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Understanding the regulatory mechanisms that control hox gene transcription has 

drawn intense scrutiny from biologists due to the genes’ unique clustered organization in the 

genome, their pivotal function in specifying cellular identities along the main body axis of all 

animals, their association with animal body form and evolution, and because their 

misregulation in humans results in severe congenital malformations and some forms of cancer. 

While much is known about the key regulators of hox gene transcription, how these regulators 

control when and where each hox gene is transcribed remains poorly understood. 

Unfortunately, understanding hox transcriptional control has been challenging to dissect due to 

the large number of genes (48 in humans, more in other species), all tightly grouped into 

clusters containing numerous global, regional, and local control elements. 

Traditional loss-of-function approaches have greatly aided in mapping hox control 

elements within clusters. By deleting portions of DNA between the genes or by inactivating the 

transcription factors that bind these regions, these studies have revealed that the transcription 

factor Cdx, among others, is a master controller of hox gene transcription. The targeted loss of 

Cdx causes numerous defects in hox transcription: early in development, loss of Cdx causes 

delays in hox transcriptional initiation; later on, Cdx loss results in mismatches in hox expression 
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domains and cellular identities; finally, loss of Cdx causes a failure in the maintenance of hox 
 

gene transcription. 
 

Numerous Cdx binding sites have been identified as embedded within the hox clusters 

by sequence analysis and protein binding methodologies. However, these binding sites have 

not been functionally tested. Therefore, it is unclear whether these Cdx binding sites function 

to control the local, regional, or global regulation of hox genes and whether they regulate the 

time, place, or levels of hox transcription. The previous lack of tools to precisely block individual 

regulatory elements without affecting surrounding control regions left a significant gap in our 

understanding of the key molecular mechanisms underlying the specification of axial cell 

identities. Now, this gap in knowledge can be filled using novel CRISPR gene-editing tools which 

allows for the very selective blocking of Cdx binding sites; thereby, allowing for the 

quantification of gene expression due to individual regulatory sequences. 

In this project, we aim to functionally test the contribution that individual Cdx binding 

sites have in hox gene regulation. We will achieve this by individually blocking Cdx binding sites 

using CRISPR/dCas9 in the zebrafish and then analyzing changes in the time, distribution, and 

levels of hox gene transcription. 

We will focus our analysis in only one of the seven zebrafish hox clusters, the hoxca 

cluster. We are focusing on the hoxca gene cluster because it has lost the least number of genes 

relative to other clusters and is involved in specifying the axial identity of cells in the central 

nervous system. We hypothesize that deletion of these Cdx binding sites will cause local, 

regional, and global changes in hox gene regulation that would translate to changes in time, 

place, and levels of hox transcription. This information can then be utilized as a roadmap to 
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understand the regulation of other hox clusters, both in zebrafish and in other animal species. A 

more complete understanding of the hox gene regulatory elements will deepen our 

understanding of the specification of cellular identities along the main body axis, which could 

ultimately contribute to curing hox-associated cancers and malformations. 
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Section 1: Introduction 
 

Diversity in Vertebrae Morphology 
 

In mammals, the vertebrae can be generalized to five groups: cervical, thoracic, lumbar, 

sacral, and coccygeal. Cervical vertebrae form and support the neck, the thoracic vertebrae 

contain ribs providing support to the main trunk, lumbar vertebrae are contained in the lower 

back, the sacrum connects the spine to the hip bones, and further posterior are the coccygeal 

vertebrae. We, as humans, have seven cervical vertebrae, twelve thoracic vertebrae, five 

lumbar vertebrae, five sacral vertebrae, and four coccygeal vertebrae (Anatomy of the Spine, 

2018). The organization of our vertebral column is quite literally the backbone of our existence, 

supplying support and protection for our central nervous system, internal organs, and limbs. 

However, there is enormous diversity among the vertebral column among all animals. For 

example, pythons have hundreds of thoracic vertebrae while pigeons only have five; 

furthermore, pigeons have fourteen cervical vertebrae while giraffes have only seven 

supporting their long necks (Badlangana et al., 2009; De Luliis, 2011; Sood, 1946). The cause of 

this enormous diversity in animal morphology is due to the expression of the hox family of 

transcriptional regulators. 

 
Hox Overview 

 
Decades of research involving mutants and model organism have increased our 

understanding of hox genes since their discovery. The hox genes are a family of homeotic 

selector genes that act to determine the identities of different bodily segments (Deschamps & 

van Nes, 2005). These genes contain a conserved homeobox transcription factor domain with a 
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sixty amino acid DNA-binding domain called the homeodomain (Deschamps et al., 1999). The 

hox family of genes is highly conserved throughout evolution and homologues can be found in 

almost all animals. Duplication events in certain animal phyla have resulted in copies of these 

genes, known as paralogous genes, that may exhibit partial redundancy with one another 

(Young et al., 2009). Hox genes reside in a clustered organization within the chromosome, and 

this clustered organization allows for the collinear temporal and spatial expression of the hox 

genes during development: hox genes at the 3’ end of the clustered are expressed earlier and 

more anteriorly in development while hox genes at the 5’ end of the cluster are expressed later 

and more posteriorly during development (Deschamps & van Nes, 2005). The primary role of 

the hox genes is conferring identity to the anteroposterior axis during development, however, 

the genes also provide identities to secondary axes – such as limbs (Young et al., 2009). Gain-of- 

function mutations result in more anterior segments producing patterns typical of more 

posterior segments and loss-of-function mutations lead to more anterior patterns being 

expressed. 

 
 

Understanding Hox Through Mutants and Model Organism 
 

hox genes play a fundamental role in the development and morphology of the vertebral 

column. hox genes were initially discovered through the use of mutants in the fruit fly 

Drosophila melanogaster. The discovery came in 1978 when Ed Lewis discovered Drosophila 

with two thoraxes (Fig. 1B). Genetic analysis of these mutants led Lewis to identify the genes 

underlying this remarkable transformation, the hox genes, and to conclude that the 

arrangement of the hox genes in the chromosome and arrangement of the drosophila body 
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segments along the anteroposterior axis were 

the same (Fig. 2) (Lewis, 1978). This property of 

hox genes is termed spatial collinearity; more 

specifically, hox genes located at the 3’ end of 

the cluster will be expressed more anteriorly in 

development and genes located further 5’ will 

be expressed more posteriorly. The next pivotal 

discovery in hox was in the Drosophila mutant 

Antennapedia (Antp), these mutants develop 

legs in place of their antennae (Fig. 1C). 

Drosophila antennae and legs are homologous 

structures that develop differently due to the 

expression of the hox Gene Antennapedia 

(Antp) promoting leg identities (Struhl, 1981). Therefore, Antp is a gain-of-function mutation, 

resulting in the expression of a posterior gene in an anterior region of the body that results in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The Bithorax and Antennapedia Mutants: (A) Wild type Drosophila, (B) Bithorax Mutant, and (C) 
Antennapedia gain-of-function mutant. 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

cluster. Genes are indicated with boxes. (B) 
 

(C) in adult. 
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Figure 3. Temporal and Spatial Collinearity of hox 

genes are shown (2, 4, and 9). Color is used to illustrate 

(NP), and head fold (HF) stage. (C) The anterior limits of 
hox 2 (pink), 4 (green), and 9 (blue). Adapted from 
Deschamps et al., 2005. 

legs developing instead of antennae (Casares & Mann, 1998; Struhl, 1981) (Fig. 1B). Therefore, 
 

hox gene mutations are sufficient to induce homeotic transformation in flies. 
 

Since their discovery in Drosophila, hox genes have been discovered in almost all 

metazoan phyla (Maeda & Karch, 2009). Further research in Mus musculus (mouse) revealed 

that the disruption of the ordering of the hox genes in their cluster affected the timing of 

initiation of transcription of the hox genes 

(Deschamps & van Nes, 2005). This 

signifies that not only do the hox genes 

exhibit spatial collinearity of expression 

but they also exhibit temporal collinearity: 

hox genes at the 3’ end of the cluster are 

expressed earlier in development than 

genes located at the 5’ end of cluster. 

Therefore, hox genes exhibit spatial and 

temporal collinearity of expression during 

development (Fig. 3). For example, mouse 

has four hox clusters (Fig. 3A). If one were 

to follow when and where hox genes 

belonging to group 2 (pink), 4 (green), and 9 (blue) genes are transcribed, one would see that 

group 2 are transcribed before group 4 and 9 genes (Fig. 3B), and in more anterior regions (Fig. 

3C) (Deschamps & van Nes, 2005; Izpisua-Belmonte et al., 1991). 
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Comparative anatomy of mouse and Gallus gallus (chick), Fig. 4A, demonstrate how 

differences in vertebrae between species can be attributed to differences in expression of hox 

genes. Fig. 4B shows how the boundary of hox5 and hox6 corresponds with the boundary of 

cervical and thoracic vertebrae in each species. From this figure, it is evident how the 

differences in expression of hox correlates with the increased number of cervical vertebrae and 

decreased number of thoracic vertebrae observed in chick compared to mouse. 

 
 
 

Regulation of Hox 
 

Despite many advances in understanding the function of hox genes, the mechanisms 

that regulate hox expression are complex and our understanding is incomplete. So far, it known 

that epigenetic and genetic controls primarily regulate hox expression patterns. Epigenetically, 

long non-coding RNAs, chromatin remodeling factors, and histone writers, erasers, and readers 

all function in regulating hox. In pre-gastrulation mouse embryos, hox genes are 

transcriptionally inactive due to repressive histone modifications, and throughout 

development, histone modifications that results in active transcription occur from the 3’ end of 

the cluster to the 5’ end (Soshnikova & Duboule, 2009; Young & Deschamps, 2009). These 

 
 
 
 
 
 
 
 
 
 
 

structural fate, ovals represent somites, squares represent somites, and vertical lines represent 
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clusters can act as local (red arrows), regional (blue circles), or global 

Deschamps and Duboule, 2017. 

activating histone modification are necessary but not sufficient for proper hox gene 

transcription, indicating that enhancer sequences must also contribute to proper hox 

expression (Soshnikova & Duboule, 2009). 

Highly conserved expression profiles and the conservation of clustering indicate that 

global control regions (GCRs) regulate the transcription of hox (Dollé et al., 1989). These GCRs 

are distantly located from the hox cluster and have the potential to regulate the entire cluster 

(Fig. 5) (Spitz et al., 2003). Tschopps and colleagues demonstrated that targeted mutations 

disrupting the organization of the cluster affects the temporal collinearity of expression but not 

the spatial collinearity (Tschopp et al., 2009). Furthermore, the larvacean Oikopleura have 

completely lost clustering of the hox genes, and expression of hox still occurs in nested 

anterior-posterior territories similar to the patterns observed in animals with hox clustering 

intact (Seo et al., 2004). Therefore, clustering is not strictly required in order to elicit the spatial 

collinearity of hox genes and the anteroposterior axis. This indicates that there are cis- 

regulatory elements in 

close proximity either 

regulating singular hox 

genes – local regulatory 

elements – or regulating a 

few hox genes – regional 

regulatory elements – responsible for the spatial collinearity of the hox genes (Fig. 5). 
 

Epigenetic and genetic controls result in the transcription of hox occurring in three 

distinct phases: initiation, establishment, and maintenance (Deschamps et al., 1999; Hayward 
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et al., 2015). During the initiation phase, GCRs direct the temporal collinear activation of hox in 

the gastrulating embryo (Tschopp et al., 2009). During establishment, hox posterior expression 

domains expand anteriorly as the anteroposterior axis expands and rostrally located cells 

initiate transcription. The anterior expansion of the hox expression domain is associated with 

open chromatin markers accumulating along the cluster (Soshnikova & Duboule, 2009). Finally, 

during the maintenance phase the anterior boundary of hox expression is established by local 

and/or regional cis-regulatory elements and epigenetic modifications (Deschamps et al., 1999; 

Deschamps & van Nes, 2005; Hayward et al., 2015; Tschopp et al., 2009). 

Previous research has shown that the specific hox expression patterns and anterior 

boundaries observed in developing embryos is dependent on the interaction of numerous 

signaling pathways and transcription factors. Specifically, Wnt, fibroblast growth factor (Fgf), 

retinoic acid (RA), and the caudal-related genes (Cdx) function to regulate the expression of 

hox. Research in zebrafish and mouse has shown that Wnt signaling is necessary for posterior 

body formation and mutants lacking Wnt develop posterior body defects. Furthermore, hox 

expression in these mutants was decreased and anteriorly shifted indicating that hox 

expression occurs downstream Wnt (Ikeya & Takada, 2001; Shimizu et al., 2005). Similarly, 

research in chick has shown that the initiation of hox is dependent on RA and Fgf signaling. Bel- 

Vialar et al. showed that 5’ hox genes are ectopically activated following Fgf treatment and 3’ 

hox genes are ectopically activated following RA treatment (Bel-Vialar et al., 2002). 

Significantly, these experiments also demonstrated that Fgf, Wnt, and RA signaling are 
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integrated by the Cdx family of genes into coherent hox 

gene transcription (Fig. 6) (Deschamps & van Nes, 2005). 

While FGF, Wnt and RA can regulate hox gene transcription 

directly, they can also do so indirectly through the 

regulation of Cdx transcription factors. 

 
 

Cdx Overview 
 

The caudal-related family of genes (Cdx) are highly 

conserved among animals. They are evolutionarily related to 

the hox family as they are both derived from the Protohox gene cluster (Chourrout et al., 2006; 

Young et al., 2009). As the name suggests, this family of genes confers caudal (posterior) 

identities to developing embryos. Three paralogous Cdx genes exist in vertebrates with partial 

redundancy in function. In mouse, loss-of-function mutations in Cdx2 and Cdx4 result in 

embryos with truncated caudal regions, however expression of Hoxb8 has the ability to rescue 

the mutant phenotype (Fig. 7) (Young et al., 2009). The ability of 5’ hox genes to rescue 

posterior identities indicates that hox gene function is downstream of Cdx function. As in 

mouse, inactivation of cdx results in the posterior shift of hox gene expression domains in 

zebrafish (Hayward et al., 2015). Genomic analysis of the hox cluster further revealed that many 

Cdx binding sites are found within the loci (Deschamps & van Nes, 2005; Hayward et al., 2015). 

However, it is not known how these Cdx binding sites function to regulate hox expression 

locally and/or regionally. 

 
 
 
 
 
 
 
 
 
 
 
 
 

informaton (Wnt, RA, Fgf; in 
blue) into coherent hox 

et al., 2005 
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Section 2: The Project and Methodologies 
 

Project Summary 
 

Understanding the regulatory mechanisms that 

control hox gene transcription has intrigued biologists 

due to the genes’ clustered organization in the genome 

(Fig. 8a), their function in specifying cellular identities 

along the anteroposterior axis of all animals (Fig. 8b), 

their association with animal morphology and 

evolution, and because their misregulation in humans is 

associated with severe congenital malformations and 

some cancers. (Bhatlekar et al., 2014; Deschamps & van 

Nes, 2005; Gaunt, 2018). While several key regulators 

of hox gene transcription have been identified genetically (Deschamps & van Nes, 2005), how 

they regulate the transcription of each hox gene in unique spatial domains remains poorly 

understood molecularly. The Cdx family of transcription activators has emerged as critical hox 

regulators, integrating several signaling inputs into coherent hox gene outputs (Fig. 6). 

However, how Cdx activates hox transcription is not understood: It is unknown which of the 

many Cdx binding sites embedded within the hox clusters act as bona fide molecular switches 

(Fig. 8a), and whether they activate hox transcription locally, regionally, or globally, as 

demonstrated for other regulators (Fig. 5). The lack of tools to exclusively block individual Cdx 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mouse: Skeletal preparations of the 

Cdx2/4 mutants carrying the hoxb8 
transgene. Adapted from Young et al., 
2009. 
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gene expression domains in a zebrafish larva. Adapted from Hayward et al., 2015 

sites without altering other control sequences has left a significant gap in our understanding of 

the mechanisms regulating hox transcription. 

With the purpose of understanding hox regulation and axial cell fate specification, we 

aim to functionally characterize the activity of evolutionarily conserved Cdx binding sites in a 

single hox cluster of the zebrafish, the hoxca cluster (Fig. 8a). We hypothesize that some but 

not necessarily all Cdx binding sites in the hoxca cluster will regulate the transcription of one, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

several, or most hoxca genes. We will achieve this goal by systematically blocking Cdx binding 

sites (CRISPR/dCas9 gene editing), and then analyzing the cellular distribution and levels of hox 

gene transcript (in situ hybridization and quantitative PCR, respectively). Results of this analysis 

will identify which Cdx sites are functionally responsible for regulating the expression of one, 

several, or many hox genes (interpreted as local, regional, and global control regions). This 

work is significant because it expands our understanding of how molecular switches regulate 

the expression of complex genetic loci, and how the vertebrate body axis is specified and can 

be altered during abnormal development and evolution. 
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Project Justification 
 

Because hox genes are evolutionally conserved throughout the animal kingdom, 

it is rather unsurprising that they are also found in humans. Unfortunately, their misregulation 

results in severe congenital malformations and some forms of cancer. Both synpolydactyly and 

Hand-Foot-Genital syndrome are caused by mutations in hox genes. HOXA is reported to be 

overexpressed in breast and ovarian cancers, HOXB in color cancer, HOXC in prostate and lung, 

and HOXD in color and breast cancers (Bhatlekar et al., 2014) . The importance of hox in 

specifying the anteroposterior axis in humans and its association with certain maladies makes it 

imperative that we understand the regulatory mechanism directing its expression. 

 
 

Zebrafish as a Model Organism 
 

Zebrafish is the ideal model organism to study the regulation of hox gene expression by 

Cdx. Unlike the development of chicken or mouse embryos, zebrafish development occurs 

externally allowing for direct visual observation. Furthermore, chicken and mice are relatively 

much more expensive to maintain (Veldman & Shou, 2008). Zebrafish development occurs 

quickly with the onset of gastrulation occurring only after five hours, segmentation after ten 

hours, and hatching starting at two days post fertilization (Kimmel et al., 1995). Zebrafish can 

be bred year-round and can be housed in high density aquariums. Females are capable of laying 

hundreds of eggs per breeding event. Furthermore, the zebrafish genome has been fully 

sequenced and is readily available. Lastly, there are numerous genetic tools available to explore 

and manipulate the zebrafish genome including in situ hybridization, morpholino antisense 

oligos, and CRISPR (Veldman & Shou, 2008). 
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CRISPR and dCas9 
 

Clustered regularly interspaced palindromic repeats (CRISPRs) were first discovered in 

Escherichia coli but have since been observed in numerous bacteria and archaea. CRISPR is DNA 

conferring adaptive immunity to bacteria through the use of CRISPR associated (Cas) proteins. 

This adaptive immunity features two main stages: 1) bacterium store small segments of DNA 

from invading viruses as spacer sequences in the CRISPR array, 2) CRISPR RNAs (crRNAs) direct 

Cas proteins to foreign nucleic acids which cleave them upon complementary base pairing (Fig. 

9) (Doudna & Charpentier, 2014; Hsu et al., 2014; Jiang & Doudna, 2017; Loureiro & Da Silva, 

2019; Ran et al., 2013). 

CRISPR/Cas9 is a relatively new-genetic editing technique that is incredibly powerful. 

Cas9 is a dual-RNA-guided DNA endonuclease that has the ability to cleave genomic DNA at 

highly specific sites using guide RNA (gRNA), which is a duplex of trans-activating crRNA 

(tracrRNA) and crRNA. The tracrRNA functions to hold the gRNA to the Cas9 protein while the 

crRNA is what guides the Cas9 protein to a specific site in the model organism’s genome. The 

twenty-nucleotide crRNA sequence can be easily designed to target any genomic loci as long as 

the target sequence contains a promoter adjacent motif (PAM) sequence directly 3’ the twenty 

base pair target sequence (Ran et al., 2013). The PAM sequence is crucial for initial 

complementary base pairing and the absences of the PAM will result in Cas9 not binding the 

target DNA (Doudna & Charpentier, 2014; Sternberg et al., 2014). Cas9 will introduce a double 

stranded break – usually a few base pairs upstream the PAM sequence - in the DNA at the 

target sequence upon binding (Doudna & Charpentier, 2014). Protective genomic processes will 
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repair this damage in one of two ways: non-homologous end joining (NHEJ) or homology- 

directed repair (HDR). NHEJ is quick and error prone and introduces insertion/deletion 

mutation in the locus as a result of re-ligation of non-homologous ends. HDR occurs much less 

frequently than NHEJ and requires template DNA (single or double stranded) to repair the locus 

in a mutation free manner. Scientists can take advantage of both pathways by using the NHEJ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2019. 
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pathway to knockout genes or by providing template DNA in the HDR pathway to introduce 

novel genetic material/genes into a locus (Fig. 10) (Doudna & Charpentier, 2014; Hsu et al., 

2014; Jiang & Doudna, 2017; Loureiro & Da Silva, 2019; Ran et al., 2013). 

CRISPR/Cas9 editing is cost-effective and easy to use method to introduce specific 

genomic edits. Unfortunately, this system features some limitations: specifically, off target 

effects and the PAM requirement. However, these limitations are not severe as off target 

effects can be easily mitigated/eliminated by ensuring that no unintentional pairwise sequence 

alignments occur between the crRNA sequence and the model organism’s genome. 

Furthermore, PAM sequences can typically be found every eight to twelve base pairs (in 

humans). While these generic limitations of the CRISPR/Cas9 system are easily mitigated there 

is one additional limitation that specifically affects this research. 

Unfortunately, the primary repair pathway of double stranded base repair is the NHEJ 

pathway which typically results in a locus that differs slightly in size from the original locus due 

to insertion/deletion mutations. Because the temporal collinearity of expression of hox is 

dependent on the distance of the hox genes from the GCRs, altering the length of the hox locus 

will affect hox expression pattern making interpretation of the results difficult. Fortunately, 

there are alternatives to the Cas9 protein that will allow for the same precise, easy, and 

affordable genome editing that CRISPR/Cas9 affords but will also not alter the length of the hox 

locus. The first alternative to Cas9 is dead-Cas9 (dCas9), dCas9 is the nuclease-deactivated 

variant of Cas9. This protein can then be used to interfere with transcription via steric blockages 

of RNA polymerases binding or transcription elongation (Brocken et al., 2018; Qi et al., 2013). 

Furthermore, dCas9 can be genetically fused to repressor domains (KRAB) to decrease 
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targetgene expression (Brocken et al., 2018). Therefore, this research utilized a dCas9 which 

targeted evolutionarily conserved Cdx4 binding sites within the hoxca cluster in zebrafish. 

 
 

In-Situ Hybridizations 
 

In-situ hybridization (ISH) is a technique to detect the localization of nucleic acids within 

tissues. In ISH, nucleic acid sequences that complementary bind to the nucleic acid sequence of 

interest is attached to a reporter molecule with radio-, fluorescent-, or antigen-labeled bases 

(Jensen, 2014). Therefore, localization of the nucleic acid sequence of interest can be observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This Photo by Unknown Author is licensed under CC BY-NC 
 

            

via the tracrRNA portion of the sgRNA. (C) Cas9 protein matches crRNA portion of 
sgRNA to genomic DNA and introduces double strand break which can be repaired 

but less frequent homology-directed repair (HDR) pathway. 
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This research plans to use ISH to analyze the expression patterns and cellular distribution of hox 
 

gene transcripts after blocking Cdx4 binding sites within the hoxca cluster with dCas9. 
 
 
 

RT-qPCR 
 

Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR) is a form of 

PCR that uses RNA as the starting material and provides quantitative information about the 

starting RNA. In RT-qPCR, RNA is first converted into complementary DNA by reverse 

transcriptase. Then during each cycle of PCR, the quantity of DNA in the sample can then be 

measured by the amount of fluorescent signals given off by double-stranded DNA binding dyes. 

RT-qPCR will be used in this research to quantify hox gene expression levels before and after 

blocking Cdx4 binding sites within the hoxca cluster (RT-qPCR - Quantitative Reverse 

Transcriptase PCR, n.d.). 

 
 

Project Strategy 
 

Zebrafish contain seven distinct hox gene clusters as a result of duplication events that 

occurred within the Cypriniformes order of teleost fish (Stellwag, 1999). Of the seven hox 

clusters, hoxca is the most complete making it the best candidate for experimental 

manipulation and investigation. All seven clusters contain numerous binding sites for Cdx 

transcription factors (Paik et al., 2013). There are two paralogous Cdx genes in zebrafish: cdx1a 

and cdx4; cdx4 is redundant with cdx1a in expansion of posterior identities such that knock out 

of cdx1a alone does not result in posterior truncation, knock out of cdx1a and cdx4 does result 

in posterior truncation, and knock out of cdx4 alone results in posterior truncation (Fig. 11) 
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injected with cdx1a morpholino, (C) Zebrafish injected with Cdx4 

From Skromne et al., 2007. 

(Skromne et al., 2007). Therefore, it is because of this redundancy that this project focuses on 
 

cdx4. 
 

The strategy to functionally characterize Cdx4 binding sites relies heavily on a set of 

stringent rules. These rules include (1) restricting the analysis to the most complete cluster, 

hoxca (Fig. 8a); (2) selecting sites that have been shown biochemically to be bound by Cdx4 (it is 

unknown if this binding leads to gene activation); (3) of these, selecting sites that are 

evolutionarily conserved across vertebrates; and (4) restricting analysis to a single 

developmental time point when hoxca gene transcription has stabilized but is still sensitive to 

loss of Cdx4 activity (20 hours post fertilization). Using these rules, we have identified the 

specific Cdx binding sites to block. 

We have designed an experimental pipeline to create, identify, and analyze blocked Cdx 

binding sites (Fig. 12). To block Cdx, embryos will be injected with specific guide RNAs and 

commercial dCas9 enzyme. In parallel, a control guide will be injected to target a gene whose 

inactivation causes known phenotypic defects. Only those experiments in which over 70% of 

control injected embryos display a mutant phenotype will be further processed. This control 
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experiment is also significant in determining the optimum concentrations of components in the 

CRISPR/dCas9 injection mix. DNA and RNA from individual control and experimental embryos at 

20 hours post fertilization will be extracted using commercially available kits. RNA from the 

samples will then be processed for hox transcript levels and quantified by RT-qPCR analysis. To 

determine changes in hox expression patterns, whole embryos will be processed for in situ 

hybridization, photographed, and then analyzed for genetic changes by PCR. All these 

methodologies are standard in our laboratory. 

 
 

Current Status 
 

So far, we have identified Cdx4 binding sites within the hoxca cluster that are 

evolutionarily conserved among many species (Fig. 8, Fig. 13). We have developed gRNAs to use 

with CRISPR/dCas9 in order to block Cdx4 transcription factors from binding (Fig. 12). We have 

designed primers for qPCR that flank the Cdx4 binding sites and have designed primers to 

quantify hox transcript using RT-qPCR (Fig. 13). We are in the process of using the primers 

against the Cdx4 binding sites to test the function of the guides. Additionally, we are working on 

systematically blocking Cdx4 sites using CRISPR. After those steps are complete, DNA and mRNA 

extraction of embryos will need to be performed in order to quantify hox expression levels 

using RT-qPCR. Furthermore, analysis of hox expression patterns in-situ should also be 

performed (Fig. 12). 
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binding sites, and PCR primers flanking Cdx4 binding sites generated during research. 

 
 
 

 
 

Potential Outcomes, Predictions, and Future Research 
 

The blockage of individual Cdx binding sites will impact hox gene transcription in one out 

of four different ways. An elimination could affect transcription of (1) the closest hox gene 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(B) work in progress, and (C) work that needs to be completed. 



20  

only, (2) several nearby hox genes, (3) most hox genes within the locus, or (4) have no effect on 

transcription. For the first three cases, we would interpret the results to suggest that an 

individual Cdx binding site has local, regional, or global regulatory functions, respectively. For 

the last case, the result would suggest that the Cdx site either does not control hox 

transcription or it functions redundantly with other Cdx sites. The information obtained from 

this project can then be utilized as a roadmap to understand the coordinated regulation of 

genes that are grouped in clusters (hox and others), both in zebrafish and in other animal 

species. A more complete understanding of the hox gene regulatory elements will impact our 

understanding of the specification of cellular identities along the main body axis, their impact 

on vertebrate body evolution, and their function underlying congenital malformations and 

cancers. 
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