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The soil-nematode Caenorhabditis elegans survives oxygen deprivation (anoxia < 0.001 

kPa of O2, 0% O2) by entering into a state of suspended animation during which cell cycle 

progression at interphase, prophase and metaphase stage of mitosis is arrested. I conducted cell 

biological characterization of embryos exposed to various anoxia exposure times, to demonstrate 

the requirement and functional role of spindle checkpoint gene san-1 during brief anoxia 

exposure. I conducted a synthetic lethal screen, which has identified genetic interactions between 

san-1, other spindle checkpoint genes, and the kinetochore gene hcp-1. Furthermore, I 

investigated the genetic and cellular mechanisms involved in anoxia-induced prophase arrest, a 

hallmark of which includes chromosomes docked at the nuclear membrane. First, I conducted in 

vivo analysis of embryos carried inside the uterus of an adult and exposed to anoxic conditions. 

These studies demonstrated that anoxia exposure prevents nuclear envelope breakdown (NEBD) 

in prophase blastomeres. Second, I exposed C. elegans  embryos to other conditions of mitotic 

stress such as microtubule depolymerizing agent nocodazole and mitochondrial inhibitor sodium 

azide. Results demonstrate that NEBD and chromosome docking are independent of microtubule 

function. Additionally, unlike anoxia, exposure to sodium azide causes chromosome docking in 

prophase blastomeres but severely affects embryonic viability. Finally, to identify the genetic 

mechanism(s) of anoxia-induced prophase arrest, I conducted extensive RNA interference 

(RNAi) screen of a subset of kinetochore and inner nuclear membrane genes. RNAi analysis has 

identified the novel role of 2 nucleoporins in anoxia-induced prophase arrest.  
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CHAPTER 1 

INTRODUCTION 

1.1  Oxygen Deprivation 

1.1.1 Oxygen and Living Systems 

Oxygen metabolism is the fundamental requirement for life in aerobic metazoans. 

Molecular oxygen is an important substrate of aerobic respiration that involves the production of 

ATP by oxidative phosphorylation. Aerobic respiration accounts for the vast majority of energy 

produced that is necessary to perform important cellular reactions. Furthermore, oxygen partial 

pressures also influence the development and physiology of most metazoans. Hence, cellular and 

systemic oxygen concentrations are tightly regulated by short- and long- acting response 

pathways that affect activity and expression of many cellular proteins. A perturbation in balance 

of oxygen homeostasis results in oxygen deprivation.  

 

1.1.2 Oxygen Deprivation Terms, Definitions and Causes 

A condition of reduced oxygen availability to tissues and cells that compromises 

important biologic functions is called oxygen deprivation. Oxygen deprivation is described by 

the terms hypoxia and anoxia have been defined in several ways: 1.When O2 deprivation limits 

electron transport; 2. A state of reduced O2 availability or decreased oxygen partial pressures 3. 

Reduction in O2 levels that leads to abolishment or reduction in function of cells, tissues and 

organs. Anoxia is often referred as a state of “extreme hypoxia” wherein no O2 is detected in the 

tissue or the environment that the organism is exposed [1]. 
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1.1.3 Pathologies Associated with Oxygen Deprivation 

In humans, oxygen deprivation is caused by a variable of factors including a reduced 

ability of blood to carry oxygen (anemia or carbon monoxide poisoning), the inability of cells to 

use oxygen due to toxins (cyanide), low oxygen partial pressures in the arterial blood (high 

altitudes or pulmonary disease) or disturbance in oxygen diffusion rates (increase in blood 

supplying microvessels distance). Thus, oxygen deprivation causes profound physiological and 

health consequences. Ischemia plays a major role in the pathology of strokes, myocardial 

infarctions, pulmonary hypertension, and neurological or cardiovascular disorders. Cellular 

ischemia is observed in a variety of cells including cardiac myocytes in underperfused parts of 

heart muscle during coronary heart disease, brain cells during occlusion of cerebral arteries or 

strokes, or poorly vascularized regions of solid tumors. [2-5]. Ischemia or prolonged hypoxia in 

fetuses and neonates causes brain damage and injury to vital organs such as the heart, lungs and 

kidney, making hypoxia a major cause for in utero fetal demise.  

 

1.1.4 Tumor Cells and Hypoxia 

Most solid tumors contain distinctive hypoxic micro-regions of neoplastic cells which 

are heterogeneously distributed in the tumor mass. Tumor hypoxia results from a reduced or 

disturbed blood supply, increased diffusion distance between nutrient supplying blood 

vessels, or microvessels with structural and functional abnormalities. Most hypoxic tumors 

usually contain areas with oxygen partial pressure values of < 2.5 mm Hg (0.3% O2). This 

environment renders the tumor cells resistant to most therapeutic treatments like radiotherapy, 

chemotherapy, and O2-dependent cytotoxic agents. Other factors contributing to increased 

radioresistance of tumor cells are hypoxia-induced proteome and genome changes, leading to 
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increased heat shock proteins, increased number of cells with diminished apoptotic potential 

or increased proliferation potential. These proteome and genome changes allow the tumor 

cells to overcome nutrient deprivation and escape hostile environment [6-8].  Hence, it is of 

significance to identify the cellular and molecular changes that occur in response to oxygen 

deprivation. 

 

1.1.5 Variability in Tolerance to Oxygen Deprivation  

There exists a wide heterogeneity amongst metazoans for their tolerance to low levels 

of oxygen, ranging from high tolerance to extreme sensitivity. Humans are extremely 

sensitive to oxygen-deprived conditions; as the human brain cells begin to die within minutes 

following hypoxia exposure [9]. Vertebrates respond to oxygen deprivation with changes in 

their carbohydrate metabolism, stimulation of their red blood cell and hemoglobin production, 

an increase in nitric oxide and increased expression of a subset of genes. For many vertebrates 

exposure to prolonged periods of oxygen deprived conditions can result in cellular death.  

Interestingly, metazoans such as the turtle Chrysemys picta belli, , the zebrafish Danio 

rerio, annual killifish Austrofundulus limnaeus, the brine shrimp Artemia franciscana fruit fly 

Drosophila melanogaster and the nematode Caenorhabditis elegans have the capability to 

survive severe oxygen deprived conditions [10-12, 13#420, 14-17]. Extreme anoxia tolerance 

of the vertebrate embryo is demonstrated by the annual killifish Austrofundulus limnaeus. The 

annual killifish survive extreme drought conditions of ephemeral pond habitats by producing 

diapausing embryos which develop substantial anoxia tolerance during early part of their 

development. This extreme anoxia tolerance of killifish embryos, is attributed to accumulation 

of large quantities of γ aminobutyrate (GABA) a neuroprotectant and increased production of 
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anaerobic metabolites such as lactate and succinate [16]. Conversely, zebrafish embryos can 

survive only 1-2 days of anoxia by arresting development and cell cycle progression.  Brine 

shrimp embryos survive four years of continuous anoxia exposure by  inducing 

developmental arrest, decreasing metabolic rate, lowering intracellular pH, and reducing 

protein synthesis [18]. Similarly, Drosophila and C. elegans can survive several days of 

anoxia by arresting development and cell cycle progression until re-oxygenated. Taken 

together, blue prints for oxygen deprivation protective mechanisms exist in metazoans. 

 

1.1.6 Physiological Adaptations to Oxygen Deprivation 

Most aerobic metazoans respond to lack of oxygen by immediate and long-term 

compensatory mechanisms involving biochemical and physiological adaptations. For example, 

upon exposure to systemic hypoxia, mammals immediately increase breathing (reflex 

hyperventilation) which increases PO2 in the blood within seconds. These compensatory 

ventilatory adjustments are crucial for survival in situations involving acute hypoxia and are 

dependant on the sensing capability of the carotid body, a tiny vascularized organ located at the 

bifurcation of the carotid artery. The carotid body responds instantaneously being extremely 

sensitive to modest decrease of arterial PO2 from (~100-80mm Hg) arterial blood [19-21].  

Additionally, sensors in the pulmonary vasculature organize adjustments in lung perfusion thus 

matching ventilation and perfusion [22]. 

Exposure to sustained hypoxia brings about activation of long-term compensatory 

mechanisms such as polycythemia, leading to increase in red blood cells. This increases the 

oxygen carrying capacity of the blood and proliferation of capillaries to increase oxygen delivery 

to tissues. Oxygen sensors in the kidney and liver cells activate erythropoetin (EPO), a 
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glycoprotein, to initiate polycythemia [23, 24]. EPO regulates differentiation and maturation of 

progenitor erythrocyte cells. Cells of kidney cortex show that under normoxic conditions EPO 

levels of expression are minimal, increasing substantially under hypoxia [25]. The EPO 

production is regulated by gene expression, taking place only when O2 levels in the environment 

fall below 10%, thus making EPO less sensitive than carotid body. Oxygen sensors in the 

vasculature of other tissues respond to hypoxia by inducing angiogenesis, via activation of 

growth factors like VEGF (vascular endothelial growth factor), PDGF (platelet derived growth 

factor), and placental growth factor. Taken together, these physiological adaptations enable 

hypoxia-sensitive organisms to sustain shorter periods of hypoxia [26]. 

 

1.1.7 Biochemical Mechanisms of Anoxia Tolerance 

Anoxia-tolerant organisms, survive chronic periods of anoxia by adapting biochemical 

lines of defense [27]. For example, the fresh-water turtle Chrysemus picta belli, while freely 

diving routinely returns to the water surface to refill the oxygen reserves present in its large 

lungs. However, when submerged under ice, or denied access to O2 in anoxic water, their oxygen 

reserves become exhausted, and their cellular metabolism shifts from oxidative phosphorylation 

to anaerobic glycolysis [28]. Upon exposure to chronic hypoxia, the turtle halts basic 

homeostatic functions such as pulmonary O2 exchange, feeding, and renal function [29, 30]. 

Additionally, the turtle utilizes the large glycogen reserves present in its skeleton and shell to fix 

the large amounts of lactic acid produced during anaerobic glycolysis. This allows the turtle to 

sustain more than 5 months of anoxia [30]. 

A reduction in metabolic rate is the signature of a most anoxia-tolerant species; as anoxia 

survival inversely co-relates with reduced metabolic rate. Most anoxia-tolerant organisms use a 
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co-ordination of two main mechanisms to reduce its metabolic rate such as: 1) severe down 

regulation of ATP generating pathways and 2) suppression of ATP consuming pathways. This 

allows the organism to maintain the minimum required ATP levels even while ATP turnover 

rates decline. Under normoxic conditions, the main energy sinks are: protein synthesis, protein 

degradation, Na+/K+ pumping, urea biosynthesis, and glucose biosynthesis [31, 32]. In anoxia or 

extreme hypoxic conditions all these above processes are down regulated. For example, in turtle 

hepatocytes, ATP requirements of ion pumping are down-regulated by means of “channel arrest” 

[33] and ATP demands of protein synthesis are halted through “translational arrest” caused by 

complexing polysomes and elongation [34]. Hypoxia-tolerant species opt for reducing energy 

consumption, as metabolic constraints exist over sustained use of glycolytic pathway as the 

energy provider. In adjusting to hypoxia environment, pathways that maximize the yield of ATP 

per mol of O2 are favored. In contrast, anoxia adaptation includes anaerobic pathways that 

maximize the yield of ATP per mol of H+ formed during fermentation, thus sustaining the 

organism [32, 35]. Taken together, these studies demonstrate that evolutionary conserved 

processes for oxygen deprivation tolerance exist in metazoans.  

 

1.1.8 Molecular and Cellular Responses to Oxygen Deprivation 

1.1.8.1 Importance of Genetic Model Systems in Understanding Oxygen Deprivation 

  Model organisms are easy-to-study species that are used in experiments to learn how a 

more complex organism functions. Traditionally, anoxia tolerance has been widely studied in 

organisms including but not limited to, the turtle Chrysemus picta bell and the brine shrimp 

Artemia franciscana. However, lack of genetic approaches limited a complete understanding of 

anoxia tolerance despite efforts to elucidate the underlying mechanisms. Hence, anoxia-tolerant 
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genetic model organisms like the fruit fly Drosophila melanogaster and the soil nematode 

Caenorhabditis elegans have been recently exploited to provide mechanistic answers to the 

molecular and cellular responses acting during oxygen deprivation.  

Genetic model systems have contributed to some of the major discoveries in physiology 

and medicine. To name a few, genes that control embryonic development were first identified in 

Drosophila by Nusslein-Volhard and Weischaus [36, 37]. The fundamental mechanism of cell 

cycle regulation common to all eukaryotes was first worked out in yeast by Hartwell and Nurse 

[38-42]. By using and establishing C. elegans as an experimental model system, the Nobel 

laureates Brenner, Sulston and Horvitz provided a unique opportunity to link genetic analyses to 

complicated biological processes including development and differentiation, organ development 

and cell death [43]. Taking advantage of the C. elegans’ transparency throughout life, Sulston 

and colleagues followed every cell of the nematode from being of a fertilized egg to an adult 

under a microscope, thus mapping the cell lineage, an information unknown in any other 

multicellular organism [44]. Similarly, the genes that regulate programmed cell death, were first 

discovered and cloned in C. elegans [45]. Furthermore, both Drosophila and C. elegans have 

been instrumental in understanding the key processes of ageing, alcohol tolerance, memory and 

learning [46-49] and as a disease models in understanding type II diabetes, Alzheimer’s disease, 

Parkinson’s disease, polycystic kidney disease and muscular dystrophy [46, 50-53]. Taken 

together, genetic model systems like Drosophila and C. elegans have been instrumental in 

elucidating the molecular mechanisms regulating complex biological processes.  

Oxygen deprivation influences the growth, development, and behavior of C. elegans and 

Drosophila.  For example, C. elegans exposed to a severely hypoxic environment (.5% O2 to 

1.5% O2) develop more slow [54]. However, C. elegans when exposed to anoxic conditions 
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(<.001 kPa, 0% O2) shows the remarkable capacity of entering into suspended animation; 

wherein embryonic development and cell cycle progression arrests, and post embryonic 

nematodes arrest development, feeding, motility and in the case of adults do not lay eggs. Arrest 

in suspended animation is reversible upon exposure to oxygen in which developmental 

progression is similar to untreated nematodes. This ability of C. elegans to enter into suspended 

animation is present at all stages of its life cycle [10]. Anoxia-induced suspended animation has 

not been completely studied and, therefore, is not well understood.  

Alternatively, Drosophila adults when exposed to severe hypoxia loose coordination, 

stop moving, fall and remain motionless; the larvae wander away from their food and embryos 

arrest until re-exposed to normoxic conditions [11, 55-57]. Upon return to normoxic conditions 

flies can resume essential activities like mating, flying and sight. Conversely, when exposed to 

hypoxia (2-3% of oxygen) flies continue flying and moving thus demonstrating a sensing 

mechanism at the tissue level [58].  

Collectively, both C. elegans and Drosophila are well established genetic model systems 

that survive periods of oxygen deprivation with no apparent long-term effects. Furthermore, the 

strengths of genetic model systems such as smaller genome size, fully sequenced genome, and 

availability of molecular and genetic tools, most notably the ability to conduct genetic screens, 

have contributed in understanding how cells and tissues respond to oxygen deprivation. Taken 

together, a synergy of studies in mammalian cell culture; Drosophila, C. elegans and zebrafish 

have been instrumental in providing key answers to oxygen deprivation sensing and survival.  

 

1.1.8.2 Sensing Oxygen Deprivation  

While investigating genetic responses to hypoxia, the investigators Wang and Semenza, 
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first identified hypoxia inducing factor, HIF-1 expression in mammalian cells cultured under 

reduced O2 tensions [59]. This was a stepping stone to the elucidation of a pathway promoting 

transcriptional responses to hypoxia. It was later shown that vertebrate and invertebrate cells 

exposed to low levels of oxygen, signal similar changes at genome level mediated through HIF-

1. The HIF-1 mediated gene expression changes include induction of glycolytic genes, nitric 

oxide synthase, vascular endothelial growth factor, and erythropoeitin [60]. Thus, HIF mediated 

transcriptional responses play an important role in hypoxia survival, wherein the cells detect and 

adjust, or succumb, to hypoxia.  

Briefly, HIF-1 is a heteromeric DNA-binding complex that consists of α and β subunits. 

Under normoxic conditions, the activity of HIF-1α subunit undergoes proteolytic destruction, 

signaled through hydroxylation by prolyl hydroxylases (PHD’s) and binding to VHL (von-

Hippel-Lindau tumor suppressor protein) [61, 62].  In contrast, under hypoxic conditions prolyl 

hydroxylation and degradation of HIF-1α are inhibited and HIF-1α is tanslocated to the nucleus 

where it dimerizes with HIF-1β subunit (also called ARNT) to induce target genes. This 

mechanism of regulation of HIF-1α by prolyl hydroxylases (PHD’s) was first discovered in C. 

elegans, and thus, led to subsequent identification of mammalian prolyl hydroxylases using cell 

culture studies  [63, 64]. Taken together, these studies demonstrated that a conserved HIF-VHL-

prolyl hydroxylase pathway acts in C. elegans. 

In nematodes, fruit flies and mammals HIF-1 activity peaks in hypoxic tissue and sharply 

declines in normoxic and anoxic conditions. For example, Drosophila embryos when exposed to 

~3% - 4% O2 and mammalian cells at ~ 1% O2 levels show maximum HIF binding activity [65-

68]. Like mammalian cells, hif-1 is required for hypoxia adaptation in C. elegans. The hif-1 

deletion mutants (hif-1(ia04) )do not exhibit any severe defects when cultured under standard 
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laboratory conditions (21% O2). However, upon exposure to 0.5% - 1% O2 the hif-1 embryos 

show significant lethality. This demonstrates that in C. elegans hif-1 is required for growth and 

survival under hypoxic conditions [68].  Interestingly, exposure of C. elegans hif-1 deletion 

mutants to anoxia revealed that hif-1 mutants survive anoxia-induced suspended animation as 

comparable to wildtype; suggesting a fundamental difference in the molecular mechanisms 

acting in response to hypoxia (1% or 0.5% O2) versus anoxia (0% O2) [10]. Collectively, these 

studies have aided in identifying molecular mechanisms involved in sensing oxygen deprivation. 

 

1.1.8.3 O2 Deprivation and Development 

Both Drosophila melanogaster and C. elegans, likely experience bouts of oxygen 

deprivation as part of their natural environment, and have thus developed mechanisms to sense 

and adapt to low oxygen levels. For instance, at oxygen concentrations of 0.5% or 1% C. elegans 

continue to develop and reproduce at a slower rate when compared to normoxia; and are able to 

maintain a near normal metabolic rate at low oxygen levels of 2% [54]. Similarly, flies reared at 

low oxygen levels (10% O2) develop more slow emerging 1.5 days later, than those reared at 

ambient O2 levels. Furthermore, low oxygen levels increased mortality rate but reduced 

fecundity rate of flies [69, 70].  

Exposure to hypoxia also induces developmental modifications. For example, Drosophila 

when exposed to hypoxia demonstrates tracheal ramifications, a process of cellular 

morphogenesis which involves alteration of terminal trachea regulated by local oxygen need, 

similar to angiogenesis in mammals. The known signaling molecules NO (nitric oxide) and 

protein kinase G (PKG) are involved in stimulating tracheal ramifications [57].  Furthermore, 

studies in flies have shown that oxygen levels directly affect the whole animal cell size and 
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development; as flies reared in reduced oxygen levels (15%, 10% and 7.5% O2) had decreased 

cell number and size. This effect of oxygen levels on size was reversible during early stages of 

development, becoming fixed after pupal stage [71].  

Whereas low oxygen levels can modify development, exposure to complete lack of 

oxygen (anoxia) induces a complete developmental arrest. The embryos of zebrafish, C. elegans, 

and Drosophila when exposed to anoxia arrest development and cell cycle progression, until re-

exposed to normoxic conditions [10, 11, 72]. The specific molecular and cellular mechanisms by 

which the dynamic process of cell cycle progression is reversibly arrested upon exposure to 

anoxia remain unknown. 

The developmental stage of the organism influences its ability to withstand periods of 

oxygen deprivation. In the case of Drosophila, the early syncytial stage of the embryo is quite 

sensitive and can only survive brief exposure to hypoxic conditions. In contrast, Drosophila 

embryos at developmental stage of two hours past cellularization, can survive 24 hours of 

anoxia, whereas adult flies can withstand anoxia for only a few hours [55, 56, 70, 73].  

Alternatively, C. elegans, at all stages of development, is capable of surviving 24 hours of anoxia 

with at least 90% viability rate. The C. elegans capacity to survive 72 hours of anoxia decreases 

with the exception of embryos, starved L1 larvae and dauer larvae. This shows that 

developmental stage is a factor for long-term anoxia survival in C. elegans [10]. 

 

1.2  Cell Division and Oxygen Deprivation 

1.2.1 General Mechanism of Cell Division 

Studies in mammalian cell culture, Drosophila, C. elegans and zebrafish have shown that 

oxygen deprivation affects cell division [10, 57, 72, 74]. Mitotic cell divsision in eukaryotes is 
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accomplished through a highly reproducible, coordinated and temporal sequence of events, 

which involves accurately duplicating its chromosomal DNA and segregating it into two 

identical daughter cells. The order of cell cycle events is ordered as dependant relationships such 

that the initiation of late events is dependent on the completion of early events [75].  

The eukaryotic cell division cycle is divided into interphase (G1, S and G2) and a mitotic 

(M) phase. G1 is the gap phase during which the cell prepares for DNA synthesis by 

accumulating mitogenic and growth inhibitory factors thus, making the decision to proceed, 

pause or exit the cell cycle. Chromosome replication is achieved during DNA synthesis phase (S 

phase). Gap phase (G2) separates the S phase from mitosis (M) phase. Another key event of 

interphase is duplication of the “centrosome”, the principal microtubule organizing center of the 

cell. Each cell inherits a single centrosome that duplicates during interphase, and at the time of 

mitosis separates into two distinct parts, each of which increases the number of microtubules it 

initiates (Figure 1.1 A) [76]. 

The brief mitotic phase is characterized by dramatic sequence of changes in chromosome 

structure and movement that results in precise separation of sister chromatids into daughter 

nuclei [77]. A key phase of mitosis includes prophase, the stage in which replicated 

chromosomes condense. As chromatin condensation progresses, the separated cytoplasmic 

centrosomes move along the nuclear envelope until placed across each other and mature to give 

rise to microtubules that form the mitotic spindle (Figure 1.1 B). During prometaphase stage of 

mitosis, the condensed chromosomes move towards the equatorial plane of the cell to form the 

“metaphase plate”, which orients one copy of each chromosome to one end of the cell. The start 

of prometaphase is defined with the onset of nuclear envelope breakdown (NEBD), leading to 

chromosome and spindle fiber interactions via the kinetochore, a complex protein structure 
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present on each chromosome (Figure 1.1 C). At metaphase, the chromosomes align at metaphase 

plate, and sister chromatids are attached to the opposite poles of the spindle via the kinetochore 

microtubules (Figure 1.1 D). Anaphase is marked by the separation of sister chromatids, 

followed by their movement towards the spindle poles. This is brought about by shortening of 

the kinetochore microtubules and the distant movement of the spindle poles (Figure 1.1 E). 

Telophase is marked by the reformation of nuclei and de-condensation of daughter 

chromosomes. A new nuclear envelope re-forms around each set of chromosomes, thus forming 

two daughter nuclei and marking the end of mitosis. The nuclear division of mitosis is followed 

by cytokinesis, which involves division of the cytoplasm into two equal parts each containing 

roughly half of the cell’s constituents (Figure 1.1 F). Taken together, fidelity of cell division into 

two genetically identical daughter cells depends on tight co-ordination of the various 

macromolecular syntheses, assemblies and movements during each phase of the cell cycle. 

 

1.2.2 Cell Cycle Regulation 

The events of cell cycle progression are tightly coordinated by key classes of regulatory 

molecules, cyclins and cyclin-dependent kinases (CDKs); and cell cycle checkpoints. The 

instrumental work of Leland H. Hartwell, R. Timothy Hunt, and Paul M. Nurse won the 2001 

Nobel Prize in Physiology or Medicine for their discovery of these central molecules [40, 75, 

78].  

 

1.2.2.1 Regulation by Cyclins and Cyclin Dependant Kinases 

 Briefly, the active form of CDK constitutes a heterodimer complex of at least two 

proteins, the kinase and its regulatory subunit called cyclins. The CDKs are constitutively 

http://en.wikipedia.org/wiki/2001�
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expressed in cells; whereas, cyclins are synthesized at specific stages of the cell cycle in response 

to various molecular signals. It is the sequential activation and inactivation of CDKs, through the 

systemic degradation of cyclins, which provide the primary means of cell cycle regulation [76, 

79, 80]. This active form of cyclin-CDK complex phosphorylates a combination of target 

proteins, whose activity or inactivity triggers different cell cycle events. Furthermore, the cyclin-

CDK genes in all eukaryotes share extensive homology however; mammals have elaborate and 

complex components.  For example, in yeast a single kinase component is encoded by the gene 

CDC28 that interacts with a series of briefly expressed cyclins. Conversely in mammalian cells, 

a succession of kinase subunits (CDK4, CDK2, and CDC2) are expressed along with a 

succession of cyclins (D, E, A and B) as cells transient from G1 to mitosis. For example, the 

CDK4-cyclinD complex functions early, in response to growth factors and the CDK2-cyclin 

E/cyclinA complex is essential for DNA replication. The CDC2-cyclinB complex, also called 

MPF (maturation promoting factor) is one of the best characterized kinase, activation of which 

induces entry into mitosis, and its inactivation induces exit from mitosis (MURRAY 1992). The 

remarkable similarity between eukaryotic cyclin-CDKs, allows most mammalian cyclins and 

CDKs to functionally replace yeast proteins [79, 81]. 

 

1.2.2.2 Checkpoints 

 The idea of cell cycle checkpoints was first established by the work of Hartwell and 

Nurse; the concept was based on detailed genetic analysis of cell cycle mutants (cdc mutants), in 

yeast Saccharomyces cerevisiae  and Saccharomyces pombe [75]. The investigators isolated a 

large collection of cell division cycle mutants (cdc mutants) that arrested at specific cell cycle 

time points. Detailed analysis of cdc mutants revealed that individual cell cycle steps are 
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coordinated and ordered into dependant pathways, wherein the initiation of later events is 

dependant on the completion of early events. For example, in eukaryotes the initiation of mitosis 

is dependant on the completion of DNA synthesis, and the completion of DNA synthesis is 

dependant on proper assembly of the mitotic spindle. The term “checkpoints” was coined for 

genes that enforce dependency in the cell cycle and comprise a control mechanism. Overriding 

the control mechanism, by chemical treatment or mutation, results in continuation of incomplete 

downstream events rather than delaying the cell cycle progression.  For example, analyzing 

radiation-sensitive mutations in budding yeast, Hartwell and colleagues showed that the mutants 

for rad9, rad17 and rad24 were unable to arrest the cell cycle in response to damaged DNA [75]. 

Phenotype analysis of cdc mutants established that elimination of checkpoints may result in cell 

death, infidelity in distribution of chromosomes and other organelles, and increased 

susceptibility to DNA damaging environments [78, 81, 82].  

Checkpoints exist at several points in the cell cycle (Figure 1.2). At least two checkpoints 

allow the cell to deal with endogenous and exogenous DNA damage: one at the G1-S transition 

and another at G2-M transition. Studies in mammalian cell culture have shown that the G1-S 

checkpoint controls cell cycle entry into S phase by preventing the cell from replicating damaged 

DNA by increasing p53 protein levels by a post-transcriptional mechanism [83, 84]. Induction of 

p53 results in transcriptional activation of a subset of genes that either execute cell cycle arrest or 

cell death by apoptosis. Studies of human fibroblast cells in radiation-induced G1 arrest, have 

shown that cyclin E-cdk2 complex and cyclin A-CDK2 complex are inhibited in a p53 dependant 

manner, through transcriptional activation of p21 [85].   

The G2-M transition is prevented in response to DNA damage or incompletely replicated 

DNA. Detailed genetic studies in yeast identified RAD and MEC genes that prevent cell cycle 
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progression into mitosis in response to DNA damage [75, 78]. Few gene products that control 

G2-M transition have been identified in mammalian cells. The downstream targets of the G2-M 

checkpoint are the cyclin B/CDC2 complexes that prevent entry into mitosis in response to DNA 

damage [86, 87].  

In mitosis, the spindle assembly checkpoint is a surveillance mechanism that delays 

anaphase onset until all the chromosomes are correctly attached to the mitotic spindle in a 

bipolar fashion, and respond to improper functioning of the mitotic spindle by detecting lack of 

attachment or tension on the chromosomes. The first spindle checkpoint proteins were identified 

in yeast by genetic screens for mutants that failed to arrest in mitosis when the spindle is 

destroyed, and were called Bub (budding uninhibited by benzimidazole) 1-3; Mad (mitotic arrest 

deficient) 1-3; and Mps1 (monopolar spindle) [88-90]. Vertebrate orthologs were identified 

subsequently for Mad1, Mad2 Bub3 and kinases BubR1 and Mps1. Furthermore, vertebrates 

show requirement of additional spindle checkpoint components such as the microtubule motor 

protein CENPE, and ZW10-ROD protein complex [91-94]. In the presence of microtubule 

depolymerizing agents, the spindle checkpoints arrest cell division at metaphase by preventing 

the activation of the anaphase-promoting complex/cyclosome (APC/C), a multiprotein E3 

ubiquitin ligase. This halts the degradation of securin, a key regulator of anaphase onset and thus 

prevents the release of seperase, a molecular glue that holds sister chromatids together [95].  

Overall, accurate genome transmission involves three main cellular components – the 

DNA, the spindle and the spindle pole (centrosomes); which are tightly regulated [79]. Defects in 

regulation of either of these components results in cell division errors, causing chromosomal 

abnormalities, which reflect abnormality in chromosome structure or number. For example, a 

defect in surveillance of DNA is responsible for chromosome re-arrangements, deletions, 
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amplifications, and translocations. Defects in monitoring the spindle could lead to chromosome 

segregation defects. Similarly, defects in monitoring the spindle pole (centrosome) could lead to 

abnormalities in spindle formation such as meriotelic (mono oriented) spindles ultimately 

leading to ploidy of the genome. Together, these defects in cell cycle regulation constitute to 

chromosome instability due to frequent loss and gain of whole chromosomes during cell 

divisions; aneuploidy due to abnormal chromosome number; and polyploidy a lethal condition 

with abnormal number of chromosome sets. 

 

1.2.3 Compromised Cell Division and Human Health Concerns 

Mitotic chromosomal abnormalities are contributing factors to major human health 

concerns involving developmental birth defects and cancer. Examples of human aneuploidy that 

result in developmental birth defects include Trisomies 13, 18 and 21. Post fertilization mitotic 

errors leading to chromosome segregation defects, is the major cause of mosaicism seen in 

various trisomies [96-98]. Furthermore, aneuploidy and neurodegeneration are shown to be 

hallmarks of Alzheimer’s disease patients, wherein the neuronal cells re-enter mitosis however, 

fail to exit normally, ultimately undergoing slow death [98, 99]. Also, one of the major challenge 

of in vitro fertilization (IVF) treatments is the formation of multipolar spindles in the early 

development of the pre-implantation human embryo that arises due to abnormal centrosomal 

replication and results in chromosome defects [100, 101]. 

 Similarly, a comprehensive analysis of over 20,000 tumor samples revealed that aberrant 

mitotic divisions resulting in aneuploidy and chromosome instability contribute to the 

proliferation of most solid tumor cells [102, 103]. The p53 gene is commonly mutated in a 

variety of human cancers [79, 85]. Furthermore, studies show that a weakened checkpoint along 
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with a mutated tumor suppressor facilitates tumor progression [103-105]. For example,  the lack 

of p53-dependant G1-S checkpoint pathway contributes to the development of adenocarcinoma 

in esophageal epithelium [106].  Impairment or a reduction in the spindle checkpoint activity is 

shown to be a common feature of most colorectal cell lines [107].  

Overall, errors in human cell division lead to significant human health concerns. Thus, it 

is important to gain greater understanding of cell cycle progression and its regulation in 

developing model organisms like C. elegans. 

 

1.2.4 The C. elegans Mitotic Cell Division 

The development of a single celled C. elegans embryo to a fertile adult includes many 

rounds of timely and ordered cell divisions. C. elegans is unique among metazoan model 

organisms, as the entire pedigree of invariant somatic cell lineage is completely known [44, 108]. 

Thus, in any given animal, cells divide in the same manner, to produce the same set of terminally 

differentiated cells. This serves as an ideal opportunity to use C. elegans as a tool to study cell 

division. Together, the embryonic divisions generate 558 cells; additional 401 somatic cells, and 

approximately 2000 germ cells are generated during four post embryonic larval stages. Thus, 

altering any aspect of the cell lineage or other characteristics allows the isolation of mutants and 

identification of new and novel genes that play an important role in development and cell 

division.  

The C. elegans somatic cells are produced by two types of cell division cycles that 

include embryonic and larval cell proliferation. Embryos undergo rapid cleavage type divisions 

in which the cell volume decreases with every cell division. Early embryonic divisions are fast 

and cycle between S and M phases, apparently lacking Gap phases G1 and G2, which are 
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completed within approximately 15-20 minutes [109]. These early embryonic cell divisions that 

lack gap phases show variance in cell division timing due to the length of time spent at S-phase. 

For example, the first mitotic division is asymmetric and gives rise to two daughter cells that are 

unequal and asynchronous. The time of introduction of gap phases depends on the cell lineage, 

with the endoderm cells being the first to include G2 at the 28 cell stage. One of the highlights of 

C. elegans embryonic cell divisions is that within a few hours into embryogenesis, cells in 

different lineages show varied cell-cycle profiles. For example, certain cells continue rapid 

divisions, others divide after an extended interphase of two hours or more, yet other cells become 

quiescent or post-mitotic [108]. Most embryonic cell divisions are completed within first 6 hours 

of fertilization and includes first half of embryogenesis.  

 

1.2.5 The C. elegans Embryo as a Tool to Study Cell Cycle Dynamics 

The C. elegans embryo is an excellent model to study cell division dynamics as it offers 

many unique characteristics such as a simple, reproducible and fully described cell lineage, fast 

embryonic cell divisions and transparency throughout development. The size of the embryo of 50 

microns in length and 20 microns in thickness makes it ideal for real-time microscopy using DIC 

Nomarski and green fluorescent protein (GFP) transgenic strains. Furthermore, the cellular 

resolution of early embryonic cells is well suited to study sub-nuclear dynamics such as: the 

nuclear envelope and chromatin dynamics, kinetochore assembly and spindle apparatus structure 

and function [110-113]. Also, the well established molecular technique of RNA mediated 

interference (RNAi) in C. elegans, makes it technically feasible to generate newly fertilized 

embryos with reduced or absent levels of targeted gene product [114]. RNAi allows the 
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investigation of consequences for depleting a specific gene product, even when a mutant allele is 

unavailable.  

RNAi is a molecular technique wherein introduction of double stranded RNA efficiently 

prevents expression of a specific gene by targeting its mRNA for degradation. The success of 

RNAi in worms is attributed to the syncytial gonad that continuously forms new oocytes, 

allowing pre-existing gene product to be removed. Thus within 36-48 hours after introduction of 

dsRNA, the newly formed oocytes are >95% depleted of the targeted gene product. Fertilization 

of these oocytes results in embryos that initiate the first mitosis being completely devoid of the 

target protein. Taken together, the C. elegans embryo provides a unique opportunity to use a 

combination of RNAi and advanced microscopy techniques to investigate cell division dynamics, 

at a single cell resolution [112, 115, 116].  

 

1.2.6 C. elegans Embryonic Cell Division 

1.2.6.1 Holocentric Chromosomes 

  In comparison to “monocentric” eukaryotic chromosome architecture, where the 

kinetochore assembles on a localized region of each chromosome; the mitotic chromosomes of 

C. elegans are ‘holocentric” and thus have a diffused kinetochore present throughout the length 

of the chromosome (Figure 1.3). Briefly, the kinetochore is a proteinaceous organelle that 

assembles on the chromosomes, serves as the primary site of spindle microtubule attachment and 

directs chromosome segregation. Since the nematodes have a fixed developmental cell lineage, 

the loss of a single cell due to chromosome segregation defects could lead to embryonic lethality 

[117, 118].  

Despite differences in the length of chromosome occupied by the kinetochore, the 
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molecular composition of holocentric and monocentric organisms is strikingly conserved [119-

121]. Ultrastructural comparative studies of the C. elegans kinetochore and monocentric 

kinetochore of Ptk1 cells have demonstrated morphological similarities between both 

kinetochores [122, 123].  In C. elegans the kinetochore proteins localize on the poleward face of 

the chromosome forming paired lines or plates on the opposite faces of the condensed mitotic 

chromosomes. Each line represents the diffused kinetochore of a single chromatid [115, 116]. 

Thus, the C. elegans holocentric chromosomes provide a magnified view to study cell cycle 

dynamics involving kinetochore assembly and chromosome segregation.  

 

1.2.6.2 Cell Division in C. elegans 

  In C. elegans, the morphology of the interphase nuclei is marked with chromosomal 

DNA dispersed throughout the nucleus that occurs in conjunction with the duplication and 

separation of the centrosomes (Figure 1.4 A-I). The prophase stage of mitosis involves chromatin 

condensation to form structurally rigid chromosomes for accurate mitotic segregation (Figure 1.4 

J-P). The C. elegans genome reveals the presence of only condensin II complex, instead of both 

condensin I and condensin II as seen in monocentric organisms, making its holocentric 

chromosomes much more rigid [117]. The prometaphase characteristics in C. elegans, including 

nuclear envelope breakdown and sister chromatid interactions with spindle microtubules are 

similar to those of vertebrates (Figure 1.4 Q-R). However, metaphase chromosome behavior is 

different in C. elegans as compared to vertebrates; as there is a reduction of chromosome 

oscillation frequency in C. elegans as mitosis progresses from prometaphase to metaphase. After 

all chromosomes have aligned on the metaphase plate these oscillations completely cease thus 

forming a very tight metaphase plate (Figure 1.4 S-T). In contrast, mammalian tissue culture 
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cells show commonly oscillating metaphase chromosomes [117]. In C. elegans, chromosome 

segregation at anaphase occurs due to the pulling forces of centrosomal microtubules and 

pushing forces of the spindle microtubules (Figure 1.4 J) [124]. End of mitosis and beginning of 

cytokinesis is marked by the formation of the contractile ring indicating the beginning of 

cytokinesis. 

 

1.2.6.3 Cell Cycle Regulation 

 Recent studies have demonstrated conservation of checkpoint pathways and cyclin-

CDK regulatory mechanisms in C. elegans. For example, in the early C. elegans embryo, 

even though the embryonic divisions are fast paced and lack gap phases, the DNA replication 

checkpoint contributes to the normal and lineage specific cell division timing [125]. Also, 

similar to eukaryotes, the C. elegans DNA replication checkpoint prevents entry into mitosis 

upon interference with DNA replication by hydroxyurea (HU) or mutation [126, 127]. The 

requirement of a functional mitotic checkpoint in metazoans, was first indicated by discovery 

of the C. elegans spindle checkpoint genes, mdf-2 and its interacting protein mdf-1 (yeast 

homologues MAD2 and MAD1 respectively) [128]. These spindle checkpoint genes mdf-1 

and mdf-2 are also essential for mitotic arrest in response to spindle defects in the rapidly 

dividing two celled embryo  [129]. Similarly, the C. elegans genome encodes multiple 

members of the cyclin-dependant kinases (CDKs) and specific cyclin partners similar to their 

mammalian orthologs [130].  For example, two CDKs, CDK-1 and CDK-4 are essential for 

cell cycle progression [131, 132].   
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1.2.7 Anoxia Exposure and Cell Division 

Through unidentified mechanisms, mammalian fibroblast cells, as well as embryos of 

zebrafish, C. elegans, and Drosophila when exposed to low oxygen tensions rapidly arrest 

development and cell cycle progression. These oxygen deprived embryos, can remain in an 

arrested state for several days and are capable of resuming cell cycle progression upon exposure 

to normoxic conditions [10, 11, 57, 72]. Anoxia-induced cell cycle arrest is a conserved 

mechanism; however, the position of the cell cycle arrest shows species specific variability. 

Blastomeres of zebrafish embryos exposed to 24 hours of anoxia arrest at the S and G2 phases of 

the cell cycle [133]. In contrast, blastomeres of flies and C. elegans embryos exposed to 24 hours 

of anoxia arrest at interphase, and all stages of mitosis except anaphase [10, 11, 134]. Drosophila 

embryos exposed to hypoxia arrest at interphase and metaphase stage of mitosis [135, 136]. 

Cultured mammalian cells arrest at G1 stage of cell cycle in response to hypoxia [74].  

This reversible arrest of embryogenesis is particularly remarkable as a myriad of complex 

and dynamic events such as cell proliferation, tissue movements, patterning and differentiation 

are able to synchronously shut down and restart in concert upon renewal of oxygen. This mode 

of survival strategy is shown to be independent of well known changes in gene expression that 

are induced by HIF pathway. Studies in Drosophila have demonstrated that in severe hypoxic 

conditions, active processes like gene expression  involved in embryonic patterning, turnover of 

RNA and protein are stalled, preserving the spatial distribution of these gene products [137]. 

Little is known about the sub-cellular characteristics of this survivable arrest triggered in 

response to low oxygen levels.  

Cell biological characterization of C. elegans embryos exposed to 24 hours of anoxia 

revealed dephosphorylation of cell regulated mitotic proteins MPM-2 and Phos H3. Typically 
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mitotic nuclei in many organisms including C. elegans show an increase in the phosphorylation 

of histone H3 at serine 10 and MPM-2. This suggested that dephosphorylation of cell cycle 

regulated proteins co-relates with anoxia-induced cell cycle arrest [10].  

Furthermore, an RNA mediated interference (RNAi) genomic screen of C. elegans 

embryos showing increased sensitivity to anoxia identified the spindle checkpoint genes san-1 

and mdf-2 [134]. Briefly, the spindle checkpoint is a regulatory mechanism that prevents the 

onset of anaphase until all the chromosomes are properly aligned on the spindle [138]. SAN-1 

shows homology with the spindle checkpoint proteins Mad3p in yeast and BubR1 in mammals. 

The spindle checkpoint is activated in suspended animation, as embryos exposed to 24 hours of 

anoxia contain increased number of blastomeres arrested at metaphase stage of mitosis. 

Conversely, anoxic san-1(RNAi) and mdf-2(RNAi) embryos did not contain blastomeres arrested 

at metaphase but instead accumulate abnormal nuclei and chromosome segregation defects such 

as anaphase bridging. This suggested that depletion of SAN-1 and MDF-2 function in anoxia 

results in continuation of cell cycle beyond metaphase. Additionally, san-1(RNAi) and mdf-

2(RNAi) embryos exposed to 24 hours of anoxia exhibited significantly reduced survival to 

adulthood in comparison to nematodes exposed to normoxia or hypoxia. Thus, SAN-1 and MDF-

2 activity is specific to anoxic exposure [134]. Similarly, mitotic arrest of Drosophila embryos 

when exposed to hypoxia, is mediated by the MPS-1 protein kinase involved in spindle 

checkpoint activity [139]. These studies demonstrated the role of checkpoints in conditions of 

oxygen deprivation. Taken together, the mechanisms by which cell cycle reversibly arrests in 

response to oxygen deprivation remain to be further elucidated. 
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C..�.�.�.�.�.�.��� Overall Aims and Hypothesis 

The molecular and cellular responses involved in oxygen deprivation induced 

suspended animation remain to be determined. I am particularly interested in understanding 

how oxygen deprivation influences and regulates cell cycle progression. The main objective 

of my investigations includes identifying the genetic and cellular mechanisms involved in 

anoxia-induced cell cycle arrest. The central hypothesis of this research study is that survival 

by anoxia-induced mitotic cell cycle arrest involves sub-cellular changes and the activity of a 

subset of genes. The following specific aims were conducted to test the above stated 

hypothesis: 

 

Research Aim 1:  Identify sub-cellular changes associated with anoxia-induced cell cycle arrest.  

Hypothesis: Sub-cellular changes occur in response to anoxia and the extent of sub-
cellular change is dependant on anoxia exposure time. 
 
C. elegans embryos were exposed to various anoxia exposure times such as brief (30 

minutes), intermediate (6-12 hours), and long-term (72 hours). The sub-cellular characteristics of 

embryos exposed to various anoxia time periods was analyzed by examining the chromosome 

structure and localization, microtubule structure, phosphorylation state of histone H3, and the 

localization of spindle checkpoint protein SAN-1. Furthermore, the requirement of spindle 

checkpoint activity of san-1 was analyzed in embryos exposed to brief periods (30 minutes) of 

anoxia. Detailed cell biological characterization of sub-nuclear changes in varying anoxia 

exposure times allowed to build a temporal order of initial and later changes occurring in anoxia-

induced cell cycle arrest.  
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Research Aim 2: Characterization of anoxia-induced metaphase arrest by genetic analysis of 
the spindle checkpoint gene san-1. 
 

Hypothesis: Gene products that genetically interact with SAN-1 are involved in 
anoxia-induced metaphase arrest.  
 
First, phenotypic analysis of san-1(ok1580) deletion allele was conducted. Second, the 

san-(ok1580) deletion strain and RNAi analysis was used to conduct synthetic lethal screen of a 

subset of kinetochore genes to identify possible genetic interactions with san-1. Third, indirect 

immunofluorescence assays were conducted to analyze kinetochore, centrosome, and 

microtubule structure to characterize mitotic progression in double mutant’s synthetic lethal with 

san-1. Finally, the spindle checkpoint activity of gene products synthetic lethal with san-1 was 

tested by exposure to anoxic conditions. 

 

Research Aim 3: Characterization of anoxia-induced prophase arrest. 

Hypothesis: There exists a functional relationship between anoxia-induced docking of 
prophase chromosomes and prevention of nuclear envelope breakdown.  
  
To gain greater understanding of anoxia-induced prophase arrest and chromosome 

docking, I first conducted a detailed cell biological characterization. Specifically, an in vivo 

analysis of prophase blastomeres from embryos contained within the uterus of a gravid adult and 

exposed to anoxic conditions was conducted. Additionally, indirect immunofluorescence assays 

were conducted to characterize the chromosome morphology of prophase blastomeres exposed to 

various anoxia exposure times such as brief (30 minutes), intermediate (4 hours) and long-term 

(24 hours). To identify gene products involved in prophase arrest, a subset of kinetochore and 

nuclear envelope proteins were analyzed by RNAi. Furthermore, I analyzed the role of 

microtubules in anoxia-induced prophase arrest and nuclear envelope breakdown, by exposing C. 

elegans embryos to microtubule depolymerizing drug nocodazole. Finally, to determine if a 



 27

reduction in mitochondrial function induced prophase arrest and chromosome docking, the C. 

elegans embryos were exposed to mitochondrial inhibitor sodium azide. Taken together, these 

studies led to a better understanding of anoxia-induced cell cycle arrest at prophase and 

chromosome docking. 

  

1.4 Significance of Research Study 

The above mentioned research goals are of significant interest since oxygen deprivation 

plays a vital role in many human health related issues. Overall, this research study will lead to a 

greater understanding of biological processes, such as how cell cycle progression and 

development are affected by oxygen deprivation. The practical applications of my investigations 

are as follows: First, Aim 1 of this study will allow the development of methodologies to 

recognize, at a cellular level, the changes associated with the stress of oxygen deprivation. 

Practically, we could translate this information to understanding and recognizing arrested or 

stressed cells, including but not limited to cells in a disease state or stem cells. Second, Aim 2 of 

my research study includes conducting detailed genetic analysis of the spindle checkpoint genes, 

which are required for embryos to not only divide normally, but also survive the stress of anoxia. 

This research is of great interest because the spindle checkpoint genes have a central role in 

tumor cell progression and cancer development. Finally, Aim 3 of my investigation includes 

different approaches to identify novel genes involved in anoxia-induced cell cycle arrest at 

prophase stage of mitosis. This could probably lead to identifying novel gene(s) that are required 

for oxygen deprivation survival. Identification and characterization of such genes will help with 

the development of treatment for cells that have been damaged by oxygen deprivation.  
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Figure 1.1: Schematic showing eukaryotic mitotic cell division. Diagram not drawn to scale
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Figure 1.2: Schematic showing cell cycle checkpoints. Diagram not drawn to scale. 
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Figure 1.3: Comparison of “hol ocentric” chromosomes of C. elegans w ith vertebra te 

“monocentric” chromosomes.  Red indicates DNA and green indicates kinetochores for both 

vertebrate and C. elegans chromosomes. The C. elegans holocentric chromosomes have the 

kinetochore present through out the length of the chromosomes. Vertebrate monocentric 

chromosomes have the kinetochore present on a localized region of the chromosomes. Figure 

adapted from wormbook [124]. For copyrights see Creative Commons License Agreement.
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Figure 1.4: Dynamics of mitotic cell cycl e progression  in the blastomeres of C. elegans 

embryo. Representation of mitotic cell cycle progression in C. elegans using the tbg-1::GFP, 

pie-1::GFP::H2B embryos with chromosomes and centrosomes as markers. Interphase is 

marked with centrosome duplication (A-C), separation (D-I) and maturation (J-K) along with 

DNA synthesis. Prophase stage of mitosis involves chromosome condensation and increased 

maturation of centrosomes (L-P). Nuclear envelope breakdown represents transition from 

prophase to prometaphase stage of mitosis (Q-R). Metaphase involves chromosome alignment at 

the equatorial plane of the nucleus (S-T) which is followed by anaphase involving sister 

chromatid separation (J). White asterisk indicates centrosome in other plane of focus. Scale bar 

equals 2 µm. 
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CHAPTER 2 

SUB-CELLULAR RESPONSES TO OXYGEN DEPRIVATION IN Caenorhabditis 

elegans 

 

Results from this chapter are published in BMC Cell Biology, Hajeri et al. 2005. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1343549 

 
 

2.1 Introduction 

C. elegans embryos, when exposed to anoxic conditions (< 0.001kPa O2, 0% O2) enter 

into a state of suspended animation in which developmental and cell cycle progression 

reversibly arrests. Upon exposure to 24 hours of anoxia the blastomeres of C. elegans, embryo 

arrest at interphase and stages of mitosis such as prophase, metaphase and to a lesser extent at 

telophase. This ability to enter into and maintain suspended animation allows the C. elegans  

embryo to survive at least three days of anoxia with no apparent injury. Upon return to 

normoxic conditions, the embryos develop and hatch into viable adults [1].  

Cell biological characterization of embryos exposed to 24 hours of anoxia revealed 

specific distinctive features such as dephosphorylation of mitotic specific proteins (histone H3 

and proteins recognized by MPM-2 antibody), astral microtubule depolymerization and 

kinetochore re-arrangements [1, 2]. Furthermore, the spindle checkpoint genes san-1 and mdf-2 

(yeast homologue mad3p and mad2p resepctively) are required for survival and arrest of 

metaphase blastomeres of C. elegans embryos exposed to 24 hours of anoxia  [3]. There is a 

lack of complete understanding of the cellular and molecular mechanisms acting during anoxia-
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induced suspended animation; by which a dynamic process of cell cycle progression is 

reversibly arrested.  

The main objective of this research study is to understand anoxia-induced cell cycle 

arrest. Hence, I took the approach of analyzing sub-cellular changes in blastomeres from 

embryos exposed to anoxia.  The central hypothesis of this research study is that sub-cellular 

changes occur in anoxia-induced suspended animation and that the extent of sub-cellular 

changes depends on anoxia exposure time. To test this hypothesis I conducted detailed cell 

biological analysis of embryos exposed to brief (30 minutes), intermediate (6-12 hours) and 

long-term (24-72 hours) periods of anoxia. I focused my studies on analyzing the nuclear 

changes associated with anoxia exposure in mitotic cells. For example, I analyzed the 

chromosome structure, chromosome localization relative to the nuclear membrane, 

phosphorylation state of histone H3, microtubule structure, localization of the spindle 

checkpoint protein SAN-1, and the requirement of san-1 gene product during brief anoxia 

exposure. Overall, this study with its detailed sub-cellular characterization in varying anoxia 

exposure times laid a foundation for understanding cell cycle arrest in response to anoxia. 

Furthermore, this study provides an understanding of the cellular responses, of an oxygen-

deprivation tolerant organism like C. elegans, to the stress of anoxia. 

 

2.2 Results 

2.2.1 Cell Cycle Arrest is an Immediate Response to Anoxia 

Mitotic cell division in the C. elegans embryo, exposed to normoxic conditions consist 

of dynamic, highly reproducible and temporal sequence of events, by which the chromosomal 

DNA is duplicated and segregated into two identical daughter cells.  However, when exposed to 
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the stress of oxygen deprivation, such as 24 hours of anoxia (0kPa, 0% O2), the C. elegans  

embryo contain blastomeres that arrest at interphase and mitotic stages of  prophase, metaphase 

and to a lesser extent at telophase [1]. This led to the hypothesis that cell cycle arrest is an 

initial response to anoxia. To test this hypothesis I exposed C. elegans embryos to a brief period 

(30 minutes) of anoxia and analyzed the blastomeres in mitosis. After exposure to anoxia, the 

embryos were quickly collected and processed of in oxygen deprived glove box chamber, per 

fused with 10% hydrogen, 5% carbon dioxide, balanced with nitrogen gas. A resazurin 

indicator was placed inside the chamber to monitor the establishment of an anaerobic 

environment. Using the anoxia-glove box chamber ensured analysis of embryos exposed to 

complete anoxic conditions and not embryos exposed to brief periods of air after anoxia 

treatment. To determine mitotic stages of the cell, I conducted indirect immunostaining using 

the DNA binding dye DAPI and an antibody (mAb414) which recognizes the nuclear envelope. 

Particularly in C. elegans the mAb414 is used as a marker to determine stages of mitosis as the 

nuclear membrane undergoes cell cycle specific changes of breakdown and reformation [1, 4]. 

For example, the mAb414 is associated with the nuclear membrane at interphase and mitotic 

stages of prophase and prometaphase, breaking down at metaphase and ultimately re-forming at 

telophase [4]. I analyzed stages of mitosis in wild-type embryos exposed to normoxic and 30 

minutes anoxic conditions. My results indicate that as compared to normoxia, C. elegans  

embryos exposed to 30 minutes anoxia contained greater part of blastomeres arrested at 

prophase and metaphase stage of mitosis (Table 2.1). Whereas, embryos exposed to normoxic 

conditions contain blastomeres at all stages of the cell cycle. This led to the conclusion that cell 

cycle arrest is an early response to anoxia. 

2.2.1.1 Chromatin Alterations in Anoxia 
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 Given that cell cycle arrest is an immediate response to anoxia exposure I 

hypothesized that anoxia exposure affects chromosome structure. To test this hypothesis I 

analyzed chromatin changes in interphase, prophase and metaphase blastomeres of embryos 

exposed to various anoxic exposures. For the purpose of this study, I describe the anoxia 

exposures as brief (30 minutes), intermediate (6-12 hours) and long-term (24-72 hours). 

 

2.2.1.2 Chromatin Alterations in Prophase Blastomeres 

 Similar to other eukaryotes, prophase blastomeres of C. elegans  embryos contain 

condensed chromosomes that can be individually distinguished, distributed throughout the 

nucleus. To investigate if anoxia exposure affected prophase chromosomes, I analyzed the 

immediate and long-term effects of anoxia on prophase chromosomes. Embryos were exposed 

to brief or long-term anoxia and compared to normoxic controls. Indirect immunofluorescence 

assays, using DAPI and mAb414 were conducted, to assay prophase chromosome morphology 

and their localization patterns in the nucleus. These experiments indicate that prophase 

blastomeres of C. elegans embryos exposed to 30 minutes and 24 hours of anoxia have altered 

chromosome localization pattern relative to normoxic controls (Figure 2.1). Specifically, the 

condensed chromosomes are localized near the nuclear membrane (Figure 2.1 D-I). Whereas, 

the normoxic prophase blastomeres have their fully condensed chromosomes localized 

throughout the nucleus (Figure 2.1 A-C).  

To confirm that anoxia induces condensed prophase chromosomes to align by the 

nuclear membrane, I used the spinning disc confocal microscope to obtain Z-stacked cross 

sectional images of prophase blastomeres exposed to normoxia or anoxia (Additional Movie 1 

& 2). Movies generated from the z-stack cross sectional images further verified that prophase 
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chromosomes exposed to anoxia localize at the periphery of nuclear membrane (Additional 

Movie 2). Furthermore, to verify that prophase blastomeres were properly identified, the anti-

gamma tubulin antibody which marks the centrosome position was used. Briefly, prophase 

blastomeres contain duplicated, fully matured centrosomes placed opposite to one another, 

relative to the nuclear membrane. Results demonstrate that prophase blastomeres exposed to 

normoxia and 30 minutes anoxia contain fully matured centrosomes positioned across from one 

another (Figure 2.2). Interestingly, chromosome alignment to the nuclear membrane is a 

hallmark of prophase blastomeres exposed to anoxia. 

Taken together, my results indicate that exposure to brief periods of anoxia (30 minutes) 

induces prophase chromosomes to localize at the nuclear membrane and this pattern of 

localization is maintained during long-term anoxia exposure (24-72 hours). This suggests that 

anoxia-induced chromosome alignment at the nuclear membrane is an immediate response of 

prophase blastomeres. Whether this phenotype is important to initiate and maintain a reversible 

and sustain a survivable arrest remains to be determined.  

 

2.2.1.3 Chromatin Alterations at Interphase 

 C. elegans , Drosophila and zebrafish embryos, when exposed to 24 hours of anoxia, 

contain interphase blastomeres with chromatin that is in a condensed state and is not uniformly 

distributed throughout the nucleus [1, 5, 6]. I asked whether interphase chromatin condensation 

was an early response to brief periods of anoxia (30 minutes). For this analysis I scored 

blastomeres at interphase, which did not contain individually distinguished chromosomes and 

showed the absence of anti-Phos H3 staining. Briefly, the anti-Phos H3 antibody recognizes the 

phosphorylated form of serine 10 in mitotic cells [7]. Interphase blastomeres from normoxic 
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embryos contain chromatin that is distributed through out the nucleoplasm (Figure 2.3 A-D, and 

M-P). I determined that interphase blastomeres from embryos exposed to 30 minutes anoxia 

show chromatin condensation. Thus, interphase chromatin condensation is an early response to 

anoxia (Figure 2.3 E-H and Q-T). 

To determine if exposure to longer periods of anoxia further promotes chromatin 

condensation and affects chromatin localization, I evaluated interphase blastomeres exposed to 

6, 12, 24 and 72 hours of anoxia. Results indicate that blastomeres of embryos exposed to long-

term anoxia exposure share regions of increased chromatin condensation. Furthermore, the 

condensed chromatin is localized in close proximity to the nuclear membrane. For example, a 

typical interphase blastomere exposed to 24 hours of anoxia demonstrates increased chromatin 

condensation; and this condensed chromatin is not distributed through out the nucleoplasm but 

instead localized in close proximity to the nuclear membrane (Figure 2.3 U-X). Overall, 

chromatin condensation is a characteristic of anoxic-interphase blastomeres and the nuclear 

localization of this condensed chromatin depends on period of anoxia exposure, 

 

2.2.1.4 Chromatin Alteration in Metaphase Blastomeres 

 Our analysis of prophase and interphase blastomeres indicated that exposure to anoxia 

affects chromosome structure and localization. Hence, I rationalized that anoxia exposure may 

affect metaphase chromosomes. Briefly, C. elegans’ metaphase blastomeres contain distinct 

holocentric chromosomes aligned on the equatorial plate; referred to as metaphase plate.  I 

hypothesized that the size of the metaphase plate is altered in anoxia. To test this hypothesis I 

exposed C. elegans  embryos to various anoxia exposure times (30 minutes; 6, 12, 24 and 72 

hours) and measured the size of the size of the metaphase plate. Metaphase blastomeres from 
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embryos at identical developmental ages (2-20cells) were analyzed. The Openlab software 

program version 3.1.7 was used to measure the length and width of the metaphase plate. The 

metaphase plate is “disc shaped” and a single plane of focus in which the diameter was longest 

was chosen for measurements. Similar plane of focus was chosen to calculate the width of the 

metaphase plate (Figure 2.4 A, D). Results indicate that in comparison to normoxic control 

embryos the length of the metaphase plate from embryos exposed to 6 hours or longer periods 

of anoxia is significantly reduced (Table 2.2). Additionally, the width of the metaphase plate 

was significantly increased in embryos exposed to 12 hours or longer periods of anoxia. Thus, 

anoxia affects metaphase chromosome condensation which alters the size of the metaphase 

plate in blastomeres exposed to intermediate and long-term anoxia. 

Taken together, my studies indicate that anoxia affects chromosome structure which is 

either detected during brief anoxia exposure as observed in interphase and prophase 

blastomeres, or after exposure to longer periods of anoxia as seen in metaphase chromosomes.  

  

2.2.2 Dephosphorylation of Histone H3 is not an Initial Response to Anoxia Exposure 

In several organisms, including C. elegans,  mitosis is marked by an increase in post-

translational modification of histones including phosphorylation of histone H3 at serine 10 [7]. 

In previous studies, it was demonstrated that the ability to detect antiphosphohistone H3 in 

mitotic blastomeres, was reduced in embryos exposed to 24 hours of anoxia [1]. However, if the 

blastomeres were allowed to recover in air the phosphorylated form of histone H3 was detected. 

Also, my previous studies have determined that cell cycle arrest occurs immediately upon 

anoxia exposure. Hence, I wanted to determine if anoxia-induced cell cycle arrest and 

dephosphorylation of histones occurred at similar times. To test this possibility I exposed C. 
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elegans embryos to various anoxia exposure times (30 minutes, 6, 12, 24 or 72 hours) and 

conducted immunostaining with an antibody that recognizes the antiphosphohistone H3 at 

serine 10 (Phos H3). The mAb414 was used to mark the nuclear pore complex and DAPI was 

sued to recognize DNA. My results indicate that embryos exposed to 30 minutes of anoxia 

contain prophase blastomeres with phosphorylated histone H3 (Figure 2.5 F). However, the 

ability to detect phosphorylated histone H3 in prophase blastomeres exposed to 6 hours or 

longer periods of anoxia was reduced (Figure 2.5 N). Conversely, metaphase blastomeres 

exposed to 30 minutes and 6 hours of anoxia contain phosphorylated form of histone H3 

(Figure 2.5 J, N). Similar to previously published results, histone H3 was dephosphorylated in 

embryos exposed to 24 hours of anoxia. These results indicate that histone dephosphorylation is 

not an initial response to anoxia and is not required for anoxia-induced cell cycle arrest. Given 

that prophase blastomeres align at the nuclear envelope within 30 minutes of anoxia exposure 

suggests that dephosphorylation of histone H3 is not required for prophase arrest. 

  

2.2.3 SAN-1 Localization in Anoxia 

Anoxia-induced metaphase arrest requires the activity of the spindle checkpoint activity 

of SAN-1 and MDF-2 [3]. Exposure of san-1(RNAi) embryos to 24 hours of anoxia results in 

blastomeres unable to arrest and cell cycle progression beyond metaphase; thus, leading to 

chromosome segregation defects like anaphase bridging and the presence of abnormal nuclei. 

Thus, san-1 gene product is required for embryonic anoxia survival.  

SAN-1 is a kinetochore localized protein, that localizes on the poleward face of 

condensed chromosomes, forming paired lines which recognize sister chromatids [3]. My 

previous studies determined that anoxia affects metaphase chromosomes and alters the size of 
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the metaphase plate. Furthermore, others have shown that 4-celled embryos exposed to 24 hours 

of anoxia contain metaphase blastomeres with kinetochore re-arrangements [2] As a result of 

the kinetochore re-arrangements SAN-1 localizes as “flares” projecting from metaphase plate. 

This raised the hypothesis that exposure to various anoxia exposures affects SAN-1 sub-cellular 

localization.  To test this hypothesis, I exposed young embryos (< 20 cells) to various anoxia 

exposure times (30 minutes; and 6, 12, 24 and 72 hours). Immunostaining was conducted with 

an antibody to detect SAN-1 and DNA marker DAPI (Figure 2.6). Additionally, I used an 

antibody that detects the dimethylated Lysine 4 (MeH3) as accessibility control, since its 

localization does not change upon anoxia exposure. As previously described, in normoxic 

conditions, SAN-1 localizes to the kinetochore and is present in the nucleoplasm of metaphase 

blastomeres [3]. However, analysis of SAN-1 localization in metaphase blastomeres exposed to 

30 minutes and 6 hours of anoxia shows there is less detectable SAN-1 in the nucleoplasm. 

Furthermore, my results confirm that that 4-celled embryos exposed to anoxia have SAN-1 

detected at the kinetochore in the form of lateral projections (Figure 2.6 G). However, these 

lateral projections were not found in 8-celled embryos exposed to 6 or more hours of anoxia. 

This suggested the likelihood that either the kinetochore projections were a feature of 4-celled 

embryos exposed to anoxia or they were less measurable in embryos developed beyond 4-cell 

stage. Analysis of SAN-1 localization in embryos exposed to 12 hours of anoxia show SAN-1 

detected as punctuated form in the nucleoplasm surrounding the metaphase plate (Figure 2.6 O, 

S, W). Furthermore, embryos exposed to 24 hours of anoxia display reduced SAN-1 

localization at the kinetochore (Figure 2.6 S, W). Taken together, my results demonstrate that 

SAN-1 localization is altered in anoxia and the localization of SAN-1 depends on anoxia 

exposure times. 
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2.2.4 Spindle Microtubule Structure is Affected in Embryos Exposed to Long-Term Anoxia  

Previous studies have demonstrated that the checkpoint stimuli of SAN-1 responds to 

microtubule destabilization by anoxia exposure or nocodazole [3, 8]. Hence, I rationalized that 

anoxia exposure causes microtubule depolymerization and affects spindle structure. I conducted 

immunostaining experiments using antibodies specific for alpha tubulin to detect microtubules. 

The DM1A antibody which recognizes conserved block of alpha tubulin, and YL 1/2 antibody 

which recognizes tyrosinated form of alpha tubulin in many systems, were used to analyze the 

effect of anoxia on microtubules. My experiments determined that compared to normoxic 

embryos, the embryos exposed to 30 minutes anoxia show reduced microtubule density (Figure 

2.7 A-H). This suggests that microtubule depolymerization occurs upon exposure to brief 

periods of anoxia. Further analysis of microtubule structure in embryos exposed to intermediate 

(6-12 hours) and long-term (12-24 hours) anoxia show that the extent of astral and spindle 

microtubule depolymerization increases with increased anoxia exposure times (Figure 2.7 I-X). 

Embryos exposed to 72 hours of anoxia demonstrated maximum spindle microtubule 

depolymerization (Figure 2.7 U-X). Also, the antibodies YL1/2 and DM1A co-localized in 

anoxia suggesting that tyrosination of alpha-tubulin is not affected in anoxia embryos. 

Furthermore, to determine if spindle microtubule depolymerization affects the size of 

the spindle structure, I used the Openlab software (version 3.1) to measure the spindle perimeter 

of metaphase blastomeres. All measurements were taken of metaphase blastomeres in a single 

plane of focus. My results indicate that embryos exposed to 6 hours or longer anoxia exposures, 

demonstrate significantly reduced spindle perimeter as compared to normoxic embryos (Table 
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2.3). Furthermore, embryos exposed to prolonged anoxia exposure (24-72 hours) contain 

greater number of metaphase blastomeres with a reduction in spindle microtubules located near 

the edge as compared to those present in the center of metaphase plate (Figure 2.7 O, S W). 

Overall, my results indicate that anoxia exposure causes microtubule depolymerization and 

affects spindle microtubule structure. However, since more than 90% of embryos exposed to 72 

hours of anoxia are viable, data suggests that microtubule depolymerization does not affect 

anoxia-survival. 

 

2.2.5 san-1 Function is Required during Brief Anoxia Exposure 

The spindle checkpoints are surveillance mechanisms that monitor kinetochore-

microtubule attachment and tension at the kinetochore [9]. A reduction in tension or attachment 

of microtubules at the kinetochore results in spindle checkpoint activity ensuing delay of 

metaphase to anaphase transition. The activity of san-1 gene product is required for embryonic 

survival upon exposure to 24 hours of anoxia [3]. Hence, I questioned if SAN-1 activity is 

required during brief anoxia exposure. To answer this question, I exposed wild-type and san-

1(RNAi) embryos to brief periods of anoxia (30 minutes); and conducted  indirect 

immunofluorescence using DAPI, nuclear pore marker mAb414, and MeH3 antibody which 

recognizes dimethylated form of lysine 4. I analyzed mitotic nuclei from wild-type and san-

1(RNAi) embryos exposed to normoxia and exposed to brief period of anoxia. My data indicates 

that as compared to wild-type and san-1(RNAi) embryos exposed to normoxia, exposure of san-

1(RNAi) embryos to brief periods of anoxia show decrease in blastomeres arrested at metaphase 

and an increase in blastomeres displaying anaphase bridging and abnormal nuclei (Table 2.3). A 

representation of two san-1(RNAi) embryos exposed to 30 minutes of anoxia and displaying 

53



  

anaphase bridging and abnormal nuclei is shown (Figure 2.8). Furthermore, to confirm that san-

1(RNAi) led to efficient knock down of san-1 gene product, I immunostained san-1(RNAi) 

embryos with SAN-1 antibody. My results indicated that 82.32% of san-1(RNAi) mitotic 

blastomeres had no detectable SAN-1 localization whereas 1.54% of wild-type were absent for 

SAN-1 localization. This further confirmed that san-1 gene product was efficiently knocked 

down using RNAi technique. 

Taken together, results suggest that san-1 is an early response gene and its functional 

gene product is required for metaphase arrest in response to brief periods of anoxia. Also, since 

san-1(RNAi) embryos exposed to 30 minutes of anoxia contained interphase and prophase 

blastomeres, further strengthens the fact that that san-1 is particularly required to arrest 

metaphase blastomeres. Considering that activity of san-1 gene product is required for brief 

periods of anoxia (Table 2.4) and SAN-1 protein localizes to the kinetochore in wild-type 

embryos exposed brief periods of anoxia (Figure 2.8 E-H) suggest that the activity of SAN-1 

occurs at the kinetochore. 

  

2.3 Conclusions 

Previously, it was shown that C. elegans embryos when exposed to 24 hours of anoxia 

enter into a state of suspended animation in which developmental and cell cycle progression 

reversibly arrest. In this report, my studies determined that cell cycle arrest is an immediate 

response to anoxia; during which blastomeres arrest at interphase and mitotic stages of prophase 

and metaphase. Furthermore, in this study, I analyzed the sub-cellular changes in various anoxia 

exposure times. A classification of early and late sub-cellular characteristics of interphase, 

prophase and metaphase blastomeres exposed to various anoxia exposure periods is presented 
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in Table 2.5. My studies indicate that the sub-cellular changes in anoxia depend on anoxia 

exposure time and cell cycle stage. For example, in regards to metaphase blastomeres, spindle 

microtubule depolymerization and SAN-1 localization changes are initial responses to anoxia. 

Furthermore, san-1 is an early response gene required to arrest metaphase blastomeres. Hence, I 

hypothesize that spindle checkpoint activity controls anoxia-induced metaphase arrest. Thus, 

identifying other gene products that interact with san-1 will provide further information 

regarding anoxia-induced cell cycle arrest at metaphase. In regards to prophase arrest, 

chromosome re-alignment to the nuclear membrane is an early response, also seen in 

blastomeres exposed to 72 hours of anoxia. Since more than 90% of embryos exposed to 72 

hours of anoxia are viable, I hypothesize that prophase chromosome alignment to nuclear 

membrane is required for anoxia survival. Further studies are required to gain greater 

understanding of anoxia-induced prophase arrest. Also, for interphase arrest, I hypothesize that 

the initial event of chromatin condensation may be required to arrest interphase blastomeres. 

Further genetic and cell biological studies are required the genetic and cellular mechanisms 

involved in anoxia-induced cell cycle arrest.  

Taken together, this study laid a foundation in defining temporal sub-cellular changes 

that occur in response to lack of oxygen deprivation. Furthermore, this study provides insight 

into how the stress of oxygen deprivation affects the normal biological process of cell cycle 

progression. Collectively, the genetic and cell biological approaches taken in this investigation 

allowed to develop methodologies that now facilitate in recognizing at the cellular level, 

changes associated with the stress of oxygen deprivation. Practical implications of this study 

includes a method for recognizing and identifying at the cellular level, oxygen deprived 

diseased cells, including but not limited to, hypoxic tumor cells. 
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2.4 Materials and Methods 

2.4.1 Strains and Growth Conditions 

The wild-type N2 Bristol strain was cultured on NGM (nematode growth media) plates 

seeded with E. coli (OP50) and raised at 20ºC as described by [10].  

Oxygen deprivation experiments 

Adult hermaphrodite nematodes were treated with hypochlorite bleach solution to obtain 

a synchronized population of embryos. The embryos were allowed to develop to adulthood and 

gravid adults carrying eggs, were exposed to normoxic or anoxic conditions. Nematodes were 

exposed to anoxia using Bio Bag Type A chamber (Becton and Dickinson, Cockeysville, MD) 

for 30 minutes, or 6, 12, 24 or 72 hours Briefly, the anaerobic BioBag type A environmental 

chamber is a transparent, individual disposable environmental chamber that uses potassium 

borohydride, sodium bicarbonate, hydrochloric acid, and a palladium catalyst cup to generate an 

anaerobic environment. All three components were inserted in the BIO-BAG along with the petri 

dish of nematodes, the bag was carefully heat-sealed and the generator was activated to create an 

anoxic environment. A resazurin indicator was also placed in the BIO-BAG which indicated the 

establishment of anaerobic environment. 

After anoxia exposure, the Bio Bag was cut open in an anoxia glove box workstation 

(Invivo2 200 hypoxia/anoxia workstation, Biotrace International, Cincinnati, OH). The glove box 

chamber was per fused with a gas mix of (5% Carbon Dioxide, 10% Hydrogen which was 

balanced with Nitrogen). Slides were processed by rinsing the adults from the petri dish; which 

were quickly minced using a razor blade to release embryos and the mincate was collected onto a 

slide. The slides were frozen on dry ice and freeze cracked for immunostaining. Processing of 
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slides using the anoxia glove box chamber ensured analysis of anoxia responses and not an 

artifact of post-anoxic recovery due to brief exposures to air during slide preparation.  

To document post-anoxia recovery, embryos were allowed to recover in air for 30 

minutes prior to fixation. For preparation of normoxia (control) slides, embryos were collected 

from adults maintained at normoxic conditions. Processing of nematodes for normoxic slides 

was conducted at the same time when the environment for the experimental embryos turned 

anoxic, which was approximately one hour after placement into the BioBag type A anoxia 

chamber. 

 

2.4.2 Indirect Immunofluorescence Assays 

To characterize temporal sub-cellular changes in anoxia, embryos were collected from 

nematodes exposed to various anoxia exposures (30 minutes, 6, 12, 24, and 72 hours). Embryos 

were freeze cracked and fixed in either N,N- dimethylformamide or methanol for -20°C for 5 

minutes, followed by a 5 minute incubation in PBS. Subsequently, embryos were incubated for 

30 minutes in PBS Block (3% BSA, .1% Tween 20 and 2 mM MgCl2), followed by a 1-hour 

primary antibody incubation and two washes with PBS Block. The appropriate fluorescently 

labeled (FITC or TRITC) secondary antibody (Jackson ImmunoResearch Laboratories) was 

added and slides were incubated for another 30 minutes. Hereafter, slides were washed twice 

with PBS block and incubated with .05 mg/ml DAPI (4',6-diamidino-3-phenylindolle 

dihydrochloride) for 5 minutes. Prolong Gold anti-fade reagent (Molecular Probes, Eugene, OR) 

was used as a mounting medium before placing the coverslip. For microtubule detection, 

embryos were fixed in 100% Methanol at -20°C for 5 minutes, followed by the staining 

procedure described above.  
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The following primary antibodies were used to characterize sub-cellular changes of 

anoxia-treated embryos: rabbit anti-Phos H3 to detect the phosphorylated (Ser10) form of histone 

H3 (Update Biotechnology, Lake Placid, NY), mAb414 to detect nuclear envelope pore 

complexes (BabCo, Richmond, CA), mouse anti-SAN-1 to detect SAN-1, mAb DM1A (Sigma-

Aldrich, St. Louis, MO) and YL1/2 (AbCam, Cambridge MA) to detect alpha tubulin, MetH3 to 

detect the methylated form of Histone H3 (BabCo, Richmond, CA), and anti-gamma tubulin to 

detect the centrosomes (Sigma-Aldrich, St. Louis, MO).  All primary antibodies were used in a 

working dilution of 1:500 or 1:200 in the case of anti-gamma tubulin. 

 

2.4.3 Microscopy and Image Analysis 

Immunostained embryos were visualized using Zeiss Axioscope mot plus 2, with a 

100X/1.3 oil plan-neofluar objective lens. Images were captured and processed using the Zeiss 

Axiocam camera and Openlab software 3.1.7 (Improvision Inc, Lexington, MA). For analysis of 

prophase blastomeres, embryos were evaluated using a Perkin Elmer Ultraview ERS spinning 

disk confocal microscope. Image acquisition and visualization was conducted Ultraview ERS 

software developed by PerkinElmer. Confocal image processing and analysis was performed 

using Image J software by NIH. Movies were processed by importing Z stacked cross sections 

images into QuickTime 7 Pro (Apple Computer, Inc). 

Analysis of metaphase plate and spindle structure 

For measurement of metaphase plate length and width, embryos in early development 

stages (< 20 celled stage) were exposed to normoxic or anoxic conditions were evaluated. The 

metaphase plate is “disc shaped”. Hence, the focal plane in which the diameter was largest was 

chosen for measurement of metaphase plate length; and similar plane of focus was chosen for 
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measurement of metaphase plate width. The metaphase plate length and width were calculated 

using Openlab software (version 3.1). For analysis of spindle perimeter, the number of 

micrometers for the pixels covered by the spindle structure was calculated using Openlab 

software.  

 

2.4.4 RNAi Experiments 

A synchronous population of L1 larvae (wild-type, N2 Brsitol strain) were grown to 

adulthood on NGM plates supplemented with 200 μg/ml Ampicillin, 12.5 μg/ml Tetracycline 

and 2 mM IPTG. These NGM-IPTG plates were seeded with bacterial strain expressing dsRNA 

specific for san-1. Adult nematodes were exposed to normoxia and anoxia; the embryos were 

collected from the adult, and prepared for indirect immunofluorescence analysis as described 

above. To determine san-1(RNAi) efficiency, control embryos and san-1(RNAi) embryos were 

immunostained with anti-SAN-1 to assess the detection of SAN-1. Anti-Met H3 antibody was 

used as an accessibility control antibody. 
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Table 2.1: Mitotic stage of wild-type embryos exposed to normoxia and 30 minutes anoxia. 

 Normoxia Wild-type 
(%, n = 213) 

30 minutes Anoxia Wild-type 
( %, n = 256) 

Prophase 49.8 59.4 

Prometaphase 10.8 4.3 

Metaphase 20.2 35.9 

Anaphase 9.9 0.0 

Telophase 9.4 0.4 

n = total number of mitotic blastomeres analyzed from at least 50 embryos in 2 independent experiments. 
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Table 2.2:Measurement of metaphase plate length and width in anoxic embryos. 

  Metaphase plate  
Length +/- SD (μm) 

Metaphase plate  
Width +/- SD (μm) 

Normoxia 4.33 + 0.48 0.96 + 0.13 

Anoxia:   

 30 minutes 3.92 + 0.45 0.87 + 0.10 

     6 hours 3.51 + 0.19 1.12 + 0.19 

     12 hours 3.23 +  0.10 1.24 + 0.13 

     24 hours 2.51 + 0.30 1.26 + 0.07 

     72 hours 2.71 + 0.18 1.25 + 0.04 

 For each assay at least 12 embryos were analyzed.  SD is standard deviation. The p value was < 0.001 

for metaphase plate length for embryos exposed to 6 or more hours of anoxia and for metaphase plate 

width measurements for embryos exposed to 12 hours of anoxia. The p value was determined using 

standard student’s t test. 
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Table 2.3: Spindle perimeter of metaphase blastomeres exposed to anoxia. 

 Spindle perimeter + SD (μm) 
n=12 

Normoxia 13.83 + 0.85 

Anoxia:  

30 minutes 13.73 + 0.87  

6 hours  9.20 + 0.74 

12 hours  8.41 + 0.25 

24 hours  6.77 + 0.63 

72 hours 6.82 + 0.37 
n = total number of embryos analyzed. SD indicates standard deviation.
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Table 2.4: Mitotic stages of wild-type and san-1(RNAi) embryos exposed to brief periods of 

anoxia (30 minutes). 

 Normoxia 

Wild-type 

(% n  = 213) 

Normoxia  

san-1(RNAi) 

(%, n = 353) 

Anoxia 

Wild-type 

(% n = 256) 

Anoxia  

san-1(RNAi) 

(% n = 309) 

Prophase 50.0 60.0 60.0 68.3 

Prometaphase 10.80 5.70 4.30 0.65 

Metaphase 20.20 17.30 36.0 0.97 

Anaphase 9.40 9.70 0.00 0.00 

Telophase 10.00 8.00 0.40 1.29 

Abnormal nuclei 0.00 0.00 0.00 27.0 

Anaphase bridges 0.00 0.00 0.00 2.6 

n = total number of mitotic blastomeres from at least 50 embryos from 2 independent experiments 
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Table 2.5: Summary of the sub-cellular characteristics of embryos exposed to anoxia 
 
Normoxia 30 minutes Anoxia (Brief) 6-12 hours Anoxia 

(Intermediate) 

24-72 hours (Long Term) 

Prophase blastomeres    

Chromosomes present 

throughout the 

nucleoplasm 

Chromosomes aligned 

near the nuclear membrane 

Chromosomes aligned near 

the nuclear membrane 

Chromosomes aligned near 

the nuclear membrane 

 

Histone H3 

phosphorylated 

 

Histone H3 

phosphorylated 

 

Histone H3 

dephosphorylated 

 

Histone H3 

dephosphorylated 

 

Metaphase blastomeres 

   

Metaphase plate normal Metaphase plate normal Metaphase plate length 

reduced 

Metaphase plate length 

reduced 

 

Histone H3 

phosphorylated 

 

Histone H3 

phosphorylated 

 

Histone H3 phosphorylated 

 

Histone H3 

dephosphorylated 

 

Microtubule 

polymerization 

 

Microtubule  

depolymerization detected 

 

Spindle perimeter reduced 

 

Spindle perimeter reduced 

 

SAN-1 localization at the 

kinetochore and 

nucleoplasm 

 

SAN-1 localization at the 

kinetochore or lateral 

projections 

 

SAN-1 localization at the 

kinetochore or lateral 

projections 

 

SAN-1 reduced localization 

at kinetochore 

 

SAN-1 not required SAN-1 required SAN-1 required SAN-1 required 

 

Interphase blastomeres 

Chromatin throughout 

nucleoplasm 

 

 

Chromatin condensation 

 

 

Chromatin condensation 

and localization to nuclear 

periphery 

 

 

Chromatin condensation 

and localization to nuclear 

periphery. 

64



  

 

Figure 2.1: Prophase chromosomes exposed to brief periods of anoxia localiz e near 

the nuclea r membra ne. Indirect immunofluorescence assays were conducted by 

collecting embryos exposed to either normoxia (A-C), 30 minutes of anoxia (D-F), and 24 

hours of anoxia (G-I). Immunostaining was conducted using DNA marker dye DAPI (A, 

D, G) and the mAb414 to recognize nuclear pore complex (B, E, H). Merged panel (C, F, 

I) includes DAPI and mAb414 images combined to assess the localization of prophase 

chromosomes relative to the nuclear membrane. The letter “P” indicates blastomeres at 

prophase. Scale bar is 10 µM. 
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Figure 2.2: Prophase blastomeres exposed to  30 minutes of anoxia contain  condensed 

chromosomes docked a t the nuclea r membrane.  Embryos were exposed to normoxia (A-D) 

and 30 minutes anoxia (E-H), quickly collected and fixed. Indirect immunofluorescence assays 

were conducted using DNA binding dye DAPI (A, E), nuclear pore specific mAb414 (C, G), and 

anti-gamma tubulin antibody specific for centrosomes (B, F). Merged panel consists of DAPI, 

mAb414 and anti-gamma tubulin images combined to assess chromosome localization relative to 

the nuclear membrane (D, H). Scale bar equals to 2 µm. 
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Figure 2.3: Interphase blastomeres from em bryos exposed to anoxia show  chromatin 

condensation and alignment to the nuclear membrane. Immunostaining was conducted 

on embryos exposed to normoxia, 30 minutes and 24 hours of anoxia. Interphase nuclei 

were identified by assessing chromatin morphology and absence of Anti-Phos H3 staining. 

Chromatin localization relative to nuclear membrane was assessed using nuclear pore 

specific marker mAb414. Merged panel consists of DAPI, mAb414 and Phos H3 

combined to assess chromosome localization relative to the nuclear membrane (D, H, L, P, 

T, X). Letter “I” indicates interphase blastomeres that are enlarged and shown in panels 

(M-X). 
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Figure 2.4: The siz e of the meta phase plate a nd spindle perimeter is  altered in anoxia.  

Metaphase blastomeres from embryos at early developmental stages (< 20 cells) were analyzed. 

The length and width of the metaphase plate in a single plane of focus was calculated using the 

Openlab software program version 3.1.7 (A, D). The perimeter of the spindle microtubules was 

calculated by measuring the micrometers for the pixels covered by the spindle structure suing 

Openlab software (B, E). Arrow indicates absence of spindle microtubules at the edge of the 

metaphase plate (F). 
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Figure 2.5: Dephosphorylation of Histone H3  is not an initial response to anoxia. 

Embryos were exposed to normoxia, 30 minutes and 24 hours of anoxia exposure. To 

detect p-hosphorylated state of histone H3 (serine 10) immunostaining was conducted 

using Phos H3 antibody. DNA was observed using DAPI. The mAb414 was used as a 

nuclear pore complex marker. PhosH3 is detected in prophase and metaphase blastomeres 

in embryos exposed to normoxia (B), and embryos exposed to 30 minutes of anoxia (F, J). 

Embryos exposed to 6 hours of anoxia have detectible PhosH3 in metaphase blastomeres 

but not prophase blastomeres (N). The letters “P” and “M” represent characteristic 

prophase and metaphase blastomeres respectively; and arrows indicate their 

phosphorylation state as detected by PhosH3. Scale bar equals 10 µM    
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Figure 2.6: Metaphase blastomeres exposed to  prolonged anoxia exposure show reduced 

SAN-1 localization. Enlarged image of metaphase blastomeres of 4-8 cell embryos exposed 

to either normoxia  (A-D), 30 minutes (E-H), 6 hours (I-L), 12 hours (M-P), 24 hours (Q-T), 

or 72 hours (U-X) of anoxia. Embryos were collected and stained with DAPI (A, E, I, M, Q, 

U), Anti-MeH3 antibody which recognizes methylated Histone H3 (B, F, J, N, R, V), and 

Anti-SAN-1 antibody to detect SAN-1 (C, G, K, O, S, W). Merged image for each set is 

shown (D, H, L, P, T, X). White arrow points to the lateral flare detected in metaphase 

blastomeres of 4-cell embryos exposed to anoxia. For all images the scale bar equals 2 µm. 
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Figure 2.7: Spindle microtubules de polymerize in response to brief periods of anoxia and 

show alteration in spindle structu re upon pr olonged anoxia exposure. Enlarged images of 

metaphase spindle structure from 4-8 celled embryos. Spindle structure was analyzed from 

embryos exposed to normoxia, and various anoxia exposure times such as 30 minutes (E-H), 6 

hours (I-L), 12 hours (M-P), 24 hours (Q-T) and 72 hours (U-X). Spindle structure was examined 

by immunostaining with DM1A antibody which recognizes alpha tubulin block of spindle 

microtubules (D, H, L, P, T, X) and YL 1/2 antibody that recognizes tyrosinated form of alpha 

tubulin (B, F, J, N, R, V). Merged panel includes a combination of DAPI, YL1/2 and DM1A 

images (D, H, L P, T, X). Scale bar equal to 5 µm. 
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Figure 2.8:  san-1(RNAi) embryos exposed to 30 minutes of anoxia display chromosome  

segregation abnormalities. Image panel shows two representative san-1(RNAi) embryos 

exposed to 30 minutes of anoxia. Mitotic nuclei were analyzed by immunostaining with DAPI 

(A, E, I, M) and nuclear pore complex marker mAb414 (C, G, K, O). The MeH3 antibody, 

which recognizes methylated Histone H3 was used as accessibility control (B, F, J, N).  

Arrows indicate blastomeres with anaphase bridging (A) and abnormal chromatin structure 

(E). Enlarged images of representative blastomeres show anaphase bridging and abnormal 

nuclei. Scale bar equals 5 µm. 
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CHAPTER 3 

GENETIC ANALYSIS OF THE SPINDLE CHECKPOINT GENE san-1 AND 
CHRACTERIZATION OF ANOXIA-INDUCED METAPHASE ARREST 

 

Results from this chapter are published in BMC Cell Division, Hajeri et al. 2008. 
http://www.celldiv.com/content/3/1/6 

Some parts of this study were conducted in collaboration with Anil M. Stewart, Dr. Landon 
Moore, and Dr. Pamela A. Padilla 

 
3.1 Introduction 

The spindle-checkpoint is a cell-cycle control mechanism that functions to prevent 

premature anaphase onset, thus regulating accurate chromosome segregation during mitosis. 

Defects in the spindle checkpoint pathway results in aneuploidy, a state of having abnormal 

number of chromosomes, which is one of the most common feature of variety of human cancers 

[1, 2]. Thus, it is of interest to determine the genetic interactions with spindle checkpoint genes. 

The core spindle checkpoint genes include; Mad1, Mad2, BubR1 (Mad3 in yeast), Bub1, Bub3 

and Mps1 respectively. These proteins are conserved in eukaryotes. The Mad and Bub proteins 

were originally identified in Saccharomyces cerevisiae , by conducting genetic screens for 

mutants that failed to arrest in mitosis when the spindle was disrupted with chemicals.  Since 

then a number of other checkpoint proteins including Rod, Zw10 and CENP-E have been 

discovered in higher eukaryotes; however, orthologues of these genes are not present in yeast [3, 

4]. Thus, a more complex spindle checkpoint pathway functions in higher eukaryotes.  

The activity of the spindle checkpoints has been well studied. During mitosis, 

microtubules emanating from the bipolar microtubule organizing centers, grow towards 

chromosomes and attach to the kinetochores thus, capturing and aligning all chromosomes at the 

metaphase plate. The spindle checkpoint proteins are ideally placed on the kinetochore and 

http://www.celldiv.com/content/3/1/6�
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monitor microtubule dynamics at the kinetochore; thus, responding to a lack of microtubule 

attachment and tension by delaying anaphase onset. Studies in mammalian cell culture show that 

Mad1 and Mad2 are required for checkpoint activation in response to tension; however, the 

localization of Mad1 and Mad2 on the kinetochore depends on microtubule attachment rather 

than tension [5, 6]. Conversely, Bub1 and BubR1/Mad3 localize to kinetochores lacking either 

tension or microtubule attachment [7, 8]. The spindle checkpoints execute a “wait anaphase 

signal” by binding to and inhibiting the activity of anaphase-promoting complex/cyclosome 

(APC/C), which is a multiprotein E3 ubiquitin ligase.  The inhibition of anaphase onset is 

achieved by direct interaction of a complex consisting of Mad2, Cdc20, Mad3-BubR1 and Bub3 

[9-11]. A reduction in spindle checkpoint function bypasses the anaphase delay, and the spindle 

checkpoint releases APC/C and cyclin B prematurely. During unperturbed mitosis, anaphase 

onset begins with the silencing of spindle checkpoint and activation of APC/C complex. 

Activated APC then targets securin for degradation which leads to the release of seperase, a 

protease that destroys cohesin (molecular glue holding sister chromatids together) thus, allowing 

sister chromatids to be pulled to opposite poles. 

Much of the work to elucidate the mechanistic function of spindle checkpoints has been 

conducted in yeast and mammalian cell culture studies. However, there is increasing evidence 

that spindle checkpoint genes are conserved in C. elegans. For example, the identification of the 

C. elegans  genes mdf-2 and mdf-1 (MAD2 and MAD1 homologues respectively) demonstrated 

the essential function of spindle checkpoint genes in normal development and fertility of 

metazoans [12]. Particularly, analysis of mdf-1(gk2) deletion mutants showed phenotypes like 

embryonic lethality, gonad defects and reduced brood size. A genetic screen for suppressors of a 

weak allele of mat-3 (APC subunit), identified the role of spindle checkpoint genes mdf-2, mdf-1 
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and san-1/mdf-3 in regulation of metaphase-anaphase transition in meiotic cells. These studies 

have provided some indication of the functional role of spindle checkpoint genes in developing 

organism like C. elegans.  

The spindle checkpoints are also shown to function during mitosis of the early 

developing C. elegans embryo [13]. For example, the spindle checkpoint genes san-1 and mdf-2 

(homologue MAD3) are required in response to microtubule depolymerizing environments like 

anoxia and nocodazole [14].  Particularly, san-1 and mdf-2 play an important role in anoxia 

survival of C. elegans  embryos by reversibly arresting metaphase blastomeres. My previous 

results have shown that embryos when exposed to brief periods of anoxia (30 minutes) require 

activity of the spindle checkpoint function; as san-1(RNAi) embryos exposed to 30 minutes of 

anoxia show chromosome segregation defects such as anaphase bridging and abnormal nuclei. 

Similar to other spindle checkpoint components, SAN-1 localizes at the poleward faces of the 

kinetochore; and localization of SAN-1 protein is altered upon longer anoxia exposure [14, 15]. 

However, the functional role of SAN-1 spindle checkpoint pathway in anoxia-induced metaphase 

arrest is not well understood. Therefore, identifying other gene products that functionally interact 

with san-1 will forward our understanding regarding spindle checkpoint activity in suspended 

animation.  

The main objective of this study was to conduct functional characterization of the spindle 

checkpoint gene san-1 and identify SAN-1 protein interactions in the spindle checkpoint 

pathway. The central hypothesis of this research study was that gene products that genetically 

interact with san-1 play a role in anoxia-induced metaphase arrest. To test this hypothesis the 

following specific aims were conducted: 
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Research Aim 2.1. Phenotypic analysis of san-1(ok1580) deletion allele. The san-1(ok1580) 
phenotype was characterized by analyzing development of larvae and ability to reach adulthood, 
gonad morphology and brood size of adults, incidence of males in population and adult death.  

Research Aim 2.2. Synthetic lethal analysis of a subset of kinetochore genes to identify genetic 
interactions with san-1. The san-(ok1580) deletion strain and RNAi analysis was used to conduct 
synthetic lethal screen of a subset of kinetochore genes to identify possible genetic interactions 
with san-1. 

Research Aim 2.3. Analyze sub-cellular characteristics of gene products synthetic lethal with 
san-1. Indirect immunofluorescence assays were conducted to analyze kinetochore, centrosome, 
and microtubule structure to characterize mitotic progression in gene products synthetic lethal 
with san-1. 

Research Aim 2.4. Determine spindle checkpoint activity of genes determined to have synthetic 
lethal interaction with san-1(ok1580). RNAi was used to knockdown gene product of interest. 
The RNAi treated animals were exposed to anoxia and indirect immunofluorescence assays were 
conducted to determine requirement of gene product for anoxia-induced metaphase arrest. 

Conducting the above specific aims provided a greater understanding of the SAN-1 

genetic interactions acting in the spindle checkpoint pathway, specifically in a developing 

organism like C. elegans.  Furthermore, this research study provided insight into the role of 

spindle checkpoint genes in somatic cell division and under conditions of stress like anoxia. 

 

3.2 Results 

3.2.1 Phenotypic Analysis of san-1 (ok1580) 

To better understand the functional role of san-1 in C. elegans,  the san-1(ok1580) 

deletion strain was obtained from C. elegans  Knockout Consortium. Briefly, the san-1 gene 

consists of 8 predicted exons, 992 kb (including exons 3-7 and the first 13 bp of intron 7) which 

were deleted to produce san-1(ok1580) deletion allele. DNA sequence analysis was used to 

verify san-1(ok1580) deletion which was found to be identical to wormbase report. The san-

1(ok1580) deletion allele lacks the predicted kinase domain and Mad3/Bub1 homology region 
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required for binding CDC20p which possibly makes san-1(ok1580) allele functionally a null 

mutant. 

The san-1(ok1580) hermaphrodites when raised at 24°C show vulva developmental 

abnormalities resulting in egg laying defects, vulva bursting phenotype and formation of “bag of 

worms” thus, resulting in higher death rate of adults [16]. Particularly, in worms, poor defective 

vulval development leads to formation of “bag of worms” wherein embryos hatch within the 

body of adult hermaphrodite, ultimately leading to matricide. Additionally, as compared to wild-

type, the san-1(ok1580)nematodes show a higher percentage of males in the population 

suggesting non-disjunction of chromosomes occurs at a higher rate [16]. In this study the san-

1(ok1580) animals were characterized at 20ºC to maintain consistency with previous san-

1(RNAi) studies conducted at 20ºC. Results in this report indicate similar phenotypes compared 

to san-1(ok1580) animals grown at 24°C [16]. For example, Table 1 demonstrates that san-

1(ok1580) animals are viable, yet display low penetrating phenotypes including larvae 

developmental arrest and slow growth phenotype, in which the development of mutants lagged 

behind the wild-type due to extended duration of each larval stage. Furthermore, the san-

(ok1580) mutant has a higher incidence of males in hermaphrodite population and higher death 

rate due to defects in vulval morphogenesis; thus, suggesting the importance of the spindle 

checkpoint gene san-1 in mitotic and meiotic cells (Table1).  

To determine the basis for egg laying defects of san-1(ok1580) animals, DIC microscopy 

was used to examine the vulval region in wild-type and san-1(ok1580) hermaphrodites. Figure 

3.1 shows that in comparison to wild-type animals, the san-1(ok1580) animals have increased 

phenotypes of tissue damage, protruding vulva and abnormalities in vulva structure (Figure 3.1 

B-D, Table 1). To determine if egg laying is affected by poor vulval morphology, the number of 
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eggs held within the uterus of wild-type and san-1(ok1580) animals were counted. Table 1 

indicates that in comparison to wild-type, the average number of eggs retained within the uterus 

of san-1(ok1580) animals is not significantly different (P= 0.176). However, at any given time, 

the san-1(ok1580) adults retain 5 to 27 eggs in the uterus as compared to wild-type adults that 

retain 8 to 18 eggs. This suggested that san-1(ok1580) nematodes show egg laying defects. 

Analysis of 1 day old san-1(ok1580)animals show that 18% (n=16) of san-1(ok1580) animals 

resulted in forming bag of worms. This suggested a defective egg laying phenotype due to 

abnormal vulva development. Also, the average brood size of san-1(ok1580) animals was 

significantly lower as compared to wild-type; as most san-1(ok1580)animals produced less than 

60 progeny and others died as young adults (P = 0.001) (Table 3.1). The san-1(ok1580) 

nematode population has a higher percentage of males as compared to wild-type (Table 3.1). I 

conducted genetic mating experiments using san-1(ok1580) males to determine that san-

1(ok1580) males are not sterile and capable of mating (see Materials and Methods). Examination 

of male tail morphology of san-1(ok1580) animals showed increased tissue defects such as 

abnormal ray morphology and tissue structure (Figure 3.1 F-H) which indicates the role of san-1 

in post-embryonic mitotic cell division. During post-embryonic larval stages, the germline 

proliferates and undergoes meiotic division. Analysis of san-1(ok1580) adult demonstrates 

abnormal vulval development in hermaphrodites, thus indicating the role of san-1 in meiotic cell 

division. In summary, results indicate that san-1 function is required in post-embryonic mitotic 

and meiotic cell divisions. 
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3.2.2 Genetic Interactions of the Spindle Checkpoint Gene san-1  

Synthetic lethal genetic screens are used genetic tools to identify gene products 

interacting in similar genetic pathways. In synthetic lethal screens each gene mutation by itself 

causes only a partial reduction of gene function, yet combination of the two mutations is lethal, 

thus identifying key relationships between interacting proteins [17]. The genetic approach of 

synthetic lethal screens has been successfully used in the functional characterization of many 

proteins [18-20].  

In this study, the specific synthetic lethal screen is used as a genetic tool to identify 

possible genetic interactions of SAN-1 in the spindle checkpoint pathway. For all synthetic lethal 

assays the san-1(ok1580) deletion strain was used that was subjected to RNA mediated 

interference of specific gene products. Thus a possible genetic interaction with san-1 could result 

in a distinct and severe phenotype, as compared to phenotype(s) of individual single mutants. 

This study evaluated gene products involved in kinetochore assembly or spindle checkpoint 

function for possible SAN-1 synthetic lethal interactions, which when individually mutated did 

not result in embryonic lethality phenotype. The gene products of hcp-1, hcp-2, putative bub-3 

homologue Y54G9A.6, the known spindle checkpoint genes mdf-1 and mdf-2 were analyzed. 

The hcp-1/2 genes encode kinetochore localized protein products that are required for 

kinetochore assembly and result in embryonic lethality only when hcp1/2 are co-depleted by 

RNAi [21, 22]. The gene product of Y54G9A.6 shares homology to spindle checkpoint gene 

BUB-3. Blastp analysis of the C. elegans  Y54G9A.6 protein shares high homology with yeast 

BUB-3 (E value = 4e-28), Homo sapiens BUB3 (E value =3e -27), and D. melanogaster (E value 

= 2e -74). Using ClustalW software the amino acid identity between C. elegans Y54G9A.6 and 

BUB3 proteins was determined. ClustalW analysis shows a 44% similarity with H. sapiens, 43% 
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for D. melanogaster and 19% for Saccharomyces cerevisiae (Figure 3.2). Hence, the C. elegans 

Y54G9A.6 gene will be referred as bub-3 hereafter. Other potential gene products such as the 

spindle checkpoint gene bub-1, gene products that play an important role in kinetochore 

assembly and function (hcp-1, knl-1, knl-3, cls-2) and homologues of zw10 and rod (czw-1, rod-

1) were not analyzed; as RNAi of these gene products results in embryonic lethality which does 

not meet synthetic lethal testing criterion. Hence this study mainly focused on the genetic 

interactions of san-1 with bub-3, mdf-1, mdf-2, hcp-1, and hcp-2 gene products. 

Results from Figure 3.3A demonstrate that RNAi of individual spindle checkpoint genes 

(san-1, mdf-1, mdf-2  and bub-3) or kinetochore assembly genes (hcp-1, hcp-2) does not result in 

lethality and the majority of adults reached adulthood. The mdf-1(RNAi) and mdf-2 (RNAi) adults 

showed matricidal death caused due to bursting of the vulva or formation of bag of worms, 

which was similar to a previous report [12]. Furthermore, the mdf-1 (gk2) deletion mutant shows 

similar phenotypes, thus demonstrating efficient loss of function by RNAi. Synthetic lethal 

analysis shows that in comparison to san-1(ok1580) nematodes, the san-1 (ok1580);mdf-1(RNAi) 

(P < .01), san-1(ok1580;bub3 (RNAi)  (P <  .04) and san-1(ok1580);hcp-1(RNAi) (P < .0003) 

nematodes show a reduction in ability to reach adulthood (Figure 3.3B).  Interestingly, the most 

severe phenotype was observed in san-1(ok1580);hcp-1(RNAi) double mutants that resulted in 

embryonic or larval lethality. Conversely, the san-1(ok1580);hcp-2(RNAi) animals showed a less 

severe phenotype demonstrating a reduced ability to reach adulthood when compared to san-

1(ok1580) animals (P < 0.05) (Figure 3.3B).  The san-1(ok1580);mdf-2(RNAi) had a reduced but 

not significant difference in viability (P = .073) (Figure 3.3B).   

Knockdown of gene function by RNAi sometimes results in partial reduction of gene 

product. Hence, the genetic interactions between san-1 and hcp-2 gene products were evaluated 
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by crossing san-1(ok1580) animals with hcp-2(ok1757) deletion mutants, to produce san-

1(ok1580);hcp-1(ok1757) double mutants. The hcp-2 gene has predicted 8 exons, and a 1.281 kb 

deletion removes most of exon 5 which results in frameshift and gives the hcp-2(ok1757) 

deletion allele. The deletion for hcp-2(ok1757) was verified using DNA sequence analysis. 

Furthermore, genetic mating experiments with san-1(ok1580) animals and hcp-2(ok1757) 

animals determined that 26.25% (n = 80) of the F2 offspring had phenotypes like embryonic 

lethality, larval lethality, odd morphology and lethargy. This number of abnormal F2 offspring 

was higher than the expected 1/16 (6.25%) for a homozygous double mutant san-1(ok1580); 

hcp-2(ok1757). The data suggested that some of the F2 progeny were a combination of 

homozygous and heterozygous combinations for either san-1(ok1580) or hcp-2 (ok1757 ) 

deletions thus, resulting in an abnormal phenotype. To test this possibility, 39 F2 animals were 

genotyped using single worm PCR to detect san-1 and hcp-2 deletions. Results demonstrated that 

animals homozygous for the (san-1(ok1580);hcp-2(ok1757)) deletion, and animals which were 

homozygous for san-1(ok1580) deletion but heterozygous for hcp-2(ok1757 deletion showed 

embryonic lethality and larval lethality phenotypes.  

The hcp-2(ok1757) animals appeared to be lethargic as adults, as noted by their reduction 

in motility, yet did not exhibit embryonic lethality and the majority reached adulthood three days 

after egg laying (Figure 3.3 A). Analysis of san-1(ok1580);hcp-2(ok1757) double mutant 

determined that majority of the embryos hatched, yet only 7.3 % ± 2.4 of the larvae reached 

adulthood within three days at 20°C. However, if given four days to develop the majority of san-

1(ok1580);hcp-2(ok1757) animals developed to adulthood (Figure 3.3B). Several of the san-

1(ok1580);hcp-2(ok1757) animals had morphological defects suggesting that the double mutant 

had a more severe phenotype then the single mutants (data not shown). My results indicate that 
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the phenotype observed in san-1(ok1580);hcp-2(ok1757) is not identical to that observed in san-

1(ok1580);hcp-1(RNAi) animals. 

Previous reports have shown that co-depletion of hcp-1 and hcp-2 by RNAi results in 

near 100% embryonic lethality [21]. However, this severity of phenotype is not observed in san-

1(ok1580);hcp-1(RNAi) or mdf-2(RNAi);hcp-1(RNAi) animals as they survive embryogenesis, 

but later die as larvae (Figure 3.3 B, C). In comparison to mdf-2 (R NAi) animals, the mdf-

2(RNAi);hcp-1(RNAi) animals had a significant decrease in the ability to reach adulthood (P < 

.011). The mdf-2(RNAi);hcp-2(ok1757) animals also had a decrease in the ability to survive to 

adulthood (P < .025), however the viability defect was not as severe as that observed in mdf-

2(RNAi);hcp-1(RNAi) animals (Figure 3.3C). Similar to bub-3(RNAi) animals, the bub-

3(RNAi);hcp-1(RNAi) animals did not show a reduction in viability (Figure 3.3 C). Also, bub-

3(RNAi);hcp-2(ok1757) animals did not show viability defects (Figure 3.3 C).  

In summary, my results determined that san-1 genetically interacts with the spindle 

checkpoint genes bub-3, mdf-1, mdf-2  and kinetochore localized genes hcp-1 and hcp-2. 

Interestingly, C. elegans requires both hcp-1 and either spindle checkpoint genes, san-1 or mdf-2 

but not bub-3 for normal cell division. Furthermore, results from this study demonstrate that hcp-

1 and hcp-2 have redundant but not similar functions. 

  

3.2.3 Developmental Defects in Double Mutants with Genes Synthetic Lethal with san-1  

To further characterize the phenotypes of san-1(ok1580);mdf-2(RNAi), san-

1(ok1580);bub-3(RNAi) and san-1(ok1580);hcp-1(RNAi) double mutants, the gonad region of 

these animals was analyzed. In comparison to wild-type animals, the san-1(ok1580);mdf-

2(RNAi), san-1(ok1580);bub-3(RNAi) and san-1(ok1580);hcp-1(RNAi) animals showed 
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embryonic death, larval arrest and if developed to adulthood had abnormal gonad morphology 

(Figure 3.3, Table 3.2). Figure 3.4A, indicates that san-1(ok1580);mdf-2(RNAi), san-

1(ok1580);bub-3(RNAi) and san-1(ok1580);hcp-1(RNAi) animals show slow growth and larval 

arrest phenotypes. Furthermore, the san-1(ok1580);mdf-2(RNAi) and san-1(ok1580);bub-

3(RNAi) animals showed abnormal cell structure in the mitotic and meiotic region of the gonad 

wherein meiotic cells had an abnormal button like morphology resembling apoptotic cells. 

Additionally, abnormal oocyte structure was also seen in san-1(ok1580);mdf-2(RNAi) and san-

1(ok1580);bub-3(RNAi) double mutants (Figure 3.4B). Furthermore, some of these animals 

produced sperm however the shape of the spermatheca was abnormal as determined by 

localization of the sperm (Figure 3.4B, black arrows). Results indicate that majority of san-

1(ok1580);hcp-1(RNAi) animals died or arrested as larvae. Abnormal gonad morphology was not 

observed in individual gene loss of functions such as bub-3(RNAi) and hcp-1(RNAi). Conversely, 

double mutants for synthetically interacting gene products, such as san-1(ok1580);mdf-2(RNAi) 

had abnormal gonad morphology (Table 2). 

Co-depletion of hcp-1 and hcp-2 by RNAi results in severe embryonic lethality whereas 

many of the san-1(ok1580);hcp-1(RNAi) embryos hatch yet die as young larvae (Figure 3.3). 

Hence, I asked if san-1(ok1580);hcp-1(RNAi) embryos demonstrated developmental defects. To 

test this possibility, the pharynx was used as a marker for developmental progression by 

analyzing the expression of myo2::GFP. Briefly, myo2 encodes the specific muscle-type heavy 

chain isoform which is expressed during early to mid embryogenesis in the primordial 

pharyngeal cells, and is expressed through life in the developed pharynx of the adult animal [23]. 

Results in Figure 3.5 indicate that similar to control embryos, san-1(ok1580) and hcp-1(RNAi) 

embryos showed normal expression of myo2::GFP, thus demonstrating a normal pharyngeal 
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development (Figure 3.5 A-L). In contrast, san-1(ok1580);hcp-1(RNAi) embryos showed either a 

reduced expression of myo2::GFP (Figure 3.5 M-N, Q-R) or an abnormal pharyngeal structure 

(Figure 3.5 O-P). In conclusion, san-1(ok1580);hcp-1(RNAi) embryos show developmental 

defects during embryogenesis. 

 

3.2.4 Sub-Cellular Analysis of san-1(ok1580);hcp1(RNAi) Embryos 

To understand the functional relationship between SAN-1 and HCP-1 synthetic lethal 

interaction in developing embryos indirect immunofluorescence assays were conducted on 

embryos collected from control, san-1(ok1580), hcp-1(RNAi)  and san-1(ok1580);hcp-1(RNAi) 

animals. Immunostaining was done with DNA marker dye DAPI, mAb414 specific for nuclear 

pore complex, and anti-Phos H3 which recognizes phosphorylated form of histone H3, to 

analyze the chromosome structure of mitotic nuclei. Figure 3.6 indicates that similar to wild-

type, embryos from individual gene mutant’s san-1(ok1580) and hcp-1(RNAi) contained mitotic 

nuclei with normal chromosome structure. Intriguingly, combination of san-1(ok1580);hcp-

1(RNAi) resulted in embryos with a significant increase in abnormal nuclei (44%, n = 50) that  

included abnormal mitotic structure, lagging chromosomes, and anaphase bridging (Figure 3.6 

M, Q, arrows). Furthermore, these defects were also observed in young embryos (2-4 cell 

embryos; 15.4% (n = 13)), indicating that the chromosome segregation defects occur early in 

development. 

In C. elegans,  the disassembly of nuclear pore complexes as monitored by mAb414, 

shows a unique timing of breakdown and re-formation that is dependant on the developmental 

age of the embryo. For example, in older embryos (> 30 celled stage) the nuclear envelope 

breaks down and pore complexes are absent during metaphase and anaphase, ultimately re-
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assembling during telophase stage of mitosis. However, in younger embryos (2-24 cell stage)  

the nuclear envelope remains present until early anaphase [24]. Immunostaining of control, san-

1(ok1580), and hcp-1(RNAi) embryos (> 30 celled stage) with mAb414 showed metaphase 

blastomeres with disassembled pore complexes (Figure 3.6 C, G and K). However, san-

1(ok1580);hcp-1(RNAi) embryos (>30 celled stage) contained metaphase blastomeres with pore 

complexes present as small aggregates, as detected by mAb414 (Figure 3.6 S, arrow head). This 

phenotype was only observed in older embryos, since the younger embryos do not have 

diminished nuclear pore complexes during mitosis. Thus, the accumulation of abnormal nuclei 

and the presence of nuclear pore complex aggregates in san-1(ok1580);hcp-1(RNAi) embryos 

suggests abnormal mitotic progression in san-1(ok1580);hcp-1(RNAi) embryos. 

To gain greater understanding of mitotic progression in san-1(ok1580);hcp-1(RNAi) 

embryos, the chromosome, kinetochore and spindle microtubule structure was analyzed using 

indirect immunofluorescence. First, immunostaining was conducted with MPM-2 antibody 

recognizes various mitotic proteins localized on kinetochore and centrosomes [25].  Results 

indicate that the kinetochore structure in san-1(ok1580) and hcp-1(RNAi) embryos was similar to 

that of wild-type embryos (Figure 3.7 C, G, and K). Interestingly, san-1(ok1580);hcp-1(RNAi) 

embryos contained normal as well as abnormal kinetochore structure as determined by the 

presence and absence of paired lines on the opposite faces of the metaphase plate, representing 

sister chromatids (Figure 3.7 O, S).  

To further investigate the kinetochore and spindle structure in san-1(ok1580);hcp-

1(RNAi) embryos, the anti HCP-3 antibody was used to examine the localization of centromeric 

histone HCP-3, and YL 1/2 antibody was used to analyze the spindle microtubule structure. 

Briefly, HCP-3 is a CENP-A like histone-H3 variant centromeric protein, localized at the 
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proximal chromatin-kinetochore interface and is at the top of the hierarchy of interactions that 

drive the kinetochore assembly [22, 26]. Indirect immunofluorescence assays showed that the 

centromere and microtubule structure in san-1(ok1580) and hcp-1(RNAi) embryos was similar to 

that of wild-type embryos. Conversely, blastomeres of san-1(ok1580);hcp-1(RNAi) embryos 

with abnormal chromosome structure contained either HCP-3 localized with chromosomes 

(Figure 3.8 U-X); or in some blastomeres HCP-3 was not always associated with the 

chromosomes (Figure 3.8, Q-T). The microtubule structure in these abnormal blastomeres was 

also found to be aberrant. Overall, the presence of abnormal kinetochore structure was associated 

with abnormal spindle structure (Figure 3.8 S).  

 

3.2.4.1 In vivo Analysis of Mitotic Progression in san-1(ok1580);hcp-1(RNAi) Embryos 

 Indirect immunofluorescence analysis of san-1(ok1580);hcp-1(RNAi) embryos 

demonstrated the presence of anaphase-bridging and abnormal chromosomal structure. Hence, 

by inference, san-1(ok1580);hcp-1(RNAi) embryos contained blastomeres with abnormal mitotic 

progression. To examine in vivo  mitotic progression in san-1(ok1580);hcp-1(RNAi) embryos, I 

first conducted genetic mating experiments, crossing the histone and gamma tubulin tagged GFP 

strain (tbg-1::GFP;pie-1::GFP::H2B) into san-1(ok1580) background, to produce san-

1(ok1580);tbg-1::GFP;pie-1::GFP::H2B animals which allowed in vivo visualization of mitotic 

progression. Second, the san-1(ok1580);tbg-1::GFP;pie-1::GFP::H2B animals were exposed to 

hcp-1 RNAi to produce san-1(ok1580);hcp-1(RNAi);tbg-1::GFP;pie-1::GFP::H2B double 

mutants. A spinning disc confocal microscope was used to conduct live cell imaging of san-

1(ok1580);hcp-1(RNAi);tbg-1::GFP;pie-1::GFP::H2B embryos. Analysis of a typical san-

1(ok1580);hcp-1(RNAi) embryo showed one blastomere with normal mitotic segregation, and 
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another blastomere with abnormal chromosome segregation leading to anaphase bridging (see 

Additional movie 3). Overall, these results further demonstrated that abnormal mitotic 

progression occurred in san-1(ok1580);hcp-1(RNAi) embryos. 

 

3.2.4.2 Live Cell Imaging of hcp-1(RNAi) Embryos 

 Unlike san-1(ok1580);hcp-1(RNAi) embryos with chromosome segregation defects, the 

hcp-1(RNAi) embryos do not show any lethality defects associated with mitotic progression. 

Also, the san-1(ok1580);hcp-1(RNAi) embryos demonstrate disconcerted  mitotic progression, as 

observed with nuclear envelope breakdown timing (Figure 3.6 S).  Taken together, results 

indicate that hcp-1(RNAi) results in a subtle mitotic progression defects and the additional loss of 

san-1 results in an amplified defect of disconcerted mitotic progression. To test this possibility, 

live cell imaging of hcp-1(RNAi);tbg-1::GFP;pie-1::GFP::H2B and control animals was 

conducted. Using a spinning disc confocal microscope, the mitotic progression in AB and P 

blastomeres of a 2-celled embryo was analyzed. Timing of mitotic progression was calculated 

from nuclear envelope breakdown (NEB) to formation of metaphase plate, metaphase to 

anaphase onset and NEB breakdown to anaphase onset in P cell of wild-type and hcp-1(RNAi) 

embryos. Additionally, the timing of NEB of the AB cell and NEB breakdown of the P cell was 

determined. All embryos were analyzed at 21°C.  Results indicated that hcp-1(RNAi) embryos 

did not show chromosomal segregation defects, and the timing of mitotic progression in hcp-

1(RNAi) embryos was similar to control embryos (Figure 3.9). Taken together, data indicates that 

hcp-1 (RNAi) animals require a functional spindle checkpoint for normal development. 
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3.2.5 Spindle Checkpoint Activity in Anoxia-Induced Metaphase Arrest 

Results in this study demonstrated a synthetic lethal interaction between the san-1, mdf-1, 

mdf-2, bub3,  spindle checkpoint and the kinetochore hcp-1 and hcp-2 gene products. 

Furthermore, data indicates that the development of san-1(ok1580) animals depends upon the 

presence of functional bub-3 and hcp-1 gene products. However, it remains unclear whether, like 

san-1, mdf-1  and mdf-2 genes, the bub-3 and hcp-1 gene products function in the spindle 

checkpoint pathway. It is known that wild-type embryos when exposed to anoxia reversibly 

arrest cell cycle progression, and the arrest of metaphase blastomeres requires the activity of 

spindle checkpoint genes san-1 and mdf-2 [14, 15]. Thus, anoxia exposure of san-1(RNAi) and 

mdf-2(RNAi) embryos shows a reduction in metaphase blastomeres and an increase in anaphase 

bridging and chromosome segregation defects. Furthermore, san-1 and mdf-2 also respond to 

checkpoint stimuli by microtubule depolymerizing drug, nocodazole [14, 27]. Together, these 

studies support the idea that the san-1 and mdf-2 genes function in the spindle checkpoint 

pathway. To determine that san-1(ok1580) embryos, like san-1(RNAi) show sensitivity to 

checkpoint stimulus of anoxia, viability and immunostaining assays were conducted for san-

1(ok1580) embryos exposed to 24 hours of anoxia. Table 3 indicates that the survival rate of san-

1(ok1580) embryos is reduced in comparison to wild-type embryos. Similarly, bub-3 (RNAi ) 

embryos also showed sensitivity to anoxia, as they demonstrated a reduced survival rate 

compared to wild-type animals. Results from indirect immunofluorescence analysis, show that 

like san-1(ok1580) embryos, bub-3(RNAi) embryos when exposed to 24 hours of anoxia show 

the presence of chromosome segregation defects like anaphase bridging (Figure 3.10). Taken 

together, data suggests that bub-3 also functions as a spindle checkpoint gene. Conversely, hcp-

1(RNAi) embryos were not sensitive to anoxia exposure as they demonstrated ability to hatch and 
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reach adulthood as comparable to wild-type (Table 3). These results suggest that hcp-1 and hcp-2 

are not required for anoxia-induced metaphase arrest and do not function in the spindle 

checkpoint pathway. 

 

3.3 Conclusions 

This study identified gene products that genetically interact with the spindle checkpoint 

gene san-1 (mad3 homologue). Results demonstrate that the spindle checkpoint genes san-1 and 

mdf-2 not only interact with one another but also interact with the CENP-F homologue hcp-1. In 

this study the predicted function of Y54G9A.6 gene product (bub-3 homologue) in spindle 

checkpoint activity was identified. The bub-3 spindle checkpoint does not interact with hcp-1 

thus, suggesting that hcp-1 only interacts with a sub-set of spindle checkpoint genes. Together, 

results in this report demonstrate that the spindle checkpoint gene products san-1, mdf-1, mdf-2 

and bub-3 respond to checkpoint stimuli of anoxia exposure and initiate metaphase arrest. Also, 

results show that hcp-1 and hcp-2 gene products do not function in spindle checkpoint activity 

and are not required for anoxia-induced metaphase arrest.  

Detailed phenotypic analysis of san-1(ok1580);hcp-1(RNAi)  embryos show that C. 

elegans embryos require san-1 and hcp-1 for proper chromosome segregation. Furthermore, the 

presence of morphological defects in the gonad of san-1(ok1580);mdf-2(RNAi) and san-

1(ok1580);bub-3(RNAi) animals further emphasize the role of spindle checkpoints genes in 

meiotic cells. This study provides evidence to suggest that the hcp-1 and hcp-2 gene products 

may have overlapping, but distinct functions in C. elegans . These data suggest that HCP-1 

functions in the C. elegans  embryo, in proper alignment and segregation of chromosomes and 

these functions are dependant on elements of the spindle checkpoint pathway but not all the 
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spindle checkpoint proteins.  Knowing the significance of spindle checkpoint proteins and 

kinetochore proteins in chromosome segregation and cell cycle progression, it is of great interest 

to characterize these gene products in a developing organism like C. elegans.  

 

3.4 Materials and Methods 

3.4.1 Strains and Growth Conditions 

The wild-type Bristol strain (N2) and mutant strains were cultured on NGM (nematode 

growth media) plates seeded with E. coli  (OP50) and raised at 20ºC as described (Sulston and 

Hodgkin, 1988). The following strains were obtained from Caenorhabditis eleg ans Genetics 

Center: RB1391 (san-1(ok1580)), PD4790 (myo-2::GFP), TH32 (tbg-1::GFP, pie-

1::GFP::H2B), and RB1492 (hcp-2(ok1757)). Applying standard Mendelian genetics principles, 

mating experiments were conducted using san-1(ok1580) males for crossing to produce the 

following strains: PM107 (san-1(ok1580);myo-2::GFP), PM115 (san-1(ok1580);tbg-

1::GFP;pie-1::GFP::H2B), and PM116 (san-1(ok1580);hcp-2(ok1757)). PM117 hcp-2(ok1757) 

mutant strain was produced by backcrossing to wildtype animals 3 times. 

The Caenorhabditis elegans Gene Knockout Consortium (Oklahoma Medical Research 

Foundation) produced the san-1(ok1580) and hcp-2(ok1757) deletion alleles. 

 

3.4.2 Genotype Analysis of san-1(ok1580) and hcp-2(ok1757) 

The san-1(ok1580) and hcp-2(ok1757) animals were genotyped using single worm PCR 

method. The following primers were used: san-1 forward primer (CGC TTA  AAG CTT GAT 

CAA CTT CTC G), san-1 reverse primer (GCT AGT GAT TTC TCC TCC GTT TTC TCA),  
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hcp-2 forward primer (ACT CTG AAG TCG GAA CAT GAA ATT), and hcp-2 reverse primer 

(TGA AGA GCC TTC TGT GCA AA).  

 

3.4.3 Phenotype Analysis of san-1(ok1580) Animals 

For phenotype analysis, san-1(ok1580) and wild-type animals were maintained at 20°C 

and grown on NGM plates seeded with E. coli bacteria. To assay the higher incidence of males 

in population (him phenotype), a complete hermaphrodite population was grown and allowed to 

lay eggs for several hours. The adults were removed from plates and the percent of male progeny 

that developed was quantified (wild-type and san-1(ok1580), n = 210, n = 325 respectively). To 

determine if larval arrest and slow growth phenotypes occurred in san-1(ok1580) animals, a 

synchronous population of L1 larvae was collected and allowed to grow on OP50 NGM plates at 

20°C. The number of san-1(ok1580) animals that developed to adulthood within the first three 

days, those that developed to adulthood within three to five days (slow growth), and those that 

remained arrested as larvae (larval arrest) were quantified (wild-type and san-1(ok1580), n = 

210, n = 218 respectively). Hermaphrodites were moved daily to fresh plates and lost worms 

were eliminated from analysis. The average brood size of san-1(ok1580) animals was determined 

by quantifying the number of offspring produced by individual hermaphrodite (wild-type and 

san-1(ok1580) animals, n = 5, n = 10, respectively). To quantify the number of eggs retained 

within the uterus of wild-type and san-1(ok1580) animals, 1 day old adults were placed on 2.5% 

agar pads and visualized under a Zeiss compound microscope (for wild-type and san-1(ok1580) 

animals, n = 16). To assay the protruding vulva phenotype, 1 day old san-1(ok1580) adults were 

collected and the total number of animals that had the protruding vulva was counted. 
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3.4.4 Synthetic Lethal Assays 

RNA mediated interference (RNAi) was used to decrease the expression of specific gene 

products to analyze synthetic lethal interactions with san-1(ok1580), RNAi methodology for all 

experiments was similar to that previously described (Chapter II). Briefly, a synchronous 

population of L1 larvae (N2, san-1(ok1580)) were grown to adulthood on NGM plates 

supplemented with 200 μg/ml ampicillin, 12.5 μg/ml tetracycline and 1 mM IPTG, seeded with a 

bacterial strain expressing dsRNA specific for mdf-2, mdf-1, bub-3, hcp-1, hcp-2 or control food 

[28]. Several adults were then placed on a secondary RNAi plate and allowed to lay eggs for 3–4 

hours. These adults were removed and the embryos were grown at 20°C and assayed for 

embryonic lethality, larvae lethality, and morphological defects as seen by Nomarski microscopy 

using a motorized Zeiss Axioskop and imaged using Openlab 3.17. For each viability experiment 

at least three independent assays were conducted. The P-value (P) was determined using a 

standard student t-test. RNAi food for mdf-1, mdf-2, bub-3  and control was obtained from MRC 

[28]. Additionally, RNAi food specific for hcp-1 and hcp-2 was produced using standard 

molecular cloning techniques. Briefly, plasmid vectors for feeding RNAi were constructed by 

cloning either a 1.1  kb Spe I – Dra I fragment from the hcp-1 cDNA LM46-3 or a 1.6 kb Sal I 

fragment from the hcp-2 cDNA, yk19h10 into pPD129.36, which allows IPTG induction of 

double stranded RNA. Respective feeding vectors were transformed into the HTH115 (BL23) E. 

coli strain and fed to animals, similar to previously described RNAi methodology [28]. Double 

RNAi experiments were conducted by plating out equal amounts of RNAi foods onto the NGM 

IPTG plates. Control plates were consisted of similar NGM-IPTG plates seeded with food made 

of E. coli strain carrying empty plasmid.  
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3.4.5 Analysis of BUB-3 Protein Sequence 

Analysis of the BUB-3 protein from Saccharaomyces cerevisiae was conducted against 

C. elegans, Homo sapiens and D. melanogaster genomes to identify the most identical protein in 

each species. The primary amino acids were aligned using ClustalW software and the Lasergene 

sequence analysis software package (DNASTAR). ClustalW analysis between the C. elegans  

Y54G9A.6 gene product (referred as BUB-3) and the S. cerevisiae, H. sapiens, and D. 

melanogaster BUB-3 proteins was conducted to assay percent identity between the proteins. 

  

3.4.6 Spindle Checkpoint Assays 

To assay whether specific genes are required for spindle checkpoint activity, embryos 

were exposed to anoxia as previously described (Chapter II). Briefly, a synchronous population 

of wild-type and san-1(ok1580) L1 larvae were grown on NGM-IPTG plates seeded with RNAi 

food until they reached adulthood. Control plates were seeded with E. coli  strain carrying an 

empty vector with no insert and experimental plates were seeded with the E. coli strain carrying 

specific insert to reduce expression of bub-3, hcp-1, or hcp-2. The adults were placed on a fresh 

RNAi plate and allowed to lay eggs for 1–2 hours. The adults were removed and the embryos 

were placed into anoxia, for 1 day, using the BioBag type A environmental chamber. The 

embryos were allowed to recover in air and assayed 24 hours later for the ability to hatch and 

three days later for the ability to reach adulthood. Four independent experiments with at least a 

total of 200 embryos were analyzed. 
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3.4.7 DIC Microscopy 

The L1 larvae (N2, san-1(ok1580), or san-1(ok1580);myo-2::GFP) were grown to 

adulthood on appropriate RNAi plates (control, bub-3, or mdf-2 food). To analyze the developing 

pharynx in embryos, both the san-1(ok1580);myo-2::GFP and the san-1(ok1580);hcp-

1(RNAi);myo-2::GFP adult animals were dissected to expose the embryos. These embryos were 

placed onto 2.5% agarose pads for microscopy analysis. To analyze the morphology of control, 

mdf-2(RNAi), hcp-1(RNAi), san-1(ok1580), s an-1(ok1580);hcp-1(RNAi), san-1(ok1580) ;mdf-

2(RNAi), and san-1(ok1580);bub-3(RNAi) animals, RNAi was conducted as stated above and the 

adult animals were placed on fresh RNAi plates and allowed to lay eggs for several hours. The 

embryos were allowed to develop for three days at 20°C prior to analysis with DIC microscopy. 

For all DIC microscopy analysis, the animals were placed on a 2.5% agarose pad and visualized 

using a motorized Zeiss Axioskop Fluorescent microscope and imaged using Openlab 3.17. At 

least three independent experiments were conducted. 

 

3.4.8 Indirect Immunofluorescent Microscopy 

Wild-type and san-1(ok1580) animals were grown on appropriate RNAi food from L1 

stage to adulthood. The adults were collected and dissected to release embryos. Embryos were 

collected, fixed and immunostained as previously described (Chapter II). The following primary 

antibodies were used: anti-Phos H3 antibody that recognizes the phosphorylated (Ser10) form of 

Histone H3 specific for mitotic cells (Upstate Biotechnology, Lake Placid NY)[29]; the mAb414 

recognizes the nuclear pore complex (Babco, Berkeley, CA) [30]; mAb MPM-2 which 

recognizes mitotic proteins located at the kinetochore, centrioles and P granules (DAKO, 

Carpinteria, CA) [25]; anti-HCP-3 detects HCP-3  [26] and YL1/2 detects the spindle 
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microtubules (Amersham Life Science, Little Chalfont, Buckinghamshre, England) [26]. 

Microscopy conducted using either a Zeiss Axioskop fluorescence scope or spinning disc 

confocal microscope (McBain, CA). Images collected using the spinning disc confocal 

microscope were processed using NIH software Image J and Adobe Photoshop version 8.0. 

 

3.4.9 Live Imaging to Analyze Mitosis 

Mitotic progression was analyzed with the chromosomes and centrosomes as markers, 

using the TH32 (tbg-1::GFP, pie-1::GFP::H2B ) or PM115 (san-1(ok1580);tbg-1::GFP;pie-

1::GFP::H2B) strain. L1 larvae were grown on RNAi control or hcp-1 RNAi food to adulthood 

at 20°C. 1-day old gravid adults were dissected and embryos of the appropriate developmental 

stage were collected by mouth pipet and placed on a 2.5% agarose pad. The temperature of the 

room in which the embryos were analyzed was at 21°C. Timing of mitotic progression was 

analyzed in 2-cell embryos using a spinning disc confocal microscope. To quantify timing of 

mitotic progression, the time it took, in seconds, to transition from the onset of prometaphase (as 

observed by nuclear envelope breakdown and condensed chromosomes) to the formation of the 

metaphase plate, and from the formation of the metaphase plate to the onset of anaphase was 

determined (n = 7). The Simple PCI Version 6 software program was used to quantify timing of 

mitotic progression. The p-value (P) was determined using a standard student t-test. To 

demonstrate mitotic progression in the san-1(ok1580);tbg-1::GFP;pie-1::GFP::H2B;hcp-

1(RNAi) embryos, the spinning disc confocal microscope was used for generating time lapse 

images of  young embryos. Movies were produced by processing these time lapse images using 

the Simple PCI program (version 6) and NIH Image J software and imported into Quick Time for 

display. 
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Table 3.1 Phenotype analysis of san-1(ok1580) animals. 
 

Phenotype Wild-type (%) san-1(ok1580) (%) 
Larval arrest  0.0 2.8+ 1.5 

Slow growth  0.0 3.2 + 1.6 

Protruding vulva 0.0 5.6 + 3.9 

Adult death 4.7 + 2.3 12.9 + 3.2 

Eggs in uterus  12.6 + 2.8 15.3 + 6.8 

Average brood size  31.2 + 11.1 190 + 79.5 

Incidence of males 0.0 4.9 +  2.05 

 
 
Table 3.2 Analysis of gonad morphology. 
 

Genotype Abnormal Gonad (%) 
Total number of animals 
assayed 

Wild-type 0.0 25 

bub-3(RNAi) 0.0 25 

hcp-1(RNAi) 0.0 33 

mdf-2(RNAi) 37.8 37 

san-1(ok1580) 10.3 29 

san-1(ok1580);bub-3(RNAi) 84.8 33 

san-1(ok1580);hcp-1(RNAi) 100.0 9 

san-1(ok1580);mdf-2(RNAi) 94.4 36 

Animals were assayed using DIC microscopy and analyzed for the presence of abnormal gonad morphology. 

Abnormal gonad development included phenotypes such as absence of oocytes, abnormal gonad morphology, and 

abnormal cell structure in either meiotic or mitotic region of the gonad.  
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Table 3.3 Anoxia sensitivity to assay spindle checkpoint activity. 

Genotype Anoxia viability 

 Hatch (%) Adulthood (%) No. 

Wild-type 99.2 + 1.1 99.0 + 1.1 511 

san-1(ok1580) 77.3 + 8.4 42.7 + 21.4 (P < .014) 482 

bub-3(RNAi) 90.2 + 3.1 81.0 + 12.0 (P < .053) 481 

hcp-1(RNAi) 92.6 + 8.9 92.3 + 8.5 230 

Animals were analyzed for sensitivity to 1 day of anoxia by determining the percentage of embryos that were able to 

hatch and develop to adulthood. Four independent experiments were conducted.  

 

 

 
 
Figure 3.1: The san-1(ok1580) animals show abnormal vulva and male tail development. L1 

larvae were grown at 20°C until they reached adulthood and 1 day old adults were analyzed 

using DIC microscopy. Wild-type hermaphrodites (A), san-1(ok1580) hermaphrodites (B-D), 

wild-type males (E), and san-1(ok1580) males (F-H) were analyzed for morphological defects. 

White arrows point to defects in vulva tissue including tissue damage (B), abnormal morphology 

(C), and protruding vulva (D). Black arrows point to defects in male tail morphology, including 

tissue damage (F), ray and fan defects (G), and abnormal tissue structure (H). Bar = 25 µm.  
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Figure 3.2: The Y54G9A.6 gene encode s the putative BUB-3 protein. The multiple sequence 

alignment using ClustalW software demonstrates that the C. elegans Y54G9A.6 gene encodes a 

protein (BUB-3) with homology to the spindle checkpoint protein BUB3. The amino acid 

identity between the C. elegans putative BUB-3 protein and other BUB3 proteins is 44% for H. 

sapiens, 43% for D. melanogastor and 19% for S. cerevisiae. Identical amino acids are marked 

in black background color. 
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Figure 3.3A: RNAi of individual spindle checkpoint gen es (san-1, mdf-1, mdf-2 and bub-3) 

and kinetochore assembly genes ( hcp-1 and hcp-2) does not result in le thality and majority 

of embryos reached adulthood. White bars denote the ability of embryos to hatch from 

respective genotypes and the ability to reach adulthood after three days on food (black filled 

bars). 
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Figure 3.3B: Synthetic lethal analysis of gene products interacting with san-1. In comparison 

to san-1(ok1580) nematodes, the ability of san-1 (ok1580) ;mdf-1(RNAi, san-1(ok1580;bub3 

(RNAi) and san-1(ok1580);hcp-1(RNAi) nematodes to reach adulthood is reduced. White bars 

denote the ability of embryos to hatch from respective genotypes and the ability to reach 

adulthood after three days on food (black filled bars). 
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Figure 3.3C: Synthetic lethal an alysis o f genetic intera ctions o f hcp-1 and hcp-2 w ith the 

spindle checkpoint genes mdf-2 and bub-3. White bars denote the ability of embryos to hatch 

from respective genotypes and the ability to reach adulthood after three days on food (black 

filled bars). 
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Figure 3.4: Phenotypic analysis and gonad morphology of san-1(ok1580);bub-3(RNAi), san-

1(ok1580);hcp-1(RNAi) and san-1(ok1580);mdf-2(RNAi) animals. To assay gonad 

morphology L1 larvae were grown at 20°C for three days until they reached adulthood and 

analyzed using DIC microscopy. Phenotypes observed include larval arrest and slow growth 

phenotypes (A). The san-1(ok1580);bub-3(RNAi) or san-1(ok1580);mdf-2(RNAi) animals 

demonstrate phenotypes such as abnormal cell morphology in the mitotic region of the gonad 

(white arrow), and abnormal oocyte morphology (B, black arrow head). Animals showed the 

ability to produce sperm; however, the spermatheca often appeared abnormal as indicated by 

localization of sperm. The vulval position is marked by a V. Bar = 25 μm.  
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Figure 3.5: The san-1(ok1580);hcp-1(RNAi) animals show abnormal development. To assay 

embryonic development in san-1(ok1580);hcp-1(RNAi) animals, MYO2::GFP protein fusion 

which is expressed in pharyngeal differentiating cells was used as a marker. DIC microscopy and 

fluorescence microscopy was conducted to analyze pharynx development. The pharynx 

morphology in control, hcp-1(RNAi), san-1(ok1580), and san-1(ok1580);hcp-1(RNAi) embryos 

was assayed at early (A, B, E, F, I, J, M, N) and late embryogenesis (C, D, G, H, K, L, O, P, Q, 

R). Bar = 15 µm 
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Figure 3.6: The san-1(ok1580);hcp-1(RNAi) embryos sh ow abnormal mitotic nuclei w ith 

chromosome segregation defects.  Indirect immunofluorescence assays were conducted by 

staining embryos from respective genotypes with DNA binding dye DAPI, mAb414 which is 

specific for nuclear pore complex and anti-Phos H3 which recognizes phosphorylated form of 

histone H3 in mitotic cells. Images were collected using a spinning disc confocal microscope. 

The arrows denote abnormal mitotic nuclei. Arrow heads point to metaphase blastomere that 

display aggregates of nuclear pore complex recognized by mAb414. M denotes blastomeres at 

metaphase. Two representative san-1(ok1580);hcp-1(RNAi) embryos with chromosome 

segregation defects are shown. All images depict a single plane of focus. Bar = 10 μm.
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Figure 3.7: The san-1(ok1580);hcp-1(RNAi) embryos demonstrate both normal and 

abnormal kinetochore and centrosome stru cture. Indirect immunofluorescence analysis of 

metaphase blastomeres from wild-type (A-D), hcp-1(RNAi) (E-H), san-1(ok1580) (I-L) and san-

1(ok1580);hcp-1(RNAi) embryos (M-T) was conducted. The MPM-2 antibody that recognizes 

mitotic proteins located at the kinetochore and centriole was used to analyze kinetochore and 

centrosome structure. Two characteristic san-1(ok1580);hcp-1(RNAi) metaphase blastomeres are 

shown. The metaphase blastomere shown in Q-T is of abnormal structure. Bar = 10 μm.
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Figure 3.8: The san-1(ok1580);hcp-1(RNAi) mitotic blastomeres  display normal and  

abnormal centromere and spindle structu re. Indirect immunofluorescence analysis of 

metaphase blastomeres from wild-type (A-D), hcp-1(RNAi) (E-H), san-1(ok1580) (I-L) and san-

1(ok1580);hcp-1(RNAi) embryos (M-X) was conducted. Anti-HCP-3 which recognizes the 

centromeric histone HCP-3 and YL1/2 antibody which recognizes microtubules were used to 

examine centromere and spindle structure. Three typical san-1(ok1580);hcp-1(RNAi) metaphase 

blastomeres are shown. The metaphase blastomeres shown in Q-X display abnormal structure. 

Images were collected using a spinning disc confocal microscope. Arrow points to HCP-3 not 

associated with the chromosomes. Bar = 2 μm. 
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Figure 3.9: The hcp-1(RNAi) 2-cell embryo displays no significan t difference in mitotic 

timing in comparison to wild-type 2-cell embryos. The spinning disc confocal microscope was 

used to conduct live cell imaging to analyze mitotic progression in hcp-1(RNAi);tbg-1::GFP;pie-

1::GFP::H2B and control animals. The AB and P cells of a 2-cell embryo were analyzed. In the 

P cell of a wild-type and hcp-1(RNAi) 2-cell embryo the time it took (seconds) to transition from 

nuclear envelope break down (NEB) to formation of the metaphase plate, formation of the 

metaphase plate to anaphase onset and NEB to anaphase onset was determined. The time 

between NEB of the AB cell and NEB of the P cell was also determined. Each experiment was 

conducted at 21°C (n = 7 embryos). The P value was determined using a standard student t test. 
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Figure 3.10: The san-1(ok1580) and bub-3(RNAi) embryos exposed to  24 hours of anoxia 

show chromosome segregation d efects. Indirect immunofluorescence assays were conducted 

by staining with DNA Binding dye DAPI (A, D) and mAb414 that recognizes nuclear pore 

complex (B, E). Merged panel includes a combination of DAPI and mAb414 images (C, F). 

Arrows point to nuclei with chromosome segregation defects. Scale bar = 10 μm. 
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CHAPTER 4 

ANALYSIS OF ANOXIA-INDUCED PROPHASE ARREST 

4.1 Introduction 

C. elegans  embryos exposed to brief period of anoxia (30 minutes) contain prophase 

blastomeres with chromosomes docked at the periphery of the nuclear membrane. Prophase 

blastomeres exposed to prolonged period of anoxia exposure (72 hours) also contain 

chromosomes docked at the periphery of nuclear membrane, thus suggesting that chromosome 

docking is an early and maintained response of prophase blastomeres exposed to anoxia. The 

functional role of prophase chromosome docking to the nuclear membrane remains unclear. In 

higher eukaryotes, nuclear envelope breakdown is the final commitment of the cell for entry into 

mitosis and occurs by the end of prophase. Hence, I hypothesize that there exists a relationship 

between anoxia-induced chromosome docking and prevention of nuclear envelope breakdown. 

 

4.1.1 Structure of Nuclear Envelope 

The nuclear envelope (NE) forms a selective boundary around the chromosomes, thus 

separating the nucleoplasm from the cytoplasm. The NE consists of a rigid and highly 

interconnected architecture of a lipid bilayer, which is composed of an outer nuclear membrane 

(ONM) and an inner nuclear membrane (INM), transversed by the nuclear pore complexes 

(NPCs) [1]. The NPCs composed of nucleoporins (Nups), are transport channels which mediate 

bi-directional exchange between nucleoplasm and cytoplasm [2]. A peripheral lumen separates 

the inner nuclear dffdmembrane from the outer nuclear membrane. The ONM is continuous with 

the endoplasmic reticulum (ER) which is studded with ribosomes. Underlying the INM and 

against the peripheral chromatin, the nuclear lamina forms a protein meshwork. The inner 
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nuclear membrane is composed of several integral membrane proteins such as emerin, lamin B 

receptor, Lap2β and MAN1 [3, 4]. The integral proteins of the inner nuclear membrane and the 

lamin filaments interact with chromatin to provide key structural and functional elements to the 

nucleus [5].  

 

4.1.2 Nuclear Envelope Breakdown  

In higher eukaryotes, the G2/M transition is marked by nuclear envelope breakdown, 

which allows the engagement of the chromosomes with the cytoplasmic mitotic spindle. Thus, 

nuclear envelope breakdown (NEBD) is an irreversible step that commits a cell to mitosis. 

Vertebrates undergo “open mitosis” marked by the complete disassembly of the nuclear envelope 

components including the nuclear membranes, nuclear lamina, and NPCs [3, 6]. After NEBD, 

the nuclear complex proteins are dispersed in the cytoplasm, nuclear membranes and membrane 

proteins merge with ER network, and lamina depolymerize into both soluble and associate pools. 

Thus, by metaphase the membranes of the NE have completely redistributed to the ER, leaving 

the chromosomes devoid of any surrounding membrane. Soluble proteins of the NE and lamina 

are distributed mainly through cytoplasm. During the anaphase to telophase transition, the NE 

along with NPC components, and ER tips are targeted to the segregated chromosomes; thus, 

allowing re-assembly of NE around condensed chromatin [1, 7].  

The process of NEBD is conserved among higher eukaryotes; yet, the timing of NEBD 

shows some species specific distinct features. For example, in Drosophila early embryos, the 

nuclear pore complexes disassemble during prophase which is similar to vertebrates; however, 

the nuclear membranes and some portion of the nuclear lamina remain associated with the 

spindle envelope until mid-late anaphase [8].  In C. elegans , disassembly of nuclear pore 
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complexes and to a lesser extent nuclear lamins depends on the developmental age of the embryo 

[9]. The nuclear pore complexes are absent at metaphase in embryos > 30 cells, however still 

exist in embryos from 2-24 celled stage. The C. elegans  nuclear lamins, INM proteins and the 

nuclear membranes disassemble only at mid-late anaphase, leaving a spindle envelop during 

most stages of mitosis [9, 10]. Thus, the C. elegans  nuclear envelope disassembles very late in 

mitosis as compared to vertebrates and Drosophila. Taken together, C. elegans has open mitosis, 

similar to other metazoans; however, the stage at which the mitosis becomes open is different as 

compared to other complex eukaryotes. In contrast, lower eukaryotes like yeast undergo “closed 

mitosis” wherein the nuclear envelope does not breakdown and tubulin proteins are imported to 

allow assembly of mitotic spindles in the nucleus [6]. Even though yeast cells undergo closed 

mitosis recent evidence suggests the NPCs exhibit cell-cycle dependant dynamics. 

 

4.1.3 Process of Nuclear Envelope Breakdown 

Recent evidence suggests that several processes contribute to NEBD. In somatic 

mammalian cells, interactions of microtubules with NE have been shown to generate mechanical 

forces that contribute to the rupturing of the nuclear lamina, in a dyenin dependant process [11, 

12]. However, NEBD is not dependant on microtubules, as nocodazole-induced microtubule 

depolymerization and/or laser ablation of centrosomes, does not inhibit NEBD [13, 14]. Thus, 

NEBD appears to be regulated at different levels. In vitro studies in Xenopus egg extracts have 

shown that high levels of Ran guanosine triphosphatase (RanGTP) affect the dynamics of 

NEBD, as high levels of RanGTP accumulate around chromatin prior to NEBD and inhibition of 

RanGTP prevents NEBD [15]. Studies in Drosophila and C. elegans embryos, demonstrate that 

NPC disassemble earlier than nuclear lamina and nuclear membranes [9, 16, 17]. Furthermore, in 
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starfish oocytes, NEBD proceeds in two steps, involving the sequential disassembly of NPC 

followed by fenestration of the NE by large gaps [17].  

Currently, the factors that trigger NEBD are unclear. However, a phosphorylation model 

has been proposed to be involved in NEBD [4]. The phosphorylation model, suggests that the 

first step of NEBD is the nuclear localization of the active form of cyclin B1-cdk1 (MPF) which 

commits the cell to mitosis. Upon nuclear localization, the MPF phosphorylates nucleoporins, 

lamins and integral proteins and many other proteins of the nuclear envelope. The 

phosphorylated nucleoporins leave NPCs forming holes in the NE thus, causing its 

permeabilization. Hyperphosphorylation of NE proteins are thought to result in the disruption of 

protein-protein interactions and/or activation of factors involved in NEBD. This model is 

supported by recent studies in C. elegans and Xenopus egg extracts that demonstrated the role of 

gp210, a transmembrane nucleoporin in efficient disassembly of NPCs and NEBD. In C. 

elegans, the loss of gp210 gene function by RNAi affects nuclear envelope breakdown, as  

gp210(RNAi) prevents lamin depolymerization thus, interfering with chromatin organization and 

segregation, leading to the formation of twinned nuclei [18].  

The C. elegans embryos, when exposed to anoxia, arrest at prophase and metaphase stage 

of mitosis [19]. In regards to anoxia-induced metaphase arrest, the detailed genetic analysis have 

identified the role of the spindle checkpoint genes san-1, mdf-2  and bub-3 (yeast homologues 

Mad3p, Mad2p and Bub3 respectively) [20, 21]. Conversely, the genetic and cellular 

mechanisms involved in anoxia-induced prophase arrest remain unclear. This is an un-explored 

area of cell division. My previous studies reported that prophase blastomeres when exposed to 

anoxia contain their chromosomes docked at the periphery of the nuclear membrane, thus leaving 

the lumen of nucleus devoid of DNA (Figure 4.1) [22]. This phenomenon of chromosome 
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docking is a hallmark of all prophase arrested blastomeres; which is also observed in prophase 

blastomeres exposed to longer anoxia exposure time (72 hours). Conversely, the normoxic 

prophase blastomeres demonstrate chromosomes localized through out the nucleoplasm [22]. 

Others have shown that Drosophila embryos, when exposed to anoxic conditions, also 

demonstrate condensed prophase chromosomes localized at the nuclear periphery [23]. Together 

these studies demonstrate that anoxia-induced chromosome docking is a conserved response. 

However, the genetic and cellular mechanisms underlying anoxia-induced prophase arrest 

remain unidentified. The main objective of this research study is to conduct detailed genetic and 

cell biological analysis to gain greater understanding of anoxia-induced prophase arrest and 

anoxia-induced docking of prophase chromosomes. 

The central hypothesis of this research study was that there exists a relationship between 

anoxia-induced docking of prophase chromosomes and prevention of nuclear envelope 

breakdown. To test this hypothesis the following specific aims were conducted: 

Research Aim 3.1. Characterization of anoxia-induced prophase arrest and chromosome docking.  
First, an in vivo analysis of embryos contained within the uterus of a gravid adult and exposed to 
anoxic conditions was conducted. Specifically, a gas flow through per fused with nitrogen was 
used to expose the gravid adult to anoxia and a spinning disc confocal microscope was used to 
record the response of prophase blastomeres contained within the embryo of a gravid adult. 
Furthermore, the post-anoxia recovery of prophase arrested blastomeres was analyzed. Second, 
indirect immunofluorescence assays were conducted to characterize the chromosome 
morphology of prophase blastomeres exposed to various anoxia exposure times such as brief (30 
minutes), intermediate (4 hours) and long-term (24 hours).  

Research Aim 3.2. Analysis of kinetochore and nuclear envelope proteins in anoxia-induced 
prophase chromosome docking. RNAi analysis and indirect immunofluorescence analysis of a 
subset of kinetochore and nuclear envelope proteins was conducted to understand their role in 
anoxia-induced prophase arrest and chromosome docking.  

Research Aim 3.3. Analysis of microtubule function in prophase arrest. First, to determine if 
microtubule depolymerization induces prophase arrest, C. elegans embryos were exposed to 
microtubule depolymerizing drug nocodazole and assayed for prophase arrest and chromosome 
docking at the nuclear periphery. Second, to determine if microtubule function is necessary for 
anoxia-induced prophase arrest, nocodazole treated embryos were exposed to 30 minutes of 
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anoxia and indirect immunofluorescence analysis was conducted to document sub-cellular 
localization of prophase chromosomes. 

Research Aim 3.4. Analyze the role of mitochondrial function in prophase arrest. C. elegans  
embryos were exposed to mitochondrial inhibitor sodium azide. Cell biological analysis of 
embryos exposed to sodium azide treatment for 30 minutes and 1 hour was conducted. 
Furthermore, viability assays to document the effect of sodium azide on C. elegans  embryos 
were conducted. 

             Conducting the above mentioned specific aims provided greater understanding of 

anoxia-induced cell arrest at prophase and docking of prophase chromosomes in anoxia, 

identified candidate genes involved in prophase arrest, and provided a better understanding of the 

effect of anoxia on cell cycle progression from prophase to prometaphase. 

 

4.2 Results 

4.2.1 In vivo Analysis of Prophase Chromosome Docking in Response to Anoxia Exposure 

Embryos contained within the uterus of a gravid adult were analyzed. Specifically, the 

tbg-1::GFP;pie-1::GFP::H2B adult nematodes, with GFP tagged chromosomes and 

centrosomes, were used to examine the in vivo  dynamics of chromosomes within embryonic 

blastomeres. These animals were mounted in an anesthetic (0.5% triazine 0.05% tetramisole in 

M9 buffer) and exposed to anoxic conditions using a gas flow through chamber (Harvard 

apparatus, Leiden Closed Perfusion Microincubator) per fused with 100% nitrogen gas. Time 

lapse images were captured using a spinning disc confocal microscope (McBain, CA). Upon 

anoxia exposure, the prophase chromosomes rapidly dock at the nuclear periphery, within 20 

seconds after nitrogen flow (Figure 4.2 A, Additional movie 4). Furthermore, the chromosomes 

remain in a docked position until the animal is re-introduced to air (Figure 4.2 A &B). To further 

document post-anoxia recovery of arrested prophase blastomeres, the nitrogen flow to the 

perfusion chamber was discontinued and the animal was allowed to recover in air. Time lapse 
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images were captured to document recovery of arrested prophase blastomeres. The prophase 

blastomeres upon re-aeration immediately precede (less than 1.5 seconds) to nuclear envelope 

breakdown (NEBD) thus, leading to prometaphase transition (Figure 4.2 B, Additional movie 5). 

In summary, results indicate that prophase chromosome docking is an immediate response to 

anoxia exposure and suggest a relationship between anoxia-induced prophase arrest and 

prevention of nuclear envelope breakdown. 

 

4.2.2 Characterization of Prophase Chromatin Morphology in Anoxia 

To gain greater insight into anoxia-induced prophase arrest, I analyzed the chromatin 

morphology of prophase blastomeres from embryos exposed to brief (30 minutes), intermediate 

(4 hours) and long-term (24 hours) anoxia exposure. The embryos from anoxia treated 

nematodes were collected and processed using the anoxia-glove box chamber as previously 

described (Hajeri et al, 2005). Immunostaining was conducted using DAPI to visualize DNA, 

and the nuclear pore specific mAb414. The anti-Phos H3 antibody was used to analyze 

chromatin morphology and quantify blastomeres arrested at early or late prophase stage. Briefly, 

the anti-Phos H3 antibody recognizes the phosphorylated form of serine 10 in mitotic cells [24]. 

The intermediate anoxia exposure time of 4 hours was chosen for analysis of prophase chromatin 

morphology; as prophase blastomeres exposed to 6 hours of anoxia demonstrate 

dephosphorylated form of histone H3 [22]. Results indicate that the prophase blastomeres 

exposed to 30 minutes and 4 hours of anoxia contain a varied distribution of blastomeres arrested 

at early and late prophase (Figure 4.3 I-P; Figure 4.11). Similarly, embryos exposed to normoxia 

also contain a varied distribution of early and late prophase blastomeres (Figure 4.3 A-F, Figure 

4.11). However, embryos exposed to 24 hours of anoxia show increased number of prophase 
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blastomeres arrested at late prophase (Figure 4.11). Thus, the results suggest that chromatin 

condensation persists during early anoxia exposure time periods. To test if prophase chromatin 

condensation continues during early anoxia exposure time, I conducted in v ivo analysis to 

document the response of early prophase blastomeres to anoxia exposure. As previously 

described, the tbg-1::GFP;pie-1::GFP::H2B gravid adult nematodes were anaesthetized and 

placed in a gas flow through chamber per fused with 100% nitrogen for a period of one hour. 

Time lapse images of representative early and late prophase blastomeres from a single embryo, 

contained within the uterus of adult nematode were recorded using a spinning disc confocal 

microscope. The images were processed using the software program Simple PCI (version 6) and 

imported into Quick time to generate a movie. Real time imaging of early prophase blastomeres 

demonstrate that chromatin condensation continues during initial anoxia exposure (Additional 

movie 6). In contrast, blastomeres at late prophase demonstrate fully condensed chromosomes 

docked at the nuclear periphery (Additional movie 6). In summary, chromatin condensation 

continues in early prophase blastomeres during initial hours of anoxia exposure; hence, embryos 

exposed to 24 hours of anoxia demonstrate increased number of blastomeres at late prophase.  

 

4.2.3  Analysis of the Role Played by Kinetochore and Nuclear Envelope Proteins in Prophase 

Chromosome Docking  

The physical location of anoxic-docked prophase chromosomes, suggests a close 

interaction of chromosomes with the inner nuclear membrane (Figure 4.1). Previous studies have 

demonstrated that the kinetochore structure is re-organized during checkpoint stimulation of 

anoxia-induced metaphase arrest [25]. Also, the physical location of the nuclear lamina 

composed of lamins, and the lamin-binding proteins links the nuclear envelope to chromatin 
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organization [5, 26]. For example, in C. elegans, the single-B type lamin called Ce-lamin forms a 

meshwork of intermediate filaments at the nuclear interior and beneath the inner nuclear 

membrane [27]. Furthermore, the C. elegans  lamin-binding proteins composed of Ce-emerin, 

Ce-lem2 and Ce-MAN-1 are localized at the inner nuclear membrane [9, 28]. Together, the 

nuclear lamins and lamin binding proteins interact with each other and regulate chromatin 

organization [26]. Hence, I hypothesized that the kinetochore and nuclear envelope proteins are 

involved in anoxia-induced prophase arrest and docking of prophase chromosomes. To test this 

hypothesis I first conducted cell biological analysis of key kinetochore proteins HCP-3, HCP-4, 

KNL-3, HCP-1 and the nuclear lamina protein Ce-lamin. 

The molecular structure of the C. elegans  kinetochore assembly closely resembles the 

vertebrate kinetochore [29]. The HCP-3 (vertebrate orthologue CENP-A) protein forms the base 

of kinetochore assembly and directly interacts with specialized centromeric chromatin, 

containing the histone H3 variant [30, 31]. The linear hierarchy of kinetochore assembly 

involves the kinetochore proteins HCP-3 (CENP-A), HCP-4 (CENP-C), KNL-3 and KNL-1 with 

HCP-3 (CENP-A) at the top [31-33]. The CENP-F like HCP-1/2 proteins play an important role 

in kinetochore function and chromosome segregation [33].  

To determine if anoxia-induced prophase arrest involves alteration of kinetochore 

structure, I conducted indirect immunofluorescence assays using available antibodies in our 

laboratory. The localization pattern of key kinetochore proteins HCP-3, HCP-4, KNL-3, and 

HCP-1 in embryos exposed to anoxia was analyzed.  As previously described, the embryos were 

collected from wild-type nematodes exposed to normoxia or 30 minutes anoxia and prepared for 

immunostaining [22]. Previous immunostaining studies have demonstrated that the kinetochore 

proteins concentrate on the condensed prophase chromosomes as stripes that run along the 
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poleward face of each sister chromatid [31-34]. My immunostaining results indicate that 

prophase blastomeres exposed to normoxia contain chromosomes distributed throughout the 

nucleus and the kinetochore proteins HCP-3 and HCP-1 localize on sister chromatids in the form 

of paired lines (Figure 4B; Figure 4.5 C). In prophase blastomeres exposed to 30 minutes of 

anoxia, HCP-3 localizes on the sister chromatids as paired lines and indicates the docked 

arrangement of the sister chromatids (Figure 4.4F). Thus, HCP-3 localization is not altered upon 

anoxia exposure. Alternatively, prophase blastomeres exposed to 30 minutes of anoxia show no 

detectable HCP-1 staining in the nucleoplasm (Figure 4.5 E-H). Furthermore, if these anoxia 

treated embryos are allowed to recover in air for 30 minutes, the prophase blastomeres show 

detectable HCP-1 staining (Figure 4.5 I-L). Lack of HCP-1 staining in prophase blastomeres 

exposed to 30 minutes anoxia is not supposed to be an accessibility issue as metaphase 

blastomeres from similar embryos were positive for HCP-1 staining. 

To analyze if the localization of the nuclear lamina protein Ce-lamin is also altered in 

response to anoxia, I conducted immunostaining of C. elegans embryos exposed to normoxia, 

and anoxia exposures of 30 minutes and 24 hours. My immunostaining experiments determined 

that prophase blastomeres exposed to normoxia contain Ce-lamin antibody localized in the 

nuclear interior and at the nuclear periphery where Ce-lamin co-localizes with the nuclear pore 

complex marker mAb414 (Figure 4.6). However, upon exposure to 30 minutes and 24 hours of 

anoxia the prophase blastomeres show strong co-localization at the nuclear membrane, along 

with mAb414, but a greatly reduced level of localization in the nuclear ineterior (Figure 4.4 C). 

In summary, the localization of the CENP-F like HCP-1 protein and the nuclear lamina protein 

Ce-lamin is altered upon anoxia exposure. However, the localization of kinetochore assembly 

proteins HCP-3, HCP-4, and KNL-3 remains un-altered in anoxia.  
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To further investigate the role of kinetochore and the nuclear lamina proteins in anoxia-

induced docking of prophase chromosomes, I conducted RNA mediated interference (RNAi) 

analysis. Briefly, the tbg::1GFP;pie-1::GFP::H2B adult nematodes were exposed to RNAi to 

knockdown specific kinetochore/nuclear envelope proteins. Most of the gene products analyzed 

are essential and upon RNAi depletion show chromosome segregation defects. Hence, RNAi 

treated normoxia nematodes were first evaluated for proper mitotic progression, as assayed by 

proper chromosome condensation and prophase to prometaphase transition as marked by NEBD 

(Figure 4.7 A). For anoxia exposure assays, the RNAi treated tbg::1GFP;pie-1::GFP::H2B 

gravid adults were exposed to 24 hours of anoxia as previously described [22]. After anoxia 

exposure, the nematodes were mounted on an agarose pad, and prophase blastomeres were 

analyzed for the presence/absence of chromosome docking using a spinning disc confocal 

microscope (Figure 4.7 B). The kinetochore localized gene products hcp-3, knl-1 and the nuclear 

membrane localized lmn-1, zyg-12, and him10 could not be analyzed as RNAi depletion of these 

gene products results in severe phenotypes affecting nuclear structure, chromosome 

condensation and segregation. A summary of the kinetochore and inner nuclear membrane genes 

analyzed is given in Table 4.1. These results support the conclusion that RNAi depletion of 

kinetochore and nuclear envelope gene products analyzed does not prevent anoxia-induced 

chromosome docking.  

 

4.2.4 Prophase Chromosome Docking is Independent of Microtubule Function 

Microtubule depolymerization is an initial response seen in C. elegans embryos exposed 

to brief periods of anoxia. Furthermore, the degree of depolymerization increases with longer 

anoxia exposure hours [22]. Hence, I hypothesized that chemical disruption of microtubules 
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using microtubule-depolymerizing drug nocodazole, also like anoxia, induces prophase arrest 

and chromosome docking. To test this hypothesis, embryos were collected from tbg-1::GFP;pie-

1::GFP::H2B gravid adults and treated with (0.2 mg/ml) nocodazole. Live cell imaging was 

conducted using a spinning disc confocal microscope, approximately 5 minutes after exposure to 

nocodazole. Mitotic progression from prophase to metaphase was followed in nocodazole-treated 

tbg-1::GFP;pie-1::GFP::H2B embryos, using GFP tagged chromosomes and centrosomes as 

markers. Time lapse images of treated embryos were collected and processed using software 

program Simple PCI (version 6). Movies were generated by importing in Quick Time. My 

experiments determined that prophase to prometaphase transition, as assayed by chromatin 

condensation and NEBD, was unaffected in nocodazole treated-embryos (Additional Movie 7). 

However, as previously reported, most nocodazole-treated embryos showed defects in 

chromosome alignment and displayed metaphase to anaphase delay [35]. Overall, results indicate 

that chemical microtubule depolymerization does not induce prophase arrest and chromosome 

docking. To further investigate if microtubule function was necessary for anoxia-induced 

docking of prophase chromosomes, I first treated wild-type embryos with nocodazole 

(0.2mg/ml) for 15 minutes, and exposed the nocodazole treated-embryos with depolymerized 

microtubules to 30 minutes anoxia.  Indirect immunofluorescence analysis was conducted using 

DAPI to visualize DNA and nuclear pore specific mAb414 to visualize the sub-cellular 

localization of prophase chromosomes relative to nuclear membrane. The YL1/2 antibody was 

used to visualize the microtubules. My immunostaining results demonstrate that nocodazole 

treated-embryos exposed to 30 minutes of anoxia, contain prophase blastomeres with 

chromosomes docked at the nuclear membrane (Figure 4.8 I-L). In contrast, both treated and 

untreated embryos exposed to normoxic conditions contain prophase blastomeres that 
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demonstrate chromosomes distributed through out the nucleoplasm (Figure 4.8 A-H). This I 

conclude from these experiments anoxia-induced docking of prophase chromosomes is 

independent of microtubule function.  

 

4.2.5  Exposure to Mitochondrial Inhibitor Sodium Azide Causes Prophase Chromosome 

Docking and Affects Embryonic Viability 

ATP generated by oxidative phosphorylation is the major energy currency of the cell. To 

determine if a reduction in ATP induced prophase arrest, wild-type C. elegans  embryos were 

exposed to the mitochondrial inhibitor sodium azide. Briefly, sodium azide is a mitochondrial 

complex IV inhibitor, which acts on cytochrome c oxidase [36] and ATP synthase [37, 38] thus 

leading to a reduction in ATP synthesis.  In normal physiological conditions, electrons in 

complex IV are donated to O2 which is subsequently reduced to water [39]. Exposure to sodium 

azide blocks the transfer of electrons from complex IV to O2, and causes chemical hypoxia by 

preventing the utilization of O2 by the electron transport chain, which affects mitochondrial 

function and indirectly inhibits ATP synthesis [40]. Historically, sodium azide has been used to 

anesthetize C. elegans;  however, the mechanism by which it survives this exposure is 

unidentified [41]. Recent studies have shown that exposure of C. elegans adults to sodium azide 

induces thermotolerance due to increased expression of a subset of heat shock proteins [42]. To 

determine if treatment with sodium azide induced prophase arrest and chromosome docking, C. 

elegans embryos were exposed to sodium azide (0.01M) for 30 minutes and 1 hour respectively. 

The treated embryos were quickly fixed and the sub-cellular characteristics were analyzed by 

immunostaining with DNA binding dye DAPI, nuclear pore specific mAb414 and anti-Phos H3 

to detect prophase blastomeres. Results indicate that wild-type embryos when exposed to 30 
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minutes of sodium azide, contain prophase blastomeres with chromosome docking at the nuclear 

membrane (Figure 4.9 E-H). The prophase chromosome docking was absent in untreated-control 

embryos wherein prophase chromosomes are distributed throughout nucleoplasm (Figure 4.9 A-

D). Analysis of 1 hour sodium azide treated embryos, showed the increased presence of 

abnormal prometaphase nuclei as demonstrated by aberrant chromosome alignment structure 

(Figure 4.9 I, M) and aberrant nuclear envelope structure (Figure 4.9 K) or breakdown timing 

(Figure 4.6 A, K). Hence, I asked if sodium azide treatment for 1 hour or longer affects the 

viability of embryos. To answer this question, I conducted viability assays of wild-type embryos 

treated with sodium-azide (0.1M) for 30 minutes and 1 hour respectively. Briefly, after sodium 

azide treatment, the wild-type embryos were given three washes in M9 buffer and were assayed 

for ability to hatch on NGM plates seeded with E. coli (OP50). Untreated-control embryos were 

incubated in M9 buffer for 30 minutes and 1 hour respectively and assayed for ability to hatch. 

Embryos exposed to 1 hour of sodium azide had a severe decrease in viability (Figure 4.12). 

Also, the ability of the embryo to hatch after a 30 minute sodium azide exposure was reduced as 

compared to control-untreated embryos (Figure 4.12). Taken together, these results suggest that 

reduction in mitochondrial function by sodium azide severely retards cell cycle progression and 

results in aberrant prometaphase transition thus, affecting viability of the embryos.  

 

4.2.6 Role of Nucleoporins in Anoxia-Induced Prophase Arrest and Chromosome Docking 

The NPC are large proteinaceous structures spanning the nuclear envelope (NE) and are 

known to be involved in receptor mediated transport of macromolecules, and passive exchange 

of ions and metabolites between the nucleus and the cytoplasm [2]. Most NPCs were first 

identified in Saccharomyces cerevisiae by genetic and biochemical analysis. Studies in yeast and 
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mammals have shown that most nucleoporins are highly conserved between the two species; 

however, both mammals and yeast express some specific nucleoporins with no evident orthologs 

[43].  The C. elegans  NPCs are closely related to mammalian NPCs in their structural 

morphology, sequence conservation, and most C. elegans  nucleoporins have known vertebrate 

homologues [43, 44].  

In addition to nucleocytoplsmic transport, the NPCs have been shown to have many 

distinct functions. For example, recent studies have uncovered the role of NPCs in both nuclear 

organization and chromatin segregation [45, 46]. A subset of nucleoporins has also been shown 

to redistribute to the kinetochore after NEBD, where they are involved in kinetochore 

maturation, chromosome alignment on the metaphase plate, and have specific functions in the 

spindle checkpoint pathway [46-48]. Furthermore, evidence from mammalian cell culture 

demonstrates that upon ATP/GTP depletion, the NPCs of cardiomyocytes show distinct 

conformational changes; thus, regulating transport through simultaneous closure of the pore and 

relaxation of the entire nuclear pore complex [49]. Taken together, these studies show that the 

NPCs have distinct functions in mitotic progression and under conditions associated with 

disturbances in cellular bioenergetics.  

During mitosis in C. elegans , the nuclear pore complexes (NPCs) disassemble earlier 

than the nuclear lamina and nuclear membranes [9].  Hence, it was tempting to hypothesize that 

nucleoporins, are required for anoxia-induced prophase arrest and chromosome docking. To test 

this hypothesis, I conducted RNAi analysis of key nucleoporins in C. elegans. Previously, Galy 

and colleagues conducted a detailed RNAi analysis of the 20 known C. elegans  nucleoporin 

genes; many of which have essential roles in embryonic development [43]. Loss of gene function 

of these essential nucleoporins by RNAi results in severe phenotypes such as abnormal nuclear 
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morphology, abnormal chromatin condensation and early embryonic arrest. Of these 20 assigned 

C. elegans  nucleoporins, 4 nucleoporin genes npp-14 (vertebrate homologue Nup214), npp-15  

(vertebrate homologue Nup133), npp-16  (vertebrate homologue Nup50) and npp-18 (vertebrate 

homologue Seh1) do not have essential function in embryonic development as seen by RNAi 

experiments. Hence, I chose to analyze the role of these nucleoporins in anoxia-induced 

prophase arrest and chromosome docking. Briefly, RNAi was used to decrease the function of 

specific nucleoporins in tbg-1::GFP;pie-1::GFP::H2B nematodes. Adult nematodes were 

exposed to normoxia and anoxia. To determine if RNAi depletion of these specific nucleoporin 

gene products perturbed mitotic progression in normoxic conditions, I conducted in vivo analysis 

to follow mitotic progression. Specifically, the GFP tagged chromosomes and centrosomes were 

used to follow mitotic progression in embryos contained within the uterus of the tbg-1::GFP;pie-

1::GFP::H2B  gravid adult. My in vivo  assays determined that under normoxic conditions the 

mitotic progression in npp-14(RNAi), npp-15(RNAi ), npp-16(RNAi)  and npp-18(RNAi) 

nematodes did not show any defects. For anoxia assays, the tbg-1::GFP; pie-1::GFP::H2B   

RNAi adults were exposed to 24 hours of anoxia as previously described [22]. After anoxia 

exposure, the adults were quickly mounted on an agarose pad and the chromatin morphology of 

embryos within the adult was assayed using a spinning disc confocal microscope (McBain, CA). 

Anoxia exposure of npp-14(RNAi) and npp-16(RNAi) nematodes show the presence of 

chromosome docking in prophase nuclei of some embryos; however, these nematodes also 

contain embryos with increased number of abnormal prometaphase nuclei (Figure 4.8). Anoxia 

exposure of npp-15(RNAi) and npp-18(RNAi) nematodes did not show any phenotype upon 

exposure to anoxic conditions. Taken together, my results suggest that the nucleoporin gene 

products of npp-14 and npp-16 are potentially involved in anoxia-induced prophase arrest. 
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However, further studies are required to further analyze the functional role of npp-14 and npp-16 

gene products in anoxia-induced prophase arrest.  

 

4.3 Conclusions 

C. elegans embryos, when exposed to anoxia (< 0.001kPa O2, 0% O2) enter into a state of 

suspended animation during which cell cycle progression arrests at interphase, prophase and 

metaphase stage of mitosis. In this chapter, I describe the characterization of anoxia-induced 

prophase arrest by using cell biological and genetic approaches. My in vivo analysis of prophase 

blastomeres exposed to anoxia demonstrated that anoxia-induced docking of prophase 

chromosomes is an immediate response to anoxia. Cell biological characterization of prophase 

blastomeres exposed to 30 minutes, 4 hours and 24 hours of anoxia demonstrated that embryos 

exposed to 24 hours of anoxia contain increased number of blastomeres at late prophase. This 

suggests that chromatin condensation persists during initial exposures to anoxia. Analysis of 

microtubule function in prophase arrest and docking of prophase chromosomes by exposing C. 

elegans embryos to microtubule depolymerizing drug nocodazole revealed that nuclear envelope 

breakdown and anoxia-induced chromosome docking are independent of microtubule function. 

Chemical oxygen-deprivation caused by exposure to sodium azide retards cell cycle progression 

and induces chromosome docking in prophase blastomeres. However, exposure to sodium azide 

for one hour or longer shows increased presence of abnormal prometaphase nuclei, and affects 

embryonic viability. Unlike anoxia-induced prophase arrest, during which prophase chromosome 

docking is maintained up to 72 hours with >90% viability, chromosome docking induced by 

sodium azide exposure cannot be maintained and results in abnormal prometaphase nuclei.  

Furthermore, RNAi analysis of kinetochore proteins demonstrated that the kinetochore proteins 
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are not involved in anoxia-induced prophase arrest and chromosome docking. Interestingly, loss 

of function of two nucleoporin genes npp-14 and npp-16 by RNAi shows the presence of 

abnormal prometaphase nuclei upon anoxia exposure. These studies suggest that depletion of 

npp-14 and npp16 gene perturbs the NPC structure, thus resulting in a permeable nuclear 

envelope, which results in prophase-prometaphase transition and the increased presence of 

abnormal prometaphase nuclei in embryos exposed to anoxia. Taken together, the results suggest 

that specific nucleoporins have distinct roles in cellular response to conditions of stress like 

anoxia. Detailed studies are required to further analyze the role of npp-14 and npp-16 gene 

products in anoxia-induced prophase arrest. In summary results from this chapter suggest that 

there exists a relationship between anoxia-induced docking of prophase chromosomes and 

prevention of nuclear envelope breakdown.  

 

4.4 Materials and Methods 

4.4.1 Strains and Growth Conditions 

The N2 Bristol strain was raised on NGM plates seeded with E. coli (OP50) as previously 

described [41]. The strain TH32 (tbg-1::GFP;pie-1::GFP::H2B) was obtained from 

Caenorhabditis elegans Genetics Center and raised in similar conditions as wild-type. For all 

experiments the nematodes were maintained at 20°C.  

 

4.4.2 In vivo Analysis of Anoxia-Induced Prophase Chromosome Docking and Recovery 

The TH32 strain (tbg-1::GFP; pie-1::GFP::H2B ) with the chromosomes and 

centrosomes as markers, was used to conduct in vivo  analysis of anoxia-induced docking of 

prophase chromosomes. The tbg-1::GFP;pie-1::GFP::H2B nematodes were grown to adulthood 
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on NGM plates seeded with E. coli. Gravid adults (8-10 in number) were mounted in 10µl of 

anesthetic (0.5% triazine 0.05% tetramisole in M9) on 2% agarose pad placed on cover glass 

(Warner instruments, USA). The anaesthetized nematodes were coated with a drop of halocarbon 

oil to prevent desiccation during exposure to nitrogen gas flow. The cover glass with 

anaesthetized nematodes was placed in an enclosed perfusion chamber (Harvard apparatus, 

Leiden Closed Perfusion Microincubator). To document in v ivo docking of prophase 

chromosomes in response to anoxia exposure, the gas flow through chamber was placed on the 

stage of a spinning disc confocal microscope and per fused with 100% nitrogen (Air Liquide-

Calgaz, Cambridge Maryland, USA). It took approximately 8 minutes (5psi, 100% nitrogen) to 

establish anoxic environment in the perfusion chamber. Time lapse images of prophase 

blastomeres exposed to anoxia were collected using the Simple PCI (version 6) software 

program. To examine recovery of prophase arrested blastomeres, nitrogen flow to the perfusion 

chamber was discontinued and embryos were allowed to recover in air. Time lapse images were 

captured to document recovery of prophase arrested blastomeres. The integrated Simple PCI 

(version 6) software program was used to quantify timing of prophase chromosome docking and 

recovery of arrested prophase blastomeres. Movies were processed by importing time lapse 

images in Image J (NIH).  

 

4.4.3 Indirect Immunofluorescence Assays 

Immunostaining was conducted as previously described [22]. The following primary 

antibodies were used: anti-Phos H3 antibody that recognizes the phosphorylated (Ser10) form of 

Histone H3 (Upstate Biotechnology, Lake Placid NY); mAb414 to analyze nuclear pore complex 

(Babco, Berkeley, CA); anti-HCP-3 to detect kinetochore localized HCP-3 [30]; Anti-HCP-1 to 
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detect HCP-1 localization [33]. The localization of C. elegans  nuclear lamina was analyzed by 

staining with Anti-Ce-lamin antibody [27]. The YL1/2 antibody was used to detect microtubules 

(Amersham Life Science, Little Chalfont, Buckinghamshre, England). All primary antibodies 

were used in a working dilution of 1:500. 

 

4.4.4 Nocodazole Assays 

To determine if microtubule function was necessary for nuclear envelope breakdown the 

tbg-1::GFP; pie-1::GFP::H2B  embryos were treated with microtubule depolymerizing drug 

nocodazole. Gravid adults (10-12 in number) were dissected in M9 buffer to release embryos and 

exposed to nocodazole (0.2 mg/ml). Treated embryos were collected by mouth pipette and 

mounted on 2% agar pads. Live cell imaging using a spinning disc confocal microscope was 

followed five minutes after addition of nocodazole, to document nuclear envelope breakdown.  

To assay if microtubule function was required for anoxia-induced prophase arrest and 

chromosome docking, indirect immunofluorescence assays on fixed embryos were conducted. 

Slides were prepared from untreated-control and nocodazole treated embryos, exposed to 

normoxic and anoxic conditions. The nocodazole-treated normoxia slides were prepared by 

chopping N2 adults in M9 buffer to release embryos, followed by treatment with nocodazole (0.2 

mg/ml) for 15 minutes, which were frozen on dry ice.  For nocodazole-treated anoxia slides, 

embryos were collected from minced adults followed by nocodazole (0.2 mg/ml) treatment for 

15 minutes. After exposure to nocodazole, the embryos were given three washes in M9 buffer 

and spread on a petri-dish of un-seeded NGM. The petri-dish of nocodazole treated embryos was 

placed in anoxia-glove box chamber and exposed to 30 minutes  of anoxia. Following anoxia 

exposure, slides of nocodazole treated embryos were fixed and indirect immunofluorescence was 
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conducted to assay for chromosome docking. For untreated-control slides, nematodes were 

processed in normoxic conditions, in the absence of nocodazole drug, using similar method as 

described above. 

 

4.4.5 Sodium Azide Assays 

C. elegans  embryos were chemically deprived of oxygen using the mitochondrial 

inhibitor sodium azide. For azide treated slides, embryos were collected by chopping gravid 

adults in M9 buffer and exposed to 0.1M sodium azide for 30 minutes and 1 hour respectively. 

Following treatment, slides were frozen on dry ice and sub-cellular characteristics were 

documented by conducting indirect immunofluorescence. Untreated-control embryos were 

processed in the absence of sodium azide.  To document embryonic viability after sodium 

azide treatment, the embryos were exposed to 0.1M sodium azide for 30 minutes and 1 hour 

respectively. Treated embryos were collected by mouth pipette, given 3 washes in M9 buffer, 

and placed on a seeded NGM plate. The treated embryos were maintained at 20°C and assayed 

fro ability to hatch after 24 hours. Control-untreated embryos were collected from gravid adults 

and put on seeded NGM plate and analyzed for ability to hatch at similar time points of the 

treated embryos. Three independent assays were conducted to analyze embryonic viability after 

sodium azide treatment. The P value was determined using standard student’s t test. 

 

4.4.6 RNAi Analysis of Kinetochore and Nuclear Envelope Proteins 

A synchronous population of L1 larvae (tbg-1::GFP; pie-1::GFP::H2B) were grown to 

adulthood on NGM plates supplemented with 200 μg/ml Ampicillin, 12.5 μg/ml Tetracycline 

and 2 mM IPTG. These NGM-IPTG plates were seeded with bacterial strain expressing dsRNA 
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specific for gene of interest. Adult nematodes were exposed to normoxia and anoxia. Normoxic 

adults raised on RNAi food were anesthetized using 10µl of anesthetic (0.5% triazine 0.05% 

tetramisole in M9) and mounted on 2% agarose pads. Live cell imaging was conducted to 

document mitotic progression of young embryos invivo. For anoxia exposure, the tbg-1::GFP; 

pie-1::GFP::H2B  RNAi adults were exposed to 24 hours of anoxia using the BIO Bag Type A 

environmental chamber. After anoxia exposure, the adults were quickly transferred on an agar 

pad and assayed for the presence of chromosome docking using a spinning disc confocal 

microscope.  

Table 4.1: Summary of kinetochore and nuclear envelope genes analyzed 

Genes E ncoding Nuclear 
Localized Proteins 

Protein Localization  Change  
in Response to Anoxia 

Required for Chromosome 
Docking  

Kinetochore  
  

hcp-3 No Essential, not determined 

hcp-4 No No 
knl-3 No No 

knl-1 Not determined Essential, not determined  

hcp-1 YES No 

 
Nuclear Envelope associated 

  

mel-28 Antibody N/A Essential, not determined 

lmn-1 YES Essential, not determined 
lem-2 Antibody N/A No 

emr-1 Antibody N/A No 

emr-1;lem-2 Antibody N/A No 

ndc-80 Antibody N/A No 

unc-84 Antibody N/A No 

zyg-12 Antibody N/A Essential, not determined 

him-10 Antibody N/A Essential, not determined 

npp-14 To be determined Partial docking 

npp-15 To be determined No 

npp-16 To be determined Partial docking 

npp-18 To be determined No 
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Figure 4.1: Prophase blastomeres expose d to 30 minutes of anoxia demonstrate 

chromosomes docking at the nuclear membrane.  Embryos were exposed to normoxia (A-D) 

and 30 minutes anoxia (E-H), quickly collected and fixed. Indirect immunofluorescence assays 

were conducted using DNA binding dye DAPI (A, E), nuclear pore specific mAb414 (C, G), and 

anti-gamma tubulin antibody specific for centrosomes (B, F). Merged panel consists of DAPI, 

mAb414 and anti-gamma tubulin images combined to assess chromosome localization relative to 

the nuclear membrane (D, H). Scale bar equals to 2 µm. 
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Figure 4.2A: In vivo analysis of chromosome 

docking in prophase blastomeres exposed to 

anoxia. Embryos contained within the uterus of 

a tbg-1::GFP;pie-1::GFP::H2B gravid adult 

were used for in vivo  analysis. These animals 

were  anaesthetized using 0.5% triazine 0.05% 

tetramisole in M9 and exposed to anoxic 

conditions using a gas flow through chamber 

per fused with 100% nitrogen gas. The gas 

chamber was attached to a spinning disc 

confocal microscope and time lapse images 

were captured 0.6 seconds apart. The GFP 

tagged chromosomes and centrosomes were 

used to document anoxia-induced prophase 

arrest and docking of chromosomes. Red 

asterisk marks the docking behavior of a 

representative prophase chromosome upon 

anoxia exposure. Scale bar equals to 2 μm. 

Figure 4. 2B: Nuclear envelope 

breakdown follows immediately u pon 

exposure of arrested p rophase to air. 

The recovery of a representative anoxic-

prophase blastomere (Figure 2A) was 

recorded. Nitrogen flow to the gas 

chamber was discontinued and the 

nematode was allowed to recover in air. 

Time lapse images were captured using 

a spinning disc confocal microscope. 

Bar equals to 2 μm. 
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Figure 4.3: Embryos exposed to 4 hours of an oxia contain blastomeres arrested at early 

and late prophase. Indirect immunofluorescence was used to characterize prophase 

chromosome morphology in embryos exposed to anoxia. Embryos were exposed to normoxic 

(A-H) and anoxic conditions (I-P), quickly collected and fixed. Immunostaining was conducted 

using DAPI to visualize DNA (A, E, I, M), anti-Phos H3 antibody that recognizes cells in mitosis 

(B, F, J M). The nuclear pore specific mAb414 was used to mark the nuclear membrane (C, G, K 

O). Merged panel indicates combination of DAPI, Phos H3 and nuclear pore images (D, H L P). 

Scale bar equals 2 µm.  
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Figure 4.4: Localiz ation of kin etochore protein HC P-3 is un-altered in prophase  

blastomeres exposed to 30 minutes anoxia.  Enlarged images of prophase blastomeres exposed 

to normoxia (A-D) and 30 minutes anoxia (E-H). Indirect immunofluorescence assays were 

conducted using DNA binding dye DAPI (A, D), nuclear pore specific mAb414 (B, F) and 

kinetochore localized anti-HCP3 antibody (B, F). Merged panel indicates combination of DAPI, 

HCP-3 and mAb414 images (D, H). HCP-3 localizes on the kinetochore of sister chromatids in 

the form of paired lines in normoxia (B) and anoxia (F). HCP-3 localization in anoxia further 

demonstrates the docked arrangement of chromosomes.  Scale bar equals 2 µm. 



 139

 

 

Figure 4.5: Prophase blastomeres exposed to 30 minutes of anoxia show no detectable 

localization of kinetochore localized protein HCP-1.  Embryos were exposed to normoxia (A-

D) and 30 minutes of anoxia (E-H). For post-anoxia recovery anoxia treated embryos were 

allowed to recover in air for 30 minutes and quickly fixed (I-L). Indirect immunofluorescence 

analysis was conducted using DAPI (A, E, I), anti-Phos H3 (B, F, J) and kinetochore localized 

anti-HCP-1 antibody (C, G, K). Images were obtained using the Perkin Elmer spinning disc 

confocal microscope. Scale bar equals to 2µm. 
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Figure 4.6: The localiz ation of the nuclear la mina protein Ce-Lamin is altered  in anoxia. 

Embryos were stained with Ce-Lamin antibody to visualize the nuclear lamina and the nuclear 

membrane marker mAb414. Normoxic prophase blastomeres demonstrate localization of Ce-

Lamin in the nuclear interior and co-localization with mAb414. However upon exposure to 30 

minutes and 24 hours of anoxia prophase blastomeres show absence of localization of Ce-Lamin 

in the nuclear interior and strong localization at the nuclear membrane. Scale bar equals 5 µm.
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Figure 4.7: RNAi analy sis of kinetochore and nuclear envelope proteins in anoxia-induced  

prophase chromosome docking. The tbg-1::GFP, pie-1::GFP::H2B  adult nematodes were 

exposed to RNAi to knockdown specific kinetochore/nuclear envelope proteins. Mitotic 

progression in RNAi treated normoxic nematodes, and the presence of chromosome docking in 

nematodes exposed to 24 hours of anoxia was assayed using a spinning disc confocal 

microscope. The figure shows an example of a characteristic hcp-4(RNAi);tbg-1::GFP;pie-

1::GFP::H2B embryo exposed to normoxia and 24 hours anoxia. Normoxia embryos contain 

prophase blastomeres with chromosome condensation similar to wild-type (A, letter “P”). The 

hcp-4(RNAi) embryos exposed to 24 hours anoxia contain prophase chromosomes docked at the 

nuclear membrane (B, arrow). Arrow head points to a typical hcp-4(RNAi) blastomere with 

chromosome segregation defects. Scale Bar equals to 10µm. 
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Figure 4.8: Anoxia-induced do cking of pro phase chromosomes is independent of 

microtubule function.  Wild-type C. elegans  embryos were treated with 0.2 mg/ml nocodazole 

and exposed to 30 minutes of anoxia. The localization of prophase chromosomes relative to 

nuclear membrane was analyzed using DAPI and nuclear pore specific mAb414. Microtubules 

were analyzed using YL1/2 antibody. Compared to normoxia treated embryos (E-H), nocodazole 

treated embryos exposed to 30 minutes of anoxia contain prophase blastomeres that demonstrate 

chromosome docking ( I-L). Letter “P” indicates prophase blastomeres. Scale Bar is 10 µm. 
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Figure 4.9: The treatment of C. elegans embryos with the mitoch ondrial inhibitor sodium  

azide induces chromosome docking in prophase nuclei and shows the presence of abnormal 

prometaphase blastomeres. C. elegans embryos were treated with 0.01M sodium azide for 30 

minutes and 1 hour respectively. Treated embryos were quickly fixed and immunostained with 

DAPI, nuclear pore specific mAb414 and anti-Phos H3 antibody. The letter “P” indicates 

prophase blastomeres and “M” indicates blastomere at metaphase. Arrow points to representative 

abnormal prometaphase nuclei. Arrow head points to prometaphase nuclei with abnormal nuclear 

envelope breakdown timing. Scale bar equals to 10 µm.  
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Figure 4.10: Anoxia exposure of npp-14(RNAi) and npp-16(RNAi) nematodes show embryos 

with increased number of pro metaphase nuclei.   The tbg-1::GFP, pie-1 ::GFP::H2B adult 

nematodes were exposed to RNAi to knockdown specific nucleoporins. Nematodes were 

exposed to 24 hours of anoxia using Bio Bag Type A environmental chamber [22]. After anoxia 

exposure the nematodes were quickly mounted on a 2% agarose pad and their chromosome 

morphology was analyzed using a spinning disc confocal microscope. The letter “P” indicates 

prophase blastomere with docked chromosomes. Arrow points to representative prometaphase 

nuclei with abnormal chromosome morphology. 
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Figure 4.11: Embryos exposed to 24 hours of anoxia contain greater number of blastomeres 

arrested at late prophase.  Chromatin morphology of prophase blastomeres was analyzed in C. 

elegans embryos exposed to brief (30 minutes), intermediate (4 hours), and long-term (24 hours) 

of anoxia. Indirect immunofluorescence assays were conducted using DAPI, anti-Phos H3 and 

nuclear pore specific mAb414. Based on chromatin morphology, prophase blastomeres were 

classified as early or late prophase stage of mitosis (Figure 4.3 A). Two independent trials were 

conducted for each assay. Error bars indicate standard deviation. 
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Figure 4.12: Exposure to mitochondrial in hibitor sod ium az ide affects via bility o f C. 

elegans embryos. The C. elegans embryos were treated with 0.01M sodium azide for 30 minutes 

and 1 hour respectively. Following treatment embryos were given 3 washes in M9 buffer and 

assayed for ability to hatch on a NGM plates seeded with E. coli . Untreated control embryos 

were incubated in M9 buffer for 30 minutes and 1 hour respectively and assayed for ability to 

hatch on a NGM plate seeded with E. coli . Three independent trials were conducted for each 

assay. The * indicates p value < 0.001 determined using standard student’s t test.  Error bars 

represent standard deviation. 
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CHAPTER 5 

DISCUSSION 

5.1 Introduction 

As a soil dwelling organism , the nematode C. elegans, is probably exposed to low levels 

of oxygen in its natural habitat and has thus adapted survival m echanisms to sense and respond 

to oxygen deprivation. The C. elegans  e mbryo responds to anoxia by entering into a state of 

suspended anim ation during whic h cell cycle progression and deve lopment revers ibly a rrest. 

Embryos exposed to either brief periods (30 minutes) or longer periods of anoxia (24 hours) 

contain blas tomeres that arrest  at interphase, prophase and m etaphase, thus indicating that cell 

cycle arrest is an immediate and m aintained response to anoxia. A noxia-induced suspended 

animation has been extensively studied but not completely understood.  

To gain greater understanding of anoxia-induced  cell cycle arrest, I conducted detailed 

sub-cellular characterization of C. elegans  em bryos exposed to various anoxia-exposure tim es 

such as brief (30 m inutes), intermediate (6-12 hours) and long te rm (24-72) hours of anoxia. I 

examined sub-cellular structures such as ch romatin structure and lo calization, m icrotubule 

structure, phosphorylation state of histone H3, and loca lization of SAN-1 with respect to various 

anoxia exposure time points. Additionally, I analyzed the requirement of spindle checkpoint gene 

san-1 during brief period of anoxia exposure. These studies dem onstrated that sub-cellular 

changes occur in anoxia and the extent of sub-cellular changes depends on anoxia exposure 

times. For exam ple, embryos exposed to brief periods of anoxia exposure (30 m inutes) contain 

prophase blastom eres with their chrom osomes docked at the nuclear periphery, interphase  

blastomeres that dem onstrate chromatin condensation, and m etaphase blastomeres demonstrate 

depolymerization of spindle m icrotubules. E mbryos exposed to longer periods of anoxia 
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exposure exhibit docked prophase chromosomes at nuclear periphe ry, further condensation of 

interphase chromatin, alteration in metaphase plate size and reduction in SAN-1 localization and 

decreased density of spindle microtubules. Together, my studies laid the basic foundation of sub-

cellular characteristic s in response to different anoxia exposure tim es and determ ined that cell 

cycle arrest is an initial response to anoxia. 

 

5.2 Anoxia-Induced Prophase Arrest 

Prophase blastomeres exposed to anoxia show  chromosomes docked at the periphery of 

the nuclear m embrane, a response which is m aintained regardless of the anoxia exposure time  

[1]. Thus, chrom osome docking to the nuclear e nvelope is a hallm ark of all prophase-arrested 

blastomeres response to anoxia. A dditionally, Drosophila em bryos deprived of oxygen, also 

contain prophase blastom eres with chrom osomes aligned at the nu clear periphery; thus, 

indicating alignment of prophase chromosomes to the nuclear membrane is a conserved response 

[2]. However, the f unctional role of  chrom osome docking to the nuclear m embrane is not 

understood. Although, it is suggested that attaching chromatin to nuclear matrix or substructures 

may restrict chromosome movement and inhibit mitotic progression [3].  

Embryos exposed to brief periods of a noxia contain prophase chrom osomes with 

detectable phosphorylated histon e H3. However, em bryos exposed to longer periods of anoxia 

exposure (6 hours or m ore) do not contain prophase blastomeres with detectable phosphorylated 

histone H3. This suggests that de phosphorylation of hist one H3 in prophase blastom eres is not 

associated with initiation of  anoxia-induced suspended an imation. Furthermore, since 

chromosome docking to the nuclear m embrane upon anoxia exposure preced es the detectib le 

dephosphorylation of histone H3 indicates that chrom osome docking to the nuclear m embrane 
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occurs regardless of histone H3 phosphorylation. Further studies are required to understand the 

genetic and cellular m echanisms involved in an oxia-induced prophase a rrest and chrom osome 

docking, and if these mechanisms involve chromosome modifications.  

To gain a greater understanding of prophase arre st in response to a noxia and docking of 

prophase chromosomes, I conducted in vivo analysis of prophase bl astomeres exposed to anoxia 

with the ch romosomes and centro somes with GFP tagged proteins. The in vivo  response of 

prophase blastomeres to anoxia was analyzed usi ng a spinning disc confoc al microscope and a 

gas flow through chamber per fused with nitrogen. My experiments determined that chromosome 

docking in an imm ediate response to anoxia in  late prophase blastom eres and chrom osomes 

remain in docked condition until re-exposed to air.  Analysis of post-anoxia recovery of prophase 

arrested blastom eres determ ined that nuclear  m embrane breakdown follows immediately upon 

exposure to air. These results suggest that th ere exists a relationshi p between anoxia-induced 

prophase arrest and prevention of nuclear envelope breakdown.  

During mitotic cell progression, the nuclear envelope breakdown is the final commitment 

of the cell f or entry into m itosis and is ca lled “point of no return”. In vertebrates, the nuclear 

envelope completely breaks down by la te p rophase. The re is inc reasing eviden ce that c ells in 

prophase stage of m itosis are vulnerable to a wi de variety of stresses,  including hypotherm ia, 

osmotic shock and various drugs inhibiting m icrotubule function, many of which do not directly 

damage DNA [4]. In vertebrate cells, the cellular response to conditions of mitotic stress depends 

upon whether the cell is at “early prophase” or “lat e prophase” [4, 5]. Ce lls are marked at “early 

prophase” when the signs of chrom atin condensa tion first becom e visible and “late prophase”  

when the cells show a greater degree of chrom atin condensation. Late prophase is considered a s 

a “point of no return in m itosis” as it is m ediated by activation of cyclin B-cdk1 com plex, 
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signifying final commitment of the cell to m itosis [4]. Vertebrate cells in early p rophase, when 

subjected to conditions of mitotic stress, slowly decondense their chromosomes, nuclear proteins 

which were phosphorylated in preparation of mitosis are de-phosphorylated, and cell cycle 

progression is arrested near the end of late G2, at a point called “antephase arrest” [6, 7]. 

However, when mitotic stress is  applied at late prophase entry into mitosis cannot be prevented. 

For example, PtK1 cells at late prop hase when treated with  nocodazole, do not delay cell cycle 

progression and enter into colchem id-mitosis, a state with disassem bled microtubules [4].  The 

stress-induced reversion of chrom osome condensa tion occurs before the activation of cyclinB-

cdk1. Recent evidence suggests that a novel CHFR (checkpoint  with FHA and ring finger)  

pathway is activated in  response to chem ical disruption of m icrotubules by nocodazole and 

colchemid [8]. The CHFR checkpoint functions  during early prophase delays entry into 

metaphase by preventing the activation of Cyclin  B-Cdk1 kinase [9]. The CHFR checkpoint was  

later found to be m utated in se veral lung carcinom a ce lls and silenced in various other tum or 

cells [10]. Hence, vertebrate cells at propha se stage of m itosis respond to m itotic stress 

depending upon the cell division position at which the stress is applied.  

Theoretically, in the C. elegans embryo, anoxia exposure could stim ulate a late-prophase 

checkpoint response that preven ts cell cycle progression from  propha se to prom etaphase. C. 

elegans shows a unique tim ing of nucl ear envelope breakdown. In C. elegans  the n uclear pore 

complexes disassem ble earlier and  the nuclear  envelope com pletely breaks down by m id-

anaphase as assayed by the disassembly of nu clear lam ina and lam in binding proteins. Even 

though the tim ing at which the m embrane complete ly disassem bles is different com pared to 

vertebrates, the m olecular m echanisms of C. elegans  nuclear envelope breakdown and re-

assembly are sim ilar to vertebrates. Exposure of C. elegans  em bryos to nocodazole does not 
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induce “antephase arrest” like ve rtebrates. My experim ents determ ined that m icrotubule 

depolymerization by exposure to nocodazole does not induce prophase arrest or prevent nuclear 

envelope breakdown in C. elegans embryos (Additional movie 4, Chapter IV).  Instead cell cycle 

progression continues from prophase to m etaphase including nuclear envelope breakdown. This 

suggests that the potential late-prophase checkpoint  is not activated in response to m itotic stress 

induced by inhibiting microtubule function; rather is specifically activated in response to anoxia-

induced mitotic stress. Furthermore, microtubule function is not required for docking of prophase 

chromosomes upon anoxia exposure, as nocodazole  treated embryos, exposed to anoxia contain 

prophase chromosomes docked at the periphery of nuclear membrane (Figure 4.8). These results  

indicate that anoxia-induced doc king of prophase chrom osomes is independent of m icrotubule 

function. Also, unlike antephase arrest during w hich chromosomes at early prophase decondense 

and return to late G2 phase, m y data indicates that during anoxia exposure,  blastomeres at early 

prophase continue chrom atin condensation and m ajority of blastom eres ar e arrested at late 

prophase during 24 hours of anoxia exposure (See Figure 4.3, Figure 4.11).  

To gain greater understating of the m echanics of anoxia-induced pr ophase arrest, I used 

the mitochondrial inhibitor sodium azide. Sodium azi de prevents efficient transport of electrons 

to oxygen, by acting on com plex IV of the respirator y chain and thus indirectly affects the ATP 

levels. Exposure to sodium  azide for 30 m inutes causes propha se chromosom e docking. This 

suggests that prophase chrom osome docking is related to depletion of ATP. Howeve r, embryos 

exposed to 1 hour of sodium  azide contain incr eased number of abnormal prometaphase nuclei. 

This suggests that upon depletion of  energy prophase chromosomes dock, however the docking 

may not be m aintained due to in crease in abn ormal prometaphase nuclei  and the presence of 

abnormal nuclear pore com plex structure (Figure 4.9  I-L). This suggests th at depletion in ATP 
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levels by exposure to sodium  azide results in  precocious nuclear m embrane breakdown. Also, 

viability assays determined that in comparison to control-untreated embryos, embryos exposed to 

sodium azide for 30 m inutes and 1  hour dem onstrate a significant reduction in viability. In 

summary, these studies determ ined that unlike a noxia-induced suspended an imation, the effects 

of exposure to mitochondrial inhibitor sodium azide are not reversible. 

To understand the genetic m echanisms of anoxia-induced prophase arrest and 

chromosome docking, I analyzed the role of kinetochore, inner nuclear envelope proteins and the 

nuclear pore complex proteins (nucleoporins) by conducting RNA mediated interference (RNAi) 

assays (Table 1, Chapter IV). Most of the kine tochore and inner nuclear envelope proteins are 

essential in em bryonic developm ent and loss of function by RNAi results in chrom osome 

segregation defects. Hence, I analy zed a subset  of kinetochore and nucl ear envelope proteins, 

whose loss of function by RNAi did not affect prophase-prometaphase dynamics such as, nuclear 

structure and m orphology, chrom osome condens ation and nuclear en velope breakdown. My 

results determ ined that anoxia exposure of pro phase blastom eres with reduced kinetochore or 

nuclear envelope protein func tion did not affect prophase ar rest or chrom osome docking. 

Interestingly, anoxia exposure of the C. elegans  em bryo depleted of two nucleoporins npp-14 

and npp-16 by RNAi shows increased presence of  abnormal prom etaphase nuclei in younger 

embryos (2-10 celled  stage) . However, analysis of npp-14(RNAi) and npp-16(RNAi) e mbryos 

beyond 10 celled stages dem onstrates chrom osome docking. This discrepancy in phenotype 

could be due to variation in cell division tim ings demonstrated by the early and late em bryo. For 

example, in the C. elegans early embryo, the cell-division cycl es are fast and short; hence it  is 

possible that npp-16 and npp-14 gene products are essential for anoxia-induced prophase arrest. 

Thus, anoxia exposure of npp-16(RNAi) and npp-14(RNAi) young em bryos has strong 
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consequences leading to increase d number of abnorm al prometaphase nuclei. However, in older 

embryos, lengthening of cell-division cycles or in creased expression of other nucleoporins, may 

give sufficient tim e to execute anox ia-induced cell cycle arrest at proph ase and prevent nuclear 

envelope breakdown. The npp-16(RNAi) and npp-14(RNAi) early embryos exposed to anoxia 

demonstrate both the presence of chrom osome docking in prophase blastom eres and abnorm al 

prometaphase nuclei. There could be two possibilit ies leading to abnormal prometaphase nuclei. 

One, since blastomeres arrested at prophase have  their chromosomes docked at the periphery of 

the nuclear membrane, it is possib le that loss of  npp-14 and npp-16 gene products results in a 

permeable nuclear m embrane which cannot m aintain its chrom osome docking, thus resulting in 

premature disassembly of nuclear pore com plex and leading to abnorm al prometaphase nuclei. 

Another reason could be that loss of npp-16 and npp-14 gene products in younger em bryos, 

results in prophase chromosom es unable to dock at th e nuclear periphery, leading to nuclear 

membrane breakdown during anoxic conditions.  Anoxia exposure also leads to m icrotubule 

depolymerization; hence it is possible that upon precocious nuclear m embrane breakdown in 

npp-16(RNAi) embryos exposed to anoxic conditions, the prometaphase chromosomes are unable 

to com pletely align at the m etaphase plate th us, resulting in abnorm al prom etaphase nuclei. 

Further investigations are required to fully understand the role of nucleoporins in anoxia-induced 

prophase arrest.  

Recent evidence suggests that NPC undergo stress-induced structural re-organization. For 

example, yeast cells when exposed  to certain stress conditions su ch as high conc entrations of 

aliphatic alcohols, the presence of deoxyglucose, or ch illing of yeast cultures show structural 

rearrangements in the NPC architecture and in creased NPC per meability [11]. Si milarly, 

cardiomyocytes of rats show structural reorga nization of the NPCs when exposed to cellular 
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conditions of stress such  as depletion of Ca +2 stores or ATP/GTP depl etion [12]. For exam ple, 

depletion of  Ca +2 in rat cardiom yocytes resu lts in c losing o f the nuc lear pore thus, preven ting 

nuclear im port of m acromolecules. Si milarly, upon depletion of ATP/ GTP blocked facilitated  

transport of certain m acromolecules through simu ltaneous closure of the pore and relaxation of 

entire complex, thus allowing transport of othe r molecules into the nuc leus through peripheral 

routes. Hence, it is possibl e that anoxia exposure of C. elegans  embryos induces structural re-

organization of nuclear pore com plex a nd thus activity speci fic nucleoporins like npp-16 and  

npp-14 are required for anoxia-induced prophase arrest. 

Indirect immunofluorescence assays of prophase blastom eres exposed to 30 m inutes of 

anoxia show localization changes of the kineto chore protein HCP-1 and the nuclear lam ina 

protein Ce-lam in (Figure 4.5, 4.6). In regards to HCP-1 localization,  prophase blastom eres 

exposed to 30 m inutes of anoxia show no detectab le staining. However, metaphase blastomeres 

within the same embryos are positive for HCP-1 staining. Furthermore, if embryos are allowed to 

recover in air after anoxia exposure, HCP-1 l ocalization is detected on the kinetochore of  

prophase blastomeres. Additionally, hcp-1(RNAi) analysis show that H CP-1 is not required for 

anoxia-induced prophase arrest and chrom osome docking. The relationship between no 

detectable HCP-1 staining in prophase blastom eres exposed to anoxia and the lack of 

requirement of hcp-1 gene product in anoxia induced propha se arrest is not clearly understood. 

However, it is possible that the absence of HC P-1 staining in prophase blastom eres exposed to 

30 m inutes of anoxia could be due to m asking of the epitope recognized by HCP-1 antibody 

upon anoxia exposure or due to interaction with a nother protein.  The local ization of Ce-lam in 

antibody is also altered in anoxia. For exam ple, in normoxia the Ce-lamin antibody localizes on 

the nuclear membrane and the nuclear interior. However, upon exposure to 30 minutes of anoxia, 
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Ce-lamin shows strong localization at the nuclear  membrane and co-localizes with the nuclear 

pore marker mAb414, but is com pletely absent in the nuclear interior. S ince the nuclear lam ina 

and lamin binding proteins are involved in chrom atin organization and anoxia exposure leads to  

strong localization of Ce-lam in to the nuclear peri phery, it is possible that Ce-lam in is involved 

in maintenance of chromosome docking at the nuclear membrane. However, the role of Ce-lamin 

in anoxia-induced prophase arre st could not be further analy zed because Ce-lam in plays an 

essential role in em bryonic and germ line development. RNAi deple tion of  Ce-lamin resu lts in 

abnormal nuclear stru cture and chrom osome m orphology, in addition to chrom osome 

segregation defects. 

 

5.3 Anoxia-Induced Metaphase Arrest 

Exposure to anoxia stimulates spindle checkpoint activity of san-1 and mdf-2 gene 

products [13]. To gain greater understanding of  the role of  spindle checkpoint activity during 

anoxia-induced m etaphase arrest  I conducted genetic and cell bi ological assays. My studies 

determined that spindle checkpoint activity of  SAN-1 was required dur ing brief periods of 

anoxia, as san-1(RNAi) em bryos exposed to 30 m inutes a noxia contain blastom eres unable to 

arrest at m etaphase and  show chromosom e segregation defects such as  anaphase b ridging and 

abnormal nuclei. It is known that  spindle checkpoint proteins se nse and respond to lack of 

microtubule attachm ents and tension at the ki netochore [14]. Hence, I analyzed spindle 

microtubule structure in e mbryos exposed to va rious anoxia exposure tim es such as 30 m inutes, 

and 6, 12, 24 and 72 hours of anoxia. My re sults indicate that spindle m icrotubule 

depolymerization is an initial response to anoxi a and the extent of depolym erization increases 

with greater anoxia exposure tim es. Also, the si ze of the m etaphase plate is altered in em bryos 
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exposed to 6 hours or longer of anoxia exposure. Furtherm ore, to gain greater understanding of 

SAN-1 activity in anoxia, I conducted imm unostaining experim ents to analyze localization of 

SAN-1 during various anoxia exposu re times. My studies show that embryos exposed to brief 

periods of anoxia (30 m inutes) co ntain m etaphase blastom eres in  which SAN-1 is associated 

with the kinetochor e or late ral pro jections an d there is re duction in SAN-1 localized to th e 

kinetochore in em bryos exposed to 6 hours or longer hours of anoxia exposure. Together, the 

relationships between c haracteristics of  m etaphase blas tomeres such as change in SAN-1 

localization, alteration in m etaphase plate size, astral and sp indle microtubule depolymerization 

during various anoxia exposure times are not u nderstood. However, data  suggests that SAN-1 

localization changes and m icrotubule depolymerization changes precede the m etaphase plate 

size. The m echanism by which a reduction in oxygen signals the activity  of SAN-1 is not 

completely understood. One possibility for spin dle checkpo int protein activ ation is  through a  

reduction in the kinetochore/m icrotubule association and/or m icrotubule tension. The activation 

of spindle checkpoint proteins su ch as SAN-1 could inhibit m etaphase to anaphase transition by 

preventing activation of the anaphase promoting complex, thus arresting metaphase blastomeres.  

 

5.3.1 Functional Analysis of SAN-1 Spindle Checkpoint Activity  

To identify other gene products that functio nally interact with SAN-1 and to further 

understand genetic m echanisms involved in an oxia-induced m etaphase arrest, I conducted a 

synthetic lethal genetic screen. Sy nthetic lethal screens are used as genetic tools to identify gene 

products interacting in similar genetic pathways. In synthetic lethal genetic screen the individual 

genetic mutant has a less severe or no phenot ype however, knockdown of an interacting gene 

product leads to a m ore severe phenotype. Thus, synthetic lethal screens aid in indentifying 
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interacting gene products in cellular func tions and pathways. To analyze san-1 function in C. 

elegans embryos, I used RNAi to identify gene s tha t co uld f unctionally interac t with san-

1(ok1580) deletion m utant. My genetic analysis de termined tha t san-1(ok1580);hcp-1(RNAi), 

san-1(ok1580);bub-3(RNAi), san-1(ok1580);mdf-1(RNAi) and san-1(ok1580);mdf-2(RNAi) had a 

reduced ability  to  surv ive. The  ge netic in teractions betw een san-1, mdf-1 and mdf-2  was 

expected as they function in the spindle checkpoint pathway in mitotic and meiotic cells [15-17]. 

Furthermore, I also analyzed the predicted function of the C. elegans  gene Y54G9A.6 which 

shows high hom ology to the spi ndle checkpoint protein B UB-3 in  other system s. My studies  

determined that the  ac tivity of  C. elegans  bub-3 gene product is also  required for m etaphase 

arrest during anoxia exposure, as bub-3(RNAi) embryos exposed to anoxia show chrom osome 

segregation defects like anaphase bridging. Thus, the Y54G9A.6 gene product encodes the bub-3 

spindle checkpoint gene. 

The genetic interaction be tween the CENP-F hom ologue hcp-1/2 gene products and the 

spindle checkpoint gen es appears to be m ore com plex. For exam ple, the viability of san-

1(ok1580);hcp-1(RNAi) and mdf-2(RNAi);hcp-1(RNAi) animals was severely compromised; thus, 

suggesting that HCP-1 interacts with  MDf-2 and SAN-1. However, the bub-3(RNAi);hcp-

1(RNAi) animals did not show a reduction in viabili ty. This suggests that BUB-3 and HCP-1 are 

not interacting in sim ilar gene tic pathway and m ay not be invol ved together in a specific  

function.  T he san-1(ok1580);hcp-2(ok1757) anim als de monstrate em bryonic and larval lethal 

phenotypes. I conducted genetic m ating experim ents and isolated the san-1(ok1580);hcp-

2(ok1757) animals and determined that the double mutants had more severe phenotypes than the 

single m utants, th is su ggests th at SAN-1 and MDF-2 synthetically  interact with  each o ther. 

However, the phenotype of san-1(ok1580);hcp-2(ok1757) anim als was not as  severe as  
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compared to san-1(ok1580);hcp-1(RNAi) ani mals, which indicates that HCP-1 and HCP- 2 

protein functions are not com pletely redundant. HCP-1 and HCP-2 share 54% similarity at thei r 

N- and C-termini [18]. Also, HCP-1 shares similarity to human CENP-F, primarily in the tandem 

repeat present in both HCP-1 and CENP-F; however, HCP-2 lack s similarity to C ENP-F [18]. 

Hence, I hypothesize that HCP-1 an d HCP-2 have overlapping and dis tinct functions. It will be 

of interest to determine the specif ic molecular interactions between HCP-1, HCP-2, SAN-1 and 

MDF-2. 

 

5.3.2 Functional Analysis of Spindle Checkpoint Genes and hcp-1 Interaction 

The majority of san-1(ok1580);hcp-1(RNAi) animals demonstrate severe developm ental 

defects including em bryonic and larval leth ality. My studies determ ined that the san-

1(ok1580);hcp-1(RNAi) e mbryos show chromosom e segr egation def ects, thus resulting in 

compromised cellular function. The san-1(ok1580);bub-3(RNAi) and san-1(ok1580);mdf-

2(RNAi) anim als show gonad def ects. My work a nd previous studies from  others have 

demonstrated that san-1(ok1580) and mdf-2(RNAi) both show low level gonad defects, however , 

the severity of gonad defects is increased when both the spindle checkpoint genes are 

simultaneously knocked down [15, 19]. Furthermore, my studies determined that the brood size 

of san-1(ok1580) and others have determined that mdf-2(av14) mutants have reduced brood size, 

thus further em phasizing the role  of spindle checkpoint genes in  germline function [17]. Others 

have demonstrated that hcp-1(RNAi);hcp-2(RNAi) animals show meiotic defects, thus supporting 

the idea tha t hcp-1 has a role in meiosis [20]. However, further investigations are required to 

determine the exact role of HCP-1/2 in meiosis.  

The san-1(ok1580);hcp-1(RNAi) animals have severe chrom osome defects, and 
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approximately 55.3% of the embryos die and merely 0.9% of the animals reach adulthood. Thus, 

in san-1(ok1580);hcp-1(RNAi)  animals, e mbryogenesis can progress, however the ability to 

develop into viable adults is severely co mpromised. To gain greater understanding of the 

developmental defects in san-1(ok1580);hcp-1(RNAi) animals, I used the myo::GFP to analyze 

the structure of the developing pha rynx. My studies determined that san-1(ok1580);hcp-1(RNAi) 

embryos show abnormal pharyngeal morphology and also a reduction in myo2::GFP in the  

embryos. It is not known if the reduction in myo2::GFP in the san-1(ok1580);hcp-1(RNAi) 

animals is due to abnorm al differentiation, the loss of myo2::GFP DNA or abnorm al regulation 

of the myo2::GFP.  

To thoroughly investigate the cause of chromosome segregation defects observed in san-

1(ok1580);hcp-1(RNAi) anim als I analyzed the kinetoch ore, centrom ere, m icrotubules, and 

nuclear pore com plex structure. I found that th e nuclear pore com plexes detected by m Ab414, 

form small aggregates surrounding the metaphase plates in san-1(ok1580);hcp-1(RNAi) embryos 

indicating that the disass embly of nuclear pore com plexes is affected. This suggests that SAN-1 

and HCP-1 may influence additional m itotic events in addition to chrom osome segregation. The 

localization of centrom eric protein HCP-3 wa s observed to be norm al or abnorm al in the san-

1(ok1580);hcp-1(RNAi) em bryos. The abnorm al localization of  HCP-3 could be interpreted in 

several ways. First, it could be possible that S AN-1 and HCP-1 directly regulate the localization 

of HCP-3 to the centro mere, however this seem s to be unlike ly as in the kine tochore assembly 

pathway SAN-1 and HCP-1 are placed upstream of HCP-3. Alternatively, the abnorm al HCP-3 

localization could be due to chrom osome segr egation d efects caus ing loss of chro matin that  

marks the centromere. Finally, it is also possible that the segregation defects result in chromatin 
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fragments that HCP-3 associates  with. Further studies would be required to determ ine the 

mechanism leading to abnormal HCP-3 localization. 

In san-1(ok1580);hcp-1(RNAi) embryos, the kinetochore pr oteins recognized by MP M-2 

antibody were not associated with the chromo somes when the chrom osome structure was 

aberrant (Figure 3.7). F urthermore, the m icrotubule s tructure was  alter ed in  blas tomeres with 

abnormal chrom osome structure (Figure 3.8). In summ ary, these data suggests that in san-

1(ok1580);hcp-1(RNAi) blastomeres the kinetochore and m icrotubule interactions is som etimes, 

but not always, compromised. Since the san-1(ok1580);hcp-1(RNAi) embryos show a significant 

increase in anaphase bridges, lagging chromosomes and abnormal mitotic nuclei, it is likely tha t 

the kinetochore m icrotubule interaction is li kely not sufficient for proper chrom osome 

segregation. 

Mammalian cell culture studies  have shown that CENP-F is required for chrom osome 

alignment [21] and silencing of CENP-F in HeLa cells activates the spindle checkpoint [22]. The 

misalignment defect is thought to be due to kinetochores that do not correctly bi orient rather 

being caused due to defect in microtubule attachm ent and kine tochore attachm ent [22]. My 

results support the idea that in hcp-1(RNAi) animals, the spindle checkpoint is being activated to 

ensure proper segregation and genome instability will occur in the absence of spindle checkpoint 

activity; specifically SAN-1 and M DF-2 function are required. Given the im portance of spindle  

checkpoints in tumor cell progression, it is of interest to use a developing model organism like C. 

elegans, to fully understand the role of interacting genes in the spindle checkpoint pathway. 

 

5.4 Conclusions 

In summary, my graduate research studies involved characterization of the molecular and 

cellular responses to oxygen deprivation induced suspended animation. Specifically, I studied the 
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sub-nuclear changes in embryos exposed to anoxia.  I have conducted detailed cell biological and 

genetic analysis of em bryos exposed to anoxia,  studied genes im portant for the survival of 

embryos to anoxia, and conducted genetic analysis of the genes important for oxygen deprivation 

survival and their ro le in chrom osome maintenance. Some of the genes I have studied include, 

but are not limited to the following: san-1, bub-3, mdf-1, mdf-2, hcp-1 hcp-2, npp-16 and npp-14; 

these genes encode proteins that are important for cell division or anoxia induced cell arrest.  

This research project led to a greater understanding of biologi cal processes, such as how 

cell cycle progression and developm ent are aff ected by oxygen deprivation. Studies involving 

sub-cellular characterization of C. elegans  embryos to various anoxia exposure tim es have  

helped to lay a basic foundation in  identifying at the cellular leve l, the changes associated with 

the stress of oxygen deprivation. T he significan ce of findings published in Hajeri et al, 2005 

have been highlighted by Johnson and Barton, 2007, in a review article. Practically, we could 

translate this infor mation to understanding and r ecognizing arrested or st ressed cells, including 

but not limited to cells in a disease state or st em cells. Second, I have conducted detailed genetic 

analysis of the spindle checkpoint genes, whic h are required for e mbryos to not only divide 

normally, but also survive the stress of anoxia. Th is research is of great interest because the 

spindle checkpoint genes have a central role in  tumor cell progression an d cancer development. 

Finally, I have used the approach  of  RNAi analysis in genetic screens to identify novel genes 

involved with oxygen deprivation survival. Identifi cation and characterization of such genes will 

help with the development of treatment for cells that have been damaged by oxygen deprivation.  

According to the Natio nal Institu tes of  Neurological Disorders and Stroke, stroke costs  

the U.S. m ore then $43 billion per year. If one could help deve lop trea tments to dim inish the  

damage on cells and tissues due to stroke indivi duals affected by stroke would have a healthier 
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lifestyle. The fundamental foundation for development of such treatments includes basic science 

studies that identify, at the molecular level, how cells respond to and survive oxygen deprivation. 

Thus, results from  m y research projects ar e contributing to the overall field of oxygen 

deprivation and has many practical applications associated with my findings. 
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CHAPTER 6 

SUMMARY TABLE OF GENES ANALYZED 

Information for this table has been adapted from [1] 
 

C. elegans 
Protein 

C. elegans 
Gene 

Required for  
Embryonic 
Viability 

Vertebrate 
Orthologue Summary of Functional Analysis References 

HCP-3 hcp-3 YES CENP-A 

HCP-3 is required for the localization of all other 
kinetochore components that have been tested; depletion results 
in failure to align and segregate mitotic chromosomes and 
premature spindle  elongation due to the inability of the 
kinetochores to attach to spindle microtubules 

[2, 3] 

HCP-4 hcp-4 YES CENP-C 

HCP-4 is required for the localization of all  kinetochore 
proteins except HCP-3; associates with the KNL-1/3 complex 
and may act as an adaptor to connect centromeric chromatin to 
the outer kinetochore; plays a role in the resolution of 
HCP-3 chromatin into two paired “lines” on the  replicated 
chromosome; depletion results in failure to align and  segregate 
mitotic  chromosomes and premature spindle elongation 

[3-6] 

KNL-3 knl-3 YES ?  

Kinetochore localization (prophase to telophase) requires HCP-
3 and HCP-4.  RNAi depletion of KNL-3 results in failure to 
align and segregate mitotic chromosomes and premature 
spindle elongation; component of the 10-protein KNL-1/3 
complex required to assemble an outer kinetochore that can 
make microtubule attachments. 

[6] 

KNL-1 knl-1 YES AF15q14 

Kinetochore localization (prophase to telophase). RNAi 
depletion of KNL-1 results in failure to align and segregate 
mitotic chromosomes and premature spindle elongation. 
Component of the 10- protein KNL-1/3 complex required to 
assemble an outer kinetochore that can make microtubule 
attachments. 

[6] 
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C. elegans 
Protein 

C. elegans 
Gene 

Required for  
Embryonic 
Viability 

Vertebrate 
Orthologue Summary of Functional Analysis References 

NDC-80 

ndc-80 
 
 
 
 

YES Ndc80/HEC

Localizes to kinetochores from prophase to telophase; 
kinetochore localization requires KNL-1 and HIM-10 in 
addition to  chromatin proximal components; depletion results 
in chromosome missegregation and  premature spindle  
elongation; phenotype is less severe than a  kinetochore-null. 
defect in the ability to form  microtubule attachments that can 
withstand tension; member of the NDC-80 subcomplex, which 
is part of the larger KNL-1/3  complex. 

[4, 6] 

HIM-10 him-10 YES Nuf2 

Localizes to kinetochores from prophase to telophase; 
kinetochore localization requires KNL-1 and NDC-80, in 
addition to chromatin proximal components. Depletion 
disrupts kinetochore ultrastructure, resulting in chromosome 
missegregation and premature spindle elongation; phenotype is 
less severe than a  kinetochore-null. defect in the ability to form 
microtubule attachments that can withstand tension; member of 
the NDC-80 subcomplex, which is part of the larger KNL-1/3 
complex. 

[4, 6] 

HCP-1 hcp-1 * When  
co-depleted CENP-F? 

Localizes on the kinetochore from prophase to early anaphase. 
Functionally redundant with HCP-2 with few distinct functions. 
Synthetically interacts with a subset of spindle checkpoint 
proteins SAN-1, MDF-1 and MDF-2. When co-depleted with 
HCP-2 or spindle checkpoint genes chromosome alignment and 
segregation is perturbed. 

[7, 8] 

HCP-2 hcp-2 * When  
co-depleted CENP-F? 

When co-depleted with HCP-1 results in embryonic lethality. 
Synthetically interacts with subset of spindle checkpoint genes 
SAN-1, MDF-1 and MDF-2, however with a less severe 
phenotype than HCP-1 synthetic lethal interaction with similar 
spindle checkpoint proteins. 

[8] 
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C. elegans 
Protein 

C. elegans 
Gene 

Required for  
Embryonic 
Viability 

Vertebrate 
Orthologue Summary of Functional Analysis References 

BUB-1 bub-1 YES Bub1 

Mitotic checkpoint pathway serine/threonine protein kinase; 
kinetochore localization (prophase to metaphase) requires 
CeCENP-A, CeCENP-C, and KNL-1; depletion results in 
misalignment and missegregation of chromosomes. 

[3, 4] 

BUB-3 bub-3 NO Bub3 Component of spindle checkpoint pathway. Required for 
anoxia-induced cell cycle at metaphase.  [8] 

MDF-2 mdf-2 NO Mad2 

Component of mitotic checkpoint pathway protein with similar 
functions as MDF-1; depletion of MDF-2 also overrides the 
mitotic arrest induced by anoxia, suggesting that survival 
under very low oxygen levels is promoted by activation of the 
mitotic checkpoint. Synthetically interacts with HCP-1 

[8-10] 

SAN-1 san-1 *When  
co-depleted BubR1 

Mitotic checkpoint pathway protein that localizes to the 
kinetochore from prophase to early anaphase. SAN-1 is the 
homologue of budding yeast MAD3 protein (their vertebrate 
orthologue, BubR1, has a  serine/threonine kinase domain fused 
to the Mad3 homology region). SAN-1 activity is required for 
anoxia-induced metaphase arrest, even during brief periods of 
anoxia exposure. SAN-1 synthetically interacts with other 
spindle checkpoint proteins MDF-1 and MDF-2 and 
kinetochore localized protein HCP-1. Affects embryonic 
viability when co-depleted with synthetic lethal proteins. 

[8, 11] 

Ce-lamin 
LMN-1 lmn-1 YES Lam in-B 

B-type lamin expressed in all cell types; localizes to the nuclear 
side of the nuclear envelope; required for nuclear morphology, 
nuclear pore complex distribution, chromosome segregation 
and the localization of Ce-emerin 

[12, 13] 

Ce-emerin 
EMR-1 emr-1 NO Emerin 

Integral component of the inner nuclear membrane; contains a 
LEM domain and interacts with Ce-Lamin; co-depletion with 
Ce-MAN-1 results in 100% embryonic lethality, chromosome 
condensation and segregation effects and mislocalization of Ce-
BAF. 

[13, 14] 
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C. elegans 
Protein 

C. elegans 
Gene 

Required for  
Embryonic 
Viability 

Vertebrate 
Orthologue Summary of Functional Analysis References 

Ce-MAN-1 
(LEM-2) lem-2 

PARTIAL 
Depletion 
gives 15% 
lethality 

LEM2 and 
MAN1 

Integral component of the inner nuclear membrane; contains a 
LEM domain and interacts with Ce-Lamin and Ce-BAF in 
vitro. May require Ce-Lamin for its localization. 

[14] 

ZYG-12 zyg-12 YES SYNE 
Member of the Hook family of proteins; localizes to the 
nuclear envelope and accumulates around the centrosomes; 
required for the attachment of  centrosomes to nuclei. 

[15] 

UNC-84 
 unc-84 NO UNC84 

Integral nuclear envelope protein required for nuclear migration 
and anchorage; expressed after the 26-cell stage; localization 
requires Lamin. 

[16] 

NPP-14 npp-14 NO Nup214 
Encodes part of nucleopore complex mediating 
nucleocytoplasmic transport. No phenotypes observed via 
RNAi. 

[17] 
Wormbase 

NPP-15 npp-15 NO Nup133 Nucleopore complex component. No phenotypes observed via 
RNAi. 

[17] 
Wormbase 

NPP-16 npp-16 NO Nup50 
Nucleopore complex component. No phenotypes observed via 
RNAi. Mammalian Nup50 involved in cellular signaling and 
intracellular trafficking. 

[17] 
Wormbase 

NPP-18 npp-18 NO Seh1 Component of nuclear pore complex. Phenotype via RNAi 
includes high incidence of males. 

[17] 
Wormbase 

 




