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ABSTRACT

Objective: ST6 beta-galactosamide a-2,6-sialyltranferase 1 (ST6GALI1), the major a2,6-
sialyltransferase responsible for the broad synthesis of glycoproteins and glycolipids, is another
physiological substrate of Beta site APP-cleaving enzyme 1 (BACEL) other than amyloid-
beta precursor protein (AbetaPP). We have previously shown that AbetaPP overexpression in
C2C12 mouse myoblast cell line increased the expression and secretion of STOGAL1 enzyme
under in vitro conditions. Since the secretion of ST6GALI is known to be enhanced during
inflammation, we investigated whether AbetaPP induced ST6GALI secretion from C2C12 cells
affected proinflammatory cytokine production by J774 mouse macrophage cell line.

Methods: J774 macrophage cells were cultured with conditioned medium derived from either
AbetaPP or STOGALI overexpressing C2C12 cells and analyzed for proinflammatory cytokine
(tumor necrosis factor (TNF)-a, interleukin (IL)-1p and IL-6) expression by quantitative real-
time PCR (qRT-PCR). Also, culture supernatants were analyzed for IL-1f release by ELISA.
Results: The results of our study demonstrated that secretion of STOGAL1 enzyme from either
AbetaPP or ST6GALI overexpressing C2C12 cells induces the expression of TNF-a, IL-1f,
IL-6 and the secretion of IL-1f by J774 macrophages.

Conclusion: In our study, results were obtained pointing that secreted STOGAL1 might have a
potential role in the inflammation process observed in the muscle tissue. Our results should be
confirmed under in vivo system.

Key Words: Skeletal muscle, AbetaPP, Abeta, STOGALI1, inflammation, proinflammatory
cytokine

Conflict of Interest: Authors have no conflict of interest.

OZET

Amag: ST6 Beta galaktozamid alfa-2,6-siyaliltransferaz (ST6GAL1), glikolipitlerin ve
glikoproteinlerin sentezinde gorev alan temel a-2,6 siyaliltransferaz olmasinin yanisira, Beta
site APP-cleaving enzyme | (BACEl) enziminin amiloid-beta Onciil proteini (AbetaPP)
disindaki fizyolojik substratlarindan biridir. Daha dnce yapmis oldugumuz in vitro ¢alismada;
AbetaPP'nin yiiksek diizeyde ifadesinin saglandigi C2C12 hiicrelerinde, ST6GAL1’in ifade
diizeyinin ve salgilanma seviyesinin arttig1 saptanmisti. ST6GAL1 salgilanma seviyesinin
inflamasyon siirecine bagli olarak arttig1 bilinmektedir. Bu nedenle, C2C12 hiicrelerinde
AbetaPP’nin yiiksek diizeyde ifadesine bagli olarak artan ST6GALI salgilanmasinin, J774
fare makrofaj hiicrelerinde proinflamatuar sitokinlerin ifade ve salgilanmasi tizerindeki etkileri
aragtirtlmistir.

Metod: AbetaPP veya STO6GALI enziminin yiiksek diizeyde ifadesinin saglandigi C2C12
hiicrelerinin siipernatan ile kiiltiire edilen J774 makrofaj hiicrelerinde, kantitatif gercek zamanl
PCR (qRT-PCR) ile proinflamatuar sitokinlerin (tiimér nekroz faktor (TNF)-o, interlokin (IL)-
1B ve IL-6) ifadesi analiz edilmistir. Ayrica, kiiltiir siipernatanlarinda ELISA yo6ntemi ile IL-1f3
salgilanma analizi gergeklestirilmistir.

Bulgular: AbetaPP veya ST6GALI enziminin yiiksek diizeyde ifadesinin saglandigi C2C12
hiicrelerinden salgilanan ST6GAL1’in, J774 hiicrelerinde TNF-a, IL-1p, IL-6 ifadesini ve IL-
1P salgilanmasini arttirdig1 sonucuna ulasilmustir.

Sonu¢: Calismamizda, salgilanan ST6GAL1’in kas dokusunda gozlenen inflamasyon
stirecinde potansiyel islevi olabilecegi yoniinde bulgular elde edilmis olup, sonuglarimizin in
vivo sistemde dogrulanmasi gerekmektedir.

Anahtar Kelimeler: iskelet kasi, AbetaPP, Abeta, ST6GALI, inflamasyon, proinflamatuar
sitokin

Cikar Catismasi: Yazarlarin ¢ikar ¢atismasi yoktur.
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Introduction

Skeletal muscle is one of the known tissues marked by
the intracellular accumulation of the amyloid-beta (Abe-
ta) peptide [1]. The accumulation of this amyloidogenic
product has been proposed to underlie the muscle pa-
thology observed in sporadic inclusion body myositis (s-
IBM), the most common muscle disease of persons aged
50 years and older [2]. Although the etiology and patho-
genesis are still unknown, skeletal muscle tissues of the
s-IBM patients show profound inflammation with an in-
creased expression of various chemokines and cytokines
[3,4]. Also, the muscle phenotype shows several simi-
larities with Alzheimer’s disease brain such as accumu-
lation of several proteins including amyloid-beta precur-
sor protein (AbetaPP) and Abeta [5]. The amyloidogenic
Abeta is generated by a series of sequential cleavages
of AbetaPP by PB- and y-secretases. Beta secretase-1
(BACEL) also known as Beta site APP-cleaving enzyme
1 is one of the glycosylated transmembrane [3-secretases
that mediates the primary amyloidogenic cleavage of
AbetaPP [6,7]. It has also been involved in the proteo-
lytic processing of a Golgi-resident sialyltransferase,
namely, ST6 beta-galactosamide a-2,6-sialyltranferase
1 (ST6GAL1) which is probably the most extensively
studied sialyltransferase among the eukaryotic sialyl-
transferases [8,9].

ST6GALI creates 02,6 attachment of sialic acid residues
to Gal(B1,4)GIcNAc termini of glycoproteins. It is a type
II membrane protein and composed of short NH2 termi-
nal cytoplasmic domain, a single pass transmembrane
domain, a stem region, and a large COOH terminal cata-
lytic domain. The enzyme has been shown to be localized
in the trans-cisternae and the trans-Golgi network of the
Golgi but can be proteolytically processed by BACEI to
generate a catalytically active soluble form [8-10]. The
soluble form of ST6GALI has been detected in body
fluids and cell culture media and has been suggested to
be implicated in 0-2,6 sialylation of soluble glycopro-
tein substrates [11]. There have been studies strongly
correlating expression and secretion of STOGAL1 with
systemic inflammatory response as an immune regula-
tor [12-14]. However, the physiological significance of
soluble STO6GAL1 in skeletal muscle system remains
enigmatic.

We recently analyzed the effect of overexpression of
AbetaPP on expression and secretion of STO6GALI in
skeletal muscle cells by inducing overexpression of wild-
type full-length 751- AbetaPP in the mouse myogenic
cell line C2C12 and demonstrated that AbetaPP overex-
pression in C2C12 cells increased the expression and the
secretion of ST6GAL1 enzyme under in vitro conditions
[15]. In this study we investigated whether AbetaPP in-
duced ST6GALI secretion from C2C12 cells affect pro-
inflammatory cytokine production by J774 mouse mac-
rophage cell line.
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Materials and Methods

Cell culture and transfection

C2C12 mouse myoblast cells [American Type Culture
Collection (ATCC) product number CRL-1772] were
plated at a density of 1x10° cells in 35mm cell culture
dishes 24 h before transfection, and expanded in growth
medium that consisted of RPMI 1640 with 10% fetal bo-
vine serum and 2 mM L-glutamine. Cells were then trans-
fected either with AbetaPP751-pCMVSport6 (Invitro-
gen), STtyr-pSVL*, SP(sol)STtyr-pSVL [16,17]*, empty
pCMVSPORT6 vector, empty pSVL vector* (*generous
gift from Dr. K.J. Colley) or PEGFP-C1 vector for 24 h
using Fugene HD Transfection Reagent (Roche Applied
Science) at a DNA:Fugene HD ratio of 3:10. Follow-
ing transfection for 24 h, the medium was replaced with
serum-free medium for an additional 24 h to induce ST-
6GALLI secretion [15]. Conditioned media of transfected
C2C12 cells were collected for subsequent experiments.
Also, conditioned medium of non-transfected cells (con-
trol medium) was generated at the same time.

J774 mouse macrophage cells (ATCC product number
TIB-67) were then plated at a density of 1x10° cells in
35mm cell culture dishes in growth medium that contains
RPMI 1640 with 10% fetal bovine serum and 2 mM L-
glutamine. After 24 h, the cultured medium was changed
with conditioned medium derived from transfected/non-
transfected C2C12 cells. J774 cells and supernatants were
harvested after 6 h and stored for quantitative real-time
PCR (qRT-PCR) and ELISA, respectively. Unstimulated
J774 cells were used as experimental negative controls,
whereas lipopolysaccharide (LPS; Escherichia coli; Sig-
ma) (1 pg/mL) stimulated cells served as positive controls.

Quantitative real-time PCR (qRT-PCR)

In order to assess the expression of proinflammatory cyto-
kines (tumor necrosis factor (TNF)-a, interleukin (IL)-18
and IL-6), total RNA was extracted from conditioned me-
dia treated J774 cells using RNeasy fibrous tissue mini kit
(Qiagen) and cDNA was synthesized from 1000 ng RNA
using QuantiTect Reverse Transcription kit (Qiagen) ac-
cording to manufacturer’s guidelines. qRT-PCR was then
performed using SYBR Green JumpStart TagReadyMix
kit (Sigma) on Rotor-Gene 6000™ (Corbett Research)
with the following thermocycler conditions: 2 min at
94°C, followed by 40 cycles of 1 s at 94°C and 15 s at
60°C. Reactions were performed in a total volume of 10
pL, including 5 pL SYBR Green JumpStart TaqReady-
Mix kit (Sigma), 1.2 ul of 25 mM MgCI2 (Sigma), 0.4 ul
each of 10 mM forward and reverse primers and 1.5ul of
template cDNA. The relative amount of mRNA, normal-
ized to an internal control mouse B-actin and relative to a
calibrator (control), was calculated by 24T, Primers used
were as follows: mouse TNF-a(F): 5’-CGCTCTTCT-
GTCTACTGAACTTCG-3’; mouse TNF-a(R): 5’-GAT-
GATCTGAGTGTGAGGGTCTGG-3’; mouse IL-6(F):
5’-ATTTCCTCTGGTCTTCTTCTGGAGTAC-3";
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mouse IL-6(R): 5~ GCTTATCTGTTAGGAGAG-
CATTGG-3’; mouse IL-1B(F): 5’-CAACCAACAAGT-

GATATTCTCCAT-3’; mouse IL-1B(R): 5°-ATT-
GCTTGGGATCCACACTCT-3’; mouse B-actin(F):
5’-GTGCTATGTTGCCCTAGACTTCG-3" and mouse

B-actin(R): R: 5°-GATGCCACAGGATTCCATACCC-3".
All reactions were performed in triplicate and optimal
threshold in 95-100% efficiency. All data was analyzed
using Rotor-Gene 6000 Series Software 1.7 (Corbett Re-
search).

ELISA assay

IL-1P release into the culture media of J774 cells was
evaluated by ELISA assay. The medium of each culture
was collected in a sterile cryotube and stored at —20°C
until assay. The culture media were thawed, centrifuged
briefly, and processed with a mouse IL-1f Instant ELISA
kit (eBioscience) according to the manufacturer’s instruc-
tions. The sensitivity of this assay was 3.0 pg/ml and each
sample was analyzed in duplicate.

Statistical analysis

Mean and SD were calculated from data obtained in three
separate experiments performed in triplicate. The signifi-
cance of differences between experimental groups was
determined using Student’s #-test. P values less than 0.05
were considered statistically significant.

Results

Our previous studies revealed that AbetaPP overexpres-
sion in C2C12 cells increased the expression and secretion
of ST6GALI enzyme, another physiological substrate of
BACEI enzyme other than AbetaPP, under in vitro condi-
tions [15]. To investigate the effect of AbetaPP induced
ST6GALI secretion on proinflammatory cytokine pro-
duction by macrophage cells, STOGAL1 secretion was
stimulated by transient transfection of C2C12 cells with
wild-type human full-length AbetaPP751 (AbetaPP751-
pCMVSport6). In our previous studies, we have already
demonstrated the transfection efficiency of C2CI12 cells
as 60% by measuring the percentage of transfected cells
that were immunofluorescently labelled with an antibody
against AbetaPP [15]. In order to show a direct relation-
ship between ST6GALT1 secretion and proinflammatory
cytokine production, C2C12 cells were also transfected
either with STtyr-pSVL and SP(sol)STtyr-PSVL vec-
tors encoding soluble isoform of rat STO6GAL1 (STtyr)
and a novel fusion protein harboring signal peptide of
interferon-y and STtyr, respectively [16-18]. At 24 h after
transfection, culture media was replaced and ST6GALI1
secretion into the culture media of transfected C2C12 cells
was confirmed by Western blot analysis (data not shown).
J774 macrophage cells were then cultured in conditioned
media obtained from cultures of C2C12 cell lines for 6 h
and analyzed for TNF-a, IL-1p and IL-6 expression by
qRT-PCR. An untransfected C2C12 culture, a C2C12 cul-
ture transfected with an unrelated vector encoding GFP
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Figure 1. Induction of proinflammatory cytokine expression in
J774 cells in response to conditioned medium including soluble
ST6GALL. The levels of (a) TNF-a, (b) IL-1p and (c) IL-6 mRNA
were determined by using qRT-PCR. Data are expressed as fold
change over the level in unstimulated J774 cells and represent
means of three independent experiments performed in triplicate. A
statistically significant increase in the expression levels of (a) TNF-a,
(b) IL-1p and (c) IL-6 were determined by Student’s #-test. Shown
P-values represent statistical comparisons of gene expression levels
observed in J774 cells incubated with conditioned medium from
C2C12 cells transfected with either AbetaPP751-pCMVSport6,
STtyr-pSVL or SP(sol)STtyr-pSVL vs appropriate empty vector
controls. Error bars indicate standard deviations.

(pEGFP-C1) or the appropriate empty vectors (pCMV-
Sport6 and pSVL) were used as experimental controls.
In addition, unstimulated and LPS stimulated J774 cells
served as negative and positive controls, respectively.

As shown in Figure 1, the conditioned medium of AbetaPP
or STO6GALI overexpressing myogenic C2C12 cells sig-
nificantly increases the expression of TNF-a, IL-13 and
IL-6 by J774 macrophages. We observed very similar ex-
pression patterns with AbetaPP751-pCMV Sport6, STtyr-
pSVL and SP(sol)STtyr-PSVL. No signal was detected in
the negative control (unstimulated J774 cells), whereas
the expression of proinflammatory cytokines were strong-
ly induced by LPS. There was no significant increase in
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Figure 2. Induction of IL-1p secretion from J774 cells in response
to conditioned medium including soluble STO6GAL1. ELISA was
used to measure IL-1P concentrations in the final supernatants of
J774 cells. Results are representative of 3 independent experiments.
A statistically significant increase in the secretion of IL-1$ was
determined by Student’s #-test. Shown P-values represent statistical
comparisons of secretion levels observed in J774 cells incubated
with conditioned medium from C2C12 cells transfected with either
AbetaPP751-pCMV Sport6, STtyr-pSVL or SP(sol)STtyr-pSVL vs
appropriate empty vector controls. Error bars indicate standard
deviations.

the expression of these genes when J774 cells were in-
cubated in the control medium and conditioned medium
of C2C12 cells transfected with either empty vectors or
PEGFP-C1. Since the secretion of proinflammatory cy-
tokines is an important stage of a proinflammatory signal
[19], we also investigated whether enhanced ST6GALI1
secretion from C2C12 cells induces the release of an im-
portant mediator of the inflammatory response, IL-1p,
from J774 cells. The levels of mouse IL-1p in the culture
supernatant of J774 cells were determined by ELISA. The
results of the ELISA were consistent with the gRT-PCR
analysis and showed that the secretion of IL-1p from J774
cells was significantly increased in the presence of soluble
form of ST6GALI1 (Figure 2). Notably, ~15-30 fold in-
crease in mRNA resulted in a ~1.2-1.6 fold increase in
secreted IL-1.

Discussion

We concluded that the secretion of STOGAL1 enzyme
from either AbetaPP or STO6GAL!1 overexpressing myo-
genic C2C12 cells significantly induces the expression of
TNF-a, IL-1pB, IL-6 and the secretion of IL-1f by J774
macrophages. Proinflammatory cytokines are important
molecules in the inflammatory response and in immune
regulation. The production of these molecules by acti-
vated macrophages plays a fundamental role in the patho-
genesis of several muscular dystrophies and primary in-
flammatory myopathies [20-22]. In this study, stimulation
of J774 cells with soluble STOGALI resulted in clearly
enhanced expression of the major proinflammatory cyto-
kines that are responsible for early responses (Figure 1).
In all experimental sets, as expected, the effect of LPS was
significantly more potent than that of J774 cells treated
with conditioned medium of AbetaPP or STOGALI over-
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expressing myogenic C2C12 cells. LPS is a major com-
ponent of the outer membranes of Gram-negative bacte-
ria and known to be the main toxic element that induces
proinflammatory cytokine production by various signal
transduction events which lead to the activation of nuclear
factor kappa B (NF-kB) and mitogen-activated protein ki-
nase (MAPK) signaling pathways [23]. Therefore, J774
cells were also treated with LPS to serve as a positive
control in our experiments. In addition, LPS-mediated
dramatic increase in the expression of inflammatory me-
diators have also been observed in some published stud-
ies even at low concentrations of LPS (30 ng/mL) [24].
Although the proinflammatory cytokine response to LPS
alone was greater than AbetaPP751-pCMV Sport6, STtyr-
pSVL and SP(sol)STtyr-PSVL, the response of J774 cells
to soluble ST6GAL1 were statistically significant when
compared with their counterparts transfected with emp-
ty vector. STO6GAL1 might be stimulated macrophages
through distinct signalling pathways. Furthermore, IL-1
which is a prototypic multifunctional cytokine is an im-
portant mediator of the inflammatory response [25]. It is
involved in a variety of cellular activities, including cell
proliferation, differentiation and apoptosis. Among other
proinflammatory cytokines, the release of IL-1( appears
to play a special role in inflammatory modulation through
the induction of other inflammatory cytokines [26]. It has
been indicated that the induced release of IL-1p modu-
lates the production of other inflammatory cytokines such
as IL-8, IL-6, granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), and TNF-a in human primary gin-
gival epithelial cells (HGECs) [27]. Therefore, we also
tested whether increase in the mRNA expression of IL-1§
results in the increase of secretion from J774 cells. Us-
ing ELISA, enhanced secretion of IL-1p was detected in
culture supernatants of J774 cells, compatible with the re-
sults in qRT—PCR analysis. Taken together, these results
reveal a critical role for STOGALL1 in the regulation of
inflammation under in vitro conditions.

It has been known that soluble form of STO6GALI is detect-
ed in systemic circulation where secretion is enhanced dur-
ing acute-phase hepatic reactions, in case of inflammation
[12-14]. Also, there have been reports suggesting a novel
function for ST6GALI in attenuating acute neutrophilic
inflammation and in regulating myelopoiesis [28]. How-
ever, the contribution of soluble ST6GALL to the develop-
ment of muscle inflammation has remained unproven. Our
results point to a potential proinflammatory role for soluble
ST6GALI1 in promoting muscle inflammation. We have
previously shown that AbetaPP overexpression in C2C12
cells increased the expression and secretion of STOGALI
enzyme with an unknown mechanism [15]. In this study,
we proved that enhanced secretion from myogenic cells
triggers inflammation by inducing the proinflammatory cy-
tokines by macrophages. These findings suggest a possible
relationship between ST6GALI secretion and inflamma-
tory process induced by overexpression of AbetaPP.
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s-IBM is the most common myopathy associated with ag-
ing but may occasionally also affects younger individuals
[29]. It is classified as an inflammatory myopathy but also
has myodegenerative features [30]. The degenerative pro-
cess results in atrophic muscle fibers, vacuolar degenera-
tion and abnormal protein aggregations in vacuolated and/
or non-vacuolated muscle fibers including AbetaPP and
Abeta [31]. However, the inflammatory process is char-
acterized by cytotoxic CD8+ T cells and macrophages
invading non-necrotic muscle fibers expressing major
histocompatibility complex class I [32]. The network of
interactions between inflammatory and degenerative pro-
cesses in the pathogenesis of s-IBM remains uncertain. It
has been established in our study that AbetaPP induced
ST6GALLI secretion from myogenic cells triggers inflam-
mation by enhancing the production of proinflamma-
tory cytokines by macrophages under in vitro conditions.
Therefore, accumulation of AbetaPP and of its proteolytic
fragment Abeta may appear to be early upstream events
that initiate the inflammatory response, as suggested by
several researchers [2,33]. Although further in vivo stud-
ies are necessary to confirm our results, these findings
may provide an alternate way to understand the causes
of muscle inflammation in other types of inflammatory
myopathies since AbetaPP and other IBM related proteins
are also known to be overexpressed in polymyositis, he-
reditary inclusion-body myopathy (hIBM) and other my-
opathies [34,35]. The elucidation of the causes of muscle
fiber degeneration will be possible with the identification
of triggering events and pathogenic pathways that con-
tribute to disease pathogenesis.
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