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Abstract 

cytohesin-2 is a guanine nucleotide exchange factor to activate ARF1 and ARF6, 

which are involved in various biological processes, including signal transduction, cell 

differentiation, cell structure organization, and survival. Nevertheless, there is a lack 

of evidence revealing the role of cytohesin-2 in osteoclast differentiation and in the 

development of osteoporosis. In this study, we find cytohesin-2 and ARF1 positively 

regulate osteoclast differentiation and function. Blocking the cytohesin-2 /ARF1 axis 

with SecinH3 or by genetic silencing of cytohesin-2 inhibits osteoclast formation and 

function in vitro.  In vivo treatment with SecinH3 ameliorates ovariectomy-induced 

osteoporosis. Mechanistically, RNA-sequencing combined with molecular biological 

methodologies reveal that the regulatory function of cythohesin-2/ARF1 axis in 
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osteoclast differentiation is mainly dependent on activating the JNK pathway. Further, 

in addition to the common viewpoint that JNK is activated by IRE1 via its kinase 

activity, we found that JNK can act upstream and regulate the endoribonuclease 

activity of IRE1 to promote XBP1 splicing. Both SecinH3 and silencing of 

cytohesin-2 inhibit JNK activation and IRE1 endoribonuclease activity, leading to the 

suppression of osteoclast differentiation. Taken together, our findings add new 

insights into the regulation between JNK and IRE1, and reveal that inhibiting the 

cytohesin-2/ARF1/JNK/IRE1 axis might represent a potential new strategy for the 

treatment of post-menopause osteoporosis. 
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Chemical compounds studied in this article SecinH3 (PubChem CID: 1029232); 4μ8C 

(PubChem CID: 12934390); SP600125 (PubChem CID: 8515); Thapsigargin 

(PubChem CID: 446378); NAV-2729 (PubChem CID: 2257249) 

 

Introduction 

Post-menopause osteoporosis is an endocrine disorder characterized by decreased 

bone mass and increased risk of fragile fractures, especially vertebral and hip 

fractures [1]. With population aging, osteoporosis is associated with increased number 

of disabilities and deaths, representing a huge threat to the well-being of people and 

substantially increasing social economic burden [2]. In post-menopause osteoporosis, 

osteoclasts (OCs) are over-activated, with enhanced bone resorption activity, which 

disrupts the dynamic balance of bone resorption and formation. Inhibiting the 

formation and resorptive function of OCs is one of the main strategies for the 

treatment of osteoporosis [3]. However, due to the adverse effects and poor adherence 

to existing drugs, the treatment of osteoporosis is far from satisfactory [2]. Thus, 

exploring new therapeutic targets for osteoporosis will help to benefit patients and 

reduce the related burden. 
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OCs differentiate from bone marrow derived macrophages (BMMs) following the 

stimulation of macrophage colony-stimulating factor (M-CSF) and receptor activator 

of nuclear factor-κB (RANK) ligand (RANKL). M-CSF is a hematopoietic growth 

factor responsible for the proliferation of BMMs, while RANKL initiates the 

differentiation signaling in BMMs to form OCs [4]. Upon RANKL binding, the 

receptor RANK in the plasma membrane recruits the adaptor protein tumor necrosis 

factor receptor-associated factor 6 (TRAF6) to transduce intracellular signaling, 

which further activates the mitogen activated protein kinases (MAPKs), nuclear 

factor-κB (NF-κB), and Akt signaling pathways to promote OC differentiation and 

survival [5]. The MAPK pathway has three main downstream branches in the RANK 

signaling: the extracellular signal-related kinases (ERK) pathway, p38 pathway, and 

Jun amino-terminal kinases (JNK) pathway. Nuclear factor of activated T-cells 

cytoplasmic 1 (NFATc1), the master transcription factor of osteoclastogenesis, is then 

robustly amplified following these signals and translocates to the nuclei to initiate the 

expression of cathepsin K (CTSK), tartrate-resistant acid phosphatase (TRAP), and 

many other genes that are typical of OCs and are crucial for the resorptive function 

[5-7].  

 

Endoplasmic reticulum (ER) stress plays an important role in OC differentiation and 

function [8, 9]. It occurs when unfolded proteins accumulate in the ER lumen and is 

harmful to cells if it lasts too long. Cells have a defensive machinery to prevent 

long-term ER stress, called the unfolded protein response (UPR). UPR has three 

branches mediated by inositol-requiring protein-1 (IRE1), activating transcription 

factor 6 (ATF6), and pancreatic ER kinase (PERK), respectively. Previously, we have 

found that PERK signaling is involved in OC differentiation and function, and 

inhibition of PERK can improve bone loss in OVX mice [9]. IRE1-mediated UPR is 

highly conserved among species. IRE1 possesses both kinase and endoribonuclease 

activities. The kinase activity is associated with the activation of JNK [10], while the 

endoribonuclease activity is augmented by the autophosphorylation of IRE1 (p-IRE1), 

which further converts the un-spliced mRNA of X-box binding protein 1 (XBP1u) into 
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the spliced form XBP1s, a process typical of p-IRE1 mediated branch of UPR [11, 12]. 

The IRE1/XBP1 pathway has been reported to facilitate the transcription of NFATc1, 

thus promoting OC differentiation [8]. After RANKL stimulation, the IRE1/XBP1s 

activity increases gradually and peaks in two days [8]. However, the JNK pathway in 

the RANK signaling of OC is transiently activated as early as 15 minutes after 

RANKL treatment [13, 14]. These temporal differences in the activation of IRE1 and 

JNK pathways lead us to question whether JNK can regulate the activity of IRE1.   

 

Cytohesin proteins belong to a sub-family of the guanine nucleotide exchange factors 

(GEFs) that activate the adenosine diphosphate-ribosylation factor 1 and 6 (ARF1 and 

ARF6), two small guanine nucleotide-binding proteins of the Ras super family [15]. 

ARF1 and ARF6 are inactivated by binding to GDP and activated by binding to GTP. 

Cytohesin proteins possess a Sec7 domain, which can dissociate GDP and load GTP 

to ARF1 or ARF6 to activate them [15]. There are four members in the cytohesin 

family (cytoheisn-1, cytohesin-2, cytohesin-3, and cytohesin-4), which are involved in 

a wide range of biological processes, such as signal transduction, cell differentiation, 

cell structure organization, and survival [15]. For example, cytohesin-3 has been 

identified as an essential component of the PI3K-Akt pathway in transducing the 

insulin signaling [16], while cytohesin-2 and ARF6 act with the vacuolar 

proton-translocating ATPase (V-ATPase) in the endosome to facilitate endosome 

acidification, which is crucial for the endocytosis of extracellular particles and plasma 

membrane receptors [17]. In macrophage-like THP1 cells and fibroblasts, cytohesin-2 

along with ARF1 controls the assembly of podosomes, structures that are crucial for 

integrin-mediated cell to matrix adhesion. In endothelial cells, cytohesin-2 activates 

ARF6 and directly binds to the adaptor protein MYD88 in the IL-1β signaling to 

transduce inflammatory signals [18]. Interestingly, the PI3K-Akt pathway, V-ATPase 

mediated acidification, and podosome formation are all important processes for the 

differentiation and function of OCs. However, the role of cytohesins in OCs has never 

been reported. Although ARF1 has been reported to regulate the migration, 

proliferation, and fusion of OCs [19], it remains unknow how ARF1 affects these 
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processes and which cytohesin is responsible for the control of ARF1 activity in OCs.  

 

Considering the role of cytohesins and ARFs in signal transduction and in various 

cellular processes, we speculated that they might have a role in OC differentiation and 

function. The Sec7 domain can be selectively inhibited by SecinH3, an organic 

compound specifically blocking cytohesin-mediated ARF1 or ARF6 activation [20]. 

In this study, we found the cytohesin-2/ARF1 axis is involved in OC differentiation. 

Blocking the axis by silencing cytohesin-2 or by SecinH3 suppresses OC 

differentiation and resorptive function. In vivo treatment with SecinH3 attenuates 

bone loss in mice after ovariectomy (OVX). Mechanistically, we found that 

cytohesin-2 and ARF1 can activate JNK in the RANK signaling, which further 

regulates the endoribonuclease activity of IRE1 to promote UPR. These findings 

provide novel strategies for the treatment of osteoporosis by inhibiting OC 

differentiation via disrupting the cytohesin-2/ARF1/JNK/p-IRE1 pathway.    

 

Materials and methods 

1. Reagents and antibodies 

SecinH3, 4μ8C, and SP600125 were purchased from Selleck (Houston, USA). 

Recombinant RANKL (#462-­TR) and M-CSF (#416-­ML) were purchased from 

R&D Systems (Minnesota, USA). Antibodies against XBP1s (#12782), JNK (#9252) 

and p-JNK (#4668) were obtained from Cell Signaling Technology (Shanghai, China). 

Antibodies targeting CTSK (#ab37259) and TRAP (#ab52750) were purchased from 

Abcam (Cambridge, UK). Antibodies against TRAF6 (A16991), IRE1(A17940), and 

p-IRE1(AP1146) were provided by ABclonal (Wuhan, China). Antibodies against 

cytohesin-2 (67185-1-Ig) was obtained from Proteintech Group (Wuhan, China). 

 

2. BMM isolation and in vitro OC differentiation assay 

BMMs were obtained from the medullary space of bilateral tibias/femurs of 

8-week-old C57BL/6J mice. α-MEM medium with 30 ng/ml M-CSF and 10% fetal 
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bovine serum (FBS) was used to culture the isolated BMMs. Sixteen hours later, the 

suspended cells were transferred to a new 10-cm dish and were further cultured for 

three days with 2 mL α-MEM supplemented per day. Cells adhering to the new dish 

on day 3 were BMMs and were digested with 0.25% trypsin for further use. To induce 

OC differentiation, BMMs were seeded onto 96-well plates at a density of 2×10
4
 per 

well. Then, the cells were cultured in the presence of 75 ng/ml RANKL for five days 

to induce OCs.   

 

3. ALP staining and Mineralization assay of osteoblasts 

For the ALP staining and mineralization assay of osteoblasts, MC3T3-E1 cells were 

cultured in osteogenic differentiation medium containing 10 mM b-glycerophosphate, 

50 µg /mL ascorbic acid, and 10 nM dexamethasone. ALP staining was performed 

using an alkaline phosphatase staining kit (#C3206, Beyotime, Beijing, China) on 

MC3T3-E1 cells after being cultured for seven days. The mineralization degree was 

evaluated by 1% alizarin red S staining after 21-day osteogenic differentiation. For 

the two staining assays, cultured cells were fixed with 4% paraformaldehyde for 15 

min at room temperature, followed by washing with PBS for three times and then 

staining with the staining solution for 30 min. The expression of osteoblast related 

genes, such as Alp, Runx2, and Ocn, was determined by polymerase chain reaction 

(PCR) after osteogenic induction for seven days. 

 

4. Cell toxicity assay 

BMMs were seeded onto 96-well plates at a density of 5×10
3
 per well and were 

cultured with 30 ng/ml M-CSF for one day. Then, the medium was replaced with 

fresh medium containing various concentrations of SecinH3 once daily for 1, 3, and 5 

days. CCK8 assay kit (#AR1160, Boster Biotechnology, Wuhan, China) was used to 

examine the influence of SecinH3 on the proliferation of BMMs. 

 

5. TRAP staining, podosome structure staining, and pit formation assay 

For TRAP staining, BMMs were first incubated with 75 ng/ml RANKL in 96-well 
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plate for 5 days to induce OCs. Then, cells were washed with PBS and fixed with 4% 

paraformaldehyde for 15 min. The TRAP staining buffer was prepared according to 

the manufacturer’s instructions. The buffer was added to the cells, followed by 

incubation at 37℃ for 1 hour. OCs were counted as TRAP-positive cells with at least 

three nuclei. 

For podosome structure staining, OCs were induced on hydroxyapatite­coated Osteo 

Assay strip well plates (Corning, USA) with different concentrations of SecinH3. 

Then, cells were fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton 

X-100 for 15 min, and incubated with FITC-phalloidin (#P5282, Sigma-­Aldrich, St. 

louis, USA) at room temperature for one hour. The podosome structures, including 

podosome clusters and podosome belts, were counted under a fluorescence 

microscope and representative images were captured for each well. Finally, the cells 

were lysed and washed to exposure the bottom, and images of the resorption pits were 

obtained under a microscope. The area of resorption region was calculated using the 

image J software.   

 

6. Real-time quantitative PCR (RT-qPCR) 

The RNA of treated cells was extracted using TRIzol reagent (Takara, Japan), 

according to the manufacturer’s instructions. For each sample, one microgram RNA 

was reversely transcribed into cDNA using the HiScript III All-in-one RT SuperMix 

Perfect for qPCR (Vazyme Biotech Co.,Ltd, Nanjing, China). Then, the cDNA was 

detected in RT-qPCR by using the HiScript II Q RT SuperMix for qPCR (Vazyme 

Biotech Co.,Ltd, Nanjing, China). All the mRNA levels of the target genes were 

normalized to the level of housekeeping gene β­Actin.  

 

7. Western blot assay 

Cells were washed and lysed with RIPA buffer containing phosphotransferase 

inhibitor (1%) and proteinase inhibitor (1%). The concentration of proteins was 

measured using the bicinchoninic acid (BCA) kit (Boster Biotechnology, Wuhan, 

China). Proteins were separated in 10% SDS-PAGE by electrophoresis for 1.5 h. Then, 
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the proteins were transferred to PVDF membranes (#IPVH00010, Millipore, Boston, 

USA) and were blocked with 5% BSA dissolved in TBS (with 0.1% Tween 20) at 

room temperature for 1 hour. Subsequently, the membranes were incubated with the 

primary antibodies at 4 ℃  overnight. On the next day, the membranes were 

incubated at room temperature with horseradish peroxidase-­conjugated secondary 

antibodies for 1 hour, and ECL solution (#34095, Thermo Fisher Scientific, MA, USA) 

was used to detect the signals. 

 

8. RNA sequencing and data analysis 

BMMs were divided into SecinH3 (12 μM) treated group and control group, with 

three replicates in each group. The RNA was extracted with TRIzol reagent (Takara, 

Japan) and was sent to Novogene (Beijing, China) for RNA sequencing. For data 

analysis, we set the threshold of |log2(Foldchange)| to 0.5 to identify differentially 

expressed genes (DEGs) between the two groups. Based on the DEGs, we performed 

Kyoto Encyclopedia of Genes and Genomes (KEGG) to determine signaling 

pathways that were significantly changed by SecinH3 treatment. Gene Set Enrichment 

Analysis (GSEA) analysis was further performed to confirm the results of KEGG 

analysis. 

 

9. Adenovirus and lentivirus transfection 

Adeno-virus was used to deliver short hairpin RNA (shRNA) into BMMs to knock 

down the expression of cytohesin-1, -2 or -3. The knockdown and control virus were 

produced by ViGene Biosciences Inc (Shandong, China). Four sequences of shRNA 

targeting each cytohesin were constructed into one vector to enhance the knockdown 

efficiency, and the sequences were provided in supplementary file 1. Scramble 

sequences of equal length were constructed in the same vector as controls. Lentivirus 

transfection was used to overexpress the constitutively active mutant ARF1 (Q71L) 

and dominant negative mutant ARF1 (T31N). ARF1 (Q71L) contains a point mutation 

rendering ARF1 resistant to inactivation [21], while ARF1 (T31N) contains a mutant 

to restrict GDP and was resistant to activation. The plasmids were constructed by 

Jo
ur

na
l P

re
-p

ro
of



Tsingke Biotechnology Co., Ltd (Beijing, China). For cell transfection, BMMs were 

incubated with adenovirus at a MOI (multiplicity of infection) of 200 per cell in 

complete α­MEM medium for 12 h, or with lentivirus in complete α­MEM medium 

containing 5 μg/ml polybrene for 24 h. The knockdown or overexpressing efficiency 

was determined by western blot assay.  

 

10. Detection of ARF1 activation 

ARF1 activation was detected using a commercial kit (#BK032-S, Cytoskeleton, Inc, 

Denver, USA). The kit utilizes beads conjugated with the ARF1 protein binding 

domain (PBD) of the effector protein GGA3 (Golgi-localized γ-ear containing, 

arf-binding protein 3) to capture ARF1. GGA3-PBD has been shown to specifically 

binding the GTP-bound form of ARF1 [22]. Before the detecting assay, we quantified 

total ARF1 in the cell lysates by normalizing to β-actin in the lysates per sample. Then, 

we incubated 300 μg total proteins in the lysates with 20 μg GGA3-PBD beads and 

further used western blot to detect ARF1- GTP captured by the beads. All steps 

adhered strictly to the instructions of the kit. 

 

11. Mouse model of ovariectomy (OVX) induced osteoporosis and in vivo 

treatment. 

The animal study protocols and procedures in this study were approved by the Ethics 

Committee of Tongji Hospital, Huazhong University of Science and Technology. No 

human participants or human samples were used in this study. Eight-week-old mice 

were purchased via the experimental animal center of our institute. The mice were 

further housed in a specific pathogen free environment with free access to sterile food 

and water. OVX was performed on mice at the age of eleven weeks, and drug 

treatment was initiated after one week of recovery from OVX surgery. For the in vivo 

treatment, SecinH3 was dissolved in vehicles (VEH, 10% v/v dimethyl sulfoxide + 40% 

v/v Polyethylene glycol 300 + 5% v/v Tween 80 + 45% v/v ddH2O) and was 

administrated via intraperitoneal injection. Zoledronic acid disodium tetrahydrate (ZA) 

was used as positive control for the treatment of osteoporosis, which is a 
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third-generation bisphosphonate with potent anti-resorptive activity at a concentration 

from 0.05 to 1 mg / kg [23]. 

 

The mice were randomly divided into five groups (n = 6 for each group): sham + 

VEH (sham surgery and treated with vehicles); OVX+ VEH (OVX and treated with 

vehicles); OVX + low-dose SecinH3 (5 mg/kg); OVX + high-dose SecinH3 (10 

mg/kg)， and OVX + ZA (0.05 mg/kg). The OVX model was constructed as 

previously reported. Briefly, the female mice were narcotized with 1% pentobarbital 

dissolved in normal saline. Then, the bilateral ovaries were exposed and removed via 

a dorsal approach. Subsequently, the incisions were sutured and disinfected. For mice 

in the sham group, similar procedures were performed and the incisions were sutured 

after exposing the ovaries. After one week of recovery from surgery, mice were 

peritoneally injected with SecinH3 or vehicles five days a week for six weeks. Then, 

the experimental mice were sacrificed, and the bilateral femurs were collected for 

further experiments. Before sacrifice, peripheral blood was collected from the 

periorbital vein. After centrifugation at 2000 rpm for 30 min, the serum was collected 

to detect the concentration of C-terminal telopeptide of type I collagen (CTX-1), 

using a commercially available Elisa kit (Bangyi Biotechnology Co., Ltd, Shanghai, 

China) 

 

12. Micro-computed tomography (μCT) and histo-morphometric analysis 

The right femur of each mouse was fixed in 4% paraformaldehyde and was subjected 

to μCT system (Scanco Medical) for bone morphometric analysis. The parameters 

were 100 kV, 98 μA, and 10 μm voxel size for femur scanning. The built-in software 

in the μ­CT system was used to evaluate trabeculae bone morphometric parameters, 

including bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), 

trabecular numbers (Tb.N), trabecular space (Tb.Sp), and mean density of bone 

volume (mg HA /ccm). The images showing the femur trabeculae bone were then 

obtained after three-dimensional reconstruction. The left femurs were fixed with 4% 

paraformaldehyde, followed by decalcification in 10% EDTA solution for two weeks. 
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Subsequently, the decalcified femurs were embedded in paraffin and were sectioned 

into slices for TRAP staining. The images of staining slices were randomly obtained 

using a EVOS scanning microscope (Thermo Fisher Scientific, Waltham, MA, USA) 

at the same interested regions of each femur slice. Subsequently, the number of 

osteoclasts per bone perimeter (N.Oc/B.Pm) was quantified and osteoclast surface per 

bone surface (Oc.S/BS) was calculated to reflect OC formation within bone tissue 

slices. 

 

13. Statistical analysis 

All experiments were independently performed for at least three times. The value for 

each experiment were presented as mean ± standard deviation (SD). Student's t test 

was used to compare the difference between two groups, while for multigroup 

comparisons, the one-way ANOVA method was used. The GraphPad Prism (version 

9.0) was used for all statistical analyses, and P value less than 0.05 were considered to 

be statistically significant.  

 

Results 

1. The selective cytohesin inhibitor SecinH3 attenuates bone loss in OVX-induced 

osteoporosis model. 

To evaluate the effects of SecinH3 on OVX-induced bone loss, we constructed OVX 

models and treated mice with low (5 mg/kg) and high (10 mg/kg) doses of SecinH3. 

SecinH3 showed no significant damage to the kidney, heart, and liver at the two doses 

(Supplementary figure 1). Eight weeks after surgery, the trabecular bone in the OVX 

group decreased extensively compared to the sham group, while SecinH3 

administration dose-dependently mitigated trabecular bone loss (figure 1A). ZA (0.05 

mg/kg) was used as positive control and was also able to attenuate bone loss. Bone 

parameter analysis revealed that OVX decreased the BV/TV, Tb.N, Tb.Th, and mean 

density of bone volume by 68.5%, 21.8%, 28.9%, and 11.6%, respectively, while 

Tb.Sp was increased by 22.5%. These changes were all attenuated by SecinH3 at 5- 

and 10 mg/kg (figures 1B-F), similar to the effects of Zoledronic acid disodium. We 
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then measured the serum level of CTX-1, a specific marker of osteoclast resorptive 

activity, in mice of each group. Mice in the OVX group showed increased CTX-1, 

which was reduced by low and high doses of SecinH3 and ZA (0.05 mg/kg) treatment 

(figure 1G). Subsequent TRAP staining on femur bone slices indicated that the 

increased OCs in the OVX group were reduced by SecinH3 (figure 1H). N.OC/B.Pm 

and OC.S/BS were also lower in the low- and high-dose SecinH3-treated groups 

(figures 1I, J) than that in the OVX group. These results suggested SecinH3 can 

attenuate the osteoporotic phenotype induced by OVX.  
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Figure 1. 

2. SecinH3 suppresses OC differentiation by inhibiting the function of 

cytohesin-2.  

We then examined the effects of SecinH3 on OC and osteoblast differentiation to 

determine how the compound attenuated bone loss in OVX mice. In vitro TRAP 

staining assay suggested that OC differentiation was dose-dependently inhibited by 

SecinH3 (figure 2A, B), without significant toxic effects on BMMs proliferation at the 
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indicated concentrations (figure 2C). The formation of OCs was completely abolished 

by 12 μM SecinH3. However, SecinH3 showed no effects on osteoblasts 

differentiation and mineralization (supplementary figure 2A, B). The expression of 

osteoblast specific genes, including Runx2, Ocn, and Alp, was also unchanged after 

SecinH3 (12 μM) treatment (supplementary figure 2C), suggesting that the 

anti-osteoporotic effects of SecinH3 depend on suppressing OC differentiation. 

 

 

As SecinH3 is an effective inhibitor of cytohesin-1, cytohesin-2, and cytohesin-3 [20], 

we separately knocked down the three cytohesins by adeno-virus shRNA and induced 

OC differentiation to determine the responsible cytohesin for the effects of SecinH3. 

Western blot confirmed a knockdown efficiency of over 50% for each cytohesin, 

without affecting the other two cytohesins (figure 2 D, E). We then performed TRAP 

staining assay and found the differentiation of OC was impaired only by the 

knockdown of cytohesin-2, while cytohesin-1 and -3 showed no effects (figure 2 F, G), 

suggesting that SecinH3 exerts its effects on OC by inhibiting cytohesin-2. We then 

examined the the expression of cytohesin-2 during OC differentiation. However, we 

found the expression of cytohesin-2 on day 1, 3, and 5 after RANKL stimulation 

remained stable at both the mRNA and protein level (figure 2 H, I, J). This informed 

us that SecinH3 might affect cytohesin-2 mediated activation of ARF1 or ARF6 [15] 

to suppress OC differentiation.  Jo
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Figure 2 

 

3. SecinH3 and cytohesin-2 silencing inhibit the activation of ARF1  

To determine which ARF is responsible for the role of cytohesin-2 on OCs, we 

firstly examined the effects of NAV-2729, a selective inhibitor of ARF6, on OC 

differentiation. NAV-2729 specifically blocks cytohesin-2 mediated ARF6 activation, 

while having no effects on other ARFs, including ARF1 [24]. NAV-2729 had no 

effects on OC differentiation even at the maximal nontoxic concentration (figures 

3A-C), indicating that ARF6 is not the downstream effector of cytohesin-2 in OCs. 

Then, we focused on ARF1. To determine the role of ARF1, we overexpressed both 

the dominant negative mutant ARF1 (T31N) and the constitutively GTP-restricted 

active ARF1 (Q71L) in BMMs (figure 3D-E) and induced OC differentiation. TRAP 

staining assay revealed more OCs differentiating from ARF1 (Q71L) overexpressing 

Jo
ur

na
l P

re
-p

ro
of



BMMs and fewer OCs from ARF1 (T31N) overexpressing BMMs than the control 

group (figure 3F-G). Using a commercial ARF1 activation detecting kit, we found 

RANKL significantly induced ARF1 activation, which was suppressed after 

cytohesin-2 silencing (figure 3H-I) or SecinH3 treatment (figure 3J-K). 

Overexpression of ARF1 (Q71L) in BMMs was also able to rescue the inhibitory 

effects of SecinH3 on OC differentiation (figures 3L-M). In vivo, we found ARF1 was 

increased in BMMs from OVX mice, accompanied by increased OC specific proteins 

such as MMP9 and CTSK (figures 3N). These results suggested that SecinH3 

suppresses OC differentiation via blocking cytohesin-2 mediated ARF1 activation.  

 

Figure 3 
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4. SecinH3 or knockdown of cytohesin-2 reduces OC resorptive function.  

To perform the resorptive function, OCs adhere to the bone surface by forming actin 

rings and secrete H
+
 and Cathepsin K (CTSK) into a local space within the actin rings, 

called sealing zone. The mRNA expression of Ctsk and other OC specific genes, such 

as Mmp9, Nfatc1, and TRAP was downregulated by SecinH3 in a dose-dependent 

manner (figure 4A). The protein level of these OC markers was also decreased by 

SecinH3 treatment on day 1, 3 and 5 during osteoclastogenesis (figure 4B). We then 

examined the effects of SecinH3 on the formation of podosome clusters and 

podosome belts, structures that dynamically form actin rings during OC 

differentiation. The results suggested that the number of podosome structures was 

significantly reduced by SecinH3 (figures 4C-D). Accordingly, less resorption pits 

were formed on the hydroxyapatite-coated culturing wells (figures 4E-F). SecinH3 

administration at 12 μM almost abolished hydroxyapatite resorption by OCs. Similar 

results were observed after cytohesin-2 downregulation in OCs (figure 4G). Besides, 

the expression of CTSK, MMP9, NFATc1, and TRAP was also reduced after 

cytohesin-2 silencing (figures 4H-I). These results suggested that genetic 

downregulation or pharmacological inhibition of cytohesin-2 can reduce the 

resorptive function of OCs. 
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Figure 4 

 

5. Cytohesin-2 inhibition by SecinH3 inhibits the JNK pathway in the RANK 

signaling after RANKL treatment.  

To explore the mechanism by which SecinH3 inhibits OC, we performed 

RNA-sequencing on SecinH3 treated BMMs after RANKL stimulation. Principal 

component analysis on the sequencing data revealed different expression patterns 

between SecinH3 treated group and the control group (figure 5A). We then identified 

447 upregulated and 1256 downregulated genes in the SecinH3-treated group by 

setting the threshold of |log2(Fold change) | to 0.5 (figure 5B) and the p-value to 0.01. 

Heatmaps revealed that the expression of OC maker genes, RANKL signaling 

Jo
ur

na
l P

re
-p

ro
of



pathway related genes, and many inflammatory-related genes was all reduced by 

SecinH3 treatment (figure 5C). Accordingly, the KEGG analysis revealed that many 

inflammation-related pathways, such as TNF, IL-17, MAPK, and chemokine signaling 

pathway, were all significantly changed in the SecinH3 group (figure 5D). Of note, 

the MAPK signaling pathway had the most enriched genes, with the lowest p-value. 

Further differential analysis revealed that genes involved in this pathway were all 

downregulated by SecinH3 treatment (figure 5E). The GSEA analysis further 

confirmed the inhibition of the MAPK pathway in the SecinH3 group (figure 5F). 

 

The MAPK pathway includes three main branches to transduce OC differentiation 

signaling: the JNK, ERK and p38 pathways. To determine which pathway is 

responsible for the effects of SecinH3, we performed Western blot assays to examine 

the changes of the three pathways at 15, 30 and 60 minutes after RANKL treatment. 

We found the activation of p-JNK was inhibited by 64%, 48%, and 43% at 15, 30 and 

60 min, respectively (figures 5G-H). These inhibition rates were more significant than 

that on p-p38 (26%, 41%, and 31% at 15, 30, and 60 min, respectively). The ERK 

pathway was not affected by SecinH3 treatment (figures 5G-H). These results 

demonstrated that JNK pathway is the main downstream pathway responsible for the 

effects of SecinH3. We then transinfected BMMs with cytohesin-2 shRNA adenovirus, 

and found that cytohesin-2 silencing also significantly suppressed the activation of 

JNK (figures 5I-J), indicating that the JNK pathway is responsible for cytohesin-2 

induced OC differentiation. Jo
ur

na
l P

re
-p

ro
of



 

Figure 5 

 

6. Cytohesin-2 inhibition reduces the endoribonuclease activity of IRE1 and the 

UPR process. 

Previously, we have revealed the PERK branch of the UPR is involved in osteoclast 

differentiation and function [9]. The JNK pathway is also associated with the activity 

of IRE1 [10], which mediates the UPR of ER stress. Considering the effects of 

cytohesin-2 on JNK, we speculated that there might be an association between 

cytohesin-2 and the IRE1 mediated UPR. To confirm this hypothesis, we used a pair 
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of specific primers to detect the mRNA level of XBP1s [25], which is the specific 

product of the endoribonuclease activity of IRE1 during UPR [11, 12]. The results 

showed that the mRNA level of XBP1s was increased in a time-dependent manner 

after RANKL treatment, but was decreased by SecinH3 after 8 and 16 hours of 

RANKL treatment (figure 6A). The endoribonuclease activity of IRE1 is augmented 

by its autophosphorylation (p-IRE1) [11, 12]. Western blot analysis revealed both 

p-IRE1 and XBP1s were inhibited by 12 μM SecinH3 (figures 6B-C) or by 

cytohesin-2 silencing (figure 6D). On the contrary, when ARF1(Q71L) was 

overexpressed in BMMs, SecinH3 mediated inhibition of p-IRE1 and XBP1s was 

reversed (figure 6E). Subsequently, we used thapsigargin (TG), a well-known p-IRE1 

and ER stress inducer [26], to confirm the role of p-IRE1 in SecinH3-mediated OC 

inhibition. TG at 0.1 nM significantly promoted OC differentiation and attenuated the 

inhibition of OC formation due to SecinH3 (figures 6F-G) or cytohesin-2 silencing 

(figures 6H-I). TG also recovered the resorptive function of OCs treated with SecinH3 

(figure 6J), and the expression of NFATc1, TRAP, MMP9 and CTSK was increased 

by TG compared to the SecinH3 group (figures 6K-L). These results suggested that 

the cytohesin-2/ARF1 axis promotes OC differentiation by regulating the 

endoribonuclease activity of IRE1.  
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Figure 6 

 

7. The JNK pathway acts upstream to control the endoribonuclease activity of 

IRE1.  

IRE1 possesses both kinase and endoribonuclease activities. It is well established that 

JNK can be activated by the kinase activity of IRE1 [10], while the association 
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between JNK and the endoribonuclease activity of IRE1 has not been reported. In this 

study, we observed that the JNK pathway was activated early at 15min after RANKL 

stimulation (Figure 5G), while p-IRE1 and XBP1s, which reflect the 

endoribonuclease activity of IRE1, were observed to be significant 8 hours after 

RANKL treatment (Figure 6B). This led us to question the up and downstream 

relationships between the two pathways, which were all regulated by cytohesin-2 and 

suppressed by its inhibitor SecinH3. Firstly, we found OC differentiation was 

suppressed by either the JNK pathway inhibitor SP600125 (10 μM), or the IRE1 

endoribonuclease activity inhibitor 4μ8C (5 μM) (figures 7A-B). IRE1 inhibitor 4μ8C 

had no influence on p-JNK level 15 minutes after RANKL treatment (figure 7C). 

Eight hours after RANKL treatment, we were unable to detect p-JNK level by western 

blot, indicating that the IRE1 endoribonuclease activity has no effect on the activation 

of JNK. Then, we found that the p-IRE1 was significantly inhibited by the JNK 

inhibitor SP600125 15 minutes and 8 hours after RANKL stimulation (figures 7D-E). 

Further, we found OC inhibition could be rescued by inducing p-IRE1 activation with 

TG in BMMs treated with SP600125 (figure 7F). These findings suggested that the 

JNK pathway is regulated by the cytohesin-2/ARF1 axis following RANKL 

stimulation and acts upstream to mediate the endoribonuclease activity of IRE1, 

which further promotes osteoclastogenesis (figure 8). 
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Figure 7 
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Figure 8 

 

 

Discussion 

In this study, we found the cytohesin-2/ARF1 axis is involved in OC differentiation 

and resorptive function. Both genetic knockdown or pharmacological inhibition of 

cytohesin-2 suppressed OC formation and function, and in vivo administration of 

SecinH3 attenuated bone loss induced by OVX in mice. RNA-sequencing revealed 

that the JNK pathway was suppressed by cythohesin-2 inhibition. We further found 

the JNK pathway can regulate the endoribonuclease activity of IRE1 and promoted 

XBP1 splicing. Suppressing the cytohesin-2/ARF1/JNK/p-IRE1 pathway by SecinH3 

might be a potential strategy for the treatment of osteoporosis.  
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Among the four cytohesins, cytohesin-2 has attracted more attention due to its 

involvement in various biological processes, such as podosome assembly [27], protein 

recycling [28], signal transduction [18], and cell migration [29, 30]. Cytohesin-2 is 

also important for neuron dendritic formation [31], neurite growth [32], nerve 

myelination [33], and is involved in motor neuron disease [34]. In most cases, 

cytohesin-2 performs its function via activating either ARF1 or ARF6 [15]. For 

example, cytohesin-2 is involved in the TLR-2 and IL-1β signaling by binding to the 

adaptor MYD88 [18, 35]. In these two pathways, cytohesin-2 activates ARF6 to 

contribute to the downstream signaling transduction. In this study, we found 

cytohesin-2 activates ARF1, other than ARF6, to transduce the RANK signaling to 

JNK and promotes OC differentiation.  

 

We precluded the role ARF6 as a downstream effector of cytohesin-2 in OCs by using 

the selective ARF6 inhibitor NAV-2729. A previous study has shown that NAV-2729 

is a dual inhibitor of both ARF1 and ARF6 [36], but the activation of ARF1 in the 

article is triggered by BRAG2, other than the cytohesin proteins. BRAG2 belongs to 

another kind of guanine nucleotide exchange factor to activate the ARF proteins [37]. 

In the initial study discovering NAV-2729, the compound demonstrated high 

selectivity and targeted only ARF6 after cytohesin-2 treatment, but showed no effects 

on the activation of other ARFs, including ARF1 [24], indicating that NAV-2729 

serves as a specific inhibitor of cytohesin-2 mediated ARF6 mediation. In this study, 

we found NAV-2729 did not affect the differentiation of OC, concluding that ARF6 is 

less likely to act as a downstream effector of cythoesin-2 during OC differentiation. 

This result is consistent with a previous finding that ARF6 negatively regulates the 

function of OCs by impairing the assembly of sealing zones, which are core structures 

for the bone resorptive function of OCs [38]. We then confirmed the role of ARF1 

because the inhibition of OC differentiation by SecinH3 was attenuated by the 

over-expression of ARF1 (Q71L). A previous study found that ARF1 is involved in 

OC proliferation, migration and differentiation [19]. In this study, we found 
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cytohesin-2 is the key GEF to activate ARF1 after RANKL treatment.  

 

During differentiation, OC precursors and OCs are highly active in protein synthesis, 

which increases the accumulation of unfolded proteins in the ER and requires the 

UPR to eliminate these proteins. The role of UPR during OC differentiation has been 

well evaluated. For example, a previous study showed that the PERK branch of the 

UPR is activated after 1-3 days of RANKL stimulation [9]. Another study suggested 

the activity of IRE1/XBP1s branch increases with time and peaks two days after 

RANKL treatment [8]. The level of p-IRE1 can be activated as early as 3 hours after 

RANKL treatment in RAW264.7 cells [39]. In this study, we also observed that 

p-IRE1 level was significantly increased 8 hours after RANKL stimulation, compared 

to the un-induced group. These results convergently evidenced that the p-IRE1 

mediated UPR is essential for OC differentiation. However, how the RANK signaling 

is transduced to p-IRE1 and activates the UPR has never been explored in previous 

studies.  

 

In this study, we found the JNK pathway can regulate the p-IRE1/XBP1s branch of 

UPR after RANKL treatment. We arrived to this result by the sequential activation of 

the JNK and IRE-1 after RANKL stimulation. Following RANKL treatment, p-IRE1 

was activated at least after eight hours, while p-JNK was transiently activated as early 

as 15 minutes, and was almost undetectable 8 hours after RNAKL treatment, 

suggesting that JNK is activated earlier in the RANK signaling than p-IRE1. 

Subsequently, we found p-IRE1 was significantly inhibited by the JNK inhibitor 

SP600125, while 4μ8C, the selective inhibitor on the endoribonuclease activity of 

IRE1, had no significant effects on transient p-JNK activation. These results 

suggested that JNK acts upstream to regulate the endoribonuclease activity of IRE1 in 

the RANK signaling, which adds novel understanding to the well-established 

knowledge that IRE1 acts upstream via its protein kinase activity to activate the JNK 

pathway [10, 40]. 
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Finally, we found the RANK-JNK-IRE1 pathway is regulated by the cytohesin-2/ 

ARF1 axis. Targeting the axis by SecinH3 or by cytoheisn-2 knockdown inhibited the 

activation of both JNK and IRE1 and suppressed OC differentiation. In vivo treatment 

with SecinH3 also attenuated bone loss after OVX, similar to the effects of ZA, 

suggesting that the cytohesin-2/ARF1 axis might be a potential target for the 

treatment of post-menopause osteoporosis. Currently, bisphosphonates are widely 

used for the treatment of post-menopause osteoporosis due to their potent 

anti-osteoclast effects. However, patient compliance to bisphosphonate therapy is 

poor due to fear of severe adverse effects associated with these drugs. Other drugs, 

such as teriparatide and denosumab, are more effective than bisphosphonates in 

preventing osteoporosis-related fractures, but the higher cost also increases the 

economic burden, especially for patients from low-income countries [1]. Thus, 

developing new drugs that are therapeutically efficient and cost effective will help 

benefit more patients with osteoporosis. In this study, the ctyohesin-2 inhibitor 

SecinH3 was safe for in vivo administration and showed similar anti-osteoporosis 

effects in OVX models, indicating that this agent may be an alternative option for the 

treatment of osteoporosis. Future clinical studies are in need to evaluate the safety and 

efficacy to treat osteoporosis in human subjects.   

 

Conclusions 

Conclusively, our results showed that the cytohesin-2/ARF1 axis is involved in the 

RANK signaling and OC differentiation. Genetic knockdown or pharmacological 

inhibition of cytoheisn-2 by SecinH3 inhibits OC differentiation and function. 

SecinH3 can also ameliorate OVX-induced bone loss in vivo. Mechanistically, 

cytohesin-2 and ARF1 activates the JNK pathway in the RANK signaling, which 

further regulates the endoribonuclease activity of IRE1 and promotes the IRE1/XBP1s 

branch of UPR, leading to the facilitation of osteoclast differentiation. Disrupting the 

cytohesin-2/ARF1/JNK/p-IRE1 pathway by SecinH3 might be a potential strategy for 

the treatment of osteoporosis and related clinical studies are in need to further confirm 

the therapeutic value of the agent.   
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Figure 1. The selective cytohesin inhibitor SecinH3 attenuates bone loss in 

OVX-induced osteoporosis models. (A) Representative 3D-constructed images of 

the distal femurs of mice in each group. Zoledronic Acid disodium tetrahydrate (ZA, 

0.05 mg/kg) was used as positive control. (B-F) The morphometric parameters of 

trabeculae bone, including bone volume/tissue volume (BV/TV), mean density of 

bone volume (mg HA/ccm), trabecular numbers (Tb.N), trabecular thickness (Tb.Th), 

and trabecular space (Tb.Sp). (G) The serum concentration of C-terminal telopeptide 

of type I collagen (CTX-1) in each group. (H) Representative images and the enlarged 

areas of the TRAP staining on femur slices for each group. Scale bar was indicated 

within each image. (I, J) The number of osteoclasts per bone perimeter (N.Oc/B.Pm) 

and osteoclast surface per bone surface (Oc.S/BS) of TRAP staining to reflect the 

formation of mature OCs on bone tissue slices. Abbreviations: VEH, vehicle; OVX, 

ovariectomy; Statistical significance: * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 

0.0001. “#” indicates the control group in each comparison. 

 

Figure 2. SecinH3 suppresses OC differentiation by inhibiting cytohesin-2. (A, B) 

Dose-dependent inhibition on OC differentiation by SecinH3; scale bar, 400 μm. (C) 

CCK8 assay precluded the cytotoxicity of SecinH3 on BMM proliferation at indicated 

concentrations. The assays were performed on day 1, 3, and 5 of culturing. (D, E) 

Knockdown efficacy of adenovirus-shRNA targeting cytohesin-1, -2, and -3, 

respectively. (F, G) OC differentiation after knockdown of cytohesin-1, -2 or -3, 

respectively; scale bar, 400 μm. (H) The mRNA level of cytohesin-2 after 1, 3 and 5 

days of RANKL treatment. (I, J) The expression of cytoheisn-2 at the protein level on 

day 1, 3, and 5 during OC differentiation. Statistical significance: * P < 0.05; ** P < 

0.01; *** P < 0.001; **** P < 0.0001; NS, no significance. “#” indicates the control 

group in each comparison.  

 

Figure 3. SecinH3 and cytohesin-2 silencing inhibit the activation of ARF1 after 

RANKL stimulation. 

(A, B) The effects of the selective ARF6 inhibitor NAV-2729 on OC differentiation; 

scale bar, 400 μm. (C) CCK8 assay revealing the influence of NAV2729 on BMM cell 

viability and proliferation at different concentrations. (D-E) The overexpression of 

dominant negative ARF1 (T31N) and constitutively active ARF1 (Q71L) in BMMs 

confirmed by Western blot. (F) OC differentiation after overexpressing ARF1 (T31N) 

and ARF1 (Q71L); scale bar, 400 μm. (G) TRAP-positive cell count per well in each 

group. (H-I) The activation of ARF1 after RANKL stimulation and cytohesin-2 

silencing. The active form of ARF1-GTP was detected using a commercial kit and 

was normalized to the total ARF1 level in the lysates. (J-K) SecinH3 suppressed 

RANKL-induced activation of ARF1. Cells were stimulated with RNAKL for five 

minutes before collection. (L, M) OC differentiation from SecinH3 treated BMMs 

after overexpression of ARF1 (Q71L) and the count of TRAP-positive cells per well 

in each group; scale bar, 400 μm. (N) The expression of ARF1 in the sham and OVX 

operated group by western blot and the related quantification of the blots. BMMs 

were obtained from the femurs of three mice per group cultured with 30 ng/mL MCSF. 
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Due to the overactivated features of BMMs and osteoclasts in OVX models, the 

BMMs were stimulated with reduced concentration of RANKL (25 ng /ml) for two 

days before protein collection. Statistical significance: * P < 0.05; ** P < 0.01; *** P 

< 0.001; **** P < 0.0001; NS, no significance. “#” indicates the control group in each 

comparison. 

 

 

 

 

 

Figure 4. SecinH3 or knockdown of cytohesin-2 suppresses podosome structure 

formation and reduces resorptive function of OCs. (A) SecinH3 dose-dependently 

suppressed the expression of Mmp9, Ctsk, Nfatc1, and TRAP at the mRNA level. (B) 

SecinH3 (12 μM) suppressed the protein level of MMP9, CTSK, NFATc1, and TRAP 

on day 1, 3 and 5 during OC differentiation. (C-D) SecinH3 dose-dependently 

suppressed podosome structure formation during OC differentiation. The number of 

podosome structures, including podosome clusters and podosome belts were counted 

for each well; scale bar, 400 μm. After being fixed with 4% paraformaldehyde and 

permeabilized with 0.1% Triton X-100, cells were incubated with FITC- phalloidin 

for 30 min to show the podosome structures. The Nuclei were visualized by DAPI 

staining. (E-F) SecinH3 dose-dependently suppressed the resorptive function of OCs. 

BMMs were cultured and OCs were formed on hydroxyapatite­coated Osteo Assay 

strip well plates. The red arrow indicates the hydroxyapatite surface, while the black 

arrow indicates the resorptive region; scale bar, 400 μm. (G) Cytohesin-2 silencing 

inhibited the resorptive function of OCs; scale bar, 400 μm. (H, I) Knockdown of 

cytohesin-2 suppressed the expression of MMP9, CTSK, NFATc1, and TRAP at the 

protein level. BMMs were transinfected with shRNA-adenovirus targeting 

cytohesin-2 or the scramble-adenovirus for 12 hours and were subsequently cultured 

with RANKL for 3 days. Statistical significance: * P < 0.05; ** P < 0.01; *** P < 

0.001; **** P < 0.0001; NS, no significance. “#” indicates the control group in each 

comparison.  

 

Figure 5. Cytohesin-2 inhibition by SecinH3 inhibits JNK pathway in the RANK 

signaling during osteoclastogenesis. (A) Principal component analysis (PCA) 

revealed differential expression patterns between SecinH3 treated group and control 

group. (B) Volcano plot showing the differentially expressed genes between the 

control group and treatment group. A total of 447 up-regulated and 1256 

down-regulated genes were identified by setting the threshold of |log2 (fold change) | 

to 0.5 and the P value to 0.01. (C) Heatmaps revealed that the expression of osteoclast 

marker genes, RANK signaling genes and inflammation-related genes was all 

inhibited by SecinH3. R_1 to R_3, RANKL treated groups; S_1 to S_3, SecinH3 

treated groups. (D) KEGG analyses revealed that the MAPK pathway was the most 

significantly suppressed pathway by SecinH3. (E) Heatmaps showing the 

downregulated genes in the MAPK pathway by SecinH3 treatment. (F) GSEA 
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analysis confirmed the inhibition of the MAPK pathway by SecinH3. (G, H) Western 

blot assay examining the activation of the JNK, ERK and p38 branches of the MAPK 

pathway after SecinH3 treatment. (I, J) Western blot showing the suppression of JNK 

pathway after cytohesin-2 silencing. Statistical significance: * P < 0.05; ** P < 0.01; 

*** P < 0.001; **** P < 0.0001; NS, no significance. “#” indicates the control group 

in each comparison.  

 

Figure 6. Cytohesin-2 inhibition reduces the endoribonuclease activity of IRE1 

and the UPR process. 

(A) The inhibition of XBP1s by SecinH3 after 8 and 16 hours of RANKL treatment. 

(B, C) Western blot showing the decreased protein level of XBP1s and p-IRE1 by 

SecinH3 treatment. (D) The inhibition of p-IRE1 by cytohesin-2 silencing. (E) 

SecinH3 mediated inhibition of XBP1s and p-IRE1 was reversed by the 

overexpression of ARF1 (Q71L). (F, G) The UPR inducer thapsigargin (TG, 0.1 nM) 

attenuated the inhibitory effects of SecinH3 on OC differentiation. (H, I) TG treatment 

attenuated the inhibitory effects of cytohesin-2 silencing on OC differentiation. (J) Pit 

formation assay in the RANKL, SecinH3 and SecinH3 + TG groups. (K, L) The 

expression of OC marker genes in the SecinH3 and SecinH3 + TG group; Cells were 

treated with the indicated reagents for three days in the presence of RNAKL. * P < 

0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. “#” indicates the control group in 

each comparison. 

 

Figure 7. The JNK pathway acts upstream to control the endoribonuclease 

activity of IRE1.  

(A, B) The suppression of OC differentiation by the JNK pathway inhibitor SP600125 

(10 μM), and the IRE1 endoribonuclease activity inhibitor 4μ8C (5 μM). (C) The 

effect of the IRE1 endoribonuclease activity inhibitor 4μ8C on transient activation of 

JNK following RANKL stimulation. Cells were starved in FBS-free medium without 

FBS for 12 hours, followed by pre-treatment with or without 4μ8C (5 μM) for 

12 hours before RANKL stimulation. The level of JNK was detected 15 min after 

RANKL treatment. (D) Decreased phosphorylation of IRE1 by the JNK inhibitor 

SP600125 after 15 min of RANKL stimulation. Cells were pre-treated with or without 

SP600125 (10 μM) for 12 hours before RANKL stimulation. (E) Decreased 

phosphorylation of IRE1 by SP600125 treatment after 8 hours of RANKL stimulation. 

(F) The p-IRE1 inducer TG (0.1 nM) attenuated the inhibitory effects of SP600125 on 

OC differentiation. Statistical significance: * P < 0.05; ** P < 0.01; *** P < 0.001; 

**** P < 0.0001; NS, no significance. “#” indicates the control group in each 

comparison.  

 

Figure 8. A graphical abstract for the mechanisms by which Cytohesin-2 

regulates OC differentiation. Cytohesin-2 and ARF1 mediate the activation of JNK 

pathway after RANKL treatment, which further regulates the endoribonuclease 

activity of IRE1 and promotes the IRE1/XBP1s branch of UPR, leading to osteoclast 

differentiation. Blocking this axis with the cytohesin-2 inhibitor SecinH3 inhibits 
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osteoclast differentiation. UPR, unfolded protein response. 

 

 

Supplementary figure 1. H&E staining of the liver, heart and kidney tissues in mice 

of different SecinH3 dosage groups.  Scale bar, 200 μm 

 

Supplemental figure 2. SecinH3 has no effects on osteoblast activity and 

mineralization. A. The effects of SecinH3 on osteoblast mineralization revealed by 

alizarin red S staining. MC3T3-E1 cells were cultured in osteogenic differentiation 

medium with or without SecinH3 (12 μM) for 21 days before the staining assay. B. 

representative images of the ALP staining assay on MC3T3-E1 cells cultured with 

osteogenic differentiation medium for seven days. C. the expression of osteoblast 

related genes, such as Alp, Runx2, and Ocn, after SecinH3 (12 μM) treatment. 

MC3T3-E1 cells were cultured in osteogenic differentiation medium for seven days 

before the PCR test. NS, no significance. “#” indicates the control group in each 

comparison. 
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