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Abstract 

Title of Dissertation: Rho-associated protein kinase inhibition promotes microtentacle 

formation in detached breast tumor cells through destabilization of the actin cortex 

 

Lekhana Bhandary, Doctor of Philosophy, 2016 

 

Dissertation Directed by: 

Stuart S. Martin, Ph.D. 

Professor 
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The presence of circulating tumor cells (CTCs) in blood predicts poor patient outcome 

and CTC frequency is correlated with a higher risk of metastasis. Recent research has 

shown that microtubule-based cellular protrusions known as microtentacles, can enhance 

reattachment of CTCs to the vasculature. Microtentacles are highly dynamic membrane 

protrusions that are formed in cells that are detached from the extracellular matrix and 

occur when physical forces generated by the outwardly expanding microtubule network 

overcome the contractile force of the actin cortex. Rho-associated protein kinase (ROCK) 

is a major regulator of actomyosin contractility and Rho/ROCK over-activation is 

implicated in tumor metastasis. ROCK inhibitors are gaining popularity as potential 

cancer therapeutics based on their success in reducing adherent tumor cell migration and 

invasion. However, the effect of ROCK inhibition on detached cells in circulation is 



	  
	  

largely unknown. In this study, breast tumor cells in suspension are used to mimic 

detached CTCs and show that using ROCK inhibitors to destabilize the actin cortex 

promotes the formation of microtentacles in suspended cells and enhances reattachment 

of cells from suspension. Furthermore the use of ROCK isoform-specific silencing-RNA 

shows that inhibiting ROCK1 but not ROCK2 increases microtentacle formation and cell 

reattachment. Conversely, increasing actomyosin contraction by Rho over-activation 

reduces microtentacle frequency and reattachment. Although Rho/ROCK pathway also 

regulates the microtubule network, this study shows that the increase in microtentacle 

frequency observed upon ROCK inhibition is not a result of enhanced microtubule 

stabilization. These results indicate that the Rho/ROCK pathway plays a role in 

regulating McTN formation through its effect on actin cortical integrity. 
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I. Introduction 

A. Introduction to cancer 

 Cancer is a disease that results in uncontrolled growth of abnormal cells, which 

could be fatal if left unchecked. Due to faulty regulation of the cell’s signaling pathways, 

cancerous cells can evade growth suppression and resist death by apoptosis to undergo 

sustained proliferation and form a tumor mass that can either remain localized at the site 

of its origin or spread to distant sites in the body [1]. Some individuals are genetically 

predisposed to cancer as a result of inherited or spontaneous mutations, hormonal 

imbalances or faulty immune regulation [2]. Additionally, a number of external factors 

such as smoking, exposure to radiation, infectious organisms and an unhealthy diet can 

also contribute to cancer formation [2]. Whether the onset of cancer is brought on by 

external influences or an inherited predisposition, a number of factors contribute to the 

continued growth and proliferation of cancerous cells. These factors include an increased 

sensitivity to growth factors, activating mutations that allow the cells to sustain growth in 

the absence of external growth signals, inactivating mutations to prevent apoptosis and 

tumor suppression, expression of telomerase to allow replicative immortality and evasion 

of immune destruction by expression of immunosuppressive factors (Figure 1). 

Additionally, as the cancerous mass grows in size and the tumor core becomes 

increasingly hypoxic, tumor cells can reprogram their metabolic pathways and secrete 

angiogenic factors that promote blood vessel formation to ensure survival [1]. 

Furthermore, alterations in the cell’s signaling pathways can also cause some cancer cells 

to acquire a migratory and invasive potential that allows them to invade through the 
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tissue and migrate to distant sites to form secondary tumors through a process known as 

metastasis.  

 

Figure 1- Hallmarks of Cancer: Factors that contribute to tumor growth and metastasis 
Source: Modified from Hanahan and Weinberg, Cell, 2011 [1] 

 

B. Cancer incidence and trends 

 Cancer accounts for 1 in every 4 deaths in the US and is the second most common 

cause of death, exceeded only by cardiovascular disease. In 2016, an estimated 1,685,210 

million new cases of invasive cancer will be diagnosed in the US, and about 595,690 

Americans are expected to die due to the disease [2]. In addition to the invasive cancer 

incidence estimates, it is estimated that about 61,000 cases of breast carcinoma in situ and 

68,480 cases of melanoma in situ will be diagnosed in 2016 [3]. The three most 

commonly occurring cancers in males are prostate, lung and colorectal cancers, which 

account for 43% of all cancers. In females, lung, breast and colorectal cancers account for 
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50% of all cancer incidence [3] (Figure 2). These four cancers; lung, breast, prostate and 

colorectal, together will account for an estimated 46% of all cancer deaths in Americans 

in 2016 [3]  

 

 

Figure 2 - Estimated new cancer cases and deaths for males and females in the US in the year 2016: 
Estimates are rounded to the nearest 10 and cases exclude basal cell and squamous cell skin cancers and in 

situ carcinomas except urinary bladder 
Source: Siegel et al, CA Cancer J Clin, 2016 [3] 

 

 The lifetime risk of developing invasive cancers is 42% for males and 38% for 

females [3]. While the overall incidence rate has remained steady in women since 1998, 

in men it has decreased by 3.1% every year since 2009 (Figure 3). This decrease in 
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incidence rate in men is mostly due to a decrease in prostate and lung cancer incidences. 

The decline in prostate cancer incidence may be associated with a decrease in Prostate-

Specific-Antigen screening and the decrease in lung cancer incidence is related to an 

overall decrease in smoking rates in men[3].  

 

 

Figure 3 - Trends in cancer incidence and death rates by sex in the US from 1975 to 2012: Rates are age 
adjusted to the 2000 US standard poplulation. Incidence rates are adjusted for delays in reporting  

Source: Siegel et al, CA Cancer J Clin, 2016[3] 
 

 From 1975 to 2011, the 5-year relative survival rate for all cancers combined 

increased by 20% which could be attributed to better screening and detection protocols, 

advances in cancer treatment and improved targeted therapies. These measures have also 

contributed to a decrease in overall cancer death rate by 23% from 1991 to 2012, 
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avoiding 1,711,300 deaths that would have occurred if cancer death rates had remained at 

their peak (Figure 4).  

 

 

Figure 4 - Total number of cancer-related deaths that have been averted from 1991 to 2012 in males and 
females: The blue line represents the actual number of cancer deaths recorded in each year, and the red line 

indicates the number of deaths that would have occurred if the death rates had remained at their peak 
Source: Siegel et al, CA Cancer J Clin, 2016[3] 

 

 However, despite the overall increase in survival rates, Figure 5 shows that the 

best 5-year relative survival rates for any cancer irrespective of race of patient, is 

observed when the cancer is diagnosed and treated at earlier stages, when it is localized 

or regional. As the cancers metastasize to distant organs, the 5-year relative survival rates 

drop significantly in most cancers [3]. Therefore, understanding the process of metastasis 
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and discovering therapies that can be used to target and prevent the distant spread of 

tumor cells is an essential step for improving cancer treatment.  

 

 

Figure 5 - Five-year relative survival rates for selected cancers by race and stage of diagnosis in US from 
2005 to 2011: The best survival rates for any cancer, irrespective of race, is observed when it is localized 

and regional 
Source: Siegel et al, CA Cancer J Clin, 2016[3] 
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C. Metastasis - Cytoskeletal alterations are a prerequisite for metastasis 

 Metastasis is the leading cause of cancer-related mortality [4] and it is defined as 

the multistep progression of cancer from tumor growth at the primary site of its origin to 

secondary tumor formation at distant new sites. In order to metastasize, tumor cells must 

first migrate out of their primary tissue of growth and enter the lymphatic system or the 

blood stream, followed by migration and extravasation into distant tissues to form 

secondary tumors. Cytoskeletal rearrangements of the cell play an important role in this 

multistep progression and cells undergo numerous changes in their architecture that 

enables them to metastasize [5]. A transition of the tumor cell from an “epithelial” 

phenotype which has tight cell-cell junctions and apical to basal cell polarity to a more 

“mesenchymal” phenotype in which the cells lose junctional contacts, become more 

rounded and exhibit a front-to-back polarity, is a prerequisite for cell migration. This 

change in morphology of the cell from an epithelial to a mesenchymal phenotype causes 

rearrangements of the actin and tubulin cytoskeleton to form various structures that allow 

the cancer cell to invade and degrade the extracellular matrix, migrate and intravasate 

into the blood stream [6]. Most of the cells that have succeeded in migrating out of their 

primary site are usually targeted for destruction by the body’s immune response or 

destroyed by detachment-induced apoptosis or blood shear forces. The tumor cells that do 

survive need to reattach to the vasculature and in order to invade different tissues undergo 

further changes in their cytoskeleton to revert back from the mesenchymal morphology to 

a more epithelial phenotype to form secondary tumors [6] (Figure 6). 
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Figure 6 - Metastatic cascade: Tumor cells detach from a vascularized primary tumor, migrate and enter the 
circulation in the blood vessels. The surviving circulating tumor cells adhere to the blood vessel walls and 

extravasate to form secondary tumors at distant new sites 
Source: Wirtz et al., Nat Rev Cancer, 2011 [7] 

 

Changes in the cytoskeleton allowing cells to migrate are not restricted to cancer cells 

alone. Motile cell populations are required during embryogenesis, in response to injury 

and for immunological surveillance [8]. The actin cytoskeleton forms different structures 

such as lamellipodia, filopodia and invadopodia that help cells to sense the surroundings, 

anchor, invade and migrate. Lamellipodia and filopodia are present in a number of cell 

types such as macrophages, endothelial cells, dendritic cells, epithelial cells and these 

structures play a role in cell adhesion, migration, response to chemoattractants and wound 

repair [8]. Invadopodia/podosomes are present in cells that need to move in and out of 

tissues such as macrophages and dendritic cells and help these cell types to adhere to as 

well as degrade the basement membrane [9] (Figure 7). 

 Each of these structures has been shown to occur in cancer cells and there is 

accumulating evidence that they play a role in the migration and metastasis of the cancer 

cells [10, 11]. A microarray analysis of motile tumor cells showed an upregulation of 



9	  
	  

genes involved in the formation and regulation of the various actin-based structures [12]. 

Most of the evidence for the role of these structures in tumor cell invasion, migration and 

metastasis comes from targeting the expression of proteins that are essential for their 

formation. Inhibiting the formation of these actin-based structures by targeting these 

proteins has been shown to decrease tumor growth at the primary and secondary sites 

indicating a role for these structures in tumorigenesis [5]. Inhibiting these proteins has 

also been shown to decrease cell motility and migration of cell lines in vitro assays and a 

reduction in their ability to form metastases assayed by tail vein injections in mice [13]. 

 

Figure 7 - Actin based protrusions: A schematic representation of actin-based structures, lamellipodia, 
filopodia and invadopodia and the proteins involved in their formation. 
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D. Signaling molecules in metastasis  

1. Role of Rho GTPases in promoting cytoskeletal alterations 

A family of small G-proteins, Rho GTPases, are the principal signaling molecules 

involved in the formation of filopodia, lamellipodia, invadopodia and regulation of the 

actin cytoskeleton. Rho GTPases are activated by Rho-GEFs (Guanine nucleotoide 

Exchange Factor), which exchange GDP for GTP. On the other hand, Rho-GAPs 

(GTPase Activating Proteins) inactivate the protein by catalyzing the exchange of GTP 

for GDP. There are nearly twenty Rho proteins that differ in their structure and function 

[14]. Three of these proteins, Rac, Cdc42 and Rho, regulate cell morphology and 

migration by regulating the assembly and disassembly of the actin rich structures [15]. 

Rac and Cdc42 signaling result in the formation of filopodia and lamellipodia, both of 

which are present at the leading edge of cells and determine the directionality of 

movement and initiate forward movement of the cell. This is followed by cell contraction 

initiated by Rho signaling causing retraction of the rear end of the cell, pushing it 

forward. Thus, the three Rho GTPases work in unison to promote cell migration (Figure 

8) [16]. Targeting these signaling molecules is emerging as an effective way of reducing 

migration and metastatic potential of cancer cells.  

 The Rho proteins RhoE and Rac are required to regulate cell polarity and cell-cell 

junctions such as adherens and tight junctions. Loss of this function of Rho proteins 

promotes epithelial to mesenchymal transition of cells. Rho proteins have been shown to 

promote angiogenesis in breast epithelial cells, promoting survival of tumor cells and 

increasing their chances of entering the blood stream. The ERM (Ezrin, radixin, moesin) 

proteins interact with cell surface proteins and can crosslink actin to the plasma 
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membrane. Phosphorylation of the ERM proteins by RhoA and Rac causes their 

relocation to cell protrusions where actin can crosslink with plasma membrane and 

thereby foster the formation of filopodia and lamellipodia. RhoA and Rac are also 

involved in the regulation of matrix metalloproteinases (MMPs) which can degrade the 

ECM [14].  

 

 

Figure 8 - Rho GTPases in cell migration: The three Rho GTPases, Rho, Rac and Cdc42 work in unison to 
promote cell migration. Cdc42 forms filopodia and Rac forms lamellopodia at the cell’s leading edge. Rho 

enables the rear end of the cell to push forward through ROCK enabled actomyosin contraction 
Source: Modified from Ridley, Curr Opin Cell Biol., 2015 [17] 

 

2. Rac GTPase in cancer  

 Rac activation is observed in cancers of the breast, prostate and skin [18] [19]. 

Reactive oxygen species has been previously linked to tumor cell migration and invasion. 

A study done by Park et al., showed that this increase is because of ROS mediated 

activation of Rac and increase in expression of WAVE2 and this effect can be inhibited 

by treating with an antioxidant, dieckol [20]. Using an ex-vivo model, where resected 
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tumor tissue can be maintained for up to four weeks, Katz et al., showed that in breast 

cancers where cells maintain strong cell-cell junctional contacts, treatment with Rac 

inhibitors decreased migration and invasion [19]. This suggests that Rac inhibitors could 

be used to target cancers that use collective cell migration to metastasize.  

3. Rho GTPase in cancer 

 The RhoA, RhoB and RhoC isoforms, known collectively as Rho, regulate the 

actin cytoskeleton via the kinase ROCK (Rho-associated protein kinase). The main role 

of Rho family GTPases in regulating the cytoskeleton is to generate actomyosin 

contraction, which is an essential component of cell migration. Binding of RhoA and 

RhoC to ROCK causes conformational changes in the protein that stimulates the kinase 

activity of ROCK. ROCK-mediated phosphorylation then activates downstream effectors 

like myosin light chain (MLC) and inactivates MLC phosphatase (MLCP), both of which 

cause an increase in the assembly of filamentous myosin chains, actin filament bundling 

and binding to myosin, thereby increasing contractility. ROCK also phosphorylates and 

activates LIMK1/2 (Lim Kinases), which function to phosphorylate and inactivate cofilin 

and thereby promote actin filament stabilization [21]. 

 Rho and ROCK overexpression has been detected in a variety of cancers such as 

hepatocellular cancers, breast cancer, AML and CML [14]. A clinical study done by Lane 

et al, showed that in patients with breast cancer, ROCK expression is enhanced in late 

stage tumors and metastases, and expression of ROCK negatively correlates with survival 

in these patients [22]. ROCK expression also correlates with late stage disease compared 

to early stage tumors indicating that activation of ROCK pathways might be tipping the 

cells to become metastatic. Lochhead et al., demonstrated that three mutations in ROCK1 
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identified by the cancer genome sequencing, two from primary human breast tumors and 

one from a human non-small cell lung carcinoma cell line, are all activating mutations 

that drive the invasive and migratory potential of these cells [23].  

 Inhibition of ROCK decreased migratory and invasive phenotype of the hepatoma 

cell line MM1 and also showed a decrease in the formation of tumors as well as 

metastases in mice implanted with these cells [24]. Breast cancer cell lines that are more 

metastatic such as MDM-MB-231 express higher levels of ROCK compared to non-

metastatic tumorigenic lines such as MCF7. Overexpression of ROCK in MCF7 cells 

makes the cells more metastatic and this effect can be reduced by the ROCK inhibitor Y-

27632 (Y-27632 competes with ATP for binding to ROCK and thereby inhibits its kinase 

activity) and ROCK specific siRNA [25]. Y-27632 could also decrease the number of 

metastases formed in mice implanted with breast cancer cells. Liu et al., also showed that 

Y-27632 was effective in decreasing expression of the oncogene myc, which is stabilized 

by ROCK phosphorylation, and thereby decreased expression of myc regulated 

microRNA cluster 17-92 which has been shown to be upregulated in breast cancer [25]. 

Inhibiting Rho kinase activity in non-small cell lung cancer cell lines has been shown to 

decrease proliferation, migration and invasion of these cell lines [26]. Yang et al., 

showed that treating the NCI-H446 non-small cell lung cancer cell line with Fasudil, a 

ROCK inhibitor, reduced myosin-actin contractility. In addition, it also caused induction 

of apoptosis, reduced activation of matrix metalloproteinase, MMP9 as well 

phosphorylation of Stat3 [26].  

The role of Rho GTPases in hematogenesis and in hematological malignancies has been 

well reviewed by Mulloy et al. [27]. In the last decade some studies have demonstrated 
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promising effects of ROCK inhibition in reducing cell migration and metastasis of 

leukemic cell lines. Burthem et al. showed that in CD34+ progenitor cells derived from 

patient samples, compared to imatinib alone, a combination of imatinib with the ROCK 

inhibitor Y-27632 shows a bigger decrease in proliferation and an increase in apoptosis 

of these cells [28]. Rho/ROCK inhibitors have been shown to reduce the proliferation and 

migration of Bcr/abl positive cell lines [29]. ROCK inhibitor Y-27632 has also shown to 

be effective in reducing growth and proliferation of imatinib resistant cell lines [30]. 

Together, these studies demonstrate a role for Rho GTPase and ROCK in cell migration 

and metastasis and provide evidence that inhibition of Rho/ROCK signaling could be a 

potential therapeutic strategy in cancer. 

E. Plasticity of cancer cell migration  

 The ability of cancer cells to migrate defines their invasive and metastatic 

potential. Cancer cells can either move collectively as a group of cells, or alternatively, 

they lose cell-cell contacts and migrate as individual cells as depicted in Figure 9 [31]. 

Different cancer cell types exhibit different kinds of migration that is based principally on 

their level of differentiation. For example, collective cell invasion occurs in highly 

differentiated tumors of the breast, prostate and lung; leukemic cells exhibit amoeboid 

type of single cell migration, whereas less differentiated cancers of epithelial origin such 

as fibrosarcomas, as well as glioblastomas exhibit mesenchymal type of single cell 

migration [16] [32] [33]. During collective migration, a sheet of cells bound by cell-cell 

adhesions move forward as a group (Figure 9). The cells at the leading edge form 

lamellipodial and filopodial extensions and adhere to the extracellular matrix by forming 

focal adhesion contacts. This is followed by degradation of the matrix by proteases 
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present in invadopodia, which is necessary to create “tracks” for the remaining cells in 

the cell sheet to be pulled through. Rac and Cdc42 signaling are important for collective 

cell migration. 

 

 

Figure 9 - Types of Cell Migration: Schematic representation of the different mechanisms of tumor cell 
migration and the signaling molecules involved. The type of tumor cell migration depends on cell-cell 

contacts, presence of integrins and proteases and the level of differentiation of the tumor. More 
differentiated tumors show collective cell migration, whereas less differentiated tumors show mesenchymal 

or amoeboid migration. 
 

Single cell migration of cancer cells can be either mesenchymal or amoeboid depending 

on the expression of integrins and focal adhesions. Mesenchymal or elongated type of 

single cell migration requires the formation of lamellipodia, filopodia and invadopodia. 

Actomyosin contractility generated by Rho/ROCK signaling causes retraction and 

forward movement of the cell body [16]. On the other hand, amoeboid or rounded cell 

migration does not require integrins or protease mediated degradation of the extracellular 
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matrix, but instead the cells move by forming blebs and pushing their way through the 

matrix. This form of migration depends mainly on Rho/ROCK signaling and actomyosin 

contractility [14]. Two-dimensional and three-dimensional models of cell migration have 

shown that cells can also switch between the different modes of migration depending on 

the ECM composition and density, presence of adhesion molecules and proteases [16]. 

This plasticity in cell migration indicates a survival benefit to cancer cells that may 

change their mechanism of migration to resist the effect of drugs that target a single kind 

of migration. In support of this argument, a study done by Torka et al shows that MDA-

MB-231 cells can switch from amoeboid migration to mesenchymal migration when 

treated with the ROCK inhibitor Y-27632 and require a combination of Y-27632 and 

MMP inhibitors in order to inhibit cell migration [34].  

F. Circulating tumor cells in cancer 

 Numerous clinical studies have demonstrated a positive correlation between 

disease progression and the presence of disseminated tumor cells (DTCs) in the bone 

marrow and/or circulating tumor cells (CTCs) in blood from patients with different 

cancers [35-38]. CTCs/DTCs are now emerging as prognostic markers that can predict 

clinical outcome [35-38]. Numerous breast cancer CTC trials have indicated that the 

prognostic value of CTCs with respect to predicting breast cancer relapse and death is 

similar to that of the usually utilized prognostic factors such as tumor size, grade, 

proliferation and node involvement [39].  

 The dissemination of tumor cells into the bloodstream occurs in the initial stages 

of metastasis; when cells migrate out of their primary tissue of origin and the presence of 

DTCs corresponds with later stages of metastasis when tumor cells have successfully 



17	  
	  

formed micrometastases in distant organs such as the bone marrow [39]. Hematogenous 

dissemination of tumor cells occurs even before the primary tumor is detected and 

surgical resection of tumor results in a thousand fold increase in circulating tumor cells 

[40, 41]. Anoikis or blood shear forces usually destroy epithelial cells that enter the 

circulation but highly metastatic CTCs avoid death by forming homotypic (cell-cell) and 

heterotypic (cell-endothelium) aggregations [42]. CTCs interact with platelets to form 

heteroaggregates, which enhances their reattachment to the endothelium [43]. The 

efficiency of cancers to metastasize depends on the survival and reattachment of these 

circulating tumor cells [44, 45]. The presence of CTCs in blood is associated with poorer 

disease-free survival and overall survival in the primary and metastatic setting [35, 46, 

47] (Figure 10). 

 

 

Figure 10 - Higher CTC levels correlate with lower relapse-free survival: Kaplan-Meier relapse-free 
survival curve showing 50 patients with higher levels of CTCs (red line) following neoadjuvant therapy had 

higher long-term relapse risk compared to 20 patients with decreasing CTCs (green line). 
Source: Hekimian et al., ISRN Oncol, 2012 [47] 
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 A study analyzing a cohort of breast cancer patients showed that the presence of 

disseminated tumor cells in the bone marrow of patients at the time of diagnosis is 

indicative of poor clinical outcome [48]. Viable DTCs were also detected in bone marrow 

of patients whose tumors were classified as localized, indicating that micrometastasis 

might occur even in seemingly non-invasive cancers [49]. However, since bone marrow 

biopsy is an invasive and painful procedure, using CTCs from the patient’s peripheral 

blood as a predictive marker is a more attractive option. The biggest challenge of using 

circulating tumor cells as a prognostic marker has been the efficient detection of tumor 

cells amongst the blood cells since circulating tumor cells are present in the order of 1 per 

100 million blood cells. Further complicating the issue is the unavailability of markers 

that can positively identify CTC’s from the myriad of blood cells. The most commonly 

used markers are epithelial cell-specific proteins such as EpCAM or cytokeratins, but 

tumor cells that have undergone an epithelial to mesenchymal transition might not 

display these epithelial markers. Currently, a number of newer CTC detection methods 

are being developed which rely on microfluidics, cell size and morphology to distinguish 

tumor cell from blood cells, which could allow identification of circulating tumor cells 

that might not be positive for epithelial markers.  

 Corroborating the existence of mesenchymal CTCs, a number of recent studies 

have reported the presence of mesenchymal traits on isolated CTCs [50-54]. These 

studies suggest that EMT promotes dissemination of tumor cells and mesenchymal CTCs 

are associated with disease progression. A fraction of CTCs have also been reported to be 

positive for stem cell-like markers [54-56]. An analysis of CTCs collected from 25 early 

breast cancer patients and 25 metastatic breast cancer patients for the EMT markers Twist 
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and vimentin, showed that amongst the early breast cancer patients, 73% were positive 

for Twist, 77% were positive for vimentin, and 100% of the metastatic breast cancer 

patients were positive for both vimentin and Twist expression [57]. A number of other 

studies have also reported the presence of EMT markers in CTCs albeit at lower 

percentages which could be attributable to differences in identification methods used.  

Kasimir-Bauer et al reported that 46% of CTCs detected in breast cancer patients were 

positive for the stem cell marker ALDH1 and 29% were positive for at least one of the 

three EMT markers tested, Twist1, PI3Kα or Akt2 [58]. Another similar study in breast 

cancer patients, reported 62% of CTCs were positive for at least one EMT marker and 

69% were positive for ALDH1 expression [59]. Furthermore, surgery can impact CTCs 

by not only increasing CTC levels, but also through exposure of tumor cells to 

postoperative inflammation. The surge of pro-inflammatory cytokines such as TNF-α, IL-

6 and growth factors like VEGF and EGF following surgery can increase metastatic 

efficiency of CTCs [60]. These factors have been shown to potentiate metastatic 

properties of cancer stem cells in a number of mouse metastasis models [61, 62]. Using a 

mouse model of pancreatic cancer where tagged tumor cells were tracked, Rhim et al 

demonstrated that tumor cell dissemination into the bloodstream occurs before tumors are 

detectable histologically, and the majority of disseminated cells had acquired 

mesenchymal and stem cell characteristics [63]. Furthermore they also reported that 

inflammation supports EMT and tumor cell dissemination and this effect could be 

inhibited with dexamethasone, an immunosuppressive drug [63]. 

 Live viable CTCs have been cultured in-vitro and via mouse xenografts for 

functional assays to validate their metastatic potential. CTCs isolated from breast cancer 
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patients, injected subcutaneously or into the tibial bone of immunodeficient mice, 

resulted in tumors in the bone, lung and liver; demonstrating the migratory and invasive 

potential of CTCs [64, 65]. Similarly, CTCs could be isolated from peripheral blood, 

bone marrow and spleen of immunodeficient mice injected subcutaneously with prostate 

cancer CTCs [65]. A colon cancer cell line established using CTCs from a colon cancer 

patient shows stem-like characteristics, a potential to induce angiogenesis, an 

osteomimetic signature and the ability to form tumors in SCID mice [66]. However, 

despite the discovery of CTCs decades ago, the establishment of permanent CTC cultures 

in vitro or in vivo is cumbersome and still in its infancy, which might explain the lack of 

data on CTC drug response in cancer metastasis studies. 

G. Microtentacles 

 CTC reattachment to the microvasculature is an important step in the metastatic 

cascade, however, the exact mechanism by which CTCs reattach to the vasculature is not 

very well understood. Intravital microscopy experiments using colon carcinoma cells 

demonstrated a microtubule-based mechanism was required for reattachment of the tumor 

cells and this reattachment was further enhanced by actin depolymerization [45]. 

Research from our lab has shown that breast tumor cells that are detached from the 

extracellular matrix form highly dynamic microtubule-based cellular protrusions called 

microtentacles (McTNs) [67]. These protrusions form when physical forces generated by 

the outwardly expanding microtubules overcome the contractile force of the actin cortex 

in detached cells [68] (Figure 11). 

 McTNs enhance the reattachment of detached tumor cells to each other and to the 

extracellular matrix [67, 69]. Confocal microscopy imaging of a GFP-labeled MDA-MB-
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231 breast tumor cell reattaching to mCherry-labeled endothelial cells show that the 

protrusions that emanate from the tumor cell and penetrate through the endothelial cell 

layer, helping the tumor cell attach to the endothelial cells (Figure 12). Furthermore, 

bioluminescence imaging of luciferase-expressing breast tumor cells injected into the tail-

vein of mice show that McTNs also significantly increase CTC lung retention in mice 

[70, 71]. The frequency of McTNs in breast tumor cell lines directly corresponds to their 

metastatic potential [72].  

 

 

Figure 11 - Microtentacles are tubulin-based and are enhanced by actin depolymerization: MCF10A and 
EpH4 cells form McTNs when suspended that are enhanced by actin depolymerization (Latrunculin A or 

cytochalasin-D). Microtubule depolymerization by colchicine reduce McTN frequency. 
Source: Whipple et al., Exp Cell Res., 2007 [67] 
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Figure 12 - McTNs penetrate through endothelial cell layer: 3D reconstruction shows McTNs on MDA - 
MB - 236 cells (in green) penetrating through  mCherry labeled endothelial cells (in red). 

Source: Matrone et al., Cancer Res., 2010 [68] 
 

 McTNs are enriched in detyrosinated microtubules, a stabilized form of 

microtubules [67]. Detyrosinated microtubules (also known as Glu-MTs) are formed by 

the removal of the carboxy-terminal tyrosine residue from the alpha-subunit of tubulin 

polymer and this modification renders the highly dynamic microtubules into a more 

stabilized form that can persist for hours [73] Vimentin, a marker of epithelial-to-

mesenchymal transition that is often found over-expressed in cancers [74] has been 

shown to associate preferentially with detyrosinated microtubules [73]. This association 

with the intermediate filament vimentin further reinforces McTNs, and breast cancer cell 

lines that are highly metastatic express higher levels of vimentin compared to 

tumorigenic lines, which corresponds with the frequency of McTNs in these lines [72].  

A number of proteins that can alter the balance of forces between the actin cortex and the 

microtubule network have been shown to affect McTN frequency. Overexpression of 

Tau, a microtubule-stabilizing protein, can increase McTNs and tumor cell lung retention 

in mice [70]. Similarly, acetyl-tubulin, a modification on the alpha-tubulin polymer that 

increases microtubule stability has been shown to increase McTN frequency and 
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reattachment [75]. Alternately, destabilizing the actin cortex can also increase McTN 

frequency and inhibiting the actin destabilizing proteins Src or cofilin increases McTN 

frequency and CTC lung retention in mice [71, 76]. 

 Recently, microtentacles were detected in freshly isolated tumor cells from breast 

cancer patients within hours of surgical resection of the tumor, as well as in circulating 

tumor cells isolated from blood of breast cancer patients (unpublished data). These 

discoveries further highlight the necessity to study the role McTNs play in tumor 

metastasis and understand the factors that lead to their formation in tumor cells.   
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II. Materials and Methods 

Cell culture and reagents 

BT549 and Hs578T cells were cultured in DMEM (Corning Cellgro) with 10% fetal 

bovine serum and 1% Penicillin/Streptomycin and maintained at 37°C in 5% CO2. Y-

27632 and Rho Activator II (CN03) were obtained from Cytoskeleton, Inc. The Rho 

Activator II drug concentration used for this study was determined based on the dose at 

which maximum stress fiber formation was observed, as recommended by the 

manufacturer. Primary antibodies used for immunoblotting and/or immunofluorescence 

were obtained from either Cell Signaling Technology (P-MYPT1 (T853), Total-MYPT1, 

P-MLC (S19), Total-MLC, P-cofilin (S3), Total-cofilin and Acetyl (L-40) tubulin, P-

PAK1 (T423), Total-PAK1, P-Stathmin (S16), P-Stathmin (S63), Total-Stathmin), 

Abcam (P-tau (S262) and detyrosinated-tubulin) or Sigma (alpha-tubulin). 

 

Immunofluorescence 

For fixed cell imaging, cells were plated on glass coverslips placed in a 24-well dish. 

After appropriate drug treatments, cells were fixed with 3.7% paraformaldehyde (10 

min), permeabilized with 0.25% Triton X-100 in PBS solution (10 min) and blocked with 

5% BSA/0.5% NP-40 in PBS (1 hour). Cells were incubated overnight at 4°C with 

primary antibodies (1:500 dilutions) in 2.5%BSA/0.5%NP-40 in PBS solution. Cells 

were subsequently washed with PBS and incubated with corresponding anti-Mouse or 

anti-Rabbit Alexa-Flour 488 or 568 conjugated secondary antibodies (1:1000 dilutions) 

and Hoechst 33342 (1:5000; Invitrogen) in PBS for an hour at room temperature. To 

visualize filamentous actin, cells were stained with phalloidin Alexa-Fluor 488 (1:500; 
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Molecular Probes) in PBS for an hour at room temperature. Cells were washed with PBS 

and the coverslips were mounted on microscope slides. Images were taken using the 

Olympus FV1000 laser scanning confocal microscope. 

 

Immunoblotting 

Cells were treated with appropriate drugs (10µM Y-27632 for 1 hour; 4µg/ml Rho 

Activator II for 3 hours) and whole-cell lysates were harvested using 4x laemmli buffer. 

The lysates were passed through a 25 gauge syringe 10 times and then boiled at 95°C for 

7-8 min. Protein concentrations were quantified using DC protein assay (Biorad) and 

lysates were diluted with water to a 2x buffer concentration prior to loading. DTT (final 

concentration 0.1mM) and 1ul of 0.4% bromophenol blue were added to the lysates and 

20 µg of the lysates were run on 4% to 12% NuPage MES Bis-Tris gradient gel 

(Invitrogen) and transferred onto polyvinylidene difluoride membranes. The blots were 

blocked with 5% milk or 5% BSA (for the phospho-antibodies) for an hour and probed 

with primary antibodies (1:1000) overnight at 4°C. The blots were subsequently 

incubated with horseradish peroxide (HRP) conjugated secondary antibodies (1:1000, 

Jackson ImmunoResearch) for an hour. Densitometric analysis of 3 independent 

experiments was done using ImageJ software and statistical significance was computed 

using the Student’s t-test. 

 

McTN scoring and imaging 

BT549 and Hs578T cells were treated for an hour with either vehicle; 10 µM Y-27632; 

50 µM colchicine or a combination of 10 µM Y-27632 and 50 µM colchicine. Prior to 
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treatment with the Rho activator, cells were serum-starved for 24 hours and then treated 

with either vehicle or 4 µg/ml Rho Activator II for 3 hours. After appropriate drug 

treatments, cells were trypsinized and the detached cells were pelleted by centrifugation 

(1000 rpm, 5 min). Cell pellet was resuspended in phenol-red free DMEM containing 

1:2500 CellMask orange (Invitrogen) and incubated for 10-15 min at 37°C and 5% CO2 

in ultra-low attachment plates. After being blinded to the treatment groups, 100 cells 

were scored from each group for the presence of McTNs, with cells showing protrusions 

longer than the cell radius being counted as positive.  Each treatment group was scored in 

triplicate and 3 such independent trials were conducted to generate mean and SD of 

McTN counts (total of 900 cells for each treatment group). Statistical significance was 

analyzed using the student’s t-test. To generate the McTN images used in the dissertation, 

the CellMask stained live cells were imaged using the Olympus FV1000 laser scanning 

confocal microscope. Stacked images were converted to maximum intensity projection 

using ImageJ.  

 

Attachment assay   

Cells were treated for an hour with either vehicle; 10 µM Y-27632; 50 µM colchicine or 

a combination of 10 µM Y-27632 and 50 µM colchicine. Prior to treatment with the Rho 

activator, the cells were serum-starved for 24 hours and then treated with either vehicle or 

4 µg/ml Rho Activator II for 3 hours. Following appropriate drug treatments, cells were 

trypsinized and counted and 2x104 cells were plated in triplicate into the RTCA 

xCELLigence microwell E-plates (ACEA Biosciences). The microwell plates used for 

this assay have electrodes that can measure the change in the flow of low-voltage electric 
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current passing through the plate. As cells attach to the plate there is resistance to the 

flow of current and this change in impedance is a direct measure of number of cells that 

have adhered. After adding the cells, the plate was placed in the RTCA DP Analyzer 

located in an incubator maintained at 37°C and 5% CO2. Cell reattachment to the plate 

was measured as perturbation to the flow of current passing through the E-plate and a 

reading was taken every 5 min for 3 hours. The change in impedance to the flow of 

current over time was used to determine the reattachment efficiency of the cells. Each 

treatment group was run in triplicate and the graph represents the mean +/- SD.  Three 

such independent trials were conducted.  

 

MYPT mutant cell line generation 

pK.myc-MYPT plasmid (#24101) was obtained from Addgene. MYPT1 amino acid 

threonine at position 853 was either substituted with alanine (T853A) or aspartic acid 

(T853D) through site-directed mutagenesis by GENEWIZ to make pK.myc-MYPT1 

mutant plasmids. These plasmids were used for transient transfection experiments. To 

make stable clones, MYPT-gene specific primers 5'-

GAAGGAATCCGCGGCCATCATGGAACAGAAACTCATCTCTG-3' and 5'-

CTACCCGGTAGAATTTTATTTGGAAAGTTTGCTTATAACTCTGA-3', were 

designed according to the In-Fusion primer design protocol to include 15bp extensions 

homologous to pLVX-Tight-Puro vector (Clontech). MYPT was PCR amplified using 

these primers and ligated into pLVX-Tight-Puro plasmid using the In-Fusion cloning kit 

(Clontech). 293T cells were cotransfected with Lenti-X HTX Packaging Mix and pLVX-

Tight-Puro response vector containing either the MYPT wild type sequence (WT); or 
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853-alanine substituted (T853A); or 853-aspartic acid substituted (T853D) MYPT 

sequences. High titer viral supernatants were collected at 48-hour post transfection. 

Similarly, lentiviral supernatant containing pLVX-Tet-On Advanced regulator vector 

(Clontech) was collected. BT549 cells were cotransduced with pLVX-Tight-Puro 

containing MYPT gene and pLVX-Tet-On regulator vector viral supernatants according 

to manufacturer's instructions. Doubly-transduced clones were selected with 0.5µg/ml 

Puromycin and 0.25mg/ml G418 to obtain BT549 cells that stably expressed the MYPT 

gene of interest when induced with 1µg/ml Doxycycline. 

 

siRNA transfection 

BT549 cells were plated onto 6 well dishes and 24 hours later fresh media was added to 

the cells. The siRNAs, Hs_ROCK1_10 (Qiagen #S102622102), Hs_ROCK2_6 (Qiagen 

#S102223753) and the non-silencing control (Allstars Neg siRNA AF 488) (Qiagen 

#1027284) were diluted to a final concentration of 5 nM in serum-free culture media and 

were used to transfect BT549 cells with HiPerfect transfection reagent (Qiagen) 

according to manufacturer's instructions.  

 

Cell Viability  

Cell viability was measured using the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega) as per manufacturer instructions. Briefly, 2x104 cells were 

plated in triplicate in a 96-well plate and allowed to adhere for 24 hours. For Rho 

activator treatment, cells were incubated in serum-free media for 24 hours prior to drug 

treatment to mimic experimental conditions followed for assays mentioned previously. 
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Cells were treated with appropriate drugs and then incubated with the CellTiter reagent 

for 2 hours at 37°C and 5% CO2. Absorbance was measured at 490 nM and values 

obtained were averaged and normalized over vehicle-control. 3 such independent trials 

were conducted to obtain mean +/- SD. 

 

Flow cytometry cell sorting 

Cells were trypsinized, counted and 1x107 cells were transferred into Falcon round 

bottomed tubes (Corning, # 352058). The cells were washed twice by centrifugation at 

1000 rpm for 5 min, and blocked in Flow Incubation Buffer (0.5% BSA in PBS) for 10 

min followed by staining with Propidium Iodide (Sigma Cat # P4864) at 0.05 mg/ml for 

10 min in the dark according to manufacturer's instructions. Cells were rinsed once by 

centrifugation at 1000 rpm for 5 min, resuspended in PBS and passed through Falcon 

Tube with Cell Strainer Cap (Corning, # 352235) and sorted using BD FACS ARIA I 

Cell Sorter. For sorting the MCF7-GFP and MCF7-mCherry cell lines, which stably 

express GFP and mCherry respectively, all steps described above except the incubation 

and staining steps were followed prior to sorting. 

 

Mammosphere Culture 

BT549 and MCF7 cells were trypisinzed, counted and 20,000 cells/ml were seeded in 

Complete Mammocult media (Stem Cell Technologies) in Ultra-Low Attachment 6 well 

plates (Corning) according to manufacturer's instructions. Alternately, flow cytometry 

was used to sort 1000 MCF7 cells into Ultra-Low Attachment 96-well plates (Corning) or 

Tissue-culture treated 96-well plates (Corning) coated with PEM or PEM + Lipid. The 
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spheres were imaged at Day 7 and Day 14 and spheres greater than 60 µm in diameter 

were counted as mammospheres.  

 

Polyelectrolyte multilayer (PEM) and lipid coating 

Tissue culture treated 96-well plates (Corning) were primed with 120 µl of 0.047 M 

Polyallylamine hydrochloride (Alfa Aesar #43092) solution for 15 mins followed by a 

wash step with pH 3 water for 1 min. To create a polyelectrolyte bilayer, 100µl of 0.01M 

Polymethacrylic acid (Polysciences #0058) was added for 5 min, followed by two wash 

steps and addition of 100µl of 0.01M Polyacrylamide (Polysciences #02806) for 5 min 

and two wash steps. A total of four such bilayers were added to create a PEM coated 

surface. For lipid coated plates, at the end of PEM coating, 75µl of 0.01M DOTAP 

(Avanti #890890) was added for 5 min, followed by two wash steps. To enable lipid 

crosslinking, 100µl of 3.7% Formaldehyde in PBS was added to the wells for 5 mins and 

followed with two wash steps. All excess fluid was aspirated from the wells and the 

plates were allowed to air dry for 1 hour at room temperature. 
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III. Specific Aim I: Role of actin cortex in McTN formation 

A. Introduction 

 The Rho family of small molecule GTPases regulates the actin and microtubule 

network resulting in changes in cell morphology, polarity and migration and is a critical 

mediator of tumor cell plasticity[77]. Rho is a plasma membrane-anchored protein which 

cycles between guanosine triphosphate (GTP) bound active and guanosine diphosphate 

(GDP) bound inactive states. Regulation of Rho activity is mediated by Rho-Guanine 

Exchange Factors (Rho-GEFs) that exchange GDP for GTP and by Rho-Guanine 

Activating Proteins (Rho-GAPs) that catalyze the hydrolysis of the γ phosphate of 

GTP[78]. The Rho-associated coiled-coil kinases (also known as Rho-kinase or ROCK) 

belong to the AGC family of serine/ threonine protein kinases that regulate cell shape and 

motility. The carboxy terminal of ROCK folds over its kinase domain and thereby 

keeping it in an inactive state. Binding of the protein Rho to the Rho-binding domain of 

ROCK relieves this auto-inhibition by inducing conformational changes in the protein 

exposing its kinase domain [79] (Figure 13). 

 

Figure 13 - RhoGTPase activates ROCK: Binding of Rho to the Rho Binding Domain (RBD) of ROCK 
induces conformational changes in ROCK resulting in its activation. 

Source:	  Mueller	  et	  al.,	  Nature	  Drug	  Discovery,	  2005	  [80]	  

Rho-‐GAPRho-‐GEF
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 Growth factor binding and/or integrin clustering activates Rho and ROCK 

resulting in increased cellular contraction and actin filament stabilization through a series 

of downstream phosphorylation events [77]. ROCK regulates contraction by activating 

non-muscle myosin II, through direct phosphorylation of myosin II [81] as well as by 

phosphorylating and inactivating the myosin dephosphorylating enzyme, myosin 

phosphatase [82]. Increased bundling of actin by myosin as a result of Rho/ROCK 

activation leads to cellular contraction and formation of actomyosin stress fibers in the 

cytosol that terminate at the plasma membrane in focal adhesions [82]. ROCK further 

stabilizes actin filaments by inactivating the actin severing protein, cofilin [83].  

 Myosin is a motor protein that utilizes the energy of ATP hydrolysis to generate 

the force required to walk along actin filaments to transport cargo or to crosslink the actin 

filaments to make cells contract. Depending on which tissue the myosin isoform is 

expressed in; they are classified as muscle or non-muscle myosins. They are further 

classified into Class I, which contain the smaller myosins with monomeric motors, and 

Class II, which contain dimeric myosins [84]. Most myosins, muscle and non-muscle, 

belong to Class II. Muscle and non-muscle myosins are similar in structure- they are 

hexameric molecules with 2 heavy chains (HC) (230kDa), 2 regulatory light chains 

(RLC) (regulate ATPase activity) (20kDa) and 2 essential light chains (stabilize heavy 

chain) (17kDa). NMII exists as a dimer through interactions of the heavy chains of the 

NMII monomers, and further forms a closed compact molecule due to head to tail 

interactions in which one head blocks the second head  (known as assembly incompetent 

form) [85]. Phosphorylation by ROCK or MLCK at serine 19 of myosin light chain 

relieves this auto-inhibition and in the open conformation (assembly competent form), 
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each NMII dimer can bind to other NMII dimers through its heavy chain rod domains, 

forming a bipolar tetramer. The head domains of NMII bind actin, moving actin in 

antiparallel manner, bringing them together to form actin stress fibers [84] (Figure 14). 

 Myosin phosphatase dephosphorylates serine 19 of myosin light chain, resulting 

in dissociation of myosin from actin filaments and prevents further association resulting 

in a reduced cellular contractility and stress fibers [86].  

 

 

Figure 14 - Structure of non muscle myosin II: a) The assembly-incompetent subunit structure of NM II. 
The essential light chain (ELC) and regulatory light chain (RLC) bind the heavy chain to the globular head 
domain. Phosphorylation of RLC unfolds NM II into assembly- competent subunit that can associate with 

other NM II dimers through its coiled-coil domain. b) The NM II tetramers bind to actin (shown in red) 
through their globular head domains. 

Source: Vicente-Manzanares et al, Nat Rev Mol Cell Biol, 2009 [84] 
 

B. Inhibiting ROCK activity decreases actomyosin interaction in adherent and 

suspended cells 

 The Rho/ROCK signaling pathway is required for actomyosin crosslinking and 

inhibition of ROCK activity decreases cellular contraction [87]. In order to assess the 
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effects of inhibiting ROCK in metastatic breast cancer cell lines, BT549 and Hs578T, the 

cells were treated with the compound Y-27632, an ATP competitive inhibitor of ROCK 

activity [88]. Stress fibers are actin filament bundles cross-linked by myosin that require 

active ROCK for their formation and thus serve as a downstream indicator of ROCK 

activity. To visualize stress fibers, the cells were stained with phalloidin, a filamentous 

actin binding dye. Immunofluorescence analysis showed that vehicle-treated BT549 cells 

displayed thick actin stress fibers in the cell center as well as the cell periphery. 

Treatment with 10µM Y-27632 for one hour resulted in a complete loss of stress fibers 

throughout the cell body confirming ROCK inhibition (Figure 15).  

 

 

Figure 15 - Inhibition of ROCK activity decreases stress fiber formation: Vehicle-treated BT549 cells 
stained with phalloidin, a filamentous actin binding dye, show the presence of actomyosin stress fiber 

bundles in the cell cytosol and periphery (arrows); 10µM Y-27632 treatment results in a loss of stress fiber 
formation in the BT549 cells (arrows) 

Source: Bhandary et al, Oncotarget, 2015 [89] 
 

 Since ROCK regulates the actin cytoskeleton through phosphorylation of its 

downstream substrates, to determine the efficacy of ROCK inhibition protein 

phosphorylation levels in the Y-27632 treated cells was analyzed. Myosin II is a motor 

protein that forms a closed compact molecule due to head to tail interactions (known as 

the assembly incompetent form) [84]. ROCK-mediated phosphorylation of the regulatory 
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light chain of myosin (MLC) at serine-19 unfolds myosin into an assembly-competent 

conformation that is capable of binding actin. ROCK further regulates myosin 

phosphorylation by inactivating myosin phosphatase (MLCP) through phosphorylation of 

its myosin-binding subunit (MYPT1) at threonine-853, which prevents MLCP from 

binding to myosin [82]. Western blot analysis showed that Y-27632 treatment decreased 

the levels of phosphorylated MLC as well as phosphorylated MYPT1, while the total 

levels of both proteins were comparable to those in vehicle-treated cells (Figure 16A). 

This decrease in the assembly competent form of myosin indicates decreased actin 

binding and bundling activity. Additionally ROCK can stabilize the actin cortex by 

phosphorylating and inactivating cofilin, an actin severing protein [83]. Y-27632 

treatment decreased phosphorylated cofilin in both cell lines while total protein levels of 

cofilin remained the same, indicating there is more dephosphorylated (active) cofilin that 

can destabilize actin filaments upon ROCK inhibition (Figure 16A).  

 The next step was to analyze if the results of ROCK inhibition seen in adherent 

cell conditions could be extended to cells that are detached. The rationale for using 

detached cells was that disseminated cancer cells in circulation do not experience cell-cell 

or cell-ECM contacts and to predict the effect of ROCK inhibition in these cells, the free-

floating microenvironment of CTCs has to be mimicked. In order to achieve this, BT549 

and Hs578T cells were suspended in low attachment plates in full-serum containing 

media and treated with 10µM Y-27632 for one hour. Western blot analysis showed 

similar decreases in levels of phosphorylated cofilin, myosin and myosin phosphatase as 

observed in adherent cell conditions, indicating that cells in suspension also have 

decreased actomyosin interaction and cortical stabilization when treated with Y-27632 
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(Figure 16A). Densitometric analysis of 3 independent experiments confirmed the 

statistical significance and consistency of these results (Figure 16B). Cell viability studies 

confirmed that the observed results were not confounded by drug related cytotoxicity 

(Figure 17). 

 

Figure 16 - Inhibition of ROCK activity decreases phosphorylation of myosin light chain, myosin 
phosphatase and cofilin : A) Representative western blot images (N=3) of attached and suspended BT549 

and Hs578T cell lysates show a decrease in the phosphorylation status of myosin light chain (MLC), 
myosin-binding subunit (MYPT1) of myosin phosphatase and cofilin with 10µM Y-27632 treatment [RI], 
while the total protein levels are comparable to vehicle-treated controls [VC]. B) Densitometric analysis of 

3 independent experiments shows a statistically significant decrease in levels of phosphorylated MLC, 
MYPT1 and cofilin in both cell lines, BT549 and Hs578T (p<0.05, t-test, asterisks). 

Source: Bhandary et al, Oncotarget, 2015 [89] 
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Figure 17 - Y-27632 treatment does not affect cell viability: A) Cell viability measured using a metabolic 
colorimetric assay; (CellTiter, Promega) shows no decrease in viability on treatment of BT549 and Hs578T 

cells with 10µM Y-27632 for 1 hour or 24 hours. Columns represent averaged values of 3 independent 
experiments done in triplicate, normalized over vehicle-control B) Representative western blot image of 

attached and suspended BT549 and Hs578T cells treated with 10 µM Y-27632 for 1 hour shows absence of 
PARP cleavage. BT549 cells treated with 0.5µM staurosporine for 1 hr was used as a positive control. 

Source: Bhandary et al, Oncotarget, 2015 [89] 
 

C. Over-activation of Rho signaling pathway increases actomyosin interaction in 

adherent and suspended cells 

 To determine if Rho/ROCK pathway activation would increase actomyosin cross-

linking, a Rho pathway activator (Rho Activator II) was used. Rho Activator II 

deamidates glutamine-63 of Rho, which prevents GTP hydrolysis and keeps Rho in its 

active GTP-bound state [90]. Since serum in media used to culture cells contains Rho 

activating components [91], BT549 and Hs578T cells were serum starved for 24 hours 

prior to drug treatment to obtain baseline values for Rho activity. Immunofluorescence 

analysis of the vehicle-treated BT549 cells stained with phalloidin showed a lack of stress 

fibers due to low endogenous Rho/ROCK activity as a result of serum starvation (Figure 

18). Serum starved BT549 cells treated with 4µg/ml Rho Activator II for 3 hours 

displayed thick stress fibers throughout the cell body (Figure 18). In corroboration with 

the increased stress fibers observed by immunofluorescence, protein analysis of cells 

treated with Rho Activator II showed increased phosphorylated myosin as well as 
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phosphorylated inactive myosin phosphatase compared to vehicle control treated cells 

suggesting that in the Rho Activator II-treated cells myosin is in its assembly-competent 

form that can crosslink and bundle actin filaments (Figure 19). 

 

 

Figure 18 - Rho over-activation increases stress fiber formation: Serum-starved, vehicle-treated BT549 
cells stained with the filamentous actin binding dye phalloidin show lack of stress fibers due to low 

endogenous Rho activity; treatment of BT549 cells with the Rho activator, Rho Activator II (4µg/ml) 
results in robust stress fiber formation (arrows). 
Source: Bhandary et al, Oncotarget, 2015 [89] 

 

 To determine the effect of Rho pathway over-activation on free-floating detached 

cells, the cells were serum starved for 24 hours and plated in ultra-low attachment plates 

and treated with 4µg/ml Rho Activator II for 3 hours. As observed in the adherent cell 

conditions, Rho Activator II treatment similarly increased phosphorylation of MLC and 

MYPT1 proteins in suspended cells (Figure 19A). ROCK promotes actin stabilization by 

phosphorylation and inactivation of cofilin, thereby preventing actin filament severing 

[83]. Unexpectedly, Rho Activator II treatment did not show an increase in the 

phosphorylation status of cofilin in adherent or suspended conditions, indicating that Rho 

over-activation does not result in a significant change in cofilin phosphorylation. 

However, under these conditions the cells already have high levels of phosphorylated 

(inactive) cofilin that cannot destabilize actin. Perhaps the cofilin inactivation is saturated 
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and the cells are incapable of further phosphorylating this protein. Densitometric analysis 

of 3 independent experiments confirmed the statistical significance and consistency of 

these results (Figure 19B).  

 

 

 

Figure 19 - Rho over-activation increases phosphorylation of myosin light chain and myosin phosphatase: 
A) Representative western blot images (N=3) of attached and suspended BT549 and Hs578T cell lysates 

show an increase in the phosphorylation status of myosin (MLC) and myosin binding subunit (MYPT1) of 
myosin phosphatase in the 4µg/ml Rho Activator II-treated cells [RA], while total protein levels are 

comparable to vehicle-treated controls [VC]. B) Densitometric analysis of 3 independent experiments 
shows a statistically significant increase in levels of phosphorylated MLC and MYPT1 but no significant 
change in the levels of phosphorylated cofilin between vehicle and 4µg/ml Rho Activator II treated cells 

(p<0.05, t-test, asterisks). 
Source: Bhandary et al, Oncotarget, 2015 [89] 
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The increased stress fiber formation, phosphorylation of myosin and myosin phosphatase 

indicates that 4ug/ml Rho Activator II effectively over-activates the Rho pathway 

resulting in increased actin-myosin crosslinking and bundling that could lead to a 

stabilized actin cortex in adherent and suspended cells. There was no significant 

reduction in cell viability or increased PARP cleavage observed with the Rho Activator II 

dose used for this study, ruling out drug-related cytotoxicity as a result of ROCK over-

activation (Figure 20) 

 

 

Figure 20 - Rho Activator II treatment does not affect cell viability: A) Cell viability measured using a 
metabolic colorimetric assay, (CellTiter, Promega) shows no decrease in viability of BT549 or Hs578T 
cells on treatment with 4µg/ml Rho Activator II for 3 hours or 24 hours. Columns represent averaged 

values of 3 independent experiments done in triplicate, normalized over vehicle-control. B) Representative 
western blot image of attached and suspended BT549 and Hs578T cells treated with 4µg/ml Rho Activator 
II for 3 hours shows absence of PARP cleavage. BT549 cells treated with 0.5µM staurosporine for 1 hour 

was used as a positive control for PARP cleavage. 
Source: Bhandary et al, Oncotarget, 2015 [89] 

 

D. Modulating Rho/ROCK activity regulates the formation of microtentacles   

 The Martin lab has previously published that modulation of the polymerization 

dynamics of the actin cortex can make cells more susceptible to the formation of McTNs 

[92]. Additionally, altering the activity of actin-destabilizing proteins such as cofilin can 

also effect McTN formation [76]. Given that Y-27632 treatment can decrease cellular 

contraction [87] we tested the effects of modulating ROCK activity on McTN formation. 



41	  
	  

To determine if destabilization of the actin cortex as a result of ROCK pathway inhibition 

would increase McTN formation, BT549 and Hs578T cells were treated with 10µM Y-

27632 for one hour, then detached and stained with a cell membrane binding dye for 10-

15 min in an ultra-low attachment plate. After being blinded to the treatment groups, 100 

cells from each group were scored for the presence of McTNs, with cells showing 

protrusions longer than the radius of the cell being considered positive. There was a 

significant increase in the percentage of cells that scored positive for McTNs in the Y-

27632 treated group compared to those treated with vehicle control (Figure 21A). As an 

additional control, the cells were also treated with the microtubule-depolymerizing drug 

colchicine. Treatment with 50 µM colchicine for an hour dramatically reduced the 

frequency of McTNs compared to vehicle-treated cells but did not completely abolish 

McTN formation (Figure 21A). In order to ensure that the protrusions observed in the Y-

27632 treated cells were microtubule-based; cells were treated with 50µM colchicine in 

addition to 10µM Y-27632. Despite the compromised actin cortex due to Y-27632 

treatment, these cells showed a significant reduction in the formation of McTNs when 

compared to cells treated with only Y-27632, indicating that intact microtubule polymers 

are required for the formation of McTNs in the ROCK inhibitor treated cells (Figure 

21A). Although colchicine treatment did not completely block the relative effect of Y-

27632 on McTN formation, the low level of McTNs that still persist could be attributed 

to the disruption of the actin cortical barrier in the Y-27632 + colchicine treated cells, 

which removes any obstruction to the outward growth of microtubules that haven’t been 

destroyed by colchicine treatment. Confocal live-cell images of suspended BT549 cells 
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stained with a fluorescent cell membrane dye show McTNs on multiple cells in the Y-

27632 treated group compared to the vehicle-treated group (Figure 21B). 

 

 

Figure 21 - ROCK inhibition increases McTN formation: A) Suspended BT549 and Hs578T cells stained 
with CellMask orange and scored blindly for the presence of McTNs show that 10µM Y-27632 treatment 
significantly increases the frequency of McTNs compared to vehicle-treated cells. Treatment with 50µM 

colchicine, a microtubule-depolymerizing drug, significantly decreases McTN formation when used singly 
or in combination with Y-27632. Columns represent the mean +/- SD of three independent experiments in 
each of which 100 cells were scored in triplicate (900 cells total for every treatment group) (p<0.05, t-test, 

asterisks). B) Representative live-cell confocal microscope maximum intensity projection images of 
CellMask orange stained suspended BT549 cells show more cells with McTNs in Y-27632-treated group 

compared to the vehicle control group (arrows) (60x magnification). 
Source: Bhandary et al, Oncotarget, 2015 [89] 

 

 Since a decrease in actin cortical integrity resulted in an increase in McTNs, and 

given the ability of Rho/ROCK to increase cellular contraction [87], whether Rho 

pathway over-activation could affect McTN formation was tested. According to the 

cellular tensegrity model, compressional forces applied by the actin cortex result in 

buckling and breaking of microtubules when they encounter the cortical barrier [93]. 
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BT549 and Hs578T cells were serum starved for 24 hours and then treated with 4µg/ml 

Rho Activator II and scored for McTN positivity. Both cell lines showed a significant 

decrease in the percentage of cells that scored positive for McTNs suggesting that 

increased cortical stability can inhibit the formation of McTNs (Figure 22A). Confocal 

live-cell images of suspended BT549 cells stained with a fluorescent cell membrane dye 

show that Rho Activator II treatment decreases the number of cells presenting McTNs 

compared to the vehicle-control treated cells (Figure 22B). 

 

 

Figure 22 - Rho activation decreases McTN formation: A) Treatment with 4 µg/ml Rho Activator II 
decreases McTN formation in BT549 and Hs578T cells. Columns represent the mean +/- SD of three 
independent experiments in each of which 100 cells were scored in triplicate (900 cells total for every 

treatment group) (p<0.05, t-test, black asterisks) B) Representative live-cell confocal microscope maximum 
intensity projection images of CellMask orange stained suspended BT549 cells show loss of McTN 
formation in Rho Activator II-treated group compared to vehicle-treated cells (60x magnification). 

Source: Bhandary et al, Oncotarget, 2015 [89] 
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E. Inhibiting ROCK increases tumor cell reattachment  

 It has previously been demonstrated that cells that have McTNs can reattach from 

suspension more efficiently than cells that do not have McTNs [94]. In order to determine 

whether Y-27632 treatment could similarly affect cell reattachment, the xCELLigence 

Real Time Cell Analyzer was used to assess the functional role of increased McTNs in 

the ROCK inhibitor treated cells. Using this device, reattachment is measured as 

impedance to the flow of a low-voltage electric current as cells reattach to the plate from 

suspension. BT549 cells that were treated with 10µM Y-27632 for one hour reattached 

more efficiently following detachment as compared to vehicle-treated cells (Figure 23A). 

When the cells were pre-treated with the microtubule-depolymerizing drug colchicine, 

the cells reattached with significantly less frequency than the vehicle-treated cells, 

indicating microtubules are essential for initial reattachment. In fact, addition of 

colchicine to the Y-27632 treated cells abolished the faster reattachment frequencies 

observed with Y-27632 treatment alone indicating that microtubule disruption by 

colchicine prevents increased reattachment even in cells with destabilized actin cortex. 

The same trend was observed in the Hs578T cell line (Figure 23B).  
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Figure 23 - ROCK inhibition increases in vitro reattachment: Real-time changes in electrical impedance 
caused by reattaching A) BT549 and B) Hs578T cells indicate an increase in reattachment efficiency of 

10µM Y-27632-treated cells compared to vehicle-treated cells. 50µM colchicine treatment decreases 
reattachment frequency when used singly or in combination with Y-27632 in both the BT549 and Hs578T 

cells. Graph represents mean +/- SD of triplicate values for each treatment group. Three independent 
experiments were performed [VC= Vehicle, Col=Colchicine]. 

Source: Bhandary et al, Oncotarget, 2015 [89] 
 

 To visualize the reattachment, phase-contrast images of cells were taken at 

corresponding time-points. More cells had attached to the plate in the Y-27632 treated 

group at earlier time-points compared to vehicle-control group (Figure 24A & B).  
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Figure 24 - ROCK inhibition increases cell reattachment: Representative phase contrast images of A) 

BT549 and B) Hs578T cells show cells reattaching to the plate more efficiently in the Y-27632-treated 
group compared to the vehicle-treated group (10x magnification) 

Source: Bhandary et al, Oncotarget, 2015 [89] 
 

F. Rho pathway over-activation decreases cell reattachment 

 The actin cortical network applies a compressional force on the cell and this 

tension is resisted by microtubules, so that increased cortical tension prevents 

microtubules from pushing outwards [93]. The earlier studies established that 4 µg/ml 
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Rho Activator II treatment promotes changes in the actin cytoskeleton and decreases the 

number of cells that are positive for McTNs. To assess the effect of reduced McTNs in 

Rho over-activated cells on reattachment efficiency, BT549 and Hs578T cells were 

serum starved for 24 hours and then treated with either vehicle or 4µg/ml Rho Activator 

II for 3 hours, detached and their reattachment was measured in real-time. The Rho 

Activator II treated cells showed a significant decrease in reattachment compared to 

vehicle-treated cells (Figure 25A&B). 

 

Figure 25 - Rho over-activation decreases in vitro reattachment: A) BT549 and B) Hs578T cells show a 
decrease in reattachment efficiency of 4µg/ml Rho Activator II-treated cells [RA] as indicated by the lower 
electrical impedance caused by reattaching cells compared to vehicle-treated cells [VC]. Graph represents 

the mean +/- SD of triplicate values for each treatment group. Three independent experiments were 
performed. 

Source: Bhandary et al, Oncotarget, 2015 [89] 
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 Phase-contrast images of the cells show that the control cells began the 

reattachment process by 1 hour and have almost completely attached by 3 hours while 

most of the Rho Activator II treated cells remain rounded even at 3 hours and very few 

reattach to the plate at the experimental endpoint (Figure 26A&B). These results confirm 

that modulation of the actin cortex through Rho activation can significantly decrease 

suspended cell reattachment.  

 

Figure 26 - Rho over-activation decreases cell reattachment: Representative phase contrast images of A) 
BT549 and B) Hs578T cells reattaching to the plate show cells reattaching at earlier time-points in vehicle-

treated controls compared to Rho Activator II-treated cells [RA] (10x magnification). 
Source: Bhandary et al, Oncotarget, 2015 [89] 

 

G. Summary 

 These results indicate that destabilizing actin cortical integrity with the ROCK 

inhibitor, Y-27632, relaxes the cortex and makes the cells more elongated in appearance. 

The effects of Y-27632 on cell-shape deformation is enhanced in detached cells that do 

not experience any external cell-cell or cell-ECM contact resistance to cell shape 



49	  
	  

deformation. In these cells, destabilizing actin filaments and reducing actomyosin 

contraction with Y-27632 abolishes the inward compressional force applied by the actin 

cortex. Without a barrier to buckle and break the outwardly-pushing microtubules, these 

cells show a significant increase in the formation of McTNs. Further proof of the concept 

that microtubule outgrowth is antagonized by actin cortex is the reduction in the 

frequency of McTNs observed in cells treated with the Rho activator, Rho Activator II. 

Although detachment usually induces formation of McTNs in cells, increasing 

actomyosin cross-linking and contractility counteracts this effect in the suspended Rho 

activated cells. The increase in McTN frequency with ROCK inhibition corresponds with 

an increased reattachment frequency of these cells while decreasing McTN by over 

activating the Rho pathway results in decreased reattachment efficiency. Therefore, the 

actin cortex plays a pivotal role in containing the outward growth of McTNs and 

compromising the actin cortex can lead to increased McTN formation.  
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IV. Specific Aim II: Role of myosin phosphatase and ROCK 

isoforms in regulation of McTN formation 

A. Introduction 

 Cellular contraction is a function of actomyosin interactions. While enzymes like 

ROCK or MLCK can activate myosin, the opposing inactivating reaction is mediated 

only by myosin phosphatase. Thus, myosin phosphatase is a key regulator of myosin 

activity in muscle and non-muscle cells. The myosin phosphatase holoenzyme consists of 

three subunits: a protein phosphatase catalytic subunit (PP1cδ); a myosin binding subunit 

(MBS), also termed as myosin phosphatase target subunit (MYPT1), and a small subunit 

M20 of unknown function [86]. Upon binding of myosin to MYPT1, the catalytic subunit 

PP1cδ, dephosphorylates myosin at positions serine 19 and threonine 18 of its regulatory 

light chain, resulting in inactivation of myosin. ROCK regulates activity of myosin 

phosphatase by phosphorylating the MYPT1 subunit at threonine 853, which reduces 

binding of myosin to the myosin phosphatase holoenzyme [95]. Additionally, 

phosphorylation of MYPT1 at threonine 696 can also result in inhibition of myosin 

phosphatase activity [96]. Unlike the threonine 853 site which is only phosphorylated by 

ROCK, a number of kinases including ROCK, integrin-linked kinase, myotonic 

dystrophy protein kinase, p21-activated protein kinase can phosphorylate MYPT1 at 

threonine 696 [86]. Regulation of myosin phosphatase activity through these two 

phosphorylation sites is an important mechanism to control myosin phosphorylation and 

cellular contractility [96]. Inhibiting myosin phosphatase using a function-inhibiting 

antibody against MYPT1 increased P-MLC, stress fibers, focal adhesions and decreased 

cell migration in fibroblasts [97]. A similar decrease in cell migration was also observed 
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when MYPT1 was depleted in HeLa cells using siRNA [98]. Additionally, treatment of 

human hepatocarcinoma cells with a phosphatase inhibitor, okadaic acid, resulted in 

increased phosphorylation of MYPT1 at T853 and T696 and a concurrent decrease in cell 

migration. This decrease in cell migration was inhibited when okadaic acid was used in 

combination with Y-27632, indicating that inhibiting ROCK activity could rescue the 

effects of inactivation of MYPT1 as a result of okadaic acid treatment [99]. These 

experiments demonstrate that myosin phosphatase can be used to regulate myosin activity 

and cell migration.  

 Rho-associated coiled-coil kinases or Rho-kinase is a serine/threonine kinase, 

belonging to the AGC family of protein kinases [100]. There are two Rho-kinase 

isoforms; Rho-kinase α, also referred to as ROKα or ROCK2 and Rho-kinase β, also 

known as ROKβ or ROCK1. The two isoforms share 64% overall homology and 89% 

homology in their kinase domains. Both kinases contain an N-terminal catalytic domain, 

a central coiled-coil domain that contains the Rho binding domain (RBD) and a C-

terminal pleckstrin-homology (PH) domain that also contains a Cysteine-rich region 

(Figure 27). 

 

Figure 27 - Homology between ROCK1 and ROCK2 protein structure: RBD= Rho Binding Domain, PH= 
Pleckstrin Homology domain, C1= Protein kinase C conserved region 1 

Source: Olson, M.F., Curr Opin Cell Biol, 2008 [101] 
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 The C-terminus of the protein acts as the negative regulator of Rho-kinase, with 

the PH domain and the RBD binding to the kinase domain and preventing catalytic 

activity [102]. Binding of Rho protein (RhoA/RhoB/RhoC) to the RBD relieves this auto-

inhibition and activates ROCK. During apoptosis, caspases in the case of ROCK1 [103] 

and granzyme B in the case of ROCK2 [104], catalytically cleave the C-terminal end of 

the protein resulting in constitutively active kinases, which increase cellular contraction 

and result in cellular blebbing. Additionally, ROCK can also interact with lipid mediators 

through its PH domain, which spatially restricts its activities to the plasma membrane 

[105]. RhoE acts as a negative regulator of ROCK activity by interacting with the N-

terminal of ROCK and preventing its interaction with RhoA/B/C [106]. Due to their high 

degree of kinase domain homology, ROCK1 and ROCK2 were believed to have 

redundant functions and in fact have been shown to phosphorylate roughly 30 shared 

substrates [107, 108]. However, in the last decade, a number of reports have indicated 

that ROCK1 and ROCK2 have unique functions in regulating actin cytoskeleton and 

other cellular functions [109-111]. Using mouse embryonic fibroblasts derived from 

ROCK1-/- or ROCK2-/- mice, Shi et al, 2013 demonstrated that ROCK1 was involved in 

regulating myosin light chain phosphorylation and actomyosin contraction whereas 

ROCK2 was required for cofilin inactivation [109]. ROCK1 and ROCK2 also differ in 

their sub-cellular localization in rat embryo fibroblasts, with ROCK1 showing a diffuse 

cytoplasmic distribution while ROCK2 is localized in the peri-nuclear region and the cell 

membrane [112]. These studies indicate that ROCK1 and ROCK2 could have unique 

functions in regulating actin stabilization and cellular contraction in other cell types as 

well. 
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B. Genetic manipulation of MYPT1 does not regulate myosin phosphorylation as 

expected in BT549 cells  

 ROCK regulates actomyosin contractility by phosphorylating and activating 

myosin, and by phosphorylating and inactivating myosin phosphatase (11). Myosin can 

also be activated through phosphorylation by other kinases such as MLCK, citron kinase, 

ZIPK and MRCK [84] but it can only be inactivated through dephosphorylation by 

myosin phosphatase [82]. In order to determine the role of ROCK in regulating 

actomyosin contractility, mutants of myosin phosphatase activity were used. ROCK 

regulates myosin phosphatase activity by phosphorylating the regulatory subunit MYPT1 

of myosin phosphatase holoenzyme at position T853. Phosphorylation at this site 

prevents myosin phosphatase from dephosphorylating and inactivating myosin [82]. 

Using site-directed mutagenesis, a phospho-mimetic mutant was engineered by replacing 

amino acid threonine at position 853 of the MYPT1 protein sequence with aspartic acid 

(T853D); and a dephosphorylatable mutant was engineered by replacing threonine at 853 

with alanine (T853A). In order to overexpress the MYPT1 protein, the wild type version 

of the protein, with no mutation at position 853 was used. Transient transfections of these 

MYPT1 proteins into BT549 cells showed expression of myc tagged MYPT1 exogenous 

protein (Figure 28A). However immunofluorescence analysis of the transiently 

transfected cells showed a very low efficiency of transfection (Figure 28B); therefore 

stably transfected clones were used for further analysis. In order to obtain stable clones, 

the MYPT1 mutants were packaged into tetracycline inducible lentiviral vectors and 

infected into BT549 cells to obtain clones that expressed the mutant MYPT1 protein only 

upon addition of 1µg/ml doxycyline.  
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Figure 28 - Transient transfection of MYPT1 mutant proteins: A) Representative western blot of BT549 
cells transfected with myc tagged-MYPT1 proteins for 48 hours shows increased expression of total 

MYPT1 protein compared to empty vector control (VC) transfected cells. B) Immunofluorescence analysis 
of BT549 cells transfected with myc tagged-MYPT1 proteins for 48 hours shows low transfection 

efficiency. 
 

 Western blot and immunofluorescence analysis of stably infected BT549 cells 

showed myc expression upon being induced with 1µg/ml doxycycline for 72 hours, 

indicating that the exogenous MYPT1 protein was being expressed only in the presence 

of doxycycline (Figure 29A,B,C&D). Although western blot analysis indicated higher 

expression levels of MYPT protein upon doxycycline induction, there was no consistent 

change in the phosphorylation status of myosin. In fact, the phosphorylation of myosin 

was the opposite of that expected with the mutants, with the active, dephosphorylatable 

MYPT1 mutant, T853A showing a slight increase in phosphorylation of myosin while the 

inactive phospho-mimetic MYPT1 mutant, T853D showed a decrease in levels of 
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phosphorylated myosin. Shorter (4, 6, 8, 24, 48 hrs) induction with doxycycline did not 

show any significant change in myosin phosphorylation (data not shown). Although 

immunofluorescence analysis showed that myc-tagged MYPT1 protein was being 

expressed only upon induction with doxycycline, not all induced cells expressed the 

exogenous protein uniformly (Figure 29B,C & D). 

 

 

 

Figure 29 - Doxycycline induced stable MYPT1 clones (pooled clones) show inconsistent effects on 
myosin phosphorylation: A) Western blot and B) Immunofluorescence analysis of stable BT549 clones 
treated with 1µg/ml doxycycline for 72 hours, shows an increased expression of myc-tagged MYPT1 

protein compared upon induction. 
 

 In the event the discrepancy in the myosin results was an effect of mixed 

population of cells that were expressing the exogenous protein at varying levels, single 
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clones of each mutant were made Western blot analysis of the single clones generated 

also showed inconsistent results on mysoin phosphorylation indicating that the 

exogenously expressed MYPT1 proteins were not affecting myosin phosphorylation as 

expected (Figure 30). DNA sequencing analysis confirmed that the mutations were intact 

and there was no mix up of clones. The inconsistency and opposite effect on myosin 

phosporylation could be a result of compensatory mechansims by the cell to overcome 

the effect of exogenous MYPT1 expression. It is also possible that the mutations that 

were engineered by amino acid substitutions were not sufficient to cause the effect on 

MYPT1 activity that was expected.  

 

 

Figure 30 - Doxycycline induced stable MYPT1 single clones affected myosin phosphorylation 
inconsistently: Western blot analysis of stable BT549 clones treated with 1µg/ml doxycycline for 72 hours, 

shows an increased expression of myc-tagged MYPT1 protein compared upon induction. 
 

C. Genetic knockdown of ROCK1 and ROCK2 increases myosin phosphatase 

activity 

 The two ROCK isoforms, ROCK1 and ROCK2, are ubiquitously expressed in all 

cell types [77]. Immunofluorescence analysis of BT549 cells showed that they expressed 

both ROCK1 and ROCK2 proteins. ROCK1 showed a diffuse cytoplasmic distribution, 

whereas ROCK2 was concentrated in the peri-nuclear region (Figure 31).  
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Figure 31 - ROCK1 and ROCK2 localization and distribution: Immunofluorescence analysis of BT549 
cells stained with ROCK1 or ROCK2 

 

 In order to determine which of the two ROCK isoforms plays a role in McTN 

formation and reattachment, each isoform was knocked down using isoform-specific 

silencing RNA. BT549 cells were transfected with 5nM siROCK1 or siROCK2 for a total 

duration of 5 days and whole-cell lysates were collected every 24 hours to determine 

level of protein knockdown. A siRNA sequence that was specific to green fluorescent 

protein (GFP) was used as a negative control in all the experiments. Western blot analysis 

of BT549 cells showed a decrease in the expression of ROCK1 protein by Day 1 of 

siROCK1 treatment and protein expression continued to decrease to Day 5 (Figure 32A). 

siROCK1 did not decrease expression of ROCK2 protein, indicating there was no off-

target effect on ROCK2 mRNA. However, a slight increase in the expression of ROCK2 

protein was observed by Day 4 and Day 5 of siROCK1 treatment, which could be a result 

of a compensatory mechanism in the cells to account for the decrease in ROCK1 

expression. Treatment with ROCK2 specific siRNA resulted in a decrease of ROCK2 

protein expression while the expression of ROCK1 remain unchanged (Figure 32A). Both 

siROCK1 and siROCK2 treated BT549 cells showed a decrease in phosphorylation of 
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myosin phosphatase and myosin light chain by Day 3 while the expression levels of total 

proteins remained unchanged. Neither siROCK1 nor siROCK2 treated cells showed a 

difference in cofilin phosphorylation. Immunofluorescence analysis of Day 3 siROCK1 

treated BT549 cells showed a decrease in expression of ROCK1 compared to control 

cells in concordance with the western blot results (Figure 32B). However, in contrast 

with the western blot which showed a significant decrease in ROCK2 protein level by 

Day 3 of siROCK2 treatment, the immunofluorescence analysis still showed ROCK2 

protein expression but showed a difference in the distribution of the ROCK2, with it 

getting concentrated in the nuclear region in the siROCK2 treated cells.  

 

 

Figure 32 - Silencing ROCK1 or ROCK2 decreases phosphorylation of MYPT1 and MLC: A) Western blot 
analysis of BT549 cells treated with siROCK1 or siROCK2 for 1,2,3,4 or 5 days. B) Immunofluorescence 

analysis of BT549 cells treated with siROCK1 or siROCK2 for 3 days 
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D. Inhibiting ROCK1 but not ROCK2 expression increases McTN formation 

 In order to determine whether one or both of the two ROCK isoforms contributed 

to McTN formation, BT549 cells were treated with either siROCK1 or siROCK2 for 3 

days. A non-silencing control was also used to account for any off-target effect of using 

siRNA. On Day 3 of siRNA treatment, cells were detached and stained with a cell 

membrane binding dye for 10-15 min in an ultra-low attachment plate. After being 

blinded to the treatment groups, 100 cells from each group were scored for the presence 

of McTNs, with cells showing protrusions longer than the radius of the cell being 

considered positive. There was a significant increase in the percentage of cells that scored 

positive for McTNs in the BT549 cells treated with siROCK1 compared to those treated 

with the non-silencing control (Figure 33).  However, cells treated with siROCK2 did not 

show a significant difference in MCTN counts when compared with the non-silencing 

control these results indicate that in BT549 cells, inhibiting ROCK1 but not ROCK2 

increases McTN formation.  

 

 

Figure 33 - ROCK1 knockdown  increases McTN frequency: BT549 cells treated with siROCK1 for 3 days 
show an increase in number of cells that show McTNs compared to non-silencing control-treated cells. 

Cells treated with siROCK2 for 3 days do not show a significant difference in McTn counts when 
compared with non-silencing control-treated cells (p<0.05, t-test, asterisks). 
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E. Inhibiting ROCK1 but not ROCK2 expression increases reattachment from 

suspension 

 To assess whether the differences in McTN frequencies observed with silencing 

ROCK1 or ROCK2 is reflected in their reattachment efficiency, BT549 cells were treated 

with siROCK1 or siROCK2 for 3 days and then detached and their reattachment was 

measured in real-time using the xCELLigence Real Time Cell Analyzer. siROCK1 

treated cells showed a significant increase in reattachment compared to the non-silencing 

control treated cells. The siROCK2 treated cells reattached with the same efficiency as 

the non-silencing control (Figure 34). These results demonstrate that inhibiting ROCK1 

but not ROCK2 expression increases reattachment efficiency, which is consistent with 

the differences in McTN frequencies observed with silencing these proteins.  

 

 

Figure 34 - ROCK1 knockdown increases cell reattachment: BT549 cells treated with siROCK1 for 3 days 
show an increase in reattachment efficiency compared to non-silencing control-treated cells. Cells treated 
with siROCK2 for 3 days do not show a difference in reattachment efficiency when compared with non-

silencing control-treated cells. 
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F. Summary 

 The myosin phosphatase mutants that were designed to act as either phospho-

mimetic or dephosphorylatable MYPT1 proteins, in order to mimic the effect of ROCK 

phosphorylation on MYPT1, did not affect myosin phosphorylation as expected. This 

inconsistency could be a result of the amino acid substitutions not functioning as desired 

or because of compensatory feedback by the cell.  

 Despite the high degree of kinase domain homology and common 

phosphorylation substrates, ROCK1 and ROCK2 differ in their ability to affect McTN 

formation and cellular reattachment.  ROCK1 but not ROCK2 plays a role in suppressing 

McTN formation. Both ROCK1 and ROCK2 are responsible for regulating actomyosin 

contraction and maintaining a tight actin cortex through their downstream 

phosphorylation of myosin phosphatase, myosin light chain and cofilin. Although there 

weren't any significant differences in ROCK1 and ROCK2 substrate specificity for 

myosin, myosin phosphatase or cofilin as observed by western blot analysis in the BT549 

cells tested in this study, it is possible that the differential effect on McTN formation is a 

result of the differences in ROCK1 and ROCK2 localization and distribution, which 

might spatially restrict protein phosphorylation in cellular pockets where ROCK1 or 

ROCK2 are localized. Since ROCK1 is distributed throughout the cell cytoplasm and cell 

periphery, it might have a greater effect on regulating actomyosin contraction and cortical 

integrity than ROCK2, which might explain why only ROCK1 knockdown increases 

McTN formation. However, it is also possible that there are other currently unidentified 

proteins that are being differentially regulated by ROCK1 and ROCK2, which could 

account for the differential effect on McTN formation. However, an advantage of the 
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unique effect of ROCK1 on McTN formation is that it allows for the possibility of using 

selective ROCK2 inhibitors to target cell migration, and not have the likely detrimental 

effect of increasing McTN frequency in circulating tumor cells.   
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V Specific Aim III: Role of the microtubule network in McTN 

induction by ROCK inhibitor  

A. Introduction  

 In addition to modulating the actin cortex, the Rho/ROCK signaling pathway can 

influence the organization and dynamics of microtubules [113]. Activation of Rho 

GTPase can increase stable detyrosinated microtubules through its downstream effector 

mDia [114]. mDia is a diaphaneous-related formin that, in addition to nucleating actin 

filaments, can also bind to and form a complex with the proteins EB1 and APC, which 

cap the growing microtubule ends and promote the formation of stable detyrosinated 

microtubules [115]. The Rho/ROCK pathway can also destabilize microtubules through 

ROCK-mediated inactivating phosphorylation of microtubule stabilizing proteins. ROCK 

phosphorylates the tubulin-stabilizing protein tau, preventing tau from interacting with 

microtubules and promoting its stabilization [116]. ROCK can further promote 

microtubule destabilization by inhibition of tubulin stabilizing post-translational 

modification acetylation [117]. ROCK mediated phosphorylation of the tubulin 

polymerization promoting protein 1 (TPPP1) inhibits it from interacting and sequestering 

the histone deacetylase 6 (HDAC6) protein, which in turn results in deacetylation of 

microtubules by HDAC6 [117]. Therefore the Rho/ROCK signaling pathway has 

bifurcating roles in the regulation of microtubule stability, that is, it can stabilize or 

destabilize microtubules depending upon its interacting partners [113].  

 Furthermore, the microtubule network can also modulate Rho activity through 

regulatory interactions with effector molecules [118]. Depolymerization of microtubules 

releases the microtubule-bound RhoGEF-H1, resulting in an increase in Rho-activated 



64	  
	  

stress fiber formation and actomyosin contractility [119, 120]. Microtubule 

polymerization, on the other hand, promotes the activity of the Rac GEF, Asef, at the 

growing microtubule ends, supporting the formation of lamellipodia and membrane 

ruffles. Although microtubules do not directly interact with Asef, microtubule 

polymerization promotes Rac activation through the association of the microtubule plus 

end capping protein APC with Asef [113]. At the same time, active Rac can also promote 

microtubule growth through the inactivation of the microtubule destabilizing protein, 

stathmin/oncoprotein18 [121]. Stathmin is a catastrophe promoting protein that 

sequesters tubulin dimers and reduces the amount of available free tubulin that can 

incorporate into the growing microtubule polymer [122]. Rac activates its downstream 

effector kinase PAK1, which in turn phosphorylates stathmin at serine 16 and serine 63 

and prevents it from binding to tubulin [122]. Therefore, reciprocal interactions between 

the microtubule network and Rho/ROCK and Rac signaling can regulate microtubule 

stability (Figure 35). 

 

Figure 35 - Schematic representation of Rho GTPase signaling in microtubule regulation 
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B. ROCK inhibition does not increase McTNs through microtubule stabilization  

 Apart from modulating the actin cytoskeleton, the Rho/ROCK pathway can also 

regulate microtubule stability through post-translational modifications such as 

acetylation, detyrosination and tau phosphorylation [113, 116, 117]. Given our previous 

data that microtubule stabilization can result in increased McTN frequency [67], ROCK-

regulated markers of tubulin stability were analyzed to investigate the role of microtubule 

stabilization in McTN formation in the Y-27632 treated cells. ROCK has been reported to 

destabilize microtubules by decreasing tubulin acetylation [117] and by increasing tau 

phosphorylation, thereby preventing tau from binding and stabilizing microtubule 

filaments [116]. Although an increase in acetylated tubulin and a decrease in 

phosphorylated tau after Y-27632 treatment has been previously reported[116, 117], we 

did not observe any significant change in acetylation of alpha-tubulin or tau 

phosphorylation upon ROCK inhibition in the breast cancer cells tested in adherent or 

suspended conditions (Figure 36A & B). Immunofluorescence analysis of Y-27632 

treated BT549 cells showed a slight shift in the distribution of acetylated tubulin, but also 

overall changes in cell shape due to the drug’s effect on actin (Figure 37), so it remains 

possible that the reorganization of acetylated tubulin merely reflects the change in cell 

morphology rather than any tubulin-specific reorganization.  While ROCK works to 

destabilize microtubules, a different downstream effector of the Rho pathway, mDia, 

increases microtubule stability by forming a complex that caps microtubule plus ends and 

promotes the formation of stable detyrosinated microtubules (also known as glu-

microtubules) [123]. Since Y-27632 selectively targets the Rho effector ROCK but not 

mDia, we had predicted an increase in detyrosinated tubulin after Y-27632 treatment. 
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However, densitometric analysis of 3 independent blots did not show a significant change 

in detyrosination of alpha-tubulin in adherent or suspended cells (Figure 36B).  

Additionally, immunofluorescence analysis did not show any significant changes in the 

localization or distribution of detyrosinated tubulin in the Y-27632 treated cells (Figure 

37). These results indicate that in the cell lines tested, inhibiting ROCK does not increase 

microtubule stability, suggesting that increased McTNs observed upon ROCK inhibition 

do not arise from increased microtubule stabilization.  

 

 

Figure 36A & B - ROCK inhibition does not change protein expression of markers of tubulin stability: A) 
Representative western blot images (N=3) of attached and suspended BT549 and Hs578T cells and B) 
Densitometric analysis of 3 independent experiments show no significant change in ROCK regulated 

markers of tubulin stability such as glu-tubulin (detyrosinated tubulin), acetylated tubulin or 
phosphorylated tau on treatment of the cells with 10µM Y-27632 [VC= Vehicle, RI=Y-27632] 

Source: Bhandary et al, Oncotarget, 2015 [89] 
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Figure 37 - ROCK inhibition does not change cellular distribution of glu-tubulin and acetyl-tubulin: 
Immunofluorescence analysis of fixed BT549 cells stained for α-tubulin post-translational modifications; 
detyrosinated (glu) tubulin (left panel-a,d) and acetylated tubulin (right panel-g,j) did not show significant 

change in the distribution or localization of the either protein on 10µM Y-27632 treatment; α-tubulin 
specific stain was used to indicate total tubulin levels in the BT549 cells (b,e and h,k) and nuclei were 

stained with Hoescht (60x magnification). 
Source: Bhandary et al, Oncotarget, 2015 [89] 

 

C. Rac inhibition does not decrease McTN frequency  

 The reciprocal interactions between Rho and Rac GTPases reported in the 

literature and our observations of increased membrane ruffling upon Y-27632 treatment 

(Figure 38A), indicated that inhibiting the Rho/ROCK pathway using Y-27632 might 

lead to increased activation of Rac GTPase. Rac has been reported to stabilize the 

microtubule network through its effector kinase PAK1, which phosphorylates the 

microtubule catastrophe promoting protein stathmin at serine 16 and serine 63 and 

prevents it from binding to tubulin [121]. Corresponding to the increased membrane 

ruffling observed in Y-27632 treated cells, western blot analysis of these cells showed an 

increase in active phosphorylated PAK1 as well as phosphorylated stathmin, both 

indicators of Rac activation (Figure 38B). In order to determine if the increase in McTNs 

in Y-27632 treated cells is a result of microtubule stabilization due to Rac activation, 

EHT1864, a selective Rac GTPase inhibitor was used. The small molecule inhibitor 
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EHT1864 binds with high affinity to Rac preventing its association with Rac GEFs or 

Rac GAPs and thereby keeps Rac in an inert, inactive state [124]. Treatment of BT549 

cells with 10µM EHT1864 for an hour resulted in a decrease in phosphorylated PAK1 as 

well as phosphorylated stathmin when compared to vehicle-treated cells (Figure 39). This 

decrease in phosphorylated PAK1 and phosphorylated stathmin persisted in cells treated 

with a combination of both EHT1864 and Y-27632.  

 

Figure 38 - Y-27632 treatment increases membrane ruffling and phosphorylation of PAK: A) 
Immunofluorescence analysis of BT549 cells stained with actin binding dye, phalloidin, show membrane 
ruffles in Y-27632 treated cells (arrows). B) Western blot analysis shows an increased expression of P-
PAK1 and P-stathmin (S63 and S16) in Y-27632 treated cells (RI) compared to vehicle control (VC) 

	  

	  
Figure 39 - Rac inhibition decreases phosphorylation of stathmin: Western blot analysis of BT549 cells 

treated with Rac inhibitor, EHT1864 for 1 hour shows a decrease in P-PAK1 and P-stathmin (S16 and S63) 
levels when compared to vehicle treated cells (VC). The combinatorial treatment of EHT1864 and Y-27632 

[RI] also show a decrease in in P-PAK1, P-stathmin (S16 and S63) levels. 
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 In order to evaluate if stathmin inactivation as a result of Rac inhibition would 

decrease McTN formation, preliminary McTN count experiments were performed. 

BT549 cells were treated with 10 µM EHT1864 for an hour, following which the cells 

were detached and stained with a cell membrane binding dye for 10-15 min in an ultra-

low attachment plate and scored for the presence of McTNs as described earlier. 

However, the EHT1864 treatment did not show a decrease in the number of cells that 

were positive for protrusions compared to vehicle-treated cells (Figure 40A&B). In order 

to determine if these protrusions were microtubule-based McTNs, the cells were treated 

with the microtubule depolymerizer, colchicine. Treatment of BT549 cells with 50 µM 

colchicine alone significantly decreased the number of McTN positive cells when 

compared to vehicle control cells indicating that microtubule destabilization by 

colchicine treatment inhibits McTN formation. However, a combinatorial treatment of 10 

µM EHT1864 and 50 µM colchicine did not decrease the number of cells that were 

positive for McTNs (Figure 40A&B). This result indicates that the protrusions being 

observed upon EHT1864 treatment might not be McTNs. Furthermore, cell reattachment 

assay with the xCELLigence Real Time Cell Analyzer showed a slight decrease in the 

reattachment frequency of cells treated with EHT1864 when compared to vehicle-treated 

cells, indicating that unlike McTNs, the protrusions being observed with EHT1864 

treatment are not playing a role in cell reattachment (Figure 40C) Moreover, this decrease 

in reattachment efficiency with EHT1864 treatment was not comparable to the decrease 

in reattachment observed when cells were treated with colchicine, indicating that  

EHT1864 treatment is not efficient in decreasing McTNs. 
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Figure 40 - Rac inhibition promotes formation of unknown protrusions that likely do not play a role in cell 
reattachment: A) Suspended BT549 cells stained with CellMask orange and scored blindly for the presence 

of McTNs show that 10µM EHT1864 treatment significantly increases the frequency of cells with 
protrusions compared to vehicle-treated cells. Treatment with 50µM colchicine, a microtubule-

depolymerizing drug, significantly decreases frequency of protrusions when used singly but not when used 
in combination with EHT1864 (N=2). B) Representative live-cell images of CellMask orange stained 

suspended BT549 cells (60x magnification). C) BT549 cells show a decrease in reattachment efficiency of 
10µM EHT1864-treated cells compared to vehicle-treated cells. 50µM colchicine treatment decreases 

reattachment frequency when used singly or in combination with EHT1864 (N=3) 
 

  Furthermore, the expected destabilizing effect of Rac inhibition on microtubules 

was confounded by the increase in expression of glu-tubulin, a microtubule stabilizing 

protein modification, upon EHT1864 treatment as observed on western blot and 

immunofluorescence analysis (Figure 41A&B). Taken together, these results indicated 

that inhibiting Rac did not result in a decrease in microtubule stabilization or McTN 

formation.  



71	  
	  

 

Figure 41 - EHT1864 treatment increases detyrosinated tubulin levels: A) Western blot analysis of BT549 
cells treated with varying concentrations of EHT1864 (5-100 µM) for 1 hour shows a dose dependent 
increase in glu-tubulin compared with vehicle-control cells (VC). B) Immunofluorescence analysis of 
BT549 cells treated with EHT1864 for 1 hour shows increased expression of filamentous glu-tubulin 

compared to vehicle-control cells. 
 

D. ROCK inhibition does not increase McTNs through vimentin stabilization 

 The intermediate filament protein vimentin has been shown to associate 

preferentially with detyrosinated microtubules [73] and the Martin lab has previously 

reported that this association can reinforce McTN stability [72]. Since phosphorylation of 

filamentous vimentin by ROCK results in its disassembly and peri-nuclear collapse [125], 

whether the increase in McTNs as a result of Y-27632 treatment was a function of 

vimentin reorganization was investigated. Although a decrease in phosphorylated 

vimentin has been reported in neuroblastoma cells treated with Y-27632 [126], no 

changes in phosphorylation status of vimentin was observed upon treatment of BT549 

cells with Y-27632 (Figure 42A). Immunofluorescence analysis of distribution of 

vimentin did not show an increase in filamentous vimentin in the Y-27632 treated cells 

(Figure 42B). Additionally, treatment with Rho activator II did not result in any changes 

in phosphorylation (Figure 42C) or localization and distribution of vimentin (Figure 
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42D). These results indicate that changes in vimentin organization are not responsible for 

increased McTNs as a result of ROCK inhibition.  

 

 

Figure 42 - Modulation of Rho/ROCK pathway does not affect vimentin phosphorylation or localization: 
Western blot analysis of BT549 and Hs578T cells treated with (A)10µM Y-27632 [RI] for 1 hour or (C) 

4µg/ml Rho Activator II [RA] for 3 hours shows no difference in vimentin phosphorylation levels in 
attached or suspended cells when compared with vehicle-control cells (VC). B) Immunofluorescence 

analysis of BT549 cells analysis of BT549 and Hs578T cells treated with (B)10µM Y-27632 [RI] or (D) 
4µg/ml Rho Activator II [RA] shows no difference in distribution of vimentin. 

 

E. Summary 

 The Rho/ROCK signaling pathway also regulates the microtubule cytoskeleton 

and Y-27632 treatment has been reported to increase microtubule stability [117, 127]. 

However consistent changes in markers of tubulin stability such as tau phosphorylation, 
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or changes in alpha-tubulin post-translational modifications such as detyrosination or 

acetylation were not observed in BT549 cells treated with Y-27632. While it is possible 

that the duration of treatment or concentration used was not sufficient to cause the 

organizational changes in the breast cancer cells used, these results suggest that the 

increase in McTNs observed with Y-27632 treatment is most likely due to ROCK 

inhibitor's effect of destabilizing the actin cortex, rather than microtubule stabilization. 

 Vimentin, a marker of EMT, has been shown to associate preferentially with 

detyrosinated microtubules[73] and reinforce McTN stability[72]. Since phosphorylation 

of filamentous vimentin by ROCK results in its disassembly and peri-nuclear 

collapse[125], the role of vimentin in the increase in McTNs as a result of Y-27632 

treatment was investigated. Although a decrease in phosphorylated vimentin has been 

reported in neuroblastoma cells treated with Y-27632[126], no significant collapse of 

vimentin filaments was observed in Rho activator treated BT549 cells or an increase in 

filamentous vimentin in the Y-27632 treated BT549 cells. It is possible that the duration 

of drug treatment or concentration used was not sufficient to cause the organizational 

changes in the breast cancer cells used but the current results suggest that the increase in 

McTN frequency due to ROCK inhibition is not a function of vimentin organization. 

 Evaluation of the role of Rac activation in Y-27632 treated BT549 cells in 

increasing McTN frequency was confounded by the formation of protrusions that were 

most likely not McTNs. This made it difficult to examine the effect of the drug EHT1864 

on McTN formation by visually counting cells that are positive for McTNs. Since BT549 

cells treated with the Rac inhibitor, EHT1864 did not show a significant decrease cell 

reattachment, it is likely that inhibiting Rac does not result in a decrease in McTN 
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formation. However, given the difficulty in accurately measuring McTN frequency with 

Rac inhibition, further analysis will need to be done before conclusively reporting that 

Rac activation does not play a role in the increased McTN frequency observed in Y-

27632 treated cells. It is also important to note here that the effect of EHT1864 on Rac 

activity was gauged using phosphorylation of its downstream effector kinase, P-PAK1, 

instead of a more direct indicator of Rac activity such as Rac1 pull-down assay. 

Confirming the efficacy of EHT1864 with a direct indicator will also aid further analysis. 
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VI. Conclusions and Future directions 

A. Conclusions 

 Cell migration and invasion are steps that are critical for metastasis and rely on 

Rho/ROCK-mediated cytoskeletal modifications and actomyosin contraction [128]. The 

ability of ROCK inhibitors to reduce the migratory and invasive properties of adherent 

tumor cells has led to suggestions that they could possibly be used to reduce metastasis in 

cancer patients and combined with the clinical success of ROCK inhibitors in other 

pathological conditions with deregulated actomyosin contraction such as cardiovascular 

diseases [129], hypertension [130] and atherosclerosis [131], ROCK inhibitors are 

gaining popularity as safe compounds that could be easily transitioned to cancer therapy.  

 However, this study shows that ROCK inhibition increases the formation of 

microtentacles in detached breast tumor cells. As McTNs are only observed in cells that 

are detached and free-floating, they have not been previously reported in studies that have 

primarily focused on the effects of ROCK inhibitors in adherent cells. In vivo studies 

with colon carcinoma cells has demonstrated a microtubule-based mechanism for the 

reattachment of circulating cells to the capillary walls that is further enhanced by actin 

depolymerization [45]. This corresponds with previously published studies which have 

shown that altering the cytoskeleton with actin-destabilizing drugs or microtubule-

stabilizing drugs results in an increase in the formation of McTNs in detached cells and 

enhances their reattachment [68, 70, 92].  

 Disseminated tumor cells in the bone marrow and circulating tumor cells in the 

blood are rapidly emerging as markers that can predict patient clinical outcome [35] and 

there are currently a number of interventional clinical trials underway to investigate the 
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benefits of using CTCs as a prognostic marker to determine treatment options [132]. 

Most current and developing chemotherapeutics focus on reduction in cell proliferation, 

migration and invasion to determine drug efficacy and thus fail to address the effects of 

these drugs on free-floating cells that are in circulation. ROCK inhibitors have been 

reported as efficacious anti-cancer agents based on studies done in attached cell 

conditions, but this study shows that they could promote reattachment of circulating 

tumor cells by increasing McTN formation in detached cells. A number of studies in the 

last decade have shown a positive correlation between high CTC levels and metastatic 

disease [46] highlighting the importance of targeting CTCs.  Nevertheless, many current 

clinical regimens using traditional chemotherapeutics may fail to eradicate CTCs, which 

are often quiescent and thus are resistant to chemotherapeutics that target cell division 

[133]. Even newer targeted tumor-specific small-molecule inhibitors or antibody 

therapies may be ineffective on CTCs if the CTCs are molecularly different from the 

primary tumor cells as a result of newly acquired mutations or selective dissemination of 

clonally heterogeneous tumor cells [35]. For example, microtubule-targeting cytotoxic 

chemotherapies such as taxanes, which are extremely effective in their anti-proliferative 

effects on the primary tumor, can significantly increase CTCs in the patients’ blood when 

given prior to surgery [47]. Accumulating evidence on the role of CTCs in promoting 

metastasis [35, 40, 46] highlights the necessity of screening developing 

chemotherapeutics for their effects on free-floating suspended cells in addition to 

adherent cell conditions to avoid inadvertently increasing CTCs and metastatic risk.  

 A growing number of researchers now believe that tumor cell dissemination and 

survival of CTCs is not a random process, but rather viable CTCs are selected as a result 



77	  
	  

of their survival and growth properties [134, 135]. This assumption is corroborated by the 

fact that a number of studies have found EMT and stem cell markers in CTCs and these 

cells have been found to have higher metastatic efficiency [56] and moreover, these EMT 

and cancer stem cell properties continue to persist in the cell lines and xenografts derived 

from CTCs [64, 66, 136]. 

 Interestingly, a number of recent studies have shown that use of Y-27632 in 

routine culture promotes survival and proliferation of dissociated human embryonic stem 

cells by preventing dissociation-induced apoptosis [137-139]. Moreover, organizational 

changes in the actin cytoskeleton and inhibition of actomyosin contractility regulate stem 

cell fate of human keratinocyte stem cells by preventing clonal conversion [140]. 

Intriguingly, inhibition of actomyosin contractility promotes induction of stem-like 

phenotype in primary cancer cell lines [141].  Liu et al show that this phenomenon is not 

due to selective survival of rare stem-like cells present in the population but rather a 

result of conditional reprogramming of cells and use a combination of Y-27632 and 

feeder cells to indefinitely proliferate cultures generated from as few as 4 tumor cells 

[142]. The applications of inhibition of contractility in stem cell generation and 

proliferation is important for diagnostic and regenerative medicine. But at the same time, 

it also calls to attention the possible implications of using ROCK inhibitors as cancer 

therapeutics if they promote survival and possibly conversion of detached tumor cells 

towards a stem-like phenotype. Previous research from our lab has shown that breast 

cancer cell lines with higher stem-like characteristics have increased McTNs that 

promote their reattachment from suspension [143]. These findings indicate that 
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chemotherapeutics that inadvertently promote such stem-like characteristics might be 

detrimental to overall progression-free survival.  

 Disseminated tumor cells in circulation are predicted to be precursors of distant 

metastasis and therefore, new drugs that are being developed as potential cancer 

therapeutics need to be examined for their effect on CTCs. The biggest challenge CTC 

research faces is that CTCs are present at very low numbers in the blood; on the order of 

1 CTC per 108 blood cells [144], making it very difficult to both detect CTCs and obtain 

large enough numbers to test for drug efficacy. While the low number of recoverable 

viable CTCs prevents many functional studies, one alternative is to mimic the 

microenvironment of CTCs, which should at least include free-floating cell conditions 

when testing drug effects. The vast majority of studies evaluating the efficacy of ROCK 

inhibitors as cancer therapeutics focus on adherent cell behavior and have failed to 

address their effect on disseminated tumor cells that are in circulation. This study shows 

that ROCK inhibition in detached cells can increase in vitro McTN formation and 

reattachment efficiency. Since ROCK inhibitors might prove useful in reducing primary 

tumor dissemination because of their anti-migratory and anti-invasive effects, in order to 

maximize their anti-cancer efficacy, it might be prudent to use ROCK inhibitors in 

conjunction with microtubule targeting drugs to reduce McTNs [94] and thereby prevent 

inadvertently increasing metastatic risk. This study emphasizes the importance of 

considering the current attachment state of circulating tumor cells in patients, so that 

targeting ROCK to reduce the migration and invasion of adherent tumor cells does not 

inadvertently increase the metastatic potential of non-adherent circulating tumor cells. 
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B. Future directions  

 Currently, both ROCK1 and ROCK2 inhibitors have shown a positive effect on 

reducing tumor growth and migration in pre-clinical studies [24-26, 28]. Results from 

experiments with silencing RNA to specifically target ROCK1 or ROCK2, presented in 

Chapter IV, suggest that while ROCK1 plays a role in preventing microtentacle 

formation, inhibiting ROCK2 does not increase McTN formation. This indicates a 

potential role for use of ROCK2 inhibitors to target cancer metastasis that would 

circumvent the detrimental effect of increasing McTNs in free-floating circulating tumor 

cells. To provide support for this hypothesis, further studies will be done to assay the role 

of ROCK2 inhibition in reducing metastatic potential. BT549 cells treated with siROCK2 

will be analyzed for their migratory potential using the ACEA's cell migration plate 

(CIM-Plate®) with the xCELLigence® RTCA DP system. Briefly, as the cells move 

from the upper chamber to the chemoattractant (10% FBS) in the lower chamber, they 

pass through a porous membrane containing gold impedance microelectrodes, which 

records passage of cells as change in impedance giving a real-time migratory analysis. 

Given previously published data regarding the role of ROCK2 inhibitors in metastasis, 

we expect to see a reduction in migratory potential with siROCK2 treated cells. If the 

results are as expected, further analysis with currently available selective ROCK2 

inhibitors such as KD025 (SLx-2119) can be used to validate the results of siROCK2 

experiments and confirm a negative effect on McTN formation and cell reattachment. 

These experiments would provide support for using ROCK2 inhibitors instead of pan-

ROCK inhibitor such as Y-27632 to target cancer metastasis. 
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 Previously published data suggest that ROCK inhibition increases stemness in 

cancer cells [141, 142]. In order to analyze the effect of ROCK1 and ROCK2 inhibition 

on stem cell characteristics in breast cancer cells, BT549 cells will be treated with Y-

27632, (which inhibits both ROCK1 and ROCK2) as well as selective ROCK1 and 

ROCK2 inhibitors. Preliminary analysis of mammosphere formation in BT549 and 

MCF7 cells treated with 10µM Y-27632 did not show a significant difference in 

mammosphere formation compared to vehicle-treated cells when analyzed at Day 7 and 

Day 14 post seeding 20,000 cells into 6-well low attachment dishes (data not shown). 

However, in both vehicle-control as well as Y-27632 treated cells, sphere formation was 

observed as early as Day 1 post seeding which led us to question whether cell clustering 

was playing a role and the spheres being counted at Day 14 were not true 

mammospheres. In order to determine if clustering was occurring, we decided to use the 

lipid tethering technology previously developed in the lab that has been used to 

successfully tether single cells while still allowing them to maintain their free-floating 

dynamics [145]. The rationale to tether single cells is to prevent them from 

clustering/aggregating and thereby get true mammosphere formation. To get an idea of 

the size range of true mammospheres, not confounded by clustering, a single MCF7 cell 

was sorted into each well of a low attachment 96-well plate using the BD FACS ARIA I 

Cell Sorter. At Day 8 post seeding, the diameter of mammospheres was found to be on 

average 106µm (from N=10). In order to validate if lipid tethering could prevent 

clustering, 96-well tissue culture treated plates were coated with polyelectrolyte 

multilayers (PEM) that create a hydrophobic cell surface to prevent cell attachment, 

followed by a coating of a lipid layer which allows cells to tether to the lipid through cell 
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membrane interactions [145]. To avoid cell doublets/ triplets being seeded due to 

improper trypsinization, the BD FACS ARIA I cell sorter was used to separate single 

MCF7 cells and seed 1000 cells/well into the 96-well plates. Preliminary analysis showed 

that at Day 7 post seeding, in the lipid coated wells there was little/no clumping observed 

and most cells stayed in the center of the wells compared to wells coated with PEM alone 

or low attachment dishes, where the cells moved to the edge of the well. Furthermore, 

counting the number of spheres on Day 8 indicated that the wells coated with lipid had 

the highest mammosphere forming efficiency (Figure 43).  

 

 

Figure 43 - Lipid tethers prevent cell clustering and rolling of mammospheres to edges of wells: A) Phase 
contrast images of cells at Day 1 and Day 7 post seeding MCF7 cells into low attach, PEM coated or 

PEM+Lipid coated wells (4x Magnification). B) Number of mammospheres greater than 60µm counted at 
Day 8 (N=3). C) Distribution of mammospheres in well center versus well edge (defined as 500µm from 

well periphery) 
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Size quantification of the mammospheres indicates that 70% of spheres in the lipid 

coated wells were in the size range of 60-150µm at Day 8 while only 24% of spheres in 

PEM coated wells and 41% in low attachment wells were between 60-150µm in diameter 

(Figure 44)  

 

 

 

 
Figure 44 - Lipid coated wells have the most number of spheres in the 50-150µm size range: Size 

distribution of mammospheres (measured at Day 8 post seeding MCF7 cells), expressed as percentage of 
total population (N=3) A) Entire well counted as a whole B) Only mammospheres present in center of the 

well counted C) Only mammospheres present at the well edge counted 
 
 

 

Further breakdown of distribution of spheres depending on whether they were in well 

center or well edge (defined as 500µm from well periphery), indicated that at the well 

center while low attachment and PEM coated wells had an almost equal distribution of 
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spheres between 60-150µm and those that were greater than 150µm, 75% of the spheres 

in the lipid coated wells were in the 60-150µm size range. At the well edge, 68% of 

spheres in the low attachment wells and 92% of spheres in PEM coated wells were 

greater than 150µm, whereas only 32% of spheres were greater than 150µm in the lipid 

coated wells (Figure 44). 

 These data indicate that clustering is playing a role that is resulting in the 

formation of spheres that are greater than 150µm. The highest percentage of greater than 

150µm sized spheres are observed at the well edge where presumably the most clustering 

occurs due to a higher density of cells moving to the well periphery every time the plate 

is moved/ shaken. However, the significant decrease in the number of spheres that are 

greater than 150µm in lipid coated wells when compared to low attachment and PEM 

coated wells indicate that the lipid tethers hold the cells in place and prevent clustering 

from occurring. In order to further validate that lipid tethers can prevent cell clustering, 

an equal number of MCF7-GFP and MCF7-mCherry cells were seeded into the plates. 

Figure 45 shows that at Day 8, mixed MCF7-GFP and MCF7-mCherry mammospheres 

are formed in low attachment and PEM coated wells whereas the mammospheres in the 

lipid coated well express either GFP or mCherry only indicating that clustering did not 

occur here (Figure 45) 

.  
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Figure 45 - Lipid tethering prevents mixing and aggregation of free-floating cells: 500 MCF7-GFP and 500 
MCF7-mCherry cells were sorted into either low attachment 96-well plate or 96-well plates coated with 

PEM or PEM+Lipid and imaged on Day 8 post seeding. (10x Magnification) 
 

 

 Since tethering cells prevents cell clustering and allows true mammosphere 

number quantification, future experiments on effect of ROCK1 and ROCK2 on 

mammosphere efficiency will be done using lipid coated plates to determine if ROCK1 

or ROCK2 have differential effects on mammosphere formation. Furthermore, since 

tethering immobilizes the cell and allows us to follow the fate of individual cells, it can 

be used to track cells that show increased McTNs with ROCK1 inhibitor and analyze if 

these cells also show increased stem cell marker expression over time and form 

mammospheres. These assays will also help clarify whether ROCK inhibitors promote 

stemness by selecting stem-like cancer cells for survival or whether they convert cancer 

cells into stem cells. Taken together, these investigations will help determine the role of 
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ROCK inhibition in tumor metastasis and stem cell fate determination and also clarify if 

ROCK2 inhibitors could be used as a feasible solution to target metastasis while avoiding 

increased McTN formation. 
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