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ABSTRACT 

 

Wnt signaling is an evolutionarily conserved pathway that is essential for the 

development of the metazoan embryo. Wnt signaling controls essential developmental 

processes including cell fate, cell polarity, dorsal-ventral patterning and tissue movement 

(1). Misregulated Wnt signaling can have disastrous effects on the developing human 

embryo, leading to potentially fatal congenital malformations including anencephaly and 

spina bifida (2). In addition to embryonic development, misregulated Wnt signaling has 

been implicated in human pathologies including colon and breast cancers and skeletal 

malformations (3-5). 

Wnt signaling is divided into two main pathway branches, canonical or 𝛽-catenin 

dependent, and non-canonical, sometimes referred to as the planar cell polarity (PCP) 

pathway (1). The former branch activates the transcription of the downstream target 

genes leading to the patterning the dorsal-ventral axis of the developing embryo, whilst 

the latter has no downstream transcriptional targets but rather acts upon the cytoskeleton 

to control cell and tissue polarity and movement (6-8). Wnt signaling bifurcates into these 

two branches at the level of the protein Dishevelled (Dvl) (1, 9). 

The Dishevelled-associated activator of morphogenesis 1 (Daam1) protein was 

identified via a yeast-two hybrid screen using Dvl as bait. Daam1 interacts directly with 

Dvl and mediates activation of the small GTPase Rho, a key player in non-canonical Wnt 

signaling necessary for proper gastrulation in the Xenopus (frog) embryo (10). 

In addition to Daam1, vertebrates possess a second Daam, Daam2, originally 

identified via an in silico screen in humans (11). Similar to Daam1, frog Daam2 
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participates in non-canonical Wnt signaling, contributing to proper formation of the 

embryonic neural tube. However, conflicting opinions on the function of Daam2 have led 

to discrepancies regarding its position in Wnt signaling and function in development (12). 

Daam1/2 have not been extensively investigated at the genetic level, therefore, I 

employed the genetic model zebrafish (Danio rerio) to further clarify their role in Wnt 

signaling. Using techniques such as the latest gene-editing system CRISPR/Cas9 and 

other well-established molecular methods including in situ hybridization, RT-PCR and 

knockdown using morpholino oligonucleotides, I sought to further establish the role of 

the Daam protein family in vertebrate embryonic development. 

Together, my results indicate that the zebrafish Daam1a/b and Daam2 behave 

similarly to Daam1 and Daam2 in frog, respectively, by participating in the non-

canonical Wnt signaling pathway and mediating morphology in the developing zebrafish 

embryo. 
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CHAPTER 1 

INTRODUCTION 

 

History of Wnt Signaling 

The Wnt signaling pathway is an evolutionarily conserved complex mechanism 

that plays multiple roles throughout the life of metazoan animals. From Caenorhabditis 

elegans (nematodes) to Danio rerio (zebrafish) to humans, Wnt signaling is vitally 

important for proper formation of the developing embryo (13). Beyond embryonic 

development, Wnt signaling has important functions in cell homeostasis and migration 

throughout the lifetime of an organism (14, 15). 

Wnts are a group of highly conserved secreted glycoproteins. The name “Wnt” is 

a portmanteau of the two gene names wingless and int-1 (1). Wingless was identified 

from screens in Drosophila melanogaster (fruit fly) as a gene that acts during early 

embryonic development to control wing formation and segment polarity (16, 17). The 

mouse proto-oncogene int-1 was identified from screens in mouse mammary tumors and 

was later found to be homologous to the fly wingless gene (18, 19). 

The first clear piece of evidence that int-1/Wingless was important for patterning 

the vertebrate embryo was observed when murine int-1 mRNA was injected into a ventral 

blastomere of Xenopus (frog) embryos, leading to a duplicated embryonic axis (20). 

Following the discovery of other genes with homology to int-1, such as irp, the 

nomenclature was streamlined to “Wnt” (21, 22). As more Wnt genes were discovered, 

their role in formation of the embryo in multiple animal models became better defined. 
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History and Function of Dishevelled 

Wnt proteins are secreted glycoproteins that, upon binding to the extracellular 

domain of the transmembrane receptor Frizzled (Fz), initiate The Wnt signaling cascade. 

Wnt signaling is not linear but rather splits into several pathway branches; in humans 

there are nineteen Wnt genes and ten Fzd genes, hinting at the complexity of this 

signaling network. The two most commonly studied branches of Wnt signaling are the 

canonical and non-canonical pathways, both of which utilize the Fz receptor (1). 

Upon the binding of Wnt to the extracellular domain of Fz, the signal is 

transduced to the intracellular protein Dishevelled (Dvl), the branch point between the 

canonical and non-canonical pathways. The fruit fly dishevelled (dsh) gene was originally 

identified by observing the wing hairs of flies with a dsh mutation; wing hairs of mutants 

did not orient in the typical unidirectional manner, but rather pointed in various 

directions, proposing a function in planar cell polarity (Figure 1) (9). Dsh was the first 

downstream component to be identified in Wnt signaling, and in the years following, 

three murine and human homologs to fly dsh were identified (Dvl1, Dvl2 and Dvl3) as 

were three Xenopus homologs (Xdsh1, Xdsh2 and Xdsh3) (23). 

Figure 1. Dsh1 mutant fruit flies display disrupted wing hair polarity. Wing hairs on a 

wild-type fruit fly point distally, however, in the Dsh fly mutant, wing hair polarity is 

disordered. (9)  
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Early fruit fly experiments hinted at the role of Dsh in canonical Wnt signaling, 

determining that Dsh mediated the Wnt signal and functioned in a cell-autonomous 

manner. Dsh was shown to be required for proper dorsal-ventral patterning in the fly; 

embryos lacking both maternal and zygotic Dsh displayed phenotypes identical to 

wingless mutants, including shorter body length, misoriented denticles, and later missing 

antennal structures and malformed legs (24). Since Dsh clearly mediated the Wnt signal 

and contributed to dorso-ventral patterning in the fly embryo, it was questioned whether 

the function of Dishevelled was conserved between flies and vertebrates. Injection of 

Xdsh1 mRNA into a ventral blastomere of the frog embryo caused the formation of a 

secondary axis (Figure 2); injection into a dorsal blastomere had no effect, however, 

indicating that Xdsh was a dorsalizing factor (25). 

 

 

Figure 2. Xdsh induces a secondary axis when injected ventrally. Injecting 0.4ng Xdsh 

mRNA into a single vegetal blastomere in an 8-16 cell Xenopus embryo creates a 

duplicated axis. (25)  

 

 

 



 4 

Because Dishevelled was shown to mediate the Wnt signal, act in dorso-ventral 

patterning of the body, and dictate planar cell polarity, it was suggested that Wnt 

signaling had multiple functions during development. Dishevelled was proposed as the 

determinant of which Wnt function was performed when and where. 

The Dishevelled proteins are conserved from flies to humans; all are 

approximately 700 amino acids in length and have three conserved domains: an N-

terminal DIX (Dishevelled and Axin), a central PDZ (PSD95, DlgA, and ZO1) and a C-

terminal DEP (Dishevelled, EGL-10 and pleckstrin) (Figure 3) (26). These domains are 

the key to how Dvl acts as the branch point between canonical and non-canonical Wnt 

signaling. The N-terminal DIX domain functions exclusively in canonical Wnt signaling 

whilst the C-terminal DEP only operates in non-canonical. The central PDZ domain, 

however, can function in either pathway and is proposed to be part of the “switch” 

mechanism by which Dvl transduces the Wnt signal to either canonical or non-canonical. 

This “switch” is thought to be activated one direction or the other depending on the 

proteins interacting with the PDZ. There are over fifteen known proteins that can interact 

specifically with the PDZ domain of Dishevelled, suggesting that the “switch” is a highly 

complex mechanism (9). 

 

Figure 3. Schematic of zebrafish Dvl1a protein. Dvl has three conserved domains: DIX, 

PDZ and DEP. Numbers refer to amino acid residues (domain information from 

Ensemble.org) 
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Canonical Wnt Signaling 

Canonical Wnt signaling is also referred to as the Wnt/β-catenin dependent 

pathway due to the role of the β-catenin protein as the central player in the pathway. In 

the absence of Wnts 1/3a/8, β-catenin is localized to the plasma membrane where it 

associates with cadherins, aiding in cell-cell adhesion (27). Under basal conditions, any 

cytoplasmic β-catenin is degraded by a destruction complex comprised of GSK-3 

(glycogen synthase kinase 3), Axin (axis inhibitor), APC (adenomatosis polyposis coli) 

and CK1α (casein kinase 1α) (28). Axin acts as the scaffold for the destruction complex 

as it contains binding sites for CK1α, GSK-3 and β-catenin. Initially, CK1α 

phosphorylates β-catenin, priming it for the subsequent phosphorylation by GSK-3. This 

series of phosphorylation events produces a binding site on β-catenin for β -TrCP (β-

transducin repeats-containing protein). β -TrCP facilitates the transport of β-catenin to 

the proteasome where is it ultimately degraded (29).  

When a Wnt ligand binds to the transmembrane receptor Fz and co-receptor LRP-

5/6 (Low-density-lipoprotein-related5/6) the β-catenin destruction complex is 

sequestered to the plasma membrane and subsequently disassociates (Figure 4). Complex 

sequestration is driven by the binding of Axin to Dvl; both Axin and Dvl have DIX 

domains, which are known to interact with other DIX domains, often forming homomeric 

complexes (29). Disassociation of the complex allows β-catenin to accumulate in the 

cytoplasm where it is thereupon translocated into the nucleus with assistance from the 

nuclear membrane protein Custos (30). In the nucleus, β-catenin acts as a transcriptional 

coactivator by displacing the repressor Groucho and activating TCF/LEF (T-cell 

factor/lymphoid enhancing factor) transcription factors (31, 32). Activation of TCF/LEF 
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initiates transcription of the homeobox genes Siamois and Twin, transcription factors that 

ultimately lead to the formation of the Spemann-Mangold Organizer (shield in zebrafish). 

The organizer/shield marks the future dorsal side of the embryo (33). 

 

Non-Canonical Wnt Signaling 

Non-canonical Wnt signaling, also called the β-catenin-independent pathway or 

planar cell polarity (PCP) pathway, does not have any known downstream transcriptional 

targets such as those seen in the canonical pathway. Rather, non-canonical signaling acts 

on the cytoskeleton by dictating the polymerization of actin and thereby controlling cell 

and morphogenetic movements, but having no influence on cell fates (1). Components of 

non-canonical Wnt signaling were originally discovered by examining the wing hairs of 

fruit flies, which normally face in a unidirectional manner. The loss of components of 

non-canonical Wnt signaling such as Vangl (Van Gogh-like) (also referred to as Trilobite 

or Strabismus) or Celsr (cadherin EGF LAG seven-pass G-type receptors) (also referred 

to as Flamingo) caused wing hairs to form in a swirling pattern like that seen in Dsh 

mutants (9). Loss of Vangl in Drosophila also leads to disorganization of ommatidia in 

the eye (Figure 5) (34). 
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Figure 4. Schematic of canonical Wnt signaling. In the absence of Wnt, cytoplasmic 

levels of β-catenin are kept low due to ubiquitination by the destruction complex. Upon 

binding of Wnt to the Fz receptor, the destruction complex is sequestered to the plasma 

membrane and dissociates, allowing β-catenin to accumulate in the cytoplasm and 

translocate into the nucleus whereas a transcriptional co-activator with TCF/LEF. 

Adapted from (1). 
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Figure 5. Loss of Vangl disrupts polarity in Drosophila eye and wing hairs. Panel A 

shows the ommatidium of a wild-type fruit fly eye. Panel B shows a Vangl mutant, in 

which the ommatidium of the eye have disrupted chirality, shown in a simplified 

schematic in the right adjacent panels. Panel C shows a wild-type Drosophila wing, and 

panel D shows the Vangl mutant wing. (34) 

 

 

 

 

 

In vertebrates, disrupted non-canonical Wnt signaling affects the formation of 

epithelial structures that rely on a specific planar cell polarity in order to function 

properly, such as hair bundle orientation in inner ear sensory cells and hair follicle 

orientation. Non-canonical Wnt signaling includes a wide variety of components 

including Profilin1, Prickle, and MIM (Missing In Metastasis), indicating the complexity 

of this signaling network (35-38). The non-canonical pathway is largely implicated in the 

survival of the developing vertebrate embryo by controlling the morphogenetic 

movements necessary for proper gastrulation, neural tube closure, and organ formation 

(34, 39). Mice with mutations in Celsr1 display misoriented hair cells in the adult cochlea 

as well as neural tube defects, whilst depletion of MIM in frogs leads to failed anterior 

neural tube closure (35, 37). 
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Wnt5 is perhaps the most well-defined non-canonical Wnt ligand. The Wnt5a and 

Wnt5b genes were originally identified from a cDNA library screen in neonatal mice. In 

the mouse embryo, Wnt5a has distinct expression patterns, specifically in the developing 

CNS and limbs between 6.5-14.5 days post coitum (dpc), as opposed to Wnt5b, which 

was expressed uniformly at low levels (40). Wnt5a-/- mouse embryos display 

morphological defects including a shortened anterior-posterior (A-P) body axis, drastic 

truncation of the tail, reduced growth of facial structures including the snout, ears and 

tongue, as well as lack of digits on all four limbs. Additionally, these embryos exhibit 

fused vertebrae and ribs (Figure 6) (41). 

 

 

 

 

Figure 6. Homozygous Wnt5a mutant mouse embryos display gross morphological 

defects. Wild-type and Wnt5a-/- mice at 18.5 dpc stained with Alcian Blue for cartilage 

and Alizarin Red for bone. (41) 
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Zebrafish Wnt5b mutants (termed pipetail or ppt) and morphants exhibit an 

undulated notochord, improperly formed somites, a shortened A-P axis and lack of 

anterior skull tissue (Figure 7) (42-44). In ppt mutants, the shortened A-P axis first 

becomes apparent in early somitogenesis when the tail fails to extend around the yolk 

towards the head the same distance as in wild-type embryos (Figure 7A). By the 10-

somite stage, ppt embryos and Wnt5 morphants have visibly compressed somites and an 

undulated notochord (Figure 7B, R, Q). Additionally, at the 24-somite stage the ppt 

mutant tail fails to detach from the yolk tube, which is also shorter and wider than in 

wild-type embryos (Figure 7Q) (42).  

 

 

Figure 7. Zebrafish Wnt5 pipetail mutants and Wnt5 morphants display defects during 

segmentation stages.  Mutants show delayed axial extension and somite compression 

beginning in early somitogenesis (A, B). Both ppt mutants (Q, T) and Wnt5 morphants 

(R, U) display similar defects including an undulated notochord (arrows), a shortened 

body axis, compressed somites, and missing anterior skull tissue. (42, 44) 

  



 11 

Like canonical Wnt signaling, non-canonical Wnt signaling utilizes the Fz 

receptor and the downstream effector Dvl but does not signal through LRP5/6. Non-

canonical Wnt signaling may utilize different co-receptors such as Ryk and Ror (45). 

Upon binding of Wnt5 or Wnt11 to the Fz receptor, Dvl transduces the signal to two 

different small GTPases, Rac and Rho (46). Dvl directly activates Rac, which in turn 

activates JNK (c-jun n-terminal kinase). Additionally, Dvl indirectly activates Rho via 

Daam1 (Dishevelled associated activator of morphogenesis) leading to activation of 

ROCK (Rho-associated kinase) which subsequently mediates actin polymerization 

(Figure 8) (1, 39, 47).  

Both Rac and Rho cycle between an active GTP-bound form and an inactive 

GDP-bound form under the control of GAPs (GTPase-activating proteins) and GEFs 

(guanine nucleotide exchange factors). Thus far, only one GEF, WGEF (weak-similarity 

GEF), has been identified in non-canonical Wnt signaling and was shown to interact with 

both Dvl and Daam1 (48). Ultimately, Rac and Rho mediate contractile and protrusive 

forces within the cell by governing the structure of the actin cytoskeleton; these forces are 

what allow the cell to migrate (46).  

 

Importance of Wnt signaling in Human Pathology 

Through the use of animal models such as mouse, frog and fish, several 

components of Wnt signaling have been suggested as pharmacological and/or genetic 

targets in severe human pathologies. Both branches of Wnt signaling have been highly  
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Figure 8. Simplified schematic of non-canonical Wnt signaling. Non-canonical Wnt 

signaling is initiated upon the binding of Wnt5/11 to the Fz transmembrane receptor. The 

signal is transduced to Dvl where it thereupon divides into the Rac- and Rho-associated 

cascades either directly or via Daam1, respectively. Figure adapted from (1). 

 

 

studied in connection with breast and colon cancers and congenital birth defects including 

spina bifida and cardiac malformations. 

The American Cancer Society projects that in 2021 there will be 104,270 new 

cases of colon cancer and 284,200 new cases of breast cancer in the United States (49). 

Both canonical and non-canonical Wnt signaling are involved in the development and 

metastasis of both cancers via several known Wnt proteins including Fzd6, Dvl3, Vangl2, 

APC and Rac1 (50, 51). Canonical Wnt signaling has been shown to directly impact the 

severity of colorectal cancer. 
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Misregulation of APC, a component of the β-catenin destruction complex, drives 

the early conversion of colonic epithelium to adenoma (52). Furthermore, elevated Wnt5a 

expression can increase the migration and invasive behavior of colorectal cancer cells. 

The link between canonical Wnt signaling and breast cancer has also been well-

established. High levels of nuclear β-catenin are found in multiple breast cancer subtypes 

and activated β-catenin levels correlate negatively with breast cancer patient survival 

rates (50, 53, 54). 

Outside of canonical Wnt signaling, non-canonical Wnt proteins are suggested to 

influence cancer metastasis by dictating EMT (epithelial to mesenchymal transition), a 

process normally observed in the developing embryo but aberrantly occurring in 

metastatic tumors. VANGL2 and PRICKLE1 are overexpressed in triple-negative breast 

cancer, while increased expression of VANGL1 correlates with poor prognosis in 

estrogen-receptor positive breast cancer patients. Several other non-canonical Wnt 

proteins including Fz7, ROR1/2, and Prickle1 have been shown to affect the migration 

and proliferation in melanoma, neuroblastoma, and ovarian cancer cells (55). 

In the United States, congenital central nervous system defects such as 

anencephaly and spina bifida occur at a rate of 2 and 3.5 per every 10,000 live births, or 

in approximately 75,000 and 130,000 babies annually, respectively (56). These defects 

occur as a result of improper neural tube formation in weeks 3-5 of gestation (57). 

Mutations in non-canonical Wnt genes including VANGL1/2, CELSR1, and PRICKLE1 

have been found in patients presenting with a variety of neural tube defects (NTDs) such 

as spina bifida, caudal regression syndrome, and tethered spinal cord (58). Additionally, 

recent studies examining epigenetic regulation of canonical WNT genes showed down-
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regulation of histone acetylation at promoter regions of WNT2B and WNT7B in fetuses 

with neural tube defects when compared to controls (59).  

Atrioventricular septal defects, the most common type of congenital heart defect, 

occurs in 4.7 out of every 10,000 live births, or about 178,000 babies annually in the 

United States (56, 60). Congenital heart defects (CHDs) are the leading non-infectious 

cause of death in babies less than one year old. One of the most well-studied non-

canonical Wnt genes, WNT5A, demonstrates an enhancer-region variant in humans that 

negatively affects the binding affinity of transcription factor SOX9, which is expressed in 

the developing heart outflow tract. This lower binding affinity leads to lower expression 

of WNT5A which can affect cardiac development in humans (61).  

Additionally, human WNT pathway genes have been implicated in other 

congenital diseases including limb abnormalities and skeletal diseases. Mutations in 

human WNT7A and WNT3 have been connected to severe congenital limb malformations 

(62, 63). A mutation identified in human LRP5, a core Wnt receptor, was associated with 

abnormally high bone density (3). 

 

Actin Polymerization, Cell Migration and Neural Tube Closure 

One of the key hallmarks of embryonic development is not only the 

differentiation of cell types but the movement of cells and tissues necessary to form a  

properly developed embryo. The first clearly visible occurrence of these movements, 

collectively called morphogenesis, is during gastrulation. Gastrulation marks the point in 

the vertebrate embryo where three germ layers (ectoderm, mesoderm and endoderm) are 

formed, and groups of cells begin to move in complex ways including epiboly, involution 
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and intercalation. The ability of cells to move is entirely dependent on finely orchestrated 

modifications of the actin cytoskeleton (64). 

Actin filaments, also referred to as microfilaments or F-actin, are filamentous 

polymers composed of actin monomers (G-actin) that are bound to either ATP or ADP. 

In a migrating cell, ATP-actin monomers are added one after the other to a network of 

existing filaments, forming a protruding mesh-like structure at the leading edge of the cell 

called a lamellipodium. Lamellipodia allow the cell to move by extending the cell 

membrane at the leading edge and retracting it at the “trailing edge”. Additionally, actin 

aids in cell motility via the formation of focal adhesions that allow the cell to adhere to a 

surface, and stress fibers that create tension within the cell body by connecting distant 

adhesion points (Figure 9) (65).  

 

Figure 9. The three stages of cell movement. After the cell determines the direction of 

movement, it forms an extension via increased polymerization of actin leading to 

lamellipodium formation. The protruding edge adheres to its substrate while the 

following or “trailing” edge de-attaches. (65) 
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The cell requires a core set of proteins working in tandem to build new actin 

filaments, break down old filaments, and recycle actin monomers: ARP2/3 (actin-related-

protein 2/3), ADF (actin-depolymerizing factor)/Cofilin, capping protein, Profilin, and 

WASP (Wiskott-Aldrich Syndrome Protein)/Scar (38, 64, 66-68). The cycle of actin 

polymerization can be initiated upon the activation of the small GTPase Rho, a 

downstream effector of non-canonical Wnt signaling. GTP-bound Rho activates 

WASP/Scar which in turn activates the ARP2/3 complex. ARP2/3 begins the formation 

of a new actin filament as a branch off of an existing filament. This process is fed by a 

pool of cytoplasmic ATP-bound actin monomers, allowing the filament to extend rapidly 

at its barbed end. As the filament grows, capping proteins cease growth of the filament by 

binding to the barbed end. Additionally, ATP bound to actin monomers is hydrolysed to 

ADP, promoting binding of ADF/Cofilin to the ADP-actin monomers. ADF/Cofilin 

fosters the severing of G-actin subunits, which are returned to the cytoplasmic pool of 

actin monomers. Upon re-entering the pool, ADP-bound monomers bind to Profilin, 

another downstream non-canonical Wnt effector. Profilin exchanges ADP to for ATP, 

ultimately recycling monomers for use in new filament growth (Figure 10) (64). 
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Figure 10. Schematic of actin filament growth leading to lamellipodia formation. Active 

GTPases activate the WASP/Scar proteins which in turn activate the Arp2/3 complex. 

Arp2/3 proteins initiate branching of a new actin filament at a 70-degree angle from an 

existing filament. Growing filaments are supplied with ATP-bound G-actin monomers 

bound to profilin. Capping protein binds to the growing barbed end, ceasing filament 

elongation. (69) 
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In embryonic development the ability of cells to move is gravely important for 

morphological movements including neuron axonal guidance, vasculature organization 

and neural tube closure. The morphogenesis of all embryonic structures requires a 

multitude of cell movements including mediolateral intercalation, radial intercalation and 

directional migration (Figure 11) (70). Careful orchestration of these movements leads to 

intricate changes in tissue shape that are necessary for neural tube (NT) formation. Most 

vertebrates share a similar method in forming the NT; initially, a flat neural plate (NP) is 

formed, the structure of which varies slightly between mammals, birds, frogs and fish. 

All groups, however, form the NP from single- or multi-layered sheet of epithelial cells. 

The NP is formed by convergence of cells towards the midline and simultaneous 

extension of the anteroposterior (AP) axis, a process commonly referred to as convergent 

extension (CE). 

 

Figure 11. Polarized cell movements shape the developing embryo. Cell migration 

consists of a variety of different directional movements (b-e) ultimately resulting in the 

larger movement of whole tissues like those seen during zebrafish gastrulation (f). (70) 
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Following formation of the NP, neural folds arise from the edges of the plate, 

eventually bending in towards the midline and fusing to form the NT. This process differs 

in fish, however, in which cells of the NP merge medially to form the neural rod. The 

neural rod then hollows out, ultimately creating a NT similar in structure to other 

vertebrates (Figure 12) (71, 72). In humans, disruption at any stage of NT formation can 

lead to neural tube defects including spina bifida, craniorachischisis and exencephaly 

(71). 

 

 

Figure 12. Two methods of neurulation. Left column shows process of neural tube 

closure in mammals, birds, and frogs. Right column shows the process in fish. (72) 
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Introduction to Formins and the Daams 

Formin proteins have an established function in embryonic development via their 

control over the cytoskeleton. Formins were originally identified as protein variants 

encoded by the limb deformity gene that is required for proper formation of limbs and 

kidneys in the mouse (73). It was later discovered that the Drosophila gene diaphanous 

(dia) coded for a protein that shared two domains, FH1 and FH2, with the mouse limb 

deformity formins. The dia gene plays an essential role in cytokinesis. Males 

homozygous for a mutation in dia are sterile whilst transheterozygous mutant females 

show defective oogenesis, both as a result of ineffective cytokinesis in germ cells (74). 

These discoveries led to the unearthing of a variety of mammalian formin-related proteins 

including Formin1/2, Formin-like1/2/3, mDia1/2/3, and Daam1/2 (75). All formin family 

proteins contain a subset of highly conserved domains including GBD (GTPase-binding 

domain), FH1 (formin homology 1), FH2 (formin homology 2), DAD (diaphanous auto-

regulatory domain), and an FH3 (formin homology 3) which may contain portions of two 

smaller domains DID (diaphanous inhibitory domain) and DD (dimerization domain) 

(Figure 13a). Not all formins, however, contain all of these domains.  

Formins exist in an auto-inhibited state due an interaction between the C-terminal 

DAD and the N-terminal DID, keeping the protein in a locked state under basal 

conditions (Figure 13b). Generally, this auto-inhibition is relieved upon the binding of 

GTP-bound Rho to the GBD, although other mechanisms do exist. Another key 

characteristic of the formins is the formation of homodimers, which might be 

accomplished via interaction between the DDs (Figure 13c). In this homodimeric 

structure, the FH2 domains encompass an actin filament and interact with actin 
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monomers, adding them to the growing barbed end the filament. During this process, the 

FH1 domain recruits Profilin bound to ATP-actin monomers, bringing them within close 

proximity to the barbed end and accelerating F-actin growth (Figure 13d) (75, 76). 

Daam1 was originally identified from a yeast two-hybrid (Y2H) screen using the 

PDZ domain of mouse Dvl as bait; two overlapping fragments located at the C-terminus 

of Daam1 were identified from the screen. Using co-immunoprecipitation techniques, it 

was established that the C-terminus of Daam1 is indeed responsible for the interaction 

with both the PDZ and DEP domains of Dvl. Inspection of the full Daam1 sequence 

revealed the presence of FH1 and FH2 domains, suggesting it as a formin-homology 

protein. Soon after the discovery of Daam1, Daam2 was identified via an in silico screen 

in humans (11). Both Daams contain a classic N-terminal GBD and C-terminal FH1, 

FH2, and DAD domains. Recent studies suggest that the Daams also have an FH3 

domain C-terminal to the GBD that may partially contain a DID responsible for classic 

formin DID-DAD autoinhibition. Due to relatively low conservation of the FH3 domain 

across formins, however, its structure remains unclear. Additionally, the Daams may 

possess a DD C-terminally to the DID, although the function and placement of the DD in 

many formins is still ill-defined (77-81).  
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Figure 13. Domains, structure and mechanism of formin proteins. The formin proteins are 

defined by the presence of a series of conserved domains (a). Formins act as homodimers 

via the DD and are held in an autoinhibited state due to the interaction between N-

terminal DID and C-terminal DAD (b). Autoinhibition is disrupted upon binding of 

active Rho GTPase to the GBD (c). The FH2 domains of a formin homodimer add actin 

monomers to the barbed end of an actin filament, assisted by the FH1 which recruits 

Profilin bound to ATP-actin monomers (d). Dvl: Dishevelled, pThr1141: Rho kinase 

phosphorylation site at Thr1141, GBD: GTPase binding domain, DID: diaphanous 

inhibitory domain, DD: dimerization domain, FH1: formin homology 1, FH2: formin 

homology 2, FH3: formin homology 3, DAD: diaphanous autoregulatory domain (75)  
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Importantly, the N-terminal GBD of both Daam1 and Daam2 promotes the 

conversion of GDP-bound RhoA to the active GTP-bound form, a hallmark characteristic 

of the formins (10, 82). Unlike other formins, rather than the binding of RhoA to the 

GBD disrupting autoinhibition, the Daam proteins are activated via the binding of Dvl 

under Wnt stimulation (Figure 14). Interestingly, both Daam1 and Daam2 bind to the 

DEP/PDZ domains of Dvl, however, Daam1 binds via the DAD whilst Daam2 binds via 

the GBD (81, 82). Additionally, Daam2 may have different binding activity with Dvl in 

the chick model, which is discussed in more detail below (12). 

Once activated, Daam1 strongly interacts with GTP-bound RhoA and weakly 

with the GDP-bound form. Biochemically C-Daam1, comprised of the FH1, FH2 and 

DAD, leads to activation of RhoA in a manner similar to xWnt11, xFz7 or xDsh. This 

activation is not affected by a mutant form of Dvl (∆PDZ-Dvl) typically able to block 

RhoA activation, indicating Daam1 functions downstream of Dvl. Constitutively active 

Daam1∆DAD and two forms of Daam1 harboring mutations within the DAD also 

strongly activate RhoA. Full length Daam1, however, does not activate RhoA due to its 

autoinhibited state. At the cellular level, active RhoA promotes the formation of actin 

stress fibers. In mammalian cultured cells, C-Daam1 enhances the formation of stress 

fibers whilst N-Daam1, largely composed of the GBD, actively disturbs fiber formation 

and breaks down existing fibers (10, 81).  
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Figure 14. Activation mechanism of Daam1. Under basal conditions, Daam1 exists in an 

autoinhibited state due to the interaction between the N-terminal DID and C-terminal 

DAD. In the presence of Wnt, the autoinhibition is broken via interaction between the 

DEP/PDZ domains of Dvl and the DAD domain of Daam1. Once Daam1 is active the 

GBD domain interacts with GTP-bound RhoA, FH1 interacts with Profilin which recruits 

ATP-bound actin monomers, and the FH2 interacts directly with the actin cytoskeleton. 

Additionally, a dimerization domain, perhaps DD, contributes to the formation of Daam1 

homodimers. Adapted from (75, 81). 
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In mammalian cultured cells, full length Xenopus Daam2 (xDaam2) and N-

Daam2 do not have any effect on the induction of actin fiber formation. C-Daam2, 

however, readily induces the formation of actin stress fibers even in the absence of 

Wnt5a in a manner similar to C-Daam1. Also, similarly to N-Daam1, N-Daam2 has the 

ability to inhibit stress fiber formation under Wnt5a stimulation (10, 82). In vitro, N-

Daam2 is capable of activating Rho GTPase as is C-Daam2, albeit to a lesser extent. In 

vivo, no Daam2 constructs appear to activate RhoA or Rac (82).  

 

 

Daam1 in Development and Disease 

The role of Daam1 in early embryonic development was originally teased out in 

Xenopus laevis (frog) (10, 81). Activin-treated animal pole explants are a model for 

extension gastrulation movements. Explants treated with activin and either a dominant-

negative form of Wnt11 (Dn-xWnt11), Dsh (Xdd1), or Fz7 (extra-xFz7), however, do not 

extend. This model is representative of the necessity of non-canonical Wnt signaling for 

gastrulation in the frog. Early experiments with Daam1 showed that C-Daam1 is able to 

rescue the elongation of animal pole explants treated with Dn-xWnt11, Xdd1 or extra-

xFz7. N-Daam1, however, actively blocks elongation. For a schematic of the Daam1 

constructs, see Figure 15. Additionally, a morpholino oligonucleotide (MO) targeted 

against the 5’ UTR of Xenopus Daam1 (xDaam1) inhibits animal pole elongation. C-

Daam1 is also able to rescue explants treated with xDaam1 MO. These results suggest an 

important role for Daam1 in convergent extension. Whole embryo assays show that 

overexpression of N-Daam1 or injection of Daam1 MO causes incomplete blastopore 



 26 

closure, but has no effect on the expression levels of mesodermal and neural markers 

(10). 

 

 

Figure 15. Wild-type and mutant hDaam1 constructs. Some of the constructs used for 

experiments determining the biochemical function of Daam1. Numbers indicate amino 

acid residues (81). 

 

 

 

As previously mentioned, Daam1 is known to interact with Dvl. Together, 

overexpression of Daam1 and Dvl together causes hyperactivation of the non-canonical 

Wnt pathway leading to severe gastrulation defects in the frog embryo (81). These 

experiments strongly support the theory that Daam1 is a downstream factor in non-

canonical Wnt signaling yet has no involvement in canonical Wnt signaling (10, 81). It 

was also shown in frog that Daam1 is required for the specification of neural crest cells 

via an actin nucleation mechanism (83). 

Daam1 expression patterns have been observed in the developing mouse, frog and 

chick. In mice, mDaam1 is expressed ubiquitously until organogenesis stages (E8.5-

E12.5) when it concentrates in the somites, skeletal system, central nervous system 

(CNS), peripheral nervous system (PNS), eye, whisker follicles, stomach, intestines, 
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liver, lungs, and heart (84, 85). More specifically mDaam1 expression in the developing 

CNS is within the cerebral cortex, the mantle zone of the neural tube and dorsal root 

ganglia (86). As the limbs develop, mDaam1 is expressed weakly in the distal limb 

mesenchyme and later in the phalange and metacarpal joints (85). 

In Xenopus laevis, xDaam1 is expressed ubiquitously in the egg and blastula 

stages and in the ectoderm and mesoderm during gastrulation. At neurula stage, xDaam1 

is seen in the cranial neural crest and the dorsal neural tube. Finally, at tailbud stage 

xDaam1 is expressed in the brain, eye, spinal cord and somites, which is comparable to 

the expression pattern seen in mouse at this respective stage (85). Expression of cDaam1 

in chick has largely been observed in the developing central nervous system. cDaam1 is 

detectable, however, in the distal mesenchyme of the limb bud which is similar to 

expression seen in the developing mouse limb. In early to mid-somite development 

(stages 11-16) cDaam1 is expressed along the length of the neural tube but is 

concentrated in the ventral region. By late somitogenesis (stage 18-23) cDaam1 is still 

expressed along the entire neural tube, however stronger expression is seen in the mantle 

zone where motor and inter-neurons differentiate, than in the ventricular zone which 

houses neural progenitors (86). This expression pattern is also comparable to mDaam1 

expression in the CNS. 

In mammals, Daam1 is required for normal heart morphogenesis by dictating 

proper cytoskeletal formation in cardiomyocytes. During mouse embryonic development 

mDaam1 is expressed in all three heart layers (epi-/endo-/myocardium) and throughout 

the central nervous system including the brain, neural tube and spinal cord (84, 86). Mice 

homozygous for a gene trap in intron 3 of mDaam1 (Daam1gt/gt) are highly subject to 
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embryonic or neonatal lethality. Daam1gt is a hypomorphic allele that produces a 

truncated Daam1 protein containing approximately 1/8 of the GBD. Daam1gt/gt pups that 

survive birth display drastically reduced body size, cyanosis and gasping and die within a 

few hours. Deeper examination of Daam1gt/gt neonatal hearts reveals the presence of 

cardiac defects including ventricular noncompaction (VCM), double outlet right 

ventricles and ventricular septal defects. Daam1gt/gt does not affect cardiomyocyte 

differentiation but rather sarcomeric organization. Daam1gt/gt cardiomyocytes have less 

sarcomeres, and sarcomeres are not organized in a typical striated fashion and display 

widened and shortened Z-lines. Cardiac-specific (Nkx2.5 promoter) reversion of Daam1gt 

allele via Cre-mediated recombination rescues the gross cardiac phenotypes and 

sarcomere disorganization in Daam1gt/gtNkx2.5Cre/+ mice (84). Additionally, conditional 

mutagenesis of Daam1 driven by the Nkx2.5 promoter causes VCM in the right ventricle 

(RV) which disrupts diastolic function early on (2 months) and systolic function later (8 

months) (87). 

Daam1 is involved in other PCP-dependent processes including meiosis in mouse 

oocytes, axonal guidance in Drosophila and zebrafish, and extension of the zebrafish 

notochord (88-91). Mouse oocytes injected with a Daam1 MO fail to expel a polar body, 

a necessary process for oocyte maturation; absence of polar body division is due to 

impeded actin assembly possibly as the result of down-regulation of the actin bundling 

protein Fascin in response to depleted Daam1 (88). Fascin is responsible for maintaining 

filopodia structure by keeping actin filaments rigid and linear, and studies in mouse 

melanoma cells indicate Daam1 and Fascin cooperate in promoting filopodia integrity 

(92). In the developing zebrafish notochord, zDaam1a regulates shuttling of Ephrin 
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(Eph), a key protein for cell migration, from the cell surface to the cytoskeleton. This 

process may function via the formation of a complex between phosphorylated EphB, 

Daam1 and Dvl2 which is then transported to endocytotic vesicles. Zebrafish embryos 

injected with dominant-negative zNDaam1 mRNA or a soluble form of EphB do not 

undergo proper convergent-extension movements, resulting in a compressed somites and 

a kinked notochord (90). 

Most recently in mammals it was shown that Daam1 is expressed in the 

labyrinthine layer of the developing mouse placenta. Loss of Daam1 in homozygous 

mutants shows no effect on placental cell fates but rather causes disorganization of 

maternal and fetal blood vessels necessary for proper gas and nutrient delivery to the 

fetus. This vasculature phenotype is made more severe by the subsequent loss of Daam2 

function. The same study showed that Daam1-/-/Wnt5a-/- mutant mice exhibit failed 

neural tube closure at the hindbrain, a characteristic not seen in either homozygous single 

mutant (93).  

In humans, Daam1 has been implicated in cardiogenesis and myocardium 

maintenance as well as metastasis in glioblastoma, breast cancer, lung cancer, 

osteosarcoma and ovarian cancer (79, 94-101). 
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Daam2 in Development and Disease 

As previously mentioned, the human Daam2 gene was originally identified via 

and in silico screen in which the amino acid sequence of hDaam1 was used to search for 

uncharacterized homologous human cDNAs and ESTs (tblastn) (11). Embryonic 

expression patterns of Daam2 have been observed in mouse, frog and chick. In mouse, 

mDaam2 is restricted to the embryonic ectoderm until early somitogenesis stages (E7.5-

E8.5) when mDaam2 is expressed in the somites and presomitic mesoderm. As the 

somites differentiate, mDaam2 becomes restricted to the dermomyotome. During early 

organogenesis stages (E8.5-E9.5), mDaam2 becomes detectable in the CNS and PNS, 

albeit in a more restricted manner than mDaam1. mDaam2 is expressed in hindbrain 

rhombomeres r3 and r5 and the midbrain, and later becomes restricted to the hindbrain 

and spinal cord (E10.5-E14.5). mDaam2 is also expressed during this time in the 

frontonasal passages, whisker follicles, and maxillary and mandibular regions. 

Furthermore, mDaam2 and mDaam1 have complementary expression patterns in the 

developing liver and lung and overlapping expression in the developing ribs and 

vertebrae. In the limb mesenchyme, mDaam2 is expressed earlier and more strongly than 

mDaam1 (85).  

In Xenopus laevis, xDaam2 is expressed at very low levels until gastrulation when 

expression increases slightly, and then at neurulation when expression increases further. 

The temporal expression of xDaam2 is disparate from xDaam1 in that xDaam2 is not 

expressed maternally. Spatially, xDaam2 is expressed in the somitogenic mesoderm, 

neural folds and notochord at neurula stages, and in the spinal cord, eyes, otic vesicles 

and somites at later stages (82). These expression patterns are comparable to mDaam2 
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expression at the same respective stages. In the chick CNS, cDaam2 is expressed in the 

neural tube, however this expression is not detected until stage 19, whereas cDaam1 is 

detected as early as stage 11. At earlier stages, cDaam2 is detectable in the somites, and 

this expression later becomes restricted to the dermomyotome in a manner similar to 

mDaam2. At stage 19 cDaam2 is also expressed in the neural tube with the strongest 

expression in the ventricular zone and no expression in the mantle zone, which is 

dissimilar to cDaam1. By stage 23, cDaam2 is largely concentrated in the floor plate of 

the neural tube. Additionally, cDaam2 is expressed in the limb bud mesenchyme similar 

to mDaam2.  

Few reports have been published regarding the role of Daam2 in embryonic 

development, and the existing reports show conflicting results regarding the function of 

Daam2 in Wnt signaling (12, 87, 93, 102, 103). In one study in chick, cDaam2 

expression is observed in the dorsal region of the early spinal cord, where it is required 

for dorsal tissue specification via its function in canonical Wnt signaling. In the same 

publication, it was shown that cDaam2 binds to the DIX domain of Dvl; DIX activity 

typically initiates a canonical Wnt signaling cascade. Knockdown of cDaam2 in the 

spinal cord by short hairpin RNA interference (shRNAi) leads to loss of dorsal markers 

Pax3/6/7 but has no effect on the ventral markers Olig2 and Nkx2.2. This loss of dorsal 

markers can be rescued by a constitutively active form of 𝛽-catenin. Additionally, it 

appears that cDaam2 is capable of promoting the interaction between Dvl and Axin, a 

key characteristic of canonical Wnt signaling (12). 

In a follow-up to the previously mentioned study, it was shown that cDaam2 is 

necessary for the production of PIP5K-Ptdlns(4,5)P2 (PIP2) in the chick spinal cord via 
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regulation of PIP5K. The modulation of PIP5K-PIP2 activity by Daam2 is responsible for 

proper timing of oligodendrocyte precursor differentiation; overexpression of Daam2 in 

the chick spinal cord leads to a reduction of mature oligodendrocyte differentiation while 

loss of Daam2 in the mouse spinal cord results in precocious differentiation. The authors 

suggest that Daam2 activity in this context functions by dictating canonical Wnt 

signalosome formation (102). 

In a different study examining left-right gut asymmetry in chick and mouse, it was 

found that Daam2 is a downstream target of Pitx2. Pitx2 is a key transcription factor 

downstream of Nodal that maintains left-side identity in mammalian and avian gut 

primordia. In the chick, cDaam2 and Fzd4/8 expression in the dorsal mesentery (DM) is 

exclusively left-sided, whilst Wnt agonist Sfrp1/2 expression is right-sided. In ovo 

electroporation of constitutively active Daam2 into the right DM causes strong 

aggregation of mesenchymal cells similar to what is normally seen on the left side, and 

increased F-actin formation. In mouse, mDaam2 expression in the DM is also restricted 

to the left side, and in Pitx2-/- mouse embryos mDaam2 expression in this region becomes 

undetectable. Additionally, in Wnt5a-/- mouse embryos, ventral outgrowth and leftward 

tilt of the DM are severely impaired. Together, these studies suggest that Daam2 has a 

role in left-right gut asymmetry in chick and mouse, and this may be attributed to a non-

canonical Wnt signaling mechanism (103). 

Recently the Habas Lab observed the function of xDaam2 in Xenopus laevis 

embryonic development. When over-expressed, full-length xDaam2 has no effect on 

gastrulation likely due to its autoinhibited state. Overexpression of Xenopus N-Daam2, 

however, causes a gastrulation defect resulting in an open neural tube whereas C-Daam2 
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causes a cytokinesis defect. In contrast, knockdown of xDaam2 using a translation-

blocking MO causes an open neural tube phenotype that does not become evident until 

after gastrulation. At a low dose of the xDaam2 MO, some embryos exhibit a less-severe 

bent axis phenotype. Because xDaam1 regulated convergent extension movements, the 

role of xDaam2 in convergent extension was also investigated. Animal pole explants 

from 4-cell stage frog embryos injected dorsally with a MO targeted against xDaam2 

extend normally. This indicates that, unlike xDaam1, xDaam2 does not play a role in 

convergent extension (82). 

Studies in mouse have shown that although Daam2 may not be required for 

certain developmental processes, loss of Daam2 can exacerbate the effects seen in 

Daam1 mutants. As previously mentioned, Daam1-/- mice display disorganized 

vasculature in the placenta, a phenotype that occurs earlier and increases in severity with 

the subsequent loss of Daam2. Daam2-/- single mutants, however, have no gross 

morphological or placental phenotypes (93). In a similar scenario, while Daam1 

knockout (KO) and CKO mice display morphological heart defects, Daam2-/- mice are 

phenotypically normal. The combined KO of Daam1 and Daam2 together, however, 

causes hearts to be smaller than controls with thicker ventricular walls. Additionally, 

while Daam1 CKO mice have sarcomeres that are largely normal, Daam1/2 double 

knockout (DKO) hearts show disrupted sarcomeric organization. DKO hearts also have 

disrupted left ventricle (LV) systolic function, a defect not seen in Daam1 CKO, and 

earlier onset RV systolic dysfunction (87). 

Overall, the studies on Daam2 in different animal models suggest that although 

Daam1 and Daam2 are expressed in similar fashions and their functions appear 
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redundant in some circumstances, their importance may differ. In mammals, loss of 

Daam2 does not seem to cause any obvious adverse effects. When combined with the 

loss of Daam1, however, loss of Daam2 leads to more severe phenotypes than those seen 

in Daam1 mutants alone. In frog and zebrafish, Daam2 does appear to be required for 

neural tube closure and dorso-ventral spinal cord patterning, respectively. Knockdown of 

both Daam1 and Daam2 in frog suggests they do not have a synergistic effect on frog 

development; however, this has not been studied at length (82). Loss of both Daam1 and 

Daam2 has not yet been studied in zebrafish. 

In humans, Daam2 has been associated with bone diseases including osteoporosis 

and diffuse pulmonary ossification, as well as the neurological disease Guillain-Barré 

Syndrome and psychological conditions including schizophrenia (104-108). Additionally, 

a rare variant of Daam2 has been related to increased risk of lung cancer and increased 

Daam2 expression may promote the progression of glioma (109, 110). Hypermethylation 

of the Daam2 promoter region leading to decreased expression correlates with the 

development of colorectal cancer and adenoma (111). 
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Zebrafish Embryonic Development 

Since the 1990’s zebrafish have risen to the forefront of embryological research. 

Zebrafish offer several advantages in studying embryonic development including optical 

transparency, large clutch numbers, and perhaps most critically, speed of development. 

Zebrafish are a valuable tool for large-scale genetic screens as they produce large 

clutches of embryos on a consistent basis; a single female can produce 200 eggs per 

week. Additionally, zebrafish embryos are completely optically transparent for the first 

24 hours of development, allowing researchers to visualize every step of embryogenesis 

(112). Zebrafish embryos also tend to be hardy enough to tolerate manipulative 

experiments such as microinjection, and offer the benefit of being able to inject into the 

yolk to avoid damaging early dividing cells (113). 

When incubated at 28.5°C, single cell fertilized embryos will begin dividing after 

40 minutes. Cells will continue to divide approximately every 15 minutes, ultimately 

resulting in 64 cells at 2 hours post-fertilization (hpf). As the cells continue to divide, the 

embryo, now called a blastula, does not increase in size but rather becomes a compact 

ball of cells sitting atop the yolk cell (Figure 16B). At 3.5 hpf, cells have ceased dividing 

and the blastula begins to compress vertically, shortening the animal-vegetal axis; at 4.5 

hpf the blastula has flattened significantly, and the uniformly thick tissue is now referred 

to as the blastoderm. As the embryo begins to enter gastrulation stages, the blastoderm 

extends downwards, encasing the yolk cell; this movement is referred to as epiboly and 

early gastrulation stages are identified by percent-epiboly (Figure 16C,D). During 

gastrulation, the primary germ layers form and the embryonic axis begins to take shape. 

Upon reaching 50% epiboly, a thickened region marginal region of tissue, termed the 



 36 

germ ring, forms. Following formation of the germ ring, the embryonic shield, the 

equivalent of the Spemann-Mangold organizer in frog, becomes apparent at 6 hpf (Figure 

16E). Upon reaching 80% epiboly, the AP axis is now apparent as a result of convergent 

extension movements (Figure 16F arrows). At this time, approximately 8.5 hpf, the 

embryo is concluding gastrulation and begins entering segmentation stages. At 10 hpf, 

the tail bud becomes visible, followed by the formation of the first somites (Figure 16G). 

Segmentation continues as somites are added until 24 hpf. During segmentation stages 

the tail extends, the central nervous system begins to form, the early eye develops, and 

primordial organs and vasculature appear (Figure 16 H-J) (112). 
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Figure 16. Stages of Zebrafish Embryonic Development. A: first cell cleavage. B: 1000-

cell blastula. C: flattening of blastula to begin forming blastoderm. D: blastoderm begins 

epiboly movements. E: just after 50% epiboly the embryonic shield forms. F: at 85% 

epiboly the axis becomes visible (arrows). G: tail bud stage H: early segmentation stages, 

somites become visible. I: late segmentation stages, embryo begins to move. J: 24 hpf, 

primordial organs, central nervous system, and early vasculature have formed. (112) 
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Techniques for Studying Gene Function in Zebrafish 

Originally selected as a model for forward genetic screens, zebrafish have become 

a useful tool in studying toxicology, regeneration and embryonic development. 

Approximately 70% of human genes have a zebrafish orthologue, making the zebrafish 

an effective tool for modeling genetic human diseases (114). One must note, however, 

that due to an ancient whole genome duplication event approximately one fifth of 

zebrafish genes are duplicated. Duplicate genes may have distinct expression patterns 

and/or functions from the primary gene, which can create unanticipated hurdles when 

modeling human disease (113). The two most popular techniques to study gene function 

in the zebrafish are knock-down (KD), typically by use of morpholino oligomers (MO) 

and knock-out (KO), most popularly now by using CRISPR/Cas9 (Clustered Regularly 

Interspaced Short Palindromic Repeats/CRISPR-associated 9). Both techniques work by 

inhibiting the expression of a protein of interest, giving insight to how disruption of the 

gene affects the development and/or progression of disease. 

Morpholinos have been widely used for KD experiments for nearly two decades 

in various animal models including zebrafish. MOs are synthetic antisense oligomers that 

can inhibit protein synthesis without altering the gene sequence by either binding to the 

5’ UTR of mature mRNAs and preventing scanning ribosomal scanning, or by blocking 

splicing prior to mRNA processing (115). MOs are valuable in that they can be used 

when generating genetic mutants is not feasible, as is the case with the pseudotetraploid 

genome of Xenopus laevis (116). Additionally, phenotypes produced by MO injection 

can be visualized quickly, often within the same day of injection; this is time-efficient 

when compared to having to wait several generations to establish homozygous mutants. 
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There are several caveats, however, when using MOs to assess gene function. Morphant 

phenotypes must be verified using a variety of control experiments in order to rule out 

any off-target or toxicity related effects, some of which include cardiac edema, 

pigmentation defects and other neural crest-related maladies (117). Verification tactics 

include injection of multiple doses to establish a dose response curve, co-injection with 

p53 MO, rescue using mRNA lacking the MO binding site, using multiple MOs for the 

same gene of interest and injection of a control mismatch MO (115). Performing these 

control experiments can be not only time-consuming but also expensive, and therefor in 

recent years many have shied away from using MOs, instead opting for generating 

mutants when possible. 

Due to the short generation time in zebrafish, just three months from hatching to 

sexual maturity, creating stable mutant lines in less than a year is entirely feasible (113). 

The advent of the CRISPR/Cas9 system around 2012 greatly reduced both the effort and 

cost required to generate mutants compared to previous systems like zinc-finger 

nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS) (118, 

119). The CRISPR/Cas9 system works by utilizing two RNAs, one coding for the Cas9 

nuclease and one single guide RNA (sgRNA) with a sequence complementary to the 

target gene locus (118). The sgRNA guides the translated Cas9 protein to the locus 

intended for editing, where it induces a double-stranded break (DSB) in the DNA. 

Creation of a DSB prompts the cell to repair the DNA, often introducing mutations via 

the nonhomologous end joining (NHEJ) repair mechanism. NHEJ can induce frameshift 

insertions and/or deletions (indels) often creating premature stop codons; this can either 

cause the mutant mRNA to be targeted for nonsense-mediated decay (NMD) or produce a 
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non-functional/truncated protein. In addition to NHEJ, the cell can use a DNA template 

to repair the break, a process called homology-directed repair (HDR), fostering 

incorporation of exogenous sequences into the locus of interest. This has allowed the 

exploration of various techniques including the introduction of epitope tags for 

examining endogenous gene expression and identifying binding partners, as well as 

insertion of loxP sites for conditional mutagenesis (120, 121). 

Despite the ease of generating mutant zebrafish using CRISPR/Cas9, the 

popularity of the system has exposed new problems, namely lack of phenotypes or 

phenotypes that are less severe in mutants than in morphants (122). These discrepancies 

can be attributed to a variety of factors associated with both KD and KO techniques. As 

previously stated, MOs must undergo rigorous verification to rule out toxicity and off-

target effects that can be mistaken for genuine morphant phenotypes. Additionally, as 

CRISPR/Cas9 usage has grown, it has been shown that phenomena such as genetic 

compensation by closely-related genes and alternative splicing of transcripts leading to 

functional proteins can mask the effects of deleterious mutations (122-126). Using both 

techniques to examine gene function, however, can be a useful approach. For instance, to 

help verify both MO specificity and certify that a non-phenotypic mutant is indeed a null, 

one can inject mutant embryos with a sub-threshold dose of MO targeting the mutated 

gene. If the mutant gene is truly a null and the MO is not off-target, this should not 

produce a phenotype as the null gene has already been compensated for by related genes 

and knocking down a null gene would inherently have no effect. As expected, however, 

these experiments can get quite complicated, especially when dealing with duplicated 

genes (122). 
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CHAPTER 2 

MATERIALS AND METHODS 

 

Sequence Conservation Studies 

 Gene and protein sequences for zDaam1a, zDaam1b and zDaam2 were acquired 

from the National Center for Biotechnology Information (NCBI) and Ensembl databases. 

Alignments and identity percentages were generated using Clustal Omega. Shading of 

protein alignment sequences was done using Sequence Manipulation Suite: Color Align 

Conservation. 

 

RT-PCR 

Zebrafish embryos of varying stages from 1-cell to prim-5 were collected in 

batches  and stored at -80°C until used. Thawed batches of embryos were homogenized 

using TRIzol Reagent (Invitrogen, Carlsbad, CA). Total RNA was precipitated using 

isopropanol and glycogen, washed with 75% ethanol, and resuspended in nuclease-free 

water. RNA samples were treated for residual genomic DNA using TURBO DNA-Free 

Kit (Invitrogen) and subsequently quantitated using a NanoDrop One (Thermo Scientific, 

Waltham, MA). cDNA was synthesized using Superscript III First-Strand Synthesis 

System (Invitrogen). 

Primers for PCR were designed using the OligoAnalyzer Tool (Integrated DNA 

Technologies, Coralville, IA) and ordered from either Integrated DNA Technologies 

(IDT) or Sigma-Aldrich (St. Louis, MO). PCR conditions were optimized according to 

primer melting temperatures and expected product length. PCR reagents used were either 
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Platinum Taq DNA polymerase (Invitrogen), Taq 2X Master Mix (New England 

BioLabs, Ipswich, MA), or Phusion High-Fidelity PCR Master Mix (New England 

BioLabs). The general PCR parameters for each PCR reagent are listed in Table 1.  

 

 

Reagent  Platinum Taq Taq 2x  MM Phusion Hi-Fi 2x MM 

Step 1 (1x)    

Initial Denaturation 94°C 2 min. 95°C 30 sec. 98°C 30 sec. 

Step 2 (15-30x)    

Denaturation 94°C 30 sec. 95°C 15-30 sec. 98°C 5-10 sec. 

Annealing ~55°C 30 sec. 45-68°C 15-30 sec. 45-72°C 10-30 sec. 

Extension 72°C 1min./kb 68°C 1min./kb 72°C 15-30 sec./kb 

Step 3 (1x)    

Final Extension 75°C 5 min. 68°C 5min. 72°C 5-10 min. 

Hold 4°C ∞ 4°C ∞ 4°C ∞ 

Table 1. PCR Conditions for Different PCR Reagents. Sec: seconds, min: minutes, kb: 

kilobases, MM: master mix 

 

 

Cloning 

 Primers targeting the 5’ and 3’ ends of zDaam1a, zDaam1b and zDaam2 were 

designed using OligoAnalyzer and ordered from IDT. cDNA from 24 hpf embryos was 

used as a template for PCR. Primers, cDNA and Phusion HiFi MM (New England 

Biolabs) were combined in the following volumes: 

10 μL Phusion 2x HiFi MM 

1 μL cDNA 

0.4 μL Forward Primer (20mM) 

0.4 μL Reverse Primer (20mM) 

8.2 μL Nuclease-free water 

Σ 20 μL 
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PCR was carried out using T100 thermal cycler (Bio-Rad) and parameters 

summarized in Table 1. 

Following PCR, samples were analyzed using agarose gel electrophoresis; bands 

of interest were excised and purified using GeneJet Gel Extraction Kit (Thermo 

Scientific). Purified PCR product was cloned into either pGem-T Easy (Promega, 

Madison, WI) or pJET1.2 (Thermo Scientific). Primers containing restriction sites at the 

5’ and 3’ ends of  zDaam1a, zDaam1b and zDaam2 were designed and used for PCR 

using the pGem-T Easy or pJET1.2 constructs as a template. The resultant PCR product 

was purified, digested with the appropriate restriction enzymes and ligated into an eGFP 

expression vector that had been digested with the same restriction enzymes. Figure 17 

shows the eGFP expression vector schematic. Ligation reactions were incubated at 4°C 

overnight and transformed into NEB5α competent E. coli cells (New England BioLabs). 

Bacterial colonies were selected and grown overnight at 37°C with shaking in Luria 

Broth supplemented with Ampicillin. Cultures were mini- or maxi-prepped using 

QIAprep Plasmid Kits (Qiagen, Hilden, Germany). Primer sequences can be found in 

Table 2. 

 

Figure 17. Schematic of eGFP expression vector used for cloning. CMV: 

cytomegalovirus promoter, SP6: SP6 prokaryotic promoter, eGFP: enhanced Green 

Fluorescent Protein, MCS: multiple cloning site, SV40 PolyA: Simian Virus 40 

Polyadenylation site, T3: T3 prokaryotic promoter, Amp R: Ampicillin resistance gene 

 

 

 

pCS2+GFP SP6 eGFP

PstI EcoRV SacI BamHI ClaI EcoRI StuI XbaI

SV40 PolyA T3CMV Amp R

XhoI

MCS
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Whole-Mount in situ Hybridization 

Antisense DIG-labeled RNA probes were synthesized by cloning PCR fragments 

from the coding regions of each gene into pGem-T Easy Vector (Promega). These 

constructs were then amplified via PCR using M13 forward and reverse primers. PCR 

products were purified using QIAquick PCR Purification Kit (Qiagen) and transcribed 

using MEGAscript T7 or SP6 Transcription Kit (Ambion, Austin, TX) with DIG RNA 

Labeling Mix (Roche). Primers used for PCR are listed in Table 2. 

Embryos were collected at varying stages from 1-cell to prim-5 and fixed 

overnight at 4°C in 4% paraformaldehyde in 1x phosphate-buffered saline (PBS). 

Embryos were dechorionated using pronase or manually with forceps  (Roche, Basel, 

Switzerland) either before or after fixation, depending on development stage. The whole-

mount in situ hybridization protocol was then carried out following procedure by Thisse 

& Thisse, 2008 (127). Embryos were imaged using a dissecting light microscope and 

then stored in 100% methanol (MeOH) at -20°C indefinitely. 

 

CRISPR/Cas9 Mutagenesis 

CRISPR/Cas9 targets were selected by previous graduate student Kaushik Nama. 

Several sites were selected for zDaam1a, zDaam1b, and zDaam2 and were all within the 

first coding exons of each gene. Targets were chosen based on the requirement of an 

adjacent PAM site for S. pyogenes Cas9 (5’-NGG-3’), a preferred G/C content of 50%, 

and ideally a restriction enzyme site within the expected Cas9 cut site for ease of 

genotyping. Single guide primers containing individual target sites were designed 

according to the method described by Gagnon et al., 2014 (128) and ordered from Sigma-



 45 

Aldrich. A list of primers can be found in Table 3. A cloning-free PCR-based method 

was used to generate the sgRNA template (120, 128, 129) which was then transcribed 

using MEGAshortscript T7 Transcription Kit (Invitrogen). Integrity and concentration of 

the sgRNAs were checked using agarose gel electrophoresis. sgRNAs were diluted 

accordingly and 8 μL aliquots were stored at -80°C. Cas9 mRNA was synthesized using 

pT3TS-nCas9n vector (130) linearized with XbaI and transcribed using mMessage 

mMachine T3 Transcription Kit (Invitrogen); 2 μL aliquots were stored at -80°C. For 

microinjection, one 8 μL aliquot of sgRNA was mixed with 2 μL of Cas9 mRNA. The 

mixture was injected into the yolks of 1-cell stage zebrafish embryos in 3 nL volumes as 

described by Balciuniene & Balciunas, 2013 (131).  

 

 

PCR Product Forward Primer (5’-3’) Reverse Primer (5’-3’) 

zDaam1a CDS1 
GCAAGTGGCTGACCT 

TTCTG 

ACTTGGAGAGAAGGA 

TGTTGCAG 

zDaam1a CDS4 
GTGGAAGCTCTCAGT 

AAAGC 

GTCGTCTCATGTTCT 

CATTGTC 

zDaam1b CDS1 
GGGGAACATAAACTC 

GTCAAGCAG 

CAGTTCTGAGCCCGT 

CGG 

zDaam2 CDS1 
CCAGTCATTGAGAAA 

CTGAGAGCAC 

AGAGCCACCCAACAT 

GATAGG 

zDaam2 CDS3 
CCTTGATGAATAACT 

CTCAAGGCCG 

GGCATTGATGAATGA 

CATGATGGC 

zDaam1a FL 
ATGATGGCCCCACGT 

AAGCGA 

TCAGAAGTTGAGTTT 

GGTGACG 

zDaam1b FL 
ATGGCACCACGCAAA 

CGT 

TTAGAAGTTGAGCTT 

GGTAATGGG 

zDaam2 FL 
ATGCCTCCCCGGAAG 

CGC 

CCTCAATAGTTCATC 

TTGGTGACTG 

Table 2. List of primers used to amplify probes for in situ hybridization, temporal RT 

PCR and full-length gene cloning. CDS: coding sequence, FL: full-length 
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Batches of 20 injected F0 embryos were collected between 24-72 hpf and frozen 

at -20°C. Genomic DNA was isolated from embryo batches using lysis buffer (0.1 M 

Tris, pH 9, 0.1 M NaCl, 0.05 M EDTA, 0.2 M sucrose, and 0.5% SDS) and the method 

described by Hermanson et al., 2004 (132). Genomic DNA was used for a 20 μL PCR 

reaction with primers located 5’ and 3’ to the target site. 10 μL of the final reaction was 

analyzed using agarose gel electrophoresis. The remaining 10 μL was digested with the 

appropriate restriction enzyme in a 20 μL reaction and subsequently analyzed using gel 

electrophoresis. Siblings of embryos that showed loss of restriction enzyme activity were 

raised and either incrossed or outcrossed to check for germline transmission of mutant 

alleles. Batches of F0 incross or outcross embryos were analyzed by PCR and restriction 

enzyme digestion as described, and selected siblings were raised. Adult F1’s were tail-

clipped and genotyped. PCR products showing loss of restriction enzyme activity were 

purified and sent for sequencing to GeneWiz (South Plainfield, NJ). Selected F1’s were 

further incrossed or outcrossed to establish stable lines. Primers used for genotyping can 

be found in Table 3. 
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Table 3. Primers used for genotyping and to generate single guide RNAs for CRISPR/Cas9 mutagenesis. SG: single guide, FP: 

forward primer, RP: reverse primer, ATCG: target sequence, ATCG: restriction enzyme site, g: guanine base added for in vitro 

transcription efficiency.

Gene Primer Sequence (5’-3’) 
Restriction 

Enzyme 

zDaam1a SG2 
CGCTAGCTAATACGACTCACTATAgGCATCCAGCTCCTCAGTGGGGTTT

TAGAGCTAGAAATAG 
XcmI 

zDaam1a FP TACATAAAGCTGCAACTACCCC  

zDaam1a RP TTCATCGCCCTATTCCCATAC  

zDaam1b SG4 
CGCTAGCTAATACGACTCACTATAGGAGATCACCTACCGTCTTGTTTTA

GAGCTAGAAATAG 
HpyCH4III 

zDaam1b FP AAGCAGAGAAAGCGGAAACA  

zDaam1b RP TGTCTACGCACCTTTGATGC  

zDaam2 SG1 
CGCTAGCTAATACGACTCACTATAGGCTGGGTGCGCTTCCGGGGGTTT

TAGAGCTAGAAATAG 
StyD41 

zDaam2 FP CTTTCAGATCATGCCCCCTA  

zDaam2 RP CCAGACCCCTGTCAGATGTT  
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Morpholino Knock-Down 

Translation-blocking morpholino oligomers targeting zDaam1a, zDaam1b and 

zDaam2 were designed in part by previous graduate student Kaushik Nama. MOs were 

designed in accordance with GeneTools (Philomath, Oregon) guidelines and ordered 

from the same company. A translation-blocking zWnt5b MO previously designed by Lele 

et al., 2001 was also ordered from GeneTools (44) . For a list of MO sequences see  

Table 4. Lyophilized MOs were resuspended at approximately 10 μg/μL in nuclease-free 

water and stored in their original glass vials in the dark. Working solutions for 

microinjection were made by diluting stock in 0.5x Danieau’s solution (1740mM NaCl, 

21mM KCl, 12mM MgSO4·7H2O, 18mM Ca(NO3)2, 150mM HEPES). Varying doses 

and combinations of MOs were microinjected into the yolks of 1-cell stage zebrafish 

embryos in 3 nL volume. 

Injected embryos were incubated at 28°C. Throughout day 0 unfertilized and 

damaged embryos were removed. The following day, 24 hpf embryos were 

dechorionated using pronase (Roche). Dead embryos were counted and removed. 

Surviving embryos were scored based on severity of phenotype and imaged using a 

dissecting light microscope. For subsequent experiments, a portion of embryos were 

fixed in 4% paraformaldehyde in 1x PBS overnight at 4°C and the remaining were frozen 

in batches of 20 and kept at -80°C.  
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Morpholino 

Name/Target 
Sequence (5’-3’) Type 

zDaam1a GGCCAGAGGCCCACCAGTCAAATGT Transl-blocking 

zDaam1b-1 GGCTCAAGGGATAATGGGAACGAGG Transl-blocking 

zDaam1b-2 TCCCTCAGGTGAAAGCAACTCTTGG Transl-blocking 

zDaam2 GCCGACAGCCAGAAAGGCAAAGACT Transl-blocking 

zWnt5b GTCCTTGGTTCATTCTCACATCCAT Transl-blocking 

zebrafish p53 GCGCCATTGCTTTGCAAGAATTG Transl-blocking 

Standard control CCTCTTACCTCAGTTACAATTTATA Control 

Table 4. Sequences of morpholinos used. Bold indicated morpholino target, underlined 

indicated start codon.  

 

 

HA Epitope Tagging of zDaam2 

CRISPR single guides were designed adjacent to a PAM site required by S. 

thermophilus Cas9 (St-Cas9) (5’-NGGNG-3’) (133).  Target site(s) were chosen within 

exon 13 of the zDaam2 coding sequence, due to its placement between the FH3 and FH2 

domains; it was hypothesized that this position would place the hemagglutinin (HA) tag 

on the outside of the protein when in its auto-inhibited state. For a list of primer and 

repair oligo sequences see Table 5. St-Cas9 protein was injected with sgRNA in 3 nL 

injection volume into the yolks of 1-cell stage zebrafish embryos; 1 nL of repair oligo at 

50 μg/μL was injected immediately after. 

Injected F0 fish were raised and outcrossed. F0 adults that produced embryos 

were tail-clipped; genomic DNA was isolated from the tail clips using the same method 

described above. Genomic DNA was used in a 20 μL PCR reaction using primer 

combinations F101/HA-R, R101/HA-F, R102/HA-F and analyzed using agarose gel 

electrophoresis to check for tag integration. Embryos from F0 outcrosses were pooled in 

groups of 10 and genomic DNA was isolated. Embryo pools were genotyped using a 
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nested PCR method; flanking PCR for both the 5’ and 3’ends of the target site were 

performed using primer combinations F103/R104 and F102/R103, respectively. The 

flanking PCR product was then used as a template for a nested HA-specific PCR again at 

both the 5’ and 3’ ends using primer combinations F101/HA-R and R101/HA-F, 

respectively. Nested PCR reactions were analyzed using agarose gel electrophoresis and 

resultant bands were excised, purified using GeneJET Gel Extraction Kit (Thermo 

Scientific) and sent to GeneWiz for sequencing. Siblings of embryo pools that showed 

perfect tag integration at the 5’ and 3’ ends were raised and incrossed to generate stable 

lines. 
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Primer Sequence (5’-3’) 

zD2-HA sg1 
CGCTAGCTAATACGACTCACTATAGGAGAGCCACCCAAC 

ATGATGTTTTAGAGCTGTGTTGTT 

zD2-HA repair 

oligo 

ATCCGCTCCCTGGCAGCCCAATGCCACCCCCTCCACCTTCA 

CCACCTATCggatcctatccatatgatgttcctgattatgctggatccATGTTGG 

GTGGCTCTCCTCTT 

D2-F101 TTCTGTGTGGAGTTTGCATGTTCTC 

D2-F102 TTTTCAGTATGTTGGAGTTCCCTTA 

D2-F103 TGGGTCTTGCCTCGGCTCAGTTGGC 

D2-R101 ATACCAGATGGTGTCAGTGATCTCA 

D2-R102 TCAGGAGGATCTCATGACTGACTTA 

D2-R103 TGGTATGGGATTGATGACAGAAGGGC 

D2-R104 CCTGGACCTGCTTCAAATAGCTC 

HA-F TCCATATGATGTTCCTGATTATGCT 

HA-R AGCATAATCAGGAACATCATATGGA 

Table 5. Primers and repair oligo used for HA tag integration and screening in zDaam2. 

D2: zDaam2, F: forward, R: reverse, HA: hemagglutinin tag, ATCG: target sequence 

homology, atcg: HA tag sequence 

 

 

Cell Transfection and Lysis Procedures 

HEK-293T cells were maintained in 100mM culture dishes (Corning, Corning, 

NY) in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Gaithersburg, MD) 

supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were incubated at 

37°C with 5% CO2 and sub-cultured approximately every three days or when confluency 

reached 90%. For transfection, cells were seeded in either 100mM or 60mM dishes at 

approximately 30% confluency and incubated for at least 18 hours. Polyfect (Qiagen) 

reagent was used according to the manufacturer’s protocol to transfect DNA constructs. 

Cells were incubated with Polyfect for 24 hours, then media was replaced with standard 

DMEM and cells were incubated another 24 hours. Cells were harvested using ice cold 
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1x PBS and lysed using cold radioimmunoprecipitation assay (RIPA) buffer 

supplemented with cOmplete, Mini Protease Inhibitor Cocktail (Roche). 

Zebrafish embryos were collected at varying stages and were frozen at -20°C for 

at least 24 hours. Embryos were thawed and lysed in RIPA buffer with protease inhibitor 

(PI) using 0.5-5 μL per embryo. 

 

 

Antibody Name Type Assays Company 

Anti-HA.11 Epitope 

Tag Antibody 1° Mouse Monoclonal WB BioLegend 

HA Tag Polyclonal 

Antibody (SG77) 
1° Rabbit Polyclonal WB ThermoFisher Scientific 

Anti-Daam1 1° Mouse Monoclonal WB N/A 

Anti-Daam1 1° Rabbit Polyclonal 
WB, 

IP 
N/A 

Anti-Mouse HRP 2° HRP-conjugated WB ThermoFisher Scientific 

Anti-Rabbit HRP 2° HRP-conjugated WB ThermoFisher Scientific 

Table 6. Antibodies used for WB and IP WB: Western Blot, IP: Immunoprecipitation, 1°: 

primary, 2°: secondary, HRP: horseradish peroxidase 

 

 

 

Immunoprecipitation and Western Blot 

For immunoprecipitation (IP), 40uL of agarose bead in slurry (Santa Cruz 

Biotechnology, Dallas TX) were cleaned by gently mixing with 400uL RIPA buffer and 

centrifuging at 3,000 RPM for 1 minute at 4°C, three times. All subsequent 

centrifugations were performed under the same conditions. Lysate was then added to a set 

of cleaned beads and rocked on a nutator for 30 minutes at 4°C. Beads were pelleted by 
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centrifuging. The supernatant was transferred to a fresh tube of cleaned beads; 3-6uL of 

antibody was added along with RIPA buffer supplemented with PI to a final volume of 

800uL. The sample was rocked on the nutator overnight at 4°C. The following day, the 

sample was centrifuged to pellet the beads. The supernatant was disposed of and the 

beads were washed up to five times by adding 400uL RIPA buffer with PI, mixing gently 

and centrifuging. To the washed pelleted beads, 20uL of 2x Laemmli Sample Buffer 

(Bio-Rad) containing 5% BME was added. The sample was heated for 95°C for 5 

minutes and subsequently centrifuged, and the supernatant was used for Western Blot 

(WB). 

For WB, lysate samples were mixed with an equal volume of 2x Laemmli Sample 

Buffer containing 5% BME and heated at 95°C for 5 minutes. Samples that had been 

frozen were thawed and re-heated at 95°C for 3 minutes. SDS-PAGE gels were made 

using Mini-PROTEAN handcast gel system and 10-well combs (Bio-Rad). Resolving 

gels were prepared at either 8% or 10% acrylamide depending on molecular weight of the 

protein of interest. For electrophoresis the Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell (Bio-Rad) was used. A maximum volume of 20 μL of sample was 

loaded into each well and 2-3 μL of Precision Plus Protein Standards (Bio-Rad) or 

PageRuler Pre-stained Protein Ladder (ThermoFisher) in the end wells. Electrophoresis 

was run at 80 volts for 30 minutes followed by 130 volts for at least one hour. 

Proteins were transferred from the gel to nitrocellulose membrane using the Mini 

Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). Transfer was performed at 60 volts 

for 2 hours. Following transfer, the nitrocellulose membrane was blocked in 5% milk in 

1x PBS with 0.05% Tween-20 (PBST) for 1 hour at room-temperature. The membrane 
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was washed with 2% milk in PBST and incubated with 1° antibody (1:100 – 1:2000) 

overnight at 4°C with nutation. The next day the membrane was washed and incubated 

with 2° antibody (1:1000 – 1:4000) for 1 hour at room temperature with shaking. The 

membrane was again washed and then treated with enhanced chemiluminescence (ECL) 

buffer with .03% hydrogen peroxide for 5 minutes at room temperature with shaking. 

Blots were developed using classic autoradiography technique or the LI-COR Oddessy 

(LI-COR, Lincoln, NE). For a list of antibodies used, refer to Table 6. 

 

DeMoBS - Deletion of Morpholino Binding Sites 

Two sgRNAs (tbx5adeMO1 and tbx5adeMO2) were designed around two S. 

pyogenes PAM sites present within the Tbx5a-MO4 site (134). SgRNAs were ordered 

from Sigma-Aldrich, synthesized and injected along with Cas9 mRNA as described 

above. Pools of 20 injected 3 dpf F0 embryos were collected, genomic DNA was isolated 

and used for PCR with genotyping primers. The PCR product was purified and sent to 

GeneWiz for sequencing. sgRNA efficiency was analyzed using TIDE (135) and 

Synthego ICE (136) softwares. Embryos injected with tbx5adeMO2 sgRNA were raised. 

Three F0 adults were outcrossed and pools of embryos were genotyped for indels using 

T7 endonuclease assay to check for germline transmission, a selected F1 family was 

raised. Adult F1 individuals were tail-clipped, genotyped via PCR and selected 

heterozygous individuals were crossed for subsequent MO injection experiments. 

Two sgRNAs (ctnnbdeMO1 and ctnnbdeMO2) were designed around two S. 

pyogenes PAM sites present within the Ctnnb2-MO1 site (137). Embryos were injected, 

pooled, genotyped and analyzed for sgRNA activity as described above. Three F0 adults 
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were outcrossed to check for germline transmission of indels; an F1 family was raised 

and adults were genotyped using restriction enzyme digestion (Bpu10I). A selected 

heterozygous male was outcrossed to establish an F2 family which was used for 

subsequent MO injection experiments. A list of primer and MO sequences can be found 

in Table 7.  

 

 

 

Name Type Sequence (5’-3’) 

tbx5a-MO4 Morpholino GCCTGTACGATGTCTACCGTGAGGC 

ctnnb1-MO2 Morpholino CTGGGTAGCCATGATTTTCTCACAG 

ctnnb2-MO1 Morpholino CCTTTAGCCTGAGCGACTTCCAAAC 

tbx5aIn1-F2 Primer CAGATTCATGAACTATCGGTGTACA 

tbx5aEx2-R2 Primer CTGTTGAATGTATGTAGTCTGCGAT 

ctnnb2-F1 Primer CTGGCAATTCCTAATGACTCAGTCT 

ctnnb2-R1 Primer AGCCTATAGCGATAAGCTAAATCAC 

Table 7. List of morpholino and primer sequences for Tbx5a and Ctnnb1/2. F: forward, 

R: reverse, In: intron, Ex: exon 
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DeMoBS - Morpholino Injection and Screening 

Tbx5a or Ctnnb2 heterozygous individuals were outcrossed and the yolks of 1-cell 

embryos were injected with either tbx5a-MO4 or a mixture of ctnnb2-MO1 and ctnnb1-

MO2 in a 3 nL volume, respectively. At the end of day 0, unfertilized and damaged 

embryos were removed. Tbx5a and Ctnnb2 injected embryos were observed, categorized 

by phenotype and imaged at 3 dpf and 1 dpf, respectively.   

 

Tbx5a Fluorescent Reporter Constructs 

Forward primers containing a BglII site, either wild-type or mutant tbx5a-MO4 

sequence, and the first 16 bases of eGFP and an eGFP-specific reverse primer containing  

a SpeI site were used to PCR amplify eGFP from pDB783 construct. The PCR products 

were individually ligated into pGem-T Easy (Promega), transformed and mini-prepped. 

BglII and SpeI were used to digest the tbx5a-MO4/eGFP fragments from pGem-T Easy 

and to linearize a pT3TS vector (138). Tbx5a-MO4/eGFP fragments were individually 

ligated into linearized pT3TS vector, transformed and mini-prepped. A schematic of 

plasmid constructs is in Figure 18. 

For mRNA synthesis, tbx5a-MO4/eGFP pT3TS vectors were linearized using 

XbaI. Linearized vectors were used as a template for mRNA synthesis using mMessage 

mMachine T3 Transcription Kit (Invitrogen). pT3TS:mRFP (pDB935) served as an 

injection control and was PCR amplified using M13 forward and M13 reverse primers; 

PCR product was used as a template for in vitro transcription using mMessage mMachine 

T3 Transcription Kit (Invitrogen). 
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Figure 18. Schematic of fluorescent reporter constructs. T3: T3 prokaryotic promoter, 

Xβg: Xenopus beta-globin, eGFP: enhanced green fluorescent protein, mRFP: monomeric 

red fluorescent protein. (139) 

 

 

mRNAs were diluted so that a 3 nL injection would contain 50 ng of tbx5a-

MO4/eGFP mRNA and 100 ng of mRFP mRNA. Batches of TLF embryos were injected 

with a mixture of tbx5a-MO4/eGFP mRNA containing either a wild-type or mutant 

tbx5a-MO4 site, and mRFP mRNA as a control. Half of each batch of embryos was then 

subsequently injected with 8 ng of tbx5a-MO4. The following day, all injected embryos 

were examined for eGFP and mRFP intensity. 
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CHAPTER 3 

RESULTS 

 

zDaam1a, zDaam1b and zDaam2 are Evolutionarily Conserved 

The first step in clarifying the function of zDaam1a, zDaam1b and zDaam2 was 

understanding the level of conservation between them and the corresponding genes in 

other species. Generally speaking, a high level of conservation across species typically 

implies that the gene has significant importance. Interestingly, zDaam1b is the most well-

conserved out of all three zebrafish proteins, with amino acid sameness of 81%, 83% and 

82% with frog, chick and human, respectively. Daam1a is also conserved among species 

at 80% or higher. Daam2 is less well-conserved with percent identity between 73-77% 

with Daam2 in other species. Amino acid percent identities can be found in Table 8 and 

an amino acid alignment of zDaam1a/b with Daam1 from other species is in Figure 19. 

The multiple sequence alignment exhibits the high level of conservation among the 

Daam1 proteins in different species, especially within the conserved domains. 

 

 Frog Daam1 Chick Daam1 Human Daam1 

zDaam1a 80% 82% 81% 

zDaam1b 81% 83% 82% 

 Frog Daam2 Chick Daam2 Human Daam2 

zDaam2 73% 77% 73% 

Table 8. Percent identity of amino acid sequences of zDaam1a/b and zDaam2 with other 

species. Amino acid sequences from Ensembl. 
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zDaam1a MMAPRKRG--GRGLSFLCCCLKGSDHPEITYSLRHGSNFTLQTMEPTLPMPPTEELDAMFTELVDELDLTEKHRAAMFALPAEKKWQIYCSKKKEQEENKGA------------------ 118 

zDaam1b -MAPRKRGGGGHGASFFFCCFQSSDHPEITYRLRE--DFALQTMEPALPIPSYDELDAMFSELVDELDLTEKHREAMFALPAEKKWQIYCSKKKEQEENKGATSWPEFYIDQLNSMAARK 117 

xDaam1  -MAPRKRN--SRGVSFIFCCFRSSEHPEITYRLRNDSNFALQSMEPALPVPPVEELDAMFVELVDELDLSEKHREAMFALSAEKKWQIYCSKKKVRM-------------------YFMQ 98 

cDaam1  -MAPRKRS--GRGISFIFCCFRSSDHPEITYRLRNDSSFALQTMEPALPMPPVEELDVMFTELVDELDLTDKHREAMFALPAEKKWQIYCSKKKDQEENKGATSWPEFYIDQLNSMAARK 117 

hDaam1  -MAPRKRG--GRGISFIFCCFRNNDHPEITYRLRNDSNFALQTMEPALPMPPVEELDVMFSELVDELDLTDKHREAMFALPAEKKWQIYCSKKKDQEENKGATSWPEFYIDQLNSMAARK 117 

                                                         ----------------------------------------------------------------------- 

 

zDaam1a SLLALEKEDEEERNKTIESLKTALRTQPMRFVTRFIDQDGLTCILNFLKTMDYETTESQIHTSLIGCIKALMNNSQGRAHVLSHSESINIIAQSLATENIKTKVAVLEIMGAVCLVPGGH 238 

zDaam1b TLLALEKEEEEERNKTIESLKTALRTQPMRFVTRFIDLDGLTCILNFLKSMDYETTESQIHTSLIGCIKALMNNSQGRAHVLSHTESINIIAQSLATDNIKTKVAVLEIMGAVCLVPGGH 237 

xDaam1  CLFSCEDEDEDERNKTIESLKTALRTKPMRFVTRFIDLDGLTCILNFLKCMDYEIAESQIHTSLIGCIKALMNNSQGRAHVLAHSESINVIAQSLATENIKTKVAVLEIMGAVCLVPGGH 218 

cDaam1  SLIALEKEEEEERNKTIESLKTALRTKPMRFVTRFIDLDGLSCILNFLKSMDYETAESRIHTSLIGCIKALMNNSLGRAHVLAHSESINVIAQSLSTENIKTKVAVLEIMGAVCLVPGGH 237 

hDaam1  SLLALEKEEEEERSKTIESLKTALRTKPMRFVTRFIDLDGLSCILNFLKTMDYETSESRIHTSLIGCIKALMNNSQGRAHVLAHSESINVIAQSLSTENIKTKVAVLEILGAVCLVPGGH 237 

        -------------------------------------------------------------------------------------------------------------------  ---           

 

zDaam1a KKILEAMLHYQKFACERTRFQTLLNDLDRSTGRYRDEVNLKTAIMSFINAVLSQGAGETSLEFRIHLRYEFLMLGIQPVIDKLRSHENSTLDRHLDFFEMLRNEDELALAKRFENVHVDT 358 

zDaam1b KKILEAMLHYQKFACERTRFQTLLNDLDKSTGRYRDEVSLKTAIMSFINAVLSQGAGESSLEFRVHLRYEFLMLGIQPIIDKLRSHENSTLDRHLDYFEMLRNDDELTLSRRFEAIHIDT 357 

xDaam1  KKVLEAMLHYQRYASERTRFQTLINDLDRSTGRYRDEVSLKTAIMSFINAVLSQGAGE-SLDFRLHLRYEFLMLGIQPVMDKLREHENSTLDRHLDFFEMLRNEDELEFAKRFDLVHIDT 337 

cDaam1  KKVLEAMLHYQKYASERTRFQTLINDLDKSTGRYRDEVSLKTAIMSFINAVLSQGAGVESLDFRLHLRYEFLMLGIQPVIDKLREHENSTLDRHLDFFEMLRNEDELEFAKRFELVHIDT 357 

hDaam1  KKVLQAMLHYQKYASERTRFQTLINDLDKSTGRYRDEVSLKTAIMSFINAVLSQGAGVESLDFRLHLRYEFLMLGIQPVIDKLREHENSTLDRHLDFFEMLRNEDELEFAKRFELVHIDT 357 

        ------------------------------------------------------------------------------------------------------------------------ 

 

zDaam1a KSATQMFELIRKRINHTDAFPHFISVLQHCLHMPYKKTGNTVQYWVLLDRIVQQIILQNDKGLDPDVAPLENFDVKNVVRMLVNENEVKQWKEQAEKMRKEHNELQQKLEKKERECDAKA 478 

zDaam1b KSATQVFELVRKKLAHTDAYPHFMSVLHHCLLMPHKRSGNTVQYWLLLDRIVQQMVLQNDKGHDPDATPLENFNVKNVVRMLVNENEVKQWKEQAEKMRKDHHELQQKMEKKERECDAKT 477 

xDaam1  KSATQMFELIRKRLTHTESYPHFTSIMHHCLQMPYKRSGNTVHHWLLLDRIVQQIVIQNEKGQDPDISPLENFNVKNVVRMLVNENEVKQWKEQAEKMRKEHNELQQKLEKKERECDAKT 457 

cDaam1  KSATQMFELTRKRLTHTEAYPHFMSILHHCLQMPYKRSGNTVQYWLLLDRIIQQIVIQSDKGQDPDATPLENFNIKNVVRMLVNENEVKQWKEQAEKMRKEHTELQQKLEKKERECDAKA 477 

hDaam1  KSATQMFELTRKRLTHSEAYPHFMSILHHCLQMPYKRSGNTVQYWLLLDRIIQQIVIQNDKGQDPDSTPLENFNIKNVVRMLVNENEVKQWKEQAEKMRKEHNELQQKLEKKERECDAKT 477 

        --------------------------------------------------------------------------------- 

 

zDaam1a QEKEEMMQTLNKMKEKLEKESSEHKLVKQQVADLSARLHEMSNR-----------T-NIPGGPPLA-PLGPG-LPPPPPPPGQAGLP--P--PPP-PGG--AP-PPPPPPPGGPPPPPGL 576 

zDaam1b QEKEEMMQTLNKMKEKLEREMGEHKLVKQQVAEMTTRLHELSTRQI---------A-SVPGGPPVSGPLGGPLLPPPPPPPPGGMMP--PPPPPP-PCGAMMP-PPPPPPPGGPPPPPGR 583 

xDaam1  QEKEEMMQTLNKMKEKLEKETTEYKNVKQQVAELTAQIQELNSVSILAYVFIVFILAQIPGCPPPPPGAPGG-------PMSGNFMPPPPPPPPPMLCGI-APPPPPPPPPGGPPPPPGP 569 

cDaam1  QEKEEMMQTLNKMKEKLEKESSEHKQVKQQVADLTAQLHEMSRRAI---------CAAGPGGPPLPPGAPGG--PLPS-PAPGSLLP--PPPPPPPPGGCPPPPPPPPPPPGGPPPPPGP 583 

hDaam1  QEKEEMMQTLNKMKEKLEKETTEHKQVKQQVADLTAQLHELSRRAV---------CASIPGGPS--PGAPGG--PFPS-SVPGSLLP--PPPPPPLPGGMLPPP-PPPLPPGGPPPPPGP 580 

                                                               ---------  ------  ---- --------  --------------- -------------- 

 

zDaam1a LGFGA-PPPPGGLLGSTLKKKNIPQPSNPLKSFNWTKLSENKLEGTVWLDLDDVRVFKQLDLEDIEKTFSAYQRQQDFLF----------------------------NNFRQKESE--D 665 

zDaam1b PPFGSAPPPPGAPIGPSLKKKNIPQPSNPLKSFNWAKLSENKLEGTVWADVDDGRVFKILDLEDIEKTFSAYQRQQDFFMV---------------------------NNNKQKETE--D 674 

xDaam1  PLLGT--APPGAPMGPAMKRKNIPQPKNPLKSFNWVKL--NKLEGTLWIDLDDAKVFKILDLEDIERTFSAYQRQQVMIHFMFGGYLVGRICHLLLPTISNISRTVCCSSSVVGETDCTD 685 

cDaam1  PPLDGVMPPPGAPLGFALKKKSIPQPTNALKSFNWSKLPENKLAGTVWTDIDDAKVFKILDLEDLERTFSAYQRQQDFFVS---------------------------SNSRQKE-DAID 675 

hDaam1  PPLGAIMPPPGAPMGLALKKKSIPQPTNALKSFNWSKLPENKLEGTVWTEIDDTKVFKILDLEDLERTFSAYQRQQDFFVN---------------------------SNSKQKEADAID 673 

        ---------------------------------------------------------------------------------                           ------------ 
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zDaam1a DT-VTSKKVKELSVIDGRRAQNCNILLSKLKLSNEEIKRAILTMDEQEDLPKDMLEQLLKFVPEKSDVDLLEEHKHELERMAKADRFLYEMSRINHYQQRLQSLYFKKKFAERIAEIKPK 784 

zDaam1b DT-LSSKKVKELSVIDGRRAQNCNILLSRLKLSNEEIKRAILTMDEQEDLPKDMLEQMLKFVPEKSDVDLLEEHKHELDRMAKADRFLYEMSRINHYQQRLQSLYFKKKFAERIAEIKPK 793 

xDaam1  DTLSSKMKVKELSVIDGRRAQNCNILLSRLKLTNEEIKRAILTMDEQEDLPKDMLEQLLKFVPEKSDIDLLEEHKHELDRMAKADRFLFEMSRINHYQQRLQSLYFKKKFAERVAEVKPK 805 

cDaam1  DTLSSRHKVKELSVIDGRRAQNCNILLSRLKLSNEEIKRAILTMDEQEDLPKDMLEQLLKFVPEKGDIDLLEEHKHELDRMAKADRFLFEMSRINHYQQRLQSLYFKKKFAERVAEVKPK 795 

hDaam1  DTLSSKLKVKELSVIDGRRAQNCNILLSRLKLSNDEIKRAILTMDEQEDLPKDMLEQLLKFVPEKSDIDLLEEHKHELDRMAKADRFLFEMSRINHYQQRLQSLYFKKKFAERVAEVKPK 793 

        ------------------------------------------------------------------------------------------------------------------------ 

 

zDaam1a VEALSKASKEVLQSKNLRQLLEIVLAFGNYMNKGQRGNAYGFKVSSLNKIADTKSSIDKNVTLLHYLITVLEQKYPKVSLIHEDLQNVPVAAKVNMTELEKDINNLRSGLKSVETELEYQ 904 

zDaam1b VEALTKASKEVLHSRNFKQLLEVVLAFGNYMNKGQRGNAYGFKISSLNKIADTKSSIDKNITLLHYLITILEKKYSKVMLFQEELKNVPEAAKVNMTELEKEINNLRSGLKSVESELDFQ 913 

xDaam1  VEAIRDASKEVLQSKCLKQLLEVVLAFGNYMNKGQRGNAYGFKVSSLNKIADTKSSIDKNITLLHYLITVVEKKYPKIVNLHEELQAISVAAKVNMTELEKEIGTLRNGLKSVENELEYQ 925 

cDaam1  VEAIRAGSKAVLQSSSLQQLLEVVLAFGNYMNKGQRGNAFGFKISSLNKIADTKSSIDKNITLLHYLITIVEKKYPKVLRLHEELRDIPQAAKVNMTELEKEVNTLRSGLRAVETELDFQ 915 

hDaam1  VEAIRSGSEEVFRSGALKQLLEVVLAFGNYMNKGQRGNAYGFKISSLNKIADTKSSIDKNITLLHYLITIVENKYPSVLNLNEELRDIPQAAKVNMTELDKEISTLRSGLKAVETELEYQ 913 

        ------------------------------------------------------------------------------------------------------------------------ 

 

zDaam1a RTQPQTYGDKFVSVVSQFITVAGFSFSDIEDSLQDAKDSFGKAVQHFGEDATRMQPDEFFGIFDQFLQGFSEAKQDNENMRRRKEEEERRARMEAQLKEQRERERKSRKAKENCEE-DGE 1023 

zDaam1b KKRPQEYGDKFVSVVSQFITVASFSFSDVEDSLCEAKELFIKTVKHFGEDADKMQPDEFFGIFDQFLQSFAEARQENENIRRRKEEEERRARMEAQLKEQREKERKARKAKENGEDDGGE 1033 

xDaam1  KTQPTLPGDKFVSVVSQFITVAGFSFCDVEDLLSEAKELFMKSAKHFGEETNKMQPDEFFGIFDQFLQAFLEAKQENENIKKRKEEEERRIRMEAQLKEQRERERKARKAKENGEE-EGE 1044 

cDaam1  KSQVQQTGDKFVSVVSQFITLASFSFSDVEDLLAEAKELFSKAVKHFGEDTDKMQPDEFFGIFDQFLQAVTEAKQENENMRRRKEEEERRARMEAQLKEQRERERKARKAKESGEE-GGE 1034 

hDaam1  KSQPPQPGDKFVSVVSQFITVASFSFSDVEDLLAEAKDLFTKAVKHFGEEAGKIQPDEFFGIFDQFLQAVSEAKQENENMRKKKEEEERRARMEAQLKEQRERERKMRKAKENSEE-SGE 1032 

        ------------------------------------------------------------------------------------------------             ------- --- 

 

zDaam1a FDDLVSALRSGEVFDKDMSKMKHNRKRPVKSSAESSRERPVTKLNF 1069 

zDaam1b FDDLVSALRSGEVFDKDLSKMKRNRKRINSQTSDSGRERPITKLNF 1079 

xDaam1  FDDLVSALRSGEVFDKDLSKLKRNRKRIASQNTESSRERPVTKLNY 1090 

cDaam1  FDDLVSALRSGEVFDKDLSKLKRNRKRIANQLADSGRERPITKLNF 1080 

hDaam1  FDDLVSALRSGEVFDKDLSKLKRNRKRITNQMTDSSRERPITKLNF 1078 

        -------------------------- 

 
Figure 19.  Multiple sequence alignment of Daam1 amino acid sequences. The alignment shows the high level of conservation 

between zebrafish Daam1a/b, Xenopus tropicalis Daam1, chick Daam1 and human Daam1 proteins. Amino acids highlighted in green 

indicate conservation of the residue between all proteins, those in grey reflect highly similar residues between proteins. Highlighted 

dashed lines indicate the locations of conserved domains in human Daam1. Yellow: GBD, light blue: FH3, dark blue: FH1, fuchsia: 

FH2, red: DAD. Domain information from Ensembl. 
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                                                         --------------------------------------------------- 

zDaam1a MMAPRKRG--GRGLSFLCCCLKGSDHPEITYSLRHGSNFTLQTMEPTLPMPPTEELDAMFTELVDELDLTEKHRAAMFALPAEKKWQIYCSKKKEQEE-N 97 

zDaam2  -MPPRKRTQPTLG---ILCCFKSGEPPEINLK----DSVPLQLLEFSAPMPPEEELHARFSELVDDLDLTDKNREAMFALPAEKKWQIYCSKKKEQEDPN 92 

                                                         --------------------------------------------------- 

 

        ---------------------------------------------------------------------------------------------------- 

zDaam1a KGATSWPEFYIDQINSMAARKSLLALEKEDEEERNKTIESLKTALRTQPMRFVTRFIDQDGLTCILNFLKTMDYETTESQIHTSLIGCIKALMNNSQGRA 197 

zDaam2  KLATSWPDYYIDRINSMAAMQTLFAFDEAEIEMRNKVVEDLKTALRTQPMRFVTRFIELDGLTCLLTFLRSMDYETSESRIHTSIIGCIKALMNNSQGRA 192 

        ---------------------------------------------------------------------------------------------------- 

 

        ------------------------------------  -------------------------------------------------------------- 

zDaam1a HVLSHSESINIIAQSLATENIKTKVAVLEIMGAVCLVPGGHKKILEAMLHYQKFACERTRFQTLLNDLDRSTGRYRDEVNLKTAIMSFINAVLSQGAGET 297 

zDaam2  HVLAHPQSINTISQSLHQDNIKTKVAVLEILGAVCLVPDGHKKVLQAMAHYQKFAAERTRFQSLLNGLDRSTGHYRDEVNLKTAIMSFINAMLNAGVGEE 292 

        -------------------------------------  ------------------------------------------------------------- 

 

        ---------------------------------------------------------------------------------------------------- 

zDaam1a SLEFRIHLRYEFLMLGIQPVIDKLRSHENSTLDRHLDFFEMLRNEDELALAKRFENVHVDTKSATQMFELIRKRINHTDAFPHFISVLQHCLHMPYKKTG 397 

zDaam2  SIEFRLHLRYEFLMLGIQPVIEKLRAHDNATLDRHLDFFEMVRNEDELELAKRFDSMHVDTKSAGQMFELIKKKLSHTDAYPHLLSILQHCLKMPYKHDA 392 

        ---------------------------------------------------------------------------------------------------- 

 

        ------------------------------------- 

zDaam1a NTVQYWVLLDRIVQQIILQNDKGLDPDVAPLENFDVKNVVRMLVNENEVKQWKEQAEKMRKEHNELQQKLEKKERECDAKAQEKEEMMQTLNKMKEKLEK 497 

zDaam2  GSIQQWQLLDRILQQIVLQDENGENPDVSPLENFNVRNIIKMLVNENEVKQWRDQAEKFRKEHVELMTRLERKDRECETKTQEKEDMMKTLNKMKDKLQR 492 

        ------------------------------------- 

 

 

zDaam1a ESSEHKLVKQQVADLSARLHEMSNR--TNIPGGPPLA-PLGPG-LPPPPPPPGQ------AGLPP--PPPPGG--APPPPPPPPGGPPPPPGLLGFGA-- 581 

zDaam2  EGVELRSAKEQYVGVP-----------------LPFPHPLPGSPMPPPPPSPPIMLGGSPLLFPPPPPPPPPPLLHPPPPPPPPLLPPLPPSF-AFSTPP 574 

 

 

                            -------------------------------------------------------- 

zDaam1a -----PPPP-GGLLGSTLKKKNIPQPSNPLKSFNWTKLSENKLEGTVWLDLDDVRVFKQLDLEDIEKTFSAYQRQQ------------------------ 651 

zDaam2  IFSGIPPGPASNSSTTSPQTKSIPQPSQPLKSFNWSKLGGNEITDTIWYGIDDRRAFKVLDLKDIEKMFSAYQRQQVCKCASCIFNRGTAASRGFAQTKT 674 

                           --------------------------------------------------------------------------------- 

 

            ------------------------------------------------------------------------------------------------ 

zDaam1a ----KESEDDTVTSKKVKELSVIDGRRAQNCNILLSKLKLSNEEIKRAILTMDEQEDLPKDMLEQLLKFVPEKSDVDLLEEHKHELERMAKADRFLYEMS 747 

zDaam2  AKETGSMDDLNLSARKVKELSVIDGRRAQNCVILLSKLKMSNEELKRAVLEMDEREELAKDMLEQLLKFVPEKSDMDLLEEHKHELERMARADRFLFEMS 774 

        ---------------------------------------------------------------------------------------------------- 

 

 

        ---------------------------------------------------------------------------------------------------- 

zDaam1a RINHYQQRLQSLYFKKKFAERIAEIKPKVEALSKASKEVLQSKNLRQLLEIVLAFGNYMNKGQRGNAYGFKVSSLNKIADTKSSIDKNVTLLHYLITVLE 847 
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zDaam2  RIDHYQQRLQSLFFKKKFADRLAETKPKAEAILCASREVMRSKLLRQVLEVVLAFGNFMNKGQRGNAYGFKVSSLNKIIDTKSSIDRNITMLHYLIMIFE 874 

        ---------------------------------------------------------------------------------------------------- 

 

 

        ---------------------------------------------------------------------------------------------------- 

zDaam1a QKYPKVSLIHEDLQNVPVAAKVNMTELEKDINNLRSGLKSVETELEYQRTQPQTYGDKFVSVVSQFITVAGFSFSDIEDSLQDAKDSFGKAVQHFGEDAT 947 

zDaam2  KNYPDILSIQQDLCSVSEAAKVNLAELEKEVSSIRSGLKALEVELRYQQSRVCDRGDKFVPVVSDFITVASFSFSELEELLNEAKDKFSMALKHFGEEEG 974 

        ---------------------------------------------------------------------------------------------------- 

 

 

        --------------------------------------------                  --- ----------------------------- 

zDaam1a RMQPDEFFGIFDQFLQGFSEAKQDNENMRRRKEEEERRARMEAQLKEQRERERKSRKAK-ENCEE-DGEFDDLVSALRSGEVFDKDMSKMKHNRKRPV-K 1044 

zDaam2  RMQPDEFFGIFDIFLQSFSEARHDLKNMQRCKEEEERKIRLEAMLKDQRERERRAKKGTKGSVSEEVGEFDDLVSALRSGEVFDKDSK-LKRNRKRSVNQ 1073 

        -------------------------------------------                   -------------------------- ------ 

 

 

zDaam1a SSAESSRERPVTKLNF 1060 

zDaam2  LADAGGRERSVTKMNY 1089 

 

 

 

Figure 20. Amino acid sequence alignment between zDaam1a and zDaam2. Alignment of zDaam1a and zDaam2 amino acid 

sequences. Dashed lines indicate conserved domains for zDaam1a (above alignment) and zDaam2 (below alignment). Yellow: GBD, 

Light Blue: FH3, Fuchsia: FH2, Red: DAD. *Note: FH1 domain is not annotated in zebrafish Daam proteins. Amino acid sequences 

and domain information from Ensembl.
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In order to predict if the zebrafish Daam genes could potentially compensate for 

one another in the event of loss-of-function of one or two of the genes, I sought to 

examine the level of coding sequence and amino acid identity between them. As 

expected, zDaam1a and zDaam1b show the highest level of identity of both the DNA 

coding and amino acid sequences (76% and 85%, respectively). The level of identity 

between zDaam1a or zDaam1b with zDaam2 is significantly lessened (Figure 21). 

 

 

Figure 21. Coding sequence and amino acid sequence identity among the zebrafish Daam 

genes/proteins. Coding sequences and amino acid sequences from Ensembl.
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Zebrafish Daam Genes are Expressed in Early Development 

The roles of Daam1 and Daam2 in early embryonic development have been 

studied in frog, chick, and mouse; however, with zebrafish ever-growing in popularity as 

a model for reverse genetics and development, understanding the role of the zebrafish 

Daam genes will be important for future studies. I sought to investigate if the temporal 

expression patterns of zDaam1a, zDaam1b and zDaam2 during embryogenesis are 

comparable to what is seen in other species. Wild-type zebrafish embryos were collected 

at various stages throughout the first 24 hours of development and used for RT-PCR 

(Figure 22). The RT-PCR data shows that zDaam1a is expressed maternally and steadily 

throughout the first 24 hours of development, whilst zDaam1b is expressed at lower 

levels maternally and through blastula stages, with expression increasing from epiboly 

through 24 hpf. zDaam2 is not expressed maternally but becomes detectable during 

gastrulation and remains highly expressed through 24 hpf. RT-PCR data was also 

compared to expression data available via EMBL-EBI Expression Atlas (Figure 23).  

 

Figure 22. RT-PCR showing temporal expression pattern of zebrafish Daam genes. -RT: 

no reverse transcriptase.
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Figure 23. Temporal expression of the zebrafish Daam genes in embryonic development. Baseline RNA-seq data available through 

EMB-EBI Expression Atlas shows that zDaam1a is expressed throughout the first 24 hours of development, but peaks during cleavage 

stages and tapers off after gastrulation. zDaam1b has an inverse expression pattern to that of zDaam1a and is expressed at an overall 

lower level than zDaam1a. zDaam2 is not expressed early on but becomes detectable during gastrulation albeit at extremely low 

levels.  
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In addition to using RT-PCR to examine temporal expression, I also performed 

whole mount in situ hybridization (WISH) to examine expression of the three Daam 

genes spatially. Wild-type embryos were collected at various stages throughout the first 

24 hours of development and used for WISH. zDaam1a is weakly detectable at blastula 

stages and shows a ubiquitous expression pattern from gastrula stages through 24 hpf; 

however, by 24 hpf expression has concentrated in the eye and brain regions. Similarly, 

zDaam1b is weakly detectable at blastula stages but is more easily seen by late 

gastrulation and is expressed in an unrestricted fashion through 24 hpf; zDaam1b also 

concentrates in the head and eye region by 24 hpf with a small area of expression in the 

tip of the tail. zDaam2 is detectable in a manner similar to both zDaam1a and zDaam1b 

with the exception of blastula stages (Figure 24).  

 

Figure 24. Whole mount in situ hybridization of zDaam1a, zDaam1b and zDaam2 in 24 

hpf wild-type zebrafish embryos. 
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CRISPR  Mutagenesis 

CRISPR single guides were designed to target the first coding exon of zDaam1a, 

zDaam1b and zDaam2 (Figure 25A).  The expectation was that by inducing a frameshift 

mutation in the first coding exon, the remaining coding sequence would no longer be in-

frame, leading to the production of a truncated and/or non-functional protein, or the out-

of-frame mRNA would be subject to NMD. Previous graduate student Kaushik Nama 

isolated two mutant frameshift alleles each in zDaam1b and zDaam2 (Table 9). 

zDaam1a sgRNAs were injected individually along with Cas9 mRNA into the 

yolks of 1-cell wild-type zebrafish embryos. sgRNAs were designed so that restriction 

enzyme sites would be within or near the expected Cas9 cut site. F0 injected embryos 

were pooled (n = 20) and examined for sgRNA efficiency by PCR-amplifying genomic 

DNA from the pools and using half of the reaction (10 μL) for restriction enzyme digest 

using XcmI. Siblings of F0 pools showing loss of XcmI activity were raised; adult F0 

males were outcrossed and pools of F1 embryos (n = 20) were genotyped (Figure 25B).  

F1 embryos from five F0 male outcrosses were raised, tail clipped and subsequently 

genotyped in the same manner. The undigested (assumed mutant allele) band from F1 

heterozygous adults was purified and sent to GeneWiz for sequencing. Two frameshift 

alleles were recovered; a (-2) allele and a (-4) allele (Table 9). zDaam1a (-2) and (-4) 

heterozygous individuals were further incrossed to establish stable lines. Because 

zDaam1a is a maternally expressed gene, it was important to establish homozygous lines 

that could be crossed to produce maternal-zygotic offspring. 
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Figure 25. CRISPR designs and Genotyping of zDaam1a F1 embryo pools. (A) Diagram 

of the zebrafish Daam genes and location of single guide targets. Blue: single guide 

target, Blue underlined: restriction enzyme site for genotyping, Black bolded: PAM site 

(B) Pools of F1 embryos were genotyped using PCR and restriction enzyme digestion 

which was then visualized via agarose gel electrophoresis as shown. Red arrow: 

undigested PCR product (~517bp), Orange arrows: digestion products (363bp and 

153bp). F0 #’s 1, 2, 3, 5 and 7 exhibit loss of XcmI digestion. 

 

A 

B 
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Homozygous lines were established for two recovered alleles each in zDaam1a, 

zDaam1b and zDaam2. None of the zygotic or maternal-zygotic mutants display any 

developmental phenotypes. 

 

Table 9. Frameshift alleles recovered from CRISPR/Cas9 mutagenesis. 

 

 

CRISPR Mutants Exhibit Changes in mRNA Expression 

As previously discussed, one of the most common problems for zebrafish 

researchers in the era of CRISPR/Cas9 is the lack of mutant phenotypes; frequently, 

zebrafish mutants will not display any phenotypes at all. Seeing that none of my zDaam 

mutants displayed any developmental defects, my main suspicion was that wild-type 

zDaams could compensate for the knock-out of others, thereby concealing possible 

phenotypes (122, 123). 

In an effort to dampen the possibility of wild-type zDaams compensating for loss 

of a mutant zDaam gene, double and triple zDaam mutants were generated. Homozygous 

Gene Restriction Site 5’-3’ Allele Premature Stop 

zDaam1a XcmI - CCACTGAG^GAGCTGG (-4) 357 bases before TAG 

zDaam1a XcmI - CCACTGAG^GAGCTGG  (-2) 150 bases before TGA 

zDaam1b HpyCH4III - ACC^GT (-4) 432 bases before TGA 

zDaam1b HpyCH4III - ACC^GT  (+1) 153 bases before TGA 

zDaam2 StyD4I - ^CCCGG  (-13) 66 bases before TGA 

zDaam2 StyD4I - ^CCCGG (+23) 27 bases before TGA 
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mutants for each zDaam gene were incrossed with other zDaam mutants (e.g.    

zDaam1a-2/-2 crossed with zDaam1b+1/+1) to eventually establish double and triple 

homozygous lines (Table 10). None of these mutant combinations display any visible 

phenotypes during embryonic development.  

 

Table 10.  Established lines of double and triple zDaam mutants. 

 

I used RT-PCR to examine changes in transcription levels in all three zDaam 

genes in single and double mutants. I hypothesized that NMD of one or two mutant 

zDaam(s) would prompt expression changes by the remaining wild-type gene(s). Regions 

of the coding sequence of zDaam1a, zDaam1b and zDaam2 were amplified using batches 

of wild-type or mutant embryos collected at either blastula stage or 24 hpf to examine 

maternal or zygotic expression, respectively. 

The only alleles that show detectable NMD are zDaam1a (-4) and zDaam1a (-2)  

in blastula-stage embryos. Maternally, zDaam1b is upregulated in zDaam1a-2/-2 and 

zDaam2-13/-13 embryos., but interestingly not in zDaam1a-4/-4 embryos despite the 

presence of NMD. zDaam2 did not show any up-regulation maternally in response to 

mutations in zDaam1a and/or zDaam1b (Figure 26, Table 11). 

Genotype Phenotype 

zDaam1a-2/-2/zDaam1b+1/+1 None apparent 

zDaam1b+1/+1/zDaam2-13/-13 None apparent 

zDaam1b-4/-4/zDaam2+23/+23 None apparent 

zDaam1a-2/-2/zDaam1b+1/+1/zDaam2-13/-13 None apparent 
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Zygotically, it appears that any of the three zDaam genes may increase expression 

in response to mutants, however, it also seems that even mutant zDaam genes can be up-

regulated. Additionally, some mutant genes are up-regulated even when the other two are 

wild-type; for instance, in zDaam1a-2/-2 and zDaam1b-4/-4 single homozygous mutants, the 

mutant genes are each zygotically up-regulated despite the other two wild-type genes also 

showing increased transcription (Figure 26, Table 11).  

 

Figure 26. RT-PCR for zDaam1a, zDaam1b and zDaam2 in single and double mutant 

embryos. The left panel shows PCR using embryos at blastula stage, representing 

maternal expression. The right panel shows 24 hpf embryos, representing zygotic 

expression. Labels at the top of each panel indicate the mutant line, labels down the left 

sides of the panels denote the gene being amplified. zDaam2 was not detectable in any 

blastula-stage samples. β-actin was used as a control. -RT: no reverse transcriptase. 
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Line  D1a-4/-4 D1a-2/-2 D1b-4/-4 D2-13/-13 

D1a-2/-2 
D1b+1/+1 

D1b+1/+1 
D2-13/-13 

Wild 
Type 

32
-c

el
l zDaam1a 0.2 0.2 1.0 1.1 0.3 1.0 1.0 

zDaam1b 1.0 1.4 0.8 1.7 1.2 0.9 1.0 
          

24
 h

p
f 

zDaam1a 1.1 1.5 1.1 1.0 2.0 1.1 1.0 

zDaam1b 2.5 2.8 1.9 1.2 2.4 1.9 1.0 

zDaam2 1.4 1.8 1.6 1.0 1.4 1.2 1.0 

 Table 11. Semi-quantitative analysis showing relative change in expression levels of 

zDaams in single and double mutant lines. This table is a quantitative representation of 

Figure 26. ImageJ was used to measure band intensity from gel images. Measurements 

were normalized to β-actin controls and measured against wild-type expression levels. 

Each column represents a mutant fish line and each row represents relative expression of 

the indicated gene. Colors indicate degree of relative change as compared to wild-type. 

Orange: decrease by ≥ 50%, light blue: increase by ≥ 50%, medium blue: increase by ≥ 

100%, dark blue: increase by ≥ 150% 

 

 

 

 

 

α-Daam1 Antibody is Capable of Pulling Down Zebrafish Daam1a Protein 

Another way of determining the functionality of a mutant gene is to examine 

protein expression, most often via Western Blot (WB). Mutant transcripts that do not 

undergo NMD may be able to produce either a truncated protein that is fully or semi-

functional or a protein that is completely non-functional. Because the zDaam mutant 

alleles are still detectable at the mRNA level, I chose to use WB to examine any possible 

protein expression. Several α-Daam1 were tested in WB against a variety of constructs 

that were overexpressed in HEK cells including GFP-tagged human Daam1 (GFP-

hDaam1), HA-tagged human Daam1 (HA-hDaam1), GFP-tagged zebrafish Daam1a 

(GFP-zDaam1a) and GFP-tagged Xenopus Daam2 (GFP-xDaam2). One polyclonal 

antibody successfully detected all three overexpression constructs as well as endogenous 
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Daam1 from the HEK cells (Figure 27A). This antibody was then used against wild-type, 

double mutant and triple mutant zebrafish lysates to examine the presence or absence of 

Daam proteins. 

Lysates from 24-hpf TLF, zDaam1a/1b double mutant, and zDaam1a/1b/2 triple 

mutant embryos were run on a standard WB alongside untransfected (UT), GFP-hDaam1, 

GFP-zDaam1a and GFP-xDaam2 HEK cell lysate. Although the antibody successfully 

detected the GFP expression constructs as well as endogenous human Daam, it did not 

detect any proteins at the suspected sizes of the zDaams (approximately 125kD) (Figure 

27A). Endogenous proteins can be more difficult to detect than over-expressed 

constructs, and the protein concentration in the embryo lysate samples appeared lower in  

β-actin controls when compared to HEK cell lysate. To address this, immuno-

precipitation (IP) was used to concentrate the amount of Daam protein in the embryo 

samples. 

The same polyclonal α-Daam1 was used for IP in transfected HEK cells and wild-

type zebrafish embryos. The IP samples were then run on a WB and blotted with the α-

Daam1 antibody. The antibody was capable of precipitating HA-hDaam1 and GFP-

zDaam1a in the transfected HEK samples, but strangely not GFP-xDaam2 despite 

detecting it previously in WB. It does appear that there is the presence of the endogenous 

Daam band across HEK IP samples, albeit quite faint. The WB did not reveal the 

presence of any well-defined bands of the predicted sizes for the zDaams in the embryo 

sample (Figure 27B). Because the antibody is capable of pulling down and detecting 

overexpressed zDaam1a in WB, it is likely that it would also be able to detect 
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endogenous zDaam1a, however, the lysis and IP procedure may need to be adjusted to 

obtain and more concentrated protein sample. 

 

Morpholino Knock-Down of  zDaams 

Because morpholino knock-down does not elicit a genetic compensation response 

in the same way the genetic knock-out does, I proposed it would be beneficial to examine 

the effects of knocking down individual and multiple zDaam genes in zebrafish embryos. 

As previously mentioned, however, MOs do tend to generate off-target and toxicity-

related effects that can be mistaken for genuine morphant phenotypes; therefor, results of 

MO experiments must be examined and controlled with great scrutiny. To help address 

this problem, all MOs targeting zDaams were accompanied with 1 ng of a MO targeting 

p53 to alleviate neural toxicity, a common problem associated with MO usage in 

zebrafish . Additionally, two MOs were used to knock down zDaam1b, as the MO 

initially used elicited phenotypes commonly associated with off-target effects including 

cardiac edema; these MO’s are referred to as D1b.1 and D1b.2. 

Wild-type zebrafish embryos were collected for micro-injection immediately 

following fertilization. Morpholinos targeting zDaam1a, zDaam1b and/or zDaam2 were 

injected either individually or in various combinations. To examine dose-dependent 

responses, all experiments were performed using varying amounts of MO including 2 ng, 

4 ng and 6 ng. MOs were injected along with 1 ng p53 MO into the yolk of cleavage 

stage embryos between 1- and 4-cell stage. At the end of day 0, unfertilized or decaying 

embryos were removed and the remaining embryos were incubated overnight. On day 1, 
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Figure 27. α-Daam1 antibody is capable of detecting Daam constructs. A. Western blot using polyclonal α-Daam1 antibody against 

overexpressed Daam constructs in HEK cells and zebrafish embryo lysates. B. Western blot using polyclonal α-Daam1 antibody 

against lysates and  IP samples of Daam constructs and zebrafish embryos. UT HEK: untransfected HEK lysate, GFP-hDaam1: GFP-

tagged human Daam1, GFP-zDaam1a: GFP-tagged zebrafish Daam1a, GFP-xDaam2: GFP-tagged xenopus Daam2, HA-hDaam1: 

HA-tagged human Daam1, TLF: wild-type 24-hpf zebrafish embryo lysate, D1a/D1b: Daam1a/1b double mutant zebrafish embryo, 

D1a/1b/2: Daam1a/1b/2 triple mutant embryo, kD: kilodaltons, IP: samples immunoprecipitated with α-Daam1 antibody.

A 

B 
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chorions were removed from the embryos using Pronase, and embryos were examined 

using a dissecting microscope. For some experiments, embryos were kept alive through 

day 5 to examine pigmentation and cardiac development. 

Due to previous knowledge that Daam1 and Daam2 play a role in non-canonical 

Wnt signaling, and therefor gastrulation and axial extension events, I examined the ability 

of MO-injected embryos to properly extend along the anteroposterior axis. By 24 hpf, 

zebrafish embryos normally exhibit a trunk and tail that elongate straight and parallel the 

yolk tube structure that extends from the still-present yolk (Figure 28A, black 

arrowhead). The severity of an anteroposterior axis defect was categorized by the 

extension of the yolk tube and the tail. A mild phenotype was characterized by a fully-

extended yolk tube, however the yolk tube had decreased diameter and the tip of the tail 

was slightly curved. A moderate phenotype was characterized by a fully-extended yolk 

tube albeit with decreased diameter, and the tip of the tail was curved to the extent where 

it no longer extended past the yolk tube (Figure 28A, black arrow). A severe phenotype 

was characterized by a yolk tube that did not extend or showed minimal extension, and 

the tail did no extend past the yolk tube, typically due to folding back on itself (Figure 

28A, red arrowhead). There was no indication of dorsalization or ventralization in any of 

the observed phenotypes. 

Individual injection of D1a MO at increasing doses showed progressively higher 

quantity and severity of axis defects as well as increased death (Figure 29B). Increase of 

D1b.1 MO from 2 ng to 4 ng also showed a rise in mild/moderate axial phenotypes, 

however, at just 2 ng the D1b.1 MO caused cardiac and pigmentation defects in almost 
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all surviving embryos (Figure 29). Because cardiac edema is often associated with off-

target effects of morpholinos, the phenotypes observed using D1b.1 MO had to be 

validated by use of a second MO targeting zDaam1b (D1b.2 MO). Injecting 6 ng of 

D1b.2 MO caused the same quantity and severity of axis phenotypes seen with just 2 ng 

of D1b.1 MO and did not cause cardiac or pigmentation defects, suggesting the 

possibility of off-target effects caused by the D1b.1 MO. Injection with 2 ng or 4 ng 

doses of both D1a and D1b.1 MO showed an increase in death and severity of phenotypes 

in surviving embryos. Injection of 6 ng D2 MO caused 27% of embryos to die by 1 dpf, 

and more than half of those that survived had a severe phenotype.
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Figure 28. Axis defects in embryos injected with MOs targeting zDaams. A. MO-injected embryos at 24 hpf with varying severity of 

axis defects. Mod: moderate, Sev: severe. Black arrowhead: fully extended yolk tube and tail, Black arrow: tail curved back to yolk 

tube, Red arrowhead: tail folded over and yolk tube not extended. B. Quantitiative representation of defects seen in 24 hpf embryos. 

Injections included 1ng of MO targeting p53. Ctrl: Control MO, D1a: zDaam1a MO,  D1b.1: zDaam1b MO #1, D1b.2: zDaam1b MO 

#2, D2: zDaam2 MO, Σ: Total MO injected including 1 ng p53 MO.

A 

B 
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Figure 29. Cardiac and pigmentation defects in embryos injected with D1b.1 MO. 

A. Injected embryos observed at 4 dpf. Embryos injected with 6ng control MO or 2 ng 

D1a MO are phenotypically wild-type. Injection of 2 ng D1b.1 MO causes cardiac edema 

and pigmentation defect. Addition of 2 ng D1a and D2 MOs does not significantly 

increase severity of the D1b.1 MO phenotype. B. Quantitative representation of 

cardiac/pigment defects seen in embryos injected with MOs targeting  zDaam1a, 

zDaam1b and/or zDaam2.  Ctrl: Control MO, D1a: zDaam1a MO,  D1b.1: zDaam1b MO 

#1, D2: zDaam2 MO, Σ: Total MO injected including 1 ng p53 MO.

A 
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Morpholino Knock-Down of  zWnt5 in Wild-type and Mutant Embryos 

Since zDaam mutants did not display any obvious phenotypes during early 

embryonic development, I posited that injection of a morpholino targeting zWnt5 may 

lead to more severe phenotypes in zDaam mutants when compared to wild-type fish. This 

effect was seen in 2-month-old mouse hearts, in which cardiac-specific loss of Daam1 

produced a ventricular non-compaction phenotype that was exacerbated by the 

subsequent loss of Wnt5 (87).  

A previously published MO targeting zWnt5 was ordered from GeneTools 

(Philomath, OR) and titrated in TLF (wild-type) fish (44). Either 4 ng or 8 ng of zWnt5 

MO was injected into TLF, single mutant, double mutant and triple mutant embryos at 

single-cell stage. All mutants were homozygous for the mutant allele(s) and bred from 

homozygous mutant parents. Following injection, embryos were dechorionated and 

scored at approximately 30 hpf. At both doses, the phenotypes included curved body axis, 

bent tails and decreased pigmentation (Figure 30A). At the 4 ng dose, TLF embryos are 

largely phenotypically normal (91%), however, the Daam1a, Daam2, and triple mutants 

show a much greater incidence of the mild phenotype (Figure 30B). Surprisingly, the 

Daam1a/1b double mutants did not display an increase phenotypes compared to TLFs. At 

the 8 ng dose, TLFs still only displayed mild phenotypes, albeit at a much higher rate 

(51%) than at the 4 ng dose. Expectedly, the quantity and severity of phenotypes was 

greater in zDaam1a and zDaam2 than TLFs. Additionally, while the number of double 

and triple mutants displaying phenotypes did not increase when compared to zDaam2 

mutants, the severity of the phenotypes increased noticeably (Figure 30C).  
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Figure 30. Axial defects in 30 hpf zebrafish injected with zWnt5 MO. A. Images of 30 hpf zebrafish embryos. Panels from left to right 

show wild-type, mild and severe phenotypes. B, C. Percentage of injected embryos showing axial defects from 4 ng and 8 ng of 

zWnt5 MO. (-): uninjected control, (+): injected with indicated dose

A 

B

C
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HA-tagging of zDaam2 using CRISPR/Cas9 

One struggle that researchers face is the lack of available antibodies specific to 

their protein of interest. Using CRISPR/Cas9, it is possible to insert exogenous 

sequences, such as epitope tags, that can be recognized by commercially available 

antibodies (120).  This method allows us to examine endogenous protein expression even 

when a protein-specific antibody is not available. It also circumvents the problems 

associated with the common method of over-expressing proteins that are tagged with an 

epitope or fluorescent tag. zDaam2 was chosen as a gene for this technique due to the 

lack of available verified antibodies. Additionally, whole mount in situ data did not yield 

a specific answer as to the localization of zDaam2 expression, so the possibility of 

visualizing protein expression could prove useful. 

When generating the zDaam mutants, the F0 embryos were injected with a single 

guide RNA (sgRNA) and Cas9 mRNA from the species S. pyogenes. The S. pyogenes 

Cas9 requires a protospacer adjacent motif (PAM) site that consists of 5’-NGG-3’ next to 

the target sequence. For the HA-tagging experiments, however, we used Cas9 

ribonucleoprotein (RNP) as opposed to mRNA. Additionally, the Cas9 RNP used was 

from S. thermophilus and required a different PAM site, 5’-NGGNG-3’. The original 

thought process behind this approach was that when attempting homology directed repair 

(HDR), using Cas9 mRNA would require translation, which might slow the process of 

cutting and repairing, therefor RNPs may be more efficient for this application.   

Wild-type embryos at single-cell stage were injected with a sgRNA targeting 

exon 13 of zDaam2, Cas9 RNP, and a repair oligonucleotide containing homology to 
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either side of the zDaam2 cut site and the HA tag sequence. F0 injected fish were raised 

and outcrossed, and pools of F1 embryos were used to check for tag integration via a 

nested PCR approach. Ultimately, pools of embryos were identified in which the HA tag 

had been integrated without the presence of indels as confirmed by sequencing. Siblings 

of these fish were grown to adulthood and crossed. Embryos were used for Western blot 

to examine tag functionality. 

Western blotting was performed using 24 hpf embryos from crossing two 

zDaam2HA/HA parents. Western blot did reveal the presence of a band at the expected size 

of HA-zDaam2 at approximately 125kD, however, the same band was also seen in TLF 

(wild-type) controls and Tbx5aHA/+ outcross embryos, indicating the band was non-

specific (Figure 31). Due to these results, further investigation of endogenous HA-tag 

functionality will need to be explored. 

 

Figure 31. Western blotting for endogenous HA-tagged zDaam2 protein. Top panel: 

Western blot against HA using 24 hpf embryos from either TLF cross, zDaam2HA/HA 

incross or Tbx5aHA/+ outcross. The bands  for HA-tagged Daam2 and HA-tagged Tbx5a 

are expected at 125kD and 55kD, respectively. Bottom panel: β-actin as a loading 

control.
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DeMOBS – Deletion of Morpholino Binding Sites 

A common problem when using antisense MOs for knock-down experiments is 

the possibility of off-target effects or toxicity. Often, morphant phenotypes are more 

severe than those seen in mutants, prompting speculation about the authenticity of 

morphant phenotypes. To address this question, we devised a method that could 

potentially isolate off-target or toxicity-related effects. Using CRISPR/Cas9, mutations 

were introduced into a MO-binding site of tbx5a or ctnnb2 in zebrafish. It must be noted 

that both MO-binding sites are within the 5’ UTR and not the coding sequence. For 

tbx5a, two deletion alleles were recovered, a (-3) and (-7) (Figure 32A). For ctnnb2 one  

(-4) allele was recovered (Figure 32B). Because we expected the deletion alleles to be 

refractive to the respective MOs, they are referred to as refractive alleles (139). 

 

Figure 32. Schemmatic of recovered deletion alleles in the tbx5a-MO4 and ctnnb2-MO1 

binding sites. Bold purple text: MO-binding site, green highlight: start codon, red arrow 

or box: site of deletion and number of bases deleted. (139) 

 

-7

tbx5a(-7) TATTTAGGCCTCACGGTAGACAGGCCTCTCCGACATG

T A A A A T C T T T T T G T T T C T G T A T T T A G G C C T C A C G G TA G A C A G G C C T C T C C G A C A T G G C G G A C A G T G A A G A C A C C T T T C G G C T C C A A A A C T C T N N C A G NG A C A G C G A A C C A A A A G A T T

60708090100110120130140150160170

T A A A A T C T T T T T G T T T C T G T A T T T A G G C C T C A C G G TA G A C A G G C C T C T C C G A C A T G G C G G A C A G T G A A G A C A C C T T T C G G C T C C A A A A C T C T N N C A G NG A C A G C G A A C C A A A A G A T T

60708090100110120130140150160170

-3

tbx5a(-3) TATTTAGGCCTCACGGTAGACATACAGGCCTCTCCGACATG

T T T T T G T T T C T G T A T T T A G G C C T C A C G G T A G A C A T A C A G G C C T C T C C G A C A T G G C G G A C A G T G A A G A C A C C T T T C G G C T C C A A A A C T C T N N N N NT G A C A G C G A A C C A A A A G A T TT A C A

60708090100110120130140150160170

T T T T T G T T T C T G T A T T T A G G C C T C A C G G T A G A C A T A C A G G C C T C T C C G A C A T G G C G G A C A G T G A A G A C A C C T T T C G G C T C C A A A A C T C T N N N N NT G A C A G C G A A C C A A A A G A T TT A C A

60708090100110120130140150160170A 

ctnnb2 (-4)  TTCTCTGCAGGTTTGAAA----CTCAGGCTAAAGGATTGACGCAACGATG

wild type    TTCTCTGCAGGTTTGaAAGTCGCTCAGGCTAAAGGATTGACGCAACGATG

-4

B 
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All animals with refractive alleles were phenotypically normal. The expectation 

was that animals containing a refractive allele would not be susceptible to the effects of 

the respective MO, thereby “rescuing” the morphant phenotype. Tbx5a-MO4 and ctnnb2-

MO1 were chosen as proof-of-principle examples because the associated morphant 

phenotypes are well-characterized (134, 137). Tbx5a-MO4 morphants display absence of 

pectoral fins and cardiac edema that is visible at 3 dpf. Ctnnb2-MO1, when co-injected 

with ctnnb1-MO2, yields a severe phenotype termed “ciuffo” in which ventral cell fates 

are highly disrupted (137). 

Heterozygous adults for each refractive allele were outcrossed with TLF’s; 

because half of the offspring from these crosses would be heterozygous and the other half 

wild-type, this method yielded its own internal control. Injection of 2 ng of tbx5a-MO 

into tbx5a (-3) or (-7) outcrosses showed that offspring from the (-3) parents had a greater 

frequency and severity of phenotypes than those from the (-7) parents. These phenotypes 

ranged from a classic tbx5a phenotype in which 3 dpf fish are missing pectoral fins and 

display cardiac edema, to more mild phenotypes outlined in Figure 33A. Injection of 8 ng 

of tbx5a-MO4 showed a similar trend, except 100% of (-3) offspring displayed the classic 

tbx5a phenotype, while in the (-7) offspring, 49% displayed the classic phenotype and the 

remaining 51% showed only pectoral fin loss or were phenotypically wild-type (Figure 

33B). 
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Figure 33. Phenotypes associated with tbx5a-MO4 when injected into tbx5a (-3) or (-7) 

heterozygous outcross embryos. A. Varying severity of the tbx5a phenotypes. Black 

arrow: cardiac edema, black arrowhead: absent pectoral fins, red arrow: pectoral fin 

defect, Ctrl: control B. Graphical representation of injected embryos scored on day 3. 

Embryos were from heterozygous parents for the (-3) or (-7) allele outcrossed with TLFs. 

PFA+E: pectoral fins absent with cardiac edema, PFD+E: pectoral fin defect with cardiac 

edema, PFD: pectoral fin defect only, E: cardiac edema only, WT: wild-type (139) 

 

 

 

 

A 
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As a follow-up to the tbx5a-MO4 injections into the refractive “mutants”, we 

sought to investigate the ability of tbx5a-MO4 to suppress translation of a fluorescent 

reporter. One of three tbx5a-MO4 binding sites (wild-type, (-3) or (-7)) was cloned 

directly upstream of eGFP in an expression vector. mRNA was in vitro transcribed from 

the eGFP-containing vectors and injected into TLF embryos with mRFP mRNA as a 

control, and either with or without the tbx5a-MO4. The loss of eGFP detection would 

indicate the ability of tbx5a-MO4 to block translation, whilst the retention of eGFP 

expression would suggest the ability of the mutant binding sites to disrupt MO binding. 

In all samples where no tbx5a-MO4 was injected, eGFP and mRFP were easily 

detectable, as expected. In the embryos injected with tbx5a-MO4, eGFP was almost 

undetectable in the wild-type and (-3) binding site samples. Embryos injected with the (-

7) eGFP mRFP and tbx5a-MO4, however, did display eGFP expression that was 

detectable, albeit at a lower intensity than the embryos that were not injected with tbx5a-

MO4 (Figure 34) (139). 
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Figure 34. Effect of binding site mutation on the ability og of tbx5a-MO4 to inhibit 

expression of a fluorescent reporter. Embryos were injected with mRNA encoding eGFP 

preceded by either wild-type, (-3) or (-7) tbx5a-MO4 binding site. Half of injected 

embryos were also injected with the tbx5a-MO4 (right column). All embryos were 

injected with mRFP mRNA as an injection control. (139) 
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To examine any refractive capabilities of the (-4) ctnnb2-MO1 binding site allele, 

a blind experiment was performed. Four adult female siblings, two heterozygous for the 

(-4) allele and two wild-type, were randomly assigned letters A, B, C, or D. All four fish 

were then outcrossed with TLFs and each clutch was injected with a mixture of ctnnb2-

MO1 and ctnnb1-MO2 (137, 139). Embryos were then scored at 1 dpf for presence of the 

ciuffo phenotype and other less severe phenotypes. 

Embryos from outcross A and C (wild-type females) showed a high prevalence of 

the ciuffo phenotype. Embryos from outcross B and D (-4 allele females) displayed a 

variety of phenotypes with a very low incidence of ciuffo. Even in embryos displaying 

the most severe phenotype that was not ciuffo, a dorsal-ventral axis was discernable 

(Figure 35). All uninjected embryos were phenotypically wild-type. This indicated that 

the -4 deletion was able to rescue the ciuffo phenotype, however, the presence of other 

less-severe phenotypes would need to be investigated. These phenotypes could remain 

due to off-target or toxicity-related effects due to a high cumulative MO dose or zygotic 

necessity of ctnnb1. 
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Figure 35. Embryos from outcross siblings A, B, C, and D injected with a micture of ctnnb2-MO1 and ctnnb2-MO2. A. Phenotypes 

observed in injected embryos at 1 dpf. Ciuffo is the classic phenotype associated with co-injection of ctnnb2-MO1 and ctnnb1-MO2. 

B. Graphical representation of phenotypes observed. Outcross A is represented in the first two columns, outcross B in columns 3 and 

4, outcross C in columns 5 and 6 and outcross D in columns 7 and 8. (-): uninjected control, (+): injected. (139)

A B 
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CHAPTER 4 

DISCUSSION 

 

Evolutionary Conservation of the Zebrafish Daams and Their Expression Patterns 

The first step in understanding the importance of any gene is examining the level 

of conservation of that gene across a variety of species. Generally speaking, highly 

essential genes will be conserved across a variety of organisms and the sequence of the 

gene will have remained relatively unchanged (140). An additional factor that must be 

considered when examining zebrafish genes is the possibility of a gene duplicate. 

Because approximately 20% of zebrafish genes are duplicated, we must consider the 

functionality of both copies by first examining the gene and protein sequences (113). 

When comparing the DNA and amino acid sequences between the three zebrafish 

Daams, the highest similarities lie between zDaam1a and zDaam1b, supporting the 

theory that these are duplicate genes. Similarity between zDaam1a/b and zDaam2 drops 

significantly, especially when examined at the amino acid level (Figure 21). A protein 

sequence alignment between zDaam1a and zDaam2 confirms, however, that the 

conserved domains and their locations are comparable (Figure 20). These results 

suggested that zDaam1a and zDaam1b are both functional, and like in other species, are 

highly similar to their zDaam2 counterpart. 

At the amino acid level, zDaam1a and zDaam1b are conserved at a rate of 

approximately 81% when compared to Daam1 in Xenopus, chick and human (Table 8). 

The sequence alignment of Daam1 proteins across species in Figure 19 offers a visual 
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representation sequence similarity; there are multiple stretches of amino acids that 

are identical between all four species. zDaam2 is also highly conserved across species 

albeit at a slightly lower rate of approximately 74%. Interestingly, chick shows the 

highest rate of amino acid sequence similarity for both Daam1 and Daam2 when 

compared to the zebrafish Daams (Table 8). These high levels of amino acid sequence 

conservation serve as an indicator that the zebrafish Daams may fulfill important 

functions like those seen in other species. 

In addition to examining gene and protein sequences, investigating spatiotemporal 

expression can be helpful in understanding gene function. When compared with 

expression patterns in other species, we can also begin to discern if a gene’s function is 

similar across species. Temporal expression of the zebrafish Daams were examined via 

RT-PCR, showing that zDaam1a/b are expressed maternally and throughout the first 24 

hours of development, while zDaam2 is not expressed maternally but rather becomes 

detectable during gastrulation after zygotic transcription has begun (Figure 22). Whole 

mount in situ hybridization analysis was used to explore spatial expression of all three 

zDaams at various stages throughout the first 24 hours of development. For all three 

genes, expression was weak and non-restricted through blastula and gastrula stages and 

began to concentrate in the anterior region of the embryo during somite stages. By 24 

hours, all three zDaam genes were concentrated in the head region without highly 

specific staining patterns. 

For both RT-PCR and in situ data, the expression patterns are comparable to what 

is seen in Xenopus laevis development, suggesting the zebrafish and frog Daams may 



 

 93 

serve equivalent roles during embryonic development. zDaam1a/b and zDaam2 

expression patterns are also comparable to those of the mouse; mDaam1 and mDaam2 

are expressed fairly ubiquitously during development but do exhibit strong expression in 

the central nervous system. Because the protein sequences and patterns of expression for 

the zebrafish Daams are consistent with what has been observed during development in 

other species, it is plausible that the function of these genes is conserved. 

 

CRISPR/Cas9 Mutagenesis and Evaluation of Mutants 

CRISPR/Cas9 is a gene-editing system originally discovered in bacteria that 

utilizes two main components: a single guide RNA (sgRNA) and a Cas nuclease, often 

Cas9. The use of CRISPR/Cas9 to edit genes has grown tremendously in popularity since 

2011, when the mechanism of how bacteria use the system to defend against viruses was 

published (141). Not long after, scientists began to harness the naturally occurring 

CRISPR/Cas9 process by generating synthetic single guide RNAs (sgRNAs) that could 

lead Cas9 nuclease to a locus of interest. The ability to customize sgRNAs to target 

virtually anywhere in the genome has made CRISPR/Cas9 the fastest, cheapest, and most 

versatile gene-editing technology to date. We used CRISPR/Cas9 to generate mutant 

alleles for zDaam1a, zDaam1b and zDaam2. The targeted loci for each gene were chosen 

based on several criteria outside the basic need of proximity to a PAM site: all were 

within the first coding exon, the expected cut site was within or near a restriction enzyme 

site, and the target had approximately 50% G/C content. Two frameshift alleles for each 

gene were recovered and fish were bred to generate homozygous mutant lines (Table 9). 
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Because none of these mutants had any development phenotypes, I suspected that 

one or multiple events could be masking the potential phenotypes. Since CRISPR/Cas9 

began growing in popularity, many labs have generated mutant zebrafish that present 

either very mild phenotypes or no phenotypes at all (139). Two main mechanisms have 

been proposed in recent years to account for the lack of phenotypes: genetic 

compensation and mRNA transcript recovery (122-125). The main idea behind 

generating indels within the coding sequence of a gene is that the subsequent transcript 

will be detected as containing an error and be targeted by NMD; if the transcript is not 

targeted by NMD, however, it could possibly be translated into a non-functional protein. 

Recent studies have shown that not all mutant transcripts are targeted by NMD, but for 

those that are, NMD can trigger a genetic compensation response by which other genes or 

pathways are up-regulated to rescue deleterious effects (122, 123). Mutant transcripts that 

are not targeted by NMD may be subject to alternative splicing events in which mutated 

exons are skipped. If the skipped exon does not contain important domain information 

and skipping does not lead to subsequent frameshift mutations, this event can rescue an 

otherwise non-functional transcript and produce a semi- or fully-functional protein (125, 

126). Due to the lack of phenotypes in my zDaam mutants, I had to consider these 

phenomena as potential explanations. 

To address the possibility that one or more zDaams could be compensating for 

loss of the others, I decided to incross different mutants to ultimately establish double and 

triple mutant lines. Various lines were generated and are outlined in Table 10. Because 

not even the zDaam1a/1b/2 triple mutant fish showed development defects, I had to 
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consider the possibility of there still being functional transcripts produced. To examine 

levels of transcription in these mutant lines and also check for the presence of NMD 

events, I amplified partial transcripts of all three zDaam genes via RT-PCT in various 

mutant embryos at two developmental stages (Figure 26, Table 11). Although RT-PCR is 

only semi-quantitative, it can give a general idea of transcriptional changes that could be 

investigated further using qPCR if necessary. 

The RT-PCR revealed that in the 32-cell stage embryos, which represent maternal 

expression, the mutant zDaam1a transcript was at very low levels, indicating possible 

NMD; this effect was seen in the zDaam1a-4/-4, zDaam1a-2/-2 and zDaam1a-2/-2/ 

zDaam1b+1/+1 embryos. The only gene to appear up-regulated in the 32-cell stage 

embryos was zDaam1b in the zDaam2-13/-13 mutants, which could potentially indicate 

upregulation of zDaam1b in response to the loss of zDaam2; this result is unexpected, 

however, as zDaam2 is not normally expressed maternally. zDaam1b transcript levels 

were slightly lessened in the zDaam1b-4/-4 embryos and slightly raised in zDaam1a-2/-2 

embryos; this does suggest the possibility of NMD targeting the mutant zDaam1b 

transcript as well as slight up-regulation of zDaam1b in response to loss of zDaam1a. No 

other transcripts at the 32-cell stage were significantly up- or -down-regulated in any of 

the mutant lines; maternal up-regulation of zDaam2 in response to loss of zDaam1a 

and/or zDaam1b was investigated but did not show any detectable expression (Figure 26, 

Table 11). 

At the 24 hpf timepoint, which represents zygotic expression, there are some 

notable changes in expression levels across all three genes. zDaam1b showed the most 
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dynamic expression changes; zDaam1b expression was predictably increased in both 

zDaam1a single mutants, however it was also increased in the zDaam1b mutants and 

zDaam1a/1b and zDaam1b/2 double mutants. To see up-regulation of a mutant allele was 

unexpected, however the same effect was seen for zDaam1a in the zDaam1a-2/-2 mutants 

and zDaam1a/1b double mutants, suggesting that there is a trend behind this result. It 

may be plausible that when a cell detects a mutant transcript, it attempts to correct the 

defect by increasing expression of that same gene, perhaps in addition to others. It has 

been shown that in some zebrafish mutants, mutant pre-mRNA levels are slightly higher 

when compared to the respective wild-type allele (123). This mechanism has not been 

well-documented or studied, so at this time the result is still unexplained. The RT-PCR 

also showed increased zygotic expression of zDaam2 in zDaam1a and zDaam1b 

individual mutants and zDaam1a/1b double mutants; this indicates that zDaam2 might be 

upregulated as a compensatory response to the loss of the other zDaams (Figure 26, Table 

11). 

There has been recent evidence showing that not all transcripts bearing frameshift 

mutations are equally subject to NMD, and even for those that are, residual protein levels 

may be present (126). It also remains possible that other related genes are able to 

compensate for loss of the zDaams. I posit that the most likely genes to show a 

compensation response would be those in the formin and formin-related families. Several 

genes in the formin-like family are expressed maternally in zebrafish, and might be good 

candidates to investigate for transcriptional compensatory response (142). 
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Because not all mutant alleles appear to be subject to NMD, protein expression 

had to be examined to determine if the mutants are indeed true nulls. Two antibodies 

against Daam1 were tested by using lysate from HEK cells transfected with various 

Daam constructs including human Daam1, zebrafish Daam1a and Xenopus Daam2. It 

was determined that a polyclonal antibody against Daam1 could detect all three 

constructs when overexpressed in HEK cells (Figure 27). The antibody did not, however, 

detect endogenous Daam proteins from embryonic zebrafish lysates. This could be due to 

a lower protein concentration in the embryo lysate samples when compared to HEK cell 

lysates. To combat this, I performed IP using the same polyclonal antibody against Daam 

that was used for the preceding WB. The antibody was able to pull down both GFP-

hDaam1 and GFP-zDaam1a, but not GFP-xDaam2, which was unexpected as it could 

detect this construct in WB. In any event, there was no presence of strong bands present 

at the predicted sizes in the zebrafish embryo IP sample, which again could be 

contributed to a lower concentration of protein. Although the assay was not yet able to 

determine whether or not there is protein expression in the mutants, it is valuable for 

future assays to know that we have an antibody that can effectively pull down zDaam1a 

and detect it in WB.  

 

Morpholino Knock-Down of  zDaams 

Antisense MOs have been used for years to examine loss-of-function without the 

need to generate genetic mutants. Morpholino experiments are easily conducted by 

micro-injection and developmental results are often observable within the first three days. 
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Additionally, MOs do not elicit the genetic compensation response seen in some genetic 

mutants (122). One large downfall of MO use in zebrafish, however, is the possibility of 

off-target and toxicity related effects that can induce phenotypes including cardiac edema 

and pigmentation defects (117). Translation-blocking MOs were designed against all 

three zDaams and injected separately and in combination. Because of the gastrulation and 

neural tube closure defects seen in Xenopus Daam1/2 morphants, the phenotypes I was 

largely screening for were gastrulation or axial extension defects. Because the zebrafish 

neural tube does not form the same way as in frogs, I could not screen for an open neural 

tube defect specifically (72). 

MOs were titrated at 2 ng, 4 ng, and 6 ng. Individual injections of the zDaam1a 

MO (D1a) showed a dose-dependent increase in axial extension defects that include a 

shortened yolk tube, bent tail, and delayed pigmentation. This same effect was seen in the 

zDaam1b morphants, however, due to the possibility of off-target effects caused by 

zDaam1b MO 1 (D1b.1) a second zDaam1b MO was used (D1b.2) that showed a marked 

decrease in these phenotypes. It does appear that D1a and D1b.2 MOs do synergize, as 

the combination of the two together at 4 ng each generates a greater incidence of 

phenotypes than the D1a 4 ng and D1b.2 6 ng doses added together (Figure 28). 

The D1b.1 MO generated phenotypes not observed as a result of the other zDaam 

MOs; when observed at 4dpf, embryos injected with 2 ng of D1b.1 MO displayed 

prominent cardiac edema and disrupted pigment cell migration (Figure 29). Cardiac 

tissue and pigment cells are derivatives of the neural crest (NC), a population of stem 

cells formed proximally to the neural tube during early embryonic development (Figure 
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36). NC cells depend on specific mechanisms, such as EMT, to migrate to their ultimate 

destinations within the embryo. Non-canonical Wnt signaling has been shown to help 

control the migration of NC cells in multiple species, including zebrafish, supporting the 

possibility that these D1b.1 MO phenotypes are authentic (117, 143).  However, because 

both cardiac edema and pigment cell defects have been suggested as non-specific effects 

of MOs in zebrafish, these results must be further analyzed. There are a couple of 

methods that could help clarify whether the cardiac and pigment cell phenotypes are 

legitimate. The first would be to attempt to rescue the morphant using either zDaam1b 

mRNA or Daam1 mRNA from another species, such as frog or human. The other 

possibility would be to inject the D1b.1 MO into zDaam1b mutants, with the expectation 

that since zDaam1b is already non-functional in the mutant, a MO would not induce a 

phenotype; this experiment of course assumes that the zDaam1b mutant is a null, which 

has yet to be confirmed. 
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Figure 36. Formation of the neural crest. A. Neural crest cells (green) are formed between 

the neural plate (brown) and the non-neural crest ectoderm (blue). B. Following 

formation of the neural tube, neural crest populations are located dorsally beneath the 

ectoderm. At this time, neural crest cells begin to undergo EMT and migrate to various 

destinations within the embryo. (143) 

 

 

Overall, it appears that axial extension phenotype associated with MO knockdown 

of the zDaams is consistent to what has been observed in Xenopus (10). While the cardiac 

and pigment cell phenotypes associated with D1b.1 MO could be an indicator of 

zDaam1b activity in NC cell migration, the authenticity of the phenotypes will have to be 

investigated further. 

 

 



 

 101 

Morpholino Knock-Down of  zWnt5 in Wild-type and Mutant Embryos 

Because none of the zDaam mutants exhibited any apparent developmental 

phenotypes, I postulated that the loss of an additional component of non-canonical Wnt 

signaling, Wnt5, may show an amplified phenotype in mutants as compared to wild-

types. A comparable effect has been documented in mouse hearts;  mDaam1 cardiac-

specific conditional mutants that were heterozygous for Wnt5anull showed increased 

cardiac defects when compared to mDaam1 conditional mutants alone (87). Because 

there has been verification of the Wnt5 phenotype in zebrafish, both in mutants and in 

morphants, it was feasible to use an established Wnt5 MO in my zDaam mutants. 

Zebrafish Wnt5 mutants (termed pipetail or ppt) and morphants exhibit axial extension 

defects leading to a shorter body axis, kinked notochord, compressed and widened 

somites, and inability of the tip of the tail to detach from the yolk tube (42-44, 144). 

A translation-blocking MO targeting the 5’ UTR of zWnt5b was injected at 4 ng 

and 8 ng doses into TLF, zDaam1a-2/-2, zDaam1b-4/-4, zDaam2-13/-13, 

zDaam1a-2/-2/zDaam1b+1/+1, and zDaam1a-2/-2/zDaam1b+1/+1/zDaam2-13/-13 embryos. A 

translation blocking MO for tbx5a (tbx5a-MO4) was used as a control as it does not 

induce axial extension defects. At the 4 ng dose, the majority of TLF embryos were 

phenotypically wild-type (91%). In the individual mutants, the incidence of the mild-

moderate phenotype increased to at least 55%. Strangely, zDaam1a/1b double mutants 

did not show an increase in phenotypes when compared to TLFs, and triple mutants 

showed a lower incidence of phenotypes than the individual mutants (Figure 30B). At the 
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8 ng dose, the same pattern largely remained, albeit the incidence of phenotypes and their 

severity was increased across all groups (Figure 30C). 

The increase in phenotype incidence and severity in mutants as compared to TLFs 

is a promising result that suggests the mutant zDaam genes are having an effect. Despite 

not yet confirming that zDaam mutants are true nulls, they are clearly more susceptible to 

loss of another non-canonical Wnt signaling component than wild-types. Strangely, it 

seems as though individual mutants are more susceptible to the zWnt5b MO than double 

or triple mutants; I would have suspected that with each additional mutant allele that is 

added, the phenotypes would increase. One discernable trend appears that the  

zDaam1b-4/-4 mutants are the most sensitive to the zWnt5b MO at both the 4 ng and 8 ng 

doses. 

These results could suggest that loss of any of the zDaams results in up-regulation 

of Wnt5b, which masks potential zDaam mutant phenotypes. Upregulation of zWnt5b and 

subsequent inhibition via MO could explain the effect seen in the zDaam mutants. This 

was observed in fak1a zebrafish mutants that were injected with the same zWnt5b MO 

used in my studies and originally used in Lele et al., 2001 (44, 145). It might prove 

beneficial to look at the levels of Wnt5a/b transcription in the zDaam mutants. 

 

HA-tagging of zDaam2 using CRISPR/Cas9 

An essential requirement to understand the role of a specific protein in embryonic 

development is to study where that gene or protein is expressed in situ. mRNA 

expression can be observed via whole mount in situ hybridization, however, mRNA and 
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protein expression may not always correlate, and it should not be assumed that mRNA 

expression is indicative of protein expression (146). For observing protein expression in 

either whole mount immunofluorescence or Western Blot (WB), there needs to be an 

available antibody for the protein of interest. There are many proteins that do not have 

commercially available antibodies, and for those that do, the antibodies often need to be 

optimized for use in various assays (120). Additionally, commercially available 

antibodies may bind to a variety of proteins outside the protein(s) of interest; this can 

often be observed in WB in which there may be non-specific banding patterns (147). In 

order to combat some of the difficulties associated with protein-specific antibodies, it 

could be beneficial to insert an epitope tag into a locus of interest. 

Epitope tags, such as V5 or HA, are often used in expression constructs to label 

proteins for over-expression assays; antibodies against these kinds of tags are widely 

commercially available. Here, we used CRISPR/Cas9 and a synthetic oligo to encourage 

homology-directed repair in order to introduce an HA tag into a relatively non-conserved 

region of zDaam2. Although an allele with an in-frame integration of HA into zDaam2 

was recovered, whole mount immunofluorescence and WB failed to clarify if the tag was 

functional or not; non-specific staining was observed in whole mount 

immunofluorescence and non-specific bands at the expected size of HA-zDaam2 were 

observed in WB. 

There is a possibility that the tag is functional, however, when HA tags are used 

in expression vectors it is not uncommon to see two or three HA tags in succession (148, 

149). It may be possible that there is not enough HA tag for an antibody to detect, and 
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insertion of multiple tags may be necessary. To investigate tag functionality further, 

different antibodies against HA may need to be tested, specifically in WB to examine the 

presence of the expected band. Additionally, it may be of interest to optimize a pull-down 

procedure against endogenous HA-zDaam2. 

Another goal of the HA-tagging of zDaam2 was to investigate the efficiency of 

using Cas9 RNP from S. thermophilus as opposed to using Cas9 mRNA from S. 

pyogenes, as in previous experiments. The thought process was that it may be more 

efficient to use RNPs as opposed to mRNAs specifically for use in HDR, as the cell 

would not have to carry out the process of translation of the Cas9 protein. We 

investigated whether an HA-tag specific PCR on adult F0 tail clips would be an accurate 

predictor of tag integration and germ-line transmission, however, it was not. F0’s that 

showed no tag integration in tail clips produced embryos with a variety of tag integrations 

including those with and without indels (data not shown). While use of Cas9 RNPs were 

successful in these HDR experiments, it remains to be seen whether use of Cas9 RNP or 

mRNA is more efficient for this application. 

 

DeMOBS – Deletion of Morpholino Binding Sites 

One of the biggest debates in the developmental science community right now is 

over which technique is the best way to study gene function: knock-down or knock-out? 

A popular approach to the problem is to use both methods; knock-out is now most 

popularly performed using CRISPR/Cas9 and knock-down by using antisense 

morpholinos. The problem, however, arises when these two methods do not yield the 
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same phenotype or severity of phenotype. Often times, morphants will display more 

severe phenotypes than their corresponding genetic mutants. Disparities in phenotypes 

can happen for a variety of reasons including genetic compensation or alternative splicing 

in mutants and off-target effects in morphants. We chose to address this problem by 

creating a method that can help distinguish authentic morphant phenotypes from those 

caused by off-target or toxicity-related effects (139). 

We chose two genes expressed at different times and in distinctly different 

locations to use a proof-of-principle examples for our method. Tbx5a is a strictly zygotic 

gene that is essential for limb bud and cardiac development in the zebrafish (150). 

Ctnnb2, together with ctnnb1, are maternal-zygotic genes that are responsible for dorsal-

ventral patterning in the developing embryo (137). For both tbx5a and ctnnb2, MOs that 

are known to produce specific phenotypes have been published. We chose to use 

CRISPR/Cas9 to mutate these morpholino-binding sites, rendering them “refractive” to 

the corresponding MO. Embryos with mutant target sites would, in theory, not display the 

characteristic phenotypes when injected with the respective MO; any remaining 

phenotypes could be considered as potential off-target or toxicity-related effects (139). 

A mutant MO-binding site for tbx5a-MO4 was able to rescue the characteristic 

cardiac edema and pectoral fin loss phenotypes, depending on the MO dosage and the 

size of the deletion. A larger deletion of 7 nucleotides, versus 3 nucleotides, was effective 

at rescuing both cardiac edema and pectoral fin loss at a 2 ng dose of tbx5a-MO4, and 

was able to rescue the cardiac phenotype at an 8 ng dose. The 3-nucleotide deletion was 

less effective at rescue at the 2 ng dose and was not effective at the 8 ng dose (Figure 33). 
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As a follow-up experiment to validate the injection results, we investigated the 

ability of the two tbx5a-MO4 deletion alleles to rescue expression of a fluorescent 

reporter. Three separate mRNAs bearing either the wild-type, (-3) or (-7) deletion 

followed by eGFP were injected along with a control mRFP mRNA. Half of each 

injection batch were then injection with tbx5a-MO4. This assay showed that, similar to 

the injection data, the (-3) allele was not effective at blocking MO binding, while the (-7) 

was capable of blocking MO binding albeit not completely. 

For ctnnb2, a 4-nucleotide deletion was recovered within the ctnnb2-MO1 

binding site. The (-4) deletion was capable of rescuing the ciuffo phenotype, however, a 

spectrum of less severe phenotypes did remain (Figure 35). This result once again 

confirmed that introduction of a deletion into a MO-binding site does hinder binding 

capability. Residual phenotypes could reflect zygotic requirement for ctnnb1 and/or 

ctnnb2 or off-target or toxicity-related effects due to a high combined dose of the two 

MOs (139). 

The results from both tbx5a and ctnnb2 data suggest a few key points: the size of 

the deletion does affect the ability of the MO to bind, and the dose of the MO must also 

be considered. We also hypothesize that a deletion closer to the 5’ end of the binding site 

(3’ end of the MO) may be more effective at blocking MO binding at the entry point of 

the ribosome (Figure 37). Moreover, this study brought into question the common 25-

base length of MOs; for tbx5a a 15-base stretch within the (-7) allele still retained some 

MO-binding capability. This could potentially suggest that the standard length of MO 

could potentially be shortened as to reduce the possibility of off-target binging (139). 
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Figure 37. Schematic depicting predicted efficacy of MO refraction depending on 

location of binding site deletion. MO: morpholino, transl-blocking: translation-blocking, 

40S: 40S ribosomal subunit. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

In my experiments for this thesis, I was able to generate single, double and triple 

mutants for the zebrafish genes zDaam1a, zDaam1b and zDaam2 in an attempt to better 

characterize the role of these genes in the context of embryonic development and Wnt 

signaling. Although the mutants did not inherently have observable phenotypes, I did 

observe changes in the levels of gene expression at the mRNA level as well as an 

increased severity of phenotypes with subsequent loss of another non-canonical Wnt 

signaling component zWnt5. Furthermore, spatiotemporal expression of the zDaams is 

comparable to expression patterns seen in other species including Xenopus laevis. My 

studies support a breadth of existing data that suggests that the Daams are active in non-

canonical Wnt signaling across species. Additionally, I was able to assist in creating a 

method that may help developmental biologists in the future ascertain the specificity of 

translation-blocking morpholinos, a commonly used knock-down agent. 
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