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a b s t r a c t

UNC-5 netrin receptor B (UNC5B) is a dependence receptor of netrin-1 that plays an essential role in
mediating angiogenesis and tumorigenesis. Despite its significant roles, there is limited knowledge about
the role played by UNC5B in osteogenesis. In the present study, we first demonstrated that UNC5B was
required for osteogenic differentiation of human adipose-derived stem cells (hASCs), both in vitro and
in vivo. We also found that mechanistically, UNC5B promotes osteogenic differentiation by activating
bone morphogenetic protein signaling. These findings point to a new important function of UNC5B and
provide a potential basis for hASCs-mediated bone regeneration.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Bone tissue engineering has been widely studied in the regen-
eration of bone defects caused by infection, trauma, or tumors [1,2].
Mesenchymal stem cells, including bone marrow-derived mesen-
chymal stem cells and human adipose-derived stem cells (hASCs),
have been demonstrated to be attractive for bone tissue engineer-
ing [3,4]. hASCs have received considerable attention in bone tissue
engineering because they are easy to harvest, their tissue source is
abundant, and they have the potential to differentiate into osteo-
genic lineages [5e8].

Netrin-1 is a secreted laminin-like matrix protein, initially
identified as an axon guidance cue involved in nervous system
development and regeneration [9]. It plays a dual role in directing
axon pathfinding and neuronal migration via interaction with DCC
(Deleted in Colorectal Carcinoma) and UNC5 receptors (UNC5A-D
SCs, human adipose-derived
proliferation medium; OM,

tics, Peking University School
th Avenue, Haidian District,

ang).
in humans and UNC5H1-4 in rodents) [10]. Netrin-1 is an autocrine
factor produced by osteoclast precursors that enhances osteoclast
differentiation and function [11], which also promotes atheroscle-
rosis by retaining macrophages in the artery wall [12]. It has
recently been proposed to be a multifunctional protein implicated
in tumorigenesis, morphogenesis, angiogenesis, inflammation,
induced pluripotent stem cell generation, and various pathologies
[13e17].

UNC-5 netrin receptor B (UNC5B), the dependent receptor of
netrin-1, is a single-pass transmembrane protein that is widely
expressed in various embryonic and adult tissues in mammals
[18,19]. UNC5B induces apoptosis in the absence of netrin-1, and
binding of netrin-1 to UNC5B contributes to protecting embryonic
stem cells from apoptosis by restricting UNC5B-mediated apoptosis
[17]. Moreover, netrin-1 induces an interaction between UNC5B
and the brain-specific GTPase PIKE-L, which hampers UNC5B's
proapoptotic activity and enhances neuronal survival by activating
PI 3-kinase signaling [20]. UNC5B functions as a negative regulator
through inhibiting sprouting angiogenesis [21] and controlling
morphogenesis of the vascular system [22]. When activated by
Robo4, UNC5B maintains vascular integrity through VEGF signaling
in endothelial cells [23]. Further, it has been implicated in tumor
suppression in numerous cancers [24]. UNC5B also promotes
osteoclast differentiation in the presence of netrin-1, and blockade
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of netrin-1 or UNC5B by antibodies prevents wear particle-induced
bone destruction, indicating that UNC5B plays a critical role in in-
flammatory osteolysis [11,25,26]. However, the role of UNC5B in
osteogenic differentiation of hASCs remains unknown.

Bone morphogenetic proteins (BMPs) have been widely studied
in the field of bone tissue engineering. Several isotypes of BMPs
have been demonstrated to play pleiotropic roles in the osteogenic
differentiation of mesenchymal stem cells. Binding of BMPs to
transmembrane receptors trigger specific intracellular signaling
pathways that control the transcription of specific target genes. The
present study was designed to investigate whether UNC5B is
involved in the osteogenic differentiation of hASCs and the related
mechanisms. We examined whether UNC5B modulates bone
morphogenetic protein (BMP) signaling and thereby induces oste-
ogenic differentiation of hASCs. We believe our findings will benefit
the development of bone tissue engineering using hASCs.
2. Materials and methods

2.1. Cell culture

hASCs were purchased from ScienCell Research Laboratories
(San Diego, CA, USA). They were cultured in proliferation medium
(PM) containing DMEM with 10% FBS, 100 U/mL penicillin G, and
100 mg/mL streptomycin. To induce osteogenic differentiation,
hASCs were cultured in osteogenic medium (OM) consisting of
standard PMwith the addition of 10 nM dexamethasone, 10 mM b-
glycerophosphate, and 0.2 mM ascorbic acid. All cell-based in vitro
experiments were repeated three times.
2.2. Plasmid construction and viral infection

Viral packaging and infection were performed as described
previously [27]. Briefly, HEK293T cells at 80% confluency were co-
transfected with pLNB vectors containing a mutant CBA promoter
for gene expression, short hairpin (sh)RNAs, or plasmids psPAX2
(Clontech, USA) and pVSV-G (Clontech, USA), by using Lipofect-
amine® 3000 Transfection Reagent (Thermo Fisher Scientific,
Rockford, USA). At 36, 48, and 60 h after transfection, the cell su-
pernatant was collected, centrifuged, filtered through an Acrodisc
filter with a 0.45-mm PVDF membrane (Pall Corporation, Port
Washington, NY, USA), and then precipitated by centrifugationwith
PEG-it™ (System Biosciences, SBI, Mountain View, CA, USA). hASCs
were stably transfected with these lentiviruses at a multiplicity of
infection of 100 in the presence of polybrene (5 mg/ml) for 24 h.
Stably transfected cells were selected using 1 mg/ml puromycin.
The shRNA target sequences were as follows:

UNC5Bsh#1: CTGTCGGACACTGCCAACTAT;
UNC5Bsh#2: GGAGCCGAAACCGCTAATGTT.
Table 1
The primer sequences used for quantitative real-time PCR.

Genes Forward primer (50-30) Reverse (50-30)

GAPDH CGGACCAATACGACCAAATCCG AGCCACATCGCTCAGACACC
UNC5B TTACTGGTGCCAGTGCGTGG TCTTGCGCAGGTAGGCGATG
RUNX2 TCTTAGAACAAATTCTGCCCTTT TGCTTTGGTCTTGAAATCACA
OCN AGCAAAGGTGCAGCCTTTGT GCGCCTGGGTCTCTTCACT
OSX CCTCCTCAGCTCACCTTCTC GTTGGGAGCCCAAATAGAAA
COL1A1 TGGTCCCAAGGGTAACAGCG AACACCAACAGGGCCAGGCT
2.3. Alkaline phosphatase assays

hASCs were seeded in 6-well plates and 12-well plates. Alkaline
phosphatase (ALP) activity was examined after 7 days of osteoin-
duction. For ALP staining, the NBT/BCIP staining kit (CoWin Biotech,
Beijing, China) was used. ALP activity was quantified with an ALP
Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). ALP levels were normalized to the total protein content,
determined using the BCA method with the Pierce protein assay kit
(Thermo Fisher Scientific, Rockford, USA).
2.4. Mineralization assays

Mineralization was determined using alizarin red staining after
14 days of osteoinduction. To quantify matrix calcification, alizarin
red was destained with 100 mM cetylpyridinium chloride for 1 h.
The absorbance of the released alizarin red was measured at
490 nm and then normalized to total protein content.
2.5. RNA extraction, reverse transcription, and quantitative real-
time PCR

Total mRNA was extracted using the Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse-transcribed into cDNA using the
Reverse Transcription System (Takara, Kusatsu, Japan). Real-time
quantitative PCR assays were performed using SYBR Green Master
Mix (Life Technologies) on the ABI PRISM 7500 sequence detection
system (Applied Biosystems, Foster City, CA, USA). The expression
of GAPDH was detected as the internal control. The primer se-
quences used for the amplification are given in Table 1.
2.6. Western blot

Total protein extraction and western blot were performed as
described previously [28]. The primary antibodies used were anti-
UNC5B, anti-BMP2, anti-BMP4, and anti-GAPDH (Cell Signaling
Technology). The immunoreactive protein bands were visualized
using an ECL kit (CWBIO, Beijing, China).
2.7. Bone formation in vivo

hASCs seeded on Bio-Oss Collagen (Geistlich, GEWO, Germany)
scaffolds were implanted into the dorsal subcutaneous space of 6-
week-old BALB/c nude mice (Peking University Experimental Ani-
mal Center). All animal experiments were performed in accordance
with the institutional animal guidelines.

Specimens were harvested at 8 weeks after surgery, fixed in 4%
paraformaldehyde, decalcified in 10% EDTA, and then embedded in
paraffin. Slices were stained with hematoxylin and eosin (H&E),
Masson's trichrome, and immunohistochemical staining.
2.8. Statistical analysis

Data were expressed as the mean ± standard deviation (SD).
Independent two-tailed Student's t-test was used for comparisons
between groups. Values of P < 0.05 were considered statistically
significant. Western blot findings were quantified using the ImageJ
software for Windows. All statistical analyses were performed us-
ing the GraphPad scientific software for Windows (San Diego, CA,
USA).
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3. Results

3.1. Endogenous expression of UNC5B is significantly
downregulated in hASCs undergoing osteogenic differentiation

In order to investigate the involvement of UNC5B in osteo-
genesis, its expression profile in hASCs was examined. As shown in
Fig. 1AeC, RT-qPCR showed that UNC5B expression was signifi-
cantly downregulated (P < 0.001) during the osteogenic differen-
tiation of hASCs, and this was accompanied by stimulation of the
osteogenic marker genes RUNX2 and OCN. In addition, the level of
UNC5B was selectively decreased in hASCs after osteogenic induc-
tion and was negatively correlated with RUNX2 levels (Fig. 1D and
E).
3.2. Inhibition of UNC5B significantly impairs osteogenic
differentiation of hASCs in vitro

To further confirm whether UNC5B plays a critical role in the
Fig. 1. Expression of endogenous UNC5B during osteogenic induction in hASCs.
(AeC) Quantitative real-time PCR analysis of UNC5B (A), RUNX2 (B), and OCN (C) expression
(D, E) Western blotting (D) and quantification (E) of UNC5B and RUNX2 expression in hASC
All data are shown as the mean ± SD, n ¼ 3. ***P < 0.001, **P < 0.01 versus the control group
days; O7 ¼ incubation in OM for 7 days; O14 ¼ incubation in OM for 14 days.
osteogenic differentiation of hASCs, we established stable UNC5B-
knockdown cells using lentivirus expressing UNC5B shRNA. As
shown in Fig. 2AeD, the knockdown efficiency was >80% as
determined by fluorescent staining, RT-qPCR, and western blotting.
After the hASCs were cultured in OM for 7 days, the ALP activity
decreased significantly with UNC5B knockdown (P < 0.001), as
determined from ALP staining and quantification (Fig. 2E and F).
Moreover, alizarin red S staining and quantification showed that
extracellular matrix mineralization was impaired in UNC5B-
knockdown cells (Fig. 2G and H). To further confirm the important
role of UNC5B in osteogenic differentiation, we examined the
mRNA expression of several osteogenic markers in both control and
UNC5B-silenced cells. After 14 days of osteoinduction, UNC5B
knockdown significantly inhibited (P < 0.001) the expressions of
RUNX2 and OSX (Fig. 2I and J). To rule out the off-target effect, we
established UNC5B-knockdown cells with another independent
UNC5B shRNA fragment (Figs. S1AeC). As shown in Supplemental
Figs. 1DeH, osteogenic differentiation was also blocked in UNC5B-
knockdown cells. Taken together, the results suggest that UNC5B
in hASCs after 3, 5, 7, and 14 days of osteogenic induction.
s after 3, 7, and 14 days of osteogenic induction.
. PM ¼ proliferation medium; OM ¼ osteogenic medium; O3 ¼ incubation in OM for 3



Fig. 2. Knockdown of UNC5B inhibits osteogenic differentiation in vitro.
(A) Microscopic images of GFP-positive hASCs under ordinary and fluorescent light. Scale bar, 100 mm.
(BeD) Knockdown of UNC5B was validated by quantitative real-time PCR (B) and western blotting (C, D).
(E, F) Knockdown of UNC5B decreased ALP activity in hASCs. Control or UNC5B-knockdown cells were treated with proliferation or osteogenic media for 7 days for ALP staining (E)
and quantification (F). Scale bar, 500 mm.
(G, H) Knockdown of UNC5B impaired mineralization in hASCs. Control or UNC5B knockdown cells were treated with proliferation or osteogenic media for 14 days for ARS staining
(G) and quantification (H).
(I, J) Quantitative real-time PCR analysis of RUNX2 (I) and OSX (J) expression in transfected hASCs.
All data are shown as the mean ± SD, n ¼ 3. ***P < 0.001. PM ¼ proliferation medium; OM ¼ osteogenic medium; NC ¼ control cells; UNC5Bsh ¼ UNC5B-knockdown cells;
WB ¼ western blotting; GAP ¼ glyceraldehyde phosphate dehydrogenase; ALP ¼ alkaline phosphatase.
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knockdown inhibits osteogenic differentiation in vitro.
3.3. UNC5B knockdown inhibits the osteogenic differentiation of
hASCs in vivo

To verify our in vitro findings, we examined whether UNC5B
knockdown affected hASC-mediated bone formation in vivo.
Control or UNC5B-knockdown cells were seeded on Bio-Oss
Collagen scaffolds separately and then transplanted into nude
mice. Transplants were harvested and subjected to histological
analysis after 8 weeks. H&E and Masson's trichrome staining
showed that the UNC5B-knockdown cells formed less bone tissue
than the control cells did, as shown in Fig. 3A and B. Moreover, the
size and intensity of osteoblasts and bone trabeculae positive for



Fig. 3. Knockdown of UNC5B inhibits osteogenic differentiation in vivo.
(A) UNC5B knockdown reduced bone formation in vivo, as determined by H&E staining of histological sections from implanted hASCs-scaffold hybrids.
(B) Masson's trichrome staining of histological sections from implanted hASCs-scaffold hybrids.
(C) Immunohistochemical staining for OCN. Dark-brown granules indicating positive staining are marked by blue arrows.
Scale bar, 100 mm in (A) and 50 mm in (B) and (C). OCN ¼ osteocalcin.
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OCN observed on immunohistochemical staining (Fig. 3C) were
significantly lower in the UNC5B-knockdown cells than those in the
control cells.
3.4. UNC5B positively regulates BMP signaling

It has been demonstrated that netrin-1 and its receptor promote
the migration of RSC96 cells by activating p38 MAPK and PI3K-Akt
signal cascades [29]. To further explore the molecular mechanisms
by which UNC5B regulates the osteogenic differentiation of hASCs,
we performed western blot analysis to compare the protein levels
of p-p38 and p-Akt between UNC5B-knockdown and control cells.
However, we did not find significant MAPK or Akt signal changes in
UNC5B-silenced cells (SFig. 2A and B).
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Next, we performed RT-qPCR analysis to screen the expression
of key genes associated with osteogenic differentiation in hASCs.
Interestingly, we found that mRNA expression of BMP2, BMPR1A,
and BMPR1B were significantly decreased (P < 0.001) in UNC5B-
Fig. 4. UNC5B regulates osteogenic differentiation through the BMP signaling pathway.
(A) Quantitative real-time PCR analysis of BMP2, BMPR1A, and BMPR1B expression in trans
(B, C) Western blotting (B) and quantification (C) of BMP2 and BMP4 expression in transfec
(D, E) Control or UNC5B-knockdown cells were treated with BMP2 (200 ng/ml), which rev
knockdown.
(F, G) Control or UNC5B-knockdown cells were treated with BMP2 (200 ng/ml), which reve
(H, I) BMP2 treatment promoted the expression of OCN (H) and RUNX2 (I) in UNC5B-knock
All data are shown as the mean ± SD, n ¼ 3. ***P < 0.001, **P < 0.01, *P < 0.05.
knockdown cells, as shown in Fig. 4A. In addition, UNC5B knock-
downwith another shRNAs also led to a reduction in the expression
of a subset of BMP signaling genes (SFig. 2E). Further, western
blotting and quantification of the electrophoresis bands showed
fected hASCs.
ted hASCs.
ersed the decrease in ALP staining (D) and quantification (E) brought about by UNC5B

rsed the decrease in ARS staining (F) and quantification (G).
down cells as determined by quantitative real-time PCR.
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that downregulation of UNC5B could suppress BMP2/4 expression
at the protein level (Fig. 4B and C & SFig. 2C and D). To further
determine the functional connection between UNC5B and BMP
signaling in osteogenic differentiation, we examined the effect of
BMP2 on osteogenesis in UNC5B-knockdown cells. As shown in
Fig. 4DeG and SFig. 2FeI, treatment of UNC5B-knockdown cells
with BMP2 reversed the decrease in ALP activity and extracellular
matrix mineralization. Moreover, the downregulation of RUNX2
and OCN expressionwas reversed by BMP2 treatment (Fig. 4H and I
and SFig. 2J and K). Collectively, our data suggest that UNC5B reg-
ulates osteogenic differentiation through the BMP signaling
pathway.

4. Discussion

In the present study, we demonstrated the important function
of UNC5B during the osteogenesis of hASCs. Moreover, in our me-
chanical study, we identified a novel connection between UNC5B
and the BMP pathway.

We first established stable UNC5B-knockdown cells and
confirmed that UNC5B knockdown inhibited the osteogenic ca-
pacity of hASCs in vitro, as determined on the basis of ALP activity,
matrix mineralization assays, and osteogenic gene expression
profiles. The role played by UNC5B in osteogenesis in vivo was also
confirmed by subcutaneous transplantation in the dorsa of nude
mice. These results suggested that downregulation of UNC5B could
inhibit the osteogenic differentiation of hASCs.

Further, we found that UNC5B was a positive regulator of BMP
signaling, which was shown to play diverse roles in osteogenesis.
BMP2 could significantly promote osteogenic differentiation of
hASCs [30e32]. The mRNA expression of several BMP signaling
genes was hampered in UNC5B-knockdown cells. Moreover, UNC5B
downregulation suppressed BMP2/4 expression at the protein
level. Treatment of UNC5B-knockdown cells with BMP2 reversed
the inhibition of the osteogenic capacity of hASCs in vitro. Collec-
tively, our study indicated that UNC5B regulates osteogenic differ-
entiation through the BMP signaling pathway.

It is noteworthy that while UNC5B expression was significantly
decreased upon osteogenic induction, UNC5B played a positive role
in osteogenesis of hASCs. It is reasonable to postulate that UNC5B is
degraded after promoting osteogenic differentiation in the early
stage to prevent osteopetrosis. As is well known, bone homeostasis
is regulated by bone formation and resorption through osteoblasts
and osteoclasts [33]. Osteopetrosis is a heritable disease of
increased bone mass and density caused by abnormal osteoclast
with defective ruffled-border formation [33e35]. Protein degra-
dation can be achieved through the autophagy and ubiquitin-
proteasome pathways, both of which were reported to play crit-
ical roles in osteogenesis. Autophagy is a lysosomal degradation
pathway responsible for the degradation and recycling of cellular
components such as unnecessary organelles and proteins [36,37],
and recent evidence suggests that autophagy plays an important
role in the maintenance of bone homeostasis [38]. Further inves-
tigation may be necessary to examine whether UNC5B was
downregulated by autophagy-triggered degradation. In the
ubiquitin-proteasome pathway, proteins are first tagged by multi-
ple ubiquitin molecules, after which the polyubiquitinated proteins
are degraded to small peptides by the 26S proteasome complex
[39]. It is reported that b-catenin and Runx2 are regulated by the
ubiquitin-proteasome pathway [40,41]. Proteasome inhibitors (PIs)
induce osteoblast differentiation by activating the b-catenin/TCF
pathway and increasing Runx2 activity [42,43]. Moreover, PIs
suppress osteoclastogenesis by inhibiting RANKL-induced NF-kB
activation [44]. Further studies are required to determine the
mechanism underlying a decrease in UNC5B during osteogenic
induction.
Our findings confirm that UNC5B is a potential target for oste-

ogenic commitment of hASCs. This novel role played by UNC5Bmay
provide valuable information for bone tissue engineering and cell-
based therapies for bone defects.
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