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 The zebrafish is a powerful disease model system. Its distinct advantages allow it 

to be used for high-throughput genetic and chemical screens with high translational 

potential. One mutant isolated from a screen for cell cycle deficiencies is the zebrafish 

cdc25a mutant standstill. This mutant suffers from a G2/M arrest due to activation of the 

checkpoint protein ATM such that ATM knockdown or inhibition rescues the cell cycle. 
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Additional knockdown studies reveal that the unique zebrafish cdc25 gene cdc25d is 

responsible for cell cycle progression in the absence of functional Cdc25a or ATM.  

 Assays to measure genomic stress reveal that ATM is activated in the absence of 

DNA damage. Activation of ATM in the absence of DNA damage is a unique 

occurrence, but further studies seeking regulators of ATM reveal that ATM is 

constitutively active at a basal level. This basal ATM activity is sufficient to attenuate 

cell cycle rate. 

 Other studies involving the use of zebrafish to study cancer involve a screen 

using peptoids. The peptoid is a class of compound that is modular, easy and inexpensive 

to synthesize, and stable in vivo. Initial tests reveal that peptoids are able to enter the 

zebrafish embryo, remain stable, and exert biological functions. Screening of 3,744 

compounds for peptoids that specifically affect zebrafish mutant for p53 reveal a group of 

4 structurally similar peptoids. Further studies of these peptoids reveal that they are able 

to perform their function on mouse embryonic fibroblasts in vitro. 

 Finally, I sought the role of the DNA damage marker γH2AX in early zebrafish 

development. While studying the DNA damage response in cdc25a mutants, I discovered 

that γH2AX is present and cyclic in pre-midblastula transition embryos. This 

phosphorylation is necessary for synchronization and relies on the ability of ATM to 

phosphorylate H2AX on Ser-139 such that inhibition of ATM or ablation of the 

phosphorylation site leads to desynchronization and improper development.
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Chapter I: General Introduction 

Zebrafish as a cancer model system 

Over the past ten years, the zebrafish, Danio rerio, has emerged as a 

cancer model system. From being used to perform high-throughput chemical 

screens, high-throughput cancer-genetic screens, or as a de facto tumor modeling 

organism, the zebrafish has proven to be invaluable for obtaining a wealth of 

information of cancer related processes. The most general benefits often attributed 

to zebrafish use are its small size, its ease of maintenance, high fecundity, rapid 

growth, and transparency during development. These characteristics were first 

used to study early embryonic development [1, 2]. Recently, these characteristics 

have allowed researchers to perform high-throughput genetic, chemical, and 

chemical-genetic suppressor/enhancer screens on zebrafish to uncover novel 

disease-related genes and new potentially useful cancer therapeutic compounds 

[3]. 

The zebrafish, as the highest order vertebrate in which high-throughput 

screens may be performed, acts as a compromise between model organisms that 

are too large or expensive and systems in which high-throughput screens may be 

applied, but which do not represent disease in a physiological manner [4-7]. So 

while mice have been the gold standard in which to study human pathologies, 

high-throughput screens are very difficult and expensive. Using mouse cells in 

vitro is a compromise, but performing high-throughput studies ignores micro-



  2 

 

environmental responses or toxicity throughout the animal. Positive hits from 

drug screens on mouse or human cells have been plagued with problems arising 

from off-target effects in vivo. While the worm and the fly are excellent genetic 

models, these organisms do not develop what is clinically recognized as cancer 

[8]. Additionally, the thick cuticles of these organisms limit the feasibility of 

high-throughput drug screening [9]. Zebrafish absorb drugs dissolved in their 

water and are DMSO tolerant, allowing for easy high-throughput drug screening 

[7, 10]. Additionally, informatics tools have arisen to assist with zebrafish 

research. The Zebrafish Information Network is an invaluable genetic and 

expression database [11], while the Zebrafish International Resource Center 

maintains live zebrafish strains [12], and the genome has been sequenced [13]. 

In this past decade in which zebrafish have been used as a cancer model 

organism, many more characteristics of the zebrafish have emerged that have 

exemplified its aptitude for cancer research. These include the ability of human 

cancer cells to integrate within a zebrafish and induce angiogenesis [14, 15], the 

overexpression of oncogenes such as myc leading to aggressive tumors [16], and 

that many genes responsible for apoptosis, cell proliferation, and angiogenesis are 

conserved between humans and fish [17, 18]. Additionally, zebrafish have been 

used to determine the level of toxicity of potentially therapeutic drugs. Studies 

comparing drug toxicity have shown that zebrafish exhibit comparable Lc50s to 
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mammals for a variety of drugs [19], such that zebrafish are used to perform 

preclinical drug trials [10].  

 These observations have led to the use of the zebrafish as a tool for 

discoveries that are far more translational in nature [20]. At least ten chemical 

screens have been reported to date [21]. An early screen discovered drugs that 

affect heart and neural development as well as pigmentation [22]. More recent 

screens have discovered drugs that modify hematopoietic stem cell number by 

interacting with prostaglandin E2 [23], or that even affect various other biological 

functions, such as sleep [24]. 

Drug screens have been performed in zebrafish mutant strains for specific 

genetic suppressors [25, 26]. A drug discovered in such a suppressor screen may 

target a specific genotypic population of cells, and the toxicity of the drug will 

have already been assessed on the whole organism level. One of the more 

commonly cited successful screens is that for persynthamide, reported by the Zon 

lab in 2005 [26]. The zebrafish crash&burn mutant carries a mutant allele of the 

transcriptional regulator bmyb [27]. This mutation causes an accumulation of cells 

at G2/M due to prophase arrest. However, in heterozygotes this mutation leads to 

an increased tumor incidence later in life. 16,320 chemicals were screened against 

the mutant, and a single drug, named persynthamide, was discovered to suppress 

the embryonic mutant phenotype. Because the same allele is responsible for the 
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embryonic phenotype and the later tumor formation, persynthamide holds promise 

for treating bmyb mutant cells within a patient. 

While these examples demonstrate the power of the zebrafish in chemical 

suppressor or genetic screens, targeted knockout of specific genes have not been 

developed, leading to a difficulty in screening for suppressors of any one specific 

genotype. In response, two approaches have been taken. One is to screen for drugs 

for a specific physiological response as opposed to a particular molecular target. 

The other approach is to screen for genetic mutants either in forward genetic 

screens or to isolate specific genetic mutants in a process termed TILLING 

(Targeting Induced Local Lesions in Genomes). Mullins and co-workers 

performed the first high-throughput genetic screens in zebrafish. This screen 

produced 100 mutants containing defects in development [1]. A forward genetics 

screen for cell cycle mutants isolated crash&burn, described above [27]. A 

TILLING effort produced the first p53 mutant zebrafish in 2005 [28]. More 

recently, an inheritable model for testicular germ cell tumors (TGCTs) was 

developed [29]. This model is significant, as it carries a single allele for 

susceptibility to TGCTs, which has been lacking from mouse studies.  

The above efforts highlight the success of the zebrafish as a de facto 

cancer model. This is important, because despite recent advances, new tools must 

be developed to study cancer. The incidence of cancer remains high with 
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approximately 1.5 million new cases per year and 1 in 4 deaths in the U.S. due to 

cancer [30]. 

 

Tumor suppression and the Cell cycle 

In 2000, Hanahan and Weinberg proposed the standard “Hallmarks of 

Cancer”. Their article described a set of barriers cancerous cells must overcome to 

become malignant, such as inducing angiogenesis to provide themselves with 

oxygen and nutrients [31]. What Hanahan and Weinberg propose as the driving 

mechanism, but not a hallmark in of itself, is genomic instability. As genes that 

maintain normality are lost, or genes that drive malignancy are amplified or lose 

deregulation, cells become increasingly proliferative or invasive. Genes that 

prevent this by maintaining the genome are tumor suppressors and are often 

opposed by oncogenic drivers of the cell cycle.  

The role of tumor suppressors to maintain genomic integrity depends on 

the ability of cells to arrest the cell cycle in the presence of unrepaired DNA 

damage. Misregulation of the genes that control the cell cycle and DNA damage 

leads to an inefficient or lack of DNA repair [32]. Cell cycle regulation centers on 

cyclin-dependent kinases (CDKs), key enzymes that drive progression through 

different phases of the cell cycle. The activity of CDKs is controlled by binding to 

cyclin partners and by both activating and inhibitory phosphorylations. Under 

conditions that favor cell cycle progression, inhibitory phosphates on Thr14 and 
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Tyr15 are removed from CDKs by the Cell Division Cycle (CDC25) family of 

phosphatases [33, 34].  

CDC25 was first described in fission yeast as a regulator of entry into 

mitosis. Loss of CDC25 leads to a G2/M arrest while overexpression of CDC25 

leads to an increase in the rate of mitosis and a decreased cell size [35-37]. These 

early studies stimulated considerable interest in CDC25 as a possible oncogene, 

and subsequent work described overexpression of CDC25 in human cancers [38, 

39]. Mammalian cells express three different forms of CDC25: CDC25A, 

CDC25B and CDC25C. CDC25A appears to act alone in controlling entry from 

G1 to S and intra-S progression, while all three CDC25 genes function in G2/M 

progression [40-42]. 

As a regulator of CDK activity, CDC25 also plays a key part in the 

cellular response to DNA damage. DNA double-strand breaks (DSBs) lead to the 

rapid activation of Ataxia Telangiectasia Mutated (ATM), a member of the PI3K-

like kinase (PIKK) family, which then signals through downstream mediators 

including the checkpoint kinases CHK1 and CHK2 to mediate cell-cycle arrest 

[43, 44]. At each of the G1/S, intra-S, and G2/M checkpoints, the major target of 

the ATM regulatory pathway is CDC25. Phosphorylation of CDC25 leads to its 

nuclear export and resultant proteolytic degradation, ongoing inhibitory 

phosphorylation of CDK1/CDC2, and cell cycle arrest [45, 46].  
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ATM, CHEK2, and other genes that downregulate the cell cycle have been 

the center of much interest in the past decades since loss of these genes often 

leads to higher cancer incidence. Loss of ATM leads to Ataxia-Telangiectasia 

disorder, which, in addition to causing loss of motility and immune system 

deficiency, causes a 100-fold increased in breast cancer susceptibility [47, 48], 

while a hemizygous loss of ATM, as with loss of CHEK2, leads to a 2-fold 

increased chance of breast cancer, presumably due to lack of repair of other genes 

necessary for the prevention of tumorigenesis [49]. 

While loss of ATR or CHEK1 have not led to a noticeable increase in 

cancer incidence, loss of p53, an ATM/CHK2 substrate at the G1/S border, is the 

most mutated tumor suppressor in cancer [42, 50-52]. p53, often referred to as the 

“Guardian of the genome”, is a critical lynchpin in inducing cell cycle arrest, 

apoptosis, or senescence [53, 54]. Because of its central role, many studies have 

been performed in search of drugs to restore p53 function in cells that otherwise 

lack p53 [55-57].  

Another tumor suppressor acting at the G1/S border, the Retinoblastoma 

(RB) gene, was the first tumor suppressor discovered using positional cloning 

[58]. RB is responsible for ensuring that the cell is prepared for entry from G1 to 

S such that lack of RB can lead to premature S phase entry [59]. The gene product 

of RB is phosphorylated by activated CDK2 while in complex with Cyclin E [60]. 
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Thus, when CDK2 is inhibited, as when the ATM-CHK2-CDC25A-CDK2 

pathway is activated, Rb remains dephosphorylated to prevent the G1-S transition. 

 While ATM is known to control the G1/S checkpoint through these 

various means, it also has a major role at the G2/M checkpoint, but in a distinct 

manner as p53 and RB are not commonly known to act beyond G1/S. Instead, the 

rapid G2/M arrest seems to be mediated simply by reducing the pool of active 

CDC2 [61-63]. Thus, the checkpoint response is more focused on acting on 

CDC25s to prevent the CDK1-dependant progression into M-phase. In the 

presence of DNA damage, ATM or ATR activates the CHK2/CHK1-CDC25A 

cascade, resulting in inactivated CDC2 and thus G2/M arrest.  

 As well as mediating the arrest response, ATM is also responsible for 

DNA damage repair. It performs this by signaling the site of DNA damage and 

recruiting repair proteins. Upon DNA double-stranded breaks, ATM is very 

rapidly activated (within seconds) and phosphorylates the H2A histone variant 

H2AX [64]. H2AX is phosphorylated at either side flanking a double stranded 

break [65]. Phosphorylated H2AX, termed γH2AX, assists in the recruitment of 

DNA repair proteins and maintaining checkpoint response [66]. Loss of H2AX 

leads to an inefficient checkpoint response [67]. Conversely, persistent 

phosphorylation at its C-terminal tyrosine leads to a maintained arrest [68]. Repair 

proteins, such as the MRN complex, BRCA1, and p53 co-localize to sites of 

H2AX phosphorylation to assist with the repair process [66]. 
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 Much of our knowledge of the repair process and the cell cycle have been 

gained from studying invertebrate organisms, in particular the yeast S. cerevisiae, 

or from cell lines. There are still broad gaps in what we know about these basic 

mechanisms in the zebrafish. Given the immense power of the zebrafish model 

system, particularly in terms of drug discovery, studies in zebrafish for the genes 

that control the cell cycle and the DNA damage response are certainly called for 

and will lead to new discoveries that will help us understand the fundamental 

processes of tumorigenesis.  
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Chapter 2: Cdc25 activity opposes constitutive ATM function during embryonic 

development. 

 

Ιntroduction 

In 2005, the Zon group reported a screen for cell cycle mutants using 

ethylnitrosurea (ENU) mutagenesis [1, 27]. In addition to discovering novel genes 

with a function in cell-cycle control, one proposed purpose of this screen was to 

discover zebrafish carrying mutations in oncogenes such that a suppressor screen 

can follow. As described above, a suppressor for mutants for bmyb was 

discovered. Another mutant discovered in the screen was the cdc25a mutant, 

called standstill. The discovery of this mutant is exciting given the central nature 

of CDC25A to the checkpoint response and cell cycle progression. 

 The screen was performed by mutagenizing Wik strain males with 1-hr 

exposures to ENU that resulted in a specific locus mutation frequency of 1 X 10-3. 

Females from the backcross F1 generation were anesthetized, and their eggs were 

removed and fertilized in vitro by UV-inactivated sperm [69]. This procedure 

results in haploid embryos that dominantly express all genes acquired from their 

mothers, allowing screening to be performed one generation earlier than typical 

genetic screens. This screen resulted in the discovery of eight cell cycle mutants, 

named crash&burn, self-destruct, lollygag, standstill, dillydally, sleepyhead, 

shortstop, and cease desist [27].  
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To understand the molecular nature of the defect in standstill embryos, 

meiotic recombinational mapping was performed to identify the mutant locus. 

Bulk segregant analysis [70] was followed by intermediate-resolution mapping 

which assigned standstill to zebrafish chromosome 13. High-resolution mapping 

localized the mutation to an approximately 5 cM interval between microsatellite 

markers Z6259 and ZJA5 (Figure 1.1). The critical interval contains a single gene, 

the zebrafish ortholog of CDC25A [71]. Sequencing of the cdc25a gene from 

wild-type and standstill mutant embryos revealed that the mutants contain a C to 

T mutation at codon 206 of the coding sequence, which is predicted to result in a 

premature stop codon and a truncated protein lacking the catalytic domain. 

The developmental roles of CDC25 have only been partially described. In 

mice, Cdc25A is essential for embryonic development such that Cdc25A-/- 

embryos are resorbed at around E6.5 due to widespread apoptosis [72]. Although 

Cdc25A knockout mice die early in development, mice lacking Cdc25B and 

Cdc25C survive with normal cell cycle progression and checkpoint function [73]. 

Therefore, Cdc25A likely compensates for the other Cdc25 genes and may be the 

most crucial mammalian Cdc25. Two cdc25 homologs have been identified in 

zebrafish: cdc25a and cdc25d [74]. The discovery of the standstill mutant opened 

new opportunities for analyzing the developmental role of CDC25A. Additionally, 

as the Cdc25A mutant mice are embryonic lethal, the zebrafish cdc25a allele 
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opens the opportunity to provide more in depth study using chemical inhibitors or 

transient gene knockdown in vivo. 

The cdc25a mutant morphologic phenotype becomes evident at 

approximately 24 hours post-fertilization (hpf) and includes microcephaly, 

microphthalmia, abnormal body shape, and reduced pigmentation, all of which 

progressively worsen over time (figure 1.2). Additionally, these mutants exhibit 

loss of cell cycle progression as measured by phospho-histone H3 (pH3) staining 

(figure 1.3a,b). pH3 is a molecular marker of condensed chromatin, which is 

present in cycling cells at the end of G2 to anaphase [75, 76]. The number of pH3 

cells is indicative of cells in mitosis, and therefore is a general measure for cell 

cycle rate, or the mitotic index.  

Because cdc25a mutants exhibit fewer pH3 positive cells, an arrest of the 

cell cycle must be occurring. To determine the nature of the cell cycle arrest, flow 

cytometric DNA content analysis was performed on cells dissociated from whole 

embryos. Comparison between cells of 24hpf cdc25a mutants and wild-type 

embryos revealed a G2/M arrest in the mutant cells, while cells from wild-type 

embryos display a typical unperturbed FACS profile with most of the cells in G1 

(figure 1.3c). Thus, the cdc25a mutation appears to result in cell-cycle arrest in 

the G2 phase of the cell cycle, prior to the onset of chromatin condensation when 
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Figure 1.1 
 

 
 
Figure 1.1. standstill encodes a zebrafish CDC25 ortholog. Positional cloning 
of standstill (a). Bulk segregant analysis assigned standstill to zebrafish 
chromosome 13. Further analysis of 3,456 meioses using microsatellite markers 
narrowed the critical interval to a 0.1 cM region containing cdc25a. The mutation 
is a cytosine to thymine mutation in codon 206, which results in a nonsense 
mutation. The mutation also creates a loss of a BsiEI digest site, which allows for 
genotyping by PCR-based RFLP analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  14 

 

Figure 1.2 

 
                         
Figure 1.2. The growth arrest in cdc25a zebrafish persists until death. Wild-
type (a-c) and cdc25a-/- mutant embryos (d-f) were incubated under normal 
growth conditions to 24hpf (a,d), 48hpf (b,e), and 72hpf (c,f). Images were taken 
under brightfield microscopy. Wild-type embryos develop normally into larvae 
while cdc25a-/- mutant embryos develop poorly with tissue necrosis, pericardial 
edema, improper somitogenesis, lack of pigmentation, a curved body shape, and 
eventual death by 5dpf. 
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Figure 1.3 

 
Figure 1.3. The mutation in cdc25a causes a G2/M cell cycle arrest. (c, d) anti-
phosphohistone H3 staining of wild-type (c) and cdc25a-/- mutants (d). Compared 
to wild-type embryos (d), cdc25a-/-  embryos (c) exhibit a reduced number of cells 
in mitosis. (e) FACS analysis for DNA content demonstrates accumulation of 
cells in G2/M in cdc25a mutants, as compared to wild-type cells, which exhibit a 
large G1 peak.  
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histone H3 is phosphorylated. Further evidence of a G2 arrest is in the form of Rb 

phosphorylation. Rb is phosphorylated to allow progression from G1 to S, and 

remains phosphorylated until the subsequent G1. cdc25a mutants stained for 

phospho-Rb reveal wide-spread Rb phosphorylation, indicating that the cells are 

beyond the G1 phase (figure 1.4). 

Because a G2/M arrest is often indicative of a DNA damage response, a 

simple test was performed to determine if ATM or ATR was involved. Inhibition 

of the ATM or ATR pathways was achieved by treatment with caffeine, which is 

known to inhibit the ATM and ATR signaling pathways in cells [77, 78]. 

Zebrafish embryos from a cdc25a+/- cross were pretreated with 5mM caffeine at 

8hpf, fixed at 24hpf, and stained for pH3 (figure 1.5). cdc25a mutants exhibited 

an increased number of pH3 positive cells as compared to untreated controls 

indicating that either the ATM and/or the ATR signaling pathways are activated, 

presumably due to a DNA damage response. 

This finding raises some interesting questions as to the nature of Cdc25a 

loss. Since ATM and ATR are activated in response to genotoxic stress, it appears 

as if Cdc25a is necessary to maintain genomic integrity. Little is known of 

Cdc25a substrates besides CDKs as they are the only CDC25A substrate 

described to date. Thus, the finding that cdc25a loss causes a DNA damage 

response opens new opportunities to discover roles for this very interesting 

oncogene. 
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Figure 1.4 

 
Figure 1.4. Rb is phosphorylated in cdc25a mutants. Immunohistochemistry 
using an anti-phospho-Rb antibody reveals broad phosphorylation in both wild-
type fish (a) and  cdc25a mutants (b). This staining indicates that progression 
from G1 to S is normal in cdc25a mutants. 
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Figure 1.5 

 
Figure 1.5. Caffeine treatment restores the cell cycle in cdc25a mutants. 
Inhibition of DNA damage response pathways leads to a resumption of the cell 
cycle in  cdc25a-/- embryos. 24hpf wild-type (a,c) or cdc25a-/- (b,d) zebrafish 
embryos were left untreated (a,b) or treated with 5mM caffeine (c,d) overnight 
and stained for pH3. cdc25a mutant embryos treated with caffeine exhibit rescued 
cell cycle proliferation. 
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Methodology 
 

Zebrafish immunohistochemistry and immunofluorescence 

24-hour old embryos were dechorionated, euthanized with tricaine, and 

fixed in 4% paraformaldehyde (PFA) in 1X phosphate-buffered saline (PBS) 

overnight at 4°C. Immunohistochemistry was performed using 1:1000 anti-

phosphohistone H3 (Santa Cruz Biotechnology; Upstate), 1:1000 anti-Cdc25A 

(Santa Cruz Biotechnology), 1:1000 anti-phospho-RB (Cell Signaling 

Technology) or a 1:1000 dilution of a zebrafish-specific anti-phosphohistone 

H2AX (Genemed synthesis) followed by incubation with 1:350 Horseradish 

peroxidase conjugated goat anti-rabbit IgG (Jackson Immunochemicals), and 

staining was performed with diaminobenzidine (DAB) for 10 minutes. For 

immunofluorescence, embryos were incubated with a 1:5,000 – 1:10,000 dilution 

of Alexafluor-488 conjugated goat anti-rabbit IgG and visualized using 

fluorescence microscopy (Invitrogen). Terminal UDTP Nick End Labeling 

(TUNEL) assays were performed using the Apoptag Red In Situ Apoptosis 

Detection Kit (Millipore) as described [79]. Acridine orange staining was 

performed as described [79]. 
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Comet assay 

24-hour or 48-hour zebrafish embryos were disaggregated to a single-cell 

suspension as described [80]. Zebrafish cells were embedded in low-melt agarose 

gels, lysed, and electrophoresed using the Trevigen CometAssay kit according to 

the manufacturer’s protocol (Trevigen, Gaithersburg Maryland). Electrophoresis 

was performed at 4°C at 20V. Cells were treated with SYBR Green and 

visualized using fluorescence microscopy. 

 

KU55933 treatment 

12-hour old embryos were treated with 10µM ATM kinase inhibitor 

KU55933 (Calbiochem) in E3 zebrafish embryo medium [81] and 1% DMSO for 

12 hours at 28°C, then euthanized with tricaine and fixed in 4% PFA in  PBS 

overnight at 4°C and processed for immunohistochemistry or 

immunofluorescence 

 

Cell culture and RNAi 

A549 and HCC2279 cell lines (kindly provided by Dr. J. Minna) were 

maintained in RPMI media supplemented with 10% fetal bovine serum. MEFs 

were provided by J. Shay and maintained in DMEM supplemented with 10% fetal 

bovine serum. Transfection of CDC25A siRNAs (Dharmacon) was performed 

using the Effectene transfection reagent (Qiagen) according to the manufacturer’s 
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protocol. Cells were grown for 48 hours after transfection on coverslips and fixed 

in 4% PFA. Immunofluorescence was performed using 1:1000 pS1981-ATM 

(Rockland) or 1:500 anti-γH2AX (Upstate) as described [82]. Knockdown of 

CDC25A was confirmed by RT-PCR using the Qiagen One-STEP RT-PCR kit 

with primers targeting human CDC25A mRNA 

(CACCAACCTGACCGTCACTA and GCTCCTCTTCAGAGCTGGAC) and 

ACTIN mRNA (AGCACAGAGCCTCGCCTTT and 

AGAGGCGTACAGGGATAGCA). 

 

Morpholino and mRNA injections 

0.5mM CDC25a 5’UTR (TAATCAGCCAGGCGCGATTAAGAAC), 

cdc25a splice site (ATGACAACCTCACCTCAGCCATGTT) or cdc25d 5’UTR 

(AATCTCCAGCGCATCACCGGCCATT) morpholinos (Gene-tools, Philomath 

Oregon) at a concentration of 0.5mM with 0.1% phenol red were injected into 1-2 

cell zebrafish embryos from the AB strain or from offspring of sds+/- adults. The 

genotypes of injected embryos were confirmed by PCR using primers flanking the 

cdc25a mutation site (GGTGTTTGACTCCAATCTGCT and 

CAACAAGCACAGGCTAATGG) followed by digestion of the PCR product 

with BsiEI (New England Biolabs) and gel electrophoresis. 
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Dechorionation 

Zebrafish embryos were dechorionated by digestion in a mild pronase 

solution for 10 minutes. Dechorionation of embryos younger than bud stage was 

performed on Petri dishes lined with 1% agarose or by manual removal with 

tweezers if performed post-fixation. 

 

Lysis 

  Zebrafish or cells were suspended in Delbucco’s PBS (Gibco) and an 

equal volume of 2X SDS buffer, and, if necessary, cellularized using a pestle. 

Lysates were then heated for 5 minutes at 98°C and stored at -80°C.  

 

Western blotting 

 Western blotting was performed by standard protocol. 5X SDS running 

buffer was added to each lysate, then boiled for 5 minutes at 98°C. Samples were 

electrophoresed on a 5% - 13% Tris-glycine gel. Transfer was performed in a Bio-

Rad Mini trans-blot electrophoretic transfer cell at 80 Volts for 80 minutes onto 

PVDF paper in a 1X SDS running buffer containing 20% methanol. Blocking was 

performed using 5% non-fat dry milk in PBS containing 0.1% tween (PBST). 

Primary antibodies were incubated overnight at 4°C in blocking buffer at 

concentrations from 1:500 to 1:2000. The following day, three 10 minute washes 

were performed using fresh PBST. Membranes were incubated with horseradish 
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peroxidase linked secondary antibodies diluted at a concentration of 1:2000 to 

1:10,000 in blocking buffer for 30 minutes. Visualization was performed using 

the Lumigen detection kit (GE Healthcare) and Blue Lite Autorad Film (ISC 

Bioexpress). 

 

Preparation of bacterial cultures 

 Bacterial colonies or glycerol stock samples were collected using a pipette 

tip and incubated in LB broth at 37°C, shaking at 200RPM overnight. Plasmids 

from bacterial cultures were collected using the Spin Miniprep Kit (Qiagen). 

Recovered DNA was stored at -20°C.  

 

mRNA transcription and purification 

 mRNA was transcribed from linearized plasmids using the T7 or SP6 

mMessage mMachine kit (Ambion). Transcribed mRNA was tailed using a 

Poly(A) tailing kit (Ambion) and subsequently purified with SigmaSpin Post-

Reaction Clean-up Columns (Sigma). mRNA was diluted in nuclease-free ddH20 

to a final concentration of 50ng/uL to 200ng/uL with 0.1% phenol red and 

injected into 1-4 cell stage embryos. 
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Whole RNA preparation and RT-PCR 

 RNA was collected from embryos or cells by treatment with Trizol 

reagent (Invitrogen), followed by phenol extraction. RT-PCR was performed 

using the One-Step RT-PCR kit (Qiagen). RT-PCR was performed on cdc25a 

morphant zebrafish using primers flanking the splice junction 

(TGACCCAAAAATTGGAGTG and TCGGTTTAACCCCTTGTGT).  

 

Subcloning of zebrafish cDNA 

 Whole mRNA from zebrafish was prepared as described above and 

amplified by RT-PCR using primers targeting zebrafish cdc25a 

(AGCTCGGTTTAACCCCTTGT and CTGAAACGCAGAAAGGTTCC). cDNA 

products were inserted into pGEMT-EZ (Promega) or TOPO-TA (Invitrogen) 

vectors according to the manufacturer’s instructions.  

 

Results 

 

Loss of cdc25a leads to the standstill phenotype 

To confirm that cdc25a deficiency was responsible for the standstill 

phenotype, I designed a morpholino oligonucleotide targeting the splice junction 

between exon 1 and intron 1 of the cdc25a pre-mRNA [83-85]. Morpholinos bind 

to mRNA transcripts and prevent either translation or proper splicing when 
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targeted to a splice junction. 1-4 cell wild-type embryos were injected with 2mM 

of cdc25a splice-site targeting morpholino. Injected embryos displayed a 

morphologic phenotype similar to the standstill mutant (figure 1.6). 

Immunohistochemical staining for pH3 showed that the morpholino-injected 

embryos had reduced cell proliferation, phenocopying the standstill mutation as 

compared to embryos injected with a control morpholino (Figure 1.6a,b). To 

confirm that splicing of the cdc25a mRNA had been disrupted, I performed 

reverse-transcriptase polymerase chain reaction (RT-PCR) on mRNA isolated 

from morpholino-injected embryos (figure 1.6c; lane 1: cdc25a morphant, lane 2: 

control morphant). The primers used lie within exon 1 and exon 3, allowing for 

amplifcation of mRNA that contains intron 1, but not intron 2, which would 

indicate improper splicing. Similar results were obtained with a translation-

blocking morpholino directed against the cdc25a initiating ATG (figure 1.6d).  

To measure the amount of Cdc25a protein present in wild-type and 

cdc25a-/- fish, I performed immunohistochemical staining using an anti-mouse 

Cdc25A polyclonal antibody (Santa Cruz Biotechnology). 24hpf wild-type and 

mutant embryos were tested. While wild-type embryos exhibited plentiful Cdc25a 

in the tail, mutant fish exhibited little to no Cdc25a (figure 1.7). These results 

provide evidence that standstill is a cdc25a null mutant. 
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Figure 1.6 

 
Figure 1.6. Confirmation that standstill encodes a zebrafish CDC25 ortholog. 
(a, b)  Knockdown of cdc25a phenocopies the standstill phenotype. (a) Injection 
of wild-type embryos with a control morpholino did not affect cell proliferation. 
(b) Injection of a splice site morpholino targeting the cdc25a pre-mRNA Exon 
1/Intron 1 boundary caused a marked reduction in the number of pH3-positive 
cells. (c) Knockdown was confirmed by RT-PCR  using primers flanking the 
morpholino targeted splice site: Lane 1: 1kb ladder, Lane 2: 24hpf cdc25a 
morphant embryos, Lane 3: 24hpf control morphants. (d) A wild-type embryo 
injected with a cdc25a morpholino targeting the start codon. This embryo also 
exhibits the standstill phenotype. However, because the mRNA is not degraded 
by morpholinos, loss of Cdc25a mRNA could not be detected. 
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Figure 1.7 

 
 
Figure 1.7. Cdc25a protein is absent from cdc25a mutants. Whole-mount  
immunohistochemistry using a polyclonal anti-mouse Cdc25A antibody binds to 
zebrafish Cdc25a. While Cdc25a is present throughout the tail of wild-type 24hpf 
embryos (a), it appears completely absent from cdc25a mutants (b). 
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Inhibition of ATM rescues cell cycle arrest in cdc25a mutants 

In order to assess the role of ATM in cdc25a mutants, I employed the 

ATM inhibitor KU55933 (Calbiochem, San Diego California; KuDOS 

Pharmaceuticals Ltd, Cambridge, UK) [86]. To test whether KU55933 inhibits 

zebrafish ATM, I pretreated wild-type embryos with 10µM KU55933 for four 

hours, and then exposed them to 1200 Rads (R) of ionizing radiation. At 48hpf, 

irradiated KU55933-treated embryos displayed severe morphologic defects, 

similar to those present in irradiated embryos after morpholino knockdown of 

ATM (Figure 1.8) [87]. The concentration used has been shown to inhibit ATM 

activity in MEFs and other cell types [88]. 

To test whether ATM itself is activated in the absence of cdc25a, cdc25a-/- 

embryos were treated with KU55933. Control DMSO-treated cdc25a+/- incross 

clutches displayed the expected 25% of embryos with a very low number pH3-

positive cells. In contrast, cdc25a-/- embryos from cdc25a+/- incross clutches 

treated with KU55933 exhibited a marked increase in the number of pH3-positive 

cells (Figure 1.9a-d). Confirmation that the embryos with rescued cell 

proliferation after KU55933 treatment were genotypically cdc25a-/- was achieved 

using a Restriction Fragment Length Polymorphism (RFLP) specific for the 

sdscz319 mutant allele. To test whether cell cycle progression was being rescued by 

an off-target effect of KU55933, embryos were injected with 0.2mM control or 

ATM-specific morpholinos [87] and again assessed for cell proliferation using 
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pH3. The cell proliferation defect in cdc25a-/- mutants was rescued in ATM MO 

injected embryos but not in control MO injected embryos (Figure 1.9e-f). 

Therefore, cdc25a-/- mutant embryos demonstrate G2/M arrest that is due at least 

in part to the activation of an ATM-dependent checkpoint.  

To test whether the rescue of pH3 staining in cdc25a-/- embryos was due to 

a true rescue of cell cycle progression or merely indicative of a release of the 

G2/M checkpoint into mitosis, flow cytometric DNA content analysis was 

performed on cdc25a-/- embryos and phenotypically wild-type clutchmates treated 

either with the KU55933 or 1% DMSO. cdc25a-/- embryos treated with the ATM 

inhibitor exhibited a large G1 peak, indicating they had resumed the cell cycle 

(Figure 1.9g). To test the reversibility of this rescue, cdc25a-/- embryos were 

treated with KU55933 or DMSO for 8 hours, then switched into media containing 

DMSO for either 0, 1.5, or 3 hours. Longer exposures to DMSO led to reduced 

pH3, indicating that ATM inhibition must be maintained for cell cycle 

progression to continue (figure 1.10). 

These results indicate that an ATM-dependent arrest is present in cdc25a-/- 

embryos, but raises the question of which cellular factor is able to mediate the 

G2/M transition in KU55933-treated embryos in the absence of Cdc25a. This role 

may be filled by cdc25d, the only other identified zebrafish cdc25. cdc25d has 

been characterized as a highly divergent isoform of cdc25 [71]. In situ 

hybridization of anti-sense cdc25d mRNA at 24hpf reveals a broad anterior  
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Figure 1.8 

 
Figure 1.8. Inhibition of ATM with the ATM inhibitor KU55933 leads to 
radiosensitivity in zebrafish. 2hpf wild-type zebrafish embryos were left 
untreated (a,b), or treated with 5µM KU559333 (c,d) or 10µM KU55933 (e,f), 
then mock-irradiated (a,c,e) or irradiated with 800R of ionizing radiation (b,d,f) at 
6hpf and fixed at 48hpf. Brightfield images of representative fish were taken to 
demonstrate radiosensitivity. These results are similar to those produced from 
knocking down ATM genetically [87]. 
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Figure 1.9 

 
 
Figure 1.9. Inhibition of ATM rescues the cell cycle defect in cdc25a-/- 
zebrafish embryos. 24-hour old wild-type (a, c) and cdc25a-/- (b, d) embryos 
were treated from 12hpf to 24hpf with 1%DMSO (a, b) or 10µM KU55933 ATM 
kinase inhibitor (c, d) and stained for phosphohistone H3. cdc25a-/- embryos 
treated with the  KU55933 have markedly increased pH3 as compared to DMSO 
treated controls, indicating rescue of the cell cycle. (e) FACS profiles of wild-type 
and cdc25a-/- embryos treated with DMSO or KU55933. Inhibition of ATM in 
cdc25a-/- embryos rescues progression of the cell cycle, indicated by a larger G1 
peak, as compared to cdc25a-/- treated with DMSO. (f,g) Genetic knockdown of 
ATM rescues the cell proliferation defect. cdc25a-/- embryos injected with control 
morpholino (f) has little effect while injection of an ATM morpholino (g) leads to 
rescue of the cell cycle, indicating that the ATM inhibitor is not mediating rescue 
through an off-target effect.  
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Figure 1.10 

 
Figure 1.10. Resumption of the cell cycle by ATM inhibition is reversible. 
cdc25a-/- and wild-type zebrafish were treated from 12hpf to 24hpf with DMSO 
(a) or KU55933, then either replaced with DMSO for 3 hours (b), replaced with 
DMSO for 1.5 hours (c), or replaced with fresh KU55933 (d). All fish were fixed 
at 27hpf and stained for pH3. Removing KU55933 from the media led to reduced 
pH3, as compared to the KU55933 (a) and DMSO (d) treated controls.  
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Figure 1.11 

 
 
Figure 1.11. Expression of zebrafish cdc25d. mRNA in situ hybridizations for 
cdc25d expression were performed on 24hpf wild-type embryos. While 
expression earlier in development is ubiquitous [71], at 24hpf, cdc25d mRNA is 
present throughout the anterior, nose, and lateral mesoderm. (a) lateral view. (b) 
ventral view.  
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staining of cdc25d expression with some stronger expression at the nose and 

lateral mesoderm (figure 1.11). Earlier expression has been reported to be 

ubiquitous [71]. If cdc25d is the only other zebrafish Cdc2 phosphatase, then 

knockdown of both cdc25a and cdc25d or of cdc25d in cdc25a-/- embryos may 

prevent cell cycle rescue.  

Since Cdc2 phosphorylation is reduced after ATM inhibition of cdc25a-/- 

embryos (Figure 1.12a), the cdc25 phosphatase function may be present in the 

form of cdc25d. Knockdown of only cdc25d leads to a mild growth defects 

(Figure 1.12b) and to a slight loss of pH3 staining, but knockdown of both cdc25a 

and cdc25d by morpholinos, or knockdown of cdc25d in cdc25a-/- embryos (not 

shown), leads to a much more significant growth defect phenotype (Figure 1.12c) 

and a loss of cell proliferation that is not rescued by inhibition of ATM (Figure 

1.13d-e). These data suggest that cdc25a and cdc25d are at least partially 

redundant, and that Cdc25 activity is necessary for cell cycle progression in the 

zebrafish embryo.  

 

 

DNA damage response and apoptosis in cdc25a mutants 

  

Having established that an ATM-dependent G2/M checkpoint is present in 

cdc25a-/- embryos, I investigated the mechanism of checkpoint activation. I first 
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considered the possibility that Cdc25a deficiency results in increased DNA double 

strand breaks in developing embryos. I employed the COMET assay to measure 

the amount of DNA damage on a single-cell basis [89]. We have recently adapted 

this method to measure DNA damage in zebrafish cells [79]. Performing the 

COMET assay on 24hpf cdc25a-/- embryos, wild-type embryos, or wild-type 

embryos treated with 1200R of ionizing radiation as a positive control, I observed 

a slight decrease in spontaneous DNA damage in the cdc25a mutants (Figure 

1.13). While it is possible that the COMET assay fails to detect minor amounts of 

DNA damage, this result indicates that loss of cdc25a itself does not induce 

severe DNA damage. The observed decrease in comet tail size in cdc25a-/- 

embryos may be due to decreased spontaneous replication-related DNA damage 

due to G2/M cell cycle arrest. 

As an alternative approach to detect DNA damage foci in zebrafish, our 

lab developed a rabbit polyclonal antibody specific for phosphorylated zebrafish 

Histone H2AX. Phosphorylated Histone H2AX, designated γH2AX, is present at 

histone cores flanking double-stranded breaks [65]. This antibody stains zebrafish 

embryos treated with ionizing radiation in an ATM-dependent manner (figure 

1.14). 24hpf cdc25a-/- embryos stained with this  
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Figure 1.12 

 
 
Figure 1.12. cdc25d is necessary for cell cycle rescue in the absence of 
cdc25a. (a) Wild-type embryos exhibit low phospho-tyr15-Cdc2, while 
cdc25a-/- mutants and irradiated embryos exhibit increased p-Cdc2, 
indicating cell cycle arrest. P-Cdc2 is rescued in cdc25a-/- mutants treated 
with the KU55933. (b,c) Knockdown of both cdc25a and cdc25d leads to 
synergistic growth defects. Injection of a cdc25d morpholino into wild-
type embryos (b) leads to mild growth defects while cdc25a cdc25d 
double-morphants (c) exhibit severe growth defects. (d,e) Inhibition of 
ATM activity in zebrafish lacking cdc25a and cdc25d does not resume 
their cell cycle. pH3 staining of embryos injected with morpholinos 
targeting both cdc25a and cdc25d untreated (d) or treated with 10µM 
KU55933 (e). Knockdown of both cdc25a and cdc25d prevents rescue of 
the cell cycle by ATM inhibition. Western blots of wild-type or cdc25a-/- 
embryo lysates demonstrating activity of Cdc25D.  
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Figure 1.13 

 
Figure 1.13. Loss of cdc25a does not lead to increased DNA damage. Comet 
assays reveal no detectable DNA damage in cells from cdc25a mutant embryos 
(a-c). Cells from wild-type (a), cdc25a-/- (b), or wild-type embryos treated with 
1200R (c) embryos were isolated and subjected to a comet assay. (d) Quantitation 
of tail moments from 200 cells from a, b, and c. (*: p <  .040; **: p< 3X 10-11). 
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Figure 1.14 

 
 
 
Figure 1.14. The ATM inhibitor KU55933 reduces phosphorylation of H2AX 
after irradiation. DMSO treated embryos (a) and KU55933 treated embryos (b) 
were subjected to 800R of ionizing radiation and immediately fixed, then stained 
for γH2AX. KU55933 treated embryos exhibit far fewer γH2AX foci, indicating 
loss of ATM function. 
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antibody contained scattered γH2AX foci throughout the embryo as compared to 

wild-type embryos, which exhibited minimal γH2AX foci (Figure 1.15a-b). 

cdc25d morphant fish exhibited no increase in γH2AX, but cdc25a,d double 

morphants had increased γH2AX staining, indicating that the increase in γH2AX 

was due to loss of Cdc25a (figure 1.15c-d). Widespread γH2AX is present in 

irradiated cdc25a mutants, as in wild-type controls after irradiation indicating that 

the DNA damage response is present (Figure 1.16) 

We next sought to establish the timing of the appearance of spontaneous 

γH2AX foci in cdc25a-/- embryos. Embryos stained prior to 16 hours do not 

exhibit increased γH2AX foci (figure 1.17), whereas the pH3 staining pattern 

indicates decreased cell proliferation in cdc25a-/- embryos as early as 8hpf, 

indicating that the cell cycle arrest phenotype precedes formation of γH2AX foci. 

This result is inconsistent with a model in which widespread DNA damage 

triggers ATM checkpoint activation and arrest in cdc25a-/- embryos. 

 To explain the appearance of γH2AX foci despite the apparent lack of 

DNA damage in the COMET assay, I asked whether γH2AX focus formation in 

cdc25a mutants is related to apoptosis. It has been demonstrated the γH2AX focus 

formation occurs early in apoptosis, possibly as a result of nuclease function [90]. 

First, I stained live cdc25a-/- mutant embryos at 24hpf with acridine orange. These 

embryos stained broadly with acridine orange indicating widespread cell death not 
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present in wild-type embryos (1.18a-b). The majority of death appears in the 

neurons, which also experience apoptosis after irradiation [28]. This result also 

confirmed the previous observation of a large sub G1 population in the FACS 

profiles presented in Figure 1.4c. Next, I performed co-immunofluorescence for 

γH2AX and TUNEL. TUNEL is a technique that utilizes Terminal dUTP 

transferase, an enzyme that can attach dUTP molecules onto the ends of double 

stranded breaks, which are present in apoptotic cells. TUNEL has been modified 

for use in zebrafish [79, 91]. γH2AX foci occasionally co-localized with TUNEL 

positive cells while phenotypically wild-type clutchmates expressed little γH2AX 

or TUNEL positivity (1.18c-h). This indicates that either γH2AX foci may be 

present only during early apoptosis or that the apoptotic phenotype and formation 

of γH2AX foci are not directly related. γH2AX focus formation is not reduced 

upon inhibition of ATM by treatment with KU55933 (Figure 1.18i-j) or by 

caffeine (not shown), suggesting that γH2AX phosphorylation may be mediated 

by DNA-PK, which mediates H2AX phosphorylation during apoptosis [90] or by 

another unidentified H2AX kinase. High magnification confocal fluorescent 

microscopy was performed to analyze the nature of the γH2AX foci. γH2AX foci 

often aligned with blebbed nuclei, indicating that it is present in apoptotic cells 

(Figure 1.19). 
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Figure 1.15 

 
 
 
Figure 1.15. Knockdown cdc25a of leads to increased γH2AX foci regardless 
of cdc25d status. Immunohistochemical stain for pH3 were performed on wild-
type embryos(a), cdc25a mutants (b), cdc25d morphants (c), and cdc25a,d double 
morphants (d). Embryos carrying Cdc25a (a,c) exhibit little γH2AX focus 
formation, while Cdc25a loss leads to increased γH2AX foci, indicating that 
Cdc25a is more crucial to zebrafish cell proliferation and homeostasis. 
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Figure 1.16 

 
Figure 1.16. cdc25a mutants express γH2AX normally after irradiation. 24hpf  
wild-type (a,c) and cdc25a mutant embryos (b,d) were subjected to mock-
irradiation (a,b) or 1200R ionizing irradiation (c,d) and stained for γH2AX. 
Irradiated embryos exhibit widespread γH2AX, indicating a DNA damage 
response. 
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Figure 1.17 

 
Figure 1.17. Cell cycle progression in cdc25a mutant embryos 
precedes H2AX phosphorylation. Embryos from cdc25a+/- crosses were 
fixed at 8hpf, 12hpf, 16hpf, or 20hpf and stained for pH3 (top) or γH2AX 
(bottom). Embryos were then photographed, digested with proteinase K, 
and subjected to genotyping. While loss of pH3 occurs in mutant embryos 
by 8hpf, an increase in γH2AX does not begin until 16hpf indicating that 
cell cycle progression does not arrest due to spontaneous DNA damage. 
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Figure 1.18 

 
Figure 1.18. Loss of cdc25a leads to phosphorylation of histone H2AX and 
apoptosis in the absence of DNA damage. (a,b) Acridine orange staining of 
wild-type (a) or cdc25a mutants (b). Fluorescence in cdc25a mutants indicates 
widespread cell death, particularly for the more sensitive neural cells in the 
presumptive spinal cord. (c-h) Co-immunofluorescence reveals some overlap 
between γH2AX and TUNEL. Wild-type embryos (c-e) and cdc25a-/- mutant 
embryos (f-h) were fixed at 24hpf, subjected to TUNEL (d,g), then γH2AX 
immunofluorescence (c,f). (e,h) Merged images for γH2AX and TUNEL reveal 
some overlap between the two indicating that γH2AX may be present in apoptotic 
cells. (i,j) ATM inhibition in cdc25a mutants does not reduce H2AX 
phosphorylation. cdc25a mutants were pretreated with DMSO or KU55933, fixed, 
and stained for γH2AX. No decrease in γH2AX foci is observed, indicating that 
ATM is not involved in H2AX phosphorylation in cdc25a mutants 
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Figure 1.19 

 
Figure 1.19. γH2AX co-localizes with fragmenting nuclei. Tails from 
cdc25a mutant fish were subjected to high magnification confocal 
fluorescent microscopy. γH2AX foci (green) do not appear as discrete foci 
in whole nuclei, but rather throughout nuclear blebs, indicating its 
presence during apoptosis. 
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Cell cycle arrest and cell survival - different functions of cdc25a 

 The above results indicate that cdc25a loss results in two separate 

impediments to the developing embryo – loss of cell cycle progression and 

widespread apoptosis. Even when the cell cycle is rescued by ATM inhibition, the 

morphology of the developing embryo is not rescued. To test whether ATM or 

caspases are necessary for apoptosis, zebrafish embryos were treated from 8hpf to 

24hpf with 10µM KU55933 or 20µM ZVAD-FMK, fixed, and imaged for 

apoptosis by TUNEL and γH2AX co-immunofluorescence (Figure 1.20). 

Fluorescence microscopy reveals that apoptosis is not reduced, indicating that 

apoptosis due to loss of cdc25a is not dependant on ATM or caspases. Apoptosis 

as detected by acridine orange is also not reduced after KU55933 treatment 

(Figure 1.21) 

 A previous study discovered that human CDC25A protein binds to 

Apoptosis Signaling Kinase 1 / Map Kinase 5 (ASK1/MAPK5) and prevents its 

function. When CDC25A protein is depleted, the c-Jun N-terminal kinase (JNK) 

pathway is activated and apoptosis quickly follows [92]. To test whether this may 

be the case in zebrafish lacking Cdc25a, I treated cdc25a mutant embryos with the 

JNK inhibitor SP600125. Even after JNK inhibition, cdc25a embryos exhibited 

widespread apoptosis (Figure 1.22), indicating that apoptosis was not due to JNK 

activation. 
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Figure 1.20 

 
Figure 1.20. Inhibition of caspases or ATM does not reduce apoptosis in 
cdc25a mutants. Cdc25a mutants were treated for 12 hours with DMSO (a-c), the 
ATM inhibitor KU55933 (d-f) or the pan-caspase inhibitor ZVAD-FMK(g-i). 
Fluorescent TUNEL was performed followed by γH2AX immunofluorescence. 
Treatment with KU55933 or ZVAD-FMK does not reduce the amount of 
apoptosis or γH2AX signal, indicating pathways that do not involve ATM or 
caspase are active. 
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Figure 1.21 

 
 
Figure 1.21. Inhibition of ATM in cdc25a mutants does not reduce cell death, 
as measured by acridine orange. cdc25a mutants pretreated with DMSO (a) or 
10µM KU55933 (b) were dechorionated and stained with acridine orange. No 
difference in cell death was observable. 
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Figure 1.22 

                              
 
Figure 1.22. Inhibition of JNK in cdc25a mutants does not decrease 
apoptosis. To test whether JNK was involved in cell death in cdc25a mutants, 
wild-type (a) and cdc25a mutant embryos (b) were treated with 2.5µM of the JNK 
inhibitor SP600125 for 8 hours and stained with acridine orange. Treatment with 
SP600125 does not decrease cell death. 
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ATM is activated constitutively and not by loss of regulation 

 My results indicate that Cdc25a deficiency triggers an ATM-dependent 

G2/M arrests in developing embryos, but that the arrest is not attributable to 

increased DSBs. One line of investigation as to how ATM is being activated in 

the absence of Cdc25a involved ERK. ERK has been observed to be in a positive 

feedback loop with ATM [93], and ERK is negatively regulated by Cdc25 [94, 

95]. Therefore, the absence of Cdc25a may lead to increased ERK activity and 

then ATM activation. To test this, we measured the amount of ERK in DMSO and 

KU55933 treated wild-type and cdc25a mutant embryos. If ERK were involved in 

upregulating ATM, an increase in p-ERK in cdc25a-/- embryos would be 

observed. However, the opposite is witnessed: p-ERK is present in wild-type 

embryos, lost in cdc25a mutants, but is rescued upon KU55933 embryos (Figure 

1.23). These observations were confirmed by western blot (Figure 1.23g).  

  As an alternative, I considered the possibility that Cdc25A directly 

regulates ATM via Cdc25’s phosphatase activity. Because antibodies to ATM or 

Chk2 are not available for zebrafish, I decided to test this theory in three cell lines 

– mouse embryonic fibroblasts (MEFs), A549 lung cancer cells, and HCC2279 

lung cancer cells, which lack functional CDC25B and CDC25C.  

Knockdown of CDC25A in cells have previously been reported, but no 

loss of cell cycle progression or increase in apoptosis in the absence of exogenous 

stress had been reported [96]. This indicates that CDC25B and C are able to fulfill 
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the function of CDC25A. This corroborates data from Cdc25A conditional 

knockout mice that are able to survive if Cdc25A is depleted after development 

[72]. Thus to test the theory as to whether Cdc25 regulates ATM, I transfected an 

siRNA pool targeting CDC25A in HCC2279 cells. Based on immunofluorescence 

for p-ATM and γH2AX, ATM is largely phosphorylated with no increase in 

γH2AX, indicating the activation of ATM in the absence of DNA damage (figure 

1.24). However, the cells that were transfected with the CDC25A siRNA were 

also highly apoptotic. Because phosphorylation of ATM is an early event of 

apoptosis [97], I could not conclude that it was loss of CDC25A that is the cause 

of increased phospho-ATM. 

To take a different approach, I employed the use of the pan-CDC25 

inhibitor NSC 95397. Treatment of A549 cells with 10µM NSC 95397 led to 

widespread cell death within 4 hours. To counter this effect, A549 cells and MEFs 

were treated with 5µM NSC 95397 for 1, 2, and 4 hours and fixed. 

Immunofluorescence for p-ATM and γH2AX seemed to reveal an increase in p-

ATM without an increase in γH2AX. To attempt to confirm this observation, 

A549 cells were treated with a 0µM, 5µM, or 10µM of the cdc25 inhibitor and 

lysed at 4h. Western blots of CDC25 inhibited A549 cells reveal no increased p-

ATM, which indicates that CDC25A does not negatively regulate ATM, despite 

the immunofluorescence data (Figure 1.25). 
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As an alternative approach, I overexpressed Cdc25A in A549 cells by 

utilizing a mouse Cdc25A cDNA driven by a CMV promoter (BC046296, Open 

Biosystems). Cdc25A was overexpressed for 48h and the phosphorylation status 

of ATM and CHK2, an ATM phosphorylation target, were assessed by western 

blot (Supplementary Figure 7). ATM demonstrates an increase of phosphorylation 

on Ser-1981 when Cdc25A is overexpressed. There is no reduction in the state of 

p-T68-CHK2 after irradiation with 400R or 800R ionizing radiation in Cdc25A 

transfected cells (Figure 1.26). CHK1 was not tested, as it is generally an ATR 

substrate, and not strongly activated by ATM [98]. The increase of p-ATM is 

consistent with previous findings that overexpression of Cdc25A leads to 

increased DNA damage, as detected by H2AX phosphorylation status [39]. Thus, 

CDC25 does not appear to directly regulate ATM. 

Based on the above results, I conclude that ATM is constitutively active 

during development, but does not completely deplete Cdc25 activity. Cdc25a 

deficiency unmasks this ATM activity, leading to cell cycle arrest. I reasoned that 

with a sufficiently sensitive assay, constitutive ATM activity might be detectable 

even in the presence of normal levels of Cdc25 activity. To test this prediction, I 

treated cdc25a wild-type embryos with KU55933, stained with the anti-pH3 

antibody, and quantified the number of mitotic cells. The number of foci 

increased in KU59933-treated cells by 39+/- 12 (p < .031) (figure 1.27a). 
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Figure 1.23 
 

Figure 1.23. Loss of Cdc25a leads to reduced p-ERK, which is rescued by 
ATM inhibition. Immunohistochemical stain for p-ERK reveals it is present bi-
laterally in wild-type embryos (a), with reduced presence in cdc25a mutants (b). 
Inhibition of ATM in wild-type embryos has little effect (c), but restores p-ERK 
in cdc25a mutants (d). Lateral view of DMSO treated (e) and KU55933 treated (f) 
cdc25a mutants. (g) Immunoblot analysis of p-ERK on lysates from DMSO or 
KU55933 treated embryos. Treatment with KU55933 leads to increased p-ERK in 
wild-type and cdc25a mutants. 
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Figure 1.24 

 
Figure 1.24. Knockdown of CDC25A in HCC2279 cells appears to lead to 
ATM activation. To test whether CDC25A regulates ATM in human cells, I 
treated HCC2279 cells, which lack functional CDC25B and CDC25C with a 
control siRNA (rows 1 and 2) or a pool of siRNAs targeting CDC25A mRNA 
(row 3) for 48 hours. As a positive control, I irradiated control cells with 800R. 
Irradiated cells displayed increased p-ATM and γH2AX, while non-irradiated 
cells had minimal γH2AX an little p-ATM. CDC25A siRNA transfected cells 
widely died, but the few cells that survived exhibited large amounts of p-ATM 
with little γH2AX, indicating the activation of ATM in the absence of DNA 
damage. 
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Figure 1.25 

Figure 1.25. Treatment of A549 cells with the CDC25 inhibitor NSC 95397 
does not lead to increased phospho-ATM. (Top) Immunoblot with anti-
phospho-serine 1981 antibody against cell lysates treated with 0µM (lane 3), 5µM 
(lane 4), and 10µM (lane 5) NSC 95397. As a control for ATM activity, cells 
were treated with DMSO and mock irradiated (lane 1) or irradiated with 400R of 
ionizing radiation (lane 2). A decrease in basal phosphorylation of ATM is 
apparent after CDC25 inhibition. (bottom) As an alternative approach, cells were 
treated for increasing time lengths with 5µM NSC 95397 inhibitor and lysed. 
Lysates from cells treated with NSC 95397 (lanes 3-5) do not exhibit increased p-
ATM as compared to unirradiated (lane 1) or irradiated control (lane 2). 
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Figure 1.26. Overexpression of Cdc25A does not lead to decreased ATM 
function. To test whether Cdc25A may regulate ATM directly, A549 non-small 
lung cancer cells were mock-transfected (lanes 1-3) or transfected with a plasmid 
encoding mouse Cdc25A under a CMV promoter (lanes 4-6). Transfected cells 
were either mock-irradiated (lanes 1, 4), irradiated with 400R ionizing radiation 
(lanes 2, 5), or irradiated with 800R ionizing radiation (lanes 3, 6) and lysed. 
Increased Cdc25A protein does not lead to decreased ATM activity, as measured 
by its own phosphorylation or phosphorylation of CHK2. 
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Figure 1.27 

 
Figure 1.27. Inhibition of ATM in wild-type embryos leads to an increase of 
cell cycle progression. (a)Tails from wild-type 24hpf embryos treated for 8 hours 
with 1%DMSO or 10µM KU55933 were photographed, and the number of pH3 
positive nuclei from the end of the yolk to the tip of the tail were counted. 6 tails 
from each treatment group were measured. Treatment with KU55933 increased 
the number of pH3 nuclei by 39+/- 12 (*: p < .031). (b) Blots comparing 24hpf 
zebrafish lysates from wild-type or cdc25a  mutants treated with either DMSO or 
KU55933. As a control, wild-type embryos were irradiated with 1200R and lysed 
at 45 minutes. Treatment with KU55933 increased the amount of pH3 in both 
wild-type and mutant embryos as compared to DMSO treated controls. (h) 
Western blot analysis for pH3 and α-tubulin of wild-type or cdc25a-/- embryos 
treated with DMSO or KU55933, then deyolked and lysed at 28hpf. Wild-type 
embryos irradiated with 1200R (lane 3) are used as a control. cdc25a-/- embryos 
exhibit a loss of pH3 that is rescued upon treatment with the ATM inhibitor.  
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Additionally, I find that this increase in pH3 is detectable by western blot (figure 

1.27b). These results indicated that the constitutive ATM activity normally 

attenuates the percentage of cells progressing from G2 to M phase during 

development. 

Discussion 

In 2000, Mailand and co-workers and Molinari with co-workers 

independently described a role of CDC25A in the DNA damage response such 

that overexpression of CDC25A could overcome the G2/M checkpoint, leading to 

genomic instability [62, 63]. Expression of CDC25A, even in the presence of 

hydroxyurea or UV-induced DNA damage, led to mitosis presumably due to the 

fact that CDC25A is the key switch to mitotic progression, and overexpression of 

CDC25A leads to the overcome of the DNA damage checkpoints, which in cancer 

cells could lead to further genomic instability.  

ATM was first identified as the protein mutated in the clinical syndrome 

Ataxia-Telangiectasia, which is characterized by immune dysfunction, abnormal 

sensitivity to ionizing radiation, cerebellar ataxia, and telangiectasias [99]. 

Subsequent work revealed that ATM and the related PIKKs, ATR and DNA-PK, 

are central regulators of the DNA damage response [43, 100]. In response to 

genotoxic stresses causing DNA double-strand breaks, one action of ATM is to 

mediate G2/M cell-cycle arrest by acting through the checkpoint kinases 

CHK1/CHK2 to target CDC25 for destruction [42, 45, 46, 101]. In keeping with 
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this role of ATM in maintaining genomic integrity, people with mutations in the 

ATM gene are at increased risk of developing cancer [48, 52, 102]. 

More recently, it has become clear that the PIKKs and their downstream 

partners have important roles in maintaining normal cell homeostasis, even in the 

absence of exogenous sources of DNA damage. For example, ATM and ATR 

control the timing of replication origin firing [103]. Accumulating evidence also 

indicates the presence of constitutive Histone H2AX phosphorylation and 

constitutive ATM activation (CAA) in normal cycling cells in the absence of 

exogenous DNA damage [104, 105]. This constitutive activation of the pathway 

in interphase cells has been attributed to DNA damage due to endogenous 

oxidative stress [105-108]. In mitotic cells, CAA and H2AX phosphorylation 

have been associated with chromatin condensation, and postulated to play a role 

in maintaining mitotic spindle integrity [104, 109, 110].  

Here, I show that a G2/M arrest is present in developing cdc25a mutant 

embryos, as evidenced by loss of pH3 positive nuclei and by FACS. This arrest is 

due to activation of ATM and could be rescued by inhibiting ATM as long as 

Cdc25d is present. The G2/M arrest is not due to increased DNA damage, but 

appears to be constitutive, as inhibiting ATM in wild-type embryos also increases 

the number of mitotic cells. 

To test whether the standstill phenotype is caused by a loss of cdc25a, I 

performed several knockdown experiments using morpholinos. The phenotype of 
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the morphants appeared similar to those of the standstill mutants, providing 

evidence for the relationship between standstill and cdc25a. While this is not the 

most robust approach, other approaches, such as knocking out cdc25a are not 

available, and expressing cdc25a outside physiological ranges are lethal [71], 

which makes rescue experiments difficult. 

pH3 staining after treatment of mutant embryos with KU55933 indicated 

that the cell cycle was being rescued. However, as cells may have been entering 

M-phase and undergoing mitotic catastrophe [111], I needed to determine whether 

the cells were able to exit mitosis. Flow cytometric DNA content analysis 

revealed that a large number of the cells had entered G1. Additionally, removal of 

KU55933 after a long-term treatment leads to a resumption of the arrest as shown 

by loss of pH3 staining. Because ATM is not necessary for mitotic exit, the loss 

of pH3 indicates renewed cell cycle arrest. Thus, the pH3 positive cells in 

KU559333 treated embryos represent the flux of mitotic cells and not cells 

arrested in mitosis. 

 I do not believe that ATM activation in cdc25a mutants results from 

premature chromatin condensation or other mitotic abnormalities, because cells in 

developing mutant embryos arrest prior to the onset of chromatin condensation as 

evidenced by markedly reduced levels of pH3. Instead, I hypothesize that I am 

observing CAA resulting from oxidative stress during normal development. In 
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cells with normal levels of Cdc25a activity, the resulting cell cycle arrest is 

transient, and arrest does not normally impair embryonic development 

Because of the observation that G2/M arrest is likely due to basal ATM 

activity, I sought the mechanism by which Cdc2 is being de-phosphorylated. I 

discovered that zebrafish cdc25d is present and is readily able to mediate cell 

cycle progression. However, the basal ATM activity is preventing Cdc25d from 

performing its role in the G2/M transition. In what way Cdc25d is being inhibited 

– either by phosphorylation or by removal from the nucleus – is yet to be 

determined. The presence of Cdc25d protein could explain why the embryo 

develops as much as it does. But as cdc25d expression becomes increasingly 

restricted such that it is only present in a small number of tissues at later 

timepoints, the cell cycle arrest becomes more pronounced throughout the 

embryo. 

Also yet to be determined is the mechanism of apoptosis in cdc25a mutant 

embryos. Cells in culture treated with various Cdc25 inhibitors undergo caspase 

independent cell death [112], and Cdc25A mutant mice have been observed to 

undergo widespread apoptosis, leading to organismal death by E6.5 [72]. 

CDC25A has been observed to inhibit the JNK pathway mediator 

ASK1/MAP3K5 [92], as well as to interact with AKT. I attempted to rescue the 

widespread cell death by inhibiting JNK using the specific inhibitor SP600125. 

However, I did not observe a decrease in apoptosis, as measured by acridine 
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orange. ATM or caspase inhibition does not rescue embryonic lethality caused by 

Cdc25a deficiency. cdc25a-/- p53-/- double mutants generated by crossing revealed 

no change from cdc25a-/- fish in apoptosis or cell cycle arrest, indicating that p53 

is not involved. 

Because of our observations that ATM is activated in the presumed lack of 

DNA damage, I sought to test whether ATM is being activated through loss of 

regulation. I hypothesized that CDC25A could inhibit ATM either directly or 

through an intermediary, which would lead to a positive feed back loop: CDC25A 

overexpression leads to increased cell cycle rate, a downregulation of the DNA 

damage checkpoint, and increased genomic instability. This model is attractive 

because it might explain multiple lines of observations - that CDC25A is 

overexpressed in 35-50% of breast cancers, which leads to poor prognosis [113, 

114]; that mutations in ATM and CHEK2 are highly correlative to breast cancer 

[115]; that CDC25A overexpression destabilizes telomeres and other fragile 

chromosomal regions [116]; that Cdc25A heterozygous MEFs have a more robust 

G2/M DNA damage checkpoint [117]; and that CDC25A overexpression leads to 

loss of the DNA damage checkpoint in mammary epithelial cells, as measured by 

γH2AX following IR [39]. Our own observations, however, did not confirm this 

model, since I detected increased p-ATM and p-CHK2 with Cdc25A 

overexpression and ionizing radiation, and I did not detect increased p-ATM or p-

CHK2 in cells treated with siRNA to knock down Cdc25A or with a specific 
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inhibitor to CDC25A. However, the inhibition of ATM by CDC25A may require 

long-term overexpression of CDC25A. I also tested the role of ERK as a potential 

intermediary for ATM regulation. However, I did not detect an increase of p-ERK 

in cdc25a mutants, which indicates it is not involved in the observed G2/M arrest. 

In the scope of this project, I tested three models. The first model relied on 

a novel function of cdc25a to maintain genomic integrity. Evidence for this model 

included the activation of ATM, G2 arrest, and the presence of some γH2AX. 

However, further analysis of DNA damage, including the comet assay, confocal 

microscopy, and dual labeling with TUNEL revealed that there is no DNA 

damage and that the γH2AX foci are likely within apoptotic cells. The second 

model is based on a role of cdc25a in negatively regulating ATM, such that loss 

of cdc25a leads to activated ATM. There are many lines of evidence from 

recently published data that seem to agree with this model, as stated above. 

Finally, I tested that model that ATM is basally activated, such that enough Cdc25 

activity must be present to overcome this basal ATM activity to drive the cell into 

M-phase (Figure 1.28). While this model does not have much positive data, it is 

currently the one that fits all of the data best. 

Why an arrest at G2/M and not at G1/S?  One answer may lie in the 

observation that the developing zebrafish embryo acquires a G2 phase before a 

G1 phase, and that dephosphorylation of Cdc2, but not Cdk1 is necessary for cell 

cycle progression [74]. Therefore, if an arrest were to occur due to lack of Cdk 
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activation, it would be the lack of Cdc2 activation and therefore a G2/M arrest. 

Additionally, Mailand et al., described that Cdc25A, B, and C work as a “cellular 

phosphatase pool” for activation of Cdc2. It could be that a similar phenomenon is 

being observed in the zebrafish such that diminished zebrafish Cdc25a results in a 

reduced “phosphatase pool” that is unable to overcome the activation limit 

necessary for the G2/M progression. This observation has been furthered by 

siRNA studies that demonstrate that Cdc25A and Cdc25B cooperate to induce 

mitosis [38, 118]. A G2/M arrest was not initially surprising, as yeast CDC25 

mutants also arrest at G2 [37, 119].  

My results demonstrate that cdc25a loss in zebrafish leads to cell cycle 

arrest due to basal ATM activity. This basal ATM activity may be due to 

spontaneous dissociation of ATM from PP2A [120, 121] or possibly due to DNA 

damage occurring from oxidative phosphorylation mediated creation of reactive 

oxygen species [122]. 

The rapid development of early embryos in vertebrates requires rapid and 

highly regulated cell divisions. Cdc25 phosphatases are important mediators of 

this rapid cell-cycle flux. Balancing this rapid growth is the need to respond to 

oxidative stress or other endogenous insults, to ensure the health and genomic 

stability of the developing embryo. The results presented here emphasize the 

delicate balance between cell proliferation and cell cycle arrest and highlight the 

competing roles of ATM and Cdc25 family members in this process.
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Figure 1.28 

 

Figure 1.28. A Model of hierarchical cdc25 function during normal cell cycles 
and response to stress. In the model, the size of the font indicates the relative 
abundance of a protein or isoform. a:  During a normal cell cycle, ATM is 
constitutively active but at a low level. The degree of inhibition of Cdc25a and 
Cdc25d by ATM/Chk2 is insufficient to prevent Cdc25 phosphatase activity. 
Therefore inactive Cdc2-P is converted to active Cdc2*, fostering the G2/M 
transition. b: in the presence of DNA double-strand breaks, ATM is strongly 
activated, leading to downregulation of Cdc25 activity. Cdc2 remains in the 
inactive, phosphorylated state and G2/M progression is inhibited. c:  When 
Cdc25a is deficient, Cdc25d is present but inhibited by ATM. Residual Cdc25d 
activity is too low to fully convert inactive Cdc2-P to active Cdc2*, resulting in 
G2/M arrest. d:  Inhibition of ATM in Cdc25a-deficient cells unmasks the activity 
of Cdc25d. Under these conditions, sufficient Cdc2-P is converted to active 
Cdc2*, and G2/M progression is maintained.  

 



  66 

 

Chapter 3: A Screen for Cancer Therapeutic Peptoids 

 

Introduction 

p53 as a tumor suppressor 

 The tumor suppressor gene TP53 is one of the most frequently mutated 

genes in human cancers [50, 51]. It is estimated to be mutated or inactivated in 

over 50% of human cancers. In unstressed cells, MDM-2 perpetually holds 

inactive and ubiquitinates p53 to prevent its function. Upon cellular stress, such as 

oncogene activation or DNA damage, p53 is phosphorylated and released by 

MDM-2, after which it translocates to the nucleus to perform its role in tumor 

suppression by transactivation. The number of genes activated by p53 nears 100, 

the most prominent of which are the cell cycle arrest gene p21 and the pro-

apoptotic genes PUMA and BAX [123, 124]. Cells that lack p53 function, such as 

p53 null MEFS, have been shown to have reduced apoptosis due to lack of 

activation of these genes. 

  Because of p53’s central role in tumor suppression, many efforts have 

been made to reconstitute p53 function or activity. Recent studies demonstrated 

that reactivation of p53 in tumors leads to widespread apoptosis or senescence 

[125, 126]. Although these studies were performed using inducible p53 activation 

systems, the results demonstrated the promise of p53 reactivation to treat tumors. 

Drug screens have been performed to reactivate mutant p53. Two drugs from 
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separate studies have shown potential – PRIMA-1 and CP-31398 [55, 127-130]. 

These drugs function by interacting with misfolded mutant p53 protein and 

causing it to fold correctly and recover its transactivity. 

 However, because p53 may be completely ablated, or because p53 may be 

inactivated by increased MDM-2 function, additional approaches are necessary to 

reactivate either p53 or its targets. Studies have shown that p53 target pro-

apoptotic genes are rarely mutated [123]. Because p53 is epistatic to so many 

genes that can induce apoptosis, directly activating these genes pharmacologically 

is highly appealing [129, 131].  

Other pharmacological targets involve genes that are repressed by p53. 

One such gene is Snk/Plk-akin kinase (SAK), which has changed expression due 

to loss of p53 activity [108]. Knockdown of SAK by siRNA in HeLa cells led to 

increased apoptosis, while induction of SAK resulted in decreased p53-dependent 

apoptosis, indicating that it is a p53-regulated survival factor. This makes SAK a 

very interesting drug target. Other genes that are misregulated in p53 mutant cells 

include MDM-2, which is also p53 regulated. Additionally, p53 mutant cells may 

be sensitized to apoptosis from overactivation of oncogenes or abrogation of the 

G2 checkpoint [127, 128, 132].  

Zebrafish are increasingly being used to study the in vivo effects of 

manipulating p53. One of the earliest studies that demonstrated that zebrafish may 

be a practical model system was performed in 2002 by Langheinrich and co-
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workers, who first studied the effects of Mdm-2 and p53 knockdown in zebrafish. 

p53 morphant embryos are resistant to campthothecin and UV induced apoptosis 

[9]. Similar to MDM-2 null mice and MDM-2 deficient cells, knockdown of 

zebrafish Mdm-2 led to a developmental block and increased apoptosis. Other 

studies demonstrated that knockdown of p53 with drug inhibition or genetic 

knockdown decreased radiosensitivity [133]. These results all indicate that p53 

tumor function in zebrafish is similar to mammalian p53 function, and thus 

discoveries made in zebrafish may be adapted to mammalian systems. 

To further study zebrafish p53 function, two p53 mutant zebrafish lines 

were created by a TILLING effort [28]. Much like the p53 morphants, these fish 

develop normally and demonstrate resistance to apoptosis upon cellular stress. 

But these mutants have the additional advantage of revealing long-term effects of 

p53 loss. The more widely studied p53 M214K mutant fish suffer from 

spontaneous peripheral nerve sheath tumors starting at about 8 months of age. 

Because p53 mutant fish are able to develop normally and survive for many 

months past sexual maturation, they are prime candidates for chemical suppressor 

screens. 

 

Peptoids are novel, promising screening molecules 

An increasingly popular class of molecules for drug discovery is the 

peptoid (N-alkylglcyines). Peptoids have a similar structure to peptides, except 
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that the side-chain extends from the amine nitrogen, as opposed to the alpha 

carbon [11, 134]. These compounds have multiple characteristics that make them 

an attractive molecule of choice for screening – libraries are cheap and easy to 

make, their modular nature allows for optimization of positive hits, they are 

resistant to peptidases, they are 20 times more cell permeable than analogous 

peptides [135], and they can incorporate a high chemical diversity of side chains, 

well beyond that available for pepties, giving them a large variety of possibilities 

for protein interactions and bioactivities [136, 137]. 

One of the most groundbreaking screens was reported by the Kodadek 

group in 2003. During this project, the researchers not only established the use of 

peptoids for large screens, including new monomers with unique side-groups, but 

also implemented the use of automated Edmann degradation to sequence positive 

hits [138]. Discovered in the screen were peptoids that could bind to MDM-2 and 

GST. This screen led to the recognition of peptoids as promising high-throughput 

screening compounds. 

While the Kodadek group searched for peptoids that could bind to specific 

target peptides, other groups sought peptoids with bioactivity. Other screens 

discovered peptoids that could prevent excitotoxic degradation [139], block a 

specific multi-resistant drug pump [140], inhibit microbial growth [141], function 

as a transactivation domain mimic [142] and reduce proliferation of human 

neoplasias [134, 143]. An innovative screen even discovered peptoids that could 
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bind a microRNA precursor to prevent its microRNA production, highlighting the 

flexibility peptoids may have [144]. 

I sought to combine the advantages of peptoids with the advantages of 

carrying out small molecule screens in zebrafish to discover peptoids that are 

specifically toxic to p53-deficient cells. Peptoids are soluble in water, making 

them prime candidates for eliciting a physiological response. Additionally, 

zebrafish of different genotypes can be assayed in the same well, allowing for 

additional ease of screening and the use of less material. 

 

Methodology 

 

Screening of peptoids 

 Peptoids were stored at a concentration of 1mM in sterile ddH20 at        

 -80°C. Two days before screening, Fli1:GFP homozygous fish were paired for 

mating. The following morning, Fli1:GFP offspring were collected, cleaned, and 

incubated at 23°C to slow their development to approximately half speed, such 

that they would appear at 12hpf  at the initiation of screening the next morning. 

The same day, p53 mutant homozygous fish would be mated. The following 

morning, p53-/- offspring would be collected and cleaned. Two Fli1:GFP and two 

p53-/- fish would be placed in each well of a 96-well plate, the media would be 

removed and replaced with 196µL of E3. Then, 4uL of each peptoid would be 
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added to attain a final concentration of 20µM. Scoring was performed at 6hrs, 

22hrs, and 46hrs. 

 

Treatment of MEFs with peptoids 

 Peptoids were sterile filtered with a 0.22µm filter. MEFs were split into 

fresh DMEM supplemented with 10% FBS to a confluency of 60% the next day 

in 12-well plates. The day after splitting, the media was replaced with fresh media 

containing 20µM peptoids 18E3 or 24H8. Scoring was performed 24 hours after 

treatment. 

 

Results 

Confirmation of penetrance of peptoids into zebrafish embryos 

 To test whether peptoids may enter zebrafish embryos, I initially 

employed three peptoids that had a fluorescein attachment (sequences N->C: 1 – 

fluorescein-linker-isobutylamine-ethanolamine-methylbenzylamine-ethanol-

amine-B-alanine; 2 – flurescein-linker-diaminobutane-ethanolamine-

isobutylamine-methylbenzylamine-B-alanine; 3- fluorescein-ethanolamine-

isobutylamine-methylbenzylamine). 7hpf, 10hpf, and 24hpf embryos were 

incubated with 5µM or 50µM or of each fluorescein-attached peptoid for 24 hours 

and visualized under fluorescent microscopy. Only embryos that had 

spontaneously died appeared to be fluorescent (figure 2.1). Embryos with the 
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chorion intact appeared to have fluorescence at the chorion, indicating that the 

chorion may be slightly impermeable to the peptoids. 

 Dechorionated embryos were treated under similar conditions. Viable 

embryos, however, did not appear fluorescent. To test whether the peptoids were 

entering the embryo and subsequently being broken down, I injected a mix 

containing 100µM fluorescein-linked peptoids into the yolks of a clutch of wild-

type embryos at the 1-cell stage. At 24hpf, injected embryos appeared brightly 

fluorescent, indicating that the fluorescein-linked peptoids were stable within the 

zebrafish, able to move from the yolk into the embryo proper, and were not 

exported into the media (figure 2.2). 

 Next, I tested whether incubation with 1% DMSO in the media would ease 

the penetrance of the peptoids in the embryos. I incubated 4-cell embryos in E3 

with 1% DMSO and 5µM each fluorescein-attached peptoid. At 24hpf, no live 

embryo appeared fluorescent (figure 2.3). I then tested whether the zebrafish 

embryo was impermeable to the fluorescein molecule itself. I incubated 10hpf 

embryos with 5µM fluorescein-carboxyl or fluorescein-isobutylamine molecules. 

Neither molecule entered the embryos, as evidenced by lack of fluorescence at 

24hpf. 

 

 

 



  73 

 

Figure 2.1 

Figure 2.1. Fluorescein-linked peptoids cannot permeate young zebrafish 
embryos. Treatment of 4-cell embryos with 5µM (a-c), 50µM (d-f) fluorescein-
linked peptoids indicates no penetrance, as compared to untreated embryos (g-i). 
(a,d,g) bright-field images; (b, e, h) Green fluorescence; (c, f, i) merge. Only 
embryos which have spontaneously died are fluorescent, indicating penetrance 
through the chorion, but not into live embryos. 
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Figure 2.2 

  
Figure 2.3. Fluorescein-linked peptoids are stable in vivo. 1-cell stage embryos 
were injected with a 100µM fluorescein-linked peptoid mix into the yolk. 
Zebrafish were allowed to grow for 8 (a) or 24-hours (b), then visualized under 
fluorescence microscopy. The wide-spread fluorescence throughout the embryo 
indicates that fluorescein is stable, not exported from the embryo, and transited 
from the yolk. 
 
 
Figure 2.3 

 
 
Figure 2. 3. Treatment of embryos with DMSO does not permit entry of 
fluorescein-linked peptoids. 4-cell stage embryos were incubated in 5µM 
fluorescein-linked peptoids in 1%DMSO for 24 hours and visualized under 
fluorescent microscopy. No fluorescence was observed in live embryos. 
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Figure 2.4 

 
Figure 2.4. Treatment of a cytotoxic peptoids leads to wide-spread lethality. 
Wild-type embryos were treated from 16hpf to 24hpf with a cytotoxic peptoid and 
scored for survival. While untreated zebrafish developed normally (a,c), cytotoxic 
peptoids treated embryos exhibited widespread death (c) or growth retardation 
(d). These results indicate that a non-fluorophore linked peptoid is able to enter 
the developing zebrafish and exhibit a biological function. 
 
 
Table 2.1 
 

 
 
Table 2.1. A cytotoxic peptoids kills zebrafish embryos with an Lc of about 
8µM. While untreated embryos are largely viable, embryos treated with a 
cytotoxic peptoid exhibit wide-spread death at 10µM concentration, and complete 
death at 50µM. Those embryos that survived treatments of higher concentrations 
suffered from severe developmental defects. 
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Because it appeared that the fluorescein molecule was preventing the 

peptoid from entering the embryo, I tested whether a cytotoxic peptoid tetramer 

would enter the embryos and cause cell death. This peptoid has been tested in cell 

culture and has a measured Lc50 of 10µM. Chorionated 8hpf embryos were 

treated with 0µM, 1µM, 10µM, or 50µM of the peptoid for 22 hours. The 50µM 

concentration was fully lethal, killing all embryos tested, while lower 

concentrations killed fewer embryos or caused slowed development (figure 2.4; 

table 2.1). This indicates that peptoids may pass through the chorion and enter the 

embryo to exert its effect. Additionally, the observed Lc50 in zebrafish, 8µM, 

appears close to that of the measured value in tissue culture. 

  

Screening of zebrafish with a tetramer peptoid library 

  A peptoid library composed of peptoid tetramers attached to beads was 

provided in 96-well plates. Each of the beads containing 50 nmoles of peptoids 

was diluted in 50µL of sterile ddH20 to create a 1mM stock of each peptoid. On 

day 0 of the screening, two 12hpf Fli1:GFP embryos and two 2hpf p53 mutant 

embryos were placed in each well of a 96-well plate containing 20µM peptoids in 

a final volume of 200uL. Zebrafish were screened at 6 hours treatment, 22 hours, 

and 46 hours (when the p53 mutant embryos were 8hpf, 24hpf, and 48hpf).  

I utilized the Fli1:GFP transgenic line as opposed to non-transgenic fish 

so that peptoids that affect vascularization could be detected. Vascularization is a 
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hallmark of cancer [31]. Many efforts have been made to discover anti-angiogenic 

drugs as potential therapeuatics. Dugs affecting VEGF have been shown to inhibit 

angiogenesis in zebrafish [145]. In the developing zebrafish, the vasculature 

sprouts during the first day of life and quickly spreads soon afterwards. Therefore, 

a peptoid that inhibits angiogenesis could be detected by our screen. 

Each embryo was viewed under brightfield and fluorescent microscopy. 

Noted per well were number of sick embryos (based on general morphological 

symptoms), dead embryos, and any unique effects. Because the Fli1:GFP 

embryos were older and contained fluorescent vasculature, these can be easily 

differentiated from the p53 mutant embryos. 

Any peptoid that appeared to cause any peculiar developmental defect or 

that caused the death of at least one embryo were rescored. Typically, if a single 

embryo died in a well, the others were affected and became sick, with slower 

development, necrotic tissue, and less vasculature. Of particular interest were 

peptoids that killed the p53 mutant or wild-type fish specifically. Positive hits 

from the primary screen were re-screened under identical conditions twice and 

then subjected to a dose curve. 

 I screened 3,744 peptoids. Because of time constraints, not all peptoids 

were tested in the secondary or tertiary screens (figure 2.5) Of the 3744 screened, 

27 were identified as positive hits with at least some effect. Of these 27, 9 were 

more lethal to p53 mutant fish than to wild-type fish, 1 was more lethal to wild-
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type fish than p53 mutant fish, and 18 were generally cytotoxic despite p53 status. 

The nine that appeared more lethal to p53 mutant fish than to wild-type fish 

(based on number p53 mutants killed relative to number of wild-type embryos 

killed) were sequenced, and the four most distinctly lethal were selected for 

further testing (table 2.2). 

 

Further testing of p53-/- cytotoxic peptoids 

 First, I attempted to attain cytotoxic dose curves for each of the four 

peptoids. Initial screening from freshly created 18E3 and 20H5 indicated that 

these peptoids were largely cytotoxic to p53 mutant fish with a maximal 

difference at about 60µM (figure 2.6). These peptoids, as well as peptoids 23H8 

and 24H9, were re-synthesized. The sequences and structures had striking 

similarities in the appearance of similar side-groups in each peptoid (figure 2.7). 

The peptoid sidechains 4-aminomethyl pynoline and tryptamine each appeared in 

three of the four peptoids 

 To determine statistical significance of the effects of these peptoids, larger 

numbers of fish were tested. Each peptoid was tested in a range from 20µM to 

80µM. Similar conditions as before were used, however, instead of 96-well plates, 

12-well plates were used with 20 embryos per well. Despite the similar 

conditions, these experiments did not yield similar results as before. While the 

peptoids appeared generally cytotoxic, they did not appear particularly lethal to 
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p53 mutant fish (figure 2.8). Re-synthesizing the compounds, and making sure to 

use freshly diluted peptoids seemed to recover the original observed effect to an 

extent. While peptoid 18E3 does not seem particularly more cytotoxic to p53 

mutant fish than wild-type fish, peptoid 24H9 appears so at 60µM (figure 2.9). 

Significance was calculated using Fisher’s exact test. At 60µM, 24H9 killed 71% 

of p53 mutant fish, while 36% of wild-type fish died (p<6X10-17). At 120µM, 

24H9 killed all fish tested, indicating a true cytotoxicity. Peptoid 18E3 did not 

significantly kill more p53 mutant fish than wild-type fish (p<0.09). Additionally, 

during these tests, 18E3 was not lethal at 120µM. 

 Finally, I tested these two peptoids on early-passage p53 wild-type or 

mutant mouse embryonic fibroblasts (MEFs). Each line was seeded into 12-well 

plates, and treated with either 0µM, or 60µM 18E3 or 24H9. Each peptoid 

appeared cytotoxic to both lines of MEFs (figure 2.10). Qualitatively, the p53 

mutant MEFs appeared to suffer much more severe effects than the p53 wild-type 

MEFs. 

 

Discussion 

 As zebrafish use and peptoid screening are both relatively novel 

technologies, no peptoid screen has yet to be reported to have been performed on 

zebrafish. Here, I describe what may be the first peptoid screen on zebrafish. 

Because peptoids had never been used on zebrafish, I first had to demonstrate the  
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Figure 2.5 

 
Figure 2.5. A flowchart specifying the peptoids screening strategy. 3,744 total 
peptoids were tested. Of these, 435 that killed any embryo or seemed to have any 
developmental defects were retested under the same conditions. Those that had an 
affect on development or survival during the second screen were retested against 
wild-type age-matched controls. 27 peptoids were isolated. 
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Table 2.2 

 
 
Table 2.2. A table of positive peptoids hits. In the first column, the plate and 
well position of each peptoid is given. In the second column, The effect of each 
peptoid during the tertiary screen is in the second column through fourth columns. 
Survival of p53 mutant embryos and wild-type embryos per day are noted. Red 
and yellow highlighted peptoids have been sequenced due to their ability to 
preferentially kill p53-/- or wild-type embryos. Red highlighted peptoids are 
higher priority, as their effect on p53 mutants appears to be greater than those 
highlighted yellow. 
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Figure 2.6 
 

 
 
 
 
 
Figure 2.6. Peptoids 18E3 and 23F8 are specifically toxic to p53 mutant fish. 
Wild-type (dashes) and p53 mutant (solid lines) zebrafish were treated from 2hpf 
to 24hpf and scored for survival and health. While wild-type embryos survived 
even at a concentration of 80µM of peptoids 18E3 or 23F8, p53 mutants were 
largely killed or made sick. 
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Figure 2.7 
 

 
Figure 2.7. Peptoids 18E3, 20F5, 23F8, and 23H4 are structurally similar. 
Sequences of each peptoid were determined by automated Edmann degradation 
and re-synthesized. Each peptoid contains large aromatic structures. Notably, 
peptoids 18E3 and 23F8 each contain di-methylbenzylamine, diphenylethylamine, 
and 4-aminomethylpynoline residues. Additionally, three peptoids contain the 4-
aminomethyl pynoline and tryptamine residues, indicating a possible crucial 
binding role for these residues. 
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Figure 2.8 

 
Figure 2.8. Retested data of peptoids 18E3, 20F5, 23F8, and 23H4 conflicts 
with previous data. Wild-type and p53 mutant zebrafish were treated with 
varying concentrations of peptoids 18E3, 20F5, 23F8, and 23H4 and scored for 
survival. While some peptoids caused death in the zebrafish, it did not appear 
genotype specific. 
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Figure 2.9 
 

 
 
Figure 2.9. Further retests of peptoids 18E3 and 24H9 indicate that 23H4 is 
more cytotoxic to p53 mutant embryos than to wild-type embryos. Hundreds 
of p53 mutant and wild-type embryos were restested against varying 
concentrations of peptoids 18E3 or 24H9. While there appears to be no increased 
death with treatment of 18E3 (*;p<0.09 at 60µM), p53 mutant embryos are 
statistically more sensitive to wild-type embryos (**, p<6X10-17). At 120µM, 
peptoid 24H9 was fully lethal to all embryos tested. Fisher’s exact test was used 
for statistical comparison.
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Figure 2.10 

Figure 2.10. Peptoids 18E3 and 23H4 are cytotoxic to MEFs. Wild-type and 
p53-/- MEFs were treated for 24 hours with 20µM peptoids 18E3 or 23H4 and 
visualized under differential interference contrast microscopy for general health. 
Both p53-/- MEFs and wild-type MEFs treated with the peptoids displayed 
widespread cell death, but the effect was more pronounced for p53-/- MEFs. 
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feasibility of the process. As each peptoid and zebrafish has been used for 

screening, adapting the two together was simple. Preparing two 96-well plates 

with 4 zebrafish in each well and 1 peptoid per well requires only about 2 hours. 

 The next step in determining feasibility was to test whether peptoids could 

enter the zebrafish and have a biological effect. While fluorescein linked peptoids 

could not enter the zebrafish, the molecules were stable within the zebrafish when 

injected into the yolk. Fluorescein molecules not linked to peptoids did not enter 

the zebrafish, indicating that it was the fluorescein molecule itself that was unable 

to permeate the fish. Because the fluorescein molecules could enter dead 

embryos, I surmised that the chorion was permeable to the peptoids. Tests using 

the cytotoxic peptoids indicated that not only could non-fluorescein linked 

peptoids enter the embryo, but that peptoids could have a biological effect. 

 Having established the feasibility of the screen, I then set up a protocol for 

carrying out the screen. Multiple plates could be screened at once, and each set-up 

lasted approximately one week: two days to collect zebrafish embryos, and 3 days 

of scoring. Every plate was scored by two screeners who afterwards compared 

notes and reviewed any discrepancies. 

 Despite the apparent success in discovering peptoids synthetically lethal to 

p53 mutant fish, no peptoids were discovered that inhibited angiogenesis or that 

had other developmental defects. There are several explanations for this. One is 

that the concentration of peptoids was simply not high enough for an effect to be 
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seen. Perhaps the endogenous pro-angiogenic factors were too overwhelming for 

the peptoids. Another possibility is that tetramers are not specific enough within 

the zebrafish, or perhaps any peptoids that could bind to endogenous factors 

require further optimization before exerting its effect. Additionally, as this was a 

relatively small screen, perhaps more peptoids needed to be screened. Finally, as 

many developmental defects are difficult to detect, they simply could have been 

missed by both screeners. 

 One peculiarity of the peptoids is the randomness of the activity. In the 

larger-scale re-testing, the peptoids varied widely in lethality. In some trials, the 

peptoids seemed to be lethal at all concentrations, despite the genotype of the fish. 

In other trials, even at the highest concentrations, few zebrafish would die. This is 

worrisome, as there may be some confounding factors at work. One possibility is 

that there are background mutations in our fish populations. What may be a result, 

then, is that our peptoid is in fact synthetic lethal to some completely unknown 

genetic background. Another factor may be the age of the parent fish. Preliminary 

results suggested that offspring from older fish tended to be more sensitive to the 

peptoids. Overall, however, our results do seem to indicate that the peptoids act 

more strongly against the p53 mutant strain. 

Future work on this project includes optimization of the peptoids hits. A 

possible first step would be to determine the critical monomers, either by 

substitution of the monomers with others or removal of a specific monomer to 
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create a trimer. Other optimizations methods involve appending other compounds 

to the peptoids that may assist in the binding [146]. Perhaps, if multiple of the 

positive hits were appended together, a synergistic effect may be observed. 

 Finally, mechanisms by which our peptoids act must be resolved. To 

determine whether the p53 protein itself is being activated, p53 morpholinos may 

be used to knockdown total p53, or the zebrafish N168K mutant may also be 

tested [28]. But given the results from experiments utilizing MEFs, it appears that 

p53 itself may not be involved, but rather that some other downstream factor is 

affected. In this case, specific effects and targets of p53 must be tested. One effect 

that could be tested is cell cycle arrest. A FACs profile of treated zebrafish or 

cells could reveal where the peptoids are causing checkpoint activation. Other 

approaches would involve testing the transactivation of p53 targets and determine 

which are being affected. This could be most quickly carried out by performing 

RT-PCRs on mRNA isolated from peptoid treated and control zebrafish. 

 In conclusion, a set of peptoids was discovered that may be synthetically 

lethal to p53 mutant zebrafish and cells. The specific ligands or mechanism of 

action of these peptoids has yet to be determined. However, the results obtained 

thus far warrant further investigation as a compound that is specifically lethal to 

p53 mutant cells would be invaluable in a chemotherapy regimen. 
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Chapter 4. The roles of ATM and γH2AX in development 

 

Introduction 

The function of histones in development 

 Histones are a family of very highly conserved proteins that are crucial for 

the proper packaging of DNA into chromatin. DNA is wound around histone 

cores, which are octamers of histones composed of two H2A, two H2B, an H3, 

and an H4 molecule. Histones are very frequently modified. These modifications 

consist of acetylations, methylations, and phosphorylations, among others, and are 

often markers of chromatin state [76]. In general, histones are modified to affect 

the condition of the chromatin to ease or restrict the ability of proteins to bind to 

DNA, most notably to induce or prevent transcription or DNA damage repair. 

 There are several histone variants to the canonical four that compose the 

histone core. One of the most widely studied is the histone H2A variant H2AX. 

H2AX has 9 additional residues at the C-terminus. The fourth to last amino acid is 

Serine-139, which is a target of ATM phosphorylation at the occurrence of double 

stranded breaks [64]. This phosphorylation takes place within minutes at either 

side of the break and is very widely and quickly propagated. γH2AX is critical for 

proper DNA damage repair and response such that in the absence of H2AX, mice 

suffer from chromosome instability presumably due to unrepaired damage [67]. 
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Prevention of dephosphorylation by PP4 leads to a delayed cell cycle resumption 

[68]. 

 Zebrafish have been used to study early development since the 1950s. In 

addition to the advantages stated above, that zebrafish breed often and are cheap 

to maintain, zebrafish also develop ex utero, are transparent, and manipulatable by 

drug treatments, gene knockdown, or exogenous gene expression. The first 12 cell 

cycles of zebrafish development are very rapid and synchronous, with the first 

cell division occurring about 30 minutes after birth. Each subsequent cycle 

completes in about 25 minutes. Desynchronization ensues during what is referred 

to as the mid-blastula transition (MBT) [147]. During this time, individual cells 

desynchronize, zygotic transcription begins, G1 and G2 phases of the cell cycle 

are acquired [74], and chromatin is remodeled [148]. 

 Previously, when testing the relationship between DNA damage and cell 

cycle arrest in cdc25a mutants, I sought to establish the earliest point at which 

γH2AX was detectable. I tested the phosphorylation of H2AX at various times 

points, the earliest being during the high stage, at about 2.5 hours after 

fertilization. Unexpectedly, I discovered a large number of embryos contained 

what appeared to be a single focus of γH2AX in each of its cells, even in wild-

type controls (Figure 3.1). I found variable results such that some embryos had no 

γH2AX positive cells, and in other embryos, every cell was positive. Because it 

was unlikely that a large number of the embryos were suffering from genomic 
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stress in every single cell, I explored the idea that H2AX was being 

phosphorylated in the absence of DNA damage.  

 The finding is remarkable since H2AX phosphorylation is rare outside of 

DNA damage repair. One similar observation is the phosphorylation of the newly 

discovered histone H2AX-F [103]. Histone H2AX-F is highly similar to histone 

H2AX, but, leading to its name, the final residue is a phenylalanine as opposed to 

tyrosine. H2AX-F is present in a variety of species including the mustard cress 

Arabidopsis thaliana and zebrafish, but not in mammals. Xenopus H2AX-F is 

present up to stage 35 of xenopus development and is phosphorylated in the 

absence of DNA damage, but its phosphorylation disappears by stage 4, well 

before the midblastula transition. The state of H2AX-F phosphorylation 

throughout the cell cycle was not measured.  

A recent study that was published by Ziegler-Birling and colleagues while 

I was investigating my observations may be more relevant [149]. This group 

discovered that H2AX phosphorylation is present and cyclic in early mouse 

development. By performing immunofluorescence studies, they demonstrated that 

γH2AX is present with the highest intensity during mitosis. Using the zebrafish to 

study γH2AX, however, provides distinct advantages, as the early zebrafish 

embryo can be more easily manipulated than the early mouse embryo. Thus, I 

address several questions that have been left unanswered – What is the kinase 

responsible for phoshorylating H2AX? What are the implications of  
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Figure 3.1 

 
Figure 3. 1. Pre-MBT embryos stain for γH2AX in the absence of induced 
DNA damage. Young rapidly developing zebrafish embryos were fixed, 
dechorionated, and stained for γH2AX. γH2AX appears present in each individual 
cell. (a) lateral view; (b) animal pole view. 
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ablating γH2AX phosphorylation? Here, I present my findings that ATM and 

H2AX phosphorylation is necessary for synchronicity, and hence for proper 

development. 

 

Methodology 

Zebrafish Immunohistochemistry and Immunofluorescence 

Embryos were euthanized with tricaine and fixed in 4% paraformaldehyde 

in 1X phosphate-buffered saline overnight at 4°C. Immunohistochemistry was 

performed using 1:1000 anti-phosphohistone H3 (Santa Cruz Biotechnology or 

Upstate) or a 1:1000 dilution of a zebrafish-specific anti-phosphohistone H2AX 

(Genemed synthesis) followed by incubation with 1:350 Horseradish peroxidase 

conjugated goat anti-rabbit IgG (Jackson Immunochemicals), and staining was 

performed with DAB for 10 minutes. For immunofluorescence, embryos were 

incubated with a 1:5,000 – 1:10,000 dilution of Alexafluor-488 conjugated goat 

anti-rabbit IgG or rhodamine conjugated goat-anti mouse IgG secondary 

antibodies (Invitrogen) and visualized using fluorescence microscopy.  

 

Dechorionation 

Zebrafish embryos were dechorionated by digestion in a mild pronase 

solution for 10 minutes. Dechorionation of embryos younger than bud stage was 
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performed on Petri dishes lined with 1% agarose, or by manual removal with 

tweezers if performed post-fixation. 

 

Preparation of bacterial cultures 

 Bacterial colonies or glycerol stock samples were collected using a pipette 

tip and incubated in LB broth at 37°C, shaking at 200RPM overnight. Plasmids 

from bacterial cultures were collected using the Spin miniprep kit (Qiagen). 

Recovered DNA was stored at -20°C. 

 

mRNA transcription and purification 

 mRNA was transcribed from linearized plasmids using T7 or SP6 

mMessage mMachine kits (Ambion). Transcribed mRNA was tailed using the 

Poly(A) tailing kit (Ambion) and subsequently purified with SigmaSpin Post-

Reaction Clean-up Columns (Sigma). mRNA was diluted in nuclease-free ddH20 

in to a final concentration of 50ng/uL to 200ng/uL with 0.1% phenol red prior to 

injection into 1-4 cell stage embryos. 

 

Whole RNA preparation and RT-PCR 

 RNA was collected from embryos or cells by treatment with Trizol 

reagent (Invitrogen), followed by phenol extraction. RT-PCR was performed 

using the Qiagen one-step RT-PCR kit (Qiagen). 
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Subcloning of zebrafish cDNA 

 Whole mRNA from zebrafish was prepared as described above and 

amplified by RT-PCR using primers targeting zebrafish H2AX 

(CTGATTTCTTGCACACGCTAA and GCAAAGCATGCATCTCAAA ). H2AX 

cDNA was inserted into the pcDNA3.1/CT-GFP-TOPO (Invitrogen) vector 

according to the manufacturer’s instructions. 

 

Point mutagenesis 

  Point mutation of the pcDNA3.1/CT-GFP-TOPO vector containing 

zebrafish H2AX was performed using the QuikChange Lightning Site-Directed 

Mutagenesis Kit (Stratagene). Primers for S139A  

(AGAAGGGATCTTCCCAGGCACAAGAGTATCAAGGG or 

CCCTTGATACTCTTGTGCCTGGGAAGATCCCTTCT) and S139E 

(GAAAGAAGGGATCTTCCCAGGAACAAGAGTATCAAGGGCAAT or 

ATTGCCCTTGATACTCTTGTTCCTGGGAAGATCCCTTCTTC) mutations 

were designed using the Agilent QuikChange Primer Design Program. Mutations 

were confirmed by direct sequencing. 
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Results 

γH2AX expression is cyclic and present during interphase and early and late M-

phase 

 Because embryos from natural matings develop asynchronously, and not 

all embryos appeared to stain for γH2AX, it was deduced that perhaps the H2AX 

was phosphorylated only during portions of the cell cycle. To determine when 

γH2AX was present, synchronized wild-type embryos were fixed during the 4-16 

cell stages and immunofluorescence with DAPI was performed. Synchronized 

embryos were obtained by utilizing in vitro fertilization of eggs and sperm 

obtained from adults. High magnification photographs revealed that γH2AX is 

present strongly during interphase, fades towards anaphase, and reappears at the 

end of mitosis, during telophase. Because pH3 is present during early prophase 

and also is lost during anaphase, co-immunofluorescence studies were performed. 

As show in figure 3.2b, γH2AX and pH3 are both broadly present during 

prophase and disappear by anaphase, but only γH2AX reappears during telophase.  

 What is not represented in the figure 3.2b, however, is the intensity of the 

γH2AX signal. To qualitatively measure intensity, images of several early 

developmental embryos stained for γH2AX and DAPI were taken, ensuring that 

all images for each stain were taken with the same exposure length. The γH2AX 

signal in interphase embryos is much stronger than that of metaphase, anaphase, 



  98 

 

or telophase (figure 3.3). The signal amplifies from telophase to the next 

prophase, after which it quickly extinguishes from prophase to anaphase. 

 

Proper ATM and γH2AX function is necessary for early synchronization 

 Because ATM is an H2AX kinase, it was possible that ATM is responsible 

for this early H2AX phosphorylation. To test the necessity of ATM function for 

early synchronization, the ATM inhibitor KU55933 was injected into one of two 

cells during the 2-cell stage. These embryos exhibited asymmetric morphology 

that was readily apparent (figure 3.4a). These embyros were fixed at a time that 

control injected embryos were at the 8-cell or 16-cell stage and stained with 

DAPI. KU55933 injected embryos displayed a number of nuclei that were not a 

power of 2, indicating de-synchronization. Additionally, different cells within the 

same embryo were at different stages of the cell cycle (figure 3.4b, c). 

  While the above results indicate the ATM is necessary for early cell cycle 

synchronization, the necessity of γH2AX was yet to be established. To test the 

role of γH2AX, three H2AX-GFP fusion constructs were created (figure 3.5a). 

Zebrafish H2AX was amplified from whole mRNA and cloned into the 

pcDNA3.1/CT-GFP-TOPO plasmid. To test the necessity of the phosphorylation 

status of H2AX, Serine-139 was mutated either to Alanine (S129A) or to glutamic 

acid (S129E). Mutation to serine-139 prevents phosphorylation, while mutation to 

glutamic acid mimics a constitutive phosphorylation state [150]. 
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 mRNA was transcribed from each construct and injected into the cell body 

of 1-cell embryos. To test whether the mRNA was being expressed, injected 

embryos were visualized under fluorescence microscopy. Because H2AX is fused 

to GFP, the presence of H2AX-GFP protein should be easily visible, however, no 

fluorescence above background was detected. To test whether a small amount of 

exogenous H2AX may have been translated, injected embryos were fixed and 

stained for GFP by immunohistochemistry. Embryos as early as 16-cells 

displayed clear expression of GFP. By 24-hours, GFP is widespread, indicating 

translation of the exogenous mRNA (figure 3.5b, c). The nuclei of the 16-cell 

embryos were visualized with DAPI. Embryos injected with H2AX-S139A-GFP 

mRNA or H2AX-S139E-GFP mRNA suffered from desynchronization by the 16-

cell stage, while embryos injected with unmutated H2AX-GFP mRNA developed 

normally (Figure 3.6d-f). 
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 Figure 3.2 

Figure 3.2. γH2AX is present cyclically during the cell cycle, but is absent 
during anaphase. To detect at which stage γH2AX is present during the cell 
cycle, synchronized zebrafish were fixed every fifteen minutes and γH2AX 
(yellow) was detected by immunofluorescence. Embryos were counterstained 
with the nuclear dye DAPI (red). (a) High magnification images of nuclei. (b) 
Graph of percentage nuclei positive for γH2AX or pH3. Histone H3 is 
phosphorylated at the end of G2, but is dephosphorylated by anaphase. γH2AX is 
present during interphase to prophase, but disappears as chromosomes aggregate 
to anaphase. γH2AX then reappears during the next telophase. 
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Figure 3.3 

 
Figure 3.3. Less γH2AX is present during metaphase or telophase. 
Immunofluorescence for γH2AX and pH3 was performed as before. Images of 
whole 16-cell embryos were taken and qualitatively assessed for intensity of 
γH2AX immunofluorescence. Nuclei in interphase or prophase were brightest, 
indicating highest amount of γH2AX, while the γH2AX immunofluorescence is 
fainter during metaphase or telophase and not present during anaphase. 
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Figure 3.4 

 
Figure 3.4. Inhibition of ATM causes desynchronization during early 
development. The ATM inhibitor KU55933 was injected at a concentration of 
10µM into a single cell of a 2-4 cell stage embryos. Injected embryos displayed 
clear morphological defects, as seen by bright field microscopy (a). KU55933 
injected embryos were allowed to grow until non-injected embryos reached the 8-
cell (b) or 16-cell (c) stage, and fixed. These embryos were stained with DAPI to 
detect the number of cells and mitotic status of each. Injected embryos had a 
number of nuclei that were not a power of 2, and the nuclei within each embryo 
were in different stages of the cell cycle, indicating desynchronization. 
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Figure 3.5 

 
Figure 3.5 Injection of mRNA encoding H2AX with mutations at its ATM 
phosphorylation site causes desynchronization. A zebrafish H2AX cDNA was 
subcloned into the pcDNA3.1/TOPO-GFP plasmid to create an H2AX-GFP 
fusion construct. (a) Schematics of the H2AX-GFP and S139 mutagenized 
constructs. mRNA transcribed form each construct was injected into the cell body 
of 1-cell stage zebrafish, raised to 24 hours, and stained for GFP by 
immunohistochemistry. (b) uninjected control; (c) Non-mutagenized H2AX-GFP 
mRNA injected embryo. Injected embryos displayed widespread staining which 
indicates proper translation of the exogenous mRNA. The H2AX-GFP protein 
product is punctate, which indicates nuclear import. (d-f) Nuclear stain by DAPI 
of 16-cell stage embryos. (d) Nuclei in non-mutagenized H2AX-GFP injected 
embryos are synchronous while (e) H2AX-GFP(S139A) and (f) H2AX-
GFP(S139E) mRNA injected embryos are desynchronized by the 16-cell stage. 
Arrows indicate cells within the same embryo at different stages of the cell cycle. 
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Discussion 

 Here, I present the results from the first study reported to explore the 

causes and effects of H2AX phosphorylation in the early zebrafish development. 

γH2AX is present presumably in the absence of DNA damage from as early as the 

4-cell stage to the mid-blastula transition. H2AX phosphorylation is cyclic, 

appearing during telophase, peaking at about the S/M transition, and disappearing 

altogether by anaphase. While the specific purpose of this phosphorylation is 

unclear, this phosphorylation appears necessary for synchronicity and therefore 

proper development. This observation is striking since zebrafish embryos, as with 

xenopus embryos [151], lack a checkpoint until the MBT.  

The role of H2AX may lie in this lack of checkpoint. Perhaps H2AX is 

needed to maintain genomic integrity during the first very rapid cycles. Unable to 

arrest the cell cycle, the embryo must rely on some yet uncharacterized function 

of γH2AX to prevent mutations that could be devastating if propagated from such 

early precursor cells. Alternatively, γH2AX may direct synchronicity. Perhaps 

γH2AX propagates a minor transient arrest signal that forces quicker cells to wait 

until all cells are prepared to divide. My results seem to indicate that γH2AX is at 

least important for synchronicity. A next step would be to test the long-term 

ramifications of H2AX-S139A and H2AX-S139E injection into fish. Injected fish 

are at least viable to 24hpf. Mice lacking H2AX are also viable, but suffer from 

some severe developmental defects [67]. 
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 H2AX is phosphorylated three kinases – ATM, ATR, or DNA-PK. In the 

course of my study, I have only tested the role of ATM. While it appears as if 

ATM contributes to early development, I cannot rule out any roles for ATR or 

DNA-PK. While no ATR-specific inhibitor is available, an ATM/ATR dual 

inhibitor and a DNA-PK inhibitor are readily obtainable. A next step would be to 

test these inhibitors alone or in combination with KU55933. Genetic knockdown 

of these genes is also possible by using morpholinos. However, because 

morpholinos only prevent further translation and not the protein already present, 

the knockdown may not occur soon enough to observe an effect. A different 

approach would be to express dominant negative forms of these proteins [152, 

153]. 

 I also tested the role of H2AX phosphorylation during the first cell cycles 

by using several point-mutation constructs fused to GFP. The purpose of the GFP 

fusion was to measure the translation of the exogenous mRNAs. When injected 

directly into the embryo, widespread GFP was observed by the 16-cell stage. 

Much of the H2AX-GFP at these early stages appears cytoplasmic. However, by 

24hpf, the majority appears nuclear. 

Two different point mutants were used: S139A and S139E. Because 

S139A cannot be phosphorylated, its presence should be similar as to knocking 

down H2AX kinase function. Indeed, I observe similar results from injecting 

H2AX-S139A mRNA and from drug inhibiting ATM. I also observe similar 



  106 

 

results when injecting H2AX-S139E mRNA. Why H2AX-S139E also causes 

desynchronization is unclear, but perhaps dephosphorylation of H2AX is a 

necessary step for cell cycle progression during the first cell cycles. An alternative 

approach would be to inhibit or deplete the H2AX phosphatases PP2A, PP4, or 

WIP1 each known to dephosphorylate H2AX [68, 154, 155]. 

 What also needs to be addressed is the role of H2AX-F in early 

development. Because it is present only during the first cell cycles in Xenopus, it 

is certainly involved in early development, but it is unclear as to how. Is H2AX-F 

also necessary for synchronization? Is it phosphorylated by ATM? These 

questions can be answered within the zebrafish system. Because mice lack 

H2AX-F, mouse H2AX may play the part for H2AX-F. But how similar the roles 

of histones in zebrafish are to the roles of histones in mammals must also be 

addressed. 

 Histone modification is a highly captivating field due to its importance not 

only in transcriptional regulation, but also in genomic stability. H2AX in 

particular is the subject of much interest since its phosphorylation is crucial for 

DNA damage repair, and therefore cancer prevention. H2AX may also be a 

crucial developmental protein. In the present study, I establish the role of H2AX 

phosphorylation for embryonic cell cycle synchronicity. In the future, the precise 

function of this phosphorylation – why H2AX needs to be phosphorylated, and 

what proteins it is regulating – will be explored. 
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Chapter 5: General Conclusions and Future Directions 

 In the span of my doctoral research, I have taken advantage of the 

zebrafish to study cancer using three different approaches. In the first approach I 

presented, I used a zebrafish strain that is mutant for the oncogene cdc25a. In the 

second approach, I used a different strain with loss of the tumor suppressor p53 to 

discover drugs that have therapeutic potential. Finally, I studied the role of the 

DNA damage response proteins ATM and H2AX in early development. Despite 

all of the advances I feel I have made in each of these projects, there are still 

several future directions to be taken. 

 

Constitutive ATM opposes cell cycle progression  

 Results from studying the cdc25a mutant standstill revealed a role for 

constitutive ATM activation in attenuating the cell cycle. This activation appears 

perpetual and in the absence of DNA damage. However, testing whether this 

occurs in mammals is necessary. Because the cell cycle is so functionally similar 

between zebrafish and mammals, there is a high probability of conservation. 

Next, the mechanism of ATM activation must be determined. ATM is held 

inactive in a tetrameric complex of two ATM molecules and two PP2A 

molecules. Mechanisms by which ATM is released from this inactivating 

complex can be elucidated by inhibiting PP2A using the inhibitor okadaic acid 
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[156], or by knocking down PP2A. It is possible that a slight number of ATM 

molecules spontaneously release from its inactivating complex to exert its effect 

and slow the cell cycle. A different mechanism may be that ATM is being 

activated by oxidative stress, which is perpetually present in all cells. Inhibitors to 

reduce oxidative stress exist, namely ROS scavengers. This theory could be tested 

by treating cells or fish with these ROS scavengers.  

 Finally, testing the status of DNA damage checkpoint response is difficult 

in zebrafish, as no antibodies are available for many crucial proteins, in particular 

ATM, ATR, Chk1, Chk2, Cdc25d and p53. The development and use of the 

γH2AX antibody has been extremely rewarding. Development of antibodies to 

these other proteins would certainly be as invaluable, and will help uncover 

exactly when, why, and how they activate in zebrafish. 

 

Discovery of peptoids that preferentially kill p53 mutant cells 

 Performing a high-throughout screen of a peptoid tetramer library on 

zebrafish led to the discovery of a group of peptoids that appear to preferentially 

kill p53 mutant cells. Preliminary results indicate that these peptoids also induce 

an effect on mouse cells. These results are exciting, as most cancers are deficient 

for p53 function, and therefore these peptoids may be used to treat tumors with 

few side effects. 
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However, many more experiments must be performed to test these 

peptoids. Since they were isolated in a screen for physiological response, the 

actual binding targets must be identified. What may also be helpful is identifying 

which p53 responsive pathways are activated after treatment. This may be 

performed by RT-PCR or westerns of target genes of treated zebrafish, mice, or 

cell-lines. 

Finally, the selectivity of the peptoids against tumors must be determined 

in in vivo models. This may be performed in zebrafish or in mice. Zebrafish p53 

mutants develop tumors naturally by about 8 months. Techniques exist to 

transplant tumors from fish to another after depletion of the immune system by 

irradiation. Mice have also long been used to test the efficacy of anti-cancer 

drugs. 

 

The role of ATM and γH2AX in early development 

 While studying H2AX phosphorylation in the cdc25a mutants, I 

discovered that zebrafish express γH2AX during early development. I found that 

ATM and γH2AX function to maintain synchronicity, such that inhibiting ATM 

or mutating the H2AX phosphorylation site causes a loss of synchronization. 

 Although these discoveries are astounding, much more must be done to 

confirm its conservation in mammals and its function. A similar study had been 

performed in mice embryos. This group reported that H2AX phosphorylation is 
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maximal during mitosis, which contradicts our findings in zebrafish. This could 

mean that the roles of histones are different between zebrafish and mammals. 

However, since H2AX phosphorylation cycles rapidly, more meticulous studies in 

the mice may need to be performed. Other experiments in the mice could involve 

ATM genetic mutants. As ATM heterozygotes are viable, incrosses could yield 

ATM mutants, which may reveal its role in synchronization. Additionally, as 

H2AX knockout mice are also viable, H2AX-Ser-139 transgenics could be tested. 

 Finally, the exact role of γH2AX is not understood. It is possible that 

phosphorylated H2AX recruits other proteins. In this case, experiments such as 

yeast-two hybrids and immunoprecipitations could be performed. The proteins 

that γH2AX recruits are generally DNA damage response proteins, such as the 

MRN complex (Mre11-Rad50-Nbs1) [157]. p53bp1 co-localizes to γH2AX 

during mouse development [149]. Alternatively, the role of γH2AX may rely on 

the timing of its dephosphorylation or the activity of its phosphatase, which may 

be PP4 [68], PP2A [154] or Wild-type p53-Induced Phosphatase 1 (WIP1) [155], 

or another unidentified phosphatase.
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