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Abstract

We previously reported aberrant glycosylation of lumican, one of small leucine-rich proteoglycans (SLRPs), in aortic valves in patients with aortic valve stenosis
(AS). Extending the study, we here characterized other SLRPs of proline/arginine-rich end leucine-rich repeat protein (PRELP), decorin, and biglycan in AS valves.
Specifically, thickened and calcified (AS-C) areas and apparently non-thickened and non-calcified (AS-N) areas of aortic valves were sampled in 8 patients with AS.
Then amounts of three molecules with or without removal of N-glycosylation by PGNase were compared between the AS-C and AS-N areas. As a result, the amounts
of PRELP with moderate and/or low amounts of N-glycosylation were found decreased in the AS-C areas compared to the AS-N areas. The amounts of decorin with
both glycosaminoglycan (GAG) and N-linked oligosaccharides were decreased in the AS-C area compared to the AS-N area. Moreover, the amounts of biglycan
with GAG and N-linked oligosaccharides were decreased, instead, the amounts of biglycan without GAG were increased in the AS-C areas compared to AS-N areas.

These quantitative and qualitative changes of the three SLRPs detected here may be involved in the progression of AS changes of aortic valves.

Introduction

Aortic valve stenosis (AS), caused mainly by degenerative changes
with calcification, is one of the most common cardiovascular diseases.
The morbidity rate of AS increases with age. Macroscopically,
thickening and calcification are observed in irregular areas of aortic
valves. The changes gradually progress and lead to narrowing of the
valve orifice, which brings about various symptoms such as chest pain
and dyspnea [1]. It is well accepted that AS develops through three
processes of lipid accumulation, inflammation, and calcification [2-5].
These processes transform valvular interstitial cells into osteoblastic
ones, which results in calcification of valve tissue [6-7]. However,
precise pathophysiology remains to be elucidated.

Aortic valves contain abundant extracellular matrix (ECM). The
main components of the aortic valve ECM are collagens, elastin, and
proteoglycans (PGs) [8]. PGs are characterized by a core protein to
which sulphated glycosaminoglycan (GAG) and oligosaccharides
are covalently attached as side chains [9]. PGs work as hydrators,
stabilizers, and space fillers of ECM [9].

We previously reported that lumican, a PG which belongs to small
leucine-rich proteoglycans (SLRPs), was insufficiently glycosylated in
thickened and calcified areas compared to apparently non-thickened
and non-calcified areas of identical AS valves [10]. SLRPs, a group of
the leucine-rich repeat (LRR) superfamily, are characterized by a central
LRR domain flanked on both N- and C- terminal sides by conserved
cysteine motifs [11-13]. Until now more than 10 SLRPs has been
reported. SLRPs are thought to form framework of collagenous tissue
by interacting with fibrillar collagen [14] and by protecting collagen
fibrils from proteolytic damage [11]. SLRPs have been also reported
to be involved in regulation of tissue inflammation and calcification
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[15-17]. Thereby, we there speculated that the aberrant glycosylation
of lumican may be involved in the development of thickening and
calcification of aortic valves in AS. Based on these backgrounds, we
here investigated whether other SLRPs showed quantitative and/
or qualitative differences in thickened and calcified areas compared
to apparently non-thickened and non-calcified areas of identical AS
valves, focusing on three SLRPs of proline/arginine-rich end leucine-
rich repeat protein (PRELP), biglycan, and decorin.

Methods
Patients and clinical samples

Nine patients with AS were enrolled in this study. Aortic valve
samples were obtained during therapeutic aortic valve replacement
for AS. All the samples were obtained with written informed consent.
This study was approved by the institutional ethics committee of St.
Marianna University School of Medicine. One of the 9 AS valve leaflets
was used for photographic presentation in Figure 1. The remaining
8 leaflets were subjected to analyses (Three males and five females,
average 68.8 years old, range 43-80 years old ) Six out of the 8 samples
were identical with those used in our previous study [10].
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Figure 1. Preparation of aortic valve tissue samples from an AS-C area and an AS-N area
of an identical valve.

Protein preparation

In each of the 8 AS aortic valve leaflets, thickened and calcified (AS-
C) areas and apparently non-thickened and non-calcified (AS-N) areas
were separately sampled. The valve tissue samples were respectively
subjected to protein extraction (Figure 1). Specifically, the samples were
washed in phosphate-buffered saline to eliminate blood contaminants
and then were minced and homogenized in a cell lysis buffer (7 M
urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propamesulfonate) using HG30 homogenizer (Hitachi Koki Co.,
Ltd., Tokyo). The samples were then frozen and thawed 5 times
and centrifuged at 4°C for 30 minutes. The supernatants containing
extracted proteins were collected and stored at -80°C until use. A part
of the extracted proteins were de-glycosylated by the treatment with
Peptide:N-glycosidase F (PNGase F, Sigma, MO, USA) at the ratio of
50 units PNGase F per mg protein at 37°C for 3 hours and then were
used in western blot.

Gel electrophoresis and western blot (WB)

Gel electrophoresis was performed as described previously [18].
Briefly, for one dimensional (1D) gel electrophoresis, protein samples
were separated by 12.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions. The separated
proteins were transferred onto polyvinylidene difluoride (PVDF)
membranes or nitrocellulose membranes. For two dimensional (2D)
gel electrophoresis, the protein samples were subjected to isoelectric
focusing (IEF) using gels with the range of pH 3.0-11.0. The IEF-
separated proteins were then further separated by 12.5% SDS-PAGE.
Proteins separated by 2DE were transferred onto PVDF membranes or
nylon membranes. Then the membranes were subjected to WB. When
needed, the membranes were stained with a fluorescent dye (SYPRO
Ruby, Invitrogen Co., CA, USA) before WB.

WB was also performed as described previously [18]. Briefly, the
membranes were reacted with antibodies to human PRELP (abcam,
Cambridge, UK), Decorin (abcam), Biglycan (abcam) for 1 hour.
The membranes were then washed and reacted with horseradish
peroxidase (HRP)-labeled antibodies to rabbit IgG (Dako, Denmark)
for 1 hour. After washing, bound antibodies were detected by 3,
3’-diaminobenzidine, tetrahydrochloride (Dojin, Kumamoto, Japan)
or by ECL select (GE Healthcare). Intensity of the detected bands in
western blot was measured by an image analyzer.

Statistical analysis

Statistical significance was calculated using Student’s ¢-test. A value
of p < 0.05 was considered to be statistically significant.
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Results

We sampled tissue samples separately from a thickened and
calcified (AS-C) area and an apparently non-thickened and non-
calcified (AS-N) area of an identical aortic valve in each of the enrolled
9 patients with AS. A representative photograph of the aortic valves for
sampling is shown in Figure 1. We then characterized PRELP, decorin,
and biglycan from both the quantitative and qualitative aspects using
8 samples (one was used for the photograph presentation in Figure 1).
As the qualitative analysis, we investigated glycosylation conditions of
the molecules.

Comparison of PRELP between the AS-C and AS-N areas in
AS aortic valves

We investigated expression of PRELP in the protein samples from
the AS-C and AS-N areas by 1D-WB. As a result, PRELP was detected
as a broad band with molecular weights (MWs) of approximately 60-
70 kDa in both areas in identical valves in 8 patients with AS (Figure 2
(a) left). A quantitative comparison of PRELP between the AS-C and
AS-N samples revealed that the amounts of PRELP were decreased in
the AS-C areas compared to the AS-N areas (p=0.02, Figure 2 (a) right).

We then investigated why the PRELP molecules showed so broad
bands. Since PRELP is known to possess glycosylation, we removed
N-glycosylation of the protein samples by the treatment with PNGase,
after which we similarly detected PRELP bylD-WB. As a result, the
broad PRELP bands were not detected, instead, sharp bands with MW
of ~50kDa were detected (Figure 2 (b) left). This indicates that PRELP
molecules possess various degrees of N-glycosylation. To further
confirm this, we detected PRELP molecules by 2D-WB. As shown in
Figure 2(b) right, PRELP molecules were detected as at least 13 spots,
in which the higher MW spots showed the lower pI. When we detected
PRELP molecules after removal of N-glycosylation by PNGase, a single
spot was detected instead of the multiple PRELP spots (Figure 2(b)
right). Thus, the existence of the 13 PRELP spots indicates 13 types of
PRELP molecules with different amounts of N-glycosylation. This result
confirmed that aortic valve tissue contains variously N-glycosylated.

We then investigated whether high-glycosylated PRELP or low-
glycosylated one was decreased. Specifically, in the result of 1D-WB,
we divided the broad bands of PRELP into 3 parts with an identical
size (high, moderate, and low MW-PRELP), as shown in Figure 2 (c)
and then compared the ratios of the intensity of the 3 areas between the
AS-C and AS-N areas. As a result, the amounts of high MW-PRELP
did not show significant difference between the AS-C and AS-N
areas, however, the amounts of moderate and low MW-PRELP were
decreased in the AS-C areas compared to the AS-N areas as shown in
Figure 2 (c). Similarly, we measured the intensity of the 13 PRELP spots
in 2D-WB (Figure 2 (d)), 4 spots with relatively lower MWs and higher
pIs showed decreased intensity in the AS-C areas compared to the
AS-N areas (Figure 2(d)). These results are compatible with the results
from 1D-WB.

Our results indicate that amounts of PRELP with moderate to low
amounts of N-glycosylation were decreased in the AS-C areas.

Comparison of decorin between the AS-C and AS-N areas in
AS aortic valves

Second, we characterized decorin in the AS valves by 1D-WB.
We detected two bands for decorin. The upper main bands showed
approximate MWs of 90-130 kDa and the lower bands showed ~48
kDa (Figure 3 (a) upper). As shown in Figure 3 (a) lower left, the total
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Figure 2. Analysis of PRELP in the AS-C and AS-N areas of AS aortic valves.

(a) Valve protein samples (2.5 pg) were separated by 12.5% SDS-PAGE and PRELP was detected by WB using PVDF membranes, rabbit anti-human PRELP antibodies (x 1,000), HRP-
labelled goat anti-rabbit IgG (x 5,000), and ECL Select system (left). The intensity the detected PRELP bands was compared between the AS-C and AS-N areas (right).

(b) Valve protein samples with or without the PNGase treatment were separated by 15 %SDS-PAGE and PRELP was detected by WB using nitrocellulose membranes, rabbit anti-human
PRELP antibodies (x 200), HRP-labelled goat anti-rabbit IgG (x 1,000), and 3, 3’-diaminobenzidine, tetrahydrochloride (DAB). A representative result from the AS-N sample of AS3 is
shown (left). M; Marker. Similarly, valve protein samples with or without the PNGase treatment were separated by 2D gel electrophoresis and PRELP was detected by WB using PVDF
membranes, rabbit anti-human PRELP antibodies (x 1,000), HRP-labelled goat anti-rabbit IgG (x 5,000), and ECL Select system (right). A representative result from the AS-C sample of
AS8 is shown.

(¢) The broad bands of PRELP shown in (a) were divided into 3 parts with an identical size (high, moderate, and low MW-PRELP). Then intensity of each of the 3 areas was compared the
between the AS-C and AS-N areas.

(d) Seventy pg of samples with or without PNGase treatment were separated by 2D gel electrophoresis and then PRELP was detected by WB using nitrocellulose membranes rabbit anti-
human PRELP antibodies (x 200), HRP-labelled goat anti-rabbit IgG (x 1,000), and DAB (left). The intensity of 13 PRELP spots was measured. The relative mean intensity of the spots
in AS-C samples is shown. The mean intensity of the spots in AS-N samples is defined as 1.0 (right). Four samples (AS1, AS2, AS7, and AS8) amounts of which were enough for 2D-WB
were analyzed. * p <0.05.

intensity of decorin was significantly lower in the AS-C areas than
in the AS-N areas. This decrease was due to decrease of decorin with
MWs of 90-130 kDa (Figure 3 (a) lower middle), since the intensity of
the decorin with MWs of ~48 kDa did not show significant difference
between the 2 areas (Figure 3 (a) lower right).
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Since decorin is known to possess N- or O-linked glycosylation, we
characterized the 90-130kDa decorin and the 48 kDa decorin from the
aspect of glycosylation. We removed N-glycosylation from the aortic
valve proteins by PNGase treatment and then detected decorin by the
same 1D-WB. As a result, the 48 kDa decorin decreased its MW to
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approximately 40 kDa (Figure 3 (b)). Since the predicted MW of the
mature decorin core protein is 36.3 kDa [19-20], the 40 kDa band was
thought to be the core protein of decorin. The low MW-decorin was
thought to be an N-glycosylated form of decorin. On the other hand,
the high MW-decorin (90-130 kDa) also looked to decrease its MW by
approximately 10 kDa (Figure 3(b)). This decrease of MWs was also
thought to be due to removal of N-glycosylation. Thereby, the main
modification of the high MW-decorin (90-130 kDa) is concluded to
be not N-glycosylation but O-glycosylation. We concluded that 90-130
kDa decorin which possessed both N-glycosylation and O-glycosylation
was decreased in the AS-C area compared to the AS-N area.

Comparison of biglycan between the AS-C and AS-N areas in
AS aortic valves

Finally, we compared biglycan in the AS valves. In 1D-WB,
biglycan was detected as a broad band with MW of 80-120kDa (high
MW-biglycan) and that with 40kDa (low MW- biglycan), as shown
in Figure 4(a)-upper left. The total amounts of biglycan showed no
specific difference between the AS-C areas compared to the AS-N areas
(Figure 4(a) upper). However, the ratio of high MW-biglycan to low
MW-biglycan was decreased in the AS-C areas compared to the AS-N
areas (Figure 4(a) lower middle and right). To investigate difference
of the high and low MW-biglycan, we removed N-glycosylation from
biglycan by the treatment with PNGase. As shown in Figure 4(b),
the low MW-biglycan further decreased its MW from 40kDa down
to approximately 35 kDa. This newly appeared 35kDa band was
thought to be the core protein of biglycan, since the predicted MW
of a mature biglycan core protein is 38.0 kDa [20-21]. On the other
hand, the high MW-biglycan decreased its MW from 80-120kDa down
to approximately 70-110 kDa. Since biglycan is known to possess N- or
O-linked glycosylation, our data indicate that both the high and low
MW-biglycan molecules possess N-glycosylation but only the high
MW-biglycan possesses O-glycosylation. Collectively, the biglycan
with O-and N-linked glycosylation was found decreased and biglycan
with only N-linked glycosylation was increased in the AS-C areas
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Figure 3. Comparison of decorin between the AS-C and -N areas.

compared to the AS-N areas.

Discussion

We here characterized three SLRPs of PRELP, decorin, and
biglycan in the AS valves. All the three SLRPs of the AS-C area showed
quantitative and/or qualitative differences from those of the AS-N
areas.

We here first showed that the amounts of PRELP with moderate
and/or low amounts of N-glycosylation were decreased in the
AS-C areas. PRELP has been reported to possess various functions.
Structurally, PRELP has been indicated to anchor basement membranes
to connective tissue [22]. In the aspects of inflammation, PRELP has
been reported to inhibit formation of complement membrane attack
complex C5b-9 [23]. It has been reported that the complement system
is activated in atherosclerotic lesions and the activation is deeply
involved in the pathogenesis of atherosclerosis [24-27]. Activation of
the complement system in AS valves has been also reported. The C5b-9
complex was found already in early AS valves and the deposition of the
complex was augmented in advanced stenotic valves [28]. Moreover,
C3aR and C5aR was strongly expressed in the stenotic valves [28]. As
above described, taking these reports together with our results, PRELP
with decreased N-glycosylation may promote complement activation
by losing the inhibition of the C5b-9 complex formation. Further
studies are needed to clarify this point.

Next, we here showed that 90-130 kDa decorin which possessed
both N-glycosylation and O-glycosylation was decreased in the AS-C
area compared to the AS-N area. Decorin possesses an N- or O-linked
chondroitin sulfate (CS)/dermatan sulfate (DS)-chain in its N-terminal
region and multiple N-linked oligosaccharides [29]. Decorin was
first thought to be a structural constituent of ECM, but was found to
play roles in various aspects such as inflammation, calcification, and
cell proliferation [30]. From the viewpoint of calcification, matrix
metalloproteinase (MMP-9) is one of the key components of ECM
degradation and bone mineralization [31,32]. MMP-9 has been reported
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(a) Valve protein samples (2.5 pg) were separated by 12.5% SDS-PAGE and decorin was detected by WB using PVDF membranes, rabbit anti-human decorin antibodies (x 1,000), HRP-
labelled goat anti-rabbit IgG (x 5,000), and ECL Select system (upper). The total intensity of both the approximately 90-130 kDa bands and 50 kDa bands was compared between the AS-C
and AS-N areas (lower left). The intensity of the approximately 90-130 kDa bands and 50 kDa bands was separately compared between the AS-C and AS-N areas (lower middle and right,

respectively).

(b) Valve protein samples with or without the PNGase treatment were separated by 15% SDS-PAGE and decorin was detected by WB using nitrocellulose membranes, rabbit anti-human
decorin antibodies (x 100), HRP-labelled goat anti-rabbit IgG (x 2,000), and DAB. A representative result from the AS-C sample of AS8 is shown.
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Figure 4. Comparison of biglycan between the AS-C and AS-N areas.

(a) Valve protein samples (2.5 pg) were separated by 12.5% SDS-PAGE and biglycan was detected by WB using PVDF membranes, rabbit anti-human biglycan antibodies (x 1,000),
HRP-labelled goat anti-rabbit IgG (x 2,000), and ECL Select system (upper). * The bands indicated by the arrow were not thought to be biglycan, since the bands were also detected in the

negative control (data not shown).

(b) Valve protein samples (5 pg) with or without the PNGase treatment were separated by 15 % SDS-PAGE and biglycan was detected by WB using nitrocellulose membranes, rabbit anti-
human biglycan antibodies (x 500), HRP-labelled goat anti-rabbit IgG (x 1,000), and DAB. A representative result from the AS-N sample of ASS is shown.

to be increased in AS valves as well as abdominal aortic aneurism
[33,34]. Moreover, MMP-9 is thought to be involved in extraosseous
mineralization [35,36]. Considering these reports, MMP-9 is expected
to be involved in the calcification process of AS valves. Recently, decorin
was reported to inhibit secretion of MMP-9 in vascular smooth muscle
cells [33]. Thereby, one of the physiological roles of decorin may be
protection of aortic valves from ECM degradation and mineralization
by inhibiting MMP-9. The decrease of highly glycosylated decorin
detected here may lose the protective function, leading to progression
of mineralization in AS valves.

Finally, we found the aberrant glycosylation of biglycan. Biglycan
consists of a 42 kDa core protein, two GAG chains consisting of
DS or CS, and N-linked oligosaccharides [37]. Biglycan interacts
with collagen fibrils both via the core protein and GAG chains [38].
Biglycan without GAG increases with age in human articular cartilage
[39]. Biglycan is suggested to play a role in the mineralization of bone
[40,41]. Moreover, biglycan is thought to promote innate immunity
and increase proinflammatory cytokine production [42]. In our study,
the ratios of biglycan with GAG to that without GAG were decreased
in the AS-C areas. Although roles of glycosylation in mineralization
and inflammation are still unclear, the biglycan with decreased
glycosylation might promote inflammation and mineralization in AS
valves. Further studies are needed to clarify this point.

Conclusions

We here reported that quantity and glycosylation condition of
PRELP, decorin, and biglycan were altered in the calcified and thickened
area of AS valves. These alternations may promote AS changes of aortic
valves from the aspects of inflammation and mineralization.
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