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Abstract
Bone morphogenetic protein (BMP)-1 is expressed by odontoblasts in the dentin-pulp complex. Although the functional 
effects of BMP-1 on the maturation of various preforms of proteins and enzymes involved in initiating mineralization have 
been widely observed, how BMP-1 affects cellular molecules remains unknown. We performed a comprehensive analysis 
of BMP-1-altered glycome profiles and subsequent assays to identify the target glycoproteins in human dental pulp cells 
(hDPCs) by a glycomic approach. In the presence of BMP-1, a lectin microarray analysis and lectin-probed blotting showed 
that α2,6-sialylation was significantly attenuated in insoluble fractions from hDPCs. Six proteins were identified by a mass 
spectrometry analysis of α2,6-sialylated glycoproteins purified using a lectin column. Among them, glucosylceramidase 
(GBA1) was found to accumulate in the nuclei of hDPCs in the presence of BMP-1. Moreover, BMP-1-induced cellular 
communication network factor (CCN) 2 expression, which is well known as the osteogenesis/chondrogenesis marker, was 
significantly suppressed in the cells transfected with GBA1 siRNA. Furthermore, importazole, a potent inhibitor of importin-
β-mediated nuclear import significantly suppressed BMP-1-induced GBA1 nuclear accumulation and BMP-1-induced CCN2 
mRNA expression, respectively. Thus, BMP-1 facilitates the accumulation of GBA1 in the nucleus through the reduction of 
α2,6-sialic acid, which potentially contributes to the transcriptional regulation of the CCN2 gene via importin-β-mediated 
nuclear import pathway in hDPCs. Our results offer new insights into the role of the BMP-1-GBA1-CCN2 axis in the devel-
opment, tissue remodeling, and pathology of dental/craniofacial diseases.
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Abbreviations
BMP-1	� Bone morphogenetic protein-1
hDPCs	� Human dental pulp cells
α2,6-sia	� α2,6-Linked sialic acid
GBA1	� Glucosylceramidase
mTLD	� Mammalian tolloid protein
DMP-1	� Dentin matrix protein-1
DSPP	� Dentin sialophosphoprotein
CCN2	� Cellular communication network factor 2
rhBMP-1	� Recombinant human BMP-1
SNA	� Sambucus nigra agglutinin
SSA	� Sambucus sieboldiana agglutinin
TJA-I	� Trichosanthes japonica agglutinin-I
SDS-PAGE	� Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis
CBB	� Coomassie brilliant blue
LAMP1	� Lysosome associated membrane protein 1
DAPI	� 4′,6-Diamidino-2-phenylindole
GlcCer	� Glucosylceramide
GBA2	� Non-lysosomal β-glucosylceramidase
GBA3	� Cytosolic β-glucosidase
KLrP	� Klotho-related protein

O-GlcNAc	� O-Linked N-acetylglucosamine
GAPDH	� Glyceraldehyde-3-phosphate dehydrogenase

Introduction

Bone morphogenetic protein (BMP)-1 was isolated as an 
ectopic ossification factor from bone extracts (Urist et al. 
1973; Wozney et al. 1988). BMP-1 and its isoform mam-
malian tolloid protein (mTLD) are encoded by alternatively 
spliced transcripts of the BMP1 gene (Takahara et al. 1994). 
A recent study found that patients with the osteogenesis 
imperfecta phenotype show mutations in the BMP-1 gene. 
This report also mentioned that some of the patients had 
tooth fragility and tooth hypoplasia, suggesting that BMP-1 
is involved in tooth development (Syx et al. 2015). Previous 
studies have suggested the involvement of BMP-1 in dentin 
formation through processing type I-III procollagen (Kessler 
et al. 1996; Li et al. 1996) and dentin-specific proteins, such 
as dentin matrix protein-1 (DMP-1) (Steiglitz et al. 2004) 
and dentin sialophosphoprotein (DSPP) (von Marschall and 
Fisher 2010; Tsuchiya et al. 2011). Our previous immuno-
histochemical study revealed that dental caries provoked the 
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expression of BMP-1 in odontoblast-like cells and repara-
tive dentin in the human dentin-pulp complex (Muromachi 
et al. 2015). Proteomic analysis revealed that the expres-
sion of BMP-1 is specific to odontoblasts but not in the 
central region of the pulp (Abbey et al. 2018). Recently, 
Wang et al. reported the impairment of dentin maturation 
and root formation in BMP-1/TLL1 double-knockout mice 
(Wang et al. 2017). Taken together, these findings suggest 
that BMP-1 has a critical role in tooth formation as a cata-
lytic enzyme for collagenous and non-collagenous proteins 
of dentin. However, while the involvement of BMP-1 in 
the biosynthesis of the dentin components has been widely 
observed, whether BMP-1 interacts with cellular molecules 
remains unclear. We previously showed that the expression 
of the osteogenesis marker cellular communication network 
factor (CCN) 2 was increased by the dynamin-dependent 
endocytosis of BMP-1 in human dental pulp cells (hDPCs) 
(Muromachi et al. 2015). It is thus tempting to speculate that 
BMP-1 may act as a signaling molecule.

Protein glycosylation is one of the most common post-
translational modifications. The glycan profile varies among 
cell types and degrees of cellular differentiation (Varki 
1993). The degree of cellular differentiation alters the gly-
can structure in membrane glycoproteins, suggesting that 
specific glycosylation of certain proteins is an essential com-
ponent of cellular physiology. One example of changes in 
cell surface glycan structures is the induction of pluripotency 
(Tateno et al. 2011).

In the present study, we conducted a comprehensive anal-
ysis to identify a targeting molecule of BMP-1 in hDPCs by 
a glycomic approach.

Materials and methods

Ethics statement

This study was approved by the ethics committee of 
Kanagawa Dental University (No. 277). The patients gave 
their informed consent before providing samples.

Cell culture

hDPCs were collected from three intact third molars under 
aseptic conditions as previously described (Muromachi 
et al. 2015). For the experiments, the cells from passages 
3–5 were used.

Preparation of insoluble fractions

hDPCs were seeded at 2 × 105 cells/ml α-MEM containing 
10% fetal bovine serum (FBS) in 100 mm tissue culture 
dishes. Semi-confluent cells were starved in a medium 

containing 1% FBS for 24 h and then stimulated in serum-
free medium with 500 ng/ml recombinant human BMP-1 
(rhBMP-1) (R&D Systems, Minneapolis, MN, USA) for 
60 min. Insoluble and soluble fractions were prepared 
with a Mem-PER Eukaryotic Membrane Protein Extrac-
tion Reagent Kit (Pierce Chemical, Rockford, IL, USA) 
according to the manufacturer’s protocols. After phase 
partition, the insoluble fraction contains membrane and 
membrane-associated proteins, and the soluble fraction 
contains soluble cytoplasmic proteins. The method of 
Bradford was used to adjust the protein concentrations 
(Bradford 1976).

The lectin microarray analysis

The analysis of BMP-1-altered glycosylation profiles in 
insoluble fractions from hDPCs was performed by Gly-
coTechnica, Ltd. (Yokohama, Japan). Protein samples were 
labeled with Cy3 mono-reactive dye at room temperature for 
1 h. The unbounded Cy3 dye was removed using desalting 
columns. We first measured the lectin binding signals of each 
concentration of Cy3-labeled protein samples (31.25, 62.5, 
125, 250, 500, 1000, 2000 ng/ml) and identified the optimal 
concentration as 250 ng/ml. After diluting to 250 ng/ml in 
probing solution, aliquots of the dye-labeled sample (100 µl/
well) were applied onto a LecChip® and incubated at 20 °C 
for 18 h. The fluorescence intensities on each lectin-coated 
spot were monitored using an evanescent-field fluorescence 
scanner GlycoStation Reader 1200 (GlycoTechnica).

Lectin‑probed blotting

Protein samples were boiled at 95 °C for 5 min in SDS sam-
ple buffer. Subsequently, equal amounts of samples (10 µg) 
were resolved by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) in a 7.5% polyacrylamide 
gel and transferred to nitrocellulose membranes overnight 
(12 V). The membranes were blocked at room temperature 
for 50 min in RIPA buffer (Sigma-Aldrich, Dorset, UK) and 
then probed for 120 min with HRP-conjugated Sambucus 
nigra agglutinin (SNA) (SNA-I, H-6802-1, diluted 1:2000; 
EY Laboratories, San Mateo, CA, USA). After incubation, 
the blots were washed three times with RIPA buffer. The 
signals were detected using an ECL prime (GE, Piscataway, 
NJ, USA). As a loading control, the same samples were ana-
lyzed by Western blotting with a primary antibody of rab-
bit anti-caveolin-1 (3267 S, diluted 1:1000; Cell Signaling 
Technology, Danvers, MA, USA) and secondary antibody 
of anti-rabbit IgG HRP-linked (7074, diluted 1:2000; Cell 
Signaling Technology). The gel images were scanned on a 
LAS-3000 (Fuji, Tokyo, Japan).
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Enrichment of glycoprotein

SNA-binding glycoproteins were enriched using AffiSpin® 
SNA kit (GALAB Technologies, Hamburg, Germany). In 
brief, insoluble fractions were suspended in adsorption 
buffer and applied to an AffiSpin® lectin column. After 
washing two times with adsorption buffer, SNA-binding 
glycoproteins were eluted two times from the affinity col-
umn with elution buffer B (sialyl-lactose). After elution, the 
column was washed two times with adsorption buffer. Each 
collected elution fraction and wash fraction was confirmed 
by SDS-PAGE and CBB staining (CBB stain One Super; 
Nacalai Tesque, Kyoto, Japan).

Mass spectrometry

The eluate was desalted and concentrated by diafiltration 
using an Amicon Ultra centrifugal filter device (Ultra-
cel-30, cut-off: 30 kDa; Millipore, Billerica, MA, USA). 
The concentrate and filtrate were separated by SDS-PAGE 
and stained with CBB. CBB-stained bands of the enriched 
samples excised from an SDS-PAGE gel were analyzed 
by LC-MS/MS. LC-MS/MS was performed by Shimadzu 
Techno-Research (Kyoto, Japan). Briefly, gel samples were 
reduced and alkylated by DTT/iodoacetamide. Each sample 
was digested with trypsin at 37 °C overnight. For reaction 
monitoring an Easy-nLC 1000™ (Thermo Fisher Scientific, 
Rockford, IL, USA) was used. The HPLC was coupled to 
a Q-Exactive Plus mass spectrometer (Thermo Fisher Sci-
entific) and ionization was carried out with ESI positive 
mode. Solvent A contained 0.1% formic acid and solvent B 
contained 100% acetonitrile with 0.1% formic acid. The fol-
lowing gradient (vol% solvent B/time) was used: 0–40%/0-
10 min, 40–100%/10-12 min, 100–100%/12-20 min with a 
flow rate of 300 nL/min. The proteins were identified by 
searching the SwissProt database using MASCOT (Matrix 
Science Inc., UK) and the Proteome Discoverer 1.4 software 
(Thermo Fisher Scientific) with the following parameters: 
A peptide mass tolerance of ± 10 ppm and a fragment mass 
tolerance of ± 0.02 Da were used.

Western blotting

Soluble fractions (2 µg) and insoluble fractions (10 µg) 
were separated by SDS-PAGE and transferred to nitrocel-
lulose membranes overnight (12 V). Non-specific binding 
was blocked by Block Ace (DS Pharma Biomedical, Osaka, 
Japan). The membranes were probed with the primary anti-
body specific for GBA1 (rabbit anti-GBA, ab125065, diluted 
1:1000; Abcam, Cambridge, UK) for 120 min. The blots 
were washed 3 times with 10% Block Ace containing 0.05% 
Tween-20 and subsequently probed with the secondary anti-
body anti-rabbit IgG HRP-linked (7074, diluted 1:2000; Cell 

Signaling Technology) for 60 min. Detection of immunore-
activity was performed using ECL prime.

Immunofluorescence

hDPCs seeded at a density of 7 × 104 cells/ml medium in 
a chamber slide (Matsunami, Tokyo, Japan) were stimu-
lated with rhBMP-1 (500 ng/ml) for 5, 15, 30, 60, and 180 
min. After fixation using 4% paraformaldehyde for 15 min 
or ice-cold methanol (−20 °C) for 10 min, the cells were 
permeabilized by phosphate-buffered saline (PBS) contain-
ing 0.1% Triton X-100 for 15 min. Non-specific reactions 
were blocked by Block Ace for 30 min. The cells were then 
incubated with rabbit anti-GBA1 antibody (1:100) in a 
moist chamber overnight at 4 °C. The slides were washed 
3 times with PBS containing 0.2% Tween-20 (PBST) and 
then probed for 60 min with Alexa Fluor 594-conjugated 
F(ab′)2 fragments of goat anti-rabbit IgG (H + L) (A11072, 
diluted 1:1000; Life Technologies, Carlsbad, CA, USA). The 
cells were also incubated with only a secondary antibody as 
a control for the nonspecific binding of the antibody. After 
washing with PBST, the slides were incubated with Alexa 
Fluor 488 phalloidin (for filamentous actin staining; Life 
Technologies) for 20 min in the dark. The samples were 
then mounted using ProLong gold anti-fade reagent with 
4′,6-diamidino-2-phenylindole (DAPI, for nuclear staining; 
Life Technologies). For lysosome staining, mouse anti-
LAMP1 (15,665, diluted 1:100; Cell Signaling Technol-
ogy) as a primary antibody and goat anti-mouse IgG H&L 
(Alexa Fluor 488) preadsorbed (ab150117, diluted 1:1000; 
Abcam) as a secondary antibody were used. The images 
were acquired using an LSM 510 META confocal micro-
scope (Carl Zeiss, Oberkochen, Germany). GBA1 signals 
were observed in three randomly chosen sites per three 
different experiments. The fluorescence intensity of each 
nucleus showing GBA1 signals was measured. The mean 
fluorescence intensity was calculated by dividing the total 
fluorescence intensity per nucleus by the number of cells.

siRNA transfection

hDPCs were seeded at 1 × 105 cells/35 mm dish or 5 × 105 
cells/90 mm dish in α-MEM containing 10% FBS. These 
cells were transfected using Opti-MEM containing 5 
µL/mL Lipofectamine 2000 and 200 nM GBA1 siRNA 
(NM_000157 and NM_001005741, Sigma-Aldrich) or 
scramble siRNA (SIC001, Sigma-Aldrich) for 24 h. After 
incubation, the cells were collected for subsequent analyses.

Real‑time RT‑PCR

Total RNA was extracted from hDPCs with TRIzol reagent. 
The first-strand cDNA synthesis was carried out with 500 
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ng of total RNA using PrimeScript RT Master Mix. Real-
time RT-PCR was performed with 2 µL of the first-strand 
cDNA in 25 µL (total reaction volume) with SYBR Premix 
Ex Taq II and primers specific for CCN2 and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, a house keeping 
gene used as a control). Real-time RT-PCR of no-template 
controls was performed with 2 µL of RNase- and DNA-free 
water. Additionally, real-time PCR of no-reverse transcrip-
tion control was performed with 2 µL of each RNA sample. 
PCR was conducted using Thermal Cycler Dice Real Time 
System II using the following protocol: 1 cycle of denatur-
ing at 95 °C for 30 s, 40 cycles of denaturing at 95 °C for 5 s 
and annealing/extension at 60 °C for 30 s. The results were 
analyzed by the second derivative maximum method and the 
comparative cycle threshold (ΔΔ Ct) method using real-time 
RT-PCR analysis software. The amplification of GAPDH 
from the same amount of cDNA was used as endogenous 
control, while cDNA amplification from hDPCs at time 0 
was used as a calibration standard.

Statistical analyses

The results are presented as the means ± standard error (SE) 
from three different experiments. Statistical analyses were 
performed using the Excel Statistics, 2015 (SSRI, Tokyo, 
Japan) software program. The data were analyzed by one-
way analysis of variance. Group means were compared by 
Tukey’s multiple comparison test.

Results

Identification of BMP‑1‑targeted glycoprotein using 
lectin microarray and mass spectrometric analysis

First, to investigate whether or not BMP-1 affects cellular 
molecules, we focused on the glycome shift and conducted a 
lectin microarray. In the presence of rhBMP-1, three lectins 
showed a significant reduction of signals: SNA, Sambucus 
sieboldiana agglutinin (SSA), and Trichosanthes japonica 
agglutinin-I (TJA-I) (Fig. 1A). These lectins commonly 

recognize α2,6-linked sialic acid (α2,6-sia). The BMP-1/
Control ratio showed 0.49-, 0.52-, and 0.55-fold decreases 
in signal intensity. P-values of signal intensities of each 
lectin between the absence or presence of BMP-1 showed 
0.00024, 0.00094, and 0.00080, respectively. To further vali-
date the lectin microarray results, we performed SDS-PAGE 
and lectin-probed blotting with the HRP-conjugated lectin 
SNA. The SNA detected 2 major bands at apparent molecu-
lar weights between 50 and 75 kDa (Fig. 1B). In contrast 
to the controls, the administration of rhBMP-1 consistently 
attenuated the α2,6-sialylation of insoluble fractions. Given 
the above, we selected α2,6-sialylation as a putative glycan 
change that could be targeted by BMP-1 in hDPCs. Next, 
since the α2,6-sia modification of proteins was significantly 
reduced by BMP-1, we sought to identify SNA-binding 
glycoproteins in the insoluble fractions of hDPCs. As an 
initial step, α2,6-sialylated glycoproteins were enriched 
using an SNA lectin column and eluted by the competing 
oligosaccharide sialyl-lactose. Each fraction was resolved 
by SDS-PAGE and confirmed by SNA lectin blotting. Puri-
fied α2,6-sialylated glycoproteins were identified as 2 bands 
within the eluted fractions at apparent molecular weights 
between 50 and 75 kDa (Fig. 1C). Subsequently, enriched 
samples were concentrated by diafiltration. The concentrate 
and filtrate were separated by SDS-PAGE and stained with 
coomassie brilliant blue (CBB). Visual inspection of the 
gel revealed that 3 bands were distributed between 50 and 
75 kDa in the concentrate lane (Fig. 1D). Marked bands 1 to 
3 were excised from the gel and analyzed by liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS). The 
identified proteins are shown in Table 1. We identified the 
SNA-binding glycoproteins as serotransferrin, serpin A12, 
Glucosylceramidase (GBA1), keratin type II cytoskeletal 2 
epidermal, InaD-like protein, and pyruvate kinase.

BMP‑1 facilitates the accumulation of GBA1 
in the nuclei

Among the 6 identified glycoproteins, we first detected the 
changes in GBA1 at an apparent molecular weight of 60 kDa 
in the insoluble fraction of hDPCs by Western blotting 

Table 1   Identification of 
α2,6-sialylated glycoproteins 
in hDPCs. CBB-stained bands 
1 to 3 of the enriched samples 
excised from an SDS-PAGE gel 
(Conc. lane) were analyzed by 
LC-MS/MS.

Accession No. Protein assigned Mascot score Sequence 
coverage

# Peptides

Band 1 P02787 Serotransferrin 220.35 8.74 6
Q8IW75 Serpin A12 30.35 1.21 1

Band 2 P04062 Glucosylceramidase 118.63 6.53 3
P35908 Keratin, type II cytoskel-

etal 2 epidermal
33.83 2.50 1

Band 3 Q8NI35 InaD-like protein 70.77 0.33 1
P14618 Pyruvate kinase PKM 35.25 2.07 1
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(Fig. 2A). The GBA1 signal was increased in the presence 
of rhBMP-1 compared with that of the control. Based on 
this result, subsequent experiments focused on GBA1. To 
further investigate the subcellular localization of GBA1, we 
conducted immunofluorescence experiments using a con-
focal laser scanning microscope (Fig. 2B). In the control, 
GBA1 signals were detected in the nuclei of hDPCs but 
showed low immunofluorescence. In addition, these slight 
signals were distributed in the cytoplasm. Weak signals of 
GBA1 emanated from the nuclei at 5 min after the addi-
tion of rhBMP-1 to the cell culture. When the cells were 
treated with rhBMP-1 between 15 and 180 min, the signals 
of immunofluorescence were enhanced in a time-dependent 
manner and peaked at 60 min after stimulation. The quanti-
fication of the fluorescence intensity of nuclei demonstrating 

a GBA1 signal showed that the GBA1 in the nuclei was 
significantly increased in the presence of BMP-1 (Fig. 2C). 
Z-stack images of hDPCs showed that GBA1 signals were 
detected inside the nuclei as well as in the nuclear envelope 
(Fig. 2D). Since GBA1 is mostly considered a lysosomal 
enzyme, we further conducted a colocalization analysis of 
GBA1 and the lysosomal marker lysosome associated mem-
brane protein 1 (LAMP1) (Fukuda 1991). LAMP1-positive 
compartments were scattered in the cytoplasm throughout 
the control and BMP-1 groups. Fluorescence signals of 
GBA1 were observed in the cytoplasm and colocalized with 
the LAMP1, but the signals were concomitantly increased 
in the nuclei upon BMP-1 administration (Fig. 2E). These 
results suggest that, contrary to expectation, BMP-1 induces 
GBA1 accumulation in the nucleus rather than the lysosome.
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Fig. 1     A comprehensive analysis of BMP-1-altered glycosylation 
profiles in hDPCs. A The volcano plot represents fold change (x-axis) 
and p-values (y-axis) of signal intensities of each lectin between the 
absence or presence of rhBMP-1 (500 ng/mL) for 1  h. Sambucus 
nigra agglutinin (SNA), Sambucus sieboldiana agglutinin (SSA), 
and Trichosanthes japonica agglutinin-I (TJA-I), which commonly 
recognize α2,6-sia, showed significant reductions in signals. Results 
are from three different donors. Significant differences in lectin inten-
sity were calculated by F-test. B A lectin-probed blotting analysis of 
the insoluble fraction (10  µg protein) from hDPCs. Nitrocellulose 
membranes were incubated with HRP-conjugated SNA followed by 
visualization. As expected, the signal of α2,6-sia was attenuated by 
BMP-1 compared to controls. C The enrichment of α2,6-sialylated 

glycoprotein from the insoluble fraction of hDPCs. After cell harvest-
ing, the isolated insoluble fraction samples were suspended in adsorp-
tion buffer and applied to an SNA lectin column. After washing two 
times with adsorption buffer, SNA binding glycoproteins were eluted 
two times from the affinity column with elution buffer (sialyl-lactose). 
After elution, the column was washed again two times with adsorp-
tion buffer, and the purity of serial wash fractions and the eluate was 
assessed by SDS-PAGE with probing using HRP-conjugated SNA. D 
The eluate was desalted and concentrated by diafiltration. The con-
centrate (Conc.) and the filtrate (Filt.) were separated by SDS-PAGE 
and stained with CBB. Std. denotes protein molecular weight stand-
ards
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Contribution of GBA1 in BMP‑1induced‑CCN2 mRNA 
expression

We have previously reported that BMP-1 upregulates the 
expression of CCN2, which is well known as an osteo-
genesis/chondrogenesis marker, in hDPCs (Muromachi 
et al. 2015). To further investigate the function of GBA1 
in hDPCs, we performed a GBA1 knockdown experiment 

using siRNA transfection. The protein expression of GBA1 
was significantly reduced by the transfection with respec-
tive siRNAs, but not with a scramble siRNA as a control 
(Fig. 3A and B). Subsequently, real-time RT-PCR results 
showed that BMP-1-induced CCN2 mRNA expression 
was attenuated in the GBA1 siRNA-transfected cells com-
pared with the scramble siRNA-transfected cells (Fig. 3C). 
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Fig. 2   BMP-1 regulates the nuclear accumulation of GBA1 in 
hDPCs. A To confirm the results of MS analysis, the insoluble frac-
tions from hDPCs were analyzed by Western blotting with rabbit 
anti-GBA1 antibody. B BMP-1 facilitates the nuclear accumulation of 
GBA1. Cells were incubated with rhBMP-1 (500 ng/mL) for 5, 15, 
30, 60, and 180 min. After fixation by paraformaldehyde, the signals 
of GBA1 were observed using a confocal laser scanning microscope. 
Pictures indicate GBA1 (Alexa fluor 594, red), filamentous actin 
(Alexa Fluor 488 phalloidin, green), and nuclei (DAPI, blue). Scale 
bars: 20 μm. Negative controls were treated without the primary anti-
body. C GBA1 signals were observed in three randomly chosen sites 
per three different experiments (n = 3). GBA1 signal intensity in the 
nuclei was quantified by measuring all of the nuclei in the pictures. 
Results are presented as the means ± SE. Statistical analysis was 
performed by Tukey’s test. **P < 0.01 versus control. D Orthogonal 

view from confocal z-stack images of hDPCs. hDPCs were incubated 
in the presence of rhBMP-1 (500 ng/mL) for 1  h. Pictures indicate 
GBA1 (Alexa fluor 594, red) and nuclei (DAPI, blue). Blue lines indi-
cate the X/Y plane, the green line indicates the X/Z plane, and the red 
line indicates the Y/Z plane. E A typical image of GBA1 and nuclei 
from (D). GBA1 signals were observed in the low-density region of 
DAPI-staining (white arrowheads). (F) Cytoplasmic GBA1 is local-
ized in lysosomes, and it also accumulates in the nucleus in the pres-
ence of BMP-1. hDPCs were incubated in the absence or presence of 
rhBMP-1 (500 ng/mL) for 1 h. After fixation by ice-cold methanol, 
the localization of GBA1 was observed using a confocal laser scan-
ning microscope. Pictures indicate GBA1 (Alexa fluor 594, red), 
LAMP1 (Alexa Fluor 488, green), nuclei (DAPI, blue), and differen-
tial interference contrast (DIC) images. Scale bars: 20 μm
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Therefore, these data suggest that BMP-1 is a regulator of 
CCN2 through GBA1.

BMP‑1‑induced CCN2 expression dependently 
on importin‑β‑mediated nuclear import of GBA1

The results of immunofluorescence clearly indicated BMP-1 
facilitates GBA1 nuclear accumulation. Given that BMP-1 
regulates CCN2 expression via GBA1, it is plausible that 
the nuclear accumulation of GBA1 might correlate with 
the CCN2 expression. To address this possibility, we uti-
lized importazole, a potent inhibitor of importin-β-mediated 
nuclear import (Soderholm et al. 2011). Immunofluores-
cence results showed that BMP-1-induced nuclear accumu-
lation of GBA1 was suppressed by importazole (Fig. 4A). 
Additionally, we tested if nuclear export could regulate 
GBA1 nuclear accumulation caused by BMP-1 using KPT-
276, a selective inhibitor of exportin 1 (XPO1) and its 
gene product chromosome maintenance region 1 (CRM1). 
As a result, nuclear accumulation of GBA1 was enhanced 
by KPT-276 even in the absence of BMP-1, whereas con-
trary to expectations, additional promotion of GBA1 
nuclear accumulation in the presence of BMP-1 was not 
observed (Fig. 4A). Furthermore, we evaluated the effect of 

importazole on BMP-1-induced CCN2 mRNA expression. 
As expected, BMP-1-induced CCN2 mRNA expression was 
attenuated by importazole (Fig. 4B). These results suggest 
that the importin-β-mediated nuclear import of GBA1 con-
tributes to BMP-1-induced CCN2 mRNA expression.

Discussion

In the present study, we showed that (i) BMP-1 attenuates 
the α2,6-sialylation of glycoproteins in the insoluble fraction 
of hDPCs, (ii) α2,6-sialylated glycoprotein can be identi-
fied by lectin-aided purification and an LC-MS/MS analysis, 
(iii) among the identified glycoproteins, the nuclear accu-
mulation of GBA1 is promoted by BMP-1, and (iv) BMP-
1-induced-CCN2 mRNA expression is attenuated in GBA1-
silenced hDPCs, (v) importin-β-mediated nuclear import of 
GBA1 stimulates BMP-1-induced CCN2 mRNA expression 
(Fig. 5). These findings not only identified GBA1 as a tar-
geting molecule of BMP-1 but also uncovered that BMP-1-
GBA1 axis may have an epigenetic role in the transcriptional 
regulation of the CCN2 gene.

Glycosylation is mostly known to occur in proteins 
located either at the cell membrane or in luminal compart-
ments of specific subcellular organelles, while glyco-con-
jugation affects nuclear proteins. For instance, O-linked 
N-acetylglucosamine (O-GlcNAc) glycosylation of serine 
and threonine residues is a common post-translational modi-
fication of nuclear and cytosolic proteins (Hu et al. 2010). 
One specific example of glycoconjugation in the nucleus 
is the O-GlcNAcylation of histones (Sakabe et al. 2010). 
It is common knowledge that changes in oligosaccharide 
structures can regulate the stability and function of cellu-
lar glycoproteins. Notably, α2,6-sia modification has been 
implicated in numerous biologic processes through the 
modulation of protein subcellular localization and function 
(Cha et al. 2008; Kitazume et al. 2010; Amano et al. 2003). 
Through a lectin-aided evaluation, the present study revealed 
that BMP-1 dramatically attenuates the α2,6-sialylation of 
the insoluble fraction from hDPCs. The expression of α2,6-
sia was estimated to be higher in undifferentiated cells than 
in differentiated cells (Tateno et al. 2011). Beneath severe 
dental caries, newly differentiated odontoblast-like cells 
from the subodontoblastic layer migrate to sites of injury 
following the loss of original odontoblasts (Sloan and Smith 
2007). Thus, cellular glycome, especially α2,6-sialylation, 
might be a practical marker for evaluating the wound healing 
of the dentin-pulp complex. We also speculate that BMP-1 
might be responsible for the differentiation of odontoblasts 
through glyco-alteration.

The MS analysis results of enriched glycoproteins sug-
gest that α2,6-sialylation of GBA1 in hDPCs was reduced 
correspondingly upon the administration of BMP-1. GBA1, 
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Fig. 3   Inhibition of BMP-1-induced CCN2 expression in hDPCs 
transfected with GBA1 siRNAs. A Protein levels of GBA1 and 
β-actin were detected by Western blotting in the cells transfected with 
GBA1 or scramble siRNAs. Cell lysates (5 µg protein) were used for 
immunoblotting. B Densitometric quantification of immunoreactive 
bands was calculated as the ratio of GBA1 to β-actin and is normal-
ized against control. C BMP-1-induced CCN2 mRNA expression was 
attenuated in the cells transfected with siRNAs for GBA1 as com-
pared to in scramble siRNA-transfected cells. Results are presented 
as the means ± SE. Statistical analysis was performed by Tukey’s test. 
*P < 0.05
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also called glucocerebrosidase, is an enzyme that hydrolyzes 
glucosylceramide (GlcCer) to glucose and ceramide (Ishiba-
shi et al. 2013). In mammals, this hydrolase consists of three 
members: GBA1, non-lysosomal β-glucosylceramidase 
(GBA2), and cytosolic β-glucosidase (GBA3, also known 
as Klotho-related protein (KLrP)). Given that GBA1 is well-
recognized as a lysosomal enzyme, we were interested in 
determining the subcellular localization of the enzyme. A 
colocalization study showed that cytoplasmic GBA1 is dis-
tributed in lysosomes and it also accumulates in the nucleus 
in the presence of BMP-1. This GBA1 subcellular locali-
zation is consistent with the findings of a previous report, 
which found that most GBA1 was detected in the microso-
mal and cytoplasmic fractions, although the nuclear fraction 
also showed some GBA1, based on an enzymatic activity 
assay (Sorge et al. 1987). These results together suggest a 
mechanism whereby GBA1 nuclear translocation can be 
regulated by BMP-1-induced α2,6-sia reduction through 

the lysosome-independent pathway. Furthermore, immuno-
fluorescence results showed that GBA1 signals were located 
inside the nuclei and distributed in the low-density region of 
DAPI staining, which is recognized to indicate euchromatin 
(Saksouk et al. 2015). Chromatin can be categorized into 
two states of euchromatin and heterochromatin based on its 
degree of compaction (Ruthenburg et al. 2007). Heterochro-
matin is detectable by DAPI staining, and its signal intensity 
is six-fold higher than that of euchromatin (Bancaud et al. 
2009). Euchromatin has been described as a transcription-
ally active region usually characterized by unfolded confor-
mation. With these studies in mind, it should be noted that 
GBA1 could be considered as a transcriptional regulator of 
genes. In fact in Fig. 3, the results of siRNA transfection 
experiments showed that BMP-1 failed to induce CCN2 
mRNA expression in GBA1-null hDPCs. Furthermore, in 
Fig. 3C, GBA1 siRNA only affects BMP-1-induced CCN2 
levels and not baseline. Such data suggests that GBA1 

Fig. 4   Importin-β-mediated 
nuclear import of GBA1 stimu-
lates BMP-1-induced CCN2 
expression. A The cells were 
treated with BMP-1 (500 ng/
mL) after the pretreatment of 
importazole (5 µM), KPT-
276 (10 µM) for 1 h. Nuclear 
accumulation of GBA1 (red) 
was detected using a confocal 
laser scanning microscope. 
TO-PRO-3 iodide (blue) was 
used as a nuclear marker. Scale 
bars: 100 μm. B GBA1 signal 
intensity in the nuclei was quan-
tified in randomly chosen sites 
per three different experiments 
(n = 60). C BMP-1-induced 
expression of CCN2 was 
attenuated in cells treated with 
importazole as compared to 
mRNA levels of CCN2 in con-
trol. Results are presented as the 
means ± SE. Statistical analysis 
was performed by Tukey’s test. 
*P < 0.05
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may not involve in non-BMP-1 stimulated CCN2 mRNA 
expression.

Next, the mechanism by which GBA1 translocates into 
the nucleus was investigated. The experiments utilizing 
importazole showed that this small molecule inhibitor of 
nuclear import suppressed GBA1 nuclear accumulation. 
Importazole specifically inhibits the interaction between 
importin-β and Ran-GTP (Soderholm et  al. 2011). The 
binding of Ran-GTP to importin-β causes a conformational 
change that results in the disassembly of the importin α/β-
cargo complex (Lee et al. 2005), following cargo release into 
the nucleus. Therefore, the importin-β-Ran-GTP dependent 
nucleocytoplasmic pathway is associated with BMP-1-me-
diated GBA1 nuclear accumulation. Furthermore, Real-time 
PCR results showed that importazole attenuated BMP-1-in-
duced CCN2 mRNA expression. Notably, we also found 
that CCN2 mRNA expression was significantly suppressed 
in GBA1-null hDPCs. Taken together, these results suggest 
that BMP-1-induced GBA1 nuclear accumulation provokes 
CCN2 mRNA expression via importin-β mediated nucleo-
cytoplasmic pathway. Considering that BMP-1 attenuates 
α2,6-sia, these results led us to speculate that BMP-1 could 
act as a scaffolding protein mediating importin and the spe-
cific domain containing α2,6-sialylated N-glycan of GBA1 
interaction, and following GBA1 nuclear translocation. The 
aspect of whether GBA1 is a directly binding regulatory 
protein of the CCN2 gene remains an interesting project for 
future studies.

Mutations in the GBA1 gene cause an impaired enzymatic 
function, inappropriate GBA1 localization, and decreased 
GBA1 stability (Beutler and Kuhl 1986; Liou et al. 2006; 
Schmitz et al. 2005). The appropriate subcellular localization 
of GBA1 affects its catalytic activity. Loss of GBA1 activity 
induces the accumulation of GlcCer in lysosomes, failing gly-
cosphingolipid metabolism (Tybulewicz et al. 1992; Liu et al. 
1998). Therefore, BMP-1 is considered essential for the main-
tenance of glycosphingolipid turnover through the modulation 
of GBA1. The importance of GlcCer degradation has been 
confirmed by the lethality of mice carrying GBA gene dele-
tion (Tybulewicz et al. 1992; Liu et al. 1998). These knockout 
mice show reduced GBA1 activity and malformation of the 
epidermal permeability barrier compared with wild-type mice. 
The accumulation of GlcCer in lysosomes induced by GBA1 
deficiency leads to Gaucher disease. Delayed tooth eruption 
has been reported in patients with Gaucher disease (Carter 
et al. 1998). Although further studies are needed, it is worth 
mentioning that the role of BMP-1 is not limited to the forma-
tion of bone and teeth; it might also be involved in Gaucher 
disease via the reduction of α2,6-sia from GBA1.

From a pathological point of view, CCN2 expression is 
increased in odontoblast-like cells beneath the caries lesion 
(Muromachi et al. 2015). In general, severe damage such as 
bacterial invasion promotes the migration of newly differenti-
ated odontoblast-like cells to the injured sites leading to the 
formation of reparative dentin with a bone-like appearance 
(Bleicher 2014). The involvement of CCN2 in bone develop-
ment is well documented (Takigawa 2013). Considering these 
findings with our present results, the BMP-1-GBA1-CCN2 
axis is expected to be a candidate therapeutic target for dental 
pulp-preserving approaches.
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