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Abstract. Serglycin is a proteoglycan found in hema-
topoietic cells and endothelial cells. It has important
functions related to formation of several types of
storage granules. In connective tissue mast cells the
covalently attached glycosaminoglycan is heparin,
whereas mucosal mast cells and activated macro-
phages contain oversulfated chondroitin sulfate (type
E). In mast cells, serglycin interact with histamine,
chymase, tryptase and carboxypeptidase, in neutro-
phils with elastase, in cytotoxic T cells with granzyme

B, in endothelial cells with tissue-type plasminogen
activator and in macrophages with tumor necrosis
factor-a. Serglycin is important for the retention of
key inflammatory mediators inside storage granules
and secretory vesicles. Serglycin can further modulate
the activities of partner molecules in different ways
after secretion from activated immune cells, through
protection, transport, activation and interactions with
substrates or target cells. Serglycin is a proteoglycan
with important roles in inflammatory reactions.

Keywords. Serglycin, proteases, cytokines, hematopoietic cells, storage granules, secretion, heparin, chondroitin

sulfate E.

Introduction

Proteoglycans (PGs) constitute an important part of
the glycoconjugates of mammalian cells and tissues.
PGs are also found in more simple systems, such as
Drosophila, Caenorhabditis elegans and even in
Hymia. These highly negatively charged molecules
have been the subject of a series of reviews [1-4].
Several reviews have focused on PGs in the extrac-
ellular matrix (ECM) [5] or on the cell surface [6].
More recently, reviews have addressed PGs in relation
to interactions with growth factors, proteases or in
developmental or pathological conditions [2,7]. How-
ever, limited attention has so far been granted PGs
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located intracellularly, which also reflects on the
limited number of reviews that have addressed this
topic [8, 9]. There are several interesting issues that
are likely to be more extensively studied in the future,
such as the cellular uptake and intracellular degrada-
tion of PGs located either on the cell surface or in the
ECM, the presence and function of PGs in the nucleus,
and more in depth studies on the regulatory aspects of
the biosynthesis of the carbohydrate part of the PGs,
the glycosaminoglycans (GAGs). The role of PGs in
the formation of intracellular storage and secretory
vesicles has been addressed in recent studies (see
below) and is likely to provide us with new informa-
tion on the functions of intracellular PGs.

The cell-associated PGs have traditionally been
classified in two groups, belonging either to the
syndecan or the glypican family. These cell-surface
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PGs differ in their mode of interaction with the cell
surface, the former having transmembrane protein
domains in the core protein, the latter being associ-
ated with the cell surface through glycosyl phospha-
tidyl inositol (GPI) linkages [10]. The most important
PG identified so far in intracellular locations is
serglycin. This PG could strictly be referred to as an
intracellular PG and thereby distinguish it from the
syndecans and the glypicans, or it could be included in
the class of cellular PGs, as opposed to matrix-
associated PGs. However, serglycin has been docu-
mented to be a secretory product and can therefore
easily be incorporated into the ECM or associate with
surfaces of target cells. Several aspects of the biology
of serglycin have not been studied in any great detail,
and a pragmatic view would be to regard it as an
intracellular PG, awaiting further studies on the
functions of secreted serglycin.

In this review we focus on the structure of serglycin,
with emphasis on the serglycin gene and the GAG
chains attached. Finally, we discuss the biological
functions of serglycin. The main aim of this review is to
present and discuss issues we regard as important for
future research on this PG, and to refer to publications
relevant for such a discussion.

Serglycin gene

The first partial sequenced PG cDNA (named pPG1)
was isolated from the rat yolk sac carcinoma cell line
L2 in 1985 [11], and this cDNA was further used to
identify the whole rat PG cDNA from rat yolk sac L2
cells [12]. The core protein of an intracellular chon-
droitin sulfate PG in both rat and mouse mucosal-like
mast cells was later shown to be identical to the core
protein for heparin PG core in rat and mouse serosal
mast cells. Both the chondroitin sulfate and the
heparin PG cores were also shown to be the same as
the PG core isolated from rat yolk sac [13]. In 1986 it
was shown that even if the rat PG from yolk sac and
mast cell lineages had the same coding sequence, they
differed in their mRNA sizes [12]. The same year the
human platelet PG was isolated and partially charac-
terized [14] and the N-terminal amino acid sequence
was later shown to be highly homologous to the rat
yolk sac PG [15]. The complete amino acid sequence
of the human platelet PG was determined in 1988 [16],
the same year in which the cDNA from rat yolk sac
was used to determine the amino acid sequence of the
PG from human promyelocytic leukemia HL-60 cells
[17]. The PGs from non-transformed mouse bone
marrow-derived mast cells (BMMC), human HL-60
cells and rat yolk sac L2 cells have been compared.
Except for the repeating serine-glycine region, the N-

Serglycin — Structure and biology

terminal sequence of all the three species were
conserved, while the C-terminal part of the mouse
PG was more closely homologous to the rat PG than to
the human PG [18], as shown in Fig. 1. After removal
of the signal sequence, the translated mouse PG
peptide core was determined to be 16.7 kDa and 14.3
kDa. Further processing of the core protein in mouse
secretory granules has been reported [19] and N-
terminal sequencing of serglycin isolated from mono-
cytic cell lines has shown processing of the N-terminal
part [20, 21].

In further studies the mouse gene of the secretory
granule PG was cloned and characterized from a
mouse liver genomic library, and the gene was ex-
pressed in rat-1 fibroblast cells [22]. The mouse gene
consisted of three exons, the first exon (residues 1-25)
contained 41 bp of 5’-untranslated nucleotides as well
as the 25 amino acid signal peptide of the core protein.
A large intron (~ 8 kb) follows before the second exon
(residues 26-73) with its 48 amino acids, which is the
N-terminal part of the core protein after removal of
the signal peptide in the ER. The second intron is
~4 kb, and the last exon (residues 74—152) encodes a
79-amino acid sequence that includes the GAG
attachment region. The last exon also contained a
424-bp 3'-untranslated sequence, while others report-
ed the 3’-untranslated sequence to be 441 bp [23].
Serglycin was the first PG core protein to be cloned
and sequenced, and it was given its name in 1989 [24].
The mouse serglycin gene does not have the classical
TATA box ~30bp upstream of the transcription
initiation site, but a number of cis-acting elements in
the 5’-untranslated region (UTR) have been detected
[22]. The ~180-bp difference in size of the mRNA
coding for the same PG in rat yolk sac (~ 1.3 kb) and
rat mast cell lineages (~ 1.1 kb) had previously been
demonstrated [25]. However, a more extensive inves-
tigation of the 5'-UTR and analysis of the upstream
promoter regions of the serglycin gene showed two
cap sites separated by approximately 180 bp [23].
These two different promoters could explain the two
different sizes of mRNA. The upper presumptive rat
yolk sac-like serglycin promoter (~1.3-kb mRNA) of
the mouse gene had a TATA box with a 30-bp
upstream octa binding site, together with upstream
regulatory regions such as one cAMP response
element-binding (CREB) site, one AP2 site, one
API site and one EII site. The mast cell serglycin
promoter (~1.1-kb mRNA) had no TATA-like box,
and no upstream consensus sites, only partial sites for
DNA binding regulatory proteins. Cell-specific ex-
pression of different regulatory factors [26] together
with two possible promoter regions in the serglycin
gene, can explain the cell-specific serglycin expres-
sion.



Cell. Mol. Life Sci. ~ Vol. 65, 2008

Review Article 1075

Exon 1

Exon 2

Figure 1. Serglycin. The human
and mouse serglycin proteins are

Mouse| —-MQ-VPVGSRLVLALAFVLVWGSSVQG
dkkokk

*k kkkkkkkdk o kk * khkkkkkdkk Kk

Human| MMOKLLKCSRLVLALALILVLESSVQGYPTQRARYQWVRCNPDSNSANCLEEKGPMFELL 60
PARRARYQWVRCKPNGFFANCIEEKGPQFDLI 58

*hk o kkkkk Kk ki

aligned. (A) The amino acid
numbers are shown on the right
side of the alignment, and the
three exons are shown as three

Exon 3

boxes. The GAG-attachment

Mouse D-ESNNIGPPMNNP
kkk & i Tobet

Human PGESNKIPRLRTDLFPKTRIQDLNRIFPLSEDYSGSGFGSGSGSGSGSGSG----FLTEMEQDY 120
MEGPS--KDFISNYDDY-GSGSGSGSGSGSGSGSGSGSGFLGDMEWEY 118
ek khkkk khkkkhkkdkkkkkk %k * % *

sites are underlined, and *
means that the amino acids are
identical, while : means that the

Human QLVDESDAFHDNLRSLDRNLPSDSQDLGOHGLEEDFML 158
Mouse QPTDESNIVYFNYKPFDRILTEQNQ----DQPEDDFIT |152
¥ dkkok s I T T * ok

8 |

-250 /-161

Initiation
site
5'-untranslated

-118/-81

amino acid substitution is con-
served. (B) The 5'-untranslated
region of the serglycin gene is
presented. A negative cis-acting
element is shown by a red arrow,
while a positive cis-acting ele-
ment is shown by a blue arrow.

-40/+24

Both positive (residues —118 to —81 and —40 to —20)
and negative (residues —250 to —190) cis-acting
elements in the 5-UTR (Fig. 1) have been demon-
strated in the mouse serglycin gene [26]. Based on
similar mobilities in a gel mobility shift assay, both the
serglycin expressing RBL-1 cells and rat-1 fibroblasts,
which do not express serglycin, contained a common
unknown trans-acting factor that binds to the sup-
pressor element (residues —250 to —190) as well as the
proximal promoter region (residues —40 to —20). In
addition, the two different cell types contained distinct
and different unknown trans-acting factors binding to
the positive and negative cis-acting elements [26]. The
negative regulatory element was dominantly active in
the cells that do not express the serglycin (rat-1
fibroblasts), while the positive regulatory element was
dominantly active in the serglycin expression cells
(RBL-1 cells). After computer search for known
conserved cis-acting elements, only the conserved ets
domain within the enhancer region was found. This
sequence is predicted to recognize DNA-binding
proteins, like Erg, Elk, Ets-1, Ets-2, E74 and PU.1.
The latter has been shown to be expressed in macro-
phages and B cells [27].

The partial human serglycin gene [28] was shown to
consist of the same three exons as the mouse gene;
exon 1 with the signal sequence (amino acids 1-27),
exon 2 with amino acids 2876, and the last exon with
amino acids 77-158. The 5-UTR of the human
(residues —1 to —119) and the mouse (residues —1
to —123) gene were reported to be 96 % identical, and
both genes were without the classical TATA box [28].
The complete human serglycin gene (16.7-kb) was
published 2 years later [29], and 7% of the serglycin
gene comprised the three exons, while 93 % of the
gene contained the two introns. The serglycin gene
had 19 Alu elements in both orientations in the two

introns, and two Alu elements in the 5-UTR. The
mouse and human 5-UTRs was shown to be 96 %
identical, and the Ets (—80) and CRE (—70) are the
most critical regulatory elements for human serglycin
gene expression [30]. The CRE site was determined to
be responsible for the serglycin expression after both
the PMA and dbcAMP treatment in HEL, CHRF 288-
11 and HL-60 cells.

The expression of the serglycin gene is regulated by
cis- and trans-acting elements in the 5'-UTR, but the
availability of these elements to the transcription
machinery is also essential. The chromatin modifica-
tions and structure play an important role in the
regulation of serglycin expression. Firstly, the meth-
ylation pattern of the human serglycin gene has been
shown to be of great importance. The human serglycin
gene in HL-60 cells was less methylated than the
highly methylated serglycin gene in the human T-
lymphoblast Molt 4 cells that lack serglycin mRNA,
demonstrating that the methylation pattern was
related to the level of serglycin expression [29].
Secondly, DNase-I-hypersensitive sites (DHSS) have
been shown to influence the serglycin gene expres-
sion. DHSS represent regions in the chromatin
structure that are less compact, and such regions
increase the possibility of gene transcription. The
amount of DHSS in the human serglycin gene is tissue
and signal dependent, and the high amount of DHSS
in HL-60, compared to the HEL and CHRF 288-11
cells, correlates with the serglycin expression of the
cells [30, 31]. It is interesting to note that an mRNA
isoform in neutrophils has been detected that codes
for a serglycin core protein with complete deletion of
exon 2, while HL-60 only had a minor component of
this mRNA isoform. Differential expression of ser-
glycin has been demonstrated as promyelocytes
mature to segmented neutrophils [32], and this
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Ghilq)anzse MMQKLLKCSRLVLALALILVLESSVQGYPTQRARYQWVRC LL 60
Human MMQKLLKCSRLVLALALILVLESSVQGYPTQRARYQWVRCNPDSNSANCLEEKGPMFELL 60
Honkey -MQKLLKCSRLVLALALI LVLESSVQGKTQESSRYQWVRCHE] I LL 59 Horse
Cow ~HQVLLQCARLVLALAFIL-FSSSVQGSPVQRAGYQCNPL CI DIL 58
Horse -MQVLLQGSRLVLALTLI LVLSSSVQGF PVQRARYQWVRCSPDSNSANCIDERGPVEDLL 59
Dogl =HQLLLQGSRLVLALALLLVILDFSVQGSPVKRATYQWVHCSPDSNSANCIDEKEPMFDLL 59
House -MQVEV-GSRLVLALAFVLVWGSSVQGY PARRARY QWVRCKPNGEFANCIEEKGPQFDLI 58
Rat -MRQVEVGTRLVLALAFVLVWGSSVQGYPARRARY QWVRCKPDGIFANCIEEKGPREDLI 59 Cow
Chimpanzee PGBSHKIPELETDL!‘PLTRIQDLIHI!PLS!DY 24
Human PGESNKIPRLRTDLFPKTRIQDLNRIFPLSEDY! %4 Dog
Honkey PSESNKIPRLRTDLEPKTRIQDLNRIFP LSEDY: 23
Cow RGESSRIPFPRTDISPLMNSKNLNEVFPLSEDI 91
Horse PDEPNRILPPRTDPFSMTRSQNLNDVEFPLSEDY: 92
Dogl PGESNRIFPP-TDRSSMSRSQNLUDIFPISEDYF- 92 50
House D-ESNNIGPPMNNPVIMEGPS--KDFISNYDDY: 88 Rat
Rat A-EESN 1LMRGFP--NDFFPISDDY 114
100
Chi DY HVNLRSLDRNLPSDSQDLGQH 15/
Human GSGF F' 'YQLVDESDAFHDNLRSLDRNLESDSQDLGQH 15( Mouse
Honkey VTEMEQD YQPVDES! DAFHDNLRSLDRNLPSDSQDLGQH 14° &3
Cow NEIEQEYQ YYTFRSRERNVPSYNQDLGQD 14!
Horse IEQE LYNFRELKGNLPSDNQDLGGD 14'
Doq]. 65--GEG5GS656565GSGSGF LPELEQEYQPVDENNDEF YDNFRPLERNLP SDNQDLGQD 150
Mouse YQPTDESNIVYFNYKPFDRILTEQNQ----D 14¢ Monkey
Rat Q IVYFHNYGE TEQNQ----E 17!
Chimpanzee GLEEDFML 162 100 .
Human GLEEDFML 158 Chimp
Honkey GLEEDFMI 155
Cow GPEEDFTI 150 80
Horse GSEENFIM 155
Dogl GPEEDFII 158
Mouse QPEDDFII 152 Human
Rat QP-GDFII 179 *10

Figure 2. Serglycin from several species. Serglycin has only been cloned and characterized from human, mouse and rat cells. After recent
genome and mRNA sequencing, several predicted serglycins are found in nucleotide databases. The predicted serglycin sequence
references from the UniProt Source Sequences are: chimpanzee (UPIO00036E75A), human (UPI000013188C), monkey (UP-
10000D9C36D), cow (UPI00004F9640), horse (UPIO00155D87E), dog (UPIO0004BFC86), mouse (UPIO000001ABC) and rat
(UPI1000013188D). In (A), the serglycin sequences are aligned, and the arrows are where the exons are linked together. In (B), a
neighbor joining (NJ) tree is produced using the Phylip package with 100 replicates.

stage-specific difference in serglycin expression could
possibly be explained by the different isoforms
detected in HL-60 compared to the neutrophils.

The serglycin gene has only been cloned and charac-
terized from three species, and the amino acids of the
serglycin from human (GenelD 5552), mouse (Gen-
eID 19073) and rat (GenelD 56782) are presented in
Fig. 2. Several genomes and mRNA libraries have
been sequenced the last few years, and predicted
serglycin core proteins from several species are
available in the UniProt Source Sequences. Both
cloned and predicted serglycins are aligned and
presented in Fig. 2, and an evolutionary comparison
of the different serglycin core proteins is also pre-
sented.

Glycosaminoglycans

Serglycin is a PG mainly found in hematopoietic and
endothelial cells [9]. Some reports suggest the pres-
ence of serglycin in other cell types, such as pancreatic
acinar cells [33]. Also, the possible presence of
serglycin in smooth muscle cells has been the subject
of further studies [34, 35]. In the different types of
blood cells the main GAG chains are chondroitin 4-
sulfate (CS-4), chondroitin 6-sulfate (CS-6), chon-
droitin 4,6 disulfate (CS-E), chondroitin sulfate B

(CS-B) and heparin [8] (as shown in Table 1; more
detailed information on disaccharide structures can be
found in [9]). The most highly sulfated of these GAGs
is heparin, followed by CS-E and CS-B and finally CS-
4 and CS-6. In relation to biological functions the
sulfation pattern is an important issue, as some of the
cell types with typical storage granules, such as mast
cells and basophils, contain the highly sulfated GAG
chains. This does not, however, seem to be a general
rule as NK cells and cytolytic T lymphocytes contain
GAG chains of the CS-4 type. In addition, monocytes
express almost exclusively CS-4, but after differentia-
tion to macrophages a mixture of CS-4 and CS-E is
released from these cells [36]. An increase in the
sulfation of CS is also seen in monocytes and macro-
phages after stimulation of the cells, suggesting that a
shift in the sulfation pattern is linked to inflammatory
conditions [37].

Of particular interest is the heterogeneity observed in
mast cells [38]. Both connective tissue type mast cells
and mucosal mast cells participate in similar, but not
identical, immunological reactions. The different
GAG profiles of these two cells types [39, 40] are an
example of the importance of cell type for the
expression of particular GAG structures. As these
cells both contain serglycin, it is unlikely that the
protein core itself has a major role in regulating
whether CS or heparin is to be polymerized onto the
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Table 1. Major GAGs found in serglycin.
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Type of GAG chain®

Cell type®

Chondroitin 4- sulfate
(glucuronic acid-N-acetylgalactosamine 4-sulfate)

Chondroitin 6-sulfate
(glucuronic acid-N-acetylgalactosamine 6-sulfate)

Chondroitin sulfate E
(glucuronic acid-N-acetylgalactosamine 4,6-sulfate)

Chondroitin sulfate B
(iduronic acid + 2-sulfate-N-acetylgalactosamine 4-sulfate)

Heparin/heparan sulfate

Platelets, monocytes, lymphocytes

Guinea pig platelets

Macrophages, mucosal and lung mast cells
Rat basophils

Mast cells

glucuronic acid or Iduronic acid + 2-O-sulfate-glucosamine + N-sulfate and/or 3 and

6-0 sulfate

* GAG chains with disaccharide units in parenthesis (+, with or without).
" See text for references. When not stated, the cells are of human origin.

protein core. The differences are more likely due to
the other determinants in the biosynthetic process,
such as the concentrations and activities of the
biosynthetic enzymes and the concentrations of the
different UDP sugars required for forming the differ-
ent types of GAG chains [41].

An interesting point in relation to discussions on
functions of the GAG moiety of PGs is why there is a
difference in substitution of GAG chains in these mast
cell types. Heparin and its relative heparan sulfate
have been thoroughly studied, both with regard to its
clinical use as an anticoagulant [42], and in relation to
its ability to interact strongly with a series of ligands,
such as lipoprotein lipase and several fibroblast
growth factors [43-45]. The anticoagulant effect of
heparin is well established [42], but is the result of
exogenously administered heparin. The biological
ligands for heparin in mast cells are mainly chymases,
tryptases, carboxyypeptidases, histamine and other
components [46, 47]. In addition, anticoagulant hep-
aran sulfate has been found in the microvasculature in
mast cell-deficient mice [48]. Another striking and
challenging finding is the demonstration of anti-
thrombin binding heparin isolated from clams that
have no blood circulation system, further supporting
the notion that heparin in mast cells is not involved in
the regulation of blood coagulation.

The highly sulfated CS-E has in recent studies been
shown to be an important ligand for several growth
factors in the brain [49-51] and to interact with some
of these factors with affinities similar to that of heparin
[50]. It is therefore of interest to define in more detail
if there are differences in the granule formation,
ligand interactions, release of mediators, efc., from
connective tissue type mast cells and mucosal mast
cells in wild-type and serglycin-knockout mice. Early
studies on cells in an infection model in rats showed
that the mucosal mast cell contained less histamine
and enzymes than the connective tissue type [39, 52].

The question of biological functions of the CS-E GAG
type is also relevant to the discussion of the functions
of PGs in monocytes and macrophages. When mono-
cytes differentiate into macrophages there is a shift in
biosynthesis from CS-4 to a mixture of CS-4 and CS-E
[36, 53]. The amount of CS-E expressed by macro-
phages can be further increased if they are activated
after differentiation [37]. The PG serglycin is not
stored in monocytes and macrophages, but is consti-
tutively secreted. However, the secretion is increased
after inflammatory stimuli. This may be due to
increased secretion of ligands binding to serglycin or
increased need of serglycin at inflammatory sites.
Further studies on CS-E in mucosal mast cells and
macrophages should potentially provide more infor-
mation on functions of CS-E in immune cells. Some
reports have shown that oversulfated CS found for
example in mast cells and basophils contain significant
amounts of CS-B [8, 19]. The biological functions of
these GAG units have not been defined in detail. It is,
however, interesting to note that some of the cell types
expressing serglycin carry highly sulfated GAG chains
of either heparin, CS-E or CS-B type. Human mast
cells have been shown to contain both heparin and CS-
E [54] and human mucosal mast cells mostly CS-E
[55]. Furthermore, in mouse mast cells [56] serglycin
has been shown to have both CS-E and heparin
attached to the same protein core.

The polymerization of GAG chains onto the serglycin
core has also been studied using -D-xylosides. These
compounds, with different aglycone groups, such as
benzyl, nitrophenyl or hexyl, have been proven to be
efficient tools in the studies of GAG biosynthesis in
general [57]. Exogenously added xylosides will com-
pete with xylosylated core proteins of PGs and result
in the formation of free GAG chains on the xyloside
compound. This experimental approach is most effi-
cient in abrogation CS biosynthesis, although some
compounds have been shown to initiate the formation
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of HS chains. In mast cells it has been shown that
xylosides abrogate heparin PG biosynthesis and
stimulate the formation of free CS-E chains [5§].
Also, in macrophages, which express serglycin with
CS-E chains, exposure to xylosides resulted in the
formation of free CS-E chains [59]. These results
indicate that the serglycin core protein and/or struc-
tures therein or factors interacting with the core are
important determinants for which type of GAG to
polymerize onto the core protein. Furthermore, a cell
type devoted to the biosynthesis of CS-E will not
discriminate between a xylosylated serglycin core
protein and xylose with an aglycone group, suggesting
that the core protein in such a cell type is not a major
regulator of either the initiation or the polymerization
and modifications of the GAG.

Biology

Studies on the biological functions of serglycin are
now possible to much larger extent due to the
important work of Pejler and co-workers [60], which
has resulted in the generation of serglycin-knockout
mice. These mice developed normally and were fertile.
However, the generation of secretory granules in mast
cells was compromised concomitant with a drastic
reduction of several important proteases and hista-
mine, without a detectable effect on the mRNA levels
for the proteases. This study clearly demonstrated that
serglycin is in some way involved in the process of
granulopoiesis, i.e.,, the generation of storage granules
in mast cells. Further work on serglycin-knockout
mice revealed that the secretory granules of cytotoxic
T lymphocytes (CTL) also were compromised [61]. In
this work it was shown that mRNA expression for the
important granule components granzyme A and B was
not affected. Interestingly, only the storage of gran-
zyme B was affected in CTL of the serglycin-knockout
mice. A finding along a similar line was recently
published [62] where it was established that elastase
was absent from azurophil granules of mature neu-
trophils, whereas other granule components were not
affected. Neutrophils are important cells in antibac-
terial defense and when wild-type and serglycin-
knockout mice were injected with the Gram-negative
bacteria Klebsiella pneumoniae the virulence was
increased in the latter mice. This result suggests that
the immune defense can be affected by the lack of
serglycin.

Serglycin and storage granules

The role of serglycin in granulopoiesis was addressed
in a study in neutrophils using an antibody raised
against human serglycin [63]. Serglycin could be seen
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in Golgi area of immature cells and in some granules,
whereas only minor amounts of serglycin could be
seen in more mature cells. This finding is in support of
a role for serglycin in the initial processes in gran-
ulopoiesis. Serglycin could not be detected in dense
mature granules. This may suggest that serglycin is not
present in granules of mature granulocytes. However,
it might be that the epitope has been processed, as has
been reported previously [28]. A heparin carrying PG
was early on shown to be a protease-resistant PG [64,
65], which was later shown for the isolated PG from
mouse mast cells [19]. N-terminal sequencing of
serglycin purified from two different monocyte-like
cell lines has also shown processing of the core protein
[20, 21]. Another interesting possibility that has not
been thoroughly studied is that serglycin expression
could be changed during differentiation, due to
alternative splicing [31]. If, however, serglycin disap-
pears during maturation of some types of granules, as
seen in granulocytes, it might be that its function is to
be an initiator or early matrix scaffold for the
organization of other granule components.

From studies on serglycin-knockout animals it has
been shown that the process of granule formation is
affected in mast cells, CTL and neutrophils when
serglycin is not present. However, it is important to
note that only one type of granules, the azurophil
granules, is affected in neutrophils of serglycin knock-
out mice [62]. A general role for serglycin in
granulopoiesis in hematopoietic cells does, therefore
not seem to be the case. From these studies, it seems as
if serglycin is found in only some granule types within
a typical storage granule type of cell. In mast cells
where serglycin is found in all granules there are some
observations that there is heterogeneity within the
granule itself, suggesting that different serglycin bind-
ing proteins such as chymase may be in electron-dense
parts and tryptase may be in more translucent parts
[66], possibly in different types of complexes [67]. The
lack of serglycin in bone-derived mast cells resulted in
the appearance of granules without electron-dense
cores [68]. These results suggests that there can be a
sub-compartmentalization within distinct granules,
possibly to accommodate and efficiently organize
the large number of serglycin partners.

It has been postulated that major determining factors
in granule formation are timing of synthesis of major
components, aggregation, possibly assisted by PGs,
followed by retention inside granules [69-71]. It is
also important to consider the importance of “cross-
talk” between different granule components for a
complete and proper organization of storage granules,
as it has been shown that lack of one protease may
affect the storage of other proteases [72, 73]. Fur-
thermore, some proteases, like tryptases, can form
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tetramers in complex with serglycin, which further
adds to the heterogeneity within the mast cell granules
[74]. Such tetramer formation has been shown to be
stabilized by heparin [75]. Covalent linkage between
serglycin and MMP-9 has also been demonstrated
[76]. The importance of one granule component for
the proper organizations of mast cells granules was
also clearly demonstrated in mast cells of mice lacking
histamine. This affected the content of proteases and
PGs in granules of mast cells [77].

The possible functions of serglycin in granulopoiesis
may turn out to be more complex than previously
appreciated. Some points that need to be taken into
consideration and addressed in detail in future work
are the differences in functions between different cell
types expressing serglycin, the structure and function
of granule partners, the type and amount of GAG
chains in the granules and also, the possible role of the
serglycin core protein in sorting and retention of
granules components. Studies in endothelial cells have
shown that the release of, for example, IL-8 and GRO-
a, residing in different types of granules, are stimu-
lated by different mechanisms, showing that storage
granules are not a uniform entity and that different
granules components can be released by different
signaling systems [78]. In neutrophils, which harbor at
least four different types of granules with different
types of cargos, serglycin has only been shown to be
present in azurophilic granules [63]. Furthermore,
different mast cell proteases may be in different types
of complexes with serglycin [67]. Also, some granule
proteases have been shown to be dependent on
serglycin for storage, whereas others are not [79],
most probably due to the positioning of basic charges,
their density and the overall net charge of the
proteases, as has recently been presented in an
extensive review on mast cell proteases [80]. The
reader is referred to this review for a more in-depth
presentation of the interactions between serglycin and
proteases, a topic that is also discussed to some extent
in another recent review [81].

Serglycin and retention of proteases

Serglycin has also been shown to be involved in
retention of proteases in storage granules in mast cells
[68]. This process may turn out to depend on the
structure and properties of the proteases or other
components interacting with serglycin [62, 79, 82].
Some granules components may, therefore, depend on
the presence of serglycin, such as chymases, granzyme
B and elastase, whereas other components, such as
granzyme A and cathepsin G, are not affected by the
lack of serglycin. It is also interesting to note that by
comparing the three-dimensional structures of cath-
epsin G, proteinase 3 and elastase, using molecular
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modeling, a unique GAG-binding region was demon-
strated only in elastase [62]. Similar analyses were
performed to compare GAG-binding sites in gran-
zyme A and B [61]. Both enzymes contained basic
regions with the potential of interacting with GAGs
but they were differently located in the two enzymes.
It will be important to learn more about the structural
requirements for interactions of partner molecules
with serglycin. Hopefully this will also increase our
understanding of the role of serglycin in granulopoi-
esis, and processes occurring downstream in immune
reactions. We also need to obtain a more detailed
understanding of the factors regulating synthesis of
granule proteins. Many of these factors are linked to
the development of myeloid leukemias.

Serglycin and release of partner molecules

Early work on serglycin showed that complexes of
serglycin and proteases were released from activated
mast cells [83]. The release of proteases in complex
with serglycin has later been shown by several
investigators [80]. A major part of studies on serglycin
and partner molecules has focused on proteases,
mostly due to the importance of these molecules in
mast cell biology. However, recent studies have shown
that other important granule components in mast cells
are histamine, cytokines, chemokines and prostaglan-
dins [77,84]. In other serglycin expressing cells several
important ligands have been shown to be present.
Azurophilic granules of neutrophils contain a series of
components including defensins, myeloperoxidase
and lysozyme, several of which are important in the
antimicrobial defense [71]. Secretory granules of
endothelial cells have been shown to contain both
serglycin and tissue type plasminogen activator [85].
In macrophages the secretion of tumor necrosis factor-
o has been shown to depend on serglycin [86] and in
monocytes secretion of MMP-9 is linked to secretion
of serglycin [76]. Secretion of chemokines complexed
to PGs have been demonstrated in HIV-infected T
cells [87]. From this it can be concluded that serglycin
is involved in the regulation of, and in many cases,
secretion of an impressive repertoire of molecules
important in inflammatory reactions.

Serglycin and secretory vesicles

Serglycin in monocytes/macrophages are not stored in
granules as in mast cells. Histochemical and X-ray
microanalysis has demonstrated that mast cells con-
tained sulfur-rich (using microanalyses combined with
electron microscopy) and heparan sulfate-rich gran-
ules, whereas monocytes did not [88, 89]. Serglycinis a
secretory product from macrophages [20], and the
secretion is increased following inflammatory stimu-
lation [37]. Furthermore, cytokines and antibacterial
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proteins secreted from activated macrophages have
been shown to bind to serglycin [90], suggesting that
secretion of serglycin and partner molecules, such as
proteases [91], is linked to activation of monocytes
and macrophages. It has been shown that abrogation
of serglycin secretion in human monocytes also
affected the secretion of several proteins. In addition,
the lack of cell-associated serglycin resulted in the
accumulation of empty vesicles, probably accumulat-
ed secretory vesicles lacking this PG [92]. This suggest
that the lack of serglycin in monocytes affects
secretory vesicle formation with interesting similar-
ities to the effects observed on storage granules in
serglycin-deficient mast cells [46, 47]. The process of
granulopoiesis is fascinating and not only restricted to
hematopoietic and endothelial cells, but also an issue
for studies on neurendocrine cells and pancreatic cells
[93]. If PGs are important for granulopoiesis in non-
hematopoietic cells, it will be interesting to define
which types are involved and if there are general
mechanisms for PGs involved in granulopoiesis.

Serglycin and regulation of partner molecules

After release from mast cells, proteases can still be in
complex with PGs [83] and during anaphylaxis mast
cell protease 6 was found in the ECM, whereas mast
cell protease 7 could be detected in the circulation
[94]. The different fates of serglycin-associated pro-
teins will depend on several factors including the
strength of interactions and extent of processing after
release. In recent studies it has been shown that the
processing of carboxypeptidase A is compromised in
mast cells of serglycin-knockout mice [68]. The pro-
form of this enzyme is actually released through
constitutively secreted vesicles in these cells. It is
possible that the lack of other granule enzymes
activating carboxypeptidase A, such as cathepsin E
in storage granules of these animals, leads to this
missorting. This finding highlights the interplay be-
tween different granule components. The lack of one
component, dependent on serglycin, may have secon-
dary effects on other granule components that may or
may not depend on this PG for biological activity.
Serglycin released from cytolytic T cells have been
proposed to participate in granzyme delivery to target
cells [95]. In addition, secreted serglycin has been
shown to interact with CD44 after release, suggesting
that serglycin may be important in cell-cell interac-
tions in immune reactions [96]. Studies of the activ-
ities of serglycin following secretion from storage
granule type of cells, like mast cells and CTLs, and
from constitutively secreting cells, like macrophages
and endothelial cells, is a fascinating new aspect of PG
biology and will probably provide insight into new
biological functions.

Serglycin — Structure and biology

After secretion from either hematopoietic cells or
endothelial cells serglycin may have several interest-
ing functions. Clusters of basic amino acids on the
surface of proteases are important for the interactions
with serglycin in granules with pH around 5.5 [97].
After release of granule content, which leads to an
increase in pH, serglycin complexes can be dissoci-
ated, leading to the release of serglycin partner
molecules. This clearly shows that both storage within
and delivery from granules are important functions of
serglycin. However, serglycin may have several addi-
tional functions following secretion. There are a few
studies that have addressed this question focusing on
serglycin. However, more studies have addressed
functions linked to the GAG component of serglycin,
with major emphasis on heparin. Heparin has shown
to protect enzymes from inactivation by protease
inhibitors that do not bind heparin [98, 99], to mediate
encounter between protease and substrate [100] and
to be involved in activation and processing of pro-
teases [68, 101, 102]. It is possible that protection of
serglycin partner molecules is also linked to transport,
such that, for example, proteases will only be released
to perform its function when the complex has reached
its final destination.

The matrix metalloproteinase (MMP) system is im-
portant in inflammation, wound repair and other
fundamental processes. The activation and regulation
of these enzymes are subject to tight regulation [103],
e.g., through activation by membrane type MMPs and
tissue inhibitors of MMPs (TIMPs). However, it has
recently been shown by Pejler and co-workers [104]
that mast cell proteases that are dependent on
serglycin can participate in the activation of
proMMP-2. The importance of different activation
mechanisms for the different proMMPs will probably
depend on tissue and the cell types involved. Inter-
actions with serglycin have also been highlighted in
other studies. A covalent linkage between serglycin
from monocyte-like THP-1 cells has also been dem-
onstrated [76], suggesting that PGs, like serglycin, and
the MMP system can be more closely related than
previously appreciated.

Human endothelial cells express mRNA for serglycin
[34, 85], and, using an antibody raised against
serglycin, it was shown that serglycin was located in
granules of endothelial cells [85]. In the latter study
co-localization of serglycin and tissue type plasmino-
gen activator was demonstrated by immunohisto-
chemistry. In these primary human endothelial cells
serglycin was constitutively secreted [85], and PG
secretion was increased after activation [34]. In this
respect synthesis and secretion of serglycin in human
endothelial cells resemble the turnover in human
monocytes and macrophages [20].
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The fate of serglycin after release from mast cells, CTL
and macrophages has not been studied in any detail,
but animal studies have shown that serglycin injected
into the blood stream of rats are taken up by liver
sinusoidal cells and degraded, probably through the
hyaluronan receptor [21, 105]. The efficient uptake of
serglycin may reflect a general phenomena with
regard to PG turnover and explain the low concen-
trations of PGs found in plasma [106]. It is also
interesting to note that the endocytic uptake through
the hyaluronan receptor on liver endothelial cells is
much more efficient than through CD44 [21]. It has
been shown that serglycin can associate with cell
surfaces through interactions with CD44 [96]. Inter-
estingly, in one of the first reports on serglycin [107],
before it was actually identified, a cell surface local-
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Figure 3. Schematic outline of
biological functions of serglycin.
(A) Inside cells serglycin is im-
portant for granule formation,
although this is not general for
all granule types in hematopoiet-
ic cells. The granules may either
be of the storage type, where
granule content is retained until
the cells receive appropriate sig-
nals to secrete, as presented for
mast cells, or the granules may be
of the more constitutive secreto-
ry type, as in macrophages. Ex-
amples of important functions
are storage and retention, pro-
tections, tetramer formation for
some proteases, and keeping
partner molecules in inactive
form. (B) After release from the
cells, serglycin can engage in
different types of activities, ei-
ther close to the cell of origin, in
the extracellular environment
regulating activities or transport

Formation and storage of
tryptase tetramers

Release of chemokines,

L)
- ®e® cytokines and proteases  of partner molecules, or in en-
@ @ counters with target cells or cells
@ that inactivate or clear out ser-

glycin. Human serglycin can po-
tentially carry eight GAG chains,
but is here shown with four. Core
protein is in blue and GAG
chains in red.

o Release of
histamine

080

Active tetramers
and monomers

@

ization was demonstrated in rat yolk sac cells.
Recently, a cell surface localization of serglycin was
also demonstrated in human multiple myeloma [108].
Serglycin is also released from these cells and secre-
tion has been suggested to be linked to inhibition of
bone mineralization. The role of serglycin in hema-
topoietic malignancies is a topic that needs to be
investigated in further detail.

As serglycin is released in most cases in complexes
with other ligands [83, 109], the size of these molecular
aggregates may prevent extensive diffusion outside
inflamed tissues. Studies using dynamic laser scatter-
ing revealed that the serglycin has a hydrodynamic
radius of approximately 140 nm with the potential of
binding 30-60 granzyme B monomers [109]. The size
of serglycin is close to that of some virus particles. The
formation of such complexes may be important to
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obtain high local concentrations of many of the
biologically important serglycin partner molecules.
Macrophages are also present in inflammatory tissues,
as are mast cells. Removal of mast cell granules may be
achieved through uptake and degradation by macro-
phages [110].

A schematic outline of biological functions of sergly-
cinis given in Figure 3. Our understanding of serglycin
functions has increased to a very large extent during
the last years. A large part of this is due to generation
of serglycin-knockout mice [60]. In the years to come
we will learn more about the biological functions of
serglycin from this interesting model system, also in
relation to different disease models. A future chal-
lenge will be to expand studies done in mice to human
studies. As of today we know that hematopoietic cells,
endothelial cells and smooth muscle cells express
serglycin. Future studies will show whether other cell
types also express this PG. We need to learn more
about the regulation and functions of serglycin in
human pathological conditions such as bacterial
infections, allergic reactions, chronic inflammatory
conditions, coagulation disorders and atherosclerosis.
In addition, we need to know more about the
importance of having different types of GAG chains
attached to the serglycin core protein in different
serglycin-expressing cells. Furthermore, the regula-
tion of the serglycin gene needs to be studied in more
detail. It will be interesting to learn more about the
signals generated during inflammatory reactions and
how these influence serglycin expression in different
serglycin-expressing cells.

Acknowledgements. This work was supported by grants from the
Norwegian Cancer Society and The Throne Holst Foundation.
Heidi Tveit is postdoc with grants from the Research Council of
Norway. We are grateful to Professor Tom A. Kristensen at
Department of Molecular Biosciences, University of Oslo, for his
help with the Phylip package.

1 Esko, J.D. and Selleck, S.B. (2002) Order out of chaos:
Assembly of ligand binding sites in heparan sulfate. Annu.
Rev. Biochem. 71, 435-471.

2 Fears, C. Y. and Woods, A. (2006) The role of syndecans in
disease and wound healing. Matrix Biol. 25, 443-456.

3 Bishop, J. R., Schuksz, M. and Esko, J. D. (2007) Heparan
sulphate proteoglycans fine-tune mammalian physiology.
Nature 446, 1030—1037.

4 Fuster, M. M., Wang, L., Castagnola, J., Sikora, L., Reddi, K.,
Lee, P. H., Radek, K. A., Schuksz, M., Bishop, J. R., Gallo,
R. L., Sriramarao, P. and Esko, J. D. (2007) Genetic alteration
of endothelial heparan sulfate selectively inhibits tumor
angiogenesis. J. Cell Biol. 177, 539-549.

5 Tlozzo, R. V. (2005) Basement membrane proteoglycans: from
cellar to ceiling. Nat. Rev. Mol. Cell Biol. 6, 646—656.

6 Bernfield, M., Gotte, M., Park, P. W., Reizes, O., Fitzgerald,
M. L., Lincecum, J. and Zako, M. (1999) Functions of cell
surface heparan sulfate proteoglycans. Annu. Rev. Bio-
chem. 68, 729-777.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Serglycin — Structure and biology

Gorsi, B. and Stringer, S. E. (2007) Tinkering with heparan
sulfate sulfation to steer development. Trends Cell Biol. 17,
173-177.

Kolset, S. O. and Gallagher, J. T. (1990) Proteoglycans in
haemopoietic cells. Biochim. Biophys. Acta 1032, 191-211.
Kolset, S. O., Prydz, K. and Pejler, G. (2004) Intracellular
proteoglycans. Biochem. J. 379, 217-227.

Fransson, L. A., Belting, M., Cheng, F., Jonsson, M., Mani, K.
and Sandgren, S. (2004) Novel aspects of glypican glycobiol-
ogy. Cell. Mol. Life Sci. 61, 1016-1024.

Bourdon, M. A., Oldberg, A., Pierschbacher, M. and Ruo-
slahti, E. (1985) Molecular cloning and sequence analysis of a
chondroitin sulfate proteoglycan cDNA. Proc. Natl. Acad.
Sci. USA 82, 1321-1325.

Bourdon, M. A., Shiga, M. and Ruoslahti, E. (1986) Identi-
fication from cDNA of the precursor form of a chondroitin
sulfate proteoglycan core protein. J. Biol. Chem. 261, 12534 -
12537.

Tantravahi, R. V., Stevens, R. L., Austen, K. F. and Weis, J. H.
(1986) A single gene in mast cells encodes the core peptides of
heparin and chondroitin sulfate proteoglycans. Proc. Natl.
Acad. Sci. USA 83, 9207-9210.

Okayama, M., Oguri, K., Fujiwara, Y., Nakanishi, H.,
Yonekura, H., Kondo, T. and Ui, N. (1986) Purification and
characterization of human platelet proteoglycan. Biochem. J.
233,73-81.

Perin, J. P, Bonnet, F., Maillet, P. and Jolles, P. (1988)
Characterization and N-terminal sequence of human platelet
proteoglycan. Biochem. J. 255, 1007-1013.

Alliel, P. M., Perin, J. P., Maillet, P., Bonnet, F., Rosa, J. P. and
Jolles, P. (1988) Complete amino acid sequence of a human
platelet proteoglycan. FEBS Lett. 236, 123-126.

Stevens, R. L., Avraham, S., Gartner, M. C., Bruns, G. A.,
Austen, K. F. and Weis, J. H. (1988) Isolation and character-
ization of a cDNA that encodes the peptide core of the
secretory granule proteoglycan of human promyelocytic
leukemia HL-60 cells. J. Biol. Chem. 263, 7287-7291.
Avraham, S., Stevens, R.L., Nicodemus, C.F., Gartner,
M. C., Austen, K. F. and Weis, J. H. (1989) Molecular cloning
of a cDNA that encodes the peptide core of a mouse mast cell
secretory granule proteoglycan and comparison with the
analogous rat and human cDNA. Proc. Natl. Acad. Sci. USA
86, 3763-3767.

Stevens, R. L., Otsu, K. and Austen, K. F. (1985) Purification
and analysis of the core protein of the protease-resistant
intracellular chondroitin sulfate E proteoglycan from the
interleukin 3-dependent mouse mast cell. J. Biol. Chem. 260,
14194-14200.

Uhlin-Hansen, L., Wik, T., Kjellen, L., Berg, E., Forsdahl, F.
and Kolset, S. O. (1993) Proteoglycan metabolism in normal
and inflammatory human macrophages. Blood 82, 2880—
2889.

Opynebraten, I., Hansen, B., Smedsrod, B. and Uhlin-Hansen,
L. (2000) Serglycin secreted by leukocytes is efficiently
eliminated from the circulation by sinusoidal scavenger
endothelial cells in the liver. J. Leukoc. Biol. 67, 183-188.
Avraham, S., Austen, K. F., Nicodemus, C. F., Gartner, M. C.
and Stevens, R. L. (1989) Cloning and characterization of the
mouse gene that encodes the peptide core of secretory granule
proteoglycans and expression of this gene in transfected rat-1
fibroblasts. J. Biol. Chem. 264, 16719-16726.

Angerth, T., Huang, R.Y., Aveskogh, M., Pettersson, I.,
Kjellen, L. and Hellman, L. (1990) Cloning and structural
analysis of a gene encoding a mouse mastocytoma proteogly-
can core protein; analysis of its evolutionary relation to three
cross hybridizing regions in the mouse genome. Gene 93,235-
240.

Ruoslahti, E. (1989) Proteoglycans in cell regulation. J. Biol.
Chem. 264, 13369-13372.

Bourdon, M. A., Shiga, M. and Ruoslahti, E. (1987) Gene
expression of the chondroitin sulfate proteoglycan core
protein PG19. Mol. Cell. Biol. 7, 33-40.



Cell. Mol. Life Sci.

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

4

43

44

Vol. 65, 2008

Avraham, S., Avraham, H., Austen, K. F. and Stevens, R. L.
(1992) Negative and positive cis-acting elements in the
promoter of the mouse gene that encodes the serine/glycine-
rich peptide core of secretory granule proteoglycans. J. Biol.
Chem. 267, 610-617.

Klemsz, M. J., McKercher, S. R., Celada, A., Van Beveren, C.
and Maki, R. A. (1990) The macrophage and B cell-specific
transcription factor PU.1 is related to the ets oncogene. Cell
61, 113-124.

Nicodemus, C.F., Avraham, S., Austen, K. F., Purdy, S.,
Jablonski, J. and Stevens, R. L. (1990) Characterization of the
human gene that encodes the peptide core of secretory
granule proteoglycans in promyelocytic leukemia HL-60 cells
and analysis of the translated product. J. Biol. Chem. 265,
5889-5896.

Humpbhries, D. E., Nicodemus, C. F., Schiller, V. and Stevens,
R. L. (1992) The human serglycin gene. Nucleotide sequence
and methylation pattern in human promyelocytic leukemia
HL-60 cells and T-lymphoblast Molt-4 cells. J. Biol.
Chem. 267, 13558-13563.

Schick, B. P., Petrushina, I., Brodbeck, K. C. and Castronue-
vo, P. (2001) Promoter regulatory elements and DNase I-
hypersensitive sites involved in serglycin proteoglycan gene
expression in human erythroleukemia, CHRF 288-11, and
HL-60 cells. J. Biol. Chem. 276, 24726 -24735.

Castronuevo, P., Thornton, M. A., McCarthy, L. E., Klimas, J.
and Schick, B. P. (2003) DNase I hypersensitivity patterns of
the serglycin proteoglycan gene in resting and phorbol 12-
myristate 13-acetate-stimulated human erythroleukemia
(HEL), CHRF 288-11, and HL-60 cells compared with
neutrophils and human umbilical vein endothelial cells.
J. Biol. Chem. 278, 48704 -48712.

Stellrecht, C. M., Mars, W. M., Miwa, H., Beran, M. and
Saunders, G. F. (1991) Expression pattern of a hematopoietic
proteoglycan core protein gene during human hematopoiesis.
Differentiation 48, 127-135.

Biederbick, A., Licht, A. and Kleene, R. (2003) Serglycin
proteoglycanis sorted into zymogen granules of rat pancreatic
acinar cells. Eur. J. Cell Biol. 82, 19-29.

Kulseth, M. A., Kolset, S. O. and Ranheim, T. (1999) Stim-
ulation of serglycin and CD44 mRNA expression in endothe-
lial cells exposed to TNF-alpha and IL-lalpha. Biochim.
Biophys. Acta 1428, 225-232.

Lemire, J. M., Chan, C. K., Bressler, S., Miller, J., LeBaron,
R. G. and Wight, T.N. (2007) Interleukin-1beta selectively
decreases the synthesis of versican by arterial smooth muscle
cells. J. Cell Biochem. 101, 753-766.

Kolset, S. O., Kjellen, L., Seljelid, R. and Lindahl, U. (1983)
Changes in glycosaminoglycan biosynthesis during differentia-
tion in vitro of human monocytes. Biochem. J. 210, 661-667.
Uhlin-Hansen, L., Eskeland, T. and Kolset, S. O. (1989)
Modulation of the expression of chondroitin sulfate proteo-
glycan in stimulated human monocytes. J. Biol. Chem. 264,
14916-14922.

Aldenborg, F. and Enerback, L. (1988) Histochemical heter-
ogeneity of dermal mast cells in athymic and normal rats.
Histochem. J. 20, 19-28.

Enerback, L., Kolset, S.O., Kusche, M., Hjerpe, A. and
Lindahl, U. (1985) Glycosaminoglycans in rat mucosal mast
cells. Biochem. J. 227, 661-668.

Jorpes, J. E. (1959) Heparin: a mucopolysaccharide and an
active antithrombotic drug. Circulation 19, 87-91.

Prydz, K. and Dalen, K. T. (2000) Synthesis and sorting of
proteoglycans. J. Cell Sci. 113, 193-205.

Bjork, I. and Olson, S.T. (1997) Antithrombin. A bloody
important serpin. Adv. Exp. Med. Biol. 425, 17-33.

Mulloy, B. and Rider, C. C. (2006) Cytokines and proteogly-
cans: An introductory overview. Biochem. Soc. Trans. 34,
409-413.

Kolset, S. O. and Salmivirta, M. (1999) Cell surface heparan
sulfate proteoglycans and lipoprotein metabolism. Cell. Mol.
Life Sci. 56, 857-870.

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Review Article 1083

Lindahl, U., Kusche-Gullberg, M. and Kjellen, L. (1998)
Regulated diversity of heparan sulfate. J. Biol. Chem. 273,
24979-24982.

Forsberg, E., Pejler, G., Ringvall, M., Lunderius, C., Toma-
sini-Johansson, B., Kusche-Gullberg, M., Eriksson, 1., Ledin,
J., Hellman, L. and Kjellen, L. (1999) Abnormal mast cells in
mice deficient in a heparin-synthesizing enzyme. Nature 400,
773-1776.

Humpbhries, D. E., Wong, G. W., Friend, D. S., Gurish, M. F.,
Qiu, W. T.,Huang, C., Sharpe, A. H. and Stevens, R. L. (1999)
Heparin is essential for the storage of specific granule
proteases in mast cells. Nature 400, 769-772.

Marcum, J. A., McKenney, J. B., Galli, S. J., Jackman, R. W.
and Rosenberg, R. D. (1986) Anticoagulantly active heparin-
like molecules from mast cell-deficient mice. Am. J. Physi-
ol. 250, H879-H888.

Bao, X., Muramatsu, T. and Sugahara, K. (2005) Demonstra-
tion of the pleiotrophin-binding oligosaccharide sequences
isolated from chondroitin sulfate/dermatan sulfate hybrid
chains of embryonic pig brains. J. Biol. Chem. 280, 35318—
35328.

Deepa, S.S., Umehara, Y., Higashiyama, S., Itoh, N. and
Sugahara, K. (2002) Specific molecular interactions of over-
sulfated chondroitin sulfate E with various heparin-binding
growth factors. Implications as a physiological binding partner
in the brain and other tissues. J. Biol. Chem. 277, 43707-
43716.

Ueoka, C., Kaneda, N., Okazaki, I., Nadanaka, S., Muramat-
su, T. and Sugahara, K. (2000) Neuronal cell adhesion,
mediated by the heparin-binding neuroregulatory factor
midkine, is specifically inhibited by chondroitin sulfate, E.
Structural and functional implications of the over-sulfated
chondroitin sulfate. J. Biol. Chem. 275, 37407 -37413.
Stevens, R. L., Lee, T. D., Seldin, D. C., Austen, K. F., Befus,
A. D. and Bienenstock, J. (1986) Intestinal mucosal mast cells
from rats infected with Nippostrongylus brasiliensis contain
protease-resistant chondroitin sulfate di-B proteoglycans.
J. Immunol. 137, 291 -295.

Kolset, S. O. (1986) Oversulfated chondroitin sulfate proteo-
glycan in cultured human peritoneal macrophages. Biochem.
Biophys. Res. Commun. 139, 377-382.

Stevens, R. L., Fox, C. C., Lichtenstein, L. M. and Austen,
K. F. (1988) Identification of chondroitin sulfate E proteo-
glycans and heparin proteoglycans in the secretory granules of
human lung mast cells. Proc. Natl. Acad. Sci. USA 85, 2284 -
2287.

Gilead, L., Livni, N., Eliakim, R., Ligumsky, M., Fich, A.,
Okon, E., Rachmilewitz, D. and Razin, E. (1987) Human
gastric mucosal mast cells are chondroitin sulphate E-
containing mast cells. Immunology 62, 23-28.

Kjellen, L., Pettersson, 1., Lillhager, P., Steen, M. L., Petters-
son, U., Lehtonen, P., Karlsson, T., Ruoslahti, E. and Hell-
man, L. (1989) Primary structure of a mouse mastocytoma
proteoglycan core protein. Biochem. J. 263, 105-113.
Kolset, S. O., Sakurai, K., Ivhed, I., Overvatn, A. and Suzuki,
S. (1990) The effect of beta-D-xylosides on the proliferation
and proteoglycan biosynthesis of monoblastic U-937 cells.
Biochem. J. 265, 637-645.

Stevens, R. L., Razin, E., Austen, K. F., Hein, A., Caulfield,
J. P.,Seno, N., Schmid, K. and Akiyama, F. (1983) Synthesis of
chondroitin sulfate E glycosaminoglycan onto p-nitrophenyl-
beta-D-xyloside and its localization to the secretory granules
of rat serosal mast cells and mouse bone marrow-derived mast
cells. J. Biol. Chem. 258, 5977-5984.

Kolset, S. O., Ehlorsson, J., Kjellen, L. and Lindahl, U. (1986)
Effect of benzyl beta-D-xyloside on the biosynthesis of
chondroitin sulphate proteoglycan in cultured human mono-
cytes. Biochem. J. 238, 209-216.

Abrink, M., Grujic, M. and Pejler, G. (2004) Serglycin is
essential for maturation of mast cell secretory granule. J. Biol.
Chem. 279, 40897-40905.



1084

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

71

78

S. O. Kolset and H. Tveit

Grujic, M., Braga, T., Lukinius, A., Eloranta, M. L., Knight,
S.D., Pejler, G. and Abrink, M. (2005) Serglycin-deficient
cytotoxic T lymphocytes display defective secretory granule
maturation and granzyme B storage. J. Biol. Chem. 280,
33411-33418.

Niemann, C.U., Abrink, M., Pejler, G., Fischer, R. L.,
Christensen, E. I., Knight, S. D. and Borregaard, N. (2007)
Neutrophil elastase depends on serglycin proteoglycan for
localization in granules. Blood 109, 4478 -4486.

Niemann, C.U., Cowland, J. B., Klausen, P., Askaa, J.,
Calafat, J. and Borregaard, N. (2004) Localization of serglycin
in human neutrophil granulocytes and their precursors.
J. Leukoc. Biol. 76, 406—415.

Horner, A. A. (1971) Macromolecular heparin from rat skin.
Isolation, characterization, and depolymerization with ascor-
bate. J. Biol. Chem. 246, 231-239.

Yurt, R. W., Leid, R. W., Jr. and Austen, K. F. (1977) Native
heparin from rat peritoneal mast cells. J. Biol. Chem. 252,
518-521.

Whitaker-Menezes, D., Schechter, N. M. and Murphy, G. F.
(1995) Serine proteinases are regionally segregated within
mast cell granules. Lab. Invest. 72, 34—41.

Goldstein, S. M., Leong, J., Schwartz, L. B. and Cooke, D.
(1992) Protease composition of exocytosed human skin mast
cell protease-proteoglycan complexes. Tryptase resides in a
complex distinct from chymase and carboxypeptidase. J. Im-
munol. 148, 2475-2482.

Henningsson, F., Hergeth, S., Cortelius, R., Abrink, M. and
Pejler, G. (2006) A role for serglycin proteoglycan in granular
retention and processing of mast cell secretory granule
components. FEBS J. 273, 4901-4912.

Le Cabec, V., Cowland, J. B., Calafat, J. and Borregaard, N.
(1996) Targeting of proteins to granule subsets is determined
by timing and not by sorting: The specific granule protein
NGAL is localized to azurophil granules when expressed in
HL-60 cells. Proc. Natl. Acad. Sci. USA 93, 6454-6457.
Gullberg, U., Andersson, E., Garwicz, D., Lindmark, A. and
Olsson, I. (1997) Biosynthesis, processing and sorting of
neutrophil proteins: Insight into neutrophil granule develop-
ment. Eur. J. Haematol. 58, 137-153.

Faurschou, M. and Borregaard, N. (2003) Neutrophil granules
and secretory vesicles in inflammation. Microbes Infect. 5,
1317-1327.

Feyerabend, T. B., Hausser, H., Tietz, A., Blum, C., Hellman,
L., Straus, A. H., Takahashi, H. K., Morgan, E. S., Dvorak,
A. M., Fehling, H.J. and Rodewald, H. R. (2005) Loss of
histochemical identity in mast cells lacking carboxypeptidase,
A. Mol. Cell. Biol. 25, 6199-6210.

Henningsson, F., Wolters, P., Chapman, H. A., Caughey,
G. H. and Pejler, G. (2003) Mast cell cathepsins C and S
control levels of carboxypeptidase A and the chymase, mouse
mast cell protease 5. Biol. Chem. 384, 1527-1531.

Hallgren, J. and Pejler, G. (2006) Biology of mast cell tryptase.
An inflammatory mediator. FEBS J. 273, 1871 -1895.
Schwartz, L. B. and Bradford, T.R. (1986) Regulation of
tryptase from human lung mast cells by heparin. Stabilization
of the active tetramer. J. Biol. Chem. 261, 7372-7379.
Winberg, J. O., Kolset, S. O., Berg, E. and Uhlin-Hansen, L.
(2000) Macrophages secrete matrix metalloproteinase 9
covalently linked to the core protein of chondroitin sulphate
proteoglycans. J. Mol. Biol. 304, 669-680.

Ohtsu, H., Tanaka, S., Terui, T., Hori, Y., Makabe-Kobayashi,
Y., Pejler, G., Tchougounova, E., Hellman, L., Gertsenstein,
M., Hirasawa, N., Sakurai, E., Buzas, E., Kovacs, P., Csaba,
G., Kittel, A., Okada, M., Hara, M., Mar, L., Numayama-
Tsuruta, K., Ishigaki-Suzuki, S., Ohuchi, K., Ichikawa, A.,
Falus, A., Watanabe, T. and Nagy, A. (2001) Mice lacking
histidine decarboxylase exhibit abnormal mast cells. FEBS
Lett. 502, 53-56.

Opynebraten, I., Bakke, O., Brandtzaeg, P., Johansen, F. E. and
Haraldsen, G. (2004) Rapid chemokine secretion from

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

Serglycin — Structure and biology

endothelial cells originates from 2 distinct compartments.
Blood 104, 314-320.

Braga, T., Grujic, M., Lukinius, A., Hellman, L., Abrink, M.
and Pejler, G. (2007) Serglycin proteoglycan is required for
secretory granule integrity in mucosal mast cells. Biochem. J.
403, 49-57.

Pejler, G., Abrink, M., Ringvall, M. and Wernersson, S. (2007)
Mast cell proteases. Adv. Immunol. 95, 167-255.

Stevens, R. L. and Adachi, R. (2007) Protease-proteoglycan
complexes of mouse and human mast cells and importance of
their beta-tryptase-heparin complexes in inflammation and
innate immunity. Immunol. Rev. 217, 155-167.

Sali, A., Matsumoto, R., McNeil, H. P., Karplus, M. and
Stevens, R.L. (1993) Three-dimensional models of four
mouse mast cell chymases. Identification of proteoglycan
binding regions and protease-specific antigenic epitopes.
J. Biol. Chem. 268, 9023-9034.

Serafin, W. E., Katz, H. R., Austen, K. F. and Stevens, R. L.
(1986) Complexes of heparin proteoglycans, chondroitin
sulfate E proteoglycans, and [*H]diisopropyl fluorophos-
phate-binding proteins are exocytosed from activated mouse
bone marrow-derived mast cells. J. Biol. Chem. 261, 15017-
15021.

Galli, S.J., Nakae, S. and Tsai, M. (2005) Mast cells in the
development of adaptive immune responses. Nat. Immu-
nol. 6, 135-142.

Schick, B. P., Gradowski, J. F. and San Antonio, J. D. (2001)
Synthesis, secretion, and subcellular localization of serglycin
proteoglycan in human endothelial cells. Blood 97, 449-458.
Zernichow, L., Abrink, M., Hallgren, J., Grujic, M., Pejler, G.
and Kolset, S. O. (2006) Serglycin is the major secreted
proteoglycan in macrophages and has a role in the regulation
of macrophage tumor necrosis factor-alpha secretion in
response to lipopolysaccharide. J. Biol. Chem. 281, 26792 -
26801.

Wagner, L., Yang, O.O., Garcia-Zepeda, E. A., Ge, Y.,
Kalams, S. A., Walker, B. D., Pasternack, M. S. and Luster,
A.D. (1998) Beta-chemokines are released from HIV-1-
specific cytolytic T-cell granules complexed to proteoglycans.
Nature 391, 908-911.

Skutelsky, E., Shoichetman, T. and Hammel, 1. (1995) An
histochemical approach to characterization of anionic con-
stituents in mast cell secretory granules. Histochem. Cell
Biol. 104, 453-458.

Kolset, S. O. and Larsen, T. (1988) Sulfur-containing macro-
molecules in cultured monocyte-like cells. Acta Histo-
chem. 84, 67-75.

Kolset, S. O., Mann, D. M., Uhlin-Hansen, L., Winberg, J. O.
and Ruoslahti, E. (1996) Serglycin-binding proteins in acti-
vated macrophages and platelets. J. Leukoc. Biol. 59, 545-
554.

Pejler, G., Winberg, J. O., Vuong, T. T., Henningsson, F.,
Uhlin-Hansen, L., Kimata, K. and Kolset, S.O. (2003)
Secretion of macrophage urokinase plasminogen activator is
dependent on proteoglycans. Eur. J. Biochem. 270, 3971-
3980.

Kolset, S. O. and Zernichow, L. (2007) Serglycin and secretion
in human monocytes. Glycoconj, J. 2007 Oct 2; [Epub ahead
of print].

Dikeakos, J.D. and Reudelhuber, T.L. (2007) Sending
proteins to dense core secretory granules: Still a lot to sort
out. J. Cell Biol. 177, 191-196.

Ghildyal, N., Friend, D.S., Stevens, R. L., Austen, K. F,,
Huang, C., Penrose, J. F., Sali, A. and Gurish, M. F. (1996)
Fate of two mast cell tryptases in V3 mastocytosis and normal
BALB/c mice undergoing passive systemic anaphylaxis:
Prolonged retention of exocytosed mMCP-6 in connective
tissues, and rapid accumulation of enzymatically active
mMCP-7 in the blood. J. Exp. Med. 184, 1061-1073.

Raja, S. M., Metkar, S.S., Honing, S., Wang, B., Russin,
W. A., Pipalia, N. H., Menaa, C., Belting, M., Cao, X.,
Dressel, R. and Froelich, C. J. (2005) A novel mechanism for



Cell. Mol. Life Sci.

96

97

98

99

100

101

102

Vol. 65, 2008

protein delivery: Granzyme B undergoes electrostatic ex-
change from serglycin to target cells. J. Biol. Chem. 280,
20752-20761.

Toyama-Sorimachi, N., Kitamura, F., Habuchi, H., Tobita, Y.,
Kimata, K. and Miyasaka, M. (1997) Widespread expression
of chondroitin sulfate-type serglycins with CD44 binding
ability in hematopoietic cells. J. Biol. Chem. 272, 26714—
26719.

Matsumoto, R., Sali, A., Ghildyal, N., Karplus, M. and
Stevens, R. L. (1995) Packaging of proteases and proteogly-
cans in the granules of mast cells and other hematopoietic
cells. A cluster of histidines on mouse mast cell protease 7
regulates its binding to heparin serglycin proteoglycans.
J. Biol. Chem. 270, 19524-19531.

Pejler, G. and Berg, L. (1995) Regulation of rat mast cell
protease 1 activity. Protease inhibition is prevented by
heparin proteoglycan. Eur. J. Biochem. 233, 192-199.
Lindstedt, L., Lee, M. and Kovanen, P. T. (2001) Chymase
bound to heparin is resistant to its natural inhibitors and
capable of proteolyzing high density lipoproteins in aortic
intimal fluid. Atherosclerosis 155, 87-97.

Pejler, G. and Sadler, J. E. (1999) Mechanism by which
heparin proteoglycan modulates mast cell chymase activity.
Biochemistry 38, 12187-12195.

Hallgren, J., Spillmann, D. and Pejler, G. (2001) Structural
requirements and mechanism for heparin-induced activation
of a recombinant mouse mast cell tryptase, mouse mast cell
protease-6: Formation of active tryptase monomers in the
presence of low molecular weight heparin. J. Biol. Chem. 276,
42774-42781.

Sakai, K., Ren, S. and Schwartz, L. B. (1996) A novel heparin-
dependent processing pathway for human tryptase. Autoca-

103

104

105

106

107

108

109

110

Review Article 1085

talysis followed by activation with dipeptidyl peptidase,
1. J. Clin. Invest. 97, 988-995.

Sternlicht, M. D. and Werb, Z. (2001) How matrix metal-
loproteinases regulate cell behavior. Annu. Rev. Cell Dev.
Biol. 17, 463-516.

Lundequist, A., Abrink, M. and Pejler, G. (2006) Mast cell-
dependent activation of pro matrix metalloprotease 2: A role
for serglycin proteoglycan-dependent mast cell proteases.
Biol. Chem. 387, 1513-1519.

Falkowska-Hansen, B., Oynebraten, I., Uhlin-Hansen, L. and
Smedsrod, B. (2006) Endocytosis and degradation of serglycin
in liver sinusoidal endothelial cells. Mol. Cell. Biochem. 287,
43-52.

Staprans, 1. and Felts, J. M. (1985) Isolation and character-
ization of glycosaminoglycans in human plasma. J. Clin.
Invest. 76, 1984 -1991.

Oldberg, A., Hayman, E.G. and Ruoslahti, E. (1981)
Isolation of a chondroitin sulfate proteoglycan from a rat
yolk sac tumor and immunochemical demonstration of its cell
surface localization. J. Biol. Chem. 256, 10847—-10852.
Theocharis, A. D., Seidel, C., Borset, M., Dobra, K., Baykov,
V., Labropoulou, V., Kanakis, I., Dalas, E., Karamanos, N. K.,
Sundan, A. and Hjerpe, A. (2006) Serglycin constitutively
secreted by myeloma plasma cells is a potent inhibitor of bone
mineralization in vitro. J. Biol. Chem. 281, 35116-35128.
Raja, S. M., Wang, B., Dantuluri, M., Desai, U. R., Demeler,
B., Spiegel, K., Metkar, S.S. and Froelich, C.J. (2002)
Cytotoxic cell granule-mediated apoptosis. Characterization
of the macromolecular complex of granzyme B with serglycin.
J. Biol. Chem. 277, 49523-49530.

Lindahl, U., Pertoft, H. and Seljelid, R. (1979) Uptake and
degradation of mast-cell granules by mouse peritoneal macro-
phages. Biochem. J. 182, 189-193.

To access this journal online:
http://www.birkhauser.ch/CMLS



http://www.birkhauser.ch/CMLS

