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Abstract. Insulin-like growth factor binding protein
5 (IGFBP5) is broadly bioactive, but its role in osteo-
genic differentiation of human bone marrow-derived
mesenchymal stem cells (hMSCs) remains to be clar-
ified. Here, we demonstrated that IGFBP5 expres-
sion was markedly increased during the early osteoge-
nic differentiation of hMSCs. We then over-expressed
and knocked down this gene in hMSCs and evaluat-
ed the impact of manipulation of /GFBP5 expression
on osteogenic differentiation based upon function-
al assays, ALP staining, and expression of osteogen-
ic markers. Together, these analyses revealed that
IGFBP5 over-expression enhanced early osteogenic
differentiation, as evidenced by increased ALP stain-
ing and osteogenic marker induction, whereas knock-
ing down this gene impaired the osteogenic process.
Over-expression of IGFBPS5 also markedly bolstered
the extracellular signal-regulated kinase 1/2 (ERK1/2)
phosphorylation level, while JGFBP5 knockdown
suppressed this signalling activity. We additionally
compared the impact of simultaneous /GFBP5 over-
expression and ERK1/2 inhibitor treatment to the ef-
fect of IGFBPS5 over-expression alone in these hM-
SCs, revealing that small molecule-mediated EKR1/2
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inhibition was sufficient to impair osteogenic differ-
entiation in the context of elevated IGFBPS levels.
These findings indicated that IGFBPS drives the
early osteogenic differentiation of hMSCs via the
ERKI1/2 signalling pathway. Our results offer value
as a foundation for future efforts to study and treat
serious bone-related diseases including osteoporosis.

Introduction

Human bone mesenchymal stem cells (hMSCs) are
multipotent cells that can self-renew in vivo (Pittenger et
al., 1999) and differentiate into a range of cell types,
including osteoblasts and adipocytes (Barry et al., 2001;
Arinzeh, 2005; Helder et al., 2007; Rosen et al., 2012).
When the normal homeostatic balance controlling hMSC
differentiation into these two cell types is disrupted such
that osteoblastic differentiation is impaired and/or adi-
pogenic differentiation is enhanced, individuals can suf-
fer from significant bone loss, contributing to the devel-
opment of osteoporosis (Scheideler et al., 2008). During
osteogenesis, hMSCs up-regulate specific genes in a
defined manner while suppressing activation of other
genes to coordinate phenotypic changes (Steward and
Kelly, 2015), with the early stages of this differentiation
process being particularly important as determinants of
future cell development (Park et al., 2013; Martino et
al., 2014). In vitro expanded hMSCs function as an op-
timal model system that can be used to explore the mo-
lecular regulation of osteogenesis (Okolicsanyi et al.,
2015).

Insulin-like growth factor-binding proteins (IGFBPs)
are pivotal regulators of the mitogenic activity of insu-
lin-like growth factors (IGFs) (Pouriamehr et al., 2019),
are closely linked to cell differentiation, proliferation
and invasion (Du et al., 2019; Nishihara et al., 2020).
IGFBPS is the most highly conserved IGFBP family
member among vertebrates and controls cellular growth,
cell fate determination, and tumour cell metastasis
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(Akkiprik et al., 2008). When ovariectomized rats were
injected daily with a subcutaneous dose of IGFBPS, this
was shown to enhance osteoblast proliferation (Andress,
2001). However, the specific role of this protein as a
regulator of hMSC osteogenesis remains to be clarified.

Here, we demonstrated that IGFBPS is markedly up-
regulated during the early stages of hMSC osteogenesis,
leading us to hypothesize that this IGFBP family mem-
ber is a key regulator of this differentiation process.
Specifically, we demonstrated that IGFBP5 controls
early hMSC osteogenic differentiation via activating the
extracellular signal-regulated kinase 1/2 (ERK1/2) sig-
nalling pathway. Together, our data provide a new
framework for understanding how IGFBP5 can contrib-
ute to early hMSC osteogenesis.

Material and Methods

Cell culture and osteogenic induction

Flow cytometry was utilized to determine that hMSCs
(HUXMA-01001, Cyagen Biosciences, Guandong, China;
cell lot No. of three donors: 150724131, 161125R41,
and 160202131) were > 95 % positive for CD105, CD73,
and CD90 and < 5 % positive for HLA-DR, CD45,
CD19, CD11b, and CD35 expression. Cells were then
cultured at 5 x 10%cm? in oriCell h(MSC growth media
(HUXMA-90011, Cyagen Biosciences) which contained
10 % FBS, 0.4% glutamine, 100 IV/ml penicillin and
100 pg/ml streptomycin in a humidified 5% CO, incu-
bator at 37 °C. Every 3-4 days, 0.25% trypsin-EDTA
solution (Gibco, Thermo Fisher Scientific, Waltham,
MA) was used to passage cells, and cells were used for
experimentation when between passages 3 and 6.

Cells were grown until 70% confluent, at which time
they were stimulated to undergo osteogenic differentia-
tion by culturing them in media supplemented with
50 mM ascorbic acid, 10 mM B-glycerophosphate and
100 nM dexamethasone (all from Sigma-Aldrich, St
Louis, MO). These cells were then cultured in this me-
dia for 0, 3, 7, or 9 days, with media being changed every
three days. In addition, cells were collected to assess the
expression of ALP, OCN, RUNX2, ERK 1/2 and IGFBP5
at the mRNA and protein levels.

Lentiviral transduction

In order to knockdown or over-express /GFBPS5, ap-
propriate lentiviral vectors were obtained from Shanghai
Genechem Co., Ltd (Shanghai, China). A short hairpin
RNA (shRNA) targeting human /GFBP5 was designed
(target sequence, 5'-GCAGATCTGTGAATATGAA-3).
In addition, a negative control (NC) shRNA was used
(sequence, 5'-TTCTCCGAACGTGTCACGT-3"). Che-
mically synthesized DNA oligonucleotides (Shanghai
Genechem Co., Ltd.) were respectively cloned into the
GV493 (for shRNA) and GV492 (for over-expression)-
green fluorescent protein (GFP) lentiviral vector
(Shanghai Genechem Co., Ltd.). Cells were transfected
to achieve either over-expression of /IGFBPS5, over-ex-

pression of a control construct, to express an IGFBP5-
specific shRNA, or express a control sShRNA. Lentiviral
titres were assessed via serial dilution, and hMSCs were
then plated in 6-well plates until 20-30% confluent, at
which time 1x10® TU/ml virus (10 pl), 5 pg/ml poly-
brene, and additional media was added per well. Fol-
lowing 10-h incubation at 37 °C, medium was exchanged
and cells were allowed to rest for 72 h. Medium was
then refreshed and supplemented with 0.5 pg/ml puro-
mycin, which was used to screen cells for 48 h. Medium
was then exchanged for fresh puromycin-containing
medium, and selection was maintained for six total days,
at which time surviving cells began proliferating.

ALP staining and activity analyses

ALP activity was assessed with a staining kit (Beyo-
time Institute of Biotechnology, Shanghai, China) based
on provided directions. Briefly, after two washes with
PBS, cells were fixed for 20 min using 4% formalin.
Cells were then incubated two times in ALP buffer
(0.1 M NaCl, 0.1 M Tris-HCI, 50 mM MgCl,. 6H,0, pH
9.5) for 5 min each, followed by 30-min incubation with
ALP substrate solution (5 pl BCIP and 10 ul NBT in I ml
ALP buffer) at room temperature protected from light.
Distilled water was then added to terminate staining,
and cells were assessed via microscopy (Olympus,
Tokyo, Japan).

An ALP Detection Kit (Nanjing Jiancheng Bioengi-
neering Ltd., Nanjing, China) was additionally used to
assess ALP activity based upon provided directions.
Briefly, cells were freeze-thawed four times to release
endogenous ALP, after which lysates were added to 96-
well plates containing ALP substrate and were incubat-
ed at 37 °C, after which a stop buffer was added to ter-
minate the reaction. The p-nitrophenol product levels in
each well were then assessed by analysing absorbance at
520 nm using a microplate reader (Bio-Rad, Hercules,
CA).

gRT-PCR

Trizol (Invitrogen, Carlsbnad, CA) was employed to
extract cellular RNA, after which a Reverse Transcription
System and Oligo (dT) kit was utilized to prepare cDNA
(Thermo Fisher Scientific). For normalization, we uti-
lized B-actin, and primers used for this study are com-
piled in Table 1. All qRT-PCR reactions were conducted
using a SYBR Premix Ex Taq kit (TOYOBO, Otsu,
Shiga, JAPAN) and a 7500 Real-Time PCR System (ABI,
Foster City, CA), with relative gene expression being
evaluated via the 2-24°T method.

Western blotting

RIPA buffer was used for lysing cells, after which a
BCA protein assay kit (Thermo Fisher Scientific, Inc.)
was employed to measure the protein levels in individu-
al samples. Isolated protein extracts were then diluted
10-, 20-, or 40-fold using 0.9% NaCl and incubated at
37 °C for 2 h, after which absorbance was assessed with
an iMark microplate reader (Bio-Rad). Protein extracts
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Table 1. gRT-PCR primers
Gene symbol Forward primers Reverse primers Length (bp)
RUNX2 5‘-GGACGAGGCAAGAGTTTCACC-3¢ 5‘“GGTTCCCGAGGTCCATCTACT-3¢ 161
OCN 5*-“TGAGAGCCCTCACACTCCTC-3* 5‘-CGCCTGGGTCTCTTCACTAC-3° 151
ALP 5’-CCCCGTGGCAACTCTATCTTT-3¢ 5’-GCCTGGTAGTTGTTGTGAGCATAG-3¢ 161
IGFBPS 5‘-AGTGAAGAAGGACCGCAGAA-3' 5‘-GGTCACAATTGGGCAGGTAC-3' 209
B-actin 5‘-GCGAGAAGATGACCCAGATCATGT-3¢ | 5-“TACCCCTCGTAGATGGGCACA-3° 160

were then combined with 5x SDS sample buffer, boiled
for 5 min, and 15 pg of protein per sample was separated
via 10% SDS-PAGE and transferred onto PVDF mem-
branes (EMD Millipore, Burlington, MA). Blots were
subsequently blocked using 5% non-fat milk for 2 h at
room temperature, and blots were then incubated over-
night with rabbit anti-RUNX2 (1 : 1,000; ab23981), rab-
bit anti-OCN (1 : 1,000; ab133612), rabbit anti-IGFBP5
(1:1,000; CST 10941), rabbit anti-ERK1/2 (CST 9102),
rabbit anti-p-ERK1/2 (CST 9101), or mouse anti-p-actin
(1:2,000; 173838) at 4 °C. Blots were then probed for
1 h using HRP-linked anti-mouse or anti-rabbit IgG
(1:5,000; 7076P2 and 7074P2; Cell Signaling Techno-
logy, Danvers, MA). Protein band detection was then
conducted with an ECL reagent (BeyoECL Plus; Beyo-
time Institute of Biotechnology, Shanghai, China).

Statistical analysis

Data are given as means = SD, and all experiments
were conducted in triplicate. Data were compared via
one-way analysis of variance (ANOVA), with P < 0.05
as the significance threshold.

Results

Assessment of IGFBPS expression during hMSC
osteogenesis

We started by evaluating /GFBP5 expression dynam-
ics during the osteogenic differentiation of hMSCs, re-
vealing that this gene was gradually up-regulated over
time until reaching a maximal expression level on day 7
(Fig. 1A). This indicated that IGFBP5 may be a key
regulator of early osteogenic differentiation of hMSC.

hMSC transduction

At 6 days post-lentiviral transduction, the remaining
hMSCs were puromycin-resistant, indicating good
transduction efficiency. These cells grew effectively and
exhibited GFP expression when evaluated via fluores-
cent microscopy (Fig. 1B). The efficacy of lentiviral
transduction was additionally confirmed via qRT-PCR
and Western blotting (Fig. 1C and D).

ALP staining and activity

The osteoblastic differentiation of hMSCs was evalu-
ated on days 3 and 7 post-induction via ALP staining.

Positively stained cells were manifested by a blue-violet
colour. Notably, the staining intensity was significantly
greater in IGFBP5-over-expressing cells (Fig. 2A),
whereas it was significantly decreased in cells in which
IGFBP5 was knocked down (Fig. 2B). This result was
also confirmed via quantifying intracellular ALP activi-
ty, again revealing that ALP staining intensity was in-
creased in /IGFBP5-over-expressing cells and decreased
in cells transduced with an /GFBP5-specific shRNA
relative to control cells (Fig. 2C and D).

Modulation of IGFBPS expression impacts
hMSC osteogenesis

In an effort to more fully understand the impact of
IGFBP5 expression on hMSC osteogenic differentia-
tion, we additionally assessed osteogenic marker gene
expression patterns in cells prepared as above. We found
that /GFBP5 over-expression markedly enhanced the
levels of osteogenic marker genes RUNX2, OCN and
ALP at the RNA and protein levels, whereas /GFBPS
knockdown suppressed induction of both these genes on
days 3 and 7 of the differentiation process (Fig. 2 E, F
and Fig. 2 G, H).

IGFBPS expression impacts ERK1/2 signalling
in hMSCs

Next, we evaluated the impact of IGFBPS5 expression
on ERK1/2 signalling in the context of osteogenesis by
Western blotting, revealing that both /GFBP5 over-ex-
pression and knockdown were linked with increased
and decreased p-ERK1/2 levels (Fig. 3A and B).

IGFBPS5 controls hMSC osteogenesis via
regulating ERK1/2 activation

Lastly, we assessed the role of ERK1/2 in the regula-
tion of IGFBP5-mediated hMSC osteogenesis. To this
end, cells were treated using 20 pM ERK1/2 inhibitor
U0126 (Selleck, Pittsburgh, PA) to reduce its phos-
phorylation (Fig. 3C), revealing that the inhibition of
ERK1/2 activity was sufficient to impair the osteoblas-
tic differentiation of hMSCs over-expressing /GFBPS5
(Fig. 4). Overall, these results indicate that IGFBP5
controls early hMSC osteogenic differentiation via con-
trolling ERK1/2 signalling activity.
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Fig. 1. Assessment of IGFBPS5 expression during hMSC osteogenesis and evaluation of the efficacy of lentiviral transduc-
tion at 6 days post-lentiviral transduction. (A) /GFBP5 expression during osteogenic differentiation was assessed via
gRT-PCR over time. Data are means + SD (X + SD, N = 3). **P < (.01 vs. Day 0. (B) Following infection, cells were

assessed via light and fluorescence microscopy (10x; scale

bar, 50 um), with representative images being shown. (C)

IGFBP5 mRNA expression was evaluated via qRT-PCR. Data are means + SD (X = SD, N = 3). **P < 0.01 vs. negative
control. (D) IGFBPS protein expression was evaluated via Western blotting.
NC — negative control, OE — IGFBP5 over-expression, sShRNA — IGFBPS shRNA.

Discussion

Osteoporosis is a disease that causes progressive bone
loss, increasing the susceptibility of affected patients to
bone fractures. The ability of hMSCs to differentiate
into osteoblasts, osteocytes, and adipocytes ultimately
controls the development of bone and fat tissues (Kim et
al., 2016; You et al., 2016; Casado-Diaz et al., 2017).
Impairment of hMSC osteogenesis can impair bone for-
mation, and such impairment is a common hallmark of
osteoporosis (Scheideler et al., 2008; Benisch et al.,
2012). It is therefore essential that the molecular mecha-
nisms regulating hMSC differentiation be better under-
stood in order to guide the treatment of osteoporosis and
bone fractures.

Here, we found that /IGFBPS5 expression in hMSCs
increased over time during osteoblastic differentiation,
with maximum expression levels being reached on day

7 of this process (Fig. 1A). This showed that IGFBPS5
may be a key regulator of the early phases of the osteo-
genic differentiation process in these cells. To test this
possibility, we generated hMSCs in which /GFBP5 was
stably over-expressed or knocked down using lentiviral
constructs (Fig. 1B-D).

We found that cells over-expressing /GFBPS5 exhib-
ited more robust ALP staining and activity, whereas the
opposite was true in cells in which this gene was
knocked down (Fig. 2 A,C; Fig. 2 B,D). In line with
these findings, osteogenic marker gene expression was
markedly increased during hMSC osteogenesis in cells
over-expressing /GFBP5 (Fig. 2 E,G), while the expres-
sion of these marker genes was suppressed following
IGFBP5 knockdown (Fig. 2 F,H). These data suggest
that IGFBPS5 functions as a positive regulator of early
hMSC osteoblastogenesis.
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Fig. 2. Modulation of /IGFBP5 expression (/GFBPS5 over-expression or knockdown) impacts hMSC osteogenesis. (A, B)
Light microscopy was used to evaluate ALP staining in hMSCs at different stages of differentiation (10x; scale bar,
50 um). (C, D) Absorbance readings were utilized to quantify ALP activity. (E-F) RUNX2, OCN, and ALP expression
were evaluated via qRT-PCR. Data are means + SD (N = 3). **P < 0.01 vs. negative control, respectively. (G-H) RUNX2

and OCN levels were measured via Western blotting.

NC — negative control, OE — IGFBPS over-expression, sh — /IGFBP5 shRNA.

Of the six known IGFBP family members, IGFBPS is
the most broadly bioactive and is expressed in many dif-
ferent cells and tissues (Du et al., 2019; Nishihara et al.,
2020; Xi et al., 2020). The relationship between IGFBP5
and osteogenic differentiation, however, remains to be
fully clarified. There is some evidence that IGFBPS5 can
enhance osteogenic differentiation of umbilical cord
stem cells and periodontal ligament stem cells (PDLSCs)
(Wang et al., 2016), and recombinant human IGFBP5
(thIGFBP5) can promote PDLSC migration, chemo-
taxis, and osteo/dentinogenic differentiation (Han et al.,

2017). However, IGFBPS5 over-expression has also been
shown to decrease in vitro osteoblastogenesis (Durant et
al., 2004), and there is some evidence that this protein
can also restrain skeletal growth (Mukherjee et al.,
2008). As such, IGFBPS may play cell- and tissue-spe-
cific roles in regulating physiological activities. As
such, in the present study, we specifically evaluated the
impact of IGFBP5 on hMSC osteogenesis.

The mechanistic basis by which IGFBPS controls os-
teogenesis has yet to be clarified. The differentiation of
hMSCs into osteoblasts is controlled by coordinated
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simultaneous activation of many signalling pathways,
making it essential to understand which of these path-
ways function downstream of IGFBPS. There are sev-
eral signalling pathways related to IGFBPS, such as JNK,
MEK/ERK and MAPK signalling pathways (Rousse et
al., 2001; Yasuoka et al., 2009; Wang et al., 2016). In
prior research, IGFBPS was shown to modulate dental
pulp stem cell dentinogenesis by controlling the ERK
signalling pathway (Wang et al., 2016). Consistent with
such activity, IGFBP5 also impacts the growth of pan-
creatic cancer cells by modulating ERK1/2 signalling
(Johnson and Haun, 2009). As such, we hypothesized
that IGFBP5 may also control osteogenesis via the
ERK1/2 signalling pathway. Consistent with this model,
we demonstrated that over-expressing or knocking down
IGFBP5 was sufficient to alter ERK1/2 phosphorylation
levels during hMSCs osteogenesis (Fig. 3A and B). The
treatment of these cells with ERK1/2 inhibitors was also
sufficient to reverse the impact of IGFBP5 over-expres-
sion on hMSC osteogenic differentiation (Fig. 3C and
Fig. 4). These data therefore confirmed that IGFBPS5
signals via ERK1/2 in order to control the early osteo-
genic differentiation of hMSCs.

Together, our data indicate that IGFBPS serves as a
key regulator of early stage osteoblastogenesis in hMSCs.
As a novel positive regulator of this important differen-
tiation process, IGFBP5 may thus be a viable target for
future studies of the treatment of osteoporosis and other
bone-related diseases.

Disclosure of conflict of interest

The authors declare no financial or commercial con-
flict of interest.

Acknowledgments

Z. M. Z.* and L. M.* contributed equally. We thank
Prof. Tao Wang, Key Laboratory of System Bio-me-
dicine of Jiangxi Province, Jiujiang University, for read-
ing the manuscript and for his helpful comments and
suggestions.

References

Akkiprik, M., Feng, Y., Wang, H., Chen, K., Hu, L., Sahin, A.,
Krishnamurthy, S., Ozer, A., Hao, X., Zhang, W. (2008)
Multifunctional roles of insulin-like growth factor binding
protein 5 in breast cancer. Breast Cancer Res.10, 212.

Andress, D. L. (2001) IGF-binding protein-5 stimulates osteo-
blast activity and bone accretion in ovariectomized
mice. Am. J. Physiol. Endocrinol. Metab. 281, E283-E288.

Arinzeh, T. L. (2005) Mesenchymal stem cells for bone re-
pair: preclinical studies and potential orthopedic applica-
tions. Foot Ankle Clin. 10, 651-665.

Barry, F., Boynton, R. E., Liu, B., Murphy, J. M. (2001) Chon-
drogenic differentiation of mesenchymal stem cells from
bone marrow: differentiation-dependent gene expression
of matrix components. Exp. Cell Res. 268, 189-200.

Benisch, P., Schilling, T., Klein-Hitpass, L., Frey, S. P,
Seefried, L., Raaijmakers, N., Krug, M., Regensburger, M.,

Zeck, S., Schinke, T., Amling, M., Ebert, R., Jakob, F.
(2012) The transcriptional profile of mesenchymal stem
cell populations in primary osteoporosis is distinct and
shows overexpression of osteogenic inhibitors. PloS One 7,
e45142.

Casado-Diaz, A., Tunez-Finana, 1., Mata-Granados, J. M.,
Ruiz-Méndez, M. V., Dorado, G., Romero-Sanchez, M. C.,
Navarro-Valverde, C., Quesada-Gomez, J. M. (2017) Se-
rum from postmenopausal women treated with a by-prod-
uct of olive-oil extraction process stimulates osteoblas-
togenesis and inhibits adipogenesis in human mesenchymal
stem-cells (MSC). Exp. Gerontol. 90, 71-78.

Du, Y., Wang, P. (2019) Upregulation of MIIP regulates hu-
man breast cancer proliferation, invasion and migration by
mediated by IGFBP2. Pathol. Res. Pract. 215, 152440.

Durant, D., Pereira, R. M., Canalis, E. (2004) Overexpression
of insulin-like growth factor binding protein-5 decreases
osteoblastic function in vitro. Bone 35, 1256-1262.

Han, N., Zhang, F., Li, G., Zhang, X., Lin, X., Yang, H., Wang,
L., Cao, Y., Du, J., Fan, Z. (2017) Local application of
IGFBPS protein enhanced periodontal tissue regeneration
via increasing the migration, cell proliferation and osteo/
dentinogenic differentiation of mesenchymal stem cells in
an inflammatory niche. Stem Cell Res. Ther. 8, 210.

Helder, M. N., Knippenberg, M., Klein-Nulend, J., Wuisman,
P. 1. (2007) Stem cells from adipose tissue allow challeng-
ing new concepts for regenerative medicine. Tissue Eng.
13, 1799-1808.

Johnson, S. K., Haun, R. S. (2009) Insulin-like growth factor
binding protein-5 influences pancreatic cancer cell
growth. World J. Gastroenterol. 15, 3355-3366.

Kim, Y. H., Park, M., Cho, K. A., Kim, B. K., Ryu, J. H., Woo,
S. Y., Ryu, K. H. (2016) Tonsil-derived mesenchymal stem
cells promote bone mineralization and reduce marrow and
visceral adiposity in a mouse model of senile osteoporo-
sis. Stem Cells Dev. 25, 1161-1171.

Martino, N. A., Reshkin, S. J., Ciani, E., Dell’Aquila, M. E.
(2014) Calcium-sensing receptor-mediated osteogenic and
early-stage neurogenic differentiation in umbilical cord
matrix mesenchymal stem cells from a large animal model.
PloS One 9, e111533.

Mukherjee, A., Rotwein, P. (2008) Insulin-like growth factor-
binding protein-5 inhibits osteoblast differentiation and
skeletal growth by blocking insulin-like growth factor ac-
tions. Mol. Endocrinol. 22, 1238-1250.

Nishihara, K., Suzuki, Y., Roh, S. (2020) Ruminal epithelial
insulin-like growth factor-binding proteins 2, 3, and 6 are
associated with epithelial cell proliferation. Anim. Sci.
J. 91, e13422.

Okolicsanyi, R. K., Camilleri, E. T., Oikari, L. E., Yu, C.,
Cool, S. M., van Wijnen, A. J., Griffiths, L. R., Haupt, L.
M. (2015) Human mesenchymal stem cells retain multilin-
eage differentiation capacity including neural marker ex-
pression after extended in vitro expansion. PloS One 10,
e0137255.

Park, Y. H., Yun, J. I., Han, N. R., Park, H. J., Ahn, J. Y., Kim,
C., Choi, J. H, Lee, E., Lim, J. M., Lee, S. T. (2013) Mass
production of early-stage bone-marrow-derived mesenchy-
mal stem cells of rat using gelatin-coated matrix. Biomed.
Res. Int. 2013, 347618.



Vol. 67

IGFBPS Regulates Early Osteogenic Differentiation of hMSCs 125

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K.,
Douglas, R., Mosca, J. D., Moorman, M. A., Simonetti, D.
W., Craig, S., Marshak, D. R. (1999) Multilineage potential
of adult human mesenchymal stem cells. Science 284, 143-
147.

Pouriamehr, S., Barmaki, H., Rastegary, M., Lotfi, F., Nabi
Afjadi, M. (2019) Investigation of insulin-like growth fac-
tors/insulin-like growth factor binding proteins regulation
in metabolic syndrome patients. BMC Res. Notes 12, 653.

Rosen, C., Karsenty, G., MacDougald, O. (2012) Foreword:
interactions between bone and adipose tissue and metabo-
lism. Bone 50, 429.

Rousse, S., Lallemand, F., Montarras, D., Pinset, C., Mazars,
A., Prunier, C., Atfi, A., Dubois, C. (2001) Transforming
growth factor-p inhibition of insulin-like growth factor-
binding protein-5 synthesis in skeletal muscle cells involves
a c-Jun N-terminal kinase-dependent pathway. J. Biol.
Chem. 276, 46961-46967.

Scheideler, M., Elabd, C., Zaragosi, L. E., Chiellini, C., Hackl,
H., Sanchez-Cabo, F., Yadav, S., Duszka, K., Friedl, G.,
Papak, C., Prokesch, A., Windhager, R., Ailhaud, G., Dani,
C., Amri, E. Z., Trajanoski, Z. (2008) Comparative tran-
scriptomics of human multipotent stem cells during adipo-
genesis and osteoblastogenesis. BMC Genomics 9, 340.

Steward, A. J., Kelly, D. J. (2015) Mechanical regulation of
mesenchymal stem cell differentiation. J. Anat. 227, 717-
731.

Xi, G., Demambro, V. E., D’Costa, S., Xia, S. K., Cox, Z. C.,
Rosen, C. J., Clemmons, D. R. (2020) Estrogen stimulation
of pleiotrophin enhances osteoblast differentiation and
maintains bone mass in IGFBP-2 null mice. Endocrinolo-
gy 161, bqz007.

Yasuoka, H., Yamaguchi, Y., Feghali-Bostwick, C. A. (2009)
The pro-fibrotic factor IGFBP-5 induces lung fibroblast
and mononuclear cell migration. Am. J. Respir. Cell Mol.
Biol. 41, 179-188.

You, L., Pan, L., Chen, L., Gu, W., Chen, J. (2016) MiR-27a is
essential for the shift from osteogenic differentiation to
adipogenic differentiation of mesenchymal stem cells in
postmenopausal osteoporosis. Cell. Physiol. Biochem. 39,
253-265.

Wang, Y., Jia, Z., Diao, S., Lin, X., Lian, X., Wang, L., Dong,
R., Liu, D., Fan, Z. (2016) IGFBPS5 enhances osteogenic
differentiation potential of periodontal ligament stem cells
and Wharton’s jelly umbilical cord stem cells, via the INK
and MEK/Erk signalling pathways. Cell Prolif. 49, 618-
627.



