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Abstract 

Title of Dissertation: Breast Tumor Stem Cells Have Increased Microtentacles That Can 

Be Targeted Therapeutically with Curcumin. 

 

Monica S. Charpentier, Doctor of Philosophy, 2014 

 

Dissertation Directed by: 

Stuart S. Martin, Ph.D. 

Associate Professor 

Program in Oncology and 

Department of Physiology 
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Cancer stem-like cells (CSC) and circulating tumor cells (CTCs) have related 

properties associated with distant metastasis, but the mechanisms through which CSCs 

promote metastasis are unclear. In this study, we report that breast cancer cell lines with 

more stem-like properties display higher levels of microtentacles (McTNs), a type of 

tubulin-based protrusion of the plasma cell membrane which forms on detached or 

suspended cells and aid in cell reattachment. We hypothesized that CSCs with large 

numbers of McTNs would more efficiently attach to distant tissues, promoting metastatic 

efficiency. The naturally occurring stem-like subpopulation of the HMLE breast cell line 

presents increased McTNs compared to its isogenic non-stem-like subpopulation, when 

these subpopulations are separated by flow cytometry. This increase in McTNs was 



 

 

supported by elevated α-tubulin detyrosination and vimentin protein levels and 

organization. Increased McTNs in stem-like HMLEs promoted a faster initial 

reattachment of suspended cells that was inhibited by the tubulin-directed drug, 

colchicine, confirming a functional role for McTNs in stem cell reattachment. Moreover, 

live cell confocal microscopy showed that McTNs persist in breast stem cell 

mammospheres as flexible, motile protrusions on the surface of the mammosphere. While 

exposed to the environment, they also function as extensions between adjacent cells 

along cell-cell junctions. We found that treatment with the breast CSC-targeting 

compound curcumin rapidly extinguished McTNs in breast CSCs, preventing 

reattachment from suspension. Together, our results support a model in which breast 

CSCs with cytoskeletal alterations that promote McTNs can mediate attachment and 

metastasis but might be targeted by curcumin as an anti-metastatic strategy. 
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I. Introduction 

A. Breast Cancer 

1. Epidemiology and Outcomes 

According to the American Cancer Society, an estimated 232,670 new cases of 

breast cancer will be diagnosed in American women in 2014 (1) (Figure 1.1A). While 

this makes breast cancer the most commonly diagnosed cancer in American women, an 

estimated 40,000 women are expected to die from breast cancer, rendering breast cancer 

the second leading cause of cancer-related death in American women in 2014 (1) (Figure 

1.1B). As cancer is the second-leading cause of death in the United States among people 

of all ages, breast cancer presents a serious public health concern (1). 

Figure 1.1 - Cancer Incidence and Estimated Deaths. 

The most common cancers estimated to occur as new cases (A) and estimated deaths (B) in men and 

women in the United States in 2014. 

Source: ACS, Cancer Statistics, 2014(1) 
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Breast cancer is a heterogeneous disease with no single universal or clearly 

defined causative factor.  However, a number of both non-modifiable and preventable 

risk factors for breast cancer development have been identified (2) (Table 1.1).  Non-

modifiable risk factors include female sex, age over 65, family history, early menarche, 

late menopause, and high breast density.  Preventable risk factors include obesity, alcohol 

consumption, cigarette smoking, and hormone replacement therapy.  Many of these risk 

factors are related to the lifetime exposure to hormones (early menarche, obesity, use of 

hormone replacement therapy).  

 Table 1.1 – Risk Factors for Breast Cancer. 

Many of the known risk factors for breast cancer that increase relative risk.  Relative risk describes 

the probability of an event occurring (breast cancer diagnosis) in a group exposed to a risk factor compared 

to a group without exposure to the risk factor.  A relative risk of 1 means that there is no difference in the 

probably of the event occurring between the unexposed and the exposed groups, while relative risks greater 

than 1 indicate that the event (breast cancer diagnosis) is more likely to occur in group exposed to the risk 

factor than the unexposed group. 

Source: ACS, Breast Cancer Facts & Figures 2013-2014(2) 
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Breast cancer incidence and mortality rise with increasing age, with the majority 

of new cases and breast cancer-related deaths occurring in women over 50 years of age (2) 

(Figure 1.2).  Importantly, while the incidence of breast cancer is higher in non-Hispanic 

Whites than in African American women (Figure 1.3), African American women have a 

higher mortality rate (2) (Figure 1.4).  This increase in mortality is attributed to increased 

comorbidities, a higher prevalence of more aggressive tumors (i.e., ER-), and less access 

to high-quality healthcare, including screenings and timely follow-up (1).  

Figure 1.2 – Breast Cancer Incidence and Mortality by Age and Race. 

Over 70% of new cases and breast cancer deaths occur in women over age 50. 

Source: ACS, Breast Cancer Facts & Figures 2013-2014(2) 
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Figure 1.3 – Trends in Breast Cancer Incidence. 

Trends in incidence rates of invasive breast cancer in American women taken from the Surveillance, 

Epidemiology, and End Results (SEER) Program of the National Cancer Institute. 

Source: ACS, Breast Cancer Facts & Figures 2013-2014(2) 

 
 

Figure 1.4 – Trends in Breast Cancer Mortality. 

Trends in death rates of invasive breast cancer in American women taken from the Surveillance, 

Epidemiology, and End Results (SEER) Program of the National Cancer Institute. 

Source: ACS, Breast Cancer Facts & Figures 2013-2014(2) 
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Breast cancer incidence rapidly increased during the 1980s (Figure 1.3), which is 

largely attributed to an increase in mammography screening (2), while breast cancer rates 

after 2003 have been relatively stable.  Mammography screening is able to detect non-

palpable breast tumors which are too small to identify on a clinical exam.  In the absence 

of detection by mammography screening, these small breast tumors may either persist 

without growth into clinical disease or present clinically at a later point in time, when the 

tumors have grown to a larger size.  Thus, mammography screening inflates the breast 

cancer incidence rate by identifying women whose disease may either never have 

presented clinically or whose disease would have otherwise presented in the future when 

the tumors had reached a clinically detectable size.  For screening tests to be considered a 

beneficial intervention, they should result in a decrease in mortality.  The public health 

benefit of mammography screening has been controversial at best, with a recent follow 

up study from a randomized controlled trial suggesting that there was no survival benefit 

to mammography screening (3).  As seen in Figure 1.5, with the increase in 

mammography screening in the 1980s came a concomitant increase in the incidence of 

early-stage, but not late-stage, breast cancer (4).  However, given a constant underlying 

incidence of disease, few of these additional early-stage cancers detected by increased 

mammography screening would ever advance to late stage disease, thus resulting in 

considerable overdiagnosis without comparable reduction in mortality (4).  

Epidemiological data suggests that the overall reduction in breast cancer mortality is due 

more to improvements in treatment than to increased screening (4).  Importantly, 

increased mammography screening has had little effect on the incidence of patients 

diagnosed with metastatic disease (4) (Figure 1.5).  The decline in overall incidence and 
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incidence of early stage cancers around 2003 (seen in Figures 1.3 and 1.5) has been 

attributed to a reduction in women taking post-menopausal hormone therapy after the 

Women’s Health Initiative study reported an association between post-menopausal 

hormone therapy and breast cancer (5, 6).  Overall, the lifetime risk of developing breast 

cancer for a United States woman has increased to 1 in 8 from 1 in 11 during the 1970s, 

likely due to a combination of increased life expectancy, increased detection from 

improved screening, increasing obesity, earlier menarche, and decreased fertility (2, 5). 

Figure 1.5 – Effects of Screening Mammography on Stage-Specific Trends in Breast Cancer 

Incidence. 

Stage-specific incidence in women over 40 years old. 

Source: Bleyer and Welch, NEJM, 2012 (4). 
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2. Diagnosis, Classification, and Treatment 

Breast cancer is a pathological diagnosis, where an abnormal tissue or mass 

detected by mammography, magnetic resonance imaging (MRI), or ultrasound is then 

sampled by fine needle aspiration (FNA), core needle biopsy, or excisional biopsy for 

examination by a breast cancer pathologist.   Breast cancers can broadly be classified as 

either in situ or invasive breast cancers.  In situ breast carcinomas, most commonly ductal 

carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS), consist of abnormal 

breast epithelial cells still confined to the breast ducts (2).  These in situ carcinomas may 

or may not progress to invasive breast cancers, which consist of breast cancers cells that 

have invaded beyond the confines of the duct.  Invasive breast cancers can be classified 

using multiple, evolving methods, including histological grading, American Joint 

Committee on Cancer (AJCC) staging, and molecular classifications. 

Histological examination of the breast tumor tissue can classify the tumor 

according to its aggressive potential using a process called grading.  Using the 

Nottingham Histological Scoring system, pathologists assess the level of differentiation, 

nuclear morphology, and mitotic activity to classify how normal or abnormal the tissue 

appears.  The scores are combined to classify the tumor from grade one (well-

differentiated or normal-appearing) to grade three (poorly differentiated and abnormal) 

(7). 

Once breast cancer has been diagnosed, it can be staged according to the 

American Joint Committee on Cancer (AJCC) TNM staging system.  This system 

classifies the extent of the breast cancer based on the size of the primary tumor (T), 

whether or not it has spread to regional lymph nodes (N), and whether or not it has 
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metastasized, or spread to distant organs (M).  The TNM classifications can then be used 

to assess the tumor stage, which can guide treatment, prognosis, and enrollment 

eligibility in clinical trials (8).  Stage 0 refers to non-invasive breast cancer, such as DCIS 

or LCIS.  Stage I breast cancer is an early stage cancer that has invaded into the normal 

breast tissue but is no larger than 2cm.  Stage II breast cancer describes a localized breast 

cancer that has spread to axillary lymph nodes and/or has a size of less than 5cm.  Stage 

III breast cancer is locally advanced invasive breast cancer that describes a larger tumor 

(greater than 5cm) and/or a breast cancer that has spread to distant lymph nodes.  Stage 

IV breast cancer describes metastatic breast cancer that has spread to distant organs 

beyond the breast and regional lymph nodes. 

Hierarchal clustering of microarray-based gene expression profiles has been used 

to classify breast cancers into five ‘intrinsic molecular subtypes’: Luminal A, Luminal B, 

Basal-like, HER2 enriched, and normal-like (9, 10).  Biological markers for hormone 

receptors, primarily estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor receptor 2 (HER2) are widely used to classify breast tumors.  

The differences in biological marker expression and prognosis among the different 

molecular subtypes can be seen in Table 1.2.  However, the molecular classifications of 

breast cancers are continually evolving and have not yet made a significant impact on 

clinical management (11).  
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Table 1.2 – Molecular Subtypes of Breast Cancer. 

Hierarchal clustering of gene expression patterns reveals five intrinsic subtypes of breast cancer. 

Source: ACS, Breast Cancer Facts & Figures 2013-2014 (2). 

 

 

 

While treatment options for breast cancer patients are becoming increasingly 

personalized based on the biological characteristics of the patient’s tumor, multimodal 

treatment with surgery, radiation therapy, and systemic therapy are generally considered 

as therapeutic options.  Surgery is used both to remove the primary breast tumor and to 

stage the disease.  For localized disease, breast-conserving surgery and radiation therapy 

may be sufficient.  Radiation therapy may also be used as part of palliative care for 

advanced breast cancer (2).  For more advanced breast cancer, systemic therapy may also 

be given to eradicate breast cancer cells that have spread beyond the breast.  Systemic 

therapy may include chemotherapy, hormone therapy, and targeted therapy.  If given 

prior to surgery, systemic therapy is termed neoadjuvant therapy, and if given after 

surgery, termed adjuvant therapy.  Chemotherapies are traditionally toxic drugs that 
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block the replication of rapidly dividing cells such as cancer cells, while targeted 

therapies are monoclonal antibodies or small molecule inhibitors that selectively inhibit 

cancer signaling pathways. 

For ER+ tumors, hormone therapies designed to block the effect of estrogen on 

the breast tumor cells are often effective, as these ER+ tumors rely on estrogen to 

promote survival and growth.  Estrogen receptor antagonists, such as Tamoxifen, 

competitively inhibit estrogen binding to the estrogen receptor and have been shown to 

reduce recurrence and mortality when taken for up to 10 years (12, 13). Fulvestrant, a 

direct estrogen receptor antagonist, is more frequently used in postmenopausal women or 

women whose tumors no longer respond to tamoxifen.  Surgical or chemical (via 

luteinizing hormone-releasing hormone analogs) ovarian ablation may be used to inhibit 

ovarian estrogen production, as the ovaries are the major source of premenopausal 

estrogen production.  Aromatase inhibitors, such as letrozole, block conversion of 

androgens into estrogens in peripheral tissues such as adipose tissue, and are particularly 

useful in postmenopausal women.   

Targeted therapy inhibits specific pathways in breast cancer cells, either via 

antibodies or small molecule inhibitors.  For example, HER2+ tumors may be treated 

with Trastuzumab, a monoclonal antibody to the HER2 protein.  Coupling 

chemotherapeutic agent DM-1 (a cytotoxic microtubule polymerization inhibitor) to the 

monoclonal antibody Trastuzumab (a drug now called ado-trastuzumab emtansine) 

provides another targeted therapy (14).  Targeted therapy also includes small molecule 

inhibitors, such as Lapatinib, which is a tyrosine kinase inhibitor of the HER2 and 

epidermal growth factor receptor (EGFR) pathways.   
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B. Breast Cancer Metastasis 

1. The Metastatic Cascade 

In the United States, improved early detection and new treatments for primary 

breast cancer have led to a decline in the overall mortality due to breast cancer, but the 

survival rates for patients with metastatic disease have not significantly improved and 

metastatic breast cancer remains largely incurable (15, 16).  As a complex and 

heterogeneous disease, there is currently no standardized or curative therapy for 

metastatic breast cancer (17).  With metastasis responsible for the vast majority of breast 

cancer-related deaths, research into the mechanisms of breast cancer metastasis warrants 

urgent attention. 

Metastasis is a multi-step process whereby cancer cells face numerous challenges.  

They must: (1) detach from the primary tumor, (2) invade through the basement 

membrane, (3) enter the bloodstream or lymphatic system (intravasation), (4) resist 

anoikis (detachment-induced apoptosis), (5) evade immune surveillance, (6) exit 

circulation (extravasation), (7) persist and (8) eventually colonize a distal site (18) 

(Figure 1.6).  Metastasis was traditionally thought of as the final step in the linear 

progression of breast cancer, developing long after primary tumor formation, as multiple 

stepwise genetic mutations would need to accumulate before carcinoma cells could 

acquire the ability to migrate from the primary tumor and enter circulation (19). 

However, recent evidence suggests that metastasis may be a much earlier event than 

previously suspected, where cancer cells competent for metastasis can disseminate early 

during primary tumor development (19-21) (Figure 1.7). In this parallel progression 
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model of cancer development (Figure 1.7), cancer cells begin to continually disseminate 

early on during tumor development, leading to heterogeneous metastases (19, 22). 

Figure 1.6 – The Metastatic Cascade. 

Source: Pavese et al, 2010 (23). 
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Figure 1.7 – Two Models of Metastasis: Stepwise Progression and Parallel Progression. 

In the stepwise progression model of metastasis, cancer cells are incapable of seeding metastases until late 

in primary tumor development. However, intratumoral heterogeneity from the advanced primary tumor 

may lead to clonal variation between metastatic sites.  In the parallel progression model, metastatic seeding 

can occur early and continuously during primary tumor development, leading to genetically diverse and 

heterogeneous metastatic lesions. 

Source: Marusyk et al, 2012 (22). 

 

 

Supporting the early dissemination model of metastasis, studies using a HER2/ 

polyoma middle T oncoprotein (PyMT) mouse model and a PyMT mouse model found 

that disseminated breast cancer cells could be detected in the bone marrow and the lungs, 

respectively, even before the full development of a primary tumor (20, 21).  In the PyMT 

mouse model, mammary tumors develop in a highly consistent progression from a single 

primary tumor to multifocal metastasis in a manner pathologically similar to human 

breast cancer.  Thus, the findings of micrometastatic disease prior to the later stages of 

primary tumor development in the PyMT mouse model suggest that metastasis is an early 
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event.   The development of single cell whole genome analysis allowed researchers to 

extend these studies to patients, where they found early disseminated breast cancer cells 

with fewer genetic changes than the cells from the primary tumors (24).  This finding 

suggests that breast cancer cells can metastasize very early in tumor development, 

leading to the observed differences in genetic mutations between the primary tumors and 

the metastatic lesions (24) (Figure 1.7). 

 

2. Animal Models of Metastasis 

Animal models of metastasis are critical tools for improving our understanding of 

the biology of metastasis and for developing pharmaceutical compounds that can prevent 

or reduce metastatic spread.  Murine modeling remains the mainstay for studying cancer 

metastasis.  Multiple animal models for mimicking human cancer metastasis exist, with 

varying degrees of success in recapitulating the features of human metastasis.  Traditional 

transgenic mouse models frequently use the Mouse Mammary Tumor Virus promoter 

(MMTV) to drive oncogenic development of mouse mammary tumors, which can then be 

followed for the development of metastasis.  Conditional and/or inducible transgenic 

mouse models using site-specific recombination systems may better recapitulate human 

disease both by restricting genetic manipulation to the tissue of interest and by allowing 

temporal control of the genetic alterations.  These endogenous mouse models of 

mammary tumor development and metastasis are particularly useful for studying the 

contribution of the tumor microenvironment.  Modeling human breast cancer in an 

animal host, however, requires the use of an immunodeficient host, and is by definition 

an artificial environment in which to study tumor development and metastasis.  There are 
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three general classes of xenogeneic mouse models of human cancer cell metastasis: (1) 

ectopic modeling implanting human tumor cells subcutaneously in immunocompromised 

mice; (2) orthotopic modeling implanting human tumor cells into the murine equivalent 

organ of their primary site; and (3) experimental metastasis models directly injecting 

human cancer cells into the murine circulation, either via the tail-vein or by intracardiac 

injection (Reviewed in (25-27)).  The immunocompromised mice used for such studies 

are frequently NOD/SCID (nonobese diabetic/severe combined immunodeficiency) mice, 

which lack functional B- and T-lymphocytes and have reduced natural killer cell, 

macrophage, and granulocyte function.  In order to study the contribution of the host 

immune system, syngeneic mouse models of metastasis may be employed, which 

transplant cancer cells between mice of identical genetic backgrounds, thus obviating the 

need for immunocompromised hosts.  Such syngeneic models may use serial 

transplantation of spontaneously metastatic murine breast cancer cells in order to develop 

selective metastasis models (27). 

Importantly, mouse modeling can also be used to study the circulating tumor cell 

(CTC) phase of metastasis, where cancer cells are suspended in the circulatory system.  

Technology for imaging and modeling CTCs in mice has rapidly developed.  The use of 

human cancer lines labeled with fluorescent proteins such as green fluorescent protein 

(GFP) provides a powerful tool for non-invasive imaging to study the real-time behavior 

of cancer cells during the process of metastasis (Reviewed in (28, 29)).   

Using GFP-labeled PC-3 prostate cancer cells, Glinskii et al demonstrated that 

orthotopic xenografts, but not subcutaneous xenografts, generated viable CTCs that could 

be expanded in vitro after FACS sorting for GFP-positive cells obtained via cardiac 
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puncture (30).  This orthotopic model of PC-3-GFP cells produced extensive metastases 

and a high load of CTCs, compared to subcutaneous modeling of PC-3-GFP cells, which 

rarely generated metastases and were unable to generate viable CTCs (30).  Importantly, 

these GFP-PC-3 CTCs were highly metastatic when reimplanted orthotopically after in 

vitro expansion (30).  Taking advantage of FACS analysis, they next orthotopically 

coimplanted the GFP-PC-3 cells isolated from circulation alongside an equivalent 

number of parental red fluorescent protein (RFP) RFP-PC-3 cells.  These coimplantation 

studies revealed a greater enrichment of the CTC-derived PC-3-GFP cells compared to 

the parental RFP-PC-3 cells in circulation as well as in bone marrow and lymph node 

metastatic lesions.  These results suggest that CTCs recovered from orthotopically 

injected metastasis models are highly capable of metastasis, potentially due to their 

successful survival under the extreme selective pressures imposed in the circulation (30). 

Importantly, prostate cells derived from circulation after orthotopic implantation in a 

prostate mouse metastasis model had increased anoikis resistance and survival in 

suspension  compared to parental cells that had not been selected from circulation (31).  

These CTC-derived cells had increased mRNA and protein expression of inhibitor of 

apoptosis proteins (IAPs) (31). Transfection of the IAP termed XIAP, or X-linked 

inhibitor of apoptosis, into anoikis-sensitive parental cells promoted anoikis resistance, 

while siRNA silencing of XIAP in CTC-derived cells lead to greater anoikis sensitivity 

(31).  Notably, small molecule inhibitors of XIAP selectively reduced viability in 

suspended cells and selectively reduced metastatic spread, while not affecting primary 

tumor growth, in an orthotopic mouse model (31). 
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Similar to methods used to detect CTCs in human patients, immunomagnetic 

beads coated with antibodies against epithelial cell adhesion molecule (EpCAM) and 

prostate specific membrane antigen (PSMA) can capture CTCs in mouse models from 

orthotopic injection of GFP-PC-3 cells, confirmed by fluorescence microscopy (32).  

This method of using immunomagnetic beads to capture fluorescently-labeled, viable 

CTCs in an orthotopic metastasis model provides a method to study factors enabling 

successful metastasis in vivo, which is particularly useful because the captured cells 

readily proliferate for further biological studies.  Similarly, the CellTracks System 

(Immunicon) was adapted for use in enumerating and fluorescently-analyzing CTCs from 

breast cancer xenografts, although this system requires a fixation step that precludes 

further functional study of live tumor cells (33). 

 

3. Detection of Metastasis in Human Breast Cancer Patients 

Assessment and detection of metastasis in human breast cancer patients heavily 

relies on imaging modalities.  MRI is used in conjunction with mammography for 

screening high-risk patients, such as those with BRCA1 or BRCA2 mutations, but MRI is 

not widely used in screening the general population due to high false-positive rates and 

high costs (34).  Positron emission tomography/computed tomography (PET/CT) imaging 

may be used for initial staging and plays an important role in evaluating and following 

distant metastases (35). While it has a high sensitivity and specificity, PET/CT has a 

detection threshold of approximately 2 cm and thus is unable to detect the smallest 

micrometastatic lesions (35).  Up to 40% of patients with occult metastases detected in 

the bone marrow had no clinical symptoms or signs of metastatic disease by imaging 
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(36).  To improve outcomes for patients with metastatic disease, we require the ability to 

detect cancer cells in the process of metastasis at much earlier time points.  The 

development of new technologies now allows the detection of circulating tumor cells 

(CTCs) in the bloodstream of patients with primary or advanced disease.  A multicenter, 

prospective trial of patients with metastatic breast cancer using the CellSearch System 

(Veridex) found that the presence of CTCs was a robust independent prognostic indicator 

of progression-free survival and overall survival (37, 38).  The CellSearch system is 

currently the only US Food and Drug Administration-approved test for using CTC 

enumeration in a clinical setting (39).  CTC enumeration is an earlier and more 

reproducible method for assessing disease progression than radiological imaging, and can 

even be used to predict survival in patients with non-measureable metastatic breast cancer 

(40, 41).  As methods to isolate and characterize CTCs develop, enumeration and 

characterization of CTCs from peripheral blood samples will be able to provide 

prognostic and predictive information throughout the course of a breast cancer patient’s 

treatment in a relatively non-invasive manner.  In addition to its utility in clinical 

decision-making, this emerging technology to isolate and characterize CTCs is opening 

the door to directly test two intersecting theories that are changing the paradigms of 

breast cancer progression – the cancer stem cell hypothesis and epithelial-to-

mesenchymal transition (EMT). 
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C.  The Cancer Stem Cell Hypothesis 

1. Mammary Stem Cells 

 Somatic stem cells serve to populate the tissues of the body but are generally 

constrained by their ability to differentiate only into organ-specific cell types.  Parallels 

have been drawn between the characteristics of these tissue-specific stem cells and tumor 

cells, leading to the Cancer Stem Cell (CSC) hypothesis that tissue stem cells are the cell 

of origin for tumor development and the primary target for oncogenic transformation (42, 

43).  Tissue stem cells have long lifespans in order to repopulate organs as needed 

throughout the organism’s lifetime, rendering them more susceptible to the accumulation 

of oncogenic mutations than short-lived mature tissue cells; thus, tissue stem cells are a 

more likely cell of origin for tumor development (44).  The mammary gland has the 

potential to remodel throughout adult life, therefore requiring a persistent population of 

cells with the stem cell characteristics of self-renewal and differentiation.  The mammary 

gland undergoes significant self-renewal during each pregnancy cycle, as evidenced by 

the proliferation and differentiation which occur during pregnancy to increase the 

population of alveolar cells required for milk production and secretion, and the massive 

apoptosis which occurs as lactation ends and the gland returns to a pre-pregnant state. 

This cycle of tissue regeneration may be repeated for multiple pregnancies, requiring 

breast stem cells to repopulate the mammary gland (44). 
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Figure 1.8 – Subversion of Stem Cell Characteristics for Carcinogenesis. 

Normal tissue stem cell properties may be dysregulated, giving rise to many common cancer 

characteristics. 

Source: Dontu et al, 2003 (44). 

 

The identification of surface markers to enrich for mouse mammary stem cells 

paved the way for studies supporting the existence of these mammary stem cells. Using 

the surface markers CD29
hi

/CD24
+
 and lineage-marker absent (Lin

-
) to enrich for murine 

mammary stem cells, a single isolated cell can reconstitute  an entire functional 

mammary gland, providing convincing evidence for the existence of mammary stem cells 

(45, 46).  These murine mammary stem cells are also capable of self-renewal, as 

demonstrated by serial transplantation assays (45). Stem cells may divide asymmetrically 

to produce one daughter stem cell and one progenitor cell, which then differentiates into 



21 

 

the different tissues lineages, or stem cells may divide asymmetrically, producing two 

identical stem cells and thus expand the proportion of  stem cells in the tissue (47).  

Asymmetric stem cell division leading to an increase in the proportion of cancer stem 

cells may account for the variation in the proportion of stem cells seen in the literature.  

 

2. Breast Cancer Stem Cells 

The Cancer Stem Cell Hypothesis suggests that tumor development and 

metastasis are driven by a subpopulation of tumor-initiating cells with the ability to form 

serially transplantable tumors in immunocompromised mice that recapitulate the 

characteristics and heterogeneity of the original tumor (48).  This subpopulation of cancer 

cells enriched in tumor-initiating potential can be isolated from the tumor bulk by surface 

markers or functional assays (49, 50). Subversion of the normal stem cell signaling 

pathways by a mutated tissue stem-cell may drive both dysregulated proliferation, leading 

to tumorigenicity, and aberrant differentiation, leading to tumor heterogeneity (Figure 

1.8).  Traditional models suggesting that any of the cancer cells in a heterogeneous tumor 

may be continuously replicating and are equally capable of recreating a tumor or 

metastasis are not supported by studies showing that many thousands of these cancer 

cells must be transplanted into mice in order to generate tumors (49).  In contrast, the 

Cancer Stem Cell hypothesis suggests that while the tumor is a heterogeneous population 

of cells, only the cancer stem cells are continuously dividing and repopulating the tumor 

(42).  

The identification of CSCs on the basis of unique surface marker phenotypes 

began in leukemia and brain cancers, and this technique for identifying CSCs continued 
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in the hunt for breast CSCs.  Based on the premise that only the CSC subpopulation is 

tumorigenic, studies beginning with the well-validated leukemia CSC model frequently 

use the number of cells needed to form a tumor in mice as an indication of the frequency 

of stem cells in a population, with populations that form tumors from fewer cells more 

representative of a stem cell population (51, 52).  Flow cytometry was used to separate 

human primary and metastatic breast cancer cells on the basis of cell surface markers, 

showing that a CD44
hi

/CD24
lo

/lin
- 
population of cells from breast cancer patients, but not 

CD44
lo

/CD24
hi

 cells, was enriched in the ability to form tumors in NOD/SCID mice (49).  

As few as 100 CD44
hi

/CD24
lo

/lin
-
 cells could form tumors in mice, while tens of 

thousands of unenriched cells failed to form tumors (49).
 
The composition of these 

tumors recapitulated the heterogeneity of the original tumor, suggesting the existence of 

breast CSCs that are not only capable of self-renewal leading to the production of a 

tumor, but also capable of generating cells that are able to differentiate and constitute the 

bulk of the heterogeneous tumor.  Thus the selected cancer cells displayed the identifying 

characteristics of tissue stem cells (49).  These tumors continued to contain a 

CD44
hi

/CD24
lo

/lin
-
 subpopulation of cells, which remained tumorigenic when 

transplanted serially into mice while the unsorted tumor bulk cells were not tumorigenic. 

These experiments provided support for the existence of breast CSCs that are able to 

divide to produce both stem cells capable of further division and differentiated progeny 

that lack such capability. 

Functional assays for stem cell character are important for validating the use of 

phenotypic surface markers.  Based upon the model in which stem cells, including cancer 

stem cells, have innate chemotherapeutic resistance, a functional assay was developed 
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initially in hematopoietic cells to select for CSCs based upon the activity of one 

mechanism of chemotherapeutic resistance, aldehyde dehydrogenase (53-56).  Aldehyde 

dehydrogenase ALDH1 was shown in hematopoietic cells to be the only ALDH enzyme 

critical for the regulation of stem cell activity.  ALDH1 is present in cells from human 

breast tissue that have phenotypic and functional stem cell character and thus detection of 

ALDH1 expression via the ALDEFLUOR reagent has been used to isolate a putative 

cancer stem cell population from human breast carcinomas (57).  This population of 

putative breast CSCs can often overlap to a small degree with the CD44
hi

/CD24
lo

/lin
-
 

population; however, most cell lines and tumors possess their own unique ratio of stem 

cell markers and populations.  The observation that different sets of markers identify 

distinct and separate populations of self-renewing cells demonstrates a limitation in the 

ability of surface markers to accurately and consistently define CSC populations.  Thus 

functional determinants of the CSC population, such as the ability to recapitulate 

heterogeneous tumors similar to the phenotype of the original tumor upon limiting 

dilutions in mice, and the match between surface markers that identify CSCs and the 

markers that identify tissue stem cells capable of regenerating the original gland, remain 

the most persuasive evidence for the existence of breast CSCs. 

Attempts to study mammary progenitor cells in vitro have been hampered by the 

inability to grow progenitor cells in large enough quantity for experimentation without 

inducing differentiation because traditional, adherent cell culture conditions promote 

differentiation of progenitor cells.  Pioneering work by Dontu et al is significant because 

it marks the first development of an in vitro system for the continuous propagation of 

non-adherent human mammary epithelial cells without differentiation (50).    The 
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mammosphere assay is based on the culture of mammary epithelial cells under non-

adherent conditions, as normal mammary epithelial cells are unable to survive without 

attachment to a substrate and die by anoikis, while stem cells survive and are enriched in 

floating spheres (58).  In addition to serving as a system for the continuous culture of 

mammary stem cells in an undifferentiated state, the mammosphere culture system can 

also serve as an assay for the indirect measurement of stem cell character, because 

mammosphere formation depends on the presence of self-renewing stem cells (50).  

Further studies have confirmed that mammospheres contain stem-like cells that can 

generate an entire mammary ductal tree when implanted into a cleared mouse mammary 

fat pad (59).   

While evidence has been accumulating in support of the CSC hypothesis in breast 

carcinogenesis, it is far from becoming widely accepted.  One troubling aspect of the 

CSC hypothesis is that it is unclear whether or not the CSC population is indeed a very 

small subset of the tumor population, as studies using melanoma have shown that a much 

larger than expected frequency of the population is tumorigenic (60, 61).  These findings 

illustrate the limitations of our in vitro and in vivo models for cancer stem cells, as the 

study used the NSG mouse as a model host organism, which is further 

immunocompromised (by elimination of natural-killer cells by knockout of the 

interleukin-2 gamma receptor (Il2rg
-/-

)) than the NOD/SCID mice used in most of the 

preceding CSC studies, and thus more easily accepts heterologous cells.  The increased 

tumorigenicity seen using the NSG mouse model suggests that the host immune system 

interacts in crucial, but yet undefined, ways with the cancer stem cell population.  Indeed, 

a recent study has shown the potential for immune targeting of breast CSCs (62).  
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Additionally, it is unclear whether breast CSCs originate by the oncogenic transformation 

of normal mammary stem cells or by the dedifferentiation and acquisition of stem-cell 

characteristics by carcinoma cells, or if both pathways contribute to the generation of 

breast CSCs.  Recent studies indicate that reprogramming non-tumorigenic mammary 

epithelial cells with embryonic stem cell transcription factors OCT4, SOX2, Klf-4 and c-

Myc (known as “the Yamanaka factors”, these transcription factors generate inducible 

pluripotent stem cells in mouse embryonic or adult fibroblasts(63)) can generate breast 

CSCs (64). 

While further research is needed to definitively address the origin of breast CSCs, 

the CSC theory itself has become well-established and highlights the need to target breast 

CSCs if we hope to prevent or reduce breast cancer mortality.  However, CSCs may 

prove a difficult therapeutic target, as numerous studies suggest that that CSCs are more 

drug resistant than the bulk tumor cells.  The main mechanism of chemotherapeutic 

resistance thought to be intrinsic to stem cells, and thus also to cancer stem cells, is the 

elevated expression of drug transport proteins such as BCRP/ABCG2, which is highly 

expressed in stem cells of multiple tissue origins and is responsible for the side 

population (SP) characterized by Hoechst 33342 exclusion that has been used to identify 

stem cell populations (65).  ABCG2 was identified as a Hoechst efflux pump that was 

highly expressed in hematopoietic stem cells but not in committed blood cells, suggesting 

that in the hematopoietic system the ABCG2 efflux pump may be a characteristic unique 

to stem cells (66).  Related efflux pumps were determined to exist in breast cancer 

following the discovery of the breast cancer resistance protein (BCRP) in MCF7 cells 

(67).  Expressing ABCG2 in the human breast cancer line MCF7 causes the development 
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of resistance to mitoxantrone (68). Although the ABCG2/BCRP drug efflux pumps are 

the most studied mechanism of chemotherapeutic resistance in stem cells and cancer stem 

cells, they may not be the only mechanism of resistance, as DNA-repair and apoptotic 

resistance may be equally important (69).  

 Drug resistance may not be only an inherent property of stem cells, however, but 

also related to the acquisition of cancer stem cell characteristics. A recent study shows 

that prolonged selection for doxorubicin resistance in the human breast cancer line MCF7 

increases the proportion of the population that express the cancer stem cell phenotype of 

CD44+/CD24- and functional characteristics of increased ALDH1 expression, increased 

mammosphere formation, and increased tumorigenicity in mice (70, 71).  This drug 

resistance was accomplished by the overexpression of ABCB1.  Additionally, Calcagno 

et al found increased markers of epithelial-to-mesenchymal transition (EMT), which has 

been shown to increase the proportion of cancer stem cells (71, 72).  This suggests a 

relationship between prolonged drug treatment, EMT, and the plasticity of the cancer 

stem cell population.  This complicated relationship has important clinical implications: 

prolonged drug regimens for breast cancer patients may select for breast cancer stem 

cells, resulting in an increase in the subpopulation of cells that are both highly 

tumorigenic and drug-resistant. 

  

3. Cancer Stem Cells and Metastasis 

The cancer stem cell (CSC) hypothesis offers new insights into tumorigenesis and 

metastatic progression that may lead to more effective therapies to reduce metastasis.  

Most research has focused on the role of breast CSCs in primary tumor development, but 
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recent studies suggest that breast CSCs may also play a critical role in metastasis.  If the 

CSCs are the only cells in a tumor with inherent tumorigenicity, then it is reasonable to 

conclude that the CSCs are involved in the metastatic process, as metastatic outgrowth 

requires many of the same characteristics as primary tumor development in addition to 

the more stringent conditions of the foreign tissue microenvironment (73).  Stem cell-like 

properties such as self-renewal, multipotency, and chemotherapeutic resistance provide 

the driving force for tumorigenesis, and would also provide a selective advantage during 

metastasis as carcinoma cells survive the hostile environment of the circulation and 

proliferate in distal tissues (50, 73).  

Emerging evidence from mouse models of metastasis and from studies of human 

breast cancer patients suggest that CSCs may be the critical cells responsible for 

metastasis.  CSCs may have additional traits such as increased motility that prime them 

for successful metastasis (20), supported by recent in vivo and patient studies where 

metastasizing cells were found to display stem cell markers (20, 73-76).  CSCs derived 

from human breast cancer cell lines were shown to have increased metastatic potential in 

an experimental metastasis model using NOD/SCID mice (77). Using a PyMT model of 

mammary tumorigenesis, early metastatic cells disseminated in the lungs displayed stem 

cell markers (20).   ALDEFLUOR was used to identify cancer stem cell-like populations 

of breast cancer cell lines, which demonstrated in vivo stem cell activity by 

tumorigenicity assays in mice.  Importantly, these breast CSCs were shown to have 

increased metastatic potential by intracardiac injection into NOD/SCID mice and 

subsequent luciferase assays for metastasis formation (77). In support of these findings, 

additional studies show that the breast cancer stem cell population defined by the 
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CD44
hi

/CD24
lo

 population may be more associated with metastasis than primary tumor 

development (74).  A recent study used an optical reporter fusion gene to track as few as 

10 CD44
hi

/lin
-
 human patient tumor cells in a mouse xenograft model, where they saw an 

enrichment of breast cancer stem cells in spontaneous metastases, suggesting that breast 

CSCs are more capable of metastasis (76).   

Importantly, studies in human breast cancer patients also suggest that breast CSCs 

are essential to metastasis. Disseminated tumor cells in human breast cancer patients 

were recently shown to express the stem cell phenotype CD44
hi

/CD24
lo

, suggesting that 

early metastatic cells have CSC characteristics (75).  Additionally, CSC markers are 

expressed on circulating breast cancer cells obtained from the peripheral bloodstream of 

breast cancer patients (78, 79).    Interestingly, relapsed tumors and distant metastases of 

triple-negative breast cancers are associated with CSCs (80).  These findings suggest that 

an increase in CSCs highly competent for metastasis may be responsible for the worse 

prognosis of triple-negative breast cancer.  While this research provides strong evidence 

linking breast CSCs with metastasis, very challenging studies to track a single cell with 

CSC characteristics through circulation and development into a metastatic lesion will be 

required to definitively demonstrate that breast CSCs are the cells responsible for 

metastasis.  The role of breast CSCs in metastasis may be distinct from their role in 

primary tumor carcinogenesis, as successful metastasis requires significant changes to 

cellular morphology and signaling pathways as the cancer cells travel through and 

respond to the different microenvironments en route to a site of dissemination. 
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D. Cytoskeletal Alterations in CTCs 

1. EMT and Circulating Tumor Cells 

While the CSC theory has been adapted to encompass primary tumor growth in 

epithelial cancers of many origins, less has been uncovered about its implications for 

metastasis. Dynamic cytoskeletal changes are a critical component of the metastatic 

cascade, as epithelial cells must undergo cytoskeletal alterations that allow them to 

intravasate into the bloodstream to become circulating tumor cells (CTCs), withstand the 

physical pressures of the shear forces in circulation, and extravasate into distant tissues.  

Interestingly, studies suggest that circulating CSCs have a more deformable cytoskeleton 

than more differentiated cells (81), but the specific cytoskeletal alterations in CSCs 

compared to normal tissue or the tumor bulk remain unknown.  The epithelial-to-

mesenchymal transition (EMT) has been implicated as a mechanism responsible for 

endowing epithelial cancer cells with the necessary traits and cytoskeletal alterations for 

successful metastasis (72).  EMT is well characterized as an embryonic process whereby 

epithelial-like cells in the developing embryo convert into motile mesenchymal cells that 

can migrate to alternative sites in the embryo.  This developmental program is thought to 

occur in a deregulated manner in epithelial cancers, allowing stationary, polarized breast 

cells tightly connected to adjacent cells to disband their cell-cell junctions and invade as 

non-polarized single cells (82-84).  Activation of the EMT program leads to 

downregulation of epithelial proteins required for maintenance of the polarized epithelial 

sheet such as occludins, E-cadherin, and claudins, and upregulation of more plastic 

mesenchymal proteins such as vimentin, N-cadherin, and smooth muscle actin. 
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The majority of the studies of EMT’s effects on the cytoskeleton focused on 

cancer cells attached to the extracellular matrix (ECM), which is a dramatically different 

environment than a CTC in circulation. This research on attached cells heavily stresses 

the role of actin reorganization and actin-based motility structures.  How the EMT 

program may help cancer cells resist anoikis and survive in circulation as CTCs is a 

currently developing area of research.  In the bloodstream, the mechanical forces on a 

CTC are vastly different from those when the cell is migrating or invading within tissues.  

In circulation, epithelial cells tend to die from anoikis, an apoptotic cell death that occurs 

in response to detachment. Prior activation of the EMT program during the initial 

invasion steps of metastasis may provide resistance to anoikis once in the bloodstream.  

EMT-induced loss of cell polarity in metastatic cancer cells can help downregulate the 

Hippo pathway, leading to resistance to anoikis (85, 86).  One of the hallmarks of EMT, 

loss of E-cadherin, also serves as a mechanism for anoikis resistance. Loss of E-cadherin 

at the cell membrane disrupts a complex including Ankyrin-G and NRAGE that renders 

cells sensitive to apoptosis; when this complex is lost, NRAGE translocates to the 

nucleus, where it can form a repressor complex to prevent expression of the p14ARF 

gene, an anoikis sensitizer, to confer anoikis resistance (87).  EMT transcription factors 

may also contribute to anoikis resistance, as master EMT regulator Twist prevents 

expression of p14ARF, thus conferring anoikis resistance (88).   

Many studies suggest that EMT occurring in metastasizing cancer cells is induced 

by microenvironmental factors such as TGF-β, leading to reversible changes in master 

regulators of the EMT program, such as transcription factors Twist and Snail, or 

epigenetic modulation by changes in microRNA expression of the mir200 family, rather 
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than  by permanent genetic changes (82, 83).  The complex reprogramming of both 

signaling pathways and cytoskeletal reorganization during an EMT may necessarily be a 

transient phenomenon, as the cancer cells must revert back to a more epithelial state in 

order (i.e., a mesenchymal-to-epithelial transition, or MET) to eventually grow out as a 

metastatic lesion.  A recent study using Twist regulation to control epithelial or 

mesenchymal status revealed that a reversible or transient EMT is required for 

disseminated mesenchymal cancer cells to proliferate and colonize a distant site for 

metastatic outgrowth (89). 

In addition to aiding in detachment from the primary tumor, invasion, and anoikis 

resistance in circulation, EMT also has specific effects on the cytoskeleton of breast 

cancer cells that affect the tumor cell during the CTC phase of metastasis.  The 

environment of the circulatory system presents a unique challenge for circulating 

epithelial tumor cells, and they must develop a more flexible cytoskeleton to avoid 

fragmenting in small capillary beds due to shear forces in circulation (90).  The cellular 

tensegrity model describes the balance of cytoskeletal forces on a suspended epithelial 

cell: the inward-directed contractile force of the actin cortex is balanced with an outward-

directed microtubule extension force to maintain cellular morphology (91).  Existing in a 

state of ECM detachment, a CTC no longer has connection to the ECM to assist in 

generating traction; indeed, a less rigid cellular shape is essential for a CTC to deform 

and survive passage through narrow capillaries (90).  Interestingly, this more deformable 

CTC may be a characteristic associated with both malignant transformation and with 

stemness (81, 92). 
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2. Microtentacle Formation  

After surviving in circulation, a CTC must first attach to the capillary 

endothelium and then extravasate into the tissue to effectively develop into a metastatic 

lesion.  The mechanism by which CTCs reattach to the capillary endothelium is poorly 

characterized.  Intravital imaging studies using colon carcinoma cells revealed that CTCs 

attach to the liver sinusoid capillaries in a microtubule-dependent, but not actin-

dependent manner (93) (See Figure 1.9).  Recent studies modeling CTCs using suspended 

breast carcinoma cells have identified a novel cellular structure, termed microtentacles 

(McTNs) (seen in Figure 1.10), which may explain these intravital microscopy findings.  

While these intravital microscopy studies examined adhesion and extravasation on an 

organ level (Figure 1.9A), they did not examine the microscopic events of individual cell 

adhesion, and thus would be unable to detect McTNs on the cell surface.  McTNs are 

dynamic microtubule-based protrusions extending from the plasma membrane of 

carcinoma cells detached from the extracellular matrix (94).   Tubulin-based, McTNs are 

mechanistically distinct from actin-based structures such as invadopodia and filopodia, 

and are antagonized by the inwardly-directed actin cortex, matching the mechanism of 

the in vivo studies of CTC retention (93-95). Inhibitors of actin polymerization increase 

the formation of McTNs, while inhibitors of tubulin polymerization decrease McTNs (93, 

94) (Figure 1.11). 
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Figure 1.9 – CTCs reattach in a tubulin, but not actin, dependent manner. 

A) Intravital imaging of Calcein-AM labeled HT-29 colon carcinoma cells trapped in the hepatic 

microvasculature (+) and cells that have extravasated into the liver parenchyma (#).  B-E) To distinguish 

the cytoskeletal mechanisms required for adhesion and extravasation, pretreatment of HT-29 colon 

carcinoma cells with Nocodazole (B) to disrupt microtubules or Cytochalasin D to disrupt actin filaments 

(C,D) prior to intraarterial injection into hepatic sinusoids.  Quantitation of adhesion and migration of 

Calcein-AM labeled circulating cells was performed by intravital microscopy every 5 minutes over a 30 

minute post-injection period.  Compared to untreated cells (B), tubulin disruption with Nocodazole (C) 

significantly inhibits reattachment while actin disruption with Cytochalasin D (D,E) enhances adhesion. 

Source: Korb et al, 2004 (93). 
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Figure 1.10 - Breast Cancer Cells Produce Microtentacles in Response to Detachment. 

Confocal microscopy of a suspended breast tumor cell reveals tubulin-based long, flexible microtentacles. 

Source: Charpentier and Martin, 2013 (96). 
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Figure 1.11 – Microtentacles are tubulin-dependent and enhanced by actin depolymerization. 

A) Suspended EpH4 and MCF10A mammary epithelial cells produce McTN protrusions (control, white 

arrows) that are enhanced when treated with actin depolymerizers Cytochalasin D or Latrunculin A (white 

arrowheads) but reduced when treated with microtubule depolymerizing agent, Colchicine. B) Quantitation 

of microtubule and actin depolymerization on McTN formation in a population of live, suspended cells. 

Source: Whipple et al, 2007 (94) 

 

 

Functionally, McTNs promote the reattachment of suspended breast carcinoma 

cells, a critical step in metastasis necessary for CTCs to exit the bloodstream (94, 97, 98).  

Experimental metastasis studies reveal that promotion of McTNs increases lung retention 

of CTCs (95, 97).  Live confocal imaging revealed that flexible McTNs on attaching 

tumor cells penetrate the junctions between endothelial cells (99) (see Figure 1.12).  

Importantly, McTNs are increased in frequency and length in breast cancer cell lines with 

increasing metastatic potential, and persist on the surface of suspended, anoikis-resistant 

breast epithelial cells for several days (94, 98). 
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Figure 1.12 – Microtentacles on suspended breast tumor cells penetrate between endothelial cells. 
3D reconstruction of a suspended MDA-MB-436 breast tumor cell producing McTNs that penetrate 

between red mCherry labeled endothelial cell layers. 

Source: Matrone et al, 2010 (100). 

 

 

Microtubules are composed of α- and β-tubulin heterodimers, and can be 

regulated by multiple post-translational modifications (101, 102). We have previously 

shown that detyrosinated α-tubulin is enriched in McTNs (94, 98, 99). Detyrosinated 

tubulin (Glu-tubulin) is formed by the removal of the carboxy-terminal tyrosine on α-

tubulin by a tubulin-specific carboxypeptidase (TCP), exposing a glutamic acid residue 

(103). This reaction is reversed by tubulin tyrosine ligase (TTL). Microtubules composed 

of Glu-tubulin have a vastly increased stability in vivo, persisting for hours rather than the 

3 to 5 minutes seen in microtubules composed of Tyr-tubulin (103) (Figure 1.13). 

Interestingly, protein levels of Glu-tubulin increase dramatically immediately upon 

detachment and are found enriched in the McTN protrusions rather than the cell body 

(94).  Importantly, tubulin detyrosination in breast cancer predicts poor prognosis and 

metastasis (104, 105).    In an immunohistochemistry study of 134 breast cancer patient 
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samples, tubulin detyrosination was associated with tumor aggressiveness, and when 

combined with the Scarf-Bloom-Richardson grade, significantly correlated with poor 

clinical outcome (104).  In a later immunohistological study comparing  78 cases of 

malignant breast cancer and 69 benign cases, Glu-tubulin staining was observed in 71.8% 

of malignant cases but only 8.3% of benign tumor samples and 4.7% of samples of other 

benign breast disease, providing a significant association between the presence of Glu-

tubulin and malignancy (105).  The tyrosination status of tubulin in breast CSCs in 

unknown, but studies in neuroblastoma suggest that detyrosinated tubulin may increase in 

less differentiated, more stem-like cancer cells (106). 

 

Figure 1.13 – The tubulin tyrosination cycle. 

Source: Unpublished figure.  Data from Webster et al, 1987; Gurland et al, 1995; Mialhe et al, 2001; 

Whipple et al, 2007; Whipple et al, 2008.(94, 98, 104, 107, 108). 

 

Furthermore, detyrosinated microtubules preferentially associate with the 

intermediate filament vimentin (108), which can enhance McTN formation (98).  

Western blotting and immunofluorescence of suspended breast carcinoma cells revealed 

that vimentin intermediate filaments, but not cytokeratins, extend into McTNs and that 

vimentin-expressing breast cancer cell lines had higher McTN frequencies (98).  These 

data match studies using cell lines generated from micrometastatic lesions in the bone 
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marrow of breast cancer patients revealing a downregulation of cytokeratins and an 

upregulation of vimentin (109).  Furthermore, disrupting vimentin through phosphatase 

PP1/PP2A inhibition or by dominant-negative vimentin expression reduced McTN 

extension and inhibited reattachment from suspension (98). Vimentin has been previously 

shown to preferentially interact with detyrosinated tubulin and, importantly, vimentin 

coaligns with Glu-tubulin in McTNs to enhance McTN formation (98, 103, 110). 

 The cytoskeletal alterations promoting McTN formation, increased vimentin 

expression and increased tubulin detyrosination, are enhanced in EMT.  Vimentin is an 

intermediate filament strongly associated with EMT, and is a poor prognostic indicator in 

triple negative breast cancer (111, 112).  Induction of an EMT through ectopic Twist or 

Snail expression increased detyrosinated tubulin levels and enhanced McTN formation 

and subsequent reattachment from suspension by downregulating tubulin tyrosine ligase 

(TTL) expression (99).  Importantly, clinical tumor samples display a concordant 

elevation of Twist and Glu-tubulin expression at the invasive front of primary tumors 

from patients with ductal carcinoma in situ, suggesting that EMT can promote 

microtubule stability as breast cancer cells escape the tissue and become CTCs (99).  

Since EMT and vimentin are also induced at epithelial wound edges, this raises the 

possibility that migration from the primary tumor could expose tumor cells to wounding 

stimuli that would only increase when CTCs enter the free-floating environment of the 

circulation (113, 114).  
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3. Convergence of EMT and CSCs 

The CSC hypothesis and EMT both provide compelling insight into the 

mechanisms of metastasis; recent studies revealing the convergence of these two research 

fields has considerable ramifications for our understanding of breast cancer progression.  

When human mammary epithelial cells undergo a forced EMT by the expression of 

transcription factors Twist or Snail, they acquire the CD44
hi

/CD24
lo

 breast cancer stem 

cell phenotype and increased mammosphere formation, a measure of stem cell self-

renewal (72).  Importantly, inducing EMT in tumorigenic mammary epithelial cells 

dramatically increased their tumorigenicity in immunocompromised mice, the gold 

standard for identifying cancer stem cells (72).  In complementary experiments, 

naturally-arising normal and neoplastic human mammary epithelial stem-like cells 

displayed mesenchymal morphology and a gene expression pattern associated with EMT 

(72).  The precise molecular mechanisms connecting EMT and CSCs are just beginning 

to be appreciated.  One of the EMT transcription factors used in the landmark study 

connecting EMT and CSCs, Twist, may itself increase self-renewal by directly 

stimulating CSC polycomb complex protein Bmi1, and by downregulating the CSC 

phenotypic surface marker CD24, although the exact mechanistic link between the CSC 

surface marker phenotype CD44
hi

/CD24
lo

 and functional CSC properties, such as self-

renewal, remains elusive (115, 116).  Epigenetic regulation by the mir200 family has 

been implicated in maintaining both an EMT and a CSC phenotype, as well as regulating 

cell motility and anoikis resistance (117).  Importantly for CTCs and metastasis, both 

EMT and CSCs may lead to a more deformable cytoskeleton, a requirement for 

successful transit through small capillaries (81).  This discovery that EMT is linked to the 
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acquisition of CSC traits suggests a dangerous combination which may prime CTCs for 

more successful metastasis.  Not only would these breast cancer cells have the EMT-like 

ability to invade, migrate, and become CTCs, but with the CSC traits of enhanced tumor-

initiation, self-renewal, and chemotherapeutic resistance, these CTCs are primed for more 

successful metastatic outgrowth.  

While EMT and CSCs have been implicated in the metastatic process, definitive 

evidence in cancer patients has been limited by available technology to observe CTCs 

during the process of metastasis.  Recent technology to isolate CTCs from the peripheral 

blood of breast cancer patients has created a unique opportunity to assess CTCs during 

the metastatic process.  Multiple studies of metastatic breast cancer patients using the 

CellSearch System (Veridex) have found that the presence of CTCs was a robust 

independent prognostic marker of progression-free survival and overall survival (37, 

118).  CTC enumeration methods like CellSearch and other studies on breast cancer 

patient CTCs and disseminated tumor cells have generally relied on 

immunohistochemistry or flow cytometry to determine if such cells in the process of 

metastasis express markers implicating EMT or CSCs.  In a recent prospective study of 

patients with early breast cancer, the presence of disseminated CD44
hi

/CD24
lo

 CSCs in 

the bone marrow was identified for the first time as an independent predictor for reduced 

disease-free survival (119).  Differential centrifugation, magnetic cell separation, 

immunostaining, and flow cytometry were used to extend these studies by directly 

identifying CTCs with the CD44
hi

/CD24
lo

 CSC phenotype from the peripheral blood, 

providing further evidence that CSCs are important in breast cancer metastasis (78, 120, 

121).  CSCs have previously been associated with poor prognosis in triple negative breast 
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cancer in immunohistochemistry studies on relapsed tumors and metastases, and patients 

with triple negative primary breast cancers were more likely to have CD44
hi

/CD24
lo

 cells 

disseminated in the bone marrow (80, 122, 123). These studies have used recently-

developed technology to detect CTCs and disseminated cancer cells with breast CSC 

characteristics.  To determine if these rare stem-like CTCs are responsible for later 

metastasis, CTC technologies need to be further refined to rapidly and reproducibly 

isolate live and intact CTCs for functional studies of metastasis.  CTC technology is 

rapidly evolving, and will soon allow for such testing of metastatic competence.  Already, 

a study has examined the metastatic competence of patient-derived CTCs in vivo by 

expanding these CTCs in culture and then injecting them into the circulation of 

immunodeficient murine hosts either via the tail-vein or intracardially (124). This study 

reported that these patient-derived CTCs were indeed capable of undergoing 

experimental metastasis to the brain and lung (124).  A recent study injected CTCs from 

patients with progressive metastatic breast cancer into immunocompromised mice to 

demonstrate the existence of metastasis-initiating cells (MIC) that could give rise to bone, 

lung, and liver metastases (125).  The metastatic efficiency of the bulk isolated CTCs was 

low, but the MIC cells were found to express EpCAM, CD44, CD47, and MET (125).  

The levels of CD44+/MET+/CD47+ CTCs paralleled clinical progression and was a 

better indicator of overall survival than the frequency of bulk CTCs (125). 

In addition to detecting CTCs with CSC properties, many breast CTCs display 

evidence of EMT.  Immunostaining of breast cancer patient CTCs revealed EMT markers 

Twist and vimentin in 73% and 77%, respectively, of CTCs from patients with early 

disease, and in 100% of the CTCs from patients with metastatic disease (126).  
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Interestingly, these reports of high Twist and vimentin levels in CTCs from patients with 

metastatic breast cancer support our working model in which EMT promotes vimentin 

and Glu-tubulin enriched McTNs to enhance CTC reattachment (Figure 2) (98, 99).  A 

recent study by Yu et al used dual-colorimetric RNA-in situ hybridization (RNA-ISH) to 

assess breast tumor cells for EMT markers in circulation and at the primary tumor site 

and draining lymph nodes (127).  They report finding biphenotypic tumor cells 

expressing both epithelial and mesenchymal markers at the primary tumor and draining 

lymph nodes, supporting the idea that EMT can start at the primary tumor to help cells 

escape and enter circulation, notably finding that mesenchymal cells were enriched in 

CTCs.  Serial monitoring of patients revealed that disease progression was associated 

with an increase in these mesenchymal CTCs.  RNA sequencing of the CTCs indicated 

an increased expression of TGF-β pathway components and the FOXC1 transcription 

factor, both strongly associated with EMT (127).  In a clinical study of patients with 

metastatic breast cancer undergoing high-dose chemotherapy with autologous 

hematopoietic stem cell transplantation, patients whose CTCs overexpressed EMT 

transcription factors had an increased risk of disease relapse and shorter progression-free 

survival times (128).  These studies suggest that EMT-positive CTCs contribute to 

metastasis and poor prognosis. 

Providing further support for the connection between EMT and CSCs, patient 

CTCs with CSC characteristics were also found to have EMT markers (129).  Patient 

CTC samples with high expression of EMT transcription factor TWIST1 had a higher 

percentage of CSCs, as determined by Aldefluor assay, and patients who had a complete 

response had a significantly lower percentage of CSCs (128).  Recently, Zhang et al 
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isolated CTCs from the peripheral blood of patients with invasive breast cancer by 

multiparametric fluorescence-activated cell sorting based on expression of the stem cell 

marker ALDH1.  After culturing these isolated ALDH+ CTCs, they found high levels of 

the other breast CSC markers, CD44
hi

/CD24
lo

, and high levels of mesenchymal marker 

vimentin, further supporting the link between metastasis, CTCs, and CSCs (124).  

While CellSearch remains the only US Food and Drug Administration-approved 

test for CTC enumeration, this test relies on the EpCAM antibody to identify CTCs and 

thus is unable to capture CTCs that have become more mesenchymal than epithelial and 

have downregulated EpCAM expression.  If EMT increases the chances of successful 

metastasis, then the CellSearch method may not be the best choice for metastasis studies, 

as it would miss a significant fraction of CTCs having undergone EMT.  In a prospective 

study of HER2+ patients with metastatic breast cancer, Giordano et al isolated CTCs 

from the peripheral bloodstream and found a heterogeneous CTC population, where some 

CTCs expressing an EMT or CSC-like phenotype did not express EpCAM and thus 

would be missed by CellSearch (130).  These findings highlight the need to expand CTC 

detection methods to include CTCs that have undergone an EMT. 

 In order to enter the circulatory system, breast cancer cells must undergo 

extensive cytoskeletal alterations. The EMT program has been widely studied as a 

mechanism that enhances cancer cell motility and escape from the primary tumor, but 

recent studies using developing technology to isolate CTCs suggest that the EMT 

program provides additional advantages to cancer cells in the very different 

microenvironment of the circulatory system.  The EMT program can be particularly 

advantageous for breast CTCs since it appears to increase invasiveness to aid in the 
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generation of CTCs, confers resistance to anoikis once the cells are in circulation, and 

promotes McTN formation and CSC character, giving the CTCs a metastatic advantage 

in exiting the bloodstream and surviving to emerge later as dangerous metastatic lesions.  

This deadly convergence of EMT and CSC traits, combined with their enhancement of 

McTNs on CTCs to facilitate reattachment at distal sites, is modeled in Figure 1.14. 

 
Figure 1.14. EMT and Stemness promote cytoskeletal alterations that enhance CTC reattachment.  

EMT and cancer stem cell traits cooperate to promote successful metastasis.  Breast cancer cells with EMT 

and cancer stem cell characteristics (yellow cells), have enhanced invasive and migratory potential that aid 

in their ability to enter circulation as CTCs.  Activated anoikis-resistance pathways and a more deformable 

cytoskeleton allow the circulating CSCs (yellow cells) to survive in the bloodstream, while more epithelial-

like tumor cells (green cells) die by anoikis or fragmentation in the capillaries.  Upregulation of the 

intermediate filament vimentin (purple) and detyrosination of α-tubulin to generate Glu-tubulin (teal) at the 

invasive front of the primary tumor predispose CTCs to produce microtentacles (McTNs) when suspended 

in circulation.  These McTNs penetrate between endothelial cell junctions to promote CTC reattachment at 

a distal site, where CSC characteristics promote outgrowth as a metastatic lesion. 

Source: Charpentier and Martin, 2013 (96). 
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E. Curcumin as a potential therapeutic agent 

The CSC hypothesis suggests that by identifying the specific subpopulation of 

cells responsible for tumorigenesis, we may be able to identify or design more highly 

selective targeted therapeutics. Curcumin (diferuloylmethane), a dietary polyphenol 

found in the spice turmeric (Figure 1.15), is generating significant research interest due to 

its anti-tumor properties.  Curcumin has a diverse range of effects on cell signaling and 

directly binds to at least 33 known proteins (Figure 1.16) (131).  Among these pleiotropic 

effects, curcumin has been demonstrated to inhibit numerous cancer signaling pathways, 

such as the NFkB, STAT3, Wnt/B-catenin, and MAPK signaling pathways, as well as 

inhibiting inflammatory cytokines and the COX2 pathway (131). Curcumin has been 

studied as a chemopreventive agent in a variety of cancers (hematological, breast, 

gastrointestinal, liver, prostate) and as an inhibitor of metastasis (131).   

 

Figure 1.15 – Chemical structure of Curcumin. 

Source: Gupta et al, 2006 (132). 
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Figure 1.16 – Curcumin binds directly to many targets. 

Source: Kunnumakkara et al, 2008 (131). 

 

Curcumin was recently shown to selectively inhibit the growth and self-renewal 

of breast tumor stem cells via downregulation of Wnt signaling, while leaving more 

differentiated cells unaffected, highlighting its potential as a breast cancer stem cell-

selective therapeutic (133). Interestingly, curcumin has also been shown to have 

significant effects on the cytoskeleton.  Curcumin reduces proliferation of cancer cells by 

disrupting microtubule assembly and inhibiting microtubule dynamic instability, 

suggesting a direct binding effect on tubulin, which was confirmed by FRET analysis 

revealing a curcumin binding site on tubulin at a site 32Å away from the colchicine-

binding site (132, 134, 135) (Figure 1.17).  These data suggest that curcumin is a 

promising new multi-target drug for breast cancer. 
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Figure 1.17 – Curcumin binds to tubulin 32A away from the colchicine binding site. 

Molecular modeling of colchicine (red) binding and curcumin (magenta) binding to tubulin. 

Source: Chakraborti et al, 2011 (134). 
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II. Materials and Methods 
 

Cell Culture and Chemical Compounds 

Human mammary epithelial (HMLE) cells (136) were generously provided by Dr. 

Jing Yang (University of California, San Diego) and grown in MEGM complete medium 

(Lonza) at 37°C in 5% CO2. SkBr3, MDA-MB-468, BT-549, Hs578T, MDA-MB-231, 

and MDA-MB-436 cells obtained from the American Type Culture Collection, which 

authenticates the cell lines by short-tandem repeat DNA testing (Manassas, VA), were 

used within 6 months of resuscitation and grown in DMEM (Mediatech) supplemented 

with 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA) and 

penicillin-streptomycin (100 g/mL, Gemini Bioproducts, West Sacramento, CA) at 

37°C in 5% CO2.  Colchicine and curcumin were obtained from Sigma (St. Louis, MO).  

Staurosporine was obtained from EMD Millipore (Darmstadt, Germany). 

 

Flow cytometry analysis and cell sorting 

Cells were trypsinized, washed twice with PBS by centrifugation (1000 rpm, 5 

minutes), and blocked in Flow Incubation Buffer (0.5% BSA/PBS) for 10 minutes.  Cells 

were then incubated with the antibodies anti-CD44 (Clone G44-26, Cat#559942) and 

anti-CD24 (Clone ML5, Cat#555427) from BD Biosciences (San Jose, CA) or isotype 

controls for 30 minutes in the dark according to manufacturer’s instructions.  Cells were 

rinsed as before, resuspended in PBS, and sorted using BD FACSAria and analyzed using 

BD FACSDiva software. 

 

 



49 

 

Cell Viability 

Cells from sorted HMLE subpopulations were seeded into 96-well microplates 

and treated with vehicle or colchicine in at least triplicate for up to 4 hours. BT-549 cells 

were seeded into 96-well microplates in at least triplicate and treated with either vehicle 

or a dose range of curcumin (5, 10, 25, 40, and 50µM) for 6 hours.  CellTiter 96 AQueous 

One Solution (Promega) was added according to the manufacturer’s recommendations to 

determine cell viability.  Absorbance was measured using a Biotek Synergy HT 

Multidetection Microplate Reader. All values are shown as mean ± SD of at least 

triplicate samples. 

 

Western Blotting 

Sorted HMLE cells were allowed to readjust to culture conditions for 24 hours 

before cells were harvested in ice-cold radioimmunoprecipitation assay lysis buffer [50 

mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% 

SDS, 1 mM phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail (Sigma, 

P2714)]. Lysates were subjected to high-speed centrifugation (14,000 rpm × 10 min), and 

protein concentration was measured using a Lowry-based assay (Bio-Rad). Total protein 

(20μg) was separated by SDS-PAGE on 4-12% Bis-Tris NuPage gels (Life 

Technologies) and then transferred to Immuno-Blot polyvinylidene difluoride membranes 

(Bio-Rad) for 1.25hr at 95V.  Membranes were blocked in 5% milk in TBS with 0.1% 

Tween for 1 h at room temperature followed by an overnight incubation at 4°C in 

primary antibodies for monoclonal CD44 (EPR1013Y, 1:1,000; abcam), monoclonal 

vimentin (V9, 1:1,000; Santa Cruz Biotechnology), polyclonal detyrosinated tubulin 
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(1:1,000; abcam), monoclonal α-tubulin (DM1A, 1:1,000; Sigma), monoclonal GAPDH 

(6C5, 1:2,000; Santa Cruz Biotechnology), and monoclonal poly-(ADP-ribose)-

polymerase (PARP) (46D11, 1:1,000; Cell Signaling) in 2.5% milk/TBST.  Secondary 

antibodies to IgG conjugated to horseradish peroxidase were used (1:10,000; Jackson 

ImmunoResearch) and visualized using ECL Prime chemiluminescent detection kit (GE 

Healthcare). 

 

Immunofluorescence 

For suspended immunofluorescence, sorted HMLE subpopulations were 

suspended for 30 minutes in growth media in Ultra-Low Attachment plates (Corning).  

Cells were then gently centrifuged with slow acceleration and deceleration (5 minutes, 

400 rpm) onto poly-L-lysine coated glass coverslips and fixed in 3.7% 

formaldehyde/PBS (10 minutes, room temperature).  For attached immunofluorescence, 

cells were grown on glass coverslips and then fixed in 3.7% formaldehyde/PBS (10 

minutes, room temperature).  Cells were washed in PBS (twice, 5 minutes), 

permeabilized (0.25% Triton X-100/PBS, 10 minutes), and blocked for 1 hour (PBS/5% 

bovine serum albumin (BSA)/0.5% NP40).  Immunostaining was performed overnight at 

4°C (PBS/2.5% BSA/0.5% NP-40) using polyclonal detyrosinated (Glu) tubulin (1:500; 

abcam) and monoclonal vimentin (V9, 1:1,000; Santa Cruz Biotechnology). Anti-IgG 

antibodies conjugated to Alexa-594, Alexa-568, or Alexa-488 (1:1,000; Molecular 

Probes) were used for secondary detection and Hoechst 33342 (1:5,000; Sigma) was used 

for nuclear staining.  Images were acquired using an Olympus FV1000 laser scanning 

confocal microscope (Olympus, Center Valley, PA).  Images were taken with identical 
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microscope settings.  Z-stacks were imaged as maximum intensity projections using 

ImageJ (NIH, Bethesda, MD). 

 

Live Cell Imaging and Microtentacle Scoring 

For microtentacle scoring, cells were either counted live (98) or fixed (137) as 

previously described.  Briefly, cells were detached by trypsinization at ∼80% confluency 

and resuspended in serum/phenol red (PR)–free media over ultralow attachment plates 

for 30 minutes. For fixed counting, a 50°C pre-warmed solution of PBS-buffered 

paraformaldehyde was added to the suspended cells for a final concentration of 4%. Cells 

were incubated for 10 minutes at RT. An equal volume of Fluoromount G plus CellMask 

Orange plasma membrane stain (1:10,000, Invitrogen, Carlsbad, CA) and Hoechst 33342 

(1:5,000, Sigma, St. Louis, MO) was added. A portion of the fixed and stained cell 

solution was transferred to a slide and protected with a coverslip. For both fixed and live 

microtentacle scoring, 100 or more single cells per well were scored blindly for 

microtentacles by considering cells with two or more microtentacles extending greater 

than the radius of the cell body as positive, with a minimum of 300 cells counted per 

condition per trial.  All values are shown as mean ± SD of three independent 

experiments. 

 

Mammosphere Culture and Imaging 

HMLE and BT-549 cells were seeded at a concentration of 10,000 cells/mL in 

Complete Mammocult media (StemCell Technologies, Vancouver, BC, Canada) in Ultra-

Low Attachment plates (Corning) and grown according to manufacturer’s directions.  
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Mammospheres were infected for 24 hours with a custom GFP-membrane targeted 

adenovirus (Ad-GFP-mem, Vector Biolabs, Philadelphia, PA), generated from GFP-

membrane targeted AcGFP1-Mem plasmid (Clontech, Mountain View, CA).  

Mammospheres were collected into DMEM without Phenol Red containing CellMask 

Orange (1:5,000) and incubated for 20 minutes in a glass bottom dish (MatTek 

Corporation, Ashland, MA) then imaged on an Olympus FV1000 laser scanning confocal 

microscope.  Three-dimensional surface rendering was done using Volocity software 

(Perkin Elmer, Waltham, MA).  For colchicine wash-in experiments, mammospheres 

were imaged and colchicine (50 M final concentration) was added for 10 minutes for 

time-lapse confocal microscopy and images were processed using ImageJ (1 

frame/second). 

 

Cell-electrode impedance attachment assay 

Real-time monitoring of cellular reattachment from suspension was measured 

using an electrical impedance assay with an xCELLigence RTCA SP real-time cell 

sensing device (Roche Applied Science, Indianapolis, IN). Briefly, attachment is 

expressed as a change in cell index, an arbitrary unit derived from the relative change in 

electrical impedance across the microelectronic sensor arrays of 96-well sensor plates (E-

plates) as cells attach and interact with the electrodes.  HMLE sorted subpopulations 

(20,000 cells) were seeded into E-plates containing growth medium, vehicle (0.1% 

DMSO), or colchicine (50 M final concentration).  BT-549 cells were pre-treated for 6 

hours with vehicle or 50 M curcumin, then were added (20,000 cells) to E-plates 

containing vehicle or drug, respectively.  Impedance was measured every 3 minutes for 3 
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hours. The attachment rate is expressed as the cell index, or the change in electrical 

impedance at each time point, with values expressed as the cell index ± SD of triplicate 

wells. Three independent trials were conducted. 

 

Statistical Methods 

Significance was determined by Student’s t-test. 
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III. SPECIFIC AIM I: Breast Cancer Stem Cells Have Increased 

Frequencies of Microtentacles That Promote Reattachment 
 

Given the recent findings that CSCs may play a crucial role in metastasis and 

CSCs may undergo unique cytoskeletal alterations, we investigated the relationship 

between stemness and McTNs to determine if breast CSCs may preferentially form 

McTNs that provide a metastatic advantage compared to non-CSCs.  Flow cytometry was 

used to correlate the stem-like surface marker phenotypes of a panel of breast cancer cell 

lines with their McTN frequencies and metastatic potential.  Flow cytometry of a human 

mammary epithelial cell line with significant and discrete subpopulations of stem-like 

and non-stem-like cells was used to investigate differences in McTNs, cytoskeletal 

alterations, and reattachment efficiency between stem-like and non-stem-like 

subpopulations from an isogenic background.  We specifically examined the protein 

levels and organization of detyrosinated tubulin and vimentin, since these cytoskeletal 

components have previously been shown to play a critical role in McTN formation (94, 

98). 

 

A. Microtentacles correlate with cancer stem cell (CSC) character in a panel of 

breast cancer cell lines. 

We have previously demonstrated that McTNs are more abundant in metastatic 

breast carcinoma cells lines (98), and given the increasing evidence that CSCs sustain a 

metastatic advantage (20, 73-76), we investigated whether there was a relationship 

between breast CSCs and McTNs.  Using flow cytometry, the proportion of cells with a 

stem cell surface marker phenotype (CD44
hi

/CD24
lo

)  and non-stem cell surface marker 
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phenotype (CD44
lo

/CD24
hi

) were examined across a panel of breast cancer cell lines for 

which we have already characterized McTNs (98).  We found similar frequencies of 

stem-like and non-stem-like subpopulations in these breast cancer cell lines to those that 

had previously been reported, highlighting the repeatability of the surface marker 

phenotypic analysis (138).  Importantly, we found a positive correlation between the 

proportion of stem-like subpopulations in a given breast cancer cell line, the relative 

abundance of McTNs in that cell line, and the cell line’s metastatic capabilities (139, 140) 

(Table 4.1). 

 

Table 4.1 - Microtentacles correlate with stem-cell surface markers in human breast cancer cell lines.  

A panel of breast cancer cell lines with an established increasing range of invasiveness, metastatic potential 

and microtentacle levels were measured by flow cytometry using breast cancer stem cell surface markers 

CD44 and CD24 for subpopulations of stem-like (CD44
hi

/CD24
lo

) and non-stem-like cells 

(CD44
lo

/CD24
hi

). 

Source: Charpentier et al, 2014 (141) and unpublished data.  
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B. Stem-like mammary epithelial cells have increased microtentacles.   

To directly test the relationship between stem cell character and McTNs, an 

immortalized, non-tumorigenic human mammary epithelial cell line, HMLE, was used, 

which contains distinctive and discrete naturally-present subpopulations of both stem-like 

and non-stem-like cells (72).  This HMLE cell line has previously been characterized as 

having discrete populations of CD44
hi

/CD24
lo

 and CD44
lo

/CD24
hi

 cells, where the 

CD44
hi

/CD24
lo

 cells but not the CD44
lo

/CD24
hi

 cells display the stem-like characteristics 

of self-renewal in a mammosphere formation assay, could regenerate the original 

heterogeneous population of CD44
hi

/CD24
lo

 and CD44
lo

/CD24
hi

 cells, and could serve as 

bipotential precursors by generating cells of both luminal and basal/myoepithelial 

lingeage (72). We prioritized analysis of the HMLE cell line due to the even distribution 

and clear separation of stem-like and non-stem-like fractions, which would allow 

efficient flow sorting of these subpopulations (see Figure 4.1A).  The isogenic 

background of the HMLE cell line also provides a more reliable system to ensure that 

differences in McTN frequency would result from differences in intrinsic stem cell 

properties and minimize the confounding factors that arise from transformation or genetic 

variability between different breast cancer cell lines.  

We first confirmed that as previously published by others, the CD44
hi

/CD24
lo

 but 

not CD44
lo

/CD24
hi

 cells were capable of mammosphere formation (Figure 4.2) and 

regeneration of the original heterogeneous population (data not shown).  Blinded 

quantitation of McTNs from separated HMLE stem-like and non-stem-like 

subpopulations (Figure 4.1A) was performed while the cells were detached.  

Interestingly, there was over a 2-fold increase in McTN frequencies in the stem-like 
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compared to the non-stem-like subpopulation (p ≤ 0.00005, n=3) (Figure 4.1B).  The 

suspended cells from the stem-like population exhibited long, flexible McTNs (arrows), 

which are absent on the non-stem-like cells (Figure 4.1C). 

 
Figure 4.1 - Stem-like mammary epithelial cells have increased microtentacles.  

A) HMLE cells have distinct subpopulations of stem-like (CD44
hi

/CD24
lo

) and non-stem-like 

(CD44
lo

/CD24
hi

) cells. B) Flow sorted stem-like subpopulations of HMLEs display significantly higher 

microtentacle frequencies than non-stem-like subpopulations.  Columns, mean for three blinded 

experiments where at least 100 CellMask-stained cells were counted, representative of three independent 

experiments; bars, SD (P ≤ 0.00005, t test, black asterisk). C) Phase-contrast images of detached HMLE 

subpopulations where stem-like HMLEs display increased microtentacles (black arrows) compared to non-

stem-like HMLEs. 

Source: Charpentier et al, 2014 (141). 
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Figure 4.2 -  Stem-like HMLEs have enhanced mammosphere forming potential. 

Source: Charpentier et al, unpublished data. 

 

 

C. Stem-like mammary epithelial cells have microtentacle-promoting cytoskeletal 

alterations. 

Given our previous findings that vimentin and detyrosinated (Glu) tubulin can 

increase McTNs, we investigated whether these cytoskeletal alterations may contribute to 

the observed increase in McTNs in the stem-like subpopulation.  Western blot analysis 

revealed an increase in protein levels of vimentin and Glu-tubulin in the stem-like 

compared to the non-stem-like HMLE subpopulation, while levels of -tubulin and 

housekeeping protein GAPDH remained constant (Figure 4.3).   
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Figure 4.3 -Stem-like mammary epithelial cells have microtentacle-promoting cytoskeletal alterations 

in protein levels.   

Representative western blot analysis of HMLE subpopulations shows that stem-like HMLEs have increased 

vimentin and detyrosinated tubulin (Glu) whereas total α-tubulin and GAPDH are unchanged (cropped). 

Source: Charpentier et al, 2014 (141). 

 

After confirming an increase in vimentin and Glu-tubulin protein expression in 

the stem-like HMLE subpopulation (Figure 4.3), we used immunofluorescence to 

distinguish protein localization and organization between the stem-like and non-stem-like 

subpopulations.  Immunofluorescence of attached HMLE subpopulations demonstrates 

that protein organization differs, with prominent vimentin networks that colocalize with 

bundled, filamentous Glu-tubulin in the stem-like subpopulation, while vimentin and 

Glu-tubulin in the non-stem-like subpopulation are diffuse and non-filamentous (Figure 

4.4A). Additionally, immunofluorescence performed on suspended subpopulations of 

HMLEs cells indicates McTNs in the stem-like subpopulation are enriched in Glu-tubulin 

and vimentin (Figure 4.4B, f and g), while the non-stem-like subpopulation lacks both 

McTNs and a well-defined network of Glu-tubulin and vimentin (Figure 4.4B, b and c). 
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Figure 4.4 - Stem-like mammary epithelial cells have microtentacle-promoting cytoskeletal 

alterations.   

A) Attached non-stem-like HMLE cells show weak, diffuse staining for Glu-tubulin (b) and a loss of 

vimentin protein and organization (c), whereas stem-like HMLE cells display bundling of filamentous Glu-

tubulin (f) and a robust network of vimentin filaments (g).  Hoechst was used to visualize the nuclei (d, h). 

B) Suspended immunofluorescence where detached HMLE subpopulations were spun down onto glass 

coverslips and fixed.  Immunostaining reveals the presence of Glu-tubulin (f) and vimentin (g) in McTN 

protrusions (white arrows) in the stem-like HMLE subpopulation but not in the non-stem-like 

subpopulation (b,c).  Hoescht was used to visualize the nuclei (a,e). 

Source: Charpentier et al, 2014 (141). 
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D. Mammary stem-like cells have increased tubulin-dependent initial reattachment. 

Because previous studies have indicated that McTNs aid in tumor cell 

reattachment, we sought to determine if the increased McTNs in the stem-cell 

subpopulation influence attachment (94, 97-100).  We compared the ability of the 

subpopulations to reattach from suspension by real-time electrical impedance.  The stem-

like cells exhibited significantly faster initial reattachment (Figure 4.5A).  Phase-contrast 

imaging shows that stem-like cells began to reattach and spread in as early as 30 minutes 

(Figure 4.5B, e) and nearly all were attached by 3 hours (Figure 4.5B, h), while the non-

stem-like cells remained mainly in suspension by 3 hours, with only a few cells 

beginning to reattach and spread (Figure 4.5B, d). 
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Figure 4.5 -Mammary stem-like cells have increased tubulin-dependent initial reattachment from 

suspension.   

A) Stem-like HMLE cells attach at significantly faster rates than non-stem-like HMLE cells as determined 

by electrical impedance expressed as Cell Index. Stem-like HMLE cells and non-stem-like HMLE cells 

both have significantly reduced attachment when treated with the microtubule polymerization inhibitor 

colchicine (50µM).  For all reattachment assays: lines=mean for quadruplicate wells; bars=SD; 

representative graph from three independent experiments is shown.  B) Phase contrast images of HMLE 

stem-like (a-d) and non-stem-like (e-h) subpopulations reattaching from suspension.  Panels, 10x 

magnification; Insets, 60x magnification. 

Source: Charpentier et al, 2014 (141). 
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Figure 4.6 – Cellular Viability in the Stem-like and non-Stem-like subpopulations. 

Cellular viability assay using CellTiter 96 AQueous One Solution (Promega) reveals no significant 

differences in viability between HMLE stem-like and non-stem-like subpopulations upon treatment with 

colchicine (50µM) for up to 4 hours (p ≥ 0.05 for each time point). 

Source: Charpentier et al, 2014 (141). 

 

 

To determine if the differences in initial reattachment were due to the observed 

differences in McTNs, impedance assays were performed on the sorted subpopulations 

with vehicle or colchicine (50 M), a microtubule polymerization inhibitor that rapidly 

reduces McTNs (94).  Colchicine treatment reduced the initial reattachment in both the 

stem-like and non-stem-like subpopulations (Figure 4.5A), indicating that the observed 

reattachment was tubulin-based, consistent with the proposed mechanism of McTN 

formation and CTC adhesion to the capillary endothelium in vivo (93, 94).  Although the 

stem-like subpopulation formed significantly more McTNs than the non-stem-like 

subpopulation (Figure 4.1B), the non-stem-like subpopulation still produced tubulin-

based McTNs, albeit at a much lower frequency, and thus was also susceptible to a 

further reduction in attachment efficiency when treated with colchicine (Figure 4.5A).  

Furthermore, reattachment differences between the stem-like and non-stem-like 

subpopulations are not due to toxicity, as treatment with colchicine produced no 
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difference in viability between the subpopulations over the time period of attachment 

(Figure 4.6). 

 

E. Microtentacles persist in mammospheres. 

As a novel cellular structure, the functional role of McTNs is still being explored.  

We have shown that McTNs on suspended breast cancer cells allow them to penetrate 

between endothelial cells, facilitating the initial steps in reattachment from circulation 

(99) (Figure 1.13).  We have also shown that McTNs promote cellular aggregation, where 

McTNs encircle adjacent cells (94, 100, 137). Since McTNs promote short-term 

homotypic aggregation of breast epithelial cells, we sought to determine whether McTNs 

may play a similar role in the structure of mammospheres arising during long-term 

growth.  Mammosphere formation is a key functional assay for assessing stem cell 

character, in which growth as non-adherent spheres enriches for mammary stem-like cells 

(50).  HMLE cells were cultivated as mammospheres over 7 days, membrane-stained 

with CellMask Orange, and gently pipetted into glass-bottomed dishes for live-cell 

confocal microscopy.  Long, motile, and dynamic protrusions from the cells were 

observed along the edges of mammospheres (Figure 4.9, a, black arrows and 

Supplemental Movie 1A), which were abolished upon the addition of colchicine (Figure 

4.7, b, and Supplemental Movie 1B), further demonstrating that the observed protrusions 

are tubulin-based McTNs. 
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Figure 4.7 - Microtentacles persist on the surface of mammospheres.  

Live cell confocal imaging of a HMLE mammosphere stained with CellMask Orange revealing dynamic 

microtentacles (a, black arrows) that disappear upon treatment with microtubule polymerization inhibitor 

Colchicine (b, 50µM, 10 minutes). 

Source: Charpentier et al, 2014 (141). 

 

Having established that dynamic McTNs persisted on the surface of cells in 

mammospheres, we further investigated if McTNs also penetrated through the three-

dimensional structure of mammospheres.  Both HMLE and tumorigenic BT-549 cells 

were cultivated as mammospheres, and transduced with GFP targeted to the cell 

membrane in order to visualize McTNs from individual cells.  The entire mammosphere 

was subsequently stained with CellMask Orange and transferred to a glass-bottom dish 

for live-cell confocal microscopy.  Three-dimensional computer rendering of these 

mammospheres reveals that cells within mammospheres exhibit long, flexible protrusions 

which encircle adjacent cells within the mammosphere and penetrate between cell-cell 

junctions in the mammosphere walls (Figure 4.8, white arrows, and Supplementary 

Movies 2-5).  While encirclement of adjacent cells with McTNs contributes to short-term 
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cell aggregation (137), this evidence indicates that McTNs can persist between adjacent 

cells during mammosphere development over a much longer term (10-14 days). 

 

 

Figure 4.8 – Microtentacles persist and penetrate between cells in the mammosphere wall. 

Live cell confocal imaging of mammospheres stained with CellMask Orange (red) and transduced with 

GFP-membrane (green) suspended over a glass surface reveals McTNs from the GFP-membrane cell 

encircling other cells in the mammosphere.  Three-dimensional computer-rendered image of HMLE (a) and 

BT-549 (d) mammospheres viewed from the bottom of the spheres.  GFP-membrane transduced cells 

reveal long, flexible protrusions (b, e) that encircle other cells in the mammospheres (c, f). 

Source: Charpentier et al, 2014 (141). 
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IV. SPECIFIC AIM II: Curcumin Targets Microtentacles on 

Breast Cancer Stem Cells and Inhibits Reattachment 
 

Having demonstrated that McTNs are increased in the stem-like subpopulation 

and persist in mammospheres, we sought to determine if pharmacological targeting of 

breast cancer stem cells might also inhibit McTNs.  We investigated whether curcumin, a 

dietary polyphenol inhibitor of Wnt signaling shown to inhibit breast cancer stem cells 

(133) would have an effect on McTN levels and function. Since the BT-549 breast cancer 

cell line has both a high proportion of stem-cell character and high levels of 

microtentacles (Table 4.1) and has previously been shown to be responsive to short term, 

high dose treatments of curcumin (142), we examined the effect of curcumin on CSC 

character, McTN formation, and reattachment efficiency in BT-549 cells.   

 

A. Short-term, high-dose curcumin treatment does not affect viability 

Curcumin was previously shown to reduce stem cell signaling as early as 12 hours 

(133), but can inhibit motility as quickly as 10 minutes when given in high doses (143).  

Given curcumin’s wide-ranging yet rapid effects, we determined if curcumin could affect 

the CSC subpopulation and McTNs after a relatively short 6 hour treatment.  First, we 

investigated any potential toxicity from curcumin treatment that could confound future 

studies.  A cell viability assay determined that there was no significant loss of cell 

viability at 6 hours over a dose range of curcumin (Figure 5.1A).  To further ensure that 

curcumin treatment was not inducing apoptosis, cells were assayed for poly-(ADP-

ribose)-polymerase (PARP) cleavage. Treatment with staurosporine (16h, 1 M) induced 

robust PARP cleavage as a positive control, but treatment with a dose range of curcumin 
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(6h) revealed no cleaved PARP (Figure 5.1B); these findings indicate that curcumin’s 

effects on CSC characteristics and McTNs on BT-549s under these conditions (50 M, 6 

hour treatments) are independent of toxicity and apoptosis.   

 

Figure 5.1 – Short-term, high-dose treatment of curcumin does not affect viability. 

A) Cellular viability assay using CellTiter 96 AQueous One Solution (Promega) reveals no significant 

differences in viability between BT-549 cells treated with doses of curcumin (5, 10, 25, 40, and 50 µM) 

compared to vehicle (DMSO) for 6 hours (P ≥ 0.05 for each time point).  B) Western blot analysis reveals 

no significant cleavage of poly ADP-ribose polymerase (ΔPARP) with up to 50 µM Curcumin exposure for 

6 hrs BT-549s, while treatment with 1 µM staurosporine for 16 hrs positively induced PARP cleavage (far 

right lane). 

Source: Charpentier et al, 2014 (141). 

 

Because curcumin has been shown to be well-tolerated even at very high doses in 

patients (131), the highest dose shown to be non-toxic in our studies (50 M) was 

prioritized for functional studies. Doses of 50 M curcumin have been shown to be non-

toxic in many other cell lines including: MCF-7 (breast), LnCAP (prostate), PC-3 

(prostate), HepG2 (liver) and A-549 (lung) (143, 144).  

 

B. Curcumin reduces microtentacles and reattachment. 

After a 6 hour treatment, curcumin (50 M) dramatically reduces the percentage 

of cells expressing the CD44
hi

/CD24
lo

 stem cell marker phenotype (Figure 5.2), p ≤ 

0.005, n=3).  Long-term mammosphere formation was also inhibited by curcumin 
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treatment, further confirming that this dose of curcumin (50 M) inhibits the breast cancer 

stem cell subpopulation in our model (Figure 5.3).  Having established that 50 M of 

curcumin treatment for 6 hours was sufficient to affect breast CSCs, we next sought to 

determine whether McTNs were also affected.  When BT-549 cells were treated with 

either vehicle or curcumin (50µM, 6hr) (Figure 5.4A), blinded quantitation revealed a 

significant reduction in McTN frequencies with curcumin treatment (≥2-fold, p ≤ 0.0005, 

n=3). 

Figure 5.2 - Short-term, high-dose treatment with curcumin reduces CSC surface marker phenotype.  

Treatment with 50 µM Curcumin for 6hr significantly reduces the proportion of cells in stem-like 

population as assessed by surface marker phenotype.  Columns=mean for three independent experiments 

where at least 10,000 BT-549 cells per treatment group were analyzed; bars=SD (P ≤ 0.005, t test, black 

asterisk). 

Source: Charpentier et al, 2014 (141). 
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Figure 5.3 -Vehicle-treated BT-549s form significantly more mammospheres than BT-549s treated 

with 50 µM curcumin.   

Columns=mean for three experiments where 20,000 single cells were grown in 2mLs of Complete 

Mammocult under attachment-free conditions for 7 days; bars=SD (p ≤ 0.0005, t test, black asterisk). 

Images, 10x magnification. 

Source: Charpentier et al, 2014 (141). 

 

To test if this curcumin-induced decrease in McTNs impacted the reattachment of 

breast tumor cells, we compared the ability of vehicle or curcumin-treated (50 M, 6 hr) 

BT-549s to reattach from suspension by real-time electrical impedance.  Cells were 

pretreated with vehicle or curcumin for 6 hours and reattachment was monitored in the 

presence of vehicle or curcumin, respectively.  Treatment with curcumin resulted in a 

significant reduction in reattachment efficiency compared to vehicle (Figure 5.4B).  
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Figure 5.4 - Stem-cell targeting agent Curcumin reduces microtentacles and reattachment.  

A) Vehicle-treated BT-549s display significantly higher microtentacle frequencies than BT-549s treated 

with 50 µM curcumin for 6 hours.  Columns=mean for three blinded experiments where at least 100 

CellMask-stained cells were counted, representative of three independent experiments; bars=SD (P ≤ 

0.0005, t test, black asterisk).  B) Vehicle-treated BT-549s attach at significantly faster rates than BT-549s 

pretreated with 50 µM curcumin for 6 hours and then seeded into E-plates containing vehicle or drug, 

respectively, as determined by electrical impedance expressed as Cell Index.  Lines=mean for quadruplicate 

wells; bars=SD; representative graph from three independent experiments is shown. 

Source: Charpentier et al, 2014 (141). 

 

 

C. Ongoing Studies: Direct Cytoskeletal Effects of Curcumin 

 Given curcumin’s rapid and dramatic effects on McTNs and reattachment, studies 

are underway to determine the mechanism of curcumin’s reduction of McTNs.  Having 

previously established that the coordination of detyrosinated tubulin and vimentin plays a 

significant role in promoting McTN formation, western blotting and immunofluorescence 

were used to examine the protein levels and organization of these critical cytoskeletal 

proteins (94, 98, 108).  Over a dose range of curcumin in BT-549 cells, we observed a 

surprising concurrent increase in glu-tubulin and decrease in vimentin protein levels, with 

a substantial loss of vimentin protein at the highest dose used (50 M, 6 hr) (Figure 5.5).  

However, immunofluorescence of attached BT-549 cells treated with either vehicle 

control or curcumin (50 M, 6 hr) revealed intact -tubulin networks in both vehicle and 

curcumin-treated cells (Figure 5.6, a,d), but a perinuclear collapse of vimentin only in the 
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curcumin-treated cells but not the vehicle-treated cells (Figure 5.6, b,e).  Additionally, 

blinded McTN scoring indicates that curcumin’s effect on McTNs occurs through a rapid 

and direct effect on the cytoskeleton, as a significant reduction in McTN formation 

occurred with curcumin treatment (50 M) in just 30 minutes (Figure 5.7).  Ongoing 

studies are examining curcumin’s effect on additional cytoskeletal proteins in both 

attached and suspended cells as well as the temporal relationship of these cytoskeletal 

changes in order to elucidate the mechanism by which curcumin reduces McTNs.  

Figure 5.5 - Curcumin alters protein expression of cytoskeletal components of microtentacles.  
Representative western blot analysis of BT-549 cells treated with a dose range of curcumin (6hr) shows 

that curcumin has a dose-dependent increase in detyrosinated (Glu) tubulin and a dose-dependent decrease 

in vimentin whereas GAPDH is unchanged (cropped). 

Source: Charpentier et al, unpublished data. 
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Figure 5.6. - Curcumin alters protein organization of cytoskeletal components of microtentacles.  
Representative immunofluorescence images of attached BT-549 cells treated with curcumin (50 µM, 6 hr) 

shows that curcumin does not affect the -tubulin network (a,d) but causes a perinuclear collapse of 

vimentin (b,c). 

Source: Charpentier et al, unpublished data. 

 

 
Figure 5.7 - Stem-cell targeting agent Curcumin reduces microtentacles within 30 minutes.  

Vehicle-treated BT-549s display significantly higher microtentacle frequencies than BT-549s treated with 

50 µM curcumin for 30 minutes.  Columns=mean for three blinded experiments where at least 100 

CellMask-stained cells were counted, representative of three independent experiments; bars=SD (P ≤ 

0.0005, t test, black asterisk). 

Source: Charpentier et al, unpublished data. 
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V. CONCLUSIONS 

A. Discussion and Summary 

The cytoskeletal dynamics of CTCs are a crucial determinant of their ability to 

survive the shear forces of the circulatory system and reattach to distal sites for eventual 

metastatic outgrowth.  CSCs may have a more deformable cytoskeleton, giving them a 

survival advantage in the bloodstream over more differentiated cells (81), but it is 

uncertain which cytoskeletal components are specifically altered in more stem-like cells.  

We previously reported that mammary epithelial cells produce novel tubulin-based 

protrusions of the plasma membrane termed microtentacles (McTNs) upon detachment 

and suspension (94).  In a normal epithelial cell, the outward expansion of microtubules 

is counteracted by the inward-directed force of the actin cortex, a balance termed the 

cellular tensegrity model (91).  Cytoskeletal dysregulation, such as that occurring in 

tumor cells, disrupts tensegrity, allowing for the formation of McTNs in suspended breast 

epithelial and cancer cells (100).  These McTNs facilitate reattachment, where McTNs 

penetrate endothelial cell layers and promote retention in the lungs of living mice in 

experimental metastasis assays (97, 99).  Here, we report for the first time that breast 

cancer cell lines with high proportions of cells expressing the breast CSC surface marker 

phenotype, CD44
hi

/CD24
lo

, are associated with an elevated level of McTNs.  While this 

correlation between the breast CSC phenotype and McTNs was established using many 

cell lines (Table 4.1), further analysis was prioritized using the isogenic HMLE model 

system, which has clearly defined CSC and non-CSC subpopulations and the BT-549 cell 

line, which is highly enriched in the CSC surface marker phenotype, has high levels of 
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McTNs, and has previously been reported to rapidly respond to curcumin treatment 

(142). 

Using the HMLE cell line as an isogenic model of naturally arising stem-like and 

non-stem-like subpopulations, we further demonstrate that the stem-like subpopulation of 

mammary epithelial cells have significantly increased levels of McTNs and enhanced 

reattachment (Figures 4.1 and 4.5).  This data suggests that not only are breast CSCs 

more efficient at tumor formation, they are primed for more successful metastasis by 

promoting McTN formation, which facilitates attachment at distal sites.   

 Microtentacles may be stabilized through a variety of mechanisms, including α-

tubulin detyrosination and upregulation of the intermediate filament vimentin (reviewed 

in (100)). Protein analysis and immunofluorescence of attached and suspended HMLE 

stem-like and non-stem-like cells suggest that breast CSCs promote McTN formation 

through tubulin detyrosination and vimentin upregulation (Figures 4.3 and 4.4).  Both 

Glu-tubulin and vimentin enhance McTN formation and signify poor patient prognosis 

(104, 105, 145), but prior to this study, had not been identified as concordant cytoskeletal 

alterations specific to the breast CSC subpopulation.  Furthermore, our findings suggest 

that increased tubulin detyrosination and vimentin expression provide a selective 

advantage to breast CSCs during the metastatic process, as they enhance McTN 

formation and can promote reattachment.  Our novel finding that stem-like breast cells 

have a dramatically faster reattachment rate provides compelling evidence that breast 

CSCs are inherently more capable of metastatic dissemination.  Tubulin has long been a 

popular target for cancer therapeutics given its role in cell division, yet widespread 

toxicity and acquired drug resistance limits the utility of tubulin-targeted agents (146).  
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Our data demonstrates for the first time that the stem-like subpopulation of breast cells 

are enriched in detyrosinated (Glu) tubulin and vimentin, cytoskeletal modifications that 

support the increased McTN frequency observed in the breast stem-like subpopulations.  

This novel finding that breast stem cells have elevated, stable microtubules that enhance 

McTN formation suggests that the development of therapies aimed at this specific subset 

of Glu-microtubules may be more efficacious in reducing metastasis and generally less 

toxic than therapies affecting microtubules indiscriminately.   

The growth of single cells under non-adherent conditions into spheres termed 

mammospheres has become an important assay for breast stem cell character, as 

mammosphere growth depends on the presence of self-renewing stem cells (50).  In this 

study, we show that dynamic, tubulin-dependent McTNs persist on the outer surface of 

mammospheres after 7 days of growth under non-adherent conditions (Figure 4.7).  Our 

confocal imaging data suggests that McTNs on these breast CSCs penetrate between cell-

cell junctions, encircling adjacent cells within the mammosphere wall, extending the role 

of McTNs beyond facilitation of short-term homotypic aggregation (Figure 4.8).  Our 

previous studies focused on the generation of McTNs on single, suspended cells; here, we 

show that cells growing attached to one another in a mammosphere are still able to form 

McTNs on areas of the cell membrane exposed to the environment.  Given our novel 

findings that McTNs persist during long-term mammosphere growth and remain reactive 

to the environment of suspension, it is possible that McTNs on circulating CSCs may also 

aid in the formation and even reattachment of clusters of CTCs.  Characterization of 

CTCs is an emerging field, where the identification and biological significance of CTC 

clusters in the bloodstream is poorly understood.  Ex vivo and in vivo experiments using 
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single cell suspensions of metastatic breast carcinoma cells reveal the formation of 

homotypic aggregates at the site of attachment to the endothelial wall (147), and a 

recently-developed enrichment-free immunofluorescence detection method has identified 

circulating aggregates of tumor cells in bloodstream of patients with various epithelial 

cancers (148).  Regardless of whether the aggregates are formed during transit in the 

bloodstream or following the adhesion of an initial single cell, McTNs could be 

facilitating this cluster reattachment of breast carcinoma cells to the vascular 

endothelium.  Similar to the McTNs we report here both within the mammosphere wall 

and on the outer surface of the mammosphere, McTNs on circulating CTC clusters could 

both aid in the aggregation of CTC clusters and in their attachment to the endothelium. 

 Recently, Shibue et al have identified a novel cellular structure, termed filopodia-

like protrusions (FLPs), with similarities to McTNs (149, 150).  FLPs are actin-based 

protrusions produced by attached breast cancer cells which interact with the ECM via 

integrin β1 to aid in establishing primary tumors and metastatic lesions.  Importantly, 

when using the same HMLE model for stem-like and non-stem-like cells as the present 

study, they showed that FLPs were more numerous and longer lived in the stem-like 

subpopulation.  Collectively, this data suggests that breast cancer stem cells have unique 

cytoskeletal modifications that promote metastatic spread.  Like McTNs, FLPs are 

increased in more metastatic cell lines.  In contrast, McTNs are tubulin-based protrusions 

generated on suspended cells while FLPs are actin-based structures arising on ECM-

attached cells.  Further distinguishing McTNs and FLPs, activation of actin-severing 

protein cofilin enhances McTN formation while impairing FLP formation (137, 150).  

These differences in cytoskeletal structure underscore the need for careful consideration 
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of cytoskeletal-targeted chemotherapeutics, as the initial stages of CTC reattachment 

depend on tubulin while transendothelial migration and colonization rely on actin (93, 

95).  

While there are many questions remaining about stem cell biology and CSCs, the 

identification of surface markers that enrich for tumor-initiating cells has effectively 

demonstrated that in many epithelial cancers, only a subset of cells are capable of 

efficient tumorigenesis and metastasis.  The next step towards clinical utility of the 

cancer stem cell theory is to identify specific therapeutic targets to inhibit CSCs while 

sparing normal epithelial cells.    Our data reveal that a short term treatment with high 

doses of curcumin is sufficient to reduce the CSC surface marker phenotype without 

affecting viability.  For the first time, we demonstrate that short-term, high-dose 

curcumin treatment can inhibit McTN formation and prevent reattachment from 

suspension.  These data demonstrate that stem-cell targeted therapies can have rapid 

effects on the surface markers and cytoskeletal organization of CSCs that are independent 

of effects on growth and do not require long-term selection of different subpopulations.  

Since curcumin is well-tolerated even at very high doses in patients (131), and non-toxic 

in many cell lines (143, 144), it is also possible that the side effects of curcumin treatment 

may be relatively low.  Our finding that curcumin inhibits McTNs and reattachment may 

provide a mechanism for previous studies in which curcumin treatment was shown to 

significantly reduce breast cancer cell adhesion in a parallel plate flow chamber assay 

(151), where a loss of McTNs could prevent the breast cancer cells from making the 

initial attachments required for adhesion.  Additionally, data showing that treatment with 

curcumin inhibits spontaneous metastasis of human breast cancer to the lung in a mouse 
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xenograft model supports our model where inhibition of McTNs prevents cancer cell 

retention in the lungs, serving as a potential strategy to reduce metastasis (152). 

Curcumin has been shown to have pleiotropic mechanisms of action (reviewed in 

(131)), exerting effects by directly interacting with targets (at least 33 different proteins) 

or by modulating gene expression through multiple transcriptional factors, such as NFκB 

and Wnt/β-catenin (131).  We and others have shown that curcumin inhibits the breast 

CSC subpopulation (133); however, in the present study we report that McTNs are a 

novel target for curcumin and can inhibit CSC reattachment.  While the specific 

mechanism responsible for McTN reduction is under current investigation, it remains 

possible that curcumin is reducing McTNs and inhibiting reattachment through numerous 

mechanisms, beyond its direct effects on the cytoskeleton.  Fluorescence spectroscopy 

and FRET indicate that curcumin may bind directly to tubulin, the major component of 

McTNs (132, 134).  Several studies in breast and prostate cancer cell lines suggest that 

curcumin can interfere with microtubule dynamics and F-actin architecture in a dose, 

time, and cell-line dependent manner (132, 135, 143, 153).  Curcumin’s specific effects 

on cytoskeleton of breast CSCs compared to other more well-differentiated normal and 

malignant epithelial cells and its disruption of McTN formation are the subject of 

ongoing investigation in our laboratory.   

While the current study focuses on the cytoskeletal dynamics of cultured human 

breast tumor cells subjected to free-floating conditions, these conditions cannot 

completely recreate the complexity of human disease.   Previous studies in animal models 

from our lab and others have shown that CTCs reattach to blood vessel walls with an 

actin-independent, tubulin-dependent cytoskeletal mechanism (20, 21) that matches the 
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McTNs we have identified within the stem-like subpopulation of cultured breast tumor 

cells.  New methods for imaging McTN-based reattachment of CTCs within intact blood 

vessels are under development in our laboratory.  To extend these findings into breast 

cancer patients will require new technology to rapidly isolate live and intact CTCs for 

dynamic cytoskeletal studies.  Such rapid CTC isolation technology is under intense 

development by many groups and will be used when it is available to determine if 

circulating breast CSCs from human patients produce McTNs that aid in their 

reattachment at distal sites.  

The data presented here support a model in which breast CSCs are not only highly 

tumorigenic, but are primed for more successful metastasis due to cytoskeletal alterations 

leading to increased production of dynamic McTNs, which promote reattachment.  

Curcumin’s ability to reduce McTNs and inhibit reattachment makes curcumin an 

intriguing potential chemotherapeutic that could not only inhibit the outgrowth of 

metastases, but also reduce the potential for circulating CSCs to reattach and establish 

deadly metastases. 

Current clinical trials for cancer chemotherapeutics assess the ability to shrink 

existing tumors, rather than prevent metastatic spread and outgrowth.  This approach 

neglects the fact that the biology of metastasis may be very different than that of primary 

tumor development(154).  Indeed, chemotherapeutics may have very different effects on 

tumor cells in an already established lesion than on CTCs in circulation.  For example, 

studies using suspended breast cancer cell lines to model CTCs show that treatment with 

Taxol, a commonly used antiproliferative chemotherapeutic, enhances the level of 

detyrosinated tubulin and formation of McTNs, as well as their ability to reattach from 
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suspension (155). In addition to their effects on the cytoskeleton of CTCs, 

chemotherapeutics may have unintended effects on the behavior of CTCs.  Adriamycin 

treatment can induce EMT in a Twist-dependent manner in breast cancer cells, 

potentially providing an unintended metastatic advantage (156).  Additionally, 

irradiation, a common treatment modality in breast cancer, can increase EMT and CSC 

characteristics (157).  Importantly, patients receiving neoadjuvant therapy were more 

likely to express EMT transcription factors in their CTCs than patients who did not 

receive neoadjuvant therapy (158).  Given the connection between EMT and CSCs, and 

the therapeutic resistance associated with CSCs, this finding suggests that either EMT-

like CTCs are resistant to neoadjuvant therapy, or that the stress of neoadjuvant therapy 

could trigger CTCs to undergo an EMT (158).  Taken together, these studies suggest that 

the effects of therapies on CTCs need to be considered when designing treatment plans 

with the aim of treating or preventing metastasis.  A compelling recent study shows that 

when CTCs increase during neoadjuvant chemotherapy, breast cancer patients have a 25-

fold higher risk of relapse after 7 years, emphasizing the importance of understanding 

how existing cancer therapies affect CTC metastatic potential (159). 

 

B. Future Directions 

 The results of the experiments presented in Chapter IV suggest that more stem-

like breast cancer cells produce McTNs at higher frequencies than more differentiated 

cancer cells, and thus sustain a metastatic advantage.  To provide further support for this 

hypothesis, ongoing studies to demonstrate a metastatic advantage for these McTN-

enriched breast CSCs are underway.  Luciferase-expressing HMLE cells retaining the 
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naturally split population of stem-like and non-stem like mammary epithelial cells have 

been generated by stable selection and expansion of a single clone derived from infection 

with a lentiviral luciferase vector.  This cell line will be used in whole body 

bioluminescent imaging to follow the fate of the sorted subpopulations once injected into 

the circulatory system.  Bioluminescent imaging has been used to follow circulating 

epithelial tumor cells.  When injected into the tail-vein, as in our proposed experiments, 

tumor cells initially trap in the lung capillary beds and then largely fragment due to the 

shear forces of circulation, resulting in a rapid decrease in bioluminescent signal (160).  

We have previously shown that cell lines with genetic modifications promoting increased 

McTN formation have increased lung retention using bioluminescent imaging (97). The 

initial trapping of the lung of the stem-like and non-stem like subpopulations is 

demonstrated in Figure 6.1.  Serially monitoring will be used to compare the initial 

reattachment capability of the stem-like subpopulation compared to the non-stem like 

subpopulation. Given the increase in McTNs in the stem-like subpopulation (Figure 

4.1B) and increased reattachment in vitro (Figure 4.5), we expect to see increased lung 

trapping and retention in the stem-like subpopulation compared to the non-stem like 

subpopulation. 

 



83 

 

 

Figure 6.1 - Initial Lung Retention of sorted stem-like and non-stem-like HMLE subpopulations.  

Flow cytometry was used to sort lentiviral luciferase-expressing subpopulations of stem-like 

(CD44
hi

/CD24
lo, 

left) and non-stem-like (CD44
lo

/CD24
hi

, right) cells.  1 x 10
6
 cells from each subpopulation 

were injected via the tail vein into nude mice. Following intraperitoneal injection of luciferin, mice were 

imaged for bioluminescent detection of retained cells. 

Source: Charpentier et al, unpublished data. 

 

 To determine if our findings of increased McTNs and reattachment capability in a 

more stem-like human mammary epithelial subpopulation are more widely applicable to 

the biology of human breast cancer, we plan to conduct studies on patient-derived 

samples.  Samples of primary breast tumors will be used to create a tumorgraft bank, 

where the human breast cancer tissue can be propagated and expanded by serial 

implantation in the mammary fat pad of immunodeficient mice (161).  These patient-

derived xenografts have been shown to recapitulate the histology and metastatic patterns 

of the original patient tumor, and having never entered standard tissue culture conditions, 

thus represent a more realistic model for studying the biology of human breast cancer 

(161).  The tumorgrafts will be dissociated into single epithelial cells, which can then be 

further separated by flow cytometry into stem-like and non-stem like subpopulations.  
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These subpopulations can then be scored for McTNs to provide compelling evidence that 

breast cancer stem cells produce elevated levels of McTNs.  We are currently establishing 

a tumorgraft bank, currently with samples from three breast cancer patients at the 

University of Maryland Greenebaum Cancer Center. Using tumorgraft banking to study 

the response of patient-derived cells provides a more robust assay with increased patient 

relativity, as these tumor cells are never propagated using traditional, artificial in vitro 

cell culture techniques.  Live confocal microscopy of single cells from these tumors 

reveals long, flexible McTNs on the surface of these patient-derived cells (Figure 6.2).   

 

 

 

Figure 6.2 - Microtentacles on a suspended breast tumor cell from patient-derived xenografts.   

Single-cell dissociation and differential centrifugation was performed to enrich for single epithelial cells 

derived from a patient tumor xenograft (HCI-001, Huntsman Cancer Center).  Cells were suspended and 

stained with CellMask Orange to visualize microtentacles using live, confocal microscopy. 

Source: Charpentier et al, unpublished data. 

  

To expand our findings in Chapter V that curcumin reduces McTNs and 

reattachment, we are conducting time and dose response studies using 

immunofluorescence, Western blotting, and McTN scoring to assess curcumin’s effect on 
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McTN formation and the underlying cytoskeletal modifications promoting McTNs.  

Given curcumin’s pleiotropic cellular effects, it is likely that curcumin reduces McTN 

formation through multiple mechanisms.  We will investigate both the possibility of 

direct cytoskeletal disruption and signaling pathway alterations by employing 

biochemical and cell-based in vitro assays.  To directly quantify the time course for 

curcumin-induced McTN reduction, a tethering system is in development.  This system 

uses single-stranded DNA printed on a chamber slide to tether suspended cells that have 

been labeled with cell membrane-anchored, lipid-conjugated complementary single-

stranded DNA (Figure 6.3) (162).  These tethered cells remain suspended and produce 

McTNs, which can be imaged using live confocal videomicroscopy.  Drugs can then be 

washed over the cells to visualize and quantify McTN responses.  Preliminary studies 

using the MDA-MB-436 cell line suggest that curcumin (50 M) can reduce McTNs 

within 10 minutes (Supplemental Movie 6).  These tethered arrays will be used to 

quantify the reduction of McTNs in both cell line and patient-derived tumorgraft samples 

in order to determine how rapidly curcumin can inhibit McTNs.  Immunoprecipitation 

and in vitro binding assays will be used to investigate curcumin’s effect on the binding 

and coordination of detyrosinated tubulin and vimentin via kinesins.  Additional 

biochemical experiments will be performed as needed to determine the binding partners 

of curcumin within McTNs.  Given our data that curcumin affects the McTN-promoting 

intermediate filament vimentin (Figures 5.5 and 5.6), we will also investigate that 

possibility that curcumin reduces McTNs by disrupting vimentin organization.  Vimentin 

is highly regulated by phosphorylation by numerous kinases (Reviewed in(163-166)); 

therefore, we will begin our investigation of the potential signaling pathways that 
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curcumin could alter in order to affect McTN formation by examining the site-specific 

phosphorylation status of vimentin in response to curcumin  treatment. 

 These additional studies will expand and clarify the relationship between breast 

cancer stem cells and microtentacles, as well as determine a mechanism for curcumin-

induced reduction in microtentacles, and may provide further support for curcumin’s 

utility as an anti-metastatic chemotherapeutic.  Coupling the patient relevance of the 

tumorgraft banking system with the analytic power of the tethered slide system may 

eventually allow for more personalized medicine, as information regarding an individual 

patient’s McTN levels and McTN response to a range of chemotherapeutics can rapidly 

be determined, thus allowing for the selection of chemotherapeutics that would prevent 

McTN-based CTC reattachment and eventual metastatic outgrowth. 
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Figure 6.3 -Tethering Array for Microtentacle Analysis.   

Glass chamber slides are printed with single-stranded DNA molecules.  Lipid-conjugated complementary 

single-stranded DNA has been incorporates into the cell membrane of breast tumor cells, which can then be 

washed over the slide.  The complementary DNA strands hybridize, tethering the tumor cells in suspension 

to the slide, where their cytoskeletal and membrane dynamics can be analyzed in continuous suspension 

using confocal microscopy. 

Source: Charpentier et al, unpublished data. 
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VI. Supplemental Figure Legends 
 

Supplemental Movie 1:  A, Live cell confocal imaging of a HMLE mammosphere 

stained with CellMask Orange revealing dynamic microtentacles. B, Microtentacles 

disappear upon treatment with microtubule polymerization inhibitor Colchicine (50µM, 

10 minutes). 

 

Supplemental Movie 2: Live cell confocal imaging of HMLE mammosphere stained 

with CellMask Orange (red) and transduced with GFP-membrane (green) suspended over 

a glass surface.  Three-dimensional computer-rendered image reveals McTNs from the 

GFP-membrane cell encircling other cells in the mammosphere. 

 

Supplemental Movie 3: Live cell confocal imaging of HMLE mammosphere stained 

with CellMask Orange (red) and transduced with GFP-membrane (green) suspended over 

a glass surface.  Cross-sections reveal McTNs from the GFP-membrane cell encircling 

other cells in the mammosphere. 

 

Supplemental Movie 4: Live cell confocal imaging of BT-549 mammosphere stained 

with CellMask Orange (red) and transduced with GFP-membrane (green) suspended over 

a glass surface.  Three-dimensional computer-rendered image reveals McTNs from the 

GFP-membrane cell encircling other cells in the mammosphere. 
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Supplemental Movie 5:  Live cell confocal imaging of BT-549 mammosphere stained 

with CellMask Orange (red) and transduced with GFP-membrane (green) suspended over 

a glass surface.  Cross-sections reveal McTNs from the GFP-membrane cell encircling 

other cells in the mammosphere. 

 

Supplemental Movie 6:  Live cell confocal imaging of MDA-MB-436 breast cancer 

cells tethered to chamber slides via DNA hybridization probes and stained with CellMask 

Orange. Live video microscopy reveals a collapse of microtentacles within 10 minutes 

after curcumin wash-in (50µM). 
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