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STEEL participates in fracture healing through
upregulating angiogenesis-related genes

by recruiting PARP 1
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Abstract. — OBJECTIVE: To explore the effect
of STEEL on fracture healing and its underlying
mechanism.

PATIENTS AND METHODS: A total of 31 pa-
tients with long bone fracture and who received
reoperation because of bone nonunion, delayed
union or healing disorder in the Wuxi Nine Hos-
pital Affiliated to Soochow University from July
2016 to February 2018 were selected. The bone
callus at the fracture site was collected from
each patient during the reoperation. QRT-PCR
(Quantitative Real-Time Polymerase Chain Reac-
tion) was used to detect STEEL expression in the
callus tissues of the treatment group (bone non-
union or delayed union) and the control group.
In addition, we measured the number of blood
vessels in the fracture tissues by immunohisto-
chemistry. After the construction of tibial frac-
ture model in mice, STEEL expression and the
total number of blood vessels in the treatment
group (sawing treatment) and the control group
(sham operation) were detected, respective-
ly. For in vitro experiments, CCK-8 (cell count-
ing kit-8) assay was performed to detect cell
proliferation after knockdown or overexpres-
sion of STEEL in the vascular endothelial cells.
The binding condition of STEEL and its interact-
ing proteins were detected by RIP (RNA bind-
ing protein immunoprecipitation), and the bind-
ing of PARP 1 [poly (ADP-ribose) polymerase 1]
with gene promoter was observed by ChIP (chro-
matin immunoprecipitation assay). Western blot
was used to detect the expression level of VEGF
(vascular endothelial growth factor).

RESULTS: STEEL expression and the vascu-
lar density in the callus tissues of the treatment
group were significantly lower than those of the
control group. Downregulated STEEL remark-
ably decreased the proliferation ability of HU-
VEC cells. Meanwhile, the vascular density was
also significantly decreased in mice with a tibial
fracture. Overexpressed STEEL obtained the op-
posite results. STEEL could interact with PARP
1 to regulate expressions of downstream genes.
Moreover, STEEL could also promote angiogen-
esis by elevating VEGF expression.

CONCLUSIONS: We showed that STEEL ex-
pression could partly represent the angiogene-
sis of fracture sites. Moreover, it promoted an-
giogenesis by elevating VEGF expression.
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Introduction

Fracture healing is a tissue repair reaction
between the broken ends of the fracture. During
the process of fracture healing, fractured bone can
be completely replaced by new bones with the ori-
ginal structure and function'. It is reported that the
incidence of bone nonunion and delayed union is
about 8-10% in China®. In recent years, the United
States Health System Statistics showed that there
are about 5 million cases with different sites and
different types of bone fracture in the United Sta-
tes annually’. At present, the underlying mechani-
sm of fracture healing is still unclear®. As fracture
healing is a continuous process with the balance
of destruction and regeneration, the natural hea-
ling process of fracture can be divided into three
stages. However, there is a close relationship
between each stage, which cannot be completely
separated. Meanwhile, the internal and external
environment of the body, including blood circu-
lation, nutrition®, and external mechanics® may
exert invaluable roles in this process”. Therefore,
maintenance of a good local blood supply in the
fracture site is of great significance in the treat-
ment of the fracture.

Long non-encoding RNAs (IncRNAs) are a
class of RNAs with over 200 nucleotides (nt) in
length. LncRNA does not or rarely participate in
coding proteins®. In mammals, IncRNA is mainly
transcribed by RNA polymerase 11 or III. Howe-
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ver, it is transcribed by RNA polymerase IV and
V in plants'®. In general, IncRNA is divided into 5
categories, including sense, antisense, bidirectio-
nal, intronic and intergenic IncRNA. There are a
variety of sources of IncRNAs, including the five
kinds as the follows: (1) Gene structure of the co-
ding protein is interrupted and transformed into
IncRNA; (2) The result of chromatin recombina-
tion, that is, two non-transcriptional genes are jux-
taposed with another independent gene to produce
IncRNAs containing multiple exons; (3) Reverse
shift in the process of non-coding gene replica-
tion; (4) Generation of contiguous IncRNAs from
local tandem replicator; (5) A functional non-co-
ding RNA that is produced by insertion of tran-
sposable component into a gene''. Although the
source of IncRNAs varies, studies have shown
that they exhibit a similar role in the regulation
of gene expressions. LncRNA participates in the
regulatory process at the epigenetic, transcriptio-
nal and post-transcriptional levels, which exerts
a crucial role in multiple life activities including
fracture healing'>". This study aims to explore the
role of IncRNA STEEL in fracture healing and its
underlying mechanism'.

Patients and Methods

Research Subjects and Tissue Specimen

A total of 31 patients with long bone fracture
and who received reoperation because of bone non-
union, delayed union or healing disorder in the Wuxi
Nine Hospital Affiliated to Soochow University
from July 2016 to February 2018 were selected. The
average age of the patients was 56.3 + 14.8 years.
The bone callus at the fracture site was collected
from each patient during the reoperation. This study
was approved by the Medical Ethics Committee of
the Wuxi Nine Hospital Affiliated to Soochow Uni-
versity. Informed consent was obtained from each
patient before specimen collection.

Construction of the Fracture
Model in Mice

1% sodium pentobarbital (1 mL/kg) was intra-
peritoneally injected to 36 male SD (Model Animal
Research Center of Nanjing University, Nanjing,
China) mice (6-8 weeks, 16.8-25.3 g) for anesthe-
sia. No significant differences in the age, sex, and
body weight of mice were found. Subsequently, the
sham operation was performed on the left tibia of
the mice. The right tibial diaphysis was treated with
sawing to induce stable fracture, and the intrame-
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dullary fixation needle was inserted and matched
completely. The left tibia of mice was used as the
control group (CG), while the tibial fracture hea-
ling model after the right fracture fixation was used
as the treatment group (TG). The tissue enginee-
ring method was used to evaluate the in vivo role
of STEEL in angiogenesis. The collagen model
embedded in adipose mesenchymal stromal cel-
Is was embedded with transfected HUVEC cells
and implanted into mice with deficient immunity.
After implantation for 21 days, the density of blood
vessel was measured by the animal living imaging
system (CD31 was used as a marker of vascular en-
dothelial cells in immune-histochemical staining).
Images showed the development of the internal va-
scular network in the implanted collagen module
and the implanted vascular system.

Cell Culture

The vascular endothelial cell line (HUVEC)
was provided by the American Type Collection
Center (ATCC, Manassas, VA, USA) and cultu-
red in completed DMEM (Dulbecco’s Modified
Eagle Medium) medium (Gibco, Grand Island,
NY, USA), supplemented with 10% fetal bovine
serum (FBS, Gibco, Grand Island, NY, USA). The
cells were maintained in a 5% CO, incubator at
37°C. Cells were passaged when cell confluence
was up to 80-90%.

Cell Transfection

The cells were seeded into the 6-well plates,
and Lipofectamine 2000 (Entranster-R4000 for
pcDNA, Thermo Fisher Scientific, Waltham,
MA, USA) was used for transfection when the
cell confluence was around 60%. Firstly, 500 pL
of serum-free suspension containing 10 pL of Li-
pofectamine 2000 and 10 pL of siRNA-STEEL
(4 pL of Entranster-R4000 and 2.68 pg of pcD-
NA-CRNDE were used for pcDNA) was added,
and then, 1.5 mL of DMEM was added for cell
culture. For the control group, isodose Lipofecta-
mine 2000 and siRNA-NC (Entranster-R4000 and
pcDNA-NC for pcDNA) were added. The cultu-
re medium was replaced 6 h after transfection.
Sequences of siRNAs used in this study were:
SiRNA-STEEL:  5’-TGCCAAGCTGAGCAC-
GTC-3’, 5’-GCCCGAACCATGAGCTCCT-3".

Quantitative Reverse Transcriptase-Poly-
merase Chain Reaction (GRT-PCR)

We used TRIzol kit (Invitrogen, Carlsbad,
CA, USA) to extract total RNA of the tissues.
The reverse transcriptional reaction was perfor-
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med under the following conditions: Reverse
transcription reaction at 50°C for 30 min, and
denaturation of reverse transcriptase at 92°C for
3 min. The obtained complementary Deoxyri-
bose Nucleic Acid (cDNA) was amplified by
the following PCR amplification reaction con-
ditions: Denaturation at 92°C for 10 s, annea-
ling at 55°C for 20 s and extension at 68°C for
20 s, for a total of 40 cycles. B-action was used
as the internal reference, and the relative expres-
sion of SNHG12 was represented by 224, Pri-
mers used in qRT-PCR were as follows: B-action:
F: 5-CTCCATCCTGGCCTCGCT-GT-3°, R:
5’-GCTGTCACCTTCACCGTTCC-3; STE-
EL: F: 5>-TCACCAACCACGGACATTC-3’, R:
5’-AGCCAAGTCAGACGAATAT-3".

Cell Counting Kit-8 (CCK-8) Assay

Transfected cells were collected and seeded
into the 96-well plates at a dose of 5x10°/well,
with 6 replicates in each group. After culturing for
6 h, the activity of the adherent cells was measu-
red. Briefly, 20 pL of a CCK-8 solution (Dojin-
do Laboratories, Kumamoto, Japan) was added
to each well at 24, 48, 72, and 96 h, respectively.
Cells were incubated at 37°C for 2-3 h in the dark.
Absorbance (OD) values at the wavelength of 450
nm were detected by the microplate reader (Bio-
Rad, Hercules, CA, USA). The blank control was
only incubated with a CCK-8 solution and the cul-
ture medium without cells.

RIP Assay

The determination of RNA immunoprecipi-
tation (RIP) was performed according to the in-
structions of the Magna RIPTM RNA-binding
protein immunoprecipitation Kit (Millipore, Be-
dford, MA, USA). Cells at a density of 80-90%
were collected, and the RIP lysate buffer was used
for cell lysis. Next, cell extracts were incubated
with RIP buffer containing magnetic beads whi-
ch were bound with the human anti-PARP 1 [poly
(ADP-ribose) polymerase 1] antibody (sc-8007,
Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or negative control IgG. The samples were incu-
bated with protease K for protein digestion, and
then, the precipitated RNA was obtained. Finally,
the purified RNA was used for qRT-PCR analysis.

Chromatin Immunoprecipitation
(ChIP) Assay

Cells were digested with phosphate buffe-
red saline (PBS) containing 0.1% trypsin and
0.1% collagenase. Cell lysis and streptavidin

bead-particle precipitation were prepared by
the Bioruptor instrument (Diagenode SA, Lie-
ge, Belgium). QRT-PCR was used to identify
and quantify the precipitated RNA, and the re-
lative expression was represented by 244, Pri-
mers used in this study were: KLF2 exonl/in-
tronl: F: 5’-ATCCTGCCGTCCTTCTC-3’; R:
5’-  GCAGCCCACGTTCTACTAC-3’; KLF2
intronl/exon2: F: 5’-TCACGCCCATTGCCCT-
GTC-3’; R: 5-GCGCCCAGGCCATCCAG-3’;
eNOS exonl/intronl: F: 5-CCAGCGCCA-
GAACACAGGTAAG-3’; R: 5-GCCCTCCC-
GACTCAGCTACAA-3’; eNOS intronl/exon2:
F: 5>-GAAACAAACCCTTCCTGATGAC-3’, R:
5’>-TTCTTCACACGAGGGAACTTG-3’; eNOS
promoter(-166t0-26): F: 5’-GTGGAGCTGAG-
GCTTTAGAGC-3’; R: 5-TTTCCTTAGGAA-
GAGGGAGGG-3’; KLF2 promoter(-84to+50):
F:  5-TTCCGCCGCCGCCGCTTTG-3’; R
5’-GGACGCGGACGGGGACACC-3".

Statistical Analysis

We used Statistical Product and Service Solu-
tions (SPSS22.0, IBM Corp., Armonk, NY, USA)
Software (Statistic Package for Social Science)
for all statistical analysis and GraphPad Prism 6.0
(La Jolla, CA, USA) for image editing. The quan-
titative data were represented as mean + standard
deviation (x+ s) The #-test was used for continuous
variables, and the y’-test was applied for categori-
cal variables. p<0.05 was considered statistically
significant (*p<0.05, **p<0.01, ***p<0.001).

Results

STEEL Was Closely Related
to Angiogenesis During the Process
of Fracture Healing

QRT-PCR results showed that STEEL expres-
sion in callus tissues of the TG group (bone nonu-
nion or delayed healing, n=22) was remarkably
lower than that of the CG group (n=9) (Figure
1A). Moreover, the immunohistochemical analy-
sis indicated that the vascular density in callus
tissues of the TG group was markedly lower than
that of the CG group (Figure 1B). In the tibial
fracture model, results demonstrated that STE-
EL expression and the density of micro-vessels
in the CG group were remarkably lower compa-
red with those of TG group (Figure 1C and 1D).
These results suggested that STEEL could be
served as an indicator of blood supply in fracture
healing.
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Figure 1. STEEL was associated with angiogenesis in the process of fracture healing. 4, QRT-PCR results showed that the
expression of STEEL in callus tissues of the TG group (n = 22) was significantly lower than that of the CG group (n=9); B, Im-
munohistochemistry indicated that the vascular density in callus tissues of the TG group was significantly lower than that of the
CG group; C, QRT-PCR results demonstrated that, in the tibial fracture model, the expression of STEEL in the CG group were
significantly lower than the TG group; D, Immunohistochemistry indicated, in the tibial fracture model, the vascular density in
callus tissues of the TG group was significantly higher than the CG group.

STEEL Promoted the Proliferation
of Vascular Endothelial Cells In Vitro
and Angiogenesis In Vivo

To explore the effect of STEEL on angiogenesis,
we first knocked down STEEL in vascular endothe-
lial cells by transfecting a small interference RNA
(Figure 2A). CCK-8 results indicated that the pro-
liferation ability was remarkably decreased after
si-STEEL transfection in HUVEC cells (Figure
2B). In vivo experiments also showed the reduced
density of blood vessels formed by the transplanted
HUVEC cells after transfection with si-STEEL (Fi-
gure 2C). Overexpressing STEEL in HUVEC cells
obtained the opposite results (Figure 2D-2F). The-
se results indicated that STEEL could enhance the
proliferation of vascular endothelial cells in vitro
and promote angiogenesis in vivo.

PARP 1 Could Interact With STEEL
In Vitro

Recent studies have shown that PARP 1 and
SNRNP70 can act as RNA binding partners, whi-
le some other proteins can interact with chroma-
tins to influence gene expressions. In this study,
we used RIP assay to detect the protein amounts
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of PARP 1 and SNRNP70 combined with STE-
EL in vitro and results indicated that STEEL was
significantly interacted with PARP 1 (Figure 3A).
Related studies have demonstrated that IncRNAs
can cooperate with proteins or locate regulatory
proteins in genomic regions to regulate expres-
sions of target genes. Therefore, we hypothesized
that STEEL could recruit PARP 1 to the promoter
region of target genes. Notably, CHIP results il-
lustrated that the recruited PARP 1 to the KLF2
promoter region was remarkably reduced after
si-STEEL transfection (Figure 3B). The above
findings suggested that STEEL could interact with
PARP 1 to promote its recruitment to target genes.

STEEL Affected the Expression
of Angiogenesis-Related Gene

Since STEEL exerted an important role in the
process of angiogenesis in vitro and in vivo, we
subsequently explored its effect on the expres-
sion of wvascular endothelial growth factor
(VEGF). Western blot results showed downregu-
lated VEGF after STEEL knockdown in HUVEC
cells (Figure 4A). Meanwhile, VEGF expression
also exhibited a downward trend after PARP 1
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Figure 2. STEEL promoted the proliferation of vascular endothelial cells in vitro and angiogenesis in vivo. A, QRT-PCR results
showed that, after Si-STEEL in HUVEC cells, the expression of STEEL was significantly decreased; B, CCK-8 results indicated
that, after Si-STEEL in HUVEC cells, the proliferation ability was significantly decreased; C, After si-STEEL transfection in
HUVEC cells, the vascular density of formed by transplants was significantly reduced; D, QRT-PCR results showed that, after
overexpressing STEEL in HUVEC cells, the expression of STEEL was significantly increased; E, CCK-8 results indicated that,
after overexpressing STEEL in HUVEC cells, the proliferation ability was significantly increased; F, After overexpressing STE-
EL in HUVEC cells, the vascular density of formed by transplants was significantly increased.

knockdown (Figure 4A). To further explore the
relationship between STEEL and PARP 1, we de-
tected PARP 1 expression in HUVEC cells tran-
sfected with si-STEEL. QRT-PCR results showed
that the downregulated STEEL had no significant

effect on PARP 1 (Figure 4B). All the above re-
sults indicated STEEL might promote angiogene-
sis by interacting with PARP 1, affecting expres-
sions of downstream genes and promoting VEGF
expression.
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Figure 3. Synergistic effect of STEEL and PARP 1 on the promoter region of KLF2. 4, RIP results showed that PARP 1 rather
than SNRNP70 could interact with STEEL; B, CHIP results illustrated that the PARP 1 recruited to the KLF2 promoter region
was significantly reduced after Si-STEEL, whereas there were no changes in the promoter region of CycA and eNOS.

Discussion

Bone nonunion is a common complication of
bone fracture, the incidence of which is about
5-10%. Clinical treatment of bone nonunion is a
tough problem for clinicians'®. In general, bone
fracture can be healed within 3 months after
fracture. Delayed healing is defined as healing for
more than 3 months, and nonunion is defined as
not healing after 6 months or no trend of healing
for 3 months'®. Although a prolonged treatment
time may cure delayed healing, the long-term
external fixation may eventually cause stiffness
of limbs adjacent to joint and muscular disuse
atrophy'”'®. Therefore, establishing a good blood
supply at the fracture site, curing bone nonunion
as early as possible and recovering limb function
have become urgent expectations for patients and
doctors.

Only 1.5-2% of the protein-coding genes in the
human genome can be transcribed steadily, and
most of the remaining RNAs could not encode
protein. LncRNAs are a class of heterogeneous
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non-coding RNAs. According to different fun-
ctions of IncRNAs, they are divided into signal
molecules, bait molecules, guiding molecules, and
skeleton molecules. LncRNAs were initially con-
sidered as by-products during the evolution pro-
cess. With in-depth researches, IncRNA has been
well recognized as its biological function'. More
and more studies have shown that proximal pro-
moter sequences, exons, introns, and second-le-
vel structures of IncRNAs are highly conserved®,
which can regulate gene expression at epigenetic,
transcriptional and post-transcriptional levels®.
Additionally, several researches have indicated
that IncRNA is associated with a variety of human
physiological and pathological processes?.

Our study identified the relationship between
STEEL and angiogenesis by detecting STEEL
expression and vascular density in human callus
tissues. In vitro functional experiments showed
that STEEL could significantly promote the pro-
liferation of vascular endothelial cells. By con-
structing a tibial fracture model in mice, we also
verified the effect of STEEL on angiogenesis
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Figure 4. Synergistic effect of STEEL and PARP 1. 4, Western blot results showed that, after knocking down the expression of
STEEL or PARP 1 in HUVEC cells, the protein expression of VEGF decreased significantly; B, After si-STEEL transfection in
HUVEC cells, there was no obvious change of the expression of PARP 1.

3674



STEEL promotes angiogenesis in fracture healing by upregulating VEGF

in vivo. In addition, STEEL could interact with
PARP 1 to remarkably increase its recruitment by
the KLF2 promoter region and promote VEGF
expression, thereby contributing to angiogenesis
in fracture healing.

Conclusions

STEEL could be served as a potential indica-
tor of angiogenesis at the fracture site. Moreover,
STEEL regulated expressions of downstream ge-
nes by interacting with PARP 1 and promoted an-
giogenesis by upregulating VEGF.
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