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Abstract: Glucocorticoid-induced bone loss is a severe and toxic effect of long-term therapy with
glucocorticoids, which are currently prescribed for millions of people worldwide. Previous studies
have uncovered that glucocorticoids reciprocally converted osteoblast lineage cells into endothelial-
like cells to cause bone loss and showed that the modulations of Foxc2 and Osterix were the causative
factors that drove this harmful transition of osteoblast lineage cells. Here, we find that the inhibition
of aurora kinase A halts this transition and prevents glucocorticoid-induced bone loss. We find that
aurora A interacts with the glucocorticoid receptor and show that this interaction is required for
glucocorticoids to modulate Foxc2 and Osterix. Together, we identify a new potential approach to
counteracting unwanted transitions of osteoblast lineage cells in glucocorticoid treatment and may
provide a novel strategy for ameliorating glucocorticoid-induced bone loss.
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1. Introduction

Millions of adults worldwide are prescribed glucocorticoids for long-term use [1,2].
Osteoporosis followed by severe fractures is one of the most prevalent side effects of this
long-term therapy [1-3]. Interestingly, the risk of fracture is dramatically increased after
initial the glucocorticoid treatment, worsens as treatment continues, and peaks after one
year of therapy [2]. Higher doses of glucocorticoids result in more severe osteoporosis
and fractures [2,3].

Osteoblasts that reside in the endosteum and periosteum have some plasticity for bone
formation [4-6] and can be driven into non-osteogenic lineages [7-14]. Osteoblasts and
bone endothelial cells closely adjoin and regulate each other to couple osteogenesis and
angiogenesis [15-19]. Endothelial cells are known to transform into osteoblast-like cells in
several medical conditions [20-22]. In a previous study, it was found that glucocorticoid
converted osteoblast lineage cells into endothelial-like cells to cause osteoporosis [23].
Using a glucocorticoid-induced mouse model and osteoblast lineage tracing, the study
showed that endothelial markers emerge in the osteoblast lineage cells of glucocorticoid-
induced bone loss. After the cell transplantation experiments, the study uncovered that
glucocorticoid-treated osteoblasts lose their osteogenic capacity in ectopic bone formation
but improve their vascular repair capacity. Mechanistically, the study showed that the
coupled alterations in Foxc2 and Osterix are responsible for the shift of osteoblast lineage
cells into endothelial differentiation [23].

In this study, we identify that the inhibition of aurora A significantly improves
glucocorticoid-induced bone loss. We uncover that glucocorticoid increases the inter-
action of aurora A with the glucocorticoid receptor, and this interaction is required for
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glucocorticoid to induce or repress Foxc2 and Osterix levels, respectively. Aurora A in-
hibition interrupts this physical interaction and prevents osteoblast lineage cells from
performing endothelial differentiation.

2. Methods
2.1. Animals

Wild-type (C57BL/6]), Col1a17*ERT2 (B6.Cg-Tg(Collol-cre/ERT2)1Crm /]), Rosatdomato
(B6;129S6-Gt(ROSA)26Sortm9(CAG-td Tomato)Hze/J), and Aurora A+ (B6.129-Aurkatm1.1-
Tvd/J) mice on C57BL/6] background were obtained from the Jackson Laboratory. PCR
was performed to confirm genotypes [24]. F4-F6 generations were utilized for experiments.
We used littermates as controls. Since glucocorticoid-induced osteoporosis increases the in-
cidence of fractures in both men and women [1,2], mixed genders of mice were used in each
experimental group. We fed the mice with a standard chow diet (Diet 8604, HarlanTeklad
Laboratory, Indianapolis, IN, USA). Mice received dexamethasone (0.08 ng/g, daily) at
8 weeks of age for 4 weeks as previously described [25,26]. The Institutional Review Board
reviewed and approved the studies, which were conducted in accordance with the ani-
mal care guidelines set by the University of California, Los Angeles (UCLA). The studies
conformed to the National Research Council, Guide for the Care and Use of Laboratory
Animals, Eighth Edition (Washington, DC, USA: The National Academies Press, 2011).

2.2. Tissue Culture

The osteoblast cell lines MC3T3 and hFOB1.19 were purchased from American Type
Culture Collection (ATCC, CRL-2593, and CRL11372) and cultured as per the manufac-
turer’s protocol. Dexamethasone (Sigma-Aldrich, D1756, St. Louis, MO, USA) and Be-
tamethasone (Sigma-Aldrich, B7005, St. Louis, MO, USA) treatments were performed
as described in the experiments. Lentiviral vectors containing CMV-aurora A and CMV-
glucocorticoid receptor were all purchased from GeneCopeia™ (Rockville, MD, USA) and
applied to the cells as per the manufacturer’s protocols.

2.3. Micro-CT Imaging

Femurs were isolated at the acetabulum of mice and cleaned from the tibias. Then,
the muscle was cleaned. The cleaned femurs were fixed in 4% (wt/vol) paraformaldehyde
(PFA) for 24 h. Then, 50% alcohol was used to replace PFA, and the femurs were ready
for Micro-CT imaging, which was performed at the Crump Imaging Center at UCLA
as described [23].

2.4. Histomorphometric Analysis

Mean intercept length method: With the original mean intercept length (MIL) method,
test lines and their intercepts are traced and counted. Mean intercept length was divided
by the test-line length. Surface-to-volume ratio is determined via MIL. A model of bone
and trabecular number thickness was set, and separation was derived. The principal
directions of ellipsoid and the degree of anisotropy were analyzed by the distribution of
the MILs. Connectivity Density: The Conn-Euler method of Odgaard was used to examine
connectivity density. The surfaces of cubic AIMs were examined via boundary/edge
problem suppression. We used GOB]J to calculate the connectivity of the complete bone or
to put an artificial cortex around the spongiosa to measure intact bones. Structure Model
Index: The infinitesimal amount was used to dilate the triangulated surface. The new bone
surface and volume were calculated to determine the derivative of the bone surface. The
SMI was analyzed for a model type, such as flat plates having an SMI of 0, cylindrical
rods having an SMI of 3, and round spheres having an SMI of 4. Values below 0 were
considered "air bubbles’ inside the bone. Distance Transformation Methods: The value of
the radius of the maximal sphere was examined to calculate trabecular thickness with twice
the mean value of all structure. Voxels was referred to as the mean thickness. The bone and
background were switched with the same procedure to calculate trabecular separation. The
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spacing of the mid-axes for trabecular separation were examined to generate the inverse of
the mean spacing to calculate trabecular number. Triangularization of surface method: This
method directly examined the surface-to-volume ratio determined via the MIL method
to determine the number, the thickness, and the separation of the trabecular. The area of
the surface triangles was projected onto a directional surface distribution unaffected by
changes of area-weighted normal vector with the di-rection distribution to calculate the
principal directions of the MIL ellipsoid and the degree of anisotropy.

2.5. RNA Analysis

Real-time PCR analysis was performed as previously described [24,27]. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was utilized in experiments as a control
gene [24]. We purchased the primers and probes for mouse Osterix, Osteocalcin, Osteopon-
tin, Foxc2, Flk1, VE-cadherin, and CD31 from Applied Biosystems (Waltham, MA, USA) as
part of Tagman® Gene Expression Assays.

2.6. Fluorescence-Activated Cell Sorting (FACS)

FACS analysis was performed as previously described [24]. A syringe was used to
flush out bone marrow from femurs with phosphate-buffered saline (PBS). After that, fe-
murs were cut into small pieces, which were incubated in collagenase solution (collagenase
I'and collagenase II mixture) for 25 min at 37 °C. After the incubation, the digested mix was
collected and washed with cold PBS three times. The collected cells were filtered through
cell strainers (70 pm and 40 um) and centrifuged at 300x g. A total of 2 mL red blood cell
lysis buffer was added to the precipitated cells for 10 min. We collected the cells again
and washed them with PBS three times. After this, the cells were ready for staining. The
cells were stained with fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, or Alexa
Fluor 488 (AF-488)-conjugated antibodies against CD31 and VE-cadherin (all from BD
biosciences, 550274 and 562243, Franklin Lakes, NJ, USA) and Osteocalcin (ThermoFisher
Scientific, 23418, Waltham, MA, USA). Nonspecific fluorochrome- and isotype-matched
IgGs (BD Pharmingen, Franklin Lakes, NJ, USA) served as controls. A gating strategy was
utilized as we used before [24]. Forward scatter (FSC) and side scatter (SSC) were used to
set up the gates and regions, and cell populations were analyzed using specific markers.

2.7. Immunoblotting and Immunofluorescence

Immunoblotting was performed as previously described [20]. Equal amounts of tissue
lysates were used for immunoblotting. Blots were incubated with specific antibodies to
Foxc2, CD31, and aurora (Abcam, ab5060, ab182982 and ab13824, Cambridge, UK), Osterix
(Santa Cruz Biotechnology (Dallas, TX, USA), sc-22536), Osteocalcin, and glucocorticoid
receptor (ThermoFisher Scientific, PA1-511A and MA1-510). 3-actin (Sigma-Aldrich, A2228)
was used as a loading control.

2.8. Immunofluorescence

Immunofluorescence was performed as previously described [28]. Cleaned bone
tissues were fixed with 4% (wt/vol) ice-cold paraformaldehyde (PFA) solution for 4 h.
Then, the fixed bones were washed with PBS three times to remove PFA. After that, bones
were incubated in cold 0.5 M EDTA, pH 7.4-7.6, for 24 h for decalcification. The bones
were washed with PBS, and then incubated in cryoprotectant (CPT) solution at 4 °C for
24 h. Then, the decalcified bones were embedded and cryosectioned for staining. We used
specific antibodies to CD31 (BD Bioscience, 553370, Franklin Lakes, NJ, USA) and Osterix
(Santa Cruz Biotechnology, sc-22536). 4’ ,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich,
D9564) was used for staining of nuclei.
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2.9. ChIP-Assay

ChIP assays were performed as previously described [29]. We used specific antibodies
for aurora A (Abcam, ab1287, Cambridge, UK). To target the DNA-binding sites of glucocor-
ticoid receptor, the following primers were used for real-time PCR: 5'-tagggacatctcggtgcttc-
3" and 5'-ggagttccecgaccttcaag-3’ in the Foxc2 promoter; 5'-cacactgccaccctgaacta-3' and
5’-aacacggagatgatgcatge-3’ in the Osterix promoter.

2.10. Statistical Analysis

GraphPad Instat®, version 3.0 (GraphPad Software), was used for statistical analy-
sis. Either unpaired 2-tailed Student’s t test or one-way ANOVA with Tukey’s multiple-
comparisons test was used to analyze for statistical significance. We used pwr R package to
calculate the size of the effect and the statistical power as previously described [23]. The
number of animals in each group was sufficient to reach more than 80% power to identify
differences in the results. The n represented the number of animals that were used in each
experimental group.

3. Results
3.1. The Inhibitor of Aurora A Prevents a Glucocorticoid-Induced
Osteoblast-Endothelial Transition

In a compound screen study, we found that the inhibitor of aurora kinase VX680 is a
potential candidate for preventing a glucocorticoid-induced osteoblast-endothelial transi-
tion. When we treated mouse osteoblasts (MC3T3-E1) with dexamethasone in combination
with the aurora kinase inhibitor VX680, we found that VX680 dose-dependently inhibited
the induction of endothelial markers and re-instated the expression of osteogenic markers
(Figure 1a). To determine if VX680 altered the effect of dexamethasone in human osteoblasts,
we used a human osteoblast line (hFOB1.19) and treated the cells with dexamethasone and
VX680. Real-time PCR showed that VX680 prevented the induction of endothelial markers
and the reduction of osteogenic markers (Figure 1b), suggesting that VX680 also inhibited
the effect of dexamethasone in human osteoblasts. VX680 inhibits the activity of aurora
kinase A, B, and C [30]. To determine which aurora is involved in glucocorticoid-induced
shifts of osteoblasts, we used specific siRNA to individually deplete aurora A, B, and C
in dexamethasone-treated osteoblasts. Only the knockdown of aurora A inhibited the
alterations in Foxc2 and Osterix (Figure 1c), supporting an important role of aurora A in
glucocorticoid-induced shifts of osteoblasts toward endothelial differentiation.

3.2. Aurora A Is Involved in the Modulations of Foxc2 and Osterix by Glucocorticoid through
Interaction with the Glucocorticoid Receptor

We treated the osteoblasts with dexamethasone in combination with VX680 or transfection
of aurora A siRNA. After 24 h, we collected the cells and performed co-immunoprecipitation
followed by immunoblotting using specific antibodies to aurora A or the glucocorticoid
receptor. The results showed that a precipitated complex interacted with both anti-aurora
A and antiglucocorticoid receptor antibodies. VX680 or aurora A siRNA interrupted these
interactions (Figure 2a), suggesting that aurora A bound directly to the glucocorticoid
receptor, and VX680 or aurora A siRNA abolished this binding. We located a glucocorticoid
receptor DNA-binding site at —1687 bp upstream of the Foxc2 gene and —1050 bp upstream
of the Osterix gene. We performed a ChIP assay using dexamethasone-treated osteoblasts
and showed an enrichment of aurora A at DNA-binding sites of the glucocorticoid receptor
in the promoters of Foxc2 and Osterix (Figure 2b). Again, VX680 abolished the enrichment.
The results suggested that the interaction between aurora A and the glucocorticoid receptor
directly targeted Foxc2 and Osterix for transcriptional regulation.
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Figure 1. Aurora A inhibition prevents glucocorticoid from shifting osteoblasts to endothelial
differentiation. (a) Expression of endothelial and osteogenic markers in mouse osteoblasts treated
with dexamethasone (Dex) in combination with aurora kinase inhibitor VX680 (n = 8); (b) Expression
of endothelial and osteogenic markers in human osteoblasts treated with Dex in combination with
VX680 (n = 6); (c) Expression of Foxc2 and Osterix in dexamethasone-treated osteoblasts after
knockdown of aurora A, B, or C (n = 5). Data were analyzed for statistical significance through
ANOVA with post hoc Tukey’s analysis. The bounds of the boxes are upper and lower quartiles

with data points. The line in the box is median. Error bars are maximal and minimal values. OC,
Osteocalcin. OPN, Osteopontin. ***, p < 0.0001.
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Figure 2. Aurora A is involved in the modulation of Foxc2 and Osterix by glucocorticoid through
interaction with the glucocorticoid receptor. (a) Co-immunoprecipitation followed by immunoblotting
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using the antiglucocorticoid receptor or anti-aurora A antibodies. IP—immunoprecipitation. IB—
immunoblotting; (b) ChIP assay using anti-aurora A antibodies in osteoblasts treated by dexametha-
sone with or without VX680 (n = 5). (b) was analyzed for statistical significance through ANOVA
with post hoc Tukey’s analysis. The bounds of the boxes are upper and lower quartiles with data
points. The line in the box is median. ***, p < 0.0001.

We directly increased protein levels of aurora A and the glucocorticoid receptor in
osteoblasts using lentiviral vectors containing CMV-aurora A or a CMV-glucocorticoid
receptor. We found that individually increased aurora A or glucocorticoid receptor did
not change the expression of Foxc2 and Osterix. Only the elevation of both modulated the
expression of Foxc2 and Osterix (Figure 3a). Moreover, in the presence of dexamethasone,
excess glucocorticoid receptor induced aurora A to enhance Foxc2 and abolish Osterix.
Overexpression of aurora A also enhanced the effects of dexamethasone on the modulation
of Foxc2 and Osterix. The combination of excess aurora A and glucocorticoid receptor esca-
lated dexamethasone activity to the highest level, thereby furthering the Foxc2 induction
and abolishing Osterix (Figure 3b). Together, the results suggested that the interaction be-
tween aurora A and the glucocorticoid receptor is required for glucocorticoids to modulate
Foxc2 and Osterix and shift osteoblasts to endothelial differentiation (Figure 3b).
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Figure 3. Aurora A is involved in the modulation of Foxc2 and Osterix by glucocorticoid through
interaction with the glucocorticoid receptor. (a) Immunoblotting with densitometry analysis of
glucocorticoid receptor (GR), aurora A, Foxc2, and Osterix in dexamethasone-treated osteoblasts after
overexpression of glucocorticoid receptor (CMV-GR) or aurora A (CMV-aurora A). b-actin was used
as loading control; (b) A schematic working model to show how glucocorticoid and glucocorticoid
receptor recruit aurora A to regulate the expression of Foxc2 and Osterix.

3.3. Aurora A Inhibition Ameliorates Glucocorticoid-Induced Bone Loss

To determine whether aurora A inhibition affected glucocorticoid-induced osteoporo-
sis, we treated mice with dexamethasone (0.08 pug/g, daily) in combination with VX680
(5 ng/g, daily) for 4 weeks. Micro-CT showed that the VX680 treatment significantly im-
proved the bone volume fraction, trabecular thickness, trabecular number, and trabecular
spacing of the femurs of dexamethasone-treated mice (Figure 4a,b). The results suggested
that aurora A inhibition reduced glucocorticoid-induced bone loss.

We examined the femurs using immunostaining. We found a reduction in the en-
dothelial marker CD31 with an induction of Osterix and normalized trabecular structure
in VX680-treated mice (Figure 5a). We isolated the cells of demarrowed femurs and ex-
amined them using FACS, which showed a decreased number of cells that co-expressed
endothelial and osteoblastic markers in the VX680-treated mice (Figure 5b). We collected
the demarrowed femurs and examined the gene expression using real-time PCR, which
showed a normalization of endothelial and osteoblastic markers in the VX680-treated group
(Figure 5c).
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Figure 4. Aurora A inhibition ameliorates glucocorticoid-induced bone loss. (a) Micro-CT (top) and
immunostaining (bottom) of the femurs of the mice treated with dexamethasone with or without VX680
(top) (n = 12). Scale bar, 0.5 mm for micro-CT, 50 um for immunostaining; (b) Relative bone volume
of mouse femurs after dexamethasone treatment with or without VX680 (n = 12). (b) was analyzed
for statistical significance using ANOVA with post hoc Tukey’s analysis. The bounds of the boxes are
upper and lower quartiles with data points. The line in the box is the median. ***, p < 0.0001.
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Figure 5. Aurora A inhibition prevents glucocorticoid from shifting osteoblasts to endothelial
differentiation in glucocorticoid-treated mice. (a,b) Immunostaining (a) and FACS analysis (b) of
demarrowed femurs of dexamethasone-treated mice with or without VX680 using anti-CD31 and
anti-Osteocalcin antibodies; (¢) Expression of endothelial and osteogenic markers in demarrowed
femurs of dexamethasone-treated mice with or without VX680 (n =9). (c) was analyzed for statistical
significance using ANOVA with post hoc Tukey’s analysis. The bounds of the boxes are upper and
lower quartiles with data points. The line in the box is the median. ***, p < 0.0001.

3.4. Aurora A Deletion Ameliorates Glucocorticoid-Induced Bone Loss

We created Col1a1“*/ERT2 Ayrora Aflox/fox mice. At 6 weeks of age, we treated the
Col1a1/FRT2 Ayrora AM¥/flox mice with tamoxifen (75 pg/g, daily) for 5 consecutive days
to reduce the expression of aurora A in osteoblast lineage cells. Non-tamoxifen treatment
was used as a control. At 8 weeks of age, the mice received subcutaneous injection of
dexamethasone (0.08 ng/g, daily) for 4 weeks. The results of micro-CT showed that ta-
moxifen administration to the Col1a1““/ERT2 Ayrora AM*/flox mice significantly prevented
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dexamethasone-induced bone loss (Figure 6a). In the non-dexamethasone treated groups,
no effect of tamoxifen administration was found in the Col1a1"/ERT2 Ayrora Afo¥oX mice
compared with the controls (Figure 6a). We further performed histomorphometric analysis
of these mice. First, total volume, bone volume, and relative bone volume (bone/total
bone volume) were examined via the mean intercept length method [31]. Connectivity
density was examined by the Conn—Euler method of Odgaard [32]. The trabecular numbers,
thickness, and separation were examined via distance transformation methods [33]. Then,
we validated the results by triangulating the surface of the segmented object and calculat-
ing the volume of the enclosed tetrahedrons and the surface of the triangles (a detailed
description can be found in the supplemental information) [33]. The data showed the im-
provements in total volume, bone volume, relative bone volume, connectivity density, bone
surface, trabecular numbers, thickness, and separation in the Col1a1¢"¢/ERT2 Ayyopg Aflox/flox
mice with tamoxifen administration compared with non-tamoxifen-treated controls after
dexamethasone treatment (Figure 6b).
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Figure 6. Inducible deletion of aurora A in osteoblasts inhibits glucocorticoid-induced bone loss.
(a) Micro-CT of the femurs of Col1a1°"/ERT2 Ayrorg AMO%/flox mice after tamoxifen and dexamethasone
treatment (n = 8). Scale bar, 0.5 mm for micro-CT. ***, p < 0.0001; (b) Histomorphometric analysis of
the femurs of Col1a1e/ERT2 Ayrora Aflox/flox mice after tamoxifen and dexamethasone treatment (n = 8).
Scale bar, 0.5 mm for micro-CT. (b) was analyzed for statistical significance using ANOVA with post
hoc Tukey’s analysis. Error bars are maximal and minimal values. ***, p < 0.0001.

We isolated the cells of demarrowed femurs of these mice. FACS showed a decreased num-
ber of cells that co-expressed VE-cadherin and Osteocalcin in the Col1a17/FRT2 Ayrora Aflo/flox
mice with tamoxifen administration compared with the non-tamoxifen-treated controls
after dexamethasone treatment (Figure 7a). We then isolated the Osteocalcin-positive cells,
lysed the cells, and performed immunoblotting. The results showed an efficient deletion of
aurora A in the Col1a1%*/ERT2 Ayrorg Af¥/floX mice with tamoxifen administration (Figure 7b).
The deletion of aurora A prevented the induction of Foxc2 and CD31 and inhibited the
decrease in Osterix and Osteopontin in the Col1a1““/ERT2 Ayrora A¥/flox mice with dex-
amethasone treatment (Figure 7b). Using Osteocalcin-positive cells, we performed ChIP
assays and showed that the deletion of aurora A depleted an enrichment of aurora A at
DNA-binding sites of the glucocorticoid receptor in the promoters of Foxc2 (Figure 7c) and
Osterix (Figure 7d) of dexamethasone-treated Col1a1"ERT2 Ayrora Aflo¥foX mice. Together,
the results suggested that aurora A inhibition prevented glucocorticoids from driving
osteoblast lineage cells to endothelial differentiation and reduced osteoporosis.
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Figure 7. Inducible deletion of aurora A in osteoblasts inhibits glucocorticoid-induced bone loss.
(a) FACS analysis of demarrowed femurs of Col1a1"ERT2 Aurora AM¥/f0* mice with tamoxifen and dex-
amethasone treatment using anti-VE-cadherin and anti-Osteocalcin antibodies; (b) Immunoblotting
with densitometry analysis of aurora A, Foxc2, CD31, Osterix (OSX), and Osteopontin in Osteocalcin-
positive cells isolated from demarrowed femurs of Col1a1ERT2 Ayrora A0¥/flox mice with tamoxifen
and dexamethasone treatment. -actin was used as loading control; (c,d) ChIP assay at glucocorticoid
receptor DNA-binding site of the Foxc2 gene (c) and the Osterix gene (d) using anti-aurora A anti-
bodies in Osteocalcin-positive cells isolated from demarrowed femurs of Col1a1“/ERT2 Ayrora Aflox/flox
mice with tamoxifen and dexamethasone treatment (n = 8). (c,d) were analyzed for statistical
significance using ANOVA with post hoc Tukey’s analysis. Error bars are maximal and minimal
values. ***, p < 0.0001.

4. Discussion

In a recent study, it was shown that a shift of osteoblast lineage cells toward endothelial
differentiation was induced by glucocorticoids and that this unwanted cell transition caused
osteoblast lineage cells to lose osteogenic capacity, thereby contributing to glucocorticoid-
induced bone loss [23]. The study also showed that glucocorticoids suppress Osterix
expression but activate Foxc2 in osteoblast lineage cells to switch the cell fate and functional
capacity, contributing to osteoporosis [23]. Here, we unveil a new interaction between the
glucocorticoid receptor and aurora A in controlling the plasticity of osteoblasts. As our data
suggest, the direct binding of the glucocorticoid receptor and aurora A modulates Foxc2
and Osterix to cause an osteoblastic—endothelial transition. The results suggest the essential
role of aurora A in glucocorticoid-induced osteoporosis and highlight the importance of
aurora A inhibition in reducing the toxic effects of glucocorticoids on bone.

Aurora kinases are identified as phosphotransferases and essential for cell prolifera-
tion and differentiation [34]. Aurora kinases include three family members, aurora A, B,
and C, which control chromatid segregation and genetic stability [35]. Aurora kinases regu-
late the activity of transcription factors. Aurora A phosphorylates Twist1, Yes-associated
protein, and Yin Yang 1 to modulate their transcriptional activity [36-38]. Aurora A also
binds directly to the transcription factors Foxo3a and Foxml in order to balance their
activity [39,40]. VX680 specifically binds to aurora A via 7-7t interactions to inhibit its
activity [30]. In this study, our results suggest that aurora A directly binds to the gluco-
corticoid receptor to induce Foxc2 for endothelial differentiation and decrease Osterix
for suppression of osteoblastic differentiation. This investigation unveils a new interac-
tion between the glucocorticoid receptor and aurora A and identifies aurora A as a key
component that balances the activity of glucocorticoids in osteoblastic and endothelial
differentiation. The inhibition of aurora kinases may lead to new therapeutic strategies that
target osteoblastic differentiation and reduce the toxic effects of glucocorticoids on bone.

Author Contributions: Y.Y. (Yucheng Yao) and K.I.B. supervised the experiments, analyzed data, and
wrote the manuscript; X.Q., Y.Y. (Yang Yang), Y.Z., X.W., L.Z., X.C. and ].]J. performed experiments
and data analysis. All authors have read and agreed to the published version of the manuscript.



Cells 2023, 12, 2434 10 of 11

Funding: This work was supported in part by NIH grants NS79353 (Y.Y.), HL139675 (Y.Y.), HL162643
(Y.Y.), HL81397 (K.I.B.), HL158053 (K.I.B.) and HL168147 (X.C.).

Institutional Review Board Statement: The studies were reviewed and approved by the Institutional
Review Board and conducted in accordance with the animal care guidelines set by the University of
California, Los Angeles (UCLA).

Informed Consent Statement: Not Applicable.
Data Availability Statement: Not Applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Compston, J. Osteoporosis: Social and economic impact. Radiol. Clin. N. Am. 2010, 48, 477-482. [CrossRef] [PubMed]

2. Compston, ]. Management of glucocorticoid-induced osteoporosis. Nat. Rev. Rheumatol. 2010, 6, 82-88. [CrossRef] [PubMed]

3. Buckley, L.; Humphrey, M.B. Glucocorticoid-Induced Osteoporosis. N. Engl. |. Med. 2018, 379, 2547-2556. [CrossRef] [PubMed]

4. Sawa, N.; Fujimoto, H.; Sawa, Y.; Yamashita, J. Alternating Differentiation and Dedifferentiation between Mature Osteoblasts and
Osteocytes. Sci. Rep. 2019, 9, 13842. [CrossRef] [PubMed]

5. Owen, M. The origin of bone cells. Int. Rev. Cytol. 1970, 28, 213-238. [CrossRef]

6. Matsushita, Y.; Ono, W.; Ono, N. Growth plate skeletal stem cells and their transition from cartilage to bone. Bone 2020,
136, 115359. [CrossRef]

7.  Berendsen, A.D.; Olsen, B.R. Osteoblast-adipocyte lineage plasticity in tissue development, maintenance and pathology. Cell Mol.
Life Sci. 2014, 71, 493-497. [CrossRef]

8. Paul,S.; Crump, J.G. Lessons on skeletal cell plasticity from studying jawbone regeneration in zebrafish. Bonekey Rep. 2016, 5, 853.
[CrossRef]

9. Kim, ].H,; Seong, S.; Kim, K.; Kim, I.; Jeong, B.C.; Kim, N. Downregulation of Runx2 by 1,25-Dihydroxyvitamin D(3) Induces the
Transdifferentiation of Osteoblasts to Adipocytes. Int. . Mol. Sci. 2016, 17, 770. [CrossRef]

10. Gao, B.; Huang, Q.; Lin, Y.S.; Wei, B.Y.; Guo, Y.S,; Sun, Z.; Wang, L.; Fan, ]J.; Zhang, H.Y.; Han, Y.H.; et al. Dose-dependent effect of
estrogen suppresses the osteo-adipogenic transdifferentiation of osteoblasts via canonical Wnt signaling pathway. PLoS ONE
2014, 9, €99137. [CrossRef]

11. Kassem, M.; Abdallah, B.M.; Saeed, H. Osteoblastic cells: Differentiation and trans-differentiation. Arch. Biochem. Biophys. 2008,
473, 183-187. [CrossRef]

12. Foo, C; Frey, S.; Yang, H.H.; Zellweger, R.; Filgueira, L. Downregulation of beta-catenin and transdifferentiation of human
osteoblasts to adipocytes under estrogen deficiency. Gynecol. Endocrinol. 2007, 23, 535-540. [CrossRef]

13.  Kim, S.W,; Her, S.J.; Kim, S.Y.; Shin, C.S. Ectopic overexpression of adipogenic transcription factors induces transdifferentiation of
MC3T3-E1 osteoblasts. Biochem. Biophys. Res. Commun. 2005, 327, 811-819. [CrossRef]

14. Li, X.H.; Zhang, J.C.; Sui, S.E; Yang, M.S. Effect of daidzin, genistin, and glycitin on osteogenic and adipogenic differentiation of
bone marrow stromal cells and adipocytic transdifferentiation of osteoblasts. Acta Pharmacol. Sin. 2005, 26, 1081-1086. [CrossRef]

15. Sivaraj, KK.; Adams, R.H. Blood vessel formation and function in bone. Development 2016, 143, 2706-2715. [CrossRef]

16. Ramasamy, S.K.; Kusumbe, A.P; Itkin, T.; Gur-Cohen, S.; Lapidot, T.; Adams, R.H. Regulation of Hematopoiesis and Osteogenesis
by Blood Vessel-Derived Signals. Annu. Rev. Cell Dev. Biol. 2016, 32, 649-675. [CrossRef]

17.  Itkin, T.; Gur-Cohen, S.; Spencer, J.A.; Schajnovitz, A.; Ramasamy, S.K.; Kusumbe, A.P,; Ledergor, G.; Jung, Y.; Milo, L; Poulos,
M.G,; et al. Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nature 2016, 532, 323-328. [CrossRef]

18.  Kusumbe, A.P.; Ramasamy, S.K.; Adams, R.H. Coupling of angiogenesis and osteogenesis by a specific vessel subtype in bone.
Nature 2014, 507, 323-328. [CrossRef]

19. Ramasamy, S.K.; Kusumbe, A.P.; Wang, L.; Adams, R.H. Endothelial Notch activity promotes angiogenesis and osteogenesis in
bone. Nature 2014, 507, 376-380. [CrossRef]

20. Yao, Y.,; Jumabay, M.; Ly, A.; Radparvar, M.; Cubberly, M.R.; Bostrom, K.I. A role for the endothelium in vascular calcification.
Circ. Res. 2013, 113, 495-504. [CrossRef]

21.  Yao, ].; Guihard, PJ.; Blazquez-Medela, A.M.; Guo, Y.; Moon, J.H.; Jumabay, M.; Bostrom, K.I; Yao, Y. Serine Protease Activation
Essential for Endothelial-Mesenchymal Transition in Vascular Calcification. Circ. Res. 2015, 117, 758-769. [CrossRef] [PubMed]

22.  Medici, D.; Shore, EM.; Lounev, V.Y.; Kaplan, ES.; Kalluri, R.; Olsen, B.R. Conversion of vascular endothelial cells into multipotent
stem-like cells. Nat. Med. 2010, 16, 1400-1406. [CrossRef] [PubMed]

23. Qiao, X.;; Wu, X,; Zhao, Y,; Yang, Y.; Zhang, L.; Cai, X;; Ma, J.A.; Ji, J.; Lyons, K.; Bostrom, K.I; et al. Cell Transitions Contribute to
Glucocorticoid-Induced Bone Loss. Cells 2023, 12, 1810. [CrossRef]

24. Yao,].; Wu, X,; Qiao, X.; Zhang, D.; Zhang, L.; Ma, ].A.; Cai, X.; Bostrom, K.I; Yao, Y. Shifting osteogenesis in vascular calcification.
JCI Insight 2021, 6, €143023. [CrossRef]

25. Komori, T. Animal models for osteoporosis. Eur | Pharmacol 2015, 759, 287-294. [CrossRef]

26. Yang, L.; Boyd, K.; Kaste, S.C.; Kamdem Kamdem, L.; Rahija, RJ.; Relling, M.V. A mouse model for glucocorticoid-induced

osteonecrosis: Effect of a steroid holiday. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2009, 27, 169-175. [CrossRef]


https://doi.org/10.1016/j.rcl.2010.02.010
https://www.ncbi.nlm.nih.gov/pubmed/20609886
https://doi.org/10.1038/nrrheum.2009.259
https://www.ncbi.nlm.nih.gov/pubmed/20125175
https://doi.org/10.1056/NEJMcp1800214
https://www.ncbi.nlm.nih.gov/pubmed/30586507
https://doi.org/10.1038/s41598-019-50236-7
https://www.ncbi.nlm.nih.gov/pubmed/31554848
https://doi.org/10.1016/s0074-7696(08)62544-9
https://doi.org/10.1016/j.bone.2020.115359
https://doi.org/10.1007/s00018-013-1440-z
https://doi.org/10.1038/bonekey.2016.81
https://doi.org/10.3390/ijms17050770
https://doi.org/10.1371/journal.pone.0099137
https://doi.org/10.1016/j.abb.2008.03.028
https://doi.org/10.1080/09513590701556483
https://doi.org/10.1016/j.bbrc.2004.12.076
https://doi.org/10.1111/j.1745-7254.2005.00161.x
https://doi.org/10.1242/dev.136861
https://doi.org/10.1146/annurev-cellbio-111315-124936
https://doi.org/10.1038/nature17624
https://doi.org/10.1038/nature13145
https://doi.org/10.1038/nature13146
https://doi.org/10.1161/CIRCRESAHA.113.301792
https://doi.org/10.1161/CIRCRESAHA.115.306751
https://www.ncbi.nlm.nih.gov/pubmed/26265629
https://doi.org/10.1038/nm.2252
https://www.ncbi.nlm.nih.gov/pubmed/21102460
https://doi.org/10.3390/cells12141810
https://doi.org/10.1172/jci.insight.143023
https://doi.org/10.1016/j.ejphar.2015.03.028
https://doi.org/10.1002/jor.20733

Cells 2023, 12, 2434 11 of 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wu, X,; Zhang, D.; Qiao, X.; Zhang, L.; Cai, X;; Ji, J.; Ma, J.A; Zhao, Y.; Belperio, ].A.; Bostrom, K.L; et al. Regulating the cell shift
of endothelial cell-like myofibroblasts in pulmonary fibrosis. Eur. Respir. ]. 2023, 61, 2201799. [CrossRef]

Kusumbe, A.P.; Ramasamy, S.K,; Starsichova, A.; Adams, R.H. Sample preparation for high-resolution 3D confocal imaging of
mouse skeletal tissue. Nat. Protoc. 2015, 10, 1904-1914. [CrossRef]

Yao, ].; Guihard, PJ.; Wu, X.; Blazquez-Medela, A.M.; Spencer, M.].; Jumabay, M.; Tontonoz, P.; Fogelman, A.M.; Bostrom, K.L; Yao,
Y. Vascular endothelium plays a key role in directing pulmonary epithelial cell differentiation. J. Cell Biol. 2017, 216, 3369-3385.
[CrossRef]

Oliveira, TM.; Ahmad, R.; Engh, R.A. VX680 binding in Aurora A: Pi-pi interactions involving the conserved aromatic amino
acid of the flexible glycine-rich loop. J. Phys. Chem. A 2011, 115, 3895-3904. [CrossRef]

Gundersen, H.J.; Jensen, T.B.; Osterby, R. Distribution of membrane thickness determined by lineal analysis. . Microsc. 1978, 113,
27-43. [CrossRef] [PubMed]

Odgaard, A.; Gundersen, H.J. Quantification of connectivity in cancellous bone, with special emphasis on 3-D reconstructions.
Bone 1993, 14, 173-182. [CrossRef] [PubMed]

Hildebrand, T.; Laib, A.; Muller, R.; Dequeker, J.; Ruegsegger, P. Direct three-dimensional morphometric analysis of human
cancellous bone: Microstructural data from spine, femur, iliac crest, and calcaneus. |. Bone Miner. Res. 1999, 14, 1167-1174.
[CrossRef] [PubMed]

Magnaghi-Jaulin, L.; Eot-Houllier, G.; Gallaud, E.; Giet, R. Aurora A Protein Kinase: To the Centrosome and Beyond. Biomolecules
2019, 9, 28. [CrossRef] [PubMed]

Borisa, A.C.; Bhatt, H.G. A comprehensive review on Aurora kinase: Small molecule inhibitors and clinical trial studies. Eur. J.
Med. Chem. 2017, 140, 1-19. [CrossRef] [PubMed]

Wang, J.; Nikhil, K.; Viccaro, K.; Chang, L.; Jacobsen, M.; Sandusky, G.; Shah, K. The Aurora-A-Twist1 axis promotes highly
aggressive phenotypes in pancreatic carcinoma. J. Cell Sci. 2017, 130, 1078-1093. [CrossRef]

Wang, P,; Gong, Y.; Guo, T.; Li, M,; Fang, L.; Yin, S.; Kamran, M.; Liu, Y.; Xu, J.; Xu, L.; et al. Activation of Aurora A kinase
increases YAP stability via blockage of autophagy. Cell Death Dis. 2019, 10, 432. [CrossRef]

Alexander, K.E.; Rizkallah, R. Aurora A Phosphorylation of YY1 during Mitosis Inactivates its DNA Binding Activity. Sci. Rep.
2017, 7, 10084. [CrossRef]

Yang, N.; Wang, C.; Wang, Z.; Zona, S.; Lin, S.X.; Wang, X.; Yan, M.; Zheng, EM.; Li, S.S.; Xu, B.; et al. FOXM1 recruits nuclear
Aurora kinase A to participate in a positive feedback loop essential for the self-renewal of breast cancer stem cells. Oncogene 2017,
36, 3428-3440. [CrossRef]

Yin, Y,; Chen, F; Li, J.; Yang, J.; Li, Q.; Jin, P. AURKA Enhances Autophagy of Adipose Derived Stem Cells to Promote Diabetic
Wound Repair via Targeting FOXO3a. J. Investig. Dermatol. 2020, 140, 1639-1649. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1183/13993003.01799-2022
https://doi.org/10.1038/nprot.2015.125
https://doi.org/10.1083/jcb.201612122
https://doi.org/10.1021/jp108286r
https://doi.org/10.1111/j.1365-2818.1978.tb00091.x
https://www.ncbi.nlm.nih.gov/pubmed/691043
https://doi.org/10.1016/8756-3282(93)90245-6
https://www.ncbi.nlm.nih.gov/pubmed/8334036
https://doi.org/10.1359/jbmr.1999.14.7.1167
https://www.ncbi.nlm.nih.gov/pubmed/10404017
https://doi.org/10.3390/biom9010028
https://www.ncbi.nlm.nih.gov/pubmed/30650622
https://doi.org/10.1016/j.ejmech.2017.08.045
https://www.ncbi.nlm.nih.gov/pubmed/28918096
https://doi.org/10.1242/jcs.196790
https://doi.org/10.1038/s41419-019-1664-4
https://doi.org/10.1038/s41598-017-10935-5
https://doi.org/10.1038/onc.2016.490
https://doi.org/10.1016/j.jid.2019.12.032

	Introduction 
	Methods 
	Animals 
	Tissue Culture 
	Micro-CT Imaging 
	Histomorphometric Analysis 
	RNA Analysis 
	Fluorescence-Activated Cell Sorting (FACS) 
	Immunoblotting and Immunofluorescence 
	Immunofluorescence 
	ChIP-Assay 
	Statistical Analysis 

	Results 
	The Inhibitor of Aurora A Prevents a Glucocorticoid-InducedOsteoblast-Endothelial Transition 
	Aurora A Is Involved in the Modulations of Foxc2 and Osterix by Glucocorticoid through Interaction with the Glucocorticoid Receptor 
	Aurora A Inhibition Ameliorates Glucocorticoid-Induced Bone Loss 
	Aurora A Deletion Ameliorates Glucocorticoid-Induced Bone Loss 

	Discussion 
	References

