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ABSTRACT 

Title of Dissertation: Understanding the role of the tubulin carboxypeptidase (TCP) on 

breast tumor cell growth and dissemination 

Trevor J. Mathias, Doctor of Philosophy, 2022 

Dissertation Directed by: Stuart S. Martin, Ph.D., Drs. Angela and Harry Brodie 

Professor of Translational Cancer Research, Department of Pharmacology 

Post-translational modifications (PTMs) of the microtubule network impart differential 

functions across normal cell types and their cancerous counterparts. The removal of the 

C-terminal tyrosine of α-tubulin (deTyr-Tub) as performed by the tubulin 

carboxypeptidase (TCP) is of particular interest in breast epithelial and breast cancer 

cells. The recent discovery of the genetic identity of the TCP to be a vasohibin 

(VASH1/2) coupled with a small vasohibin binding protein (SVBP) allows for the 

functional effect of this tubulin PTM to be directly tested for the first time. Our studies 

revealed the immortalized breast epithelial cell line MCF10A undergoes apoptosis 

following transfection with TCP constructs, but the addition of oncogenic KRas, Bcl-2, 

or Bcl-xL overexpression prevents subsequent apoptotic induction in the MCF10A 

background. Functionally, an increase in deTyr-Tub via TCP transfection in MDA-MB-

231 and Hs578t breast cancer cells leads to enhanced focal gelatin degradation. Given the 

elevated deTyr-Tub at invasive tumor fronts and the correlation with poor breast cancer 

survival, these new discoveries help clarify how the TCP synergizes with oncogene 

activation, increases invadopodia formation, and may correspond to increased tumor cell 

invasion. These connections could inform more specific microtubule-directed therapies to 

target deTyr-tubulin.  
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Chapter 1: Breast Cancer and Metastasis 

 

A. Breast Cancer Background and Prevalence 

Breast cancer is the most prevalent cancer type in women, with one in eight women likely 

to develop the disease over their lifetime and represents approximately 15% of all cancer 

diagnoses in the United States of America.  All types of breast cancer are the third 

leading cause of cancer death with an estimated 43,800 deaths occurring in 2022 due to 

this disease. The overall prevalence and mortality of breast cancer has led researchers and 

clinicians to strive for better outcomes for patients. Over the past four decades, through 

advances in treatments and early detection, the overall mortality rate and five-year 

survival rate has continually improved. Importantly, advances in treatments are different 

based on breast cancer subtype.1,2 Clinically breast cancer is divided into three main 

subtypes based on the presence or absence of molecular markers. The markers used to 

determine subtype are expression of the estrogen receptor (ER), progesterone receptor 

(PR), and over-expression of the ERBB2 (HER2) receptor (HER2). While from a gene 

expression perspective breast cancers can be divided into four distinct categories, luminal 

A, luminal B, HER2 enriched, and basal-like.3 The ability to determine breast cancer 

subtypes has revealed unique characteristics about this heterogenous form of cancer and 

provides the opportunity to tailor treatment based on the specificities of an individual’s 

cancer. Utilizing targeted therapies that were been developed in conjunction with the 

determination of these breast cancer subtypes has contributed to improving outcomes and 

overall survival for patients. However, one subtype of breast cancer, termed triple 

negative breast cancer (TNBC), that does not have high levels of any of these 
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aforementioned markers, is the most aggressive and has had the least improvement in 

treatment options over recent timeframes. The TNBC subtype of breast cancer accounts 

for 10-15% of new breast cancer diagnoses (Figure 1). Since TNBC does not express 

these molecular targets, less nuanced approaches must be used for the treatment of this 

disease subtype. These approaches include surgical resection, as is utilized in nearly all 

treatment plans for all breast cancer subtypes, followed by systemic chemotherapeutic 

agents and fractionated ionizing radiation therapy. Despite this aggressive approach to 

treatment, the five-year survival for all TNBC patients is just 77% compared to 90% for 

all subtypes of breast cancer combined (Figure 2).1  The presence, or absence of these 

markers, are prognostic and impactful in determining the overall outcome for patients 

(Figure 3). Given this disparity among outcomes for TNBC, a significant need for 

research exists to develop better treatments and interventions. 
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Figure 1: Distribution of Breast Cancer Subtypes. Hormone Receptor (HR) positive 
breast cancer without Her2 amplification is the most common breast cancer subtype, 
triple negative breast cancer (TNBC), is the second most common shown on this graphic 
as HR-/Her2-. 
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Figure 2: 5-year survival based on subtype. HR positive breast cancer without Her2 
amplification has the best 5-year survival prognosis, while TNBC has the least favorable 
prognosis. 
 

 

Figure 3: 5-year Survival Based on Staging. Breast cancer confined to the breast at 
diagnosis has an extremely high 5-year survival for patients, while the presence of distant 
disease has a much worse prognosis. 
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B. Breast Cancer Development and Metastasis 

The development of breast cancer, like that of many other types of cancer, is a 

process that is largely unknown from individual to individual, but decades of research 

and surveillance allows us to reveal some of the risk factors for cancer development and 

determine how breast cancer expands and spreads.  

At its earliest stages, cancer begins through a series of random mutations 

occurring in the genome of an otherwise healthy cell. Many of these mutations in healthy 

cells will have little to no consequence, with the vast majority of these cells halting their 

growth or dying. Unfortunately, some of these mutations will change the behavior of this 

normal cell allowing it to replicate without the normal checkpoints on growth. As these 

cells continue to proliferate, many will be eliminated by the immune system. This process 

of immune surveillance prevents the development of many cancers throughout the body.4 

As pre-cancerous cells continue to grow and replicate, more mutations are acquired 

eventually leading to cells that meet all of the hallmarks of cancer and are malignant. 

These hallmarks of cancer have been studied extensively and the importance of each 

process outlined in the publications “The hallmarks of cancer”5 and the follow-up 

publication “Hallmarks of Cancer: The Next Generation”.4 An improved understanding 

of these processes individually and how they interplay is essential for moving cancer 

treatment, especially for those cancer types and subtypes, towards improved outcomes. 

Based on surveillance data across the population, there are a number of risk 

factors that have been determined to increase an individual’s risk of developing breast 

cancer. These risk factors fall into two main categories, ones that an individual can 

change and ones that an individual cannot change. The following risk factors that one 
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cannot change are ordered from highest risk to lowest risk in the population: Age, 

Genetics, Early onset of menses, Dense breast tissue, Personal history of breast cancer, 

Familial history of breast or ovarian cancer, and Prior exposure to Ionizing Radiation.1  

Understanding the role of some of these risk factors in connection to cancer risk is 

important to understanding the disease. The risk factor of age is important given that as 

someone gets older, their risk of breast cancer increases as they have a higher chance of 

spontaneously acquiring enough mutations for a breast epithelial cell to become 

malignant. The data behind this statistic reveal that the vast majority (70-90%) of cancer 

cases are simply due to chance alone whereas the other ~15% can be attributed to 

heritable mutations.6 These 15% of individuals with breast cancer were born with 

mutations in their genome that increased their lifetime risk. Mutations in the BRCA1 and 

BRCA2 genes are associated with highest risk of developing breast cancer, as well as 

ovarian cancer and other carcinomas. Patients with BRCA mutations have a higher risk of 

developing the worst subtype of breast cancer TNBC, and these patients also have a 

higher risk of developing a second, unrelated breast cancer following an initial breast 

cancer diagnosis. This increased risk in cancer development is a result of the deficiency 

in the BRCA protein in these cells that normally plays a key role in repair of DNA 

damage. The deficiency in the BRCA1/2 enzyme allows for more mutations to occur and 

propagate throughout the life of a cell.7 

A second unmodifiable risk factor, early onset of menses, is important to understand as it 

relates to the inherent function of the breast epithelial cell that may eventually develop 

into breast carcinoma. Breast epithelial cells are responsive to changes in hormone levels 

throughout a woman’s life, such as estrogen and progesterone. High levels of estrogen 
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and progesterone occur during regular menstrual cycling. Therefore, as the lifetime 

exposure to estrogen increases with the number of years that a woman has had menses, so 

does her risk of developing breast cancer. 

The risk factors that one can change, ranked from highest to lowest risk in the 

population are: Being physically inactive, Being overweight, Taking estrogen 

replacement therapy, Having children later in life, not breast feeding, Not having a full-

term pregnancy, and Drinking Alcohol.1 From a breast cancer biology perspective, it is 

important to note the connection between being overweight and taking estrogen 

replacement therapy to increased breast cancer risk. Both of these risk factors are 

connected with increased exposure to estrogen. The relationship between taking a 

medication containing estrogen is easily understood, the connection between weight in 

estrogen in more nuanced. Previous research has shown that adipocytes, the cells that 

make up fat, produce excess estrogen that can stimulate breast epithelial cells. These two 

modifiable risk factors, as well as lifetime strong exposure through early menses, a non-

modifiable risk factor, increase the risk of breast cancer through the same mechanism, 

estrogen stimulation of breast epithelial cells. Regardless of the prior risk factors that an 

individual may have, once they develop cancer the localization and spread of the disease 

is the most important factor on determining treatment success.8 

The spread of breast cancer is generally categorized into three different groups, 

local, regional, and distant.9 Cancer detected when it is confined to the initial site in the 

breast is determined to be local. Once it has spread within the breast and to regional 

lymph nodes it is said that the cancer has spread regionally. The worst possible outcomes 

are associated with distant spread when the cancer can be detected in a distant site or 
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organ system. Each one of these categories alters the overall prognosis for the patient and 

impacts the overall treatment plan and strategy.  

The process by which cancer spreads is known as metastasis, defined as “the 

development of secondary malignant growths at a distance from a primary site of 

cancer”.10 Metastasis can occur through two main mechanisms, lymphatic spread or 

hematogenous spread. The commonality of these two mechanisms of metastasis is the 

first step of breast cancer cells escaping attachment from the basement membrane and 

invading the extracellular matrix (ECM) of the breast. Lymphatic spread occurs through 

the lymphatic system, a network of ducts and lymph nodes that is a part of the immune 

system and serves to process extracellular fluid from tissues. The lymphatic spread of 

breast cancer generally contributes to regional metastasis, rather than distant metastasis, 

and is often characterized by identifying lymph nodes infiltrated with cancer cells. The 

second method of metastasis, hematogenous spread, is connected most with the formation 

of distant metastasis. This complex mechanism of metastasis is often viewed as a 

sequential cascade occurring in the following order: 1) breast cancer cells infiltrate the 

blood system, 2) a small number of breast cancer cells survive in the circulatory system 

for a period of time, 3) some of these cancerous cells attached to the endothelial lining 

and extravasate from the blood vessel and, 4) these breast cancer cells that have escaped 

the circulation can persist in a dormant state and 5) a small percentage of these dormant 

tumor cells may eventually establish themselves in a distant organ as a site of 

metastasis.11 
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The complex method of hematogenous spread of breast cancer, like that of many other 

solid tumors, is intricate and has several important steps described below that could be 

harnessed for medical interventions in the future.  

The first step in the process of cancer invasion is detachment of the cancer cells 

from the basement membrane and degradation of the adjacent ECM. This process occurs 

in both lymphatic and hematogenous spread. Normal epithelial cells are attached to the 

basement membrane during development of the organ and structurally held in place 

through the ECM. To aid in their invasion cancer cells can downregulate receptors that 

serve to increase attachment and increase proteases, such as matrix metalloproteases 

(MMPs), to degrade the ECM. Once cancer cells have created an environment that allows 

them to invade, they can either enter lymphatic channels, contributing to lymphatic 

spread, or attempt to enter the bloodstream, contributing to hematogenous spread. 

Entering the blood stream is a difficult task for cancer cells and is thought to occur in 

several different different ways. The first method of hematogenous entry of is a 

byproduct of the vasculature supplying an established cancer. As the cancer grows it 

secretes factors simulating the development of new vessels to provide key nutrients and 

oxygen to the tumor. These new blood vessels are immature and inherently leaky which 

allows cancer cells, sometimes in multicellular clusters, to break off from the tumor mass 

and enter the circulation. The second manner in which cancer cells enter the circulation is 

a more active process, termed intravasation, which often is associated with a phenotypic 

change within the cancerous cell known as epithelial-mesenchymal transition (EMT). 

Intravasation occurs when tumor cells migrate through the basement membrane of a 

blood vessel, passing between the endothelial cells that line and support vessel walls. In 
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order for this to occur, tumor cells must change their shape, stretching and deforming 

themselves to become more spindle-like in appearance and migratory in behavior. Under 

normal conditions epithelial cells, and most cancers of epithelial origin, do not display 

these morphologies or behaviors. The coordinated process by which these changes occur 

is known as EMT. 

Once in the bloodstream, these cancerous cells are in an inhospitable 

environment, no longer in contact with neighboring cells and subjected to both flow and 

sheet forces.12-14 The vast majority of these cancerous cells undergo cell death, either 

through fragmentation due to forces of the bloodstream or through programmed cell 

death from receiving stimuli pertaining to the cell being in suspension. The limited 

number of cells that do survive in the bloodstream and end up in a distant organ must 

escape the blood vessel in a process known as extravasation. Cancerous cells must wedge 

themselves between endothelial cell junctions, contacting basement membrane and ECM. 

Cells then utilize the connections with the ECM to pull themselves into the new tissue 

site.15 These cancerous cells in a distant tissue are at this stage undetectable with current 

clinical methods, and often called micrometastases. These micrometastases may lie 

dormant and inactive for long periods of time, as is thought to be the case in ER+ breast 

cancers, until an unknown signaling event or stimulus leads to their active growth and 

development of detectable metastatic lesions.15,16 

Given that the most common cause for mortality in patients with breast cancer is 

due to metastasis, it is important to continue research into the molecular components of 

the metastatic cascade to better development therapeutics and interventions for these 
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patients. The research laboratory of Dr. Stuart S. Martin has a specific interest in 

understanding the role of the cytoskeleton in breast cancer development and metastasis. 
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Chapter 2: Cytoskeleton and Cancer 

 

The cytoskeleton is an interconnected network of structures within a cell that provides 

stability and support. The three main components of the cytoskeleton are actin, 

microtubules, and intermediate filaments (Figure 4). These components are 

interconnected through specific proteins to allow for coordination of movement, cellular 

trafficking, and a host of other essential functions. The functions and composition of 

these components of the cytoskeleton play important roles in many disease processes, 

including cancer progression and metastasis. 

 
 
Figure 4. Cartoon Schematic of a Cytoskeleton.  
The three main components of the cytoskeleton are show here with microtubules (blue), 
actin (red), and intermediate filaments (gray) each playing essential roles in the function 
of the cell. 
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The first component of the cytoskeleton to examine is actin. Actin serves to provide a 

contractile force in the cell, contributing to cellular movement and mobility. Actin is 

composed of a polymer of G-actin subunits that combine to make an F-actin filament. 

Each actin filament has a diameter of approximately seven nanometers, making it the 

smallest by size of the cytoskeletal components. These actin filaments then exert force 

through the interaction of myosin, a cellular protein, that changes conformations and 

binding with actin filaments based on the binding and hydrolysis of ATP. The cycle of 

ATP binding to myosin, ATP hydrolysis, contraction along the actin filament, ADP 

release, and ATP binding is known as actomyosin cross-bridge cycling. This cycle 

provides motile force for cell movement and cytokinesis, processes important in both 

normal and cancer cell physiology. 

The second component of the cytoskeleton is intermediate filaments. These are 

intermediate in size compared to the other cytoskeletal components, averaging 

approximately 10 nanometers in diameter. There are a wide number of intermediate 

filament genes in humans, with 70 genes currently known.17 These intermediate filaments 

have diverse functions based on cell type, and are differentially expressed across tissues. 

Interestingly, the presence of specific intermediate filaments can be used to determine the 

tissue of origin in cancers of unknown primary through the use of the known differential 

expression profiles and antibody labeling. These filaments are divided into six categories 

based on their amino acid composition, type I, type II, type III, type IV, type V, and type 

VI. The function of these filaments depends on both the cell type in which the filament is 

expressed and the class of filament. Type I and type II intermediate filaments are 

expressed by epithelial cells and form the structure of hair and nails. Type III filaments 
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have the widest variety of expression profiles with some members including vimentin, 

expressed in mesenchymal cells, desmin, expressed in muscle cells, and several others. 

Type IV are neurofilament proteins expressed in neuronal cells. Type V filaments are 

known as nuclear laminins and provide essential structural support to nucleus. The final 

type of intermediate filament are the nestins, Type VI, which are expressed in neuronal 

stem cells. Given the large number of intermediate filaments, there are a large number of 

diseases that stem from mutations in the genes encoding these proteins. These mutations 

can in some cases result in profound defects, highlighting the importance of this class of 

cytoskeletal proteins.17 

The largest filamentous structure of the cytoskeleton is microtubules, with an 

average diameter of 25nm in the polymerized form. Microtubules consist of alternating 

stacks of α-tubulin/β-tubulin heterodimers that originate from the microtubule organizing 

center (MTOC). Microtubules are dynamic structures within the cell that polymerize 

outwardly from the MTOC through the utilization of guanine triphosphate (GTP). The 

process of microtubule formation begins with the binding of 	γ-tubulin	to	the	MTOC.	

The	initial	binding	of	γ-tubulin	allows	for	the	polymerization	of	α- and β- tubulin 

dimers to extend microtubules. These α- and β- tubulin dimers exist in the cytoplasm of 

the cell in two states, either loaded with GTP or guanine diphosphate (GDP). GTP-rich α- 

and β- tubulin dimers extent outward expanding microtubules outward away from the 

MTOC. The end of the microtubule facing the MTOC is termed the minus end and the 

outward end of the microtubule is termed the plus end. Microtubules are highly dynamic 

in a living cell and as such they can be regulated in multiple manners. One such manner 

is through the association of microtubules capping proteins, such as EB1 and its family 
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members, which serve to protect the microtubule and promote the interaction with other 

cellular proteins. An additional important mechanism of microtubule regulation is 

through post-translational modifications (PTMs) that can be made to both α- and β- 

tubulin, altering their stability and half-life. These PTMs alter the function of the 

microtubules through changing the affinity and interaction with microtubule associated 

proteins (MAPs). These microtubule PTMs occur with different functions, patterns, and 

levels in various tissue types.18 One of these many modifications occurs through the 

removal of a C-terminal tyrosine from α-tubulin, termed detyrosinated-tubulin (deTyr-

Tub), or in older literature glu-tubulin (Figure 5). DeTyr-Tub has been shown to be a 

marker of increased microtubule stability and allows for differential interactions with 

MAPs given the exposed non-polar glutamic acids. Relevant to cancer progression, 

deTyr-Tub has been shown to be upregulated at the invasive margin of ductal carcinoma 

in-situ, a form of breast cancer that is just beginning to gain invasive characteristics. Only 

recently, the enzyme responsible for the creation of deTyr-Tub, termed the tubulin 

carboxypeptidase (TCP) was discovered. Back-to-back Science papers in 2017 revealed 

that the TCP is composed of a vasohibin (VASH1 or VASH2) coupled with a small 

vasohibin binding protein (SVBP).19,20 Given this new knowledge and unprecedented 

ability to control this α-tubulin modification it is important to better understand what, if 

any, function deTyr-Tub may have in these breast cancer cells and the connection with 

potential invasive capability. 
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Figure 5. The α-tubulin detyrosination/tyrosination cycle.  
Microtubules are made of alternating stacks of α-tubulin (gray) and β-tubulin (blue). The 
C-terminal tyrosine (red circle) of α-tubulin can be removed by TCP (green circle/arrow), 
predominantly acting on polymerized microtubules, and replaced by the TTL (red 
rectangle/arrow), acting on the unpolymerized pool of α/β heterodimers. 
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Chapter 3: Tubulin Carboxypeptidase (TCP) 

 

A.        TCP Background and Discovery 

The search for the genetic identity of the tubulin carboxypeptidase (TCP) has 

spanned several decades and yielded false discoveries with several groups claiming to 

have determined its true identity.21-24 Recent back-to-back Science papers revealed the 

TCP enzyme consists of two separate proteins, a vasohibin (VASH1 or VASH2) and 

small vasohibin binding protein (SVBP).19,20 These papers revealed that biologically-

relevant enzyme activity is dependent upon both components in order to function in the 

removal of the tyrosine from the C-terminus of α-tubulin. The two groups that discovered 

the identity of the TCP approached the challenge from different directions but with a 

common background in neural development. The first group, led by Marie-Jo Moutin at 

the Grenoble Institut des Neurosciences, University Grenoble Alpes, France, utilized a 

chemical proteomics screen to aid in discovery of the TCP. Several compounds were 

already known to inhibit the formation of deTyr-Tub with two compounds E-64 and 

parthenolide containing a reactive epoxide thought to be necessary for their inhibitory 

activity. In the discovery manuscript by Aillaud et al., investigators used this knowledge 

to generate irreversible inhibitors of the enzyme by coupling the epoxide structure of E-

64 to terminal amino acid residues of the α-tubulin C-terminus. Utilizing these inhibitors 

and proteomic methods allowed for the group to determine VASH1 is a component of the 

TCP complex. The second group, Nieuwenhuis et al., utilized mutagenesis along with 

fluorescence-activated cell sorting (FACS) analysis to compare the amount of deTyr-Tub 

levels in different mutated cells. Once separated, populations of cells displaying different 
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phenotypes were cultured and analyzed for the causal mutations. This screening method 

identified mutations in SVBP as the strongest candidate gene among cells with low levels 

of deTyr-Tub. With their discovery that SVBP plays a role in the formation of deTyr-

Tub, Nieuwenhuis et al. then utilized prior knowledge that SVBP binds VASH1 and 

VASH2 to generate plasmid constructs of SVBP, VASH1, and VASH2 alone or VASH1 

with SVBP, or VASH2 with SVBP. Transfection of cells with these plasmid constructs 

enabled Nieuwenhuis et al. to understand the role of both proteins in α-tubulin 

detyrosination. Both groups simultaneously discovered the necessity of both proteins, 

SVBP and a VASH, for enzymatic function as the TCP. The requirement of both proteins 

for TCP activity likely led to the long delay in its discovery via genetic methods, despite 

observing the resulting tubulin modification for many decades and discovering many 

other tubulin modifying enzymes.25,26 

The PTM of α-tubulin detyrosination as performed by the TCP can be reversed 

via tubulin tyrosine ligase (TTL). The enzyme responsible for the addition of the tyrosine 

has been known since its discovery in 1975.25,26 More recently, studies have been 

performed in which the gene encoding the TTL was genetically deleted in mice. These 

knockout pups were born with a normal appearance, but death occurred soon after birth 

due to ataxia and respiratory failure. Further examination of these mice revealed 

abnormal neural development, specifically of the cortico-thalamic loop, despite an 

otherwise normal gross appearance of the brain.27 This work, along with many other 

studies into the role of tubulin modifications, has shown the importance of tubulin 

modifications in neuronal development. 
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It is currently thought that the balance between the activity of the TCP and TTL 

on α-tubulin determines the level and localization of deTyr-Tub in cells. Studies have 

previously shown that the level of deTyr-Tub varies throughout development and cell 

type, but examining the balance between the enzymatic activities has been limited by the 

unrevealed identity of the TCP. Prior studies therefore could only infer the amount of 

TCP activity through quantification of deTyr-Tub. It is known that deTyr-Tub is 

associated with increased stability when compared to its tyrosinated counterpart, but the 

requirement for its existence is not fully known. A study in a yeast based system has 

indicated that deTyr-Tub is not required for cell division in this model organism.28 

However, there are other more recent studies that have shown the tubulin 

detyrosination/tyrosination cycle is important in mammalian neural development.27,29,30 

The recent discovery of the TCP will aid in answering many questions about the role of 

deTyr-Tub in cell biology. 
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B.        Outcomes of Cancer with High Levels of deTyr-Tub 

Despite being unaware of the enzyme generating the tubulin modification, levels 

of deTyr-Tub in cancers have been studied for many years. The level of deTyr-Tub can 

be quantified using immunohistochemistry (IHC) and its relationship with patient 

outcomes has been observed over time. Prior to the discovery of the TCP, levels of 

deTyr-Tub were studied in primary breast tumors. One such study examined the 

relationships between elevated deTyr-Tub and other clinical markers in patients with all 

types of breast cancer (ER+, PR+ and TNBC). This study, “Tubulin detyrosination is a 

frequent occurrence in breast cancers of poor prognosis”, discovered a correlation 

between deTyr-Tub and a high pathologic mitotic score.31 Patient outcomes were 

compared between those with high and low expression of deTyr-Tub. In this somewhat 

limited data set of breast cancers (n=134), 46 patients had adverse outcomes following 

initial treatment and elevated deTyr-Tub trended with worse prognosis, but the difference 

was not statically significant (P=0.27). When deTyr-Tub status was combined with tumor 

grade (high deTyr-Tub score and high grade), patients were statistically more likely to 

have a poor prognosis (P=0.02). These findings, correlating high levels of deTyr-Tub 

with poor prognosis, paved the way for additional studies in the breast cancer field. More 

recently, expression of deTyr-Tub has been examined in circulating tumor cells (CTCs) 

isolated from patients with breast cancer.32 In this study levels of deTyr-Tub, along with 

other cytoskeletal markers, were compared in CTCs isolated from patients with early-

stage breast cancer to patients with metastatic disease. This study identified that CTCs 

from patients with metastatic disease expressed higher levels of deTyr-Tub, total α-
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tubulin, and vimentin compared to those with early-stage disease. Similar patterns of 

cytoskeletal markers have been seen in breast cancer cells which have undergone EMT.33 

Research into the role of deTyr-Tub has also been performed in prostate cancer 

and neuroblastomas. In work done by Souček et al., levels of deTyr-Tub and TTL were 

compared between prostate cancer cell lines and normal human prostate epithelia or 

immortalized normal prostate epithelia.34 In this study levels of deTyr-Tub were elevated 

in all cancer cell lines tested when compared to normal prostate tissue. In support of this 

finding, they also demonstrated that the TTL protein level is decreased in the same cancer 

cell lines. While these results were generated exclusively from in vitro data they suggest 

that the detyrosination/tyrosination cycle of α-tubulin is altered in prostate cancer. Some 

work has been done in understanding detyrosination and a further modification, Δ2 

tubulin, in neuroblastoma.35 This research revealed that high expression of TTL mRNA 

correlates with favorable tumor stages and an overall good prognosis. This group went on 

to study patient outcomes in the setting of these two α-tubulin modifications. These data 

revealed a significantly worse patient prognosis when tumors displayed increased Δ2 

tubulin, but no statistical difference was found for the level of deTyr-Tub in these 

patients. Additionally, this group found evidence that the detyrosination/tyrosination 

cycle is associated with neuronal differentiation and the level of differentiation of the 

neuroblastoma tumor cells. Overall these findings in breast cancer, prostate cancer, and 

neuroblastoma implicate the detyrosination/tyrosination cycle of α-tubulin in poor cancer 

prognosis and as potential biomarkers. 
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C.        Outcomes of cancers that have high VASH1/VASH2 expression 

In humans two genes have been identified in the family of vasohibins, VASH1 and 

VASH2. Prior to the TCP discovery in 2017, the established role of vasohibins focused 

primarily on regulation of angiogenesis. The differential expression of vasohibins in 

humans has been studied and VASH1 is expressed primarily in cells of endothelial origin 

and VASH2 is expressed predominantly in lineages derived from blood mononuclear 

cells. VASH1 and VASH2 are 52% homologous with each consisting of the same known 

functional domains. Their expression is induced by vascular endothelial growth factor 

(VEGF) and fibroblast growth factor (FGF-2), and the vasohibins functionally serve as 

inhibitors of angiogenesis.36 

With the anti-angiogenic role in mind, several groups examined the effect of 

VASH1 and VASH2 proteins levels on cancer outcomes. When thinking about 

angiogenesis from the perspective of cancer, rapidly proliferating cells have increased 

requirements for new blood supplies to survive. Therefore, one may predict that high 

levels of VASH1/2 would lead to better outcomes in patients as a result of limiting the 

supply of blood and nutrients. However, in several cancer types including triple-negative 

breast cancer (TNBC), head and neck squamous cell carcinoma (HNSCC), squamous cell 

carcinoma of the esophagus, and bladder carcinoma elevated levels of VASH1 or 

VASH2 predicted a poor prognosis. 37-41 These data combined with a recent review titled 

“The roles of vasohibin and its family members: Beyond angiogenesis modulators” 

implied that there may be other roles for the VASH1/2 proteins beyond angiogenesis.42 

This hunch of an alternate function for vasohibins was confirmed upon the discovery of 
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their role as the TCP along with SVBP. The specific findings in different cancer types 

help us to better understand their alternative function. 

In a study examining the prognostic significance of VASH1 expression in patients 

with HNSCC, elevated VASH1 was observed in tumor tissue and absent from adjacent 

normal tissue. VASH1 expression was determined based on IHC for tumor samples and 

patients were grouped based on high or low expression. When patient outcomes were 

followed over time, those whose tumor had high expression of VASH1 were observed to 

have a statistically significant decrease in progression free survival (PFS) and an increase 

in regional lymph node recurrence. These findings indicate that VASH1 expression at the 

time of diagnosis portends a poor prognosis, but no mechanism was proposed for these 

findings. Similar findings were observed in squamous cell carcinoma of the esophagus 

with increased expression of VASH1 and VASH2 correlating with shorter overall 

survival (OS). Of additional interest in a study of patients with bladder cancer, the level 

of VASH1 expression positively correlated with tumor stage, tumor grade, and the 

formation of distant metastasis.38 The correlation with distant metastasis in this study is 

of a high level of interest now that we understand the role of VASH as the TCP and the 

potential role of tubulin detyrosination in EMT. 

The role of VASH2 was studied in a subtype of breast cancer, TNBC, which has a 

poor prognosis and limited treatment options compared to the other subtypes of breast 

cancer. The expression of VASH2 was first compared to adjacent normal tissue in 

patients with TNBC and found to be upregulated in the tumor tissue.39 With this finding 

as a foundation, they set out to determine the effects of VASH2 in cancer cell lines which 

are known to be of the TNBC subtype. The cancer cell lines studied had elevated levels 
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of VASH2 mRNA and protein when compared to the immortalized breast epithelial line, 

MCF10A. When VASH2 was inhibited with a siRNA in the TNBC cell lines, treated 

cells displayed decreased growth rate and cell cycle arrest in the G2 and S phases. 

Coupled with the change in growth rate, it was also observed that TNBC cell lines with 

reduced VASH2 level had decreased invasion ability and increased expression of the 

epithelial surface marker E-cadherin.39 These two findings, decreased invasion capacity 

and increased E-cadherin expression, suggest that inhibition of VASH leads to a change 

in cellular phenotype that resembles the changes seen in mesenchymal epithelial 

transition (MET), the reversal of EMT.  
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D.        Connections between EMT, deTyr-Tub, and the TCP 

In the majority of cancers, it is well known that the leading cause of death is not 

due to the primary tumor, but rather metastatic lesions that develop throughout the body. 

The complex mechanisms of metastatic dissemination are not fully known; however, the 

mechanism of epithelial mesenchymal transition (EMT) is thought to play an important 

role.43 EMT is a biologically conserved process which occurs during embryonic 

development. During the developmental EMT process cells lose their tight cell-to-cell 

contacts in order to migrate in the developing organism.44 It is interesting to note that 

metastatic lesions often match the epithelial characteristics of the primary tumor in many 

forms of cancer. This discovery has led to the hypothesis that the EMT process which 

occurs during cancer dissemination must revert to the epithelial phenotype. This 

reversion process is referred to as a mesenchymal epithelial transition (MET).45 Several 

cellular proteins and transcriptional factors have been linked to different stages in this 

process. Markers of the epithelial phenotype include E-cadherin and the localization of β-

catenin to the cytoplasm or cell junctions. The markers of mesenchymal phenotype 

include N-cadherin, vimentin, Twist, and nuclear β-catenin.33,45,46 These markers are 

often used to understand the role of EMT in cancer and how alterations to the cells or 

cellular environment affect this process. 

The work “Epithelial-to-mesenchymal transition promotes tubulin detyrosination 

and microtentacles that enhance endothelial engagement” has shown that when cells are 

forced to undergo EMT via exogenous expression of the mesenchymal transcription 

factors Twist or Snail, levels of deTyr-Tub increase.47 The converse of this effect can be 

observed through the suppression of Twist in mesenchymal-like cells leading to a 
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decreased in the levels of deTyr-Tub. Increased expression of mesenchymal markers and 

deTyr-Tub have been observed at the leading edge of patient tumors where invasion of 

adjacent tissues is starting to occur.47 These findings complement much earlier work 

which revealed cells at a wound edge generate polarized deTyr-Tub oriented in the 

direction of the wound.48 The process by which deTyr-Tub and EMT are connected is 

currently unknown, however recent studies demonstrate that inhibition of VASH2 

expression through siRNA leads to a restoration of E-cadherin.39 This work was 

performed in breast cancer cell lines that are predominantly mesenchymal in phenotype 

and this manipulation forces these cells to undergo a MET-like conversion. This 

observation, combined with the recent elucidation of the role of VASH as the TCP, 

implies that microtubule modifications may play an essential role in the EMT process. 
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Chapter 4: Apoptotic Induction with Elevated deTyr-Tub 

 

A:        Introduction 

Given the discovery of the genetic identity of the predominant TCP as VASH1 or 

VASH2 coupled with SVBP, it is now possible to directly upregulate deTyr-Tub using 

overexpression constructs of these components.19,20 When the TCP constructs 

(VASH1+SVBP or VASH2+SVBP) are transfected into breast epithelial cells, MCF10A, 

an increase in deTyr-Tub can be observed that is specific to transfected cells and present 

in filamentous, polymerized microtubules.  Interestingly, when initially overexpressing 

these TCP constructs in breast epithelial cells and in some breast cancer epithelial cells 

with low basal levels of deTyr-Tub, the cells expressing TCP constructs persisted for 

much shorter durations compared to the sfGFP control vector. This phenomenon raised 

the question of the mechanism by which TCP expressing cells disappear faster than their 

sfGFP controls and led to the exploration of apoptotic induction in some breast epithelial 

cells and breast cancer cell lines following an increase in deTyr-Tub due to TCP 

overexpression. These findings are being published in the manuscript, “Tubulin 

carboxypeptidase (TCP) activity promotes focal gelatin degradation in breast tumor cells 

and induces apoptosis in breast epithelial cells that is overcome by oncogenic signaling” 

that has currently been accepted for publication in the journal Cancers and included in 

the subsequent section. 
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B:        TCP Research Manuscript 1 

Title: Tubulin carboxypeptidase (TCP) activity promotes focal gelatin 

degradation in breast tumor cells and induces apoptosis in breast epithelial cells that is 

overcome by oncogenic signaling 

Simple Summary: The recent discovery of the genetic identity of the tubulin 

carboxypeptidase (TCP) provides a unique opportunity to study the role of the 

detyrosination of α-tubulin (deTyr-Tub), as performed by the TCP, in breast epithelial 

cells and breast cancer cells. Previous research has shown that elevated deTyr-Tub 

conveys a poor prognosis in breast cancer and is upregulated in a coordinated manner at 

the invasive margin of patient tumor samples. Using TCP expression constructs, we have 

shown that increased deTyr-Tub promotes apoptosis in normal breast epithelial cells but 

not in the same cells with an oncogenic KRas mutation or Bcl-2/Bcl-xL overexpression. 

Furthermore, the addition of the TCP to the breast cancer cell lines MDA-MB-231 and 

Hs578t, also harboring Ras mutations, leads to increased focal gelatin degradation. 

Abstract: Post-translational modifications (PTMs) of the microtubule network 

impart differential functions across normal cell types and their cancerous counterparts. 

The removal of the C-terminal tyrosine of α-tubulin (deTyr-Tub) as performed by the 

tubulin carboxypeptidase (TCP) is of particular interest in breast epithelial and breast 

cancer cells. The recent discovery of the genetic identity of the TCP to be a vasohibin 

(VASH1/2) coupled with a small vasohibin binding protein (SVBP) allows for the 

functional effect of this tubulin PTM to be directly tested for the first time. Our studies 

 
1 This section contains excerpts from the published manuscript, “Tubulin carboxypeptidase (TCP) 
activity promotes focal gelatin degradation in breast tumor cells and induces apoptosis in breast 
epithelial cells that is overcome by oncogenic signaling” (Cancers, 2022) in which I served as 
first author. 
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revealed that immortalized breast epithelial cell line MCF10A undergoes apoptosis 

following transfection with TCP constructs, but the addition of oncogenic KRas or Bcl-

2/Bcl-xL overexpression prevents subsequent apoptotic induction in the MCF10A 

background. Functionally, an increase in deTyr-Tub via TCP transfection in MDA-MB-

231 and Hs578t breast cancer cells leads to enhanced focal gelatin degradation. Given the 

elevated deTyr-Tub at invasive tumor fronts and the correlation with poor breast cancer 

survival, these new discoveries help clarify how the TCP synergizes with oncogene 

activation, increases focal gelatin degradation, and may correspond to increased tumor 

cell invasion. These connections could inform more specific microtubule-directed 

therapies to target deTyr-tubulin. 

 

1. Introduction 

The vast majority of cancer mortality is due to metastasis, the process by which 

cancerous cells spread to distant organs and provides limited therapeutic options. In 

breast cancer specifically, greater than 95% of the mortality is associated with the spread 

of cancer to organs outside of the primary tissue.49  The process by which cancerous cells 

migrate from the primary tumor and establish distant metastases is complex and 

multiphasic. In order to improve outcomes for cancer patients, it is important to better 

understand the underlying cellular processes involved in metastasis to develop new 

therapeutic interventions. Research into drugs that target the metastatic cascade are 

especially needed since nearly all current breast cancer treatments aim to reduce the size 

of established tumors by slowing cell growth or inducing cell death.50 These therapeutics 

tend to take advantage of the fact that cancer cells divide more rapidly than many other 
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tissues in the body. One common target of anti-neoplastic agents is the microtubule 

network to inhibit rapid proliferation by blocking mitosis 51. Microtubule-targeted drugs 

are frequently used in cancer treatment and fall into two main categories: 

taxanes/epothilones, which promote microtubule stabilization, or vinca 

alkaloids/halichondrins, which promote microtubule depolymerization and collapse.51 

Microtubules are known to play an essential role in cellular processes such as replication, 

cell division, motility, cell polarity, and intracellular trafficking. 

Microtubules are essential cellular structures formed by polymerizing stacks of α-

tubulin/β-tubulin heterodimers that originate at the microtubule organizing center 

(MTOC) in most mammalian cells. Microtubules are dynamic structures within the cell, 

and as they form and grow, post-translational modifications (PTMs) can be made to both 

α- and β- tubulin, modulating their stabilities and half-lives.18 These modifications are 

known to play specific roles in animal cells, often with tissue or cell-type specific 

functions.18 Removal of the carboxy-terminal tyrosine of α-tubulin generates the PTM 

termed detyrosinated tubulin (deTyr-Tub), previously known as glu-tubulin. This tubulin 

PTM can then be further modified through the removal of revealed glutamic acid residues 

via a family of tubulin deglutamylases, CCP1-6, to generate ∆2 or ∆3 tubulin. 

Importantly, microtubules with increased stability often contain higher levels of deTyr-

Tub, with those enriched in deTyr-Tub displaying an increased half-life of >1 hour 

compared to 5-10 minutes for microtubules composed of the tyrosinated form of α-

tubulin.23  

The detyrosination of α-tubulin has been known for more than 40 years, with two 

important enzymes composing the complete cycle of tyrosine removal and replacement, 
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the tubulin tyrosine ligase (TTL) and the tubulin carboxypeptidase (TCP).52 The genetic 

identity of the TTL was first discovered in 1993, but the genetic identity of the TCP 

remained elusive for decades.53 Research into the mechanism of action of TTL revealed 

the TTL enzyme has affinity for α- and β- tubulin heterodimers, the building blocks of 

microtubules, rather than polymerized microtubules.54-56 Whereas evidence has suggested 

that the TCP is acting on polymerized microtubules.57-59 Despite not knowing the identity 

of the TCP, the resulting deTyr-Tub modification was able to be studied through direct 

observation of the PTM. Given the previously unknown identity of the TCP, very few 

compounds were available to specifically inhibit the formation of deTyr-Tub. One such 

compound is parthenolide, a sesquiterpene lactone isolated from the feverfew plant. It has 

been previously shown that parthenolide decreases levels of deTyr-Tub, however 

determining a specific mechanism by which this drug modulates tubulin is hampered by 

its broad spectrum anti-inflammatory effect.60 One study revealed the ability of 

parthenolide to bind with VASH1 via crystal structure,61 while another has suggested that 

a specific enantiomer of parthenolide is responsible for its function in reducing deTyr-

Tub.62 Recent work determined that parthenolide binds covalently to microtubules to 

non-specifically prevent the generation of deTyr-Tub.63 

When examining the role of deTyr-Tub in cancer development and progression, 

research performed prior to the discovery of the identity of the TCP revealed a 

connection between detyrosinated microtubules, poor patient prognosis, and connection 

to migratory phenotypes. Early research revealed that microtubules composed of deTyr-

Tub orient towards a wound edge in vitro using a scratch assay.48 Before the discovery of 

the TCP, levels of deTyr-Tub were studied in primary breast tumors. One such study 
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examined the relationships between elevated deTyr-Tub and other clinical markers in 

patients with all types of breast cancer (ER+, PR+ and TNBC) revealing a correlation 

with a high pathologic mitotic score.31 In this somewhat limited data set of breast cancers, 

patient outcomes were compared between those with high and low expression of deTyr-

Tub and (n=134), 46 patients had adverse outcomes following initial treatment and 

elevated deTyr-Tub trended with worse prognosis, but the difference was not statistically 

significant (P=0.27). When deTyr-Tub status was combined with tumor grade (high 

deTyr-Tub score and high grade), patients were statistically more likely to have a poor 

prognosis (P=0.02). These findings paved the way for additional studies in the breast 

cancer field. More recently, expression of deTyr-Tub has been examined in circulating 

tumor cells (CTCs) isolated from patients with breast cancer.32,64 In one study, levels of 

deTyr-Tub, along with other cytoskeletal markers, were compared in CTCs isolated from 

patients with early-stage breast cancer to those from patients with metastatic disease.64 

This study identified that CTCs from patients with metastatic disease expressed higher 

levels of deTyr-Tub, total α-tubulin, and vimentin compared to those with early-stage 

disease. Similar patterns of cytoskeletal markers have been seen in breast cancer cells 

which have undergone epithelial-to-mesenchymal transition (EMT). 33 

The complex mechanisms of metastatic dissemination are not fully known, 

however the mechanism of EMT is thought to play an important role.43 EMT is a 

biologically conserved process which occurs during embryonic development where cells 

lose their tight cell-to-cell contacts in order to migrate in the developing organism.44 

Research has shown that when breast cancer cells are forced to undergo EMT via 

exogenous expression of the mesenchymal transcription factors, Twist or Snail, levels of 
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deTyr-Tub increase. Conversely, this effect can be observed through the suppression of 

Twist in mesenchymal-like cells leading to a decrease in the levels of deTyr-Tub. 

Increased levels of deTyr-Tub are observed in cells undergoing EMT at the invasive 

fronts of patient breast tumors where invasion of adjacent tissues is starting to occur.47 

These findings complement much earlier work which revealed cells at a wound edge 

generate polarized deTyr-Tub rich microtubules oriented in the direction of the 

wound.48,65 

All of these earlier studies into the function and regulation of deTyr-Tub were 

hampered by the inability to target the unknown TCP enzyme and has limited our 

understanding of the role of TCP in cancer. However, the major TCP enzymes were 

recently discovered to be vasohibin 1 (VASH1) or vasohibin 2 (VASH2) coupled with a 

small vasohibin binding protein (SVBP) in late 2017.19,20 Recent publications have shown 

the importance of SVBP as a core element essential for tubulin detyrosination. 66,67 The 

discovery of the TCP to be VASH1 or VASH2 coupled with SVBP has revealed the 

mechanism by which α-tubulin is converted to deTyr-Tub. This detyrosinated α-tubulin 

can subsequently have the tyrosine replaced by the TTL. Given our current understand of 

the tubulin detyrosination cycle and the enzymes involved allows for the functional 

effects of this tubulin PTM to be directly tested for the first time.  

The process by which deTyr-Tub and EMT are connected remains unknown, 

however recent studies involving the inhibition of VASH2 expression through siRNA 

leads to a restoration of E-cadherin.39 This work was performed in breast cancer cell lines 

that are predominantly mesenchymal in phenotype and this manipulation forces these 

cells to undergo a mesenchymal-to-epithelial conversion. This observation, combined 
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with the recent elucidation of the role of VASH/SVBP as the TCP, implies that 

microtubule modifications may play an essential role in the EMT process. 

Existing knowledge of the role of deTyr-Tub in cells coupled with the recently 

established genetic identity of the TCP allows for us to directly increase deTyr-Tub 

through the systematic addition of the TCP components. Transfection of TCP constructs 

into immortalized breast epithelial cells induced apoptosis that was suppressed by 

activated KRas, Bcl-2 and Bcl-xL overexpression. Breast cancer cells could tolerate 

elevated TCP expression and demonstrated greater tumor cell invasion. Together, these 

results demonstrate that oncogenic signaling pathways can enable tolerance of an 

elevated level of deTyr-Tub and that TCP transfection promotes increased invasiveness. 

 

2. Materials and Methods 

2.1. Antibodies and reagents: 

Bcl-xL antibody (1:1000, Cat#: ab32370) and VASH1 (1:1000, Cat#: ab199732) were 

purchased from Abcam. Bcl-2 antibody (1:1000, Cat #: 15071S), and Cleaved Caspase-3 

(1:1000, Cat#: 9661S) were purchased from Cell Signaling Technologies. α-tubulin 

(1:1000, Cat#: T6199), FLAG (1:1000, Cat#: F3165), Tyr-Tub antibody (1:1000, Cat# 

MAB1864-I), and VASH2 (1:1000, Cat#: MABC536) was purchased from Sigma. 

GAPDH (1:5000, Cat#: sc-32233) was purchased from Santa Cruz. SVBP (CCDC23, 

1:1000, Cat#: PA5-52569) was purchased from Invitrogen. The deTyr-Tub antibody was 

developed by Takashi Hotta and Ryoma Ohi.63 This antibody is now commercially 

available through RevMab under catalogue number RM444 (1:10000). Alexa Fluor 568 
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(1:1000, Cat#: A11011), Alexa Fluor 594 (1:1000, Cat#: A11012) and Hoechst 33258 

(1:5000, Cat#: H3569) were purchased from Invitrogen. 

 

2.2. Cell Culture: 

MCF-10A cells were purchased from ATCC and cultured in DMEM/F-12 Media 

(Invitrogen, Cat#10565-018) supplemented with 5% Horse Serum (Invitrogen, Cat# 

26050-088), 1% Pen/Strep (Gemini Bio-products, Cat# 400-109), Recombinant Human 

EGF (Invitrogen, 100µg/500mL), Hydrocortisone (Sigma H-0135, 50µg/ml), Cholera 

Toxin (Sigma C-8052, 50µg/500ml), and Insulin (Sigma I-9278, 10 µg/ml). The parental 

MCF-10A cells were not passed beyond 35 passages in our laboratory, in accordance 

with protocols published from the Brugge Laboratory, to preserve their growth profile, 

and sensitivity to apoptosis and anoikis.68 

MCF7 and MDA-MB-231 cells were purchased from ATCC and cultured in DMEM 

Media supplemented with 10% FBS (Atlanta Biologicals, R&D Systems) and 1% 

Pen/Strep (Gemini Bio-products, Cat# 400-109). 

MCF10A cells with homozygous loss of PTEN or stable expression of activated KRas 

have been described previously, and characterized for effects on primary tumor formation 

and metastasis. The MCF10As with activated KRas pathway are able to form tumor in 

vivo and show a strong upregulation of p-ERK.69-71 MCF10A cells with stable expression 

of Bcl-2 and Bcl-xL were generated using lentiviral transduction of Bcl-2 or Bcl-xL 

plasmids containing a puromycin selection vector obtained from Addgene (see 

‘Lentivirus production and transduction’ below).  
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2.3. Lentivirus production and transduction: 

Overexpression of Bcl-2 and Bcl-xL in MCF10A cells were performed by lentiviral 

transduction using the Lenti-X Packaging System (Clontech) according to manufacturer’s 

instructions. The pCDH-puro-Bcl2 plasmid (Addgene plasmid #46971) and pCDH-puro-

Bcl-xL (Addgene plasmid #46972) were added into supplied nanoparticle complexes for 

10 minutes and applied to Lenti-X 293T cells to produce virus. Media was changed after 

24h and viral supernatant was harvested after 48h, filtered, and used to infect cells at an 

approximate MOI of 10 along with 1 µg/mL Polybrene. The plate was then immediately 

centrifuged for 1.5 hours at 1000 rpm. Two days after infections, cells were selected with 

1 µg/mL puromycin and maintained in puromycin-containing media. Puromycin was 

removed from the media for experimental conditions. pCDH-puro-Bcl2 and pCDH-puro-

Bcl-xL was a gift from Jialiang Wang.72 

 

2.4. Transient Transfections: 

TCP and Individual Component Plasmids 

FLAG-sfGFP-His 

FLAG-VASH1-sfGFP-His 

FLAG-VASH2- sfGFP-His 

FLAG-SVBP-myc 

FLAG-VASH1-sfGFP-His + IRES + SVBP-myc 

FLAG-VASH2-sfGFP-His + IRES + SVBP-myc 

These plasmids for expression of the TCP components were generously provided through 

our collaboration with the Moutin group.19 
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Transfections were performed 24 hours after plating cells at the indicated density for each 

given experiment after being harvested from a ~80-90% confluent tissue culture dish. 

The plasmid of interest was prepared at a concentration of 2µgDNA/100µL at a ratio of 

1µg to 3µL of FuGene HD transfection reagent (Promega, Cat#: E2311).  

 

2.5. Live Imaging: 

Epi-fluorescence images of transfected cells were captured with a Nikon Ti2E 

microscope with High Content Analysis (HCA). Images were collected with equal 

exposure times between conditions. A 10x Phase contrast objective was utilized to 

capture images of the central 5mm square of each well on the IBIDI 8-well chamber slide 

with IBITreat (Fitchburg, Wisconsin; Cat.No:80826) were stitched together by the Nikon 

Elements software AR 5.21.03 (Nikon). Using the GFP channel of these images, GFP+ 

objects were detected using the Nikon GA3 analysis suite. Objects were determined 

based on having an intensity greater than 12,000 RFUs and a size greater than 10µm but 

less than 150µm to identify individual cells rather than cellular debris or aggregates, 

respectively. A 2x clean and separate filter was employed to remove additional debris and 

separate adjacent cells into unique objects. With individual GFP+ objects identified, the 

number of objects was enumerated using the Nikon General Analysis software, as well as 

the cell length and circularity for each object. 

 

2.5. Single Cell Imaging and Tracking: 

MDA-MB-231 or Hs578t cells were transfected with sfGFP or TCP constructs 

and moved to IBIDI 8-well chamber slide with IBITreat (Fitchburg, Wisconsin; 
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Cat.No:80826) 12 hours after transfection and allowed to attach for 12 hours before 

imaging. One to two fields of cells were imaged in each condition using a 10X phase 

contrast objective in GFP and brightfield channels every 15 minutes for 19 hours. Images 

were processed using the ImageJ plugin TrackMate to identify GFP+ cells and track them 

across the time series.73 Tracks were filtered based on a minimum duration of 5 hours 

with no maximum duration in length. These tracks were exported and analyzed using the 

MotilityLab platform.74 Plots were generated for mean squared displacement (MSD) and 

mean track speed in MotilityLab using the aggregate data across biological and technical 

replicates. 

 

2.6. Immunofluorescence: 

Cells were fixed using freshly prepared 3.7% formaldehyde diluted in 1x 

phosphate buffered saline (PBS) for 10 minutes. The fixation reagent was removed and 

two washes of 1x PBS were performed 5 minutes apart. Fixed cells were permeabilized 

using a 0.1% v/v ratio of Triton-X100 in PBS. The permeabilization solution was left on 

the cells for 10 minutes followed by two washes of PBS 5 minutes apart. Cells were 

blocked in a solution containing 5% bovine serum albumin (BSA) w/v, 0.5% v/v ratio of 

NP-40 substitute in PBS for one hour at room temperature while being protected from 

light. Primary antibodies were added at the outlined ratios in primary antibody solution 

consisting of a 2.5% BSA w/v ratio, with 0.5% v/v ratio of NP-40 substitute in 1X PBS. 

Primary antibodies were allowed to bind overnight at 4 degrees Celsius with gentle 

rocking. Removal of unbound and non-specific antibody was accomplished with three 

consecutive washes with PBS 10 minutes apart with gentle rocking during the incubation 
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steps. Secondary antibodies conjugated to indicated Alexa fluorophores were diluted in 

fresh primary antibody solution and diluted at 1:1000, for nuclear co-staining a 1:5000 

dilution of Hoescht 33258 is added to the secondary antibody solution. Cells were stained 

for 2 hours at room temperature. Removal of unbound and non-specific antibodies was 

accomplished with three consecutive washes with PBS 10 minutes apart with gentle 

rocking during the incubation steps. A final quick wash with double distilled water was 

performed before adding Fluoromount-G (SouthernBiotech, Cat# 0100-01). 

 

2.7. Active Caspase-3 Immunofluorescence Assay: 

Cells were seeded at 15,000 cell/well onto IbiTreat 8 well chambers and allowed 

to adhere for 24 hours. They were subsequently transfected with sfGFP, TCP-VASH1, or 

TCP-VASH2 plasmids for 24 hours. The cells were then fixed, permeabilized and stained 

as described above with a cleaved Caspase-3 antibody and an Alexa Fluor 594 secondary 

antibody. Images were acquired on a Nikon Ti2-E inverted microscope at 10X 

magnification. To analyze these images, first, the boundary of a successfully transfected 

cell was identified using the GFP channel in Nikon HCA to create an object for each cell. 

The same metrics to identify GFP+ objects were utilized as from the imaging of 

transfected live cells. With each object identified, the boundary of the object was slightly 

eroded to ensure that the AF549 intensity associated with Caspase-3 is only a result of 

that cell, and not any adjacent cells or debris. The average AF594 intensity of the cell is 

then calculated for each eroded object. Cells were determined to be positive for active 

Caspase-3 when the average 594 intensity of the GFP+ object was calculated to 

be >10,000 RFUs. 
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2.8. Western Blotting: 

Cells were lysed at the indicated time point using a chilled solution of 1X RIPA 

containing phenylmethylsulfonyl fluoride (PMSF), protease inhibitor cocktail, and 

phosphatase inhibitor cocktail II. Dishes or plates containing the cells of interest were 

placed on a bed of ice for 15 minutes following the addition of the RIPA solution. Cells 

were scraped from the dish using a cell scraper and lysates collected in a 1.5mL 

microcentrifuge tubes. These cells were vortexed every 5 minutes for the next 15 

minutes, and then placed in the -30C freezer until ice crystals formed. The tubes were 

then thawed on wet ice and centrifuged at 15,000 rcf for 15 minutes. The supernatants 

were removed and placed in a new microcentrifuge tube, while the resulting pellets were 

discarded. The resulting total protein was quantified using the BioRad DC Protein Assay 

Kit according to manufacturer’s recommended protocol. Samples and standards were 

read on a BioTek Synergy HT plate reader after a 15-minute incubation period. Samples 

were diluted to a final concentration of 1µg/µL, boiled at 95°C for 10 minutes, and 

loaded in gels at equal volumes and total protein quantity. 

20µg of total protein was added to each lane of a 1.5mm X 10 well NuPAGE 4-

12% Bis-Tris Gel (Invitrogen, Cat# NP0335BPX). Loaded gels were run using 1X 

NuPAGE MES SDS Running Buffer using two constant voltage phases, the first phase is 

90 volts for 30 minutes, followed by 120 volts for 90 minutes. Gels are trimmed and 

transferred to a PVDF membrane using the eBlot™ L1 Fast Wet Transfer System 

(GenScript). Membranes were blocked in either 5% BSA in 1X TBST or 5% non-fat dry 
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milk in 1X TBST rocking for 1 hour at room temperature. Primary antibodies were added 

to 2.5% BSA or non-fat dry milk in 1X TBST shaking overnight at 4 degrees Celsius. 

Removal of unbound and non-specific antibody was accomplished with three consecutive 

washes of 1X TBST shaking for 10 minutes each. HRP-conjugated secondary antibody 

was diluted at 1:5000 in 2.5% BSA or non-fat dry milk in 1X TBST and incubated for 2 

hours at room temperature with gentle rocking. Removal of unbound and non-specific 

antibody was accomplished with three consecutive washes of 1X TBST rocking for 10 

minutes each. Electrochemiluminescence reagent (Amersham) was added to blots for 2 

minutes before capturing images on the iBright imager (ThermoFisher). 

 

2.9. Chemiluminescence and Molecular Weights: 

Using the iBright Software (ThermoFisher), the molecular weights of bands of 

interest can be determined. For each blot, the SeeBlue™ Plus2 Pre-stained Protein 

Standard (LC5925, Invitrogen) was used. The software allows for each band of the 

marker to be identified. Using these as the standard, the molecular weight of a band of 

interest is calculated by the software. 

 

2.10. Gelatin Degradation Assay: 

The Cy-3 labeled gelatin degradation assay kit (Sigma, Cat#: ECM671) was 

purchased from EMD Millipore and the manufacturer’s protocol was followed to 

generate gelatin coated 8 chamber IBIDI well slides (Cat: 80826, poly-L-lysine coated). 

To generate a more consistent layer of fluorescent gelatin, 100µL of prepared gelatin was 

added to each well and constantly rotated during the 5-minute solidification time in the 
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protocol. MDA-MB-231 cells were transfected 24 hours prior to plating on prepared 

gelatin and cells were fixed using 3.7% formaldehyde diluted in 1X PBS after 24 hours 

on the gelation. Hs578t cells were transfected 24 hours prior to plating on prepared 

gelatin, and cells were fixed 48 hours after plating using 3.7% formaldehyde diluted in 

1X PBS. Ten GFP+ cells were imaged at random on an Olympus FV1000 point-scanning 

confocal microscope at 60x magnification from each well to generate 20 or 30 images per 

condition per biological replicate. Four biological replicates were performed. A total of 

110 cells were imaged per condition per cell line. 

For each image, degradation percentages were calculated in MATLAB based on a 

maximum intensity projection (MIP) of the original images. GFP MIP images were 

filtered with multiple sizes of Laplacian of Gaussian filters ranging from a sigma of 2 

pixels to 20 pixels, increasing in 1-pixel increments.  A maximum intensity projection 

across the filtered images resulted in an image highlighting the cell body; a threshold for 

this image was set at values greater than the 75th percentile of the filtered maximum 

projection. Objects less than 10 pixels were removed and values in a 20-pixel border 

around the edge of the image were set to 0 to remove edge effects.  This image was 

further process by closing the binary image with a disk of radius 4 pixels, filling holes in 

the image, and then removing objects less than 50,000 pixels.  The MIP of the Cy-3 

images were contrast adjusted using the MATLAB function Imadjust (default of 1% 

saturation) and then the image was binarized to keep values less than 10,000.  A further 

constraint that the original intensity be less than 1200 was then added and objects smaller 

than 10 pixels were removed. Percent degradation was calculated as the number of 
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degraded pixels in the Cy-3 image that were inside the cell boundary, divided by the 

number of pixels inside the cell boundary. 

After cells were fixed, one slide per cell line was permeabilized for 10 minutes 

with 0.25% TritonX100 in PBS. These cells were then stained with phalloidin conjugated 

to AF647 at a 5X stock concentration in PBS for 30 minutes. Cells were washed three 

times with PBS and preserved using Fluoromount-G. Cells were imaged on an Olympus 

FV1000 point-scanning confocal microscope at 60x magnification and representative 

overlay of image channels were generated using ImageJ. 

 

2.11. Statistical analysis: 

GraphPad Prism (version 9) was used to determine all statistical comparisons. 

One-way and two-way ANOVA tests were performed with a Tukey multiple 

comparisons post-test as indicated. A p-value of 0.05 or less was considered statistically 

significant. Multiple technical replicates were averaged for each experiment, and the 

means were compared across biological replicates. 

 

3. Results 

3.1. VASH1/2 in combination with SVBP increase tubulin detyrosination in breast 

epithelial cells and breast cancer cell lines 

The plasmids developed by the Moutin group in their manuscript that reported the 

discovery of TCP were used for transfection experiments.19 The plasmid constructs under 

CAG promoters are as follows: FLAG-sfGFP, FLAG-VASH1-sfGFP, FLAG-VASH2- 

sfGFP, and FLAG-SVBP-myc-tag as well as FLAG-VASH1-sfGFP and FLAG-VASH2-
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sfGFP plasmids with an internal ribosomal entry site (IRES) for SVBP-myc-tag. We 

confirmed that the TCP constructs, TCP-VASH1 or TCP-VASH2 that express both the 

enzymatically active vasohibin and SVBP under an IRES, specifically increase deTyr-

Tub in breast epithelial cells (Figure 6). The combination constructs containing VASH1 or 

VASH2 plus IRES SVBP will be referred to as TCP-VASH1 or TCP-VASH2. Transfection 

of these plasmids leads to a specific increase in filamentous deTyr-Tub in those cells 

expressing the VASH-sfGFP fusion protein in MCF10A (Figure 6A). 

 

Figure 6. VASH1/SVBP and VASH2/SVBP increase deTyr-Tub in a specific and time 
dependent manner.  
A. MCF10A cells transfected with a plasmid containing sfGFP, VASH1-sfGFP-IRES-
SVBP, or VASH2-sfGFP-IRES-SVBP and immunostained for deTyr-Tub (red) as well as 
the nuclear stain Hoescht 33342 (blue) Scale bar = 20 µm B. MCF10As were transfected 
with the same constructs as in panel A and lysed at times 0, 16h, 24h, and 48h post 
transfection. Primary antibodies against deTyr-Tub, α-tubulin , GAPDH, and FLAG-tag 
were incubated with HRP-conjugated secondary antibodies. sfGFP, VASH1, and VASH2 
expressed on the plasmids are FLAG-tagged, allowing for the simultaneous visualization 
of all three proteins at various molecular weights. C. MCF7 cells were transfected with 
the same plasmids as in panel A and processed in the same manner for visualization of 
deTyr-Tub rich microtubules. D. MCF7 cells were transfected with the same constructs 
as in panel A, and probed for the protein targets as in panel B. The values under deTyr-
Tub indicate the raw intensity/1000 for the band above without any normalization.  
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Immunofluorescence demonstrates that elevated deTyr-Tub appears in the polymerized, 

filamentous microtubules within transfected MCF10A cells. Immunoblotting confirms an 

increase in deTyr-Tub in MCF10As at 16 hours post-transfection, reaching a maximum at 

24 hours post-transfection, which begins to dissipate at 48 hours post-transfection (Figure 

6B). The reduction from peak levels of deTyr-Tub at 48 hours is more profound in the 

VASH2 TCP transfected cells than the VASH1 TCP transfected cells for breast epithelial 

cells. The sfGFP, VASH1-sfGFP, VASH2-sfGFP, all contain an N-terminal FLAG-tag, 

probing with a FLAG-antibody allows for the detection of all three proteins at their 

respective molecular weights. A decrease in VASH1 and VASH2 can be seen at a similar 

time as the decrease in deTyr-Tub, but the loss of the transfected protein does not occur 

with FLAG-tagged sfGFP.  

Similarly, the breast cancer cell line MCF7 displays an increase in filamentous deTyr-

Tub when transfected with the TCP constructs (Figure 6C). The time course following 

transfection of MCF7s shows an increase in deTyr-Tub beginning at 16 hours and 

continues through the 48-hour time-point for both TCP constructs. The amount of FLAG-

tagged VASH1 and VASH2 protein expression increases less over time compared to the 

increase in sfGFP. These data reveal that transfection of the TCP constructs can increase 

deTyr-Tub in breast epithelial cells and breast cancer cells, but in epithelial cells that 

increase is transient and protein levels drop rapidly compared to sfGFP control (Figure 

6C). The conversion of Tyr-tub to deTyr-Tub in cells transfected with the TCP constructs 

can be visualized by immunostaining performed in Figure 7. The top two bands per cell 

line are reproduced from Figure 6, and the same lysates were probed for Tyr-Tub and 

GAPDH for the bottom two bands for each cell line in Figure 8. 
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Figure 7. TCP constructs effectively convert Tyr-Tub to deTyr-Tub.       
A. MCF10A cells were transfected with sfGFP, TCPV1 or TCPV2 constructs for 24 
hours prior to fixation and staining for Tyr-Tub (cyan) or deTyr-Tub (red). Cells 
transfected with TCP constructs (green) show a profound increased in deTyr-Tub and 
decrease in Tyr-Tub. B. MCF7 cells transfected with the same constructs as in panel A 
show an increase in deTyr-Tub (red) and corresponding decrease in Tyr-Tub(cyan) only 
in cells transfected with TCP constructs (green). Scale bar = 20µm. 
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Figure 8. VASH1/SVBP and VASH2/SVBP increase deTyr-Tub and decrease Tyr-Tub in a 
specific and time dependent manner. 
Using the same lysates from Figure 7, primary antibodies against Tyr-Tub and GAPDH 
were incubated with HRP-conjugated secondary antibodies. The bands for deTyr-Tub 
and GAPDH for deTyr-Tub are reproduced from Figure 7 into this figure for allow for 
direct comparison between deTyr-Tub and Tyr-Tub across the expression of the different 
protein expression constructs. 
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3.2. Expression of both TCP components robustly increases deTyr-Tub in MCF10As and 

MCF7s 

To assess the effect of the individual TCP components or the combination of 

components, MCF10As and MCF7s were transfected with sfGFP control, TCP-VASH1, 

TCP-VASH2, VASH1 alone, VASH2 alone, or SVBP alone and lysates collected at 24 

hours post-transfection. The greatest increase in deTyr-Tub can be observed in the TCP-

VASH1 and TCP-VASH2 constructs, while the constructs with VASH1 and VASH2 alone 

moderately increase deTyr-Tub. This effect can be seen in both the breast epithelial cell 

line, MCF10A (Figure 9A and B), and breast cancer cell line, MCF7 (Figure 9C and D). 

Furthermore, constructs expressing sfGFP and SVBP are comparable in their basal level 

of deTyr-Tub (Figure 9B, D). The slight difference in molecular weight for the SVBP 

expressed under the IRES compared to that expressed alone is due to a His-tag present in 

the SVBP alone construct. Despite similar levels of vasohibin as observed by FLAG 

immunoblotting, the TCP constructs which co-express SVBP are the most effective at 

increasing deTyr-Tub. When examining the effect of the TCP components via 

immunofluorescence, the combination of vasohibin and SVBP detyrosinates the vast 

majority of filamentous microtubules within the cell (Figures 6, 7).  However, vasohibin 

alone only detyrosinates a subset of microtubules, and SVBP alone has no effect on the 

abundance of deTyr-Tub (Figure 9B, 8D). The same lysates from Figures 9A and 9C 

were also probed for the conversion of Tyr-Tub to deTyr-Tub following TCP transfection 

(Figure 10). 
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Figure 9. TCP-VASH1 and TCP-VASH2 plasmids lead to the maximal deTyr-Tub 
increase in MCF10A human mammary epithelial cells and MCF7 breast cancer cells.  
A. MCF10A cells were plated and transfected with a CAG plasmid containing TCP-
VASH1, TCP-VASH2, VASH1-sfGFP alone, VASH2-sfGFP alone, or SVBP alone for 24 
hours prior to being lysed with RIPA buffer. The TCP-VASH1 or TCP-VASH2 constructs 
generate the highest level of deTyr-Tub after 24 hours. SVBP did not increase deTyr-Tub 
compared to sfGFP control, while VASH1 and VASH2 alone generated an intermediate 
increase in deTyr-Tub. Probing with the FLAG-tag antibody reveals the presence of 
sfGFP, vasohibin, or SVBP alone. The expression of SVBP can be visualized in both the 
SVBP alone and IRES-expressed TCP constructs given the myc-tag on SVBP. B. 
Immunofluorescence staining for deTyr-Tub revealed that the increase in deTyr-Tub with 
vasohibin alone is filamentous, but not present in all transfected cells. SVBP transfection 
was determined by using a primary antibody (1:1000) to stain for the c-Myc tag on SVBP 
and a secondary 488 antibody (1:1000) to determine positive cells. No change in deTyr-
Tub is observed in the cells transfected with SVBP alone. C. MCF7 cells were plated and 
transfected with the same plasmid constructs as in panel A with collection of the protein 
lysate 24 hours after transfection. The lysates were run on a Western blot and probed for 
the same protein targets as in panel A. D. Immunofluorescence imaging of MCF7 cells 
transfected with the individual components of the TCP, and stained for deTyr-Tub 
filaments in the same manner as panel B. The values under deTyr-Tub indicate the raw 
intensity/1000 for the band above without any normalization. 
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Figure 10. VASH1/SVBP and VASH2/SVBP increase deTyr-Tub and decrease Tyr-Tub.  
Using the same lysates from Figure 9, primary antibodies against Tyr-Tub and GAPDH 
were incubated with HRP-conjugated secondary antibodies. The bands for deTyr-Tub 
and GAPDH for deTyr-Tub are reproduced from Figure 9 into this figure for allow for 
direct comparison between deTyr-Tub and Tyr-Tub across the expression of the different 
protein expression constructs. 
 
 
3.3. TCP expression leads to changes in cell morphology suggestive of apoptosis  

When imaging MCF10A cells transfected with the TCP constructs, several cells 

displayed visual characteristics of apoptosis, apoptotic vesicles staining for deTyr-Tub 

and the sfGFP-tagged vasohibin, as well as nuclear consolidation in a subset of cells 

(Figure 11A). The decrease in transfected vasohibin protein levels compared to sfGFP 
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(Figure 6B), and visualization of apoptotic morphologies were indicative of possible 

programmed cell death. To test this, we transfected MCF10A cells and imaged them in 

both phase contrast and 488nm channel at 16, 24, and 48 hours after transfection using a 

Nikon Ti2E with High Content Analysis (HCA) (Figure 11B). The number of transfected 

cells, size, and circularity were determined for sfGFP positive objects at 24- and 48-hours 

post-transfection. Interestingly, MCF10A cells expressing the TCP-VASH1 and TCP-

VASH2 were significantly less numerous, shorter in length, and more circular (Figure 

11C), when compared to control cells expressing sfGFP. Using an breast cancer cell line, 

MCF7, transfected with the same plasmid constructs resulted in a similar trend and 

cellular morphology (Figure 11D). Like in the breast epithelial cells, MCF7 cells 

transfected with the TCP constructs become smaller and less numerous compared to the 

sfGFP control vector. Interestingly, no significant change in cell circularity was observed 

in the MCF7s, likely due to the cells having a more circular morphology at baseline. 

 

Figure 11. TCP expression induced cell death in MCF10s and MCF7s.  
A. MCF10A cells transfected with a TCP-VASH1 construct was stained for deTyr-
Tub(red, 1:1000) and the nuclei stained with Hoechst 33342 (blue, 1:5000). This image 
shows nuclear condensation and the formation of apoptotic-like bodies which are positive 
for the VASH1-sfGFP fusion protein as well as deTyr-Tub. Scale bar = 50µm B. 
MCF10A cells were imaged 16, 24, and 48 hours post-transfection in both phase contrast 
and the GFP channel. Representative images of the GFP channel overlaid on phase 
contrast show cell rounding in the TCP-VASH1 and TCP-VASH2, but not in the sfGFP 
control. Scale bar = 100µm C. Using the HCA Nikon Analysis software, sfGFP positive 
objects were identified. To compare condition, the number of objects, length and 
circularity of each object were quantified. TCP transfected MCF10A cells showed a 
lower cell number, decrease in cell size, and an increase in circularity compared to the 
sfGFP control. D. MCF7 cells showed a decrease in cell number, and size for TCP 
transfections compared to sfGFP control. There was no significant difference in cell 
circularity amount constructs in MCF7 cells. * p<0.05, ** p<0.01, ***, p<0.001, 
****p<0.0001 n=4; triplicate. 
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3.4. TCP transfection-induced apoptosis is prevented through oncogenic signaling 

These data above suggested that the TCP constructs may be inducing apoptotic cell death 

in transfected cells, so we developed a method utilizing immunofluorescence to stain 

transfected cells with an active Caspase-3 primary antibody (CST-9661S) and an AF594-

conjugated secondary antibody. Transfected cells were fixed, permeabilized, and stained 

for the presence of active Caspase-3. These cells were imaged at 488nm and 594nm for 

the vasohibin-sfGFP-fusion protein and active Caspase-3, respectively. The distribution 

of AF594 intensities for sfGFP+ objects is shown in Figure 12, with the baseline cutoff 

shown as a red vertical line. This same cutoff was used for all MCF10A variant cell lines 

to determine the apoptotic double-positive cells that is graphed and analyzed in Figure 

13. 
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Figure 12. Distributions of Active Caspase3 Intensities Across Transfected MCF10A 
Cell Lines.  
A distribution of active Caspase3 intensities for GFP positive transfected cells were 
plotted as histograms. MCF10A (A), MCF10A Pten-/- (B), MCF10A KRas (C), and 
MCF10A Pten-/- KRas (D) cell lines were transfected with sfGFP control, TCP VASH1, 
TCP VASH2, or sfGFP treated with 1µM staurosporin. The distribution of active 
Casapase3 intensities for GFP+ object intensities were plotted as the percentage of cells 
in the given bin across the range of pixel intensities. The red dashed line shows the 
threshold utilized to determine active Caspase3 for a given cell, with cells having less 
than 10,000 RFU being considered negative, and objects greater than 10,000 RFU 
considered positive. 
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Elevated deTyr-Tub in patient tumors and breast tumor cell lines indicates that cancerous 

cells can tolerate increased deTyr-Tub,63,67 so we tested the role of specific anti-apoptotic 

and oncogenic signaling mutations in the stable genetic background of MCF10A 

cells.19,20,65 These MCF10A cells with specific oncogenic alterations were then 

transfected with control sfGFP vector, TCP-VASH1, or TCP-VASH2 constructs for 24 

hours prior to fixation and staining with the active Caspase-3 antibody. Using the same 

analysis method and cutoffs as with the MCF10A parental cell line, percentages of active 

Caspase-3 positive cells were quantified for each cell line. There was an increase in 

Caspase-3 positivity in the each MCF10A variant expressing both TCP-VASH1 and TCP-

VASH2 except for the cell lines expressing the oncogenic KRas. Somewhat unexpectedly, 

the introduction of oncogenic KRas into the MCF10As cell line prevented the induction 

of apoptosis following TCP transfection as measured by Caspase-3 activation (Figure 

13A). To determine whether the oncogenic variations and/or antiapoptotic proteins can 

prevent Caspase-3 activation induced by TCP-VASH1 or TCP-VASH2, the percentage 

Caspase-3 positivity per cell line was graphed (Figure 13B). The loss of PTEN has been 

shown to prevent apoptosis caused by numerous stimuli, such as growth factor 

deprivation, anchorage independence, and disruption of the actin-cortex via latrunculin-A 

treatment,20 however there was no significant difference in apoptosis between the 

parental MCF10A cells and the PTEN-/- cells transfected with TCP-VASH1 or TCP-

VASH2 (Figure 13B). In this assay, TCP-VASH1 expression in cells expressing oncogenic 

KRas (alone or in combination with PTEN loss) and overexpressing Bcl-xL showed a 

significant decrease in the amount of Caspase-3 positivity compared to the MCF10A 

cells. TCP-VASH2 expression in these cell lines showed cells expressing the oncogenic 
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KRas (alone or in combination with PTEN loss), Bcl-xL and Bcl-2 overexpression 

resulted in a significant decrease in the amount of Caspase-3 activation compared to the 

MCF10A cells. 
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Figure 13. TCP transfection induces apoptosis that is blocked by oncogenic KRas, Bcl-2 and 
Bcl-xL overexpression.  
A. Specific oncogenic or anti-apoptotic signaling pathways were manipulated in the stable 
background of MCF10A cells. These cell lines were then transfected with sfGFP control, 
TCP-VASH1, or TCP-VASH2 for 24 hours. After 24 hours, the cells were fixed and stained 
with an anti- active Caspase-3 antibody and AF594-conjugated secondary to determine cells 
actively undergoing apoptosis. Using the HCA Nikon Analysis software, sfGFP positive cells 
were identified and then average intensity of the AF549 signal for each sfGFP positive object 
was determined. If the AF549 average intensity was greater than 10,000 RFU, that object was 
counted as positive for active Caspase-3. Cells transfected with TCP-VASH1 and TCP-
VASH2 had a higher level of Caspase-3 activation compared to the sfGFP control in 
MCF10A parentals, PTEN-/-, Bcl-2 and Bcl-xL overexpressing cells. Interestingly, MCF10A 
KRas and PTEN-/ KRas did not have an increase in Caspase-3 activation compared to sfGFP 
control. B. For each TCP construct (VASH1 or VASH2), the level of Caspase-3 activation was 
compared to sfGFP. Oncogenic KRas provides the most protection against TCP-induced cell 
death, but Bcl-2 and Bcl-xL also provide a lesser level of protection.  
* p<0.05, ** p<0.01, ***, p<0.001, ****p<0.0001 n=4; triplicate. 
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3.5. TCP components do not correlate with deTyr-Tub in MCF10A variants and breast 

cancer cells  

In an effort to understand the underlying connection between the introduced oncogenic 

and anti-apoptotic signals in MCF10As and the mechanism of alpha tubulin 

detyrosination, we probed cell lysates for deTyr-Tub, the components of the TCP 

(VASH1, VASH2, and SVBP), as well as total alpha-tubulin as a control. Interestingly, 

despite an increase in deTyr-tubulin in the KRas and PTEN-/- KRas cells, as well as the 

Bcl-2/Bcl-xL overexpressing line, there was minimal change in the protein levels of the 

components of the TCP (Figure 14A). We wanted to determine the abundance of deTyr-

Tub and TCP components in commonly utilized breast cancer cell lines. We observed 

that the breast cancer cell lines, T47D, BT-549, and MDA-MB-436 displayed high levels 

of the deTyr-Tub PTM. Despite the elevation in deTyr-Tub, the TCP components in these 

cell lines were not different from the other cell lines with low levels of the tubulin PTM 

(Figure 14B). These data suggest that the regulation of deTyr-Tub may be mediated 

through a mechanism independent of protein expression of the TCP enzyme components 

or through a different, yet to be discovered tubulin carboxypeptidase. 
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Figure 14. Components of the TCP across cell lines do not correlate with the level of 
deTyr-Tub.  
A. Protein was isolated from MCF10As and the MCF10A variants using RIPA lysis 
buffer. DeTyr-Tub (1:10000), total alpha-tubulin (1:1000), and the components of the 
TCP (VASH1(1:1000), VASH2(1:1000), and SVBP(1:1000)) were probed. An increase in 
basal level of deTyr-Tub can be seen in the MCF10A cell lines with oncogenic KRas, that 
is not present in the MCF10A parental or anti-apoptotic MCF10A cell lines. The level of 
VASH1 and VASH2 appears to be consistent across all lines, with a small increase in 
SVBP in the KRas containing lines. B. To better understand the presence of deTyr-Tub 
and TCP components in breast cancer, a number of commonly used breast cancer cell 
lines were lysed using RIPA buffer and subjected to immunoblotting. These breast cancer 
cell lines contain various basal amounts of deTyr-Tub, VASH1, VASH2, and SVBP with 
no clear connection between components of the TCP and level of deTyr-Tub. The values 
under deTyr-Tub indicate the raw intensity/1000 for the band above without any 
normalization. 
 

 

 

3.6. Increased deTyr-Tub enhances gelatin degradation 

Given our prior work showing the elevation of deTyr-Tub at the invasive margin of 

patient breast cancer tissue samples, we aimed to understand if enhanced deTyr-Tub 
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promotes a more invasive phenotype.63 To test tumor cell degrative capacity, transfected 

MDA-MB-231 and Hs578t breast cancer cells were plated on Cy-3 labeled gelatin and 

the amount of gelatin degraded under the cell body was analyzed. To examine whether 

TCP-VASH1 or TCP-VASH2 could promote tumor cell gelatin degradation, the 

tumorigenic MDA-MB-231 and Hs578t breast cancer cells were used. It is known the 

MDA-MB-231 and Hs578t cells have all of the necessary machinery to degrade gelatin, 

whereas the MCF10A and variant cell lines were not able to perform this task at baseline. 

Given the inability of the MCF10A cell line to perform this task at baseline, we selected 

MDA-MB-231s and Hs578ts to proceed with the gelatin degradation assay. Cells were 

transfected with TCP-VASH1 and TCP-VASH2 or sfGFP control. Areas of degradation 

are seen by the dark areas on the representative Cy3 gelatin images, denoting the absence 

of fluorescent gelatin (Figure 15A, 15C). MDA-MB-231 cells effectively degraded the 

gelatin matrix in a punctate pattern as observed in the representative images in Figure 

15A. The Hs578ts were also able to degrade the gelatin, but to a lesser extent than the 

MDA-MB-231s. Given this slower degradation rate, the Hs578ts were not fixed until 48 

hours after plating, rather than 24 hours. The percentage of degradation for each cell (as 

defined by degraded gelatin area over total cell area) is calculated and compared between 

TCP transfected cells and sfGFP control. These data show that both MDA-MB-231 and 

Hs578t breast cancer cells that express either TCP-VASH1 or TCP-VASH2 degraded 

significantly more gelatin compared to those cells transfected with a control sfGFP vector 

(Figure 15B, 15D). 
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Figure 15: Increased deTyr-Tub via TCP expression in MDA-MB-231 and Hs578t cells 
leads to an increase in gelatin degradation.  
A. MDA-MB-231 breast cancer cells were transfected with constructs containing sfGFP 
control, TCP-VASH1, or TCP-VASH2 for 24 hours prior to being plated on Cy3 gelatin 
for another 24 hours. Cells were fixed and imaged on an Olympus FV1000 confocal 
microscope. Representative images are shown in the upper row as a gray scale image of 
the gelatin with dark areas indicating the area of gelatin degradation for sfGFP control, 
TCP-VASH1, or TCP-VASH2. The lower row of images shows the cell body in green and 
gelatin in red. Scale bar = 20µM. B. The percentage of gelatin degraded per cell area was 
determined from 10 cells per in duplicate or triplicate from 4 biological replicates. Each 
light-colored symbol corresponds to a single image, outlined shapes are the mean for 
each biological replicate, and the horizonal bar is the mean for all values. Cells 
transfected with TCP-VASH1 or TCP-VASH2 degrade significantly more gelatin than 
those transfected with sfGFP. C. Hs578t breast cancer cells were transfected in the same 
manner as in panel A but allowed to degrade the gelatin for 48 hours and representative 
images are shown. Scale bar = 20µM. Images of Hs578t cells were processed and 
graphed in the same manner as panel B. Hs578t cells transfected with TCP-VASH1 or 
TCP-VASH2 degrade significantly more gelatin than those transfected with sfGFP. 
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4. Discussion 

The establishment of VASH1 and VASH2 coupled with SVBP to be the major TCPs has 

provided the opportunity to better understand the function of deTyr-Tub in various cell 

types. The necessity of both the vasohibin and SVBP to effectively remove the C-terminal 

tyrosine from α-tubulin likely contributed to the delay in the discovery of the TCP. 

Leveraging this discovery, we aimed to understand for the first time the effect of 

specifically enhancing deTyr-Tub in breast epithelial cells. Through this study, it was 

shown that addition of the TCP containing constructs to both breast epithelial and tumor 

cell lines resulted in a dramatic increase in levels of filamentous deTyr-Tub (Figures 6 

and 7). The conversion of Tyr-Tub to deTyr-Tub following transfection with the TCP 

constructs can be observed through immunofluorescence staining in Figure 7. By 

Western blot, the conversion of Tyr-Tub to deTyr-Tub can be observed, but the decrease 

is minimal given the heterogeneity of the transfection (Figures 8 and 10). Importantly, the 

increases in deTyr-Tub occur to the greatest extent with constructs expressing the 

vasohibin (VASH1/2) and its binding partner (SVBP), while expression of the vasohibin 

alone provides a smaller increase in deTyr-Tub (Figure 9). This increase in deTyr-Tub 

with vasohibin alone is likely occurring through the interaction with endogenous SVBP 

already expressed by the cells. Expression of SVBP alone does not lead to an increase in 

deTyr-Tub, indicating that the level of SVBP is not a limiting factor. 

Our studies revealed that nontumorigenic breast epithelial cells and the modestly 

tumorigenic MCF7 cells did not tolerate the increase in deTyr-Tub and resulted in 

morphological changes consistent with increased apoptosis (Figures 11 and 13). Given 

the knowledge that deTyr-Tub is increased at the invasive margin of breast epithelial 
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carcinomas and elevated deTyr-Tub is associated with poor prognosis when combined 

with tumor grade, we sought to identify a molecular basis for tolerating enhanced deTyr-

Tub through the induction of specific mutations in the background of breast epithelial 

cells. 

To determine mechanisms of resistance, we first began by confirming that TCP-induced 

cell death was occurring through Caspase-3 activation in the immortalized 

nontumorigenic breast epithelial cell line MCF-10A (Figures 12 and 13). With this 

Caspase-3 activation confirmed following TCP over-expression, we utilized the High 

Content Analysis (HCA) feature of our Nikon Ti2e to identify GFP(+) cells, indicating a 

successful transfection of the constructs of interest. Using these identified cells, the HCA 

software then quantified the intensity of active Caspase-3, as labeled with a AF594 

secondary antibody. The quantification of active Caspase-3 intensity was used to 

determine the percentage of transfected cells undergoing apoptosis across the different 

constructs and cell lines.  

Previously, our lab has generated a number of specific genetic changes in the stable 

background of the MCF10A cell line.69-71 These altered cell lines allow us to determine 

how individual genetic alterations contribute to cancer phenotypes such as migration, 

dormancy, and metastasis.69-71 Several of these changes are anti-apoptotic in function 

such as PTEN-/-, Bcl-2 and Bcl-xL overexpression, while others such as the activating 

KRas mutation alters migration and in vivo tumor formation. While exploring the effects 

of these mutations on deTyr-Tub, we discovered that the MCF10A KRas mutation has a 

modest effect on increasing this tubulin PTM alone or in combination with PTEN-/-. 

When transfecting the TCP constructs into the altered MCF10A cells, we anticipated that 
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anti-apoptotic genes would provide the maximum protective effect against TCP-induced 

apoptosis. Previously, it has been reported that MCF10As with PTEN loss and Bcl-2 

overexpression were more resistant to intrinsic apoptosis, as determined by placing cells 

in suspension, treatment with latrunculin A to induce cell rounding, and deprivation of 

essential growth factors.71 Unexpectedly, PTEN-/- provided no protection against TCP-

induced apoptosis and Bcl-2 and Bcl-xL overexpression cells only provided moderate 

protection (Figure 13). Meanwhile, KRas and PTEN-/- KRas cells were highly protected 

from TCP-induced apoptosis.  Since the KRas and PTEN-/- KRas cells were developed 

from independent parental clones, this reinforces the conclusion that the protective effect 

from apoptosis induced by deTyr-Tub results from KRas activation, rather than clonal 

variation. While we cannot completely rule out that this apoptotic effect may be through 

the action of the TCP on another cellular process, we have increased confidence that it is 

due to its action on microtubules given the occurrence in both VASH1 and VASH2 TCP 

constructs. Of importance, VASH1 and VASH2 share only ~52.5% homology and have 

been shown to display differential functions in their roles in angiogenesis.36 Therefore, 

we have increased confidence that their common function of generating deTyr-Tub is the 

cause of apoptotic induction. 

When comparing components of the TCP across these cell lines, we discovered that 

VASH1, VASH2, or SVBP do not vary in the MCF10As and variants despite moderate 

changes in basal deTyr-Tub presence (Figure 14A). When comparing the abundance of 

deTyr-Tub across commonly utilized breast cancer cell lines, the level of the TCP 

components, VASH1, VASH2, and SVBP, did not show a clear correlation with the 

amount of deTyr-Tub (Figure 14B). Given the ability for the VASH2 antibody to detect 
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both VASH1 and VASH2 (Figure 16), we have increased confidence that the relative 

amount of vasohibin does not correlate with levels of deTyr-Tub. This led us to conclude 

that the generation of deTyr-Tub may be controlled at an enzymatic regulation step rather 

than at the level of TCP protein abundance. 
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Figure 16. Detection of TCP components by Western blot.  
Full image Western blots for the antibodies used to detect endogenous components of the 
TCP. Samples run were Lane 1- Ladder; Lane 2- Untransfected MCF10As; Lane 3- 
sfGFP Transfected MCF10As 24hrs post transfection;  Lane 4- TCP VASH1 Transfected 
MCF10As 24hrs post transfection; Lane 5- TCP VASH2 Transfected MCF10As 24hrs 
post transfection. A. The monoclonal antibody against VASH1 detects a band at ~42kDa, 
but fails to detect the sfGFP-VASH1 fusion protein. B. The VASH2 antibody is able to 
detect both the sfGfP-VASH1 and sfGFP-VASH2 fusion proteins, as well as multiple 
bands around 40kDa where endogenous VASH1 and VASH2 should be located. C. The 
SVBP antibody detects a band at ~11kDa associated with the SVBP-myc expressed under 
the IRES. D. A longer exposure reveals a band at ~8kDa associated with the expected 
size of endogenous SVBP. 
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Prior research in our laboratory has revealed an increase in deTyr-Tub, previously  

termed “glu-tubulin,” which occurs in combination with the EMT transcription factor, 

Twist, at the invasive margin of patient ductal carcinoma in-situ samples.47 These data 

suggested a functional relationship between deTyr-Tub and invasion. Additionally, we 

have observed that treating many different cell types with the microtubule stabilizing 

chemotherapeutic agent paclitaxel leads to a dramatic increase in the abundance of 

detyrosinated microtubules.75,76 To better understand the connection between the 

enhanced deTyr-Tub observed at the invasive margin of patient samples, we began 

looking in the literature for a connection between established methods of increasing 

deTyr-Tub and mechanisms of invasion. A study by the Courtneidge group determined 

the effects of a wide variety of compounds on invadopodia formation.77 Invadopodia are 

thought to be some of the earliest structures necessary for cells to escape the confines of 

the basement membrane.78 This step is a requirement for breast cancers to be categorized 

as invasive.78 The Courtneidge study revealed that breast cancer cells treated with 

paclitaxel lead to increased invadopodia formation.79  Previously, we have observed that 

paclitaxel treatment greatly elevates the amount of deTyr-Tub,75,76 therefore we sought to 

determine if directly increasing deTyr-Tub through the addition of TCP constructs will 

alter the invasive capability of breast cancer cells. 

MDA-MB-231 cells harbor a KRas mutation as do the genetically engineered MCF10A 

KRas cells and both cell lines tolerate the transfection with TCP constructs. The Hs578t 

cell line contains an HRas mutation which may contribute to these cells tolerating 

elevated levels of deTyr-Tub. Interestingly, both the MDA-MB-231 and Hs578t cell lines 

are classified as Basal-B triple negative breast cancer (TNBC).80 While there are many 
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differences between the MCF10A KRas, MDA-MB-231, and Hs578t cell lines the 

activation of the Ras-pathway and survival following TCP transfection appear to be 

connected in a manner currently unknown to us. To better understand the impact of 

increasing deTyr-Tub in these cell lines, transfected cells were imaged every 15 minutes 

for 19 hours, starting at 24 hours post-transfection. The mean squared displacement 

(MSD) and mean speed were quantified for both MDA-MB-231s and Hs578t (Figure 17). 

The TCP constructs had differential effects on MSD and speed based on the cell line. 

These data suggest that deTyr-Tub may have an impact on migration, but more research 

must be done to understand its role and effect in this phenotype. 
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Figure 17. The effect of TCP constructs on single-cell migration in MDA-MB-231 and 
Hs578t breast cancer cells.  
A. The mean squared displacement (MSD) was calculated for GFP+ MDA-MB-231 
(n=3) or HS578t (n=2) cells transfected with sfGFP, VASH1-sfGFP-IRES-SVBP, or 
VASH2-sfGFP-IRES-SVBP constructs. The data show a decrease in MSD with the TCP 
constructs in MDA-MB-231s and an increase in MSD for Hs578ts. B. Mean track speed 
was calculated for MDA-MB-231 and Hs578ts from the same data set from panel A. 
These data revealed a decrease in speed for TCP transfected MDA-MB-231s and an 
increase in speed for TCP transfected Hs578ts. An average of >100 cells were tracked per 
replicate. 
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When plated on a gelatin matrix, MDA-MB-231 and Hs578t cells transfected with TCP 

constructs degraded the gelatin more effectively than cells transfected with the sfGFP 

control vector (Figure 15). The pattern of matrix degradation is consistent with the focal, 

punctate degradation that characterizes invadopodia, but we cannot conclusively 

determine that the increase in gelatin degradation is solely due to an increase in 

invadopodia. Cells at the end of the gelatin degradation assay were stained with 

phalloidin to look for co-localization of f-actin foci and gelatin voids (Figure 18).   

 

 

Figure 18. Breast cancer cells in a gelatin degradation assay stained with phalloidin f-
actin staining.  
A. MDA-MB-231 cells transfected with sfGFP, VASH1-sfGFP-IRES-SVBP, or VASH2-
sfGFP-IRES-SVBP constructs were transfected and 24 hours later plated on gelatin for 24 
hours. Cells were fixed, permeabilized, and stained for phalloidin to visualize f-actin 
(green). The inversion of gelatin image (magenta) shows bright areas where the gelatin 
has been degraded by the cell. When actin foci colocalizes with the absence of gelatin, 
white spots can be visualized (white arrow). B. Hs578t cells were transfected in the same 
manner as MDA-MB-231s in panel A but allowed to degrade the gelatin for 48 hours 
prior to fixation, permeabilization, and staining with phalloidin for f-actin (green). Scale 
bar = 10µm. 
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It is not yet known how deTyr-Tub increases gelatin degradation, but it is possible that 

deTyr-Tub could increase outward cell extension81 or promote the recruitment of 

components to interface between the cell and extracellular matrix and elongation of 

invadopodia.82,83 Recently, invadopodia have been shown to be a component in early 

cellular invasion and metastasis.84,85 The interaction between microtubules, invadopodia, 

and invasion has been examined with findings suggesting that specific trafficking along 

microtubules may aid in the degradation of the extracellular matrix.86,87 Alternatively, 

enhanced deTyr-Tub may stimulate programmed cellular mechanisms to enhance 

invasive capacity, or microtubules with enhanced deTyr-Tub may increase the outward 

force at established points of cell attachment. It is also possible that the increase in TCP 

activity in transfected cells may be altering their regulation of proteases necessary to 

degrade gelatin. Utilizing the published structure of the components of the TCP, 

especially the vasohibins harboring the site of enzymatic activity, there is currently great 

interest in developing new compounds to reduce the formation of deTyr-Tub. The 

evidence presented here indicates that TCP could be a potential therapeutic target to 

reduce metastatic phenotypes. 
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5. Conclusions 

Our results reveal that when components of the TCP, VASH1/2 plus SVBP, are expressed 

in breast epithelial cells there is an increase in deTyr-Tub. Interestingly the increase in 

deTyr-Tub does not persist as these nontumorigenic breast epithelial cells undergo 

apoptosis. The addition of oncogenic KRas, and to a lesser extent, Bcl-2 and Bcl-xL 

overexpression prevent these cells from undergoing apoptosis, allowing them to tolerate 

elevated levels of deTyr-Tub. Translating this discovery into the triple negative breast 

cancer cell lines, MDA-MB-231 and Hs578t reveals that transfection of the TCP leads to 

increased focal degradation of the gelatin substrate. 

These findings contribute to our understanding of the tubulin tyrosination/detyrosination 

cycle in breast epithelial cells, providing a new molecular target for microtubule-directed 

drugs. Current anti-microtubule chemotherapies globally stabilize (ex. taxanes) or destroy 

(ex. vinca alkaloids) cellular microtubules, and this broad disruption can reduce tumor 

growth but also yields substantial toxic side effects, including immune suppression and 

neuropathy. This study reveals that deTyr-Tub is tightly regulated in normal breast 

epithelial cells, and excess deTyr-Tub promotes apoptosis. These findings begin to reveal 

therapeutic opportunities to avoid the side effects of broad microtubule disruption by 

more precisely targeting the detyrosinated microtubule subset via TCP inhibition to 

reduce tumor progression and metastasis.  Our current data support a model that specific 

targeting of TCP activity could help reduce the formation of invadopodia, especially in 

breast tumor cells where Ras activation promotes tolerance for high levels of deTyr-Tub. 
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Chapter 5: Future Direction 

A:        Interventions and Cancer Metastasis 2 

The use of chemotherapeutic agents and other interventions is essential to the 

management and treatment of numerous cancers. The chemotherapeutic agents 

predominantly target cellular structures that are essential to replication such as DNA and 

microtubules. During the development of these agents, the primary measured outcome for 

solid tumors is change in size of an existing mass, and the treatment is often deemed 

successful based on the change in tumor size and volume. The direct effect of these 

agents on cancer metastasis is more difficult to study and has not been a focus of research 

in the early stages of development of these compounds. Other methods of intervention 

such as surgery and radiation, while essential to the treatment of the disease, may have 

other unintended effects on the spread of cancer cells. It is important to better understand 

the global impacts of medical interventions, as to ensure that optimum care is being 

provided to the individuals. 

One method that has been employed to better understand the ongoing process of 

metastasis is through the capture, measurement, and analysis of circulating tumor cells 

(CTCs). With these concepts in mind, I wrote the following review article, “Gauging the 

Impact of Cancer Treatment Modalities on Circulating Tumor Cells (CTCs)” published in 

the journal Cancers.88  

 

 
2   This section contains excerpts from the published manuscript, “Gauging the Impact of Cancer 
Treatment Modalities on Circulating Tumor Cells (CTCs)” (Cancers, 2020) in which I served as first 
author. 
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Title: Gauging the Impact of Cancer Treatment Modalities on Circulating Tumor Cells 

(CTCs) 

 

Abstract: The metastatic cascade consists of multiple complex steps, but the belief 

that it is a linear process is diminishing.  In order to metastasize, cells must enter the 

blood vessels or body cavities (depending on the cancer type) via active or passive 

mechanisms. Once in the bloodstream and/or lymphatics, these cancer cells are now 

termed circulating tumor cells (CTCs). CTC numbers as well as CTC clusters have been 

used as a prognostic marker with higher numbers of CTCs and/or CTC clusters 

correlating with an unfavorable prognosis. However, we have very limited knowledge 

about CTC biology, including which of these cells are ultimately responsible for overt 

metastatic growth, but due to the fact that higher numbers of CTCs correlate with a worse 

prognosis; it would seem appropriate to either limit CTCs and/or their dissemination. 

Here, we will discuss the different cancer treatments which may inadvertently promote 

the mobilization of CTCs and potential CTC therapies to decrease metastasis. 

1. Introduction 

For a majority of cancers, the 5-year survival rate of patients who present with 

localized or regional disease is steadily trending upwards (US National Cancer Institute 

Surveillance, Epidemiology, and End Result (SEER) registries – data from 1995-2000 

and 2004-2020 collected in 2005 and 2015 respectively).89 However, upon development 

of metastatic disease, not only do survival percentages plummet, but there has not been 

any increase, and in many cancer subtypes a decrease, in the 5-year survival rates for 

most metastatic cancers (breast, bladder, melanoma, ovarian, pancreatic, prostate, 
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cervical, uterine). The few exceptions are colorectal, esophageal, lung, and oral cancer 

metastases, where there is only a very minimal increase in 5-year survival (mostly less 

than 3%) (US SEER registries – data from 1995-2000 and 2004-2020 collected in 2005 

and 2015 respectively).89  This is likely due to the focus of both drug development and 

clinical efficacy studies on inhibition and regression of tumor cell growth which largely 

ignores circulating or disseminated tumor cells, which could be an important, yet an 

under-examined phase of the metastatic cascade. In light of recent studies showing that 

radiotherapy, surgery and chemotherapy have the potential to dramatically increase levels 

of tumor cells in the bloodstream even if the primary tumor is successfully removed or 

destroyed, understanding the complex biology of CTC dissemination is paramount.90,91   

2. CTCs and metastatic efficiency 

 By the time a primary cancer mass is clinically detectable, it contains a minimum of 

107-108 cells (approximately the size of 0.5 cm3).92,93 Tumors may only reach this size 

and continue their growth by promoting new and incorporating current vasculature via 

angiogenesis.94 The resulting vessels provide nutrient for the growing tumor as well as 

access for mobilized tumor cells. Even a small primary tumor with neovasculature can 

“shed” millions of tumor cells daily into the bloodstream by the time of first detection. 

Over 40 years ago, Butler and Gullino determined that 1.7-4.6 x 106 tumor cells were 

shed every 24 hour per gram from growing hormone dependent rat mammary tumors.95 

However, although tumors may release millions of CTCs daily, a vast majority die due to 

the inhospitable environment within the vasculature. Thus, hematological metastasis is a 

highly inefficient process (Figure 19).88 
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Figure 19. Tumor cell dissemination.  
Once tumor cells have entered the bloodstream, they may die due to apoptosis, sheer 
stress, or fragmentation when being pushed through tiny capillaries. In the minor cases 
CTCs are viable and survive, they may be able to continue the metastatic process. At 
which point, they would need to attach to the endothelial cell wall, extravasate, and 
invade into the surrounding tissue where they may lay dormant for years before 
becoming an overt micrometastasis. Individual CTCs do not remain in the bloodstream 
long (~10-15min at the most) before they reach the closes capillary bed. 
 

Any hematologic disseminated CTCs (at this point, more correctly termed disseminated 

tumor cells or DTCs) need to be able to survive hemodynamic stress and trapping within 

capillaries, need to adhere to the endothelial cell wall and extravasate into the 

surrounding tissue with a potential suitable metastatic niche where they may remain 

dormant. The potential result of hematologic dissemination is distant metastases, opposed 

to local metastasis to the lymph nodes which likely occurs through the lymphatics. DTCs 

may be able to initiate growth to form a micrometastasis, but then these microscopic 

secondary tumors need to recruit new and existing vasculature once again in order to 
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continue growing into a clinically relevant macrometastases.96 The percent efficiency of 

CTCs able to metastasize is likely dependent on cancer type, mutations, immune system 

evasion, and metastatic niche requirements. An early study aimed to determine metastatic 

efficiency of CTCs was performed by Fidler.13 Labeled B16 melanoma cells were 

injected (2 x 105) into the tail vein of mice and after 14 days, an average of only 400 cells 

remained in the lungs. Additionally, an average of 78 pleural metastases (<0.04%) and a 

lesser unknown number of interior parenchymal metastases occur presumably in mice 

allowed to live past 14 days. Unfortunately, it is unknown whether these are clinically 

relevant micrometastases, especially since the majority of micrometastases are not likely 

to progress to overt metastases. Luzzi et al used a similar model of metastasis, injecting 

fluorescently labeled B16 melanoma cells into the superior mesenteric vein and 

determined that 2% of the injected cells formed micrometastases in the liver, only 1 out 

of 100 of these micrometastases would go on to form a macroscopic tumor (~0.02% of 

injected cells).15 Both studies employed highly metastatic B16 melanoma cells. It is likely 

that the metastatic efficiency is lower for other cancers. Supporting this notion is a 

modelling study completed using a large cohort of patients with breast cancer that 

determined only 1 CTC from every 60 million cells escaping from the primary tumor has 

the ability to metastasize which equated to less than 0.000002%.97 The good news is that 

the metastatic process is highly inefficient, but the not so good news is that tumors may 

be shedding large numbers of CTCs very early during their development. It is very 

possible that at the time of regional or even local diagnosis, tumors cells have already 

disseminated, and may be existing below the levels of clinical detection as either single 

cell or micrometastases.  Other studies which analyzed expression profiles from matched 
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primary and metastatic samples support a nonlinear process for metastasis. A “poor 

prognosis” genomic signature was similarly found in both primary and matched 

metastases.98-100 The findings suggest that cells released early from a small primary tumor 

may already have the potential to form metastases.101 Another study using mouse models 

of breast cancer, initially reasoned that if the metastatic process is linear, even if 

dissemination of tumor cells occurs early, it is only the genetically-progressed cancer 

cells that would have metastatic capabilities.102 However, comparative genomic 

hybridization (CGH) profiling from DTCs harvested from the mouse bone marrow were 

indistinguishable from early harvests (9 weeks) and late harvests (27 weeks). 

Surprisingly, there was no detectable increase in genomic aberrations from the younger to 

older animals. This study appears to suggest that metastatic dissemination is not a result 

of selection of the tumor cells within the tumor.  Data from another comparative genomic 

analysis using a parallel progression model of primary and metastatic cells identified 

DTCs in the bone marrow of 607 breast cancer patients regardless of stage or primary 

tumor size, these findings support a model where the metastatic process seems to begin 

almost simultaneously with tumorigenesis.102  

3. Mechanisms for tumor cells to enter the vasculature 

 One reason for the low metastatic efficiency of cancer cells, is that the majority of 

CTCs are likely pre- or post-apoptotic upon entering the bloodstream.103,104 Different 

areas of tumors are likely actively growing and dying simultaneously. Due to poor 

perfusion and insufficient delivery of oxygen and nutrients, tumors may have a necrotic 

core and/or necrotic pockets within the full tumor. The recruited vasculature is immature 

and disorganized with an abnormal or absent basement membrane promoting “leakiness” 
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of the vessels.105 The tumor vasculature is inadequate to maintain consistently viable 

tumor cells, and it also acts as a conduit for dying or dead tumor cells to passively enter 

the bloodstream. Even before the cells enter the inhospitable environment of the 

bloodstream, the majority are, or will soon be, dead.  Of specific importance are the 

viable cells that enter the vasculature. Basic enumeration studies do not currently 

distinguish the viable CTCs from those which are not viable, however there are some 

limited studies that examine CTC viability.106-108 High levels of viable CTCs would 

predict a poorer prognosis than that from dead CTCs. These cells may passively or 

actively enter the bloodstream. It is possible that dissociating tumor cells at the leading 

edge of the tumor are “pushed” into the bloodstream by the division and expansion of the 

cells behind them.109 Intravasating tumor cells may also find the abnormal vasculature an 

easy entryway into the bloodstream. However, cancer cells are also capable of 

“squeezing” through an endothelial cell layer, then degrading the extracellular matrix and 

the basement membrane underlying the endothelial cells. Interestingly, in vitro studies 

examining this active intravasation process show insignificant interruption of the 

endothelial cell barrier.110 Detailed mechanisms for how the tumor cells migrate through 

or between the tight junctions of the endothelial cells remains unknown. In many cases, 

in order for tumor cells to migrate and invade, they undergo an Epithelial to 

Mesenchymal Transition (EMT).111-114 EMT is a developmental program normally 

employed during embryogenesis and during the healing of epithelial tissues in adults. 

Carcinoma cells can inappropriately utilize this process to gain certain mesenchymal 

features while losing some epithelial traits, promoting increased malignant traits such as 

increased migration and invasion. In line with the idea that metastatic progression is not 
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linear, some studies have shown that cells can acquire EMT traits to disseminate early, 

even when lesions are preneoplastic.102,115 While a large body of evidence supports 

carcinoma cells undergoing EMT programs in breast, colorectal, ovarian, pancreatic, 

prostate, renal and other cancers, the cells do not make a complete switch from all 

epithelial to all mesenchymal characteristics.116-123 Even more studies have begun to 

highlight the likelihood of a partial EMT in which tumor cells retain the appropriate 

levels of epithelial qualities while acquiring some mesenchymal properties for optimal 

metastatic potential.112,124-133  

 A shift toward a more mesenchymal phenotype will affect CTC collection efficiency. 

Currently, the only FDA approved method for CTC collection is the CellSearch system 

which utilizes epithelial cell markers for identification, but tumor cells may downregulate 

or lose these markers before or during dissemination.108 Other methods of CTC isolation 

are label-free techniques utilizing filtration and fluid dynamics based on tumor cells size 

and deformability and not on epithelial marker detection. Different CTC collection and 

isolation techniques have been extensively reviewed, and thus will not be discussed here 

(reviewed in references here).134-140 However, it is important to recognize that all studies 

discussed in this review did not use the same CTC isolation method and any incompatible 

results may be attributed to different CTC isolation approaches, and a component of 

variability is likely due to differences in detection method. 

 Some tumor cells may have the ability to migrate collectively. In such cases, the 

tumors retain E-cadherin expression indicative of an epithelial phenotype which allows 

for the cells to remain attached via cell-cell junction.141,142  Tumor cells may also invade 

into the vasculature with macrophages as partners.143-145 Macrophages and tumor cells 
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alternate in single file, and it is suggested that the macrophages secrete proteinases to 

promote the tumor cells, deficient in overactive proteinase production, to invade. Even if 

CTCs intravasate as single cells, some can activate and cause aggregation of platelets 

leading to the formation of tumor cell-induced platelet aggregations. These aggregations 

enhance CTC survival by protecting them from immune attacks and enhance small vessel 

trapping.146  Tumor-derived microemobli may also be released into the 

bloodstream,12,147,148 and CTC clusters, ranging from 2-50 cells, have been detected in the 

circulation of metastatic cancer patients.12,148-151 Although CTC clusters are rare, they 

have a 23- to 50-fold increase in metastatic potential for a multitude of reasons.152 

Clumps of cells have more protection from sheer stress, may be better hidden from 

immune surveillance, and larger emboli can more efficiently trap in smaller vessels as the 

diameter decreases.12-14 

 Metastasis requires the dissemination of primary tumor cells, and passage via the 

bloodstream (ie. hematogeneous) allows for an extensive dissemination. However, it 

should be noted that some metastases may not arise from CTCs since some tumor cells 

have been shown to migrate along nerves or along endothelial cells.153-156 

4. Current anti-tumor therapies may inadvertently increase CTCs 

 Surgery, radiotherapy, and/or chemotherapy are current standards of care for 

locoregional disease. Unfortunately, some patients develop distant metastases either prior 

to diagnosis or despite initial treatment of local disease. One reasonable explanation is 

that the metastases are already present at the time of initial diagnosis and therapy, but 

below our thresholds of detection, and over time, eventually grow to macroscopic 

masses. However, accumulating evidence suggests the treatments to control locoregional 
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disease may, in some cases, promote metastasis (Figure 20). CTC collection and 

enumeration studies have shown CTC numbers correlate with disease progression and 

metastasis in different human cancers where increasing numbers are predictive of lower 

PFS and OS, but it is unknown whether current treatments are directly influencing CTCs 

or whether CTCs released during therapy are capable of forming overt metastases.157-167 

Preliminary studies have shown all cancer treatment modalities have a potential to 

increase CTCs. These studies are preliminary, and in some cases, use small sample sizes 

and therefore statistical significance remains to be determined.  Below is a summary of 

preclinical and clinical data in which treatments necessary for cancer control may 

increase CTCs in some patients.  
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Figure 20. All current treatment modalities have the potential to promote CTCs.  
Early studies have shown that pressure such as that from mammograms (a.) and tumor 
palpations (b.) may promote tumor cell release. Surgical procedures (c.) including 
biopsies and complete tumor resections can promote CTCs. Other possible primary tumor 
curative treatments such as radiotherapy (d.) and chemotherapy (e.) may inadvertently 
increase CTCs. Figure adapted from nationalbreastcancer.org 
 

Surgical procedures 

 In order to determine whether surgery directly affects the dissemination of tumor cells 

within the vasculature, a baseline of CTCs would need to be established relatively close 

but prior to surgery and blood containing CTCs would need to be collected at the time of 

surgery. Collection of CTCs at a single time point 24 hours post-surgery (likely even an 

hour after surgery) will not accurately determine the effect of mechanical manipulation of 

surgery due to CTC clearance. The process of CTC clearance can be from successful 

dissemination or, more commonly, due to death. On the other hand, waiting too long 
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(likely longer than a few days) may also yield inaccurate results. Measuring CTCs at 

longer time points post-surgery may be complicated by new CTCs released from 

metastatic or unresected sites induced to proliferate upon primary tumor removal.168  

Instead, there have only been a few published studies on perioperative detection of CTCs 

or following tumor/ organ removal, and most of these have involved low patient numbers 

summarized below. 

 An early study from Hansen et al. detected tumors cells in blood collected 

intraoperatively in 57 of 61 patients with cancer who underwent surgery for an 

abdominal, orthopedic, urological, gynecological, or head and neck malignant tumors.169 

Unfortunately, the study did not include collecting blood prior to surgery to determine 

whether CTCs increased as a direct result of oncologic surgery, so alterations to CTCs 

could not be assessed. More recent studies have been performed to specifically answer 

whether surgical procedures promote increases in CTCs. For example, blood samples 

were collected from before and during lung cancer surgery, and CTCs were quantified 

and compared in both conditions.170 The blood collected in this study was from the 

pulmonary vein of 30 patients undergoing lobectomies and open thoracotomies. Before 

surgical manipulation, CTCs were detected in a majority of patients and at the time of 

completion of the lobectomy, CTC counts significantly increased. A separate study 

examining 20 patients with colorectal cancer with already established liver metastases 

reported that 50% of cases had an increase in CTCs during hepatic lesion resection.171 

One study examining CTCs in patients with NSCLC, collected blood from each patient 

via the radial artery while the patients were under anesthesia. Blood was collected just 

before, during, and just after pulmonary vein dissection. Four of 16 patients originally 
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negative for CTCs before surgery were positive following pulmonary vein dissection. 

The authors conclude that tumor cells can be dislodged and detected after lung cancer 

surgery.172 A larger study including 139 patients with hepatocellular carcinoma compared 

pre- and post-operative CTC numbers.173 Blood was harvested 1 day prior to surgery and 

immediately after surgery. Compared with the preoperative CTC counts, the 

postoperative CTC counts increased in 58 (41.7%) patients. It was concluded that 

surgical liver resection is associated with an increase in CTC counts. It should be noted 

that post-surgery, 35 (25.2%) patients had a decrease in CTCs and the CTC number did 

not change in 46 (33.1%) patients. Yet another recent study collected blood samples from 

the peripheral artery just before and immediately after partial or radical nephrectomy and 

compared CTC numbers between a laparoscopic or open surgical approach.174 Patients 

underwent laparoscopic partial or radical nephrectomy or open partial or radical 

nephrectomy. Open radical nephrectomy resulted in a significant increased number of 

CTC immediately post-surgery with no significant differences observed between the 

other three procedures. Additionally, a higher detection rate of CTC has been 

demonstrated in the blood of patients with liver, cervical, colorectal cancers following 

surgical procedures.173,175,176 Interestingly, there has yet to be a study implicating any 

surgical procedures relevant in breast cancer removal. As part of a study from Li et al., 

endoscopic and/or open radical mastectomy performed on 110 female patients with breast 

cancer showed a trend in increasing tumor cells from pre-surgical CTCs to post-surgical 

CTCs, but it did not reach significance.16 One limitation of this breast cancer study was 

the post-surgical blood draw occurring 12 hours after surgery, allowing ample time CTC 

clearance.  
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 Besides surgery, other lesser procedures have the ability to disrupt tumors and 

increase CTCs. Simple pressure which occurs during palpation can increase CTCs 

immediately. Using an in vivo photoacoustic and fluorescent flow cytometry technique to 

monitor CTC release in real time from mice transplanted with melanoma cells, a weight 

was used to approximate the pressure of palpation and applied to melanoma tumors on 

the backs of mice.177 CTCs increased during the time of the applied pressure and 

remained high for an hour after the pressure ended, after which, CTC number began to 

decline. Similar results were observed by squeezing the tumors with fingers, and CTCs 

were not detected using weights lower than 50g.  Juratli et al. tried to replicate the results 

using breast cancer cells (MDA-MB-231) inoculated into a mammary gland.178 When the 

tumors approximated 50mm3 (2 weeks), a weight (400g/0.5cm2) was placed atop to 

mimic the pressure from a mammogram. While there was a minor increase in CTCs 

detected while the tumor was under pressure, it did not reach significance. The same 

group also monitored CTC release after incisional biopsy, punch biopsy, and complete 

resection in their mouse models. During a 15-minute incisional biopsies of melanoma 

tumors, CTCs drastically increased and remained high for the first hour afterwards. After 

the first hour, the CTC rate lowered but was still significantly elevated above the rate 

from before biopsy and remained elevated until the end of the experiment (>2h).177 Punch 

biopsies of the mammary tumors increase CTCs which remained high for 2 hours after 

the biopsy.178  Interestingly, no CTCs were observed during resection of the melanoma or 

mammary tumors or 2 hours post-surgery. Clinically, incisional biopsy has been shown to 

increase CTCs in 4 of 25 patients and 2 of 10 patients with oral squamous cell 

carcinoma.179,180  
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 Finally, fine or core needle biopsies are critical to diagnosing multiple cancers. 

Multiple studies have shown tumor cells have the ability to seed along the needle track, 

but do these types of biopsies also promote CTCs?181 Mathenge et al. begin to answer 

this question using a mouse model of breast cancer and harvesting blood after needle 

biopsy.182 Six hours after needle biopsy, a significant increase in CTCs are detected. 

After needle biopsy, mammary tumors were removed from the mice which had their 

tumors biopsied and controls which did not. One week after tumor removal, all mice were 

sacrificed, and lungs were analyzed for metastasis. Mice which underwent biopsies 

harbored significantly greater lung metastases suggesting that the biopsies may 

unintentionally promote metastasis by causing CTC shedding. Of note, this study 

employed the highly aggressive metastatic murine breast cancer line, 4T1. These cells are 

primed for both metastatic dissemination and growth, and likely have multiple 

mechanisms to endure the stress of circulation, reattach, disseminate, and regrow in 

distant tissues. This does not mean all additional CTCs produced by biopsy will 

metastasize since metastasis is a very inefficient process.  Furthermore, it has yet to be 

determined if any CTCs released by surgery or other mechanical manipulations are even 

viable.  However, another study examines the use of transrectal ultrasound-guided biopsy 

(TRUS), a standard procedure used for prostate cancer diagnosis.183  Importantly, blood 

collection for CTC analysis was completed before and 30 minutes after prostate biopsy in 

115 men with elevated PSA levels. Multiple (8–12) tissue core biopsies are required for 

the detection of prostate cancer, as it is a multifocal disease, and these biopsies were 

associated with a significant increase in bloodborne prostate tumor cells in men with 

histologically confirmed cancer. No biopsy-related change was detected in the men 
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without cancer, demonstrating that the normal gland will not shed cells during TRUS 

biopsy. The patients for whom increased CTC counts were observed, had a shorter 

progression-free survival, implying faster disease progression, independently from 

Gleason score, biopsy core positivity, and presence of CTCs at baseline. Since patients 

did not have clinically evident metastasis at primary diagnosis, it is unlikely the CTCs 

detected in this study arose from an alternative source besides the primary lesion. It is 

thus concluded that the mechanical trauma from TRUS led to the increase in CTCs, 

which ultimately affected disease propagation.183 

 

Radiotherapy  

 Early experiments using animal models have indicated that 

multiple tumor types irradiated with low, non-curative doses of radiation, insufficient for 

local control, are associated with higher risk of metastasis.184-186 Interestingly, all 

metastases were localized to the lungs and in the Kaplan et al. study, the pulmonary 

metastases grew in the arteries and arterioles, implicating possible vascular transit from 

the primary tumor site.185 Another mouse model using Lewis Lung carcinoma cells 

grown in the hindlimbs of mice utilized radiation of the implanted tumors to accomplish 

local disease control. However, the irradiated mice had an increased rate of lung 

metastases compared to the non-irradiated mice.187  A more recent study showed an 

increase in CTCs from tumors of subcutaneously implanted 4T1 cells in the left rear limb 

at the first 10 and 20 minutes after a 12 Gy dose Although CTCs originally increased, 

there was no differences in CTC numbers between the irradiated mice and the control 

mice at 8 hours, and irradiation did not correlate with an increase in metastases.188 The 
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authors reasoned that the lack of metastatic tumor burden following release of CTCs after 

high dose radiation therapy indicates low CTC viability, clonogenicity, or both.  

 Studies indicate that radiotherapy (RT) can alter tumor cell biology to make them 

more aggressive than non-irradiated cells.189-196 In addition to altering cancer cell 

phenotype, radiation may promote the release of cells into the circulation due to 

radiation-induced structural damage to blood vessels within the tumors.  Furthermore, 

radiation can induce changes in global signaling such as alterations to cytokines.  

Granulocyte-macrophage colony stimulating factor (GM-CSF) induced upon irradiation 

is one cytokine that stimulates tumor self-seeding.197 “Tumor self-seeding,” where CTCs 

in the blood can re-colonize back at the original site has been documented in breast 

cancer, colon cancer, and melanoma tumors in mice resulting in accelerated tumor and 

angiogenesis.  It has been reported that about half of the breast cancer patients after RT, 

have recurrence disease at the same site.198  Although this tumor recurrence is not entirely 

due to CTCs, these observations suggest that CTCs play dual roles in tumor 

dissemination and tumor recurrence after radiation.  There is some evidence to support 

radiation promoting metastasis, however there are extremely limited studies aimed to 

determine whether RT directly promotes tumor cell release. Martin et al. sought to 

determine whether radiotherapy could mobilize viable NSCLC cells into patients’ 

circulation.199 Of the 27 initial patients with locoregional advanced or metastatic disease, 

7 of 9 treated with palliative RT had increased CTCs 24 hours after the first RT fraction 

compared to their pretreatment baseline. As previously mentioned, CTCs can clear within 

minutes after release into the bloodstream. Future studies of CTC counts following 

radiation at time points within the first 24 hours of RT are of interest. However, 
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differences were detected and perhaps tumor cells continue to be shed hours after RT. For 

another 4 of 8 patients treated with curative-intent RT, CTCs also increased. Collected 

CTCs exhibited elevated γ-H2AX levels consistent with exposure to high doses of 

ionizing radiation which indicated that they originated from within an RT-treated tumor. 

The CTCs isolated in this study were proven to be viable as they were positive for Ki67 

staining, a marker of proliferation, and the ability to propagate in vitro. The authors 

conclude that perhaps RT is successful because of high cumulative dose of radiation, but 

in the early stages of radiotherapy, up to one half of irradiated tumor cells may escape to 

the circulation. The authors also noted the presence of CTC clusters collected in some 

patients after RT, even though these clusters were initially absent in the same patient 

during initial blood draw. The idea that RT may induce the release of small pieces of the 

tumor into the vasculature is of additional concern as CTC clusters (2-50 cells) have been 

shown to have increased metastatic potential by 23-50 fold.152 Conversely, another pilot 

study concluded that RT reduced CTC counts.200 Here, blood was collected from patients 

with localized NSCLC before and one-half to two-thirds through each patient’s RT 

course. In 14 of the 15 patients, CTC counts dropped to below the detectable threshold.  

The exception was one patient who was found to have developed metastatic disease soon 

after RT completion. The opposing outcomes in the above studies may be explained by 

the fact that one group specifically examined the effects of RT in more advanced NSCLC 

compared to the other. These conflicting findings enhance the need to better understand 

the biology underlying CTCs and the impact of timing cancer treatments. 

 While we still need to determine whether radiotherapy increases CTCs, if the CTCs 

are viable, and if it is the initial release of CTCs that ultimately promote metastases, a 
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meta-analysis completed using 2 large cohorts of early breast cancer patients concluded 

that radiotherapy results in positive patient outcomes.201 In the first cohort (1697 

patients), the 4-year OS for CTC- positive patients who received RT was 94.9% while 

those who did not receive RT was 88.0%. RT did not affect the 4-year OS for the CTC-

negative group (RT treated non-CTC patients = 93.9% vs non-treated non-CTC patients = 

93.4%). RT was also associated with longer OS for the CTC-positive patients, but not in 

the patients without CTCs. Examining a second cohort (1516 patients), the 5-year DFS 

was better for patients treated with RT, with or without CTCs at time of treatment (88.0% 

for CTC-positive with RT vs. 75.2% CTC-positive without RT; 92.3% CTC-negative 

with RT vs. 88.3% CTC-negative without RT). In this second cohort, RT was also 

associated with longer local recurrence free survival, DFS, and OS. There are conflicting 

results between these large cohorts. We need a better understanding of CTC biology and 

how radiotherapy may affect CTCs. Perhaps determining molecular profiles of CTCs 

and/or tumors will aid in determining the susceptibility of individual’s disease to 

radiotherapy. In any case, additional studies with more patients with different types of 

cancers and different doses of radiation will need to be completed to make any 

conclusions about CTC release, metastasis, and overall survival. 

 

Chemotherapy  

CTC reduction during and after courses of different chemotherapies is associated 

with a favorable treatment response and improved survival,202-206 while an increase may 

indicate loss of therapeutic benefit.157,158,207 However, as in the case with the other 

treatment modalities, some chemotherapies have been linked to an increase in metastasis. 
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For example, angiogenic inhibitors have not been as effective as agents target cancer cell 

replication for improving the survival of patients.208 Animal models have shown that 

although angiogenic inhibitors are successful in reducing the primary tumor, inhibitors 

such as sunitinib, sorafenib, and SU10944, can induce hypoxia in the residual tumor 

promoting invasion and metastasis.203,204 Another targeted therapy that has been shown to 

induce metastases in animals is BRAF inhibitors. While vermurafenib treated tumors 

originating from implanted human melanoma cells were growth inhibited, the 

vermurafenib-sensitive cells secreted factors which promoted the growth and metastases 

of vermurafenib-resistant tumors.209  PLX4720, another BRAF inhibitor, increased lung, 

liver, and kidney metastasis of RAS mutant melanoma in mice.  Although androgen 

deprivation therapies have been shown to reduce prostate cancer size, they too may lead 

to increased metastases in some patients, as both Casodex (bicalutamide) and MDV3100 

(enzalutamide) were shown to also increase metastasis in mice.210 Paclitaxel was shown 

to promote breast cancer metastasis by increasing local and systemic inflammation, 

expansion of tumor vascular networks, thus increasing lymphatic metastasis of TLR4-

positive tumors.211  Everolimus, an mTOR inhibitor, increased the occurrence of distant 

metastases in a rat model of pancreatic cancer,212 and cyclophosphamide has been shown 

to promote metastasis under certain conditions.213-216  

A possible explanation for the increase in metastases as a result postoperative or 

adjuvant chemotherapy is that some chemotherapies may render distant tissues more 

prone to metastatic seeding as a result of a systematic release of cytokines.217,218 Another 

possible explanation is that chemotherapies may inadvertently promote CTC release, or 

changes in the population of CTCs released, which in turn may promote or exacerbate 
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metastasis. There are few studies examining whether increases in CTCs and/or changes in 

CTC biology could possibly be a direct result of therapy. An analysis of CTCs from 10 

breast cancer patients pre- and post-treatment was completed, and in the 5 patients who 

responded to treatment, there was a decrease in total CTCs, but also a shift in EMT 

characteristics of the CTCs detected.151 The remaining CTCs detected after treatment 

were less mesenchymal when characterized with commonly used markers. In contrast, 

the 5 patients whose disease progressed while on therapy had an increase in number of 

the mesenchymal CTCs. In this study, one patient initially responded to therapy, 

developed resistance, and then transiently responded to treatment. CTCs were monitored 

throughout this process and more mesenchymal CTCs tracked with nonresponse. 

Initially, the mesenchymal CTCs dropped and predominantly switched to CTCs with 

more epithelial markers, but upon disease progression, the CTCs switched back, 

presenting more mesenchymal markers. While this study did not answer whether 

chemotherapy directly promotes CTCs, it did begin to highlight the presence of different 

cellular markers and differing populations of CTCs, implicating the role of EMT in 

human breast cancer specimens. A different group examining another set of patients (27) 

with invasive breast cancer revealed that chemotherapy caused significant changes in 

CTCs collected.219 Some patients experienced an increase in total CTCs as well as an 

increase in EpCAM-CD45-CD44+CD24-N-cadherin+/- cells, but no changes in the 

EpCAM+CD45-CD44+/-CD24-N-cadherin+/- population. The only major differences in the 

populations is the presence or absence of EpCAM, the absence of which indicates a shift 

in CTCs from epithelial to more mesenchymal phenotype.  Similarly, a third study 

examined CTCs from 62 metastatic breast cancer patients before and after 
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chemotherapy.220 The nonresponders to chemotherapy had an increase in CTCs with a 

cancer stem-like phenotype and partial EMT, suggesting the type of CTC detected in this 

study is resistant to the therapy. It would appear from these preliminary studies, 

chemotherapy may not induce CTC release, but rather select for more dangerous tumor 

cells (ie. partial EMT and/or more cancer stem-like) potentially resistant to 

chemotherapy. Along similar lines, studies from our group have shown that 

chemotherapy,221 as well as cells which have undergone a partial EMT or exhibit more 

stem-like character, have an enhanced ability to reattach after suspension via novel 

tubulin-driven membrane protrusions termed microtentacles, a possible mechanism for 

increased metastases.222-224 

 Studies directly examining the effect of chemotherapy on 

mobilization of CTCs are scarce. However, we have identified two studies which 

concluded chemotherapies can induce CTC release into the bloodstream. Micro-

anatomically structures named tumor microenvironment of metastasis (TMEM) within 

the tumors have been shown to aid in tumor cell intravasation,225,226 and their presences 

has been associated with murine mammary tumor and human breast cancer 

metastasis.227,228 The three components of a TMEM are a perivascular macrophage, an 

endothelial cell, and a tumor cell expressing invasive isoforms of the actin-regulatory 

protein MENA in close proximity to the endothelial cell. Although randomized 

prospective studies demonstrating that the neoadjuvant use of paclitaxel therapy 

increased the rate of complete pathological response, it did not improve overall 

survival.229,230  Since paclitaxel promotes the influx of macrophages into the primary 

tumor and these cells are required for TMEM assembly,231,232 Karagiannis et al. 
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hypothesized that paclitaxel treatment may increase TMEM sites, leading to an induction 

of CTCs.233 Using intravital imaging of mouse mammary tumors in murine models, 

patient derived xenografts, and fixed human breast cancer tissue, they were able to 

elucidate mechanisms by which paclitaxel may enhance the dissemination of CTCs. First, 

paclitaxel increases the infiltration of TIE2hi/VEGFhi macrophages promoting the 

formation of more TMEM sites. Second, paclitaxel increases the frequency of functional 

TMEM sites where increased vascular permeability is achieved by transient vessel 

“bursting.” Third, it was determined that paclitaxel induced expression of the more 

invasive MENA isoforms resulting in an increase in tumor cells invasion. In all models 

examined, paclitaxel treatment increased the number of CTCs by approximately 2-fold. 

Further examination of the lungs revealed an increased incidence and number of 

micrometastases in the treated mice, likely as a result of the increase in CTCs. Additional 

studies into the effect of chemotherapies on TMEMs revealed a 

doxorubicin/cyclophosphamide combination therapy affects TMEM density, TMEM 

activity, and CTCs similar to paclitaxel. Chang et al. were unable to verify an increased 

infiltration of macrophages (TIE2+) within the tumors in their model, but instead showed 

that the isolated infiltrating macrophages from mice treated with paclitaxel simulated 

cancer cell invasion more efficiently than the tumor infiltrated macrophages isolated from 

the untreated mice tumors.234 They confirm that paclitaxel increases TMEM density and 

CTCs and established that effect of paclitaxel in vivo are due to host-Aft3 status. Wild-

type mice had more CTCs than the Atf3-KO mice which was exacerbated by paclitaxel in 

the WT mice but not in the Atf3-KO mice. The complex effect specific 

chemotherapeutics may play in modulating CTCs still needs to be studies more 
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extensively, but these preliminary studies suggest that the global intervention of 

chemotherapy may have unintended effects. 

5. Potential therapies to reduce CTCs 

Inhibiting cancer progression by preventing dissemination and the emergence of 

overt metastases is not a new concept. To prevent regrowth at the primary site or growth 

of overt metastases, adjuvant chemotherapy may be prescribed. For example, targeted 

therapies such as tamoxifen and aromatase inhibitors are given to breast cancer patients to 

prevent or delay relapse even when no disease is detectable. The goals of these therapies is 

to kill or arrest disseminated cancer.235 As our understanding of CTC biology and detection 

methods (ie, liquid biopsies) for CTCs advance, it is plausible to develop agents 

specifically targeted to CTC destruction. Since CTCs are suspended in the bloodstream, it 

can be imagined that these cells are undergoing a multidirectional wound response in which 

they can experience imbalances between microtubule extension and actin contraction.223,236 

Our group has demonstrated that detached cancer cells promote dynamic tubulin-driven 

protrusions, termed microtentacles, which aid in endothelial cells attachment.221,222,224,237-242 

It is hypothesized that repurposing cytoskeletal targeted drugs, frequently used to inhibit 

growth, and/or developing drug which more specifically target tubulin post-translational 

modifications, may inhibit microtentacles.236 Reducing microtentacle formation may 

reduce initial endothelial cell engagement promoting CTCs to remain in the bloodstream 

and die by shear stress or fragmentation (Figure 19). Another strategy would be to target 

the tumor-associated macrophages, which cause transient permeability to the vasculature, 

to reduce the number of CTCs. Karagiannis at al. used rebastanib, a TIE2 inhibitor, to 

target TMEM-associated macrophages.231 While rebastanib treatment did not affect the 
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overall TMEM number or density of tumor infiltrating macrophages, it did significantly 

decrease the number of CTCs, indicating that TMEM activity was inhibited.233 Once in the 

bloodstream, CTCs may bind to platelets to avoid leukocyte attack and the CTC-platelet 

aggregates may release cytokines which can attract granulocytes.243-245 Targeting the CTC-

platelet-granulocyte interaction may also lead to the reduction in CTCs.245,246 Finally, 

Gkountela et al. have identified six FDA-approved compounds with the ability to reduce 

CTC clustering ability and suppress spontaneous metastasis in xenograft models.247  

6. Conclusions  

Importantly, none of the current treatments should be abandoned since the prognostic 

benefit of these procedures and therapies still strongly outweigh their possible negative 

effects. Future studies are needed to determine what extent surgical techniques and 

manipulation, radiotherapy, and chemotherapy have on CTC shedding, biology, and 

cancer recurrence rates with approximately 90% of cancer patients dying from metastatic 

disease, we are hopefully experiencing a shift in cancer research to preventing and 

eradicating metastasis.89,248,249 As the ability to detect and characterize CTCs from 

patients rapidly evolves, we believe that more efforts should be dedicated to 

understanding the effects of already established interventions and new treatment 

strategies on CTC number and metastatic efficiency. As the frontier of CTC research 

continues to expand, the complex underlying biology involved in the metastatic cascade 

will be clarified. We hope that with these clarifications will come new therapeutics which 

effectively target CTCs and drivers of metastasis, leading to additional improvements in 

patient outcomes.  

 



 102 

B:        Inhibition and Regulation of the TCP 

One important future direction for this project is the ability to selectively inhibit 

the activity of the TCP in vitro and in vivo. An overarching goal of an inhibitor of the 

TCP would be to selectively target the formation and function of detyrosinated 

microtubules that are at the leading edge of invasive cancer subtypes. Currently, two 

modestly effective agents exist for this purpose. The first agent which was discovered 

empirically is parthenolide. Parthenolide is sesquiterpene lactone derived from the 

feverfew plant. This molecule has been shown to decrease the levels of deTyr-Tub in 

vitro with limitations being broad off-target anti-inflammatory effects, and limited 

binding to the TCP enzyme.60,75 While some research has shown that parthenolide can 

bind to the TCP, further research has shown that the main mechanism of inhibition of 

deTyr-Tub formation may be through the formation of bulky-adducts on microtubules.63 

The second compound that can be used target to TCP is epo-Y. This molecule is single 

tyrosine bound to a reactive epoxide, which can attach to the active site of the TCP, 

leading to suicide inhibition.19 The limitations of this compound are in the mechanism of 

action and highly reactive epoxide bound to an amino acid. Epo-Y has been shown to be 

effective at inhibiting the TCP in vitro, but is unlikely to be an effective in vivo therapy 

given the drug structure.  

Development of new small molecule inhibitors to the TCP are currently underway 

through collaborations within UMB and with partners outside of the institution. The lead 

compounds for a small molecule inhibitor of the TCP were identified using computer 

aided drug design (CADD) as the crystal structures of the catalytic sites of both VASH1 
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and VASH2 have been solved. The process of assessing lead compound function on 

tubulin detyrosination in vitro is the next step in development of a new TCP inhibitor. 

Going hand in hand with the discovery of a new, highly specific inhibitor of the 

TCP, is the need to better understand the biologic role and necessity of this tubulin PTM 

in the development of normal and cancerous tissues. The distribution of various tubulin 

PTMs has been categorized and functional impacts determined in some tissues, but the 

understanding of deTyr-Tub remains limited. If future research continues to reveal that 

deTyr-Tub is functionally important in breast cancer invasion and migration and the in 

vitro inhibition of the TCP is able to reverse these phenotypes, the potential of TCP 

inhibition as a therapeutic is highly promising. The intersection of these two findings 

should enable better research to be performed in vivo through small animal models of  

impact on the field of breast cancer or other solid tumors, the biological function of 

deTyr-Tub must further be determined throughout the body.  

In addition to the functional impact of altered deTyr-Tub, the mechanism of 

regulation of the TCP is poorly understood. It is unknown at this time if the TCP is 

constitutively active within the cell, or if there is some activation step that must occur. In 

addition to the enzyme itself, interactions with other proteins likely play important roles 

in the mechanism action. It is well-known that proteins differentially interact with various 

modified microtubules, and it appear possible that proteins could support the interaction 

or approximation of the TCP to polymerized microtubules. Yet the converse of this may 

be true as well, a negative regulator of the TCP may exist in which this unknown protein 

would limit the activity of the TCP or somehow prevent the TCP from interacting with 

microtubules. All levels of potential regulation are important to understand as they 
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influence the phenotypes derived from the delicate balance that is the tubulin 

detyrosination cycle.  

As more is understood about the functions of the TCP and deTyr-Tub in breast 

cancer, the closer this field comes to utilizing this as a target for therapeutic interventions. 

The ability to target a specific subset of microtubules preferentially elevated in cancerous 

cells while preserving the established efficacy of microtubule-directed agents would 

provide great benefits for the field of cancer biology and may have important clinical 

impact. 
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