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A B S T R A C T

N-glycans on glycoproteins serve as one of the most important co- and post-translational
modifications of proteins, and it has been well established that they play pivotal roles in
controlling the physicochemical and/or physiological properties of the carrier proteins. The
biosynthetic/processing pathways for N-glycans have been well characterized in mamma-
lian cells. There are, however, issues that remain to be clarified concerning aspects of their
degradation. While the molecular mechanism of the lysosomal degradation for
N-glycoproteins has been well studied in relation to genetic disorders, which are collec-
tively referred to as lysosomal storage disorders, evidence exists to suggest that there are
also “non-lysosomal” degradation processes, which are now known to occur widely in eu-
karyotic cells. In this review, our current knowledge of the lysosomal/non-lysosomal
degradation of N-glycoproteins in mammalian cells, as well as in human genetic disor-
ders caused by the defects of these processes, is reviewed.

© 2016 Published by Elsevier Ltd.
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1. Introduction

It is widely accepted that lysosomes are the organelle
responsible for the catabolism of macromolecules such as
proteins, lipids and glycans. Macromolecules that are des-
tined for degradation are delivered to lysosomes either by
endocytosis from extracellular spaces or by an autophagic
process for intracellular organelles/proteins. Once in the lyso-
somes, the substrates are degraded by numerous catabolic
enzymes. If there is a defect in those enzymes, degrada-
tion intermediates can accumulate in lysosomes, resulting
in the development of a disorder called a “lysosomal storage
disease” (Gieselmann, 1995; Glew et al., 1985; Michalski,
1996; Neufeld, 1991; Winchester, 2005). This fact strongly
indicates that our cells do not have the ability to reas-
semble partially degraded molecules into new functional
macromolecules, but degrade them down to monomeric
units of sugars and amino acids (or in some cases dipep-
tides) that are essential for their metabolic re-use process
(Aronson and Kuranda, 1989; Winchester, 2005).

In addition to lysosomal degradation, it has been known
for some time now that there are cytosolic enzymes
(Funakoshi and Suzuki, 2009; Haeuw et al., 1991a) capable
of degrading N-glycoproteins or their derivatives, free
(unconjugated) N-glycans (FNGs) (Harada et al., 2015a).
While the functional inter-relationships between lyso-
somal and non-lysosomal degradation are not well
understood, it has become clear that both degradation
system are critical for normal development in humans.

In this review, I overview the lysosomal/non-lysosomal
catabolic processes for N-glycoproteins in mammalian cells.
A particular focus will be on the enzymes involved in the
degradation of the glycan portions of glycoproteins. Formore
details, readers are directed to the following review ar-
ticles (lysosomal degradation – Aronson and Kuranda, 1989;
Michalski, 1996; Winchester, 2005; non-lysosomal degra-
dation – Harada et al., 2015a; Suzuki, 2007; Suzuki and
Harada, 2014).

2. Lysosomal degradation of N-glycoproteins in
mammalian cells

It has been well documented that the lysosomal catabo-
lism of N-glycoproteins occurs in a well-ordered fashion
(Aronson and Kuranda, 1989; Michalski, 1996; Winchester,
2005). The pathway has been elucidated by the structural
analyses of the storage products in lysosomal storage disease
patients, in vivo and in vitro substrate studies dealing with
the substrate specificities of enzymes involved, and the use
of the inhibitors to block the action of specific enzyme(s)
(Winchester, 2005).

As mentioned above, N-glycoproteins destined for deg-
radation in lysosomes are transported to the lysosomes,
either from the cell surface or the extracellular space via
endocytosis, or alternatively, intracellular delivery involv-
ing, for example, the autophagic process (Winchester, 2005).
It has been suggested that bulk of proteins, i.e. 90% of the
long-lived proteins, as well as 80% of the short-lived pro-
teins, undergo lysosomal degradation in the liver in rats
(Ahlberg et al., 1985). Once the proteins arrive inside lyso-
somes, various lysosomal proteases catalyze their
degradation. There are a number of different exo- and
endoproteases in the lysosomes, and they appear to have
overlapping functions (Winchester, 2005). Accordingly, no
apparent lysosomal storage disease has been reported due
to a lack of a specific lysosomal protease activity (Aronson
and Kuranda, 1989; Winchester, 2005).

Proteolysis of the N-glycoproteins should occur prior to
glycandegradationbyvariousglycosidases,becauseof thestrict
substrate specificityof the lysosomalaspartylglucosaminidase;
this enzyme requires a freeα-amino and anα-carboxyl group
ontheN-glycosylatedasparagineassubstrates (Kaartinenetal.,
1992; Makino et al., 1968; Tanaka et al., 1973; Tarentino and
Maley, 1969). The presence of various proteases in lysosomes
will therefore ensure that proteolysis is complete and that this
facilitates the subsequent glycan catabolism.

3. Enzymes involved in the catabolism of glycan parts
of N-glycoproteins in the lysosomes

Historically, the lysosomal catabolism of N-glycoproteins
has been investigated in attempts to clarify the molecular
mechanism of the lysosomal storage diseases, collectively
called “glycoproteinoses” (Gieselmann, 1995; Michalski,
1996; Neufeld, 1991; Strecker andMontreuil, 1979). In sharp
contrast to the case of lysosomal proteolysis, most of the
lysosomal degradation of N-glycans are catalyzed by a spe-
cific enzyme; as a result, a defect in this enzyme can have
severe consequences. Glycosidases that are involved in the
degradation of N-glycans can also be involved in the deg-
radation of other macromolecules; for example, lysosomal
sialidase can be involved in the degradation of not only
N-glycans but also O-glycans and glycosphingolipids. In this
review, we focus on enzymes that are involved in N-glycan
catabolism. Figs. 1 and 2 show the proposed degradation
pathway for complex-type and high-mannose type glycans,
and Table 1 shows genetic disorders that are caused by a
defect in enzymes involved in the catabolism of N-glycans.

Glycoproteinoses can also be caused by a defect in the
mannose-6-phosphate-dependent transport pathway for ly-
sosomal resident proteins (due to the lack of delivery of
lysosomal enzymes), but it is beyond the scope of this review
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