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Abstract: Background: Transforming growth factor-β (TGF-β) plays a key role in bone metastasis
formation; we hypothesized the possible involvement of TGF-β in the induction of cancer stem cells
(CSCs) in the bone microenvironment (micro-E), which may be responsible for chemo-resistance.
Methods: Mouse mammary tumor cells were implanted under the dorsal skin flap over the calvaria
and into a subcutaneous (subQ) lesions in female mice, generating tumors in the bone and subQ
micro-Es. After implantation of the tumor cells, mice were treated with a TGF-β R1 kinase inhibitor
(R1-Ki). Results: Treatment with R1-Ki decreased tumor volume and cell proliferation in the bone
micro-E, but not in the subQ micro-E. R1-Ki treatment did not affect the induction of necrosis
or apoptosis in either bone or subQ micro-E. The number of cells positive for the CSC markers,
SOX2, and CD166 in the bone micro-E, were significantly higher than those in the subQ micro-E.
R1-Ki treatment significantly decreased the number of CSC marker positive cells in the bone
micro-E but not in the subQ micro-E. TGF-β activation of the MAPK/ERK and AKT pathways was
the underlying mechanism of cell proliferation in the bone micro-E. BMP signaling did not play a role
in cell proliferation in either micro-E. Conclusion: Our results indicated that the bone micro-E is a key
niche for CSC generation, and TGF-β signaling has important roles in generating CSCs and tumor
cell proliferation in the bone micro-E. Therefore, it is critically important to evaluate responses to
chemotherapeutic agents on both cancer stem cells and proliferating tumor cells in different tumor
microenvironments in vivo.
Keywords: bone metastasis; mammary tumor; cancer stem cell; bone microenvironment; TGF-β;
non CSC

1. Introduction
Breast cancer has the highest incidence among all malignancies and is the leading cause of death
among women worldwide [1]. Bone is the preferential metastatic site for breast cancer regardless
of the cancer subtype [2,3]. Bone metastasis leads to a number of complications grouped under
the term: skeletal-related events [4]. Despite progress in the medical care and the novel therapeutics
being developed, the fatality rate due to metastases remains high [5]. The 10-year survival rate of
the patients with local recurrence of breast cancer is 56%, while those with metastatic diseases falls
to 9% [6]. Once bone metastatic lesions become manifest, most of the lesions begin to exert resistance
to the conventional chemotherapy [7].
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Therapy resistance represents a significant hurdle in the treatment of breast cancer, forcing
the development of alternative strategies. The bone microenvironment (micro-E) has been described
as a fertile soil for metastasis, where conditions are favorable for the survival and proliferation of
the tumor cells [8–10]. It is generally acknowledged that the interaction between the metastatic
tumor cells and bone stromal cells in the bone micro-E provides a particularly fertile soil to promote
aggressive behavior of the malignant tumor cells that arrived at bone micro-E [11]. Abundant cytokines
and growth factors stored in the bone matrix would be released in the bone micro-E upon its resorption
by osteoclasts, which promote the malignant behavior of tumor cells in an autocrine and/or paracrine
fashion [12,13].
Because not all cancer cells in the in vivo tumor tissue have similar proliferating potentials,
chemotherapeutic agents can substantially reduce the tumor volume by removing cancer cells with
high proliferating potential, while having little effect on cancer cells with lower proliferation potential,
such as cancer stem cells (CSCs), that form only a small fraction of the whole tumor. CSCs are
a subpopulation of cancer cells that are able to self-renew and differentiate, and consequently, can be
considered the seeds of cancers. Previously, we found that the number of CSCs which are positive for
SOX2, CD44, and CD166, in the bone micro-E, was significantly higher than those in the subcutaneous
(subQ) micro-E, indicating that the bone micro-E is a key niche for CSCs [14]. It is possible that CSCs
in the bone micro-E may be responsible for chemo-resistance because of their slow growth rates [15].
Therefore, careful monitoring of both cancer cells and CSCs is required to evaluate responses to
therapeutic agents.
Transforming growth factor-β (TGF-β) plays a key role in osteoclast induction as well as in
the proliferation of metastatic tumor cells in the bone micro-E [11]. TGF-β released from the bone matrix
upon its resorption by osteoclasts has also been demonstrated to increase the expression of the parathyroid
thyroid hormone-related peptide (PTHrP). PTHrP stimulates osteoclast activation, which causes bone
destruction. This bone destruction in turn releases factors that stimulate further bone destruction
and promote tumor growth [8]. Previously, we demonstrated that TGF-β promoted the malignant
potential of prostate cancer in rats [16] and mammary tumors in mice [17] in the bone micro-E.
In the present study, we hypothesized the possible involvement of TGF-β for the induction of CSCs
in the bone micro-E. We used our animal model [14,16–19] to test this hypothesis and to also confirm
the effect of TGF-β in the bone micro-E: mouse mammary tumor cell line, CL66M2 was implanted into two
different sites in female mice, under the dorsal skin flap over the calvaria and into the subcutis of the back
of each female mouse, generating tumor growth in the bone and subQ micro-Es. Because tumor tissue
in vivo is heterogeneous [20], containing proliferating cancer cells and CSCs in each micro-E, the effect of
TGF-β on proliferating cancer cells was evaluated by tumor volume, cell proliferation, and the induction of
apoptosis and necrosis, and we also evaluated the effect of TGF-β on cancer stem cells. We also examined
expression of ERK1/2, AKT, and BMP signaling in both micro-E.
2. Results
2.1. Suppression of TGF-β Signaling by a TGF-β Receptor 1 Kinase Inhibitor (R1-Ki) in the Bone Micro-E
To examine the effects of TGF-β on our tumor-bone invasion model, we implanted the mouse
mammary tumor cell line CL66M2 into two different sites in female mice, under the dorsal skin flap
over the calvaria and into a subQ lesion, and then injected the mice six times with TGF-β receptor 1
kinase inhibitor (R1-Ki) over the course of the experimental period (Figure 1A). In those mice, the bone
micro-E (Figure 1B) and subQ micro-E (Figure 1C) can be easily delineated. Strong osteolysis associated
with induction of numerous osteoclasts was observed in the bone micro-Es (Figure 1B). In the subQ
micro-Es, the tumor cells grew with micro vessel invasion (Figure 1C).
To demonstrate the effects of TGF-β signal transduction, we examined TGF-β levels
and the expression of phosphorylated SMAD2, which is a downstream molecule of TGFβ signaling.
The level of TGF-β was significantly higher in the bone micro-E compared to the subQ micro-E.

Int. J. Mol. Sci. 2019, 20, 5117

3 of 16

Treatment with R1-Ki did not significantly change TGF-β levels in either micro-E. Western blot analysis
revealed that the expression of p-SMAD2 was high in the bone micro-E and low in the subQ micro-E
(Figure 1D), and expression of p-SMAD2 in the bone micro-E was decreased by treatment with R1-Ki
(Figure 1D). p-SMAD2 staining revealed a high number of positive cells in the bone micro-E in
the control mice and a lower number of positive cells in the bone micro-E in the R1-Ki treated mice
(Figure 1E,F). Quantitative analysis of p-SMAD2 positive cells showed that a significantly higher
number of positive cells were present in the bone micro-E compared to the subQ micro-E, and that
R1-Ki decreased the number of p-SMAD2 positive cells in the bone micro-E (Figure 1G). These results
indicate that R1-Ki treatment significantly reduced TGF-β signaling in the tumor cells in the bone
micro-E, but not in the subQ micro-E.

Figure 1. Suppression of TGF-β signaling by TGF-β receptor kinase inhibitor in the bone
microenvironment (micro-E). (A) Experimental design: mouse mammary tumor cell line was implanted
into two different sites in female mice, under the dorsal skin flap over the calvaria and into a subcutaneous
lesion. Then the mice were injected intraperitoneously seven times with a TGF-β receptor 1 kinase
inhibitor (R1-Ki) over the course of the experimental period. (B) Typical examples of tumor tissue in
the bone micro-E. Strong osteolysis associated with induction of numerous osteoclasts was observed in
the bone micro-E. Magnification: 600×. (C) Typical example of the tumor cells in the subcutaneous
(subQ) micro-E; growth of the tumor cells was observed with micro vessel invasion. Magnification:
600×. (D) Western blot analysis of the expression of phosphorylated-SMAD2, and SMAD2. (E, F)
IHC staining of pSMAD2: Many positive cells were observed in the control group (E) and a smaller
number of positive cells were in the R1-Ki treatment group in the bone micro-E (F). Magnification:
600×. (G) Quantitative analysis of p-SMAD2 positive cells. **, ***: p < 0.01, p < 0.001.

To confirm that the reduction of TGF-β signaling affects osteolysis and osteoclast in the tumor
tissue in vivo, we evaluated the effect of R1-Ki on osteolysis and on osteoclast induction in the bone
micro-E. Bone destruction was determined by the ratio of the area of bone destruction to the total area
of the cranial bone (bone destruction index, Supplementary Figure S1A). Osteolysis was significantly
decreased by R1-Ki treatment (Supplementary Figure S1A–C). Tartrate-Resistant Acid Phosphatase
(TRAP) staining revealed a significantly higher number of osteoclasts in the bone micro-E in the control

Int. J. Mol. Sci. 2019, 20, 5117

4 of 16

mice compared to the R1-Ki treated mice (Supplementary Figure S1D–F). These results confirmed
the reduction of TGF-β signaling by R1-Ki treatment, and this reduction significantly decreased
osteoclast induction and bone destruction in vivo.
2.2. The Effects of TGF-β on Tumor Growth and Cell Proliferation
In the bone micro-E, we observed an increased tumor growth in the control mice compared to
the R1-Ki treated mice, resulting in a significant difference in tumor size on Day 24 (Figure 2A). The tumor
grew more slowly in the subQ lesion compared to the growth in the bone lesion, and R1-Ki treatment
did not suppress the tumor growth in the subQ micro-E (Figure 2B). In the bone micro-E, a significantly
higher number of Ki-67 positive cells were observed in the control mice (Figure 2C). Treatment of R1-Ki
significantly reduced the index of Ki-67 positive cells in the bone micro-E (Figure 2D,E), but not in
the subQ micro-E (Figure 2E). These results indicate that TGF-β signaling is involved in tumor growth
and the tumor cell’s proliferation in the bone micro-E, but not in the subQ micro-E.

Figure 2. The effects of TGF-β on tumor growth and cell proliferation. (A) Tumor size in the bone micro-E:
Faster tumor growth in the control group and slower growth in the R1-Ki treatment group. A significant
difference in tumor size was observed at Day 24. (B) Tumor size in the subQ micro-E: Slow tumor
growth regardless of treatment. (C,D) Many Ki-67 positive cells in the control group in the bone micro-E
(C), and fewer positive cells in the subQ micro-E (D). Magnification: 600×. (E) Significant suppression
of Ki-67 positive cells by the treatment with R1-Ki in the bone micro-E but not in the subQ micro-E.
*, ***: p < 0.05, p < 0.001.

2.3. The Effect of TGF-β Signaling on the Induction of the Necrotic Area and Apoptosis
Generally, the effectiveness of chemotherapeutic agents on a tumor is evaluated by the increase in
the necrotic area in the tumor tissues. If the tumor is sensitive to chemotherapeutic agents, the necrotic
area will increase, and if it is resistant, the necrotic area will not increase. The necrotic areas in
the tumors were analyzed by microscopic analysis and image analyzer (Figure 3A,B). Quantitative
analysis of the necrotic area in the tumor revealed that R1-Ki treatment did not change the proportion
of the necrotic area in the bone micro-E (Figure 3C).
To investigate the effects of R1-Ki on the induction of apoptosis, we examined the expression of
cleaved caspase 3 in the bone and subQ micro-Es in the control and treated mice. Immunohistochemical
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(IHC) staining of cleaved caspase 3 in the bone micro-E of control mice (Figure 4A) and R1-Ki treated mice
(Figure 4B) and in the subQ micro-E of the control and treated mice revealed that R1-Ki treatment did not
affect the number of positive cells in either the bone (Figure 4C) or subQ micro-E (Figure 4C). These results
indicate that R1-Ki did not affect the induction of apoptosis in the tumor regardless of micro-E.

Figure 3. The effect of TGF-β signaling on the induction of necrotic area. (A,B): Evaluation of the necrotic
area in the tumors by microscopic analysis and image analyzer in the control group (A) and R1-Ki
treatment group (B). Magnification: 2×. C: Quantitative analysis of the necrotic area: R1-Ki had no
effect on the necrotic area in either the bone or subQ micro-E.

Figure 4. The effect of TGF-β signaling on the induction of necrotic area and apoptosis. (A,B) IHC staining of
cleaved caspase 3 in the control group (A) and in the R1-Ki treatment grou (B). (C) Quantitative analysis of
cells positive for cleaved caspase 3.
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2.4. The Effect of TGF-β Signaling on the Induction of CSC in the Bone Micro-E
In this study we explored the possible involvement of TGF-β on the induction of CSC in the bone
and subQ micro-Es, because we have previously demonstrated that bone micro-E is the key niche
of CSC [14]. IHC study of SOX2 in the bone micro-E of control mice (Figure 5A) and R1-Ki treated
mice (Figure 5B) revealed that R1-Ki treatment significantly reduced the number of SOX2 positive
cells in the bone micro-E (Figure 5C). The number of SOX2 positive cells was significantly higher
in the bone micro-E compared to the subQ micro-E (Figure 5C), and R1-Ki treatment significantly
reduced the number of SOX2 positive cells in the bone micro-E but not in the subQ micro-E (Figure 5C).
To confirm the suppressive effect of R1-Ki on the induction of CSC in the bone micro-E, we examined
the number of CD166 positive cells in the bone microE in the control mice (Figure 5D), and similar
results were obtained for CD166 positive cells (Figure 5D–F). These results indicate that the bone
micro-E is a key niche for cancer stem cells, and that TGF-β is involved in the induction of CSC in
the bone micro-E.

Figure 5. The effect of TGF-β signaling on the induction of CSC in the bone micro-E. (A,B) IHC
study of SOX2 staining in the bone micro-E: A large number of SOX2 positive cells can be seen in
the control group (A) and fewer positive cells in the R1-Ki treatment group (B). Magnification: 600×.
(C) Quantitative analysis: R1-Ki treatment resulted in a significant suppression of SOX2 positive cells
in the bone micro-E but not in the subQ micro-E. (D,E) IHC study of CD166 staining in the bone
micro-E.; A large number of positive cells can be seen in the control group (D) and fewer positive
cells in the R1-Ki treatment group (E). Magnification: 600×. (F) Quantitative analysis; R1-Ki treatment
resulted in a significant suppression of CD166 positive cells in the bone micro-E, but not in the subQ
micro-E. ***: p < 0.001.

2.5. The Involvement of ERK1/2, AKT, and BMP Signaling in Tumor Growth within the Bone
and subQ Micro-Es
Western blot analysis revealed that the expression of ERK 1/2 was similar in the bone and subQ
micro-Es (Figure 6A). In contrast, the expression of phosphorylated-ERK1/2 (p-ERK 1/2) was high in
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the bone micro-E and low in the subQ micro-E, and the expression of p-ERK 1/2 in the bone micro-E
was decreased by treatment with R1-Ki but did not affect in the subQ micro-E (Figure 6A). IHC staining
of p-ERK1/2 in the bone micro-E in the control mice (Figure 6B) and R1-Ki treated mice (Figure 6C)
revealed that R1-Ki treatment significantly reduced the number of p-ERK1/2 positive cells in the bone
micro-E (Figure 6D). The number of p-ERK 1/2 positive cells was significantly higher in the bone
micro-E compared to the subQ micro-E, and R1-Ki treatment significantly reduced the number of
positive cells in the bone micro-E, but not in the subQ micro-E (Figure 6E). To examine the involvement
of BMP signaling, we examined the expression of SMAD1/5, which is a downstream molecule of BMP
signaling. There was only a very low level of SMAD1/5 detected, and p-SMAD1/5 was not detected
in either the bone or subQ micro-Es, regardless of treatment (Figure 6E). Expression of p-SMAD1/5
and SMAD1/5 was confirmed by western blot analysis of extracts from BMP-4 treated HeLa cells
and untreated HeLa cells, respectively (Supplementary Figure S2).

Figure 6. The involvement of ERK1/2 and AKT, and BMP signaling, in the bone and subQ micro-Es. A:
Western blot analysis: The expression of p-ERK1/2 was relatively strong in the bone micro-E and weak
in the subQ micro-E. The expression of ERK1/2 was similar in the bone and subQ micro-Es regardless of
treatment (A). (B,C) IHC study of p-ERK1/2 staining in the bone micro-E: A large number of p-ERK1/2
positive cells can be seen in the control group (B) and fewer positive cells in the R1-Ki treatment
group (C). Magnification: 400×. (D) Quantitative analysis of p-ERK1/2 positive cells: R1-Ki treatment
significantly reduced the number of positive cells in the bone micro-E but not in the subQ micro-E.
(E) Expression of phosphorylated AKT and AKT: Strong expression of phosphorylated AKT was
observed of the control group and weaker expression of the R1-Ki treatment group in the bone micro-E.
Weak expression of p-AKT was observed in both the control and R1-Ki treated groups in the subQ
micro-E. The expression of AKT was similar in the bone and subQ micro-Es regardless of treatment.
(E) Expression of SMAD1/5: The expression of SMAD1/5 was only slightly detected, and the expression
of p-SMAD1/5 was not detected in either the bone or subQ micro-E regardless of treatment. ***: p < 0.001.
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These results suggest the involvement of ERK 1/2, and AKT signaling, but not BMP signaling
in the tumor growth in the bone micro-E, and that ERK1/2, AKT, and BMP are not active in
the subQ micro-E.
3. Discussion
Bone metastasis consists of multiple processes, that involves invasion, survival in the circulation,
arrest in bone, and re-growth in the bone micro-E [21]. Ideally, an in vivo model of bone metastases
should reflect the natural course of the disease and accurately simulate the disease progression
commonly observed in advanced cancer patients. However, such an animal model that fully reflects
the biology of bone metastasis is a major obstacle to developing therapies [22–24], because each
process of bone metastasis involves an independent mechanism. We have developed a rat bone
invasion model to observe the growth of prostate or breast cancer cells with osteoblastic/osteolytic
lesions in the bone micro-E [14,16–19]. Although our models do not recapitulate the entire metastatic
process that primary tumor cells in prostate or breast move to the typical location in the bone, our
model does represent how metastatic tumor cells interact with the bone stromal cells in the bone
microenvironment. Using our model, we identified a unique pattern of gene expression that was
up-regulated at the tumor bone interface, including genes such as RANKL, which are known to be
involved in bone metastasis [17,18]. Therefore, our model provides an exciting opportunity to elucidate
the molecular mechanisms and to develop therapeutic targets underlying tumor stromal interaction in
the bone micro-E.
In the previous study, we examined the effects of TGF-βRI kinase inhibitor on the expression of
p-SMAD2, tumor size, and cell proliferation [17], and we compared the tumor cells at the bone-interface
with those in the area far away from the bone but within the same tumor. Because those two areas are
located in the same tumor, we could not completely deny the possibility that tumor cells in the area
far away from the bone are affected by TGF-β at the bone-interface. In addition, the definition of
tumor-bone interface and tumor-bone micro-E remained obscure. Therefore, in this study, we defined
the bone microE as the area where TGF-β has influence on because the purpose of this study was
the effects of TGF-β signaling in the bone micro-E.
TGF-β was shown to stimulate osteoclast induction and differentiation [25,26]. Using an antisense
nucleotide oligo (ASO) of TGF-β and a neutralizing antibody, we previously demonstrated that
the involvement of TGF-β in osteoclast induction was associated with the growth of prostate cancer
and breast cancer in the bone micro-E [16,17], and proposed TGF-β signaling as a therapeutic target.
In the present study, we demonstrated that treatment with a TGF-β R1-Ki (CAS 396129-53-6) significantly
reduced the expression of phospho-SMAD2 (an indicator of the TGF-β signal transduction [27]),
which reduced osteoclast induction and osteolysis, and suppressed tumor cell proliferation in the bone
micro-E. Importantly, inhibition of TGF-β signaling leads to the suppression of the induction of CSCs
in the bone micro-E. An additional finding of the present study was that R1-Ki was not effective in
the subQ micro-E, indicating that preclinical testing of potential therapies for metastatic disease in
animal models should include effects on both CSC induction and tumor cell proliferation in different
metastatic niches.
In in vivo tumor tissue, cancer cells are heterogeneous in terms of nutrient availability [28],
their potential for proliferation, and their potential for differentiation. The tumor micro-E has been
demonstrated to be involved in the spatiotemporal dynamics of the cancer cells, including abundant
phenotypic and functional heterogeneity [29,30]. We have demonstrated the possible involvement of
CSCs in the bone micro-E [20], and found that bone micro-E is a key niche for CSC [14]. Generally,
an activated CSC divides and produces two daughter cells, one of which is a CSC, which is usually
a slowly cycling cell. The other is a cancer cell with high potential [31]. Thus, heterogeneous tumor
tissue contains primarily cancer cells with high proliferation potential and a small fraction of cancer
stem cells. Treatment with chemotherapeutic agents targeting cell proliferation would be expected to
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reduce the tumor mass by removing proliferating cells, but would also leave a significant fraction of
CSCs behind.
TGF-β has been demonstrated to have dual effects on tumorigenesis, acting both as a tumor
suppressor [32,33] and as a tumor promoter [34–36]. It is now known that this dual role is
context-dependent: TGF-β is a tumor suppressor in the early stages of tumorigenesis, and enhances
tumor cell survival and invasive behavior in the later stages [37,38]. TGF-β is an attractive target for
therapeutic intervention. It has been published that suppressive effects of neutralizing antibody 1D11
has suppressive effects on human breast cancer cell line MDA-MB-231 [39], and that SD-208, an inhibitor
of TGF-β receptor 1 kinase (TβR1-Ki) suppressed the development of melanoma bone metastasis [40]
in the series of an in vivo study. We previously demonstrated that the treatment with 1D11 significantly
suppressed the tumor volume and cell proliferation of mouse mammary tumor cells [17], and that
treatment with ASO suppressed the tumor volume and cell proliferation of rat prostate cancer in the bone
micro-E [16]. In the present study, we observed that treatment with TβR1-Ki (R1-Ki) reduced the tumor
volume and suppressed cell proliferation in the bone micro-E in the implanted mouse mammary tumor
cells, but R1-Ki did not induce apoptosis in the tumor. Interestingly, these suppressive effects were
observed only in the bone micro-E, and not in the subQ micro-E in our previous studies [16,17], and our
present study confirmed the effects caused by inhibition of TGF-β signaling only in the bone micro-E
and not in the subQ micro-E. Therefore, the suppressive effects on tumor volume and tumor cell
proliferation caused by inhibition of TGF-β signaling are specific to cancer cells with high proliferative
potential in the bone micro-E.
In a preliminary study, treatment with chemotherapeutic drug docetaxel did not increase
the pathological size of the necrotic area of a rat prostate tumor in the bone micro-E, although
this treatment did increase the necrosis in the subQ micro-E, suggesting that the tumor in the bone
micro-E is resistant to this chemotherapeutic agent. In the present study, we evaluated the pathological
size of the necrotic area and the induction of apoptosis in the tumor after R1-Ki treatment, and we found
that treatment with R1-Ki did not increase the pathological size of the necrotic area in the tumor or
the induction of apoptosis in the tumor in either the bone or subQ micro-E. Similar effects were observed
on the size of the necrotic area of a mouse mammary tumor in the bone micro-E after treatment with
human osteoclastogenesis inhibitory factor [14].
However, R1-Ki had suppressive effects on the induction of CSCs in the bone micro-E. One of
the possible reasons was that treatment with R1-Ki was not cytotoxic to the tumor cells and did not
induce necrosis in the tumor is that necrosis would be induced when the tumor cells were injured by
a treatment, such as chemotherapeutic agents or radiation. Another reason was that fraction of CSCs is
small in heterogenous tumor tissue.
Tumor volume in vivo, cell proliferation, the size of the necrotic area in the tumor, and apoptosis
in the tumor can be evaluated as a result of removing the tumor cells with high proliferative potential
in the heterogeneous tumor tissue. However, these treatments may not be sufficient, because
the treatments that substantially reduce the tumor mass by removing proliferating cells do not
significantly prolonged the overall survival [41–43]. Therefore, we examined the effects of R1-Ki on
the induction of CSC in the bone micro-E because CSCs are usually slowly cycling cells, and are thus
insensitive to these treatments. In our previous study, we demonstrated that the number of tumor
cells positive for SOX2 or CD166 in the bone micro-E were significantly higher than those in the subQ
micro-E [14], and we confirmed the evidence in this study. SOX2 is a transcription factor that maintains
the pluripotent properties of stem cells [44], and it is highly expressed in the cancer stem cells of
breast [45,46], prostate [47], lung [48], uterine cervix [49], ovarian [50], and bladder [51] cancers. CD166
is a transmembrane glycoprotein, and was demonstrated to be a cancer stem cell marker for head
and neck squamous cell carcinoma [52] and colorectal cancer [53]. These results suggest that the bone
micro-E is a key niche of cancer stem cells, and we explored the possible involvement of TGF-β on
the induction of cancer stem cell in the bone micro-E, and found that inhibition of TGF-β signaling
suppressed the induction of cancer stem cells in the bone micro-E.
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TGF-β has been shown to be involved in the self-renewal, differentiation, and survival of the CSCs
of prostate [54], breast [55], and lung [56] cancers. The TGF-β-SMAD signaling is involved in modulating
the cancer stem cell-like properties of CD44-positive gastric cancer cells [57], hepatocellular carcinoma
cells [58], and cervical cancer cells [59]. In this study we found that reduction of TGF-β-SMAD signaling
significantly reduced the CSCs in the bone micro-E, but not in the subQ micro-E. Taken together,
the bone micro-E is a key niche of CSCs, and TGF-β SMAD signaling is involved in the induction
of CSCs.
The MAPK/ERK signaling pathway is a major determinant in the control of diverse cellular
processes such as proliferation, differentiation, and survival [60]. Its role in the regulation of cell
proliferation has been widely described [61–63]. In this study, we demonstrated that tumor cell
proliferation was increased in the bone micro-E, where the expression of pERK1/2 was up-regulated.
Treatment with R1-Ki down regulated the expression of pERK1/2 and significantly reduced cell
proliferation in the bone micro-E, where the expression was down-regulated. These results indicate
that TGF-β activation of the MAPK/ERK pathway is the underlying mechanism of cell proliferation in
the bone micro-E, which is consistent with the known role of TGF-β in the activation of the MAPK/ERK
signaling pathway [64–66].
AKT kinases are involved in a number of important cellular processes, including cell proliferation,
survival [67], enhancing cell growth [68], and inhibiting apoptosis [69]. The PI3K/AKT pathway is
activated by TGF-β [70–73], and this signaling pathway has also been demonstrated to enhance bone
metastasis of prostate cancer [74], renal cell carcinoma [75], and bladder cancer [76]. In this study,
we demonstrated that tumor cell proliferation was increased in the bone micro-E, where the expression of
p-AKT was up-regulated. Treatment with R1-Ki down-regulated the expression of p-AKT and reduced
cell proliferation in the bone micro-E. Taken together, these results suggest that TGF-β signaling via
the ERK1/2 and AKT pathway is involved in tumor cell proliferation in the bone micro-E.
BMP is a group of growth factors that belongs to the TGF-β family, and is involved in promoting
the bone metastasis of prostate [77] and breast [78] cancers. SMAD1/5/8 are downstream molecules
involved in BMP signaling [79,80]. We detected only very low levels of SMAD 1/5 in the bone and subQ
micro-Es, and we did not detect p-SMAD1/5 either micro-E. Those results suggest that the BMP
signaling is not involved in the tumor growth in the bone micro-E in our model.
In summary, after confirming that treatment with R1-Ki suppressed TGF-β signaling in vivo,
we found that TGF-β signaling is involved in the increase of tumor volume, and was involved in
tumor cell proliferation, the suppression of TGF-β signaling, and did not induce necrosis or apoptosis
in the proliferating cancer cells in the bone micro-E. We also found that the bone micro-E is a key
niche of CSC, and TGF-β SMAD signaling was involved in the induction of CSC in the bone micro-E.
TGF-β activation of the MAPK/ERK and AKT pathway is the underlying mechanism of tumor cell
proliferation in the bone micro-E. BMP signaling, however, is not involved in the tumor growth in
the bone micro-E generated in our model. Our results also indicate that it is critically important,
when evaluating the responses to chemotherapeutic agents on the heterogeneous tumor tissue in vivo,
to monitor both proliferating cancer cells and cancer stem cells in different tumor microenvironments.
4. Materials and Methods
4.1. Tumor Cell Lines and Tissue Preparation
The murine mammary tumor cell line (Cl66M2) [24,81,82] was maintained in DMEM
(Cellgro, Herndon, VA, USA) with 5% fetal bovine serum (FBS) supplemented with gentamycin
(complete medium) at 37 ◦ C in a humidified atmosphere containing 5% CO2 . A total of 1 × 105
of Cl66M2 cells, mixed with growth factor-reduced Matrigel (BD Biosciences, San Jose, CA, USA),
were implanted into two locations, under the dorsal skin flap over the calvaria and into the subcutis
of the back of each of female BALB/c mice. To address the contribution of TGF-β signaling to
tumor growth in the bone and subQ micro-Es, after transplantation of Cl66M2 cells onto the calvaria
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and into the subcutis of BALB/c mice, the mice were treated with a TGF-β R1 kinase inhibitor
(3-(pyridine-2-yl)-4-(4-quinonyl)-1H-Hpyrazole) (EMD Biosciences) at a dose of 10 mg/kg body weight.
Tumor growth was monitored twice a week. Mice were killed and necropsied for histological examination
at 4 weeks post-implantation. Cranial and subQ tumors were removed and then divided in half,
with one half used for histology (hematoxylin and eosin: H&E staining) and the other half of the tumors
were then flash frozen for protein analysis and RNA extraction. For histological examination, tissues were
fixed with periodate-lysine-paraformaldehyde (PLP) at 4 ◦ C for 48 h. The tissues were then transferred
into a decalcification solution (15% ethylene diamine tetra acetate with glycerol, pH 7.4–7.5) for 4 weeks.
The tissue was then embedded in paraffin and processed for further analysis.
4.2. Immunohistochemistry
For the in vivo detection of Ki-67, cleaved caspase 3, SOX2, CD166, and tumor sections were
evaluated by IHC. For the IHC studies, the following diluted primary antibodies were used: cleaved
caspase 3 (1:100, Cell Signal Technology Japan, Danvers, MA, USA), SOX2 (1:50, Cell Signal Technology
Japan, Danvers, MA, USA), CD166 (1:50, Cell Signal Technology Japan, Danvers, MA, USA), and Ki-67
(1:100, AB-5656, USA). The entire IHC investigation was carried out using an automatic IHC machine,
Leica Bond-max (Leica Microsystems, Tokyo, Japan) according to the manufacturer’s instructions.
Tartrate resistant acid phosphatase (TRAP) assays were performed to detect activated osteoclasts in vivo,
according to the manufacturer’s instructions (Sigma Chemicals, St Louis, MO, USA). For quantitative
analyses, immune-stained sections were examined under a light microscope. The numbers of cells/nuclei
positive for Ki-67, cleaved caspase 3, SOX2, and CD166 were assessed at a magnification of 400× for
each lesion. Approximately 8000 cells/nuclei per tumor were counted.
4.3. Definition of Tumor Bone Micro-E and Tumor subQ’s Micro-E.
To define the bone micro-E, we examined the IHC analysis of p-SMAD2, because p-SMAD2 is
an indicator of TGF-β signal transduction. We found that the p-SMAD2 positive cells were mainly
observed in a range of 2 mm around the tumor bone interface on the cranial bone. Therefore, the area
within a range of 2 mm around the tumor bone interface on the cranial bone was defined as tumor
bone micro-E in this study. Accordingly, we choose the subQ micro-E, the area in a range of 2 mm
at the tumor subQ interface of the subcutaneous tumor, as the control micro-E in this study.
4.4. Statistical Analysis
For in vivo data, statistical analysis was performed using the Kruskal–Wallis and Bonferroni–Dunn’s
multiple comparison tests. In vitro data are presented as means ± standard deviations. The statistical
significance of in vitro findings was analyzed using a two-tailed Student’s t-test and Bonferroni–Dunn’s
multiple comparison tests. A value of p < 0.05 was considered significant. The Spearman’s rank correlation
test was used to determine dose-response correlation.
Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/20/
5117/s1.
Author Contributions: M.F. designed the study and performed most of the experiments. Y.Y., Y.T., and M.F.
assisted with immunohistochemical staining. J.F. provided critical suggestions. This manuscript was written by
M.F. and K.L. and was reviewed by all the authors.
Funding: This work was supported in part by a research grant from Scientific Support Programs for Cancer
Research Grant-in-Aid for Scientific Research on Innovative Areas Ministry of Education, Culture, Sports, Science
and Technology, a grant-in-aid for Scientific Research (C, 15K06837) from the Japan Society for Promotion of Science.
Acknowledgments: The authors would like to express their gratitude to David B. Alexander in the Nanotoxicology
Project, Nagoya City University, Nagoya, Japan, for discussion and comments on the manuscript.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.

Int. J. Mol. Sci. 2019, 20, 5117

12 of 16

References
1.

2.

3.
4.
5.
6.

7.

8.
9.
10.
11.
12.
13.

14.

15.
16.

17.

18.

19.

Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
Buonomo, O.C.; Caredda, E.; Portarena, I.; Vanni, G.; Orlandi, A.; Bagni, C.; Petrella, G.; Palombi, L.;
Orsaria, P. New insights into the metastatic behavior after breast cancer surgery, according to well-established
clinicopathological variables and molecular subtypes. PLoS ONE 2017, 12, e0184680. [CrossRef] [PubMed]
Kennecke, H.; Yerushalmi, R.; Woods, R.; Cheang, M.C.; Voduc, D.; Speers, C.H.; Nielsen, T.O.; Gelmon, K.
Metastatic behavior of breast cancer subtypes. J. Clin. Oncol. 2010, 28, 3271–3277. [CrossRef] [PubMed]
Coleman, R.E. Clinical features of metastatic bone disease and risk of skeletal morbidity. Clin. Cancer Res.
2006, 12, 6243s–6249s. [CrossRef]
Weigelt, B.; Peterse, J.L.; van’t Veer, L.J. Breast cancer metastasis: Markers and models. Nat. Rev. Cancer 2005,
5, 591–602. [CrossRef]
Le, M.G.; Arriagada, R.; Spielmann, M.; Guinebretiere, J.M.; Rochard, F. Prognostic factors for death after
an isolated local recurrence in patients with early-stage breast carcinoma. Cancer 2002, 94, 2813–2820.
[CrossRef]
Guo, B.; Villeneuve, D.J.; Hembruff, S.L.; Kirwan, A.F.; Blais, D.E.; Bonin, M.; Parissenti, A.M. Cross-resistance
studies of isogenic drug-resistant breast tumor cell lines support recent clinical evidence suggesting that
sensitivity to paclitaxel may be strongly compromised by prior doxorubicin exposure. Breast Cancer Res. Treat.
2004, 85, 31–51. [CrossRef]
Buenrostro, D.; Mulcrone, P.L.; Owens, P.; Sterling, J.A. The Bone Microenvironment: A Fertile Soil for Tumor
Growth. Curr. Osteoporos. Rep. 2016, 14, 151–158. [CrossRef]
Paget, S. The distribution of secondary growths in cancer of the breast. Cancer Metastasis Rev. 1989, 8, 98–101.
[CrossRef]
Patel, S.A.; Dave, M.A.; Murthy, R.G.; Helmy, K.Y.; Rameshwar, P. Metastatic breast cancer cells in the bone
marrow microenvironment: Novel insights into oncoprotection. Oncol. Rev. 2011, 5, 93–102. [CrossRef]
Mundy, G.R. Metastasis to bone: Causes, consequences and therapeutic opportunities. Nat. Rev. Cancer 2002,
2, 584–593. [CrossRef] [PubMed]
Siclari, V.A.; Guise, T.A.; Chirgwin, J.M. Molecular interactions between breast cancer cells and the bone
microenvironment drive skeletal metastases. Cancer Metastasis Rev. 2006, 25, 621–633. [CrossRef] [PubMed]
Sosnoski, D.M.; Krishnan, V.; Kraemer, W.J.; Dunn-Lewis, C.; Mastro, A.M. Changes in Cytokines of the Bone
Microenvironment during Breast Cancer Metastasis. Int. J. Breast Cancer 2012, 2012, 160265. [CrossRef]
[PubMed]
Futakuchi, M.; Nitanda, T.; Ando, S.; Matsumoto, H.; Yoshimoto, E.; Fukamachi, K.; Suzui, M. Therapeutic
and Preventive Effects of Osteoclastogenesis Inhibitory Factor on Osteolysis, Proliferation of Mammary
Tumor Cell and Induction of Cancer Stem Cells in the Bone Microenvironment. Int. J. Mol. Sci. 2018, 19, 888.
[CrossRef]
Li, F.; Tiede, B.; Massague, J.; Kang, Y. Beyond tumorigenesis: Cancer stem cells in metastasis. Cell Res. 2007,
17, 3–14. [CrossRef]
Sato, S.; Futakuchi, M.; Ogawa, K.; Asamoto, M.; Nakao, K.; Asai, K.; Shirai, T. Transforming growth factor β
derived from bone matrix promotes cell proliferation of prostate cancer and osteoclast activation-associated
osteolysis in the bone microenvironment. Cancer Sci. 2008, 99, 316–323. [CrossRef]
Futakuchi, M.; Nannuru, K.C.; Varney, M.L.; Sadanandam, A.; Nakao, K.; Asai, K.; Shirai, T.; Sato, S.Y.;
Singh, R.K. Transforming growth factor-β signaling at the tumor-bone interface promotes mammary tumor
growth and osteoclast activation. Cancer Sci. 2009, 100, 71–81. [CrossRef]
Lynch, C.C.; Hikosaka, A.; Acuff, H.B.; Martin, M.D.; Kawai, N.; Singh, R.K.; Vargo-Gogola, T.C.; Begtrup, J.L.;
Peterson, T.E.; Fingleton, B.; et al. MMP-7 promotes prostate cancer-induced osteolysis via the solubilization
of RANKL. Cancer Cell 2005, 7, 485–496. [CrossRef]
Futakuchi, M.; Singh, R.K. Animal model for mammary tumor growth in the bone microenvironment.
Breast Cancer (Tokyo Jpn.) 2013, 20, 195–203. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 5117

20.

21.
22.

23.

24.
25.

26.
27.

28.

29.
30.
31.
32.

33.

34.

35.
36.
37.
38.
39.

13 of 16

Futakuchi, M.; Fukamachi, K.; Suzui, M. Heterogeneity of tumor cells in the bone microenvironment:
Mechanisms and therapeutic targets for bone metastasis of prostate or breast cancer. Adv. Drug Deliv. Rev.
2016, 99, 206–211. [CrossRef]
Talmadge, J.E.; Fidler, I.J. AACR centennial series: The biology of cancer metastasis: Historical perspective.
Cancer Res. 2010, 70, 5649–5669. [CrossRef] [PubMed]
Iguchi, H.; Tanaka, S.; Ozawa, Y.; Kashiwakuma, T.; Kimura, T.; Hiraga, T.; Ozawa, H.; Kono, A.
An experimental model of bone metastasis by human lung cancer cells: The role of parathyroid
hormone-related protein in bone metastasis. Cancer Res. 1996, 56, 4040–4043. [PubMed]
Yonou, H.; Yokose, T.; Kamijo, T.; Kanomata, N.; Hasebe, T.; Nagai, K.; Hatano, T.; Ogawa, Y.; Ochiai, A.
Establishment of a novel species- and tissue-specific metastasis model of human prostate cancer in humanized
non-obese diabetic/severe combined immunodeficient mice engrafted with human adult lung and bone.
Cancer Res. 2001, 61, 2177–2182. [PubMed]
Murphy, B.O.; Joshi, S.; Kessinger, A.; Reed, E.; Sharp, J.G. A murine model of bone marrow micrometastasis
in breast cancer. Clin. Exp. Metastasis 2002, 19, 561–569. [CrossRef]
Sells Galvin, R.J.; Gatlin, C.L.; Horn, J.W.; Fuson, T.R. TGF-β enhances osteoclast differentiation in
hematopoietic cell cultures stimulated with RANKL and M-CSF. Biochem. Biophys. Res. Commun. 1999,
265, 233–239. [CrossRef]
Houde, N.; Chamoux, E.; Bisson, M.; Roux, S. Transforming growth factor-β1 (TGF-β1) induces human
osteoclast apoptosis by up-regulating Bim. J. Biol. Chem. 2009, 284, 23397–23404. [CrossRef]
Nakano, M.; Kikushige, Y.; Miyawaki, K.; Kunisaki, Y.; Mizuno, S.; Takenaka, K.; Tamura, S.; Okumura, Y.;
Ito, M.; Ariyama, H.; et al. Dedifferentiation process driven by TGF-β signaling enhances stem cell properties
in human colorectal cancer. Oncogene 2019, 38, 780–793. [CrossRef]
Carmona-Fontaine, C.; Deforet, M.; Akkari, L.; Thompson, C.B.; Joyce, J.A.; Xavier, J.B. Metabolic origins
of spatial organization in the tumor microenvironment. Proc. Natl. Acad. Sci. USA 2017, 114, 2934–2939.
[CrossRef]
Yuan, Y. Spatial Heterogeneity in the Tumor Microenvironment. Cold Spring Harb. Perspect. Med. 2016, 6, a026583.
[CrossRef]
Dai, Z.; Locasale, J.W. Metabolic pattern formation in the tumor microenvironment. Mol. Syst. Biol. 2017, 13, 915.
[CrossRef]
Li, L.; Neaves, W.B. Normal stem cells and cancer stem cells: The niche matters. Cancer Res. 2006, 66, 4553–4557.
[CrossRef] [PubMed]
Bottinger, E.P.; Jakubczak, J.L.; Haines, D.C.; Bagnall, K.; Wakefield, L.M. Transgenic mice overexpressing
a dominant-negative mutant type II transforming growth factor β receptor show enhanced tumorigenesis in
the mammary gland and lung in response to the carcinogen 7,12-dimethylbenz-[a]-anthracene. Cancer Res.
1997, 57, 5564–5570. [PubMed]
Tang, B.; Bottinger, E.P.; Jakowlew, S.B.; Bagnall, K.M.; Mariano, J.; Anver, M.R.; Letterio, J.J.; Wakefield, L.M.
Transforming growth factor-β1 is a new form of tumor suppressor with true haploid insufficiency. Nat. Med.
1998, 4, 802–807. [CrossRef] [PubMed]
Daroqui, M.C.; Vazquez, P.; Bal de Kier Joffe, E.; Bakin, A.V.; Puricelli, L.I. TGF-β autocrine pathway
and MAPK signaling promote cell invasiveness and in vivo mammary adenocarcinoma tumor progression.
Oncol. Rep. 2012, 28, 567–575. [CrossRef]
Oft, M.; Peli, J.; Rudaz, C.; Schwarz, H.; Beug, H.; Reichmann, E. TGF-β1 and Ha-Ras collaborate in modulating
the phenotypic plasticity and invasiveness of epithelial tumor cells. Genes Dev. 1996, 10, 2462–2477. [CrossRef]
Yu, Q.; Stamenkovic, I. Transforming growth factor-β facilitates breast carcinoma metastasis by promoting
tumor cell survival. Clin. Exp. Metastasis 2004, 21, 235–242. [CrossRef]
Connolly, E.C.; Freimuth, J.; Akhurst, R.J. Complexities of TGF-β targeted cancer therapy. Int. J. Biol. Sci.
2012, 8, 964–978. [CrossRef]
Roberts, A.B.; Wakefield, L.M. The two faces of transforming growth factor β in carcinogenesis. Proc. Natl.
Acad. Sci. USA 2003, 100, 8621–8623. [CrossRef]
Biswas, S.; Guix, M.; Rinehart, C.; Dugger, T.C.; Chytil, A.; Moses, H.L.; Freeman, M.L.; Arteaga, C.L.
Inhibition of TGF-β with neutralizing antibodies prevents radiation-induced acceleration of metastatic cancer
progression. J. Clin. Invest. 2007, 117, 1305–1313. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 5117

40.

41.
42.
43.
44.

45.

46.

47.

48.

49.
50.
51.
52.

53.

54.

55.

56.
57.
58.

59.

14 of 16

Mohammad, K.S.; Javelaud, D.; Fournier, P.G.; Niewolna, M.; McKenna, C.R.; Peng, X.H.; Duong, V.;
Dunn, L.K.; Mauviel, A.; Guise, T.A. TGF-β-RI kinase inhibitor SD-208 reduces the development
and progression of melanoma bone metastases. Cancer Res. 2011, 71, 175–184. [CrossRef]
Berry, D.A. Biomarker studies and other difficult inferential problems: Statistical caveats. Semin. Oncol. 2007,
34, S17–S22. [CrossRef] [PubMed]
Garraway, I.P. Targeting the RANKL pathway: Putting the brakes on prostate cancer progression in bone.
J. Clin. Oncol. 2013, 31, 3838–3840. [CrossRef] [PubMed]
Saad, F.; Eastham, J. Zoledronic Acid improves clinical outcomes when administered before onset of bone
pain in patients with prostate cancer. Urology 2010, 76, 1175–1181. [CrossRef] [PubMed]
Piva, M.; Domenici, G.; Iriondo, O.; Rabano, M.; Simoes, B.M.; Comaills, V.; Barredo, I.; Lopez-Ruiz, J.A.;
Zabalza, I.; Kypta, R.; et al. Sox2 promotes tamoxifen resistance in breast cancer cells. Embo. Mol. Med. 2014,
6, 66–79. [CrossRef]
Lengerke, C.; Fehm, T.; Kurth, R.; Neubauer, H.; Scheble, V.; Muller, F.; Schneider, F.; Petersen, K.;
Wallwiener, D.; Kanz, L.; et al. Expression of the embryonic stem cell marker SOX2 in early-stage breast
carcinoma. BMC Cancer 2011, 11, 42. [CrossRef]
Leis, O.; Eguiara, A.; Lopez-Arribillaga, E.; Alberdi, M.J.; Hernandez-Garcia, S.; Elorriaga, K.; Pandiella, A.;
Rezola, R.; Martin, A.G. Sox2 expression in breast tumours and activation in breast cancer stem cells.
Oncogene 2012, 31, 1354–1365. [CrossRef]
Jia, X.; Li, X.; Xu, Y.; Zhang, S.; Mou, W.; Liu, Y.; Liu, Y.; Lv, D.; Liu, C.H.; Tan, X.; et al. SOX2 promotes
tumorigenesis and increases the anti-apoptotic property of human prostate cancer cell. J. Mol. Cell Biol. 2011,
3, 230–238. [CrossRef]
Xiang, R.; Liao, D.; Cheng, T.; Zhou, H.; Shi, Q.; Chuang, T.S.; Markowitz, D.; Reisfeld, R.A.; Luo, Y.
Downregulation of transcription factor SOX2 in cancer stem cells suppresses growth and metastasis of lung
cancer. Br. J. Cancer 2011, 104, 1410–1417. [CrossRef]
Liu, X.F.; Yang, W.T.; Xu, R.; Liu, J.T.; Zheng, P.S. Cervical cancer cells with positive Sox2 expression exhibit
the properties of cancer stem cells. PLoS ONE 2014, 9, e87092. [CrossRef]
Wen, Y.; Hou, Y.; Huang, Z.; Cai, J.; Wang, Z. SOX2 is required to maintain cancer stem cells in ovarian cancer.
Cancer Sci. 2017, 108, 719–731. [CrossRef]
Zhu, F.; Qian, W.; Zhang, H.; Liang, Y.; Wu, M.; Zhang, Y.; Zhang, X.; Gao, Q.; Li, Y. SOX2 Is a Marker for
Stem-like Tumor Cells in Bladder Cancer. Stem. Cell Rep. 2017, 9, 429–437. [CrossRef] [PubMed]
Yan, M.; Yang, X.; Wang, L.; Clark, D.; Zuo, H.; Ye, D.; Chen, W.; Zhang, P. Plasma membrane proteomics of
tumor spheres identify CD166 as a novel marker for cancer stem-like cells in head and neck squamous cell
carcinoma. Mol. Cell Proteom. 2013, 12, 3271–3284. [CrossRef] [PubMed]
Dalerba, P.; Dylla, S.J.; Park, I.K.; Liu, R.; Wang, X.; Cho, R.W.; Hoey, T.; Gurney, A.; Huang, E.H.;
Simeone, D.M.; et al. Phenotypic characterization of human colorectal cancer stem cells. Proc. Natl. Acad.
Sci. USA 2007, 104, 10158–10163. [CrossRef] [PubMed]
Barcellos-de-Souza, P.; Comito, G.; Pons-Segura, C.; Taddei, M.L.; Gori, V.; Becherucci, V.; Bambi, F.;
Margheri, F.; Laurenzana, A.; Del Rosso, M.; et al. Mesenchymal Stem Cells are Recruited and Activated into
Carcinoma-Associated Fibroblasts by Prostate Cancer Microenvironment-Derived TGF-β1. Stem Cells 2016,
34, 2536–2547. [CrossRef]
Wang, Y.; Yu, Y.; Tsuyada, A.; Ren, X.; Wu, X.; Stubblefield, K.; Rankin-Gee, E.K.; Wang, S.E. Transforming
growth factor-β regulates the sphere-initiating stem cell-like feature in breast cancer through miRNA-181
and ATM. Oncogene 2011, 30, 1470–1480. [CrossRef]
Pang, R.W.; Poon, R.T. Cancer stem cell as a potential therapeutic target in hepatocellular carcinoma.
Curr. Cancer Drug Targets 2012, 12, 1081–1094.
Yu, D.; Shin, H.S.; Lee, Y.S.; Lee, Y.C. miR-106b modulates cancer stem cell characteristics through TGF-β/Smad
signaling in CD44-positive gastric cancer cells. Lab. Invest. 2014, 94, 1370–1381. [CrossRef]
Jiang, F.; Mu, J.; Wang, X.; Ye, X.; Si, L.; Ning, S.; Li, Z.; Li, Y. The repressive effect of miR-148a on TGF
β-SMADs signal pathway is involved in the glabridin-induced inhibition of the cancer stem cells-like
properties in hepatocellular carcinoma cells. PLoS ONE 2014, 9, e96698. [CrossRef]
Wu, L.; Han, L.; Zhou, C.; Wei, W.; Chen, X.; Yi, H.; Wu, X.; Bai, X.; Guo, S.; Yu, Y.; et al. TGF-β1-induced
CK17 enhances cancer stem cell-like properties rather than EMT in promoting cervical cancer metastasis via
the ERK1/2-MZF1 signaling pathway. Febs J. 2017, 284, 3000–3017. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 5117

60.
61.

62.
63.
64.

65.
66.
67.
68.
69.
70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

15 of 16

Kohno, M.; Pouyssegur, J. Targeting the ERK signaling pathway in cancer therapy. Ann. Med. 2006,
38, 200–211. [CrossRef]
Dong, F.; Tian, H.; Yan, S.; Li, L.; Dong, X.; Wang, F.; Li, J.; Li, C.; Cao, Z.; Liu, X.; et al. Dihydroartemisinin
inhibits endothelial cell proliferation through the suppression of the ERK signaling pathway. Int. J. Mol. Med.
2015, 35, 1381–1387. [CrossRef] [PubMed]
Ramos, J.W. The regulation of extracellular signal-regulated kinase (ERK) in mammalian cells. Int. J. Biochem.
Cell Biol. 2008, 40, 2707–2719. [CrossRef] [PubMed]
Xiao, L.; Du, Y.; Shen, Y.; He, Y.; Zhao, H.; Li, Z. TGF-β 1 induced fibroblast proliferation is mediated by
the FGF-2/ERK pathway. Front. Biosci. (Landmark Ed.) 2012, 17, 2667–2674. [CrossRef] [PubMed]
Lee, M.K.; Pardoux, C.; Hall, M.C.; Lee, P.S.; Warburton, D.; Qing, J.; Smith, S.M.; Derynck, R. TGF-β activates
Erk MAP kinase signalling through direct phosphorylation of ShcA. Embo. J. 2007, 26, 3957–3967. [CrossRef]
[PubMed]
Mulder, K.M. Role of Ras and Mapks in TGFβ signaling. Cytokine Growth Factor Rev. 2000, 11, 23–35.
[CrossRef]
Zhu, B.; Zhai, J.; Zhu, H.; Kyprianou, N. Prohibitin regulates TGF-β induced apoptosis as a downstream
effector of Smad-dependent and -independent signaling. Prostate 2010, 70, 17–26. [CrossRef]
Cheung, M.; Testa, J.R. Diverse mechanisms of AKT pathway activation in human malignancy. Curr Cancer
Drug Targets 2013, 13, 234–244. [CrossRef]
Testa, J.R.; Bellacosa, A. AKT plays a central role in tumorigenesis. Proc. Natl. Acad. Sci. USA 2001, 98, 10983–10985.
[CrossRef]
Cardone, M.H.; Roy, N.; Stennicke, H.R.; Salvesen, G.S.; Franke, T.F.; Stanbridge, E.; Frisch, S.; Reed, J.C.
Regulation of cell death protease caspase-9 by phosphorylation. Science 1998, 282, 1318–1321. [CrossRef]
Hamidi, A.; Song, J.; Thakur, N.; Itoh, S.; Marcusson, A.; Bergh, A.; Heldin, C.H.; Landstrom, M. TGF-β
promotes PI3K-AKT signaling and prostate cancer cell migration through the TRAF6-mediated ubiquitylation
of p85α. Sci. Signal 2017, 10, eaal4186. [CrossRef]
Jung, S.A.; Lee, H.K.; Yoon, J.S.; Kim, S.J.; Kim, C.Y.; Song, H.; Hwang, K.C.; Lee, J.B.; Lee, J.H. Upregulation of
TGF-β-induced tissue transglutaminase expression by PI3K-Akt pathway activation in human subconjunctival
fibroblasts. Invest. Ophthalmol. Vis. Sci. 2007, 48, 1952–1958. [CrossRef] [PubMed]
Runyan, C.E.; Schnaper, H.W.; Poncelet, A.C. The phosphatidylinositol 3-kinase/Akt pathway enhances
Smad3-stimulated mesangial cell collagen I expression in response to transforming growth factor-β1.
J. Biol. Chem. 2004, 279, 2632–2639. [CrossRef] [PubMed]
Vo, B.T.; Morton, D., Jr.; Komaragiri, S.; Millena, A.C.; Leath, C.; Khan, S.A. TGF-β effects on prostate
cancer cell migration and invasion are mediated by PGE2 through activation of PI3K/AKT/mTOR pathway.
Endocrinology 2013, 154, 1768–1779. [CrossRef]
Tang, Y.; Pan, J.; Huang, S.; Peng, X.; Zou, X.; Luo, Y.; Ren, D.; Zhang, X.; Li, R.; He, P.; et al. Downregulation
of miR-133a-3p promotes prostate cancer bone metastasis via activating PI3K/AKT signaling. J. Exp. Clin.
Cancer Res. 2018, 37, 160. [CrossRef] [PubMed]
Haber, T.; Jockel, E.; Roos, F.C.; Junker, K.; Prawitt, D.; Hampel, C.; Thuroff, J.W.; Brenner, W.; German
Renal Cell Tumor, N. Bone Metastasis in Renal Cell Carcinoma is Preprogrammed in the Primary Tumor
and Caused by AKT and Integrin α5 Signaling. J. Urol. 2015, 194, 539–546. [CrossRef] [PubMed]
Wu, K.; Fan, J.; Zhang, L.; Ning, Z.; Zeng, J.; Zhou, J.; Li, L.; Chen, Y.; Zhang, T.; Wang, X.; et al. PI3K/Akt to
GSK3β/β-catenin signaling cascade coordinates cell colonization for bladder cancer bone metastasis through
regulating ZEB1 transcription. Cell Signal 2012, 24, 2273–2282. [CrossRef]
Dai, J.; Keller, J.; Zhang, J.; Lu, Y.; Yao, Z.; Keller, E.T. Bone morphogenetic protein-6 promotes osteoblastic
prostate cancer bone metastases through a dual mechanism. Cancer Res. 2005, 65, 8274–8285. [CrossRef]
Sakai, H.; Furihata, M.; Matsuda, C.; Takahashi, M.; Miyazaki, H.; Konakahara, T.; Imamura, T.; Okada, T.
Augmented autocrine bone morphogenic protein (BMP) 7 signaling increases the metastatic potential of
mouse breast cancer cells. Clin. Exp. Metastasis 2012, 29, 327–338. [CrossRef]
Wang, R.N.; Green, J.; Wang, Z.; Deng, Y.; Qiao, M.; Peabody, M.; Zhang, Q.; Ye, J.; Yan, Z.; Denduluri, S.; et al.
Bone Morphogenetic Protein (BMP) signaling in development and human diseases. Genes Dis. 2014, 1, 87–105.
[CrossRef]
Ye, L.; Mason, M.D.; Jiang, W.G. Bone morphogenetic protein and bone metastasis, implication and therapeutic
potential. Front. Biosci. (Landmark Ed.) 2011, 16, 865–897. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 5117

81.
82.

16 of 16

Aslakson, C.J.; Miller, F.R. Selective events in the metastatic process defined by analysis of the sequential
dissemination of subpopulations of a mouse mammary tumor. Cancer Res. 1992, 52, 1399–1405. [PubMed]
Heppner, G.H.; Miller, F.R.; Shekhar, P.M. Nontransgenic models of breast cancer. Breast Cancer Res. 2000,
2, 331–334. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

