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ABSTRACT 
 

A metastasizing cancer cell will experience a series of diverse and often lethal selective pressures 

as it travels from a primary tumor to a distant organ site. Two crucial events in this multistep 

journey encompass cancer cell entry into, and later egress from, the vasculature. The first 

regulator detailed in this dissertation emerged from an RNAi screening procedure designed to 

identify genes that govern cancer cell vascular invasion. A top hit was keratin-associated protein 

5-5 (Krtap5-5) and its depletion greatly reduced endothelial invasion by metastatic mammary 

cancer E0771 cells. Silencing Krtap5-5 destabilized keratin intermediate filaments and cells 

compensated by switching to vimentin intermediate filaments. Loss of key mammary keratins 

was accompanied by broad alterations to cytoskeletal regulators and surface markers, with a 

notable decrease in hemidesmosomal α6/β4-integrins. Knockdown of Krtap5-5 also negatively 

impacted various malignant behaviors such as cell motility, invasion into extracellular matrix, 

extravasation in zebrafish embryos, and lung seeding in mice. From these data we conclude that 

Krtap5-5 modulates cancer cell vascular invasion by controlling cytoskeletal function.  

 

The second regulator covered in this dissertation is the mammalian Sterile20-like kinase known 

as MST4. It is accepted that MST4 regulates cancer cell invasion by facilitating contractility of 

the actomyosin cytoskeleton. Previously unknown additional functions for MST4 became 

evident after disrupting the gene with CRISPR/Cas9 editing in triple-negative breast cancer 
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MDA-MB-231 cells, whereupon I discovered that MST4 is required for mitotic fidelity. 

Disruption of MST4 led to a subpopulation of giant aneuploid cells that resulted from successive 

cytokinesis failures. This aneuploid crisis was further marked by DNA mutations as well as a 

reduction in cell proliferation. Propagating cancer cells beyond the aneuploid crisis revealed a 

subpopulation that had adapted to the absence of MST4. Adapted cells retained DNA mutations 

amid a now normalized proliferative rate, yet migration assays suggested that the regulation of 

cell polarity was permanently impaired, which negatively impacted cancer cell endothelial 

invasion in various settings including vascular capillaries established in a microfluidic device 

and zebrafish embryos. We therefore conclude that genetic inhibition of MST4 has both short-

term and long-term negative consequences for cancer cells.  
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PREFACE: THE TWO REGULATORS 

 

This dissertation is about how cancer cells respond to the loss of understudied regulators and two 

are covered here in length: one regulator controls the cytoskeleton and the other is required for 

successful mitosis. The choice of the word regulator deserves some explanation. Whereas any 

gene can influence the inner-workings of a cancer cell, a regulator coordinates the activity of 

groups of genes in order to serve a greater purpose. A regulator is a leader; so interfering with its 

function is expected to produce severe consequences. And this is the central point of each story. 

Yet also ingrained within each story is another, subtler theme - that cancer cells remain resilient 

upon losing their regulators. Despite being pushed toward death, they will be selected for, and 

appear to employ, creative strategies as a means to survive and this was a continual source of 

wonderment for myself.  

 

The work contained within this dissertation will unfold in specialized chapters that follow a basic 

introduction and the second chapter is given to keratin-associated protein 5-5 (Krtap5-5), the 

rather mysterious cytoskeletal regulator that held my attention for the first few years of my Ph.D. 

This work was successfully published in Oncogene in 2017. Though I have reformatted my study 

into a style that is more appropriate for a dissertation, much of what the reader will encounter is 

better presented in the published format. The exception pertains to some cathartic reflections on 

the project -- I call them my humble musings -- that are unique to this particular document and 

found in a subsection following the study. In the third chapter the reader will confront 

unpublished work that surrounds my characterization of the mammalian Sterile20-like MST4 

kinase in triple-negative breast cancer cells. Although I envisioned this would be a quick and 
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relatively simple cytoskeleton-themed endeavor, it unexpectedly drifted into the realm of mitosis 

and demanded that I design new assays and learn additional techniques in pursuit of this gene’s 

function. And this added considerable time to my studies. Thus, for the story that Chapter III 

tells, MST4 is more of a conditional mitotic regulator than a cytoskeletal regulator. But, in truth, 

these distinct functions are likely intertwined in a way that is beyond the scope of my inquiry 

here. As a consequence of its current unpublished state, the reader may find this material less 

mature than that located in the preceding chapter. I expect this research will continue to evolve 

as it nears the finish line. 

 

The next two chapters, Chapter IV and Chapter V, are both methodology articles that were 

previously published in the Journal of Visualized Experiments. Chapter IV describes an assay 

that takes advantage of hanging drop cell culture to generate a cellular bolus that is subsequently 

implanted into extracellular matrix in order to assess cell invasion in a 3D setting. Chapter V, 

then, outlines a method we routinely employ to evaluate cancer cell extravasation in zebrafish 

embryos. Suffice it to say, both of these techniques were used throughout my Ph.D. and their 

successful application will be evident in Chapter II and Chapter III. The final chapter of this 

dissertation, Chapter VI, includes summary remarks and attempts to integrate my findings back 

into the subjects broached in the opening chapter.  

 

Each research story is divided into subsections indicative of a traditional scientific article, 

namely: Title, Abstract, Introduction, Results, Discussion, and Methods, with all references 

located at the document’s end. Readers should refer back to the Table of Contents if only a 

specific subject piques their interest. Now that a general overview has been provided… Onward!  
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Journey of a Breast Tumor  

Breast cancer is an intricate disease that is expected to impact roughly 250,000 women each year 

in the USA [1]. Much of the intricacy stems from the tumultuous journey that cells must 

undertake if they are to successfully develop into cancer. Just as no two people are truly alike, 

neither are the developmental trajectories of their cancers [2]. It is currently accepted that cancer 

originates from a genetic lesion occurring within a breast epithelial cell and it is likely a 

stochastic event [3, 4]. But even stochastic events have underpinnings and some believe that 

genetic lesions arising within the breast could be influenced by a variety of factors such as 

environmental exposures [5, 6], epigenetic influences [7, 8], one’s family history [9-11], or even 

normal physiology [12]. For example, the natural arborization and involution of the mammary 

gland, as it happens during and after pregnancy, may be sufficient to initiate genetic damage 

within breast epithelial cells [13, 14].        

 

If, per chance, this lesion occurs in a regulator of proliferation [15], and perhaps within the right 

cell type [16], the epithelial cells may acquire abnormal characteristics and transition into a 

dysplastic state. The breast tissue will consequently begin to expand and here the epithelial cells 

will arrive at a critical juncture: they may sense their aberrant behavior and apoptose for the 

greater good of the organism [17] -- honoring the pact established amongst multicellular 

organisms billions of years ago [18] -- or they may continue to proliferate until they are 

recognized and cleared by the immune system [19]. Regardless of the outcome, cell death will 

herald an inflammatory milieu that serves as a breeding ground for additional mutations [20]. A 

single dysplastic cell surviving in this milieu may acquire additional mutations and eventually 

transition into a carcinoma in situ.  
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The rate-limiting challenge for this next phase of growth will be the lack of nutrients and 

hypoxia [21], which cancer cells must overcome by enacting metabolic changes [22, 23] and 

then invading through the basement membrane [24]. The cancer will be considered an invasive 

carcinoma upon crossing the basement membrane [25], an action that now provides malignant 

cells with access to the mesenchyme, which can subsequently be drafted by the cancer [26]. 

There, amid the complex ecosystem of the tumor microenvironment [27], cancer cells will 

secrete pro-angiogenic factors in order to recruit the vasculature [28], giving them access to the 

host’s blood supply and the nutrients contained within it [29], in addition to offering a route for 

their eventual dissemination through the body [30]. But access to the host’s nutrients also brings 

more of its defenses. Cancer cells will now have to contend with a greater immune response and 

find innovative ways to routinely fend off its many assaults [31, 32]. Inevitably, this interplay 

will lead to a subpopulation of cancer cells that are resistant to immune destruction despite their 

malignant proclivities.  

 

And thus, prior to their detection by a clinician, malignant cells will have spent years evolving 

within their host [33] and, while doing so, they have employed strategies to endure in 

environments deprived of nutrients and rich with their enemies. Normal epithelial cells would 

readily perish in such a harsh landscape, yet malignant cells overcome these hurdles by accruing 

additional mutations that, if received in the correct combination, confer upon them a distinct 

survival advantage [34]. The tumor that ultimately emerges is quite heterogeneous and has 

adapted to harsh conditions within the body [35]; it is already primed to subvert intervention by 

the oncologist after such a long, perilous, and stochastic journey. 
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The Metastatic Cascade   

But the journey of a tumor pales in comparison to that of a metastatic cancer cell. If a cancer cell 

is to successfully metastasize, it must first invade through the region that surrounds the primary 

tumor [36, 37], then enter into either the lymphatic [38] or circulatory system [39], after which it 

must survive until arriving at a foreign tissue [40], and finally penetrate the tissue [41] and grow 

[42] (Figure 1). Each of these steps creates unique challenges for cancer cells and requires new 

abilities; in addition to proliferating well, metastatic cells must also be adept at migrating. One 

way to accomplish this involves temporarily acquiring the migratory abilities of mesenchymal 

cells through induction of an epithelial-mesenchymal transition upon disembarking from the 

tumor [43-45]. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1: The Metastatic Cascade. Metastasis is a multistep process consisting of 
invasion out of the primary tumor, intravasation into the vasculature, survival in the 
circulation, extravasation, and then growth at the distant organ site. Not pictured: many 
intrinsic and extrinsic events influence each of these steps.   



 7	

Cancer cells may exit the primary tumor as solitary units or collectively as groups [46-49] but, in 

either case, while doing so, they will need to crawl along extracellular matrix constituents like 

collagen and fibronectin [50-52]. Integrin receptors located on cancer cells permit this behavior 

by allowing them to grab and organize the extracellular matrix [53, 54]. Protease activity also 

facilitates invasion through this medium where the secretion of matrix metalloproteinases, 

otherwise used in tissue remodeling, degrades obstructions as they are encountered [55, 56]. 

Assuming cancer cells successfully bore through the extracellular matrix, they will next arrive at 

the vasculature. There, they will need to invade through endothelial cell junctions and this 

demands a more delicate approach. Intravasating into the vasculature involves first releasing 

factors, like vascular endothelial growth factor, to make endothelial junctions porous [57, 58], 

and then carefully coordinating cytoskeletal events with adhesion receptors in order to anchor 

membrane protrusions between the endothelia [59, 60], thereby allowing the cancer cell to propel 

itself into the circulation [61]. Interactions with immune cells like macrophages have been 

reported to further facilitate the efficiency of this step and others [62, 63]. Once in circulation, 

metastasizing cancer cells must withstand sheering forces and it has been proposed that cancer 

cells shield themselves from damage by forming clusters or by adhering to platelets [64-66]. It 

has been estimated that only 0.01% of cancer cells entering into the circulation will survive the 

tortuous trip [67, 68] as they travel to specific organs like the bone [69], brain [70], or lung [71] 

by way of chemokine signaling [72, 73]. This process will usually end with arrest in a capillary 

bed at a distant site, where the metastasizing cell will remain until it extravasates into the tissue 

[74, 75]. 
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Surviving in a foreign tissue is also not without its challenges. If a metastasis is to take root in 

new soil, cancer cells originally adapted to the breast must persist at sites populated by cell types 

to which they are not yet accustomed [76, 77]. The landscape will differ with respect to common 

breast cancer metastatic sites like the bone, brain, liver and lung [78, 79]. Metastatic cancer cells 

must therefore derive new strategies, by way of additional mutations, to adequately compete in 

these dissimilar microenvironments. Nascent metastases are especially vulnerable because they 

lack the support of their brethren that would otherwise be provided in the form of various 

proliferative and immune-modulatory cytokines [80]. The establishment of a premetastatic niche 

prior to the arrival of cancer cells may mitigate some of this disadvantage [81]. Irrespective, 

however, it is believed that disseminated cancer cells frequently enter a dormant state upon 

inoculating a distant tissue [82], where they may exist for years as occult metastases [83] until 

activated by a permissive growth cue like inflammation [84-86]. 

 

The varied steps of the metastatic cascade expose cancer cells to a wide array of selective 

pressures and further promote their diversification [87]. This is largely because numerous 

metastasizing cancer cells will die during each step and only those containing the right 

combination of mutations can effectively seed a distant organ [88]. Moreover, the removal of a 

primary tumor will not assure destruction of all cancer cells within the body since metastasis is 

believed to begin early during tumor growth [89]. What accordingly worries oncologists most is 

not treating the primary breast tumor but, rather, dealing with its metastases, as cancer cells 

growing at sites located beyond the breast are far more aggressive and difficult to manage, and 

hence the major cause of mortality for this disease [90, 91]. This is why evidence of metastasis is 

a poor prognostic indicator that signals the arrival of terminal breast cancer [92]. 
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Finding Commonalities 

It takes a long time to develop a breast tumor and even longer for its metastases to flourish in a 

distant organ. The great strain imposed upon cancer cells over these years essentially guarantees 

they will contain a myriad of unique mutations such that no two cancers will ever be the same. 

Although the genome of given tumor and its metastases from a single patient is truly inimitable, 

researchers attempt to achieve some semblance of order by identifying patterns that exist 

between individual cancers. These patterns have led to the clinical and molecular subtyping of 

breast cancer that generates profiles that can predict prognosis and guide subsequent therapeutic 

intervention [93-95]. The histological grouping breast cancers based on their expression of the 

estrogen receptor, the progesterone receptor, and HER2/neu exemplifies this concept [96]. Often 

these commonalities act as a focal point for therapeutic regimens because therapies tailored 

against them are more likely to impact large swathes of patients. Currently, the breast cancers 

found lacking these three receptors are called “triple-negative” and patients receiving this 

diagnosis are more likely to experience disease recurrence within the subsequent five years when 

compared to other breast cancers [97]. 

 

This lethal endpoint of many triple-negative breast cancers epitomizes a major dilemma in 

oncology. How does one treat cancer when no therapeutic commonalities can readily be 

discerned? It is a very difficult problem. Addressing this in a more simplistic fashion involves 

assuming commonality at the level of the disease as opposed to its features, thereby treating all 

breast cancers as if they are the same. This assumption is behind the standard administration of 

surgery, chemotherapy, and radiotherapy [98, 99]. Although the approach is reasonably 

efficacious, the side effects can be quite dramatic and residual disease is not uncommon. Indeed, 
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the average time to relapse for triple-negative breast cancer is roughly 3 years [100]. In contrast 

to the standard of care, a more refined strategy attempts to discover previously unknown 

commonalities in order to open up new therapeutic avenues.  

 

But given the immense diversity within, and between, different breast cancers, how does one go 

about finding a new therapeutic commonality? This question is also not easy to answer and it is 

essentially the job of a basic scientist to assist the effort via examining the underpinnings of 

malignancy. By centering their study on aspects that control a malignant process, one heightens 

their chance of discovering its regulators; since these drivers of malignancy are, in theory, 

indispensible, they are thus more likely to pattern into separate cancers. Ultimately determining 

the relevance of a regulator -- whether it can serve as a therapeutic target, a biomarker, or if it 

increases our understanding of how cancer works -- will only occur after its function is first 

established by basic science.      

 

Regulators of Vascular Invasion 

Focusing on the malignant process of cancer cell vascular invasion is one way to identify 

regulators that dictate intravasation and extravasation and consequently metastatic spread (see 

Figure 1). One would hypothesize that interfering with cancer cell vascular invasion would 

reduce dissemination and improve breast cancer patient survival. As briefly mentioned above, 

invading the vasculature requires the coordination of a large assortment of cellular functions, 

including by not limited to: cellular attachment, soluble factor release, cytoskeletal 

reorganization, direction sensing, in addition to a number of intrinsic and extrinsic signaling 

events [39]. Upstream regulators are responsible for guiding these behaviors and it follows that 
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blocking their function may cause a sufficient amount of dysfunction within cancer cells so as to 

limit their vascular invasive ability. 

 

This is exactly how one goes about identifying a regulator of vascular invasion -- by perturbing 

the function of a single gene and then determining whether it broadly attenuates this malignant 

act. If the activity is adversely impacted, then one next examines the cells in greater detail to 

distinguish downstream molecules that operate under the regulator’s influence. But how does 

one initially find an unknown regulator to study? The task is especially daunting considering that 

the human genome consists of roughly twenty thousand genes [101]. Choosing a specific gene to 

study at random is therefore unlikely to produce useful information, though one should never 

completely rule out serendipity. Fortunately, there are more logical ways to hone in on potential 

regulators for those who seek to avoid happenstance in science. 

 

One strategy to identify regulators involves trawling through bioinformatics databases to locate 

genes that are associated with malignant features in human patients. For example, one can use 

publically available data sets like The Cancer Genome Atlas to pinpoint genes that are 

differentially expressed in late-stage metastatic stage breast cancer [102]. The subsequent 

functional study of these genes in vitro and in vivo will reveal whether they specifically govern 

cancer cell vascular invasion. The advantage to these approaches is that human relevance is 

integrated into the project at the outset. The disadvantage is that a human being is obviously not 

a well-controlled vessel, and any altered genes that are identified may not be drivers of vascular 

invasion. They may instead be the byproduct of another cancerous process, or stem from a 

patient’s comorbidities, their lifestyle, or family history. 
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Various in vitro or in vivo screening procedures can sidestep some of these issues by starting 

with the phenotype, and, after the regulator is established under controlled laboratory conditions, 

then attempt to search for related trends that may exist within human patients. Many of these 

screening procedures involve initially transducing cancer cell lines with a short-hairpin RNA or a 

CRISPR/Cas9 library that spans the entire genome or specializes into targeted areas like the 

kinome or phosphatome [103, 104]. The transduction event yields a heterogenous population in 

which genetic expression has been altered at the of single cell level. Applying selective pressures 

onto this heterogeneous population will enrich for cell types whose altered gene expression 

confers a growth or survival advantage, thereby facilitating the identification of regulators that 

promote a specific phenotype. If this method is to succeed, one must be diligent to create 

stringent selection procedures that will quickly reduce the cell population while minimizing the 

possible enrichment of off-target effects; and therein lies the real challenge. Typically multiple 

rounds of selection are employed to enrich for the phenotype of interest and cells are later 

subjected to genomics approaches to identify the shRNAs or guide RNAs that they contain. But 

even if a robust selection procedure is conceived and implemented, one will always be at the 

mercy of the screen’s top hits and these can range wildly from the mundane to the mysterious. 

But assuming the selection procedure is effective, and a potential regulator of vascular invasion 

has been accurately identified, what tools are available for its validation?   

 

Methods for the Study of Vascular Invasion 

The validation and study of potential regulators of cancer cell vascular invasion can be achieved 

with a number of in vitro and in vivo techniques. One in vivo technique entails going straight to 
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the source and collecting cancer cells from human patients. Although vascular invasion is 

particularly difficult to study in people, emerging technologies have allowed for the analysis of 

circulating tumor cells to as a means to better understand how they came to exist within the 

vasculature [105]. For example, a recent study demonstrated that circulating tumor cells often 

form heterogeneous, or oligoclonal, clusters enriched for plakoglobin expression when traveling 

through the vasculature [106]. The idea that different cancer cell types can undergo vascular 

invasion is supported by studies involving rapid autopsy programs that collect metastatic lesions 

within hours of a patient’s death. One group used this technique to show that different human 

metastases have a number of clonal origins and can arise from either a common metastatic 

precursor, different clones within the primary tumor, or from distinct metastatic lesions that 

cross-seed each other [107]. Taken together, these studies imply that multiple cell types within a 

tumor have the capacity to carry out vascular invasion and generate metastatic lesions. The 

unfortunate drawback of vascular invasion and metastasis studies in human patients is that one is 

often constrained to evaluating the endpoint of an otherwise dynamic process.  

 

The temporal limitations to investigating vascular invasion in humans can be circumvented in 

mice, in which single-cell analyses are enabling inquiries into the global transcriptome or 

proteome profiles of individual cancer cells as they travel through the metastatic cascade [108]. 

Along these lines, one study recently showed that single cancer cells from nascent metastases 

were enriched for a stem-like signature [109]. Studies like these frequently use network analysis 

to infer potential upstream regulators, and later functionally perturb those regulators in order to 

validate their putative role. If, for example, a researcher seeks to monitor the effects on vascular 

invasion, specifically, in real-time and in mice, then they can employ intravital imaging [110, 



 14	

111]. Yet even for the savvy operator, this method remains somewhat impractical since vascular 

invasion is still a rare event in mice, where tumors and metastases generally require months to 

establish. In lieu of waiting for metastasis, one way to shorten the timeframe involves injecting 

cancer cells directly into circulation, either intracardially or into the tail vein, and then examining 

their ability to seed different organs [112]. Here the investigator performs the intravasation step 

for the cancer cells and only considers the metastatic steps that follow, namely extravasation and 

organ colonization. However, if one seeks to solely assess extravasation in a purer sense, then 

they can inject saline into circulation hours after administering the cancer cells to wash away any 

inefficient extravasators; mice are euthanized shortly thereafter and the tissue of interest is 

analyzed.  

 

A rapid method to test vascular invasion is also available in zebrafish embryos, where cancer 

cells are injected directly into circulation and their extravasation into peripheral tissues is 

quantitated two to three days later [113, 114]. This approach utilizes a strain of transparent 

zebrafish embryos that have their vasculature tagged with green fluorescent protein [115]. By 

injecting cancer cells that fluorescently contrast the vasculature, one removes much of the 

ambiguity that surrounds the scoring of extravasated cancer cells. Another advantage pertains to 

the relatively quick time to takes to answer scientific questions in this model. In addition, 

zebrafish imitate important aspects of human metastasis like the dynamic blood flow that is 

known sheer less resilient cancer cells and contain innate immune cell types that can impact, 

both positively and negatively, extravasation [116]. Hence zebrafish experiments are a nice 

complement to similar assays carried out in mice. 
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Despite the physiologic advantages of studying vascular invasion in vivo, some researchers argue 

that in vitro technologies represent a sensible alternative, as they facilitate the analysis of 

multiple potential regulators while largely avoiding ethical conundrums associated with animal 

models. Microfluidic devices represent an emerging technology that effectively bridges the in 

vitro and in vivo worlds [117, 118]. With this technique, cancer cells are perfused through 

fluorescent capillary networks that are established in vitro, and any ensuing vascular invasion 

can be measured, watched, and compared within a controlled environment. Even simpler still are 

methods that evaluate the ability of cancer cells to break apart endothelial monolayers, a process 

referred to as transendothelial migration [119]. These latter assays begin with an endothelial 

monolayer that is generated on top of a transwell insert, after which cancer cells are seeded onto 

the endothelia and invasion to the insert’s underside is assessed [120]. By substituting the 

transwell insert for electrical cell-substrate impedance sensing technology, one can monitor the 

real-time disruption of endothelial monolayers and the resulting data includes both the magnitude 

and kinetics of endothelial disruption [121]. Thus, in vitro approaches like these are extremely 

amendable to the phenotypic screening of multiple cell lines.      

 

In summary, there currently exist multiple platforms that enable the study and analysis of cancer 

cell vascular invasion. The techniques that take place in vivo serve as better models for human 

disease but lack the controlled conditions associated with their in vitro counterparts. It is these in 

vitro techniques that accommodate more precise experimentation and permit the bulk screening 

of potential regulators. Conversely, they unfortunately run the risk of promoting simple 

phenotypes that may not extrapolate in higher organisms. For these reasons, if the study of 

vascular invasion is to ultimately be successful, one should attempt to achieve phenotypic 
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consistency over a variety of complementary in vitro and in vivo methods and, in doing so, 

remain cognizant of the pros and cons associated with each.  

 

A Note About Malignancy 

Many of the topics covered in this chapter will resurface as the dissertation progresses. It is 

within these later chapters that one will find more specialized introductions tailored to the 

specific regulator of interest. However, there is one final point that requires some brief attention. 

One should be well aware that malignancy encompasses cancer cell vascular invasion and related 

metastatic behaviors in addition to a host of other traits as recognized by the hallmarks of cancer 

[122]. These include: altered sensitivity to growth signals, deregulated metabolism, genomic 

instability, immune modulation, inflammation, resisting apoptosis, sustained angiogenesis, and 

unrestrained proliferation. Despite appearing distinct to the observer, it is important to 

understand that these activities are seamlessly integrated within the cancer cell and, as such, one 

should not expect any trait to exist in isolation. In reality, perturbing a regulator that impacts one 

behavior is liable to affect the status of others.  

 

It is the great privilege of a scientist to choose the general area of inquiry. Yet they do so while 

accepting that the stories they eventually tell are regrettably narrow and ignorant, as it is 

probable that they missed important phenomena simply because they fell outside the scope of 

their study. The word “malignancy” is included in the title of this dissertation in an attempt to 

convey that the regulators described herein influence aspects of the cancer cell behavior that 

extend well beyond vascular invasion. In some cases this should be obvious and, in others, 
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perhaps it will be a bit more nuanced. The reader should nevertheless keep this idea in mind as 

they explore the two regulators that follow: Krtap5-5 and MST4. 
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ABSTRACT 

 

Cancer cell vascular invasion is a crucial step in the malignant progression towards metastasis. 

Here we used a genome-wide RNAi screen with E0771 mammary cancer cells to uncover drivers 

of endothelial monolayer invasion. We identified keratin-associated protein 5-5 (Krtap5-5) as a 

candidate. Krtap5-5 belongs to a large protein family that is implicated in crosslinking keratin 

intermediate filaments during hair formation, yet these keratin-associated proteins have no 

reported role in cancer. Depletion of Krtap5-5 from cancer cells led to cell blebbing and a loss of 

keratins 14 and 18, in addition to the upregulation of vimentin intermediate filaments. This 

intermediate filament subtype switching induced dysregulation of the actin cytoskeleton and 

reduced the expression of hemidesmosomal α6/β4-integrins. We further demonstrate that 

knockdown of keratin 18 phenocopies the loss of Krtap5-5, suggesting that Krtap5-5 crosstalks 

with keratin 18 in E0771 cells. Disruption of the keratin cytoskeleton by perturbing Krtap5-5 

function broadly altered the expression of cytoskeleton regulators and the localization of cell 

surface markers. Krtap5-5 depletion did not impact cell viability but reduced cell motility and 

extracellular matrix invasion, as well as extravasation of cancer cells into tissues in zebrafish and 

mice. We conclude that Krtap5-5 is a previously unknown regulator of cytoskeletal function in 

cancer cells that modulates motility and vascular invasion. Thus, in addition to its physiologic 

function, a keratin-associated protein can serve as a switch towards malignant progression. 



 20	

INTRODUCTION 

 

Metastatic disease is the major cause of cancer mortality [91] and there is a pressing need to 

unravel the mechanisms that govern cancer cell spread from a primary tumor. Invasive behavior 

is governed by the cytoskeleton, a structure essential for cell motility [59, 123] that also 

demarcates the boundary between cancer cells and their surrounding microenvironment [37, 

124]. The cytoskeleton is comprised of actin, microtubules, and intermediate filaments [125, 

126], and a key example of metastatic behavior involving the cytoskeleton is vascular invasion, 

during which cancer cells bind to, separate, and then migrate through intact endothelial layers 

[39, 40]. Since vascular invasion is a significant feature of cancer progression, we sought to 

evaluate drivers of this process with an RNA interference (RNAi) screen. In a previous 

experimental series, cancer cell attachment to an endothelial monolayer was used as a functional 

approach. Using a kinome-wide screen we identified the LATS1 kinase in the Hippo pathway as 

a crucial modulator of the vascular invasive phenotype of cancer cells [127]. In the present study, 

we utilized this approach in an unbiased, genome-wide RNAi screen to identify drivers of cancer 

cell vascular invasion outside the kinome. From this screen we identified keratin-associated 

protein 5-5 (Krtap5-5), a gene with no previously known role in cancer. 

 

Krtap5-5 belongs to a large superfamily of over 100 genes coding for keratin-associated proteins 

(Krtap, or Kap) that are unique to mammals and involved in hair growth [128-130], where Krtap 

mRNA comprises ~58% of all transcripts in the developing hair shaft [131]. Krtaps are 

subdivided into 3 major categories: high glycine/tyrosine, high sulfur, and ultrahigh sulfur [132]. 

Krtap5-5 is a member of the ultrahigh sulfur group and cysteine residues comprise >30% of its 
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amino acid content. This cysteine richness is thought to impart structural rigidity upon hair by 

facilitating the crosslinking of keratin intermediate filaments [133, 134], a function that was very 

recently teased apart by atomic force microscopy of the hair follicle fiber [135]. The relationship 

between keratin-associated proteins and hair stiffness is also corroborated by the whole-genome 

mapping of the domestic goat, Capra hircus, where it was found that ultrahigh sulfur Krtaps 

were upregulated in the hair follicles that produce cashmere [136], a hair fiber known for its 

structural resilience. In mice, the Krtap5 family consists of 5 members on the same chromosomal 

locus, and in humans this locus is duplicated to generate a total of 11 Krtap5 family genes [137]. 

Because Krtaps are expressed at low levels outside the hair follicle, distinct functions for the 

individual genes have not been reported and these genes have thus evaded study and 

characterization. 

 

Of the three major cytoskeletal components in epithelial cells, keratin intermediate filaments are 

largely considered to have a structural purpose despite serving as a bridge to a variety of cell 

signaling pathways [138, 139]. The broad influence of keratins is described in the current study, 

where we report that small hairpin RNA (shRNA)-mediated knockdown of Krtap5-5 in murine 

mammary E0771 carcinoma cells elicits an unexpected cellular switching of keratin intermediate 

filaments to vimentin intermediate filaments. The cytoskeletal crisis that follows does not impact 

on cell viability but leads to a reduction in cell motility, invasion from a spheroid into a 3D 

matrix, as well as extravasation in zebrafish and mice. Taken together, these surprising results 

provide new insights into how cells respond to the changes in molecules impacting their keratin 

cytoskeleton and suggest that Krtap5-5 is a keratin 18 regulator that can modulate cancer cell 

vascular invasion. 
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RESULTS 

A genome-wide RNAi screen implicates Krtap5-5 in cancer cell interaction with 

endothelium. We used an unbiased, genome-wide RNAi screen to identify driver genes of 

cancer cell interactions with endothelia (Figure 2.1).  

 
 
Figure 2.1: Schematic of RNAi screen. E0771 transduced with a genome-wide RNAi library 
were subjected to Human Umbilical Vein Endothelial Cell (HUVEC) monolayer attachment. 
Unattached cells were collected and expanded over three rounds. After the 4th round, clonal cells 
were generated by limiting dilution and tested functionally, and the inserted shRNA was 
identified by sequencing. 
 

The murine mammary cancer cell line E0771 was chosen for the experiments because it 

generates hematogenous organ metastases from a local implantation site in immunologically 

intact mice [140]. We hypothesized that shRNAs preventing cancer cell interaction with 

endothelial monolayers would also interfere with vascular invasion as a first step in the 

metastatic cascade. A pool of cancer cells transduced with a genome-wide lentiviral RNAi 

library was subjected to serial rounds of selection by panning the cells on an intact endothelial 
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monolayer and harvesting unattached cancer cell subpopulations. These subpopulations of cells 

were expanded between pannings by growth in regular culture dishes to avoid selection for 

shRNAs that negatively impact general cell attachment, growth, or viability. The selection 

procedure enriched for cell populations that represented a functionally distinct pool (Figure 2.2).  

 

Figure 2.2: Phenotypic features of the selected cell pool. (a) Cancer cell attachment to 
endothelial monolayer was assessed after each round of selection in the RNAi screen. (b) 
Electric Cell-substrate Impedance Sensing (ECIS) monitors real-time disruption of an endothelial 
monolayer by invading cancer cells (127). (c) E0771 cells transduced with the RNAi library were 
compared to control E0771 cells for their ability to disrupt an endothelial monolayer after the 4th 
round of selection. ANOVA, pairwise comparison to E0771 control, *** p<0.001, mean ± SD. 
(a, c) Experiments conducted by Dr. Ghada Sharif. 
  

To identify targeted genes, we evaluated the pooled cell population as well as clonal cell lines 

derived from the pool through limiting dilution. From shRNAs most enriched in the cell pool we 

identified four candidate genes Axin1, Pafr, Nxph1 and Snx5 by an Affymetrix array that 
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recognizes the specific bar codes contained in the shRNA expression vector (Figure 2.3a) 

Unfortunately, attempts to validate these four candidate genes using independent shRNAs were 

not successful (Figure 2.3b-d).  

 
Figure 2.3: Early failures to validate top shRNAs. (a) Plot of cDNA array (Affymetrix) 
hybridization to detect shRNA bar codes before and after functional selection. (b) Enriched 
shRNA target genes, fold enrichment (log 2) and sequences of distinct shRNAs targeting the 
respective gene as detected after Affymetrix hybridization. (c, d) Attempts to validate potential 
hits from the RNAi screen using the endothelial monolayer disruption assay. (c) Independent 
shRNAs targeting Axin 1 (Axin) or platelet-activating factor receptor (Pafr). Invasion at 10 hours 
is compared to a control stably transduced with non-silencing shRNA. Mean ± SEM. (d) 
Endothelial monolayer disruption assay data for a series of shRNAs targeting neurexophilin 1 
(Nxph1) or sorting nexin 5 (Snx5). Invasion at 10 hours is compared to control. Mean ± SEM.  
 

Alternatively, direct sequencing of shRNAs expressed in the clonal cell lines identified Fam73b 

and Krtap5-5 as potential candidate genes, neither of which had a previously known function in 

cancer. The Fam73b shRNA-containing cell lines showed a reduced ability to disrupt an 

endothelial monolayer relative to a control transduced with non-silencing shRNA (Figure 2.4a). 

However, we were unable to validate a gene knockdown in those cells (Figure 2.4b) and 

concluded that the phenotype was likely due to an off-target effect of the shRNA.  
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Figure 2.4: The folly that was Fam73b. (a) Two clonal lines containing Fam73b shRNA 
subjected to the endothelial monolayer disruption assay, comparing invasion to control. 
ANOVA, pairwise comparison to control, *** p<0.001, mean ± SD. (b) Attempt to validate a 
Fam73b gene knockdown in clonal lines containing Fam73b shRNA. Mean ± SEM. 
 
 

Beyond these five false-positive candidate genes, we identified a Krtap5-5 targeting shRNA in 

two separate clonal cell lines selected after the panning (L1A, L1B). These cell lines showed 

reduced endothelial invasion when compared with the non-silencing shRNA control in an assay 

that monitors the real-time disruption of an endothelial monolayer (Figure 2.5a), and Krtap5-5 

mRNA expression was also decreased (Figure 2.5b-c).  
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Figure 2.5: Krtap5-5 emerges as the top hit of the RNAi screen. (a) Clonal E0771 lines 
derived from the RNAi library screen (L1A, L1B) show reduced endothelial monolayer 
disruption relative to control cells with a non-silencing shRNA. The plot depicts real-time 
disruption of endothelial monolayer after addition of cancer cells (data point intervals, 15 min). 
*** p<0.001, vs control; mean ± SD. (b) Expression of Krtap5-5 mRNA in E0771 cells relative 
to actin. Mean ± SEM. (c) Krtap5-5 mRNA in RNAi library screen-derived L1A and L1B cells. 
** p<0.01, *** p<0.001, vs controls; mean ± SEM.  
 
 

Thus, preliminary data indicated that Krtap5-5 might be required for vascular invasion by E0771 

cells, and we sought to further verify that this dependency was not an artifact of cloning lines 

from the shRNA screen. Indeed, Krtap5-5 knockdown with independent shRNAs also mitigated 

the cells’ ability to disrupt an endothelial monolayer (P2, P3; Figure 2.6; Table 1).  
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Figure 2.6: Expanding the shRNA repertoire. (a) shRNA targeting sites relative to the 
Krtap5-5 mRNA. P2, P3 shRNAs were used to generate de novo pooled knockdown cell lines. 
ORF = open reading frame. (b) Krtap5-5 mRNA in P2 and P3 cells. ** p<0.01, *** p<0.001, vs 
controls; mean ± SEM. (c) P2 and P3 cell disruption of an endothelial monolayer as in panel c. 
*** p<0.001, mean ± SD. 
 
 

The Krtap5-5 gene codes for a cysteine-rich protein (Figure 2.7) that is highly homologous to 

other Krtap proteins [137].  

 

 

Figure 2.7: High cysteine content of Krtap5-5. Krtap5-5 amino acid sequence highlighting its 
cysteine residues. 
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Therefore, quantitation of the endogenous Krtap5-5 protein by mass spectrometry or by 

antibody-based approaches was not possible. Still, distinct expression of specific Krtaps in the 

hair follicle has been shown by detection of the respective mRNAs [132] and here we thus 

utilized real-time RT-PCR for quantitation. Overall, we conclude from the above data that 

Krtap5-5 is a candidate gene that impacts cancer cell interaction with endothelia in vitro. We 

decided to study Krtap5-5 in detail because the function of a keratin-associated protein had yet to 

be described within the context of cancer. 

 

Depletion of Krtap5-5 reduces cancer cell motility via disruption of the keratin 

cytoskeleton. A comparison of cell morphology revealed that the Krtap5-5 knockdown cells 

tended to aggregate into clusters (Figure 3.1a), which impacted cell growth only at high cell 

density (Figure 3.1b). This morphological change suggested a more epithelial characteristic, 

implying that shRNA-mediated knockdown of Krtap5-5 could be causing a mesenchymal-

epithelial transition. However, the Krtap5-5 knockdown cells exhibited a concomitant increase in 

the expression of vimentin and Slug, both of which are associated with a mesenchymal 

phenotype (Figure 3.1c).  
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Figure 3.1: Morphological consequences of shKrtap5-5 depletion. (a) Phase contrast images 
of control and Krtap5-5 knockdown cells. Scale bar, 100 µm. (b) Cell proliferation. Mean ± 
SEM; n=3. (c) Western blot for vimentin and slug. 
 
 

Additionally, reduced motility of the Krtap5-5 knockdown cell lines in scratch-wound assays 

matched with the clustered cell growth (Figure 3.2). 

 

Figure 3.2: Krtap5-5 is required for cell motility. (a) Example images of scratch-wound assays 
at 0 and 24 hrs. Scale bar, 0.25 mm. (b) Quantitation of scratch-wound closure (with 5 µg/ml 
mitomycin C). n = 12 / cell line. *** p<0.001, vs control; mean ± SEM.  
 
 
Upon closer inspection of cells after serum stimulation, we saw significantly increased blebbing 

in the Krtap5-5 knockdown cells (Figure 3.3), suggesting cytoskeletal effects of the knockdown 

[141].  
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Figure 3.3: Behold the blebs. (a) Example of cell blebbing in a Krtap5-5 knockdown line after 
serum addition. Inset: Magnified individual cells. Scale bar, 50 µm. (b) Quantitation of cell 
blebbing. Cells with blebs were counted in 15 independent, 40x microscopy fields per line. ** 
p<0.01, *** p<0.001, vs control; mean ± SEM.   
 
 
Indeed, confocal microscopy showed altered F-actin organization in the Krtap5-5 knockdown 

lines (Figure 4.1).  

 
Figure 4.1: shKrtap5-5 dysregulates the actin cytoskeleton. (a) Phalloidin staining for F-actin 
reveals cytoskeletal dynamics in Krtap5-5 knockdown lines. (b) Quantitative comparison of cells 
harboring filopodia. Cells were scored for filopodial presence in 5 independent confocal 
microscopy images per line. ** p<0.01; *** p<0.001; mean ± SEM. 
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While actin stress fibers were readily observable in the control, Krtap5-5 knockdown lines 

demonstrated an increased amount of filopodial protrusions (seeFigure 4.1b), despite tubulin 

being unaffected (Figure 4.2).  

 

Figure 4.2: shKrtap5-5 does not impact tubulin. (a) Confocal imaging of tubulin. Scale bar, 20 
µm. (b) Western blot comparison of total tubulin protein levels.  
 

The increase in vimentin protein in the knockdown cell lines was also confirmed via 

immunofluorescence (Figure 4.3a and Figure 4.3c). Because Krtap5-5 is a keratin-associated 

protein, we conjectured that the increase in vimentin intermediate filaments could be cellular 

compensation for a perturbation of keratin intermediate filaments. Consistent with this 

hypothesis, pan-keratin staining was below detection in Krtap5-5 knockdown cells (Figure 4.3b 

and Figure 4.3d).  
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Figure 4.3: shKrtap5-5 leads to intermediate filament subtype switching. (a) Confocal 
imaging of vimentin intermediate filaments. (b) Confocal imaging of keratin intermediate 
filaments. Scale bars are 10 µm. (c) Lower magnification image of vimentin 
immunofluorescence. Scale bar, 200 µm. (d) Lower magnification image of pan-cytokeratin 
immunofluorescence. Scale bar, 200 µm.  
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Western blot analysis showed that total keratin protein was also below detection, corroborating 

the immunofluorescence observations (Figure 4.4).  

 

Figure 4.4: Assessment of total keratin levels. Western blot for pan-keratin in the control vs 
Krtap5-5 knockdown cell lines. 
 

We sought to further validate these findings at the mRNA level, focusing on keratins 5/14 and 

8/18 because they are expressed by both normal and cancerous mammary epithelia [142-144]. 

We found that the mRNA levels for both Krt14 and Krt18 were significantly downregulated in 

Krtap5-5 knockdown cells (Figure 4.5).  
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Figure 4.5: Transcriptional consequences on mammary keratins. (a-f) Comparative mRNA 
expression for cytoskeletal genes in E0771 cells. Mean ± SEM. (a, b) Keratin 14 (a) and Keratin 
18 (b) mRNA expression in Krtap5-5 knockdown lines. *** p<0.001, vs control; mean ± SEM. 
(c) Relative mRNA expression of different cytoskeletal genes in E0771 cells. Mean ± SEM. (d) 
Evaluation of keratin 5 mRNA level in Krtap5-5 knockdown lines. * p<0.05, mean ± SEM. (e) 
Evaluation of keratin 8 mRNA level in Krtap5-5 knockdown lines. non-significant (n.s.), mean ± 
SEM. (f) Evaluation of vimentin mRNA level in Krtap5-5 knockdown lines. * p<0.05, non-
significant (n.s.), mean ± SEM. 
 

Since depletion of Krtap5-5 led to the loss of key keratins, we hypothesized that Krtap5-5 

function was necessary for the stability of keratin intermediate filaments in these cells. To 

address this, the Krtap5-5 knockdown lines were transiently transfected with a fluorescently 

tagged human KRT18 expression vector [145] to provide an excess of dimerization partner for 

the endogenous Krt8, whose level was unaffected by the Krtap5-5 shRNA. Exogenously 

introduced KRT18 was readily detectable in control cells between 36 and 72 hours after 

transfection. However, only minimal expression of the protein was observable in Krtap5-5 

knockdown cells, suggesting that they were unable to process keratins into intermediate 

filaments, and that delivery of exogenous KRT18 could not rescue the phenotype (Figure 4.6). 
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Figure 4.6: shKrtap5-5 may influence keratin stability. (a) Time-course of expression of 
exogenous, fluorescently tagged human keratin 18 in control and Krtap5-5 knockdown cells. 
Fluorescent cells were quantitated in twelve microscopy fields. The fluorescent cell number was 
derived after normalization to a YFP transfection control. *** p<0.001, vs control; mean ± SEM. 
(b) Example of a microscopy image indicating fluorescent cells 48 hours after transient 
transfection with either the YFP control vector or the human KRT18-YFP vector. Scale bar, 100 
µm.  
  

Since these data indicated that Krtap5-5 function was required for Krt14 and Krt18 expression, 

we next determined if exogenous expression of an shRNA-resistant Krtap5-5 (Figure 4.7a) could 

reverse the cytoskeletal alterations and cellular phenotype. Indeed, the shRNA-resistant Krtap5-5 

expression vector restored Krtap5-5 expression, normalized cell morphology, reverted vimentin 

protein expression to control levels and restored expression of Krt14 and Krt18 (Figure 4.7b-f). 
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Figure 4.7: Overexpression of Krtap5-5 elevates expression of key keratins. (a) Schematic 
depicting the generation of a cell line resistant to the Krtap5-5 shRNA. (b) Phase contrast images 
of control, a Krtap5-5 knockdown line, and the shRNA-resistant line. Scale bar, 100 µm. (c) 
Western blot for vimentin. (d-f) Expression of (d) Krtap5-5, (e) Krt14, and (f) Krt18 mRNA in 
E0771 cells relative to actin after transfection with the shRNA-resistant Krtap5-5 expression 
vector. *** p<0.001, vs control; mean ± SEM. 
 
 
 
 However, in the Krtap5-5 rescue cells, the expression of exogenously introduced shRNA-

resistant Krtap5-5 was 2-fold above control and endogenous Krt14 and Krt18 were raised to 

>10-fold of control (see Figure 4.7d-f). The high level of keratin expression in the rescued cells 

can induce stiffening of the cytoskeleton as reported recently [135] and thus impact cellular 

behavior beyond the mere rescue from the Krtap5-5 knockdown. In summary, Krtap5-5 

regulates keratin intermediate filaments and can thus modulate cancer cell motility.   



 37	

Krtap5-5 impacts integrin signals and cell invasion through extracellular matrix. Because 

keratins are known to interact with hemidesmosomal integrins that link epithelial cells with their 

basement membrane [146], we hypothesized that, by modulating keratin assembly, Krtap5-5 

might also affect integrin function at the cell surface. The α6-integrin (Itga6, CD49f) was 

analyzed because it dimerizes with β4-integrin (Itgb4, CD104) to form a receptor for laminin and 

is therefore a component of the hemidesmosome. Flow cytometric analysis showed a reduction 

of Itga6 in Krtap5-5 knockdown cell lines (Figure 5.1a) that correlated with the magnitude of the 

knockdown (see Figure 2.5c and Figure 2.6b). Western blot analysis then revealed that the level 

of total Itga6 protein was reduced after Krtap5-5 knockdown (Figure 5.1b), indicating that the 

decrease in cell surface Itga6 presentation was not caused by a defect in cellular transport of the 

protein. Furthermore, the loss of Itga6 in Krtap5-5 knockdown cells was paralleled at the mRNA 

level (Figure 5.1c).  

 

Figure 5.1: Krtap5-5 regulates α6-integrin surface localization and expression. (a-c) α6-
integrin (ITGA6, CD49f) expression in control and Krtap5-5 knockdown cells. Flow cytometry 
for cell surface protein (a), total protein by Western blot (b), mRNA expression (c); ** p<0.01, 
*** p<0.001, mean ± SEM.  
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The expression levels of other integrins known for their roles in attachment and motility (54) 

also showed distinct alterations after Krtap5-5 knockdown (Figure 5.2). Itgb4 had the largest 

decrease in expression (Figure 5.2e); Itga5 and Itgb3 showed a smaller downregulation in three 

of the four knockdown cell lines and Itgb1 was not altered. Given the particular effect on α6- and 

β4-integrins, these observations support the concept that depletion of Krtap5-5 negatively 

impacts hemidesmosome stability.  

 

Figure 5.2: Krtap5-5 governs the expression of other integrins like Itgb4. (a) Relative mRNA 
expression of different integrins in E0771 cells. Mean ± SEM. (b-e) mRNA expression of α5-
integrin (b), β1-integrin (c), β3-integrin (d), and β4-integrin (e); ** p<0.01, *** p<0.001, mean ± 
SEM. 
 

To evaluate hemidesmosomal function, cells were embedded into a 3D matrix consisting of 

Matrigel plus type I collagen and cell invasion into the matrix was monitored over time [147]. 

There was a significant reduction in invasive ability after Krtap5-5 knockdown (Figure 5.3), 

consistent with the reduced cell motility (see Figure 3.2).  
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Figure 5.3: Krtap5-5 is required for optimal invasion into ECM. (a, b) Cell invasion of 
control and Krtap5-5 knockdown cells from a spheroid into a 3D matrix consisting of Matrigel 
and type I collagen. (a) Representative images at 0 and 48 hours. Scale bar, 100 µm. (b). 
Quantitation of cell invasion. *** p<0.001, versus control; mean ± SEM; boluses quantitated: n= 
Control (49), L1A (41), L1B (47), P2 (34), P3 (38). (c) Low magnification image showing cell 
egress out of aggregates. Invasion at time 0 (T0) is compared to invasion after 48 hours (T48). 
Scale bar, 250 µm. (d) Comparison of average radius length for boluses quantitated. Mean ± 
SEM. 
 
 
A similar observation was made during cell growth in 3D (Figure 5.4).  

 

Figure 5.4: Depletion of Krtap5-5 reduces cell growth in Matrigel/Type I Collagen. 
Microscopy image showing cell growth after 72 hrs in a 3D culture comprised of Matrigel 
admixed with type I rat-tail collagen. Scale bar, 250 µm.  
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To determine if hemidesmosomal integrins were required for vascular invasion, we next treated 

E0771 cells with the hemidesmosomal integrin blocker HYD1 [148, 149] and then tested their 

ability to disrupt an endothelial monolayer. When compared to treatment with a scrambled 

peptide control, we discovered that blocking hemidesmosomal integrins with HYD1 was 

sufficient to reduce endothelial invasion (Figure 5.5), suggesting that the reduction in α6/β4-

integrins following the depletion of Krtap5-5 is relevant for not only extracellular matrix 

invasion but also vascular invasion. In conclusion, these data demonstrate that Krtap5-5 impacts 

integrin expression and function, thereby resulting in an attenuated invasive state. 

 

Figure 5.5: Blocking hemidesmosomal integrins limits endothelial invasion. Endothelial 
monolayer disruption by E0771 cells treated with a α6/β4-integrin peptide blocker (HYD1) vs 
scrambled peptide (HYDS) after 15 hours. ns, not significant vs control; * p<0.05, ** p<0.01, 
mean ± SEM. 
 

Knockdown of keratin 18 phenocopies depletion of Krtap5-5. Our characterization revealed 

that depletion of Krtap5-5 led to a reduction in gene expression for both keratins and integrins. 

The most dramatic change observed was the >110-fold downregulation of Krt18 mRNA (see 

Figure 4.5b), which was prevented by an shRNA-resistant Krtap5-5 expression vector (see 

Figure 4.7f). These findings suggested that keratin 18 could be functionally linked to Krtap5-5. 

Indeed, lentiviral knockdown of Krt18 with two independent shRNAs in E0771 cells 
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phenotypically recapitulated the effects of Krtap5-5 depletion. Akin to the depletion of Krtap5-5, 

E0771 cells transduced with two independent Krt18 shRNAs presented with an epithelial-like 

morphology and cell blebbing in vitro (Figure 6.1a), which correlated with reduced Krt14 and 

Krt18 expression in addition to a modest increase in vimentin expression (Figure 6.1b-d). 

  

 

Figure 6.1: shKrt18 recapitulates morphological trends of shKrtap5-5. (a) Phase contrast 
images of control and Krt18 knockdown cells. Inset: Blebbing cell. Scale bar, 100 µm. (b, c) 
Keratin 14 (b) and Keratin 18 (c) mRNA expression in Krt18 knockdown lines. ** p<0.01, *** 
p<0.001, vs control; mean ± SEM. (d) Western blot for vimentin.  
 
Knockdown of Krt18 also reduced cell surface localization of Itga6 and decreased the mRNA 

expression of Itga6 and Itgb4 (Figure 6.2).  
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Figure 6.2: shKrt18 downregulates integrins. (a) Flow cytometry for α6-integrin (ITGA6, 
CD49f) surface protein in control and Krt18 knockdown cells. (b, c) Itga6 (b) and Itgb4 (c) 
mRNA expression in Krt18 knockdown lines. ** p<0.01, *** p<0.001, vs control; mean ± SEM.  
 
 

Functional assessment of Krt18 knockdown cells revealed diminished abilities to disrupt an 

endothelial monolayer (Figure 6.3a) and invade from a cell spheroid into surrounding 

extracellular matrix (Figure 6.3b-c).  

 

 
Figure 6.3: shKrt18 reduces endothelial disruption and ECM invasion. (a) Endothelial 
monolayer disruption by E0771 cells at 15 hrs after silencing Krt18. ** p<0.01, mean ± SEM. (b, 
c) Cell invasion of control and Krt18 knockdown cells from a spheroid into a 3D matrix 
consisting of Matrigel and type I collagen. (b) Representative images at 48 hours. Scale bar, 100 
µm. (c) Quantitation of cell invasion. *** p<0.001, versus control; mean ± SEM; n= 21 (control), 
n= 32 (shKrt18 #1) and n= 68 (shKrt18 #2) spheroids per cell line. 
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Taken together, the observation that the knockdown of Krt18 phenocopies the depletion of 

Krtap5-5 supports the notion of keratin 18 as the major effector of the cellular phenotype. 

 

Disruption of the keratin cytoskeleton broadly alters cytoskeleton regulators and cell 

surface markers. We also assessed the expression of cytoskeleton regulators following the 

depletion of Krtap5-5, hypothesizing that important regulators would be affected because the 

switching from keratin to vimentin intermediate filaments led to the disorganization of the actin 

cytoskeleton (see Figure 4.1). We used a PCR array to evaluate the expression of 84 cytoskeleton 

regulators in E0771 cells in response to silencing Krtap5-5 and found that the expression of 15 

genes were significantly altered by >2-fold (Figure 7.1a). A subsequent pathway analysis 

indicated a loss of signaling in pathways centering on the actin cytoskeleton, integrin signaling, 

and leukocyte extravasation signaling in corroboration of our earlier findings (Figure 7.2b).  

 
 
Figure 7.1: Consequences for cytoskeleton regulators. (a) mRNA profile of cytoskeleton 
regulators exhibiting >2-fold change. Average of Krtap5-5 knockdown lines (L1A, L1B, P2) vs 
control. * p <0.5, ** p<0.01, *** p<0.001, mean ± SEM. (b) Pathway analysis (Ingenuity) using 
the entire cytoskeleton regulator panel after knockdown of Krtap5-5. The most impacted 
pathways are shown arranged by the p-value (log 10). The ratio depicts the number of molecules 
affected in the respective pathway.  
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We next determined if other cell surface proteins were affected after the loss of the keratin 

cytoskeleton via depletion of Krtap5-5, building on the effect observed with integrins (see Figure 

5.1 and Figure 5.2). To accomplish this, we conducted a flow cytometric screen of 176 unique 

cell surface antigens and detected 72 of these in E0771 cells (Table 4). A comparison of cell 

surface antigen expression demonstrated that multiple surface proteins changed in response to 

Krtap5-5 depletion (Figure 7.2a). An analysis of the top hits revealed that knockdown of Krtap5-

5 reduced the cell surface presence of various markers associated the immune system and cell 

adhesion (Figure 7.1b).  

 

Figure 7.2: The altered cell surface marker repertoire. (a, b) Flow cytometry surface protein 
screen of 72 surface proteins in Krtap5-5 knockdown lines (L1A, L1B, P2) vs control. Averaged 
data (a) and top hits after statistical analysis (b) are shown. A 2-fold cutoff is denoted by dashed 
lines; surface proteins residing outside the cutoff are labeled. * p<0.05, ** p<0.01, *** P<0.001 
versus control.   
 
 

In addition, the observed flow cytometric reduction in CD104 further confirmed our discovery 

that β4-integrin is reduced after the depletion of Krtap5-5 (see Figure 5.2e). These findings 

suggest that the expression of a keratin-associated protein like Krtap5-5 not only impacts the 
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keratin cytoskeleton but also affects the expression of cytoskeleton regulators and cell surface 

proteins.  

 

Krtap5-5 is required for cancer cell extravasation in vivo. Since Krtap5-5 knockdown altered 

endothelial monolayer interaction and decreased cancer cell motility and matrix invasion in vitro, 

we further evaluated the in vivo effect in a recently described zebrafish model [127]. For this 

purpose, cancer cells were labeled with a red fluorescent dye and injected into the precardiac 

sinus of 2-day-old zebrafish embryos (Figure 8.1a). The ability of cancer cells to travel through 

the vasculature and then extravasate into the caudal region was visualized (Figure 8.1b), taking 

advantage of the embryo’s transparency and GFP expression in the endothelia [115].  

 

 

 

Figure 8.1: Cancer cell extravasation in zebrafish embryos. (a) Cancer cells were 
fluorescently labeled, injected into the precardiac sinus of transparent zebrafish embryos at 2 
days post fertilization, and imaged 24 hours later. The endothelia are visualized through coral 
reef GFP expression under the control of a VEGFR2 promoter. Blue box=imaging area. Scale 
bar, 0.1 mm. (b) Representative image with cancer cells that have extravasated from the 
vasculature (arrows). Scale bar, 0.1 mm.  
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Imaging 24 hours after injection revealed that the knockdown of Krtap5-5 reduced the ability of 

cancer cells to extravasate from the vasculature and into the surrounding tissues (Figure 8.2).  

 

Figure 8.2: shKrtap5-5 reduces extravasation in zebrafish. (a, c) Representative images of 
caudal region, showing extravasation of control and of Krtap5-5 knockdown cells (arrows). (b) 
Quantitation of extravasation. Zebrafish with >5 extravasating cancer cells were scored as 
positive events. The number of fish is shown on the bars; ** p<0.01 versus control.  
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We next sought to further validate these findings within a syngeneic host for the cancer cells. To 

accomplish this, either control or Krtap5-5 knockdown E0771 cells were injected into the tail 

vein of wild-type C57BL/6 mice for an extravasation and lung colonization assay. Histological 

analysis of the lungs 3 weeks after injecting the cancer cells revealed an overall reduction in lung 

seeding for cells with silenced Krtap5-5 (Figure 8.3a-b). In addition, although not statistically 

significant, there was a general trend for smaller lung lesions in mice receiving Krtap5-5 

knockdown cells versus the control (Figure 8.3c).  

 

 

Figure 8.3: shKrtap5-5 reduces lung colonization in mice. (a) Histological example of lung 
lesions in mice injected with either control or P3 E0771 cells. Representative lesions are shown 
at different magnifications: Scale bars, 200 µm, 100 µm, 50 µm respectively. (b) Number of lung 
lesions detectable per lung section in mice injected with either control (n= 6 mice) or shKrtap5-5 
cells (n=9 mice). Nonparametric Mann-Whitney U test, p = 0.0282 controls versus shKrtap5-5. 
(c) Comparison of lung lesion sizes. Data are depicted as percent of total.  
 
 
These zebrafish and mice data therefore confirm that the altered cytoskeletal function after the 

knockdown of Krtap5-5 causes a reduction in vascular invasion. These findings are summarized 

in the model shown in Figure 9. 
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Figure 9: Visual summary of the impact of Krtap5-5 on cancer cells. 

 

 

Exploring the function of Krtap5-5 in other cell lines and human cancer. We sought to 

generalize our findings by examining the effect of Krtap5-5 silencing in other murine cell lines. 

Similar to E0771 cells, the knockdown of Krtap5-5 impacted the expression of both Krt14 and 

Krt18 in mammary carcinoma 4T1 cells [150] and in D10 cells, a primary clonal cell line 

generated from a pancreatic ductal adenocarcinoma in our lab as described recently [151] (Table 
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5). In contrast to E0771 cells, the depletion of Krtap5-5 in these cell lines disparately affected the 

expression of these keratins, even increasing them in some instances, which ultimately enhanced 

their ability to invade an endothelial monolayer. These findings imply that Krtap5-5 governs 

cytoskeletal function and vascular invasion in other cell lines, although its function is likely 

context-dependent.  

 

Extrapolation of our findings into human cancer is challenging because KRTAP5-5, and keratin-

associated proteins in general, are expressed at low levels and rarely exceed the threshold 

required for detection by gene expression surveys of human cancers deposited in databases. 

Nevertheless, since our study showed that the expression of Krtap5-5 in murine cancer cells has 

significant phenotypic effects in vitro and in vivo that were functionally connected to Krt18, we 

explored the relevance of keratin 18 within the context of the human disease. Although others 

have demonstrated the KRT18 protein level can be a favorable prognostic factor in breast cancer 

[152], a Kaplan-Meier analysis [153] conducted on mRNA expression showed that KRT8 and 

KRT18 levels correlate with lower relapse-free survival, lower distant metastasis-free survival, as 

well as lower overall survival (Figure 10.1).  
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Figure 10.1: Kaplan-Meier analysis of keratins in cancer. (a-f) Kaplan-Meier plot analysis for 
KRT8 and KRT18 in systemically untreated breast cancer patients. KRT8 (a to c) and KRT18 (d 
to f) expression relative to relapse-free survival (a, b), distant metastasis-free survival (b, e) and 
overall survival (c, f). The number of patients with high (red) and low (black) expression, the 
hazard ratio (HR) and the p-value for the respective comparisons are shown. Data generated 
using the website: http://kmplot.com/analysis/ [see Ref. 153]. 
 
We next interrogated the pan-cancer TCGA dataset [102] and found that despite KRTAP5-5 

expression being below detection for most samples in the dataset, a positive correlation exists 

between mRNA levels for KRTAP5-5 and KRT18 (Figure 10.2a). This correlation provides 

additional support for a functional link between KRTAP5-5 and KRT18 in human cancer. Finally, 

comparing KRTAP5-5 expression across distinct cancers in the dataset indicates that KRTAP5-5 

is differentially expressed between cancer types with the highest expression levels occurring in 

rectal, colon, and pancreatic cancers (Figure 10.2b). 
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Figure 10.2: Correlations and extrapolations for KRTAP5-5 in cancer. (a) Correlation 
between KRTAP5-5 and KRT18 in the human pan-cancer TCGA dataset. Entries shown only for 
cancers in which KRTAP5-5 had detectable expression. r2 = 0.06349; p<0.0001 (b) Expression 
profile of KRTAP5-5 in the human pan-cancer TCGA dataset.   
 
 These findings from different databases and other cell lines support the significance of keratin 

intermediate filaments in malignant progression and suggest that modulating the levels of 

KRTAPs in human cancer could impart significant changes upon keratins to affect patient 

survival.  
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DISCUSSION 

 

Krtap5-5 emerged as a surprising candidate from an unbiased, genome-wide RNAi screen to 

identify genes involved in cancer cell interaction with the endothelium, vascular invasion, and 

extravasation. In the E0771 mammary cancer cells, its knockdown then exposed a unique 

vulnerability in their vascular invasive phenotype that consisted of cytoskeletal switching from 

keratin to vimentin intermediate filaments and disruption of hemidesmosomal integrins. 

Moreover, the mRNA expression level of KRTAP5-5 positively correlates with KRT18 in 

human cancers, where KRT18 mRNA expression is further associated with a significantly worse 

prognosis as measured by time to disease relapse, distant metastasis, and overall survival of 

patients with breast cancers. In summary, these findings indicate that this pathway is relevant for 

progression towards a more malignant disease. 

 

Between rounds of panning for endothelial monolayer attachment, the selected cancer cell 

subpopulations are propagated in tissue culture dishes. This functional approach avoids the 

selection for shRNA-targeted genes that negatively influence cell growth and survival. Indeed, 

here we identified a pathway gene, Krtap5-5, that can exert control of cytoskeletal function 

without resulting in defective growth of cells. The E0771 cells use both keratin and vimentin 

intermediate filaments to comprise their cytoskeleton, perhaps the result of their epithelial-

mesenchymal transition [45]. The coexpression of vimentin and keratin intermediate filaments 

has been previously documented in breast cancer cell lines and is thought to enhance their 

invasive ability [154]. Breast cancers coexpressing both keratins and vimentin could therefore be 

more susceptible to the loss of one of the components, e.g. their keratin cytoskeleton, which may 
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in turn have consequences on cell invasion. The outcome of losing the keratin cytoskeleton has 

been documented by others in keratinocyte models where knockout of keratins did not affect the 

actin cytoskeleton [155] or increased cell invasion [156]. Our findings deviate from this 

paradigm in the E0771 mammary cancer model, as depletion of Krtap5-5 not only caused loss of 

the keratin cytoskeleton but also led to disorganization of the actin cytoskeleton and reduced cell 

invasion. Our discovery that knockdown of Krtap5-5 or Krt18 affects α6/β4-integrins is 

supported by others who reported that keratins stabilize hemidesmosomes via their interplay with 

β4-integrin [157]. 

 

The observation that knockdown of keratin 18 extensively phenocopied depletion of Krtap5-5 

indicates that Krt18 is the major effector of the cellular phenotype. When compared to the 

knockdown of Krt18, the silencing of Krtap5-5 appears to be a more potent inducer of the 

intermediate filament subtype switching seen between keratins and vimentin. The depletion of 

Krtap5-5 dramatically decreased the expression of Krt18, an effect that was prevented by 

transfection with an shRNA-resistant Krtap5-5 expression vector. Taken together, these 

experiments suggest that Krtap5-5 is likely a chief regulator of the keratin cytoskeleton in E0771 

cells, although it is difficult to rule out that some aspects of the phenotype may result from 

effects on other highly homologous Krtap genes. Nonetheless, our study demonstrates that the 

broad influence of Krtap5-5 reaches well beyond keratins and integrins to impact cytoskeleton 

regulators and other cell surface receptors. From this finding we propose that manipulating the 

levels of keratin-associated proteins in human cancer might represent a new method to influence 

the status of cell surface receptors, where altering the exterior of a cancer cell might make it 

more sensitive to therapy or attack by the immune system.  
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A significant question is how does the knockdown of low levels of endogenous Krtap5-5 mRNA 

lead to the observed phenotype? First, it is possible that keratin-associated proteins are 

intermediate filament regulators that are kept in low abundance in all epithelial cells outside of 

the hair follicle, and downstream signaling molecules amplify small changes in their expression 

level. The second possibility raised by our study is that cancer cells may become dependent on a 

critical pathway for the maintenance of the cytoskeleton that is not normally utilized by cells 

outside the hair follicle. Regardless of which possibility is true, our data suggest a significant 

role for keratin-associated proteins in cancer biology. 

 

Krtap5-5 belongs to a large family of related Krtaps, which is then part of an even larger 

superfamily. Although this study provides a framework for the function of Krtap5-5, there is an 

intriguing possibility that other cancer types may utilize Krtap5-5 or additional family members 

in the context of malignant progression. Our data indicate that silencing Krtap5-5 alters the 

cytoskeleton and modulates vascular invasion in multiple cell lines, yet an increase or decrease 

in vascular invasion can occur depending on the specific line. We propose that this influence is 

chiefly inhibitory for the vascular invasive phenotype of E0771 cells because the expression of 

both Krt14 and Krt18 is decreased in the line. The function of Krtap5-5 in other cell lines may 

depend on the cytoskeletal context and could explain why silencing Krtap5-5 leads to a gain in 

keratin expression and the enhancement of vascular invasion. Clearly, more work is needed to 

pinpoint and describe the functionally relevant keratin-associated proteins in other cell systems. 

Moving forward, a major technical challenge is the sequence homology shared by keratin-

associated proteins, which makes it difficult to distinguish between the different members. Still, 
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their influence on downstream targets, like keratins as well as other effectors, and their 

phenotypic impact was quite striking in E0771 cells. In summary, this work suggests that 

Krtap5-5 is a previously unknown regulator of cytoskeletal function in cancer cells and can thus 

modulate motility and vascular invasion.  

 

 

METHODS 

 

Cell Culture  

E0771 cells (sometimes spelled EO771) were a gift from Dr. Peter Goedegeburre, Washington 

University in St. Louis, MO and maintained in Dulbecco’s Modified Essential Medium (DMEM; 

Life Technologies, Carlsbad, CA, USA) that was supplemented with 10% fetal bovine serum. 

Primary human umbilical vein endothelial cells (HUVECs) were cultured according to supplier’s 

recommendations (Lonza, Walkersville, MD, USA).  

 

RNAi Screen and shKrtap5-5 Line Generation 

E0771 cells were lentivirally transduced with a mouse genome-wide RNAi library (System 

Biosciences, Mountain View, CA, USA) using a multiplicity of infection of 3.75, which resulted 

in a low likelihood of there being more than one shRNA per cell. Cells were selected in 

puromycin (Sigma-Aldrich, St. Louis, MO, USA) for 1 day and then cultured for an additional 8 

days prior to the endothelial attachment assay. In the shRNA screen, the transduced E0771 cells 

were transferred onto confluent monolayer of human umbilical vein endothelial cells (HUVECs). 

Unattached E0771 cells were collected, propagated on plastic, and then subjected to a total of 4 
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rounds of selection. Following the 4th round, clonal lines were generated and those retaining an 

attenuated ability to interact with endothelium had their shRNAs sequenced. Krtap5-5 was 

identified by first amplifying shRNA from total cellular RNA using proprietary primers (System 

Biosciences, Mountain View, CA, USA). The resulting cDNAs were then cloned into a p-GEM-

T Easy Vector (Promega, Madison, WI, USA), and ligated plasmids were next sent out for 

sequencing (MCLAB, South San Francisco, CA, USA). This process identified 2 clonal E0771 

cell lines (L1A and L1B) that contained an shRNA targeting Krtap5-5. Additional stable Krtap5-

5 shRNA knockdown lines (P2 and P3) were generated independently of the screen using unique 

shRNA sequences inserted into GIPZ lentiviral vectors (Dharmacon, Lafayette, CO USA). Krt18 

knockdown lines were generated in the same manner. All stable knockdown lines were selected 

in puromycin (Sigma-Aldrich, St. Louis, MO, USA).  

 

Motility, Proliferation, and Invasion Assays 

Motility “scratch-wound” assays were conducted on confluent cultures of E0771 cells, onto 

which scratches were made using a 200-µl pipet tip. Wounds were washed with sterile PBS (Life 

Technologies, Carlsbad, CA, USA) twice, and then fresh culture media containing 5 µg/ml 

mitomycin C (Sigma-Aldrich, St. Louis, MO, USA) was added to the wounded cultures to inhibit 

cell proliferation. Microscopy images were taken at the designated timepoints and subjected to 

color segmentation using the Scratch Assay Analyzer plugin (MiToBo Suite) for ImageJ (NIH, 

Bethesda, MD, USA). The color segmentation procedure produced black pixels for area covered 

by cells, and pixel coverage was used to generate the graphs. 
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Proliferation assays were carried out using the crystal violet stain (Sigma-Aldrich, St. Louis, 

MO, USA). Cells were seeded into a 96-well plate at a density of 1,000 cells per well. At the 

designated timepoints, cells were fixed in 4% paraformaldehyde and stained in 0.1% crystal 

violet. The dye was then solubilized using 10% acetic acid and diluted 1:4 in water before 

absorbance measurement at 570 nm. 

 

The xCelligence Electric Cell-substrate Impedance Sensing (ECIS) system was used for the 

endothelial monolayer disruption assay (ACEA Biosciences, San Diego, CA, USA). E-Plate 

View 16 Arrays (ACEA Biosciences, San Diego, CA, USA) were coated with 0.1% gelatin, and 

40,000 HUVECs were added per well and given 24-28 hours to form a stable monolayer. Next, 

20,000 cancer cells were added per well and disruption of the endothelial monolayer was then 

monitored in real time. The change in electrical impedance was measured at 15-minute intervals 

for the duration of the assay. A monolayer without exposure to cancer cells was used as a 

control. The HYD1 α6/β4-integrin peptide blocker and its corresponding control [148, 149] were 

obtained by gift of Dr. Anne Cress. For the hemidesmosomal integrin blocking experiments, 

E0771 cells were treated with 30 µg of the peptides in 300 µl of serum-free media for 15 minutes 

prior to seeding the cancer cells into the endothelial monolayer disruption assay.  

 

The 3D invasion assay was conducted as previously described [147]. Briefly, 1,000 cancer cells 

were grown in drops that hung from the lid of a cell culture dish for 72 hours until a cell 

aggregate had formed. Cellular spheroids were then embedded into an 1:1 admixture of Matrigel 

(Corning, New York, NY, USA) and type I rat-tail collagen (Millipore, Billerica, MA, USA). 

Cell invasion out of the aggregates was then monitored over time and microscopy photographs 
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were taken. The invasive distance was a pixel measurement acquired in ImageJ, defined as the 

pixel length from the longest invasive protrusion to the center of a spheroid minus the pixel 

length for the radius of a given spheroid. 

 

Krt18 and Krtap5-5 Transfection Assay 

The human KRT18-YFP expression vector [145] was a generous gift from Dr. Rudolf Leube and 

Dr. Nicole Schwarz. E0771 cells were transiently transfected with the plasmid or a YFP-only 

transfection control, and the resulting cellular fluorescence was monitored using a 20x objective 

lens on an IncuCyte Zoom Imaging System (Essen Bioscience, Ann Arbor, MI, USA). A 

processing definition was created in the IncuCyte Zoom software to quantitate the number of 

fluorescent cells in a given microscopy field. Data were graphed as the number of fluorescent 

cells per microscopy field after transfection with the KRT18-YFP vector minus the number of 

fluorescent cells visible after transfection with the YFP-only control. 

 

The Krtap5-5 shRNA-resistant vector (Genscript, Piscataway, NJ, USA) used in the shRNA 

targeting experiment was designed to have the putative P3 shRNA binding site mutated and was 

Myc-tagged, where the sequence 153-CTCCAGCTGCTGTTGC-168 in wild-type Krtap5-5 was 

altered to 153-AAGCTCCTGTTGCTGT-168 in the shRNA resistant vector. After transfecting 

this construct into E0771 cells, stable transfectants were generated after 7-day selection in G418. 

Transduction with the P3 shRNA proceeded as described above. For experiments involving the 

shRNA-resistant line, Krtap5-5 gene expression was assessed using a primer pair designed 

against the gene’s open reading frame.  
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Gene Expression and Cytoskeleton Regulators Panel 

Primers were purchased from Integrated DNA Technologies, Coralville, IA, USA. Cellular RNA 

was extracted using an RNeasy Kit (QIAGEN, Valencia, CA, USA), cDNA was generated using 

an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA), and gene expression assays were 

performed with the iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA). All 

quantitative PCR reactions were conducted on a Realplex2 PCR Cycler (Eppendorf, Hamburg, 

Germany). The primer sequences for mouse genes are as follows:  

Actb (FWD 5’-GGCGCTTTTGACTCAGGATTTAA-3’,  

REV 5’-CCTCAGCCACATTTGTAGAACTTT-3’),  

Itga5 (FWD 5’-CTTCTCCGTGGAGTTTTACCG-3’,  

REV 5‘-GCTGTCAAATTGAATGGTGGTG-3’),  

Itga6 (FWD 5’-TGCAGAGGGCGAACAGAAC-3’,  

REV 5’-GCACACGTCACCACTTTGC-3’),  

Itgb1 (FWD 5’-ACTGTGATGCCGTATATTAGCAC-3’,  

REV 5’-GATATGCGTTGCTGACCAACA-3’),  

Itgb3 (FWD 5’-CCACACGAGGCGTGAACTC-3’,  

REV 5’-CTTCAGGTTACATCGGGGTGA-3’),  

Itgb4 (FWD 5’-GCAGACGAAGTTCCGACAG-3’,  

REV 5’-GGCCACCTTCAGTTCATGGA-3’),  

Krtap5-5 (FWD 5’-GGTTCTCTCCTGGGTCTTTATTC-3’,  

REV 5’-GCTTCCAGCAAGAGGAGTTT-3’),  

Krtap5-5, Open Reading Frame (FWD-GGGGGCTGCAAGGGAAG-3’, 

REV 5’-ACTGGCAACAAGAAGACCCA-3’),  
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Krt5 (FWD 5’-TCTGCCATCACCCCATCTGT-3’,  

REV 5’-CCTCCGCCAGAACTGTAGGA-3’),  

Krt8 (FWD 5’-TGTCTACTCGGTCGGACTTCT-3’,  

REV 5’-GCTGCTACCTAGCTGACATGC-3’),  

Krt14 (FWD 5’-AGCGGCAAGAGTGAGATTTCT-3’,  

REV 5’-CCTCCAGGTTATTCTCCAGGG-3’),  

Krt18 (FWD 5’-CAGCCAGCGTCTATGCAGG-3’,  

REV 5’-CTTTCTCGGTCTGGATTCCAC-3’),  

Vim (FWD 5’-CGTCCACACGCACCTACAG-3’,  

REV 5’-GGGGGATGAGGAATAGAGGCT-3’) 

 

The expression of cytoskeleton regulators was assessed with the RT2 Profiler qPCR Array 

(QIAGEN, Valencia, CA, USA). Pathway analysis was conducted on the entire panel using 

Ingenuity IPA (QIAGEN, Valencia, CA, USA). The RT-qPCR cycle values for all regulators 

tested are located in Table 2. 

 

Western Blotting 

Cellular lysates in this study were generally prepared with an NP40-based lysis buffer. The 

exception is the sample used for the pan-keratin blot, which required a triton-based lysis 

procedure followed by cytoskeleton protein extraction and urea treatment. Extracted proteins 

were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and subjected to 

dry transfer with an iBlot System (Life Technologies, Carlsbad, CA, USA). Antibodies for 

immunoblotting included the following: anti-β-actin (Millipore, Billerica, MA, USA, product: 
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MAB1501), anti-α6-integrin (Cell Signaling Technology, Boston, MA, USA, product: 3750), 

anti-pan-cytokeratin (Thermo Scientific, Waltham, MA, USA, product: MA5-13203), anti-slug 

(Cell Signaling Technology, Boston, MA, USA, product: 3750), anti-tubulin (Cell Signaling 

Technology, USA, Boston, MA, product: 2148), anti-vimentin (Cell Signaling Technology, 

Boston, MA, USA, product: 9585), anti-mouse HRP ECL secondary (GE Healthcare, Little 

Chalfont, UK, product: NA931V), anti-rabbit HRP ECL secondary (GE Healthcare, Little 

Chalfont, UK, product: NA934V).  

 

Immunofluorescence 

General fluorescent imaging was conducted on an Olympus IX-71 inverted microscope 

(Olympus, Toyko, Japan) and confocal imaging on a Zeiss LSM 510 Meta confocal microscope 

(Carl Zeiss AG, Jena, Germany). Samples were prepared by growing cells on sterile glass 

coverslips and then fixing them with either 3.7% paraformaldehyde (F-actin, tubulin) or 100% -

20°C methanol (vimentin, pan-keratin). Fixed cells were then permeabilized with 0.2% Triton X-

100 and incubated with the following antibodies or probes: Alexa Fluor 647 Phalloidin (Life 

Technologies, Carlsbad, CA, USA, product: A22287), anti-pan-cytokeratin (Thermo Scientific, 

Waltham, MA, USA, product: MA5-13203), anti-tubulin (Cell Signaling Technology, Boston, 

MA, USA, product: 2148), anti-vimentin (Cell Signaling Technology, Boston, MA, USA, 

product: 9585), anti-rabbit Alexa Fluor 488 secondary (Life Technologies, Carlsbad, CA, USA, 

product: A21206), anti-mouse Alexa Fluor 488 secondary (Life Technologies, Carlsbad, CA, 

USA, product: A21202).   
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In Silico Analyses 

The relationship of keratins to breast cancer patient survival was obtained in KM-plot [153]. 

Samples from systemically untreated cancer patients were analyzed and the program was 

allowed to auto select the best cutoff. The TCGA pan-cancer dataset was downloaded using the 

UCSC Cancer Genome Browser [102] and correlations between KRTAP5-5 and KRT18 were 

examined in human cancer, where samples for which KRTAP5-5 had no expression value 

reported were trimmed from the dataset for being non-informative. The entire dataset was used 

to depict KRTAP5-5 expression across various cancer types.     

 

Flow Cytometry and Surface Marker Screen 

All cell cultures destined for flow cytometry were dissociated with Accutase (BD Biosciences, 

USA) to limit cleavage of extracellular receptors. Cells were labeled with the APC-conjugated 

anti-human/mouse CD49f/ITGA6 antibody (BioLegend, Bethesda, MD, USA, product: 313615) 

or the APC-conjugated Rat IgG2a,k isotype control (BioLegend, Bethesda, MD, USA, product: 

400511) according to manufacturer’s recommendations. The flow cytometry cell surface marker 

screen was conducted on E0771 cells using the BD Lyoplate Mouse Cell Surface Marker 

Screening Panel (BD, Franklin Lakes, NJ, USA). The geometric mean of fluorescent values <4 

was chosen as the cutoff in accordance with assay negative controls. Values for the entire dataset 

are contained in Table 4. 
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Zebrafish Extravasation Assay 

The overall approach was described recently [127]. In brief, cancer cells were labeled with DiI 

stain according to the manufacturer’s protocol (Life Technologies, Carlsbad, CA, USA, product: 

D3911). The cells were then injected into the precardiac sinus of zebrafish embryos 

(Tg(kdrl:GRCFP)zn1; [115]) that were 48-hours post fertilization. Fifty zebrafish larvae were 

injected with each cell line to account for possible losses due to the injection. We expected to see 

differences in extravasation of >50% at an error rate of 20% with an n = 15 in each group and a 

p-value of 0.01. Vascular endothelial cells of the embryos were labeled with green reef coral 

fluorescent protein (GRCFP) that was expressed under a VEGFR2 promoter. Cancer cell 

extravasation in the caudal region of the embryo was evaluated 24 hours after the injection. The 

investigator scoring extravasation was blinded to the cell line that was being evaluated. Embryos 

that exhibited >5 extravasating cancer cells in the tail region were scored positively, while those 

exhibiting <5 extravasating cancer cells were scored as negative events. The zebrafish embryo 

experiments were carried out in compliance with the GUACUC (= Georgetown University 

Animal Care and Use Committee) recommendations: Embryos are generated according to an 

approved IACUC protocol. The experiments shown here are exempt per federal guidelines since 

no embryos are allowed to develop beyond 4 days.  

 

Mouse Lung Seeding Assay 

The mouse experiments were carried out in compliance with the GUACUC recommendations 

and conducted according to an approved IACUC animal protocol in male C57BL/6 mice 8-16 

weeks of age. One million control, L1A or P3 E0771 cancer cells were injected via the tail vein. 

We expected to see differences in lung colonization of >50% at an error rate of 20% with an n = 
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6 in each group and a p-value of 0.01. Mice were euthanized 3 weeks after the injection and the 

lungs were collected for histological analysis after formalin fixation and paraffin embedding. 

The number of lesions was assessed in at least three separate tissue sections per mouse that were 

stained for hematoxylin and eosin and is provided as lesions per section (see Figure 8.3). A non-

parametric Mann-Whitney U test was used to compare the number of lesions across groups. The 

size of lung lesions was determined by measuring their maximum width in ImageJ. 

 

Statistics 

Statistical comparison of means between two groups was conducted with a two-sided Student’s 

t-test. For experiments occurring along a time course, a one-way ANOVA test was employed to 

statistically compare curves in the endothelial monolayer disruption assay, whereas a two-way 

ANOVA with a Bonferonni post-test evaluated data from the cell motility and keratin stability 

assays. Prism 5 for Mac (Graphpad Software Inc.) was used to generate figures and carry out 

statistical analyses, where violations of normal distribution are checked by the analysis program 

and were not identified. Linear regression was performed to assess correlations between 

KRTAP5-5 and KRT18 in the human pan-cancer TCGA dataset. In all instances, center values 

represent the mean and the error bar type is defined in the figure legends, as is the sample size 

(n) for each group. For all figures, asterisks denote the following p-values: * p <0.5, ** p<0.01, 

*** p<0.001. Data depicted in the manuscript are from technical replicates that were supported 

by at least one other independent experiment.  
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SUPPLEMENTARY TABLES 

Table 1: shRNA sequences targeting Krtap5-5. 

   Cell Line shRNA Targeting Sequence 
 L1A, L1B tacaggtcacactcctccactaattcc 
 P2 cctgtgtgctgccagtgca 
 P3 ggctccagctgctgttgca 
  

Table 1. shRNA sequences targeting Krtap5-5. The shRNA sequences that target the Krtap5-5 
mRNA are shown. 
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Table 2: Gene expression values from the cytoskeleton regulators panel. 

      Gene   Control  L1A    L1B  P2 
 Actr2 22.25 21.58 22.14 21.75 
 Actr3 21.96 21.52 22.13 22.17 
 Arap1 28.08 27.19 27.44 27.66 
 Arfip2 25.49 24.69 24.83 24.85 
 Arhgap6 27.37 25.30 26.64 25.58 
 Arhgdib 24.75 28.47 29.17 28.50 
 Arhgef11 24.86 24.91 25.20 25.13 
 Arpc1b 21.60 20.11 20.66 20.38 
 Arpc2 21.16 20.64 21.27 21.17 
 Arpc3 22.30 21.93 22.29 22.15 
 Arpc4 21.87 21.39 21.83 21.65 
 Arpc5 23.43 23.56 23.95 23.89 
 Aurka 24.14 23.68 24.40 23.79 
 Aurkb 23.94 23.34 23.77 23.53 
 Aurkc 35.00 35.29 35.00 35 
 Baiap2 23.77 23.79 24.16 24.19 
 Cald1 22.28 22.54 23.16 22.77 
 Calm1 20.19 20.21 20.83 20.62 
 Cask 26.80 25.72 26.20 26.26 
 Ccna1 35.00 35.00 35.00 35 
 Ccnb2 23.03 22.92 23.45 22.85 
 Cdc42 21.89 21.43 21.93 21.85 
 Cdc42bpa 27.10 25.81 26.70 26.64 
 Cdc42ep2 25.29 25.44 26.47 25.84 
 Cdc42ep3 35.47 31.50 35.10 33.96 
 Cdk5 28.81 28.17 28.22 27.99 
 Cdk5r1 31.15 30.52 30.92 30.64 
 Cfl1 23.24 22.68 23.40 23.35 
 Cit 25.45 25.01 25.35 25.42 
 Clasp1 25.15 24.77 25.39 25.39 
 Clasp2 25.48 25.69 26.16 25.79 
 Clip1 28.21 27.72 28.38 28.14 
 Clip2 25.88 25.37 26.11 25.81 
 Crk 23.85 23.86 24.22 23.87 
 Cttn 23.44 23.67 23.98 24.05 
 Cyfip1 23.08 22.83 23.52 23.47 
 Cyfip2 27.58 31.02 31.58 32.19 
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Table 2 (cont.): Gene expression values from the cytoskeleton regulators 
panel. 

      Gene Control  L1A   L1B  P2 
 Diap1 26.00 25.77 26.47 26.62 
 Dstn 23.48 23.60 27.13 23.62 
 Ezr 23.13 24.21 24.72 25.54 
 Fnbp1l 26.48 25.71 25.88 26.21 
 Fscn2 30.96 31.13 30.91 30.79 
 Gsn 21.38 22.09 22.97 22.62 
 Iqgap1 22.52 22.29 22.79 22.77 
 Iqgap2 34.05 29.71 31.83 31.88 
 Limk1 28.28 27.76 27.01 27.85 
 Limk2 26.11 25.68 26.30 26.10 
 Llgal1 24.55 24.47 25.07 24.93 
 Macf1 23.90 24.13 24.82 24.68 
 Map3k11 24.87 24.91 25.08 25.04 
 Mapk13 34.36 35.72 35.00 35 
 Mapre1 24.86 25.15 25.48 25.35 
 Mapre2 25.87 24.31 24.73 24.83 
 Mapt 27.50 31.49 31.98 32.07 
 Mark2 24.40 24.07 24.29 24.36 
 Mid1 26.86 28.12 27.56 28.66 
 Msn 21.45 21.22 21.92 21.79 
 Map4 23.53 23.03 23.56 23.33 
 Mylk 29.93 24.98 25.59 25.00 
 Mylk2 29.56 30.12 30.86 30.30 
 Nck1 24.81 24.62 24.96 24.30 
 Nck2 24.43 24.10 24.01 24.40 
 Pak1 24.53 25.60 25.94 26.08 
 Pak4 26.71 26.36 26.41 26.68 
 Pfn2 26.73 29.61 28.79 28.81 
 Phldb2 31.99 30.93 30.91 26.57 
 Pikfyve 26.11 25.67 25.91 25.95 
 Ppp1r12a 24.23 23.87 24.33 24.37 
 Ppp1r12b 27.57 27.23 27.98 28.44 
 Ppp3ca 23.98 22.86 23.31 23.25 
 Ppp3cb 24.09 24.05 24.25 24.55 
 Rac1 22.20 21.26 21.78 21.69 
 Racgap1 22.36 21.95 22.32 22.38 
 Rdx 23.83 22.33 22.68 22.46 
 Rhoa 21.28 20.95 21.68 21.32 
 Rock1 24.29 24.10 24.72 24.79 
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Table 2 (cont.): Gene expression values from the cytoskeleton regulators 
panel. 

      Gene Control  L1A   L1B    P2 
 Ssh1 27.44 27.54 28.24 27.83 
 Ssh2 25.96 25.13 25.82 25.86 
 Stmn1 23.44 22.86 23.02 23.44 
 Tiam1 33.93 34.65 35.92 35 
 Vasp 23.48 23.56 24.01 24.09 
 Was 31.81 29.98 31.26 30.71 
 Wasf1 26.53 25.58 25.28 25.68 
 Wasl 24.57 25.12 25.17 25.33 
 Actb 17.97 17.48 18.09 17.97 
 B2m 20.17 19.27 20.03 18.75 
 Gapdh 17.70 17.19 17.76 17.47 
 Gusb 25.36 24.05 24.56 24.36 
 Hsp90ab1 18.37 18.04 18.79 18.74 
 MGDC 35.00 35.00 35.00 35 
 RTC 22.47 22.56 22.52 22.52 
 RTC 22.52 22.66 22.48 22.62 
 RTC 22.61 22.59 22.44 22.53 
 PPC 21.76 21.86 21.63 21.50 
 PPC 21.87 21.49 21.35 21.41 
 PPC 21.12 21.11 21.04 21.18 
  

 
 

Table 2. Gene expression values from the cytoskeleton regulators panel. RT-qPCR cycle 
values are shown for the E0771 control vs Krtap5-5 knockdown lines for all genes tested in the 
panel. Controls are indicated: MDGC= mouse genomic DNA contamination control, PPC= 
positive control, RTC= reverse transcription control. 
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Table 3: Cytoskeleton regulators in pathways indicated in Figure 7.1. 

           
 

Pathway 
Gene 1 2 3 4 5 6 7 8 9 10 

Actr2 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 
 Actr3 -1.15 -1.15 -1.15 -1.15 -1.15 -1.15 -1.15 -1.15 -1.15 
 Arfip2 

 
1.39 

   
1.39 

    Arhgap6 
  

2.47 
      

2.47 
Arhgef11 

 
-1.36 -1.36 

       Arpc1b 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 1.99 
 Arpc2 

 
-1.07 -1.07 -1.07 -1.07 -1.07 -1.07 -1.07 -1.07 

 Arpc3 -1.04 -1.04 -1.04 -1.04 -1.04 -1.04 -1.04 -1.04 -1.04 
 Arpc4 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 Arpc5 -1.51 -1.51 -1.51 -1.51 -1.51 -1.51 -1.51 -1.51 -1.51 
 Baiap2 -1.42 -1.42 -1.42 -1.42 -1.42 -1.42 

 
-1.42 

  Cdc42bpa 
    

1.40 
     Cdc42ep2 

 
-1.81 -1.81 

 
-1.81 

     Cdc42ep3 
 

2.44 2.44 
       Cdk5r1 

     
1.17 

    Cfl1 -1.09 -1.09 -1.09 -1.09 -1.09 -1.09 
    Cit 

 
-1.03 -1.03 

       Clip1 
 

-1.07 
  

-1.07 
   

-1.07 
 Crk -1.28 

     
-1.28 

  
-1.28 

Cttn 
      

-1.61 
  

-1.61 
Cyfip1 -1.34 -1.34 

   
-1.34 

    Cyfip2 -18.94 
    

-18.94 
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Table 3 (cont.): Cytoskeleton regulators in pathways indicated in Figure 7.1. 

           
 

Pathway 
Gene 1 2 3 4 5 6 7 8 9 10 

Ezr -3.78 -3.78 -3.78 
      

-3.78 
Gsn -2.65 

  
-2.65 

      Iqgap1 -1.25 -1.25 
  

-1.25 -1.25 -1.25 
 

-1.25 
 Iqgap2 6.42 

   
6.42 6.42 

    Limk1 1.43 1.43 1.43 1.43 1.43 1.43 
    Limk2 -1.10 -1.10 -1.10 

 
-1.10 -1.10 

    Llgal1 
    

-0.68 
     Map3k11 

 
-1.29 

  
-1.29 -1.29 -1.29 

   Mapk13 
    

-1.82 
    

-1.82 
Mapre1 

        
-1.62 

 Msn -1.34 -1.34 -1.34 
      

-1.34 
Mylk 22.84 22.84 22.84 22.84 22.84 

 
22.84 

   Mylk2 -2.13 
     

-2.13 
   Nck1 

      
-1.03 -1.03 

  Nck2 
      

1.02 1.02 
  Pak1 -2.97 -2.97 

 
-2.97 -2.97 -2.97 -2.97 

   Pak4 1.00 1.00 
 

1.00 1.00 1.00 1.00 
   Pfn2 -5.92 

 
-5.92 -5.92 

  
-5.92 

   Pikfyve 1.03 1.03 1.03 1.03 
 

1.03 1.03 
   Ppp1r12a -1.14 -1.14 -1.14 -1.14 -1.14 

 
-1.14 -1.14 
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Table 3 (cont.): Cytoskeleton regulators in pathways indicated in Figure 7.1. 
 

           
 

Pathway 
Gene 1 2 3 4 5 6 7 8 9 10 

Ppp1r12b -1.45 
 

-1.45 -1.45 -1.45 
 

-1.45 
   Rac1 1.32 1.32 

 
1.32 

 
1.32 1.32 1.32 

 
1.32 

Rdx 2.16 2.16 2.16 
       Rhoa -1.20 -1.20 -1.20 -1.20 

 
-1.20 -1.20 -1.20 

  Rock1 -1.39 -1.39 -1.39 -1.39 
  

-1.39 -1.39 
  Ssh1 -1.58 

         Ssh2 1.09 
         Stmn1 

 
1.08 

        Tiam1 -2.27 
    

-2.27 
    Vasp 

      
-1.55 -1.55 

 
-1.55 

Was 1.91 1.91 
 

1.91 1.91 
 

1.91 1.91 
 

1.91 
Wasf1 1.73 1.73 1.73 1.73 

 
1.73 

 
1.73 

  Wasl 
   

-1.82 
  

-1.82 
  

-1.82 
 
 
 
Table 3. Cytoskeleton regulators in pathways indicated in Figure 7.1. Table shows which cytoskeletal regulators belong to each 
pathway in the Ingenuity Pathway Analysis. Cytoskeleton regulators are listed along with fold-change in expression detected by the 
array. Pathway Key: Actin Cytoskeleton Signaling (1), Signaling by Rho Family GTPases (2), RhoA Signaling (3), Regulation of 
Actin-based Motility by Rho (4), Cdc42 Signaling (5), Rac Signaling (6), Integrin Signaling (7), Actin Nucleation by ARP-WASP 
Complex (8), Remodeling of Epithelial Adherens Junctions (9), Leukocyte Extravasation Signaling (10).
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Table 4: Geometric mean values of fluorescence obtained in cell surface 
marker screen. 

     Marker Control L1A L1B P2 
CD44 1788.74 532.36 1403.6 1256.86 
CD9 1507.72 2113.1 1128.14 1475.78 
CD138 996.24 1178.58 1004.5 520.98 
Syndecan 4 (Sdc4) 611.87 408.45 211.49 164.94 
Crry/p65 593.17 540.53 355.64 561.3 
CD47 577.94 787.47 670.36 853.43 
CD49e 535.9 288.09 836.66 745.52 
CD147 397.7 625.48 697.37 791.71 
CD98 375.28 497.83 1077.98 1238.17 
H-2D(b) 344.43 173.3 565.44 1424.78 
CD54 293.43 61.97 156.29 79.41 
CD71 261.79 224.66 228.86 691.41 
CD29 253 320.61 415.47 242.75 
Ly-6A/E (Sca-1) 124 201.96 233.76 33.24 
NK-T/NK Cell Antigen 120.99 5.44 11.16 6.48 
H-2K(b) 109.8 43.83 200.67 214.66 
CD73 80.58 127.11 193.93 229.67 
CD13 52.65 118.61 94.96 91.22 
CD140a 49.13 48.54 61.17 73.13 
CD119 46.04 15.09 39.28 40.33 
CD120b 41.31 37.06 38.82 32.21 
CD5 (Ly-1) 33.63 5.22 5.48 5.87 
CD120a 31.83 17.18 25.86 38.44 
CD38 29.98 3.58 5.04 6.81 
CD200 27.33 39.75 43.88 49.5 
MAC-3 (CD107b) 27.28 35.11 29.83 85.1 
CD61 27.16 5.2 11.2 15.48 
CD31 25.56 2.42 2.62 4.18 
CD95 23.28 14.34 26.04 6.82 
CD51 21.78 46 65.24 91.15 
CD274 19.04 17.96 21.27 83.46 
CD104 17.88 1.98 2.1 2.79 
SSEA-4 14.25 3.27 8.36 22.24 
IFNa/b Receptor1 11.67 10.02 9.02 18.03 
H2-M3 11.66 4.51 16.35 12.49 
CD121a 9.69 18.52 14.1 25.13 
H-2K(k) 8.04 2.98 2.35 5.16 
CD244.2 7.72 114.11 74.34 4.35 
IFNy Receptor B Chain 7.67 2.54 5.28 5.16 
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Table 4 (cont.): Geometric mean values of fluorescence obtained in cell surface 
marker screen. 

     Marker Control L1A L1B P2 
Siglec-F (Siglec5) 7.3 6.12 5.79 4.38 
CD126 6.73 10.38 5.03 6.96 
CD185 (CXCR5) 6.23 3.49 4.7 5.74 
CD137 6.15 4.89 4.23 5.07 
CD48 6.15 1.99 2.12 2.91 
CD40 5.97 2.4 2.6 3.3 
H-2K(d) 5.77 2.1 2.08 3.92 
CD72a/b/d 5.5 3.24 2.25 4.34 
CD124 5.33 4.71 14.63 7.6 
CD127 5.19 1.95 2.07 3.41 
CD55 5.01 2.47 2.62 3.24 
CD102 4.99 10.07 17.07 50.92 
CD162 4.86 3.23 2.09 2.82 
CD152 4.72 2.63 3.03 3.56 
CD279 4.36 2.14 2.22 3.03 
gp49 R 4.29 2 2.15 2.79 
H-2K(q) 4.25 1.92 2.02 2.91 
CD106 4.16 4.73 7.2 9.54 
Dendritic Cells 4.01 2.62 2.47 3.8 
CD22.2 3.91 2.28 2.09 2.81 
CD14 3.87 2.89 2.91 3.52 
CD26 3.83 2.88 2.76 3.91 
CD18 3.82 2.26 2.39 3.15 
yd-TCR 3.82 1.94 1.93 2.73 
CD153 3.81 2.33 2.03 4.13 
CD154 3.78 1.96 1.98 2.78 
CD16/CD32 3.74 2.21 2.19 2.92 
CD81 3.74 1.92 2.04 2.9 
CD21/CD35 3.71 1.94 1.97 2.76 
Pre BCR 3.69 2.72 2.19 2.75 
CD284 3.68 12.62 7.46 18.56 
CD41 3.66 3.08 1.98 2.84 
CD94 3.65 2 1.99 2.83 
CD69 3.64 2.59 2.09 2.71 
SSEA-1 3.64 3.35 3.21 7.42 
PIR-A/B 3.57 2.28 1.95 2.79 
CD43 3.56 3.01 2.93 3.51 
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Table 4 (cont.): Geometric mean values of fluorescence obtained in cell surface 
marker screen. 

     Marker Control L1A L1B P2 
CD90.2 3.49 1.96 2 2.84 
CD132 3.32 3.43 2.73 3.73 
Ly-6D (ThB) 3.31 1.88 1.95 2.74 
CD45.2 3.3 2.26 2.39 3.11 
CD11c 3.29 1.93 2.01 2.85 
Panendothelial Cell Antigen 3.28 2.36 1.97 2.79 
CD27 3.25 1.95 2.04 2.87 
CD45 3.23 2.55 2.56 3.66 
CD335 (NKp46) 3.22 1.9 2.03 2.8 
CD30 3.22 2.1 2.04 2.85 
CD83 3.2 1.98 2.02 2.87 
Early B Lineage 3.2 2.11 2.22 3.06 
CD3e 3.2 1.95 2.5 3.44 
QA-1B 3.2 2.13 2.86 5.05 
CD70 3.19 2.52 2.7 3.69 
CD86 3.18 2.22 2.15 3.13 
NK-1.1 3.18 1.98 2 3.53 
CD72b/c 3.17 4.15 2.06 3.37 
CD121b 3.17 1.99 2.15 3.55 
CD123 3.17 1.98 2.06 3.12 
CD42d 3.17 1.92 1.95 2.74 
CD11a 3.16 2.01 2.01 2.87 
CD35 3.16 2.07 2 2.81 
CD144 3.16 1.96 2.03 2.81 
GITR 3.12 1.93 1.97 2.88 
T/B Cell Activation Antigen 3.07 5.08 4.76 37.78 
CD34 3.06 2.16 2.11 2.89 
CD125 3.06 2.02 2.03 3.25 
CD197 3.06 2.12 2.22 3.74 
CD62E 3.05 2.64 5 3.18 
CD278 3.05 2.17 2.16 3.5 
CD326 3.05 1.95 3.5 5 
IgD 3.05 1.98 2.02 2.95 
CD314 3.04 1.99 2.02 3.73 
NKG2A/C/E 3.04 1.92 1.96 2.76 
CD212 3.04 1.98 2.01 2.98 
CD157 3.03 2.23 2.12 2.97 
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Table 4 (cont.): Geometric mean values of fluorescence obtained in cell surface 
marker screen. 

     Marker Control L1A L1B P2 
MAdCAM-1 3.02 1.95 2.1 3.03 
CD252 3.01 2.02 2.19 2.95 
CD273 3.01 3.41 2.05 3.12 
CD135 3 1.99 2.05 3.83 
CD223 2.99 1.91 1.97 3.94 
CD11b 2.98 2.06 2.05 2.93 
CD45RA 2.98 3.71 2.26 18.47 
CD254 (RANKL) 2.98 2.02 2.09 2.9 
F4/80-like receptor 2.98 2.01 3.02 2.91 
MD-1 (Ly-86) 2.98 1.92 1.96 2.85 
CD25 2.97 2 1.98 2.76 
CD122 2.97 2.03 2.25 3.4 
CD134 2.97 1.93 2.02 3.37 
4-1BB Ligand (CD137L) 2.97 1.87 1.94 2.71 
TCRb Chain 2.97 1.98 1.99 2.89 
Ly-49C, Ly49l 2.97 2.01 2.04 3.21 
Ly-51 2.97 2 2.02 3.44 
CD117 2.96 2.22 2.07 2.95 
CD131 2.96 1.87 2 3.28 
Ly-6G, Ly-6C 2.96 40.92 29.31 3.25 
CD184 (CXCR4) 2.95 2.87 2.13 3.92 
CD253 2.95 2 2.07 2.91 
CD244.1 2.94 2.02 2.17 2.9 
TER-119 (Erythroid Cells) 2.94 1.97 2.59 2.77 
Pre TCR a Chain 2.94 2.02 2.04 3.51 
CD53 2.93 2.13 4.23 3.1 
CD180 2.92 1.94 2.01 3.01 
CD209a 2.92 1.98 2.05 3.78 
CD267 2.92 2.49 2.05 2.78 
IgM 2.92 2.04 1.99 2.86 
CD64a/b 2.92 2.28 1.98 2.85 
CD49d 2.91 2.05 2.03 3.61 
CD179b 2.91 1.97 2.06 2.9 
Ly-6G 2.91 30.38 27.92 3.24 
CD24 2.9 2.04 2.11 2.97 
CD62L 2.9 2.05 189.07 3.14 
I-A/I-E 2.9 1.96 1.97 2.83 
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Table 4 (cont.): Geometric mean values of fluorescence obtained in cell surface 
marker screen. 

     Marker Control L1A L1B P2 
CD80 2.89 2.03 2.1 2.85 
CD172a 2.89 2.34 2.02 2.74 
CD179a 2.89 2.14 2.04 2.74 
H-2K(s) 2.89 2.4 2.63 3.82 
CD103 2.88 1.86 1.98 2.7 
KLRG1 2.88 2.02 1.97 2.91 
CD45R 2.87 2.15 2.08 3.84 
CD45RC 2.87 3.73 2.03 3.58 
CD309 (Flk-1, VEGF-R2) 2.87 2.04 2.03 3.56 
CD45.1 2.87 1.99 1.95 2.78 
CD210 2.86 2.03 2.03 3.82 
IgL123 light chain 2.86 1.91 1.97 2.79 
IgE 2.86 2.18 1.97 2.75 
Vy3TCR 2.86 1.8 1.84 2.61 
CD49b 2.85 2.11 2.18 8.91 
CD28 2.85 1.99 2 3.51 
CD4 2.84 1.95 1.99 2.8 
LPAM-1 2.84 1.96 2.01 2.97 
CD8a (Ly-2) 2.83 1.98 1.98 2.79 
CD79b 2.83 3.22 3.15 4.6 
CD19 2.82 2.18 1.99 2.87 
CD2 2.81 1.92 1.97 2.74 
CD195 2.8 2.08 2.01 3.59 
IL-21 Receptor 2.8 1.91 1.96 2.81 
Integrin B7 chain 2.8 1.88 1.93 2.89 
CD23 2.74 1.95 1.96 2.73 

 

Table 4. Geometric mean values of fluorescence obtained in cell surface marker screen. 
Fluorescent values derived from the flow cytometry surface marker screen are listed for the 
E0771 control vs Krtap5-5 silenced lines. The cutoff of positivity = 4, corresponding with 
fluorescent values derived from the negative controls. 
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Table 5: Effect of shKrtap5-5 in different murine cancer cell lines. 

    
 

Phenotype after Krtap5-5 knockdown 
Cell Line Endothelial Monolayer Disruption CK14 CK18 

E0771 Inhibited, *** (−), *** (−−−), *** 
4T1 Enhanced, *** (−), ** (+), *** 
PDAC Clone D10 Enhanced, *** (++), *** (−), * 

 

 
Table 5. Effect of shKrtap5-5 in different murine cancer cell lines. The Table depicts the 
phenotypic effect of Krtap5-5 knockdown on keratins and endothelial monolayer invasion in 
additional murine cancer cell lines. For the monolayer disruption assay, inhibition or 
enhancement is in comparison to the non-silencing shRNA control. One-way ANOVA pairwise 
comparison, *** p<0.001. For the qPCR data, the expression cycle number for various genes is 
compared to that of the control. >1 cycle = (+) or (-), >4 cycles = (++) or (--), >6 cycles = (+++) 
or (---). * p<0.5, ** p<0.01, *** p<0.001 versus control.    
 

 

 

 

 

 

 

 

 

 

 

 

 

 



	79 

HUMBLE MUSINGS ON KRTAP5-5 

 

As the preceding subsections would suggest, there are a number of peculiar features of Krtap5-5 

that made the study of this gene unique and fascinating, but also very challenging. I will briefly 

touch on some of these features here. The first feature is perhaps the most obvious, being 

Krtap5-5’s very low expression level. One of my major struggles with this project involved 

reconciling that such a drastic phenotype could ensue from perturbing the expression of a gene 

that is barely detectable within E0771 cells. When doubt set in, as it often did, I wondered if this 

project was all caused by an off-target effect. Given the general homology shared amongst the 

100+ other keratin-associated proteins, I questioned whether my shRNAs exerted their effects 

either through some other family member that was unbeknownst to me or, alternatively, through 

groups of Krtaps. In other words, was my phenotype due to the depletion of a single Krtap gene 

or many? To address this, I initially expanded my study to analyze the other members of the 

Krtap5 family and found that their expression pattern was very low and often erratic. This 

initiated about 3 months of work during which I tried to identify various culture conditions or 

treatments that may induce greater expression of Krtap5 genes but ultimately gave up because 

the data were too variable. 

 

I refocused myself by remembering that six different shRNAs converged upon the same 

phenotype (we only used 4 lines spanning 3 shRNAs in the manuscript to prevent the reader 

from becoming overwhelmed), the severity of which correlated with the extent knockdown of the 

gene. The dosage observations exemplified by the L1A and L1B lines (initially in Figure 2 and 

later throughout the chapter) are what convinced me that this project was true and worth 
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pursuing. Doubt still lingered but it was later greatly assuaged by overexpression work depicted 

in Figure 3.7. There I learned that stably transfecting Krtap5-5 into E0771 cells slightly boosted 

its expression level, but by no more than 2-fold, yet this led to a concurrent 10-fold increase in 

both Krt14 and Krt18 expression. The fact that Krtap5-5’s regulatory influence on keratin 

expression could be functionally reversed -- again, by such low levels -- initially seemed too 

good to be true and I therefore conducted a series of independent replicates in an attempt to 

convince myself that it was real. All five subsequent biological repeats showed the same result. 

Taken together, these experiments would suggest that my phenotype was due to perturbing the 

Krtap5-5 gene specifically. In retrospect, I accept that some level of self-doubt likely helped 

protect the science, though I may have been ignorant in originally presuming that the expression 

level of a gene like Krap5-5 equates to its biological importance. There could exist a world of 

lowly expressed genes that are highly influential in the cell but we do not actively study them 

because we lack the proper tools.  

 

Also tied to the Krtap5-5 overexpression studies was an inconvenience as well as a gem. Since 

the silencing of Krtap5-5 leads to attenuated vascular invasion by cancer cells, one would think 

that its overexpression should conversely enhance vascular invasion. Unfortunately, E0771 cells 

stably transfected with Krtap5-5 were severely limited in their ability to disrupt endothelial 

monolayers and this inconvenience became apparent while my manuscript was under revision. 

The gem, however, becomes evident when one reflects on what this finding may imply. 

Essentially, it implies that too much of Krtap5-5 is disadvantageous for E0771 cells whereby 

increased expression of keratins 14 and 18 could still interfere with endothelial invasion by 

promoting cellular rigidity. If true, this may explain why keratin-associated proteins are so lowly 
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expressed within cells; there they may serve as cytoskeletal regulators operating in a goldilocks 

zone that requires low abundance. Just as depleting keratin-associated proteins may destabilize 

the intermediate filament cytoskeleton, overexpressing these genes could cause the cytoskeleton 

to become impliable. Although mere conjecture at this point, one could employ atomic force 

microscopy to further explore how cell structure may be influenced after depleting or 

overexpressing various keratin-associated proteins.  

 

This brings me to the second issue that has muddied the study of this gene. When extrapolating 

these findings into other cell lines, will Krtap5-5 matter? Experiments conducted in a number of 

human cell lines centered on depleting a related KRTAP gene in search of a similar phenotype. 

Unfortunately, no phenotype could be readily ascertained. Thus, do these other cell lines use 

KRTAP5-4 instead? What about something like KRTAP17-1? Or are they simply agnostic to any 

KRTAP? Various keratin-associated proteins differ sufficiently in their UTR sequences and can 

therefore be targeted successfully with some in situ probes and shRNAs, but the redundancies 

exhibited by their amino acid sequences cause one to wonder about their functional similarity. 

Suggestive functional similarities are supported by observations that these genes are 

polymorphic in human populations and mediate diverse hair types. At any rate, to pursue 

questions like these, one could attempt to deplete a variety of keratin-associated proteins in 

E0771 cells and determine if the phenotype is truly specific to Krtap5-5, or if it can also be 

achieved by targeting closely related keratin-associated proteins like Krtap5-4 and Krtap4-5, or 

more distant keratin-associated proteins like Krtap17-1, etc. 

 

Finally, the most regrettable defeat of this project was my inability to achieve human relevance. 
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After failing to attain a phenotype in a panel of human cell lines with a related KRTAP shRNA, 

we decided that these genes represented a quagmire and it was more strategic to publish the 

murine results and then transition to a different project. I think this was a prudent decision. And 

yet, true human relevance will be required if others are to eventually care about keratin-

associated proteins outside of the hair follicle or even in cancer progression. In order to pinpoint 

functionally relevant KRTAPs in human cell lines, I would recommend employing a targeted 

KRTAP library (shRNA or CRISPR) spanning the 100+ family members. One could transduce 

cell lines with the KRTAP library and then use a flow cytometer to identify and clonally sort, and 

then eventually expand, any cells that exhibit altered surface marker expression. My data would 

suggest that the altered surface presence of hemidesmosomal integrins could potentially be used 

as a barometer for the KRTAP phenotype when sorting and evaluating other cell lines. From 

here, one could then work out which lost KRTAP is responsible for the phenotype and verify 

whether the expression of keratins are also impacted. 

 

I do not give up hope for human relevance because I think these findings may ultimately be 

applicable to other epithelial systems. Prior to starting my next project, I used a Sleeping Beauty 

transposon system to stably deliver a KRTAP5-5 construct into the human MDA-MB-231 cell 

line. Following a brief selection period, these cells sat in culture in a quiescent state for over one 

month, after which they resumed proliferation. When I eventually had enough cells to extract 

RNA and assessed the expression of common mammary keratins, no difference was detected. 

Either I evaluated the wrong keratins, or, possibly, I missed important cytoskeletal alterations 

that were otherwise occurring when the cells were undergoing quiescence. At the very least, to 

observe MDA-MB-231 cells greatly and negatively affected by the KRTAP5-5 expression 
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construct and not the corresponding control suggests the gene may have a role beyond E0771 

cells.       
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CHAPTER III: MST4 - REGULATOR OF MITOTIC FIDELITY 
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ABSTRACT 

 

The mammalian Sterile20-like MST3 and MST4 kinases are thought to control cellular functions 

that are distinct from those of MST1/2, the classic Hippo pathway kinases. Here we describe that 

disruption of MST4, but not of MST3, leads to mitotic errors and giant aneuploid cancer cells 

that result from a progressive failure to undergo cytokinesis during mitosis. Errors during mitosis 

became detectable upon the RNAi-mediated partial depletion of MST4 expression and 

manifested as the induction of an aneuploid population of cells exhibiting a slightly reduced 

proliferative rate. However, CRISPR/Cas9 disruption of MST4 led to a more ostensible 

phenotype consisting of multipolar mitotic cells, DNA damage, mitotic stalling, and mitotic 

catastrophes that resulted in cell stress signaling and enhanced expression of IL-6 and IL-8. Cells 

propagated beyond this aneuploid crisis phase adapted to the loss of MST4 and normalized their 

morphology and growth rate. Yet the cells continued to harbor the acquired DNA alterations and 

migrated erratically in culture due to a compromised cellular body axis and behavioral polarity 

that resulted in reduced vascular invasiveness in vitro and in vivo. We conclude that MST4 

controls mitotic fidelity and that its inhibition in cancer cells can lead to mitotic errors with 

subsequent growth arrest, impaired cell polarity, and an attenuated invasive ability.  
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INTRODUCTION 

 

A cancer cell will navigate a myriad of selective pressures as it survives and disseminates within 

an afflicted patient and kinases are its crucial enablers. By allowing for the rapid adjustment of 

signaling networks, kinases permit these cells to dynamically meet internal and external 

challenges. The reach of the kinome therefore extends into every facet of a cancer cell's 

phenotype in order to fine-tune the events that surround malignant behaviors like uncontrolled 

proliferation, local invasion and distant metastasis [158]. It follows that much can go awry when 

this dependency is perturbed. For example, interfering with regulators of the cell cycle leads to 

mitotic defects and hence chromosomal instability and aneuploidy [159, 160]. While a moderate 

amount of chromosomal instability is known to promote malignancy and metastasis, a high 

degree of chromosomal instability causes growth arrest and cellular lethality [161], the latter 

outcome of which can be achieved via inhibition of aurora kinases [162]. But in contrast to 

mitotic kinases, perturbing important cytoskeletal kinases, like Rho family members, is known to 

selectively impact the invasive ability of cancer cells, thereby limiting their metastatic 

dissemination [163, 164]. 

 

Two kinases currently garnering significant attention are the Mammalian Sterile20-like (MST) 

kinases known as MST3 and MST4 [165]. The expression of these kinases was found 

upregulated in aggressive breast cancers and correlates with worse patient prognosis [166]. 

Unlike the related MST1 and MST2 kinases that transduce signals through the Hippo Pathway 

[167, 168], MST3 and MST4 have an established role in regulating cytoskeletal contractility via 

the STRIPAK signaling complex [166, 169]. Though often considered in tandem as MST3/4 to 
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signify their joint influence on cell structure, some unique aspects are emerging in the literature. 

MST3 was previously shown to promote apoptosis [170] whereas MST4 appears to regulate 

diverse processes that include autophagy [171], inflammation [172], cell polarity [173-175], and 

proliferation [176-178]. Studies documenting the relationship between MST4 and malignancy 

have demonstrated that the overexpression of MST4 can enhance cell proliferation whereas 

depleting the kinase only has a slight negative effect. For lack of a strong phenotype, the 

relationship between MST4 and mitosis has gone unexplored in detail until now.    

 

In this study, we set out to investigate unique functions for MST3 versus MST4. Initial shRNA-

mediated knockdown of MST4, but not MST3, led to a small but significant increase in mitotic 

irregularities. Quite strikingly, disruption to the MST4 gene following CRISPR/Cas9 editing 

causes loss of mitotic fidelity by increasing mitotic errors and promoting cytokinesis failures. 

Cancer cells are subsequently driven into an aneuploid crisis that is marked by DNA damage, 

severe growth arrest, cell death, and proinflammatory signaling. Cancer cells propagated beyond 

this aneuploid crisis phase manage to resume mitosis despite acquiring permanent severe damage 

to their genomes and exhibit impaired cell polarity and reduced invasiveness. 
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RESULTS 

RNAi-mediated depletion of MST4, but not MST3, causes mitotic irregularities. Others 

have recently shown that expression of both MST3 and MST4 kinases correlates with worse 

tumor grade in breast cancers [166] suggesting a possible role for these kinases in malignant 

progression. We therefore set out to explore functions of MST3 and MST4 and evaluate potential 

differences between these kinases despite their amino acid homology of 90% in the kinase 

domain and <20% in the C-terminal domain [179]. MST3 or MST4 were depleted by RNAi in 

the MDA-MB-231 cell line, where knockdown of MST3 did not impact the expression level of 

MST4 and vise versa (Figure 11.1).  

 

An examination of cell morphology revealed that depletion of MST4, but not of MST3, 

generated a subpopulation of enlarged cells that, upon closer examination, presented with nuclei 

that looked abnormal (Figure 11.2).  

Figure 11.1: shRNA-mediated knockdown of MST3 and MST4. (a-b) Expression levels of 
MST3 vs MST4 in stable shRNA knockdown lines for RNA (a) and protein (b).  
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Figure 11.2: shMST4 induces abnormal morphology and nuclear count. (a) Morphology and 
nuclear content of cells following respective gene knockdown. Inset in upper panel shows cell 
subpopulation induced upon depletion of MST4, scale bar = 50 µm. Lower panels, scale bar = 25 
µm. (b-c) Flow cytometric assessment of cell (b) size and (c) granularity after stable knock down 
of MST3 vs MST4. Boxplots show the mean, 25%, and 75% quartiles. ***P < 0.001, t test vs 
control. 
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We reasoned that potential functional consequences of these abnormal nuclei could become 

evident during mitosis. Hundreds of mitotic cells were thus identified, photographed, and 

assigned to categories signifying whether the DNA during mitosis was organized in a normal or 

erroneous fashion (Figure 11.3).  

 

A baseline proclivity towards mitotic errors preexists in many cancer cells including the MDA-

MB-231 cell line [180], yet the baseline error rate increased upon depletion of MST4, but not of 

MST3 (Figure 11.4).  

 

 

Figure 11.3: Categories for mitotic cell scoring. Examples of normal mitotic cells and cells 
experiencing errors. Labeling of α-tubulin marks the mitotic spindle. Scale bar = 10 µm. 
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Quite provocatively, the rate and severity of the mitotic errors correlated with the extent of 

knockdown of MST4, as cells transduced with a more effective shRNA produced a stronger 

phenotype and showed a slightly impeded growth rate (Figure 11.5).  

Figure 11.4: Mitotic error rate and type after shMST3 vs shMST4. (a) Comparison of 
mitotic error rate for shMST3 vs shMST4 cells. Chi Square test vs control, ***P < 0.001. (b) 
Comparison of mitotic error types. 

Figure 11.5: Proliferative rate after shMST3 vs shMST4. (a, b) Cell growth rate 
for 6 days following depletion of MST3 (a) vs MST4 (b). ANOVA with Bonferroni 
comparison vs control; **P < 0.01, ***P < 0.001; mean ± SEM. 
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Given that the knockdown of MST3 did not generate the same outcome, we next decided to 

disrupt the MST4 gene to assess whether that would increase the magnitude of the phenotype 

and to study the consequences for the cells. 

Disruption of the MST4 gene leads to loss of mitotic fidelity. We hypothesized that 

CRISPR/Cas9 targeting of the MST4 gene would elicit a more distinct phenotype. Using a 

standard workflow that involved transfection and subsequent cloning of individual cells, we 

generated two clonal MDA-MB-231 cell lines that exhibited distinct genomic modifications to 

the MST4 locus (Figure 12.1a) and rendered the MST4 protein either undetectable or barely 

detectable depending upon the specific guide RNA (Figure 12.1b).  

  

 

 

 

 

 

 

 
Figure 12.1: CRISPR/Cas9 editing of the MST4 gene. (a) Schematic of the MST4 
gene showing sgRNA target sites and genetic modifications achieved in MDA-MB-
231 cells (b) MST3 and MST4 protein levels after CRISPR/Cas9 editing of MST4. 
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The CRISPR control was subjected to the same workflow after initial transfection with a 

scrambled guide RNA. As hypothesized from the RNAi approach, the disruption of MST4 gene 

vastly exacerbated the phenotype, and giant cells possessing numerous nuclei became evident in 

culture (Figure 12.2).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.2: cr-MST4 produces giant aneuploid cancer cells. (a) Morphology and 
nuclear content of cells following loss of the MST4 gene. Upper panels, scale bar = 50 μm. 
Lower panels, scale bar = 25 μm (a, b) Flow cytometric assessment of cell (a) size and (b) 
granularity following disruption of the MST4 gene. Boxplots show the mean, 25%, and 
75% quartiles. ***P < 0.001, t test vs control. 
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Further imaging of mitotic cells revealed their error rate had greatly increased (Figure 12.3a-b) 

and we observed a large population of cells containing multiple mitotic spindles (Figure 12.3c).  

Given the amount of errors detected, we next conducted whole-exome sequencing to determine if 

these mitotic defects resulted in genomic alterations. Our analysis uncovered a surprisingly large 

amount of unique mutations arising from the loss of MST4 relative to the CRISPR control 

(Figure 12.4 and Figure 12.5). In addition, we observed many copy number variation (CNV) 

gains in chromosomal material confirming the aneuploidy indicated from immunofluorescence 

staining of the nuclei. 

Figure 12.3: cr-MST4 enhances errors and leads to multipolar mitotic spindles. (a) 
Representative mitotic cells after modification of the MST4 gene. α/γ-tubulin staining 
identifies the mitotic spindle. Scale bar = 10 µm. (b, c) Mitotic error rate (b) and assessment 
of error types (c) after cell scoring. Mitotic cells scored, n = cr-Control (57), cr-MST4 #1 
(65), cr-MST4 #2 (65). Chi Square test vs control, ***P < 0.001. 
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Figure 12.4: Unique mutations after cr-MST4. Circos plot showing unique DNA 
mutations in cr-MST4 #1 using the cr-Control line as a reference. Mutations and copy 
number variations were detected by Varscan2 with a blanket cutoff p-value of < 0.01. See 
Figure 12.5 for key. 
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Figure 12.5: Key for the Circos plot. Starting from the 
outermost ring, each plot shows: the chromosome, a SNP 
region, breakdown of SNP subtypes, a region for CNVs, a 
band for INDELs, the size and locations of INDELs greater 
than 5 bp, and any chromosomal translocations that could 
be confidently assessed via whole-exome sequencing. 
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To track the origin of these large multipolar cells, we employed time-lapse imaging of several 

hundred cell divisions. We compared divisions that were normal with those ending in either a 

mitotic catastrophe or a cytokinesis failure (Figure 12.6).  

 

To our astonishment, a large proportion of cancer cells that had lost MST4 underwent mitotic 

catastrophe while attempting to divide (Figure 12.7a). Of the mitoses that proceeded without cell 

death, many ended with a failure to undergo cytokinesis (Figure 12.7b), often observed in 

successive division cycles for a given cell. Thus, these consecutive cytokinesis failures are the 

cause of the giant multipolar cells observed as a final outcome.  

 

 

 

Figure 12.6: Examples of categories used for scoring mitoses. Mitoses were classified as 
being normal, undergoing mitotic catastrophe, or failing to complete cytokinesis. Scale bar = 25 
μm. 
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In addition to these defects, the disruption of MST4 greatly increased the average mitotic time 

where, in some instances, cancer cells were observed to stall in a mitotic state for over 30 hours 

suggesting issues with assembling or organizing the mitotic machinery (Figure 12.8).  

 

 

 

 

 

Figure 12.7: Mitotic catastrophes and cytokinesis failures after cr-MST4. (a) Amount of 
mitotic catastrophes during attempted mitoses assessed over 10 independent microscopy 
fields. Attempted mitoses evaluated, n = cr-Control (293), cr-MST4 #1 (117), cr-MST4 #2 
(172). *P < 0.05, ***P < 0.001, t test vs control; mean ± SEM. (b) Cytokinesis failures 
scored over 10 independent microscopy fields. Only mitoses not ending in a catastrophe were 
used for calculations. Mitoses scored, n = cr-Control (290), cr-MST4 #1 (85), cr-MST4 #2 
(152). ***P < 0.001, t test vs control; mean ± SEM. 

Figure 12.8: Mitotic stalling in response to cr-MST4. Time spent in mitosis per cell 
from initial lift off of tissue culture substratum until touchdown. Mitoses, n = first 100 
divisions witnessed per condition. ***P < 0.001, t test vs control; mean ± SEM. 
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The loss of mitotic fidelity that stemmed from the CRISPR/Cas9 editing of the MST4 gene 

resulted in a greatly reduced cellular growth rate (Figure 12.9).  

 

The growth impeded phenotype was also reflected in the analysis of gene expression of the 

knockout cells: RNA-seq identified several pathways negatively enriched for cell growth and 

positively enriched for inflammatory signaling, both of these being hallmarks of chromosomal 

instability [161] (Figure 12.10).  

 

 

 

Figure 12.9: Cell growth rate after cr-MST4. Proliferation shown over 6 days. 
ANOVA with Bonferroni comparison vs control; **P < 0.01, ***P < 0.001; mean 
± SEM. 
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Signal transduction alterations. Because MST4 was initially associated with MAPK signaling 

[176], we ran a phospho-MAPK array to assess the status of this signaling pathway after MST4 

knockout. Although we saw a modest reduction in ERK1 activation in basal culture conditions, a 

notable increase in HSP27 phosphorylation was also detected and was in line with the indications 

of growth arrest (Figure 13.1).  

 

 

 

Figure 12.10: Induction of cell stress following disruption of MST4. (a) Pathways enriched in 
the Gene Ontology GSEA data set by comparison of RNA-seq values obtained from MST4 
knockout cells vs the CRISPR control. (b) Examples of the most enriched categories are shown. 
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We confirmed HSP27 activation in MST4 knockout cells by Western blot and also observed 

enhanced phosphorylation of NFκB (Figure 13.2a). Activation of the NFκB pathway was 

supported by upregulation of different NFκB target genes including IL-6 and IL-8 (Figure 

13.2b). From these results we conclude that cell stress signaling and inflammation accompany 

the genetic disruption of MST4. 

 

 

 

 

Figure 13.1 Comparison of phosphorylated proteins on a MAPK signaling array. (a) 
Image of the array; red box: HSP27; blue box: ERK1. (b) Waterfall plot of phosphorylation 
levels of different proteins. Data is presented as the average of cr-MST4 #1 and cr-MST4 
#2 vs cr-Control. Cutoff line indicated at 1.5 fold. 
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Impact of MST4 disruption in additional cell lines results in similar phenotypes. We 

assessed the consequences of MST4 disruption in two additional cell lines, HCC 1806 and 

MDA-MB-468 to determine if the mitotic phenotype was applicable beyond MDA-MB-231 

cells. Subjecting HCC 1806 cells to the same CRISPR/Cas9 editing workflow generated two 

clonal lines with modifications to the MST4 gene that depleted the protein (Figure 14.1).  

 

Figure 13.2: Validation of cell stress response. (a) Western blot denoting increased 
phosphorylated NFκB and HSP27 in cancer cells undergoing an aneuploid crisis upon losing 
MST4. (b) Relative expression levels of various NFκB target genes were assessed by qRT-PCR. 
**P < 0.01, ***P < 0.001, t test vs control; mean ± SEM. 

Figure 14.1: CRISPR/Cas9 editing of MST4 in HCC 1806 cells. (a) Schematic of the MST4 
gene showing sgRNA target sites and genetic modifications achieved in HCC 1806 cells. (b) 
MST3 and MST4 protein levels after CRISPR/Cas9 editing of the MST4 gene. 
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Akin to the findings in MDA-MB-231 cells, genetically disrupting MST4 in HCC 1806 cells 

produced a population of giant aneuploid cells and the culture grew at a much slower rate than 

the CRISPR control (Figure 14.2).  

 

The imaging of mitoses revealed a clear increase in mitotic errors, induction of multipolar 

mitotic cells, as well as enhanced expression of proinflammatory genes (Figure 14.3).  

  

Figure 14.2: Nuclear content and growth rate of HCC 1806 cells after cr-MST4. (a) 
Morphology and nuclear content of HCC 1806 cells that have lost MST4. Scale bar = 25 μm (b) 
Cell growth rate over 5 days following disruption of MST4. ANOVA with Bonferroni 
comparison vs control; ***P < 0.001; mean ± SEM. 
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For MDA-MB-468 cells, we generated one MST4-disrupted clonal line (Figure 15.1).  

 

 

 

Figure 14.3: Mitotic errors and pro-inflammatory gene expression in HCC 1806 cells after 
cr-MST4. (a) Examples of mitotic cells. Labeling of α-tubulin marks the mitotic spindle. Scale 
bar = 10 μm. (b, c) Mitotic error rate and type after cell scoring. Mitotic cells scored, n = cr-
Control (38), cr-MST4 #1 (33), cr-MST4 #2 (33). Chi Square test vs control, **P < 0.01 (d) 
Relative expression of various NFκB target genes as assessed by qRT-PCR. **P < 0.01, ***P < 
0.001, t test vs control; mean ± SEM. 

 

Figure 15.1: CRISPR/Cas9 editing of MST4 in MDA-MB-468 cells. (a) Schematic of the 
MST4 gene showing sgRNA target sites and genetic modifications achieved in MDA-MB-468 
cells. (b) MST3 and MST4 protein levels after CRISPR/Cas9 editing of the MST4 gene. 
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Disrupting the MST4 gene in MDA-MB-468 cells resulted in aberrant micronuclei as well as a 

reduction in cell growth (Figure 15.2).  

 

We also noted an increase in the amount of mitotic errors that, while not statistically significant, 

were marked by multipolarity (Figure 15.3a-c). Finally, we observed elevated expression of 

inflammatory genes (Figure 15.3d).  

Figure 15.2: Nuclear content and growth rate of MDA-MB-468 cells after cr-MST4. (a) 
Morphology and nuclear content of HCC 1806 cells that have lost MST4. Arrows depict aberrant 
micronuclei. Scale bar = 25 μm (b) Cell growth rate over 6 days following disruption of MST4. 
ANOVA with Bonferroni comparison vs control; ***P < 0.001; mean ± SEM. 
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In the MDA-MB-468 cell line, we did not observe the giant aneuploid cells seen in MDA-MB-

231 and HC1806 cells upon disruption of MST4. From these data, we conclude that disruption of 

the MST4 gene leads to chromosomal instability in cancer cells and adversely impacts their 

ability to grow, although the severity of the phenotype depends on the specific cell line. 

 

Cancer cells adapt to the loss of MST4. Propagating MDA-MB-231 cells beyond the aneuploid 

crisis generated a population that had adapted to the loss of MST4 (Figure 16.1) despite the 

continued depletion of MST4 without alterations in MST3 protein expression after the adaptation 

(Figure 16.2).  

Figure 15.3: Mitotic errors and pro-inflammatory gene expression in MDA-MB-468 cells 
after cr-MST4. (a) Examples of mitotic cells. Labeling of α-tubulin marks the mitotic spindle. 
Scale bar = 10 μm. (b, c) Mitotic error rate and type after cell scoring. Mitotic cells scored, n = 
cr-Control (37), cr-MST4 #1 (35). Chi Square test vs control. (c) Relative expression of various 
NFκB target genes as assessed by qRT-PCR. **P < 0.01, ***P < 0.001, t test vs control; mean ± 
SEM. 
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Figure 16.1: Strategy employed to generate the MST4 knockout lines. Note passage numbers 
for the aneuploid crisis and adaptation phases in the MDA-MB-231 cell line.  

 

 

Figure 16.2: MST3 and MST4 protein levels in adapted cells. Western blot of MST3/4 protein 
levels during the aneuploid crisis and adaptation. 
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These adapted cells appeared morphologically indistinguishable from the CRISPR control 

(Figure 16.3a) and experienced some recovery of their proliferative capacity (Figure 16.3b).  

 By flow cytometry we were able to detect an aneuploidy-high subpopulation that peaked during 

the crisis and resolved once the cells had adapted (Figure 16.4).  

 

 

 

 

 

 

 

Figure 16.3: Morphology and growth rate normalizes after adaptation to MST4 knockout. 
(a) Morphology of MDA-MB-231 cells as they grow beyond the aneuploid crisis. Scale bar = 50 
μm. (b) Comparison of cell growth after 6 days in culture as % of control. *P < 0.05, **P < 0.01 
***P < 0.001, t test vs control; mean ± SEM. 

Figure 16.4: High aneuploidy subpopulation after cr-MST4. (a) Example showing 
aneuploidy-high gate. (b) Quantitation of aneuploid-high cells as detected by flow 
cytometry. Independent experimental replicates, n = cr-Control (4), cr-MST4 #1 crisis 
(3), cr-MST4 #1 post-crisis (2), cr-MST4 #1 adapted (2), cr-MST4 #2 crisis (3), cr-MST4 
#2 adapted (2). **P < 0.01, ***P < 0.001, t test vs control; mean ± SEM. 
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Furthermore, the assessment of apoptosis by flow cytometry indicated that the extent of cell 

death correlated directly with the fraction of cells in the aneuploid phase (Figure 16.5).  

 

 

 

 

 

 

The scoring of mitotic divisions for cells that had adapted to the loss of MST4 showed a 

reduction in the number of mitotic catastrophes and of cytokinesis failures towards levels seen in 

the controls (Figure 16.6a-b) as did the average time spent in mitosis (Figure 16.6c).  

Figure 16.5: Cell death during phases after cr-MST4. (a) Example of Annexin V assay. (b) 
Quantitation of apoptotic cells as detected by flow cytometry. Independent experimental 
replicates, n = cr-Control (4), cr-MST4 #1 crisis (2), cr-MST4 #1 post-crisis (2), cr-MST4 #1 
adapted (2), cr-MST4 #2 crisis (3), cr-MST4 #2 adapted (2). Bar color depicts amount of cells 
per apoptotic stage. **P < 0.01, ***P < 0.001, t test vs control; mean ± SEM. 
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The expression of pro-inflammatory NFκB target genes, although reduced, did not quite return to 

the levels exhibited by the CRISPR control (Figure 16.7).  

 

Figure 16.6: Mitotic errors normalize in adapted cr-MST4 cells. (a) Amount of mitotic 
catastrophes during attempted mitoses scored over 10 independent microscopy fields. Attempted 
mitoses, n = cr-Control (293), cr-MST4 #1 crisis (117), cr-MST4 #1 adapted (212), cr-MST4 #2 
crisis (172), cr-MST4 #2 adapted (270). *P < 0.05, ***P < 0.001, t test vs control; mean ± SEM 
(b) Cytokinesis failures scored over 10 independent microscopy fields. Only mitoses not ending 
in a catastrophe were used for calculations. Mitoses, n = cr-Control (290), cr-MST4 #1 crisis 
(85), cr-MST4 #1 adapted (188), cr-MST4 #2 (152), cr-MST4 #2 adapted (266). ***P < 0.001, t 
test vs control; mean ± SEM. (c) Time spent in mitosis per cell from initial lift off of tissue 
culture substratum until touchdown. Mitoses, n = first 100 divisions witnessed per condition. 
***P < 0.001, t test vs control; mean ± SEM.  

Figure 16.7: Cell stress response genes in adapted cr-MST4 cells. Relative expression levels 
of various NFκB target genes were assessed in MDA-MB-231 cells during aneuploid crisis vs 
adaptation phases. *P < 0.05, **P < 0.01, ***P < 0.001, t test vs control; mean ± SEM. 
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Whole-exome sequencing identified numerous unique mutations within the genome of adapted 

cells as well as added CNVs that include deletions on chromosome 13 (Figure 17.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 17.1: Unique mutations in cr-MST4 adapted cells. Circos plot showing unique 
DNA mutations in cr-MST4 #1 adapted cells using the cr-Control line as a reference. 
Mutations and copy number variations were detected by Varscan2 with a blanket cutoff p-
value of < 0.01. Refer to Figure 12.5 for key. 
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We used paired RNA-seq data to validate the deletions on chromosome 13 and found a general 

reduction in gene expression on this chromosome during the aneuploid crisis that was further 

reduced in adapted cancer cells (Figure 17.2).  

 
Figure 17.2: Validation of chromosomal deletions by RNA-seq. (b-d) Gene expression of 
MST4 knockout (adapted and crisis) cells versus cr-Control per chromosome based on RNA-
seq. (b) Average expression level per chromosome. (c) p-values for the comparisons. (d) 
Number of transcripts detected per chromosome. (e, f) Representative RNA-seq based gene 
expression across chr 11 and chr 13. Note the decreased gene expression on chr 13 (f) in 
adapted MST4 knockout cells when compared to cells in the aneuploid crisis.  
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Many of the unique SNPs and INDELs that emerged upon the loss of MST4 were also shared 

between cancer cells in both aneuploid crisis and the adaptation phases (Figure 17.3) suggesting 

that adapted cells are directly derived from the cancer cells undergoing chromosomal instability 

and highlights that adaptation to lost MST4 was not de novo; it was instead achieved while 

cancer cells accrued mutations. 

 

 

Distinct behavior of cells adapted to the loss of MST4. With the exception of genomic 

alterations described above, the mitotic phenotype was absent in the adapted cells so were 

surprised to find that their migratory behavior was permanently altered. Adapted MST4 

knockout cells moved erratically in culture and migrated on average twice the distance as the 

controls (Figure 18.1) similar to findings by others after dual depletion of MST3 and MST4 with 

siRNA [166]. 

 

Figure 17.3: Sharing of mutations in crisis and adapted cells vs cr-Control. (a, b) Venn 
diagram showing shared (a) SNPs and (b) INDELs in aneuploid crisis cells and adapted cells 
upon deriving unique mutations from the cr-Control.   
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 Our findings imply a long-term effect on cellular behavior, so we evaluated whether erratic 

migration resulted from the loss of cell polarity, a role that others have attributed as a possible 

function of the MST4 gene [173]. Cells were imaged in a rapid manner over a 2-hour period to 

measure the angles and relative distances of distinct membrane protrusions that were formed 

relative to the cellular center (Figure 18.2a). These measurements were transformed into x/y-

coordinates, which could then be plotted en masse to visualize overall trends in membrane 

protrusions for groups of cancer cells. Remarkably, CRISPR control cells tended to move along 

their anterior-posterior axis, this cellular body axis appeared to be compromised in adapted 

MST4 knockout cells, for which many cells were pulled by membrane protrusions placed 

laterally along the cellular edge (Figure 18.2b).  

 

Figure 18.1: Long-term MST4 knockout increases random migration. (a) Trajectory plot 
showing overlays of 50 cells per condition during 24 hours of migration in standard culture 
conditions. (b) Quantitation of data in preceding panel as average distance migrated per cell. n= 
50 cells, **P < 0.01 ***P < 0.001, t test vs control; mean ± SEM. 
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Figure 18.2: Body plots abound. (a) Rapid imaging of migrating cells was used to calculate 
angles and distances of new membrane protrusions. Scale bar = 50 μm (b) Sin/Cos functions 
were applied to angle and distance measurements to derive x/y-coordinates in generating these 
plots, which depict membrane protrusions from the nuclear center for 15 cells per condition; cell 
movement was tracked at 1 frame per minute for 2 hours. Contours are drawn around the points 
to highlight overall trends in migratory behavior. 
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In support of these findings, cancer cells that had adapted to the loss of MST4 appeared to not 

only to change direction more frequently, they also had a tendency to do so at angles that were 

acute to the cell’s leading edge (Figure 18.3).  

 

To gain additional support for MST4’s role in cell polarity, we next compared polarization of the 

Golgi apparatus in migrating cancer cells. The choice of this assay was based on previous studies 

showing that the Golgi is often polarized to the frontal edge of migrating cells [181]. In 

employing this method, we imaged cancer cells as they migrated into the gap of a scratch wound 

and then stained them for GM130, a marker of the cis-Golgi apparatus. The orientation of 

hundreds of Golgi was next measured using the nuclear center as a reference point (Figure 18.4a) 

and depicted as a rose diagram. The ensuing comparison demonstrated that CRISPR control cells 

tended to exhibit frontal Golgi polarization when migrating that was lost upon the disruption of 

MST4 (Figure 18.4b).  

Figure 18.3: Migration direction changes after cr-MST4. (a) The number of changes in cell 
direction that resulted from an independent membrane protrusion was calculated from the rapid 
imaging data set. n = 20 cells per condition. ***P < 0.001, t test vs control; mean ± SEM. (b) 
Distribution of angles from cellular direction changes that occurred from a new membrane 
protrusion for the 20 cells analyzed. 
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This latter assay is not applicable to MST4 knockout cells when in the aneuploid crisis phase 

because GM130 exhibits a diffuse staining pattern suggesting the Golgi apparatus is in a 

fragmented state prior to cell adaptation (Figure 18.5). Others have reported similar findings 

following the depletion of MST4 with RNAi in HeLa cells and it is especially curious since 

MST4, but not MST3, is known to physically interact with GM130 [182].  

 

 

Figure 18.4: Golgi polarization is altered following cr-MST4. (a) Golgi apparatus (GM130) 
staining in MDA-MB-231 cells following 6 hours of migration into a scratch-wound gap. Inset 
shows method used to calculate the angle of the Golgi apparatus with respect to the nuclear 
center. Scale bar = 25 μm. (b) Rose diagram showing the distribution of Golgi apparatuses 
around the nuclear center for cells migrating into a scratch-wound gap. Migrating cancer cells 
were analyzed over 10 independent microscopy fields. Golgi analyzed, n = cr-Control (170), cr-
MST4 #1 adapted (173), cr-MST4 #2 adapted (149). Length of bar indicates % of Golgi falling 
into a given angle bin. 
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Impact of the loss of MST4 on sphere formation of HCC 1806 and MCF-10A cells. We next 

conducted sphere formation assays to determine to what extent MST4 was required for higher 

order cellular organization and cooperation. For this we assessed tumorsphere formation in HCC 

1806 cells with MST4 disruption. As a complementary approach, we also targeted MST4 in a 

pooled fashion in the non-transformed MCF-10A mammary cell line. This line serves as a model 

system to study cell polarity and the proper formation of mammospheres around a central lumen 

[183]. In HCC 1806 cells disruption of the MST4 gene also negatively impacted the formation of 

tumor spheroids (Figure 19.1). 

Figure 18.5: Golgi fragmentation in cr-MST4 crisis cells. Staining of GM130 in MST4 
knockout cells undergoing the aneuploid crisis. Scale bar = 50 μm. 
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 In MCF-10A cells, disruption of MST4 led to the disorganization of cells within mammospheres 

and poor lumen formation (Figure 19.2). This indicates that disruption of MST4 adversely 

affects the cellular axis and polarity of cells and limits their ability to create complex organized 

structures.  

 

 

 

 

 

 

Figure 19.1: Effect of cr-MST4 on HCC 1806 tumorsphere formation. (a) Example of HCC 
1806 tumorspheres after 7 days of growth on Matrigel. (b) HCC 1806 tumorsphere counts were 
obtained over 10 independent microscopy fields by an observer that was blind to the 
experimental condition. **P < 0.01, ***P < 0.001, t test vs control; mean ± SEM. 
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Adapted MST4 knockout cells exhibit reduced vascular invasion. Since metastasis is the 

primary cause of cancer mortality [91], we next examined whether the loss of MST4 would 

interfere with the ability of cancer cells to successfully engage in pro-metastatic behaviors that 

are required for dissemination. We hypothesized that the absence of migratory polarity in 

adapted MST4 knockout cancer cells would negatively influence their directional invasion 

through vasculature, thus limiting intravasation and extravasation during metastasis. To test this 

hypothesis, we took advantage of three systems that evaluate the vascular invasiveness of cancer 

Figure 19.2: Effect of cr-MST4 on MCF 10A mammosphere formation. (a) Workflow used 
to generate pooled MST4 knockout lines for MCF-10A cells. (b) Levels of MST3 and MST4 
proteins following the selection of pooled MST4 knockout cells. (c) Example of cellular 
orientation within mammospheres after 10 days of growth. (d) Quantitation of cells within the 
lumen of 10A mammospheres was performed by an observer that was blind to the condition 
being assessed. Mammospheres evaluated, n = cr-Control (80), cr-MST4 #1 (69), cr-MST4 #2 
(81). Bars are stratified according to amount of luminal cell clearance. **P < 0.01, ***P < 0.001, 
t test vs control; mean ± SEM.  
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cells to varying degrees of complexity. The most simplistic of these systems measures cancer 

cell disruption of an endothelial monolayer [121] (Figure 20.1a). Application of this assay to 

cancer cells containing disrupted MST4 demonstrated differential amounts of transendothelial 

migration depending on whether cells were in the aneuploid crisis vs adaptation phase (Figure 

20.1b-c).  

  

 

 

Figure 20.1: Long-term cr-MST4 reduces endothelial monolayer disruption. (a) Example of 
the transendothelial migration assay showing disruption of red (HUVEC) endothelia by green 
(MDA-MB-231) cancer cells. Scale bar = 250 μm. (b) Disruption of an endothelial monolayer 
over 15 hours after addition of MDA-MB-231 cells that have lost MST4. (c) Quantitative 
comparison of endothelial disruption at 15 hours. ***P < 0.001, t test vs control; mean ± SD. 
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While the adapted MST4 knockout cells underwent greatly attenuated endothelial disruption, 

cells experiencing an aneuploid crisis invaded as much as the control. A follow up experiment 

revealed that this difference might be due to the inflammatory cytokine genes that were strongly 

upregulated in cells undergoing chromosomal instability, as supernatants derived from these 

cultures potentiated cancer cell invasion (Figure 20.2). 

 

 The next system used to evaluate vascular invasion was a microfluidic device developed by in 

the Kamm Lab at MIT [118]. When cultured in this device, fluorescently labeled endothelia 

assemble into a functional 3D network that can then be perfused with cancer cells. We observed 

reduced extravasation by MDA-MB-231 cells that had experienced long-term loss of MST4 

when compared to the control (Figure 20.3).  

Figure 20.2: Effects of inflammatory supernatants on transendothelial migration. 
Disruption of an endothelial monolayer over 15 hours by MDA-MB-231 cells that were 
pretreated with supernatants derived from either cr-Control or cr-MST4 #1 (crisis) cells. 
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Finally, the vascular invasive ability of cancer cells was assessed in a live organism, i.e. 

zebrafish embryos. Here red fluorescently labeled cancer cells were injected intravascularly into 

two-day old zebrafish embryos with the endothelial layer of the vasculature expressing GFP 

[115]. Extravasation of the cancer cells into peripheral tissues of the embryos was assessed 48 

hours later. We counted fewer adapted MST4 knockout cancer cells in peripheral tissues when 

compared to embryos injected with the CRISPR control (Figure 20.4).  

 

 

 

 

Figure 20.3: Long-term cr-MST4 reduces extravasation in a microfluidic device. (a) 
Example of adapted MST4 knockout cancer cell (green) extravasation from a perfusable 
endothelial (red) network grown within a microfluidic device. Scale bar = 100 μm (b) 
Quantitation of cancer cell extravasation from endothelial networks in the microfluidic device. 
Extravasated cancer cells were blindly scored over 24 microscopy fields per condition. **P < 
0.01, ***P < 0.001, t test vs control; mean ± SEM. 
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Signal transduction in cells adapted to the loss of MST4. We finally assessed kinase signaling 

in adapted cells to identify lasting signaling alterations that may be responsible for the decreased 

vascular invasion. We observed a reduction in the phosphorylation of Src family members upon 

serum stimulation that may explain this phenotype (Figure 20.5), as Src signaling is 

indispensible for cancer cell invasion [184, 185].  

 

 

 

Figure 20.4: Long-term cr-MST4 reduces extravasation in zebrafish embryos. (a) Example 
of cancer cell extravasation from the caudal region of 4-day old zebrafish embryos. Arrows 
indicate red extravasated cancer cells that have egressed from the embryo’s GFP-tagged 
vasculature. Scale bar = 200 μm. (b) Quantitation of cancer cell extravasation in zebrafish 
embryos. An observer blind to the experimental condition assessed the number of extravasated 
cancer cells per embryo. Embryos scored, n = cr-Control (32), cr-MST4 #1 (28), cr-MST4 #2 
(29). **P < 0.01, t test vs control; mean ± SEM. 
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Figure 20.5: Src activation is reduced in adapted cr-MST4 cells. (a) Dot blot from human 
phosphokinase array with cr-Control (upper) compared with cr-MST4 adapted (lower) cells. Src 
is denoted within the orange box. (b) Waterfall plot showing phosphokinases screened.  Only Src 
falls outside the 2-fold range.   
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From these experiments, we conclude that the inactivation of MST4 reduces cancer cell vascular 

invasion whereas the short-term loss of MST4 is marked by the loss of mitotic fidelity (Figure 

21). When considered broadly, the data in this study support further exploration of MST4 as a 

potential therapeutic target in cancer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Short-term and long-term effects of MST4 gene disruption. 
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DISCUSSION 

Here we demonstrate that MST4, but not MST3, is required for mitotic fidelity in cancer cells 

and genetic disruption of MST4 leads to errors in chromosome segregation as well as cytokinesis 

failures. Highly aneuploid cells with DNA mutations are the result of these phenomena and 

many cells will undergo mitotic catastrophe while subsequently attempting to divide, and this 

negatively impacts their growth rate. Aspects of this phenotype were evident in three distinct 

cancer cell lines, although its magnitude varied depending on the specific line being assessed. It 

is possible that mitotic defects become more pronounced in cell lines with a rapid doubling time 

because a shorter cell cycle would provide cells with fewer opportunities to mitigate and correct 

errors. This may explain why the phenotypic severity after disrupting MST4 is most prominent 

in the MDA-MB-231 and HCC 1806 lines when compared to MDA-MB-468 cells, as the former 

two cell lines proliferate at a much faster rate than the latter [186]. In some respects these 

phenotypes mirror Auora kinase inhibition as documented in the literature. Like MST4, Aurora 

kinases are overexpressed in aggressive cancers and interfering with their function produces 

mitotic arrest, chromosomal misalignments, multipolar spindles, and polypoloidy, which 

eventually cause mitotic catastrophes [187]. Also, like MST4, the functional perturbation of 

Aurora kinases is most efficacious in rapidly dividing cancers such as hematological 

malignancies [188]. These striking parallels suggest that MST4 may directly or indirectly 

regulate some aspect of the mitotic spindle within cancer cells.  

 

Additional support for MST4’s role in the regulation of mitosis is provided from non-

mammalian orthologs involving related kinases in developmental models that include S. 

cerevisiae, C. elegans, and M. musculus [165]. Loss-of-function experiments for the MST3/4 
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kic1 ortholog in yeast describe a kinase that regulates cell polarity and is required for successful 

cell separation after budding [189]. Similar findings are reported in roundworms, where RNAi 

experiments inhbiting the MST3/4 gck-1 ortholog report issues in chromosome segregation and 

improper cleavage furrow formation during mitosis [190]. And finally in mice, the disruption of 

STRIP1, the protein that complexes with MST3/4 at the cytoskeletal interface, prevents 

mesoderm cell migration along the anterior-posterior body axis during embryonic development. 

Despite MST3 and MST4 sharing these orthologs and protein interactions, only MST4 is known 

to regulate polarity in a number of different systems [173-175], most likely due to distinct 

binding partners conferred by sequence divergence in the kinase’s c-terminal domain [179]. One 

of these unique binding partners is the cis-Golgi protein GM130 [182] that was recently shown 

to act as a nucleation point for microtubules during spindle assembly in mitosis [191]. These 

studies and ours raise the intriguing possibility that MST4 may have an exclusive influence on 

mitosis and polarity that is conserved along an evolutionary trajectory. 

 

Disturbed polarity sensing could very well be the upstream cause of all phenotypes described in 

this study, as impaired directionality underlies the missegregation of chromatids and cytokinesis 

failures during mitosis. With this paradigm, the acquisition of chromosomal instability would 

eventually produce a population of giant aneuploid cells that consequently enact a stress 

response and endure growth arrest. While chromosomal instability is known to fuel malignancy 

if maintained at a low level, and may even promote metastatic spread [161, 180], disruption of 

MST4 results in levels of chromosomal instability that can no longer be tolerated by the cancer 

cells. This notion is supported by a targeted shRNA screen that was conducted by others to 

identify kinases responsible for the acquisition of chromosomal instability and MST4 emerged as 
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a top candidate, yet was apparently neglected from further follow up [192]. Since the authors 

employed a lung model and, considering that we used breast cancer cell lines, it would seem that 

MST4 dysfunction promotes chromosomal instability in a variety of cell types. 

 

Another fascinating observation is that cancer cells adapt to the loss of MST4 by progressing 

through the restrictive bottleneck created by the aneuploid crisis. These adapted cells exhibit 

mitotic errors that are near equivalent to the control, underscoring the existence of mitotic 

redundancies that can compensate for the loss of MST4. Even though adapted cells resume 

proliferation, their directional polarity remains compromised even after 6 months in continuous 

culture and this attenuates the ability of cancer cells to engage in pro-metastatic behaviors like 

vascular invasion. The aneuploid crisis observed here highlights a short window in which the 

phenotype is most noticeable and this may be the reason why MST4’s role is not well described 

in the literature. Nonetheless, the history of the aneuploid crisis appears to be recorded as 

mutations within the genome of adapted cells, whereby further evidence for the adaptation 

procedure being an acquired event, as opposed to a de novo one, surrounds the enrichment of 

chromosomal deletions like the most extensive ones on chromosome 13. Our discovery that 

adapted cells exhibit reduced vascular invasion and altered migratory behavior is consistent with 

previous research carried out by a different lab using MDA-MB-231 cells transiently depleted of 

MST4 via siRNA [166]. This study focused on cytoskeletal alterations and it is possible that 

mitotic issues went unreported because it only becomes evident after a very robust depletion of 

MST4 amid stable culture conditions.  
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Although kinases that are well characterized may be exploited for therapeutic purposes [193], 

lesser-studied kinases can be biologically disrupted to gain insight into unique processes that 

they regulate to judge their potential as therapeutic targets. But if this endeavor is to be fully 

realized, one must consider and describe phenotypic features that arise under both short-term and 

long-term inhibitory conditions. Understanding the impact of kinase inhibition is important when 

considering potential therapeutic approaches because it will point to potential resistance 

mechanisms. By evaluating cancer cells deprived of MST4 in acute and chronic settings, we 

have delineated unique phenotypes associated with each. Although the genetic inhibition of 

MST4 can promote DNA damage and mutations as shown in our study, this can generate 

neoantigens to enhance recognition of MST4-disrupted cancer cells by the immune system. Also, 

the pro-inflammatory signals produced upon MST4 inhibition documented by us in cancer and 

by others in immune cells [172] may synergize with an immunotherapeutic regimen. Addressing 

whether the targeting of MST4 could achieve a positive therapeutic end by itself or in 

conjunction with known therapies remains an open subject.  

 

METHODS 

 

Cell Culture 

MBA-MB-231 and MDA-MB-468 cells were obtained from the ATCC and maintained in 

Dulbecco’s Modified Essential Medium with 10% fetal bovine serum. The HCC 1806 cell line 

was also obtained from the ATCC but maintained in RPMI with 10% fetal bovine serum. The 

MCF-10A line was gifted by Dr. Susette Mueller who originally obtained it from Dr. Fred 

Miller. MCF-10A cells were maintained as previously described [194]. All lines were tested and 
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confirmed negative for any mycoplasma contamination.  

 

shRNA and CRISPR 

The shRNA constructs targeting MST3 had a GIPZ backbone (Dharmacon, Lafayette, CO, USA) 

and were lentivirally transduced into cancer cells whereas shRNA constructs targeting MST4 

used the pLKO.1 backbone (Sigma-Aldrich, St Louis, MO, USA). Editing of the MST4 gene 

was achieved with all-in-one CRISPR plasmids (TransOMIC, Huntsville, AL, USA) containing a 

CMV promoter, the Cas9 enzyme, the guide RNA, and a puromycin resistance gene. Cancer cell 

lines were transiently transfected with these plasmids, selected in puromycin for 48 hours, and 

surviving cells were subjected to a cloning procedure. Editing the MST4 gene in MCF10A cells 

took advantage of LTRs built into the plasmids, which permitted stable lentiviral transduction of 

the construct into this line. Irrespective of the CRISPR delivery method, modification to the 

MST4 gene was identified from total RNA after conversion to cDNA and then sequencing a 

PCR product (MCLAB, South San Francisco, CA, USA) that encompassed the target sites. 

Primer used: (MST4 CRISPR Validation: FWD 5’-GAGGAGCCAGTCCGAACC-3’, REV 5’-

TGAATGCAGATAGTCCAGACC-3’) 

 

Microscopy and Immunofluorescence 

Confocal fluorescent imaging was conducted on a Leica SP8 microscope (Leica Microsystems, 

Wetzlar, Germany). Cells were seeded onto sterile coverslips and the specific fixation procedure 

utilized depended on the cellular structure being imaged. When imaging F-actin, cells were fixed 

in 4% paraformaldehyde at room temperature for 20 minutes and then permeablized with 0.2% 

Triton X-100 for 5 minutes. Imaging of tubulin structures and mitotic cells involved combined 
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fixation/permeabilization with -80°C methanol for 5 minutes. Cells were imaged in the 

microfluidic device (AIM Biotech, Singapore) after a 4% paraformaldehyde fixation step that 

lasted for 20 minutes. Phase contrast microscopy was carried out on an Olympus IX-71 inverted 

microscope (Olympus, Tokyo, Japan). All antibodies and stains were used at a 1:200 dilution. 

Staining Reagents used: Fluorescien Phalloidin (Life Technologies, product: F432), Alexa Fluor 

648 Phalloidin (Life Technologies, product: A22287), GM130 (BD Biosciences, product: 

610822), α-tubulin (Abcam, product: AB18251), γ-tubulin (Abcam, product: AB11316), anti-

rabbit Alexa Fluor 488 secondary (Life Technologies, product: A21206), anti-mouse Alexa Fluor 

647 (Life Technologies, product: A21235). For time-lapse experiments, cells were plated in glass 

bottom 4-well μ-Slides (IBIDI, Planegg, Germany) and then imaged at 1 frame every 10 minutes 

over 48 hours for mitotic scoring or at 1 frame every minute over 2 hours to assess rapid cell 

behavior. 

 

Mitotic Cell Scoring 

Cells were prepared and labeled as indicated above for immunofluorescence experiments. 

Mitotic cells were located and photographed in a serial manner until near-equivalent sample 

sizes were achieved. Mitotic were then binned according to the presence of mitotic errors. 

Mitotic cells were considered to be in an erroneous state if DNA was found separate from the 

mass of migrating chromatids or if multiple mitotic spindles were present. For time-lapse 

experiments, videos were generated over 10 independent microscopy fields by taking one image 

per 10 minutes over 48 hours. All mitoses occurring within a given field were scored for normal 

divisions vs mitotic catastrophes vs cytokinesis failures. Mitotic duration calculations were 

performed for the first 100 mitoses witnessed, by recording the difference between the image 
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frame when a cell lifted off the tissue culture substratum to the image frame when it touched 

back down.  

 

Proliferation and Motility Assays 

Proliferation was assessed by crystal violet stain (Sigma-Aldrich). MDA-MB-231 and HCC 

1806 cells were seeded into a 96-well plate at a density of 2,500 cells per well. MDA-MB-468 

cells were plated at a density of 5,000 cells per well. Cells were fixed in 4% paraformaldehyde at 

specific time points and stained in 0.1% crystal violet. The dye was solubilized with 10% acetic 

acid and absorbance measurements were taken at 595 nm. Cell motility in culture was assessed 

by acquiring images of cells plated at low density at a rate of 1 image per 10 minutes over 24 

hours. 50 cells per condition were tracked through an image stack using ImageJ’s (NIH, 

Bethesda, MD, USA) Manual Tracking Plugin and their trajectories were overlaid onto graphs. 

Migratory distance was calculated as the average pixel distance of trajectories. 

 

Polarity Experiments 

Behavioral polarity was determined by rapidly imaging cancer cells grown in low density 

conditions at a rate of 1 frame per minute over 2 hours. The first 15 cells per condition were 

analyzed, but only if they did not contact a neighboring cell during the imaging period. Frames 

were compiled into an image stack and imported into ImageJ for analysis. Next, following 

further magnification of the cells, any membrane protrusion that pulled the cell into a new 

direction was subjected to pixel distance and angle measurements using the original direction of 

movement and the nuclear center as reference points. These measurements were subjected to 

[sin/cos(angle x distance)] to convert them into x/y-coordinates for plotting. The Golgi 
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orientation assay involved growing cells on coverslips as a confluent monolayer and then 

performing a scratch-wound with a pipet tip. Cells were permitted to migrate for 6 hours after 

which the cultures with fixed in methanol and subjected to staining for α-tubulin and GM130 to 

label the cell body and cis-Golgi, respectively. Images were acquired along the edge of the 

scratch-wound with a 63x objective lens and orientation of the Golgi for all cells were calculated 

as the angle between scratch-wound gap, to the center of a cell’s nucleus, to the center of its 

GM130 plaque. All Golgi were measured in 20 images per condition. Mammosphere assays 

involving the MCF10A cell line was conducted as previously described [194]. Tumorspheres 

derived from HCC 1806 cells followed the same protocol but with cells grown in standard 

culture media.  

 

Gene Expression and Western Blotting 

All primers were obtained from Integrated DNA Technologies (Coralville, IA, USA). RNA was 

extracted from cells via RNeasy Kit (Qiagen, Valencia, CA, USA) and cDNA was prepared with 

an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). All quantitative PCR reactions 

were performed with the iQ SYBR Green Supermix (Bio-Rad) on a Realplex2 PCR Cycler 

(Eppendorf, Hamburg, Germany). Human primer sequences used throughout this study were:  

GAPDH (FWD 5’-GGAGCGAGATCCCTCCAAAAT-3’, REV 5’-

GGCTGTTGTCATACTTCTCATGG-3’) 

MST3 (FWD 5’-AGGCATTGACAATCGGACTCA-3’, REV 5’-

CTGACTCAGCACTGTGATTTCT-3’)  

MST4 (FWD 5’-TTCGAGCTGGTCCATTTGATG-3’, REV 5’-

TGAATGCAGATAGTCCAGACCT-3’) 
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MST4 CRISPR Validation (FWD 5’-GAGGAGCCAGTCCGAACC-3’, REV 5’ 

TGAATGCAGATAGTCCAGACC-3’) 

IL-6 (FWD 5’-ACTCACCTCTTCAGAACGAATTG-3’, REV 5’-

CCATCTTTGGAAGGTTCAGGTTG-3’) 

IL-8 (FWD 5’-TTTTGCCAAGGAGTGCTAAAGA-3’, REV 5’-

AACCCTCTGCACCCAGTTTTC-3’) 

S100A6 (FWD 5’-GGGAGGGTGACAAGCACAC-3’, REV 5’-

AGCTTCGAGCCAATGGTGAG-3’) 

CSF1 (FWD 5’-TGGCGAGCAGGAGTATCAC-3’, REV 5’-

AGGTCTCCATCTGACTGTCAAT-3’) 

GMCSF (FWD 5’-TCCTGAACCTGAGTAGAGACAC-3’, REV 5’-

TGCTGCTTGTAGTGGCTGG-3’) 

COX2 (FWD 5’-CTGGCGCTCAGCCATACAG-3’, REV 5’-

CGCACTTATACTGGTCAAATCCC-3’) 

 

Cell lysates for Western blotting were generated in an NP40-based lysis buffer. Proteins were 

run on NuPAGE 4-12% Bis-Tris Gels (ThermoFisher, Waltham, MA, USA) and transferred onto 

a membrane with an iBlot 2 Gel Transfer Device (ThermoFisher). Antibodies used: GAPDH 

(Cell Signaling Technology, product: 2118), HSP27 (Cell Signaling Technology, product: 

95357), HSP27 Ser82 (Cell Signaling Technology, product: 9709), MST3 (Abcam, product: 

AB51137), MST4 (Abcam, product: AB52491), NFκB (Cell Signaling Technology, product: 

8242), NFκB Ser536 (Cell Signaling Technology, product: 3033). The Human Phospho-MAPK 
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Array (product: ARY002B) and Phospho-Kinase Array (product: ARY003B) was purchased 

from R&D Systems (Minneapolis, MN, USA).   

 

RNA and Whole Exome Sequencing 

RNA and Whole Exome sequencing were carried out by the UCLA Neuroscience Genomics 

Core. The cell passage numbers for submitted samples were as follows: cr-Control (passage 30), 

cr-MST4 #1 crisis (passage 5), cr-MST4 #1 adapted (passage 20). All samples submitted for 

sequencing had an RNA Integrity Value > 9.0. RNA-seq involved TruSeq total RNA with 

RiboZero Gold library preparation (Illumina, San Diego, CA, USA) and 50 million paired reads 

per sample were acquired on an Illumina HiSeq 4000 Sequencer. Raw reads were processed and 

normalized in GenePattern using the Tuxedo Suite [195] and further pathway analysis was 

conducted in GSEA. Exome sequencing utilized the Nimblegen SeqCap EZ Exome v2/3 

Kapa/IVTL (Roche, Basel, Switzerland) and samples were run on an Illumina Hiseq4000 and 37 

million paired reads were acquired. Exome sequencing data were analyzed was mapped to HG19 

using BWA [196] and the variant calling analysis was performed in Varscan2 with a p-value 

cutoff of p < 0.01. CNVs were also evaluated in Varscan 2 with a p-value cutoff of p <0.01 and 

only CNVs with a fold change > 2 were included in the analysis. Breakdancer  [197] was 

employed to detect chromosomal translocations and only those with a confidence score of 99 

were considered. Data emerging from these analyses were graphed with Circos [198] as unique 

mutations found in the MST4 knockout lines when the cr-Control was used as a reference.  

 

Vascular Invasion Assays 

We took advantage of xCelligence technology (ACEA Biosciences, San Diego, CA, USA) for 
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the endothelial monolayer disruption assay and this is detailed in our previous publication [199]. 

Microfluidic device experiments utilized a fluorescent strain of human umbilical vein endothelial 

cells that expressed RFP (Lonza, Basel, Switzerland) and cancer cells were labeled with DiO 

(ThermoFisher, product: V22886). The assay was conducted in chips produced by AIM Biotech 

as previously described [118] and here cancer cell extravasation occurring 16 hours after 

perfusion through the endothelial network was blindly scored over 24 microscopy fields per 

condition. For the zebrafish experiments, cancer cells were labeled with DiI stain (ThermoFisher, 

product: V22885) and injected into the precardiac sinus of 2-day old embryos 

(Tg(kdrl:GRCFP)zn1; [115]) as previously published [200]. Cancer cell extravasation into the 

caudal region of the embryos was assessed 48 hours after the injection. The investigator 

quantitating extravasation was blind to the condition being assessed. These experiments were 

carried out in accordance with recommendations by the Georgetown University Animal Care and 

Use Committee. 

 

Flow Cytometry 

Cells were stained with propidium iodide (Sigma) following a methanol fixation to evaluate the 

relative levels of aneuploidy. Amounts of cell death were compared via annexin V apoptosis 

assay (Biolegend, San Diego, CA, USA). For the latter, cell supernatants were pooled with 

adherent cells after 72 hours in culture. 

 

Statistics 

The statistical tests employed throughout this manuscript are included in figure legends. Graphs 

were created and statistics were performed in Prism 5 for Mac (GraphPad Software, Inc., San 
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Diegeo, CA, USA). Statistical significance is denoted the following p-values: *P < 0.05, **P < 

0.01, and ***P < 0.001. The membrane protrusion contour plots and Golgi rose diagrams were 

generated in R with gglot2.  
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SUPPLEMENTARY TABLES 

 

Table 6: Total mutations detected after cr-MST4 by Varscan 2 

   Cell Line SNPs INDELs 
cr-Control 35500 2611 
cr-MST4 #1 (crisis) 36632 2724 
cr-MST4 #1 (adapted) 36105 2641 

 

Table 6. Total mutations detected after cr-MST4 by Varscan 2. Total mutations found in 
each cell line during the Varscan 2 variant call analysis upon comparison to the HG19 reference 
sequence. 

 

Table 7: Unique mutations detected after cr-MST4 by Varscan 2 and Breakdancer 

      Cell Line SNPs INDELs Amplifications Deletions Translocations 
cr-MST4 #1 (crisis) 5035 444 4269 1913 18 
cr-MST4 #1 (adapted) 4864 410 957 10630 16 

 

Table 7. Unique mutations detected after cr-MST4 in Varscan 2 and Breakdancer. Unique 
mutations found in each MST4-disrupted cell line when the MDA-MB-231 CRISPR control is 
used as a reference. 
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WHOLE EXOME SEQUENCING DATA ANALYSIS 

 
Part I: Preliminary Instructions and Considerations 
 
Picard Tools (v2.12.2) is used sort and process the sequencing reads and BWA (v0.7.16a) is the 
read alignment tool. Many of these executables were obtained from the Broad Institute’s 
Genome Analysis Toolkit (GATK) website and GATK (v3.8-0) was initially employed to 
perform the mutation analysis. I later switched to a different variant caller that required Samtools 
(v1.5) to further modify the data prior to the detection of mutations. The final variant call and 
CNV analyses were done with Varscan 2 (v2.4.3), after which snpEff (v4.3) was used to 
annotate the mutations. Breakdancer (v1.0) identified potential structural variants like 
chromosomal translocations. The resulting data were plotted in Circos (v0.69-6). This analysis 
was conducted on an iMac running Sierra OS v10.12.6. I include the original GATK analysis at 
the end of this guide to show an alternate approach that may be of interest to the reader. Early 
steps in this workflow are performed in the GATK folder simply because it was the first strategy 
I employed and I followed their tutorials. 
 
Note to user: Be careful because Microsoft Word may automatically format dashes into hyphens, 
automatically capitalize some words, or turn straight quotation marks into ‘smart’ curly 
quotation marks – these changes will prevent the successful running of this code. Please also 
note that alterations to program version may change whether the code works. 
 
Create a GATK folder in your user directory (here the directory = ‘wellstein’); download and 
place GATK’s various JARs into this folder. You will need the GenomeAnalysisTK.jar and the 
Picard.jar. In addition, you must download the Burrows-Wheeler Aligner (BWA), which is an 
alternate sequence aligner to Bowtie2. 
 
Ensure that you get the most recent version of BWA, as that makes it compatible with newest 
genome assembly builds (for HG19 vs Grch38). Installing BWA is a bit more complex, as one 
must unzip the ‘tarball’ and then ‘make’ the program. I learned that the most recent version is not 
exactly denoted as such on SourceForge, so you need to peruse the website until you find the 
correct file.  
 
These analyses produce and require a ton of files, so, in order to reduce clutter, I created separate 
folders for my Varscan 2, SnpEff, Breakdancer, and Circos Plot steps. I placed the corresponding 
executable into these specific folders and I migrate the output files into these folders when 
transitioning to a new analysis. This extra step makes troubleshooting a bit easier. Therefore, 
please note that the working directory will change as the analysis proceeds.  
 
Everything is typed into the Mac’s terminal. Code that was entered is signified by the light gray 
highlight; multiple lines contained within the same block were entered as a group.  
 
We now will start with some installs. Set working directory (= cd) to the GATK folder: 
 
cd /Users/wellstein/GATK 
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Unzip the BWA tarball in that folder (place zipped files in the GATK folder before running): 
 
tar -xvf bwa-0.7.16a.tar.bz2 
 
Set working directory to the new BWA folder: 
 
/Users/wellsteinlab/GATK/bwa-0.7.16a 
 
Make the program (simply type ‘make’): 
 
make 
 
You can download some reference files (Fasta files, indexes, dictionaries) from the Broad’s 
Resource Bundle or other websites. Get these and place them into the GATK folder. One way to 
obtain the HG19 Fasta file is from the UCSC Genome Browser website. You will need to 
download the twobit version of the assembly and then convert it into a Fasta file using the 
‘TwoBitToFa’ executable also found on the website. Command:  
 
twobittofa hg19.2bit ucsc.hg19.fasta 
 
If you plan to align your sequences to a custom reference that you generate or, alternatively, sort 
the aligned data into an mpileup file to be compatible with Varscan 2, then you will need to 
install Samtools. Attempting to ‘make’ samtools leads to a bizarre error: ‘lzma.h file not found.’ 
To circumvent this, we tell our computer to ignore this file when installing because apparently it 
is not needed. Type this after placing the tarball in the GATK folder: 
 
tar -xvf samtools-1.5.tar.bz2 
 
cd /Users/wellsteinlab/GATK/samtools-1.5 
 
./configure --disable-lzma --prefix =/Users/wellsteinlab/GATK 
 
make 
 
make install 
 
export PATH=/Users/wellsteinlab/GATK 
 
 
Part II: Clean and Map the Sequencing Reads 
 
Now you can begin with the fun stuff. I am showing an analysis that involves 3 samples: NTC1 
(= Non-Target Control Clone #1) and MST4-KO early passage (=MST4KOearly) and MST4-KO 
late passage (=MST4KOlate). The files generated will be compared against each other later in 
the workflow. 
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Set working directory to your GATK folder: 
 
cd /Users/wellstein/GATK 
 
Generate Unmapped BAM from FASTQ. Create Bam File: 
 
java -Xmx8G -jar picard.jar FastqToSam \ 
FASTQ=NTC1_R1.fastq \ 
FASTQ2=NTC1_R2.fastq \ 
OUTPUT=NTC1.bam \ 
READ_GROUP_NAME=MST \ 
SAMPLE_NAME= NTC1 \ 
LIBRARY_NAME=SeqCap_EZ_Exome_V3 \ 
PLATFORM=illumina \ 
SEQUENCING_CENTER=UNGC \ 
RUN_DATE=2017-08-29  
 
java -Xmx8G -jar picard.jar FastqToSam \ 
FASTQ=MST4KOearly_R1.fastq \ 
FASTQ2=MST4KOearly_R2.fastq \ 
OUTPUT=MST4KOearly.bam \ 
READ_GROUP_NAME=MST \ 
SAMPLE_NAME= MST4KOearly \ 
LIBRARY_NAME=SeqCap_EZ_Exome_V3 \ 
PLATFORM=illumina \ 
SEQUENCING_CENTER=UNGC \ 
RUN_DATE=2017-08-29  
 
java -Xmx8G -jar picard.jar FastqToSam \ 
FASTQ=MST4KOlate_R1.fastq \ 
FASTQ2=MST4KOlate_R2.fastq \ 
OUTPUT=MST4KOlate.bam \ 
READ_GROUP_NAME=MST \ 
SAMPLE_NAME= MST4KOlate \ 
LIBRARY_NAME=SeqCap_EZ_Exome_V3 \ 
PLATFORM=illumina \ 
SEQUENCING_CENTER=UNGC \ 
RUN_DATE=2017-08-29  
 
Now we clean up and map the Bam file. Create a temporary directory folder (=TEMP) within 
your GATK folder. 
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Step #1: Mark adapter sequences: 
 
java -Xmx8G -jar picard.jar MarkIlluminaAdapters \ 
i=NTC1.bam \ 
o=NTC1_markilluminaadapters.bam \ 
m=NTC1_markilluminaadapters_metrics.txt \ 
TMP_DIR=TEMP 
 
java -Xmx8G -jar picard.jar MarkIlluminaAdapters \ 
i=MST4KOearly.bam \ 
o=MST4KOearly_markilluminaadapters.bam \ 
m=MST4KOearly_markilluminaadapters_metrics.txt \ 
TMP_DIR=TEMP 
 
java -Xmx8G -jar picard.jar MarkIlluminaAdapters \ 
i=MST4KOlate.bam \ 
o=MST4KOlate_markilluminaadapters.bam \ 
m=MST4KOlate_markilluminaadapters_metrics.txt \ 
TMP_DIR=TEMP 
 
Note: You can pipeline some of the following steps but it failed for me, so I broke up into 
discrete components. 
 
Step #2: Convert BAM to FASTQ and discount adapter sequences: 
 
java -Xmx8G -jar picard.jar SamToFastq \ 
I=NTC1_markilluminaadapters.bam \ 
FASTQ=NTC1_samtofastq_interleaved.fq \ 
CLIPPING_ATTRIBUTE=XT \ 
CLIPPING_ACTION=2 \ 
INTERLEAVE=true \ 
NON_PF=true \ 
TMP_DIR=TEMP 
 
java -Xmx8G -jar picard.jar SamToFastq \ 
I=MST4KOearly_markilluminaadapters.bam \ 
FASTQ=MST4KOearly_samtofastq_interleaved.fq \ 
CLIPPING_ATTRIBUTE=XT \ 
CLIPPING_ACTION=2 \ 
INTERLEAVE=true \ 
NON_PF=true \ 
TMP_DIR=TEMP 
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java -Xmx8G -jar picard.jar SamToFastq \ 
I=MST4KOlate_markilluminaadapters.bam \ 
FASTQ=MST4KOlate_samtofastq_interleaved.fq \ 
CLIPPING_ATTRIBUTE=XT \ 
CLIPPING_ACTION=2 \ 
INTERLEAVE=true \ 
NON_PF=true \ 
TMP_DIR=TEMP 
 
Step #3: Index Fasta in advance of starting BWA (this only needs to be done once for a given 
reference sequence): 
 
/Users/wellsteinlab/GATK/bwa-0.7.16a/bwa index -a bwtsw 
/Users/wellsteinlab/GATK/ref_genome.fa 
 
Step #4: Map reads to assembly (a good computer is crucial for this one; iMac accomplished this 
in ~2 hours, whereas my laptop could not get it done in 15 hours): 
 
/Users/wellsteinlab/GATK/bwa-0.7.16a/bwa mem -M -t 7 -p 
/Users/wellsteinlab/GATK/hg19_ref_genome.fa \ 
NTC1_samtofastq_interleaved.fq > NTC1_bwa_mem.sam 
 
/Users/wellsteinlab/GATK/bwa-0.7.16a/bwa mem -M -t 7 -p 
/Users/wellsteinlab/GATK/hg19_ref_genome.fa \ 
MST4KOearly_samtofastq_interleaved.fq > MST4KOearly_bwa_mem.sam 
 
/Users/wellsteinlab/GATK/bwa-0.7.16a/bwa mem -M -t 7 -p 
/Users/wellsteinlab/GATK/hg19_ref_genome.fa \ 
MST4KOlate_samtofastq_interleaved.fq > MST4KOlate_bwa_mem.sam 
 
STEP #5: Create sequence dictionary for the Fasta: 
 
/Users/wellsteinlab/GATK/samtools faidx hg19_ref_genome.fa 
 
java -jar picard.jar CreateSequenceDictionary \ 
R= hg19_ref_genome.fa \ 
O= hg19_ref_genome.dict 
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Step #6: Restore altered data and apply/adjust meta information: 
 
Java -Xmx8g -jar picard.jar MergeBamAlignment \ 
R=hg19_ref_genome.fa \ 
UNMAPPED_BAM=NTC1.bam \ 
ALIGNED_BAM=NTC1_bwa_mem.sam \ 
O=NTC1_mergebamalignment.bam \ 
CREATE_INDEX=true \ 
ADD_MATE_CIGAR=true \ 
CLIP_ADAPTERS=false \ 
CLIP_OVERLAPPING_READS=true \ 
INCLUDE_SECONDARY_ALIGNMENTS=true \ 
MAX_INSERTIONS_OR_DELETIONS=-1 \ 
PRIMARY_ALIGNMENT_STRATEGY=MostDistant \ 
ATTRIBUTES_TO_RETAIN=XS \ 
TMP_DIR=TEMP 
 
Java -Xmx8g -jar picard.jar MergeBamAlignment \ 
R=hg19_ref_genome.fa \ 
UNMAPPED_BAM=MST4KOearly.bam \ 
ALIGNED_BAM=MST4KOearly_bwa_mem.sam \ 
O=MST4KOearly_mergebamalignment.bam \ 
CREATE_INDEX=true \ 
ADD_MATE_CIGAR=true \ 
CLIP_ADAPTERS=false \ 
CLIP_OVERLAPPING_READS=true \ 
INCLUDE_SECONDARY_ALIGNMENTS=true \ 
MAX_INSERTIONS_OR_DELETIONS=-1 \ 
PRIMARY_ALIGNMENT_STRATEGY=MostDistant \ 
ATTRIBUTES_TO_RETAIN=XS \ 
TMP_DIR=TEMP 
 
Java -Xmx8g -jar picard.jar MergeBamAlignment \ 
R=hg19_ref_genome.fa \ 
UNMAPPED_BAM=MST4KOlate.bam \ 
ALIGNED_BAM=MST4KOlate_bwa_mem.sam \ 
O=MST4KOlate_mergebamalignment.bam \ 
CREATE_INDEX=true \ 
ADD_MATE_CIGAR=true \ 
CLIP_ADAPTERS=false \ 
CLIP_OVERLAPPING_READS=true \ 
INCLUDE_SECONDARY_ALIGNMENTS=true \ 
MAX_INSERTIONS_OR_DELETIONS=-1 \ 
PRIMARY_ALIGNMENT_STRATEGY=MostDistant \ 
ATTRIBUTES_TO_RETAIN=XS \ 
TMP_DIR=TEMP 
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Samtools further sorts the data prior to the variant call analysis in Varscan 2. I instruct Samtools 
to confine its processing to regions specified by the capture target .BED file that is specific to the 
exome library and genome assembly. This is essentially included to reduce the calling of false 
positive areas. Capture target files are available from the library manufacturer’s website. 
 
Step #1: Create mpileup files for variant calling: 
 
samtools mpileup -l SeqCap_EZ_Exome_v3_hg19_capture_targets.bed -f ucsc.hg19.fasta 
NTC1_mergebamalignment.bam > NTC1.mpileup 
 
samtools mpileup -l SeqCap_EZ_Exome_v3_hg19_capture_targets.bed -f ucsc.hg19.fasta 
MST4KOearly_mergebamalignment.bam > MST4KOearly.mpileup 
 
samtools mpileup -l SeqCap_EZ_Exome_v3_hg19_capture_targets.bed -f ucsc.hg19.fasta 
MST4KOlate_mergebamalignment.bam > MST4KOlate.mpileup 
 
Step #2: Create joint mpileup files for CNV analysis: 
 
samtools mpileup -l SeqCap_EZ_Exome_v3_hg19_capture_targets.bed -f ucsc.hg19.fasta 
NTC1_mergebamalignment.bam MST4KOearly_mergebamalignment.bam > 
NTC1_MST4KOearly.mpileup 
 
samtools mpileup -l SeqCap_EZ_Exome_v3_hg19_capture_targets.bed -f ucsc.hg19.fasta 
NTC1_mergebamalignment.bam MST4KOlate_mergebamalignment.bam > 
NTC1_MST4KOlate.mpileup 
 
 
Part III: Assess Variants and CNVs with Varscan 2 
 
Change working directory: 
 
cd /Users/wellsteinlab/varscan2 
 
Begin Analysis: I included an optional parameter that instructs Varscan 2 to only report 
mutations that have a p < 0.01. This cutoff can be adjusted. 
 
Calling INDELs with optional parameters (p < 0.01) + VCF output: 
 
java -jar VarScan.v2.4.3.jar mpileup2indel NTC1.mpileup --p-value 0.01 --output-vcf 1 > 
NTC1_varscan_indels_p01.vcf 
 
java -jar VarScan.v2.4.3.jar mpileup2indel MST4KOearly.mpileup --p-value 0.01 --output-vcf 1 
> MST4KOearly_varscan_indels_p01.vcf 
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java -jar VarScan.v2.4.3.jar mpileup2indel MST4KOlate.mpileup --p-value 0.01 --output-vcf 1 > 
MST4KOlate_varscan_indels_p01.vcf 
 
Calling SNPs with optional parameters (p < 0.01) + VCF output: 
 
java -jar VarScan.v2.4.3.jar mpileup2snp NTC1.mpileup --p-value 0.01 --output-vcf 1 > 
NTC1_varscan_snp_p01.vcf 
 
java -jar VarScan.v2.4.3.jar mpileup2snp MST4KOearly.mpileup --p-value 0.01 --output-vcf 1 > 
MST4KOearly_varscan_snp_p01.vcf 
 
java -jar VarScan.v2.4.3.jar mpileup2snp MST4KOlate.mpileup --p-value 0.01 --output-vcf 1 > 
MST4KOlate_varscan_snp_p01.vcf 
 
INDELs - Making comparisons (p < 0.01) + VCF output:  
(Note: Summary statistics, such as mutational overlap is provided in the terminal output) 
 
java -jar VarScan.v2.4.3.jar compare NTC1_varscan_indels_p01.vcf 
MST4KOearly_varscan_indels_p01.vcf unique2 MST4KOearly_unique_indels_p01.vcf 
 
java -jar VarScan.v2.4.3.jar compare NTC1_varscan_indels_p01.vcf 
MST4KOlate_varscan_indels_p01.vcf unique2 MST4KOlate_unique_indels_p01.vcf 
 
java -jar VarScan.v2.4.3.jar compare MST4KOearly_varscan_indels_p01.vcf 
MST4KOlate_varscan_indels_p01.vcf unique2 MST4KOlate_unique_vs_early_indels_p01.vcf 
 
SNPs - Making comparisons (p < 0.01) + VCF output:  
 (Note: Summary statistics, such as mutational overlap is provided in the terminal output) 
 
java -jar VarScan.v2.4.3.jar compare NTC1_varscan_snp_p01.vcf 
MST4KOearly_varscan_snp_p01.vcf unique2 MST4KOearly_unique_snp_p01.vcf 
 
java -jar VarScan.v2.4.3.jar compare NTC1_varscan_snp_p01.vcf 
MST4KOlate_varscan_snp_p01.vcf unique2 MST4KOlate_unique_snp_p01.vcf 
 
java -jar VarScan.v2.4.3.jar compare MST4KOearly_varscan_snp_p01.vcf 
MST4KOlate_varscan_snp_p01.vcf unique2 MST4KOlate_unique_vs_early_snp_p01.vcf 
 
Copy Number Variation Analysis 
 
Calling copy number variations with optional parameters (p < 0.01): 
 
java -jar VarScan.v2.4.3.jar copynumber NTC1_MST4KOearly.mpileup --mpileup 1 
MST4KOearly_varscan_copynumber_p01_samefile.xls --p-value 0.01  
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java -jar VarScan.v2.4.3.jar copynumber NTC1_MST4KOlate.mpileup --mpileup 1 
MST4KOlate_varscan_copynumber_p01_samefile.xls --p-value 0.01  
 
Filtering copy number variations and applying Log2 fold change threshold = 1:  
 
java -jar VarScan.v2.4.3.jar copyCaller 
MST4KOearly_varscan_copynumber_p01_samefile.xls.copynumber --amp-threshold 1.0 --del-
threshold 1.0 --output-file MST4KOearly_varscan_filteredCNV_p01_samefile.xls 
 
java -jar VarScan.v2.4.3.jar copyCaller 
MST4KOlate_varscan_copynumber_p01_samefile.xls.copynumber --amp-threshold 1.0 --del-
threshold 1.0 --output-file MST4KOlate_varscan_filteredCNV_p01_samefile.xls 
 
Part IV: Annotate Mutations with SnpEff 
 
Change working directory: 
 
cd /Users/wellsteinlab/snpEff_varscan 
 
Conduct analysis on the unique mutation output files generated upstream in Varscan 2: 
 
java -Xmx8g -jar snpEff.jar hg19 MST4KOearly_unique_snp_p01.vcf > 
MST4KOearly_unique_snp_p01.ann.vcf 
 
java -Xmx8g -jar snpEff.jar hg19 MST4KOlate_unique_snp_p01.vcf > 
MST4KOlate_unique_snp_p01.ann.vcf 
 
The output will consist of a VCF file that lists mutations and their predicted impact in addition to 
a couple of summary metric files. Subsequent analyses overwrite the latter two summary files, so 
make sure you rename them before executing additional code.  
 
 
Part V: Detect Structural Variants with Breakdancer 
 
Change working directory: 
 
cd /Users/wellsteinlab/breakdancer-1.0 
 
This analysis requires the Merged Bam Alignment files generated by the Picard Tools analysis 
performed upstream. 
 
Detecting structural variants in KO-early sample versus control: 
 
perl /Users/wellsteinlab/breakdancer-1.0/perl/bam2cfg.pl -g -h 
MST4KOearly_mergebamalignment.bam NTC1_mergebamalignment.bam > 
MST4KOearly.bd.cfg 
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perl /Users/wellsteinlab/breakdancer-1.0/perl/BreakDancerMax.pl -t -q 10 -f -d 
MST4KOearly.ctx MST4KOearly.bd.cfg > MST4KOearly.ctx 
 
Detecting structural variants in KO-late sample versus control: 
 
perl /Users/wellsteinlab/breakdancer-1.0/perl/bam2cfg.pl -g -h 
MST4KOlate_mergebamalignment.bam NTC1_mergebamalignment.bam > MST4KOlate.bd.cfg 
 
perl /Users/wellsteinlab/breakdancer-1.0/perl/BreakDancerMax.pl -t -q 10 -f -d MST4KOlate.ctx 
MST4KOlate.bd.cfg > MST4KOlate.ctx 
 
 
PART VI: The Payoff Phase, i.e. Circos Plot 
 
Getting Circos to run is a very labor-intensive process (at least for the neophytes like myself), as 
it has numerous dependencies that must all be installed correctly. Carefully follow the 
instructions provided on its website. Prior to starting your own analysis, ensure that you can 
correctly graph the example provided in the Circos tutorial; this is a critical internal validation of 
your install procedure.  
 
Data were next organized into files according to Circos requirements, which involves sorting the 
values and renaming chromosomes (chr1 -> hs1) to synchronize with the karyotype file. Data 
must be formatted different ways depending on the track-type one seeks to graph. Importantly, 
all data to be graphed in Circos were saved as text files that needed to be converted into the Unix 
format prior to graphing. Each of these files represents a distinct track on the Circos plot. Plots 
were made for the MST4KO-Early and MST4KO-Late samples after deriving unique mutations 
vs the NTC1 Control, as shown in the above steps. Examples of conversions: 
  
perl -pe 's/\r\n|\n|\r/\n/g' early_snp_mac.txt > early_snp.txt 
perl -pe 's/\r\n|\n|\r/\n/g' early_snp_scatter_mac.txt > early_snp_scatter.txt 
perl -pe 's/\r\n|\n|\r/\n/g' early_cnv_mac.txt > early_cnv.txt 
perl -pe 's/\r\n|\n|\r/\n/g' early_indel_mac.txt > early_indel.txt 
perl -pe 's/\r\n|\n|\r/\n/g' early_indel_histogram_mac.txt > early_indel_histogram.txt 
perl -pe 's/\r\n|\n|\r/\n/g' early_translocation_mac.txt > early_translocation.txt 
 
Circos Plot Code: I only share it for the MST4KO-Early sample. Each track has been fine-tuned 
with additional settings that affect parameters like size, data type, data color, axes, etc. Note: this 
is all actually saved in a separate file called Circos.conf. There are other Conf files required to 
make a Circos plot (such as the karyotype file) but this one is uniquely tailored to my analysis:  
 
<<include etc/colors_fonts_patterns.conf>> 
<<include ideogram.conf>> 
<<include ticks.conf>> 
 
min_label_distance_to_edge = 100p 
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<<include etc/housekeeping.conf>> 
<image> 
<<include etc/image.conf>> 
</image> 
chromosomes_units   = 1000000 
chromosomes_display_default = yes 
 
##Karyotype File## 
karyotype = karyotype.human.txt 
 
<plots> 
 
###Total SNP Track### 
<plot> 
type = tile 
layers_overflow = collapse  
file = early_snp.txt 
r0 = 0.94r 
r1 = 0.94r+250p 
Layers = 1 
Thickness = 250p 
Padding = 0 
Margin = 0u 
Stroke_thickness = 10p 
Stroke_color = 0,0,102 
</plot> 
###Total SNP Track END### 
 
###SNP Types START### 
<plot> 
type = scatter 
file = early_snp_scatter.txt 
glyph_size = 50p 
stroke_thickness = 0 
r0 = 0.855r 
r1 = 0.855r+300p 
<axes> 
<axis> 
Color = grey 
Y0 = 1 
Y1 = 5 
Orientation = out 
Thickness = 1 
Spacing = 1 
</axis> 
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</axes> 
 
###Setting Glyph Types; Rules added to alter what was originally encoded in the data files; 
aesthetic preference shifted upon initial graphing### 
<Rules> 
<Rule> 
condition = var(value) eq "1" 
Glyph = circle 
glyph_size = 20p 
color  = 51,51,255 
</Rule> 
 
<Rule> 
condition = var(value) eq "2" 
Glyph = circle 
glyph_size = 30p 
color  = 0,0,255 
</Rule> 
 
<Rule> 
condition = var(value) eq "3" 
Glyph = circle 
glyph_size = 40p 
color  = 0,0,204 
</Rule> 
 
<Rule> 
condition = var(value) eq "4" 
Glyph = circle 
glyph_size = 50p 
color  = 0,0,153 
</Rule> 
 
<Rule> 
condition = var(value) eq "5" 
Glyph = circle 
glyph_size = 60p 
color = 0,0,102 
</Rule> 
</Rules> 
</plot> 
###SNP Types END### 
 
###CNV DATA START### 
<plot> 
type  = histogram 
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file  = early_CNV.txt 
r0  = 0.58575r 
r1  = 0.58575r+1250p 
min  = -3.0 
max  = 2.0 
z = 0 
extend_bin = no 
 
<Rules> 
<Rule> 
Condition = var(value) > 0 
color = dred 
stroke_thickness = 10p 
</Rule> 
 
<Rule> 
Condition = var(value) < 0 
color = dgreen 
stroke_thickness = 10p 
</Rule> 
</Rules> 
 
<axes> 
<axis> 
Color = grey 
Y0 = -3 
Y1 = 2 
Orientation = out 
Thickness = 1 
Spacing = 1 
</axis> 
</axes> 
</plot> 
 
###CNV Null Track START### 
<plot> 
 
type  = histogram 
file  = circos_baseline.txt 
r0  = 0.58575r 
r1  = 0.58575r+1250p 
min  = -3.0 
max  = 2.0 
z = 1 
stroke_thickness = 10p 
fill_color = black 
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</plot> 
###CNV Null Track END### 
###CNV DATA END### 
 
###INDEL START### 
<plot> 
type = tile 
layers_overflow = collapse  
file = early_indel.txt 
r0 = 0.52r 
r1 = 0.52r+250p 
Layers = 1 
Thickness = 250p 
Padding = 0 
Margin = 0u 
stroke_thickness = 10p 
Stroke_color = 102,0,102 
</plot> 
 
<plot> 
type  = histogram 
file  = early_indel_histogram.txt 
r0  = 0.35r 
r1  = 0.35r+750p 
min  = -25 
max  = 18 
z = 0 
stroke_thickness = 10p 
fill_color = black 
extend_bin = yes 
 
<Backgrounds> 
<Background> 
y0 = -3 
Y1 = -25 
color = vvlblue 
</Background> 
<Background> 
Y0 = 3 
Y1 = 18 
Color = vvlred 
</Background> 
<Background> 
Y0 = -2 
Y1 = 2 
Color = vlgrey 
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</Background> 
</Backgrounds> 
 
<axes> 
<axis> 
Color = grey 
Y0 = -25 
Y1 = 18 
Orientation = out 
Thickness = 1 
Spacing = 5 
</axis> 
</axes> 
</plot> 
###INDEL END### 
 
##Setting Background Tracks START### 
<plot> 
type = highlight 
file = circos_background.txt 
r0 = 0.935r 
r1 = 0.94r+260p 
fill_color = vvlgrey 
stroke_thickness = 1 
Z = -10 
</plot> 
 
<plot> 
type = highlight 
file = circos_background.txt 
r0 = 0.85r 
r1 = 0.855r+350p 
fill_color = vlgrey 
stroke_thickness = 1 
Z = -10 
</plot> 
 
###CNV START### 
<plot> 
type = highlight 
file = circos_background.txt 
r0  = 0.58575r 
r1  = 0.58575r+1250p 
fill_color = vvlgrey 
stroke_thickness = 1 
Z = -10 
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</plot> 
###CNV END### 
 
<plot> 
type = highlight 
file = circos_background.txt 
r0 = 0.515r 
r1 = 0.52r+275p 
fill_color = vlgrey 
stroke_thickness = 1 
Z = -10 
</plot> 
 
<plot> 
type = highlight 
file = circos_background.txt 
r0 = 0.345r 
r1 = 0.35r+775p 
fill_color = vvlgrey 
stroke_thickness = 1 
Z = -10 
</plot> 
 
###ChrY Empty Background### 
<plot> 
type = highlight 
file = hsy.txt 
r0 = 0.935r 
r1 = 0.94r+260p 
fill_color = vvlgrey 
stroke_thickness = 1 
Z = -=10 
</plot> 
 
<plot> 
type = highlight 
file = hsy.txt 
r0 = 0.85r 
r1 = 0.855r+350p 
fill_color = vlgrey 
stroke_thickness = 1 
Z = 10 
</plot> 
 
###CNV ChrY Empty START### 
<plot> 
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type = highlight 
file = hsy.txt 
r0  = 0.58575r 
r1  = 0.58575r+1250p 
fill_color = vvlgrey 
stroke_thickness = 1 
Z = 10 
</plot> 
###CNV ChrY Empty END### 
 
<plot> 
type = highlight 
file = hsy.txt 
r0 = 0.515r 
r1 = 0.52r+275p 
fill_color = vlgrey 
stroke_thickness = 1 
Z = 10 
</plot> 
 
<plot> 
type = highlight 
file = hsy.txt 
r0 = 0.345r 
r1 = 0.35r+775p 
fill_color = vvlgrey 
stroke_thickness = 1 
Z = 10 
</plot> 
</plots> 
##Setting Background Tracks END### 
 
 
###Translocations START### 
<links> 
z  = 10 
radius = 0.345r 
crest = undef 
bezier_radius  = 0 
bezier_radius_purity = 0.5 
perturb    = yes 
perturb_crest   = 0 
perturb_bezier_radius = 0.8,1.2 
perturb_bezier_radius_purity = 0.5,1.5 
<link> 
file   = early_translocation.txt 
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color   = 225,0,0 
thickness  = 25p 
Ribbon = no 
z=10 
</link> 
</links> 
###Translocations END### 
 
 
###Specifications for Output File### 
<image> 
file* = KOearly.png 
radius* = 6000p 
</image> 
 
 
Part VII: Alternate Variant Call Approach in GATK 
 
Call variants using a capture target .BED file that is specific to the exome library and genome 
assembly. Optional “ploidy” setting of 20 allows for the detection of alternate alleles; may be an 
important consideration for samples with mutational subpopulations. This approach greatly 
opens up the filter in order to detect numerous mutations. Ultimately, approach was not used 
because it seemed too iconoclastic, although I include it here as it chronicles steps in the 
alternative variant caller.  
 
Set working directory back to your GATK folder: 
 
cd /Users/wellstein/GATK 
 
Start analysis with HaplotypeCaller here with optional settings: 
 
java -Xmx8g -jar GenomeAnalysisTK.jar \ 
-T HaplotypeCaller \ 
-R ucsc.hg19.fasta \ 
-I NTC1_mergebamalignment.bam \ 
-L SeqCap_EZ_Exome_v3_hg19_capture_targets.bed \ 
--genotyping_mode DISCOVERY \ 
-stand_call_conf 10 \ 
-ploidy 20 \ 
--max_alternate_alleles 20 \ 
--max_num_PL_values 1000000 \ 
--max_genotype_count 1000000 \ 
--annotateNDA \ 
-o NTC1_all_variants_ploidy20.vcf 
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java -Xmx8g -jar GenomeAnalysisTK.jar \ 
-T HaplotypeCaller \ 
-R ucsc.hg19.fasta \ 
-I MST4KOearly_mergebamalignment.bam \ 
-L SeqCap_EZ_Exome_v3_hg19_capture_targets.bed \ 
--genotyping_mode DISCOVERY \ 
-stand_call_conf 10 \ 
-ploidy 20 \ 
--max_alternate_alleles 20 \ 
--max_num_PL_values 1000000 \ 
--max_genotype_count 1000000 \ 
--annotateNDA \ 
-o MST4KOearly_all_variants_ploidy20.vcf 
 
java -Xmx8g -jar GenomeAnalysisTK.jar \ 
-T HaplotypeCaller \ 
-R ucsc.hg19.fasta \ 
-I MST4KOlate_mergebamalignment.bam \ 
-L SeqCap_EZ_Exome_v3_hg19_capture_targets.bed \ 
--genotyping_mode DISCOVERY \ 
-stand_call_conf 10 \ 
-ploidy 20 \ 
--max_alternate_alleles 20 \ 
--max_num_PL_values 1000000 \ 
--max_genotype_count 1000000 \ 
--annotateNDA \ 
-o MST4KOlate_all_variants_ploidy20.vcf 
 
Run VariantEval for summary statistics: 
 
java -jar GenomeAnalysisTK.jar \ 
-T VariantEval \ 
-R ucsc.hg19.fasta \ 
-ploidy 20 \ 
-o NTC1_MST4KO_VariantEval_all_ploidy20.vcf \ 
-eval:early MST4KOearly_all_variants_ploidy20.vcf \ 
-eval:late MST4KOlate_all_variants_ploidy20.vcf \ 
-eval:control NTC1_all_variants_ploidy20.vcf 
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MuTect2: In contrast to HaplotypeCaller, Mutect2 can be used to call variants. It facilitates a 
“tumor” vs “normal”-like analysis, thereby permitting comparison against a custom reference 
sample. Although most appropriate for in vivo samples, I apply it to cell lines here with a custom 
‘ploidy = 8’ setting: 
 
java -jar GenomeAnalysisTK.jar \ 
-T MuTect2 \ 
-R ucsc.hg19.fasta \ 
-ploidy 8 \ 
-I:tumor MST4KOearly_mergebamalignment_reordered.bam \ 
-I:normal NTC1_mergebamalignment_reordered.bam \ 
-o MuTect2_NTC1_MST4KOearly_ploidy8.vcf 
 
java -jar GenomeAnalysisTK.jar \ 
-T MuTect2 \ 
-R ucsc.hg19.fasta \ 
-ploidy 8 \ 
-I:tumor MST4KOlate_mergebamalignment_reordered.bam \ 
-I:normal NTC1_mergebamalignment_reordered.bam \ 
-o MuTect2_NTC1_MST4KOlate_ploidy8.vcf 
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THE FUTURE FOR MST4 

 

This version of the MST4 story is but an early draft and we are currently conducting a number of 

experiments to make it more palatable for publication. Two major holes that I am trying to 

address are the lack of a convincing rescue experiment and the dearth of signaling experiments. 

With respect to the rescue experiment, it seems important to demonstrate that the aneuploid crisis 

witnessed here can be reversed by putting MST4 back into cells. Although a simple idea, it is far 

more difficult to put into practice. For one, the aneuploidy is quite severe once it becomes 

detectable in MDA-MB-231 cells and, since cells are already teetering on the edge of death at 

that point, many aspects of the phenotype can no longer be reversed. In addition, cells within the 

aneuploid crisis phase are not amendable to manipulation and do not survive the exogenous 

delivery of expression vectors. Given these issues, I must either manipulate the cells upstream of 

the aneuploid crisis to prevent it from happening or rescue some phenotype uniquely present in 

the adapted cells. 

 

For now, the most practical rescue attempts are taking place upstream the aneuploid crisis. Yet 

there are still issues that complicate these experiments. Since my guide RNAs target MST4’s 

exons, any MST4 cDNA placed into cells prior to delivery of the CRIPSR/Cas9 will in theory 

still be affected. As a result, I am attempting to first edit the gene with a transient CRISPR/Cas9 

transfection and then, a week or so later, these cells are subjected to stable transfection with 

either MST4 or an empty-vector control. My hypothesis is that the exogenous MST4 can 

functionally compensate for that which is damaged by genetic editing. I intend to skip the 
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cloning step and will monitor the cells for aneuploidy that should become detectable between 

one to two months later. And hence, this approach will involve much watching and waiting.  

 

Rescuing a phenotype in adapted cells is even more problematic. And the issue is this: how does 

one rescue the function of a gene when cells have adapted to its absence? It almost seems too 

simplistic to assume that adapted cells should still desire the missing MST4, or even predictably 

respond to its reintroduction. Along this vein, I have learned that transfecting MST4 back into 

adapted cells will not rescue their ability to undergo vascular invasion. It could be that 6 months 

of continuous culture in the absence of MST4 have altered the signaling network of cells such 

that the kinase no longer regulates their behavioral polarity. For this reason, it seems important to 

probe the signaling network within these cells to determine how it may have permanently 

changed. This is doubly important because it will provide insight into how MST4, a kinase, 

impacts cellular signaling and may generate additional clues for its regulation of mitosis and 

behavioral polarity. Assuming clear differences are observed, subsequent experiments will then 

ascertain whether exogenously introduced MST4 will resynchronize signaling with the control. 

 

Starving cancer cells and then stimulating them with FBS seems like the best way to detect any 

permanent signaling alternations. Preliminary signaling experiments with a human 

phosphokinase array have indicated that Src phosphorylation may be reduced in adapted MST4 

knockout cells 30 minutes after serum stimulation. As a follow up, we have employed the 

Georgetown University Proteomics Core to conduct a phospho-proteomics comparison. In this 

experiment, the CRISPR control and the adapted MST4 knockout cells will be starved and then 

treated with FBS along a time course that involves 0 min, 10 min, 30 min, or 2 hours of serum 
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exposure. These data will allow us to determine how signals may traffic distinctly throughout our 

lines by comparing not only the specific proteins affected, but also the kinetics of the events as 

they occur. When assembled together, we should be closer to realizing just how MST4 impacts 

cancer cells following long-term genetic inhibition.  
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SHORT ABSTRACT 

 

This method evaluates cancer cell invasion from spheroids into a surrounding 3D matrix.  

Spheroids are generated via the hanging drop culture method and then embedded in a matrix 

comprised of basement membrane materials and type I collagen.  Invasion out of the spheroids is 

subsequently monitored.     

 

LONG ABSTRACT 

 

The invasive nature of cancer cell lines is thought to correlate with their metastatic potential.  

Most traditional assays, however, do not examine these invasive features in a three-dimensional 

environment and the resulting data suffer from reduced biological applicability.  Here an 

approach is presented to visualize the invasive ability of cell lines in a physiologically relevant 

setting.  The cancer cell spheroid invasion assay first utilizes gravity to generate spheroids within 

drops of media that hang from the lid of a cell culture dish.  Next, these spheroids are embedded 

in a 3D matrix consisting of a mixture of basement membrane materials and type I collagen.  

Cancer cell egression from the spheroids into the surrounding matrix is then monitored over 

time.  The method described here can be modified to examine invasion after coculture of 

different cell types, inclusion of drugs/inhibitors, or alterations in extracellular matrix (ECM) 

constituents.  
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INTRODUCTION 

 

It is established that cancer cell motility is predictive of metastatic potential, given that such 

behavior facilitates invasion through the basement membrane and entry into the circulatory 

system [40].  Most research on motility has focused on how cells behave in a two-dimensional 

(2D) setting, though it is becoming widely recognized that the movement of cells in a three-

dimensional (3D) matrix is more representative of how these same cells will actually behave in 

vivo [201].  3D culture systems are increasingly used to study cellular behaviors that range from 

cell morphology, to growth kinetics and drug sensitivity [202].  The desire to monitor cancer cell 

invasion within the context of a 3D milieu has led to the synthesis of previously established 

techniques involving the generation of 3D cell aggregates (spheroids) via the hanging drop 

culture method [203], followed by embedding these spheroids into a 3D extracellular matrix 

(ECM) composed of collagen and basement membrane materials [204].  This method seeks to 

improve upon these previously established techniques by providing a streamlined approach that 

can be easily utilized to compare invasion under a variety of experimental conditions.     

 

More traditional ways to assess cell motility in vitro are the scratch-wound assay and the 

transwell assay [205].  The former assay depicts cell motility in a 2D setting, and is therefore 

independent of a variety of features critical for in vivo invasion, e.g. protease activity [206].  The 

transwell assay can better model cell invasion when the well inserts are coated with ECM 

substrates but, only a single parameter, i.e. the appearance of cells on the opposite membrane 

surface is measured, and many nuances of cell invasion are thus not readily observable.  In 

contrast to these techniques, the cancer cell spheroid invasion assay (Figure 22) allows for the 
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real-time monitoring of cell invasion in a setting that is not only physiologically relevant, but 

also permits important cell line-specific features to be visualized, such as individual vs. 

collective cell migration [36].   

 

This method also affords advantages over standard 3D culture growth assays.  The generation of 

cellular aggregates via the hanging drop method initially constrains cell movement, so that cells 

will be incentivized to invade after this constraint is lifted.  Furthermore, once that constraint is 

lifted, cell egress will proceed in a uniform direction that can then be conveniently quantitated.   

 

The most popular ECM materials used for cancer cell spheroids assays are Matrigel and type I 

collagen, where each of these components has important and distinct roles in influencing 

metastatic behavior.  Matrigel is a secreted mixture of proteins produced by Engelbreth-Holm 

Swarm mouse sarcoma cells, and is enriched in basement membrane proteins such as laminin, 

entactin, and type IV collagen [207].  For this reason Matrigel is henceforth referred to as 

Figure 22: Visual workflow of the spheroid invasion assay.  Spheroids are generated in drops 
of media that hang from the lid of a tissue culture dish for 72 hrs.  Next, the drops are pooled, 
and the spheroids are transferred to a 4°C mixture of basement membrane materials and type I 
collagen.  Following spheroid resuspension, the viscous mixture is pipetted into the wells of a 
24-well plate, after which it is given 30 min at 37°C to solidify into a 3D culture.  Warm media 
is then added to the wells.  Cell exit from the spheroids is then monitored over time.          
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“basement membrane materials.”  These basement membrane materials provide essential ligands 

needed for integrin adhesion during cancer cell invasion [208] in addition to many other proteins 

that exert a range of effects on cell behavior [209].  In comparison, type I collagen, commonly 

prepared from acid digests of tendons and other dense collagenous structures [210], is a much 

simpler matrix material that serves as a major structural element of the connective tissue and 

stroma supporting tissues and organs of the body.  It has been demonstrated that the physical 

characteristics of collagen can regulate a number of features of cell motility; for example, the 

alignment of collagen fibrils at the tumor-stromal interface permits cancer cells to subsequently 

migrate along those fibrils when invading into the stroma [52].  In the assay presented here, both 

type I collagen and basement membrane materials are utilized as tools to study 3D cancer cell-

stroma interactions.           

 

The effect of inhibition or stimulation of pathways that control invasion can be monitored after 

the cells have been embedded in the 3D matrix.  Cells can be pretreated during growth in the 

hanging drops or upon transfer to the 3D culture, depending on whether a lengthy treatment will 

be required to modulate invasion.  For shorter treatments, it is recommended that the drug be 

mixed with the spheroid suspension after collection, as well as the media that will surround the 

3D cultures, to facilitate adequate drug exposure to the cells.  Next, normal or tumor-associated 

stromal cells can be admixed with the matrix material to evaluate their role in modulating tumor 

cell invasion, or to determine how paracrine and autocrine signaling influences cell behavior.  

This idea was shown in a study where the coculture of colon cancer and endothelial cells in 

hanging drops led to a vascular network within the spheroids [211]. Finally, the ECM 

constituents can also be altered, as cancer cell invasion is impacted by different substrates [212].  
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The method presented below will thus provide a framework for assessing cancer cell invasion 

under a variety of conditions.  In general it was found that not all cell lines will create spheroids 

in the hanging drops and epithelial-looking cell lines typically form regular spheres.  

 

PROTOCOL 

 

1. Generation of Spheroids. 

1.1) Prepare single-cell suspension for hanging drop cultures by detaching adherent cancer cell 

cultures of ~70% confluence using a PBS wash followed by exposure to 0.05% trypsin-EDTA 

solution.       

1.1.1) Neutralize the trypsin solution with cell culture media and count the cells using an aliquot 

of the cell suspension. 

Note: The specific cell culture media will depend on the cell line being tested.  Follow ATCC 

media recommendations, where the cell culture media is typically DMEM + 10% FBS.  More 

information can be found in the Materials Table.   

 

1.1.2) Perform a dilution to allow for the seeding of 500-1000 cells per 20 µl drop of cell culture 

media. 

 

1.2) Acquire 10 cm dish and add 5 ml of sterile PBS to the bottom.  

Note: This step protects the hanging drops from evaporation.  Lower-cost “bacteriological grade” 

dishes can be used in place of cell culture grade dishes, as cells will not contact the culture 

surface. 
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1.3) Use a multi-channel pipet to transfer 20 µl droplets of the diluted cell suspension to the inner 

surface of the lid. 

1.3.1.) Pipet 40 drops (5 rows of 8 drops) onto the lid of the 10 cm dish.  

1.4) Invert the lid and place over the culture dish.  Incubate the hanging drop cultures at 37°C for 

72 hrs to generate spheroids. 

1.4.1) Flip the lid in a confident, yet controlled manner.   

Note: Inverting the lid too fast or too slow may cause the droplets to shift.  Some cell lines may 

form spheroids in 48 hrs or less, while others may require more than 72 hrs to produce compact 

aggregates.  

 

2. Embedding of Spheroids into 3D Matrix. 

2.1) Thaw an aliquot of growth factor-reduced basement membrane materials at 4 °C overnight 

before embedding the spheroids. 

2.1.1) Optional: Layer wells with ECM in advance to prevent potential spheroid interaction with 

the tissue culture surface.  

2.1.1.1) Pipet 200 µl of ECM per well on a 24-well plate. 

2.1.1.2) Tilt the plate to ensure that the ECM covers the entire well surface. 

2.1.1.3) Carefully remove excess ECM with a pipet. 

2.1.1.4) Incubate the plate until the wells are dry: 3 hrs at room temperature or overnight at 4 °C.          

 

2.2) Collect the spheroids by tilting the lid of the tissue culture dish and pooling the media.  

Transfer the media with the spheroids into a 1.5 ml microcentrifuge tube. 
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2.3) Allow 10 min for the spheroids to settle at the bottom of the microcentrifuge tube. Spheroids 

should be visible by eye. 

 

2.4) Mix 100 µl of the basement membrane materials with 100 µl of cold (4°C) type I collagen in 

a separate pre-chilled tube.  Keep the mixture at 4°C to prevent either gel from solidifying 

prematurely. 

2.4.1) Use pre-chilled pipet tips if transferring small volumes. 

2.4.2) Give care when mixing the basement membrane materials and collagen type I to prevent 

air bubble formation.  Note: Air bubbles may hinder imaging later in the protocol if they 

become embedded in the gel.  

 

2.5) Aspirate the spheroids from the 40 µl bottom portion of the microcentrifuge tube, and 

combine with the basement membrane materials/type I collagen mixture.  Be careful to prevent 

air bubble formation when mixing. 

Note: The solution containing of 100 µl basement membrane materials, 100 µl collagen type I, 

and 40 µl of the spheroids will create enough material for 4 independent 3D cultures.  This can 

be scaled up or down. 

 

2.6) Pipet 40 µl drops of the viscous mixture into the centers of wells on a 24-well plate.  Keep 

the plate level to prevent the mixture from running into the side of the well. 

Note: A single column on the 24-well plate – 4 wells – is recommended for each condition to be 

tested. 
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2.7) Place the plate into a 37°C incubator and leave undisturbed for 30 min.  The 3D culture will 

polymerize during this period. 

 

2.8) Slowly submerge the 3D cultures in 1 ml of cell culture media.   

2.8.1) Ensure that the media is warm when adding it into the wells to further promote gel 

polymerization. 

2.8.2) CRITICAL STEP: Gently add the media to the 3D cultures.  Pipetting the media too 

quickly into the wells can lead to detachment of the 3D cultures from the tissue culture surface.          

 

3. Monitoring and Analyzing Spheroid Invasion. 

3.1) Image invasion from the spheroids into the surrounding 3D matrix at time-points decided by 

the investigator.  Acquire photographs using an inverted microscope with the 20x objective lens.     

Note: Ideal time-points will differ depending on the cell line being tested.  More invasive cell 

lines will begin their egress from the spheroids shortly after plating and, therefore, take initial 

photographs within a couple of hours after plating.  Generally, photographs are taken at 0 hrs 

(after plating), 24 hrs, and 48 hrs. Invasion typically concludes 24 to 48 hrs after plating.     

 

3.2) Quantitate invasive ability using image analysis software like Image J. 

3.2.1) Analyze invasion as the cell distance from the edge of the spheroid. 

3.2.1.1) Use the Straight Draw Tool to mark the radius and/or maximal invasive distance. 

3.2.1.2) Click “Analyze” in the top menu, and then click “Measure” to display the length 

measurement.    
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3.2.2) Analyze invasion as the total invasive area outside the spheroid.  

3.2.2.1) Use the Freehand Draw Tool to trace the border of the spheroid and/or total invasive 

area. 

3.2.2.2) Click “Analyze” in the top menu, and then click “Measure” to display the area 

measurement.  

3.2.3) Use a plugin like ROI Manager Tools to create measurements for a stack of images.      

 

REPRESENTATIVE RESULTS  

 

Using the spheroid invasion assay (see Figure 22), a panel of cancer cell lines was tested for their 

ability to form spheroids, as well as for the amount of cell egress exhibited after implantation in a 

3D matrix consisting of basement membrane materials and type I collagen (Table 8).   

Table 8: Panel of cell lines tested. 
   

Cell Line Cancer Type Species 
Sphere-Forming 

Ability Assay Invasion 
4T1 Mammary Mouse +++ ++ 
A-431 Epidermoid Human +++ - 
BT-474 Breast Human ++ - 
COLO 357 PL Pancreas Human ++ - 
E0771 Mammary Mouse +++ +++ 
LNCaP Prostate Human + - 
MCF-7 Breast Human +++ - 
MCF10DCIS.com Breast Human ++ - 
MDA-MB-231 Breast Human - ? 
PANC-1 Pancreas Human + ++ 
PC-3 Prostate Human - ? 
SK-BR-3 Breast Human - ? 
U-87 MG Glioblastoma Human +++ +++ 

 

Table 8: Sphere-formation and invasion by different cell lines.  Cell lines tested are scored 
according to their sphere-forming ability and invasion.  
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These results demonstrate that not every cancer cell line will create well-formed spheroids, 

where cell lines possessing an epithelial morphology in vitro tended to produce regular and 

smooth aggregates.  The ability of different cell lines to invade in the assay was also variable.  

Cell lines that are established as being invasive like 4T1, E0771, and U-87 MG exhibited a high 

degree of spheroid egress in the assay.  Less aggressive cell lines, like the MCF-7, BT474, and 

MCF10DICS.com did not invade, as was anticipated.  Unexpected, however, was the lack of 

invasion displayed by A-431 and COLO 357 PL cells.  An example of the data for some of these 

lines is shown (Figure 23).  For 4T1 and E0771 cells, invasion was already pronounced 24 hours 

after embedding the spheroids into the 3D matrix and, for U-87 MG, invasion commenced 

directly after implantation into the matrix.   

 

 
Figure 23: Example of spheroid invasion assay data.  The 4T1, E0771, and U-87 MG cells 
show invasion from the spheroids whereas the A-431 and MCF-7 cells do not.  Invasion of U-87 
cells is most pronounced after 24 hrs, while maximal invasion by the 4T1 and E0771 cells occurs 
later.  For the most invasive E0771 and U-87 MG cell lines, cell egress appears to offset the 
increase in spheroid size otherwise observed with the less invasive lines.  Scale bar, 200 μm.  
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The qualitative assessment of cellular invasion can be further supported by quantitation in image 

analysis software.  Two different strategies for quantitating the extent of invasion are included 

(Figure 24), and the strategy selected depends on the type of invasion witnessed.   

 

 

 

 

 

 

 

 

In ImageJ, invasive distance or invasive area is first demarcated using the software’s draw tool, 

after which comparative values are generated as pixel measurements.  Microscopy images can be 

imported as a stack to enable more efficient data acquisition but, if doing so, a plugin like ROI 

Manager Tools is recommended to facilitate efficient measuring.        

 

 

 

 

 

 

Figure 24: Quantitation of spheroid invasion.  Invasion can be quantitated by image analysis 
e.g. using the Image J software.  (a) Calculation of invasion as a function of the longest invasive 
distance emanating from the spheroid. (b) Total area invaded by cells leaving the spheroid.  
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DISCUSSION  

 

This study evaluated the performance of a panel of cancer cell lines in a spheroid invasion assay 

(see Table 8).  Generally, we find that spheroid formation is enhanced in the more epithelial-

looking cell lines, where the presence of cell-cell junctions promotes the formation of a spheroid-

like architecture.  Known cell lines that have undergone an epithelial-mesenchymal transition, 

like MDA-MB-231 cells do not form spheroids in the hanging drop culture most likely due to 

their reduced E-, N-, and P-cadherin expression [213]. 

 

Some of the steps in the spheroid invasion assay require close adherence to the protocol.  It is 

absolutely critical to work quickly when pipetting the basement membrane and collagen mixture, 

and it is crucial that one keeps the mixture near 4°C while working as it will begin to solidify at 

room temperature.  Also, soluble collagen preparations are acidic, and are induced to gel by the 

addition of a small amount of sodium hydroxide and salt, followed by warming to 37°C.  In our 

hands, simply mixing equal volumes of collagen with the basement membrane materials renders 

it gel-competent upon warming because the basement membrane component is able to neutralize 

the collagen.  If smaller ratios of basement membrane:collagen are planned, the collagen should 

be neutralized prior to adding the basement membrane mixture to facilitate polymerization.  

Once formed, most spheroids are resistant to dissociation and will survive resuspension in this 

viscous mixture that will comprise the 3D culture.  During the resuspension steps, one must also 

exert care to restrict the formation of air bubbles, as these can hinder imaging.  When adding 

culture media to the wells after the gel has solidified, it is important that one pipets slowly to 

prevent the 3D cultures from detaching from the dish.         
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The egress of cancer cells into the surrounding 3D matrix is generally correlated with the 

invasive ability of the lines, where the E0771 and U-87 MG cells demonstrated the most invasion 

in the panel of cell lines examined here (see Figure 23).  Interestingly, these two lines also 

exhibit different modes of invasion.  Whereas the E0771 cells invade in a gradual and collective 

manner, the U-87 MG cells display individual and rapid exit from the spheroids.  The spheroid 

invasion assay thus allows one to compare the different modes used by lines to invade the 

substrate.   

 

Different methods of analyzing invasion are presented in Figure 20 and the preferred manner of 

analysis may depend on the mode of invasion.  Regardless of the type of analysis employed, this 

assay was designed to allow for the rapid quantitation of invasion out of a large number of 

spheroids.  The pooling of spheroids into a 3D culture mixture, and then aliquoting this mixture 

to create 4 independent replicate cultures, leads to the establishment of multiple spheroids that 

can be monitored for a given experimental condition (see Figure 22).  The assay is hence easily 

amendable to statistical comparison due to the large potential “n,” and the phenotype shared by 

spheroids of the same type seems to exhibit minimal variability.  Note that less aggressive cell 

lines like BT-474 and MCFDCIS cells form smooth, compact spheres that have a much smaller 

size than more aggressive lines.  As a consequence, during the initial cell seeding into the 

hanging drops, the starting cell number needs to be adjusted accordingly.  

 

Some metastatic cell lines performed against our expectations and did not exhibit invasive 

behavior in this assay.  Notable examples include the A-431 and the COLO 357 PL cells.  It is 
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possible that the lack of invasion displayed by these lines is due to the type of ECM substrate 

that the spheroids were embedded into.  Indeed, others have shown that basement membrane 

materials (Matrigel) and collagen can have disparate effects on the invasion of cells [49] perhaps 

due to different matrix metalloprotease requirements for migration [214].  Thus, tweaking the 

ratio of collagen:basement membrane materials is another way to modify assay outcomes, where 

reducing the basement membrane material component to a third of the total mixture, thereby 

allowing for an increase in the amount of collagen, could further enhance invasion by some cell 

types.  This idea is exemplified in a recent study that found a positive correlation between the 

invasive ability of mammary organoids and the number of type I collagen fibrils present, where 

collagen fibril formation was promoted by extending the 4°C preincubation period of pH 

neutralized collagen [215]. 

 

The discovery that some cell lines acted contrary to expectation shows some of the limitations of 

this assay.  Although monitoring cancer cell invasion out of a spheroid into a 3D mixture 

consisting of collagen and basement membrane materials is more physiologically relevant than a 

2D motility assay, it is still a model system that omits some biological complexities otherwise 

found in vivo.  For example, metastatic ability can be modulated by the distinct 

microenvironments that support orthotopic vs. ectopic tumor growth [216] and, as such, it is 

important to acknowledge that a variety of stromal factors can profoundly influence the 

metastatic process.  A number of these factors are absent in the invasion assay presented here 

and could explain some of the observed inconsistencies.     
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In summary, the cancer cell spheroid invasion assay presented here provides a flexible 

framework for monitoring invasion in a biologically relevant setting, supports the discovery of 

mechanisms of cell invasion, and can potentially aid in the development of novel anti-metastatic 

therapies. 
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SHORT ABSTRACT 

 

This method utilizes zebrafish embryos to efficiently test the vascular invasive ability of cancer 

cells. Fluorescent cancer cells are injected into the precardiac sinus or yolk sac of developing 

embryos. Cancer cell vascular invasion and extravasation is assessed via fluorescence 

microscopy of the tail region 24 to 96 hours later.  

 

LONG ABSTRACT 

 

Cancer cell vascular invasion and extravasation is a hallmark of metastatic progression. 

Traditional in vitro models of cancer cell invasion of endothelia typically lack the fluid dynamics 

that invading cells are otherwise exposed to in vivo. However, in vivo systems such as mouse 

models, though more physiologically relevant, require longer experimental timescales and 

present unique challenges associated with monitoring and data analysis. Here we describe a 

zebrafish assay that seeks to bridge this technical gap by allowing for the rapid assessment of 

cancer cell vascular invasion and extravasation. The approach involves injecting fluorescent 

cancer cells into the precardiac sinus of transparent 2-day old zebrafish embryos whose 

vasculature is marked by a contrasting fluorescent reporter. Following injection, the cancer cells 

must survive in circulation and subsequently extravasate from vessels into tissues in the caudal 

region of the embryo. Extravasated cancer cells are efficiently identified and scored in live 

embryos via fluorescence imaging at a fixed timepoint. This technique can be modified to study 

intravasation and/or competition amongst a heterogeneous mixture of cancer cells by changing 

the injection site to the yolk sac. Together, these methods can evaluate a hallmark behavior of 
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cancer cells and help uncover mechanisms indicative of malignant progression to the metastatic 

phenotype. 

 

INTRODUCTION 

 

Metastatic disease is a major cause of cancer mortality and many mechanisms that enable cancer 

cell dissemination remain to be discovered [91]. In order for a cancer cell to successfully 

metastasize, it must first invade through the stroma that surrounds a primary tumor, enter 

(intravasate) into the circulatory system, survive in transit, exit (extravasate) from the circulation, 

and lastly establish a viable colony at the distant organ site [217]. Intravasation and extravasation 

are thus crucial steps in the metastatic cascade, yet every cancer cell is not inherently adept at 

disrupting and migrating through endothelial junctions [39]. In fact, there are a series of unique 

selection pressures that surround cancer cell vascular invasion and the process can be further 

influenced by a variety of endogenous and exogenous factors [79]. For these reasons, techniques 

that probe the aggressive behavior of advanced stage cancer often focus on vascular invasive 

ability as a means to predict metastatic spread.  

 

Various model systems exist to facilitate the study of cancer cell vascular invasion in vitro. The 

most used in vitro assays involve either transwell systems to assess cancer cell migration through 

an endothelial barrier [218] or Electric Cell-Substrate Impedance Sensing (ECIS) technology to 

monitor the real-time disruption of an intact endothelial monolayer by cancer cells [121]. These 

assays typically lack the fluid dynamics and stromal factors that would otherwise impact cancer 

cell attachment to an endothelial wall. This issue is somewhat circumvented by perfusable 
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vascular networks that arise from the 3D culture of endothelia with supporting stromal cells, and 

these 3D microfluidic systems now represent the forefront of current in vitro options [118, 219]. 

Still, these approaches omit the robust microenvironment of a functional circulatory system and 

therefore only in part substitute for in vivo models. 

 

The most widely used in vivo model of vascular invasion is the mouse, in which experimental 

metastasis assays are commonly performed because they occur on relatively short timescales and 

are generally indicative of metastatic ability [220]. These assays involve direct injection of 

cancer cells into circulation and therefore model the end stages of metastasis, namely 

extravasation and cancer cell colonization of organs. The experimental metastasis assays differ 

based on the site of cancer cell injection and the organs ultimately analyzed. In the first assay 

type, cancer cells are injected into the tail vein of mice and cancer cell seeding in the lungs is 

monitored [112, 71]. The second assay involves performing intracardiac injections to direct 

metastatic seeding toward the bone microenvironment [221-222, 73], but also the brain [70]. In 

the third assay, cancer cells are injected into the spleen in order to permit colonization of the 

liver [223] whereas the fourth delivery route into the carotid artery carries cancer cells to the 

brain [224, 225]. Irrespective of the cancer cell delivery method, organ colonization is the 

accepted experimental endpoint and is generally determined via luminescence, histology, or 

PCR-based techniques. Despite the physiologic advantages of conducting experimental 

metastasis assays within a murine host, these experiments still require weeks to months to 

complete and analyze.  
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The zebrafish (Danio rerio) model has recently emerged as a new system to study cancer 

progression [113, 226], and allows for the assessment of cancer cell vascular invasion within a 

functional circulatory system over a much shorter timescale when compared with mice [114, 

227-229]. The method utilizes a transparent zebrafish strain that has its endothelia tagged with a 

green reef coral fluorescent protein reporter driven by the kdrl promoter, the zebrafish receptor 

for vascular endothelial growth factor [115]. In the assay, cancer cells are labeled with a red 

fluorescent marker and injected into the precardiac sinus of 2-day old embryos. Anywhere 

between 48 to 96 hours after the injection, cancer cells that have invaded out of the vasculature 

and into the caudal region of embryos can be scored efficiently on a fluorescent microscope. 

Here we apply the technique to a panel of commonly used human breast cancer cell lines to 

demonstrate stark differences in their vascular invasive ability. Furthermore, we demonstrate that 

changing the injection site to the embryo yolk sac allows for the study of heterogeneous cell 

interactions, as cancer cell populations can be differentially labeled with fluorescent dyes and 

injected into zebrafish embryos lacking fluorescent vasculature. In this latter assay, cancer cells 

that have invaded the yolk and intravasated into the vaculature are scored in the caudal region 24 

to 48 hours after injection. Due to the effectiveness and convenience of this model, zebrafish are 

increasingly employed to rapidly test the vascular invasive ability of cancer cells under a 

physiologic setting. 

 

PROTOCOL 

Ethics Statement: Zebrafish embryos were generated according to an approved IACUC protocol. 

These experiments were carried out in compliance with recommendations by the Georgetown 

University Animal Care and Use Committee. 
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1. Organize embryos for injection and create stock solutions. 

1.1) Generate requisite zebrafish larvae to assess cancer cell vascular invasion. 

1.1.1) Set up pair-wise or group in-cross mating with Tg(kdrl:grcfp)zn1;mitfab692;ednrb1b140 fish.  

Note: We generated Tg(kdrl:grcfp)zn1;mitfab692;ednrb1b140 zebrafish, by crossing 

Tg(kdrl:grcfp)zn125, which express green reef coral fluorescent protein in endothelial cells, with 

a line that lacks pigment cells, mitfab692;ednrb1b140, developed at the Zebrafish International 

Resource Center. 

1.1.2) Collect eggs, clean, and remove unfertilized or deformed embryos the next day. 

1.1.3) Incubate embryos at 28.5°C until ready for injection with cancer cells, to occur when the 

zebrafish embryos are 2-days post-fertilization (2 dpf). 

 

1.2) Make injection plates.  

1.2.1) Melt 25 ml of 1.5% agarose in dH2O for each plate. 

1.2.2) Pour 12 ml of the agarose into a 100 mm x 15 mm petri dish and let it harden. 

1.2.3) Re-melt then pour the remaining agarose in the plate. 

1.2.4) Immediately position a cut glass mold (3 mm x 7.2 cm wide x 7.5 cm long) so that it is at a 

30 degree angle to the agarose and positioned in the center of the plate.  

Note: This will create a steep 60° wall and a 30° sloped ramp. 

1.2.5) Tape the glass mold in place and let the agarose harden. 

1.2.6) Gently remove the glass mold and be careful not to tear the agarose. 

Note: Molds can be stored in dH2O at 4°C. 
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1.3) Equilibrate injection plate with fish water (0.3 g/L sea salt). 

1.3.1) Rinse plate twice with distilled water. 

1.3.2) Equilibrate plate by adding 10 ml of fish water to the plate and place on shaker for 10 min. 

1.3.3) Equilibrate plate a second time with fish water. 

 

1.4) Split 2-day post-fertilization (dpf) embryos into injection groups by transferring them into 

dishes containing fish water.  

 

1.5) Prepare recovery dishes for each group that will be utilized after injection. 

Note: Recovery dish contains 10 ml fish water, plus penicillin (25 µg/ml) and streptomycin (50 

µg/ml). 

 

1.6) Prepare 2x tricaine solution by adding 4 ml of buffered tricaine stock (4 mg/ml,10 mM Tris, 

pH 7) to 50 ml of fish water plus penicillin and streptomycin. 

 

1.7) Dissolve 15 mg low melting-point agarose in 10 ml of 2x tricaine solution to generate a 

mounting anesthetic medium that will immobilize live embryos for imaging. 

Note: Mounting medium consists of 1.5 % agarose.  

 

1.8) Pull microinjection needles. 

1.8.1) Place glass capillary tubing in a vertical pipette puller. Pull long tapered pipettes using 20 

mAmp current and a 2-coil heating element.  
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2. Labeling cancer cells with lipophilic fluorescent dye. 

2.1) Maintain cancer cells in their recommended culture conditions. 

Note: These lines were maintained in DMEM + 10% FBS: BT-474, MCF-7, MDA-MB-231, 

MDA-MB-468, and SK-BR-3. These lines were maintained in RPMI + 10% FBS: HCC 1806 

and T-47D.  

 

2.2) Generate a single-cell suspension by dissociating an adherent culture of cancer cells. 

2.2.1) Wash cells first with PBS and then treat with 0.05% trypsin-EDTA solution. 

Note: Trypsin exposure time will depend on the cell line.  

2.2.2) Neutralize the trypsin solution with serum-containing cell culture media after the cells 

detach.  

 

2.3) Centrifuge the trypsin-neutralized cell suspension for 5 min at 200 x g, then resuspend the 

cell pellet in fresh culture media for cell counting.  

 

2.4) Count the cell suspension and prepare 1 million cells in 200 µl of cell culture media. 

Note: Cell number is determined with an automated counter. 

2.4.1) Verify cell viability with trypan blue dye exclusion before injection into zebrafish 

embryos.  

Note: Only viable cell populations should be injected into zebrafish embryos, as injection of 

dead cells will not reflect true vascular invasion.  
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2.5) Add 2 µl of red lipophilic dye to the cancer cell suspension for a 1:100 dilution, mix well, 

and then incubate the mixture at 37 °C for 20 min. 

Note: Concentration of the dye and labeling time may need to be optimized for each cell line. 

 

2.6) Following the incubation, add 1 ml of fresh media to the tube and then centrifuge for 5 min 

at 200 x g. 

 

2.7) Wash away residual fluorescent dye from the cancer cells. 

2.7.1) Aspirate the supernatant from the cell pellet, resuspend the pellet in 1 ml of fresh culture 

media, and centrifuge for 5 min at 200 x g. 

2.7.2) Repeat the washing step a second time: aspirate the supernatant, resuspend the cell pellet 

in 1 ml of fresh media and then centrifuge again for 5 min at 200 x g.  

 2.7.3) Repeat the washing step third time: aspirate the supernatant, resuspend the cell pellet in 1 

ml of fresh media and then centrifuge again for 5 min at 200 x g.  

  

2.8) Aspirate the supernatant and resuspend the cell pellet containing 1 million labeled cancer 

cells in 500 µl of fresh media. 

Note: 0.5 mM EDTA can be added to the media to prevent cell clumping. 

 

3. Injecting cancer cells into the precardiac sinus of zebrafish embryos. 

 

3.1) Attach microinjection dispense system to a pressurized air source and turn on the 

microinjection dispense system power source. 
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3.1.1) Test pressure by depressing the foot pedal. A brief pulse of air should emit from the needle 

holder.  

 

3.2) Equilibrate the injection plates twice with the 2x tricaine solution. 

3.2.1) For each equilibration step, add 20 ml of 2x tricaine solution to the injection plate and 

place on shaker for 10 min. 

 

3.3) Use plastic pipette to transfer a group of embryos to a small dish containing the 2x tricaine 

solution. 

 

3.4) Backfill the microinjection injection needle with cancer cells using a gel-loading pipet tip.  

3.4.1) Place the needle in an electrode storage jar with the pointed end facing down so cells settle 

near the tip. 

 

3.5) Transfer 20-30 anesthetized embryos to an injection plate by collecting the embryos with 

plenty of 2x tricaine in a plastic pipette. 

3.5.1) Allow embryos to settle in the tip of the pipette. 

3.5.2) Gently expel embryos into the trough of the injection plate, spreading the embryos along 

the length of the trough. 

3.5.3) Align embryos with heads facing up and bellies facing the steep wall of the trough. 

Note: Tricaine solution should cover both the trough length and the flat agarose surface, with 

embryos only residing in the trough. Embryos are now ready for injection. 
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3.6) Inject 50-100 cancer cells (2-5 nl) into the precardiac sinus of the zebrafish embryos using 

the microinjection dispense system.  

3.6.1) Attach the needle to the needle holder of a micromanipulator. 

3.6.2) Position the injection plate under the stereoscope with the 60 degree wall to the left and 

focus on the top embryo at 25x magnification. 

3.6.3) Position the micromanipulator so that, when extended, the needle will pierce the embryo. 

3.6.4) Extend the needle by eye until it is nearly touching the embryo. 

3.6.5) Looking under the microscope, align the needle so that it will pierce the embryo upon 

further extension. 

3.6.6) Pierce the embryo through the yolk sac placing the tip just at, but not in, the pre-cardiac 

sinus. 

3.6.7) Inject cells by depressing the foot pedal. The force of the injection expels the cells into the 

cardiac sinus. Retract the needle. 

3.6.8) Using the right hand, extend and retract the injection needle. With the left hand, make fine 

adjustments to position next embryo. 

3.6.9) Return the needle to the electrode storage jar while setting up to inject another plate. 

 

3.7) Transfer the embryos to the recovery dish once the entire plate is injected. 

3.7.1) Tilt the injection plate to pool the embryos at the bottom, washing any remaining embryos 

out of the trough, and collecting them with the plastic pipette. 

3.7.2) Allow the embryos to settle in the bottom of the pipette. 

3.7.3) Transfer the embryos to the recovery dish in a minimal volume of tricaine. 
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3.8) Incubate recovery dish at 28°C for 1 hr.  

3.8.1) Separate viable zebrafish embryos from dead embryos and other debris.  

  

3.9) Incubate dish at 33°C until ready for scoring, typically 24-96 hrs. 

Note: This temperature is determined as a compromise between 37°C, the ideal temperature for 

cancer cells, and 28.5 °C, the ideal temperature for zebrafish.  

  

4. Scoring extravasation. 

4.1) Anesthetize the batch of embryos to be scored by placing them in a dish with tricaine 

solution.  

4.2) Place an anesthetized larvae on a depression microscopy slide in a drop of tricaine. 

4.2.1) Orient larvae laterally for optimal imaging of the caudal region. 

 

4.3) Count the number of cancer cells that have successfully invaded out of the vasculature by 

focusing up and down through the tail region to clearly discern intact cells.  

Note: It is best to have at least two individuals involved in this process, where the individual 

scoring the fish is blind to the experimental condition being assessed. 

4.3.1) Score larvae on a Nikon compound fluorescence microscope with the 10x objective lens. 

Use the 20x objective for any difficult calls.  

 

5. Mounting embryos onto slides and subsequent fluorescence imaging. 

5.1) Melt 1.5% agarose/tricaine solution and bring to 37°C. 
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5.2) Anesthetize the embryo to be imaged by placing it in tricaine solution. 

 

5.3) Transfer the embryo in a drop of tricaine solution to the imaging surface. 

Note: A glass-bottom dish or microscope slide can be used. 

 

5.4) Use a glass pipette to remove the excess tricaine solution, retaining the embryo on the 

imaging surface.  

 

5.5) Overlay one drop of melted agarose solution over the embryo. 

 

5.6) Quickly, before the agarose polymerizes, use a delicate tool, like an eyelash brush, to orient 

the embryo laterally for imaging, giving extra care to ensure the embryo is flattened along the 

imaging surface.  

 

5.7) Submerge the now polymerized agarose drop under tricaine solution. 

 

5.8) Subject the live zebrafish embryo to microscopic imaging. 

 

6. Modification: Injecting cancer cells into the yolk sac of zebrafish embryos. 

6.1) Prepare the microinjection dispense system and injection plates as previously described in 

Section #3 of this protocol. 
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6.2) Label two cell populations with contrasting fluorescent dyes as previously described in 

Section #2 of this protocol. 

 

6.3) Inject 5-10 nl of 2 x10^7 cells/ml into the yolk sac. Keep the injection volume constant to 

inject identical cell numbers (100-200 cancer cells) from each cell population  

Note: One may use transparent zebrafish embryos lacking fluorescent vasculature for this assay. 

Passive entry of particles into the vasculature can be controlled for by injecting fluorescent beads 

(<10 µm) or, alternatively, a cell line that does not intravsate.  

 

6.4) Recover the injected embryos as previously described in Section #3 of this protocol and then 

screen for successful injections. 

6.4.1) Use a stereoscope to screen and transfer viable embryos that were successfully injected to 

a new dish. 

Note: All embryos should have a consistently sized mass of cells located in the yolk. Embryos 

are discarded if the mass size differs or if any cells are located outside of the yolk.  

6.4.2) Transfer the viable embryos to a new dish if cancer cells are clearly seen in the yolk sac. 

 

6.5) Incubate dish at 33°C until ready for scoring, typically 24-48 hrs. 

Note: This temperature is determined as a compromise between 37°C, the ideal temperature for 

cancer cells, and 28.5 °C, the ideal temperature for zebrafish.  
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6.6) To score intravasation, follow the guidelines described in Section #4 of this protocol, but 

instead count the number of cancer cells that have successfully invaded into the vasculature of 

the caudal region.  

 

 

REPRESENTATIVE RESULTS 

  

Here we tested the vascular invasive ability of commonly used breast cancer cell lines in a 

zebrafish embryo model (Figure 25). Rigorous criteria were employed in scoring extravasation 

for these different cell lines, where positive events were only counted if the cancer cells had 

clearly extravasated, this being done chiefly to limit any false-positives that could arise from 

scoring cellular debris.  

 

 

 

Figure 25: Visual summary of the zebrafish cancer cell extravasation assay. In this assay, 
cancer cells are labeled with a fluorescent dye and injected into the precardiac sinus of 2-day old 
zebrafish embryos, whose vasculature is marked by a contrasting fluorescent reporter. Following 
2-4 additional days, cancer cells that have invaded into the caudal region of the embryo are 
scored and can be mounted in an anesthetic agarose medium for subsequent imaging. Each step 
depicted in this schematic corresponds to a section of the protocol.   
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Our analysis revealed stark differences amongst the lines when invasion was assessed 96 hours 

after injection into the precardiac sinus (Table 9).  

 
 
 
 
 
Table 9: Comparison of the vascular invasive ability of breast cancer cell lines in zebrafish. 

   Cell Line Avg. # Extravasated Cells per Embryo Range 
MDA-MB-231 (Subconfluent) 4 0-9 
BT-474 1.5 0-4 
MDA-MB-468 0.7 0-6 
MCF-7 0.6 0-2 
T-47D 0.3 0-2 
HCC1806 0.2 0-1 
SK-BR-3 0.1 0-1 

 

Table 9: Comparison of the vascular invasive ability of breast cancer cell lines in zebrafish. 
Commonly used breast cancer cell lines were injected into the precardiac sinus of 2-day old 
zebrafish embryos and scored 4 days later. Cancer cells invading from the vasculature and into 
the caudal region were quantitated in 10 embryos per cell line. The average number of 
extravasated cancer cells is indicated along with the range.  
 

 

Of the 7 cell lines tested, zebrafish embryos injected with the MDA-MB-231 cell line exhibited 

the greatest number of extravasated cancer cells per embryo, a finding that is consistent with the 

accepted metastatic nature of the line (Figure 26).  
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We also found that BT-474 cells readily invaded into the caudal region of the embryos, while 

other cell lines, such as MCF-7, SK-BR-3, and T-47D cells, were minimally invasive (Figure 

27).  

Figure 26: Image mosaic of a zebrafish embryo injected with MDA-MB-231 cells. 
Brightfield (a) and fluorescent (b) mosaics shown. Fluorescent images are depicted as the 
maximum projection of a z-stack, in which a green color denotes the vasculature and a red color 
indicates the cancer cells. Scale bar, 200 μm. (c) The embryo’s caudal region is magnified to 
show extravasated cancer cells. Punctate fluorescent labeling is seen upon magnification. Scale 
bar, 50 μm.  
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Figure 27: Example of experimental outcomes for cancer cell extravasation in zebrafish. 
Here extravasation is demonstrated in an embryo injected with BT-474 cancer cells but not in an 
embryo injected with MCF-7, SK-BR-3, and T-47D cancer cells. Arrowheads denote 
extravasated cells. Scale bar, 100 µm. 
 

A curious discovery was that roughly half of the zebrafish embryos injected with the MDA-MB-

468 cells had edema in the cardial region and these were not scored. As a consequence, a number 

of embryos injected with MDA-MB-468 cells were discarded before we found enough viable 

specimens that could be quantitated for extravasation. Despite these ostensible differences, it is 

notable that extravasation occurred with each cancer cell line tested. 
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As a modification to the precardiac sinus assay, we performed a competition experiment 

whereby two populations of MDA-MB-231 cells that differ in their vascular invasive ability 

[127] were simultaneously injected into the yolk sac of developing embryos. MDA-MB-231 

cells propagated under confluent culture conditions prior to injection exhibited a reduction in 

intravasation into the circulation and therefore had a reduced presence in the caudal region of the 

embryos upon scoring (Figure 28).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Intravasation of MDA-MB-231 cell populations 2 days after yolk sac 
injection. (a) Yolk sac with green (invasive) and red (less invasive) labeled MDA-
MB-231 cells. (b) The caudal region with MDA-MB-231 cells that invaded the 
vasculature to reach the tail region. (c) The number of zebrafish embryos with 
intravasated MDA-MB-231 cells in the caudal region 2 days after injection [see ref. 
127]. Scale bars, 250 μm. Research conducted by Dr. Ghada Sharif. 
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DISCUSSION 

 

This technique utilizes the zebrafish model to efficiently test the vascular invasive ability of 

cancer cells (see Figure 25). Here we applied the technique to a panel of breast cancer cell lines 

in order to provide a baseline onto which other investigators can then build their own studies (see 

Table 9; see Figure 26 and Figure 27). The observation that MDA-MB-231 cells readily invaded 

into the caudal region of zebrafish embryos would make this cell line ideal for testing agents that 

might inhibit vascular invasion. Comparatively less invasive cell lines, like HCC 1806 or MDA-

MB-468 cells for example, could be employed to study factors that would otherwise potentiate 

vascular invasion. If these types of experiments require the inclusion of drugs, then one has two 

distinct routes of delivery, depending on whether the treatment effect is expected to be durable. 

Cancer cells can be pretreated with the drug prior to injection into the embryos or the drug can be 

directly added to the water housing the embryos where it will impact the cancer cells by 

diffusion. 

 

In our comparison, we analyzed cancer cell extravasation in the zebrafish embryo tail 96 hours 

after injection into the precardiac sinus. For the MDA-MB-231 cell competition assay, 

intravasation into circulation was assessed 48 hours after the yolk sac injection. The timepoints 

chosen for analysis typically require optimization for each cell line where, for some experiments, 

peak extravasation can occur just 24 hours following the injection. It is worth noting that the 

zebrafish embryos have a functional innate immune system when they are injected with cancer 

cells [230] and, consequently, fluorescent debris from the cancer cells may be engulfed by 

immune cells like macrophages or neutrophils. Activity of the innate immune system can 
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therefore potentially create false-positive fluorescent labeling when attempting to score 

extravasation; care must be given to only score cells that robustly fluoresce in the appropriate 

channel. Since current cancer research is implicating the immune system in enhancing cancer 

metastasis [63], the zebrafish embryo model may provide unique insights into this area by 

allowing for examination of crosstalk occurring between cancer cells and the innate immune 

system. This idea is exemplified by a couple of recent studies. The first of these studies 

demonstrated that VEGFR inhibition within zebrafish enhanced the ability of neutrophils to elicit 

metastatic behavior from cancer cells [231]. A second study showed that the CXCR4-CXL12 

immune chemokine signaling axis is intact within zebrafish, as the receptor on human cancer 

cells was capable of sensing and responding to the zebrafish ligand [232], and the expression of 

CXCR4 in cancer cells correlated with their invasive ability within the animal model. 

Furthermore, it was demonstrated that zebrafish macrophages exhibited a chemotactic response 

towards human CXCL12. A zebrafish embryo strain with fluorescently labeled neutrophils 

[233], for example, could be utilized to further explore cancer cell interactions with the immune 

system in this model. 

 

A few steps in the protocol require particular attention. First, it is essential that cancer cells be 

dissociated into a single-cell suspension in order to prevent clogging the needle during injection 

into the embryos. Cellular aggregates can also block the flow of blood and interfere with the 

ability of the cancer cells to travel into the caudal region, thus skewing the analysis. Cellular 

aggregates may also induce blood vessels to rupture and, if this occurs, scoring the invasive 

ability of live cancer cells in these regions is neither reliable nor recommended. Another 

potential problem area pertains to labeling the cancer cells with the fluorescent dye. In 
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experiments run by our lab, we have found that lipophilic dyes, like DiI for example, tend to 

produce the best labeling, yet its fluorescence level can vary between cell lines. For this reason, 

the fluorescent labeling of cancer cells should be optimized prior to injection into the embryos in 

order to prevent over-labeling. It is critical that the excess dye is washed away from the cancer 

cells after they have been labeled, and this is achieved by the various centrifugation steps 

indicated in the labeling section of the protocol; these steps may seem superfluous, but they are 

absolutely necessary. Too much fluorescent dye can be toxic to cells or leak into the 

bloodstream, producing an artifactual fluorescent background. Many of these issues can be 

circumvented via the use of cancer cells expressing fluorescent proteins, and it is recommended 

that these systems be employed in lieu of fluorescent dye when possible. Finally, when scoring 

the embryos for cancer extravasation, it is imperative to apply consistent criteria to all 

conditions. We find that involving at least two individuals in the scoring step helps maintain 

scientific rigor: one individual is tasked with preparing the slides and recording the results, while 

the other individual renders the extravasation verdict and is kept blind to the condition being 

evaluated. When scoring, one can either quantitate extravasated cancer cells in the tail region or 

create binary criteria for ease of comparison. Fluorescently dyeing the cancer cells produces 

punctate labeling that will be visible at very high magnification (see Figure 26c), though whole 

cells are easier to discern at lower magnification (see Figure 27), the latter of which is 

recommended for scoring. Judging more ambiguous cases of extravasation may be aided by the 

acquisition of optical slices on a confocal microscope, where quantitating extravasation as a 

percent of all cells in the tail region may control for unequal loading of cancer cells into the 

embryo.  
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The yolk sac injection route is different from the precardiac sinus as it allows for a higher 

number of cells and therefore better accommodates the heterogeneity within a cell population. As 

shown in Figure 24, several differentially labeled cell populations can be simultaneously injected 

into the yolk sac to compare their invasive ability and pattern. The angiogenic ability of injected 

cells and enhanced recruitment of blood vessels may facilitate cancer cell entry into the tail 

region but this aspect has not yet been analyzed. Technically, yolk sac injections are easier to 

perform than a precardiac sinus injection though, on the other hand, the yolk sac is a nutrient-rich 

environment that may hinder the exit of cancer cells. It is also possible that injection near blood 

vessels in the yolk may prematurely introduce cancer cells into the circulation and, therefore, one 

must carefully screen for botched injections and omit these embryos from scoring. Lastly, it is 

important to note that the yolk microenvironment is somewhat artificial, as it lacks an analogous 

primary site in mice or humans.  

 

The various model systems that seek to predict cancer metastasis are not without their 

advantages and disadvantages, and the zebrafish extravasation assay is no exception. As a major 

advantage, this assay allows for the assessment of vascular invasive ability within a functional 

circulatory system and experimental questions can be answered after just a few days. Given the 

rapid turnaround time, such a system could be utilized to probe the aggressive behavior of not 

only established cell lines, but also freshly isolated samples from human cancer patients. The 

major disadvantage is that this model omits the earliest and latest events of the metastatic 

cascade by focusing solely on vascular invasion. Moreover, the human cancer cells injected into 

these zebrafish embryos are obviously not operating in a syngeneic milieu and some interplay 

with the stroma may consequently be lost. Despite these limitations, the zebrafish embryo model 
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has a deserved place in both basic and translational cancer research, as we have employed it 

show a role for the Hippo signaling pathway [127] and keratin-associated protein 5-5 [199] in the 

vascular invasive ability of cancer cells. Hence, this model has the potential to aid the 

investigation of a key metastatic hallmark of advanced stage cancer. 
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CHAPTER VI: CLOSING REMARKS 
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What Remains 

Each story residing in this dissertation is a solitary unit containing its own discussion. There I 

sought to highlight the significance and limitations of my findings by describing them within the 

context of preexisting literature and by offering suggestions for future experimentation. This 

final summary chapter attempts to integrate my research back into the subjects covered in the 

opening introduction. Here the reader will encounter a brief recap of the two regulators, followed 

by some thoughts on how they broadly influence the process of vascular invasion. The degree to 

which I expect these regulators to extrapolate and their generalizability to cancer research will 

also be discussed. 

 

Recap 

The first regulator explored in this dissertation was Krtap5-5, a gene belonging to a very large 

superfamily of >100 other members that are known to influence the structural integrity of 

mammalian hair by crosslinking keratins. We stumbled upon Krtap5-5 through an RNAi 

screening procedure that utilized cancer cell attachment to an endothelial monolayer to identify 

putative regulators of vascular invasion and metastasis. My characterization of Krtap5-5 in 

murine metastatic mammary carcinoma E0771 cells revealed that this gene is not only required 

for vascular invasion, but it also appears to control cytoskeletal function and mediates the status 

of important adhesion receptors. Thus, this study demonstrated that a keratin-associated protein 

has a function beyond its currently accepted physiologic role. 

 

The second regulator was the mammalian Sterile20-like kinase known as MST4. In this project, I 

investigated the function of MST4 in human triple-negative breast cancer cells and found that it 
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controls critical aspects of mitosis. Genetic disruption of the kinase leads to improper chromatid 

segregation, cytokinesis failures, and consequently reduced cell proliferation. Eventually the 

mitotic phenotype subsides as the cancer cells adapt, yet the behavior of adapted cells remains 

permanently altered, as long-term depletion of MST4 adversely impacts cellular polarity and 

attenuates their ability to undergo vascular invasion. This study is therefore the first to chronicle 

in detail the mitotic issues that ensue upon loss of MST4 and delineates phenotypes as they 

emerge under both acute and chronic inhibitory conditions. 

 

Congruity and Distinctions 

As the reader will have surmised by now, Krtap5-5 and MST4 are two very different regulators 

that thematically converge on the topic of vascular invasion. Cancer cells lacking either of these 

regulators cannot optimally invade endothelia -- this finding is the glue that essentially binds my 

entire dissertation together. But perhaps the more fascinating aspect is not where Krtap5-5 and 

MST4 are similar, but, rather, where they are different. Whereas Krtap5-5 exerts its influence by 

way of regulating cell structure, MST4 appears to control the direction-sensing ability of the 

cancer cells. It is amazing that Krtap5-5 and MST4 achieve similar phenotypic ends despite 

governing such discrete functions. 

 

The association between the cytoskeletal function and malignant behaviors like vascular invasion 

is not all that surprising since a cancer cell must be able to move if it is to successfully invade. 

Cell motility requires the complex coordination of signaling events that promote cytoskeletal 

polymerization at the cell’s leading edge, paired with cytoskeletal disassembly in the cell’s zone 

of retraction. This dynamic process permits cancer cells to disrupt, and then invade through, 
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endothelial cell junctions. The limelight of motility typically shines on the actin cytoskeleton, 

and sometimes microtubules as well, but the third cytoskeletal component -- consisting of 

intermediate filaments -- is often relegated to serving a basic structural role. This is mainly 

because intermediate filaments are notoriously stable and lack directionality in their makeup, and 

hence cannot be dynamically constructed or deconstructed to promote membrane protrusions. 

But, as my work on Krtap5-5 highlights, the structure of a cancer cell is still intimately 

associated with its function, and loss of these intermediate filaments by perturbing Krtap5-5 is 

sufficient to almost entirely negate cell movement.  

 

In contrast to cancer cells depleted of Krtap5-5, those that have lost MST4 can still undergo cell 

motility; in fact, their migratory capacity roughly doubles. Various polarity assays suggested that 

the body axis of these cells was impaired, prompting their erratic movement in culture. Current 

research that focuses on polarity seems preoccupied with the classical apical-basal variety, but 

the polarity described in my analysis of MST4 appears to surround a type more concerned with 

cellular behavior. This is exemplified by experiments conducted with the MCF 10A cell line, a 

model widely used to evaluate polarity in vitro. MCF 10A cells depleted of MST4 and grown as 

mammospheres do not show staining differences for classical polarity markers like β-catenin, 

GM130, and laminin V. Albeit counterintuitive, the alterations witnessed have more to do with 

the orientation of cells within those mammospheres. This is echoed by breast cancer cells 

harboring disrupted MST4, where the battery of mitotic issues and the loss of vascular 

invasiveness appear to coalesce around compromised cellular directionality. One could 

respectively view these as the consequences of lost behavioral polarity arising in internal versus 

external cellular settings.  
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I stated in the introductory chapter that a metastasizing cancer cell must find ways to proliferate 

well and migrate well if it is to be successful, a notion that is supported by the Krtap5-5 project, 

as cells that have lost their ability to migrate cannot readily invade the vasculature. But this idea 

becomes more complicated when considering the MST4 project because, there, it would seem 

that although migrating well is necessary for vascular invasion, it is clearly not sufficient by 

itself. The fact that cancer cells are sensitive to these subtleties further emphasizes that vascular 

invasion is a tightly regulated process. One is subsequently justified in wondering about the 

number of other regulators awaiting discovery that likely play a role in its additional fine-tuning. 

 

Potential to Extrapolate 

The ultimate relevance of one’s discoveries is tied to whether they successfully validate in other 

hands and in other systems. Indicators pointing toward the overall applicability of my research is 

embedded within each of the projects. The immenseness of the superfamily that claims Krtap5-5 

as one of its members, and the sequence redundancies inherent within that superfamily, act as an 

opposing force when attempting to extrapolate these data. I confess that I do not expect the 

phenotype for Krtap5-5, specifically, to travel far beyond E0771 cells, at least in the near future. 

My pessimism lays with my unsuccessful my attempts to carry these data into other models, 

though I remain hopeful that other, distinct KRTAPs will have similar functions in human cell 

lines provided one can come up with a creative strategy to locate them. It is possible that keratin-

associated proteins represent a new class of lowly expressed cytoskeletal regulators in epithelial 

cells and if my study does not galvanize interest to further pursue these genes in cancer, I hope 

that a different study will soon stimulate adequate enthusiasm.  
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I feel slightly differently about MST4, as the phenotype described in this project showed 

concordance across three distinct breast cancer cell lines. Further extrapolating these results into 

additional models seems less arduous when compared to keratin-associated proteins because the 

mammalian Sterile20-like kinases only have five members, and interfering with the function of 

the most homologous kinase next to MST4, namely MST3, does not produce the same effects in 

MDA-MB-231 cells. Moreover, my results appear consistent with what has been described for 

MST4’s orthologs in other organisms. I am consequently more optimistic about these findings 

extrapolating into models not hitherto investigated here. 

 

In my dissertation, I have established that perturbing the function of Krtap5-5 and MST4 reduces 

cancer cell vascular invasion in vitro and in animal models. One would hypothesize that these 

phenotypes should translate into reduced intravasation and extravasation during metastasis in 

human cancer patients as well, but these studies are difficult to conduct for reasons explained in 

the introductory chapter. To reiterate a fundamental point: variation existing between and within 

individual cancers is, and will always be, a major obstacle to generalizability. Moving forward, a 

diligent investigator would first determine if these discoveries broadly apply to other cell lines 

and then, depending on what is learned, attempt to uncover related trends in tissues collected 

from humans. After that, it is up to the clinician to decide whether the information obtained can 

be acted upon to improve the well being of a cancer patient. Any researcher would be delighted 

at the prospect of having their work eventually alleviate the suffering of others but, realistically, 

the odds of a single study achieving such an outcome is quite low. Progress is best made by 

amassing studies to build reliable paradigms that can educate physicians and guide therapies.  
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That Which Lingers 

I wrote in my introduction that we determine the relevance of a regulator after its function is first 

established by basic science. So what will be the ultimate relevance of Krtap5-5 and MST4? Are 

they destined to serve as therapeutic targets, as biomarkers, or will they humbly inhabit the 

compendium of knowledge that exists on cancer cell biology? The third option strikes me as the 

most likely endpoint. Yet this author also wonders -- will these regulators dwell in the dusty 

recesses of that compendium, or will they somehow manage to captivate the attention of 

somebody else? I look forward to watching how time deals with these questions.  
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