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Osteolysis resulting from osteoclast overactivation is one of the severe complications
of breast cancer metastasis to the bone. Previous studies reported that the anti-
cancer agent DZNep induces cancer cell apoptosis by activating Akt signaling.
However, the effect of DZNep on breast cancer bone metastasis is unknown. We
previously found that DZNep enhances osteoclast differentiation by activating Akt.
Therefore, we explored the use of the anti-cancer agent AZD3463 (an Akt inhibitor)
along with DZNep, as AZD3463 can act as an anti-cancer agent and can also
potentially ameliorate bone erosion. We evaluated osteoclast and breast cancer
cell phenotypes and Akt signaling in vitro by treating cells with DZNep and
AZD3463. Furthermore, we developed a breast cancer bone metastasis animal
model in mouse tibiae to further determine their combined effects in vivo.
Treatment of osteoclast precursor cells with DZNep alone increased osteoclast
differentiation, bone resorption, and expression of osteoclast-specific genes.
These effects were ameliorated by AZD3463. The combination of DZNep and
AZD3463 inhibited breast cancer cell proliferation, colony formation, migration, and
invasion. Finally, intraperitoneal injection of DZNep and AZD3463 ameliorated tumor
progression and protected against bone loss. In summary, DZNep combined with
AZD3463 prevented skeletal complications and inhibited breast cancer progression
by suppressing Akt signaling.
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INTRODUCTION

As a typical highly metastatic cancer, breast cancer secretes osteolytic factors, which drive osteoclast
formation. Metastasis necessitates long-term treatment and reduces survival time. Bone-targeting
agents, such as bisphosphonates and denosumab, were developed to decrease the incidence of
skeletal-related events. However, adverse effects, such as renal impairment, osteonecrosis of the jaw,
and atypical femoral fractures, are associated with long-term treatment with these agents (Coleman
et al., 2020). In addition to the abovementioned conventional agents, numerous emerging bone
resorption inhibitors have been tested in early-stage clinical trials (Sousa and Clézardin, 2018;
Coleman et al., 2020). The targets of these agents are diverse, including mTOR (Hadji et al., 2013;
Hortobagyi, 2015), cathepsin K (Jensen et al., 2010; Liang et al., 2019), Src tyrosine kinase (Uehara
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et al., 2019), and the receptor tyrosine kinases VEGFR2 and MET
(Lee and Smith, 2013; Smith et al., 2013; Smith et al., 2016;
Escudier et al., 2018).

As a potential anti-tumor agent, DZNep downregulates PRC2
proteins (EZH2, SUZ12, and EED), and inhibits H3K27me3
methylation, thus ameliorating PRC2-mediated transcriptional
repression. The PRC2 protein EZH2 interacts with Akt-1 in
various cancers (Kleer et al., 2003; Piunti and Pasini, 2011;
Chang and Hung, 2012; Yoo and Hennighausen, 2012; Gall
Trošelj et al., 2016), and it mediates Akt activation via
multiple mechanisms. First, EZH2 upregulates the PI3K
subunits Pik3r1 and Pik3r3 to activate the PI3K-Akt pathway
(Zheng et al., 2018). Second, EZH2 can induce Akt-1 (Ser473)
phosphorylation (Yoo and Hennighausen, 2012).

DZNep also upregulates FBXO32 to activate FBXO32-
mediated apoptosis of breast cancer cells (Tan et al., 2007).
Notably, Akt activation induces phosphorylation of the FOXO
family transcription factors and prevents them from translocating
to the nucleus, ultimately inhibiting their transcription activation
functions (Brunet et al., 1999; Kops et al., 1999; Stitt et al., 2004).
Further, EZH2 also downregulates FOXC1, which is highly
expressed in triple-negative breast cancer. This expands the
potential clinical applications of EZH2-targeting therapeutic
agents (Zheng et al., 2020).

Interestingly, we observed that DZNep enhances osteoclast
differentiation and induces Akt-1 phosphorylation
(Supplementary Figures S1A,B,D). Studies have demonstrated
the critical role of the PI3K-Akt signaling axis in RANKL-induced
osteoclastogenesis (Sugatani and Hruska, 2005; Moon et al.,
2012). Thus, although DZNep can suppress breast cancer,
it simultaneously increases osteolysis. To prevent osteoclastic
resorption, we introduced another anti-cancer agent,
AZD3463, that promisingly induced apoptosis by inhibiting
the PI3K-Akt pathway in breast cancer (Hu et al., 2020;
Ozates et al., 2021), neuroblastoma (Wang et al., 2016),
glioblastoma (Asik et al., 2020; Goker Bagca et al., 2020), acute
myeloid leukemia (Moharram et al., 2019), and Ewing sarcoma
(Sampson et al., 2015). Akt activation is associated with worse
outcomes in endocrine-related breast cancer (Pérez-Tenorio
et al., 2002), so targeting this signaling pathway is a classic
research focus (Guerrero-Zotano et al., 2016; Costa et al., 2018).

To our knowledge, there is a research gap regarding the use of
the combination of AZD3463 and DZNep in relation to
osteoclastogenesis. In this study, we demonstrated that the
combination of these two agents slowed the progression of
breast cancer metastasis to bone. Additionally, AZD3463
attenuated DZNep-induced bone resorption by inhibiting Akt
signaling.

METHODS

Cell Counting Kit (CCK)-8 Assays of Cell
Proliferation
Primary bone marrow-derived cells were extracted from the bone
marrow of the hindlimbs of 6- to 8-week-old C57BL/6J mice.
After culturing in complete α-Minimum Essential Medium

(MEM; containing 10% fetal bovine serum [FBS] and 1%
penicillin/streptomycin) in the presence of 50 ng/ml
macrophage colony-stimulating factor (M-CSF; R&D Systems,
MN, United States) for 4 days, all attached cells were treated as
osteoclast precursor cells (bone marrow-derived monocytes/
macrophages [BMMs]), which were maintained and used for
the following experiments. BMMs were subsequently induced to
differentiate, using M-CSF (50 ng/ml) and RANKL (100 ng/ml,
R&D Systems, MN, United States) for 5 days.

MDA-MB-231 and 4T1 breast cancer cell lines were cultured
in complete high-glucose Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% FBS and 1% penicillin/streptomycin.
All cells were maintained in a 37°C incubator containing 5% CO2.

CCK-8 assays (Dojindo, Kumamoto, Japan) were used to
examine the proliferation of MDA-MB-231 cells, 4T1 cells,
and BMMs. Cells were seeded in 96-well plates at a density of
5 × 103 cells/well (for the 24- and 48 h tests) or 1 × 103 cells/well
(for the 120 h tests) and cultured at 37°C with 5% CO2 for 12 h to
allow the cells to adhere. Next, the media were replaced with
media containing the indicated concentration of agents until the
indicated time points. Thereafter, the medium was replaced with
10% (v/v) CCK-8 in either complete high-glucose DMEM or
α-MEM, and the cells were incubated for an additional 2 h.
An Infinite M200Pro microplate reader (Tecan Trading AG,
Hombrechtikon, Switzerland) was used to measure the
absorbance at 450 nm. Each experiment was conducted in
triplicate.

Osteoclast Differentiation Assays, Bone
Resorption Assays, RNA Extraction, and
RT-qPCR Analysis
For osteoclast differentiation assays, M-CSF-dependent BMMs
were seeded in 96-well plates at a density of 1 × 104 cells/well in
complete α-MEM and stimulated with 100 ng/ml RANKL, as well
as with indicated doses of AZD3463 and/or DZNep. The media
were changed every 2 days. After 5–6 days of incubation, when
large multinucleated osteoclasts were observed in the RANKL-
only positive control group, the cells were fixed with 4%
paraformaldehyde (PFA) and stained to detect the osteoclastic
turnover marker tartrate-resistant acid phosphatase (TRAP).

For bone resorption assays, M-CSF-dependent BMMs were
seeded in hydroxyapatite-coated Osteo Assay Surface Polystyrene
Microplates (Corning Inc., NY, United States) at a density of 1.3 ×
104 cells/well in complete α-MEM and stimulated with 100 ng/ml
RANKL and respective agents for 5 days. Thereafter, the wells
were incubated in 5% sodium hypochlorite solution to remove the
cells. The bone resorption pits (stained using Von Kossa stain) on
the microplates were captured using a phase-contrast inverted
light microscope (IX71; Olympus, Hamburg, Germany).

Total RNA was extracted from BMMs stimulated with RANKL
in the presence or absence of AZD3463 and/or DZNep for 5 days,
using an RNAminiprep kit (Axygen, AZ, United States) according
to the manufacturer’s protocol. Thereafter, cDNA was synthesized
from the total RNA using a PrimeScript RT Master Mix (Perfect
Real Time) cDNA synthesis kit (RR036; Takara Bio Inc., Dalian,
China) according to the manufacturer’s instructions. RT-qPCR
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was performed on an ABI Flex 6 Real-Time PCR System (Applied
Biosystems, CA, United States) using TB Green® Premix Ex Taq™
(Tli RNaseH Plus) (RR420; Takara Bio Inc.). Each reaction was
performed in triplicate. Primer sequences of osteoclastogenesis-
related genes are listed in Table 1. Relative fold changes in gene
expression were calculated using the comparative CT (2−ΔΔCT)
method.

Breast Cancer Cell Colony Formation,
Migration, and Invasion Assays
For colony formation assays, MDA-MB-231 or 4T1 cells, at a
density of 1 × 103 cells/well, were evenly seeded in six-well plates.
The cells were treated with AZD3463 and/or DZNep and left to
grow for 5 days until colonies were visible. After washing with 1X
phosphate-buffered saline (PBS), the visible colonies were fixed
with methanol and stained with 0.1% crystal violet (Sigma-
Aldrich, Saint Louis, MO, United States). The whole field of
view of each well was then scanned using an Epson Perfection
V600 Photo Scanner (Seiko Epson Corp., Nagano, Japan), and the
total area taken up by colonies was assessed using Fiji 1.0 (NIH,
United States).

For wound healing assays, MDA-MB-231 or 4T1 cells were
seeded in six-well plates at a density of 5 × 105 cells/well. After
reaching 100% confluency, a scratch was produced in the center
of each well using a sterile 1-mL pipette tip vertically. PBS was
used to rinse off the detached cells, followed by incubation with or
without AZD3463 and DZNep (at the indicated concentrations)
in serum-free medium for an additional 24 or 48 h. Images were

TABLE 1 | Osteoclastogenesis-related gene primer sequences.

Gene Forward primer sequence Reverse primer sequence

Ctsk TAGCCACGCTTCCTATCCGA CCTCCGGAGACAGAGCAAAG
Calcr TCTGCGTTCCTGAGAACACC AAGGCGCTCTAATGGCACTT
Nfatc1 CTTCGAGTTCGATCAGAGCGG AGGGTCGAGGTGACACTAGG
Acp5 CACTCCCACCCTGAGATTTGT CATCGTCTGCACGGTTCTG
Atp6v0d2 GCAGAGCTGTACTTCAATGTGG TAGTCCGTGGTCTGGAGATG
Fos TGTTCCTGGCAATAGCGTGT TCAGACCACCTCGACAATGC
Mmp9 CCCTGGAACTCACACGACAT TGGTTCACCTCATGGTCCAC
Actb ACAGCAGTTGGTTGGAGCAA ACGCGACCATCCTCCTCTTA
Gapdh ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC

FIGURE 1 | DZNep and AZD3463 did not affect BMM proliferation in vitro. BMM viability and proliferation remained stable after treatment with (A) DZNep (6.25,
12.5, and 25 nM) for 24, 48, 72, and 96 h, (B) AZD3463 (125, 250, and 500 nM) for 24, 48, 72, and 96 h, and (C)DZNep (6.25, 12, and 25 nM) plus AZD3463 (125, 250,
and 500 nM) for 24, 48, 72, and 96 h.
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acquired at 0, 24, and 48 h using the IX71 inverted light
microscope. Widths of the wounds were then measured,
representing migration capacity.

For transwell migration assays, 5 × 104 of MBA-MB-231 or
4T1 cells were seeded in upper transwell chambers. After 12 h, the
migrated cells were fixed with 4% PFA, rinsed three times with
PBS, stained with 0.1% crystal violet (Sigma-Aldrich) for 10 min,
and rinsed three times with PBS. Five random fields of view were
photographed and the percentage of the area covered by cells was
assessed.

For transwell invasion assays, Matrigel (356234; Corning
Inc., NY, United States) was coated onto the upper surface of
polycarbonate filters. Thereafter, 5 × 104 of MBA-MB-231 or
4T1 cells were seeded onto the surface of the pre-set Matrigel
in transwell upper chambers. After 24 h, the invasive cells
were fixed with 4% PFA, rinsed three times with PBS, stained
with 0.1% crystal violet (Sigma-Aldrich) for 10 min, and rinsed
three times with PBS. Five random fields of view were
photographed and the percentage of the area covered by cells
was assessed.

FIGURE 2 | DZNep and AZD3463 influenced osteoclastogenesis in vitro. (A) TRAP staining indicated increased osteoclast differentiation after treatment with
DZNep (25 nM), which was prevented by AZD3463 (250 nM). Scale bar � 10 μm. (B) Osteoclast differentiation-related mRNA expression increased in the DZNep
(25 nM) group and decreased in the AZD3463 (250 nM) group. (C) Bone resorption assay using hydroxyapatite-coated microplates showed a larger area of resorption
pits after treatment with DZNep (25 nM), which was alleviated by AZD3463 (250 nM). Scale bar � 10 μm. MNC: multinucleated cell.
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Western Blotting
MDA-MB-231 breast cells were cultured with AZD3463 and/
or DZNep for 3 days. BMMs were pre-stimulated with
AZD3463 or DZNep for 2 h in serum-free medium and
then stimulated with RANKL (100 ng/ml) for the indicated
time periods.

Total proteins from whole cells were extracted with
radioimmunoprecipitation assay (RIPA) lysis buffer (medium-
level intensity; Beyotime, Shanghai, China) in the presence of
phenylmethylsulfonyl fluoride (PMSF), protease inhibitor, and
phosphatase inhibitor cocktails. Subsequently, the proteins were
separated using ExpressPlus polyacrylamide gel electrophoresis
(PAGE) gels (GenScript Laboratories, Piscataway, NJ,
United States) and transferred onto polyvinylidene fluoride
(PVDF) membranes using an e-blot device (GenScript
Laboratories). The membranes were blocked with 5% (w/v)
skim milk in tris-buffered saline (TBS) containing 0.1% (v/v)
Tween-20 (TBST, pH 7.4), and incubated for 1 h at room
temperature. The membranes were then washed three times
for 15 min with TBST and incubated for 12 h at 4°C with
primary antibodies (Cell Signaling Technology) against the
following proteins: EZH2 (#5246), p-Akt (Ser473; #4060), Akt
(#9272), p-p38 (#9211), p38 (#9212), p-ERK (#9101), ERK
(#9102), and Actb (#3700). The membranes were then washed

three times with TBST and incubated with either an IRDye
800CW anti-mouse secondary antibody (LI-COR Biosciences,
Lincoln, NE, United States) or a fluorescent anti-rabbit
secondary antibody (LI-COR Biosciences), at 1:10000
dilution. Finally, the membranes were washed three times
with TBST and visualized using an Odyssey near-infrared
fluorescence imaging system (LI-COR Biosciences). The
grayscale ratio of each phospho-protein to its respective total
protein was calculated. The ratios were then standardized, using
the first control lane as the baseline (1.00), as shown below each
western blot lane in the figures.

Animal Model
Female BALB/c (7 week-old) nude mice were purchased from
Jihui Laboratory Animal Care Co., Ltd. (Shanghai, China) and
maintained in a specific-pathogen-free animal facility. An
intratibial murine model of breast cancer bone metastasis
(Pang et al., 2020) was created by harvesting MDA-MB-231
cells and resuspending them in sterile PBS (1 × 106 cells/ml)
and then injecting 100 μl of the cell suspension into the left
tibia plateau of each mouse. After being observed for 1 week,
24 mice in good condition were randomly allocated to four
groups (n � 6 per group) and then intraperitoneally injected
twice per week with PBS, AZD3463 (7.5 mg/kg body weight),

FIGURE 3 | DZNep and AZD3463 inhibited MDA-MB-231 breast cancer cell proliferation in vitro. MDA-MB-231 cell viability and proliferation (A) remained stable
after treatment with DZNep (10, 20, and 40 nM) for 24 and 28 h, and with DZNep (0.4, 0.8, and 1.6 nM) for 120 h, (B) significantly decreased after treatment with
AZD3463 (1,200, and 2,400 nM) for 24 and 48 h, and with AZD3463 (5, and 10 nM) for 120 h, and (C) significantly decreased after treatment with AZD3463 (1,200, and
2,400 nM) and combination treatment (DZNep: 10, 20, and 40 nM; and AZD3463: 600, 1,200, and 2,400 nM) for 24 and 48 h, and after treatment with AZD3463
(5, and 10 nM) and combination treatment (DZNep: 0.4, 0.8, and 1.6 nM; and AZD3463: 2.5, 5, and 10 nM) for 120 h.
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DZNep (2 mg/kg body weight), or AZD3463 (7.5 mg/kg body
weight) plus DZNep (2 mg/kg body weight). The mice were
weighed and tumor volumes (length and width, volume �
length × width2/2) were measured every week for 5 weeks.
Thereafter, the mice were sacrificed, weighed, and underwent
X-rays. Left tibiae (with tumors), kidneys, and livers were fixed
in 4% PFA for 24–48 h. The tibiae were analyzed by micro-
computed tomography (CT) and then decalcified in 10%

ethylenediaminetetraacetic acid (EDTA; pH 7.4) for 28 days.
Finally, the tissues were embedded in paraffin and sliced for
histological examination, including hemotoxylin and eosin
(H&E) staining and immunofluorescence staining. All
procedures were performed following protocols approved by
the Institutional Animal Care and Use Committee of Shanghai
Ninth People’s Hospital, Shanghai Jiao Tong University,
School of Medicine.

FIGURE 4 |DZNep and AZD3463 inhibited breast cancer cell proliferation, migration, and invasion in vitro. (A)MDA-MB-231 cells formed fewer colonies at day 5 in
the presence of AZD3463 (5 nM) or DZNep (0.8 nM), and the effect of DZNep was enhanced by AZD3463. (B)Wound healing assays showing that AZD3463 (300 nM)
and DZNep (10 nM) inhibited scratch wound healing compared to the control group at 24 h, and the combination group had the largest gap at 24 h. Scale bar � 10 μm.
(C) Transwell assays showing that the relative area of migrated (C) cells was decreased by AZD3463 (1,200 nM) and DZNep (20 nM), and the combination (20 nM
DZNep and 1,200 nMAZD3463) group had the largest decrease. Scale bar � 10 μm. (D) Transwell assays showing that the relative area of invasive (D) cells decreased in
the combination (20 nM DZNep and 1,200 nM AZD3463) group, while other groups were similar to the control group. Scale bar � 10 μm.
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X-Ray and Micro-CT Scans
The left hindlimbs were scanned using a MultiFocus Digital
Radiography System (Faxitron Bioptics LLC, Tucson, AZ,
United States). The trabecular morphometry of the
metaphyseal region of the proximal tibiae was quantified
with micro-CT (µCT100; Scanco Medical AG, Bassersdorf,
Switzerland) using an X-ray tube voltage of 70 kV and a
current of 200 μA. The resolution was set to 10 μm, and
7 mm of the bone sample was acquired for each CT scan.
The 3D images of the scans were reconstructed and analyzed
using the µCT100 program. Trabecular bone was evaluated at
0.5 mm below the cranial growth plate and 5 mm from the
caudal growth plate. Trabecular morphometry was
characterized by measuring the bone volume fraction (BV/
TV), trabecular thickness (Tb.Th), trabecular number (Tb.N),
and trabecular spacing (Tb.Sp).

Cancerous Tibial Bone, Kidney, and Liver
Histology, and Immunofluorescence
Analyses
Cancerous tibial bone, kidney, and liver sections were
prepared for H&E staining, as well as immunofluorescence
detection of p-Akt. For immunofluorescence detection of

p-Akt, the slides were rehydrated and underwent antigen
retrieval using phosphate buffer solution at pH 6.0 and 95°C
for 10 min. Tissue sections were blocked to prevent non-
specific binding by incubation in TBST containing 5%
bovine serum albumin for 1 h. Sections were then incubated
with primary antibody against p-Akt (Ser473, #4060; Cell
Signaling Technology) overnight at 4°C. The next day, the
tissue sections were washed and then incubated with Alexa
Fluor 555-conjugated secondary antibody (Cell Signaling
Technology) at 20°C for 1 h in the dark. Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich). The sections were then washed and imaged
using confocal microscopy.

Statistical Analyses
Data were compared among multiple groups by one-way analysis
of variance (ANOVA), using built-in statistical modules in
GraphPad Prism 8 (GraphPad Software, San Diego, CA,
United States). If a significant effect was detected by ANOVA,
post-hoc Student’s t-tests were performed to assess pairwise
differences. Data are presented as mean ± standard deviation
(SD), with at least three replicates being conducted; p < 0.05, p <
0.01, and p < 0.001 were considered statistically significant, highly
statistically significant, and extremely statistically significant.

FIGURE 5 | Mechanistic analyses of DZNep and AZD3463 in breast cancer cells and during RANKL-induced osteoclastogenesis. (A) DZNep dose-dependently
upregulated p-Akt (Ser473) protein but slightly downregulated pan-Akt protein in MDA-MB-231 cells. (B) DZNep upregulated p-Akt (Ser473) protein, but AZD3463
ameliorated this, in BMMs during RANKL-induced osteoclastogenesis. (C) During RANKL-induced osteoclastogenesis, DZNep upregulated p-p38 but AZD3463
ameliorated this, and there were no significant changes in ERK signaling.
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RESULTS

AZD3463 Decreased DZNep-Induced
Osteoclastogenesis
BMM viability and proliferation after treatment with 6.25, 12.5,
or 25 nMDZNep or 125, 250, or 500 nMAZD3463 were the same
as the negative control levels (Figures 1A,B). Also, the
combination of the two agents at the above concentrations did
not cause any significant toxicity (Figure 1C). There were more
and larger TRAP-positive multinucleated cells (nuclei ≥3 were
counted) in the 25 nM DZNep group than the control group.
BMMs failed to differentiate into osteoclasts after treatment with
250 nM AZD3463, with or without DZNep (Figure 2A). Most of
the osteoclast-related genes (Ctsk, Calcr, and Mmp9) were
upregulated in the 25 nM DZNep group and downregulated in
the 250 nM AZD3463 and combination groups compared to the
negative control group (Figure 2B). Similar to the TRAP staining
results, the bone resorption pit area was larger in the 25 nM
DZNep group compared to the negative control group. However,
the addition of 250 nM AZD3463 reduced the resorption area
(Figure 2C).

AZD3463 Plus DZNep Inhibited Breast
Cancer Cell Proliferation, Migration, and
Invasion
The cell viability of breast cancer cell lines MDA-MB-231 or
4T1 treated with AZD3463 (1,200 and 2,400 nM) significantly
decreased compared to the control levels at 24 and 48 h
(Figure 3A, Supplementary Figure S2A). There was only a
tendency to decrease regarding cell viability in the DZNep
(10, 20, and 40 nM) groups (Figure 3B, Supplementary
Figure S2B). The combination treatment results showed that
only AZD3463 (not DZNep) decreased cell viability at the
concentrations used (Figure 3C, Supplementary Figure
S2C). Nevertheless, relatively long-term (5 day) treatment
with AZD3463 (2.5, 5, and 10 nM) decreased the
proliferation of breast cancer cells (both MDA-MB-231 and
4T1), but DZNep (0.4, 0.8, and 1.6 nM) did not had a similar
inhibitory effect in MDA-MB-231 cells (Figures 3A,B,
Supplementary Figure S2A). Additionally, combination
treatment impaired the colony formation capacity
(Figure 4A, Supplementary Figure S3A).

FIGURE 6 | Effects of DZNep and AZD3643 on bone defects due to breast cancer metastasis in vivo. (A) X-ray images of left hindlimbs showing small tumor
volumes in AZD3463 (7.5 mg/kg) and DZNep (2 mg/kg) groups, andminimum tumor volume in the combination (7.5 mg/kg AZD3463 and 2 mg/kg DZNep) group. Bone
defects were less apparent in the AZD3463 and combination groups than the control and DZNep groups. (B,C)Micro-computed tomography (CT) indicated higher BV/
TV, Tb.Th, and Tb.N and lower Tb.Sp in the AZD3463 and combination groups than the control and DZNep groups.
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To evaluate the migration of cancer cells, we measured
scratch wound widths at 24 or 48 h. Compared to the
control, AZD3463 (300 nM), and DZNep (10 nM) groups,
the combination group (300 nM AZD3463 and 10 nM
DZNep) had a wider gap (Figure 4B, Supplementary
Figures S3A,B). Moreover, the migration in transwell assays

was decreased in the combination group compared to the
AZD3463 (1,200 nM) or DZNep (20 nM) groups (Figure 4C,
Supplementary Figure S3C). Similarly, the combination
group exhibited efficient prevention of cell movement across
the Matrigel coating the transwell inserts (Figure 4D,
Supplementary Figure S3D).

FIGURE 7 | Effects of DZNep and AZD3643 on breast cancer bone metastasis in vivo. (A,B) Representative images of tumor model mice. Tumor volume of
13 week-oldmice significantly decreased in AZD3463, DZNep, and combination groups compared to the control group. (C) Standardized bodyweight (Tt/T0, %) of mice
from week 8 (T0) to week 13 showing that DZNep and AZD3463 reduced weight loss. (D,F) Representative images and bar graph of hemotoxylin and eosin (H&E)
staining of cancerous bone. (E,G)Representative images and bar graph of immunofluorescence (IF) staining of p-Akt (red), DAPI (blue), andmerged results (purple).
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Akt Signaling Played a Critical Role in the
Effects of AZD3463 Plus DZNep
To better understand in vitro osteoclastic and cancerous phenotypes,
we quantified the protein expression levels in cells treated with
AZD3463 and/or DZNep. DZNep dose-dependently activated
p-Akt (Ser473) but slightly downregulated pan-Akt protein in
MDA-MB-231 cells (Figure 5A). In contrast, AZD3463
ameliorated the activation of p-Akt (Ser473). During RANKL-
induced osteoclastogenesis, p-Akt (Ser473) in BMMs showed
similar results to p-Akt (Ser473) in breast cancer cells
(Figure 5B). We also investigated the two other essential
osteoclastogenesis pathways. We found that the p38 pathway was
activated byDZNep but inhibited byAZD3463, while ERK signaling
appeared to be unaffected by these two agents (Figure 5C).

AZD3463 Plus DZNep Prevented Bone
Resorption and Breast Cancer Metastasis
to Bone
Reconstructed left hindlimb X-ray images showed that tumor
volumes appeared to be small in the AZD3463 and DZNep
groups, with those of the combination group being smallest,
compared to the control group (Figure 6A). Furthermore, bone
defects were less apparent in the AZD3463 and combination
groups than the control and DZNep groups.

Regarding the skeletal phenotypes based on micro-CT results,
BV/TV, Tb.Th, and Tb.N were decreased and Tb.Sp was
increased in the DZNep group compared to the AZD3463-
related groups, and the first three variables were increased,
whereas the fourth variable was decreased, by adding
AZD3463 compared to DZNep-only treatment (Figure 6C).
This indicates that AZD3463 reduced the bone loss related to
breast cancer metastasis and DZNep side effects (Figure 6C).

Similar to the X-ray results (Figure 6A), H&E staining
indicated that DZNep, AZD3463, and combination treatment
all decreased the tumor size (Figures 7D,F). The proportion of
cells that were positive for p-Akt protein was assessed by
immunofluorescence staining in vivo, with the proportion of
positive cells increasing in the DZNep group, which was
ameliorated by AZD3463 (Figures 7E,G).

Similar to the X-ray results, tumor volume significantly
decreased in the AZD3463, DZNep, and combination groups
compared to the control group (Figures 7A,B). To some
extent, the two agents significantly decreased the weight loss
caused by cancer cachexia (Figure 7C). To determine whether
the doses caused toxicity in mice, kidney and liver sections
were assessed and there were no apparent pathological changes
(Supplementary Figures S4A,B).

DISCUSSION

In this study, we performed in vitro and in vivo experiments
using two osteoclast-targeting anti-cancer agents, DZNep and
AZD3463, to evaluate their efficacy against breast cancer
metastasis-induced bone loss.

AZD3463 eliminated the DZNep-induced osteoclast
differentiation and bone resorption function. Inducing PI3K/
Akt signaling promotes RANKL-induced osteoclastogenesis by
activating the GSK3β/NFATc1 signaling cascade (Marie, 2012;
Moon et al., 2012). Additionally, p-p38 signaling is required for
c-Fos and NFATc1 activation in osteoclast differentiation (Li
et al., 2002; Huang et al., 2006), which is consistent with our
mRNA and protein expression results in BMMs. DZNep’s role
as an EZH2 inhibitor should not be disregarded, though it was
not examined in this study. A previous study showed that EZH2
knockdown in mice resulted in more brittle and thinner cortical
bone than in wildtype mice(Hemming et al., 2017). This may be
due to excessive osteoclast activation because the serum levels of
CTX and TRAP (osteoclastic turnover markers) and the
numbers of osteoclasts were elevated (Hemming et al., 2017).
A recent study discovered that AZD3463 suppresses breast
cancer metastasis to bone via modulation of the PI3K-Akt
pathway (Hu et al., 2020). However, the previous study did
not explore whether AZD3463 can prevent osteolysis of bone
metastases by blocking osteoclastogenesis, and we were able to
clarify this.

Our findings that AZD3463 inhibited breast cancer cell
migration and Akt signaling were consistent with previous
research (Hu et al., 2020). Activation of Akt signaling by
DZNep is just the tip of the iceberg of mechanisms of DZNep.
DZNep downregulates PRC2 proteins (EZH2, EED, and SUZ12),
and further blocks H3K27me3 methylation (Fiskus et al., 2009;
Puppe et al., 2009; Hayden et al., 2011). In particular, DZNep-
induced inhibition of AdoHcy hydrolase reduces methyl group
availability and thereby blocks methyltransferases (Chiang and
Cantoni, 1979; Glazer et al., 1986a, 1986b; Chiang et al., 1992; Liu
et al., 1992). The canonical Akt signaling pathway has been
confirmed in many cells including breast cancer cells (Puppe
et al., 2009; Suvà et al., 2009; Nagel et al., 2010; Choudhury et al.,
2011; Hayden et al., 2011; Girard et al., 2014). Notably, DZNep
did not increase the inhibitory effect of AZD3463 on cell viability
but it did further inhibit colony formation. Because the agents
were administered earlier in the colony formation assays (mixing
agents in the medium before seeding cells) than in the cell
viability assays (adding agents at 24 h after seedig cells), the
results suggested that DZNep also inhibited cell attachment
capacity.

To generalize the findings to other metabolic bone diseases,
first, osteoblast functions should also be evaluated because both
osteoclasts and osteoblasts interact in the bone remodeling
cycle. EZH2-specific knockout in early mesenchymal stem cells
results in multiple defects in trabecular bone formation and
microarchitecture (Hemming et al., 2017). Further
investigation about whether DZNep influences osteoclasts
via osteoblasts would also be useful. As Akt activation is
critical for increasing osteoclast formation and osteolysis in
myeloma, inhibition of Akt signaling is also meaningful in
this disease (Cao et al., 2013). Moreover, DZNep treatment
appears to be effective in myeloma cells (Xie et al., 2011).
This suggests that AZD3463 plus DZNep may achieve similar
results in myeloma as in the current study. AZD3463 appears to
be a promising agent to ameliorate osteoclast-related osteolysis
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whereas DZNep ameliorates pathological conditions involving
increased bone volume. Furthermore, activation of p38 MAPK in
myeloma cells promotes osteoclastmaturation and bone erosion (He
et al., 2012).

Although a range of treatments has been shown to prevent
osteolysis during breast cancer metastasis to bone (Coleman
et al., 2020), alternatives also need to be studied because of
the adverse effects and individual sensitivities related to current
agents. Once agents with versatile effects (simultaneous anti-
bone resorption and anti-tumor effects) are discovered and their
mechanisms are explored, and once genetic screening tests are
available to more patients, it may be possible to select highly
effective and safe targeted therapies for each patient.
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