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22 Abstract

23 Glucocorticoids induced osteonecrosis of the femoral head (GIONFH) is a
24  devastating orthopedic disease. Previous studies suggested that connexin43
25 (Cx43) is involved in the process of osteogenesis and angiogenesis. However,
26  the role of Cx43 potentiates in the osteogenesis and angiogenesis of bone
27 marrow-derived stromal stem cells (BMSCs) in GIONFH is still not investigated.
28 In this study, BMSCs were isolated and transfected with green fluorescent
29  protein (GFP) or the fusion gene encoding GFP and Cx43. The osteogenic
30 differentiation of BMSCs were detected after transfected with Cx43. In addition,
31 the migration abilities and angiogenesis of human umbilical vein endothelial
32 cells (HUVECs) were been detected after induced by transfected BMSCs

33 supernatants in vitro. Our results showed that Cx43 overexpression in BMSCs
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34 promoted osteogenic differentiation and angiogenesis in vitro. Finally, we
35 established GC-ONFH rat model, then, a certain amount of transfected or
36  controlled BMSCs were injected into the tibia of the rats. Immunohistological
37 staining and micro-CT scanning results showed that the transplanted
38 experiment group had significantly promoted more bone regeneration, vessel
39  volume and the expressions of Runx2, ALP, COL I , VEGF and CD31 when
40 compared with the effects of the negative or control groups. This study
41  demonstrated for the first time that the Cx43 overexpression in BMSCs could
42  promote bone regeneration as seen in the osteogenesis and angiogenesis
43  process, suggesting that Cx43 may serve as a therapeutic gene target for
44 GIONFH treatment.

45

46  Keywords: Connexin43; glucocorticoids; osteonecrosis of the femoral head;
47  osteogenesis; angiogenesis

48

49  Background

50  Glucocorticoids are important therapeutic agents that have been widely used
51 as anti-inflammatory and immunosuppressive drugs(6, 33, 45, 47). However,
52 their therapeutic benefits are often associated with serious complications, such
53 as osteocyte apoptosis and osteonecrosis(8, 15, 43). Osteonecrosis of the
54  femoral head (ONFH) is a destructive disease that is characterized by cell
55 death within the femoral head, progressive degeneration of the hip joint, and
56  severely lowered quality of life(27, 55). Identified risk factors for ONFH include
57  glucocorticoids use, alcohol consumption and trauma, but its pathogenesis
58 remains poorly understood. Surgical intervention is currently a traditional
59 treatment strategy for ONFH; however, it is an invasive procedure and could
60 influence the patients’ quality of life. Therefore, investigating non-surgical
61  treatment methods for ONFH is necessary.

62 Bone marrow-derived stromal stem cells (BMSCs) have the potential for

63  self-renewal and multi-directional differentiation and have been widely used in
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64  tissue regeneration or repair(4-5, 9, 51, 59). BMSCs are suitable for clinical
65 applications and are easily obtained from patients, and immunological
66  incompatibilities could be avoided with autologous transplantation(18, 30).
67 Preclinical studies showed that bone healing began two weeks after
68 autologous bone marrow stem cell transplantation for ONFH treatment and
69 achieved complete healing after nine weeks(42). A follow-up study of five years
70 showed that the clinical effects of autologous bone marrow cells
71  transplantation combined with autogenous iliac cancellous bone grafts for the
72 treatment of moderate lesion of ONFH are comparable to femoral
73 head-preserving surgeries, suggesting that BMSCs transplantation is a
74  promising method for ONFH treatment(24). Numerous studies in the literature
75 had demonstrated the effectiveness of stem cell transplantation in the
76  treatment of early stages of osteonecrosis(12, 19-20, 57). Hernigou P et al.
77 found that autologous bone marrow transplantation significantly improved the
78  natural course of the early stage of ONFH when compared with simple nucleus
79  pulposus decompression surgery(19). Furthermore, it was found that
80  P-glycoprotein (P-gp)-overexpression BMSC transplantation could decrease
81 the risk of glucocorticoids-induced ONFH (GIONFH)(16), and SDF-1a
82  overexpression of BMSCs could promote osteogenesis and vascularization,
83  therefore reduce the incidence of GIONFH(54); In addition, the elevated
84  expression of BMP-2 and BFGF in BMSCs could accelerate bone repair of
85 ONFH(39). All these findings indicate that there are a variety of factors that
86  play important roles in the therapeutic effects of BMSCs on ONFH, and we
87  believe that transplantation of genetically modified BMSCs can be used as an
88  effective method for the treatment of earlystage GIONFH. Nevertheless, the
89  pathogenesis of GIONFH is not fully understood, and it's important to further
90 study the precise mechanisms of GIONFH and find new methods to inhibit or
91  delay osteonecrosis occurrence.

92 Gap junction channels are formed by two hemichannels, which are

93  composed of six transmembrane proteins called connexins(23, 25). It has been
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94  reported that these connexins play a vital role in tissue homeostasis(7), in the
95  regulation of cell proliferation and growth, and in cell differentiation and
96 development(1, 40). There are at least 21 different human connexins that have
97  been reported in the literature so far, and they have a series of homologs that
98  showed different tissue or cells specificities(2, 29). Among these connexins,
99  connexin43 (Cx43) is considered to be the main component of gap junctions in
100 hematopoietic tissue(29). Moorer & Stains reported that Cx43 is greatly
101  associated with the process of osteogenesis and osteoblast function(35). Li et
102 al. also reported that Cx43 had the function of regulating extracellular
103 signal-regulated kinase (ERK) activity, therefore, it consequently regulates
104 Runx2, which is an essential transcription factor for osteoblast
105  differentiation(31). In addition, several studies have demonstrated that Cx43 is
106  greatly involved in the process of angiogenesis(49), which is essential for
107  osteogenesis. More importantly, the knockdown of Cx43 expression in the
108  endothelial progenitor cells could decrease the expression of VEGF, and
109  weaken the angiogenic potential of the cells(50). Furthermore, the use of high
110  doses of dexamethasone could inhibit the osteogenesis and angiogenesis in
111 bone tissue(53, 56), and could also down-regulate the expression of Cx43(44).
112 Based on the facts that osteogenesis and angiogenesis are essential for bone
113 regeneration, we speculated that Cx43 may play a critical role in GIONFH
114  treatment. This present work aimed to examine the function of Cx43 in
115 BMSCs-induced osteogenesis and angiogenesis for GIONFH treatment.

116

117 MATERIALS AND METHODS

118

119 Rat BMSCs isolation and transfection

120 BMSCs were isolated from SD rats (males, four weeks old, body weight
121 100£15 g) as previously described(63). A total of 1-2 ml bone marrow was
122  aspirated by a heparinized syringe from the lateral tibial tubercle of the rats.

123 The cells were cultured in low-glucose DMEM supplemented with 10% fetal
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124 bovine serum (FBS, Gibco, USA) and 1% penicillin—streptomycin in humidified
125 atmosphere of 5% CO; at 37°C. The cells were passaged when they reached
126  100% confluence, and after three to five passage, the cells were analyzed by
127 flow cytometry and kept for further use.

128 Third-passage BMSCs were transfected with a lentiviral plasmid carrying the
129 green fluorescent protein (GFP) and Cx43 (GeneChem, Shanghai, China) or a
130 lentiviral plasmid carrying GFP and a negative control sequence (GeneChem,
131 Shanghai, China). The two groups of the transfected cells were called
132 Cx43-GFP-BMSCs and GFP-BMSCs, whereas the non-transfected cells were
133 labeled the Control group. After 12 h of transfection, the medium was replaced
134 with fresh complete medium, and the transfected cells with a density of more
135 than 80% confluency were purified using complete medium containing 3 pg/ml
136 puromycin for 5-6 days.

137

138 Flow cytometry

139 For phenotypic characterization analysis, 5x10° BMSCs were incubated with
140  fluorescein CD34, CD45, CD29, and CD90 at a dilution rate of 1:100 for 30 min
141 at 4°C, and then flow cytometry analysis was carried out using a flow
142 cytometer (BD FACSAria, USA). Flowdo 7.6.5 software (Tree Star Inc.,
143 Ashland, OR, USA) was used for data analysis. The cells that treated by
144 puromycin were suspended with culture medium and subjected for further use.
145

146  Real-time polymerase chain reaction (RT-PCR)

147  Total RNA was extracted from the BMSCs, HUVECs and the rats’ femoral
148 heads using the TRIzol (Invitrogen, USA) method according to the
149 manufacturer’s instructions. RNA was reverse-transcribed to cDNA according
150 to the manufacturer’s instructions (Thermo, USA). The expression levels of
151 Cx43, Runx2, ALP, and COL I at the mRNA level were measured with IQ™
152 SYBR Green Supermix (Bio—RAD). The following primers were provided by
153 TsingKe (Beijing, China): Cx43 forward: 5-CTCACCTTTGTGCCTTCC-3,
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154 reverse: 5-CTCACCTCCCTGATGCTAA-3’; Runx2 forward:
155 5TCGGAAAGGGACGAGAG-3’; reverse: 5-TTCAAACGCATACCTGCAT-3’;
156 ALP forward: 5'-CCGCAGGATGTGAACTACT-3’; reverse:
157 5-GGTACTGACGGAAGAAGGG-3’; COL [

158  5-TGCAAGAACAGCGTAGCC-3’; reverse: 5-CAGCCATCCACAAGCGT-3’;
159 VEGF forward: 5-ACAGGGAAGACAATGGGA-3’; reverse:
160 5-CTGGAAGTGAGCCAACG-3’; CD31 forward:

161  5-TCCCCACCCAAAGTAGC-3’; reverse: 5-TAAACAGCGCCTCCCAT-3.
162 PCR was performed for 40 cycles, and the expression levels of mMRNAs were

ANCE

163 calculated by the 2 method, and GAPDH was used as a reference gene.
164  All experiments were repeatedly performed in three times.

165

166 Western blot analysis

167  Proteins were extracted using ice-cold RIPA buffer (Beyotime Biotechnology,
168 China) containing 1 mmol/L PMSF. Lysates mixture was then centrifuged at
169 14000 rpm for 15 min, and the concentration of protein in the supernatant was
170 measured by a BCA Protein Assay kit (Beyotime Biotechnology, China). The
171 proteins samples (20 ug/lane) were separated by SDS—-PAGE and transferred
172 onto PVDF membranes (0.45um, Millipore, USA) using a transfer unit
173 (Bio—RAD, USA). Thereafter, the membranes were blocked in TBS solution
174 containing 5% non-fat milk for 2 h at room temperature, and then incubated
175  with primary antibodies including Cx43 (mouse, 1:1000, abcam), Runx2 (rabbit,
176  1:1000, Boster Bio), ALP (rabbit, 1:500, Boster Bio), COL I (rabbit, 1:1000,
177 Boster Bio), VEGF (mouse, 1:1000, abcam), CD31 (mouse, 1:1000, abcam)
178  and GAPDH (mouse, 1:1000, Sigma—Aldrich) for overnight at a temperature of
179  4°C, respectovely. After been washed with TBST, the membranes were
180  incubated with secondary antibody (1:10000, ZSBIO, Beijing, China) for two
181  hours. After been washed with TBST three times, the membranes were
182  visualized by enhanced chemiluminescence (ECL, Beyotime). The digitized

183  images were analyzed using IPP software 6.0 (Media Cybernetic, USA).
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184

185 Immunofluorescence staining

186 The osteoblasts were cultured on small coverslips, and allowed to adhere, and
187 then were treated either with or without 10° mol/L MPS for four days.
188  Thereafter, the cells in the two groups were washed with PBS solution for 5
189  min each, then fixed with 4% paraformaldehyde for 30 min, and washed with
190  PBS for 5 min each. The cells were also permeabilized with 0.3% Triton X-100
191  for 20 min, and washed in PBS for 5 min. Then the cells were blocked for 30
192 min with 10% goat serum at 37°C, and the cells of both groups were incubated
193 with Cx43 (mouse, 1:200; Santa Cruz, CA, USA), Runx2 (rabbit, 1:300; Boster
194  Bio, China), ALP or COL [ (rabbit, 1:1000, Boster Bio) for overnight at 4°C.
195 The next day, the cells were washed in PBS three times, and the cells of both
196 groups were incubated with secondary antibodies (FITC-conjugated
197  anti-mouse, 1:300; AlexaFluor 488-conjugated anti-rabbit, 1:300) for 2 h at
198  room temperature. Finally, samples of both groups were incubated with DAPI
199 for 10 min at room temperature. The images were acquired with a
200 fluorescence microscope (Zeiss, Carl Zeiss, Germany).

201

202 Inducing Osteogenic differentiation

203 Total of 2x10* cells/cm? were seeded in a 24-well plate precoated with Gelatin
204  solution and allowed to adhere. The cells were then treated with osteogenic
205 differentiation induction medium containing Glutamine, Ascorbate, B-sodium
206  glycerophosphate, and penicillin—streptomycin (Cyagen, Shanghai, China).
207  The induction medium was being replaced every three days. Alizarin red
208  staining assay kit was applied used to detect the mineralization of BMSCs.

209

210  Adipogenic differentiation induction

211 For achieving adipogenesis, the cells were incubated with the
212 adipogenesis-inducing medium A (Cyagen, Shanghai, China) for three days,

213 and then this medium was replaced with the adipogenesis-inducing medium B
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214 (Cyagen, Shanghai, China), continuing incubation which was incubated for two
215 days, and then replaced back with medium A for three days. After 14 days, the
216  cells were harvested and stained with Oil Red O for 30 min.

217

218  Chondrogenic differentiation induction

219 A total of 6x10° cells were put into a 15-ml sterile centrifuge tube and
220  centrifuged at 250 g for 4 min. The suspension was discarded, and a 0.5ml of
221 chondrogenic differentiation induction medium without TGF-B3 was added to
222 resuspend the cells. Then, the cells were washed by repeating the process
223 above. Thereafter, the cells were treated with chondrogenic differentiation
224 induction medium containing Dexamethasone, Ascorbate, ITS supplement,
225  Sodium pyruvate, Proline, and TGF-B3 for three weeks according to the
226  manufacturer’s instruction (Cyagen, Shanghai, China). Frozen slices of the
227  chondrocytes balls were made and measured by Saffron O staining and
228  observed under a light microscope (Leica, Japan).

229

230  Cell counting kit-8

231  Cell Counting Kit-8 (CCK-8) assays (Dojindo, Jepan) were used to investigate
232 the cell proliferation. In a brief, the intervened or control cells were trypsinized
233 and replanted into 96-well plates with 5x10° cells/well for the proliferation
234 assay. Then, a 100 ul of DMEM containing 10 ul of CCK-8 working solution
235 was added into each well at the 1, 2, and 3 d time points and incubated for
236  three hours in an incubator. After the incubation, the optical density at 450 nm
237  of absorbance was detected with a microplate reader.

238

239  Cell apoptosis

240  After overexpression of Cx43 in BMSCs, the cells were collected and
241  incubated with Annexin V-FITC/PI apoptosis detection working solution
242 (Becton Dickinson) according to the instructions (Becton Dickinson). Then,

243 flow cytometry analysis was carried out using Flow cytometer (BD FACSAria,
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244  USA) and the FlowJo 7.6.5 software (Tree Star Inc.) was used for data
245  analysis.

246

247  ALP staining

248  All groups of BMSCs were cultured in 24-well plates at a density of 2x10*
249  cells/well. Ten days after the osteogenic differentiation induction process on
250 different groups of BMSCs, including the control group, GFP-BMSCs and
251 Cx43-GFP-BMSCs, the cells were incubated with BCIP/NBT ALP Color
252 Development Substrate (Beyotime, Shanghai, China) for 20 min. Thereafter,
253 the cells were lysed in radioimmunoprecipitation assay lysis buffer
254 (Sigma—Aldrich) to measure the activity of ALP. ALP activity was evaluated
255 using an ALP assay kit (Nanjing Jiancheng Biotechnology Co., Ltd., Nanjing
256  China). The optical density was measured with a microplate reader at 520 nm.
257

258  Alizarin red staining

259  After twenty-one days, the osteogenic differentiation induction mediums of all
260  groups were discarded, and gently washed twice with PBS solution. Then, they
261 were fixed with 4% paraformaldehyde for 30 min; staining with alizarin red for
262 20 min; and finally observed under a light microscope (Olympus, Japan). To
263  quantify the mineralization, the calcium deposits were desorbed using 10%
264  cetylpyridinium chloride (Sigma), and the absorbance at 570 nm was
265 measured.

266

267  Cell migration assay

268  Cell migration was evaluated by scratch wound assay, which was described in
269  detail in our previous study(21). Briefly, the HUVECs were planted into a 6-well
270 plate at a density of 5x10° cells/well and cultured in growth medium until the
271  confluence of the cells reached 100%, the cells were then scratched with
272 sterile 200ul pipet tips, and the cells debris were removed by PBS solution.

273 Thereafter, the cells were put back into the incubator (37°C, 5% CO,) after
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274  adding the conditioned medium that containing 2% FBS. The migration of cells
275  was photographed under a microscope with Zen Imaging software after 24
276 hours of scratching. The method for calculating the percentage of wound
277 healing was in consistent with our previous study(60).

278

279  Tube formation assay

280  To investigate the effect of Cx43-GFP-BMSCs on the angiogenic differentiation
281 of HUVECs, we collected the culture supernatants from the different treated
282 groups of BMSCs to be kept as conditioned mediums for further uses.
283 HUVECs were seeded into 6-well plates (1x10° cells per well) and cultured
284 with BMSCs-conditioned medium for 3 days. Thereafter, the
285  angiogenic-associated genes, including VEGF and CD31, were detected by
286  Western blot analysis.

287 To investigate the angiogenic effects of BMSCs-conditioned medium on
288 HUVECSs, the tube formation assay was performed. In a brief, Matrigel
289  (50uL/well, Corning, USA) was placed into a 96-well plate on ice and kept for
290 30 min at 37°C until it became solidified. Subsequently, 2x10* HUVECs/well
291 were seeded on the surface of Matrigel and incubated with either
292 BMSCs-conditioned medium or normal culture medium. Twelve hours later,
293 tube formation was observed with a light microscope (Olympus, Japan). The
294 ability to form capillary-like structures was determined by the number of branch
295 points and tubule lengths in three randomly selected fields under the
296  microscope.

297

298  Animal model and grouping

299  All animal experiments were performed based on the guidelines that
300 formulated by the National Institution of Health on the humane use and care of
301 laboratory animals, and all animal protocols were granted by the Institutes
302 Animal Care and Use Committee of West China Medical School of Sichuan

303 University. A total of 24 adult male Sprague—Dawley (SD) rats (450-500g) were
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304 purchased from the experimental animal center of Sichuan University. All rats
305 were housed at the Animal Center of Sichuan University and kept for eight
306  weeks.

307 The rats were weighted and randomly divided into four groups, including the
308 normal group (control, non-transplantation), MPS group (GIONFH,
309  non-transplantation), negative control group (transplantation of GFP-BMSCs),
310 and experiment group (transplantation of Cx43-GFP-BMSCs). Based on our
311 previous study(63), we adopted LPS & MPS to establish the ONFH model. Two
312 weeks after the first MPS injection, amount of BMSCs (1x10” GFP-BMSCs or
313 Cx43-GFP-BMSCs) were injected into the tibia of the rats in the intervened
314  groups, whereas the rats in the control or MPS groups had not received any
315  treatment.

316

317  Micro-CT scanning

318  As described in our previous study, the femoral head morphologic changes
319  were detected by a micro-computed tomography (micro-CT) system (Inveon
320  Multimodality Gantry STD CT) at a resolution of 9 um with the following
321  parameters: current, 112 pA; x-ray energy, 80 kvp; and exposure time, 370
322 milliseconds. To evaluate the bone morphological changes in the femoral head,
323 the parameters of new bone volume/total volume (BV/TV), trabecular
324  thickness (Tb. Th), trabecular number (Tb. N), and trabecular separation
325 (Tb,Sp) were calculated. To evaluate the angiogenesis, 3D reconstructions
326 images of blood vessels were obtained, and morphometric parameters,
327  including blood vessel areas and total blood vessel length in the femoral head,
328  were calculated.

329

330 Angiography

331  Angiography was performed as previously described(48). In a brief, eight
332 weeks after the operation, the rats were anesthetized and perfused with

333 Microfil (Microfil MV-122; Flow Tech, Carver, MA, USA). The method was as
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334  followsed: firstly, the hair of the chest was shaved, and the rib cage was
335  opened with a pair of scissors. Then, a 100ml of heparinized saline and 20mi
336 of Microfil were continuously injected into the cardiac apex at a rate of 2ml/min.
337  Finally, the perfused rats were laid flat at 4°C in the refrigerator overnight to
338  ensure complete polymerization. The bilateral femoral heads were dissected
339 and harvested, and decalcified in 10% EDTA solution for about 4 weeks; and
340 the samples were scanned by micro-CT as described above, and the blood
341  vessels in the femoral head were reconstructed using CTVol software.

342

343 Histology and Immunohistochemistry (IHC)

344  Hematoxylin and eosin (H&E) staining was applied to assess the
345  histomorphological changes in the femoral head. After the rats were sacrificed,
346 their femoral heads were harvested, decalcified, and sectioned in the coronal
347  plane. Some of the sections were subjected to H&E staining to evaluate the
348  trabecular structures. Briefly, after fixed with 10% formalin for 24 h, the femoral
349 heads were decalcified in Ethylene diamine tetraacetic acid (EDTA, 10%)
350 solution for approximate 4 weeks, and then embedded in paraffin. Samples
351 were cut into 4um thick sections, deparaffinized in xylene, dehydrated in a
352 gradient of ethyl alcohol, and washed 3 times with distilled water. H&E staining
353 was performed to observe the rate of empty osteocytes lacunae and the
354  destruction degree of bone trabecula. The software of Image-Pro Plus 6.0
355 (Media Cybernetics, Baltimore, MD, USA) was used to count the rate of the
356 empty osteocytes lacunae, and the specific methods were described
357  previously(61).

358 The expressions levels of Runx2, ALP, COL I, VEGF and CD31 were
359  detected by immunohistochemistry. In a brief, the tissues were embedded with
360  paraffin and conventionally sliced into 4um thick sections. The sections were
361 baked for 2 h at 60°C before dewaxed in xylene, and rehydration through
362  graded ethanol. Subsequently, they were placed into sodium citrate buffer pH

363 6.0 and heated up to 100°C for 5 min for antigen repair. After cooling down, the
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364  sections were incubated with 5% goat serum (Solarbio, China) at 37°C for 30
365 min, then the sections were incubated with rabbit anti-rat Runx2 monoclonal
366  antibodies (rabbit, 1:1000, Boster Bio), ALP (rabbit, 1:1000, Boster Bio), COL
367 [ (rabbit, 1:1000, Boster Bio), VEGF (mouse, 1:1000, abcam), and CD31
368  (mouse, 1:1000, abcam) at 4°C for overnight, and lastly incubated with the
369  secondary antibody (1:1000; biotinylated goat anti-mouse IgG, ZSBIO, China)
370 at 37°C for one hour. The sections were developed with diaminobenzidine
371  (DAB; Beyotime Biotechnology, China) to detect the targeted antibody. After
372 staining, the sections were sealed up with balsam before being observed
373 under an optical microscope (Olympus Optical, China). The brownish-yellow
374  that showed color in the cytoplasm or cytomembrane indicated positive results,
375 and other findings indicated negative results. Five fields were randomly
376  selected for detection to calculate the positive expression. The experiments
377  were repeatedly performed three times.

378

379  Statistical analysis

380  All data were analyzed using SPSS 22.0 software (SPSS, IBM Corporation,
381 USA), and aere presented as the mean * SD. Statistical significant differences
382 between two groups were analyzed with the Student's t-test, and the
383  significance among multiple groups was analyzed using one-way ANOVA with
384  Tukey’s post hoc multiple comparison tests, respectively. A correlation analysis
385  was carried out using a two-tailed Spearman’s rank correlation coefficient (r). A
386 P value<0.05 was regarded as statistically significant. All experiments were
387 repeated at least three times.

388

389  Results

390

391  Characterization of BMSCs and transfection efficiency

392  The characteristics of the isolated cells were determined by flow cytometry

393  method. The cells were positive for CD29 and CD90, but negative for CD34
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394 and CD45 (Fig. 1A), which were used as typical biomarkers for BMSCs. The
395 multi-lineage differentiation potential of BMSCs was detected, as shown in Fig.
396 1B, BMSCs could be differentiated to osteoblasts, adipocytes and
397  chondrocytes, which confirmed the stemness of BMSCs. Then, BMSCs were
398 infected with lentiviral vectors carrying either the Cx43 gene combined with
399 GFP or only GFP, and the stable transgenic Cx43-GFP-BMSCs and
400 GFP-BMSCs cells were purified using puromycin for 5-6 days, and the results
401  were confirmed by fluorescence (Fig. 1C). The expression of Cx43 was
402  detected at both the mRNA and protein levels, which suggested that the cells
403 were successfully transfected with the Cx43 gene (Fig. 1D-F).

404 Furthermore, Cx43 was greatly involved in cells proliferation and apoptosis.
405 Therefore, we investigated these processes after Cx43 transfection. As
406  depicted in Fig. 1G, Cx43 transfection in BMSCs had better results on reducing
407  the inhibition effects of MPS on cells proliferation when compared with
408  GFP-BMSCs or non-transfected cells. In addition, the apoptosis rate of cells
409  was not significantly increased in the Cx43-GFP-BMSCs group compared with
410 the GFP-BMSCs or non-transfection group under MPS treatment (Fig. 1H, 11).
411

412 Cx43 overexpression in BMSCs promotes angiogenesis and endothelial
413 cells recruitment in vitro

414  Previous studies reported that Cx43 is greatly involved in the process of
415 angiogenesis and endothelial cell recruitment. Therefore, Human umbilical
416  cord vein endothelial cells (HUVECs) were used in this research to evaluate
417 the tube formation activity of transgenic BMSCs. We found that the
418  overexpression of Cx43 in BMSCs had resulted in a significantly higher tube
419  formation ability than GFP-BMSCs or control groups (Fig. 2A-2C). After MPS
420 treatment, which was used to mimic osteonecrosis in vitro, the tube formation
421  ability was decreased (Fig. 2A-2C); However, Cx43 overexpression had
422 significantly improved the tube formation ability compared with MPS treatment

423 alone (Fig. 2A-2C). In addition, the expression of CD31, which is one of the
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424  markers of angiogenesis, was detected, and HUVECs were cultured in the
425  supernatants of Cx43-GFP-BMSCs, GFP-BMSCs or non-transfected cells for
426 4 days. Results demonstrated that the expression of CD31 was significantly
427  increased under the treatment of the Cx43-GFP-BMSCs supernatants in both
428  the absence or presence conditions of MPS (Fig.2D, 2E).

429 Consistent with the results that were obtained in the tube formation assay,
430 the supernatants of Cx43-GFP-BMSCs had significantly increased the
431  migration ability of HUVECs cells, in a comparison with the supernatants of
432 GFP-BMSCs or control groups, which was verified by wound-healing assay.
433  MPS decreased the migration ability of HUVECs, and the supernatants of
434  Cx43-GFP-BMSCs reversed these effects of MPS (Fig. 2F, 2G). In addition,
435 the expression of MMP9, which is one of the markers of migration, was
436 detected, and HUVECs were -cultured in the supernatants of
437  Cx43-GFP-BMSCs, GFP-BMSCs or non-transfected cells for 4 days. Results
438  demonstrated that the expression of MMP9 was significantly increased under
439  the treatment of the Cx43-GFP-BMSC supernatants in both the absence or
440  presence conditions of MPS (Fig. 2H, 21). Therefore, these results indicate that
441  Cx43 overexpression could promote angiogenesis in vitro.

442

443  Osteogenic-associated proteins were up-regulated after Cx43
444  overexpression in BMSCs

445  ALP staining was used to evaluate cells osteogenic differentiation, and the
446  results showed that the osteogenic differentiation ability was obviously
447  increased after transfected with Cx43-GFP-BMSCs in a comparison with the
448  GFP-BMSCs and control groups in both the absence or presence conditions of
449  MPS (Fig. 3A). Alizarin red staining indicated that more calcium nodules were
450  observed in the Cx43-GFP-BMSCs group than in the GFP-BMSCs and control
451  groups (Fig. 3B). Fewer calcium nodules were observed after induced by MPS;
452 however, the number of calcium nodules was significantly increased in the

453 group of Cx43 overexpressing in BMSCs under the treatment of MPS(Fig. 3B).
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454  Osteogenic related proteins, including Runx2, ALP, Collagen | (COL I ) and
455  OCN, play an essential role in the process of promoting osteogenesis. Our
456  results showed that the protein expressions levels of Runx2, ALP, and COL I
457  were significantly up-regulated in the Cx43 overexpression group at protein
458 levels when compared with the GFP-BMSC group and the control group.
459  Additionally, Dex could reduce the expressions of Runx2, ALP, and COL I,
460  while Cx43 overexpression in BMSCs had reversed the inhibition effects of
461  MPS (Fig.3C-3F). Furthermore, the expressions levels of Runx2, ALP, COL |
462  were also detected by immunofluorescence method, and the results were
463  consistent with the western blot results (Fig 4). All the findings above showed
464 that the Cx43 overexpression in BMSCs could facilitate the osteogenic
465  differentiation in vitro.

466

467 Cx43 overexpression in BMSCs accelerates osteogenesis in a GIONFH
468  rat model

469  To further study the role of Cx43 in ONFH in vivo, a rat model of GIONFH was
470  successfully established and was identified by histomorphology as described
471  previously. The results of H&E staining indicated that Cx43 overexpression in
472 BMSCs reduced the morphological changes that were induced by MPS in vivo
473 (Fig. 5A). In addition, our results demonstrated that BMSCs transplantation
474  had partially promoted osteogenesis in  GIONFH, whereas Cx43
475  overexpression of BMSCs had significantly improved osteogenesis (Fig. 5B).
476  The expressions levels of Runx2, ALP, COL | were decreased by MPS
477  treatment at the protein level, and their expressions were rescued by the
478  transplantation with Cx43 overexpression BMSCs in the femoral head tissues
479  (Fig. 5C-5E). The presence of the transplanted BMSCs was confirmed by GFP
480 immunohistochemical staining, and the results showed that the transgenic
481 BMSCs were successfully located in the femoral head (Fig. 6A). The
482  trabecular changes in the subchondral area of the femoral heads were

483  visualized by micro-CT scanning. After eight weeks from the first MPS injection,
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484  the occurrence rate of empty lacuna was significantly lower in the group of
485  Cx43 overexpressing BMSCs transplantation than in GFP-BMSC group or
486  control group (Fig. 6B). Furthermore, the BV/TV values were significantly
487  decreased in the MPS group, whereas the Cx43 overexpression of BMSCs
488  transplantation had significantly reduced the effect of MPS (Fig. 6C). In
489  addition, the Tb. Th, and Tb. N, were remarkably improved after
490 Cx43-GFP-BMSCs transplantation compared with the GFP-BMSCs group or
491  MPS alone (Fig. 6D, 6E), however, Tb. Sp was significantly decreased after
492  Cx43-GFP-BMSCs transplantation (Fig. 6F). All the results above indicated
493  that Cx43 overexpression of BMSCs transplantation could decrease the
494  osteonecrosis of GIONFH in vivo.

495

496  Cx43 overexpression promotes Angiogenesis

497  Previous results suggested that Cx43 is greatly involved in the process of
498  angiogenesis, and that is essential for osteogenesis. However, its function in
499  the treatment for GIONFH in animal model is still not been investigated. We
500 used angiography to visualize the angiogenesis process in vivo. As shown in
501 Fig. 7A, MPS did not only impair the structure of the femoral head, but also
502  destroyed the vascularization net around it. In the contrary, Cx43-GFP-BMSCs
503  transplantation improved the angiogenesis and had significantly increased the
504  volume of vessel in a comparison with the GFP-BMSCs and control groups.
505  We have also found that the expression of VEGF and CD31 were significantly
506  decreased in the MPS group, while both expressions levels were reversed in
507 the Cx43-GFP-BMSCs transplantation group (Fig. 7B-7D). Therefore, Cx43
508  overexpression in BMSCs could accelerate angiogenesis in a rat GIONFH
509  model.

510

511  Discussion

512 Numerous studies have found that there are a lot of factors and molecules that

513  play an important role in BMSC-induced osteogenesis(16, 62), but the definite
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514  basic mechanism still has not been explained clearly. We used lentiviral
515  vectors to overexpression Cx43 in BMSCs and found that Cx43 promoted the
516 efficacy of BMSC-induced bone formation by enhancing angiogenesis and
517  osteogenesis. These results showed for the first time that Cx43 might be a vital
518  potential therapeutic target against GIONFH.

519 Stem cell transplantation has been widely used in the treatment of various
520  diseases, such as alteration of intestinal flora(28), diabetic neuropathy(13), and
521  cardiac disease(34). However, satisfactory therapeutic effects are not always
522 achieved by stem cells transplantation purely. Many studies have suggested
523  that combining stem cells transplantation with genetic modification can
524  improve the treatment efficiency of stem cell transplantation(3, 14, 26). BMSCs
525  transplantation has been proved as a promising treatment method for the early
526  stages of ONFH(10, 38, 52, 58). Previous studies demonstrated that SDF-1a
527  overexpression could significantly promote bone regeneration through
528  osteogenesis and angiogenesis(54), and the overexpression of P-glycoprotein
529  or VEGF165 could also significantly decrease the incidence of GIONFH by
530 promoting osteogenesis and blood vessel regeneration(16-17). In addition,
531 Cx43 was found to be involved greatly in the process of osteogenesis and
532 angiogenesis(35, 49). In this study, we found that Cx43 overexpression in
533  BMSCs had significantly improved the osteogenic differentiation and HUVECs
534  angiogenesis in vitro and promoted bone regeneration by osteogenesis and
535 angiogenesis after cell transplantation in vivo. Our study provided evidence for
536  the first time that Cx43 could promote BMSCs osteogenic differentiation and
537 HUVECs angiogenesis during GIONFH treatment.

538 Runx2 is an osteogenesis signal molecular that plays an essential role in
539 BMSCs osteogenic differentiation(22, 36). In our work, we found that Runx2
540 expression was significantly decreased after MPS treatment, whereas the
541  inhibition effects of MPS was attenuated after the overexpression of Cx43 in
542  BMSCs. Lin F et al. reported that the knockdown of Cx43 expression could

543  significantly decrease the osteogenic differentiation of BMSCs, which was
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544  verified by the downregulation of Runx2, and this result is in consistent with our
545  findings(32). Osteogenic differentiation of BMSCs is a key physiological
546  process for bone formation, in which the Runx2 signal molecular is involved.
547  As shown in Fig. 3C, we found that Cx43 overexpression could activate Runx2,
548  which suggested that Cx43 could promote osteogenic differentiation in vitro.
549  Furthermore, Micro-CT scanning and H&E staining, directly or indirectly,
550 showed that Cx43 overexpression in BMSCs had significantly reversed
551  MPS-induced osteonecrosis of the femoral head, and that bone trabecular
552 parameters, including BV/TV, Tb. Th and Tb. N were significantly increased
553  after Cx43-GFP-BMSCs transplantation. Therefore, transplantation with Cx43
554  overexpressing BMSCs could accelerate bone regeneration in GIONFH
555  treatment.

556 In addition to osteogenesis, BMSCs could also enhance the process of
557 angiogenesis and blood vessel regeneration, which is essential for bone
558  regeneration(37). Recent studies have shown that Cx43 can not only
559  participates in cell migration, but also could promote angiogenesis in many
560  kinds of tissues(11, 41, 46). In this study, we found that Cx43 overexpression in
561 BMSCs could promoted tube formation and HUVECs migration in vitro. In
562 addition, we furtherly confirmed that Cx43-GFP-BMSCs had significantly
563  increased the vascularization and angiogenesis, as well as the volume of
564  vessels, which were verified by angiography. All the results above suggested
565  that Cx43 overexpression in BMSCs could promote BMSCs angiogenesis both
566 in vitro and in vivo, indicating that Cx43 plays an essential role in the process
567  of angiogenesis under the disease of ONFH.

568  In summary, our results indicate that Cx43 overexpression in BMSCs has good
569  therapeutic effects on GIONFH by promoting angiogenesis and osteogenesis.
570  Additionally, Cx43 is a potential therapeutic molecular for the treatment of
571  GIONFH. However, further studies are still needed to investigate the function
572 of Cx43 in larger animal models of GIONFH.

573
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811  Figure 1. Characteristics of isolated rats’ bone marrow stromal stem cells
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812 (BMSCs) and transfection efficacy evaluation. (A) The isolated BMSCs were
813  positive for CD29 and CD90, but negative for CD45 and CD34. The X axis
814 represents fluorescence intensity; (B) BMSCs were differentiated to
815  osteoblasts, adipocytes and chondrocytes; (C) BMSCs were successfully
816  transfected with lentiviral vectors, as indicated by fluorescence; (D) The
817  expression of Cx43 mRNA was detected by RT-PCR; (E) After transfected
818  with the Cx43 gene, the protein expression level of Cx43 was detected by
819  Western blot; (F) Statistical analysis for Cx43 expression; (G) The effects of
820 Lv-Cx43 on BMSCs proliferation. (H) The effects of Lv-Cx43 on BMSCs
821  apoptosis measured by flow cytometry, Q2-UL represents necrotic cells,
822  Q2-UR represents late apoptotic cells, Q2-LR represents early apoptotic cells
823 and Q2-LL represents live cells; (I) Statistical analysis of apoptosis. Each
824  experiment was repeatedly performed at least three times. *P<0.05.

825

826  Figure 2. Cx43 overexpression in BMSCs promotes angiogenesis in vitro. (A)
827  Cell supernatants of Cx43-GFP-BMSCs had significantly promoted tube
828  formation compared with GFP-BMSCs or control groups. Tube formation was
829 reduced by MPS, but Cx43 overexpression reversed the effects that were
830  caused by MPS. (B-C) The finding of the changes of total tube length and total
831  branching points were in line with the results that were observed for tube
832 formation. (D) HUVECs were cultured in the supernatants of
833 Cx43-GFP-BMSCs, GFP-BMSCs or non-transfected cells for 4 days, and the
834  expression level for CD31 was detected by Western blot. (E) Statistical
835 analysis of CD31 expression. (F) The supernatants of Cx43-GFP-BMSCs had
836  significantly promoted HUVECSs’ migration compared with the GFP-BMSCs or
837  control groups. HUVECs’ migration ability was decreased by MPS treatment,
838  whereas Cx43 overexpression reversed the effects that were caused by MPS;
839  (G) Statistical analysis for all the groups of cells migration. (H) The expression
840 of MMP9 in HUVECs was measured by western blot analysis. (I) Statistical

841  analysis for MMP9 expression; Each experiment was repeatedly performed at
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842  least three times. *P<0.05.

843

844  Figure 3. Cx43 overexpression had significantly promoted calcium nodules
845  formation and the expression of osteogenic-related proteins in BMSCs in vitro.
846  (A) The expression of ALP was determined by ALP staining. ALP expression
847  was significantly increased in the Cx43-GFP-BMSCs group, and the ALP
848  expression that was decreased by MPS was reversed by Cx43 overexpression
849  in BMSCs. (B) Cx43-GFP-BMSCs induced the formation of a higher number of
850  calcium nodules than that in the GFP-BMSCs, which was identified by Alizarin
851  red staining. The number of calcium nodules was decreased by MPS and was
852  obviously reversed by Cx43 overexpression in BMSCs. (C) The expressions
853 levels of osteogenic-related proteins, including Runx2, ALP, and COL | were
854  upregulated at the protein level in BMSCs after Cx43 overexpression. MPS
855 decreased the expressions of Runx2, ALP, and COL I, and their expressions
856  were restored by Cx43 overexpression. (D) Statistical analysis for Runx2
857  expression. (E) Statistical analysis for ALP expression. (F) Statistical analysis
858  for COLLJ expression; Each experiment was performed repeatedly at least
859  three times. *P<0.05.

860

861  Figure 4. Immunofluorescence staining analysis about the expression of Cx43,
862 Runx2, ALP, and COL | in normal or transfected BMSCs treated or untreated
863  with MPS. (A) Double immunofluorescence staining of Cx43 (red) and DAPI
864  (blue); (B) Double immunofluorescence staining of Runx2 (red) and DAPI
865  (blue); (C) Double immunofluorescence staining of ALP (red) and DAPI (blue);
866 (D) Double immunofluorescence staining of COL I (red) and DAPI (blue).
867  Magnified area in the frame showed that the fluorescence intensity of Cx43,
868  Runx2, ALP and COL I were significantly increased in the Cx43-GFP-BMSCs
869  group, and all of the above indexes of fluorescence intensity were decreased
870 by MPS, which were reversed by Cx43 overexpression in BMSCs. Images are

871  representatives of at least three experiments.
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872

873  Figure 5. Cx43-GFP-BMSCs promote osteogenesis in vivo. (A) The
874  overexpression of Cx43 in BMSCs reduced the morphological changes that
875  were induced by MPS as indicated by H&E staining. Arrow indicates empty
876  lacunae. (B) Cx43-GFP-BMSCs promoted the expression of Runx2, ALP and
877 COL I despite the presence of MPS. Arrows indicate the expressions of
878 Runx2, ALP and COL I|. (C) Density evaluation of Runx2. (D) Density
879  evaluation of ALP. (E) Density evaluation of COL. Each experiment was
880 repeated performed at least three times. *P<0.05.

881

882  Figure 6. Cx43-GFP-BMSCs promote angiogenesis in vivo. (A) Cx43
883  overexpression in BMSCs promote vascularization, as indicated by
884  angiography. Arrows indicate vessels in the bones. (B-C) Quantitative analysis
885  of the vascularized area in the femoral head receiving different treatment. (D)
886  The expression of the angiogenesis indicator VEGF and CD31 were
887 upregulated by Cx43-GFP-BMSCs despite the presence of MPS. Arrow
888 indicates the expression of VEGF and CD31; (E) Density evaluation of VEGF;
889  (F) Density evaluation of CD31. Each experiment was repeated performed at
890 least three times. *P<0.05.

891

892  Figure 7. Cx43-GFP-BMSCs promote osteogenesis as indicated by trabecular
893  bone parameters. (A) Immunohistochemistry staining for GFP indicated that
894  the transgenic BMSCs were located in the femoral head. Arrows indicate the
895 localization of GFP-labeled BMSCs. (B) Direct visualization of the
896  morphological changes: Cx43-GFP-BMSCs reversed MPS-induced
897  osteonecrosis. (C-F) Changes of the trabecular bone parameters: bone
898  volume per tissue volume (BV/TV); trabecular thickness (Tb. Th); and
899  trabecular number (Tb. N); trabecular separation (Tb.Sp). Each experiment

900 was repeated performed at least three times. *P<0.05.
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