReverTra Ace gPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). The RT-
qPCR experiments were carried out on a LightCycler® Nano Real-Time PCR Instrument using FastStart
Essential DNA Green Master (Roche Diagnostics GmbH, Mannheim, Germany). Adipogenesis
transcription factors, peroxisome proliferator-activated receptor gamma (Pparg) and fatty acid binding
protein 4 (Fabp4), were examined to verify the adipogenic induction, in addition to the ORO staining
quantitative approach. Furthermore, the following gene expression levels were analyzed: chondroitin
sulfate Macetylgalactosaminyltransferase 1 (CsgalnactT), chondroitin sulfate A&
acetylgalactosaminyltransferase 2 (Csgalnact2), chondroitin sulfate synthase 1 (Chsy7), chondroitin
polymerizing factor (Chpf), hyaluronoglucosaminidase 1 (Hyal7), hyaluronoglucosaminidase 2 (Hyal2),
carbohydrate sulfotransferase 12 (Chst72), carbohydrate sulfotransferase 15 (Chst75), uronyl-2-
sulfotransferase (Ust), carbohydrate sulfotransferase 14 (Chst74), dermatan sulfate epimerase (Dse), and
dermatan sulfate epimerase-like (Dsel). Each gene expression level was normalized to that of a previously
validated suitable reference gene, peptidylprolyl isomerase A (Ppia) [43]. Detailed information about the
primer sets used in RT-qPCR reactions is presented in Table 1.
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Table 1
Mouse cDNA primer sequences of the various genes used for RT-qPCR

Gene Primer sequences (5-3") Accession Product References
symbol number size of primer
(bp) sequences

Pparg 5'-CAAGAATACCAAAGTGCGATCAA-3' NM_001127330.3 69 [44]

5-

GAGCAGGGTCTTTTCAGAATAATAAG-

3I
Fabp4 5-TGGAAGCTTGTCTCCAGTGA-3' NM_024406.4 121 [44]

5'-AATCCCCATTTACGCTGATG-3'

Csgalnact1l 5'- NM_001252623.1 144 [45]
TCTCTGGTTCCTGCTCACTGAAATA-

3|
5'-
TCTGCTTGGTCTGAGACTTTGGTAG-
3I
Csgalnact2 5-TCTGCCTGGTACCTGTGTTCTGA-3' NM_001362149.1 115 [45]

5-TATCTGCCTGAACATTTCGACCAA-
3I

Chsy1 5-AACTTTCTCTTCGTGGGAGTCA-3' NM_001081163.2 89 [46]
5-GGAATTGTCTTGGACCATGT-3'

Chpf 5-TTCGTCCCTCTCCGCTAGCTGACG- NM_001001566.3 83 [45]
3I

5'-
AAGGCGGCCGCTGTCCGACGTGTC-3'

Hyall 5'-TACACAGCATGCTCAGAAAG-3' NM_008317.6 193 [47]
5-AGTGTCTCCATTCCAAACAG-3'

Hyal2 5-CGAGGACTCACGGGACTGA-3' NM_010489.3 57 [48]
5-GGCACTCTCACCGATGGTAGA-3'

Chst12 5'-ATCAGCATCACCAGCAACA-3' NM_021528.3 138 [49]
5-TTGGTCATGCTGCCCTG-3'

Chst14 5-CCAAAGTGGCCTGCTCTAACTG-3' NM_028117.3 100 [50]
5-AAGTCACTGCGGTGGTCCAT-3'

Chst15 5'-TATGACAACAGCACAGACGG-3' NM_029935.6 153 [51]
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Gene Primer sequences (5-3") Accession Product References

symbol number size of primer
(bp) sequences
5-TGCAGATTTATTGGAACTTGCGAA-
3'
Ust 5-TCGTACCGTGGTCTTGCTTC-3' NM_177387.3 148 [52]

5-TAAATAGGGCTGTTCGGCGG-3'

Dse 5-AGCACATTGCAGCTCGGCTTAC-3' NM_172508.3 211 [53]
5'-GCTGCCATCCTCTCCATGTAGTC-3'

Dsel 5-ACGTGGTCAAATGGCTTCAT-3' NM_001081316.2 274 [53]
5-GCTGTGAAATCCAGGTGACAT-3'

Ppia 5-CAGGTCCATCTACGGAGAGA-3' NM_008907.2 146 [54]
5'-CATCCAGCCATTCAGTCTTG-3'

Data analysis

All data are presented as mean + standard deviation (SD). A significant difference between the two
groups was determined using an unpaired two-tailed ttest, while the comparisons among the means in
multiple groups were performed using a one-way analysis of variance (ANOVA) followed by a Bonferroni
post hoc test. A P-value less than 0.05 was considered statistically significant. Statistical analyses were
performed using the Microsoft Excel add-in statistical software (BellCurve for Excel version 4.02; Social
Survey Research Information, Tokyo, Japan).

Results
Confirmation of the status of adipocyte differentiation

The ORO staining confirmed that 3T3-L1 cells in the DI group transformed into adipocyte-like structures
and accumulated lipid droplets on days 5 and 10 after being induced to differentiate. However, cells in the
ND group, like those in the control group, maintained their fibroblast-like phenotype and did not
accumulate lipid droplets (Fig. 2a). This result was confirmed by semi-quantitative analysis of the
absorbance for lipid droplet accumulation (Fig. 2b). In addition, as many studies revealed the cellular
events that occurred during adipogenesis, we have also confirmed the surge of the mRNA expression of
the adipogenesis transcription factors, Pparg and Fabp4, in the DI group on days 5 and 10 (Fig. 2c and d).

Quantitative analysis of CS/DS amount and composition

Representative chromatograms of GAG peptides after digestion with chondroitinases are shown in
Fig. 3a. The amount of unsaturated CS/DS and HA disaccharides, as well as their compositions
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calculated from the HPLC analysis, are summarized in Fig. 3b and ¢, and in Suppl. Table 1. The amount
of the unsaturated disaccharides of CS/DS from the 3T3-L1 cell cultures was significantly decreased in
the DI group compared to the ND group (P<0.01). A measured amount of CS + DS in the cells from ND
and DI groups was 0.48 + 0.13 mg and 0.10 £ 0.03 mg, respectively. In addition to the CS/DS detected in
our analysis, the HA amount in the cells from the DI group was about 90% less (0.04 + 0.00 mg) than that
of the ND group (0.46 + 0.15 mg) (P<0.01) (Fig. 3b). The composition of the unsaturated disaccharides
of CS/DS in 3T3-L1 preadipocytes was revealed in our study, demonstrating the AA unit [GIcA-
GalNAc(4S) and IdoA-GalNAc(4S)] (calculated from A +iA units) as the major CS/DS disaccharides in
3T3-L1 cell line that reached 89% and 86% in ND and DI groups, respectively (Fig. 3c). By using the
adipogenic-induction medium to promote cell differentiation, our results also showed a significant
change in its composition between both groups. The composition of the GIcA residues, A unit [GIcA-
GalNAc(4S)], was increased in the DI group (44%), compared to the ND group (27%). Contrarily, the less
IdoA residues [IdoA-GalNAc(4S)] were detected in the DI group (42%), compared to the ND one (62%). The
GlcA and IdoA residues of AO unit, O [GlcA-GalNAc(0S)] and iO [ldoA-GalNAc(0S)] CS/DS disaccharides
in non-differentiated 3T3-L1 cells were 8% and 2%, respectively. However, both O and iO units were not
detectable in the DI group, suggesting the absence or possibly a very low amount of the AO unit presence
in the differentiated 3T3-L1 cells. Moreover, only IdoA residues of AE unit, iE, were detected in both ND
(2%) and DI groups (14%).

Molecular weight of the GAGs contained in 3T3-L1 cells

In addition to the GAG compositional analysis, the present study investigated its molecular weight. The
molecular weight revealed in this study corresponds with the chain length of the GAGs. However, the
estimation of this molecular weight should be considered as from the mixture of the CS/DS and HA.
Lower molecular weight (Mw; 3.1 + 0.3 kDa) was detected in the samples from the differentiating 3T3-L1
cells (DI group) with a low degree of dispersion (Mw/Mn; 2.2 + 0.1). Contrarily, the GAGs contained in the
cells from the ND group possessed the Mw value 10.3 £ 1.0 kDa with a higher degree of dispersion
(Mw/Mn; 5.2 + 0.1). Representative HPLC chromatograms and the comparative Mw between ND and DI
groups are shown in Fig. 3d and e.

Expression of CS/DS-related genes in 3T3-L1 cells

To investigate the functional analysis of the CS synthesis in 3T3-L1 cells, the mRNA expressions of genes
encoding glycosyltransferases that are involved in the CS biosynthesis, Csgalnact1, Csgalnact2, Chsy]1,
and Chpf, were examined. In the DI group, regardless of the time course, our results showed the
remarkably low expression of CsgalnactT and Chpf, and considerably lower expression of both
Csgalnact2 on day 10, but not Chsy7, which was not altered during the differentiation compared to that
of non-differentiated cells, as well as the control group (Fig. 4a—d).

Since the HPLC analysis showed a decreasing amount of CS/DS in differentiated cells, we also

investigated the expression of CS hydrolases-related genes, Hyal7 and Hyal2. Our results showed that

Hyal7 expression in the ND group was significantly decreased on day 10. Although Hyal7 expression on
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day 10 in the DI group was not different compared to those of the ND and DI groups on day 5 and the
control group, the expression was considerably higher compared to that of the ND group on day 10 (P=
0.074). On the other hand, the expression level of Hyal2 was not altered over the time course and by the
adipogenic induction, except for its decreased expression in the DI group on day 10 compared to that of
on day 5 (Fig. 4e and f).

The DI group showed a difference in the composition of the GIcA and IdoA residues of CS/DS compared
to the ND group. This led us to investigate the expression of DS-epimerases-encoding genes, Dse and
Dsel, which promote the formation of IdoA in the CS/DS chain [42, 55, 56]. Our study revealed that the Dse
expression in the DI group on day 5 was decreased compared to that in the ND group, but there was no
difference between both groups on day 10 (Fig. 5a). On the other hand, the DI group on day 10 exhibited a
significantly lower Dsel expression compared to the ND group (Fig. 5b).

We have demonstrated the mRNA expression level of CS/DS sulfotransferase-related genes as shown in
Fig. 5¢c—f. The mRNA expression level of Chst72was increased significantly in the DI group on day 10,
supporting the result that the composition of the A unit of CS was increased. In contrast, the significantly
lower expression level of Chst74, encoding D4ST-1, that catalyzes the sulfation to form DS-A was
observed in the same group on day 5 and day 10. Our study revealed that the Chst75 expression level on
day 10 was substantially higher compared to those on day 5 and the control group. The mRNA
expression level of this gene on day 10 was significantly decreased in the DI group compared to the ND
group. Ust was generally expressed higher on day 10 compared to those on day 5 and the control group
with no significant difference observed between ND and DI groups.

Discussion

Decrease in the CS/DS amount and its average molecular
weight in differentiated cells

Adipogenic induction stimulated the 3T3-L1 preadipocytes to differentiate into adipocytes-like
phenotypes showing accumulation of lipid droplets that was also confirmed by the surge of the Pparg
and Fabp4 expression in a day-dependent manner. The differentiated cells, in comparison to the
undifferentiated cells, showed a lower amount of CS/DS and HA disaccharides, as well as their lower
molecular weight. CSPGs have been reported to increase during the differentiation of 3T3-L1 cells [36],
but it was confirmed that the large CSPG molecule level decreased after a few days, as observed at 72 h
after the initiation of cell differentiation [39]. Decreasing the CSPG contents was also previously reported
in the differentiated U-937-4 macrophage-like cells [57]. Moreover, a decrease in CS synthesis was also
revealed in the differentiated HL-60 cell line toward granulocytes and monocytes [58, 59]. Although in this
study we measured the CS/DS disaccharide under a different experimental design compared to those
previous studies, it seems that the decrease in GAGs biosynthesis is a common phenomenon that occurs
upon cell differentiation in some cell types including 3T3-L1 adipocytes. In addition, the average

molecular weights of the GAGs detected in our study were remarkably low, they still fall within the range
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of the CS/DS subclass, which was from 2 to 50 kDa [60]. Our results indicate the decrease of CS/DS
biosynthesis and/or the increase of their degradation during the 3T3-L1 cell differentiation.

Decreased expression of Csgalnact1, Csgalnact2, andChpfin differentiated cells

In accordance with the decreasing of CS/DS contents, relatively lower expression of Csgalnact],
Csgalnact2, and Chpfwas observed in the DI group compared to that of the ND group, although Chsy7
expression remain unaltered. A similar result, decreased expression of CSGALNACT 1 gene (compared to
controls), has been reported in human adipose-derived stromal cells (ASCs) at 7 and 21 days after
adipogenic induction [61]. It is known that some glycosyltransferases, namely ChGn-1, ChGn-2, ChSy-1,
ChSy-2, ChSy-3, and ChPF, regulate CS synthesis. These glycosyltransferases are involved in the series of
events, including chain initiation and catalyze chondroitin polymerization, forming the repeating GIcA and
GalNAc disaccharide residue [7, 8, 10, 62, 63]. Moreover, this complex polymerization activity in CS
biosynthesis involves various combinations of the above enzymes [10, 62]. These phenomena of the
decreased expression of the genes encoding glycosyltransferases strongly support the results of CS/DS
analysis, in which the content was significantly decreased in the DI group. These findings suggest that
during 3T3-L1 differentiation, there is a decrease in glycosyltransferase activity required in the CS
biosynthesis.

CS degradation-associated Hyal1 expression

In addition to the glycosyltransferases-encoded genes expression, our study demonstrates higher
expression levels of Hyal7, but not Hyal2, in the DI group than that of the ND group on day 10. Both Hyal7
and Hyal2 encode hyaluronidases, which have degradation activity against CS, as well as HA [64-66]. In
conjunction with the results of CS/DS contents, these results may indicate the involvement of
hyaluronidases, mainly HYALT, in the occurrence of CS degradation in the differentiating cells. However,
since the increase of the Hyal7 in the DI group on day 10 was not as strong as the glycosyltransferase
reduction, we suggest that the decrease of the molecular weight, as well as the amount of CS/DS, is
predominantly caused by the decrease of their biosynthesis.

Decrease in Dsel expression in the differentiated cells

Both Dse and Dsel that encode DS-epi1 and DS-epi2, respectively, are detectable in 3T3-L1 cells, but their
expressions tend to decrease during differentiation. As mentioned above, DS-epi1, and DS-epi2 facilitate
epimerization of the GIcA residue into IdoA residue results in the formation of a DS chain [56]. Double
knockout of both DS-epi1 and DS-epi2 mice showed no epimerase activity due to the complete absence
of IdoA residue [53]. However, a study in the DS-epi1-null mice showed that epimerase activity is mainly
regulated by DS-epi1 in several organs but the brain, which is suggested to be regulated by DS-epi2 [55].
Dsel expression in the mouse brain is higher than that of Dse and is suggested to be mainly responsible
for the IdoA residue [42]. In the present study, Dsel expression was significantly higher in the ND group on
day 10 compared to that of day 5 and control, and compared to Dse expression of the same group.
Moreover, Dsel expression was significantly suppressed in the DI group, compared to the ND group on day
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10, whereas Dse expression showed no significant difference at the same time point. Suppression of Dse/
is linked to the decreasing of DS-epi2 activity, which may contribute to the decrease in the proportion of
IdoA residue compared to GIcA residue. Here we also suggest that epimerase activity in adipose tissue is
mainly regulated by DS-epiZ2.

Composition of CS/DS types and sulfotransferases gene
expression

Compositional analysis of CS/DS types shows that the major disaccharide in the 3T3-L1 cells is AA unit
[GIcA-GalNAc(4S) and IdoA-GalNAc(4S)]. In fact, compositions of the unsaturated disaccharides in CS
vary among the cell lines, but the AO unit (ADi-0S), AA unit (ADi-4S), or AC unit (ADi-6S) are the major
three disaccharides [67]. Moreover, in the present study, the ratio of GIcA residue of A unit (CS-A) was
increased in the differentiated cells compared to that of the non-differentiated cells. Consistent with the
increase in the GIcA residues, the present study shows an increase in Chst72in the differentiated cells on
day 10. C4ST-2, encoded by the Chst712 gene, is known to catalyze the sulfate transfer of chondroitin and
desulfated dermatan sulfate to position 4 of the GalNAc [68], and is involved in CS-A formation. The
increased Chst12 expression in the DI group on day 10 may contribute to the increased ratio of CS-Ain
the DI group.

In the ND group, in addition to the major AA unit found, small ratio of non-sulfated CS/DS were detected,
namely the O unit (GIcA-GalNAc), and iO unit (IdoA-GalNAc). However, non-sulfated CS/DS was not found
in the DI group. On the other hand, the ratio of GIcA residues in the A unit (CS-A) was increased in
differentiated cells. These changes suggest that sulfation at GIcA-GalNAc residues occurred and the
CS/DS types were formed; it is reasonable to assume that the increase in Chst72 promoted the formation
of non-sulfated CS/DS to A unit CS/DS. Another sulfotransferase-encoding gene, Chst74, that encodes
D4ST-1, was significantly decreased in the DI group on days 5 and 10. The decreasing expression level of
Chst14 was consistent with the genome-wide analysis in human ASCs, in which the CHST74 gene was
down-regulated on days 7, 14, and 21 post-adipogenic induction [61]. Previous studies showed that a lack
of D4ST-1 activity due to the CHST 74 gene mutation causes a substantial reduction in the number of
IdoA residue [69, 70]. The significant decrease in Chst74 expression in the DI group in this experiment
probably promoted the substantial reduction of IdoA residue, especially DS-A.

Furthermore, IdoA residue, but not GIcA, of the highly sulfated iE unit (DS-E) was presented in 3T3-L1

cells, with the proportion was about 5-fold higher in the differentiated cells than in non-differentiated
cells. The formation of both E units of CS/DS is facilitated by GaINAc4S-6ST which catalyzes the transfer
of sulfates to positions 4 and 6 of their GalNAc residue [71, 72]. On the other hand, our study shows the
lower expression of Chst15, that encodes GalNAc4S-6ST, in the DI group compared to the ND group on
day 10. These results are also consistent with the CHST 75 gene expression in human ASCs, which was
reported to be downregulated on day 14 of post-adipogenic induction compared to the control group [61].
As previously mentioned, only iE, the IdoA residue of AE unit, was detected in the DI group. However, in
the contrary, Chst15 expression was decreased in the DI group compared to the ND group, regardless of
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its relatively high expression on day 10. Thus, we suggest that the decrease of this Chst75 expression
might occurred in correlation to the decreased CS/DS amount revealed by HPLC analysis, but was not at
the level of reducing GalINAc4S-6ST activity. In addition, although mRNA expression of Ust, which
transfers a sulfate group to position 2 of GlcA and IdoA residues in CS/DS [73], was observed, there was
no significant difference between the ND and DI groups. However, its product, the AD unit, was not
detectable by HPLC analysis, suggesting that the content of the AD unit was very low in 3T3-L1 cells and
may have been below the minimum threshold detected by HPLC analysis.

Conclusion

In this study, we showed that the A unit (ADi-4S) is the predominant disaccharide in CS/DS from the 3T3-
L1 cell line, both in differentiated and non-differentiated cells. The present findings also confirm that the
amount of CS/DS was reduced in cells undergoing differentiation. However, it was still unclear whether
the CS/DS levels change along with adipocyte differentiation or whether this CS/DS biosynthesis
controls adipocyte differentiation. The details of these cause-and-effect relations remain an issue to be
elucidated in future studies. Nonetheless, these qualitative and quantitative changes in CS/DS before and
after adipocyte differentiation revealed in our study may provide important molecular information for a
detailed understanding of adipocyte differentiation.
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Figure 1

Structure and biosynthesis of CS and DS. (a) The chemical structure of CS and DS disaccharides
repeating units comprise GIcA or IdoA, and GalNac. (b) Schematic diagram of CS/DS biosynthesis. A
number of glycosyltransferases catalyze chain initiation and elongation, as well as participate in
chondroitin polymerization. Several sulfotransferases catalyze the sulfation at various positions in
CS/DS, resulting in the formation of different CS/DS types. Abbreviation: GIcA, glucuronic acid; GalNAc,
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N-acetylgalactosamine; IdoA , iduronic acid; ChSy, chondroitin synthase; ChPF, chondroitin polymerizing
factor; ChGn, chondroitin GalNac transferase; C4ST, chondroitin 4-O-sulfotransferase; C6ST, chondroitin 6-
O-sulfotransferase; GaINAc4S-6ST, GalNAc 4-sulfate 6-O-sulfotransferase; UST, uronyl 2-0-
sulfotransferase; D4ST, dermatan 4-O-sulfotransferase; DS-epi, glucuronyl C-5 epimerase; Chsy,
chondroitin sulfate synthase; Chpf, chondroitin polymerizing factor; Csgal/nact, chondroitin sulfate A-
acetylgalactosaminyltransferase; Chst, carbohydrate sulfotransferase; Ust, uronyl-2-sulfotransferase
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Figure 2

Semi-quantitative Oil Red O (ORO) staining and adipogenesis transcription factors-related gene
expression analysis confirms the adipocyte differentiation. (a) Lipid droplet accumulation was observed
in the differentiated (DI) groups, on days 5 and 10 post-differentiation induction. Scale bar = 100 um. (b)
Accumulation of lipid droplets was observed in the differentiated 3T3-L1 cells of the DI groups. The
absorbance of the eluted ORO obtained from the stained oil droplets was measured using a microplate
reader at 492 nm. **P < 0.01 using Bonferroni test. (¢) Pparg and (d) Fabp4 expression per 50 ng of total
RNA in all experimental groups. The mRNA expression of both Pparg and Fabp4in the DI groups was
higher than in the ND groups. **P < 0.01 using Bonferroni test. Data are presented as the mean
standard deviation (SD) of triplicate samples
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Figure 3

Glycosaminoglycans (GAGs) contents, composition of CS/DS types, and its molecular weight. (a)
Representative chromatograms of the unsaturated disaccharides obtained from the chondroitinase
digestion detected in the 3T3-L1 cells of the non-differentiated (ND) and differentiated (DI) groups. The
elution positions of unsaturated disaccharides are indicated: Adi-0S, AHexAa1-3GalNAc (AO unit); Adi-4S,
AHexAa1-3GalNAc(4S) (AA unit); Adi-4,6S, AHexAa1-3GalNAc(4S,6S) (AE unit). (b) CS+DS and HA
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contents were reduced in the DI group compared to the ND group. **P < 0.01 using an unpaired two-tailed
ttest. (¢) Composition of the CS/DS types in the ND and DI groups. AA unitwas the major CS/DS
disaccharide found in 3T3-L1 cells, although the alteration of the CS/DS types composition was observed
in the DI group compared to the ND group. (d) Representative chromatograms of the non-differentiating
and differentiating 3T3-L1 cells-derived GAGs molecular weight measurement. (€) The molecular weight
of the GAGs in the ND and DI groups. The results indicate a reduction in the chain length of GAGs in the
DI group. **P < 0.01 using an unpaired two-tailed ttest. Data are presented as the mean + standard
deviation (SD) of triplicate samples.
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Figure 4

Decreased mRNA expression encoding ChGn-1 and -2 (Csgalnactiand Csgalnact2) and ChPF (Chpf) in
the DI group compared to the ND and control group. The mRNA expression of glycosyltransferases-
encoding genes (a) Csgalnacti, (b) Csgalnact2, (¢) Chsy1, (d) Chpf, and CS hydrolases-encoding genes
(e) HyalTland (f) Hyal2. *P < 0.05 and **P < 0.01 using Bonferroni test. Data are presented as the mean =
standard deviation (SD) of triplicate samples.
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Figure 5

MRNA expression levels of genes encoding DS epimerases and sulfotransferases in the non-
differentiating and differentiating 3T3-L1 cells. The mRNA expression of (a) Dse, (b) Dsel, (¢) Chst12, (d)
Chst14, (e) Chst15, (f) Ust. *P < 0.05 and **P < 0.01 using Bonferroni test. Data are presented as the mean
+ standard deviation (SD) of triplicate samples.
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