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Human mesenchymal stem cells (hMSCs) remodel or regenerate various tissues through several
mechanisms. Here, we identified the hMSC-secreted protein SCRG1 and its receptor BST1 as a positive
regulator of self-renewal, migration, and osteogenic differentiation. SCRG1 and BST1 gene expression
decreased during osteogenic differentiation of hMSCs. Intriguingly, SCRG1 maintained stem cell marker
expression (Oct-4 and CD271/LNGFR) and the potentials of self-renewal, migration, and osteogenic
differentiation, even at high passage numbers. Thus, the novel SCRG1/BST1 axis determines the fate of
hMSCs by regulating their kinetic and differentiation potentials. Our findings provide a new perspective on
methods for ex vivo expansion of hMSCs that maintain native stem cell potentials for bone-forming cell
therapy.

esenchymal stem cells (MSCs) are non-hematopoietic stromal cells, which retain the ability to self-renew

and differentiate into mesenchymal cells such as osteoblasts (OBs), adipocytes (APs), chondrocytes

(CCs), and skeletal muscle cells'. Therefore, MSCs are strong candidates for use in regenerative medi-
cine. Cell therapy with adult stem cells such as bone marrow-derived MSCs involves expansion of isolated stem
cells in vitro, followed by transplantation back into the body at the site of injury to initiate regeneration’. The
criteria for expanded human MSCs (hMSCs) have been defined by the International Society for Cell Therapy as
follows: (1) adherence to plastic cell culture plates; (2) positive for CD73, CD90, and CD105 expression; (3)
negative for CD34, CD45, HLA-DR, CD14, CD11b, CD79a, and CD19 expression; and (4) in vitro differentiation
into OBs, APs, and CCs®. However, loss of self-renewal and multilineage differentiation potentials occurs at high
numbers of cell doublings®. Effective stem cell therapies with hMSCs require the establishment of new techniques
that preserve MSC multipotency after lengthy expansion.

MSCs can be identified by their ability to form colony-forming unit fibroblasts (CFU-Fs) in vitro®. Mabuchi
et al. recently demonstrated that clones of hMSCs retaining high rates of CFU-Fs expressing surface markers
CD271/LNGEFR, Thy-1, and VCAM-1, exhibited robust multilineage differentiation and self-renewal®. Thus, the
combination marker LNGFR*THY-1"VCAM-1"&* (LTV) could be used to isolate potent hMSCs. In-depth
investigation of MSC markers has made it possible to identify and purify MSCs; for instance, an anti-CD49a
antibody is useful for identifying hMSCs”®. Intriguingly, rapidly expanding clones of hMSCs express abundant
CD49a and VCAM-1 and are highly migratory®. In addition, LTV cells showed 2-fold higher CFU-F formation in
comparison to LNGFR*THY-1*VCAM-1~ or LNGFR*THY-1"VCAM-1""" cells. These results suggest that
VCAM-1 can be used as a marker for enriching migratory, multipotent, and proliferative cells from culture-
expanded hMSCs. However, it is unclear which ligand-receptor signals regulate expression of LNGFR, Thy-1, and
VCAM-1, nor is it clear how each marker is associated with proliferation, migration, or differentiation.
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The capacity for self-renewal is a key feature of MSCs: self-renewal
is the ability to divide while preserving multipotency, which is a
prerequisite for sustaining the stem cell pool. In addition, an
increased proliferation rate is necessary for efficient use of MSCs
in regenerative therapies. After a long period of expansion, MSCs
become large and flatten, and lose their ability to divide. Tsai et al.
demonstrated the importance of octamer-binding transcription fac-
tor 4 (Oct-4) and Nanog in maintaining MSC proliferation activity
and differentiation potential, and inhibited spontaneous differenti-
ation’. Oct-4 and Nanog induce expression of DNA (cytosine-5-)-
methyltransferase 1 via direct promoter binding, thereby leading to
repression of p16, p21, and genes associated with development and
lineage differentiation.

Scrapie responsive gene 1 (SCRG1) was identified by Dron et al. in
1998 for its increased expression in the brains of mice infected with
scrapie'’; the gene is associated with the neurodegenerative changes
observed in transmissible spongiform encephalopathies (TSE). In a
recent study, Dron et al. reported induction of SCRG1 in the neurons
of scrapie-infected mice and the presence of SCRGI in autophagic
vacuoles in terminal-stage disease'’. The major studies by Dron and
collaborators have shown that SCRG1 is induced in TSE and brain
injuries, and is associated with autophagy'>. The SCRG1 gene encodes
a 98-amino acid, cytokine-like peptide with an N-terminal signal pep-
tide'>'. The predicted protein is highly conserved in mammals and
has no significant homology with any other known protein'*".
SCRG1 is preferentially expressed in the central nervous system;
SCRG1 transcript levels are similar in primary cultures of neurons
and in whole brain, indicating that SCRG1 expression is predominant
in neurons in vivo''. However, the SCRGI receptor and its intracel-
lular signal transduction remain an important but unsolved mystery.

Bone marrow stromal cell antigen 1 (BST1), also known as CD157,
is a member of the CD38 gene family and a glycosyl phosphatidyli-
nositol (GPI)-anchored member of the NADase/ADP-ribosyl
cyclase family; it is an ectoenzyme that cleaves extracellular nicoti-
namide adenine dinucleotide (NADT), generating ADP ribose
(ADPR) and cyclic ADPR (cADPR)'*"”. BST1 also establishes func-
tional and structural interactions with other transmembrane mole-
cules and thereby gains the ability to transduce intracellular
signals'®*°. BST1 was initially characterized as a stromal* and mye-
loid surface glycoprotein® that mediates control of cell migration
and diapedesis®. The receptor and signaling features of BST1 have
also been investigated using agonistic monoclonal antibodies to
mimic putative ligand(s). These methods have demonstrated that
BST1 ligation induces tyrosine phosphorylation of a 130-kDa protein
identified as focal adhesion kinase (FAK) in myeloid cell lines***%
BST1 engagement regulates Ca®* homeostasis and mediates super-
oxide production in human myelomonocytic U937 cells'.
Accumulating evidence indicates that BST1 is a key player in the
control of leukocyte adhesion, migration and diapedesis®**”. In this
context, BST1 behaves as a receptor by establishing lateral interac-
tions with other transmembrane molecules, thus overcoming its
structural limitation (i.e., of being a GPI-anchored molecule) and
acquiring the ability to transduce signals'’.

Upon activation by tissue damage, MSCs contribute to tissue-
repair processes through a multitude of properties such as self-
renewal, migration, and differentiation. In order to identify the key
genes that control these MSC properties, we compared gene express-
ion profiles in undifferentiated and OB-differentiated hMSCs. We
identified a novel SCRG1/BST1 ligand-receptor combination that
maintains hMSC expressions of stem cell markers Oct-4 and
CD271/LNGEFR, as well as self-renewal, migration, and osteogenic
differentiation potentials during ex vivo expansion.

Results

SCRG1 synthesis and secretion are downregulated after osteoge-
nic commitment. To identify genes that modulate the migration,

self-renewal, and multipotency of hMSCs, we used DNA microarrays
to characterize the expression profiles of undifferentiated and
osteogenically differentiated hMSCs at various time points
(supplementary Fig. S1). Genes that were downregulated more
than 5-fold 21 days after osteogenic induction are listed in Table
S1. We focused on SCRGI, because the precise function of SCRGI,
which is generally known as a secreted protein, has not been
investigated in hMSCs. SCRGI gene expression was downregulated
more than 20-fold, suggesting its importance in the undifferentiated
stage of hMSCs. This result was confirmed by qRT-PCR (Fig. 1a).
SCRGI transcription decreased rapidly from day 3 after osteogenic
induction, falling to 4.7% on day 21. Next, we investigated the
subcellular distribution of SCRG1 by using western blotting. The
SCRGI1-FLAG fusion protein was overexpressed in HEK293 cells;
the 9-kDa protein was detected in the membrane/organelle
fraction and in the conditioned medium, indicating that SCRGI is
secreted from hMSCs (Fig. 1b). The molecular mass of secreted
SCRG1 was confirmed by western blotting of the gel-filtrated
fraction of the conditioned medium (Fig. 1c).

SCRGI1 stimulates ERK, JNK, and PI3K signaling in hMSCs.
Intracellular signals mediated by extracellular signal-regulated kina-
se (ERK), c-jun N-terminal kinase (JNK), and phosphoinositide 3-
kinase (PI3K)/Akt are crucial for the migratory activity of MSCs?®.
To examine the effect of SCRG1 on the activities of PI3K/Akt and
mitogen-activated protein kinases (MAPKs), the phosphorylation
status of these molecules was examined by western blotting; the
phosphorylation levels of Akt, ERK, p38 MAPK, and JNK were
upregulated within 10-30 min after the stimulation with rhSCRG1
in human bone marrow-derived UE7T-13 MSCs (Fig. 2a). Overex-
pression of SCRG1-FLAG with pAdSCRGI1-FLAG upregulated the
phosphorylation levels of Akt, ERK, and JNK, but not p38 MAPK
(Fig. 2b), suggesting that SCRG1 mediates autocrine or paracrine
stimulation of Akt, ERK, and JNK in hMSCs. Intriguingly, activa-
tion of these kinases by rhSCRG1 was not detected in osteogenically
induced hMSCs (Fig. 2c), suggesting the SCRG1-receptors that
activate Akt, ERK, and JNK are not dominantly expressed in
osteogenically induced hMSCs. As the receptor for SCRG1 had not
been identified, we sought to identify it in our list of genes that are
inhibited during osteogenic differentiation of hMSCs (supplemen-
tary Table SI).

The SCRG1 receptor BST1 relays ERK and PI3K signals in hM-
SCs. Membrane proteins BST1 and hyaluronan synthase 2 (HAS2),
expression of which was >5-fold downregulated in 21 days
after osteogenic induction (supplementary Table S1), were chosen
as candidates SCRG1 receptors. To evaluate these membrane
molecules as functional receptors for SCRG1, BST1 and HAS2
were knocked down in UE7T-13 cells culture. siRNAs against
BST1 and HAS2 clearly knocked down the expression of these
genes (Fig. 3a and supplementary Fig. S2), but control siRNA did
not. Intriguingly, knockdown of BST1 with siBST1 clearly
suppressed the rhSCRGIl-induced phosphorylation of Akt and
ERK, but siHAS2 did not, strongly suggesting that BST1 trans-
duces the SCRGI-induced signals that stimulate Akt and ERK
(Fig. 3b). Buono et al. demonstrated that BST1 recruits 1 and 2
integrins, and the multimolecular complex activates ERK and PI3K/
Akt, thereby activating migratory activity in human monocytes®.
Here, we investigated whether BST1 forms a complex with SCRG1,
B1, and B2 integrins. SCRG1-FLAG was overexpressed and immu-
noprecipitated with anti-FLAG antibody in UE7T-13 cells, then the
immunoprecipitate was examined by western blotting. The
immunoprecipitate indeed contained SCRGI-FLAG, 1 integrin,
and BST1 (Fig. 3c), suggesting BST1 and B1 integrin form a recep-
tor complex for SCRGI1. In contrast, UE7T-13 did not express 32
integrin (supplementary Fig. S3).
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Figure 1| Synthesis and secretion of SCRG1 are downregulated in hMSCs after osteogenic commitment. (a) hMSCs were cultured in osteogenic

differentiation medium for 0, 3, 7, 14, and 21-days. qRT-PCR was performed with specific oligonucleotide primers for SCRG1. Transcript expression of
SCRG1 was normalized to GAPDH and results are indicated as fold-decrease relative to the control (day 0). Data are presented as mean *+ SD. *p < 0.05
was considered significant. (b) To examine the subcellular localization of SCRG1, pSCRG1-FLAG was transfected into HEK293 cells. After 48 h, the cells
and conditioned medium were collected. The cells were fractionated using the ProteoExtract Subcellular Proteome Extraction Kit. Five-fold concentrated
conditioned medium (CM), cytosol (Cso), membrane/organelle (M/O), nucleus (Nuc), and cytoskeleton (Csk) fractions were analyzed by western

blotting with anti-SCRG1 or anti-FLAG antibody. (c¢) hMSC cultured medium was applied to a Superdex 75 pg column equilibrated with 10 mM Tris-
HClI, pH 7.5, containing 0.5 M KCl and chromatographed at 1.0 mL/min with the same buffer. Collected fractions were analyzed by western blotting with
anti-SCRGI antibody (upper panel). Chymotrypsin and ribonuclease were used as molecular mass standards (lower panel). Although cropped blot/gel

were used, the gels were run under the same experimental conditions.

The SCRG1/BST1 axis stimulates migratory activity of hMSCs in
a FAK/PI3K-dependent manner, even after ex vivo expansion.
rhSCRGI1 stimulated the dose-dependent migratory activity of
UE7T-13 cells in a Boyden chamber assay (Fig. 4a). In addition,
UE7T-13 migratory activity was suppressed by siRNA-mediated
down-regulation of endogenous SCRG1, which was restored by the
addition of exogenous rhSCRG1 (Fig. 4b and supplementary Fig. S4).
This exogenous thSCRG1-induced migratory activity was clearly
suppressed by siBST1 transfection (Fig. 4c). Next, we examined
how BST1 overexpression affects rhSCRG1-induced migratory acti-
vity. Bicistronic vector pCMV-BST1-IRES-AcGFP simultaneously
expresses BST1 and AcGFP in the same transcript. There-
fore, BST1-overexpressing cells transfected with pCMV-BST1-
IRES-AcGFP were detected as GFP-positive cells. As shown in
supplemental Fig. S5, the transfection efficiencies of pCMV-BST1-
IRES-AcGFP and pCMV-null-IRES-AcGFP into UE7T-13 cells were
60.5% (34.4% + 26.1%) and 54.3% (4.1% + 50.2%), respectively. In
addition, the percentage of BST1-overexpressing pCMV-BST1-
IRES-AcGFP-transfectants was 60.1% (25.7% + 34.4%) and in
PCMV-null-IRES-AcGFP -transfectants was 13.0% (8.9% + 4.1%).
Thus, pCMV-BST1-IRES- AcGFP potentiates the expression of BST1
in UE7T-13 cells, whereas pCMV-null-IRES-AcGFP did not. More-
over, BST1 overexpression in UE7T-13 cells enhanced rhSCRGI-
induced migratory activity (Fig. 4d).

In general, cell adhesion receptors such as integrins modulate sig-
nal transduction cascades®. PI3K or FAK are cytoplasmic signaling

molecules that interface with adhesion receptors at the cell surface to
induce migration. Therefore, we investigated SCRG1 activation of
these signaling molecules and migratory activity in UE7T-13 cells.
rhSCRGI treatment or SCRG1-FLAG overexpression upregulated
FAK phosphorylation in UE7T-13 cells; however, rhSCRG1-induced
FAK phosphorylation was not detected in osteogenically differen-
tiated cells (Fig. 4e). rhSCRG1-induced FAK phosphorylation was
suppressed by siBST1, but not by control siRNA and siHAS2
(Fig. 4f). In addition, rhSCRGI1-induced migration was suppressed
by PI3K inhibitor LY294002 and FAK inhibitor I (Fig. 4g). In con-
trast, ERK kinase (MEK) inhibitor U0126 and JNK inhibitor
SP600125 did not affect rhSCRG1-induced migration. After ex vivo
expansion (ten passages), hMSC migration was downregulated
(Fig. 4h, lane 2), but rhSCRGI restored migratory activity (lane 3).

SCRG1/BST1 preserves osteogenic differentiation of hMSCs even
after ex vivo expansion. SCRG1 and BST1 were strongly expressed
in undifferentiated hMSCs (supplementary Table S1); however,
expression was dramatically reduced during osteogenic differentia-
tion, suggesting the SCRG1/BST1 axis is important in the undiffe-
rentiated stage. Self-renewal of stem cells, preserving their ability to
differentiate into specialized cell types, is essential for their therapeu-
tic utility. Alizarin red staining revealed that thSCRG1 caused dose-
dependent inhibition of ECM mineral deposition by osteogenically
differentiated UE7T-13 cells (Fig. 5a and b). In addition, qRT-PCR
revealed that upregulation of alkaline phosphatase (ALPL) by
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Figure 2 | SCRG1 stimulates ERK, JNK, and PI3K pathways in hMSCs. (a) UE7T-13 cells were serum-starved overnight and stimulated with 500 ng/mL
rhSCRG1. (b) AASCRG1-FLAG-transfected UE7T-13 cells were cultured with serum-reduced DMEM for 1 week. (¢c) UE7T-13 cells cultured in
osteogenic differentiation medium (ODM) for 1 week were serum-starved overnight and stimulated with 500 ng/mL rhSCRG1. Cells in (a—c) were
washed twice with ice-cold PBS and lysed in RIPA buffer. Samples were separated by SDS-PAGE and analyzed by western blotting. Although cropped
blots were used, the gels were run under the same experimental conditions.

osteogenic differentiation medium was significantly but incomple-
tely inhibited by thSCRGI; this inhibition was suppressed by PI3K
inhibitor LY294002 and FAK inhibitor I, but not by MEK inhibitor
U0126 or JNK inhibitor SP600125 (Fig. 5¢). rhSCRG1 preserved the
ability of hMSCs to differentiate into osteoblasts even after ex vivo
expansion (Fig. 5d), but did not influence their ability to differentiate
into adipocytes (supplementary Fig. S6 and S7).

SCRG1/BST1 preserves self-renewal potential and stem cell mar-
ker expression in hMSCs after ex vivo expansion. Lengthy ex vivo

expansion of hMSCs is necessary to produce sufficient cell volumes
for transplantation; thus, we investigated the effect of SCRGI on
proliferation activity. In UE7T-13 cells, proliferation activity was
unaffected by addition of rhSCRG1 (supplementary Fig. S8). On
the other hand, rhSCRG1 maintained the proliferative activity of
hMSCs even after the cells were subcultured ten times (Fig. 6a). As
LNGFR*THY-1"VCAM-1"&"* (CD271"CD90"CD106""") cells
exhibit high self-renewal, migration, and multipotency potentials,
we investigated whether rhSCRG1 affects expression of these stem
cell markers in hMSCs Indeed, rhSCRG1 maintained CD271/
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Figure 3 | SCRGI receptor BST1 relays ERK and PI3K signals in hMSCs.

(a) UE7T13 cells were transfected with siRNA for BST1 (siBST1) or

HAS?2 (siHAS2). mRNA expression of BST1 (left panel) and HAS2 (right panel) was measured by qRT-PCR and normalized to GAPDH; results are
expressed as fold increase or decrease relative to the control (Ctrl). Data are presented as mean = SD. *p < 0.05 was considered significant. (b) UE7T-13
cells were transfected with siBST1 or siHAS2. After transfection for 48 h, the cells were serum-starved overnight and then stimulated with 500 ng/mL
rhSCRG1. The cells were washed twice with ice-cold PBS and lysed in RIPA buffer. Samples were separated by SDS-PAGE and analyzed by western
blotting. Although cropped blots were used, the gels were run under the same experimental conditions. (c) UE7T-13 cells were transfected with
PAdSCRGI-FLAG. After 1 week, the cells were treated with 0.5 mM dithiobis-sulfosuccinimidylpropionate and then lysed in ice-cold RIPA buffer.
Lysates were incubated with anti-FLAG M2 Agarose Affinity Gel and proteins were eluted by adding Laemmli sample buffer (IP: FLAG). Eluted proteins
were analyzed by western blotting. Total cell lysate (Cell Lys) and 5-fold concentrated conditioned medium (CM) were used as loading controls. Although
cropped blots were used, the gels were run under the same experimental conditions.
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Figure 4 | SCRG1/BST1 stimulates FAK/PI3K-dependent hMSC migration and preserves migratory activity after ex vivo expansion. (a) Migration of
UE7T-13 cells was investigated as described in the Methods. rhSCRG1 was added at various concentrations (1-1000 ng/mL). After incubation for 15 h,
the number of cells that had migrated to the lower side was counted. (b and ¢) UE7T-13 cells were transfected with siSCRG1 (b) or siBST1 (c). thSCRG1
(500 ng/mL) was added to the lower well of the Transwell plate and trans-well migration was analyzed as described in (a). (d) UE7T-13 cells were
transfected with pCMV-null-IRES-AcGFP (pCTRL) or pCMV-BST1-IRES-AcGFP (pBST1). rhSCRG1 (500 ng/mL) was added to the lower well of the
Transwell plate and trans-well migration was analyzed as described in (a). (e) Phosphorylation of FAK was detected in UE7T-13 as in Figs. 2a—c. Although
cropped blots were used, the gels were run under the same experimental conditions. (f) Phosphorylation of FAK was detected in UE7T-13 as in Fig. 3b.
Although cropped blots were used, the gels were run under the same experimental conditions. (g) UE7T-13 cells were treated with 1 pM kinase inhibitors
trans-well migration was analyzed as in (a). PI3K inhibitor LY294002 (PI3K), MEK inhibitor U0126 (MEK), JNK inhibitor SP600125 (JNK), and FAK
inhibitor I (FAK) were added to the lower and upper wells. (h) Primary cultured hMSCs (passage number #5) were subcultured ten times in the presence
(passage number #15, +rhSCRG1) or absence (passage number #15, —thSCRG1) of 500 ng/mL rhSCRG1. Trans-well migration was analyzed asin (a). In
a—d, g, and h, data are presented as mean * SD. *p < 0.05 was considered significant.

LNGER expression even after 15 passages; however, THY-1/CD90
and VCAM-1/CD106 expression was unchanged between passages 5
and 15 (Fig. 6b). rhSCRG1 had no effect on the expression of these
MSC markers. Expression of hMSC markers Stro-1, MSCA-1, CD73,
CD105, and CD146 were unchanged between passages 5 and 15 (Fig.

Oct-4, even after 15 passages (Fig. 6c¢, left). There was no difference in
NANOG expression between passages 5 and 15, and expression was
unaffected by rhSCRG1 (Fig. 6¢, right).

S9) and their expression was unaffected by rhSCRG1. Churchman
et al. previously demonstrated that CD271/LNGFR-positive hMSCs
exhibit strong transcription activity, particularly of Wnt-related
genes such as embryonic stem cell (ES cell) markers NANOG and
POUS5F1*. Therefore, we investigated the influence of the SCRG1/
BST1 axis on expression of these ES cell marker genes. Interestingly,
rhSCRGI preserved the expression of POU5F1, a gene product of

Discussion

MSCs contribute to tissue-repair processes through a multitude of
properties such as cell proliferation, migration, and differentiation.
In this study, we demonstrated that a novel ligand-receptor complex
SCRG1/BST1 and its signaling pathways facilitate hMSC migration,
and preserve CD271/LNGEFR expression and osteogenic differenti-
ation potential even after in vitro expansion.
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performed with tissue non-specific (liver/bone/kidney) alkaline phosphatase (ALPL)-specific oligonucleotide primers. mRNA expression was
normalized to GAPDH and results are expressed as fold-increase or decrease relative to the control. (d) Primary cultured hMSCs (passage number #5)
were subcultured ten times in the presence (passage number #15, +rhSCRG1) or absence (passage number #15, —thSCRG1) of 500 ng/mL rhSCRGI.
The cells were evaluated for extra cellular matrix mineralization as in (b). In b—d, data are presented as mean = SD. * p < 0.05 was considered significant.

BST1 interacts with 1 and B2 integrins, and antibody-induced  during leukocyte transmigration, leading to optimal phosphoryla-
cross-linking of BST1 promotes relocation of these complexes into  tion of tyrosine kinase receptors and activation of PI3K and
detergent-resistant membrane domains'. Moreover, BST1 contri- MAPK signaling cascades®. However, the native ligand of BST1 in
butes to the integrin-driven signaling network, which is critical ~ vivo and the functions of BST1 in MSCs are not clear. We found that
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Figure 6 | SCRG1/BST1 preserves self-renewal potential and the expression of stem cell markers in hMSCs even after long-term culture. (a—c) Primary
cultured hMSCs (passage number #5) were subcultured ten times in the presence (passage number #15, +rhSCRG1) or absence (passage number #15,
—rhSCRG1) of 500 ng/mL rhSCRGI. These primary hMSCs under long-term culture conditions were used for the experiments in a—c. (a) The cells were
cultured in growth medium on 96-well culture plates for 5 days. After incubation, proliferation was evaluated by WST-1 assay. (b) Expression of cell
surface CD271/LNGEFR (left column), CD90/THY-1 (middle column), and CD106/VCAMI (right column) was analyzed by flow cytometry with
FITC- or PE-conjugated specific antibodies. Specific antibody (red) and isotype control IgG (blue) are shown. (c¢) mRNA expression of POU5F1

(left panel) and NANOG (right panel) were analyzed by QRT-PCR and normalized to GAPDH; results are expressed as fold-increase or decrease relative to
the control. In a—d, data are presented as mean * SD. *p < 0.05 was considered significant.
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SCRGTL secreted from hMSCs forms a complex with BST1 and B1
integrin (Fig. 3); it also activates MEK/ERK and PI3K/Akt, consistent
with Buono’s report that BST1/integrin activates PI3K and MAPK.
FAK is a cytoplasmic tyrosine kinase that plays critical roles in integ-
rin-mediated signal transduction and signaling by other cell surface
receptors to induce cytoskeletal reorganization during migration®.
As shown in Fig. 4g, rhSCRG1-induced migration was inhibited by
FAK inhibitor I, suggesting B1 integrin and FAK play important roles
in SCRG1/BST1-induced hMSC migration. hMSCs cultured with
rhSCRGI exhibited strong migratory activity even after long-term
culture, whereas hMSCs cultured without rhSCRG1 did not (Fig. 4h).
These results suggest the SCRG1/BST1 axis is important to the tis-
sue-forming ability of hMSCs by stimulating and maintaining their
migratory activity.

Because of their rarity in vivo, hMSCs could be used after expan-
sion for therapies in regenerative medicine. Ex vivo expanded hMSCs
have been used for bone regeneration®. However, in vitro expansion
of MSCs is associated with gradual accumulation of senescent cells™,
telomere erosion®, and changing phenotypes***. Thus, ex vivo
expansion of hMSCs seems to degrade multipotency; it is thus
important to establish novel hMSC expansion techniques that do
not sacrifice multipotency even after long-term culture.

CD271/LNGFR-positive hMSCs exhibit strong transcription
activity, particularly with respect to the Wnt-related genes®, as
shown by bone-related expression profiles of CD271/LNGFR-pos-
itive native and culture-expanded hMSCs (15 population doublings),
in which CD271/LNGEFR expression was downregulated. In addi-
tion, expression of Wnt target genes NANOG and OCT4 were higher
in CD271/LNGFR-positive hMSCs than in culture-expanded cells.
These Wnt-related molecules play important roles in skeletal home-
ostasis in health and disease®®. We demonstrated that rhSCRG1 pre-
served expression of CD271/LNGEFR (Fig. 6b) and POU5F1 (Fig. 6¢)
in hMSCs, even after ten passages. In addition, rhSCRG1 preserved
the osteogenic activity of MSCs even after the ten times subculture in
hMSC:s (Fig. 5d). Therefore, the SCRG1/BST1 axis may maintain the
osteogenic activity of hMSCs during ex vivo expansion through the
upregulation of POU5F1 expression. POU5F1 is an EC marker and a
critical transcription factor that maintains pluripotency and the
undifferentiated state of stem cells*”*®.

As shown in Fig. 5b, rhSCRG1 suppressed the osteoblastic differ-
entiation of immortalized hMSC cell line UE7T-13 cells, which
exhibit consistent osteoblastic potential even after long-term culture
(data not shown). However, it is unclear whether rhSCRG1 abrogates
the ability of MSCs to differentiate into osteoblasts or attenuates
osteoblast commitment. Attenuation of osteoblast commitment is
not equivalent to inhibiting the ability of hMSCs to differentiate;
thus, these cells differentiate into osteoblasts following expansion.
Yew et al. demonstrated that primary cultured hMSCs show decrea-
sed expression of stemness markers such as Oct-4 and NANOG and
reduced osteogenic potential in later passages®. Therefore, we eval-
uated the effects of thSCRG1 on osteogenic potential in late-passage
human bone marrow-derived primarily cultured MSCs. As shown in
Fig. 5d, rhSCRGI preserved the ability of primary hMSCs to differ-
entiate into osteoblasts even after ex vivo expansion. We concluded
that thSCRGI attenuates osteoblast commitment in hMSCs while
preserving their osteoblastic potential. On the other hand, rhSCRG1
did not preserve the adipogenic activity of hMSCs even after ten
passages (supplementary Fig. S7). Osteogenic differentiation in
MSC:s is inhibited with hypoxia inducible factor 1o (HIF1at) stabil-
ization**"*, which also produces an increase in adipogenic markers*.
This may be mediated by inhibition of the E2A-p21 axis by the
HIF1a-TWIST pathway*. After p21 inhibition by overexpression
of TWIST, the proliferation rate and differentiation potential also
increase®. Oct-4, gene product of POU5F1, also suppresses express-
ion of p21°. We predict that osteogenic differentiation in hMSCs is
restricted with p21 repression through maintenance of POU5F1

expression by rhSCRGI; thus, the osteogenic differentiation poten-
tial is preserved. Osteoblast and adipocyte differentiation mechan-
isms in MSCs are opposite-directed commitments. Generally, once
MSCs are committed to the osteoblastic lineage, they do not trans-
differentiate into adipocytes. Here, we demonstrated that SCRG1
preserved the ability of MSCs to differentiate into osteoblasts, but
not adipocytes. Therefore, SCRG1 may attenuate the differentiation
of MSCs at some late stage of osteoblast commitment.

MSCs contribute to tissue-repair processes through a multitude of
properties such as cell proliferation, migration, and differentiation.
The clinical use of adult organ-derived MSCs depends on culture
expansion to obtain sufficient cell populations for transplantation.
The novel SCRG1/BST1 axis maintained the proliferative activity of
hMSCs even after long-term culture. Thus, this ligand/receptor com-
plex maintained the self-renewal, migration, and osteogenic differ-
entiation potentials of hMSCs, even at high passage numbers.

This is the first report to show that the SCRG1/BST1 axis positively
regulates the self-renewal, migration, and osteogenic differentiation
potentials of hMSCs. Our findings provide a novel perspective for
methods for ex vivo expansion that maintain native stem cell poten-
tials for bone-forming cell therapy.

Methods

Cells. Primary human mesenchymal stem cells (hMSCs) were purchased from Lonza
(Walkersville, PT-2501). hMSCs were cultured in MSCGM™ BulletKit™ (Lonza,
PT-3001). Human bone marrow-derived MSCs, UE7T-13, the life span of which was
prolonged by a retrovirus encoding human papillomavirus E7 and hTERT*>*, were
purchased from Health Science Research Resources Bank (JCRB No. 1154, Japan
Health Sciences Foundation). UE7T-13 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma, D6046) supplemented with 10% fetal bovine serum
(FBS, Hyclone, CC3008-504). All cell cultures were maintained at 37°C in humidified
5% CO,. Cultured hMSCs were used to identify candidate genes for migration, self-
renewal, and multipotency, and for investigations of stem cell marker expression and
the preservation of stem cell potential. All other experiments employed hMSC line
UE7T-13, which is an immortalized line suitable for transfection and long-term
culture to evaluate differentiation ability. However, UE7T-13 cells were not suitable
for the evaluation of reduced stemness after expansion, because these cells were
immortalized and exhibit consistent osteoblastic potential even after vigorous
expansion. Therefore, primary cultured hMSCs were used to evaluate stemness after
expansion.

Reagents. FAK inhibitor I (1,2,4,5-benzenetetramine, 4HCl, 324877) was provided
by Merck Millipore. PI3K inhibitor LY294002 (440202), MEK inhibitor U0126
(662005), and JNK inhibitor II SP600125 (420119) were purchased from Calbiochem.
Protease inhibitor cocktail for use with mammalian cell and tissue extracts (13786)
and phosphatase inhibitor cocktails 1 (P0044) and 2 (P5726) were purchased from
Sigma. All other reagents were of analytical grade.

DNA microarray. Whole-genome expression was analyzed after 0, 3, 7, 14, and 21
days culture of hMSCs in osteogenic differentiation medium. Total RNA was
extracted using ISOGEN reagent (Nippon Gene, 311-02501). Kurabo performed the
DNA microarray analyses, including reverse transcription labeling, microarray
hybridization, scanning, and raw data analyses (GeneSpring, GX, Agilent
Technologies). For hybridization, five human 8.5 K Genome Focus GeneChips
(Affymetrix) were used. Of the 8,755 genes except the control probe, 189 up- and 171
downregulated genes were identified during osteogenic differentiation. Osteogenic
differentiation-related genes were defined as those that varied more than 5-fold on
day 21 in comparison to day 0. These analyses were conducted by the Research
Institute of Bio-System Informatics, Tohoku Chemical Co., Ltd. (Morioka, Iwate,
Japan).

SCRGI polyclonal antibody. N-terminal His-tagged mature SCRG1 with the signal
peptide (Met21-GIn98) removed was synthesized in the Escherichia coli expression
system pCold I (Takara, 3361) according to the manufacturer’s instructions. The
recombinant protein was purified to homogeneity by chromatography on HisTrap
HP (GE Healthcare, 17-5248). The purified recombinant protein was emulsified with
Freund’s incomplete adjuvant and injected subcutaneously into rabbits. Blood was
collected after two additional booster injections administered at 14-day intervals. The
IgG fraction of the immunized rabbit sera was purified by Protein-A Sepharose (GE
Healthcare, 17-0780) column chromatography.

Constructs and cell transfection. pPSCRG1-FLAG was constructed by using the
pFLAG-CMYV 5b mammalian transient expression system (Sigma, E3762) according
to the manufacturer’s instructions. pPSCRG1-FLAG was transfected into cells with
Lipofectamine LTX reagent (Invitrogen, 15338-100). pAdSCRG1-FLAG provided
stronger SCRG1-FLAG expression and was constructed with the pAd/CMV/
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V5-DEST Gateway Vector Kit (Invitrogen, V493-20). IRES-containing bicistronic
vectors pPCMV-BST1-IRES-AcGFP allowed simultaneous expression of BST1 and
AcGFP from the same RNA transcript and was constructed from the bicistronic IRES
vectors, pIRES2-AcGFP1 (Clontech, 632435). Electroporation of pCMV-BST1-
IRES-AcGFP into cells was performed with a Super Electroporator NEPA21
(Nepagene).

Recombinant human SCRG1 (rhSCRG1). C-terminal FLAG-tagged recombinant
human SCRG1 (thSCRG1) was produced by using a pSCRG1-FLAG vector and
FreeStyle MAX 293 Expression System (Invitrogen, K9000-10) according to the
manufacturer’s instructions. thSCRG1 secreted into the culture medium of HEK293F
cells was purified by anti-FLAG M2 Agarose Affinity Gel (Sigma, A2220). The
purified rhSCRG1 produced a single band after SDS-PAGE and CBB staining
(supplementary Fig. S10).

siRNA transfection. Transcriptional knockdown was performed by transfection with
siRNA oligonucleotide duplexes at a final concentration of 20 nM in DMEM using
Lipofectamine RNAiIMAX (Invitrogen, 13778-150) for 48 h. Sequences of the siRNA
oligonucleotide duplexes were as follows: BST1 (5'-GUUCCAGCACAGCUGU-
AUUTT-3'; 5'-AAUACAGCUGUACUGGAACTT-3'), HAS2 (5'-CCAGUAU-
CAGUUUGGUUUATT-3"; 5'-UAAACCAAACUGAUACUGGTT-3'), and
SCRGI1 (5'-UCUGUGUCAGGUCAGCUACUCCUUC-3'; 5'-GAAGGAGUA-
GCUGACCUGACACAGA-3').

Real-time quantitative RT-PCR (qRT-PCR). Total RNA was extracted with
ISOGEN reagent (Nippon Gene, 311-02501). cDNA was synthesized with the
PrimeScript RT reagent kit (Takara, RR036A) according to the manufacturer’s
instructions. Fluorescence real-time RT-PCR was performed on a Thermal Cycler
Dice Real Time System (Takara) using the SYBR Premix Ex Taq II (Takara, RR820).
Primer pairs for SCRGI (sense, 5'-CCCAGTGAGTGTGAGCATTTAAGAA-3';
antisense, 5'-AGCAAAGTTAGCCCAATGGTGA-3"), ALPL (sense, 5'-GGACCA-
TTCCCACGTCTTCAC-3'; antisense, 5'-CCTTGTAGCCAGGCCCATTG-3'),
NANOG (sense, 5'-CAACATCCTGAACCTCAGCTACAA-3'; antisense, 5'-GGC-
ATCCCTGGTGGTAGGAA-3"), POUS5F1 (sense, 5'-GTGCCGTGAAGCTGG-
AGAA-3'; antisense, 5'-TGGTCGTTTGGCTGAATACCTT-3’), and the control
GAPDH (sense, 5'-GCACCGTCAAGGCTGAGAAC-3'; antisense, 5'-ATGGT-
GGTGAAGACGCCAGT-3’) were used to detect target gene transcripts. mRNA
levels were normalized to GAPDH.

Western blotting. Cells were washed twice with ice cold PBS and lysed in RIPA buffer
(50 mM Tris-HCI, pH 7.2, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and
0.1% SDS) containing protease and phosphatase inhibitor cocktails (Sigma). Protein
content was measured with BCA reagent (Pierce, 23225). Equivalent protein samples
were separated by 10-20% SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (Millipore, IPVH00010). After blocking with 5% nonfat dry milk in T-
TBS (50 mM Tris-HCl, pH 7.2, 150 mM NaCl, and 0.1% Tween-20), the membrane
was incubated with primary anti-SCRG1, anti-FLAG M2 (Sigma, F3165), anti-Akt
(Cell Signaling, 9272), anti-phospho-Akt (Ser473) (p-Akt, Cell Signaling, 9271), anti-
p44/42 MAPK (ERK, Cell Signaling, 9102), anti-phospho-p44/42 MAPK (Thr202/
Tyr204) (p-ERK, Cell Signaling, 9101), anti-p38 MAPK (p38, Cell Signaling, 9212),
anti-phospho-p38 MAPK (T180/Y182) (p-p38, Cell Signaling, 9211), anti-SAPK/
JNK (JNK, Cell Signaling, 9252), anti-phospho-SAPK/JNK (Thr183/Tyr185) (p-JNK,
Cell Signaling, 9251), anti-BST1 (eBioscience, 14-1579-82), anti-p1 integrin (ITGB1,
Santa Cruz, sc-8978), anti-FAK (Cell Signaling, 3285), anti-phospho-FAK (Y397) (p-
FAK, Cell Signaling, 3283), and anti-B-actin (clone C4, Santa Cruz, sc-4778) antibody
as a loading control for normalization. The blots were incubated with alkaline
phosphatase-conjugated secondary antibody and developed using the BCIP/NBT
membrane phosphatase substrate system (KPL, 50-81-00).

Subcellular localization of SCRG1. To examine the subcellular localization of
SCRGI1, pSCRG1-FLAG was transfected into HEK293 cells. After 48 h, the cells and
conditioned medium were collected. The cells were fractionated using the
ProteoExtract Subcellular Proteome Extraction Kit (Calbiochem, 539790) according
to the manufacturer’s instructions. The conditioned medium and fractionated
samples were analyzed by western blotting using anti-SCRG1 and anti-FLAG M2
antibody (Sigma, F3165).

Immunoprecipitation. UE7T13 cells were transfected with adenovirus expression
vector, pAdSCRG1-FLAG. After 1 week, the cells were treated with 0.5 mM
membrane-impermeable cross-linker dithiobis-sulfosuccinimidylpropionate (Pierce,
21578) for 30 min at room temperature. The reaction was stopped with 20 mM Tris-
HCI, pH7.5, for 15 min, and then cells were lysed in ice-cold RIPA buffer. Cell lysates
were centrifuged at 12,000 X g for 30 min, and then incubated overnight at 4°C with
Anti-FLAG M2 Agarose Affinity Gel (Sigma, A2220). The gels were washed with PBS
and proteins were eluted by adding Laemmli sample buffer and boiling for 5 min.
Eluted proteins were analyzed by western blotting.

Gel filtration chromatography. hMSCs cultured medium was collected at 1 week
and concentrated 5-fold in a Centricon (Amicon, 4241). The concentrated medium
was applied to a Superdex 75 pg column (GE Healthcare, 28-9893-33) equilibrated
with 10 mM Tris-HCI, pH 7.5, containing 0.5 M KCl and chromatographed at

1.0 mL/min with the same buffer. Fractions were collected once per minute and

analyzed by western blotting with anti-SCRG1 antibody. Chymotrypsin and
ribonuclease were used as molecular mass standards.

Flow cytometry. Cells were suspended in PBS containing 0.5% FBS and 2 mM EDTA
at (1.0 X 10°) and incubated with phycoerythrin (PE)-conjugated anti-BST1 (clone:
eBioSY11B5, eBioscience, 12-1579-4), fluorescent isothiocyanate (FITC)-conjugated
anti-CD271 (clone: ME204, BioLegend, 345103), FITC-conjugated anti-CD90 (clone:
5E10, BioLegend, 328107), PE-conjugated anti-CD106 (clone: STA, BioLegend,
305805), FITC-conjugated anti-Stro-1 (BioLegend, 340105), PE-conjugated anti-
MSCA-1 (clone: W8B2, BioLegend, 327305), FITC-conjugated anti-CD105 (clone:
43A3, BioLegend, 323203), FITC-conjugated anti-CD73 (clone: AD2, BioLegend,
344015), or PE-conjugated anti-CD146 (clone: SHM-57, BioLegend, 342003)
antibody for 1 h at 4°C in the dark. Acquisition was performed with an EPICS XL
ADC System (Beckman Coulter).

Cell migration assay. Migration was determined with Transwell cell culture inserts
(BD Falcon, 353504) that were 6.5 mm in diameter with 8-um pore filters. The cells
(2.0 X 10*) were suspended in 350 uL serum-free DMEM containing 0.1% BSA
(Sigma, A2153) and seeded into the upper well; 600 pL normal growth medium was
placed in the lower well of the Transwell plate. After incubation for 6 h at 37°C, cells
that had not migrated from the upper side of the filters were scraped off with a cotton
swab, and filters were stained with the Three-Step Stain Set (Diff-Quik, Sysmex,
16920). The number of cells that had migrated to the lower side of the filter was
counted under a light microscope in five high-power fields (>X400). The experiment
was performed in triplicate.

Cell proliferation assay. Cell proliferation was analyzed using a colorimetric assay
for cleavage of the tetrazolium salt WST-1 (Roche, 5015944) by mitochondrial
dehydrogenases in viable cells. The dye is quantified by spectrophotometry and is
directly correlated to the number of metabolically active cells in culture. Cells were
cultured in growth medium containing rhSCRG1 on 96-well plates (Nunc) for 5 days.
After various time points, the cells were incubated for a further 1 h at 37°C with
100 pL medium containing 10 pL WST-1 reagent. The samples were shaken for

1 min and absorbance was measured at 450 nm on an MPR-A4i microplate reader
(Tosoh).

In vitro differentiation. To induce adipogenic differentiation, cells were cultured to
near confluence and cultured in adipogenic induction medium consisting of DMEM
(Sigma) supplemented with 10% FBS, 10 pg/mL insulin (Sigma, 19278), 1 pM
dexamethasone (Sigma, D4902), 0.5 uM isobutyl-methylxanthine (Sigma, 15879),
and 100 puM indomethacin (Sigma, 17378) for 2 weeks. The induction medium was
changed every 3 days. At the end of the differentiation period, cells were fixed with
10% formalin for 10 min and lipid droplets were stained with Oil Red O (Sigma,
00625). Oil Red O stain was quantified by extraction from lipid droplets with
dimethyl sulfoxide (DMSO, Sigma, D8418) and absorbance was measured at 540 nm.

To induce osteogenic differentiation, confluent cells were incubated in osteogenic
induction medium consisting of MEM alpha (Wako Pure Chemical, 135-15175)
supplemented with 10% FBS, 0.1 uM dexamethasone (Sigma), 10 mM B-glycerol
phosphate (Sigma, G9422), and 50 pM ascorbic acid (Sigma, A7506) for 2 weeks. The
induction medium was changed every 3 days. Bone matrix mineralization was eval-
uated by Alizarin red S (Sigma, A5533) staining. Alizarin red S was extracted by
adding 10% cetylpyridinium chloride (Sigma, C0732) in 8 mM Na,HPO, (Merck)
and 1.5 mM KH,PO, (Merck) and absorbance was measured at 540 nm.

Statistics. All experiments were repeated at least three times with similar results.
Representative images or data are shown. Data were presented as the mean *
standard deviation (SD). Differences between averages and percentages between
control and tests were statistically analyzed using paired two-tailed Student’s ¢-tests.
P-values less than 0.05 were considered statistically significant.
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