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Abstract

Irradiation can greatly inhibit osteogenesis of bone marrow mesenchymal stem cells (BM-MSCs). However, the
mechanism remains unclear.

Methods: We analyzed the expression profile of long noncoding RNAs (IncRNAs) in BM-MSCs using
microarray data. LncRNA TUGI (Taurine Upregulated Gene 1) was selected and tested in radiated BM-MSCs
and non-radiated BM-MSCs. Functional analyses (in vitro) were performed to confirm the role of TUGI in the
osteogenic inhibition induced by irradiation. A RIP (RNA immunoprecipitation) assay was performed to detect
the interaction of TUGI and Smad5. Smad5 and the phosphorylated Smad5 (p-Smad5) were tested by western
blot. The nuclear translocation of p-Smad5 were tested by immunofluorescence analysis. Furthermore, a series
of Smad5 deletions was constructed to identify the TUGI binding site of Smad5.

Results: We found that numerous IncRNAs, including TUGI, exhibit significant expression differences after
irradiation. After irradiation TUGI was significantly increased in BM-MSCs and inhibited osteogenesis.
Furthermore, TUGI directly bound to Smad>5, an osteogenic enhancer. Although the phosphorylation level of
Smad5 was increased following irradiation, osteogenesis of BM-MSCs was decreased. Mechanistically, TUGI
interacting with the 50-90 aa region of Smad5 and blocks the nuclear translocation of p-Smad5, abolishing
osteogenic signalling after irradiation.

Conclusion: These results indicate that TUGI is a negative regulator of Smad5 signalling and suppresses
osteogenesis of BM-MSCs after irradiation.
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Introduction

Haematopoietic acute radiation sickness is the  osteoblastic differentiation of BM-MSCs, is crucial to

most common disease caused by high-dose the structure and function of haematopoietic
irradiation [1]. The abnormal haematopoietic  environment [4]. However, BM-MSC osteogenic
environment caused by irradiation is an important  differentiation can be greatly suppressed by

barrier to haematopoietic recovery [2]. irradiation. As a result, the structure and function of

BM-MSCs play  important  roles in  haematopoietic environment become abnormal,
haematopoietic =~ environment, supporting and  which hinders haematopoietic recovery [5].Thus, it is
regulating bone haematopoiesis. Most of the essential to study how irradiation inhibits the

non-haematopoietic cells in bone marrow are derived
from BM-MSCs, including adipocytes and osteoblasts
[3]. The differentiation of BM-MSCs, especially the

osteogenic differentiation of BM-MSCs.
The osteogenesis of BM-MSCs is regulated by a
complex osteogenic signalling network, including
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TGF-f signalling [6], Wnt signalling [7], and MAPK
signalling [8]. TGF-p signalling is a key signalling
pathway in the osteogenic differentiation of
BM-MSCs. This signalling pathway relies on a series
of Smad proteins including R-Smads (receptor-
regulated Smads), Co-Smads (common-partner
Smads), and I-Smads (Inhibitory Smads) [9]. Smad5 is
an R-Smad protein. It participates in the osteogenic
differentiation of BM-MSCs by acting as a
transcription factor [10]. When osteogenic signalling
is transducted into the cytoplasm of BM-MSCs,
Smadb5 is phosphorylated and then is directed into the
nucleus, regulating the expression of target genes to
induce osteogenic differentiation [9]. In this process,
the nuclear translocation of Smad> is critical for the
osteogenic signalling transduction. However, we
found that although the phosphorylation level of
Smad5 significantly increased after irradiation, the
osteogenesis of BM-MSCs was significantly inhibited,
suggesting that unknown inhibitors induced by
irradiation ~ suppress Smad5 signalling and
osteogenesis of BM-MSCs.

Long noncoding RNAs (IncRNAs) are defined as
transcripts longer than 200 nucleotides and were
originally regarded as transcriptional “noise” [11, 12].
In recent years, many studies have reported that
IncRNAs are involved in «cell osteogenic
differentiation, such as IncRNA BORG [13], IncRNA
ANCR [14], and IncRNA DANCR [15]. Our previous
microarray data revealed that numerous IncRNAs
exhibit significant expression differences after
irradiation. Further analysis of the results of the
IncRNA and co-expression networks revealed that the
expression of IncRNA TUGI1 (Taurine Upregulated
Gene 1) (FC>2) was significantly increased after
irradiation and may interact with Smad5, a key
molecule in the osteogenic differentiation of
BM-MSCs.

LncRNA TUG1 is a 7.1 kb IncRNA and was
firstly identified in retinal cells. It can be upregulated
by taurine, and it regulate photoreceptor
differentiation [16]. It is involved in many diseases,
including neurodegeneration and cancers. However,
the role of TUGL in the osteogenic differentiation of
human BM-MSCs and its mechanism remains unclear.

In this study, we explored the regulatory roles of
TUG1 in Smad5 signalling during the osteogenic
differentiation of BM-MSCs after irradiation. We
propose that TUGL is a key regulator of osteogenic
differentiation after the irradiation of BM-MSCs.

Materials and methods

Cells Lines and Culture

Human BM-MSCs were obtained from ScienCell
Research Laboratories (No. 7500, ScienCell) and were

cultured in a complete medium (No. HUCMX-90011,
Cyagen Biosciences, Inc.) at 37 °C and 5 % CO.. All
media were changed every other day. The cells were
passaged to a secondary culture when dense colonies
of spindle-shaped cells covered approximately 80
%-90 % of the culture dish. BM-MSCs from passage 10
(P10) were used in this study. For the radiation
treatment, when cultured cells reached 80 %
confluence, they were irradiated with Co-60 for 13min
at a rate of 0.69 Gy/min.

Plasmids Constructs

The flag-tagged Smad5 deletion constructs (WT,
A25, A50, A90) were created using forward primers
containing the BamH I site and a common reverse
primer containing the SaL I site. Primer sequences are
summarized in Table 1. The PCR products were
sequentially digested with BamH I and SaL I and
ligated into similarly digested pCMV-N-Flag-Smad5
vector. The in-frame ligation of all plasmids was
confirmed by automated sequencing. Then, the
vectors were transferred into BM-MSCs for protein
expression by Lipofectamine®  3000(L3000015,
Invitrogen).

Table 1. The primers of Smad5 deletion constructs

Gene Sequence Restriction

name site

WT Forward primer: BamH I
5'-CGCGGATCCACGTCAATGGCCAGCTTGTTT-3'

A25 Forward primer: BamH I
5'-CGCGGATCCGAGGAGGAGAAATGGGCAGAA-3'

A50 Forward primer: BamH I
5'-CGCGGATCCGAACTGGAGAAAGCCTTGAGC-3'

A90 Forward primer: BamH I
5'-CGCGGATCCCGTGTTTGGCGCTGGCCGGA-3'

WT, A25,  Reverse primer: SaL 1

A50, A90 5'-ACGCGTCGACTTATGAAACAGAAGATATGGGG-3'

Cell transfection

TUG1 knockdown (or overexpression) was
conducted via lentiviral transfection. Briefly, three
lentiviral (si-TUG1 or ov-TUG1) constructs were
generated based on different regions of the human
TUG1 sequence (NCBI accession NR_002323.2). The
same lentiviral vector containing an insert of
nonspecific RNA oligonucleotide (si-NC or ov-NC)
was used as a negative control. The si-TUG1
sequence was 5'-GGATATAGCCAGAGAACAA-3,
the ov-TUG1 sequence was 5-CACTATCGGA
GACAAAGCGG-3', and the mnegative control
sequence was 5-GTTCTCCGAACGTGTCACGT-3".
Lentiviruses containing these plasmids were
generated by transfecting the 293T packaging cell line
with the siRNA vector (pGreen-Puro-TUGI1) and
overexpression vector (dCAS-VP64-blast, MS2-P65-
HSF1-Hygro, H-TUG1 gRNA-Puro). Lentiviral
vectors were added into BM-MSCs culture medium.
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After 72 h, BM-MSCs harbouring the constructs were
selected using the corresponding antibiotics
(puromycin: selected, 3 ng/mL; maintained, 1 pg/mL;
blast: selected, 6 pg/mL; maintained, 1 pg/mL;
Hygromycin B: selected, 150 pg/mL; maintained, 50
pg/mL).

Polymerase chain reaction

Total RNA was extracted using the Trizol
Reagent according to the manufacturer’s protocol
(No. 10296010, Invitrogen). Next, 1 ug of the extracted
RNA was reverse-transcribed using PrimeScript RT
reagent Kit with gDNA Eraser (No. RR047A, Takara).
qRT-PCR was performed in triplicate in 20 pl
reactions using SYBR® Premix Ex Taq™ II (Tl
RNaseH Plus) (No. RR820A, Takara). The reaction
protocol was as follows: heating for 10 min at 95 °C,
followed by 40 cycles of amplification (15 s at 95 °C
and 1 min at 60 °C). Data were analysed using the
delta-delta Ct method. The primer sequences are
summarized in Table 2.

Table 2. PCR Primer sequences

Gene name Sequence
TUG1 Forward primer: 5-TAGCAGTTCCCCAATCCTTG-3'
Reverse primer: 5'-CACAAATTCCCATCATTCCC-3'
p-actin Forward primer: 5-ACCCCGTGCTGCTGACCGAG-3'
Reverse primer: 5-TCCCGGCCAGCCAGGTCCA-3'
Runx2 Forward primer: 5-TGCCACCTCTGACTTCTGC-3'
Reverse primer: 5-GATGAAATGCCTGGGAACTG-3'
OGN Forward primer: 5-TGCCTTGATAGGAGGAAAACA-3'
Reverse primer: 5'-GATCCCCAAAAGCATTTAAGG-3'
ALP Forward primer: 5-ACGTGGCTAAGAATGTCATC-3'
Reverse primer: 5'-CTGGTAGGCGATGTCCTTA-3'
OCN Forward primer: 5-TGAGAGCCCTCACACTCCTC-3'
Reverse primer: 5'-CGCCTGGGTCTCTTCACTAC-3'
Osterix Forward primer: 5-CCCACCTCAGGCTATGCTAA-3'
Reverse primer: 5'-CACTGGGCAGACAGTCAGAA-3'
TUGI1-Mouse Forward primer: 5-CATAGTATCATCTTCGGGTTAC-3'

Reverse primer: 5'-CACAAAATGCATGTAGGTTC-3'
Forward primer: 5-AGCCATGTACGTAGCCATCC-3'
Reverse primer: 5'-CTCAGCTGTGGTGGTGAA-3'

p-actin-Mouse

Osteogenic differentiation

To detect osteogenic differentiation, cells were
treated in human mesenchymal stem cell osteogenic
differentiation medium (No. HUXMA-90021, Cyagen)
for 2 weeks. Cells were plated at a density of 10,000
cells/cm? in 6 well cell culture clusters and treated
every other day with the medium. Of note, because of
the limited cell number, TUGI-overpression
BM-MSCs were plated at a density of 2,000 cells/cm?
in 24 well cell culture clusters and treated every other
day with the medium. After differentiation, we
removed the osteogenic differentiation medium from
the wells and fixed the cells with 4 % formaldehyde
solution in PBS for 30 min. Then, we stained the cells
with alizarin red S solution (No. S0141, Cyagen) for 10
min, followed by 3 extensive washes with PBS. The

images were visualized under a light microscope
(Leica DMIRB, Germany). For quantitation, the cells
were stained with alizarin red S and destained with
ethylpyridinium chloride (Wako Pure Chemical
Industries, Ltd). Then, the extracted stain was
transferred to a 96-well plate, and absorbance was
measured at 562 nm using a Varioskan FLASH
microplate reader (Thermo).

Western Blotting and Antibodies

Protein expression in the samples was analysed
by western blotting. The total protein lysate was
extracted with cell lysis buffer for western blotting
and immunoprecipitation (No. P0013, Beyotime) and
denatured by boiling. Protein samples were resolved
on 12 % SDS-polyacrylamide gels and transferred to
polyvinylidene fluoride membranes (PVDF Western
Blotting Membranes, Roche). Membranes were
blocked in PBS containing 5 % (w/v) non-fat dry milk
and 0.1 % Tween-20 for 2 h, incubated with the
appropriate antibodies overnight, washed with TBST
buffer, and then incubated with secondary antibodies
for 2 h. Blots were developed using a horseradish
peroxidase-linked secondary antibody and developed

with a chemiluminescent detection system
(Phototope-HRP Western blot detection kit, New
England Biolab).

The primary antibodies used for blotting were as
follows: anti-Smad5 (1:1000, 12534, Cell Signaling
Technology), anti-p-Smad5 (1:1000, 9516S, Cell
Signaling Technology), anti-OGN (1:1000, sc-374463,
Santa Cruz), anti-Runx2 (1:1000, sc-390351; Santa
Cruz), and anti-p-actin (1:1000, sc-47778, Santa Cruz).

Immunofluorescence

After treatment, cells were fixed with 4 %
formaldehyde for 30 min at room temperature and
then incubated in blocking solution containing 5 %
bovine serum albumin in PBS. For permeabilization,
cells were incubated in 0.2 % Triton X-100. Then, the
cells were incubated with anti-p-Smad5 (1:50)
overnight at 4 °C. The next day, the cells were
incubated with secondary antibodies conjugated to
Alexa Fluor 647 and Cy3 for 30 min at 37 °C. For
nuclear staining, the cells were incubated with
4,6-diamidino-2-phenylindole (DAPI) for 3 min.
Fluorescence was visualized using laser confocal
microscopy (Leica SP5, Heidelberg, Germany).

RNA-binding protein immunoprecipitation
(RIP) assay

RIP experiments were conducted using the
EZ-Magna RIP Kit (17-700, Millipore Corporation).
Briefly, cells were harvested; lysed; and then reacted
with RIP buffer containing magnetic beads conjugated
with anti-Smad5 antibody, anti-Flag antibody (14793,
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Cell Signaling Technology) or the corresponding
negative control IgG (Millipore). After the antibody
was recovered using protein A/G beads, precipitates
were evaluated by PCR analysis.

Isolation of nuclear and cytoplasmic protein

The nuclear and cytoplasmic fractions were
separated with a Nuclear and Cytoplasmic Protein
Extraction  Kit  (P0028,  Beyotime,  China).
Approximately 4.0 x 10¢ cells were lysed in the
cytoplasmic fraction buffer and separated from the
sediment, then, the nuclear fraction was collected
from the supernatant. Protein expression in the
samples was analysed by western blot.

RNA fluorescence in situ hybridization (FISH)
and immunofluorescence

The 48 fluorescently labeled oligonucleotides
targeted to different regions of TUG1 (Table S2) were
designed and hybridized to fixed BM-MSCs
according to the protocol of the manufacturer
(Biosearch Technologie). The BM-MSCs were rinsed
briefly in PBS and then fixed in 3.7% formaldehyde in
PBS (pH 7.4) for 10 min at room temperature and
permeabilized in 70% ethyl alcohol at 4°C at least 1 h.
Then Hybridization was carried out using probe sets
and p-Smad5 antibody in a moist chamber at 37°C for
12 - 16 h according to the protocol (Biosearch
Technologies).The image sections was acquired using

A B

a laser confocal microscopy (Leica SP5, Heidelberg,
Germany).

Statistical analysis

The mRNA levels of TUG1, Runx2, OGN, OCN,
Osterix in the tested samples are expressed as cycle
threshold (CT) levels. Normalized copy numbers
(relative quantification) were calculated using the
AACT equation. Data were presented as the mean +
standard error of mean (SEM). Statistical analysis was
performed using GraphPad Prism version 6.0. An
independent t-test was used to compare data obtained
from the experimental group with those obtained
from the control group. The results are considered
significant at *P< 0.05, **P < 0.01, and ***P < 0.001.

Results

The expression level of TUGI increases in
BM-MSCs after irradiation

In vivo and in vitro studies have shown that
irradiation can strongly inhibit the osteogenic
differentiation of BM-MSCs [17, 18]. Consistent with
previous studies, our data show that the osteogenic
differentiation of BM-MSCs is significantly decreased
after irradiation (Figure 14, 1B, 1C).

To explore the role of IncRNAs in BM-MSCs
after irradiation, we designed a customized
microarray to probe the expression profiles of 27,984
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Figure 1. TUGI increases after irradiation in BM-MSCs. (A-C) The effect of irradiation on osteogenesis of BM-MSCs. (A) Representative images of alizarin red staining
of non-irradiated BM-MSCs (control) and irradiated BM-MSCs (IR) in osteogenesis. (B) qRT-PCR analysis of mRNA levels of osteogenic markers, and (C) Western blot analysis
of protein expression levels of osteogenic markers in osteogenesis.of BM-MSCs. (D) Heat map of differentially expressed IncRNAs (53 upregulated IncRNAs and 4
downregulated IncRNAs) between non-irradiated BM-MSCs and irradiated BM-MSCs. (E) The expression levels of TUGI in BM-MSCs within 14 days after irradiation. Relative
expressions of genes were normalized by B-actin in qRT-PCR. All experiments were performed in triplicate, and the results are expressed as the means +SEM. *P < 0.05; **P <
0.01; ***P < 0.001; ns: not significant. Abbreviations: IR: irradiated BM-MSCs; Runx2: runt related transcription factor 2; OGN: osteoglycin.
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human transcripts that have been annotated as
potential noncoding RNAs. The expression profiles
were probed for the control and 24 h after irradiation.
A total of 57 potential noncoding RNAs were
upregulated or downregulated by > 2-fold after
irradiation (Figure 1D, Table S1). Of these transcripts,
53 IncRNAs were highly induced after irradiation,
while 4 IncRNAs showed reduced expression. We
focused on a highly upregulated IncRNA transcript,
TUGI1 (Figure 1D).

Then, we evaluated the expression level of TUG1
at different time points after irradiation by qRT-PCR.
TUG1 expression level significantly increased after
irradiation in 14 days (Figure 1E). In addition, the
expression levels of TUGI in mice bone marrow were
significantly increased after irradiation (Figure S3A).

TUGI suppresses the osteogenic
differentiation of BM-MSCs after irradiation

To study the role of TUGI in the osteogenic
differentiation of BM-MSCs after irradiation, we
knocked down the expression of TUG1 with siRNA
vector (pGreen-Puro-TUG1) and overexpressed TUG1
by CRISPR/CAS9 (Figure 2A, 2B).

After 7 days of osteogenic induction, alkaline
phosphatase (ALP) staining (Figure S4A), ALP
quantification of osteogenic induction (Figure S4B)

A B

2.0
1.5

e

0.5
0.0

si-NC  si-TUGH ov-NC  ou-TUG1

TUG1 relative RNA expression
o o — -
=] o =] o
TUGH1 relative RNA expression
- N
o o

o
w
-
[44]

& ; £
o o
© 2 3 1.0
o 1]
2 e
E 1 _‘.5 0.5
o =}
[} 7]
20 <0
si-NC  si-TUGH si-NC  si-TUGH
control IR
F S-NC  si-TUGH si-NC si-TUGH
ocn [ ] oon [ =]
control IR

and the mRNA expression levels of the
osteogenic-related markers, including ALP (Figure
54C), Runx2 (runt related transcription factor 2)
(Figure 54D), OCN (osteocalcin) (Figure S4E) and
osterix ~ (Figure S4F), were increased in
TUG1-knockdown BM-MSCs at day 7 both after
irradiation and under non-irradiated conditions.
After 14 days of osteogenic induction, we
determined the effect of TUGl on matrix
mineralization by performing alizarin red S staining
and the expression of the key osteogenic markers
Runx2 and OGN by performing qRT-PCR and
western blot. Irradiated BM-MSCs showed lower
rates of calcium deposition than non-irradiated
BM-MSCs. Moreover, TUG1-knockdown BM-MSCs
showed higher rates of calcium deposition than
control BM-MSCs both after irradiation and under
non-irradiated conditions (Figure 2C-2F). The mRNA
and protein expression levels of the osteogenic-related

markers Runx2 and OGN were higher in
TUGI1-knockdown BM-MSCs (Figure 2E, 2F).
However, the TUGI-overexpression BM-MSCs

showed lower rates of calcium deposition than control
BM-MSCs in non-irradiated condition (Figure 2G,
2H). These results show that TUG1 may inhibit the
osteogenic differentiation of BM-MSCs.
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Figure 2. TUGI inhibits the osteogenic differentiation of BM-MSCs. (A-B) qRT-PCR analysis of RNA expression levels of TUGI after BM-MSCs were transfected with
TUGI-siRNA vector (si-TUGI1), empty vector (si-NC) (A), TUG1-overexpression vectors (ov-TUG1) and empty CRISPR/CAS9 vectors (ov-NC) (B). (C-D) Representative
images of alizarin red staining of alizarin red staining (C) with quantification of the dye extracted from alizarin red S staining (D) in osteogenesis.of BM-MSCs. Control:
non-irradiated BM-MSCs; IR: irradiated BM-MSCs; Scale bars, 100 um. (E-F) qRT-PCR analysis of mRNA expression (E) and western blot analysis of protein (F) levels of
osteogenic markers in osteogenesis of BM-MSCs. (G-H) Representative images of alizarin red staining of alizarin red staining (G) with quantification of the dye extracted from
alizarin red S staining (H) in osteogenesis.of ov-NC and ov-TUGI BM-MSCs. All experiments were performed in triplicate, and the results are expressed as the means +SEM. *P
< 0.05; **P < 0.01; ¥*P < 0.001; ns: not significant. Abbreviations: IR: irradiated BM-MSCs; si-NC: BM-MSCs transfected with empty vector, si-TUG1: BM-MSCs transfected
with TUG1-siRNA vector, ov-TUGI: BM-MSCs transfected with TUG1-overexpression vectors, ov-NC: BM-MSCs transfected with empty CRISPR/CAS9 vectors.
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TUGI directly interacts with Smad5

To clarify how TUG1 modulates the osteogenic
differentiation of BM-MSCs after irradiation, we
analysed the co-expression network maps of TUGI1
with the microarray data. There are 46 mRNAs related
to TUGI, including Smad5 (Figure 3A), which is an
important positive transcription factor in the
osteogenic differentiation of BM-MSCs. Smadb
consists of three regions: a conserved N-terminal
domain (MH1 domain), a conserved C-terminal
domain (MH2 domain) and a more divergent linker
region [19]. Then, we used the online RNA-protein
binding prediction site catRAPID to predict the
interaction between TUGI and Smad5. The result
showed a high possibility that TUG1 binds to the
MH1 domain of Smad5 (Figure 3B). To test whether
TUGT1 binds to Smad5, we performed a RIP assay and
found that TUG1 RNA levels were detected in Smad5
immunoprecipitates relative to those of the control
IgG immunoprecipitates (Figure 3C, 3D, Figure S1).
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These results support bioinformatics predictions
indicating that TUG1 can directly bind to Smad5.

Moreover, RNA FISH assay of TUG1 combined
with immunofluorescence detection of p-Smad5 in
BM-MSCs showed that TUG1 was colocalized with
p-Smad5 mainly in the cytoplasm of BM-MSCs
(Figure 3E), indicating that TUG1 may regulate
cytoplasmic p-Smad5 activity.

TUGI regulates the subcellular localization of
p-Smad5

Smad5 is a key transcription factor in the
osteogenic differentiation of BM-MSCs [10]. Under
physiological conditions, Smad5 is mainly located in
the cytoplasm. When Smad5 is phosphorylated, it is
directed into the nucleus [20], where it regulates the
expression of osteogenic genes and thus induces the
osteogenic differentiation of BM-MSCs [21, 22] (Figure
4A). During this process, the nuclear translocation of
Smadb> is crucial to osteogenic modulation.
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Figure 3. TUGI directly binds to Smad5. (A) Co-expression network maps showing 46 putative RNA binding proteins (RBPs) related to TUGI. (B) Online RNA-protein
binding prediction site catRAPID predicted the interaction region between TUGI and Smad5. (C) RIP assay was performed to detect the interaction between TUGI and Smad5.
PCR detection of the indicated RNAs retrieved by immunoglobulin G (IgG) in BM-MSCs (IgG), Smad5-specific antibody in non-radiated BM-MSCs (Smad5-1), Smad5-specific
antibody in radiated BM-MSCs (Smad5-2), and positive control(Input). (D) gRT-PCR detection of the indicated RNAs retrieved by Smad5-specific antibody compared with IgG
in the RIP assay within BM-MSCs. (E) Colocalization analysis: RNA FISH assay of TUG1 combined with immunofluorescence detection of p-Smad5 in BM-MSCs. Scale bars, 10
um. DAPI, 4',6-diamidino-2-phenylindole. All experiments were performed in triplicate, and the results are expressed as the means +SEM. **P < 0.001. Abbreviations: DAPI,
4',6-diamidino-2-phenylindole, IgG: immunoglobulin G, RNA FISH: RNA Fluorescence In Situ Hybridization; RBPs: RNA binding proteins.
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To further elucidate the relationship between
TUG1 and Smad5, we analysed the effect of
TUG1-knockdown on Smad5 expression,
phosphorylation and nuclear translocation in
irradiated and non-irradiated BM-MSCs. Western blot
results showed that the protein level of smad5 and its
phosphorylation level was not significantly changed
in TUGIl-knockdown BM-MSCs (Figure 4B).
Interestingly, although irradiation could not affect the
protein level of Smad5, the phosphorylation level of
Smad>5 increased after irradiation (Figure 4B). The
phosphorylation level of Smad5 also increased in mice
after irradiation (Figure S3). According to previous
studies, Smad5 phosphorylation promotes the nuclear

translocation of Smad5. However, although
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irradiation treatment promoted the phosphorylation
of Smadb, the nuclear translocation of p-Smad5 in
BM-MSCs was significantly inhibited, as the protein
level of p-Smad5 in the nucleus was markedly
decreased after irradiation. Surprisingly, TUGI1
knockdown, rescued the nuclear translocation of
p-Smadb after irradiation (Figure 4C, 4D). TUGI1
might act as a negative regulator of Smad5 by
blocking the nuclear translocation of p-Smad5.

The 50-90 aa region of SmadS5 is required for
interaction with TUGI

To further identify the TUGI1 binding site of
Smad5, we constructed flag-tagged Smad5
deletions (WT: wild-type Smad>5, A25: the 25-435 aa of

control control
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—
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p-Smad5 DAPI Merge

Figure 4. TUGI regulates the subcellular localization of p-Smad5. (A)The structure of Smad5. NLS: nuclear localization sequence. (B) Western blot analysis of the
Smad5 expression and phosphorylation level in BM-MSCs. Control: non-irradiated BM-MSCs; IR: irradiated BM-MSCs; si-NC: BM-MSCs transfected with empty vector, si-TUG1:
BM-MSCs transfected with TUG1-siRNA vector. (C) Western blot analysis of the cytoplasmic and nuclear phosphorylated Smad5 levels in BM-MSCs. (D) Immunofluorescence
analysis of the nuclear translocation of phosphorylated Smad5 in BM-MSCs. Scale bars, 5 ym. Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; IR: irradiated BM-MSCs;
NLS: nuclear localization sequence. p-Smad5: phosphorylated Smad5; si-NC: BM-MSCs transfected with empty vector, si-TUGI: BM-MSCs transfected with TUGI-siRNA

vector.
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Figure 5. The main domain of Smad5 interacting with TUGI is near to NLS of Smad5. (A)The schematic illustration of Smad5 deletion constructs. WT: wild-type
Smad5, A25: A25 deletion constructs, A50: A50 deletion constructs, A90: A90 deletion constructs. (B) RIP assay to detect the interaction between TUGI and the Smad5 deletion
constructs. IgG: negative control; Input: positive control; Flag-IP (Anti-flag immunoprecipitation): PCR detection of the indicated RNAs retrieved by Flag-specific antibody within
BM-MSCs. Control: BM-MSCs, WT: BM-MSCs transfected with flag-tagged wild-type Smad5, A25: BM-MSCs transfected with the flag-tagged A25 deletion constructs, A50:
BM-MSCs transfected with the flag-tagged A50 deletion constructs, A90: BM-MSCs transfected with the flag-tagged A90 deletion constructs. (C) The schematic diagram of TUGI
bound to Smad5. Abbreviations: Flag-IP: Anti-flag immunoprecipitation, NLS: nuclear localization sequence, IgG: immunoglobulin G, WT: wild type.

Smad5, A50: the 50-435 aa of Smad5, A90: the 90-435 aa
of Smad5) (Figure 5A) and transferred the constructed
plasmids into BM-MSCs to express the corresponding
proteins. Then, we extracted the cellular proteins for
the RIP experiments to determine whether TUG1
interacts with these Smad>5 deletion constructs.

We found that the Smad5 WT, A25, A50 deletion
constructs all physically interact with TUG1 (Figure
5B). However, the A90 deletion constructs failed to
interact with TUGI, suggesting that the region
between 50-90 of Smad5 is important for TUGI1
binding (Figure 5B, Figure S2). The schematic of
TUG1 bound to Smad5 is shown in Figure 5C. This
result shown that the 50-90 aa region of Smad5 is
required for its interaction with TUGI.

Discussion

Bone marrow mesenchymal stem cells
(BM-MSCs), the important stromal cells in bone
marrow, can differentiate into different stromal cells
including osteoblasts, to form the haematopoietic
environment. During this process, the osteoblastic
differentiation of BM-MSCs is a critical step in the
formation of the haematopoietic niche [4]. At different
stages of osteogenic differentiation, the cell
population, including osteoprogenitors, osteoblasts
and osteocytes, may form distinct niches for different

haematopoietic progenitors. By secreting IL-7 and
IGF-1, osteoprogenitors can support early-stage B
lineage differentiation [23]. Osteoblasts support HSC
(hematopoietic stem cell) maintenance [24, 25].
Mature osteoblasts are thought to support T cell
differentiation [26]. Although osteocytes are
embedded in the bone, they are indispensable for
HSPC (hematopoietic stem and progenitor -cell)
mobilization and B and T lymphopoiesis [5, 27]. A
deficiency of these cell populations can lead to
different haematopoietic deficiencies. Thus, the
osteogenic differentiation of BM-MSCs is crucial to
bone haematopoiesis.

Irradiation can cause damage to the
hematopoietic system. The major targets of irradiation
in bone marrow include two types of stem cells:
BM-MSCs and HSCs. After irradiation, numerous
HSCs are apoptotic. Although BM-MSCs partially
survive, their osteogenic differentiation function is
significantly inhibited [17, 18, 28, 29].

LncRNA plays an important role in regulating
the osteogenic differentiation of BM-MSCs [13-15].
Thousands of IncRNAs are differentially expressed in
BM-MSCs under normal in vitro osteogenic induction
[30]. Several important IncRNAs of BM-MSC
osteogenesis, including IncRNA-H19 [31, 32], and
IncRNA-ANCR [14], had been found. Our study

http://lwww.thno.org



Theranostics 2019, Vol. 9, Issue 8

2206

found a novel regulator of BM-MSC osteogenic
differentiation, IncRNA TUG1, which inhibits
osteogenic differentiation of BM-MSCs after radiation
injury.

In our microarray study, we found that TUG1
increase in BM-MSCs after irradiation. Consistent
with previous studies, our data showed that the
osteogenic differentiation of BM-MSCs was markedly
inhibited after irradiation. Knocking down of TUGI1
rescues the osteogenic differentiation of BM-MSCs
after irradiation. Over-expression of TUGI exhibits an
inhibitory effect. These results indicated that TUG1
acts as a negative regulator in osteogenesis of
BM-MSCs after radiation (Figure 2). Many studies
indicate that TUG1 has important pathological and
physiological functions. Early study reported that
TUG1 is an important molecule involved in the
development of the mouse retina [16]. TUGI1 can
co-ordinately promote the self-renewal of glioma stem
cells [33]. Recent studies explored the roles of TUG1
on osteogenic differentiation. Yu et al demonstrated
that TUG1 knockdown induced inhibition of
osteoblast differentiation of human aortic valve
interstitial cells (VICs) in aortic valve calcification [34].
In addition, He et al demonstrated that TUGI1
facilitates osteogenic differentiation of periodontal
ligament stem cells (PDLSCs) [35]. However, the role
of TUG1 in osteogenic differentiation of BM-MSCs
remain unclear.

Co-expression networks revealed that TUGI1
may interact with Smad5 to regulate osteogenic
differentiation of BM-MSCs (Figure 3A).

Smadb is an important transcription factor in
osteogenic  differentiation and promotes the
osteogenic differentiation of BM-MSCs [10]. As a
receptor-regulated Smad (R-Smad) protein, Smad5
contains MH1 domain and MH2 domain. The MH1
domain of Smad5 contains a typical nuclear
localization sequence "KKLKK" (NLS sequence),
which is necessary for transport of Smad molecules
from the cytoplasm to the nucleus [19]. The MH2
domain contains the receptor phosphorylation site
SSXS and is a functional regulatory region of the
Smad protein [36]. Under physiological conditions,
Smad5 is mainly located in the cytoplasm, MH1 and
MH2 bind to each other to inhibit activity. When the
MH?2 domain is phosphorylated, its conformation
changes, and the NLS sequence in the MH1 domain is
exposed, thereby directing the Smad5 protein into the
nucleus [20], and then regulates the expression of
target genes (Runx2, OGN) to induce osteogenic
differentiation. In this process, the phosphorylation
and the nuclear translocation of Smad5 is very
important. Here, we found that irradiation
significantly increased the phosphorylation level of

Smad5. However, although irradiation treatment
promoted the phosphorylation of Smad5, the nuclear
translocation of p-Smad5 and osteogenesis in
BM-MSCs was significantly inhibited, suggesting that
unknown inhibitors induced by irradiation suppress
nuclear translocation of p-Smad5.

Inhibitors of Smad5 include Smadé6 [37], Smad7
[38], I-Smads (Inhibitory Smads), Smurfl [39],
SCP4/CTDSPL2  and  PPM1A/PP2Ca [40],
MicroRNA-222-3p [10], and so on. Smad6 and Smad?7
were originally identified as inhibitory proteins for
TGEF-B family signalling [37] [38] and they stably bind
to TGF-p type 1 receptors and inhibits
phosphorylation of Smad5, resulting in inhibition of
TGF-p signalling [41]. In the nucleus, I-Smads
(Inhibitory Smads) can bind Smad5 complex to inhibit
its transcription. Smurfl can reduce the activity of
Smad5, through I-Smads binding Smad5 by
Smad5-mediated proteasome pathway [39]. The
phosphatases, including SCP4/CTDSPL2 and
PPM1A/PP2Ca, bind to p-Smad5 to mediate Smad5
dephosphorylation inactivation [40]. MicroRNA-
222-3p can inhibit the expression of Smad5 then
inhibit the osteogenic differentiation of BM-MSCs
[10]. Dysregulation of regulatory molecules upstream
of Smad5 can lead to the occurrence of multiple
diseases [42].

However, mechanism of negative modulation of
p-Smad>5 nuclear translocation is not clear. We found
that TUG1 is a novel inhibitor of p-Smad5 by
suppressing nuclear translocation of p-Smadb.
Interestingly, knocking down TUGI1 could not
significantly change the phosphorylation of Smad5 in
BM-MSCs but rescue nuclear localization of p-Smad5
after irradiation (Figure 4). Hence, TUG1 might act as
an inhibitor by suppressing nuclear translocation of
p-Smad>.

RIP data showed that TUGI1 can bind to Smad5
directly. On-line prediction demonstrated that TUG1
could bind to the N-terminal region including NLS
sequence of Smad>5, probably regulating the nuclear
translocation of p-Smad5. Subsequently, a series of
flag-tagged Smad5 deletions were constructed. We
identified that the 50-90 aa of Smad5 is required for its
interaction with TUG1. This region is right near the
NLS (40-45 aa) of Smad5. These indicated that TUG1
may obscure the NLS of Smad5 to block the nuclear
translocation of p-Smad5 and suppresses the
osteogenic differentiation of BM-MSCs.

Conclusion

We propose that TUGI act as a negative
regulator of  osteogenic  differentiation by
modulateing the nuclear translocation of p-Smad5
after irradiation. Our findings might provide a new
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target for controlling osteogenesis in BM-MSCs,
which are crucial to the structure and function of the
hematopoietic microenvironment after irradiation.
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