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Abstract
Tumors have already threatened human life and health for centuries, especially the recurrent of
bone metastases is difficult to cure. Relapse can occur years to decades after resection of primary
tumor. This phenomenon is common in many clinical cases and animal experimental studies. The
effect of traditional radiotherapy and chemotherapy on relapse is very limited, and the patients’
prognosis is poor. Because the delayed occurrence of metastases, researchers put forward a new
concept “dormancy”, including a single dormant tumor cell (growth-arrest) and tumor mass dormancy (equivalence of the proliferation rate and apoptosis rate). It is probable that dormant tumor cells are the resource of relapse and the main reason of chemotherapy resistance. The mechanisms mediated tumor cell dormancy are complex and poorly understood, and bone marrow
microenvironment plays an important role in this process. This review focuses on the bone marrow microenvironmental effect in inducing cancer cells to dormancy uncovered by the latest researches.
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1. Introduction
The traditional opinion is that only some specific subtype (metastatic subclone) of tumor cells showing up in
advanced cancers has the ability to shed from the primary tumor to distant organs and form metastases [1]. In
other words, metastasis represents a late event in the progression of tumors, and the metastases are formed only
by a subset of cancer cells within a primary tumor which has the potential to disseminate to and proliferate in the
second sites. However, another hypothesis was proposed, Bernards & Weinberg considered the metastatic capacity was gained at the early stages of cancer [2]. In consistent, the detection of single circulating tumor cells
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(CTCs) in peripheral blood of early cancer patients and disseminated tumor cells (DTCs) in bone marrow (BM),
supports the theory proposed by Bernards & Weinberg. Interestingly, DTCs derived from a variety of epithelial
tumors seem to have a propensity to home to BM, including tumors which do not commonly form bone metastases, such as colon cancer. This implies that BM might be a reservoir for DTCs from where they may recirculate into circulating system and then colonize in other distant organs. A significant correlation between the existence of DTCs in BM and metastatic occurrence or tumor relapse has been confirmed by several clinical studies
in various tumor types [3]. It is noteworthy that tumor recurrence is likely caused by these DTCs in BM, not only including metastases of bone but also other organs, such as, lung and colon. Besides the detection of DTCs in
early tumors, it has been shown that DTCs resist to chemotherapy and hormonal therapy [4] [5], and survive in
BM for years to decades. So even resect the primary tumors and take the corresponding radiochemotherapy after
surgery, these cells can still survive, and be reactivated by some endogenic or ectogenic factors, proliferating
into new lesions [6]-[9]. What’s more, DTCs and CTCs do not express Ki-67, the proliferation antigen, which
suggests they arrest at G0 or are dormant. This could explain, at least in part, their resistance to chemotherapy
[5]. Dormancy is related to cytostatic drug resistance and may be a property of minimal residual disease (MRD)
and tumor stem cells (TSCs). Therefore, uncovering the mechanisms about dormancy is critical for nominating
new drugs to eliminate DTCs, and prevent disease recurrence.

2. Evidence for the Existence of Dormant DTCs
Previously, the dormancy of cancer cells seeded in secondary sites has been described as quiescent solitary cells
that neither proliferate nor apoptosis [10]-[12]. Later, researchers defined this state as “dormancy”, which actually referred to DTCs surviving growth-arrested (G0). DTCs reside in patients’ BM or other organs for a long
period without any clinical symptoms. Because many traditional anticancer drugs target dividing cells, dormant
cancer cells are thought to be resistant to most drugs that ultimately can cause tumor recurrence [13] [14]. In
2007, Aquirre-Ghiso proposed two different states of “cancer dormancy”, tumor-cell dormancy and tumor mass
dormancy [15]. Tumor-cell dormancy refers to single non-cycling DTCs, while tumor-mass dormancy describes
a stage where equal rates of cell proliferation and cell apoptosis. Dormancy of tumor cells are closely related to
chemoradiotherapy resistance and MRDs. Moreover, there is a high probability that dormant DTCs is the resource of tumor stem cells.
BM DTCs can be detected in early tumors, which are speculated to undergo a cellular dormancy after their
early dissemination; this period of dormancy could explain why they may still be detected years or decades after
the surgery of the primary tumor, in the absence of any metastatic symptoms [7]. Recently, some mathematical
models suggested the half-life of some dormant breast cancer cells (BCCs) were more than 12 years [16]. This is
consistent with the phenomenon that metastatic recurrence in patients with breast cancer can occur over 10 years
after the removal of primary tumor [17]. As CTCs have been detected in breast cancer patients who have no any
metastases up to 22 years after primary tumor resection, it can be claimed that so-called “cured” cancer patients
might carry dormant tumor cells [18]. Increasing studies suggest that tumor cells disseminated from early lesions undergo a long period of dormancy in the target organs [19] [20]. Furthermore, a variety of solid tumor
DTCs tend to engraft in BM, such as, breast cancer, prostate cancer, lung cancer and colon cancer [21]-[23].
Surprisingly, bone is not the common metastatic organ, but DTCs have been detected in BM, which implying
that BM act as a reservoir for DTCs. These DTCs can recirculate into blood and form metastasis in lung, liver,
brain and so on. Together, DTCs can lead to not only bone metastases, but also metastases in other sites.
However, not all of the patients with DTCs at diagnosis would relapse definitely. Demonstrated by animal
models, a significant fraction of DTCs may die or remain dormancy permanently, which will never develop into
overt metastases [12]. Besides, Bidard F.C has found that relapse still can occur in the breast cancer patients
without BM DTCs. What’s worse, their relapse appeared more earlier than those with BM DTCs. So it is speculated that dormancy is not a necessary stage that all DTCs have to go through and a portion of DTCs directly
enter mitotic phage, proliferating into overt metastasis [24]. The mechanisms of dormant DTCs to be “re-activated”
and later to form a secondary lesion are a function of its complex interaction with the stromal microenvironment
at the secondary site. The somatic aberrations and hereditary components may also influence each process.

3. The Mechanisms of Inducing Tumor Cells to Dormancy
The mechanisms involved in DTCs dormancy are complex, molecularly, it is proposed that the balance between
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the p38-mediated stress signals and FAK-ERK-mediated mitogenic signals determines the fate of DTCs [15]
[25]. By downregulating cyclin D1 and activating the p53 to p21 and/or p16 to Rb pathways, p38 can induce cell
cycle arrest [26] [27]. BM microenvironment can maintain the dormant state of tumor cells resided in it [28],
and most of BM DTCs are at G0 [10]. During studying melanoma, it was found that tumor cells entered growth
arrest in response to environmental stress when activation of p38-mediated stress-response pathways outpace the
mitogenic ERK-activity [29]. Only when these two signaling pathways keep a certain balance, can the tumor
cells maintain the normal cell cycle. A number of metastasis suppressor genes, including KISS1, CSRP3, Kai1,
MKK4, MKK7, MKK6, Nm23 and RKIP suppress tumor cell proliferation by activating p38 signals, inhibiting
ERK kinase, or both [30]. On the contrary, u-PAR can increase ERK/p38 ratio, promoting cell division [31] [32].
Besides, the regulation of TGFβ2 to cell cycle is also through ERK/p38 signal pathway. TGFβ2 activates p38
pathway, which can induce the expression of DEC2/SHARP1 and p27, suppressing the cyclin-dependent kinase
4 (CDK 4) and leading to dormancy. Conversely, when inhibit the TGFβ receptorⅠor interrupt p38 pathway,
dormant DTCs can be re-activated [33]. Next, we will further elaborate the achievement in the study of mechanisms about tumor cell dormancy.
Jung, Y noticed that in the murine model of prostate cancer (PCa), the lesions in the forelimb (humeri, radius,
and ulna) were fewer than those formed in the hindlimb regions. Then they found the main distinct cytokine was
growth arrest specific-6 (GAS6) which levels were significantly higher in the arms versus hindlimb BM. By
subcutaneous injection, cancer cells were implanted into immune competent animals and grew significantly better in the GAS6−/− animals than in GAS6+/+ wild-type animals. Similar results were observed in osseous environment, the human PC3 cell line was injected into vertebral body transplants (vossicles) and tumors formed in
vossicles derived from GAS6−/− animals were greater than those from GAS6+/+ animals. So, they proposed that
GAS 6 can induce the dormancy of cancer cells [34]. Meanwhile, Shiozawa Y. et al. not only verified that GAS
6 can regulate PCa cell mitotic cycle, and pointed out that GAS 6 was secreted by osteoblasts in the BM niche
[35]. The interaction between osteoblasts and DTCs is complex, Rebecca Marlow established a novel co-culture
system of breast cancer cells with BM stromal cells types to model the metastatic niche microenvironment in
bone of the breast cancer. In vitro, they confirmed the existence of two kinds of niche in bone, one is consisted
of BM stromal cells, which promotes DTCs proliferating; the other one contains osteoblasts, which maintains
the dormancy of DTCs. However, this growth arrest was reversible and dormant DTCs were able to restore the
proliferative activity when transferred into supportive microenvironment. Furthermore, they demonstrated that
the dormancy was modulated by the interactions with osteobalsts and mesenchymal cells in BM, rather than the
intrinsic properties of cancer cells [36]. In a word, after DTCs settled in BM niches, niche microenvironment
regulated their proliferation or dormancy.
Many studies have explored the localization of DTCs in BM, as well as the function of BM microenvironment
on DTCs. Recently, PCa cells have been found target HSC niche during bone metastasis in animal experiment
[37]. Further studies found that binding with osteoblasts of niche induces the expression of TANK binding kinase 1 (TBK1) in PCa cells. While, TBK1 interacts with mammalian target of rapamycin (mTOR), inhibiting its
activity. Rapamycin is an mTOR inhibitor, inducing cell growth arrest of PCa cells and enhances the resistance
of PCa cells to chemotherapy [38]. In addition, rapamycin can also upregulate the expression of CD133, a cancer stem cell marker, in gastric, colorectal, and lung cancer cell lines [39]. In a mouse model of acute myeloid
leukemia, Hoshii, T indicated that the inhibition of mTOR signaling may play an important role in inducing tumor dormancy [40]. At last, it is noteworthy that the HSC niche is anoxic and DTCs seeded here arrest at G0,
which can reduce the metabolic rate. This may enhance their resistance to various inhibitors of energy metabolism and chemoratiotherapy.
Bone morphogenetic protein (BMP), a well known molecule to regulate bone formation, not only has the
function of osteogenesis, but also participates in the normal embryonic development and differentiation of multiple organs. In recent years, it is demonstrated that BMP also participate in controlling cell growth, differentiation, migration and apoptosis of a variety of cells, including malignant tumor cells. PCa cells have been demonstrated to enter a reversible senescent state mediated by BMP 7 in BM [41]. Besides in bone, BMP 7 can also
induce dormancy of cancer cells in other organs, such as the lung. Coco, as an antagonist of BMP signaling, exerts this function by blocking BMP ligands, enabling DTCs to overcome the inhibitory effect of BMP and to
outgrow into overt metastases. Gao H. et al. found that overexpression of Coco turned dormant DTCs into proliferative state. Whereas, the knock down of Coco induced the majority of cancer cells to enter a dormant state.
That is to say, Coco can promote the progress of metastatic breast cancer cells though inhibiting the BMP sig-

317

W. W. Shen et al.

naling [42].
Various chemokines involves in regulating dormancy. Except for those elaborated above, coculture of BCCs
with bone marrow stromal cells (BMSCs) demonstrated that miRNA could regulate DTCs dormancy, too. When
cocultured those two cells, gap junctions mediated by connexin-43 can form, which allowed the exchange of
cytosolic molecules between BCCs and BMSCs. Such as, miRNA (including miR-127, -197, -222, and -223)
produced by BMSCs can transfer to BCCs and cause cell cycle arrest [43]. Exosomes derived from stroma,
KISS1 [44], myosin light chain kinase (ML-7) and MYC inactivation [45] could also be involved in inducing
and maintaining the dormancy of cancer cells, suppressing the formation of metastasis. A few studies show that
there is a significant positive correlation between T-cell activation and survival of patients, suggesting immune
system can inhibit the growth of tumor and control the MRDs in patients with cancer [46] [47]. Among these
molecules, we can not distinguish which is the most important one. Due to the heterogeneity of cancer cells and
the complexity of this regulatory mechanism, perhaps different cytokines co-regulate the cells fate in different
cancers.

4. The Exit of Dormant Cells to Proliferate
In the past, it is believed that metastasis is caused by some mutations of original malignant cells in the late stage
of cancer, which can proliferate locally and disseminate to distant organs. However, there is a new hypothesis
that regards a malignant tumor as a entity just like an organ. It progresses in a dynamic microenvironment which
can either promote or suppress cancer grow. The homeostasis of the microenvironment is important to maintain
the dormancy state. In particular, the balance between the factors of growth and angiogenesis, on the one hand,
and its corresponding antagonism factors, on the other. Spreading of cancer cells may occur long before the
symptoms of primary cancer arise, which makes patients already at a subclinical stage. Both primary and secondary tumors are interacting with various cytokines produced by its surrounding microenvironment, resulting
in larger tumors suppressing the growth of smaller tumors.
There is plenty of preclinical evidence that the angiogenic switch is a key step for the Therefore, removal of
the primary tumor would lose this inhibitory effect. In addition, wound healing process following surgery may
also disrupt the homeostasis of metastases microenvironment, accelerating the growth and vascularization of
metastases. Thus, surgery may not always be a good therapy method. Maintaining the state of dormancy may
prove a better option to control cancers. As mentioned above, the microenvironment can promote or inhibit the
formation of metastases, and the growth factors are more easily to be degraded than growth inhibitors. Consequently, the growth factors propagate mostly by diffusion and act on primary tumor, while the inhibitors can
permeate into the vessels and reach remote secondary sites, impeding the growth of metastases. Resection of the
primary lesion reduces production of growth inhibitors, which would accelerate the progress of metastases. Additionally, the interruption of these growth-mediated factors caused by primary tumor removal would perturb
metastatic homeostasis and force the DTCs to adapt to the microenvironment of the second site, leading to, for
some patients, the metastases recurrence [48]-[50]. DTCs exit from dormancy and then proliferate into overt
metastases [51]. In the BM microenvironment, endothelial progenitor cells (EPCs) secrete some angiogenesis
promoters to regulate the formation of neovasculature in the tumor. Meanwhile, cancer cells produce various
cytokines, including VEGF, FGF and GM-CSF, to recruit EPCs to form neovasculature. Cancer cells can also
induce the expression of the transcription factor Id1 in the EPCs, whose suppression can block EPC mobilization
and cause angiogenesis inhibition, impair tumor growth [52]. Furthermore, Cyrus M proposed that thrombospondin-1 (TSP-1) derived from endothelial induces BCCs quiescence. TSP-1 is an endothelium-derived tumor
suppressor and stabilizes the microvasculature through inhibiting the mobility and growth of endothelial cells.
Blocking TSP-1 could interrupt the microenvironment in endothelial cells and reactivate dormant DTCs to proliferate. Interestingly, sprouting neovasculature is lack of TSP-1 and rich in pro-tumor factors TGF-β1 and
POSTN, suggesting that tumors may escape growth inhibition and progress rapidly. They confirmed that stable
microvasculature constituted a dormant niche, which maintained DTCs at G0; whereas sprouting endothelial tips
promoted its outgrowth [53].
Although, the conditions required for the persistence of dormancy or the escape from the dormant state into
the active state of metastasis formation are poorly understood, it is certain that there is a close relationship between this transformation and the microenvironment of BM. As elaborated before, when the p38 signaling
pathway predominates in the BM microenvironment, DTCs enter the dormant state. Otherwise, if the ERK
pathway predominates, dormant DTCs can be re-activated. The mechanisms involved in tumor cell dormancy
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are complex and consist of intricate molecular regulation network.

5. Conclusions
The theory of dormancy provides a new perspective for the treatment of tumor. Future research endeavors targeting this question will probably shed much needed light on the mechanisms of clinical DTCs dormancy and
perhaps nominate therapeutic strategies to target MRDs before they grow into overt metastases.
Tessa Holyoake. et al. showed that cultured CD34+ stem cells isolated from BCR-ABL positive chronic
myeloid leukemia (CML) patients contain non-cycling cells, and that these are resistant to the tyrosine kinase
inhibitor imatinib mesylate (IM) [54]. Generally, most CML patients respond very well to Imatinib. Nevertheless, stopping imatinib treatment often leads to relapse even for patients showing complete responding at first. It
is likely that a few dormant CML stem cells which are resistant to imatinib retained in these patients [55]. So,
overcoming dormancy is a critical step to cure CML patients, as well as other cancers contained dormant DTCs.
The dormancy of tumor cells may be the main mechanism of chemotherapy resistance, because most chemotherapeutic drugs act on the active cells. So traditional chemotherapy rarely has effect on the non-cycling cells. Recent studies have demonstrated that INFα, G-CSF and As2O3 could re-activate dormant tumor cells and restore
the sensitivity of chemotherapy. The treatment of INFα, G-CSF or As2O3 followed by traditional chemotherapy
can effectively remove the dormant cancer cells [56]. This strategy provides a new treatment for eliminating
MRDs.
Because it is the BM niche microenvironment that sustains DTCs dormancy, mobilization of dormant DTCs
from this protective site might be a quantum leap in eliminating MRDs and improving the patients’ prognosis.
CXCL 12/CXCR 4 axis mediates the adhesion of DTCs to BM and it was showed by a study in multiple myeloma that mobilization by Plerixafor resulted in an increased sensitivity of cancer cells to chemotherapy [57]
[58]. So, interruption of the adhesive molecule and detachment from their niches can sensitize tumor cells to
chemotherapy. Except for CXCL 12/CXCR 4, many other molecules also involve in mediating DTCs to adhere
to BM niche, such as, integrin and cadherin, which can also be the target to detach DTCs from BM. In addition,
siRNA induces dormant D-HEp3 cells to apoptosis by downregulating ATFα or Rhe, removing the dormant tumor cells [59].
There is another method to treat dormant cells, maintaining its dormancy permanently. A few studies have
found that longer disease-free survival periods were associated with B-Raf [60]. Thus, it is possible to keep
B-Raf positive residual melanoma cells dormant by treating the patients with B-Raf or Mek1/2 inhibitors during
their asymptomatic periods. If this is the case, we can make new drugs to maintain MRDs dormancy by treating
patients during asymptomatic conditions.
A significant correlation between the existence of DTCs in BM and metastatic relapse has been verified by
various tumor types. And it is important to investigate the mechanistic processes because it is highly likely that
dormant DTCs will finally be the source of subsequent overt metastases years to decades after primary tumor
resection.
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