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Biological Significance of N-Acetylglucosaminyltransferase-IV-Mediated Protein
Glycosylation on the Homeostasis of Cellular Physiological Functions
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Protein N-glycosylation produces a highly complex
structural repertoire and confers a variety of biological features
on carrier proteins by forming specific glycan epitopes on
N-glycan branches, which can be recognized by endogenous
lectins. Multi-antennary N-glycan possesses high glycan
complexity that can be formed by golgi-residing N-acetyl-
glucosaminyltransferases (GnTs), which initiate the synthesis
of N-glycan branch structures. The apparent number of glycan
epitopes in a glycoprotein is determined by the number of
N-glycosylation sites and antennary of individual N-glycan.
While the number of N-glycosylation sites is an intrinsic
characteristic coded in primary sequence of a protein, the
complexity of antennae of an N-glycan is precisely regulated
by the portfolio of expressed N-glycan processing enzymes,
and the dynamic intracellular metabolic flux of their substrates
in the producing cells that reflect cellular microenvironments
[Lau, K., et al. (2007) Cell 129, 123—134; Taniguchi, N. (2009)
J. Biol. Chem. 284, 34469-34478]. Thereby, the complexity
of N-glycan branches can be finely tuned for adapting to the
dynamically changing cellular environments.

GnT-1V synthesizes the GIcNAcf1-4 branch structure
on the Mana1-3 arm of N-glycan core, and is essential for the
production of multiantennary N-glycans cooperatively with
GnT-V. GnT-1V has two isoenzymes; the first isoenzyme was
initially purified and cloned from bovine small intestine and
subsequently named GnT-IVa (encoded by the Mgat4a gene),
and the second isoenzyme was cloned from human genome
and named GnT-IVb (encoded by the Mgar4b gene), which
has identical substrate specificities to GnT-IVa. The tissue
distribution of GnT-IVa is highly restricted in gastrointestinal
organs and peripheral blood leukocytes, while GnT-IVD is
ubiquitously and constitutively expressed among tissues in
human and mouse. Because of the different tissue distribution
of GnT-IVa and GnT-1Vb, they presumably have particular
biological functions, respectively.

The products of GnT-IV are normally found in many
glycoproteins. Some of bioactive substances, like peptide
hormones, are glycopeptides, which exert their effects by
binding to cell surface receptors. The carried N-glycan can
be a ligand to the cellular receptor and facilitates receptor
binding of carrier glycoproteins, while it may cause a steric
hindrance to the receptor binding and attenuates the binding
affinity. The multiantennary N-glycans of erythropoietin (EPO)
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diminish the erythropoietin receptor binding that attenuates
in vitro erythropoiesis activity, but its bulky structure of
N-glycan branch retards clearance from blood stream that
prolongs in vivo erythropoiesis activity [Takeuchi, M. (1991)
Glycobiology 1, 337-346]. It’s been recently reported that
the Mgat4a expression is induced under hypoxic conditions
[Busch, W., et al. (2010) BMC Genomics 11, 65]. This
suggests that the physiological systemic hypoxic (ischemic)
conditions induce the GnT-IVa expression and should form
multiantennary N-glycans on EPO that contributes to the
efficient erythropoiesis. It has been reported that GnT-IVa
expression is aberrantly up-regulated in some type of tumor
cells and the altered glycan products can be a biomarker
for diagnosing specific tumors. Choriocarcinoma cells have
high GnT-IV activity that produces aberrant biantennary
N-glycan, which has two GIcNAc branches on the core a.l-
3Man, on human chorionic gonadotropin (hCG) [Endo, T., et
al. (1987) Cancer Res. 47, 5242-5245]. It has been reported
that the altered glycosylation of hCG regulates the affinity for
receptors and modulates the downstream signal transduction
[Hattori, M., et al. (1988) Mol. Cell. Endocrinol. 57, 17—
23] that seems to be a reason for the hyperthyroidism in
choriocarcinoma patients. This aberrant biantennary N-glycan
structure is also found in the y-glutaminyltransferase produced
in human hepatic carcinoma cells, which have extraordinary
high GnT-IV activity [ Yamashita, K., et al. (1989) J. Biochem.
(TOKYO) 105, 728-735].

The GnT-IV mediated N-glycan branch formation
is important to maintain the cell surface residency of
glycoproteins and the cellular signaling in normal context via
the binding to endogenous lectins using glycan epitopes on
glycoproteins. The density of glycan epitope on the N-glycan
branches is a molecular determinant of the lectin binding.
The loss of N-glycan branches, therefore, abolishes the
lectin-glycoprotein bindings that impairs cellular functions
and occasionally results in the severe systemic disorders.
Pancreatic  cells express glucose transporter 2 (GLUT2) on
cell surface as a glucose sensor, which has a multiantennary
N-glycans formed by GnT-IV and -V. The N-glycan branches
have lactosamine structures, which can be preferentially
recognized and bound to endogenous lectin, galectins, and
thereby GLUT?2 is stabilized and its cell surface residency
is maintained. This is essential for maintaining glucose
stimulated insulin secretion responses of pancreatic 3 cells.
The failure of this mechanism impairs glucose homeostasis.
High-fat diet intake attenuates the Mgat4a expression and
abolishes the P cell surface expression of GLUT?2 that
subsequently evokes type 2 diabetes [Ohtsubo, K., et al.
(2005) Cell 123, 1307-1321]. In deed, the Mgatda expression
levels were significantly reduced in the pancreatic [} cells
of type 2 diabetes patients [Gunton, J.E., et al. (2005) Cell
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122, 337-349]. In consistent with those findings, the human
chromosomal positions of the MGAT4A and MGAT4B
genes were indentified in type 2 diabetes susceptible regions
by genetic linkage analyses of patients and their families
[McCarthy, M.I. (2003) Curr. Diab. Rep, 3, 159—-167; Van
Tilburg, J.H.O., et al. (2003) J. Clin. Endocrinol. Metab. 88,
2223-2230; Reynisdottir, 1., et al. (2003) Am. J. Hum. Genet.
73, 323-335].

It has been recently reported that metazoans have a
compensation system for maintaining the density of glycan
epitopes on cell surface at same levels by modulating
expression levels of glycosyltransferases [Takamatsu, S., et
al. (2010) Glycobiology 20, 485-497]. GnT-IVb deficiency
induced aberrant GnT-1Va expression corresponding to
GnT-IVb distribution pattern that was likely attributed
to the increased transcription factor (Ets-1) levels that
conceivably activated the Mgat4a promoter, and thereafter
preserved apparent GnT-IV activity and glycan density in
the cells. Therefore, GnT-IVb deficiency had less impact on
pathogenesis and showed only mild phenotypic alterations in
hematopoietic cell populations and hemostasis [Takamatsu, S.,
et al. (2010) Glycobiology 20, 485-497]. Furthermore, GnT-
IVa/-IVb double deficiency completely abolished GnT-1V
activity that resulted in the disappearance of the GIcNAcp1-4
branch on the Mana1-3 arm and eliminated the glycan
epitopes on the branch, though the apparent total number
of glycan epitopes on an N-glycan was preserved by newly
generating alternative epitopes (including polylactosamine,
Lewis™, and sialic acid cap structure) on the relic branches.
These were consistent with the increased expression of
corresponding glycosyltransferases for the glycan epitope
synthesis; B3GnT-1,-2, f4GalT-1, -1I, -111, ST3Gal-1V,
ST6Gal-1, and Fut-4, -7. The altered gene expression profile
of glycosyltransferases should be attributed to the defect
in the cell surface residency of receptor glycoproteins that
consequently altered the cellular signaling and induced
cellular responses for compensating the glycan density on
cell surface in GnT-IVa/-IVb double deficiency. The induced
glycomic compensation, thereby, preserved the apparent
endogenous lectin bindings even in the severe defects in the
N-glycan branch formation. And the fact that the phenotype
of GnT-IVa/-IVb double deficiency largely overlapped that
of GnT-1Va single deficiency [Takamatsu, S., et al. (2010)
Glycobiology 20, 485-497]. Those findings suggest that the
maintenance of the cell surface glycan density is indispensable
for the homeostasis of cellular physiological functions.
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