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Dear Colleagues: 

 

 

It is our pleasure to have the 11th International Conference on Proteoglycans in Kanazawa, 

Ishikawa, Japan. In this conference, we set a subtitle, “New frontiers in the biology of 

proteoglycan research”, expecting various novel aspects in this research field. At present, 

we have more than 160 researchers registered and 85 posters. 

 

One of the main objectives of the conference is to encourage young researchers. We have 

Future Leaders Symposium a day before the main conference. 

 

The conference follows the concept of the Gordon Research Conference. It should and 

will be administered with fairness and due respect to researchers. We expect that 

everybody enjoys the conference. 

 

Best regards 

 

 

 
Chairs: Hideto Watanabe  and  Shuhei Yamada 

3



4



Invited Speakers

Suneel Apte   Lerner Research Institute, Cleveland Clinic, U.S.A. 

Paul Bollyky   Stanford University Medical Center, U.S.A.

Brooke Farrugia   University of Melbourne, Australia

Jorge Filmus   Sunnybrook Research Institute, Canada

Vincent Hascall   Lerner Research Institute, Cleveland Clinic, U.S.A.

Joseph Hippensteel  University of Colorado Denver, U.S.A.

Shang-Cheng Hung  Academia Sinica, Taiwan

Yasuhiro Katagiri  NHLBI, NIH, U.S.A.

Lena Kjellén   Uppsala University, Sweden

Hugues Lortat-Jacob  Institut de Biologie Structurale, France

Weontae Lee   Yonsei University, South Korea

Catherine Merry   University of Nottingham, UK

Fredrik Noborn   University of Gothenburg, Sweden

Yasunori Okada   Juntendo University, Japan

Romain Vivès   Institut de Biologie Structurale, France

5



6



Abstract

Prenary Lecture

7



8



Genome-wide analysis of heparan sulfate 

 

Ryan J. Weissa,1, Philipp N. Spahnb,1, Alejandro Gomez Toledoa, Austin W.T. Chiangb, Benjamin P. 

Kellmanb, Jing Li a, Christopher Bennerc, Christopher K. Glassa, Philip L.S.M. Gordtsc,d, Nathan E. 

Lewisb,d,e,2 and Jeffrey D. Eskoa,c,d,2 

 

aDepartment of Cellular and Molecular Medicine, University of California, San Diego, San Diego, CA 

92093-0687; bDepartment of Pediatrics, University of California, San Diego, San Diego, CA 92093-0760; 
cDepartment of Medicine, University of California, San Diego, San Diego, CA 92093-0687, 
dGlycobiology Research and Training Center, University of California, San Diego, San Diego, CA 92093-

0687; eDepartment of Bioengineering, University of California, San Diego, San Diego, CA 92093-0687 

 

One of the most challenging problems in modern cell biology concerns the mechanism that controls the 

composition and biological properties of glycosaminoglycans. It is well known that the arrangement and 

orientation of the sulfated sugar residues specify the location of distinct ligand binding sites for protein 

ligands, and that binding regulates important biological processes including cell proliferation and 

development. Most of the enzymes involved in glycosaminoglycan biosynthesis have been studied 

extensively, but much less information exists regarding the regulatory mechanisms that give rise to the 

variable spatial and temporal expression of glycosaminoglycan compositions in cells and tissues. We have 

taken a two-prong approach towards uncovering these control systems. In one approach, we examined the 

promoter regions of all genes involved in heparin/heparan sulfate assembly and uncovered a transcription 

factor binding motif for ZNF263, a C2H2 zinc finger protein. CRISPR-mediated targeting and siRNA 

knockdown of ZNF263 in mammalian cell lines and human primary cells led to a dramatic increase in 

expression of HS3ST1, a key enzyme involved in imparting anticoagulant activity to heparin, and 

HS3ST3A1, another glucosaminyl 3-O-sulfotransferase. Enhanced 3-O-sulfation increased binding to 

antithrombin, which enhanced Factor Xa inhibition, and binding to neuropilin-1. Analysis of 

transcriptomics data showed an inverse correlation of expression of ZNF263 and HS3ST1 and HS3ST3A1 

in mast cells and basophils compared to other (non-heparin producing) immune cells, consistent with its 

role in regulation of anticoagulant heparin. In a second approach we developed a genome-wide 

CRISPR/Cas9-mediated screen. A lentiviral single guide RNA (sgRNA) library was utilized to knock 

down gene expression across the entire genome in a human melanoma cell line. High-throughput 

screening assays were adapted to identify lentiviral-encoded sgRNAs that induce resistance to a cytotoxin 

whose action depends on HSPGs and that reduce binding of HS-dependent ligands. Top hits from the 

screens were characterized and categorized based on their predicted gene functions and are currently 

being individually validated and examined for their involvement in the regulation of HS composition.  

 

Sunday, 29 September Session 1a - Plenary Lecture
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Chondroitin sulfate as a ligand glycan that disrupts autophagy flux at axon tips 

 

Kenji Kadomatsu, Kazuma Sakamoto, Tomoki Ozaki, Yuanhao Gong 

 

Department of Biochemistry, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, 

Showa-ku, Nagoya 466-8550, Japan 

 

There is an increasing body of reports suggesting that glycans function as ligands 

mediating intracellular signaling through their receptors. However solid data directly 

demonstrating the glycan-receptor-intracellular signaling have not been available. Both 

chondroitin sulfate (CS) and heparan sulfate (HS) bind the receptor-type protein 

tyrosine phosphatase PTPRBut, these glycans exhibit opposite effects on axon 

regeneration: CS promotes it while HS inhibit. We addressed this big question (Nat 

Chem Biol, in press). We found using synthetic oligomers of CS and HS in 

collaboration with Shang-Cheng Hung (Taipei, Taiwan) and Jun-ichi Tamura (Tottori, 

Japan) that PTPRbound to CS-E that is a highly sulfated pattern rare in natural CS 

chains, while PTPR bound to most HS oligomers bearing sulfate and sulfamate 

groups. Accordingly, short and long stretches of natural CS and HS respectively may 

bind to PTPR. A short stretch of CS-E monomerized and activated PTPRWe then 

identified cortactin, an essential molecule for autolysosome formation, as a new 

substrate of PTPR Indeed the activated PTPR dephosphorylated cortactin and 

disrupted autophagy flux at the step of autophagosome-lysosome fusion. This signaling 

led to the accumulation of autophagosome accumulation and the formation of 

dystrophic endball, a hallmark of regeneration-inhibited axon. Therefore, here we 

demonstrated the vital ligand glycan-receptor signaling, i.e., CS-PTPR-cortactin-

autophagy-dystrophic endball, in axon regeneration inhibition after neuronal injuries. 

 

Sunday, 29 September Session 1b - Late Breaking Topics
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Sulfs and sugars: a story of post-translational modification for post-synthetic 

desulfation 

 

Romain Vivès1 

1CNRS-IBS, France 

 

Heparan sulfate (HS) are complex polysaccharides abundantly found in extracellular 

matrices and cell surfaces. These polysaccharides participate to major cellular processes 

through their ability to bind and modulate a wide array of signalling proteins. HS/ligands 

interactions occur through saccharide domains (termed S-domains) of specific sulfation 

pattern, present within the polysaccharide. Assembly of such functional domains is 

orchestrated by a complex biosynthesis machinery and their structure is further regulated 

at the cell surface by post-synthetic modifying enzymes, including extracellular sulfatases 

of the Sulf family. Sulfs specifically target HS S-domains and catalyze the selective 

removal of 6-O-sulfate groups, which are required for the recognition of many proteins. 

Although structurally subtle, these modifications have great functional consequences, and 

Sulfs have emerged as critical regulators of HS activity, in physiological processes such 

as embryogenesis and tissue regeneration, and in diseases such as cancer. 

 

However and despite increasing interest, Sulfs remain highly elusive enzymes and little 

is known about their structure, substrate specificities, or catalytic mechanism. Over the 

recent years, our group has focused on this challenging issue. We have developed an 

efficient expression and purification system of recombinant HSulf-2 in mammalian 

HEK293 cells, showed that the enzyme catalyzed the 6-O-desulfation of HS following an 

orientated and processive mechanism, and further characterized the contribution of its 

sub-domains in the enzyme biological activity. More recently, we have initiated an 

exhaustive analysis of its post-translational modifications, and found that HSulf-2 

featured a unique glycosylation that dramatically affected enzyme/substrate recognition 

and in vivo biological activity. Altogether, these data highlight Sulf glycosylation status 

as a major feature for controlling the post-synthetic edition of HS 6-O-sulfation pattern. 

 
References: 

A. Seffouh, R. El Masri, O. Makshakova, E. Gout1, Z.el Oula Hassoun J.P. Andrieu, H. Lortat-Jacob and R.R. Vivès. 

“Expression and purification of recombinant extracellular sulfatase HSulf-2 allows deciphering of enzyme sub-domain 

coordinated role for the binding and 6-O-desulfation of heparan sulfate”. Cellular and Molecular Life Sciences, 

76,1807-1819 (2019). 

 

I. Seffouh, C. Przybylski, A.Seffouh, R.El Masri, R.R. Vivès, F.Gonnet and R. Daniel. “Mass spectrometry analysis of 

the human endosulfatase HSULF-2”. Biochemistry and Biophysics Reports 18, 100617 (2019) 

 

R. R. Vivès, A. Seffouh and H. Lortat-Jacob : “Post-editing regulation of HS structure: the yin and yang of the Sulfs in 

Cancer”. Front. Oncol. 3:331 (2014). 

 

A. Seffouh, F. Milz, C. Przybylski, C. Laguri, A. Oosterhof, S. Bourcier, R. Sadir, E. Dutkowski, R. Daniel, T. H. van 

Kuppevelt, T. Dierks, H. Lortat-Jacob and R. R. Vivès : “HSulf sulfatases catalyses processive and orientated 6-O-

desulfation of heparan sulfate that differentially regulates FGF activity”. FASEB J. 27, 2431-9 (2013). 
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MECHANISTIC AND EPIGENETIC ASPECTS OF HYALURONAN 
SYNTHESIS 
 
Alberto Passi1, davide Vigetti1, Manuela Viola1, Evgenia Karousou1, Ilaria Caon1, 
barbara bartolini1, Elena Carava'1 
1University of Insubria, Italy 

 

Epigenetic has emerged as a critical point in the control of gene expression and the 
hyaluronan (HA) synthase 2, the principal enzyme producing HA, shows some epigenetic 
aspects. Hyaluronan represents a perfect environment in which cells migrate and 
proliferate as we described for human aortic smooth muscle cells (SMC). Smooth muscle 
cells (SMC) in the presence of different stimuli, as inflammation, oxLDL, mechanical 
stress, produced an altered ECM where HA represents the main molecule. The control of 
the HA synthesis is critical not only in ECM assembly but also in various pathologies, 
including cancer and artheriosclerosis. In contrast with other glycosaminoglycans, which 
are synthesized in the Golgi apparatus, HA is produced on the plasma membrane by HA 
synthases (HAS1-3) by using UDPGlcUA acid and UDPGlcNAc as substrates. UDP-
sugar availability as well as the cellular energy are critical for the synthesis of HA and for 
HAS2 activity. The AMP activated protein kinase, a sensor of the energy status of the cell, 
leads to HAS2 T110 phosphorylation, which specifically inhibits HA secretion. However, 
the most general sensor of cellular nutritional status is the UDPGlcNAc produced by 
hexosamine biosynthetic pathway. This metabolic pathway is influenced by protein, fatty 
acid, nucleotide and glucose metabolisms and when activated leads to intracellular protein 
glycosylation (O-GlcNAcylation). We described that O-GlcNAcylation of serine 221 
residue of HAS2 induces a dramatic stabilization of the enzyme on the membranes and 
an increase of HA production. Eventually we found a long non-coding RNA (NAT) 
positively controlsin cis the HAS2expressioninvolving p65 and NFkB pathway. This 
HAS antisense is also involved in the miRNA regulation acting as a sponge modulating 
the availability of some miRNA. Beside the antisense effect, another epigenetic control 
has been tested for P300 and histone acetylation. In fact transfection of P300 increased 
the HAS2 expression and HA synthesis whereas transfection of HDAC1 has opposite 
effects, indicating that this epigenetic control plays a role in this context. The sirtuins are 
also another part of the complex mechanisms involved in HAS 2 expression. The data 
produced in our laboratory indicate that epigenetic area is a key point of the hyaluronan 
metabolism and therefore of ECM composition. 
 

Monday, 30 September Session 2 - Biosynthesis and Metabolism A
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Monocyte progenitors that divide in hyperglycemic glucose initiate intracellular 

hyaluronan synthesis that is blocked in the presence of heparin 

 

Amina Abbadi, Vincent Hascall, Carol de la Monte, Christina Wang, Aimin Wang 

Department of Biomedical Engineering, Cleveland Clinic, Cleveland, Ohio, 44195 USA  

 

Our previous study [1] showed that: 1) Streptozotocin (STZ) treated rats are hyperglycemic within 2-

3 days; 2) Their kidney mesangial cells (RMCs) divide in the first week and initiate hyaluronan (HA) 

synthesis that accumulates continuously for 6 weeks; 3) Circulating monocytes continuously enter and 

accumulate in the glomeruli; and 4) The rats are sacrificed at 6 weeks due to extensive loss of weight 

and proteinurea. In contrast STZ treated rats injected daily with a low dose of heparin: 1) Synthesize 

an extensive glomerular HA matrix within 1 week; 2) Circulating monocytes enter glomeruli and 

remove the HA matrix down to near control level by 6 weeks; and 3) The glomeruli maintain their 

function, and the rats do not lose any weight for at least 12 weeks. Our recent study [2] showed that: 

1) RMCs entering G1 phase of division in normal glucose (5.6 mM) block glucose uptake by removing 

glucose transporter 4 (glut4) from the cell surface; 2) In high glucose (25.6 mM) glut4 remains on the 

surface for 3 h with continuous glucose uptake; 3) In high glucose with 1 g/ml heparin, glut4 was 

removed from the cell surface within 1 h, which stopped glucose uptake; 4) In high glucose, HA 

synthesis was induced in intracellular compartments (ER, Golgi, transport vesicles) in early S phase 

of division with extrusion of a monocyte-adhesive HA matrix after division; and 5) In the presence of 

heparin in high glucose RMCs finished cell division and then initiated synthesis of an extensive 

extracellular monocyte-adhesive HA matrix. Monocytes and macrophages that are recruited into areas 

of inflammations remove the pathological HA matrix by a process that involves capping of the cell 

surface CD44, a HA binding protein [3]. Our ongoing studies show that U937 cells, a leukemic cell 

line that is studied as a model for monocyte biology, also initiate intracellular HA synthesis during 

division in hyperglycemic glucose, which is blocked by heparin. After division, they are pro-

inflammatory, initiate extrusion of the HA and cap their CD44. This exhausts their ability to interact 

and remove HA from an inflammatory matrix. Heparin blocks the intracellular HA synthesis and 

promotes an anti-inflammatory phenotype. Further, circulating monocytes derived from bone marrow 

progenitors in hyperglycemic mouse diabetic models and in human patients with hyperglycemic 

HbA1/c levels >7,000 also have extensive intracellular HA. These results provide a model for the 

differences in the kidney responses to high glucose without or with heparin treatment described above. 

Ongoing studies are using biotinylated heparin to determine the receptor(s) that reprogram the dividing 

RMCs to block glucose uptake during the first hour of G1 in high glucose responses. 

[1] Wang, A. et al. J. Biol. Chem. 289:9418-9429, 2014. [2] Wang, A.J. et al. J. Biol. Chem. 294:6591-

6597, 2019. [3] Wang, A. et al. FEBS J. 278:1412-1418, 2011.  

Monday, 30 September Session 2 - Biosynthesis and Metabolism A
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CD44 Drives Mitochondrial Dysfunction and Beta-Cell Loss in Obesity-Associated 
Diabetes 
 
Vivek Sunkari1, Gernot Kaber1, Nadine Nagy1, Payton Marshall1, Hedwich Kuipers1, 
Heather Ishak1, Marika Bogdani2, Heshan Peiris1, Seung Kim1, Kent Jensen1, Hunter 
Martinez1, David Naor3, Thomas Wight1, Maria Grandoch4, Jens Fisher4, Katja 
Weinacht1, Paul Bollyky1 
1Stanford University, United States 
2Benaroya Research Institute, United States 
3The Hebrew University-Hadassah Medical School, Israel 
4Heinrich-Heine-Universität Düsseldorf, Germany 

 

CD44 is strongly implicated by eGWAS studies in the pathogenesis of obesity-associated 
type 2 diabetes but the underlying mechanisms have been unclear. We report that chronic 
hyperglycemia results in deposition of the extracellular matrix polysaccharide hyaluronan 
and enhanced expression of CD44 within peripheral tissues from human subjects with 
T2DM and in the db/db mouse model of the disease. Within pancreatic islets, Hyaluronan 
deposition triggers CD44 mediated alterations in metabolic homeostasis, impaired 
mitochondrial respiration, and β-cell failure. Conversely, treatment of db/db mice with 
the hyaluronan synthesis inhibitor 4-methylumbelliferone restores euglycemia and 
mitochondrial respiration, and prevents β-cell loss despite ongoing obesity. db/db.CD44-
/- mice are likewise protected from obesity-associated diabetes. Moreover, B6.CD44-/- 
mice and B6.CD44+/+mice treated with 4-MU are also relatively protected from the toxic 
effects of streptozotocin, suggesting this pathway governs β-cell survival. We propose 
that islet hyaluronan accumulation characterizes chronic T2DM and that 
hyaluronan/CD44 interactions contribute to the pathogenesis of T2DM through effects on 
β-cell function and health. We propose that CD44-HA interactinos could be targeted to 
prevent β-cell loss in T2DM. 
 

Monday, 30 September Session 2 - Biosynthesis and Metabolism A
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Towards structural & functional understanding of hyaluronan crosslinking in 
inflammation and ovulation 
 
Anthony J. Day1  
Wellcome Trust Centre for Cell-Matrix Research and Lydia Becker Institute of Immunology and 

Inflammation, Faculty of Biology, Medicine and Health, The University of Manchester, Manchester 

M13 9PT, UK  

 
Inter-α-inhibitor (IαI) is a chondroitin sulfate proteoglycan essential for mammalian 
reproduction that also plays a less well-characterized role in inflammation. IαI is 
composed of 2 homologous ‘heavy chains’ (HC1 and HC2) covalently attached to CS 
on the bikunin core protein. During inflammation, and just prior to ovulation, HCs are 
transferred onto the polysaccharide hyaluronan (HA), where interactions between HCs 
and with pentraxin-3 (PTX3) have been implicated in the crosslinking of HA chains 
(see [1]); e.g. stabilizing a matrix around the oocyte that is required for fertilization.  
    Crystallography studies have revealed that human HC1 has a structure similar to 
integrin β-chains and contains a functional metal ion-dependent adhesion site (MIDAS) 
motif that can mediate self-association of heavy chains, providing a mechanism for the 
crosslinking of HC-HA complexes [2]. We are also making progress towards 
determining a structure for human PTX3 using a combination of cryo-EM, 
crystallography and modeling informed by SAXS; e.g. we have recently determined a 
high-resolution structure for the octameric arrangement of the C-terminal domain [3].  
   HC1 also utilizes its MIDAS motif to bind to, and inhibit the cleavage of, 
complement C3. This identifies HC1 as a novel regulator of innate immunity through 
inhibition of the alternative pathway C3 convertase and provides a new mechanism for 
tissue protection in inflamed tissues and during ovulation. We have also discovered that, 
surprisingly, HC1 interacts with RGD-containing integrin ligands, such as vitronectin 
and the latency-associated peptides of TGFβ, in a MIDAS and cation-independent 
manner [2]. Binding of HC1 to TGFβ-LAP and LTBP1 indicates that HC1 may affect 
the bioavailability of TGFβ through regulation of small and large-latent complexes.  
 
[1] Day AJ & Milner CM TSG-6: a multifunctional protein with anti-inflammatory and 

tissue-protective properties. (2019) Matrix Biology 78-79, 60-83. 

[2] Briggs DC et al. & Day AJ (2019) Pre-print: https://www.biorxiv.org/content/10.1101/695700v1 

[3] Lockhart-Cairns MP, Fontana J, Levy CW, Inforzato A, Mantovani, A., Jowitt TA, Baldock C, 

Richter RP & Day AJ, unpublished data. 

Monday, 30 September Session 2 - Biosynthesis and Metabolism A
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Human mast cells produce hyaluronidase 1 and 4, that cleaves chondroitin sulfate 
chains that decorate serglycin 
 
Brooke Farrugia1, Shuji Mizumoto2, Megan Lord3, Shuhei Yamada4, John Whitelock3 
1Department of Biomedical Engineering, The University of Melbourne, Australia 
2Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, Japan 
3Graduate School of Biomedical Engineering, UNSW Sydney, Australia 
4Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, Japan 

 

Chondroitin sulfate proteoglycans (CSPGs) are ubiquitous molecules present within 
virtually all tissues and undertake many roles from tissue stabilization to collagen 
fibrillogenesis. Members of the hyaluronidase (HYAL) family of enzymes cleave not only 
hyaluronan but also chondroitin sulfate (CS), including HYAL1. Though, while HYAL4 
degrades CS, it does not cleave hyaluronan, and is present in the placenta, skeletal muscle 
and testis. Here, we were interested in determining whether members of the HYAL family 
are produced by mast cells, a type of inflammatory cell, and investigate the CS structures 
generated following HYAL digestion.  
Mast cells were identified in human skin using histochemistry (Leder stain and toluidine 
blue), and immunohistochemistry with an anti-tryptase antibody. Flow cytometry and 
Western blot analysis demonstrated the presence of HYAL4 in mast cell lysates. 
Interestingly, flow cytometry analysis of mast cells revealed the presence of unique CS 
structures, detected with the monoclonal antibody 2B6, in that absence of bacterial lyase, 
that are well characterized for the ability to bind to CS stub neoepitopes after digestion 
with the bacterial lyase, chondroitinase ABC. Treatment of CSPGs with HYAL1 and 
HYAL4 generated structures detected with the CS stub neoepitope antibodies 2B6 and 
3B3.  
These data demonstrate for the first time the production of a CS degrading enzymes by 
mast cells, that may play a role in maintaining α-granule homeostasis. Furthermore, these 
data support the idea that mast cells might alter the structure of CS in response to their 
microenvironment, which may have important ramifications in the regulation of collagen 
fibrillogenesis and tissue remodeling. 
 

Monday, 30 September Session 3 - Biosynthesis and Metabolism B
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Competing interactions between biosynthesis enzymes regulate heparan sulfate 
structure 
 
Lena Kjellén1 
1Uppsala University, Sweden 

 

Competing interactions between biosynthesis enzymes regulate heparan sulfate structure 
Lena Kjellén 
Department of Medical Biochemistry and Microbiology, Science for Life Laboratory, 
Uppsala University, The Biomedical Center, Box 582, SE-751 23 Uppsala, Sweden 
Heparan sulfate chains attached to proteoglycans from various tissues and cells show a 
great variation in structure as well as polysaccharide chain length. However, studies of 
heparan sulfate from mice clearly show that heparan sulfate from the same cell type or 
organ of different age-matched mice are indistinguishable. Obviously, structural features 
of heparan sulfate are under strict control, applied at different levels during and after 
biosynthesis. In addition to transcriptional and translational regulation of biosynthesis 
enzyme expression, UDP-sugar and PAPS (sulfate donor) availability, regulatory 
phosphorylation and sulfation of the glycosaminoglycan linkage region, the formation of 
functional enzyme complexes appears to be a powerful way to influence biosynthesis. 
Together with substrate specificity, competing interactions between the enzymes may 
have a major role in determining the final outcome of biosynthesis. 
In collaboration with Sakari Kellokumpu and his group in Oulu we are now investigating 
interactions between heparan sulfate biosynthesis enzymes, with an emphasis on the N-
deacetylase/N-sulfotransferases (NDSTs) which perform the first modification reactions 
during biosynthesis. By correlating data on heparan sulfate structure in cells over-
expressing or lacking a selected enzyme with information about the interaction potential 
of the enzyme our aim is to evaluate the impact of enzyme- enzyme interactions on 
heparan sulfate structure. 
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Characterization of specific cell-surface heparan sulfate-protein interactions 

 

Shang-Cheng Hung 

Genomics Research Center, Academia Sinica, 128, Section 2, Academia Road, Taipei 11529, Taiwan 

 

Heparan sulfate (HS) is a linear polysaccharide that is widely distributed on the cell 

surface, where it exists as proteoglycan component.  The HS chain is initially assembled 

as a simple 1→4-linked copolymer of N-acetyl-α-D-glucosamine and β-D-glucuronic acid 

(GlcA), but the seemingly regulated but non-template driven modifications cause 

extensive microheterogeneity along the sugar backbone comprised of around 50 to 200 

disaccharide units.  These modifications, which include N-deacetylation, N-sulfonation, 

GlcA 5-C epimerization forming α-L-iduronic acid, and multiple O-sulfonations, are 

implemented by several enzyme isoforms of varying specificities and are always 

incomplete, accounting to theoretically 48 disaccharide variations.  The myriad of 

functional group patterns decorating the sugar backbone allowed HS to encode a high 

density of structural information.  Such array of modifications is responsible for 

mediating or modulating protein activity.  Keen interests are focused in deciphering the 

molecular level details of the HS–protein interactions because they may present 

therapeutic opportunities.  Here, chemical synthesis of HS oligosaccharides in 

conducting structure–activity relationship studies will be presented. 

 

Monday, 30 September Session 4 - Novel Technologies
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Modeling Developmental Diseases of Glycosaminoglycan Biosynthesis and 

Degradation  

Jamie L Thompson1,2, Sara Pijuan-Galitó1,2, Bashayer Ahmed1, Kate Dowding1, Emma 

Barker1, Jennifer C Ashworth1, Tessa Wilpshaar3, Judith Boveé3, Morgan R Alexander2, 

Lena Kjellén4, Catherine L R Merry1 

1Division of Cancer & Stem Cells and 2School of Pharmacy, University of Nottingham, UK, 

3LUMC, Netherlands, 4Department of Medical Biochemistry and Microbiology, Uppsala University, 

Sweden 

 

Improvements in the availability and affordability of genetic testing has led to an 

increasing number of patients identified as having defects in glycosaminoglycan (GAG) 

biosynthetic or degradative pathways.  Our understanding of the impact of these defects 

has so far been based primarily on animal (mouse/fly/worm) knock-out models or 

relatively simple cell culture-based assays.  Induced pluripotent stem cell (iPSC) 

technology offers an attractive way to model early developmental disorders in the human 

system as well as to probe the fundamental basis of how GAGs influence cell signaling.  

The ability to differentiate cells to specific lineages provides detailed information on the 

activity of multiple interacting signaling events. The relevance of these models is 

significantly increased when used in combination with isogenic control lines which are 

often generated using gene editing (e.g. CRISPR/Cas9) techniques. However, many 

current iPSC derivation, expansion and differentiation methods make use of GAG-

containing media/substrates which complicate their interpretation. We will present early 

work detailing the creation of patient-derived iPSCs and CRISPR/Cas9 modified iPSCs 

with defects in key GAG biosynthetic genes. We will discuss the strategies we have used 

to remove exogenous GAG from the culture setting and how we have made use of our 

recently-published method for in vitro 3D culture using a fully-defined peptide-based 

hydrogel to investigate cell-matrix interactions during cell expansion and differentiation.   
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Expanding the chondroitin - and heparan sulfate - glycoproteome by LC-MS/MS 
 
Fredrik Noborn1, Masahiko Takemura2, Tabea Dierker3, Alejandro Gomez Toledo1, 
Andrea Persson1, Jonas Nilsson1, Lena Kjellén3, Hiroshi Nakato2, Göran Larson1 
1Department of Laboratory Medicine, Institute of Biomedicine, University of 
Gothenburg, Gothenburg, Sweden 
22Department of Genetics, Cell Biology, and Development, University of Minnesota, 
Minneapolis, MN, USA 
3Department of Medical Biochemistry and Microbiology, Uppsala University, Uppsala, 
Sweden. 
 
Proteoglycans regulate important biological pathways in virtually all metazoan organisms. 
Owing to their complex nature, the glycosaminoglycan (GAG) side chains are usually 
separated from their core proteins prior to structural analysis. We have recently developed 
glycoproteomic approach that identifies and differentiates between chondroitin sulfate 
(CS) and heparan sulfate (HS) attachment sites and provides identity to the core proteins. 
In this approach trypsin-treated proteoglycans are enriched from various sample matrices 
by strong-anion-exchange chromatography, digested with chondroitinase ABC or 
heparinases, to reduce the CS and HS chain lengths, respectively. The preparations are 
thereafter analyzed by nLC-MS/MS and the data is processed by a novel glycopeptide 
search algorithm. Analysis of human CSF and urine enabled the identification of 13 novel 
CSPGs. Interestingly, five of the identified CSPGs are traditionally defined as 
prohormones (cholecystokinin, chromogranin A, neuropeptide W, secretogranin-1, and 
secretogranin-3), typically stored and secreted from granules of endocrine cells. The 
approach also facilitated the identification of novel structural variations of the linkage 
region, such as fucose modifications and a non-canonical linkage region trisaccharide. By 
using other proteases than trypsin, we could identify additional glycopeptides in 
proteoglycans with multiple GAG-sites, thereby improving the mapping of the 
glycoproteome. Furthermore, we have used our trypsin-based glycoproteomic approach 
to map the chondroitin glycoproteome in C. elegans, resulting in the identification of 15 
novel chondroitin core proteins. Analysis of the primary protein sequences revealed that 
the core proteins contained various functional domains involved in both the assembly of 
connective tissue and as well as more specialized function, indicating that a broad range 
of proteoglycan-mediated functions evolved early in metazoan evolution. Moreover, 
analysis of Drosophila melanogaster identified the windpipe protein (Wdp) as novel 
CSPG. Wdp was found to inhibit Hedgehog signaling in the wing disc, demonstrating  a 
novel role of CSPG in regulating Hedgehog signaling.

Monday, 30 September Session 4 - Novel Technologies

23



Characterization of exosomes secreted from oral squamous carcinoma cells during 
epithelial to mesenchymal transition 
 
Katarzyna Inoue1, Rina Takayama1, Kazuki Takahashi1, Tetsuro Watabe1 
1Tokyo Medical and Dental University (TMDU), Japan 

 

Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells acquire 
mesenchymal phenotypes leading to increased motility and invasiveness. Many 
extracellular signals including transforming factor-β (TGF-β) can induce EMT leading to 
the increased invasiveness and metastasis. There are also reports suggesting that 
exosomes, small extracellular vesicles (EVs), can promote tumor progression by 
stimulating various processes including EMT. Heparan sulfate proteoglycan (HSPG) is 
strategically localized on the cell surface and serves as receptors for a number of 
extracellular ligands. HSPG has been also implicated in the formation/uptake of breast 
cancer- and glioblastoma-derived exosomes, but its role in the exosome formation or 
uptake in oral cancer cells undergoing EMT remains to be elucidated. 
In the present study, we have used oral cell lines, derived from human oral squamous cell 
carcinoma (OSCC). We treated oral cancer cell lines with TGF-β to induce EMT and 
isolated EVs secreted into a culture medium, followed by their biochemical and functional 
characterization. Analysis of secreted EVs with antibodies against well-known exosomal 
markers, i.e. TSG101, ALIX and CD63 suggested that at least part of secreted EVs could 
be classified as oral cancer cells-derived endosomes. Further characterization of 
exosomes, using antibodies recognizing HSPG-derived epitopes revealed association of 
HSPGs with exosomal cargo that was affected by TGF-β treatment. In addition, exosomes 
derived from oral cancer cell lines treated with TGF-β, enhanced migration of cancer cells 
to higher extent if compared to exosomes isolated from control cells. Further functional 
analyses using exosomes isolated from oral cancer cell lines undergoing EMT will 
provide better understanding of their roles in the progression of oral cancer. 
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Selective Regulation of FGF Signaling by Heparan Sulfate Saccharides Reveal a 
Role for 3-O-sulfation 
 
Emma Sery1, Scott E. Guimond1, Yongmei Xu2, Jian Liu2 & Jeremy E. Turnbull1 
  
1Dept. of Biochemistry, Institute of Integrative Biology, Liverpool University, Crown St, Liverpool, 

L69 7ZB, England, UK.  
2Eshelman School of Pharmacy, University of North Carolina, 1044 Genetic Medicine Bldg, 

CB# 7356, Chapel Hill NC 27599-7568, USA. 

 

 

Fibroblast growth factors (FGFs) regulate a broad spectrum of biological processes and 
aberrant FGF signalling has been linked to many disorders and diseases. Paracrine FGF 
signalling - through the tyrosine kinase receptor FGFR - is known to be regulated by 
heparan sulphate (HS), and the interactions between HS, FGF and FGFR depend on the 
size and spatial distribution of the saccharides anionic moieties. Deciphering HS 
structure-activity relationships (SAR) in FGF signalling is hence of crucial importance 
for understanding the functional role of HS and potentially for the development of novel 
glycan therapeutics. Despite the intensive investigation that has been carried out in recent 
decades, the interactions between HS, FGF and FGFR which lead to functional activity 
remain elusive, mainly owing to a restricted access to well-defined saccharide structures.  
 
Here, we aimed to uncover structural determinants which underpin the selectivity in HS-
FGF-FGFR interactions, by exploiting a range of fully defined chemically and chemo-
enzymatically prepared oligosaccharides. Screening in bioassays of specific FGF ligands, 
using BaF3 cells expressing single receptors, showed that both general and subtle 
structural changes significantly impact the ability of saccharides to support FGF 
signalling, in a ligand-receptor complex dependent manner. The size of the saccharides, 
combined with the presence/absence of 2-O-, 6-O- and N-sulphate groups were shown to 
be crucial factors for functional activity. Most notably however we demonstrated for the 
first time that the presence of a single 3-O-sulphate group was linked to high levels of 
activation of FGF1 in particular, but also in some cases to signalling inhibition of FGF2. 
Our data support the concept of a sulfation code in HS which impacts structure-activity 
in a manner relevant to biological regulation and potential biomedical exploitation.  
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Structural insight into the mechanism by which C5‑Epimerase and 

2‑O‑Sulfotransferase catalyze the formation of 2-O-sulfated iduronic acid in 

heparan sulfate 

 

Hugues Lortat-Jacob1 Claire Debarnot2, David Bonnaffé3, Cédric Laguri1 Yves Bourne2 

 

1CNRS, Univ. Grenoble Alpes, CEA, Institut de Biologie Structurale, Grenoble, France 

2 CNRS, Univ. Aix Marseille Univ, AFMB, Marseille, France 

3Institut de Chimie Moléculaire et des Matériaux d'Orsay, Univ. Paris Sud, CNRS, Orsay, France 

 

Heparan sulfate (HS) is a complex polysaccharide that interacts with a wide array of 

proteins and as such modulates a remarkably large variety of biological processes. Protein 

binding sites are assembled during HS biosynthesis by a series of Golgi-local ized 

enzymes, which include the EXTs, the NDSTs, the C5-epimerase (C5-epi) and the 2-, 6- 

and 3-O-sulfotransferases (OST). 

Of these, the C5-epi and the 2-OST catalyzes the reversible epimerization of D-glucuronic 

acid (GlcA) into L-iduronic acid (IdoA) and their 2-O-sulfation respectively, two 

reactions that are key to the polymer binding capacity. IdoA, in contrast to GlcA, can 

adopt different conformations, providing HS chain with internal flexibility and enhanced 

binding properties. In addition, IdoA is 2-O sulfated more efficiently than GlcA, a 

modification that prevents reverse epimerization into GlcA and also strongly facilita tes 

interaction with most HS binding proteins. 

 

To investigate these two steps, we used chemically defined 13C-labeled substrates and 

NMR based experiments enabling to follow simultaneously the enzymatic activities and 

characterize their reaction products. Using this approach, we report that the association 

of C5-epimerase and 2-O-sulfotransferase is necessary to processively generate extended 

sequences of contiguous IdoA2S-containing disaccharides. We also report the crystal 

structures of the human C5-epi in the unbound state and of an inactive mutant bound with 

a (GlcA-GlcNS)n substrate or a (IdoA-GlcNS)n product from which we detailed the 

catalytic mechanism. 

These data unveil how selective conformational distortions of the HS precursor chain 

allow the reversible abstraction and readdition of a proton at the C5 position and support 

the view that HS structure assembly is controlled by the physical association of the 

biosynthetic enzymes. 
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STRUCTURAL BASIS OF SYNDECAN-2/MMP-7 INTERACTION FOR 
COLON CANCER ACTIVITY REGULATION 

 
Bohee Jang1, Ji-Hye Yun2, Sojoong Choi1, Eok-Soo Oh1 and Weontae Lee2 

 
1Department of Life Sciences, the Research Center for Cellular Homeostasis, Ewha Womans 
University, Seoul 120-750, Korea, 2Department of Biochemistry, College of Life Science and 

Biotechnology, Yonsei University, Seoul 120-749, Korea 
 

Email: wlee@spin.yonsei.ac.kr 
 
Syndecan proteoglycans are involved in the regulation of development, wound healing, neural 

and glioma stem cell differentiation. Previously, we have reported that syndecan-2 regulates 

gene expression of MMP-7 in colon cancer cells and syndecan-2 is known to interact with 

pro-domain of matrix metalloproteinase-7 (MMP-7). However, details of their interaction 

remains unknown. Our data with a series of syndecan-2 extracellular domain deletion mutants 

showed that the interaction was mediated through the extracellular domain of syndecan-2 

(residues 41 to 60) with helix-loop-helix at pro-domain of MMP-7. Consistently, the synthetic 

peptide corresponding to the binding site at syndecan-2 inhibited their interaction. In addition, 

NMR and structure modeling showed that Glu7, Glu32, Gly48 and Ser52 of MMP-7 pro-

domain-7 made syndecan-2 binding pocket and the pocket was occupied by side chain of 

tyrosine residues (Tyr51) from syndecan-2, together with electrostatic interaction. Consistent 

with this notion, syndecan-2 mutant replacing Tyr51 into Ala diminished the interaction of 

syndecan-2 extracellular domain and pro-domain of MMP-7. Furthermore, these interaction 

defective mutants reduced cell surface localization of MMP-7, processing of pro-MMP-7 into 

active form of MMP-7, MMP-7-medaited extracellular domain shedding of both syndecan-2 

and E-cadherin, and syndecan-2-mediated anchorage-independent growth of HT-29 colon 

adenocarcinoma cells. Collectively, these data strongly suggest that syndecan-2 extracellular 

domain mediates its interaction with and processing of pro-MMP-7 into active enzyme, and 

regulates syndecan-2 function dependent on MMP-7 activity. 
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The versican-hyaluronan complex provides an extracellular matrix niche that is 
essential for vasculogenesis and primitive hematopoiesis  
Sumeda Nandadasa, Anna O’Donnell, Ronald J. Midura and Suneel S. Apte  
Department of Biomedical Engineering (ND20), Cleveland Clinic Lerner Research Institute, 9500 

Euclid Avenue, Cleveland, OH 44195, USA  

 
Versican, a chondroitin sulfate proteoglycan that aggregates with the 
glycosaminoglycan hyaluronan in extracellular matrix (ECM), is indispensable for early 
cardiac development. We have discovered that yolk sac and embryos of the 
pan-versican-deficient VcanHdf/Hdf mouse model lack vasculature and have reduced yolk 
sac blood island formation. Although unorganized vascular endothelial cells and a few 
differentiated blood cells form in VcanHdf/Hdf yolk sacs, a primary vascular plexus is not 
formed and erythroid differentiation is severely attenuated. Our analysis reveals that 
spatially regulated versican and hyaluronan (HA) in extraembryonic mesoderm are 
intimately associated with Flk1+ hematovascular progenitor cells migrating out of the 
primitive streak at gastrulation. In-situ analysis demonstrated Vcan localization to Flk1+ 
hematovascular progenitor cells, but not by subsequently formed CD41+ hematopoietic 
cells, suggesting that versican acts specifically at the earliest stages of differentiating 
hematovascular progenitors. Consistent with the anomalies in VcanHdf/Hdf embryos, Vcan 
inactivation by CRISPR/Cas9 in mouse embryonic stem  (ES) cells led to reduced 
expression of vascular endothelial and hematopoiesis markers in embryoid bodies, 
including Flk1, CD41, GATA-1 and PECAM-1. Versican-deficient embryoid bodies 
formed significantly fewer and shorter vascular sprouts in response to VEGF165 and 
fewer blood colonies in methylcellulose assays. Notably, lack of versican led to loss of 
HA in the yolk sac and throughout the embryo, demonstrated by reduced staining of 
HA-binding protein and HA-FACE of whole embryos. The requirement for an obligate 
versican-HA complex is supported by co-expression of Cd44, Has2 and Vcan in Flk1+ 
hematovascular progenitors detected by single cell RNA sequencing. In addition, 
previous analysis of Has2 null mutants also demonstrated lack of yolk sac vasculature, 
although this was not studied further. We conclude that versican stabilizes HA 
extracellularly, and the versican-HA complex provides a crucial ECM niche for Flk1+ 
hematovascular progenitors from their genesis at gastrulation. Impaired angiogenesis 
and erythropoiesis in versican-deficient ES cell-derived embryoid bodies demonstrates 
that the versican-HA requirement for vasculogenesis and primary hematopoiesis is 
independent of the role in cardiac development.  
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Glypican-6 plays a critical role in gut development 
 
Jorge Filmus1, Wen Shi1, Tomoyuki Kaneiwa1, Jean Gariepy1 
1Sunnybrook Research Institute, Canada 

 

We report here that Glypican-6 (GPC6)-null mice display at birth small intestines that are 
75 % shorter, and stomachs that are 30 % smaller than those of normal littermates. In 
addition, the anatomical features of the stomachs of the GPC6 mutants are drastically 
altered. 
Notably, we demonstrate that the role of GPC6 in intestinal elongation is mediated by 
both Hedgehog (Hh) and non-canonical Wnt signaling. Based on results from in vitro 
experiments, we had previously proposed that GPC6 stimulates Hh signaling by 
interacting with Hh and Patched1 (Ptc1), and facilitating/stabilizing their interaction. 
Here we provide strong support to this hypothesis by showing that GPC6 binds to Ptc1 in 
the mesenchymal layer of embryonic intestines. This study also provides experimental 
evidence that strongly suggests that GPC6 inhibits the activity of Wnt5a on the intestinal 
epithelium by binding to this growth factor, and reducing its release from the surrounding 
mesenchymal cells. Finally, we show that whereas the mesenchymal layer of GPC6-null 
intestines displays reduced cell proliferation and a thinner smooth muscle layer, epithelial 
cell differentiation is not altered in the mutant gut. 
Initial studies of the GPC6-null stomachs indicate that the role of this glypican in stomach 
development is mediated, at least in part, by the Hh signaling pathway. 
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A CRISPR/Cas9 in vitro human induced pluripotent stem cell (hiPSC) model to 
investigate the role of perlecan in cardiovascular fibrotic disease. 
 
James Smith1, Kate Dowding2, Jamie Thompson2, Cathy Merry2, Megan Lord3, Chris 
Denning2, John Whitelock3 
1University of East Anglia, United Kingdom 
2Univerity of Nottingham, United Kingdom 
3University of New South Wales, Australia 

 

INTRODUCTION: Perlecan is a modular heparan sulphate proteoglycan of basement 
membranes and the basal laminae. The N-terminal domain of the protein core, domain I 
is decorated with heparan sulphate (HS) and the C-terminal, domain V contains an a1b2 
integrin binding site, which has been implicated in the fibrosis associated with renal 
allograft transplantation. This project aims to use the CRISPR/Cas9 gene targeting system 
to specifically target these domains in hiPSCs so that we can investigate their roles in 
fibrosis following directed differentiation.  
MATERIALS & METHODS: CRISPR/Cas9 targeting plasmids were designed and 
constructed with Snapgene™ using the genomic perlecan (HSPG2) sequence. hiPSCs 
were transfected with clones selected by assessing the expression of perlecan using 
immunocytochemistry and qPCR.  
RESULTS: After transfection and selection, we isolated heterozygous and functional 
homozygous clones with reduced perlecan mRNA (~50% by qPCR), and protein 
expression by immunofluorescence. Targeted clones maintained pluripotency and 
capacity to differentiate into cardiomyocytes, demonstrating that a reduced expression of 
perlecan had no significant effect on the ability of hiPSCs to respond to differentiation 
cues.  
DISCUSSION: Our results show that we can use CRISPR/Cas9 gene targeting to 
successfully target the perlecan gene (HSPG2) to create clonal hiPSC lines with reduced 
expression, but maintain differentiation ability. Next, we plan to create hiPSC lines that 
have been modified to express truncated forms of perlecan lacking either domain III or V. 
These cell lines will be used to investigate ECM composition and secretion as the cells 
differentiate into cardiomyocytes and respond to fibrotic stimuli. 
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The role of biglycan in promoting a switch between inflammation and autophagy 
 
Liliana Schaefer1 
1Goethe University, Frankfurt, Germany 

 

It is well established that biglycan, a small leucine-rich proteoglycan, acts as an 
extracellular matrix-derived danger signal in its soluble form. By binding to innate 
immunity Toll-like receptors (TLR) 2 and 4, biglycan initiates and perpetuates the 
inflammatory response. Previous work has conveyed that biglycan’s role in inflammation 
extends far beyond its function as a canonical danger signal. It has been shown that 
biglycan acts in an anti-inflammatory capacity, wherein it tightly regulates the 
inflammatory response. In this review, we will discuss a paradigm shift to our 
understanding of biglycan signaling in inflammation. Mounting evidence suggests that 
the selective interactions between biglycan, TLRs, and their adapter proteins critically 
regulate downstream signaling and disease outcome. Biglycan can act as a high affinity 
ligand for TLR co-receptors CD14 and CD44, further providing an additional layer of 
complexity. We propose a novel concept, that biglycan steers signaling towards 
inflammation by interacting with CD14, whereas it can trigger autophagy by binding to 
CD44. Thus, biglycan and, perhaps others soluble proteoglycans, could function as 
molecular switches which could either propagate the signaling of chronic inflammation 
or promote the resolution of inflammatory processes. Obviously, these new functions 
have broad implications in the regulation of various inflammatory diseases and could 
provide the basis for developing novel therapeutic regimens that would selectively target 
the interactions between biglycan, TLRs, co-receptors, and adapter molecules. 
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NS/2S-sulfated heparan sulfate fragments cause persistent cognitive dysfunction after 
sepsis via sequestration of brain-derived neurotrophic factor. 
 
Hippensteel JA1, Anderson BJ2, Orfila JE3, Dietz RM3, Su G4, Zhang F5, Liu X5, Yu Y5, Han 
X5, Linhardt R5, Liu J4, Meyer NJ2, Herson PS3, and Schmidt EP1. 
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Introduction: Sepsis, the body’s dysregulated physiologic response to infection, is one of the 
most common conditions treated in intensive care units worldwide. Survivors of sepsis 
commonly suffer from persistent cognitive dysfunction well after recovery from its acute 
effects. We have previously observed that heparan sulfate (HS) fragments circulating early in 
the course of sepsis have direct effects on organ function. We hypothesized that these 
circulating fragments are able to penetrate the brain and contribute to the cognitive 
dysfunction commonly experienced by sepsis survivors.  
 
Methods: We modeled sepsis in mice using intraperitoneal lipopolysaccharide (LPS) or 
cecal-ligation and puncture (CLP). We measured HS within the plasma and hippocampus, the 
primary memory center of the brain, of post-septic mice using mass spectrometry. We further 
assessed brain penetration of HS utilizing C13-labeled HS.  We determined the cognitive 
effects of HS by performing ex vivo hippocampal electrophysiology experiments to evaluate 
long-term potentiation (LTP), the synaptic correlate of learning. Brain-derived neurotrophic 
factor (BDNF)-dependence of HS inhibition of LTP was evaluated by performing these 
experiments in the presence or absence of the BDNF receptor (Tyrosine-Receptor Kinase B; 
TrkB) agonist 7,8 DHF. We evaluated the importance of BDNF/TrkB signaling in vivo with 
behavioral measures of learning. We utilized plasma samples paired with cognitive outcomes 
from the Neurocognitive Impairment in Respiratory Failure and Shock (NIRFS) subset of the 
Molecular Epidemiology of SepsiS in the Intensive Care Unit study (MESSI) to evaluate 
relevance to human sepsis. We performed glycoarray experiments to assess the HS sulfation 
sequence-specificity of BDNF/TrkB inhibition.  
 
Results: Sepsis induced release of HS fragments into the circulation and modified 
hippocampal HS levels. Hippocampal penetration of circulating HS was confirmed by 
injection of C13-labeled HS in septic mice. Ex vivo, HS fragments inhibited LTP, which was 
reversible with 7,8 DHF, demonstrating BDNF specificity of HS-induced loss of LTP.  
Consistent with these observations, activation of the BDNF/TrkB pathway in septic mice 
improved memory in vivo and restored LTP ex vivo. In humans, we found that the presence of 
NS/2S-rich HS fragments circulating early in sepsis predicted poor cognitive outcomes for 
sepsis survivors.  Concordant with these human results, glycoarray analysis revealed that 
NS/2S sulfation content of HS predicted BDNF binding avidity.  
 
Conclusions: HS fragments shed during sepsis, through their ability to bind to and sequester 
BDNF, directly inhibit hippocampal-dependent memory formation. The presence of NS/2S-
rich HS circulating early in sepsis predicts persistent cognitive deficits after recovery from 
acute illness. Identification of highly BDNF-avid HS sequences is an initial step in 
developing predictive biomarkers and novel therapies for management of persistent cognitive 
dysfunction after sepsis. 
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Expression and roles of HYBID (Hyaluronan-binding protein involved in 

hyaluronan depolymerization), alias CEMIP/KIAA1199, in osteoarthritis 

 

Yasunori Okada 

 

Department of Pathophysiology for Locomotive and Neoplastic Diseases, Juntendo University 

Graduate School of Medicine, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-8421, Japan  

 

Hyaluronan (HA) is widely distributed as high-molecular-weight HA (HMW-HA), which 

plays a role in maintaining tissue integrity and exhibiting viscoelasticity, shock absorption, 

anti-inflammatory and anti-angiogenic activities. In osteoarthritis (OA), the most 

common joint disease, degradation of HMW-HA into lower-molecular-weight HA 

(LMW-HA) in articular cartilage and synovial fluid (SF) contributes to the initial 

destruction of articular cartilage, promotion of synovitis and reduction of shock 

absorption activity of SF. We have identified HYBID as a molecule responsible for HA 

degradation independently from the hyaluronidase 2 (HYAL2)/CD44 axis in human skin 

fibroblasts (PNAS 110:5612-5617, 2013). TMEM2 (Transmembrane protein 2), a 

transmembrane protein with sequence similarity to HYBID, was recently reported to 

degrade HA in mice (JBC 292:7304-7313, 2017). In this study, we examined the 

expression of these molecules and functions in knee OA. OA cartilage showed the 

overexpression of HYBID, but not TMEM2. HYBID was immunolocalized to 

chondrocytes in the HA-depleted areas of articular cartilage, and the immunoreactivity 

directly correlated with Mankin score (histologic severity of OA lesions). Cultured OA 

chondrocytes expressed HYBID, and degraded HMW-HA via the clathrin-coated vesicle 

pathway. This HA-degrading activity was completely abrogated by knockdown of 

HYBID, but not HYAL1, HYAL2 or CD44. TNF-α stimulated the HYBID expression and 

HA degradation in OA chondrocytes. The mRNA expression level of HYBID, but not 

TMEM2, was significantly higher in OA synovium than in normal synovium. HYBID 

was immunolocalized to CD68-negative synovial lining cells and sub-lining fibroblasts 

in OA synovium. The mRNA and protein expression levels of HYBID in OA synovium 

and SF positively correlated with ratios of LMW-HA to total HA in SF, but not 

concentrations of HA. IL-6 up-regulated the HYBID expression in OA synovial 

fibroblasts. Our data suggest that HYBID overexpressed by TNF-α- or IL-6-stimulated 

chondrocytes and synovial fibroblasts plays a key role in the OA cartilage destruction 

through the HA degradation in articular cartilage and synovial membrane. I will also 

mention our preliminary data on the experimental OA models in HYBID knockout mice.  
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How the perineuronal net controls plasticity: insights from different models to 

manipulate perineuronal nets in space and time 
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Perineuronal nets (PNNs) are pericellular coats of condensed matrix that enwrap the cell 

bodies and dendrites of certain neurons in the adult central nervous system. PNNs are 

completed at the end of developmental critical periods for experience-dependent 

plasticity and contribute to the stabilization of specific connection patterns, thus limiting 

plasticity. More recently, PNNs have been revealed to have myriad actions in many CNS 

functions, including memory, psychiatric disease and neurodegeneration (Fawcett et al., 

2019). PNNs are comprised of hyaluronan, chondroitin sulfate proteoglycans (CSPGs) of 

lectican family, tenascins and link proteins as a core extracellular matrix (ECM). Other 

ECM-affiliated molecules (such as Sema3A) and ECM regulators (such as ADAMTSs) 

are included. Heterogeneity of PNNs may arise from variations in these molecular 

compositions as well as differences in the glycan structure of the CSPGs. However, little 

is known about functional significance of the heterogeneity of PNNs. To date, most 

studies in this area have used chondroitinase ABC (ChABC) treatment to examine the 

roles of CS-chains. More specific targeting on key components of PNNs with spatial and 

temporal control are required to answer to this question. 

The hyaluronan and proteoglycan binding link protein (Hapln) is a key molecule in the 

formation and control of hyaluronan-based condensed perineuronal matrix in the adult 

brain. Hapln4/Bral2-KO mice have attenuated PNNs mainly in the brainstem and 

cerebellum, and are markedly affected in the localization of brevican in all of the nuclei 

examined, whereas no effect was seen on aggrecan. Hapln4/Bral2-KO mice have 

demonstrated that Hapln4/Bral2 is a selective regulator for the formation and 

transmission of GABAergic Purkinje synapses and deep cerebellar nuclei neurons. 

Whereas other group reported that ChABC digestion induced in the deep cerebellar nuclei 

led to enhanced GABA release from Prkinje cell terminals. Those results suggest the 

importance of the use of different models to dissecting out the key components for 

understanding the multifunctional roles of PNNs in space and time.  
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Proteoglycan Signaling through Receptor Protein Tyrosine Phosphatase s  
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Growth cones of developing and regenerating axons receive specific navigational 
instructions through recognition of particular environmental cues and receptor protein 
tyrosine phosphatase RPTPs is actively involved in these processes by interacting with 
proteoglycans. Compelling evidence suggests that both heparan sulfate (HS) and 
chondroitin sulfate (CS) glycosaminoglycans (GAGs) bind to a series of Lys residues 
located in the first Ig domain of RPTPs. However, HS promotes and CS inhibits axonal 
growth. Mutation of these Lys residues abolished CS binding and signal transduction of 
RPTPs, while HS binding was reduced and signaling persisted. This activity was 
mediated through novel heparin binding sites identified in the juxtamembrane region. In 
addition, the intact cytoplasmic phosphatase domain was essential for the signaling. 
Although different functional outcomes of HS and CS have been previously attributed to 
the differential oligomeric state of RPTPs upon GAG binding, we found the extracellular 
domain of RPTPs was clustered by both heparin and CS-GAG rich in 4,6-O-disulfated 
disaccharide units. To further investigate the mechanism of signaling, live cell imaging 
was performed. When full length of RPTPs was expressed, it accumulated in cell-cell 
junctions and addition of soluble heparin altered its localization. Proximity-based labeling 
revealed the association of RPTPs with cytoskeletal proteins upon heparin treatment. We 
propose an additional mechanism by which RPTPs distinguishes between HS and CS. 
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Investigating glycosaminoglycans in development and disease using fully defined 3D cell 
culture environments and human pluripotent stem cells 

Jamie L Thompson1,2, Sara Pijuan-Galitó1,2, Bashayer Ahmed1, Jennifer C Ashworth1, Tessa 
Wilpshaar3, Judith Boveé3, Morgan R Alexander2, Lena Kjellén4, Catherine L R Merry1 

1Division of Cancer & Stem Cells and 2School of Pharmacy, University of Nottingham, UK, 3LUMC, 

Netherlands, 4Department of Medical Biochemistry and Microbiology, Uppsala University, Sweden 

Mutations in EXT1 and EXT2 heparan sulphate (HS) co-polymerases disrupt normal 
glycosaminoglycan (GAG) production and GAG-related signaling. In humans, mutations in 
these genes are associated with Multiple Osteochondroma (MO) a rare developmental disease 
with a poorly understood mechanistic basis. To address the need for defined, GAG-free 
culture conditions with which to investigate GAG-regulated signalling in developmental 
diseases such as MO, we have combined human induced pluripotent stem cell (hiPSC) 
models and an optimised “blank slate” 3D culture environment [1]. Disease model hiPSCs 
were generated by reprogramming MO patient-derived fibroblasts (MO-hiPSCs, EXT1+/-) 
and by CRISPR/Cas9 gene editing of WT hiPSCs (EXT1+/- and EXT2-/-). All hiPSCs were 
maintained in defined, GAG-free conditions (vitronectin coating, E8 medium, serum-free). 
AMAC-labelling HS compositional analysis identified a less sulphated variant of HS being 
produced and secreted by EXT1+/- cells whereas there was no detectable HS from EXT2-/- 
cells. Flow cytometry using 10e4 antibody (HS) and metabolic radiolabeling with 35S-
sulphate were used to confirm lack of HS in EXT2-/- cells, of which the latter also highlighted 
an increase in levels of non-HS/CS sulphated GAG (potentially KS) in EXT2-/- hiPSCs 
(figure 1). Immunofluorescence imaging and flow cytometry using ScFv antibodies were 
used to further characterise the GAGs produced by these cells. To demonstrate that we can 
detect matrix changes during differentiation in 3D, wild-type (control) hiPSCs were 
successfully cultured and differentiated to neural progenitor cells in self-assembling peptide 
hydrogels, without the need for serum, matrix addition or co-culture. Here, we demonstrate 
generation of novel cell tools and a defined, GAG-free 3D biomaterial to probe the role of 
GAGs in hiPSC differentiation and disease modelling, broadening our understanding of cell-
matrix interactions. 
 
 
 
 
 
 
 
[1] Ashworth, J C, Thompson, J L, et al, Peptide Gels of Fully-Defined Composition and Mechanics for Probing 

Cell-Cell and Cell-Matrix Interactions In Vitro, Matrix Biology, (In Press June 2019) 
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Figure 1. Size exclusion 

chromatography of 35S labelled wild-

type and EXT2-/- hiPSC GAG chains 

before and after treatment with nitrous 

acid (targeting N-sulphated HS), or 

chondroitinase ABC (targeting CS/DS).  
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Generation of an Organotypic Platform to Dissect the Biological Functions of 
Glycosaminoglycans in Human Epithelial Homeostasis and Pathology 
 
Asha Rudjord-Levann1, Sally Dabelsteen2, Richard Karlsson1, Hans Wandall1 
1University of Copenhagen, Copenhagen Center for Glycomics, Denmark 
2University of Copenhagen, Department of Oral Pathology, Denmark 

 

Glycosaminoglycans (GAGs) are long, linear, polysaccharide chains of alternating 
disaccharide units covalently linked to a protein core to form diverse proteoglycans. 
Variations in GAG chain length, disaccharide composition and residue modifications 
confer a high degree of heterogeneity to GAGs. Distinct structural motifs of GAGs, 
specified by chain structure and modifications, are believed to serve as recognition motifs 
for binding between GAGs and numerous small molecules and their cognate receptors. 
In this manner, GAGs regulate processes involved in development, growth, aging and the 
associated pathologies such wound healing and cancer. In this project, we employ 
CRISPR-Cas9 genetic engineering to deconstruct and dissect the molecular functions of 
the main GAG types in a human tissue model. We have generated a 3D organotypic 
platform to systematically probe into the functions of different GAG chains in human 
tissue formation, homeostasis and associated pathologies. Our tissue library demonstrates 
distinct phenotypes with impact on general tissue homeostasis and barrier formation 
associated with loss of GAG chain initiation and elongation. Our platform provides an 
approach to define the functions of specific GAG structures in human epithelial biology 
with a broad discovery potential. 
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Effects of salmon nasal cartilage proteoglycan on active glucose transport and 
water absorption in the small intestine 
 
Yo Tsuchiya1, Shuhei Yamada2, Tatsuji Takahashi3, Masato Yonezuka4, Kenichi Ito3, 
Arunasiri Iddamalgoda3 
1College of Nursing and Nutrition, Shukutoku University, Japan 
2Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, Japan 
3Ichimaru Pharcos Co., Ltd, Japan 
4Proteoglycan Laboratory, Kakuhiro Co., Ltd, Japan 
 
Proteoglycans (PGs) are a major non-collagenous component of the extracellular matrix, 
especially in the cartilage and skin. While salmon heads have been considered to be a 
waste material, recently PGs are purified from salmon nasal cartilage. Now larger 
quantities of it are available for more detailed investigation of its physiological functions. 
Salmon PGs have been shown to attenuate the progression of colitis via the suppression 
of the inflammatory response, and to promote the generation of chondroprogenitor cells. 
Although PGs have been reported to have various physiological effects, those on the 
glucose and water metabolism have remained unclear. In this study, we examined the 
effects of these PGs on rat plasma glucose levels and water absorption in the intestine. 
Oral administration of a 1% salmon PG solution significantly attenuated the increase in 
portal plasma glucose levels following an oral glucose tolerance test (OGTT). 
Furthermore, these salmon PGs delayed the increase in peripheral glucose concentrations 
induced by the OGTT. Mucosal administration of a 1% salmon PG solution significantly 
decreased the glucose-dependent and phlorhizin (inhibitor of sodium-glucose co-
transporter 1; SGLT1)-sensitive transmural potential difference as measured by the 
everted sac method of rat jejunum. Glycosaminoglycans (GAGs) purified from salmon 
PGs also have the same effect on the plasma glucose levels and glucose absorption via 
SGLT1 in the jejunum as the intact salmon PGs. In addition, salmon PGs significantly 
decreased the water absorption in the rat jejunum but neither in ileum nor colon. 
Our results suggest that the salmon PG and its GAG moiety decrease glucose absorption 
via SGLT1 in the jejunum, thereby attenuating the increase in portal and peripheral 
plasma glucose levels in rats, and that the salmon PG decreases water absorption in the 
jejunum. 
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Deletion of heparan sulfate proteoglycan syndecan-4 impairs pancreatic β-cell 
function in mice. 
 
Iwao Takahashi1, Shuhei Yamada2, Koji Nata1 
1School of Pharmacy, Iwate Medical University, Japan 
2Faculty of Pharmacy, Meijo University, Japan 

 

Heparan sulfate proteoglycans (HSPGs) are composed of a core protein to which 
extracellular glycosaminoglycan (GAG) chains are attached. Syndecan-4 (Sdc4), one of 
the major heparan sulfate (HS)-containing core proteins, is distributed on the cell surface, 
where they interact with various protein ligands and regulate a wide range of biological 
activities. We recently found that the Sdc4 is necessary for maintaining glucose-induced 
insulin secretion in a mouse pancreatic β-cell line, MIN6, and that the glucose-induced 
insulin secretory response is improved in the Sdc4-overexpressing MIN6 cells. We 
therefore analyzed the phenotype of Sdc4 knockout (KO) mice. To probe the participation 
of Sdc4 in the insulin-secretion mechanism in vivo, 8 to 12-week-old wild-type (WT) as 
well as Sdc4 KO male C57BL/6J (B6) and ICR mice were subjected to intraperitoneal 
(i.p.) glucose tolerance test (GTT). In the B6 strain, Sdc4 KO mice showed higher blood 
glucose levels after glucose loading than the control littermates in the GTT, whereas there 
were no significant differences in the GTT in the ICR strain. In the insulin tolerance test, 
there was no peripheral insulin resistance in Sdc4 KO B6 mice. On the other hand, the 
plasma C-peptide levels in Sdc4 KO B6 mice after glucose loading were lower than those 
in WT mice, indicating that the glucose intolerance in Sdc4 KO mice was caused by 
insufficient insulin secretion. In Sdc4 KO mice, the pancreatic islets were histologically 
normal, and there was no change in the β-cell area relative to the whole pancreatic area 
between Sdc4 KO and WT mice. Therefore, it is speculated that Sdc4 has little or no 
involvement in β-cell proliferation in B6 strain. It is known to be able to produce slowly 
progressive diabetes mellitus model by a single i.p. injection of 100 mg/kg of 
streptozotocin (STZ) to 8-week-old male ICR mice. The casual blood glucose levels in 
the WT ICR mice administered with 100 mg/kg STZ, were in a normal range until 4 
weeks after STZ administration. On the other hand, a marked increase (> 350 mg/dL) in 
casual blood glucose and reduction in insulin secretion was observed in STZ-injected 
Sdc4 KO ICR mice after 1 week. Hence, in ICR mouse model of slowly progressive 
diabetes mellitus, it is conceivable that Sdc4 deficiency increases susceptibility to STZ–
induced β-cell damage. These data obtained from the analysis of Sdc4 KO B6 and ICR 
mice indicate that the Sdc4 is necessary for β-cell function in vivo. 
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Attenuation of obesity-induced inflammation in mice orally administered with 
salmon cartilage proteoglycan, a prophylactic agent 
 
Shouhei Hirose1,2, Krisana Asano1,2, Kouji Narita2,3, Sayuri Yoshimura1,4, Tatsuji 
Takahashi5, Kenichi Ito1,5, Arunasiri Iddamalgoda5, Akio Nakane1 
1Department of Biopolymer and Health Science, Hirosaki University Graduate School of Medicine, 

Hirosaki, Japan 

2Department of Microbiology and Immunology, Hirosaki University Graduate School of Medicine, 

Hirosaki, Japan 
3Institute for Animal Experimentation, Hirosaki University Graduate School of Medicine, Hirosaki, 

Japan 
4Subject of Living Science Tohoku Women’s Junior College, Hirosaki, Japan 
5Department of Research and Development Ichimaru Pharcos Co. Ltd., Motosu, Japan 

 
Obesity is associated with chronic inflammation of adipose tissue and causes 
development of type 2 diabetes. M1 macrophage population was increased in adipose 
tissue of obese mouse. M1 macrophages induce insulin resistance through the secretion 
of proinflammatory cytokines. Our previous studies demonstrated that salmon cartilage 
proteoglycan (PG) suppresses excess inflammation in various mouse inflammatory 
diseases. In this study, we examined the effect of PG on type 2 diabetes using high-fat-
diet (HFD) induced obese mouse model. Oral PG administration enhanced the population 
of small adipocytes (area less than 1000 μm2) without body and tissue weight gain. In 
addition, PG administration suppressed mRNA expression of TNF-α, IL-6 and CXCL2 
in adipose tissue. The proportion of M1 macrophages was decreased by PG administration. 
In addition, PG administration suppressed hyperglycemia after intraperitoneal glucose 
injection. Fasted serum insulin level was decreased in PG-administered mice. Moreover, 
insulin-stimulated phosphorylation of Akt was enhanced in the liver and gastrocnemius 
skeletal muscle of PG-administered mice. These data suggested that PG administration 
improves hyperglycemia and insulin sensitivity in obese mice by modulation of M1 
macrophages which secrete proinflammatory cytokines in adipose tissue and activation 
of Akt in liver and skeletal muscle. 
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Analysis of the in vivo function of mouse hyaluronidase-4 
 
Masaki Okawara1, Shuji Mizumoto1, Shuhei Yamada1 
1Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, Japan 

 

Chondroitin sulfate (CS) is a linear polysaccharide, and is present on the cell surface or 
in the extracellular matrix as a proteoglycan form, in which CS chains covalently link to 
Ser residue on a specific core protein (Iozzo et al., Annu. Rev. Biochem., 1998). Cell 
surface CS proteoglycans exert various physiological functions by interacting with 
multiple ligand proteins through CS chains (Sugahara et al., Curr. Opin. Struct. Biol., 
2007). Although the mechanism responsible for the systemic catabolism of CS has not 
been completely clarified, the involvement of hyaluronidases in CS catabolism has been 
estimated. There are six types of hyaluronidase genes (HYAL1, HYAL2, HYAL3, 
HYAL4, SPAM1, and HYALP1) in human genome (Csoka et al., Matrix Biol., 2001). 
HYAL4 specifically degrades CS but not hyaluronan (HA) (Kaneiwa et al., Glycobiology, 
2010). Although CS is distributed throughout the body, the expression of HYAL4 is 
restricted to placenta, testis and skeletal muscle (Csoka et al., Matrix Biol., 2001). We 
have expected that HYAL4 is not merely involved in the systemic degradation of CS, but 
rather has specific functions in these tissues. To examine the in vivo functions of mouse 
Hyal4, Hyal4-deficient mouse was generated using the CRISPR/Cas9 system. The 
chimeric mice are bred and the heterozygous mice are obtained through germ-line 
transmission. Homozygous Hyal4-deficient mice were born from a heterozygous 
intercross.  
To investigate the expression level of Hyal4 in each organ, cDNAs from liver, kidney, 
lung, brain, testis, and cauda epididymidis from a wild-type mouse, were prepared and 
subjected to quantitative real-time PCR analysis. Hyal4 is unexpectedly expressed in all 
of these organs. The expression level of Hyal4 in cauda epididymidis is the highest among 
the organs examined, suggesting that the lack of Hyal4 may affect on the reproductive 
function. The phenotypes of Hyal4-deficient mouse including its fertility is now being 
investigated. The level of CS in the Hyal4-deficient mouse is also analyzed. 
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Evaluation of the relative expression level of hyaluronidase-4 mRNA in ICR mouse 
organs 
 
Daiki Endo1, Shuji Mizumoto1, Shuhei Yamada1 
1Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, Japan 

 

Chondroitin sulfate (CS) is a glycosaminoglycan side chain of proteoglycans and 
distributed ubiquitously on the cell surface and in the extracellular matrix of animal cells. 
Hyaluronidases (HYALs) are involved in the catabolism of CS. There are six HYAL 
family members in human genome. HYAL4, one of the HYAL family members, has been 
shown to have no enzymatic activity toward hyaluronan (HA) but specifically hydrolyze 
CS (Kaneiwa et al., Glycobiology, 20, 300-309, 2010). Although CS is ubiquitously 
present in various cells and tissues, the expression of HYAL4 is limitted to placenta, testis 
and skeletal muscle in human (Csoka et al., Matrix Biols, 20, 499-508, 2001). That of 
mouse HYAL4 has been reported to be further restricted to testis in a C57BL/6 mouse 
(Kaneiwa et al., J. Biol. Chem., 287, 42119-42128, 2012). Thus, HYAL4 has been thought 
not to function in the systemic degradation of CS, but rather have specific functions in 
these tissues.  
To examine whether HYAL4 is similarly expressed in specific organs in a different mouse 
strain, we have analyzed the relative expression level of Hyal4 mRNA in liver, kidney, 
lung, brain, testis, epididymal area and muscle of an ICR mouse. cDNA from each organ 
was prepared and subjected to quantitative real-time PCR analysis. Hyal4 was expressed 
in all of the organs examined, and its expression level was particularly the highest in lung. 
The contradiction with the previous results using a BALB/c mouse may be caused by the 
improved detection sensitivity, since the primers and polymerase used in this study were 
different from those in the previous experiments. Unlike previous predictions, Hyal4 may 
be involved in the systemic degradation of CS. We are also examining the expression of 
Hyal4 in the protein level. 
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Genome-wide Analysis of Heparan Sulfate Biosynthesis 

 

Ryan J. Weissa, Philipp N. Spahnb, Austin W.T. Chiangb, Jing Lia, Qing Liua, Nathan E. 

Lewisb,d,e and Jeffrey D. Eskoa,c,d  

aDepartment of Cellular and Molecular Medicine, UCSD 

bDepartment of Pediatrics, School of Medicine, UCSD 

cDepartment of Medicine, UCSD 

dGlycobiology Research and Training Center, UCSD 

 

Heparan sulfate proteoglycans (HSPGs) are expressed on virtually all animal cells and 

are involved in many important biological processes. Each HSPG consists of a core 

protein with one or more covalently attached linear heparan sulfate (HS) chains composed 

of alternating glucosamine and uronic acids that are heterogeneously N- and O-sulfated. 

The arrangement and orientation of the sulfated sugar residues of HS specify the location 

of distinct ligand binding sites on the cell surface, and these modifications can vary 

temporally during development and spatially across tissues. While most of the enzymes 

involved in HS biosynthesis have been studied extensively, much less information exists 

regarding the specific mechanisms that give rise to the variable composition and binding 

properties of HS. In order to identify novel regulators of HS, we conducted genome-wide 

CRISPR/Cas9 screens in a human melanoma cell line (A375) using guanidinylated 

neomycin (GNeo) as a highly specific HS ligand. We implemented two complimentary 

screening strategies where GNeo was either conjugated to a cytotoxin or a fluorescent 

probe, and we screened for cell populations with increased survival or reduced binding, 

respectively. Among the resulting hits, we identified well-known HS biosynthesis 

enzymes as well as candidate genes with a previously unrecognized link to HS 

biosynthesis. The top overlapping hit from both screens, KDM2B, a histone lysine 

demethylase, was revealed to be a novel epigenetic regulator of HS biosynthesis as well 

as a key factor involved in extracellular matrix organization. Overall, these studies 

provide insight into the molecular mechanisms by which HS biogenesis is differentially 

regulated in physiology and disease and reveal novel potential targets for drug 

development. 
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Glycosaminoglycan Domain Mapping of cellular chondroitin/dermatan sulfates 
 

Andrea Persson1, Egor Vorontsov2, Göran Larson1,3, and Jonas Nilsson1,3 
 
1Department of Laboratory Medicine, University of Gothenburg, Sahlgrenska University Hospital, 

Bruna Stråket 16, SE-413 45, Gothenburg, Sweden 
2Proteomics Core Facility, University of Gothenburg, Medicinaregatan 7A, SE-413 90, Gothenburg, 

Sweden 
3Laboratory of Clinical Chemistry, Sahlgrenska University Hospital, Bruna Stråket 16, SE-413 45, 

Gothenburg, Sweden 

 

Due to the size and complexity of glycosaminoglycans (GAGs), detailed knowledge 
about the structure and expression of GAGs by cells, the GAGome, is lacking. We have 
developed a simple and versatile approach for domain mapping of complex mixtures of 
GAGs, GAGDoMa. The approach is based on orthogonal enzymatic depolymerization 
of the GAGs, generating internal oligosaccharide, non-reducing end and linkage region 
GAG domains, and nanoflow reversed-phase ion-pairing chromatography and negative 
mode higher-energy collision dissociation (HCD) tandem mass spectrometry (MS/MS) 
for structural characterization of the domains. Chondroitin/dermatan sulfates primed on 
xylosides from two types of human cell lines were used as models to cover a wide range 
of structures, and using GAGDoMa, we identified over 200 structures and characterized 
more than 60 of these in depth. GAGDoMa provides a detailed insight into the 
GAGome, and will be an important tool for understanding the complexity of GAGs in 
cellular physiology and pathology. 
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Structural analysis of the carbohydrate-protein linkage region of chondroitin sulfate 
proteoglycan derived from salmon nasal cartilage 
 
Mina Kasuya1, Yuya Yokoi1, Minami Matsuzaki1, Teruaki Masutani2, Arunasiri 
Iddamalgoda2, Kazuyuki Sugahara3, Shuhei Yamada3 
1Fac. Pharm., Meijo Univ., Japan 
2Ichimaru Pharcos Co., Ltd., Japan 
3Fac. Pharm., Meijo Univ., Japan 

 

Chondroition sulfate (CS) proteoglycan (PG) has been shown to have various 
physiological functions. In this study, we have analyzed the fine structure of the CS-core 
protein linkage region of salmon nasal cartilage CS-PG, which is recently used as health 
food and a dietary supplement. CS-PG was extracted and isolated from salmon nasal 
cartilage. It was digested with a CS lyase, chondroitinase ABC, and the digest was 
analyzed by anion-exchange HPLC to determine the constituent disaccharide 
composition of the CS chains. In addition, CS-PG was treated with LiOH under mild 
conditions to liberate CS chains from the core protein. The reducing terminal xylose 
residue was fluorescently labeled with 2-aminobenzamide (2AB). The labeled 
polysaccharides were digested with chondroitinase ABC and analyzed by anion-exchange 
HPLC. Compared with the elution profiles of the standard 2AB-labeled linkage region 
hexasaccharides, the modification structure of the linkage region of CS from nasal 
cartilage CS-PG was determined. It yielded ΔHexA-GalNAc-GlcA-Gal-Gal-Xyl, 
ΔHexA-GalNAc(4S)-GlcA-Gal-Gal-Xyl, ΔHexA-GalNAc(6S)-GlcA-Gal-Gal-Xyl, and 
ΔHexA-GalNAc-GlcA-Gal-Gal-Xyl(2P), where HexA, GalNAc, GlcA, Gal, and Xyl, 4S, 
6S, and 2P represent unsaturated hexuronic acid, N-acetyl galactosamine, glucuronic acid, 
galactose, xylose, 4-O-sulfate, 6-O-sulfate, and 2-O-phosphate, respectively, in a molar 
ratio of 85:8:7:4, respectively. To our knowledge, this is the first report to characterize the 
structure of the CS-core protein linkage region of salmon nasal cartilage CS-PG. It is 
necessary to elucidate the significance of these modifications in the linkage region. In 
addition, the sample after alkaline treatment was analyzed by gel filtration HPLC to 
estimate the average molecular size of CS chains, and it was calculated to be 100 kDa. 
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Cadmium elongates the dermatan sulfate chains of biglycan in vascular endothelial 

cells 

Takato Hara1, Shogo Matsuura1, Keita Aikawa1, Mai Yoshida1, Chika Yamamoto1, 

Toshiyuki Kaji2 

1Faculty of Pharmaceutical Sciences, Toho University, 2-2-1 Miyama, Funabashi, 274-8510, Japan 

2Faculty of Pharmaceutical Sciences, Tokyo University of Science, 2641 Yamazaki, Noda, 278-8510, 

Japan 

 

Cadmium is an environmental pollutant and we are exposed to it from foods and 

cigarettes. Although cadmium highly accumulates in the kidney, liver, and muscle of the 

human body, it is impossible for cadmium to reach the parenchymal cells of these organs 

without passing through blood vessels. For this reason, vascular endothelial cells can be 

a target of cadmium toxicity. In fact, epidemiological studies have shown that cadmium 

is a risk factor for atherosclerosis. On the other hand, dermatan sulfate chains accelerate 

the accumulation and oxidation of LDL cholesterol in the atherosclerotic intima. Biglycan 

is the major type of dermatan sulfate proteoglycans synthesized by vascular endothelial 

cells. The purpose of this study is to investigate the effect of cadmium on the synthesis of 

biglycan in vascular endothelial cells. Confluent cultures of vascular endothelial cells 

were incubated in a serum free medium containing [3H]glucosamine and [35S]sulfate with 

or without cadmium chloride at 2 µM for 24 h. No morphological changes were observed 

under this experimental condition. After incubation, proteoglycans extracted from the cell 

layer and conditioned medium were separated by DEAE-Sephacel chromatography on 

the basis of differences in charge density. The radioactivity of [3H]glucosamine was 

increased in proteoglycan-containing peaks but that of [35S]sulfate was not affected by 

cadmium. The fractions of dermatan sulfate proteoglycan extracted from the conditioned 

medium were collected and further analyzed by Sepharose CL-4B and Sepharose CL-6B 

chromatographies. It was found that the dermatan sulfate chains were elongated by 

cadmium. Although cadmium did not affect biglycan mRNA and core protein expression, 

CHSY1, which is an elongation enzyme of chondroitin/dermatan sulfate chains, mRNA 

and protein expression were dose- and time-dependently upregulated by cadmium. The 

present results suggest that cadmium induces the CHSY1 expression that elongates the 

dermatan sulfate chains 

of biglycan without 

enhancing its core protein 

synthesis in vascular 

endothelial cells. 
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Shotgun ion mobility mass spectrometry sequencing of glycosaminoglycan 

oligosaccharides  

 

Rebecca L. Miller1,2, Scott E. Guimond2,3, Ralf Schwörer4, Olga V. Zubkova4, Peter. 

C.Tyler4, Yongmei Xu5, Jian Liu5, Geert-Jan Boons6, Marko Grabarics7,8, Christan 

Manz7,8, Johanna Hofmann7,8, Miguel Macias9, Niclas Karlsson9, Jeremy E. Turnbull1,2, 

Weston B. Struwe10 and Kevin Pagel7,8 

 

1Copenhagen Center for Glycomics, Department of Cellular & Molecular Medicine, University of 

Copenhagen, Blegdamsvej, 2200 Copenhagen N, Denmark. 

 

GAGs are poly-anionic molecules whose biological properties are determined by 

their charge, sequence and conformation. The negative charge, sequence and structural 

conformation of these variant glycan sequences are considered to be a molecular “code” 

that plays an active role in the regulation of numerous proteins including growth factors, 

receptors and enzymes and thus co-ordinate diverse biological processes including 

epithelial-mesenchymal transition, injury, immune system response, anticoagulation, 

angiogenesis, growth and development, and neurodegeneration. Understanding that code 

is currently limited by the difficulty of determination of their sequences. 

Here we employed chemical, chemoenzymatic and enzymatic digestion generated 

GAG oligosaccharide materials to generate a library of MS, MS/MS and IM spectra. This 

approach was applied to 31 oligosaccharide structures and analysis of CCS values from 

parent and product ions revealed flexibility in IdoA and GlcNAc structures, rigidity in the 

GlcA and NS structures and compaction in chain elongation. Based on this we 

demonstrate a new method coined Shotgun Ion-Mobility Mass Spectrometry Sequencing 

(SIMMS2) that relies on distinct IMMS features of smaller fragments (dp4-10) obtained 

by limited digestion and with reconstruction of overlapping fragments to characterize 

larger sequences. The application of SIMMS2 on natural structures, used this shotgun 

approach in concert with library data permitted unambiguous sequencing of two 

fibroblast growth factor (FGF) inhibiting HS hexasaccharides identified by screening a 

HS oligosaccharide library. SIMMS2 thus has utility for determining the sequences of 

bioactive GAG saccharides. 
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New approaches for fast and sensitive detection of chondroitin sulfate composition 

  

Tabea Dierker1, Kavya Bakka1, Lena Kjellén1  

1Department of Medical Biochemistry and Microbiology, Uppsala University, Uppsala, Sweden  

 

BACKGROUND 

The importance of alterations in chondroitin sulfate (CS) structure for animal 

development has been recognized, calling for fast and sensitive methods for the 

characterization of CS composition. The current standard methods for quantifying such 

alterations require CS purification and degradation of the chain into its disaccharide 

components, followed by high performance liquid chromatography (HPLC) or mass 

spectroscopy. While these approaches provide detailed information on how the different 

CS modifications are changed in a given tissue, animal or mutant cell line the sample 

preparation is time-consuming and a lot of material is required.  

APPROACH 

In this project we aimed to: 1) develop a fast screening approach to identify candidates 

(mutants, tissues, individual animals) that should be analyzed in further detail and 2) 

increase the sensitivity of an established HPLC method to reduce the amount of material 

required for analysis. In order to screen samples quickly we have developed an ELISA, 

where monoclonal antibodies are used to target specific CS epitopes, present either on the 

native chain or generated after enzymatic digestion. For increased sensitivity of 

established HPLC methods we labelled samples with [35S]sulfate, followed by 

purification and disaccharide analysis. 

RESULTS 

1) We have shown that the antibody CS-56 can be used in an ELISA for semi-quantitative 

detection of CS in crude lysates of the nematode Caenorhabidtis elegans. In a next step, 

the antibodies 1B5 and 2B6 (recognizing stubs of the glycosaminoglycan chains 

remaining on the core proteins after digestion with Chondroitinase ABC) are being used 

to estimate the total number of chains.  

2) Metabolic labeling of zebrafish embryos with [35S]sulfate allowed for reliable 

disaccharide compositional analysis of material from a single embryo, injected with the 

radioactive isotope at the 1-8 cell stage. 

OUTLOOK 

Using these methods our primary goals are to identify hitherto unrecognized CS 

sulfotransferases in C. elegans and characterize zebrafish GAG mutants in more detail. 
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High throughput screening of polymer-glycosaminoglycan interactions utilizing 
time-of-flight secondary ion mass spectrometry 
 
Andrew Hook1 
1University of Nottingham, United Kingdom 

 

Advanced Materials and Healthcare Technologies, University of Nottingham, Ng7 2RD, 
United Kingdom 
 
The surface analysis of glycosaminoglycans (GAGs), which is necessary for the 
development of these molecules as a biomaterial component, is limited to vibrational 
spectroscopy techniques where the surface sensitivity cannot readily be reduced below 
hundreds of nanometres, or X-ray photoelectron spectroscopy, which cannot readily 
assess the subtle chemical differences between different types of GAGs.  
 
In this study time-of-flight secondary ion mass spectrometry (ToF-SIMS) (1) was used to 
assess the surface attachment of GAGs hyaluronic acid (HA), heparan sulphate (HS), 
chondroitin sulphate (CS) and dermatan sulphate (DS) to a variety of different surface 
chemistries as both homogeneous and mixed samples. Polymer microarrays (2, 3) were 
utilized to assess the interaction of GAGs with hundreds of different polymers containing 
hundreds of different chemical moieties in parallel.  
 
This study demonstrated the surface information that ToF-SIMS analysis can provide for 
assessing the interaction of GAGs with materials, which is complimentary to existing 
surface chemical analyses. Significantly, ToF-SIMS was able to discern the subtle 
chemical differences between different GAGs and various polymer surfaces without 
requiring labelling, enabling the surface adsorption properties of GAGs within mixed 
samples to different polymer surfaces to be accurately assessed. Moreover, use of high 
throughput screening allowed for the rapid identification of materials that can adsorb 
different GAGs, both providing insight into GAG-surface interactions and discovering 
new materials that could be utilized to incorporate GAGs into biodevices.  
 
1. A. L. Hook, D. J. Scurr, Surface and Interface Analysis 48, 226-236 (2016). 
2. A. L. Hook et al., Nature Biotechnology 30, 868-875 (2012). 
3. A. L. Hook et al., Biomaterials 31, 187-198 (2010). 
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 Oligodendrocyte cell line culture on decellularized brain tissue: a new model to 

investigate cell/ECM interaction in vitro.
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Recently, the mechanisms

 

of mental and neurological diseases have

 

been proposed to be 

related not only with the disorders

 

of neurons themselves but also with the environments

 

surrounding  neurons , such  as  glial  cells  and  extracellular  matrix  (ECM ). We 

particularly  focused  on  the  functions

 

of  chondroitin  sulfate  (CS ) chains  in 

oligodendrocytes . However , conventional  two-dimensional

  

culture  in a

 

glass  chamber

 

hardly reproduce  the complexity  of ECM structure  nor mimic

 

the

 

in vivo

 

conditions . 

 

In 

order  to solve  this  issue , we created  a culture  system  with  decellularized  tissue  that 

provides  us  a scaffold  of  organized  ECM  and  enables  us  to  observe  cell 

proliferation/differentiation and the interactions

 

between cells and the surrounding ECM.

 

We removed all cells from 2mm

 

brain slices, on which ECM structures alone

 

remained. 

OLP6, one of the

 

oligodendrocytes  cell lines, were grafted onto the decellularized  brain 

slices

 

and cultured . As a control , we performed  OLP6 culture  on

 

glass  chambers . The 

cultured

 

OLP6 were

 

immunostained

 

using  antibodies

 

for oligodendrocyte  markers

 

(

APC, Sox10) and CS‐chain

 

(CS56). We confirm the proliferation  and differentiation

 

of 

OLP 6 on  glass  chambers

 

and  on  decellularized  brain  tissues  as  well .

 

Although 

immunoreactivity  of CS56 was performed

 

in both  culture  conditions  we detected 

patch -like  ECM  displayed  by CS56 antibody

 

around  OLP 6 cell  bodies  only  on the 

decellularized  brain  tissues . We propose

 

that the presence  of ECM  scaffold  from 

decellularized tissue can bring new insight on cell/ECM interaction in vitro.
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Investigating the influence of divalent cations on glycosaminoglycans binding to 

fibroblast growth factors 

 

Yong Li, Oliver McClurg, Edwin A. Yates, David G. Fernig   

Department of Structural and Chemical Biology, Institute of Integrative Biology, University of 

Liverpool, Liverpool, United Kingdom 

 

There is an increasing body of evidence that structural features (N- and O- sulfation, N-

acetylation, uronic acid distribution, and the associated cation) of glycosaminoglycans 

(GAGs) determine their conformation, interactions with proteins, and biological activities. 

Cations has been shown to be coordinated by heparin in a structure-specific manner. NMR 

and circular dichroism have been used to probe the consequent structural changes due to 

the coordination of cations by heparin and modified heparins. Heparan sulfate as a 

member of glycosaminoglycans which is well known to interact with FGF ligands and 

their receptors, FGFR, forming signaling complexes. Cation coordination to heparin can 

in some cases increase the binding of heparin to the FGFs and promote the formation of 

a signalling complex with the FGFR. Other GAGs, such as dermatan sulfate (DS) and 

chondroitin sulfate (CS) only bind a restricted number of FGFs and do so weakly. 

Hyaluronic acid does not bind FGFs. Since cation coordination can alter the FGF binding 

properties of heparin, it was of interest to see if CS, DS and HA could coordinate cations 

and if this altered their FGF binding properties. The importance of this is that the cation 

coordinated state of GAGs in vivo is unknown, but could profoundly affect the function 

of GAGs via heparin-binding growth factors such as FGFs. 

We successfully prepared Zn2+ and Cu2+ coordinated CS DS and HA. Their ability to 

bind FGF2, FGF4, FGF7 and FGF18 was measured using differential scanning 

fluorimetry (DSF). This measures the thermostability effect of GAGs. Surprisingly, Zn2+ 

and Cu2+ coordination had major effects on the binding of the FGFs. For example, Cu2+ 

coordinated DS increased the thermal stability of FGF2 similarly to HS, whereas Cu2+ 

coordinated HA induced a destabilisation of FGF2. Thus, it is likely that cation 

coordinated CS, DS and HA bind far more heparin-binding proteins than anticipated. 

Moreover, although we do not know as yet whether these interactions will support 

signalling through the FGFR, the destabilisation of protein structure seen, e.g., with Cu2+ 

coordinated HA and FGF2 may act as a barrier to growth factor paracrine function in vivo. 
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Two types of heparan sulfate clusters differently regulate Wnt distribution and 
signaling in Xenopus embryos 
 
Yusuke Mii1,2,3, Takayoshi Yamamoto3, Ritsuko Takada1, Shuji Mizumoto4, Makoto 
Matsuyama5, Shuhei Yamada4, Masanori Taira3, Shinji Takada1,2  
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(ExCELLS), National Institutes of Natural Sciences, 5-1 Higashiyama, Myodaiji-cho, Okazaki, Aichi 

444-8787, Japan 
2 The Graduate University for Advanced Studies (SOKENDAI), Okazaki, Aichi 444-8787, Japan 
3 Department of Biological Sciences, Graduate School of Science, The University of Tokyo, 7-3-1 

Hongo, Bunkyo-ku, Tokyo 113-0033, Japan 
4 Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, 150 Yagotoyama, 
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5 Division of Molecular Genetics, Shigei Medical Research Institute, 2117 Yamada, Minami-ku, 

Okayama 701-0202, Japan 

 

Wnt proteins direct embryonic patterning, but the regulatory basis of their distribution 
and signal reception remains unclear.  HS proteoglycans (HSPGs) such as glypicans 
have been shown to be key components for the distribution and reception of signaling 
molecules, including Wingless/Wnt1 in Drosophila.  However, the function of HSPGs 
in the regulation of signaling molecules has been poorly understood until now.  One of 
the biggest reasons for this seems to be the lack of cytological analysis of HSPGs and the 
visualization of Wnt.  In this research, we have shown that endogenous Wnt8 protein is 
distributed in a graded manner in Xenopus embryos. It is then accumulated on the cell 
surface in a punctate manner in association with “N-sulfo-rich HS,” and not with “N-
acetyl-rich HS”.  These two types of HS are differentially clustered according to their 
attachment to different glypicans as core proteins.  N-sulfo-rich HS is frequently 
internalized and associated with the signalling vesicle, known as the Frizzled/Wnt/LRP6 
signalosome, in the presence of Wnt8.  Conversely, N-acetyl-rich HS is rarely 
internalized and accumulates Frzb, a secreted Wnt antagonist.  Upon interaction with 
Frzb, Wnt8 associates with N-acetyl-rich HS, suggesting that N-acetyl-rich HS supports 
Frzb-mediated antagonism by sequestering Wnt8 from N-sulfo-rich HS.  Thus, these 
two types of HS clusters may constitute a cellular platform for the distribution and 
signalling of Wnt8. 
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Engineering Assembly and Application of Proteoglycans with specific side chains 

on Living Cell Surface 

 

Wenshuang Wang
1
, Naihan Han

1
, Jorge Flimus

3
, and Fuchuan Li

1,3
 

1 National Glycoengineering Research Center, School of Life Science and Shandong Provincial Key 

Laboratory of Carbohydrate Chemistry and Glycobiology, Shandong University, Qingdao 266237, P. 

R. China. 

2 Sunnybrook Research Institute, University of Toronto, Toronto, Ontario, Canada. 

3 National Glycoengineering Research Center, School of Life Science and Shandong Provincial Key 

Laboratory of Carbohydrate Chemistry and Glycobiology, Shandong University, Qingdao 266237, P. 

R. China. fuchuanli@sdu.edu.cn 

 

Proteoglycans (PGs), a kind of complex biomacromolecules composed of a core protein 

covalently attached with one or more glycosaminoglycan (GAG) chains, are 

ubiquitously found on the cell surface and in the extracellular matrix (ECM), and 

participate in various physiological and pathological processes. Through interaction 

with each other and various proteins, PGs act as not only structural components 

participating in the organization and regulation of ECM but also functional molecules 

interacting with growth factors, cytokines and chemokines to generate and maintain 

effective gradients of these bioactive molecules. The GAGs chains of PGs play key 

roles in these interactions, although the core proteins have been shown to be involved in 

some cases. However, traditional methods based on molecular and cellular biology 

cannot fully elucidated the relationship between the structure of GAG side chains and 

the function of PGs. In this study, we establish a method to assemble GAG chains with 

specific structure to the aldehyde-tagged PG core proteins selectively expressed on the 

surface of living cells for the first time, and biological function of the engineered PGs 

with various specific GAG chains was further investigated. The results showed that the 

engineered glypican-3 like wild-type one could efficiently stimulate Wnt signaling and 

inhibit hedgehog signaling. Furthermore, this technique was exploit to establish a novel 

method for studying the interaction of PGs with cell surface glycoproteins through 

combining with metabolic labeling and chemoselective ligation. In conclusion, this 

study provides a very useful platform for the structure and function study of PGs with 

specific GAG side chains. 

 

Keywords: proteoglycans; glycosaminoglycan; engineering assembly; 

structure-function relationship 
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A unique alanine in the transmembrane domain mediates high-order oligomerization of 

syndecan-3 and functionally regulates syndecan-3 

Hyejung Jung1,#, Minji Han2,#, Bohee Jang2, Eok-Soo Oh1,2,* 
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Syndecans are single-pass transmembrane proteins on the cell surface that are involved in 

various cellular functions. Previously, we reported that both homo- and hetero-form of 

syndecan dimers affected their functionality. However, little is known about the role of the 

transmembrane domain of syndecan-3. We therefore investigated the structural role of the 

transmembrane domain of syndecan-3. A series of glutathione-S-transferase syndecan-3 

proteins showed that syndecan-3 formed SDS-resistant dimers and oligomers. SDS-resistant 

oligomer formation was barely observed in the syndecan deletion mutants lacking the 

transmembrane domain, suggesting involvement of the transmembrane domain. Interestingly, 

the presence of a unique alanine correlated with SDS-resistant oligomer, and its replacement 

by phenylalanine (AF mutant) significantly reduced SDS-resistant oligomer formation. Gel 

filtration results confirmed that syndecan-3 formed high order oligomer. Beside the AF mutant 

significantly reduced syndecan-3 mediated cellular processes such as neurite outgrowth and 

migration of SH-5YSY neuroblastoma. Taken together, all of this data provides evidence that 

syndecan-3 has a specific feature of oligomerization by the transmembrane domain and insights 

into the underlying signaling mechanisms of unique oligomerization of syndecan-3. 
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The HSPG Glypican Regulates Experience-dependent Synaptic and Behavioral 
Plasticity by Modulating the Non-canonical BMP Pathway  
 
Keisuke Kamimura, Aiko Odajima, Yuko Ikegawa, Chikako Maru, and Nobuaki Maeda 
 

Neural Network Project, Department of Brain Development and Neural Regeneration, Tokyo 

Metropolitan Institute of Medical Science, Setagaya, Tokyo 156-8506, Japan 
 

Under food deprivation conditions, Drosophila larvae exhibit increases in locomotion 

speed and synaptic bouton numbers at neuromuscular junctions (NMJs). Octopamine, 

the invertebrate counterpart of noradrenaline, plays critical roles in this process; 

however, the underlying mechanisms remain unclear. We herein demonstrated that a 

glypican (Dlp) is required for this experience-dependent behavioral and synaptic 

plasticity. Dlp is expressed by postsynaptic muscle cells, and suppresses the non-

canonical BMP pathway, which is composed of the presynaptic BMP receptor Wit and 

postsynaptic GluRIIA-containing ionotropic glutamate receptor. As a result, Dlp 

negatively regulates type I synaptic bouton formation, the postsynaptic expression of 

GluRIIA, and larval locomotion speed. Starvation-induced octopaminergic signaling 

decreases Dlp expression, and, thus, its negative activities are repressed, leading to the 

stimulation of synapse formation and locomotion. The present results revealed that Dlp 

regulates starvation-induced neural plasticity as a downstream mediator of octopamine 

signaling, providing insights into proteoglycan-mediated behavioral and synaptic 

plasticity. 
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Syndecan transmembrane domain specifically regulates downstream signaling 

events of the cytoplasmic domain 
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1 From the Department of Life Sciences, the Research Center for Cellular Homeostasis, Ewha Womans 

University, Seoul 03760, Korea 

@ To whom correspondence may be addressed: Eok-Soo Oh, Department of Life Sciences, Ewha 

Womans University, 52, Ewhayeodae-gil, Seodaemoon-Gu, Seoul 03760 Korea, Tel.: (82)-2-3277-

3761; Fax: (82)-2-3277-3760; E-mail: OhES@ewha.ac.kr, 

*These authors contributed equally to the research presented in this manuscript.  

 

 Despite the importance of the transmembrane (TM) domain, which regulates 

extracellular ligand binding, and the subsequent interactions of the cytoplasmic domain 

with the intracellular signaling molecule, the details of how the TM domain connects 

these domains remains unknown. To investigate the role of the TM domain in the 

regulation of cytoplasmic domain functions, we generated the syndecan-2/PDGF receptor 

chimera whose syndecan TM domain was linked to the cytoplasmic domain of the 

PDGFR (amino acids 557-1107, 2eTPC). Our results showed that recombinant 2eTPC 

protein showed SDS-resistant dimer formation, but SDS-resistant dimer formation was 

much reduced in the dimerization-defective syndecan-2 mutant/PDGFR chimera 

[2eTPC(GL), 2eTPC(FI)], suggesting the dimerization ability of the TM domain is 

maintained in syndecan-2/PDGFR chimeras. Similarly, when expressed in HEK293 cells, 

SDS-resistant dimer formation was much higher in 2eTPC than 2eTPC(GL) or 2eTPC(FI). 

Interestingly, cells expressing 2eTPC showed increased tyrosine phosphorylation in total 

cell lysates, tyrosine phosphorylation on 2eTPC, and phosphorylation of ERK along with 

increased cell proliferation, but this effect was significantly reduced in cells expressing 

either 2eTPC(GL) or 2eTPC(FI), which suggests that the dimerization tendency of the 

TM domain influences on the function of the cytoplasmic domain. Further, 2eTPC 

specifically enhanced the phosphorylation of Tyr579 and Tyr857, but not of Tyr716 in 

2eTPC, suggesting the specific regulatory role of the TM domain on the PDGFR 

cytoplasmic domain, and 2eTPC consistently increased the phosphorylation of Src and 

PI3 kinase, known downstream effectors for phosphorylated Tyr579 in the cytoplasmic 

PDGFR domain. Taken together, all of these data provide evidence that the TM domain 

of syndecan-2, possibly other receptors, specifically regulates cytoplasmic domain 

functions and subsequent downstream signaling events. 
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Chondroitin sulfate-mediated N-cadherin/b-catenin signaling 
is associated with basal-like breast cancer cell invasion 

 
Satomi Nadanaka, Hiroki Kinouchi, and Hiroshi Kitagawa 

 

Laboratory of Biochemistry, Kobe Pharmaceutical University, Higashinada-ku, Kobe 658-8558, Japan 

 

Tumor metastasis involves cancer cell invasion across basement membranes and 
interstitial tissues. The initial invasion step consists of adherence of the tumor cell to the 
extracellular matrix (ECM), and this binding transduces a variety of signals from the 
ECM to the tumor cell. Accordingly, it is critical to establish the mechanisms by which 
extracellular cues influence the intracellular activities that regulate tumor cell invasion. 
Here, we found that invasion of the basal-like breast cancer cell line BT-549 is enhanced 
by the ECM component chondroitin sulfates (CSs). CSs interacted with and induced 
proteolytic cleavage of N-cadherin in the BT-549 cells, yielding a C-terminal intracellular 
N-cadherin fragment that formed a complex with β-catenin. Of note, the cleavage of N-
cadherin increased cytoplasmic and nuclear β-catenin levels; induced the matrix 
metalloproteinase 9 (MMP9) gene, a target of β-catenin nuclear signaling; and augmented 
the invasion potential of the cells. We also found that CS-induced N-cadherin proteolysis 
requires caveolae-mediated endocytosis. An inhibitor of that process, nystatin, blocked 
both the endocytosis and proteolytic cleavage of N-cadherin induced by CS and also 
suppressed BT-549 cell invasion. Knockout of chondroitin 4-O-sulfotransferase-1 (C4ST-
1), a key CS biosynthetic enzyme, suppressed activation of the N-cadherin/β-catenin 
pathway through N-cadherin endocytosis and significantly decreased BT-549 cell 
invasion. These results suggest that CSs produced by C4ST-1 might be useful therapeutic 
targets in the management of basal-like breast cancers. 
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Role of Proteoglycans in Tumor Cell Internalization of Exosomes and Lipoproteins 
 
Mattias Belting1 
1Lund University, Sweden 

 

Cancer can be regarded as an invasive organ that exhibits unique plasticity provided by 
coordinated, cancer cell-stromal cell communication in the tumor microenvironment. 
Typical stress factors in the tumor niche, such as hypoxia and acidosis, are major drivers 
and modulators of these events. Adaptive mechanisms include stimulation of 
angiogenesis, immune cell escape and increased metastasis. Recent findings reveal an 
important role of extracellular vesicles (EVs, exosomes and microvesicles) and 
lipoproteins in cancer cell adaption to exogenous stress. Compartmental exchange 
between cells through EVs has emerged as a central mechanism that coordinates the 
complex communication between malignant and stromal cells during tumor initiation and 
evolution. Some of the most critical processes of EV-mediated communication, including 
EV biogenesis and EV uptake, can be mediated by heparan sulfate proteoglycans 
(HSPGs) that reside on the surface of producer and recipient cells as well as on EVs. 
Cancer cell-derived EVs may exert their protumorigenic effects by direct interactions of 
biologically active surface molecules or by transfer of metabolites that can be utilized as 
an energy source. The similarities and distinct features of EVs and lipoproteins as 
signalosomes and nutrient sources in cancer will be discussed with a specific focus on the 
central role of cell-surface HSPGs 
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Extracellular matrix remodeling and multiple signaling pathways are regulated by 

syndecan-4 during myogenesis  
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Background: Extracellular matrix (ECM) remodeling is essential for skeletal muscle 

development and adaption in response to environmental cues such as exercise and injury. Cell-

ECM communications via cell adhesion molecules and their proteoglycan co-receptors are the 

main orchestrators of ECM remodeling. The cell surface proteoglycan syndecan-4 has been 

reported to be essential for muscle differentiation, but few molecular mechanisms are known. 

Syndecan-4-/- mice are unable to regenerate damaged muscle, and display deficient satellite cell 

activation, proliferation, and differentiation. A reduced myofiber basal lamina has also been 

reported in syndecan-4-/- muscle, indicating possible defects in ECM production. To get a better 

understanding of the underlying molecular mechanisms, we have here investigated the effects 

of syndecan-4 genetic ablation on key molecular pathways involved in ECM remodeling and 

muscle growth, both under steady state conditions and in response to exercise.  

Methods: Sedentary and exercised syndecan-4-/- (global null) and WT female mice (10 weeks 

at harvest) were analysed by immunohistochemistry, real-time PCR and western blotting.  

Results: Compared to WT mice, we found that syndecan-4-/- mice had reduced body weight, 

reduced muscle (tibialis anterior) weight, muscle fibers with a smaller cross-sectional area and 

reduced expression of myogenic regulatory transcription factors. The absence of syndecan-4 

was compensated by increased levels of syndecan-2, cleaved Notch, HES-1, decorin, pSer473-

Akt and pSer235/236 RPS6, in addition to increased mRNA expression levels of several ECM 

components. Some of these ECM components were reduced at protein level, suggesting them 

to be more susceptible to degradation when syndecan-4 is absent. Upregulation of syndecan-2, 

cleaved Notch, HES-1, decorin, pSer473-Akt and pSer235/236 RPS6 was only observed in WT 

mice after exercise.  

Conclusions: Reduced muscle growth, changes in multiple signaling molecules and ECM 

components were demonstrated when syndecan-4 was absent. Altogether our work unravels a 

broad impact of syndecan-4 function on muscle development and plasticity.   
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Identification of the cardiac syndecan-2 interactome 
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A. Nyman2, Geir Christensen1, Cathrine Rein Carlson1 
1Institute for Experimental Medical Research, Oslo University Hospital and University of Oslo, 

Norway 
2Department of Immunology, Institute of Clinical Medicine, University of Oslo and Rikshospitalet, 

Norway 

 

Proteoglycans are important players in ECM remodeling in the heart. Particularly 
syndecan-4 has been shown to be important for cardiac remodeling, whereas the role of 
its close relative syndecan-2 is largely unknown in the heart. To get more insight into the 
syndecan-2 function and its downstream signaling mechanisms, we here sought to map 
its interactome in left ventricle lysate. By using three different affinity purification 
methods combined with mass spectrometry (MS) analysis, we identified 30 novel partners 
and 9 partners previously described in the literature, which together make up the first 
cardiac syndecan-2 interactome. Eleven of the novel partners were also verified in 
HEK293 cells (i.e. AP2A2, CAVIN2, DDX19A, EIF4E, JPH2, MYL12A, NSF, PFDN2, 
PSMC5, PSMD11, and RRAD). The cardiac syndecan-2 interactome partners formed 
connections to each other and grouped into clusters mainly involved in cytoskeletal 
remodeling and protein metabolism, but also into a cluster consisting of several caveolae-
associated proteins (CAVINs). We are currently investigating a potential role of the 
syndecan-2-CAVIN-2 interaction. 
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VEGF Activation of Src Kinase for Nitric Oxide Production in Endothelial Cells 

Requires a Molecular Complex of RHAMM, Gab1 And Grb2 to Shuttle the 

Phosphatase Shp2 To VEGFR2 

 

Rashmin Savani1 

1University of Texas Southwestern Medical Center, Dallas, Texas, United States 

 

The Receptor for Hyaluronan-Mediated Motility (RHAMM) is necessary for endothelial cell (EC) 

migration in vitro and angiogenesis in vivo, but the mechanisms are incompletely understood. 

Nitric oxide (NO) production by endothelial nitric oxide synthase (eNOS) controls diverse 

physiological and pathological processes, involves a signaling cascade through Src kinase and Akt, 

and results in eNOS phosphorylation. A number of diverse agonists, including VEGF, HDL, estradiol, 

acetylcholine and insulin, activate eNOS to produce NO. 

 

To determine the molecular mechanism by which RHAMM regulates eNOS activation, we used 

cultured EC and RHAMM KO mice. RHAMM siRNA knockdown in HUVEC inhibited the increased 

cell migration and eNOS activity observed with treatment with all EC agonists, and the exogenous NO 

donor NONOate rescued this inhibition, suggesting that RHAMM is universally required for eNOS 

activation and NO production. RHAMM siRNA-mediated decrease in cell migration and eNOS activity 

correlated with decreased Akt and eNOS phosphorylation but not Erk phosphorylation. CD44 was 

completely dispensable in the activation of eNOS by VEGF. In RHAMM KO mice, normal 

alveolarization and re-endothelialization after arterial injury, processes that require NO, were delayed. 

RHAMM KO also did not respond to exogenous VEGF, but treatment with either inhaled NO (iNO) or 

Molsidomine normalized lung alveolarization and restored re-endothelialization after arterial injury. 

 

Since activation of Src is a proximal step in the signaling cascade, we examined the effect of RHAMM 

knockdown on Src activation. RHAMM siRNA treatment of EC was associated with 

hyperphosphorylation of the inhibitory site of Src (Y527) and an inhibition of the 

phosphorylation of the activation site of Src (Y416). The phosphatase Shp2 is critical in the 

dephosphorylation of Y527 and Src activation, and associates with VEGFR2 in this process. 

Interestingly, Shp2 and Src both co-immunoprecipitated with RHAMM in vivo as well as in vitro. 

Compared to EC treated with scrambled siRNA, co- immunoprecipitation of Shp2 and VEGFR2 with 

VEGF stimulation was significantly reduced in RHAMM siRNA-treated EC. Shp2-VEGFR2 

interaction also requires the adaptor proteins Gab1 and Grb2. Knockdown of each one of these adaptor 

proteins also decreased the recruitment of Shp2 to VEGFR2 and phosphorylation of Akt, but not Erk. 

 

These data suggest that the RHAMM-Gab1-Grb2 complex facilitates Shp2 tethering to VEGFR2, 

which is necessary for the dephosphorylation of Y527 in Src and the downstream activation 

of the signaling pathway for NO production in endothelial cells. This novel signaling mechanism 

suggests a critical role for RHAMM in the production of NO and in physiologic and pathophysiologic 

contexts where NO plays a key role.
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Endocytic mechanism of lactoferrin N-lobe: Regulation of anticancer activity via 

glycan recognition and lipid raft formation 
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The human innate immune activation factor lactoferrin (hLF) exerts direct 

pharmacological effects, including antitumor and anti-inflammatory effects. Therefore, 

there are expectations that hLF derivatives may represent promising leads for drug 

discovery. hLF consists of two globular domains, the N-lobe and the C-lobe. The 

antitumor activity of the N-lobe is controlled by sulfated glycosaminoglycans (sGAGs). 

In recent years, hLF has been reported to accumulate in cells and cause various 

pharmacological effects, but it is unclear how sGAGs present on the cell surface affects 

the internalization of hLF. In this study, we aimed to identify the structure of sGAGs 

recognized by the N-lobe of hLF and perform correlation analysis on the internalization 

of hLF. First, we used solid-phase binding assays to analyze the structure of sGAGs 

recognized by the N-lobe of hLF. Next, we used PC-3 lung cancer cells, in which the 

quantity of sGAGs on the cell surface had been changed by enzymological methods, to 

analyze the influence of the sGAG structure on the internalization of the N-lobe of hLF 

into PC-3 cell. We also used several inhibitors of membrane trafficking 

(dansylcadaverine, chlorpromazine, methyl-beta-cyclodextrin, genistein) to further 

analyze the pathway of N-lobe internalization into PC-3 cell. As a result, we discovered 

that hLF recognizes a specific sGAG structure using a binding domain located within the 

N-lobe of hLF. The amount of N-lobe internalized into the cell increased in PC-3 cells 

with reduced heparan sulfate content. After being internalized into PC-3 cell, the N-lobe 

localized near the nucleus, and its quantity decreased significantly with the destruction of 

lipid rafts. These findings suggest that the internalization of the N-lobe of hLF into PC-3 

cells is controlled by a specific sGAG structure and lipid raft endocytosis. 
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Downregulation of anticoagulant heparan sulfates in invasive forms of endometrial 

cancer 
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Endometrial adenocarcinoma is the most frequent gynecologic cancer with a 5-year 

survival rate stagnant since 30 years. In human uterus, anticoagulant heparan sulfate 

(aHS) is present in vessel walls and the glandular epithelium but disappear during tissue 

remodeling occurring in the implantation window. In cancer, heparanase is elevated and 

shifted to an extracellular form modulating growth factor signaling and ECM remodeling. 

We postulate that aHS downregulation through heparanase degradation facilitates tissue 

remodeling, tumor invasion and angiogenesis. Thus aHS could serve as marker of tissue 

integrity and downregulation of aHS could help to identify invasive endometrial 

carcinoma at early stage. aHS and heparanase expression were analysed on 96 grade 1 

human endometrioid adenocarcinoma cases tissue sections by AT-binding labelling and 

IHC. Strong aHS labelling was present in 100% of controls but decreased to 32% of tumor 

cases while heparanse was present in 25% of controls and increased to 44% of tumor 

cases. Extensive aHS downregulation was associated to most aggressive 

histopathological patterns of myometrial invasion. Capillaries at the tumor front were 

negatives for aHS while the vessel density was increased by 48.8% due to tumor-induced 

angiogenesis. Thus, tumor progression is related to aHS downregulation with a 

predominance in strongly invasive phenotypes allowing cell invasion and angiogenesis. 

To evaluate the therpeutic potential of aHS in endometrial cancer we established a model 

to understand how aHS and HPSE participate in cancer cell invasion and tumoral 

angiogenesis. The role of aHS in tissue homeostasis, was assessed in vitro by treatment 

of an endometrial carcinoma cell line with sulfated glycans to test their effect on tumor 

cells migration in wound closure assay. Sulfated glycans remarkably slowed the wound 

closure speed, with up to 52% reduction of cell front velocity. The effect was dependent 

on chain size, with a lower limit of activity at 8’000 kDa. The reduction of cell front 

velocity did not require aHS-AT binding but glycan treatment induced the release of 

cellular aHS into the medium. In vitro inhibition of cell migration under sulfated glycans 

treatments support their therapeutical potential. 
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Unravelling heparan sulfate proteoglycan binding motif for cancer cell selectivity 
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Membrane heparan sulfate proteoglycans (HSPGs) regulate cell proliferation, migration 

and differentiation and are therefore considered key players in cancer cell development 

processes. Here we used NT4 peptide to investigate how the sulfation pattern of HSPGs 

on cells drives binding specificity. NT4 is a branched peptide that binds GAG chains of 

HSPGs. It has already been shown to inhibit growth-factor-induced migration and 

invasiveness of cancer cells, implying antagonist binding of HSPGs. 

Binding affinity of NT4 with recombinant HSPGs showed that NT4 bound glypican-3 

and -4, and with lower affinity, syndecan-4. NT4 binding to the cancer cell membrane 

was inversely correlated with sulfatase expression. NT4 binding was higher in cell lines 

with lower expression of SULF-1 and SULF-2, which confirms the determinant role of 

sulfate groups for recognition by NT4. Using 8-mer and 9-mer HS oligosaccharides with 

analog disaccharide composition and different sulfation sites, a possible recognition motif 

was identified that includes repeated 6-O-sulfates alternating with N- and/or 2-O-sulfates. 

Molecular modeling provided a fully descriptive picture of binding architecture, showing 

that sulfate groups on opposite sides of the oligosaccharide can interact with positive 

residues on two peptide sequences of the branched structure, thus favoring multivalent 

binding, and explaining the high affinity and selectivity of NT4 for highly sulfated GAGs. 

NT4 and possibly newly selected branched peptides will be essential probes for 

reconstructing and unraveling binding sites for cancer-involved ligands on GAGs and will 

pave the way for new cancer detection and treatment options. 
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Role of serglycin in promoting esophageal cancer invasion and metastasis 
Zhu Y1, B Li1, Xu WW1, Lam AKY2, Lee NPY3, Law S3, ALM Cheung1 
1School of Biomedical Sciences, Li Ka Shing Faculty of Medicine, University of Hong 
Kong, Hong Kong SAR, China;  
2Department of Pathology, Griffith Medical School and Menzies Health Institute 
Queensland, Australia. 
3Department of Surgery, Li Ka Shing Faculty of Medicine, University of Hong Kong, 
Hong Kong SAR, China. 
Esophageal cancer, of which esophageal squamous cell carcinoma (ESCC) is the major 
subtype, ranks sixth in mortality rate among cancer diseases. The prognosis of esophageal 
cancer is greatly dependent on the extent of local invasion and metastasis. Therefore, a 
better understanding of the molecular mechanisms underlying these processes is needed 
to identify novel prognostic markers and therapeutic targets. Our previous study showed 
that SRGN (encoding serglycin) is the top upregulated gene in a highly invasive ESCC 
cell subline. The significance of serglycin (SRGN), which is a proteoglycan with a core 
protein containing an attachment region for glycosaminoglycan (GAG) side chains, in 
esophageal cancer is not well understood. In the current study, analysis of TCGA database 
revealed that the tumor mRNA expression of SRGN was up-regulated in patients with 
esophageal cancer, and that higher SRGN expression was associated with unfavorable 
prognosis. We analyzed serum samples from patients with ESCC and found that higher 
serum concentration of SRGN was significantly correlated with poor prognosis, 
indicating the significant clinical relevance of SRGN in ESCC patients. Our in vitro and 
in vivo data showed that SRGN has functional significance in promoting invasion and 
migration of ESCC cells. These effects were mediated by the activation of the ERK 
signaling pathway and were dependent on the integrity of GAG chains attached to the 
core protein of SRGN. Furthermore, conditioned medium collected from ESCC cells with 
lentiviral vector-mediated SRGN-overexpression promoted invasion of parental cells. 
This autocrine effect was partly attributed to SRGN-induced midkine (MDK). We found 
that MDK had the ability to bind to SRGN, possibly by interacting with its chondroitin 
sulfate GAG side chains. Taken together, our findings unveiled the functional significance 
and mechanism of SRGN in promoting ESCC invasion and metastasis, as well as 
identified a promising prognostic marker for ESCC patients. [This study is supported by 
Research Grants Council of the Hong Kong SAR, China, GRF Project No. 17111016] 
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Downstream effects of intra-nuclear syndecan-1 
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Mesothelial progenitor cells and mesenchymal cells are able to transdifferentiate between 

different cell phenotypes depending on the local environment and on their proteoglycan profile. 

Syndecan-1 (SDC1) is a heparan sulfate proteoglycan (HSPG) important for the differentiation, 

proliferation and migration of various malignant tumors. Syndecans are also known to be 

involved in maintenance of cell morphology, its expression correlates with better prognosis and 

inhibition of tumor proliferation in malignant mesothelioma.  

 

SDC1 orchestrates a multitude of signaling pathways and it translocate to the nucleus in a 

regulated manner by a tubulin mediated transport mechanism. The minimal structural 

requirement for the nuclear translocation of SDC1 is the conserved juxta-membrane RMKKK 

motif, which serves as a nuclear localization signal (NLS), arginine in the RMKKK sequence 

causes a dramatic decrease of the proportion of cells with nuclear SDC1, pointing toward the 

critical involvement of arginine. 

 

In order to study mesenchymal-epithelial transdifferentiation, we have compared well-

established mesothelioma and fibrosarcoma cell lines, which grow with epithelioid or 

sarcomatoid phenotypes. Both cell lines are mesenchymal. They are selected based on their low 

endogenous SDC1 expression, to separately study the role of the cell surface and nuclear SDC1. 

To do so we designed two constructs; a full-length SDC1 and a truncated variant lacking the 

RMKKK nuclear localization signal. 

 

We investigated the role of SDC1 in mesenchymal tumors to see the functional importance of 

the internalization and transport of SDC1 to the nucleus. 

 

TGF- pathway was activated by nuclear SDC1, nuclear translocation of SDC1 hampered the 

cell proliferation and the cell cycle. We implemented proteome profiling approaches and 

combined them with functional assays to disclose the molecular mechanism that governed 

nuclear translocation and its related function.  

 

Taken together, the results address the importance of nuclear translocation, and the functional 

protein domains. 
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Processing of syndecan-2 by matrix metalloproteinase-14 and effect of its cleavage 

on VEGF-induced tube formation of HUVECs 
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Syndecans (SDCs) are transmembrane proteoglycans that are involved in cell adhesion 

and cell communication. Specifically, SDC2 plays a key role in tumorigenesis, metastasis, 

and angiogenesis. Previously, we found that rat SDC2 is shed by matrix 

metalloproteinase-7 (MMP-7) in colon cancer cells. Here, we analyzed the susceptibility 

of rat SDC2 to various MMPs. We found that the rat SDC2 ectodomain (ECD) fused to 

the C-terminal Fc region, which was expressed in mammalian cells, was cleaved more 

efficiently by MMP-14 than MMP-7. Likewise, when anchored on the surface of HeLa 

cells, rat SDC2 was cleaved more efficiently by treatment of MMP-14 than MMP-7, and 

was shed more readily by membrane-anchored MMP-14 than soluble MMP-14. Further, 

MMP-14 cleaved recombinant SDC2-ECD expressed in E. coli into multiple fragments. 

Using N-terminal amino acid sequencing and top-down proteomics approach, we 

determined that the major cleavage sites were S88↓L89, T98↓M99, T100↓L101, 

D132↓P133, and N148↓L149 for rat SDC2-ECD and S55↓G56, S65↓P66, P75↓K76, 

N92↓I93 D122↓P123, and S138↓L139 for human SDC2-ECD. Finally, the rat and human 

SDC2-ECD lost the ability to suppress VEGF-induced formation of capillary-like tubes 

by human umbilical vein endothelial cells following cleavage by MMP-14, but its major 

cleavage-site mutant of rat SDC2-ECD did not. These results suggest that MMP-14 is a 

novel enzyme responsible for degrading SDC2 and impairing its physiological roles 

including angiogenesis. 
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Multiplex soluble biomarkers analysis of pleural effusion: A novel 

diagnostic value of soluble biomarkers of pleural effusion to distinguish 

malignant from benign 
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Malignant Pleural mesothelioma (MPM), most common type of Malignant Mesothelioma, is a highly-

aggressive and therapy resistant pleural cancer that caused by asbestos exposure. MPM has a poor 

diagnosis, poor prognosis and a short survival time. Patient’s survival time is strongly influenced by 

subtype of the tumor. Dyspnea and accumulation of pleural effusion in the pleural cavity are common 

symptoms of MPM.  Diagnosis is based on testing of multiple immunohistochemical (IHC) markers of 

biopsy samples, cytological evaluation and soluble biomarker analysis of pleural effusion to 

distinguish MPM from other lung malignancies.  

The aim of this study is to evaluate the soluble (shed) syndecan-1 and other biomarkers as possible 

prognostic and diagnostic biomarkers and also to optimize the association between Luminex multiplex 

assay and individual biomarker analyses by Enzyme-Linked Immunosorbent Assay (ELISA).  

We used selected pleural effusion from 36 patients with Malignant Mesothelioma (MM), 42 patients 

with Adenocarcinoma (AD) and 40 benign effusions were analyzed for 10 different analytes 

(Angiopoietin-1, HGF, MMP-7, Osteopontin, TIMP-1, Galectin, Mesothelin, NRG1-b1, Syndecan-1 

and VEGF) by Human Premixed Multi-Analyte Luminex kit. 

We demonstrated that expression level of shed SDC-1 and MMP-7 are significantly lower and 

expression level of Mesothelin and Galectin-1 are significantly higher in malignant mesothelioma 

patient compering with adenocarcinoma patient. Additionally, we also showed that expression level of 

Galectin-1, HGF, Mesothelin, MMP-7, Osteopontin, shed SDC-1 and TIMP-1 are significantly higher 

and NRG1-b1 is significantly lower in malignant pleural effusion comparing with benign samples. In 

addition, we showed that there is a negative correlation between VEGF and positive correlation 

between Mesothelin and shed SDC-1 level in the pleural effusion. Furthermore, we showed that shed 

SDC-1 and VEGF have prognostic value in malignant mesothelioma patients. 

Our studies suggest that shed syndecan-1, Mesothelin, Galectin-1 and MMP-7 can be diagnostic 

markers and VEGF and syndecan-1 are prognostic markers in MM patients. Additionally, we suggest 

that Galectin-1, HGF, Mesothelin, MMP-7, Osteopontin, shed SDC-1 and TIMP-1 can be diagnostic 

marker for malignant cases. 

Keywords : Malignant pleural mesothelioma, Pleural effusion, Luminex, Diagnostic biomarkers 
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The interrelation between heparanase and heparan sulfate content in glioma 
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Heparanase (HPSE) is an endoglycosidase that cleaves the heparan sulfate 

chains (HS) of proteoglycans and regulates the structure of the extracellular matrix. HS 

participates in cell signaling pathways and cell-microenvironment interactions and plays 

an important role in the brain development and glioma progression. HPSE expression in 

cancer cells affects tumour microenvironment although its relation to HS content in 

tumour tissue poorly understood. The aim of this work was to study potential relationship 

between HPSE expression and HS content in primary and recurrent glioblastoma. 

According to immunohistochemical analysis, HPSE was significantly decreased 

in tumour and paratumorous glioblastoma tissues compared with normal brain tissues. 

Comparative analysis of HPSE expression in primary and recurrent brain tumours 

demonstrated no significant differences. Decreased HPSE expression in gliomas was 

associated with significant increase of HS content in glioma tissue, especially in a relapse. 

HPSE expression and HS distribution are heterogeneous in glioma tissues possibly due to 

heterogeneity of glioma cell sub-populations. To analyze this phenomenon further, HPSE 

expression and HS content were studied in different glioblastoma cell lines (U87, U343, 

LN18, LN71, LN405). It was shown that HS was present in all cell lines while HPSE was 

expressed in few cell lines, supporting a hypothesis on contribution of different glioma 

cell sub-types to the intratumoural heterogeneity of glioblastoma tumours. 

In summary, obtained results demonstrated down-regulation of HPSE 

expression and increase of HS content in human gliomas. These changes might contribute 

to formation of favorable microenvironment for glioma progression and relapse of the 

disease. 
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Anti-sulfated glycosaminoglycan antibodies: identified as dominant antibody 

clones in the human gastric carcinoma environments  
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Our previous study surprisingly revealed that the most dominant B cell clones in the 

human gastric cancer environments frequently exhibited the nature of anti-sulfated 

glycosaminoglycans (Katoh et al., Cell Reports 2017). Moreover, reconstructed anti-

sulfated glycosaminoglycan antibodies secreted by such dominant B cells robustly 

reacted to various human cancer cell lines and significantly inhibited cell growths of 

multiple of such cancer cells in vitro. Thus, our data has underscored that sulfated-

glycosaminoglycans play an important role in cancer biology. However, concerning the 

molecular biology of cancers, precise functions and their pathological/immunological 

properties of sulfated-glycosaminoglycans have largely been obscure; therefore, it has 

been highly warranted to study molecular roles for the sulfated-glycosaminoglycans in 

the context of cancers and cancer-immune systems. Currently, we are proceeding with 

the identification of detailed immunological epitopes and clinicopathological 

significance of the sulfated-glycosaminoglycans in human cancers, and we are also 

investigating the biological functions of anti-sulfated glycosaminoglycan human 

antibodies. In this poster presentation, we would like to discuss how the sulfated-

glycosaminoglycans exhibit such a high antigenicity specifically in the cancer 

environments and what kinds of roles the sulfated-glycosaminoglycans specifically play 

in cancer tissues. We hope that deepening our understanding of the full picture of 

sulfated-glycosaminoglycans in the cancer biology would pave the way to fight against 

wide ranges of devastating human cancers.   
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Role of versican as a peritoneal factor in the development of endometriosis 
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Context: We hypothesized that molecular alterations in the peritoneum are involved in 
the development of peritoneal endometriosis and conducted a microarray analysis to 
compare macroscopically normal peritoneal samples from women with peritoneal 
endometriosis (endometriotic peritoneums, n=4) and those without (non-endometriotic 
peritoneums, n=4). We have revealed that versican V1 expression was significantly higher 
in the endometriotic peritoneums. In vitro, versican V1 isoform was stably transfected to 
Chinese hamster ovary cells (CHO-V1) and CHO-V1-derived conditioned medium (V1-
CM) promoted attachment to the human peritoneal cell line (HMrSV5) cell monolayer as 
well as the Matrigel invasion of primary human endometrial stromal cells (hESCs).  
Objective: To investigate possible roles of peritoneal versican in the development of 
endometriosis using mouse model.  
Materials and Methods: Mouse model of developing endometriosis was prepared by 
intraperitoneally administration of endometrial tissue collected from donor mice to 
C57BL/6 8- to 9-week-old recipient mice. V1-CM or control-CM was intraperitoneally 
injected to model mice for continuous 5 days. Intraperitoneal endometriotic lesions were 
macroscopically confirmed. Experiments were approved by the Committee of the 
Institute for Animal Experimentation of Kyoto University Hospital. 
Results : Endometriotic lesions were observed in the peritoneal cavity of all mice. The 
total volume of the endometriotic lesion was significantly larger in V1-CM group than in 
the control group (4.61 ± 1.64 vs 0.29 ± 0.19mm3, p<0.05).  
Conclusions: Our results suggest that peritoneal versican is involved in the development 
of peritoneal endometriosis. 
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Evaluation of the effect of salmon nasal cartilage-derived proteoglycan on intestinal 
epithelial cells by mouse enteroid 
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Mouse enteroids, three-dimensional small intestinal epithelial organoids, are generated 
from a long-term primary culture system for mouse intestinal crypts. These epithelial 
structures contain crypt- and villus-like domains reminiscent of normal small intestinal 
epithelium. Furthermore, enteroids contain all the cell types normally found in intestinal 
epithelium and their cells are continuously produced. This in vitro organ-like culture 
system has been recognized as a very effective tool for the study of intestinal stem cell 
biology and epithelial cell physiology. Here, in order to evaluate the effect of salmon nasal 
cartilage-derived proteoglycan (PG) on intestinal epithelial cells, we used mouse enteroid 
to investigate its effects, mainly on the proliferation of intestinal stem cells. 
     The PG in salmon nasal cartilage is considered to be a food that brings functionality 
by ingestion. For example, potential of the PG as a food ingredient to improve human 
skin condition was reported, including skin elasticity, wrinkles, facial pores, blotches, 
moisture and smoothness. In this study, the PG was extracted from salmon, Oncorhynchus 
keta, nasal cartilage slices and the PG was injected by the microinjector into the lumen of 
the mouse enteroids. To investigate the same effect as oral intake, it was necessary to 
administer PG into the lumen. The capacity of enterospheres to develop into enteroids is 
associated to the proliferative function of intestinal stem cells. Specific enteroids were 
continuously observed over time and the number of lobes per enteroid was counted on 
day 1, 2, and 3. Furthermore, the cross-sectional area of the enteroid was determined, 
compared with the cross-sectional area at the start of the culture, and the amount of 
increase and the rate of increase were determined. 
     When the PG was injected into the lumen of enteroids, the number of lobes 
increased significantly after 1 and 2 days, and the cross-sectional area also increased 
significantly. This is considered to mean that the PG acts on intestinal stem cells to 
enhance proliferative activity. 
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The role of heparan sulfate proteoglycans in Drosophila germline stem cell niche. 
 
Yoshiki Hayashi1, Arisa Sugiyama, Satoru Kobayashi1, 
1Life Science Center for Survival Dynamics, University of Tsukuba,1-1-1, Tennodai, Tsukuba, Ibaraki, 

Japan, 305-8577 

  
Secreted signaling proteins have pivotal role during animal development. Two 

opposing developmental contexts in which secreted protein have central role are 
morphogen and stem cell niche. Same secreted protein could play role in both contexts to 
transduce long range signal as morphogen, or short range signal as niche signal factor, so 
to understand molecular mechanism regulating distribution of secreted protein is crucial. 
  We have been trying to understand how distribution of signaling protein is regulated in 
stem cell niche. For this purpose, we utilized Drosophila female germline stem cell (GSC) 
niche as model. In this stem cell niche, Decapentaplegic (Dpp), Drosophila BMP2/4 
orthologue, is known to have central role. Dpp is secreted from ovarian somatic cells 
named as Cap cells and activates BMP pathway only in the GSCs that associate with Cap 
cells to maintain their stem cell character. Dpp is also known to act as morphogen, so we 
tried to understand the molecular mechanism to accumulate Dpp only nearby Cap cells. 
One of the important candidate molecules for this is Heparan sulfate proteoglycan 
(HSPG). HSPG is a family of sugar modified protein that is known to regulate distribution 
of secreted protein in extracellular space. We have previously reported that Glypican, 
membrane associate type HSPG is required for maintenance of GSCs by regulating BMP 
signal activity. In addition to Glypican, we found the other types of HSPGs, Syndecan 
and Perlecan are also involved in GSC niche. In this meeting, we will discuss how these 
HSPGs constitute GSC niche. 
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A skeletal dysplasia with joint laxity and advanced bone age is caused by loss-of-
function mutations in CSGALNACT1 
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     Chondroitin sulfate (CS) is covalently attached to specific core proteins to form 
proetoglycans (PGs), which are ubiquitously localized in the extracellular matrix and at 
the cell surface. CS N-acetylgalactosaminyltransferase-1 (CSGalNAcT1) encoded by 
CSGALNACT1 is responsible for biosynthesis of the CS-repeating disaccharide region, 
[glucuronic acid – N-acetylgalactosamine (GlcA-GalNAc)].  

Previously, we reported a patient with joint laxity and mild skeletal dysplasia with 
advanced bone age in infancy (Vodopiutz, Mizumoto et al. Hum Mutat, 2017). This 
individual presented with short stature, joint laxity, and radiographic findings typical of 
Desbuquois dysplasia, which were caused by a compound heterozygous CSGALNACT1 
p.Pro384Arg mutation and 55.3-kbp deletion containing exons 5-8. The recombinant 
enzyme, p.Pro384Arg-CSGalNAcT1 exhibits markedly weaker GalNAcT-II activity than 
that of wild-type CSGalNAcT1. However, no significant differences were observed in the 
levels of CS in fibroblasts or urine from the patient compared to healthy subjects. 
Furthermore, we found two additional cases with skeletal dysplasia with advanced bone 
age in infancy; one has compound heterozygous for the mutation a p.Asp432Tyr mutation 
and an intragenic deletion that removes exon 4 of CSGALNACT1, and the other harbors 
a homozygous p.Asn264Ser variant (Mizumoto et al. submitted). The clinical features of 
these individuals include spondyloepiphyseal dysplasia with advanced bone age and a 
recognizable facial gestalt. The recombinant mutant CSGalNAcT1 enzymes 
(p.Asn264Ser and p.Asp432Tyr) showed a marked reduction in GalNAc-transferase 
activity compared with that of wild-type CSGalNAcT1. The relative number of CS side 
chains was a significantly reduced in the patient cells compared to a control subject. 
     These findings indicate that the decrease in the GalNAc activity caused by the 
CSGALNACT1 mutations results in a defect in the biosynthesis of CS, and imply that 
CSGalNAcT1 and/or CS play important roles in skeletal development. 

Monday, 30 September A39

77



Analysis of heparan sulfate produced by lymphoblastoid cell lines in patients with 
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Spondylo-epi-metaphyseal dysplasia (SEMD) is a group of heterogenous skeletal 
dysplasias. All their pathogenesis are mostly unknown. Recently, we have identified a 
new form of SEMD, with a resembling phenotype of Morquio syndrome accompanied by 
hepatic cyst and/or immunodeficiency, which is caused by the mutation in the Exostosin 
like-3 gene (EXTL3) (Guo et al., J. Hum. Genet., 2017). The protein encoded by EXTL3 
is localized to the Golgi apparatus and has an N-acetylglucosaminyltransferase 
(GlcNAcT) activity involved in the biosynthesis of heparan sulfate (HS). The mutant 
EXTL3 protein we identified (P318L) had reduced GlcNAcT activity in vitro to 1/3 or 
less; however, its effect on HS in vivo remains unknown. In order to analyze the HS in a 
patient with SEMD caused by the EXTL3 mutation, a lymphoblastoid cell line from the 
patient was established. Glycosaminoglycan fractions were prepared from the cells, and 
HS was digested with a mixture of heparinase and heparitinase into constituent 
disaccharide units. The reducing ends of the resulting disaccharides were fluorescently 
labeled with 2-aminobenzamide. The derivatives were analyzed by anion exchange 
HPLC to determine the composition and the amount of the disaccharides. The amount of 
HS was significantly reduced in the cells from patients compared to those from healthy 
individuals. In contrast, the disaccharide composition was similar between the 
lymphoblasts from healthy individuals and patients. A representable composition of HS 
from lymphoblasts is as follows: 67.7% for HexA-GlcNAc, 1.2% for HexA-GlcNAc(6S), 
18.3% for HexA-GlcNS, 2.1% for HexA-GlcNS(6S), 4.7% for HexA(2S)-GlcNS, and 
6.0% for HexA(2S)-GlcNS(6S), where HexA, GlcNAc, GlcNS, 2S, and 6S represent 
hexuronic acid, N-acetyl glucosamine, N-sulfated glucosamine, 2-O-sulfate, and 6-O-
sulfate, respectively. The chain length of HS is subsequently analyzed by gel filtration 
chromatography. In addition, identification of core proteins of the HS proteoglycans as 
well as measurement of GlcNAcT activity in the cells are also conducted. 
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Limbal stem cells (LSCs), located in the basal layer of the corneal limbal epithelium, play 

a vital role in maintaining the cornea. LSCs have a high capacity of self-renewal with 

increased potential for error-free proliferation and poor differentiation. To date limited 

research has focused on unveiling the composition of the limbal stem cell niche, and, 

more importantly, the role the specific stem cell niche may play in LSC differentiation 

and function. Our work shows that hyaluronan is a major constituent of the limbal stem 

cell niche. Interestingly, using hyaluronan synthase (HAS) knock-out mice, we were able 

to show that the loss of HAS2 in the limbus leads to a loss of LSCs, with similar clinical 

manifestations to limbal stem cell deficiency (LSCD). The preferred treatment for LSCD 

is LSC transplantation, however, the ex vivo expansion of LSCs while maintaining their 

stemness and limiting graft rejection is a major hurdle in this form of treatment. 

Interestingly, our unpublished data shows that hyaluronan also supports LSCs in vitro, 

and that culturing LSCs on HA during ex vivo expansion improves transplantation 

success. In conclusion, our findings show that HA has a major role in maintaining the 

LSC phenotype both in vivo and in vitro. Taken together, our data suggests that using HA 

as a substrate for expanding LSCs ex vivo could improve the outcome of LSC 

transplantation. 

Grant support: Startup funds from the University of Houston, UH SeFAC funds, The 

Mizutani Foundation, R01 EY029289-01 and P30 EY07551. 
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Syndecan-mediated transcriptional regulation of germline stem cell development
. 

 

Sandeep Gopal
 
and

 
Roger Pocock

 

Biomedicine Discovery Institute, Monash University, Australia

 

  

At least 14 proteoglycans are encoded
 
in mammals, where several of them have redundant 

functions. This makes mammalian knockout studies challenging
 

due to functional 
compensation. Therefore, our laboratory

 
adopted Caenorhabditis elegans

 
to study the 

role of proteoglycans, specifically syndecans in germline stem cell development. C. 
elegans

 
genome encodes a single

 
syndecan (SDN-1), thereby providing an ideal model 

for knockout studies. Our research focuses on the function of sdn-1
 
in transcriptional 

regulation during germline stem cell development.
 
Previous studies have shown that 

germline stem cell number in C. elegans
 
is maintained by notch signaling. We and others

 

have shown that the notch receptor (glp-1) deletion mutation
 
leads to significantly 

reduced number of stem cells in C. elegans
 
germline. Our recent analysis of sdn-1 mutant 

hermaphrodite C. elegans
 
showed a reduced number of germline stem cells. We analyzed 

the transcriptome of sdn-1
 

mutant germlines and found that multiple stem cell 
proliferation and meiosis promoting genes are downregulated in the absence of sdn-1. In 
particular, glp-1 mRNA was reduced.  Our

 
most

 
recent data suggest that SDN-1 controls 

glp-1
 
expression through a highly conserved AP transcription factor binding motif. This 

identifies a novel regulatory mechanism that controls Notch Receptor expression in 
germline

 
stem cells.
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Loss of galactosyltransferase II, encoded by b3galt6, causes musculoskeletal abnormalities 

in a zebrafish model for spondylodysplastic Ehlers-Danlos syndrome and reveals the 

presence of a trisaccharide proteoglycan linker region. 

Sarah Delbaere1, Shuji Mizumoto2, Shuhei Yamada2, Fredrik Noborn3,4, Goran Larson3,4, Jan 

Willem Bek1, Phil L. Salmon5, Paul Coucke1, Andy Willaert1, Fransiska Malfait1 

1Center for Medical Genetics, Ghent University and Ghent University Hospital, Ghent, Belgium. 
2Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, 150 Yagotoyama, Tempaku-

ku, Nagoya, Aichi 468-8503, Japan. 
3Department of Laboratory Medicine, Sahlgrenska Academy at the University of Gothenburg, Gothenburg, 

Sweden. 
4Laboratory of Clinical Chemistry, Sahlgrenska University Hospital, Gothenburg, Sweden. 
5Bruker microCT, Kontich, Belgium. 

Biallelic mutations in B3GALT6, the gene encoding galactosyltransferase II (β3GalT6) which 

is an essential enzyme for the biosynthesis of the linker region in proteoglycans, are the cause 

of the rare autosomal recessive variant of the Ehlers-Danlos syndrome (EDS), currently known 

as ‘spondylodysplastic EDS (spEDS-B3GALT6)’. This disorder is mainly characterized by 

short stature, hypotonia, spondyloepimethaphyseal bone dysplasia, bone fragility with fractures 

and bowing of the limbs, joint hypermobility and joint contractures, peculiar craniofacial 

features and dysplastic teeth.  

Hitherto, no animal model has been generated for spEDS-B3GALT6 to further investigate the 

pathogenesis of this disabling disease. Therefore, we developed and characterized the first 

viable knock-out zebrafish model for spEDS-B3GALT6 by using the CRISPR/Cas9 gene 

editing technique targeting b3galt6.  

Homozygous adult b3galt6-/- zebrafish had a reduced body length, lower weight and smaller, 

misshapen fins compared to their wild-type siblings. µCT scanning of the vertebral column 

showed diminished volume and thickness, but increased tissue mineral density in the vertebral 

centra. Investigating mineralized bone in b3galt6-/- zebrafish by Alizarin red staining revealed 

general skeletal dysplasia such as mild kyphoscoliosis, bowed and kinked ribs, ectopic bone 

growth, misshapen cranial bones and teeth deformities, mimicking the clinical findings in 

spEDS-B3GALT6 individuals. Next, transmission electron microscopy (TEM) was performed 

to examine the connective tissue ultrastructure. A disturbed fibrillar organization of type I 

collagen in b3galt6 mutant zebrafish bone was noted. Skin of b3galt6-/- adult zebrafish showed 

a thick epidermis, extrafibrillar crystals in the scales and loosely packed collagen fibrils in the 

dermis. Furthermore, indications for muscle hypotonia were noted in b3galt6-/- zebrafish as 

mutants had a lower endurance, shown by an effort test in a swim tunnel, and had a higher 

sarcomere length, observed via TEM analysis. To examine the level of glycosaminoglycans 

(GAGs) in adult wild-type and b3galt6-/- zebrafish, quantification of disaccharides from CS, 

DS and HS was carried out by combination of enzymatic digestion with an anion-exchange 

HPLC. A strong decrease in CS, DS and HS levels was observed in dissected bone, muscle and 

skin from b3galt6 mutants. As GAGs were still produced, the proteoglycan linker region was 

investigated by LC-MS-MS revealing a trisaccharide linker region, consisting of only one 

galactose instead of two, exclusively found in b3galt6 mutants. 

Taken together, the generated b3galt6 knock-out zebrafish is a promising model for further 

elucidation of the underlying pathogenetic mechanisms leading to spEDS-B3GALT6 in human. 
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 The evaluation of pregnancy outcome in uterine specific versican knockout mice.
 

 
Yusuke Sagae1, Baku Nakakita1, Yoshimi Kitawaki1, Asuka Okunomiya1, Hirohiko Tani1, 
Akihito Horie1,  Hideto  Watanabe2, Masaki Mandai1  
  
1Department of Gynecology and Obstetrics, Graduate School of Medicine, Kyoto University, 54 

Kawaharacho, Shogoin, Sakyo-ku Kyoto,606-8507, Japan 
2Institute for Molecular Science of Medicine, Aichi Medical University, 1-1 Yazakokarimata, 

Nagakute, 480-1195, Japan 

 

  Objective
 

  
The Extracellular matrix (ECM) in the endometrium plays

 
crucial roles in the process 

of embryo implantation. Versican (Vcan)
 

is expressed
 

in human endometrium 
throughout the menstrual cycle,

 
at a highest level

 
in

 
the mid-secretory phase, and 

therefore is likely
 
involved in human embryo implantation. In murine uterus, Vcan

 expression in the endometrium is modulated by ovarian steroid hormones. In this study, 
we generated uterine specific Vcan-null

 
mice (uKO), analyzed them, and attempted to 

understand
 
the roles

 
of Vcan

 
in pregnancy.

 Methods 
 

  
Each of uKO mice and control group was mated with a wild type

 
male mouse.

 
At E18, 

we examined
 
the pregnancy rate, abortion rate, the

 
size

 
and

 
weight

 
of embryos and

 placenta.
 
We

 
also

 
measured

 
additional parameters such as maternal blood pressure that 

had been related to fetal growth restriction.
 Results

 
  

Fetal body weight of uKO mice was significantly lower than that of control group at 
E18

 
(p=0.02) and maternal blood pressure was significantly higher

 
in uKO mice group, 

whereas
 
there were no significant differences

 
in others

 
examined.

  Discussion
 Our results suggest that Vcan depletion causes

 
hypertensive disorders of pregnancy

 (HDP). As HDP
 
is induced by

 
impaired trophoblast invasion and insufficient remodeling 

of maternal uterine blood vessels, Vcan may play an important role
 

in vascular 
remodeling

 
of placentae during pregnancy.
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A new function of Type XVIII collagen in Basement Membrane of Oral Mucosa:  

a regulator of Keratinization. 

 

Ha Thi Thu NGUYEN1,2, Mitsuaki ONO1 , Taishi KOMORI2 , Midori EDAMATSU1 ,  

Tomoko YONEZAWA1 , Takuo KUBOKI2 , Toshitaka OOHASHI1 

 
1Department of Molecular Biology and Biochemistry,Okayama University Graduate School of 

Medicine, Dentistry and Pharmaceutical Sciences  
2Department of Oral Rehabilitation and Regenerative Medicine, Okayama University 

Graduate School of Medicine, Dentistry and Pharmaceutical Sciences  

 

In modern dentistry, the role of keratinized gingiva has been known as a essential 

element not only to maintain the peridontal health but also to contribute to desired esthetic 

outcome after dental surgery. A sheet-like lies underneath of epithelal cells called basement 

membrane (BM), which separates the epithelial and mesenchymal tissue, is believed that BM 

plays an important role in keratinization of oral epithelial mucosa. Collagen XVIII is a 

ubiquitous basement membrane proteoglycan produced in three tissue-specific isoforms that 

differ in their N-terminal non-collagenous sequences, but share collagenous and C-terminal 

non-collagenous domains. Interestingly, after using oral mucosa to make 

immunohistochemical staining and measuring percentage of positive signal area of Keratin 10 

(K10, a keratinization marker) in epithelial tissue, a significantly difference was recorded 

between Col18-KO mice and WT mice, namely the positive signal area of K10 was lower in KO 

mice. Under Transmission Electro-Microscope, keratohyaline granules (KHGs) were observed 

with obviously smaller size in Col18-KO mice compared with WT mice. KHGs in granular 

layer promote the formation of the epidermal cornified cell envelope, also known as 

cornification or keratinization. Downregulation of COL18A1 gene in TR146 cells by 

SiRNACOL18A1 in-vitro was successful to reduce mRNA expression level of COL18A1 

remarkably while almost keratinization-related genes be knockdowned simultaneously in 

experiment group. In summary, these finding indicated that type XVIII collagen in BM has 

regulating function in keratinization of oral mucosa. 
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Salmon nasal cartilage proteoglycan prevents cartilage degeneration in 

osteoarthritis of STR/ort mice 
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Mutsuto Watanabe 1, Hiroshi Matsuda 1, Yoshihiro Nomura  1.  
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and Technology, 3-5-8 Saiwai-cho, Fuchu, Tokyo, 183-8509, Japan 

2Department of Pathobiochemistry, Faculty of Pharmacy, Meijo University, 150 Yagotoyama, 

Tempaku-ku, Nagoya-shi, Aichi, 468-8503, Japan 

3Ichimaru Pharcos Co., Ltd, 318-1 Asagi, Motosu-shi, Gifu 501-0475 Japan 

 

Salmon nasal cartilage has long been used in the diet in Northern Japan and is 

considered to be beneficial to health. The articular cartilage consists of chondrocytes 

and abundant extracellular matrix of which about 45 % is aggrecan proteoglycan. In this 

study, three different extracts of proteoglycan, grind extract, hot water extract, and 

acetic acid extract were tested, and their molecular weights were 1340 kDa, 1000 kDa, 

and 450 kDa, respectively. Our structural analysis of acetic acid extract indicated that 

they are composed of similar in disaccharide units of glycosaminoglycan side chains of 

proteoglycan, i.e., HexUA-GalNAc, HexUA-GalNAc(4-O-sulfate), and 

HexUA-GalNAc(6-O-sulfate) in a molar ratio of 16: 26: 58. Biological assays showed 

that proteoglycan and pig tracheal cartilage chondroitin sulfate enhanced the synthesis 

of hyaluronan. The concentration of hyaluronan in each culture supernatant was 

394.4±45.3, 657.4±79.3, 705.0±18.0 ng/ml for control group, 450 kDa 

proteoglycan-treatment group, and chondroitin sulfate-treatment group, respectively. In 

addition, acetic acid extract enhanced the production of high molecular weight 

hyaluronan which works as lubricant in articular cavities in synovial fibroblasts. 

Lipopolysaccharide treatment of RAW264.7 increased the production of nitric oxide 

and express of TNF-α mRNA, which were suppressed by proteoglycan, but not by 

chondroitin sulfate chains. These results indicated that proteoglycan has 

anti-inflammatory activities which chondroitin sulfate does not have. Oral 

administration of acetic acid extract of proteoglycan to the STR/ort mouse model of 

spontaneous knee osteoarthritis suppressed OA progression. The OARSI scores were 

9.69± 3.22 and 5.28± 2.66 for OA control group and acetic acid extract group, 

respectively. These results indicate that salmon nasal cartilage proteoglycan is a 

promising candidate to prevent osteoarthritis progression.  
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Craniofacial abnormality with connective tissue disorder in mice lacking chondroitin 
sulfate N-acetylgalactosaminyltransferase-1 
 
Hiroko Ida-Yonemochi1, Wataru Morita2, Nobuo Sugiura3, Ryosuke Kawakami4, Hideto 

Watanabe3, Takeshi Imamura4, Michihiro Igarashi5, Hayato Ohshima1, Kosei Takeuchi6  
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Reconstruction, Niigata University Graduate School of Medical and Dental Sciences, Niigata, 951-8514, 
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2Department of Oral Functional Anatomy, Faculty of Dental Medicine, Hokkaido University, Sapporo, 

060-8586, Japan 
3Institute for Molecular Science of Medicine, School of Medicine, Aichi Medical University, Nagakute, 

480-1195, Japan 
4Department of Molecular Medicine for Pathogenesis, Graduate School of Medicine, Ehime University, 

Ehime, 791-0295, Japan 
5Department of Neurochemistry and Molecular Cell Biology, Niigata University Graduate School of 

Medical and Dental Sciences, Niigata, 951-8510, Japan 
6Department of Medical Cell Biology, Aichi Medical University, Nagakute, Aichi 480-1195, Japan 

 

Chondroitin sulfate (CS) proteoglycan is a major component of the extracellular matrix and 

plays an important part in organogenesis. To elucidate the roles of CS for craniofacial 

development, we analyzed the craniofacial morphology in CS 

N-acetylgalactosaminyltransferase-1 (T1) gene knockout (KO) mice. T1KO mice showed the 

impaired intramembranous ossification in the skull, and the final skull shape of adult mice 

included a shorter face, higher and broader calvaria. Some of T1KO mice exhibited severe 

facial developmental defect, such as eye defects and cleft lip and palate, causing embryonic 

lethality. At the postnatal stages, T1KO mice with severely reduced CS amounts showed 

malocclusion, general skeletal dysplasia and skin hyperextension, closely resembling 

Ehlers-Danlos syndrome-like connective tissue disorders. The production of collagen type 1 

was significantly downregulated in T1KO mice, and the deposition of CS-binding molecules, 

Wnt3a, was decreased with CS in extracellular matrices. The collagen fibers were irregular 

and aggregated, and connective tissues were dysorganized in the skin and calvaria of T1KO 

mice. These results suggest that CS regulates the shape of the craniofacial skeleton by 

modulating connective tissue organization and that the remarkable reduction of CS induces 

hypoplasia of intramembranous ossification and cartilage anomaly, resulting in skeletal 

dysplasia. 
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Postnatal global deletion of aggrecan gene impairs endochondral ossification 
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Regenerative Medicine; 3Department of Orthodontics; 4Department of Biomaterials; 5Department of 

Regenerative Science, Okayama University Graduate School of Medicine, Dentistry and 

Pharmaceutical Sciences, Okayama, Japan 
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Aggrecan, the major type of proteoglycan found in cartilage, is known to play important 

roles in the skeletal development of vertebrates. Cartilage matrix deficient (cmd) mouse, 

which fails to synthesize aggrecan, is characterized by disproportionate dwarfism and 

cleft palate. However, the roles of aggrecan in postnatal bone development are still 

unknown, because cmd mice die soon after birth due to breathing difficulties. In this study, 

we have generated tamoxifen-induced Acan global deficient mice by crossing the 

ROSA26-CreERT2 mice with Acanflox/flox mice. Tamoxifen was intra-peritoneally 

administered for five consecutive days from P7 to P11 (Acan ROSA26
-/- mice). Acan ROSA26 

-/- mice were phenotypically analyzed 14 and 49 days after the first injection. Tamoxifen 

injected ROSA26-CreERT2; Acan+/+mice were used as control mice. Acan ROSA26
-/- mice 

exhibited significant reduction in body size and weight, and in the length of long bones 

compared with control mice. Micro-CT analysis showed that the femur of Acan ROSA26
-/- 

mice exhibited growth suppression along the longitudinal axis and reduced trabecular 

bone mass. Interestingly, morphological changes in proliferative chondrocytes and 

disorganization of the columnar structure were also observed in the femoral growth plate 

of Acan ROSA26
-/- mice. Immunohistochemical staining and TUNEL assay revealed 

reduced cell proliferation and increased cell death of chondrocytes in the growth plate. 

These in vivo findings demonstrate that aggrecan is an essential ECM component for the 

postnatal development and growth of long bones. 

 

 

 

Wednesday, 2 October B08

86



RHAMM-derived Peptide Treatment to Block Inflammasome Activation and 
Prevent Systemic Sepsis and Bronchopulmonary Dysplasia 
 
Rashmin Savani1 
1University of Texas Southwestern Medical Center, Dallas, Texas, United States 

 

Background: Bronchopulmonary Dysplasia (BPD) is a devastating complication in 
preterm infants. The NLRP3 inflammasome is key in the pathogenesis of BPD. 
Hyaluronan is an endogenous danger signal that activates the inflammasome to produce 
mature IL1β. We have developed peptides derived from the hyaluronan receptor 
RHAMM that block inflammation and fibrosis after bleomycin-induced acute lung injury. 
Objective: We hypothesized that these peptides would block TLR-mediated cytokine 
elaboration in vitro and the activation of the NLRP3 inflammasome and inflammation in 
an intraperitoneal (IP) LPS model and in the neonatal mouse hyperoxia model of BPD. 
Methods: The effect of peptides on TLR2-mediated stimulation of cytokines (Pam3Cys) 
and TLR4-mediated p38 phosphorylation (LPS) was tested in vitro using RAW264.7 
macrophages. IP LPS was given to adult mice and plasma IL1β was measured at 3 hours. 
Neonatal mice were exposed to 95% oxygen (O2) from postnatal day (PN) 1 to PN5 and 
then kept in 21% O2 until PN14. Mice were given peptides subcutaneously on PN1 and 
examined on PN7 and PN14. Lung lavage cells were studied by myeloperoxidase (MPO) 
activity for neutrophils and N-Acetyl Glucosaminidase (NAG) activity for macrophages. 
Lung IL1β mRNA and BAL mature IL1β were determined. 
Results: In cultured macrophages, Pam3Cys treatment resulted in increased expression of 
RANTES and LPS treatment resulted in phosphorylation of p38. Peptide treatment 
inhibited these responses. In adult mice given IP LPS and increasing doses of peptides, a 
dose-dependent decrease in plasma IL1β was noted. In neonatal mice, exposure to 
hyperoxia was associated with a 3-fold increase in MPO activity at PN7 (P<0.001) and a 
2- fold increase in NAG activity at PN14 (P<0.001). IL1β mRNA and IL1β protein were 
both increased 3-fold at PN7. Treatment with peptide resulted in complete abrogation of 
the increased MPO activity, IL1β mRNA and IL1β protein at PN7 (P<0.001). 
Conclusion: Activation of the NLRP3 inflammasome can be blocked by RHAMM-
derived peptides. Treatment with these peptides prevents IP LPS-stimulated IL1β as well 
as neonatal hyperoxia-induced increased IL1β and inflammation. We speculate that these 
peptides are potential novel preventative therapy for sepsis and BPD. 
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The versican G1 fragment, serum-derived hyaluronan-associated proteins, 
hyaluronan (VG1F-SHAP-HA) complex induces granulation tissue formation under 
inflammatory condition. 
 
Zenzo Isogai1, Hiroyuki Nakamura1, Ken Watanabe1, Yusuke Murasawa1 
1National Center for Geriatrics and Gerontology, Japan 

 

The hyaluronan (HA)-rich extracellular matrix plays dynamic roles during tissue 
remodeling. Versican and serum-derived HA-associated protein (SHAP) corresponding 
to the heavy chains of inter-alpha-trypsin inhibitor are major HA-binding molecules in 
remodeling processes such as wound healing. Since versican G1-domain fragment 
(VG1F) is generated by proteolysis and is present in remodeling tissues, the VG1F in 
pressure ulcers characterized by chronic refractory wounds were examined. VG1F 
colocalized with SHAP-HA in specific regions of the granulation tissue. A unique VG1F-
SHAP-HA complex was isolated from granulation tissues of pressure ulcers using gel 
filtration chromatography and subsequent CsCl-gradient ultracentrifugation under 
dissociating conditions. Consistent with this molecular composition, recombinant 
versican G1, but not versican G3, interacted with the two heavy chains of inter-alpha-
trypsin inhibitor via the specific subdomain. The addition of recombinant VG1 in 
fibroblast cultures enhanced VG1F-SHAP-HA complex deposition in the pericellular 
ECM. Comparison with other VG1F-containing macrocomplexes, including dermal 
VG1F aggregates, versican-bound microfibrils, and intact versican, highlighted the 
tissue-specific organization of HA-rich ECM formation containing versican and SHAP. 
The VG1F-SHAP-HA complex was temporally detected in the edematous granulation 
tissues of human pressure ulcers. To elucidate the biological significance of the 
macrocomplex formation, we examined mouse model for wound healing. The VG1F-
SHAP-HA complex was characteristically found in the oil-in-water emulsion vehicle-
treated wounds, not in the macrogol ointment (a water-soluble, hydrophilic vehicle)-
treated wounds. The VG1F-SHAP-HA complex was observed locally between the 
ointment and wound surface only in the wound treated with oil-in-water emulsion vehicle. 
Therefore, ointment vehicle regulates the wound-healing process through the formation 
of the VG1F-SHAP-HA complex. In conclusion, VG1F forms a unique VG1F-SHAP-HA 
complex which induces temporal granulation tissue formation under inflammatory 
condition. 
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Salmon cartilage proteoglycan attenuates allergic responses in mouse model of 

papain induced respiratory inflammation 
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Proteoglycan (PG) is a complex glycohydrate, which is widely distributed in the 

extracellular matrix. It has been reported that daily oral administration of PG (extracted 

from salmon nasal cartilage) modulates the severity of proinflammatory cytokine 

responses in mouse experimental colitis, autoimmune encephalomyelitis, collagen 

induced arthritis and obesity induced inflammation. The present study investigated the 

effect of salmon nasal cartilage PG on allergic responses using a mouse model of papain 

induced respiratory inflammation. Low titers of immunoglobulin E were identified in the 

sera of the PG administered mice. Oral administration of PG attenuated eosinophil 

infiltration in the lung. In the acute model of papain induced allergic inflammation, PG 

administered mice exhibited low titers of epithelium derived and T helper 2 associated 

cytokines. The results of the present study demonstrated that salmon cartilage PG has an 

immunomodulatory effect on intranasally delivered papain. These results suggest a 

potential role for PG as a prophylactic agent which may attenuate allergic respiratory 

inflammation. 
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Alteration of intestinal microbiota in mice orally administered with salmon cartilage 

proteoglycan, a prophylactic agent 

 

Krisana Asano1,2, Sayuri Yoshimura1,3, Kouji Narita2,4, Shouhei Hirose1,2, Tatsuji 

Takahashi5, Kenichi Ito1,5, Arunasiri Iddamalgoda5, Akio Nakane1 

1Department of Biopolymer and Health Science, Hirosaki University Graduate School of Medicine, 5 

Zaifu-cho, Hirosaki, 036-8562, Japan 

2Department of Microbiology and Immunology, Hirosaki University Graduate School of Medicine, 5 

Zaifu-cho, Hirosaki, 036-8562, Japan 

3Subject of Living Science Tohoku Women’s Junior College, 25 Kamikawarake-cho, Hirosaki, 036-

8503, Japan 

4Institute for Animal Experimentation, Hirosaki University Graduate School of Medicine, 5 Zaifu-cho, 

Hirosaki, 036-8562, Japan 

5Department of Research and Development, Ichimaru Pharcos Co. Ltd., 318-1 Asagi, Motosu, 501-
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Proteoglycan (PG) extracted from salmon nasal cartilage has potential to be a 

prophylactic agent. Daily oral administration of the PG attenuates systemic inflammatory 

response in the experimental mouse models. In this study, we applied the culture-

independent approach to investigate an alteration of intestinal microbiota composition in 

PG-administered mice. The results indicated that the population level of bacilli increased 

in the small and large intestine upon PG administration. On the other hand, the population 

level of clostridia decreased in the large intestine. The proportion of bacteria that are able 

to ferment saccharides and produce short-chain fatty acids increased in the small intestine 

and decreased in the large intestine. Importantly, population level of probiotic lactobacilli 

and bacteria exhibiting the immunomodulatory effect increased in the PG-administered 

mice. In addition, several disease-associated bacteria decreased upon PG administration. 

These results provided an understanding of the specific role of PG involved in host 

immune modulation and supported our hypothesis that daily oral administration of PG 

improves the overall balance in composition of the intestinal microbial community. 
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Oral administration of salmon cartilage proteoglycan extends the survival of 

allografts in mice 
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Proteoglycan (PG) is a complex glycohydrate that is widely distributed in the extracellular 

matrix. Oral administration of PG extracted from salmon nasal cartilage has been reported 

to attenuate the severity and proinflammatory cytokine responses in mouse experimental 

colitis, autoimmune encephalomyelitis, collagen-induced arthritis and obesity-induced 

inflammation. In the present study, the effects of salmon nasal cartilage PG on skin 

allografts were investigated in a mouse model. Oral administration of PG prolonged the 

survival of skin grafts within 10 days of transplantation. Although PG failed to inhibit 

allograft rejection at the final stage of transplantation, PG attenuated the cell infiltration 

in the skin under the transplanted site. 
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Chondroitin sulfate E from squid cartilage and mouse bone marrow-derived mast 
cells inhibits heparanase-mediated enzymatic action and heparanase-induced 
cellular responses. 
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We examined whether chondroitin sulfates exert inhibitory effects on heparanase, a sole 
endoglycosidase that cleaves heparan sulfate and heparin.  Heparanase-mediated 
degradation of heparan sulfate was suppressed in the presence of chondroitin sulfate E 
glycosaminoglycans derived from squid cartilage and mouse bone marrow-derived mast 
cells.  Pretreatment of the chondroitin sulfate E with chondroitinase ABC abolished the 
inhibitory effect.  Chondroitin sulfate A, B, C or D did not show inhibitory effects 
regardless of their origin.  Recombinant heparanase protein bound to immobilized 
squid cartilage chondroitin sulfate E.  Cellular responses to heparanase binding, uptake 
of heparanase by mast cells and heparanase-induced production of chemokine CCL2 by 
colon carcinoma cells, were also blocked by chondroitin sulfate E.  Being as intrinsic 
molecules, we propose a possibility that chondroitin sulfate E is an endogenous 
inhibitor of heparanase-mediated actions.  Chondroitin sulfate E may function as an 
endogenous modulator of cellular functions through its inhibition of 
heparanase-mediated enzymatic activity and its inhibition of heparanase binding. 
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Wound healing is the critical event for maintaining skin function and barrier. 

Inflammatory state in which a variety of cells are activated and accumulated is 

important for wound healing. Bacterial infection in cutaneous wound is a common 

problem and causes delay of wound healing. Our previous study demonstrated that the 

salmon nasal cartilage proteoglycan (PG) has an immunomodulatory effect in various 

mouse models of inflammatory disease. In this study, we investigated the effect of PG 

on healing process of Staphylococcus aureus-infected wound. PG accelerated wound 

closure in the initial phase of both infected and non-infected wound healing. In addition, 

the bacterial number in wounds of the PG-treated mice was significantly lower than that 

in the vehicle group. Neutrophil and macrophage infiltration was intensively observed 

in the PG-treated mice on day 2 after S. aureus inoculation, whereas neutrophil and 

macrophage influx was highly detected on day 6 in the vehicle control. Moreover, the 

production of TGF-β and IL-6 in the wound tissue was significantly promoted compared 

to the vehicle control on day 1. In contrast, the production of IL-1β and TNF-α in 

PG-treated mice was significantly decreased compared to the vehicle control on day 5. 

These data suggested that PG modulates the inflammatory state in infected wounds 

leading to promote wound healing. 
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Previous studies showed that the expression of the cell surface proteoglycan, syndecan-2, was 

elevated during both chronic inflammation and cancer development, and extracellular domain 

release of syndecan-2 was observed in cancer patients. Here, we investigated whether 

inflammation triggers syndecan-2 shedding. In C57BL/6 mice with DSS-induced colitis, 

syndecan-2 shedding began to increase after week 12 of chronic inflammation. The elevation 

of the shed syndecan-2 level correlated with the increased expression of syndecan-2 and MMP-

7 in distal colon tissues, and colocalization of the two molecules in

 

this colon region was a 

critical factor in stimulating syndecan-2 shedding. The serum levels of IL-1, IL-6 and IL-17A 

were increased at week 15 of inflammation. Among them, only IL-6 was altered in trans-distal 

colon tissues: its mRNA expression level gradually increased from week 9 to week 15. IL-6 

directly induced syndecan-2, MMP-7 expression and syndecan-2 shedding in ex vivo

 

cultured 

distal colon tissues and adenoma cell lines from the distal colon. Interestingly, hypoxic 

conditions increased syndecan-2 expression but attenuated syndecan-2 shedding by 

suppressing MMP-7 expression. Finally, we observed that the frequency of syndecan-2 and 

MMP-7 colocalization was increased in the AOM-DSS-induced mouse model of adenoma and 

in tissues of left-sided colon cancer patients, and that this colocalization was paralleled by 

increased  serum levels  of shed syndecan -2. Together , these data

 

demonstrate  that IL-6

produced during chronic inflammation  induces syndecan-2 shedding in the distal colon by

regulating MMP-7 expression. 
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Chondroitin sulfate (CS) proteoglycan has been reported to be expressed at the site of 
spinal cord injury and inhibit the neural regeneration. Removal of CS at the injury site by 
the treatment with chondroitinase ABC (ChABC), a CS-degrading enzyme, showed a 
drastic neural regeneration in mouse model of spinal cord injury (SCI) (Bradbury et al., 
Nature, 2002). However, this enzyme does not seem to be used for clinical application, 
because it is not a hydrolase but an eliminase. The degradation products contain an 
artificial unsaturated hexuronic acid at the nonreducing end, contributing to a strong 
antigenicity. Hyaluronidase (HYAL) is a hydrolase that degrades CS as well as 
hyaluronan (HA). Therefore, we evaluated the therapeutic effect of HYAL by 
administration of teslicular HYAL in mouse SCI model. The amount of CS at the site of 
injury was quantified by anion-exchange HPLC anlysis. It was indeed decreased by 
administration of HYAL. However, inflammation was induced at the injury site and no 
neural regeneration was observed by the treatment with HYAL. Although CS was 
downregulated by HYAL treatment, neural regeneration was not improved. We also 
observed the pronounced adhesion of the spinal cord and its surrounding tissues, which 
seems to be involved in inflammation. HA oligosaccharides generated by degradation of 
HA, have been reported to induce the production of some cytokines and cause 
inflammation in skin (Stern et al., Eur. J. Cell Biol., 2006), suggesting that the 
inflammation found in SCI model mice might be induced by HA oligosaccharides. Since 
HYAL degrades both HA and CS, CS oligosaccharides may also contribute to this 
phenomenon. In order to investigate the correlation between HYAL administration and 
inflammation, HYAL or CS oligosaccharides were added to the wound area of a skin 
wound model mouse, and its recovery process and cytokine induction were examined. A 
delay of wound healing and inflammation was observed in the both cases. Induction of 
inflammation at the injury site may not be caused by HYAL itself but rather HA/CS 
oligosaccharides produced by degradation of HA/CS in the tissue with HYAL treatment. 
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Although osteoarthritis (OA) is a disease that significantly lowers QOL and is increasing 

in prevalence worldwide, its detailed mechanism of onset has not been elucidated and 

available therapies have limited efficacy. Cartilage is a tissue composed of abundant 

extracellular matrix (ECM), and while the role of ECM in regulation of cell proliferation 

and differentiation has recently been attracting attention, its potential as a therapeutic 

target in OA has received limited interests. Decrease of the components in cartilage ECM 

that occurs in OA not only reduces cartilage viscoelasticity, but also worsens the cartilage 

metabolic environment, further exacerbating OA. Our research has focused on the role of 

a key ECM constituent, proteoglycan (PG), in differentiation and regulation of cartilage. 

We evaluated the effects of purified PG on proliferation, differentiation and calcification 

for cartilage precursor cells in ATDC5 cells. The effects of hyaluronan, chondroitin 

sulfate, glucosamine, collagen and a glycosaminoglycan moiety purified from PG, were 

used for comparison. PG showed remarkable ability to enhance cell proliferation, 

differentiation and three-dimensional tissue structure in chondroprogenitor cells, in 

contrast to the other ECM constituents. This effect of PG involved activation of tyrosine 

kinase type receptors associated with induction of cell proliferation and cartilage 

differentiation. Furthermore, PG significantly inhibited calcification, affecting regulatory 

factors of calcification. This study indicates that PG not only provides joint viscoelasticity, 

but also affects chondroprogenitor cell proliferation, induction of differentiation and 

suppression of calcification. Thus, PG is a promising therapeutic target for improved 

cartilage maintenance and amelioration of OA. 
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Versican is a large chondroitin sulfate/dermatan sulfate proteoglycan in the extracellular matrix, which is 

expressed at high levels in tissues during development and remodeling in pathological conditions. Its core 

protein is cleaved at a region close to the N-terminal end of CSβ

 

domain with several ADAMTS family 

members, i.e., ADAMTS-1, 4, 5, 9, 15 and 20. Here, using a CRISPR/Cas9 system, we generated knock-

in mice named V1R, whose versican is resistant to ADAMTS cleavage. Some homozygote R/R mice 

exhibit syndactyly and organ hemorrhage. In wound healing experiments, R/R wound shows 

accumulation of versican and activated TGFβ-signaling in the early stage, leading to faster healing. 

Immunostaining for Ki67, CD31, αSMA, periostin demonstrate higher levels of overall cell proliferation 

and an increased number of endothelial cells and myofibroblasts. Immunostaining for CD11b and qRT-

PCR for macrophage markers revealed increased levels of inflammatory cell infiltration, especially of M1 

macrophages. Cultured dermal fibroblasts R/R revealed increased deposition of versican, type I and III 

collagens,

 

and hyaluronan, and upregulation of Smad2/3 signaling. Taken together, these results 

demonstrate that the cleavage site determines versican turnover and that versican plays a central role of 

the provisional matrix in the wound repair process.
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Syndecan-4 is a transmembrane heparan sulfate proteoglycan expressed in a variety of 

cells, and its heparan sulfate glycosaminoglycan side chains bind to several proteins 

exhibiting various biological roles. In the current study, we evaluated its role in 

pulmonary fibrosis. Wild type (WT) and syndecan-4-deficient (Sdc-4 KO) mice were 

injected with bleomycin, and several parameters of inflammation and fibrosis were 

analyzed. mRNA expression of collagen and α-smooth muscle action (SMA) in lung 

tissues, as well as the histopathological lung fibrosis score, were significantly higher in 

the Sdc-4 KO mice at 14 days. However, total protein concentration, total cell count and 

cell differentiation in bronchoalveolar lavage fluid were equivalent between the WT and 

Sdc-4 KO mice at 7 and 14 days. Although there was no difference in TGF-β expression 

in lung tissues between the WT and Sdc-4 KO mice, significantly more activation of 

Smad3 in lung tissues was observed in the Sdc-4 KO mice compared to the WT mice. In 

addition, at 21 days after injection of a lower amount of bleomycin, significantly higher 

mRNA expression of collagen and α-SMA, higher collagen content in lung tissues and 

higher histopathological lung fibrosis score were also confirmed. Furthermore, in in 

vitro experiments using lung fibroblasts, co-incubation of syndecan-4 significantly 

inhibited TGF-β-induced Smad3 activation, collagen and α-SMA upregulation. 

Moreover, syndecan-4 knock-down by siRNA increased TGF-β-induced Smad3 

activation and upregulated collagen and α-SMA expression. These findings showed that 

syndecan-4 inhibits the development of pulmonary fibrosis, at least in part, through 

attenuating TGF-β signaling. 
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Objectives: To investigate the presence and spatial distribution of aggrecan in vascular 

lesions of pulmonary arterial hypertension (PAH).  

 

Background: PAH is a lethal condition for which there is no curative pharmacotherapy. 

The disease is characterized by vasoconstriction and obstructive remodeling of arteries in 

the lung, causing increased resistance and high pressures in the pulmonary circulation. 

Accumulation of the extracellular matrix proteoglycan aggrecan has recently been 

associated with swelling of vessel walls in systemic arteries, however, the role of aggrecan 

in the pulmonary circulation and vascular lesions of PAH has not been studied.  

 

Methods: Paraffin-embedded lung tissue from 13 patients with idiopathic pulmonary 

arterial hypertension (IPAH) and 3 hamartoma resection controls were imaged using 

synchrotron-based phase contrast micro-CT at the TOMCAT beamline, Swiss Light Source 

(Paul Scherrer Institute, Switzerland). Image analysis was performed in Fiji. The imaged 

blocks were subsequently sectioned and stained for glycosaminoglycans (AB-PAS). 

Aggrecan core protein was detected by immunohistochemistry and RNAscope in situ 

hybridization for ACAN mRNA was performed.  

 

Results: A significant accumulation of glycosaminoglycans and aggrecan core protein was 

witnessed in diverse vascular lesions of PAH, including plexiform lesions, neointimal 

lesions and fully occluded vessels and in dilated thin-walled vessels adjacent to occlusive 

lesions. In situ hybridization confirmed that cells within the diseased vessels expressed 

ACAN mRNA. Identification of aggrecan-producing cells and synchronized analysis of 

stained sections and micro-CT images is ongoing.  

 

Conclusions: Glycosaminoglycan and core protein staining suggest that aggrecan 

accumulates in vascular lesions of PAH. The combination of histology and high-resolution 

phase contrast tomography will provide important insights into the exact spatial 

localization of aggrecan within the diseased pulmonary vascular tree. Highly hydrated 

proteoglycans, aggrecan in particular, may contribute significantly to the increased 

pulmonary vascular resistance seen in PAH and should therefore be further investigated as 

a potential therapeutic target. 
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Rationale: Pulmonary arterial hypertension (PAH) is characterized by a sustained elevation 
of pulmonary arterial pressure. Vascular remodeling results in structural alterations of the 
pulmonary vasculature with subsequent occlusion of distal arteries. The gradual increase in 
pulmonary vascular resistance ultimately results in right heart failure and death. Excessive 
growth of pulmonary arterial smooth muscle cells contributes to pulmonary vascular 
remodeling, and synthesis/deposition of bioactive extracellular matrix proteins is increased in 
occlusive vascular lesions of PAH. We recently demonstrated that versican accumulates in 
vascular lesions of PAH, and that the amount of versican correlates with lesion severity. 
Furthermore, analysis by whole exome sequencing has shown that VCAN is one of the most 
frequently mutated genes in PAH. Alternative splicing of mRNA generates at least 4 isoforms 
of versican: V0, V1, V2, and V3, which vary in the glycosaminoglycan-binding sites. Here, 
we investigate the role of αGAG-containing isoforms (V0 and V2) in pulmonary 
hypertension.    
 
Methods: The point mutations found by whole exome sequencing were analyzed in detail. 
Immunohistochemistry for different domains of versican was performed on human PAH 
tissue. A chronic hypoxia model was used to induce pulmonary hypertension in Vcan exon 7 
targeted mice, lacking the two αGAG-containing isoforms V0 and V2. 36 mice were divided 
into four groups; V0/V2 knockouts and WT controls, exposed to either hypoxia or normoxia. 
Hypoxic groups were kept in 10% O2. After 4 weeks of exposure, right ventricular systolic 
pressure (RVSP) was measured. Hearts and lungs were collected for estimation of right 
ventricular hypertrophy (RVH) and for quantification of pulmonary vascular muscularization. 
RVH was assessed by the weight ratio of the right ventricle (RV) to the left ventricle (LV) 
plus interventricular septum (S). 
 
Results: All, but one, of the VCAN point mutations were in the αGAG-encoding region. None 
of the mutations affected sites of versican cleavage by ADAMTS proteases. Both αGAG and 
βGAG domains were shown to be present in vascular lesions of human PAH, with slightly 
different patterns of distribution, confirming the presence of αGAG containing isoforms in 
human PAH. Following hypoxia both V0/V2 knockouts and WT controls showed significant 
elevations of RVSP and increases in RV/(LV+S) ratio, with no significant differences 
between the genotypes. Analysis of vascular muscularization is ongoing.  
 
Conclusion: Versican αGAG point mutations are common in PAH, and αGAG-containing 
isoforms can be detected in vascular lesions. However, lack of versican isoforms V0 and V2 
does not affect the development of murine hypoxia-induced pulmonary hypertension, possibly 
due to species differences. It is also possible that the point mutations have secondary effects 
leading to an increase in versican V1. We plan to explore this further by studying pulmonary 
hypertension in inducible complete versican knockouts.  
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α-Klotho mice are known to exhibit multiple age-associated disorders resembling human 
aging, such as arteriosclerosis, osteoporosis, skin atrophy and infertility as a result of α-
Klotho deficiency. α-Klotho mice also show pathological changes similar to those 
observed in human pulmonary emphysema. Pulmonary emphysema is an irreversible 
progressive pulmonary failure with the enlargement of the air spaces caused by alveolar 
wall destruction as the main pathological feature. α-Klotho secreted from the kidneys is 
probably involved in the pathology of emphysema because kidney-specific knockout 
mice exhibit emphysematous structural changes. We examined whether any glycan 
changes in α-Klotho mouse lungs were observed because α-Klotho is a β-glucosidase 
homologue and is reported to have glycosidase activity. Here, we found the accumulation 
of heparan sulfate in the microsomal fraction of α-Klotho mouse lungs. Meanwhile, 
ADAM17 expression was decreased in α-Klotho mice. From these results, it is thought 
that the increase in heparan sulfate might be due to insufficient cleavage of the core 
protein by ADAM17. Additionally, a reduction in α-Klotho and a decline of ADAM17 
were also observed both in normal aged mice and in SMP30 knockout mice, a mouse 
model of premature aging. Thus, the decrease in ADAM17 is caused by the reduction in 
α-Klotho. These may be involved in the deterioration of lung function during aging and 
may be associated with the pathology of pulmonary emphysema. 
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Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to 

infection and vascular pathology. Understanding the linkage of vascular pathology to organ 

failure could provide a strategy for treating the disease. Heparan sulfate proteoglycans (HSPGs), 

are critical components of the vascular endothelial glycocalyx, and play a key role in sepsis 

outcome in mice. To study how heparan sulfate modulates organ-specific vascular pathology 

during sepsis, we induced sepsis in the Ndst1f/fTie2Cre mice, which express undersulfated 

heparan sulfate in endothelial and myeloid tissues. Hepatic coagulopathy and infarction induced 

by methicillin-resistant Staphylococcus aureus (MRSA) was reduced in Ndst1f/fTie2Cre mice, 

but not in Ndst1f/fLysMCre or Ndst1f/fPF4Cre mice, indicating that alteration of endothelial 

heparan sulfate specifically protected the liver. A novel approach that labels the vascular 

proteome was utilized to characterize vascular changes that may underlie these phenotypes. 

Labeled proteins were isolated from individual organs and subsequently identified via mass 

spectrometry. The liver vasculature proteomes of wild-type mice were enriched for coagulation, 

complement and neutrophil markers, consistent with the observed phenotype. Further studies 

will focus on the role of heparan sulfate in liver coagulopathy and neutrophil driven vascular 

dysfunction.  
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Glycocalyx is composed of heparan sulfate (HS), chondroitin sulfate (CS) and 

hyaluronic acid (HA) and they are found on the surface of vascular endothelial cells and 

regulates neutrophil adhesion. However, glycocalyx degradation was caused by 

heparanase (HPSE) and hyaluronidase (HYAL) in sepsis-associated acute lung injury and 

proteinuria, and symptom relief was observed when its degradation was inhibited in mice 

model. Recently, the mechanism that activates infiltrating macrophages in the brain 

infarction was reported.  Thus, relationship of ischemic lesion and glycocalyx 

degradation was investigated using the photochemically induced thrombosis (PIT) model 

mice.  We found that the levels of HS and CS but not HA in infarct region was decreased.  

In addition, expression level of HYAL1 and activitity of heparanase (HPSE) in infarct 

region were increased.  These results suggest that HS and CS in infarct region were 

degraded by their degradation enzymes.  Effect of intraperitoneal administration of low 

molecular weight heparin (LMWH) and low molecular weight CS (LMWCS) on the size 

of brain infarction was next examined.  As a result, the size of brain infarction was 

decreased in the order N-acetylcysteine (NAC) + low molecular weight heparin (LMWH) 

+ low molecular weight CS (LMWCS) > NAC+LMWH > NAC.  This result suggests 

that glycocalyx on the surface of vascular endothelial cells is degraded during the acute 

brain infarction.  We also found that acrolein, a highly reactive unsaturated aldehyde 

generated during the brain infarction, induce the activities of HPSE and pro-HPSE, 

resulting in the degradation of HS of the endothelial cells.  These results suggest that 

heparanase and pro-heparanase induced by acrolein are important for the severe 

inflammation of brain infarction.  
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A perineuronal net (PNN) is a layer of condensed pericellular matrix molecules that forms 

around the soma and proximal dendrites of sub-populations of neurons in the central 

nervous system (CNS). PNNs have been implicated in a variety of biological functions 

including: reducing synaptic plasticity, increasing synaptic stability and as a 

neuroprotective layer against toxic molecular species. PNNs are primarily made up of 

hyaluronan, link proteins, chondroitin sulfate proteoglycans (CSPGs) and tenascin-R. 

Currently there is a proposed model for the assembly of this extracellular matrix (ECM) 

structure, but the detailed mechanism for the stabilization of the PNNs’ morphologies (i.e. 

granular and reticular, depending on maturation state) is not yet known. Using hyaluronan 

(HA), a representative link protein (HAPLN1) and CSPG (aggrecan) the aim was to 

model the molecular interactions that form this PNN surface in a cell free in vitro system.  

Using an acoustic surface measurement technique called quartz crystal microbalance 

(QCM-D) we probed the molecular interactions of aggrecan and HAPLN1 to surfaces of 

hyaluronan sequentially. While the binding of HAPLN1 to HA films was fully stable, the 

binding of aggrecan to the HA films was reversible. Sequentially adding aggrecan to 

HAPLN1-presenting HA films caused aggrecan to bind stably. This demonstrates that 

HAPLN1 is able to bind aggrecan when pre-bound to HA. The same phenomenon is 

observed when aggrecan is bound to HA films first, followed by HAPLN1, indicating 

HAPLN1 stabilises the aggrecanHA interactions irrespective of the order of encounter.  

Interestingly, only a low coverage of the HA films with HAPLN1 is required to cause this 

stabilisation to occur. Adding more HAPLN1 does not result in more aggrecan binding. 

Equally, creating denser HA films did not increase the amount of aggrecan binding. This 

would suggest that steric hindrance may play an important part in assembling these films.  

Mechanistically, our findings imply that both aggrecan and HAPLN1 could potentially 

trigger PNN formation if the other molecules in the ECM are present. The density and 

size of the HA chains are likely important regulators in determining the morphology of 

PNNs being formed. 
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A six-layered laminar structure of the cerebral cortex, a hallmark feature of the 
mammalian brain, is formed by neuronal migration during embryonic cortical 
development. Newborn neurons generated in the ventricular zone migrate along radial 
glial fibers toward the cortical plate (CP) to populate the cerebral cortex. This radial 
glial fiber-guided migration is initiated by adhesion of migrating neurons to radial glial 
fibers in the intermediate zone (IZ); however, the underlying molecular mechanisms are 
only partially understood. The IZ is a cell-sparse area filled with large amount of the 
extracellular matrix (ECM) molecules such as chondroitin sulfate proteoglycans 
(CSPGs). Therefore, we hypothesized that CSPGs may play an important role in 
neuronal migration during cortical development. First, we found that sulfation patterns 
of CSPGs markedly differ between the IZ and the CP: the IZ is rich in 4-sulfated 
chondroitin sulfate, whereas the CP is rich in non-sulfated chondroitin. We identified 
neurocan, a central nervous system-specific secreted CSPG, as a major carrier protein of 
4-sulfated chondroitin sulfate in the IZ. The N-terminal region of neurocan was tethered 
to the neuronal surface through binding to hyaluronan produced by migrating neurons, 
which express hyaluronan synthases 2 and 3. Meanwhile, the C-terminal region of 
neurocan interacted with tenascin C produced by radial glial cells. The ternary complex 
of hyaluronan/neurocan/tenascin-C was localized at the contact sites of migrating 
neurons and radial glial fibers. Our results suggest that neurocan acts as an adhesive 
bridge between migrating neurons and radial glial fibers. 
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Chondroitin sulfate chain: a new marker for immature oligodendrocyte in the brain 
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The chondroitin sulfate (CS) chain that composes CS proteoglycans (CSPGs), is one of 
the major sulfated glycosaminoglycans in the brain. CSPGs play important roles in the 
development, aging and pathological conditions in the central nervous system. The 
perineuronal net (PNN), a well-known extracellular matrix structure containing CSPGs, 
surrounds a subset of neurons. PNNs gradually appear in the critical period of postnatal 
brain development, during which the neuronal plasticity becomes strongly enhanced. 
Maturation of PNNs is thought to restrict the plasticity, leading to the closure of the 
critical period. NG2, another type of CSPG not included in the PNN, is known as a marker 
for oligodendrocyte precursor cells (OPCs). Recently, the functions of the PNN and NG2 
are well studied. However, the roles of CS chains in the maturation/function of 
oligodendrocytes (OLs) are still poorly understood. In this study, we investigated the 
relation between CS expression and OL lineage in the somatosensory cortex of mouse 
brain, where OLs in various differentiation/maturation stages can be observed in both 
developmental and adult stages. We performed immunohistochemistry on 10-week 
mouse brain sections using CS56, an anti-CS antibody, together with markers of OL 
lineage in various stages. We observed a unique patch-like staining pattern displayed by 
the CS56 antibody in multiple regions of the brain. Similar to the PNN, CS56 positive 
patches gradually appeared during the critical period. We found that cells at the center of 
CS56 positive patches expressed immature OL markers in the somatosensory cortex. 
Although further investigations are required to understand its biological functions, those 
observations suggest that CS56 positive CS chains could be a marker specific to immature 
OLs in the brain. 
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Endosulfatases modify the heparan sulfate composition of fractones in the 
subventricular zone neurogenic niche. 
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In the subventricular zone (SVZ) neurogenic niche, neural stem cells (NSCs) are 
intimately associated with fractones and capillaries basement membrane. Fractones are 
specialized extracellular matrix (ECM) structures composed of laminin, collagen IV, 
nidogen, and heparan sulfate proteoglycan (agrin, perlecan). Fractones capture growth 
factors such as FGF-2 from the extracellular milieu and thus promote proliferation in the 
neurogenic niche. During aging, neurogenesis declines, and we previously reported that 
this decline was correlated with a change in the composition of heparan sulfate (HS) 
within fractones. Disaccharide analysis of HS in the aged SVZ show a significant 
reduction of 6-O sulfation. We previously proposed that this was responsible for the 
impaired FGF-2 signaling we observed in the aged SVZ. However, disaccharide analysis 
of the SVZ includes both HS from fractones and vascular basement membranes and we 
know that fractones and vascular basement membranes have significantly different HS 
composition. In order to discriminate between fractones and vascular basement 
membrane we used a different approach. In this study, we used antibodies that recognized 
specific short oligosaccharide sequence with varying sulfation (a kind gift from Dr. van 
Kuppevelt). To further understand the circumstances leading to the loss of 6-O sulfation 
in the aged SVZ and its impact on neurogenesis we used extracellular endosulfatase Sulf1 
and Sulf2 double knock out mice. We investigated HS epitope immunoreactivity in 
fractones in the young and aged brain. We observed that fractones in the Sulf1/2 DKO 
SVZ revealed immunoreactivity for HS epitope that suggested higher 6-O sulfation. In 
addition, the expression of highly sulfated epitope more rapidly declined with aging in 
the wild type animal. We also observed that the neurogenesis decline was severer in the 
aged wild type SVZ. Together these results show that the specific composition of HS in 
fractones is modified by endosulfatases suggesting a role for endosulfatases in the 
regulation of growth factor activity on neural stem cells and in the age-related decline of 
SVZ neurogenesis. 
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Enoxaparin promotes recovery after nerve injury by antagonizing PTPRσ 
 
Kazuma Sakamoto1, Sadayuki Ito1, Tomoya Ozaki1, Kenji Kadomatsu1 
1Nagoya University Graduate School of Medicine, Japan 

 

Receptor type protein tyrosine phosphatase σ (PTPRσ) regulates axonal 
regeneration/sprouting and its inhibition as a molecular switch through its clustering and 
dissociation in response to glycan ligands. Cell surface heparan sulfate (HS) 
oligomerlizes PTPRσ and inactivate its enzymatic activity, leading to axonal growth 
promotion. Contrary, matrix-associated chondroitin sulfate (CS) monomerlizes PTPRσ 
and activates it. That leads to dephosphorylation of its specific substrates such as cortactin, 
resulting in axonal regeneration failure after injury. However, these molecular switch 
model has never been challenged or utilized in clinical situation.  
Here, we show that Enoxaparin, world-widely approved anticoagulant consisting of 
heparin (an over-sulfated type of HS) oligosaccharides with an average 45 kDa of 
molecular weight, induced clustering and inactivated PTPRσ in vitro. It counteracted 
PTPRσ-mediated dephosphorylation of cortactin which was shown to be important for 
axonal regeneration inhibition. The systemic administration of Enoxaparin successfully 
restored anatomical recovery both after optic nerve and spinal cord injury (SCI) in rats at 
clinical tolerable dosages. Moreover, it also promoted motor function recovery without 
any obvious hemorrhage. Taken together, our data provide a new drug repositioning 
strategy to treat traumatic axonal injury. 
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Development of lactoferrin-fusion proteins to overcome inhibition of axon growth 

induced by chondroitin sulfate E 
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Chondroitin sulfate E (CS-E), deposited at sites of injury in the adult central nervous 

system, has potent inhibitory effects on axon growth; hence, axons cannot regenerate 

beyond the site of injury. It has been reported that the growth cone of the regenerating 

axon, under the influence of CS-E, breaks down and changes to a pathological structure 

known as the "dystrophic endball" and stops moving. We have found that human 

lactoferrin (hLF) binds to CS-E. Additionally, the inhibition of axon growth and the 

decrease in the activity of the growth cone by CS-E are significantly suppressed by the 

administration of lactoferrin. In this study, we identified sulfated glycosaminoglycan 

(sGAG) structures recognized by several hLF-fusion proteins (hLF-CH2-CH3, hLF-HSA, 

and hLF-G-CSF) developed in our laboratory, and examined the suppression of the 

inhibition of axon growth by CS-E. First, we elucidated the sGAG structures recognized 

by hLF and hLF-fusion proteins using a solid-phase binding assay. Next, we examined 

the effect of hLF-fusion proteins on the inhibition of axon growth and nerve growth cone 

decay due to CS-E. We found that hLF-fusion proteins bind to a specific sGAG structure. 

The hLF-CH2-CH3 suppressed the inhibition of axon growth due to CS-E and protected 

the growth cone from destruction. Additionally, this effect was found to be particularly 

profound with hLF-HSA and hLF-G-CSF. These findings suggest that hLF-HSA and 

hLF-G-CSF could be novel therapeutic agents for spinal cord injury that target CS-E. 
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Chondroitin sulfate-D promotes neurite outgrowth by acting as an extracellular 
ligand for neuronal integrin aVb3 
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 Chondroitin sulfate (CS) chains are prominent extra/pericellular matrix 
components in the central nervous system (CNS) and can exert positive or negative 
regulatory effects on neurite outgrowth, depending on the CS structure and the amount. 
Despite the remarkable abilities of highly sulfated forms of CS chains to enhance neurite 
outgrowth, the neuronal recognition systems for such promotional CS chains, including 
CS-D polysaccharide, remain to be fully elucidated.  
 In this study, we explored the molecular basis of the CS-D-mediated neurite 
extension of primary cultured hippocampal neurons and identified an extracellular matrix 
receptor, integrin aVb3, as a functional receptor for CS-D. CS-D, but not CS-C (a 
precursor form of CS-D) showed significant binding affinity toward recombinant integrin 
aVb3 heterodimer and activated intracellular signaling(s) involving focal adhesion 
kinase (FAK) and Src/Fyn kinase. Functional blockade of the respective players for 
integrin signaling abrogated the promotional effects of CS-D. We also found the existence 
of CS-D-induced integrin activation system in neuronal stem/progenitor cell population. 
 Collectively, our findings are the first to demonstrate that CS-dependent neurite 
outgrowth promotion is exerted via direct activation of specific integrin heterodimers on 
neuronal cell surfaces, providing new insights into understanding the CS-sensing 
machineries that regulate CNS development and regeneration. 
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Localization of Chondroitin Sulfate A Binding Partners in Mouse Brain 
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Chondroitin sulfate proteoglycans (CSPGs) are upregulated in the mammalian central nervous 

systems after injury. Digestion of glycosaminoglycan (GAG) chains on CSPGs with 

chondroitinase ABC (ChABC), improved axonal regeneration. Chondroitin sulfate A (CS-A) 

is one of the GAGs rich in 4-sulfation. CS-A repelled axons in vitro assays. Treatment of CS-

A with arylsulfatase-B, a specific 4-sulfatase, dramatically reduced the repulsive activity, 

demonstrating the importance of GAG 4-sulfation on axon growth. Deciphering which 

molecules associate with CS-A in the brain could lead us to novel targets to enhance neuronal 

regeneration. Here, we utilized biotinylated CS-A (bCS-A) as a probe and performed 

immunohistochemistry (IHC) with mouse brain sections. bCS-A was found to be highly 

localized in hippocampus and cerebellum. This staining was diminished by the presence of 

unlabeled CS-A. High salt did not affect the staining, indicating the presence of specific 

interaction. We are currently purifying CS-A interacting partners for identification. 
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Hyaluronan and proteoglycan link protein 4 (Hapln4/Bral2) regulate formation and 

transmission of GABAergic synapses between Purkinje and deep cerebellar nuclei 

neurons. 
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The sole output of the cerebellar cortex is conveyed to the deep cerebellar nuclei (DCN) 

by Purkinje cells (PCs). The DCN neurons are enwrapped by densely organized 

extracellular matrix structures, called perineuronal nets (PNNs). PNNs are typically 

displayed around fast-spiking GABAergic interneurons expressing parvalbumin, but 

interestingly also exist at other neurons such as the neurons in the DCN and medial 

nucleus of the trapezoid body, which are the postsynaptic neurons of large axo-somatic 

synapses adapted for fast-signaling. This characteristic localization prompted the 

hypothesis that PNN might play a role in the maintenance and formation of fast-signaling 

and large synapses. 

Hapln4/Bral2 is important for PNN structure, as it stabilizes the interaction between 

hyaluronan and proteoglycan. We have previously reported that Hapln4/Bral2 gene 

deletion led to a decrease in the number of synapses in the DCN (Bekku et al. J Comp 

Neurol, 2012). To elucidate the role of the PNN in those synapses, we investigated the 

electrophysiological and morphological properties of DCN synapses in the Hapln4/Bral2 

KO mice. We found that in Hapln4/Bral2 KO the evoked inhibitory postsynaptic currents 

amplitudes were reduced whereas the evoked excitatory postsynaptic currents amplitudes 

were relatively similar to wildtype mice. Additionally, significantly reduced number of 

GABAergic PC terminal were observed in Hapln4/Bral2 KO by immunohistochemistry. 

These results provide strong evidence that Hapln4/Bral2 selectively contributes to 

formation and transmission of PC-DCN synapse in the cerebellum. 
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Proteoglycan contributes to stem cell environment in the cultured neural 
progenitors 
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Stem cells hold great promise for cell therapy, tissue engineering, and regenerative 
medicine as well as pharmaceutical applications. They have the capacity to self-renew 
and differentiate into specialized cell types depending upon their culture conditions. 
However, clinical applications of stem cells require a high quality and quantity of cells. 
This necessitates large-scale expansion of stem cells followed by efficient differentiation 
into functional derivatives. Stem cells are located in a specific microenvironment, defined 
as niche. Extracellular matrix is a dynamic and complex environment to construct stem 
cell niche characterized by biophysical, mechanical and biochemical properties specific 
for each tissue and able to regulate cell behavior. Proteoglycan is one of the important 
extracellular matrix component and widely distributed in skin, cartilagines and brain. 
Recently, proteoglycan was purified from the nasal cartilage of the salmon as aggrecan, a 
cartilage-specific and high molecular weight proteoglycan. Previous reports indicate that 
salmon proteoglycan attenuates the progression of colitis and promotes the generation of 
progenitor cells for granulocyte macrophages, erythrocytes, and megakaryocytes. In this 
study, neural stem cells from embryonic neocortiex were isolated from E14.5 wild-type 
mice, followed by TrypLE Express treatment, trituration to generate a single-cell 
suspension, and neocortical neurospheres were cultured in serum-free media containing 
B27 without vitamin A, N2 supplement and basic FGF and EGF in the presence or 
absence of proteoglycan from the nasal cartilage of the salmon. Here we show that 
proteoglycan in the culture media efficiently regulates neural stem cells proliferation. Our 
results suggest an important role of proteoglycan as stem cell niche, which is essential for 
culture component of neural stem cells. 
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Although involvement of glycosaminoglycans (GAGs) in neural differentiation 

is suggested, the functions of the GAGs have not yet been elucidated in detail. We 

screened GAGs in order to investigate whether any of them have structures that affect 

neural differentiation. 

 All-trans-retinoic acid (RA) induced mouse P19 embryonic carcinoma cells 

were used as a model system for studying neural differentiation. Undifferenciated P19 

cells were cultured for 4 days in the presence of 1 M of RA as the aggregation, then 

they were trypsinized and further cultured for 3 days in the absence of RA as the 

monolayer. During culture various kinds of GAGs were added to the culturing media at 

10 or 100 g/ml. On day 7, cells were harvested and the expressions of neural or grail 

markers were analyzed by real time quantitative RT-PCR. Chondroitin sulfate E (ChSE) 

oligosaccharides were prepared by partial digestion with bovine testicular hyaluronidase 

and purified by gel filtration chromatography using a Bio-Gel P-4 column. 

 The expression levels of neuron specific mRNAs, neurofilament light (NF-L, 

an intermediate filament) and -tubulin 3 (a microtubular protein) were upregulated by 

addition of ChSE and heparin. The expression levels of glial fibrillary acidic protein 

(GFAP) and myelin basic protein (MBP) were upregulated by addition of ChSE. More 

upregulation was observed when ChSE was added during aggregation culture than 

either throughout culture or during monolayer culture both in mRNA and protein levels. 

ChSE oligosaccharides did not upregulate these expression levels at the concentration 

corresponding to the same molar concentration as ChSE polysaccharides. These results 

suggest that, at least, sulfation patterns of GAG are important to affect neural 

differentiation. 
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During neural development, neurons send axons to their proper targets to form the 
functional neural network. Both attractive and repulsive axon guidance molecules 
expressed in the extracellular environment play crucial roles in accurate navigation of 
growing axons. The corticospinal tract (CST), which controls voluntary movement, is a 
major descending pathway from the motor cortex to the spinal cord. Given a long and 
complex trajectory, a number of axon guidance molecules have been implicated in the 
pre- and postnatal CST axon projection. Previously, we reported that heparan sulfate (HS) 
endosulfatases, Sulf1 and Sulf2, which remove 6-O-sulfates in the highly-sulfated regions 
of HS extracellularly, were required for the CST axon guidance. In the Sulf1/2 double 
knockout (DKO) mouse embryos, the increase in 6-O-sulfated HS caused abnormal 
accumulation of Slit2 protein, a repulsive axon guidance molecule, on the ventral brain 
region, resulting in dorsal displacement of CST axons. However, the DKO mice in the 
C57BL/6 background died within a day of birth, we could not examine the postnatal CST 
development including the midline crossing at the pyramidal decussation and the 
projection in the spinal cord. Recently, we found that DKO mice in a mixed genetic 
background of the C57BL/6 and CD-1/ICR strains could survive into adulthood. Here, 
we report that the adult DKO mice show defects in midline crossing at the pyramidal 
decussation. Unilateral anterograde labeling of CST axons clearly shows that DKO mice 
have two distinct axon bundles; midline-crossed and -uncrossed ones, leading to bilateral 
projections in the spinal cord. In addition, DKO mice show impaired performance in the 
behavioral tests used to evaluate the motor functions, suggesting that the CST 
malformation affects motor movements in DKO mice. 
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Hapln4 is a link protein which stabilizes the binding between lecticans and hyaluronan in 

perineuronal nets (PNNs) in specific brain regions. Using the real-time iontophoretic 

method, we measured the extracellular space (ECS), volume fraction (α), and tortuosity 

(λ), in young adult (3-6-months-old) and aged (12-18-months-old), Hapln4 knockouts 

(KO) and age-matched wild type controls (WT). The measurements were performed in 

the medial nucleus of the trapezoid body (MNTB) and inferior colliculus (IC), which 

served as a negative control. The results were correlated with the analysis of the 

extracellular matrix composition and astrocyte morphology. 

In both regions, there were no changes in α or λ detected between WT and KO in either 

young or old mice. Aging did not affect the diffusion parameters in the IC or MNTB of 

WT, but induced significant alterations in α and λ in the MNTB of KO mice.  

Aging in WT resulted in an increased expression of Hapln4/brevican-associated PNNs 

and in the attenuation of Hapln1/aggrecan-associated PNNs. Hapln4 deficiency led to a 

reduction of both aggrecan- and brevican-associated PNNs in young as well as aged 

MNTB, but not in their complete disruption. Age-related morphological rebuilding of 

astrocytes was particularly enhanced in the MNTB of KO and corresponded well with α 

and λ alterations.  

Our findings suggest that the ECM changes in the MNTB of aged KO affect the ECS 

parameters via morphological changes of astrocytes in direct contact with synapses, 

which can be influenced by synaptic transmission that may be altered by shifts in the 

ECM composition. 
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Complete prevention of coronary artery fibrosis by targeting chondroitin sulfate 
synthesis 
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Pathological vascular remodeling accounts for the majority of cardiovascular diseases 
(CVD), the cause of 31% of all deaths worldwide. Despite the medical advances in the 
CVD treatment, existing medications remain ineffective in conditions such as heart 
failure (HF) with preserved ejection fraction that affects half of the HF patient population. 
Excessive extracellular matrix deposition precedes arterial stiffening, which in turn leads 
to suboptimal tissue perfusion and lipid retention. No treatment directly addresses 
vascular pathology caused by excessive ECM deposition.  
 
Recently our lab reported that chondroitin sulfate (CS) accumulates in arteries and heart 
tissue in HF patients. Manipulation of the CS with arylsulfatase B prevented functional 
deterioration in two rodent models of HF. Furthermore, with large scale single cell 
sequencing data from primary mouse cardiac cells, we identified a major CS synthase 
gene. Knockout of this gene effective inhibited CS synthesis and prevented pathological 
coronary artery remodelling in a mouse model of hypertension, eliminated all signs of 
fibrosis and inflammation around coronary arteries.  
 
These evidence indicate that CS is a potential ECM target for treating arterial stiffening 
and its related cardiovascular conditions. 
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Tissue vascularisation is a key challenge for regenerative medicine. Perlecan is the major 

proteoglycan of the basement membrane with key roles in enhancing endothelialisation 

whilst restricting platelet and smooth muscle cell adhesion. However, the yield of 

proteoglycans isolated from natural sources is usually too low for regenerative medicine 

applications, supporting the alternative approach of recombinant production. Thus, the 

aims of this research are to bioengineer proteoglycans based on perlecan, incorporate 

them into biomaterials and assess their performance towards tissue vascularisation. 

 

Bioengineered variants of perlecan were expressed in HEK-293 cells and biochemically 

characterised for their protein and glycosaminoglycan components. These molecules 

were analysed for their ability to support growth factor binding and signalling in solid-

phase and cell-based assays. These molecules were analysed for their ability to support 

key vascular cells in vitro. In addition, they were analysed in the chicken chorioallantoic 

membrane (CAM) and rat full-thickness dermal wound assays to promote the formation 

of functional vasculature when presented in conjunction with chitosan biomaterials. 

 

Bioengineered variants of perlecan containing domains I and/or V were produced as 

proteoglycans at higher yields and with extensive post-translational modification with 

chondroitin and heparan sulphate. These molecules supported vascular growth factor 

(FGF2 and VEGF-A) binding and signalling in vitro via their glycosaminoglycan chains. 

In addition, they supported growth factor-mediated angiogenesis in vivo via their 

glycosaminoglycan chains. Molecules containing the integrin binding site located in 

domain V of perlecan supported endothelial cell adhesion but neither smooth muscle cell 

nor platelet adhesion and thus recapitulated the natural activities of perlecan. Implantation 

of chitosan scaffolds expressing domain I of perlecan together with VEGF-A in both 

normal and diabetic rat full thickness wound models promoted vascularisation and dermal 

wound healing to a greater extent than chitosan scaffolds alone.  

 

Together, these data demonstrate the potential of bioengineered domains of perlecan to 

support tissue vascularisation leading to the formation of functional blood vessels in vivo. 
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Bioengineered serglycin as a bioactive molecule for growth factor delivery 
applications 
 
Ha Na Kim, John Whitelock, Megan Lord 
Graduate School of Biomedical Engineering, UNSW Sydney, Sydney, NSW 2052 Australia 

 

Regenerative medicine strategies that promote robust angiogenesis remain elusive and 
have the potential to enable the treatment of a range of diseases. Growth factors are key 
signalling molecules in angiogenesis, however they are in low abundance and when 
delivered exogenously are rapidly cleared by proteolytic processes. The 
glycosaminoglycan chains of proteoglycans are the natural binding, protective and 
signalling partners for growth factors. However, the yield of proteoglycans isolated 
from natural sources is low, supporting the alternative approach of recombinant 
production. Serglycin has no cell interactive properties ascribed to the protein core, 
however it is densely decorated with eight glycosaminoglycan attachment sites that may 
be decorated with heparin, heparan, chondroitin and/or dermatan sulphate and thus an 
ideal molecule for growth factor delivery and signalling applications. Thus, the aim of 
this project was to bioengineer serglycin and assess its ability to support growth factor 
binding and signalling for angiogenesis. 
Bioengineered serglycin was expressed in HEK-293 cells and biochemically 
characterised for its protein and glycosaminoglycan components to examine the effect 
of different culture environments. Serglycin was analysed for its ability to support 
growth factor binding and signalling in solid-phase and cell-based assays and for its 
ability to support angiogenesis in the chicken chorioallantoic membrane (CAM) assay. 
Bioengineered serglycin was produced as a proteoglycan with extensive 
post-translational modification with chondroitin, dermatan and heparan sulphate/heparin. 
Cells grown in suspension cultures in defined medium produced the higher yield of 
protein decorated with heparan sulfate/heparin compared to cells grown in fetal bovine 
serum supplemented medium. Bioengineered serglycin supported vascular growth 
factor (FGF2 and VEGF165) binding in vitro via its heparan sulfate/heparin chains. In 
addition, the bioengineered serglycin supported FGF2 signalling via FGF receptor 1c 
and heparan sulphate/heparin in vitro in the Baf32 cell assay and in vivo in the CAM 
assay.  
Together, these data demonstrate the potential of bioengineered serglycin to support 
growth factor binding and signalling for regenerative medicine applications. 
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Heparan sulphate/heparin derivatives as novel therapeutics for complement-

mediated renal disease 

 

Marissa Maciej-Hulme1, Markus Loeven1, Edwin Kellenbach2, Richard Smith3, Ton 

Rabelink4, Johan van der Vlag5 
1Department of Nephrology, Radboud Institute for Molecular Life Sciences, Radboud University 

Medical Center, Geert Grooteplein 10, 6525 GA Nijmegen, The Netherlands. 
2Development and Technical Support Aspen Oss, Kloosterstraat 6, 5349 TB Oss, The Netherlands. 
3Department of Internal Medicine and Otolaryngology, Carver College of Medicine, 21151-A PFP, 

Iowa City, IA 52242, USA. 
4Department of Nephrology, Leiden University Medical Center, Albinusdreef 2, 2333 ZA Leiden, The 

Netherlands. 
5Department of Nephrology, Radboud Institute for Molecular Life Sciences, Radboud University 

Medical Center, Geert Grooteplein 10, 6525 GA Nijmegen, The Netherlands. 

 

The complement system is vital for removing pathogens and apoptotic debris. 

Deregulated alternative complement activation is a hallmark of complement component 

3 glomerulopathy (C3G), a severe glomerular disease characterised by isolated deposits 

in the kidney. Factor H (FH), an important inhibitor of the alternative pathway, contains 

two heparan sulphate (HS) binding sites and FH-HS interactions are theorised to underpin 

host-pathogen differentiation. Complement FH-related proteins (FHRs) are a group of 6 

proteins that are highly homologous to FH, but lack the N terminal complement 

regulatory domain. Competition-increasing mutations in FH and FHRs, or disturbed 

glomerular HS structure may reduce binding of FH, resulting in the development of C3G. 

Indeed, C3G patient renal biopsies show increased FHR deposits, suggesting that the 

mechanism responsible for complement deregulation likely involves FHRs. Due to the 

presence of homologous HS binding domains in FHRs FH/FHRs may compete for host 

tissue HS, with increased FHR binding promoting local deregulation of complement. 

Using human glomerular endothelial cells, FHR-mediated deregulation and specific HS 

sulphate modifications that determine FH/FHR binding were investigated. In the presence 

of C3b, FHRs differentially bound to glomerular endothelial cells. Importantly, cellular 

C3 depositions from C3G patient sera were significantly increased in comparison to 

normal human serum, supporting deregulation of the alternative pathway in disease. Since 

the HS sulphation pattern mediates ligand binding, we hypothesised that distinct HS 

oligosaccharides differentiate between FH and FHR binding, potentiating the 

development of novel competitive HS-based drugs. Using selectively desulphated 

heparins and size-defined oligosaccharides, the contribution of relevant HS modifications 

for FH/FHR binding were assessed. FHR binding was primarily mediated by N-

sulphation, whereas FH required N-, 2-O and 6-O sulphation. Importantly, distinct O-

desulphated heparin species significantly decreased C3 deposition from C3G patient sera 

on endothelial glomerular cells, potentiating these derivatives as novel C3G therapeutics. 

We conclude that heparan sulphate/heparin derivatives have therapeutic potential for 

complement-mediated renal disease. 
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Identifying Chondroitin Sulfate Substrates for the Cultivation of iPSC-derived 

Corneal Epithelium 

 

Sean Ashworth1, Greg M Hammond1, Jodie Harrington1,2, Ryuhei Hayashi2, Kohji 

Nishida3, Bruce Caterson4, Robert D Young1, Clare E Hughes4, Andrew J Quantock1 

 
1School of Optometry and Vision Sciences, Cardiff University, Cardiff, UK 
2 Department of Stem Cells and Applied Medicine, Graduate School of Medicine, Osaka University, 

Osaka, Japan 
3 Department of Ophthalmology, Graduate School of Medicine, Osaka University, Osaka, Japan 
4 School of Biosciences, Cardiff University, Cardiff, UK 

 

Proteoglycans and their associated glycosaminoglycan (GAG) side chains play a key role 

in the extracellular matrix (ECM), which includes maintenance of the stem cell niche 

within various tissues. Certain GAG species can be differentially sulphated and exhibit 

specific sulphation motifs or patterns. Previous studies have shown that the distributions 

of chondroitin sulphate (CS) motifs, amongst other GAGs, are specifically associated 

with the development and maintenance of various stem cell niches within different tissues. 

In this study, a panel of monoclonal antibodies recognizing distinct CS sulphation motifs 

has been employed to identify moieties associated with the stem cell niche of the corneal 

limbus. Herein reside limbal epithelial stem cells, which are responsible for the 

regeneration and homeostasis of the corneal epithelium. When these resident limbal stem 

cells are lost, corneal blindness can occur, which currently has limited treatment options, 

and thus represents a promising target for regenerative cellular therapies through the 

replacement of native cells. Our novel approach to investigate the proteoglycans and 

GAGs of the corneal limbus has identified two candidate sulphation motifs associated 

with the limbal stem cell niche, recognized by the monoclonal antibodies designated 6C3 

and 7D4. After extraction and purification of these epitopes, these motifs could aid the 

expansion of induced pluripotent stem (iPSC)-derived corneal epithelia, which has major 

clinical potential for sight-restoring in models of corneal blindness. Improvement of the 

in vitro production and expansion of iPSC-derived corneal epithelium through the use of 

CS/GAG substrates would be of great benefit for furthering the potential of this 

regenerative technology, as well as allowing elucidation of the specific roles of CS/GAG 

in corneal epithelial maintenance. 
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Inhibitors of heparan sulfate sulfotransferases 

 

Krithika Ramakrishnan1, Yong Li1, Dominic P. Byrne1, Patrick A. Eyers1, David G. 

Fernig1 

1Department of Biochemistry, Institute of Integrative Biology, University of Liverpool, L69 7ZB 

Liverpool, United Kingdom 

 

Protein and glycan sulfation are critical for a vast array of biological processes 

pertaining to, but not restricted to, chemical defence, hormone biosynthesis and 

bioactivation. Study of sulfotransferases, which catalyse the sulfation reaction, have shed 

light on their involvement in various diseases, one of them being Alzheimer’s disease 

(AD). AD is a neurodegenerative disease, which progresses slowly with symptoms 

spanning over several years. The most prominent indicators are the deposition of amyloid 

plaques and neurofibrillary tangles, causing degeneration in the different regions of the 

brain. Evidences suggest that heparan sulfate sulfotransferases, particularly the 3-O 

sulfotransferases (HS3STs), are involved in the modification of heparan sulfate (HS), 

which cause it to become a key factor in the development of taupathy type Alzheimer’s 

disease, by promoting hyperphosphorylation of TAU, leading to the formation of 

neurofibrillary tangles. Immunostaining studies have led to the discovery of HS 

glycosaminoglycans localised specifically in amyloid deposits in neuritic plaques.  

Our work aims to produce ‘tool compounds’ or inhibitors that are useful to 

unravel how sulfation of HS affects biological function. The strategy is to identify 

compounds that will inhibit PAPS binding competitively. This is entirely analogous to the 

extremely successful approach used to identify kinase inhibitors that compete for ATP 

binding. High throughput screens have been developed based on differential scanning 

fluorimetry and on the EZ Reader (lab on a chip) platform. Initial screens used the PKIS 

library of kinase inhibitors, compounds previously indicated as sulfotransferase inhibitors.  

A subset of RAF inhibitors from the PKIS library, suramin, rottlerin and 

aurintricarboxylic acid, which likely act as PAPS mimetics, were found to inhibit heparan 

sulfate 2-O-sulfotransferases (HS2ST) and HS3ST1. Moreover, some dye compounds 

with some chemical relation to aurintricaboxylic acid and suramin were also found to be 

inhibitors of these enzymes. 

These data highlight that HSSTs are druggable and they also demonstrate that a 

degree of selectivity between sulfotransferases is possible. 
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Chondroitin sulfate A-liposome: toward an efficient therapy of placental malaria 
 
Tatsumasa Shioiri 1, Jun Tsuchimoto 1, Ishihara Masayuki 2 ,Tobias Gutavsson 3, Ali 
Salanti 3 , Hideto Watanabe 1 , Nobuo Sugiura 1  
 
1Institute for Molecular Science of Medicine, Aichi Medical University, 1-1 Yazakokarimata, 

Nagakute, 480-1195, Japan 
2Division of Biomedical Engineering, National Defense Medical College Research Institute, Saitama 

359-8513, Japan. 
3Centre for Medical Parasitology at the Department of Immunology and Microbiology, University of 

Copenhagen, Copenhagen, Denmark. 

 
Placental malaria is a world infected disease, causing stillbirth, fetal growth restriction, 

low birth weight, and maternal anemia. This is caused by the parasite Plasmodium 
falciparum that infects to host erythrocytes. Infected erythrocytes (IEs) express the 
surface antigen VAR2CSA, which binds to chondroitin sulfate (CS) proteoglycans 
present in the placental tissue, thereby enabling strong their adherence to the placenta.   
Previously, we found that CSA dodecasaccharide binds to VAR2CSA with the highest 

affinity, using our CS library, suggesting that CSA derivatives may potentially serve as 
targets in therapeutic strategies against placental malaria. 
Here, we generated CSA-liposome to develop a novel drug delivery system to the IEs, 

and examined the interaction of recombinantly expressed minimal CS binding region of 
VAR2CSA (rVAR2) with synthesized various CSA-liposome. By inhibition ELISA, 
CSA-liposome inhibited the interaction of rVAR2 with native CS. Furthermore, we 
prepared different types of CSA-liposome, by changing the ratio of CSA and lipid, and 
lipid constituents, to optimize the function of the CSA-liposome. Our results imply that 
CSA-liposome may serve as an efficient tool for therapy of placental malaria. 
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https://www.glycoforum.gr.jp 

Glycotopics 
 

Insights into the key roles of chondroitin 
sulfate proteoglycans in cancer biology 
                       Satomi Nadanaka / Hiroshi Kitagawa 
                             (Kobe Pharmaceutical University) 
Series 

Glycan and Database 
Supervisor: Kiyoko F. Aoki-Kinoshita (Soka University) 
 

1. Glycan Nomenclature and Summary of Glycan-
related Resources  

2. GlyCosmos Portal and MIRAGE 
                        Kiyoko F. Aoki-Kinoshita (Soka University) 

3. Database of glycogene (GGDB, FlyGlycoDB) 
    Sachiko Akase (Soka University) / Kiyohiko Angata (AIST) 

 

Series  Liver and Glycosylation 
Supervisor: Eiji Miyoshi (Osaka University Graduate School of Medicine) 
 

1. Liver and Glycosylation , Preface 
                                                       Eiji Miyoshi (Osaka University Graduate School of Medicine) 

2. Microheterogeneity of carbohydrate chain on AFP: update on AFP-L3 as a 
biomarker of hepatocellular carcinoma 

                                                Shinji Satomura (Osaka University Graduate School of Medicine) 

3. Glypican-3: Hepatocellular carcinoma specific antigen, a novel target for 
cancer immunotherapy   Yasuhiro Shimizu / Tetsuya Nakatsura (National Cancer Center) 

4. The involvement of glycosylation in liver regeneration 
                     Tomohiko Fukuda / Jianguo Gu (Tohoku Medical and Pharmaceutical University) 

Glycoscience for Human Well-being 
 

We contribute to the health of people around the world through innovative 
drug discovery specializing in glycoscience.  

 
Under the philosophy of emphasizing basic research based on glycoscience,  

we operate Glycoforum® as a purely academic site 
with an intention to fulfill the responsibility of a company 

serving to develop and reciprocate glycoscience. 
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