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Abstract

Mutations can contribute to the tissue overgrowth, disorganization and cellular
atypia characteristic of cancer. This has guided current research in the direction of
discovering new mutations in genes that govern the transformation of normal human cells
into malignant ones. A mutagenesis screen in zebrafish recovered the mutant huli hutu
(hht), whose pleiotropic, histological phenotype included the kind of tissue
disorganization and nuclear atypia that can be seen with precancers and cancer.
Identification of such mutations may contribute to our understanding of cytologic cancer
phenotypes, and possibly produce additional models for aspects of human disease,
including diseases of the eye and gastrointestinal tract.
High resolution recombinant mapping using simple sequence repeat markers,
generated five candidate genes: dimt1l, pola2, mier3, mrsp36, and cenph. Morpholino
antisense knockdown, transcript analysis, and direct sequencing of complementary and
genomic DNA revealed a nonsynonymous substitution in the C-terminal domain of
Pola2, the B subunit of DNA polymerase alpha-primase. Immunohistochemical staining
with cell proliferation markers BrdU and pH3 and TUNEL analysis suggests defects in
proliferation, resulting in tissue-specific apoptosis. Ultrastructural analysis reveals a
heterochromatin distribution consistent with cells responding to DNA damage.
The multiple-organ phenotype seen with hht inspired a genome-wide analysis of
pleiotropic phenotypes observed in a collection of zebrafish insertional mutants.
iii

Knowledge of pleiotropic phenotypes caused by single gene deficiencies requires
characterization extending beyond single organs. However, the proportion of vertebrate
genes that function across tissue boundaries is unknown due to the paucity of sensitive
and systematic studies in whole model organisms. To address this combinations of
anatomical and histological phenotypes were evaluated in 97 zebrafish insertional
mutants with known single gene deficiencies. Eleven mutants exhibited defects in a
single organ. Eighty-three had a detectable phenotype in two or more organs, and 72 in
three or more. The results suggest that a majority of developmental genes in vertebrates
function in multiple tissues, and that phenotypic analyses that cross tissue boundaries are
required for more comprehensive understanding of gene function. This type of analysis
can be applied across other model systems to make functional annotation of metazoan
genes more complete, and may be extended to drug discovery and assessment of
environmental toxicity.
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Chapter 1
Literature Review

1.1. Cancer as a genetic disease
Cancer is a multistep process involving genetic alterations in regulatory circuits
that control cell division, driving the metamorphosis of normal human cells to malignant
derivatives. The concept of cancer as a disease of abnormal chromosome constitution,
first proposed by Theodor Boveri in his work with sea urchin embryos in the early 1900s
[70,118,159], and further developed by Harold Varmus and Mike Bishop using RNA
tumor viruses [41,182] in the 1970s, laid the groundwork for the concept that normal
genes can become deregulated, amplified, or overexpressed, resulting in malignancy.
Alterations in three types of genes are primarily responsible for tumorigenesis: protooncogenes, tumor-suppressor genes, and genomic stability genes [78,183]. Oncogenic
mutations, like those in BRAF kinase, render the gene constitutively active under
conditions that the wild-type gene is not, conferring a selective growth advantage on the
cell. Alternatively, mutations in tumor suppressor p53 reduce the activity of its gene
product, which normally inhibits cell growth and stimulates cell death when induced by
cellular stress.
While both oncogene and tumor suppressor mutations operate similarly at the
physiologic level by either driving the neoplastic process through stimulating cell
division or inhibiting cell death, stability genes or caretakers, promote tumorigenesis in a
different way. Stability genes such as those involved in mismatch repair (MMR),
nucleotide-excision repair (NER), and base-excision repair (BER), normally preserve the
1

fidelity of genomic information by keeping alterations to a minimum. When mutated,
these genes fail to repair mistakes made during normal DNA replication or induced
exposure to mutagens, resulting in mutations in other genes to occur at a higher rate
[183]. While no single gene defect ‗causes‘ cancer, genes that cause a general increase in
mutation rate provide an indirect means of generating genomic instability by contributing
to the deregulation of the signaling pathways that regulate cell growth, survival, and
motility, on the path towards malignant transformation and tumor growth.

1.2. Histology of cancer
German pathologist Rudolf Virchow pioneered the modern concept of cellular
pathology by emphasizing that disease processes are reflected at a cellular level, as
revealed by histological analysis [26,99,178]. The light microscopic study of stained
tissue sections, or histology, is a gold standard for pathological diagnosis because of its
great sensitivity in detecting subtle abnormalities in cell and tissue architecture that
characterize human disease. Human neoplasia is associated with some consistent features
of abnormal cell differentiation that can be examined in context using histology. For
example, changes in the thickness of the basal layer and nuclear morphology permit the
diagnosis of different stages of cervical intraepithelial neoplasia [35,99,152,164]. In
Paget‘s disease of the breast, rare large cells surrounded by a clear, halo-like area in the
squamous epithelium of the nipple or areola are almost always indicative of underlying
ductal adenocarcinoma [38,99,152,157]. Consistent, histologic features of human
neoplasia including increased size of nucleus relative to cytoplasm, variability in nuclear
size, shape, and color (nuclear pleomorphism), and irregular nuclear borders observed in
2

human colon adenocarcinoma, are absent from normal human colon (Figure 1-1).
Furthermore, histological features of tumors can be important prognostic indicators, and
are used to guide clinical management [14,35,99,125,143].

3
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The nuclear atypia found in cancer cells is the morphologic expression of
accumulated genetic and epigenetic changes, including chromosomal modifications and
changes in nucleolar structure [96,170]. Studies have discovered that the mean size of the
nucleoli in human cancer cells is directly related to both in vitro cell proliferation and
tumor mass growth rate in vivo [11,96,170]. This explains, in part, why in tumors with
greater growth rates, there is greater heterogeneity in nucleolar and overall nuclear size.
Moreover, tumors that have mutations in proto-oncogenes (c-Myc, epidermal growth
factor receptor (EGFR), Ras, Erk) and/or tumor suppressor proteins pRb and p53, are
characterized by a significantly larger nucleolus than tumors with wild-type counterparts
[51, 102].

1.3. Cancer model systems
1.3.1. Invertebrate
Biomedical research depends on the use of animal models to further our
understanding of cancer and human disease, ideally, by providing a method and system
for developing and testing new therapies. Cancer has been described as a multistep
process requiring six essential alterations in cell physiology: (i) self-sufficiency in growth
signals, (ii) insensitivity to growth-inhibitory (antigrowth) signals, (iii) evasion of
programmed cell death (apoptosis), (iv) limitless replicative potential (v) sustained
angiogenesis, and (vi) and tissue invasion and metastasis [78]. There is striking
universality of genes and gene pathways among organisms, and many cancer genes and
gene pathways exist in non-vertebrate organisms [2]. A variety of both invertebrate and
vertebrate models have been used to study these principles of malignant growth.
5

Defects in normal cell proliferation and homeostasis contribute to the
transformation of human cells into malignant cancers. A major contributor to these
defects is the accumulation of mutations throughout the genome that can confer selective
growth advantages on cells. Mutational inactivation of mismatch repair genes have been
shown to result in a progressive accumulation of mutations and to be responsible for a
large number of genetic alterations observed in tumors [40,112,149]. Extensively studied
in E. coli, mismatch repair genes MutS, MutL, and MutH are responsible for repairing the
mismatches that occur during the cell division process. Mutations in human homologs
MSH2 (MutS) and MLH1 (MutL) have shown to cause susceptibility to sporadic cancers
and more specifically, hereditary nonpolyposis colorectal cancer (HNPCC), a form of
colon cancer characterized by early age of onset and autosomal dominant inheritance
with high penetrance [103,148].
The genetic instability of cancer cells is due, in part, to mutations in genes
regulating the cell cycle, allowing proliferation to occur at an uncontrollable pace. Before
their role in human cancer was realized, the majority of mutations in genes regulating the
cell cycle were discovered in the yeast S. cerevisiae. Hartwell et al [79-81] took
advantage of the ability of S. cerevisiae to grow as single cells, and at restrictive
temperatures, to examine the fundamental aspects of cell division and cell cycle control
that have proven instrumental in cancer research. More than 100 CDC (cell division
cycle) genes involved in cell cycle control were identified, detailing the pathways of
multiple cell cycle regulation events. Hartwell et al [82,83] also introduced the concept of
―oncogenes‖ as mutated, dominant gain-of-function versions of normal genes (protooncogenes) that regulate the cell cycle by stimulating cell division, and ―tumor
6

suppressors‖ as mutated, recessive loss-of-function versions of genes that normally
function by inhibiting cell division.
While identifying defects in cell growth and division are integral to understanding
the molecular changes governing the transformation of normal to malignant cells, a major
part of cancer development revolves around the interaction between different cell types
and tissues. Chemical mutagenesis screens utilizing point mutagens like EMS in D.
melanogaster (fruit fly) discovered functional conservation of tumor suppressors, and
similarity of cellular processes between D. melanogaster and mammals [15,67]. This
advocated the use of the fruit fly for studying the correlation between genetic change and
the malignant neoplastic transformation of cells involved in tumorigenesis [1719,28,67,68]. Malignant neuroblastomas can be recognized in sixteen-hour embryos,
where differentiation of adult optic neuroblasts fails to occur, and dividing neuroblasts
invade and destroy normal portions of the brain [28-29]. Additionally, mutations in
specific tumor suppressor genes (scribble, lethal giant larvae, and discslarge) result in
larval cells that have lost the capacity to differentiate, and instead grow in an autonomous
and lethal manner, giving rise to imaginal disc tumors [43,73], showing many of the
characteristic features of human neoplasia. Furthermore, other groups [144] have used the
fruit fly to study JAK/STAT signaling pathways, which are constitutively active in a
variety of human cancers and regulate the ability of epithelial cells to become migratory.
C. elegans (roundworm) shares many of the attributes attractive for cancer
research seen with D. melanogaster, including a relatively simply body plan, short
generation time, large progeny size, genetic tractability, and ability to induce mutations
with high frequency using point mutagens like EMS. Yet a particular strength of the C.
7

elegans model is the use of RNA mediated interference (RNAi), which is a reverse
genetics approach that causes specific loss-of-function phenotypes that can be used to
study many homologs of human oncogenes and tumor suppressors. Although
tumorigenesis is rarely addressed in C. elegans, other mutant phenotypes relevant for
cancer have been intensely studied. Mutants where cell division is unregulated (cki-1, a
cycline kinase inhibitor) [24,38], and where cells fail to die after apoptosis is activated
(glp-1/lin-12, a Notch-like gene) [111], can be studied in the context of differentiated
tissues and whole organs. For each of these phenotypes and for many others, some of the
mutations causing the defects identify genes linked to cancer in humans.

1.3.2. Vertebrate
Genetic approaches in bacteria, yeast, fruit fly, and roundworm have provided a
wealth of information about how the normal counterparts of cancer genes function in
invertebrates. While screening for D. melanogaster and C. elegans genes disrupting basic
developmental mechanisms can further our understanding of the basic processes
underlying cancer, only about half of the hallmarks of human cancer detailed above are
relevant to either D. melanogaster or C. elegans, mostly attributable to anatomical
differences. More importantly, although many of the molecular mechanisms and
interactions regarding cancer that take place in these invertebrate systems have been
shown to be similar in vertebrates, what we clinically and pathologically recognize as
cancer is present almost exclusively in vertebrates [135,136,165,166]. Moreover, other
aspects of genomic instability integral to the malignant transformation and tumor growth,
including changes in nuclear or cellular morphology, are not commonly studied.
8

Therefore, in order to understand the formation, growth, and spread of malignant tumors,
vertebrate models are necessary.
The mouse has been a powerful model of human disease based on the high degree
of homology between mammalian genomes, anatomy, cell biology and physiology. Many
studies have shown that spontaneous diseases in mutant laboratory mice frequently
resemble human disease [123,180,187]. For example, many oncogenes associated with
human cancers, when activated in the mouse, result in tumors that have great similarity to
their human counterparts [128,158,185]. Mutation of the proto-oncogene K-ras in a
murine model of pancreatic cancer, results in a similar, rapid onset of disease, nuclear
and cytologic atypia in the main pancreatic duct as seen in human pancreatic cancer
patients. Although originally identified through its role as a tumor suppressor in the
human colorectum [148], deactivation of the adenomatous polyposis coli (Apc) gene
predisposes to renal carcinoma in the mouse, and is characterized by accumulation of
nuclear -catenin-marked nuclear atypia, and rapid development of multiple dysplastic
foci. Moreover, combination of cyclin D1 and p53 deficiency in a murine model of
human oral-esophageal cancer [128] also shares an almost identical affected tissue
distribution, and progression of cytologic and nuclear morphology abnormalities seen in
human cancer.
Although technically feasible in the mouse, personnel and financial limitations
prohibit the kinds of genome-wide mutagenic strategies seen with invertebrates for
determining gene function in vertebrates. For this reason, the zebrafish is an ideal model
system in which to apply invertebrate–style, large-scale genetics to vertebrate-specific
questions [135,136]. Zebrafish are rapidly developing, tropical, freshwater fish that by 3
9

days post fertilization (dpf), hatch out of their chorions, and by 5dpf, are swimming, freefeeding, and have formed the primordia of most organs. Zebrafish have been used as a
model system for a number of decades, primarily for embryological and developmental
studies because of advantages such as large clutch size, transparent embryos, and ex vivo
development, but attributes including the ability to induce mutations with high frequency,
quick recovery of recessives, small size, and tumor development in adults, increased the
appeal of the zebrafish as a model system in the genetic community. Forward genetic
screens carried out in the mid 1990s [37,44,77,120] established the zebrafish not only as
a model for developmental biology, but for studying human genetic and acquired
diseases. A comparison of the human and zebrafish genomes demonstrates substantial
synteny in regions with cell cycle genes, tumor suppressors, and oncogenes
[2,135,136,165], which was encouraging for investigators interested in generating
forward, reverse or transgenic mutants targeting particular cancer pathways.
Recent studies have detailed the discovery of zebrafish mutants with cancer
predisposition phenotypes including hyperproliferation and genomic instability (bmyb,
gin) [117,166], defects in cell differentiation [116], and increased tumor incidence (rp
genes) [2,3,7], that can serve as models of carcinogenesis, confirming that the molecular
mechanisms that underlie mammalian tumorigenesis also apply in zebrafish. A forward
genetic screen in zebrafish identified twelve genomic instability (gin) mutants with
cancer predisposition phenotypes. A variety of spontaneous tumors were found in
heterozygous adults from all gin lines, consistent with the expectation that genomic
instability mutations can accelerate carcinogenesis [117]. A large, retroviral insertional
mutagenesis screen [1,3] generated several hundred lines of zebrafish, each heterozygous
10

for a recessive embryonic lethal mutation. The adult heterozygous carriers from 11 lines
exhibited an unexpected increase in tumor incidence, developing malignant peripheral
nerve sheath tumors with moderate to very high frequencies [7]. These 11 lines were
heterozygous for a mutation in a different ribosomal protein (rp) gene, suggesting that
many rp genes may act as haploinsufficient tumor suppressors in fish. Since zebrafish
larvae contain the primordia of most adult human tissues, these carriers can be monitored
and assessed to further understand the molecular mechanisms that govern mammalian
tumorigenesis.
Similarities at the tissue and organ-level between zebrafish and humans allow
examination of the onset and course of pathological processes in vivo and in real time.
When it was discovered that carcinogen exposure in zebrafish resulted in the
development of a wide variety of both benign and malignant tumors in virtually all
organs, with a histology closely resembling that of humans, it further encouraged the use
of zebrafish to study the architectural and cytologic changes seen in human neoplasia.
Figure 1-2 illustrates the strong histopathological similarities between zebrafish and
humans. Even at the molecular level, a 2006 study in Nature biotechnology by Lam et al
[100], showed that comparative analysis of expression data between zebrafish and
different human tumors revealed molecular conservation at various levels between fish
and human tumors. Moreover, the tissue similarities between zebrafish and humans have
introduced a new paradigm in toxicology and therapeutics, that of whole-animal, highthroughput screening for small chemical modifiers of disease pathogenesis [121,175],
making zebrafish an excellent candidate for modeling and evaluating normal and
abnormal histological phenotypes, particularly those present in human cancer.
11
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1.4. Zebrafish forward genetic screens
1.4.1. Ethylnitrosourea (ENU) mutagenesis
The generation of mutants in forward genetic screens is an effective classical
genetics approach to finding new genes involved in any biological processes of interest.
The ability to induce mutations with high frequency, large progeny sizes, short generation
time, and small size, make the zebrafish an attractive candidate for high-throughput,
forward genetic screens that can reveal new genetic pathways involved in vertebrate
development and disease. Forward and reverse genetics approaches have been successful
in identifying a plethora of mutant developmental phenotypes, several of which serve as
models for human genetic and acquired diseases ranging from infection, carcinogenesis, a
variety of congenital disorders, psychological and behavioral abnormalities [105].
The purpose of a genetic screen is to identify individuals who possess a
phenotype of interest. A forward genetic screen involves using a mutagen to generate a
cadre of mutants that can be examined for a phenotype of interest. The generation of
mutants by chemical mutagenesis with the point-mutagen N-ethylnitrosourea (ENU) has
been successful in uncovering unusual alleles and phenotypes, elucidating the function of
genes and the genetic control of biological processes in zebrafish. ENU is a synthetic,
highly potent, alkylating agent, which in zebrafish, is capable of inducing 1 new mutation
in every 220 gametes at a concentration of 2.5mM [52,101] by transferring an ethyl group
to nucleic bases (usually thymine), primarily resulting in AT tranversions. The
modified base can be misread during DNA replication, resulting in the incorporation of a
noncomplementary base in the new DNA strand, which becomes fixed by subsequent
rounds of replication as a base-pair substitution.
13

In a typical F2 screen, ENU mutagenized males are mated with wild-type female
fish to generate an F1 generation heterozygous for individual mutations (―m‖ in Figure 13). The F1 fish are then again mated with wild-type fish in single-pair matings to generate
what are commonly referred to as F2 families. In these F2 families, 50% of the
individuals on average are heterozygous for a particular mutation (+/m), and the other
50% carry two wild-type alleles for this locus (+/+). Random single-pair matings between
F2 siblings give rise to the F3 generation, which is the first generation in which a
particular mutation can occur in a homozygous state, and thus reveal the mutant
phenotype for the recessive mutation. The ENU-generated mutant phenotypes can then be
further assessed for behavioral, physiological, or morphological abnormalities.
Subsequent localization and identification of the mutation by genetic mapping and
sequencing can reveal the molecular basis of the phenotype.

14
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1.4.2. Histological screening for zebrafish mutants with defects in cell
differentiation
Attributes including the small size of zebrafish larvae, large number of offspring,
and similarities in tissues histology between zebrafish and humans, enabled Mohideen et
al [116] to implement a forward genetics approach to discover new genes that play a role
in the architectural and cytological properties of differentiated cells. The schematic in
Figure 1-4 illustrates how ENU was used to induce point mutations that were recovered
in F1 females by early pressure parthenogenesis. This generated homozygous recessive
mutants that were embedded and screened histologically. To facilitate the high
throughput, histological examination of zebrafish mutants from forward screens,
Sabaliauskas et al [154] updated a technology originally developed by Tsao Wu et al
[177], to arrange fifty agarose-embedded embryos or larvae in grid form, all on one
microscope slide, permitting the scoring of phenotypes affecting multiple tissues and
specimens. The resulting ―arrays‖ of tissue sections can be digitized and archived as
high-resolution ―virtual slides‖ for subsequent analysis and annotation of morphological
phenotypes [32-34,177].
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The multi-specimen mold in Figure 1-4 was implemented in a screen of 7-day old
parthenogenetic half-tetrad zebrafish larvae that led to the identification of seven, noncomplementing, recessive mutations affecting cellular differentiation [116]. Two of the
mutations were pleiotropic, or affected multiple organs, disordered neural retina (dnr),
and huli hutu (hht). hht is characterized as having disrupted and disorganized retinal cell
layers and mild to severe nuclear abnormalities in multiple tissues [116]. Identification
and characterization of the mutant gene responsible for the hht phenotype will elucidate
how this gene contributes to the framework of cell and tissue architecture during normal
development and disease.

1.5. Gene identification following forward screens
Forward genetic screens with point mutagens like ENU cause single-base DNA
changes that can induce null, hypomorphic, and neomorphic alleles, which have proven
to be extremely useful in characterizing the biological role of even well-studied genes.
There are two, traditional methods to identifying the gene responsible for a mutant
phenotype of interest: the ―candidate gene approach‖ and ―positional cloning‖. The
candidate gene approach uses functional information from previous studies to select
genes that might plausibly underlie the mutant phenotype. While this approach can be
less labor intensive, it is limited to well-studied processes and genes, and when there are
no obvious candidates, as is the case when isolating novel genes, identification via
genetic mapping becomes necessary.
Positional cloning, or genetic mapping, relies on the use of DNA sequence-based
markers of known locations that cosegregate with a phenotype of interest to narrow down
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the location of the gene responsible. Although an arduous process, positional cloning is
an unbiased approach that can be applied to any gene whose inheritance can be traced,
without prior knowledge of the gene, or processes in which it acts. The goal is to identify
close, polymorphic markers that flank the gene of interest, which can be used for
individual mutant typing to measure recombination frequency. In genetic mapping,
individual recombination events between the marker and gene are measured to give an
indication of distance. A higher percentage of recombinants (up to 50%) equates to a
greater distance separating the two loci (i.e. marker and mutation). Progressively closer
markers are then selected to again assess for recombination, with the goal of finding
markers that are less than 1cM away from the mutant locus.

1.5.1. Markers and mapping strains
Ideally, markers used for positional cloning should be highly variable, distributed
throughout the genome, codominant (i.e. capable of distinguishing homozgyotes from
heterozygotes), and have easy to ―score‖, or distinguishable alleles. Microsatellites
(SSLPs, SSRs) fulfill these requirements by having a highly variable number of
dinucleotide repeats between individuals. Primers are designed to flank the microsatellite
region, and the variable number of repeats is reflected as a size difference when the
product is run on an agarose gel (Figure 1-5). Equally important is marker
informativeness. A microsatellite marker is ―informative‖ when the marker is
polymorphic in the parental carriers being tested. If one were to model codominant
markers as a typical heterozygous gene (Aa), a polymorphic marker would be
heterozygous (Aa), whereas uninformative or nonpolymorphic markers would be
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homozygous (AA or aa). Mapping panels with informative markers will greatly reduce
the amount of time spent narrowing down the gene‘s location i.e. refining the critical
interval containing the mutation.
Careful strain selection can also have a large impact on how much time is spent in
generating candidate genes. It is critical to select zebrafish strains that have a substantial
fraction of polymorphic markers to generate a mapcross, or the carriers that will be used
to generate mapping embryos. AB, EK, Tu, and WIK are several wild-type laboratory
strains of the zebrafish that major research laboratories have used for mutagenesis. While
these strains are inbred to some extent, none of them are completely isogenic, and all
have somewhat overlapping distribution of marker alleles [98]. Unlike most other wildtype strains, WIK is known for being polymorphic in comparison to most other common
wild-type strains such as AB, Tu, and SJD [98].

20

21

While many zebrafish positional cloning projects have been successful in
identifying genes involved in embryogenesis, infectious disease, regeneration, and
carcinogenesis [44,105,136], the procedure can be technically demanding and costly.
Therefore, laboratories have resorted to collaborating with community zebrafish mapping
facilities to expedite gene identification. The Zebrafish Mapping Facility at the
University of Louisville (Louisville, KY) offered positional cloning services to accelerate
mapping [190]. The protocols suggested by the Zebrafish Mapping Facility were modeled
according to protocols suggested by other zebrafish labs requiring the generation of
polymorphic hybrid mapcross panels by outcrossing adult carriers in one wild-type strain
(typically AB or Tu) to a different wild-type polymorphic strain, like WIK. The Zebrafish
Mapping Facility required that two different mapcross panels be generated; one for
determining linkage to a chromosome arm, and another for recombinant mapping, to take
advantage of the differences in genetic length between female and male zebrafish. As the
male genetic distance is much shorter than the female (Figure A.1), detecting linkage to a
chromosome arm is theoretically faster.
Therefore, in determining linkage to a chromosome arm, male carriers in AB
wild-type backgrounds for example, are outcrossed to WIK, maximizing the degree of
polymorphism in the male, while females are to remain in the same background as the
mutagenized strain (i.e. AB), generating the mapcross panel: ♀ AB/m x WIK/m ♂. For
recombinant mapping, it is requested to switch which parents are informative, and have
the female in the WIK background, generating a mapcross panel of: ♀ WIK/m x AB/m
♂, with the goal of maximizing the chance of finding recombinants due to a longer
female genetic length.
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1.5.2. Linkage to a chromosome arm: bulked segregant analysis
Assigning the mutation of interest to a chromosome arm can be accomplished
through either half-tetrad analysis or bulked segregant analysis. Half tetrad analysis
involves the application of early pressure (EP) parthenogenesis to activated eggs from
female carriers to inhibit the second meiotic division, effectively generating a
gynogenetic diploid clutch [116]. As there is only one crossover event per chromosome
arm in zebrafish, embryos derived from EP treatment will be homozygous for loci that
are proximal to the crossover event that occurred at meiosis I, and heterozygous for loci
that are distal to it. Therefore, markers proximal to the mutation (so called ―centromeric‖
markers) are homozygous for one allele in mutants, whereas wild-type embryos are
homozygous for the other allele of the same marker. Since centromeric markers have
been identified for all twenty-five linkage groups, chromosomal location and distance
from the centromere can be rapidly assigned.
Although half tetrad analysis is conceptually straightforward, practical concerns
including low viability and technical expertise, make bulked segregant analysis an
attractive alternative. Initially implemented in plant genetics by Michelmore et al [115],
to identify markers linked to any gene or genomic region, bulked segregant analysis
involves generating two DNA pools or ―bulks‖ from a segregating population of a single
cross, one with just the mutant phenotype, and one with only the wild-type phenotype.
Each bulk contains individuals that are identical for a particular trait or genomic region,
but are different at all unlinked regions because all alleles must be present in the pool
[115]. Linkage to a marker is assumed when a band present in the wild-type pool is
absent in the mutant pool (Figure 1-6). Following in Figure 1-6, carriers in the wild-type
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Tu strain are incrossed to generate mutant and wild-type embryo pools where linkage can
be tested. A marker is considered linked to the mutation of interest when a band present
in the wild-type pool is absent in the mutant pool. Once linkage to a chromosome arm is
determined, individual mutants are scored to measure the recombination frequency
between a marker and the mutation (genetic mapping) that will give us an indication of
distance from the marker to the mutation.
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1.5.3. Recombinant mapping: determining a critical interval
One of the goals of positional cloning is to use linked markers to find
recombinants that define a critical interval containing the mutation. Individual mutant
typing can identify recombinants on either side of the mutation, and by determining the
recombination frequency between a marker and the mutation, the distance to the mutation
can also be calculated. Genes within the interval are identified, and the list is narrowed
down until the gene responsible for the phenotype is determined. Genes in the critical
interval may be sought by a number of approaches, ranging from screening cDNA
libraries with genomic clones, sequencing BAC and PAC clones, and testing candidate
genes. Clones from BAC and PAC libraries contain fragments of ~150kb, so that in
favorable cases, only a few clones may be needed to span the genetically defined interval
containing the mutation. As of 2008, most of the zebrafish genome has been sequenced (a
few gaps still exist) and is available on multiple databases: Ensembl, Vega, NCBI, and
UCSC. Instead of generating a set of contiguous clones and ―walking‖ towards the
mutant gene by screening clones, these databases can be used to see if the clone(s)
containing the determined critical interval has been sequenced, and begin testing the
indicated genes.
Once candidate genes have been determined, additional experiments are executed
to add further support that the proper gene has been identified. In the zebrafish field, it is
common to generate a phenocopy in wild-type embryos by knocking down the gene of
interest in wild-type embryos using morpholinos (MOs), or short antisense technology, to
"sterically block" a target sequence within an RNA by binding to it [120,184]. Mutant
phenotypic rescue by microinjection of genomic clones, or in vitro translated RNA, and
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in situ hybridization to assess for gene expression, are additional methods that can be
used to provide evidence for the identity of a mutant locus. Lastly, direct sequencing of
complementary and genomic DNA is required for further proof of the identity of the
mutation.

1.6. Retrovirus insertional mutagenesis
Arguably, the most significant disadvantage of working with mutants generated
by chemical mutagenesis is the rather arduous process of identifying the gene responsible
for the phenotype of interest. In contrast to ENU, which usually induces single-base DNA
changes, insertional mutagens deposit an exogenous DNA tag within the gene that they
mutate that can be readily cloned using inverse PCR. Sequencing, homology searches in
databases, or complementation analyses, often lead to gene identification. Allende et al
[1], and Amsterdam et al [1,3,5] detail the isolation of a large number of mutants in
zebrafish through the use of pseudotyped mouse retroviral vectors. Retroviruses are
effective mutagens because they integrate with precision and are known to insert at many
sites in host genomes. Retroviral vectors are injected into zebrafish embryos at the
blastula stage (1,000-2,000), and approximately 36,000 founder fish, carrying insertions
in the precursors of germ cells, are raised (Figure 1-7). Incrossing these founders
generates a nonmosaic F1 generation, which, similar to chemical mutagenesis screens,
are raised and incrossed to raise F2 families. More than six sibling matings for each F2
family are carried out to identify ~1,000 homozygous mutations in the F3 generation,
which are screened for phenotypes. In a zebrafish mutagenesis screen using a
pseudotyped retroviral vector, approximately one in every eight insertions results in an
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embryonic/larval phenotype that can be identified by observing for morphological defects
[4,5]. With an average number of twelve insertions that can be screened per F2 family,
this indicates that insertional screens have a mutagenesis rate that is on average seven to
tenfold lower than screening the equivalent number of fish in an ENU screen [4,5].

28

29

Unlike chemical mutagenesis, which can generate hypomorphic or neomorphic
alleles by amino acid substitution, insertional mutagenesis almost exclusively generates
knockout (null) alleles, with 70% of insertions targeting either the promoter or first exon
[1,3]. The Cambridge or ―Hopkins‖ insertional screen (available at:
http://web.mit.edu/hopkins/index.html) resulted in the identification of 315 embryonicessential genes in zebrafish [4,6]. Ninety-three percent of the embryonic-essential genes
have homologues in invertebrates, and 99% have homologues in humans. Interestingly,
the spectrum of genes targeted, and the range of resulting phenotypes, are similar in both
chemical and insertional mutagenesis screens.

1.7. Are pleiotropic histological phenotypes associated with the Hopkins insertional
mutants?
Multiple-organ phenotypes like what is seen with hht, underscore the importance
of evaluating gene function within the context of the whole organism. A proper
understanding of gene function requires a comprehensive, spatiotemporal assessment of
all phenotypes that may result from mutation of a particular gene. While the primarily
reductionist approach of the scientific method has been successful in identifying many of
the components governing complex biological systems, a movement towards more
quantitative measurements of multiple components simultaneously, can help us to better
understand the entirety of processes that occur in a biological system. Systems biology is
dedicated, in part, to the vision of a comprehensive understanding of the functions of
genes, interactions between gene products, and between organism and environment
[12,15,155]. A critical contribution to this vision comes from a systematic and integrated
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assessment of the phenotypes resulting from the disruption of normal gene function by
mutation, knockdown, or knockout. Histologically examining complex mutant
phenotypes can provide valuable insight into some of the earliest morphological changes
and the progression of these changes, in distinct tissues, over time. Furthermore, a more
comprehensive assessment of mutant phenotypes can lead to more effective diagnosis
and treatment.
The identification of the pleiotropic mutant hht, motivated a genome-wide
examination of pleiotropic phenotypes in the Hopkins collection of insertional mutants.
The ease with which genes can be identified and the documented appearance of multiple
gross defects in many mutant lines [4,6] makes this an ideal population in which to
evaluate pleiotropic phenotypes. Mutants can be examined to determine if mutations in
certain gene types are more likely to exhibit pleiotropic phenotypes, and whether or not
the observed pleiotropic phenotype correlates with known function. Answering these
questions can contribute to a greater understanding the function of a particular gene and
uncover new aspects of development and disease.

1.8. Histology in the new age: the importance of ontology and digitization for highthroughput applications
The existence of pleiotropic phenotypes makes it important to establish tools that
are powerful enough to simultaneously survey multiple organs. Manual scoring,
diagnosis, and dissemination of histology samples, however, can be a tedious and
subjective process. In addition, differences in training, ability, timing, and experience of
the pathologist can sometimes result in intra- and inter-observer variability [32,33]. These
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limitations make the integration of histology for high-throughput applications like most
phenotyping screens and functional genomics studies, less attractive, even though
histology can be more sensitive to early detection of phenotypes than gross
morphological analysis. Moreover, the accumulation of data emerging from large-scale
ENU and whole genome knockout mutagenesis projects in both mice and zebrafish will
make it overwhelming to retain, share, and utilize the resulting information.
Recent technological advancements in scanning equipment have mitigated many
of these drawbacks by implementing the automatic collection of high-throughput
histological data in the form of high-resolution, digitized slides, or ―virtual slides‖ [3233,88]. Several studies have demonstrated the use of digital, automated histopathology,
indicating the potential for faster dissemination of information, more error-free diagnoses
of disease, as well as new tailored treatments [14,35,65]. Using automated, content-based
approaches for characterizing and diagnosing tissue samples in model organisms, can
promote the integration of histological examination in large-scale mutagenesis screens,
and conduct genetic and toxicological studies with much greater throughput, increasing
productivity in the laboratory and the publication of results.
The potential to achieve automated high-throughput histological analysis through
digitization has encouraged the adoption of an approved, standardized anatomy and
phenotype ontology vocabulary for annotation, to achieve greater accuracy in histological
diagnosis and characterization, promoting data integration and exchange across various
disciplines. An entire volume of Development (vol 123, 1996) was dedicated to detailing
the mutant collection generated by a large-scale ENU mutagenesis screen in zebrafish.
The mutants were isolated based on displaying a specific, visible phenotype in embryos
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or early larvae, described with qualitative and sometimes vague terminology, such as
―subtle‖, ―indistinct‖, ―nearly‖ or ―usually‖. While useful in terms of cursory
identification, such annotation does not facilitate subsequent use by other investigators or
for other purposes. Moreover, it is common that in focused genetic screens like these,
functional annotations commonly represent the measurement of only one, or at most, a
few selected traits of a potentially pleiotropic phenotype. Introducing controlled
vocabularies, or ontologies, can help to standardize phenotypic descriptions, expediting
the documentation of pleiotropic phenotypes, and enabling data interoperability across
different organisms. Ultimately, quantitative measurements will provide the most
universal accessibility.

1.9. Statement of thesis
This dissertation applies histology to the study of pleiotropic mutant phenotypes
from two sources: ENU-induced mutants from the Cheng laboratory and zebrafish
insertional mutants from the Hopkins collection at MIT. (1) We have determined the
genetic basis and molecular mechanisms governing the pleiotropic phenotype of the
mutant hht. (2) We have used the insertional mutant collection at MIT to conduct a
whole-organism, genome-wide assessment of pleiotropic phenotypes in order to
determine what common and particular combinations of phenotypes might result from
single-gene deficiencies.
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Chapter 2

Materials and Methods

2.1. Mutagenesis and Mating
ENU mutagenesis used to generate hht is detailed in [116]. Briefly, 7 to 9-month
old, wild-type Ekkwill male zebrafish used for mutagenesis were selected for high
fertility by previous pair-wise matings. Germline mutations were induced with 2.5 mM
ENU (Sigma) as described previously [20,120]. Beginning 2 weeks postmutagenesis,
males were outcrossed to homozygous goldenb1 females to determine germline mutation
rates and to generate F1 for screening. Mutations induced by ENU in G0 males and
carried in ~6-month-old F1 females were made homozygous by ―early pressure‖
gynogenesis using previously described conditions [95,116]. The resulting half-tetrads
were examined for mutations in histologic sections.
Zebrafish male and female carriers were placed in Aquatic habitat (AHAB) tanks
with dividers, the night prior to intended egg collection. Best success has been achieved
when male and female carriers are separated for a few days prior to setting up for
breeding. This allows time for females to generate large quantities of eggs for
fertilization. Zebrafish naturally lay and fertilize eggs at sunrise, thus dividers are pulled
just prior to the lights in our regulated breeding area.
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2.1. Embryo collection
2.1.1. Hemotoxylin and eosin (H&E) histology processing
Embryos were raised in charcoal filtered water at 28°C, and staged according to
standard morphological criteria [97]. Embryos and larvae were dechorionated prior to
fixation with 10% Neutral Buffered Formalin (Fisher) overnight, at room temperature,
and either subsequently embedded in agarose or switched to 70% Ethanol for long-term
storage at 4°C.
2.1.2. Positional Cloning
Wild-type siblings and hht mutant 4 dpf larvae were allocated individually into 96
well PCR plates (Stratagene) containing 100 L of Lysis Buffer (10 mM Tris HCl, 1 mM
EDTA, pH 8.0, .3% Tween and .3% NP-40, filter sterilized) with 10 L of 10 mg/ml
Proteinase K (Invitrogen). Proteinase K was added immediately prior to Lysis Buffer
distribution in 96 well plates.

2.2 General molecular biology techniques
2.2.1. DNA isolation for positional cloning
Embryos or larvae in 96 well PCR plates containing Lysis Buffer with Proteinase
K were incubated overnight at 55 °C for embryo digestion, then at 98 °C for 10 min to
inactivate the Proteinase K by denaturation. Plates were centrifuged at 4100 RPM on the
Beckman-Coulter Allegra 25R Benchtop Centrifuge, supernatants removed, and stored at
-20C until required. DNA in supernatants from stored plates was quantified by
spectrophotometry. The ratio between the readings at 260 nm and 280 nm provides an
estimate of the purity of the nucleic acid preparation (an OD of 1 was equated to 50
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g/ml double stranded DNA, and pure preparations of DNA should have OD260/OD280
value of 1.8.
2.2.2. Phenol/Chloroform extraction
Extractions were performed on fin clip adult DNA for typing carriers, and
DNA used in any procedure other than general PCR amplification of SSR markers. To
remove proteins from nucleic acid solutions, a mixture of phenol:chloroform:isoamyl
alcohol (25:24:1 volume ratio) was added in a 1:1 volume ratio to the DNA solution and
shaken for at least 3 min. The sample was then centrifuged, and the upper aqueous phase
retained, and is further extracted with an equal volume of chloroform to remove traces of
phenol.
2.2.3. Ethanol precipitation
Ethanol precipitation was carried out by adding 3M NaOAc, pH 5.5 for a final
concentration of 0.3 M, and 3 volume of ice-cold 100% ethanol to DNA in solution for at
least 30 min, typically overnight. DNA solution was then centrifuged at 20,000g for 5
min, DNA pellet washed with 70% ethanol, dried, and re-suspended in 1x TE (10 mM
Tris HCl, 1 mM EDTA).
2.2.4. DNA sequencing
cDNAs and PCR amplified genomic regions were prepared for sequencing as
indicated by the Pennsylvania State College of Medicine Molecular Genetics Core
Facility, and analyzed using the ABI 3130XL Capillary sequencer. The Core Facility
specifies that PCR-product DNA concentration should be ~10 ng/l, and 5 ng PCR
product DNA/100 bases length for accurate sequencing. PCR products were prepared for
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direct sequencing using the Qiagen QIAQuick PCR Purification Kit (Cat# 28104,
Qiagen), and resuspended in nuclease-free water at the specified concentration.
2.2.5. RNA preparation & isolation
Total RNA was isolated from 50 4dpf hht mutant and wild-type sibling larvae
using Trizol (Invitrogen), as specified by the product insert.

2.3. Bioinformatics and genomics
DNA sequence traces were viewed using FinchTV, a free DNA sequencing
chromatogram trace viewer, and analyzed using GCG Seqweb sequence analysis tool.
2.3.1. Identification of zebrafish candidate genes
The genome information contained at Ensembl
(http://www.ensembl.org/Danio_rerio), Vega (http://vega.sanger.ac.uk/index.html),
UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway), NCBI
(http://blast.ncbi.nlm.nih.gov/), and ZFIN (http://zfin.org/cgi-bin/webdriver?MIval=aaZDB_home.apg), were all cross referenced to obtain a comprehensive and current
representation of any genomic regions of interest.
2.3.2. Oligonucleotide design
PCR primers used for general and simple sequence repeat (SSR) amplification
were designed using the Primer3 program (http://fokker.wi.mit.edu/primer3/input.htm)
with DNA sequences from the most recent version of Ensembl. In order to design primers
for a specific region of genomic DNA (gDNA), repeat sequences were masked using
Zebrafish RepeatMasker Server
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(http://www.sanger.ac.uk/Projects/D_rerio/fishmask.shtml) provided by the Wellcome
Trust Sanger Institute.

2.4. Morpholino injections
Morpholino olignoucleotides (MOs) were obtained from Gene Tools, LLC. Three,
fluorescein-tagged morpholinos were ordered for each candidate gene: one translational
start site, and two splice junction (sequences for all MOs located in Appendix).
Lyophilized MOs were resuspended in 300L of nuclease free water, as suggested by
Gene Tools. Fifteen, 20L aliquots of resuspended MO were stored at -80 °C, removing
one aliquot at a time to generate the concentrations necessary for injection. A dose
response curve was generated for each MO, testing the concentrations 1ng/nl, 2ng/nl,
4ng/nl, and 8ng/nl, in 0.5% Phenol Red. A volume of 1.0nl with 0.5% Phenol Red for
detection, was injected into the yolk of 1 cell stage embryos to deliver the desired
concentration of MO.
Injection needles were prepared by pulling borosilicate glass capillaries (Word
Precision Instruments, 1.0 mm outside diameter, 0.75 mm inside diameter), with a
horizontal pipette puller (Warner Instruments Programmable Pipette Puller). The
injection tip was then clipped at an angle with a razor blade at the desired distance. All
MO injection needles were clipped at 9.5 mm, measuring from the start of the needle
taper. Needles were calibrated by placing a drop of mineral oil on a micrometer, and
measuring the size of the drop ejected from a needle filled with Phenol Red. For a 1nl
ejection volume, the drop size must be 125m and ejection time set at 20msec. The
injection system consisted of a needle holder connected to a compressed air flow
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controlled by a Nitrogen gas tank (Harvard Apparatus) and triggered by a foot pedal.
Zebrafish embryos were aligned in a grooved, agarose injection mold, injected, and
transferred to petri dishes with charcoal filtered water and incubated at 28 °C.

2.5. Transmission electron microscopy
All hht mutant and wildtype siblings to be processed for transmission electron
microscopy (TEM) were fixed with fresh 2.5% glutaraldehyde and stored at 4 °C for at
least four hours, typically overnight. Specimens were then rinsed three times, ten min
each, with 0.1 M sodium cacodylate, and dehydrated in ethanol series from 35-100% in
increments of 10, and finally in propylene oxide for 1 hr. The specimens were then
transferred to Embed 812 resin (Electron Microscopy Sciences) and placed on a rotator at
room temperature overnight. Specimens were infiltrated in 100% Embed 812 resin for
two days, placed into molds, and allowed to polymerize for 24 hr in a 37 °C oven. Molds
were removed and placed in a 60 °C oven for 48 hrs, to fully harden prior to sectioning.

2.6. Adult zebrafish histology
Adult zebrafish were starved for three days prior to overnight fixation in 10%
Neutral Buffered Formalin (Fisher) in order to maximize fixative penetration. Fixed fish
were rinsed three times in 1x PBS (10x PBS, Sigma), and transferred to 1 M EDTA, pH
7.8 for decalcification over a seven-day period. Fish were then transferred to labeled
cassettes in 70% Ethanol and submitted for paraffin processing. Adults remain as
paraffin-embedded blocks until sectioning.
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2.7. Immunohistochemistry
All immunohistochemistry was executed on 5 m-thick paraffin-embedded
sections, and all slides prepared were prepared in the following manner: subjected to
Slides were warmed at 60 °C for 20-30 min, and then deparaffinized in two changes of
xylene, 5 min each. Sections were then hydrated in two changes of 100% ethanol, 5 min
each, followed by one change in 95%, 80%, 85%, 75%, 65%, and 50% ethanol, 5 min
each. Sections were then rinsed three times in 1x PBS with 0.05% Tween 20, 5 min each,
and placed in pre-heated (95 °C) Citrate buffer (pH 6.0) for 20 min for antigen retrieval.
Sections were allowed to cool to room temperature, rinsed three times with 1x PBS with
.05% Tween 20, and blocked with normal serum overnight in humidified chamber at 37
°C. The following day, sections were rinsed three times with 1x PBS, 0.05% Tween 20,
and incubated with primary antibody at the concentrations specified below, overnight in
humidified chamber at 37 °C. The following day, sections were again rinsed three times
with 1x PBS, 0.05% Tween 20, and incubated with fluorescently-conjugated secondary
antibody at the concentrations specified below, for three hours. All sections were
mounted with Fluoromount G (Fisher).
2.7.1. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)
To detect apoptotic cells, TUNEL staining was carried out with ApopTag Plus
Fluorescein In Situ Apoptosis Detection Kit (Chemicon Interational). No modifications
were made to suggested protocol. Sections counterstained with DAPI (Invitrogen).
2.7.2. Phosphohistone H3 (pH3)
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For M-phase analysis, pH3 immunohistochemistry was executed according to
product insert (Millpore) for paraffinized slides.
2.7.3. BrdU
For labeling of proliferating cells, 48hpf embryos were incubated for 1hr at
28.5°C in 10 mM BrdU solution (containing 15% DMSO in charcoal-filtered water),
fixed immediately in 10% neutral buffered formalin, and embedded in paraffin. Texas
Red conjugated Anti-BrdU (Sigma) was used for detection at 1:1,000 dilution.

2.8. Histology scoring for Hopkins
2.8.1. Mutant line selection
All visible gross phenotypes in the original 315 Hopkins insertional lines were
characterized by a letter grade from ―a‖ to ―d‖ in order of increasing severity: ―a‖:
normal, ―b‖: not overly sick, but detectable defects ―c‖: sick with multiple defects, ―d‖:
dead. As 2 dpf is the earliest timepoint for histologically evaluating multiple organ
phenotypes, all mutant lines with a gross phenotype score of ‗a‘, or ―no observable
mutant phenotype‖, on 2 dpf or later and non lethal before 5 dpf, were included for
screening, giving a total of 128 lines. Embryos were staged and fixed one day prior to the
gross phenotype appearance through 5 dpf. 30 lines did not yield viable clutches, or did
not yield enough embryos for each timepoint, and were thus not included in the final
screening, resulting in a total of 97 lines for evaluation.
2.8.2. Animals
The methods for generation and identification of insertional mutants have been
reported previously [3,4,7]. Embryos were obtained from the natural spawning of
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heterozygous carriers set up in pairwise crosses. We set up five pairs per mutant line, in
an effort to generate embryos from at least three different pairs per mutant line to allow
for at least three pairwise comparisons. Embryos were collected and raised at 28.5C and
staged according to [3,7].
2.8.3. Histology
Mutants and age-matched wild-type siblings were collected and fixed overnight at
4 °C in a solution of 10% Neutral Buffered Formalin (NBF, Fisher) in sealed vials.
Embedding was carried out as described in [86], with an average of 30 mutants (10 from
each pair) and age-matched wild-type siblings for a particular timepoint embedded
together in the same array (as an internal control). A rotary microtome was used to cut
5m sections, which were then stained with hematoxylin and eosin (H&E). Sections were
mounted with Permount (Fisher) on standard slides (Mercedes Medical).
2.8.4. Microscopy and Imaging
Sections imaged and scored using a Leica Inverted microscope and photographed
with a QImaging Retiga EXi digital camera. All slides digitized at 20x using slide
scanner Aperio ScanScope T3 with automated slide loader for future high throughput
analysis.

2.9. Polymerase chain reaction (PCR)
2.9.1. Simple sequence repeat (SSR) amplification for mapping
Sequences for all SSR primers are available at the MGH site (http://cvrcbarracuda.mgh.harvard.edu/zebrafish/bulseglist.htm) and Ensembl. Lyophilized SSR
primers were ordered from Invitrogen and reconstituted to 50 M stocks using nuclease42

free water. All PCR reactions using SSR primers were performed in 96 well plates
(Stratagene) with a final reaction volume of 20 L. Each reaction contained 0.4 L of 10
mM dNTPs (Invitrogen), 1 L of 10 M forward primer, 1uL of 10 M reverse primer,
11 L of PCR Buffer (Fisher), and an appropriate volume of DNA used (final [DNA] =
10 g/l), using Nuclease free water to make the reaction volume up to 20 L. PCR
plates were sealed using 8-well strip caps (Stratagene) and placed in a PCR thermocycler
(Robocycler Gradient 96) with heated lid. The PCR conditions are as follows (adapted
from [36]):
1 cycle: 95 °C for 1 min,
28 cycles: 95 °C for 1 min, 52-55 °C for 1 min, 72 °C for 3 min
1 cycle: 72 °C for 5 min

2.9.2. Reverse transcription-PCR (RT-PCR)
First strand cDNA synthesis was performed on 3 g of total RNA (isolated with
Trizol) using Superscript III reverse transcriptase (Invitrogen), as specified by
manufacturer. The following cycling conditions were used:
For cDNA synthesis:
1 cycle: 55 °C for 30 min,
For PCR amplification:
1 cycle: 94 °C for 2 min,
40 cycles: 94 °C for 15 sec, 55 °C for 30 sec, 72 °C for 1 min/kb
1 cycle: 72 °C for 5 min
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2.10. Agarose gel electrophoresis
For analysis of SSR markers, eight gels were prepared in parallel by dissolving 12
g of MetaPhor agarose (Fisher) in 300 ml of 1x TBE (Invitrogen), to generate 4% gels.
Nucleic acid samples (8 l) were mixed with 6x gel loading buffer (Fisher) (2 l),
yielding 10 l of sample for loading in gel. Ethidium bromide-stained nucleic acid was
visualized using UV light and fragment size was estimated in comparison with either 1kb,
100bp, or 50bp molecular weight markers (Invitrogen).

2.11. Photomicrography and slide scanning
All whole embryo images obtained using a Zeiss MZFLIII dissecting microscope
fitted with a QImaging XRetiga digital camera. Living zebrafish embryos were
photographed in 1x Tricaine and positioned in 3% methylcellulose (Sigma). Images were
processed in Adobe Photoshop CS3. All histological sections were imaged using a Leica
Inverted Microscope, fitted with a QImaging XRetiga Cooled digital camera. All
histological sections pertaining to the Hopkins collection are currently being scanned
with the Aperio Scanner T3 Model for long-term storage and future digital applications.
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Chapter 3

Genetic mapping of a gene associated with cellular atypia, huli hutu (hht)

3.1. Characterization of hht
3.1.1. Introduction
Cytological and nuclear features of cancer cells, as detected in histological
studies, are used every day for diagnosis. We have used a forward genetic screen, based
on histology, to find genes that play a role in the histopathologic features of cancer. ENU
mutagenesis yielded seven, non-complementing recessive mutations with defects in
cellular and tissue architecture, two exhibiting multiple-organ defects, one of which was
huli hutu (hht) [116]. This mutant was first recognized for its severe retinal
disorganization, but the phenotype most relevant to cancer was noted in the gut, which
showed cytologic features characteristic of high-grade dysplasia, which frequently
progresses to cancer. Identifying the gene mutated in hht can therefore contribute to
understanding the genetic basis of cellular atypia and possibly cytologic cancer
phenotypes.
In this subchapter, we detail the histological and gross morphological
characterization of the pleiotropic mutant hht. Cell death in hht embryos motivated a
TUNEL analysis indicating that rapidly proliferating tissues undergo apoptosis.
Immunohistochemical staining with proliferation markers BrdU and pH3 suggest defects
in cell proliferation. Ultrastructural analysis revealed an altered heterochromatin to
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euchromatin distribution in retinal and intestinal nuclei in hht mutants, consistent with
chromatin reorganization during DNA damage.

3.1.2. Histological phenotype of hht identified during screening for cell
differentiation mutants
Zebrafish hht mutants were generated using ENU and initially identified during
an H&E histological screen for mutations affecting cell differentiation in half-tetrad
larvae1 [116]. H&E histological analyses of hht larvae at 5dpf, when the primordia of
most adult tissues have formed, revealed that many tissues are morphologically abnormal
(Figure 3.1.1). The hht mutation causes striking, consistently severe, cytological changes
in nearly all organs. Even though organs and tissues are distinguishable, virtually all are
affected, most dramatically, highly proliferative tissues [54,74,132,153] including the
retina, cartilage, and brain. The distribution of white and gray matter in the brain is
preserved, suggesting that either the hht mutation does not have an effect in patterning of
the brain or its function is obscured by redundant factors. The pectoral fins display both
abnormal cartilage and muscle formation (most likely due to cartilage abnormality, as tail
muscle is intact and morphologically wild-type). The serially arranged rows of cartilage
cells present in the pectoral fins of wild-type siblings are replaced with cells that are
highly variable in shape and size.

Half-tetrad larvae are gynogenetic embryos produced using early pressure treatment to inhibit the first mitotic
division producing gynogenetic embryos that are homozygous for loci proximal to the crossover event that
occurred at meiosis I and heterozygous for loci that are distal to it. For further details, see [97,111,112].
1
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Two organs in zebrafish larvae that are the largest and exhibit a layered, overall
structure, or open chromatin arrangement, that facilitates the detection and
characterization of cytological and nuclear atypia, are the retina and gut, respectively.
The retina becomes increasingly stratified over the course of three developmental days
(Figure 3.1.2). At 1dpf, individual retinal layers are not evident, but instead retinae are
characterized by a primitive neuroepithelium with a discernable lens, which becomes
more distinguishable by 2dpf. The earliest detection of retinal layers occurs at 3dpf,
where almost all layers are fully developed, except the outer nuclear layer (ONL), which
is fully distinguishable by 5dpf. Wild-type retina at 5dpf shows characteristic
stratification in three nuclear layers (GCL, INL, and ONL) and two plexiform layers
(IPL, OPL). A close examination of the hht retina at 5dpf reveals that cell class
specification is preserved, but lamination is severely disrupted in the dramatically smaller
retina. Moreover, the hht eye has a misshapen lens, thicker corneal epithelium, and a few
scattered nuclear fragments indicative of cell death.
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Wild-type gut at 5dpf is large, and has a definable lumen, unlike the gut of the hht
larva, which is markedly smaller, typically collapsed, with detached epithelial cells found
in the lumen. Wild-type intestinal epithelium at 5dpf is characterized by columnar-shaped
absorptive enterocytes with highly regular, oblong-shaped nuclei that have a defined
polarity aligned towards the basal end of the lumen (Figure 3.1.3). This is in contrast to
what is seen with 5dpf hht larvae enterocytes, which are irregular in shape and size, and
have difficult to define cellular boundaries and nuclear outlines. Pleiomorphic,
hyperchromatic nuclei, and prominent nucleoli characterize the severe cytologic atypia
observed in the hht intestinal epithelium (Figure 3.1.3). These changes can also be
detected in cartilage tissue, liver, and kidneys.
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3.1.3. Gross phenotype of hht
Identification of mutants by visual inspection using a dissecting microscope
expedites both carrier determination and mutant collection for genetic mapping.
Therefore, we asked if a gross phenotype could be identified to reliably recognize hht
mutants without requiring tissue sectioning and examination to obtain mutant DNA.
Since the primordia of most adult organs are distinguishable by 5dpf, this would be the
most appropriate time to initiate gross inspection so that organs that may be affected will
have had the time to develop a more obvious manifestation of the phenotype.
At 5dpf, hht mutants exhibit a severe gross phenotype (Figure 3.1.4). They have a
dramatically reduced body, head, and eye size, reduced ear size, and an equally
prominent lack of proper jaw formation and swim bladder inflation. The yolk remains
large, prominent, and round in 5dpf hht larvae, which should normally be almost depleted
by this time, and suggests a lack of nutrient absorption. As compared to their wild-type
counterparts, hht mutants suffer from a reduced circulation and erratic heartbeat (63%
slower than wildtype)2. Behaviorally, hht mutants are slow to respond to stimuli (i.e.
physical manipulation, environmental change), if at all. Over half of hht mutants die by
5dpf, with the remainder surviving no later than 6dpf.

Resting heart rate of zebrafish: 78.7 ± 6.2 beats per minute [ref]. hht mutant heart rate on average: 29 beats per
minute [4,6].
2
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While identifying an obvious, gross phenotype expedites mutant collection for
gene identification, it would be of interest to determine how quickly the mutant
phenotype progresses to a point where hht larvae can no longer survive. In order to
determine the earliest gross phenotype of hht, four-hour intervals of inspection initiating
from fertilization, concluded that the hht phentoype is first visible at 2dpf (Figure 3.1.5)
The dramatically reduced head and eyes, prominent round yolk, and curved body
characteristic of hht mutants at 5dpf are already detectable at 2dpf. This indicates that it
takes 3 to 4 days for the hht mutation to cause changes that progressively worsen to a
point where it compromises the life of the larva. Dark patches in the forebrain and
hindbrain (compare Figure 3.1.5 C with D) suggestive of dead or dying cells are
detectable in 2dpf hht embryos that were not visible at 5dpf.
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3.1.4. Earliest detection of hht histological phenotype
While histological examination at 5dpf allowed for the identification of mutations
affecting later stages of cell differentiation, the sensitivity afforded by histological
examination can be harnessed to detect earlier, more subtle changes in tissue and cellular
architecture. Histological examination discovered many darkly staining, cellular
fragments detectable at 36hpf in hht embryos, at the same location of the dark patches
observed grossly at 2dpf. Moreover, the first postmitotic cells appear around 36hpf in the
center of the retina [54,153], also the location of the majority of darkly staining cellular
fragments observed in the hht mutant retina.
At 36hpf, the embryo consists largely of small, undifferentiated cells and yolk.
Wild-type retinal neuroepithelium in zebrafish is characterized by elongated cells,
aligned radially, along the apical-basal axis (Figure 3.1.6). Equally important, wild-type
neuroepithelium is devoid of scattered cellular fragments. The hht mutation causes a loss
of radial symmetry in the retina, resulting in a disorganized retinal neuroepithelium,
containing numerous hyperchromatic cellular fragments (Figure 3.1.6). The primitive
forebrain in hht mutants is also affected, exhibiting many pleomorphic cellular fragments,
similar to what is observed in the retina. Additionally, cells comprising both the retina
and brain in hht embryos were more loosely packed, suggesting defects in cell adhesion.
Histological identification of hht mutants at 36hpf indicates that it takes approximately
half a day for the phenotype to progress to a point where it can be detected visually
without dissection (2dpf), and at least three days before it becomes too widespread to
allow survival of the larva to continue (5-6dpf).
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3.1.5. Apoptosis and proliferation
In order to determine if the scattered nuclear fragments histologically detected at
36hpf were due to apoptosis or generalized necrosis, we performed a TUNEL assay on
paraffinized tissue sections of wild-type and hht mutants at 36hpf. The TUNEL assay is
specific for detecting DNA fragmentation that results from apoptotic signaling cascades.
Increased apoptosis can be seen in highly proliferative zones of the central retina, tectum,
and hindbrain in hht embryos at 36hpf, that is not present in wild-type siblings. (Figure
3.1.7). Other highly proliferative tissues containing TUNEL-positive cells included the
branchial arches and fin cartilage, which were obvious only at 3dpf, when these
structures become histologically more distinct.
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Recall that the pattern of cell death observed histologically at 5dpf was only
marginally detected in the retina and not observed at all in the intestine. TUNEL
activation was observed in hht mutant retina from 3dpf to 5dpf (Figure 3.1.8). This is in
contrast to what is observed with the intestine, where a lack of TUNEL-positive cells
suggests a tissue-specificity activation of apotosis that will require further investigation
(Figure 3.1.9). Additionally, DAPI counterstaining draws attention to the pleomorphic
and hyperchromatic nuclei scattered throughout the intestine (Figure 3.1.9, compare E
with F). The same pattern of apoptosis was detected by immunohistochemistry using
anti-active caspase-3, a key protease that is activated during the early stages of apoptosis,
and is, therefore, a sensitive and specific marker for cells undergoing apoptosis.
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In summary, we discovered that the expansive cell death observed histologically
at 36hpf, that is only marginally detectable at 5dpf in highly proliferative tissues retina
and brain, is due to activation of apoptosis. Concurrently, the lack of cell death in the
intestine at 5dpf was consistent with the lack of apoptosis seen in this tissue. Previous
studies have shown that during zebrafish embryogenesis and larval development,
proliferation is greatest from fertilization to 3dpf, and is followed by a dramatic drop that
extends through 5dpf, which is the exact time of gut development and differentiation
(Appendix). Since we detected a strong cell death response and activation of apoptosis in
highly proliferative tissues in early embryos (prior to 3dpf), we were interested in
determining if there were any defects in cell proliferation as demonstrated by BrdU
incorporation.
Bromodeoxyuridine (BrdU) is a synthetic nucleoside that serves as a substitute for
thymidine that can be incorporated into newly synthesized DNA during S phase, and
serve as a reflection of cell replication. Differentiation in the retina is described as
proceeding through two gradients: ―center-to-periphery‖ and ―inside-to-outside‖ [54],
such that cells move towards the apical periphery as they progress through S phase and
differentiate. To determine whether hht mutants display defects in cell proliferation, we
performed a BrdU pulse-chase experiment, and stained paraffin sections with an antiBrdU antibody. Studies have shown that prior to exiting the cell cycle, all cells in wildtype retinae are BrdU-positive (immunoreactive for BrdU) [54,138,153]. Wild-type
sibling and hht mutant retinae exhibit nearly identical BrdU staining patterns at 36hpf
(Figure 3.1.10), suggesting that the same proportion of retinal cells are proliferating, and
in the proper location, in hht mutant embryos.
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At 48hpf, the retinal neuroepithelium begins to differentiate, and as cells exit the
cell cycle to become postmitotic, BrdU staining is progressively limited to the periphery
of the retina [54,109,160]. The patterns of BrdU staining in wild-type and hht begin to
diverge at 48hpf, when wild-type sibling retinae are devoid of BrdU-positive cells in the
center of the retina, but hht mutant retinae continue to have cells in S phase in the central
region (Figure 3.1.10). At 48hpf, a greater proportion of retinal cells in hht embryos are
still incorporating BrdU, suggesting delays in progressing through S phase, or that cells
are mislocalized, possibly due to defects in progression.
These observations are also consistent with what we see in the intestine. The
intestine is one of the last organs to form and fully differentiate, starting to develop
around 3dpf and completing differentiation by 5dpf. This coincides with the dramatic
drop in proliferation seen during zebrafish embryogenesis and larval development. If
defects in S phase result in activation of apoptosis, this may provide an explanation as to
why apoptosis was not detected in 5dpf intestine.
To investigate whether retinal cells in hht mutant embryos are progressing
through S phase to M phase, hht mutant and wild-type siblings were assessed for the
presence of a phosphorylated form of histone H3 (pH3), which serves as a marker for late
G2 or M phase [54,109]. At 48hpf, wild-type hht sibling retinae indicate the presence of
pH3 only in the periphery (Figure 3.1.10.), whereas in hht mutant retinae, many cells in
the central region are still pH3 immunoreactive, and the peripheral pH3 signal is
decreased in hht embryos as compared to wild-type. Quantitation may be necessary to
verify this observation. These results are consistent with those obtained using BrdU, and
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suggest that retinal cells in hht mutant embryos display defects in progressing through S
to M phase.

3.1.6. Ultrastructural analysis
H&E histological analysis suggested that the cells of hht mutant embryos at 36hpf
exhibited a dishesive quality that was also observed in 5dpf intestinal epithelial cells.
Retinal and intestinal ultrastructure of hht mutants was examined for possible defects in
the morphology of cell adhesion proteins using transmission electron microscopy (TEM).
Development of the zebrafish retina takes place similarly to most simple epithelia,
displaying apical-basal polarity in which cells are connected by adherens junctions (AJ)
[54,109,160,187]. TEM of 30hpf hht mutant and wild-type siblings retinae reveal that
AJs remain morphologically intact, despite retinal cell disorganization and death (Figure
3.1.11). AJs were also morphologically preserved in both mutant hht and wild-type larvae
at 5dpf (Figure 3.1.11). Therefore, ultrastructural analysis suggests that hht mutant
embryos do not have defects in common cell adhesion proteins.
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After determining that cell adhesion was not defective in hht mutant embryos and
larvae, we turned our attention to focus more on the severe nuclear morphology observed
in the intestine, and were interested to see if there were any identifiable differences in the
chromatin pattern of these nuclei as reflected by ultrastructural analysis. Chromatin is
found in two varieties: euchromatin and heterochromatin [12,107]. Euchromatin is a
loosely packed form of DNA that is gene-rich and usually under transcription, whereas
heterochromatin, is tightly packed and therefore has limited transcription. Upon closer
examination, a marked decrease in the amount of heterochromatin was discovered in the
nuclei of 30hpf hht mutant retina cells as compared to wild-type siblings (Figure 3.1.12).
The nuclei of 5dpf intestinal absorptive enterocytes exhibited similar relative
heterochromatin to euchromatin distribution, indicating that this phenomenon is not
tissue-specific. Several studies have indicated that chromatin remodeling is a necessary
response to DNA damage, triggered by histone phosphorylation. Whether this explains
what is observed with hht remains to be determined.
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3.2.1. Introduction
The previous subchapter detailed the characterization of the pleiotropic mutant
hht. TUNEL analysis revealed the tissue-specific activation of apoptosis, possibly due to
defects in S phase progression. Also, ultrastructural analysis revealed an altered
heterochromatin to euchromatin distribution in retinal and intestinal nuclei in hht
mutants, suggestive of the kind of chromatin reorganization that occurs during DNA
damage.
In this subchapter, we detail the identification of the pleiotropic mutant hht, and
show how bulked segregant mapping localized the hht mutation to chromosome 8 near
SSR marker z11001 at 40 cM. Recombinant mapping of hht yielded a 32 kb-critical
interval containing five candidate genes: pola2, dimt1l, mier3, mrsp36, and cenph. Within
this genomic region, five candidate genes were identified: rRNA methyltransferase dmt1l,
DNA polymerase alpha, B subunit pola2, vertebrate mesoderm induction early response
factor 1, family member 3 mier3, 28S mitochondrial ribosomal protein S36 mrps36, and
centromere protein H, cenph. To determine which of these genes is in fact responsible for
the hht phenotype, we carried out further recombinant mapping to refine the interval,
knockdown by MO injections for partial or complete phenocopy, and direct sequencing
of the mutant transcript. We show results that led to the conclusion that hht encodes
subunit B of the zebrafish DNA polymerase alpha-primase complex.

3.2.2. Strain considerations and carrier selection
A forward genetic screen approach was implemented to generate mutations to
study states of cell differentiation. As described in Mohideen et al [116], male zebrafish
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were mutagenized for 1 hour with 2.5mM ENU and outcrossed to homozygous golden
females to determine germline mutation rates. At this concentration, it was determined
that approximately 13 mutations per haploid genome were generated3. If one
conservatively estimates that mutation-carrying fish are bred only once every two years,
this would require 5 generations to dilute the mutation frequency to less than 1. Since
these fish were originally mutagenized in 1996, and have been outcrossed to wild-type
strains for at least 10 generations, random carrier incrossing resulted in mutant and wildtype progeny devoid of ―background‖ or nonspecific, typically ENU- related, mutations
that can theoretically compromise the viability of the clutch as a whole, and the
―scorability‖ of the mutant phenotype.
To support our mapping efforts, carriers were identified, housed, and maintained
to maximize embryo production. Carriers were selected based on age and fertility, and we
found that largest embryo yields were derived from maintaining males and females in
separate housing, having their interaction limited to breeding only. Note that separated
females need to be bred at least once a week to avoid becoming ―egg-bound‖, which
renders them refractory to breeding. Separation of the sexes prevents spontaneous
breeding and generates a ―breeding schedule‖, where the female is capable of generating
a large amount of eggs on a predictable schedule. Using this approach, we typically
obtained clutches of 250-300 embryos per cross. Eight total carriers (four male, four
female) were designated as ―breeding pairs‖ for the embryos used for genetic mapping.

ENU mutagenesis of males resulted in two golden embryos out of 1,818 total screened. According to Ensembl,
there are currently 24,147 protein coding genes in zebrafish. Therefore, 2/(1,818 * 2) = 2/3,636 ~ 1/1000 *
24,147 = 13 mutations per haploid genome.
3
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We had originally planned to utilize an external, zebrafish community mapping
resource to expedite the cloning of hht. The Zebrafish Mapping Facility at the University
of Louisville (Louisville, KY) offered positional cloning services to accelerate gene
identification [116]. Their protocols required the generation of polymorphic hybrid
mapcross panels by outcrossing hht carriers to another wild-type strain, WIK. Unlike
Connors, WIK is a common, characterized, wild-type laboratory strain that is known for
being polymorphic in comparison to most other common wild-type strains such as AB,
Tu, and SJD [98]. The Zebrafish Mapping Facility required that two different mapcross
panels be generated; one for identifying linkage to a chromosome arm using bulked
segregant analysis, and another for recombinant mapping, to take advantage of the
differences in genetic length between female and male zebrafish. As the male genetic
distance is much shorter than the female (Figure A.3.1.1.), detecting linkage to a
chromosome is theoretically faster if the background of the male carrier is more
polymorphic. Therefore, to identify linkage to a chromosome arm using bulked segregant
analysis, male hht/Connor carriers were outcrossed to WIK, maximizing the degree of
polymorphism in the male, while females were to remain in the same background as the
mutagenized strain (i.e. Connors), generating the mapcross panel: ♀ Connors/hht x
WIK/hht ♂. For recombinant mapping, it was requested to switch which parents are
informative, and have the female in the WIK background, generating the mapcross panel:
♀ WIK/hht x Connors/hht ♂, with the goal of maximizing the chance of finding
recombinants by taking advantage of the longer female genetic length.
After selecting carriers for the mapcross panel: ♀ Connors/hht x WIK/hht ♂,
initial breeding efforts involved raising the offspring from this cross, half of which were
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heterozygotes. These heterozygotes were then identified by multiple random incrosses,
and the embryos generated from these incrosses were collected for bulked segregant
analysis. Unexpectedly, random incrosses from the hht/WIK mapcross generated mutant
progeny that the majority of the time did not exhibit the hht phenotype, and suffered from
a variety of nonspecific deformities including expansive edema, circulation defects, along
with truncated fins and tails. Without a clear mutant phenotype in the expected 25%
recessive lethal proportion, mutant phenotype identification for collection became too
challenging and imprudent to complete. Therefore, it was decided that mapping efforts
would continue internally, using carriers that generated a clear mutant phenotype, in the
expected 25% recessive, Mendelian proportion, as verified by using the chi-squared (x2)
analysis (Figure 3.2.1).
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―Connors‖ is the wild-type strain that exhibited the best fertility in our laboratory,
and were the largest population of young fish at the time embryo collection for mapping
was initiated. As such, they were selected to serve as the background strain to maintain
and propagate the hht mutation. Using less characterized, more non-traditional, wild-type
zebrafish laboratory strains like Connors for both propagation and mapcross panel
generation has been argued by some to complicate mapping efforts [27,98,135,190]. As
most other laboratories utilize common wild-type strains for mapping purposes, little was
known regarding the degree of polymorphism in the Connor wild-type strain., but we
surmised that the large populations from which this strain derived would contribute to a
high degree of polymorphism.
A good indication of the degree of polymorphism can be obtained by typing the
244, agarose-scorable, simple sequence repeat (SSR) markers suggested by MGH for
bulked segregant analysis (http://cvrcbarracuda.mgh.harvard.edu/zebrafish/bulseglist.htm). There are approximately 10
markers per chromosome, 5 markers evenly spaced over both arms, across all 25
chromosomes. Expected allele sizes for each marker in common laboratory strains are
also indicated on the website, and provide an estimation of the size one can expect when
using strains that have not been characterized. Fin biopsies from eight different hht
carriers (four males, four females) in the Connor background were obtained and used for
typing the suggested markers to estimate the degree of polymorphism and determine how
many carrier pairs would be necessary for embryo collection in order to maximize marker
informativeness. All samples were run on 4% MetaPhor agarose, which is claimed to
have a resolution of 4bp (at 4%, according to product insert).
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Table 3.2-1 indicates that out of the four carrier pairs, on average, 81% (174/216)4
of the amplified markers were informative (mother only, father only, and both) within a
given pair, and on average, 32% (68/216)5 of the informative markers that amplified were
polymorphic for both parents. Eighty-five percent of the time, Pairs 1,3 and 4, were
informative (mother only, father only, and both) for the same markers. Pair 2, on the
other hand partially ―complemented‖ the other three pairs with respect to informative
markers. In other words, when the other three pairs had uninformative (nonpolymorphic
or homozygous) markers (17% of amplified markers)6, Pair 2 partially filled that void,
having a set of informative markers for 75% of the 17% of uninformative amplified
markers from Pairs 1,3 and 4, leaving only 5% of amplified markers overall as
―uninformative‖ or unusable.
When markers are polymorphic in one parent alone, only one meiotic event can
be assessed, requiring the typing of twice as many mutants to identify recombinants and
achieve the same resolution. Therefore, it was a priority to find markers that were
informative in both parents and had easily resolvable alleles when run on 4% MetaPhor
agarose gels. As Pairs 1,3, and 4 were essentially identical in terms of marker
polymorphism, one of these pairs was selected in addition to Pair 2, for fine mapping
embryo collection (indicated by underlining in Table 3.1-1 and referred to as Pair 1 and
Pair 2 from henceforth). In sum, we concluded from the above work that genetic
mapping using the Connors background would be possible without resorting to the

Average of all polymorphic pairs across all carrier pairs. Pair 1: 176, Pair 2: 167, Pair 3: 175, Pair 4: 178;
average = 174. Average of all non-amplifying markers: Pair 1: 30, Pair 2: 22, Pair 3: 34, Pair 4: 27; average = 28.
244-28 = 216.
5 Adding the “Both polymorphic” column: 78+50+77+66 = 271/4 = 67.7 ~68; (68/216) = 32%.
6 Adding the “Non-polymorphic” column: 38+35+39 = 112/3 = 37.3 ~37; (37/216) = 17%.
4
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crosses suggested by the community mapping resource. This is consistent with past
laboratory efforts, in which golden was identified in a similar genetic background [101].

3.2.3. Linkage of hht to a chromosome arm
To assign the hht mutation to a specific chromosome arm, we utilized a bulked
segregant and genome scan approach to find markers that cosegregate with the hht
phenotype. Pools of 20 mutant and 20 wild-type sibling (includes both homozygous and
heterozygous wild-type embryos) were collected from both Pair 1 and Pair 2 parental
carriers. Typing initiated with testing all polymorphic (only mother, only father, both
mother and father) markers from chromosome 1, working through to chromosome 25,
and running all samples on 4% MetaPhor agarose. Due to the recessive inheritance
pattern of hht, a marker is considered linked to the mutation of interest when a band
present in the wild-type pool is absent in the mutant pool.
Since many sources indicate that linkage is frequently found to about three
chromosomes [30,165,166], polymorphic markers from all linkage groups were tested on
hht mutant and wild-type pools so as to ensure that all possible linkages were detected.
Individual mutant typing can reveal which linkage is in fact real. After typing all
informative markers, linkage to one marker on one chromosome was found. Among the
other markers on the same arm, two did not amplify at all, and the third was not
polymorphic. Figure 3.2.2 illustrates linkage of hht to SSR z11001 at 40cM on
chromosome 8. Mutant and wild-type pools were tested in triplicate, and multiple carriers
confirmed this linkage.
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Notice that the father allele of z11001 has three separate bands. Approximately
19% of all amplified markers from all 25 chromosomes with the suggested bulked
segregant analysis markers had at least three bands per allele. Typing individual wildtype embryos for z11001 revealed that the top two alleles behave as one, and segregate
from the bottom allele in a 2:1 ratio of heterozygotes to homozygotes expected from
phenotypically wild-type pools. Since this marker was informative only in the father, we
decided to confirm linkage of hht to chromosome 8 and identify markers closer to the
mutation that were informative in both parental carriers. Therefore, markers up to 10cM
proximal and distal to z11001, not in the original suggested 244, were tested for linkage
on mutant and wild-type sibling pools. According to Table 3.2-2, there were 75 markers
near 40cM that were informative in both selected set of parents (Pair 1, Pair 2). Of these,
42 markers, on average, residing between 30 and 54cM (location of centromere), were
found to be polymorphic. All of these polymorphic markers confirmed linkage to
chromosome 8, further supporting correct chromosomal assignment.
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3.2.4. Mapping of hht to a critical interval containing specific candidate genes
In genetic mapping, the distance between two loci (in this case hht and the marker
of choice) is determined by detecting the number of recombinants separating two loci. A
higher percentage of recombinants indicates a greater distance (up to 50%). Once
markers have been selected, individual mutant typing can commence, and recombinants
are scored. The schematic in Figure 3.2.3 diagrams female meiotic gametes and potential
resulting progeny (Figure 3.2.3 (A)), in addition to how these progeny would be
represented on an agarose gel (Figure 3.2.3 (B)). Assuming recombination occurs
exclusively in zebrafish females since male meiosis is dramatically suppressed relative to
female meiosis, and that there is one crossover per chromosome arm due to chiasma
interference, the arrangement detailed in Figure 3.2.3 (A) illustrates the female meiotic
gametes resulting from either no crossovers or one crossover between the marker (M) and
the locus, hht. The marker represented here has been shown as having two, clearly
resolvable alleles, with the top band in the gel corresponding to M, and the bottom band,
to m. Crossing each of these potential female meiotic gametes with the male indicated on
the bottom right, would generate the eight different kinds of progeny detailed in Figure
3.2.3 (B).
For bulked segregant analysis, the genotypes of individual wild-type progeny (AF) would collectively be in the wild-type pool, and therefore, would only be seen if
individually typed. In the bulked genotype, all alleles for that marker present in the
parents would appear. Progeny G & H are phenotypically mutant, and therefore would
be typed individually, but as a nonrecombinant, mutant G would yield one band on the
gel representative of the mutant allele. In contrast, recombinant mutant H shows a wild82

type genotype in which the crossover event causes the allele associated with the wildtype chromosome to be associated with the mutation, and therefore to be present in the
recombinant mutant. This recombinant is used to calculate the distance (in cM) between
the mutation (hht) and the marker in question.
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Typing 338 mutants with father-informative only marker z11001 yielded 7
recombinants. Since markers informative in only one parent can contribute only one
meiosis to each recombinant, we have 7/338 (number of recombinants/number of meiosis
scored) ~2.1cM or 1.36Mb (~650kb/cM). Note that in this case, the number of mutants is
the same as the number of meioses scored. Marker z15045 at 36.6cM on the other hand,
is informative in both parents, and can contribute two possible meioses to the
recombinants. Typing with z15045 identified 41 recombinants among 338 mutants,
giving 41/(338*2) ~3.96Mb. Note that one obtains twice the resolution with markers that
are polymorphic in both parents (―double informative‖ compared with markers that are
polymorphic in only one). An initial critical interval of ~8cM (42cM-50.3cM; 5.2Mb)
was generated after typing 974 mutants (1,948 meiosis) with doubly informative,
flanking markers z15045 (36.6cM) and z24527 (50.5cM). The recombinants identified by
both z15045 and z24527 were designated as the ―recombinant panel‖ (total of 181 mutant
progeny) that was used to further refine the critical interval by typing with additional
markers.
Mutant typing with additional SSR markers z10868 and z13225, available at
Ensembl (http://www.ensembl.org) substantially narrowed down the critical interval.
Zero recombinants obtained with both markers z10868 and z15236, indicating very close
linkage to the mutation (<0.05 cM (1/1,948), which corresponds to a physical distance of
about 32 kb, or a conservative estimate of 1Mb for the interval between z26580 and
z13225). Cross-referencing zebrafish genome resources Ensembl, Vega, and UCSC
indicated that the clones containing the critical interval had already been sequenced and
assembled in Dec 2007. This genomic region contained five candidate genes (Figure
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3.2.4, Table 3.2-3). None of the candidate genes can be ruled out on function alone, as
one can imagine that defects in DNA replication, mitochondrial protein synthesis,
transcriptional repressors can result in rather dramatic phenotypes.
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3.2.5.

Morpholino knockdown of candidate genes
One method for verifying gene identification is to phenocopy the mutation by

injecting morpholino oligonucleotides (MOs) into wild-type embryos. This antisense
technology is used to sterically block a target sequence within an RNA by binding to it,
preventing other molecules, like ribosomes from generating a protein product [Gene
Tools, LLC; Philomath, OR]. Finding that a MO against a candidate gene results in a
―phenocopy‖, or a reproduction of the mutant phenotype, supports the conclusion that the
responsible mutation is in the targeted gene. Three fluorescein-tagged MOs were
designed for each of five candidate genes: one translation blocking MO (‗ATG‘), and two
splice-junction blocking MOs (―SJ1‖) and (―SJ2‖), targeting splice acceptor sites. All
exon-intron boundaries were amplified from genomic DNA (gDNA) and sequenced prior
to ordering the MOs to verify that no polymorphisms exist in the intron sequence, which
may effect binding of the MO to the target sequence (even though Gene Tools asserts that
a single nucleotide polymorphism will not affect the binding specificity of the MO).
At least 400 wild-type embryos were injected per MO. All three (ATG, SJ1, and
SJ2) MOs for pola2, dmt1l, mier3, and cenph, generated the gross phenotypes in Figure
3.2.5 on 3dpf, and each image is representative of the clutch as a whole. The gross
phenotypes from MO injection of MRPS36_ATG and MRPS36_SJ1 resulted in a
substantial degree of nonspecific defects including expansive edema, circulation defects,
truncated fins and tails, which complicated scoring. Table 3.2-4 provides a brief summary
of the MO injections carried out for pola2, as an example.
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Several things must be taken into consideration when evaluating phenocopy
results from MO injections. Most zebrafish laboratories that perform MO-injections
typically provide results as visualized in 3dpf embryos [132,138,153,190]. This is an
early and informative timepoint to evaluate injections for most genes, primarily because
embryos have developed beyond a simple neuroepithelium and yolk, to differentiated
tissue types, and distinct organs. Moreover, as the zebrafish embryo develops and
increases in size, the MO injected at the 1-cell stage is dissipated over thousands of cells
by 3dpf, and depending on the gene, may theoretically be overpowered by endogenous
expression. Lastly, zebrafish undergo a midblastula transition (at about 3hpf), during
which embryonic transcription initiates and many maternal mRNAs are degraded.
Translational start-site MOs (―ATG‖) will inhibit maternally-expressed genes, while
splice junction MOs will not.
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The 3dpf gross phenotypes generated by injecting MOs for mier3, mrsp36, and
cepnh did not result in any substantial similarities to hht (Figure 3.2.5). MO injections of
pola2_ATG, pola2_SJ1, pola2_SJ2 and dmt1l_ATG, dmt1l_SJ1, dimt1l_SJ2 MOs
reproduced many of the characteristic defects seen in hht, including a reduced head and
eye size, overall body shape and size, behavioral phenotypes, and pronounced yolk.
These results prompted a closer investigation of pola2 and dimt1l to distinguish these two
candidates from each other, and possibly from hht.

3.2.6. pola2, dimt1l, and p53 MOs
While gross phenotypes of pola2 and dimt1l morphants share similarities at 2dpf
(not shown) and 3dpf, with hht, histological examination of these mutants at 3dpf
revealed dramatically different histological phenotype with dimt1l morphants as opposed
to pola2 and hht. The severely disrupted and smaller retina with preserved cell class
specification observed in hht was present in pola2, but not in dimt1l morphants (Figure
3.2.6). While MO injection of dimt1l results in a retinal phenotype, it can be
characterized by an overwhelming abundance of neuroepithelial progenitor cells, and
substantial reduction in the outerplexiform and outernuclear layers (OPL and ONL,
respectively). Moreover, hht is characterized as having phenotypes in many organs. This
multiple-organ quality is only observed in pola2-injected embryos, since dimt1l
injections predominantly resulted in histologically-detectable retinal and brain defects.
The table in Figure 3.2.6 provides a more quantitative evaluation of dimt1l and pola2
histology at 3dpf, in comparison to hht. In sum, these results provide strong evidence
that a mutation in pola2 is responsible for the hht phenotype.
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During the process of generating a dose response curve to determine the
appropriate concentration for pola2 injections, it was discovered that varying doses of
pola2 develop histologically distinct phenotypes. A pola2_ATG concentration of 4.5ng/nl
is sufficient to generate a gross phenotype resembling hht without nonspecific defects and
death. Concentrations above or below this value generated more severe or more limited
histological phenotypes, respectively. This property can be exploited to generate more
―mild‖ phenotypes that can potentially provide insight into the progression of the hht
histological phenotype.
Scattered cell death is a prominent defect observed in hht mutants. Histological
examination at 2dpf and 3dpf pola2 morphants also revealed a substantial degree of cell
death, especially in the retina. MO injection can occasionally result in non-specific,
injection-related cell death [120,166]. Recent studies have shown that inhibition of p53
function by concurrent knockdown of p53 and a gene of interest can ameliorate nonspecific cell death effects [45,120]. Concurrent injection of p53 (sequence in Appendix)
and pola2 MOs resulted in the same histological and gross phenotypes of pola2 injection
alone, indicating that the cell death phenotype is part of the pola2 phenotype, and not
incurred because of the injection itself. Since previous TUNEL results indicated the
activation of apoptosis in early embryos, we were interested to see if this is occurring by
a p53-dependent or independent pathway. Injection of p53 MO into embryos derived
from hht carrier crosses discovered that inhibition of p53 function failed to rescue the
expansive cell death seen in hht mutant embryos, suggesting a p53-independent pathway,
Moreover, no difference was detected in P53 expression level as assessed by RT- PCR of
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p53 mRNA in 3dpf wild-type and hht mutant embryos, as compared to control gene, actin
(executed similarly by Yamaguchi et al for DNA primase, [191]) (Figure 3.2.7).
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3.2.7. Candidate gene sequencing
Total RNA was isolated from three carrier pairs, and cDNA for all five candidate
genes was amplified and sequenced. The single nucleotide polymorphisms (SNPs)
discovered in each candidate‘s coding region are listed under ―Coding SNPs‖ in Table
3.2-5. The only nonsynonymous substitution recovered from all candidate genes was in
pola2, where a Cytostine (C) to Guanine (G) substitution in AA 580, resulted in an
Asparagine to Lysine substitution (N580K). gDNA isolated from individual mutant and
wild-type siblings confirmed the sequencing results illustrated in Figure 3.2.8. This
substitution occurs in the C-terminal region of the protein, only twenty amino acids away
from the stop codon. Unlike catalytic subunit (Subunit A) Pola1, the crystal structure of
Pola2 has yet to be determined. Even though protein sequence alignment using ClustalW
of pola2 indicates that AA580 is not highly conserved among species (Figure 3.2.8), all
of the amino acids, except proline (P) are polar, and uncharged. Substituting small, polar,
uncharged asparagine (N) with large, basic, charged lysine (K) can affect the overall 3D
conformation of the protein, or compromise protein-protein interactions within the DNA
pol-prim complex.
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3.2.6 Additional zebrafish polymerase mutants
A search was initiated for other zebrafish DNA replication mutants in literature,
and the Hopkins insertional collection. Examination of the corresponding day for each of
the mutants in Table 3.2-6 indicates that there are substantial similarities in gross
phenotypes observed with hi783 (pole2), piy (prim1), and especially hi1146 (pola1), and
hht. All of these mutants are larval lethal, and many exhibit an overall reduction in body,
head, and eye size, necrosis in the central nervous system, and rounder yolk. Histological
examination of piy and pola1 mutants is currently in progress.
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3.2.7. Discussion
The study of thin tissue sections with H&E is the foundation of diagnostic
surgical pathology because of its great sensitivity in detecting the subtle abnormalities in
cell and tissue architecture associated with human disease. A genetic dissection of a
histologically-identifiable aspect of human cancer was accomplished by using ENU to
generate mutants with defects in cell and tissue architecture. By using histology to focus
on changes occurring during early development, one can comprehensively uncover subtle
changes, and evaluate the widest range of potential phenotypic effects, leading to a
deeper understanding of the spatiotemporal coordination of the effects of a mutated gene
product. We hypothesized that identifying zebrafish mutants with these kinds of changes
may further our understanding of cancer and disease, providing non-mammalian
vertebrate models for the study of these pathologies.
A genetic screen based on histological examination led to identification of the
pleiotropic mutant hht, whose phenotype at 5dpf is characterized by striking architectural
and cytological changes in several organs. Multiple organs, especially the intestine,
exhibited cells with pleomorphic nuclei, irregular nuclear borders, and high nucleus to
cytoplasmic ratios; phenotypes commonly seen in high grade human tissue dysplasia
associated with neoplastic progression and cancer [152,164,171], were exhibited by
multiple organs (most evident in the intestine) in hht larvae.
The hht phenotype presents histologically as scattered cell death in the retina and
brain at 36hpf, when early embryos are primarily composed neuroepithelium and yolk.
By 2dpf, hht mutants are grossly identifiable by a characteristically curved, body,
prominent round yolk, and dark patches in the forebrain and hindbrain ventricles,
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corresponding to cell death (verified histologically). The cell death phenotype
progressively worsens and by 3dpf, has implicated nearly every organ, especially
proliferative tissues including the retina, brain, and cartilage tissues. Only three days
elapse from initial gross phenotypic presentation until nonspecific defects cause mutant
death at 5dpf. Mutants with early, dramatic phenotypes like what is seen with hht,
typically fall into a lower priority category in most screens because of the potential
difficulty in determining what system is being affected, requiring further screening.
Histological examination of phenotypes at later timepoints may reveal the presence of
additional, potentially tissue-specific phenotypes. Therefore, while histological
examination can detect early, subtle changes, whole-organism assessment during later
stages of development can also reveal additional aspects of a phenotype, emphasizing the
value of evaluation over time.
Using a more characterized laboratory strain for mutagenesis, propagation, and
map cross panel generation, would have greatly facilitated initial genetic mapping efforts.
At the same time, it was determined that less characterized wild-type strains can be
sufficiently polymorphic and used for genetic mapping projects with a great degree of
success. Heeding the advice of an external zebrafish mapping facility to outcross to more
―traditionally‖ polymorphic lines resulted in a complete loss of the dramatic hht gross
phenotype, possibly due to modifier genes.
Gene identification initiated with genome scanning using SSR markers in a
bulked segregant approach, and determined that the hht mutation is located on
chromosome 8, as evidenced by linkage to marker z11001 at 40cM. This linkage was
confirmed through the use of additional polymorphic markers spanning a 20cM genomic
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region encompassing z11001. Further mapping with these markers assisted in defining
the hht locus to a specific region, and after typing 974 mutants (1948 meiosis), left and
right flanking markers determined a critical interval of ~64kb (conservatively 1Mb),
containing the hht locus. Since the clones containing this interval had been sequenced and
made publically available on genome browsers like Ensembl and UCSC, a list of
candidate genes was easily generated. This genomic region yielded five candidate genes
for further analysis: dimt1l, pola2, mier3, mrsp36, and cenph. Initial antisense
knockdown using MO injections narrowed the candidate list to two: rRNA
methyltransferase dimt1l, and DNA polymerase alpha, subunit B pola2, and a closer
examination of the results pointed further in the direction of pola2. The nonsynonymous
mutation at AA580 (N580K) recovered from cDNA and gDNA direct sequencing
provides strong evidence that hht encodes pola2.
DNA pol-prim is a heterotetrameric complex responsible for the de novo initiation
of DNA synthesis in both leading and lagging strand synthesis. DNA pol-prim has been
shown to be essential for cell viability, and its structure and catalytic properties are highly
conserved in a wide range of eukaryotic organisms [61,62,179,189]. The largest DNA
pol-prim subunit, 180kDa subunit A, exhibits intrinsic catalytic activity. The smallest two
subunits, 48kDa subunit C, and 58kDa subunit D, possess primase activity and generate
the RNA primer at the beginning of all newly synthesized DNA strands (Table 3.2-7).
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For accurate transmission of the genetic code from one generation to the next, the
entire genome must be replicated only once, in an error-free manner during S phase of
every cell cycle. In order for replication to commence, a concerted sequence of proteinDNA and protein-protein interactions must occur to convert a replisome, a complex of
DNA-replication enzymes necessary for replication, from an inactive, pre-replicative
state, into an active, licensed, initiation state. After licensing of the origin for replication,
initiation factors Cdc45, Cdk2, and Cdc7 associate with chromatin, recruiting
topoisomerase I to relax the supercoiled DNA. The resulting single-stranded DNA is
sequestered by the eukaryotic single-stranded binding protein RPA, and recruitment of
DNA pol-prim, marks the beginning of the G1/S transition (Figure 3.2.9).
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Most of the literature regarding DNA pol-prim is focused on the catalytic subunit,
Pola1, and primase subunits, Prim1 and Prim2. Relatively little, other than the
requirement for subunit B for cell viability, was known regarding the physiological role
of subunit B in DNA pol-prim prior to Collins et al in 1993 [42], whose first step in
addressing this knowledge gap involved cloning subunit B from human DNA pol-prim
and expressing it as a fusion protein in bacteria. They suggested that subunit B serves as a
―molecular tether‖, coupling the DNA pol-prim complex (more accurately catalytic
subunit A) to SV40 T antigen, facilitating DNA initiation and elongation. No direct
physical interaction was detected between the catalytic subunit A and SV40 T antigen in
the absence of subunit B, and the efficiency with which the catalytic subunit was able to
synthesize long DNA chains was highly dependent upon the presence of subunit B.
Around the same time as Collins et al, Foiani et al [61,62] generated twelve
different S. cerevisiae pol12 mutants by in vitro mutagenesis. Characterization of the
temperature-sensitive mutant pol12-T9 supported previous results, indicating the
requirement of the B subunit for cell viability and in vivo DNA synthesis. They
discovered that under restrictive conditions, pol12-T9 cells arrest in S phase with twice
the DNA content of normal cells, suggesting that the B subunit is necessary for
progression through S phase, possibly through interaction with proteins involved in origin
recognition [61,62]. It would be of interest to see if this temperature-sensitive mutant
(when grown at the restrictive temperature) generates similar morphological deformities
as hht.
Foiani et al [58] confirmed previous results presented by Collins et al [42] that
the N-terminal 239 amino acids are responsible for interacting with T antigen, whereas
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the carboxy-terminal portion interacts with catalytic subunit A, validating the hypothesis
that subunit B functions to tether these two proteins at origins of replication. Fission yeast
(S. pombe) thermosensitive mutants generated by Wang et al in 2004 [186] later
confirmed these results, indicating that subunit B coprecipitates with origin recognition
complex proteins and mediates recruitment of DNA pol-prim and helicase onto
replication origins in G1, providing further support for the role of subunit B in initiation
of both leading and lagging strands at the replication origins.
Proper duplication of the genome is of paramount importance for the life of any
organism. In multicellular organisms, it is essential for life that genome duplication and
cell proliferation be tightly coordinated. A mutation in pola2, which plays an integral role
in initiating DNA replication, possibly by tethering DNA pol-prim to the remaining
replication machinery, agrees functionally with the cell death phenotype characteristic of
embryonic hht mutants. One can predict that affecting the tightly regulated process of
DNA replication can result in the scattered cell death seen throughout embryonic
development to 3dpf in hht mutants. Previous studies using BrdU determined that
zebrafish epithelia are highly proliferative through 3dpf, but this rate drops precipitously
between 3dpf and 5dpf, with the onset of exogenous feeding [54,132]. This could provide
an explanation for why the hht histological phenotype appears to worsen rapidly from
36hpf to 3dpf, but plateaus until 5dpf. Perhaps any cells that manage to survive through
the early proliferative stage to 3dpf, can exist until 5dpf, when exogenous feeding
demands a functional digestive system, finally causing the death of hht mutants. This
kind of analysis would not be possible if hht mutants were not evaluated on a daily basis.
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In addition to causing expansive cell death in early embryonic tissues (36hpf), the
hht mutation causes nuclear atypia in differentiated tissues (5dpf). If we assume that
human cancers have deficiencies in DNA replication, we can hypothesize that a
weakened polymerase can cause apoptosis in rapidly replicating cells, but atypia in
slower replicating cells. Perhaps when cells are replicating rapidly, a compromised
polymerase cannot keep up, resulting in cell death, but when proliferation slows down,
the polymerase can keep up to a certain extent, and although manifests in tissue and
cellular abnormalities, does not result in immediate cell death.
Studies have determined that the C-terminal domain of Pola2 is most likely
responsible for the interaction with the catalytic subunit, Pola1. It remains difficult to
predict the effect of the N580K mutation in hht mutants without a better understanding of
the 3D conformation or possible domains of the protein. A missense mutation in subunit
B most likely generates a hypomorphic allele, causing a partial loss of gene function.
Sequential cycles of RT-PCR amplification of pola2 mRNA (Appendix) indicates that
pola2 mRNA is amplified similarly in 4dpf hht larvae and wild-type siblings. This
suggests that pola2 mRNA levels are not changed in hht larvae, and perhaps the hht
phenotype is due to lack of a stable Pola2 protein, due to improper folding caused by
altering protein-protein interaction, resulting in eventual degradation.
A phenylalanine to serine substitution in the N-terminal domain of the zebrafish
primase (prim1) gene generated the pinball eye (piy) mutant, which exhibited a nearly
identical histological phenotype to hht at 36hpf. Contrary to what is seen with hht, p53
MO injection in embryos from piy carrier crosses rescued the piy phenotype at 36hpf and
42hpf [191], and p53 was amplified in piy mutants as determined by a number of
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sequential RT-PCR cycles [191]. The piy study did not evaluate gross or histological
phenotypes appearing later than 42hpf, but cursory histological examination of piy larvae
at 5dpf suggest that the histological defects extend throughout the whole organism in a
manner very similar to what is seen in hht larvae. This suggests that the defects we are
seeing in hht may not be gene-specific but rather enzyme-related. We are currently in the
process of determining if the nuclear atypia observed in hht larval intestine is also seen in
piy.
While nonsynonymous N580K mutation most likely results in a less-functional
Pola2 protein, the presence of maternally provided pola2 mRNA and Pola2 protein may
partially substitute for zygotic loss of pola2 during early embryonic development.
Depending on the gene, studies have shown that maternal mRNA can persist in the
embryo well beyond 3dpf, and do so with many genes involved in DNA replication
[138,153,191]. This may provide an explanation, in addition to functional redundancy,
for why mutations in genes that serve integral functions like DNA replication, can even
produce offspring that form at all, not to mention, survive until the larval stages. By
comparing the presence of pola2 mRNA in pre- and postmidblastula (MBT) stage
wildtype embryos, one can obtain a sense of how much maternally derived pola2 exists at
the selected post-MBT stage, and may provide an answer regarding how larvae even form
with a mutation in DNA pol-prim.
TUNEL staining revealed strong activation of apoptosis in highly proliferative
tissues such as the forebrain, hindbrain, and ventricular zones at 36hpf in hht mutants. No
increased apoptosis rates were seen in hht mutants prior to 36hpf, but activation
dramatically increased by 2dpf and continued to progress until 3dpf. These results are
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consistent with what is observed with other cell proliferation genes, notably pcna, piy
[191], mcm5 [153], and pold1 [138], which suggests that activation of apoptosis might be
the prominent cause of reduction in head and eye size in hht mutant embryos.
Additionally, TUNEL staining was detected in highly proliferative tissues such as the
branchial arches and fin cartilage at 3dpf. While apoptosis remains activated in the retina
at 5pdf, no TUNEL-positive cells were detected in the hht intestine. This suggests the
possibility of tissue-specific responses to apoptosis, and that the cellular atypia observed
in the intestine discussed in previous subchapters does not activate apoptosis. Moreover,
injection of p53 MO into embryos from hht carrier crosses did not rescue the mutant
phenotype, which suggests that the activation of apoptosis is occurring by a p53independent pathway. Similar tissue-specific responses to housekeeping genes have been
associated with defects in mismatch repair genes that contribute to colon (Hereditary
nonpolypopsis colon cancer, HNPCC) and ovarian cancer [148,150,158].
To investigate whether retinal cells in hht mutant embryos are arresting in S
phase, immunoreactivity for S and M phase markers, BrdU and pH3, respectively, were
compared. A short BrdU incubation followed by fixation and detection with a conjugated
anti-BrdU antibody detected that up to 36hpf, all retinal cells in both hht mutant and
wild-type embryos were actively proliferating, which is consistent with literature
regarding retinal histogensis. By 42hpf, most of the cells in the central region of the wildtype retina have already exited the cell cycle, whereas cells in S phase are still evident in
the center of hht retinae, suggesting that these cells are delayed or arrested in S phase. A
similar analysis using pH3 to detect cells in M phase also indicated a possible arrest in M
phase in hht retinal cells. An alternative explanation for these observations may include
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that the retinal cells were incorrectly migrating or improperly localized, rather than being
defective in S-phase progression. While mislocalization can be still be caused by defects
in S-phase progression, FACS analysis or propidium-stained wild-type and hht embryo
single cell suspensions will help address this concern.
Several recent studies have directly implicated chromatin remodeling activities in
DNA repair [16,119,180] by showing that the ATP-dependent INO80 (a subfamily of the
chromatin remodeling complex Swi2/Snf2) chromatin remodeling complex is directly
recruited to sites of double strand breaks and stalled replication forks by interacting with
H2AX. Histone H2AX is rapidly phosphorylated at Ser139 following treatments that
induce DNA double-strand breaks or replication stress [119,180]. It is suggested that
once recruited, chromatin remodeling complexes like INO80 serve to provide the repair
machinery with an exposed or open chromatin environment that might facilitate the
recruitment of additional DNA repair proteins. Furthermore, it was discovered that cells
with extensive DNA damage have a greater proportion of euchromatin, overall, and that
H2AX foci form preferentially in euchromatin after replication stress caused by UV
exposure or treatment with replication inhibitors [45]. A substantially higher degree of
euchromatin as compared to heterochromatin was observed in hht mutant retinal and
intestinal cells at 30hpf and 5dpf, respectively. These results are consistent with what is
described in literature as chromatin remodeling due to stalled replication forks, it is
possible that perhaps DNA replication damage or stress, in hht embryos, prevents
progression through S phase, and eventually activates apoptosis, at least in the retina.
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Chapter 4

Development of morphogenetic profiling using a zebrafish insertional collection

4.1. Introduction
In our histological screen for mutants affecting cell and tissue morphogenesis, we
used a larval-array analysis capable of examining the full range of tissues in zebrafish
embryos and larvae. Among the mutants obtained, we found a significant fraction to
affect multiple organs, or have pleiotropic phenotypes, like huli hutu (hht), whose
characterization and identification is described in the previous chapter. Pleiotropy, or the
association of multiple, seemingly unrelated phenotypes resulting from single gene
disruptions [53,87], have been observed in humans. For example, mutation of
glycoprotein fibrillin-1, or FBN1, results in Marfan syndrome, which is characterized by
disproportionately long limbs and fingers, defects in heart valves and the aorta, and lens
dislocation [87]. Similarly, mutation of DNA damage repair protein NBS1 in Nijmegen
breakage syndrome results in microcephaly, immunodeficiency, polydactyly, and a strong
predisposition to lymphoid malignancy [53,87].
More generally, specific genetic deficiencies, diseases, and toxic effects can cause
changes in morphology in specific tissues over time. Similar to the syndromes detailed
above, often times, mutations can result in seemingly unrelated specific sets of spatial
and temporal effects, making examination of a single organ, tissue, or process incomplete
and potentially misleading. Comprehensive analyses are therefore important in medicine
for identification of causative disease mechanisms, and while pleiotropic phenotypes
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have been reported in humans, the frequency and dynamics of pleiotropic phenotypes
have not been studied together. This prompted us to ask if there have been any animal
model studies attempting to address either of these gaps.
Morphological studies in S. cerevisiae (yeast) and C.elegans (roundworm) have
shown that many genes exhibit pleiotropy, but to our knowledge, pleiotropic phenotypes
and dynamics of phenotype progression have not been studied together. This led us to ask
what proportion of vertebrate genes function across tissue boundaries? What are the
dynamics of pleiotropic phenotypes? Evaluating the dynamics of how a phenotype
progresses over time is more meaningful and adds more resolution to the data than simply
saying a phenotype is merely ―present‖ or ―absent‖. Many candidate drugs are selected
for further study based on examination of phenotypes in only one or two therapeutic areas
[12,126], such as cardiovascular disease, diabetes, obesity, etc., while seemingly
unrelated pathologies such as depression or anxiety are not necessarily studied for the
same gene. Evaluating how pleiotropic phenotypes change over time can have important
implications for understanding gene function, testing drug candidates, and toxicological
studies.
To begin to answer these questions, an appropriate model system is necessary.
Ideally, the model system would be vertebrate, for a closer reflection of what we might
see with humans. Additionally, the model system would also provide a rapid way to
identify multiple organs, and examine multiple specimens at once, both of which can be
addressed by the small size of the zebrafish and our larval array technology. Since we are
interested in the progression of pleiotropy over time, we would need to find a way to
evaluate multiple timepoints in a relatively short amount of time, and therefore,
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examination of organs during early development would enable this kind of assessment.
To effectively study the range of pleiotropic phenotypes in any model system, a
collection of mutants with known, specific gene deficiencies is necessary to perform a
comprehensive analysis. In 2004, the Dr. Nancy Hopkins lab at MIT published the
generation of a mutant collection with insertions in 315 genes essential for early zebrafish
development [3,4] that fulfills all of the ideals above.
We have hypothesized that comprehensive analysis of changes over time, in a
model organism can provide significant insight into gene function. What we describe
below is our application of histological larval array analysis to study a set of 97 single
gene mutants over a four-day time period, from the insertional mutant collection at MIT
[3,6]. We have discovered that a majority (83/97) of developmental genes in vertebrates
appear to function in multiple organs, and that some tissues exhibit a greater number of
specific defects. We also discovered that gene deficiencies result in morphogenetic
signatures that are indicative of specific functions or genetic pathways. These results
suggest that phenotypic analyses need to extend to whole organisms in order to achieve a
more complete understanding of gene function. The implications of this extend beyond
genetics to the consideration of studies of disease and toxicological assessments.

4.2. Mutant line selection
The Hopkins insertional screen used retroviruses as a method of mutagenesis that
identified 315 genes essential for early zebrafish development. These 315 genes represent
approximately 22% of the 1400 genes estimated to be essential in early embryonic
development, with 72% having homologues in yeast, and 99% in humans [6]. Each
117

mutant was assigned to one of the gene type categories listed in Figure 4.1 (A), except for
21% of the collection (66 genes total) whose corresponding mutated gene has been
identified, but the function of each remains unknown. Therefore, this collection contains
mutants with known gene deficiencies that cover a wide range of gene types, and would
be an ideal system in which to study pleiotropic phenotypes.
The visible, gross phenotypes of all mutants in the Hopkins collection were
characterized by a letter grade from ―a‖ (normal) to ―d‖ (dead), publically accessible at:
http://www.nature.com/ng/journal/v31/n2/extref/ng896-S1.htm, for each day of early
development, 1dpf through 5dpf. While useful as a screening mechanism, gross
inspection limits one to observing relatively superficial phenotypes. In order to examine
the earliest, tissue-specific changes, and the widest range of potential phenotypic effects,
mutants were examined one day prior to the appearance of a gross phenotype, termed the
‗first histologically informative day‘. This may help distinguish between primary and less
specific, more downstream, secondary effects, leading to a deeper understanding of the
spatiotemporal coordination of the effects of a mutated gene product.
Two criteria had to be fulfilled in order to be included in our study. First, all
mutant lines must have gross phenotypes appearing later than 2dpf. Since we are using
histology to uncover subtle, tissue-specific changes, we chose to begin evaluation of any
mutant line at 2dpf, the earliest timepoint at which organ-specific histology is
informative. Second, mutants must survive to at least 5dpf. This maximizes the number
of organs that can be evaluated, and allows study of the progression of the mutant
phenotype over 4 days (2-5dpf). This resulted in the selection of 128 lines. To control for
variation, 5 separate siblings pairs per mutant line were set up for matings to generate a
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total of 640 crosses. Only 97 mutant lines out of a possible 128 generated enough
progeny for each timepoint. Figure 4.1 indicates the distribution of the types of genes
included in the larger collection of 315, and the 97 mutant lines selected for this study,
annotated functionally by the Hopkins lab.
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4.3. Creation of a “morphogenetic profile”
Obtaining reproducible morphological descriptions and results can be
challenging with histology. A way to address this is to integrate a standardized
vocabulary for annotating phenotypes. The zebrafish anatomy ontology (―ZFA‖) is a
database with standard anatomical terms that can be used to describe an embryo or larva.
These anatomical entities can then be evaluated or ―scored‖ using the standardized
phenotypic qualities provided by the phenotype and trait ontology (―PATO‖). These two
vocabulary databases were used together to evaluate ten separate organs: brain, retina, fin
cartilage, pharyngeal arches (cartilage), kidneys, gut, pancreas, integument, liver, and
muscle. We also incorporated a semi-quantitative scoring for greater specificity of
phenotype descriptions, which adds more resolution to the data and helps distinguish
between different mutants. For example, a ―severity score‖ ranging from 0 (normal) to 4
(severe) was assigned to each of 7-8 PATO phenotype qualities used to evaluate each of
10 organs, for every day of development (2-5dpf), for all 97 mutant lines.
―Morphogenetic‖ by definition, is change that occurs in cells and tissues over
time. Therefore, we defined a ―morphogenetic profile‖ as all PATO qualities across all
possible days of evaluation for a particular mutant line. For example, evaluating 7-8
PATO qualities for all 10 organs can generate a maximum of 80 PATO qualities per day,
or 320 (80 x 4 days of evaluation) PATO qualities total for the ―morphogenetic profile‖
of a particular mutant line. We refer to the morphogenetic profiles for all 97 mutants
together as the ―expanded scorecard‖. With that in mind, one of the original goals was to
determine what is the frequency of pleiotropy as reflected by multiple organ phenotypes
in vertebrates?
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4.4. Insertional mutants and multiple organ phenotypes
Examination of 7-8 anatomy-phenotype combinations in 10 tissues and organs on
the first histologically informative day in 97 mutant lines revealed that that 11 mutant
lines showed defects in only one organ, whereas 83 mutant lines had a detectable
phenotype in two or more organs, and 72 lines in three or more organs (Figure 4.2). Only
three lines had no histological phenotype. These results suggest that a majority (86% or
83/97) of genes essential in early development included in this collection exhibit
multiple, histologically-detectable organ defects. Moreover, the 97 lines are distributed
nearly equally across the number of organs affected, with just as many lines having
defects in only 1 (n=11) or 2 (n=11) organs, as lines with defects in 9 (n=10) or 10 (n=7)
organs. The distribution of lines per number of organs affected is significant. Since these
mutant lines are evaluated beginning with the first histologically informative day, the
multiple-organ phenotypes detected are specific, or indicative of direct effects, and not
just an accumulation of widespread defects. This suggests that many developmental
genes in zebrafish have specific multiple organ defects, reflecting the importance of
whole organism assessment.
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Three mutant lines in the collection had no histological phenotype, hi14, hi1059,
and hi781. The gross phenotypic descriptions for these lines involved organs that were
either not included for evaluation (i.e. swim bladder), or involved gross changes that do
not necessarily result in tissue abnormalities (i.e. ―mouth agape‖ and ―bent dorsally‖).
Thus there are phenotypes that are more appropriately studied by gross inspection than by
histology. Many would predict that mutant line hi14, which codes for eukaryotic
translation elongation factor 1 gamma, a subunit of the elongation factor-1 complex
(eef1g), should have at least some measurable histological phenotype, considering
translation elongation is an integral, molecular process occurring in every cell in the
body. This gene, much like eukaryotic translation elongation factor 1 alpha 1, or eef1a1,
has been found to have copies on many chromosomes, some representing pseudogenes,
indicating a potential for redundancy. Moreover, mutant line hi1059, whose gene encodes
neurogenin-1 (neurog1) is a transcription factor involved in mediating neuronal
differentiation. Neuronal development and differentiation are some of the earliest stages
of embryogenesis, and maternal supplies of mRNA could provide enough of a normal
neurog1 copy that during that time period that the true mutant phenotype is masked.

4.5. Co-occurring histological defects
Histological defects that co-occur with respect to both time and tissue can yield
critical insights into gene function, and are central in importance when evaluating and
predicting a spectrum of toxicological and pathological effects. A maximum of eight
defects are scored for each organ, for each day of evaluation, for each mutant line. The
defects observed on the first histologically informative day were summed for each organ,
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for each mutant line, and presented in Figure 4.3 with all 97 mutant lines on the left hand
side and organs evaluted across the top. This representation illustrates that most mutant
lines had defects in the retina (82/97), brain (71/91) and gut (66/97), indicated as any
color other than light blue (or 0 defects). A possible explanation for this may be due to
the fact that the eye and brain are the first organs to form, creating a large developmental
window within which the defects can accumulate, and be detected. These results also
suggest that these organs rely upon the largest number of genes to determine their
specific structure and function.
While most lines had defects in retina and brain, the brain had fewer defects per
mutant line. Since retina and brain are both derived from nervous tissue, one would
predict that defects in the retina would also affect the brain, and vice versa. The fact that
nearly all of the same lines exhibit both retina and brain defects, yet fewer defects per
organ in brain as opposed to retina, implies that perhaps the retina is more sensitive than
the brain to this kind of histological evaluation. This is consistent with the limitations of
two-dimensional analysis (histology) for detection of the more complex 3-dimensional
structure of the brain. It will take 3-dimensional analysis of these mutants to determine
whether this is true. Therefore, while evaluating the brain does result in defect detection,
the retina is more sensitive, and possibly allows for earlier detection, a property that can
be exploited in future screens.
Retina, cartilage, and gut were the organs with the greatest number of defects in
each mutant line (indicated by the greatest number of times you see pink or red under a
particular organ). This is most likely attributable to the complex, orderly arrangement of
cells and cell types within these tissues that makes them more amenable to histological
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scoring. Moreover, the fact that these organs exhibited the greatest number of defects
may make them attractive for toxicological assays because of the sensitivity with which
defects can be detected.
The intestine (gut) is one of the last organs to develop and fully differentiate,
starting on 3dpf and mostly complete by 5dpf. More often than not, severe gut
phenotypes indicate severe phenotypes in most other organs, especially the retina.
Additionally, lines with even mild phenotypes in the gut, have phenotypes in other organs
including retina, cartilage, and brain, which can be scored earlier than 5dpf. Therefore, if
one were interested in determining the earliest possible time to histologically evaluate
mutations that eventually result in gut defects, examining earlier-appearing defects in
other tissues also shown to be defective can provide an earlier and faster indication of the
mutated gene function.
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4.6. Summary morphogenetic scorecard generation
While this representation of histological phenotypes is focused on defects seen on
the first histologically informative day, one of our original goals was to visualize the
phenotype progression of these mutants over a number of developmental days. The
―expanded morphogenetic scorecard‖ includes all 97 mutant lines that were part of our
study. A maximum of 8 defects were scored for each of 10 separate organs, for up to 4
days (2-5dpf) of development for all 97 mutant lines. This can add up to over 31,000
values! Therefore, we devised a ―summary morphogenetic scorecard‖ to manage this
information, combining the scores for all defects for a given organ, on a given day, into
one overall score. That way, we only have one summary score card per day per organ,
rather than eight. This is in contrast to the ―expanded scorecard‖ which includes the data
from all anatomy-phenotype combinations for each day of development, which are
unique for each mutant (except for those without histological phenotypes). While many
of the morphogenetic profiles may look similar in the summary scorecard, this
representation can be used as a guide to initially organize or prioritize mutant lines of
interest based on severity of phenotype, day of occurrence, type of gene mutated, or
organs affected. Furthermore, the 97 mutants selected from the Hopkins collection were
originally grouped into ten different classes, according to the Hopkins lab annotations:
nine functional classes (Figure 4.5 (scorecard)) and one class comprised of novel (or
otherwise unknown) and miscellaneous mutants. The summary scorecard illustrated in
Figure 4.5 is organized by these Hopkins functional classes.
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An example illustrating the construction of one value for the summary scorecard
is shown in Figure 4.4, detailing the scoring of the pharyngeal arches (cartilage) on 5dpf
for the sox9 mutant. All 8 PATO quality scores have been averaged to give one score of 3
out of 4 for 5dpf as indicated by the height of the one yellow bar in Figure 4.4. This
particular mutant line encodes the transcription factor sox9, which acts during
chondrocyte differentiation. Deficiencies in sox9 in humans have shown to result in the
skeletal malformations seen in campomelic dysplasia, which is marked by anomalies of
the ribs, and vertebral column [130]. As would be expected, a phenotype was detected
only in cartilage tissue. These results provide evidence suggesting that not only is this is
an informative way to summarize histological phenotype information, but also that this
method of evaluation is sensitive enough to detect defects appearing in only one tissue
type, and has the potential to help characterize human disease phenotypes.
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4.7. Function-specific phenotypes
While the sox9 mutant line serves as an example of how documenting phenotype
progression in this way can detect defects in only one tissue type, we observed
morphogenetic profiles with particularly strong defects shared by several mutants. The
top four mutant lines in the protein folding category, hi383a, hi642, hi800a, and hi1743,
all share similarities in their strong, morphogenetic profiles, with respect to severity and
organs affected, across all days (Figure 4.5, 4.6). The genes mutated in lines hi383a,
hi642, and hi800a, code for subunits Tcp1-, Tcp1-, Tcp1-, respectively, of the
eukaryotic, cytostolic molecular chaperone TCP1 Ring Complex, or TRiC (also known as
CCT, cytosolic chaperonin containing TCP-1). The TRiC complex uses ATP to assist in
the folding of proteins into their native, functional states [114,173]. This complex
consists of two identical stacked rings in which polypeptides enter and are folded in an
ATP-dependent manner. Each ring contains eight different, though related subunits,
represented once per ring whose unique combinations of hydrophobic and polar residues
allow each subunit to recognize a variety of specific substrates. A detailed understanding
of the subunit arrangement within TRiC is essential, since each subunit within the
complex appears to play a distinct role in both substrate binding, the ATPase cycle, and
maintaining structural communication between and across the ring interface [114,173].
The strong similarities with respect to severity and organ affected in lines hi383a,
hi642, and hi800a suggest that disruption of each of these subunits results in similar
effects, possibly because these individual subunits are critical for proper TRiC
functioning, and/or recognize similar substrates. The strong morphogenetic profile shared
with the top three subunit lines is also seen with the line hi1743, which encodes binding
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immunoglobulin protein, BiP, or Hspa5 in humans. BiP is a 78kDa glucose-regulated
molecular chaperone that uses ATP/ADP cycling to regulate protein folding [173], much
like the TRiC complex, which may explain the similarity in phenotype signatures.
Moreover, binding to TRiC requires the action of upstream chaperones to [173] like BiP,
suggesting that these kinds of morphogenetic profiles are unique to genes whose
functions are involved in this particular protein folding pathway.
Therefore, while strong morphogenetic profiles like those observed with protein
folding, allow us to draw conclusions with respect to substrate specificity, function, or
suggest shared pathways, strong morphogenetic profiles may also be able to distinguish
between catalytic and regulatory roles. The ―protein degradation‖ category can be divided
into two parts (Figure 4.6): one with only the top mutant line encoding psmb1, whose
severe defects span across all organs and all days, and the bottom three mutant lines (one
of which codes for psmb6), that are characterized by a moderate retina, brain and gut
phenotype. Mutant lines psmb1 and psmc6 code for proteosome subunits, which serve
catalytic and regulatory functions, respectively. The most common proteasome, known as
the 26S proteasome, contains one 20S catalytic core, and two 19S regulatory caps, and is
responsible for degrading unneeded or damaged proteins by proteolysis [84]. The core is
hollow and provides an enclosed cavity in which proteins are degraded, while the two
caps contain multiple ubiquitin binding sites that recognize polyubiquitinated proteins
and transfers them into the catalytic core. All 20S particles consist of four stacked
heptameric ring structures, two of which are composed of 7  subunits, and the
remaining two, composed of 7  subunits;  subunits are structural in nature, whereas 
subunits are predominantly catalytic [84]. The gene mutated in line psmb1 codes for one
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of the seven  subunits in the two rings of the 20S catalytic core, whereas the gene
mutated in psmc6 codes for one of the six regulatory subunits in the 19S caps. One might
predict that compromising the catalytic activity of a protein complex will render the
protein nonfunctional, and depending on the protein, result in drastic defects, whereas
disruption of subunits serving more regulatory roles may result in mild effects. This kind
of histological analysis may prove useful in distinguishing between genes that serve
catalytic functions and those that serve more regulatory, or structural, roles.
These analyses take advantage of morphogenetic profiles with strong responses in
most if not all organs, but more tissue-specific responses like sox9 are seen with the
mutant lines comprising the transcription category. Many of these mutant lines do not
generate any obvious similarities in their morphogenetic profile. In fact, most of the lines
exhibited very mild defects. Transcription factors can be highly tissue-specific, which
may explain the overall mild defects of each line, with specific tissues yielding an
occasional signal, much like what is seen with sox9. These results provide evidence that
this method of evaluation is sensitive enough to detect defects appearing in only one
tissue type, and has the potential to distinguish between different biological functions and
characterize human disease phenotypes.
While visual evaluation of the summary scorecard illustrated in Figure 4.5 has
shown to be a useful and legitimate approach to initially prioritize and group mutant
morphogenetic profiles, a statistical validation of the relationships and conclusions
presented thus far, is necessary, and can also help distinguish between morphogenetic
profiles that appear similar by visual inspection alone. In collaboration with Brian A.
Canada, a Bioinformatics & Genomics PhD candidate at Penn State, University Park, an
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attempt at a statistical evaluation was undertaken by calculating the pairwise similarity
(or dissimilarity) between mutants on an organ-by-organ basis. This similarity was
calculated using the Euclidean distance between the single, summary scorecard value for
each organ. The ―Euclidean distance‖ or ―Euclidean metric‖ is the distance between two
points:

(http://en.wikipedia.org/wiki/Euclidean_distance)

The values obtained for each pairwise combination are presented graphically in
the heatmaps in A.5-14, where scores are clustered for each organ, and represented by
color variation. The same approach used to cluster the mutants on an individual-organ
basis may be extended to clustering based on their overall summary scorecard profiles
(i.e., using all 40 scores from all 10 organs at once, instead of just 4 at a time). This will
help to reveal mutants that have nearly perfect similarity overall, which as is indicated
below, is most likely the only reliable way to characterize mutants using a distance-based
metric.
Preliminary results indicate that when looking at individual-organ and ―overall‖
heatmaps, one can see that the primary positive controls- the protein folding lines hi383a,
hi642a, hi800a, hi1743- cluster closely together, largely because their morphogenetic
profiles are nearly identical overall (in all organs). Other mutant lines that cluster with
protein folding (i.e., hi297 and hi2246) also happen to have some relationship to protein
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folding, according to literature [16,63]. Moreover, nearly the same 10 mutant
morphogenetic profiles clustered towards the top are found in all individual-organ
heatmaps (aside from individual-organ heatmaps for liver and integument, where there is
greater variation). Additionally, this approach is capable of identifying morphogenetic
profiles that exhibit defects in only one tissue, i.e. sox9 (hi1134, Figures 4.5, A.6), and
unknown (hi61, Figures 4.5, A.8), and both of which have been shown to function as
transcription factors, according to literature [55,130].
Although there are unknown mutant morphogenetic profiles that cluster with the
protein folding morphogenetic profiles that have been shown to be functionally related to
protein folding according to literature, examples of ―false positives‖ including hi2914,
hi3817, hi4201b, hi2737, cluster closely with protein folding in individual-organ and
overall heatmaps, yet function in chromatin remodeling, as a tRNA synthase, or as a
general transcription factor, respectively, according to the literature [31,47,113,188]. It
appears as this approach cannot be reliably used for functional categorization, except
where mutants have a total or overall similarity score of zero, or very close to it, and
therefore, it remains imprudent to draw any conclusions from the clustering when
considering morphogenetic profiles that have strong overall similarity scores other than
zero. In other words, the mutants whose morphogenetic profiles are dissimilar from the
protein folding mutants, do not immediately fall into easily definable clusters, whether
the clusters are functionally defined by the Hopkins classifications, or by information
obtained from literature. Perhaps on a more individual organ basis, some relationships
hold, but the major difficulty is that similarities between mutants based on one organ may
be ―offset‖ by dissimilarities in other organs. Based on the observations from this
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preliminary distance-based analysis, a more holistic approach that examines the complete
morphogenetic profiles of a given mutant pair in the context of all mutants, and which
allows for a way to statistically determine which subsets of organ phenotypes uniquely
define each functional category, may be more appropriate.
One limitation of the distance-based metric is that, at the organ level, variation in
scoring would have a strong impact on which mutants a given mutant morphogenetic
profile would be clustered with, since there are only four degrees of freedom (i.e., each
mutant has only four scores, one for each day of development). By contrast, at the overall
level, scoring variations in only one organ would not have as strong of an impact, since
there are now forty degrees of freedom (4 scoring days times 10 organs). Even if two
mutants have the same start (2dpf) and end (5dpf) scores, if the path it takes to get there
varies at all, then the distance metric may grossly distort the true difference between the
scoring "trajectories". Moreover, the distance metric doesn't take context into account,
and therefore, there are multiple ways of arriving at the same summary score for a given
organ, on any given day of development. This can make determining the significance of a
―match‖ challenging. One may find that the more common the matches are among the 97
mutants, the less ―interesting‖ the match is, not to mention that these more common
matches will not have a very high significance from a statistical point of view, because if
a substantial portion of your population (here, the 97 mutants) cluster together for a given
phenotype, then an individual pairwise match is likely to happen by random chance,
ultimately signifying a high P-value (less significant).
For mutants that have partial overlap over two or more functional classes, perhaps
a statistical method similar to that being developed by Brian A. Canada, would be more
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appropriate. To be detailed in his thesis, in brief, this method uses significance testing
(based on the ―cumulative hypergeometric distribution‖, [Brian A. Canada‘s thesis]) to
determine which of the phenotypes—or more specifically, what range of 4-day scoring
progressions of those phenotypes—are enriched in a given functional class. In essence, a
functional class's phenotypic signature can be defined by a specific set of phenotypes that
are unlikely to be found by chance outside of the functional class. Some classes may still
have the same PATO phenotype, but the general pattern of scoring variation over the
four-day course of development for that phenotype will differ among those classes. In
other words, one class might be defined by a phenotype with the scoring progression [0 1
1 2], while another class might also be defined by that same phenotype, but with a
different scoring progression, such as [2 3 3 4]. This method allow for some flexibility in
the scoring progression for each class, so that scoring progressions like [0 1 1 2] and [2 3
4 4] might belong to the same class, but the actual degree of variability depends on the
context of the scoring progressions for all 97 mutants.
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4.8. Discussion
Previous attempts at evaluating the extent to which individual genes exhibit
pleiotropy, have been mostly conducted in S.cerevisiae, by monitoring the change in
growth rates under 21 environmental conditions [53,69], or more recently, in C. elegans,
where the availability of phenotype data from high throughput RNAi techniques enabled
the systematic analysis of 46 morphological defects in a collection of mutants [195].
While both studies indicated a higher degree of pleiotropy than expected by chance, the
progression of those pleiotropic phenotypes in distinct tissues over time was not
investigated. The analysis presented here goes a step further, by presenting a
comprehensive, systematic, and temporal assessment of pleiotropic phenotypes resulting
from single gene disruptions in a vertebrate system.
We generated histological morphogenetic profiles that incorporated standardized
vocabulary from anatomy (ZFA) and phenotype (PATO) ontologies in conjunction with
quantitative scores, to capture the progression of each phenotype over the course of early
development. A morphogenetic profile was generated for all 97 mutant lines, detailing
the progression of the mutant phenotype from the earliest histological defect (no earlier
than 2dpf) to 5dpf. Documenting how multiple organ phenotypes progress across tissues
and over time allows one to discover commonalities across phenotype defects that might
be otherwise overlooked or obscured. Gross et al [74] performed a histological screen for
morphological defects of the eye on 250 of the 315 mutant lines in the Hopkins
collection, evaluating all lines only on 5dpf. Eighty-one of the mutant lines had dramatic
retinal phenotypes that were indistinguishable from one another, that if examined earlier,
the subtle histological differences would have been more discriminating, not to mention
140

when combined with the evaluation of other organs. For example, mutant line hi2688
carries a mutation in the paics gene, which was initially identified by its RPE defects. A
spatiotemporal examination of all 10 organs and tissue types revealed that hi2688 also
has defects in cartilage and brain that are obvious prior to 5dpf. This emphasizes the
value of early, sensitive, examination and assessment of phenotypic change over time.
Moreover, incorporating a temporal assessment into phenotype progression can help
distinguish between primary, direct effects, and secondary, downstream effects,
generating a ―start‖ and ―end‖ to phenotype progression, which can be used to optimize
future screens and toxicological assays.
If this collection of insertional mutants is representative of the 1,400 genes
estimated to result in visible embryonic phenotypes when mutated in zebrafish [5,7], then
a majority of genes essential in early zebrafish development exhibit phenotypes in
multiple organs. Only 11 mutant lines showed defects in one organ, whereas 83 mutant
lines had a detectable phenotype in two or more organs, and 72 lines in three or more
organs (Figure 4.2). About one-half of the mutants exhibit defects in a majority of the
organs examined. While histologically evaluating the changes resulting from a genetic
disruption during early development is one way to evaluate the widest range of direct,
potential phenotypes within a manageable window of time, the fragility of the organism
in the early stages of development renders it susceptible to potentially severe
consequences from even minor perturbations. Therefore, a logical conclusion would be to
assume that the high frequency of multiple organ phenotypes is in part, a manifestation of
perturbing the strictly regulated and precisely orchestrated series of metamorphic changes
occurring during early development. Determining which genes serve strictly
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developmental functions, as compared to those that have known functions throughout
development and adulthood (i.e. not only essential during development, but essential for
life), could provide insight on how representative this collection is of all zebrafish genes.
Some tissues (retina, gut, cartilage) exhibited a greater number of specific
defects. There are a few possible explanations for this that are not necessarily mutually
exclusive. First is that these tissues are either the earliest to form (retina, cartilage), which
creates a large window of time within which defects can be detected and accumulate,
and/or they are the largest organs (retina, gut), which increases the likelihood of a defect
in these particular organs. Second, a greater number of specific defects in retina, gut, and
cartilage, suggests that these tissues rely upon the largest number of genes to determine
their specific structure and function. Last, these tissues have a characteristically complex
and patterned arrangement of cells and cell types (i.e., distinct layers of the retina, nuclear
polarity of the enterocytes in the gut, serial patterning of cartilage cells) that makes them
more amenable to histological evaluation, which is an attractive feature for toxicological
assays, because of the sensitivity with which these defects can be detected.
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Shared morphogenetic profiles suggest structural and functional relationships, and
reveal the functional diversity of transcription factors. We were able to draw certain
conclusions regarding which subunit(s) in multimeric complexes might serve catalytic as
opposed to regulatory functions, which are indispensable for proper functioning, and
potentially the order in which the complexes are assembled. Moreover, this analysis also
has the potential to reveal new protein-protein interactions, and discover candidates that
can aid in the characterization of human disease phenotypes. This emphasizes the
importance of monitoring phenotype progression and shows that clustering of
morphogenetic profiles, appears as a valid, function-oriented way to classify and
characterize genes. At the very least, this methodology can provide a better understanding
of the basic molecular and biological processes that occur in almost every cell.
There are certain phenotypes that are more amenable to gross phenotypic
dissection or other examination, including changes in pigmentation, circulatory defects,
behavioral changes, and the overall 3D shape of the embryo/larva and particular organs.
Laboratories or experiments that call for this kind of evaluation can still adopt this
analysis as a means of standardization and progress towards a more streamlined approach
in comparing phenotypes and potential functional prediction, even across model systems.
Lastly, zebrafish are an ideal whole-animal, vertebrate model to use for
toxicological assays aimed at identifying new therapeutic targets. Typically, a substantial
fraction of drug development is focused on targeting specific molecular pathways. While
an effective approach, certain presumptions about the specific molecular mechanisms
must be made, which can limit the potential for identifying previously unsuspected
proteins as drug targets. In contrast, an analysis of this kind, which focuses on whole
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organism, tissue-specific outcomes, can provide a method with which to provide a global
assessment all possible affected organs and tissues without a preconceived notion about
potential targets.
It is possible to argue that the functional class annotations proposed for the
Hopkins screen and used in the summary scorecard (Figure 4.5) as well as those used in
the Gene Ontology (i.e., the molecular function and biological process sub-ontologies)
may not be appropriate for truly defining the function of a particular mutant. If that truly
is the case, then one possible solution is to define our own functional classes into which
the 97 insertional mutants may be categorized. Ideally, we would see how the
morphogenetic profiles ―cluster‖ together using an unsupervised or ―blind‖ approach,
followed by an examination of the literature to see what known functions are common to
the mutants in each of the clusters.
A potential challenge with this ―unsupervised‖ or blind approach is that by
―forcing‖ the data to partition into discrete clusters, this may result in some mutants not
having multiple functions, unless a single category ends up being defined by multiple
functions following our literature search. Alternatively, in collaboration with Brian A.
Canada, it was proposed that instead of clustering all 97 mutants at once, the 97 mutants
could be divided into two groups, depending on whether they have a known function. The
group of mutants with known functions could be used for ―training‖ the classification
model in an attempt to simultaneously define the number and characteristics of the
functional classes. Once the classes are defined, then their phenotypic signatures may be
used to functionally characterize the group of mutants that had no previously known
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function. In that case, the ―unknown‖ mutants may be assigned multiple functions, but
this depends on their individual morphogenetic profiles.
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Chapter Five

Summary and Closing Discussion

5.1. Summary
A nonsynonymous substitution in the C-terminal domain of Pola2 is
responsible for the huli hutu (hht) pleiotropic phenotype

A screen for mutations affecting cellular differentiation identified the mutant
hht, whose phenotype causes striking architectural, cytologic and nuclear changes in
several organs. Genetic mapping, knockdown analysis, and direct sequencing determined
that a mutation in the B subunit of DNA polymerase alpha-primase pola2, is responsible
for the hht phenotype. Immunohistochemical staining with cell proliferation markers
indicates tissue-specific activation of apoptosis in the retina and gut, and possible defects
in S phase progression. Ultrastructural analysis revealed an altered heterochromatineuchromatin distribution in hht mutants and larvae, consistent with chromatin
reorganization during DNA damage.

A comprehensive histological evaluation of pleiotropic phenotypes in
zebrafish reveals the value of extending phenotypic analyses beyond tissue
boundaries
The proportion of vertebrate genes that function across tissue boundaries is
unknown, due to the paucity of sensitive and systematic functional studies in whole
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model organisms. A comprehensive, histological evaluation of 97 zebrafish insertional
mutants discovered that a majority of developmental genes in vertebrates exhibit specific
patterns of defects in multiple organs, and that the changes in severity of certain
phenotypes co-occur within and across organ boundaries during the course of
development. This can have tremendous impact on mutant characterization, and becomes
critical when suggesting previously unsuspected tissues as possible avenues for
examination. Additionally, the observation that genes sharing common function or
molecular pathways exhibit similarities in the progression of their phenotypes can be
used to further characterize known zebrafish mutants. This type of analysis is transferable
to other model systems, advances the phenotyping and functional annotation of vertebrate
genes, and emphasizes that phenotypic analyses need to adopt a whole-organism
approach in evaluation in order to achieve a more complete understanding of gene
function.

5.2. Discussion
5.2.1. A point mutation in pola2 is responsible for the hht phenotype
Discovering new genes that play a role in maintaining proper cellular
differentiation was the motivation for a forward genetic screen that recovered seven, noncomplementing mutations, two of which had defects in multiple organs (pleiotropic). One
of these mutants, huli-hutu (hht) is characterized by a consistently severe cytologic and
nuclear atypia that is reminiscent of the atypia seen in human neoplasia. The work
presented here has shown that mutation of pola2 causes apoptosis in embryonic nervous
tissue and contributes to nuclear atypia in differentiated tissues.
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Additional evidence for the link between a mutation in pola2 and cellular atypia
in other vertebrates, and humans, is the next step in this work. We hypothesize that if
pola2 plays a role in maintaining proper cellular differentiation, that the nuclear atypia
that characterizes the hht mutant phenotype would also be seen in human cancers,
specifically gastrointestinal tumors. A possible next step would be to genotype mouse
and human precancerous and cancer tissues for detection of pola2 mutations. Establishing
morphological similarities between the nuclear atypia seen in human cancers (i.e. GI
tumors as well as other cancers) and hht, will be essential to provide further evidence that
pola2 can serve as a new target for carcinogenesis. Proving that the nuclear and cytologic
atypia phenotype of hht applies across phylogeny by examining the cellular and tissue
morphology resulting from pola2 inhibition in other model systems such as C. elegans,
can be an appropriate first step.
Preliminary examination of 15 adult hht carriers has indicated no increase in
spontaneous tumor rates at 1.5 or 2 years of age. While examination of additional carriers
is necessary to verify these results, a possible next step may be to expose hht carrier and
non-carrier adults to the carcinogen MNNG, which has been shown in previous studies to
accelerate the development of tumors in fish [166]. If there is an increased rate of tumor
development in hht carriers, typing the tumors to check for loss of pola2 heterozygosity
may suggest that pola2 acts as a haploinsufficient tumor suppressor.
Morpholino knockdown analysis followed by direct sequencing of five candidate
genes determined that a Cytosine to Guanine substitution in amino acid 580 resulted in an
asparagine to lysine substitution (N580K). While ClustalW protein sequence alignment
indicates that this amino acid is not conserved, substituting a small, polar, uncharged
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amino acid with one that is large, basic, and charged can result in changes in the overall
3D conformation, potentially compromise important protein-protein interactions.
Previous studies with pola2 have determined that the C-terminal domain is responsible
for interacting with the catalytic subunit, pola1 [42,61]. Therefore, mutations in this
region can greatly impact not only the interaction between pola1 and pola2, but also with
helicase, other replicative proteins, and perhaps with the DNA itself. Biochemical assays
to determine effects of pola2 mutation on DNA pol-prim processivity, and possibly
expressing mutated pola2 as a fusion protein in bacteria to assess for defects in
association with helicase, Pola1, or other proteins in solution, will help determine what
effect, if any, this mutation may have on interactions with other critical DNA replication
proteins.
The histological phenotype of hht at 5dpf is characterized by severe cytologic and
nuclear atypia affecting nearly every organ, most obviously in the intestine. Earlier
histological examination of hht mutants however, revealed that the hht phenotype
initiates at 36hpf with scattered, cell death, encompassing much of the retina and brain
that becomes grossly detectable by 2dpf, as darkened areas or patches in the head. It
would be of interest to see if rescue is tissue-specific, and time-sensitive, both of which
may provide an explanation for the early cell death phenotype and later intestinal cellular
atypia. An appropriate step would be to determine the phenotypic response over time
from injection of pola2 mRNA in 1-cell stage embryos from hht carrier crosses. Although
some express concern with the stability of mRNAs over the course of several
developmental days, previous studies have illustrated success with injecting mRNA and
assessing for phenotypic response during later stages of development [1,45,77,156,184].
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Comparing ClustalW protein sequences indicates that while amino acid 580
(AA580, Figure 3.2.8) is not conserved among species, zebrafish pola2 shares 62%
amino acid identity with human pola2, suggesting that antibodies raised against pola2 in
other vertebrates may cross-react with zebrafish pola,2 and can be used to determine if
the N580K mutation in Pola2 causes early tissue-specific destruction. This may also
provide insight into the tissue-specific activation of apoptosis in hht larvae.
The Hopkins collection has a small subset of DNA replication mutants, one of
which, hi1146, has a knockout in pola1, the catalytic subunit of DNA pol-prim. The gross
phenotype of pola1 mutants at 2dpf and 4dpf are nearly identical to hht at the given time
points. It would be of interest to assess the histological phenotype of pola1 mutants over
time, and observe for similarities, if any. Moreover, generating pola1/pola2
transheterozygotes may prove useful in dissecting the genetic mechanisms governing
pola2 function. Preliminary histological examination of piy mutants at these time points
indicates a near identical representation of the hht phenotype. Further studies will be
necessary to determine if the cellular atypia apparent in hht mutant intestine is also
observed in piy mutant intestine.

5.2.2. Tissue-specific apoptosis and heterochromatin distribution suggest DNA
damage
TUNEL staining revealed strong activation of apoptosis in the hyperchromatic,
scattered cell fragments observed in highly proliferative tissues at 36hpf in hht mutant
embryos. This activation progressively became more dramatic as the embryo approached
3dpf. The TUNEL staining pattern with respect to tissue affected and day observed, was
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consistent with changes in cell proliferation rates, and expression of other cell
proliferation markers (i.e., PCNA), in zebrafish tissues. TUNEL positive cells were not
located in hht intestinal enterocytes, suggesting that different proliferative tissues may
employ distinct cellular programs in responding to the kind of DNA damage most likely
occurring in hht embryos. An appropriate extension would be to determine if this tissue
specific response crosses model systems, which can be assessed by histological
examination of RNAi knockdown of pola2 in C. elegans. We plan to collaborate with C.
elegans geneticist Dr. Wendy Hanna-Rose, to feed C. elegans worms pola2 RNAicontaining bacteria to knockdown pola2 function, and assess if different degrees of atypia
correlate with polymerase inhibition.
Unlike what is seen with zebrafish piy (prim1) mutants, MO injection of p53 into
embryos from hht carrier crosses did not rescue the hht phenotype. This suggests a p53independent pathway for the apoptosis activation observed in certain tissue types. Since
apoptosis can be activated by both p53-dependent and independent pathways, the lack of
rescue by p53 MO injection and p53 mRNA amplification, suggests that apoptosis in hht
mutants is being activated by p53-independent mechanisms. Assessing the expression
levels of other proteins that have been shown to be involved in p53-independent
apoptotic pathways (i.e. Bax, p73) will be necessary to suggest a mechanism. Both p53dependent and independent apoptosis has been observed in other zebrafish proliferation
mutants, piy (prim1), mcm5, and specifically fla (pold1), where p53 MO injection
resulted in rescue of earlier retinal phenotypes but not of later deformities (as determined
by gross inspection) [37,45,153].
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Staining for thymidine analog BrdU and pH3 to label S and M phase cells,
respectively, detected the presence of many cells potentially delayed in S or M phase in
hht mutant retinae. FACS analysis to quantitatively verify these results, and detect any
cell cycle progression defects or changes in DNA content, will be necessary. It is
hypothesized that if hht retinal cells are arresting in S or M phase, there will be more cells
with greater than 2C DNA content (1C = haploid genome equivalent), and that there will
be an accumulation of hht retinal cells in S/G2/M phases as compared to wild-type.
Studies have shown that chromatin remodeling during DNA damage repair is
essential in order to provide access to repair machinery [16,104]. Ultrastructural analysis
revealed a greater degree of euchromatin in hht nuclei, as compared to age-matched wildtype siblings that is consistent with nuclei that are undergoing DNA damage repair.
Moreover, it was discovered that H2AX foci form preferentially in euchromatin,
following ionizing radiation or treatments that cause replication stress [43]. We
hypothesize that the pola2 mutation may be causing DNA replication stress, which then
results in a prolonged S phase and eventual activation of apoptosis, in certain tissue types.
Further analyses, including immunohistochemical staining for H2AX (H2AX is rapidly
phosphorylated to H2AX following treatments that induce double-stranded breaks) in
order to determine the type of replication stress that pola2 may cause will be necessary to
establish this link. Histological comparison of embryos and larvae from hht carrier and
wild-type crosses exposed to the kinds of DNA replication inhibitors known to cause
replicative stress (i.e. cisplastin, hydroxyurea, camptothecin), might also suggest a
mechanism for DNA damage or stress.
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5.2.3. Multiple-organ, co-occurring defects and function specific phenotypes
Forward genetic screens have the potential to provide valuable insight into
developmental and pathological processes through the generation of thousands of
mutants. Implementing a quantitative method for evaluating standardized anatomical
vocabulary for phenotype annotation can maximize the amount of information that can be
obtained from large-scale screens. A morphogenetic profile was constructed consisting of
unique combinations of anatomy and phenotype from online databases to evaluate a
collection of 97 zebrafish insertional mutants over several developmental time-points.
We discovered that certain tissues have a greater number of specific defects, a property
that can be exploited when designing future morphological screens. We plan to extend
this analysis to evaluate tissue-specific responses to a collection of chemical inhibitors,
with the goal of discovering compounds that may suppress or rescue a pathological
mechanism or phenotype of interest. We hypothesize that chemicals have specific
morphogenetic profiles, and that shared morphogenetic profiles between chemicals and
gene deficiencies suggest a shared molecular mechanism.
Visual inspection of the summary scorecard provided the opportunity to generate
certain conclusions with respect to proteins that might serve catalytic as opposed to
regulatory roles, in addition to which proteins in multimeric complexes execute
indispensable functions. This suggests that more specific morphogenetic profiles may
provide for the ability to suggest additional functional roles. Including additional
timepoints in between 2dpf and 5dpf, and possibly anatomy-phenotype combinations for
evaluation may generate more specific morphogenetic profiles. Rather than summing all
defects in one organ to generate one value for a given day of observation, as illustrated in
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the summary scorecard (Figure 4.4), we intend on utilizing the information stored in the
entire ―expanded scorecard‖, where as many as ten defects per day can be individually
compared, to re-classify the lines in the collection, possibly uncovering new or previously
masked (due to summation) relationships.
The retina displayed defects in nearly 85% (82/97) of mutant lines examined. By
evaluating each of six retinal layers separately (rather than just ―retina‖), the retina
becomes a more discriminating organ, and therefore, contributes to a more specific
morphogenetic profile. Therefore, we intend to re-examine the retinae from all 97 mutant
lines, subdividing the changes to specific layers to improve the specificity of the
morphogentic profiles. We plan to extend this analysis to cell types in other organs as
well (i.e., intestine, kidney, brain, pancreas).
The current analysis presented here is based on functional annotations given by
the Hopkins lab to all genes in the collection, except for the mutant lines in the
―unknown‖ category whose function are currently less-characterized. While appropriate
and useful as an initial attempt, operating within these pre-assigned functional categories
limits the amount of information that can be obtained from these morphogenetic profiles.
Therefore, we plan to use the expanded scorecard to reorganize the entire collection of
morphogenetic profiles for all 97 mutant lines independent of gene types categories,
possibly according to tissue affected, and/or day, and number of defects in a particular
tissue. This may reveal new relationships that were previously overlooked or ignored due
to predetermined functional classification.
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5.2.4. Characterizing novel mutants and applications to other model systems
Previous studies have observed that genes belonging to the same general
functional class exhibit similarities in their phenotypes [12,53,181,188]. We plan on
using these 97 morphogenetic profiles to generate morphogenetic ―signatures‖ or a set of
enriched defects for each of the 10 gene types detailed in Figures 4.1 and 4.4, to assign
putative functionality to the mutant lines in the unknown category. While signature
generation can be done using the summary scorecard in Figure 4.3, a more specific
morphogenetic signature can be generated by utilizing the ―expanded scorecard‖ that
contain over 31,000 descriptive values. Decomposing complex phenotypes into sets of
morphogenetic signatures indicative of a particular functional class can facilitate
comparisons among genes in different model systems, assign putative functions to lesscharacterized genes, and potentially uncover new interacting partners. We intend to apply
a similar statistical measure to determine which particular defects comprise a
morphogenetic ―signature‖, the details of which are currently being developed with
another PhD candidate in the Integrative Biosciences program at Penn State, University
Park.
From a clinical perspective, the most valuable contribution a disease model can
make is to facilitate better methods for diagnosis and new avenues for therapy. There are
mutant lines in the collection whose genes possess a substantial degree of homology and
sequence similarity with the corresponding human disease gene. Ninety- nine percent of
the Hopkins collection has human homologs [7], ~27% (85 mutant lines) of the entire
collection of 315 genes and ~14% (14 mutant lines) of this collection of 97 have human
homologs whose BLASTp e-value equal to zero [5], indicating great similarity between
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the human and zebrafish proteins. More than half of these (10 total mutant lines) have
been associated with human diseases (entries available in OMIM and additional
publications), much like mutant line hi1134, whose defect in chondrocyte transcription
factor Sox9 results in campomelic dysplasia in humans [120]. We intend to further extend
this analysis to all mutant lines with a significant degree of protein similarity between
zebrafish and humans to see if zebrafish histological phenotypes can provide insight to
the human disease pathology by suggesting additional defective tissues for examination
in other model systems, and potentially serve as disease models.
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Appendix

Table A.1: Chi-squared distribution table

Table A.2: Candidate genes MO sequences
Targeted Gene
MO name
MO Sequence
pola2
pola2_ATG
5‘-TGCAGTGACTGAAGCCATTGTTATT-3‘
pola2
pola2_SJ1
5‘-ATAGATTGGACATTTACTTTTGTCG-3‘
pola2
pola2_SJ2
5‘-AGTACCTGTAAGGAGTGCAGAAGCA-3‘
dimt1l
DIMT1L_ATG 5‘-TCTTCTCGGCTTTAACCTTCGGCAT-3‘
dimt1l
DIMT1L_SJ1
5‘-CATAATCCCTATTACTGACCTTCTC-3‘
dimt1l
DIMT1L_SJ2
5‘-ATTAAAAGCTACTTACTTTCTTGGC-3‘
mier3
MIER3_ATG
5‘-TCGAACTCCCCAAGGAAGCCAGCAT-3‘
mier3
MIER3_SJ1
5‘-TAGCACCACATGCACTTTACCCTTT-3‘
mier3
MIER3_SJ2
5‘-ATCAAATTCATAGCAGCTACCTTAT-3‘
cenph
CENPH_ATG
5‘-AGTCATGTGAAGCTGAGGCAGATCT-3‘
cenph
CENPH_SJ1
5‘-GATGAAAGAAATAATGGAAAATCAG-3‘
cenph
CENPH_SJ2
5‘-ATAATTTCAGACACACTTACAGATC-3‘
mrps36
MRPS36_ATG 5‘-TCTTGCCACTCACTTTGCTTCCCAT-3‘
mrps36
MRPS36_SJ1
5‘-CACTGCTTCCGGTTCAAACAAAGTA-3‘
mrps36
MRPS36_SJ2
5‘-ATCGGATGTCGTCATGGGAATGGCC-3‘
p53
p53
5‘-GACCTCCTCTCCACTAAACTACGAT-3‘
Sequences submitted to Gene Tools were obtained from Ensembl version December
2008.
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Figure A.1: Clustal W file for pola2

185

186

Figure A.2: Thisse’s in situ hybridization of pola2 in wild-type embryos. Expression
is not restricted to any particular anatomical area, and is detected from 1-cell stage
through hatching (3dpf). (image obtained from http://zfin.org)

Table A.3: Hopkins collection mutant lines included for evaluation
Allele

Zebrafish Gene

(hi line)

Earliest day for
Histological
Evaluation

1

Cleavage and polyadenylation specificity factor 4

2

14

Eukaryotic translation elongation factor 1 gamma

4

43

Novel, fish specific

4

61

PRDM5/PFM2

4

80A

Taf6

3

96

Sec5 homolog

3

239

Novel

2

272

Nuclear protein NP95

3

297

Novel

2

299

Novel

2

307

Glucuronosyl-tansferase

2

318

Ribonucleoside reductase R1

4

187

343

tRNA nucleotidyl transferase-like

4

383A

TCP-1 gamma

2

399

NRF-1

4

428

Novel

3

429

Novel

4

472

VIP36

4

526A

Mitochondrial ADP/ATP translocator

4

528

Cotamer zeta1

2

557

Novel

2

558

Valyl-tRNA synthetase

2

559

ATP synthase oligomycin sensitivity conferral protein

3

572

Novel

3

642

TCP-1 beta

2

781

DeltaA

2

870

Ccctc-binding factor (zinc finger protein ctcf)

3

800A

TCP-1 eta

2

887

Translocase of inner mitochondrial membrane 23

2

889

TAF55

4

954

UDP-glucuronic acid decarboxylase

3

962

Nuclear transcription factor Y, gamma

3

994

Novel

3

998

RNA polymerase II CTD phosphatase

4

1011

Opa-interacting protein 2 (3‘ exonuclease family)

2

1019

AD24

2

1059

Neurogenin-1

4

1116A

Novel

3

1116B

Eukaryotic translation elongation factor 1 alpha

2

1124

RNA polymerase 1, 140kDa subunit

2

1134

Sox9a

3

1244

MCM2

2

1257

Novel

4

1320

Actopaxin

3

188

1422

60S ribosomal protein L9

2

1482

Novel, (pinball, wizard, WRB-like)

4

1487

Site-1 protease SREBP

3

1516

Xylosylprotein beta1,4-galactosyltransferase 7

3

1518

LCMR1-like

3

1532A

WD repeat protein 1

4

1532B

Novel

3

1548

Novel

4

1715

Aryl hydrocarbon receptor nuclear translocator 2A

4

1722

Pcd7

3

1743

Immunoglobulin binding protein

2

1841B

Ornithine decarboxylase

2

1858A

Novel

2

1858B

F-actin capping protein beta subunit

2

1887

Replication factor C, subunit 5

4

1903C

Dihydrolipoamide S-succinyltransferase

4

1942

RNA polymerase III 39kDa subunit

2

1951

RAE1 homolog

2

2062

Cdc37-like

3

2137

DDX46

3

2143

Exml1

3

2155

Novel

2

2216

Glutaminyl-tRNA synthetase

2

2246

Novel

2

2285

Syntaxin binding protein 3

2

2289

Dead/H box 51 RNA helicase

2

2329A

Novel

4

2462

Clathrin, heavy chain

3

2473

Mortalin-2

2

2487

TfIIIa

2

2491

Taf II 150

3

2570

Nmd3

3
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2578

Nop10 (nucleolar)

2

2586

Lysyl-tRNA synthetase

2

2639A

TAF1B/RNA polymerase 1,B

2

2639B

Sds3 (Suppressor of defective silencing 3)

4

2666

Cleavage and polyadenylation specificity factor 3

2

2675

Cleavage and polyadenylation specificity factor 1

2

2688

Multifunctional protein, Ade2

2

2729B

Novel

3

2735A

Novel

2

2737

Selenoprotein H

2

2786A

Histone deacetylase 3

4

2786B

Novel

3

2877A

Replication factor, subunit 4

3

2908

Cleave stimulation factor 77kd subunit

4

2914

Novel

3

2933

Eyes absent 1A

3

2939

Proteasome beta-subunit C5

3

2972B

TCP-1 epsilon

2

3013

Zinc finger protein 183-like

2

3017

Vacuolar sorting protein 20

2

3079

Taube nuss/Taf8

3

3112B

mRNA capping enzyme

3

3120

Ytm1 homolog

2

3237

Tho2

3

3282

Zinc finger protein 162

2

3289

Cell cycle progression 1

3

3332

Nf2a

3

3378

UDP-glucuronic acid/UDP-N-acetylgalacatosamine
dual transporter

3

3400

Novel

4

3471

Ubiquitin fusion degradation 1 protein

3

3510

Thymidylate synthase

2
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3512C

DNA polymerase beta

3

3526B

Gart

2

3583

Dolichyl-diphopshooligosaccharide
glycosyltransferase

3

3593

26S protease regulatory subunit S10B

2

3630A

Novel

2

3712

DNA methyltransferase 1-associated protein 1

4

3785

Gamma tubulin

3

3789

PD2

4

3812

Novel

3

3817

Seryl-tRNA synthetase

2

3885

Fam32-like

3

3970

SKP1A: S-phase kinase associated protein 1A

2

4050

Nucleolar and coiled-body phosphoprotein 1

3

4063B

Calcium-binding transporter

4

4134

Methionine tRNA synthetase

2

4153

Signal recognition particle, 68kDa

3

4201B

Novel

2
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Figures A.4-15:
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