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ABSTRACT 

 

Melanoma, the most lethal form of skin cancer, arises from altered cells in the 

melanocyte lineage, but the mechanisms by which these cells progress to 

melanoma are unknown. To understand the early cellular events that contribute to 

melanoma formation,  we examined melanocytes in melanoma-prone zebrafish 

strains expressing BRAFV600E, the most common oncogenic form of the BRAF 

kinase that is mutated in nearly 50% of human melanomas. We found that, unlike 

wild-type melanocytes, melanocytes in transgenic BRAFV600E animals were 

binucleate and tetraploid. Furthermore, melanocytes in p53-deficient transgenic 

BRAFV600E animals exhibited 8N and greater DNA content, suggesting bypass 

of a p53-dependent arrest that stops cell cycle progression of tetraploid 

melanocytes.  These data implicate tetraploids generated by increased BRAF 

pathway activity as contributors to melanoma initiation. Previous studies have used 

artificial means of generating tetraploids, raising the question of how these cells 

arise during actual tumor development. To gain insight into the mechanism by 

which BRAFV600E generates binucleate, tetraploid cells, we established an in 

vitro model by which such cells are generated following BRAFV600E expression. 

We demonstrate that BRAFV600E-generated tetraploids arise via cytokinesis 

failure during mitosis due to reduced activity of the small GTPase RhoA. We also 

establish that oncogene-induced centrosome amplification in the G1/S phase of 

the cell cycle and subsequent increase in the activity of the small GTPase Rac1, 
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partially contribute to this phenotype. These data are of significance as recent 

studies have shown that aneuploid progeny of tetraploid cells can be intermediates 

in tumor development, and deep sequencing data suggest that at least one third 

of melanomas and other solid tumors have undergone a whole genome doubling 

event during their progression. Taken together, our melanoma-prone zebrafish 

model and in vitro data suggest a role for BRAFV600E-induced tetraploidy in the 

genesis of melanomas. To our knowledge, this is the first in vivo model showing 

spontaneous rise of tetraploid cells that can give rise to tumors. This novel role of 

the BRAF oncogene may contribute to tumorigenesis in a broader context. 
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CHAPTER I 

INTRODUCTION 

Melanocyte biology and melanoma 

Melanoma is a deadly cancer of melanocytes, the pigment producing cells in the 

skin and is a very multifaceted cancer in terms of the many genetic changes it 

presents with. Melanocytes are located in the basal layer of the human epidermis 

and they originate from stem cells located in the bulge region of hair follicles 

(Nishimura et al., 2002). These cells are known to produce two types of melanin 

pigment, the dark brown colored eumelanin that protects the cells from harmful 

UV radiation and the reddish colored pheomelanin which is transported to 

neighboring keratinocytes of the skin and plays a role in determining skin tone 

(Szabo, 1954, Miyamura et al., 2007, Seiji et al., 1963, Tarafder et al., 2014, 

Meredith and Riesz, 2004).  UV radiation due to sun exposure can induce 

specific C>T mutations, however, a sufficient level of melanin pigment can 

protect this radiation from causing serious DNA damage to the skin and 

undeniably, higher amounts of skin pigmentation are linked to reduced UV-skin 

penetration and a reduced risk of developing melanoma (Miyamura et al., 2007, 

Brash, 2015, Kaidbey et al., 1979, Bliss et al., 1995). On the other hand, 

increased exposure to UV radiation through the use of cosmetic equipment such 

as tanning beds has been linked with increased cancer risk (Colantonio et al., 

2014).  
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Even though melanocytes produce pigment and can shield against UV damage 

to some extent, over time they can still acquire both sun-induced and non-sun-

induced mutations that can lead to uncontrolled cell growth. Once a melanocyte 

has acquired a tumorigenic mutation, it can multiply locally and form benign 

pigmented spots called nevi or moles. These are cells with typically a single 

mutation, but are senescent and considered benign when they have a smooth, 

defined border and remain the same size over time (Pollock et al., 2003, 

Michaloglou et al., 2005). However, once the pigmented patch gets an irregular 

border, becomes asymmetric, changes colors, acquires a more uneven structural 

shape, and gets to a diameter of more than 6mm, it is thought to have acquired 

all the necessary characteristics of a melanoma and it is possible that the lesion 

has escaped its senescence state and acquired additional genetic changes, 

warranting further histological testing (Friedman et al., 1985).   

 

Melanoma statistics, incidence and risk factors 

While the number of nevi a person has is linked to their probability of acquiring 

melanoma (Gandini et al., 2005), it is not clear whether melanomas necessarily 

begin from nevi, melanocyte precursor cells or differentiated melanocytes. There 

are reports suggesting that while some melanomas arise from premalignant nevi, 

most nevi do not give rise to melanomas (Pollock et al., 2003, Damsky et al., 

2011). Once they undergo the process of transformation, melanomas are usually 

classified based on their growth relative to the epidermis where they remain in-



 3 

situ, radially spread along the epidermis of the skin without invasion, vertically 

invade into the dermis  and further metastasize to distant locations (Clark et al., 

1984).  The depth or thickness of the melanoma tumor has been strongly linked 

to survival outcome. Melanomas with a tumor thickness of 1-2 mm have a 90-

80% 10-year survival rate, whereas melanomas with a 3->4, thickness have 63% 

and 50% 10-year survival rates respectively (Balch et al., 2009). Additionally, the 

involvement of local or distant lymph node metastasis further decreases 10-year 

survival rates to 10-20% (Balch et al., 2009). According to the recent data from 

the SEER (Surveillance, Epidemiology and End Results) database, melanoma 

incidence has significantly increased since 1982 to a level of 22.7 per 100,000 

people in 2017, with a death rate of 2.3 per 100,000 people per year (Guy et al., 

2015).  As of 2017, there are an estimated 1,245,276 people living with 

melanoma in the United States alone (Guy et al., 2015). The increased diagnosis 

of thin melanomas and increased UV exposure have been known to be 

attributing factors to this increasing rate of melanoma incidence (Jemal et al., 

2011). Other factors linked with increased risk of melanoma include those that 

indicate deficiencies in eumelanin production such as freckling, being blonde or 

red headed and having blue eyes (Bliss et al., 1995). Rates of survival following 

surgical removal of early stage or non-metastatic melanomas are relatively high 

with low recurrence rates, however, treatment options have very low survival 

benefit for patients with metastatic melanoma (Moyer et al., 2017). The standard 

FDA approved chemotherapy treatment for late stage melanomas is with the 
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DNA alkylating agent dacarbazine and the efficacy of this drug has been modest 

(Patel et al., 2011). A great medical need for better chromotherapeutic options 

still exists for melanoma treatment, since several prior attempts to improve 

survival outcome with typical chemotherapy drugs has yielded very little advance 

in survival (Patel et al., 2011).  In the early 2000s, sequencing studies revealed 

targetable mutations and improved methods to activate the immune system in 

melanoma and provided hope for better treatment options (Flaherty et al., 2010, 

Hodi et al., 2010). Many targeted therapies may be established in due course as 

further transcriptional signatures of melanoma come to light. Some early 

observations of gene expression changes in melanoma come from studies 

showing that many tumors de-differentiate and re-express neural crest genes 

(Kaufman et al., 2016, White et al., 2011). Many of these altered genes that 

affect melanoma onset and progression, also play important roles in melanocyte 

differentiation and maintenance. Thus, understanding the multifaceted nature of 

melanocyte development is crucial to understanding melanoma biology.  

 

Melanocyte development and specification  

Melanocytes derive from pluripotent neural crest (which has its origins in the 

neural tube) cells as non-pigmented melanoblasts (Thomas and Erickson, 2008). 

Following its formation, neural crest cells delaminate from the dorsal-most aspect 

of the neural tube by a process of epithelial-to-mesenchymal transition. These 

neural crest cells are very migratory and they spread away from the neural tube 
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and migrate throughout the embryo to form peripheral and enteric neurons, glia, 

craniofacial cartilage and bone, smooth muscle and melanocytes. They further 

go on to form many specialized structures and tissues in the developing embryo 

by migration, proliferation and differentiation (Mayor and Theveneau, 2013, 

Huang and Saint-Jeannet, 2004).  

Melanoblasts differentiate from other neural crest-derived populations by the 

expression of the tightly controlled microphthalmia-associated transcription factor 

(Mitf), which is vital for both melanoblast survival and differentiation (Bharti et al., 

2006, Hodgkinson et al., 1993, Hughes et al., 1994). The genes that guide 

melanocyte development from the neural crest are PAX3, EDN3, EDNRB, 

SNAI2, SOX10 and MITF (Hodgkinson et al., 1993, Hughes et al., 1994, Pingault 

et al., 2010, Pingault et al., 1998).  Before these factors get expressed, early 

BMP signaling is required for the establishment of the neural crest during 

development (Figure I.1) (Kanzler et al., 2000). For melanocyte development 

from the neural crest  to proceed, BMP signaling must decrease and WNT 

signaling must turn on and the neural crest cells can become migratory (Hari et 

al., 2012, Mica et al., 2013).  Following this, melanocyte precursor cells begin 

expressing the transcription factor SOX10 at levels sufficient to promote 

expression of several critical differentiation factors, including the master regulator 

of melanocyte differentiation, MITF ( Figure I.1) (Tachibana, 1997, Tachibana et 

al., 1994, Lee et al., 2000). 
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MITF is a leucine-zipper transcription factor that promotes expression of genes 

downstream of E-boxes with the consensus sequence CA[C/T]GTG that play 

crucial roles in melanocyte identity including production of pigment production 

genes such as TYR and DCT along with genes involved in promoting melanocyte 

survival such as BCL2 (Bentley et al., 1994, McGill et al., 2002, Yokoyama et al., 

1994). Mitf is the earliest known marker of commitment to the melanocyte lineage 

and sustained expression of Mitf is critical for melanoblasts to survive. Since Mitf 

is so critical,  Mitf activity or expression levels are regulated at different stages in 

melanocyte development (Goding, 2000).  

Additionally, mice lacking MITF cannot form melanocytes (Steingrimsson et al., 

2004) and mice bearing null alleles of the Mitf gene display a loss of neural crest-

derived melanocytes and associated deafness, and a failure of Retinal Pigmental 

Epithelium (RPE) differentiation (Moore, 1995). Zebrafish deficient in mitfa, one 

of the MITF orthologues, lack melanocytes, and ectopic melanocytes can be 

produced by the ectopic expression of mitfa (Lister et al., 1999).  
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Figure I.1 - Genetic regulators of melanocyte development.  
 
The precursors of the melanocyte lineage are identified by specific markers.  The 
neural crest is established through activation of BMP and SOX10 signaling. 
Further melanocyte development and differentiation requires a loss of BMP 
activity, but a gain in WNT, KIT, and MITF expression and expression of pigment 
production genes and markers of differentiation, DCT and TYR. 
Image created with BioRender.com. 
 
Figure adapted from: Ceol C.J et.al. Melanoma biology and the promise of    

zebrafish.  Zebrafish 2008 Dec; 5(4): 247–255. 
 
 

 

Molecular changes associated with melanocyte differentiation and 

melanoma initiation  

Molecular and genomic changes that underlie melanoma initiation impart pro-

tumorigenic properties to cells of origin and their descendants. In general, 

nascent melanoma cells must be proliferative and avoid terminal differentiation. 

Several developmental factors and pathways have been implicated in mediating 

the phenotypic changes that underlie melanoma initiation.  
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Melanocytes develop from a subset of pluripotent neural crest cells. The neural 

crest itself is induced at early gastrula stages through a host of developmental 

signaling interactions, involving BMP, Wnt, FGF, Retinoic Acid and Notch 

pathways, which combine in a stepwise manner to induce a complex neural crest 

gene regulatory network (reviewed by (Sauka-Spengler and Bronner-Fraser, 

2008). Several transcription factors in this network are important for melanocyte 

specification, including Pax3 and Sox10. A key function of these two transcription 

factors is to induce expression of the MITF gene, a transcription factor that is a 

defining regulator of the melanocyte lineage. MITF serves many roles in 

melanocyte development and differentiation (reviewed by (Kawakami and Fisher, 

2017) and (Steingrimsson et al., 2004)). Through its downstream target genes, 

MITF promotes melanin biosynthesis, prevents apoptosis, modulates cell cycle 

progression and regulates cellular metabolism. MITF-expressing cells in the 

neural crest enter the melanocyte lineage as undifferentiated melanoblasts, a 

type of progenitor cell that proliferates and migrates extensively to various 

anatomic locations to generate the complement of melanoctyes found in 

vertebrate embryos (Mort et al., 2015). Through a process that is less 

understood, melanocyte stem cells also arise during embryogenesis to maintain 

melanocyte homeostasis and regenerate additional melanocytes following injury 

in adult tissues (Lang et al., 2013).  

Neural crest characteristics are commonly observed in melanoma cells and are 

proposed to underlie the aggressive nature of this disease. By taking on a neural 
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crest identity melanoma cells are less differentiated and in a state that allows 

proliferation. Furthermore, the migratory nature of neural crest cells can co-opt to 

enable invasion and metastasis. A host of studies have shown that reactivation of 

TWIST, Snail family members and other neural crest factors underlies an 

epithelial-to-mesenchymal transition (EMT) that supports melanoma cell 

migration and metastasis (Caramel et al., 2013). The exact timing of this 

reactivation and enhanced migration in melanoma cells is unclear and could 

vary, but the often rapid transition from an epidermally-confined tumor to an 

invasive and metastatic tumor suggests this reactivation can occur early or may 

even be acquired as part of the transformation process. Regardless of the timing 

of an EMT, an early adoption of neural crest characteristics is supported by 

studies in zebrafish. In a model that combined BRAFV600E with a loss-of-

function mutation in the zebrafish P53 ortholog, expression of the neural crest-

specific marker crestin was observed in individual melanoma cells of origin 

(Kaufman et al., 2016). These data lend support to the notion that a less 

differentiated state with neural crest characteristics is critical to the initiation of 

melanomas.  

A reawakening of developmental signaling is important in acquisition of neural 

crest characteristics. In human melanomas recurrent amplification and 

upregulated expression of the BMP ligand GDF6 is observed in primary tumors 

and drives BMP signaling in melanoma cells (Venkatesan et al., 2018). 

Withdrawal of GDF6 abolishes BMP signaling, leading to downregulation of a 
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broad set of neural crest genes and upregulation of genes involved in 

melanocyte development. The consequence of BMP withdrawal is then the 

differentiation and eventual death of melanoma cells. Thus, ligand-dependent 

BMP signaling occurs early in melanomagenesis, supports neural crest gene 

expression while limiting melanocyte differentiation, and is a key factor in 

melanoma cell survival. Additional studies have supported a similar role for BMP 

signaling in normal development, in which Gdf6-dependent signaling in the 

zebrafish was shown to block the specification of melanocytes from less-

committed neural crest cells (Gramann et al., 2019). 

Along with regulation of neural crest genes, the expression and function of the 

MITF melanocyte specification factor is important in melanomas. Inhibition of 

MITF in melanomas can lead to apoptosis and cell cycle arrest (Du et al., 2004, 

McGill et al., 2002), and targeting MITF activity with small molecule inhibitors has 

been pursued as a therapeutic approach (Faloon et al., 2010, Yokoyama et al., 

2011, Um et al., 2012). The expression level of MITF is critical to its function in 

melanocyte development and melanomas. In what has been proposed as a 

rheostat model (Goding, 2000) for MITF in development, high levels of MITF 

cause terminal differentiation whereas more intermediate levels enable 

proliferation of melanoblasts. Lower levels confer more stem cell-like and 

invasive properties. In some melanomas, focal amplifications of the MITF locus 

are present, causing elevated expression (Garraway et al., 2005, Cancer 

Genome Atlas, 2015). One effect of these higher MITF levels appears to be the 
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anchorage-independent growth and proliferation of melanoma cells (Haq et al., 

2013). The concept that increased MITF activity can promote melanoma initiation 

is also supported by the discovery of oncogenic MITF variants in familial 

melanoma cohorts as well as some sporadic cases (Bertolotto et al., 2011, 

Yokoyama et al., 2011). Relatively low levels of MITF are observed in some 

melanomas, suggesting that a lower expression level can help to establish 

tumors, potentially by enabling melanoma cells to adopt stem-cell-like and 

invasive properties (Hoek et al., 2006). In support of this hypothesis, Lister, 

Patton and colleagues developed a zebrafish model in which a reduction-of-

function mutation in the mitfa gene combined with loss of p53 to enable 

melanomagenesis (Lister et al., 2014). 

Transition from benign to malignant tumors 

Recent studies have shed light on the many genetic mutations and alterations in 

signaling pathways that underlie melanoma initiation. To gain an understanding 

of which mutations and genomic alterations are important for tumor initiation, nevi 

(a.k.a. moles) as well as intermediate lesions and early-stage primary 

melanomas have been characterized (Figure I.2). Mutations in BRAF are already 

present in a large fraction of common nevi, further implicating the activation of 

MAPK signaling as an important factor in melanoma initiation (Shain et al., 2018, 

Shain et al., 2015, Bastian, 2014, Pollock et al., 2003). Less common types of 

nevi have enrichment of other oncogenic mutations. Congenital nevi frequently 

harbor NRAS mutations as do rare congenital melanomas (Carr and Mackie, 
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1994).  Rare blue nevi have hot-spot mutations affecting the GNAQ or GNA11 

genes (Van Raamsdonk et al., 2009, Van Raamsdonk et al., 2010). Mutations in 

these G protein-coupled receptors are frequently found in uveal melanomas 

where they activate RAS signaling, although they have been observed rarely in 

cutaneous melanomas (Livingstone et al., 2020). Lastly, spitzoid nevi and tumors 

frequently have genomic alterations that result in kinase fusions that affect, but 

are not limited to, the BRAF gene (Wiesner et al., 2014).  

 

The presence of the same mutations in nevi and tumors suggest that the genes 

and signaling pathways affected are involved in tumor initiation. However, the 

interpretation of data from nevi is confounded by the knowledge that many of 

these lesions are benign; the vast majority of nevi never transition to melanomas. 

Therefore, it is formally possible that mutations in tumors were not present in 

their precursor nevi but arose sometime after tumor initiation. To address this 

concern and also more thoroughly characterize genetic changes associated with 

initiation, Shain and colleagues sequenced genes from benign nevi and adjacent 

early-stage melanomas as well as malignant intermediate lesions and 

melanomas in situ that were adjacent to early-stage melanomas (Shain et al., 

2015, Shain et al., 2018). The benefit of this approach was that adjacent lesions 

were in all likelihood lineally related to each other, with the benign nevus, 

malignant intermediate lesion or melanoma in situ being a precursor of its 

adjacent early-stage melanoma. Benign nevi harbored BRAFV600E mutations 
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exclusively, and these mutations were also found in their adjacent early-stage 

melanomas. Interestingly, malignant intermediate lesions and melanomas in situ 

were enriched for NRAS mutations, implying that NRAS-mutant tumors either 

arise without a benign precursor lesion or have a benign precursor lesion that is 

transitory. It is notable that a majority of melanomas are thought to arise de novo, 

without a benign nevus precursor (Damsky and Bosenberg, 2017). A total of 77% 

of intermediate lesions and melanomas in situ harbored TERT promoter 

mutations, indicating that these mutations are selected at a remarkably early 

stage of neoplastic progression. While the biallelic inactivation of CDKN2A arose 

exclusively in invasive melanomas, PTEN and TP53 mutations were found only 

in advanced primary melanomas. This study also observed that the point-

mutation frequency increased from benign through intermediate lesions to early-

stage melanoma, with a strong signature of the effects of ultraviolet radiation 

clear at all evolutionary stages, implicating UV radiation as a major factor in both 

initiation and progression. Finally, CNVs were evident in early-stage melanomas 

and increased as melanomas progressed. Based on this analysis, any of the 

mutations present in precursor lesions or early-stage melanomas are potentially 

critical to the transformation process. 

 

An extension of this study examined key genomic and transcriptomic changes 

that accompany the evolution of premalignant lesions to early-stage and 

metastatic melanomas (Shain et al., 2018). DNA and RNA from precursor lesions  
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and adjacent early-stage melanomas were sequenced, as were early-stage 

tumors and matched regional metastases. In addition to the mutations noted 

previously, it was discovered that a disruption of chromatin remodeling and 

modification factors occurs early in melanomas. Specifically, mutations that 

inactivate components of the SWI/SNF chromatin remodeling complex were 

found in melanoma in situ lesions as were mutations that activate the PRC2 

chromatin modifying complex. SWI/SNF normally antagonizes PRC2-mediated 

gene silencing, and these mutations are predicted to shift the chromatin 

landscape in favor of PRC2-dominated regulation of gene expression. 

Additionally, mutations and CNVs that affect cell cycle checkpoint regulators 

typically were monoallelic in malignant intermediate lesions and melanoma in situ 

but were biallelic in early-stage melanomas. This pattern holds for the CDKN2A 

locus, which lies in one of the most commonly deleted genomic intervals in 

melanoma. CDKN2A encodes the p16INK4a and p19ARF proteins, whose loss 

causes disruption of Rb and p53 pathway checkpoint function, respectively. 

Taken together, these studies implicate upregulation of RAS signaling, 

reactivation of TERT expression, disruption of chromatin remodeling and 

modification, and loss of cell cycle checkpoint control as important changes in the 

transition from benign and malignant precursor lesions to early-stage 

melanomas. It is also notable that changes in these pathways and activities are 

not all static after they initially change; upregulation of RAS signaling increases 

and mutations affecting chromatin remodeling and modification components 
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become more frequent as malignant transformation proceeds. However, none of 

these increases during malignant progression was specifically associated with 

the transition to metastasis, which is thought to be primarily driven by 

transcriptional and other non-genetic alterations (Chiang and Massague, 2008, 

Gupta and Massague, 2006) 

 

 

Figure I.2 - Molecular changes in the initiation and progression of 
melanoma.  
 
Some benign nevi and intermediate lesions transition to melanoma in situ, early-
stage melanoma and more advanced stages of disease. This progression 
involves initial proliferation of cells within the epidermis and subsequent invasion 
into the dermis. Later, metastasis occurs as transformed melanocytes travel from 
the primary tumor to distant sites within the body. Benign nevi harbor 
BRAFV600E mutations, whereas malignant intermediate lesions and melanomas 
in situ are enriched for NRAS and TERT promoter mutations. Melanomas in situ 
exhibit dysregulation of SWI/SNF and PRC2 chromatin factors. Biallelic 
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inactivation of CDKN2A is seen in invasive melanomas, whereas PTEN loss 
(often co-occurring with BRAF mutations) and TP53 mutations are found 
primarily in advanced melanomas. 
 
Figure reproduced from: Darp R et. al. Making a melanoma: Molecular and  

cellular changes    underlying melanoma initiation. 
Pigment cell melanoma research. 2020 Dec 7. doi: 
10.1111/pcmr.12950.  

 

Melanoma cell of origin 

The precise cellular origin of cutaneous melanoma has been the subject of 

intense recent interest. Two principal models have been proposed (Figure I.3). In 

one model, differentiated melanocytes are a cell of origin. This model is 

supported by clinical observations showing many early-stage melanomas are 

highly pigmented. Ultimately such early-stage melanomas typically transition to a 

less differentiated state, reducing melanin pigment synthesis and proliferating 

rapidly. A second model implicates melanocyte stem cells (McSCs) as a cell of 

origin. In this model, the less differentiated McSCs are already primed to become 

melanomas and can engage a latent proliferative capacity to do so. Although 

these models posit two different cells of origin, they are not mutually exclusive. 

Additionally, their analysis has been hindered by the complex phenotypic 

heterogeneity seen in tumors, in part because melanoma cells can dynamically 

and reversibly switch between differentiated and undifferentiated states, which 

are characterized by their own proliferative and tumor-initiating propensities 

(Hoek and Goding, 2010, Kreso and Dick, 2014, Li et al., 2015, Roesch et al., 

2010). Such heterogeneity, especially if it arises in early tumorigenesis, can 
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complicate interpretations of lineage-tracing analyses. Furthermore, studies 

using mice for cell-of-origin studies have had to account for the different 

anatomical locations of mouse and human melanocytes; most mouse 

melanocytes are located dermally, whereas those in human skin are primarily 

epidermal. 

  

In one study, cell of origin analysis was performed in the tail skin of the mouse, a 

favorable location because melanocytes there reside epidermally in interfollicular 

regions (Kohler et al., 2017, Mort et al., 2015). Single-cell lineage tracing and 

transcriptomics approaches were combined in a Tyr:CreER; BrafCA/+ (BrafV600E/+); 

Ptenfl/fl model in which tamoxifen-induced expression of BrafV600E and deletion 

of Pten rapidly caused tumors that recapitulated key histopathological features of 

human melanomagenesis. In this model, melanin-producing melanocytes 

expanded clonally within the epidermis before losing their differentiated features 

through transcriptional reprogramming and eventually invaded into the dermis. 

Tumors did not form in regions containing dormant amelanotic melanocytes, 

which are thought to be stem cells for the population of interfollicular tail 

melanocytes (Glover et al., 2015). This study emphasizes pigment-producing 

cells as a melanoma cell of origin and provides in vivo evidence of the capacity of 

differentiated cells to be reprogrammed into tumorigenic cells. 
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Using the same mouse model, Moon and colleagues assessed McSCs as 

potential cells of origin (Moon et al., 2017). Focusing on dorsal skin on the back 

of the mouse, they found that the Tyr:CreER driver could label not only McSCs in 

the follicular bulge region, as had been previously reported (Harris and Pavan, 

2013, Bosenberg et al., 2006), but also quiescent McSCs in the hair germ region 

at the base of follicles. Tamoxifen treatment of control skin failed to result in 

tumor formation. However, when skin was depilated, which results in activation of 

McSCs, tumors arose rapidly. Since differentiated dermal melanocytes are 

present in both control and depilated skin, this result implicates McSCs or their 

proximate lineal descendants as melanoma cells of origin. Interestingly, 

activation of McSCs by UV light served as an external stimulus that could 

substitute for depilation in triggering melanoma initiation. Mechanistically, an 

inflammatory response and resultant upregulation of the Hmga2 transcription 

factor were necessary for UV-induced tumorigenesis. It is striking that this study 

used the same model as above yet arrived at a different cell of origin. It is 

possible that the cell of origin in this mouse model differs depending on anatomic 

location, i.e. McSCs on dorsal skin and differentiated melanocytes in tail skin. 

Also, an epidermal location could be critical to the ability of differentiated 

melanocytes to serve as a cell of origin; were epidermal melanocytes present on 

dorsal back skin they too might be cells of origin. Lastly, a complication with this 

model is the expression of the Tyr:CreER driver not only in McSCs but also in 

differentiated melanocytes. So while nascent melanomas on the dorsal back skin 
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appeared to arise from follicular regions and were tied to activation of McSCs, it 

remains possible that depilation or UV-induced activation of nearby dermal 

melanocytes could have been involved. 

 

A different mouse model was used to address the last of these caveats. In this 

new model, a c-Kit-CreER driver (Klein et al., 2013) was used to specifically 

target McSCs while not perturbing dermal melanocytes on the dorsal back skin 

(Sun et al., 2019). Following depilation and driver-mediated activation of 

BrafV600E and deletion of Pten in McSCs, melanomas rapidly formed. The initial 

expansion of McSCs was accompanied by pigmentation and migration of cells to 

the epidermis. Once established in the epidermal compartment, nascent 

melanomas continued to expand and ultimately invaded into the dermis, 

recapitulating the clinical course of human melanomas during the transition from 

an epidermally-confined radial growth phase to an invasive, vertical growth 

phase. Overall this study lends further support to the capability of McSCs to 

serve as cells of origin, although under certain circumstances differentiated 

melanocytes could also be cells of origin.  
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Figure I.3 - Differentiated melanocytes and McSCs as potential melanoma 
cells of origin.  
 
A) Mature, differentiated melanocytes as cells of origin. Differentiated 

melanocytes that reside in the interfollicular epidermis of the mouse tail can 
give rise to melanomas, mainly as a result of oncogenic stresses, 
transcriptional reprogramming and de-differentiation. 

B) Melanocyte stem cells (McSCs) as cells of origin. The figure depicts a telogen 
hair follicle. McSCs within hair follicles on the dorsal back skin of the mouse 
can give rise to melanomas following their activation. Activation can occur 
through depilation or UV exposure and combines with oncogene expression 
to cause expansion of McSCs. Although some McSCs appear to give rise to 
follicle-associated tumors, others migrate to the interfollicular epidermis, 
where they give rise melanomas that ultimately invade into the dermis. 

 
Figure reproduced from: Darp R et. al. Making a melanoma: Molecular and 

cellular changes    underlying melanoma initiation. 
Pigment cell melanoma research. 2020 Dec 7. doi: 
10.1111/pcmr.12950.  
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Molecular signaling in melanoma/genetic drivers of melanoma 

 

Role of MAPK pathway activation and regulation in melanoma 

The RAS/MAPK pathway (Figure I.4)  is often hyperactivated in cancer and is 

central to melanoma progression. Activating mutations and other genetic 

changes in this pathway are present in more than 90% of human melanomas 

(Cancer Genome Atlas, 2015). The pathway decodes signals from outside the 

cell and converts that information into action inside the cell to instruct it to grow 

and divide. This process takes place when extracellular ligands bind to the cell 

surface receptors on the cell surface. This binding of ligand to receptor leads to 

receptor homodimerization and it brings about a conformational change that 

favors kinase activation and subsequent auto-phosphorylation of the tyrosine 

residues in the tail of the receptor (Schlessinger, 2014). The phosphorylated 

tyrosine residues get directly bound by the SH2 domains of GRB2 that recruits 

the guanine nucleotide exchange factor SOS that leads to the GDP to GTP 

switch. This switch from GDP to GTP causes the activation of the membrane 

localized protein RAS. In an resting state, the RAF family members ARAF, BRAF 

and CRAF exist as inactive monomers in the cytoplasm, but can relocate to the 

plasma membrane following an interaction with phosphatidic acid resulting from 

mitogen-induced phospholipase D activity (Rizzo et al., 2000).  This action 

results in the positioning of RAF at the membrane where it can activate itself if its 

RAS-binding domain is bound to GTP-RAS, subsequently causing the RAF 
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family members to undergo a conformational change and dimerization (Hou et 

al., 1995, Nassar et al., 1995, Marais et al., 1997). This dimerization can take 

place between any two members of the RAF family, however, the 

heterodimerization of BRAF and CRAF is the most common and active dimer 

pair (Rushworth et al., 2006).  

 

RAF proteins are serine kinases requiring several dephosphorylation events in 

addition to dimerization and phosphorylation of both their activation loops and 

their N-terminal acidic domains to activate themselves. Following membrane 

recruitment, BRAF can undergo a conformational change, gather additional 

activating phosphorylation events, release its activation loop to free its kinase 

domain and progress to the dimerization step to transactivate CRAF, which 

eventually can phosphorylate MEK on serine residues (Hu et al., 2013). The 

binding of BRAF And CRAF with MEK1 and MEK2 is enabled via kinase 

suppressor of RAS, a scaffolding protein that is similar to the RAF family in terms 

of shape (Rajakulendran et al., 2009). Activated MEK further phosphorylates 

threonine and tyrosine residues of the activation loop on ERK1 and ERK, which 

can then enter the nucleus and activate several substrates causing an increase 

in cellular growth and proliferation (Yoon and Seger, 2006). ERK can also 

phosphorylate MITF on serine residue 73 leading to its activation (Hemesath et 

al., 1998). Although, ERK activity can also cause downstream activation of the 

serine/threonine kinase RSK1 that can phosphorylate MITF at serine residue 409 
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and marks MITF for proteasome-mediated degradation (Wu et al., 2000). These 

actions of ERK maintain precise control of the MAPK pathway and it is required 

for proper melanocyte development. 

 

BRAF plays  a crucial role in signaling through the MAPK pathway resulting in 

the activation of MITF, and several sequencing studies have found BRAF to be 

the most mutated gene in cutaneous melanomas (Davies et al., 2002, Cancer 

Genome Atlas, 2015). A breakthrough study in 2002 identified that a very large 

proportion of melanomas had missense mutations in BRAF and a significant 

majority had a valine to glutamic acid substitution mutation at position 600 

(BRAFV600E) (Davies et al., 2002). This mutation has been shown to increase 

BRAF kinase activity on its substrate MEK by 500-fold (Wan et al., 2004). 

Additionally, a more recent sequencing study performed by The Cancer Genome 

Atlas (TCGA) has revealed that the BRAFV600E mutation is the most common 

single mutation in melanoma, affecting nearly 40% of melanomas (Cancer 

Genome Atlas, 2015). The kinase domain of BRAF is usually in an inactive 

conformational state, held by a hydrophobic interaction between the valine on 

position 600 in the activation segment and the p-loop. The V600E mutation 

disrupts this interaction by replacing that valine with a large, negatively charged 

glutamic acid residue that is thought to mimic activating phosphorylation. This 

change causes BRAF to enter a constitutively active conformation that can go on 

to phosphorylate MEK in the cytoplasm, without the need for upstream RAS 
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activity (Wan et al., 2004). This high constitutive activity if BRAFV600E has been 

shown to be non-responsive to the previously mentioned negative feedback loop 

that occurs on BRAF as a result of downstream ERK activity (Ritt et al., 2010). 

Even though the BRAFV600E mutation is so common in human melanomas, 

they cannot explain all aspects of the disease (Davies et al., 2002).  BRAF 

mutations are believed to be present early in tumorigenesis since more than 80% 

of benign nevi harbor this mutation (Pollock et al., 2003),  suggesting that 

BRAFV600E alone is not sufficient to drive melanoma and that other genetic 

alterations must contribute to tumorigenesis.  

 

Since BRAFV600E mutations have a clear contributing role in melanoma and are 

present at such a high frequency, they have been aggressively assessed as 

therapeutic targets. Small molecule inhibitors that block its activity by precisely 

filling the ATP-binding pocket of BRAFV600E have been developed (Tsai et al., 

2008). The use of these inhibitors have led to some level of tumor regression in 

nearly 81% of patients with BRAFV600E mutant melanomas, however, 

resistance to BRAFV600E inhibitors eventually develops over a course of several 

months (Flaherty et al., 2010). Many mechanisms explaining the cause of this 

resistance have been described. Resistance usually arises through the re-

activation of the MAPK pathway and this may occur due to mechanisms such as 

stromal secretion of MET stimulating factor HGF (Straussman et al., 2012), or 

mechanisms such as BRAFV600E alternative splicing, MEK mutations, 
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upregulation of MAP3K8, PDGFRB, via alternative pathways such as P13K-

PTEN-AKT or via activating mutations in upstream pathway components such as 

NRAS (Poulikakos et al., 2011, Johannessen et al., 2010, Wagle et al., 2014, 

Nazarian et al., 2010, Shi et al., 2014). RAF inhibitors have also been shown to 

paradoxically activate wild-type BRAF due to BRAF-CRAF heterodimer 

formation, causing transactivation of CRAF and subsequent activation of the 

MAPK pathway (Poulikakos et al., 2010).  These basic research studies on 

resistance mechanisms highlight the importance of maintaining the power of 

MAPK pathway signaling to support melanoma growth and progression. 
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Figure I.4 -  A schematic representation of the MAPK signaling cascade.  
Extracellular ligands and growth factors leads to the activation of receptor 
tyrosine kinases (RTK), followed by recruitment of the adaptor, growth factor 
receptor-bound protein 2 (Grb2) and the guanine nucleotide exchange factor 
(GEF), son of sevenless homologue (Sos) which then interacts with and activates 
Ras. This results in the activation of Raf and the initiation of a sequence of 
phosphorylation steps the MAPK signaling cascade. Activated ERK can 
phosphorylate either cytosolic or nuclear substrates and regulate cellular 
proliferation, survival and migration. 
Image created with BioRender.com. 
 
Figure adapted from:  Meister M et.al. Mitogen-Activated Protein (MAP) Kinase   

Scaffolding   Proteins: A Recount. Int. J. Mol. Sci. 2013, 
14, 4854-4884; doi:10.3390/ijms14034854  

                                      (http://creativecommons.org/licenses/by/3.0/). 
                               

 

http://creativecommons.org/licenses/by/3.0/


 27 

INK4A, CDK and Rb 

Dysplastic nevi reflect lesions within the cyclin-dependent kinase inhibitor 2A 

(CDKN2A) and the phosphatase and tensin homolog (PTEN) pathways (Miller 

and Mihm, 2006).  In 25 to 40 percent of cases of familial melanoma (Thompson 

et al., 2005),  a genetic defect inactivates CDKN2A, a single gene that encodes 

two tumor-suppressor proteins, p16INK4A and p19ARF   (Kamb et al., 1994a, Nobori 

et al., 1994), whereas, in 25 to 50 percent of nonfamilial melanoma (Flores et al., 

1996, Wu et al., 2003), a different tumor-suppressor gene, phosphatase and 

tensin homologue (PTEN) is inactivated by mutation (Li et al., 1997, Steck et al., 

1997). In mouse models of melanoma, mutation of either CDKN2A or PTEN 

alone is insufficient to produce melanoma, however, they can give rise to 

melanomas when combined with each other or with mutations in other genes 

(You et al., 2002).  Alternative splicing of various exons within CDKN2A yields 

two unique tumor-suppressor proteins, INK4A and alternate reading frame (ARF 

or p14ARF ) (Sharpless and Chin, 2003).   In cell culture, ARF deficiency 

abrogates oncogene-induced senescence and increases sensitivity to cellular 

transformation (Sharpless et al., 2004) whereas, in vitro, immortalization of cells 

often follows the loss of either ARF or p53 (Kamijo et al., 1997). In vivo, ARF 

deficiency reduces the time needed for melanoma development after exposure to 

ultraviolet radiation and when both gene products of CDKN2A (INK4A and ARF) 

are lacking, the latent period shortens even more (Recio et al., 2002).  These 

data indicate that ARF enables the progression of melanoma and indicates that 
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the low frequency of p53 mutations in melanoma is partly related to loss of ARF, 

which makes the p53 pathway inactive (Sharpless and Chin, 2003).  

 

PTEN and AKT 

The P13K/PTEN pathway is also often deregulated in melanoma. The PTEN 

tumor suppressor gene encodes a lipid and protein phosphatase that controls 

cell growth and survival through the PI3K/AKT signaling pathway. PTEN/PI3K 

pathway genomic shifts are substantially less frequent than MAPK pathway 

alterations in melanoma and since PI3K itself is rarely mutated in melanoma 

(Omholt et al., 2006), the PTEN tumor suppressor gene has surfaced as the 

main genetic target in this pathway. The PTEN locus is located on chromosome 

10q, which undergoes recurrent hemizygous deletions and LOH in melanoma 

(Bastian, 2003, Wu et al., 2003) and allelic loss or abnormal expression of PTEN 

comprises 20% and 40% of melanoma tumors, respectively (Tsao et al., 2003, 

Tsao et al., 1998, Pollock et al., 2002, Mikhail et al., 2005, Slipicevic et al., 2005, 

Goel et al., 2006). Loss of PTEN expression is seen in 30% to 50% of melanoma 

cell lines and 5% to 20% of primary melanoma (Wu et al., 2003). Somatic point 

mutations and homozygous deletions are rare (Lin et al., 2008), however, based 

on recent genome sequencing studies, focal deletions affecting the PTEN locus 

appear to be more common (Berger et al., 2012). When PTEN somatic mutations 

are seen in melanomas (Wu et al., 2003, Tsao et al., 1998), they seem to occur 

in association with activating mutations in BRAF but are less common in NRAS 
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mutant melanomas (Tsao et al., 2004, Bastian, 2003, Lin et al., 2008). This 

suggests that BRAF and PTEN may cooperate in melanoma tumorigenesis 

(Tsao et al., 2004). Genetically engineered mouse models in which melanocytes 

were engineered to undergo PTEN inactivation along with BRAFV600E 

expression have also supported this idea (Dankort et al., 2009), suggesting that 

cooperation between dysregulated MAPK and PI3K signaling (ruled by BRAF 

mutation and PTEN deficiency) may encompass an oncogenic driver for a 

significant subgroup of melanomas (Tsao et al., 2012). 

 

MITF 

The normal process of melanocyte differentiation involves exit from the cell cycle 

and the expression of genes regulating production of pigment – two processes 

that are disrupted in melanoma. As discussed above, the microphthalmia-

associated transcription factor (MITF) regulates the development and 

differentiation of melanocytes and also maintains melanocyte progenitor cells in 

adults (Hodgkinson et al., 1993, Nishimura et al., 2005, Widlund and Fisher, 

2003).  Although contradictory data on the role of MITF in melanoma 

development exist, data supporting a precise tumorigenic role is rising. MITF is 

an essential downstream effector of the proliferative beta-catenin pathway, and it 

also increases CDK2 expression, promoting cell cycle progression (Widlund and 

Fisher, 2003, Goding and Meyskens, 2006). In vitro studies have revealed 

that MITF overexpression in melanocytes, collectively with mutations in other 
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oncogenic pathways, increases cellular transformation and anchorage-

independence (Davis et al., 2006). The most persuasive data for a role 

of MITF in melanoma development comes from studies of primary human 

melanoma tissues where MITF expression is usually conserved (Goding and 

Meyskens, 2006),  and from the detection of copy gains up to 100-fold in some 

human melanoma samples as compared with melanocytes (Garraway et al., 

2005).  Furthermore, MITF gene amplification is seen in approximately 10% of 

primary cutaneous melanomas and 20% of metastatic tumors, but not in benign 

nevi, and interference in MITF function is harmful to melanoma cells with these 

amplifications (Davis et al., 2006, Garraway et al., 2005). Moreover,  in patients 

with metastatic melanoma, amplification of MITF correlates with decreased 5-

year survival rates (Garraway et al., 2005).   

 

Genomic changes associated with melanoma 

Melanomas are categorized into four anatomic subtypes (cutaneous, acral, 

mucosal and uveal), with each having a distinct clinical course, drug sensitivity 

and underlying molecular basis (Clark et al., 1969, McGovern et al., 1973, Clark 

et al., 1986, Shaughnessy M, 2018). Cutaneous melanomas are the most 

common, accounting for nearly 90% of all melanomas (Chang et al., 1998, 

Bastian, 2014), and have been extensively characterized. Large-scale genomic 

studies have identified four molecular subclasses of cutaneous melanoma (Hodis 

et al., 2012, Krauthammer et al., 2012, Cancer Genome Atlas, 2015) - 
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mutant BRAF, mutant RAS, mutant NF1 and Triple-WT (wild-type). The BRAF 

subclass is the most prevalent and is characterized by BRAFV600E hot-spot 

mutations (Davies et al., 2002). RAS-mutant tumors are the next most common 

and are typified by hot-spot mutations, primarily in the NRAS isoform. These 

large-scale sequencing studies were sufficiently powered to recognize a distinct 

subclass with loss-of-function mutations affecting the NF1 gene. The defining 

mutations of each subclass are mutually exclusive for the most part, indicating 

that any single mutation can overactivate MAPK signaling to an extent that 

promotes melanoma initiation. Finally, the fourth subclass of melanomas, triple-

WT, has none of these MAPK-activating mutations, although many tumors in this 

subclass nonetheless show high levels of ERK activation and thus likely activate 

MAPK signaling through other means (Cancer Genome Atlas, 2015, Palmieri et 

al., 2018, Hayward et al., 2017). Together these subclasses highlight the 

importance of MAPK pathway activation in the initiation of melanoma. 

 

In addition to those that activate MAPK signaling, melanomas are rife with 

additional mutations. As compared to other tumor types, melanomas have 

among the highest mutation frequencies of any cancer and generally show a 

strong bias toward C-to-T transitions induced by exposure to ultraviolet light 

(Lawrence et al., 2013). Many of the mutations in an individual melanoma are so-

called ‘passenger’ mutations, ones that do not bear on tumor initiation or 

progression, that were likely acquired in the cell of origin or its lineal precursors 



 32 

prior to transformation. Whole-exome sequencing has identified tumor-promoting 

‘driver’ mutations that recur in the same genes in different tumors. Among these 

genes are previously described melanoma oncogenes and tumor suppressors 

(BRAF, NRAS, NF1, CDKN2A, TP53, and PTEN), as well as newly identified 

ones (RAC1, MAP2K1, PPP6C, and ARID2) (Hodis et al., 2012, Krauthammer et 

al., 2012, Cancer Genome Atlas, 2015). Additionally, recurrent mutations in the 

promoter of the TERT telomerase subunit have been identified that create de 

novo binding sites for ETS-family transcription factors, thereby enabling tumor-

specific telomerase reactivation (Horn et al., 2013, Huang et al., 2013). There is 

some co-occurrence of mutations, most notably the frequent association of BRAF 

and PTEN mutations (Pollock et al., 2003), indicating that activation of both 

MAPK and PI3K effector pathways of RAS signaling are important for melanoma 

initiation. 

  

In addition to mutations that affect specific genes, there are frequent genomic 

changes in melanomas. The best understood are copy number variations 

(CNVs), either amplifications or deletions, that affect the same genomic intervals 

in different tumors. The profile and overall prevalence of CNVs differs between 

molecular subclasses. Focal amplifications of BRAF, the melanocyte lineage-

specific oncogene MITF, and the ligand for the co-inhibitory immune checkpoint 

protein PD-1, PD-L1 gene (CD274), are observed at higher frequencies in 

the BRAF mutant subclass, whereas NRAS amplifications are more frequent in 
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tumors with NRAS mutations (Cancer Genome Atlas, 2015). Triple-WT samples 

overall have more CNVs, enrichment for focal amplifications targeting known 

oncogenes (KIT, PDGFRA, KDR, CDK4, CCND1, MDM2, TERT) and complex 

structural arrangements as compared to the other groups. In order to understand 

the common molecular processes deregulated in melanoma, the TCGA study 

also integrated mutation, copy-number, and methylation data to identify 

recurrently targeted pathways and signaling interactions in all samples. Overall, 

in melanomas RAS (MAPK/AKT), RB1/CDKN2A cell-cycle pathways, and 

MDM2/TP53 apoptosis pathways were altered in 91%, 69%, and 19% of cases, 

respectively. TP53 mutations were found at higher frequencies in BRAF, RAS, 

and NF1 tumors, as compared to Triple-WT, in which MDM2 amplifications were 

more common. Although CDKN2A alterations were uniformly spread across 

subtypes, CDK4 and CCND1 amplifications were more frequent in Triple-WTs, 

and RB1 mutations were identified in a higher portion of NF1  tumors. Finally, 

whereas PTEN mutations and deletions were more frequent in BRAF-mutant 

melanomas, amplification and mRNA overexpression of AKT3 were significantly 

enriched in RAS, NF1, and Triple-WT subclasses (Cancer Genome Atlas, 2015). 

It should be noted that large-scale melanoma sequencing projects have profiled 

mostly late-stage tumors, and the presence of mutations in these tumors does 

not necessarily implicate the affected genes in tumor initiation per se. 

 

 



 34 

The zebrafish as a model to study melanoma 

Biomedical research using small animal models is very crucial to understanding 

fundamental biological processes in a physiological context. The zebrafish model 

is one such system with unique properties such as ex vivo development at fast 

rates, relative ease of genetic manipulation, high fecundity and visual 

accessibility because of their transparent embryos. These unique features in the 

zebrafish model allows researchers to define several developmental and 

disease-related processes. 

 

The zebrafish is an excellent model to study melanoma and melanocyte biology 

for many reasons and the use of the zebrafish model to study cancers and other 

aspects of tumor biology has increased greatly. Firstly, zebrafish melanocytes 

retain melanin pigment, making it a good cell-type marker and are very 

quantifiable. Furthermore, zebrafish melanocytes are externally visible and single 

cells can be visualized in a living animal (Ceol et al., 2008). The development of 

melanocytes from the neural crest is well conserved between zebrafish and 

humans with many genes that determine the control of melanocyte development 

including SOX10 and MITF (sox10 and mitfa in zebrafish) (Dutton et al., 2001, 

Lister et al., 1999, Ceol et al., 2008).  mitfa, the homologue of the MITF gene in 

zebrafish is critical for melanocyte development since the ENU-induced nacre 

(w2) allele containing a single base substitution in the mitfa gene resulting in an 

early stop codon and truncated protein results in animals completely lacking 
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melanocytes (Lister et al., 1999). Secondly, several genetically engineered 

melanoma models have been generated in zebrafish. In 2005, an autochthonous 

model of melanoma development was established (Patton et al., 2005) in which 

melanocyte-specific expression of the human mutant BRAF (BRAFV600E) was 

expressed along with a p53 loss-of-function mutation to induce melanoma 

initiation (Patton et al., 2005). In this model,  BRAFV600E on its own  was shown 

to cause formation of benign hyperpigmented spots with high melanocyte 

density, known as fish-nevi or f-nevi, which is similar to the effect BRAFV600E 

has in the formation of nevi in humans (Patton et al., 2005). However, the 

BRAFV600E transgene introduced into a p53 loss-of-function background in 

these zebrafish caused production of fully penetrant melanomas with a median 

onset of 4 months (Patton et al., 2005) (Figure I.5).  A variation of this tumor 

model was established to enable testing of genetic candidates for their 

involvement in melanoma formation. In this model, uses two key components- 

Tg(mitfa:BRAFV600E);p53(lf);mitfa(lf) zebrafish that lack melanocytes due to the 

mitfa(lf) mutation (hence suppresses melanoma in the 

Tg(mitfa:BRAFV600E);p53(lf)) background  and a novel construct known as the 

miniCoopR vector that harbors both a wild-type copy of mitfa and an adjoining 

Gateway recombination cassette into which a potential gene of interest can be 

recombined and subsequently expressed under the mitfa promoter (Ceol et al., 

2011). Injection of the miniCoopR construct with Tol2 transposase RNA into 

fertilized single-cell Tg(mitfa:BRAFV600E);p53(lf);mitfa(lf) zebrafish embryos 
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enables rescue of melanocyte development in adult zebrafish and these rescued 

melanocytes go on to form melanomas that overexpress the recombined 

candidate gene. Additionally, because of the genetic background of the 

zebrafish, the reconstituted melanocytes also express the tumor-promoting 

BRAFV600E oncogene, the p53 loss-of-function mutation and have to inclination 

to develop melanomas. In the case that the candidate gene has other tumor-

promoting properties, that may further boost melanoma onset (Ceol et al., 2011). 

This system was generated to rapidly distinguish genetic alterations that drive 

tumor formation from those that arise incidentally during the process of 

transformation. This transgenic approach was used to examine overexpressed 

genes located on human chromosome 1q21 that is recurrently amplified in 

human melanoma and it was found that the expression of the histone-

methyltransferase SETDB1 significantly accelerated tumor onset compared to 

controls that expressed EGFP (Ceol et al., 2011). This transgenic tool was used 

to screen large numbers of genes for their oncogenic contribution to melanoma 

progression and was later adapted with CRISPR technology (Iyengar et al., 

2012, Ablain et al., 2015). The use of the miniCoopR system thus provides a 

direct approach to testing candidate genes for their impact on melanoma 

development. Additional melanoma models have also been created since that 

use other commonly mutated melanoma genes such as NRAS and HRAS 

(Dovey et al., 2009, Santoriello et al., 2010). All these models exhibit melanomas 

that grow outwards and are therefore easy to see, dissect and further analyze. 
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Furthermore, histological analysis of melanomas arising in zebrafish possess 

pathological characteristics that are very similar to human melanomas 

(Santoriello et al., 2010, Dovey et al., 2009, Patton et al., 2005). 

Large-scale zebrafish screens have been developed that can assay 

developmental, behavioral, metabolic, proliferative and regenerative phenotypes 

(Rennekamp and Peterson, 2015). Several innovations in cell labeling 

techniques like the development of the Zebrabow and ubi:switch lines can allow 

researchers to specifically label cells of interest in a temporal fashion (Mosimann 

et al., 2011, Pan et al., 2013). These labeling techniques combined with new 

imaging approaches can provide ways to observe the earliest stages of tumor 

initiation and subsequent tumors and metastasis at a single cell resolution. These 

techniques can also allow researchers to observe real-time interactions of tumor 

cells with their microenvironment (Feng and Martin, 2015, Heilmann et al., 2015). 

Although zebrafish rarely develop spontaneous tumors, they can be manipulated 

with transgenes and drugs to get benign and malignant cancers that are 

histologically and pathologically similar to human cancers (Amatruda et al., 

2002). 

 

 



 38 

 

Figure I.5 - A zebrafish model of melanoma. 
 
Zebrafish with melanocyte-specific expression of BRAFV600E and loss of 
function p53 develop externally visible melanomas.   
 
Picture Courtesy: Craig. J. Ceol. 
 

Limitations of the model 

As with any model system, several limitations of using the zebrafish exist and 

should be carefully considered when designing and interpreting experiments. 

Firstly, the zebrafish lineage underwent a whole genome duplication event that 

resulted in many genes with duplicate copies, but differed functions (Meyer and 

Schartl, 1999, Howe et al., 2013). Therefore, when identifying a gene to inhibit, it 

is crucial to validate that the right copy of the gene is being targeted and whether 

the other ohnologue has any compensatory function. Secondly, zebrafish need a 

generation time of at least 3 months to reach adulthood and therefore generation 

of stable transgenic lines take long periods of time. With respect to studying 

melanoma initiation, a time period of 6-12 months is required to completely 

analyze a given cohort and experiments must be planned wisely to account for 

these long time periods. Thirdly, melanomas from Tg(mitfa:BRAFV600E);p53(lf) 
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zebrafish grow outward, beyond the surface epithelium and become locally 

invasive, however, have not been established to form distant metastases as 

observed in human melanomas (Patton et al., 2005). Nonetheless, a model of 

melanoma metastasis by subcutaneous transplantation of zebrafish melanoma 

cell lines into irradiated, transparent casper mutants has been established and it 

is thought that this technique of transplanting zebrafish melanoma lines will 

continue to elucidate the processes that play a role in the later stages of 

melanoma metastasis (White et al., 2008). This model has shown to form lesions 

at sites distant and different from their injection sites (Heilmann et al., 2015) and 

has been broadly used to screen zebrafish larvae for different modifiers of 

metastasis (Kim et al., 2017).  Fourthly, a difference between zebrafish and 

human melanomas is their mutation burden, where zebrafish melanomas contain 

a median of 4 coding mutations per tumor compared to 171 mutations per sun-

exposed human melanomas (Yen et al., 2013). However, despite this difference 

in mutation burdens, zebrafish melanomas possess a high number of genomic 

rearrangements and copy number alterations, similar to human melanomas (Yen 

et al., 2013). Thus, when using the zebrafish to study tumor phenotypes, 

incidence and onset, it is important to consider the high heterogeneity of 

zebrafish melanomas and strategize to use a high cohort size to achieve high 

statistical power.  Although these limitations should be considered during 

experimental planning and design, the numerous advantages of the zebrafish 

such as high fecundity, ease of genetic manipulation, easy handling, ability to 
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use large sample sizes for evaluation and low relative cost of maintenance, make 

it an excellent model to use in the study of melanoma development. 

 

Aneuploidy in Cancer 

Normal, diploid cells in the human body have 23 pairs of chromosomes, 46 

chromosomes in total. Every cell division must result in precise duplication and 

distribution of the genome into daughter cells. In an event that this process fails 

to occur correctly, the rising daughter cells receive an inappropriate number of 

chromosomes, a condition known as aneuploidy (Holland and Cleveland, 2009). 

Over a 100 years ago, it became apparent at that aneuploidy has harmful effects 

on cell and organism physiology (Holland and Cleveland, 2009, Boveri, 2008)  

and that an abnormal chromosomal complement caused by aneuploidy can 

promote cancer. Indeed, in recent years, aneuploidy has been named as a 

common feature in human tumors and is a well-recognized hallmark of cancer 

(Weaver and Cleveland, 2006, Hanahan and Weinberg, 2000).  

 

Aneuploidy, chromosome instability and tumorigenesis 

Tumor cells can be stably aneuploid, suggesting a transient chromosome 

missegregation event at some point during the development of the tumor 

resulting in a stably propagated and inherited atypical karyotype (Lingle et al., 

2002). However, more often, aneuploidy results from underlying chromosomal 

instability (CIN) that is illustrated by an increased frequency of gain or loss of 
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whole chromosomes during cell division (Lengauer et al., 1997). The 

mechanisms underlying CIN are currently unclear. Originally, the primary cause 

of CIN was thought to be an impaired ability to sustain mitotic arrest and an 

attenuated mitotic checkpoint in response to spindle toxins (Cahill et al., 1998),  

however, it later became apparent that CIN cells exhibit an increase in incidence 

of lagging chromosomes caused at least in part by unresolved merotelic 

attachments, thus indicating that recurrent merotelic attachments are an 

important source of CIN and aneuploidy found in tumor cells (Gascoigne and 

Taylor, 2008, Thompson and Compton, 2008). It has also been suggested that 

increased aneuploidy leads to increased chromosomal instability which can be 

extremely problematic since it can promote tumor progression, relapse and is 

linked to poor prognosis (Nicholson and Cimini, 2013, Sotillo et al., 2010, Walther 

et al., 2008). 

 

Tetraploidy  

The hypothesis that a tetraploid intermediate can promote the development of 

aneuploid tumors was proposed over a 100 years ago (Boveri, 2008). Some 

aneuploid human cancers have minimal changes in chromosome numbers, but a 

significant number of cancers also display large scale aneuploidy, containing a 

near tetraploid number of chromosomes (Weaver and Cleveland, 2006). 

Tetraploid cells have four copies of each chromosome and twice the normal DNA 

content. There are several mechanisms that can give rise to tetraploidy – 
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including cell fusion, endoreduplication, cytokinesis failure and mitotic slippage 

(Holland and Cleveland, 2009) (Figure I.6).  Firstly, tetraploidy can result from 

cell fusion, which is usually the result of viral infections, but can also happen 

spontaneously (Storchova and Pellman, 2004). Secondly, tetraploidy can result 

from endoreduplication, the replication of the nuclear genome in the absence of 

cell division. Most often, however, tetraploidy is the result of a failure in mitosis or 

cytokinesis, processes that involve hundreds of proteins (Davoli and de Lange, 

2011, Ganem et al., 2007). Several studies suggest that the regression of the 

cytokinetic cleavage furrow and resulting tetraploidy can arise when chromosome 

missegregation results in chromatin bridges that obstruct the cleavage plane (Shi 

and King, 2005, Mullins and Biesele, 1977, Weaver et al., 2006). A recent paper 

has proposed that in humans, an “abscission checkpoint” dependent on the 

Aurora B kinase exists and delays the completion of cytokinesis in response to 

obstruction caused by chromatin bridges (Steigemann et al., 2009). This 

checkpoint thus guards against tetraploidy by allowing more time for the 

chromatin to be cleared from the midzone before the completion of cytokinesis. 

The NoCut pathway in budding yeast is equivalent to the Abscission checkpoint, 

since it delays cytokinesis completion in a similar way in yeast (Norden et al., 

2006). 

 

In a normal situation, tetraploid cells arrest in the G1 phase of the cell cycle and 

either undergo senescence or apoptosis due to the p53-dependent tumor 
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suppression mechanism (discussed later in this chapter). However, in certain 

tumor-prone abnormal situations, where the p53 tumor suppression mechanism 

is impaired, tetraploid cells can proliferate. These cells are genetically unstable 

and can promote tumorigenesis (Davoli and de Lange, 2011, Davoli and de 

Lange, 2012, Duelli et al., 2007, Fujiwara et al., 2005, Ganem and Pellman, 

2007). The consequences of tetraploid cell proliferation are also discussed later 

in this chapter.  

 

Tetraploidy is of particular importance since studies have revealed that nearly 

20% of all solid tumors are near-tetraploid, defined as cells having >70 

chromosomes. Additionally, computational studies have shown that a remarkable 

fraction-  ~40% of all tumors show evidence of whole genome doubling – i.e. 

being tetraploid at some point in their evolution  (Davoli and de Lange, 2011, 

Carter et al., 2012, Ganem et al., 2007, Dewhurst et al., 2014, Zack et al., 2013, 

Quinton and Ganem, 2019, Quinton et al., 2021). The notion that tetraploidy can 

cause cancer has been proposed years ago (Boveri, 2008).  Since then, several 

studies have provided persuasive evidence to indicate that uninhibited 

proliferation of tetraploid cells can cause cellular transformation and subsequent 

tumorigenesis. The most direct experimental evidence for this comes from a 

mouse xenograft study where tetraploid p53-/- mammary epithelial cells trigger 

tumor formation when transplanted into immune compromised mice compared to 

diploid cells that do not cause tumor formation (Fujiwara et al., 2005). In addition, 
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using long term live imaging it was shown that mouse ovarian surface epithelial 

cells first become tetraploid before forming aneuploid cells and these aneuploid 

cells were able to form tumors in mice further suggesting that cellular 

transformation was at least associated with a transition through a tetraploid 

intermediate (Lv et al., 2012). Furthermore, tetraploidy can also cause cellular 

transformation following viral-induced cell fusion and cell cycle dysregulation due 

to oncogene expression or loss of p53, can cause cellular transformation coupled 

with significant genetic instability in tetraploid cells generated via cell fusion 

(Duelli et al., 2005, Duelli et al., 2007).  

 

Tetraploidy and Chromosomal instability 

Since the proliferation of tetraploid cells can give rise to both structural and 

numerical chromosomal aberrations, it also indicates that tetraploidy can act as a 

stimulus to promote further aneuploidy and genomic instability (Fujiwara et al., 

2005, Duelli et al., 2007, Roh et al., 2008). Coupled with double the chromosome 

content, tetraploid cells also contain twice the number of centrosomes that 

promote abnormal mitotic divisions and chromosome missegregation (Fujiwara et 

al., 2005). Tetraploidy can also trigger high levels of chromosomal instability 

(CIN) as found in yeast and mammalian cells, and there are many different 

mechanisms described in the literature (Fujiwara et al., 2005, Mayer and 

Aguilera, 1990, Storchova et al., 2006). One mechanism for CIN described in 

mammalian cells is supernumerary centrosomes (Boveri, 2008, Nigg, 2002), 
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since tetraploid cells contain two extra chromosomes along with the extra 

chromosome sets. The presence of extra chromosomes can cause multipolar 

spindles, defects in chromosome segregation and impaired mitosis (Basto et al., 

2008, Gisselsson et al., 2008, Kwon et al., 2008, Yang et al., 2008, Ganem et al., 

2009). In yeast, tetraploid cells show high levels of CIN without multipolar 

spindles and the increases CIN is the result of incorrect microtubule-kinetochore 

attachments (Storchova et al., 2006).  

 

Another important of cause of chromosome instability found frequently in the 

early stages of human cancer is telomere dysfunction, mainly shortened 

telomeres due to telomere shortening before activation of telomerase (De Lange, 

2005). Telomere dysfunction can also result from chromosome missegregation 

due to the fusion of two unprotected chromosome ends forming a dicentric 

chromosome and leading to chromosome non-disjunction and breakage during 

mitosis. Telomere dysfunction can ultimately result in aneuploid cancer genomes 

that tend to stabilize once telomerase function is restored (Davoli and de Lange, 

2011).  
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Figure I.6 - Mechanisms leading to tetraploidy. 
 
Tetraploid cells can be the result of (A) cell fusion, (B) endoreduplication or (C) 
mitotic slippage or cytokinesis failure. (A) Following cell fusion, the cell enters the 
cell cycle with 2 centrosomes, which are later duplicated. If the centrosomes are 
clustered during mitosis, a bipolar spindle can form (top right) and in case of 
unclustered centrosomes, a multipolar spindle forms (top, bottom right). (B) 
Endoreplication occurs when DNA replication takes place in the absence of a 
complete mitosis and cells can skip multiple aspects of mitosis. (C) In the case of 
an abortive cell cycle, a failure in executing a key step in the cell-division process 
results in a tetraploid (4N) cell in G1. If the problem occurs in karyokinesis 
(nuclear division), the resulting cell will be mononucleated (bottom, top middle). If 
the defect occurs in late anaphase or during cytokinesis, the resulting cell is 
binucleated (bottom, middle). Similar to part (A), these 4N cells can undergo 
either a bipolar or multipolar mitosis (bottom right), depending on whether their 
centrosomes are clustered or not. 
Image created with BioRender.com. 
 
 
Figure adapted from: Storchova Z et al. From polyploidy to aneuploidy, genome 

instability and   cancer. Nature Reviews Molecular Cell 
Biology, 2004 5, pages 45–5. 
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Tetraploidy in normal tissues 

As discussed above, tetraploidy plays an important role in tumorigenesis, 

however, tetraploidy and polyploidy are also an important part of normal 

development. It is known that tetraploid cells can be found at varying rates of 

approximately 0.5-20% in most human tissues (Biesterfeld et al., 1994), 

indicating that tetraploidization is fairly common and that it brings some 

advantages to the organism (Biesterfeld et al., 1994). It has been suggested that 

in several tissues, generation of polyploid cells is part of development and 

polyploidy affects cellular metabolic rates and may be a physiological response 

to stress caused by metabolic processes (Storchova and Pellman, 2004). The 

change from diploidy to polyploidy is part of normal development and 

differentiation in mammals and has been observed in at least three specialized 

cell types in mammals (Davoli and de Lange, 2011). This includes the placental 

trophoblast giant cell (TGC) that can have a DNA content from 8N to up to 64N 

(Ullah et al., 2009a, Ullah et al., 2009b) and arises due to a decline in FGF4 and 

expression of the CDK inhibitor p57 and the reduction in the translation of cyclin 

B, in turn causing the TGCs to skip mitosis, cause endoduplication, shortened 

cell cycles and increased chromosome numbers (Ullah et al., 2008, Palazon et 

al., 1998, Hattori et al., 2000, Gardner and Davies, 1993, Goncalves et al., 2003).  

Another cell type that commonly undergoes polyploidization is the 

megakaryocyte. These cells arise through an abortive mitosis or endomitosis in 

which anaphase and telophase occurs, but cytokinesis fails due to suboptimal 
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levels of Cdk1/Cyclin B activity and early degradation of Cyclin B (Davoli and de 

Lange, 2011, Ravid et al., 2002). Abortive mitosis leading to polyploidy also 

occurs in hepatocytes (Celton-Morizur and Desdouets, 2010). During liver 

development and growth, the frequency of tetraploid (4N) and octoploid (8N) 

cells gradually increases (Watanabe et al., 1978). These hepatocytes often have 

two nuclei with a 2N or 4N DNA content and arise from a cytokinesis failure 

(Celton-Morizur et al., 2010, Margall-Ducos et al., 2007, Guidotti et al., 2003). 

Multinucleated hepatocytes can also arise from cell-cell fusion events (Duncan et 

al., 2009) and hepatocytes with single 4N or 8N nuclei can also arise following 

anaphase inhibition or telomere damage (Wirth et al., 2006). Furthermore, the 

hepatocyte p53 pathway responds to DNA lesions in an altered way causing 

hepatocytes to be more prone to ploidy increases in response to DNA damage 

(Fei et al., 2002). Polyploidization events are also observed in skeletal muscle 

and osteoclasts. In these cell types, polyploidization arises due to cell fusion and 

generates terminally differentiated cells (Vignery, 2000, Yaffe and Feldman, 

1965). Polyploidy has also been seen in the lactating mammary glands, 

urothelium, mesothelium and Purkunje neurons, however, the mechanisms by 

which these cells become polyploid are unclear (Biesterfeld et al., 1994).  

In many tissues, 4N or 8N cells emerge with aging and under pathological stress 

conditions. Examples of this include hepatocytes, vascular smooth muscle cells, 

human fibroblasts and endothelial cells that become polyploid and tetraploid in 

response to aging (Celton-Morizur and Desdouets, 2010, Hixon and Gualberto, 
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2003, Wagner et al., 2001, Walen, 2006). Increase in polyploidy is also seen in 

cardiomyocytes with cardiac overloading, in cases of congenital heart disease 

and hypertension (Adler and Costabel, 1975, Staiger et al., 1975)  and in 

hepatocytes undergoing oxidative stress or telomere damage (Gorla et al., 2001). 

Additionally, polyploidization also occurs in inflammatory bronchial lesions and in 

wound healing (Oberringer et al., 1999), however, the mechanisms of 

tetraploidization and polyploidization in these clinical settings in largely unclear.  

Polyploid cells such as hepatocytes and placental TGCs are often required to 

provide nutrients and metabolites, suggesting that polyploidization increases the 

metabolic capacity of the tissue, most likely by channeling energy toward gene 

duplication and protein synthesis as opposed to cell division and membrane 

synthesis (Joubes and Chevalier, 2000, Lee et al., 2009). Megakaryocytes are 

very important in the generation of platelets and these cells also efficiently re-

direct their energy towards production of platelets instead of membrane synthesis 

and cell divisions. Tetraploidization of hepatocytes also has the advantage of 

generating genetic variability. During liver regeneration, 4N hepatocytes undergo 

a process called reductive mitosis to create aneuploid cells with a reduced 

chromosome number (Duncan et al., 2010). These abnormal cell divisions and 

resulting genetically variable aneuploid cells may increase the chances of 

resistance to exogenous stress. 
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Tetraploidy in tumorigenesis 

 

Chromosome missegregation events and resulting chromosomal instability alone, 

cannot justify human cancers of a triploid or near-tetraploid karyotype since a 

high missegregation rate and every resulting intermediate being viable would not 

be realistic in the context of human cancer (Davoli and de Lange, 2011). 

Distribution of chromosome numbers studied in human cancer are consistent 

with a second, unique pathway for tumors with high karyotypes. For many cancer 

types, the chromosome numbers are distributed into two peaks, one displaying 

tumors with a near diploid karyotype, whereas one displaying tumors with a near 

tetraploid karyotype (Storchova and Kuffer, 2008).  Such a distribution refutes the 

claims of a single mechanism causing aneuploidy. Hence, to explain aneuploidy 

with high chromosome numbers, a tetraploid intermediate model was proposed, 

stating that these cancers arise from an unstable tetraploid intermediate and that 

this initial tetraploidization event preceded the final aneuploid state (Shackney et 

al., 1989). As previously discussed, tetraploid cells often missegregate 

chromosomes due to extra centrosomes (Ganem et al., 2009) and therefore can 

generate cells distinct karyotypes that are seen in cancer. Cells with extra 

centrosomes have been observed in several tumor types and preinvasive 

carcinomas, including, breast, pancreatic, prostate, lung and colon cancers 

(Lingle et al., 2002, Lingle et al., 2005, Lingle et al., 1998, Sato et al., 1999, 

Pihan et al., 1998, Pihan et al., 2001, Pihan et al., 2003). Consistent with 
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evidence that tetraploidy plays a causative role in cancer, tetraploidy has been 

found in early stage cancers prior to the development of chromosomal instability 

and aneuploidy (Galipeau et al., 1996, Olaharski et al., 2006, Ornitz et al., 1987). 

Moreover, there is direct evidence for the presence of tetraploid cells and 

development of aneuploidy in several precancerous lesions such as Barrett’s 

esophagus, a condition preceding development of esophageal adenocarcinoma, 

and lesions of the cervix, breast and bladder. In some cases there is also 

indication for whole genome duplication events and subsequent chromosome 

losses (Galipeau et al., 1996, Reid et al., 1996, Dutrillaux et al., 1991, Kirkland et 

al., 1967, Olaharski et al., 2006, Ottesen, 2003, Shackney et al., 1995a, 

Shackney et al., 1995b). Tetraploidy has also been observed in lesions of the 

pancreas, prostate and colon (Tanaka et al., 1984, Deitch et al., 1993, 

Montgomery et al., 1990, Pihan et al., 2001, Hamada et al., 1988, Levine et al., 

1991a), strongly suggesting that tetraploidy is present even in the early stages of 

tumorigenesis.  Additionally, several oncogenes and tumor suppressor genes 

have also been shown to induce tetraploidy. Examples include increased levels 

of Aurora A kinase that result in cytokinesis failure and is often overexpressed in 

human cancers (Meraldi et al., 2002). Furthermore, tumor suppressor proteins 

such as BRCA2, LATS1 and Apc have also been shown to play a role in 

cytokinesis (Daniels et al., 2004, Yang et al., 2004, Caldwell et al., 2007). 
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Causes of tetraploidy in cancer 

 

As discussed above, four mechanisms causing tetraploidy have been proposed – 

cell fusion, cytokinesis failure, and mitotic slippage and endoreduplication (Fig 

I.6). Cell fusion events generate a binucleate cell (with two 2N nuclei) that an 

further produce daughter cells with single tetraploid nucleus. Cell fusion of 

human fibroblasts in an experimental setting has been shown to augment their 

transformation capabilities following potent oncogene induction (Duelli and 

Lazebnik, 2007, Duelli et al., 2007). Additionally, cell fusion induced by viruses 

such as HPV have been shown to contribute to cervical cancer (Duelli and 

Lazebnik, 2007, Gao and Zheng, 2010, Hu et al., 2009).  

 

Failure to complete mitosis, for example due to mitotic exit or cytokinesis failure 

can also give rise to cells a two-fold chromosome number. Cytokinesis failure 

can give rise to a cell in a transient binucleate state that can eventually produce 

mononucleated 4N cells following mitosis. Such a form of tetraploidization is 

seen with overexpression of either Mad2 or Emi1, regulators of the anaphase 

promoting complex that are overexpressed in various cancers, perhaps due to 

loss of the Rb pathway (Lehman et al., 2006, Sotillo et al., 2007). Mad2 

overexpression can also give rise to tetraploidy through inactivation of MLKP2, a 

kinesin required for cytokinesis (Lee et al., 2010). Cytokinesis failure has also 

been shown to occur following inhibition of LATS1, a kinase vital for actin 
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polymerization during mitosis (Yang et al., 2004). Interestingly, since LATS1 is a 

tumor suppressor, it has been frequently observed to be lost in soft tissue 

sarcomas, astrocytomas and breast cancer (Hisaoka et al., 2002, Jiang et al., 

2006, Takahashi et al., 2005). Cytokinesis failure is also linked to overexpression 

of Aurora A, an important mitotic kinase and high levels of Aurora A are 

frequently present in cancers (Meraldi et al., 2002, Lehman et al., 2007, Bischoff 

et al., 1998, Zhang et al., 2004, Zhou et al., 1998)  Cytokinesis failure can also 

occur in cells with lagging chromosomes or acentric fragments because the 

cleavage furrow can regress due to the chromatin present at the cell midzone 

(Mullins and Biesele, 1977).   

 

A DNA damage response can also give rise to tetraploidy (Davoli et al., 2010), 

especially when the DNA damage signal persists for a long time. Such a long 

lasting DNA damage response can be induced experimentally with zeocin or 

doxorubicin. In a physiological setting, loss of telomere function and absence of 

telomerase activity early in tumorigenesis is the most likely source of such 

constant DNA damage. This absence of telomerase activity in proliferating 

human somatic cells can cause gradual telomere shortening (Davoli and de 

Lange, 2011, Shay and Wright, 2005).  Shortened telomeres are recognized as 

sites of DNA damage and can activate ATM/ATR and Chk1/Chk2 pathways 

resulting in p53/Rb mediated cell cycle arrest, whereas in the absence of p53/Rb, 

proliferation can continue, worsening telomere shortening and causing 
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chromosomal instability (Davoli and de Lange, 2011). Telomere shortening is 

observed in the early stages of many epithelial cancers and data suggests that 

telomere dysfunction can be a likely trigger of frequent tetraploidy in cancer 

(Meeker, 2006, Davoli and de Lange, 2011, Davoli et al., 2010). This 

tetraploidization can be produced by persistent DNA damage signaling through 

endoreduplication due to mitosis-independent degradation of geminin of by a 

failure in mitosis completion (Davoli and de Lange, 2011). These resulting 

tetraploid cells can continue proliferation after telomere repair, thus allowing 

expansion of tetraploid clones in the early stages of tumorigenesis (Davoli et al., 

2010).  

 

Advantages and consequences of tetraploidy in cancer development 

As part of efficient cancer evolution and growth, every cancer cell must acquire 

the right combination of genetic changes that support its uncontrolled 

proliferation at various sites in the body. Aneuploidy alone does not provide a 

benefit to back this, however, the changes in mutated alleles in the process that 

leads up to aneuploidy does. Tetraploidy and its associated aneuploidy can very 

well accelerate tumor evolution for two main reasons. Firstly,  in the presence of 

several mutations, tetraploidy can augment cellular robustness since it can 

safeguard the effects of chromosome losses, inactivating mutations and gene 

deletions (Davoli and de Lange, 2011). Hence tetraploidy can allow tumor cells to 

maintain a higher frequency of mutations and increase their adaptive capacity 
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(Davoli and de Lange, 2011). Secondly, tetraploid cells also have a higher rate of 

chromosome missegregation and chromosome instability (Mayer and Aguilera, 

1990, Storchova et al., 2006) due to the presence of supernumerary 

centrosomes (Ganem et al., 2009). Therefore, tetraploidy can increase the 

chances of an evolving cancerous clone to accumulate and tolerate the 

mutations that may be required for its progression to a more malignant state 

(Davoli and de Lange, 2011).  

 

Consequences of proliferating tetraploid cells 

Most malignant tumors have an aberrant karyotype with multiple structural and 

numerical abnormalities of chromosomes. Additionally, such aneuploid cancer 

cells often contain multiple centrosomes that are required for proper 

chromosome segregation. Multiple centrosomes can lead to impaired mitosis and 

chromosomal missegregation and abnormal mitoses in cancer cells have been 

noted long ago (Storchova and Kuffer, 2008) and is one of the most notable 

features of cell transformation. This observation encouraged the idea of linking 

chromosome missegregation caused by abnormal mitoses to aneuploidy 

tumorigenesis by Boveri (Boveri, 2008). Karyotyping of several tumors has 

revealed that chromosome numbers in cancer cells are vastly variable , ranging 

from hypodiploidy to tetraploidy and hypertetraploidy (Storchova and Kuffer, 

2008). Additionally, many tumors also show high levels of chromosomal 

instability that result in continuous karyotypic changes (Lengauer et al., 1997, 
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Mitelman, 2008). It has been believed that accumulation of a small number of 

specific mutations in oncogenes and tumor suppressor genes may lead to tumor 

development and that aneuploidy is a result, rather than the cause of cellular 

transformation (Storchova and Kuffer, 2008). However, it was later revealed 

(Sjoblom et al., 2006), genomes and karyotypes of cancer cells are highly 

heterogenous. Additionally, chromosome missegregation and aneuploidy lined to 

it also may be a vital step in early cellular transformation (Sotillo et al., 2007, 

Weaver et al., 2007).   

 

As mentioned above, it is easy to imagine how chromosome missegregation and 

abnormal centrosome numbers during mitosis can result in aneuploidy (Chi and 

Jeang, 2007, Kops et al., 2005), however, it has been proposed that inherently 

unstable tetraploid cells can evolve into tumorigenic aneuploid cells (Shackney et 

al., 1989, Storchova and Pellman, 2004). Moreover, tumorigenesis through a 

tetraploid intermediate explains several observations, including the presence of 

multiple centrosomes in cancer cells, the frequent presence of tetraploid cells in 

early tumors and higher karyotypes of cancer cells (Storchova and Kuffer, 2008). 

It is important to note that tumor development is generally triggered by the 

combination of tetraploidy and an additional mutation such as a loss of p53 or 

overexpression of Mad2 or Eg5. These additional mutations may be importance 

since that can trigger tetraploidy or allow the spread of arising tetraploids or they 
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may also have a more direct role in tumor formation (Storchova and Kuffer, 

2008). 

 

The proliferation of tetraploid cells can promote tumorigenesis in a number of 

ways. The most important factor is the development of chromosome instability. 

Chromosome instability can result when chromosomes accumulate both 

numerical and structural abnormalities due to errors in mitosis. This ongoing 

instability has been shown to cause tumor progression, relapse and poor 

prognosis (Lengauer et al., 1997, Sotillo et al., 2010, Walther et al., 2008). 

Tetraploid cell proliferation can also promote tumorigenesis through genomic 

instability, including chromosome breaks and rearrangements (Fujiwara et al., 

2005, Ganem et al., 2007). Genomic instability is often caused as a result of 

impaired DNA mismatch repair, resulting in deletion substitution mutations 

(Lengauer et al., 1998, Zhang et al., 2015b) and large amounts of DNA damage 

can lead to chromothripsis and genetic instability in micronuclei (Zhang et al., 

2015b). Finally, tetraploidy can promote tumor formation through buffering effects 

(Dewhurst et al., 2014, Ganem et al., 2007, Thompson et al., 2006). Since 

tetraploid cells possess four copies of each chromosomes, that may help them 

overcome any deleterious mutations. The longer the tetraploid cell survives with 

these deleterious mutations that would normally kill a diploid cell, the more likely 

it is that a critical oncogenic or tumor suppressor mutation will arise, thus 

promoting tumorigenesis (Ganem et al., 2007).  
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Tumor suppression mechanisms to limit the proliferation of tetraploid cells 

Considering the high chromosomal instability and predisposition for 

transformation that is feature of tetraploid cells, active mechanisms to block their 

uncontrolled proliferation exists (Ganem and Pellman, 2007).  Proliferation of 

tetraploid cells created by disrupting the actin cytoskeleton and thus causing 

subsequent cytokinesis failure is usually controlled. The arrest of tetraploid cells 

in such cases usually occurs in the G1 phase of following an abnormal mitosis 

and requires p53, p21, p16 or Rb function and most of the resulting tetraploid 

cells usually undergo cell death (Andreassen et al., 2001, Cross et al., 1995, 

Fujiwara et al., 2005, Meraldi et al., 2002). Fittingly, cells that lack p53 or a 

functional apoptotic pathway can accumulate tetraploid cells that spontaneously 

arise in culture (Cross et al., 1995). It has therefore been proposed that an active 

checkpoint, known as the “tetraploidy checkpoint” exists to prevent the 

proliferation of tetraploid cells in normal tissues (Margolis et al., 2003). Many 

recent studies have shown that the G1 arrest of tetraploid cells was most likely 

due to the use of high concentrations of drugs used to stop cytokinesis and 

indeed, use of actin depolymerizing agents at low concentrations in several 

different cell lines caused the resulting tetraploid cells to progress into the next 

cell cycle (Uetake and Sluder, 2004, Wong and Stearns, 2005). The activation of 

the p53 dependent arrest is also thought to occur in other cases of 

tetraploidization, but the mechanism underlying this phenomenon is not 

understood.  
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Signals that trigger the arrest of tetraploid cells 

Knowing that a p53-dependent tetraploidy checkpoint exists to halt proliferation 

of tetraploid cells in G1, the question arises of what signals arise to trigger this 

arrest. Current evidence indicates that although the survival rate of tetraploid 

cells is usually low and most of them arrest in G1 (Andreassen et al., 2001, 

Cross et al., 1995, Fujiwara et al., 2005, Livingstone et al., 1992) tetraploidy itself 

or the increased chromosome, centrosome and nuclear numbers in tetraploid 

cells do not trigger the p53-dependent arrest and the death of tetraploid cells in 

the next cycle.  Signals that may trigger this arrest and eventual cell death are 

the destruction of the cytoskeleton or DNA damage caused by the preceding 

abnormal mitosis (Storchova and Kuffer, 2008). Many studies suggest that 

damage to the spindle, microtubules or the actin cytoskeleton can lead to a cell-

cycle arrest. Additionally, damage to the centrosomes or centrosomal stress can 

cause activation of the p38 stress response pathway, a p53 dependent G1 arrest 

and eventual cell death (Mikule et al., 2007). The centrosomal kinase LATS2 can 

play an important role in this process, since cells lacking LATS2 can escape 

mitotic arrest and proliferate as tetraploids (Storchova and Kuffer, 2008). A study 

supports this notion since Lats2 interacts with MDM2 and inhibits its ability to 

negatively regulate p53 and hence the lack of Lats2 results in the absence of p53 

function (Aylon et al., 2006).  
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LATS2 was initially shown to localize to centrosomes and suppress centrosome 

overduplication (McPherson et al., 2004) and the inhibition of LATS2 resulted in 

the accumulation of polyploid cells, suggesting that the LATS2-MDM2-p53 

pathway could contribute to the inhibition of further cell divisions once the cell 

becomes tetraploid. This notion gained additional backing from the discovery that 

cytokinesis failure could activate the hippo tumor suppressor pathway (Ganem et 

al., 2014). The study also suggested that the activation of the hippo pathway was 

mediated at least in part by the presence of additional centrosomes that in turn 

caused activation of LATS2. Additionally, LATS2 did not only activate the p53 

pathway in tetraploid cells, but could also negatively regulate the oncogenic 

transcriptional activator, Yes-associated protein (YAP) following cytokinesis 

failure (Ganem et al., 2014).  

 

The possibility of an abnormal centrosome number contributing to an 

antiproliferative response was raised in 2001 from observations in human cells 

that lacked centrosomes and arrested in G1 (Hinchcliffe et al., 2001, Khodjakov 

and Rieder, 2001). It was later shown that centrosomal disruption by depletion of 

centrosomal proteins could trigger a G1 arrest  (Gromley et al., 2003, Mikule et 

al., 2007). A clear mechanism connecting aberrant centrosomal number and the 

loss of centrosomes to the activation of p53 was later discovered that involved 

p53 binding protein 1 (53BP1) and ubiquitin-specific protease 28 (USP28) (Fong 

et al., 2016, Lambrus et al., 2016, Meitinger et al., 2016). 
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Dysfunctional mitotic machinery can also cause cellular stress and an eventual 

G1 arrest. Such stress is observed when the function of the SAC protein Bub1 

(which can activate p53) is reduced and cellular senescence is induced in cells 

with p53 compared to cells expressing a dominant negative p53 (Gjoerup et al., 

2007). Bub1 is also known to cause cell death in MEFs that undergo an 

abnormal mitosis. While MEFs with wild-type Bub1 die within a few hours 

following an aberrant mitosis, their survival is highly increased in cells with 

reduced levels of Bub1 and the chances of cell death positively correlate with 

levels of Bub1 (Jeganathan et al., 2007). Studies also suggest that the length of 

mitosis can define post-mitotic arrest in mammalian tetraploid cells (Uetake and 

Sluder, 2007). It is also suggested that since no transcription occurs in 

mammalian cells during mitosis, (Gottesfeld and Forbes, 1997), a prolonged 

mitosis without any transcription can cause eventual cell death (Blagosklonny, 

2006). Additionally, DNA damage and chromosome breaks occurring during an 

abnormal or prolonged mitosis can also trigger a G1 arrest and death of newly 

formed tetraploid cells (Storchova and Kuffer, 2008). Such DNA-damage has 

been observed in Chinese-hamster and human embryonic fibroblasts that 

underwent a nocodazole-induced mitotic arrest (Dalton et al., 2007, Quignon et 

al., 2007). In these studies, DNA damage appeared in all the cells that underwent 

a prolonged mitotic arrest, irrespective of whether they escaped the arrest and 

became tetraploid or successfully divided. Therefore, it is unlikely that the 

damage would activate cell death only in tetraploid cells (Storchova and Kuffer, 



 62 

2008). In spite of these studies, it is still unclear what precisely triggers death of 

newly arising tetraploid cells and it is likely that there may not be one exclusive 

pathway that is receptive to tetraploidy, but rather that the various cellular defects 

caused by an abnormal mitosis and resulting polyploidy can trigger cell death 

and it will differ based on cellular context (Storchova and Kuffer, 2008).  

 

Although the signals that activate p53 are not entirely clear, the extra numbers of 

chromosomes in tetraploid cells make them more susceptible to genomic 

instability which explains why they proliferate successfully when p53 is absent 

(Ganem et al., 2009). Thus,  the frequency of p53 pathway inactivation and 

presence of near-tetraploid karyotypes in cancer are suitably correlated (Davoli 

and de Lange, 2011).  

 

The cell cycle and mitosis in normal cells  

Phases of the mammalian cell cycle and mitosis  

The cell cycle is a very regulated sequence of steps with important checkpoints 

that allow faithful duplication of cellular content into two new daughter cells. The 

eukaryotic cell cycle is divided into four stages. The two main phases are S 

phase or the Synthesis phase and M phase or the Mitotic phase. These phases 

are separated by two GAP phases – G1 and G2 (Fig. I.7).  Cell cycle progression 

through these different phases is very strictly regulated to confirm unidirectional 

progression. The duplication of genetic content in S phase and the division of the 
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DNA and cytoplasm in M phase are tightly controlled to prevent detrimental 

mistakes (Morgan, 2006).  The G1, S and G2 phases of the cell cycle are 

together called interphase, to highlight their differences to M phase in which the 

cell undergoes many morphological changes and the entire length of interphases 

works in preparation for the process of mitotic cell division.   

The cell cycle begins with the G1 phase, during which the cell grows. It occurs 

right after the previous mitosis and is usually the longest phase of the cell cycle. 

Since the cell needs to double its size in interphase, both the gap phases (G1 

and G2) serve as periods of intense transcriptional and translational activity 

(Morgan, 2006).  G1 is also the point from where cells can exit the cell cycle and 

enter a quiescent phase known as G0. Cell cycle exit can be a reversible process 

in cells that are awaiting favorable conditions for cell division or irreversible in 

cases such as terminal differentiation (Morgan, 2006). In late G1, the cell 

prepares for the onset of S phase and in order to pass from G1 to S phase, the 

cell must pass the G1 restriction point.  At this point, the cell needs to assess if 

there are enough nutrients and enzymes available in order to progress into S 

phase. The G1 restriction point is tightly regulated by a number of transcription 

factors, cyclins and cyclin-dependent kinases (CDKs). In early G1, 

retinoblastoma (Rb) binds to E2F transcription factors to inhibit the transcription 

of genes necessary for cell cycle progression. As the cell progresses through G1, 

cyclin D accumulates and forms complexes with CDK4 and CDK6. The cyclin D-

CDK complexes can then phosphorylate E2F transcription factors, which release 
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Rb and start the transcription of genes important for the G1-S transition, including 

cyclin E (Malumbres and Barbacid, 2001). When cyclin E forms complexes with 

CDK2, this signals the cells to transition from G1 to the next phase of the cell 

cycle (Malumbres and Barbacid, 2001). Additionally, an important DNA damage 

checkpoint halts progression through cell cycle to let the cell repair its DNA if 

required. This is very important during the G1-S transition because during DNA 

replication, lesions that are unrepaired can become mutations that are inherited 

by the next generation (Li and Zou, 2005).  If the cell contains any defects, such 

as DNA damage, p16 and p53 can accumulate. The accumulation of p16 can 

disrupt the cyclin-CDK complexes, allowing Rb to rebind and dephosphorylate 

E2F transcription factors and arrest the cell in G1. Accumulation of p53 can lead 

to the activation of p21, an inhibitor of the cyclin E-CDK2 complex which can also 

arrest the cell in G1 and keep it from progressing to S phase. Thus, in order to 

pass the G1 restriction point, the cells have to be free of any abnormalities such 

as DNA damage and be of a sufficient size (Malumbres and Barbacid, 2001). 

 

Once the G1 restriction checkpoint is fulfilled, the cell can commit to proliferating 

and entering the S phase. After the cell enters S phase, DNA replication can 

begin and the entire genome of the cell is copied. DNA replication is initiated at 

multiple origins of replication. Replicative helicases unwind the DNA and create 

replication bubbles to allow bi-directional and semi-conservative replication of 

DNA (Masai et al., 2010). The genetic information stored in DNA needs to be 
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replicated accurately. This is ensured by the replication checkpoint which shares 

lot of components with the DNA damage checkpoint. The S phase replication 

checkpoint, however, also needs to coordinate the repair processes with DNA 

synthesis (Gottifredi and Prives, 2005).  In addition to replication of DNA, 

replication of the centrosome, the organelle responsible for serving as a 

microtubule organizing center during mitosis is also strictly controlled in S phase 

(Nigg and Stearns, 2011, Malumbres and Barbacid, 2001). In cycling cells, there 

is one centrosome that is duplicated in S phase and is separated in M phase. 

Other organelles and components of the cytoplasm are synthesized slowly 

throughout the cell cycle and are distributed to the two daughter cells through 

specific regulated mechanisms (Menendez-Benito et al., 2013, Jongsma et al., 

2015). After completion of S phase, the cell enter the G2 phase, which is 

responsible for growth and protein synthesis to prepare the cell to finish the cell 

cycle. In the G2 phase, there is another DNA damage checkpoint that controls 

the state of the DNA before transition to mitosis (Li and Zou, 2005).  

After the cell passes the G2 DNA damage checkpoint, it can enter mitosis (M 

phase), the final stage of the cell cycle (Malumbres and Barbacid, 2001).  M 

phase is distinguished from interphase because the cells undergo a series of 

morphological changes to enable faithful segregation of chromosomes into the 

tow daughter cells. It is the fastest stage of the cell cycle, but it is possibly the 

most critical to proper cell proliferation. Mitosis consists of five stages – 

prophase, prometaphase, metaphase, anaphase and telophase (Fig. I.8). During 
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prophase, the chromatin (chromosomes and associated proteins) condenses, 

induced partially by the multi-subunit protein complex condensing (Hirano and 

Mitchison, 1994, Hirano, 2012). The mitotic spindle forms, with one centrosome 

at each spindle pole and the nuclear envelope breaks down. During 

prometaphase, chromosomes are captured by microtubules, which attach to a 

large proteinaceous complex called the kinetochore, which is assembled in the 

centromeric region of the chromosome (Cheeseman, 2014). Each chromosome 

has one centromere, located at the center of the chromosome and therefore has 

one kinetochore (Malumbres and Barbacid, 2001, Foley and Kapoor, 2013). 

Microtubules pull on kinetochores and are thought to create a tension that is 

opposed by sister chromatid cohesion (Nasmyth and Haering, 2009, Peters and 

Nishiyama, 2012). Chromosome alignment starts in prometaphase and is 

completed during metaphase, at which point all of the chromosomes are 

organized in the middle of the cell. At this stage, each chromosome is connected 

by kinetochore microtubules to a spindle pole, with one copy of each paired 

chromosome going to each pole and sister chromatids are segregated by the 

mitotic spindle (a structure formed by microtubules nucleated by the centrosomes 

at opposite cell poles (Foley and Kapoor, 2013). Metaphase is also the phase 

when mitotic rounding of the cell is complete and a typical cell in culture has a 

shape that resembles a sphere. The rounding begins at the onset of mitosis and 

needs substantial remodeling of the actin cytoskeleton, which is closely related to 

the mitotic spindle formation. This round shape of the cell aids in symmetrical 



 67 

division of the cellular material (Cramer and Mitchison, 1997). The actual 

separation of the chromatids is tightly controlled to prevent missegregation and 

aneuploidy. At this point, once all the chromosomes are aligned, the final cell 

cycle checkpoint can be satisfied. This final checkpoint is called the spindle 

assembly checkpoint (SAC) and it plays a key role in ensuring the fidelity of 

chromosome segregation. The SAC acts prior to the metaphase-to-anaphase 

transition and can only be satisfied when each chromosome is properly attached 

to the mitotic spindle, in a bioriented fashion, so that sister chromatids are 

connected to microtubules emanating from opposite spindle poles. Failure of this 

checkpoint can lead to chromosome missegregation which is often observed in 

cancer (Musacchio and Salmon, 2007). Following SAC satisfaction, the 

anaphase promoting complex (APC) is turned on and the cell can enter 

anaphase. During the first part of anaphase, sister chromatids are pulled to the 

poles by shortening of kinetochore microtubules. Later in anaphase, the mitotic 

spindle elongates and the distance between the poles is increased, further 

separating the two sets of chromosomes to opposite sides of the cell  (Morgan, 

2006, Sullivan and Morgan, 2007). In telophase, new membranes form around 

the daughter nuclei, the chromosomes decondense and the spindle fibers 

dissolve. At the end of telophase, during cytokinesis (discussed in more detail in 

the next section),  the cytokinetic cleavage furrow ingresses between the two 

sets of segregated chromosomes and the two daughter cells remain connected 

only by a narrow intercellular bridge. This connection is severed by the process 
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of abscission where physical division of the cell into two new identical daughter 

cells takes place (Mierzwa and Gerlich, 2014). This step completes the cell cycle 

and the cells can now exit mitosis, forming two diploid daughter cells with two 

homologous copies of each chromosome (Green et al., 2012). 

 

The process of mitosis is very tightly kept in check by a series of control 

mechanisms in order to ensure genome stability in daughter cells. It is a series of 

highly dynamic and ordered steps controlled by post-translational modifications, 

mainly phosphorylation by mitotic kinases (Morgan, 2006). 
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Figure I.7 - The mammalian cell cycle 
 
Schematic representation of the eukaryotic cell cycle which is  a highly regulated, 
unidirectional, step-wise process. The cell cycle is divided into four distinct 
stages – G1, S, G2 and M phase. The first three stages of the cell cycle, 
collectively named interphase, prepare the cell for mitosis and cytokinesis. The 
two GAP phases (G1 and G2), provide time for the cell to grow and synthesize all 
the necessary components for the next phase. DNA replication occurs during S 
phase and cell division occurs in M phase. Cells can also temporarily or 
permanently leave the cell cycle by entering G0 phase. Error-free progression 
through the cell cycle is ensured by a series of checkpoints that monitor if the cell 
is ready to proceed to the next phase. 
Image created with BioRender.com. 

 
Figure adapted from: Morgan D et al. The Cell cycle: principles of control   

(2006), London, New Science Press. 
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Figure I.8 – A schematic of the different stages of mitosis. 
 
Late in interphase, cells have duplicated DNA, two centrosomes and other 
cellular components. As the cell enters mitosis, the DNA (chromatin) starts to 
condense, the chromosomes become visible and centrosomes move apart to the 
opposite poles to build the mitotic spindle. The nuclear envelope disassembles 
during prometaphase and the chromosomes are captured by the kinetochore 
microtubules. Once all the chromosomes are correctly attached, aligned and 
bioriented on the metaphase plate, anaphase can begin and the chromosomes 
segregate to the opposite spindle poles. Mitosis ends with nuclear envelope 
reformation and chromosome decondensation in telophase, which is immediately 
followed by cytokinesis and abscission, which results in the physical separation 
of the daughter cells.  
Image created with BioRender.com. 
 

Figure adapted from: Morgan D et al. The Cell cycle: principles of control (2006), 
London, New Science Press. 
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Cytokinesis  

Cytokinesis is defined as the process of the final separation of two new daughter 

cells where the cellular material is divided (Fig. I.9). The process of cytokinesis 

starts during anaphase, just following the segregation of sister chromatids. 

Molecular signals that come from the anaphase spindle to the cell cortex trigger 

the formation of an actinomyosin ring (discussed in detail in later section). 

Contraction of this ring leads to the ingression of the cleavage furrow, thus 

separating the cytoplasm into two parts. Following this step, the two cells stay 

connected by a thin intercellular bridge, until it is severed by the process of 

abscission (Fededa and Gerlich, 2012, D'Avino et al., 2015, Morgan, 2006). 

The key components involved in cytokinesis are evolutionarily conserved. Most 

organisms need actin, myosin and microtubules to finish cell division with 

success, however, the mechanism and the timing of the steps varies in different 

organisms. With respect to cleavage furrow positioning, signals coming from the 

anaphase spindle aid in establishing the position of the cleavage furrow in animal 

cells, whereas, the site of cleavage in yeast is determined before mitosis. In 

budding yeast, the bud specifies the division plane and it appears in the G1 

phase of the cell cycle, whereas, fission yeast mark the cleavage site early in 

mitosis by using the position of the nucleus (Balasubramanian et al., 2004, Barr 

and Gruneberg, 2007). In plant cells, there is no formation of the actinomyosin 

ring, however, they assemble a membrane and cell wall to separate the two cells 

(Jurgens, 2005). For cell division to be successful, cytokinesis must occur after 
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chromosome segregation. It must also take place at the equator of the cell in 

symmetrically dividing cells. Tight regulation of cytokinesis, both at the temporal 

and spatial levels prevents cytokinesis failure and thus the formation of tetraploid 

cells (discussed in detail in the section above).  It is known that tetraploid cells 

carry extra centrosomes and are genetically unstable (Ganem et al., 2007, 

Ganem et al., 2009), and have been shown to promote tumorigenesis (Fujiwara 

et al., 2005). The  deregulation of cytokinesis has also been associated with 

multiple diseases including cancer (Lacroix and Maddox, 2012).  
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Figure I.9 – The stages of cytokinesis 
 
At the start of anaphase, the mitotic spindle reorganizes to form a dense array of 
microtubules between the two spindle poles. Cytokinesis begins when the sister 
chromatids separate in anaphase and all the DNA is cleared from the division 
plane. Firstly, the plasma membrane ingresses at the equator of the cell. In 
animal cells, the position of the division plane and plasma membrane ingression 
is regulated by signals from the central spindle and the astral microtubules which 
is mediate the activation of the small GTPase RhoA, a key regulator of 
cytokinesis. RhoA is itself activated by the guanine nucleotide exchange factor 
ECT2. Once active, RhoA can activate a downstream signaling cascade that 
promotes the formation and contraction of the actinomyosin contractile ring. 
When the plasma membrane ingresses (cleavage furrow formation), the central 
spindle microtubules get compacted into an intercellular bridge with the midbody 
and midbody ring at its center. The midbody attaches the cleavage furrow to the 
intercellular bridge and promotes abscission, the final stage of cytokinesis.  
Image created with BioRender.com. 
 
 
Figure adapted from: Lens SMA et. al. Cytokinesis defects and cancer. Nature  

reviews cancer, (2019) Jan;19(1):32-4 
 



 74 

Genes and pathways involved in cytokinesis 

Cytokinesis is a complex, critical and multifaceted process. In all eukaryotes, the 

two key components of the cytoskeleton, tubulin and actin are very important for 

the process of cytokinesis. Another main feature is the necessity for protein 

kinases and their signaling that regulates positional information about 

chromosomes and spindle microtubules in anaphase, formation of the contractile 

ring and abscission. Several proteins come together to regulate this entire 

process in a precise and timely manner.   

 

In animal cells, cytokinesis starts with the assembly of the central spindle during 

anaphase and many different proteins regulate the dynamics of this process 

(Steigemann and Gerlich, 2009, Glotzer, 2009). The most important proteins 

regulating this process are microtubule associated protein (MAP) PRC1, the 

centralspindlin complex MKLP1 (mitotic kinesin-like protein 1) and the 

chromosomal passenger complex (CPC). PRC1 is a microtubule binding and 

bundling protein that is required to maintain the spindle midzone (Mollinari et al., 

2002). Through several phosphorylation and dephosphorylation steps and 

interactions with kinesin motor proteins, PRC1 bundles microtubules and plays a 

role in the formation of the midzone that serves as a platform for the other 

important proteins of the spindle such as centralspindlin and CPC (Zhu et al., 

2006). Centralspindlin is a heterotetramer that is composed of 2 molecules of 

MKLP-1 and CYK-4 each and plays a role in microtubule bundling, RhoA 
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regulation and recruitment of the regulators of abscission (Mishima et al., 2002, 

Glotzer, 2005). The CPC is critical for chromosome segregation and consists of 

survinin, borealin and INCENP (inner centromere protein). These components 

play a role in the regulation of and localization of Aurora B, a kinase with many 

different functions during cytokinesis (Jeyaprakash et al., 2007). In addition to the 

proteins described above, that are the components of the central spindle 

machinery, many other proteins are present on the central spindle during 

anaphase and telophase including NuSAP (nucleolar spindle-associated protein), 

Orbit,  ASP, and TBCD (tubulin cofactor D). These proteins play important roles 

in the organization of the spindle, in the functional kinetochore attachment of 

microtubules to maintain spindle polarity, cell abscission and centriologenesis 

(Raemaekers et al., 2003, Maiato et al., 2002, Gonzalez et al., 1990, Fanarraga 

et al., 2010).  Several kinesin motor proteins also regulate the central spindle and 

play important roles in the successful completion of cytokinesis. Examples 

include KIF4A, MKLP2, MPP1 and KIF14. All these proteins interact with the 

main regulators of the central spindle such as PRC1, CPC and INCENP and play 

important roles in their recruitment and localization to the spindle, microtubule 

bundling and binding, and midbody formation (Zhu et al., 2006, Hummer and 

Mayer, 2009, Abaza et al., 2003, Gruneberg et al., 2006). Several proteins that 

are important during cytokinesis act as subunits of larger complexes. One 

important example includes ECT2, a guanine nucleotide exchange factor for Rho 

GTPases. It is essential for RhoA activity and localization and it itself localizes to 



 76 

the central spindle and binds to and interacts with centralspindlin and CYK-4 

(Yuce et al., 2005). Another very important protein that is essential for 

microtubule binding is PLK1 (polo-like kinase 1). PLK1 interacts with MKLP2 and 

ECT2 and promotes the initiation and completion of cytokinesis (Neef et al., 

2003, Petronczki et al., 2007).  

 

Septins are another group of proteins that play a role during cytokinesis. 

Although their roles in mammalian cytokinesis are not entirely clear,  their 

depletion has been linked to impaired cytokinesis and binucleation (Joo et al., 

2005). A septin interacting protein, anillin is known to localize to the cleavage 

furrow and interacts with other furrow components such as F-actin and myosin II 

(discussed in detail in a later section) and its depletion is linked to furrow 

instability, suggesting that anillin is an important organizer of the cytokinesis 

machinery  (Hickson and O'Farrell, 2008a).  

 

The final step of cytokinesis, abscission, comprises of three main processes- 

membrane vesicles that are resulting from the endocytic recycling pathways 

need to be delivered to the plasma membrane of the midbody, the microtubules 

in the midbody need to be cut and finally, the remaining thin stalk connecting the 

daughter cells needs to undergo abscission (Sagona and Stenmark, 2010). 

Several proteins including CEP55 (centrosomal protein 55 kDa), ESCRT I and III 

(endosomal sorting complex required for transport I and III), spastin and Alix, an 
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ESCRT-associated protein, tightly regulate these steps and promote cytokinesis 

completion. Thus, the temporal control of cytokinesis is accomplished by a group 

of  interrelating mechanisms and disruptions in these steps can lead to the failure 

of cytokinesis.  

 

Causes of cytokinesis failure 

In order to successfully separate chromosomes and organelles into the new 

daughter cells and to optimally complete cytokinesis, cells have to overcome a 

number of biophysical challenges. To achieve this, cytokinesis occurs in distinct 

steps (Fig. I.9).  Each stage of cytokinesis is dependent on the proper execution 

of the prior stage and therefore, interference with any stage can result in 

cytokinesis failure. As a broad overview, the first stage of cytokinesis involves 

specification of the cleavage plane by the recruitment of the central regulator of 

cytokinesis, RhoA, to the site of the furrow, and disturbance of this step can lead 

to impaired cytokinesis initiation (Normand and King, 2010). In the second stage 

of cytokinesis, the cleavage furrow ingresses via the formation of the 

actinomyosin contractile ring and myosin motor activity. Perturbations at this step 

can cause a lack of furrow initiation or partial furrow ingression followed by 

untimely regression. The third stage of cytokinesis involves formation of the 

midbody and the stabilization of the furrow and it requires correct function of the 

proteins at the central spindle. A failure at this step can also cause untimely 

cleavage furrow regression. The final step of cytokinesis, abscission, requires the 
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presence of a properly functioning midbody and proteins involved in vesicle 

trafficking and fusion. Perturbations at this step can lead to furrow regression or 

to a formation of a stubborn connection between the two daughter cells  

(Normand and King, 2010). Cytokinesis is therefore a series of connected, 

interdependent processes and a disturbance at any step or perturbation of 

essential protein expression can induce failure. 

 

Cytokinesis can fail in several ways including cleavage furrow regression caused 

by physical obstructions induced by artificial (asbestos fibers) or natural methods 

(entosis), lagging chromosomes, ultrafine DNA bridges (Lacroix and Maddox, 

2012, Jensen et al., 1996, Overholtzer et al., 2007, Mullins and Biesele, 1977, 

Norden et al., 2006, Steigemann et al., 2009, Mierzwa and Gerlich, 2014, 

Ichijima et al., 2010, Chan et al., 2018, Germann et al., 2014) due to altered 

expression of or mutations in proteins regulating cytokinesis (Petronczki et al., 

2007, Kim et al., 2005, Kosako et al., 2000) or due to prolonged mitosis causing 

mitotic slippage (Gascoigne and Taylor, 2008, Brito and Rieder, 2009, Orth et al., 

2008).  

 

Cytokinesis can fail if cleavage furrow ingression fails to initiate which can occur 

when Rho GTPase, RhoA, its activators such as PLK1, ECT2 or immediate 

downstream effectors such as RHO-associated protein, ROCK are inhibited at 

the onset of anaphase (Kishi et al., 1993, Petronczki et al., 2007, Kim et al., 
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2005, Kosako et al., 2000). It can also fail if ingression of the cleavage furrow 

remains incomplete resulting in a phenotype of initial cleavage furrow ingression, 

followed by furrow regression (Kitagawa et al., 2013, Mollinari et al., 2002). This 

can occur when components that control the central spindle formation such as 

the chromosome passenger complex (CPC), centralspindlin and protein regulator 

of cytokinesis 1 (PRC1) are disturbed  (Kitagawa and Lee, 2015). It can also fail 

at the final stage, if abscission is disrupted due to absence of critical mediators 

such as centrosomal protein CEP55, endosomal sorting complexes required for 

transport (ESCRT)-III or spastin from the midbody (Lacroix and Maddox, 2012).  

 

Physical obstruction of cleavage furrow ingression 

Several physical, both natural and artificial in an experimental setting have been 

shown to obstruct cytokinesis (Lacroix and Maddox, 2012). In an experimental 

setting, an example of agents that cause cytokinesis failure are asbestos fibers, 

that can physically block cytokinesis and have been suggested to contribute to 

their carcinogenic effects (Jensen et al., 1996). In a natural setting, loss of cell-

matrix adhesion can trigger a process called entosis, where viable cells can get 

internalized into neighboring cells, resulting in structures that can block 

cytokinesis in the host cell. Such structures are associated with a high frequency 

of multinucleation and have been observed in human breast tumors (Krajcovic et 

al., 2011). Additionally, presence of DNA or chromatin at the intercellular bridge 

and cleavage plane can also block cytokinesis (Mullins and Biesele, 1977, 
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Norden et al., 2006, Steigemann et al., 2009, Mierzwa and Gerlich, 2014). This 

obstruction due to the presence of large amounts of DNA in the cleavage plane 

serves as a physical barrier between the ingressing furrow and the midbody and 

can likely lead to incomplete cleavage furrow ingression or rapid furrow 

regression. On the other hand, presence of a single lagging chromosome or a 

chromatin bridge can cause cells to stop cytokinesis due to activation of the 

abscission checkpoint (Steigemann et al., 2009). The failure to clear this 

chromatin bridge or lagging chromosome from the cleavage plane can 

subsequently result in furrow regression and tetraploidization (Mullins and 

Biesele, 1977, Steigemann et al., 2009, Ichijima et al., 2010). Moreover, small 

amounts of DNA such as ultrafine bridges during anaphase can also interrupt 

cytokinesis completion (Chan et al., 2018, Germann et al., 2014). Therefore, 

obstructions caused during chromosome missegregation during mitosis can 

potentially cause cytokinesis failure (Lens and Medema, 2019). 

 

Altered expression of cytokinesis regulators and drivers 

In addition to physical barriers discussed above, alterations in the expression of 

cytokinesis regulators can also cause cytokinesis failure. The loss of several 

tumor suppressor genes such as BRCA2, von Hippel-Lindau (VHL), APC and 

LATS1 have been shown to cause cytokinesis failure  (Lens and Medema, 2019).  
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In addition to these tumor suppressors, amplifications and deep homozygous 

deletions of many genes encoding cytokinesis regulators have been linked to 

cytokinesis failure. Examples include ECT2, a gene encoding the GEF for RhoA, 

PRC1, KIF20A, spartin and RhoA (Lens and Medema, 2019). ECT2 has been 

shown to be amplified and overexpressed in a number of different cancers 

including non-small cell lung cancer, ovarian, esophageal, head and neck and 

cervical and is often associated with poor prognosis (Fields and Justilien, 2010, 

Normand and King, 2010, Hirata et al., 2009, Luo et al., 2015, Salhia et al., 2008, 

Sano et al., 2006). Although experimental overexpression of ECT2 has not been 

shown to cause cytokinesis failure resulting in binucleation, it is linked to other 

cytokinesis defects such as incorrect positioning of the cleavage furrow (Fields 

and Justilien, 2010, Normand and King, 2010). Overexpression of the 

microtubule bundling protein, PRC1 has been linked to a high degree of 

chromosomal instability in many cancer types (Carter et al., 2006). It is 

speculated that this chromosomal instability and associated aneuploidy are 

caused by a tetraploid intermediate resulting from cytokinesis failure and it has 

indeed been shown that both overexpression and knockdown of PRC1 causes 

cytokinesis failure (Mollinari et al., 2005, Li et al., 2018). Lastly, apart from gene 

deletions and amplifications, point mutations in key cytokinesis regulators can 

also disrupt cytokinesis (Lens and Medema, 2019). One major cytokinesis 

regulator is RhoA, which is mutated in a many cancers including 

angioimmunoblastic T cell lymphomas, peripheral T cell lymphomas, diffuse 
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gastric cancers, and Burkitt’s lymphomas (Palomero et al., 2014, Sakata-

Yanagimoto et al., 2014, Yoo et al., 2014, Manso et al., 2014, Cancer Genome 

Atlas Research, 2014, Kakiuchi et al., 2014, Wang et al., 2014, Rohde et al., 

2014). These cancer-associated mutations affect two functional domains of RhoA 

resulting in an impaired ability to bind GTP and some of its downstream effectors, 

in turn impairing RhoA’s cytokinesis-dependent functions (Zhou et al., 2014).  

(The role of RhoA during cytokinesis is discussed in details in the next section). 

 

Contributions of cytokinesis defects in cancer 

As discussed above, cytokinesis can fail in a variety of ways, each with different 

results for the cell. For example, if cytokinesis fails in a cell that has completed 

karyokinesis or the separation of the nuclei, that will result in a binucleated 

tetraploid cell in G1 with two centrosomes and if both karyokinesis and 

cytokinesis fail, this can result in a mononucleated tetraploid cell in G1 with two 

centrosomes  (Lens and Medema, 2019). In any case, the subsequent tetraploidy 

and whole-genome duplication is believed to contribute to great genetic variation 

leading to error prone cell divisions in the cells, suggesting that tetraploidy can 

result in the cell gaining a “mutator phenotype” yielding genetic heterogeneity 

(Kuznetsova et al., 2015, Dewhurst et al., 2014, Shackney et al., 1989, 

Storchova and Pellman, 2004).  Errors on chromosome segregation arise in 

tetraploid cells not only due to their doubled DNA content but also their doubled 

centrosome number. Therefore, during mitosis, this increased number of 
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centrosomes can lead to the formation of four spindle poles (instead of two) in a 

single cell and as mitosis progresses, these poles can cluster to form a bipolar 

spindle (Kwon et al., 2008, Borel et al., 2002, Quintyne et al., 2005). While this 

centrosome clustering can allow the cell to divide into two daughter cells, the 

process is likely to contain many errors due to many unresolved, mis-attached 

chromosome and can result in daughter cells with many structural and numerical 

chromosomal abnormalities (Ganem et al., 2009). Instead, the spindle poles can 

remain separated and only partially cluster, causing formation of tripolar or 

tetrapolar spindles promoting formation of multiple cleavage furrows, triggering 

the generation of daughter cells with abnormal centrosome numbers and several 

chromosomal abnormalities with subsequent cell divisions (Lens and Medema, 

2019). Recent studies support this notion and suggest that near triploid and near 

tetraploid cancers develop very complex genomes per chromosome than 

cancers that are near diploid and this is likely because tetraploid cells can 

tolerate aneuploidies better than diploid cells (Dewhurst et al., 2014). Undeniably, 

near-triploid and near- tetraploid aneuploidies have been observed in cancers 

such as osteosarcomas, neuroblastomas, cervical carcinomas, Hodgkin’s 

lymphomas, breast, ovarian and colorectal carcinomas and liver, pancreas and 

lung adenocarcinomas (Storchova and Kuffer, 2008, Dewhurst et al., 2014, Basto 

et al., 2008). 
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Recent literature indicates that centrosomal amplification alone can trigger 

cellular transformation and experimental introduction of extra centrosomes has 

been shown to drive spontaneous tumor formation in flies and mice (Basto et al., 

2008, Levine et al., 2017). Several centrosomal abnormalities such as 

supernumerary centrosomes and centrioles, excess pericentriolar material, 

inappropriate regulation of centrosomal proteins has been observed in human 

breast, prostate, pancreatic and bladder cancers along with squamous cell 

carcinomas and neuroectodermal tumors (Lingle et al., 2002, Lingle et al., 1998, 

Pihan et al., 2001, Yamamoto et al., 2009, Sato et al., 1999, Kuo et al., 2000, 

Gustafson et al., 2000, Carroll et al., 1999, Thirthagiri et al., 2007, Weber et al., 

1998). Moreover, transient overexpression of PLK4, a master regulator of 

centrosome duplication, in a p53-deficient background was shown to drive 

tumorigenesis in mice (Sercin et al., 2016). However, it should be noted that 

although constitutive expression of PLK4 did cause centrosomal amplification, its 

expression alone does not promote tumorigenesis (Vitre et al., 2015). 

Apart from complete cytokinesis failure, many other problems arising during 

cytokinesis can also contribute to tumorigenesis. For example, if cytokinesis 

continues in the presence of lagging chromosomes, it can produce DNA double 

strand breaks and in turn induce a p53-dependent cell cycle arrest in G1 and can 

lead to chromosomal structural abnormalities and translocations in a p53-

deficient setting (Janssen et al., 2011). Such chromosomal translocations arising 

due to cytokinesis associated DNA breaks are observed in hematological 
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malignancies (Aplan, 2006). Additionally, chromosome segregation errors can 

lead to formation of micronuclei that can further generate a variety of genetic 

alterations including chromothripsis, a process in which many chromosomal 

rearrangements are acquired by the cell (Crasta et al., 2012, Liu et al., 2018b, Ly 

et al., 2017), contributing to tumorigenesis. 

 

Rho GTPases 

The Rho family of GTPases act as molecular switches to control several cellular 

processes via signaling to downstream effectors in a spatially controlled manner. 

The Rho proteins are a distinct family within the Ras superfamily of small 

GTPases and they share a 30% sequence homology with other Ras family 

proteins and ~40-90% homology with each other (Bar-Sagi and Hall, 2000, 

Madaule and Axel, 1985). In humans there are 20 Rho family members, with 

conserved orthologs in other species including yeast, plants, worms and flies 

(Boureux et al., 2007).  The 3 most well studied members of the RhoGTPase 

family are RhoA, Rac1 and Cdc42 (Ellenbroek and Collard, 2007, Ridley, 2012). 

These GTPases function as molecular switches within the cell cycle by actively 

cycling between their inactive GDP bound and their active GTP bound states 

(Bourne et al., 1990). Rho proteins are best known for their regulation of cell 

migration, cell morphology, cell polarity and cell-cycle progression through the 

control of the actin cytoskeleton. Tight control of theses GTPases is very 
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important for proper cell behavior and deregulation can have serious 

consequences such as contribution to tumorigenesis (Sahai and Marshall, 2002).  

 

Regulation of Rho GTPases 

Different families of proteins regulate molecular function of Rho GTPases (Fig. 

I.10). Guanine Nucleotide exchange factors (GEFs), bind the GTPase and 

catalyze the dissociation of GDP. Following this, GTP can bind, getting the 

GTPase in an active conformation (Etienne-Manneville and Hall, 2002). On the 

other hand, GTPase Activating Proteins (GAPs) catalyze the hydrolysis of GTP 

to GDP, resulting in the inactivation of the GTPase (Fig. I.10). This control 

between the active and inactive states allows GTPases to function as molecular 

switches. The activated GTPases can interact with their downstream effectors 

and further regulate downstream signaling. Upstream in the signaling cascade, 

the Rho family GEFs and GAPs are regulated by a wide array of extracellular 

and intracellular signals (Schmidt and Hall, 2002). The third family of Rho 

GTPase regulators Is the Guanine Nucleotide Dissociation inhibitors (GDIs), 

which prevent the spontaneous switching between the GDP and GTP bound 

states and promote sequestration in the cytoplasm (DerMardirossian and 

Bokoch, 2005, Robbe et al., 2003, Olofsson, 1999, Boulter et al., 2010). 

Additionally, they bind the lipid moiety of the GDP bound state and thus prevent 

signaling to downstream effector molecules (Keep et al., 1997).  
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Activation of growth-factor receptors and integrins can trigger the exchange of 

GDP to GTP on Rho proteins and the active GTP-bound Rho proteins can then 

further interact with a variety of downstream effector molecules that can regulate 

their activity and localization (Sahai and Marshall, 2002). The actions of these 

effector proteins eventually leads to changes in cell behavior. Many of the Rho 

effector proteins are kinases that control cellular functions by phosphorylation of 

specific cellular targets. Examples of effector kinases include the p21-activated 

kinases (PAKs) that bind to active CDC42 and Rac1 and the Rho-associated 

coiled-coil-forming kinases (ROCKs) that bind to active RhoA (Sahai and 

Marshall, 2002). Other effectors of Rho proteins include scaffold proteins that 

control cellular functions via protein-protein interactions and regulate Rho 

function in that manner (Sahai and Marshall, 2002). 
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Figure I.10 -  Regulation of Rho GTPases 
 
Rho GTPases cycle between an active (GTP-bound) and an inactive (GDP-
bound) states. In the active state, they can interact with many target proteins 
called effectors. The cycle is tightly regulated by three classes of protein – 1) 
Guanine nucleotide exchange factors (GEFs), that catalyze nucleotide exchange 
and trigger activation, 2) GTPase-activating proteins (GAPs), that stimulate GTP 
hydrolysis leading to inactivation and 3) Guanine nucleotide exchange inhibitors 
the can extract the inactive GTPase from membranes. When the active, GTP-
bound Rho GTPase interacts with downstream effectors, they can regulate 
several downstream functions. 
Image created with BioRender.com. 
 
Figure adapted from: Etienne-Manneville S et al. Rho GTPases in cell biology. 

Nature (2002), 420 ; 629–635. 
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Roles of Rho GTPases and its regulatory factors in mitosis and cytokinesis 

in mammalian cells  

RhoA is the master regulator of cytokinesis. Some of the first experiments that 

showed RhoA has a vital role in cytokinesis were performed in Xenopus laevis 

embryos and the specific inhibition of RhoA by C3 toxin resulted in impaired 

cleavage furrow formation and cytokinesis (Kishi et al., 1993). Additional 

experiments in other organisms such as Drosophila melanogaster and C.elegans 

confirmed the importance of RhoA in cell division (Crawford et al., 1998, 

Prokopenko et al., 1999, Jantsch-Plunger et al., 2000).  Experiments that used 

fluorescent probes in HeLa cells and in sea urchins revealed that active RhoA 

localizes to the cleavage plane and this accumulation precedes furrow formation 

(Yoshizaki et al., 2003, Bement et al., 2005). Experiments in sea urchins that 

used fluorescent probes also indicated that by controlling the zone of active 

RhoA, microtubules of the anaphase spindle control the localization of the 

cleavage during cytokinesis, since the displacement of the spindle results in a 

corresponding shift of the zone of active RhoA. These experiments provided a 

link between the spindle and the activity of RhoA and thus provided a causal 

correlation between the spindle and the furrow (Bement et al., 2005). 

Intrinsic GTPase activity of RhoA is very low and needs to be activated by 

interaction with regulatory factors. As discussed above, GEFs trigger their 

dissociation of inactive GDP bound complexes and therefore activate the 

GTPase and its downstream effectors. The interaction of the GEF with the 
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GTPase affects the nucleotide binding site of the GTPase, aiding in nucleotide 

release. The concentration of GTP in the cytoplasm is nearly 10 times higher 

than GDP and this favors GTP binding and subsequent RhoA activation (Bos et 

al., 2007). On the other hand, GAPs trigger GTP hydrolysis, resulting in the 

conversion of the GTPase to its inactive state (Vetter and Wittinghofer, 2001, Bos 

et al., 2007). It was originally thought that the GEFs activate RhoA to initiate 

furrowing, and the GAPs inactivate RhoA at the end of cytokinesis. However, a 

few years later, the “flux’ model was proposed, suggesting constant cycling of 

RhoA between its GTP and GDP bound states  (Bement et al., 2006, Miller and 

Bement, 2009).  

 

RhoA plays a critical role in the formation of the cleavage furrow in animal cells 

(Kishi et al., 1993, Drechsel et al., 1997, Jantsch-Plunger et al., 2000, Kamijo et 

al., 2006) and one of the main events in this process is the localized activation of 

RhoA to a narrow zone at the site of the furrow (Piekny et al., 2005, Yonemura et 

al., 2004, Yuce et al., 2005, Nishimura and Yonemura, 2006, Yoshizaki et al., 

2003, Bement et al., 2005). The localized activation of RhoA within this narrow 

zone has been suggested to be important for efficient furrowing and any 

disruptions that broaden the zone of RhoA activation can lead to a failure in the 

formation or ingression of the furrow (Yuce et al., 2005).  
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The chief GEF factor for RhoA during cytokinesis is Ect2 and it has been shown 

that mutation or depletion of Ect2 causes a failure in contractile ring assembly 

and cleavage furrow formation  (Tatsumoto et al., 1999, Prokopenko et al., 1999, 

Somers and Saint, 2003, Yuce et al., 2005). Ect2 is sequestered in the nucleus 

during interphase and gets released after nuclear envelope breakdown in mitosis  

(Normand and King, 2010). In late anaphase, Ect2 localizes to the central spindle 

and associates with the centralspindlin complex that is composed of MKLP1 and 

MgcRacGAP, a GTPase activating protein (Kamijo et al., 2006, Yuce et al., 2005, 

Somers and Saint, 2003, Mishima et al., 2002). MgcRacGAP can bind to Ect2 

and stabilize it in an active conformation allowing it to interact with RhoA (Yuce et 

al., 2005). When the centralspindlin complex tethers to the central spindle, it 

restricts activation of Ect2 within a narrow zone, leading to a narrow zone of 

RhoA activation, and delocalization of Ect2 or MgcRacGAP from the central 

spindle can broaden the zone of RhoA activation, causing subsequent failure of 

furrow formation (Yuce et al., 2005, Tatsumoto et al., 1999, Chalamalasetty et 

al., 2006, Somers and Saint, 2003). This suggests that cytokinesis failure can 

occur due to impaired delivery of RhoA activators to the cell cortex, causing 

insufficient or broad activation of RhoA  (Normand and King, 2010). 

Other GEFs have also been suggested to play roles in the activation of RhoA 

during cytokinesis. For example, MyoGEF localizes to the spindle poles and the 

central spindle and its depletion can lead to mild cytokinetic defects (Wu et al., 

2006). MyoGEF activity has also been shown to affect Ect2 and RhoA 
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localization, however it does not directly activate RhoA, which might explain the 

mild cytokinetic defects following its depletion (Asiedu et al., 2009). Another GEF 

that plays a possible role in the activation of RhoA during cytokinesis is GEF-H1. 

It localizes to the spindle microtubules during mitosis and similar to MyoGEF, its 

depletion causes mild cytokinetic defects (Birkenfeld et al., 2007).  

The GAP MgcRacGAP (CYK-4 in C. elegans and RacGAP50 in D. 

melanogaster) is one of the most studied GAPs in the field of cytokinesis. 

MgcRacGAP is a component of the centralspindlin complex and plays a very 

important role in central spindle assembly (Mishima et al., 2002, Pavicic-

Kaltenbrunner et al., 2007). Even though MgcRacGAP is an important factor, 

how and whether it affects RhoA activity has been a question of debate in the 

field. The first study suggesting its role in RhoA activation was performed in 

C.elegans embryos, where cyk-4 mutant embryos initiated furrowing, however 

failed to complete cytokinesis (Jantsch-Plunger et al., 2000).  Thus, CYK-4 was 

proposed to be the GAP factor for RhoA (Jantsch-Plunger et al., 2000, Lee et al., 

2004).  As its name suggests, MgcRacGAP can also inhibit the GTPase Rac1. 

The activity of Rac is suppressed at the spindle midzone and it is known that 

constitutive activation of Rac1 can cause multinucleation (Yoshizaki et al., 2004, 

Yoshizaki et al., 2003). Therefore, in addition to activation of RhoA via Ect2 

recruitment, MgcRacGAP can also inactivate Rac in the furrow to facilitate 

cytokinesis  (Yoshizaki et al., 2004, D'Avino et al., 2006, D'Avino et al., 2004).  
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Other GAPs shown to have roles in cytokinesis include p190RhoGAP and MP-

GAP. p190RhoGAP has been shown to regulate RhoA activity as a classic GAP 

factor and its overexpression is linked to cytokinesis failure and the formation of 

multinucleated cells (Su et al., 2003). Additionally, it has been proposed that 

p190RhoGAP can contradict Ect2 GEF activity and thus regulate RhoA 

activation, however, the phenotype observed by depletion of p190RhoGAP is not 

very penetrant, suggesting that that p190RhoGAP is probably not the main GAP 

factor for RhoA (Mikawa et al., 2008, Su et al., 2009).  Together these studies 

suggest the importance of the correct delivery of signals leading to localized 

activation of RhoA and possibly suppression of Rac at the furrow and other 

studies suggest that cytokinesis failure can occur if either of these processes are 

perturbed (Normand and King, 2010). 

 

Roles of Rho GTPases and downstream factors in contractile ring 

assembly and function  

The activation of the small GTPase RhoA is a key step during cytokinesis. 

Activated RhoA leads to the recruitment and activation of downstream effector 

proteins that organize the furrow and trigger its ingression (Normand and King, 

2010).   The active GTP-bound form of RhoA stimulates contractile ring formation 

and promotes contraction by concurrent activation of downstream actin assembly 

and myosin II activity (Fig. I.11) (Piekny et al., 2005, Jordan and Canman, 2012). 

The binding of RhoA to formins leads to the release of their autoinhibition (Otomo 
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et al., 2005). Following this release, formins together with profilin can nucleate 

and elongate linear actin filaments which are crucial for contractile ring assembly 

and ingression (Castrillon and Wasserman, 1994, Severson et al., 2002, 

Watanabe et al., 1997, Watanabe et al., 2008).  Moreover, RhoA can indirectly 

activate myosin II via activation of ROCK and the inhibition of MYPT 

phosphatase (Matsumura, 2005).  Rho-associated protein kinase (ROCK) is a 

serine-threonine kinase that phosphorylates Ser19 of myosin II regulatory light 

chain (rMLC), resulting in the formation of the myosin II thick filament and 

subsequent activation of the ATPase activity of its motor domain (Amano et al., 

1996, Kosako et al., 2000). MYPT is a myosin phosphatase that 

dephosphorylates Ser19 and therefore requires inhibition by ROCK 

phosphorylation and allows the formation of the contractile ring (Kimura et al., 

1996, Piekny and Mains, 2002). Furthermore, ROCK indirectly stabilizes actin 

filaments by the inactivation of the actin binding protein cofilin, which otherwise 

would disassemble the filaments (Amano et al., 2002, Geneste et al., 2002). 

Another RhoA target and effector is Citron kinase which can phosphorylate 

myosin II at both Ser19 and Thr18 (Yamashiro et al., 2003). Recent data 

obtained in D. melanogaster, however, suggests that Citron kinase is not a true 

effector of RhoA and its activity can be independent of RhoA status (Bassi et al., 

2011). It is also known that Citron kinase plays a role later during the process of 

abscission and has also been proposed to work as a scaffolding factor of the 

contractile ring (Bassi et al., 2013, Gai et al., 2011, D'Avino et al., 2015). 
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Another important scaffolding factor of the contractile ring is Anillin. It is a highly 

conserved multi-domain, furrow component that interacts with many proteins vital 

for cytokinesis and  is known to interact with actin, myosin, RhoA, septins, 

MgcRacGAP and Ect2 (Piekny and Glotzer, 2008, Piekny and Maddox, 2010, 

Miller et al., 1989, Straight et al., 2005, Field et al., 2005, Gregory et al., 2008, 

Frenette et al., 2012, D'Avino et al., 2008). Anillin can act as a scaffold protein 

and can bind to F-actin, myosin, septins and activated RhoA (Field and Alberts, 

1995, Oegema et al., 2000, Straight et al., 2005, Piekny and Glotzer, 2008, 

Hickson and O'Farrell, 2008a, Hickson and O'Farrell, 2008b). Anillin localizes to 

the furrow during the early stages of cytokinesis, however it is not essential for 

ingression of the furrow. It is known that depletion of anillin does not prevent the 

ingression of the cleavage furrow, however, the furrow is unstable and can 

regress at a later stage resulting in the formation of multinucleated cells (Straight 

et al., 2005). Rather, it is thought to be important for furrow stabilization and 

during midbody formation and abscission (Echard et al., 2004, Straight et al., 

2005, Somma et al., 2002, Field et al., 2005, Zhao and Fang, 2005). Anillin 

interacts with RhoA and its localization to the furrow requires activation of RhoA 

(Piekny and Glotzer, 2008, Hickson and O'Farrell, 2008b, Zhao and Fang, 2005, 

Prokopenko et al., 1999). Anillin is also thought to provide a signaling platform 

and can link the contractile ring with the plasma membrane (Liu et al., 2012).  It 

contains domains that allow its interaction with phosphorylated myosin, actin 

filaments and septins (Field and Alberts, 1995, Oegema et al., 2000, Straight et 
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al., 2005, Kinoshita et al., 2002), thus making anillin perfectly suited to crosslink 

the actomyosin and septin cytoskeletons with the contractile ring.  

Considering how complex the assembly of the contractile ring is, the question 

arises as to how the actinomyosin ring generates the force required to ingress 

the furrow. Actin and myosin II form the ring surrounding the cell equator beneath 

the cell cortex and the ring appears as a broad equatorial zone, but narrows 

down later (Maupin and Pollard, 1986, Kamasaki et al., 2007, Mabuchi, 1994, Hu 

et al., 2011, Lewellyn et al., 2011). It is proposed that actin and myosin can 

assemble on site or travel to the equator by cortical flow (Murthy and Wadsworth, 

2005, Yumura et al., 2008, Zhou and Wang, 2008, Uehara et al., 2010). Several 

theories have been proposed to shed light into how the actinomyosin ring 

generates the force to ingress the furrow, however, it is highly debated and not 

completely understood. The classic model, known as the “purse string” theory 

postulates that myosin II slides the antiparallel actin filaments similar to the way 

muscle contraction works, shrinking the diameter of the ring causing ingression 

of the surrounding membrane (Schroeder, 1972, Satterwhite and Pollard, 1992, 

Biron et al., 2005). This model required the alignment of the filaments with the 

cleavage plane and it was seen in several experimental settings (Schroeder, 

1972, Tucker, 1971, Maupin and Pollard, 1986, Kamasaki et al., 2007), however 

other studies disputed this filament organization (Fishkind and Wang, 1993, 

Reichl et al., 2008) and another recent study showed that a myosin II mutant that 

cannot slide actin filaments was able to rescue cytokinesis in COS-7 cells  (Ma et 



 97 

al., 2012). Other models proposed suggest that depolymerization of actin 

together with crosslinking proteins could be enough to generate the contractile 

force required for furrow ingression (Zumdieck et al., 2007, Vogel et al., 2013, 

Reichl et al., 2008). Other experiments have suggested that actin filaments 

shorten and the contractile ring can disassemble during contraction (Murthy and 

Wadsworth, 2005, Kamasaki et al., 2007, Carvalho et al., 2009). Majority of the 

models proposed to date have focused on the contractile forces at the equator of 

the cell, however, others have shown that cell shape and contractility of the polar 

cortex can also affect furrow ingression (Zhang and Robinson, 2005, Sedzinski et 

al., 2011). Hence, considering all the debates surrounding this topic, further 

research is necessary to understand how the contractile ring generates the 

contractility and force required for furrow ingression. 
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Figure I.11 – Role of RhoA in contractile ring assembly and function 
 
Activation of small GTPase RhoA is a key step during cytokinesis. This scheme 
represents the two main downstream pathways that forms actomyosin contractile 
ring and activates cleavage furrow ingression. RhoA triggers actinomyosin ring 
assembly and constriction by activation of the scaffold protein, anillin, the actin 
nucleator, formin and myosin II activator, ROCK. 
Image created with BioRender.com. 
 

 
Figure adapted from: Schwayer C et. al. Actin rings of power. Developmental 

Cell (2016). Vol 37; 6, 493-506 
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Rho GTPases in cancer 

It is well known that Rho proteins regulate cell morphology and the actin 

cytoskeleton (Hall, 1998, Van Aelst and D'Souza-Schorey, 1997) and it later 

became clear that they also regulate gene expression, cell proliferation and 

survival (Sahai and Marshall, 2002). Since these functions are important during 

tumorigenesis, it is essential to understand how Rho proteins contribute to the 

deregulation of these processes. It is suggested that the cycling of Rho proteins 

between the GTP and GDP bound states may be important for their roles in 

tumorigenesis (Sahai and Marshall, 2002).  

 

It has been shown that inhibitory mutants of RhoA, Rac1 and Cdc42 can prevent 

RAS mediated transformation of fibroblasts whereas activating mutants can 

display transformation capabilities (Qiu et al., 1995a, Qiu et al., 1995b, Qiu et al., 

1997, Roux et al., 1997, Murphy et al., 1999, Khosravi-Far et al., 1995) and Rho 

function is suggested to be required for RAS transformation. Many Rho-GEFs 

have been implicated as more potent oncogenes than GTPase defective Rho 

proteins. Rho-GEFs have been shown to have transforming functions in cancers 

such as leukemia and have also been associated with cooperation with RAF in 

the transformation of fibroblasts (Reuther et al., 2001). Rho proteins are also 

genetically altered in tumors of myeloid origin such as multiple myeloma and 

non-Hodgkin’s lymphoma, leading to their overexpression (Preudhomme et al., 

2000, Pasqualucci et al., 2001).  Unlike RAS proteins, Rho proteins are not 
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usually found to be constitutively active in cancers, however, several Rho 

proteins have been found to overexpressed in human tumors. For example, 

RhoA overexpression was observed in breast and testicular germ cell tumors and 

their expression levels correlated positively with the progression of disease 

(Kamai et al., 2001, Fritz et al., 1999). According to the TCGA database, the 

RhoA gene is rarely amplified and is often predicted to be deleted or present with 

mild mutational hotspots in many cancer types such as lung, bladder, stomach, 

breast and colon (Svensmark and Brakebusch, 2019). Rac1 has been seen to be 

amplified in many cancers suggesting a tumor promoting role (Svensmark and 

Brakebusch, 2019). In cancers such as melanoma, uterine cancer and head and 

neck squamous cell carcinoma (HNSCC), an increased number of mutations with 

a clear hotspot at P29 have been seen. These mutations can increase Rac1 

activity without preventing the cycling between a GTP and a GDP bound form 

(Svensmark and Brakebusch, 2019). Additionally, an alternative splice variant of 

Rac1, that has increased GTP-GDP cycling,  was found to be highly expressed in 

breast and colon cancers (Jordan et al., 1999, Schnelzer et al., 2000).  In cell 

culture, Rac1 often shows an antagonistic relationship to RhoA (Chauhan et al., 

2011)  and this is relevant in terms of stomach and HNSCC cancers which 

display deletions and point mutations of RhoA and amplification of Rac1 

(Svensmark and Brakebusch, 2019).  These studies indicate that given the 

correlation between Rho proteins and their roles in cancer, their expression 

levels could be useful prognostic indicators and there is research proposing them 
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as good targets for cancer therapy. Several methods of disrupting Rho function 

have been suggested, including inhibition of membrane localization, blocking the 

function of Rho-GEFs, preventing their interaction with its effectors and finally, 

inhibiting downstream effector function (Sahai and Marshall, 2002).  

 

Centrosome duplication   

The centrosome is the main microtubule (MT)-organizing center (MTOC) in cells 

and they play key roles during mitosis where they organize the two opposite 

poles of the mitotic microtubule spindle apparatus where chromosomes can 

separate. They also play key roles in polarity, migration and cell division 

(Godinho and Pellman, 2014). The centrosome is composed of a pair of 

centrioles that are themselves surrounded by a multifaceted proteinaceous 

structure called the pericentriolar material (PCM) (Fig. I.12) (Bettencourt-Dias 

and Glover, 2007). The PCM contains many proteins (Andersen et al., 2003, 

Alves-Cruzeiro et al., 2014), including key cell cycle regulators and signaling 

molecules (Arquint et al., 2014) and several other proteins that aid in the 

organization and nucleation of microtubules. This justifies why centrosomes 

function as the main microtubule organizing centers in cells (Conduit et al., 

2015).  In cells that are differentiated, the older of the two centrioles, the mother 

centriole plays the role of the basal body that assembles as the primary cilium 

which can function as a center for cellular signaling (Kim and Dynlacht, 2013). 

Centrosomes duplicate only once during the S phase of the cell cycle and this 



 102 

ensures that the cell carries two centrosomes that will form the poles of the 

mitotic spindle at the start of mitosis (Nigg, 2007). Many pioneering experiments 

have shown that cells usually divide half way between the two spindle poles, 

making sure that each new daughter cell equally inherits one complete set of 

chromosomes and one centrosome (Rappaport, 1961). Thus, during mitosis  the 

presence of two centrosomes safeguards a bipolar spindle and in turn highlights 

the significance of the tight regulation of centrosome duplication (Conduit et al., 

2015). 

 

Centrosome biology, structure and assembly 

The protein pathway that regulates centrosome and centriole assembly is well 

conserved between organisms and it controls how a mother centriole assembles 

a daughter centriole during S phase and the mother centriole recruits the PCM 

during mitosis (Conduit et al., 2015). Centrioles are critical for starting PCM 

assembly in cells (Basto et al., 2006, Bobinnec et al., 1998) and to understand 

how centrosome assembly is regulated, it is important to first understand 

centriole assembly. For the purposes of this thesis, I will focus on the centriole 

assembly pathway in humans. 

 

The first step in centriole assembly involves the recruitment of PLK4, a protein 

kinase, to the side of the mother centriole (Habedanck et al., 2005, Bettencourt-

Dias et al., 2005), via mediation of CEP152 and CEP192 (Hatch et al., 2010, 



 103 

Sonnen et al., 2013, Kim et al., 2013, Cizmecioglu et al., 2010). This is followed 

by the recruitment of SAS6 and SCL-interrupting locus protein (STIL) by the 

protein kinases (Lettman et al., 2013, Dzhindzhev et al., 2014, Ohta et al., 2014, 

Kratz et al., 2015). These proteins together form a central cartwheel structure 

that then forms the conserved nine-fold symmetry of the centriole (van Breugel et 

al., 2011, Kitagawa et al., 2011). These two proteins then recruit CPAP to the 

outer region of the cartwheel, where surrounding centriolar microtubules can 

assemble (Tang et al., 2011, Tang et al., 2009). Apart from understanding the  

proteins involved in centriole assembly, it is important to understand how these 

core proteins interact with each other and how their interactions are regulated 

since these interactions  ensure that centrioles are assembled in the right place 

and the right time (Conduit et al., 2015).  With respect to understanding these 

interactions, crystal structures of the core centriolar proteins have been 

determined. Through these structural studies, it has been recently shown that 

STIL interacts with and is an in vivo substrate of PLK4 and that PLK4 can 

phosphorylate STIL at various sites within its domain, allowing STIL to interact 

with SAS6 and thus promoting SAS6 recruitment and further centriole assembly 

(Dzhindzhev et al., 2014, Ohta et al., 2014, Kratz et al., 2015). It has also been 

shown that binding of STIL can activate PLK4 kinase activity (Arquint et al., 2015, 

Moyer et al., 2015). These new findings have shed some light into the critical 

aspects of centriole assembly.  

 



 104 

Once centrioles are formed, they can recruit and organize their PCM. The 

organization of the PCM depends on whether the cell is in interphase or mitosis, 

since centrioles in interphase recruit less PCM compared to those in mitosis 

(Conduit et al., 2015). Studies in cultured cells have shown that interphase PCM 

is very organized and is formed around the mother centriole (Sonnen et al., 2012, 

Mennella et al., 2012, Lawo et al., 2012, Fu and Glover, 2012). In human cells, a 

large centriole and PCM-associated protein called pericentrin plays a critical role 

in organizing the PCM (Mennella et al., 2012, Lawo et al., 2012).  In animal cells 

during mitosis, the amount of PCM recruited around centrioles significantly 

increases, in a process called centrosome maturation (Palazzo et al., 2000, 

Mahen and Venkitaraman, 2012, Mennella et al., 2014, Woodruff et al., 2014). 

The mitotic protein kinases PLK1 and Aurora kinase A play critical roles in the 

maturation process by aiding in several processes that drive the centrosomal 

recruitment of several PCM proteins and by promoting mitotic recruitment of -

tubulin to centrosomes (Lee and Rhee, 2011, Sdelci et al., 2012). Thus, 

centrosome maturation and PCM recruitment during mitosis allows centrosomes 

to organize several microtubules  that are required for increased efficiency of 

mitotic spindle assembly and function (Conduit et al., 2015).  

 

Regulation of centrosome duplication once per cycle  

Similar to DNA replication, centrosome duplication is a semi-conservative 

process and centrosomes duplicate once and only once per cell cycle (Nigg and 
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Stearns, 2011, Nigg, 2007, Tsou and Stearns, 2006). The process of centrosome 

duplication is best illustrated by duplication of the centrioles (Fig. I.12). In G1, 

cells possess a single centrosome with two centrioles. As cells pass the G1 

restriction point and commit to DNA replication and consequent cell division, the 

two centrioles separate from one another (D'Assoro et al., 2002b).  During a 

normal somatic cell cycle, centrosome duplication begins in early S phase and in 

this initial phase, a new procentriole assembles on the ends of each parental 

centriole. As the cell progresses into S and G2 phases of the cell cycle, the 

daughter centriole elongates until it  reaches the length of the mother centriole. 

At the G2/M transition, the two centrosomes containing the mother and daughter 

centriole, separate and aid the formation of the two spindle poles. During 

anaphase, the spindle separates the centrosomes in a manner that each 

daughter cell inherits one copy (Holland et al., 2010a).   

 

Centrosome duplication is tightly coordinated with DNA replication (Sluder and 

Hinchcliffe, 2000) and the coupling of the start of DNA and centrosome 

duplication is regulated by the G1 specific activation of cyclin-dependent kinase 2 

(CDK2)/cyclin E (Sluder and Hinchcliffe, 2000, Fukasawa, 2005). Both 

centrosome duplication and DNA replication depend on CDK2 activation since 

the use of CDK2 inhibitors such as butyrolactone I or roscovitine have been 

shown to block these processes (Keezer and Gilbert, 2002). The activity of 

CDK2/cyclin E was then recognized as the main regulator of the centrosome 
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cycle as centrosome duplication could be impeded by experimental use of small 

molecule inhibitors of CDK2 such as p21/waf1 or p27 or via depletion of CDK2 or 

cyclin E and centrosome duplication could be restored by addition of CDK2/cyclin 

E (Hinchcliffe et al., 1999, Lacey et al., 1999, Matsumoto et al., 1999). 

Additionally, constitutive expressions of either p53 and p21/waf1 played a role in 

restricting the premature activation of CDK2/cyclin E (Mussman et al., 2000, 

Minella et al., 2002).   More specifically, the separation of the centriole pair, 

which is an early event in the centrosome duplication cycle was shown to be 

dependent on the activity of CDK2/cyclin E, suggesting a CDK-mediated 

regulation of the centriole pair structure (Lacey et al., 1999). Moreover, similar to 

DNA replication, centrosome duplication also depends on the phosphorylation 

status of retinoblastoma tumor suppressor (Rb) which regulates the accessibility 

of the E2F transcription factors to stimulate progression into S phase (Meraldi et 

al., 1999). CDK2/cyclin E triggers the initiation of DNA replication by the 

phosphorylation of Rb. The hypophosphorylated form of Rb can bind to and 

inhibit E2F transcription factors, however, when Rb is phosphorylated by 

CDK2/cyclin E, it can dissociate from E2F, leading to E2F activation and 

subsequent DNA synthesis (Nevins, 1992). Several other potential targets of 

CDK2/cyclin E that play different roles in centrosome duplication such as 

nucleophosmin, Mps1 kinase and CP110 have been identified (Okuda et al., 

2000, Fisk and Winey, 2001, Chen et al., 2002). Taken together , this suggests 

that the late G1-specific activation of CDk2/cyclin E can trigger both DNA and 
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centrosome duplication and both these processes are also regulated by the Rb 

pathway and depend on the downstream transcriptional activities of E2F 

(D'Assoro et al., 2002b, Fukasawa, 2005).  

 

Figure I.12 -  The centriole/centrosome duplication cycle 
 
Mature (mother) centrioles are shown in blue, immature (daughter) centrioles are 
shown in yellow, procentrioles are shown in grey and the pericentriolar material 
(PCM) is shown in pink. The black triangles represent subdistal appendages and 
the black lines represent distal appendages. In G1, cells possess a single 
centrosome containing a pair of centrioles embedded in PCM. Centriole 
disengagement occurs in G1 and centriole duplication begins in S phase and is 
marked by the formation of procentrioles at the proximal end of each parental 
centriole. Centriole elongation and maturation takes place in G2 where the 
procentriole elongates until they reach the length of the parent centriole. At the 
G2/M transition, centrosomes separate and form opposite poles of the bipolar 
spindle. During mitosis, the centrosomes are equally divided and each daughter 
cell inherits one centrosome. 
Image created with BioRender.com. 
 
Figure adapted from: Meraldi  P et. al. The centrosome cycle. FEBS letters 

(2002).  Vol 521;1-3; 9-13. 
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Roles of centrosomes in the cell cycle and mitosis 

Centrosomes are the major microtubule organizing centers in animal cells and 

play very important roles during mitosis, particularly in the organization of the two 

opposite spindle poles of the bipolar microtubule spindle apparatus and thus aid 

in chromosome segregation (Holland et al., 2010a). After centrosomes duplicate 

in S phase, the mitotic cell contains two centrosomes that form the two poles of 

the bipolar spindle and cells can divide half-way between the two spindle poles, 

thus ensuring mitotic fidelity and equal inheritance of chromosomes and a single 

centrosome into daughter cells (Rappaport, 1961). Mitotic spindle poles also play 

a key roles in the determination of the position and orientation of the cleavage 

furrow and in cytokinesis (D'Assoro et al., 2002b). Additionally, the two 

centrosomes at the two spindle poles during mitosis define bipolarity of the 

spindle and mediate spindle position through the interactions of their astral 

microtubules with the cell cortex (Roubinet and Cabernard, 2014, Ramkumar and 

Baum, 2016). Although, it has become clear in recent years that centrosomes are 

not strictly essential for the formation of the mitotic spindle, when present, they 

play a very leading role in aiding spindle formation and also contribute to the 

efficiency of spindle assembly (Bornens, 2012, Kellogg et al., 1994, Szollosi et 

al., 1986, Khodjakov et al., 2000, Heald et al., 1997, Sir et al., 2013).  

 

During interphase, centrosomes and their anchored microtubules control the 

positioning of various molecules and structures within the cell, such as nuclei and 
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Golgi. Additionally, they also aid in providing stability of cellular junctions and 

adhesions that define cell shape and polarity (Akhmanova et al., 2009, Gavilan et 

al., 2015, Etienne-Manneville, 2013). Moreover, several proteins involved in the 

process of centrosome formation and centriole assembly play important roles in 

cell cycle regulation and signaling along with organizing microtubule nucleation 

(Ganem et al., 2009). 

 

Centrosome amplification 

Mechanisms contributing to centrosome defects and amplification 

Centrosomal defects, commonly observed in human cancers are generally 

classified into numerical or structural abnormalities. Structural aberrations are 

either defects in centriole structure or abnormalities in the amount of PCM 

recruited to the centrioles (Godinho and Pellman, 2014). Some of the most 

common structural defects identified are changes in centriole size such as an 

increase in length or increased irregularity in centriole length (Godinho and 

Pellman, 2014). Although the roots of centriole defects are unclear, changes in 

the expression of genes involved in the regulation of centriole structure, could be 

one possible answer. Examples of this include changes in expression of 

centrosomal components such as CPAP, whose overexpression has been shown 

to increase centriole length (Schmidt et al., 2009, Tang et al., 2009, Kohlmaier et 

al., 2009, Kirkham et al., 2003).  
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Compared to structural defects, numerical defects are easier to assess and the 

most common centrosomal numerical aberration described in literature is 

centrosome amplification. Several mechanisms can contribute to centrosomal 

amplification including cytokinesis failure, mitotic slippage, cell-cell fusion, over 

duplication of centrioles, de novo centriole assembly and aberrant expression of 

oncogenes and tumor suppressors (Godinho and Pellman, 2014). Firstly, 

centrosome amplification can happen due to deregulation of the centrosome 

duplication cycle, that is tightly controlled by various core components (Brownlee 

and Rogers, 2013). One key core protein regulating centrosome duplication is 

Polo-like Kinase 4 (PLK4), also known as the master regulator of centrosome 

duplication (Holland et al., 2010a).  The activity of PLK4 is vital for proper 

regulation of centriole number. Overexpression of PLK4 can lead to extra 

centrioles (Kleylein-Sohn et al., 2007, Habedanck et al., 2005) whereas its 

downregulation can lead to decreased centriole numbers (Habedanck et al., 

2005, Bettencourt-Dias et al., 2005). To control proper centriole numbers, PLK4 

levels are tightly regulated through its autophosphorylation and SCF 

BTrCP/ubiquitin-dependent proteolysis (Cunha-Ferreira et al., 2009, Rogers et 

al., 2009, Holland et al., 2010b, Guderian et al., 2010, Brownlee et al., 2011, 

Sillibourne et al., 2010). Other important core components that regulate centriole 

number include SAS6, CPAP, CP110, Cep97 (Leidel et al., 2005, Dammermann 

et al., 2004, Rodrigues-Martins et al., 2007, Kitagawa et al., 2011, van Breugel et 

al., 2011, Strnad et al., 2007, Puklowski et al., 2011, Leidel and Gonczy, 2003, 



 111 

Spektor et al., 2007, Kirkham et al., 2003, Kohlmaier et al., 2009, Schmidt et al., 

2009, Tang et al., 2009). Levels of all these proteins are regulated via 

proteolysis, thus highlighting the important role of proteolysis in the regulation of 

centriole numbers (Godinho and Pellman, 2014). Indeed, in some tumors, 

centrosome amplification likely results from centriole overduplication through the 

overexpression of centriolar proteins due to the deregulation of the ubiquitin 

regulators that control the timely proteolysis of these components (Godinho and 

Pellman, 2014). Examples of this include the downregulation of BTrCP causing 

centrosome amplification through PLK4 stabilization (Cunha-Ferreira et al., 2009, 

Rogers et al., 2009, Guardavaccaro et al., 2003, Wojcik et al., 2000) or the 

overexpression of USP33 leading to increased levels of CP110 (Li et al., 2013).  

Centrosome amplification can also happen due to the overexpression of PCM 

components such as pericentrin or 𝛾-tubulin (Loncarek et al., 2008, Starita et al., 

2004) or via altered transcription of centriolar proteins  (Godinho and Pellman, 

2014). Reduplication of centrioles  and centrosome amplification is also observed 

under conditions of persistent DNA damage leading to a prolonged G2 arrest and 

the maturation and premature disengagement of the procentrioles (Loncarek et 

al., 2010). Centrosome amplification can also begin from tetraploid cells that form 

as a result of cytokinesis failure, mitotic slippage, endoreduplication or cell-cell 

fusion events (Ganem et al., 2007) and these cells are known to induce 

tumorigenesis (Fujiwara et al., 2005, Duelli et al., 2007, Davoli and de Lange, 

2012). 
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Since the centrosome cycle is regulated at least in part by the cell cycle 

machinery, deregulation of the cell cycle by oncogenes and altered tumor 

suppressors can cause centrosome deregulation, ultimately causing unregulated 

cell cycling and centrosome amplification (Gachet et al., 2001, Ren et al., 1999). 

The human papillomavirus  (HPV) associated tumors are best examples of 

centrosome amplification in cancer (Godinho and Pellman, 2014). The 

overexpression of the HPV-16 viral oncoproteins, E6 and E7 has been shown to 

deregulate host cell cycle checkpoints and disrupt normal centriole duplication by 

inducing increased PLK4 mRNA levels, in turn causing centrosome amplification 

(Korzeniewski et al., 2011, Duensing et al., 2009). Another oncogene known to 

be associated with centrosome amplification is Ras. The Ras-mediated MAPK 

signaling pathway is known to regulate cell cycle proliferation and its constitutive 

activation in known to cause cell cycle and mitotic defects. For example, in cell 

culture experiments, expression of v-ras, H-RASV12, K-RASG12D or activated 

MEK was found to induce centrosome amplification(Jordan et al., 1999, 

Aronheim et al., 1998). Centrosome amplification as a result of oncogene 

induction has been observed in many studies (Godinho and Pellman, 2014, 

Berenjeno et al., 2017, Liu et al., 2013, Suizu et al., 2006, Denu et al., 2016). The 

main altered tumor suppressor shown to be associated with centrosome 

amplification is p53 (Sahai and Marshall, 2002). Loss of p53 has been shown to 

contribute to centrosome amplification through increased levels of PLK4 (Li et al., 

2005). Additionally, mechanisms that lead to the inactivation of p53, such as 
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overexpression of MDM2 or experimental loss of p53 have also been shown to 

induce centrosome amplification  (Carroll et al., 1999, Fukasawa et al., 1996, 

Murphy and Rosen, 2000, Tarapore et al., 2001a, Tarapore et al., 2001b). Other 

tumor suppressors such as BRCA1 and 2 have also been identified as being 

implicated in the control of the cell and centrosome cycle and mutations in 

BRCA1 or 2 have been linked to amplified centrosomes (Deng and Brodie, 2000, 

Xu et al., 1999, Tutt et al., 1999, Hsu and White, 1998, Maul et al., 1998). Taken 

together, these finding suggest that an imbalance between cell cycle regulators 

can cause centrosome amplification. 

 

Other mechanisms that can potentially contribute to centrosome amplification are 

the improper splitting of the paired centrioles due to abrogation of the centriole 

pairing mechanism and untimely separation of the centriole pair, in turn causing 

formation of two individual centrosomes (Forgues et al., 2003, Hut et al., 2003) or 

the de novo formation of acentriolar centrosomes. These mechanisms are likely 

less frequent than the other mechanisms described above and it is not entirely 

known whether this occurs in somatic cells under normal circumstances 

(Fukasawa, 2005). 

 

Consequences of centrosome amplification  

The link between centrosome amplification and subsequent aneuploidy has been 

proposed a long time ago (Chan, 2011, Zyss and Gergely, 2009). Centrosomes 
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play a very important role in the maintenance of genomic integrity and hence 

their numbers are tightly regulated throughout the cell cycle. If the duplication of 

centrosomes is impaired, cells can acquire extra copies of centrosomes, giving 

rise to multipolar spindles and subsequent multipolar divisions (Silkworth et al., 

2009, Ganem et al., 2009, Cimini, 2008). Such divisions  can cause considerable 

chromosome missegregation leading to production of highly aneuploid daughter 

cells that are mostly inviable (Holland et al., 2010a). To prevent chromosome 

missegregation and to suppress multipolar divisions, cells have developed 

mechanisms, wherein centrosomes can cluster into two groups and form a 

bipolar spindle (Brinkley, 2001, Nigg, 2006, Holland and Cleveland, 2009, Cimini, 

2008, Yang et al., 2008, Quintyne et al., 2005, Basto et al., 2008). This allows the 

cells to divide in a bipolar fashion, however while doing so, the cell can pass 

through a multipolar intermediate prior to the clustering (Holland et al., 2010a). 

This multipolar intermediate favors the formation of incorrect kinetochore-

microtubule attachments, called merotelic attachments, leading to chromosome 

missegregation (Silkworth et al., 2009, Ganem et al., 2009). Since merotelic 

attachments can escape the tight control of the spindle assembly checkpoint, 

they are an important source of aneuploidy (Godinho and Pellman, 2014).  

Aneuploidy plays a very important and complex role in cancer, but how 

aneuploidy contributes to cancer is debated. Chromosomal instability (CIN), or 

high rates of chromosome gain or loss is thought to be the major source of 

aneuploidy, suggesting that the ongoing CIN is a cause and contributor to tumor 
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evolution (Schvartzman et al., 2010). Additionally, it has been shown that lagging 

chromosomes during mitosis as a result of centrosome amplification can cause 

DNA damage and get trapped at the cytokinetic furrow (Janssen et al., 2011) or 

lagging chromosomes can become captured into micronuclei causing abnormal 

DNA replication and further large scale DNA damage (Crasta et al., 2012).  

 

Centrosomes play key roles in maintaining the organization of microtubule arrays 

in cells that are in interphase and in turn affect various aspects of cell signaling 

(Bettencourt-Dias and Glover, 2007). Hence, it is likely that centrosome 

amplification can affect tumor biology and tumor architecture by changing cell 

shape, polarity or motility can cause tumor metastasis. It has been shown that 

increased microtubule nucleation in cells with extra centrosomes is linked to high 

histological grade in breast cancers independent of aneuploidy (Salisbury et al., 

2004). Clustering of extra centrosomes arising from centrosome amplification can 

recruit extra PCM giving rise to an enlarged centrosome with increased 

microtubule capacity and lead to defects in cell polarity, shape and motility (Tang 

and Marshall, 2012).  

 

Increased microtubule nucleation as a result of centrosome amplification can 

also affect focal adhesion disassembly that is essential for cell migration. 

Additionally, microtubules affect  the activity of Rho-GTPases that are known to 

play important roles in migration and invasion (Lozano et al., 2003, Chang et al., 
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2008). It has been shown that depolymerization of microtubules can lead to 

RhoA activation through the actions of GEFs such as GEF-H1 and 

p190RhoGEF, whereas increased microtubule nucleation can lead to Rac1 

activation and increased cell migration and invasion (Chang et al., 2008, van 

Horck et al., 2001, Waterman-Storer et al., 1999, Godinho et al., 2014). Hence, it 

is possible that centrosome amplification, through microtubule nucleation, could 

affect cell migration and invasion and could partially explain the strong 

association between centrosome amplification and tumorigenesis, in particular 

metastasis. 

 

Centrosome amplification in cancer 

Centrosome amplification is present in the majority of human tumors and since 

extra centrosomes are thought to generate aneuploidy and chromosomal 

instability, it suggests that centrosome defects are a potential trigger to 

tumorigenesis.  Centrosome abnormalities are believed to cause tumorigenesis 

in humans mainly by promoting CIN and both phenomena are fairly common and 

often correlated in human cancer (Lingle et al., 1998, Lingle et al., 2002, Pihan et 

al., 1998, Vitre and Cleveland, 2012). However, direct a causal relationship 

between centrosome amplification and mammalian tumorigenesis is yet to be 

established. Studies showing pre-malignant lesions displaying centrosome 

amplification were the first to suggest a link between centrosome amplification 

and tumor initiation and recent studies showing the aneuploidy as a cause of 
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tumorigenesis in mice further bridged the gap between centrosome amplification, 

aneuploidy and tumor initiation (Schliekelman et al., 2009, Weaver and 

Cleveland, 2007, Godinho et al., 2009, Ganem et al., 2009). Furthermore, 

centrosome amplification and chromosomal instability has been widely noted in 

aneuploid tumors and tumor derived cell lines compared to diploid tumors that 

contain structurally and functionally normal centrosome (Ghadimi et al., 2000, 

Lingle et al., 2002, Lingle et al., 1998). In cell lines from tumors, such as those of 

the breast (D'Assoro et al., 2002a), pancreas (Sato et al., 2001), prostate (Pihan 

et al., 2001), colon (Ghadimi et al., 2000) and cervix (Skyldberg et al., 2001), the 

level of genomic instability matches degree of centrosomal aberrations.  In 

prostate cancer, centrosome amplification has been implicated to give rise to 

abnormal mitoses and CIN promoting its progression to advanced disease 

stages (Ouyang et al., 2001, Pihan et al., 2001, Schatten et al., 2000) and a 

direct link between centrosome amplification and CIN was suggested by a linear 

correlation between centrosome amplification and the rate of change in 

karyotype of human breast tumors (Lingle et al., 2002). These tumors displayed 

significant centrosome amplification early during tumorigenesis suggesting that 

centrosome amplification may be an early event that occurs prior to invasion of 

the tumor (Lingle et al., 2002). 

 

However, unlike human cancers that are known to be vastly aneuploid, benign 

tumors in Drosophila that presented with centrosome amplification were neither 
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aneuploid nor had any chromosomal abnormalities (Castellanos et al., 2008).  

Similarly in mice, the relationship between CIN and cancer is complex where 

high levels of CIN have been shown to suppress cancer and low levels of CIN 

have been shown to promote cancer (Weaver et al., 2007, Schvartzman et al., 

2010). Furthermore, another complicating link between centrosomes and cancer 

is the relationship between centrosome defects and p53. Both centrosome loss 

and centrosome amplification can trigger a p53-dependent response in 

vertebrate cells and both these scenarios activate p53 in different ways 

(Marthiens et al., 2013, Holland et al., 2012). For instance, centrosome 

amplification in tetraploid cells activates p53 via the activation of the Hippo tumor 

suppressor pathway, however this pathway is not required for the activation of 

p53 in cells that are depleted of centrosomes (Ganem et al., 2014, Wong et al., 

2015). Additionally, similar to other tumor suppressors such as BRCA1 and 2, 

some p53 localizes to centrosomes and the loss of p53 can often lead to 

centrosome amplification (Fukasawa, 2007). Since centrosome defects often 

activate p53 and thereby inhibit cell proliferation in normal cells, it is unclear why 

centrosome defects are so common in human cancer cells (Zyss and Gergely, 

2009, Chan, 2011). It is possible that inactivation of p53 as seen in cancers, 

allows centrosome defects to accumulate making them more a consequence 

than a cause of tumorigenesis or that centrosome defects may actively promote 

tumor progression in some way by generating low levels of CIN as seen above in 
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mouse models of cancer (Conduit et al., 2015) or by promoting metastasis 

(Godinho et al., 2014). 

 

These data suggest that although centrosome amplification is present in tumors 

and may to some extent contribute to CIN and aneuploidy in tumors, it is 

necessary to understand how centrosome amplification transforms cells and 

whether it contributes to other processes that promote tumorigenesis. 
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Scope and Rationale for the thesis 

 

From retrospective studies we know that many solid tumors, including over 40% 

of melanomas, have undergone a whole genome doubling event at some point 

during their evolution and have karyotypes that suggest they progressed through 

a tetraploid intermediate. Such tetraploidy has been postulated to buffer against 

chromosomal losses and other genetic changes that would be fatal to diploid 

cells, but might stimulate growth of nascent, euploid cancer cells. It is also known 

that tetraploid cells are present very early on in tumorigenesis and can contribute 

to tumor progression. We sought to identify early cellular events that occur during 

melanoma initiation and found that a common oncogene in melanoma and other 

cancers, BRAFV600E, can promote tetraploidy, both in vivo and in vitro. This 

finding is significant because it suggests a novel route by which tetraploid cells 

can arise spontaneously during the course of tumor development and contribute 

to its progression. Using a combination of live imaging, drug studies, flow 

cytometry, immunofluorescence and other biochemical analyses, we sought to 

identify a mechanism by which BRAFV600E-induced tetraploid cells are 

generated and how they can progress to give rise to tumors. Additionally, using 

in vivo zebrafish tumor models, we sought to understand whether tetraploid cells 

are present early during melanomagenesis and contribute to tumor initiation. 
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CHAPTER II 

 

Oncogenic BRAF induces whole-genome doubling through 

suppression of cytokinesis 

Preface 

The contents of Chapter II have been adapted from the Student’s manuscript (In 

preparation and to be submitted). 

 

Abstract 

Melanomas and many other solid tumors commonly have increased ploidy, with 

near-tetraploid karyotypes being most frequently observed. Such karyotypes 

have been shown to arise through whole-genome-doubling events that occur 

during early stages of tumor progression. The generation of tetraploid cells via 

whole genome doubling is proposed to allow nascent tumor cells the ability to 

sample various pro-tumorigenic genetic configurations while avoiding the 

negative consequences that chromosomal gains or losses have in diploid cells. 

Whereas a high prevalence of whole-genome-doubling events has been 

established, the means by which whole genome doubling arises is less clear. 

Here, we find that oncogenic BRAFV600E, the most common mutation found in 

melanomas, can induce tetraploidy via cytokinesis failure both in vitro and in a 

zebrafish melanoma model. Mechanistically, BRAFV600E causes decreased 

activation and localization of the RhoA GTPase, a critical regulator of cytokinesis. 
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BRAFV600E activity during G1/S phases of the cell cycle is required to suppress 

cytokinesis. During G1/S, BRAFV600E activity causes inappropriate centrosomal 

amplification, which is linked in part to the inhibition of RhoA and suppression of 

cytokinesis. Together these data suggest that common abnormalities of 

melanomas linked to tumorigenesis – amplified centrosomes, whole genome 

doubling events – can be induced by oncogenic BRAF and potentially other 

mutations that increase MAPK pathway activity. 

 

Introduction 

Increased ploidy is a common feature of solid tumors. The most frequently 

observed increased karyotypes approach tetraploidy, which has led to the 

hypothesis that such ‘near-tetraploid’ tumors had undergone a genome doubling 

event during tumor progression and subsequently experienced a small net loss of 

chromosomes (Dewhurst et al., 2014, Carter et al., 2012). Recent evidence 

indicates that tetraploid intermediates significantly contribute to the composition 

of cancer genomes and 20% of all solid tumors exhibit tetraploid or near-

tetraploid karyotypes (Storchova and Kuffer, 2008). Additionally, recent 

bioinformatic analyses support this evidence, showing that genome doubling 

events are prevalent in a diverse set of solid tumors and nearly 37% of all solid 

tumors measured, showed evidence of at least one genome doubling event in 

their progression (Zack et al., 2013, Quinton and Ganem, 2019, Quinton et al., 

2021). Based on these analyses, genome doubling occurs early in tumor 
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formation, and the presence of tetraploid cells in some pre-cancerous lesions, 

such as Barrett’s esophagus and lesions of the cervix and kidney, suggests that 

genome doubling and tetraploidization may even precede frank tumor formation 

in some tissues (Galipeau et al., 1996, Reid et al., 1996, Olaharski et al., 2006, 

Shackney et al., 1995a) Tetraploidization also occurs in hyperplastic lesions of 

the pancreas (Tanaka et al., 1984), in localized prostate cancer(Deitch et al., 

1993, Montgomery et al., 1990, Pihan et al., 2001) and some colon adenomas 

(Hamada et al., 1988, Levine et al., 1991a) and for certain tumor types, such as 

oral (Zaini et al., 2018), tetraploidy is a strong predictor of malignant 

transformation.  

Tetraploidy and its associated aneuploidy can accelerate tumor genome 

evolution for two reasons. First, tetraploidy is likely to augment robustness in the 

setting of a mutator phenotype, as it can act as a barrier to the consequences of 

chromosome losses, gene deletions, and inactivating mutations. Hence, 

tetraploidy is likely to allow tumor cells to withstand a higher incidence of 

mutations, thereby increasing the probability of adaptive changes. Second, 

tetraploid cells have an increased rate of chromosome missegregation (Mayer 

and Aguilera, 1990, Storchova et al., 2006), thus increasing the possibility that a 

developing tumorigenic clone will accumulate and tolerate the mutations needed 

for its progression to a malignant state (Davoli and de Lange, 2011). 
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Tetraploidy has also been experimentally linked to tumorigenesis. Non-

transformed mouse mammary epithelial cells in which tetraploidy was induced by 

addition of dihydrocytochalasin B, were able to form tumors in mice whereas their 

diploid counterparts were not (Fujiwara et al., 2005). Experimentally induced cell 

fusion of primary human fibroblasts has been shown to enhance their in vitro 

transformation and potent oncogenes and viral-induced cell fusion has also been 

shown to contribute to tumorigenesis (Duelli and Lazebnik, 2007, Duelli et al., 

2007, Gao and Zheng, 2010, Hu et al., 2009). 

Tetraploid cells that are potentially oncogenic arise spontaneously through a 

variety of different mechanisms. Defects in mitosis and cytokinesis are the most 

common means, however, tetraploid cells also develop because of viral-induced 

cell fusion, oncogene activation, chronic inflammation, telomere erosion and 

entosis (Davoli and de Lange, 2011, Ganem et al., 2007). Tetraploid cells that 

proliferate are genetically unstable and can promote tumorigenesis (Davoli and 

de Lange, 2011, Fujiwara et al., 2005, Ganem et al., 2007). Since tetraploidy has 

potential oncogenic effects, tumor suppression mechanisms have evolved to limit 

the proliferation of these cells. It was proposed that inhibition of cytokinesis in 

non-transformed cells impairs the proliferation of the resulting binucleated 

tetraploids (Carter, 1967) and it later became clear that p53 is the key mediator 

of this arrest (Andreassen et al., 2001, Ganem and Pellman, 2007, Kuffer et al., 

2013, Wright and Hayflick, 1972). 
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In this study, we set out to understand the early cellular events that contribute to 

tumor formation, using a melanoma tumor model. Melanoma arises from 

abnormally-growing epidermal melanocytes, the pigment producing cells of the 

skin,  and is the most aggressive and lethal form of skin cancer. If detected early, 

melanomas can be treated successfully by surgical intervention. However, 

melanomas often become invasive and metastatic shortly after they are first 

detected, and metastatic melanomas are particularly resistant to radio- and 

chemotherapies (Balch et al., 2001). Characterization of melanoma initiation, 

progression and identification of genetic defects that cause melanoma could be 

important in the prevention and detection of disease and could lead to the 

development of effective cancer therapies.  

 

Common molecular defects associated with melanoma have been described. 

The most prevalent mutations in melanoma (found in about 65% of all tumors) 

affect the BRAF serine/threonine kinase, and the majority of these mutations 

encode a phosphomimetic V600E substitution, which causes a 700-fold 

overactivation of kinase activity (Davies et al., 2002, Wan et al., 2004). Nevi, 

benign melanocytic lesions commonly referred to as moles, frequently contain 

BRAF mutations (Pollock et al., 2003), suggesting that BRAF overactivation is a 

critical but insufficient step in melanoma formation. A smaller and nearly mutually 

exclusive subset of melanomas (about 20% of all tumors) contain NRAS gain-of-

function mutations, particularly at codon 61 (Albino et al., 1989, van 't Veer et al., 
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1989), highlighting the importance of Ras pathway overactivation in this disease. 

Lastly, BRAFV600E has been shown in culture and in mice to induce 

senescence (Dhomen et al., 2009, Michaloglou et al., 2005), which may serve as 

a defensive barrier to melanocyte transformation and melanoma formation. An 

earlier study conducted by Gilchrest and colleagues showed that cultures of 

melanocytes derived from normal skin were mononuclear whereas those derived 

from nevi contained bi- and trinucleate cells (Gilchrest et al., 1986). These data 

suggest that cells with multiple nuclei are common in human nevi, some of which 

are precursor lesions of melanoma.  

 

Although molecular genetic analyses have provided great insights into the genes 

that are involved in melanoma, very little is known about the process by which 

melanocytes with these lesions become tumorigenic. We examined melanocytes 

in zebrafish strains that are predisposed to melanoma and discovered an 

abundance of binucleate, tetraploid melanocytes. Tetraploidy was caused by 

expression of BRAFV600E, which increases BRAF-pathway activity and is 

commonly found in human melanomas. Using an in vitro model and various live 

imaging, flow cytometry and immunofluorescence approaches, we found that 

BRAFV600E- generated tetraploid cells via cytokinesis failure and reduced 

activity of the small GTPase RhoA, that is critical in cytokinesis (Kishi et al., 

1993, Drechsel et al., 1997, Chircop, 2014). We also show that BRAFV600E 

activity causes inappropriate centrosomal amplification, which is linked in part to 



 127 

the inhibition of RhoA and suppression of cytokinesis. Additionally, we show that 

zebrafish melanomas have a tetraploid karyotype and tumor initiating cells in the 

zebrafish are tetraploid. These data collectively suggest that BRAFV600E-

generated tetraploid cells can serve as intermediates in tumor formation.  

 

Results 

BRAFV600E causes melanocytes in zebrafish to be tetraploid and 

binucleate 

Since a subset of human melanomas had a tetraploid karyotype and nearly 40% 

of all human melanomas analyzed from The Cancer Genome Atlas (TCGA) 

database had undergone at least 1 WGD event at some point during their 

evolution (Liu et al., 2018a, Quinton and Ganem, 2019, Quinton et al., 2021), we 

sought to determine whether zebrafish melanomas in our tumor model were 

tetraploid.  

 

In studies that established the zebrafish melanoma model (Patton et al., 2005) 

human BRAFV600E was expressed under the control of the mitfa melanocyte 

promoter. In these studies, the effect of BRAFV600E was monitored in animals 

that were injected as single cell embryos with mitfa:BRAFV600E and thus 

mosaically expressed this transgene in a subset of melanocytes. Expression of 

mitfa:BRAFV600E in the spotted leopard strain led to formation of f-nevi, 

melanocytic lesions in fish that resemble human nevi. Expression in a p53(lf) 
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mutant caused melanoma formation, suggesting that BRAF activation is among 

the initial events in the development of melanoma, it is sufficient for f-nevus 

formation, and that p53 and BRAF pathways co-operate to produce melanoma 

(Patton et al., 2005).  

 

  In this and previous studies, we used zebrafish to model melanoma by 

combining melanocyte-lineage expression of human BRAFV600E with an 

inactivating mutation in the endogenous zebrafish p53 gene (Ceol et al., 2011, 

Gramann et al., 2019, Venkatesan et al., 2018). Animals of this genotype, 

Tg(mitfa:BRAFV600E);p53(lf) develop melanomas that have histopathological 

and molecular features similar to those of human melanomas (Patton et al., 

2005, Ceol et al., 2008). To determine if tumors arising in this model exhibited 

ploidies consistent with having undergone a whole-genome doubling (WGD) 

event, we harvested tumors from Tg(mitfa:EGFP);(mitfa:BRAFV600E);p53(lf);alb 

animals and quantified DNA content. The ploidy of these zebrafish melanomas 

was predominantly 4N and higher (Fig. II.1A, Fig. II.2B), indicating that whole-

genome doubling is likely a feature of this model. Since the analyzed tumors 

displayed some 2N cells, we speculate that these were stromal cells 

contaminating the tumor population.  

 To investigate when the WGD event could occur, we began by examining 

melanocytes from Tg(mitfa:BRAFV600E);p53(lf) animals. We reasoned that 

closer analyses of dorsal epidermal melanocytes in the Tg(mitfa:BRAFV600E) 
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strains might reveal the basis of the observed binuclearity and provide insight 

into early cellular events that occur in melanoma tumorigenesis. To this end we 

developed assays to quantify and determine cell biological characteristics of 

these melanocytes. To quantify dorsal epidermal melanocytes, we treated fish 

with epinephrine then plucked and fixed scales to which these melanocytes are 

attached. As the number of melanocytes per scale depends on the size of the 

scale, we obtained a normalized melanocyte density measurement. Melanomas 

arise from dorsal regions of these zebrafish, and we found that the scale-

associated melanocytes in these dorsal regions were larger in size and fewer in 

number than those of wild-type zebrafish (Fig. II.1B, II.1C). This was due to 

BRAFV600E expression, as Tg(mitfa:BRAFV600E) melanocytes were similar in 

size and number to Tg(mitfa:BRAFV600E);p53(lf) melanocytes, whereas p53(lf) 

melanocytes were similar to those of wild-type zebrafish. Cell size increases can 

be caused by increased ploidy, which could be reflected in a larger nuclear size 

(Sher et al., 2013). Instead of causing uncontrolled proliferation, BRAFV600E 

expression reduces the number and increases the size of melanocytes. To 

determine if BRAFV600E expression caused nuclear enlargement, we stained for 

the melanocyte nuclear protein Mitfa. Most nuclei in large Tg(mitfa:BRAFV600E) 

melanocytes were similar in size to those of wild-type melanocytes; however, 

melanocytes in Tg(mitfa:BRAFV600E) contained two nuclei (Fig. II.1D, II.1E).  

 To determine if the binuclearity we observed was uniquely associated with 

BRAFV600E or was caused by Ras/BRAF pathway overactivity in general, we 
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stained scale-associated melanocytes expressing a common oncogenic variant 

of NRAS, mutations in which are present in about 15% of human melanomas 

(Chin et al., 1998). Melanocytes from animals expressing an NRASQ61K 

oncogene that is commonly found in human melanomas were also binucleate 

(Fig. II.2A) (Dovey et al., 2009), indicating that binucleate cells arise from 

overactivation of RAS/MAPK signaling.  

 

To examine ploidy of Tg(mitfa:BRAFV600E) melanocytes, flow cytometry 

and DNA densitometry were performed. Zebrafish melanocytes retain melanin 

pigment, so an albino mutation and a mitfa:EGFP  transgene were introduced so 

that melanocytes could be reliably identified by GFP-positivity and characterized 

without melanin spectral interference. Flow cytometry showed that 

Tg(mitfa:BRAFV600E) melanocytes were predominantly tetraploid, with small 

fractions of diploid and octoploid cells observed (Fig. II.1F, II.1G). DNA 

densitometry of fixed samples found that most nuclei in binucleate 

Tg(mitfa:BRAFV600E) melanocytes had a 2N DNA content (Fig. II.1H). 

Therefore, expression of BRAFV600E causes melanocytes in zebrafish to 

become tetraploid as a result of having two nuclei, each with a 2N DNA content. 
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Figure II.1: BRAFV600E causes melanocytes in zebrafish to become 
binucleate and tetraploid 
 
A) DNA content from normal tissue vs tumor from 

Tg(mitfa:EGFP);Tg(mitfa:BRAFV600E);p53(lf);alb zebrafish. 
B) Scales from wild-type, Tg(mitfa:BRAFV600E);p53(lf), Tg(mitfa:BRAFV600E) 

and p53(lf) strains. Melanin pigment is dispersed throughout the cytoplasm of 
zebrafish melanocytes, revealing markedly different cell sizes. Insets 
represent single melanocytes on the scale. Scale bar = 250μm. 

C) Quantification of melanocyte densities of wild-type, 
Tg(mitfa:BRAFV600E);p53(lf), Tg(mitfa:BRAFV600E) and p53(lf) strains. 
Melanocytes in zebrafish retain pigment and were counted as described 
(Materials and Methods). ANOVA test, ***p<0.001, **p<0.01, ns = not 
significant. All error bars represent mean ± SEM. 

D) Images from brightfield, anti-Mitfa and DAPI staining of a single wild-type or 
Tg(mitfa:BRAFV600E) epidermal melanocyte. Only the melanocyte nuclei 
stain positively for Mitfa. White arrowheads indicate nuclei within a single 
melanocyte. Scale bar = 5μm. 

E) Percent binucleate cells as determined by anti-Mitfa staining of pigmented 
melanocytes. ANOVA test, ****p<0.0001, ns = not significant. All error bars 
represent mean ± SEM. 

F)  Flow cytometry and DNA content analysis of  control Tg(mitfa:EGFP);alb and 
Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb melanocytes with brightfield, EGFP 
and DAPI images of single melanocytes taken on the Amnis Flowsight (see 
Materials and Methods). Scale bar = 20μM. 

G) Quantification of percent mononucleate Vs percent binucleate melanocytes 
from Tg(mitfa:EGFP);alb and Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb strains.  

H) DNA content analysis per nucleus of Tg(mitfa:EGFP) and 
Tg(mitfa:EGFP);(mitfa:BRAFV600E) melanocytes by confocal densitometry 
(see Materials and Methods). 
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Figure II.2 Tetraploidy in Tg(mitfa:EGFP);(mitfa:BRAFV600E);p53(lf) 
zebrafish 
 
A) anti-Mitfa and DAPI staining of a single Tg(mitfa:NRASQ61K) melanocyte. 

Zebrafish melanocytes retain melanin pigment in the cytoplasm so each black 
cluster comprises a single cell. Only the melanocyte nuclei stain positively for 
Mitfa. Scale bar = 20μm. 

A) Table showing percent GFP positive 4N and >4N cells in normal (n=3) vs 
tumor (n=3) tissue from Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb;p53(lf) 
animals. Values represent Mean ± SEM. 

B) Images from brightfield, anti-Mitfa and DAPI staining of a single p53(lf) or 
Tg(mitfa:BRAFV600E);p53(lf) epidermal melanocyte. Only the melanocyte 
nuclei stain positively for Mitfa. White arrowheads indicate nuclei within a 
single melanocyte. Scale bar = 5μm. 

C) Flow cytometry and DNA content analysis of  control 
Tg(mitfa:EGFP);alb;p53(lf) & Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb;p53(lf) 
melanocytes with brightfield, EGFP and DAPI images of single melanocytes 
taken on the Amnis Flowsight (see Materials and Methods). Scale bar = 20μM 

 

 

BRAFV600E binucleate, tetraploid cells arise via failure of cytokinesis  

To determine how BRAFV600E generates binucleate, tetraploid cells and to 

recapitulate the phenotype we observed in our zebrafish model, we developed an 

in vitro system suitable for mechanistic analyses. This system is based on a 

single-cell clone we created in which BRAFV600E was inducibly expressed in 

RPE-1 FUCCI cells at a level similar to that of endogenous BRAF (Fig. II.3A, 

II.3B). We combined DNA content analysis with the fluorescent ubiquitin-based 

cell cycle indicator (FUCCI) reporter system (Ganem et al., 2014) that enables 

abnormal tetraploid cells in the G1 phase of the cell cycle (Cdt1-mCherry-

positive) to be distinguished from normal tetraploid cells in the G2 or M phases of 

the cell cycle (Geminin-GFP-positive) (Ganem et al., 2014, Sakaue-Sawano et 
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al., 2008). In these cells, synchronization was performed (see materials and 

methods), BRAFV600E was induced using doxycycline, and G1 tetraploids were  

measured following release from synchronization as Cdt1-mCherry-positive cells 

with a 4N DNA content (Fig. II.3C). Expression of BRAFV600E caused a three-

fold increase in the percentage of G1 tetraploid cells (Fig. II.3D). These cells 

were Cyclin D1-positive, confirming that they were  G1 and not G2 cells that had 

dysregulated Cdt1-mCherry expression (Fig II.4). Expression of wild-type or 

kinase-dead BRAF showed no similar increase in G1 tetraploids (Fig. II.3D). 

Using a single-cell clone in which BRAFV600E was inducibly expressed in RPE-

1 H2B-GFP cells, live-cell imaging was used to investigate whether the G1 

tetraploids were binucleate and, if so, how they arose. Indeed, after BRAFV600E 

induction and release from synchronization, binucleate cells were observed in the 

following G1 phase of the cell cycle (Fig. II.3E, II.3F, Movie II.3G, Movie II.3H). 

These cells arose through failure of cytokinesis characterized by the formation 

then regression of the cleavage furrow and generation of cells with two nuclei. 

Modest increases in other mitotic defects, including lagging chromosomes, 

chromosome bridges, presence of micronuclei and mitotic duration, were 

observed although none of these increases were statistically significant (Fig II.5). 

Together these data indicate that oncogenic BRAFV600E causes the formation 

of binucleate, tetraploid cells by impairment of cytokinesis rather than cell fusion 

or other means.  
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Figure II.3: BRAFV600E binucleate, tetraploid cells arise via failure of 
cytokinesis 
 
A) Generation of BRAFV600E expressing RPE-1 FUCCI cell lines with a 

lentiviral-based doxycycline inducible vector.  
B) Western blot showing inducible expression of BRAFV600E (+Dox) using a 

BRAF and BRAFV600E specific antibody. Expression of the Tet repressor 
protein is shown using a Tet specific antibody. Tubulin is used as the 
loading control. 

C) Flow cytometry images of -BRAFV600E (-Dox) Vs +BRAFV600E (+Dox) 
cells. Tetraploid cells accumulating in G1 were quantified based on Cdt1-
mCherry positivity and Hoechst incorporation. BRAFV600E induction led to 
accumulation of tetraploid cells in G1. Percent G1 tetraploid cells at the 16-
hour time point following thymidine release are shown here. 

D) Fold increase in G1 tetraploids relative to the control (- Dox) are shown for 
BRAFV600E, BRAF WT and BRAFK483W (kinase-dead) expressing cell 
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lines at the 16-hour time point. Fold increase from 3 independent 
experiments is shown; ** p < 0.01, ns = not significant unpaired t-test. All 
error bars represent mean ± SEM. 

E) Phase contrast still images of H2B-GFP expressing -BRAFV600E (-Dox) 
and +BRAFV600E (+Dox) cells that have recently undergone mitosis. White 
dotted lines indicate 2 cells with 1 nucleus each that have separated 
following a successful cytokinesis (-Dox) and 1 cell with 2 nuclei that has 
failed cytokinesis (+Dox). 

F) Live-cell imaging quantification of H2B-GFP RPE-1 cells expressing -
BRAFV600E (-Dox) and +BRAFV600E (+Dox). Cells were synchronized 
with thymidine and imaged for 48 hours after release. Cytokinesis was 
scored by phase contrast imaging of cells that had recently completed 
mitosis. % cells with cytokinesis failure from 3 independent experiments is 
shown (n= 934 for -Dox  and n=568 for +Dox. **** p< 0.0001, unpaired t-
test. All error bars represent mean ± SEM. 

 
 

 

Figure II.4 Cyclin D1 staining  
 
A) Cyclin D1 staining of RPE-1 FUCCI cells in G1 vs S/G2/M phases. Flow 

cytometry plots represents gating strategies for CDT1-mcherry and 
Geminin-GFP cell populations. Blue histogram = CDT1-mcherry (G1) cells; 
Yellow histogram = Geminin-GFP (S/G2/M) cells. 
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Figure II.5 Quantification of mitotic defects 
 
A) Percent cells with lagging chromosomes from 3 independent experiments is 

shown, unpaired t-test. All error bars represent mean ± SEM. ns = not 
significant. 

B) Percent cells with chromosome bridges from 3 independent experiments is 
shown, unpaired t-test. All error bars represent mean ± SEM. ns = not 
significant. 

C) Average duration of mitosis in -BRAFV600E vs +BRAFV600E cells as 
quantified from the live-cell imaging experiments. Each data point represents 
an independent experiment, unpaired t-test. All error bars represent mean ± 
SEM. ns = not significant. 

D) Percent cells with micronuclei from 3 independent experiments is shown, 
unpaired t-test. All error bars represent mean ± SEM. ns = not significant 
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BRAFV600E causes cytokinesis failure by reducing  the localization and 

function of RhoA  

To understand how BRAFV600E inhibits cytokinesis, we investigated the 

localization and function of proteins that are central to the cytokinetic process. 

Proteins that have been extensively characterized as being critical during 

cytokinesis, mainly in contractile ring and cleavage furrow formation are RhoA, a 

member of the RhoGTPase family and its scaffold protein Anillin (Chircop, 2014, 

Kishi et al., 1993, Drechsel et al., 1997, Field et al., 2005, Maddox et al., 2005, 

Oegema et al., 2000, Straight et al., 2005, Piekny and Glotzer, 2008, Zhao and 

Fang, 2005). 

 Following anaphase the scaffold protein Anillin is required to maintain the 

assembly of cytokinetic furrow components at the equatorial cell cortex (Chircop, 

2014). In cells expressing BRAFV600E, Anillin staining was greatly reduced (Fig. 

II.6A, II.6B). Anillin localization is regulated by RhoA, which activates and 

coordinates several downstream events in the cytokinetic process (Chircop, 

2014). RhoA is spatiotemporally activated and accumulates at the equatorial cell 

cortex in anaphase and during cytokinesis. This accumulation is both necessary 

and sufficient for cytokinesis to proceed (Basant and Glotzer, 2018). Similar to 

Anillin, RhoA localization to the cell equator was reduced in BRAFV600E-

expressing cells (Fig. II.6C, II.6D). RhoA reduction was dependent on increased 

MAPK signaling because treatment with the MEK inhibitor, trametinib or ERK 

inhibitor, SCH772984 restored RhoA localization (Fig. II.6C, II.6D). Since RhoA 
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localization is promoted by its activation at the equatorial cell cortex (Basant and 

Glotzer, 2018, Kimura et al., 2000, Tatsumoto et al., 1999), we quantified the 

levels of active, GTP-bound RhoA in BRAFV600E-expressing cells. Levels of 

GTP-bound RhoA were reduced as a consequence of BRAFV600E expression 

(Fig. II.6E, II.6F). If BRAFV600E acts to reduce function of RhoA, then an 

increase in RhoA function would be predicted to suppress the effect of 

BRAFV600E on the formation of binucleate, tetraploid cells. This occurred, as 

treatment of BRAFV600E-expressing cells with RhoA activators LPA and S1P 

reduced the formation of tetraploid cells (Fig. II.6G). Furthermore, expression of 

the RhoAQ61L activated variant suppressed BRAFV600E-induced tetraploidy 

(Fig. II.6H). These data indicate that BRAFV600E reduces the activity of RhoA 

and its downstream effector Anillin, which underlies the failure of cytokinesis and 

the formation of binucleate, tetraploid cells.  
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Figure II.6: BRAFV600E causes cytokinesis failure by reducing the 
localization and activity of RhoA 
 
A) DAPI and anti-anillin staining in -BRAFV600E (-Dox) and +BRAFV600E 

(+Dox) expressing anaphase cells. See Materials and methods for 
synchronization protocols. Images are maximum intensity projections of z-
stacks (0.20µM). Scale bar = 7.5µM 

B) Mean anillin fluorescence intensity at the equator of -Dox (n=80) and +Dox 
(n=61) anaphase cells. Fluorescence intensities (mean gray values) at the 
equator were measured by sum intensity projections of z-stacks.  
****p< 0.0001, unpaired t-test. All error bars represent mean ± SEM. 

C) DAPI and anti-RhoA staining in -BRAFV600E (-Dox), +BRAFV600E (+Dox), 
+Dox MEKi (Trametinib) treated and +Dox ERKi. (SCH772984) treated 
anaphase cells. Drugs were added co-incident with BRAFV600E induction. 
See Materials and methods for synchronization protocols. Images are 
maximum intensity projections of z-stacks (0.20µM). Scale bar = 7.5µM 

D) Mean RhoA fluorescence intensity at the equator of -Dox (n=41) and +Dox 
(n=68), +Dox MEKi (Trametinib) treated (n=21) and +Dox ERKi 
(SCH772984)  treated (n=21) anaphase cells. Drugs were added co-incident 
with BRAFV600E induction. Fluorescence intensities (mean gray values) at 
the equator were measured by sum intensity projections of z-stacks.  
**** p < 0.0001, ANOVA. All error bars represent mean ± SEM. 

E) Western blot analysis of RhoA-GTP levels in -Dox and +Dox RPE-1 cell 
lysates at different time points post thymidine release (S phase and M 
phase). RhoA-GTP was pulled down using rhotekin-GST beads and was 
detected using a RhoA antibody. Total RhoA protein and alpha tubulin were 
used as a controls. 

F) Western blot quantification of RhoA-GTP levels in -Dox and +Dox RPE-1 cell 
lysates at different time points post thymidine release (S phase and M 
phase). Samples are normalized to the -Dox condition. Measurements from 
3 independent experiments are shown.* p< 0.05, ** p < 0.01, *** p < 0.001, 
unpaired t-test. All error bars represent mean ± SEM. 

G) Fold change in G1 tetraploid generation following addition of RhoA 
activators. LPA (1µM) and S1P (1µM) were added co-incident with 
BRAFV600E. Fold change in G1 tetraploids relative to the control (+Dox no 
drug) at the 16-hour time point following release from thymidine is shown. 
Fold increase from 3 independent experiments;  **** p<0.0001, unpaired t-
test. All error bars represent mean ± SEM. 

H) G1 tetraploid generation following HA-tagged-BRAFV600E transfection in 
RhoAQ61L expressing cells. RPE-1 FUCCI cells expressing Dox inducible 
RhoAQ61L were transiently transfected by HA-tagged-BRAFV600E. G1 
tetraploids were measured by the presence of HA-positive cells in the G1 
(Cdt1-mCherry) FUCCI gate and Hoechst staining. Fold change in G1 



 143 

tetraploid generation following HA-tagged- BRAFV600E transfection in RhoA 
Q61L expressing cells was normalized to control +HA-BRAFV600E. 
 *** p < 0.001, unpaired t-test. All error bars represent mean ± SEM. 
 

 

BRAFV600E and MAPK pathway activity is required during G1/S for 

generating tetraploids 

Since BRAFV600E induction led to cytokinesis failure following mitosis, we 

expected BRAF activity to be important during M phase. Activating BRAF 

mutations signal through ERK proteins via phosphorylation (Chin, 2003). MAPK 

pathway activity has primarily been characterized to act during G1 progression 

regulate cell cycle entry and other processes. However, some reports have 

suggested that MAPK activity is important during mitosis (Liu et al., 2004, 

Mulner-Lorillon et al., 2017, Wright et al., 1999). Therefore, to understand the 

precise cell cycle timing of BRAFV600E’s activity to promote tetraploidy and to 

determine when BRAFV600E and MAPK signaling is required to generate 

tetraploids, we treated BRAFV600E-expressing cells with the BRAFV600E 

inhibitor vemurafenib, MEK inhibitor trametinib and ERK inhibitor SCH772984 at 

various points in the cell cycle and measured whether the inhibitors suppressed 

tetraploid formation (Fig. II.7A).  

The ability of inhibitors to reduce downstream MAPK activity was confirmed by 

western blot of phosphorylated ERK (Fig. II.8A). Additionally, we also confirmed 

that treatment with inhibitors at the concentrations used did not cause cell cycle 

arrest and did not substantially impact cell viability or growth kinetics (Fig. II.9A-
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C). Treatment with trametinib showed some growth delay in the cells at days 3 

and 4 (Fig. II.9B), however, our flow cytometry experimental setup did not involve 

such a long term treatment with the drug. Treatment with inhibitors throughout 

the cell cycle suppressed formation of BRAFV600E-induced tetraploids (Fig. 

II.7A). By contrast, treatment during the S/G2/M phases had little effect on 

tetraploid formation. Treatment during G1 and specifically during the G1/S 

transition suppressed formation of tetraploids. This suppression occurred with 

each of the three inhibitors tested as well as the ‘paradox-breaking’ BRAFV600E 

inhibitors PLX7904 and PLX8394 (Fig II.8B, II.8C), which inhibit BRAFV600E 

while not simultaneously activating downstream MAPK activity like vemurafenib 

does (Hatzivassiliou et al., 2010, Poulikakos et al., 2010, Zhang et al., 2015a). 

Thus, BRAFV600E and MAPK signaling in general, act during the G1/S transition 

to ultimately cause inhibition of RhoA and failure of cytokinesis. 

 

Rac1 is activated by BRAFV600E and contributes to RhoA downregulation 

To understand how BRAFV600E and MAPK signaling activity during G1/S could 

lead to downregulation of RhoA and failed cytokinesis, we considered regulators 

of cytokinesis that are active during G1 or S phases and whose dysregulation 

generates binucleate cells through cytokinesis failure. One such process is 

centrosome duplication (Debec et al., 2010). Oncogene expression can cause 

centrosome amplification causing chromosome segregation errors and genomic 

instability in cancers (Godinho et al., 2014, Berenjeno et al., 2017, Liu et al., 
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2013). Extra centrosomes increase microtubule nucleation, which in turn 

stimulates the activity of Rac1 (Godinho et al., 2014, Waterman-Storer et al., 

1999). The small GTPase Rac1 is a negative regulator of cytokinesis that inhibits 

function of the contractile ring (Basant and Glotzer, 2018). Rac1 is active 

throughout the cell cycle except during a small window in mitosis, with its nadir of 

activity during anaphase and early telophase (Yoshizaki et al., 2003). Loss of 

Rac1 activity promotes cytokinesis (Canman et al., 2008), and overactivation of 

Rac1 impairs RhoA localization to the equatorial cell cortex (Bastos et al., 2012) 

and causes cytokinesis failure leading to formation of binucleate cells (Yoshizaki 

et al., 2004). To investigate whether BRAFV600E affects Rac1 activity, we 

performed ELISA assays to detect active, GTP-bound Rac1 at various points 

following BRAFV600E expression and release from the thymidine 

synchronization block. As compared to control cells, GTP-bound Rac1 levels in 

BRAFV600E-expressing cells were higher upon release from thymidine and 

thereafter (Fig. II.7B).  To determine if higher Rac1 activity contributes to the 

BRAFV600E-induced formation of binucleate cells, we treated cells with the 

Rac1 inhibitors NSC2366 and EHT1864 and measured G1 tetraploid formation in 

BRAFV600E-expressing RPE-1 FUCCI cells. Treatment with either inhibitor 

suppressed the formation of tetraploid cells (Fig. II.7C). Furthermore, treatment 

with either inhibitor led to the reestablishment of equatorial RhoA localization 

(Fig. II.7D-E). Together these data indicate that BRAFV600E likely acts through 

Rac1 to inhibit RhoA and cause failure of cytokinesis. 
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Figure II.7: BRAFV600E expression is required during the G1/S phase of 
the cell cycle to generate G1 tetraploids and BRAFV600E expression 
causes increased Rac1 activity which contributes to RhoA 
downregulation 
 

A) Fold increase in G1 tetraploids following inhibitor treatment relative to the 
control (+BRAFV600E No Drug). G1 tetraploids were quantified by the 
presence of tetraploid cells in the G1 (Cdt1-mCherry) FUCCI gate and 
Hoechst staining and were normalized to the +BRAFV600E No Drug 
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condition. Fold increase from 3 independent experiments is shown; ANOVA 
test, * p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant. 
All error bars represent mean ± SEM. 

B) Rac-1 GTP levels in -Dox and +Dox RPE-1 cells were measured at the 
indicated timepoints post thymidine release by ELISA. Rac-1 GTP signal was 
measured by a colorimetric assay and by reading absorbance at 490nM.  
**** p < 0.0001, unpaired t-test. All error bars represent mean ± SEM. 

C) Fold change in G1 tetraploid generation was measured following addition of 
small molecule inhibitors for Rac-1. NSC2366 (5µM) and EHT1864 (5µM) 
were added co-incident with BRAFV600E. Fold change in G1 tetraploids 
relative to the control (+BRAFV600E No Drug) at the 16-hour time point 
following release from thymidine is shown. Fold increase from 3 independent 
experiments; **** p<0.0001, unpaired t-test. All error bars represent mean ± 
SEM. 

D) DAPI and anti-RhoA staining in -BRAFV600E (-Dox), +BRAFV600E (+Dox), 
+Dox NSC2366 (5µM) treated and +Dox EHT1864 (5µM) treated anaphase 
cells. Drugs were added co-incident with BRAFV600E induction.  See 
Materials and methods for synchronization protocols. Images are maximum 
intensity projections of z-stacks (0.20µM). Scale bar = 7.5µM. 

E) Mean RhoA fluorescence intensity at the equator of -Dox (n=40), +Dox 
(n=38), +Dox NSC2366 treated (n=38) and +Dox EHT1864 treated (n=36) 
anaphase cells. Drugs were added co-incident with BRAFV600E induction. 
Fluorescence intensities (mean gray values) of the equator ROI were 
measured by sum intensity projections of z-stacks. ANOVA test.   
**** p < 0.0001, ***p<0.001. All error bars represent mean ± SEM. 
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Figure II.8 Validation of drug treatments by western blot 
 
A) Western blot showing validation of small molecule inhibitor treatment for -

Dox and +Dox samples. Small molecule inhibitors for the MAPK pathway 
(BRAFi -Vemurafenib (1µM); MEKi -Trametinib (50nM) and ERKi -
SCH772984 (50nM)) were added. Tubulin is used as a loading control. 

B) Western blot showing validation of small molecule inhibitor treatment for -
Dox and +Dox samples. Small molecule inhibitors (paradox breakers) for the 
MAPK pathway (PLX7904 (1µM); PLX8394 (1µM) were added. Tubulin is 
used as a loading control. 

C) Fold increase in G1 tetraploids following inhibitor treatment relative to the 
control (+BRAFV600E No Drug). G1 tetraploids were quantified by the 
presence of tetraploid cells in the G1 (Cdt1-mCherry) FUCCI gate and 
Hoechst staining and were normalized to the +BRAFV600E No Drug 
condition. Small molecule inhibitors (paradox breakers) for the MAPK 
pathway (PLX7904 (1µM); PLX8394 (1µM) were added at the different 
timepoints Fold increase from 3 independent experiments is shown; ANOVA 
test, ***p < 0.001, ****p < 0.0001, ns = not significant. All error bars represent 
mean ± SEM. 
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Figure II.9 MAPKi inhibitor treatment did not affect cell cycle progression, 
cell proliferation or cell viability 
 
A) Flow cytometry plots showing cell cycle progression of cells treated (+) vs 

untreated (-) with Trametinib (MEKi) and SCH772984 (ERKi). The 0hr 
timepoint represents the timepoint at G1/S at thymidine release. All the 
timepoints are after the cells were released from thymidine. 

B) Proliferation curves of cells of cells treated (+) vs untreated (-) with Trametinib 
(MEKi) and SCH772984 (ERKi) and Vemurafenib (BRAFi). Cells were 
counted every 24hrs to record cell counts. ANOVA test, *p < 0.05, **p < 0.01, 
****p < 0.0001, ns = not significant. All error bars represent mean ± SEM. 

C) Caspase-glo assay to observe cell viability in cells treated (+) vs untreated (-) 
with Trametinib (MEKi) and SCH772984 (ERKi) and Vemurafenib (BRAFi). 
ANOVA test, **p < 0.01, ns = not significant. All error bars represent mean ± 
SEM. 
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Supernumerary centrosomes are observed in BRAFV600E-expressing cells  

In assessing how Rac1 activity could be upregulated in BRAFV600E-expressing 

cells, we discovered that mitotic spindles in BRAFV600E-expressing cells 

showed structural organizations consistent with the presence of multiple, 

clustered centrosomes at the same spindle pole (Fig. II.11C). To determine 

whether extra centrosomes were present in BRAFV600E-expressing cells, we 

performed quantification of centrosomes via gamma tubulin staining in S phase 

cells, and consistent with previous studies (Godinho et al., 2014, Berenjeno et 

al., 2017, Liu et al., 2013), we observed a significant increase in cells with more 

than 2 centrosomes in the BRAFV600E-induced population (Fig. II.11A-B). 

Gamma tubulin can stain centrosome fragments that can continue to nucleate 

microtubules (Rusan and Wadsworth, 2005). To overcome this possible artefact 

and confirm that centrosome amplification was a result of BRAFV600E 

expression, we stained for the centriolar marker, Centrin-2 in mitotic cells (Fig. 

II.10A). Supernumerary Centrin-2-positive (cells with >4 centrioles) centrioles 

were observed in 22% of BRAFV600E-expressing cells, which is an eight-fold 

increase as compared to control cells (Fig. II.10A-B; Fig. II.11C). Supernumerary 

centrosomes were also present in BRAFV600E-expressing zebrafish 

melanocytes (Fig. II.10C-D, Fig. II.11D-E). To determine whether supernumerary 

centrosomes arise due to BRAFV600E-dependent MAPK signaling activity, we 

treated BRAFV600E-expressing cells with the MEK inhibitor trametinib and ERK 

inhibitor SCH772984. Both inhibitors suppressed the increase in centrioles (Fig. 
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II.10A-B), indicating that BRAFV600E-dependent overactivation of MAPK 

signaling led to the increase in centrioles.  

 

 

 

Figure II.10: Supernumerary centrosomes are observed in BRAFV600E-
expressing cells both in vitro and in vivo 
 
A) DAPI and anti-centrin-2 staining in -Dox and +Dox expressing cells. See 

Materials and methods for synchronization protocols. Insets represent 
number of centrioles at one pole. Images are maximum intensity projections 
of z-stacks(0.20µM). Scale bar = 7.5µM. 

B) Cells in mitosis with >4 centrioles were quantified. -Dox (n=131) ; +Dox 
(n=169) ; +Dox MEKi (n=85) and +Dox ERKi (n=91). Drugs were added co-
incident with BRAFV600E. Percent cells from 3 independent experiments is 
shown; ANOVA test ** p < 0.01. All error bars represent mean ± SEM. 
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C) DAPI, Mitfa and centrin-2 staining of control (Tg(mitfa:EGFP);alb) vs 
BRAFV600E-expressing (Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb) zebrafish 
melanocytes. Images are maximum intensity projections of z-stacks 
(0.20µM). Scale bar = 7.5µM. 

D) Percent cells with normal (4) and extra (>4) centrioles in control 
(Tg(mitfa:EGFP);alb) vs BRAFV600E-expressing 
(Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb) zebrafish melanocytes. Chi Square 
test P = 0.000843. 
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Figure II.11 Supernumerary centrosomes are observed in BRAFV600E 
expressing cells 
 
A) DAPI and anti-gamma tubulin staining of -BRAFV600E (-Dox) and 

+BRAFV600E (+Dox) RPE-1 cells. Cells were plated on coverslips and 
synchronized at G1/S with thymidine. Coverslips were fixed and stained at 
8hrs (S phase) and 16hrs (G1) post thymidine release. Images shown were 
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taken at 8hrs post thymidine release. White arrowheads indicate 
centrosomes. Scale bar= 7.5µM 

B) Cells with >2 centrosomes were quantified at 8hrs (n= 1105 for -BRAFV600E 
and n= 1093 for +BRAFV600E) and 16hrs (n= 1445 for -BRAFV600E and 
n=1262 for +BRAFV600E) post thymidine release. Percent cells from 3 
independent experiments is shown; * p < 0.05, unpaired t-test. All error bars 
represent mean ± SEM.  

C) DAPI, anti-centrin-2 and alpha-tubulin staining of -BRAFV600E and 
+BRAFV600E expressing mitotic cells. Insets represent number of centrioles 
at one pole. Images are maximum intensity projections of z-stacks (0.20µM). 
Scale bar = 7.5µM 

D) DAPI, Mitfa and centrin-2 staining of (Tg(mitfa:EGFP);alb;p53(lf)) vs 
(Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb;p53(lf)) zebrafish melanocytes. 
Scale bar = 7.5µM 

E) Quantification of the number of centrioles per cell in control 
(Tg(mitfa:EGFP);alb;p53(lf)) vs BRAFV600E-expressing 
(Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb;p53(lf)) zebrafish melanocytes. Chi 
Square test P < 0.00001. 

 

 

Supernumerary centrosomes contribute to RhoA downregulation and 

BRAFV600E-induced tetraploid formation 

Our findings indicated that BRAFV600E caused RhoA downregulation and failure 

of cytokinesis as well as an increase in centrosomes. We sought to determine 

whether the increase in centrosomes contributed to RhoA downregulation and 

tetraploid cell formation. First, we examined if BRAFV600E-expressing cells with 

extra centrioles and centrosomes had reduced RhoA localization as compared to 

BRAFV600E-expressing cells with normal centrosomes. BRAFV600E-expressing 

cells with a normal number of centrosomes and centrioles had reduced RhoA 

staining (Fig. II.12A-B); however, BRAFV600E-expressing cells with extra 

centrosomes and centrioles had an even greater reduction in RhoA localization 
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(Fig. II.12A-B). To establish that the reduced localization of RhoA in these cells 

was dependent on extra centrosomes, we treated cells with centrinone, a PLK4 

inhibitor that blocks centrosomal duplication (Wong et al., 2015). Centrinone 

treatment suppressed the formation of extra centrosomes and centrioles in 

BRAFV600E-expressing cells (Fig. II.12C). The centrinone-treated BRAFV600E-

expressing cells had higher RhoA equatorial localization as compared to control 

BRAFV600E-expressing cells (Fig. II.12D). This recovery of RhoA localization 

was evident not only when centrinone treatment was coincident with 

BRAFV600E expression, but also when centrinone treatment was limited to G1/S 

(Fig. II.12D-E). Centrinone treatment also partially suppressed the BRAFV600E-

driven formation of tetraploid cells (Fig. II.12F). Thus, suppression of 

supernumerary centrosomes in BRAFV600E cells recovered not only RhoA 

localization but also promoted cytokinesis. Taken together, these data indicate 

that the reduction of RhoA localization and cytokinesis in BRAFV600E-

expressing cells is dependent on the BRAFV600E-driven increase in 

centrosomes. Because the suppression of supernumerary centrosomes in 

BRAFV600E-expressing cells did not fully restore RhoA localization and 

cytokinesis, it is likely that BRAFV600E inhibition of RhoA and cytokinesis is in 

part centrosome-independent. 
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Figure II.12: Supernumerary centrosomes contribute to RhoA 
downregulation and BRAFV600E-induced tetraploidy 
 
A) DAPI, anti-centrin-2 and anti-RhoA staining of -Dox and +Dox expressing 

anaphase cells.  Insets represent number of centrioles at one pole. Images 
are maximum intensity projections of z-stacks(0.20µM). Scale bar = 7.5µM 

B) Mean RhoA fluorescence intensity at the equator of -Dox (n=30) and +Dox  
w/4 centrioles (normal) (n=54) and +Dox w/>4 centrioles (extra) (n=38) 
anaphase cells. Fluorescence intensities (mean gray values) of the equator 
were measured by sum intensity projections of z-stacks. ANOVA test, 

         * p < 0.05, **** p < 0.0001. All error bars represent mean ± SEM. 
C) Percent cells with >4 centrioles were quantified in mitosis. -Dox (n=119) ; 

+Dox (n=124) ; +Dox Centrinone (n=122). Centrinone (300nM) was added 
co-incident with BRAFV600E. Percent cells from 3 independent experiments 
is shown; ANOVA test *** p < 0.001, ns= not significant. All error bars 
represent mean ± SEM. 

D) DAPI and anti-RhoA staining of -Dox, +Dox and +Dox Centrinone treated 
mitotic cells. Centrinone (300nM) was added co-incident with BRAFV600E 
or in G1/S. Images are maximum intensity projections of z-stacks(0.20µM). 
Scale bar = 7.5µM 

E) Mean RhoA fluorescence intensity at the equator of -Dox (n=32) and +Dox 
(n=40) , +Dox centrinone co-incident with BRAFV600E (n=44) and +Dox 
centrinone in G1/S (n=41) anaphase cells. Fluorescence intensities (mean 
gray values) of the equator were measured by sum intensity projections of 
z-stacks. , ANOVA test *** p < 0.001, **** p < 0.0001. All error bars 
represent mean ± SEM. 

F) Percent G1 tetraploids quantified by the presence of 4N cells in the G1 
(Cdt1-mCherry) FUCCI gate and Hoechst staining in -Dox, +Dox and +Dox 
centrinone-treated cells. Centrinone (300nM) was added co-incident with 
BRAFV600E. Percent G1 tetraploids at the 16-hour time point following 
release from thymidine is shown. Fold increase from 3 independent 
experiments; ANOVA test **** p<0.0001. All error bars represent mean ± 
SEM. 
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p53 blocks cell cycle progression of BRAFV600E-induced tetraploid cells 

Since tetraploidy has potential oncogenic effects, tumor suppression 

mechanisms have evolved to limit the proliferation of these cells. It has been 

described that inhibition of cytokinesis in non-transformed cells impairs the 

proliferation of the resulting binucleated tetraploids (Carter, 1967), and it later 

became clear that p53 is the key mediator of this impairment, causing activation 

of the p53-dependent checkpoint and eventual G1 cell cycle arrest (Andreassen 

et al., 2001, Ganem and Pellman, 2007, Kuffer et al., 2013, Wright and Hayflick, 

1972). Tetraploid cells generated by using DCB, an inhibitor of actin 

polymerization were also shown to arrest due to the p53-dependent checkpoint 

(Ganem et al., 2014).  

 Our finding that BRAFV600E can cause failure of cytokinesis and lead to 

tetraploidy suggests that this may underlie the genome doubling events that are 

evident in BRAFV600E-mutated melanomas. However, for BRAFV600E-

expressing cells to contribute to tumor formation, they would likely have to 

overcome the G1 phase arrest that tetraploid cells experience (Andreassen et al., 

2001, Fujiwara et al., 2005). This tetraploid arrest can be triggered by Hippo 

pathway activation, which itself is activated by supernumerary centrosome-

dependent activation of Rac1 (Ganem et al., 2014). Hippo pathway activation, in 

turn, activates p53, which has been shown to mediate arrest of tetraploid cells 

(Andreassen et al., 2001, Ganem and Pellman, 2007, Kuffer et al., 2013). 
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 To determine if BRAFV600E-expressing tetraploid cells were arrested, we 

first examined Tg(mitfa:BRAFV600E) as compared to 

Tg(mitfa:BRAFV600E);p53(lf) zebrafish melanocytes. Strikingly, the nuclei of 

Tg(mitfa:BRAFV600E);p53(lf) melanocytes were much larger than those of 

Tg(mitfa:BRAFV600E) melanocytes (Fig. II.13A). Since DNA content is 

correlated with nuclear size (Heijo et al., 2020, Sher et al., 2013), we determined 

if Tg(mitfa:BRAFV600E);p53(lf) melanocyte nuclei had a higher DNA content 

than those of Tg(mitfa:BRAFV600E) melanocytes. Using DNA densitometry we 

found that, whereas Tg(mitfa:BRAFV600E) nuclei were predominantly 2N, 

Tg(mitfa:BRAFV600E);p53(lf) nuclei were mostly 4N (Fig. II.13B). This suggests 

that BRAFV600E expression causes an arrest of tetraploid cells that is 

dependent on p53. Additionally, mitfa and DAPI staining of scale melanocytes 

revealed that nearly 98% of melanocytes in these fish were binucleate compared 

to only 13% in fish that were p53(lf) alone (Fig II.1E, Fig II.2C). We also analyzed 

DNA content in zebrafish melanocytes by flow cytometry. Indeed, GFP+ 

melanocytes from control Tg(mitfa:EGFP);alb and Tg(mitfa:EGFP);alb;p53(lf) 

animals were largely diploid compared to melanocytes from 

Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb animals (Fig, II.1F,II.2D). Interestingly, 

melanocytes from Tg(mitfa:EGFP);(mitfa:BRAFV600E);alb;p53(lf) animals 

showed a higher than 4N DNA content, similar to the confocal densitometry 

analysis (Fig II.13B, Fig II.2D).  These results suggest that, in the absence of 

p53, DNA replication, possibly multiple rounds in the same melanocyte, can 



 160 

occur. The ploidy defects are dependent on both BRAFV600E expression and 

p53 deficiency, mirroring the genetic synergism displayed by 

Tg(mitfa:BRAFV600E) and p53(lf) in melanoma formation. 

 

  To more directly address a p53-dependent arrest, we used Crispr/Cas9-

mediated genome editing to knock out p53 in our BRAFV600E-inducible RPE1-

FUCCI cell clone. We isolated a clone in which both p53 alleles were targeted 

and p53 protein expression abrogated (Fig. II.15A-B). We confirmed if the loss of 

p53 caused any changes in the ploidy of the parental RPE-1 cells and no 

significant changes were observed in the RPE-1 FUCCI p53-/- cells (Fig II.15C-

D).  As compared to control BRAFV600E-inducible RPE1-FUCCI cells, 

BRAFV600E-induclible p53-/- RPE-1 FUCCI cells had a lower fraction of G1 

tetraploids following BRAFV600E expression, consistent with the notion that an 

arrest of G1 tetraploids was bypassed in p53-/- cells (Fig. II.14A-B). To more 

directly address whether a p53-dependent arrest prevents BRAFV600E-

expressing tetraploids from entering the cell cycle, we isolated G1 tetraploids, 

cultured them for 24 hours, then assessed cell cycle progression. BRAFV600E-

expressing RPE1-FUCCI cells showed little to no progression, as measured by 

Geminin-GFP expression (Fig. II.13C-D). By contrast, nearly 15% of 

BRAFV600E-expressing p53-/- RPE-1 FUCCI cells were Geminin-GFP-positive. 

Together these data indicate that BRAFV600E-induced tetraploid cells arrest in 

G1, and this arrest is alleviated by loss of p53.  
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 Since expression of BRAFV600E is associated with senescence (Gray-

Schopfer et al., 2006, Michaloglou et al., 2005), we sought to determine if 

BRAFV600E-induced G1 tetraploids senesce as they arrest in G1. We sorted 

BRAFV600E and BRAFV600E;p53(lf) tetraploid cells, cultured them for four days 

and assessed senescence induction via a ß-gal senescence assay. Majority of 

BRAFV600E-expressing tetraploid cells persisted as binucleated cells, and 

displayed ß -gal positivity (Fig II.16A-B). BRAFV600E;p53(lf) tetraploid cells, 

however, displayed ß-gal positivity only for the first two days which can be 

attributed to oncogene induced senescence  (Fig II.16A-B). Consistent with 

Ganem et al., RPE-1 FUCCI cells treated with DCB showed binuclearity, and ß- 

gal positivity (Ganem et al., 2014) (Fig II.16A-B). These data suggest that 

BRAFV600E expressing binucleated tetraploid cells senesce in culture and 

remain in G1. BRAFV600E;p53(lf) cells, however, do not senesce to a large 

extent, suggesting that they bypass this senescence block and progress into the 

cell cycle. These data collectively highlight that, similar to our results in vivo, a 

p53-dependent checkpoint prevents BRAFV600E-generated binucleate 

melanocytes from progressing through the cell cycle in vitro.   
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Figure II.13: p53 blocks cell cycle progression of BRAFV600E-induced 
tetraploid cells 
 
A) Anti-Mitfa and DAPI staining of nuclei in Tg(mitfa:BRAFV600E) and 

Tg(mitfa:BRAFV600E);p53(lf) melanocytes. Melanin pigment was bleached 
to more clearly visualize nuclear size. White arrowheads indicate 2 nuclei 
within a single melanocyte. Scale bar = 10μm. 

B) DNA content per nucleus as measured by confocal densitometry. Each data 
point represents a single nucleus.  

C) Flow cytometry images of BRAFV600E Vs BRAFV600E;p53-/- cells. 
Tetraploid cells accumulating in G1 were sorted and plated in the presence 
of nocodazole for 24hrs. Sorted cells were analyzed for progression into the 
cell cycle by quantifying Geminin-GFP+ cells (cells in S/G2/M). Percent 
S/G2/M cells that progressed into the cell cycle are shown here.  

D) Percent S/G2/M cells were quantified in BRAFV600E and BRAFV600E;p53-
/- cells. Percent S/G2/M cells from 3 independent experiments is shown;  
** p < 0.01, unpaired t-test. All error bars represent mean ± SEM. 

E) Flow cytometry and DNA content analysis of 
Tg(crestin:EGFP);(mitfa:BRAFV600E);p53(lf) zebrafish with early 
precancerous lesions. Histograms for EGFP- (blue) and EGFP+ (red) cells 
are shown. Images showing single melanocytes were taken using the Amnis 
Flowsight (see materials and methods). Scale bar = 20μM. Quantification of 
percent mononucleate and binucleate cells in the 4N and 8N peaks is shown 
for the crestin:EGFP+ population.  
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Figure II.14 G1 tetraploidy is reduced in BRAFV600E;p53-/- cells  
 
A) Flow cytometry images of BRAFV600E p53+/+ Vs BRAFV600E;p53 -/- cells. 

Tetraploid cells accumulating in G1 were quantified based on Cdt1-mCherry 
positivity and Hoechst incorporation. Percent G1 tetraploid cells at the 16-
hour time point are shown here. 

B) Fold change in G1 tetraploids relative to the control (+ BRAFV600E) at the 
16-hour time point. Fold change from 3 independent experiments is shown;  
** p < 0.01, unpaired t-test. All error bars represent mean ± SEM. 
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Figure II.15 Validation of the p53 CRISPR cell line. 
 
A) Genotyping results from p53-/- CRISPR cell line generation. 
B) Western blot comparing p53 protein levels in RPE-1 FUCCI p53+/+ cells to 

newly generated RPE-1 FUCCI p53-/- cells using a p53 specific antibody. 
HCT116 p53-/- cells were used as a negative control. GAPDH was used as a 
loading control. 

C) Flow cytometry plots comparing unsynchronized RPE-1 FUCCI control cells 
vs RPE-1 FUCCI p53-/- cells with DNA content higher than 2N. 

D) Percent cells with >2N DNA content, unpaired t-test. All error bars represent 
mean ± SEM. ns= nonsignificant. 
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Figure II.16 Senescence in BRAFV600E-induced cells 
 
A) Micrographs of cells following the 𝛽-gal senescence assay. Dark staining 

represents cells with positive 𝛽 -gal staining. Scale bar = 50µm. 
B) Percent senescent (𝛽-gal positive) cells in +BRAFV600E, +BRAFV600E 

p53-/- and parental RPE-1 cells treated with Dihydrocytochalasin B (DCB). 
All error bars represent mean ± SEM.  
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Nascent tumor cells in BRAFV600E-driven zebrafish melanomas are 

tetraploid and have higher ploidy 

The idea that a tetraploid intermediate might have a role in oncogenesis has 

gained support from many studies (Andreassen et al., 2001, Shackney et al., 

1989, Levine et al., 1991b, Storchova and Pellman, 2004, Galipeau et al., 1996).  

Our data indicate that BRAFV600E can induce tetraploidy in melanocytes, and 

these melanocytes are prevented from progressing further by a p53-dependent 

block. Since BRAFV600E and p53 cooperate to form melanomas, and because 

BRAFV600E causes tetraploidy as seen in our in vivo and in vitro models, we 

were interested in understanding whether BRAFV600E-generated tetraploid cells 

serve as intermediates in melanomagenesis in our zebrafish model and play a 

role as melanoma initiating cells. This raises the possibility that zebrafish 

melanomas, which are predominantly tetraploid (Fig. II.1A), may have arisen 

from tetraploid cells of origin. This would be consistent with findings in human 

melanoma, in which tumors that have undergone a whole genome doubling 

event are thought to have undergone that event early in tumor progression (Liu et 

al., 2018a, Quinton and Ganem, 2019, Quinton et al., 2021). To determine if 

tetraploid cells are present in the earliest stages of tumor formation, we took 

advantage of the zebrafish model in which early melanomas can be identified 

because of their reactivation of the neural crest gene crestin (Kaufman et al., 

2016).  Using a Tg(mitfa:BRAFV600E); p53(lf); Tg(crestin:EGFP) strain that 

marks tumor initiating cells, we identified zebrafish with early tumors (<20 cells), 
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dissected these tumors and performed flow cytometry to determine DNA content 

of crestin:EGFP-positive tumor cells. The crestin:EGFP-positive cells were 

mostly tetraploid, and several octoploid cells were also observed (Fig. II.13E). 

Notably, none of the cells were diploid, indicating that cells were tetraploid very 

early in tumor formation and it is likely that the cell of origin was tetraploid.  

These data suggest that tetraploid cells play an important role early in 

tumorigenesis and may serve as tetraploid intermediates in melanomagenesis. 

 

Discussion 

The foundation of our study was that an analysis of cellular defects caused by 

cancer-promoting mutations could clarify what occurs during tumor initiation. 

Here we show that, overactivation of BRAF and Ras pathway genes that are 

commonly mutated in solid tumors, gives rise to binucleate, tetraploid cells. This 

is significant because spontaneously arising and proliferating tetraploid cells are 

genomically unstable and can facilitate tumor development (Davoli and de 

Lange, 2011, Ganem et al., 2007). Through an analysis of epidermal 

melanocytes in BRAFV600E-expressing, melanoma-prone zebrafish strains, we 

show that oncogenic BRAF signaling causes generation of binucleate, tetraploid 

cells. Using an in vitro model, we show that this binuclearity arises due to 

cytokinetic failure that is associated with low activity of the small GTPase RhoA. 

We also show that activity of BRAFV600E is important during the G1/S phase of 

the cell cycle. Oncogene-induced centrosome amplification in the early S phase 
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of the cell cycle and subsequent increase in the activity of the small GTPase 

Rac1, partially contribute to this rise in tetraploidy. To our knowledge, this is the 

first report showing a spontaneous rise of tetraploid cells that can give rise to 

tumors. This novel activity of oncogenic BRAF may play a broader role in 

tumorigenesis. 

 Our data show that through a cellular progression normal melanocytes 

can become tumorigenic (Fig. II.1 and Fig II.2). Firstly, BRAFV600E expression 

results in binuclearity. In the zebrafish this can occur when the mitfa promoter is 

activated in developing melanocytes whereas, in human tumors this could occur 

when the tumor cell of origin acquires a mutation that overactivates Ras/BRAF 

signaling. Additionally we also show that DNA replication and cell cycle 

progression are arrested by p53, in binucleate, tetraploid zebrafish melanocytes 

while in the absence of p53, replication can continue. This occurs in 

Tg(mitfa:BRAFV600E);p53(lf) melanocytes, and we believe that cells must either 

inactivate or bypass this block cause melanoma formation. This is consistent with 

previous studies that describe the p53-dependent checkpoint (Andreassen et al 

2001, Ganem and Pellman 2007, Kuffer et al 2013, Wright and Hayflick, 1972). 

We observe the same phenotype in our in vitro model, suggesting that 

BRAFV600E-generated tetraploids in culture also can arrest due to the p53-

dependent checkpoint.  In a recent study, tetraploid cells generated using DCB 

arrested in G1 via activation of the Hippo tumor suppressor pathway through 

activation of the LATS2 kinase, inactivation of YAP/TAZ-dependent transcription 
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and stabilization of p53 (Ganem et al., 2014).  The arrest observed in our 

BRAFV600E-generated tetraploids is very similar to the p53-dependent arrest 

seen in DCB-generated tetraploid cells. If this were to be observed in the context 

of melanoma, with BRAFV600E-induced tetraploid cells triggering this arrest, an 

inference can be drawn that the genesis of high-ploidy tumors from 

spontaneously arising tetraploid cells might frequently require inactivation of 

Hippo pathway signaling.  Whether BRAFV600E-generated tetraploids also 

activate the Hippo pathway is a rich area of study and can be further explored. 

RhoA activity and cytokinetic failure in BRAFV600E-induced cells 

In this study, BRAFV600E -induced cytokinetic failure and binucleate formation 

arose as a result of decreased RhoA activity (Fig II.6C-F). RhoA plays very 

important roles in cell division and cytokinesis and RhoA deficiency, treatment 

with Rho specific inhibitor C3 or depletion of the protein by RNAi has been shown 

to inhibit furrow ingression and cause cytokinesis failure (Konstantinidis et al., 

2015, Drechsel et al., 1997, Jantsch-Plunger et al., 2000). In this study, 

increased Rac1 activity following centrosome amplification, may explain the 

observed decrease in RhoA activity in BRAFV600E-induced cells, since active 

Rac1 in many circumstances can antagonize RhoA (Sander et al., 1999). 

Additionally, we also find that inhibition of Rac1 or activation of RhoA is sufficient 

to abrogate BRAFV600E-induced tetraploidy (Fig II.6G, II.7C). Moreover, active 

Rac1 does not have any vital roles in mitosis and its inactivation is necessary for 
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mitosis to successfully proceed, suggesting that the increased Rac1 activity seen 

in our BRAFV600E-induced cells during mitosis (Fig II.7B) is consistent with 

impaired cytokinesis (Chircop, 2014). Remarkably, a decrease in RhoA activity, 

and increase in Rac1 activity was also observed in tetraploid cells generated via 

DCB (Ganem et al., 2014). At the same time, increasing RhoA activity or 

inhibition of Rac1 activation was sufficient to inhibit Hippo pathways signaling 

and rescue cell proliferation of tetraploid cells in their study. 

 

Centrosome amplification in BRAFV600E-expressing cells 

There is an ongoing debate about centrosome amplification being a cause 

versus a consequence of tumorigenesis. While some studies suggest that 

centrosome amplification can promote cancer by promoting aneuploidy, it is 

unclear how centrosome amplification serves as a driver of tumorigenesis 

(Godinho and Pellman, 2014). In our study, we propose that centrosome 

amplification occurs prior to tetraploid cell generation and serves as a cause of 

tetraploidy.  We show that BRAFV600E and MAPK activity is important during 

the G1/S phase of the cell cycle (Fig II.7A), suggesting that it may be regulating a 

process that occurs during this phase and has important roles in mitosis and cell 

division. Centrosome amplification is one such mechanism since the centrosome 

begins duplication in late G1/early S phase of the cell cycle (Fukasawa, 2005). 

Centrosomes are microtubule nucleating and organizing centers in cells and prior 

studies have shown that dynamic microtubules stimulate the activity of the Rac1 
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(Godinho et al., 2014, Waterman-Storer et al., 1999). Consistent with these 

studies, we find that oncogene-induced centrosome amplification displays an 

increase in Rac1 activity in BRAFV600E-induced cells (Fig II.7B). Centrosome 

amplification as a result of oncogene induction has been observed in many 

studies (Godinho and Pellman, 2014, Berenjeno et al., 2017, Liu et al., 2013, 

Suizu et al., 2006, Denu et al., 2016) and BRAFV600E in particular has also 

been shown to contribute to centrosome amplification (Liu et al., 2013, Cui et al., 

2010, Cui and Guadagno, 2008). The role of BRAFV600E to induce centrosome 

amplification is evident in our study (Fig II.10A-B, Fig II.11A-B), as treatment with 

MAPK inhibitors abrogated the increase in centrosome numbers (Fig II.10B).  

 

 Addition of centrinone, a selective inhibitor of PLK4 kinase rescued 

BRAFV600E-induced centrosome amplification and also modestly reduced 

BRAFV600E-induced tetraploidy (Fig II.12C,II.12F). Centrinone addition also 

partially rescued RhoA activity in BRAFV600E-induced mitotic cells and RhoA 

levels were significantly lower in cells with >4centrioles than in cells with 4 

centrioles (Fig II.12B, II.12D). This suggests that RhoA activity and tetraploidy 

generation is at least in part regulated by centrosome amplification. Since PLK4 

is the master regulator of centriole biogenesis in mammalian cells (Habedanck et 

al., 2005, Kleylein-Sohn et al., 2007), an obvious next question is whether there 

is a link between PLK4 and BRAFV600E. It is possible that BRAFV600E either 
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stabilizes or hyperactivates PLK4 kinase activity, however, establishing this 

connection warrants further exploration. 

 

 Since RhoA activity and tetraploidy generation are only partially regulated 

by centrosome amplification and since MEKi and ERKi inhibitor treatment 

rescues RhoA abrogation in BRAFV600E-induced mitotic cells (Fig II.6C-D), it 

raises the question about other mechanisms that may directly regulate RhoA 

activity following BRAFV600E induction.  The RhoA GEF, ECT2 and proteins 

downstream of RhoA have been widely implicated in the regulation of cytokinesis 

(Kimura et al., 2000, Kotynkova et al., 2016, Petronczki et al., 2007, Kim et al., 

2005, Kosako et al., 2000, Jordan and Canman, 2012, Chircop, 2014). However, 

if BRAFV600E or increased MAPK signaling directly regulate either of these 

factors in this study, is unclear and requires further examination. 

Aneuploidy in Ras/BRAF mutant cancers  

Human cancers frequently undergo whole genome doubling events. Karyotype 

analyses have revealed that many human tumors are near-tetraploid, and for 

several solid tumor types,  there is a group of aneuploid karyotypes around a 

near-tetraploid chromosome number (Mitelman, 2008, Storchova and Kuffer, 

2008, Weaver and Cleveland, 2007). Such grouping would not happen if 

aneuploidy occurred randomly and may suggest a presence of an earlier 

tetraploid intermediate. Melanoma is among the solid tumor types that have 



 174 

ploidy clusters in the triploid to tetraploid range. 32% of karyotyped melanomas 

(n=384) fall within this range (Mitelman, 2008), and we speculate that any 

melanomas developing from tetraploid intermediates is likely to exist in this 

category. Zebrafish melanomas also show similar increases in ploidy and are 

aneuploid (Patton et al., 2005). It is interesting to note that human nevi, that can 

develop into melanomas also display binuclearity, and cultured nevi have been 

shown to possess binucleate melanocytes (Gilchrest et al., 1986). Moreover, we 

observe that tumor initiating cells from early lesions in 

Tg(crestin:EGFP);(mitfa:BRAFV600E);p53(lf) are tetraploid (Fig II.13E), 

suggesting that cells are tetraploid very early in tumor formation and it is possible 

that the cell of origin is tetraploid. These data suggest that tetraploid cells play an 

important role early in tumorigenesis and may serve as tetraploid intermediates 

in melanomagenesis. In humans, other tumor types with near-tetraploidy 

karyotypes often possess Ras/BRAF activating mutations,  broadly implicating 

this commonly mutated pathway in the generation of tetraploid intermediates 

during oncogenesis. 

Methods 

Zebrafish strains and husbandry 

Strains were maintained at 28°C as described by Westerfield (Westerfield, 2000). 

AB was used as the wildtype strain. The following mutations were used: 

p53(zdf1) (Berghmans et al., 2005), mitfa(w2) (Lister et al., 1999), alb(b4) 

(Chakrabarti et al., 1983). The integrated transgene Tg(mitfa:BRAFV600E) 
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expresses oncogenic human BRAFV600E under the control of the zebrafish 

pigment cell-specific mitfa promoter (Patton et al., 2005). 

 

Cell line generation/plasmids 

RPE-1 FUCCI cells were a gift from Neil Ganem (Boston University). RPE-1 cells 

were grown in DMEM: F12 media containing 10% Tetracycline free FBS, 100 

IU/ml penicillin, and 100 µg/ml streptomycin. Cells were maintained at 37°C with 

5% CO2 atmosphere. TetR was expressed in cells using plenti CMV TetR Blast 

(Addgene #17492). Cells were selected with 5µg/ml blasticidin and bulk cells 

expressing the TetR protein were clonally isolated in 96-well plates using FACS 

on the BD-Aria.  BRAFV600E and BRAF WT were expressed in cells using 

lentiviral inducible constructs (plenti CMV/TO puro/neo DEST) (Addgene # 17293 

(puro) and 17292 (neo)) using gateway cloning (both the constructs were a gift 

from Eric Campeau and Paul Kaufman (Campeau et al., 2009). Doxycycline was 

used at 1µg/ml to induce the expression of BRAF. Lentivirus carrying BRAF WT 

or BRAFV600E was generated by transfection of HEK-293T cells, with 

appropriate packaging plasmids (pMD2.G and psPAX2) using lipofectamine 

2000, according to the manufacturer’s instructions. RPE-1 cells were infected for 

48hrs with virus carrying genes of interest in the presence of 8 µg/ml polybrene, 

washed, and allowed to recover for 24hrs before selection. Cells were selected 

with the appropriate antibiotic selection marker (5µg/ml puromycin) and (1mg/ml 

neomycin) and clonally isolated in 96-well plates using FACS on the BD- Aria. 
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Clones with the strongest expression of BRAF protein were used for 

experiments.  

 

Synchronization 

To enrich for tetraploid cells, and to turn on BRAFV600E in a synchronized cell 

population, we serum starved RPE-1 FUCCI cells with 0.1% serum for 48hrs. To 

get the cells back into cycle following serum starvation, we released the cells into 

media with 10% serum until they reached the next G1 (~33hrs). BRAFV600E 

was turned on using doxycycline and the cells were resynchronized at G1/S 

using a single thymidine block (2.5mM). Tetraploidy was analyzed in G1 (16hrs 

after thymidine release) using Hoechst incorporation (2.5µg/ml) in hCdt1-mcherry 

expressing cells by flow cytometry on the BD-LSR. For M-phase timepoints for 

immunofluorescence experiments, cells were fixed at 12hrs after thymidine 

release. For S-phase timepoints, cells were fixed at 0, 4 or 8hrs post thymidine 

release. 

 

Synchronization and drug treatments 

In the small molecule inhibitor experiments (Fig II.7A), the inhibitors were added 

at different timepoints during the synchronization protocol. For drugs co-incident 

with BRAFV600E, they were added in with BRAFV600E and kept on for the 

whole duration (G1/S/G2/M) of the experiment. Drugs in S/G2/M were added 

only after the cells were released from the thymidine block. Drugs in G1 were 
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added during the thymidine block and then washed off after the release from 

thymidine. Drugs in early G1 were added for 5hrs into G1 and then washed off. 

Drugs in G1/S were added after cells had spent ~6hrs in G1 and washed away 

after release from thymidine. RhoA activators and Rac1 inhibitors were added 

co-incident with BRAFV600E and left on for the whole duration (G1/S/G2/M) of 

the experiment. Centrinone was added either co-incident with BRAFV600E or 

during G1/S. 

Small molecule inhibitors used were – Vemurafenib, 1µM (S1267, Selleck 

Chemicals), Trametinib 50nM (S2673, Selleck Chemicals), SCH772984 50nM 

(S1701, Selleck Chemicals), PLX7904 1µM (S7964, Selleck Chemicals), 

PLX8394 1µM (HY-18972, MCE), Centrinone 300nM (5687, Tocris), NSC2366 

5µM (13196, Cayman Chem), EHT1864 5µM (17258, Cayman Chem), LPA 1 µM 

(BML-LP100-0005, Enzo), S1P 1µM (62570, Cayman Chem), 

Dihydrocytochalasin B 4µM (D1641, Sigma). 

Mitotic cell analyses and live cell imaging 

For live cell imaging, H2B-GFP transfected cells were grown on glass-bottom 12-

well tissue culture dishes (MatTek) and imaged on a Nikon TE2000E inverted 

microscope equipped with a cooled Hamamatsu Orca-ER CCD 11 camera and 

the Nikon Perfect Focus system. The microscope was enclosed within a 

temperature and CO2-controlled environment that maintained an atmosphere of 

37°C and 3-5% humidified CO2. GFP and phase-contrast images were captured 
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at multiple locations every 5 minutes with either 20X or 40X Nikon Plan Fluor 

objectives. All captured images were analyzed using NIS-Elements software. 

 

Immunofluorescence and imaging 

RPE-1 BRAFV600E cells were grown directly on collagen IV (Sigma) -coated 

coverslips, fixed in 3.7% formalin, permeabilized using 0.1% Triton X-100, and 

treated with 0.1% SDS. They were blocked in 1% BSA and then incubated with 

primary antibody diluted in blocking solution in a humidity chamber at 4°C 

overnight, washed with 1X PBS, and incubated with the respective secondary 

antibody the next day. Cells were mounted using mounting media containing 

DAPI (Vector Laboratories). All secondary antibodies were Alexa Fluor 

conjugates (488, 555, and 647) (Thermofisher) used at a 1:500 dilution. All 

images were acquired on a Leica DM 600 inverted microscope at 100X 

magnification. Z stack images were taken at 0.20µM each.  

 

For RhoA staining, cells were fixed in 10% Trichloroacetic acid (TCA) (T6399, 

Sigma) on ice for 15 min, washed 4X with PBS/30nM glycine, then permeabilized 

with 0.2% Triton X/PBS/30nM glycine for 10 mins on a rocking platform. Cells 

were then washed 4X with PBS/30nM glycine, blocked with 3% BSA/PBS/0.01% 

Triton X-100 for 1hr at room temperature.  For Anillin Staining, cells were fixed in 

ice cold methanol at -20°C for 2hrs. Cells were then washed with PBST 

(PBS/0.01% Triton X-100), permeabilized with 0.2% Triton X-100 in PBS for 10 
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min, washed with PBST, blocked with 3% BSA/PBS/0.01% Triton X-100 for 1hr 

at room temperature. For Centrin-2 staining, cells were fixed in ice cold 100% 

methanol at -20°C, permeabilized with 0.2% TritonX/PBS and blocked in 

1%BSA/PBS for 1hr at room temperature. After blocking, slides were incubated 

with the primary antibody in a humidity chamber at 4°C, overnight.  

 

Primary antibodies used for Immunofluorescence were: RhoA 1:75 (sc-418, 

SCBT), anillin 1:100 (PA5-28645, Thermofisher), centrin-2 1:100 (04-1624, 

Millipore), gamma tubulin 1:500 (T6557, Sigma), alpha tubulin DM1A 1:2000 

(3873S, Cell Signaling). Primary antibodies used for western blot were: TetR, 

1:1000(631132, Takara), RhoA, 1:500 (ARH05, Cytoskeleton), Rac1 1:500 

(ARC03, Cytoskeleton), Gapdh 1:5000 (AM4300, Thermofisher), p53 1:1000 (sc-

126, SCBT), tubulin 1:1000(2144S, Cell Signaling),  Cyclin D1, 1:100 (NBP2-

33138AF647, Novus Bio), Rabbit IgG Isotype control, 1:100 (3452S, Cell 

Signaling), HA tag, 1:100 (IC6875R, R&D systems), Mouse IgG1 Isotype control 

1:100 (IC002R, R&D systems). 

 

For melanocyte binucleate counts and immunofluorescence staining, zebrafish 

adult dorsal scales were fixed using 4% paraformaldehyde for two hours, washed 

with PBST (PBS+ 0.1% Triton X) and water then blocked in 1%BSA/PBS for 30 

minutes prior to primary antibody incubation. Affinity-purified anti-Mitfa antibodies 
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were used at a 1:100 dilution for staining. All images were acquired on a Nikon 

Eclipse Ti A1R-A1 confocal microscope.  

RhoA and Rac1 Activation Assays  

RPE-FUCCI cells were synchronized as described above and lysates were 

collected at 0, 4, 8, 12hrs post release from thymidine. GTP-bound RhoA and 

Rac1 were immunoprecipitated from cells according to the manufacturers’ 

protocol (BK-036, BK-128, Cytoskeleton). 

Western blotting 

Cells were lysed in ice-cold RIPA buffer containing a Complete protease inhibitor 

tablet (Roche). Protein concentration was measured using the Pierce BCA 

Protein Assay Kit (Life Technologies). Samples were run on 10% polyacrylamide 

gels, transferred, and developed using fluorophore-conjugated antibodies (LI-

COR). Antibodies against the following proteins were used: pMEK1/2 

(S217/221), MEK1/2, p44/42 MAPK (ERK1/2), alpha-Tubulin (Cell Signaling 

8727, 4695, 38735, respectively); pERK (Sigma m8159); BRAFV600E (Spring 

Bioscience E19290); total BRAF (Millipore 10146); IRDye 800CW Donkey anti-

Rabbit and IRDye 680RD Goat anti-Mouse (LI-COR 926-32213 and 926-68070, 

respectively).  
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Staining for Flow Cytometry (Cyclin D1) 

RPE-1 FUCCI cells were trypsinized, washed with 1XPBS and fixed in 2% PFA 

at RT for 15min. Cells were then washed with PBS/1%FBS 3 times and 

permeabilized with 100% methanol (for cyclin D1). Cells were washed with PBS, 

incubated with Alexa Fluor 647 conjugated  primary antibodies for 60 minutes at 

RT, washed and stained with 1:1000 DAPI for 15 minutes before analysis on the 

BD-LSR. 

 

CRISPR cell line generation 

The lentiCRISPR v2 plasmid, which expresses a single sgRNA under the hU6 

promoter and the WT Cas9 nuclease under the EFS promoter, was a gift from 

Feng Zhang (Addgene plasmid #52961). Oligos containing the gene targeting 

sgRNA with 5’ overhang BsmBI digestion sites were synthesized by Sigma 

Aldrich (primers #22-53). The oligos were annealed and inserted into the 

lentiCRISPR v2 backbone as described previously (Sanjana et al., 2014, Shalem 

et al., 2014) sgRNA sequences and plasmids were confirmed by Sanger 

sequencing. The lentiviral packaging plasmids pMD2.G (Addgene plasmid 

#12259) and psPAX2 (Addgene plasmid #12260) were used. All transfections of 

lentiviral plasmids were performed as follows unless otherwise stated: Lentiviral 

plasmids were transfected at a 3:2:1 DNA ratio of lentiviral plasmid: psPAX2: 

pMD2.G in lipofectamine at a 2:1 lipo:DNA ratio in OptiMEM (Gibco). Media was 

changed 6hrs post transfection. 48 hours post transfection the virus containing 
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media was harvested and filtered through a 0.45µM PDVF syringe filter 

(Millipore) to remove cell debris. Lentivirus aliquots were stored at -80°C. All 

lentiviral transductions were performed as follows: Cells (300,000) to be 

transduced were plated in a 6 well plate the day before transduction. Lentivirus 

was thawed on ice and added to OptiMEM supplemented with 8 µg/mL 

polybrene. Media was changed 24hrs after transduction to remove polybrene. 

Media supplemented with 5 µg/mL puromycin (Sigma Aldrich) or was changed 48 

h after transduction to select lentiCRISPRv2 transduced cells.  

Selected bulk cells after lentiCRISPRv2 transduction were clonally isolated by 

FACS in 96 well plates. Clones were then assayed for indels via the surveyor 

assay (706020,IDT). Cells with gRNAs that showed indels were then cloned into 

the pGEM-T Easy vector(Promega) and colonies were picked using blue/white 

screening before being sent for Sanger sequencing. HCT116 p53-/- cells used as 

a positive control for validation were a gift from Paul Kaufman’s lab at UMass. 

P53 gRNA sequence: CCCCGGACGATATTGAACAA 

gRNA sequencing primers:  Forward – 5’ GTAAGGACAAGGGTTGGGCT 3’ 

                                             Reverse – 5’ GAAGTCTCATGGAAGCCAGC 3’  

LenticrisprV2 sequencing primer after gRNA cloning. 
hU6-F (5'-GAGGGCCTATTTCCCATGATT-3') 
LKO.1 5’: GACTATCATATGCTTACCGT  
 

 

 



 183 

Zebrafish Flow Cytometry 

4- to 6-month old fish were treated for 5 minutes with the anesthetic tricaine. 

Scales were plucked from the dorsal anterior region of fish and put in 0.9X PBS. 

Cells were dissociated using TH liberase (Roche) for 30 mins by constant 

agitation at 37°C. Cells were immediately fixed for 2 hours in 4% 

paraformaldehyde. Following fixation, cells were washed and permeabilized 3X 

with 0.1% Triton X/PBS and immediately stained with DAPI (1:1000). Cells were 

then filtered through a 40µM mesh filter and spun down at 2000rpm. Analysis for 

GFP+ and DAPI+ cells was performed on the Amnis Flowsight. For ploidy 

analysis on zebrafish tumors, melanomas from 

Tg(mitfa:EGFP)(mitfa:BRAFV600E);p53(lf);alb animals were removed, 

homogenized in PBS, and stained and analyzed in the same manner as 

described above.   

 

Confocal densitometry 

Melanin pigment interferes with quantitative UV-based imaging so scales were 

bleached prior to staining with anti-Mitfa antibodies and DAPI. Mitfa-positive 

melanocyte nuclei were identified, and Z stacks of the DAPI signal of these nuclei 

were obtained. The same distance between Z slices (0.37μM) and pixel intensity 

lookup table were used for each nucleus measured. In analyzing each slice, 

nuclear boundaries were specified, and pixel intensity values within the nuclear 

area measured. Pixel intensities for all slices of one nucleus were summed to 
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derive a raw DNA content. Ploidy was estimated using nearby Mitfa-negative 

nuclei as 2N controls. Nuclei in the same binucleate cell are typically arranged as 

mirror-image pairs, and this orientation allowed us to identify nuclei of binucleate 

cells in the absence of melanin pigment. 

 

Melanocyte density assay 

4- to 6-month old fish were treated for 5 minutes with the anesthetic tricaine 

methanesulfonate and epinephrine, which contracts melanosomes to the central 

cell body of melanocytes (Goodrich and Nichols, 1931), thereby resolving 

overlapping cells. Scales were plucked from the dorsal anterior region of fish 

from the scale rows adjacent to the dorsal midline row. Scales were immediately 

fixed for ≥30 minutes in 4% paraformaldehyde. After fixation, scales were flat 

mounted and melanocytes counted. Area was estimated by multiplying maximal 

antero-posterior and left-right distances on the scale. 

 

RhoA and Anillin Intensity measurements 

Fluorescence intensities were quantified using ImageJ. Z-stack images were 

loaded on ImageJ and the sum intensity projection was obtained using the z-

stack function. RhoA and anillin equatorial fluorescence intensities were obtained 

by measuring the intensity profile of the fluorescence signal along a line manually 

placed along the cell equator, parallel to the anaphase DNA position. The mean 

fluorescence intensity was obtained by averaging the two intensity values at each 
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side of the furrow. The mean background signal was obtained by averaging the 

signal of three manually selected circular regions with a diameter of 50 pixels 

outside of the cell and the value was subtracted from the equatorial intensities. 

Growth and Apoptosis assays 

To perform growth curves, 20,000 cells were plated in 12-well plates and 

appropriate samples were treated with inhibitors and doxycycline. Cells were 

counted every 24hrs to get cell numbers over 4 days. Cell death following 

inhibitor treatment was assessed by the caspase glow assay according to the 

manufacturer’s instructions (G8090,Promega). 

Statistical analysis 

Significance calculations were performed on samples collected in a minimum of 

biological triplicate. P values from two-tailed Student’s t tests, Chi Square tests  

or ANOVA were calculated for all comparisons of continuous variables. All further 

significance tests were performed in GraphPad Prism (v8.0). A P value < 0.05 

was considered significant.  
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CHAPTER III 

DISCUSSION 

 

Impact of this work on the field 

Alterations in MAPK pathway signaling in melanoma are critical to tumor 

progression. Acquisition of a BRAFV600E mutation, hyperactivates MAPK 

activity and, given appropriate loss of tumor suppressor genes, can lead to tumor 

initiation. Although molecular genetic analyses have provided great insights into 

the genes that are involved in melanoma, very little is known about the process 

by which melanocytes with these lesions become tumorigenic. Melanomas, along 

with other solid tumors commonly have increased ploidy, with near-tetraploid to 

tetraploid karyotypes being frequently observed. Such karyotypes have been 

shown to arise through whole-genome-doubling events that occur during early 

stages of tumor progression. The generation of tetraploid cells via whole genome 

doubling is proposed to allow nascent tumor cells the ability to sample various 

pro-tumorigenic genetic configurations while avoiding the negative consequences 

that chromosomal gains or losses have in diploid cells. While a high prevalence 

of whole-genome-doubling events has been established, the means by which 

whole genome doubling arises is less clear. Here, we find that oncogenic 

BRAFV600E, the most common mutation found in nearly 50-60% of human 

melanomas, can induce binuclearity and tetraploidy both in vivo and in vitro and 

also detail a progression of events whereby melanocytes develop into tumors in 
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a zebrafish melanoma model. These binucleate, tetraploid cells arise via 

cytokinetic failure that is associated with prior downregulation of small GTPase 

RhoA and centrosome amplification, thus identifying a mechanism by which 

tetraploid cells arise in the course of spontaneous tumor progression.  Tetraploid 

cells normally undergo a p53-dependent cell cycle arrest, but in the absence of 

p53 , BRAFV600E-induced tetraploid cells can progress into the cell cycle and 

cause subsequent aneuploidy. Since binucleated, tetraploid cells are also visible 

in early melanoma lesions in the zebrafish, these data implicate BRAFV600E in 

aneuploidy and subsequent tumor progression. Our results lend credence to the 

hypothesis, originally proposed by the great cytologist Boveri, that tetraploid cells 

can be intermediates in tumor formation.  Together our data suggest that 

common abnormalities of melanomas linked to tumorigenesis including amplified 

centrosomes, whole genome doubling events – can be induced by oncogenic 

BRAF and potentially other mutations that increase MAPK pathway activity. This 

previously undescribed activity of Ras/BRAF oncogenes may contribute to 

tumorigenesis more broadly and open new doors for improved diagnostic and 

therapeutic interventions. 
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Summary of results 

We examined melanocytes in zebrafish strains that are predisposed to 

melanoma and discovered an abundance of binucleate, tetraploid melanocytes. 

Tetraploidy was caused by expression of BRAFV600E, which increases BRAF-

pathway activity and is commonly found in human melanomas. Using an in vitro 

model and various live imaging, flow cytometry and immunofluorescence 

approaches, we found that BRAFV600E generated tetraploid cells via cytokinesis 

failure and reduced activity of the small GTPase RhoA, that is critical in 

cytokinesis (Kishi et al., 1993, Drechsel et al., 1997, Chircop, 2014). We also 

show that BRAFV600E activity is critical during the G1/S phase of the cell cycle 

and causes inappropriate centrosomal amplification, which is linked in part to the 

inhibition of RhoA and suppression of cytokinesis. Additionally, we show that 

zebrafish melanomas have a tetraploid karyotype and tumor initiating cells in the 

zebrafish are tetraploid. Collectively, these data suggest that BRAFV600E-

generated tetraploid cells can serve as intermediates in tumor formation.  
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Discussion of results 

 

The role of aneuploidy in tumorigenesis 

Aneuploidy, an abnormal chromosomal complement, is a common feature of 

many solid tumors (Mitelman, 2008).  It has been proposed to be a cause 

(Boveri, 2008, Holland and Cleveland, 2009) and not just a consequence of 

tumor formation and studies of aneuploid- prone mutants strongly support this 

hypothesis (Shepard et al., 2007, Sotillo et al., 2007, Weaver and Cleveland, 

2007). Thus, the process by which aneuploid cells are generated can be critical 

for tumor initiation.  One way that aneuploidy can arise is through a tetraploid 

intermediate. Studies in budding yeast and cultured mammalian cells have 

shown that tetraploid cells have higher rates of chromosomal instability than 

diploid cells (Andalis et al., 2004, Fujiwara et al., 2005, Mayer and Aguilera, 

1990), and in addition, there is evidence that tetraploid cells are involved in 

oncogenesis (Galipeau et al., 1996, Olaharski et al., 2006, Shackney et al., 

1995a, Fujiwara et al., 2005, Duelli et al., 2007).  

 

Consistent with studies on many tumor types, analysis on human melanomas 

has revealed that nearly 40% of human melanomas have a tetraploid karyotype 

and have undergone at least one whole genome doubling (WGD) event at some 

point during their evolution (Liu et al., 2018a, Quinton and Ganem, 2019, 

Storchova and Kuffer, 2008, Dewhurst et al., 2014, Zack et al., 2013, Quinton et 
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al., 2021). Tetraploid cells that arise spontaneously due to various mitotic defects 

and those that can proliferate are genomically unstable and can accelerate tumor 

genome evolution either by acting as a buffer to the consequences of 

chromosome losses, gene deletions, and inactivating mutations and allowing 

tumor cells to withstand a higher incidence of mutations or by allowing a 

developing tumorigenic clone to accumulate and tolerate the mutations needed 

for its progression to malignancy (Davoli and de Lange, 2011).  

Previous studies that have examined tetraploidy have used artificial means of 

generating tetraploids, such as viruses or actin poisons, bringing up the issue of 

how these cells arise during actual tumor development. The foundation of our 

study was that an analysis of cellular defects caused by cancer-causing 

mutations could elucidate what occurs during tumor initiation and we show that 

one way of generating tetraploids is through activation of BRAF and Ras pathway 

genes that are commonly mutated in cancers. Since spontaneously arising and 

proliferating tetraploid cells can facilitate tumor development (Davoli and de 

Lange, 2011, Ganem et al., 2007) it is vital to understand the mechanisms by 

which they arise during spontaneous tumorigenesis. By examining melanocyte 

defects in melanoma-prone zebrafish strains, we demonstrate that oncogenic 

BRAFV600E signaling causes generation of binucleate, tetraploid cells. Using an 

in vitro model, we show that this binuclearity arises due to cytokinetic failure 

associated with low activity of the small GTPase RhoA. In particular, we show 

that  in order to generate tetraploids, BRAFV600E activity is required during the 
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G1/S phase of the cell cycle, and oncogene-induced centrosome amplification 

during this phase and a subsequent increase in the activity of the small GTPase 

Rac1, partially contribute to this phenotype. To our knowledge, this is the first in 

vivo model showing a spontaneous rise of tetraploid cells that can give rise to 

tumors. This novel role of the BRAFV600E oncogene is significant in 

understanding what occurs during tumor initiation and may contribute to 

tumorigenesis in a broader context. 

 

Ras/BRAF mutant cancers and aneuploidy 

Whole genome doubling events are frequently observed in human cancers and 

cytokinesis defects can significantly contribute to tumorigenesis as the resultant 

tetraploid cell following a complete cytokinesis failure can serve as the ideal 

starting point to generate aneuploid cells (Lens and Medema, 2019). Cytogenetic 

analyses have shown that many human tumors have a near-tetraploid karyotype 

and, for many solid tumor types, there is a subset of aneuploid karyotypes 

around the near-tetraploid mark (Mitelman, 2008, Storchova and Kuffer, 2008, 

Weaver and Cleveland, 2007). Such clustering would not happen if aneuploidy 

occurred randomly and may signify presence of an earlier tetraploid intermediate. 

  

In our study, we show that expression of oncogenic BRAFV600E, both in vivo 

and in vitro causes the cells to become binucleate and tetraploid (Fig II.1,II.3). It 

is interesting that human nevi also display binuclearity, and binucleate 
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melanocytes have previously been noted in cultures derived from nevi (Gilchrest 

et al., 1986). Other studies have reported human nevi with large numbers of 

multinucleate cells. In fact, these so-called ‘giant cells’ (McKee, 2005) can 

contain as many as tens of nuclei. Together these data suggest that cells with 

multiple nuclei are common in human nevi, some of which are precursor lesions 

of melanoma. 

  

Since nevi, which can develop into melanomas, contain bi- and multinucleate 

cells, it would be interesting to examine whether these nevi possess activating 

BRAF or other MAPK mutations. Some recent studies that aimed to understand 

which mutations and genomic alterations are important for tumor initiation, 

analyzed nevi as well as intermediate lesions and early-stage primary 

melanomas and found that mutations in BRAF were already present in a large 

fraction of common nevi, further implicating the activation of MAPK signaling as 

an important factor in melanoma initiation (Shain et al., 2018, Shain et al., 2015, 

Bastian, 2014, Pollock et al., 2003). Since majority of nevi are benign and never 

transition to melanoma, Shain and colleagues also analyzed benign nevi and 

adjacent early-stage melanomas as well as malignant intermediate lesions and 

melanomas in situ that were adjacent to early-stage melanomas (Shain et al., 

2015, Shain et al., 2018). The benefit of this approach was that adjacent lesions 

were in all likelihood lineally related to each other, with the benign nevus, 

malignant intermediate lesion or melanoma in situ being a precursor of its 
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adjacent early-stage melanoma. Benign nevi harbored BRAFV600E mutations 

exclusively, and these mutations were also found in their adjacent early-stage 

melanomas. Since this study did not examine the lesions for the presence of 

binuclearity or tetraploidy, they serve purely as a correlative link between 

binuclear cells being present in cultured nevus cells and the presence of 

BRAFV600E mutations. These studies do however, point out the significance of 

the same mutations being present in nevi and tumors suggesting that the same 

genes and signaling pathways are involved in tumor initiation.   

Melanomas are one of the solid tumor types that have karyotypes in the near-

tetraploid to tetraploid range. 32% of karyotyped melanomas (n=384) fall within 

this range (Mitelman, 2008), and we think that any subset of melanomas arising 

from tetraploid intermediates are likely to be present in this group. Recent studies 

have also revealed that nearly 40% of human melanomas analyzed were 

tetraploid and had gone through at least one whole genome doubling event at 

some point in their evolution (Quinton and Ganem, 2019, Quinton et al., 2021). It 

is also notable from earlier studies, that zebrafish melanomas show similar 

increases in ploidy and are aneuploid (Patton et al., 2005). Consistent with these 

studies, melanomas in our Tg(mitfa:EGFP);(mitfa:BRAFV600E);p53(lf);alb 

zebrafish also display tetraploid karyotypes, suggesting that they may have gone 

through a whole genome doubling event as well (Fig II.1A, II.2B).  Moreover, we 

observe that tumor initiating cells from early lesions in 

Tg(crestin:EGFP);(mitfa:BRAFV600E);p53(lf) are tetraploid (Fig II.13E), 
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suggesting that cells are tetraploid very early in tumor formation and it is likely 

that the cell of origin is tetraploid.  

If this feature of activated BRAF and MAPK signaling affects tumorigenesis more 

broadly, it raises the question - does activated BRAF/MAPK signaling promote 

tetraploidy or whole genome doubling in other cancers? Mutations in BRAF are 

frequently observed in nearly 5-20% of colorectal cancers, 4% of lung cancers 

and thyroid cancers. Additionally activating mutations in the RAS family genes 

(KRAS, NRAS) are observed in nearly 34% of colorectal cancers and 12-30% of 

lung cancers (Burotto et al., 2014). In the Quinton et al. study,  analysis of these 

tumor types shows that nearly 40% of colon cancers, 55% of lung cancers and 

10% of thyroid cancers have undergone at least one whole genome doubling 

event during their evolution and display near tetraploid to tetraploid karyotypes 

(Quinton et al., 2021). Additionally, a whole genome analysis of metastatic solid 

tumors suggested nearly 60% of colon cancers, 60% of lung cancers and 40% of 

all skin cancers harboring BRAF/NRAS/KRAS mutations had undergone whole 

genome doubling events (Priestley et al., 2019). Moreover, colorectal cancers 

harboring Ras/BRAF mutations displayed a strong association between 

chromosomal instability (and resultant aneuploidy) with prior whole genome 

doubling, the process that has been shown to be associated with chromosomal 

instability in the past (Ganem et al., 2007, Liu et al., 2018c). These data suggest 

that other tumor types with activating Ras/BRAF mutations also have tetraploid 

karyotypes and display whole genome doubling,  broadly implicating this 
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commonly mutated pathway in the generation of tetraploid intermediates during 

oncogenesis. 

 

Generation of binucleate, tetraploid cells and cellular progression to 

melanoma 

Our data support a cellular change by which normal melanocytes become 

tumorigenic (Fig.II.1, Fig II.2, Fig. II.13). Firstly, BRAFV600E expression results 

in binuclearity and tetraploidy (Fig. II.1D-H).  In our zebrafish model this occurs 

when the mitfa promoter is activated in developing melanocytes. In spontaneous 

human tumors this could occur when the tumor cell of origin acquires a mutation 

overactivating Ras/BRAF signaling.  We observe BRAFV600E-induced 

tetraploidy in our in vitro model as well (Fig. II.3C-D), thus describing a way to 

generate tetraploids and allowing further mechanistic studies to understand 

signaling pathways that may regulate early events in tumorigenesis. 

 

Next, consistent with previous studies that describe the p53-dependent 

checkpoint (Andreassen et al 2001, Ganem and Pellman 2007, Kuffer et al 2013, 

Wright and Hayflick, 1972), DNA replication and cell cycle progression are 

arrested by p53, in binucleate, tetraploid zebrafish melanocytes while in the 

absence of p53, replication can continue. We observe the same phenotype in our 

in vitro model, where sorted and re-cultured BRAFV600E p53+/+ tetraploid cells 

remain in the G1 phase of the cell cycle (Fig II.13C-D), while the BRAFV600E 
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p53-/- tetraploid cells progress into the cell cycle (Fig. II.13C-D) This suggests 

that BRAFV600E-generated tetraploids in culture can arrest due to the p53-

dependent checkpoint as well.  This data emphasizes that, similar to previous 

studies where artificial means of tetraploidy generation were used (Ganem and 

Pellman, 2007, Ganem et al., 2014, Fujiwara et al., 2005, Duelli et al., 2007),  

BRAFV600E-generated tetraploid cells are also able to arrest due to the 

activation of p53 and that the loss of the tumor suppressor, as seen in actual 

tumors can contribute to their progression and subsequent aneuploidy. Other 

experimental evidence in vivo has demonstrated that tetraploid p53−/− mouse 

mammary epithelial cells that were transplanted in nude mice rapidly developed 

into invasive cancers, whereas diploid cells did not (Fujiwara et al., 2005), 

strongly suggesting that p53 loss in tetraploid cells can contribute to cancer 

formation. 

 

In the context of melanoma, this cellular progression may not necessarily 

suggest a sequential series of mutational events. Although BRAFV600E 

expression is the first step in the progression, these events may only occur within 

cells that already have inactivated p53. BRAFV600E expression in cells that 

have wildtype p53 may lead to an arrest that impedes melanoma formation, as 

observed in our Tg(mitfa:BRAFV600E) single mutant zebrafish. Such a 

reasoning is consistent with studies showing that individuals who inherit a 

CDKN2A mutation develop melanomas at a much higher rate than normal 
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individuals (Hussussian et al., 1994, Kamb et al., 1994b). That is, cells with an 

intact CDKN2A locus, and similarly intact Rb and p53 pathways, may be able to 

permanently arrest when an oncogenic insult is acquired, while CDKN2A mutant 

cells may be unable to do so.  

 

Additionally, in a recent study, tetraploid cells generated using 

dihydrocytochalasin B (DCB) arrested in G1 via activation of the Hippo tumor 

suppressor pathway through activation of the LATS2 kinase, inactivation of 

YAP/TAZ-dependent transcription and stabilization of p53 (Ganem et al., 2014). 

This p53-dependent arrest seen in DCB generated tetraploid cells via the 

activation of the Hippo pathway is similar to the arrest seen in our BRAFV600E-

generated tetraploids. If this were to be observed in the context of melanoma, 

with BRAFV600E-induced tetraploid cells stimulating this arrest, an inference can 

be drawn that the development of high-ploidy tumors from spontaneously arising 

tetraploid cells might frequently require inactivation of Hippo pathway signaling.  

Whether BRAFV600E-generated tetraploids also activate the Hippo pathway is a 

rich area of study, since it may demonstrate a novel mechanism that regulates 

early steps in melanoma initiation and progression. 

  

Fate of tetraploid cells 

As discussed above, binucleated, tetraploid cells can arrest due to the p53-

dependent tetraploidy checkpoint (Andreassen et al 2001, Ganem and Pellman 
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2007, Kuffer et al 2013, Wright and Hayflick, 1972). The arrest of BRAFV600E-

generated tetraploid cells raises an important question-    what is the fate of 

these tetraploid cells following this arrest? Although we did not observe the 

sorted BRAFV600E-induced tetraploid cells (Fig. II.13C-D) for longer than one 

cell cycle or over a longer term, some possibilities on their fate, can be derived 

from published literature. Once tetraploid cells are detected by the tetraploidy 

checkpoint, this results in a G1 arrest and can be eventually followed by 

apoptosis (Storchova and Pellman, 2004). We did not examine our BRAFV600E-

generated tetraploid cells for apoptosis following their arrest, however, the cells 

can be cultured as tetraploids over a longer term and can be examined by 

TUNEL or caspase staining for signs of apoptosis.  

Another possibility for the tetraploid cell fate is senescence. In a recent study, 

aneuploid skin displayed clear signs or cellular senescence, suggesting that 

cytokinesis failure or the resultant aneuploidy an trigger the onset of senescence 

(De Santis Puzzonia et al., 2016) and other studies have also shown the same 

correlation between cytokinesis failure and senescence (Sadaie et al., 2015, 

Panopoulos et al., 2014). Indeed, sorted BRAFV600E-induced tetraploid cells 

with wild type p53 in our study, displayed 𝛽-gal positivity (Dimri et al., 1995) over 

four days in culture (Fig II.16A-B). This is also consistent with BRAFV600E and 

p53 expression, giving rise to senescence (Michaloglou et al., 2005, Wajapeyee 

et al., 2010, Wajapeyee et al., 2008, Mijit et al., 2020, Qian and Chen, 2013). 
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This suggests that the tetraploid cell must not only avoid G1 arrest, but it must 

also avoid the induction of senescence to promote tumorigenesis. 

Once the tetraploidy checkpoint is compromised, such as the loss of p53 in this 

study, tetraploid cells can proceed through the cell cycle (Storchova and 

Pellman, 2004, Andreassen et al., 2001). This is consistent with what we observe 

in our  BRAFV600E p53-/- tetraploid cells (Fig. II.13C-D). The progression 

through the cell cycle can most frequently result in aneuploidy or cell death, 

however, if this occurs during transformation, viable aneuploid clones can arise 

and contribute to tumorigenesis (Storchova and Pellman, 2004). We believe this 

is what occurs in our zebrafish tumor model, where the activation of BRAFV600E 

gives rise to tetraploidy, but this activation is insufficient to cause tumor 

formation. However, once the p53 loss-of function mutation is introduced, 

aneuploidy and tumorigenesis can proceed (Patton et al., 2005). Moreover, once 

the tetraploid cell escapes the G1 arrest, it can enter rounds of cell division with 

many problems including replication stress, activation of pro-apoptotic pathways, 

formation of multipolar spindles and induction of senescence (Lens and Medema, 

2019). The tetraploid cell can overcome the issue of multipolar spindles by 

clustering its centrosomes and undergoing a bipolar mitosis and can stably 

propagate (Storchova and Pellman, 2004).  With respect to senescence in vitro, 

we observed that fewer BRAFV600E p53-/- tetraploid cells displayed beta-gal 

positivity (Dimri et al., 1995) compared to the BRAFV600E-p53+/+ tetraploid cells 

(Fig II.16A-B), suggesting that the loss of p53 causes cells the bypass the 
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senescent block (reviewed in (Calcinotto et al., 2019, Tonnessen-Murray et al., 

2017). If senescence were to be observed in vivo, in a tumor setting, the cells 

would need to either inactivate or bypass this block to proceed with tumor 

formation.  

Finally, tetraploid cells with dysfunctional p53 may go through aberrant mitoses 

and chromosome missegregation and form micronuclei (chromosomes that are 

not included in the nucleus) (Lens and Medema, 2019). These micronuclei can in 

turn trigger the activation of the innate immune system via the activation of the 

cGMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway 

(Harding et al., 2017, Mackenzie et al., 2017, Bartsch et al., 2017). This pathway 

acts as a DNA-sensing mechanism that can sense the presence of foreign DNA 

that is present outside the nucleus (Li and Chen, 2018) and aids in the activation 

of the innate immune system thereby causing release of several proinflammatory 

signals that trigger the clearance of cells with abnormal karyotypes by the 

immune system (Santaguida et al., 2017). Several studies indicate that 

aneuploidy is associated with decreased immune cell infiltrates in many tumor 

types, suggesting that a near tetraploid aneuploid cell that has evolved may 

ultimately escape clearance by the immune system (Davoli et al., 2017). This cell 

fate, however, is not a likely scenario that would apply to our BRAFV600E-

generated tetraploid cells, since we did not observe significant micronuclei 

generation through our live imaging analysis of the BRAFV600E-induced RPE-1 

cells (Fig II.5D).  
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While I discuss the different cellular fates of tetraploid cells, it is important to note 

that there are will be differences in tetraploid cell fates in vitro compared to those 

in vivo. In vitro, the loss p53 and aberrant cell division leading to aneuploid cell 

generation usually triggers apoptosis (Andreassen et al., 2001, Hinchcliffe and 

Sluder, 2001, Borel et al., 2002). However, in vivo, they are supported by a 

nutrient rich tumor microenvironment aiding their growth and tumorigenesis 

(reviewed in (Whiteside, 2008).  Hence, if BRAFV600E p53-/- tetraploid cells 

were to be kept in tissue culture for multiple cell cycles, apoptosis is more likely. 

It would be interesting to observe their clonogenic potential or anchorage 

independency through soft agar assays in vitro or tumor formation abilities in 

mouse xenograft models in vivo. This can be done as a part of some future 

explorative experiments. 

Downregulation of RhoA and cytokinesis failure 

Through our live cell imaging studies in vitro, we found that BRAFV600E-induced 

tetraploid cells arise due to cytokinesis failure (Fig. II.3E-F, Movie II.3H). 

Zebrafish melanocytes that we examined, are terminally differentiated and no 

longer cycle (Ceol et al., 2008). We believe that the binucleation in 

Tg(mitfa:BRAFV600E) zebrafish melanocytes, occurs as a result of a failed 

cytokinesis during the last cell division in the differentiation process.  On the 

other hand, in Tg(mitfa:BRAFV600E);p53(lf) zebrafish,  melanocytes possibly 

undergo endoduplication (DNA replication without undergoing cell division) by 
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undergoing multiple rounds of DNA replication within the same melanocyte, since 

they remain binucleated following differentiation (Fig. II.2C, II.13A-B).    

 

It is known that altered expression of proteins that regulate cytokinesis initiation 

and progression may cause cytokinesis failure in precancerous cells (Lens and 

Medema, 2019). In vitro, BRAFV600E-induced cytokinetic failure and binucleate 

formation in this study, arose as a result of decreased RhoA activity (Fig. II.6C-

F). The roles of RhoA in cell division and cytokinesis are well-documented and its 

activation is required for the induction and maintenance of cytokinesis. RhoA 

accumulates at the cleavage furrow and is the key regulator of contractile ring 

assembly and actinomyosin contractility and its dysregulation leads to failure in 

the constriction of the ring and ingression of the cleavage furrow (Drechsel et al., 

1997). RhoA deficiency, treatment with Rho specific inhibitor C3 or depletion of 

the protein by RNAi completely blocks furrow ingression, in turn causing 

cytokinesis failure (Konstantinidis et al., 2015, Drechsel et al., 1997, Jantsch-

Plunger et al., 2000). Additionally, several Rho GEFs and GAPs such as Ect2, 

GEF-H1, MyoGEF, MgcRacGAP and p190RhoGAP are involved in the regulation 

of Rho during cytokinesis and silencing of either RhoA or any of these regulatory 

factors results in multinucleated cells (reviewed in (David et al., 2012).  

 

In our study, increased Rac1 activity following centrosome amplification, provides 

one molecular explanation for the observed decrease in RhoA activity in 
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BRAFV600E-induced cells, since active Rac1 in many contexts can antagonize 

RhoA (Sander et al., 1999, Salloum et al., 2020, Burridge and Wennerberg, 

2004). In support of this view, we find that inhibition of Rac1 activation or 

activation of RhoA is sufficient to abrogate BRAFV600E-induced tetraploidy (Fig. 

II.6G, II.7C).  

 

Additionally, active Rac1 does not have any known roles in mitosis but rather its 

inactivation appears to be required (Chircop, 2014). Inactivation of Rac1 during 

mitosis is mainly essential during cytokinesis at the cell equator for the correct 

assembly and function of the contractile ring required for efficient membrane 

ingression (Chircop, 2014). In support of this view, FRET-based studies on Rac1 

activity have shown that Rac1 activity is suppressed at the spindle midzone 

during anaphase and telophase to promote formation of RhoA/formin-dependent 

linear actin filament assembly and to restrict actin-myosin II contractility to a 

narrow zone at the equator for efficient membrane ingression (Yoshizaki et al., 

2003). Overexpression of a constitutively active form of Rac1 or expression of a 

dominant negative MgcRacGAP could abolish this suppression of Rac1 activity 

during mitosis and has been shown to cause multinucleation or a defective 

cytokinesis in HeLa and RatA cells (Yoshizaki et al., 2004, Bastos et al., 2012).  

It has also been shown that failure to inhibit Rac1 activation during mitosis can 

give rise to cytokinesis defects that are characterized by inappropriate cell 

spreading and adhesion (Bastos et al., 2012, Muris et al., 2002). These studies 



 204 

are supportive of our results suggesting that increased Rac1 activity seen in our 

BRAFV600E-induced M-phase samples (Fig. II.7B) is consistent with impaired 

cytokinesis. Interestingly, a significant reduction in RhoA activity, centrosome 

amplification and similar increases in Rac1 activity was observed in tetraploid 

cells generated via DCB (Ganem et al., 2014) and increasing RhoA activity or 

inhibition of Rac1 activation was sufficient to rescue cell proliferation of tetraploid 

cells and inhibit Hippo pathway signaling. Further adding support to this data is a 

recent study that  reported that overexpression of the Rac GTPase activating 

protein 1, contributes to the proliferation of cancer cells by reducing Hippo 

pathway signaling to promote cytokinesis (Yang et al., 2018). 

 

In addition to decreased RhoA activity, we also observe a decrease in anillin 

expression at the equator of BRAFV600E-induced anaphase cells (Fig II.6A-B). 

Anillin is a scaffold protein that links and stabilizes RhoA, actin and myosin 

during cytokinesis (Piekny and Glotzer, 2008) and it localizes to the cleavage 

furrow during cytokinesis (Oegema et al., 2000). Anillin is also required for 

maintaining the structure of the cleavage furrow and for the completion of furrow 

ingression and in the absence of anillin, the accumulation of RhoA at the 

cleavage furrow is impaired (Zhao and Fang, 2005). Functionally, anillin is 

required for the completion of cytokinesis since the knockdown of anillin,  

injection of an anti-anillin antibody or by RNAi, resulted in incomplete furrow 

ingression and binuclearity (Zhao and Fang, 2005, Oegema et al., 2000, Echard 
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et al., 2004, Somma et al., 2002). These studies are consistent with our 

observation of  decreased anillin at the cell equator and resulting cytokinesis 

failure and binuclearity in BRAFV600E-induced cells. Anillin also appears to play 

key roles in the regulation of actin bundling and regulating actinomyosin 

contractility and membrane dynamics via its interactions with septins (Piekny and 

Maddox, 2010). So, it is possible that in our study, reduced expression of RhoA 

and anillin, in addition to causing impaired contractile ring assembly, may also 

contribute to reduced contractility or stability of the contractile ring.  

 

Increased Rac1 activity and centrosome amplification in BRAFV600E-

induced cells  

Within the context of centrosome amplification, there has been a debate on 

whether centrosome amplification is a cause or consequence of tumorigenesis. 

Some studies suggest that centrosome amplification can promote cancer by 

promoting aneuploidy, however it is unclear how centrosome amplification serves 

as a driver and initiator of tumorigenesis (Godinho and Pellman, 2014). A strong 

connection between centrosome amplification and tumorigenesis was first made 

in fruit flies, where transplanted tissue with extra centrosomes formed tumors that 

were able to metastasize (Basto et al., 2008) and premalignant lesions in 

Barrett’s esophagus were found to display centrosome amplification supporting 

its role in tumor initiation (Lopes et al., 2018).  It is important to note that 

centrosome amplification observed in the Ganem et. al., study is a consequence 
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rather than a cause of tetraploidy since it is described in cells that are already 

made tetraploid via addition of DCB (Ganem et al., 2014). In our study, we 

propose that centrosome amplification occurs prior to tetraploid cell generation 

and serves as a cause of tetraploidy.  Our data indicates that BRAFV600E and 

MAPK activity is important during the early S phase of the cell cycle (Fig II.7A), 

suggesting that it may be regulating a process that occurs in early S phase with 

vital roles in mitosis and cell division and centrosome amplification seems to be 

one such mechanism, since the centrosome initiates duplication in late G1/early 

S (Fukasawa, 2005). Centrosomes are microtubule nucleating and organizing 

centers in cells and consistent with prior studies showing that centrosome 

amplification and dynamic microtubules stimulate the activity of Rac1 (Godinho et 

al., 2014, Waterman-Storer et al., 1999) we find that in our study, oncogene-

induced centrosome amplification displays an increase in Rac1 activity in 

BRAFV600E-induced cells (Fig II.7B). Centrosome amplification as a result of 

oncogene induction has been observed in many studies (Godinho and Pellman, 

2014, Berenjeno et al., 2017, Liu et al., 2013, Suizu et al., 2006, Denu et al., 

2016). Centrosome amplification as result of centriole overduplication has been 

previously observed in melanoma (Denu et al., 2018) and centrosome 

amplification and binucleation have also been observed in a Her2+ breast cancer 

model (Harrison Pitner and Saavedra, 2013). Similarly, BRAFV600E in particular 

has also been shown to contribute to centrosome amplification (Liu et al., 2013, 

Cui et al., 2010, Cui and Guadagno, 2008) and consistent with these studies, 
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BRAFV600E in our study, certainly induced centrosome amplification (Fig II.10A-

B, Fig II.11A-B), since treatment with MAPK inhibitors abrogated the increase in 

centrosome numbers following BRAFV600E induction (Fig II.10B). BRAFV600E 

has also been shown to be associated with centrosome amplification in other 

cancers such as papillary thyroid cancer and colorectal cancers, suggesting a 

broader role of this BRAFV600E-linked defect in other cancers as well (Zhang et 

al., 2019, Maric et al., 2011). 

 

Another process that occurs in early S phase and may have critical implications 

during mitosis and cytokinesis is DNA replication stress. BRAFV600E may cause 

oncogene induced replication stress and cause DNA double strand breaks, 

under-replicated DNA and other chromosome segregation errors such as 

chromosome bridges (reviewed in (Kotsantis et al., 2018)). The completion of 

cytokinesis requires complete clearance of chromatin from the cleavage plane. 

While chromosome segregation normally completes early after the onset of 

anaphase, it can be delayed by lagging or bridged chromosomes (Steigemann et 

al., 2009). It is also known that chromatin trapped in the cleavage plane is one of 

the causes of spontaneous tetraploidization in cultured cells (Weaver et al., 

2006). However, we did not pursue this in detail while working on mechanistic 

studies for our study since even though we observed chromosome bridges and 

lagging chromosomes in our live imaging analysis of BRAFV600E-induced cells, 
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the data were not statistically significant and did not correlate with a subsequent 

cytokinesis failure (Fig. II.5A-B).  

 

However, there is another class of DNA bridges that can arise following 

replication stress, known as ultrafine DNA bridges (UFBs). These are thin 

regions of under-replicated DNA and arise as a result of chromosome 

missegregation during mitosis (Chan et al., 2009). UFBs cannot be detected 

merely by direct staining of DNA, but instead require specialized 

immunofluorescence and staining techniques using antibodies against proteins 

that bind to them such PICH (PLK1-interacting checkpoint helicase), BLM 

(Bloom’s syndrome helicase) and RPA (replication protein A) (Bizard et al., 2018, 

Chan et al., 2018, Chan and West, 2018, Chan et al., 2009). Chromatin that is 

localized or trapped in the cleavage plane can lead to spontaneous furrow 

regression and subsequent tetraploidization (Weaver et al., 2006, Steigemann et 

al., 2009). Whether the tetraploidization we observe in BRAFV600E-induced cells 

is due to trapped chromatin from UFBs is unclear and remains to be investigated 

further by the right imaging techniques. 

 

Centrosome amplification in our study could be rescued by addition of 

centrinone, a selective and inhibitor of PLK4 kinase (Wong et al., 2015) and also 

modestly reduced BRAFV600E-induced tetraploidy (Fig II.12C,II.12F). 

Centrinone addition also partially rescued RhoA activity in BRAFV600E-induced 



 209 

mitotic cells and RhoA levels were significantly lower in cells with >4centrioles 

than in cells with 4 centrioles (Fig II.12B, II.12D), suggesting that RhoA activity 

and tetraploidy generation is at least in part regulated by centrosome 

amplification. Since PLK4 is the master regulator of centriole biogenesis in 

mammalian cells (Habedanck et al., 2005, Kleylein-Sohn et al., 2007), the 

question arises whether there is a link between PLK4 and BRAFV600E. It is 

possible that BRAFV600E interacts with PLK4 to either stabilize or hyperactivate 

its kinase activity. However, whether BRAFV600E and PLK4 interact through a 

direct or indirect mechanism is unclear and warrants further exploration.  PLK4 

kinase activity requires phosphorylation of threonine 170 in the activation loop (T-

loop) of the kinase domain and this is a good readout of PLK4 kinase activity 

(Swallow et al., 2005, Nakamura et al., 2013). In the Nakamura et al. study, 

BRAFV600E did not seem to phosphorylate PLK4-T170, however, this could be 

attributed to differences in basic experimental setting or differences in cell line 

usage. It would be interesting to see if BRAFV600E can bind to PLK4 and 

stimulate PLK4 pT170 self-phosphorylation and cause an increase in its kinase 

activity using our RPE-1 cell line system. These experiments an easily be done 

as a part of future investigations either by using standard immunoprecipitation 

techniques or by doing phospho-proteomics analyses to map this particular 

phosphorylation site.  
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From a cancer and melanoma standpoint, it would be very interesting to see 

whether centrosome amplification is observed in human nevi or early melanoma 

lesions that harbor BRAFV600E mutations.  

 

Direct regulation of RhoA activity by BRAFV600E or increased MAPK signaling 

may also occur via mechanisms other than centrosome amplification since, MEKi 

and ERKi inhibitor treatment rescues RhoA abrogation in BRAFV600E-induced 

mitotic cells (Fig II.6C-D). It is known that endogenous expression of Rnd3, a 

Rho family GTPase and a mutant BRAF effector acts as a regulator of cross-talk 

between the BRAF/ERK and Rho/ROCK pathways (Klein et al., 2008) and 

seems to regulate actin architecture through specific attenuation of RhoA 

stimulated actin stress fibers (Klein and Aplin, 2009). Additionally, the RhoA 

GEF, ECT2 and proteins downstream of RhoA have been widely implicated in 

the regulation of cytokinesis (Kimura et al., 2000, Kotynkova et al., 2016, 

Petronczki et al., 2007, Kim et al., 2005, Kosako et al., 2000, Jordan and 

Canman, 2012, Chircop, 2014). However, if BRAFV600E or increased MAPK 

signaling directly regulate either of these factors in our study, is unclear. 

 

In summary, the work presented in this thesis signifies a role of oncogenic BRAF 

in whole genome doubling events that occur early during tumorigenesis. We 

establish a novel role of the Ras/BRAF pathway in the generation of tetraploid 

cells and describe a mechanism by which tetraploid cells can be spontaneously 
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generated in the course of tumor development and contribute to tumorigenesis 

(Fig III.1). We show that common abnormalities linked to tumorigenesis such as 

amplified centrosomes resulting in an increase in Rac1 signaling, a decrease in 

RhoA activity, subsequent cytokinesis failure and tetraploidy can be induced by 

oncogenic BRAF and potentially other mutations that increase MAPK pathway 

activity. These events may also underlie whole genome doubling events evident 

in human melanomas. Additionally, since many other tumor types with near 

tetraploid karyotypes often possess Ras/BRAF activating mutations, this 

commonly mutated pathway can be broadly implicated in the generation of 

tetraploid intermediates during tumorigenesis and may open new doors for 

improved diagnostic and therapeutic interventions.  
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Figure III.1 –The role of BRAFV600E in the generation of tetraploidy  
 
Oncogenic BRAFV600E acting during G1/S in a normal diploid cell, can cause 
centrosome amplification and increase in Rac1 GTPase activity and a 
corresponding decrease in the activity of the small GTPase RhoA that has critical 
functions during cytokinesis. This results in cytokinesis failure and the generation 
of a tetraploid intermediate that can arrest in G1 due to a p53-dependent 
tetraploidy checkpoint. Once p53 is lost in this cell, it can progress into the cell 
cycle, proliferate, become aneuploid and eventually contribute to tumorigenesis. 
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BRAFV600E-induced tetraploidy in human cancers  

Implications of spontaneously arising tetraploid cells in cancer 

 

There are several implications of spontaneously arising tetraploid cells in cancer. 

Tetraploidy and its associated aneuploidy can very well accelerate tumor 

evolution for two main reasons. Firstly,  in the presence of several mutations, 

tetraploidy can augment cellular robustness since it can safeguard the effects of 

chromosome losses, inactivating mutations and gene deletions (Davoli and de 

Lange, 2011). Hence tetraploidy can allow tumor cells to maintain a higher 

frequency of mutations and increase their adaptive capacity (Davoli and de 

Lange, 2011). Secondly, tetraploid cells also have a higher rate of chromosome 

missegregation and chromosome instability (Mayer and Aguilera, 1990, 

Storchova et al., 2006) due to the presence of supernumerary centrosomes 

(Ganem et al., 2009). Therefore, tetraploidy can increase the chances of an 

evolving cancerous clone to accumulate and tolerate the mutations that may be 

required for its progression to a more malignant state (Davoli and de Lange, 

2011).  
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Significance of using tetraploidy as a screening for diagnosis or to predict 

prognosis 

 

Considering our phenotype demonstrating binuclearity and tetraploidy in early 

melanoma lesions in the zebrafish (Fig II.13E), the presence of multinucleated 

cells in cultured human nevi (Gilchrest et al., 1986), the evidence of tetraploid 

karyotypes in solid tumors and the indication of whole genome doubling events in 

many solid tumors from other studies (Liu et al., 2018a, Quinton and Ganem, 

2019, Quinton et al., 2021), it raises the question – can tetraploidy and whole 

genome doubling be used as a screening tool for diagnosis or to predict 

prognosis of melanomas and other cancers. Knowing the catastrophic 

implications of tetraploidy and resulting aneuploidy on cancer progression,  this 

phenotype should certainly be used as a diagnostic and prognostic tool to detect 

early cancers or to determine treatment sensitivity. Earlier methods of detecting 

genome instability in cancers included simple techniques such as Fluorescence 

in situ Hybridization (FISH) and Comparative genomic hybridization (CGH) 

(reviewed in (Dabas et al., 2012). However, with new whole genome sequencing 

technologies, diagnostic testing has certainly improved.  

Whole genome doubling is associated with increased tumor heterogeneity and 

poor prognosis (Bielski et al., 2018, Dewhurst et al., 2014, Storchova and 

Pellman, 2004). Given the strong link between genomic instability and poor 

clinical outcomes and since genome doubling is an early event in many cancers, 
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studies have examined genome doubling as a prognostic marker in early and 

advanced stage cancers (Dewhurst et al., 2014, Bielski et al., 2018). Genome 

doubling was indeed associated with poor prognosis in early stage colorectal 

cancer tumors and was significantly associated with tumor relapse (Dewhurst et 

al., 2014). It was also associated with poor prognosis and worse overall survival 

in several advanced cancers (Bielski et al., 2018). Whole genome doubling, can 

also confer potential adaptations and vulnerabilities in tumors and may serve as 

an indicator of how certain tumors may respond to immune therapy across 

several cancers. Patients with whole genome doubled tumors responded better 

to drugs that blocked the immune checkpoint inhibitor PD1 across several 

cancers (Quinton and Ganem, 2019, Quinton et al., 2021). These studies 

suggest that whole genome doubling may be a good prognostic tool to detect 

high risk tumors predict treatment sensitivity.  

 

New insights for cancer therapy 

Survival rates of low stage (non-metastatic) melanomas that can be surgically 

removed are generally high with low recurrence rates after 10 years (Moyer et 

al., 2017), however, current treatment options have had minimal survival benefits 

for patients with metastatic melanoma. Many years of attempts to improve 

melanoma outcomes with typical chemotherapy regimens has provided little 

improvement in survival, suggesting a great medical need for better treatment 

options (Patel et al., 2011). A new hope for improved treatment has surfaced 
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since sequencing studies have revealed new targetable mutations in melanoma 

and as newer immunotherapies came into practice (Flaherty et al., 2010, Hodi et 

al., 2010). Due to the high mutational frequency and a clear causative role in 

melanoma, BRAFV600E has been aggressively pursued as a therapeutic target. 

Small molecule inhibitors that block its activity have been developed (Tsai et al., 

2008) and their use led to some degree of tumor regression in 81% of 

BRAFV600E-mutant patients, however, resistance to BRAFV600E inhibitors 

often develops over the course of several months (Flaherty et al., 2010). Through 

this study, we have identified that BRAFV600E can spontaneously generate 

tetraploid cells that can serve as intermediates in melanoma development. 

Through mechanistic analyses, we have identified pathways that can be 

exploited further as potential targets for melanoma treatment. Firstly, Rac1 could 

be potentially explored as a therapeutic target. Rac1 activity in our study was 

higher in BRAFV600E-induced cells and contributed to centrosome amplification 

and subsequent downregulation of RhoA. This increase in Rac1 activity was 

functionally relevant since pharmacological inhibition of Rac1 was sufficient to 

cause a decrease in BRAFV600E-induced G1 tetraploidy (Fig II.7C).   A number 

of genome wide studies have found Rac1 hotspot mutations in sun exposed 

melanoma (Krauthammer et al., 2012, Hodis et al., 2012). A novel point mutation 

in Rac1, Rac1P29S, that is characterized by a significantly increased intrinsic 

GDP/GTP cycling activity, has been found in nearly 5-9% of all melanomas and 

is shown to be the third most recurrent mutation in melanomas after the 
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BRAFV600E and NRASQ61K mutations. Although the Rac1P29S mutations co-

occur with BRAF/NRAS mutations, it is also found in samples that are wild type 

for BRAF and NRAS (Krauthammer et al., 2012). In a recent study, Rac1P29S 

was found to cooperate with oncogenic BRAF mutations to promote 

melanomagenesis (Lionarons et al., 2019). While Rac1 itself has been a 

challenging therapeutic target thus far, its downstream effectors namely the p21-

activated kinases (PAKs) and the SRF/MRTF transcriptional pathway have been 

recently explored as treatment targets (Lionarons et al., 2019, Uribe-Alvarez et 

al., 2020, Araiza-Olivera et al., 2018) and could be potentially explored further. 

Secondly, PLK4 has been recently explored as a therapeutic target by a recent 

study that observed prevalent centrosome amplification in their melanoma model 

(Denu et al., 2018). All these targets are potentially promising; however, detailed 

evaluation must be performed to understand their mechanisms of action and 

consequences for melanoma treatment. 
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Future directions 

 

This thesis has prompted many important questions in the field of cancer biology 

and tumor initiation, which can be answered and validated through further 

research. These future directions will give this project completeness and help us 

gain a better understanding of how tetraploidy arises and contributes to tumor 

initiation. Some of the important future directions are listed as follows: 

 

1)  Understanding the interaction between BRAFV600E and PLK4 and 

validation in vivo 

 Our study shows that BRAFV600E induction causes centrosome amplification in 

vitro and in vivo (Fig II.10A-D,Fig II.11A-B).  Since PLK4 is the master regulator 

of centriole biogenesis in mammalian cells (Habedanck et al., 2005, Kleylein-

Sohn et al., 2007), the question arises whether there is a link between PLK4 and 

BRAFV600E and we hypothesize that BRAFV600E interacts with PLK4 to either 

stabilize or hyperactivate its kinase activity. However, whether BRAFV600E and 

PLK4 interact and whether it is through a direct or indirect mechanism is unclear 

and warrants further exploration.  PLK4 kinase activity requires phosphorylation 

of threonine 170 in the activation loop (T-loop) of the kinase domain and this is a 

good readout of PLK4 kinase activity (Swallow et al., 2005, Nakamura et al., 

2013). It would be interesting to see if BRAFV600E can bind to PLK4 and 

stimulate PLK4 pT170 self-phosphorylation and cause an increase in its kinase 
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activity. These experiments can be done either by using standard 

immunoprecipitation techniques or by doing phospho-proteomic analyses to map 

this particular phosphorylation site. Additionally, to understand how extra 

centrioles arise in BRAFV600E-expressing cells,  it will be very interesting to 

observe BRAFV600E-expressing RPE-1 cells with a centrin-GFP marker, in real 

time using live cell imaging approaches. 

 Experiments to understand the relationship between BRAFV600E 

induction, centrosome amplification, increase in Rac1 activity and the resulting 

reduction in RhoA activity could be further validated in our zebrafish tumor model 

by performing miniCoopR based experiments (Ceol et al., 2011) by using 

Tg(mitfa:BRAFV600E);mitfa(lf) fish and by either inhibiting centriole duplication 

by treatment with PLK4 inhibitors, or by inhibiting Rac1 by using small molecule 

inhibitors or by using overactive RhoA (RhoQ61L) and observing the effect on 

BRAFV600E-induced binuclearity and tetraploidy.  

 

2)  Determining the transcriptional signature of BRAFV600E-induced 

tetraploid cells 

This thesis has focused on identifying of a novel phenotype that shows tetraploid 

cells can arise spontaneously during the course of tumor development by the 

activation of oncogenic BRAF and the mechanism behind how these cells are 

generated. An ideal next step would be to understand what the transcriptional 

signature of these newly generated tetraploid cells is. Additional targeted 
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therapies can be developed as the transcriptional signature of the BRAFV600E-

induced tetraploid cells is further defined and identification of new genes that can 

serve as biomarkers through such an analysis can help us find new diagnostic 

and prognostic markers for melanoma and aid in predicting treatment response. 

A transcriptional signature of BRAFV600E-induced tetraploid cells can be 

performed by FACS sorting diploid vs tetraploid cells, followed by next generation 

sequencing approaches such as bulk or single-cell RNA sequencing. Gaining 

such a transcriptional readout will help us further understand how these cells 

contribute to tumor initiation.  

 

3)  Determining when binucleate cells arise during the course of zebrafish 

development 

Studying melanocyte development is critical to our understanding and treatment 

of various melanocyte disorders and melanoma (reviewed in  (Nordlund, 1998). 

Along with other pigment cells, black pigmented melanocytes arise from the 

zebrafish neural crest and the specification of the neural crest cell fate and the 

signals promoting this fate is established very early during development (Raible 

and Eisen, 1994). Melanocyte precursors in the zebrafish start expressing 

melanin pigment at around 24 hours post fertilization (hpf) and the embryonic 

melanocyte pattern is mostly completed by 48hpf and a very minimal number of 

melanocytes are either added or lost over the next few days of larval 

development (Raible et al., 1992, Milos et al., 1983). This pigment pattern in the 
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larva is established in the first few days of development and is then slowly 

replaced by the adult pigment pattern during metamorphosis which occurs at 2-4 

weeks (Johnson et al., 1995). At 2 weeks, the melanocytes on the stripe of the 

zebrafish begin to appear and these first adult melanocytes, called the early 

stripe melanocytes are followed by an increase in new stripe melanocytes called 

the late stripe melanocytes. This creates the classic appearance of scale 

associated melanocytes on the dorsum of the animal (Johnson et al., 1995). It 

would be very interesting to understand whether the BRAFV600E-induced 

binucleate, tetraploid melanocytes are generated when the embryonic 

melanocyte pattern is established or whether they are created later at 2-4 weeks 

during the larval-to-adult metamorphosis process. This can be studied by lineage 

tracing early zebrafish embryos expressing BRAFV600E throughout 

embryogenesis and metamorphosis.  If this approach proves to be tedious and 

technically challenging, the timing of BRAFV600E-induced binucleate and 

tetraploid generation could also be deduced during the course melanocyte 

regeneration in adult fish (Iyengar et al., 2015) to see whether they arise as 

binucleate cells when unpigmented melanocyte stem cells differentiate. 

Understanding the timing of BRAFV600E-induced tetraploid, binucleate 

melanocyte generation in the zebrafish could help us understand when this 

pattern is established and will help us determine when the expression of 

BRAFV600E can be manipulated, if need be, to prevent the rise of tetraploidy 

and possible susceptibility to tumorigenesis in the future. 
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Final remarks 

So far, it has been difficult to understand how tumors initiate in vivo, in part due 

to the difficulty of lineage tracing studies in adult organisms. This thesis shows a 

novel strategy of how tetraploid cells arise spontaneously as a result of oncogene 

activation and how they contribute to tumor initiation and provides a potential 

mechanism that may be important for tumor progression. This not only gives us a 

better understanding of tumor biology, but may also be important for disease 

diagnosis, prognosis and treatment. 
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