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Heparan sulfate 6-O-sulfation 
-What we have learnt from 
the knockout mice

Heparan sulfate (HS) functions in 
various cellular processes such as 
proliferation, differentiation and 
migration, and consequently HS 
plays important roles in various 
physiological phenomena such 
as morphogenesis, inflammation, 
and tumor cell malignancy. 6-O-
sulfate residues in HS are involved 
in those various biological and 
pathological processes primar-
ily by modulating various signaling 
pathways such as FGFs-, VEGFs-, 
and Wnts-signalings. HS 6-O-
sulfotransferases (HS6STs) transfer 
sulfate from PAPS to position 6 of 
the N-sulfoglucosamine/N-acetyl-
glucosamine residue in heparin/
HS. Three isoforms (HS6ST1, 2, 
3) were identified in vertebrate 
animals. Each has distinct substrate 
preference, albeit overlapping each 
other, and is expressed in a spatio-
temporally regulated manner in 

most organs. However, how three 
isoforms function differently is 
largely unknown. To address those 
questions we raised HS6ST1- and 
HS6ST2-KO mice. 

Most of HS6ST1-KO mice died be-
tween E15.5 and the perinatal stage, 
and a few mice that survived were 
grown up to adults, and exhibited 
development abnormalities. Histo-
chemical and molecular analyses of 
these mice revealed some reduction 
in the number of fetal microves-
sels in the labyrinthine zone of the 
placenta. Alveolar enlargement was 
also seen in the KO mice, which is 
characteristically seen in emphy-
sema. Compositional analyses of 
the HS chains isolated from various 
organs of the KO mice revealed sig-
nificant reduction of GlcNAc(6SO4) 
and Hex-GlcNSO3(6SO4) levels, 
suggesting that HS6ST1 is the pri-
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mary one involved in HS biosynthe-
sis in most tissues. The HS6ST1-KO 
placenta exhibited a significant 
reduction in VEGF-A mRNA and 
protein and HS from their lung 
had a reduced ability to bind Wnt2. 
Therefore, those cytokine signaling 
defects likely contribute to increased 
embryonic lethality and impaired 
tissue growth and differentiation. 

Heparin, a highly sulfated form 
of HS, resides in connective tis-
sue mast cells and participates in 
the storage of mast cell proteases 
(MCPs). We prepared fetal skin-
derived mast cells (FSMCs) from 
wild-type, HS6ST1-KO, HS6ST2-

KO, and HS6ST1/HS6ST2-dKO-
mice and determined the structure 
of heparin, the protease activity, and 
the mRNA expression of each MCP 
in cultured FSMCs. The activities of 
tryptase and carboxypeptidase-A 
(CPA) were decreased in HS6ST2-
KO-FSMCs in which 6-O-sulfation 
of heparin was decreased at 50%, 
and were almost lost in HS6ST1/
HS6ST2-dKO-FSMCs which lacked 
the 6-O-sulfation in heparin nearly 
completely. In contrast, chymase ac-
tivity was retained even in the dKO-
FSMCs. Each MCP mRNA was not 
decreased in any of those FSMCs. 
Western blot analysis showed that 
MCP proteins were almost absent 

from dKO-FSMCs indicating deg-
radation/secretion of MCPs. These 
observations suggest that both the 
HS6STs and especially HS6ST2 are 
involved in 6-O-sulfation of hepa-
rin, and that the proper packaging/ 
storage of MCPs may be regulated 
differently by the different 6-O-
sulfation of heparin. 

In summary we have learnt from 
the KO mice that 6-O-sulfation 
conducted differently by HS6ST 
isoforms may distinctively regulate 
various cytokine signaling pathways 
and affect interactions with ligands 
and receptor proteins.

 1)  Esko JD, Kimata K, Lindahl U (2009) Proteoglycans and sulfated gly-
cosaminoglycans.  in: Varki A, Cummings RD, Esko JD, Freeze HH, 
Stanley P, Bertozzi CR, Hart GW, Etzler ME, editors. Essentials of Gly-
cobiology. Chapter 16, 2nd edition. Cold Spring Harbor Laboratory 
Press

 2)  Nakato H, Kimata K (2002) Heparan sulfate fine structure and specific-
ity of proteoglycan functions. Biochim Biophys Acta 1573:312-318 

 3)  Habuchi H, Habuchi O, Kimata K (2004) Sulfation pattern in glycos-
aminoglycan: does it have a code?. Glycoconj J 21:47-52

 4)  Habuchi H, Nagai N, Sugaya N, Atsumi F, Stevens RL, Kimata K (2007) 
Mice deficient in heparan sulfate 6-O-sulfotransferase-1 exhibit defec-
tive heparan sulfate biosynthesis, abnormal placentation, and late em-
bryonic lethality. J Biol Chem 282:15578-15588 

 5)  Habuchi. H., Kimata. K (2010) Mice deficient in heparan sulfate 6-O-
sulfotransferase-1. Prog. Mol. Biol. Transl. Sci., 93, 79-111

 6)  Habuchi H, Tanaka M, Habuchi O, Yoshida K, Suzuki H, Ban K, Kima-
ta K (2000) The occurrence of three isoforms of heparan sulfate 6-O-
sulfotransferase having different specificities for hexuronic acid adja-
cent to the targeted N-sulfoglucosamine. J Biol Chem 275:2859-2868

 7)  Bink RJ, Habuchi H, Lele Z, Dolk E, Joore J, Rauch GJ, Geisler R, Wil-
son SW, den Hertog J, Kimata K, Zivkovic D (2003) Heparan sulfate 
6-O-sulfotransferase is essential for muscle development in zebrafish. J 
Biol Chem 278:31118-31127 

 8)  Sugaya. N., Habuchi. H., Nagai. N., Ashikari-Hada. S., Kimata. K 
(2006) 6-O-sulfation of heparan sulfate differentially regulates various 
FGFs-dependent signaling in culture. J. Biol. Chem. 283,10366-10376

 9)  Tornberg. J., Sykiotis. GP., Keefe. K., Plummer. L., Hoang. X., Hall. 
JE., Quinton. R., Seminara. SB., Hughes. V., Van Vliet. G., Van Uum. 
S., Crowley. WF., Habuchi. H., Kimata. K., Pitteloud. N., Bülow. HE 
(2011) Heparan sulfate 6-O-sulfotransferase 1, a gene involved in ex-
tracellular sugar modifications, is mutated in patients with idiopathic 
hypogonadotrophic hypogonadism. Proc. Natl. Acad. Sci. U S A., 108, 
11524-11529

10)  Md. Ferdous Anower-E-Khuda, Hiroko Habuchi, Naoko Nagai, Osami 
Habuchi, Takashi Yokochi, Koji Kimata: Heparan sulfate 6-O-sulfo-
transferase isoform-dependent regulatory effects of heparin on the 
activities of various proteases in mast cells and the biosynthesis of 6-O-
sulfated heparin. J. Biol. Chem.  in press

References 

Heparan sulfate 6-O-sulfation -  What we have learnt from the knockout mice


