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Abstract
Background

Impaired osteogenesis differentiation of bone marrow mesenchymal stem cells (BM-MSCs) results
ine�cient physical supporting of hematopoietic niche and further counts against hematopoiesis recovery
in radiotherapy. Interleukin-12 (IL-12) holds facilitations on acute irradiation hematopoietic recovery, but
the mechanisms remain to be clari�edAim To investigated the osteogenic effects of IL-12 on BM-MSCs
and the relationship between IL-12’s osteogenic effects of BM-MSCs and its hematopoietic supportive
role.

Methold

The osteogenic effects of IL-12 in vivo were investigated by estimating the osteoblasts in femurs of
Balb/c mice after 5 Gy 60 Co-γ irradiation, and the osteogenic effects of IL-12 in vitro were investigated
by analyzing the osteogentic genes and calcium mineral deposits formations in BM-MSCs after 9 Gy 60
Co-γirradaition at different times of co-culturing with IL-12 in osteogenic induction medium. For the latter,
the special siRNA of IL-12 receptor 1 (IL-12Rβ1), tyrosine kinase 2 (TYK2) and the inhibitor of signal
transducer and activator of transcription3 (STAT3) were used to explore the possible mechanism. The
bone marrow hematopoietic supportive role of cells co-cultured with IL-12 were also investigated by
analyzing the clone-forming of hematopoietic progenitor/ stem cells (HSPCs).

Results

Interleukin-12 (IL-12) holds facilitaties on acute irradiation-induced hematopoietic and osteogenesis
damages in Balb/c mice. IL-12 also promoted osteogenesis differentiation of irradiated BM-MSCs, and
for that, especially during early period after irradiation, the IL-12 receptor 1 (IL-12Rβ1)/ tyrosine kinase 2
(TYK2)/ signal transducer and activator of transcription3 (STAT3) signaling played a crucial role. That
was re�ected by obvious synchronicity between the upregulation time of IL-12Rβ1 and the time of the
better IL-12 induced osteogenesis of BM-MSCs. The more osteogenic genes expressions and more
calcium mineral deposits formations in BM-MSCs were obtained in cells co-cultured with IL-12 within 1
hour after irradiation; Beside that IL-12 increased the phosphotyrosine of STAT 3 (p-STAT3) which along
with IL-12 induced osteogenesis promotions were abrogated by using IL-12Rβ1 and Tyk2 silencing RNA
(siRNA) or inhibitor of STAT3. Further, the clone-forming of hematopoietic progenitor/ stem cells (HSPCs)
showed much better in IL-12-BM-MSCs transplanted femurs of irradiated mice than that of BM-MSCs,
even cells were co-cultured with IL-12 for only 24 hours.

Conclusion

IL-12 may assist hematopoiesis recovery through its early osteogenic differentiation promotion of BM-
MSCs after irradiation, which suggested potential therapeutic targets of bone marrow hematopoietic
damages after radiotherapy.



Page 3/23

Background
Radiotherapy is considered to be one of most accepted medical and widely used treatments for tumor
and cancer. However, even the lowest dose of localized irradiation exposure can result in adverse
complications to adjacent organs, tissues, especially irradiation-sensitive organizations, such as
hematopoietic and gastrointestinal system, gonads tissues[1]. The irradiation caused myelosuppression
and hematopoietic dysfunction [1, 2] have become common side effects and obstacles in radiotherapy
patients[3–7]. As we known, hematopoiesis is a complex and multistep developmental process involves
pluripotent hematopoietic stem and progenitor cells (HSPCs),varies supportive cells in the hemopoietic
microenvironment (HM) and terminating erythrocytes. In irradiation, HSPCs were seriously damaged but
for more importance the hemopoietic microenvironment (HM) which regulates the hematopoietic process,
including maintenances and regulation of HSPCs quiescence, self-renewal and differentiation were also
damaged. Then the demaged HM resulted its ineffective supporting in hematopoiesis recovery[1].
Preserving and promoting HM physiological function gradually become the target of hematopoietic
reconstitution and rescuing hematopotic injury [6–8] .

BM-MSCs, a population of adult stem cells, have considerable differentiation capacity into multi-lineages
cells/tissues. For the bone marrow hematopoiesis, BM-MSCs are important components and regulators
of the participating in HM formation [4, 5, 9]. And for more importance, BM-MSCs are the main source of
formation of osteoblasts [10], which constitute the physical support of of HM directly or indirectly
regulating its size and activity and offering hematopoiesis supporting functions [10–12]. In irradiation,
BM-MSCs also have more redioresistance than HSPCs[3, 13], but their osteoblasts differentiation
potential were obviously decreased, which subsequent crippled their hematopoiesis-supporting [2, 13, 14].

IL-12, produced by monocytes, macrophages and dendritic cells, has various effects, including anticancer,
anti-infection and curing of autoimmune diseases[15–17]. Recent evidences have indicated its
favourable mitigation acute irradiation injury effects, including remarkable hematopoiesis recovery [18]
and damaged organs recovery effects [19–23]. Although these studies have indicated that IL-12 may
protect or facilitate hemato poiesis by directly and/or indirectly interacting with HSPCs [18, 24, 25],
mechanisms of how it acts on HSPCs and whether it acts on the HM to assist hematopoiesis recovery
remain to be clari�ed.

In present study, we focus on osteogenesis effects of IL-12 on BM-MSCs and its possible mechanisms
and its relationship with irradiation hematopoiesis recovery. We �rst found single dose of IL-12 have a
remarkable osteogenesis promotion in vivo and vitro. During the early period of IL-12 osteogenic
differentiation promotion in irradiated BM-MSCs, the IL-12Rβ1/TYK2/STAT3 signal plays an
indispensable role. Beside that, we also found, BM-MSCs co-cultured with IL-12 for 24 hours had
signi�cant more bone formation and hematopoiesis supporting functions. These �ndings furthered our
understanding of hematopoiesis recovery effects of IL-12 in irradiation and provided potential target of
rescuing differentiation bias of BM-MSCs to promote the hematopoietic supporting in radiotherapy.
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Methods
Animals

Male and female Balb/c mice, aged 4–6 weeks, were provided by the Experimental Animal Center of The
Third Military Medical University and housed in a speci�c pathogen-free animal facility of Laboratory
Animal Centre in the Second A�liated Hospital of Army Medical University. All experiments in this study
were approved by the Animal Experiment Ethics Committee of Army Medical University institute

Cell culture

Balb/c mice BM-MSCs, complete medium containing and osteogenesis inducing medium were purchased
from Cyagen Biosciences Inc. Guangzhou, China. Cells were cultured at 37 °C under 5% CO2 atmosphere.
The culture medium was replaced every 2 to 3 days. Cells at passage 11 (P8) were used in subsequent
experiments.

Pre-conditioning irradiation

For all irradiation procedures, both cells and animals were total body irradiated (TBI) with a single dose of
60Co-γ using an irradiation source[3] with a source-surface distance of 150 cm and at a rate of
0.69 Gy/min at the Irradiation Research Centre of the Third Military Medical University. The dose for cells
was 9 Gy and for animals was 5 Gy.

Reagents

The mouse recombinant IL-12 was purchased from Biolegend, San Diego, CA, USA. Small interfering RNA
(siRNA) targeting mouse Tyk2 was chemically synthetic in Ribo Bio Co. Ltd., Guangzhou, China. Small
interfering RNA targeting mouse IL-12Rβ1 were purchased from Santa Cruz Biotechnology Co. The
inhibitor of STAT3, cryptotanshinone (CPT), was purchased from Med Chem Express. The bone marrow
wash medium, StemSpan™ SFEM culture medium, the methylcellulose-based medium and the culture
plates, SmartDish™ plate were purchased from Stemcell Technologies, Canada.

The primary antibodies used for western blotting were following: anti-IL-12Rβ1 (Bioss), anti-IL-12Rβ2
(Bioss), anti-RUNX2 (Runt-related transcription factor 2, Santa Cruz Biotechnology), anti-Osteoglycin
(OGN, Santa Cruz Biotechnology), anti-β-actin (Santa Cruz Biotechnology), anti-phosphorylated STAT3
(Tyr705) mouse monoclonal (mAb) (Cell Signaling Technology), anti-STAT3 (124H6) mouse mAb (Cell
Signaling Technology), rabbit anti-TYK2 antibody (Abnova, Taipei, Taiwan).

Quantitative polymerase chain reaction

Total RNA was isolated using Trizol reagent (Invitrogen. China) and the �rst-strand cDNA was
synthesized using a reverse transcription reagent kit (TOYOBO, FSK-100, Osaka, Japan) accordance with
the manufacturer’s instructions. Next, real-time qPCR (RT-qPCR) was performed in triplicate using Fast
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Start Universal SYBR Green Master Mix (Roche, Germany). The data were analysed using the delta-delta
Ct method. Experiments were performed in triplicate.

The sequences of the primers used in RT-qPCR are as follows: GAPDH forward, 5′-
GACATCAAGAAGGTGGTGAAGC-3′; GAPDH reverse, 5′-GAAGCTGGAAGAGTGGGAGTT-3′; Runx2 forward,
5′-GTGCCCAGGCGTATTTCAGATG-3′; Runx2 reverse, 5′-GCGGGGTGTAGGTAAAGGTCGC-3′; Ogn forward,
5′-GTGGTCACATGGATAGCCTTTAGTC-3′; Ogn reverse, 5′-GAGCATATTTAGTTTGTTTGGGTGA-3′; IL-12Rβ1
forward, 5'ATGCGCTGGTGGTCGAGATGC-3'; IL-12Rβ1 reverse, 5'CCCGGCTCCGCAGTCTTATG-3'; IL-12Rβ2
forward, 5'CGACGCTCTCAAAACTCACATCC-3'; IL-12Rβ2 reverse, 5'TTTGCCGGAAGTAACGAATTGAG-3';
Tyk2 forward, 5'-GTGCCTTCCGTGTTCAGCGTGTG-3'; Tyk2 reverse 5'-GCCCAGAACGAATAGACTCAGGAA-
3'.

Western blotting

Total protein lysates were extracted with cell lysis buffer (Beyotime, Shanghai, China) and were denatured
by boiling. Next, the cell lysates were separated on 4–12% SDS-polyacrylamide gels and transferred onto
polyvinylidene �uoride membranes (PVDF Western Blotting Membranes, Roche). The membranes were
blocked in PBS buffer (50 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween [ pH 7.6 ]) supplemented with 5%
non-fat dry milk and were incubated with the appropriate antibodies for 12 hours. An HRP-labelled
secondary antibody and a chemiluminescent detection system (Phototope-HRP western blot detection kit;
New England Biolabs, Ipswich, MA) were used for developing the blots.

Hematopoiesis and osteobalsts detections

The peripheral blood cell counts (PBCC) were estimatied by analyzing the eyeball blood with the
automatic animal blood cell analyzer (Prandre XFA6030, Nanjing Prande Medical Equipment Co., Ltd.,
China). For the hematopoiesis of bone marrow, the bilatteral femur were removed and �xed in 10%
formalin and embedded in para�n wax for micro-sectioning at 5 µm and routine hematoxylin & eosin
(HE) staining. All slides were examined under microscope (Axio Imager 2, Zeiss, Germany) and the
volume of bone marrow hematopoietic tissues were detected by image analysis and reporting system
(YC.YX-2050, Chongqing telemedicine equipment Co., Ltd. China.).

For bone marrow HSPCs colony assays, mice were euthanized by injecting 150 mg/kg sodium
pentobarbital and their bilatteral femur were removed. The bone marrows were aseptically �ushed into
serum free expansion medium (StemSpan™ SFEM, StemCell Technologies Inc, Vancouver, BC, Canada)
using a syringe �tted with a 2 l-gauge needle. Cells were counted and cultured in methylcellulose media
(MethoCult GF, StemCell Technologies Inc, Vancouver, BC, Canada) following the manufacturer’s
instruction. A total of 300000 cells from unirradiated mice were used as a normal control (Normal). The
colony-forming units (CFU) of granulocyte (CFU-G) and macrophage (CFU-M), CFU-granulocyte
macrophage (CFU-GM), CFU-granulocyte, erythroid, macrophage, megakaryocyte (CFU-GEMM) were
analyzed according to the technical manual, mouse CFU assays using methoCult™(Stemcell
Technologies, Canada) in situ by light microscope (Leica DMIRB, Germany).
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Osteogenic differentiation and bone formation detection of BM-MSCs

BM-MSCs committed osteogenic differentiation detection were analyzed by mineralized matrix staining
for calcium mineral deposits using alizarin red S staining kit (Cyagen, China). ALP activities was tested
using ALP staining complied with 5-bromo-4-chloro-3-indolyl phosphate and nitro-blue-tetrazolium
(BCIP/NBT) alkaline phosphatise colour development kit (Beyotime Biotechnology, Shanghai, China). The
mineralized matrix were examined and photographed using a light microscope (Leica DMIRB, Germany).
The bone mineral densities were analyzed at the bottom of the distal growth plate, where the epiphyseal
cap structure completely disappeared and continued for 95 slices (10.5 µm/slice, using Scanco Viva
CT40) towards the proximal end of the femur.

Cells transplantation assays

Before transplantations, irradiated mice were anesthetized with 20 µg/kg pentobarbital sodium, using a
10 µl microliter syringe purchased from Gaoge indsstrial and trading co. LTD., and subsequently cells
suspended in a minimal volume of 3∝ l PBS and 10000 cells were injected intrafemorally through the
patellar surface. The whole cells transplantaions were carried out within 1 hour after TBI.

Transfection, inhibition and immuno�uorescence assays

Brie�y, cells transfected with special siRNA (�nal concentration, 50 nM) by using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. After 72 hours of transfection,
cells were co-cultured with or without 0.2 ng/ml IL-12 for 24 hours. For the inhibition of STAT3, the
inhibitor were added in the culture medium at 50 nM for co-culturing 24 hours, and then cells were co-
cultured with or without 0.2 ng/ml IL-12 for 24 hours. And then all the cells samples were collected for
further detections.

Cells for immuno�uorescence test were �xed with 4% formaldehyde and then were incubated overnight at
4 °C with a primary antibody and were incubated with FITC-labelled secondary antibody (Zhongshan
Golden Bridge, China) for 1 h at RT. After each step, the prepared specimens were counterstained with
5 µg/ml 4,6-diamidino-2-phenylindole and were observed with a laser scanning confocal microscopy
(LSCM) (Olympus, Japan).

Statistical analysis

All data were presented as the mean ± SEM. Statistical analysis was performed using GraphPad Prism
version 6.0. An independent unpaired t test was used to compare data obtained from the experimental
groups with those obtained from the control group. The results were considered signi�cant at *P < 0.05,
**P < 0.01, and ***P < 0.001.

Results
IL-12 promotes the hematopoiesis recovery
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To test the hematopoiesis effects of IL-12, we explored the bone marrow pathological, HSCPs colony
formations and PBCC pro�les in irradiated mice which were then promptly cured with a single dose of
1 µg/Kg IL-12 within 1 hour after irradiation through subcutaneously injection. As shown in Fig. 1a, the
structure and the cellularity of femurs from irradiated mice, both cured with or without IL-12, were severely
damaged at the day 14 after irradiation. But IL-12 cured mice showed signi�cant more hematopoietic
tissues in femurs. (Fig. 1b).

The PBCCs in all irradiated mice took on a �rstly decreasing and then recovery increasing change. But the
IL-12 cured mice performed better pro�les in blood cell change process. During the �rst declining phase,
in IL-12 cured mice, PBCCs decreasing attenuated signi�cantly, and during the latter recovery phase,
nearly around day 14 after irradiation, PBCCs increasing accelerated signi�cantly (Fig. 1c). The HSCPs
colony formations, detected at the day 3 after irradiation, were also decreased in all irradiated mice, but in
IL-12 cured mice, signi�cant more colonies of CFU-G, CFU-M, CFU-GM and total CFU were reproduced
(Fig. 1d, supplementary Fig. 1).

IL-12 promotes the osteogenesis in vivo and in vitro

We next examined of the effect of IL-12 on osteogenesis in vivo. Results showed osteoblasts around the
endosteum of cancellous femurs of IL-12 cured mice were obvious more than that of without IL-12 cured
ones (Fig. 2a). In vitro, the committed osteogenic differentiation of irradiated BM-MSCs co-cultured with
IL-12 were also signi�cantly increased. Beside that, IL-12 induced osteogenesis enhancing showed
effective concentrations of 0.2-1 ng/ml (Fig. 2b, c). These results indicated a apparent promotion of the
osteogenesis after irradiation.

IL-12Rβ1 plays a crucial signal in IL-12 induced early osteogenesis of BM-MSCs after irradiation

Considering IL-12 biological activities depended its receptors, IL-12Rβ1 and IL-12Rβ2, they and their
corresponding JAK/STATs were estimated in irradiational conditions. After irradiation, both IL-12Rβ1, IL-
12Rβ2 expressions exhibited evident raising �rst and decreasing then. It is worth noting that IL-12Rβ1
expression was more swift than that of IL-12Rβ2, which was mainly manifested in the fact that the RNA
expression peak of IL-12Rβ appeared at 12 hours after irradiation, and the protein expression peak
appeared at 24 hours after irradiation.while the protein expression peaks of IL-12Rβ2 appeared at 24
hours and 72 hours after irradiation, respectively (Fig. 3a-c ).

Based on the expression pro�les of the IL-12Rβ1 and IL-12Rβ2 after irradiation, we tried to �gure out
whether they were correlated to IL-12-induced osteogenesis. We designed two experiments. First,
irradiated cells were co-cultured with IL-12 for the whole experiment period, and for this, IL-12 were
administrated within 1 hour after irradiation. The osteogenic genes were estimated at day 1 and day 3
after co-culturing with IL-12. Second, we investigated administration time effects of IL-12 on
osteogenesis by analyzing the osteoblastic differentiation of irradiated cells co-cultured with IL-12 within
1 hour and at day 3 after irradiation. According to results, during �rst 3 days of co-culturing, the IL-12 was
administrated within one hour after irradiation, expressions of Runx2 and Ogn were signi�cantly
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increased, but the increasing expressions were more obvious in cells on day 1 (Fig. 3d-g). Beside that, IL-
12 administrated within 1 hour after irradiation induced more matrix mineralization in BM-MSCs than that
IL-12 administrated on day 3 (Fig. 3g), suggesting that the earlier administration of IL-12 the better
osteogenesis would be brought on, and it seems that IL-12 played a important role in the early stage of
the osteogenesis process in BM-MSCs. These results not only con�rmed IL-12-induced osteogenic
enhancements of BM-MSCs, but also suggested a potential role of IL-12Rβ1 in IL-12 induced osteogenic
differentiation in irradiation.

The necessity of IL-12Rβ1/TYK2/STAT3 signaling in IL-12-induced osteogenesis

To further elucidate the IL-12Rβ1 signaling function in IL-12-induced early osteogenesis, the main
downstream molecules of IL-12Rβ1, TYK2 and STAT3, were evaluated. For this, the cells transfected with
siRNA for 72 hours were co-cultured with IL-12 for 24 hours. Results showed that p-STAT3 activities and
Runx2 and Ogn expressions were obvious promoted in IL-12 treated cells, and that were obviously
abrogated by the special siRNA (Fig. 4).

Next, we used a special inhibitior of STAT3, CPT, specially inhibits the activation of STAT3 by selectively
blocking the STAT3 Tyr705 phosphorylation and the dimerization of STAT3 to study the role of p-STAT3
in IL-12-induced osteogenesis in BM-MSCs. Coincide with the results of interfering of IL-12Rβ1 and TYK2,
the promotion of activations of p-STAT3 and expressions of Runx2, Ogn in IL-12 co-cultured cells were
also signi�cant reduced by using CPT (Fig. 5a, b). Further more, the osteogenesis enhancement in IL-12-
co-cultured cells also eliminated in CPT treated cells (Fig. 5c, d). These results indicating the inhibition of
STAT3 directly impaired the IL-12-induced osteogenesisin BM-MSCs.

IL-12 induced osteogenesis facilitated the bone famation and the irradiation hematopoiesis recovery

Basing on the better hematopoiesis recovery effect of IL-12 in irradiated mice was obtained when IL-12
was administrated within 24 hours after irradiation[21], we further estimated the bone formation and
corresponding bone marrow hematopoiesis in femur of irradiated mice transplanted with BM-MSCs
which were co-cultured with IL-12 (IL-12-BM-MSCs) for only 24 hours. For this, we transplantated IL-12-
BM-MSCs ,co-cultured with IL-12, into left femur, and transplantated BM-MSCs, co-cultured without IL-12,
into right femur of a same individual irradiated mouse to exclude individual differences and to investigate
the direct effect of IL-12-BM-MSCs on bone marrow hematopoiesis by minimally invasive surgery
(supplementary Fig. 2a). As showed in Fig. 6a and b, femurs transplanted with IL-12-BM-MSCs showed
increased cancellous bone mass than those transplanted with BM-MSCs. Parallelly to that, HSCPs in
femurs transplanted with IL-12-BM-MSCs also had the more colony-formations (Fig. 6c, supplementary
Fig. 2b).

Now, we con�rmed that IL-12 could promote irradiation hematopoiesis recovery in vivo and con�rmed its
the osteogenic differentiations promotion in irradiated BM-MScs. For the latter, we are sure that IL-12Rβ1
and its related signals, TYK2 and STAT3, played an important role, at least during the early period after
irradiation. For that, we proposed the possible mechanism of IL-12 induced osteogenic differentiation in
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BM-MSCs after irradiation. Firstly, irradiation induced the swift upregulation of IL-12 receptors, especially
IL-12Rβ1. At this time, IL-12 triggered the downstream TYK2/STAT3 signaling and increased the STAT3
phosphorylation and then increased its dimerization and nuclear translocation. Then and lastly, the
osteogenic genes expressions were promoted and the osteogenesis of BM-MSCs were enhanced and at
the same time the hematopoiesis recovery happened (Fig. 7).

Discussion
As a multifunctional cytokine, IL-12 bioactivities involved in proliferation, differentiation, survival and
apoptosis of various cell types [19, 26, 27]. What appeals to us is the considerate hematopoietic and
gastrointestinal tract preventions and recovery functions in acute irradiation-induced of IL-12, which
make it a brilliant promise application in irradiation protection[28, 29]. Even IL-12 was showed a unique
ability to directly act on HSPCs to promote their proliferation and differentiation[30], in fact, considering
the irradiation sensitivity of HSPCs, the function of HSPCs were seriously damaged in acute irradiation, it
seemed hardly to explain the powerful hematopoiesis recovery of IL-12 only through its direct action on
HSPCs. Considering the importance supportive role in the HM [31, 32], the relatively more resistance to
irradiation[33, 34], and osteoblasts differentiation potential of BM-MSCs which further directly
responsible for bone formation, we natually suspected IL-12 may have effects on the osteogenesis of
BM-MSCs to execute its hematopoietic supporting.

Previous researches indicated the powerful irradiation hematopoiesis recovery of IL-12 were obtained
when it was used within 1 hour post irradiation or 24 hours before irradiation[21]. Therefore, here, all IL-
12administration of for animals or cells were conducted within 1 hour post irradiation unless otherwise
speci�ed. As expected, IL-12 did exert considerable hematopoiesis facilitation both in bone marrow and
peripheral blood cells in irradiated mice during 21 days after irradiation. IL-12 also exhibited an apparent
osteogenesis promotion both in vivo and in vitro ( see Fig. 2 ). Beside that, the signi�cant better colony-
formation abilities were also observed in IL-12 cured irradiated mice. All these results suggested IL-12
might really had a positive role in maintaining the function of HM, such as maintaining osteogenic
differentiation function of BM-MSCs, in irradiation.

As we known, IL-12 manifests its bioactivities through its receptors and their corresponding tyrosine
kinases activate signaling cascade. The subsequent tyrosine phosphorylation of both the cytoplasmic
proteins TYK2, interacting with IL-12Rβ1, and JAK2, interacting with IL-12Rβ2, and the subsequent
activations of STAT4 and STAT3 are responsible for IL-12 signaling transduction[26, 27, 35]. Generally,
the IL-12Rβ2/ JAK2/STAT4 pathway and its activated IFN-gama play a major role in common
bioactivities of IL-12, while IL-12Rβ1 was appeared be not found direct function except indispensable
subunit responsible for binding IL-12[36]. But more and more researches indicated that IL-12Rβ1,in single
or in aiding IL-12 signalling, vary with cells-type, has many unknown functions [37]. Furthermore, the
STAT3, one of the positive moleculars in IL-12 biological signal, was proved a pivotal role in maintaining
host homeostasis, anti-tumors and immunomodulation, and the TYK2/STAT3 is constantly identi�ed
strong relationship with osteoblast differentiation and bone formation and can be activated by various
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cytokines, growth factors and other stimuli[38, 39]. Many osteogenic related factors, ALP, BMP2 and
RUNX2, were also strongly associated with the actication of STAT3[27, 40]. Considering the rapid
upregulating expression of IL-12Rβ1 in irradiated BM-MSCs, it seems that the more coincidence of IL-
12Rβ1 expression peak, detected at hour 24 post irradiation, with the better IL-12-induced osteogenic
effects, the more expression increasing of osteogenic genes and the more calcium nodule formation of
cells co-cultured with IL-12 within one hours after irradiation, it is reasonable to speculate that the IL-
12Rβ1/TYK2/STAT3 may have a crucial role in mediated IL-12-induced osteogenesis.

Therefore, next, we focused on the relationship of STAT3 activation and IL-12-induced osteogenic
promotion. We estimated the activations of STAT3 in IL-12-BM-MSCs by interfering the possible
upstream, IL-12Rβ1 and TYK2 signals, and directly inhibited its phosphorylation at tyrosine 705 by using
special inhibitor (CPT). Interesting and predictable, BM-MSCs co-cultured with IL-12 showed an obvious
activation of STAT3, and interfering IL-12Rβ1 and TYK2 signal obviously abrogated the phosphorylations
of STAT3 and upregulation of osteogenic genes. IL-12-induced osteogenesis enhancement appeared
directly related to phosphorylation of tyrosine 705 of STAT3 in BM-MSCs, because there was signi�cant
ontogenesis eliminated in CPT treated cells. It worth noting that a short time, 24 hours, of co-culturing
with IL-12 were used in all the interfering and inhibiting experiments. These �nds not only suggested a
crucial time-frame of IL-12-induced osteogenic promotion in irradiated BM-MSCs, but also con�rmed a
direct positive regulating relationship between IL-12Rβ1, TYK2, p-STAT3 and osteogenic genes in IL-12-
induced osteogenic promotion in BM-MSCs.

At last, we parallelly examined the hematopoietic supportive of BM-MSCs co-cultured with IL-12 for 24
hours (IL-12-BM-MSCs) by HSPCs colony-forming assays, classical assays of the hematopoietic
functions of bone marrow, and the bone formation of IL-12-BM-MSCs transplanted irradiated mice by
analyzing the bone mineral density of the femur. Results showed an apparent more colonies and bone
formations in IL-12-BM-MSCs transplanted mice. As we known that good bone formation is directly
bene�cial to reduce the bone loss which was common in irradiation[1] and is indirectly bene�cial to
reconstruction of hematopoiesis. These �nds, even further researches are needed, suggested a the
parallel relationship of the hematopoietic supportive and bone formative promotion of IL-12-BM-MSCs
and further strengthened our suppose that IL-12 exert its hematopoietic supporting might though its bone
mass formation enhancement functions on BM-MSCs.

Conclusions
The effects of IL-12 on osteogenesis promotion on BM-MSCs made it practical signi�cance for
researching its hematopoiesis recovery effects and the biological functions of BM-MSCs in bone marrow,
and both of them are far from clarifying. It is tempting to clarify the different function and signal
transduction of IL-12 in BM-MSCs for few studies demonstrated IL-12 participated in interfering
osteoclasts formation alone and/or in association with the other cytokines [41–43]. Even further
researches are needed, present study �rstly showed IL-12 exerted a direct enhancement on osteogenic
differentiation of irradiated BM-MSCs and its IL-12Rβ1 signal pathway play an important role in that
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process. These results provide a new perspective regarding the protective role of IL-12 in hematopoiesis
recovery after irradiation damage, and might help to develop new treatment strategy of irradiation-
induced osteoporosis.
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Figure 1

IL-12 promoted the hematopoiesis recovery in 5 Gy irradiated mice. (a) HE staining of femurs of irradiated
and subcutaneous injected with a single dose of 1 ng/g IL-12 mice. The magni�cations are 200×.
Hemetopoiesis tissues were showed at the arrows. (b) The percentage of hematopoietic tissues of the
femoral bone tissue sections of irradiated and injected with a single dose of 1 ng/g IL-12 mice. (c) The
peripheral blood cells counts and the HSPCs colonies of irradiated and injected with a single dose of 1
ng/g IL-12 mice
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Figure 2

The osteogenesis effects of IL-12 in 5 Gy irradiated mice and 9 Gy irradiated BM-MSCs. (a) HE staining of
femur sections and osteoblasts (at the arrow). (b) Alzarin red S staining of cells calcium depositions and
the ALP activities staining of osteoblasts differentiated cells in irradiated BM-MSCs co-cultured with 0.2,
0.5, 1 ng/ml IL-12 in osteogenesis inducing medium for 14 days. The magni�cations are 200×. (c-d)
Quanti�cation of calcium depositions using assays of colorimetric determination of the dye extraction in
cells stained with by alizarin red. The determination absorption wavelength was 562 nm. All the data
were presented as the mean ± SEM, n=3.
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Figure 3

The expression of IL-12 receptors and the osteogenic process of BM-MSCs co-cultured with 0.2 ng/ml IL-
12 in osteogenesis inducing medium after irradiation. (a-c) RT-PCR, Western blot and immuno�uoresence
analysis of expressions of IL-12Rβ1 and IL-12Rβ2 (d-g) The mRNA and protein levels of Runx2 and Ogn
in irradiated cells co-cultured with IL-12 in osteogenesis inducing medium for 1 and 3 days. Three
replicates were used in the mRNA levels analysis and data were presented as the mean ± SEM. (h) Alzarin
red S staining of calcium depositions in cells co-cultured IL-12 on day 1 and day 3 after irradiation in
osteogenesis inducing medium for 14 days. The magni�cations are 200×.
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Figure 4

The role of IL-12Rβ1/TYK2 signal in IL-12-induced osteogenesis of BM-MSCs. (a-d) qRT-PCR analysis and
western blot analysis of expressions of IL-12Rβ1, STAT3, and p-STAT3 in IL-12Rβ1 and TYK2 siRNA
transfected cells co-cultured in complete media with or without 0.2 ng/ml IL-12 for 24 hours. All the data
were presented as the mean ± SEM, n=3. (c) Western blot analysis of expressions of RUNX2, OGN in IL-
12Rβ1 and TYK2 siRNA transfected co-cultured in osteogenesis inducing medium with or without 0.2
ng/ml IL-12 for 24 hours. The cells without transfection cultured without IL-12 used as the controls.
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Figure 5

The role of STAT3 activation in IL-12-induced osteogenesis of BM-MSCs. (a) Western blot analysis of
STAT3, p-STAT3 and TYK2 expressions in CPT treated cells co-cultured in osteogenesis inducing medium
with or without 0.2 ng/ml IL-12 for 24 hours (b) Western blot analysis of RUNX2, OGN, TYK2 expressions
in CPT treated cells co-cultured in osteogenesis inducing medium with or without 0.2 ng/ml IL-12 for 24
hours (c-d) Alzarin red S staining of calcium depositions, the magni�cations are 200×, and quanti�cation
of calcium depositions using assay of colorimetric determination of the dye extraction in cells stained
with by alizarin red. The determination absorption wavelength was 562 nm. All the data were presented
as the mean ± SEM, n=3.
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Figure 6

The hematopoiesis surporting and bone formations of BM-MSCs co-cultured with 0.2 ng/ml IL-12 for 24
hours . (a,b) Bone mineral density analysis of bilatteral femur of 5 Gy irradiated mice which were cells
transplantated at the bilatteral femur by using Scanco Medical CT-40 instruments. All the data were
presented as the mean ± SEM, n=5. (c) HSPCs colonies analysis bilatteral femur of 5 Gy irradiated mice
which were cells transplantated at the bilatteral fem



Page 22/23

Figure 7

Proposed mechanism of IL-12-induced osteogenesis in BM-MSCs after irradiation. Firstly, irradiation
induced the upregulation of IL-12 receptors, especially IL-12Rβ1. Then the TYK2/STAT3 signaling
activation, such as TYK2 activation, STAT3 phosphorylation, nuclear translocation after dimerization,
were triggered. In succession, the expression initial of osteogenic genes, RUNX2 and OGN, were increased,
which in turn promoted the osteoblast differentiation of BM-MSCs. ↑= increase.
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