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Abstract.Previous studies have shown that psoralen can treat osteoporosis by
inducing osteogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs). CKIP-1 is an inhibitor of bone formation and plays a negative regulatory
role in the osteogenic differentiation of BMSCs. MicroRNA (miRNA) is a kind of
small single-stranded non-coding RNA, which regulates the occurrence and
development process of cell proliferation, apoptosis, differentiation and metabolism.
Studies have shown that miRNA can affect the proliferation and differentiation of
BMSCs by targeting and regulating the expression of related genes. However,
whether microRNA can regulate psoralen-induced osteogenic differentiation and its
specific mechanisms remain unclear. The aim of this study was to identify miRNA
target genes regulating the osteogenic differentiation of BMSCs induced by psoralen
and further analyze the mechanism.miRNA microarray was performed to screen the
differentially expressed mirnas induced by psoralen, and bioinformatics analysis and
luciferase reporter gene assay were used to determine the target sites of let-7i-5p. The
mechanism of let-7i-5p in psoralen induced osteogenic differentiation of BM SCs was
investigated using in vitro overexpression or inhibition approaches.The results
showed that miRNA microarray analysis and reverse transcription quantitative PCR
further confirmed that let-7i-5p was up-regulated during the process of
psoralin-induced osteogenic differentiation of BMSCs.Bioinformatics analysis and
luciferase reporter gene assay confirmed CKIP-1 as a potential target of

let-7i-5p.Overexpression of CKIP-1 by transfection with CKIP-1 mimetic
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significantly inhibited the expression of BMP, Runx2, and Smadl, while CKIP-1
inhibitor promoted their expression.Overexpression of let-7i-5p partialy relieved the
inhibitory effect of CKIP-1 on osteogenic differentiation of BMSCs.Our results
suggest that let-7i-5p regulates psoralen-induced osteogenic differentiation of BMSCs
by targeting CKIP-1, which provides a new therapeutic target for osteoporosis.
Key words. Psoralen; Let-7i-5p; CKIP-1; Osteogenic differentiation; Bone marrow
mesenchymal stem cells; Osteoporosis;
I ntroduction

Osteoporosis (OP), as a systemic metabolic bone disease, is characterized by low
bone density and content, damaged physiological and anatomical structure of bone,
and weakened strength of bone, etc!”. It occurs in older women after menopauise,
clinica physical pain, low back pain with older women, mostly by osteoporotic
fractures (osteoportic fracture, OPF), patients with severe osteoporosisis likely to see
bone fracture delayed union or nonunion'?. Estrogen can change the bone conversion
rate by inhibiting bone resorption to maintain bone content. Postmenopausal women
have degraded ovarian function, decreased estrogen level, enhanced bone resorption,
bone balance imbalance, and bone mass loss, which are easy to cause osteoporosist®.
Therefore, elderly women are prone to lumbar compression fractures, femoral neck
fractures and other osteoporotic fractures after falls. Previous studies have shown that
at least half of the globa postmenopausal women are likely to suffer from
osteoporosis®). The incidence of OP is positively correlated with age, and with the

aggravation of aging population, its incidence will continue to rise. In today's society,
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competition in al walks of life is fierce, people are under great pressure, working
hours are significantly extended, time for rest and exercise is significantly reduced,
physical fitness is generally decreased, the range of osteoporosis population is
gradually expanded, and OPF will also increase exponentially™. OP has brought an
increasing economic burden to the national medical insurance industry and
individuals, and has become a disease of the global public health system'®.

Currently, the main treatment of OP is to promote bone formation and inhibit
bone resorption”?, while estrogen replacement therapy (ERT), estrogen receptor
modulators, basic supplements for bone headlth, calcitonin and bisphosphonates are
also gradually used to reduce bone loss and thus prevent and treat osteopoross.
Teriparatide can improve the activity of osteoblasts and promote bone formation, but
its high price limits its widespread application®. Studies® have reported that
Raloxifene can reduce the incidence of lumbar compression fracture in elderly
postmenopausal women, and has a good bone protection effect. However, long-term
use of ERT may increase the risk of breast cancer and endometrial tumors in women,
and bisphosphonates may induce adverse reactions such as mandibular osteonecrosis
and atypical femoral fracture™®™. Estrogen receptor modulators are also associated
with the risk of cardiovascular disease, venous thromboembolism, femae massive
uterine bleeding, and endometrial hyperplasid™?. Therefore, in order to reduce these
potential risks and further enhance the prevention and treatment of osteoporosis,
Chinese herbal medicines with low side effects, high safety, strong efficacy and low

price gradually become a research hotspot.
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Psoralen is the main active ingredient extracted from the traditional Chinese
medicine psoralen, which plays an important role in the treatment of bone injury
diseases. Psoralen is recognized as a phytoestrogen, which can effectively stimulate
the formation of new bonein local areas™, inhibit osteoclast activity and reduce bone
resorption™™, and regulate the relative balance between osteogenesis and osteoclast.
Although many studies™™® have indicated that psoralen can promote the
proliferation and differentiation of osteoblasts or inhibit osteoclasts by acting on
TGF-f/Smad, BMP, MAPK, PI3K/AKT, Wnt/p-catenin, Hedgehog, Notch,
OPG/RANKL, ER and other signaling pathways However, the specific molecular
mechanisms, potential signaling pathways and targets of psoralen promoting bone
formation and inhibiting bone resorption remain to be further elucidated and
supplemented.

CKIP-1,a bone formation inhibitor, can work with ubiquitination regulatory
factor 1(Smurfl) to regulate the breakdown of Runx and Smad proteins®®, playing an
important role in the process of bone morphotransformation'?), CKIP-1 can inhibit
bone formation by interrupting the BMP/Smad signaling pathway, reducing bone
mineralization and deposition. After silencing or knocking out CKIP-1 gene,
osteoblast proliferation and differentiation are significantly active, and bone strength
and bone density of mice are significantly improved®?. It is suggested that we can
target CKIP-1 small interfering RNA (CKIP-1 SIRNA) specific to osteoblasts to
regulate the bone balance process. Taking CKIP-1, a negative regulator of bone

formation, as the target breakthrough point, it is expected to find a new direction for
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the treatment of osteoporosis. MicroRNA (miRNA) is a small molecule single-strand
non-coding RNA that regulates cell proliferation, apoptosis, differentiation,
metabolism and other developmental processes®2!. Studies have shown that miRNA
can affect the proliferation and differentiation of BMSCs by targeting the expression
of related genes®™. As a miRNA in the Let-7 family, let-7i-5p has been confirmed to
have a close association with tumors, and may also play an important role in
osteogenic differentiation of BMSCs. Studies’® found that after overexpression of
let-7i-5p, the expression of CKIP-1 was significantly reduced. Therefore, we believe
that let-7i-5p may target and regulate the expression of CKIP-1, thus promoting
osteogenic differentiation of BM SCs.

In this study, mouse bone marrow mesenchymal stem cells (MBMSCs) were
treated with psoralen in vitro and in vivo to explore the influence of psoralen at
different concentrations on osteogenic differentiation of mBMSCs, clarify the
relationship between psoralen and let-7i-5p/CKIP-1 pathway, and clarify the
molecular mechanism of psoralen's influence on bone formation and bone resorption.
In order to provide a new idea for anti-osteoporosis treatment.

Materials and methods
Materials:

All C57BL/6 mice (24 females, 4 weeks old) were purchased from Huafukang
Biotechnology Co., LTD. (Beijing,China), 4 of which were used as a reserve to
prevent death. All mice were reared in SPF animal lab of Nanchang University. 293T

cells were obtained from Beina Biology (Beijing,China), and mouse bone marrow
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mesenchymal stem cells were obtained from Seye Biology (Guangzhou,China).
Psoralen (CAS 66-97-7) was purchased from Sourleaf Biology (Shanghai,China),
estradiol and akaline phosphatase staining solution was obtained from Solebaol
(Beijing,China), alizarin red staining solution was purchased from Kaiji Biology
(Jiangsu,China); All animal feeding and other experimental operations are conducted
in the Animal Experimental Center of Nanchang University in accordance with the
"Experimental Animal Guidelines" of the United States Institute of Health, in line
with the relevant management guidelines and experimental anima ethical
requirements, and obtained the approval of the Chinese Commission for Experimental
Animals.

Cell culture and identification.

C57BL/6 female mice (120-140q) at the age of 4 weeks were selected and given
peritoneal injection of 2% pentobarbital sodium 40mg/kg for anesthesia, then soaked
and disinfected with 75% for 5 minutes. Both femurs were dissected on a super clean
table, and the muscle was removed and cut in the middle of the femur. The
apha-MeM medium containing 10% fetal bovine serum was pumped out of the bone
marrow from the broken end by a syringe. A single cell suspension with a density of
1x10° cells’em? was prepared and inoculated in a 25cm?® culture flask, which was
gently shaken to mix the cell density and placed in an incubator at 3771 and 5% CO,.
After 48 hours, the culture medium was completely changed, and then the culture
medium was changed every 3 days. After cell clones were gradually fused and spread

to the bottom of the culture flask, the superneant of cell culture was discarded. The
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cells were washed twice with 1xPBS, and 0.25% pancreatin (containing 0.02% EDTA)
was added for digestion.When the cells became round, the digestion was terminated
by adding the medium, and cell suspension was collected into a 10mL centrifuge tube.
The cells to be resuscitated were removed from liquid nitrogen and transferred into 39
dry thermostatic heater via dry ice box; After the cells melted, they were quickly
placed in a super-clean table, transferred to a centrifuge tube, and labeled for
centrifugation (1000rpm,3min). The supernatant was discarded and fresh medium was
added into the centrifuge tube to re-suspend the cells. The cell suspensions were
divided into prepared cell culture bottles or petri dishes in aratio of 1:3, and labeled
and placed in the incubator. When the cells reached 80% fusion, they could be passed
through. In this study, cells passed through to the third generation were used.

Cell osteogenesis induction and psoralen treatment.

The cells of the third generation were filled with the bottom of the culture bottle,
and the supernatant of the cell culture was discarded, washed twice with 1xPBS, and
digested by adding 0.25% pancreatic enzyme (containing 0.02% EDTA). When the
cells became round, the digestion was terminated by adding the cell suspension into
the 10mL centrifuge tube, centrifuged at 1000rpm for 3min, and the supernatant was
discarded and added into the medium PBS to re-suspend the cells. Centrifuge, remove
supernatant and repeat 3 times; The cell density was adjusted to 2x10° cells /ml, and
the culture medium was discarded. When the cells were well stuck to the wall and the
cell density reached about 80%, the normal cell group, cell+psoralen group, cell+bone

formation induction solution group (dexamethasone 10umol/L, vitamin C50umol/L,
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B-glycerol phosphate I0umol/L, a-MEM culture medium of 10% fetal bovine serum),
cell+osteogenic induction medium+psoralen groups were treated and induced,
respectively, and placed in a constant temperature incubator. The fluid was changed
every 3 days for continuous induction for 14 days.

miRNA microarray detection.

The third-generation BMSCs were inoculated in 6-well plates at a density of
1x10° cells /ml.After reaching 80%-85% confluence, BSMCs were induced by
osteogenic induction solution and psoralfor 7 days (3 cases in each group) for miRNA
microarray detection, and differentially expressed miRNAs were screened out.
Reverse transcription quantitative PCR (RT-gPCR) was used to verify the
differentially expressed mirnas.

Reverse transcriptional quantitative (RT-q)PCR.

RNA was extracted from the cells and tissues of each group, and cDNA was
synthesized according to the reverse transcription kit. cDNA was used as the template
for detection on a fluorescent quantitative PCR instrument, and 3-actin was used as
the internal reference. The following reagents were added in the following order: total
volume 20uL. Nuclease free water 7.6uL, cDNA 2uL, Forward Primer 0.2uL,
Reverse Primer 0.2uL, 2xAll-in-One gPCR mix 10uL. The reaction conditions are as
follows: pre-denaturation at 95°C for 10 minutes, then denaturation at 95°C for 40
cycles for 10 seconds, annealing at 52.3°C for 30 seconds, and finally extension at
72°C for 30 seconds. Then B-actin was used as the internal reference gene. The

relative quantitative analysis was carried out by 2’ method. The relative
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expression levels of mmu-let-7i-5p, CKIP-1, Runx2, Smadl and BMP2 in each group

were calculated. The primer sequence is as follows:

) ) Length of product
Primer names  Primer sequence ( 5'-3" )

(bp)
B-actin F AGGGAAATCGTGCGTGAC 192
B -actinR CATACCCAAGAAGGAAGGCT
CKIP-1F ATCTTGCCCACCCTACTCG 123
CKIP-1R TCAGGTCTAATGTTAGCATCCC
Runx2 F TGGCCGGGAATGATGAGAAC 123
Runx2 R TGAAACTCTTGCCTCGTCCG
BMP2 F TCCATCACGAAGAAGCCGTG 174
BMP2R TTCGGTGCTGGAAACTACTGT
let-7i-5pF  CGCGCGTGAGGTAGTAGTTTGT 66
let-7i-5p R~ AGTGCAGGGTCCGAGGTATT

_ GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
let-7i-5p RT 50
CACTGGATACGACAACAGC

U6 F GCTTCGGCAGCACATATACTAAAAT 91
U6 R CGCTTCACGAATTTGCGTGTCAT

Bioinformatics analysis.

TargetScan (http://www.targetscan.org), NCBI (http://www.ncbi.nlm.nih.gov)
and Ensembl (http://www.asia.ensembl.org) The potential let-7i-5p binding site was
analyzed at the 3-untranslated region (3UTR) of CKIP-1.The consistency of the
analysis and prediction of these three websites shows that they are reliable, and their
possibility is further verified by in vitro experiments.

Lentivirus packaging of overexpression vector and Virus Infection.

HEK293T cells were cultured, and the lentivirus packaging experiment was

started after the cell adhesion grew to about 70-90% density. The preheated 15mL

complete medium was replaced 1h before the plasmid transfection experiment, and
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the Lenti-Mix-DNA transfection system was prepared. The preheated 20mL complete
medium was replaced 8-10h after transfection, and the culture was continued.
Fluorescence observation and photography were performed 24h after transfection. 72h
after transfection, the supernitant of the cell culture medium was collected by filtering
with a 0.45uM filter. The filtrated supernitant was fully mixed with 5xPEG8000
lentivirus concentrate and treated overnight at 4.1. The centrifuged lentiviral particles
were re-suspended with ImL serum-free DMEM, then packaged and frozen at -801 .
Fluorescence microscopy was used to detect the titer of lentivirusinfection, and g°PCR
was used to absolutely quantify the number of lentivirus particles in the supernatant.
After lentivirus infection was verified, the constructed plasmids were transformed,
monoclonal expanded culture and deendotoxin extraction to obtain high quality
endotoxin-free plasmids. Finally, a Lenti-Mix-DNA transfection system was prepared
by mixing the target plasmid and no-load plasmid with Lenti-Mix, respectively.
HEK?293T cells were transfected together, lentivirus was packaged, and concentrated
and frozen at -807] after each tube.The supernatant of cell culture was discarded,
washed twice with 1xPBS, and digested by adding 0.25% pancreatin (containing 0.02%
EDTA). When the cells became round, the digestion was terminated by adding into
the medium, and cell suspension was collected into a 10mL centrifuge tube,
centrifuged a 1000rpm for 3min. The supernatant was discarded, then added into the
medium and blown well with a pipette for counting. The above cell suspension was
diluted to an appropriate cell density and then added into the prepared culture plate for

culture at 3771 and 5% carbon dioxide incubator. Transfection was performed after the
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condition was good. After the cells were in good condition, the cell culture medium
was changed into complete culture medium containing Sug/ml staining aid polybrene.
The number of cells in each well of the six-well plate was 2x10"5. According to the
virus titer, lentivirus of corresponding volume was added to each well for transfection
according to MOI (MOIl=virus titer x virus volume/number of cells) of 30.16h after
transfection, the fluid was changed, and 72h after transfection, downstream detection
was performed for verification.
Cell transfection

When the cell density reached 70%, it was ready for transfection. The cell
medium was changed to serum-free medium with a volume of 1ml. Two sterilized EP
tubes were taken, 125ul Opti-MEM was added to each tube, and 5uL lipofectamine
3000 was added to one tube. Another EP tube was added with 12.5ul let-7i-5p
inhibitor (let-7i-5p inhibitor dry powder dissolved with DEPC water; 125ul/10D),
mixed and incubated at room temperature for 5min; The above two EP tubes were
mixed well and incubated at room temperature for 15min. The mixed liquid drops
were placed into the corresponding holes in the six-well plate, and the cells were put
back into the incubator for culture. 4h after transfection, 1ml complete medium
containing 20% serum was added into the six-well plate. The corresponding detection
was carried out 48 hours later.
Dual luciferase reporter gene detection.

The experiment was divided into 7 groups with 3 multiple Wells in each group,

and a total of 21 Wells of 293T cells were prepared in a 12-well plate. Group L
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(lipo3000) and Group P (P3000) were prepared. A group of 75ul was prepared from
component P as a blank reagent group, and the rest group P was mixed with sea
kidney plasmid. The P group containing the sea kidney plasmid was divided into 2
tubes with 225ul each, and the two groups were divided into 3 tubes with 75ul
mixture each. After centrifugation, 125ul DEPC water was added into 1 OD (250ul
DEPC water was added into 20D) to prepare a 20uM storage solution (1000X) with a
working concentration of 25nM. Add 1.25ul to each well. Each group was mixed with
group L, adding 75ul to each tube. After mixing, incubate at room temperature for
15min, add 50ul cells to each well, add reagents to 12-well plates drop by drop, shake
evenly after each group is added. Cells were collected 48h after transfection, and
200ul lysate was added to each well to split the cells. The cells were cleaved at 471 for
20min, and the lysated cell samples were stored at -801" . Computer test: 70ul of cell
lysate was taken from each group and added to the black 96-well plate, and 100ul of
luciferase detection reagent was added to each well. Firefly luciferase activity was
detected on computer. Then,100ul of cifluciferase detection reagent (detection
substrate: buffer =1:100) was applied to each well to detect cifluciferase activity.
Western blot detection.

The cells and tissues of each group were added with lysate, lysis was performed
on ice for 30min, centrifuged at 10000 rpm/min at 471 for 10min, and the total protein
was obtained by carefully drawing the supernatant. Protein concentration was
determined by BCA kit. The protein was denatured, samples were taken, sodium

dodecylbenzene sulfonate gel electrophoresis was performed for 1-2h, and the
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membrane was transferred wet for 30-50min. Primary antibody solution was
incubated at 4.1 overnight. Incubate the secondary antibody solution at room
temperature for 1-2h. ECL exposure solution was dripped onto the film and exposed
in agel imaging system. Grayscale values of each antibody strip were analyzed using
"Quantity one" software.

Satistical analysis.

SPSS19.0 software was used for statistical analysis. All experiments were
repeated for 3 times, and quantitative results were expressed as meanzstandard
deviation (XtS). Single factor anadysis of variance was used for quantitative
comparison among multiple groups, and LSD method was used for pound-for-pair
comparison. Test level P=0.05, Graphpad7.0 was used for mapping, and Imagepro J
software was used for gray value analysis.

Results

During the osteogenic differentiation of mBSMCs induced by psoralen, CKIP-1
expresson was down-regulated, while let-7i-5p expression was significantly
up-regulated.

In order to study the different expression levels of mMIRNA during
psoralen-induced osteogenic differentiation, BM SCs were treated with psoralen for 3
days, and then miRNA microarray detection was performed on the cells. A total of 91
mirnas were differentially expressed between the control group and the psoralen
group. Compared with the control group, 54 mirnas were up-regulated and 37 mirnas

were down-regulated in the psoralen group. The data is analyzed and illustrated in a
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heat map (Figure 1A). Among the miRNAs, 10 mirnas with the most significant
differences in up-regulation were selected (let-7i-5p, miR-93-5p, miR-17-5p,
miR-200c-3p, mMiR-96-5p, mMiR-92a&3p, mMiR-20a-5p, mMiR-148a-3p, LET-7I-5P).
miR-375-3p, miR-182-5p) were validated to confirm the results of miRNA microarray
analysis by RT-gPCR. Compared with the control group, the expression of all the
above 10 miRNAs was up-regulated, among which let-7i-5p was the most
significantly up-regulated (Figure 1B), which was basically consistent with the chip
results. The third-generation BM SCs were cultured in groups and divided into blank
group, osteogenic induction group and psoralen induction group. RT-PCR was used to
detect the expression changes of CKIP-1 at different times of culture and induction.
The results showed as follows. Compared with the blank group, the expression of
CKIP-1 in the osteogenic induction group and the psoralen induction group was
gradually down-regulated with the time of osteogenic induction, and the expression of
CKIP-1 in the psoralen induction group was more significantly down-regulated than
that in the osteogenic induction group. These results indicated that CKIP-1 expression
was down-regulated during the osteogenic differentiation of BSMCs induced by

psoralen.
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Figure 2 The expression of CKIP-1 in the osteogenesis of BMSCs induced by
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psoralen was detected by RT-PCR; OS:Osteogenic induction fluid;Psoralen:Psoralen

induction fluid.

CKIP-1 overexpression vector and let-7i-5p inhibitor were successfully transfected.
Western blot and gPCR were used to verify the transfection of mBM SCs with
CKIP-1 overexpression vector and let-71-5p inhibitor. The results were shown in
Figure 5. let-7i-5p expression was significantly decreased in let-7i-5p inhibitor group
(Figure 3A). Compared with control and no-loading, CKIP-1 mRNA and protein
levels were significantly up-regulated in the CKIP-1 overexpression group (Figure 3B,
3D), indicating successful transfection of mMBMSCs with CKIP-1 overexpression

vector and let-7i-5p inhibitor.
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Figure3 Western blot and qPCR for transfection verification (*P<0.05 VS Control;

#P<0.05 VS CKIP-1 OE or let-7i-5p inhibitor NC; OE:overexpression; NC:normal
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control).

CKIP-1 isa potential target binding site for Let-7i-5p.

As shown in Figure 4, compared with the CKIP-1 WT, CKIP-1 mut and CKIP-1
WT+let-7i-5p mimic NC groups, the fluorescence value of 3 -UTR region in the
CKIP-1 WTHlet-7i-5p mimic group was significantly decreased.This indicates that
there is a targeting relationship between let-7i-5p and CKIP-1, and CKIP-1 may be
the target gene of let-7i-5p. To gain insight into the molecular mechanisms by which
mirnas regulate osteogenic differentiation of BM SCs, potential mirnas were predicted
using TargetScan and the transcription factor CKIP-1 was found to have a let-7i-5p
binding site in its 3UTR (Figure 4A). Therefore, further studies on let-7i-5p were
conducted to determine whether let-7i-5p directly targeted CKIP-1 by luciferase
reporter gene. The results showed that let-7i-5p mimics significantly inhibited the
luciferase activity of wild-type CKIP-1 3'UTR. However, the luciferase activity of

mutant CKIP-1 3'UTR was not ignificantly inhibited (Figure 4B).
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Figure 4 Targeting relationship verified by dual luciferase (*P<0.05 VS CKIP
-1 WT; #P<0.05 VS CKIP-1 WT+let-7i-5p mimic NC,WT:wlid type; mut;mutan

t type; NC:normal control;mimic:simulant).

CKIP-1 negatively regulates the osteogenic differentiation of BMSCs.

In order to better understand the functional role of CKIP-1 in osteogenic
differentiation of BMSC, the expression of Runx2, BMP and Smadl was detected
after BMSCs were transfected with CKIP-1 mimic and let-7i-5p inhibitor. As shown
in Figure 5, mRNA and protein expression levels of Runx2, BMP, and Smadl in the
CKIP-1 overexpression group and the let-7i-5p inhibition group were significantly
reduced compared with the control group and no-load group, indicating that CKIP-1
inhibited osteogenic differentiation of BMSCs. After adding estradiol to osteogenic
induction, the degree of inhibition was relatively improved.As shown in Figure 6,
compared with the control group and psoralatin induced group, the let-7i-5p inhibitor
and CKIP-1 overexpression significantly inhibited the protein expression of BMP2,

Runx2 and Smadl, indicating that CKIP-1 and let-7i-5p were involved in the
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regulation of the osteogenic differentiation of mBM SCs.
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Figure5 Western blot analysis of mBM SCs osteogenic differentiation related
protein expression in each group (*P<0.05 VS Control; #P<0.05 VS let-7i-5p
inhibitor NC; &P<0.05 VS CKIP-1 OE NC; A P<0.05 VS Estradiol; B P<0.05 VS

Estradiol+let-7i-5p inhibitor NC; C P<0.05 VS Estradiol+ CKIP-1 OE

NC;OE:overexpression; NC:normal control).
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Discussion

The maintenance of norma bone tissue depends on a dynamic balance
mechanism formed between osteogenesis and osteoclasts. When bone balance is
unbalanced, bone formation is reduced and bone resorption is increased, and
osteoporosis is highly likely to occur. Related studies®™ reported that OPF, as the

most common complication of osteoporosis, was found in nearly 20 cases of OPF
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worldwide within one minute. Therefore, osteoporosis patients need more safe,
effective and accessible drugs to treat the disease and reduce the potential risk.
Psoralen, as a furancoumarin-type phytoestrogen, has been regarded as an effective
component of psoralen in the treatment of bone diseases. In addition to its known
anti-inflammatory, anti-tumor and anti-cardiovascular functions®®, psoralen has also
been confirmed to have the effect of promoting osteogenesis and inhibiting
osteoclasts’®®. Bone marrow mesenchymal stem cells (BMSCs) can differentiate into
osteoblasts, osteoclasts and adipocytes in multiple directions. Under certain stimuli,
BMSCs can differentiate into osteoblasts with increased expression level of related
osteogenic genes. Under psoralen treatment, small molecule RNA miR488 can
increase the gene expression of osteogenic marker Runx2, promote the expression of
ALP and osterix genes, promote the differentiation of BMSCs into osteoblasts,
enhance bone calcium mineralization and deposition, and improve bone strength”.
CKIP-1 negatively regulates bone formation, and miRNA let-7i-5p has been
suggested to promote osteogenic differentiation of bone marrow mesenchymal stem
cells. This study aims to further elucidate the relationship between let-7i-5p and
CKIP-1 and the specific mechanism of psoralen promoting osteogenic differentiation
of BMSCs.

In this study, the activity and proliferation of BM SCs were measured by CCK-8
method. It was found that psoralen promoted the proliferation of mBMSCs and

maintained cell activity in a concentration-dependent manner. Alkaline phosphatase

ALP is abone conversion marker, which can not only be used to judge the osteogenic
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differentiation ability of BMSCs in the early stage, but also promote bone formation
by improving the calcium deposition of BMSCs and the mineralization content of
bone matrix!®Y, Osterix has been confirmed as a transcription factor located in the
downstream of Runx2 gene, which can cooperate with Runx2 gene to promote bone
formation. After overexpression of Runx2, promoter activity in Osterix gene domain
is enhanced, accelerating the differentiation and maturation process of osteoblasts™ 2.
Psoralen can not only reduce the bone resorption indirectly caused by rhBMP-2 in
promoting osteogenesis, but also cooperate with rhBMP-2 to activate BMP signaling
pathway and enhance signal transduction, thus improving the fracture healing rate of
ovaries removed mice™. In order to further analyze the mechanism of psoralen
promoting osteogenic differentiation of BMSCs, in this study, we targeted osteogenic
genes such as BMP2, Runx2 and Smadl, and detected the mRNA and protein
expression levels of these genes by fluorescence quantitative PCR and Western blot.
These osteogenic markers have been previously confirmed to improve the activity of
osteoblasts and promote cell proliferation and differentiation®. BMP2 belongs to the
TGF-f family. As a key transcription factor, BMP2 can bind BMP receptors to
activate the transcription of ALP, COLI and other genes, promote the proliferation and
differentiation of osteoblasts, and accelerate bone formation®>*, Psoralen can
improve the expression level of BMP-2, activate the transcription expression of
downstream genes and promote the oriented osteogenic differentiation of mouse skull
cells™®. Runx2 is a specific transcription factor that promotes osteogenic

differentiation of BMSCs by stimulating the expression of downstream proteins™.
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Certain concentration of psoralen can increase the expression levels of BMP, OPN,
Runx2, Osterix and other osteogenic genes in hBMSCs and promote bone

calcification deposition™.

After Smadl protein binds to receptors such as
transcription factor BMP, its self-phosphorylation activates TGF-f/Smad signal
transduction pathway and regulates the process of osteogenic differentiation of cells.
The osteogenic differentiation ability of BMSCs is significantly enhanced after
treatment with low dose of psoralen®.

mMiRNA let-7i-5p is involved in cell proliferation, differentiation, tumorigenesis
and other signal transduction processes, regulates the transcription and expression of
osteogenic genes, and plays an important role in promoting bone formation*>*Y. It is
worth noting that studies'®? have also pointed out that let-7i-5p expression is reduced
during osteogenic differentiation of hBMSCs, and after overexpression of let-7i-5p,
the osteogenic ability of cellsis reduced and bone formation is inhibited. CKIP-1 can
participate in a variety of cell behavioral processes such as cell differentiation,
apoptosis, and inhibition of bone formation, and play a role in regulating cell
differentiation by virtue of its free shuttle function in the nucleus and cell
membrane®l. After CKIP-1 is combined with Smurf1, the degradation of Smad5 is
accelerated, and the risk of OPF is significantly increased. After treatment with
osteoblaster-specific small interfering RNA of CKIP-1, the damaged bone
microstructure can be repaired®. In the process of BMSCs cultured in vitro, CKIP-1

silencing treatment significantly reduced the number of apoptosis, and increased the

expressions of p-catenin and osteocalcin®. Therefore, drug target research design
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based on the interaction characteristics of CKIP-1 siRNA, CKIP-1 and Smurfl is
expected to become a new strategy for the treatment of osteoporosis.

In this study, microRNA agonists or miRNA inhibitors were used to promote or
inhibit the expression of corresponding mirnas, while psoralen and estradiol were
given intervention treatment to observe the expression of osteogenic genes and
protein levels. During the experiment, we found that let-7i-5p could regulate the
expression of CKIP-1, and the gene and protein expression of CKIP-1 decreased
significantly after let-7i-5p was overexpressed. Combined with the results of double
luciferase detection, we speculated that there might be corresponding binding sites
between the 3 -UTR region of CKIP-1 and let-7i-5p. After CKIP-1 silencing,
let-7i-5p expression was increased and osteoblast activity was significantly enhanced
after psoralen treatment, which promoted bone formation.Therefore, we suggest that
let-7i-5p targeting of CKIP-1 promotes osteogenic differentiation of bone marrow
mesenchymal stem cells under psoralen.

However, this study still has the following limitations: First of al, only one
concentration of psoralen was used in this experiment, and if multiple concentrations
of psoralen were observed in control, the effect might be obvious. Secondly, the way
in which psoralen promotes let-7i-5p to interact with its receptor still needs to be
further explained. Finally. The specific upstream and downstream binding sites of
psoralen involved in the let-7i-5p/CKIP-1 signaling pathway are unknown and need
further study. In conclusion, psoralen may increase the expression level of let-7i-5p,

inhibit the expression of CKIP-1, and increase the mRNA and protein levels of BMP2,
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Runx2 and Smadl, thus promoting bone marrow mesenchymal stem cell osteogenic
differentiation, and thereby increasing bone strength and bone content, and finally

achieving the purpose of treating osteoporosis.

Acknowledgements
This research was supported by the National Natural Science Foundation of China

(82060878).

Availability of data and materials
The datasets used during the current study are available from the corresponding

author on reasonable request.

Ethical approval and consent to participate

Not applicable.

Competing I nterests
All the authors declare that they have no competing interests.

References


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.20.585715; this version posted March 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[1] Maraka S, Kennel KA.Bisphosphonates for the prevention and treatment of
osteoporosis. BMJ.2015 Sep 2;351:h3783. doi: 10.1136/bmj.h3783.

[2] Singer A, Exuzides A, Spangler L, et al.Burden of illness for osteoporotic f
ractures compared with other serious diseases among postmenopausal wome
n in the United States. Mayo Clin Proc.2015 Jan;90(1):53-62. doi: 10.1016/
j-mayocp.2014.09.011.

[3] Maeda SS, Lazaretti-Castro M.An overview on the treatment of postmenopa
usal osteoporosis. Arq Bras Endocrinol Metabol. 2014 Mar;58(2):162-71. do
i: 10.1590/0004-2730000003039.

[4] Ciric Z, Stankovic |, Pecic T, et a.Osteoporosis in patients with chronic o
bstructive pulmonary disease. Med Arch. 2012;66(6):385-7. doi:10.5455/med
arh.2012.66.385-387.

[5] Cummings SR,Melton LJ.Epidemiology and outcomes of osteoporotic fractur
es.Lancet.2002 May 18;359(9319):1761-7.doi: 10.1016/S0140-6736(02)08657-
9.

[6] Avenell A,Bolland MJ,Grey A,et al.Further major uncorrected errors in Nati
onal Osteoporosis Foundation meta-analyses of calcium and vitamin D supp
lementation in fracture prevention.Osteoporos Int.2017 Feb;28(2):733-734.doi:

10.1007/s00198-016-3765-6.


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.20.585715; this version posted March 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[7] Zha Y, Li Y, Wang Y, et a.Psoralidin, a prenylated coumestan, as a novel
anti-osteoporosis candidate to enhance bone formation of osteoblasts and d
ecrease bone resorption of osteoclasts. Eur J Pharmacol. 2017 Apr 15;801:6
2-71. doi: 10.1016/j.ejphar.2017.03.001.

[8] Foger-Samwald U,Dovjak P, Azizi-Semrad U, et al.Osteoporosis. Pathophysio
logy and therapeutic options. EXCLI J. 2020 Jul 20;19:1017-1037. doi: 10.
17179/excli2020-2591.

[9] Delmas PD, Ensrud KE, Adachi JD, et a.Mulitple Outcomes of Raloxifene
Evaluation Investigators. Efficacy of raloxifene on vertebral fracture risk re
duction in postmenopausal women with osteoporosis. four-year results from

a randomized clinical trial. J Clin Endocrinol Metab. 2002 Aug;87(8):3609
-17. doi: 10.1210/jcem.87.8.8750.

[10]Fuggle NR, Cooper C, Harvey NC, et al.Assessment of Cardiovascular Safe
ty of Anti-Osteoporosis Drugs. Drugs. 2020 Oct;80(15):1537-1552. doi: 10.1
007/s40265-020-01364-2.

[11]Compston JE, McClung MR, Leslie WD.Osteoporosis. Lancet. 2019 Jan 26;
393(10169):364-376. doi: 10.1016/S0140-6736(18)32112-3.

[12]Hegde V, Jo JE, Andreopoulou P, et al.Effect of osteoporosis medications o
n fracture healing. Osteoporos Int. 2016 Mar;27(3):861-871. doi: 10.1007/s0
0198-015-3331-7.

[13]Wong RW, Rabie AB. Effect of psoralen on bone formation. J Orthop Res.

2011 Feb;29(2):158-64. doi: 10.1002/jor.21124.


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.20.585715; this version posted March 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[14]Huang K, Sun YQ, Chen XF, et a.Psoralen, a natural phytoestrogen, impro

ves diaphyseal fracture healing in ovariectomized mice: A preliminary study.
Exp Ther Med. 2021 Apr;21(4):368. doi: 10.3892/etm.2021.9799.

[15]Tang DZ, Yang F, Yang Z, et a.Psorden stimulates osteoblast differentiatio
n through activation of BMP signaing. Biochem Biophys Res Commun. 20
11 Feb 11;405(2):256-61. doi: 10.1016/j.bbrc.2011.01.021.

[16]Li F, Li Q, Huang X, et a.Psoralen stimulates osteoblast proliferation throu
gh the activation of nuclear factor-kB-mitogen-activated protein kinase signa
ling. Exp Ther Med. 2017 Sep;14(3):2385-2391. doi: 10.3892/etm.2017.477.

[17]Yin BF, Li ZL, Yan ZQ, et al.Psoralen aleviates radiation-induced bone inj
ury by rescuing skeletal stem cell stemness through AKT-mediated upregula
tion of GSK-3B and NRF2. Stem Cell Res Ther. 2022 Jun 7;13(1):241. doi:

10.1186/s13287-022-02911-2. Erratum in: Stem Cell Res Ther. 2022 Jul 27;
13(1):361.

[18]Cao HJ, Li CR, Wang LY, et a.Effect and mechanism of psoralidin on pro
moting osteogenesis and inhibiting adipogenesis. Phytomedicine. 2019 Aug;6
1:152860. doi: 10.1016/j.phymed.2019.152860.

[19]Huang Y, Liao L, Su H, et a.Psoralen accelerates osteogenic differentiation

of human bone marrow mesenchymal stem cells by activating the TGF-p/
Smad3 pathway. Exp Ther Med. 2021 Sep;22(3):940. doi: 10.3892/etm.2021.

10372.


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.20.585715; this version posted March 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[20]Lu K, Yin X, Weng T, et a.Targeting WW domains linker of HECT-type
ubiquitin ligase Smurfl for activation by CKIP-1. Nat Cell Biol. 2008 Aug;
10(8):994-1002. doi: 10.1038/nch1760.

[21]Wang Y, Nie J, Wang Y, et a.CKIP-1 couples Smurfl ubiquitin ligase wit
h Rpt6 subunit of proteasome to promote substrate degradation. EMBO Rep.

2012 Nov 6;13(11):1004-11. doi: 10.1038/embor.2012.144.

[22]Liu J, Lu C, Wu X, et a.Targeting osteoblastic casein kinase-2 interacting
protein-1 to enhance Smad-dependent BMP signaling and reverse bone form
ation reduction in glucocorticoid-induced osteoporosis. Sci Rep. 2017 Jan 2
7;7:41295. doi: 10.1038/srepd1295.

[23]Shu Z, Chen L, Ding D. miR-582-5P induces colorectal cancer cell prolifer
ation by targeting adenomatous polyposis coli. World J Surg Oncol. 2016 S
ep 6;14(1):239. doi: 10.1186/s12957-016-0984-4.

[24]Liu Q, Guo Y, Wang Y, et a.miR-98-5p promotes osteoblast differentiation

in MC3T3-E1 cells by targeting CKIP-1. Mol Med Rep. 2018 Mar;17(3):4
797-4802. doi: 10.3892/mmr.2018.8416.

[25]zhang JF, Fu WM, He ML, et a.MiRNA-20a promotes osteogenic different
iation of human mesenchymal stem cells by co-regulating BMP signaling.
RNA Biol. 2011 Sep-Oct;8(5):829-38. doi: 10.4161/rna.8.5.16043.

[26]zhang Y, Cheng W, Han B, et al.Let-7i-5p functions as a putative osteogen
ic differentiation promoter by targeting CKIP-1. Cytotechnology. 2021 Feb;7

3(1):79-90. doi: 10.1007/s10616-020-00444-1.


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.20.585715; this version posted March 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[27]Shuid AN, Mohamad S, Muhammad N, et al.Effects of a-tocopherol on the
early phase of osteoporotic fracture healing. J Orthop Res. 2011 Nov;29(1
1):1732-8. doi: 10.1002/jor.21452.

[28]Wong RW, Rabie AB.Effect of Buguzhi (Psoralea corylifolia fruit) extract o
n bone formation. Phytother Res. 2010 Jun;24 Suppl 2:S155-60. doi: 10.10
02/ptr.3049.

[29]Ranasinghe S, Ansumana R, Lamin JM, et al.Herbs and herbal combination
s used to treat suspected malaria in Bo, Sierra Leone. J Ethnopharmacol. 2
015 May 26;166:200-4. doi: 10.1016/].jep.2015.03.028.

[30]JHuang Y, Hou Q, Su H, et al.miR-488 negatively regulates osteogenic diffe
rentiation of bone marrow mesenchymal stem cells induced by psoralen by

targeting Runx2. Mol Med Rep.2019 Oct;20(4):3746-3754. doi: 10.3892/m
mr.2019.10613.

[31]O'Grady S, Morgan MPDeposition of calcium in an in vitro model of hum
an breast tumour calcification reveals functional role for ALP activity, alter
ed expression of osteogenic genes and dysregulation of the TRPM7 ion cha
nnel. Sci Rep. 2019 Jan 24;9(1):542. doi: 10.1038/s41598-018-36496-9.

[32]Fu X, Li Y, Huang T, et a.Runx2/Osterix and Zinc Uptake Synergize to O
rchestrate Osteogenic Differentiation and Citrate Containing Bone Apatite F
ormation. Adv Sci (Weinh). 2018 Jan 28;5(4):1700755. doi: 10.1002/advs.20

1700755.


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.20.585715; this version posted March 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[33]Huang K, Wu G, Zou J, et al.Combination therapy with BMP-2 and psoral
en enhances fracture healing in ovariectomized mice. Exp Ther Med. 2018
Sep;16(3):1655-1662. doi: 10.3892/etm.2018.6353.

[34]0rimo H. The mechanism of mineralization and the role of alkaline phosph
atase in health and disease. J Nippon Med Sch. 2010 Feb;77(1):4-12. doi:
10.1272/jnms.77 4.

[35]Rawadi G, Vayssiére B, Dunn F, et a.BMP-2 controls alkaline phosphatase

expression and osteoblast mineralization by a Wnt autocrine loop. J Bone
Miner Res. 2003 Oct;18(10):1842-53. doi: 10.1359/jbmr.2003.18.10.1842.

[36]Choi J, Bae T, Byambasuren N, et al.CRISPR-Cpfl Activation of Endogen
ous BMP4 Gene for Osteogenic Differentiation of Umbilical-Cord-Derived M
esenchymal Stem Cells. Mol Ther Methods Clin Dev. 2020 Jan 9;17:309-31
6. doi: 10.1016/j.omtm.2019.12.010.

[37]Bilican B, Fiore-Heriche C, Compston A, et al.Induction of Olig2 precursor
s by FGF involves BMP signalling blockade at the Smad level. PLoS One.

2008 Aug 6;3(8):€2863. doi: 10.1371/journal.pone.0002863.

[38]Lu K, Shi TS, Shen SY,et a.Egrl deficiency disrupts dynamic equilibrium
of chondrocyte extracellular matrix through PPARY/RUNX2 signaling pathw
ays. Am J Transl Res. 2018 Jun 15;10(6):1620-1632.

[39]Hudnall AM, Arthur JW, Lowery JW.Clinica Relevance and Mechanisms o
f Antagonism Between the BMP and Activin/TGFf Signaling Pathways. J

Am Osteopath Assoc. 2016 Jul 1;116(7):452-61. doi: 10.7556/ja0a.2016.089.


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.20.585715; this version posted March 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[40]Irwandi RA, Vacharaksa A.The role of microRNA in periodontal tissue: A
review of the literature. Arch Oral Biol. 2016 Dec;72:66-74. doi: 10.1016/].
archoralbio.2016.08.014.

[41]van Wijnen AJ, van de Peppel J, van Leeuwen JP, et a.MicroRNA functio
ns in osteogenesis and dysfunctions in osteoporosis. Curr Osteoporos Rep.
2013 Jun;11(2):72-82. doi: 10.1007/s11914-013-0143-6.

[42]Zhang Z, Zhou H, Sun F, et a.Circ_ FBLN1 promotes the proliferation and

osteogenic differentiation of human bone marrow-derived mesenchymal ste
m cells by regulating let-7i-5p/FZD4 axis and Wnt/B-catenin pathway. J Bio
energ Biomembr. 2021 Oct;53(5):561-572. doi: 10.1007/s10863-021-09917-0.

[43]Xi S, Tie Y, Lu K, et a.N-terminal PH domain and C-terminal auto-inhibit
ory region of CKIP-1 coordinate to determine its nucleus-plasma membrane

shuttling. FEBS Lett. 2010 Mar 19;584(6):1223-30. doi: 10.1016/j.febslet.2
010.02.036.

[44]Liu J, Liang C, Guo B, et a.Increased PLEKHO1 within osteoblasts suppr
esses Smad-dependent BMP signaling to inhibit bone formation during agin
g. Aging Cell. 2017 Apr;16(2):360-376. doi: 10.1111/acel.12566.

[45]Zhou ZC, Che L, Kong L, et a.CKIP-1 silencing promotes new bone form
ation in rat mandibular distraction osteogenesis. Oral Surg Oral Med Oral

Pathol Oral Radiol. 2017 Jan;123(1):el-€9. doi: 10.1016/j.0000.2016.07.013.


https://doi.org/10.1101/2024.03.20.585715
http://creativecommons.org/licenses/by-nc-nd/4.0/

