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ABSTRACT 

 

Title of Dissertation: Reducing Metastatic Potential by Targeting Tumor Metabolism 

and Understanding the Free-floating Tumor Microenvironments of Metastasis 

Kristi R. Chakrabarti, Doctorate of Philosophy, 2016 

Dissertation Directed by: Stuart S. Martin, Ph.D., Associate Professor of Physiology. 

 

The dynamic balance between microtubule extension and actin contraction regulates 

mammalian cell shape, division and motility, which has made the cytoskeleton an 

attractive and very successful target for cancer drugs.   Circulating breast tumor cells use 

tubulin-based structures known as microtentacles (McTNs) to re-attach to endothelial 

cells and arrest in distant organs.  McTN formation is dependent on the opposing 

cytoskeletal forces of stable microtubules and the actin network.  Numerous compounds 

in clinical use to reduce tumor growth indiscriminately alter the assembly and dynamics 

of all microtubules, which causes significant dose-limiting toxicities on normal tissues.  

Therefore, novel molecular targets on microtubules are necessary to better exploit the 

cytoskeleton of circulating tumor cells (CTCs).  AMP- activated protein kinase (AMPK) 

is a cellular metabolic regulator that can alter actin and microtubule organization in 

epithelial cells.  We used drugs targeting AMPK to better understand the role of this 

pathway on the cytoskeleton of breast tumor cells.   AMPK inhibition increased both 

microtubule stability and cofilin activation, which also resulted in higher McTN 

formation and re-attachment.  Conversely, AMPK activation decreased microtubule 

stability and coflin activation with concurrent decreases in McTN formation and cell re-

attachment.  We also investigated a downstream substrate of AMPK, clip-170, which is a 



microtubule end-binding protein.  We found that constitutive phosphorylation of clip-170 

also reduces McTN frequency.  These results support a model where AMPK activators 

may be used therapeutically to reduce the metastatic efficiency of CTCs.  However, 

effective strategies to study the free-floating behavior of freshly isolated CTCs from 

patients remains a major barrier limiting our understanding of CTC biology.  Therefore, 

we engineered a strategy to spatially immobilize detached tumor cells while maintaining 

their free-floating character.  The goal was achieved using a microfluidic cell tethering 

device that allows capture of high-resolution images of McTNs on viable free-floating 

cells.  In addition, we showed that tethering allows for real-time analysis of McTN 

dynamics on individual tumor cells and in response to tubulin-targeting drugs. The ability 

to image detached tumor cells and test existing drugs can enhance our understanding of 

CTCs, improve the development of more precise cytoskeletal cancer therapies, and 

advance personalized cancer treatment for patients. 
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BREAST CANCER 

 

Breast cancer is the most common form of cancer diagnosed in women in the United 

States and is the second leading cause of cancer-related deaths.  Women have a life-time 

risk of 1 in 8 of developing breast cancer [1].  The female human mammary gland is 

made up of lobules, which are rounded sacs that produce milk, and ducts that carry the 

milk from the lobules to the nipple.  Normal breast tissue is also comprised of fat, 

muscles, and connective tissue.  Breast tumors can be in the form of carcinomas or 

sarcomas.  Carcinomas make up the majority of breast cancers, known as 

adenocarcinomas, and originate in the epithelial cells of the glandular tissue of the lobes 

and ducts.  Sarcomas are rare and originate from the connective tissue (or stroma) of the 

breast [2].  

 

Diagnosis of breast cancer is done through imaging and biopsy (Figure 1.1A).   

Mammography, which is imaging of the breast with x-rays, is currently the gold standard 

for early breast cancer detection and is best for the diagnosis of non-invasive cancer and 

micro-calcifications.  However, screening mammography has received scrutiny in the 

past few years even though it has shown to have promising results for decreasing 

mortality [3].  Mammography screening is associated with an overall 19% decrease in 

mortality, but the false-positive rate in women in their 40s or 50s undergoing screening 

mammograms for 10 years is about 61% [4].  The screening mammogram has sensitivity 

as low as 70% in women below 50.  Digital breast tomosynthesis (DBT) reduces the 

recall rate of mammograms.  Recall rate refers to the percentage of mammograms that are 

interpreted as suspicious and require diagnostic follow-up.  DBT acquires multiple 
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projection exposures with 

x-ray tube/detector motion 

of a digital mammographic 

system with limited rotation 

angle (e.g., 15-60 degrees) 

and a number of discrete 

exposures (e.g., 7-51). 

Because the image 

processing is digital, a 

series of multiple projection 

images of slices at different 

depths and thicknesses can 

be reconstructed allowing 

visual review of thin breast sections.  DBT offers the potential to unmask suspected 

lesions obscured by normal tissue located above and below the cancerous lesion [5].  For 

women above 50, screening mammogram has more definitive benefits and has shown to 

decrease mortality by one third [6].  Due to these findings, screening guidelines were 

upgraded in 2015.  Current American Cancer Society guidelines recommend biennial 

mammograms for women above the age of 55 and annual screening for women between 

the ages of 45 and 55 [7].  In the event of an abnormal mammogram, a diagnostic 

mammogram is required with or without ultrasound.  FDA has also recently approved the 

use of automated ultrasound as an adjunct for suspected lesions.  In addition to 

mammography, a contrast MRI is also utilized to visualize breast lesions.  MRI is usually 

Figure 1.1: Breast cancer detection and treatment.  

A. Breast cancer detection methods consist primarily 

of a mammogram followed by biopsy.  Ultrasound and 

MRI may also be necessary for some patients.  B. 

Treatment options for breast cancer patients include 

surgery, systemic therapy, and radiation. 
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used in two main settings: patients already diagnosed with breast cancer and certain high-

risk women as a screening tool along with mammograms.  For women who are already 

diagnosed, MRI can provide better visualization of the size of the tumor and is used to 

search for any additional tumors in the contralateral breast.  Once tumors are found 

through imaging, a biopsy is necessary to confirm the diagnosis of cancer through 

histological analysis [8]. 

 

There are two non-invasive, also known as in situ, forms of breast cancer.  Breast cancer 

is considered in situ when the tumor cells have not yet invaded through the basement 

membrane to the surrounding breast tissue.  The vast majority (83%) of in situ cases are 

ductal carcinoma in situ (DCIS) where the epithelial cells lining the ducts are replaced by 

abnormal cancerous cells.  Lobular carcinoma in situ (LCIS) is less common (13% of all 

cases) and involves cancer cells growing in the breast lobules.  Unlike DCIS, LCIS is not 

a precursor to invasive cancer, but rather, is a risk factor for invasive breast cancer.  

Invasive breast cancer is a result of tumor cells that have invaded through the basement 

membrane and into the adjacent tissue [1].  Invasive breast cancer accounts for the 

majority of all breast cancer diagnoses and is classified through a TNM staging criteria.  

The TNM refers to the size of the tumor and how far it has spread in the adjacent tissue 

(T), amount of lymph node involvement (N), and presence of distant metastasis (M).  

After the TNM status is determined, further classification is done by assigning the patient 

a stage from 0-IV.  Stage 0 refers to in situ and stage IV is the most advanced form of 

invasive breast cancer.  These delineations are given at the time of diagnosis because a 

patient’s prognosis is strongly determined by the stage of their disease [1].  
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Breast cancer is a heterogeneous disease both molecularly and clinically.  The diverse 

nature of the cancer is reflected in its clinical management and numerous subtypes.  

There are many histological and molecular subtypes that each are associated with 

different prognoses and risk factors.  Gene expression profiling has identified specific 

molecular subtypes of breast cancer that include: luminal A, B, and C, basal-like, human 

epidermal growth factor receptor 2 (Her2)-positive, and normal breast-like.  Patients with 

the Her2 positive and basal subtypes are associated with the lowest overall and relapse-

free survival rates [9].  Further subtypes of breast cancer are categorized based on the 

expression of hormone or growth factor receptors on the surface of an individual’s tumor 

cells, which include progesterone receptor (PR), estrogen receptor (ER), and Her2.  

Those patients who do not express any of these receptors are considered “triple-

negative.”   Triple-negative breast cancers do not respond to targeted hormone or Her2 

therapy so they are particularly difficult to treat and associated with a poor prognosis 

[10].  The expression of specific receptors is important in clinical breast cancer 

management because they are the only biomarkers that can guide treatment regimen 

options for patients [11]. 

 

Treatment of breast cancer is achieved through a multidisciplinary approach that includes 

surgery, radiation, and systemic therapy (Figure 1.1B).  Early stage patients are usually 

treated first with surgery to remove the tumor mass.  Most patients with locally advanced 

breast cancer are given neoadjuvant chemotherapy to reduce the tumor burden prior to 

surgery.  Chemotherapy is given rather than endocrine therapy in premenopausal women 
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who are hormone receptor positive and a Her2 directed agent is given to women with 

Her2-positive cancer [6, 12].  Radiation therapy is usually given after chemotherapy and 

surgery.  The current standards favor breast-conserving approaches where lumpectomy 

(removal of the tumor tissue) followed by radiation is the standard of care.  For more 

invasive tumors, mastectomy (removal of the entire breast) may be required [6].   

 

Systemic therapy is broken into three main categories: chemotherapy, hormone therapy, 

and targeted therapy.  Hormone therapy is usually a first-line treatment for women with 

ER-positive advanced breast cancer.  The suggested treatments include tamoxifen for 

premenopausal women and aromatase inhibitor for postmenopausal women [13].  Recent 

guidelines have been updated to also include ovarian suppression for higher-risk patients 

with hormone receptor positive-breast cancer in addition to adjuvant endocrine therapy 

[14].  For women with Her2-positive advanced cancer, Her2-targeted therapy is 

recommended with agents such as trastuzumab or pertuzumab in addition to 

chemotherapy [15].   The decision to use adjuvant chemotherapy is guided by many 

factors that include histology, expression of ER or PR, tumor stage and grade, patient 

age, and other risk factors.   Due to their emerging clinical importance, numerous 

molecular subtyping gene-set arrays are now available to help guide patient treatment and 

predict prognosis.  New guidelines recommend the use of  Oncotype DX, EndoPredict, 

PAM50, Breast Cancer Index, and urokinase plasminogen activator and plasminogen 

activator inhibitor type 1 in specific subgroups of breast cancer due to their proven 

clinical utility [11].    The Oncotype DX is a 21-gene panel used for ER/PR-positive and 

Her2-negative breast cancer used to calculate a score for 10-year risk of recurrence and 
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benefit from systemic adjuvant chemotherapy.  The Breast Cancer Index can also provide 

predictive results on the benefit of extended endocrine therapy and risk of late distant 

recurrence.  The PAM50 is 50-gene set panel that calculates a risk of recurrence score 

that can be used clinically on ER/PR-positive, Her2-negative (node negative) patients to 

make decisions on adjuvant systemic therapy, but should not be used for node-positive 

patients.  EndoPredict uses a set of 12 genes to calculate a risk score for the same 

population of patients as PAM50 [11].   

 

Similarly, the choice of a chemotherapy regimen is variable and depends on the 

characteristics of the patient and their cancer.  For most patients where chemotherapy is 

recommended, the preferred regimen is doxorubicin and cyclophosphamide followed by 

paclitaxel.  Anthracyclines can cause cardiotoxicity so for those patients who cannot 

accept the risks, docetaxel and cyclophosphamide is recommended instead of 

doxorubicin [12].   Paclitaxel and docetaxel are in a general class of drugs known as 

taxanes that are most relevant to this project due to their mechanism of action.  Taxanes 

bind to microtubules and inhibit microtubule dynamics, which results in arrest of cells in 

the G2 and M phase of the cell cycle.  As cells are unable to undergo mitosis, they 

ultimately die.  These drugs were introduced in the 1990s and have had a significant 

impact on increasing the overall survival and progression-free survival of patients with 

early stage and advanced breast cancer [16].   However, emerging evidence suggests that 

caution should be used with drugs such as taxanes that decrease primary tumor growth in 

the metastatic setting, which will be further discussed in Chapter Four.  After 

management of breast cancer with a combination of radiation, surgery, and systemic 
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therapy, the standard follow-up procedure involves regular history, physical, and 

mammography [17].  

METASTASIS 

 

The survival of patients with breast cancer has dramatically improved over the past 

decades due to the screening, diagnostic, and treatment methods described above.  

However, of those patients diagnosed with early breast cancer, there is a 1 in 3 likelihood 

of them developing recurrent or metastatic disease.  The 5-year median survival rates for 

these women are less than 25% [18].  More than 90% of cancer mortality is due to 

metastasis, but metastatic disease is still considered largely incurable due to the systemic 

spread of the disease and the resistance of metastatic tumors to therapies [19].     

  

Cancer metastasis is considered a multi-stage process where tumor cells spread from the 

primary site to a secondary organ and grow at this new site.  Particular cancers have 

certain predilections for metastasizing to certain sites.  The most frequent sites of 

metastasis for breast cancer include the bone, lung, and brain.  Tumor cells use the blood 

and lymphatic circulation to travel to other areas of the body.  The succession of events 

that dictate this process is called the “metastatic cascade” and is split into the following 

steps: 1. Local invasion 2. Intravasation 3. Survival in the circulation 4. Arrest at a distant 

organ site 5. Extravasation 6. Micrometastasis formation 7. Metastatic colonization 8. 

Clinically detectable macroscopic metastasis [20]. This work focuses on the steps of the 

cascade involving tumor cell survival in the circulation and the arrest of cells at a distant 

organ so we will go into further detail on those specific steps of the cascade in the 

following section (Figure 1.2).  
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Metastasis is first accomplished by tumor cells invading into the local tumor stroma and 

then into the adjacent normal tissues of the breast.  Cells produce a variety of molecules 

to degrade the extracellular matrix (ECM), which is a dense network of molecules 

secreted by cells such collagen, fibronectin, and many others to provide structural and 

biochemical support.  Epithelial cells must break through the basement membrane, a 

specialized ECM structure that separates epithelial cells from the underlying tissue.  The 

surrounding stroma is composed of numerous cell types such as fibroblasts, adipocytes, 

and immune cells.  Entry of epithelial cells into the stroma gives direct access to the 

circulation, which allows cells to start spreading to another site.  Entry into the lymphatic 

Figure 1.2: Metastatic cascade. Schematic showing the course of events involved in 

tumor metastasis.  In this work we focus on steps involving CTC survival and tumor 

cell attachment (in bold).  Tumor cell attachment to endothelial cells and aggregation 

in blood vessels are McTN-dependent processes. 
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or blood vessels is termed intravasation and is the second step of the cascade.  The first 

sites of breast cancer metastasis are typically in the lymph nodes due to the close 

proximity of lymphatic tissue to the breast [20-22].    

 

Once tumor cells begin to disseminate through the blood of lymphatic systems they are 

called circulating tumor cells (CTCs).  Inhibiting CTC metastasis is the major goal of this 

project and we will go into further detail about CTCs in the upcoming sections and 

chapters.   When in the circulation, epithelial cells are no longer attached to any ECM 

[23].  This free-floating microenvironment is typically unfavorable for epithelial cells and 

causes them to undergo anoikis, a form of programmed cell death that is triggered under 

anchorage-independent conditions.  Tumor cells must also overcome shear forces of the 

blood while in circulation.  Though the vast majority of CTCs die due to the various 

stresses present in the circulation, some are able to survive and arrest at a distant organ 

site.  CTCs can physically get trapped in the microvasculature of the secondary organ or 

home to particular sites through interaction with chemokines or other adhesive 

interactions [21].   Arrest in the capillaries is also dependent on cytoskeletal alterations 

that CTCs undergo when free-floating which will be discussed in further detail in the 

upcoming sections.  

 

In order to colonize a distant site, CTCs must extravasate out of the vessels and 

proliferate in their new environment.  CTCs can penetrate or rupture the endothelial 

layers of the blood vessels to come into contact with the surrounding tissue.  The 

microenvironment of the metastatic site is usually very different from the primary tumor 
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location.  However, tumor cells have various methods to adapt to their foreign tissue and 

develop tumor loci that remain dormant until they receive the signal to begin 

proliferating.   Once actively growing, tumors are able to colonize the tissue and develop 

macroscopic metastasis that eventually causes new signs and symptoms in the patient 

[20-22]. 

 

CIRCULATING TUMOR CELLS 

 

The transit of tumor cells in the circulation offers a window of opportunity for therapeutic 

intervention in patients prior to metastatic disease has developed.  CTCs have grown in 

clinical relevance not only 

because they are target for 

therapy, but also because they 

have become important tools in 

monitoring disease progression 

and prognosis in breast cancer 

patients [23, 24].  The presence 

of CTCs correlates with 

decreased survival of patients with metastatic breast cancer.  A threshold of 5 CTCs in 

7.5mls of blood has been determined, above which, both the overall survival and 

progression-free survival of patients significantly decreases (Table 1.1) [25].  In another 

study, a decrease in the number of CTCs in patients given adjuvant chemotherapy 

significantly increased their relapse-free survival.  Similarly, in the neoadjuvant setting, 

the patients who had a decrease in CTCs did not relapse [26].  Therefore, the advent of 

Table 1.1: Increased CTC number is prognostic in 

metastatic breast cancer. The presence of greater 

than 5 CTCs using CellSearch decreases 

progression-free survival (PFS) and overall 

survival (OS). Source: Cristofanilli M et al., 2004. 

N Engl J Med. 351(8):781-91 [24]. 
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“liquid biopsies” or a blood sample from a patient with cancer is thought to provide real-

time analysis of their disease.  CTCs are early predictors of tumor dissemination and have 

prognostic value in selecting therapies for metastatic breast cancer patients [27, 28].     

 

Even though an increasing body of evidence now indicates that CTCs have clinical utility 

in following therapeutic response and tumor progression in cancer patients, numerous 

challenges remain in detecting and analyzing CTCs.  Detecting CTCs accurately is 

immensely difficult because they are such a rare population of cells.  The frequency of 

CTCs is in the order of one tumor cell among almost a billion other cells in the blood 

[29].  A wealth of new technologies is now in development to more accurately detect 

CTCs.   The types of detection tools available can broadly be categorized as label 

dependent, which use the expression of surface markers on CTCs, or label independent, 

which use the biophysical properties of CTCs [24].  At this time, the only FDA-approved 

platform for CTC enumeration is the CellSearch system.  CellSearch employs an 

antibody-based approach for the positive selection of epithelial cells and negative 

selection of white blood cells in fixed patient blood samples.  This method relies on 

CTCs to be positive for two classic markers of epithelial cells: epithelial cell adhesion 

molecule (EpCAM) and cytokeratin (CK).  Though CellSearch has been a powerful new 

tool in monitoring cancer, numerous limitations remain with isolating CTCs with this 

system.  Due to the changes tumor cells undergo during metastasis such as epithelial to 

mesenchymal transition (EMT), not all CTCs express epithelial markers such as EpCAM 

and CK [29] [26, 30].  There is generally a lack of knowledge on the expression of any 

reliable surface markers on CTCs that can differentiate them from normal cells in the 
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circulation, which is why label independent methods have been gaining more favor 

recently [24].  Alternative methods for CTC detection include microfluidic devices that 

do not use antibody-based methods and rely more on size exclusion to detect CTCs.  In 

these methods, the larger tumor cells are trapped while the smaller contaminating red and 

white blood cells are flushed through.  Some of these technologies will be further 

described and used for CTC analysis in Chapter Six.       

 

Due to the difficulty in isolating CTCs, there is still very little known about their biology 

and molecular characteristics.  The only existing functional test that has been robustly 

used is EPISPOT, which isolates viable clinically relevant CTCs and detects proteins 

secreted during short term in vitro culture.  The expansion of CTCs though in vitro and in 

vivo culturing methods is being tested so more functional assays can be performed on 

such a rare population of cells [31, 32].  Transcriptional profiling of CTC RNA and 

mutational analysis of CTC DNA are also emerging as methods to analyze the molecular 

changes associated with CTCs that may be exploited for better drug targets or therapy 

choices.  For example, sophisticated single cell sequencing methods on CTCs from lung 

cancer patients are being used to identify mutations in EGFR to determine the efficacy of 

EGFR drugs on these patients [29].  Similarly, levels of Her2 and prostate specific 

antigen are being investigated in patients with breast and prostate cancer, respectively, to 

make better decisions for therapies against these targets. Though promising, functional 

CTC results need to be more rigorously validated to determine if the changes seen in 

CTCs have real clinical value [24, 31, 32].   
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MICROTENTACLES 

 

It is thought that millions of tumor cells are shed into the circulation from a primary 

tumor and a subpopulation of cells are ultimately responsible for seeding metastases [33-

36].  Metastatic disease may take weeks to years to appear in a patient.  However, CTCs 

spend a small amount of time in the circulation.  Animal models show that due to the 

large diameter of tumor cells, they typically get trapped in the first capillary beds within 

minutes of entering the circulation.  However, a large number (up to 80%) of these cells 

are cleared by the circulation during the initial hours of metastasis through a passive 

process.  Over the course of the first 24 hours of metastasis a small subset of cells may 

form stable adhesive interactions with the endothelium to be able to permanently arrest at 

a secondary site [37].  This process may be regulated by a number of different 

mechanisms, including the cytoskeleton. 

 

Detached mammary carcinoma cells form tubulin-based plasma membrane protrusions 

known as microtentacles (McTNs) [38].  The formation of McTNs is a rapid response to 

ECM-detachment, which supports the fact that CTCs are only in transit for minutes to 

hours before they are in contact with capillary walls.  McTN frequency is increased in 

more highly metastatic breast tumor cells [39].  Other well-known protrusions such as 

filopodia and invadopodia differ from McTNs because they are actin-based structures 

that aid in the migration and invasion of attached cells.  When suspended tumor cells are 

treated with agents that depolymerize actin such as cytochalasin D and latrunculin A, in 

sharp contrast to actin-based membrane protrusions, McTNs become more numerous 
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(Figure 1.3A).  When treated with a tubulin depolymerizing agent, colchicine, McTNs are 

greatly reduced, which further indicates that McTNs are tubulin-based structures [38]. 

 

The cytoskeleton acts as a bridge to relay cues from the external microenvironment to the 

internal processes of the cell.  The physical properties of a microenvironment can control 

cell shape and behavior, especially in epithelial cells.  Changes in the mechanical 

stiffness of tissues can cause  epithelial cells to differentiate and even become malignant, 

which are often accompanied by changes in the cytoskeleton  [40].  Therefore, the 

formation of McTNs may be a normal response to cellular detachment from a substrate 

due to the loss of critical external signals.  

Figure 1.3: Tubulin based McTNs increase with actin depolymerization.  

A. Suspended normal MCF-10A mammary epithelial cells (left) and treated with 

latrunculin A (LA) (right). B. Immunofluorescence of suspended MCF-10A 

cells with alpha-tubulin (green) and actin (red).  Source: Whipple, Rebecca et al. 

2007. Exp. Cell Res. 313(7):1326-36. [34]. 
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McTNs aid in the ability of suspended cells to make heterotypic and homotypic cell 

interactions, which may aid in CTC metastasis.  High resolution confocal imaging shows 

McTNs encircle adjacent free-floating cells and also penetrate into endothelial 

monolayers [41].  CTC clusters are 50 times more likely to metastasize compared to 

single cells alone [42].  Heterotypic aggregation (i.e. with white blood cells, platelets, or 

immune cells) can also promote CTC survival during transit and trapping in the 

capillaries [37].  In other studies, intra-vital microscopy has indicated that the attachment 

of colon cancer cells to the walls of the portal vein is a tubulin-dependent process.  Cell 

adhesion increased with the disruption actin filaments, but tubulin depolymerization with 

nocodazole inhibited cell adhesion [43].  Experimental metastasis models show breast 

tumor cells with higher McTNs injected in the tail vein of mice trap more efficiently in 

the lungs [44, 45].  Therefore, we believe McTNs play a role in the initial re-attachment 

of tumor cells in the bloodstream. 

 

CYTOSKELETAL COMPONENTS OF MICROTENTACLES 

 

The formation of McTNs is dependent on two opposing forces: the outward force of 

stable microtubules and the inward contractile force of the actin network.  The balancing 

act of these two forces within the cell regulates McTN formation.  Enhancing the levels 

of stabilized microtubules in a cell genetically or pharmacologically promotes McTN 

formation and re-attachment.  Similarly, actin depolymerization agents also increase 

McTNs [38, 41]. 
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Figure 1.4: Cytoskeletal modifications that affect McTNs.  

A. Tubulin post-translational modifications through detyrosination and acetylation 

can enhance McTN formation (green arrows). B. Cofilin phosphorylation increases 

actomyosin contractility (red arrows) that can suppress McTNs. 

Microtubules are very dynamic structures that have a half-life in the order of minutes.  

The alpha and beta monomers that are building blocks of microtubules can undergo 

numerous post-translational modifications to change their function.  We have specifically 

determined that two modifications on alpha-tubulin – detyrosination and acetylation – are 

associated with McTNs (Figure 1.4A) [38, 46].  Modified forms of tubulin accumulate in 

a subset of the stabilized microtubules within a cell, but these modifications do not seem 

to directly cause more stable microtubules [47].  Therefore, both of these modifications 

are considered to be markers of stable microtubules.   

 

Tubulin detyrosination involves the removal of the terminal tyrosine residue found on 

most alpha-tubulin molecules.  The terminal tyrosine is removed by an unidentified 
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carboxypeptidase, which exposes a glutamic acid residue: This form of tubulin is 

commonly referred to as glu-tubulin.  The tubulin tyrosine ligase (TTL) rapidly catalyzes 

the opposite reaction by adding tyrosine to tubulin.  TTL acts on monomeric tubulin 

whereas the carboxypeptidase acts on the tubulin polymer (i.e. microtubules) [48].  Glu-

microtubules also have a much longer turn-over rate up to 16 hours compared to 2 

minutes for tyrosinated-microtubules, but microtubules enriched with glu-tubulin are not 

intrinsically more stable [49].  This difference may rely on the interactions of glu-tubulin 

with intermediate filaments.  Detyrosinated tubulin can preferentially interact with 

intermediate filaments and localize vimentin in fibroblasts [50].  Microtentacles are 

enriched with glu-tubulin and higher levels of glu-tubulin are associated with greater 

McTN frequency [38].  Further, expression of glu-tubulin is associated with poor 

prognosis in breast cancer [51].  Additionally, vimentin aligns with glu-tubulin in 

McTNs, and high levels of vimentin are also associated with higher McTN frequency 

[39].  Processes that increase glu–tubulin and vimentin such as EMT enhance McTN 

formation, tumor cell re-attachment, and endothelial attachment [52].   

 

Tubulin acetylation occurs on the lysine 40 residue of the alpha-tubulin monomer located 

on the inner surface of the microtubule.  Acetylation is catalyzed by the alpha-tubulin 

acetyltransferase (aTAT/MEC17).  The acetyl group is removed by histone deacetylase 6.  

Acetylated microtubules are also associated with increased longevity of microtubules; 

however, the relationship between acetylation and microtubule stability has not been fully 

resolved [48].  Genetic alternations in breast tumor cells to increase levels of acetylated 

tubulin results in enhanced McTN formation, tumor cell re-attachment, and cell migration 
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[46].  Both detyrosinated and acetylated tubulin marks a subset of the total microtubules 

within the cell.  Current tubulin targeting drugs used in breast cancer therapy as discussed 

above (paclitaxel and docetaxel) act on all microtubules.  Further drug development is 

necessary to more selectively target particular tubulin modifications that play a more 

critical role in McTN formation.  

    

McTN formation is antagonized by the contracting force of the actin cortex.  Actin exists 

in two main forms in the cell: monomeric (G-actin) and filamentous (F-actin).  

Interaction between F-actin and non-muscle myosin II controls the force necessary for 

cell contraction that determine cell shape and migration.  Rho-activated kinase (ROCK) 

is a major regulator of actomyosin contractility.  ROCK is an effector of the small 

GTPase Rho and once activated, ROCK can enhance cellular contraction by activating 

non-muscle myosin II through multiple downstream phosphorylation events [53].  

Inhibiting ROCK activity by the small molecule drug, Y-27632, significantly promotes 

McTN formation and re-attachment due to the reduction of actin stress fiber formation 

and actomyosin contractility [54].  ROCK further affects actin through phosphorylation 

of LIM kinase (LIMK), which inhibits the activity of the actin-severing protein, cofilin 

[55].  Cofilin is inactivated upon phosphorylation by LIMK and reactivated by a 

phosphatase named slingshot.  Cofilin is an actin-binding protein that regulates actin 

dynamics by stimulating the destruction and depolymerization of F-actin (Figure 1.4B) 

[56].  Cofilin activation is also associated with increased McTN formation and re-

attachment of suspended mammary epithelial cells [57].  The actin cytoskeletal network 

plays an important role in defining McTN assembly and disassembly in suspended cells.  
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Regulatory proteins such as cofilin act as another potential drug target that can affect the 

cytoskeleton to change the metastatic ability of breast tumor cells.  Current breast cancer 

chemotherapeutics can actually enhance McTNs and cell re-attachment ability [58].  

Therefore, studying McTNs provides a better understanding of the molecular changes in 

CTCs that need to be further investigated so current therapies that reduce tumor cell 

growth don’t inadvertently increase metastasis.     

 

JUSTIFICATION OF WORK AND SPECIFIC AIMS 

Targeting the cytoskeleton of free-floating cells 

 

When cells are in a detached microenvironment, like in the circulation, they undergo 

numerous changes that are overlooked when studying only ECM-attached cells.  In order 

to gain a better understanding of CTCs, we aim to investigate them in their native free-

floating conditions to more closely mimic the conditions they experience when traveling 

through the blood or lymphatic system.  One major change that we have already 

discussed includes changes in the cytoskeleton.  However, targeting these changes 

remains difficult because current therapies that target microtubules and actin are non-

specific and cause toxicity in patients.  Therefore, understanding the mechanisms by 

which stable microtubules and the actin cortex are regulated may provide novel targets 

that will allow drugs to damage CTCs while sparing healthy cells.  A review on current 

therapeutics and their effect on the cytoskeleton can be found in Chapter Four. 

 

Mammary epithelial cells are highly dependent on the ECM for their structure and 

function.  The mammary gland especially relies on signaling from the microenvironment 
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during development to create the proper architecture.  Gene expression in mammary 

epithelial cells is also regulated by the ECM and can influence its phenotypic behavior 

[59].  Normal mammary epithelial cells that are not attached to the basement membrane 

undergo apoptosis, which is important for the development of a hollow lumen [60, 61].  

However, carcinoma disrupts this ordered behavior and composition of the mammary 

gland, and instead, the lumen becomes filled with atypical cells.  In order for this to take 

place, tumor cells must bypass apoptosis to proliferate in the lumen in the absence of 

matrix attachment.  Another feature of detached cells is the induction of autophagy, 

which is a catabolic stress response mechanism during nutrient deprivation [62].  

Therefore, the ECM can regulate both apoptosis and metabolic activity. 

 

Alterations in cellular metabolism are another critical transformation that cells undergo 

when detached from ECM (Figure 1.5).  In non-adherent conditions, normal mammary 

epithelial cells lines MCF-10A and HMEC have decreased ATP levels within 12-24 

hours of detachment [63].  This decrease in ATP can be rescued by reconstituted 

basement membrane.  Glucose uptake is also decreased in detached epithelial cells [63].  

Similarly, the inner matrix-detached cells in mammary gland acini have compromised 

bioenergetics.  Based on this evidence, it is clear that ECM detachment causes mammary 

epithelial cells to undergo metabolic stress [64, 65].  The cell’s main metabolic regulator 

is adenosine monophosphate (AMP)-activated protein kinase (AMPK).  AMPK senses 

metabolic defects in the cell through changes in levels of ATP.  When intracellular ATP 

levels are low, AMP and ADP can bind directly to AMPK, leading to a conformational 

change that promotes its activated state.  AMPK becomes activated through 
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Figure 1.6: AMPK regulates numerous cell functions in 

response to metabolic stress. 

phosphorylation by an upstream kinase, LKB1, at threonine 172 [66].  Once activated 

AMPK’s main role is to bring the cell back to metabolic homeostasis by turning on 

catabolic processes that make ATP and shutting off anabolic processes that consume 

ATP.   In doing so, AMPK is a central regulator for numerous fundamental cell processes 

including glucose and lipid metabolism, cell growth and survival, protein translation, and 

cell polarity (Figure 1.6) [67].   

 

Tumor cells have 

mechanisms to not only 

overcome apoptosis 

during detachment, but 

also the metabolic 

defects seen in normal 

epithelial cells that are 

deprived of ECM.   

During ECM-detachment AMPK is activated in mammary epithelial cells [68].  Most 

Figure 1.5: Detached epithelial cells are metabolically stressed. 

Epithelial cells no longer attached to a basement membrane exhibit signs of 

metabolic stress and activate AMPK. Source: Cichon, Magdalena et al., 2010. J. 

Mol and Cell Bio. 2(3):113-5. [60]. 
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studies focus on the effects of oncogenes and metabolic stress response pathways on 

tumor cell survival over the course of days.  In this study, we wanted to determine if 

changes in metabolism could play a role at earlier time points to regulate the rapid 

modifications in the cytoskeleton seen in suspended breast tumor cells.  This was studied 

in Specific Aim 1: Determine the extent of AMPK regulation of microtubule stability and 

actin organization in McTN formation.  

 

There is existing evidence to suggest that metabolic pathways can regulate the 

cytoskeleton of normal epithelial cells.  The LKB1/AMPK axis has long been known to 

be important for maintaining cell polarity [67, 69].  More recently, studies have shown 

that AMPK can regulate microtubules and play a role in actin reorganization.  In 

cardiomyocytes, activation of AMPK with the drug AICAR, which acts as an AMP 

analog, decreased levels of glu-tubulin in three hours.  These data indicate that AMPK 

can decrease microtubule stability with brief activation [70].  AMPK can also 

phosphorylate molecules that regulate the actin cytoskeleton.  Activation of AMPK with 

the drug A-769662 induced shortening of stress fibers and phosphorylation of myosin 

regulatory light chain and cofilin in Madin-Darby canine kidney cells [71].  In large scale 

proteomic analysis to identify novel AMPK-interacting proteins, 15 proteins that regulate 

the actin cytoskeleton, including cofilin, were found to interact with AMPK [72].  Based 

on the existing data on AMPK and the cytoskeleton, we hypothesized that AMPK 

activation would decrease microtubule stability and strengthen the actin network by 

decreasing cofilin activity to reduce McTNs.   
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Figure 1.7: AMPK phosphorylates clip-170 

and alters microtubule dynamics.  

Phosphorylation of clip-170 at serine 312 

causes it dissociate from the microtubule 

polymer allowing for dynamic polymerization 

and depolymerization. 

Furthermore, since AMPK is already shown promising anti-tumor activity in breast 

cancer [73], there is growing interest in pursuing AMPK activation as a therapeutic 

option in breast cancer patients.  Most of the pre-clinical work studying AMPK has 

focused on primary tumor growth and survival, but little is known about the role of 

AMPK in metastasis [73, 74].  Currently there are some FDA-approved drugs that can 

activate AMPK and numerous others are in developmental stages in order to better target 

this pathway.  There have been promising results in patients given existing therapies such 

as metformin, phenformin, and aspirin that can activate AMPK in terms of disease 

progression and recurrence [73].  Specifically elucidating AMPK’s effect on the 

cytoskeleton offers a new molecular mechanism by which to target microtubules or the 

actin cytoskeleton.  In this way, we may be able to target the cytoskeleton in a more 

informed manner that can reduce 

toxicity and decrease the metastasis 

of CTCs.    

 

More recently, a specific downstream 

target of AMPK has been elucidated 

as a potential mechanism for 

AMPK’s effect on microtubule 

stability.  AMPK phosphorylates the 

microtubule plus-end binding protein, cytoplasmic linker protein of 170 kDa (clip-170), 

on serine 312 [75].   Clip-170 is a member of a complex of proteins that bind to the 

growing end of the microtubule to regulate its polymerization.  Phosphorylation of clip-
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170 by AMPK decreases its affinity for the microtubule plus-end and allows for effective 

polymerization and reduces microtubule stability (Figure 1.7) [75].   This also leads to a 

reduction in glu-tubulin levels, indicating that clip-170 phosphorylation may be another 

potential target to specifically alter microtubule stability.  One of the major challenges in 

targeting CTCs more specifically is the lack of good biomarkers.  Since the cytoskeleton 

plays a major role in CTC metastasis, molecules that regulate microtubule dynamics are 

attractive biomarkers not only as a target for therapy, but to predict drug response or 

metastatic capacity.   Clip-170 is highly expressed in breast tumor cells, and one study 

found a correlation between clip-170 protein levels and pathological response to 

paclitaxel chemotherapy [76].   In addition, clip-170 can regulate the invasion of human 

breast cancer cells by regulating lamellipodia formation [77].  However, little is known 

on the status of clip-170 phosphorylation in cancer and its impact on metastasis.   We set 

out to determine the effects of clip-170 phosphorylation at serine 312 on the cytoskeleton 

of breast tumor cells and their metastatic ability in Specific Aim 2: Define how AMPK 

phosphorylation of clip-170 affects CTC attachment and metastasis. We hypothesized 

that increased phosphorylation of clip-170 would lead to decreased microtubule stability 

and tumor cell re-attachment.    

 

Engineering free-floating microenvironments 

 

In order to find better molecular targets to decrease CTC metastasis, there are currently 

two main technology research areas, one to develop tools to capture CTCs and another to 

study their biology.  The most commonly used method to detect CTCs, immunomagnetic 

separation, was first discovered in 1998 [78].  Since then numerous immunoaffinity 
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techniques have been developed in conjunction with microfluidics to detect CTCs.  More 

recent work has also emerged for label-free capture or single CTCs as well as CTC 

clusters [79-81].  The field is also transitioning from CTC enumeration alone to 

molecular characterization of this rare population of cells.   In order to address the need 

for a better understanding of CTC biology, more novel approaches are being developed to 

identify CTCs such as acoustic waves and [82] micro-scale vortices [83] for size-based 

separation.  Current CTC analysis methods include immunofluorescence, fluorescent in 

situ hybridization, genetic analysis, and drug testing [84]. 

 

This project primarily focuses on studying CTC biology to better understand the effects 

of current therapies on McTNs in patient CTCs.  The ability to study McTNs and their 

drug response in clinical samples poses numerous technological challenges that have 

been major barriers in limiting our understanding of CTC function and biology.  As 

mentioned above, accurate detection of CTCs has been tough; however, studying cells in 

an environment that more closely resembles the free-floating environment of the 

circulation is another difficult task.  Since McTNs only form in cells that are non-

adherent to a surface, keeping cells in a free-floating environment is especially important 

for this study.  However, current high-resolution microscopy techniques are most 

successful in cells adhered to a surface.  High-resolution time-lapse microscopy on free-

floating cells is nearly impossible since cells can drift and will be washed away from the 

field of view with the addition of any drugs.  Therefore, we chose to engineer a 

mechanism to better understand McTNs on free-floating cells through Specific Aim 3: 

Analyze McTN dynamics and drug response in a microfluidic cell tethering device. 
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To engineer this device, we took current tools in biomaterials to create surface coatings 

that would allow for superior imaging of individual tumor cells that are free-floating.  In 

order to keep the cells in a free-floating state, polyelectrolyte multilayers (PEMs) were an 

attractive approach as a simple, universal method to create functionalized surface 

coatings.  PEMs were developed over 20 years ago as an ultra-thin film generated by 

layer by layer (LbL) sequential deposition of oppositely charged polyelectrolytes from 

aqueous solutions [85].   This approach is a rapid, simple process that can be utilized to 

coat any surface with precise control over thickness, geometry, and molecular structure of 

the film.  Due to its ease and physical similarities with natural biological systems, PEMs 

have numerous biomedical applications.  For our purposes, we used PEMs because they 

can tune cell adhesion properties.  PEMs can be used to create a non-fouling (e.g. non-

adhesive) surface where cells do not adhere and thus can retain their McTNs [60].  

Specifically in our studies, we used the combination of the poly(methacrylic) acid (PMA) 

and polyacrylamide (PAAm) because mammalian fibroblast cells have decreased 

attachment to surfaces coated with PMA and PAAm [86].   

 

Once a non-fouling surface was engineered, we then required a method to immobilize the 

free-floating cell in one location for McTN imaging and analysis.  Cell patterning of non-

adherent cells have been achieved through the use of cell membrane anchoring reagents.  

Existing methods involve a lipid attached to a polyethylene glycol (PEG) molecule, and 

this PEG-lipid can be coated on a surface to immobilize numerous cell types through the 

interaction between the lipid molecule and lipid bilayer of the cell membrane [87-89].  
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We combined the anchoring property of the lipid moiety and the cytophobic properties of 

PEMs to create a novel microfluidic cell tethering system where a cationic lipid is 

deposited on the terminal layer of the PEM.  In this manner, breast tumor cells can 

remain free-floating in the microfluidic device while being anchored in one location to 

allow for real-time high-resolution time-lapse imaging of McTNs (Figure 1.8).  This 

device improves on the existing PEG-lipid technology because it can be used on any cell 

type (both adherent and non-adherent) in any buffer or media.    

 

In this work we intend to explore new molecular pathways to better target the 

cytoskeleton and McTNs on circulating breast tumor cells with greater specificity than 

current methods.  In order to test McTNs on clinical samples, we aim to develop a 

platform to rapidly test freshly isolated patient tumor cells for McTNs and their drug 

responses (Figure 1.9).  Using this system, we hope to provide patients with more 

personalized therapeutic options based on their CTC’s sensitivity to a particular therapy.  

Taken together, this work uses a multi-pronged approach to better understand McTN 

characteristics through molecular and engineering approaches to develop a model to 

Figure 1.8: Lipid tethering of free-

floating tumor cells.  

Schematic of microfluidic cell 

tethering system.  Slide is coated 

with alternating layers of 

polymethacrylic acid and 

polyacrylamide with a terminal 

lipid molecule that associates with 

cell membranes.  
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ultimately decrease the metastatic efficiency of CTCs and decrease patient mortality due 

to metastasis.   

 

  

Figure 1.9: Model of rapid analysis of freshly isolated patient tumor cells.  

Schematic showing the work flow of isolating individual patient tumor cells from 

different types of clinical samples for McTN imaging and drug response analysis 

using a microfluidic cell-tethering device. 
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CHAPTER TWO | SPECIFIC AIM 1 
 

Determine the extent of AMPK regulation of microtubule stability and actin organization 

in McTN formation 

 

 

 

 

 

 

 

Reprinted from: 

Chakrabarti, Kristi R et al. 2015. Oncotarget. 6(34):36292-307. [90].  
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INTRODUCTION 

 

Primary breast cancers shed millions of cells into the circulation during the early steps of 

tumor formation.  These single disseminated cells, known as circulating tumor cells 

(CTCs), can go on to invade distant sites and cause metastatic disease [33, 35].  The 

presence of CTCs is associated with decreased overall and progression-free survival in 

patients with metastatic breast cancer [25, 91].  While metastasis remains the leading 

cause of mortality in patients diagnosed with breast cancer, there are currently no 

treatments to specifically target the metastatic cascade [92].  A better understanding of 

CTC biology and specific markers on CTCs are needed for their detection and the 

development of therapies to treat metastasis.  

 

Activation of the adenosine monophosphate-activated protein kinase (AMPK) pathway 

has shown great promise in the treatment of breast cancer in pre-clinical models.  AMPK 

is a master regulator of cellular metabolism and works to maintain metabolic homeostasis 

through its nutrient-sensing capabilities.  It is activated by phosphorylation at threonine 

172 when the cellular AMP:ATP ratio increases during metabolic stress [93, 94].  

Pharmacologic activators of AMPK, such as metformin, phenformin, AICAR, and A-

769662, inhibit or delay primary breast tumor growth in vivo and induce cell death of 

breast tumor cells [95-99].  Furthermore, metformin is currently being investigated in a 

number of clinical trials as a potential adjuvant and/or neoadjuvant therapy for breast 

cancer patients [100].  A number of non-classical drugs with anti-neoplastic activity have 

also been shown to activate AMPK as part of their mechanism of action [101].  

Therefore, there is currently great interest in developing more selective pharmacological 
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activators of AMPK for clinical use in cancer [102].  Although a great deal of work has 

been done to study the effects of AMPK on primary tumor formation, its effects on breast 

cancer metastasis are still largely unknown.   

 

In order to form distant metastases, breast cancer cells must detach from the extracellular 

matrix (ECM) and enter into the bloodstream or lymphatic system.  Once detached, these 

CTCs undergo a variety of changes, both molecularly and structurally, to adapt to the 

new microenvironment.  After detachment and survival in the circulation, CTCs must re-

attach and arrest at a secondary site [26, 37].  Tumor cell re-attachment is a process 

dependent on stable microtubules [41, 43, 44, 103, 104].  Detached breast tumor cells 

form microtubule-based protrusions, known as microtentacles (McTNs), which aid in 

CTC aggregation and re-attachment to endothelial cells [38, 41, 58, 105].  Therefore, 

McTNs are critical structures that may be an important therapeutic target to prevent CTC 

re-attachment.   

 

McTN formation is dependent on the balance of two opposing cytoskeletal forces: the 

outward force of stabilized microtubules and the inward contractile force of the actin 

cortex [41].  Currently two post-translational modifications on alpha-tubulin, 

detyrosination and acetylation, play a significant role in McTN formation [38, 106].  

Detyrosination removes the C-terminal tyrosine, exposing a glutamic acid residue, and 

acetylation takes place on the lysine 40 residue of alpha-tubulin by alpha-tubulin acetyl-

transferase (aTAT1/MEC-17) [107, 108].  Both of these modifications are indicators of 

stabilized microtubules [49, 107, 108].  Microtubule stability is associated with greater 
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re-attachment of suspended tumor cells to endothelial monolayers and lung trapping in a 

murine experimental metastasis model [41, 43, 44, 52].  Increasing glu-tubulin levels, 

both genetically and pharmacologically, results in greater McTN formation and enhanced 

suspended cell re-attachment [44, 45, 52, 58].  Elevated acetylated tubulin levels are 

associated with a higher metastatic phenotype in breast cancer cells and can enhance both 

McTN formation and re-attachment.  In addition, higher levels of acetylated tubulin are 

enriched in the more aggressive, basal-like subtype of breast cancers and correlate with 

decreased overall and progression-free survival of breast cancer patients [106].  

Conversely, McTNs are antagonized by the actin cytoskeleton.  One major regulator of 

actin that also plays a significant role in McTN formation is the actin-severing protein, 

cofilin.  Cofilin is activated upon dephosphorylation at serine 3, which results in a 

breakdown of the actin network and increases actin monomers [109].  Activation of 

cofilin in detached breast epithelial cells promotes McTN formation [105].  There is data 

to show that AMPK can affect both microtubules and actin in normal epithelial cells [71, 

75], but the role of AMPK in regulating the cytoskeleton of breast tumor cells has not yet 

been investigated.   

 

While the metastatic dissemination of CTCs offers a critical window for cytoskeletal-

based therapeutic intervention, microtubule-stabilizing chemotherapies such as taxanes, 

have cytotoxic side effects and can enhance tumor cell re-attachment [58, 110].  Existing 

and developing pharmacological AMPK activators that have shown benefit in the 

primary tumor setting may now also be a potential therapeutic option to decrease the 

metastatic efficiency of detached breast tumor cells.  In this study, we provide a novel 
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role for AMPK in breast cancer.  AMPK inhibition with a pharmacologic inhibitor, 

compound c, significantly increases microtubule stability and cofilin activation, which 

leads to increased McTN formation and re-attachment in breast cancer cell lines.  AMPK 

activation with A-769662 has an opposing effect, significantly reducing McTNs and 

tumor cell re-attachment by decreasing cofilin activity and microtubule stability.   

 

MATERIALS AND METHODS 

 

Cell Culture and Reagents: BT-549 and MCF-7 human breast cancer cell lines were 

obtained from ATCC and cultured according to their instructions.  MCF-7 cells were 

cultured in Dulbecco’s Modified Eagle Media (Corning) supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin-streptomycin solution (P/S).  BT-549 cells were 

cultured in RPMI-1640 (Corning) supplemented with 1 µg/ml insulin, 10% FBS, and 1% 

P/S.   All cells were maintained at 37⁰C with 5% CO2.  The AMPK inhibitor, compound 

c, was obtained from EMD Millipore and the AMPK activator, A-769662, was obtained 

from Tocris Bioscience.  

 

Western Blot Analysis: MCF-7 and BT-549 cells were treated with 20µM compound c in 

serum-free media for 1hr, 2hrs, and 4hrs.  MCF-7 and BT-549 cells were also treated at 

different concentrations of compound c and harvested at 4 and 2 hours, respectively.  

MCF-7 and BT-549 cells were treated in full-serum media with 200µM and 400µM of A-

769662, respectively, for 4hrs, 8hrs, and 24hrs. MCF-7 and BT-549 cells were treated at 

different concentrations of A-769662 and harvested after 24 hours. Attached cells were 

harvested using ice cold RIPA buffer (EMD Milipore) with 1mM PMSF, phosphatase 
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inhibitor cocktail (EMD Milipore), and protease inhibitor cocktail (Sigma-Aldrich).  

Cells were detached using a cell lifter (Corning) or trypsin and transferred to a low-attach 

plate (Corning) and harvested after 0, 15, 30, and 60 minutes in suspension.  Cells were 

collected and spun at 2,000 rpm for 5 minutes.  The pellet was washed with PBS and then 

resuspended in RIPA buffer.  Protein concentration was determined by DC protein assay 

(Bio-Rad).  Equal amounts of lysate were heated with 4x SDS sample buffer containing 

0.1mM DTT.  Protein samples were loaded on a 4-12% NuPAGE Bis-Tris gel (Life 

Technologies).  Gels were transferred to a polyvinylidene difluoride membrane (Bio-

Rad).  Membranes were blocked in 5% (w/v) milk in Tris-buffered saline pH 7.4 with 

0.5% Tween (TBS-T) or 5% (w/v) bovine serum albumin (BSA) in TBS-T for phospho-

specific antibodies for 1 hour at room temperature (RT).  Primary antibodies: 

Detyrosinated alpha-tubulin (Abcam), PARP-1 (Santa Cruz), alpha-tubulin (Sigma-

Aldrich), and the following from Cell Signaling Technologies: Acetylated tubulin lysine 

40, pAMPK T172, AMPK, pCofilin S3, and Cofilin.  All antibodies were used at a 

1:1000 dilution in 2.5% (w/v) milk in TBS-T or 5% BSA in TBS-T for phospho-specific 

antibodies and incubated overnight at 4⁰C.  Secondary anti-mouse and anti-rabbit IgG 

horse radish peroxidase was used at 1:10,000 and 1:5,000 dilution, respectively (Jackson 

ImmunoResearch Laboratories).  Signal was detected using Amersham ECL prime 

western blotting detection reagent (GE Healthcare Life Sciences). Densitometry was 

performed using ImageJ (NIH) and statistical significance was determined using 

student’s t-test comparing treated and vehicle control groups from at least three 

independent experiments 
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Immunofluorescence: MCF-7 and BT-549 cells were cultured on glass coverslips and 

treated with 20µM compound c in serum-free media for 4 and 2 hours, respectively.  

MCF-7 and BT-549 cells were cultured on glass coverslips and treated with 200µM and 

400µM A-769662, respectively, for 24 hours.  Cells were fixed for 10 minutes in ice cold 

methanol.  Cells were permeabilized with 0.25% Triton X-100 for 10 minutes and 

blocked in 5% BSA/0.5% NP-40 solution for 1 hour at RT. Primary antibody for 

detyrosinated tubulin, acetylated tubulin, and alpha-tubulin was diluted (1:500) in 2.5% 

BSA/0.5% NP-40 and incubated overnight at 4⁰C. Secondary anti-mouse Alexa594 and 

anti-rabbit Alexa488 antibodies (1:1,000; Life Technologies) were diluted in PBS and 

incubated for 1 hour at RT.  Coverslips were mounted on glass slides using Fluoromount-

G (Southern Biotech).  Images were taken using Olympus FV1000 confocal microscope 

at 60x magnification under the same exposure settings for corresponding vehicle and 

drug treatments. 

 

McTN Scoring: MCF-7 and BT-549 cells were treated with 20µM compound c in serum-

free media for 4 and 2 hours, respectively.  MCF-7 and BT-549 cells were treated with 

200µM and 400µM A-769662, respectively, for 24 hours.  Cells were stained with 

CellMask Orange (1:5,000; Life Technologies) in PBS for 5 minutes at 37⁰C.  Cells were 

detached with 0.25% trypsin-EDTA (Corning) and resuspended in DMEM without 

phenol-red or serum with corresponding dose of drug and transferred to a low-attach 

plate (Corning).  McTNs were scored blindly in a population of 100 cells/well as 

previously described [38].  McTNs were imaged after CellMask Orange staining using 

the Nikon A1R confocal microscope and a maximum z-projection was generated. Images 
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were then inverted using ImageJ.  Statistical significance was determined using student’s 

t-test comparing McTN frequency in treated and vehicle control groups from three 

independent experiments.   

 

Re-attachment Assay:  MCF-7 and BT-549 cells were treated with 20µM compound c for 

4 and 2 hours, respectively in serum-free media.  MCF-7 and BT-549 cells were cultured 

and treated with 200µM and 400µM A-769662, respectively, for 24 hours.  Cells were 

detached with 0.25% trypsin-EDTA.  20,000 cells were plated in quadruplicate into the 

wells of the xCELLigence microwell E-plate (Acea Biosciences) in drug-containing 

media (serum-free media for compound c and full-serum media for A-769662).  The plate 

was placed in the RTCA DP analyzer maintained at 37⁰C and 5% CO2.  Electrical 

impedance, which corresponds to the Cell Index, was recorded every 4 minutes for 55 

sweeps.  

  

Cytotoxicity Assay: SRB cytotoxicity assay was done as previously published [111] with 

the following modifications: cells were fixed with 50% (w/v) TCA and stained with 0.4% 

(w/v) SRB solution for 10 minutes.  
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RESULTS 

A pharmacological approach was utilized to understand the effects of altering the AMPK 

pathway on the cytoskeletal properties of breast cancer cells.  We chose two different 

breast cancer cell lines for this study: a non-metastatic, epithelial cell line, MCF-7 [112] 

and a more invasive, mesenchymal cell line, BT-549 [113], due to their differences in 

basal AMPK phosphorylation levels and aggressiveness.  MCF-7 cells have more 

epithelial character and thus higher levels of basal AMPK phosphorylation compared to 

the more mesenchymal BT-549 cells (data not shown).  In order to understand how 

AMPK-directed drugs would affect the cytoskeleton of these two different cell types, we 

used the small molecules compound c and A-769662.  Compound c (dorsomorphin 

dihydrochloride) can potently block AMPK activation [114, 115].  A-769662 can 

allosterically activate AMPK and also inhibit the dephosphorylation of AMPK on 

threonine 172, making it more specific for AMPK [116, 117].  Previous studies using 

these drugs in breast cancer have focused solely on their effects on cell growth and death 

[95, 96, 118].  In this study, we were interested in understanding the effects of these 

drugs on the cytoskeleton at earlier time points.  

 

AMPK inhibition increases cofilin activation and microtubule stability. 

 

MCF-7 and BT-549 cells were first treated, under attached conditions, with varying doses 

of compound c to find the optimum dose for AMPK inhibition (Figure 2.1A and 2.1C).  

A dose of 20µM was chosen based on maximum pAMPK inhibition at threonine 172.  

MCF-7 and BT-549 cells were treated with 20µM compound c for varying times (Figure 

2.1B and 2.1D) to determine the optimum time course of treatment was less than 4 hours.  
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Drug treatment did not induce cytotoxicity at these early time points (Supplemental 

Figure 2.1A).  Using an assay that is independent of cellular metabolism [111], we found 

that compound c had comparable effects on cell growth in MCF-7 and BT-549 cells 

(Supplemental Figure 2.2A and 2.2B) as previously established [115]. 

 

  

Figure 2.1: AMPK inhibition increases cofilin activation and microtubule stability. 

A & B. MCF-7 cells were treated with 10-40µM of compound c in serum-free media 

for 1-4 hours.  Protein was harvested and Western blot analysis was done to determine 

levels of pAMPK at threonine 172, pCofilin at serine 3, detyrosinated alpha tubulin 

(glu-tub), and acetylated alpha tubulin (acetyl-tub).  C & D. BT-549 cells were 

treated with 5-20µM compound c in serum-free media for 30mins to 2 hours.  Protein 

was harvested and Western blot analysis was done to determine levels of markers 

listed above.  E. Densitometry was done to quantify levels of pCofilin, glu-tubulin, 

and acetylated tubulin from at least three independent experiments (mean +/- SEM) in 

MCF-7 and BT-549 cells treated with 20µM compound c for 4 and 2 hours, 

respectively. *p<0.05.  **p<0.005. ns = not significant 
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Compound c treatment also resulted in changes in cofilin activation and microtubule 

stability at these early time points.  With AMPK inhibition, there was a corresponding 

increase in cofilin activation in both cell lines, as indicated by a dose-dependent decrease 

in cofilin phosphorylation (Figure 2.1A and 2.1C).  Significant cofilin activation was 

achieved by 2 hours in MCF-7 and 2 BT-549 cells (Supplemental Figure 2.3A and 2.3B).  

In addition to changes in the actin cortex, microtubule stability was also enhanced in both 

cell lines.  There was an increase in glu-tubulin levels at 4 hours in MCF-7 cells and BT-

549 cells were slightly more sensitive with an increase appearing by 1 hour (Figure 2.1B 

and 2.1D).  Densitometry revealed a significant increase in glu-tubulin in MCF-7 cells at 

4 hours and by 2 hours in BT-549 cells (Figure 2.1E and Supplemental Figure 2.3A and 

2.3B).  BT-549 cells also significantly increased tubulin acetylation by 2 hours while 

MCF-7 cells had a modest increase that was not significant (Figure 2.1E).  

 

In order to visualize the effects of compound c on microtubules, immunofluorescence 

was performed on both cell lines to detect changes in detyrosinated and acetylated alpha-

tubulin.  MCF-7 and BT-549 cells were treated with 20µM compound c for 4 hours and 2 

hours, respectively.  Compound c slightly increased detyrosination of alpha-tubulin 

(Figure 2. 2A), but no appreciable change was seen in acetylated tubulin in MCF-7 cells 

(Figure 2.2B).  BT-549 cells had higher basal levels of glu-tubulin, but compound c 

treatment resulted in more filamentous glu-tubulin (Supplemental Figure 2.4A) and also 

increased acetylated tubulin (Supplemental Figure 2.4B).  Compound c treatment did not 

alter the alpha-tubulin network in either cell line.  Therefore, 2 to 4 hours of AMPK 

inhibition increased microtubule stability in both MCF-7 and BT-549 breast cancer cells. 
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Compound C increases activated cofilin and tubulin acetylation in suspended cells. 

Once the effects of compound c on attached breast tumor cells were established, MCF-7 

and BT-549 cells were pre-treated with compound c as described above and then 

suspended in drug, as an in vitro model of detached tumor cells.  Based on the 

cytoskeletal changes seen in the attached cells, MCF-7 cells were pretreated for 4 hours 

and BT-549 cells were pretreated for 2 hours with 20µM compound c. Cells were then 

harvested at varying time points to analyze the effects of AMPK inhibition on 

microtubule stability and the actin network under suspended conditions.   

 

Even though AMPK phosphorylation was lost over time in suspension and the cells were 

able to rapidly recover from drug treatment, compound c had a sustained effect on the 

Figure 2.2: Compound c increases glu-tubulin levels in MCF-7 cells.  

MCF-7 cells treated with 20µM compound c for 4 hours in serum-free media 

were fixed and stained with A. glu-tubulin and alpha tubulin.  B. Acetylated 

tubulin and alpha tubulin.  All images were taken at 60x magnification and are 

displayed as maximum z projections.  Scale bar corresponds to 20µm. 
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cytoskeleton in suspension.  The combination of compound c pretreatment and the initial 

inhibition of the AMPK pathway at time 0 in suspension were sufficient to maintain 

cofilin activation (Figure 2.3A and 2.3B).  Acetylated tubulin levels increased in MCF-7 

and BT-549 cells by 15 minutes in suspension, with the biggest difference appearing 

around 60 minutes.  Glu-tubulin levels did not change in either cell line in suspension 

with treatment (Figure 2.3A and 2.3B).  Densitometry at 60 minutes of suspension 

indicated both cell lines significantly increased cofilin activation and acetylated tubulin 

(Figure 2.3C).  Compound c treatment and suspension also did not induce cytotoxicity 

(Supplemental Figure 2.1C).  Therefore, compound c increased microtubule stability and 

cofilin activity in detached human breast tumor cells.   
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Figure 2.3: Compound C increases activated cofilin and tubulin acetylation in 

suspended cells. 

A. MCF-7 cells were treated with 20µM compound c for 4 hours in serum-free 

media and then suspended.  Cells were harvested immediately after suspension (0) 

and then harvested at 15, 30, and 60 minutes.  Western blot analysis was done to 

determine levels of pAMPK, pCofilin, glu-tubulin, and acetylated tubulin.  B.  BT-

549 cells were treated with 20µM compound c for 2 hours in serum-free media and 

suspended.  Cells were harvested and Western blot analysis was done as above.  C. 

Densitometry was done at 60 minutes of suspension of three independent 

experiments (mean +/- SEM) to quantify levels of pCofilin, glu-tubulin, and 

acetylated tubulin. *p<0.05 **p<0.005. ns = not significant. 
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AMPK inhibition increases microtentacles and tumor cell re-attachment. 

We next wanted to determine if the alterations in the cytoskeleton upon compound c 

treatment resulted in changes in McTN formation and tumor cell re-attachment.  MCF-7 

cells were pretreated for 4 hours and BT-549 cells were pretreated for 2 hours with 20µM 

compound c and McTN counts were conducted after 15-30 minutes in suspension.  

Blinded McTN quantification found that MCF-7 and BT-549 cells treated with 

compound c significantly increased McTN frequency, as compared to cells treated with 

vehicle control (Figure 2.4A and 2.4C).  Representative images show the increase in 

McTNs in compound c treated cells (Figure 2.4B and 2.4D).   

 

In order to characterize the functional role of the McTNs, we measured the re-attachment 

of suspended breast tumor cells to model the early steps of CTC arrest in distant tissues 

[44].  The increase in McTNs upon compound c treatment corresponded to greater tumor 

cell re-attachment (Figure 2.4E and 2.4F).  Re-attachment was increased in both cell lines 

with compound c treatment by 1-2 hours of suspension.  Inhibiting AMPK in suspended 

breast tumor cells resulted in higher McTN formation and re-attachment, which 

corresponded with higher microtubule stability and cofilin activation.   
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Figure 2.4: AMPK inhibition increases microtentacles and tumor cell re-attachment. 

A. MCF-7 cells were suspended after treatment with 20µM compound c for 4 hours in 

serum-free media and stained with CellMask Orange cell membrane dye.  Blinded 

quantification of microtentacle frequency from three independent experiments (mean 

+/- SEM) with 100 cells counted for each was averaged.  **p<0.001.  B. 

Representative images show microtentacles (arrow) on vehicle control and compound 

c treated MCF-7 cells.  Scale bar corresponds to 20µm. C. BT-549 cells were 

suspended after treatment with 20µM compound c for 4 hours in serum-free media and 

stained with CellMask Orange cell membrane dye.  Blinded quantification of 

microtentacle frequency from three independent experiments (mean +/- SEM) with 

100 cells counted for each were averaged.  ***p<0.0001.  D.  Representative images 

show microtentacles (arrow) on vehicle control and compound c treated BT-549 cells.  

Scale bar corresponds to 20µm.  E & F.  Re-attachment of suspended MCF-7 and BT-

549 cells treated with 20µM compound c for 4 hours and 2 hours, respectively, in 

serum-free media using the real time xCELLigence analyzer. 
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Figure 2.5: AMPK activation decreases cofilin activation and acetylated tubulin. 

A & B. MCF-7 cells were treated with 100-400µM of A-769662 for 4-24 hours.  

Protein was harvested and Western blot analysis was done to determine levels of 

pAMPK at threonine 172, pCofilin at serine 3, detyrosinated alpha tubulin (glu-

tub), and acetylated alpha tubulin (acetyl-tub).  C & D. BT-549 cells were treated 

with 100-400µM A-769662 for 4-24 hours.  Protein was harvested and Western 

blot analysis was done to determine levels of markers listed above.  E. 

Densitometry was done to quantify levels of pCofilin, glu-tubulin, and acetylated 

tubulin from three independent experiments (mean +/- SEM) in MCF-7 and BT-

549 cells treated with 200µM and 400µM A-769662, respectively, for 24 hours. 

*p<0.05.  **p<0.005. ns = not significant. 

AMPK activation decreases cofilin activation and tubulin acetylation in attached cells. 

In complementary experiments, we sought to understand if AMPK activation could 

reverse the effects on the cytoskeleton and McTNs seen with AMPK inhibition.  AMPK 

activation has been previously shown to have therapeutic value in breast cancer cell 

growth in pre-clinical models [119].  At the dose and time point we used, there was no 

cytotoxicity (Supplemental Figure 2.1B), but we did see similar results on cell growth at 

48 hours with A-769662 treatment as previously reported (Supplemental Figure 2.2C) 

[98].   
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Attached MCF-7 cells were treated with varying doses of A-769662 for 24 hours.  There 

was robust activation of AMPK in MCF-7 cells at 200µM (Figure 2.5A).  AMPK 

activation also resulted in a significant increase in cofilin phosphorylation with 200µM 

A-769662 treatment by 8 hours (Figure 5B and Supplemental Figure 2.3C).  There was 

no change in glu-tubulin levels, but acetylated tubulin decreased with AMPK activation 

in a time-dependent manner (Figures 2.5A, 2.5B, and Supplemental Figure 2.3C).  BT-

549 cells activated AMPK with 400µM A-769662 at 4 hours, which was maintained for 

24 hours (Figure 2.5C and 2.5D).  Similar to MCF-7 cells, AMPK activation resulted in 

increased cofilin phosphorylation with 400µM A-769662 by 8 hours and was sustained 

for 24 hours.  Tubulin acetylation also decreased upon AMPK activation with 400µM 

treatment by 8 hours (Figure 2.5D and Supplemental Figure 2.3D).  Densitometry at 24 

hours showed a significant decrease in cofilin activation and acetylated tubulin in MCF-7 

cells and BT-549 cells with no change in glu-tubulin (Figure 2.5E).   

 

In addition to overall protein levels, changes in microtubule stability in MCF-7 and BT-

549 cells with A-769662 treatment were visualized with immunofluorescence.  There was 

no appreciable change in glu-tubulin levels or organization in MCF-7 cells, which 

mimicked the Western blot results (Figure 2.6A).  MCF-7 cells slightly decreased overall 

acetylation with 200µM A-769662 for 24 hours (Figure 2.6B).  BT-549 cells also showed 

no difference in glu-tubulin (Supplemental Figure 2.5A), but there was a more marked 

decrease in tubulin acetylation with 400µM A-769662 treatment for 24 hours 

(Supplemental Figure 2.5B).  Alpha-tubulin did not change with treatment as a control.   
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AMPK activation decreases cofilin activation in MCF-7 cells and microtubule stability in 

BT-549 cells in suspension. 

Based on the changes detected in attached cells, MCF-7 and BT-549 cells were pretreated 

with 200µM and 400µM A-769662, respectively, for 24 hours and then suspended to test 

the cytoskeletal effects of A-769662 on detached breast tumor cells.  Both cell lines 

activated AMPK through increased phosphorylation even though basal phosphorylation 

levels did decline over time as seen previously.  Similar to the attached cells,   MCF-7 

cells decreased cofilin activation with A-769662 treatment starting at 15 minutes with the 

biggest changes seen at 60 minutes (Figure 2.7A and 2.7C).  There were only subtle 

changes in microtubule stability seen in suspended MCF-7 cells.  BT-549 cells, on the 

other hand, had little to no change in cofilin activation in suspension, but did change 

Figure 2.6: A-769662 does not change glu-tubulin or acetylated tubulin in MCF-7 

cells. 

MCF-7 cells treated with 2000µM A-769662 for 24 hours were fixed and stained 

with A. glu-tubulin and alpha tubulin.  B. Acetylated tubulin and alpha tubulin.  

All images were taken at 60x magnification and are displayed as maximum z 

projections.  Scale bar corresponds to 20µm. 
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microtubule stability (Figure 2.7B).  Alpha-tubulin acetylation decreased dramatically at 

every time point with A-769662 treatment.  Glu-tubulin levels decreased, starting around 

15-30 minutes of suspension, but did not have as robust of a change compared to tubulin 

acetylation.  Densitometry revealed that MCF-7 cells significantly decreased cofilin 

activation after 60 minutes of suspension, but did not alter microtubule stability.  The 

opposite effect was seen in BT-549 cells where there was a significant decrease in 

microtubule stability at 60 minutes of suspension, but cofilin did not change (Figure 

2.7C).  Drug treatment and suspension did not induce cytotoxicity (Supplemental Figure 

2.1D). 
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Figure 2.7: AMPK activation in suspended cells has differential effects on 

microtubule stability and cofilin activation. 

A. MCF-7 cells were treated with 200µM A-769662 for 24 hours and then 

suspended.  Cells were harvested immediately after suspension (0) and then 

harvested at 15, 30, and 60 minutes.  Western blot analysis was done to 

determine levels of pAMPK, pCofilin, glu-tubulin, and acetylated tubulin.  B. 

BT-549 cells were treated with 400µM A-769662 for 24 hours and suspended.  

Cells were harvested and Western blot analysis was done as above.  C. 

Densitometry was done at 60 minutes of suspension of three independent 

experiments (mean +/- SEM) to quantify levels of pCofilin, glu-tubulin, and 

acetylated tubulin. *p<0.05 **p<0.005. ns = not significant. 
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AMPK activation decreases microtentacles and tumor cell re-attachment. 

Since AMPK activation decreased microtubule stability in BT-549 cells and cofilin 

activation in MCF-7 cells in suspension, we measured its effect on McTN formation and 

re-attachment.  Both MCF-7 and BT-549 cells significantly decreased McTN frequency 

with 200µM and 400µM A-769662 treatment, respectively, for 24 hours (Figure 2.8A 

and 2.8C).  There was a more robust decrease in McTN formation in BT-549 cells 

compared to MCF-7 cells.  Representative images show a decrease in McTNs in a 

population of treated cells (Figure 2.8B and 2.8D) compared to vehicle control.  The 

decrease in McTNs also corresponded with a decrease in cell re-attachment in MCF-7 

and BT-549 cells (Figure 2.8E and 2.8F).  MCF-7 cells decreased re-attachment starting 

at about 30 minutes.  A-769662 was also able to better impede BT-549 cell re-attachment 

starting at slightly over 1 hour of suspension.   
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Figure 2.8: AMPK activation decreases microtentacles and tumor cell re-attachment. 

A. MCF-7 cells were suspended after treatment with 200µM A-769662 for 24 hours and stained 

with CellMask Orange cell membrane dye.  Blinded quantification of microtentacle frequency from 

three independent experiments (mean +/- SEM) with 100 cells counted for each was averaged. 

*p<0.05.  B. Representative images show microtentacles (arrow) on vehicle control and A-769662 

treated cells.  C. BT-549 cells were suspended after treatment with 400µM A-769662 for 24 hours 

and stained with CellMask Orange cell membrane dye.  Blinded quantification of microtentacle 

frequency from three independent experiments (mean +/- SEM) with 100 cells counted for each was 

averaged.  ***p<0.0005.  D. Representative images show microtentacles (arrow) on vehicle control 

and A-769662 treated cells.  E & F. Re-attachment of suspended MCF-7 and BT-549 cells treated 

with 200µM and 400µM A-769662, respectively, for 24 hours using the real time xCELLigence 

analyzer. 
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DISCUSSION 

 

This study investigates the role of the cellular metabolic regulator, AMPK, on the 

cytoskeletal properties of human breast tumor cells.  The AMPK pathway has long been 

known to have numerous downstream signaling functions affecting cellular metabolism, 

protein synthesis, cell growth, and autophagy to maintain cellular metabolic homeostasis 

[119].  In this study, we show that AMPK regulates the cytoskeleton by altering both 

microtubule stability and the actin network in attached and detached breast cancer cells.  

This suggests a novel role for AMPK in breast cancer. 

 

Here we report that the AMPK pathway can alter microtubule stability in breast tumor 

cells.  AMPK inhibition with compound c significantly increased microtubule stability in 

MCF-7 and BT-549 cells.  This supports a previous study where AMPK inhibition with 

compound c increased glu-tubulin levels by decreasing the phosphorylation of a 

microtubule plus-end binding protein, clip-170, in normal kidney epithelial (Vero) cells 

[75].  Increased expression of glu-tubulin and acetylated tubulin are associated with poor 

prognosis in breast cancer [51, 106] and acetylated tubulin acts as a prognostic marker in 

head and neck squamous cell carcinoma [120].  In addition, these markers of stable 

microtubules are found in the invasive front of tumors, aid in epithelial to mesenchymal 

transition (EMT), and enhance tumor cell migration [52, 106].  Therefore, inhibiting 

AMPK with compound c may raise the metastatic potential of breast tumor cells and may 

not be a beneficial therapeutic strategy in some settings.  
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Conversely, we show that AMPK activation with A-769662 decreased microtubule 

stability.  When attached, treatment of MCF-7 and BT-549 cells with A-769662 

decreased tubulin acetylation but did not change glu-tubulin.  There is currently very little 

known about the association of AMPK with microtubule acetylation in breast cancer.  

Previous work in HeLa cells have found that AMPK activation in response to stress 

causes MEC-17 phosphorylation, which actually hyperacetylates microtubules [121].  

However, it is not known if MEC-17 is a direct substrate of AMPK.  Further, MEC-17 

can be regulated by a variety of mechanisms, including auto-acetylation, that can alter 

microtubule acetylation levels [48].  It has been previously shown that treatment of Vero 

cells with the AMPK activator, AICAR, did not change glu-tubulin levels, but in 

cardiomyocytes AICAR treatment decreased glu-tubulin [70, 75].  However, neither of 

these studies measured acetylation.  Based on our data and the current literature, it is 

clear that AMPK is able to regulate microtubule stability as a response to cell stress.  

Further research is required to understand the mechanism by which AMPK can alter 

microtubule stability using genetic mutations in AMPK and other tubulin regulatory 

proteins such as MEC-17.   

 

McTNs and tumor re-attachment are regulated not only by the outward force of stabilized 

microtubules, but also the inward contractile force of the actin cortex [41, 43].  Here we 

identify, for the first time in breast cancer, that AMPK can modulate cofilin 

phosphorylation.  Previous work has demonstrated that AMPK activation with A-769662 

can remodel the actin cytoskeleton in polarized epithelial cells by phosphorylating key 

actin regulatory proteins, including cofilin [71].  AMPK activation has also been shown 
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to reduce cell motility by inhibiting focal adhesion kinase in tumor cells and can actually 

suppress metastasis in animals [122].  Here we find that AMPK inhibition decreased 

cofilin phosphorylation in both MCF-7 and BT-549 cell lines.  Activation of AMPK with 

A-769662 increased cofilin phosphorylation in attached breast cancer cells, which 

supports work done in Madin-Darby canine kidney cells where A-769662 treatment also 

raised cofilin phosphorylation [71].  The cofilin pathway is a central player in the 

generation of actin-based structures such as lamellipodia, invadopodia, and filopodia, 

which are essential for cell migration and invasion [123-126].  Further work needs to be 

done to determine how AMPK specifically regulates cofilin phosphorylation to better 

target this pathway to reduce the invasive and metastatic phenotype of tumor cells.  

 

Our results show for the first time that AMPK also plays a role in regulating the 

cytoskeleton of detached breast tumor cells, which affects their McTN formation and re-

attachment ability. AMPK can play an important role in regulating the balance of both 

actin and microtubules in suspended breast tumor cells.  We chose to examine MCF-7 

and BT-549 cells because of their differences in AMPK levels and invasiveness so it is 

predicted that their cytoskeleton would also have distinctive responses to AMPK-directed 

drugs.  Though the two cell lines mostly responded similarly to drug treatments, they did 

show slight differences in sensitivity to each drug.  AMPK activation with A-769662 in 

suspended conditions caused the most cell-line specific changes as MCF-7 cells 

decreased cofilin activation, but BT-549 cells responded to AMPK activation by 

decreasing microtubule stability.  Ultimately AMPK activation reduced McTN frequency 

in both cell lines and diminished their ability to re-attach.  The re-attachment process is a 
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key early step for CTC retention at a distant site [37].  Therefore, our data shows that 

AMPK activation may lower the metastatic efficiency of circulating breast tumor cells 

through its regulation of the cytoskeleton. 

 

AMPK activation has already shown great promise in treating primary breast cancer in 

pre-clinical models [102].  However, debate still remains in the field on the therapeutic 

benefit of AMPK in cancer [127].  While AMPK’s adaptive response to cell stress in 

cancer may provide a survival benefit to tumor cells and allow them to withstand states of 

decreased nutrient availability [128-130], many studies have suggested that the LKB1-

AMPK axis has tumor suppressor properties [99, 119].  LKB1 is the upstream kinase that 

phosphorylates AMPK and is a tumor suppressor that is mutated in Peutz-Jeghers 

syndrome (PJS) [74].  Patients with PJS have a 54% increased risk in developing breast 

cancer [131] and LKB1 is mutated in 30% of sporadic breast cancer [118].  AMPK is 

also known to inhibit cell growth by regulating p53 and other cell cycle proteins [97, 118, 

127, 131].  In addition, AMPK activators such metformin and A-769662 inhibit tumor 

growth in xenograft models and induce growth arrest in vitro [95, 99, 118].   

 

In particular, ECM-detached epithelial cells are known to be metabolically compromised 

because of their inability to take up glucose and produce ATP at the same rate [65].  

ECM-detached immortalized normal breast epithelial cells, MCF-10A, activate AMPK 

upon detachment [132].  While normal epithelial cells undergo programmed cell death in 

these conditions [65, 133], we and others have found that suspended breast tumor cells 

also activate AMPK when detached [132] and have enhanced survival in suspension 
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compared to MCF-10A cells [132, 134] .  Unique to this study, we focused on early time 

points after tumor cell suspension to model the particular step of re-attachment in the 

metastatic cascade.  Most other work has focused on 24 to 48 hours of suspension of 

breast epithelial or tumor cells to assay survival.  However, CTCs are able to actively 

adhere to the vasculature within a much shorter timeframe than 24 hours of dissemination 

into the circulation [37].  During this time, adhesion of tumor cells with other cells can 

contribute to survival in the circulation [44].  McTNs promote heterotypic and homotypic 

cell-cell aggregation which may protect CTCs while they are in transit [41, 42, 58, 105].  

Permanent arrest at a distant organ requires adhesive interactions of tumor cells with the 

endothelium, which can also be facilitated by McTNs on the surface of tumor cells [37].  

By showing that AMPK activation significantly decreases McTN formation and re-

attachment of breast tumor cells, we report a novel role for AMPK during the early stage 

of metastatic dissemination. 

 

Though an abundance of work exists on understanding AMPK signaling in primary 

tumor growth and progression, the role of AMPK in metastasis is still unclear. The main 

function of AMPK activation in a cell is to revert to a state of increased catabolism and 

decreased anabolism to return the cell to homeostasis [93, 94].  Therefore, pathways such 

as protein synthesis are mostly turned off.  This study offers new insight on AMPK’s role 

in breast tumor cell biology through regulation of the cytoskeleton.  Elevating and/or 

sustaining AMPK activation by treating cells with an AMPK activator could have global 

consequences for the cell’s cytoskeleton that may reduce McTN formation to conserve 

energy.  We show for the first time in breast cancer that AMPK activation can destabilize 
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microtubules while strengthening the actin network by inhibiting cofilin.  These 

molecular changes result in a decrease in the formation of McTNs in suspended breast 

tumor cells that attenuate their ability to re-attach.  In this manner, we can take advantage 

of current AMPK activators that are already available or in clinical development to 

increase the survival of patients with breast cancer by decreasing the metastatic potential 

of detached breast tumor cells.    
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CHAPTER THREE | SPECIFIC 

AIM 2 
 

Define how AMPK phosphorylation of clip-170 affects CTC attachment and metastasis 
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INTRODUCTION 

 

Clip-170 is a microtubule plus-end tracking protein (+TIP) that is a direct substrate of 

AMPK.  The +TIP family of proteins specifically associate with the growing plus-end of 

microtubules to control microtubule dynamics and their interactions with organelles 

[135].  Clip-170 was the first reported +TIP cytoplasmic linker protein [136].  Currently, 

over 20 cytoplasmic linker proteins (CLIPs) have been identified.   Clip-170 contains a 

cytoskeleton-associated protein glycine rich (CAP-Gly) domain on the N-terminus.  The 

CAP-Gly domain confers the binding of clip-170 to other molecules by specifically 

recognizing C-terminal EEY/F motifs [135, 137].  An EEY/F motif is located at the C-

terminus of alpha-tubulin, end-binding proteins, and clip-170 itself.  CLIPs form parallel 

dimers through a long coil-coil domain that mediates their homotypic association.  Clip-

170 forms intramolecular interactions via a flexible two-stranded coil-coil, which allows 

it to fold back on itself.  The C-terminus of clip-170 contains two zinc knuckles and the 

EEY/F motif [138].  Clip-170 can switch between the folded autoinhibitory conformation 

and an extended form that is more receptive to microtubule binding [139].   

 

Association of clip-170 with the microtubule was first discovered using GFP-tagged clip-

170 molecules in live cells.  The movement of clip-170 through the cell resembled 

comet-like structures radiating from the center of the cell towards the periphery and 

coincided with the tips of polymerizing microtubules [137, 140].  The comet-like 

distribution is due to the rapid association and disassociation of clip-170 with the 

microtubule plus-end.  Phosphorylation events on clip-170 may be a major regulator of 

this process [140].  Along with AMPK, clip-170 can be phosphorylated by mammalian 
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target of rapamycin (mTOR).  Inhibition of mTOR reduces clip-170 binding to 

microtubules [141].  On the other hand, activation of AMPK results in clip-170 

phosphorylation at serine 312, which also diminishes its affinity to the microtubule.     

 

Association of +TIP with the microtubule plays an important role in defining microtubule 

dynamics within a cell.  Clip-170 can promote the rescue of microtubule polymers from 

catastrophe by converting depolymerizing microtubules into growing ones [142].  +TIPs 

also control the binding of microtubules with other structures within the cell [135].  Clip-

170 can mediate the capture of microtubules to the cell cortex and cross-talk with the 

actin cortex [143].  Therefore, clip-170 is an essential mediator of microtubule function, 

but the mechanisms by which CLIPs control microtubule stability are still not well 

understood and remain under investigation.   

 

Alterations in clip-170 phosphorylation at serine 312 correspond to changes in levels of 

tubulin detyrosination.  Based on our previous work showing the importance of glu-

tubulin in the formation of McTNs and the re-attachment of breast tumor cells [38], we 

were interested in further understanding the role of this specific phosphorylation site on 

clip-170 in McTN behavior.  We hypothesized that constitutive clip-170 phosphorylation 

would decrease glu-tubulin levels in breast tumor cells, thus preventing McTN formation.  

We used point mutations at serine 312 to study the role of this phosphorylation site on 

microtubule stability, McTNs, and re-attachment of breast tumor cells.  Transient 

transfection of MCF-7 human breast cancer cells showed that the non-phosphorylatable 

mutant (S312A) of clip-170 increased glu-tubulin levels and also changed the phenotype 
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of clip-170 comets in live cells.   BT-549 human breast cancer cells retro-virally 

transduced with a phosphomimetic form (S312D) of clip-170 had diminished McTN 

formation and re-attachment.  However, serine 312 was not a regulator of microtubule 

detyrosination or acetylation in cell lines stably expressing wild-type (WT) and mutant 

forms of S312.  Taken together, these data show that clip-170 phosphorylation at serine 

312 is not a necessary mediator of microtubule stability in breast cancer cells, but is 

sufficient to decrease McTN formation.  Therefore, phosphorylation of clip-170 may be 

beneficial in reducing the metastatic efficiency of breast tumor cells through a 

mechanism that is independent of microtubule stability. 

 

MATERIALS AND METHODS 

 

Cell lines and reagents: MCF-7 and BT-549 cells were obtained from American Tissue 

Culture Collection.  Lenti-X 293T cells were a generous gift from Dr. Geoffrey Girnun 

from Stony Brook School of Medicine.  Cells were cultured in Dulbecco’s Modified 

Eagle Medium (Corning), 10% fetal bovine serum, and 1% pen penicillin-streptomycin 

solution.  All cells were maintained at 37⁰C with 5% CO2.  Compound c was obtained 

from Calbiochem.  Human clip-170 (NM_198240) WT, clip-170 S312A, and clip-170 

S312D constructs in eGFP-C1 vector were generously provided by Dr. Seiji Takashima 

from the Osaka Graduate School of Medicine in Osaka, Japan. 

 

Transient transfection and comet imaging: MCF-7 human breast cancer cells (1.0x10
5
) 

were plated on glass-bottom dishes (MatTek).  After 24 hours, 2µg of clip-170 WT, 

S312A, and S312D plasmid DNA were transiently transfected in the cells using ExGen 

500 (Biomol) transfection reagent according to manufacturer’s instructions.  After 24 
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hours of transfection, time-lapse imaging was performed using the Olympus FV1000 

confocal microscope on live cells.  Images were taken for 30 frames with a 5 second 

frame rate at 60x magnification.  For drug treatments, MCF-7 cells were serum starved 

for 5 hours and then treated with 20µM compound c for 10 minutes.  Comet lengths were 

measured on maximum intensity z-projections of three independent images using ImageJ 

and one-way ANOVA was used to determine significance. Lenti-X 293T cells were 

transiently transfected with clip-170 WT, S312A, or S312D plasmids as described above. 

 

Generation of stable cell lines: Clip-170 WT, S312A, and S312D constructs were cloned 

into pLVX-Puro vector and retro-virally transduced into BT-459 human breast cancer 

cell lines using the In-Fusion cloning kit (Clontech) according to manufacturer’s 

instructions.  In brief, the pLVX-Puro vector (Clontech) was digested using XhoI and 

BamHI (New England Biolabs) and PCR purified using a gel purification kit (Qiagen).  

Clip-170 and GFP were removed from the original eGFP-C1 vector using PCR with the 

following primers:  5’-GGACTCAGATCTCGACGCCACCATGGTGAGCAA-3’ 

(forward) and 5’-TAGAGTCGCGGGATCGGATCCTCAGAAGGTTTCG-3’ (reverse) 

using the Phusion High Fidelity PCR kit (New England Biolabs).  These PCR products 

were also gel purified as above.  The In-Fusion reaction was performed using 50ng of 

vector DNA and 100ng of insert DNA and transformed in Stellar Competent cells 

(Clontech).  Colonies were picked and sequenced at Genewiz to confirm the presence of 

insert using CMV forward primer and pGK reverse primer.  Sequencing was also done to 

confirm that the mutations at S312 using the following primers: 5’-

TGGCGTGGAGTTAGATGAGC-3’ (forward) and 5’-CAATGTGCTGCTGCTTCTCC-
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3’ (reverse).  Retrovirus was generated from transfecting Lenti-X 293T cells.  Virus was 

collected 48 and 72 hours post transfection.  BT-549 cells were transduced with virus and 

selected with 0.5µg/ml puromycin to generate stable cell lines.    

 

Western blot analysis: Cells were harvested using ice cold RIPA buffer (EMD Millipore) 

with 1mM PMSF, phosphatase inhibitor cocktail (EMD Milipore), and protease inhibitor 

cocktail (Sigma-Aldrich).  Protein concentration was determined by DC (detergent 

compatible) protein assay (Bio-Rad).  Equal amounts of lysate were heated with 4x SDS 

sample buffer containing 0.1mM DTT.  Protein samples were loaded on a 4-12% 

NuPAGE Bis-Tris gel (Life Technologies).  Gels were transferred to a polyvinylidene 

difluoride membrane (Bio-Rad).  Membranes were blocked in 5% (w/v) milk in Tris-

buffered saline pH 7.4 with 0.5% Tween (TBS-T) for 1 hour at room temperature (RT).  

Primary antibodies: Detyrosinated alpha-tubulin (Abcam), alpha-tubulin (Sigma-

Aldrich), acetylated tubulin lysine 40 (Cell Signaling), Clip-170 (Protein Tech), pClip-

170 (custom made from Genemed Synthesis, Inc.).  All antibodies were used at a 1:1000 

dilution in 2.5% (w/v) milk in TBS-T and incubated overnight at 4⁰C.  Secondary anti-

mouse and anti-rabbit IgG horse radish peroxidase was used at 1:10,000 and 1:5,000 

dilution, respectively (Jackson ImmunoResearch Laboratories).  Signal was detected 

using Amersham ECL prime western blotting detection reagent (GE Healthcare Life 

Sciences).  Lambda phosphatase (New England Biolabs) was added to the membrane 

according to manufacturer’s instructions. 
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Immunofluorescence: MCF-7 and BT-549 cells were cultured on glass coverslips for 24 

hours.  MCF-7 cells were transiently transfected as described above for 24 hours.  Cells 

were fixed for 10 minutes in ice cold methanol.  Cells were permeabilized with 0.25% 

Triton X-100 for 10 minutes and blocked in 5% BSA/0.5% NP-40 solution for 1 hour at 

RT. Primary antibody for detyrosinated tubulin, acetylated tubulin, and alpha-tubulin was 

diluted (1:500) in 2.5% BSA/0.5% NP-40 and incubated overnight at 4⁰C. Secondary 

anti-mouse Alexa594 and anti-rabbit Alexa488 antibodies (1:1,000; Life Technologies) 

were diluted in PBS and incubated for 1 hour at RT.  Coverslips were mounted on glass 

slides using Fluoromount-G (Southern Biotech).  Images were taken using Olympus 

FV1000 confocal microscope at 60x magnification under the same exposure settings for 

corresponding vehicle and drug treatments. 

 

McTN scoring: BT-549 cells expressing clip-170 constructs cells were stained with 

CellMask Orange (1:5,000; Life Technologies) in PBS for 5 minutes at 37⁰C.  Cells were 

detached with 0.25% trypsin-EDTA (Corning) and resuspended in DMEM without 

phenol-red or serum and transferred to low-attachment plates (Corning).  McTNs were 

scored blindly in a population of 100 cells/well as previously described [38].   

 

Re-attachment: BT-549 cells expressing clip-170 constructs were detached with 0.25% 

trypsin-EDTA.  Cells (2x10
4
) were plated in quadruplicate into the wells of the 

xCELLigence microwell E-plate (Acea Biosciences) containing media.  The plate was 

placed in the RTCA DP analyzer maintained at 37⁰C and 5% CO2.  Electrical impedance, 

which corresponds to the cell index, was recorded every 4 minutes for 55 sweeps. 
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Cytotoxicity assay: CellTiter-Glo cytotoxicity assay (Promega) was used according to 

manufacturer’s instructions.  BT-549 cells (5x10
3
) were initially plated in a 96-well plate.  

Cells were allowed 24 hours to attach (initial day 0) and were assayed 24 hours and 48 

hours after initial day 0.  Growth was normalized to the initial day 0 time point. 

 

Statistical analysis: Graphpad Prism (version 6.02) was used to perform all statistical 

comparisons. Student’s t-test and one-way ANOVA tests were performed with a Tukey 

multiple comparisons post-test as indicated. A p-value of 0.05 or less was considered to 

be statistically significant. 

 

RESULTS 

 

The interaction between clip-170 and microtubule plus-ends is a major effector of 

microtubule function and polymerization dynamics.  Phosphorylation events on clip-170 

can regulate its association with microtubules that can in turn control microtubule 

stability and the speed of microtubule polymerization.  Specifically, phosphorylation at 

serine 312 by AMPK can alter clip-170’s affinity for microtubules, which results in 

changes in directional cell migration of Vero (normal kidney epithelial) cells [75].  In this 

study, we were interested in determining how clip-170 phosphorylation regulates 

microtubule stability and polymerization in human breast cancer cell lines.  We used a 

genetic approach introducing WT clip-170 along with two mutants at serine 312 – a non-

phosphorylatable (S312A) and a phosphomimetic (S312D) – in MCF-7 and BT-549 cells.   
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The third serine-rich domain of clip-170 contributes to its end-tracking behavior so we 

were interested in visualizing the movement of clip-170 in live tumor cells where clip-

170 can be seen following along microtubule plus-ends in comet-like structures [144].  

Live cell imaging of MCF-7 cells transiently transfected with GFP-tagged WT, S312A, 

and S312D construct was performed to trace clip-170 comets.  There was a striking 

difference in the appearance of these comets in the non-phosphorylatable form of clip-

170 compared to WT.  In maximum intensity z-projection at one time-point the comets 

were qualitatively longer and less constrained by the cell boundary (Figure 3.1A).  

S312D plasmid-transfected cells looked similar to WT. In order to mimic pClip-170 

suppression pharmacologically, MCF-7 cells were treated with an AMPK inhibitor, 

compound c.  Similar results were also seen in compound c treated cells (Figure 3.1B).  

The average length of the comets within a cell was manually measured in a population of 

MCF-7 cells transfected with clip-170.  S312A showed a significant increase in comet 

length compared to WT.  On the other hand, S312D significantly decreased comet length 

compared to S312A and had no significant difference compared WT.  Compound c 

treatment also significantly increased the length of clip-170 comets in MCF-7 cells 

(Figure 3.1D).  
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We next wanted to determine if the changes in comets correlated with altered 

microtubule stability.  Immunofluorescence of MCF-7 cells transfected with WT, S312A, 

and S312D was done to visualize glu-tubulin filaments in cells expressing exogenous 

clip-170 protein.  MCF-7 cells expressing the non-phosphorylatable clip-170 also showed 

strong glu-tubulin filamentous staining whereas untransfected cells did not express glu-

tubulin (Figure 3.2).  Similarly, MCF-7 cells with WT or S312D did not have any glu-

tubulin.  These data suggest that shutting off clip-170 phosphorylation in breast tumor 

cells results in higher expression of glu-tubulin, a marker of microtubule stability. 

 

 

Figure 3.1: Inhibition of 

clip-170 phosphorylation 

increases comet length in 

MCF-7 cells.  

Live cell imaging of A. 

MCF-7 transfected with 

GFP tagged clip-170 wild-

type (WT), S312A, and 

S312D constructs for 24 

hours and B. MCF-7 cells 

treated with 20µM 

compound c for 10 minutes.  

Representative images of 

maximum intensity 

projections of three 1µm z-

stacks taken at 60x 

magnification.  Scale bar = 

5µm.  Average comet length 

measured using ImageJ in 

C. transfected cells and D. 

compound c treated MCF-7 

cells.  ***p<0.0001 

*p<0.05. 
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Once we established that clip-170 may play a role in changing microtubule stability in 

breast tumor cells, we were interested in looking at endogenous pClip-170 expression in 

human breast tumor cell lines.  Since no commercial antibody was available to detect 

phosphorylation at S312, a custom antibody was generated.  The specificity of this 

antibody was validated by Western blot analysis and immunofluorescence.  293T cells 

were transfectd with clip-170 WT, S312A, and S312D and harvested for Western blot 

analysis.  The custom pClip-170 antibody was able to detect phosphorylation in WT 

cells, but not in the genetically altered versions of clip-170, indicating that the antibody is 

specific for that phosphorylation site (Figure 3.3A).  The antibody was also validated for 

immunofluorescnce applications (Figure 3.3B).  293T cells expressing WT clip-170 were 

visualized with GFP expression and pClip-170 levels was also seen in the same cells.  

Based on the qualitative expression pattern, almost all of the clip-170 in the cell seemed 

to also be phosphorylated at serine 312, which may suggest that phosphorylation at this 

Figure 3.2: Inhibition of 

clip-170 phosphorylation 

increases glu-tubulin. 

Immunofluorescence of 

MCF-7 cells transfected 

with GFP clip-170 wild-

type (WT), S312A, and 

S312D constructs for 24 

hours and stained with 

Hoechst (blue) and glu-

tubulin (red). 
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site is a critical ubiquitous regulator of clip-170.  We then went on to validate the the 

custom antibody for endogenous clip-170 expression in cell lines.  293T, Vero, and 

MCF-7 cells  were first tested because they are known to have high levels of Clip-170 

according to the literature [75, 76].  The pClip-170 antibody was able to detect 

endogenous pClip-170 levels and it was further confirmed that the antibody specifically 

detects phosphorylation by treating the membrane with λ- phosphatase, which resulted in 

decreased pClip-170 protein (Figure 3.3C).  In summary, the custom antibody for clip-

170 was specific for the S312 site, could detect both exogenous and endogenous pClip-

170, and was applicable for bothWestern blot and immunofluorescence analyses.   

Figure 3.3: Custom antibody for pClip-170 S312 is specific and recognizes 

exogenous and endogenous pClip-170 protein in breast tumor cells.  

A. Western blot analysis of 293T cells transfected with GFP-tagged clip-170 wild-

type (WT), S312A, and S312D constructs for 24 hours and probed with pClip-170 

and total clip-170.  B. Immunofluorescence of 293T cells transfected with clip-170 

WT for 24 hours and stained with Hoechst and pClip-170.  C. Western blot analysis 

of 293T, Vero, and MCF-7 cells for pClip-170 with and without λ-phosphatase 

treatment.  D. Western blot analysis of a panel of non-metastatic and metastatic breast 

cancer cell lines for pClip-170, total clip-170, and beta-actin. 



 

71 
 

We then probed a panel of breast cancer cell lines for endogenous pClip-170 levels to 

determine its expression profile in a range of breast tumor cell lines.  Every cell line 

expressed clip-170 protein and 4/7 cell lines also showed phosphorylation at serine 312.  

Since changes pClip-170 levels correlated with glu-tubulin levels in MCF-7 cells we 

wanted to determine if pClip-170 at S312 was differentially expressed in non-metastatic 

versus metastatic cell lines.  Microtubule stability in the form of glu-tubulin and 

acetylated tubulin have both been corelated to enhanced metastatic efficiency [38, 106].  

However, there was no clear correlation between pClip-170 and the metastatic status of 

the breast tumor cell line (Figure 3.3D).    

 

Even though pClip-170 may not be a valuable biomarker in predicting the metastatic 

efficiency of breast tumor cells, we wanted to determine if permanently manipulating 

pClip-170 could alter the microtubule dynamics of breast tumor cells and change their 

phenotype.  In transient transfection experiments we were unable to do any population-

based or phenotypic studies because not all cells expressed the exogenous protein. 

Therefore, we chose to stably express WT, S312A, and S312D clip-170 in BT-549 cells 

because there was no detectable endogenous pClip-170 in these cells (Figure 3.3D).  

Using retrovirus, we successfully integrated mutant forms of GFP-tagged clip-170 in BT-

549 cells (Figure 3.4A).   Introduction of clip-170 did not lead to any changes in cell 

morphology or growth in BT-549 cells (Supplemental Figure 3.1A and B).  The stable 

cells also showed no difference in glu-tubulin or acetylated tubulin levels between WT 

and S312A or S312D.  To determine if there was a difference in glu-tubulin or acetylated 

tubulin organization in the mutant forms of clip-170 we performed immunofluorescence.  



 

72 
 

Similar to the Western blot analysis, there was no appreciable change in these markers of 

microtubule stability (Figure 3.4B and C).  The alpha-tubulin network also remained 

unchanged in cell lines expressing mutant clip-170. 

 

Lastly, we were interested in understanding the role of clip-170 phosphorylation in 

McTN formation and tumor cell re-attachment.  Previous studies showed that McTNs are 

enriched with more stable forms of microtubules and increasing microtubule stability can 

also increase McTNs [38].  Based on our data, we predicted that there would be no 

change in McTN formation since clip-170 phosphorylation did not alter microtubule 

stability.  Surprisingly, the phosphomimetic form of clip-170 significantly lowered 

McTN frequency in BT-549 cells, which also correlated with decreased tumor cell re-

Figure 3.4: Clip-170 phosphorylation does not alter microtubule stability in BT-549 

cells. 

A. Western blot analysis of BT-549 cells stably expressing GFP- tagged clip-170 

wild-type (WT), S312A, and S312D constructs to analyze expression of pClip-170 

and to determine levels of glu-tubulin (glu-tub) and acetylated tubulin (acetyl-tub).  

Immunofluorescence of BT-549 cells stably expressing GFP-tagged clip-170 WT, 

S312A, and S312D constructs stained with B. glu-tubulin (glu-tub) and C. 

acetylated tubulin (acetyl-tub).  
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attachment (Figure 3.5A and B).  The non-phosphorylatable form of clip-170 did not 

change McTN frequency or re-attachment.  Taken together, these data show that clip-170 

phosphorylation is not a major regulator of microtubule stability, but can alter McTN 

formation and tumor cell re-attachment.   

 

DISCUSSION 

 

Microtubules control several key functions within the cell and are a main target for a 

number of cancer chemotherapies.  Microtubule protrusions on suspended breast tumor 

cells, known as McTNs, can enhance their metastatic efficiency [38].  Current 

chemotherapies target global microtubule polymerization dynamics within a cell to 

disrupt mitosis and cause cell death.  Though these drugs have been beneficial in 

reducing tumor growth, they can have harmful side effects.  Tumor cells also generate 

mechanisms of resistance to tubulin-based therapies.  Therefore, there is an increasing 

Figure 3.5: Clip-170 S312D decreases McTN formation and re-attachment in BT-

549 cells.  

A.  Blinded quantification of McTN frequency of BT-549 cells stably expressing 

clip-170 wild-type (WT), S312A, and S312D constructs suspended and stained 

with CellMask Orange cell membrane dye.  Mean ± SEM from three independent 

experiments are shown with 100 cells counted for each.  *p<0.05.  B. Re-

attachment analysis of suspended BT-549 cells stably expressing clip-170 WT, 

S312A, and S312D using the real-time xCELLigence analyzer. 
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effort to develop novel agents against microtubules for inhibition of both tumor growth 

and metastasis.  Most current microtubule drugs bind directly to tubulin and target all 

forms of microtubules within the cell equally [145, 146].  It has been reported that anti-

mitotic chemotherapies can in fact increase McTN formation and tumor metastasis [58, 

147].  Finding better targets on microtubules can allow us to develop compounds that 

have a higher efficacy, improved tumor selectivity, and decreased toxicity.  In this study, 

we investigate the +TIP clip-170 as a possible molecular target in breast tumor cells.  

Though clip-170 is known to mediate microtubule dynamics and function, little is known 

about its role in cancer and its mechanism of action.   

 

Clip-170 has multiple serine-rich domains that are phosphorylation sites for a number of 

kinases [141, 148].  Based on our previous work showing that AMPK activation can alter 

microtubule stability in suspended breast tumor cells, we concentrated on a specific 

serine residue that is a substrate of AMPK.  Serine 312 is located in the third serine-rich 

domain of clip-170 and is a target of AMPK that has yet to be investigated in cancer 

metastasis.  Previous data has reported that total clip-170 protein levels can be a 

predictive biomarker for paclitaxel sensitivity in breast tumor cell lines [76].  We 

examined clip-170 phosphorylation in a panel of breast tumor cells, but did not see any 

correlation between pClip-170 levels and the metastatic phenotype of the cell line.  

Therefore, pClip-170 may not be a viable biomarker to predict metastasis based on the 

cell line panel we tested.   
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Diminishing intracellular clip-170 phosphorylation at serine 312 concomitantly increased 

glu-tubulin levels in transfected MCF-7 breast tumor cells.  The longer and more 

prominent comets seen in these cells are an indication that clip-170 may have a greater 

association with microtubule plus-ends when dephosphorylated.  It has been shown that 

the third serine-rich domain of clip-170, which contains serine 312, contributes to clip-

170’s end-tracking capability [144, 149].  Many +TIPs bind to microtubules through 

serine-rich regions and microtubules are negatively charged.  Therefore, as previously 

discussed, it is plausible that when +TIPs are phosphorylated, their affinity for 

microtubules are reduced [138].  Previous reports showing similar data also hypothesize 

that clip-170 association with microtubules is dependent on its phosphorylation status at 

serine 312.  When clip-170 is not phosphorylated there is enhanced association with the 

microtubule, which also reduces the speed of polymerization and increases microtubule 

stability [75].  Paradoxically, clip-170 is not capable of binding detyrosinated tubulin 

because clip-170 must recognize an EEY/F motif to bind tubulin.  However, Gupta et al 

have speculated the clip-170 may have a number of tubulin binding sites to both alpha 

and beta-tubulin.  Therefore, the accumulation of glu-tubulin in pClip-170 diminished 

cells may be due to clip-170 binding to alternative sites on tubulin, which promoted 

tubulin detyrosination [144].   

 

The rapid turn-over of clip-170 is essential to maintain efficient, dynamic microtubule 

polymerization [150, 151].  Phosphorylation of clip-170 can regulate the rapid release of 

clip-170 by modifying clip-170’s extramolecular interactions with tubulin as described 

above as well as intramolecular interactions within the protein.  Clip-170 can reside in an 
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active “open” or autoinhibitory “closed” conformation where the N-terminus of the 

protein connects to the C-terminus region [139].  Binding sites to microtubules are no 

longer available when clip-170 is in the folded state and it must undergo a conformational 

change in order to facilitate microtubule binding.  Conformational changes in clip-170 

are regulated by phosphorylation in the third serine-rich region that changes the affinity 

between the N-terminal and C-terminal domains.  Clip-170 can be phosphorylated in 

multiple conserved residues in this region and specifically serine 312 (serine 311 in rats), 

which is also a substrate for protein kinase A, is critical in regulating clip-170 

autoinhibition [148].  Though the exact mechanism with which AMPK-specific 

phosphorylation of clip-170 alters microtubule stability and dynamics is still unknown, 

previous reports suggest that phosphorylation at this site may release clip-170 

autoinhibition to make it have a more favorable configuration for microtubule binding.   

 

Based on the importance of microtubule dynamics in the formation of McTN protrusions 

on detached breast tumor cells, we were particularly interested in investigating the role of 

clip-170 in McTN polymerization.  Enhanced McTNs can increase the re-attachment 

efficiency of breast tumor cells and increase their lung trapping in experimental 

metastasis models [41, 44].  In order to perform phenotypic assays, we modified a breast 

tumor cell line with low endogenous clip-170 to stably express WT and mutant forms of 

clip-170 using retroviral constructs.  In contrast to transient transfection experiments, 

there was no change in tubulin detyrosination or acetylation, two key markers of 

microtubule stability known to affect McTNs [38, 46].  The discord between transient 

expression and stable cell lines may be due a number of factors.  Transient transfection 
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produced a high level of protein expression in a subset of the tumor cells whereas the 

protein expression in the stable cell lines may have been much lower, but in the entire 

population of cells.  Protein abundance has been previously reported to change the 

cellular distribution of clip-170.  Increasing levels of clip-170 in a cell corresponds to 

larger patches that overlap with bundled microtubules [152].  During the selection 

process, the cells that survived may also have compensated for clip-170 phosphorylation 

loss at serine 312 by promoting phosphorylation on other residues in the same serine-rich 

domain.  There are four other conserved serine residues in this region that are important 

in regulating clip-170 conformation along with its interactions with microtubules and 

other molecules [148].  A doxycycline-inducible system may be a more appropriate 

approach to express clip-170 in tumor cells in future studies. 

 

Even though pClip-170 did not change microtubule stability, constitutive phosphorylation 

of clip-170 reduced McTN formation and the re-attachment of suspended breast tumor 

cells.  McTNs are specifically formed in cells that are no longer attached to any substrate.  

Since all protein in this study was harvested from attached cells, it is still unclear if the 

changes in McTN formation seen in S312D BT-549 cells is due to decreased microtubule 

stability as predicted by previous work.  In addition, live cell imaging of BT-549 cells 

with clip-170 needs to be performed to see if the changes in clip-170 comets seen in 

MCF-7 cells are also present in BT-549 cells.  The unphosphorylatable form of clip-170 

did not enhance McTN formation as hypothesized, indicating that there is not a reciprocal 

effect between the S312D and S312A mutants.  The changes seen in McTN formation 

may also be due to microtubule interactions with the actin cytoskeleton.  Previous reports 
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show that inhibiting pClip-170 at serine 312 significantly enlarges focal adhesions.  

Microtubules can bind to paxillin to promote cell migration [75, 153, 154].  Future 

studies need to be conducted to define the mechanism regulating pClip-170 and McTN 

formation.  Another study reported that clip-170 regulates lamellipodia formation and cell 

invasion in invasive breast tumor cells [77].  Clip-170 ties IQGAP1 and kinesin to a 

complex with Rac1 to prevent lamellipodia formation.  Future studies are necessary to 

determine whether clip-170 phosphorylation at serine 312 plays a role in maintaining the 

complex of Rac1 with IQGAP1, kinesin, and clip-170 [77].  Our data along with others 

suggests clip-170 plays a role in multiple steps of the metastatic cascade including re-

attachment and invasion and should be further investigated as a possible target to 

decrease tumor metastasis. 

 

Clip-170 can also be phosphorylated by polo-like kinase (Plk1) at serine 312.  However, 

phosphorylation at this site by AMPK and Plk1 has different outcomes.  Phosphorylation 

at 312 by AMPK changes the phenotype of migrating cells, but does not affect dividing 

cells.  Phosphorylation by Plk1 is increased during mitosis and also diminishes clip-170 

binding to microtubule ends in vitro.  Phosphorylation of clip-170 on serine 312 by Plk1 

plays a role in proper kinetochore attachment and alignment of chromosomes during cell 

division [155].  Therefore, cellular context can differentially regulate the functional role 

of clip-170 phosphorylation.  This has numerous implications in cancer due to tumor 

heterogeneity and the effects of the tumor microenvironment.  Additionally, tumor cells 

are rapidly dividing so Plk1 might be the more dominant kinase in regulating clip-170 

phosphorylation in cancer.  In this work, we saw changes in clip-170 comets with 
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compound c treatment, indicating that AMPK was the main kinase regulating clip-170 

phosphorylation in the MCF-7 cells.  These data suggest that active clip-170 

phosphorylation by AMPK may have therapeutic value in decreasing McTN formation 

and the re-attachment of detached tumor cells.  Based on the numerous phosphorylation 

sites and upstream kinases that act on clip-170, further work is required to better 

understand the specific subset of breast cancers that may benefit from targeting clip-170 

alone or in combination with current chemotherapies. 
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BACKGROUND 

 

Microtubules (MT) consist of polymers of α-tubulin and β-tubulin that originate through 

nucleation with γ-tubulin localized at the centrosome in the cell center. The growing MT 

polymer of α/β-tubulin extends outward from the centrosome toward the plasma 

membrane (Figure 4.1 – green arrows). A cortical network of actin filaments supports the 

cytoplasmic face of the plasma membrane, and contraction of these filaments with 

myosin motor proteins provides an inward force (Figure 4.1 – red arrows). Continuous 

pressure of MTs against the contracting actin cortex moves the MT polymerization origin 

at the centrosome toward the cell center, by pushing against all edges of the cell. Elegant 

seminal experiments showed that this balancing of MT forces allows the centrosome to 

find the center of a plate well, even when it is not enclosed within a cell [157]. To enable 

cell division, duplication of the MT centrosome allows the mitotic spindle to form as a 

scaffold for chromosome segregation, as well as providing a new cell center for the two 

resulting daughter cells. These critical roles in chromosome segregation and cell division 

have made MTs the most commonly targeted cytoskeletal system for cancer therapeutics 

[158]. 

 

Two general strategies exist to inhibit MT function for cancer therapy, by either 

disrupting polymer assembly or hyperstabilizing the polymer [158]. Both approaches 

disrupt MT dynamics by tipping the continuous balance of assembly/disassembly toward 

one end of the spectrum, which results in reduced tumor growth and the induction of 

apoptosis (Figure 4.1 – upper blue box). Intriguingly, of the numerous therapies that are 

used to target MTs, all bind to the β-tubulin subunit and there are no compounds yet 
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available that target the α-tubulin subunit [158]. MT-destabilizing compounds currently 

in clinical use fall into three classes, based on their natural origin and binding site on the 

β-tubulin subunit (Figure 4.1 – light green box): Vinca alkaloids (Vinblastine, 

Vincristine), Colchicine-site (Colchicine, Combrestatins) or Halichodrins (Eribulin, 

E7389). MT-stabilizing compounds are similarly classified according to their source and 

binding site on β-tubulin (Figure 4.1 – dark green box): Taxanes (Paclitaxel, Docetaxel, 

Cabazitaxel), Epothilones (Ixabepilone, Epothilone-B, Sagopilone) and Discodermolide 

[158]. Since each MT compound also originated as a natural product [158] from either 

plants (Vinca alkaloids, Taxanes, Colchicine-site), bacteria (Epothilones) or marine 

sponges (Halichondrins, Discodermolide), this selectivity for the β-tubulin subunit likely 

reflects the exposure of β-tubulin at the rapidly-growing plus end of the MT polymer. 

This β-tubulin selectivity has important clinical consequences, since mutation or 

alternative expression of the seven β-tubulin isotypes allows tumors to develop resistance 

to MT-directed therapies, with the most prominent being upregulation of the βIII-tubulin 

isotype which confers resistance to both vinca alkaloids and taxanes [159]. In addition, 

since all current MT therapies broadly target the fundamental polymerization activity of 

β-tubulin, these drugs affect overall MT dynamics in every cell type, thereby impacting 

normal tissue functioning [158, 160]. The resulting side effects, including neutropenia 

and peripheral neuropathy, are clinically-significant and have caused dose-limiting 

toxicities that required clinical trials with Discodermolide to be discontinued [160]. 

While there are ongoing efforts to avoid dose-limiting toxicities through the generation of 

analogs and conjugates of MT compounds [158, 160], the underlying principle of broadly 
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targeting MT polymerization presents a persistent challenge for specificity toward cancer 

cells. 

 

Targeting actin polymerization in a similarly broad fashion is not clinically feasible, due 

to the critical role of actin filaments in the contraction of cardiac and skeletal muscle. 

Unlike the dimeric polymers of α/β-tubulin, actin filaments are composed of monomers 

of actin isoforms that polymerize in a double-helical conformation (Figure 4.1 – red 

lines) [161]. The α-actin isoform is exclusively expressed in muscle, while the β/γ-actin 

isoforms are expressed in non-muscle cells. As with MTs, there are numerous natural 

compounds that either stabilize or depolymerize actin filaments, but structural similarities 

between different actin isoforms results in toxicities to both muscle and non-muscle cells 

[162]. Likewise, the myosin-II motor protein mediates contraction of actin filaments in 

both muscle and non-muscle cells, yielding similar challenges to directly targeting 

myosin-II as a cancer therapy [163]. In non-muscle cells, myosin-II assembles in a 

bipolar arrangement that moves two actin filaments in opposite directions (Figure 4.1 – 

blue triangles), yielding an inward contractile tension of the actin cortex on the cell 

(Figure 4.1 – red arrows) [163]. Strategies to target actin for reducing tumor cell 

migration and invasion (Figure 4.1 – lower blue box) have focused around specific 

kinases (Figure 4.1 – red box), such as SRC and Rho-kinase (ROCK), which activate 

actin contraction by promoting phosphorylation of the regulatory light chain of myosin-

II, rather than targeting actin polymerization itself [164, 165]. Chemical targeting of SRC 

tyrosine kinase activity reduces actomyosin contractility, invadopodia formation, and the 

migration/invasion of many different tumor cell types, and is showing promise in limiting 
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the outgrowth of metastatic lesions [166, 167]. Reducing actomyosin contractility 

through inhibition of ROCK similarly reduces tumor cell migration/invasion and has very 

recently been shown to reduce the metastatic outgrowth of melanoma [168]. As we 

consider the other potential impacts of targeting actomyosin contractility for cancer 

treatment, it is nevertheless worth noting that SRC, ROCK and myosin-II coordinate to 

form and strengthen the E-cadherin intercellular junctions that are a linchpin of epithelial 

growth control through contact inhibition [164]. 
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Figure 4.1: Cytoskeletal cancer therapies alter microtubule-actin balance and tumor cell 

behavior.  

Expansion of microtubules (MT) from the cell center (green arrows) is counteracted by 

contraction of cortical actin filaments beneath the plasma membrane (red arrows). Since 

cytoskeletal reorganization is critical to cell division and migration, it is a common target for 

drugs aimed at reducing tumor growth or invasion (blue boxes). MT therapies in clinical use 

either disrupt MT polymerization (light green box) or hyperstabilize MTs (dark green box) by 

targeting the β-tubulin subunit. However, the α-tubulin subunit of stabilized MTs (light blue 

box) has posttranslational modifications (α-acetylation, α-detyrosination) and associated proteins 

(Tau) that are linked to aggressive tumor cell behaviors and poor patient prognosis (orange 

boxes). MT-stabilizing therapies yield the same modifications and select for upregulation of 

Tau. Likewise, disruption of actomyosin contractility (red box) to reduce tumor cell invasion has 

recently been shown to elevate stem cell characteristics and promote the microtentacle-

dependent reattachment of tumor cells. Reflecting a role for MT-actin balance as an 

environmental sensor, a minor subset of stabilized MTs (blue arrows) orients toward wound 

edges and actomyosin contraction is reduced (red dotted line) to accelerate directional cell 

migration. Both of these wound healing responses are simulated by drugs that stabilize MTs or 

reduce actin contraction. Clarifying how this MT-actin balance governs tumor cell behavior and 

is affected by existing drug treatments could help improve the development of more precise 

cytoskeletal cancer therapies. Source: Chakrabarti, Kristi R et al. 2015. Clin Can Res. 

21(23):5209-14. [140]. 
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CLINICAL-TRANSLATIONAL ADVANCES 

 

To further advance the clinical effectiveness of cytoskeletal cancer drugs, it will be 

important to understand the opportunities to increase specificity and consider recent 

findings on how altering MT-actin balance clinically affects tumor cell behaviors aside 

from growth. While current MT therapies broadly target polymerization through the β-

tubulin subunit, post-translational modifications of α-tubulin and microtubule-associated 

proteins provide the potential to target specific subsets of MTs that are relevant to 

disease, rather than all MTs indiscriminately. 

 

The majority of MTs are highly dynamic and turnover rapidly, but smaller groups of 

highly-stabilized MTs (Figure 4.1 – light blue box) are identified by posttranslational 

modifications (α-detyrosination, α-acetylation) or MT-associated proteins (Tau) and play 

critical roles in tumor cell behavior that are connected to disease progression and survival 

in cancer patients (Figure 4.1 – orange boxes). Dynamic MTs, which continuously 

expand from the cell center and have a half-life of approximately 5 minutes, contain a 

tyrosine residue at the c-terminal end of α-tubulin (Tyr-MT) [49, 107]. Selective 

stabilization is observed in MTs where this tyrosine is removed (α-detyrosination), 

yielding a subset of MTs (Detyr-MTs) that can persist for as long as 16 hours [49, 107]. 

Reflecting the role for MTs as sensors of cell shape, stabilized DeTyr-MTs orient toward 

wound edges and are required for efficient directional cell migration to heal the wound 

[169] (Figure 4.1 – blue arrows). Clinical studies have shown that DeTyr-MTs are 

likewise enriched at the invasive fronts of breast tumors in vivo [52] and that elevated α-

detyrosination is an indicator of poor prognosis in breast cancer [51]. Further supporting 
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a role for α-detyrosination in tumor development, the tubulin tyrosine ligase (TTL) that 

restores the tyrosine on α-tubulin is suppressed in many cancers and loss of TTL can 

directly promote tumor formation in mouse model [170]. TTL is similarly suppressed 

during the epithelial-to-mesenchymal transition that occurs during breast cancer 

progression [52] and DeTyr-MTs are elevated in breast tumor cells with increased stem 

cell characteristics [171]. For these reasons, the tubulin carboxypeptidase (TCP) that 

catalyzes α-detyrosination is an attractive target to specifically reduce stabilized DeTyr-

MTs [172]. However, after many years of searching, several promising TCP candidate 

genes have been identified [173, 174] but the critical TCP has not yet been definitively 

established. 

 

Acetylation of lysine-40 on α-tubulin also occurs on the stabilized MTs that regulate cell 

polarity and directional migration (Figure 4.1 – light blue box). Recent studies have 

shown that α-tubulin acetylation predicts poor patient prognosis in head-and-neck cancer 

[120] and breast cancer [46, 120]. Moreover, α-tubulin acetylation promotes the invasion 

and migration of breast cancer cells and is elevated in metastatic cells from several 

cancers, including breast [46], pancreatic [175], and head-and-neck [120]. Basal-like 

breast cancers, which are characterized by poor patient survival and high metastasis rates, 

also demonstrate increased α-tubulin acetylation compared to other breast cancer 

subtypes [46]. Paralleling the observations of stabilized DeTyr-MTs in breast cancer 

stem-like cells, α-tubulin acetylation can be used as a marker to purify the tumor-

initiating subpopulation of pancreatic tumor cells [175]. The principal α-tubulin 
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acetyltransferase enzyme (aTAT1) has recently been established [176], providing a target 

for compounds to selectively target stabilized MTs. 

 

The potential benefits of advancing beyond a broad targeting of MT polymerization can 

also be appreciated by considering how MT drugs in current clinical use impact tumor 

cell behaviors aside from growth. First, MT-stabilizing compounds strongly upregulate 

the posttranslational modifications of α-tubulin (α-detyrosination, α-acetylation) that are 

linked to increased tumor cell invasion [177], EMT [52], stem cell characteristics [175], 

poor patient prognosis [46, 51, 120] and metastasis [46, 120] (Figure 4.1 – orange boxes). 

Second, the location of tumor cells can influence cellular responses to MT-directed drugs. 

In free-floating microenvironments, tumor cells form microtentacles, which are MT-

based plasma membrane protrusions that extend when cells are detached from 

extracellular matrix (ECM). In contrast, invadopodia are actin-based protrusions that 

occur on ECM-attached cells and contain proteolytic enzymes that promote ECM 

degradation and local invasion [168]. Since stabilized MTs serve as mechanical sensors 

for actin-mediated directional cell migration, it is also notable that a small molecule 

screen for inhibitors of tumor cell invadopodia also discovered that taxane-induced MT 

stabilization strongly increased invadopodia in melanoma, head-and-neck, ovarian and 

NSCLC cells [167]. Microtentacles, on the other hand, promote the re-attachment of 

detached tumor cells to endothelial monolayers [52] and retention of circulating tumor 

cells (CTCs) in the lungs of living mice [44, 45]. Microtentacles are supported by 

stabilized detyrosinated [38] and acetylated MTs [46], so taxane-mediated MT 

stabilization increases microtentacles and tumor cell reattachment [58]. Conversely, MT-
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destabilizing compounds reduce the ability of microtentacles to promote the aggregation 

of free-floating tumor cells [38]. Viewed in the light of compelling recent results showing 

that CTCs which form aggregates have up to 50-fold higher metastatic potential [42], it is 

worthwhile considering how MT-directed therapies could influence CTCs. Taxane 

treatment significantly increased lung metastases of injected tumor cells and was also 

linked to elevated stem cell characteristics, but potential effects on CTC clustering or 

retention were not examined in this earlier study [178]. In addition to upregulation of 

stem cell characteristics, tumor cells become resistant to taxane treatment by 

overexpressing the Tau MT-associated protein which stabilizes MTs and competes with 

taxanes for binding to β-tubulin [179]. However, Tau also promotes microtentacles and 

tumor cell lung retention that could account for enrichment of Tau in metastatic tumors 

[44]. Careful monitoring shows that CTCs in breast cancer patients can increase up to 

1000-fold during neoadjuvant taxane treatment and that patients with increasing CTC 

levels have a 25-fold higher recurrence risk [26]. Since the current detection limit for 

clinical imaging is a tumor foci of approximately 10 million cells [180], it will be 

important to develop methods that are capable of distinguishing whether primary tumor 

shrinkage during neoadjuvant therapy is occurring due to tumor cell death or tumor cell 

scattering. This may be particularly relevant in cancers with different modes of 

dissemination, like ovarian cancer, where more than 4 cycles of neoadjuvant taxane 

treatment actually leads to a significantly higher recurrence risk (RR=3.05, P<0.001) 

[181]. Nevertheless, evidence remains very strong that breast cancer patients who show a 

pathological complete response after neoadjuvant therapy with taxanes do have improved 

survival [182], but some patient subsets show rapid progression [183] and it is not yet 
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clear how to best distinguish responsive patients before neoadjuvant therapy begins 

[184]. 

 

Several routes exist to move beyond broadly targeting MT polymerization. Screening 

specifically for inhibitors of DeTyr-tubulin identified Parthenolide and Costunolide 

[172], and these compounds can reduce stabilized MTs, microtentacles and reattachment 

without affecting overall MT function  [185], which could reduce side effects on normal 

cells. The recent identification of the primary α-tubulin acetyltransferase [176] now 

provides a clear molecular target to develop compounds that could selectively reduce α-

tubulin acetylation. However, there is no guarantee that specifically targeting stabilized 

MTs will help avoid side effects like neuropathy, since detyrosinated and acetylated MTs 

are highly enriched in neuronal cell types. Another option is to target specific MT-

associated proteins to disrupt critical MT functions, rather than tubulin polymerization 

itself. Intriguing MT-associated proteins for this focused approach are the Aurora kinases 

[186], which mediate centrosome duplication and MT spindle positioning. The great 

interest in targeting these specific MT functions more directly is evident in the ongoing 

clinical trials from 12 different companies with Aurora kinase inhibitors [187]. 

 

Further reflecting the balance between MT expansion and actin contraction, targeting 

actomyosin contractility produces effects similar to MT stabilization on stem cell 

characteristics and microtentacles. The kinases SRC and ROCK have clear roles in tumor 

cell migration and have been proposed as targets to reduce tumor invasion (Figure 4.1 – 

red box) [188]. Since both SRC and ROCK promote phosphorylation of myosin-II [164], 
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inhibition of either kinase serves to reduce actomyosin contraction and promotes the 

formation of microtentacles and increased tumor cell reattachment [45, 54]. Further 

supporting MT-actin balance as a sensor of the local microenvironment, reduced 

actomyosin contraction accelerates cell migration at wound edges in a MT-dependent 

manner [189]. More strikingly, studies in many different cancers show that reducing 

actomyosin contractility by inhibiting ROCK activity strongly promotes stem cell 

characteristics [190-192]. Addition of a small molecule ROCK inhibitor (Y-27632) to 

feeder cultures allows indefinite propagation of breast and prostate cancer cells, as well 

as matched normal tissue, and limiting dilution experiments demonstrated that ROCK 

inhibition operates via cell reprogramming rather than selective pressure [190]. The effect 

of Y-27632 to promote stem cell characteristics was recapitulated in colon cancer cells 

with a direct inhibitor of myosin-II, Blebbistatin, confirming that reprogramming occurs 

through an effect on actomyosin contractility [192]. Studies in human embryonic stem 

cells used Y-27632 and Blebbistatin together with siRNAs against myosin-II heavy chain 

and myosin-II light chain to demonstrate that releasing actomyosin contractility allows 

stem cells to survive in detached and dissociated conditions [193]. ROCK activation was 

also shown to regulate the mechanosensation of ovarian cancer cells which promotes 

selective growth and migration of ovarian tumor cells in the soft microenvironments that 

are typical of ovarian cancer metastatic sites [194]. Most ROCK inhibitor trials have 

focused on cardiovascular disease [195] or glaucoma [196]. Currently, there is only one 

active clinical trial using a ROCK inhibitor for cancer, a multi-kinase inhibitor AT13148 

that shows its strongest activity against ROCK1, ROCK2, PKA and p70S6K [197]. 

Preclinical data showed AT13148 inhibited the growth of uterine sarcoma, prostate, lung 
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and breast tumor cells [197], Phase I results presented at the 2015 ASCO meeting show 

that AT13148 is well-tolerated with oral delivery and demonstrates dose-related 

hypotension as an on-target effect of inhibiting ROCK in smooth muscle [198].  

 

By comparison, 59 clinical trials have been undertaken to date to target the tyrosine 

kinase SRC for cancer, but clinical results have been largely disappointing [199]. Six of 

these trials have combined SRC inhibitors with taxanes which would be predicted to 

synergistically disrupt cytoskeletal balance. One of the first completed Phase 2 studies 

that combines a SRC inhibitor, Saracatinib, with Paclitaxel in ovarian cancer showed that 

progression-free survival was actually worse with the drug combination, although 

statistical significance was not reached definitively (P=0.07) [200]. Preclinical data 

continue to indicate that Saracatinib can reduce invadopodia formation and tumor cell 

extravasation [201], so it is possible that these effects are not detectable with the focus of 

current clinical trials on tumor growth. Nevertheless, Phase 2 trials with Saracatinib as a 

monotherapy for cancer were discontinued due to lack of efficacy, but the compound 

remains under investigation for applications in Alzheimer’s disease. Since reducing 

actomyosin contractility can elevate aggressive tumor cell behaviors, an alternative 

would be to stimulate actomyosin contraction to restore balance to the cytoskeleton. 

While there are exceedingly few compounds being tested toward this goal (Figure 4.1 - 

lower left), one very recent high-throughput screen did identify 4-hydroxyacetophenone 

as a compound capable of restoring cytoskeletal balance by stimulating myosin-II, 

reducing the invasion and migration of pancreatic tumor cells [202]. These pancreatic 

tumor cells did have very low contractility which was increased by 4-
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hydroxyacetophenone, but many tumors already have strong actomyosin contractility 

[203] that would need to be reduced to rebalance the system. Ultimately, defining where 

tumor cells reside on the mechanical spectrum [204] may help personalize treatment 

options to rebalance the cytoskeleton rather than simply pushing cells to one extreme of 

MT polymerization or actomyosin contractility. 

Drugs targeting the cytoskeleton are undoubtedly very effective in reducing tumor 

growth and can extend patient survival. Continuing to improve cytoskeletal cancer 

therapies will benefit from identifying more specific targets aside from MT 

polymerization and broad regulators of actin contraction, as well as clarifying how 

altering MT-actin balance affects metastatic phenotypes, so that cytoskeletal therapies 

targeting primary tumor growth do not inadvertently increase metastatic risk.  
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Analyze McTN dynamics and drug response in a microfluidic cell tethering device 
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INTRODUCTION 

 

Cancer metastasis occurs when epithelial tumor cells travel through non-adherent 

microenvironments, like the bloodstream or lymphatics, to a distant organ. The presence 

of tumor cells in the non-adherent microenvironment of the bloodstream, known as 

circulating tumor cells (CTCs), has been detected in numerous epithelial cancers 

including breast, prostate, colon, and lung [206]. CTCs are an early indicator of clinical 

spread of disease and their levels correlate with decreased patient survival [25, 207]. 

Based on the increasing clinical relevance of CTCs, understanding their molecular profile 

is emerging as a new opportunity to gain insight on disease progression and patient 

prognosis beyond enumeration alone. Though progress has been made on technologies to 

enhance the identification and enumeration of CTCs [80, 206, 208], major limitations 

remain in performing downstream functional studies due to challenges with accurate 

detection and the low number of CTCs that can be retrieved from patient blood 

(frequency of approximately 1 in 100 million cells in the bloodstream) [206]. Some of the 

techniques currently being employed to analyze CTCs include fluorescence in situ 

hybridization, sequencing, immunostaining, xenograft transplantation, and RNA or 

protein-based analysis [206, 208-210]. However, these methods do not allow for real-

time analysis of CTCs in an environment that preserves their free-floating nature. 

 

Microscopy analysis of CTCs has focused almost exclusively on cells adhered to surfaces 

(glass, plastic, extracellular matrix (ECM) owing to the ease of imaging and 

characterization of cells in these static positions. However, the functional and molecular 

characteristics of adherent and non-adherent tumor cells are dramatically different [65, 
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211-213]. Thus a critical knowledge gap exists in the understanding of epithelial tumor 

cells in non-adherent microenvironments, such as those found in blood vessels. Non-

adherent breast carcinoma cells, for example, produce unique tubulin-based 

microtentacles (McTNs) that promote tumor cell aggregation [38, 214], reattachment to 

endothelial layers [41, 52], and retention of CTCs in the lungs of mice [44, 45]. New 

enabling technologies to image tumor cells, McTNs, and other features in the absence of 

ECM attachment could vastly improve the understanding of dynamic cell behaviors that 

occur in the non-adherent microenvironments encountered by CTCs during metastasis. 

These tools could also support opportunities for selective targeting of drugs to McTNs or 

other structures presented preferentially by CTCs during metastatic spread, as well as 

help address rising concerns that chemotherapies meant to reduce tumor growth may 

actually increase metastatic risk [58]. Here, we exploited the discovery that McTNs form 

only when protein-based adhesions are absent to create an innovative platform for real-

time imaging of the dynamic features of live, non-adherent tumor cells. This approach 

allows new types of information to be collected (e.g., McTN behavior on live cells over 

time) while reducing variables such as changes in cell function that occur during 

adhesion or the complexities of imaging cells in suspension that drift or are washed away 

during microfluidic flow.  

 

Biomaterials offer many attractive features – stability, biocompatibility, versatile 

chemistries – for controlling cell adhesion. Common approaches include chemically 

functionalizing surfaces, incorporating cell adhesion peptides, and micropatterning using 

polymer-based soft lithography or electrospinning techniques. Of particular note, several 
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recent studies have exploited biomaterials to identify CTCs [215-217] or used 

microfluidic devices to isolate and immobilize CTCs by acoustic separation, topography, 

controlled flow rates, and antibody traps [81, 218-220]. Polyelectrolyte multilayers 

(PEMs) are nanoscale, polymeric materials assembled by electrostatic or hydrogen 

bonding interactions during a layer-by-layer (LbL) deposition process. PEMs can be 

coated on topographically-complex surfaces (e.g., colloidal, microfluidic) and offer 

programmable surface functionalities depending on the polymers used to assemble films. 

PEMs have recently been employed to capture CTCs through incorporation of cytophilic 

polymers or cell-adhesive proteins that promote CTCs adhesion [221-223]. However, 

new strategies are needed to study the dynamics of McTNs and other unique metastatic 

features that form only when CTCs are in non-adherent environments. 

 

To enable this new ability, we identified three design features that would allow 

prolonged, real-time imaging and drug screening of McTNs on live tumor cells in a free-

floating state: 1) optically-clear coatings to support imaging, 2) ability to control 

microfluidic flow over cells and 3) simple, low-energy manufacturing process. Past 

studies have demonstrated the utility of PEMs for tuning cell adhesion by varying 

polymer composition or through addition of lipids, RGD sequences, or other binding 

moieties [87, 224-228]. Thus we leveraged PEMs to design a platform to immobilize live, 

detached tumor cells on microfluidic devices. We show that assembling cytophobic PEM 

films with cytophilic lipid tethers maintains the free-floating properties of tumor cells 

while providing spatial immobilization of cells. When tethered, McTNs on live cells can 

be visualized in real time and the dynamics of these structures can be assessed during 
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microfluidic flow of drugs that enhance or destabilize McTNs. This technology could 

generate fundamental insight into a critical stage of metastasis that has been largely 

understudied due to technical challenges and support new approaches to exploit McTNs 

as biomarkers for the metastatic efficiency of tumor cells in diagnosis, prognosis, and 

targeted drug design. 

 

MATERIALS AND METHODS 

 

Cell Lines & Materials: MDA-MB-436 and MCF-7 cell lines were purchased from 

ATCC and cultured with Dulbecco’s Modified Eagle Medium supplemented with 10% 

fetal bovine serum and 1% penicillin-streptomycin solution. Poly(methacrylic acid) 

(PMA) (MW 100,000) and polyacrylamide (PAAm) (MW 5,000,000-6,000,000) were 

purchased from Polysciences. Poly(allylamine hydrochloride) (PAH) (MW ~200,000) 

was purchased from Alfa Aesar. 1,2-dioleoyl-3-trimethylammonium-propane (chloride 

salt) (DOTAP) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased 

from Avanti Polar Lipids. Colchicine was purchased from Sigma and paclitaxel was 

purchased from Enzo Life Sciences.  

 

PEM Film Deposition and Characterization on Planar Substrates: For multilayer film 

deposition, similar to methods previously reported [229], PMA and PAAm were prepared 

as 0.01M solutions using ultrapure water and adjusted to pH 3. All polymer solutions 

were filtered with a 0.45 µm cellulose nitrate filter prior to use in multilayer film 

assembly. For planar substrates, quartz (Chemglass Life Sciences) or silicon (Silicon 

Inc.) was cut into 5mm x 25mm substrates using a dicing saw (Model 1006, Micro 
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Automation). Cut substrates were cleaned with sequential washing with acetone, ethanol, 

methanol, and deionized water then charged using an oxygen plasma Jupiter III system 

(March). These substrates were first immersed in the polycationic solution PAH (0.05M) 

for 15 mins then rinsed twice using two separate baths of deionized water at pH 3 to 

remove any excess polymer. This primer layer was followed by immersion of the 

substrates into polyanionic PMA (0.01M) for 5 mins followed by rinsing as above. The 

substrates were then immersed in a polycationic solution of PAAm (0.01M) for 5 mins 

and rinsed. For additional bilayers, the process was repeated without the addition of the 

primer layer (PAH) until the desired number of bilayers was assembled. These lipids 

were prepared as 0.01M solutions with pH 3.0 deionized water and sonicated for 60 mins 

in a room temperature water bath. PEMs with a lipid tether were prepared by immersing 

PEM coated substrates in each lipid solution for 5 mins followed by two rinsing steps. 

The final, coated substrates were removed from solution, blown dry with compressed, 

filtered air, and stored at room temperature prior to characterization. Film thickness and 

optical clarity after deposition onto silicon and quartz substrates were measured using a 

LSE stokes ellipsometer (Gaertner Scientific Corporation) and by measuring light 

transmittance at 600nm using an Evolution 60 UV-visible spectrophotometer (Thermo 

Scientific), respectively. 

 

PEM Film Deposition on Microfluidic Slides and Multi-well Plates: Uncoated 

microfluidic slides (1µ-Slide VI 0.4) were obtained from Ibidi and tissue culture treated 

96-well plates were obtained from Corning. To coat the microfluidic slides, 120μL of 

each polyelectrolyte solution was added to the microchannels and 75µl of solution was 
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added to each well of the multi-well plate. After incubation, solution was removed via 

aspiration and rinsed twice for 1 min using 120μL of pH 3 water. Bilayers of PMA and 

PAAm were assembled and terminated with either DOPC or DOTAP as described above. 

Following deposition, slides were allowed to air dry for 1 hr at room temperature then 

stored at room temperature.  

 

Attachment Image Analysis: MDA-MB-436 and MCF-7 breast cancer cells were seeded 

on PEM coated microfluidic slides (50,000 cells/channel) ranging from 0 to 8 bilayers. 

An Olympus CKX4 microscope was used for all experiments to capture images at 4x 

magnification. Three pictures per channel were taken after cell seeding for each condition 

to quantify initial cell number (t0). At 6 and 24 hrs, media was removed from the channel 

and the channel was washed once before addition of new media. Three images per 

channel were taken for each condition. The area of the image occupied with cells (as a 

percent) was quantified using CellProfiler (Broad Institute) and the average from three 

images was calculated. The average percentage for each condition was then normalized 

to the area occupied at t0.  

 

Attachment Cell Titer: MDA-MB-436 and MCF-7 breast cancer cells were seeded on 

PEM coated 96-well plates (20,000 cells/well) ranging from 0 to 8 bilayers. At each time 

point (1, 3, 6, and 24 hrs), media was removed from the well and the well was washed 

once before addition of new media. After the 24hr time point an additional wash was 

done on all wells. Cell number was determined using CellTiter reagent according to 
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manufacturer’s instructions. Each time point was normalized to initial cell number from a 

reading done immediately after cell seeding. 

 

PEM Viability: MDA-MB-436 and MCF-7 breast cancer cells were seeded on PEM 

coated microfluidic slides with PMA4/PAAm4 bilayers (50,000 cells/channel). At 0, 6, 

and 24 hrs Live/Dead (Life Technologies) reagent was added according to 

manufacturer’s instructions. Corresponding phase contrast, live (calcein-AM) green 

fluorescence, and dead (ethidium homodimer-1) red fluorescence images were taken in 

triplicate at 4x magnification with an Olympus CKX41 fluorescence microscope. The 

number of cells in each image was quantified using CellProfiler. The percent of live and 

dead cells were calculated by quantifying the number of green fluorescence positive and 

red fluorescence positive cells, respectively, and dividing by total number of cells in the 

phase contrast image. GFP and Texas Red filters were used to for imaging. MDA-MB-

436 and MCF-7 breast cancer cells were plated on 96-well black plates with 

PMA4/PAAm4 bilayers (20,000 cells/well). At time 0, 1, 3, 6, and 24 hours Live/Dead 

reagent was added and read on a plate reader according to manufacturer’s instructions. 

Relative fluorescence units (RFU) were normalized to time 0. 

 

Tethering Washing: MDA-MB-436 and MCF-7 cells were seeded on PMA4/PAAm4 

coated microfluidic slides with DOPC or DOTAP (50,000 cells/channel). Cells were 

incubated for 1 hr to allow for tethering. To quantify initial cell number, three images per 

channel were taken for each condition at time 0. After 1 hr, existing media was gently 

removed from the bottom port of each channel and fresh media was added to the top port. 
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Following a wash, three images were taken per channel for each condition using an 

Olympus CKX41 microscope at 4x magnification. This process was repeated for each 

wash. The area of the image occupied with cells (as a percent) was quantified using 

CellProfiler and the average from three images was calculated. The average percentage 

for each condition was then normalized to the area occupied at time 0.  

 

Tethering Viability: MDA-MB-436 and MCF-7 cells were seeded on PMA4/PAAm4 

coated microfluidic slides with DOPC or DOTAP (50,000 cells/channel). Cells were 

incubated for 1 hr to allow for tethering. After 1 hr, one wash was done where the 

existing media was gently removed from the bottom port of each channel and fresh media 

was added to the top port. This wash was to ensure only tethered cells were analyzed. At 

0 and 6 hrs after washing, Live/Dead reagent was added according to manufacturer’s 

instructions. Corresponding phase contrast, live (calcein-AM) green fluorescence, and 

dead (ethidium homodimer-1) red fluorescence images were taken in triplicate. The 

number of cells in each image was quantified using CellProfiler. The percent of live and 

dead cells were calculated by quantifying the number of green fluorescence positive and 

red fluorescence positive cells, respectively, and dividing by total number of cells in the 

phase contrast image. GFP and Texas Red filters were used for imaging.  

 

McTN Counting: MDA-MB-436 cells were trypsinized, spun down, and resuspended in 

phenol red-free and serum-free DMEM. Cells were seeded on PMA4/PAAm4 coated 

microfluidic slides, PMA4/PAAm4 coated microfluidic slides with DOTAP, or a low 

attach 24-well plate (50,000 cells/channel). Cells were incubated for 1 hr to allow for 
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tethering. After 1 hr, one wash was done where the existing media was gently removed 

from the bottom port of each channel and fresh media was added to the top port on the 

DOTAP slides. This wash was to ensure only tethered cells were analyzed. After this 

wash, CellMask Orange (Life Technologies) cell membrane dye was added to each 

channel to a final concentration of 1:10,000. McTNs were scored blindly in a population 

of 100 cells/well as previously described [38]. Representative images were taken at 40x 

magnification with an Olympus CKX41 fluorescence microscope. 

 

Imaging drift and drug treatments: MDA-MB-436 cells were trypsinized, spun down, 

and resuspended in phenol red-free and serum-free DMEM. Cells were seeded on 

PMA4/PAAm4 coated microfluidic slides and PMA4/PAAm4 coated microfluidic slides 

with DOTAP (50,000 cells/channel). Cells were incubated for 1 hr to allow for tethering. 

After 1 hr, one wash was done where the existing media was gently removed from the 

bottom port of each channel and fresh media was added to top port on the DOTAP slides. 

This wash was to ensure only tethered cells were analyzed. After this wash, CellMask 

orange cell membrane dye was added to each channel to a final concentration of 

1:10,000. Cells were treated with 5µM colchicine for 15 mins and 1µg/ml paclitaxel for 

120 mins. McTN imaging was done on an Olympus FV100 confocal laser scanning 

microscope at 60x magnification. Five 1µm slices and 20 frames at a 10 sec frame rate 

were taken for at least five image sets for each condition. The number of McTNs on each 

cell was manually counted on five cells per condition using the maximum intensity z-

projection at the last frame. 
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Statistical Analysis: Graphpad Prism (version 6.02) was used to determine all statistic 

comparisons. Student’s t-test and one-way ANOVA tests were performed with a Tukey 

multiple comparisons post-test as indicated. A p-value of 0.05 or less was considered 

statistically significant. 

RESULTS 

 

The responses of cancer cells detached from ECM (i.e., in a circulating or free-floating 

stage) are highly important in survival, apoptosis, metastasis, and even in the expression 

of stem cell characteristics [230, 231]. However, tumor cells in this state are greatly 

understudied due to the technical and clinical challenges of continuously imaging cells 

not adhered to surfaces. Maintaining free-floating cell behavior of breast cancer cells is 

particularly critical in promoting McTN formation [38]. Thus we used breast tumor cells 

to first test if programming the compositions of PEM coatings would allow minimal 

tumor cell adhesion to maintain the free-floating characteristics (e.g., McTNs) of these 

cells (Figure 5.1A), before adding a lipid tether in subsequent designs.  

 

PEMs inhibit cell attachment allowing for McTN visualization 

We formed PEMs from two common polymers, poly(methacrylic acid) (PMA) and 

polyacrylamide (PAAm) that have previously been shown to limit cell adhesion of 

numerous cell types [86, 224]. Substrates coated with PEMs offered precise control over 

film thickness and did not limit optical transmission, a feature important for pre-clinical 

and clinical imaging (Figure 5.1B). Since human breast tumor cells lines have not yet 

been tested on PEM-coated substrates, we first confirmed that PMA/PAAm multilayers 

could prevent cell adhesion in two NCI breast cancer cell lines, MDA-MB-436 and MCF-
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7. MDA-MB-436 cells seeded on slides coated with cytophobic PEMs maintained McTN 

display (Figure 5.1C), demonstrating for the first time maintenance of free-floating tumor 

cell behavior by using PEMs. We next coated multi-well culture plates or microfluidic 

slides with PEMs and allowed cells to attach for 0, 6, and 24 hours. The number of cells 

remaining after washing at each time point was then quantified by image analysis and cell 

proliferation (CellTiter). Imaging revealed that PEM-coatings prevented attachment of 

either cell line (Figure 5.1D, 5.1E and Supplemental Figure 5.1A, 5.1B) for at least 24 

hours using 1, 4, and 8 PMA/PAAm bilayers. Cell proliferation data also indicated that 

deposition of 4 bilayers and 8 PMA/PAAm bilayers showed reduced attachment 

compared with 1 bilayer for both lines (Supplemental Figure 5.2A, 5.2B). Four bilayer 

films were prioritized for future experiments since these films formed cytophobic 

surfaces that most efficiently decreased cell attachment while maintaining McTN 

activity. Coatings did not impact the viability of either cell line, regardless of substrate 

(Supplemental Figures 5.2C-5.2F, 5.3, 5.4).  
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Figure 5.1: PEMs form a 

cytophobic layer allowing McTN 

visualization on microfluidic 

devices.  

A. Schematic depicting coating of 

microfluidic slide with PEMs to 

maintain free-floating behavior of 

tumor cells.  B. PEM coatings 

increase in thickness (left axis, 

black) with the number of bilayers 

but maintain optical clarity (right 

axis, gray). Data (mean ± SEM) 

correspond to samples in 

triplicate. C. Maximum intensity 

z-projection of MDA-MB-436 

cells on PMA4/PAAm4 surfaces 

showing McTNs (arrows). Scale 

bar = 10µm. Percent of D. MDA-

MB-436 and E. MCF-7 cells 

(mean ± SEM) remaining on 

surfaces after washing uncoated 

slides or slides coated with 1, 4, or 

8 PMA/PAAm bilayers. Data 

represents mean values of three 

independent experiments. 
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Modification of PEMs with lipid tethers retains tumor cells after washing 

Although PEM-coated surfaces prevented tumor cell attachment and supported free 

floating behavior, these cells were removed during washing with buffer. Thus we sought 

to develop a strategy to maintain McTNs while also providing spatial localization during 

microfluidic flow for real-time imaging and drug screening. We hypothesized that the 

addition of a terminal lipid layer that interacts with cell membranes would loosely tether 

cells to the surface during microfluidic flow. We tested DOTAP and DOPC as cationic 

and zwitterionic lipids, respectively, owing to the ability of these molecules to interact 

with the PEMs electrostatically (Figure 5.2A). Following addition of DOTAP or DOPC, 

total film thickness increased, though individual bilayers were still only 20nm and optical 

clarity remained high (Figure 5.2B, 5.2C). We next tested if the addition of lipid 

supported tethering of breast tumor cells without inhibiting free-floating features such as 

McTNs. Tumor cells were seeded on microfluidic slides coated with (PMA/PAAm)4 

without lipids (PEM-no tether) or with either terminal lipid layer (PEM-DOPC tether, 

PEM-DOTAP tether). During successive wash steps, DOTAP retained tumor cells more 

efficiently compared to non-tethered cells seeded on microfluidic slides coated with PEM 

only (Figure 5.3A, 5.3B). MCF-7 cells exhibited significantly higher overall cell 

retention with PEM-DOTAP compared to PEM only over four washes. MDA-MB-436 

cells showed significant retention of cells with PEM-DOTAP for the first wash and 

continued to tether around 10% of cells for subsequent washes. Tethering was dependent 

on lipid composition, as after five washes,  
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DOTAP tethered and retained 30% of MCF-7 cells, while DOPC was ineffective at 

tethering cells during successive washing (Figure 5.3A and 5.3B versus Figure 5.3C and 

5.3D). Representative images of cells from each line tethered on these surfaces are shown 

in Figure 5.3E and Supplemental Figure 5.5. Since DOTAP demonstrated superior 

tethering for both types of tumor cells, this lipid was prioritized for functional assays.  

 

 

  

Figure 5.2: Modification of PEMs with lipid tethers. 

A. Schematic depicting how lipid-terminated PEMs promote interaction with tumor 

cell membranes. B. Film thickness and C. optical clarity (mean ± SEM) after addition 

of DOTAP (blue) and DOPC (red). Lipids promote growth of film while maintaining 

an optically-clear substrate for imaging. Data correspond to the mean of samples 

prepared in triplicate with three measurements per surface. 
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Figure 5.3: DOTAP tethers 

breast cancer cells. 

Percent cell retention of A. 

MDA-MB-436 and B. 

MCF-7 cells plated on 

microfluidic slides coated 

with PMA4/PAAm4 

bilayers alone or with 

DOTAP. Percent cell 

retention of C. MDA-MB-

436 and D. MCF-7 cells 

plated on microfluidic 

slides coated with 

PMA4/PAAm4 bilayers 

alone or with DOPC. The 

remaining cells after each 

wash was quantified with 

CellProfiler and 

normalized to the initial 

cell number. Data 

represents mean of 

triplicate independent 

experiments (mean ± 

SEM). E. Representative 

images of MDA-MB-436 

cells at time 0 and after 3 

subsequent washes on 

PMA4/PAAm4 bilayers 

with no tether and with 

PEM-DOTAP or PEM-

DOPC tethers at 4x 

magnification. Scale bar = 

200µm. *p<0.05 **p<0.01. 
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Lipid tethers preserve McTNs and cell viability 

We next determined if lipid tethering with DOTAP maintained free-floating tumor cell 

characteristics. As a first indicator, McTN frequency was assessed on PEM and PEM-

DOTAP surfaces. Blinded McTN counts revealed no differences in McTN frequency on 

PEM-no tether and PEM-DOTAP surfaces compared to previously published counts on 

low-attach multi-well plates (Figure 5.4A). These results indicate lipid tethering does not 

impact the ability of MDA-MB-436 cells to assemble McTNs, results confirmed by 

epifluorescence imaging of McTNs on cells incubated with each type of PEM or 

substrate (Figure 5.4B and Supplemental Figure 6.6A). MCF-7 cells exhibited similar 

results (Figure 5.4A and Supplemental Figure 6.6B), though these cells assembled McTN 

at lower frequencies, as previously reported [39]. Further, toxicity studies confirmed 

tethering does not impact tumor cell viability (Figure 5.4C-E and Supplemental Figure 

5.6C-F). Thus for the first time, our approach allows maintenance of free-floating tumor 

cell behavior while spatially fixing the location of tumor cells.   
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Figure 5.4: Lipid tethering retains free-floating characteristics of breast tumor cells 

and does not affect cell viability. 

A. McTN quantification of MDA-MB-436 and MCF-7 cells suspended on a low-

attach plate, microfluidic slides with PEM-no tether, and microfluidic slides with 

PEM-DOTAP tether. Data represents blinded quantification of McTN frequency 

from three independent experiments with 100 cells counted for each (mean ± 

SEM). B. Representative images of McTNs (arrows) on MDA-MB-436 cells 

seeded on PEM-no tether and PEM-DOTAP tether microfluidic slides at 40x 

magnification. Scale bar = 10µm. Viability of C. MDA-MB-436 and D. MCF-7 

cells calculated at 0 and 6 hrs after seeding on microfluidic slides with PEM-

DOTAP tether. Data represents mean cell viability from three independent 

experiments (mean ± SEM). E. Representative images show viability of MDA-

MB-436 cells tethered by DOTAP for 6 hrs. Phase contrast, live (green 

fluorescence), and dead (red fluorescence) images taken at 4x magnification. Scale 

bar = 200µm. 
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Lipid tethers allow for real-time high resolution McTN imaging in response to drug 

treatments 

One of the greatest challenges in studying free-floating cells is the difficulty in measuring 

their functional properties or behavior in real time. This is especially apparent when 

trying to image free-floating cells over time and in three dimensions. Epifluorescence is 

unable to capture McTNs in high resolution (Figure 5.4B). Confocal microscopy of cells 

labeled with a fluorescent membrane dye improves signal to noise and allows McTNs to 

be imaged with high contrast (Figure 5.5Ai, arrows). However, since McTNs occur on 

free-floating cells, the time required to generate a 3-dimensional stack of z-slice images 

for tracing McTN length yields significant blurring as free-floating cells drift over a 

surface to which they cannot attach. This limitation was encountered when imaging cells 

exposed to PEM surfaces without lipid tethers (Figure 5.5Aii, arrows). The blurring 

effect of cell drift is even more apparent across a time projection (Figure 5.5Aiii). In 

contrast, tethered breast tumor cells not only maintained McTNs (Figure 5.5Aiv, arrow), 

but also eliminated blurring of McTNs in z-stacks. This strategy also allowed 

microtentacle length to be traced efficiently across z-stacks (Figure 5.5Av, arrow) and 

limited drift of the cell body during time-lapse imaging (Figure 5.5Avi). These 

phenomena are evident during time-lapse movies of drifting tumor cells seeded on PEM-

no tether surfaces, whereas DOTAP tethering caused cells to remain fixed in one location 

while preserving McTN dynamics (Supplemental Figure 5.7A, 5.7B). It is interesting to 

note that debris is seen moving quickly through the field throughout the movie while the 

cell remains immobile and centered (Supplemental Figure 5.7B).  
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The major advantage in imaging McTNs over time is being able to study their responses 

to drugs not only by McTN frequency, but also McTN dynamics. To demonstrate this 

potential, we recorded three dimensional z-stacks of untreated MDA-MB-436 cells, cells 

treated with the microtubule destabilizing agent, colchicine, or the microtubule stabilizing 

agent, paclitaxel. Addition of colchicine decreased McTNs while paclitaxel enhanced 

McTNs (Figure 5.5B). Over time, colchicine shrunk McTNs and increased cell blebbing, 

whereas paclitaxel hyperstabilized McTNs, dramatically decreasing their dynamics 

compared to vehicle control. These new trends are clearly observable in high resolution 

Figure 5.5: Lipid tethering allows for 

real-time McTN imaging in response 

to drug treatment and minimizes 

effects of drift. 

A. McTN (arrows) imaging of MDA-

MB-436 cells seeded on microfluidic 

slides with PEM-no tether (i-iii) and 

PEM-DOTAP tether (iv-vi). 

Representative 1µm slice (i and iv), 

maximum z-projection of 5 slices at 

one time point (ii and v), and 

maximum t-projection after 20 frames 

(iii and vi) are shown at 60x 

magnification. B. McTN (arrow) 

imaging of MDA-MB-436 cells 

seeded on microfluidic slides with 

PEM-DOTAP tether after treatment 

with 50µM colchicine for 15 mins 

and 1µg/ml paclitaxel for 120 mins. 

Maximum intensity z-projections of 

five 1µm slices at one time point are 

shown at 60x magnification. Scale bar 

= 10µm. C. Manual quantification of 

the average number of McTNs per 

cell (mean ± SEM) in MDA-MB-436 

cells treated with colchicine and 

paclitaxel. **p<0.01 ***p<0.001. 
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movies (Supplemental Figure 5.7C-E) that would be otherwise impossible without lipid 

tethering, since microfluidic flow would wash these cells away or drift would cause 

blurring. This strategy also creates new opportunities to study free-floating cell properties 

on a per-cell basis. For example, we measured time-dependent drug response and 

discovered that treatment with colchicine decreased the mean number of McTN per cell 

from 21.6 ± 7.2 to 1.8 ± 1.5, while paclitaxel treatment increased the frequency of these 

structures to 39.6 ± 7.5 McTNs/cell (Figure 5.5C). 

DISCUSSION 

 

The majority of cancer-related deaths are due to the spread of tumor cells through the 

circulation from the primary site to a secondary organ [232]. While in the circulation, 

tumor cells are in a non-adherent microenvironment that is unlike the conditions in a 

primary tumor or the metastatic site. In these non-adherent conditions, tumor cells 

undergo many biochemical and structural changes that affect their sensitivity to therapies 

and their overall metastatic efficiency [41, 233]. Classical drug studies and microscopy 

focus on analyzing tumor cells attached to a substrate due to the practical ease of 

analyzing cells under static conditions, but these methods do not recapitulate the free-

floating environment of CTCs. Therefore, we have developed a microfluidic device that 

can anchor tumor cells using a lipid moiety while preventing their attachment to a 

substrate.  

 

In this proof-of-concept study we show that tethering is an effective way to retain the 

free-floating behavior of cancer cells and provides new opportunities to study their 

functional properties with high-resolution microscopy through spatial localization. This 



 

115 
 

strategy offers the ability to coat a variety of surfaces, including microfluidics. We show 

that incorporating a lipid moiety on PEMs can passively immobilize tumor cells in a 

manner that preserves McTN formation and does not affect cell viability. In this method, 

no cellular adhesive properties are necessary because the interaction of the cell membrane 

with the lipid results in cell tethering. Lipids have previously been used to immobilize 

cells [87, 227]; here we have advanced this idea to create a simple system for studying 

McTNs on free-floating tumor cells. This approach eliminates the need for solvents, 

patterning, designed topographies, or antibodies used in other recent studies aimed at 

promoting adhesion of CTCs. Further, cells can be tethered in complete media and in a 

short time frame, both enabling real-time study of McTNs on individual CTCs. 

Therefore, using this technique, tethering of any cell type can be achieved in a simple and 

rapid manner, making this a robust platform to study free-floating behaviors across 

various cell types. 

 

In our studies, each PEM lipid formulation tethered cancer cells, but the lipid moiety 

itself altered cell retention, with DOTAP – a cationic lipid – driving the best tethering. 

DOPC – a zwitterionic lipid – contains a phosphate group which may cause less 

favorable interactions with cell membranes compared to DOTAP. While cells were 

immobilized on the substrate, they remained free-floating owing to the cytophobic nature 

of the initial PEM coating. There was some loss of tethered cells as a function of the 

number of washes, but it is likely these interactions can be strengthened by incorporation 

of cross-linkable lipids [87, 227, 234, 235]. We also observed a difference in the tethering 

efficiency as a function of cell line, with MCF-7 breast cancer cells exhibiting better 
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tethering compared to MDA-MB-436 cells. These changes may be due to the differences 

in membrane composition or surface marker expression of each cell line [112].  

 

We demonstrate the utility of tethering for tumor cell analysis by assessing the response 

of McTNs to microtubule-targeting drugs. Unlike our previous studies, it is now possible 

to add drugs via microfluidic exchange without displacing cells, allowing measurements 

of colchicine-dependent McTN disruption [38] and paclitaxel-dependent McTN 

enhancement [58] to be measured with time-lapse imaging for the first time. Our 

discovery that paclitaxel hyperstabilizes McTNs, for example, is significant since 

microtubule stability can enhance McTN formation and increase the re-attachment 

efficiency of tumor cells [58]. Mouse models of metastasis indicate that this increased 

McTN formation and tubulin stability results in greater lung trapping of tumor cells [38, 

45, 58]. Therefore, analyzing McTN dynamics and their response to drugs has important 

implications on the metastatic ability of tumor cells. These technological advances should 

allow many additional quantitative McTN metrics to be accurately measured (length, 

dynamics, etc.) and also improve on qualitative observations that have until now not been 

possible on a live, individual cell basis. 

 

High numbers of CTCs correlate with increased metastasis and decreased survival of 

patients with metastatic cancer [25, 207, 236, 237]. However, CTC enumeration alone 

may not be a good marker for disease staging and prognosis [236]. Therefore, improved 

biologic characterization of CTCs is necessary to better understand their clinical value. 

Numerous new approaches have been designed to improve CTC detection and 
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enumeration, but the ability to study the functional properties of CTCs remains difficult 

[206]. Ex vivo culture of CTCs in non-adherent conditions has provided one method to 

analyze CTCs from patients [209]. This PEM-lipid tethering technology may be applied 

to these culturing methods to keep cells from adhering, but offers the unique capabilities 

of rapid single-cell analysis through staining and imaging in real-time.  

 

Studying the biology of CTCs has suggested important consequences for both metastatic 

efficiency and the sensitivity of these structures to candidate cancer drugs. Of note, 

patterns of drug sensitivities have been linked to the genetic mutations present in 

individual CTC samples from breast cancer and lung cancer patients, indicating that a 

change in tumor genotypes during the course of treatment can lead to drug resistance 

[209, 233, 238]. Our work shows tethering tumor cells allows rapid analysis of specific 

drug responses in real-time. Markers of epithelial-to-mesenchymal transition (EMT) are 

also upregulated in CTCs with mesenchymal markers specifically enriched in CTC 

clusters. These clusters have increased metastatic capabilities compared with single cells 

alone [42, 210]. Thus our approach can be applied to these existing techniques for 

fundamental CTC studies at the single-cell level. Assessing the effects of drugs on cell 

viability, EMT markers, or McTNs could all have implications on their metastatic 

phenotype. Tethering would also allow these studies to be conducted in a manner that 

more closely recapitulates the free-floating environment found in circulation. Though our 

study focuses on the analysis of tumor cells, this simple and rapid tethering technology is 

translatable to numerous other cell types that are encountered in the blood stream (e.g., 

red blood cells, platelets, lymphocytes, macrophages) and may function differently in a 
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free-floating environment. With new technologies, CTCs will play an increasing role in 

informing therapy and disease progression of cancer patients. Toward this goal, tethering 

CTCs with PEM-lipid films could serve as a new tool to analyze CTC samples to provide 

better personalized treatment decisions for patients.  
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SUMMARY OF RESULTS & IMPLICATIONS 

 

McTNs play a role in increasing the metastatic capacity of circulating breast tumor cells 

by increasing re-attachment efficiency in both in vitro and in vivo models [38, 44].  The 

cytoskeleton dynamics of CTCs are critical for their ability to survive in the circulation 

and ultimately seed and cause recurrent metastatic disease.  Specific alternations in the 

cytoskeleton that modify microtubule stability and actin reorganization affect the 

assembly of McTNs.  In this work we have described two novel molecules that play a 

role in McTN formation, AMPK and clip-170.  Further, we can target this pathway using 

drugs that activate AMPK to reduce McTN frequency and re-attachment of suspended 

breast tumor cells.  AMPK alters the balance of stable microtubules and actomyosin 

contractility, via cofilin, within the cell.  Activating this pathway in suspended cells can 

decrease cofilin activity and/or decrease microtubule stability to inhibit McTNs.   

 

To further investigate the AMPK pathway, a downstream target (clip-170) was explored 

as another potential regulator of McTN formation.  Phosphorylation of clip-170 at serine 

312 may not be a candidate biomarker for predicting metastasis so pClip-170 levels were 

not further studied in patient samples.  Genetic mutations at serine 312 showed that this 

site did not regulate levels of glu-tubulin or acetylated tubulin.  However, constitutive 

phosphorylation of clip-170 was sufficient to suppress McTNs and re-attachment.  Based 

on this data, pharmacological activation of AMPK may also inhibit McTN 

polymerization by increasing the phosphorylation of clip-170 in a manner independent of 

microtubule stability.  Future studies will be necessary to directly test if drugs targeting 

AMPK change pClip-170 levels.  Taken together, our data suggests that AMPK 
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activating drugs may be promising in decreasing the metastatic efficiency of CTCs 

through multiple potential downstream targets that need to be further explored. 

 

Therapeutic response of McTNs to drugs targeting the cytoskeleton through AMPK or 

other pathways have been limited to end-point analysis of McTNs in a population of 

suspended tumor cells.  The technical challenges of imaging free-floating tumor cells in 

real-time has been the major obstacle in enhancing our ability to assess the drug response 

of McTNs.  We have now been able to vastly improve our ability to study McTNs 

themselves as well as their response to drugs by engineering a lipid-tether surface coating 

system that allows us to perform real-time high-resolution confocal microscopy of free-

floating cells of any variety.  In addition, this microfluidic device now gives the ability to 

wash in drug solutions over tumor cells to instantly visualize how McTNs change after 

drug addition on individual cells.  This further opens the door to more sophisticated 

single-cell analysis on McTNs such as measuring length, number, and dynamics.  The 

device provides a platform to study existing drugs and test new molecular targets in 

patient tumor cells.  Ultimately we hope to translate this to the rapid analysis of clinical 

CTC samples to give personalized prognostic and therapeutic information to patients.  

 

FUTURE DIRECTIONS 

 

Analyzing McTNs on tumor cells from patient samples 

 

Visualizing McTNs on freshly isolated patient CTCs is the next step in using the cell-

tethering device.  Prior to applying this technology to clinical CTC analysis, we wanted 

to confirm the presence of McTNs on human tumor cells directly from patients.  To 
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accomplish this, we must first generate a reproducible and consistent system to identify 

tumor cells within a heterogeneous population of cells that is typical of clinical samples.  

To do this, we used two sources of patient cells: patient-derived xenograft (PDX) tumor 

tissue and isolated CTCs from the blood.   

 

The PDX model has become a new gold standard for modeling human cancer in vivo to 

enhance our understanding of cancer biology.   The PDX involves the serial passage of 

pieces of human cancer isolated during surgical resection in immune compromised mice.  

Like any model, there are advantages and disadvantages to the PDX system.  Numerous 

studies have shown that PDX can more faithfully recapitulate human disease (i.e. 

histology, morphology, genomics, and metastatic patterns) than other in vivo models.  

The influence of the immune system on the tumor and its microenvironment are 

obviously lacking with this model [239].  For our purposes, the PDX tissues provide an 

abundant renewable source of tumor cells that have been harvested from patients.  This 

would be otherwise impossible to obtain from liquid biopsies due to the scant number of 

CTCs that are typically isolated.  Revealing short-term indicators of PDX outcome are 

important because the time-frame for growth in mice can be too long to serve as a useful 

clinical prediction or therapy-optimization model.  The rapid analysis of more short-term 

characteristics, such as McTNs, in primary PDX tumors may be predictive for long-term 

mouse model outcomes such as growth rate or metastatic patterns.  Future studies need to 

be conducted to directly match McTN status with PDX outcome and patient data.   
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For proof-of-concept, we have disassociated PDX tumor tissue from two lines (HCI-001 

and HCI-002) developed from two separate patients.  The tissue excised contained 

numerous cell types including epithelial tumor cells, stromal cells, red blood cells, and 

immune cells.  Through a series of digestion, differential centrifugation, and 

trypsinization we obtained a single cell suspension of cells that were enriched for the 

epithelial cell population within the tumor.  The cells were then put into the cell-tethering 

device for further staining and imaging.  All staining was done on cells that have been 

tethered to the substrate so all solutions were directly washed over the cells.  In order to 

identify tumor cells, we used a negative selection approach that excludes cells that are 

CD45-positive (white blood cells) for both mouse and human variants.  To eliminate red 

blood cells, we only analyzed Hoechst-positive cells, and McTNs were imaged as 

previously described with CellMask Orange cell membrane dye.  In both lines, we found 

CD45-negative, Hoechst-positive cells that have membrane protrusions (Figure 6.1A and 

B).   The numerous contaminating cell types can also be appreciated, as there were 

Hoechst-negative red blood cells along with CD45 positive cells.  The HCI-001 line was 

EpCAM positive so a positive selection method for Hoechst-positive and EpCAM-

positive cells could also be used to identify these tumor cells (Figure 6.1C).  However, 

the negative selection approach allows for more robust analysis and does not rely on any 

sample being positive for EpCAM.  We were also able to perform drug treatments on 

PDX samples and show that McTNs decreased with the addition of colchicine (Figure 

6.2). 
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We also obtained blood samples from patients at Stanford University through a 

collaboration with Dr. Stefanie Jeffrey.  CTCs were isolated from the blood using a 

platform developed by Vortex Biosciences.  In brief, this system uses flow to trap larger 

cells (tumor cells) in small vortices while the remaining smaller cells (red blood cells, 

white blood cells, etc.) are washed through the system.  After isolation, these CTCs were 

tethered and stained with CD45, Hoechst, and CellMask Orange.  Out of the two patient 

samples analyzed, one of them contained cells that exhibited membrane protrusions (data 

not shown).  We found 5 tumor cells in this sample and 4/5 had protrusions on cells that 

Figure 6.1: Patient-derived xenograft cells have McTNs.  

A & B. Maximum intensity z-projections of HCI-002 cells after primary tumor 

disassociation stained with Hoechst (blue), mouse CD45 (green), and CellMask 

Orange (red) for microtentacles (arrows) and the corresponding differential 

interference contrast (DIC) image.  C. HCI-001 cells stained with Hoechst, human 

EpCAM (green), and CellMask Orange. Images taken at 60x magnification.  Scale 

bar = 20µm. 
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Figure 6.2: Colchicine reduces McTNs on PDX cells.  

Maximum intensity z-projections of HCI-001 cells after primary tumor 

disassociation stained with Hoechst (blue), mouse CD45 (green), and CellMask 

Orange (red) for microtentacles (arrows).  Cells with no treatment (top panels) 

and treated with 50µM colchicine for 1h (bottom panels).  Images taken at 60x 

magnification.  Scale bar = 20µm. 

were Hoechst-positive and CD45-negative.  Unlike the McTNs typically seen in human 

tumor cell lines, these protrusions were much greater in length, but remained dynamic.  

An advantage of CTC isolation from blood is that there are no stromal cell components 

that could be potentially contaminating the sample.  With the Vortex system there was 

mostly red blood cell contamination with few CD45-postive cells at the end.  However, 

very few CTCs were obtained again showing the difficulty in isolating CTCs.  There is 

also no certainty that a patient even has CTCs present in their blood.  We specifically 

chose recurrent, highly metastatic patients for this initial study to increase our chances of 

obtaining CTCs, but since little is known about CTC biology, there is no way to predict if 

a liquid biopsy will contain CTCs.   

 

These initial studies show that we can: 1. successfully tether cells isolated from patient 

samples 2. Perform antibody staining on tethered tumor cells 3. Identify tumor cells 
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within a heterogeneous population 4.  Visualize dynamic McTN protrusions on the 

surface of human patient cells. 5. Treat patient cells with drug and visualize the response 

of McTNs.  Based on this, the next steps of this study is to obtain more blood samples 

from metastatic breast cancer patients to look for McTNs and assess their response to 

currently used chemotherapies that target the cytoskeleton.  In addition, long-term studies 

are needed to correlate the presence of McTNs on CTCs with patient outcomes. 

Improving cell tethering technology 

 

Analysis of patient CTCs has been made possible due to the microfluidic cell-tethering 

device that has been presented in Chapter Five.  One major limitation of the device as it 

stands is the massive loss of cells after repeated wash steps.  Future iterations of this 

device aim to decrease cell loss with washing along with the ability to fix cells onto the 

surface.  Fixing cells will allow us to accumulate CTCs and archive samples for future 

downstream analysis.   

 

We hypothesized that the loss of cells with washing was due to the lipid washing off of 

the PEM instead of cells washing off of the lipid.  Cells anchored using the previously 

reported PEG-lipid system are able to withstand flow rates of up to 20 cm/s [227].  

Therefore, we predicted that the interaction between the cell membrane and lipid was 

quite strong and not easily disrupted with washing, whereas, the electrostatic interaction 

between the PEM and the lipid may not be enough to withstand washing.  We tested this 

by spiking fluorescently labeled DOTAP lipid into the lipid mixture deposited onto the 

PEM.  There was a precipitous loss of the fluorescent-DOTAP after even one wash.  In 

order to strengthen the interaction between the lipid and PEM, formaldehyde was added 
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after lipid deposition to cross-link the lipid to the amide present in the PAAm, which is 

the terminal PEM layer.  When the lipid is cross-linked there is a substantially greater 

amount of lipid present on the PEM.  Cross-linking the lipid to the PEM also greatly 

enhanced cell retention of both MCF-7 and MDA-MB-436 cells even after 5 washes 

compared to no crosslinking (Figure 6.3A and B).  In the future, it would also be 

interesting to measure the flow rates and shear forces that can be tolerated by tethered 

cells and how these external forces affect McTNs.  Therefore, it is apparent that in order 

to successfully tether cells, a stronger bond is required between the lipid and PEM. 

 

Fixing cells onto the PEM surface is the next step of improving the tethering system.  

Fixing cells will preserve McTNs by cross-linking them onto the PEM surface so that 

immunofluorescence can be performed on the cells themselves and the McTN structures.  

Figure 6.3: Crosslinking improves cell retention.  

A. Quantification of MDA-MB-436 and MCF-7 cells remaining after washing on 

PEM only, PEM-DOTAP, and PEM-DOTAP with cross-linking.  Images were 

quantified using CellProfiler.  B. Representative images of MDA-MB-436 cells 

prior to washing (top panels) and after one wash (bottom panels).  Images taken at 

4x magnification. Scale bar = 200µm. 
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However, in order to cross-link cells, the amide present in the PAAm must be preserved.  

The current cross-linking method uses this amide to form a strong bond between the lipid 

and PAAm.  Therefore, in the future new lipid molecules need to be tested that are more 

reactive to the PEM surface while sparing the amide.  One potential option is using a 

lipid molecule that has an azide group because azides are typically highly reactive 

molecules.  This way we anticipate the azide to bind to the PEM through a carbon 

interaction instead.  Then, hopefully the strong bond between the PEM and the azide 

group will keep cells tethered after repetitive washing steps as well as allow for fixation 

of cells to the PEM through the amide.  An alternative approach would be to 

functionalize the PAAm to more strongly react with the lipid.  For example, streptavidin 

can co-polymerized into the PAAm layers and a biotinylated lipid can be deposited onto 

the PEM.  The streptavidin-biotin interaction would create a strong bond between the 

PEM and lipid while maintaining all other reactive side groups within the PEM. 

 

Finally, another major modification in the future versions of the device will be photo-

patterning of the lipid.  By using photo-activatable lipid molecules we can have precise 

control of the geometry and architecture of the lipid-coated surface.  We would like to 

pattern the surface to have 10µm spots that are separated by 60µm in order to have single 

cells aligned in an array.  The patterning process would allow us interrogate McTNs on 

cells in a systematic manner and do follow-up analysis on particular cells of interest 

based on their location in the array.  Patterning also delivers the option of culturing CTCs 

on the lipid tethers in hopes that any CTC that contains stem-cell-like properties may 

grow into a mammosphere.  As a starting point, in collaboration with Dr. Christopher 
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Jewell at the University of Maryland, College Park, we generated an array of lipid spots 

on glass coverslips using a stamping technique.  In our initial studies, 7µm fluorescent-

DOTAP was stamped onto a PEM coated coverslip with a spacing of 20µm to develop a 

patterned lipid array with MDA-MB-231 GFP cells (Figure 6.4).   In the future, we will 

use photo-crosslinking to secure the lipid to the PEM, similar to the chemistry used 

above, but this time mediated by light.  The precise geometry of the array can be 

achieved with photo-patterning through a microlens array or creating a mask so the light 

is delivered in a particular pattern to the surface.   Only cross-linked spots activated by 

light will contain lipid and the remaining lipid in the channel will be washed off.   

 

CONCLUSIONS 

 

In this work, we use a multidisciplinary approach to test, target, and analyze the role of 

the cytoskeleton in ECM-detached breast tumor cells.  We first used a pharmacological 

approach using existing drugs that target AMPK to test their effects on the cytoskeleton 

of suspended breast tumor cells.  It was shown for the first time that the AMPK pathway 

can regulate both microtubule stability and cofilin activity in breast tumor cells.  

Furthermore, activation of AMPK in suspended breast tumor cells decreased McTNs, 

which suggests that pharmacological activation of AMPK may result in a decreased 

Figure 6.4: Tumor cells 

on lipid stamp.  

GFP MDA-MB-231 cells 

(left) plated on a coverslip 

stamped with fluorescent 

DOTAP lipid with 7µm 

spot size (right).  Images 

taken at 40x 

magnification. 
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metastatic phenotype.  We then used a genetic approach to further investigate a 

downstream target of AMPK, clip-170.  Mutations in serine 312 of clip-170 showed that 

constitutive activation of clip-170 at this site decreased McTNs and re-attachment in 

breast tumor cells.  Lastly, we engineered a surface to maintain the free-floating character 

of breast tumor cells while anchoring them in one location to perform functional McTN 

studies.  Using this device we were able to visualize McTNs on breast tumor patient 

samples and analyze the effects of existing tubulin-targeting drugs on McTN assembly 

and dynamics.  In this manner, we are optimizing the use of current therapies and have a 

platform for the discovery of new therapies. 

 

Millions of tumor cells are shed from primary breast adenocarcinomas, but metastasis is 

an inefficient process even though it is the main cause of mortality for all cancer patients 

[35].  Our overall goal is to prevent the few tumor cells that survive dissemination from 

ever being able to seed a secondary site.  In order to so, we must have a better 

understanding of what makes metastatic tumor cells unique compared to both their 

normal cell counterpart and the tumor cells that die in the circulation.  We have found 

that targeting the cytoskeleton of CTCs can have a dramatic impact on their ability to 

metastasize.  McTNs are specifically enriched on more metastatically efficient tumor 

cells, making them an attractive target on CTCs [39].  Eliminating McTNs can reduce the 

arrest of CTCs at a distant organ and thus inhibit their ability to go through the next 

stages of the metastatic cascade that leads to clinical relapse [41].  Current 

chemotherapeutics used to treat breast cancer such as paclitaxel have toxic side effects 

and can also increase drug resistance and metastasis while inhibiting primary tumor 



 

131 
 

growth [147, 240].  Taxanes can increase McTN formation and re-attachment [58].  In 

addition, taxanes can increase CTCs in patients up to 10,000-fold [241] and the CTCs 

that remain after taxane therapy have elevated stem-cell characteristics [242].  Medical 

interventions are another culprit in raising the number of CTCs.  In one study, up to one 

third of patients had an increase in CTCs following breast tumor removal surgery [243].  

Cells are also dislodged in the circulation of patients undergoing surgical resection of 

non-small cell lung cancer.  Out of 16 patients who did not have detectable CTCs prior to 

surgery, 10 were positive for CTCs subsequent to resection [244].  In a mouse xenograft 

model, CTCs significantly increased after punch biopsies were performed on mammary 

tumors [245].  We hope to apply our new molecular findings to exploit the cytoskeletal 

alternations seen in CTCs in an improved manner that decreases the unwanted 

consequences of current chemotherapies.  Therefore, we can use existing therapies or 

develop new drugs that may be given in addition to chemotherapy to decrease CTCs and 

patient mortality from metastasis.   

 

Determining the efficacy or a particular agent (either existing or novel) is crucial in 

deciding if a therapy should be stopped in a patient.  Currently, an agent is continued 

until there is evidence of disease progression or undesirable toxicity.  The standards that 

are routinely used to monitor disease progression include patient history, physical 

examination, and radiographic studies [17].  Clinical imaging is the main method used to 

monitor metastatic breast cancer and measure the effectiveness of a given treatment.  

However, imaging studies have considerable technical limitations.  Even though MRI can 

detect changes in tumor size with high sensitivity, a patient typically must be on a 

particular therapy for several weeks before disease regression can be reliably visualized.  
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Positron emission tomography with 
18

fluorodeoxyglucose (FDG-PET) can do a better job 

at picking up changes in tumor uptake within the first rounds of chemotherapy.  In 

general, detecting shrinkage in tumor size can take up to 2-3 months using standard 

imaging [246], especially considering approximately 10 million cells are required to 

detect a lesion by MRI [180].  Serial evaluation of CTCs is a more reliable and a better 

prognostic indicator of survival compared to imaging in metastatic breast cancer patients 

[247].  CTCs are also a robust measure of treatment efficacy [27, 28].  Furthermore, 

measuring CTCs provides both biological and clinical information at an earlier time point 

compared to radiographic evaluation.  CTCs can reflect a response to treatment as early 

as one round of chemotherapy [248].  Eradicating metastatic cells at an earlier stage of 

the metastatic cascade has the potential to dramatically improve patient outcomes.     

 

CTC detection and biology may play an important role in providing more individualized 

treatment options for cancer patients.  As of now, enumeration of CTCs is the only 

clinically relevant CTC assay.  However, more information beyond just the enumeration 

CTCs can be obtained that can better inform clinical management at earlier time points.  

The histological or molecular profile of breast cancer is known to change through the 

course of disease [249].  To accurately characterize these changes on individual patients, 

obtaining a liquid biopsy to analyze CTCs is an attractive alternative to repeated invasive 

tumor biopsies.  In breast cancer, clinical trials are underway to investigate the efficacy of 

targeted therapies for Her2 in patients with Her2-negative tumors, but Her2 positive 

CTCs [248].  Another example is mutation analysis of DNA isolated from CTCs.  

Assessing mutations in a gene such as EGFR in a particular patient’s CTCs may help 
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determine if that patient will respond to therapies directed toward EGFR [238].  

Similarly, we will apply our microfluidic cell-tethering system to rapidly test the 

response of live CTCs, freshly isolated from patient blood, to cancer agents.  The device 

can be used to analyze the dynamic properties of live CTCs, including McTNs, with 

time-lapse imaging, drug response studies, and automated image analysis.  Since this 

technology relies on microscopy, it does not require a pure population of CTCs that is 

otherwise needed for assays such as genomic analysis.  We can reliably analyze tumor 

cells from the heterogeneous population of cells that is retrieved after any CTC isolation 

method.  This could provide a new functional test for drugs tailored to reduce metastatic 

risk in individual patients and help avoid the use of drugs that could inadvertently 

increase metastasis to move towards precision medicine for metastatic breast cancer 

treatment.        
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SUPPLEMENTAL FIGURES FOR CHAPTER 2: 

 

Supplemental Figure 2.1: AMPK does not induce cell death at early time points 

or in suspension. 

A. Cell viability of MCF-7 and BT-549 cells after treatment with 20µM 

compound c for 4 and 2 hours, respectively, in serum-free media was determined 

using trypan blue exclusion.  B. Cell viability of MCF-7 and BT-549 cells after 

treatment with 200µM and 400µM A-769662, respectively, for 24 hours was 

determined using trypan blue exclusion.  C. MCF-7 and BT-549 cells were treated 

with 20µM compound c in serum-free media for 4 and 2 hours, respectively, and 

then suspended.  Cells were harvested immediately after suspension (0) and then 

harvested at 15, 30, 60, and 120 minutes.  Western blot analysis was done for 

PARP cleavage.  Positive control was BT-549 cells treated with 0.5µM 

staurosporin for 5 hours.  D. MCF-7 and BT-549 cells were treated with 200µM 

or 400µM A-769662, respectively, for 24 hours and then suspended.  Cells were 

harvested immediately after suspension (0) and then harvested at 15, 30, 60, and 

120 minutes.  Western blot analysis was done for PARP cleavage.  Positive 

control was BT-549 cells treated with 0.5µM staurosporin for 5 hours. 
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Supplemental Figure 2.2: Compound C and A-769662 effect cell growth at 48 hours. 

A & B. MCF-7 and BT-549 cells were treated with 20nM-40µM compound c for 48 hours 

in both full-serum and serum-free conditions.  SRB assay was done and percent cell 

growth was determined by normalizing to vehicle control and day 0 untreated control.  

Mean +/- SEM are shown from the combination of three independent experiments.  C. 

MCF-7 and BT-549 cells were treated with 1µM-1mM A-769662 for 48 hours.  SRB 

assay was done and percent cell growth was determined by normalizing to vehicle control 

and day 0 untreated control.  Mean +/- SEM are shown from the combination of three 

independent experiments.   
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Supplemental Figure 2.3: AMPK changes microtubule stability and cofilin activation over 

time. 

A & B. Western blot analysis of MCF-7 and BT-549 cells treated with 20µM compound c 

in serum-free media to quantify levels of pCofilin, glu-tubulin, and acetylated tubulin over 

time.  Densitometry was done on three independent experiments (mean +/- SEM) *p<0.05 

**p<0.005 compared to vehicle.  C & D. Western blot analysis of MCF-7 and BT-549 cells 

treated with 200µM and 400µM A-769662, respectively, to quantify levels of pCofilin, glu-

tubulin, and acetylated tubulin over time.  Densitometry was done on three independent 

experiments (mean +/- SEM) *p<0.05 **p<0.005 compared to vehicle.  
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Supplemental Figure 2.4: Compound c increases glu-tubulin and acetylated tubulin 

levels in BT-549 cells. 

BT-549 cells treated with 20µM compound c for 2 hours in serum-free media were fixed 

and stained with A. glu-tubulin and alpha tubulin.  B. Acetylated tubulin and alpha 

tubulin. All images were taken at 60x magnification and are displayed as maximum z 

projections.  Scale bar corresponds to 20µm. 

 

Supplemental Figure 2.5: A-769662 decreases acetylated tubulin in BT-549 cells. 

BT-549 cells treated with 400µM A-769662 for 24 hours were fixed and stained with A. 

glu-tubulin and alpha tubulin.  B. Acetylated tubulin and alpha tubulin.  All images were 

taken at 60x magnification and are displayed as maximum z projections.  Scale bar 

corresponds to 20µm 
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SUPPLEMENTAL FIGURES FOR CHAPTER THREE: 

 

 

  
Supplemental Figure 3.1 Clip-170 mutants do not alter morphology or growth of 

BT-549 cells. 

A. Representative phase contrast images of BT-549 cells stably expressing clip-170 

wild-type (WT), S312A, and S312D and their corresponding GFP expression taken 

at 60x magnification.  B. Growth of BT-549 cells expressing clip-170 wild-type 

(WT), S312A, and S312D was determined using CellTiter Glo cell proliferation 

assay. 
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SUPPLEMENTAL FIGURES FOR CHAPTER FIVE: 

  

Supplemental Figure 5.1: PEM prevents attachment of MDA-MB-436 and MCF-7 

breast cancer cells. 

Representative images of A. MDA-MB-436 and B. MCF-7 cells on microfluidic slides 

with 0 (uncoated) and PMA4/PAAm4 bilayers after one wash at 0, 6, and 24 hrs at 4x 

magnification. Scale bar represents 200µm. 
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Supplemental Figure 5.2: PEM prevents cell attachment and does not affect cell 

viability. 

CellTiter analysis of the number of A. MDA-MB-436 and B. MCF-7 cells remaining on 

96-well plate coated with 0 (uncoat), 1, 4, and 8 PMA/PAAm bilayers after one wash at 

1, 3, 6, and 24 hrs normalized to initial cell number. Data represents mean cell attachment 

from three independent experiments (mean ± SEM). Viability of C. MDA-MB-436 and 

D. MCF-7 cells on a 96-well plate coated with 0 (uncoated), 1, 4, and 8 PMA/PAAm 

bilayers at 0, 1, 3, 6, and 24 hrs. Data represents mean viability from three independent 

experiments (mean ± SEM). Viability of E. MDA-MB-436 and F. MCF-7 cells plated on 

microfluidic slides with 0 (uncoated) or PMA4/PAAm4 bilayers calculated at 0, 6, and 24 

hrs. Green fluorescence (live) and red fluorescence (dead) positive cells were quantified 

for each and divided by total cell number to calculate percent of live and dead cells, 

respectively using CellProfiler. Data represents mean viability from three independent 

experiments (mean ± SEM). 
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Supplemental Figure 5.3: PEM does not affect viability of MDA-MB-436 and 

MCF-7 cells. 

Representative images of the viability of MDA-MB-436 plated on microfluidic 

slides with 0 (uncoated) or PMA4/PAAm4 bilayers at A. 6 hrs and B. 24 hrs. 

Representative images of the viability of MCF-7 plated on microfluidic slides 

with 0 (uncoated) or PMA4/PAAm4 bilayers at C. 6 hrs and D. 24 hrs. Phase 

contrast, live (green fluorescence), and dead (red fluorescence) images taken at 

4x magnification. Scare bar represents 200µm. 
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Supplemental Figure 5.4: Triton-X treatment is a positive control for cell death. 

Cell viability of MDA-MB-436 and MCF-7 cells treated with 0.1% Triton-X plated 

on A. 96-well plate and B. microfluidic slides. Green fluorescence (live) and red 

fluorescence (dead) positive cells were quantified for each and divided by total cell 

number to calculate percent of live and dead cells, respectively, using CellProfiler. 

Data represents mean viability from three independent experiments (mean ± SEM). 

Representative images of C. MDA-MB-436 and D. MCF-7 cells treated with 0.1% 

Triton-X. Phase contrast, live (green fluorescence), and dead (red fluorescence) 

images taken at 4x magnification. Scale bar represents 200µm.  
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Supplemental Figure 5.5: DOTAP can tether MCF-7 breast tumor cells. 

Representative images of MCF-7 cells seeded on microfluidic slides with 

PEM-no tether, PEM-DOTAP tether, and PEM-DOPC tether prior to 

washing and after 3 subsequent washes at 4x magnification. Scale bar 

represents 200µm. 
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Supplemental Figure 5.6: Lipid tethering retains microtentacles and does not affect 

cell viability. 

A. Representative image of McTNs (arrows) on MDA-MB-436 cells on a low-attach 

plate at 40x magnification. Scale bar represents 10µm. B. Representative images of 

McTNs (arrows) on MCF-7 cells on a low-attach plate, microfluidic slide with PEM-no 

tether, and microfluidic slide with PEM-DOTAP tether at 40x magnification. Scale bar 

represents 10µM. Viability of C. MDA-MB-436 and D. MCF-7 cells calculated at 0 

and 6 hrs after seeding on microfluidic slides with PEM-DOPC tether. Green 

fluorescence (live) and red fluorescence (dead)  positive cells were quantified for each 

and divided by total cell number to calculate percent of live and dead cells, 

respectively, using CellProfiler. Data represents mean cell viability from three 

independent experiments (mean ± SEM). E. Representative images of MDA-MB-436 

cells seeded on microfluidic slides with PEM-DOPC tether for 6 hours and F. 

Representative images of MCF-7 cells seeded on microfluidic slides with PEM-

DOTAP and PEM-DOPC tether for 6 hours Phase contrast, live (green fluorescence), 

and dead (red fluorescence) images taken at 4x magnification. Scale bar represents 

200µm. 
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SULFORHODAMINE B (SRB) CYTOXICITY ASSAY 

 

Reagents: 

Trichloroacetic Acid (TCA) Solution  

  10g of TCA 

  100ml of dH2O 

SRB Solution 

  0.06g of SRB 

  100ml of dH2O 

Acetic Acid 

  5ml glacial Acetic Acid 

  Up to 500ml dH2O  

Tris Base 

  0.61g Tris 

  Up to 500ml dH2O 

 

Protocol: 

Day 1 

1. Plate cells in 96 well plate at 5,000 cells per well in 100µl 

 

Day 2 

1. Fix cells after 24hrs (this is the Tz) 

2. Treat cells with range of drug doses 

 

Day 4 

2. Add 100ul of COLD 10% TCA 

3. Incubate at 4⁰C for 1h 

4. Remove liquid from wells and wash with dH2O x 5 (make sure to use plastic tubing 

so that cells are not dislodged from wells) 

5. Let air dry at RT (**) 

6. Add 100µl 0.06% SRB solution for 10mins 

7. Wash 5x with 1% Acetic Acid (100ul) 

8. Let air dry at RT (**) 

9. Add 200µl of 10mM Tris Base for 30mins 

10. Read on plate reader at 510nm (this is the Ti) 

 

(**) = potential stopping point. Can store plate at RT indefinitely and proceed at a later 

time 

 

 

Growth Formula:   

Ti>Tz - [(Ti-Tz)/(C-Tz)]x100 

Ti < Tz - [(Ti-Tz)/Tz)]x100 
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CLIP-170 VECTOR INFORMATION 

 

eGFP-C1 Vector Map 

 GFP Clip-170 gene begins at 1390bp 

 

 

 
 

pLVX-Puro Vector Map  
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PEM AND LIPID DEPOSITION 

 

Reagents: 

Adjust the pH of ALL rinsing baths (deionized water) to pH 3.0 with HCl.  

 

Polymer Solutions: Make up all solutions in deionized water pH 3.0 and filter with 

0.45µm cellulose nitrate filter. Store at RT. 

1. Poly(methacrylic) acid (Polysciences #00578) – 0.01M solution 

2. Polyacrylamide (Polysciences #02806) – 0.01M solution 

3. Poly(allylamine) hydrochloride (Alfa Aesar #43092) – 0.047M solution 

 

Lipid Solutions: Dried aliquots are stored at -80⁰C. Make up to 0.01M solution based on 

weight of aliquot with deionized water pH 3.0 and sonicate for 60 minutes. Use 

immediately (sonicate lipid during PEM deposition). Only resuspend amount of lipid that 

is needed for each batch of deposition, do not store aqueous solution of lipid. 

 DOTAP (Avanti #890890). 5mg into 636µl of pH 3.0 water for 0.01M solution 

 

Formaldehyde Solution: 3.7% formaldehyde in PBS. 

 

Slides: µ-Slide VI
0.4 

(Ibidi #80601) 

 

Protocol: 

Always add solutions to bottom well and aspirate from top well. 

 

1. Add 120µl of PAH solution and incubate for 15mins 

a. Remove solution through aspiration 

2. Add 120µl of pH 3.0 water and wash channel for 1min.  

a. Remove solution through aspiration 

3. Repeat wash step. 

4. Add 120µl of PMA solution and incubate for 5mins 

a. Remove solution through aspiration 

5. Add 120µl of pH 3.0 water and wash channel for 1min.  

a. Remove solution through aspiration 

6. Repeat wash step. 

7. Add 120µl of PAAm solution and incubate for 5mins 

a. Remove solution through aspiration 

8. Add 120µl of pH 3.0 water and wash channel for 1min.  

a. Remove solution through aspiration 

9. Repeat wash step. 

10. Repeat steps 4-9 for each additional bilayer 
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11. Add 100µl of lipid and incubate for 5mins 

12. Add 120µl of pH 3.0 water and wash channel for 1min.  

a. Remove solution through aspiration 

13. Repeat wash step. 

14. Add 120µl of formaldehyde 

15. Add 120µl of pH 3.0 water and wash channel for 1min.  

a. Remove solution through aspiration 

16. Repeat wash step 

17. Aspirate any excess liquid in channel 

18. Dry slides at RT 

19. Return to original packaging when dry 
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