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CHAPTER I 

 

INTRODUCTION 

 

Text adapted from: Sowder, ME and Johnson RW. Bone as a preferential site for metastasis. 

JBMR Plus (in press). December 2018. doi:10.1002/jbm4.10126. 

 

Overview 

The mechanisms that regulate tumor cell dissemination from a primary tumor and the 

establishment of a metastasis are complex and poorly understood. Metastasis is the leading 

cause of cancer-related deaths but disseminated tumor cells (DTCs) encounter multiple 

challenges, making metastatic progression a highly inefficient process. Initially, DTCs must 

survive in the circulation before homing to and colonizing a foreign microenvironment in a 

distant organ. Upon arrival at the metastatic site, DTCs enter a dormant state for some period of 

time, often months to decades, before eventually becoming reactivated and developing into an 

overt metastasis. An extensive body of clinical and experimental research supports Stephen 

Paget’s “seed and soil” hypothesis (1) that proposed tumor cells preferentially metastasize to 

particular secondary sites. This non-random tumor cell distribution, referred to as metastatic 

organotropism, is likely facilitated in part by blood flow dynamics, but most prominently by the 

fertile “soil” at distant sites (2).  

Metastasis to the bone occurs in ~60% of patients with metastatic breast or prostate 

cancer and to a lesser extent in other cancers, including lung and melanoma (3). The bone 

microenvironment provides a uniquely fertile soil for the homing of DTCs for several reasons. 

First, the bone marrow houses numerous cell types implicated in metastatic progression, 

including hematopoietic and mesenchymal stem cells, endothelial cells, osteoblasts, and 

osteoclasts, and the bone matrix itself provides a rich source of growth factors and cytokines 

(4). Second, the bone marrow is the primary site for hematopoietic stem cell (HSC) 

maintenance and contains two specialized niches: the endosteal “osteoblastic” niche and the 

perivascular niche (5). These niches are established and maintained by systemic signals and 

HSC interaction with resident cells, including osteoblasts and endothelial cells. Finally, the 

vasculature of the bone marrow results in varying oxygen levels ranging from <1% to 6% 

throughout the bone marrow, making the bone a particularly hypoxic tissue (Figure 1) (6). Thus, 

the bone marrow provides an ideal microenvironment for metastasis and ample opportunities for 

DTCs to co-opt these physiological niches to promote their own survival and outgrowth. 
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Figure 1. The hypoxic bone marrow microenvironment. The bone marrow is a naturally 
hypoxic microenvironment, with anatomical fluctuations in oxygen levels. Gray boxes = oxygen 
levels derived from calvarial measurements. White box = oxygen levels derived from 
mathematical modeling of long bone measurements. * = estimated conversion to pO2 from mm 
Hg. Adapted from (6).  
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Genetic drivers of bone metastasis 

Metastatic progression has traditionally been thought of as a late event that occurs 

following numerous genetic or epigenetic aberrations; however, recent literature suggests that 

dissemination can occur early in tumor progression (7, 8). Currently, two fundamental models of 

metastatic progression exist: linear progression and parallel progression. The linear progression 

model implies that metastatic founder cells evolve with the primary tumor, arising late in tumor 

progression, followed by delayed dissemination and adaptation to the microenvironment at the 

distant metastatic site. In contrast, parallel progression suggests early dissemination and 

acquisition of additional mutations in the metastatic tumor cells that are not detected in the 

primary tumor.  

Advancement of single-cell genomic analyses that can identify rare clonal populations 

and evaluate genetic alterations in DTCs has allowed for investigation into the biological 

significance of these progression models. The competing views and the evidence for each 

model in various tumor types have recently been reviewed (9). In the context of bone 

metastasis, early evidence of parallel progression came from analysis of DTCs in the bone 

marrow of breast cancer patients with and without clinically detectable metastasis (10, 11). 

Patients without metastasis harbored DTCs with less genetic heterogeneity compared to the 

primary tumor or DTCs isolated from M1 patients (10, 11). These findings suggest that 

metastatic cells in the bone follow the parallel progression model, acquiring additional genetic 

abnormalities after dissemination to a distant site. Similar results have been reported for 

patients with prostate cancer (12, 13). In support of these clinical data, studies using murine 

models of breast cancer demonstrated that invasive sub-populations disseminate from very 

early lesions to distant organs and eventually initiate overt metastasis (14, 15). Despite these 

corroborative findings, it is possible these genomic analyses failed to capture every unique 

subclone within the primary tumor and DTC populations. Thus, the presence of a rare subclone 

within the primary tumor that is able to give rise to DTCs and metastasis cannot be excluded. 

While these comparative genomic studies have illuminated the timing of tumor cell 

dissemination to distant metastatic sites, they have not provided considerable insight into the 

specific mechanisms controlling the ability of tumor cells to disseminate and home to a distant 

site. Thus, gene expression studies comparing primary human tumors and respective bone 

metastases have been performed to identify metastasis-promoting genes that are associated 

with bone metastasis and poor outcome. Pioneering work by the Massague lab reported a bone 

metastasis 102 gene signature (16), which included genes involved in bone marrow homing 

(CXCR4), extracellular matrix alteration (MMP1, ADAMTS1, proteoglycan-1), angiogenesis 
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(FGF5, CTGF), and osteoclastogenesis (IL11). Several of these genes were shown to 

cooperate to promote bone colonization and tumor-induced osteolysis in vivo, and likely 

cooperate with other unidentified genes to promote this phenotype. Subsequently, several other 

bone metastasis gene signatures, including signatures driven by Src-dependent (17) or Irf7-

regulated genes (18), have been described. Of important note, very little overlap occurs 

between the reported gene signatures, which may be due to tumor heterogeneity or differences 

in tumor source (e.g. analysis of primary tumors versus metastatic tumors to predict bone 

metastasis). Thus, the clinical significance and applicability of these gene signatures remains 

unclear. 

To date, no metastasis-specific mutations have been identified, implying that numerous 

genes become altered and act cooperatively to drive metastatic progression (19). These global 

gene expression changes are proposed to be a result of alterations to the epigenetic landscape, 

including DNA methylation and histone acetylation modifications (20, 21). Among the most 

frequently mutated genes in human cancers are epigenetic modifying enzymes (21), which are 

likely responsible for the increased DNA and histone methylation observed in tumors that 

efficiently metastasize to bone, brain, lung, and liver (22, 23). Presumably, these global 

epigenetic changes would result in abnormal gene expression and generation of additional 

mutations to promote a pro-metastatic phenotype. For example, DNA and histone methylation 

changes allow for the accessibility of VHL-HIF target genes, namely CYTIP and CXCR4, to 

promote bone and lung metastasis in clear cell renal carcinoma (24). 

 

Pre-metastatic niches  

Accumulating evidence suggests that several types of pre-metastatic niches (PMNs) 

exist to support the homing, survival, and colonization of metastatic tumor cells (4). The PMN is 

established by systemic signals secreted from the primary tumor that alter the extracellular 

matrix and recruit supportive stromal cells to create a conducive environment in the secondary 

site. The importance of tumor-derived factors in establishing the PMN through recruitment of 

bone marrow derived cells to the secondary site has been extensively investigated (4). 

However, since these cells normally reside in the bone marrow, the mechanisms controlling 

PMN formation in the bone remain less clear. Nonetheless, disruption of normal bone 

homeostasis appears to be a driving mechanism in PMN establishment in the bone (Figure 2). 

For example, hypoxic breast cancer cells in the primary tumor secrete the collagen-crosslinking 

enzyme lysyl oxidase (LOX), which acts directly on osteoblasts and osteoclasts in the bone 

marrow to favor bone resorption and promote colonization of DTCs (25). Additional secreted  
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Figure 2. Development of the pre-metastatic niche in the bone. (A) Tumor-derived factors 
promote the formation of a pre-metastatic niche in the bone prior to tumor cell dissemination. 
Factors such as lysyl oxidase (LOX) and C-C Motif Chemokine Ligand 2 (CCL2) disrupt normal 
bone homeostasis thereby favoring tumor cell colonization. 
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factors, including tumor-derived CCL2 (25, 26), interleukin-6 (IL-6) (27-29), the Notch ligand, 

Jagged1 (JAG1) (30), and the Wnt inhibitor, DKK1 (31), can enhance osteoclast differentiation 

and activity to promote skeletal metastasis. Interestingly, while CCL2 also promotes lung 

metastasis by recruiting macrophages to the metastatic site (25), tumor-secreted DKK1 

prevents lung metastasis by inhibiting stromal cell recruitment (31). These data suggest that 

there may be site-specific effects of these tumor-derived factors that require further 

investigation. 

 

Metastatic homing  

The CXCL12:CXCR4 axis is one of the most well described and prominent mechanisms 

favoring tumor cell homing and colonization of the bone (Figure 3). Bone marrow stromal cells 

and osteoblasts normally express high levels of CXCL12 (also known as SDF-1) to regulate the 

homing of HSCs to the bone marrow (32). Overexpression of its cognate receptor, CXCR4, by 

many cancer types (33) including breast and prostate facilitates the priming of tumor cells by 

CXCL12-secreting cancer associated fibroblasts to colonize and survive in the CXCL12-rich 

bone microenvironment (34). This signaling cascade is further propagated by recruitment of 

endothelial cells are the initial cell type encountered by tumor cells after homing to the bone 

microenvironment (Figure 3). Therefore, understanding the mechanisms controlling tumor cell 

adhesion to the endothelium is critical. Following intravasation, CXCL12:CXCR4 also serves as 

a chemoattractant to the bone (35) and facilitates tumor cell binding to marrow endothelial cells 

(36, 37). Cell adhesion molecules and integrins have been heavily implicated in regulating tumor 

cell colonization of the bone (38, 39). Loss of E-selectin ligand, β1 integrin, and Rac1 disrupts 

the ability of prostate tumor cells to adhere to and breach E-selectin (also known as CD62E or 

ELAM-1) positive bone marrow endothelial cells, resulting in decreased metastasis incidence 

(40). Similarly, CX3CL1:CX3CR1 (41, 42) and ANXA2: ANXA2R (43) promote the adhesion of 

breast and prostate tumor cells to bone marrow endothelial cells. 

 

Pre-existing niches and bone colonization  

Pre-existing niches within the secondary site, especially those involved in maintaining 

adult stem cell populations, are often exploited by metastatic tumor cells as receptive 

microenvironments. The endosteal and perivascular niches are the two specialized 

compartments critical for HSC maintenance and self-renewal in the bone marrow (5). Bone 

lining osteoblasts are the key component of the endosteal niche necessary for HSC 

maintenance, while endothelial and mesenchymal cells regulate this process in the perivascular 
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Figure 3. Metastatic homing of tumor cells to the bone. Disseminated tumor cells (DTCs) 
enter the circulation and can eventually home to the bone via microenvironmental signals 
including CXCL12:CXCR4 and E-selectin. 
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niche (5). Direct competition of HSCs with tumor cells for occupancy of the endosteal niche has 

been demonstrated in murine models of prostate cancer (44). This competition is facilitated by 

the direct interaction of tumor cells with osteoblasts and induction of HSC maturation by tumor 

cells, resulting in HSC egression from the niche (44). Notably, manipulation of the niche size 

resulted in a concomitant change in the number of DTCs. Specifically, osteoblast ablation led to 

decreased colonization by prostate cancer cells (44). Substantial evidence indicates that 

interaction of metastatic tumor cells with bone resident cells facilitates their successful 

colonization of the bone marrow. For example, bone colonization is mediated by the formation 

of heterotopic adherens junctions between E-cadherin (CDH1) positive breast cancer cells and 

N-cadherin (CDH2) positive osteoblasts (45). Additionally, tumor cell αvβ3 integrin expression is 

a critical mediator of tumor cell adhesion to bone matrix proteins and bone resident cells such 

as osteoblasts and osteoclasts through vitronectin and osteopontin (46). These interactions 

have been shown to be necessary for successful colonization of breast and prostate cancer 

cells and enhance tumor-induced osteolysis (47-49). Recent clinical and experimental evidence 

in breast cancer implicates RUNX2 as a transcriptional driver of αv (ITGA5) expression to 

promote circulating tumor cell colonization of the bone (50).  

Using murine models and organotypic cultures, Ghajar et al. demonstrated that breast 

cancer cells preferentially localize to the perivascular niche, where they are maintained in a non-

proliferative state through interactions with endothelial-derived thrombospondin-1 (TSP1) (51). 

This preferential homing of breast cancer cells was recently observed using real-time in vivo 

microscopy in which DTCs home to E-selectin- and CXCL12-rich perivascular regions (52). 

Similarly, disseminated melanoma cancer cells interact with mesenchymal stem cells through 

CD146 (also known as melanoma cell adhesion molecule (MCAM)) and CXCR4 to facilitate 

their colonization (53). Although the perivascular niche also contains resident stem cells, direct 

competition of tumor cells for niche occupancy has not been reported.  

 

Tumor dormancy 

The physiological role of the stem cell niche is to provide survival, quiescence, and self-

renewal signals from the microenvironment. Thus, tumor cells preferentially localize to these 

niches within the bone marrow to promote their own survival and dormancy (Figure 4). 

Increasing clinical evidence suggests that even patients without detectable metastasis harbor 

reservoirs of dormant tumor cells in the bone marrow. Breast cancer patients without nodal 

involvement have an approximate 20% risk of developing bone metastases 5-20 years after 

primary diagnosis (54). Accordingly, non-proliferating DTCs have been detected in the  
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Figure 4. Tumor colonization and dormancy in the bone. Following extravasation, 
interaction with resident bone cells and signaling molecules such as leukemia inhibitory factor 
receptor (LIFR), p38, and thrombospondin-1 (TSP1) maintain tumor cells in a dormant state. 
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circulation (55, 56) as well as in the bone upon autopsy (57, 58) in approximately 70% of breast 

or prostate cancer patients (57). Intriguingly, the presence of DTCs in the bone marrow of 

patients is not only predictive of metastasis to the bone, but also to the lungs, liver, and brain 

(59). This predictive capability also applies to cancer types that rarely metastasize to the bone. 

For example, despite the low incidence of bone metastasis, DTCs are detected in patients with 

colorectal and gastric cancer, suggesting that these cells very rarely escape dormancy (55). 

Combined, these studies suggest that dormant DTCs may lie in the bone marrow for an 

extended period of time, putting cancer survivors at significant risk of developing bone 

metastases should these DTCs become reactivated. Despite the recent advances in our 

understanding of tumor dormancy, many of the complex molecular mechanisms remain unclear.  

Microenvironmental factors known to regulate HSC quiescence include bone 

morphogenetic proteins (BMPs) (60), TGFβ2 (61, 62), and growth arrest-specific protein 6 

(GAS6) (63, 64), which were among the first factors identified to induce dormancy of prostate 

cancer cells and head and neck squamous cell carcinoma. These secreted factors as well as 

other molecular signals, including retinoic acid (65) and urokinase plasminogen activator 

receptor (uPAR) (66, 67), have been shown to alter the ratio of ERK and p38 MAPK signaling, 

which has become one of the most well established mechanisms for inducing tumor cell 

dormancy (62). Specifically, preferential activation of p38 MAPK over ERK signaling (p38high/ 

ERKlow) results in the induction of DTC dormancy. Clinical data also implicate p38 MAPK/ERK in 

bone metastasis since a p38-regulated dormancy gene signature was associated with increased 

time to metastasis in breast cancer patients (68, 69). TGFβ2, which is proposed to activate the 

p38 MAPK pathway in bone-disseminated tumor cells, has been shown to be more abundant in 

the bone marrow compared to other organs (liver, spleen, lung), suggesting potential organ-

specific mechanisms of tumor dormancy (70). Additionally, a downstream mediator of p38 

MAPK signaling, mitogen- and stress-activated kinase 1 (MSK1) was recently identified as an 

important regulator of metastatic dormancy using an unbiased in vivo shRNA screen. Studies 

using the human estrogen receptor positive (ER+) T47D cells revealed that knockdown of 

MSK1 increased bone homing and metastatic outgrowth. These findings were further supported 

with clinical patient data showing a correlation between low MSK1 expression and early relapse 

in ER+ breast cancer (71). 

The Tyro3, Axl, and MERTK (TAM) receptor tyrosine kinases compete for the GAS6 

ligand secreted by osteoblasts (63, 64). Xenograft models of prostate cancer revealed that 

GAS6-mediated Axl signaling induces dormancy while GAS6-activated Tyro3 promotes escape 

into a proliferative state. Recent evidence indicates that GAS6:Axl signaling is critical for 
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TGFβ2-mediated dormancy (72). MERTK was recently shown to promote dormancy escape in 

prostate cancer cells through multiple transcriptional and epigenetic mechanisms (73). 

Combined, these data suggest that the ratio of the TAM receptors on DTCs may be one 

mechanism controlling the fate of DTCs in the bone marrow.  

The tumor suppressor leukemia inhibitory factor (LIF) receptor (LIFR) was also recently 

identified as a mediator of tumor dormancy in breast cancer cells (74-76). Loss of LIFR and 

downstream STAT3 signaling in DTCs resulted in dormancy escape and enhanced osteolytic 

bone destruction in vivo (74). Activation of LIFR:STAT3 is mediated by several IL-6 family 

cytokines including oncostatin M (OSM) and LIF, which have been previously implicated in 

regulating metastasis to the bone, lung, and liver (77-79). Thus far, due to the complexity of 

LIFR signaling and abundance of ligands in the bone marrow, the specific factor(s) responsible 

for the pro-dormancy effects of LIFR signaling has not yet been identified. Of particular interest 

are the findings that LIFR expression is downregulated by hypoxia (74, 80) suggesting that 

oxygen gradients in the bone marrow may regulate the emergence of tumor cells from a 

dormant state.  

As discussed in more detail later, reversible epigenetic modifications are known to 

regulate stem cell plasticity, suggesting that these mechanisms are also likely to be involved in 

tumor dormancy. Indeed, several genes belonging to the aforementioned p38-regulated gene 

signature (68, 69), including NR2F1, TGF2, and DNMT1, are known epigenetic modulators of 

stem cell quiescence and have been identified as key regulators of tumor dormancy. Further 

investigation using experimental head and neck squamous cell carcinoma models revealed that 

NR2F1 drives global chromatin changes to primarily promote the survival of DTCs and, to a 

lesser extent, their dormancy in the bone marrow (65). In contrast to the bone, NR2F1 

predominantly drives DTC dormancy in the lung and spleen through SOX9 and RARβ (65). 

Examination of stemness in prostate cancer DTCs revealed that traditional stem cell markers 

(e.g. CD44 and CD133) were not enriched in quiescent DTCs in the bone marrow, but these 

cells were far more tumorigenic than their proliferative counterparts. Interestingly, these cells 

also expressed higher levels of CXCR4, suggesting that the quiescent cells may be more adept 

at bone marrow homing (81). 

 

Metastatic outgrowth 

DTCs can persist in a dormant state for years to decades before becoming reactivated 

and developing into overt metastases. While our understanding of metastatic outgrowth remains 

incomplete, many mechanisms regulating the switch of dormant tumor cells into proliferative 
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metastases have been identified (Figure 5). Disruption of bone homeostasis is one of the 

primary switches that causes tumor cells to exit a dormant state. The “vicious cycle” of osteolytic 

bone metastasis is the most well defined mechanism that disrupts bone homeostasis and is 

observed in numerous cancer types including breast, lung, and multiple myeloma (Figure 6) 

(82). The vicious cycle is initiated by the secretion of molecules by tumor cells, including 

parathyroid hormone-related protein (PTHrP) and IL-11, which stimulate RANKL-mediated 

differentiation and activation of osteoclasts (82). Osteoclasts resorb the surrounding bone 

matrix, releasing stored mitogenic factors, namely TGFβ, that subsequently fuel cancer cell 

proliferation and the feed-forward cycle by stimulating PTHrP (83) and its upstream regulator 

GLI2 (84, 85).The role for TGFβ signaling through the TGFβ type I receptor in propagating the 

vicious cycle is well established (83, 86-88) and is in contrast with the proposed role for TGFβ2 

induction of tumor cell dormancy in the bone marrow. This suggests an important temporal role 

for TGFβ signaling that extends beyond its dual role at the primary and metastatic sites. In 

contrast to breast cancer, prostate cancer cells predominantly form osteoblastic lesions as a 

result of excessive induction of osteoblast differentiation and proliferation (89). The positive-

feedback loop for osteoblastic metastases is initiated by the secretion of osteoblast-activating 

factors such as BMPs) and epidermal growth factors (EGFs) from tumor cells, which in turn 

results in the production of osteoblast-derived factors including IL-6 and monocyte chemotactic 

protein-1 (MCP1) that promote tumor cell proliferation (89). It is worth noting that anti-resorptive 

therapies have been effective in reducing bone pain in prostate cancer patients (90, 91), 

suggesting that a resorptive phase precedes the formation of osteoblastic lesions. 

While it remains largely unclear whether PTHrP is expressed in breast cancer cells prior 

to dissemination or turned on following extravasation into the bone marrow, there have been 

several studies investigating how the rigidity of the bone microenvironment impacts breast 

cancer cell expression of PTHrP. Highly bone metastatic breast and lung cancer cells grown on 

increasingly rigid substrates exhibited similar increases in PTHrP and GLI2, which was 

mediated by Rho-associated kinase (ROCK) activation of TGFβ signaling (92), as well as 

integrinβ3 (93). Interestingly, MCF7 cells, which home to bone but do not induce much bone 

destruction (74, 94), do not increase PTHrP levels in response to increasing rigidity (92). This 

suggests that cells primed for the bone are more responsive to bone matrix rigidity. 

Due to the initiating role of PTHrP in osteolytic bone destruction, numerous studies have 

investigated its role in bone colonization. Inhibition of PTHrP shortly after tumor inoculation (95) 

or two weeks after inoculation(88) effectively reduces tumor-induced osteolysis. Overexpression 
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Figure 5. Metastatic outgrowth of tumor cells in the bone. Emergence of DTCs from 
dormancy results in the outgrowth into overt metastases. Tumor cell proliferation and osteolytic 
bone destruction is mediated by parathyroid hormone-related protein (PTHrP), receptor 
activator of NFκB ligand (RANKL), and vascular cell adhesion molecule-1 (VCAM-1). The 
growth of neovasculature within the metastasis produces transforming growth factor beta 1 
(TGFβ1) and periostin to further promote the proliferation of metastatic tumor cells. 
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Figure 6. Tumor-induced bone destruction. Breast tumor cells secrete factors (e.g. PTHrP, 
etc.) that stimulate osteoclastogenesis via osteoblastRANKL expression. Growth factors are then 
released from the bone matrix and further promote tumor growth and secretion of osteolytic 
factors 
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of PTHrP in otherwise dormant human MCF7 breast cancer cells results in aggressive 

colonization and osteolysis of the bone through enhanced osteoclastogenesis (96). PTHrP 

overexpression in breast cancer cells also reduces pro-dormancy gene expression, suggesting 

that PTHrP may play a role in tumor cell exit from dormancy (74, 97). Further, the enabling of 

dormant tumor cells to aggressively colonize the bone following PTHrP overexpression appears 

to be independent of PTHR1 and cAMP-mediated signaling and may rely on the calcium 

signaling pathway (97). 

Aberrant expression of vascular cell adhesion molecule 1 (VCAM-1) on breast cancer 

cells has been shown to recruit osteoclast progenitors expressing the cognate receptor integrin 

α4β1, thus enhancing local osteoclast activity (98). Pharmacological targeting of VCAM-1 or 

integrin α4 effectively reduced progression from dormancy into overt metastasis (98). Clinical 

data suggests Src activation is associated with bone metastasis (17). While Src has no effect on 

the homing of breast cancer cells to the bone, its activation results in enhanced metastatic 

outgrowth in the bone (17). Similar to the primary tumor, the vasculature is known to play an 

important role in metastasis (4). In contrast to the suppressive cues of mature vessels, the 

sprouting neovasculature promotes progression of metastatic outgrowth by secreting TGFβ1 

and periostin (51). These findings identified an unexpected source of these tumor-promoting 

factors, suggesting that vascular homeostasis is critical for initiating emergence from dormancy. 

Recent work by Lawson et al. provides a novel look at the vicious cycle and multiple myeloma 

dormancy using longitudinal intravital imaging through an optical window in the mouse tibia (99). 

Using this model, myeloma cells colonized the endosteal niche and their dormancy status was 

determined by the balance between pro-dormancy signals from osteoblasts and pro-proliferative 

signals from osteoclasts in the endosteal niche (99). Intriguingly, when proliferative tumor cells 

were isolated and subsequently reintroduced into mice, a small portion localized to the 

endosteal niche and did not divide (99). Thus, regardless of their prior proliferative capacity, re-

engagement of tumor cells with the endosteal niche was able to induce dormancy. 

A critical question arises from the findings presented above: What initiates the eventual 

switch from a dormant to proliferative state? Given the evidence supporting early dissemination 

of tumor cells, it is possible that primary tumor-derived factors are responsible for altering DTCs 

or the bone metastatic niche prior to detection of the primary tumor. Age-related changes have 

also been postulated to trigger the emergence of tumor cells from dormancy. With increasing 

age, more cells enter an irreversible senescent state which is associated with a senescence-

associated secretory phenotype (SASP) (100). This SASP results in the elevated secretion of 

cytokines, chemokines, and growth factors that may establish a tumor-promoting 
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microenvironment that can act on surrounding dormant tumor cells. Indeed, senescent 

osteoblasts enhanced breast cancer bone colonization through IL-6 mediated 

osteoclastogenesis (27). Additionally, systemic sex steroid levels may also play a role in this 

process. These molecules can regulate bone homeostasis by inducing osteoclast apoptosis and 

promoting osteoblast proliferation (101-103). Reduced hormone levels can also result in 

enhanced bone resorption, which leads to accelerated metastasis formation in hormone-

responsive tumors, including breast and prostate (104, 105).  

 

Therapeutically targeting the bone microenvironment 

Over the past decade, significant progress has been made in elucidating the molecular 

mechanisms that control metastatic niches, tumor dormancy, and the emergence of clinically 

detectable bone metastases. Preferential metastasis to the bone marrow occurs for many tumor 

types, with breast and prostate being the most notable (57). However, there are currently no 

therapeutic options to cure bone metastasis. Bone-modifying agents that target resorption, 

including bisphosphonates and denosumab, are commonly used to effectively manage bone 

metastasis-related morbidities including pain and hypercalcemia (105-107). Since these 

therapies target osteolysis and not tumor cells themselves, mortality rates in patients with bone 

metastasis has not significantly improved. Conventional therapies have limited success in 

preventing or treating bone metastasis in part due to the complex nature of the bone 

microenvironment, tumor heterogeneity, and therapeutic resistance of DTCs. Until recently, the 

persistence of dormant tumor cells in secondary sites and their resistance to therapeutics that 

preferentially target proliferating cells was not appreciated. Thus, there is significant need to 

identify novel therapeutic strategies to prevent the colonization and outgrowth of DTCs in the 

bone.  

 Preventing tumor cell dissemination and colonization by disrupting the factors shown in 

Table 1 may prove to be a promising strategy to prevent metastasis. In support of this notion, 

disruption of the CX3CR1 or CXCR4 pathway in murine models of breast and prostate cancer, 

respectively, reduces metastatic incidence and tumor burden in the bone (34, 41, 108, 109). 

Similarly, substantial pre-clinical evidence suggests that pharmacological targeting of αvβ3 

integrin effectively prevents metastatic colonization of the bone (110-112). Clinical trials using 

neutralizing antibodies and small molecule inhibitors against αvβ3 have shown promise, 

however these have not specifically focused on bone metastasis (113, 114). 

Microenvironmental factors such as TGFβ and VEGF have also been identified as potential 

therapeutic targets to prevent bone metastasis (115, 116). Therapeutic approaches targeting 
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tumor cell intrinsic mechanisms have also been proposed for bone metastases. A combination 

of Src and ERK inhibition has been shown to effectively reduce breast cancer metastasis to the 

lungs (117). Given the known roles of Src (17) and ERK (61, 62, 67) signaling in promoting 

dormancy escape of tumor cells in the bone, this combination treatment may be an effective 

treatment to maintain tumor cells in a dormant state and prevent recurrence.  

 

Epigenetic therapy for breast cancer metastasis 

A complicating factor of bone metastasis is that the kinetics of tumor cell dissemination 

and metastatic outgrowth remain unclear, and the emergence of DTCs from a dormant state 

may not be a synchronized event (99). Temporally or spatially regulated factors may promote 

dormancy escape in a subset of DTC clones and maintain dormancy of others. These 

possibilities complicate the development of therapies targeting dissemination, colonization, and 

metastatic outgrowth. Therapeutic strategies designed to induce DTC dormancy and/or prevent 

reactivation or those that promote proliferation and mobilization of bone DTCs into the 

circulation have been proposed (118). Both strategies have advantages and disadvantages, 

highlighting the need for more investigation into their effectiveness in preclinical animal models.  

Given the newly identified role of epigenetic modifiers (i.e. NR2F1, MERTK) in regulating tumor 

dormancy, epigenetic-modulating therapies may also represent promising options to induce 

dormancy in DTCs.  

The epigenetic landscape is regulated by the activity of histone- and DNA-modifying 

enzymes that read, erase, or write post-translational modifications to the chromatin and DNA. 

These modifications alter chromatin conformation thus regulating the transcriptional activation 

and silencing status of genes. DNA methylation patterns are regulated by the activities of DNA 

methyltransferases and DNA demethylases (119). In general, methylation of DNA decreases 

gene expression by hindering the binding of transcriptional activators and promote other 

chromatin remodeling enzymes such as those involved in histone modification to further silence 

gene transcription (119). Histone tail modifications including methylation and acetylation marks 

are manipulated by several enzymes families including histone deacetylases (HDACs), histone 

acetyltransferases, histone methyltransferases, and histone demethylases (120). These 

enzymes can greatly alter gene transcription based on the specific histone/residue targeted and 

the type of modification. Typically, acetylation of lysine residues, such as H3K9 and H3K27, 

results in transcriptional activation whereas lysine methylation including H3K27me3, causes 

transcriptional repression (120).  



 

18 

 

Table 1. Factors controlling metastatic progression in the bone. 
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As previously mentioned, many of these chromatin-modifying enzymes are deregulated 

in cancer to drive tumorigenesis and thus are a main therapeutic focus to reprogram tumor cells 

(121). Many epigenetic therapies currently being tested target the DNMTs or HDACs as a 

means to reactivate tumor suppressors and induce cell-cycle arrest, apoptosis, and 

differentiation. Treatment with DNMT inhibitors such as decitabine and azacytidine effectively 

reduce tumor cell proliferation in various cancer types (122-125). Additionally, decitabine 

treatment in combination with all-trans retinoic acid has been shown to induce dormancy in a 

p38-dependent manner in a murine model of head and neck squamous cell carcinoma (65). 

Based on promising preclinical studies, DNMT inhibitors are currently being tested in clinical 

trials for several cancer types including metastatic breast cancer (clinicaltrials.gov) (126). 

HDAC inhibitors (HDACi) can be divided into four classes based on their structural 

properties: hydroxyamate, cyclic peptide, benzamide, and short-chain fatty acid (127). In 

addition to these structural differences, HDACi also exhibit selectivity for the various HDAC 

classes and isoforms when tested at pharmacologically relevant concentrations as shown in 

Table 2. While the development of selective HDACi is challenging due to high isoform 

homology, significant effort is being put forth to develop class- and HDAC-selective inhibitors. 

Nonetheless, several HDAC inhibitors are currently FDA approved for various diseases such as 

valproic acid for chronic treatment of epilepsy and migraines. Several HDACi are now FDA 

approved as anti-cancer drugs including vorinostat and romidepsin for the treatment of 

cutaneous T-cell lymphoma and panobinostat for multiple myeloma. In addition to the 

aforementioned HDACi, several others such as mocetinostat and belinostat are currently in 

clinical trials for the treatment of various solid tumors including recurrent and metastatic breast 

cancer.  

In the context of tumor dormancy, previous work demonstrated upregulation of LIFR and 

other pro-dormancy genes in breast cancer cells following HDAC inhibitor treatment (74) in vitro, 

indicating these epigenetic therapies may be a mechanism to induce a chronic state of 

dormancy. However, several reports have suggested that HDAC inhibitors, specifically valproic 

acid and vorinostat, may negatively affect normal bone remodeling resulting in a significant 

reduction in bone volume (128-130). One concern with these findings is that the disruption of 

bone homeostasis by HDAC inhibitor treatment may result in the release of tumor-promoting 

cytokines stored within the bone matrix and fuel tumor growth rather than tumor dormancy. 

Thus, further investigation into the long-term effects of HDAC inhibitor treatment on DTCs within 

the bone is necessary.  
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Table 2. HDAC inhibitors and their pharmacological properties. Yellow box = HDAC isoform 

suspected to be inhibited at indicated concentrations based on literature. Gray box = HDAC 

isoform not suspected to be affected at indicated concentrations based on literature 
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Experimental models of bone metastasis 

A major limitation to our understanding of tumor dormancy and bone colonization is the 

limited number of preclinical animal models. Historically, several types of models have been 

used to study bone metastasis and colonization with each having their own advantages and 

limitations. Spontaneous models such as the MMTV-PyMT and 4T1 models best recapitulate 

the natural metastatic cascade in patients (131). However, these models do not efficiently 

metastasize to the bone, making it difficult to reproducibly investigate bone colonization and 

outgrowth. Thus, intracardiac (132, 133)and occasionally tail vein injection (134) of murine-

derived mammary carcinoma cell lines into syngeneic mice or human breast cancer cell lines 

into immunocompromised mice are the most commonly used experimental models of bone 

metastasis. Since the tumor cells are injected directly into the bloodstream, these are not true 

bone metastasis models, but rather models of bone colonization. Further, these models are 

more conducive to genetic manipulation of tumor cells and have a relatively shorter latency 

period. By far, the murine 4T1 and human MDA-MB-231 are the most commonly used cell lines 

for breast tumor-bone studies since they rapidly induce osteolytic bone destruction (132). 

Importantly, these models do not recapitulate the latency behavior of DTCs that are thought to 

occur in breast cancer patients.  

The human estrogen receptor positive (ER+) MCF7 cells have been used by several 

groups (69, 74, 135, 136) as a model of tumor dormancy in the bone since these cells remain in 

a non-proliferative state for prolonged periods of time and induce little osteolytic bone 

destruction. Recently, the dormant bone metastatic (DBM) T47D breast cancer cell derivative 

was described as a latent tumor model that, similar to the MCF7 model, will eventually develop 

overt bone metastases with exogenous estradiol supplementation (71). However, a major 

drawback to these models is the requirement of exogenous 17-estradiol by tumor cells to form 

orthotopic tumors and overt bone metastases. Estradiol supplementation in both tumor-

inoculated and naïve mice causes adverse urinary tract effects and perturbs normal bone 

homeostasis resulting in dramatically increased bone volume (135-139). Thus, while these 

tumor models are useful tools to better understand regulators of DTC dormancy in the bone, the 

negative effects of exogenous estradiol make these models less physiologically relevant and 

may be a confounding factor in these models. Importantly, in contrast to the human ER+ 

models, there are currently no established ER- cell lines that mimic this latency period in mice. 

Given the suspected role of the immune system in tumor dormancy and outgrowth of 

disseminated tumor cells, the inoculation of tumor cells into mice with fully functioning immune 

systems is highly advantageous. Besides the aggressive 4T1 model mentioned previously, very 
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few mouse cell lines are currently used to investigate bone colonization. The SSM2 and SSM3 

cell lines derived by the Faccio lab from spontaneous mammary carcinomas in STAT1-/- mice 

(140) represent the first mouse ER+ models that consistently form osteolytic lesions in the bone. 

Although it has not yet been investigated, bone destruction in these models was observed 4 - 7 

weeks after inoculation suggesting that these cells may lie dormant or proliferate slowly in the 

bone for some period of time before developing into an overt metastasis. Thus, further 

development of mouse models in which to investigate bone colonization, particularly in the 

absence of estrogen supplementation, are needed.  

 

Summary and study aims 

Although bone metastases remain one of the leading causes of morbidity and mortality 

in breast cancer patients, our mechanistic understanding of bone colonization and metastatic 

outgrowth by DTCs remains poorly understood. These deficits are partially due to the lack of 

preclinical animal models that faithfully recapitulate the latency period observed in breast cancer 

patients, particularly those with ER+ disease, and methodologies to detect low tumor burden in 

the bone. Additionally, while numerous studies have focused on identifying dormancy 

associated factors, few have investigated possible therapies to induce these factors and 

maintain DTCs in a dormant state and/or revert proliferative DTCs into a dormant state. 

Continued exploration within these areas using clinically relevant mouse models is of critical 

importance to identify additional mechanisms controlling bone metastasis and potential 

therapeutic interventions. 

We sought to address several gaps within the field by establishing novel models of 

prolonged tumor latency and investigating the therapeutic potential of HDAC inhibitors to induce 

dormancy in breast cancer cells. Specifically, Chapter II describes two novel models of 

prolonged tumor latency in the bone using the human ER- cell line (SUM159) and syngeneic 

mouse ER+ cell line (D2.OR) and explores the effects of exogenous estradiol on tumor cell 

colonization and outgrowth. Further, robust methodologies to detect rare DTCs in each of these 

models are presented. In Chapter III, we establish an ER+ bone-selective MCF7 model 

(MCF7b) that exhibits enhanced metastatic potential and identify the PIP3-dependent guanine 

exchange factor, PREX1, as a mediator of this phenotype in vitro. While previous studies have 

reported the induction of LIFR by HDAC inhibitors, none have investigated their potential use to 

therapeutically induce tumor dormancy. Thus, Chapter IV explores the use of HDAC inhibitors to 

induce and maintain breast cancer cells in a persistent state of dormancy by stimulating LIFR 

and other dormancy genes. Tumor-induced bone disease results in increased patient morality 
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and co-morbidities; therefore, it is of the utmost importance to better understand the 

mechanisms controlling bone metastasis and tumor dormancy in clinically relevant animal 

models. Such efforts may ultimately lead to the identification of novel therapeutic options and/or 

prevent breast tumor recurrence in the bone.  
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CHAPTER II 

 

MATERIALS AND METHODS 

 

Cells. Human MCF7 breast cancer cells were obtained from ATCC. The MCF7 bone-selective 

(MCF7b) line was generated from parental MCF7 cells that were transduced with a lentiviral 

vector containing GFP and a non-silencing control (NSC) shRNA (discussed further below). For 

simplicity, these MCF7 NSC cells are referred to as “MCF7” cells in all MCF7b-related studies. 

Murine D2.0R and D2.A1 mammary carcinoma cells (141) were a gift from J. Green at the 

National Cancer Institute. Human bone-metastatic MDA-MB-231 cells (MDA-MD-231b) (132, 

142) were established from the bone clone generated by the Mundy laboratory. Murine 4T1BM2 

bone metastatic cells (143) were gifted by Dr. Normand Pouliot at the Peter MacCallum Cancer 

Centre. All cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 

penicillin/streptomycin (P/S). Human SUM159 breast cancer cells were a gift from the Rutgers 

Cancer Institute of New Jersey and cultured in Ham’s F12 medium supplemented with 5% FBS, 

5 g ml-1 insulin and 1 g ml-1 hydrocortisone as previously described (74). All human cell lines 

were recently re-authenticated by ATCC. At this time there is no authentication service available 

for mouse cell lines. Cell lines are regularly tested for mycoplasma contamination. 

 

shRNA and siRNA. Parental MCF7 cells transduced with a non-silencing control (NSC) 

shRNA, LIFR shRNA#3 and STAT3 shRNA were previously generated (74). Additional LIFR 

knockdown lines were generated by transfection of GIPZ lentiviral vectors (Dharmacon, 

shLIFR#6: V3LHS_347496 and shLIFR#8: V3LHS_347498) into 293T cells to produce lentivirus 

followed by transduction of MCF7 cells with virus and 5g/ml polybrene. PREX1 knockdown 

lines were generated as described above using GIPZ lentiviral vectors (Dharmacon, NSC: 

RHS4346, shPREX1#4: V3LHS_333004, and shPREX1#6: V3LHS_333006) transduced into 

MCF7b cells. All lentiviral transduced cells were selected with 1 μg/ml puromycin for 3 days. For 

siRNA experiments, ON-TARGETplus SMARTpool siRNAs for PREX1 (Dharmacon, Catalog 

No. L-010063-01-0005) or non-targeting siRNAs (Dharmacon, Catalog No. D-001810-10-20) 

were transfected into cells using Lipofectamine 2000 (Thermo Fisher) according to the 

manufacturer’s instructions. 
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RNA extraction and real-time qPCR. Cells were harvested for real-time qPCR as previously 

described (74). Briefly, cells grown in monolayer were harvested in TRIzol (Thermo Fisher), 

extracted, purified and DNase treated (TURBO DNA-free kit, Thermo Fisher), and cDNA 

synthesized (1000ng RNA, iScript cDNA Synthesis Kit, Bio-Rad) per the manufacturer’s 

instructions. Whole femur homogenates and real-time qPCR analysis was performed as 

previously described (135). Briefly, intact snap-frozen femurs were homogenized in TRIzol, RNA 

extracted, and cDNA synthesized as above per the manufacturer’s instructions. The same 

process was applied to spine, lung, and primary tumor homogenates. Real-time PCR was 

performed using iTaqTM Universal SYBR Green Supermix (Bio-Rad) on a QuantStudio 5 

(Thermo Fisher) with the following conditions: 2 min at 50°C, 10 min at 95°C, (15 s at 95°C, 1 

min 60°C) x40 cycles followed by dissociation curve (15 s 95°C, 1 min 60°C, 15 s 95°C). Human 

primers for B2M, LIFR, THBS1, TPM1, AMOT, TGFB2, P4HA1, HIST1H2BK, IGFBP5, MIR190, 

PDCD4, SELENBP1, CDKN1B, QSOX1, and STAT3 were previously published (74). Primers 

for HSPB1, PREX1, DUSP4, and MSK1 were designed using PrimerBlast (NCBI) and validated 

by dissociation. Primer sequences are shown in Table 3.  

 

Western blotting. Cells grown in monolayer were rinsed with 1X PBS and harvested for protein 

in RIPA buffer (Sigma) supplemented with protease and phosphatase inhibitors (Roche). 

Protein was extracted from whole bone homogenates using the TRIzol method (Thermo Fisher) 

according to the manufacturer’s instructions. Protein concentration was determined by BCA 

assay (Thermo Fisher) and 20-50 g protein was loaded onto an SDS-PAGE gel in reducing 

conditions and transferred to nitrocellulose membranes using standard techniques. Membranes 

were probed with antibodies against pSTAT3 Y705 (Cell Signaling, Catalog No. 9131, 1:1000), 

STAT3 (Cell Signaling, clone 124H6, Catalog No. 9139, 1:1000), pAKT Ser473 (Cell Signaling, 

Catalog No. 9271, 1:1000), AKT (Cell Signaling, Catalog No. 9272S, 1:1000), pERK1/2 

Thr202/Tyr204 (Cell Signaling, Catalog No. 9101, 1:1000), ERK1/2 (Cell Signaling, Catalog No. 

9102, 1:1000), PREX1 (Cell Signaling Technology, Catalog No. 13168S, 1:1000), alpha-tubulin 

(Antibody & Protein Resource at Vanderbilt University, Catalog No. VAPRTUB, 1:5000), vinculin 

(Millipore, Catalog No. AB6039, 1:10,000), LIFR (Santa Cruz, Catalog No. sc-659 

(discontinued), 1:1000), and acetylated Histone H3 (Millipore, Catalog No. 06-599, 1:1000).  
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Table 3. Primer sequences for real-time qPCR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Primer

Forward CTTCACGCGGAAATACACGC

Reverse CGAAGGTGACTGGGATGGTG

Forward AGGCTACCTGTTGTCTCCGA

Reverse GAGCAAACGGTCTTCATGGC

Forward GGCATCACGGCTCTGTTGAAT

Reverse GTCGGCCTTGTGGTTATCTTC

Forward TTCCTTTGTTGCTCCTTCCATC

Reverse CAACATTTGTCACTCCAGGACG

HSPB1

PREX1

DUSP4

MSK1
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Flow cytometry.  

In vitro experiments. MCF7 and MDA-MB-231b cells were treated with vehicle (DMSO), 

entinostat (0.5 M) or panobinostat (5 nM) for a total of 8 days. Cells were fixed on day 0, 2, 4, 

6, and 8 in 10% formalin for 20 minutes at room temperature, washed with PBS, and stored in 

PBS at 4C prior to staining. Cells were stained in 100ul of 1% BSA+PBS with CD24 (BV711-

conjugated, BD Biosciences, Catalog No. 563371, 1:300) and CD44 (PE-conjugated, BD 

Biosciences, Catalog No. 550989, 1:150) for 30 minutes on ice, washed with 1% BSA+PBS, 

and resuspended in 300ul of 1% BSA+PBS for analysis. Cells were analyzed in the VMC Flow 

Cytometry Shared Resource using the BD Fortessa cytometer. Datasets were analyzed using 

FlowJo software (FlowJo, LLC). 

 

In vivo experiments. One hindlimb was flushed using centrifugation (mice without 17-estradiol 

supplementation) or crushed using a mortar and pestle (mice with 17-estradiol 

supplementation) to obtain the bone marrow. The bone marrow was filtered through a 40 m 

cell strainer to separate the cells from bone debris. Cells were suspended in red blood cell lysis 

buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.2) for 5 minutes on ice, spun 

down, and washed twice with PBS. Bone marrow (1x106 cells) was stained in 100ul of 1% BSA 

in PBS with 175ng PE-conjugated CD298 antibody (BioLegend, Catalog No. 341704) for 30 

minutes on ice in the dark. Cells were washed with PBS and resuspended with 1% BSA+PBS 

and 25ng Propidium Iodide (BD Pharmingen, Catalog No. 556463). Flow cytometry experiments 

were analyzed in the VMC Flow Cytometry Shared Resource using the 5-laser BD LSRII. 

Datasets were analyzed using FlowJo software (FlowJo, LLC). Cells were gated based on 

forward scatter and side scatter and then live cells (PI-) were gated using PE-CD298 stained 

bone marrow as a fluorescence minus one negative control. The dead cells (PI+) were gated 

out and are not included in the representative plots shown in the figures. 

 

Proliferation assays. For trypan blue exclusion assays, cells were trypsinized and mixed with 

0.4% trypan blue solution. Viable cells were determined based on dye exclusion and counted 

using a TC20 Automated Cell Counter (Bio-Rad). Proliferation of HDAC inhibitor treated cells 

was monitored in 48-hour increments for a total of eight days by repeatedly trypsinizing cells, 

counting viable cells by trypan blue exclusion, and reseeding of equal cell numbers onto new 

plates. These data are presented in the figure as fold proliferation (viable cells / initial seeding 

number) within each 48-hour period. CellTrace Violet proliferation assays were performed by 

staining 10 million cells with CellTrace Violet dye (Thermo Fisher) according to the 
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manufacturer’s instructions. A subset of stained cells was fixed immediately (D0 sample) and 

the remaining cells were plated onto multiple 10cm plates at 1.5 million cells each in medium 

containing entinostat (0.5M), panobinostat (5nM), or vehicle. Medium containing fresh drug 

was replaced every 24 hours. Each day, cells were trypsinized and fixed with 10% formalin for 

20 minutes, washed with PBS, and stored in PBS at 4°C until analysis. On days 2, 4, and 6, 

portion of trypsinized cells (~1.5 million cells) were reseeded onto 10cm plates for analysis at 

later time points. CellTrace Violet fluorescence intensity was analyzed in the VMC Flow 

Cytometry Shared Resource using the 5-laser BD LSRII and analyzed using FlowJo software 

(FlowJo, LLC). 

 

Migration and invasion assays. Cells were seeded at 1x105 cells per well into 24-well 

transwell inserts with 8 µm pores (Corning). For invasion assays, transwell inserts were coated 

with 0.5 mg/ml matrigel for 30 minutes at 37°C prior to cell seeding. Serum-free medium was 

added to the upper chamber and medium containing 1% FBS was added to the bottom chamber 

to create a chemoattractant gradient. Cells were incubated for 72 hours and fixed/permeabilized 

with methanol for 10 minutes. Transwell inserts were stained with 0.5% crystal violet for 10 

minutes, washed with water, and dried overnight. Bright-field images were acquired using an 

inverted microscope. Transwell membranes were removed and mounted onto coverslips using 

VECTASHIELD HardSet Antifade Mounting Medium with DAPI (Vector Laboratories). Images 

were collected on an Olympus BX41 Microscope equipped with an Olympus DP71 camera 

using 10X and 40X plan objectives and quantified using ImageJ software.  

 

Adhesion assays. Fibronectin (Thermo Fisher) was diluted to 5g/ml or 10g/ml and incubated 

on a 96-well plate for 1 hour at room temperature. Wells were washed twice with PBS and 

allowed to dry. Cells were seeded at 0.5x105 in 100l of serum-free medium per well and 

incubated for 30 minutes or 1 hour. Following incubation, the medium was removed and wells 

were gently washed with PBS. Cells were fixed/permeabilized in methanol for 10 minutes 

followed by staining with 0.5% crystal violet for 10 minutes. The 96-well plate was immersed in 

water to remove excess crystal violet and allowed to dry. Bright-field images were collected on 

an inverted microscope using the 10X plan objective and analyzed using ImageJ software. For 

absorbance measurements, 100 µl of 30% acetic acid in PBS was added to each well and 

incubated on an orbital shaker for 10 minutes. The absorbance was read at 600nm using a 

GloMax Discover microplate reader (Promega Corp).  
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HDAC inhibitor treatment. Cells were seeded in a 6-well plate at 2x105 cells/well or 10cm 

plate at 1.5 million cells/plate for RNA and protein analysis, respectively. The following day, cells 

were treated with vehicle (DMSO), entinostat (0.5 M, 5 M; SelleckChem, Catalog No. S1053), 

panobinostat (5 nM, 50 nM; SelleckChem, Catalog No. S1030), romidepsin (5 nM, 50 nM; 

SelleckChem, Catalog No. S3020), or vorinostat (1 M, 5 M; SelleckChem, Catalog No. 

S1047) for 1-24 hours in full serum medium. Cells were harvested for RNA in TRIzol (Thermo 

Fisher) or protein in RIPA buffer (Sigma) as discussed above. For HDAC inhibitor washout 

experiments, cells were treated with HDAC inhibitors for 24 hours, washed twice with PBS to 

remove the drug, and then incubated for an additional 24 or 48 hours in medium without drug. 

 

Cytokine treatment. Cells were treated with vehicle (DMSO), entinostat (5 M) or panobinostat 

(50 nM) for a total of 6 hours (MCF7) or 24 hours (MDA-MB-231b). Recombinant LIF (R&D 

Systems, 50 ng/ml-1) or vehicle (0.1% BSA+PBS) was added to the medium for the final 15 

minutes of HDAC inhibitor treatment and harvested for protein in RIPA buffer (Sigma) as 

discussed above. All treatments were performed in full serum medium.  

 

Chromatin Immunoprecipitation and qPCR. Cells were plated onto 500cm2 plates (~20-25 

million cells per plate) and allowed to grow overnight before treatment with vehicle (DMSO), 

entinostat (5 M) or panobinostat (50 nM) for 6 hours (MCF7) or 24 hours (MDA-MB-231b). 

Chromatin was prepared as previously described (144). Briefly, cells were fixed with 7% 

formaldehyde, quenched with 2.5M glycine, and lysed with Farnham lysis buffer (5 mM HEPES 

pH 8.0, 85 mM KCL, 0.5% NP-40, PIC) followed by nuclei lysis buffer (50 mM Tris-HCL pH 8.0, 

10 mM EDTA pH 8.0, 1% SDS). Chromatin was sonicated using a Covaris LE220 with the 

following conditions: 35 minutes at peak power 350, duty factor 15, 200 cycles/burst, and 

average power 52.5. Sonicated chromatin was diluted with the following: 0.9ml ChIP Dilution 

Buffer (50 mM Tris-HCl pH 8.0, 0.167 M NaCl, 1.1% Triton X-100, 0.11% sodium deoxycholate), 

0.5ml RIPA-150, 28ul 50X protease inhibitors, and 14ul 1M sodium butyrate per 0.1ml sonicated 

chromatin. Acetylated Histone H3 (Lys9) antibody (Millipore, Catalog No. 07-352) was linked to 

magnetic anti-rabbit Dynabeads (Thermo Scientific) and incubated with 1.5ml chromatin 

overnight at 4C. Immunoprecipitates were washed with the following buffers for 5 minutes 

each: RIPA-150, RIPA-500, RIPA-LiCl, and TE. Chromatin immunoprecipitates were eluted from 

the beads and treated with RNase A (Qiagen) followed by proteinase-K (Sigma). DNA was 

purified using phenol-chloroform extraction/ethanol precipitation, quantified using Qubit, and 

analyzed by real-time qPCR using iTaqTM Universal SYBR Green Supermix (Bio-Rad) on a 
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QuantStudio 5 (Thermo Fisher) at cycle conditions indicated above. The fold enrichment of 

ChIP samples was calculated using 2ΔCt (threshold cycle) and normalized to input DNA Ct 

values and then to the negative control (IgG-coated beads) Ct values. The primers used for 

LIFR, AMOT, TGFB2, and STAT3 promoters are listed in Table 4. Primers for LIFRprom4 and 

LIFRprom5 were previously published (145). 

 

Reverse Phase Protein Array (RPPA). Cells were seeded at 2 x 106 cells per well in a 6-well 

plate and cultured overnight. Cells were washed twice with PBS and 100μl of RIPA buffer was 

added to each well and incubated for 20 minutes at 4°C. Protein concentration was determined 

by BCA, adjusted to 1.5g/l, and mixed with sample buffer (4X SDS and beta-

mercaptoethanol). Samples were boiled for 5 minutes and stored at -80°C until sent to MD 

Anderson Cancer Center. RPPA was performed, processed, and analyzed by the RPPA Core 

facility at MD Anderson Cancer Center. 

 

RNA-sequencing and bioinformatics. RNA samples for MCF7 and MCF7b cells (n= 3 

independent replicates/group) were submitted to and sequenced by the Stanford Functional 

Genomics Facility on an Illumina NextSeq 500 with a 1 x 75 run length and approximately 40 

million reads per sample (single-end) and bioinformatics analysis was performed by the 

Vanderbilt Technologies for Advanced Genomics Analysis and Research Design (VANGARD) 

core at Vanderbilt University Medical Center as previously described (97). Log2 fold change 

values were computed using Empirical Analysis of Digital Gene Expression Data in R (edgeR) 

package. All RNAseq data has been deposited with GEO (accession number GSE12167). 

 

In silico analyses. TCGA patient data analysis. The cBioPortal for Cancer Genomics was 

accessed on 10 September 2018 to determine PREX1 genetic alterations in breast cancer using 

the TCGA provisional dataset and the METABRIC, Nature 2012, & Nat Commun 2016 dataset 

(144, 145). PREX1 mRNA levels from the second dataset were downloaded and entered into 

Prism to determine statistical differences between breast cancer subtypes. Kimbung et al, Mol 

Oncol dataset (GSE46141). The microarray data were queried for PREX1 expression 

(100308105_TGI_at and 100152751_TGI_at) and patients were separated into local-regional 

relapse (skin, breast), lymph node metastasis, or distant metastasis (liver, bone, lung). 
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Table 4. Primer sequences for ChIP-qPCR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Promoter Primer

Forward  TGATTCTGCGCCATCAAACG

Reverse GTGGGCTTATTTGTGCGGAG

Forward GGGGTAACAGGAGGCGTTTT

Reverse TCACAGCTAGATACGGTCGC

Forward TTACAGAGGCGGCGAAAACA

Reverse ATCCTCGAGAAAGGCCGAGT

Forward GGAAACCCATTCAAGCCAGC

Reverse CTCCCACAAGGCAACAGACA

Forward GGGAAAGGAGCAGAGTGCTT

Reverse TGCCTGATGCAGACCCAAAT

Forward AAGCAGCCACCTCCTTTCAA

Reverse CACAACCAGCTCTGCTCTGA

Forward TGCCTACCTACCCTAAGCGA

Reverse TTATTCCTGAGGGGGTTGCG

Forward GTTGGCGTTTGGAGCAAGAG

Reverse CTGACCCGCTTGGTTACTCC

Forward GACCGAACCGCTCCTTCTTT

Reverse CCGGCCAAAAGGGAAGAGAT

Forward CCCCATCTCATTGCTCCAAGA

Reverse TTAATACGGGACGGGCAGAG

Forward GACCGGAATGTCCTGCTGAA

Reverse AGGAGGGAGCTGTATCAGGG

Forward CCCGTACTCCGTTCCATCAC

Reverse CTTCTGCATTCGCCTGTACG

Forward ATTCAGACCGCTCGTACCAC

Reverse TTCTCACCACCAGTGACCCT

LIFRprom2

LIFRprom1

LIFRprom3

AMOTprom1

AMOTprom2

AMOTprom3

STAT3prom3

TGFB2prom2

TGFB2prom3

TGFB2prom4

STAT3prom1

STAT3prom2

TGFB2prom1
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Animal studies and imaging. 

Animals. All experiments were performed following the relevant guidelines and regulations of 

the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals and were 

approved by the Institutional Animal Care and use Committee (IACUC) at Vanderbilt University. 

For intracardiac inoculation studies, female mice were inoculated with 1x105 tumor cells as 

previously described (74,96) (n=10 mice injected per group). Specifically, 4-6 week old female 

athymic nude mice (Jackson, Catalog No. 7850) were used for the human MCF7, MCF7b, and 

MDA-MB-231b models. For the D2.0R and 4T1BM2 models, 4-6 week old female BALB/c mice 

(Envigo Corp, Catalog No. 4702) were used. For MCF7 and D2.0R cohorts with 17β-estradiol 

supplementation (+E2), mice were subcutaneously implanted with a slow-release 17β-estradiol 

pellet (0.36mg/pellet; Innovative Research of America, Catalog No. SE-121) 24 hours prior to 

tumor inoculation as previously described (74,94). For studies using HDAC inhibitors and 

zoledronic acid, mice were given zoledronic acid (0.2 mg/kg; Selleckchem, Catalog No. S1314) 

via tail vein injection 24 hours prior to tumor cell inoculation. Treatment with vehicle (7.5% 

DMSO+10% HPBCD in sterile water), entinostat (10 mg/kg; Selleckchem, Catalog No. S1053), 

or panobinostat (5 mg/kg; SelleckChem, Catalog No. S1030) was initiated 24-hours post tumor 

cell inoculation and given 5 days per week until sacrifice. Mice were euthanized at 4 weeks 

(MDA-MB-231b +/- HDAC inhibitor and ZA), 7 weeks (D2.0R +/- E2), 8 weeks (MCF7 +/-E2), 13 

weeks (SUM159), or 22 weeks (MCF7 vs MCF7b) post-tumor cell inoculation. 

The number of mice indicated in the figure legends (n=6-10 mice per group) represents 

the number of mice included in the final analysis. For each cohort, a total of n=10 mice were 

originally injected. Mice that 1) died during intracardiac inoculation, 2) became moribund and 

had to be sacrificed early but had no evidence of tumor burden, or 3) were found deceased, 

were not included in the analysis. Specifically, for the MCF7 +E2 model, one mouse died during 

intracardiac inoculation and one mouse was found deceased (final analysis = 8 mice). For the 

D2.0R +E2 model, one mouse died during intracardiac inoculation and 3 mice were found 

deceased (final analysis = 6 mice). For the D2.0R -E2 model, two mice were found deceased 

(final analysis = 8 mice). For the SUM159 model, one mouse died during intracardiac 

inoculation and one mouse had to be sacrificed early (week 10 of the experiment), but had no 

evidence of metastatic tumor burden upon gross dissection and examination of radiographs 

(final analysis = 8 mice). Two +E2 mice in each of the non-tumor-inoculated (naïve) cohorts 

(athymic nude and Balb/c mice) became moribund and were sacrificed early, presumably due to 

non-tumor related side effects of estradiol implantation (i.e. bladder stones; final analysis = 8 

mice per group).  
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For the mammary fat pad study, 17β-estradiol pellets (0.36mg/pellet; Innovative 

Research of America, Catalog No. SE-121) were implanted subcutaneously into female athymic 

nude mice 24 hours prior to tumor inoculation. The following day, 5x105 tumor cells in 20μl 

PBS+50% matrigel (Fisher Scientific) were injected into the fourth mammary fat pad (n=10 mice 

injected per group). Tumor volume was assessed by caliper measurement. Several mice had to 

be sacrificed early due to estrogen toxicities resulting in eight mice per group in the final 

analysis.   

 

Radiography. Radiographic (x-ray) images were obtained as previously described (85). Briefly, 

a Faxitron LX-60 (34kV for 8 seconds) was used to acquire x-ray images and images were 

quantified for osteolytic lesion number and area using ImageJ software. 

 

Maestro imaging. Following injection of MDA-MB-231b cells expressing GFP, metastatic tumor 

growth was monitored using the CRI Maestro optical imaging system. Mice were anesthetized 

using isoflurane and placed on the Maestro imaging equipment. Images were acquired using 

the GFP filters (ex 485nm, em 515nm) and 500 msec exposure time. GFP fluorescence area 

was quantified using thresholding in the ImageJ software.  

 

Microcomputed tomography (microCT). Ex vivo microCT was performed on the proximal tibia 

using the Scanco CT 50. Scans were initiated from the proximal end of the metaphyseal 

growth plate and progressed 200 slices distal. Tibiae were scanned at 7µM voxel resolution, 55-

kV voltage, and 200µA current. Scans were reconstructed and analyzed using the Scanco 

Medical Imaging Software to determine the bone volume/total volume (BV/TV), trabecular 

number, thickness, and separation. The most distal slice of the growth plate was used as a 

reference slice and analysis was set to begin 20 slices distal from this point. A 100 slice region 

of interest was selected for analysis. For mice supplemented with 17-estradiol, contours were 

drawn manually due to the difficulty in distinguishing the cortical bone. For mice without 17-

estradiol, an automated contouring procedure was applied to separate the trabecular bone from 

the cortical bone and visually verified for each sample. 

 

Histology. Hind limbs were dissected and fixed in 10% formalin for 48hr and decalcified in 

EDTA (20% pH 7.4) solution for 72 hours. Decalcified bones were embedded in paraffin and 5-

μM thick sections were prepared for staining. Hematoxylin and eosin (H&E) staining was 

performed as previously described (74). H&E stained sections were analyzed by 
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histomorphometry in the proximal secondary spongiosa using the OsteoMeasure software 

(Osteometrics, Decatur, GA). Histological analysis of H&E stained tibiae was performed blinded 

by me and in some studies by an ACVP board-certified veterinary anatomic pathologist who has 

specific expertise in mouse models of breast cancer. Specifically, tumor cells in the bone were 

identified based on abnormal features such as prominent nucleoli, increased mitotic rate, large 

nuclei, high nuclear:cytoplasmic area, epithelial morphology, spindly cells that do not resemble 

normal bone cells (e.g. osteoblasts), and cells that disrupt the normal architecture of the bone 

(growth plate, cortical bone).  

 

Immunostaining. Sections were deparaffinized by heating the slides to 50°C and placed in 

xylene for 5 minutes and then 3 minutes. Next, slides were soaked in 100%, 95%, and then 

75% ethanol for 3 minutes each. Slides were slowly changed to deionized water and then rinsed 

twice in water. The slides were immersed in 10 mM TRIS (pH 9.0) and 1 mM EDTA heated to 

150°C for 20 minutes. After cooling, slides were rinsed twice with water and then three times 

with PBS. The deparaffinized sections were blocked in 10% BSA in PBS for 4 hours and 

incubated with FITC-conjugated pan-cytokeratin (1:50; Sigma; Catalog No F0397), GFP (1:100; 

Genetex; Catalog No GTX20290) or Ki67 (1:500; Thermo Fisher; Catalog No RM9106S0) in 3% 

BSA in PBS overnight at 4°C. For unconjugated primary antibodies, sections were incubated in 

the dark with secondary antibody (1:1000; Thermo Fisher, Catalog No A-11034, goat anti-rabbit 

IgG (H+L) Alexa Fluor 488) for 1 hour at room temperature. The sections were washed three 

times with 3% BSA in PBS and coverslips mounted using VECTASHIELD HardSet Antifade 

Mounting Medium with DAPI (Vector Laboratories). All images were collected on an Olympus 

BX41 Microscope equipped with an Olympus DP71 camera using the 4X, 20X, 40X, or 100X 

plan objectives. 

Pan-cytokeratin (AE1/AE3) staining was performed by the Vanderbilt University Medical 

Center Translational Pathology Shared Resource (TPSR, Nashville, TN) as follows: Slides were 

placed on the Leica Bond Max IHC stainer. All steps besides dehydration, clearing and 

coverslipping were performed on the Bond Max. Slides were deparaffinized and enzyme 

retrieval was performed using Proteinase K (Dako, Carpentinera, CA) for 5 minutes. Slides were 

placed in a Protein Block (Ref# x0909, DAKO) for 10 minutes. The sections were incubated with 

Cytokeratin (Catalog No. Z0622, Dako) diluted 1:4,000 for one hour. The Bond Refine Polymer 

detection system was used for visualization and slides were then dehydrated, cleared and 

coverslipped.  
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Statistical methods. For all studies, n per group is as indicated in the figure legend and the 

scatter dot plots indicate the mean of each group and error bars indicate the standard error of 

the mean. All graphs and statistical analyses were generated using Prism software (Graphpad). 

All in vitro and in vivo assays were analyzed for statistical significance using an unpaired t-test, 

Mann-Whitney U-test or ANOVA with Sidak’s multiple comparisons test. For all analyses P 

<0.05 was statistically significant, and * P < 0.05, ** P < 0.01, *** P< 0.001, **** P < 0.0001.  
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CHAPTER III 

 

ENRICHMENT AND DETECTION OF BONE DISSEMINATED TUMOR CELLS IN MODELS OF 

LOW TUMOR BURDEN 

 

The work presented in this chapter is published with the same title in Scientific Reports, 

September 2018 [Volume 8, Issue 1]. 

 

Summary 

 

Breast cancer cells frequently home to the bone, but the mechanisms controlling tumor 

colonization of the bone marrow remain unclear. We report significant enrichment of bone-

disseminated estrogen receptor positive human MCF7 cells by 17-estradiol (E2) following 

intracardiac inoculation. Using flow cytometric and quantitative PCR approaches, tumor cells 

were detected in >80% of MCF7 tumor-inoculated mice, regardless of E2, suggesting that E2 is 

not required for MCF7 dissemination to the bone marrow. Furthermore, we propose two 

additional models in which to study prolonged latency periods by bone-disseminated tumor 

cells: murine D2.0R and human SUM159 breast carcinoma cells. Tumor cells were detected in 

bone marrow of up to 100% of D2.0R and SUM159-inoculated mice depending on the detection 

method. These findings establish novel models of bone colonization in which to study 

mechanisms underlying tumor cell seeding to the marrow and prolonged latency and provide 

highly sensitive methods to detect these rare events. 

 

Introduction 

Increased morbidity and mortality of breast cancer patients is strongly associated with 

the development of metastatic lesions by disseminated tumor cells (DTCs). Breast cancer cells 

frequently metastasize to skeletal sites, where they can cause adverse effects including bone 

pain, fractures, spinal cord compression, and hypercalcemia (146, 147). Recent evidence, 

including the detection of DTCs in the bone marrow of patients with early stage breast cancer 

(7) and comparative genomic analysis of DTCs and primary tumors (14), suggests that 

dissemination of breast cancer cells is an early event. Although systemic adjuvant therapies 

have improved the relapse-free and overall survival of patients, there is evidence to suggest that 

DTCs can evade therapy-induced or microenvironment-induced stresses and ultimately evolve 

into a clinically detectable metastasis (70, 148). A recent meta-analysis of ~63,000 women with 
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estrogen receptor-positive (ER+) breast cancer reported that primary tumor diameter and nodal 

status, which are indicators of tumor aggressiveness, were most strongly correlated with the risk 

of distant recurrence (54). Of particular interest, even patients with no nodal involvement at 

diagnosis had an appreciable 10-17% risk of developing distant metastasis during years 5-20 

after primary diagnosis, suggesting prolonged periods of tumor dormancy. Additionally, 

approximately 70% of breast cancer patients who succumb to disease have evidence of bone 

metastasis at autopsy (57, 58). Together, these studies suggest that DTCs may remain in a 

dormant state for an extended period of time (149) and that breast cancer survivors are at a 

significant risk of developing overt bone lesions from DTCs. 

Despite the high prevalence of skeletal metastases in breast cancer patients, there are 

currently no therapeutic options to cure metastatic disease. This deficit is in part due to our 

limited understanding of the mechanisms that regulate bone colonization and tumor dormancy 

(150, 151). The identification of factors regulating bone colonization is complicated by the 

multitude of microenvironmental factors in distant metastatic sites, which differentially affect the 

homing of DTCs and metastatic progression. Interestingly, several studies have proposed that 

dormancy-associated factors may act in a tissue-specific manner (152). In breast cancer, these 

mechanisms are further complicated by the clinical association of estrogen receptor (ER) status 

and time to recurrence. At first relapse, skeletal metastases commonly present in ER- breast 

cancer patients within 5 years of diagnosis; while skeletal recurrence in ER+ breast cancer 

patients can also present within these first 5 years, the majority of patients recur 8-10 years 

after diagnosis (153, 154). While differential recurrence patterns between subtypes may not 

apply to all patients, these clinical observations suggest that there may also be subtype-specific 

mechanisms underlying tumor cell dormancy and/or reactivation of DTCs in the bone.  

A major limitation to studying mechanisms that regulate tumor dormancy and metastatic 

outgrowth in the bone is the lack of in vivo models that recapitulate prolonged tumor latency, as 

well as our limited ability to detect low levels of tumor burden in bone. Many studies have used 

the human MDA-MB-231 (ER-) and murine 4T1 (ER-) cells, or sub-clones of these cell lines, but 

these cell lines are highly aggressive and rapidly induce osteolytic lesions in the bone (132). We 

(74) and others (69, 136) have reported that the human MCF7 (ER+) cell line is non-proliferative 

in the lung and bone and induces little osteolytic bone destruction, and have proposed this cell 

line as a clinically relevant model of tumor dormancy. Previous literature reports that MCF7 cells 

require exogenous 17-estradiol (E2) to form orthotopic tumors and bone metastases (137, 

155); however, E2 results in a dramatic increase in bone volume (136, 138) and perturbation of 

normal bone microarchitecture in tumor-inoculated as well as naïve mice. Further, estrogen 
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supplementation causes adverse urinary tract effects resulting in mice being sacrificed before 

the experimental end-point (137, 139). Importantly, the presence of micrometastatic bone 

lesions in the absence of E2 has not been rigorously investigated using methods that can detect 

low tumor burden in the bone.  

We report that MCF7 cells are able to colonize the bone marrow following intracardiac 

inoculation in the presence and absence of E2. Furthermore, we report for the first time that 

murine D2.0R (ER+) mammary carcinoma and human SUM159 (ER-) breast cancer cells, which 

have been shown to lie dormant in the lungs following tail vein injection (75, 136), disseminate 

to the bone marrow with extended latency periods. For the MCF7 and SUM159 models, a highly 

sensitive and human-specific flow cytometry protocol using CD298 (also known as ATP1B3) 

expression was implemented, which has been used to identify human breast cancer cells in 

PDX mice (156). Further, we capitalized on the human origin of these cells to analyze human 

versus mouse housekeeping genes by qPCR from whole bone homogenates to quantify tumor 

burden in bone. In order to detect murine D2.0R cells in the bone marrow, cytokeratin 

expression was analyzed using immunostaining and qPCR analysis. These highly sensitive 

methods to detect low metastatic burden are ultimately summarized for their applicability to 

each tumor model. The proposed techniques to detect small, but significant, changes in 

metastatic burden, in combination with these novel tumor models, will be instrumental in 

investigating breast tumor cell homing and extended latency periods in the bone.   

 

Results 

 

Establishment of the MCF7, SUM159, and D2.0R timelines 

Human MCF7 (ER+) and SUM159 (ER-) tumor cells, and syngeneic murine D2.0R 

(ER+) cells were inoculated by intracardiac injection. In order to test the estrogen dependence 

of MCF7 and D2.0R cells in the bone, we implanted a cohort of mice with 17-estradiol pellets 

(+E2 mice, dark red and dark blue lines) 24 hours prior to tumor cell intracardiac inoculation 

while another cohort of mice received no 17-estradiol pellet (-E2 mice, light red and light blue 

lines) (Figure 7A). Osteolytic bone destruction was monitored in vivo by radiography every other 

week until sacrifice. A gradual increase in lesion number and lesion area was observed by 

radiography for the -E2 and +E2 MCF7 (B, E), +E2 D2.0R (C, F), and SUM159 (D, G) tumor 

models throughout the time course. A slight reduction in lesion number and lesion area was 

observed over time in the -E2 D2.0R tumor model (C). The MCF7 
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Figure 7. Experimental timeline for MCF7, D2.0R, and SUM159 models and osteolysis. (A) 

Schematic of model timelines from implantation of 17-estradiol pellets (indicated by asterisk) 
and inoculation of tumor cells (indicated by pound symbol) to sacrifice. Light colored lines = -E2 
mice and dark colored lines = +E2 mice. n=10 mice inoculated per group. (B-D) Radiographic 
assessment of total lesion number per mouse and total lesion area per mouse over time and in 
the (B) MCF7 (n=10 E2 mice, n=8 +E2 mice), (C) D2.0R (n=10 -E2 mice, n=8 +E2 mice) and 
(D) SUM159 models (n=8 mice). (E-G) Radiographic images at week 7 for the (E) MCF7 and (F) 
D2.0R models and at week 11 for the (G) SUM159 models. White arrowheads indicate 
osteolytic lesions. (H) Schematic indicating the methods performed on the hind limbs for each 
tumor model. 
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and D2.0R tumor models were sacrificed 7-8 weeks post-inoculation and the SUM159 model 13 

weeks after tumor inoculation (A). These timelines were established in order to maintain 

statistical power for each cohort following several mice becoming moribund or found deceased. 

Notably, mice in the +E2 cohorts were lost due to the negative urinary tract effects of estradiol 

supplementation. Mice lost in the D2.0R- and SUM159-inoculated -E2 mice were moribund or 

found deceased with no evidence of macrometastatic disease or other illness (e.g. infection). 

Importantly, -E2 and +E2 mice for the MCF7 and D2.0R models were sacrificed at the same 

time point in order to directly compare tumor burden between the groups. To assess tumor 

burden in the bone, the hind limbs were dissected at sacrifice and processed for flow cytometry, 

qPCR, microcomputed tomography (microCT), or histology depending on the tumor model (H).  

 

E2 enrichment for human tumor cells in the bone marrow by CD298 flow cytometric 

analysis 

For flow cytometry analysis of tumor burden in bone, the human specificity of the CD298 

antibody was confirmed by staining non-tumor-inoculated (naïve) mouse bone marrow, which 

produced no background staining (Figure 8A). Murine D2.0R cells, which do not express human 

CD298 and therefore serve as an additional negative control, showed no enrichment for human 

CD298 after staining (Figure 8B). In contrast, >99% of human MCF7 (Figure 8C) and SUM159 

(Figure 8D) cell lines were positive for CD298. Human-specific EpCAM and pan-cytokeratin, 

which are commonly used to detect tumor cells (157, 158), were also tested but resulted in 

background staining of mouse bone marrow (data not shown). For flow cytometry analysis, 

gates were established based on staining of non-tumor-inoculated (naïve) mouse bone marrow 

controls for each experiment and tumor model. 

Staining of non-tumor-inoculated (naïve) mouse bone marrow showed 0% staining for 

CD298 and was used as a negative control to establish the gates for each experiment and 

tumor model (Figure 9A). Bone marrow isolated from mice inoculated with MCF7 cells showed 

significant enrichment for CD298 staining in mice supplemented with E2 (+E2) by flow 

cytometry (Figure 9B) compared to mice that did not receive E2 (-E2). MCF7-inoculated mice 

showed an average of 2.8 (0.0032%) and 42.5 (0.149%) CD298+ cells in -E2 and +E2 mice, 

respectively (Figure 9C, D). By this method, we detected significant enrichment in the number 

and percent of MCF7 tumor cells in the bones of +E2 mice compared to -E2 mice. Importantly, 

although the yield of CD298+ tumor cells per mouse was low, MCF7 cells were detected in 8/10 

(80%) - E2 and 7/8 (88%) +E2 mice (Figure 9D). Similarly, compared to non-tumor-inoculated  
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Figure 8. CD298 expression in non-tumor-bearing bone marrow and cells grown in vitro. 
(A) Representative flow cytometry plot of CD298 staining in non-tumor-inoculated (naïve) 
mouse bone marrow (representative of n=3 mice). (B-D) Flow cytometry plot of CD298 staining 
in (B) mouse D2.0R, (C) human MCF7, and (D) human SUM159 cells grown in vitro (n=1 
experiment). 
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Figure 9. Detection of CD298+ tumor cells in the bone using flow cytometry. (A) 
Representative flow cytometry plot of CD298 staining in non-tumor-inoculated (naïve) mouse 
bone marrow used as a negative control for the MCF7 model (representative of n=3 mice). 
Dead cells (PI+) have been excluded. (B) Representative flow cytometry plots of bone marrow 
from MCF7-inoculated -E2 (n=10 mice) and +E2 (n=8 mice) mice. Dead cells (PI+) have been 
excluded. (C, D) Quantitation of total number and percent of CD298+ tumor cells from (b). (E) 
Representative flow cytometry plot of CD298 staining in non-tumor-inoculated (naïve) mouse 
bone marrow used as a negative control for the SUM159 model (representative of n=3 mice). 
Dead cells (PI+) have been excluded. (F) Representative flow cytometry plot of bone marrow 
from SUM159-inoculated mice (n=8 mice). Dead cells (PI+) have been excluded. (G, H) 
Quantitation of total number and percent of CD298+ tumor cells from (F). c: Mann-Whitney U-
Test, * P < 0.05 and ** P < 0.01. 
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(naïve) control bone marrow (Figure 9E), which showed 0% staining for CD298, the SUM159 

model had detectable tumor cells in 8/8 (100%) mice with an average of 56.6 (0.045%) CD298+ 

cells (Figure 9F-H). 

 

Assessment of E2 effects on MCF7 tumor burden in bone 

Hematoxylin and eosin (H&E) stained tibiae from MCF7-inoculated mice were assessed 

for the presence of tumor cells based on features including prominent nucleoli, large pale nuclei, 

increased mitoses, and epithelial morphology. Tumor cells were detected in 2/8 (25%) +E2 mice 

by our own morphological assessment, but were not detected in any (0/10) -E2 mice compared 

to non-tumor-inoculated mice (Figure 10A and Figure 11A). Evaluation of these tibiae by an 

ACVP board-certified veterinary anatomic pathologist identified tumor cells in two additional +E2 

mice resulting in a total of 4/8 (50%) +E2 mice harboring tumor cells in the bone marrow. As 

previously reported (159), histomorphometric analysis revealed a significant increase in the 

average bone volume from ~1% in -E2 mice to ~60% in +E2 mice (Figure 10A, B) in both non-

tumor-inoculated and MCF7-inoculated mice. Further, there was a significant reduction in bone 

volume in +E2 MCF7-incoulated mice compared to non-tumor-inoculated mice (Figure 10B). 

These changes in bone volume were supported by microcomputed tomography (microCT) 

analysis of a separate cohort of -E2 and +E2 MCF7-inoculated mice (Figure 10C, D). Further, a 

significant increase in trabecular number and thickness and a concomitant decrease in 

trabecular spacing was observed in +E2 compared to -E2 mice, independent of tumor 

inoculation.  

We were unable to find a CD298 antibody that was suitable for immunostaining, and 

therefore performed pan-cytokeratin staining, which has been previously used to detect 

neoplastic epithelial cells in the bone marrow of xenograft mouse models and breast cancer 

patients (7, 14, 160). We confirmed cytokeratin expression on MCF7 cells using two 

independent pan-cytokeratin antibodies (PCK-26 and AE1/AE3) (Figure 11B). The staining 

pattern was consistent between antibodies and detected tumor cells in 0/10 (0%) -E2 mice and 

in the same 3/8 (38%) +E2 mice (Figure 10E, F and Figure 11C). We confirmed that tibiae 

stained with DAPI alone were not auto-fluorescent in the green channel (Figure 11D). The 

specificity of the pan-cytokeratin (AE1/AE3) staining was confirmed using adult skin as a 

positive control and brain and non-tumor-inoculated (naïve) tibiae as negative controls (Figure 

11D). 
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Figure 10. Assessment of MCF7 tumor burden in the bone by histology, 
immunofluorescence, and qPCR. (A) Representative hematoxylin and eosin (H&E) images of 
tibiae from MCF7-inoculated mice from -E2 (n=10 mice) and +E2 (n=8 mice) mice. Arrows 

indicate tumor cells. Panels left to right = 4X, 20X, 40X of same tibia. Scale bars = 500M (left) 

and 100M (right two panels). (B) Histomorphometric analysis of bone volume/total volume 
(%BV/TV) from mice described in (A) and non-tumor-inoculated (naïve) mice (n=10 -E2 mice, 
n=8 +E2 mice). (C) Representative microCT images of mice described in (A) and (B). (D) micro-
CT analysis of mice described in (C). (E) Representative images of immunostaining for pan-
cytokeratin (PCK-26) and DAPI or H&E from mice described in (A). Immunofluorescence panels 
left to right = 4X, 20X, 40X of same tibia. H&E panels, left = 20X, right = 40X. Scale bars = 

500M (far left panel) and 100M (right four panels). (F) Quantitation of pan-cytokeratin (PCK-
26) area over total bone area from (E). (G) qPCR of whole bone homogenate from non-tumor-
inoculated (naïve) mice (n=10 -E2 mice, n=8 +E2 mice) and MCF7-inoculated mice (n=10 -E2 
mice, n=8 +E2 mice) for human B2M or human HPRT1 normalized to mouse Hmbs 
(housekeeping gene). B, D, G: One-way ANOVA with Sidak’s multiple comparisons test, ** P < 
0.01 and **** P < 0.0001. 
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Figure 11. Immunostaining for pan-cytokeratin in tumor cells and bones of tumor-
inoculated mice. (A) Representative hematoxylin and eosin (H&E) images of tibiae from non-
tumor-inoculated -E2 (n=10) and +E2 (n=8) mice. Panels left to right = 4X, 20X, 40X of same 

tibia. Scale bars = 500M (left) and 100M (right two panels). (B) Representative images of 
pan-cytokeratin staining (PCK-26 and AE1/AE3) in MCF7 cells grown in vitro and prepared as a 

cell pellet in agarose for sectioning and staining (n=1 experiment). Scale bars = 100M. (C) 
Positive immunostaining for pan-cytokeratin (PCK-26 and AE1/AE3) in the tibiae of three 
different MCF7-inoculated mice. Panels left to right = 4X, 20X, 40X of same tibia. Scale bars = 

500M (left panel) and 100M (right two panels). (D) Representative images of tibiae stained 
with DAPI alone showing no autofluorescence in the green channel and non-tumor-bearing 
(naïve) tibiae or brain stained with pan-cytokeratin (AE1/AE3) as negative controls. Skin stained 

with pan-cytokeratin (AE1/AE3) was used as a positive control. Scale bars = 100M (left panels, 

top and bottom) and 500 M (right two panels, top and bottom).  
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Expression of human beta-2-microglobulin (B2M), a human housekeeping gene (74, 161), was 

detected in bone homogenates from MCF7-inoculated mice in 5/10 (50%) -E2 mice and 5/8 

(63%) +E2 mice (Figure 10G and Table 5) by qPCR, making this the second most sensitive 

method of MCF7 tumor cell detection in bone after flow cytometry. qPCR for the human 

housekeeping gene HPRT1 (74, 161) was less sensitive but detected tumor cells in 4/10 (40%) 

-E2 mice and 2/8 (25%) +E2 mice (Figure 10G and Table 5).  

 

Dissemination to bone by murine D2.0R and human SUM159 cells 

H&E staining of tibiae from D2.0R-inoculated mice did not reveal any dramatic tumor 

lesions, irrespective of E2 supplementation compared to non-tumor-inoculated mice (Figure 12A 

and Figure 13A). However, assessment of these sections by a veterinary pathologist revealed 

the presence of tumor cells in 1/9 (11%) -E2 and 2/6 (33%) +E2 mice. Histomorphometric 

analysis of tibiae from non-tumor-inoculated and D2.0R-inoculated mice revealed a significant 

increase in bone volume from ~4.5% to ~75% with E2 supplementation (+E2) (Figure 12B), 

similar to that observed in the MCF7 model. A significant reduction in bone volume was 

observed in +E2 D2.0R-inoculated mice compared to non-tumor-inoculated mice (Figure 12B). 

To further assess whether bone microarchitecture was altered with D2.0R inoculation and/or E2 

supplementation, microCT analysis was performed on -E2 and +E2 non-tumor-inoculated and 

D2.0R-inoculated mice (Figure 12C, D). Consistent with histomorphometric analysis of these 

bones (Figure 12B), microCT analysis revealed a significant increase in trabecular bone volume 

and trabecular number and a decrease in trabecular separation in +E2 mice compared to -E2 

mice regardless of tumor inoculation.(Figure 12D). Trabecular thickness was significantly 

greater in +E2 versus -E2 non-tumor-inoculated (naïve) mice (Figure 12D), but was not 

statistically different in tumor-inoculated mice. Within the +E2 mice, a significant decrease in 

bone volume and increase in trabecular separation, with a trend toward a reduction in trabecular 

thickness, was observed in D2.0R-inoculated mice (Figure 12D). Surprisingly, there was also a 

significant increase in trabecular number in these mice (Figure 12D).  

Since the syngeneic D2.0R cell line is of mouse, rather than human origin, cytokeratin 

18 (Krt18) expression, which is commonly used to identify mammary epithelial cells (162, 163), 

was used in place of human B2M expression following validation of Krt18 expression in D2.0R 

cells (Figure 13B). A significant increase in Krt18 expression was observed in -E2 D2.0R-

inoculated mice compared to -E2 non-tumor-inoculated (naïve) mice (Figure 12E and Table 6). 

Interestingly, there was significantly less Krt18 expression in +E2 D2.0R-inoculated mice 

compared to -E2 D2.0R-inoculated mice (Figure 12E). Immunostaining for  
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Table 5. Raw data for qPCR analysis of MCF7 model. Raw Ct values and deltaCt analysis of 
technical and biological replicates for hydroxymethylbilane synthase (Hmbs), hypoxanthine 
phosphoribosyltransferase 1 (HPRT1), and beta-2-microglobulin (B2M). 
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Figure 12. Characterization of D2.0R dissemination to bone. (A) Representative 
hematoxylin and eosin (H&E) images of D2.0R-inoculated tibiae from -E2 (n=8 mice) and +E2 

(n=6 mice) mice. Left panels = 4X, right panels = 20X of same tibiae. Scale bars = 500M (left 

panel) and 100M (right panel). (B) Histomorphometric analysis of bone volume/total volume 
(%BV/TV) from mice described in (A) and non-tumor-inoculated (naïve) mice (n=10 -E2 mice, 
n=8 +E2 mice). (C) Representative microCT images of mice described in (A) and (B). (D) micro-
CT analysis of mice described in (C). (E) qPCR analysis of whole bone homogenates from non-
tumor-inoculated mice and D2.0R-inoculated mice described in (A) and (B) for Krt18, 
normalized to mouse B2m. (F) Positive pan-cytokeratin (AE1/AE3) staining in the tibia from a 
D2.0R-inoculated mouse (mouse number 5). Arrows indicate cytokeratin-positive tumor cells. 

Left panel = 4X, right panel = 40X of the same tibia. Scale bars = 500M (left panel) and 100M 
(right panel). B, D, E: One-way ANOVA with Sidak’s multiple comparisons test, * P < 0.05, ***P 
< 0.001 and **** P < 0.0001.  
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Figure 13. H&E images of non-tumor-inoculated mice for D2.0R and SUM159 models and 
immunostaining for pan-cytokeratin in D2.0R and SUM159 cells grown in vitro. (A) 
Representative hematoxylin and eosin (H&E) images of tibiae from non-tumor-inoculated -E2 
(n=10) and +E2 (n=8) mice as controls for the D2.0R model. Panels left to right = 4X, 20X, 40X 

of same tibia. Scale bars = 500M (left) and 100M (right two panels). (B) Expression of Krt18 
in D2.0R cells grown in vitro (n=3 replicates from 3 experiments). (C) Pan-cytokeratin (PCK-26 
and AE1/AE3) staining of D2.0R and SUM159 cells grown in vitro and prepared as cell pellets in 
agarose for sectioning and staining. (D) Representative hematoxylin and eosin (H&E) images of 
tibiae from non-tumor-inoculated (n=10) mice as controls for the SUM159 model. Panels left to 

right = 4X, 20X, 40X of same tibia. Scale bars = 500M (left) and 100M (right two panels). 
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Table 6. Raw data for qPCR analysis of D2.0R model. Raw Ct values and deltaCt analysis of 
technical and biological replicates for hydroxymethylbilane synthase (Hmbs) and keratin 18 
(Krt18). 
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pan-cytokeratin (AE1/AE3) was detected in a subset of D2.0R cells grown in vitro (Figure 13C) 

and pan-cytokeratin positive tumor cells were detected in the bone marrow of 1/9 (11%) -E2 

mice (Figure 12F). 

H&E staining and morphological assessment of tibiae from SUM159-inoculated mice 

failed to detect tumor cells in any (0/10) mice compared to non-tumor-inoculated mice (Figure 

13D and Figure 14A), which was confirmed by a veterinary pathologist. Bone microarchitecture 

was evaluated by histomorphometric analysis (Figure 14B) and microCT (Figure 14C, D), which 

revealed no significant alterations in bone volume or trabecular structure between age-matched 

non-tumor-inoculated (naïve) and SUM159-inoculated mice. However, consistent with flow 

cytometric analysis of marrow isolated from SUM159-inoculated mice (Figure 9F-H), we 

detected tumor cells by qPCR analysis for human B2M expression in 2/8 (25%) mice and 

human HPRT1 in 3/8 (38%) mice (Figure 14E and Table 7). Similar to D2.0R cells, 

immunostaining for pan-cytokeratin (AE1/AE3) was detected in a subset of SUM159 cells grown 

in vitro (Figure 13C); however, pan-cytokeratin did not detect tumor cells in the bone marrow of 

any (0/8) SUM159-inoculated mice (data not shown).  

 

Discussion 

Little is known about the mechanisms that regulate tumor cell homing to the bone 

marrow and subsequent entry into and exit from dormancy. This is, in part, due to the lack of 

available in vivo models that recapitulate long latency periods observed in humans. Here, we 

investigated the ability of three different breast carcinoma cell lines (ER+ human MCF7, ER+ 

murine D2.0R, and ER- human SUM159), to disseminate to the bone following intracardiac 

inoculation in the presence (+E2) or absence (-E2) of estrogen supplementation. Our data 

indicate that exogenous estrogen is not required for tumor cell dissemination to the bone 

marrow in the MCF7 or D2.0R model. However, estrogen is necessary for tumor cells to grow in 

and colonize the bone marrow in the MCF7 model, since micrometastases detectable by 

immunostaining were only evident in the +E2 MCF7 model. While MCF7s have been used by 

multiple groups in bone colonization studies (45, 74, 155), this is the first report describing the 

ability of D2.0R and SUM159 cells to home to the bone marrow. The D2.0R cells exhibit a time-

course of approximately 7 weeks (similar to the MCF7 model), while the SUM159 cells exhibit 

an extended latency period (13 weeks), which may be particularly useful for the study of 

prolonged tumor latency. These groups were sacrificed at the indicated times due to several 

mice becoming moribund or found deceased due to estrogen toxicities or unknown causes. 

Thus, the maximum amount of time for the SUM159 model appears to be 13 weeks, since these 
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Figure 14. Characterization of SUM159 dissemination to bone. (A) Representative H&E 
images of the tibia from a SUM159-inoculated mouse (n=8 mice). Left panel = 4X, right panel = 

20X of the same tibia. Scale bars = 500M (left panel) and 100M (right panel). (B) 
Histomorphometric analysis of bone volume/total volume (%BV/TV) from mice described in (A). 
(C) Representative microCT images of non-tumor-inoculated (naïve) mice (n=10 mice) and 
SUM159-inoculated mice (n=8 mice). (D) micro-CT analysis of mice described in (C). (E) qPCR 
of whole bone homogenate from mice described in (C) for human B2M or human HPRT1 
normalized to mouse Hmbs (housekeeping gene). E: Mann-Whitney U-test, * P < 0.05. 
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Table 7.Raw data for qPCR analysis of SUM159 model. Raw Ct values and deltaCt analysis 
of technical and biological replicates for hydroxymethylbilane synthase (Hmbs), hypoxanthine 
phosphoribosyltransferase 1 (HPRT1), and beta-2-microglobulin (B2M). 
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mice were all –E2 and did not have estradiol toxicity. It also remains unclear whether the 

D2.0R model, particularly without E2, will spontaneously grow into overt metastases. The data 

suggest that each of these cell lines home to the bone in >80% of mice (with the exception of 

the +E2 D2.0R model, which is detected in 50% of mice) as assessed by either flow cytometry, 

qPCR, or histological assessment, and that different methods of detection are better suited to 

individual models (Table 8). Interestingly, across all models, qPCR is most reliable for detecting 

tumor burden in bone, but is not as sensitive as flow cytometry, since we have yet to identify an 

appropriate flow marker for the D2.0R model. 

The majority of bone colonization studies use intracardiac inoculation of tumor cells due 

to inconsistent metastasis and that is requires months to detect disseminated tumor cells in 

transgenic mouse models of bone metastasis. While most studies use highly metastatic cell 

lines including the human MDA-MB-231 and murine 4T1, these models do not recapitulate the 

latency period observed in breast cancer patients. Several human ER+ models, including the 

MCF7 and T47D DBM lines, have successfully contributed to our understanding of tumor 

dormancy. However, the requirements of exogenous E2 and resulting negative effects on the 

bone and urinary tract, limit their physiologic relevance. 

In the present study, we observed a significant increase in tumor burden in MCF7 +E2 

mice versus -E2 mice by flow cytometry, qPCR, and pan-cytokeratin staining. These results 

suggest that E2 promotes the growth of MCF7 tumors in the bone but is not necessary for initial 

colonization and survival since we detected tumor cells in the bone marrow in 80% of -E2 mice 

by flow cytometry. These data further suggest that MCF7 cells residing in the bone may lie in a 

dormant state in the absence of E2, which are confirmatory of reports demonstrating the 

estrogen dependence of MCF7 parental (155) and bone-tropic variants (164) in bone 

colonization. Importantly, these previous studies relied exclusively on ex vivo fluorescence 

imaging or in vivo bioluminescence imaging for the detection of DTCs in the bones of -E2 mice. 

Similarly, radiographic analysis is classically used to assess bone destruction in tumor models; 

however, there is no direct correlation with tumor burden given that normal and tumor-induced 

bone remodeling are indistinguishable by radiography (96). Therefore, it is critical that other 

methodologies, especially those that comprehensively analyze the bone marrow, are used to 

confirm the presence of tumor cells following in vivo imaging. This point is evidenced by the 

presence of osteolytic lesions in the -E2 MCF7 model by radiography at 7 weeks and the 

detection of rare tumor cells by flow cytometry and qPCR but not histology. Thus, the findings 

presented herein improve upon the current methods to confirm tumor burden following in vivo 
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Table 8.Summary of method efficiency in detecting tumor cells in the bone by model. 
Check mark indicates positive detection of tumor cells in the bone by the indicated method. N.D. 
indicates no detectable tumor cells by the given method despite the use of appropriate positive 
and negative controls. Question mark indicates the lack of a specific tumor cell marker to detect 
tumor cells in the bone by the indicated method. 
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imaging given our ability to detect and quantify ultra-low tumor burden in the bone using multiple 

modalities. 

Compared to the +E2 MCF7 model, we propose that the -E2 MCF7 model provides a 

more physiologically relevant system in which to study the timeline of bone colonization, and 

that flow cytometry, which detected tumor cells in 8/10 (80%) mice, is the best method to detect 

bone-disseminated tumor cells in this model (Table 8). Importantly, because the -E2 and +E2 

MCF7-inoculated mice were sacrificed at the same time point, the question remains whether 

MCF7 cells in -E2 mice would eventually proliferate into an overt metastasis if the time course 

was extended. Likewise, it is unknown whether the -E2 D2.0R model would also develop into 

overt metastases if allowed to continue indefinitely.  

Histological assessment by a veterinary pathologist identified a subset of +E2 mice, 

independent of tumor inoculation, with appreciable endosteal osteosclerosis, myelopthisis, and 

atypical expansion of mesenchymal cells appearing to be osteoblasts and osteoclasts. 

Presumably, these manifestations are due to estrogen toxicity as they also appear in non-tumor-

inoculated mice (data not shown); however, they can be erroneously identified as tumor cells 

that have acquired a mesenchymal phenotype. The most extreme cases of this cellular 

expansion also present as a slight decrease in bone volume as observed for mouse 11 and 

mouse 13 in Figure 10B. These observations further demonstrate the importance of confirming 

the presence of tumor cells by additional methods presented herein besides H&E. MicroCT 

analysis of estrogen supplemented bones can also prove to be difficult due to the dramatic 

changes in bone microarchitecture that are observed in +E2 long bones. We observed 

inconsistencies in bone microarchitecture in the D2.0R model in particular, where there was a 

significant reduction in bone volume and increase in trabecular spacing, but a paradoxical 

increase in trabecular number in D2.0R-inoculated versus non-tumor-inoculated (naïve) mice. 

These results are likely due to the difficulty in contouring the microCT scans as a result of the 

dramatic increase in bone volume, which can be better appreciated by viewing cross-sections of 

the tibiae (Figure 15A). It is also possible that the presence of D2.0R cells, even at low 

numbers, may directly impact bone-resident cells, such that centers of ossification are increased 

but overall bone volume is significantly reduced.  

Importantly, the D2.0R model is advantageous over other tumor models given that the 

cells are ER+ and are inoculated into immunocompetent mice. Data from several groups 

suggests that depletion of T cells results in the awakening of dormant tumor cells (165, 166), but 

the specific role for the immune system in the outgrowth of metastatic tumor cells remains 

unclear (167). Thus, the D2.0R model allows for the investigation of the potential impact of the  
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immune system in mediating tumor cell dissemination and colonization of the bone. Because 

D2.0R cells are of mouse origin, we were unable to use CD298 to detect tumor cells and 

although we attempted PNA, EpCAM, and mouse cytokeratin staining of these cells in vitro 

(data not shown), we were unable to find a cell marker suitable for flow cytometry that was 

uniquely expressed on tumor cells and not on mouse bone marrow cells. Surprisingly, a slight 

reduction in osteolysis was observed over time in the -E2 D2.0R-inoculated mice. These results 

suggest that D2.0R cells may initially disrupt osteoclast-mediated resorption in the absence of 

E2 but that this effect diminishes over time. These results are further supported by 

histomorphometry and microCT analysis of -E2 non-tumor-inoculated (naïve) and D2.0R-

inoculated mice at the end point, which revealed no significant difference in bone volume. 

However, a significant reduction in bone volume was observed in +E2 D2.0R-inoculated mice 

compared to +E2 non-tumor-inoculated (naïve) mice suggesting that D2.0R cells induce bone 

loss in the presence of E2. Although tumor burden was enriched for in these mice by Krt18 

expression (Figure 12E), 4/6 mice did not show evidence of tumor infiltration by pathologic 

inspection, suggesting that any effects of the tumor cells on the bone microarchitecture are due 

to changes in bone homeostasis rather than an increase in tumor-induced osteolysis. A 

significant reduction in Krt18 expression was observed in +E2 versus -E2 D2.0R-inoculated 

mice suggesting that, in contrast to the MCF7 model, E2 may not promote tumor growth in the 

D2.0R model. Additionally, based on the variable pan-cytokeratin staining of D2.0R cells in vitro 

(Figure 13C), we cannot rule out the possibility that E2 alters the cytokeratin expression of 

inoculated D2.0R cells in vivo. 

It has been previously reported that SUM159 cells persist as dormant tumor cells in the 

lung following tail vein injection (75). Until now, the behavior of these cells in the bone has not 

been investigated. Using qPCR and flow cytometry, we found that SUM159 cells are detectable 

in the bone marrow in 50-100% of mice following intracardiac inoculation, and therefore propose 

the SUM159 cells as a novel human model of ER- breast cancer dissemination to bone. 

SUM159 cells resemble the claudin-low tumor subtype of breast cancer and thus have reduced 

expression of epithelial cell adhesion markers and increased stem cell markers including 

CD44hi/CD24lo (168). In addition to pan-cytokeratin, we also attempted to detect SUM159 tumor 

cells in the bone marrow using CD44, which stained tumor cells in vitro, but did not detect any 

tumor cells in vivo (data not shown). Although pan-cytokeratin and CD44 did not reveal any 

SUM159 cells in the bone, these results do not rule out the possibility that the tumor burden was 

below the level of detection by immunostaining, particularly since we detected tumor cells by 

flow cytometry in 100% of SUM159-inoculated mice. Importantly, gene expression profiling of 
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breast cancers suggest that each subtype is a unique disease and that the drivers and effective 

therapeutics for each subtype may differ (169, 170). Furthermore, patients with ER- breast 

cancer develop bone metastases at similar rates as those patients with ER+ disease (171). 

Thus, the SUM159 model provides a model in which to study factors that regulate homing of 

tumor cells to the bone or tumor dormancy in a subtype-specific manner.  

One limitation of analyzing low tumor burden by immunostaining or H&E is that each 

histological section represents only a small fraction of the three-dimensional structure of the 

tibia. In support of this notion, the +E2 MCF7-inoculated mice in which we observed tumor cells 

by H&E or pan-cytokeratin staining were three of the four mice with the highest number or 

percentage of CD298+ cells by flow cytometry. Further, small clusters of MCF7 cells were 

clearly discernible with pan-cytokeratin staining in the bone marrow of +E2 mice suggesting that 

the level of tumor burden in the -E2 mice was below the level of immunohistochemical 

detection. In the D2.0R model, tumor cells heterogeneously expressed pan-cytokeratin (Figure 

13C), suggesting that we are likely missing a portion of the tumor cells in the bone marrow using 

this marker. These conclusions are further supported by the identification of tumor cells in the 

bone marrow of two +E2 D2.0R-inoculated mice by the veterinary pathologist that were negative 

for pan-cytokeratin staining. Another source of confusion in the immunohistochemical detection 

of tumor cell in the bone marrow can be the brown staining of blood pigment, particularly within 

the synovium and periosteum of the bone (Figure 15B) that is observed in both non-tumor-

inoculated (naïve) and tumor-inoculated mice. However, cell morphology and the pigment 

granularity allow for distinction from pan-cytokeratin positive tumor cells.  

These data suggest the superiority of analyzing CD298 expression by flow cytometry, 

when available, to detect low levels of tumor in the bone over other methods. Additionally, MDA-

MB-231 (ER-), T47D (ER+), and human PDX samples have also been shown to express CD298 

(156). Analysis of CD298 expression by flow cytometry is a broadly applicable method to 

investigate tumor burden in the bone following inoculation of various breast cancer cell lines or 

patient samples. In the context of tumor dormancy, this method can be combined with Hoechst-

Pyronin Y staining to distinguish cells that are in a quiescent G0 state (172, 173). Furthermore, 

several groups have reported the use of cell division dyes, such as DiD (99) or CellTrace Violet 

(69), to monitor cell proliferation in vivo. Identification of dormant tumor cells at the cellular level 

in vivo remains challenging, in part due to our lack of understanding of whether dormant 

disseminated tumor cells are truly quiescent or simply growth-restricted (174); however, in the 

future these cell division protocols may be optimized in conjunction with CD298 staining to  
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Figure 15. microCT reconstruction and non-specific staining for cytokeratin in the bone 
marrow. (A) Representative images of drawn microCT contours (green line) and corresponding 
3-D reconstruction for -E2 (n=8 mice) and +E2 (n=6 mice) D2.0R-inoculated mice. (B) Blood 

pigment present in pan-cytokeratin (AE1/AE3) stained tibiae. Scale bars = 25M. 
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assess cell quiescence. As such, these mouse models may not serve as strict models of tumor 

dormancy but do accurately re-capitulate prolonged tumor latency in the bone marrow. In the 

absence of suitable flow cytometry markers, such as in the D2.0R mammary carcinoma model, 

qPCR is the second most sensitive method of detection and is recommended for the 

quantification of tumor burden in the bone marrow. Application of these methods to transgenic 

mouse tumor models may provide significant advancement to the detection of ultra-low tumor 

burden in models that do not extensively metastasize to the bone.  

In conclusion, our data characterize three distinct models of bone colonization and 

summarize the most effective methods of detection for each model (Table 8). Although the 

ability to develop into overt metastases has yet to be investigated, these clinically relevant tumor 

models mimic early tumor dissemination observed in patients during which DTCs survive in the 

bone marrow for extended periods of time. Further, the ability of flow cytometry or qPCR 

analysis to detect significant enrichment of low levels of bone-disseminated tumor cells across 

these cell lines provides a significant advancement to study tumor burden in the bone and 

illustrates their applicability to future mechanistic studies. These tumor models will allow for the 

investigation of mechanisms that regulate prolonged latency periods of bone-disseminated 

tumor cells and for the identification of factors and/or therapeutics that induce a proliferative 

switch in tumor cells residing in the bone. 
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CHAPTER IV 

 

PREX1 MEDIATES AN INVASIVE PHENOTYPE IN BREAST CANCER CELLS THAT 

SPONTANEOUSLY DISSEMINATE TO THE SKELETON 

 

Summary 

Although a significant proportion of breast cancer patients develop bone metastases, the 

mechanisms regulating tumor cell dissemination to bone are largely unknown. Here, we report 

the establishment of a bone-selective MCF7 cell line (MCF7b) that exhibits increased metastatic 

potential in vitro and in vivo. Molecular profiling identified PREX1 as a mediator of the MCF7b 

phenotype in vitro, and knockdown of PREX1 ablated the enhanced migration, invasion, and 

adhesion phenotypes. Intracardiac inoculation of tumor cells revealed enhanced osteolytic bone 

destruction and tumor burden in MCF7b-inoculated mice. Furthermore, when inoculated 

orthotopically, MCF7b cells grew poorly as primary tumors but preferentially disseminated to 

skeletal sites with a higher frequency than the MCF7 parental line. PREX1 expression was 

elevated in MCF7b primary tumors, consistent with the finding that breast cancer patients who 

developed bone metastases had significantly higher PREX1 expression in the primary tumor. 

These findings establish a clinically relevant estrogen receptor positive (ER+) model in which to 

study bone colonization and implicate PREX1 in regulating ER+ tumor cell dissemination to 

bone. 

 

Introduction 

Despite advances in early diagnosis and treatment, relapse occurs in approximately 20-

30% of breast cancer patients (175), and nearly 80% of breast cancer patients who succumb to 

disease harbor bone metastases upon autopsy, suggesting these patients are at significant risk 

of developing distant metastasis (57, 58). Metastasis is initiated by the invasion of tumor cells 

through the local basement membrane and survival in the circulation, followed by homing to a 

distant site and eventual outgrowth into a clinically detectable metastasis. The most frequent, 

and often first, site of metastasis in breast cancer patients is the bone, which results in 

significant morbidities including bone pain, hypercalcemia, and fractures (146, 147). Estrogen 

receptor (ER) positive tumors comprise approximately 70% of all breast cancers and exhibit a 

greater propensity to metastasize to bone than the visceral organs (176). Interestingly, ER+ 

patients exhibit prolonged latency periods; bone metastasis most frequently occurs 8-10 years 

after diagnosis compared to ER- patients, who typically relapse within five years of diagnosis 
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(153, 171). While these clinical data suggest subtype-specific progression patterns, the 

molecular mechanisms driving these differences remain unclear. Thus, further investigation into 

the mechanisms controlling breast cancer cell dissemination and bone colonization, particularly 

in ER+ disease, is necessary to advance the prevention and effective treatment of bone 

metastases.  

The limited number of available preclinical animal models severely limits our ability to 

study the mechanisms controlling spontaneous ER+ breast cancer cell dissemination to the 

bone. Transgenic models of spontaneous tumor development and metastasis such as the 

MMTV-PyMT model most closely recapitulate the metastatic process observed in humans (7); 

however, these models are infrequently used because they do not readily metastasize to the 

bone and require months to detect disseminated tumor cells in the bone.  

Due to these limitations, the majority of bone metastasis studies use intracardiac inoculation of 

tumor cells as an experimental model of metastasis. We (74, 135) and others (69, 136) have 

used intracardiac inoculation of human ER+ MCF7 cells to model prolonged tumor latency, 

since these cells remain in a non-proliferative state and induce little osteolytic bone destruction. 

Recently, comparison of parental MCF7 or human ER+ T47D cell lines to their bone metastatic 

derivatives have been performed to identify pathways regulating metastatic colonization of the 

bone (71, 164). However, the physiologic relevance of these models is limited due to these 

tumor cells requiring exogenous 17-estradiol in order to form overt metastases. Numerous 

studies have detailed the perturbations caused by 17-estradiol in non-tumor bearing mice, 

including dramatically increased bone volume and adverse urinary tract effects (135-139). Thus, 

further development and investigation of bone-selective ER+ lines that do not require estrogen 

supplementation are needed. 

In this study, we characterize a novel MCF7 subclone that spontaneously metastasized 

to the bone from the mammary fat pad in the absence of exogenous estradiol and identify 

PREX1 as an important regulator of this aggressive phenotype in vitro. 

 

Results 

 

Establishment of the MCF7b cell line 

Parental MCF7 cells (MCF7p) were transduced with a lentiviral vector containing GFP 

and a non-silencing shRNA (hereinafter referred to as MCF7 cells) and were implanted into the 

mammary fat pad without exogenous estradiol (Figure 16A). As expected based on previous 

literature (177-179), the inoculated tumor cells developed into small, palpable nodules, but did  
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Figure 16. MCF7 bone-metastatic (MCF7b) cells do not have altered cell morphology, 
proliferation, or basal signaling. (A) MCF7-shRNA-GFP (MCF7) were injected into the 
mammary fat pad of nude mice (n=4) in the absence of exogenous estradiol and bone marrow 
was analyzed for EpCAM and GFP by flow cytometry approximately 6 months after tumor 
injection. EpCAM+ cells were sorted as single cells into a 96-well plate and the MCF7b line was 
established from one of the recovered clones. (B) Representative DIC images of MCF7 and 

MCF7b cell morphology following in vitro culture. All panels = 10X, scale bars = 200m. (C) 
Trypan blue exclusion assay to assess fold proliferation in MCF7 and MCF7b cells over 3 days. 
(D) MCF7 and MCF7b cells were dyed with CellTrace Violet proliferation dye and mean 
fluorescence intensity (MFI) was tracked over seven days to assess proliferation. (E-H) 

Normalized linear protein expression from RPPA analysis of (E) total ER, (F) ER-p118, (G) 
progesterone receptor, and (H) cyclin D1 in MCF7 and MCF7b cells. (I) Representative western 
blot for pSTAT3-Y705, total STAT3, ERK-pT202/Y204, total ERK, pAKT-pS473, total AKT, and 
vinculin in MCF7 and MCF7b cells. C-I: n= three independent biological replicates. Bar graphs 
and points indicate mean + standard error of the mean. 
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not progress, and in most cases dissipated, due to the absence of exogenous estrogen; 

however, one mouse presented with a limp approximately 6 months after tumor inoculation, 

suggesting the development of bone metastases. Flow cytometric analysis of the bone marrow 

(n=4 mice) using the epithelial cell marker, EpCAM, positively detected tumor cells in one 

mouse, which were sorted into single cell clones (Figure 16A). Notably, these tumor cells no 

longer expressed GFP (Figure 16A). Two of the single cell clones (RJ4#5a and RJ4#5b) 

survived and grew in vitro, and we renamed one of these clones (RJ4#5b) the MCF7 bone 

metastatic line (MCF7b). We recently validated its MCF7 origin using STR profiling by the 

ATCC, where MCF7b cells were confirmed to have a 100% match to MCF7 cells banked at 

ATCC.  

Compared to the parental cell line, MCF7b cells appeared similar morphologically 

(Figure 16B) and did not display an altered proliferation rate by trypan blue exclusion or 

CellTrace Violet dilution assays (Figure 16C, D). MCF7 cells are ER+ and respond to estrogen 

(180); however, ER expression and transcriptional activity, as assessed by pS118, were 

unchanged between MCF7 and MCF7b cells by RPPA analysis (Figure 16E, F). Evaluation of 

ER target genes progesterone receptor and cyclin D1 revealed no significant changes in 

downstream ER signaling (Figure 16G, H). Total levels and basal activity of AKT, ERK, and 

STAT3 were also unchanged in MCF7b cells by western blot and RPPA analysis (Figure 16I 

and Figure 17A-C).  

 

MCF7b cells exhibit enhanced metastatic potential 

In comparison to the parental line, MCF7b cells displayed a significant 2-3-fold increase 

in cell migration (Figure 18A, B) and invasion (Figure 18C, D). Crystal violet staining revealed a 

significant increase in adherent MCF7b cells compared to the parental line by both absorbance 

and area (Figure 18E-G). Importantly, the number of cells per field was significantly increased 

(Figure 18H) while the area per cell remained unchanged (Figure 18I), suggesting that adhesive 

ability rather than cell spreading is significantly increased in MCF7b cells.  

 

Genomic and proteomic profiling identifies PREX1 as potential driver of the invasive 

phenotype 

In order to identify potential mechanisms mediating the metastatic phenotype of MCF7b 

cells, we performed molecular profiling by reverse phase protein array (RPPA) and RNA 

sequencing (RNAseq). Of the 296 total and phospho-specific antibodies that were tested by  
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Figure 17. STAT3, ERK, and AKT are unchanged in MCF7b cells. (A-C) Normalized linear 
protein expression from RPPA of (A) total STAT3 and STAT3-pY705, (B) total ERK and ERK-
pT202/Y204, and (C) total AKT, AKT-pS473, and AKT-pT308. n= three independent biological 
replicates. Bar graphs indicate mean + standard error of the mean. 
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Figure 18. MCF7b cells exhibit enhanced cell migration, invasion, and adhesive ability. 
(A) Representative images of MCF7 and MCF7b cell migration assessed by DAPI (green 

pseudocolor) or crystal violet staining. Left panel = 10X, scale bar = 500m; right panel = 40X, 

scale bar = 100m. (B) Quantitation of the number of migrated cells per 10X or 40X field from 
(A). (C) Representative images of cell invasion assessed in (A). (D) Quantitation of the number 
of migrated cells per 10X or 40X field from (C). (E) Representative images of MCF7 and MCF7b 

cells on 5g/ml or 10g/ml fibronectin for 30 minutes or 1 hour. All panels = 10X, scale bar = 

500m. (F) Crystal Violet absorbance at 600nm to assess adherent cells from (A). (G-I) 
Quantitation of (G) total crystal violet area per field, (H) number of cells per field, and (I) area 
per cell from (E). B, D, F-I: Mann-Whitney test. n=three independent biological replicates. 
*p<0.05, **p<0.01, ***p<0.001. Bar graphs = mean + standard error of the mean. 
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RPPA, twelve proteins were significantly altered in MCF7b cells (Figure 19A, B and Table 9). 

Further examination of these genes in the RNA-seq dataset revealed three genes (PREX1, 

HSPB1, DUSP4) that were significantly altered in MCF7b cells by more than 2-fold (1 log2 fold 

change by edgeR analysis with a significance of p<0.05) (Figure 19C). Elevated PREX1 and 

HSPB1 expression in MCF7b cells compared to MCF7 or parental MCF7 (MCF7p) cells was 

validated by qPCR analysis Figure 19D, E). DUSP4 was modestly decreased in MCF7b cells, 

but this change was not significant (Figure 19F). Consistent with the expression pattern of these 

genes in MCF7b cells, PREX1 and HSPB1 were amplified/upregulated in 5-10% of breast 

cancer patients, whereas DUSP4 was deleted/downregulated in ~9% of patients from The 

Cancer Genome Atlas (TCGA) provisional dataset (Figure 19G). Analysis of the TCGA 

METABRIC dataset revealed similar genetic alterations for PREX1 and HSPB1 (Figure 20). In 

contrast to the provisional cohort, DUSP4 was predominantly amplified/upregulated in this 

dataset, prompting us to pursue PREX1.  

As previously reported (181, 182), we confirmed that ER+ primary tumors express 

significantly higher PREX1 mRNA levels compared to other subtypes in TCGA (Figure 21A). 

Expression of PREX1, a PI(3,4,5)P3-dependent guanine exchange factor, predicts sensitivity to 

PI3K inhibition (183, 184), and it is a mediator of Rac1 activation by ErbB receptors to promote 

breast cancer progression (181, 185). Thus, we postulated that PREX1 overexpression may 

contribute to the metastatic potential of MCF7b cells. Western blot analysis confirmed nearly 2-

fold higher PREX1 protein levels in MCF7b cells compared to the parental line (Figure 21B). 

Knockdown of PREX1 in MCF7b cells was maintained for approximately five days and resulted 

in PREX1 expression levels similar to those of MCF7 cells (Figure 21C). MCF7b cells 

transfected with NT-siRNA exhibited increased migration and invasion (Figure 22A-D), 

confirming our previous results, and PREX1 knockdown blunted the increased migration (Figure 

22B) and almost completely reversed the invasive phenotype (Figure 22D). Similarly, 

knockdown of PREX1 partially ablated the increased adhesive ability of MCF7b cells (Figure 

23A-D) and had no effect on the area per cell (Figure 23E). 
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Figure 19. Molecular profiling identifies PREX1 overexpression in MCF7b cells. (A) 
Heatmap representing the normalized linear protein expression of the 296 total and phospho-
specific proteins evaluated by RPPA in MCF7 and MCF7b cells. (B) Normalized linear protein 
expression of the significantly altered total and phospho-proteins in MCF7b cells. (C) Log2 fold 
change in mRNA of the significantly altered proteins from (B) as assessed by RNA-sequencing 
of MCF7 and MCF7b cells. (D-F) qPCR of parental (MCF7p), MCF7, and MCF7b cells for (D) 
HSPB1, (E) PREX1, and (F) DUSP4 mRNA normalized to B2M (housekeeping gene). (G) 
Genetic alterations of PREX1, HSPB1, and DUSP4 in breast cancer patients from the TCGA 
Provisional dataset. B: Mann-Whitney test. D, E: One-way ANOVA with Sidak’s multiple 
comparisons test. *p<0.05, **p<0.01, ***p<0.001. A-F: n= three independent biological 
replicates. Bar graphs indicate mean + standard error of the mean. 
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Table 9. Normalized linear RPPA data from MCF7 and MCF7b cells.  
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Figure 20. PREX1 is upregulated/overexpressed in breast cancer patients. (A) Genetic 
alterations of PREX1, HSPB1, and DUSP4 in breast cancer patients from the METABRIC, 
Nature 2012, & Nat Comm 2016 dataset from The Cancer Genome Atlas. 
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Figure 21. PREX1 is upregulated/overexpressed in ER+ breast cancer patients and 
MCF7b cells. (A) PREX1 mRNA expression in each breast cancer subtype of patients in the 
METABRIC, Nature 2012, & Nat Comm 2016 dataset from The Cancer Genome Atlas. (B) 
Representative western blot for PREX1 and tubulin in MCF7 and MCF7b cells and quantitation 
of three western blots. (C) qPCR of PREX1 normalized to B2M in MCF7 and MCF7b cells over 
120 hours after transfection with non-targeting or PREX1-targeting siRNAs. A: One-way ANOVA 
with Sidak’s multiple comparisons test, **p<0.01 and ****p<0.0001. B: Mann-Whitney t-test, 
**p<0.01. n=three independent biological replicates. C: One-way ANOVA with Sidak’s multiple 
comparisons test, *p<0.05 compared to MCF7 siNT; #p<0.05 compared to MCF7b siNT. n=three 
independent biological replicates. Bar graphs indicate mean + standard error of the mean. 
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Figure 22. PREX1 knockdown ablates enhanced migration and invasion phenotype of 
MCF7b cells. (A) Representative images of MCF7 and MCF7b transfected with a non-silencing 
siRNA (siNT) or PREX1-targeting siRNAs (siPREX1) evaluated for cell migration by DAPI 

(green pseudocolor) or crystal violet staining. Left panel = 10X, scale bar = 500m; right panel = 

40X, scale bar = 100m. (B) Quantitation of the number of migrated cells per 10X or 40X field 
from (A). (C) Representative images of cell invasion of MCF7 and MCF7b transfected with a 
non-silencing siRNA (siNT) or PREX1-targeting siRNA (siPREX1) assessed in (A). (D) 
Quantitation of the number of migrated cells per 10X or 40X field from (C). B, D: One-way 
ANOVA with Sidak’s multiple comparisons test. *p<0.05 vs MCF7 siNT. #p<0.05 vs MCF7b 
siNT. n=three independent biological replicates. Bar graphs = mean + standard error of the 
mean. 
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Figure 23. Knockdown of PREX1 partially reduces adhesive ability of MCF7b cells. (A) 
Representative images of adherent MCF7 and MCF7b cells transfected with non-targeting 

siRNAs (siNT) or PREX1-targeting siRNAs (siPREX) incubated on 5g/ml or 10g/ml fibronectin 

for 30 minutes or 1 hour. All panels = 10X, scale bar = 500m. (B) Crystal Violet absorbance 
measurements at 600nm to assess adherent cells from (A). (C-E) Quantitation of (C) total 
crystal violet area per field, (D) number of cells per field, and (E) area per cell from (A). B-E: 
One-way ANOVA with Sidak’s multiple comparisons test. *p<0.05 compared to MCF7 siNT. n= 
three independent biological replicates. Bar graphs = mean + standard error of the mean. 
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MCF7b cells efficiently colonize the bone  

MCF7 or MCF7b cells were inoculated into nude mice by intracardiac injection without 

estradiol pellet implantation, and metastatic tumor burden was monitored every 3 weeks by 

radiography (Figure 24A). A modest increase in lesion number and lesion area was observed in 

MCF7b-inoculated mice at weeks 18 and 22 post-tumor inoculation (Figure 24B). Radiographic 

analysis revealed that two mice in the MCF7b group (mouse 11 and 15) harbored significant 

osteolytic bone destruction in a single tibia (Figure 24C). Mice were sacrificed 22 weeks after 

tumor cell inoculation, when the aforementioned two mice became paraplegic and moribund, 

and all mice were analyzed for microCT, flow cytometry, qPCR, and histology (Figure 24D).  

MicroCT revealed no substantial differences in bone volume or trabecular 

microarchitecture in MCF7b-inoculated mice compared to MCF7-inoculated controls (Figure 

24E). Using a highly sensitive and human-specific flow cytometry protocol for CD298 expression 

(135, 156) tumor cells were detected in the bone marrow of 3/9 (33%) MCF7-inoculated and 

2/10 (20%) MCF7b-inoculated mice (Figure 24F). qPCR analysis for the human housekeeping 

genes, beta-2-microglobulin (B2M) and hypoxanthine phosphoribosyltransferase 1 (HPRT1) 

(135) detected tumor cells in 2/9 (22%) MCF7-inoculated and 1/10 (10%) MCF7b-inoculated 

mice (Figure 24G). Histomorphometric analysis of the tibiae did not reveal any significant 

differences in bone volume between the groups (Figure 24H); however, hematoxylin and eosin 

staining of tibiae confirmed the presence of substantial tumor burden in the bones of the two 

mice (mouse 11 and 15) that exhibited extensive osteolytic lesions by radiography (Figure 24I, J 

and Figure 25). Immunostaining for pan-cytokeratin (135) confirmed the presence of tumor cells 

in these mice, but did not detect tumor cells in any other MCF7b-inoculated mice or any of the 

MCF7-inoculated mice (Figure 24J and Figure 25). Mice harboring overt MCF7b lesions (n=2) 

showed increased TRAP staining on the bone surface and had the highest osteoclast 

surface/bone surface (Oc.S/BS) and osteoclast number/bone perimeter (N.Oc/B.Pm) compared 

to other MCF7b-inoculated mice with no overt metastatic lesions or MCF7-inoculated mice 

(Figure 24J and Figure 26A-C).   
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Figure 24. MCF7b cells form overt bone metastases following intracardiac inoculation 
without estrogen supplementation. (A). Experimental timeline of intracardiac inoculation of 
MCF7 and MCF7b cells (indicated by #) and radiographic imaging (indicated by x) to sacrifice. 
n=10 mice inoculated per group. (B) Radiographic assessment of total lesion number per 
mouse and total lesion area per mouse over time in MCF7- (n= 9) and MCF7b- (n=10) 
inoculated mice. (C) Representative radiographic images at week 22 for MCF7- and MCF7b-
inoculated mice. (D) Schematic indicating methods performed on the hind limbs upon sacrifice. 
(E) Representative microCT images and analysis of mice in (B). (F) Quantitation of total number 
and percent of CD298+ tumor cells detected by flow cytometry in the bone marrow of mice 
described in (B). (G) qPCR of whole bone homogenate for human B2M or human HPRT1 
normalized to mouse Hmbs (housekeeping gene) from mice described in (B). (H, I) 
Histomorphometric analysis of (H) bone volume/total volume (%BV/TV) and (I) tumor 
volume/total volume from mice described in (B). (J) Representative hematoxylin and eosin 
(H&E), pan-cytokeratin and DAPI, or tartrate-resistant acid phosphatase (TRAP) staining of 
tibiae from mice described in (B). All panels, left = 4X, right = 40X of the same tibia. Scale bars 

= 500m (left panel), 100m (right panel). B: Mann-Whitney test. Bar graphs = mean ± standard 
error of the mean.  
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Figure 25. Detection of MCF7b cells in tibiae by pan-cytokeratin immunostaining. 
Hematoxylin and eosin (H&E) or pan-cytokeratin and DAPI staining of tibiae from mouse 11 
inoculated with MCF7b cells via intracardiac injection. H&E panels, left = 4X, right = 40X of the 

same tibia. Scale bars = 500m (left panel), 100m (right panel). Immunofluorescence panels 

left to right = 4X, 20X, 40X of same tibia. Scale bars = 500m (left panel) and 100m (right two 
panels).  
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Figure 26. Tibiae bearing MCF7b overt metastases contain more TRAP+ osteoclasts. (A-
C) Histomorphometric analysis of (A) bone volume/total volume (%BV/TV), (B) Osteoclast 
surface/bone surface (Oc.S/BS) and (C) number of osteoclasts/bone perimeter (N.Oc/B.Pm) in 
MCF7- (n= 9) and MCF7b- (n=10) inoculated mice.  
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MCF7b cells spontaneously metastasize to skeletal sites 

To determine whether MCF7b cells were better adapted to spontaneously metastasize 

to the bone marrow following re-inoculation, MCF7b and MCF7 cells were implanted into the 

mammary fat pad of mice supplemented with exogenous estradiol. Surprisingly, MCF7b cells 

exhibited a significant reduction in primary tumor growth over 8 weeks compared to the MCF7 

line Figure 27A). Upon sacrifice, 8/8 (100%) MCF7-inoculated and 3/10 (30%) MCF7b-

inoculated mice had discernable primary tumors, and tumor weight per mouse was significantly 

reduced in MCF7b-inoculated mice (Figure 27B, C). At sacrifice, the hind limbs were processed 

for flow cytometry and the femur, spine, and lung were processed for qPCR (Figure 27D). 

Although the total number of CD298+ tumor cells was similar between the two groups, the 

percent of CD298+ tumor cells detected in the bone marrow of the tibiae and femora was 

significantly higher in MCF7b-inoculated mice compared to MCF7-inoculated mice (Figure 27E). 

Since there was a dramatic difference in primary tumor development, we normalized the 

number and percent of CD298+ tumor cells to the final tumor weight to better assess metastatic 

potential, which revealed a dramatic increase in MCF7b dissemination to the bone (Figure 27F). 

Tumor burden as assessed by qPCR was modestly increased in whole femora and significantly 

increased in spine homogenates in MCF7b-inoculated mice (Figure 27G, H). In contrast, 

dissemination to the lung was reduced in the MCF7b-inoculated group, although this did not 

reach statistical significance (Figure 27I).  

Analysis of primary tumor homogenates by qPCR revealed that PREX1 remained 

upregulated in MCF7b primary tumors at endpoint (Figure 27J), despite the low number of 

MCF7b primary tumors that persisted at sacrifice (n=3). Using publicly available datasets, we 

found that in comparison to breast cancer patients with local or lymph node dissemination, 

PREX1 mRNA levels were significantly higher in the primary tumors of patients who developed 

distant metastasis (Figure 27K), as demonstrated by two PREX1 microarray probes. Patients 

within the distant metastasis group that harbored bone metastases, indicated as red dots in 

Figure 27K, tended to express above average PREX1 mRNA. 

 

Discussion 

The multi-step progression of the metastatic cascade is well established, but the 

mechanisms controlling tumor dissemination and colonization of distant organs remain less 

clear. A major limitation to our understanding of these mechanisms is the lack of in vivo models 

that faithfully recapitulate the spontaneous metastasis, prolonged latency and metastatic 

outgrowth observed in breast cancer patients. Here, we established a novel bone-selective  
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Figure 27. MCF7b cells grow poorly in the primary site but spontaneously disseminate to 
skeletal sites. (A) Tumor volume by caliper measurements over 55 days following injection of 
MCF7 and MCF7b cells into the mammary fat pad. n=8 mice per group at sacrifice. (B) Final 
tumor weight per mouse after sacrifice from mice described in (A). (C) Representative images of 
primary tumors collected from mice described in (A). (D) Schematic indicating the methods 
performed on the hind limbs upon sacrifice. (E) Quantitation of total number and percent of 
CD298+ tumor cells detected by flow cytometry in the bone marrow of mice described in (A). (F) 
Normalization of data from (E) to final tumor weight. (G-I) qPCR analysis of whole (G) femur, (H) 
spine, or (I) lung homogenates for human B2M or human HPRT1 normalized to mouse Hmbs 
(housekeeping gene) from mice described in (A). (J) qPCR of PREX1 expression in primary 
tumors isolated from mice described in (A). (K) Analysis of PREX1 mRNA expression in primary 
breast tumors from patients with local disease, lymph node metastases, or distant metastases 
(Kimbung et al. dataset). (L) Working model showing enhanced metastatic potential of MCF7b 
cells driven by PREX1 upregulation resulting in increased tumor cell dissemination and 
outgrowth in the bone. Bar graphs = mean ± standard error of the mean.  
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MCF7 derivative (MCF7b) that is molecularly primed to more efficiently disseminate to and 

colonize skeletal sites than the parental cell line (Figure 27L). Further, given the ability of 

MCF7b cells to colonize the bone in the absence of estrogen, these cells provide a clinically 

relevant model in which to study ER+ tumor cell dissemination and skeletal colonization.  

Mechanistically, upregulation of PREX1 drives MCF7b invasion and adhesion and is 

associated with the development of distant metastasis in breast cancer patients, particularly 

those with ER+ disease. Similar findings have been demonstrated in metastasis models of 

melanoma (186) and prostate cancer (187) where PREX1 promotes metastasis to the lungs and 

lymph nodes, respectively. Moreover, in vitro studies suggest that PREX1 activation of 

downstream Rac signaling is responsible for this enhanced metastatic potential (181, 186, 187); 

however, this possibility has not been thoroughly investigated in vivo. Previous work indicates 

that PREX1 is activated by CXCR4 (181, 188), a well-known chemokine receptor involved in 

tumor cell homing to the bone. Thus, investigation into these signaling axes may provide insight 

into why PREX1 preferentially promotes dissemination to bone over other sites in the MCF7b 

model.  

Intracardiac inoculation of MCF7b cells resulted in overt bone metastases in 20% of 

mice (2/10 mice), compared with 0% in the MCF7-bearing mice, in the absence of exogenous 

estradiol. Further, these two mice presented with a single tumor-bearing tibia and thus tumor 

cells were only detected by histology and immunostaining, which were the methods performed 

on this tibia. Interestingly, the development of overt bone metastases in a small fraction of mice 

has been observed in similar studies using the ER+ bone metastatic derivatives of MCF7 

(MCF7-5624A (164)) and T47D (DBM (71)) cells.  

Importantly, the ability of MCF7b cells to colonize the bone in the absence of exogenous 

estradiol, thus avoiding the detrimental effects on the bone and urinary tract, provides a more 

physiologically relevant model of tumor dissemination to bone. The two mice harboring bone 

metastases, mouse 11 and mouse 15, had the second highest (~5% BV/TV) and lowest (~1% 

BV/TV) bone volume in the MCF7b-inoculated cohort, suggesting that the MCF7b cells can 

induce osteoblastic or osteolytic bone remodeling, which has been previously reported (133).  

TRAP staining of tibiae following intracardiac inoculation of MCF7 and MCF7b cells revealed an 

increase in TRAP+ osteoclasts lining the bone surface in tibiae harboring overt MCF7b 

metastases compared to MCF7b-inoculated mice with no overt metastases and control MCF7-

inoculated mice, suggesting tumor-induced expansion of the osteoclast population. The vicious 

cycle of bone destruction is a well described process that disrupts physiological bone 

remodeling, resulting in enhanced osteoclastogenesis, resorption of bone matrix, and localized 
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release of growth factors and cytokines that promote tumor cell proliferation (57). However, 

PTHrP and GLI2 expression and basal ERK, AKT, or SMAD signaling, which are known to be 

activated by bone-derived growth factors such as TGFβ and IGFs (189-191), were unchanged 

between the MCF7b and parental cell line (Figure 16I and data not shown). These data suggest 

that these well-known mechanisms of tumor-induced bone disease likely did not trigger the 

outgrowth of these cells.  

The bone marrow is a uniquely fertile microenvironment containing stem cells, 

osteoblasts, and osteoclasts, which provide a rich source of growth factors and cytokines that 

support tumor cell homing, survival, and outgrowth. Due to the complexity of the bone 

microenvironment and limited mouse models, little is known about the timing and molecular 

signals that drive tumor cell colonization and eventual metastatic progression in the bone. 

Comparative genomic studies of primary breast tumors with disseminated tumor cells have 

provided considerable insight into the timing of tumor cell dissemination (11-15), but not the 

mechanisms driving bone metastasis or metastatic outgrowth. In order to identify these 

mechanisms, microarray analyses comparing primary tumor samples from patients with and 

without bone metastases (17) as well as comparison between human ER- parental MDA-MB-

231 cells with bone metastatic subclones have been performed (16). These studies have 

identified several gene signatures(16-18) and key signaling pathways, such as the CXCR4Tumor-

CXCL12Osteoblast axis (16), that drives tumor cell homing and dissemination to bone. However, 

these studies have focused on ER- breast cancer cells and similar studies have not been 

extensively performed in ER+ breast cancer lines. Unfortunately, these published microarrays 

did not include PREX1 probes and thus we cannot glean any information concerning the 

association of PREX1 with bone metastasis from these studies. Interestingly, studies performed 

in the ER- mouse 4T1 cell line found that PREX1 expression was reduced in tumor cells that 

had metastasized to the bone compared to the primary tumor (18). Taking our data into 

account, these data suggest that PREX1 may play a different role in ER- disease or that PREX1 

is important for tumor cell dissemination to bone but is dispensable for growth in the bone. 

Strikingly, MCF7b cells grew poorly following re-inoculation in the primary tumor site 

despite having enhanced PREX1 mRNA expression at the experimental endpoint and efficiently 

disseminating to the bone. These data are in support of previously published work showing that 

PREX1 does not affect in vitro proliferation or activation of ERK signaling in breast (192), 

melanoma (193), or glioblastoma cancer cells (194). Additionally, PREX1 did not alter primary 

tumor growth in a prostate cancer xenograft model, but did enhance dissemination of tumor 

cells to the lymph nodes (187) suggesting that PREX1 mediates cell motility rather than cell 
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proliferation. However, several reports implicate PREX1 in activating IGF-1R/InsR (185), 

PI3K/AKT (183), and MEK/ERK (183, 195) signaling following growth factor stimulation in vitro 

and that this signaling activation promotes primary tumor growth in vivo (181, 183). Many of 

these studies were performed using exogenous PREX1 expression in ER- tumor cells, namely 

MDA-MB-231b cells, which do not endogenously express PREX1. Therefore, it is difficult to 

determine whether these results are physiologically relevant and if other endogenous genetic 

alterations are confounding factors. In regards to the MCF7b cells, it is also possible that tumor-

inhibitory mechanisms are increased in MCF7b cells and may override PREX1 upregulation to 

prevent primary tumor development. Herein, we demonstrate using flow cytometry and qPCR 

analyses that MCF7b cells selectively disseminate to skeletal sites from the primary site and are 

modestly less capable of disseminating to the lung. In addition to these methods, we also 

attempted pan-cytokeratin immunostaining on the tibiae and lymph nodes of these mice but did 

not detect any tumor cells in these tissues, likely due to the tumor burden being below the level 

of detection by this method (data not shown). Overt bone metastases did not develop during the 

8-week experimental timeline in the mice harboring MCF7b primary tumors, despite the 

presence of tumor cells in the bone marrow. However, these results are not surprising given the 

particularly long latency period (18-22 weeks) prior to the development of overt metastases in 

the intracardiac study. While this latency period accurately recapitulates human ER+ disease, 

given the side effects of exogenous estrogen that limit our ability to take the primary tumor 

models out to a longer timeline, it remains unclear whether spontaneously disseminated MCF7b 

cells in the bone would eventually progress into overt metastases.  

Evaluation of PREX1 expression in breast cancer patient samples has also generated 

conflicting results. In support of our findings, PREX1 levels were increased in primary breast 

and prostate tumors of patients who developed distant or lymph node metastases compared to 

those that did not harbor metastases (181, 187). Using a limited cohort of 36 patients, high 

PREX1 expression was associated with reduced disease-free survival (185). In contrast, 

PREX1 expression was associated with improved patient outcome in a study of 2000 breast 

cancer patients (196). Overall survival in patients harboring PREX1 genetic alterations or those 

specifically harboring amplification/upregulation of PREX1 was not significantly changed in the 

two datasets we investigated using cBioPortal for Cancer Genomics (data not shown). Marotti et 

al. reported reduced PREX1 levels by immunohistochemistry in bone metastases compared to 

visceral metastasis (182). Importantly, this patient cohort contained ~50 patients and PREX1 

expression varied greatly between patients, independent of tumor subtype, making it difficult to 

interpret PREX1 expression in site-specific metastasis.  
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In summary, the human ER+ MCF7b cell line represents a clinically relevant model that 

recapitulates the spontaneous dissemination and prolonged latency period of ER+ breast 

cancers and preferentially metastasizes to bone. MCF7b cells exhibit enhanced metastatic 

potential in vitro, which our data suggest is driven by upregulation of PREX1. These findings are 

consistent with elevated PREX1 levels in breast cancer patients, particularly those with ER+ 

tumors, being associated with distant metastasis. These findings provide a novel animal model 

in which to investigate tumor cell dissemination to bone and implicate PREX1 in driving bone 

metastasis.  
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CHAPTER V 

 

REGULATION OF LIFR AND DORMANCY BY HDAC INHIBITORS IN BREAST CANCER 

CELLS THAT HOME TO THE BONE 

 

Introduction 

Histone modifications play a key role in the epigenetic regulation of gene expression and 

are predominantly controlled by the balance of histone acetyltransferases (HATs) and histone 

deacetylases (HDACs). Aberrant expression and activity of HDACs are frequently observed in 

cancer and result in pro-tumorigenic effects such as proliferation, angiogenesis, and metastasis 

(197). Thus, HDAC inhibitors (HDACi) have recently emerged as promising cancer therapeutics 

and have been shown to induce differentiation, cell cycle arrest, and apoptosis (198). Several 

HDACi are currently FDA approved for hematological malignancies, and more are in clinical 

trials for the treatment of early, advanced, and metastatic breast cancer (199). Due to the limited 

preclinical and clinical studies using HDACi, little is known about their effects on disseminated 

tumor cells and metastatic progression.   

Leukemia inhibitory factor (LIF) receptor (LIFR) was previously identified as a breast 

tumor suppressor and metastasis suppressor (75, 76). Recent evidence indicates that activation 

of LIFR and downstream STAT3 signaling maintains tumor cells in a dormant state (74). 

Further, loss of this signaling axis results in enhanced tumor cell proliferation and bone 

destruction in experimental models of metastasis (74). Currently, the upstream regulators of 

LIFR expression and activity remain unclear; however, recent studies suggest that histone 

deacetylase inhibitors (HDACi) stimulate LIFR expression in breast cancer cells (74, 200).  

Breast cancer remains the most commonly diagnosed cancer and second leading cause 

of cancer deaths in women. Over the past decade, genomic studies have provided considerable 

insights into the molecular landscape of primary breast tumors leading to novel treatment 

strategies and improved patient survival (10, 11). Despite these advances, a large proportion of 

breast cancer patients will subsequently develop distant metastases particularly to the bone, 

lung, or liver for which effective treatment options are limited (57, 58).Recent evidence suggests 

that tumor cells disseminate to these distant sites early in tumor progression where they may 

remain in a dormant state for a prolonged period before developing into a clinically detectable 

metastasis (7, 8). Approximately 70% of breast cancers are positive for estrogen receptor (ER+) 

and tend to metastasize to bone over visceral organs (176). Based on clinical observations, time 

to recurrence appears to be associated with estrogen receptor (ER) status, but the mechanism 
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for this remains unknown. Specifically, patients diagnosed with ER- disease often present with 

skeletal metastasis within 5 years, whereas those diagnosed with ER+ tumors exhibit a longer 

latency period of 8-10 years prior to bone relapse. These findings suggest that all breast cancer 

patients are at significant risk of developing bone metastasis, but that tumor dormancy may be 

regulated by subtype-specific mechanisms. Importantly, the molecular mechanisms underlying 

tumor cell colonization of distant sites and effective therapies to target these dormant 

disseminated tumor cells remain largely unknown and warrant further investigation.   

Our studies aimed to determine whether HDACi activate a pro-dormancy program 

through enhanced LIFR signaling and represent a viable therapeutic strategy to maintain tumor 

cells in a dormant state. In this chapter, we examined the molecular mechanisms by which 

HDACi stimulate LIFR and other pro-dormancy genes in cells with low and high metastatic 

potential. Additionally, we investigated the clinical relevance of these dormancy-associated 

genes in two independent breast cancer patient cohorts and in an experimental model of bone 

metastasis. Together, our data indicate that HDACi stimulate expression of numerous dormancy 

associated genes and may be an effective approach to maintain tumor cells in a persistent state 

of dormancy and reduce tumor recurrence.  

 

Results 

 

HDAC inhibitors stimulate LIFR expression in breast cancer cells of varying metastatic 

potential 

 We first sought to test a panel of diverse HDACi with varying structural for their ability to 

stimulate LIFR expression. This panel consisted of entinostat, panobinostat, romidepsin, and 

vorinostat, which are FDA-approved and/or currently in Phase III clinical trials for metastatic 

breast cancer. HDACi treatment of human breast cancer cell lines with low (MCF7, SUM159) 

and high (MDA-MB-231b (bone metastatic clone)) metastatic potential significantly increased 

LIFR mRNA expression between 6 and 24 hours in a dose-dependent manner (Figure 28A-D 

and Figure 29A). Similar results were observed in mouse mammary carcinoma cells of varying 

metastatic potential (low metastatic potential = D2.0R (141); high metastatic potential = D2A1, 

4T1BM2) (Figure 30A-C). Notably, each HDACi stimulated LIFR expression in all the breast 

cancer cell lines tested. Consistent with these findings, LIFR protein levels were also induced 

during this time period (Figure 28E-J, Figure 29B, and Figure 30D-F).  
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Figure 28. HDAC inhibitors induce LIFR mRNA and protein expression in breast cancer 

cells. (A-D) LIFR mRNA levels in MCF7 and MDA-MB-231b cells treated with (A) 0.5M or 5M 

entinostat, (B) 5nM or 50nM panobinostat, (C) 5nM or 50nM romidepsin, (D) 1M or 5M 
vorinostat or DMSO (vehicle control) for 1, 3, 6, 12, or 24 hours. (E-H) Representative western 
blots for LIFR, acetylated histone H3 (AcH3), vinculin (loading control), and tubulin (loading 

control) protein levels in MCF7 and MDA-MB-231b cells treated with (E) 0.5M or 5M 

entinostat, (F) 5nM or 50nM panobinostat, (G) 5nM or 50nM romidepsin, (H) 1M or 5M 
vorinostat or DMSO (vehicle control) for 6 or 24 hours. (I, J) Quantitation of LIFR protein levels 
from western blots described in E-H for (I) MCF7 and (J) MDA-MB-231b cells. n=three 
independent biological replicates for qPCR and western blots. Bar graphs = mean +/- standard 
error of the mean. A-D, I, J: One-way ANOVA with Sidak’s multiple comparisons test, *p<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001.  
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Figure 29. HDAC inhibitors induce LIFR mRNA and protein expression in SUM159 cells. 

(A) LIFR mRNA levels in SUM159 cells treated with 0.5M or 5M entinostat, 5nM or 50nM 

panobinostat, 5nM or 50nM romidepsin, 1M or 5M vorinostat or DMSO (vehicle control) for 1, 
6, or 24 hours. (B) Representative western blots for LIFR and vinculin (loading control) protein 

levels in SUM159 cells treated with 0.5M or 5M entinostat, 5nM or 50nM panobinostat, 5nM 

or 50nM romidepsin, 1M or 5M vorinostat, or DMSO (vehicle control) for 6 or 24 hours. 
n=three independent biological replicates for qPCR and western blots. Bar graphs = mean +/- 
standard error of the mean. A: One-way ANOVA with Sidak’s multiple comparisons test, 
*p<0.05.  
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Figure 30. HDAC inhibitors induce LIFR mRNA and protein expression in mouse 
mammary carcinoma cells. (A-C) LIFR mRNA levels in (A) D2.0R, (B) D2A1, and (C) 4T1BM2 

cells treated with 0.5M or 5M entinostat, 5nM or 50nM panobinostat, 5nM or 50nM 

romidepsin, 1M or 5M vorinostat, or DMSO (vehicle control) for 1, 6, or 24 hours. (D-F) 
Representative western blots for LIFR and vinculin (loading control) protein levels in (D) D2.0R, 

(E) D2A1, and (C) 4T1BM2 treated with 0.5M or 5M entinostat, 5nM or 50nM panobinostat, 

5nM or 50nM romidepsin, 1M or 5M vorinostat, or DMSO (vehicle control) for 6 or 24 hours. 
n=three independent biological replicates for qPCR and western blots. Bar graphs = mean +/- 
standard error of the mean. A-C: One-way ANOVA with Sidak’s multiple comparisons test, 
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
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To explore the molecular mechanism by which HDACi stimulate LIFR expression, breast 

cancer cells were treated with HDACi for 24 hours followed by removal of the drug for 24-48 

hours. Following withdrawal, LIFR protein rapidly returned to basal levels suggesting dynamic 

and reversible regulation of LIFR expression by HDACi (Figure 31A, B). We postulated that 

HDACi may directly promote LIFR transcriptional activation by altering the acetylation levels 

along the LIFR promoter. To test this possibility, we performed ChIP-qPCR for acetylated 

histone H3 lysine 9 (H3K9ac), a marker of active promoters, along LIFR transcript variant 1 

(LIFRv1) or variant 2 (LIFRv2) in MCF7 and MDA-MB-231b cells (Figure 31C). MCF7 cells 

treated with HDACi for 6 hours showed significant enrichment of H3K9ac along the LIFRv1 

promoter compared to vehicle treated cells (Figure 31D, E). High basal H3K9ac of the LIFRv1 

promoter was observed in MDA-MB-231b cells, which was not enhanced with HDACi treatment 

(Figure 31F, G). These findings are consistent with the high LIFR protein expression in these 

cells; however, MDA-MB-231b cells do not express a functional LIFR since they do not induce 

downstream signaling in response to ligand stimulation (74, 200). Notably, basal LIFRv2 mRNA 

expression is very low or undetectable and is not induced with HDACi (Figure 32A-C), 

explaining the lack of promoter acetylation observed for LIFRv2 (Figure 31D-G). We next 

explored whether induction of LIFR by HDACi resulted in enhanced downstream signaling. 

MCF7 cells stimulated with recombinant LIF and HDACi showed increased STAT3 activation 

compared to LIF treatment alone (Figure 31H). This enhanced signaling was not due to HDACi-

mediated changes in total STAT3 protein levels or STAT3 promoter acetylation (Figure 31J, K 

and Figure 32D-E). Interestingly, HDACi treatment re-sensitized MDA-MB-231b cells to LIF 

stimulation, resulting in dramatic STAT3 phosphorylation (Figure 31I). A similar response has 

been previously reported for MDA-MB-231 cells treated with vorinostat (200) suggesting that 

numerous HDACi can re-sensitize cells to the ligand.   

 

HDAC inhibitors promote a pro-dormancy program that is mediated by LIFR 

To determine whether HDACi promote a pro-dormancy program, we investigated a 

panel of thirteen dormancy-promoting factors (61, 69, 201-204) following HDACi treatment 

(Figure 33A). In contrast to the consistent induction of LIFR by all four HDACi in all cell lines 

tested, we observed cell line-specific and drug-specific stimulation of the other pro-dormancy 

genes in MCF7 and MDA-MB-231b cells (Figure 33B, C). For example, panobinostat stimulated 

AMOT and MSK1 expression in MCF7 cells, but THBS1 and P4HA1 in MDA-MB-231b cells 

(Figure 33B, C). Genes that were not changed are not shown, and of important note, HDACi 

treatment did not significantly reduce the expression of any dormancy-associated genes  
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Figure 31. Epigenetic regulation of LIFR by HDAC inhibitors and activation of 
downstream STAT3 signaling. (A, B) Representative western blots for LIFR and vinculin 

(loading control) in (A) MCF7 and (B) MDA-MB-231b cells treated with 5M entinostat (“E”), 
50nM panobinostat (“P”), or DMSO (vehicle control) for 24 hours followed by drug washout and 
collection 24 or 48 hours later. (C) UCSC genome browser tracks for LIFR variant 1 and 2 and 
primer pairs used to evaluate promoter acetylation by ChIP-qPCR. Solid lined box indicates 
primer pairs designed to LIFRv1 and dashed lined box indicates primer pairs designed to 
LIFRv2. (D, E) ChIP-qPCR showing acetylated histone H3 lysine 9 (H3K9ac) enrichment (% 

ChIP/input) along the LIFR promoter region in MCF7 cells treated with (D) 5M entinostat, (E) 
50nM panobinostat, or DMSO (vehicle control). (F, G) ChIP-qPCR showing acetylated histone 
H3 lysine 9 (H3K9ac) enrichment (% ChIP/input) along the LIFR promoter region in MDA-MB-

231b cells treated with (F) 5M entinostat, (G) 50nM panobinostat, or DMSO (vehicle control). 
(H-I) Representative western blots for LIFR, pSTAT3 (Y705), total STAT3, and β-actin (loading 

control) in (H) MCF7 and (I) MDA-MB-231b cells after treatment with 0.5M or 5M entinostat, 

5nM or 50nM panobinostat, 5nM or 50nM romidepsin, 1M or 5M vorinostat, or DMSO (vehicle 
control) for 24 hours followed by 15 minute treatment with PBS (vehicle control) or recombinant 
LIF (50ng/ml).(J, K) Quantitation of LIFR, pSTAT3/total STAT3, and STAT3 protein levels in (J) 
MCF7 and (K) MDA-MB-231b cells from western blots shown in (H, I). n=two independent 
biological replicates for washout and cytokine treatment western blots and n=three independent 
biological replicates for ChIP-qPCR. Bar graphs = mean +/- standard error of the mean. D-G: 
One-way ANOVA with Sidak’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001.  
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Figure 32. LIFR variant 2 is not stimulated by HDAC inhibitors and STAT3 does not 
mediate induction of pro-dormancy genes. (A) LIFR variant 1 (LIFRv1) and variant 2 
(LIFRv2) mRNA levels in MDA-MB-231 parental (231p), bone metastatic MDA-MB-231b (231b), 
SUM159, and MCF7 cells. (B, C) LIFRv2 mRNA levels in (B) MCF7 and (C) MDA-MB-231b 

cells treated with 0.5M or 5M entinostat, 5nM or 50nM panobinostat, 5nM or 50nM 

romidepsin, 1M or 5M vorinostat, or DMSO (vehicle control) for 6 hours. (D) UCSC genome 
browser tracks for STAT3 and primer pairs used to evaluate promoter acetylation by ChIP-
qPCR. (E) ChIP-qPCR showing acetylated histone H3 lysine 9 (H3K9ac) enrichment (% 

ChIP/input) along the STAT3 promoter region in MCF7 cells treated with 5M entinostat, 50nM 
panobinostat, or DMSO (vehicle control). (F) mRNA levels of LIFR in MCF7 non-silence control 
(NSC) and LIFR knockdown lines (#3, #6, #8). (G) Representative western blot of LIFR and 
vinculin (loading control) and quantitation of LIFR protein levels in MCF7 NSC and LIFR 
knockdown lines. (H) mRNA levels of dormancy associated genes in MCF7 NSC (control) and 
MCF7 STAT3 knockdown (shSTAT3) cells. (I) mRNA levels of dormancy associated genes in 

MCF7 NSC or MCF7 shSTAT3 cells treated with 0.5M or 5M entinostat or DMSO (vehicle 
control). n=two independent biological replicates for qPCR of LIFRv1/LIFRv2 and STAT3 
knockdown experiments. n=three independent biological replicates for ChIP-qPCR and LIFR 
knockdown experiments. Bar graphs = mean +/- standard error of the mean. A, H: Unpaired t-
test. F, G, I: One-way ANOVA with Sidak’s multiple comparisons test, *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001.  
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Figure 33. HDACi stimulation of a pro-dormancy gene program is mediated by LIFR. (A) 
List of thirteen genes and references included in the dormancy associated gene panel. (B) 
mRNA levels of significantly altered dormancy genes in (B) MCF7 and (C) MDA-MB-231b cells 

treated with 0.5M or 5M entinostat, 5nM or 50nM panobinostat, 5nM or 50nM romidepsin, 

1M or 5M vorinostat, or DMSO (vehicle control) for 6 or 24 hours. (D-F) ChIP-qPCR showing 
acetylated histone H3 lysine 9 (H3K9ac) enrichment (% ChIP/input) along the AMOT or TGFB2 

promoters in MCF7 cells treated with (D, E) 5M entinostat or (F) 50nM panobinostat for 6 
hours. (G) mRNA levels of dormancy associated genes in MCF7 NSC (control) and MCF7 LIFR 
knockdown (shLIFR) cells. (H, I) mRNA levels of dormancy associated genes in MCF7 NSC or 

MCF7 shLIFR cells treated with (H) 0.5M or 5M entinostat or (I) 5nM or 50nM panobinostat. 
n=three independent biological replicates for qPCR and ChIP-qPCR. Bar graphs = mean +/- 
standard error of the mean. B-F, H, I: One-way ANOVA with Sidak’s multiple comparisons test, 
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. G: Mann-Whitney t-test, *p<0.05, **p<0.01.  
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included in the panel (data not shown). Interestingly, AMOT expression was increased by 

multiple HDACi in both MCF7 and MDA-MB-231b cells. Further, entinostat-stimulated TGFB2 

expression was particularly intriguing given its role in stem cell reprogramming (205) and 

promoting dormancy in the bone (61, 72).To further investigate how AMOT and TGFB2 are 

stimulated, we performed ChIP-qPCR to determine if promoter acetylation was altered following 

HDACi treatment. Surprisingly, H3K9ac was not dramatically enriched along these promoters 

following HDACi treatment, suggesting an indirect mechanism (Figure 33D-F). These results led 

us to explore whether LIFR is required for the induction of these other dormancy-associated 

factors. To do so, we assessed LIFR expression in a previously published LIFR knockdown 

MCF7 line (shLIFR #3) (74) as well as in two newly generated knockdown lines (shLIFR #6 and 

#8). LIFR mRNA and protein expression was most dramatically decreased (~65%) in the MCF7 

shLIFR#6 line and therefore this line was used for subsequent studies (Figure 32F, G). LIFR 

knockdown resulted in a modest reduction in 8 out of the 13 pro-dormancy factors (Figure 33G) 

including AMOT and TGFB2 by ~50%. Further, HDACi treatment of LIFR knockdown cells 

blunted the induction of AMOT, TGFB2, and MSK1 compared to the control cell line (MCF7 

NSC) (Figure 33H, I). Knockdown of STAT3 did not significantly alter any of the dormancy 

genes or blunt HDACi-mediated induction, suggesting that the effects on these dormancy genes 

are independent of STAT3 activation by LIFR (Figure 32H, I). 

 

Treatment with HDAC inhibitors slows tumor cell proliferation 

Since HDACi augmented LIFR and other dormancy-promoting genes, we determined 

whether HDACi could promote functional outcomes of dormancy. To do this, we monitored 

tumor cell proliferation in the presence of low-dose HDACi over 48-hour increments for a total of 

eight days. Proliferation of MCF7 cells was minimally affected during the first 48 hours but was 

substantially slowed by >3-fold with HDACi treatment between day 2 and day 8 (Figure 34A). 

During the final 48 hours, the fold-change in proliferation of HDACi-treated cells fell below one 

(representing the number of cells seeded on day 6) suggesting a subset of cells underwent cell 

death (Figure 34A). These results are further supported by a small but significant increase in the 

sub-G0/G1 population, characteristic of apoptotic cells, with HDACi on day 6 and day 8 (Figure 

35A). Entinostat significantly increased the G0/G1 population at day 2, but no dramatic cell 

cycle changes were observed with long-term HDACi treatment (Figure 35B). Albeit to a lesser 

extent, long-term HDACi treatment significantly slowed MDA-MB-231b cell proliferation but did 

not appear to induce cell death (Figure 34B).  
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Figure 34. Upregulation of a dormancy phenotype inversely correlates with proliferation 
and metastasis in breast cancer patients. (A, B) Trypan blue exclusion assay to assess fold 

proliferation in (A) MCF7 and (B) MDA-MB-231b cells treated with 0.5M entinostat, 5nM 
panobinostat, or vehicle for a total of eight days. On day 2, 4, 6, and 8, cells were trypsinized 
and counted followed by reseeding of an equal number of cells per treatment group. Data are 
presented as fold-proliferation during each 48-hour increment. (C, D) CellTrace Violet 
proliferation dye was loaded into (C) MCF7 and (D) MDA-MB-231b cells followed by treatment 

with 0.5M entinostat, 5nM panobinostat, or vehicle for a total of eight days. Mean fluorescence 
intensity (MFI) was tracked over eight days using flow cytometry to assess proliferation. n=three 
independent biological replicates for proliferation and CTV retention experiments. Graphs 
represent mean +/- standard error of the mean. A-D: Unpaired t-test, *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001. (E) mRNA levels of LIFR, AMOT, and TGFB2 in ER+ breast 
tumors displaying low or high proliferation (low n=623, high n=603). The data are displayed as 
z-score values from Illumina Human v3 microarray data (METABRIC, Nature 2012 & Nat 
Commun 2016). (F) Survival analysis representing the proportion of disease-free patients 
stratified according to LIFR mRNA levels in samples from breast cancer patients (low n=979, 
high = 999; HR = 1.273; METABRIC, Nature 2012 & Nat Commun 2016 dataset). (G) Analysis 
of time to recurrence in patients described in (F). (H) LIFR mRNA levels in breast tumors 
displaying low or high proliferation regardless of subtype (low n= 86, high = 106; Bos et. al 
dataset (GSE12276). (I) Survival analysis representing the proportion of metastasis-free 
patients stratified according to LIFR, AMOT, or TGFB2 mRNA levels in samples from breast 
cancer patients (LIFR low n= 120, high = 57); AMOT low = 97, high = 86; TGFB2 low = 104, 
high = 78; Bos et. al dataset (GSE12276). (J) LIFR mRNA levels pre-treatment (day 0) in tumors 
displaying low and high proliferation (low n=8, high n=19). (K) LIFR mRNA expression change 
(day 8 – day 0) in tumors that displayed increased or decreased Ki67 levels post-treatment (day 
8 – day 0) (low n=15, high = 10). (L) LIFR, AMOT, or TGFB2 mRNA expression change (day 8 – 
day 0) in patients that displayed increased or decreased acetylated histone H3 (AcH3) post-
treatment (day 8 – day 0) (low n= 10, high n=12).  
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Figure 35. HDAC inhibitors increase cells in the subG0/G1 population but do not alter 
other cell cycle phases or the cancer stem cell phenotype. (A, B) Fixed cells stained with 
hoechst 33342 and analyzed by flow cytometry for the (A) subG0/G1 population and (B) G0/G1, 
S, and G2/M cell cycle phases. (C, D) Representative flow cytometry plots of CD24 and CD44 

expression in (C) MCF7 and (D) MDA-MB-231b cells treated with 0.5M entinostat, 5nM 
panobinostat, or DMSO (vehicle control) for a total of eight days. Shown are plots from day 0 
and day 8. (E, F) Quantitation of flow cytometry data described in (C, D). n=three independent 
biological replicates for flow cytometry experiments. Bar graphs = mean +/- standard error of the 
mean. A, B, E, F: One-way ANOVA with Sidak’s multiple comparisons test, *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001.  
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Given these data, we next sought to determine whether this slowed proliferation was a 

result of the entire population entering a dormant-like state or equal rates of proliferation and 

cell death in subsets of the population. To do so, breast cancer cells were loaded with the 

proliferation dye, CellTrace Violet (CTV) and assessed for dye retention using flow cytometry 

over eight days of HDACi treatment. Increasing CTV retention was observed over the time 

course in both MCF7 and MDA-MB-231b cells treated with HDACi (Figure 34C, D). Notably, all 

MCF7 cells displayed consistent CTV retention indicating that HDACi slowed the proliferation 

rate of the entire population of cells rather than a subset (Figure 34C). Interestingly, the MDA-

MB-231b cells showed two retention peaks on day 8 suggesting that HDACi may differentially 

affect the proliferation of two subpopulations (Figure 34D). Despite these observations, both 

populations displayed increased CTV intensity compared to vehicle treated cells. Given the 

ability of HDACi to reprogram cells and the unfavorable association of cancer stem cells (CSC) 

with poor prognosis and therapy resistance, we also investigated whether HDACi alter the CSC 

phenotype, here characterized as CD24Low/CD44High (206, 207). While there was a significant 

increase in the CD24High/CD44Low population with HDACi treatment, there was no change in the 

percentage of CSC-like cells (Figure 35C-F).  

 

Upregulation of dormancy-associated genes is inversely associated with proliferation 

and metastasis in breast cancer patients  

Given the stimulation of a pro-dormancy phenotype and decrease in tumor cell 

proliferation, we next sought to determine the clinical significance of these findings. We 

specifically investigated LIFR, AMOT, and TGFB2 expression in two independent breast cancer 

patient cohorts for several reasons including their dramatic stimulation by HDACi, possible co-

regulation by LIFR, and relevance to tumor dormancy in the bone. In the first patient cohort 

(METABRIC, Nature 2012 & Nat Commun 2016), tumor proliferation was assessed in ER+ 

tumors as part of their molecular subtyping classification. Investigation of this dataset revealed 

significant reductions in mRNA expression of all three pro-dormancy genes in highly proliferative 

tumors compared to those with low proliferation rates (Figure 34E). Analysis of all primary 

tumors regardless of proliferation revealed a significant increase in disease-free survival (HR = 

1.273, 95% CI: 1.091-1.486) and time to recurrence (HR = 1.262, 95% CI: 1.075-1.483) in 

patients with high LIFR expression (Figure 34F, G). Further, patients with tumor recurrence had 

significantly lower LIFR expression in their primary tumor suggesting an association with 

metastatic progression (Figure 36A). These data are consistent with previously reported 

reductions in overall survival in patients with down-regulated LIFR signaling (74). There  
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Figure 36. LIFR mRNA levels correlates with prognosis index, recurrence, and 
proliferation in breast cancer patients. (A, B) mRNA levels of (A) AMOT and (B) TGFB2 
tumors displaying low or high proliferation. (C) LIFR mRNA levels in breast cancer patients 
stratified by Nottingham prognostic index (NPI) scores. The data are displayed as z-score 
values from Illumina Human v3 microarray data (METABRIC, Nature 2012 & Nat Commun 
2016). (D) LIFR mRNA levels in breast cancer patients stratified by recurrence (no n=1278, yes 
n=622). The data are displayed as z-score values from Illumina Human v3 microarray data 
(METABRIC, Nature 2012 & Nat Commun 2016). A: Mann-Whitney t-test, **p<0.01. D: One-way 
ANOVA with Sidak’s multiple comparisons test, **p<0.01, ***p<0.001 and ****p<0.0001 
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was no significant association of AMOT or TGFB2 expression with these clinical parameters 

(data not shown). The second patient cohort (Bos et. al dataset (GSE12276)) also revealed a 

significant reduction in LIFR mRNA expression and modest decreases in AMOT and TGFB2 in 

highly proliferative tumors (Figure 34H and Figure 36B, C). Additionally, decreased LIFR 

expression correlated with increased Nottingham prognostic index scores, which incorporates 

tumor size, lymph node involvement, and tumor grade to predict patient prognosis following 

surgery (Figure 36D). Indeed, high expression of LIFR, AMOT, and TGFB2 was associated with 

increased metastasis-free survival in breast cancer patients (LIFR: HR=1.486, 95% CI: 1.102-

2.004; AMOT: HR=1.409, 95% CI: 1.052-1.885; TGFB2: HR=1.583, 95% CI: 1.182-2.119; Bos 

et. al dataset (GSE12276)) (Figure 34I). Given the negative association of these genes with 

metastasis, we sought to investigate whether HDACi could be used to stimulate pro-dormancy 

genes in breast cancer patients. While few published studies exist, one publicly available 

dataset investigated gene expression changes in primary breast tumors before and after HDACi 

treatment (valproic acid; 8 days; Cohen et. al dataset (GSE83530)). In this cohort, LIFR mRNA 

expression was modestly lower in highly proliferative primary tumors prior to HDACi treatment 

(Figure 34J). Compared to pre-treatment samples, tumors with reduced proliferation rates had 

significantly higher LIFR expression changes after treatment (Figure 34K). Further, patients with 

increased peripheral blood acetylation levels, an indicator of effective treatment, had higher 

LIFR expression and a modest increase in AMOT, but not TGFB2, levels post-treatment (Figure 

34L). Together, these patient data suggest that high expression of these pro-dormancy genes, 

which can be therapeutically increased with HDACi, correlates with reduced tumor proliferation 

and metastasis.   

 

Combination treatment of HDACi with zoledronic acid reduces the incidence of bone 

metastasis and mitotic index 

 Given the clinical association of these dormancy-associated genes with metastasis, we 

next tested whether HDACi promote dormancy in tumor cells that have metastasized to the 

bone. Mice were inoculated by intracardiac injection and the following day treatment was 

initiated (Figure 37A). Previous reports (128, 130) and data from our laboratory indicate that 

HDACi negatively affect normal bone homeostasis (Figure 38A-C). Although we didn’t see any 

changes in osteoclast number (Figure 38C) and were unable to quantify osteoblast number or 

bone formation rate due to estradiol effects on the bone, other reports indicate that negative 

HDACi effects on the bone result from increased osteoclast  
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Figure 37.Combination treatment of HDACi with zoledronic acid reduces tumor incidence 
and mitotic events in bone-disseminated tumors. (A) Schematic of experimental timeline 
from intracardiac inoculation of MDA-MB-231b cells (Tumor), injection of zoledronic acid (ZA), 
treatment with HDAC inhibitors (HDACi) 5X/week, radiographic imaging (x), and sacrifice. n=10-
12 mice inoculated per group. (B) Representative radiographs from mice inoculated with MDA-
MB-231b cells and treated with HDACi (veh-ZA n=10, entino-ZA n=12, pano-ZA n=9, veh+ZA 
n=10, entino+ZA n=12, pano+ZA n=10). (C) Radiographic assessment of total lesion number 
per mouse and total lesion area per mouse over time of mice described in (B). (D) 
Representative in vivo fluorescence images for GFP+ tumor cells in MDA-MB-231b-inoculated 
mice at endpoint using the CRi Maestro instrument. (E, F) Quantitation of (D) GFP fluorescence 
area and (E) tumor incidence from images described in (C). (G) microCT analysis of bone 
volume/total volume (%BV/TV) of non-tumor-inoculated (NT) mice (n=10 mice per group) and 
MDA-MB-231b-inoculated mice described in (B). (H, I) Analysis of (H) tumor volume/total 
volume and (I) tumor incidence by histomorphometry of mice described in (B). (J) 
Representative hematoxylin and eosin (H&E) staining of tibiae from mice described in (B). All 

panels = 4X and scale bars = 500m. (K) Representative Ki67 (green) and DAPI (blue) staining 

of tibiae from mice described in (B). All panels = 40X and scale bars = 20m. Arrow indicate 
Ki67+ tumor cells and asterisks indicate mitotic figures. (L) Quantitation of % Ki67+ tumor 
cells/total tumor cells from images shown in (K). (M) Quantitation of mitoses (# mitotic 
figures/total cells in 40X field) by DAPI staining from images shown in (K). Bar graphs = mean 
+/- standard error of the mean. E, G, H, M: One-way ANOVA with Sidak’s multiple comparisons 
test, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
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Figure 38. Treatment with HDACi (valproic acid) negatively affects bone and enhances 

tumor burden. (A) microCT analysis of non-tumor-inoculated mice supplemented with 17-
estradiol and treated with vehicle or valproic acid (VPA) (veh: n=7, VPA: n=9 mice) (B, C) 
Histomorphometric analysis of (B) bone volume/total volume (%BV/TV) and (C) osteoclast 
number and surface of mice described in (A). (D) Radiographic assessment of total lesion 
number per mouse and total lesion area per mouse over time from mice inoculated with MDA-
MB-231b cells and treated with vehicle or VPA. (veh: n=8, VPA: 8). (E) qPCR of whole bone 
homogenate from mice described in (D) for human B2M or human HPRT1 normalized to mouse 
Hmbs (housekeeping gene). (F) Histomorphometric analysis of bone volume/total volume 
(%BV/TV) and tumor volume/total volume from mice described in (D). (G) Radiographic 
assessment of total lesion number per mouse and total lesion area per mouse over time from 

MCF7-inoculated mice supplemented with 17-estradiol and treated with vehicle or valproic acid 
(VPA) (veh: n=7, VPA: 8). (H) qPCR of whole bone homogenate from mice described in (G) for 
human B2M or human HPRT1 normalized to mouse Hmbs (housekeeping gene). (I) 
Histomorphometric analysis of bone volume/total volume (%BV/TV) from mice described in (D). 
(J) Radiographic assessment of total lesion number per mouse and total lesion area per mouse 
over time from mice inoculated with 4T1BM2 cells and treated with vehicle or valproic acid 
(VPA) (veh: n=6, VPA: 5). B: Mann Whitney t-test.  
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activity and decreased osteoblast number (128, 129). Additionally, HDACi treatment of mice 

inoculated with MDA-MB-231b, MCF7, or 4T1BM2 cells causes similar negative bone effects 

and a modest increase in tumor burden (Figure 38D-K). To mitigate these effects, we treated 

non-tumor inoculated or MDA-MB-231b-inoculated mice with HDACi (entinostat or 

panobinostat) alone or in combination with the bisphosphonate zoledronic acid (ZA) to block 

bone resorption (Figure 37A). Radiographic analysis at the endpoint showed a modest increase 

in lesion number and lesion area in HDACi-treated mice, which was prevented with the addition 

of ZA (Figure 37B, C). Similarly, in vivo fluorescence imaging for GFP+ tumor cells revealed 

higher GFP fluorescence area and tumor incidence in HDACi treated mice that was also 

prevented with combination treatment (Figure 37D-F and Figure 39A). Assessment of bone 

microarchitecture by microcomputed tomography (microCT) and histomorphometry revealed a 

reduction in bone volume in non-tumor- and MDA-MB-231b-inoculated mice treated with 

panobinostat regardless of zoledronic acid (Figure 37G and Figure 39B). Additionally, a 

reduction in trabecular number and increased trabecular spacing were also observed in 

panobinostat treated mice (Figure 39C-E). In contrast, treatment with entinostat did not induce 

changes to the bone (Figure 37G and Figure 39C-E). Histological analysis confirmed the 

increased tumor volume and incidence in HDACi treated mice, which was prevented with ZA 

(Figure 37H-J and Figure 39F, G). Importantly, the combination treatment resulted in lower 

tumor incidence with either HDACi compared to the vehicle control group (Figure 37I). Further 

tumor analysis revealed no significant changes in Ki67 staining between the groups (Figure 

37K, L), however the percentage of mitoses was reduced in entinostat treated mice independent 

of zoledronic acid (Figure 37K, M). Combined, these in vivo data suggest that panobinostat, but 

not entinostat, negatively affects bone microarchitecture in non-tumor-inoculated mice 

regardless of zoledronic acid combination. The studies presented herein suggest the superiority 

of entinostat over panobinostat to treat bone metastases as it does not induce negative bone 

effects and significantly reduces tumor incidence and mitotic rate. However, these anti-tumor 

effects are most notably observed in combination with zoledronic acid, which is not currently 

being tested in clinical trials. Our findings demonstrate a critical need to better understand 

HDACi effects on the bone in the context of breast cancer and suggest combination therapy 

with a bisphosphonate may result in better anti-tumor effects in breast cancer patients.  
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Figure 39. Panobinostat, but not entinostat, decreases trabecular architecture in non-
tumor- and MDA-MB-231b-inoculated mice. (A) Quantitation of total radiant efficiency from 
MDA-MB-231b-inoculated mice using the IVIS Spectrum Imaging System (veh-ZA n=10, entino-
ZA n=12, pano-ZA n=9, veh+ZA n=10, entino+ZA n=12, pano+ZA n=10). (B) Histomorphometric 
analysis of bone volume from mice described in (A). (C-E) microCT analysis of (C) trabecular 
number, (D) trabecular spacing, and (E) trabeular thickness in non-tumor-inoculated (NT) (n=10 
mice/group) or MDA-MB-231b-inoculated mice described in (A). (F) Representative hematoxylin 
and eosin (H&E) staining of tibiae from non-tumor-inoculated mice described in (C). All panels = 

4X and scale bars = 500m. (G) Representative zoomed-in images of H&E staining of tibiae 

from mice described in (A, C). All panels = 40X and scale bars = 20m. B-D: One-way ANOVA 
with Sidak’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
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Discussion 

 Significant progress has been made over the past several years to understand the 

mechanisms controlling tumor dormancy in various tissues. Notably, many genes known to 

regulate tumor dormancy appear to do so in a tissue-specific manner. With regards to the bone, 

LIFR (74), TGF2 (61, 201), and MSK1 (71) have recently been identified as dormancy-

promoting factors. Despite these advances, few studies have investigated potential therapies to 

stimulate these genes and maintain bone disseminated tumor cells in a dormant state. Here, we 

describe the direct epigenetic induction of LIFR by HDAC inhibitors (HDACi) and LIFR-mediated 

stimulation of several other dormancy associated factors including TGFB2 and MSK1 in breast 

cancer cells (Figure 40). High expression of these pro-dormancy genes is associated with low 

tumor proliferation and increased metastasis-free survival in breast cancer patients. Despite 

panobinostat negatively effecting normal bone homeostasis, both panobinostat and entinostat 

decrease tumor incidence when combined with zoledronic acid and decrease mitotic events.  

 Combined, these findings provide insight into the use of HDACi as a means to maintain and 

promote dormancy in bone-metastatic breast cancer (Figure 40). Importantly. our studies 

indicate that HDACi treatment in combination with a bisphosphonate such as zoledronic acid is 

critical for the anti-tumor effects in the bone. These findings are clinically significant given the 

number of HDACi currently in clinical trials for metastatic breast cancer and suggest that 

patients should also receive an anti-resorptive agent to prevent tumor progression or increased 

incidence of bone metastasis.  

 Bone is a frequent site of metastasis in breast cancer patients and is detectable on 

autopsy examination in nearly 70% of patients who succumb to disease (57, 58). As previously 

mentioned, the metastatic latency period is strikingly different between patients with ER+ and 

ER- disease (149) but the mechanisms underlying this difference remains unclear. A further 

complicating factor is the discordance between ER positivity in primary tumors and their 

respective metastases (208-210). For example, a recent study reported ER status was different 

in ~25% of primary tumor and respective metastasis samples (211). Given these findings, 

therapies that can effectively induce dormancy regardless of ER expression would be of 

greatest clinical benefit to breast cancer patients (211). The studies presented herein 

demonstrate that HDACi dramatically increase LIFR expression, stimulate LIF signaling, and 

slow tumor cell proliferation in both ER+ and ER- breast cancer cell lines. HDACi differentially 

stimulated the other dormancy-associated genes in MCF7 and MDA-MB-231b cells, which may 

represent subtype-specific mechanisms of tumor dormancy and warrants further investigation.  
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Figure 40. Working model of HDAC inhibitor (HDACi)-mediated maintenance or induction 
of dormancy through LIFR:STAT3 signaling and other dormancy-associated genes.   
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Nonetheless, the pro-dormancy effects stimulated by HDACi regardless of ER status suggests 

that these inhibitors would be useful across multiple breast cancer subtypes.  

It remains controversial whether therapies should aim to maintain tumor cells in a 

chronic state of dormancy or mobilizing dormant tumor cells out of their niche, forcing the cells 

into a proliferative state and thereby sensitizing them to chemotherapy. Similar to the work 

presented here, several studies have implicated inhibition of Src (17, 117) or ERK (61, 62, 67, 

117) signaling and DNA demethylating agents (65) as a means to maintain tumor cells in a 

dormant state. By minimizing the proliferative capacity of tumor cells, these approaches aim to 

prevent metastatic outgrowth and reprogram breast cancer into a chronic treatable disease. The 

opposite approach involves reactivation of proliferation and targeting tumor cells with effective 

chemotherapies that are commonly used in the adjuvant setting. Several signaling molecules 

including MERTK and high ERK/p38 activity ratio have been suggested to promote escape from 

dormancy (61, 62, 73) and thus could be targeted to promote tumor cell proliferation. Although 

proliferative tumor cells are more responsive to therapy, the inability to confirm the elimination of 

all dormant tumor cells and risk of eventual outgrowth remains a major concern with this 

approach. Additionally, the overlapping mechanisms regulating dormant tumor cells and normal 

stem cells make it difficult to identify therapies that will selectively target tumor cells for death.  

 High LIFR expression and signaling is associated with low metastatic potential in breast 

cancer cells and is often lost in tumor cells that readily metastasize (74). Our results indicate 

that HDACi stimulate LIFR expression and restore LIF signaling in aggressive breast cancer 

cells (MDA-MB-231b and 4T1BM2). Previous findings identified STAT3 in a dormancy gene 

signature (69) and demonstrated that loss of STAT3 results in increased osteolytic bone 

destruction following intracardiac inoculation of tumor cells (74). While these studies suggest 

that STAT3 acts a mediator of dormancy, recent work demonstrated that LIFR-induced STAT3 

activation results in anti-apoptotic signaling including enhanced BCL-2 and MCL-1 expression, 

leading to therapy resistance (200). Combined, the ability to re-sensitize tumor cells to LIF, 

which inhibits tumor growth (212, 213), likely represents another pro-dormancy response 

initiated by HDACi treatment but requires further investigation.  

 In addition to histone acetylation, HDACs regulate the acetylation status of many non-

histone proteins involved in processes such as transcription, replication, and DNA repair (214). 

Therefore, HDACi can alter protein acetylation levels, which often regulates protein activity. 

Recent evidence suggests that LIFR acetylation and phosphorylation of the cytoplasmic domain 

enhances or suppresses downstream STAT3 activation, respectively. We sought to investigate 

the role of LIFR protein acetylation/phosphorylation following HDACi treatment, however we 



 

128 

 

were unable to find antibodies suitable for detecting these changes through LIFR pulldown 

experiments. Thus, we cannot test if these post-translational modifications are important for 

LIFR-mediated induction of AMOT and TGFB2 or the restored response of MDA-MB-231b cells 

to LIF with HDACi treatment. Previous studies have also shown enhanced STAT3 protein 

acetylation and consequent transcriptional activity in breast cancer cells following treatment with 

vorinostat (200). Our data indicate that induction of AMOT and TGFB2 is not dependent on 

STAT3 since knockdown did not alter basal or HDACi-mediated expression. However, given the 

enhanced signaling potential with HDACi, we cannot rule out the possibility that residual 

amounts of LIFR or STAT3 in our knockdown lines are sufficient to stimulate these dormancy-

associated genes. Additionally, expression of the pro-dormancy genes was not altered with ERK 

or PI3K inhibitors (74) suggesting that these pathways are likely not mediating the HDACi-

induced effects.  

 Previous evidence indicates that HDACi, specifically valproic acid and vorinostat, cause 

bone loss in numerous strains of mice (128, 130). Our data indicate that panobinostat, but not 

entinostat, significantly alters bone volume, trabecular number, and trabecular spacing. Bone 

volume was reduced by nearly 50% in non-tumor-inoculated mice treated with panobinostat, 

and combination treatment with zoledronic acid only partially prevented this bone loss. Further, 

panobinostat treatment of tumor-inoculated mice resulted in higher tumor burden and incidence 

compared to vehicle or entinostat treated mice, but these effects could be prevented with 

zoledronic acid. In contrast, entinostat did not negatively affect the bone and combination with 

zoledronic acid reduced tumor incidence and mitotic index. Given these effects, our findings 

suggest that HDACi, especially panobinostat, may initiate bone destruction, causing release of 

tumor-promoting factors from the bone matrix and fueling tumor growth. Although entinostat 

does not dramatically alter the bone microarchitecture, changes to the bone-resident cells are 

likely involved in enhancing tumor growth since these effects can be mitigated with zoledronic 

acid. Importantly, these in vivo studies reveal the importance of understanding how anti-cancer 

therapies affect the normal microenvironment of the bone and how these changes affect tumor 

cell behavior. Future analyses of apoptosis markers (TUNEL and cleaved PARP) and 

acetylation levels in the bone will be performed to further assess dormancy status and biological 

response to HDACi. Whole bone homogenates will also be analyzed by qPCR to further 

evaluate tumor burden and changes in pro-dormancy gene expression with HDACi treatment. 

One complicating factor with this method is the difficulty of ensuring detection of gene 

expression from mouse bone marrow or human tumor cells. Therefore, we will also use the 

PrimeFlow RNA assay to detect expression levels of various dormancy-associated genes such 
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as LIFR, AMOT, and TGFB2 to analyze RNA levels in individual human tumor cells. These 

assays will provide further insight into the ability of HDACi to stimulate a pro-dormancy program 

and induce dormancy in vivo. In addition to these effects in the bone, future studies will 

investigate the ability of HDACi to induce dormancy in breast cancer cells that have 

metastasized to the lung.  

 In summary, these data provide mechanistic insight into the epigenetic regulation of 

LIFR by HDACi and indirect stimulation, potentially through LIFR-mediated signaling, of other 

known pro-dormancy genes. In breast cancer patients, expression of the dormancy-promoting 

factors LIFR, AMOT, and TGF2 was stimulated with HDACi treatment and inversely correlated 

with tumor proliferation and metastasis-free survival. Future studies will aim to assess additional 

markers of cellular dormancy in vivo and the effects of HDACi on tumor dormancy in other 

tissues such as the lung. Combined, these findings offer a potential therapeutic avenue to 

induce a pro-dormancy program in breast cancer cells of varying metastatic potential that home 

to bone.  
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CHAPTER VI 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

In recent years, considerable progress has been made towards understanding the 

mechanisms that regulate dissemination of tumor cells to distant sites and metastatic outgrowth. 

Accumulating evidence suggests that both the metastatic microenvironment as well as tumor-

intrinsic factors play significant roles in controlling the survival, reactivation, and therapeutic 

resistance of disseminated tumor cells (DTCs) (152, 215). Interestingly, many of the factors 

known to regulate dormancy appear to do so in a tissue-specific manner (152). Given these 

findings, the studies presented herein focus on bone metastasis, as this is the most frequent 

site of recurrence in breast cancer patients. Despite this high prevalence, there are currently no 

therapeutic options to cure metastatic disease. Thus, there is an urgent need to identify factors 

regulating tumor dormancy and therapeutic interventions to prevent or control metastatic 

outgrowth. 

 One of the largest obstacles in the field of tumor dormancy is the limited number of 

metastasis models that exhibit prolonged tumor latency periods comparable to those observed 

in breast cancer patients. The data presented in this dissertation begin to address these 

challenges with the establishment of novel experimental models of bone metastasis using 

syngeneic estrogen receptor positive (ER+) D2.0R, human ER- SUM159, and bone-selective 

human ER+ MCF7 (MCF7b) cell lines. Additionally, we identified highly sensitive methods 

including flow cytometry and quantitative PCR approaches to detect and quantify ultra-low 

tumor burden in the bone. While several aggressive ER- cell lines such as the MDA-MB-231 

and 4T1 cells are used in bone colonization studies, our characterization of the SUM159 model 

provides the first ER- experimental bone metastasis model that exhibits extended latency 

periods. Similarly, the D2.0R model represents the second ER+ syngeneic model used to study 

bone metastasis following the recently reported SSM2/SSM3 cell lines developed from STAT1-/- 

mice. Despite estradiol supplementation being necessary for primary tumor formation of ER+ 

MCF7 cells, it dramatically affects bone homeostasis, resulting in a supra-physiological 

accumulation of bone (137, 139) and likely confounding our understanding of bone colonization 

and tumor dormancy. Thus, our reports of MCF7 tumor cell dissemination to bone and the 

development of overt metastasis by the MCF7b cell line in the absence of 17-estradiol allows 

for the more accurate study of these processes in physiologically-relevant environments. For 
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example, molecular profiling and in vitro studies using the MCF7b model identified increased 

PIP3 Dependent Rac Exchange Factor 1 (PREX1) as a mediator of MCF7b aggressiveness. Of 

particular importance, the establishment of these models with prolonged latency allows for 

subtype-specific mechanisms of tumor colonization and dormancy in the bone to be studied in 

clinically relevant models for the first time.  

Approximately 20-30% of breast cancer patients relapse years to decades after primary 

tumor diagnosis as a result of DTC reactivation (175) Recent evidence suggests that 

dissemination to distant sites occurs early in tumor progression (7, 8) and even patients with no 

nodal involvement have a ~15% risk of developing distant metastasis (54). Efforts to 

therapeutically target dormant tumor cells and either reactivate them to restore sensitivity to 

chemotherapy or maintain them in a dormant state to prevent recurrence has been a major 

research focus in recent years (118, 149, 215). Recent studies identified LIFR as a mediator of 

dormancy in breast cancer cells that metastasize to bone and that HDAC inhibitors (HDACi) 

stimulate LIFR expression (74, 200). However, the regulation of LIFR expression in breast 

cancer cells remained unclear and no studies had investigated the potential of HDACi to induce 

a dormancy phenotype. The studies presented herein demonstrate for the first time that HDACi 

epigenetically regulate LIFR at the promoter level and indirectly stimulate other pro-dormancy 

genes in breast cancer cells of varying metastatic potential. Importantly, we provide evidence 

that LIFR may be an upstream mediator of other dormancy-promoting genes. Moreover, these 

findings are clinically relevant to breast cancer patients since expression of these dormancy-

associated genes inversely correlates with tumor proliferation and metastasis-free survival and 

could be stimulated using HDACi in a small patient cohort. Using in vivo models, we 

demonstrate that HDACi, namely valproic acid and panobinostat, disrupt normal bone 

homeostasis, which can be partially prevented with bisphosphonate treatment. Further, tumor 

incidence and mitotic rate was notably reduced in mice treated with entinostat in combination 

with zoledronic acid. Our results demonstrate the superiority of entinostat over other HDACi with 

regards to treating bone metastases. Further, our findings indicate the importance of 

combination therapy with a bisphosphonate in breast cancer patients to prevent negative effects 

on the bone and resulting tumor-promoting effects. Overall, this work lays the groundwork for 

continued exploration of HDAC inhibitors or other LIFR-stimulating therapeutics as means to 

induce tumor dormancy in breast cancer.  
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Future Directions 

Nearly 80% of breast cancer patients who succumb to disease show evidence of bone 

metastases upon autopsy. These findings clearly indicate a significant risk of breast cancer 

patient survivors developing overt bone metastases from DTCs in the bone marrow. These 

DTCs may coopt physiological niches including the endosteal or perivascular niches in order to 

remain in a dormant state following dissemination to the bone marrow (Figure 41). Several 

groups suggest that disrupting these interactions therapeutically, thus reactivating dormant 

tumor cells, followed by chemotherapy would be an effective treatment option to prevent 

metastasis. However, with this approach there is significant risk that a subset of dormant tumor 

cells will remain following treatment due to resistance or that reactivation treatment would 

induce other molecular changes that make tumor cells more aggressive. Nonetheless, further 

understanding the mechanisms of tumor dormancy and metastatic outgrowth is of the upmost 

importance to effectively treat and prevent metastatic recurrence in the future. The data 

presented herein suggest that PREX1 and LIFR may be key signaling molecules in the 

dissemination and dormancy status of tumor cells, respectively (Figure 41). In addition to 

expanding the current understanding of tumor colonization and dormancy, these data offer 

numerous exciting avenues for future exploration. Several of these research focuses are 

discussed below and represent opportunities to identify other cell autonomous and 

microenvironmental regulators of dormancy.  

 

Can these experimental metastasis models be used to identify other regulators of tumor 

dormancy? 

Previous studies have sought to identify metastasis-specific alterations through the 

generation of bone-tropic lines by repeated in vivo passaging (16). Through this process, 

subclones that preferentially grow in the bone are selected and are molecularly compared to the 

parental cells. While these studies have provided considerable insights into genes mediating 

metastasis, they are less likely to identify factors regulated by the microenvironment or those 

involved in dormancy escape. The MCF7b model presented in this dissertation yielded a small 

fraction (20%) of mice that developed overt bone metastasis following a prolonged latency 

period (22 weeks). Given the low frequency of metastatic outgrowth, the MCF7b model 

represents a valuable tool to identify molecular changes that induce spontaneous exiting of 

tumor cells from dormancy. Additionally, the prolonged latency period of the MCF7b model 

allows for the role of microenvironmental factors such as the vasculature and bone-resident 

cells in metastatic outgrowth to be evaluated, which is not as feasible with the highly aggressive  



 

133 

 

 
Figure 41. Schematic showing therapeutic approaches to prevent dissemination and 
metastatic outgrowth of breast cancer cells. Despite advances in effective therapies to treat 
primary breast tumor, patients remain at significant risk of developing distant metastases. 
Following dissemination, tumor cells may coopt the endosteal or perivascular niches to remain 
in a dormant state for a period of time before becoming reactivated. Our data suggest that 
PREX1 or HDAC inhibitor (HDACi)-mediated induction of LIFR may be viable ways to prevent 
dissemination or metastatic outgrowth, respectively.   
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MDA-MB-231 or 4T1 models. Using the CD298 flow cytometry protocol developed in Chapter II, 

tumor cells could be isolated from these overt metastases and investigated by molecular 

profiling (RNA sequencing, RPPA, etc). The ability to isolate these cells directly from the bone 

marrow rather than culturing them in vitro would provide a more accurate depiction of their 

molecular phenotype in vivo and potential identify microenvironment-regulated changes. 

Importantly, the ability of the MCF7 and D2.0R models to develop overt metastases 

without estradiol supplementation has not yet been investigated since our studies directly 

compared these mice to those with estradiol supplementation, which required a common end 

point. Thus, further investigation or modification (e.g. injection of more tumor cells) of these 

models may provide additional opportunities to isolate tumor cells and identify regulators of 

dormancy. 

An alternative approach to identify dormancy-associated genes was recently performed 

using an in vivo genome-wide shRNA screen in human ER+ T47D cells (71). Conducting similar 

unbiased screens using knockdown or overexpression libraries in the metastasis models 

presented herein ((MCF7 - E2, SUM159, D2.0R, MCF7b) could significantly expand the 

mechanistic understanding of ER+ and ER- tumor dormancy. The absence of estradiol from the 

MCF7 - E2 and MCF7b models provides a major advantage over previously published studies 

since the confounding influences of estradiol on gene expression and tumor growth can be 

avoided. Moreover, there is a strong need to perform similar studies in immunocompetent 

models with prolonged tumor latency in order to better understand the contribution of the 

immune system.  

 

How does PREX1 mediate skeletal-tropism and dissemination?  

 Our data demonstrate increased dissemination of MCF7b cells to skeletal sites 

compared to the parental MCF7 cells and implicate PREX1, a PIP3 Rac exchange factor, as a 

mediator of this dissemination. Currently, the mechanism by which PREX1 promotes 

preferential metastasis to skeletal sites is unclear. Previous work found that ErbB receptors 

potentiate PREX1/Rac1 signaling through CXCR4 transactivation to drive tumorigenesis. The 

CXCL12:CXCR4 complex is one of the most well documented mechanisms promoting tumor 

cell colonization of the bone (16, 109). These findings suggest that CXCR4 may be involved in 

the bone-tropism of MCF7b cells. To test this experimentally, deletion of the PREX1 DH-PH 

domain in tumor cells or treatment with PI3K inhibitors in vivo would effectively turn off CXCR4-

transduced signaling to PREX1 without affecting CXCR4-mediated homing. Further 

investigation into PREX1-mediated metastasis to bone may provide additional rationale for 
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inhibiting upstream dissemination pathways (CXCR4) or identify novel therapeutic targets to 

prevent recurrence.  

 

How does hypoxia regulate LIFR and pro-dormancy effects induced by HDAC inhibitors? 

 Despite its extensive network of vasculature, the bone is a particularly hypoxic 

environment. Whereas most tissues experience oxygen levels between 2% and 9%, levels in 

the bone range from < 1% - 6% (6, 216-218). Activation of HIF1α and HIF2α in hypoxic 

environments is known to promote tumor progression and metastasis to various organs 

including the lungs and liver (219-222). However, the effects of hypoxia on tumor dormancy and 

colonization in the bone remain less clear. As discussed in Chapter I, urokinase-type 

plasminogen activator receptor (uPAR) promotes dormancy escape and correlates with 

increased disseminated tumor cells in the bone marrow. Several studies suggest that hypoxia 

and HIF signaling mediate uPAR expression and consequently metastatic progression. 

Consistent with this hypoxia-induced exit from dormancy, hypoxia has been identified as a 

negative regulator of LIFR in mouse embryonic stem cells and breast cancer cells (74, 80). 

Further, LIFR mRNA expression was shown to negatively correlate with hypoxia gene activity in 

breast cancer patients (74). The mechanism for hypoxic repression of LIFR remains unclear; 

however, data from our laboratory suggest that decreased acetylation and increased 

methylation of the LIFR promoter in hypoxic conditions may be involved (Figure 42). 

Additionally, published (74) and preliminary evidence from our laboratory shows that HDAC 

inhibitors retain their ability to induce LIFR expression in hypoxic conditions (data not shown). 

Understanding the mechanism responsible for hypoxic repression of LIFR is necessary in order 

to effectively maintain and induce its expression in the hypoxic bone as well as in hypoxic tumor 

environments. In addition to LIFR, it remains unclear whether other known pro-dormancy genes 

are downregulated in hypoxic conditions. Thus, future studies are needed to assess the global 

effects of hypoxia on tumor dormancy escape.  

 

What is the mechanism by which HDAC inhibitors restore LIFR signaling in aggressive 

tumor cells? 

Evidence presented in Chapter IV and previously published reports from our laboratory 

(74) and others (200) demonstrates the ability of HDAC inhibitors to re-sensitize MDA-MB-231 

cells to ligand stimulation resulting in robust STAT3 activation. According to the Cancer Cell 

Line Encyclopedia (223, 224) and NCI-60 datasets (225, 226) analyzed using the cBioPortal for  
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Figure 42. Hypoxia alters acetylation and methylation enrichment along the LIFR 
promoter. ChIP-qPCR showing (A) acetylated histone H3 lysine 9 (H3K9ac) and (B) methylated 
histone H3 lysine 9 (H3K9me3) enrichment (% ChIP/input) along the LIFR promoter region in 
MCF7 cells grown in normoxia (Nx) or hypoxia (Hx) for 24 hours.  
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Cancer Genomics (144, 145) there are no mutations in the LIFR signaling complex (LIF, LIFR, 

GP130, STAT3) in MDA-MB-231 cells. Additionally, expression of these factors is not 

significantly altered with HDAC inhibitor treatment (Chapter IV and data not shown). Thus, the 

mechanisms underlying STAT3 signaling restoration following ligand stimulation and 

subsequent effects on dormancy remain unclear. Interestingly, several phosphorylation and 

acetylation sites along the LIFR cytoplasmic domain were recently shown to regulate ligand-

mediated STAT3 activation in mouse embryonic stem cells (227). Specifically, acetylation of 

LIFR promotes heterodimerization with gp130 and consequent STAT3 activation whereas 

phosphorylation restricts gp130 binding and STAT3 signaling. Importantly, these post-

translational modifications have not yet been described or investigated in cancer cells and 

therefore represent an exciting new area of LIFR biology. These findings are particularly 

intriguing with regards to the potential of HDAC inhibitors to promote LIFR protein acetylation 

and STAT3 activation. I hypothesize that loss of functional LIFR signaling, such as that 

observed in the MDA-MB-231 cells, is due to hyper-phosphorylation of the LIFR protein 

providing a strong repressive STAT3 signal that outweighs LIFR acetylation in the presence of 

ligand. However, this balance could be shifted using HDAC inhibitors to stimulate maximal LIFR 

protein acetylation and gp130 interaction to restore ligand-mediated STAT3 signaling. 

Unfortunately, a lack of suitable LIFR antibodies has limited our ability to investigate LIFR 

acetylation and phosphorylation status in basal and HDAC inhibitor conditions. Future 

investigations using LIFR mutants in these conditions will determine the contribution of these 

modifications to LIFR signaling.  

Previous studies demonstrated that LIFR expression correlates with metastatic potential 

(74) and is another mechanisms to limit LIFR:STAT3 signaling. For example, the aggressive 

murine 4T1BM2 cells express very low levels of LIFR and show no apparent STAT3 activation 

following ligand stimulation. The data presented herein demonstrate enhanced LIFR expression 

following HDAC inhibitor treatment of 4T1BM2 cells; however, we have not yet investigated 

whether LIFR:STAT3 signaling can be restored in these conditions. Investigation of other cell 

lines that express very low levels or a non-functional LIFR will aid in the understanding of how 

cancer cells turn off the pro-dormancy LIFR:STAT3 signaling axis.   

 

Concluding remarks 

The work presented in this dissertation not only provides several models of bone 

metastasis exhibiting prolonged tumor latency, but also contributes significant insight into the 

use of HDAC inhibitors to therapeutically induce dormancy. These studies provide a strong 
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foundation for future endeavors to study novel dormancy regulators and anti-proliferative 

treatments in clinically relevant models of breast cancer metastasis. Further understanding 

tumor dormancy and therapeutic approaches to prevent metastatic recurrence has the potential 

to greatly impact breast cancer survival by transforming breast cancer into a chronic, but 

manageable, disease.  
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