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Abstract
FUTHER CHARACTERIZATION OF A HIGHLY CONSERVED NOVEL MEIS2 LINKED GENE AND
PROTEIN PRODUCT
Zachary Scott Williams
B.S., Appalachian State University
M.S., Appalachian State University
Chairperson: Dr. Ted Zerucha
We have identified a novel gene linked to the Meis2 gene (meis2.2 in zebrafish) in all

vertebrates with publicly available genome data. This gene is always located immediately
downstream of Meis2 (meis2.2 in zebrafish) and is organized in an inverted convergently-

transcribed manner. Transcripts of this gene are maternally expressed ubiquitously at high

levels during early zebrafish development with the highest level of expression at fertilization

and decreasing until 8 hour past fertilization (hpf). The zygotic genome produces transcripts of

this gene again around 12 hpf and low levels of expression are then localized to the developing

neural tube with further restriction to the retina of the developing zebrafish at 48 hpf. Using an
antibody raised against a short peptide portion within the predicted zebrafish protein product

we have shown that the gene is translated into protein within the developing embryo and that it
is expressed at various stages throughout development. Western blots show that the protein is
expressed as early as 2 hpf and is present in significant amounts until 24 hpf, at which point its

expression is significantly decreased. Immunohistochemistry on 48 hpf zebrafish embryo
cross-sections show that the protein is present and is highly localized to the optic area,

including the retina, optic nerve and optic cup, as well as the olfactory bulb and epithelium.
iv

Whole-mount in situ IHC hybridization on embryos 24 hpf and 48 hpf reveals localized

expression the developing olfactory bulb and epithelium along with the optic cup and brain.
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Introduction
Embryonic development is an elaborate and complex process that depends on a

network of precise and accurate gene expression patterns. Fertilization initially triggers a

cascade of developmental events giving rise to a complex organism from a single cell (Gilbert,
2000). The organization and timing of these development events are stored as information
within the cell’s DNA. DNA is utilized by each cell as a blueprint plan especially during

embryonic development; directing processes involved in cell proliferation, differentiation,
functioning, and regulation (Gilbert, 2000; Holliday and Pugh, 1990; Wolpert, 2007). DNA

contains codes for genes, which can be transcribed into RNA and translated into functional
protein via gene expression. The temporal and spatial expression of each gene is heavily

controlled, along with the availability and amount of transcripts, specifically limiting and

regulating gene expression. These regulation processes are especially important during early

embryonic development (Bjerke et al., 2011; Bumsted-O’Brien et al., 2007; Holliday and Pugh,

1975).

Facilitated by early cellular interaction, morphological and body plan characteristics

begin developing in an organized manner. This is one of the most important developmental

processes and results in early body plan patterning and formation of the body axis (Gehring,

1993; Gilbert, 2000; Holliday and Pugh, 1990; Wolpert, 2007). Body plan patterning includes

the proper development of the anterior-posterior (AP) axis, dorsal-ventral (DV) axis, and the

right-left axis, running head to tail, topside to bottom, and right to left respectively. Successful
body plan formation is essential for proper early development and enables proper embryonic
developmental progression through gastrulation, neurulation, and organogenesis. The

developmental events leading to the formation of a body plan and axis formation are tightly
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regulated and under strict control, often in association with homeobox genes (Duboule, 1998;
Gilbert, 2000; Holliday and Pugh, 1990; Wolpert, 2007).

Homeobox genes contain a homeobox sequence that includes a highly conserved 180

base pair coding region. This region codes for a homeodomain, a conserved 60 amino acid
domain encoding for a helix-turn-helix DNA binding motif. This binding motif enables the

homeodomain protein to bind to, and subsequently regulate, a specific area of DNA, thus acting
as transcription factors (Duboule, 1998; Gehring, 1993; McGinnis et al., 1984). The DNA

binding motif allows the protein to preferentially activate or repress significant genes spatially
and temporally by controlled binding within regulatory regions of developmental genes. The
homeobox genes were initially discovered in the 1970’s while examining body segmentation

control in the fruit fly Drosphila melanogaster. It was determined that genes located in
specifically organized clusters were responsible for axis formation and segmentation

specification. If mutations were featured within these genes, segment identity was disrupted

and malformation occurred during early development (Morata and Lawrence, 1977; Wolpert,
2007). Similar gene clusters were observed in almost every other multi-cellular organism,

containing the same conserved homeobox region, thus giving rise to a superfamily of genes.

Within the homeobox superfamily of genes, the Hox genes play a significant role in the

establishment and maintenance of the anterior-posterior axis during embryonic development

(Alharbi et al., 2012; Amores et al., 1998; Krumlauf, 1994). Discovered in 1978, the Hox genes

were first observed in Drosophila and presumed responsible for controlling body segmentation

(Carroll 1995; Lewis, 1978). Since then, the Hox genes have been identified as conserved in

every animal with a distinct AP axis and have additionally been observed in cnidarians, an

organism lacking a distinct axis. Hox genes, however, have no homolog within plants, protozoa,

or sponges (Amores et al., 1998; Balavoine et al., 2002; Krumlauf, 1994; Lemons and McGinnis,

2006; Maconcohie et al., 1996). Found in clusters, Hox genes exhibit colinearity, meaning they
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are physically organized in the same order they are transcribed and expressed temporally and
spatially (Amores et al., 1998; Bomgardner et al., 2003; Carroll 1995; Duboule, 1998; Duboule,

2007; Krumlauf, 1994; McGinnis and Krulauf, 1992; Prince et al., 1998). This unique feature is
found in the same manner in all organisms observed (Mark et al., 1997). Furthermore,

disruption of Hox genes have been widely shown to be associated with varying malignancies,

often being observed with tissue-specific function and expression within cancer cells (Alharbi et
al., 2012; Argiropoulos and Humphries, 2007; Crijns et al., 2007; Mark et al., 1997; Milech et al.,
2010). In fact, out of 6,817 genes examined in patients with acute myeloid leukemia, human
HOXA9 was shown to be the most correlated gene to treatment failure (Afonja et al., 2000;

Fujino et al., 2001). It is proposed that within leukemic stem cells, Hox genes play imperative

roles facilitating pathways associated with the cancer cells’ ‘self-renewal program’

(Argiropoulos and Humphries, 2007; Krumlauf, 1994; Lawrence et al., 1996). Likewise, Meis1
has been shown to also play a role interacting with Hox in the self-renewal of hematopoietic

stem cells, presumably sharing a similar function in both normal and cancerous blood cell
lineages (Hisa et al., 2004, Lawrence et al., 1996; Pillay et al., 2010).

Hox genes regulate axial formation and cell fate diversity by utilizing the homeodomain

of the proteins they encode to bind to DNA preferentially and regulate developmental gene

expression (Gehring, 1993; Krumlauf, 1994; McGinnis and Krulauf, 1992; Maconochie et al.,

1996). By acting as a transcription factor, the protein is able to bind to cis-regulatory elements

associated with these specific genes as an activator or repressor. Binding by the Hox protein by
itself, however, has been shown to be relatively nonspecific and inefficient. With the regulation
of major axis formation and development under the control of Hox genes, the Hox proteins

additionally rely on interactions with other proteins (Caroll, 1995; Ekker et al., 1994; Moens
and Selleri, 2006; Waskiewicz et al., 2001). After residue mapping studies, it was concluded

that not only do Hox proteins bind to DNA, but they bind even more specifically to other
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homeodomain proteins via proteins, termed co-factors, via protein-protein interactions

(Carroll, 1995; Mann and Affolter, 1998; Rivas et al., 2013; Sharkey et al., 1997). Binding with

additional co-factor proteins provides even further selectivity and specificity resulting in better

gene regulation. This cooperative teamwork with cofactors results in the formation of

transcription factor complexes, increasing the surface area of DNA bound by the proteins and
subsequently, specificity (Hoey et al., 1988; Mann and Affolter, 1998).

One group of Hox cofactors of particular interest is encoded by the TALE family of

genes. This family is characterized by a three amino-acid loop extension between the two

helixes within the homeodomain (Biemar et al., 2001; Gehring, 1993; Yang et al., 2000). The
TALE family is the largest set of Hox cofactors and includes the Meis, Pbc, Iro, and Tgip in

animals and the Knox and Bel gene subfamilies within plants; all classified based on the

presence of conserved motifs upstream of the homeodomain (Burglin, 1997). These motifs are
responsible for the appropriate specific interactions between both Hox and the target DNA
(Affolter et al., 1999; Burglin, 1997). It appears that the characteristic amino acid loop

extension plays an important role in binding between proteins rather than direct DNA binding
(Hyman-Walsh et al., 2010; Yang et al., 2000). Additionally, it has been observed that

interactions occur between these protein classes even in the absence of DNA, suggesting novel

purposes for the protein-protein interactions observed away from regulating DNA (Berthelsen
et al., 1999; Waskiewicz et al., 2001). In fact, studies have shown that this interaction is highly

efficient and stable (Affolter et al., 1999). Not only have these genes been shown to

cooperatively bind together, but evidence has also suggested regulatory mechanisms between
the genes themselves. In Drosophila, it has been observed that direct interaction between

cofactors is required in order to translocate to the nucleus where DNA binding occurs (Affolter
et al., 1999, Agoston and Schulte, 2009; Berthelsen et al., 1998).

Proteins encoded for by the Meis family of genes were initially discovered in a murine

5

model when the Myeloid Ecotropic Leukemia Virus integrated itself into a then novel Meis

gene’s coding sequence and disrupted gene expression (Moskow et al., 1995). Commonly, the
same murine genes that cause leukemia when they are impaired by virus insertions are often
associated with human leukemia as well (Afonja et al., 2000). This family of genes quickly

became identified using DNA-DNA hybridization studies. Using the Meis1 homeobox sequence

as a probe, Meis2 and Meis3 were identified; however, when using a probe made from the

untranslated region of Meis1 neither gene was detected. The lack of binding from the probe

created from the Meis1 untranslated regions suggests unique untranslated regions amongst

genes sharing a highly conserved core homeodomain region (Nakamura et al., 1996; Steelman

et al., 1997). These newly discovered Meis paralogs were identified in a wide variety of diverse
organisms, ranging from three genes (Meis1, Meis2, and Meis3) in land vertebrates to four

within the teleosts (addition of meis4), seemingly due to additional gene duplication events

(Geerts et al., 2005; Nakamura et al., 1996; Waskiewicz et al., 2001). Orthologs have also been

identified within invertebrate species as well as similarly acting genes identified in plants, both
evidence suggesting divergence from a common ancestor (Becker et al., 2002; Burglin, 1998;
Kurant et al., 1998). In Drosophila an ortholog for Meis has been identified and named hth

(Affolter et al., 1999). Interestingly, in addition to a C-terminal domain, N-terminal domain, and
a homeodomain, all Meis proteins have an hth domain. This domain was named after the Meis

ortholog found within fruit flies. This domain increases binding specificity to Pbx and has

implications in autoinhibition pathways (Hyman-Walsh et al., 2010).

Within the vertebrates, the Meis family of genes have been identified within humans

(Homo sapiens), chickens (Gallus gallus), mice (Mus musculus), and zebrafish (Danio rerio), all

with a high level of conservation and specificity (Biemar et al., 2001; Bomgardner et al., 2003;
Cecconi et al., 1997; Geerts et al., 2005; Nakamura et al., 1996; Sanchez-Guardado et al., 2011;
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Steelman et al., 1997; Waskiewicz et al., 2001; Zerucha and Prince, 2001). While the Meis genes

are highly conserved across all species examined, alternative splice variants have also been

identified, adding to the diversity and complexity of their products (Burglin, 1997; Geerts et al.,
2005; Huang et al., 2005; Maeda et al., 2001; Sanchez-Guardado et al., 2011). Alternative

splicing is proposed to give rise to a number of different proteins, from variants that lack DNA

binding motifs or homeodomains to an alternative C-termini, all based off of the exons encoded

(Burglin, 1997).

In order to gain insight into the function of the Meis proteins, the protein’s structure

was first examined. Acting as both a transcription factor and cofactor, Meis proteins utilize

three domains in order to bind to DNA and other transcriptional proteins. The homeodomain

serves to bind to the actual DNA, while a flexible N-terminal, or Meinox, domain plays a role in

the binding to a Pbx protein, a specific transcriptional cofactor protein (Berthelsen et al., 1998;
Burglin, 1997; Chang et al., 1997; Choe et al., 2002; Ekker et al., 1994; Jacobs et al., 1999;

Shanmugam et al., 1999). A third domain, the C-terminal domain, serves to bind to variable
Meis binding co-factors, including the Hox proteins, in order to form transcription factor

complexes thus furthering binding specificity (Burglin, 1997; Huang et al., 2005; Moskow et al.,
1995; Williams et al., 2005). The C-terminal domain is also one area of sequence difference

between the families of proteins and includes additional activation domains, such as domains
that respond to cell signaling and others that are responsible for the proteins transcription

activity (Huang et al., 2005). As a complex, the transcription factors are specifically bound to

act as regulators for a target gene situated downstream or upstream (Mann and Affolter, 1998).
A preference toward trimeric formation (between Meis, Pbx, and Hox; See Fig. 1) has been

shown to not only increase stability but also binding specificity (Chang et al., 1997; Shanmugam
et al., 1999). Not only protein cofactors bind in complex to target DNA sequences, but studies

have also shown dimer formation occurring between homeodomian proteins in the absence of
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DNA (Shanmugam et al., 1999; Waskiewicz et al., 2001). Meis proteins have been shown to bind
to Pbx proteins in the absence of DNA, in vitro, in order to regulate the export of Pbx proteins

from the cytoplasm, suggesting novel stabilization and regulatory roles for these transcription

factors outside of the known cofactor binding functions (Berthelsen et al., 1999; Mann and Abu-

Shaar, 1996; Waskiewicz et al., 2001). The striking similarities between the Meis and Pbx genes,

another Hox co-factor, also suggest further protein interactions and functions (Moskow et al.,

1995). In addition to binding in the absence of DNA, dimers have been also shown to form

complexes on DNA without the presence of one of the pair’s target sequence, further confirming
the strong affinity between TALE protein class members (Chang et al., 1997; Shanmugam et al.,
1999). Observed functional similarities between class members suggest a shared conserved
domain is responsible (Choe et al., 2002).

Fig. 1. A generalized depiction of a trimeric complex between Meis, Pbx, and Hox
cooperatively regulating a target gene (green) downstream through a proximal
promoter (blue). Formation of a trimeric complex increases binding stability and specificity,
thus enabling more efficient gene regulation. The combination and utilization of multiple

differing binding sites, as compared to a single binding site for a lone transcription factor, yields
higher specificity and binding precision. (Image borrowed from Cochrane, 2012).
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In total, four families of Meis genes have been identified: Meis1, Meis2, Meis3, and Meis4.

Discovered first, the Meis1 family of proteins have since been shown to be highly expressed

during early development. Meis1 activation is nearly always accompanied by the expression of

Hox genes, specifically Hoxa7 and Hoxa9 in murine models (Afonja et al., 2000; Nakamura et al.,

1996). Expression has been demonstrated throughout the somites and mesoderm during

embryonic development in a variety of organisms and expression patterns progress mainly

anteriorly as development continues (Coy and Borycki, 2010; Jiang et al., 2009; Maeda et al.,

2002; Waskiewicz et al., 2001). Late in development expression is readily seen anteriorly in the

midbrain, hindbrain, and the developing optic area while observed posteriorly in the mesoderm
and neural tube (Choe et al., 2002, Erickson et al., 2010). In addition to being patterned

throughout the developing anterior and posterior axis in its associated role interacting with

Hox proteins, Meis1 is also expressed in limb buds and the brachial arches (Coy and Borycki,
2010; Maeda et al., 2002; Waskiewicz et al., 2001). The observed wide expression pattern of

Meis hints at the variety of roles and functions Meis is involved with throughout development.

In zebrafish, studies have shown that if the meis1.1 gene is mutated in order to make its

protein non-functional, the resulting hindbrain is not segmented or compartmentalized

correctly, suggesting an important role in hindbrain segmentation and patterning through

interactions with Hox (Waskiewicz et al., 2001). In addition to interacting with Hox during

development, Meis1 has been shown to interact with a variety of developmental genes in a

variety of processes. During embryonic development, the Meis1 protein interacts with Sox3 in

order to regulate the neuron positioning in the spinal cord (Mojsin and Stevanovic, 2010). In
Xenopus, MEIS protein expression is localized in neural crest cells and plays important roles
facilitating neuroblastoma proliferation (Geerts et al., 2003; Jones et al., 2000; Maeda et al.,
2001; Maeda et al., 2002; Salzberg et al., 1999).

During pancreatic development, the Meis1 protein interacts and regulates Pax6 gene
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expression, driving cellular differentiation in the early organ (Carbe et al., 2012; Zhang et al.,

2002; Zhang et al., 2006). Meis1 expression is observed in the developing retinal area and has

been shown to play roles in the proliferation, positioning, and upkeep of retinal progenitor cells
utilizing interactions with cell cycle proteins cyclin D1 and c-myc (Bessa et al., 2008; French et

al., 2007; Heine et al., 2008; Royo et al., 2012). It appears that Meis1 plays a specific role in axial
positioning and cellular fate mapping of cell axons and studies have shown disruption in the

developing retina and tectum in meis1 zebrafish knockdowns (Erickson et al., 2010; French et
al., 2007; Hisa et al., 2004). Furthermore, in chicken, Meis1 plays a role in the developing

proximal limbs through the control of retinoic acid, although only during early limb formation
and limb regeneration. Meis1 localized in these areas enables cell differentiation along the

proximal axis (Mercader et al., 2000; Mercader et al., 2005). Lastly, Meis1 proteins have been

shown to be involved with hematopoietic processes after experiments with Meis1 deficiencies

showed deficiencies in blood vessel and arterial formation (Azcoitia et al., 2005; Hisa et al.,

2004, Minehata et al., 2008). To date, the only Meis mutant produced has been a Meis1 mutant.

Mice with this mutation, a dysregulated Meis1, display deficiencies in proper eye development
and angiogenesis (Agoston and Schulte, 2009). Meis1 is also expressed in adult bone marrow

and both retinal and liver hematopoietic stem cells and has been found to be overexpressed in

many types of leukemia and ovarian cancer, all evidence suggesting the importance Meis1 plays

in a variety of functions, while often tissue-specific (Afonja et al., 2000; Crijns et al., 2007;

Imamura et al., 2002; Milech et al., 2010; Pineault et al., 2002; Royo et al., 2012). Meis1 and

Meis2 have also been shown to play a role in the development of the inner ear, both expressed
in the semicircular canals, cristae, and otic epithelium, functioning in differentiation and
patterning (Sanchez-Guardado et al., 2011).

After subsequently being discovered, the Meis1 gene was used as a probe to identify
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other homologs (Steelman et al., 1997). Meis2 was the first homolog identified and was named

so after being found to contain an identical homeobox sequence to Meis1 (Oulad-Abdelghani et

al., 1997). While Meis2 shares the same homeodomain sequence and binds in complex with the

same other homeodomain proteins (Hox and Pbx), Meis2 has its own specific expression

patterns and roles observed, being first expressed strongest within the hindbrain during

gastrulation, and later during embryogenesis (Biemar et al., 2001; Chang et al., 1997; Zerucha
and Prince, 2001). Meis2 expression patterns are localized in a variety of areas including the
developing forebrain, midbrain, hindbrain, somites, mesoderm, limb buds, root ganglia,

branchial arches, neural tube, spinal cord, and optic cup (Biemar et al., 2001; Cecconi et al.,

1997; Coy and Borycski, 2010; Heine et al., 2008; Mercader et al., 2005; Oulad-Abdelghani et al.,
1997; Waskiewicz et al., 2001; Zerucha and Price, 2001).

Many of the functions and roles of Meis2 are similar to that of Meis1. Vertebrate Meis2

functions in developing and regenerating limb buds, by acting as a target for retinoic acid, to

promote proximal out growth, development, and organization (Mercader et al., 2000; Mercader
et al., 2005; Oulad-abdelghani et al., 1997). Meis2 has also been shown to play a role directing
cellular differentiation in the lateral ganglionic eminence (Bumbsted-O’Brien et al., 2007).
While both Meis1 and Meis2 play a role in the initial pancreatic cellular proliferation, their

mechanisms are dissimilar. As mentioned before, the Meis1 protein plays a role in Pax6 gene

regulation in order to drive differentiation within the developing organ, whereas the Meis2

protein (isoform: Meis2b) has been shown to form transcription factor complexes with Pbx1b
and Pdx1 proteins in order to drive organogenesis (Carbe et al., 2012; Stoffers et al., 1997).

Interestingly, Meis2 has also been shown to interact with the Pax6 gene in dual roles within the

olfactory bulb neurogenesis. Recent research has suggested Meis2 expression is localized in the
developing neuroblasts of the olfactory bulb along with some interneurons in the adult
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olfactory bulb, suggesting cooperation with Pax6 to facilitate proper neuron proliferation, fate,

and migration in this developing structure (Agoston et al., 2014). In mice, Meis2 has been
shown to play a role in the development of the cardiac septum along with cellular

differentiation in the somatic mesoderm (Cecconi et al., 1997). Meis2 has also been shown to
directly interact with Hox to play a role in murine myeloid leukemogenesis and leukemia cell
lines, possible through blocking cell differentiation pathways (Fujino et al., 2001).

More so than Meis1, Meis2 has been shown to play an important role in the proper

development of the eye, retina, and optic area in studies examining a variety of vertebrates

including humans, mice, and chickens. Similar to Meis1, the Meis2 protein interacts with Pax6
during the development of the eye functioning as a cell differentiation regulator (Bumsted-

O’Brien et al., 2007; Carbe et al., 2012; Heine et al., 2008; Zhang et al., 2002; Zhang et al., 2006).
Similar to the roles Meis2 plays in the development of the optic area, Meis2 has also been

implicated in the developing neural system, including proper development of the neural tube,
branchial arches, and somites (Cecconi et al., 1997). In monkeys, evidence suggests Meis2

functions in the developing forebrain, specifically expression within the striatum (Takahashi et
al., 2008). Meis2 also interacts with Otx2 in the chicks to facilitate proper tectal fate within the

developing midbrain (Agoston and Schulte, 2009). Lastly, the Meis2 protein cooperatively

mediates Hox enhancer activity as a complex in the hindbrain in murine models (Jacobs et al.,
1999).

Out of the last two Meis genes, Meis3 and Meis4, only the earlier has been examined

expansively in vertebrates. In fact, only the identification of a Meis4 gene, via presence of the

homeobox in zebrafish, is currently available (Waskiewicz et al., 2001). Meis3, however, has

been examined and found to be localized spatially and temporally similar to that of the first two
Meis genes. Meis3 is expressed early in development and has been shown to play an important
role in hindbrain patterning in Xenopus. During this early patterning and development, Meis3

interacts with Hoxb1b and Pbx4 in order to regulate target genes and facilitate cellular
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differentiation (Choe et al., 2002; Salzberg et al., 1999; Waskiewicz et al., 2001). Similarly, in
zebrafish, Meis3 is involved with hindbrain patterning and differentiation (Choe et al., 2002;

Waskiewicz et al., 2001) as well as proper development of the neural plate (Choe et al., 2009).
These studies provide further evidence of the interaction between these developmentally

important genes. Meis3 expression has also been shown localized later in development in the

somites, neural tube, and budding fin in zebrafish (Sagerstrӧm et al., 2001; Waskiewicz et al.,
2001).

While all three Meis genes have been shown to be expressed in pancreatic cells, Meis3

has a higher level of expression in pancreatic islet and β-cells. In these cells, Meis3 regulates cell
survival gene Pdk1. Pdk1 is involved in the regulation of apoptosis and when Meis3 is mutated
pancreatic cell death is higher (Choe et al., 2009; diLorio et al., 2007). Meis3 has also been

shown to play a role in proper pancreatic development by enabling proper patterning of the

anterior endoderm through regulation of the sonic hedgehog (shh) gene in zebrafish (Choe et
al., 2009; diLorio et al., 2007).

Excluding Meis4, of which little is known, all three studied Meis genes have been shown

to play significant roles and functions in a variety of cellular processes. While some of the

functions involved are diverse, developmental processes are an underlining theme associated

with the genes. During development it appears the Meis genes play roles in processes involving

cellular proliferation and differentiation, especially during organogenesis (Agoston and Schulte,
2009). From Meis1 playing roles hematopoietic processes to Meis2 acting as a target for

retinoic acid in developing limb buds, this family serves important roles that are continuing to

be examined and studied. While many of the regulator roles Meis plays have been studied, the
actual regulation of Meis genes themselves has been relatively unstudied and is an area of
particular interest.
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Mammalian genomes contain thousands of different genes and each gene is specifically

regulated in a variety of ways. It could easily be assumed that in such complex organisms the
assortment of these genes would be well organized. This is, however, not always the case.
Instead, within a genome, genes are constantly assorted and organized through evolution
(Morey et al., 2009). This assortment through evolution can cause pairs of genes, or even

clusters of genes, to become physically linked. While this gene linkage is often between related
genes that share similar functions, sometimes it is between completely non-related genes

(Cajiao et al., 2004; Spitz and Duboule, 2008). This genetic linkage, and associated bystander
effect, is currently being further examined as a possible transcription regulation mechanism,
conservation vector, or simply a byproduct of transcriptional regulation.

In general, there are two main ways genes can be linked. Genes can be linked physically

based on their location near each other on a chromosome and through shared regulatory
regions. In both cases, it has been observed that this linkage is often maintained through

evolution, signifying its genetic importance. To understand how evolution has shaped linked

genes the different linkage conditions and origins must be examined (Akalin et al., 2009; Meyer
and Schartl, 1999).

Linked genes often share similar functional characteristics, even identical functions in

many cases, which is commonly attributed to gene duplication events (Yanai et al., 2001). Gene
duplication events are responsible for major gene diversification and subsequently evolving
organismal complexity (Meyer and Schartl, 1999). Data suggest that the base vertebrate

genome has had two duplication events, resulting in a potential for up to four paralogs within a
gene family, while many species, like Danio rerio have undergone additional duplications

(Hittinger and Carroll, 2007; Itoh and Ornitz, 2004; Meyer and Schartl, 1999). It appears that

there was a single genome duplication event before the deviation between deuterostomes and
protostomes and another during the early emergence of vertebrates (Itoh and Ornitz, 2004).

Some examples of vertebrate gene clusters that formed as a result of genomic duplication
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include the Hox, hemoglobin, and keratin gene families (Force et al., 1999; Lemons and

McGinnis, 2006). As a result of nondisjunction during meiosis, whole genome duplication

events result in two copies of every gene, each with its own copy of the respective regulatory
element sites (Spitz and Duboule, 2008). Additionally, gene clusters can undergo more

common large scale duplication events, which result in a duplication of a region rather than the
entire genome. The Fibroblast growth factors (Fgf) gene family is an example of a family of

genes that have not only undergone the two major genome duplication events, but additionally
many more smaller scale duplications. As a result, there are 26 related genes within the family,
identified in mice and humans alone (Itoh and Ornitz, 2004).

Initially, each duplicated gene shares completely the same expression patterns and

functions. Unless the amount of gene expression is detrimental, having redundant genes is not
harmful (Force et al., 1999). While it was originally assumed that the duplicate genes could

become functionally independent, research has shown that the majority of these genes become
lost, due to repetitive function, or become sub functionalized (Hittinger and Carroll, 2007).
Recent findings using comparative genomics has revealed the co-elimination of many

functionally related genes that were previously gained through gene duplication events through
evolutionary lineage, often times through the accumulation of mutations (Aravind et al., 2000;
Force et al., 1999). Over time duplicate genes that remain can share functions or subdivide

multiple functions between the genes. For example, the Gal gene family of S. cerevisiae includes

Gal1 and Gal3, which both share a very similar sequence and diverged from a common ancestral

gene after a duplication event. Over time, two specialized and sub functionalized genes

emerged from evolved regulatory sites, suggesting that changes in regulatory regions play a
role in the fate of duplicated genes (Hittinger and Carroll, 2007).

On rare occasions, one duplicate gene develops a novel function while the other gene
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preserves the original function (Force et al., 1999). Driven by evolution, this genetic makeup

contributes to adaptivity and genetic fitness. The preservation of these gene linkages between
different species is referred as conserved synteny (Akalin et al., 2009; Kikuta et al., 2007).

Maintaining conservation synteny is accomplished when the gene cluster provides advantages
to the organism’s fitness, mutations in one of the linked genes is fatal, or through unrelated

bystander gene effects (Zurovcova et al., 2006). While gene duplication events can explain

some of the related expression within related gene clusters, notably, it does not tell the entire

story. Several gene clusters, in fact, show the opposite. The KRAB gene family, for example, is

clustered together, presumably due to a distant gene duplication event; however, they do not
share co-expression given their close proximity (Spitz and Duboule, 2008).

One of the most common ways genetic variation is introduced within a genome is

through chromosomal crossover. During meiosis, homologous chromosomes interchange

matching regions. This recombination results a novel arrangements of alleles. While in theory
genes adhere to independent assortment, they instead have a recombination frequency based

off their genetic distance, or physical proximity on the chromosome. This results in physically
linked genes being inherited together and conserved through evolution. Since they are
physically close to each other, the likelihood of them separating is significantly lower.

Until recently, it was commonly thought that many of these highly conserved regions

were just clusters of genes that had not yet undergone any chromosomal rearrangement

(Kikuta et al., 2007). One of the exceptions to this hypothesis has always been the Hox gene

cluster. Important during development, functioning in the patterning and morphogenesis of the
anteroposterior body axis, the Hox genes are an important gene family that has been

extensively conserved (Lemons and McGinnis, 2006; Mann, 1997; Moens and Selleri, 2006;

Sharpe et al., 1998). Hox genes are found in clusters, arranged in a colinear style, ranging from

4-48 genes within four complexes in tetrapods (Sharpe et al., 1998). Colinearity is a property
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that describes a direct correlation between the physical positioning of genes within a cluster to
the expression patterns of the genes in axial positioning (Gould et al., 1997; Lemons and
McGinnis, 2006; Sharpe et al., 1998). Recent data have suggested an increased diversity

amongst varying organisms in the number of Hox genes, organization, and expression patterns;

however, overall general arrangement characteristics have been conserved due to gene linkage
conditions (Lemmons and McGinnis, 2006; Sharpe et al., 1998). In vertebrates, more so than
Drosophila, the Hox gene cluster has remained linearly conserved through evolution with a

more complex cluster and fewer non-related bystander genes (Gould et al., 1997; Mann, 1997;
Moens and Selleri, 2006). This maintenance suggests strict evolutionary constraints. Studies
have shown evidence that overlapping patterns of expression between Hox homologs may

cause these constraints. In vertebrate models, shared regulatory elements and cross regulation
are proposed mechanisms for overlapping Hox gene expression patterns (Gould et al., 1997;
Hittinger and Carroll, 2007; Lemons and McGinnis, 2006; Sharpe et al., 1998). By cross

regulating each other (up and down regulating), and additionally sharing regulatory elements,
adjacent Hox genes within the collinearly arranged gene cluster have been shown to exhibit

overlapping expression and conserved synteny (Gould et al., 1997; Mann, 1997; Sharpe et al.,
1998).

Each gene duplication event previously mentioned, not only results in a replicate gene,

but also the associated regulatory region. These regulatory regions on the nearby DNA are noncoding but instead act as binding sites for regulatory proteins, encompassing a region around a

target gene known as a genomic regulatory block (Akalin et al., 2009; Bjerke et al., 2011). These

areas generally contain areas known as enhancers, repressors, promoters, and insulators. As
their names imply, enhancers and promoters act together to encourage transcription

(accomplished by the binding of transcription factors to the enhancer and then to the

promoter) while repressors and insulators act to limit transcription of a target gene or its

17

neighbors (Holliday and Pugh, 1990). All of these transcriptional binding sites play a role in the
regulation of a target gene and while it may seem like they should be close in proximity to their
target gene, this is not always the case. Some enhancers can be found thousands of base pairs

away from their target gene upstream and downstream, acting long range (Akalin et al., 2009;

Holliday and Pugh, 1990; Kikuta et al., 2007). These are termed distal enhancers while the area
around a target gene that includes all of these binding sites is called the locus control region

(Akalin et al., 2009; Cajiao et al., 2004; Tena et al., 2011). Since genomic regulatory blocks can

span a large distance, other related or non-related genes can be contained within the regulatory

block and are referred to as ‘bystander genes’ (Akalin et al., 2009). Additionally, over time, gene
duplicates can lose a duplicated regulatory region and become regulated by only one,
subsequently sharing a regulatory element.

The simplest of mechanisms for co-expression of neighboring genes is the sharing of

these regulatory elements. This bystander effect usually consists of a shared enhancer or
promoter region between two genes, that ultimately govern the expression of both genes

simultaneously (Hittinger and Carroll, 2007; Morey et al., 2009). The most notable example of

direct enhancer sharing are the Hox genes, while this occurrence has been observed even within

the yeast genome (Hittinger and Carroll, 2007; Kmita et al., 2000; Mann, 1997). The clustered

Hox genes are regulated by ‘gobal enhancer sequences,’ which enable the sharing of enhancers

that in turn control multiple Hox genes simultaneously. This kind of gene regulation is thought
to have aided in genomic stabilization, organization, and synteny within the clusters (Kmita et
al., 2000; Mann, 1997). Likewise, the Dlx gene family is arranged as bigene clusters within

mammalian species examined (Zerucha et al., 2000). This gene family plays important roles

during early morphogenesis of the head region. Stemming from an original homeobox gene,

there are now at least six Dlx genes in vertebrates due to gene duplication events (Sumiyama et

al., 2002; Zerucha et al., 2000). Notably, Dlx genes are closely linked to Hox genes and are
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thought to have undergone duplication together. Additionally, just like observations within the
Hox gene family, Dlx genes have been documented to share enhancer sequences as well,

exhibiting bigene control (Sumiyama et al., 2002; Zerucha et al., 2000). Yet in another example
of enhancer sharing and cross regulation, the vertebrate Iroquois (Irx) gene cluster has been

confirmed to utilized long range enhancer sharing throughout the gene cluster (Tena et al.,

2011). Iroquois-class homeodomain proteins play an important role in embryonic patterning
and have been highly evolutionarily conserved, including the gene cluster organization.

Recently data suggests that the physical structure of a mutually used transcription factor
enables enhancer sharing and subsequently co-regulation (Tena et al., 2011).

This sharing can result in polycistronic mRNA, where a single piece of RNA contains

multiple coded genes in succession. These genes can be translated simultaneously, or the

polycistronic mRNA can be alternatively spliced after transcription, leaving two strands each

coding for a single gene (Holliday and Pugh, 1990; Spitz et al., 2003). This mechanism can also

be accomplished through the use of a bidirectional promoter, activating both upstream and
downstream of two different genes (Ebisuya et al., 2008). Another type of shared element
mechanism is the use of a universal long range enhancer. In this situation a single

‘promiscuous’ enhancer is bound by transcription factors and goes on to bind to and activate all
the promoters for different genes within its reach (Holliday and Pugh, 1990). This type of

control is dependent on the distances between neighboring genes within its control radius,

along with being limited by boundary elements. α-Fetoprotein (AFP) and albumin are adjacent

genes on human chromosome 4 that display enhancer sharing. Both proteins are similar in

structure and both show evidence of coordinated high levels of expression in the fetal liver.

Remarkably, these expression patterns are even seen in cell lines displaying an inactive AFP
enhancer (Jin et al., 1995). Data has demonstrated that these two proteins share three

enhancer sites to stimulate both respective promoters ensuing high levels of transcription,
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sometimes competitively (Jin et al., 1995).

Genes do not, however, have to share a regulatory element in order to be co-expressed

as a bystander. Sometimes, in fact, co-expression of genes occurs within genes with absolutely
no related function. This bystander effect is observed between many different neighboring
dissimilar genes. The mechanism by which transcription factor proteins bind and regulate
transcription is varied and is thought to often be a mixture of different mechanisms used

specifically at different times or conditions. The main principle in the different mechanisms is
the binding of transcription factors to the different binding domains and then clumping

together to form complexes between the proteins, while excess DNA is looped out of the

complex (Morey et al., 2009). There are differences in where the complex forms, whether in a

proximal position to the target gene, far upstream or downstream, or even directly on top of the
transcription start site, however, ultimately the complex migrates to the target gene to initiate
transcription (Holliday and Pugh, 1990). The highly varied location and distance of all these

transcriptional binding sites along the DNA, and their subsequent binding proteins, adds a level
of complexity to the transcription model. Instead of having a single gene proximally flanked by
its transcription factor binding sites, there are instead often multiple genes, along with their
associated binding domains, all located within the same locus control region, or genomic

regulatory block (Akalin et al., 2009; Cajiao et al., 2004; Morey et al., 2009). The close proximity
of all of these genes and factors, along with the extended distance from which transcriptional
control can be exerted can cause a ‘ripple’ interference effect between the transcriptions of

neighboring genes (Ebisuya et al., 2008). This effect is known as a bystander effect. The effect
this co-expression has on gene expression regulation along with how this effect contributes to
evolutionary changes are important questions currently being explored (Morey et al., 2009).
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At a basic level, a bystander gene is a gene that is transcribed as a byproduct of a nearby

target gene’s transcription (Kikuta et al., 2007). While the expression level of a bystander gene

is not always as strong as the expression of the target gene itself, it is often accomplished in the
absence of its own transcriptional binding sites and factors (Cajiao et al., 2004). In order for a

gene to be transcribed a ‘transcriptional factory’ must be set up. This ‘factory’ includes both the
target gene along with transcription factors, polymerases, and nucleotides (Holliday and Pugh,

1990; Spitz and Duboule, 2008). These are all important to transcription and must be present

at the promoter/target gene. DNA, however, is bundled around histones, which serve to protect
the DNA and serve to regulate transcription as insulators. In order for a gene to be transcribed
some level of chromatin and histone modifications must be made to ‘expose’ the target gene to
these transcriptional elements (Cajiao, 2004; Holliday and Pugh, 1990; Jaenisch and Bird,

2003). One of the proposed mechanisms for co-expression is that the modification and removal
of histones in order to expose a target gene region to transcriptional elements results in the

exposure of neighboring genes and elements to transcriptional machinery as well (Holliday and
Pugh, 1990; Kosak and Groudine, 2004). Thus, neighboring genes are indirectly transcribed,

often times at lower levels, as a byproduct of the chromatin structure being modified, opened
up, and exposed for free transcription (Spitz et al., 2003). Likewise, another mechanism is

explained by the pulling of a target gene out of its chromatin toward a ‘transcriptional factory’

within the nuclear matrix where it is then transcribed. In this case, neighboring genes are also
pulled along as a byproduct where they are consequently transcribed in low levels based on
their presence and proximity to the transcriptional factory (Kosak and Groudine, 2004).

One example of co-expression of unrelated genes was described by Isabela Cajiao and

colleagues in 2004. They examined the human IgB gene, which is situated directly between the

pituitary specific hGH gene and its locus control region. While the hGH gene is pituitary specific,
the IgB protein is B-cell specific and its only known functional role is in B-cell receptor
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signaling. Interestingly, IgB is found to be transcribed at high levels in the pituitary and in the

complete absence of B-cell specific transcription factors. Instead of being shielded by

regulatory elements within the hGH locus control region, it is activated by it. The mRNA,

however, is never translated into functional protein within the pituitary, suggesting that the
transcript is unnecessary, but rather transcribed as a byproduct of the transcription of

neighboring hGH gene (Cajiao et al., 2004). This is an example of the bystander effect in action

and is most likely explained by the proximal location of the IgB gene to the target hGH gene

along with activation and bind of similarly related transcription factor proteins (Cajiao 2004).
Other studies have confirmed the presence of these bystander genes that unrelated and share

minimal expression or regulatory elements, yet are kept in synenty with a target gene (Akalin et
al., 2009).

So if these co-expressed genes are functionally irrelevant, and in some cases never even

translated, what has kept these genes together throughout evolution? This is the question
researchers are trying to analyze in order to better understand gene order and expression

regulation. It may be that the random arrangement of genes within the genome is so complex
and entangled that is too difficult to rearrange without detrimental errors, essentially the

synteny is conserved by proximity to an essential gene and its regulatory block (Akalin et al.,
2009). It may also be cost effective for the cells to leave it be or too costly to evolve complex
silencers, repressors, and boundary elements (Spitz et al., 2003). Yet is it also possible that

bystander genes play additional roles in the ever complex gene expression regulation system.

There are a few different mechanisms that contribute to the presence of bystander genes. It is
important to keep in mind that there is not one clear mechanism, but instead multiple

mechanisms are used by different cells, for different conditions and often times multiple
mechanisms are used in conjunction with one another (Williams and Hurst, 2000).

While the activity of these genes have proven to be difficult to study, developing

22

zebrafish embryos offer a good model with transparent, externally developed and fertilized

embryos that can be easily genetically manipulated (Hunter et al., 2011). Previously, in our
laboratory, a novel gene, zgc:154061, has been identified. The zgc:154061 gene is always
localized downstream of the Meis2 gene and has been found highly conserved among all

vertebrates examined (Fig. 2). In addition to its proximity to the developmentally important

Meis2 gene, the zgc:154061 gene is highly conserved among examined organisms, suggesting
evolutionary importance. The zgc:154061 gene is 1914 nucleotides in length, has a coded
sequence of 900 amino acids in zebrafish, and is organized in an inverted convergently

transcribed manner (Carpenter, 2010; Graham, 2009) (Fig. 3). The translated protein sequence

was predicted and aligned between humans (Homo sapiens), chickens (Gallus gallus), mice (Mus
musculus), and zebrafish (Danio rerio) (Fig. 4). In order to begin characterizing the novel gene,

the transcription and translation profile was previously explored both spatially and temporally.

Using quantitative real time PCR, the transcripts were found to be maternally expressed initially
at high levels until they decrease at 8 hours past fertilization before the zygotic genome begins

and maintains expression at 12 hours past fertilization (Carpenter, 2010; Graham, 2009). Using
in situ hybridization, the zgc:154061 mRNA expression was shown to overlap significantly with

meis2.2 expression in zebrafish, with a more diffused overall expression during early

development (Carpenter, 2010). We have also hypothesized that the observed absence of the

zgc:154061 next to meis2.1 may be a result of non-functionalization post-gene duplication and

as a result, it is possible that the zgc:154061 gene is acting as a bystander gene, as previously

mentioned, physically linked with the meis2.2 gene in zebrafish (Nelson, 2011). Early protein

and transcript expression profile characterization has also provided evidence for localization in

the developing optic and central nervous system, further supporting the possibility of physically
linkage as a bystander with the meis2.2 gene (Carpenter, 2010; Cochrane, 2012). While the

zgc:154061 gene has been found to be highly conserved, its function and expression have not

been fully characterized yet. The research offered in this thesis project serves to further
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characterize this previously novel gene, additionally adding support for a postulated bystander

effect.

Fig. 2. Location of zgc:154061 in relation to Meis2 gene in human, mouse, chicken, and
zebrafish genomes. The Meis2 gene is shown in red and upstream of the zgc:154061 gene,

shown in black, in all four species examined. Also shown are conserved non-coding elements
(orange, blue, purple, and green arrowheads) possibly associated with the two neighboring
genes. (Imaged borrowed from Carpenter, 2010)

24
gtcgcgtgtgctgcagaactggagcttgtacagtgttattggtgctgtttgtgttgcagagttgtgaaatatggacgcagtgtcaggcggcag
cgccacaggaacaggtgaacaggtgaataatctgaggatctgcagggcagaatacaggagcatcagcaggtttgtggagcagctgcgtc
ccacacggcagtgcatgaagaccctgcagacgcacttcacacatctccccgcgtccactctgctgagcatcttctcccaggagtaccagaa
gagaatgaagcgcagtatggccagacatcactctcctgaggtgctcagagtgtattatcagaggtatcgagatgaagctgagaccagagc
cacagaaccactgctgctggagctcgctaaccaggtggatctatctccagctcttttggctcgtctgatgctggagtgtttcctagaggagcg
caacgcttcagtcccttccagacaagtcctcaacaacatgctgcgtgagccgtatttaattccagatctggtgttagccaagcacatcgagca
gtgcacagtaaatgactgctgttatggaccgctggtcgactgcatcaaacatgccatcggtctggaacatgaagacactctgagagacaaa
ctcagagagaggaacctgtcgtttttagatgagaatcagctgcgggtcaaaggatacgacaaaaccccggacatcatcctggaggtgccg
atcgctgttgatggccacatcgttcactggatcgagagtaaagcttcatttggagatgatcacagtcacaacacatacctgaacgagcagtt
ctggagctactgcaacaggtttggtccgggtctggtcatctactggttcggcttcatctcagagctggactgccagcgggagcgagggatcc
tgctgaaggacggcttccccacggacatcagcagcctgtgtgcgggaccccagcgctgaggacggggcgtttctgatggcatgaggatcc
ggaagcaatttaagctttcctgcagccagagactctgacaaacatgtgctgtgaactccatctgaaccatctgtgtgagtgtgtgtgtgtgtg
tgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgctggttacactttatttgaagtctccttaactactatataggtac
atttcaactactcattgaaactgcacagtaaatgcaagtttttgtctggtgtttggtccagatatctgtgaactcttaaataaagaagcattttt
ggatgtgcactgaatgtagtgttgttttcagaggtgatgtgctaaagtgaagtgagtttttaattagagcaggctgaataatctgccagtggg
ggaagcagaataatcttatgtgtaaaggaaaaagccagtgatttccctcaccccactggcggattattctgcttgttttgaggtaggactctc
tttattttggctcgttatttctgtaaacaacactgtattttatccctgtctataaaatgcttcctgatttaagaacgttcagatatttataccaaaa
acaagacgaactctctaagaatacgtcagttttactgcgttgtactaatattttgaaatcttttgcatgtaattacaatttttccgttaataatta
caccctctcttacaccttaacccactcttaacccttcccatatcactaaacctgtcaacaacccaaccccgatcccagattaatagcaccata
actgttctgcaatgcattataaacaggaggagtacattgtgctgatgttttgatggtagttattgtgacttcaaataaagtgtatgattgtgtta
catgctgatatggaataaataaagagtattcttcgtaaaaaaaaaaaaaaaaaaaaaa
Fig. 3. Sequence of the zgc:154061 gene. Sequence highlighted in green is the start codon,
while the sequence highlighted in red corresponds to the stop codon. Sequence in orange

represents binding site (on complementary stand) for the Dr-zgc154061-GST-5’, while the

sequence in green represents the binding site for the Dr-zgc154061-GST-3’ primer. Sequence in
highlighted in light blue represents binding site (on complementary stand) for the Dr-

zgc154061-internal-5’, while the sequence highlighted in yellow represents the binding site for
the Dr-zgc154061-internal-3’ primer (all primers used are detailed in Table 1). Total length of

gene sequence is 1914 nucleotides.
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Fig. 4. Multiple sequence alignment of the predicted protein sequence for zgc:154061 in
zebrafish (Dr), mouse (Mm), human (Hs), and chicken (Gg). Zebrafish [Danio rerio (Dr),

300 aa (amino acids)], mouse [Mus musculus (Mm), 281 aa], human (Homo sapiens (Hs), 281

aa], and chicken (Gallus gallus (Gg), 272 aa] with identical conserved sequences in red blocks.

The region encompassed within the black box was determined by Biosynthesis, Inc. (Lewisville,
TX), to be the most probable region of the sequence to elicit a sufficient immune response in
rabbit. The blue underlined region is the sequence, from zebrafish, that was synthesized by

Biosynthesis, Inc., and used to inject into a New Zealand white rabbit for antibody production.
(Image borrowed from Cochrane, 2012).

26

Materials and methods
Model Organism
For this research project the model organism used was Danio rerio, or zebrafish. These

tropical freshwater fish belong to the minnow family and are an ideal organism for studying
developmental biology due to their short maturation time, many offspring produced, rapid

embryonic development, and fully sequenced genome. Zebrafish are also characterized by their
large, robust and clear external embryos, which make them ideal for this study.

Zebrafish Husbandry

A Marine Biotech Z-mod closed system (Aquatic Habitats, Apopka, FL) was used to

house zebrafish used for experimental purposes. This system was maintained at a constant
water temperature of 27°C and programmed on an automatic 14 hour light/10 hour dark

cycle. Daily water quality checks were performed to ensure pH was kept between 7.0-7.4 and

conductivity was maintained between 500-600 mS/m. Genetically controlled zebrafish strains
AB and AB* (Zebrafish International Resource Center, Eugene, OR) were maintained and used
in the studies as well as non-genetically controlled wild-type strains (Carolina Biological,

Burlington, NC). Up to six zebrafish were housed together in 1 L aquaria housing, with male to

female ratios kept equal.

In order to harvest and utilize embryos for experiments, fish were routinely bred,

always within the same genetic strain. Adult male and female zebrafish were divided overnight

within 1 L aquariums by plastic dividers within specialized breeding chambers (Aquatic
Habitats). Within an hour of the onset of the light cycle dividers were removed to allow

breeding to occur. The fertilized eggs were separated from the fish through a plastic mesh
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bottom, allowing efficient harvesting. Fertilized eggs were collected and rinsed repeatedly with
reverse osmosis (RO) H2O. If fertilized eggs were not immediately used, they were incubated in

1 X Danieau buffer [58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM HEPES pH

7.6] at 27°C until the correct developmental stage was reached. Embryos raised to adulthood
were relocated to a 1 L aquarium with approximately 500 mL 1X Danieau buffer. The

developing zebrafish were fed twice a day with fine particulate dry food (Zeigler, Gardners, PA).
Tanks were cleaned every other day using a turkey baster and replacing the 1 X Danieau with

fresh buffer. After 20 days past fertilization, the larvae were introduced to the closed system on
a slow drip of system water in a 1 L aquarium. Feedings twice a day continued as fish

equilibrated to the system. Food particles used for feedings increased as the growth progressed
(ZM-100, ZM-200, ZM-300, ZM-400; Zeigler) and embryos were separated into different tanks
based on growth and size weekly. Larvae were also fed 2-day-old live brine shrimp (INVE
Aquaculture, Salt Lake City, UT) daily, once feeding with ZM-200 dry food was begun.

Approximately 3 months after fertilization, embryos reach adult size and are reproductively

mature. At this point fish were divided into 1 L aquariums as previously described and began
daily feedings with Zeigler Adult Zebrafish Complete Diet and 2-day-old live brine shrimp.
Gel Electrophoresis

An agar gel was prepared [1% w/v agar in 1 X TBE (89 mM Tris base, 89 mM Boric acid,

2 mM EDTA] and microwaved for 30 seconds before ethidium bromide (0.3 μg/ml) was added
to the liquefied gel. The gel was allowed to cool to touch before being poured into a gel mold

with a well comb. After the gel solidified, the comb was removed and the gel was submerged in
~300 mL 1 X TBE buffer within a Fisher Biotech mini horizontal electrophoresis unit (Fisher
Scientific, Waltham, MA). Loading dye (6 X) was added to samples prior to well loading and

electrophoresis was generally accomplished with 120 V for 75 minutes. Gels were visualized

and imaged under UV light using an Alpha Innotech Fluorchem imager (San Leandro, CA).

Antibody Purification
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A rabbit polyclonal antibody was generated against a small peptide portion of the

predicted zgc:154061 protein sequence (Refer to Fig. 4; black outlined box containing the blue

underlined predicted amino acid sequence for the peptide portion used for antibody

generation). The small peptide was predicted to be optimal for eliciting an immune response

by Biosnythesis, Inc. (Lewisville, TX) and purchased from the same company. The peptide was
injected into a naïve New Zealand white rabbit (RSI Biotechnology, Mocksville, NC) in 2010 to
elicit a secondary immune response (Cochrane, 2012). The pre-injection serum and post-

injections serum was collected, aliquoted, stored at -80°C, and used for all subsequent
experiments.

In order to purify the antibody from the serum collected, a NuncTM ProPurTM Mini

Protein Purification kit for Protein A (Thermo Scientific, Rockwood, TN) was used according to
the manufacturer’s instructions. This kit first filtered the serum and then utilized a binding

affinity column to capture IgG antibodies. Eluted IgG antibodies were recovered and stored at

-20°C for future confirmation. In order to confirm antibody was purified, SDS-PAGE gel analysis
was conducted. Filtered serum, diluted serum, wash steps, and eluted IgG antibody were run

out on a gel following SDS-PAGE gel method listed. Antibody purification gels were Coomassie
stained for visualization and correct band size confirmation.

Purified antibody samples were quantitatively analyzed using a Bradford assay (Pierce

Biotechnology BCA Protein Assay Kit, Thermo Scientific, Rockwood, TN) using the provided
Bovine Serum Albumin (BSA) as a standard according to the manufacturer’s protocol. BSA

concentrations used were as follows: 2000 μg/μL, 1500 μg/μL, 1000 μg/μL, 750 μg/μL, 500

μg/μL, 250 μg/μL, 125 μg/μL, 25 μg/μL, and 0 μg/μL diluted in RO H2O. Samples were analyzed
in triplicate using a plate reader (Soft Max Pro 5.2, Molecular Devices LLC, Sunnyvale, CA) for
standard curve creation. Antibody eluate samples were also analyzed in triplicate both
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undiluted and diluted in RO H2O (1:10 and 1:25). Results were compared to the standard curve

and average antibody concentration was obtained. Samples were stored in 5% glycerol at -20°C

for further use.

Construction of a Recombinant GST-zgc:154061 Fusion Protein
A GST fusion construct was generated by subcloning the zebrafish zgc:154061 gene in

frame and downstream of a GST coding sequence using the pGEX-3X plasmid (Han and Colicelli,
1995). The expression vector used, pGEX-3X, contains a Glutathione S-transferase, or GST,

coding region. When translated by the bacterium, this sequence will code for a GST protein that
will be fused to the desired zgc:154061 encoded protein and can be further isolated.

A stock of Escherichia coli (DH5-α) bacteria was initially streaked for isolation on a fresh

LB plate [2 mg/mL LB, 1.5 mg/mL Agar] and incubated at 37°C for 16 hours. Using an

autoclaved toothpick, a single isolated colony was scraped and placed in a test tube containing 5
mL LB [2 mg/mL LB]. Culture was incubated for 16 hours at 37°C shaking and 1 mL of culture

was added to a 50 mL conical tube containing 20 mL LB after the 16-hour incubation. The 20

mL culture was incubated at 37°C for approximately 50 minutes or until the absorbance reading
(OD600) was ~0.6. Culture was then spun down using a bench top Legend XTR Sorvall
centrifuge (Thermo Scientific, Rockwood, TN) at 4,700 rpm for 5 minutes at 4°C. The

supernatant was discarded, pellet re-suspended in 11 mL ice cold 100 mM CaCl2, and incubated

on ice for 15 minutes. CaCl2 suspended cells were then spun down at 4,700 rpm for 5 minutes

at 4°C, supernatant removed, and pellet re-suspended in 1.5 mL ice cold 100 mM CaCl2. Re-

suspended cells were now chemically competent and were kept on ice between 30 minutes and
2 hours before 500 μL of 80% glycerol was added and competent cell solution was stored at 80°C in 100 μL aliquots.

Transformation of the expression vector was accomplished by initially adding 0.1 μg of

the pGEX-3X plasmid (GE Healthcare) to a thawed competent cell aliquot. The cells and DNA

were incubated on ice for 15 minutes. The competent cells were subjected to heat shock by
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quickly removing the tubes from the ice and immediately putting them into a 42°C hot water

bath for 65 seconds. After the heat shock, cells were immediately returned to the ice bath and
incubated for 3 minutes before 1 mL of LB was added. Transformed cell cultures were

incubated in the LB for 1 hour shaking at 37°C. Cells were plated (100 μL) on LB plates with

ampicillin [2 mg/mL LB, 1.5 mg/mL Agar, 100 mg/mL ampicillin] and incubated at 37°C for 16
hours. After overnight incubation, plates were examined for isolated colonies. Using an

autoclaved toothpick, a single isolated colony was scraped and placed, with the toothpick, in a

test tube containing 5 mL LB with ampicillin [2 mg/mL LB, 100 mg/mL ampicillin]. Culture was
incubated shaking for 16 hours at 37°C. Expression vector plasmid was purified using a Wizard
Plus SV Miniprep DNA purification system and the manufacturer’s supplied protocol. pGEX-3X
plasmid miniprep samples were then measured using a NanoDrop® ND-1000

spectrophotometer to determine concentration (ng/μL) and purity (absorbance readings at
280/260 and 280/230 nm).

Next the plasmid vector was digested using enzymes to confirm correct isolation.

Approximately 1 μg of the isolated plasmid (miniprep) was digested with EcoR1 (10% v/v) and
Pst1 (10% v/v) in 1X NEB buffer 4 for 16 hours at 37°C. The digested plasmid was then
confirmed to be the correct expression vector pGEX-3X using gel electrophoresis. After

confirmation, ~ 10 μg of the plasmid was linearized with EcoR1 [10% v/v EcoR1 in 1X EcoR1

enzyme buffer] at 37°C for 16 hours. Linearization of the plasmid was confirmed using gel
electrophoresis the following day. In order to reduce self-annealing of the cut sites on the

linearized pGEX-3X vector, the 5’ phosphate groups were removed by treatment with alkaline
phosphatase (CIP). CIP Phosphate (1% v/v) was added to the linearized plasmid sample and
incubated at 37°C for 20 minutes before storage at -20°C.

After the expression vector was linearized, the insert was amplified using PCR. The
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insert was the zgc:154061 gene, amplified from the pExpress clone (317.8 ng/μl; purchased

from OpenBioSystems). Oligonucleotides were designed, specific to the 5’ and 3’ ends of the
zgc:154061 coding sequence and containing added EcoRI restriction sites at their 5’ ends in

frame with the EcoRI restriction site in pGEX-3X (primers Dr-zgc154061-GST-5’ and Dr-

zgc154061-GST-3’; Table 1). A PCR reaction [1.0 μl pExpress plasmid containing target
sequence pExpress (317.8 ng/μl ), 50pmol Dr- zgc154061-GST-5’ primer, 50 pmol Dr-

zgc154061-GST-3’ primer, 20% v/v Phusion® 5 X HF Buffer, 10 mM dNTPs, and 1% v/v

Phusion® High-Fidelity DNA Polymerase (NEB M0530L) in RO H2O] was mixed, pulsed down in

a thin walled PCR tube, and placed into a GeneAmp® PCR System 9700 (Applied Bioscience).

The amplification conditions were: an initial DNA melting step at 98°C for 1:30 minutes; 40
amplification cycles (98°C for 30 seconds, 55°C for 30 seconds, and 72°C for 70 seconds);

followed by 7 minutes at 72°C. The PCR reaction was maintained at 4°C until storage at -20°C.

Table 1. Oligonucleotide primers used for initially PCR amplification of the target gene,
screening for gene presence, and sequencing confirmation of the constructed
recombinant molecule.
Oligonucleotide Primers
Name of Primer Used

Primer Sequence

Dr-zgc154061-GST-5’

gggaattcaatggacgcagtgtcaggc

Dr-zgc154061-internal-5'

gtgcacagtaaatgactgc

Dr-zgc154061-GST-3’

Dr-zgc154061-internal-3'

atgaattccggatcctcatgcca
gtcgactgcatcaaacatg

The amplified fragment was confirmed to be the correct size for the zgc:154061 insert
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sequence using gel electrophoresis. Once PCR was confirmed, the product was purified using a
Wizard® SV Gel and PCR Clean-Up System (Promega TB308) following manufacturer’s

instructions involving purification by centrifugation. Following PCR reaction clean up, ~ 5.0 μg
of the PCR amplified insert was digested with EcoR1 [10% v/v EcoR1 in 1X EcoR1 enzyme

buffer] at 37°C for 16 hours in order to make ends compatible with the previously linearized
pGEX-3X expression vector.

After both the PCR amplified insert and pGEX-3X expression vector were digested with

EcoR1 to create compatible ends, both samples were separately purified by phenol:choloform

extraction. In separate microcentrifuge tubes, 100 mL of each sample was combined with 100

mL ice-cold phenol. Samples were vigorously vortexed for ~15 seconds and then centrifuged at

16,000x g for 5 minutes. The aqueous layer from each sample was then carefully transferred

using a micropipette to a new microcentrifuge tube containing a 1:1 phenol:chloroform mixture
[50 mL ice cold phenol and 50 mL chloroform:isoamyl alcohol 24:1], vortexed for 1 minute, and
centrifuged at 16,000x g for 5 minutes. The aqueous layer was then carefully transferred to
another tube containing 100 mL chloroform:isoamyl alcohol 24:1, vortexed, and spun at

16,000x g for 5 minutes. The wash step with chloroform:isoamyl alcohol 24:1 was repeated one
time to ensure removal of all remaining phenol. After the second spin with chloroform:isoamyl

alcohol 24:1, the aqueous layer was removed and the final volume was quantitatively measured
using a micropipette. In a new microcentrifuge tube, the aqueous layer was combined with 7.5

M ammonium acetate (1/2 X the final aqueous layer volume) and 200 proof ethyl alcohol (2.5 X

the final aqueous layer volume). The samples were vortexed for 30 seconds and stored at -80°C
for 2 hours or -20°C for 16 hours. After cold incubation, samples were centrifuged at 16,000x g

at 4°C for 10 minutes. The supernatant was removed following centrifugation and the visible

pellet was washed twice with 70% ethyl alcohol. All remaining supernatant was carefully
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removed and the tubes containing the pellet left were air dried on the bench top for 4-16 hours
until pellet was completely dry. Each dried pellet was resuspended in 50 μL RO H2O and each
concentration quantified by NanoDrop® ND-1000 spectrophotometry.

In order to insert the purified and amplified zgc:154061 sequence into the purified and

linearized pGEX-3X (both with compatible ‘sticky ends’), a ligation reaction was performed in a
total volume of 10 µL. In a single centrifuge tube, 100 ng of the linearized pGEX-3X expression

vector and 60 ng of the PCR amplified sequence insert were combined with T4 DNA ligase [10%
v/v, New England BioLabs] in 1 X T4 DNA ligase buffer. The sample tube was thoroughly mixed
using a micropipette and pulsed down with a microcentrifuge before incubating at 16°C for 16
hours or room temperature for 2 hours.

Chemically competent bacteria cells (Escherichia coli (DH5-α) prepared as previously

described) were transformed with 5 µL (~80 ng) of ligated DNA. DNA was added to a thawed

competent cell aliquot and incubated on ice for 15 minutes. The competent cells were subjected
to heat shock by quickly removing the tubes from the ice and immediately putting them into a
42°C hot water bath for 65 seconds. After the heat shock, cells were immediately returned to

the ice bath and incubated for 3 minutes before 1 mL of LB was added. Transformed cells were
incubated in LB for 1 hour shaking at 37°C. Cells were plated (100 μL) on LB plates containing

ampicillin [2 mg/mL LB, 1.5 mg/mL Agar, 100 mg/mL ampicillin] and incubated at 37°C for 16
hours. Following this incubation, plates were examined for isolated colonies. Using an

autoclaved toothpick, a single isolated colony was scraped and placed, with the toothpick, in a
test tube containing 5 mL LB containing ampicillin [2 mg/mL LB, 100 mg/mL ampicillin].

Culture was incubated for 16 hours at 37°C with shaking. Plasmid DNA was purified using a
Wizard Plus SV Miniprep DNA purification system following the manufacturer’s supplied
protocol. Plasmid DNA was quantitatively measured using a NanoDrop® ND-1000
spectrophotometer.
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In order to confirm the correct recombinant molecule was constructed and transformed

into the bacteria, test digests were performed. Approximately 1 μg of the miniprep sample was
digested in a 20 μL final volume with three different sets of enzymes in separate

microcentrifuge tubes, EcoR1/Pst1 [EcoR1 (10% v/v) and Pst1 (10% v/v) in 1X NEB buffer 4],

EcoR1/EcoRV [EcoR1 (10% v/v) and EcoRV (10% v/v) in 1X NEB buffer 3], and Pst1 [Pst1 (10%

v/v) in 1X NEB buffer 4]. All digestion reactions were incubated for 16 hours at 37°C. The test
digests of the plasmid were confirmed to exhibit the correct restriction patterns using gel
electrophoresis (120 V for 70 minutes) then sequenced to further confirm (performed by

Cornell University’s Life Sciences Core Laboratories using internal primers [Dr-zgc154061internal-5' and Dr-zgc154061-internal-3'; Table 1] for confirmation).

Induced zgc:154061 protein expression in bacteria

Plasmid DNA of zgc:154061 in pGEX-3X was transformed into Escherichia coli strain

BL21-DE3 bacteria for induced protein expression. Chemically competent BL21-DE3 bacteria

were made using methods previously described. Plasmid DNA was transformed as previously
described and plated (100 μL) on LB plates containing ampicillin [2 mg/mL LB, 1.5 mg/mL

Agar, 100 mg/mL ampicillin] and incubated at 37°C for 16 hours. After overnight incubation,
plates were examined for isolated colonies. Using an autoclaved toothpick, a single isolated
colony was scraped and placed, with the toothpick, in a test tube containing 5 mL LB with

ampicillin [2 mg/mL LB, 100 mg/mL ampicillin]. This culture was incubated for 16 hours at
37°C with shaking. This culture was then added to a flask containing 300 mL LB containing
ampicillin [2 mg/mL LB, 100 mg/mL ampicillin]. This culture was incubated at 37°C for

approximately 4-6 hours or until the absorbance OD600 reading was ~0.6. At the mid-log

growth phase, (OD600 ~0.6) fresh IPTG (0.8 M) was aseptically added to the culture to induce
protein expression. Incubation resumed at 37°C for 4 hours. An additional culture was

simultaneously incubated without the induction of IPTG. The cultures were then spun down
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using a Sorvall Instruments RC5C centrifuge at 3,500x g for 15 minutes at 4°C.

Protein Purification

Pelleted cell cultures, from the induced cultures were resuspended in 10 mL of a GST

Binding/Lysis buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 1% Triton X100] followed by
the addition of 3 mg of lysozyme and 5 mM DTT to protect the protein from proteases. This
mixture was incubated on ice for one hour. Using a Heat Systems Ultrasonics Processor

(Farmingdale, NY) re-suspended cells were sonicated three times for 15 seconds, with 15

second breaks in an ice bath in between each sonication. The lysate was spun at 10,000x g for
30 minutes. The supernatant for both the induced and un-induced cultures was removed and

stored at -20°C. Total protein extract from both cultures was examined with SDS-PAGE analysis
and assessed for differences between the induced cultures and the un-induced using Coomassie
staining and Western blot.

In order to isolate the target protein from the total protein extract, an affinity column

was used to bind the GST portion of the fusion protein (GST-zgc:154061). Using a Pierce GST

Spin Purification Kit, 5 mL aliquots of the induced target protein preparation was run through

the GST affinity binding column following manufacturer’s guidelines for Spin Purification of GST
Tagged Proteins. Eluted fusion protein was confirmed with Coomassie staining based off sizing
and Western blot analysis using the peptide antibody.
SDS-PAGE

First, a SDS-PAGE gel consisting of a 5% stacking gel [70% RO H2O, 16.5% acrylamide:

Bis 29:1, 125 mM Tris pH 6.8, 0.1% w/v SDS, 0.1% w/v ammonium persulfate (APS), 0.1%

N,N,N’N’ tetramethylethylenediamine (TEMED)] and a 12% resolving gel [32% RO H2O, 40%

30% acrylamide:Bis 29:1, 390 mM Tris pH 8.8, 0.1% w/v SDS, 0.1% w/v APS, 0.04% TEMED]
was prepared between two glass plates with a spacing of 1 mm. A 1mm comb was used and
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removed after gel was solidified and rig was placed in a 1X Tris-Glycine Running Buffer [25 mM
Tris Base, 192 mM Glycine, 3 mM SDS].

Protein samples were prepared by adding 10 μL of each sample to 5 μL 3 X Laemmli

loading dye [240 mM Tris pH 6.8, 6% sodium dodecyl sulfate (SDS), 30% Glycerol, 0.16% β-

mercaptoethanol, 0.006% w/v Bromophenol Blue]. Protein samples and dye were then heated

to 70°C for 5 minutes for denaturing followed by placement in an ice bath. Solutions were then
loaded on the SDS-PAGE gel and electrophoresis was performed at 240 volts for 90 minutes.

After the electrophoresis was complete, the stacking gel was cut off using a razor blade. Gels
were then either used for Western blotting or Coomassie staining.

Gels to be Coomassie stained were first placed in 100 mL RO H2O after the stacking gel

was removed, microwaved for 30 seconds, and washed in RO H2O for 5 minutes at room

temperature with shaking. After 5 minutes on the shaker, the water was replaced by fresh RO
H2O, microwaved for 30 seconds, and placed on the shaker for another 5 minutes. The water

was then replaced with 100 mL Coomassie stain [70 mg Brilliant Coomassie Blue, 1 L RO H2O, 3

mL hydrochloric acid (HCl)], microwaved for 10 seconds, and placed on the shaker for 16 hours
at room temperature. The Coomassie stain was removed following the overnight incubation,

replaced with RO H2O, and the gel placed back on the shaker for destaining. Gels were imaged

using an Alpha Innotech FluorChem imager.

Western Blot

In order to determine antibody specificity, Western blots were performed using protein

samples isolated from bacterial extracts. Following electrophoresis, SDS-PAGE gels had

stacking gels removed and were placed into a glass dish with 250 mL 1 X Tris- Glycine Transfer

Buffer [48 mM Tris Base, 39 mM Glycine, 1.3 mM SDS, 20% (v/v) Methanol]. Polyvinylidene

difluoride (PVDF, Thermo Scientific, Rockwood, TN) membrane was cut to the size of the gel (5

cm x 9 cm) and placed in 100% methanol for 30 seconds for priming. The PVDF membrane, gel,

and 4 pieces of 1 mm filter paper (cut to same size as membrane) were all incubated at room
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temperature, shaking in the transfer buffer for 20 minutes. Using a Trans-Blot® SD Semi-Dry

Transfer Cell (Bio-Rad, Hercules, CA), protein samples embedded in the SDS-PAGE gel were

transferred to the PVDF membrane. The protein bands were permanently fixed to the solid

support membrane by placing the membrane on top of the gel and in between two pairs of filter
papers and applying 15 volts for 20 minutes.

Following transfer electrophoresis, the PVDF membrane, containing the transferred

protein bands, was placed in 50 mL blocking solution [5% Blotto in 1 X Phosphate Buffered
Saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4)]. The

membrane was incubated in blocking solution at 4°C for 16 hours or room temperature for 2

hours with gentle shaking. After blocking, the membrane was removed from solution, rinsed
with RO H2O, and placed in a primary antibody solution [1:100 purified anti-zgc:154061

antibody diluted in 5% blotto/1 X PBS blocking solution]. The membrane was incubated with

gentle shaking for either 16 hours at 4°C or 2 hours at room temperature. Following incubation

with primary antibody, membrane was removed from solution, rinsed with RO H2O, and placed
in 100 mL wash solution [0.1% Tween 20/1X PBS] with gentle shaking for 5 minutes. Washing

was repeated three times, at room temperature, using fresh wash solution every 5 minutes to

remove unbound antibodies. The membrane was then placed protein side up in a 50 mL conical
tube. A secondary antibody solution [1:2500 Goat anti-rabbit alkaline phosphatase conjugated
secondary antibody (Bio- Rad, Hercules, CA) in 10 mL 5% Blotto blocking solution] was added
to the conical tube and set on rotation at 4°C for 16 hours, or room temperature for 2 hours.

After incubation with the secondary antibody solution, the membrane was removed from the
conical tube and rinsed using forceps and RO H2O. The membrane was subsequently washed
three times for 5 minutes in 100 mL wash solution [0.1% Tween 20/1X PBS] with gentle
shaking.

Following the wash steps, and post-incubation with the secondary antibody, the
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membrane was placed protein side up on a piece of SaranTM plastic wrap. Any bubbles were

removed and the membrane flattened before adding approximately 2 mL of Immun-StarTM AP

Substrate (Bio-Rad, Hercules, CA) directly onto the membrane and incubating at room

temperature for 10 minutes. The substrate solution was then poured off the membrane and the
plastic wrap was folded over the membrane, and then cut to size. Membranes were exposed to
x-ray film for 1-5 minutes and developed using a Konica Minolta SRX-101A developer (Konica
Minolta Medical & Graphic, Inc., Shanghai, China).
Immunohistochemistry

Developing embryos at the 24, 36, and 48 hours past fertilization (hpf) stages were

examined using immunohistochemistry (IHC) experiments. Both whole mount and 15 μm

cross-sections of embryos were used to determine zgc:154061 protein localization within the

embryo. Embryos were first manually dechorionated using No.5 Dumount forceps (Dumostar,
Williston, VA) and then fixed in 4% paraformaldehyde (PFA) [1.3 M PFA, 0.002 N NaOH, 10%

v/v 10 X PBS (1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4)]. Approximately 50
embryos were fixed at a time in 1.5 mL microcentrifuge tubes and incubated at room

temperature with gentle shaking. PFA was replaced after 10 minutes with new 4% PFA and

incubated at 4°C for 16 hours. Embryos were then washed three times with 1 X PBS and gentle
shaking for 10 minutes.

Fixed embryos at the 24 hours past fertilization stage or older were depigmented for

proper colorimetric visualization. Fixed embryos were placed in a petri dish containing

approximately 5 mL of a H2O2 solution [3% H2O2, 1% KOH] for at least 30 minutes. Embryos

were observed until depigmentation was complete and then individually removed from

solution and placed into a 1 X PBS solution using a glass pipette. Depigmented and fixed
embryos were dehydrated for storage if not immediately used for IHC experiments. To
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dehydrate, embryos were washed for 10 minutes in a 25% methanol/1 X PBS solution shaking,
followed by a 10 minute wash in a 50% methanol/1 X PBS solution. Embryos were then

washed in a 75% methanol/1 X PBS solution for 10 minutes followed by a 10 minute shaking

wash in 100% methanol. Embryos were then stored in a new 100% methanol solution at -20°C.
Embryos were rehydrated in groups of 10 embryos per well using 12 well plates. After

being removed from the methanol using a glass pipette, embryos were placed in a 1 ml 75%

methanol/1 X PBS solution with gentle shaking. After 5 minutes each, solutions in each well

were replaced with 1 ml of 50% methanol/1 X PBS, 25% methanol/1 X PBS, and 100% 1 X PBS
respectively. Embryos were then washed in new 1 X PBS for 30 minutes at room temperature.

1 X PBS was replaced after 30 minutes with freshly made, filter sterilized blocking solution [1%
v/v dimethyl sulfoxide (DMSO), 5 mg/mL BSA, 0.8% v/v Triton, 10% v/v 10 X PBS (1.37 M

NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4)]. Embryos in blocking solution were either

incubated for one hour at room temperature or 4 hours at 4°C. The blocking solution was

removed and replaced with a primary antibody solution [1:100 purified anti-zgc:154061

antibody diluted in blocking solution] and incubated at 4°C for 16 hours. Primary antibody was
substituted with pre-immune serum samples, under the same conditions, for negative controls.
Following primary antibody incubation, embryos were washed for 2 hours in a wash solution

PBS/DMSO/Triton [1% v/v dimethyl sulfoxide (DMSO), 0.8% v/v Triton, 10% v/v 10 X PBS

(1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4)] with fresh solution changes every

30 minutes at room temperature. After the forth wash, the embryos were placed in a secondary

antibody solution [1:1000 Goat anti-rabbit alkaline phosphatase conjugated secondary

antibody (Bio- Rad, Hercules, CA) in 0.3% 1 X PBS/Triton X-100] and incubated at 4°C for 16

hours. Following incubation with the secondary antibody, embryos were washed three times

with 1 mL 1 X PBS for 5 minutes at room temperature before being incubated with AP detection

buffer [10% v/v 1 M Tris-HCl (ph=9.50), 0.1 M NaCl, 0.1 M MgCl2] for 15 minutes. Fresh AP
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detection buffer was replenished every 5 minutes.

Embryos were developed and visualized colorimetrically using BCIP/NBT substrate

solution [0.66% v/v NBT (70% v/v N,N, Dimethylformamide, 50 mg/mL NBT) and 0.33% v/v

BCIP (50 mg/mL BCIP in N,N, Dimethylformamide) in AP detection buffer). Embryos were first

removed from the AP detection buffer and placed in 500 μL of the substrate solution in separate
wells. Embryos were observed under a dissecting microscope until colorimetric visualization

was detected. Embryos were then individually placed into a new petri dish containing distilled

water to stop color development and the distilled water was replaced with fresh distilled water
every 5 minutes until colorimetric development was completely stopped.

IHC embryos at 24, 36, and 48 hours past fertilization were imaged as whole mounts

and embryos at 48 hours past fertilization were also imaged as cross sections. Whole mount

embryos were removed from the distilled water and placed into an agarose solution [8 mg/mL
agarose in 10 mL 1X Danieau buffer]. The agarose solution was prepared by bring the agarose
and Danieau buffer to a boil in the microwave and then storing at 4°C. From storage, the

hardened solution was liquefied and maintained in a boiling water bath. Using a Leica mz75

dissecting microscope, approximately 500 μL of the heated agar solution was place on a deepdish microscope slide followed by a single embryo using a glass pipette. Prior to the agarose
solution solidifying, the embryos were positioned correctly for imaging using needle probes.
Whole mount slides were inverted and imaged using either a Zeiss Confocal Laser Scanning

Microscope 510 (Leica Microsystems, Buffalo Grove, IL) or an Olympus IX81 (Shinjuku, Tokyo,
Japan) inverted bright field microscope.

Embryos at the 48 hpf stage were also examined via cross sectional analysis. An

agarose gel [1.5% agarose and 5% sucrose in 1 X PBS] was prepared and kept in boiling water

bath to remain liquefied. Colorimetrically developed embryos were removed from the distilled

water in pairs and placed in mini petri dishes with approximately 1.5 mL of the agarose gel
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solution. Prior to gel solidification, the embryos were individually positioned with the anterior
regions facing downwards with needle probes. Gels were allowed to cool and solidify and then
placed in 4°C for 30 minutes. Gel blocks (5 mm x 5 mm) containing the positioned embryos

were sliced and removed from the petri dish gel and placed in a large petri dish containing a
sucrose solution (30% sucrose in 1 X PBS). The suspended gel blocks were left at 4°C for 16

hours.

Gel blocks containing embryos in the sucrose solution were then placed in aluminum

foil wells [made by wrapping small pieces of aluminum around the base of a marker pen, taping
around cup formed, and cutting height down to 1 cm]. The blocks were positioned so the

anterior region facing down was closest to the base of the well and in the center of the well.

Optimal Cutting Temperature (O.C.T.,Tissue-Tek®, Torrance, CA) compound was placed around

the block within the aluminum well, and the well was placed on a block of dry ice to freeze.

Completely frozen wells containing embryos were stored at -80°C. Embryos were subsequently
cut into 15 μm cross-sections from the tip of the head region to the hindbrain. Sections were

permanently bound to VistaVisionTM HistoBond® Adhesive Slides (VWR, Radnor, PA) and

sectioned using a Leica CM-1100 Bench Cryostat (Leica Microsystems, Buffalo Grove, IL). Slides
were stored at -20°C and imaged using a Zeiss Confocal Laser Scanning Microscope 510 (Leica
Microsystems, Buffalo Grove, IL) on bright field settings.
Immunoprecipitation

The zgc:154061 protein was isolated from zebrafish embryo protein extract using

immunoprecipitation techniques. Approximately 200 embryos (1.5 mL), at the 2 hours past

fertilization stage, were harvested as previously described. Embryos were combined in a

microcentrifuge tube and all excess solution was removed before being flash frozen in liquid

nitrogen and stored at -80°C. Frozen embryos were combined with 1 mL of a homogenization

buffer [250 mM sucrose, 30 mM Tris, 1 mM EDTA, pH 7.8, 5 μL proteinase inhibitor cocktail
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(PIC), and 10 μL phenylmethylsulfonyl fluoride (PMSF)] before being homogenized using the

Tissue TearorTM Homogenizer (Cole-Parmer, Vernon Hills, IL) for two 30 second applications on
ice. Homogenized samples were microcentrifuged for 10 minutes at 4°C at 16,000x g and the

resulting supernatant was stored in 200 μL at -20°C.

The concentration of the total protein in the supernatant samples was quantified using a

Bradford assay (Pierce Biotechnology BCA Protein Assay Kit, Thermo Scientific, Rockwood, TN)
as previously described. Target zgc:154061 protein was isolated from quantified protein

extract samples using a Pierce Co-Immunoprecipitation Kit (Rockford, IL). Briefly, 50 mL of a
resin slurry was incubated with 50 μL primary antibody solution [purified anti-zgc:154061

protein as previously described] for bead-antibody coupling. A 1.2 mL volume of the quantified

protein extract (2 hpf) was incubated with the coupled antibody beads at 4°C for 16-24 hours.

Using a resin column, unbound proteins are washed away with three washes followed by three
elution steps of the bound protein using elution buffer. Elution samples of the target protein

were stored at -20°C and analyzed via SDS-PAGE. As previously described, protein samples

embedded in the SDS-PAGE gel were transferred to a PVDF membrane, blocked with Blotto [5%
blotto/1 X PBS blocking solution], overnight at 4°C with shaking, and incubated with a primary
antibody solution [1:100 purified anti-zgc:154061 antibody diluted in 5% blotto/1 X PBS

blocking solution] for 2 hours at room temperature. After the washing solutions previously

described, following secondary antibody incubation, the membrane was placed in AP detection
buffer [10% v/v 1 M Tris-HCl (ph=9.50), 0.1 M NaCl, 0.1 M MgCl2] for 30 minutes. The

membrane was then placed in a heat sealed plastic bag (3” x 4”) and 10 mL of a BCIP/NBT

substrate solution was added [0.66% v/v NBT (70% v/v N,N, Dimethylformamide, 50 mg/mL
NBT) and 0.33% v/v BCIP (50 mg/mL BCIP in N,N, Dimethylformamide) in 1 X AP detection
buffer). After all bubbles were removed, the bag was sealed on all four ends, placed on a
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shaker, and incubated for 15 minutes to 16 hours based on colorimetric development. Reaction
was stopped in 100 mL RO H2O. The membrane was dried on a paper towel for examination
and imaging using a scanner.
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Results
Construction and Expression of a Recombinant Molecule
In order to further study and characterize the novel zgc:154061 gene, target protein

expression was induced in bacteria using a constructed recombinant molecule. By producing

the zgc:154061 gene’s protein product in bacteria, the size of the protein and specificity of the
antibody current being used could be assessed. A target recombinant molecule was first

constructed and transformed into bacteria for induced expression and subsequent target
protein isolation (Fig. 5).

First, the expression vector, pGEX-3X, was transformed into bacteria from a small stock

DNA sample, isolated, and confirmed using a restriction digest and gel electrophoresis (Fig. 6).
The presence of two bands at ~4,000 and ~1,000 base pairs (bp) correspond to the expected
restriction pattern for an EcoR1/Pst1 double digestion (3,991 bp and 961 bp). In order to be

used as the expression vector for the recombinant molecule, the pGEX-3X was linearized using

EcoR1 enzymes. Gel electrophoresis confirmed linearization of the plasmid occurred based on a

5,000 base pair length band, without the presence of multiple uncut conformation bands (Fig.
7). The linearized sample was then purified prior to the ligation being set up.
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Fig. 5. Target GST-zgc:154061 Recombinant Molecule. A target recombinant molecule was

constructed after insertion of a PCR amplified zgc:154061 gene sequence into a linearized
pGEX-3X expression vector. After transformation into bacteria, a GST- zgc:154061 fusion

protein expression was induced. The presence of an ampicillin resistance gene enabled

ampicillin use as a selective agent. The numerous enzyme cut sites within the constructed
plasmid allowed for proper plasmid identification via restriction analysis.
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Fig. 6. Restriction analysis of purified pGEX-3X expression vector. The two bands

observed in the right lane correspond to the expected sizes (3,991 bp and 961 bp) for the
double digestion of pGEX-3X (with EcoR1 and Pst1) confirming the correct molecule was

purified.

Fig. 7. Linearization of the pGEX-3X expression vector. pGEX-3X was digested with EcoR1
overnight and analyzed via gel electrophoresis. The only band in the right lane correctly
corresponds to the expected 4,952 base pair band of the linearized pGEX-3X vector.
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Next, the insert containing the target zgc:154061 gene sequence, was amplified from a

previously constructed and isolated plasmid (zgc:154061 in pExpress) containing the gene of

interest. PCR amplification of the target gene area on the donor plasmid, using the primers Drzgc154061-GST-5’ and Dr-zgc154061-GST-3’ (Table 1), was performed and purified using a

Wizard® SV Gel and PCR Clean-Up System (Promega TB308). Each end of the PCR product was

made compatible with the linearized pGEX-3X vector via EcoR1 enzyme digestion and

confirmed using gel electrophoresis (Fig. 8).

Fig. 8. PCR amplification of the zgc:154061 gene sequence. The target gene sequence was

PCR amplified, purified, and digested with EcoR1, yielding compatible ends for insertion into

the vector. The presence of a single band (at ~900 base pairs) in the right lane corresponds to
the desired 943 base pair amplified sequence.

A single band observed in the gel image (right lane) correctly corresponds to the
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desired target gene sequence (943 base pairs). Once the linearized vector and the PCR

amplified insert were isolated, made end compatible, and purified, a ligation reaction was
performed and transformed into bacteria.

Transformed bacteria were plated on selective media containing ampicillin and isolated

colonies were screened for the correct recombinant molecule. Colony plasmid DNA was
prepared from candidate colonies and separately digested with two different enzyme

combinations (EcoR1 and EcoRV or Pst1) to confirm that the insert was the correct size. DNA

samples from two colonies matched the desired restriction pattern when visualized using gel
electrophoresis (Fig. 9).

Fig. 9. Confirmation of the construction of a target recombinant molecule. Plasmid DNA

samples from two transformed colonies were digested with EcoR1/EcoR5 and Pst1 enzymes for

restriction analysis. Three bands observed in each double digestion lane (3,158 bp, 1,794 bp,

and 943 bp) along with the presence of two bands in each Pst1 digest lane (4,136 bp and 1,759

bp) are as predicted if the the target recombinant molecule was correctly constructed and
isolated.

Plasmid DNA samples isolated from two different colonies (#2 and #13) exhibited
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restriction patterns that match the target recombinant molecule. The double digestion

(EcoR1/EcoR5) of both samples yielded three distinct bands at ~3,200 bp, ~1,800 bp, and

~1,000 bp matching the expected 3,158 bp, 1,794 bp, and 943 bp size bands respectively for the
target recombinant molecule. The two bands observed in each of the single digest (Pst1) lanes

at ~4,100 bp and ~1,800 bp match the expected 4,136 bp and 1,759 bp size bands respectively.
Both isolated samples were confirmed to be the correctly constructed target recombinant

molecule via restriction analysis and sequencing. Sequencing results were compared to the
known zgc:154061 gene sequence and confirmed to be identical.

The confirmed recombinant molecule (isolated from colony #13) was then transformed

into Escherichia coli strain BL21-DE3 bacteria for induced expression. Cultures at mid-log

phase and 500 mL volume were chemically induced during the mid-log growth phase and the

total protein from the bacteria was isolated via sonication and centrifugation. The target fusion

protein produced from induction (GST - zgc:154061) was isolated from the total protein using

an affinity-binding column. Samples were run on a SDS-PAGE gel and transferred to a

membrane. Western blot analysis was performed on the protein samples affixed to the

membrane with a primary antibody against the target zgc:154061 protein. Antibody binding
was detected using fluorescence and visualized using X-ray film (Fig. 10). The membranes

containing the protein samples were stripped and Western blot analysis was repeated using an

antibody specific for GST. Antibody binding was again detected using bioluminescence and

visualized using X-ray film (Fig. 10).
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Fig. 10. Western blot analysis of isolated target fusion protein. Target fusion protein was

isolated using an affinity-binding column, eluted, and separated via SDS-PAGE. Samples were

transferred to a membrane and first incubated with a primary antibody recognizing the target
zgc:154061 protein. The bottom gel image displays binding by the antibody recognizing the
target protein in the isolated fusion protein. The membrane was stripped and incubated a

second time with a primary antibody recognizing the GST protein in the fusion protein. Bands
at the exact same spot displayed binding by the antibody recognizing GST. The same band

detected with the two different antibodies indicates the presence of the target fusion protein in
all three elution lanes.

In all three protein elution lanes, the same sized bands were experimentally detected

after binding and visualization of two different antibodies, one that recognized the target

zgc:154061 protein and another that recognized Glutathione S-transferase (GST). The desired

induced protein was a fusion protein (GST - zgc:154061) with an estimated total protein size of

60.4 kDa, correctly matching all observed bands. The same exact band detected with the two

different antibodies at the correct estimated size indicates the presence of the target fusion
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protein in all three elution lanes.
Immunoprecipitation

Embryos were collected at the 2 hours past fertilization stage and the embryos were

tissue homogenized. Isolated total protein from the homogenization was exposed to agarose

beads cross-linked with anti-zgc:154061 antibodies. Bound protein was eluted and analyzed via
SDS-PAGE analysis using Coomassie staining (Fig. 11). Eluted protein sample bands were

observed in all three elution lanes at ~58 kDa. No other bands were observed in each elution
lane, however, bands were not strong enough for mass spectrometry analysis.

Fig. 11. Immunoprecipitation of the zgc:154061 protein. Immunoprecipitation of the

zgc:154061 protein from homogenized zebrafish embryos using agarose beads cross-linked

with anti- zgc:154061 antibodies. The black box highlights three lanes (eluted protein samples)

shows faint bands corresponding to the eluted zgc:154061 protein.
Immunohistochemistry

In order to further characterize zgc:154061 gene expression, the spatial and temporal

expression of the gene’s protein product was explored using immunohistochemistry on both

whole mount and cross sections of zebrafish embryos. Embryos at the 24, 36, and 48 hours past
fertilization stage were harvested, depigmented, and fixed before being exposed to primary
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antibodies against the target zgc:154061 protein. The presence of the primary antibody, using a
secondary antibody with an alkaline phosphatase enzyme tag, was detected colorimetrically at
the three different stages (Figs. 12, 13, 14).

Fig. 12. Immunohistochemistry and colorimetric detection of the zgc:154061 protein
using whole mount embryos at 24 hours past fertilization. zgc:154061 protein expression

was observed to be localized in the developing optic region, brain, and olfactory bulb (A-B).

Two orientations were utilized for viewing the embryos: a cranial (anterior head-on)

orientation in which the anterior portion of the zebrafish head was visible (A) and a sagittal

orientation in which the lateral areas of the zebrafish head could be analyzed (B). fb, forebrain;
ob, olfactory bulb; oc, optic cup/retina.

53

Fig. 13. Immunohistochemistry and colorimetric detection of the zgc:154061 protein
using whole mount embryos at 36 hours past fertilization. zgc:154061 protein expression

was observed to be localized in the developing brain and olfactory bulb and epithelium (A).

Negative controls (B) were performed using pre-immune serum in lieu of a primary antibody.

One orientation was utilized for viewing the embryos: a sagittal orientation in which the lateral
areas of the zebrafish head could be analyzed. mb, midbrain; hb, hindbrain; ob, olfactory bulb;
oe, olfactory epithelium.
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Fig. 14. Immunohistochemistry and colorimetric detection of the zgc:154061 protein
using whole mount embryos at 48 hours past fertilization. zgc:154061 protein expression

was observed to be localized in the optic region, developing brain, developing olfactory bulb (A,

C). Negative controls (B, D) were performed using pre-immune serum in lieu of a primary

antibody. Two orientations were utilized for viewing the embryos: a sagittal orientation in

which the lateral areas of the zebrafish head could be analyzed (A-B) and a ventral (bottom-up)
orientation in which the ventral portion of the zebrafish head was visible (B). hb, hindbrain; ob,

olfactory bulb; oc, optic cup; on, optic nerve; r, retina.

At all three developmental time points examined (24, 36, and 48 hours past
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fertilization), zgc:154061 protein expression was localization of the anterior region of the

embryo. Specifically, expression observed throughout each time point was localized to the optic
region, along the developing optic nerve, optic cup, and retina. Expression was also observed in
the developing brain region, more often in the forebrain and midbrain. Pronounced expression
in a distinct anterior structure was always observed. This structure has been identified as the
developing olfactory bulb and epithelium.

In order to further explore target protein expression, especially expression localized in

the unidentified region, embryos at 48 hours past fertilization were also examined using crosssectional immunohistochemistry analysis. Embryos were subject to immunohistochemisty

colorimetric analysis prior to being frozen in a Optimal Cutting Temperature compound and
subsequently sectioned into cross-sections from the tip of the head region to the hindbrain

using a bench cryostat. Cross-sections were bound to slides and imaged using microscopy (Fig.

15).

As the cross section analysis moves anteriorly from the hindbrain to the front of the

zebrafish head, protein expression is observed diffused in the forebrain and developing optic

area while pronounced expression is observed in the developing olfactory bulb and epithelium.
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Fig. 15. Immunohistochemistry (IHC) and colorimetric detection of the
zgc:154061 protein using cross sections of whole mount embryos at 48 hours past
fertilization. Protein expression was localized in the optic region, developing brain, and

pronounced in an unidentified distinct anterior structure (A-H). fb, forebrain; ob, olfactory
bulb/epithilium; oc, optic cup.
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Discussion
While recent sequencing projects have identified over 20,000 protein-coding genes

within the human genome, numerous genes have not yet been characterized. Many of these
genes are highly conserved among species suggesting their evolutionary importance and

enabling research using ideal model organisms. In this study, we further characterize the

expression profile of the novel zebrafish zgc:154061gene. Previous work in the Zerucha lab
provided the groundwork for the project allowing for further characterization. Gene

zgc:154061 has been found to be present in an inverted, convergently transcribed orientation

downstream of the Meis2 gene (meis2.2 or meis2a in zebrafish), in all vertebrates examined

using publically available genome data. Specific highly conserved regions of the gene sequence
were also previously examined, however, none of the presumed protein domains have an

identified function. The high level of conservation among divergent species observed coupled

with the conserved positioning near the Meis2 gene suggested possible importance (Carpenter,
2010; Graham, 2009).

When characterizing a gene, both the transcription and translation of the gene must be

explored spatially and temporally. Prior experiments showed zgc:154061 was transcribed early

throughout development, with pronounced maternal expression at fertilization that gradually

decreased until 8 hpf. Transcription of the gene was activated again at approximately 12 hpf
and expression was observed throughout the neural tube before becoming restricted to

increasingly anterior regions of the neural tube (Carpenter, 2010). In order to explore the

protein expression of the gene, an antibody was generated against a small peptide portion of

the predicted zgc:154061 protein. The protein expression matched the transcription profile of

the gene showing strong bands in Western blots at 0-12 hfp. Cross-sectional
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immunohistochemistry experiments also showed localization of the protein to the developing
optic area at 48 hours past fertilization (Cochrane, 2012).

The next step in further characterizing the novel gene was expanding the protein

expression profile. Developmentally important genes are sensitive to specific timing,
concentration, and localization. Alternations in gene expression early in embryonic

development are often detrimental or fatal, thus understanding the functional protein better
can provide insight into the importance of a gene’s role. Previous work with the protein’s

expression was done with an antibody that was generated against the small peptide portion of
the predicted zgc:154061 protein and the antibody was used for determining temporal

expression. The Western blot results, however, indicated that the protein was consistently 58
kDa in size as opposed to the predicted 34.4 kDa size. It could be hypothesized that this size
discrepancy is due to posttranslational modification to the protein but could also be due to

nonspecificity of the antibody. The specificity of the antibody was confirmed using a peptide
competition experiment, however additional confirmation was required (Cochrane, 2012).
Confirming Antibody Specificity

In order to further confirm the specificity of the antibody, we created a recombinant

molecule to express zgc: 154061 in a bacteria system. By expressing zgc:154061 in bacteria, any

posttranslational modifications observed in eukaryotes should not occur. Linearization of the

vector and amplification of the insert was properly confirmed. After extensive troubleshooting,

the ligation reaction successfully yielded the desired recombinant molecule: the pGEX-3X vector

containing the gene sequence in frame. This molecule was successfully transformed into

bacteria and protein expression was induced. The target fusion protein was isolated and was

confirmed using immunohistochemistry with the primary antibody previously mentioned. The
size of the bands bound by both the anti-GST antibody and anti-zgc:154061 antibody were the
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expected size of 60.4 kDa for the fusion protein produced. While this size is similar to the size

of the unexpected experimental protein previously recognized by the anti-zgc:154061 antibody
(58 kDa) in Western blot analysis of protein extracted from zebrafish embryos, it should be

noted that this is due to the correct 34.4 kDa size zgc:154061 protein being linked to a 26 kDa
sized Glutathione S-transferase (GST) protein.

Thus the specificity for the antibody to recognize the correct target protein was further

confirmed. In order to further examine the size discrepancy, immunoprecipitation experiments
using the primary antibody exposed to total protein from homogenized embryos. After eluting
the bound protein and analysis using Coomassie stain and Western blot revealed the antibody
recognized again a protein at 58 kDa. This result mirrored the prior results observed while
characterizing the temporal protein expression. It appears that the protein in vivo is

approximately 24 kDa larger in size then the predicted protein size confirmed by inducing

protein expression in bacteria. We hypothesize that post-translational modifications in vivo
cause the size differences experimentally observed.
Possible Post-translational modifications

Posttranslational modifications largely account for the human proteome containing

over 1 million different proteins coded by only 20,000 genes within genome, along with the

diversity, functionally and physically, observed within the proteome (Jensen et al., 2002; Jensen,
2004; Kamath et al., 2011; Wang et al., 2014). Post-translational modifications are a type of

epigenetic mechanism, meaning they are heritable without directly affecting DNA sequences

(Adamson, 1992; Jaenisch and Bird, 2003; Wood et al., 2009). These modifications have been

documented to play roles in thousands of different key cellular control mechanisms, processes,
and pathways, and in a plethora of mechanisms, both spatially and temporally (Jensen, 2000;
Kamath et al., 2011; Kroger et al., 2001).

Enzymes recognize target proteins and use their cleaving, conjoining, and catalyzing
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abilities to add or remove functional groups, subunits, and side chains to or from proteins,

subsequently changing the functional diversity of a protein by physical alternation (Kamath et

al., 2011; Mann and Jensen, 2003). These chemical modifications influence the functionality of
each protein by affecting localization, interaction, life span, and activity. Post-translational

modifications can be broadly categorized in two categories, modifications that covalently add a
chemical/functional group or modifications that cleave a protein side group (Kamath et al.,

2011). As a result, post-translation modifications led to discrepancies in estimated protein

mass and observed protein mass, supporting the possibility of a post translational modification
causing the ~24 kDa increase in size from experimentally examined zebrafish protein samples
compared to estimated target protein size (Jensen, 2004, Wilkins et al., 1999). In addition to
diversifying protein possibilities, the mechanisms of post-translational modifications, as a

whole, are also being researched for the role they may play in carcinogenesis. It was originally

postulated that carcinogens might disrupt the structure of enzymes responsible for employing
important modifications in repressors (Hancock, 1978).

In order to discern which post translation modification was responsible for the mass

discrepancy experimentally observed, the average change in mass was examined for common
post-translational modifications. Only two modifications result in a similar size change,

formylation modifications (~28 kDa) and ethlyation modifications (~28 kDa) (Mann and

Jensen, 2003).

Formylation is the addition of a formyl functional group to select protein side chains,

which consists of a carbonyl bonded to a hydrogen, by formylphosphate. Recently a novel

modification, formylation, was identified in human cell lines and mice using mass spectrometry
techniques (Wood et al., 2009). In addition to adding an average of 28 kDa to a target protein’s

mass, formylation has been observed in all kingdoms, as a modification for all amino acids, and

at any position within a protein (Wilkins et al., 1999). As a mechanism to protect the protein
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from degradation by proteases, a formyl group is added to the N-terminus of the protein for
protection (Schoenafinger et al., 2006). This unique modification is believed to arise post-

oxidative damage and appears within the histone bundles wrapped around DNA. It is believed
that oxidative damage triggers a reaction forming the secondary modification acting in

interference of other modifications to that site and possibly preventing the utilization of the

damaged DNA’s binding sites (Wisniewski et al., 2007). The fact that this specific modification
is only observed in histones, and possibly as a protection mechanism, adds support for this

modification being an endogenous mechanism (Jiang et al., 2007). It is also thought that the

formylation modification can compete in an epigenetic mechanism against normal chromatin
function, possibly playing a role in diseases (Wisniewski et al., 2007).

Another less common modification has also been induced in vitro, ethylation (Xing et al.,

2008). Ethylation, like formylation, is an adduct modification, adding an ethyl to the protein’s
side chains along with an additional ~28 kDa. This was confirmed with in vitro ethylation of

aspartate and glutamate documented. It was notable, however, that identifying ethylation

modification is difficult since it results in a similar size increase as that aforementioned formyl
or two methyl additions (Xing et al., 2008). Ethylation modification events have been

association with carcinogenesis by possibly altering a repressor for a target gene (Hancock,
1978).

Additionally, ethylation has been previously postulated to play a role in protein binding

interference, regulating the DNA binding mechanisms of the human estrogen receptor (Obourn

et al., 1993). Using mass spectrometry and labeling techniques, ethylation modifications were
recently specifically identified within the human lens cortex. Ethylation modifications were

observed on modified crystallin structures, in a relatively large number of proteins mainly in

the cortical region (Asomugha et al., 2010).
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It is possible that the zebrafish zgc:154061 protein is being modified with the addition

of a formyl or ethyl group to the protein’s side chains, although there is still a ~4 kDa size

difference. Additionally, the size change could be due to a glycosylation event. Glycosylation,

the addition of a carbohydrate glycan group to side chains, however, can vary immensely in size
of the addition. The absence of proper protein glycosylation has also been linked with many

developmental defects, specifically within the developing nervous system (Freeze et al., 2012).

To further add to the complexity of this topic, many proteins undergo multiple modifications, at
both the same positions within a lifespan, at varying positions simultaneously, or even in

overlapping residues. They are also subjected to reversible modifications frequently, thus

adding to the overall regulatory possibilities and mechanisms (Prabakaran et al., 2012). It is

therefore possible that the protein undergoes a combination of post-translational modifications
in order to reach the observed protein size. It will be beneficial in the future to analyze the
zebrafish zgc:154061 protein via mass spectrometry to characterize the possible posttranslational modifications.

Zebrafish zgc:154061 Protein Localization
Prior work in the Zerucha lab showed that the zgc:154061 zebrafish gene is transcribed

early during development, with ubiquitous expression early and more localized expression in
the anterior and optic region in the later stages. Just because a gene is transcribed, however,
does not necessarily mean it is always translated. This is especially the case with genes

important during development. Developmental genes are often transcribed in quantity in order
to have mRNA readily available, and on demand, for faster translation, thus enabling further
gene control.

Using Western blot analysis, it was previously observed that the zebrafish zgc:154061

protein is translated throughout early development (2-12 hpf), but the localization needed to be
further explored. Using whole mount embryos and cross sections, immunohistochemistry was
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performed at 24, 36, and 48 hours past fertilization. Zgc:154061 protein expression was found
to be localized to the anterior region of the developing embryos, specifically in the brain and
optic region, partially overlapping with meis2.2 expression in the developing zebrafish brain

and optic region (Waskiewicz et al., 2001). This overlapping expression suggests the possibility
of a shared regulatory element and should be examined in future experimentation. These
results also matched the previous localization experiments, as well as the transcription
localization specific to the brain and optic region observed late in development.

The protein expression observed in an anteriorly expressed distinct structure, however,

was unexpected. Using the Atlas of Zebrafish Development, the anterior localization of the

zgc:154061 protein is consistent with the location and approximate shape of the developing

olfactory epithelium and bulb (Bryson-Richardson et al., 2011; Mueller and Wullimann, 2005).

The olfactory epithelium is composed of neurons with receptors that recognize odors, relaying

the information to the olfactory bulb. Together, the olfactory bulb and epithelium are located in
the most frontal part of the brain, in the inferior region, and act to relay the perception of odors
to the brain. Experimental results support the protein’s localization in this distinct anterior

structure at 24, 36, and 48 hours past fertilization, along with the expected developing brain,
optic cup, retina, and optic nerve. Additionally, recent research has shown that Meis2

cooperates with Pax6 in the developing olfactory bulb, within the subventriucular zone,

functioning in neurogenesis and cell fate specifications (Agoston et al., 2014). Meis2 was also
previously used as a broad marker of olfactory bulb interneuron subtypes after it was found
that Meis2 is expressed in the developing olfactory interneurons during development,

specifically in Dlx5/6-derived periglomerular cells (Allen et al., 2007; Warclaw et al., 2009).

Future experimentation could include examining additional time points and co-staining with
structural markers.
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The work done in this study serves to further the characterization of a previously novel

gene, the zebrafish zgc:154061 gene. Experimentation characterizing the expression profiles of
the transcript and expressed protein indicate a role in the developing nervous system;

overlapping meis2.2 expression possibly as a bystander gene or through shared regulatory

elements. The possibility of the zebrafish zgc:154061 protein undergoing post-translation

modifications was further supported and more experimentation will need to be done to elicit
the correct modification and function. Further research will also provide insight into

expression at more temporal points along with determining the proteins function through
overexpression and gene knockout or knockdown experiments.
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