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ABSTRACT
DNA damage response plays a critical role in tumor growth, but little is known
about its potential role in bone metabolism. We employed selective inhibitors of
Chk1 and examined their effects on the proliferation and migration of mammary
tumor cells as well as the development of osteoblasts and osteoclasts. Further, using
a mouse model of bone metastasis we evaluated the effects of Chk1 inhibitors on
bone quality. Chk1 inhibitors blocked the proliferation, survival, and migration of
tumor cells in vitro and suppressed the development of bone-resorbing osteoclasts
by downregulating NFATc1. In the mouse model, Chk1 inhibitor reduced osteolytic
lesions and prevented mechanical weakening of the femur and tibia. Analysis of RNAseq expression data indicated that the observed effects were mediated through the
regulation of eukaryotic translation initiation factor 2 alpha, stress to the endoplasmic
reticulum, S100 proteins, and bone remodeling-linked genes. Our findings suggest
that targeting Chk1 signaling without adding DNA damaging agents may protect bone
from degradation while suppressing tumor growth and migration.

INTRODUCTION

Mutations to these Chk genes are reported to be linked
to cancers, including breast cancer [5, 6]. Since Chk1
and Chk2 are essential molecular players in responding
to DNA damaging agents, application of their inhibitors
together with DNA damaging chemotherapeutic drugs
has been considered and clinically tested [7]. To our
knowledge, however, little is known about the role of Chk
signaling in modulating the activity of bone-resorbing
osteoclasts and bone-forming osteoblasts in response to
cancer metastasis.

The genome is constantly exposed to DNA
damaging agents, including radiation and chemical
mutagens [1]. Eukaryotic cells have evolved signaling
pathways that detect these insults and protect them from
DNA damage [2]. One of the primary pathways to respond
to DNA damage is checkpoint kinases 1 and 2 (Chk1 and
Chk2) signaling [3]. Activation of Chk1 and Chk2 results
in cell cycle arrest to elicit DNA repair or apoptosis [4].
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Breast cancer accounts for 25% of all cancers in
women, and advanced breast cancer metastasizes to
distant organs, most commonly bone [8]. Thus, developing
an effective therapeutic agent for reducing metastatic
burden and protecting bone quality without inducing lifethreatening toxicities is necessary [9]. We screened novel
drug candidates from a 1,120-compound chemical library
using two breast cancer cell lines (MDA-MB-231 and
MDA-MB-436) and two non-tumor cell lines. We selected
a Chk1 inhibitor (PD407824) as well as a dopamine
receptor D1 agonist (A77636), which reduced the
proliferation of two cancer cell lines without significant
reduction of proliferation of two non-tumor cell lines. The
efficacy of A77636 in suppressing tumor growth and bone
loss was reported previously [10].
It was recently reported that the inhibition of
Chk1 by PF477736 elevates cytotoxicity and sensitizes
embryonic Ras-transformed fibroblast cells in response
to reduction in nucleotide pools [11]. To further evaluate
the therapeutic potential of Chk1 inhibitors for mammary
tumor and associated bone metastasis, we examined their
ability to inhibit proliferation and migration of mammary
tumor cells and to prevent bone loss. RNA sequencing was
employed to evaluate genome-wide expression changes.
Expression patterns were characterized by principal
component analysis (PCA). To test the effects of Chk1
inhibitor in vivo, 4T1.2 mammary tumor cancer cells were
injected into the mammary pad or the external iliac artery.
We examined the mechanism of Chk1 inhibitor’s
action focusing on phosphorylation of eukaryotic
translation initiation factor 2 alpha (eIF2α), stress to the
endoplasmic reticulum, S100 proteins, bone remodelinglinked genes, and Ataxia telangiectasia and Rad3
related (ATR) signaling. We have previously shown
that upregulation of the phosphorylation of eIF2α by
salubrinal and guanabenz decreases proliferation of
mammary tumor cells and chondrosarcoma cells [12, 13].
We have also shown that the elevated phosphorylation of
eIF2α downregulates nuclear factor of activated T cells
(NFATc1), a master transcription factor for development
of bone-resorbing osteoclasts [14, 15]. We applied RNA
interference and targeted chemical inhibitors to elucidate
the signaling relationships between these pathways and
Chk1 inhibition.

PD407824 also elevated p-eIF2α, as well as cleaved
caspase 3 (apoptosis marker) and LC3A/B II (autophagy
marker) (Figure 1C). Treatment of MDA-MB-231 breast
cancer cells showed similar effects (Supplementary Figure
1), while non-tumorigenic epithelial cells CRL-3063 are
less sensitive to both PD407824 and PF477736 than
4T1.2 cells (Supplementary Figure 5). Two clones of MDMB-231 cells (tumor-derived TMD and bone metastasisderived BMD) as well as three mouse mammary tumor cell
lines were also found to have decreased proliferation from
PD407824 treatment (Supplementary Figure 1). Injection
of 4T1.2 cells into the mammary fat pad induced a solid
tumor at the injection site with an average weight of 0.41 g
(N = 6) (Figure 1D and 1E). Daily intraperitoneal injection
of PD407824 at 2 mg/kg significantly reduced tumor
weight (0.11 g on average; N = 6). In a scratch assay, 0.5
through 5 µM PD407824 significantly decreased motility
in a concentration-dependent manner (Figure 1F).

Chk1 inhibition reduces osteoclastogenesis in
RAW264.7 pre-osteoclasts
We next examined the effects of PD407824 on
osteoclasts. In response to PD407824, the mRNA and
protein levels of NFATc1, Cathepsin K, and TRAP were
downregulated (Figure 2A and 2B). As in 4T1.2 cells,
p-eIF2α was also upregulated (Figure 2B). In response
to ISRIB, an inhibitor of eIF2α phosphorylation, the
PD407824-mediated reduction in NFATc1 and Cat K
was suppressed (Figure 2C). Furthermore, proliferation
of RAW264.7 pre-osteoclasts was reduced by 0.5 to 5
µM PD407824 (Figure 2D). TRAP staining revealed
that induction of TRAP-positive osteoclasts was strongly
suppressed by 1–5 µM PD407824 (Figure 2E and 2F). A
set of in vitro experiments conducted using PF477736,
another selective Chk1 inhibitor, demonstrated similar
results to PD407824 in osteoclast differentiation
(Supplementary Figure 2) as well as suppression of
NFATc1 and Cat K expression (Supplementary Figure
4). AZ20, an inhibitor of Chk1-stimulating ATR
signaling, also suppresses NFATc1 and Cat K expression
(Supplementary Figure 4).

Principal component analysis (PCA) of gene
expression changes by Chk1 inhibition

RESULTS

In response to PD407824, we determined genomewide mRNA expression profiles of 13,920 genes in 4T1.2
cells and MC3T3 osteoblast cells and conducted PCA
(Figure 3A). The first principal axis primarily corresponded
with the differential expression between MC3T3 and 4T1.2
cells, while the second principal axis aligned with the effect
of PD407824. The selected genes, which were located in
the principal plane (Figure 3B), were highly responsive
to PD407824 and related to 4 pathways: S100 calciumbinding protein linked pathway (S100a4), Wnt ligands

Chk1 inhibition suppresses tumor growth and
migration
PD407824 was found to inhibit Chk1 activity in a
dose-dependent manner (Figure 1A). Treatment of 4T1.2
mammary tumor cells with PD407824 induced apoptosis
and autophagy and reduced cellular proliferation (Figure
1B). We have previously shown that a modulator of
p-eIF2α, salubrinal, induced apoptosis to 4T1 cells [14].
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(Wnt6, Wnt7a, and Wnt7b), stress to the endoplasmic
reticulum (ATF4 and GADD34), and osteogenesis (ATF4
and osteocalcin - OCN) (Figure 3C–3F).
Using qPCR, we confirmed some of the RNAseq-derived genes of interest. PD407824 at lower
concentrations (0.5 and 1 µM) elevated proliferation
of MC3T3 cells, while at higher concentrations (2 and
5 µM) it reduced their proliferation (Figure 4A). PD407824
elevated Wnt6, ATF4, OCN, GADD34, and CHOP mRNAs
in MC3T3 cells and increased p-eIF2α and ATF4 protein
(Figure 4B and 4C). In 4T1.2 cells, PD407824 reduced
the mRNA levels of Wnt6 and Wnt7b and elevated Wnt7a,

GADD34, and CHOP mRNAs (Figure 4D). In 4T1.2
cells, PD407824 reduced the mRNA and protein levels of
S100A4, S100 calcium-binding protein A4 (Figure 4E and
4F). PF477736 exhibited similar effects as PD407824 on
MC3T3 cell proliferation, p-eIF2α, ATF4 expression, and
MC3T3 mineralization (Supplementary Figures 3 and 4).

Chk1 inhibition protects bone strength and
structure from bone metastasis
In the mouse model of bone metastasis, 4T1.2 cells
expressing GFP were injected. On days 1 to 3 after tumor

Figure 1: PD407824 suppresses tumor growth and migration. CN = control. (A) Chk1 activity is inhibited by increasing dosages

of PD407824. (B) Representative cell images in response to 10 μM PD407824 for 24 h, and relative proliferation of 4T1.2 mammary tumor
cells in response to 0.5, 1, 2, and 5 μM PD407824 for 3 days. The arrows indicate cells undergoing apoptosis. (C) Elevation of p-eIF2α and
ATF4 protein in response to 0.5-5 μM PD407824 for 4 and 8 h, as well as elevation of cleaved caspase 3 (apoptosis marker) and LC3A/B
II (autophagy marker) for 24 h. (D–E) Reduction of tumor size by daily intraperitoneal injection of PD407824 at 2 mg/kg for 3 weeks (N
= 6). Mice received injection of 4T1.2 cells (5.0 × 105 cells in 50 μl PBS) at the mammary fat pad. (F) Dose-dependent reduction in cell
motility of 4T1.2 cells in response to PD407824 in a scratch assay for 24 h and 30 h.
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inoculation, we conducted qPCR for GFP to examine the
presence of tumor cells in the bone and bone marrow. The
results showed that the GFP DNA level was detectable on
day 1 and significantly increased on day 3, indicating that
the colonization was initiated on day 1 (Supplementary
Figure 4). On day 18 after inoculation of 4T1.2 cells,

animals were sacrificed. During this experiment,
administration of PD407824 did not significantly change
body weight (Supplementary Figure 4).
X-ray imaging revealed that, compared to the
placebo group, PD407824-treated group exhibited a milder
degree of phenotypical bone deformation (Figure 5A).

Figure 2: PD407824 inhibits osteoclastogenesis in RAW264.7 pre-osteoclasts. Data are represented as the means ± SD of three

independent experiments, in which ## and ** indicate p < 0.01 compared to the control and RANKL groups, respectively. CN = control.
(A) Reduction of the mRNA levels of NFATc1, Cathepsin K (Cat K), and TRAP in RANKL-stimulated RAW264.7 cells in response to
0.5–5 μM PD407824 in 24 h. (B) Reduction of the protein levels of NFATc1, TRAP, and Cat K, as well as elevation of the phosphorylation
level of eIF2α (p-eIF2α) by 0.5–5 μM PD407824 in 24 h. (C) Effects of 10 μM ISRIB, an inhibitor of eIF2α phosphorylation, on the protein
levels of NFATc1 and Cat K. (D) Dose-dependent reduction in relative proliferation of RAW264.7 cells by 0.5 to 5 μM PD407824 for 3
days. (E) Inhibition of TRAP-positive mature osteoclasts by RANKL-stimulated RAW264.7 cells from 0.5–5 μM PD407824 after 4 days.
(F) Number of TRAP-positive multi-nucleated cells in RANKL-treated RAW264.7 cells.
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Visually scoring the X-ray images of the femur (N =
12) on a scale of 0 (normal) to 3 (severe morphological
change) showed that the placebo and PD407824-treated
groups scored on average 1.89 ± 0.93 and 0.90 ± 0.60,
respectively (Figure 5B). The force-displacement
relationship of the femur (N = 12) revealed that groups
treated with PD407824 and Aredia (a bisphosphonate
that inhibits osteoclast function) had a higher stiffness
(i.e., slope) than the placebo group, and the PD407824treated group presented the highest peak force (Figure 5C;
Supplementary Figure 6).

In the TRAP-stained sections of the distal femur,
the number of osteoclasts and osteoclast surface
were significantly smaller in PD407824- and Arediatreated groups than that of the placebo group (Figure
5D; Supplementary Figure 6). In the calcein-stained
sections, the bone volume was greater in PD407824and Aredia-treated groups than that of the placebo
group (Figure 5E). However, the bone formation rate
normalized by bone surface (BFR/BS) was the highest
in the placebo group due to its smaller bone surface
(Figure 5F).

Figure 3: PCA and genome-wide gene expression profiles. CN = control. (A) Locations of 4 samples in the principal component
plane. Two samples from MC3T3 cells are located closer each other than two samples from 4T1.2 cells. (B) Locations of the selected
PD407824-sensitive genes in the principal component plane. (C) Alteration in mRNA levels of S100 calcium-binding proteins (S100
proteins). (D–F) Alterations in mRNA levels of the genes related to Wnt signaling, the stress to the endoplasmic reticulum (ER), and
osteogenesis, respectively.
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Histological and µCT analysis of the distal femur
in response to Aredia and PD407824

sagittal sections revealed that the PD407824-treated group
significantly reduced the invasion of tumor cells in the
distal femur (Figure 6C–6F).

Consistent with the results from mechanical testing
and TRAP/calcein staining, µCT-based reconstruction of
the distal femur revealed that bone volume was highest
in the PD407824-treated group, while trabecular spacing
was smaller in Aredia- and PD407824-treated groups than
in the placebo group (Figure 6A and 6B). H&E stained

Chk1 inhibition acts on p-eIF2α
We have demonstrated that p-eIF2α is elevated
by two Chk1 inhibitors and an ATR inhibitor (AZ20) in
4T1.2 cells. To further investigate the link between Chk1

Figure 4: Validating RNA-seq-derived pathways in MC3T3 and 4T1.2 cells. CN = control. (A) Alteration in proliferation of

MC3T3 cells by 0.5–5 μM PD407824 on day 3. (B) Increase in the protein levels of p-eIF2α and ATF4 in response to 0.5–5 μM PD407824
at 8 h in MC3T3 cells. (C) Increase in the mRNA levels of Wnt6, ATF4, osteocalcin (OCN), GADD34, and CHOP in response to 1 and
5 μM PD407824 in MC3T3 cells. (D) Alterations in the mRNA levels of Wnt6, Wnt7b, Wnt7a, GADD34, and CHOP in 4T1.2 cells. (E)
Reduction of S100A4 mRNA level by 5 and 10 μM PD407824 in 4T1.2 cells. (F) Reduction of the protein level of S100A4 by PD407824
in 4T1.2 cells.
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and eIF2α, we employed RNA interference. In 4T1.2
mammary tumor cells, 10 µM PD407824 decreased
p-Chk1 while it elevated p-eIF2α (Figure 7A). AZ20,
an inhibitor of Chk1-stimulating ATR signaling, also

decreased p-Chk1 level while increasing p-eIF2α (Figure
7B). In response to a partial silencing of Chk1 by RNA
interference, PD407824-induced elevation of p-eIF2α
appears to be enhanced (Figure 7C). Moreover, treatment

Figure 5: PD407824 protects bone strength and structure in the mouse model of bone metastasis. (A and B) Representative
X-ray images of the hindlimb of the placebo and PD407824-treated mice, and X-ray score of the femur (N = 12) in the scale of 0 (normal)
to 3 (severe morphological change). (C) Average curve for the force-displacement relationship of the femur in the four-point mechanical
test (N = 12). (D) Characteristic parameters of trabecular bone in the distal femur in TRAP-stained sections (N = 12). Of note, N.Oc/B.
Pm = number of osteoclasts normalized by bone perimeter; N.Oc/T.Ar = number of osteoclasts normalized by tissue area; and Oc.S/BS
= osteoclast surface normalized by bone surface. (E and F) Representative images of calcein-stained sections of trabecular bone in the
distal femur, and three parameters for bone formation. BV/TV = bone volume normalized by tissue volume; MS/BS = mineralizing surface
normalized by bone surface; and BFR/BS = bone formation rate normalized by bone surface.
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Figure 6: Histological and μCT analysis of the distal femur in response to Aredia and PD407824. (A) Representative

μCT images of three groups (placebo, Aredia, and PD407824). (B) Three parameters for trabecular bone in the distal femur. Of note, BV/
TV = bone volume normalized by tissue volume; Tb.Th = trabecular thickness; and Tb.Sp = trabecular separation. (C) Comparison of the
invaded tumor area in the sagittal sections of the distal femur. (D–F) Representative H&E stained sagittal sections of the distal femur in the
three groups (placebo, Aredia, and PD407824). The area with the dotted line indicates tumor cells.
www.impactjournals.com/oncotarget
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of 4T1.2 cells with 10 µM ISRIB, a pharmacological
inhibitor of eIF2α phosphorylation, suppressed PD407824induced expression of cleaved caspase 3 and LC3A/B II
(Figure 7D).

and PF477736 were potent inhibitors of proliferation and
migration of 4T1.2 tumor cells by upregulating cleaved
caspase 3 as well as effective suppressors of NFATc1,
the master transcription factor of osteoclastogenesis.
Animal experiments revealed that PD407824 significantly
reduced tumor size. Furthermore, mechanical testing,
µCT imaging, and histological analysis indicated that
PD407824 was capable of protecting the structure and
strength of the femur and tibia from bone resorption in the
mouse model.
One of our primary targets is the regulation of
p-eIF2α [16]. We have previously shown that salubrinal
is able to prevent tumor growth and bone resorption in
mice [14, 17]. Salubrinal is known as an inhibitor of
protein phosphatase 1 (PP1), which de-phosphorylates
eIF2α [18]. We have also reported that another inhibitor
of PP1, guanabenz, inhibits development of boneresorbing osteoclasts but stimulates development of

DISCUSSION
In this study, we examined the overall hypothesis
that Chk1 inhibitors such as PD407824 and PF477736 can
suppress mammary tumor growth and osteolytic lesions
by regulating pathways associated with the ATR-Chk1
axis, eIF2α and stress to the endoplasmic reticulum, as
well as bone remodeling-linked genes such as NFATc1,
and ATF4. Using agents such as AZ20 (ATR inhibitor)
and ISRIB (inhibitor of eIF2α phosphorylation), this
study demonstrates that Chk1 inhibitors are able to prevent
tumor-induced bone loss by blocking tumor growth as well
as bone resorption. In vitro results showed that PD407824

Figure 7: PD407824-driven signaling pathways in 4T1.2 cells. Of note, CN = control, and NC = non-specific siRNA control. (A)
PD407824-driven decrease in p-Chk1. (B) Alterations in the protein levels of p-Chk1 and p-eIF2α in response to AZ20. (C) Increase in
p-eIF2α in response to a partial silencing of Chk1 by RNA interference. (D) Suppression of PD407824-driven increase in cleaved caspase
3 by ISRIB, a pharmacological inhibitor of eIF2α phosphorylation. (E) Proposed mechanism of PD407824’s action.
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bone-forming osteoblasts [19]. In this study, Chk1
inhibitors significantly elevated p-eIF2α as effectively as
salubrinal or guanabenz. The elevated level of p-eIF2α
induced apoptosis and autophagy, leading to the inhibited
proliferation of tumor cells. Upregulation of p-eIF2α in
RAW264.7 cells also inhibited expression of NFATc1
and Cat K and suppressed osteoclastogenesis, while in
MC3T3 cells p-eIF2α upregulation stimulated ATF4
and promoted osteoblast differentiation. The mechanism
behind p-eIF2α elevation might be linked to a kinase
associated with stress to the endoplasmic reticulum,
such as protein kinase RNA-like endoplasmic reticulum
kinase (PERK), reported to be induced by stress to DNA
synthesis in connection to Chk1 [20].
The gene expression changes identified by PCA
demonstrate the potential involvement of Wnt signaling,
S100A4, stress to the endoplasmic reticulum, and bone
remodeling linked gene regulation in PD407824’s
action. Consistent with its anti-tumor effects, PD407824
downregulated Wnt6 and Wnt7b, two genes linked to
tumor progression [21, 22]. Conversely, PD407824
upregulated Wnt7a, which has been previously linked
with cell growth inhibition [23]. Furthermore, a calciumbinding protein, S100A4, which is frequently upregulated
in tumor cells, was downregulated by PD407824 [24].
RNA-seq analysis also identified several osteogenic
genes regulated by PD407824. ATF4 is known to
induce OCN expression [25]. OCN is often used as a
biochemical marker for bone formation, and PD407824
was found to upregulate both OCN and ATF4 in MC3T3
cells. Finally, PD407824 was found to upregulate
GADD34 and Chop. These two genes are involved in
the response to stress of the endoplasmic reticulum as
well as to DNA damage, and they are both implicated in
apoptosis [26].
The proposed mechanism of Chk1 inhibitors’ action
is illustrated (Figure 7E). Increased phosphorylation
of eIF2α by Chk1 inhibitor treatment, Chk1 RNAi
knockdown, and ATR inhibitor treatment, demonstrate
that Chk1 inhibits eIF2α phosphorylation. Furthermore,
PD407824 reduced the mRNA and protein level of
S100A4 protein in 4T1.2 tumor cells. S100A4 protein
level is upregulated in tumor cells, and its suppression by
a neutralizing antibody is shown to reduce tumorigenesis
and angiogenesis [24]. Chk1 inhibition was also shown
to increase expression of LC3A/BII and cleaved caspase
3 through p-eIF2α to simulate autophagy and apoptosis,
respectively, in tumor cells. Of note, autophagy is a
context-dependent pro-survival pathway in response to
cytotoxic stress that can lead to both tumor promotion and
suppression. Autophagy in early tumorigenesis can inhibit
tumor growth, but during later stages it can prolong tumor
survival [27]. Taken together, these results demonstrate
that Chk1 inhibition, mediated by p-eIF2α, can promote
bone formation and decrease bone resorption and tumor
cell growth.
www.impactjournals.com/oncotarget

While it is reported that Chk1 inhibition by
knockdown or synthetic lethality by Chk1 inhibitors
leads to the induction of apoptosis, the efficacy of its
inhibition is dependent on the expression levels and
varying mutations of p53 and p21 in tumor cells [28,
29]. Of note, p53 is mutated (Arg to Lys at 280 a.a.) in
the MDA-MB-231 cell line [30] that was employed in
the initial compound screening as well as in the MTT
assay, while in 4T1 cells, expression of p53 is reported
to be regulated by various factors, including TGF-β and
c-Abl, a non-receptor protein tyrosine kinase [31]. In this
study, we employed 7 tumor cell lines (3 human breast
cancer cell lines and 4 mouse mammary tumor cell lines)
and examined cellular proliferation. In response to 5 µM
PD407824 for 3 days, the mean relative proliferation
(compared to placebo) ranged from 6% to 46%. It is
possible that variations in response to PD407824 among
these cell lines are linked to the regulatory status of tumor
suppressor genes such as p53 and p21.
Adjuvant therapy with a bisphosphonate or
Denosumab is reported to help reduce the risk of bone
fracture and development of bone metastasis [32, 33].
In the present study, we employed Aredia as a positive
control, which, along with Zometa, is one of two FDAapproved bisphosphonates for protecting bone from
metastasis [34]. In this study, no statistical difference was
detected in mechanical strength of the femur between
Aredia- and PD407824-treated groups. It is reported that
with zoledronic acid, overall survival of breast cancer
patients is not significantly improved, and no overall
benefit is observed in clinical data [35, 36]. Though these
therapies help protect bone, the current outcome signals
a need for a more comprehensive treatment of bone
metastasis.
In summary, the current study reveals differential
sensitivity of three types of cells (mammary tumor,
osteoblasts, and osteoclasts) to Chk1 inhibitors, and
the observed difference with two selective inhibitors is
beneficial for suppressing tumor growth and protecting
bone. Our findings thus provide new insights into the use
of Chk1 inhibitors in protecting bone from bone metastasis
associated with breast cancer. Furthermore, the results
herein indicate that the action of Chk1 inhibitors on bone
remodeling with bone-forming osteoblasts and boneresorbing osteoclasts is observable even in the absence of
DNA damaging agents.

MATERIALS AND METHODS
Cell culture and agents
4T1.2 mouse mammary tumor cells [37], a nontumorigenic epithelial cell line (CRL-3063, ATCC,
Manassas, VA, USA), MDA-MB-231 with two clones
(TMD and BMD) [38], and three other mammary tumor
cell lines (4T1, ATCC; 67NR, Barbara Ann Karmanos
9373
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Cancer Institute, Detroit, MI, USA; and E0771, CH3
BioSystems, Amherst, NY, USA) were cultured in
complete DMEM, while MC3T3 osteoblast-like cells
(Sigma-Aldrich, St. Louis, MO, USA) and RAW264.7
pre-osteoclast cells [39] were cultured in complete
αMEM. Media was completed by supplementing with
10% fetal bovine serum (Atlanta Biologicals, GA, USA)
and penicillin/streptomycin (ThermoFisher, MA, USA).
Cellular proliferation was evaluated using an MTT assay
(Sigma-Aldrich, St. Louis, MO, USA). PD407824 (PD)
and PF477736 (PF) were employed as two selective Chk1
inhibitors, while AZ20 was used as a selective inhibitor
of ATR [40]. ISRIB was used as a selective inhibitor of
eIF2α phosphorylation [41], while Aredia was a positive
control for inhibiting bone resorption. All agents were
purchased from R&D Systems unless otherwise specified.
A wound healing scratch assay was performed
to measure 2-dimensional cell motility [42]. Images of
the cell-free scratch zone were obtained, and the areas
newly occupied with cells were measured. An osteoclast
differentiation assay was conducted by seeding RAW264.7
pre-osteoclast cells with 50 ng/ml of RANKL. The culture
medium was replaced on day 4, and tartrate resistant acid
phosphate (TRAP) staining was conducted on day 6 [43].
Mature osteoclasts were counted by identifying TRAPpositive multinucleated cells (>3 nuclei).

Danvers, MA, USA), TRAP (Abcam, Cambridge, MA,
USA), and β-actin (Sigma) were utilized.

Chk1 activity assay

Animal models

To assess the inhibition of Chk1 activity by
PD407824, a Chk1 Kinase Enzyme System with ADPGloTM (Promega, Madison, WI, USA) was used, per the
manufacturer’s instructions. A logarithmic dosage series of
PD407824 (1 nM, 10 nM, 100 nM, 1 µM, and 10 µM) was
added to the Chk1/substrate/ATP mixture and incubated
for 30 min. The amount of ATP converted to ADP by
Chk1 was found by using the ADP-GloTM assay system
and measuring luminescence.

Animal procedures were approved by the Indiana
University Animal Care and Use Committee. In the
mammary tumor model [45], 16 BALB/c female mice
(~6 weeks, Harlan Laboratories) were utilized. 4T1.2
cells (5.0 × 105 cells) were injected subcutaneously to the
mammary fat pad. Daily injections of PD407824 (2 mg/
kg) were administered subcutaneously. On day 18, animals
were sacrificed. In the bone metastasis model [46], 20
BALB/c female mice were injected with 4T1.2 cells
(1.0 × 105 cells) in the right iliac artery. PD407824 was
injected intraperitoneally daily at 2 mg/kg body weight,
while Aredia, a bisphosphonate control, was administered
weekly at 0.5 mg/kg. Animals were sacrificed on day 17.

RNA-seq and principal component analysis
(PCA)
A cDNA library was constructed for 4 groups
(control and PD407824-treated 4T1.2 cells or MC3T3
cells) with 2 samples per group using a TruSeq Stranded
mRNA Library Prep kit (Illumina, San Diego, CA,
USA). Sequencing was conducted with NextSeq500
(Illumina). After quality control using FastQC (Babraham
Bioinformatics, Cambridge, UK), sequenced libraries
were mapped to the UCSC hg19 human genome. Principal
component analysis (PCA) was performed on the log2transformed expression data. The gene and sample locations
were plotted on the first and second principal axes.

Knockdown of Chk1 by siRNA
Cells were treated with siRNA specific to
Chk1 (5ʹ-CAA AGGACTGCTTGTCGCTG-3ʹ; Life
Technologies). A negative siRNA (Silencer Select #1,
Life Technologies) was used as a nonspecific control.
Cells were transiently transfected with siRNA using
Lipofectamine RNAiMAX (Life Technologies) in OptiMEM I medium [44].

qPCR and Western blot analysis
An RNeasy Plus kit (Qiagen, Germantown, MD,
USA), a high capacity cDNA reverse transcription kit
(Applied Biosystems, Carlsbad, CA, USA), and a Power
SYBR Green PCR master mix kit (Applied Biosystems)
were employed with listed PCR primers (Table 1). For
detecting GFP-labeled 4T1.2 cells in the right femur, total
DNA was isolated with QIAamp DNA mini kit (Qiagen)
for qPCR.
For Western blotting, cells were lysed by a radioimmunoprecipitation assay buffer (Santa Cruz). Proteins
were fractionated by 10-15% SDS gels and electrotransferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). Antibodies against ATF4,
caspase 3, cathepsin K, eIF2α, p-eIF2α (Ser51), LC3A/B
II, NFATc1, Chk1, p-Chk1 (Ser296) (Cell Signaling,
www.impactjournals.com/oncotarget

X-ray imaging and score
X-ray imaging was conducted using a Faxitron
radiographic system (Faxitron X-ray Corporation) [47],
and right femurs were scored at levels 0 to 3. Level 0 was
normal with no sign of tumor; level 1 had a clear bone
boundary with slight periosteum proliferation; level 2
presented clear evidence of bone damage and moderate
periosteum proliferation; and level 3 showed severe
bone erosion [48]. Micro-computed tomography was
also performed using Skyscan 1172 (Bruker-MicroCT,
Kontich Belgium) [49]. The images were reconstructed
using manufacturer-provided software (nRecon v1.6.9.18).
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Table 1: qPCR primers used in this study
Target
ATF4
Cat K
CHOP
GADD34
GFP
NFATc1
OCN
S100A4
TRAP
Wnt6
Wnt7a
Wnt7b
GAPDH

Forward primer
5ʹ- TGGCGAGTGTAAGGAGCTAGAAA -3ʹ
5ʹ- CAGCTTCCCCAAGATGTGAT -3ʹ
5ʹ- TGAGGAGAGAGAACCTGGTC -3ʹ
5ʹ- GAGAAGACCAAGGGACGTGG -3ʹ
5ʹ- ATCTTGAAGGGCGACGTGAG -3ʹ
5ʹ- GGTGCTGTCTGGCCATAACT -3ʹ
5ʹ- CCGGGAGCAGTGTGAGCTTA -3ʹ
5ʹ- TCTCTCTTGGTCTGGTCTCAAC -3ʹ
5ʹ- TCCTGGCTCAAAAAGCAGTT -3ʹ
5ʹ- GAGGGCTCCTGGAAACCTTT -3ʹ
5ʹ- CCAAGGTCTTCGTGGATGCC -3ʹ
5ʹ- CGCCATTATTTTGCACATCCT -3ʹ
5ʹ- TGCACCACCAACTGCTTAG -3ʹ
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Mechanical testing and histology
The tibia and femur were loaded to failure by fourpoint bending using Electro Force 3100 (Bose, Inc.) [50].
After applying a 0.5-N preload, the bone was loaded
monotonically at 0.03 mm/s. For histology, mice were
injected with calcein to determine bone formation rate
(BFR), mineralizing surface/bone surface (MS/BS), and
mineral apposition rate (MAR) [51]. Also, H&E staining
as well as tartrate-acid resistant acid phosphatase (TRAP)
staining was conducted. The region ~0.8 mm proximal
from the growth plate of the femur was analyzed.

The authors report no conflicts of interest.

FUNDING
This study was in part supported by 100 Voices of
Hope, and the Japan Society for the Promotion of Science
Core-to-Core Program, 23003.

REFERENCES

Statistical analysis
Statistical significance among groups was
examined using one-way analysis of variance, and
post hoc tests were conducted using Fisher’s protected
least significant difference for pairwise comparisons.
Statistical significance was assumed at p < 0.05. The
single and double asterisks indicate p < 0.05 and p < 0.01,
respectively.

1.

Crespan E, Garbelli A, Amoroso A, Maga G. Exploiting the
nucleotide substrate specificity of repair DNA polymerases
to develop novel anticancer agents. Molecules. 2011;
16:7994–8019. https://doi.org/10.3390/molecules16097994.

2.

van Vugt MA, Brás A, Medema RH. Polo-like kinase-1
controls recovery from a G2 DNA damage-induced arrest
in mammalian cells. Mol Cell. 2004; 15:799–811. https://
doi.org/10.1016/j.molcel.2004.07.015.

3.

Smits VA, Gillespie DA. DNA damage control: regulation
and functions of checkpoint kinase 1. FEBS J. 2015;
282:3681–92. https://doi.org/10.1111/febs.13387.

4.

Narayanaswamy PB, Tkachuk S, Haller H, Dumler I, Kiyan
Y. CHK1 and RAD51 activation after DNA damage is
regulated via urokinase receptor/TLR4 signaling. Cell Death
Dis. 2016; 7:e2383. https://doi.org/10.1038/cddis.2016.291.

5.

McNeely S, Beckmann R, Bence Lin AK. CHEK again:
revisiting the development of CHK1 inhibitors for cancer
therapy. Pharmacol Ther. 2014; 142:1–10. https://doi.
org/10.1016/j.pharmthera.2013.10.005.

6.

Kuo CY, Zupkó I, Chang FR, Hunyadi A, Wu CC, Weng
TS, Wang HC. Dietary flavonoid derivatives enhance
chemotherapeutic effect by inhibiting the DNA damage

Author contributions
Conception and experimental design: SL, KM,
NM, Yunlong L, HN, BL, HY; Data collection and
interpretation: SL, KM, Yang L, AC, WW, YY, LG, AX,
JL, Yunlong L; Manuscript drafting: SL, KM, AC, SN,
MK, BL, HY.

ACKNOWLEDGMENTS
The authors appreciate Yao Fan, Yu Sun, Shinya
Takigawa, ThucNhi TruongVo, and Yijia Zhang for
technical support.
www.impactjournals.com/oncotarget

Backward primer
5ʹ- TCTTCCCCCTTGCCTTACG -3ʹ
5ʹ- AGCACCAACGAGAGGAGA AA -3ʹ
5ʹ- ACGCAGGGTCAAGAGTAGTG -3ʹ
5ʹ- AGCGAAGTGTACCTTCCGAG -3ʹ
5ʹ- TGTACACGGTGTCGAACTGG-3ʹ
5ʹ- GCGGAAAGGTGGTATCTCAA -3ʹ
5ʹ- AGGCGGTCTTCAAGCCATACT -3ʹ
5ʹ- TGTCACCCTCTTTGCCTGAG -3ʹ
5ʹ- ACATAGCCCACACCGTTCTC -3ʹ
5ʹ- TCCTTTAACATGGGACCACAAGT -3ʹ
5ʹ- TGTTCTCCTCCAGGATCTTCCG -3ʹ
5ʹ- CTCGAGCTCCCCACCTCTATC -3ʹ
5ʹ- GGATGCAGGGATGATGTTC -3ʹ

9375

Oncotarget

response pathway. Toxicol Appl Pharmacol. 2016; 311:99–
105. https://doi.org/10.1016/j.taap.2016.09.019.

17. Schönthal AH. Pharmacological targeting of endoplasmic
reticulum stress signaling in cancer. Biochem
Pharmacol. 2013; 85:653–66. https://doi.org/10.1016/j.
bcp.2012.09.012.

7. Massey AJ, Stokes S, Browne H, Foloppe N, Fiumana A,
Scrace S, Fallowfield M, Bedford S, Webb P, Baker L,
Christie M, Drysdale MJ, Wood M. Identification of novel,
in vivo active Chk1 inhibitors utilizing structure guided
drug design. Oncotarget. 2015; 6:35797–812. https://doi.
org/10.18632/oncotarget.5929.

18. Nakajima S, Chi Y, Gao K, Kono K, Yao J. eIF2αIndependent Inhibition of TNF-α-Triggered NF-κB
Activation by Salubrinal. Biol Pharm Bull. 2015; 38:1368–
74. https://doi.org/10.1248/bpb.b15-00312.
19. Hamamura K, Chen A, Yokota H. Enhancement of
osteoblastogenesis and suppression of osteoclastogenesis by
inhibition of de-phosphorylation of eukaryotic translation
initiation factor 2 alpha. Recept Clin Investig. 2015; 2:
e493. https://doi.org/10.14800/rci.493.

8. Gokulnath M, Swetha R, Thejaswini G, Shilpa P,
Selvamurugan N. Transforming growth factor-β1 regulation
of ATF-3, c-Jun and JunB proteins for activation of matrix
metalloproteinase-13 gene in human breast cancer cells. Int
J Biol Macromol. 2017; 94:370–7. https://doi.org/10.1016/j.
ijbiomac.2016.10.026.

20. Cabrera E, Hernández-Pérez S, Koundrioukoff S, Debatisse
M, Kim D, Smolka MB, Freire R, Gillespie DA. PERK
inhibits DNA replication during the Unfolded Protein
Response via Claspin and Chk1. Oncogene. 2017; 36:678–
86. https://doi.org/10.1038/onc.2016.239.

9. AlJohani B, AlMalik O, Anwar E, Tulbah A, Alshabanah M,
AlSyaed A, Ajarim D, ALTweigeri T. Impact of Surgery on
Survival in Stage IV Breast Cancer. Breast J. 2016; 22:678–
82. https://doi.org/10.1111/tbj.12662.

21. Zhang L, Yuan G, Fang Y, Qiu M, Lin J, Sun J, Yang
D. Increased WNT6 expression in tumor cells predicts
unfavorable survival in esophageal squamous cell
carcinoma patients. Int J Clin Exp Pathol. 2015; 8:11421–7.

10. Minami K, Liu S, Liu Y, Chen A, Wan Q, Na S, Li BY,
Matsuura N, Koizumi M, Yin Y, Gan L, Xu A, Li J, et al.
Inhibitory Effects of Dopamine Receptor D1 Agonist on
Mammary Tumor and Bone Metastasis. Sci Rep. 2017; 7:
45686. https://doi.org/10.1038/srep45686.

22. Yeo EJ, Cassetta L, Qian BZ, Lewkowich I, Li J, Stefater
JA, Smith AN, Wiechmann LS, Wang Y, Pollard JW, Lang
RA. Myeloid WNT7b mediates the angiogenic switch and
metastasis in breast cancer. Cancer Res. 2014; 74:2962–73.
https://doi.org/10.1158/0008-5472.CAN-13-2421.

11. Arnould S, Rodier G, Matar G, Vincent C, Pirot N,
Delorme Y, Berthet C, Buscail Y, Noël JY, Lachambre S,
Jarlier M, Bernex F, Delpech H, et al. Checkpoint kinase
1 inhibition sensitises transformed cells to dihydroorotate
dehydrogenase inhibition. Oncotarget. 2017; 8:95206–22.
https://doi.org/10.18632/oncotarget.19199.

23. Ochoa-Hernández AB, Ramos-Solano M, Meza-Canales
ID, García-Castro B, Rosales-Reynoso MA, Rosales-Aviña
JA, Barrera-Chairez E, Ortíz-Lazareno PC, HernándezFlores G, Bravo-Cuellar A, Jave-Suarez LF, BarrosNúñez P, Aguilar-Lemarroy A. Peripheral T-lymphocytes
express WNT7A and its restoration in leukemia-derived
lymphoblasts inhibits cell proliferation. BMC Cancer. 2012;
12:60. https://doi.org/10.1186/1471-2407-12-60.

12. Hamamura K, Minami K, Tanjung N, Wan Q, Koizumi
M, Matsuura N, Na S, Yokota H. Attenuation of malignant
phenotypes of breast cancer cells through eIF2α-mediated
downregulation of Rac1 signaling. Int J Oncol. 2014;
44:1980–8. https://doi.org/10.3892/ijo.2014.2366.
13. Xu W, Wan Q, Na S, Yokota H, Yan JL, Hamamura K.
Suppressed invasive and migratory behaviors of SW1353
chondrosarcoma cells through the regulation of Src, Rac1
GTPase, and MMP13. Cell Signal. 2015; 27:2332–42.
https://doi.org/10.1016/j.cellsig.2015.08.014.

24. Chen N, Sato D, Saiki Y, Sunamura M, Fukushige S, Horii
A. S100A4 is frequently overexpressed in lung cancer
cells and promotes cell growth and cell motility. Biochem
Biophys Res Commun. 2014; 447:459–64. https://doi.
org/10.1016/j.bbrc.2014.04.025.

14. Hamamura K, Tanjung N, Yokota H. Suppression
of osteoclastogenesis through phosphorylation of
eukaryotic translation initiation factor 2 alpha. J Bone
Miner Metab. 2013; 31:618–28. https://doi.org/10.1007/
s00774-013-0450-0.

25. Matsuguchi T, Chiba N, Bandow K, Kakimoto K, Masuda
A, Ohnishi T. JNK activity is essential for Atf4 expression
and late-stage osteoblast differentiation. J Bone Miner Res.
2009; 24:398–410. https://doi.org/10.1359/jbmr.081107.
26. Hollander MC, Poola-Kella S, Fornace AJ. Gadd34
functional domains involved in growth suppression and
apoptosis. Oncogene. 2003; 22:3827–32. https://doi.
org/10.1038/sj.onc.1206567.

15. Hamamura K, Chen A, Tanjung N, Takigawa S, Sudo A,
Yokota H. In vitro and in silico analysis of an inhibitory
mechanism of osteoclastogenesis by salubrinal and
guanabenz. Cell Signal. 2015; 27:353–62. https://doi.
org/10.1016/j.cellsig.2014.11.020.

27. White E. Deconvoluting the context-dependent role for
autophagy in cancer. Nat Rev Cancer. 2012; 12:401–10.
https://doi.org/10.1038/nrc3262.

16. Ron D. Translational control in the endoplasmic reticulum
stress response. J Clin Invest. 2002; 110:1383–8. https://doi.
org/10.1172/JCI16784.

www.impactjournals.com/oncotarget

28. Pan Y, Ren KH, He HW, Shao RG. Knockdown of Chk1
sensitizes human colon carcinoma HCT116 cells in a

9376

Oncotarget

p53-dependent manner to lidamycin through abrogation of
a G2/M checkpoint and induction of apoptosis. Cancer Biol
Ther. 2009; 8:1559–66. Available from http://www.ncbi.
nlm.nih.gov/pubmed/19502782.

39. Takigawa S, Frondorf B, Liu S, Liu Y, Li B, Sudo A,
Wallace JM, Yokota H, Hamamura K. Salubrinal improves
mechanical properties of the femur in osteogenesis
imperfecta mice. J Pharmacol Sci. 2016; 132:154–61.
https://doi.org/10.1016/j.jphs.2016.09.006.

29. Origanti S, Cai S, Munir AZ, White LS, Piwnica-Worms H.
Synthetic lethality of Chk1 inhibition combined with p53
and/or p21 loss during a DNA damage response in normal
and tumor cells. Oncogene. 2013; 32:577–88. https://doi.
org/10.1038/onc.2012.84.
30. Lanz HL, Saleh A, Kramer B, Cairns J, Ng CP, Yu J,
Trietsch SJ, Hankemeier T, Joore J, Vulto P, Weinshilboum
R, Wang L. Therapy response testing of breast cancer in
a 3D high-throughput perfused microfluidic platform.
BMC Cancer. 2017; 17:709. https://doi.org/10.1186/
s12885-017-3709-3.
31. Morrison CD, Allington TM, Thompson CL, Gilmore HL,
Chang JC, Keri RA, Schiemann WP. c-Abl inhibits breast
cancer tumorigenesis through reactivation of p53-mediated
p21 expression. Oncotarget. 2016; 7:72777–94. https://doi.
org/10.18632/oncotarget.11909.
32. Dwan K, Phillipi CA, Steiner RD, Basel D. Bisphosphonate
therapy for osteogenesis imperfecta. Cochrane database
Syst Rev. 2016; 10:CD005088. https://doi.org/10.1002/
14651858.CD005088.pub4.
33. Russell RG. Bisphosphonates: the first 40 years. Bone.
2011; 49:2–19. https://doi.org/10.1016/j.bone.2011.04.022.
34. Göbel A, Thiele S, Browne AJ, Rauner M, Zinna VM,
Hofbauer LC, Rachner TD. Combined inhibition of the
mevalonate pathway with statins and zoledronic acid
potentiates their anti-tumor effects in human breast
cancer cells. Cancer Lett. 2016; 375:162–71. https://doi.
org/10.1016/j.canlet.2016.03.004.
35. Abdel-Rahman O. Denosumab versus zoledronic acid
to prevent aromatase inhibitors-associated fractures in
postmenopausal early breast cancer; a mixed treatment
meta-analysis. Expert Rev Anticancer Ther. 2016; 16:885–
91. https://doi.org/10.1080/14737140.2016.1192466.
36. Coleman R, Cameron D, Dodwell D, Bell R, Wilson C,
Rathbone E, Keane M, Gil M, Burkinshaw R, Grieve R,
Barrett-Lee P, Ritchie D, Liversedge V, et al. Adjuvant
zoledronic acid in patients with early breast cancer: final
efficacy analysis of the AZURE (BIG 01/04) randomised
open-label phase 3 trial. Lancet Oncol. 2014; 15:997–1006.
https://doi.org/10.1016/S1470-2045(14)70302-X.
37. Bolin C, Tawara K, Sutherland C, Redshaw J, Aranda P,
Moselhy J, Anderson R, Jorcyk CL. Oncostatin m promotes
mammary tumor metastasis to bone and osteolytic bone
degradation. Genes Cancer. 2012; 3:117–30. https://doi.
org/10.1177/1947601912458284.
38. Patel JB, Appaiah HN, Burnett RM, Bhat-Nakshatri P, Wang
G, Mehta R, Badve S, Thomson MJ, Hammond S, Steeg P,
Liu Y, Nakshatri H. Control of EVI-1 oncogene expression
in metastatic breast cancer cells through microRNA miR22. Oncogene. 2011; 30:1290–301. https://doi.org/10.1038/
onc.2010.510.
www.impactjournals.com/oncotarget

40. Ma J, Li X, Su Y, Zhao J, Luedtke DA, Epshteyn V, Edwards
H, Wang G, Wang Z, Chu R, Taub JW, Lin H, Wang Y, et
al. Mechanisms responsible for the synergistic antileukemic
interactions between ATR inhibition and cytarabine in acute
myeloid leukemia cells. Sci Rep. 2017; 7:41950. https://doi.
org/10.1038/srep41950.
41. Sidrauski C, McGeachy AM, Ingolia NT, Walter P. The
small molecule ISRIB reverses the effects of eIF2α
phosphorylation on translation and stress granule assembly.
Elife. 2015; 4. https://doi.org/10.7554/eLife.05033.
42. Ascione F, Vasaturo A, Caserta S, D’Esposito V, Formisano
P, Guido S. Comparison between fibroblast wound
healing and cell random migration assays in vitro. Exp
Cell Res. 2016; 347:123–32. https://doi.org/10.1016/j.
yexcr.2016.07.015.
43. Zhang J, Zhu L, Peng B. Effect of BioAggregate on
osteoclast differentiation and inflammatory bone resorption
in vivo. Int Endod J. 2015; 48:1077–85. https://doi.
org/10.1111/iej.12405.
44. Jensen K, Anderson JA, Glass EJ. Comparison of small
interfering RNA (siRNA) delivery into bovine monocytederived macrophages by transfection and electroporation.
Vet Immunol Immunopathol. 2014; 158:224–32. https://doi.
org/10.1016/j.vetimm.2014.02.002.
45. Connolly EM, Harmey JH, O’Grady T, Foley D, RocheNagle G, Kay E, Bouchier-Hayes DJ. Cyclo-oxygenase
inhibition reduces tumour growth and metastasis in an
orthotopic model of breast cancer. Br J Cancer. 2002;
87:231–7. https://doi.org/10.1038/sj.bjc.6600462.
46. Wang H, Yu C, Gao X, Welte T, Muscarella AM, Tian
L, Zhao H, Zhao Z, Du S, Tao J, Lee B, Westbrook TF,
Wong ST, et al. The osteogenic niche promotes early-stage
bone colonization of disseminated breast cancer cells.
Cancer Cell. 2015; 27:193–210. https://doi.org/10.1016/j.
ccell.2014.11.017.
47. Bonar SL, Brydges SD, Mueller JL, McGeough MD, Pena
C, Chen D, Grimston SK, Hickman-Brecks CL, Ravindran
S, McAlinden A, Novack DV, Kastner DL, Civitelli R, et
al. Constitutively activated NLRP3 inflammasome causes
inflammation and abnormal skeletal development in mice.
PLoS One. 2012; 7:e35979. https://doi.org/10.1371/journal.
pone.0035979.
48. Valencia K, Ormazábal C, Zandueta C, Luis-Ravelo D,
Antón I, Pajares MJ, Agorreta J, Montuenga LM, MartínezCanarias S, Leitinger B, Lecanda F. Inhibition of collagen
receptor discoidin domain receptor-1 (DDR1) reduces cell
survival, homing, and colonization in lung cancer bone
metastasis. Clin Cancer Res. 2012; 18:969–80. https://doi.
org/10.1158/1078-0432.CCR-11-1686.

9377

Oncotarget

49. Wei W, Clockaerts S, Bastiaansen-Jenniskens YM, Gierman
LM, Botter SM, Bierma-Zeinstra SM, Weinans H, Verhaar
JA, Kloppenburg M, Zuurmond AM, van Osch GJ. Statins
and fibrates do not affect development of spontaneous
cartilage damage in STR/Ort mice. Osteoarthr Cartil. 2014;
22:293–301. https://doi.org/10.1016/j.joca.2013.11.009.

analysis of the mechanical properties of the femur. J
Biomech. 2015; 48:310–7. https://doi.org/10.1016/j.
jbiomech.2014.11.028.
51. Liang YQ, Qi MC, Xu J, Xu J, Liu HW, Dong W, Li JY,
Hu M. Low-magnitude high-frequency loading, by wholebody vibration, accelerates early implant osseointegration
in ovariectomized rats. Mol Med Rep. 2014; 10:2835–42.
https://doi.org/10.3892/mmr.2014.2597.

50. Collins CJ, Vivanco JF, Sokn SA, Williams BO, Burgers
TA, Ploeg HL. Fracture healing in mice lacking Pten in
osteoblasts: a micro-computed tomography image-based

www.impactjournals.com/oncotarget

9378

Oncotarget

