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Silencing of RBP-JK promotes the differentiation of bone
marrow mesenchymal stem cells into vascular endothelial cells
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Abstract. Bone marrow mesenchymal stem cells (BM-MSCs)
are important for postnatal angiogenesis and are suitable for
use in construction of blood vessels by tissue engineering. The
present study aimed to investigate the influence of recombina-
tion signal binding protein for immunoglobulin kappa J region
(RBP-JK) on the differentiation of BM-MSCs into vascular
endothelial cells, and to assess the underlying mechanisms.
BM-MSCs were isolated and identified by flow cytometry.
Lentiviral vectors encoding RBP-JK shRNA (shRBPJK) were
constructed to knockdown RBP-JK expression and endothelial
differentiation of BM-MSCs was induced. The experimental
groups were treated with: empty lentiviral vector (vector
group), growth factors (bFGF and VEGF; induced group),
shRBPJK (shRBPJK group), and growth factors + shRBPJK
(induced + shRBPJK group). The expression of endothelial
markers, vascular endothelial growth factor receptor 2 (Flk-1),
and von Willebrand factor (vWF) were detected by immu-
nofluorescence. Additionally, in vitro blood vessel formation
and phagocytosis were assessed using acetylated LDL, Dil
complex and the underlying molecular mechanisms evaluated
by western blotting. BM-MSCs were separated and transduced
with shRBPJK to reduce RBP-JK expression. Compared with
the vector group, the expression of the endothelial cell markers,
Flk-1 and VWF, in vitro tubule formation, and phagocytosis
ability increased, while the expression levels of p-AKT/AKT
and p-NF-«B/NF-kB were significantly decreased (P<0.05)
in the induced, shRBPJK, and induced + shRBPJK groups.
Compared with the induced group, the expression of Flk-1 and
VWF, the number of tubules, and phagocytosis were higher
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in the induced + shRBPJK group, while the expression levels
of p-AKT/AKT and p-NF-«B/NF-kB were lower (P<0.05).
Collectively, the present data indicated that silencing of
RBP-JK promotes the differentiation of MSCs into vascular
endothelial cells, and this process is likely regulated by
AKT/NF-«B signaling.

Introduction

Angiogenesis is necessary for repair of defects in bone tissue.
Allogeneic bone or tissue engineered bone transplantation is
the most commonly used method used to repair large bone
defects (1,2); however, ischemic necrosis often occurs, due
to the lack of vascularization in the central part of the tissue,
leading to failure of bone defect repair (3).

Bone marrow mesenchymal stem cells (BM-MSCs) are
important for postnatal angiogenesis and are suitable for use in
tissue engineering to construct blood vessels (4). BM-MSCs are
pluripotent adult stem cells, which can be obtained from bone
marrow, in addition to hematopoietic stem cells. BM-MSCs
originate from bone marrow stromal tissue and participate in
the formation of the bone marrow microenvironment. These
cells can differentiate into osteocytes, chondrocytes, adipo-
cytes, muscle cells, and fibroblasts in response to different
induction conditions in vitro (5,6). Furthermore, BM-MSCs
can differentiate into vascular components, including vascular
endothelial cells and vascular smooth muscle cells (7). In vivo
and in vitro studies have demonstrated that BM-MSCs
participate in neovascularization by secreting angiogenic
factors (8). Moreover, in vitro experiments demonstrate that
the combination of vascular endothelial growth factor and
basic fibroblast growth factor (bFGF) can induce BM-MSCs to
differentiate into endothelial cells and express corresponding
cell markers (9).

Recombination signal binding protein for immunoglobulin
kappa J region (RBP-JK) is a factor important for induction
of MSC proliferation and can also act as an inhibitor of MSC
differentiation during development (10). A recent study demon-
strated that the Notch signaling pathway is a regulator of bone
formation (11). The Notchl receptor releases the activated
intracellular Notchl domain (N1-ICD/ICN-1) after hydro-
lysis by y-secretase. Then, N1-ICD transfers to target genes,
including Msx2, HESI, and Heyl/2, in the nucleus and binds
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to the transcription inhibitor, RBP-JK (12). The upregulation
of target genes is involved in the growth and development of
various tissues in embryonic development and during patho-
logical processes in various tissues and organs in adults (13).

In the present study, the effects of silencing of RBP-JK
on the differentiation of BM-MSCs into vascular endothelial
cells were investigated. The present results provide an experi-
mental basis for the clinical treatment of bone defects using
BM-MSCs.

Materials and methods

Animals. Sprague-Dawley specific-pathogen-free (SPF) grade
rats (n=20, approximately 120 g, 2-3 weeks old, male) were
purchased from Changzhou Cavens Laboratory Animal Co.,
Ltd., under license No. SCXK (Su) 2016-0010. Rats were
housed under SPF conditions, and were automatically main-
tained at a temperature of 23°C + 2°C, a relative humidity of
45-65%, in a controlled 12-h light/dark cycle, and had access
to food and water ad libitum. All experimental protocols were
supervised by the Ethics Committee of Anhui Provincial
Hospital (Hefei, China).

Preparation of BM-MSCs. Rats were sacrificed by cervical
dislocation following anesthesia with isoflurane (5% for induc-
tion and 1% for maintenance). When there was no heartbeat,
femurs and tibia were collected, immersed in 75% ethanol
for 5 min, and adherent muscle tissues were removed by
sterile isolation. Bone marrow cavities were exposed, washed
repeatedly with PBS, and cell washing solution was collected
and screened to form single cell suspensions. Bone marrow
cells were collected by centrifugation (870 x g, 5 min). Cells
were suspended in DMEM medium (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% fetal bovine serum (FBS),
inoculated in culture dishes at a density of 2x10%cm?, and
cultured in a 37°C CO, incubator. Cell suspensions were
then centrifuged at 930 x g for 3 min, and supernatants
were discarded. Cell types were detected by flow cytometry
using antibodies against CD34 (cat. no. 11-0341-82), CD105
(cat. no. 17-1057-42), and CD90 (cat. no. 14-0900-81, all from
Thermo Fisher Scientific, Inc.).

Construction of the shRBPJK vector. Three pairs of sShRNA
oligonucleotides were designed by Shanghai GenePharma Co.,
Ltd., based on the sequence of the RBP-JK gene (Table I).

Cell transduction. A PLVShRNA-EGFP (2A) Puro vector
(VL3103; Beijing Yingmao Shengye Biotechnology Co., Ltd.)
was digested by BamHI/EcoRI at 37°C. The shRNA sequences
were integrated into the vector according to the protocol:
Pre-denaturation at 95°C for 5 min, 84°C for 5 min, 74°C
for 5 min and 72°C for 5 min, and then maintenance at 4°C.
Lentiviruses encoding shRBPJK were established as previ-
ously described (14). At 60% confluence, cells were transduced
with the aforementioned lentiviruses (Shanghai GenePharma
Co. Ltd.) encoding shRBPJK (1x10° IFU/PFU/ml) or empty
vector (Shanghai GenePharma Co. Ltd.) using Polybrene
(Invitrogen; Thermo Fisher Scientific, Inc.). Twenty-four
hours after transduction, the medium was replaced with fresh
DMEM, and cells were incubated in a CO, incubator (5% CO,)

at 37°C for 48 h. RBP-JK mRNA and protein expression were
detected by quantitative real-time PCR and western blotting,
respectively.

Quantitative real-time polymerase chain reaction (qQRT-PCR).
Cells were seeded in 6-well plates. After transduction for 48 h,
mRNA was extracted using a TRIzol assay kit (Baosheng
Science & Technology Innovation Co, Ltd.). According to
the kit instructions, mRNA was transcribed into cDNA
(cat. no. 639522, Takara Biotechnology Co., Ltd.) and fluores-
cence quantitative PCR was used to determine the expression
levels of targeted genes, using cDNA as a template. The
expression levels of RBP-JK were normalized to those of
GAPDH. Primers are listed in Table II. Reactions included
9.5 ul RNase-free dH,0, 1 ul cDNA/DNA, 2 pul primers, and
12.5 ul 2X ULtraSYBR Mixture, and were conducted using
the following temperature cycles: 95°C (denaturation) 10 sec,
56°C (annealing) 30 sec, and 72°C (extension) 30 sec, for
40 cycles.

Experimental groups. Cells were divided into four experi-
mental groups, treated with: i) Lentiviral vector only (vector
group), ii) growth factors (10 ng/ml bFGF + 50 ng/ml VEGF;
induced group), iii) lentivirus encoding RBP-JK-targeting
shRNA (shRBPJK group), and iv) growth factors + lentivirus
encoding shRBPJK (induced + shRBPJK group). For growth
factor induction, the original culture medium was discarded
and the induction solution (DMEM + FBS + 10 ng/ml bFGF
+ 50 ng/ml VEGF) was added to the BM-MSCs, as previously
described (9). The induction solution was changed every three
days for ten consecutive days. Rat bFGF (cat. no. P1020-500)
andrat VEGF (cat.no.CJ96) were purchased from Novoprotein.

Immunofluorescence. The cells were fixed using 4% poly-
formaldehyde (PFA) for 15 min, washed with PBS three times
for 3 min each, and permeated with 0.5% Triton X-100 at room
temperature for 20 min. Cells were then blocked with 5% BSA
at 37°C for 30 min, followed by the addition of primary anti-
bodies and incubation overnight at 4°C. Primary antibodies
were Flk-1 (1:500; cat. no. bs-10412R; Bioss Antibodies,
Inc.) and von Willebrand factor (vWF) (1:400; product code
ab6994; Abcam). After washing in PBS, fluorescent secondary
antibody Cy3 (1:200, BA1032, Wuhan Boster Biological
Technology, Ltd.) was added and cells were incubated at 37°C
for 30 min. Samples were then incubated with DAPI for 5 min
to stain the nuclei.

In vitro angiogenesis assay. Matrix glue (250 ul) was added
into each well of a 24-well plate and uniformly distrib-
uted. Cells were starved for 2 h in serum-free medium and
BM-MSCs digested and resuspended at a density of 5x10°/ml.
Aliquots of cell suspensions (10 ul) were added to each well.
The time until tube formation was monitored and images were
captured using a microscope (BX51; Olympus Corpotation).

Phagocytosis of acetylated LDL, Dil complex. Acetylated
LDL, Dil complex (Dil-ac-LDL) was added into M199 medium
containing 10% FBS to a final concentration of 10 yg/ml to
assess phagocytosis. After culture for 24 h to allow cell adher-
ence, Dil-ac-LDL was added to each experimental group and
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Table I. Sequences of shRBPJK.

shRBPJK Sequence (5'-3")

shRBPJK-F1 GATCCGCAAGCGGATAAAGGTCATCTCTTCCTGTCAGAAGATGACCTTTATCCGCTTGCTTTTTG
shRBPJK-R1 AATTCAAAAAGCAAGCGGATAAAGGTCATCTTCTGACAGGAAGAGATGACCTTTATCCGCTTGCG
shRBPJK-F2 GATCCGCACTCCCAAGACTGATAATTCTTCCTGTCAGAAATTATCAGTCTTGGGAGTGCTTTTTG
shRBPJK-R2 AATTCAAAAAGCACTCCCAAGACTGATAATTTCTGACAGGAAGAATTATCAGTCTTGGGAGTGCG
shRBPJK-F3 GATCCGCCGAAACAATGTACAGATGTCTTCCTGTCAGAACATCTGTACATTGTTTCGGCTTTTTG
shRBPJK-R3 AATTCAAAAAGCCGAAACAATGTACAGATGTTCTGACAGGAAGACATCTGTACATTGTTTCGGCG

shRBPJK, RBP-JK shRNA; F, forward; R, reverse.

Table II. Primer sequences.

Genes Sequence (5'-3") Primer length (bp) Product length (bp) Annealing (°C)
RBP-JK F CTTAGCAAGCGGATAAAGGTC 21 386 58
RBP-JK R TTGTGGAGTTGTGATACAGGGT 22
GAPDH F GCAAGTTCAACGGCACAG 18 141 58.6
GAPDH R CGCCAGTAGACTCCACGAC 19
RBP-JK, recombination signal binding protein for immunoglobulin kappa J region; F, forward; R, reverse.
?:_> CD90-CD34+ CD90+CD34+ u:g Q4-1 Q4-2
0.00% 1.03% 96.06% 0.11%
2 D |
T 2 T
[®] o -
; 3
3 % P
a - o
© by
(—) (4]
> | 2
CD90-CD34- Q4-4
© o 0.45% _ N 0.00%
=4 T T e T = T T T T T
1005 102 108 10* 105 1058 108 104 105 106 107 1082
CD90-PE-H CD34-FITC-H

Figure 1. Identification of BM-MSCs. The majority of cells were CD90* CD105* CD34". BM-MSCs, bone marrow mesenchymal stem cells.

cells were then incubated at 37°C, in 5% CO,, for 24 h, washed
twice with PBS, fixed in 4% PFA, and observed under a fluo-
rescence microscope (BX51).

Western blotting. After transduction and/or induction, proteins
were extracted from cells for western blotting using a ReadyPrep
protein isolation kit (GE Healthcare Life Sciences). Extracted
proteins were quantified with a bicinchoninic acid protein
assay kit and separated by 12% SDS-PAGE (25 ug/lane). After
transferring onto nitrocellulose membranes, the membranes
were blocked with 5% skimmed milk. Membranes were then

incubated with mouse monoclonal anti-GAPDH (1/2,000;
TA-08; ZS-BIO; OriGene Technologies, Inc.), rabbit mono-
clonal anti-RBP-JK (1/5,000; product code ab180588, Abcam),
anti-AKT (1/5,000; cat. no. 4691, CST), anti-p-AKT (1/5,000;
cat. no. 9271, CST), anti-NF-«xB (1/5,000; cat. no. 6956; CST),
or anti-p-NF-«B (1/1,000; cat. no. sc-136548; Santa Cruz
Biotechnology, Inc.) overnight at 4°C. Secondary antibody
(1/1,000; product code ab131368, Abcam) was then added and
incubated for 1-2 h at room temperature. ECL exposure liquid
droplets (cat. no. RPN2133; GE Healthcare Life Sciences) were
then added to the membranes. Finally, the membranes were
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Figure 2. Verification of the interference effect of shRBPJK. (A) RBP-JK
mRNA levels. (B) RBP-JK protein levels. shRBPJK2 had the optimal
influence on the expression of RBP-JK. Upper panel: Representative blots.
Lower panel: quantification data. “P<0.05, compared with the control group.
RBP-JK, recombination signal binding protein for immunoglobulin kappa J
region; sShRBPJK, RBP-JK shRNA.

exposed using a gel imaging system (Bio-Rad Laboratories,
Inc.). Grayscale density of bands was analyzed using Quantity
One analysis software v1.4.6 (Bio-Rad Laboratories, Inc.).

Statistical analysis. Data are presented as the means and
standard deviation, and were analyzed using SPPSS 17.0
(SPSS, Inc.). The significance of differences was evaluated
using a one-way ANOVA with post-hoc Newman-Keuls test,
and P-values <0.05 were considered to indicate a statistically
significant difference.

Results

Isolation and identification of BM-MSCs. The results of isola-
tion and identification of BM-MSCs are presented in Fig. 1.

The majority of isolated cells were CD90* CD105* CD34-,
indicating that they were BM-MSCs.

Detection of RBP-JK knockdown. The results of fluorescence
quantitative PCR (Fig. 2A) and western blotting (Fig. 2B)
revealed that RBP-JK expression was significantly lower in
cells treated with shRBPJK?2 than that in the control group
(P<0.05); therefore, sShARBPJK2 was selected for use in subse-
quent experiments.

shRBPJK promotes the expression of endothelial cell markers.
The expression levels of the endothelial cell markers, Flk-1 and
vWF, were significantly higher in the induced and shRBPJK
groups than that in the vector control group (P<0.05). In addi-
tion, the expression levels of Flk-1 and vWF were significantly
higher in the induced + shRBPJK group than those in the
induced group (P<0.05) (Fig. 3).

ShRBPJK promotes angiogenesis in vitro. The results of
in vitro angiogenesis assays are presented in Fig. 4. Compared
with the vector control group, the numbers of tubes in all other
groups were significantly greater (P<0.05). Furthermore, rela-
tive to the induced group, the number of tubes was significantly
increased in the induced + shRBPJK group (P<0.05).

ShRBPJK promotes Dil-ac-LDL phagocytosis. Endothelial
cells can mediate phagocytosis of ac-LDL, by binding to
scavenger receptors on their surface, while LDL receptors
distributed on other cells cannot ingest ac-LDL (15); there-
fore, in an attempt to identify vascular endothelial cells, their
ability to absorb Dil-ac-LDL was assessed. The results of
the Dil-ac-LDL phagocytosis assay are presented in Fig. 5.
Compared with the vector control group, the positive rate of low
density lipoprotein phagocytosis was significantly increased
in all other groups (P<0.05). Furthermore, compared with
the induced group, the rate of phagocytosis was significantly
higher in the induced + shRBPJK group (P<0.05).

ShRBPJK reduces phosphorylation of AKT and NF-xB.
Compared with the vector control group, levels of
p-AKT/AKT and p-NF-«B/NF-kB were significantly
decreased in all other groups (P<0.05). Furthermore, compared
with the induced group, the expression levels of p-AKT/AKT
and p-NF-«B/NF-kB were significantly lower in the induced +
shRBPJK group (P<0.05) (Fig. 6).

Discussion

In the present study, evidence was generated that silencing of
RBP-JK not only promotes the differentiation of MSCs into
vascular endothelial cells, but also facilitates VEGF- and
bFGF-induced endothelial differentiation. Moreover, the
present data demonstrated that this effect may be regulated by
the AKT/NF-«B signaling pathway.

The repair of bone defects using allogeneic or tissue
engineered bone depends on the establishment of close
spatial and temporal connections between blood vessels and
bone cells; hence, angiogenesis is fundamental to the process
of bone healing. Therefore, methods to promote angiogen-
esis and reconstruct local blood supply, as soon as possible



MOLECULAR MEDICINE REPORTS 21: 69-76, 2020 73

Vector

shRBPJK+induction shRBPJK Vector+induction

B Vector
B & Vector-+induction
) = shRBPJK
m shRBPJK+induction
i3

-
o

bl
w

Relative protein
expression

Figure 3. The expression of endothelial cell surface markers. (A) Representative images of Flk-1 and vWF expression. Left panel: Flk-1 expression. Right panel:
vWF expression. (B) Quantification data for Flk-1 and vWF expression. "P<0.05, compared with the vector control group; “P<0.05, compared with the induced
group. Scale bars, 100 ym. Flk-1, vascular endothelial growth factor receptor 2; vVWF, von Willebrand factor; siRBPJK, RBP-JK shRNA.
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Figure 4. Results of in vitro angiogenesis assay. Upper panel: representa-  Figure 5. Dil-ac-LDL phagocytosis assay. Upper panel: representative
tive images. Lower panel: Quantification data. "P<0.05, compared with the images. Lower panel: Quantification data. "P<0.05, compared with the
vector control group; “P<0.05, compared with the induced group. Scale bars,  vector control group; “P<0.05, compared with the induced group. Scale bars,

100 ym. shRBPJK, RBP-JK shRNA. 100 pm. shRBPJK, RBP-JK shRNA.
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Figure 6. Expression of AKT, p-AKT, NF-kB, and p-NF-«B. (A) Representative blots. (B) Quantification data for p-AKT/AKT. (C) Quantification data for
p-NF-xB/ NF-«B. "P<0.05, compared with the vector control group; “P<0.05, compared with the induced group. shRBPJK, RBP-JK shRNA.

after allogeneic bone or tissue engineered bone implanta-
tion into bone defects, are currently of particular research
interest (16). MSCs can be induced to transform into vascular
endothelial cells and smooth muscle cells (17). Furthermore,
human BM-MSCs cultured in vitro can differentiate into
endothelial-like cells after 7 days of induction in medium
containing VEGF and bFGF (18); the induced cells express
the endothelial surface markers, Flk-1 (KDR), Flt-1, and vWF,
and exhibit in vitro angiogenesis ability (19). MSCs trans-
planted into animals differentiate into endothelial cells and
smooth muscle cells, participate in angiogenesis, and improve
blood supply (20). In the present study, MSCs were isolated
and identified by flow cytometry; resulting in cells that were
CD90* CD105* CD34", indicating that the isolated cells were
BM-MSCs. The prepared BM-MSCs were used to determine
the effects of RBP-JK silencing on endothelial differentiation.

RBP-JK protein is expressed in MSCs and has an impor-
tant role in their proliferation (21). In the present study,
RBP-JK was knocked down in BM-MSCs. Factors commonly
used to induce the differentiation of MSCs into endothelium
in vitro include VEGF, bFGF, insulin-like growth factor,
and transforming growth factor-f, among others. (22). As
the most important cytokine in vascular endothelial cells,
VEGF functions to increase capillary permeability, promote
endothelial cell proliferation, and induce angiogenesis (23).
In the present study, a combination of VEGF and bFGF was
used to induce MSC differentiation into endothelial cells. The
present results revealed that the expression of the endothelial
markers, Flk-1 and vWF, on the cell surface were increased,

both after induction with 50 ng/ml VEGF and 10 ng/ml bFGF
and by RBP-JK silencing. Moreover, RBP-JK silencing further
promoted the endothelial differentiation induced by 50 ng/ml
VEGEF and 10 ng/ml bFGF. These results indicated that the
transformation of BM-MSCs into endothelial cells can be
induced by knocking down RBP-JK, and that there is a syner-
gistic effect of induction using growth factors and knockdown
of RBP-JK.

The number of tubules generated was increased by growth
factor-induced endothelial differentiation and by silencing of
RBP-JK, and there was a synergistic effect between growth
factor-induction and shRBP-JK silencing. These results indi-
cated that knocking down RBP-JK can promote endothelial
mitosis, induce the formation of new vascular networks, and
has an important role in the differentiation and proliferation
of endothelial cells. Endothelial cells can proliferate, and form
new blood vessel networks in vitro and in vivo (24,25). In
addition, the present study revealed that both growth factor
induction and shRBPJK could increase the ability of cells
to phagocytose ac-LDL, and that these two methods had a
synergistic effect. These results indicated that the ability to
take up ac-LDL is another method that can be used to identify
endothelial cells.

NF-«B is a key factor involved in the regulation of cellular
gene transcription and is activated by oxygen free radicals (26).
Upon activation, the transcription of NF-xB p65 and NF-«xB
P50 increase, and the transcription and protein expression
of various proinflammatory factors are elevated, resulting in
enhanced cell adhesion, inflammation, cell differentiation, and
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degradation of the extracellular matrix (27). AKT has an impor-
tant role in the structure and function of endothelial cells (28).
In addition, AKT can phosphorylate a series of nuclear factors
to induce the release of NF-kB and regulate gene transcrip-
tion (29,30). The present study revealed that levels of p-AKT
and p-NF-kB decreased after growth factor-induced endo-
thelial differentiation and knocking down RBP-JK, and that
this decrease was more significant when endothelial induction
and RBP-JK silencing were performed simultaneously. The
AKT/NF-«kB signaling pathway is also related to endothelial
differentiation (31), and the present results indicated that
RBP-JK-induced endothelial cell formation and angiogenesis
may be mediated by AKT/NF-kB signaling.

There are still some limitations to the present study. On
the one hand, although the molecular mechanisms underlying
the differentiation of bone marrow mesenchymal stem cells
into vascular endothelial cells were revealed, the application
of RBP-JK modified MSCs in animals with bone defect still
requires confirmation. On the other hand, how Akt/NF-kB
signaling pathway is involved in the process requires more
elucidation.

In conclusion, the silencing of RBP-JK promotes differen-
tiation of MSCs into vascular endothelial cells, and is likely
regulated by the AKT/NF-«B signaling pathway.
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