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Abstract 

Although skin disorders affect as much as a third of the population at any given time, 

available treatments are limited. Because a more comprehensive understanding of skin 

development mechanisms can spur the identification of new treatment targets and 

techniques, we developed the Zebrafish Integument Project (ZIP), an expression-driven 

platform for identifying new skin genes and new, revertible phenotypes in the vertebrate 

model Danio rerio (zebrafish). In vivo selection for skin-specific expression of gene-

break transposon (GBT) mutant lines identified eleven new, revertible GBT alleles of 

genes involved in skin development. Eight of those genes had been described in an 

integumentary context to varying degrees: fras1, grip1, hmcn1, msxc, col4a4, ahnak, 

capn12, and nrg2a. Three others—arhgef25b, fkbp10b, and megf6a—emerged as novel 

skin genes.  

Embryos homozygous for a GBT insertion in neuregulin 2a (nrg2a) revealed a novel 

requirement for a Neuregulin 2a (Nrg2a) – ErbB2/3 – AKT signaling pathway governing 

ridge cell morphogenesis and apicobasal organization during median fin fold (MFF) 

morphogenesis. In nrg2a mutant larvae, the basal keratinocytes that comprise the apical 

MFF (ridge cells) displayed reduced pAKT levels as well as reduced apical domains and 

exaggerated basolateral domains. Those defects prevented proper ridge cell elongation 

into a flattened epithelial morphology, resulting in thickened MFF edges. Additionally, 

morpholino knockdown of epithelial polarity regulator and tumor suppressor lgl2 

ameliorated the nrg2a mutant phenotype. Identifying Lgl2 as an antagonist of Nrg2a – 

ErbB signaling revealed a significantly earlier role for Lgl2 during epidermal 

morphogenesis than has been described to date. Furthermore, our findings demonstrated 

that ridge cells’ squamous flattening morphogenesis drives apical MFF development.  

We therefore propose MFF ridge cells as a new model for investigating the regulation of 

cell polarity and cellular morphogenesis with regard to their roles as crucial mechanisms 

for epithelial morphogenesis generally, and for flattening morphogenesis in particular.  
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Chapter One 

Introduction 
 

All living organisms have a “skin.” Whether they consist of single cells or 
multiple organs, there is always a limiting membrane that contains the elements 
within and defines the organism’s place in space. As the interface between the 
organism and the external world, the skin also plays a major role in protecting 
and fostering the life it encloses.  

 
– The Biology of the Skin (1) 

 

 
Section 1: Skin Disease and Human Health  

Skin is the body’s largest organ, and serves as the body’s protective “selectively 

permeable sheath” (2). Skin forms an essential barrier against injury and abrasion, and is 

a frontline, self-healing defense against pathogens and other disease vectors. Skin is also 

an integral participant in maintaining homeostasis and a key mediator of sensory input.  

 

Skin diseases include some 3,000 different diseases in 22 categories (3). In the United 

States (US) alone, skin conditions may affect as much as one third of the population at 

any time (3), and estimates from the US and abroad suggest that skin conditions prompt 

between 12% to 43% of medical visits (4, 5). During the last several decades, a few 

studies have attempted to develop and report quantitative measures of the medical and 

economic impact of skin disease (6, 7). According to a 2004 study, skin disorders were 

one of 15 disease categories for which non-institutionalized US patients’ health care 

spending increased most between 1987 and 2000 (8). The most recent analysis, from 

2006, estimated the direct and indirect costs of skin diseases (including medical costs and 

lost productivity) at $39.3 billion per year, and the intangible quality-of-life costs at an 

additional $56.2 billion (3)—nearly $100 billion altogether. Although those figures are 

no longer current, there is certainly no indication that costs have decreased during the 

past decade. 
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For both patients and caregivers, the challenges of skin diseases involve not only 

medical treatment costs, but also quality of life issues (9-14). Living with a skin condition 

can mean enduring symptoms such as pain, inflammation, itching, blistering, tearing, or 

disfigurement (15), any or all of which can make it difficult to  participate in ordinary 

activities such as school or work. Medically, skin conditions are challenging to treat. Skin 

is always vulnerable to abrasion and damage—which is even more problematic if it is in 

a fragile state. Skin’s remarkable regenerative capacity can also compound the problem: a 

continuously self-renewing tissue can impede genuine, lasting healing, thereby rendering 

skin conditions chronic. Moreover, skin disease can have a severe psychosocial impact 

because skin is tied to self-perception and self-image. Persons with skin disease may feel 

self-conscious, embarrassed, isolated, or rejected, and have an increased incidence of 

psychiatric diagnoses (9, 10, 12, 14-20).  

 

With a limited portfolio of clinical treatment options, skin disease treatment modalities 

rely heavily on non-specific immune modulators such as steroids (21, 22). Improving 

upon current therapeutic strategies to deliver substantive relief will require new 

therapeutic targets, which could have important health and economic benefits (23). 

Research efforts such as the Zebrafish Integument Project (Chapter 2) (24) and related 

projects (Chapter 3) are therefore important because identifying novel skin genes and 

improving our understanding of incompletely characterized skin loci will not only 

increase our knowledge of how this important organ functions, but may also identify new 

therapeutic targets for subsequent interventional approaches. 
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Section 2: Skin Biology and the Zebrafish Model 

 

The complexity of human skin reflects the evolution of vertebrate skin from 
aquatic species to amphibians, reptiles, birds and mammals. Despite their vastly 
varied appearances, vertebrate skins have more common features than 
differences. 

– The Biology of the Skin (1) 

 

Zebrafish as a vertebrate skin biology model 

The zebrafish (Danio rerio) is an excellent vertebrate model for understanding genetics, 

development, and disease. Not only do zebrafish have approximately 70% of their 

genome in common with humans (25, 26), but they also generate numerous transparent, 

externally fertilized embryos that are ideal for genetic manipulation, in vivo screening 

and imaging, and phenotype-based gene discovery (“forward genetics”) from the first 

moments of embryogenesis (27-37). Moreover, zebrafish larvae remain transparent 

through the first seven days of development, and their basic body plan and organ 

development are essentially complete by the second day post-fertilization (2 dpf) (29, 38, 

39). That transparency and rapid ex utero development are advantageous features for skin 

biology investigators because they render zebrafish larval skin directly accessible for 

imaging or gene expression experiments—unlike mammalian model systems. 

 

Comparing zebrafish larval epidermis and mammalian embryonic epidermis 

Despite those notable advantages, zebrafish has not been a prominent skin biology model 

system, perhaps because it is not mammalian (e.g., mouse and human) (40). Historically, 

however, skin biology studies have not been limited to mammalian models: studies in 

non-mammalian systems have included amphibians, reptiles, and, yes, fish (41). Such 

comparative studies have shown that despite their differences, zebrafish and mammalian 

skin have many developmental, structural, and genetic similarities (42). Both the 

similarities and the differences are informative. 
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Zebrafish larval skin and mammalian fetal skin share many features integral to both 

epidermal biology and disease. In both zebrafish and mammalian embryos, the initial 

barrier epithelium (43) remains a thin keratinocyte bilayer during the majority of the 

developmental period (Fig. 1A-B). Its outer superficial layer (stratum superficiale) and 

inner basal layer (stratum basale) are each one cell thick (Fig. 1A-B) (44-46). In 

zebrafish embryos and larvae, the superficial layer is termed the enveloping layer (EVL) 

(23, 47-50), and corresponds to mammalian embryonic periderm (43, 44, 47); the inner 

basal layer consists of basal keratinocytes, the stem cells that will generate and maintain 

the mature epidermis (51-53).  

 

The EVL protects the developing embryo from the hypotonic exterior environment (43). 

EVL differentiation provides an excellent example of how different species can employ 

signaling pathways in similar but distinct developmental circumstances: several genes 

essential for mammalian keratinocyte differentiation, inhibitor of NFkB 1 (ikk1), 

interferon regulatory factor 6 (irf6), and grainyhead-like 3 (grhl3), have been shown to 

mediate EVL differentiation (43, 54-58)  

 

In both mammalian embryonic epidermis and zebrafish larval epidermis, the basal layer 

differentiates from non-neural ectoderm (59, 60). Basal keratinocytes are identified by 

their expression of the transcription factor DeltaNp63 (∆Np63), an isoform of tp53 family 

member tp63 (Fig. 1A-B, 1E, 1H, 1K). ∆Np63 is crucial for epidermal specification in 

both zebrafish and mammalian epidermis (59, 61-67). It also plays an essential pro-

proliferative role by maintaining basal keratinocytes in a proliferative state within the 

epidermis and other epithelia (62, 63, 68, 69). For example, mice lacking ∆Np63 have 

significant defects in epidermal differentiation and stratification, as well as in epidermal 

barrier formation (66).  
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Figure 1. Some similarities and differences between zebrafish and mammalian 

epidermis 
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Figure 1. Some similarities and differences between zebrafish and mammalian 

epidermis 

(A-B) Both zebrafish and mammalian epidermis begin as simple, bilayered epithelia. In 

both, ∆Np63+ basal keratinocytes constitute the basal layer (∆Np63+, shown in pink), and 

∆Np63- keratinocytes constitute the superficial layer. Although marked by different 

keratins, the mammalian superficial layer, or periderm (A; K17, shown in green), and 

zebrafish enveloping layer (EVL) (B; transgenic expression of GFP from a Krt4/Krt8 

promoter) are analogous structures. (C-K) A comparison of more mature mammalian 

epidermis (C-H) with adult zebrafish epidermis (I-K) reveals both important structural 

differences as well as fundamental similarities. Mammalian epidermal development 

initiates a stratification program (C) leading ultimately to terminal differentiation 

(“keratinization” or “cornification”) (F). Adult zebrafish epidermis pluristratifies (I) 

rather than terminally differentiating. The distribution of ∆Np63+ basal keratinocytes 

throughout adult zebrafish epidermis (K) versus the mammalian restriction of ∆Np63+ 

basal keratinocytes to the basal layer (E, H) illustrates the difference between 

stratification and pluristratification (∆Np63+, shown in pink). (D, G, J) Adult zebrafish 

skin contains important components such as E-cadherin (Ecad, shown in red). 
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Zebrafish and mammalian skin also employ many homologous intracellular and 

extracellular components. For example, both express a variety of keratin intermediate 

filaments (48, 49, 70-75), and build their respective epidermal basement membrane (BM) 

and extracellular matrix (ECM) by directing basal keratinocytes to secrete collagens (23, 

45, 76-80) and laminins (78, 81, 82). Both employ the Fras/Frem basal keratinocyte–

ECM adhesion complex during the initial stages of epidermal development (82-90) and 

gradually replace it with hemidesmosomes later in epidermal development (91-94). Both 

use integrin transmembrane receptors (23, 82) and require tight junctions (95) and 

adherens junctions (43, 81, 96) for essential cell-cell adhesion. 

 

Zebrafish and mammalian skin do differ in several significant ways. The most striking 

differences concern stratification and keratinization (cornification) (Fig. 1C-K). 

Mammalian epidermis stratifies as basal keratinocytes undergo asymmetrical division 

and their daughter cells progress toward terminal differentiation resulting in 

keratinization and death in order to produce the cornified envelope (Fig. 1C-H). In 

contrast, zebrafish skin only pluristratifies (45) (Fig. 1I-K). During metamorphosis (the 

larval-to-juvenile transition), juvenile zebrafish skin adds several cell layers through an 

as-yet unknown mechanism (compare Fig. 1I with Fig. 1B) (45, 51, 53, 97). Moreover, 

zebrafish do not develop a cornified envelope layer (Fig. 1I-K) (45, 98). Rather than 

terminally differentiating, keratinocytes in mature fish epidermis remain nucleated and 

mitotically active (Fig. 1J-K) (41, 98, 99).  

Those structural differences reflect adaptations that enable terrestrial animals, both 

mammalian and non-mammalian, to withstand the challenges of living in non-aquatic 

environments (42, 46, 98, 100). In an aquatic environment, the skin barrier provides 

crucial protection against osmotic stress (73). But to sustain life on land, the skin barrier 

must prevent dehydration (65, 98, 101). The cornified envelope—and, therefore, the 

terminal differentiation process that produces it—is a key anti-dehydration feature that 

arose with reptiles (99). The Epidermal Differentiation Complex (EDC), a large, syntenic 

region of several multi-gene clusters directs the terminal differentiation process (102-

105). The EDC is highly conserved among mammals (106). However, ancient aquatic 
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vertebrates, including the teleost zebrafish, lack an EDC region and genes essential for 

keratinocyte terminal differentiation and keratinization (23, 53). Considering the 

structural and genetic evidence as a whole, we propose that the skin components and 

developmental pathways conserved between teleosts and mammals represent 

fundamental epidermal development programs (42, 65, 98, 99). Therefore, while 

zebrafish are not ideal models for keratinization disorders, they can provide valuable 

information and novel insights into the workings of those conserved epidermal programs. 

The larval median fin fold is an epidermal disease model 
In addition to documenting examples of gene expression in the larval zebrafish epidermis 

(Figs. 5-6, Table 1), this study examines median fin fold (MFF) development (Fig. 2, 

Figs. 8-18). Zebrafish larval epidermis gives rise to an unpaired caudal fin fold (the MFF) 

and to the paired pectoral fins (PFF) (39, 107, 108). Evolutionarily, unpaired caudal fin 

folds are more ancient than paired fins (108-111). Nevertheless, pectoral fin development 

has been better studied (108), particularly with respect to pectoral fin bud development, 

perhaps due to obvious similarities with the popular limb bud model (112-115).  

 

However, zebrafish MFF development deserves greater attention. Genetic evidence 

increasingly demonstrates that although the MFF is a larval structure, its development 

models multiple processes affected in human skin diseases (81, 82, 116, 117). Mutations 

in (or antisense knockdown of) several zebrafish orthologs of mammalian skin and skin 

disease genes have been shown to cause MFF phenotypes. The best-known example is 

Fraser Syndrome, an autosomal recessive human condition that results in skin blistering. 

FRAS1 and FREM2 encode extracellular matrix (ECM) components that are mutated in 

human Fraser Syndrome patients. Correct BM-dermal junction formation during human 

and mouse development requires FRAS1 and FREM2, especially in limb buds and 

craniofacial regions. FRAS1 and FREM2 mutations cause transient, locally restricted fetal 

skin blistering and later lead to characteristic malformations such as cryptopthalmos and 

syndactyly (83-85). Likewise, mutations in the corresponding zebrafish orthologs fraser 

syndrome 1 (fras1) and fraser-related extracellular matrix 2a (frem2a) lead to transient 

skin blistering in developing larval fins (82). Other zebrafish studies have shown that 
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homozygous mutants of furin and hemicentin 1 (hmcn1) (82, 118) develop MFF 

blistering phenotypes similar to that of fras1 mutants, suggesting that furin and hmcn1 

may be novel Fraser Syndrome interactors, though the data await confirmation in humans 

(82).  

 

Additional examples of MFF development as a disease model include the zebrafish 

mutants in laminin α5 (lama5) (81), integrin α3 (itga3) (82), and kindlin-1 (fermt1) 

(117). Impaired MFF epidermal integrity characterizes each of those three mutants. The 

mutations in BM component lama5 and its transmembrane receptor itga3 model 

epidermal defects characteristic of human epidermolysis bullosa (81, 82), and the 

intracellular integrin modulator fermt1 models the blistering disease Kindler Syndrome 

(117).  

 

Median fin fold architecture and development 

The zebrafish MFF is an outfolding of the larval epidermis from the ventral and dorsal 

caudal midlines (108). MFF development begins during the first day of embryonic 

development (108) and the MFF structure persists into juvenile stages while the bony 

adult caudal fin develops (119). The fin fold itself consists of two basally apposed 

epidermal sheets separated by a narrow, matrix-filled dermal space (24, 120) (Fig. 2A-B). 

Even though this epidermal fold is a relatively simple structure, creating and maintaining 

its architecture still involves carefully coordinated processes. The gene networks 

involved are not well understood and have not yet been fully identified (108, 119).  
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Figure 2. Schematic of larval median fin fold development 
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Figure 2. Schematic of larval median fin fold development 

(A) A transverse section (cross section) through a 2 dpf larval median fin fold (MFF), 

oriented such that the apical MFF is at the top of the image. The fin fold is directed 

perpendicularly away from the larval body. Scale = 5 µm. (A’) Enlargement of red-boxed 

region in (A), with an EVL cell marked (evl), a ridge cell marked (rc), and the dermal 

space marked (ds). (B) Viewed in cross-section, the median epidermal ridge (MER) 

consists of the cleft cell (cc) flanked on either side by wedge-shaped ridge cells (rc). The 

MER forms the apical portion of the MFF. The data we present here show for the first 

time that ridge cell morphogenesis contributes to larval MFF development. (C) Our 

proposed model of ridge cell morphogenesis, based on the data we present below (see 

Chapters 2 and 5). Beginning at 18 hpf, ridge cells initially adopt a wedge shape (viewed 

in cross-section). That wedge shape contributes to the formation of the MER (B). By ~30 

hpf, however, ridge cells have adopted a more cuboidal shape (viewed in cross-section). 

Finally, between 30-36 hpf, ridge cells have further elongated and flattened, not through 

their apical-basal axis but rather through their lateral axis. (B-C) For simplicity, only cells 

in the basal layer of the fin fold epidermis are shown. Cells of the EVL that lie directly 

above these basal cells have been omitted. Abbreviations: MER, median epidermal ridge; 

MFF, median fin fold;  evl, enveloping layer; rc, ridge cell; ds, dermal space; ap, apical; 

bas, basal; cc, cleft cell. 
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Structural studies show that MFF development begins with median epidermal ridge 

(MER) formation around 18 hpf. MFF extension follows MER formation and is complete 

by approximately 48 hpf (108, 120). MER formation initiates at the tip of the developing 

tail bud on the ventral embryonic surface, then proceeds along the caudal midline. At 

each subsequent point on the caudal midline, MER formation begins after convergence of 

the epidermal sheet (108). The basal keratinocytes sitting directly over the ventral and 

dorsal caudal midlines will become cleft cells, though how they are specified is not yet 

known (108, 120). Ultimately, the MER extends anteriorly along the caudal midline and 

terminates at the dorsal border of somites 7 and 8 at 25 hpf (108).  

 

Morphogenetic changes in that narrow strip of basal keratinocytes over and immediately 

flanking the caudal midline drive MER formation (108, 120) (Fig. 2B). First, a midline 

basal keratinocyte detaches from the underlying mesoderm and severely minimizes its 

basal surface. It will become the cleft cell. Next, the ridge cells, the three flanking basal 

keratinocytes to either side of the cleft cell, adopt wedge shapes by contracting their basal 

membranes and expanding their apical membranes. Those wedge shapes create the MER 

by pushing the ridge cells up from the larval epidermis (Fig. 2B) (108, 120). MER-

specific expression has been identified for several genes, though those genes’ roles and 

regulation remain undetermined. MER markers include transcription factors dlx5a and 

sp9 (108, 113, 121, 122), msxA (123), FGF family member fgf24 (108), actinodin 1 

(and1) (124, 125), itga3 (82), and fras1 and hmcn1 (82, 126).  

 

Next, MFF development begins as the basal keratinocytes adjacent to the ridge cells are 

recruited to the base of the MER. Those newly recruited proximal MFF basal 

keratinocytes (PMBKs) create the fin fold structure by pushing the MER distally and 

radially, away from the larval body in the plane of the larval anterior-posterior axis and 

perpendicular to the mediolateral body axis. The MER—the cleft cell and ridge cells—

therefore constitutes the apical tip of the MFF (Fig. 2B). As the developing fin fold 

matures, both PMBKs (127) and ridge cells (24) elongate and flatten into a squamous 

epithelium. We do not yet know which molecular pathways and interactions govern those 
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cell-shape changes. Intriguingly, our data suggest that Nrg2a–ERBB signaling 

mediates this flattening morphogenesis in ridge cells, but not in PMBKs (Chapter 2) 

(24). Ridge cells’ squamous flattening by 2 dpf completes basic MFF development (Fig. 
2C) (120).  

 

Matrix deposition and FMC invasion also occur in the dermal space during MFF 

development. MFF basal keratinocytes, including MER cells, secrete basement 

membrane (BM) and extracellular matrix (ECM) components into the dermal space (45, 

81, 82, 86, 91, 97, 117, 126). Those components then assemble into specialized 

extracellular structures, including cross-fibers (120, 126) and the collagenous 

actinotrichia that are thought to provide structural support for the MFF against 

mechanical stresses (128, 129). Dermal space matrix composition is not uniform 

throughout the length of the fin fold. For example, basal keratinocytes along the entire 

proximo-distal length of the MFF secrete actinotrichia components (129), but 

actinotrichia are not present in the apical fold. MER cleft and ridge cells are predominant 

producers of BM components such as laminins (81, 82) and BM-dermal anchorage 

proteins such as Fras1 (82, 86). laminin α5 is mainly expressed in and localized to the 

apical fold; without it, the entire fin fold collapses (81).  

 

Finally, migratory fin mesenchymal cells (FMCs), a type of dermal fibroblast, complete 

their invasion of the MFF dermal space by 48 hpf. They detach from the mesoderm 

underlying the MFF base via epithelial-to-mesenchymal transition (EMT), and use the 

actinotrichia as migration guides (128, 130). FMCs are thought to further support and 

organize the dermal space and its ECM (126, 131), which would otherwise rely solely on 

the ECM for internal reinforcement.  
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Section 3: Gene-break Transposon Mutagenesis and Vertebrate Systematic 

Functional Genomics 

Forward mutagenesis screening is a powerful developmental biology tool 
Forward mutagenesis screening—generating, identifying, and characterizing mutant 

phenotypes within a chosen model system—has long been a valuable strategy for 

geneticists and molecular biologists to dissect biological pathways and functions in 

model systems (28, 30, 132, 133). Investigators can choose from a variety of mutagenesis 

methods for forward screening, including chemical mutagenesis (28, 30) and insertional 

mutagenesis methods such as retroviral vectors (31, 134) or the more recently developed 

gene-breaking transposon (GBT) technology (Fig. 3) (36, 37). 

 

Chemical mutagenesis versus insertional mutagenesis 

Chemical mutagenesis with N-ethyl-N-nitrosourea (ENU) generates multiple point 

mutations per genome at an estimated rate of 1 mutation per Mb (135, 136). ENU-based 

screening in zebrafish has generated numerous mutants in a wide variety of genes and 

tissues (28, 30, 133, 135, 137-139). However, chemical mutagenesis has some practical 

limitations despite its high mutagenic efficiency. Identifying the chromosomal location of 

a mutated locus through positional cloning is laborious. Even though whole-genome 

sequencing (WGS) methods offer faster identification of ENU-generated lesions 

generally (139), the causative mutation must still be identified from among all lesions 

within a genome, and heterozygous carriers must still be individually genotyped for each 

successive generation. In addition, ENU’s high mutagenic efficiency means a greater 

likelihood of generating background mutations. Finally, point mutations are useful for 

creating allelic series but not necessarily for generating null alleles: an ENU-generated 

single-nucleotide change in an amino acid sequence could generate a hypomorph or could 

simply be silent. 

 

In contrast, insertional mutagenesis disrupts endogenous loci through genomic integration 

of an exogenous vector (31, 134, 140, 141). Those exogenous sequences also serve as 

molecular tags within the genome, meaning that molecular cloning techniques can be 
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used to enable rapid cloning of genomic insertion sites—and therefore enable more 

rapid identification of potential mutant alleles than positional cloning can achieve (31). 

Moreover, insertional mutagenesis vector design often adapts enhancer trap strategy by 

including one or more marker cassettes for visually following expression (36, 141). The 

first large-scale zebrafish insertional mutagenesis screening projects used retroviral 

vectors and identified 525 mutants in approximately 390 genes (31, 134). But as with any 

method, retroviral vectors do have limitations: they may have an integration bias towards 

5’ transcriptional regulatory regions and can cause epigenetic silencing (142, 143).  

  

Gene-break transposon insertional mutagenesis  

Our laboratory developed a novel insertional mutagen, the protein-trap gene-break 

transposon (GBT). A GBT “breaks” an endogenous transcript into two separate 

transcripts (140, 144, 145). GBT vector design’s key innovation takes advantage of 

fundamental splicing principles: it contains a mutagenic core flanked by both a splice 

acceptor (SA) and a splice donor (SD) (Fig. 3A). The vector-supplied SA tricks the 

endogenous splicing machinery into using sequence transcribed from the vector’s 

mutagenic core instead of endogenous sequence. The GBT mutagenic core consists of 

two gene-trap cassettes placed side by side: a 5’ gene-trap cassette (“protein trap” or 

“mutagenicity cassette”) containing an AUG-free mRFP sequence and termination 

sequence, and a 3’ gene-trap cassette (“gene-finding cassette”) containing a carp ß-actin 

promoter and a GFP sequence. Thus, if a GBT has integrated into an intron in the sense 

orientation of the endogenous gene, the protein-trap cassette SA and the gene-finding 

cassette SD will intercept the endogenous splicing machinery when the locus is 

transcribed (36, 140). Consequently, the GBT mutagenic effect occurs at the 

transcriptional level.  
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Figure 3. Protein trapping with gene-break transposons 
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Figure 3. Protein trapping with gene-break transposons  

(A) A schematic of the RP2.1 gene-break transposon (GBT) vector used in this study. 

Gene-breaking activity occurs when an endogenous locus with a GBT insertion is 

transcribed. The vector-supplied splice acceptor (SA) in the 5’ protein trap cassette 

intercepts the endogenous splicing machinery and transcript, redirecting them to read 

directly into an AUG-free mRFP sequence (*mRFP). That event generates a fusion 

transcript by tagging the 5’ portion of the endogenous transcript with mRFP. When 

translated, the mRFP fusion transcript will produce a potentially mutagenic truncated 

protein product. Simultaneously, the 3’ exon trap cassette uses the vector-supplied splice 

donor (SD) to create a GFP fusion transcript with the remaining downstream endogenous 

transcript. GBT alleles are revertible because loxP sites (blue diamonds) flank the 

cassettes, which allows the mutagenic elements to be excised in the presence of Cre 

recombinase, as shown in (B).
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The mutagenicity of the fundamental SA/core/SD configuration has been confirmed 

for each generation of GBT vector (140, 146, 147). Our current standard vector, RP2.1 

(hereafter “RP2”), is a highly efficient and effective mutagen: it consistently knocks 

down endogenous transcript levels to ≤ 3% of wild-type levels (Fig. 3A) (36) and 

generates mutants in a variety of genes and tissues (24, 36). Moreover, GBT alleles are 

revertible: the floxed SA/core/SD component permits the mutagenic elements to be 

excised in the presence of Cre recombinase (Fig. 3A-B). 

 

Systematic functional genomics: investigating specific biology with revertible GBT 

mutants 

Deploying the powerful GBT tool within the transparent larval zebrafish model enables 

an investigator to generate a library of zebrafish RFP-expressing lines, and then to select 

lines with mRFP expression in a tissue of interest through in vivo observation (Fig. 3).  

Following phenotypic selection, the investigator can determine the mechanism of 

heredity, i.e., dominant or recessive phenotypes. Finally, the investigator can use 

reversion experiments to determine whether a candidate phenotype is caused by a GBT 

insertion. That combined strategy of tissue-specific expression prioritization with GBT 

mutagenesis, which we previously termed “systematic functional genomics” (36), is 

simply a forward screening technique. Recent zebrafish GBT insertional mutagenesis 

projects have successfully employed this tissue-specific prioritization strategy to identify 

and characterize new genes, expression patterns, and phenotypes in the heart (147, 148), 

vasculature (149), and muscle (150). GBT insertional mutagenesis has also been used to 

dissect genetic links between brain and behavior (146, 151). Those studies have 

consistently demonstrated that GBT-mediated systematic functional genomics reliably 

identifies new biology even in well-studied tissues. However, it had not previously been 

applied to studying skin biology. 

 

Chapters 2 and 3 of this study describe two separate applications of the GBT-mediated 

systematic functional genomics strategy to skin biology in the larval zebrafish model. 

Chapter 2 details our novel application of an mRFP expression-driven screening strategy 
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(5’ prioritization) to develop the Zebrafish Integument Project (ZIP), as well as our 

successful identification of novel mutagenic, conditional GBT alleles and of the novel 

neuregulin 2a (nrg2amn0237Gt) MFF mutant (24). Chapter 3 describes our complementary 

GFP expression-driven (3’ prioritization) screening strategy that uncovered a second 

novel integument mutant, wicked witch of the Midwest. Having extended the GBT-based 

systematic functional genomics gene discovery and mutagenesis platform into skin 

biology (24), the long-term goals of this research are to encourage zebrafish investigators 

to enter the field and to encourage the overall growth of innovative skin biology research.  

 

Section 4: Patent Watch column and intellectual property experience 

This story would be incomplete without mentioning that the scientific work detailed 

herein was part of a joint degree program that I undertook in conjunction with the 

University of Minnesota Law School. Chapter 4 therefore includes a cross-disciplinary 

element of my graduate experience: the collected set of Patent Watch columns written for 

the Zebrafish journal.  
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Chapter Two 

Protein-trap insertional mutagenesis, Part I: 

GBT 5’ exon trapping uncovers new genes involved in zebrafish skin 

development, including a neuregulin 2a-based ErbB signaling pathway 

required during median fin fold morphogenesis 
 

Portions of this chapter were previously published in Westcot et al., PLoS ONE, 2015 

(24).  

 

 

Section 1: Introduction 

This study used GBT technology to identify eleven zebrafish integument loci expressed 

in either larval epidermis or FMCs. Three of those loci (fras1mn0156Gt, hmcn1mn0263Gt, 

grip1mn0078Gt) are novel revertible alleles of known disease-related genes (fras1, hmcn1, 

grip1) that will provide new, Cre-regulatable molecular tools for skin biology studies. We 

also identified neuregulin 2a (nrg2a) as a novel essential regulator of apical MFF 

development and MFF ridge cell polarity. nrg2a is a zebrafish ortholog of the epidermal 

growth factor (EGF) superfamily member NEUREGULIN 2 (NRG2). Although an earlier 

morpholino (MO) knockdown study indicates that nrg2a participates in dorsal root 

ganglion development (152), nrg2a has not been investigated in conjunction with skin or 

MFF development. We show here that zebrafish nrg2amn0237Gt/mn0237Gt insertional mutants 

display specific defects in MFF ridge cell organization, leading to aberrant apical MFF 

morphology reminiscent of ErbB2 (erbb2-/-) mutants (93). ErbB receptor tyrosine kinases 

(RTKs) mediate signaling by EGF superfamily ligands, such as the Neuregulins (NRGs), 

through several different signal transduction pathways, including the mitogen-activated 

protein kinase (MAPK) ERK, and/or phosphatidylinositol-3-kinase (PI3K) and AKT 

(153). The results of our pharmacological inhibition, erbb expression, and activated ERK 

(pERK) and AKT (pAKT) immunofluorescence studies were consistent with this novel 

Nrg2a-dependent MFF pathway operating through ErbB2/ErbB3 and the PI3K – AKT 

signal transduction cascade. Furthermore, the nrg2a phenotype led us to discover an early 
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role for the epithelial cell polarity regulator and tumor suppressor lethal giant larvae 2 

(lgl2) in MFF development. Previous mutant studies established that lgl2 promotes 

epidermal integrity by attenuating ErbB signaling during late larval development (96-120 

hpf), but did not find an earlier developmental role for lgl2 despite having documented its 

expression from 24 hpf onwards (91, 93). We show here that MO-directed knockdown of 

lgl2 in nrg2a-deficient larvae rescues the MFF defects caused by loss of functional Nrg2a 

two days before lgl2’s tumor suppressor role. Therefore, we have identified a previously 

undocumented negative impact of lgl2 on ErbB signaling that regulates epithelial polarity 

and keratinocyte biology during epidermal morphogenesis in the apical fin fold.  

 

Section 2: Results  

GBT alleles of eleven genes with previously known and unknown expression in 

epidermal or fin mesenchymal cells.  

Locating expression within a tissue of interest is a key step toward identifying new genes 

involved in tissue-specific biology. Using the online GBT database and image catalog 

zfishbook.org (http://www.zfishbook.org) (154) as an initial selection tool, we screened 

350 GBT insertional alleles (36) for mRFP expression within the skin of the MFF (Fig. 

4B-4E; Fig. 5B, 5D, 5F, 5H, 5J, 5L, and 5N) and/or covering the larval body (Fig. 5A, 

5C, 5E, 5G, 5I, and 5K) (108, 116, 120). That expression prioritization screen identified 

eleven gene-break alleles (GBT lines) with mRFP localization in the integument (Fig. 

4B-4E; Fig. 5). We refer to these as the initial Zebrafish Integument Project (ZIP) GBT 

lines. The ZIP lines’ RFP localization patterns (36) fell into three broad categories. The 

first was expression in MFF edges (Fig. 4B-4E); the second was expression throughout 

some or all of the epidermis (Fig. 5A-5N); and the third was expression in FMCs (Fig. 

5I-5N; Fig. 7). Because we identified these eleven ZIP lines among the initial cohort of 

GBT insertional alleles, the GBT-disrupted genes in several ZIP lines had been identified 

during our initial GBT mutagenesis study (36). We completed sequence-based 

identification of ZIP genes not identified in the previous study (Table 1).  
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Figure 4. Gene–break transposon–based protein trapping identifies known and 

new epidermal median fin fold loci. 
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Figure 4. Gene–break transposon–based protein trapping identifies known and 

new epidermal median fin fold loci. 

(A) A schematic of the RP2.1 gene-break transposon (GBT) vector used in this study. 

Gene-breaking activity occurs when an endogenous locus with a GBT insertion is 

transcribed. The vector-supplied splice acceptor (SA) in the 5’ protein trap cassette 

intercepts the endogenous splicing machinery and transcript, redirecting them to read 

directly into an AUG-free mRFP sequence (*mRFP). That event generates a fusion 

transcript by tagging the 5’ portion of the endogenous transcript with mRFP. When 

translated, the mRFP fusion transcript will produce a potentially mutagenic truncated 

protein product. Simultaneously, the 3’ exon trap cassette uses the vector-supplied splice 

donor (SD) to create a GFP fusion transcript with the remaining downstream endogenous 

transcript. GBT alleles are revertible because loxP sites (blue diamonds) flank the 

cassettes, allowing the mutagenic elements to be excised in the presence of Cre 

recombinase. (B-E’) At 24 hours post-fertilization (24 hpf), GBT-generated mRFP fusion 

proteins from megf6amn0325Gt (B), grip1mn0078Gt (C), fras1mn0156Gt (D), and hmcn1mn0263Gt 

(E) localize along MFF edges. (B’, E’) Both megf6amn0325Gt (B’) and hmcn1mn0263Gt (E’) 

localize within a narrow region along the MFF edge (blue arrowheads). (C’, D’) 

grip1mn0078Gt (C’) and fras1mn0156Gt (D’) localization also follows the fin fold edge (blue 

arrowheads), though they are distributed somewhat more diffusely than are 

megf6amn0325Gt (B’) and hmcn1mn0263Gt (E’). (F-H) Whole-mount in situ hybridization 

(WISH) in 24 hpf wild-type embryos reveals similar MFF expression patterns of 

endogenous grip1 (F), fras1 (G), and hmcn1 (H) genes. The mRFP fusion protein 

localization patterns observed in the respective GBT lines recapitulate endogenous gene 

expression (C, D, E). 
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Four ZIP lines displayed restricted mRFP localization in epidermal cells along MFF 

edges at 24 hpf: GBT0078/glutamate receptor interacting protein 1 (grip1mn0078Gt; Fig. 

4C and 4C’), GBT0156/fraser syndrome 1 (fras1mn0156Gt; Fig. 4D and 4D’), 

GBT0263/hemicentin 1 (hmcn1mn0263Gt; Fig. 4E and 4E’), and GBT0325/multiple 

epidermal growth factor-like domains 6a (megf6amn0325Gt; Fig. 4B and 4B’). As we had 

expected, the grip1mn0078Gt, fras1mn0156Gt, and hmcn1mn0263Gt alleles’ respective mRFP 

localization patterns, as well as their respective mRFP fusion transcript expression data 

from whole-mount in situ hybridization (WISH) (155, 156) (Fig. 4F-4H), corresponded 

to previous in situ transcript expression data (36, 82, 86). Thus our data affirmed that 

these gene-break alleles reliably recapitulated endogenous expression of the trapped loci.   

 

Seven lines displayed global epidermal localization throughout the entire integument: 

GBT0237/neuregulin 2a (nrg2amn0237Gt; Fig. 5A and 5B), GBT0275/collagen 4a4 

(col4a4mn0275Gt; Fig. 5C and 5D), GBT0175/arhgef25b (arhgef25bmn0175Gt; Fig. 5E and 

5F), GBT0196/ahnak (ahnakmn0196Gt; Fig. 5G and 5H), GBT0261/calpain 12 

(capn12mn0261Gt; Fig. 5I and 5J), GBT0316/fk 506 binding protein 10b (fkbp10bmn0316Gt; 

Fig. 5K and 5L), and GBT0245/muscle segment homeobox C (msxcmn0245Gt; Fig. 5M and 

5N). Several expression patterns emphasized external topology, especially where the 

larval epidermis covered the head and eye (Fig. 5A, 5C, 5I, 5J, and 5K), the yolk and 

yolk extension (Fig. 5A, 5C, 5E, 5G, 5I, 5K, and 5M), the pectoral fin folds (Fig. 5A, 

5E, 5G, 5I, 5K, and 5M), and the median fin fold (Fig. 5B, 5D, 5F, 5H, and 5L). In 

contrast, mRFP expression was excluded from neuromasts embedded within the basal 

layer (157) (nrg2amn0237Gt, Fig. 5B; col4a4mn0275Gt, Fig. 5D; capn12mn0261Gt, Fig. 5I and 

5J; and fkbp10bmn0316Gt, Fig. 5K).  
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Figure 5. GBT protein trapping identifies integument loci with epidermal or fin 

mesenchymal expression. 
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Figure 5. GBT protein trapping identifies integument loci with epidermal or fin 

mesenchymal expression. 

As identified by mRFP localization, seven GBT alleles have unique epidermal expression 

patterns emphasizing epidermal continuity over the body and larval fin folds. They are: 

(A, B) nrg2amn0237Gt, (C, D) col4a4mn0275Gt, (E, F) arhgef25bmn0175Gt, (G, H) ahnakmn0196Gt, 

(I, J) capn12mn0261Gt, (K, L) fkbp10bmn0316Gt, and (M, N) msxcmn0245Gt. (B, D, I, J, K) Four 

lines, nrg2amn0237Gt, col4a4mn0275Gt, capn12mn0261Gt, and fkbp10bmn0316Gt, have “holes” or 

“gaps” in their epidermal pattern (green arrowheads) where neuromasts embedded in the 

basal layer exclude the mRFP-positive basal keratinocytes. (A, G, I, K, M) nrg2amn0237Gt 

(A), ahnakmn0196Gt (G), capn12mn0261Gt (I), fkbp10bmn0316Gt (K), and msxcmn0245Gt (M) are 

also expressed in the pectoral fin folds. (C-D, J, L, M-N) col4a4mn0275Gt, capn12mn0261Gt, 

fkbp10bmn0316Gt, and msxcmn0245Gt epidermal expression (blue arrowheads) can be difficult 

to discern among other expression pattern components. (I-N) capn12mn0261Gt, 

megf6amn0316Gt, and msxcmn0245Gt also show expression in fin mesenchymal cells (pink 

arrowheads). (C, D, K, L, M, N) Several lines are also expressed in other tissues. (C, D) 

col4a4mn0275Gt appears in myotomes and the vascular plexus. (K, L) fkbp10bmn0316Gt is 

seen in the notochord. (M, N) msxcmn0245Gt is strongly expressed in the brain, spinal cord, 

and sensory maculae. hpf, hours post-fertilization. Comparisons of the mRFP localization 

patterns with the expression pattern of the endogenous genes are shown in Fig. 6. 
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We observed irregularly shaped mRFP+ cells within the fin folds of lines msxcmn0245Gt 

(Fig. 5M and 5N), capn12mn0261Gt (Fig. 5I and 5J), and fkbp10bmn0316Gt (Fig. 5K and 5L), 

and the endogenous transcript patterns revealed via WISH analyses supported those 

observations (Fig. 6D’ and 6F’).  Hypothesizing that those mRFP+ cells were FMCs 

(126), we crossed capn12mn0261Gt and msxcmn0245Gt into ET37, a transgenic marker line 

expressing EGFP in FMCs (among other cell types, such as cleft cells) (126, 158). Both 

Capn12mn0261Gt-mRFP and Msxcmn0245Gt-mRFP fusion proteins co-localized with ET37 

EGFP expression in FMCs (Fig. 7A, 7D, 7E, and 7H). Capn12mn0261Gt-mRFP was 

expressed in FMCs throughout the fin fold (Fig. 7C and 7D), but localized to the 

periphery of FMC cell bodies (Fig. 7C and 7D), whereas ET37 EGFP appeared 

uniformly distributed (Fig. 7F and 7H). In contrast, Msxcmn0245Gt-mRFP was 

predominately expressed in FMCs within the distal fin fold (Fig. 7B-7D) and was 

uniformly distributed within individual cells (Fig. 7B-7D). Those results confirmed 

msxcmn0245Gt mesenchymal expression and established capn12mn0261Gt as a new FMC 

marker for future studies of that migratory cell population. 

 

Several alleles also displayed non-epidermal mRFP localization. Col4a4mn0275Gt-mRFP 

was expressed in the caudal vascular plexus (Fig. 5D) and in some somitic myotomes 

(Fig. 5C and 5D). fkbp10bmn0316Gt was expressed in the notochord (Fig. 5K and 5L; Fig. 

6D’). And consistent with previous reports (159) and with our own WISH analyses of the 

endogenous msxc transcript (Fig. 6F), Msxcmn0245Gt-mRFP was expressed in the central 

nervous system (CNS), the sensory maculae of the inner ears, and the pectoral fin buds 

(Fig. 5M and 5N).  
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Figure 6. mRFP fusion protein distribution in GBT lines recapitulates the 

endogenous expression patterns of arhgef25b, fkbp10b, and msxc. 
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Figure 6. mRFP fusion protein distribution in GBT lines recapitulates the 

endogenous expression patterns of arhgef25b, fkbp10b, and msxc. 

Panels (A, A’, C, C’, E, E’) show the same in vivo fluorescence images of mRFP 

localization in GBT lines arhgef25bmn0175Gt (A, A’), fkbp10bmn0316Gt (C, C’) and 

msxcmn0245Gt (E, E’) as in Fig. 5E, 5F, 5K, 5L, 5M, and 25N, respectively. Panels 

underneath show images of wild-type embryos of comparable stages (indicated in hpf) 

and orientations following whole-mount in situ hybridization (WISH) with arhgef25b (B, 

B’), fkbp10b (D, D’), or msxc (F, F’) RNA probes. mRFP localization in the epidermis 

covering the yolk in the arhgef25bmn0175Gt gene-break allele (A) corresponds to 

endogenous arhgef25b gene expression (B). Both arhgef25bmn0175Gt mRFP localization 

and endogenous arhgef25b gene expression are also observed in the MFF (A’, B’). 

Furthermore, just as the gene-break alleles fkbp10bmn0316Gt (C, C’) and msxcmn0245Gt (E, 

E’) show mRFP localization in fin mesenchymal cells (FMCs), fkbp10b and msxc genes 

show endogenous FMC expression (C-F’; also compare with MsxCmn0245Gt-mRFP fusion 

protein localization in Fig. 7E-7H). mRFP localization to the pectoral fin buds observed 

in the fkbp10bmn0316Gt allele (C) parallels endogenous fkbp10b expression in the pectoral 

fin buds (D). fkbp10b also shows expression in the posterior region of the notochord (D’). 

The weaker WISH signal in anterior (earlier specified) regions of the notochord 

compared to the mRFP signal (C’) points to transient expression of the endogenous gene 

in notochord cells, and higher stability of the GBT-generated mRFP fusion protein than 

the endogenous transcript. The endogenous msxc gene is also expressed in the maculae of 

the inner ear and in the pectoral fin buds (F), confirming that the msxcmn0245Gt GBT allele 

and its resulting mRFP fusion protein also recapitulate endogenous expression in tissues 

other than the skin (E). 
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Figure 7. capn12 and msxc transgenes are co-expressed with a fin mesenchymal 

cell marker. 



 

 

31 
Figure 7. capn12 and msxc transgenes are co-expressed with a fin mesenchymal 

cell marker. 

(A, E) When capn12mn0261Gt and msxcmn0245Gt are crossed into an ET37 background, both 

Capn12mn0261Gt-mRFP and MsxCmn0245Gt-mRFP co-localize with ET37 EGFP-positive fin 

mesenchymal cells (FMCs; arrowheads). ET37 also labels the cleft cells along the MFF 

edge (open arrowheads). Neither Capn12mn0261Gt-mRFP nor MsxCmn0245Gt-mRFP localizes 

to the cleft cells. (B-H) ET37 EGFP labels all FMCs within the fin (arrowheads), both 

proximal (upper arrowheads) and distal (lower arrowheads), and is present throughout 

FMC cell bodies and in the extended “arbors” of distal FMCs (lower arrowheads). Both 

Capn12mn0261Gt-mRFP and MsxCmn0245Gt-mRFP localization show similarities with and 

differences from ET37 EGFP. (B-D) Both ET37 EGFP and Capn12mn0261Gt-mRFP are 

expressed in proximal and distal FMCs (arrowheads) but unlike ET37 EGFP, 

Capn12mn0261Gt-mRFP localizes to the periphery of FMCs (arrowheads). (F-H) 

MsxCmn0245Gt-mRFP co-localizes with ET37 EGFP, but differs from Capn12mn0261Gt-

mRFP. MsxCmn0245Gt-mRFP is much weaker in proximal FMCs (upper arrowheads) than 

in distal FMCs (lower arrowheads). Unlike Capn12mn0261Gt-mRFP, MsxCmn0245Gt-mRFP 

subcellular localization is not noticeably distinct from that of ET37 EGFP.
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Of the eleven genes identified (Table 1; Fig. 4B-4D’; Fig. 5), three have established 

roles in skin development and epidermal-dermal junction formation: fras1, grip1, and 

hmcn1 (82, 97). As discussed earlier (Chapter 1), FRAS1 is a large basement membrane 

(BM)-associated ECM protein connecting BM with underlying dermal connective tissue. 

The cytoplasmic protein GRIP1 is required for properly localizing FRAS1 to the basal 

side of epithelial cells (160). In human and mouse, recessive mutations in FRAS1 (83, 84) 

and GRIP1 (160-162) are characterized by malformations resulting from 

epidermal/epithelial blistering during fetal development. Zebrafish fras1 mutants are 

characterized by corresponding blistering in the developing fin folds, though zebrafish 

grip1 mutants have no overt morphological phenotype (82). Hmcn1/Fibulin 6 is a highly 

conserved member of the Fibulin ECM protein family, with epithelial cell-anchoring 

roles in C. elegans (118). Zebrafish genetic studies have shown Hmcn1 is essential for 

epithelial-dermal anchorage in developing fin folds (82).  

 

To varying degrees, five other ZIP alleles have reported zebrafish or mammalian 

integument expression: col4a4, ahnak, capn12, nrg2a, and msxc. Col4a4 encodes one of 

the six subunits of type IV collagen, a major BM structural component (23, 97, 163). 

Originally isolated from bovine muzzle epidermis as Desmoyokin, AHNAK (164) 

shuttles between the cytoplasm and the plasma membrane in keratinocytes and other 

epithelial cells (165). Ahnakmn0196Gt–mRFP shows similar membrane localization (Fig. 

5G and 5H). CALPAIN12, a member of the Calpain family of calcium-dependent, non-

lysosomal cysteine proteases, is expressed in murine skin (166). Calpain activity has also 

been implicated in wound healing (167). Transcriptional profiling data indicate that 

NEUREGULIN 2 (NRG2) is expressed in the epidermal basal layer (168). msxc encodes 

the transcription factor MsxC and is expressed in zebrafish FMCs (119, 159).  

 

Finally, ZIP lines arhgef25b, fkbp10b, and megf6a did not have documented integument 

expression. arhgef25bmn0175Gt, fkbp10bmn0316Gt, and megf6amn0325Gt therefore represent 

novel skin genes—and are novel revertible alleles suitable for future genetic studies.  
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fras1 and hmcn1 GBT alleles phenocopy known ENU mutants and are revertible. 

To determine which ZIP loci were required for early zebrafish skin or fin fold 

development, we bred each expressing insertion to homozygosity through a standard 

inbreeding scheme. For each line, we screened offspring of intercrossed heterozygous 

parents during the first five days of development (120 hpf) for abnormal skin or fin fold 

morphology present only in mRFP-positive (GBT-expressing) larvae and absent from 

their wild-type siblings (36) (an “mRFP-linked” phenotype). Of the eleven lines 

screened, three displayed recessive, mRFP-linked phenotypes: fras1mn0156Gt (Fig. 8B), 

hmcn1mn0263Gt (Fig. 8C), and nrg2amn0237Gt (Fig. 8B). Comparisons to published 

phenotypes of ENU-derived alleles indicated that fras1mn0156Gt and hmcn1mn0263Gt 

represented novel alleles of known skin blistering mutants pinfin (pif) and nagel (nel) (82, 

116), respectively (Table 1; Fig. 8A-8C).  

 

GBT-tagged loci are revertible due to loxP sites within the RP2 vector (Fig. 4A). Cre-

mediated recombination permanently excises the mutagenic cassettes, restoring wild-type 

splicing to the endogenous locus (36). To verify that fras1mn0156Gt/mn0156Gt and 

hmcn1mn0263Gt/mn0263Gt insertional mutants were revertible, we tested whether Cre 

recombinase activity rescued the phenotypes (Fig. 4A) (36, 148). We injected Cre 

mRNA into 1-cell-stage offspring of fras1+/mn0156Gt or hmcn1+/mn0263Gt heterozygote 

intercrosses, respectively, and scored injected larvae for blistered fins at 48 hpf (82). The 

frequency of phenotypic larvae in both fras1mn0156Gt/mn0156Gt (27%, n = 156, Fig. 8D) and 

hmcn1mn0263Gt/mn0263Gt (25%, n = 146, Fig. 8E) uninjected controls were within expected 

Mendelian proportions. However, phenotypic frequencies were significantly reduced in 

their Cre-injected siblings (fras1mn0156Gt/mn0156Gt: 5%, n = 140, Fig. 8D; 

hmcn1mn0263Gt/mn0263Gt: 8%, n = 223, Fig. 8E).  
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Figure 8. GBT protein trapping generates novel revertible alleles of known MFF 

loci. 
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Figure 8. GBT protein trapping generates novel revertible alleles of known MFF 

loci.  

(A) By 48 hpf, wild-type MFFs are thin and flat, and the MFF edge appears smooth and 

regular. (B-C) Two ZIP gene-break alleles, fras1mn0156Gt and hmcn1mn0263Gt have 

homozygous recessive phenotypes, each of which results in blistered MFFs (arrowheads). 

(D-E) Both fras1mn0156Gt and hmcn1mn0263Gt behaved as classic revertible GBT mutant 

alleles in Cre reversion experiments. With both alleles, significantly fewer Cre mRNA-

injected embryos were phenotypic, compared with their respective uninjected siblings. 

(D) For offspring of fras1mn0156Gt heterozygote incrosses, 27% (n = 156) of uninjected 

embryos (-Cre) were phenotypic; only 5% (n = 140) of Cre mRNA-injected siblings 

(+Cre) were phenotypic (p < 0.05). (E) For offspring of hmcn1mn0263Gt heterozygote 

incrosses, 25% (n = 146) of uninjected embryos (-Cre) were phenotypic; only 8% (n = 

233) of Cre-injected siblings (+Cre) were phenotypic (p < 0.005). (F) The fras1mn0156Gt 

GBT allele fails to complement the pif tm95b ENU allele of fras1. Crossing pif tm95b 

heterozygotes with fras1mn0156Gt heterozygotes does not reduce the proportion of 

phenotypic offspring (28%, n = 445) (tm95b/mn0156Gt trans-heterozygotes) compared to 

either pif tm95b/tm95b (tm95b/tm95b, n = 332) or fras1mn0156Gt/mn0156Gt (mn0156Gt/mn0156Gt, 

n = 206) homozygotes. Percentages represent the mean of means (MOM); error bars 

represent standard deviations (SD).   
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To confirm that our GBT alleles and ENU-induced point mutation alleles of the same 

locus were functionally equivalent, we conducted complementation testing between 

fras1+/mn0156Gt and pif +/tm95b (82, 116) heterozygotes. fras1+/mn0156Gt x pif +/tm95b offspring 

(fras1+/mn0156Gt; pif +/tm95b trans-heterozygotes) showed typical fras1 fin blistering (Fig. 

8F) in a Mendelian proportion (28%, n = 445), indicating that the fras1mn0156Gt and pif 
tm95b alleles failed to complement each other. Failure to complement demonstrated that 

fras1mn0156Gt was a novel, mutagenic allele of the fras1 locus. Together, the Cre reversion 

and non-complementation results demonstrated that GBT alleles of known skin mutants 

phenocopied established ENU mutants. 

 

neuregulin 2a (nrg2a) insertional mutants have aberrant apical fin fold morphology. 

nrg2amn0237Gt/mn0237Gt homozygotes presented the third recessive phenotype, which was 

characterized by morphological defects along MFF edges (Fig. 9A and 9B). Whereas 

wild-type MFF edges are thin and flat (Fig. 9A), nrg2amn0237Gt/mn0237Gt mutant MFF edges 

were thick and were often accompanied by one or more pointed protrusions along the 

posterior curvature (Fig. 9B). In live embryos, phenotypic changes to MFF edge 

morphology were visible as early as 48 hpf (Fig. 9B). Immunostaining for Collagen II 

(Col II), an MFF dermal space collagen (129), showed increased Col II accumulation and 

thick, bent actinotrichia within nrg2amn0237Gt/mn0237Gt mutant apical MFFs (Fig. 9D), 

whereas actinotrichia in the corresponding distal regions of wild-type MFFs were much 

thinner or even absent (Fig. 9C). In addition, nrg2amn0237Gt/mn0237Gt mutants’ pectoral fins 

were often bent or crumpled, or had altered edges similar to those of mutant MFFs (Fig. 

10A and 10B). Mutant larvae also failed to inflate their swim bladders (Fig. 10C and 

10D), and died between 8 and 12 days post fertilization (dpf) (Fig. 10E). Unlike other 

published zebrafish skin mutants, however, nrg2amn0237Gt/mn0237Gt mutants did not display 

epidermal phenotypes such as cellular aggregates, blistering, or fin fold degeneration 

during the first 120 hpf (81, 82, 91, 94, 96, 116, 117, 169, 170). 
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Figure 9. nrg2a mutants display altered MFF morphology, consistent with 

epidermal localization of the Nrg2-mRFP fusion protein and of endogenous nrg2a 

transcripts. 
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Figure 9. nrg2a mutants display altered MFF morphology, consistent with 

epidermal localization of the Nrg2-mRFP fusion protein and of endogenous nrg2a 

transcripts. 

(A, B) By 48 hpf, nrg2amn0237Gt/mn0237Gt mutants (mn0237Gt/mn0237Gt) show altered 

MFF morphology. (A) Wild-type MFF edges are thin, flat, and continuously curved 

(arrowhead). (B) mn0237Gt/mn0237Gt mutant MFFs have thickened edges (arrowhead), 

and one or more pointed protrusions (open arrowhead). (C, D) Collagen II (Col II) 

immunostaining of actinotrichia support fibers within the MFF shows aberrant collagen 

accumulation and ectopic actinotrichia within mn0237Gt/mn0237Gt mutant apical MFFs 

(arrowheads) at 48 hpf. (E, G) At 24 hpf, Nrg2a-mRFP fusion protein is present in MFFs 

of heterozygous (+/mn0237Gt) embryos (E; view on tail of whole mount) and, at slightly 

lower levels, throughout the entire epidermis (G; section through tail region; 

immunostained for RFP and counterstained with DAPI). (F, H, I) Whole-mount in situ 

hybridization (WISH) demonstrates strong MFF expression of the GBT-generated fusion 

transcript (mRFP; F) in a representative +/mn0237Gt embryo at 24 hpf. When developed 

with Boehringer Blocking Reagent, WISH staining for endogenous nrg2a transcripts in 

24 hpf wild-type embryos also revealed strong MFF expression of the endogenous gene 

(H, Boeringer). When developed without Boehringer Blocking Reagent, WISH staining 

further reveals uniform expression of the endogenous nrg2a gene throughout the entire 

epidermis (I). For cross-sections, see Honjo et al., Fig. 6C (152)). (J-N) Co-labeling of a 

transverse section through the dorsal MFF of a +/mn0237Gt embryo at 24 hpf reveals 

restricted localization of the Nrg2a-mRFP fusion protein (J) in ∆Np63-positive basal 

keratinocytes (L), whereas the outer enveloping layer, labeled with EGFP (K), lacks the 

Nrg2a-mRFP protein; (M) DAPI counterstain; (N) merged image of different channels 

shown in (J-M). 
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Figure 10. nrg2a mutant larvae have altered pectoral fin folds, lack swim 

bladders, and die between 8 and 12 dpf  
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Figure 10. nrg2a mutant larvae have altered pectoral fin folds, lack swim 

bladders, and die between 8 and 12 dpf 

(A-D) Images of live larvae at 7 dpf. (A) Wild-type pectoral fin folds (PFF) typically 

follow a continuous arc such that the PFF edge lies close to the body when larvae are at 

rest. (B) PFFs in nrg2a mutant larvae  (mn0237Gt/mn0237Gt) often depart from a 

continuous arc shape and/or have thickened edges similar to the MFF phenotype 

(arrowhead). In addition, wild-type larvae have well-developed swim bladders (C), but 

swim bladders fail to develop in mn0237Gt/mn0237Gt mutant larvae (D, arrowhead). (E) 

Graphical illustration of survival rates of mn0237Gt/mn0237Gt mutant larvae (n=104 

larvae per class). 
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To confirm that the GBT insertion caused the MFF phenotype, we conducted Cre 

rescue experiments on offspring of nrg2a+/mn0237Gt intercrosses. Cre-mediated excision 

significantly reduced the frequency of phenotypic siblings in injected (7%, n = 322) 

versus uninjected (25%, n = 358) embryos (p < 0.002) (data not shown). Successful Cre-

mediated phenotype rescue confirmed that homozygosity for the mn0237Gt allele caused 

the MFF phenotype.  

 

Because the previously reported zebrafish nrg2a sequence contained a putative non-

coding first exon but did not contain an N-terminal signal sequence (152), we 

investigated whether additional nrg2a N-terminal exons were present. Through 5’RACE 

and zebrafish genome database searches, we identified two alternative N-terminal exons, 

exons 1B and 1C. While the putative exon 1A contains only non-coding sequence and is 

used for the previously reported N-terminally truncated Nrg2a isoforms (152), the newly 

annotated exons 1B and 1C give rise to alterative N-termini of 145 (1B) or 37 (1C) amino 

acid residues, respectively (Fig. 11; Fig. 12A). Exon 1B has homology to N-termini of 

NRG2 orthologs in other species, whereas exon 1C shows no homology to any other 

species. SignalP4 software analysis (171) (http://www.cbs.dtu.dk/services/SignalP/) 

indicated that only the exon 1B-encoded isoform contains an N-terminal signal sequence. 

In addition, NucPred software analysis (172) (http://www.sbc.su.se/~maccallr/nucpred/) 

predicted that the exon 1C-encoded isoform would be capable of nuclear localization 

(Fig. 11). The gene-breaking cassette that generates the mn0237Gt allele is located in the 

intron between exon 1C and exon 2 (Fig. 12A). According to RT-PCR analyses, 

endogenous 1B and 1C transcripts were present in both wild-type (nrg2a+/+) and 

heterozygous (nrg2a+/mn0237Gt) siblings, but absent in homozygous mutant 

(nrg2amn0237Gt/mn0237Gt) siblings (Fig. 12B and 12C). Conversely, 1B-mRFP and 1C-mRFP 

fusion transcripts were present in mutant and heterozygous siblings, but absent from 

wild-type siblings (Fig. 12B and 12C). We note that we were unable to amplify the 

sequence corresponding to non-coding exon 1A (152). Together, these transcript data 

indicate that mn0237Gt is a null or near-null loss-of-function allele (see also Discussion). 
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Figure 11. Nucleotide and deduced amino acid sequences of the three N-terminal 

Nrg2a isoforms generated upon alternative exon 1 usage. 



 

 

43 
Figure 11. Nucleotide and deduced amino acid sequences of the three N-terminal 

Nrg2a isoforms generated upon alternative exon 1 usage. 

(A) Nucleotide sequences of 5’ regions of three different nrg2a cDNA isoforms. 

Alternative exon 1A, 1B, and 1C sequences are in blue, shared exon 2 sequence is in 

black; start codon of isoform 1A is highlighted in light blue, start codons of isoforms 1B 

and 1C are highlighted in yellow. (B) Deduced amino acid sequences of N-termini of 1A, 

1B, and 1C isoforms. Exon1B and exon1B-encoded sequences are in blue, exon2-

encoded sequences in black, and the putative nuclear localization sequences (NLS) of the 

1C isoform in red. 



 

 

44 
Figure 12. Usage of alternative first exons of nrg2a gene leads to differential 

cytosolic or nuclear localization of resulting protein isoforms. 
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Figure 12. Usage of alternative first exons of nrg2a gene leads to differential 

cytosolic or nuclear localization of resulting protein isoforms.  

(A) A schematic of the nrg2a locus on linkage group 21 (LG21), including alternative 

first exons 1A, 1B and 1C. The GBT insertion is located in the intron separating exon 1C 

and exon 2. (B) RT-PCR analyses of 48 hpf sibling embryos from heterozygote 

(+/mn0237Gt) intercross, revealing that endogenous nrg2a 1B and 1C transcripts are only 

expressed in heterozygous (+/mn0237Gt) and wild-type siblings (+/+). nrg2a 1B-mRFP 

and 1C-mRFP fusion transcripts are only expressed in homozygous mutants 

(mn0237Gt/mn0237Gt) and heterozygous siblings (+/mn0237Gt). (C-N) Confocal images 

of MFF epidermis at 24 hpf detecting Nrg2a-RFP fusion protein (C, G, K; red), cell 

membranes (D, H, L; labeled with EGFP (green) after injection of egfp-caax mRNA at 1-

cell stage), and cell nuclei (E, I, M; labeled with BFP (blue) after injection of nls-BFP 

mRNA at the 1-cell stage). Panels (F, J, N) show merged images. (C-F) +/mn0237Gt 

embryo displays Nrg2amn0237Gt-RFP fusion protein both in the cytoplasm (empty 

arrowheads) and in the nuclei (filled arrowheads). (G-J) Wild-type embryo injected with 

mRNA encoding exon 1B-version of the Nrg2a-RFP fusion protein; the fusion protein is 

largely absent from the nucleus, but present in cyptoplasmic compartments. (K-N) Wild-

type embryo injected with mRNA encoding exon 1C-version of the Nrg2a-RFP fusion 

protein; the fusion protein is present in the cytoplasm and the nuclei, similar to the 

distribution of the transgene-encoded protein (C-F). 
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Both nrg2a-mRFP fusion transcripts (Fig. 9G) and Nrg2amn0237Gt–mRFP fusion protein 

(Fig. 9E and 9H) were epidermally localized in 24 hpf nrg2a+/mn0237Gt heterozygotes. 

WISH analyses using a probe for mRFP revealed that the fusion transcript was 

prominently expressed along the MFF edges (Fig. 9E and 9F)—that is, within the apical 

MFF—and was weakly expressed throughout the entire epidermis (Fig. 9G). WISH 

analyses of endogenous nrg2a transcripts in wild-type embryos showed the same pattern 

(24 hpf; Fig. 9H and 9I), thus demonstrating that the mn0237Gt insertional allele 

recapitulates endogenous nrg2a expression.  

 

Co-labeled MFF transverse sections further revealed that the Nrg2amn0237Gt–mRFP fusion 

protein was present in the basal layer of keratinocytes, together with the nuclearly 

localized basal keratinocyte marker ∆Np63 (59). In contrast, the EVL, characterized by 

expression of the krt4:EGFP transgene (173), lacked Nrg2amn0237Gt–mRFP fusion protein 

(Fig. 9J-9N). Higher magnification analyses confirmed that the punctate distribution of 

Nrg2amn0237Gt–mRFP fusion protein (Fig. 5B; Fig. 9E) reflected nuclear localization of 

the fusion protein (Fig. 12C-12F). In addition, Nrg2amn0237Gt–mRFP fusion protein could 

be detected in the cytoplasm of basal keratinocytes (Fig. 9J-9N; Fig. 12C-12F). Both of 

those findings regarding Nrg2amn0237Gt–mRFP subcellular localization were initially 

surprising because Nrg2a is a growth factor (but see Discussion). However, wild-type 

embryos injected with synthetic mRNA encoding the exon 1C version of the Nrg2a-

mRFP fusion protein showed similar cytoplasmic localization. Exogenous exon 1C-

mRFP fusion protein was present in both keratinocyte nuclei and cytoplasm (Fig. 12K-

12N), mimicking the distribution of the transgene-encoded fusion protein in 

nrg2a+/mn0237Gt heterozygous embryos (Fig. 12C-12F). Exogenous exon 1B-mRFP fusion 

protein also showed some cytoplasmic localization (Fig. 12G-12J). These results were 

consistent with the presence of one or more putative nuclear localization sequences 

(NLS) in the predicted amino acid sequence encoded by nrg2a exon 1C (Fig. 11), and 

suggest that the complex subcellular localization of the Nrg2a-mRFP fusion protein is 

caused by differential distributions of the different N-terminal isoforms. 
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nrg2a mutants display altered epithelial organization of MFF ridge cells. 

To further characterize the MFF defect in nrg2amn0237Gt/mn0237Gt mutants, we compared 

transverse sections of median epidermal ridges (MER) from nrg2amn0237Gt/mn0237Gt mutant 

larvae with those of wild-type siblings. As described above, the MER consists of a central 

cleft cell, characterized by a cleft-like invagination of the dermal space, and ridge cells to 

either side of the cleft cell. To visualize the shapes of individual cleft and ridge cells, we 

crossed nrg2amn0237Gt into a Tg(Ola.Actb:Hsa.hras-egfp)vu119 (hras-egfp) ubiquitously 

expressed membrane-bound EGFP background (Fig. 13A-13C). Furthermore, to 

specifically label cleft cells, we crossed nrg2amn0237Gt into an ET37 background, in which 

EGFP is specifically expressed in FMCs and cleft cells (Fig. 13D and 13E). We also 

performed transmission electron microscopy (TEM; Fig. 14; Fig. 15) to examine the cleft 

and ridge cells in finer detail. Because the gross morphological changes characterizing 

nrg2amn0237Gt/mn0237Gt mutant MFFs were visible by the second day of development (Fig. 

9B), we conducted our analyses between 30 and 52 hpf.  

 

During normal MFF morphogenesis, MER cells undergo characteristic consecutive cell 

shape changes, accompanied by changes in the organization of the developing dermal 

space between the two apposed epidermal sheets. During the initial steps of fin fold 

elevation along the body midline, MER ridge cells acquire wedge-like shapes by 

expanding their lateral and/or apical domains at the expense of the basal domain (108). 

But at 30 hpf, re-enlargement of ridge cell basal domains had partially reversed the 

earlier shape changes. Ridge cells acquired an intermediate shape, more cuboidal than 

wedge-like, while the dermal space was curved (Fig. 13A). MER morphogenesis 

continued through 36 hpf (Fig. 14A, 14E, and 14F; Fig. 15A). By 52 hpf, the dermal 

space had straightened and ridge cells had elongated, acquiring a flattened shape with 

large, equally-sized apical and basal domains, but small lateral domains (Fig. 13B and 

13D; Fig. 14C).  
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Figure 13. MFF cleft cells of nrg2a mutants are largely unaffected, but ridge cells 

display an altered morphology. 
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Figure 13. MFF cleft cells of nrg2a mutants are largely unaffected, but ridge cells 

display an altered morphology. 

(A-C) Transverse sections through MFFs of Tg(Ola.Actb:Hsa.hras-egfp)vu119-

expressing (hras-egfp) wild-type and nrg2a mutant embryos. Green: membrane-bound 

EGFP, blue: DAPI. (D-E) ET37 EGFP is expressed in MFF cleft cells (cc). ET37-EGFP: 

green, CellMask: red, DAPI: blue. (A) At 30 hpf, wild-type ridge cells (rc) are roughly 

cuboidal, with parallel apical and basal domains. The dermal space (ds) has not yet 

straightened, especially within the apical MFF terminus bounded by the cleft cell (cc). (B, 

D) By 52 hpf, the dermal space of wild-type embryos has straightened (arrowheads) and 

has invaginated into the basal side of the cleft cell. Ridge cells have elongated laterally, 

adopting a flat, planar, epithelial morphology. Their apical and basal domains are 

essentially parallel. (C, E) In nrg2a mutants, the cleft cell (cc) is present and contains the 

basal invagination of the dermal space (cleft; E) as in wild-type siblings. In contrast, 

nrg2a mutant ridge cells have elongated incorrectly and display an abnormal 

morphology, bulging basally into the dermal space, which acquires a serpentine-like 

appearance. Scale bar: 10 µm. Abbreviations: cc, cleft cell; rc, ridge cell; arrowheads 

point to dermal space. 
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Figure 14. MFF ridge cell in nrg2a mutants display alterations in basolateral 

versus apical dimensions. 
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Figure 14. MFF ridge cell in nrg2a mutants display alterations in basolateral 

versus apical dimensions. 

(A-H) Transmission electron micrographs (TEM) of the distal-most region within wild-

type and nrg2a mutant MFFs at 36 hpf (A, B, E-H) or 52 hpf (C,D). (A) By 36 hpf, wild-

type ridge cells (arrowhead) have begun elongating laterally. Their apical and basal 

surfaces are parallel to each other and to the dermal space. (C) By 52 hpf, wild-ridge cells 

have continued elongating and have maintained their arrangements. (B, D) In nrg2a 

mutants (mn0237Gt/mn0237Gt), ridge cells (arrowheads) are morphologically distorted, 

fail to stay aligned parallel to the direction of the fin, and bulge into the dermal space, 

giving it a serpentine-like appearance. (E-H) Relative basolateral and apical dimensions 

in nrg2a mutants are distorted compared to their wild-type counterparts. To illustrate the 

changes, identical images are shown side by side with and without marked ridge cell 

borders. (E, F) By 36 hpf, apical (red) and basal (blue) borders of wild-type ridge cells 

are roughly parallel and of comparable lengths; lateral borders with neighboring basal 

keratinocytes are in white. (G, H) An example of mn0237Gt/mn0237Gt mutant ridge cells 

bulging into the dermal space. The pictured bulge consists of two adjacent ridge cells 

sharing an exaggeratedly lengthened lateral border (white) and with enlarged basal (blue) 

borders, but strongly reduced apical borders (red). Scale bars: 2 µm. Abbreviations: ds, 

dermal space; e, EV; cc, cleft cell; arrowheads point to ridge cells. 



 

 

52 
Cleft cells in nrg2amn0237Gt/mn0237Gt mutants were only mildly affected. They expressed 

the ET37 marker (Fig. 13E) and retained a typical cleft shape (Fig. 13E; Fig. 15B), 

though they often shared an atypically elongated lateral border with a neighboring ridge 

cell (Fig. 15B). Ridge cells in nrg2amn0237Gt/mn0237Gt mutants, however, displayed far more 

dramatic alterations (Fig. 13C and 13E; Fig. 14B, 14D, 14G, and 14H; Fig. 15C and 

15D).  Ridge cells’ lateral domains, and especially their basal domains, were much 

enlarged, while their apical domains were smaller (Fig. 14G and 14H; Fig. 15C and 

15D), so that they bulged into the dermal space, giving it a serpentine-like appearance 

(Fig. 13C and 13E; Fig. 14B, 14D-G). The bulges consisted either of two ridge cells 

sharing an extended lateral border (Fig. 14G and 14H), or of a single ridge cell with an 

extended basal domain (Fig. 15C and 15D). In both cases, the extent of apical domains 

was reduced. These findings suggest that Nrg2a regulates ridge cells’ apicobasal 

organization during apical MFF morphogenesis, thereby promoting or maintaining apical 

domain identity at the expense of basolateral identity. 

 

To determine whether Nrg2a might have a corresponding function in more proximal 

(non-MER) epidermal cells of the MFF, we compared 52 hpf and 96 hpf mutant and 

wild-type siblings via TEM. However, we did not observe consistent epidermal 

differences, malformations, or cell-cell junction defects in these regions of 

nrg2amn0237Gt/mn0237Gt mutants compared to wild-type siblings (data not shown).  
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Figure 15. Cleft cells in nrg2a mutants are largely unaffected, whereas ridge cells 

display expanded basal and reduced apical domains. 
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Figure 15. Cleft cells in nrg2a mutants are largely unaffected, whereas ridge cells 

display expanded basal and reduced apical domains. 

Transmission electron micrographs (TEM) of distal-most region of dorsal MFF of wild-

type (A) and nrg2a mutant (mn0237Gt/mn0237Gt) (B-D) embryos at 36 hpf (A, B) or 52 

hpf (C, D). (A, B) Cleft cell (cc) morphogenesis creates the cleft, an invagination of the 

nascent dermal space (ds, red arrow) into the cleft cell. White lines trace cleft cell 

boundaries; red arrow termini (red arrowheads) indicate termination of the dermal space 

within the cleft. The nrg2a mutant (B) has an intact cleft cell with normal morphology. 

(C, D) A representative example of an nrg2a mutant ridge cell bulging into the dermal 

space, consisting of a single ridge cell with an extended basal border (blue; D) and a 

noticeably reduced apical border (red, D). Lateral borders are in white (D). For clarity, 

identical images are shown side by side with (D) and without (C) marked ridge cell 

borders. Magnification: 10,000X, scale bar: 2 µm. (A-D) 36 hpf; (E-F) 2 dpf. 

Abbreviations: cc, cleft cell; ds, dermal space; e, EVL cell; rc, ridge cell. 
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ErbB pathway inhibition phenocopies nrg2a mutant MFF defects. 

Because Nrg2 is a ligand for ErbB family tyrosine kinase receptors (174-176), we 

hypothesized that the lack of Nrg2a-mediated ErbB signaling in nrg2amn0237Gt/mn0237Gt 

mutants caused the ridge cell phenotype. We tested whether pharmacological ErbB 

inhibition in wild-type embryos would phenocopy nrg2amn0237Gt/mn0237Gt mutants. Because 

serpentined distal dermal spaces were observed as early as 36 hpf (Fig. 14A), we 

incubated wild-type embryos in either a low dose (1µM) or high dose (20µM) of the 

small-molecule EGFR/pan-ErbB inhibitor PD168393 (93, 177) from 24 hpf through 52 

hpf. We examined MFF morphology in live embryos at 52 hpf (Fig. 16C-16G) and 96 

hpf (Fig. 16A), and via TEM at 52 hpf (Fig. 13I and 13J).  

 

At 52 hpf and 96 hpf, PD168393-treated wild-type larvae displayed thickened MFF edges 

(Fig. 16A, 16E, and 16G), similar to those observed in nrg2amn0237Gt/mn0237Gt mutants 

(Fig. 9B). The response was dose-dependent (Fig. 16A, 16E, and 16G). TEM analyses of 

randomly selected 20µM PD168393-treated embryos (n = 21) showed serpentine-like 

MFF distal dermal spaces (Fig. 16J) indistinguishable from distal dermal spaces in nrg2a 

insertional mutants (compare with Fig. 14D). These data indicate that inhibiting ErbB 

receptor signaling in wild-type embryos recapitulates the nrg2amn0237Gt/mn0237Gt phenotype. 

 

nrg2a+/mn0237Gt heterozygotes are sensitized to ErbB inhibition. 

Because our data point to a functional connection between Nrg2a and ErbB signaling, we 

conducted a genetic interaction analysis to test whether partial loss of both Nrg2a and 

ErbB signaling had synergistic effects on MFF morphogenesis. Specifically, we tested 

whether nrg2a+/mn0237Gt heterozygous larvae were more sensitive to moderate ErbB 

inhibition than were their wild-type siblings. In fact, significantly more nrg2a+/mn0237Gt 

heterozygotes (64%, n = 152, p < 0.0001) phenocopied nrg2amn0237Gt/mn0237Gt mutants at 

the low PD168393 dose (1 µM) than did sibling (23%, n = 116) or non-sibling (28%, n = 

120) wild-type embryos (Fig. 16B; compare also Fig. 16E with Fig. 16F). In contrast, 

nrg2a+/mn0237Gt heterozygosity did not further enhance the phenotype caused by the high 

(20 µM) PD168393 dose (compare Fig. 16G with Fig. 16H). Together with our earlier 
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inhibitor data, these studies indicate that the nrg2amn0237Gt/mn0237Gt MFF phenotype 

results from a loss of Nrg2a-mediated ErbB signaling.  

 

MFF epidermis displays erbb3a expression and AKT phosphorylation, which is 

reduced in nrg2a mutants. 

Vertebrates have four different Neuregulins (NRG1-4) and four different members of the 

epidermal growth factor (EGF) receptor ErbB family of receptor tyrosine kinases 

(EGFR/ErbB1/HER1, ErbB2/Neu/HER2, ErbB3/HER3, and ErbB4/HER4) (153). The 

combinatorial possibilities of those ligands and receptors permit diversity and specificity 

in signaling. Just as EGF binds to and signals through ErbB1/ErbB1 homodimers or 

ErbB1/ErbB2 heterodimers, NRG1 and NRG2 preferentially signal via ErbB3/ErbB2 

heterodimers, while NRG3 and NRG4 do so via ErbB4 (153, 174-176, 178). Intracellular 

signal transduction of all ErbB receptors can occur through mitogen-activated protein 

kinase (MAPK) pathways, although p85-mediated activation of the PI3K – AKT pathway 

has been described as the major signal transduction route for ErbB3 in particular (153, 

179-182). Consistent with the requirement for Nrg2a during zebrafish apical MFF 

morphogenesis, we observed strong epidermal expression of its potential co-receptor 

erbb3a during the 30 to 36 hpf developmental window (34 hpf; Fig. 16L). However, we 

failed to detect epidermal expression of the zebrafish EGF receptor gene egfra (erbb1a) 

during the same timeframe (34 hpf; Fig. 16K). Furthermore, and consistent with possible 

ErbB3 involvement, immunofluorescence analyses revealed phosphorylated (activated) 

AKT (pAKT) in MFF ridge cells at 34 hpf (Fig. 16M and 16N). Strikingly, pAKT levels 

were strongly reduced in nrg2amn0237Gt/mn0237Gt mutants’ MFF ridge cells, but not at other 

sites (Fig. 16O and 16P). Unlike the dramatic changes in pAKT levels, activated ERK 

(pERK) levels in nrg2amn0237Gt/mn0237Gt mutants did not change relative to pERK levels in 

wild-type siblings (Fig. 17). Together, these data suggest that Nrg2a regulates MFF ridge 

cell apicobasal organization and morphogenesis via ErbB3-mediated PI3K – AKT 

signaling. 
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Figure 16. The nrg2a MFF phenotype can be mimicked and synergistically 

enhanced via chemical ErbB inhibition, and is characterized by reduced pAKT 

levels. 
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Figure 16. The nrg2a MFF phenotype can be mimicked and synergistically enhanced 

via chemical ErbB inhibition, and is characterized by reduced pAKT levels.  

(A-J) Pharmacological inhibition of ErbB signaling during MFF morphogenesis (24 through 

52 hpf) induces nrg2amn0237Gt/mn0237Gt-like effects in wild-type and, with even higher 

frequencies, nrg2a+/mn0237Gt heterozygous embryos. (A) MFFs of wild-type embryos treated 

both with a low dose (1 µM) (28%; n = 120; p = 0.005) or a high dose (20 µM)  (76%; n = 

102; p < 0.0001) of PD168393 show an nrg2amn0237Gt/mn0237Gt-like MFF morphology at 52 hpf. 

(B) nrg2a+/mn0237Gt heterozygous embryos (red) are significantly more sensitive to low-dose 

(1 µM) PD168393 treatment, and display nrg2amn0237Gt/mn0237Gt-like MFF morphology with a 

higher frequency (64%; n = 152) than treated nrg2a+/+ wild-type siblings (blue) (n = 23%; n = 

116; p < 0.0001) or treated unrelated wild-type embryos (grey) (28%; n = 120; p < 0.0001). 

(D-H) Live images of MFFs of representative examples of wild-type (C, E, G) or 

nrg2a+/mn0237Gt heterozygous (D, F, H) embryos at 52 hpf, after treatment with DMSO 

(control; C, D), 1 µM PD168393 (E, F) or 20 µM PD168393 (G, H). (I, J) TEM transverse 

sections of the apical MFF reveal a ridge cell phenotype in PD168393-treated wild-type 

embryos at 52 hpf. (I) An untreated wild-type embryo has correctly elongated ridge cells (red 

arrowhead) and a straight dermal space (ds). (J) A sibling embryo treated with 20 µM 

PD168393 displays basal bulging of MFF ridge cells towards the center the fin fold (red 

arrowheads) and a corresponding serpentine-like folding of the dermal space (ds), resembling 

the defects of the nrg2a mutant (compare with Fig. 8D). (K, L) Whole-mount in situ 

hybridization (WISH) for egfra (K) and erbb3a (L) in wild-type embryos at 34 hpf (lateral 

views of tail) reveals epidermally expressed erbb3a transcripts (L), whereas egfra transcipts 

are absent in the epidermis, but present in the somites (K). (M-P) Anti-pAKT 

immunofluorescence of wild-type (M, N) and nrg2a mutant (O, P) embryo at 34 hpf; 

transverse sections through MER region of MFF, counterstained with DAPI (N, P). The wild-

type embryo (M, N) displays pAKT localization in distal epidermal MFF cells (ridge cells 

and cleft cells; arrowheads), whereas pAKT levels in more proximal epidermal MFF cells are 

much lower. In addition, pAKT is localized at the tight junctions of the outer EVL (arrows), 

consistent with previously described roles of pAKT to phosphorylate tight junction proteins 

ZO-1 and Occludin, and to tighten the junctions (207). In the nrg2a mutant (O, P), pAKT 

signals in ridge and cleft cells are strongly reduced (arrowheads), while pAKT signals at 

EVL tight junctions are unaltered (arrows). 
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Figure 17. pERK levels in nrg2a mutant MFF basal keratinocytes are unchanged. 
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Figure 17. pERK levels in nrg2a mutant MFF basal keratinocytes are unchanged. 

Confocal images of whole-mount dorsal MFFs from nrg2a+/mn037Gt (A-D, I-K) and 

nrg2amn037Gt/mn037Gt (E-H, M-P) embryos at 30hpf and 34 hpf do not reveal changes in 

activated ERK (phosphoERK, pERK) levels in ridge cells. Embryos were immunostained 

for phosphoErk (A, E, I, M) and basal keratinocytes were immunostained for Nrg2a-

mRFP (B, F, J, N). Nuclei were counterstained with DAPI (C, G, K, O). Merged images 

are shown in D, H, K, and M. Arrows indicate ridge cells that are positive for pERK both 

in nrg2a+/mn037Gt and nrg2amn037Gt/mn037Gt embryos. 
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Concomitant loss of Lgl2 function alleviates nrg2a mutant MFF defects. 

To date, ErbB activity in zebrafish epidermis has only been described in the context of 

the tumor suppressor lethal giant larvae 2 (lgl2), which blocks ErbB signaling and 

epithelial-to-mesenchymal transitions (EMT) to safeguard epidermal integrity during late 

larval stages (120 hpf) (93). Yet even though lgl2 is epidermally expressed by 24 hpf 

(91), it has no identified developmental role during that early time frame. However, 

previous characterizations of Lgl2 as an epithelial polarity regulator that promotes basal 

fate (91, 183, 184), along with the basolateral domain expansion observed in 

nrg2amn0237Gt/mn0237Gt mutants’ MFF ridge cells and the temporal overlap among lgl2 (91), 

nrg2a (Fig. 9H and 9I), and erbb3a expression patterns (Fig. 16L), led us to speculate 

that Lgl2 might play an earlier role in epidermal development. We hypothesized that that 

earlier Lgl2 role involved opposing Nrg2 – ErbB3 signaling during MFF morphogenesis. 

To test that hypothesis, we suppressed lgl2 in the nrg2amn0237Gt/mn0237Gt background. 

Morpholino (MO) knockdown (32) of lgl2 significantly restored nrg2amn0237Gt/mn0237Gt 

mutants’ MFF morphology at 52 hpf (Fig. 18A-18H) relative to both uninjected controls 

and tp53 MO-injected controls (Fig. 18A). Indeed, lgl2 MO-injected and genotyped 

nrg2amn0237Gt/mn0237Gt embryos displayed external MFF morphology indistinguishable 

from that of wild-type siblings (compare Fig. 18H with Fig. 18D). Furthermore, MFF 

internal organization was also ameliorated in lgl2 MO-injected nrg2amn0237Gt/mn0237Gt 

embryos. Dermal actinotrichia organization, (Fig. 18I and 18J; 48 hpf), ridge cells’ 

apicobasal organization, and MFF dermal space bending (Fig. 18K and 18L; 52 hpf) 

were all dramatically normalized, leading to embryos indistinguishable from wild-type 

(compare Fig. 18J with Fig. 9C, and Fig. 18L with Fig. 13D). These results indicated 

that loss of Lgl2 activity suppressed the nrg2a phenotype, revealing a new and 

significantly earlier role for lgl2 in fin fold development, distinct from its established 

tumor-suppressing and hemidesmosome (basal)-promoting functions in the later body 

epidermis (91, 93).  
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Figure 18. The MFF phenotype of nrg2a mutants is rescued upon concomitant loss 

of Lgl2 function. 
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Figure 18. The MFF phenotype of nrg2a mutants is rescued upon concomitant loss 

of Lgl2 function.  

(A) At 52 hpf, morpholino (MO)-mediated knockdown of lgl2 significantly ameliorated 

the nrg2a mutant phenotype (12%, n = 639, p < 0.0001) relative to uninjected embryos of 

an nrg2a-/+ intercross (25%, n = 943). Percentages represent the mean of means (MOM); 

error bars represent the standard deviations (SD). (B) Percentages of genotyped nrg2a-/- 

mutants with a strong, medium, weak, or wild-type MFF phenotype, classified by 

morphological criteria at 52 hpf. While uninjected nrg2a mutants (n=20) all display a 

strong phenotype, lgl2 MO-injected mutants (n=26) show medium, weak or no MFF 

defects. (C) PCR products obtained via nrg2a genotyping of representative nrg2a -/+, +/+ 

and -/- embryos at 52 hpf (see Materials and Methods). (D-H) Tail fins of representative 

live embryos at 52 hpf, as used for quantitative classification in panel B: wild-type (D), 

uninjected nrg2a-/- mutant with strong MFF phenotype (E), and lgl2 MO-injected nrg2a-/- 

mutant embryos with medium (F), weak (G) or wild-type (H) phenotype. (I, J) Tail fins 

of genotyped uninjected (I) and lgl2 MO-injected (J) nrg2a-/- mutant embryo at 48 hpf. 

ColII immunostaining reveals normalized organization of collagenous actinotrichia 

within the dermal space of the Nrg2a/Lgl2-double-deficient embryo (J; compare with 

Fig. 5C for wild-type condition). (K, L) Transverse sections through the dorsal MFF of a 

genotyped uninjected (K) and an lgl2 MO-injected (L) nrg2a-/- mutant embryo at 52 hpf; 

CellMask (red) and DAPI (blue) staining reveals a rescue of the dermal space (indicated 

by arrowheads) from a serpentine-like organization (K) to a straight organization (L) in 

the Nrg2a/Lgl2-double-deficient embryo (L; compare with Fig. 13D for wild-type 

condition).
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Section 3: Discussion 

GBT mutagenesis further develops the zebrafish as a skin biology model.  

By selecting for skin- and MFF-localized mRFP, we identified four genes with little or no 

previously appreciated connection to skin biology: megf6a, nrg2a, arhgef25b, and 

fkbp10b (Fig. 4B and 4B’; Fig. 5A, 5B, 5E, 5F, 5K, and 5L). In addition, we isolated 

GBT alleles of several known skin-related genes (Table 1; Fig. 4C-4E’; Fig. 5). In 

zebrafish embryos, apical MFF basal keratinocytes express fras1, grip1, and hmcn1 (82, 

86), and MFF mesenchymal cells (FMCs) express msxc (119). ahnak and capn12 have 

not yet been investigated in zebrafish, but have been detected in mammalian stratified 

squamous epithelia (166, 185). col4a4 encodes one (A4) of the six possible constituents 

(A1-A6) of Collagen IV, which forms large networks integral to BMs. Zebrafish col4a4 

expression has thus far only been analyzed via RT-PCR of whole-body RNA extracts, 

without corresponding spatial resolution (23). However, in humans, cutaneous Collagen 

IV largely employs subunits other than COL4A4 (163), and COL4A4 loss-of-function 

mutations, such as Alport Sydrome, largely affect epithelia other than the skin (186). 

Thus, zebrafish col4a4mn0275Gt cutaneous expression offers a new tool for investigating 

evolutionary changes in tissue-specific expression of these important BM components 

and the impact of those changes on the biology of specific organs.  

 

With fras1, grip1, and hmcn1, we identified GBT alleles of loci with documented 

functions in zebrafish MFF development and connections to human skin disease. In 

humans and mice, recessive loss-of-function mutations in FRAS1 and GRIP1 cause the 

rare, clinically overlapping congenital disorders Fraser Syndrome and Ablepharon 

Macrostomia Syndrome (83, 84, 161, 162). Both are characterized by malformations 

resulting from epidermal or epithelial blistering during fetal development due to 

compromised anchorage of epidermal and other epithelial basement membranes to 

underlying connective tissues such as the dermis. hmcn1 has recently been proposed as an 

additional Fraser Syndrome gene, though that hypothesis awaits confirmation (82). 

fras1mn0156Gt/mn0156Gt and hmcn1mn0263Gt/mn0263Gt homozygotes fully phenocopied the 

respective ENU-induced mutants (Fig. 8A-8C) (82). Consistent with previous MO 
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knockdown results, grip1mn0078Gt/mn0078Gt homozygotes lacked an overt skin phenotype, 

likely due to partial functional redundancy with zebrafish grip2 (82).  

 

In contrast with the ENU-induced alleles, however, the fras1mn0156Gt and hmcn1mn0263Gt 

GBT alleles are revertible in a Cre-dependent manner (Fig. 8D and 8E). That reversion 

capability offers important experimental advantages. For instance, coupling transgenic 

methods for temporally and/or spatially restricted Cre expression with GBT reversion 

would allow investigators to parse more finely the spatiotemporal requirements for Fras1 

and Hmcn1 in MFF development. Similarly, tissue-specific Cre expression could be used 

to rescue the lethal craniofacial defects of fras1 mutants (187), thereby permitting 

investigations into possible later defects in fras1 mutants, including possible later 

consequences of the (non-lethal) epidermal blistering. In mammals, transient epidermal 

blistering in Fras1 mutant embryos is thought to abrogate crucial epithelial – 

mesenchymal interactions, leading to characteristic later defects such as syndactyly 

(fused digits) or cryptophthalmos (fused eye lids) (83-85). Thus far, it has not been 

possible to investigate possible later consequences of embryonic epidermal blistering in 

the zebrafish model due to the lethal craniofacial defects. But as outlined above, such 

studies could now be carried out with the new revertible GBT allele. 

 

The 11 ZIP lines described here (Table 1; Fig. 4B-4E’; Fig. 5) comprise 3% of the 

original 350 GBT lines (36). Continued expression cataloging and gene identification will 

build a comprehensive, in vivo spatiotemporal anatomical expression atlas for integument 

development and diseases, revealing relationships among anatomy, gene expression, and 

protein localization. That unique resource would be a valuable supplement to standard 

anatomical atlases (188, 189) as well as a comparative resource for mammalian skin 

biology studies. 

 

The nrg2amn0237Gt allele.  

Of the 11 identified loci, 3 gave a morphologically visible larval skin phenotype when 

their respective gene-breaking alleles were bred to homozygosity (fras1, hmcn1, nrg2a). 

The question of whether any of the other identified loci are required during later stages of 
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skin biology requires further investigation since our analyses only extended through 120 

hpf. Because the fras1 and hmcn1 mutant phenotypes had already been characterized, we 

focused on the nrg2a mutants, which displayed specific defects during MFF 

morphogenesis.  

 

As with the other Neuregulin family members (190), zebrafish nrg2a exists in multiple 

isoforms due to differential promoter usage and alternative splicing. Previously reported 

isoforms (152) would have lacked the N-terminal sequences described here because exon 

1A is a non-coding exon. Such 1A isoforms would therefore lack the first 145 amino acid 

residues of the 1B isoform and the first 37 N-terminal amino acid residues of the 1C 

isoform that we describe here (Fig. 11). We successfully amplified 1B and 1C transcripts 

from 5’ RACE and RT-PCR analyses, but were unable to successfully amplify the 1A 

isoform. Those results suggest that the 1B and 1C versions are the predominant nrg2a 

transcripts generated during the stages relevant to MFF development. It should also be 

noted that Honjo et al. used MOs targeting an internal splice site present in all isoforms, 

rather than the 1A-specific translational start region, leaving open the question of which 

isoform(s) are required for dorsal root ganglia development (152).  

 

Most important for our present work, however, is the fact that all three nrg2a alternative 

first exons, 1A-C, are located upstream of the GBT insertion site that generates the 

nrg2amn0237Gt allele. Consequently, nrg2amn0237Gt/mn0237Gt mutants have truncated nrg2a 

transcripts which lack the sequences encoded by exon 2 onwards due to the GBT 

cassette’s transcription termination sequence (Fig. 4A). Accordingly, the 1B and 1C 

transcripts give rise to Nrg2a-mRFP fusion proteins in which the N-terminal 138 or 29 

amino acids encoded by exons 1B or 1C, respectively, are directly fused to mRFP. 1A 

transcripts are not translated at all because the endogenous translational start codon is 

localized in exon 2. Therefore, nrg2amn0237Gt is most likely a null or near-null loss of 

function allele. 

 

It is also noteworthy that out of all three N-terminal isoforms, only the longer and 

phylogenetically conserved 1B isoforms contain an N-terminal signal sequence involved 
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in co-translational protein translocation to the endoplasmic reticulum and subsequent 

secretion (191). However, all endogenous isoforms share an internal transmembrane 

domain (152) which can target the proteins to the cell membrane (192) from where their 

biologically active ectodomains can be released via proteolytic processing (190). 

Nrg2amn0237Gt-mRFP fusion proteins lack that internal transmembrane domain because 

they only contain exon 1-encoded Nrg2 sequences. The absence of that domain in 

Nrg2amn0237Gt-mRFP fusion proteins may contribute to the cytoplasmic and nuclear 

localization of the 1C fusion protein, which also lacks an N-terminal signal sequence, but 

instead contains at least one nuclear localization sequence (Fig. 11). This suggests that 

the unexpected distribution of the fusion proteins might be a special feature of the 

targeted locus and a consequence of the lack of crucial internal domains in the encoded 

proteins, thus demonstrating an expected limitation (loss of protein trafficking signals due 

to truncation) of GBT technology to recapitulate the subcellular distribution of the 

endogenous protein counterparts. On the other hand, we cannot rule out that the RFP 

localization observed in nrg2amn0237Gt embryos does reflect the actual subcellular 

distribution of the endogenous Nrg2 proteins. Indeed, nuclear localization has also been 

reported for several other RTK ligands, such as different Fibroblast growth factors 

(FGFs) and the Neuregulin relative EGF, as well as their receptors (193-196). Studies 

with isoform-specific Nrg2a antibodies or full-length Nrg2-RFP fusion constructs will be 

needed to give more definitive answers. 

 

Nrg2a/ErbB3 signaling is an essential regulator of ridge cells’ apicobasal organization 

and MFF morphogenesis.  

In mice, loss of Nrg2 leads to growth retardation and reduced reproductive capacity 

(197). We were unable to address whether the loss of Nrg2a in zebrafish has similar 

consequences because nrg2amn0237Gt/mn0237Gt mutants die during larval stages, well before 

the onset of significant somatic growth and sex differentiation. The reason for this larval 

death is currently unknown. However, the defects during MFF morphogenesis described 

here are most likely not the primary cause, because other mutants can survive in the 

complete absence of median fins (M.H., unpublished observations). 
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Altered MFF morphology similar to that of nrg2amn0237Gt/mn0237Gt mutants has only been 

reported for one other mutant to date—erbb2-/-, which harbors a loss-of-function 

mutation in EGF/NRG co-receptor ErbB2. However, the MFF morphological defects of 

erbb2-/- mutants have not yet been analyzed in additional detail (93). The initial steps of 

MFF formation and elevation involve basal detachment of midline keratinocytes and their 

transition from a cuboidal to a wedged morphology, which is marked by shrinkage of 

their basal domains (108, 120). The distal-most basal keratinocyte in the tip of the 

elevating fold becomes the cleft cell; the two to three basal keratinocytes adjacent to each 

cleft cell become ridge cells. As we have documented here, ridge cells then transition a 

second time, re-elongating their basal domains at the expense of their apical domains to 

reverse their wedged morphology and return to their initial rectangular/cuboidal 

morphology (Fig. 12A). Finally, ridge cells then become progressively flatter by 

extending their basal and apical sides at the expense of their lateral domains (Fig. 12F 

and 12H). This second phase of cell shape changes is affected in nrg2a mutants: nrg2a 

mutant ridge cells display disproportionately expanded basolateral domains and bulge 

basally, deforming the dermal space into serpentine shapes (Fig. 12C, 12E, 12G, and 

12I; Fig. 10C-10F). In addition, ectopic and enlarged actinotrichia in the distal-most 

regions of the MFF (Fig. 9H) suggested increased basal activity such as secreting ECM 

components into the dermal space. Together, these findings suggest that coordinating 

apical and basal extension during ridge cells’ second shape change requires active Nrg2a 

– ErbB signaling which plays a “pro-apical” role during that transition by promoting 

maintenance of the apical domain and/or antagonizing basolateral epithelial domains to 

counterbalance the “basalization” of ridge cells that occurs during their transition from a 

wedged back to a rectangular shape. These shape changes during the second phase of 

MFF morphogenesis mainly occur in the distal-most MFF cells (ridge and cleft cells), 

whereas more proximal MFF basal keratinocytes remain rectangular during their initial 

recruitment into the MFF (120). Accordingly, later MFF morphogenetic steps require 

less-pronounced shape changes by those proximal basal keratinocytes, which could 

explain why they are not affected in nrg2a mutants. Consistent with the spatially 

restricted defects in the mutant, distal MFFs in wild-type embryos show stronger 

endogenous nrg2a expression (Fig. 9H and 9I). Ridge cells’ higher pAKT levels (Fig. 
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16M-16P) also suggest that the apical MFF receives stronger Nrg2a signaling than do 

proximal MFF cells. In contrast, expression of the likely Nrg2a receptor gene erbb3a is 

fairly homogeneous throughout all basal epidermal cells (Fig. 16K). In conclusion, we 

have good evidence that the distal restriction of the defects in the mutants is due to 

spatially restricted signaling in wild type embryos. Nevertheless, the reason only ridge 

cells, but not cleft cells, are affected in nrg2a mutants remains unclear.   

 

 

Nrg2a – ErbB signaling and Lgl2 display antagonistic effects during the separate 

processes of epidermal morphogenesis and homeostasis. 

Identifying the molecular and cellular mechanisms underlying the pro-apical and/or anti-

basal effects of Nrg2a-ErbB signaling will require additional investigation. The 

expression of erbb3a, but not egfra/erbb1, at the appropriate locations (Fig. 16), together 

with previously reported erbb2 epidermal expression in zebrafish embryos and the 

requirement of erbb2-/- for proper MFF morphogenesis (93), suggests that Nrg2a may 

signal via Erbb2/3 receptor heterodimers, which would be consistent with biochemical 

findings (153). In addition, reduced pAKT levels, but normal pERK levels in nrg2a 

mutant MFF keratinocytes (Fig. 16; Fig. 17) points to Nrg2a – ErbB signaling via the 

PI3K – AKT signal transduction pathway, rather than the MAPK/ERK pathway, as has 

also been found for Neuregulin signaling in other instances (153, 180-182). 

 

Our finding that concurrent loss of Lgl2 activity significantly alleviated MFF defects in 

nrg2a mutants suggests that Nrg2a’s pro-apical effects extend to antagonizing Lgl2 pro-

basal activity. As an ortholog of the Drosophila cell polarity gene lethal giant larvae 

(lgl), lgl2 is a cell polarity regulator required for maintaining the basolateral domain in 

epithelial cells (183, 184). Likewise, the epidermal defects of zebrafish lgl2 mutants can 

also be interpreted in terms of loss of basolateral identity. Basal keratinocytes in lgl2 

mutants not only lack hemidesomomes, basal domain junctions involved in attachment to 

underlying BM (91), but also display an even more pronounced loss of basal 

characteristics by undergoing EMT. Such events point to a tumor-suppressor role for 

Lgl2 (93). Overactive ErbB signaling and its PI3K – AKT signal transduction branch, on 
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the other hand, have well-known oncogenic effects, promoting EMT and 

hyperproliferation (198-200). Thus, the roles of the Nrg2a – ErbB3 – AKT axis and Lgl2 

during MFF morphogenesis identified in this study suggest that in addition to the 

established antagonistic relationship between ErbB signaling and Lgl2 during later phases 

of epidermal homeostasis (93) and carcinogenesis, the Nrg2a – ErbB3 – AKT signaling 

axis and Lgl2 have as-yet unappreciated antagonistic, and more moderate anti- or pro-

basal effects, respectively, on keratinocytes during earlier steps of epidermal 

morphogenesis. To our knowledge, our data also provide the first indication that 

AKT/pAKT is involved in regulating apicobasal organization and epithelial cell polarity 

during the development of any species. 

 

Strikingly however, despite their early and late antagonisms, Lgl2 and Nrg2a per se are 

uniquely required during different stages of epidermal morphogenesis and homeostasis. 

Lgl2 is required during late stages: epidermal defects in lgl2 mutants only become 

apparent between 108 and 120 hpf (93), and MFF formation is unaffected. In contrast, 

Nrg2a is only required early: mutants develop MFF defects between 30 and 36 hpf (Fig. 

6), and we did not detect any later-stage body epidermis defects corresponding to those of 

lgl2 mutants (data not shown). Yet concomitant loss of Lgl2 rescues the early MFF 

defects of nrg2 mutants (Fig. 18), while concomitant loss of ErbB2 signaling rescues the 

late defects of lgl2 mutants (93). Genetically, these findings argue that Lgl2 is epistatic to 

Nrg2a – ErbB signaling during early MFF morphogenesis: in double-deficient zebrafish 

embryos, the Lgl2 phenotype (no MFF defects) was dominant over the nrg2a phenotype. 

This suggests that Nrg2a – ErbB acts at least partly by blocking Lgl2 activity, and that 

the MFF phenotype of Nrg2a-deficient embryos is at least partially caused by Lgl2 

overactivity. That proposition fits with previous findings that EGF treatment suppresses 

LGL2 transcription in human cell culture systems (201), but confirming it will require 

analyzing Lgl2 protein levels in nrg2a mutant embryos (201). ErbB signaling, on the 

other hand, appears to be epistatic to Lgl2 during later epidermal homeostasis and 

carcinogenesis: in ErbB2/Lgl2-double deficient zebrafish larvae, the erbb2 phenotype (no 

EMT, no keratinocyte hyperproliferation) was dominant over the lgl2 phenotype (93). 

Those findings, together with increased levels of ErbB signaling mediator pERK in lgl2 



 

 

71 

mutants, had led to the conclusion that Lgl2 acts by blocking ErbB signaling, and that the 

MFF phenotype of Lgl2-deficient embryos is at least partially caused by ErbB 

overactivity. Together, our data and those of Reischauer et al. (93) suggest the existence 

of a mutual negative feedback mechanism in which Lgl2 blocks ErbB signaling and vice 

versa. However, these opposing interactions occur at different developmental stages, and 

may involve different ErbB signaling molecules. Thus, early MFF ridge cell 

morphogenesis involves Nrg2a, most likely acting through ErbB2/3 and the PI3K – AKT 

signal transduction pathway (Fig. 16), whereas later carcinogenesis involves the ERK 

MAPK signal transduction pathway (93), most likely activated by EGF and ErbB1/2. 

 

Neuregulins may also be involved in mammalian epithelial morphogenesis and 

carcinogenesis. 

Although studies of Neuregulins have primarily addressed their roles during neuronal or 

neural crest development (202, 203), expression of the NRG ligand family has also been 

described in epithelial contexts, most notably in mammary gland epithelium. Neuregulins 

and their ErbB receptors are expressed in murine embryonic mammary gland epithelium 

(204). Expression of Neuregulins 1, 2, 3, and 4 has also been reported in breast cancer 

cell lines (205) and ductal carcinomas (206). There is also some evidence that NRG2 has 

an epidermal role. A transcriptional profiling study of differential gene expression during 

human epidermal differentiation found that NRG2 was expressed in basal keratinocytes, 

while suprabasal cells expressed the known NRG2 receptor ERBB3 and its likely co-

receptor ERBB2 (168). In light of these findings, our data regarding the role of Nrg2a 

during zebrafish MFF development may also provide new insights into regulation of 

epithelial polarity and morphogenesis during mammalian epithelial development and 

carcinogenesis. Overall, GBT technology provides a valuable leap forward in using the 

vertebrate zebrafish model to identify important molecular players and to gain new 

insights into the genetic control of skin biology and disease.  
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Table 1. Gene identification. 

Line ID Allele Gene Name Locus LG Ortholog Type Position (GRCz10) Mutant 

GBT0078§ mn0078Gt 
glutamate receptor 
interacting protein 1 grip1 4 GRIP1d 

5’ 
RACE 
tag 

Chr4:13,394,068.. 
13,139,114  

GBT0156§ mn0156Gt fraser syndrome 1 fras1* 5 FRAS1d 
INV/ 
TAIL  

Chr5:38,361,783.. 
38,362,256 pinfin (pif) 

GBT0175§‡ mn0175Gt 

rho guanine 
nucleotide exchange 
factor (GEF) 25b arhgef25b 6 ARHGEF25 

INV/ 
TAIL 

Chr6:39,272,998.. 
39,272,990  

GBT0196 mn0196Gt ahnak ahnak 14 AHNAK 
INV/ 
TAIL 

Chr14:26,478,533.. 
26,478,540  

GBT0237 mn0237Gt neuregulin 2a nrg2a 21 NRG2 
INV/ 
TAIL 

Chr21:28,628,953.. 
28,628,961 

neuregulin 
2a (nrg2a) 

GBT0245 mn0245Gt 
muscle segment 
homeobox C msxc 13 Msx3 NIH 

Chr13:24,532,473.. 
24,532,481  

GBT0261 mn0261Gt calpain 12 capn12 18 CAPN12 

5' 
RACE 
tag 

Chr18:36,714,060.. 
36,731,572  

GBT0263 mn0263Gt hemicentin 1 hmcn1* 20 HMCN1 NIH 
Chr20:34,304,041.. 
34,304,049 nagel (nel) 

GBT0275 mn0275Gt collagen 4a4 col4a4 15 COL4A4 NIH 
Chr15:36,095,393.. 
36,095,386  

GBT0316‡ mn0316Gt 
FK506 binding 
protein 10b fkbp10b 12 FKBP10 

INV/ 
TAIL 

Chr12:13,870,717.. 
13,870,724  

GBT0325§‡ mn0325Gt 
multiple EGF-like 
domains protein 6a megf6a 11 MEGF6 NIH 

Chr11:41,137,656.. 
41,137,664   
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Table 1. Gene identification. 

We identified the corresponding GBT-tagged locus for each ZIP line. Consistent with the 

random nature of RP2 GBT insertion, no two insertions were on the same linkage group 

(LG). All eleven ZIP loci have mammalian orthologs. Ten have human orthologs, and 

one (msxcmn0245Gt) has a murine ortholog but no reported human ortholog. Mutations in 

two of those ten human orthologs, FRAS1 and GRIP1, are known to be involved in Fraser 

Syndrome, a human disease whose phenotype includes blistering. Three ZIP alleles are 

novel integument genes: arhgef25bmn0175Gt, fkbp10bmn0316Gt, and megf6amn0325Gt. Although 

several ZIP alleles (§) were reported in an earlier publication, this study initially 

identified their expression patterns and includes previously unpublished data for each. 

 
§ Sequence identified in Clark et al., 2011 (36). 
‡ Novel integument genes.  

* GBT homozygous mutant phenocopies published ENU mutant at the designated locus.  
d Human ortholog is a disease-related gene.   
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Chapter Three 

Protein-trap insertional mutagenesis, Part II: 

GBT 3’ exon trapping and the novel mutant wicked witch of the Midwest 
 

 

Section 1: Introduction 

While the Zebrafish Integument Project successfully demonstrated both tissue-specific 

expression prioritization and mutagenesis (Fig. 4B-H; Figs. 5-9) (24), mRFP-based 

selection (“5’ prioritization”) necessarily excludes up to two thirds of active gene-break 

events. Those events are excluded because the 5’ exon trap-derived mRFP tag is only 

visible when it is in frame with the endogenous protein fragment to which it is fused (Fig. 

1; Fig. 4A) (24, 36, 146, 148). However, it is evident from the fundamental principles of 

GBT function that prioritizing GFP expression (“3’ prioritization”) could identify 

mutagenic gene-break events that mRFP prioritization misses. RP2 vector design 

indicates that the 3’ exon trap cassette (GFP) is active during all gene-break events 

because the vector-supplied splice donor is required to complete a gene-break event (Fig. 

1; Fig. 4A). Furthermore, because a vector-supplied promoter drives the 3’ cassette 

transcription (Fig. 1; Fig. 4A), an in-frame GFP-tagged transcript should be produced 

regardless of the reading frame issues inherent to the 5’ protein trap cassette.  

 

We therefore adapted the classic GBT forward screening strategy employed in our ZIP 

screen (Chapter 2) (24) and previous GBT screening efforts (36, 37, 146, 148) to 

conduct a GFP-prioritized pilot screen. This chapter discusses the results of that pilot 

screen, particularly the novel epidermal mutant we discovered and named wicked witch of 

the Midwest (wwm). The wwm phenotype did not resemble that of any other reported 

epidermal mutant, and was visible by 2 dpf or earlier. We show that wwm is an epidermal 

aggregate mutant that eventually causes developmental delay, necrosis, and death. 

Although the GBT insertion causing the wwm mutant phenotype mapped near the 

cadherin 1 (cdh1) locus on linkage group 7 (LG7), our findings described in this chapter 

point to wwm being caused by non-coding elements.  
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Section 2: Results 

3’ screening methodology 

We followed a strategy analogous to that of ZIP expression and phenotype screening 

(Chapter 2) (24). RP2-injected founders were outcrossed and their mRFP- GFP+ 

offspring were raised as F1 families. F1 siblings were then in-crossed to identify recessive 

phenotypes.  

 

wicked witch of the Midwest mutant identification and phenotype documentation  

Our GFP-prioritized screening revealed a novel recessive phenotype in line GBT0042. 

We named the GBT0042 mutant wicked witch of the Midwest (wwm) because the 

phenotypic characteristic initially identified was necrotic larvae that “melted” in their 

aquatic environment (Fig. 19I). Closer examination indicated that the presence of 

aggregated cells on the larval exterior, rather than the “melting” phenomenon, marked 

wwm phenotypic onset. Aggregates of rounded cells could be observed as early as the 

first day post-fertilization (1 dpf), and were often first detected over the hatching gland 

(Fig. 19A). Aggregates were also often observed on one or more locations over the larval 

body, including: rostrally (Fig. 19B); over the yolk (Fig. 20B and 20B’); over the 

pectoral fin buds (Fig. 19B); near the developing mouth and jaw (Fig. 19E); and on the 

median fin fold (Fig. 19F). In larvae that lived long enough to undergo pectoral fin 

development, the pectoral fins were misshapen (Fig. 19F). Progression to the necrotic 

component of the phenotype was seen as early as 2 dpf, with a concomitant 

developmental delay (a failure of the head-trunk angle to open from acute to obtuse (39)) 

during late embryogenesis (data not shown). Larval death eventually followed the 

emergence of severe necrosis (Fig. 19I). 
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Figure 19. Epidermal aggregates characterize the wwm-/- homozygous mutant 
phenotype. 
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Figure 19. Epidermal aggregates characterize the wwm-/- homozygous mutant 

phenotype. 

(A-I) Epidermal aggregates define the wwm-/- homozygous mutant phenotype, and their 

appearance precedes larval necrosis and death. (A-F) Aggregates are observed in various 

locations on the larval exterior. Examples of aggregates’ locations include over the 

hatching gland (A, arrowhead); rostrally (B, arrowhead); dorsally, over the developing 

pectoral fin bud (B, open arrowhead); ventrally, over the developing lower jaw (E, black 

arrowhead); and on the median fin fold (F, arrowhead). Larvae in (C-F) were treated with 

PTU to reduce pigmentation. (G-H) Immunofluorescence staining for the nuclearly 

localized basal keratinocyte marker ∆Np63 shows the expected orderly arrangement of 

∆Np63+ basal keratinocytes in wwm+/- heterozygous larvae (G). In contrast, ∆Np63+ basal 

keratinocytes are present in aggregates in wwm-/- homozygous larvae (H, arrowheads). 

Lateral views of median fin fold are shown. (I) An example of a 2 dpf wwm-/- mutant 

larva with extensive necrosis. 
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To determine whether the aggregates contained epidermal cells, we stained both 

wwm+/- heterozygous and wwm-/- mutant larvae for the basal keratinocyte marker ∆Np63 

(Fig. 19G and 19H) (65). If the aggregates were composed of epidermal cells, then we 

would expect to see ∆Np63+ cells bunched together in aggregates. Alternatively, if the 

aggregates were composed of non-epidermal cells, then we would expect ∆Np63+ cells to 

be absent from the aggregates. As expected, ∆Np63+ basal keratinocytes populated 

aggregates in wwm-/- mutant larvae (Fig. 19H, arrowheads).  

 
Electron microscopy evaluation of wwm-/- epidermal aggregates  

Next, we asked whether those aggregated epidermal cells presented any unique or 

defining morphological features. We turned to high-magnification electron microscopy 

(EM) techniques in order to examine external and internal morphologies of cells within 

the aggregates. To visualize the external morphology of enveloping layer (EVL) cells, we 

used scanning electron microscopy (SEM) (23). EVL cells in wild-type siblings (wwm+/+) 

had flattened polygonal morphologies typical of keratinocytes in an unperturbed 

epithelial sheet (Fig. 20A and 20A’). In marked contrast with wild-type siblings, 

however, wwm-/- mutant aggregates showed radical altered external morphologies. The 

aggregates often appeared as clumps or “rosettes” of cells with raised and rounded cell 

bodies (Fig. 20B - C’). Slender protrusions were occasionally observed on the rounded 

cells (Fig. 20C’).  

 

To investigate internal cell structure at high magnification, we examined transverse 

sections with transmission electron microscopy (TEM) (Fig. 20D - G). Whereas EVL 

cells and basal keratinocytes in wild-type siblings were thin and flattened as expected 

(Fig. 20D), cells in wwm-/- aggregates did not retain those characteristics (Fig. 20F). EVL 

cells in wwm-/- aggregates were not thin and flattened—instead, they showed extensive 

membranous protrusions (Fig. 20F). EVL apical junctions in wild-type siblings (wwm+/+) 

were well ordered and maintained their distinctive organization (Fig. 20E). EVL apical 

junctions in wwm-/- mutant siblings, however, were often irregular and disorganized (Fig. 

20G). In addition, disorganization within and between cells in the aggregates was not 

restricted to the apical junctions.  
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Figure 20. Electron microscopy reveals external and internal structure of wwm-/- 

aggregates. 
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Figure 20. Electron microscopy reveals external and internal structure of wwm-/- 

aggregates.  

Scanning electron microscopy (SEM) allows detailed, high-magnification views of the 

larval EVL surface and reveals external morphological characteristics of cells within 

wwm-/- epidermal aggregates (A-C’). EVL cells in wild-type (wwm+/+) siblings are visible 

as an epithelial sheet of flattened polygons (A-A’), and have modest microridges (A’). 

Aggregates are distinctly visible on wwm-/- larvae (B, arrowheads, B’). Not all EVL cells 

are within an aggregate, but the morphologies of those that are deviate radically from 

wild-type keratinocyte morphology (compare A’ with C-C’). EVL cells in aggregates 

extend large rounded or bulbous apical protrusions out of the EVL epithelial plane (B’, 

C). Pronounced microridges are visible in the non-protruding portion of aggregate cells’ 

apical surfaces (C, arrowhead). (D-G) Transmission electron microscopy (TEM) of 

transverse sections (cross-sections) of phenotypically wild-type siblings (wwm+/+) (D-E) 

and wwm-/- mutant larvae (F-G) reveal ultrastructural details. (D) As expected, cross-

sectional profiles confirm that wild-type EVL keratinocytes are thin and flattened, with 

visible but modest microridges (open arrowheads). (F) Membranous protrusions of 

affected EVL cells in wwm-/- mutant larvae, and highly noticeable microridges. (E, G) 

EVL apical junctions are noticeably disrupted in wwm-/- mutant larvae (compare 

structures indicated by black arrowhead in (E) with (G)). (D-G) Arrows indicate the 

apical actin network. Scale bars are as follows: (A, B) 100 µm; (A’, B’) 20 µm; (C) 6 

µm; (C’) 1 µm; (D-E) 5 µm; (F-G) 200 nm. (A-G) All images shown at 24 hpf. 
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A GBT insertion is responsible for the wwm phenotype 

Reversion experiments provide a means for distinguishing a genuine GBT-generated 

phenotype from a background (non-GBT-generated) phenotype lurking on the 

transposon-carrying chromosome. Removing or blocking the gene-breaking components 

reverts a GBT-carrying chromosome to wild-type function at the locus of interest 

(Chapter 2) (24, 36, 146) but would have no effect on a phenotype caused by a linked 

background mutation.  

 

Either of two reversion methods can be used independently with the RP2 vector: 

temporary gene-break morpholino (GBMO)-mediated reversion or permanent Cre 

recombinase-mediated reversion. As discussed earlier (Chapters 1 and 2), GBMO-

mediated reversion uses an antisense morpholino (MO) (32) to block both splice 

acceptors in the transposon, the mRFP splice acceptor and the ß-actin mini-intron/GFP 

splice acceptor, whereas Cre excises the RP2 functional cassettes from the genome (36). 

In this case, we used both reversion methods to determine whether the wwm phenotype 

was linked to the presence—and function—of a GBT insertion. Both the GBMO and Cre 

experiments successfully rescued wwm-/- mutants (Fig. 21A), demonstrating that a gene-

break event caused wwm.  

 

No conclusive identification of the wwm genomic locus  

Per standard procedure, the next objective was to determine the locus within which the 

GBT responsible for the wwm mutant had inserted. To determine the number of GBT 

insertions present, we performed Southern blotting on adult heterozygotes. Probing the 

Southern blots for GFP revealed the presence of two linked insertions (Fig. 21B). Despite 

multiple generations of heterozygote outcrosses, both insertions remained, indicating that 

the insertions were consistently inherited together and were therefore carried on the same 

chromosome.  
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Figure 21. A GBT insertion on LG7 causes the wwm-/- phenotype. 

 

 
 

Figure 21. A GBT insertion on LG7 causes the wwm-/- phenotype. 

(A) Suppression (+GBMO) and Cre reversion experiments confirm that a GBT 

insertion is responsible for the wwm phenotype. Uninjected, 26% phenotypic  

(SD = 3%, n = 393).  4 ng GBMO, 13% phenotypic (SD = 7%, n = 112, p < 

0.05); 25 pg Cre mRNA, 7% phenotypic (SD = 8%, n = 211, p < 0.05). 

Percentages represent mean of means (MOM). (B) Southern blotting 

performed with GFP probe on individual heterozygotes (wwm+/-). Two bands 

were consistently observed. (C) Cartoon of the wwm region of interest on LG 

7 indicating that a GBT insertion is present upstream of the cdh1 locus, and 

not within an intron.  (D) PCR confirmation that Insert 1 (I1) is consistently 
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We designated the first identified insertion as “Insertion 1” (I1). GBT activity at this 

insertion created a GFP fusion transcript, which we identified with 3’ RACE and mapped 

to the 56.2 Mb region of linkage group 7 (LG 7). That fusion transcript showed splicing 

when mapped against the genomic sequence, indicating it was genuinely transcribed and 

not a DNA contamination artifact. Data from the Zebrafish Genome Project placed the 

transcript site upstream of—but not within—the locus annotated as cadherin 1 (cdh1)/E-

cadherin (Ecad) (Fig. 21C) (208-211). We confirmed the presence of a GBT insertion in 

the genome near the fusion transcript (Fig. 21D). Additional experiments revealed an 

unexpected and unusual feature of this insertion: we were unable to recover any evidence 

that I1 generated either a 5’ transcript or a fusion transcript with cdh1. 

 

The second insert was identified using inverse PCR (iPCR). We recovered a GBT-

genomic junction fragment that also mapped to LG7 but was not associated with I1. That 

fragment was designated as “Insertion 2” (I2). However, we were unable to further 

localize I2 because the surrounding genomic region consisted of highly repetitive, low 

complexity sequence. Due to the genomic region, this insert was less likely to be the 

causal GBE. 

 

Insertion 1 generates the wwm mutant 

Because I1 and I2 were linked, we needed to decouple them to determine which insertion 

generated the wwm mutant. Therefore, we designed a Cre-based differential excision 

strategy intended to generate chromosomes from which either I1 (I1-I2+) or I2 were 

excised (I1+I2-). The key hurdle was that Cre delivery could not be targeted to one 

insertion versus the other. Since a 25 pg dose of Cre mRNA rescued the wwm phenotype 

(Fig. 21A), we hypothesized that delivering less Cre mRNA would result in fewer 

excision events within the genome, and would consequently have a greater likelihood of 

generating differential excision events—that is, generating chromosomes in which one 

insert had been inactivated while the other had not.  
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We injected embryos from wwm+/- outcrosses with a low dose of Cre mRNA (6.25 pg) 

and raised the surviving animals to adulthood (F0 generation). To be able to identify 

germline excision events, we outcrossed those F0 adults; raised their offspring (F1 

generation) to adulthood without screening for GFP expression; and screened individual 

F1 adults for excision events.   

 

Because the I2 genomic region was too difficult to work with, we used our knowledge of 

I1 and various transposon features (Fig. 22A) to design a PCR-based screening strategy 

capable of detecting chromosomes with single excision events. We screened each sample 

for the presence or absence of four separate PCR products (Fig. 22A-D). The four PCR 

products were as follows: (1) an “excision event” band (EE); (2) a “transposon” band 

(TN); (3) an I1 band (I1); and (4) an I1 genomic junction band (JX) (Fig. 22A). First, we 

determined whether an excision event (EE) had occurred. Because excision of the RP2 

internal sequences brings the inverted repeats close enough for PCR amplification, we 

used a primer in each of the RP2 inverted repeats (Fig. 22A and 22B). The EE product 

was not specific for I1 or I2; it simply reported that at least one excision event had 

occurred on the wwm chromosome.  

 

Next, we used the presence or absence of a GFP product to determine whether at least 

one intact (unexcised) GBT remained on the wwm chromosome (TN) (Fig. 22A-C). 

Again, the TN product itself did not provide a definitive answer, but was informative in 

combination with the other products, particularly in distinguishing single vs. double 

excision (Fig. 22C). Third, we looked specifically for a product from intact I1 (I1) (Fig. 

22A-C). The I1 product allowed us to determine whether an excision event had occurred 

at I1 or I2. Finally, we looked for the presence or absence of the I1–genome junction 

product (JX) (Fig. 22A-C), which primarily served as a control.  
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Figure 22. Differential excision demonstrates that Insertion 1 is responsible for 

wwm. 
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Figure 22. Differential excision demonstrates that Insertion 1 is responsible for 

wwm.  

The GBT insertions on LG7 were decoupled through a Cre-based differential excision 

strategy. (A-B) Cartoon schematics of the I1 (A) and Insertion 2 (I2) (B) sites on LG 7 

with primer pairs marked and color-coordinated with the reaction products decision 

matrix shown in (C). (C) Structure of the decision matrix used to tally and collate the 

multiple reaction products required to identify the chromosomal status of each individual 

fish. “Y” stands for PCR product successfully recovered from an individual fin clip 

sample with a given primer pair. “N” stands for no PCR product successfully recovered 

from an individual fin clip sample with a given primer pair. (D) An example of a 

diagnostic PCR reaction (L, ladder). In the boxed lane, the presence of the TN product (a 

“Y” for the matrix) plus the absence of the I1 product (an “N” for the matrix) indicates 

that Insert 1 was excised from that fish, but not Insert 2. (E) Crosses between I1-I2+ 

animals and wwm+/- heterozygotes. 49% of larvae scored were GFP- (SD = 2%, n = 

1,032) and 51% were GFP+ (SD = 3%, n = 1,032). 
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Sorting the PCR data in a matrix allowed us to deduce whether one or the other—or 

both—GBTs had been excised (Fig. 22C). For example, an I1-I2+ chromosome (I1 

excised) would yield EE, TN, and JX products, but not an I1 product (Fig. 22A-D). On 

the other hand, an I1+I2- chromosome (I2 excised) would yield all four products (Fig. 

22A-C). Likewise, a double excision chromosome (I1-I2-, with both I1 and I2 excised) 

would yield EE and JX products, but not TN or I1 products (Fig. 22A-C). 

 

Ultimately, we screened 118 F1 adults for animals carrying a single-excision 

chromosome—either an I1-I2+ chromosome or an I1+I2- chromosome. We recovered 

multiple I1-I2+ adults (9 out of 118, 7.6% of animals screened), but—unexpectedly—did 

not recover any I1+I2- adults (0 out of 118, 0% of animals screened) (Fig. 22C). The 

latter result was contrary to our expectation that there would be no preference for the 

excision of one insert over another. Instead, that result suggested that I1 excision is 

preferred to I2 excision. Nevertheless, our strategy successfully created and recovered 

single excision events. As expected, roughly half the animals sampled (60 out of 118, 

50.8% of animals screened) were in fact wild-type, having never carried the GBT 

chromosome of interest (I1-I2-; Fig. 22C). To emphasize the robustness of Cre activity 

even at low doses, we note that 30 of the 58 GBT+ animals screened (51.7%) carried 

chromosomes that had undergone at least one excision event (Fig. 22C). 

 

Even though we were unable to recover any I1+I2- chromosomes, I1-I2+ chromosomes 

could be used to determine whether I1 or I2 caused the wwm phenotype. We crossed I1-

I2+ animals with wwm+/- heterozygotes. The resulting clutches had nearly equal 

proportions of GFP+ and GFP- larvae (51% and 49%, respectively; Fig. 22E) and did not 

yield any larvae with a wwm-/- mutant phenotype (0%, n = 1,032). Crossing an I1-I2+ 

chromosome with a wwm+/- heterozygote was therefore equivalent to outcrossing a 

wwm+/- heterozygote with a wild-type animal.  

 

Together, these data demonstrated that I1, not I2, was the insertion that caused the wwm 

phenotype. Furthermore, they indicated that wwm was a GBT line in which an insertion 
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outside of a protein-coding locus still generated a transcript and phenotype (36, 146, 

148-150)—the first such GBT line we have identified. Whether cdh1 is the causal gene or 

if some other noncoding sequence is responsible remains unknown. 

 
trans-addition of the wwm I1 region of interest fails to rescue wwm phenotype 

Although the preceding results did not indicate a specific answer, they did suggest that 

the solution to the wwm problem lay outside the expected GBT mechanics. We 

hypothesized that GBT transcriptional activity at I1 disrupted an unidentified genomic 

element in the vicinity of the cdh1/Ecad locus. To test that hypothesis, we asked whether 

adding back that unidentified element could rescue the wwm phenotype. Because we did 

not know the identity or location of the hypothesized element, we introduced the entire 

BAC spanning the wwm region of interest (ROI), the 5’ portion of cdh1/Ecad and a large 

upstream region, into the genome of wwm+/- heterozygotes. We predicted that if the 

hypothesized element acted in trans, then adding it back to wwm mutants would rescue 

the phenotype. 

 

For such in-trans add-back experiments to be reliable, the BAC sequence (BAC) needed 

to be stably maintained within the wwm+/- heterozygous background. We therefore made 

two modifications to the BAC. First, we cloned in RP2 miniTol2 inverted terminal 

repeats to facilitate permanent insertion into the genome (Fig. 23A). Second, in order to 

follow the BAC and verify that it was stably maintained in the genome, we added a “blue 

heart” (BH) cassette consisting of a cardiac myosin light chain 2 (cmlc2) promoter 

driving cardiac expression of blue fluorescent protein (BFP) (Fig. 23A) (148, 212){Krug, 

2014 #254}. We then introduced the resulting modified BAC (“BH-BAC”) into the 

wwm+/- background via microinjection. Because injected animals’ germlines are 

necessarily mosaic, we outcrossed the founders (F0) and raised their GFP+BFP+ F1 

offspring.  
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Figure 23. Reintroducing the wwm region of interest in trans fails to rescue the 

wwm-/- homozygous mutant phenotype  
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Figure 23. Reintroducing the wwm region of interest in trans fails to rescue the 

wwm-/- homozygous mutant phenotype  

(A) A schematic of the BH-BAC construct, which consisted of a modified BAC covering 

the wwm genomic region of interest (ROI) and the 5’ end of cdh1/Ecad, a BFP tag driven 

from a cardiac myosin light chain 2 (cmlc2) promoter, and RP2 miniTol2 inverted 

terminal repeats (ITRs) (black arrowheads). (B-C) The presence of the BH-BAC in trans 

in the wwm background had no measurable effect on the incidence of wwm mutants. (B) 

wwm+/- x  wwm+/-;BH-BAC crosses produced larvae displaying the wwm mutant 

phenotype in Mendelian proportions (26%, n = 443, SD = 5%). (C) The respective 

proportions of BFP- (15%, n = 443, SD = 3%) and BFP+ (11%, n = 443, SD = 3%) 

phenotypic larvae within the clutches were not significantly different. 
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To evaluate whether the presence of at least one BH-BAC insert in the wwm 

background could rescue the wwm phenotype, we crossed GFP+BFP+ adults with wwm+/- 

heterozygotes. If the BH-BAC genomic sequence contained a trans-acting element 

capable of rescuing the wwm phenotype, then two concurrent outcomes would be 

expected. First, one would expect an overall reduction in the percentage of phenotypic 

larvae per clutch, similar to the results of Cre and GBMO reversion experiments (Fig. 8D 

and 8E; Fig. 21A). Second, one would expect that the proportion of phenotypic 

GFP+BFP+ larvae within a clutch would be significantly reduced relative to that of 

phenotypic GFP+BFP- larvae. However, we observed neither of those outcomes (Fig. 23B 

and 23C). Instead, the overall proportion of mutant offspring was Mendelian (26%, Fig. 

23B), and the proportion of GFP+BFP+ wwm-/- mutant larvae (11%) was not significantly 

reduced relative to GFP+BFP- wwm-/- mutant larvae (15%) (Fig. 23C). Together, the 

genomic sequence within the BH-BAC did not contain a trans-acting element that 

rescued the wwm mutant.  

 

Section 3: Discussion  

We have shown that the alternative strategy of GFP-prioritized forward screening can 

indeed identify GBT-mediated mutagenic events that the “classic” mRFP-prioritized ZIP 

screening strategy would not have uncovered. We identified wicked witch of the Midwest 

(wwm), a novel epidermal aggregate mutant whose causative GBT insertion (I1; Fig. 23) 

localized to a genomic region near cdh1/Ecad (Fig. 22C). We were confident that a gene-

break event caused the phenotype because the wwm mutant appears to follow a 

Mendelian recessive inheritance pattern, and because our reversion data indicated that 

Cre excision and GBMO suppression reverted the wwm phenotype (Fig. 22A). Phenotype 

reversion via GBMO suppression was a particularly telling result because the GBMO 

specifically blocks the GBT’s splicing activity. Yet the wwm mutant presented a novel 

and entirely unanticipated scenario: according to our other molecular evidence, it did not 

operate as a standard GBT. The causative insert, I1, did not reside within a protein-

coding locus (Fig. 22C), and we were unable to ever obtain any transcriptional evidence 

indicating that the I1 GBT disrupted a protein-coding locus.  
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The problem was this: how could active GBT splicing be mutagenic if the GBT did not 

break a protein-coding locus? Those attributes ought to have been mutually exclusive. 

After weighing the data together, we hypothesized that I1 disrupted an unidentified 

functional element, perhaps a non-coding RNA, in the genomic region upstream of 

cdh1/Ecad. To test that hypothesis, we attempted to rescue wwm with the BH-BAC add-

back strategy (Fig. 23), but did not observe phenotypic rescue (Fig. 23B and 23C). We 

concluded that that experimental approach did not successfully reveal a trans-acting 

element that rescued wwm. However, because we could not direct the BH-BAC construct 

to a specific integration site, we could not conclude that failing to rescue the wwm 

phenotype with that particular strategy nullified the original hypothesis. Moreover, we 

could not draw any conclusions regarding the possibility of a cis-acting element from the 

BH-BAC experiment as it was designed. 

 

The stubborn, seemingly contradictory wwm results require us to reassess our 

understanding of the possible types of GBT-mediated mutations, and perhaps to stretch 

our understanding of the genome as well. We concluded that at that point in time the 

wwm mechanism was beyond our ability to discern. However, the major wwm question, 

as well as the corollary issue of just how a mutagenic disruption outside a protein-coding 

sequence might behave in a Mendelian fashion, remains a tantalizing problem—and a 

potent reminder that some problems must wait for new technologies or perspectives to 

unlock their solutions. We anticipate that solving the wwm puzzles will require either 

revisiting classic approaches such as a deletion series constructed using newly developed 

genome editing techniques (213), or developing an entirely new strategy based on as-yet-

undiscovered insights.  

 

Finally, our discovery of the novel wwm mutant demonstrates that a GFP-directed “3’ 

prioritization” strategy can identify mutagenic gene-break events in the absence of mRFP 

expression. Nevertheless, we discontinued the 3’ prioritization strategy in favor of 

mRFP-directed tissue-specific prioritization. From the perspective of pure scientific 
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curiosity, choosing to forego the discovery of genomic insights no doubt hidden within 

RFP-GFP+ gene-break events was not easy. But practical issues and resource allocation 

are also important considerations for research programs. Our ZIP work was clearly 

successful in demonstrating that mRFP prioritization could reliably generate both tissue-

specific alleles and mutants relevant for skin biology (Chapter 2) (24). In contrast, this 

GFP-prioritized parallel pilot screen did not yield a bounty of additional mutants, nor did 

it have the added value of producing lines with tissue-specific fluorescent localization.  
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Chapter Four 

Patent Watch: Encouraging Scientists to Consider Intellectual Property 

 

Portions of this chapter were previously published and are reproduced here with 

permission from Mary Ann Liebert, Inc. (Appendix A). 

 

 

Section 1: Introduction  

Each year, the zebrafish research community hosts two separate meetings. One is the 

International Zebrafish Conference on Development and Genetics, at which the entire 

zebrafish community gathers to share a wide variety of research. The other is the 

Strategic Conference of Zebrafish Investigators, a smaller, more intimate gathering 

during which Principal Investigators not only share their groups’ cutting-edge findings, 

but also discuss what they see as important issues and emerging directions for both 

zebrafish research and the larger scientific community. During the 2009 Strategic 

Conference, several of those discussions turned to matters of patents and intellectual 

property. For example, patents and intellectual property are important components of the 

modern research environment, yet many researchers are unfamiliar with the complexities 

of patent law. Another concern was that disseminating knowledge of scientific 

advancements is sometimes constrained due to the requirements of patent law.  

 

Afterwards, Dr. Ekker related those discussions to publisher Mary Ann Liebert and the 

Zebrafish journal editorial staff. Ms. Liebert and the staff agreed that patents and 

intellectual property are important, though often overlooked, components of modern 

scientific research. Together, they decided to add a regular feature to each Zebrafish issue 

to increase researchers’ awareness of intellectual property—a short column that would 

report recent patents and patent applications. The plan for Patent Watch was underway. 

 

Because my law background included an interest in patent law and intellectual property, 

the journal’s editorial staff invited me to interview for the position of Patent Watch 
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columnist. I did so, and from Fall 2009 through Fall 2012, I prepared the column for 

each issue (quarterly). Because Zebrafish primarily publishes research related to 

zebrafish and other aquatic organisms, I worked to select applications or granted patents 

that either used zebrafish as a component of the research leading to the claimed 

invention(s), or that claimed an invention which might interest zebrafish and aquatic 

researchers for some other reason, such as inventions comprising developments in 

molecular or genetic tools or microscopy and imaging. When applications or patents in 

the foregoing categories were scarce, I looked for selections that claimed interesting, 

unique, or unusual inventions in other fields. 

 

Patent Watch evolved to better serve its educational and informational mission. As we 

prepared and published the columns, we began to realize that simply excerpting the 

reference information and abstract for each patent was not always highly informative for 

our intended readers. Patent materials are specialized legal documents, not research 

papers. They are complex and sometimes convoluted documents structured and written to 

conform to the intricacies of patent law and practice. In no way are they designed for 

clear, concise communication of scientific advancements. To make matters even more 

difficult for scientific readers seeking a basic understanding of a particular patent, patent 

titles and abstracts are frequently confusing and often incomplete (see, for example: US 

2009/0055940 A1, Fall 2009; US 7078487, Winter 2009; US 2011/0190307 A1, Winter 

2011). Occasionally, abstracts are entirely absent (EP 1924856/B1, Winter 2009). 

 

For those reasons, we realized that the column’s original format was insufficient to 

inform and educate our researcher readers as we had intended. When selecting items for 

inclusion, I had perused the application and had tried to understand the supporting 

research and claimed invention(s)—but I had not conveyed that additional understanding 

to the readers. And although each selection included a hyperlink to the original published 

text of the patent application (or granted patent), we realized that (1) print edition readers 

were unlikely to manually check hyperlinks, and (2) even if digital readers followed a 

link, they were unlikely to invest their valuable time in wading through the complexities 
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of a patent document. Consequently, beginning in the Winter 2011 issue, we changed 

the column format to include a short summary with each selection. The summary 

provided a general statement of the claimed invention and described how it used 

zebrafish research or why it was of other scientific interest.  

 

In addition to providing a more informative experience for the reader, preparing the 

summaries was an additional challenge for me as the author. Perusing a stack of 

potentially relevant patents had always required me to “wear both hats.” While reading, 

digesting, and choosing, I tried to take both an intellectual property perspective as well as 

a zebrafish researcher’s perspective. But writing the summaries meant moving that 

exercise beyond my own thoughts. It meant trying to explain to an invisible audience, 

succinctly and clearly, what that document communicated and claimed. In a somewhat 

similar vein, I think the Spring 2012 column was of greater-than-usual importance 

because it included a short piece reminding the readership of upcoming changes to 

United States patent law, which were—or rather, are—likely to affect their future IP 

strategies or interests. That piece was in keeping with the column’s mission of making 

researchers aware of IP developments, and was an attempt to reach out to researchers and 

encourage them to observe and analyze the effects of the law change as it took effect. I 

hope that piece was valuable, and I hope similar ones will find their way into specialty 

research journals in the future. 

 

The collected texts of all Patent Watch columns published from the Fall 2009 issue 

through the Fall 2012 issue, 13 columns in all, are reproduced in this chapter with 

authorization from the publisher (Appendix A). (The text has been standardized for 

formatting purposes and hyperlinks have been updated where applicable.) To the best of 

our knowledge, Patent Watch was the first of its kind in a basic research journal: a 

recurring feature intended to relay intellectual property developments to a scientific 

audience. 
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Section 2: Patent Watch columns, Fall 2009 – Fall 2012 

 

Fall 2009 issue. 

Welcome to the inaugural Patent Watch column! Why discuss patents in an academic 

journal?  The idea for this feature germinated from discussions at a recent zebrafish 

meeting.  Patents do matter to researchers.  We are accustomed to learning the state of the 

art in a field or current research directions in science via a quick PubMed search.  But we 

easily forget that peer-reviewed journals contain only a portion of science being 

conducted.  Considerable research is conducted under proprietary conditions, and thus is 

published in traditional journals—if at all—after the patent prosecution process has 

begun.  Therefore the patent literature—patents and patent applications—is also a source 

of potentially valuable, cutting-edge information.  

 

Searching the patent literature provides information about current science to new 

directions in a field.  In addition, the patent literature provides a more complete picture of 

what is and is not proprietary in a particular area, which is important knowledge for a 

researcher considering patenting their own work, or simply trying to avoid infringement 

arising from their research.  

 

The goals of this feature are (1) to keep the research community periodically apprised of 

developments in Danio-related, and non-Danio-related, intellectual property (IP); and (2) 

to remind us as scientists that important science exists beyond the confines of PubMed.    

 

The patents and patent applications included in this issue were selected to represent the 

breadth of ongoing zebrafish science.  While the names on some may be familiar, all 

selections are made on the basis of topic and content.  All patent information was 

obtained with the CAMBIA Patent Lens database, a free full-text patent search database.  

(http://www.patentlens.net/daisy/patentlens/2473.html) Hyperlinks are provided with 

each patent listed, so that interested readers may explore a patent or patents more fully.  
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US 7525011 Granted patent Published 28 Apr 2009 
 
Title: Transgenic cancer models in fish 
Inventors/Applicants: LOOK, A. Thomas (US), LANGENAU, David M. (US) 
 
Abstract  
The present invention provides transgenic fish whose genome has stably-integrated 

therein an oncogene operably linked to a promoter. Methods of making the transgenic 

fish and methods for their use are also provided. In one embodiment, the transgenic fish 

may advantageously be utilized in methods of screening for drugs or agents that modulate 

oncogene-mediated neoplastic or hyperplasic transformation, or that modulate sensitivity 

to chemotherapy or radiation therapy. In another embodiment, the transgenic fish may be 

used methods of identifying mutations that modulate oncogene-mediated neoplastic or 

hyperplastic transformation, or that modulate sensitivity to chemotherapy or radiation 

therapy. 

https://www.lens.org/lens/patent/US_7525011_B2 
 
 
US 7514595 Granted patent  Published 7 Apr 2009 
 
Title: Targeted and regional cellular ablation in zebrafish 
Inventors/Applicants: MUMM, Jeffrey S. (US), SCHROETER, Eric H. (US) 
 
Abstract  

A system including: (i) a methodology for targeted cellular ablation in zebrafish; (ii) a 

methodology for regional cellular ablation in zebrafish. These methodologies are used to 

identify genetic components that regulate cellular regeneration and to identify drug 

compounds that influence cellular regeneration for the purpose of developing therapies 

for degenerative conditions. Transgenic zebrafish disclosed herein contain transgenic 

constructs composed of: (i) cell and/or tissue-type specific regulatory elements (e.g. 

promoter and/or enhancer regions) which delimit expression of operably linked gene 

product(s) to discrete cellular populations; (ii) a gene product that promotes cellular 

ablation composed of a pro-drug conversion system capable of converting nontoxic pro-

drugs into cytotoxic drugs, which is expressed alone or in connection with; (iii) a reporter 

gene product that allows selective detection of cells expressing the reporter—both prior 
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to (initial cells) and following cellular ablation (regenerated cells). Here we describe 

genetic delivery of a pro-drug converting system in order to enable targeted cellular 

ablation in zebrafish. Transgenic zebrafish of this invention provide a high-throughput 

system for genetic dissection of the process of cellular regeneration and, compound 

screening for the discovery of drugs capable of promoting cellular regeneration. 

https://www.lens.org/lens/patent/US_7514595_B2 
 
 
US 7488467 Granted patent  Published 10 Feb 2009 
 
Title: High throughput genetic screening of lipid and cholesterol processing using 
fluorescent compounds 
Inventors/Applicants: FARBER, Steven (US), PACK, Michael (US), HALPERN, 
Marnie (US) 
 
Abstract  

The present invention utilizes fluorescent lipids, particularly quenched phospholipid or 

cholesterol analogues, to facilitate screening for phenotypes representing perturbations of 

lipid processing; screening for genetic mutations that lead to disorders of phospholipid 

and/or cholesterol metabolism; and screening of compounds designed to treat disorders of 

phospholipid and/or cholesterol metabolism. 

https://www.lens.org/lens/patent/US_7488467_B2 
 
 
US 7491810 Granted patent Published 17 Feb 2009 
 
Title: Transgenic screen and method for screening modulators of brain-derived 
neurotrophic factor (BDNF) production 
Inventors/Applicants: HEINRICH, Gerhard (US), HUYNH, Gigi (US) 
 
Abstract  

A transgenic screen and method for screening biological and chemical test substances or 

molecules for their ability to influence or modulate the production of BDNF in cells, 

includes a fusion gene having a zebrafish BDNF gene fragment (promoter) and a 

fluorescent marker gene inserted downstream of the BDNF gene fragment. When the 

fusion gene is injected into a zebrafish embryo, the BDNF promoter causes the 

production of fluorescent protein in various cell types. The embryo is exposed to a test 



 

 

100 
substance for determining the effect thereof on the production of the fluorescent 

marker protein. 

https://www.lens.org/lens/patent/US_7491810_B2 

 
 
US 7332647 Granted patent Published 19 Feb 2008 
 
Title: Fish produced by nuclear transfer from cultured cells 
Inventors/Applicants: LIN, Shuo (US) 
 
Abstract 
The disclosure provided herein teaches that fertile transgenic fish can be generated by 

nuclear transfer using cultured cells as embryonic fibroblasts. 

https://www.lens.org/lens/patent/US_7332647_B2 

 
 
US 2009/0055940 A1  Patent Application Filed 18 June 2007  
 
Title: Zebrafish Model of MLL Leukemogenesis 
Inventors/Applicants: FELIX, Carolyn A. (US), BALICE-GORDON, Rita (US), 
GERMANO, Giuseppe (IT), SONG, Yuan-Quan (US), ROBINSON, Blaine W. (US) 
 
Abstract   
The zebrafish mll gene and methods of use thereof are provided. 

http://www.patentlens.net/patentlens/structured.cgi?patnum=US_2009/0055940_A1 

 
 
US 2009/0023751 A1  Patent Application Filed 15 Jan 2008 
 
Title:  Compounds That Protect Against Sensory Hair Cell Death 
Inventors/Applicants: OU, Henry C. (US), SANTOS, Felipe (US), RUBEL, Edwin W. 
(US), RAIBLE, David W. (US), SIMON, Julian A. (US) 
 
Abstract 

The present invention provides methods of identifying compounds that protect against 

ototoxicity induced by one or more noxious stimuli, and methods of treating an individual 

with compounds identified using the present screening methods. Also provided are 

compounds demonstrated to have otoprotective effects. 

http://www.patentlens.net/patentlens/structured.cgi?patnum=US_2009/0023751_A1 
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Winter 2009 issue. 
 
US 7579329  Granted patent  Published 25 August 2009 
 
Title: P450RAI-2 (P450 cytochrome 26B), encoding nucleic acid molecules and methods 
and uses thereof 
Inventors/Applicants: WHITE, Jay A. (CA), PETKOVICH, Martin P. (CA), JONES, 
Glenville (CA), RAMSHAW, Heather (CA) 
 
Abstract 

The present invention provides a novel all-trans-RA inducible all-trans-RA metabolizing 

cytochrome P450, P450RAI-2, that is predominantly expressed in the brain, cerebellum 

in particular. It is also expressed in normal and tumour lung tissue and in breast cancer 

cells and may have a correlation with lung and breast cancer. Human P450RAI-2 show 

42% amino acid identity to human P450RAI-1 and when transfected into COS-1 cells 

causes the rapid conversion of all-trans-RA into more polar metabolites including the 

inactive products 4-oxo-RA, 4-OH-RA and 18-OH-RA. P450RAI-2, as with P450RAI-1, 

is also inducible in certain cultured cell lines exposed to all-trans-RA. Methods for and 

uses of the new polynucleotide, polypeptide, fragments thereof and inhibitors thereof, 

include the treatment of dermatological disorders, cancer and certain brain disorders. 

http://www.patentlens.net/patentlens/patent/US_7579329/en/ 

 
 
EP 1924856/B1  Granted patent Published 8 July 2009 
 
Title: METHOD FOR QUANTIFYING A CHOLINERGIC NEUROTOXIN IN A 
SAMPLE 
Inventors/Applicants: CAMARA, José (FR), AUGUET, Michel (FR), CHABRIER DE 
LASSAUNIERE, Pierre-Etienne (FR) 
 
Abstract  
[none] http://www.patentlens.net/patentlens/patent/EP_1924856_B1/en/ 
 
 
US 7521055 Granted patent  Published 21 April 2009 
 
Title: Ferroportin1 antibodies and methods 
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Inventors/Applicants: ZON, Leonard I. (US), DONOVAN, Adriana (US) 
 
Abstract 

Positional cloning has been carried out to identify the gene responsible for the 

hypochromic anemia of the zebrafish mutant weissherbst. The gene, ferroportin1, 

encodes a novel multiple-transmembrane domain protein, expressed in the yolk sac. 

Zebrafish ferroportin1 is required for the transport of iron from maternally-derived yolk 

stores to the circulation, and functions as an iron exporter when expressed in Xenopus 

oocytes. Human and mouse homologs of the ferroportin1 gene have been identified. The 

invention includes isolated polynucleotides, vectors and host cells comprising nucleotide 

sequences encoding Ferroportin1 proteins and variants thereof, including those having 

iron transport function. The invention also includes polypeptides encoded by ferroportin1 

genes and variants of such polypeptides, and fusion polypeptides comprising a 

Ferroportin1 or a portion thereof. Methods to produce a Ferroportin1, methods to produce 

antibodies to a Ferroportin1 and methods to identify agents binding to a Ferroportin1, 

which can be inhibitors or enhancers of Ferroportin1 iron transport activity, are also 

described. Inhibitors of Ferroportin1 activity can be used in a therapy for 

hemochromatosis. 

http://www.patentlens.net/patentlens/patent/US_7521055/en/ 

 
 
US 7514432  Granted patent  Published 7 April 2009 
 
Title: Compounds and methods of treating cell proliferative diseases, retinopathies and 
arthritis 
Inventors/Applicants: LEBLOND, Bertrand (FR), PETIT, Silvère (FR), PICARD, 
Virginie (FR), TAVERNE, Thierry (FR), SCHWEIGHOFFER, Fabien (FR) 
 
Abstract 

The present invention relates to compounds and their uses, particularly in the 

pharmaceutical industry. The invention discloses compounds having anti-proliferative 

and antiangiogenic activities, as well as methods for treating various diseases associated 

with abnormal cell proliferation, including cancer, or associated with unregulated 

angiogenesis including growth and metastasis of solid tumors, ocular diseases and 
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especially retinopathies, or arthritis, by administering said compounds. It further deals 

with pharmaceutical compositions comprising said compounds, more particularly useful 

to treat cancers (such as leukemia), ocular diseases and arthritis. 

http://www.patentlens.net/patentlens/patent/US_7514432/en/ 

 
 
AU 2002/326837 B2  Granted patent  Published 15 Jan 2009 
 
Title: Methods for diagnosing and treating diseases and conditions associated with 
protein kinase C lambda 
Inventors/Applicants: PETERSON, Randall (US), FISHMAN, Mark C. (US) 
 
Abstract 

The invention provides methods of diagnosing diseases and conditions associated with 

PKCλ, methods for identifying compounds that can be used to treat or to prevent such 

diseases and conditions, and methods of using these compounds to treat or to prevent 

such diseases and conditions. Also provided in the invention are animal model systems 

that can be used in screening methods. 

http://www.patentlens.net/patentlens/patent/AU_2002_326837_B2/en/ 

 
 
US 7427677 Granted patent Published 23 September 2008 
 
Title: Expression of zebrafish bone morphogenetic protein 4 
Inventors/Applicants: HWANG, Sheng-Ping L. (TW), SHENTU, Hsuan (TW), WEN, 
Hui-Ju (TW) 
 
Abstract 

Embodiments of the invention generally provide isolated DNA molecules, tissue-specific 

expression sequences, and promoter and regulatory DNA sequences involved in the 

regulation of bone morphogenetic protein 4 (BMP4). More specifically, the invention 

relates to regulation of gene expression in a tissue-specific manner. In one aspect, the 

invention provides zebrafish BMP4 gene, its structural organization, its promoter, and 

proximal and distal regulatory regions. In another aspect, the invention provides methods 

for identifying potential compounds/agents, potential molecular regulators, and the 

expression pattern for the expression of BMP4 gene. 
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http://www.patentlens.net/patentlens/patent/US_7427677/en/ 

 
 
AU 2002/330177 B2  Granted patent Published 26 June 2008 
 
Title: Methods for diagnosing and treating diseases and conditions of the heart or 
digestive system, and cancer 
Inventors/Applicants: FISHMAN, Mark C. (US), ROTTBAUER, Wolfgang (DE) 
 
Abstract 

The invention provides methods of diagnosing and treating diseases and conditions of the 

heart or digestive system and cancer, methods for identifying compounds that can be used 

to treat or to prevent such diseases and conditions, and methods of using these 

compounds to treat or to prevent such diseases and conditions. Also provided in the in are 

animal model systems that can be used in screening methods. 

http://www.patentlens.net/patentlens/patent/AU_2002_330177_B2/en/ 

 
 
US 7314968  Granted patent Published 1 Jan 2008 
 
Title: Transgenic fish and β-catenin signaling pathway model 
Inventors/Applicants: MOON, Randall T. (US), DORSKY, Richard I. (US) 
 
Abstract 

The present invention is directed a Lef1/β-catenin-dependent reporter and to transgenic 

fish containing this reporter. The present invention is also directed to the use of the 

reporter and the transgenic fish as a model for the β-catenin signaling pathway. The 

model is useful for identifying genes in the β-catenin signaling pathway and for 

identifying drugs that can modulate the β-catenin signaling pathway. Such drugs are 

useful for treating or preventing melanoma, colorectal cancer and osteoporosis, among 

other disease conditions. 

http://www.patentlens.net/patentlens/patent/US_7314968/en/ 

 
 
US 7078487  Granted patent Published 18 July 2006 
Title: PTH1R receptors 
Inventors/Applicants: JÜPPNER, Harald (US), RUBIN, David A (US) 
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Abstract 

The present invention relates to novel parathyroid hormone (PTH) and parathyroid 

hormone related protein (PTHrP) receptors (PTH1R and PTH3R) isolated from zebrafish. 

The receptors of the present invention share homology with previously identified 

parathyroid hormone (PTH)/parathyroid related protein (PTHrP) receptors. Isolated 

nucleic acid molecules are provided encoding the zebrafish PTH1R and PTH3R 

receptors. PTH1R and PTH3R receptor polypeptides are also provided, as are vectors, 

host cells and recombinant methods for producing the same. The invention further relates 

to screening methods for identifying agonists and antagonists of PTH1R and PTH3R 

receptor activity and to diagnostic and therapeutic methods. 

http://www.patentlens.net/patentlens/patent/US_7078487/en/ 

 
 
Spring 2010 issue. 
 
US 2010/0022761 A1 Patent application Published 28 January 2010 
 
Title: PHOTOCLEAVABLE LINKER METHODS AND COMPOSITIONS 
Inventors/Applicants: CHEN, James K. (US), SINHA, Surajit (IN), SHESTOPALOV, 
Ilya (US), OUYANG, Xiaohu (US) 
 
Abstract 

Bifunctional linkers are provided that comprise a photocleavable moiety flanked by two 

different amine reactive moieties. In some embodiments the photocleavable moiety is a 

dimethoxynitrobenzyl moiety. In other embodiments the photocleavable moiety is 8-

bromo-7-hydroxyquinoline. In other embodiments the photocleavable moiety is 

nitrodibenzofuran. In other embodiments the photocleavable moiety is 6-bromo-7-

hydroxycoumarin-4-ylmethyl. The linkers find use in synthetic methods, including the 

generation of photocleavable oligonucleotides, e.g. caged morpholinos. 

http://www.patentlens.net/patentlens/patent/US_2010_0022761_A1/en/ 

 
 
US 2010/0011453 A1 Patent application Published 14 January 2010 



 

 

106 
 
Title:  MODEL FOR MUSCULAR DYSTROPHY AND CARDIOMYOPATHY 
Inventors/Applicants: CURRIE, Peter (AU), BASSETT, David Ian (GB) 
 
Abstract 

An isolated zebrafish genetic strain having a dystrophin mutant phenotype and fish 

models useful for screening or assaying agents having potential activity on muscular 

dystrophy or cardiomyopathy. 

http://www.patentlens.net/patentlens/patent/US_2010_0011453_A1/en/ 

 
 
WO 2010/005273 A2 Patent application Published 14 January 2010  
 
Title:  TRANSGENIC ZEBRAFISH AND METHOD FOR MASS PRODUCTION OF 
HUMAN LACTOFERRIN USING THE SAME 
Inventors/Applicants: PARK, Jae Hak (KR), SEOK, Seung Hyeok (KR), CHO, Young 
Shik (KR), HA, Gun Woo (KR), OH, Jin Sik (KR), OH, Youn Kyoung (KR) 
 
Abstract 

The present invention relates to zebrafish that mass produce human lactoferrin after being 

transformed with a recombinant expression vector containing the human lactoferrin gene, 

to a method for the mass production of human lactoferrin from said transgenic zebrafish, 

and to functional foods and animal feed additives containing said transgenic zebrafish as 

the active ingredient. According to the present invention, a large quantity of human 

lactoferrin can be obtained from transgenic zebrafish. Furthermore, the transgenic 

zebrafish can be used as an ingredient for functional foods and as an additive for animal 

feed. 

http://www.patentlens.net/patentlens/patent/WO_2010_005273_A2/en/ 

 
 
US 2009/0324500 A1  Patent application  Published 31 December 2009 
 
Title: SCREEN FOR INFLAMMATORY RESPONSE MODULATORS 
Inventors/Applicants: RENSHAW, Stephen Andrew (GB), INGHAM, Philip William 
(GB), WHYTE, Moira Katherine Brigid (GB) 
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Abstract 

The present invention relates to transgenic aquatic vertebrate organisms and methods of 

their use in screening for, or identifying agents that are useful in modulating the 

inflammatory response and particularly for identifying agents useful for treating 

inflammatory disorders. 

http://www.patentlens.net/patentlens/patent/US_2009_0324500_A1/en/ 

 
 
WO 2009/156728 A1 Patent application Published 30 December 2009 
 
Title: ASSAY 
Inventors/Applicants: BECKER, Catherina G. (GB), BECKER, Thomas (GB) 
 
Abstract 
The present invention provides zebrafish based methods for the identification of 

compounds potentially useful in the treatment of motor neuron degenerative diseases 

(MNDDs), compounds identified by these methods and compositions, methods and 

medicaments for treating MNDDs. 

http://www.patentlens.net/patentlens/patent/WO_2009_156728_A1/en/ 

 
 
US 2009/0311278 A1  Patent application Published 17 December 2009 
 
Title:  Novel teleost derived antimicrobial polypeptides 
Inventors/Applicants: EVANS, Donald L. (US), KAUR, Harjeet (US), JASO-
FRIEDMANN, Liliana (US), LEARY, III, John H. (US), PRAVEEN, III, Kesavannair 
(US) 
 
Abstract 

The invention is directed to an isolated polypeptide which (a) is obtainable from a teleost; 

(b) has antimicrobial activity; (c) binds to oligoguanosine and/or CpG (SEQ ID NO:7); 

(d) comprises 58 strongly basic amino acids selected from the group consisting of K and 

R; (e) comprises 50 hydrophobic amino acids selected from the group consisting of A, I, 

L, F, W and V; (f) comprises 50 polar amino acids selected from the group consisting of 

N, C, Q, S, T and Y and (g) contains 11 lysine-rich motifs and antimicrobial fragments 
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thereof as well as methods for preparing said polypeptides, compositions and libraries 

comprising said polypeptide(s) and uses of said polypeptide(s), particularly in treating 

microbial infections. The invention is further directed to a nucleic acid(s) encoding said 

polypeptide, microarrays comprising said nucleic acid(s) and uses for said nucleic 

acid(s). Furthermore, the invention is directed to an antibody which binds to the 

polypeptide of the present invention and uses for said antibodies. 

http://www.patentlens.net/patentlens/patent/US_2009_0311278_A1/en/ 
 
 
US 2009/0297512 A1  Patent application Published 3 December 2009 
 
Title:  COMPOSITIONS AND METHODS FOR MODULATING VASCULAR 
DEVELOPMENT 
Inventors/Applicants: FILVAROFF, Ellen (US), YE, Weilan (US), PARKER, IV, Leon 
H. (US), HONGO, Jo-Anne S. (US), SCHMIDT, Maike (US) 
 
Abstract 
The present invention provides methods of using EGFL7 antagonist to modulate vascular 

development. Also provided herein are methods of screening for modulators of EGFL7 

activity. Furthermore, methods of treatment using EGFL7 antagonists are provided. 

http://www.patentlens.net/patentlens/patent/US_2009_0297512_A1/en/ 

 
 
US 2009/0298065 A1  Patent application Published 3 December 2009 
 
Title:  Methods for Identifying Functional Noncoding Sequences 
Inventors/Applicants: MCCALLION, Andrew S. (US), FISHER, Shannon (US), 
GRICE, Elizabeth Anne (US) 
 
Abstract 

The present invention relates to methods for identifying functional noncoding human 

sequences. Methods may comprise one or more of the following: a comparative genomic 

sequence analysis step, a genetic analysis step, and a functional analysis step. The 

functional analysis step comprises transposon-based transgenesis in zebrafish. Also 
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disclosed here in a transposon-based vector to facilitate efficient transgenesis in 

zebrafish. 

http://www.patentlens.net/patentlens/patent/US_2009_0298065_A1/en/ 

 
 
US 2009/0255006 A1  Patent application Published 8 October 2009 
 
Title:  Transgenic Zebrafish 
Inventors/Applicants: DOUGAN, Scott (US), FAN, Xiang (US) 
 
Abstract 

Transgenic zebrafish containing sqt genomic sequences driving expression of a reporter 

gene are provided. This line faithfully reproduces the spatiotemporal expression pattern 

of endogenous sqt, and at the late blastula stage is expressed in the YSL as well as in the 

blastomeres. The data show that expression in embryonic and extra-embryonic tissues is 

controlled by separable regulatory elements, including at least two elements that mediate 

the response to Nodal signals in different cell types. An element upstream of the 

transcription start site mediates the response to Nodal signaling specifically in the EVL 

cells. By contrast, a conserved Nodal response element (NRE) in the first introns is 

required for transgene expression in the blastomeres. The data show that expression of 

the transgene in the blastomeres depends on Nodal signaling activity. Furthermore, 

expression of sqt and cyc in the blastomeres depends upon Nodal signals from the YSL. 

These experiments suggest that Nodal signals in the YSL act to induce nodal-related gene 

expression in the embryo margin by activating the Nodal autoregulatory pathway. 

Targeted depletion of Nodal signals from the YSL results in embryos lacking endoderm 

and head mesoderm, similar to the defects observed in mice lacking Nodal function in the 

visceral endoderm. Thus, the data provides strong genetic evidence for the functional 

conservation between the YSL and the visceral endoderm. This suggests a common 

evolutionary origin for teleost and mammalian extra-embryonic tissues, despite their 

profound morphological differences. 

http://www.patentlens.net/patentlens/patent/US_2009_0255006_A1/en/ 
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Summer 2010 issue. 
 
US 7700825   Granted patent Published 20 April 2010 
 
Title: Recombinant constructs and transgenic fluorescent ornamental fish therefrom 
Inventors/Applicants: BLAKE, Alan (US), CROCKETT, Richard (US), ESSNER, 
Jeffrey (US), HACKETT, Perry (US), NASEVICIUS, Aidas (US) 
 
Abstract 

The present invention relates to the method and use of reef coral fluorescent proteins in 

making transgenic red, green and yellow fluorescent zebrafish. Preferably, such 

fluorescent zebrafish are fertile and used to establish a population of transgenic zebrafish 

and to provide to the ornamental fish industry for the purpose of marketing. Thus, new 

varieties of ornamental fish of different fluorescence colors from a novel source are 

developed. 

http://www.patentlens.net/patentlens/patent/US_7700825/en/ 

 
 
US 7700347   Granted patent Published 20 April 2010 
 
Title:  Methods and apparatuses for conducting assays in animals 
Applicants/Inventors: LEVIN, Michael (US) 
 
Abstract 

The invention provides apparatuses, systems, and methods for conducting assays in 

aquatic animals. The apparatuses, systems, and methods of the invention can be used to 

identify and/or characterize compounds that modulate morphological, anatomical, or 

behavioral characteristics. The apparatuses, systems, and methods of the invention can be 

used to identify and/or characterize compounds that modulate learning or memory. 

http://www.patentlens.net/patentlens/patent/US_7700347/en/ 

 
 
US 2010/0088773 A1   Patent application Published 8 April 2010 
 
Title:  MUTATIONS IN LAMA2 GENE OF ZEBRAFISH 
Inventors/Applicants: HALL, Thomas Edward (AU), BRYSON-RICHARDSON, 
Robert James (AU), CURRIE, Peter David (AU) 
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Abstract 

The present invention relates to an isolated nucleic acid molecules encoding mutant 

lama2 gene of zebrafish, mutant zebrafish having mutations in the lama2 gene, fish 

models containing mutant zebrafish, and uses of the fish models. 

http://www.patentlens.net/patentlens/patent/US_2010_0088773_A1/en/ 

 
 
US 7687682   Granted patent Published 30 March 2010 
 
Title:  Methods of screening agents for activity using teleosts 
Inventors /Applicants: SERBEDZIJA, George N. (US), SEMINO, Carlos (US), 
FROST, Deanna M. (US) 
 
Abstract 

The present invention provides methods of screening an agent for activity using teleosts. 

Methods of screening an agent for angiogenesis activity, toxic activity and an effect cell 

death activity in teleosts are provided. The invention further provides high throughput 

methods of screening agents in multi-well plates. 

http://www.patentlens.net/patentlens/patent/US_7687682/en/ 

 
 
US 7671251   Granted patent Published 2 March 2010 
 
Title:  In vivo assay for neurite outgrowth in zebrafish and its application in drug 
screening 
Inventors/Applicants: CHOU, Chih-Ming (TW), LU, I-Ching (TW), CHEN, Gen-Der 
(TW), CHEN, Chioh-Yueh (TW), HUANG, Chang-Jen (TW) 
 
Abstract 

A genetically modified zebrafish embryo, comprising a HBNF cDNA or a NGF cDNA or 

a GDNF cDNA together with a cDNA encoding green fluorescent protein (GFP) so as to 

induce neurite outgrowth during said zebrafish embryonic development, and a method of 

using such genetically modified zebrafish embryo to identify a therapeutic agent are 

disclosed. 

http://www.patentlens.net/patentlens/patent/US_7671251/en/ 
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US 2010/0047246 A1   Patent application  Published 25 February 2010 
 
Title:  Methods and Compositions for Treating Vascular Disease 
Inventors/Applicants: XIONG, Jing-Wei (US), FISHMAN, Mark C. (US) 
 
Abstract 

This invention relates to compositions and methods for use in treating or preventing 

vascular disease, as well as diseases and conditions associated with hematopoiesis and 

cellular proliferation. 

http://www.patentlens.net/patentlens/patent/US_2010_0047246_A1/en/ 

 
 
US 2010/0037330 A1   Patent application Published 11 February 2010 
 
Title:  Efficient Somatic Cell Nuclear Transfer In Fish 
Inventors/Applicants: SIRIPATTARAPRAVAT, Kannika (US), CIBELLI, Jose B. 
(US) 
 
Abstract 

The present disclosure provides methods of producing enucleated cells by photoablation. 

Such enucleated cells may be used as recipient cells for Somatic Cell Nuclear Transfer 

and cloning. The nuclear donor and/or enucleated recipient cells may be any fish cells, 

such as zebrafish, koi, or medaka fish cells. Such methods may be used to efficiently 

produce transgenic fish including by way of example zebrafish, koi, and medaka fish. 

http://www.patentlens.net/patentlens/patent/US_2010_0037330_A1/en/ 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

113 
Fall 2010 issue. 
 
US 2010/0143346 A1   Patent application Published 10 June 2010 
 
Title: TREATMENT OF MACULAR DEGENERATION 
Inventors/Applicants: RICHARDS, Frances Margaret (GB), ROACH, Alan Geoffrey 
(GB) 
 
Abstract 

An agent having progesterone antagonist properties may be used to treat eye conditions 

associated with pathological blood vessel formation, for example age-related macular 

degeneration, choroidal neovascularisation, retinal neovascularisation or corneal 

neovascularisation. The agent may be mifepristone. 

http://www.patentlens.net/patentlens/patent/US_2010_0143346_A1/en/ 

 
 
WO 2010/060934 A2  Patent application Published 3 June 2010 
 
Title: CNNM PROTEINS AND USES THEREOF 
Inventors/Applicants: SCHORDERET, Daniel François (CH), ESCHER, Pascal André 
(CH), POLOK, Bozena Karolina (CH) 
 
Abstract 

The present invention relates proteins from the group consisting of CNNM1, CNNM2, 

CNNM 3 and CNNM4, its derivatives or fragments thereof for use as a medicament, for 

treatment and or diagnostic purposes. The invention further relates to a human genomic 

DNA, cDNA or mRNA sequence encoding for a functional protein chosen from the 

group consisting of CNNM1, CNNM2, CNNM3 and CNNM4 and functional derivatives 

or fragments thereof. 

http://www.patentlens.net/patentlens/patent/WO_2010_060934_A2/en/ 

 
 
WO 2010/059598 A1  Patent application Published 27 May 2010 
 
Title: METHODS FOR PRODUCING FISH WITH HIGH LIPID CONTENT 
Inventors/Applicants: STEPHEN, David (US), MORGENTHALER, Gaye Elizabeth 
(US) 
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Abstract 

The invention provides methods for producing biofuel from algae, that use fish which 

have a high capacity of producing and/or accumulating lipids to harvest algae from an 

algal culture. The invention also provides methods for growing fish that result in a high 

lipid content. The invention also provides methods for creating fish that have a high 

capacity of producing and accumulating lipids by breeding and/or recombinant DNA 

techniques. Also included are transgenic fish that have a higher lipid content than wild-

type fish. http://www.patentlens.net/patentlens/patent/WO_2010_059598_A1/en/ 

 
 
US 7713925  Granted patent Published 11 May 2010  
 
Title: SYNDECANS AND ANGIOGENESIS 
Inventors/Applicants: EKKER, Stephen C. (US), CHEN, Eleanor Y. (US) 
 
Abstract 

The invention provides methods and materials related to modulating syndecan levels and 

angiogenesis in an animal. The invention provides syndecan polypeptides and nucleic 

acids encoding syndecan polypeptides, including dominant negative syndecan 

polypeptides. The invention also provides polynucleotides and polynucleotide analogues 

for modulating angiogenesis, as well as cells and embryos containing the polynucleotides 

and polynucleotide analogues. The invention further provides methods for identifying 

syndecan- and angiogenesis-modulating agents. 

http://www.patentlens.net/patentlens/patent/US_7713925/en/ 

 
 
WO 2010/049688 A1  Patent application Published 6 May 2010 
 
Title: LEUKOLECTINS AND USES THEREOF 
Inventors/Applicants: ALTHER, Bernt (NO), MIFTARI, Mirυshe (NO) 
 
Abstract 

The present invention relates to a polypeptide, described as a lectin, its encoding nucleic 

acid sequence and antibodies to the polypeptide and their use in various medical 

applications, particularly for treating or preventing an autoimmune disorder, an 
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inflammatory disorder or damaged skin in an animal. 

http://www.patentlens.net/patentlens/patent/WO_2010_049688_A1/en/ 

 
 
US 2010/0104203 A1  Patent application Published 29 April 2010 
 
Title: METHOD AND APPARATUS FOR ACQUISITION, COMPRESSION, AND 
CHARACTERIZATION OF SPATIOTEMPORAL SIGNALS 
Inventors/Applicants: GARAKANI, Arman M. (US), HACK, Andrew A. (US), 
ROBERTS, Peter (US), WALTER, Sean (US) 
 
Abstract 

The present invention provides methods and apparatus for acquisition, compression, and 

characterization of spatiotemporal signals. In one aspect, the invention assesses self-

similarity over the entire length of a spatiotemporal signal, as well as on a moving 

attention window, to provide cost effective measurement and quantification of dynamic 

processes. The invention also provides methods and apparatus for measuring self-

similarity in spatiotemporal signals to characterize, adaptively control acquisition and/or 

storage, and assign meta-data for further detail processing. In some embodiments, the 

invention provides for an apparatus adapted for the characterization of biological units, 

and methods by which attributes of the biological units can be monitored in response to 

the addition or removal of manipulations, e.g., treatments. The attributes of biological 

units can be used to characterize the effects of the abovementioned manipulations or 

treatments as well as to identify genes or proteins responsible for, or contributing to, 

these effects. 

http://www.patentlens.net/patentlens/patent/US_2010_0104203_A1/en/ 

 
 
US 2010/0105140 A1   Patent application Published 29 April 2010 
 
Title: PLAICE DNA TRANSPOSON SYSTEM  
Inventors/Applicants: FAHRENKRUG, Scott C. (US), CLARK, Karl J. (US), 
CARLSON, Daniel F. (US), LEAVER, Michael J. (GB) 
 
Abstract 
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This document describes the Passport transposon system and methods of making and 

using the same. 

http://www.patentlens.net/patentlens/patent/US_2010_0105140_A1/en/ 

 
 
US 2010/0086532 A1  Patent application Published 8 April 2010 
 
Title: CHIMERIC ZINC FINGER RECOMBINASES OPTIMIZED FOR CATALYSIS 
BY DIRECTED EVOLUTION 
Inventors/Applicants: BARBAS, III, Carlos F. (US), GORDLEY, Russell M. (US) 
 
Abstract 

The present invention is directed to chimeric recombinases comprising a serine 

recombinase operatively linked to a zinc finger nucleotide binding domain such that the 

chimeric recombinase protein catalyzes site-specific recombination at a DNA site 

specifically bound by the zinc finger nucleotide binding domain. The serine recombinase 

can be one of several naturally occurring serine recombinases. The invention also 

includes nucleic acids encoding the chimeric recombinases, vectors including the nucleic 

acids, host cells transformed or transfected with the vectors, methods of using the 

chimeric recombinases to carry out recombination, methods of using substrate-linked 

protein evolution to generate additional chimeric recombinases, methods of using the 

chimeric recombinases for gene therapy, and pharmaceutical compositions. 

http://www.patentlens.net/patentlens/patent/US_2010_0086532_A1/en/ 

 
 
Winter 2010 issue. 
 
  
US 2010/0269182 A1  Patent application Published 21 Oct 2010 
 
Title:  LEXA-BASED CHEMICAL-INDUCIBLE GENE EXPRESSION SYSTEM FOR 
USE IN TRANSGENIC ANIMALS 
Applicants/Inventors:EMELYANOV, Alexander (SG), PARINOV, Sergey (SG), 
CHUA, Nam-Hai (US) 
 
Abstract 

The present invention relates generally to chemical-inducible system and to methods of 
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use in transgenic animals. More specifically, the present invention relates to a 

chimeric transcription factor that binds to a ligand and functions in ligand-dependent 

manner to induce expression of genes of interest under the control of a synthetic operator-

promoter sequence. The expression of genes of interest can be tightly controlled by 

adding or removing the ligand. 

http://www.patentlens.net/patentlens/patent/US_2010_0269182_A1/en/ 

 
 
US 2010/0242123 A1  Patent application Published 23 Sep 2010 
 
Title:  MODELS OF ATHEROSCLEROSIS, HYPERLIPIDEMIA, LIPOPROTEIN 
OXIDATION AND BLOOD VESSEL INFLAMMATION AND METHODS FOR 
MAKING AND USING THEM 
Inventors/Applicants: MILLER, Yury (US), STOLETOV, Konstantin (US), KLEMKE, 
Richard (US) 
 
Abstract 

The invention provides genetically altered fish of the family Cyprinidae, or genus Danio, 

including zebrafish (Danio rerio) and host cells from these animals, where the fish have 

been genetically altered to lack or have a modified gene related to lipid metabolism, for 

example, an ApoE, ApoAI and/or LDL-R gene. In another aspect, the invention is 

directed to drug design or discovery using the animal or cell models of the invention 

and/or wild type zebrafish, and by administering an altered diet and/or environment to the 

animal of invention. The invention also provides methods for screening for a compound 

capable of ameliorating or preventing or reversing: atherosclerosis; hyperlipidemia; 

lipoprotein oxidation; the accumulation of lipid in a blood vessel wall; vascular 

inflammation associated with lipid accumulation in a blood vessel wall; acute 

atherosclerosis-associated events; heart attack; stroke. 

http://www.patentlens.net/patentlens/patent/US_2010_0242123_A1/en/ 

 
 
WO 2010/107397 A1  Patent application Published 23 Sep 2010 
 
Title:  MODULATORS OF APOPTOSIS AND THE USES THEREOF 
Inventors/Applicants: LIM, Bing (SG), LE, Minh Thi Nguyet (SG) 
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Abstract 

Here we demonstrate that miR-125b, a brain-enriched microRNA, is a negative regulator 

of p53 in animals. miR-125b-mediated downregulation of p53 is dependent on the 

binding of miR-125b to a microRNA response element in the 39 untranslated region of 

p53 mRNA. Overexpression of miR-125b represses the endogenous level of p53 protein 

and suppresses apoptosis in cells. In contrast, knockdown of miR-125b elevates the level 

of p53 protein and induces apoptosis in cells. This phenotype can be rescued significantly 

by either an ablation of endogenous p53 function or ectopic expression of miR-125b in 

zebrafish. Ectopic expression of miR-125b suppresses the increase of p53 and stress-

induced apoptosis. Together, our study demonstrates that miR-125b is an important 

negative regulator of p53 and p53-induced apoptosis during development and during the 

stress response. 

http://www.patentlens.net/patentlens/patent/WO_2010_107397_A1/en/ 

 
 
US 2010/0212039 A1  Patent application Published 19 Aug 2010 
 
Title:  INFERTILITY CONTROL OF GENETICALLY MODIFIED FISH 
Inventors/Applicants: WU, Jen-Leih (TW), HU, Shao-Yang (TW), HER, Guor Mour 
(TW) 
 
Abstract 

A method of inducing male and/or female infertility in a genetically modified (GM) fish 

is disclosed. Also disclosed is a method of generating an infertile GM fish with a 

phenotype and/or genotype of interest. The method involves generation of a GM fish 

whose genome comprises a foreign transgene operably linked to a fish gonad-specific 

promoter selected from the group consisting of an ovary-specific promoter and a testis-

specific promoter. The transgene comprises a suicide gene selected from the group 

consisting of a reductase and a photosensitizer, in which the reductase is operably linked 

to a reporter gene. Infertility of the GM fish is induced if the GM fish expressing the 

reductase is treated with an effective amount of a reductase-activated cytotoxic prodrug 

or if the GM fish expressing the photosensitizer is treated with light irradiation. 

http://www.patentlens.net/patentlens/patent/US_2010_0212039_A1/en/ 
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US 7771931 Granted patent Published 10 Aug 2010 
 
Title:  Methods for diagnosing and treating diseases and conditions associated with 
protein kinase Cλ 
Inventors/Applicants: PETERSON, Randall (US), FISHMAN, Mark C. (US) 
 
Abstract 

The invention provides methods of diagnosing diseases and conditions associated with 

PKCλ, methods for identifying compounds that can be used to treat or to prevent such 

diseases and conditions, and methods of using these compounds to treat or to prevent 

such diseases and conditions. Also provided in the invention are animal model systems 

that can be used in screening methods. 

http://www.patentlens.net/patentlens/patent/US_7771931/en/ 

 
US 7741301  Granted patent Published 22 June 2010 
 
Title: TRANSPOSASE AND METHOD OF GENE MODIFICATION 
Inventors/Applicants: KAWAKAMI, Koichi (JP) 
 
Abstract 

A transposase encoded by the Tol2 element; a polynucleotide encoding the same; a 

method of modifying the gene structure of a cell (preferably a vertebrate cell) by using 

the above protein; a method of modifying the function of a cell by modifying the gene 

structure thereof; and a cell having been modified in function by these methods. Also the 

structure of a cis element necessary in gene transfer is clarified and presented. 

http://www.patentlens.net/patentlens/patent/US_7741301/en/ 

 
 
US 2010/0150919 A1  Patent application Published 17 June 2010 
 
Title: CRYSTAL STRUCTURES OF NEUROPILIN FRAGMENTS AND 
NEUROPILIN-ANTIBODY COMPLEXES 
Inventors/Applicants: APPLETON, Brent A. (US), WIESMANN, Christian (CH), WU, 
Yan (US) 
 
Abstract 
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The invention provides crystal structures of neuropilin 1 (Nrp1) and neuropilin 2 

(Nrp2) fragments alone and in complex with anti-neuropilin antibodies, and method for 

their use. The invention further provides anti-Nrp antibodies and methods for their 

therapeutic applications. 

http://www.patentlens.net/patentlens/patent/US_2010_0150919_A1/en/ 

 
 
Spring 2011 issue. 
 
US 2010/0313820 A1  Patent application Published 16 Dec 2010 
 
Title: Systems and Methods for the Portable Electroanesthesia of Fish 
Applicants/Inventors: HOLLIMAN, Farland (US) 
 
Abstract 

A portable fish anesthetizing system is also described having a tank cover, an electrode 

pair with the electrode pair configurable attached to the tank cover; a control system for 

creating a potential difference, the control system electrically connected to the electrode 

pair, so that when the tank cover is placed on a laboratory tank and the control system is 

activated, current flows from the control system through the electrodes. 

http://www.patentlens.net/patentlens/patent/US_2010_0313820_A1/en/ 

 
 
US 2010/0310574 A1  Patent application Published 9 Dec 2010 
 
Title:  METHODS AND COMPOSITIONS FOR THE TREATMENT AND 
DIAGNOSIS OF STATIN-INDUCED MYOPATHY 
Applicants/Inventors: SUKHATME, Vikas P. (US), LECKER, Stewart H. (US), 
HANAI, Junichi (US) 
 
Abstract 

The invention provides compositions and kits containing an atrogin-1 inhibitor compound 

useful for the treatment of a statin-mediated myopathy. Kits for the diagnosis of a statin-

mediated myopathy are also provided. The invention further features methods for treating 

or preventing a statin-mediated myopathy in a subject via administration of a 

therapeutically effective amount of an atrogin-1 inhibitor compound. The invention 
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further provides methods of diagnosing a subject as having a propensity to develop a 

statin-induced myopathy and methods of monitoring a statin-induced myopathy or a 

propensity to develop a statin-mediated myopathy in a subject. The invention also 

features methods for identifying a compound for the treatment of a statin-mediated 

myopathy and methods of identifying a statin compound as having the propensity to 

induce a statin-mediated myopathy. 

http://www.patentlens.net/patentlens/patent/US_2010_0310574_A1/en/ 

 
 
US 2010/0297684 A1  Patent application Published 25 Nov 2010 
 
Title: ACTIVATIBLE DYES 
Applicants/Inventors: MILLER, Stephen C. (US) 
 
Abstract 

Novel, activatable dyes, such as photoactivatable dyes, e.g., oxazine dyes, are described. 

Some of the dyes are targeting dyes that can, e.g., target biomolecules, such as 

polypeptides, proteins, or nucleic acids. Upon activation, such as by irradiation, the novel 

dyes rapidly turn on their fluorescence and emit light, such as near-IR light with spatial 

and temporal precision. 

http://www.patentlens.net/patentlens/patent/US_2010_0297684_A1/en/ 

 
 
US 7834239  Granted patent Published 16 Nov 2010 
 
Title:  Sale of transgenic fish that express gene encoding fluorescent protein 
Applicants/Inventors: GONG, Zhiyuan (SG), HE, Jiangyan (US), JU, Bensheng (SG), 
LAM, Toong Jin (SG), XU, Yanfei (US), YAN, Tie (SG) 
 
Abstract 

Four zebrafish gene promoters, which are skin specific, muscle specific, skeletal muscle 

specific and ubiquitously expressed respectively, were isolated and ligated to the 5′ end 

of the EGFP gene. When the resulting chimeric gene constructs were introduced into 

zebrafish, the transgenic zebrafish emit green fluorescence under a blue light or 

ultraviolet light according to the specificity of the promoters used. Thus, new varieties of 
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ornamental fish of different fluorescence patterns, e.g., skin fluorescence, muscle 

fluorescence, skeletal muscle-specific and/or ubiquitous fluorescence, are developed.  

http://www.patentlens.net/patentlens/patent/US_7834239/en/ 

 
 
US 2010/0287627 A1  Patent application Published 11 Nov 2010 
 
Title: Transgenic Zebrafish Models for Neurodegenerative Diseases 
Applicants/Inventors: RUBINSTEIN, Amy L. (US) 
 
Abstract 

The present invention relates to zebrafish models for neurodegenerative disorders that 

allow screening of compounds for their ability to protect and/or regenerate neurons in 

vivo in a whole vertebrate organism. The present invention also provides methods of 

identifying gene targets for neuroprotective compounds, compounds that regenerate 

neurons and compounds that promote neurogenesis. 

http://www.patentlens.net/patentlens/patent/US_2010_0287627_A1/en/ 

 
 
US 2010/0286044 A1  Patent application Published 11 Nov 2010 
 
Title: DETECTION OF TISSUE ORIGIN OF CANCER 
Applicants/Inventors: LITMAN, Thomas (DK), MØLLER, Søren (DK), ECHWALD, 
Søren Morgenthaler (DK), JACOBSEN, Nana (DK), GLUE, Christian (DK) 
 
Abstract 

Disclosed is a method for determining the cellular or tissue origin of tumor cells. The 

method entails determining the presence of at least one micro RNA (miRNA) in a sample 

derived from tumor tissue and based on the said determination establishing a miRNA 

expression profile and comparing this with pre-established miRNA expression profiles 

from cells, tissues or tumors. The determination uses short oligonucleotide probes 

comprising modified affinity-enhancing nucleobases. 

http://www.patentlens.net/patentlens/patent/US_2010_0286044_A1/en/ 

 
 
US 2010/0266675 A1  Patent application Published 21 Oct 2010 
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Title: LIPOPROTEINS, LIPOPEPTIDES AND ANALOGS, AND METHODS FOR 
MAKING AND USING THEM 
Applicants/Inventors: GERWICK, William (US), WRASIDLO, Wolfgang (US), 
CARSON, Dennis (US), STUPACK, Dwayne (US), SUYAMA, Takashi  (US) 
 
Abstract 

The invention provides novel compositions—lipopeptides and analogs, including 

somocystinamide A, and somocystinamide A variants and analogs, and pharmaceutical 

compositions, liposomes and nanoparticles comprising them, and methods of making and 

using them. In one embodiment, these lipopeptides and analogs are used to induce 

apoptosis in a cell, which can be a normal cell, a dysfunctional cell and/or a cancer 

(tumor) cell. In alternative embodiments, the compositions of the invention, including the 

lipopeptides and analogs of the invention, and the pharmaceutical compositions 

comprising them, are used to treat or ameliorate (including slowing the progression of) 

normal, dysfunctional (e.g., abnormally proliferating) and/or tumor associated blood 

vessels, including endothelial and/or capillary cell growth; including neovasculature 

related to (within, providing a blood supply to) a tumor. 

http://www.patentlens.net/patentlens/patent/US_2010_0266675_A1/en/ 

 
 
Summer 2011 issue. 
 
US 2011/0059160 A1  Patent application Published 10 Mar 2011 
 
Title: METHODS AND COMPOSITIONS FOR TARGETED GENE MODIFICATION 
Applicants/Inventors: ESSNER, Jeffrey J. (US), LIAO, Hsin-Kai (US), 
FAHRENKRUG, Scott C. (US) 
 
Abstract 

Disclosed herein are methods and compositions for gene targeting utilizing fusion 

molecules comprising a recombinase domain and a sequence-specific DNA-binding 

domain. 

http://www.patentlens.net/patentlens/patent/US_2011_0059160_A1/en/ 
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US 2011/0054001 A1  Patent application Published 3 Mar 2011 
 
Title: CHK1 SUPPRESSES A CASPASE-2 APOPTOTIC RESPONSE TO DNA 
DAMAGE THAT BYPASSES P53, BCL-2 AND CASPASE-3 
Applicants/Inventors: LOOK, A. Thomas (US), SIDI, Samuel (US) 
 
Abstract 

The invention describes methods that are useful for treating cancer by administering a 

Chk1 inhibitor which can induce apoptosis in p53-defective cells when combined with a 

chemotherapy and/or radiotherapy. Methods for screening candidates for a Chk1 

inhibitor-based cancer treatment regimen are also described. 

http://www.patentlens.net/patentlens/patent/US_2011_0054001_A1/en/ 
 
 
US 7897363  Granted patent Published 1 Mar 2011 
 
Title: Methods of screening an agent for an activity in an isolated eye of a teleost 
Applicants/Inventors: MCGRATH, Patricia (US), SENG, Wen Lin (US) 
 
Abstract 

The present invention provides methods of screening an agent for an activity in an 

isolated organ, e.g., eye, from a teleost, e.g., zebrafish. Methods of isolating eyes from 

zebrafish are provided. Methods of screening an agent for an ocular activity in the 

isolated eye are provided. Methods of screening an agent for an ocular activity in a model 

of ocular disease or disorder are provided. Methods of screening an agent for an ocular 

activity in the isolated eye and for screening the agent for cell death and/or toxic activity 

in the eye or other organ or tissue are provided. The invention further provides high 

throughput methods of screening agents for an activity in isolated eyes of zebrafish in 

multi-well plates. 

http://www.patentlens.net/patentlens/patent/US_2011_0009370_A1/en/ 

 
 
US 2011/0044902 A1 Patent application Published 24 Feb 2011  
Title: Modulation of the Immune Response 
Applicants/Inventors: WEINER, Howard (US), QUINTANA, Francisco J. (US) 
 
Abstract 
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Methods for identifying compounds that modulate the generation of regulatory T cells 

(Treg) in vivo and in vitro, i.e., compounds that act on the transcription factors that 

increase or decrease expression of Foxp3. 

http://www.patentlens.net/patentlens/patent/US_2011_0044902_A1/en/ 

 
 
US 7888325  Granted patent Published 15 Feb 2011 
 
Title: Composition and method for in vivo and in vitro attenuation of gene expression 
using double stranded RNA 
Applicants/Inventors: LI, Yin-Xiong (US), FARRELL, Michael J. (US), KIRBY, 
Margaret J. (US) 
 
Abstract 

Introduction of double stranded RNA into cells, cell culture, organs and tissues, and 

whole organisms, particularly vertebrates, specifically attenuates gene expression. 

http://www.patentlens.net/patentlens/patent/US_7888325/en/ 

 
 
US 7883890  Granted patent Published 8 Feb 2011 
 
Title: Transposon transfer factor functioned in mammal 
Applicants/Inventors: KAWAKAMI, Koichi (JP), NODA, Tetsuo (JP) 
 
Abstract 

Genetically modified mammalian cells comprising a Tol2 transposon transferred into a 

chromosome can be obtained by co-transfecting mammalian cells with a Tol2 transposase 

encoded by a Tol2 transposon found in medaka fish, and a Tol2 transposon lacking this 

transposase. 

http://www.patentlens.net/patentlens/patent/US_7883890/en/ 

 
 
US 2011/0008346 A1  Patent application Published 13 Jan 2011 
 
Title:  BIOMARKERS FOR CARDIOVASCULAR DISEASE 
Applicants/Inventors: DUCKERS, Henricus J. (NL) 
 
Abstract 



 

 

126 
The present invention relates to a method of diagnosis or prognosis of cardiovascular 

disease in a subject, said method comprising the steps of detecting the presence of 

activated endothelial progenitor cells (EPCs) in a sample of a circulation fluid of said 

subject. The invention further relates to biomarkers for diagnosis or prognosis of 

cardiovascular disease in a patient, said biomarker comprising the expression product of a 

gene the expression of which is regulated during vasculogenesis. 

http://www.patentlens.net/patentlens/patent/US_2011_0008346_A1/en/ 

 
 
US 2011/0009370 A1  Patent application Published 13 Jan 2011 
 
Title:  METHOD TO ENHANCE TISSUE REGENERATION 
Applicants/Inventors: ZON, Leonard I. (US), NORTH, Trista E. (US), GOESSLING, 
Wolfram (US) 
 
Abstract 

The present invention provides for compositions and methods for modulating tissue 

growth using tissue growth modulators, which are agents that either enhance or inhibit 

tissue growth as desired by a particular indication by modulating the PG or Wnt signaling 

pathways, or employing modulators of both PG and Wnt signaling pathways for a 

synergistic effect or highly selective effect. 

http://www.patentlens.net/patentlens/patent/US_2011_0009370_A1/en/ 

 
 
US 2010/0324127 A1 Patent application Published 23 Dec 2010 
 
Title: TREATING NEURODEGENERATIVE DISEASES WITH PROGRANULIN 
Applicants/Inventors: KAY, Denis G. (CA) 
 
Abstract 

The invention relates to methods and compositions for treating a neurodegenerative 

disease. More particularly, the present invention is directed to methods of treatment of 

neurodegenerative diseases using progranulin and progranulin polypeptides, and methods 

of treatment of neurodegenerative diseases using effectors, or combinations of effectors, 

that modify progranulin expression. 
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http://www.patentlens.net/patentlens/patent/US_2010_0324127_A1/en/ 

 
 
Fall 2011 issue. 
 
US 2011/0129898 A1  Patent application Published 2 June 2011 
 
Title: METHODS AND COMPOSITIONS FOR INCREASING NUCLEASE 
ACTIVITY 
Applicants/Inventors: DOYON, Yannick (US) 
 
Abstract 

Disclosed herein are methods and compositions for increasing nuclease activity to 

increase nuclease-mediated genomic modifications. 

http://www.patentlens.net/patentlens/patent/US_2011_0129898_A1/en/ 

 
 
US 2011/0129472 A1  Patent application Published 2 June 2011 
 
Title: METHODS FOR CONTROLLING VASCULOGENESIS 
Applicants/Inventors: DUCKERS, Henricus Johannes (NL) 
 
Abstract 

The present invention relates to a method for detecting the presence and/or progress of 

vasculogenesis in a subject, said method comprising the steps of detecting the presence of 

activated endothelial progenitor cells (EPCs) in a sample of a circulation fluid of said 

subject. 

http://www.patentlens.net/patentlens/patent/US_2011_0129472_A1/en/ 

 
 
US 2011/0123534 A1  Patent application Published 26 May 2011 
 
Title: NOVEL COMPOUNDS FOR MODULATING NEOVASCULARISATION AND 
METHODS OF TREATMENT USING THESE COMPOUNDS 
Applicants/Inventors: DUCKERS, Henricus Johannes (NL) 
 
Abstract 

The invention relates to a method for modulating neovascularisation comprising 

administering to a subject one or more compound selected from an isolated nucleic acid 
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molecule comprising a gene selected from the group consisting of RIKEN cDNA 

9430020K01, Agtrl1, Apelin, Stabilin 1, Stabilin 2, TNFaip8l1, TNFaip8 and FGD5, and 

homologues thereof; a gene product encoded by said genes or their homologues genes, 

and functional fragments thereof; an antibody or derivative thereof directed against a 

gene product of said genes or their homologues genes, and functional fragments thereof; 

an antisense molecule capable of binding to a gene or an mRNA gene product of said 

genes and homologues thereof; a small molecule interfering with a biological activity of a 

gene product of said genes and homologues thereof, and a (glyco)protein, a hormone and 

other biologically active compounds capable of interacting with said genes and 

homologues thereof or with a gene product thereof. 

http://www.patentlens.net/patentlens/patent/US_2011_0123534_A1/en/ 

 
 
US 2011/0126300 A1  Patent application Published 26 May 2011 
 
Title: HIGH THROUGH-PUT METHOD OF SCREENING COMPOUNDS FOR 
PHARMACOLOGICAL ACTIVITY 
Applicants/Inventors: PACK, Michael (US) 
 
Abstract 

Provided is a method for high through-put screening for physiologic alterations in an 

altered teleost displaying a phenotype that is characteristic of the alteration and different 

from a wild-type, unaltered, matched teleost, comprising the steps of contacting the 

teleost displaying a genetically-inherited or chemically-induced phenotype with at least 

one test compound for a sufficient time and under suitable conditions to induce a 

response in the teleost indicative of pharmacological activity of the compound, and 

detecting and comparing the response with that of a matched, untreated, control, wherein 

a change in the teleost signal that is different from that of the control, indicates an altered 

phenotype and pharmacological activity of the at least one test compound. Further 

provided are the compounds identified by this method, the zebrafish having an altered 

phenotype resulting from treatment in accordance with these methods, and kits for 

facilitating the high through-put screening methods. 

http://www.patentlens.net/patentlens/patent/US_2011_0126300_A1/en/ 
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WO 2011/059826 A2  Patent application Published 19 May 2011 
 
Title: MULTIPLE-PHOTON EXCITATION LIGHT SHEET ILLUMINATION 
MICROSCOPE 
Applicants/Inventors: TRUONG, Thai V. (US), CHOI, John M. (US), FRASER, Scott 
E. (US), SUPATTO, Willy (FR), KOOS, David S. (US) 
 
Abstract 

An apparatus for and method of performing multi-photon light sheet microscopy (MP-

LISH), combining multi-photon excited fluorescence with the orthogonal illumination of 

light sheet microscopy are provided. With live imaging of whole Drosophila and 

zebrafish embryos, the high performance of MP-LISH compared to current state-of-the-

art imaging techniques in maintaining good signal and high spatial resolution deep inside 

biological tissues (two times deeper than one-photon light sheet microscopy), in 

acquisition speed (more than one order of magnitude faster than conventional two-photon 

laser scanning microscopy), and in low phototoxicity are demonstrated. The inherent 

multi-modality of this new imaging technique is also demonstrated second harmonic 

generation light sheet microscopy to detect collagen in mouse tail tissue. Together, these 

properties create the potential for a wide range of applications for MP-LISH in 4D 

imaging of live biological systems. 

http://www.patentlens.net/patentlens/patent/WO_2011_059826_A2/en/ 

 

Also see United States patent application US 2011/0122488 A1 published 26 May 2011 

http://www.patentlens.net/patentlens/patent/US_2011_0122488_A1/en/ 

 
 
WO 2011/059833 A2  Patent application Published 19 May 2011 
 
Title: DUAL-MODE RASTER POINT SCANNING/LIGHT SHEET ILLUMINATION 
MICROSCOPE 
Applicants/Inventors: TRUONG, Thai V. (US), CHOI, John M. (US), FRASER, Scott 
E. (US), SUPATTO, Willy (FR), KOOS, David S. (US) 
 
Abstract 
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An apparatus for and method of performing light sheet microscopy (LISH) and light 

scanning microscopy (RAPS) in a single device are provided. The dual-mode imaging 

microscope allows for the use of both LISH and RAPS in a single instrument. This dual-

mode device will allow researchers to have access to both types of microscopy, allowing 

access to the widest possible selection of samples. In addition, the device will reduce the 

high costs and space requirements associated with owning two different microscopes 

(LISH and RAPS). 

http://www.patentlens.net/patentlens/patent/WO_2011_059833_A2/en/ 

 
 
US 2011/0099648 A1  Patent application Published 28 April 2011 
 
Title: RECOMBINANT GENE WHICH ENHANCES THE ABILITY OF FISH TO 
TOLERATE LOW DISSOLVED OXYGEN STRESS AND THE USE THEREOF 
Applicants/Inventors: HU, Wei (CN), ZHU, Zuoyan (CN), MA, Hong (CN), GUAN, 
Bo (CN), HU, Yuanlei (CN), LIN, Zhongping (CN) 
 
Abstract 

The invention discloses a recombinant gene which enhances the ability of fish to tolerate 

low dissolved oxygen (DO) stress and the use thereof. Carp β-actin gene promoter is used 

as a promoter and Vitreoscilla hemoglobin gene is used as a target gene, so as to 

construct the recombinant Vitreoscilla hemoglobin gene driven by carp β-actin promoter. 

The modeling organism zebrafish is used as the research object, and the recombinant 

gene is microinjected into zygotes of zebrafish. After PCR screening and 156 h low DO 

stress test, transgenic fish are obtained with a survival rate of 92%, which is significantly 

different from the survival rate of 65% of the control fish group. The vhb transgenic 

zebrafish obtain hypoxia tolerance. When the recombinant gene is applied to the 

economically farmed species, i.e., blunt snout bream (Megalobrama amblycephala) and 

common carp (Cyprinus carpio L.), it enhances their hypoxia tolerance as well. Such 

genetically improved breeding technique may be widely used for breeding new excellent 

farmed species with the hypoxia tolerance. 

http://www.patentlens.net/patentlens/patent/US_2011_0099648_A1/en/ 
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US 7919583  Granted patent Published 5 April 2011 
 
Title: INTEGRATION-SITE DIRECTED VECTOR SYSTEMS 
Applicants/Inventors: HACKETT, Perry B. (US), ESSNER, Jeffrey (US) 
 
Abstract 

Some aspects of the application describe materials and methods for making a molecular 

tether. A molecular tether, in certain embodiments, includes a target-DNA-binding 

domain having a specific binding affinity for a target-DNA segment in a host 

chromosome, a carrier-binding domain that specifically binds to a DNA segment on a 

carrier, and a spacer covalently bonded to the target DNA-binding domain and the 

carrier-binding domain. 

http://www.patentlens.net/patentlens/patent/US_7919583/en/ 

 
 
Winter 2011 issue. 
 
US 2011/0190307 A1  Patent application Published 4 August 2011 
 
Title: Assay 
Applicants/Inventors: BECKER, Catherina G. (GB), BECKER, Thomas (GB) 
 
Abstract 

The present invention provides zebrafish based methods for the identification of 

compounds potentially useful in the treatment of motor neuron degenerative diseases 

(MNDDs), compounds identified by these methods and compositions, methods and 

medicaments for treating MNDDs. 

http://www.patentlens.net/patentlens/patent/US_2011_0190307_A1/en/ 

 

Summary 

Drawing on the remarkable capacity of adult zebrafish to regenerate functional motor 

neurons following spinal cord injury, the claimed inventions include methods for using 

transgenic zebrafish with spinal cord lesions as a tool to screen for compounds which 

successfully modulate motor neuron regeneration. The claimed inventions also include 

the composition of compounds identified using the claimed screening methods, as well as 
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such compounds’ use in treating motor neuron degenerative diseases.  

 
 
US 2011/0189096 A1 Patent application  Published 4 August 2011 
 
Title: CENTRAL NERVOUS SYSTEM TISSUE-LABELING COMPOSITION, 
METHOD FOR LABELING CENTRAL NERVOUS SYSTEM TISSUE, AND 
SCREENING METHOD USING CENTRAL NERVOUS SYSTEM TISSUE-
LABELING COMPOSITION 
Applicants/Inventors: WATANABE, Kohei (JP), SHINTOU, Taichi (JP), NOMOTO, 
Tsuyoshi (JP), MIYAZAKI, Takeshi (JP), OKANO, Mie (JP), TANAKA, Toshio (JP), 
NISHIMURA, Yuhei (JP), SHIMADA, Yasuhito (JP) 
 
Abstract 

To provide a central nervous system tissue-labeling composition labeling the central 

nervous tissue system. Also, another object of the present invention is to provide a 

method for non-invasively labeling the central nervous tissue system. Further, another 

object of the present invention is to provide a screening method using the above central 

nervous system tissue-labeling composition. A central nervous system tissue-labeling 

composition containing, as an active ingredient, at least one of compounds represented by 

the general formula (1) or (7). 

http://www.patentlens.net/patentlens/patent/US_2011_0189096_A1/en/ 

 

Summary 

Most conventional central nervous system (CNS) imaging probes label only subsets of 

the CNS because they accumulate either at sites of heavy glucose uptake or with β-

amyloid. The inventions claimed herein are the composition and use of novel compounds 

capable of labeling CNS tissues not associated with heavy glucose uptake or β-amyloid. 

Zebrafish were used as a model in vivo imaging platform to screen for functional novel 

compounds labeling CNS components. 

 
 
US 2011/0190287 A1  Patent application Published 4 August 2011 
 
Title: Thrombocyte Inhibition Via Vivo-Morpholino Knockdown of Alpha IIB 
Applicants/Inventors: JAGADEESWARAN, Pudur (US) 
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Abstract 

Novel compounds comprising a guanidine-rich head covalently coupled to one or more 

oligonucleotide antisense sequences which are useful to modulate blood coagulation by 

affecting the expression of integrin αIIb or β3 are described herein. This invention also 

includes pharmaceutical compositions containing these compounds, with or without other 

therapeutic agents, and to methods of using these compounds as inhibitor of platelet 

aggregation, as thrombolytics, and/or for the treatment of other thromboembolic 

disorders. Vivo-MOs, which include eight guanidine groups dendrimerically arranged in 

the guanidine-rich head and two synthetic antisense morpholino oligonucleotides, are 

representative compounds of the present invention. 

http://www.patentlens.net/patentlens/patent/US_2011_0190287_A1/en/ 

 

Summary 

Using zebrafish as a model, this work applies Vivo-Morpholino knockdown technology 

as a potential anticoagulant treatment tool for blood coagulation disorders, specifically by 

inhibiting thrombocyte function via knockdown of either integrin αIIb or integrin β3.  

 
 
US 2011/0184043 A1  Patent application Published 28 July 2011 
 
Title: INHIBITION OF ANGIOGENESIS 
Applicants/Inventors: LAGOS-QUINTANA, Mariana (DE), RAFIL, Shahin (US), 
CHAVALA, Sai H. (US) 
 
Abstract 

The present invention relates to the microRNA miR-126 and to inhibitors of miR-126 

that regulate angiogenesis. The present invention provides compositions and methods for 

the inhibition of miR-126 and for the inhibition of angiogenesis in vivo. 

http://www.patentlens.net/patentlens/patent/US_2011_0184043_A1/en 

 

Summary 
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The claimed invention includes antisense oligonucleotide-based inhibition of miR-

126 as an anti-angiogenic tool intended to treat disease conditions involving excess or 

improper blood vessel growth. Zebrafish are used as a model of the results of miR-126 

knockdown. 

 
 
US 2011/0172293 A1  Patent application Published 14 July 2011 
 
Title: Methods and Compositions for Modulating Angiogenesis 
Applicants/Inventors: FISH, Jason E. (US), SRIVASTAVA, Deepak (US) 
 
Abstract 

The present invention provides compositions comprising antisense nucleic acids that 

reduce miR-126 levels in an endothelial cell. The present invention provides 

compositions comprising a target protector nucleic acid. The present invention provides 

methods of modulating angiogenesis in an individual, the methods generally involving 

administering to the individual an effective amount of an agent that increases or that 

decreases the level of miR-126 in endothelial cells of the individual. 

http://www.patentlens.net/patentlens/patent/US_2011_0172293_A1/en/ 

 

Summary 

The claimed invention includes the use of antisense oligonucleotide technologies as 

angiogenesis modulators acting through the miR-126 pathway, either by reducing miR-

126 levels in endothelial cells, by protecting miR-126 target mRNAs, or by competitively 

inhibiting miR-126 binding. Zebrafish were used in characterizing miR-126 function and 

determining the effects of altering the miR-126 pathway on angiogenesis. 

 
 
US 2011/0191873 A1  Patent application Published 4 August 2011 
 
Title: Methods of Protein Destabilization and Uses Thereof 
Applicants/Inventors: STACK, Jeffrey (US), WHITNEY, Michael (US), CUBITT, 
Andrew B. (US), POLLOK, Brian (US) 
 
Abstract 
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This invention is directed towards methods of destabilizing proteins in living cells, 

and their use for the development of novel assays. In one embodiment, the invention 

comprises the use of non-cleavable multimerized ubiquitin fusion proteins to destabilize a 

target protein, such as a reporter moiety. In one aspect of this method the constructs also 

comprises a linker that operatively couples the reporter moiety to the multimerized 

ubiquitin fusion protein. In this embodiment, enzymatic modification of the linker results 

in a modulation of the coupling of the reporter protein to the multimerized ubiquitin 

domains resulting in a change in the stability of the reporter moiety. The level of the 

reporter moiety in the cell can then be used as a measure of the enzymatic activity in the 

cell. In another embodiment the invention provides for a generalized way of coordinately 

regulating the cellular concentration of a plurality of target proteins. In one aspect of this 

method, the target proteins are operatively coupled to a ubiquitin fusion protein via a 

linker containing a protease cleavage site. Cleavage of the linker by a protease results in 

uncoupling of the target protein from the multimerized ubiquitin construct, and results in 

an increase in the stability and concentration of the target protein. 

http://www.patentlens.net/patentlens/patent/US_2011_0191873_A1/en/ 

 

Summary 

The claimed inventions include the core technology comprising the attachment of 

multimerized destabilization domains to a reporter protein or other protein of interest, as 

well as methods of modifying and using the core technology. Methods for using the core 

technology include the creation of transgenic animals expressing a destabilization-

coupled protein of interest.  
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Spring 2012 issue. 

 
Recent Events in United States Patent Law 

 
With the signing of the Leahy-Smith America Invents Act (AIA) on September 16, 2011, 

United States patent law has undergone significant changes.       

 

For many years, there has been much concern and heated discussion about the state of the 

US patent system and how to improve it. Critics charged that it was unwieldy, slow, and 

costly; that complex priority contests wasted time and money; that it was not harmonized 

with the “first-to-file” approach practiced by most of the rest of the world; and that it 

disadvantaged individual inventors and small business relative to established inventors 

and corporate interests.  

 

The America Invents Act represents years of debate and the final iteration of six years’ 

worth of proposed patent reform legislation. The new law’s most drastic change is to shift 

the statutory basis of US patent law from a “first-to-invent” regime to “first-to-file.” 

Essentially, this change means that priority belongs, unquestionably and absolutely, to the 

first inventor who files an application for a particular invention. Previously, the first-

filer’s priority rights could be challenged by—and awarded to—a later-filing inventor, if 

the latter could prove he was first to conceive of the invention and was diligent in 

reducing it to practice. However, the new provisions only apply to patents filed beginning 

March 16, 2013, the PTO will operate under both the old and new laws for some years to 

come.  

 

Will the changes in this new law affect researchers positively or negatively? It is difficult 

to accurately predict what the results will be—and we may not know for some time 

following implementation of the new patent regime. While the new provisions may have 

the effect of encouraging small inventors to protect their inventions by filing quickly, 

there are also significant concerns that the new “first-to-file” regime will discourage 

innovation by favoring larger, entrenched players and by making it even more difficult 

for researcher-inventors and entrepreneurs to secure venture funding for start-ups. And 



 

 

137 
although a significant motivation behind the new law was harmonization, this change 

comes at a time when other countries have begun to voice concerns that the first-to-file 

system has stifled innovation by small and independent players, and has resulted in 

excessive filings driven by the need to file first. 

 

Regardless, as innovators, institutions, and practitioners begin adjusting to the new US 

patent system, we encourage researcher-inventors to be proactive in recording, analyzing, 

and sharing their experiences so that data is readily available as to how—either positively 

or negatively—the new law impacts their attempts to innovate. 

 
 

Selected Recent Zebrafish-related Patents 
 

US 2012/0020953 A1  Patent application Published 26 January 2012 
 
Title: DIAGNOSIS AND TREATMENT OF CANCER 
Applicants/Inventors: ZON, Leonard I. (US), CEOL, Craig (US), HOUVRAS, Yariv J. 
(US) 
 
Abstract 

Provided herein are methods for diagnosing cancer by determining the level of expression 

of SETDB1 in a biological sample. Also provided herein are methods for treating cancer 

by administering an inhibitor of SETDB1 to a subject in need thereof. 

 

http://www.patentlens.net/patentlens/patent/US_2012_0020953_A1/en/ 

 

Summary 

Melanoma is a leading cause of skin cancer-related death, but despite extensive research, 

the major treatment options are still limited, especially for late-stage cancers. The 

inventions claimed here may offer new avenues for both melanoma diagnosis and 

treatment. Using a zebrafish-based system for testing candidate melanoma oncogenes, the 

inventors found that elevated levels of histone methyltransferase SETDB1 in 

melanophores accelerated melanoma formation. Based on zebrafish and human data, the 

inventors claim both measurement of SETDB1 levels as a melanoma diagnostic tool, and 
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the use of SETDB1 inhibitors as a tumor treatment method.  

 
 
US 2011/0318738 A1  Patent application Published 29 December 2011 
 
Title: IDENTIFICATION AND REGULATION OF A NOVEL DNA DEMETHYLASE 
SYSTEM 
Applicants/Inventors: JONES, David (US), CAIRNS, Bradley (US), RAI, Kunal (US) 
 
Abstract 

Disclosed herein are methods and systems directed at detecting, evaluating, ameliorating, 

preventing and treating an oncogenic event. The disclosed methods and systems can 

comprise one or more Demethylase System Components or other compositions that can 

be used alone or in combination to detect, evaluate, treat, ameliorate, or prevent an 

oncogenic event. 

http://www.patentlens.net/patentlens/patent/US_2011_0318738_A1/en/ 

 

Summary 

Incorrect DNA methylation can cause mis-expression of genes and, potentially, to cancer. 

The inventors used a zebrafish embryo assay to test activity of candidate demethylases. 

Those active in zebrafish embryos were also upregulated in a proportion of human 

adenoma samples. Comparative analyses showed overlap between the respective sets of 

methylation-altered promoters in zebrafish and human adenoma samples. Therefore, the 

claims include methods of evaluating expression levels and activity of these 

demethylases, as well as methods of evaluating the levels and methylation statuses of 

their target genes. 

 
 
US 2012/0015364 A1  Patent application Published 19 January 2012 
 
Title: METHOD FOR THE SELECTION OF ENDOTHELIAL CELLS DEATH 
INDUCERS VIA NETRIN-1 AND ITS APPLICATIONS 
Applicants/Inventors: MEHLEN, Patrick (FR), BERNET, Agnés (FR), DELLOYE, 
Céline (FR) 
 
Abstract 
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The present invention relates to an in vitro method for selecting a compound capable 

to induce the death of endothelial cells, preferably endothelial cells from vessels or 

neovessels. The invention further comprises the use of netrin-1 function inhibitors as 

compounds capable to induce the death of endothelial cells, preferably endothelial cells 

from vessels or neovessels of tumor expressing netrin-1. Finally, the invention relates to a 

kit for the selection of a compound capable to induce the death of endothelial cells. 

http://www.patentlens.net/patentlens/patent/US_2012_0015364_A1/en/ 

 

Summary 

Derived in part from zebrafish morpholino knockdowns of netrin-1a and its receptor, the 

inventors have clarified the role of netrin-1 in angiogenesis. Netrin-1 promotes 

endothelial cell survival by binding to its receptor UNC5B, thereby inhibiting the pro-

apoptotic activity of unbound UNC5B. Thus, netrin-1 and its receptors in endothelial 

cells are potential anti-angiogenic therapeutic targets. The claimed invention includes 

methods of promoting endothelial cell death to block angiogenesis, such as the use of 

netrin-1 inhibitors or as-yet-unknown compounds, as well as methods of discovering 

compounds with such capabilities. 

 
 
Summer 2012 issue. 
 
US 2012/0065273 A1  Patent application Published 15 March 2012 
 
Title: TTO-BASED WIDE SPECTRUM THERAPEUTICS, DISINFECTANTS & 
ANESTHETICS FOR USE IN AQUACULTURE 
Applicants/Inventors: NEIFELD, Dani (IL) 
 
Abstract 

The invention discloses a novel wide spectrum aquaculture pharmaceutical, comprising a 

therapeutic, disinfective and/or anesthetize [sic] effective amount of a preparation 

comprising TTO [tea tree oil] in a stable water-in-oil emulsion of alkali or ammonium 

salts of organic fatty acid; said emulsion is also stable when converted into an oil-in-

water emulsion, wherein the preparation is for the treatment of aquatic animals suffering 

from a disease selected from bacterial, parasitic, viral and mycotic diseases. The 
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invention also discloses a method for treating diseases selected from bacterial, 

parasitic, viral and mycotic origin, in an aquatic animal suffering therefrom, which 

method comprises administering a therapeutic active amount of a preparation comprising 

TTO in a stable water-in-oil emulsion of alkali or ammonium salts of organic fatty acid; 

said emulsion is also stable when converted into an oil-in-water emulsion to said aquatic 

animal. http://www.patentlens.net/patentlens/patent/US_2012_0065273_A1/en/ 

 

Summary 

This work pertains to the search for non-toxic, environmentally friendly substances which 

are effective broad-spectrum aquaculture pharmaceuticals. Though presented in the 

context of large-scale commercial aquaculture, both for ornamental and non-ornamental 

animals, such compounds could also be useful for smaller aquaculture ventures such as 

research laboratories. Fish and other aquaculture organisms are subject to a wide variety 

of bacterial, fungal, and viral diseases, as well as parasites and environmental stresses. 

With many currently available treatments, there are concerns about developing pathogen 

resistance and environmental impact. However, the inventor states that a wide spectrum 

of biocidal activity has been documented for tea tree oil (TTO) and its bioactive 

constituents, while pathogen resistance to the same has not yet been documented. 

Disclosed and claimed here are formulations of TTO emulsions designed for aquaculture 

purposes, including use with zebrafish.  

 
 
WO 2012/026748 A2  Patent application Published 1 March 2012 
 
Title: PHARMACEUTICAL COMPOSITION CONTAINING MELASTOMA 
SANGUINEUM EXTRACTS OR FRACTIONS THEREOF AS ACTIVE 
INGREDIENTS FOR PREVENTING AND TREATING DIABETIC 
COMPLICATIONS 
Applicants/Inventors: KIM, Jin Sook (KR), KIM, Junghyun (KR), KIM, Chan-Sik 
(KR), KIM, Young Sook (KR), KIM, Ohn Soon (KR), KIM, Ki Mo (KR), SHON, EunJin 
(KR), JUNG, Dong Ho (KR), LEE, Yun Mi (KR) 
 
Abstract 

The present invention relates to a composition containing Melastoma sanguineum 
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extracts or fractions thereof as active ingredients for preventing or treating diabetic 

complications. More particularly, Melastoma sanguineum extracts, or ethyl acetate 

fractions and n-butanol fractions which are systematic fractions thereof, inhibit the 

formation of advanced glycation end-products as well as the activity of aldose reductases, 

which may serve as an index of the onset of diabetic complications. The Melastoma 

sanguineum extracts or ethyl acetate fractions and n-butanol fractions have the effects of 

potently inhibiting vasodilatation caused by hyperglycemia in zebrafish, which are 

vertebrates, and inhibiting diabetic complications when administered to animal models 

for diabetic disease. Therefore, the Melastoma sanguineum extracts or ethyl acetate 

fractions and n-butanol fractions, which are systematic fractions thereof, according to the 

present invention may be used as active ingredients for a pharmaceutical composition for 

preventing and treating diabetic complications. 

http://www.patentlens.net/patentlens/patent/WO_2012_026748_A2/en/ 

 

Summary not available 

 
 
WO 2012/021390 A1  Patent application Published 16 February 2012 
 
Title: LIGANDS AND METHODS FOR LABELING BIOMOLECULES IN VIVO 
Applicants/Inventors: WU, Peng (US), SORIANO DEL AMO, David (US), WANG, 
Wei (US), MARLOW, Florence L. (US) 
 
Abstract 

Disclosed are tris(triazolylmethyl)amine ligands, and kits and methods for labeling and/or 

imaging a biomolecule of interest in a subject or living system. 

http://www.patentlens.net/patentlens/patent/WO_2012_021390_A1/en/ 

 

Summary 

Bioorthogonal click chemistry involves selective covalent labeling of biomolecules in 

cells and living organisms, enabling imaging of labeled biomolecules “live” in their 

native milieu. Here, the inventors describe a new Cu(I) ligand for use in live cell labeling 

which promotes rapid reaction progress with little associated copper cytotoxicity. The 
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inventors used zebrafish embryos as an in vivo system for determining ligand 

effectiveness and toxicity, as well as for evaluating its suitability for conducting time-

lapse imaging. The claimed invention includes the structure, synthesis, and use of the 

ligand for in vivo detection of biomolecules or other detectable markers. 

 
 
WO 2012/017004 A1  Patent application Published 9 February 2012 
 
Title: NOVEL ARTEMISININ-LIKE DERIVATIVES WITH CYTOTOXIC AND 
ANTI-ANGIOGENIC PROPERTIES 
Applicants/Inventors: JANSEN, Frans Herwig (BE) 
 
Abstract 

The present invention relates to novel artemisinin-like derivates, and especially 

dihydroartemisinin derivates and pharmaceutical compositions comprising the present 

compounds. The present invention further relates to the use of the present compounds for 

the treatment of cancer, especially by oral administration. Especially, the present 

invention relates to dihydroartemisinin compounds (DHA) substituted by, through an 

ester linkage by a linear or branched C 1 to C 6 alkyl optionally substituted by one or 

more halogens. Especially preferred substituents are acetate, propionate, isopropionate, 

butyrate and isobutyrate[.] 

http://www.patentlens.net/patentlens/patent/WO_2012_017004_A1/en/ 

 

Summary 

This work evaluates novel derivatives of known biologically active compounds for new 

therapeutic possibilities, and uses zebrafish for in vivo testing of anti-cancer therapeutics. 

Artemisinins, known as highly active anti-malarials, exhibit a range of biological 

activities; relevant here are their anti-angiogenic and anti-tumorigenic activities, making 

them potential anti-cancer therapeutics. The inventors used the zebrafish as an in vivo 

model for evaluating the anti-angiogenic properties of the claimed compounds, a range of 

novel artemisinin-like derivatives. They report that certain of the novel derivatives 

blocked ISV sprouting, as assayed in Tg(fli1:EGFP) embryos. The derivative compounds 

with the highest anti-angiogenic activity in zebrafish embryos also showed anti-
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proliferative activity in cellular assays. The inventors claim a range of formulas for 

artemisinin and dihydroartemisinin derivatives, as well as the therapeutic administration 

of the claimed compounds, including in oral formulations, generally and specifically for 

cancer treatment.  

 
 
US 2012/0029055 A1  Patent application Published 2 February 2012 
 
Title: MODULATORS OF APOPTOSIS AND THE USES THEREOF 
Applicants/Inventors: LIM, Bing (SG), NGUYET, Minh Thi (SG) 
 
Abstract 

Here we demonstrate that miR-125b, a brain-enriched microRNA, is a negative regulator 

of p53 in animals. miR-125b-mediated downregulation of p53 is dependent on the 

binding of miR-125b to a microRNA response element in the 39 untranslated region of 

p53 mRNA. Overexpression of miR-125b represses the endogenous level of p53 protein 

and suppresses apoptosis in cells. In contrast, knockdown of miR-125b elevates the level 

of p53 protein and induces apoptosis in cells. This phenotype can be rescued significantly 

by either an ablation of endogenous p53 function or ectopic expression of miR-125b in 

zebrafish. Ectopic expression of miR-125b suppresses the increase of p53 and stress-

induced apoptosis. Together, our study demonstrates that miR-125b is an important 

negative regulator of p53 and p53-induced apoptosis during development and during the 

stress response. 

http://www.patentlens.net/patentlens/patent/US_2012_0029055_A1/en/ 

 

Summary 

The microRNA miR-125b, a conserved lin-4 homolog, is involved in regulating p53 

activity and has been found to display mis-regulated expression levels in some cancers. 

Here, the inventors used the zebrafish model to characterize miR-125b. They found that 

the 3’UTRs of both human and zebrafish p53 mRNAs contain miR-125b microRNA 

response elements (MREs). Morpholino targeting of pre-miR-125b in zebrafish embryos 

resulted, as expected, in a severe neural death phenotype indicative of increased 

apoptosis. Moreover, they state that both the miR-125b knockdown phenotype and stress-
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induced apoptosis could be rescued by co-expression of synthetic miR-125b. With an 

eye to miR-125b as a potential anti-cancer therapeutic target, the inventors claim various 

methods of regulating apoptosis via modulation of miR-125b. 

 
 
Fall 2012 issue. 
 
US 2012/0115233 A1  Patent application Published 10 May 2012 
 
Title: LEAFHOPPER ECDYSONE RECEPTOR NUCLEIC ACIDS, POLYPEPTIDES, 
AND USES THEREOF 
Applicants/Inventors: PALLI, Subba (US) 
 
Abstract 

The present invention relates to a novel isolated leafhopper ecdysone receptor 

polypeptide. The invention also relates to an isolated nucleic acid encoding the 

leafhopper ecdysone receptor polypeptide, to vectors comprising them and to their uses, 

in particular in methods for modulating gene expression in an ecdysone receptor-based 

gene expression modulation system and methods for identifying molecules that modulate 

leafhopper ecdysone receptor activity. 

http://www.patentlens.net/patentlens/patent/US_2012_0115233_A1/en/  

 

Summary 

Although pesticides are employed with the worthy goal of preventing crops from 

widespread destruction by insects, their use is a cause for concern due to harmful effects 

on human and animal health, as well as ecological effects. Therefore, agricultural 

biotechnology continues to hunt for candidate molecules with strong insecticidal activity, 

but which will specifically target insects without having biological activity in other 

species (and which will have minimal ecological impact). Molecularly, gene products 

unique to insects with essential roles in insect development are obvious targets—such as 

the ecdysteroids and the ecdysone receptors studied herein. The claimed invention 

includes a novel homopteran ecdysone receptor (NcEcR), and sequence variants thereof, 

as well as the use of the receptor or its domains as screening tools to identify molecules 

which are NcEcR agonists or antagonists.  
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US 8173394  Granted patent Published 8 May 2012 
 
Title: SYSTEMS AND METHODS FOR PROTEIN PRODUCTION 
Applicants/Inventors: GAO, Yijie (US), PICHE, Nicole M. (US), GENG, Mei (US), 
HERRMANN, Stephen H. (US), ZHONG, Xiaotian (US), KRIZ, Ronald (US), LU, 
Zhijian (US) 
 
Abstract 

The invention relates to systems and methods for producing proteins of interest. The 

invention employs genetically-engineered animal or plant cells that have modified protein 

folding or processing capacities. In one aspect, the invention features genetically-

engineered cells comprising one or more recombinant expression cassettes which encode 

(1) a protein of interest and (2) a polypeptide that is functional in the unfolded protein 

response (UPR) pathway of the cells. Co-expression of the polypeptide significantly 

increases the yield of the protein of interest in the genetically-engineered cells. In one 

example, the genetically-engineered cells are animal cells, and the co-expressed 

polypeptide is a component or modulator of an XB1 [transcription factor X-box binding 

protein 1]- or ATF6 [activating transcription factor 6]- mediated UPR pathway. 

http://www.patentlens.net/patentlens/patent/US_8173394/en/ 

 

Summary 

This purpose of this invention is to improve in vivo production yields of a variety of 

membrane or secreted proteins. A significant obstacle to increasing in vivo protein 

production yields is the ER’s stress response system, the unfolded protein response 

(UPR) pathway. Though attempting to drive high protein yields via high levels of protein 

expression is the intuitive approach, overexpression can result in reduced yields. 

Overloading the folding and post-translational modification machineries activates the 

UPR, which then suppresses translation, and activates cell death pathways if ER stress 

cannot be attenuated. The inventors find that co-expression of a UPR component or 

modulator improves in vivo protein production yields. The claimed invention comprises a 
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variety of expression cassette designs as a means of co-expressing a UPR component 

or modulator with the protein of interest. 

 
 
US 2012/0108525 A1  Patent application Published 3 May 2012 
 
Title: METHODS AND COMPOSITIONS FOR THE TREATMENT OF 
GASTROINTESTINAL DISORDERS 
Applicants/Inventors: CURRIE, Mark G. (US), MAHAJAN-MIKLOS, Shalina (US), 
SUN, Li Jing (US) 
 
Abstract 

Compositions and related methods for treating IBS and other gastrointestinal disorders 

and conditions (e.g., gastrointestinal motility disorders, functional gastrointestinal 

disorders, gastroesophageal reflux disease (GERD), duodenogastric reflux, Crohn's 

disease, ulcerative colitis, inflammatory bowel disease, functional heartburn, dyspepsia 

(including functional dyspepsia or nonulcer dyspepsia), gastroparesis, chronic intestinal 

pseudo-obstruction (or colonic pseudoobstruction), and disorders and conditions 

associated with constipation, e.g., constipation associated with use of opiate pain killers, 

post-surgical constipation, and constipation associated with neuropathic disorders as well 

as other conditions and disorders are described. The compositions feature peptides that 

activate the guanylate cyclase C (GC-C) receptor. 

http://www.patentlens.net/patentlens/patent/US_2012_0108525_A1/en/ 

 

Summary 

Millions of patients in the United States and around the world suffer from Irritable Bowel 

Syndrome (IBS). As the inventors indicate, the full costs of this gastrointestinal (GI) 

disorder estimated to run to the tens of billions, and IBS patients also constantly face a 

reduced quality of life. Yet there are few treatment options for IBS patients. Although 

diagnostic criteria for IBS have been defined, the criteria do not explain the entirety of 

sympthoms observed. The claimed invention includes using guanylate cyclase C (GC-C) 

receptor-activating peptides alone or in combination with known classes of molecules 
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such as calcium channel blockers to treat IBS, other GI disorders, and other medical 

conditions. 

 
 
US 8137974  Granted patent Published 20 March 2012 
 
Title: TRANSPOSITION OF MAIZE AC/DS ELEMENTS IN VERTEBRATES 
Applicants/Inventors: PARINOV, Sergey (SG), EMELYANOV, Alexander (SG) 
 
Abstract 

The present invention is directed to the use of the maize Ac/Ds transposable elements in 

vertebrates. 

http://www.patentlens.net/patentlens/patent/US_8137974/en/ 

 

Summary 

Mutagenesis screening, both chemical and insertional, continues to be an essential 

method in zebrafish. With this work, the inventors have developed the maize Ac/Ds 

transposon as an additional insertional mutagenesis tool for zebrafish and other 

vertebrates. The claimed invention comprises modified Ac/Ds transposable elements and 

their use as insertional mutagens to generate transgenic vertebrates. The claimed 

invention also comprises the transgenics so generated; sequence identification of 

insertion events; creation and maintenance of an insert library and database; and use of 

Ac/Ds-transgenic vertebrates for genetic and small-molecule screening. 
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Chapter Five 

Conclusions and Future Directions 
 
 
 
Section 1. Summary  

Our studies confirm that the classic GBT-based tissue-specific gene discovery and 

mutagenesis paradigm (36, 146, 148) can identify larval zebrafish skin mutants and skin 

development genes (24). With that strategy, we identified GBT alleles of 11 skin 

development genes, two new GBT alleles of known skin mutants, and two novel larval 

skin mutants. Our primary focus on the novel nrg2amn0237Gt/mn0237Gt (nrg2a-/-) mutant 

revealed new and unexpected information regarding the roles of nrg2a and lgl2 during 

the first two days of zebrafish development.  

 

The nrg2a-/- mutant established a new class of MFF phenotype and revealed details of 

MFF ridge cell morphogenesis and its contributions to MFF development (Chapter 2) 

(24). Previous MFF-related studies had not closely observed ridge cell morphogenesis 

following MER initiation and outgrowth, probably because they were examining 

phenotypes that affected the structural integrity of the fin fold as a whole. Consequently, 

current MFF development models assume that ridge cells retain the wedged cross-

sectional profiles they adopted during MER initiation (81). Contrary to those models’ 

assumptions, however, we have shown that ridge cells undergo significant morphogenetic 

changes and ultimately adopt a flattened, squamous shape by 36 hpf (Fig. 2B-C; Fig. 

13A-C; Figs. 14-15). Our data suggest that ridge cells undergo flattening morphogenesis 

independently of the proximal MFF basal keratinocytes (PMBKs) that constitute the 

majority of the basal layer within the fin fold. These findings suggest that ridge cells 

comprise a morphologically distinct subset of basal keratinocytes within the MFF 

epidermis through at least 36 hpf (Figs. 14-15) (24).  

 

At the molecular level, we have shown for the first time that such flattening 

morphogenesis in ridge cells requires Nrg2a signaling through the ErbB receptor tyrosine 
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kinase (RTK) network (Fig. 16). ErbB2 has a pro-apical role in MFF ridge cells 

(along with putative co-receptor ErbB3), subsequently activating the PI3K/Akt pathway 

(Fig. 16M-P) rather than the MEK/Erk pathway. At the same time, Lgl2 promotes basal 

identity in basal keratinocytes by opposing pro-apical Nrg2a signaling (Fig. 18) through 

an as-yet-unidentified mechanism.  

 

Looking forward, we expect further investigations of this pro-apical vs. pro-basal 

balancing act to provide new insights into the mechanisms that direct and control 

flattening morphogenesis, and perhaps into other types of cellular morphogenesis as well. 

Our initial characterization of the nrg2a-/- phenotype has therefore opened intriguing 

possibilities for follow-on studies of larval zebrafish skin and fin development as well as 

for cellular morphogenesis and epithelial development studies generally.  

 

Section 2. Future Directions for the Zebrafish Integument Project 

ZIP lines add new options to the zebrafish skin biology “toolbox” 

The validated ZIP framework for GBT-mediated skin-specific gene discovery and 

mutagenesis (24) can continue and be expanded. Naturally, identification of additional 

conditional alleles is the most obvious application. We limited our efforts to the 11 

original ZIP lines in order to keep the pilot project manageable (Chapter 2), but the 

overall GBT project has generated numerous GBT lines since then (808 as of January 30, 

2016; www.zfishbook.org). Ongoing mRFP screening has added at least 32 candidate 

ZIP lines to the imaging and expression verification queues. We expect to find larval 

recessive mutants among those additional lines, but cannot predict how many mutants 

will be identified and recovered. Current and candidate ZIP alleles are available to 

collaborators and laboratories around the world through www.zfishbook.org, and are 

being archived at the Zebrafish International Resource Center (ZIRC) along with all GBT 

lines. For instance, another laboratory has already used fras1mn0156Gt in a separate study 

(214).  
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Since the zebrafish field has relatively few well-established skin marker lines (158, 

173, 215), we expect that ZIP alleles will be useful new marker lines for investigating 

tissue-specific biology. Because development is a dynamic process, ZIP marker lines can 

also be valuable tools for investigating spatiotemporal changes in gene expression and/or 

protein localization. For example, candidate lines GBT1084 and GBT1130 show 

epidermal mRFP localization at 4 dpf, but not at 2 dpf (compare images from 

http://www.zfishbook.org/index.php?topic=GBT1084 with those from 

http://www.zfishbook.org/index.php?topic=GBT1130). Such spatiotemporal changes are 

interesting but were beyond the scope of our investigation. ZIP alleles can also serve in 

sensitized background experiments, either for crossing into other backgrounds of interest 

to uncover genetic modifiers or as a background for morpholino (MO) knockdown 

screening. And now that improved genome editing technologies are readily accessible, 

ZIP lines could also be used as backgrounds for TALEN or CRISPR alleles in homologs 

of human skin genes of interest.  

 

Some ZIP lines will likely have adult skin biology applications as well. They could be 

screened for adult wound healing defects (216), or for adult dominant or recessive 

phenotypes in order to identify potential adult models for skin disease. Alternatively, they 

could be used to ask questions outside the traditional developmental biology paradigm of 

morphological phenotypes. For example, heterozygotes could be used in a dominant 

screening framework to measure responses to drugs or other small molecules, stressors, 

stimuli, or toxins (146). 

 

Section 3. Future Directions for Investigating nrg2a and MFF Development 

Identifying the molecular origins of the nrg2a-/- mutant will involve multiple lines of 

investigation. One will be characterizing the Nrg2a-1B and -1C N-terminal isoforms. The 

second will be determining which cellular structures and morphogenetic mechanism(s) 

are disrupted in nrg2a-/- mutant ridge cells. Finally, the third will involve identifying the 

downstream effector(s) of the Nrg2a–ErbB2/ErbB3–PI3K/Akt axis that is (or are) 

involved in ridge cell flattening morphogenesis.  
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Identifying the respective roles of Nrg2a-1B and Nrg2a-1C isoforms 

Since nrg2a-1B and nrg2a-1C transcripts are concurrently expressed (Fig. 12B), the 

functions of the respective isoforms need to be dissected. qPCR experiments can be used 

to determine whether the nrg2a-1B and nrg2a-1C transcripts are transcribed at equivalent 

levels or whether one predominates. To determine which full-length endogenous isoform 

rescues the ridge cell phenotype—or whether both isoforms are involved—transcripts can 

be re-introduced into embryos both singly and in combination as either synthetic mRNAs 

or plasmids. We note that multiple transcripts may be involved because C-terminal 

alternative splicing has been reported for Neuregulin family members in other species 

(217-220). Furthermore, genome editing tools such as TALENs (213) can facilitate 

targeted mutagenesis of specific sequences, namely the exon 1B predicted secretory 

signal and the exon 1C NLS sequence. TALEN-generated mutants can be used to confirm 

transcript rescue experiments, as well as to independently identify interactions and 

transcriptional profile changes.  

 

We hypothesize that the secreted Nrg2a-1B isoform, or, rather, the lack thereof, is 

responsible for the ridge cell phenotype since it is more likely to be the ErbB-interacting 

ligand. Likewise, in light of the Nrg2a-1C isoform’s nuclear localization capability (Fig. 

12K-N), we hypothesize that it has a regulatory role, perhaps modulating a downstream 

expression network or acting as part of an auto-regulatory mechanism. Candidate 

downstream targets can be identified with comparative RNAseq transcriptional profiling 

of nrg2a-/- mutants, wild-type fish, and TALEN-generated mutants.  

 

Ridge cell flattening morphogenesis 
 

Regulation of epithelial cell shape, for example, changes in relative sizes of 
apical, basal, and lateral membranes, is a key mechanism driving 
morphogenesis. However, it is unclear how epithelial cells control the size of 
their membranes. (221) 
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Although the regulation of epithelial morphogenesis is essential for the formation 
of tissues and organs in multicellular organisms, little is known about how 
signaling pathways control cell shape changes in space and time. (222) 

 

Cellular morphogenesis is an essential developmental mechanism driving tissue 

morphogenesis and movement. Furthermore, cellular morphogenesis also encompasses 

the ability of cells within an epithelium to change shape from one of the three 

fundamental cellular geometries—cuboidal, columnar, or squamous—to another. 

Executing such extensive three-dimensional changes requires actively remodeling a cell’s 

cytoskeleton, its cell-cell junctions, and its membranes (221-224)—all while maintaining 

contact with the cell’s neighbors to ensure overall epithelial integrity. 

 

Unlike their wild-type counterparts, nrg2a-/- ridge cells fail to flatten into squamous 

shapes (Fig. 14). That finding suggests that ridge cells undergo a transition to a squamous 

geometry, or squamous flattening morphogenesis (SFM)1 (221, 224, 225). The question, 

therefore, is: which squamous morphogenesis mechanism or mechanisms are perturbed in 

nrg2a-/- mutants? However, we must look to squamous morphogenesis models in other 

systems because we know so little about wild-type ridge cell morphogenesis itself.  

 

Squamous flattening morphogenesis has been identified in two Drosophila epithelial cell 

populations, the amniosera (AS) (224) and the stretched cells (StC) of the ovarian follicle 

cell (FC) epithelium (221-223). Those two epithelial models offer some basic insights 

into the junctional, membrane, and cytoskeletal remodeling processes required for 

successful squamous morphogenesis. AS cells begin as a columnar epithelium as a result 

of cellularization and flatten to a squamous epithelium during gastrulation (224); StCs 

flatten from cuboidal to squamous during oogenesis (221-223). Like MFF basal 

keratinocytes, both AS cells and StCs flatten by elongating perpendicularly to their 

                                                
1 We have chosen to use “squamous flattening morphogenesis,” or simply “squamous 
morphogenesis,” because the field has not yet settled on a standard term. Pope and Harris used 
“squamous tissue morphogenesis” [224] ; Kolahi, et al. used “squamous cell flattening” [225]; 
and most recently, Gomez, et al. used “squamous cell morphogenesis” [221]. 
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respective apical-basal axes and simultaneously decreasing their lateral heights (221-

224).  

 

Adherens junction (AJ) disassembly is essential for flattening morphogenesis in both the 

AS and StC models. AJ disassembly appears to be mediated by TGF-ß signaling 

{Brigaud:2015db}, and is also characterized by the accumulation of non-muscle myosin 

(Myosin II) subunits at certain junctions {Pope, 2008 #229}{Brigaud, 2015 #204}. We 

would expect to find similar dynamics active in MFF ridge cells as well. In addition, the 

fact that the key adaptor proteins in AJs, ß-catenin and α-catenin, associate directly and 

indirectly with actin and MTs {Pope:2008cq} suggests coordination between AJ 

disassembly and cytoskeletal rearrangements during flattening morphogenesis.   

 

Exactly how cells shorten their lateral membranes during a squamous transition remains 

unclear, but a study in StCs indicates that lateral membrane shortening is connected to 

removal of cell-cell adhesion molecules from the lateral membrane. Gomez, et al., report 

that Tao kinase promotes endocytosis of AJ component Fasciclin 2 (Fas2, the insect N-

CAM homolog) (221). Fas2 and ß-catenin accumulate along StC lateral membranes in 

the absence of Tao activity, and tao mutant StCs increase in height through their apical-

basal axes (221). The exaggerated lateral boundaries often observed between mutant 

ridge cells (Fig. 14D, 14G-H) argue in favor of investigating whether ridge cells also 

remove AJ components from their lateral membranes via endocytosis—and, if so, 

whether that process is defective in nrg2a-/- mutants. 

 

A mechanism termed “rotary cell elongation” drives AS cell flattening (224). During 

rotary cell elongation, the microtubule (MT) network of vertically oriented bundles 

rotates 90°, becoming longitudinally oriented fibers (224). (Rotary cell elongation has not 

yet been investigated in StCs.) Based on the elongated basolateral membranes of nrg2a-/- 

ridge cells, we hypothesize that: (1) rotary cell elongation also occurs in ridge cells, and 

(2) ridge cell MTs have failed to rotate and have elongated in the wrong direction. 

Comparative characterization of wild-type and nrg2a-/- ridge cell morphogenesis should 
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therefore define MT organization before, during, and after flattening to determine 

whether rotary cell elongation is involved.  

 

We expect that follow-on investigations into MFF ridge cell morphogenesis and the 

nrg2a-/- mutant will identify shared SFM mechanisms, as well as reveal new information 

about the signals that govern and integrate those mechanisms—including, of course, how 

Nrg2a signaling contributes to regulating essential SFM processes and maintaining ridge 

cells’ polarity during their cuboidal-to-squamous transition. For example, AJ disassembly 

and removal from the lateral membrane might facilitate rotational cell elongation by 

destabilizing and/or disrupting the actin and MT networks because AJ components are 

connected to both. Or alternatively, perhaps the cytoskeletal networks must be 

disassembled or slightly destabilized in order for AJs to be removed from the lateral 

membrane.  

 

Connecting Nrg2a-driven Akt signaling with cytoskeletal organization and polarity 

maintenance  

We hypothesized that ridge cells require Nrg2a signaling to counterbalance pro-basal 

Lgl2 activity (24). The follow-on task is therefore to determine which downstream 

effector (or effectors) of Nrg2a–ErbB2/3–PI3K/Akt signaling is involved. Taken 

together, the antagonistic relationship with Lgl2, dramatically expanded basolateral 

domains (Figs. 14-15), and squamous morphogenesis discussed above suggest that the 

downstream effector is involved in coordinating cytoskeletal remodeling and polarity 

maintenance mechanisms during ridge cell SFM. Human Akt phosphorylation targets that 

meet those criteria include Ezrin, MST2, PAK1, Palladin, Rac1, and Girdin (PI3K/AKT 

Substrates Table, Cell Signal Technology, accessed December 12, 2016). Of those, Ezrin 

is a good initial candidate because it is a member of the ERM (Ezrin-Radixin-Moesin) 

complex, a complex which binds actin and has also been shown to interact with MTs as 

well as with Dlg, a member of the basally-localized Scribble polarity complex (as is Lgl) 

(226-229). Zebrafish may have two ezrin genes, ezrin a (ezra) and ezrin b (ezrb). Neither 

ezra nor ezrb has a comprehensive expression profile, but the Thisse WISH screen did 
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note possible epidermal expression of ezrb (155). Data from Onishi, et al. also points 

to a role for the PI3K-Akt pathway in MT stabilization and suggests that pAkt itself can 

stabilize MTs, although that study concerned fibroblast migration in vitro (230).  

 

In addition to investigating Akt targets, follow-on investigations will need to determine 

which Akt is involved. Mammals have three isoforms (Akt1, Akt2, and Akt3), but the 

current zebrafish genome annotation indicates zebrafish may have as many as five 

transcripts: akt1, akt2, akt2-like (akt2l), akt3a, and akt3b—none of which have high 

quality expression data. Future projects will therefore have to verify the existence and 

expression patterns of the zebrafish akt family.   

 

It will also be interesting for follow-on projects to investigate the dynamics of polarity 

maintenance during ridge cells’ SFM, especially in light of the antagonistic relationship 

between pro-apical Nrg2a–ErbB2/3–PI3K/Akt signaling and pro-basal Lgl2 (Figs. 14-

15). One explanation for the expanded basolateral domains in nrg2a-/- ridge cells (Figs. 

14-15) is that the activity of the downstream Nrg2a effector(s) is required for correctly 

targeting one or more apical identity determinants in ridge cells. Later projects could 

examine the localization—or mislocalization—of classic apical identity determinants 

such as Crumbs (Crb), atypical protein kinase C (aPKC), or Par3 (231, 232). Likewise, 

they could also examine the localization of basolateral identity determinants such as 

Lgl2, which we might expect to find enriched in nrg2a-/- ridge cells’s expanded 

basolateral domains. 

 

Additional investigative avenues 

Ridge cells are the only MFF basal keratinocytes affected by the absence of Nrg2a 

signaling. Cleft formation proceeds normally in nrg2a-/- mutants, and cleft cells’ unique 

basal organization remains intact (Fig. 15B). Evidence from work by Nagendran, et al. 

indicates that PMBKs also undergo SFM (127), but their flattening morphogenesis is not 

affected in the nrg2a-/- mutant. When considered together, these findings indicate that the 

cleft cell, ridge cells, and PMBKs constitute three distinct subsets of MFF basal 
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keratinocytes. Because we observed these distinctions in the absence of Nrg2a 

signaling, we hypothesize that the respective subsets are differentially competent to 

respond to Nrg2a. However, we do not yet know which events, restrictions, or signals 

occur earlier in the MFF developmental timeline to set up and maintain those subsets. 

One instructive initial experiment would be to determine where the relevant ErbB 

receptors are located. 

 

Finally, we encourage future investigators to build on the work discussed here by 

expanding nrg2a-related inquiries into mammalian and human biology. For instance, 

does NRG2 play a similar role in human skin or other epithelia (168)? And expanding the 

inquiries even further, how does squamous flattening morphogenesis (with its anticipated 

attendant regulation of cell polarity and the cytoskeleton) contribute to the development 

of other tissues or other organisms?  

 

Section 4. Future Directions for the Elusive wicked witch of the Midwest 

wwm remains a fascinating genetic puzzle: it behaves like a Mendelian recessive mutant, 

yet our results indicate that it is not caused by disruption of a protein-coding sequence 

(Chapter 3). To the best of our knowledge, that phenomenon has never before been 

documented.  

 

The key task for future wwm investigations is determining the molecular cause of the 

phenotype. We have posited three possible mechanisms. In the first scenario, the GBT 

insertion site disrupts a binding site or other regulatory sequence in the genome. We think 

that is the least likely option because the wwm phenotype can be suppressed with gene-

break masking morpholinos (GBMOs), which points to a role for the actual gene-break 

activity in causing the phenotype. Nevertheless, a classic deletion series strategy would 

be a potentially powerful approach for testing this first scenario. Targeted genome editing 

technologies such as TALEN nucleases (TALENs) (213, 233) are now sufficiently 

advanced for such an experiment to be feasible.  
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Another possibility is that the GBT-generated GFP-tagged transcript (aka “3’ RACE 

transcript”) causes the phenotype de novo through an unknown mechanism. We could 

test whether the GBT-generated transcript itself causes the wwm phenotype either by 

injecting the transcript sequence as a synthetic mRNA or by expressing the transcript 

sequence from a plasmid. Alternatively, we could design a morpholino against that 

transcript or a set of TALENs to excise that de novo-transcribed sequence from the 

genome.  

 

The third possible mechanism is that GBT activity disrupts an as-yet-unidentified non-

coding RNA (ncRNA) or long non-coding RNA (lncRNA). Candidate non-coding 

transcripts could be identified with an RNASeq methodology that does not exclude non-

coding transcripts. A seemingly contradictory aspect of the lncRNA hypothesis raises an 

interesting question about genotype-phenotype connections: how can wwm’s Mendelian 

behavior be reconciled with the lncRNA hypothesis? One would not necessarily expect a 

change in the level of a non-coding transcript to behave in an essentially allelic manner. 

If a disrupted lncRNA is responsible for the wwm phenotype, then perhaps that non-

coding transcript and cdh1 are coordinately regulated. However, accurately predicting the 

phenotype of a standard protein-coding transcript not necessarily simple or easy; there is 

no reason to expect that an lncRNA phenotype would be any easier to predict.  

 
Regarding wwm’s characteristic epidermal aggregates, both the cause of the aggregates 

and the nature of the drastic morphologic changes that their cells undergo remain unclear. 

We anticipate that successfully uncovering the molecular basis of the wwm mutant will 

provide clues to aggregate formation, but we cannot guarantee that result. Therefore, 

wwm investigations will also need to attempt additional phenotype characterization 

experiments. For example, later investigations can examine Ecad/cdh1 expression more 

closely, and examine whether Cdh1 is mislocalized and/or its levels are altered. 

Transplantation experiments could provide insight into whether the wwm phenotype is 

cell-autonomous or non-cell-autonomous.  
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It has been suggested that wwm might serve as a model for epidermolysis bullosa 

(EB) or other similar human skin diseases. In addition to investigating EB characteristics 

such as Col17a1a and Col17a1b perturbation (79), it would be interesting to test bone 

marrow stem cell transplantation in wwm mutants (234, 235).  

 

Section 5. Conclusions and Reflections 

The zebrafish larval median fin fold is a new squamous morphogenesis model 

Our findings demonstrated a novel role for Nrg2a in MFF development as well as a novel 

early role for Lgl2, and led to a revised and updated model for MFF development. Our 

findings also revealed a novel instance of a portion of an epithelium undergoing 

squamous flattening morphogenesis during development. We therefore propose that the 

MFF should be considered a new in vivo model for investigating the mechanisms that 

direct and coordinate cellular morphogenesis within an epithelium, in particular 

squamous flattening morphogenesis (Fig. 2B-C).  

 

As we stated earlier, the long-term goal of this work was to encourage investigators to 

pursue innovative skin biology research using the zebrafish model. Although it is still 

early, several encouraging initial responses suggest that our work may indeed have an 

impact (214, 236-239). 

 

On a separate and closing note, these projects led to several important experiences for us 

as scientists. The work shown here provided opportunities to enrich and diversify the 

laboratory’s technical “toolbox.” In pursuit of better data, we refined existing 

experimental protocols and branched out to learn new techniques. Those improved 

protocols and newly introduced techniques have also proven useful for other 

investigations in our laboratory unrelated to skin biology. In seeking out laboratories with 

skin biology expertise, we developed new contacts and—unexpectedly—added a new 

dimension to a long-standing collaboration. And, finally, the wwm project illustrated the 

inescapable fact that some findings are truly “ahead of their time”: like the cloche mutant, 
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their resolution must wait for new knowledge to emerge or new techniques to be 

developed (240). 
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Chapter Six 

Materials and Methods  
 
 

Portions of this chapter were previously published in Westcot et al., PLoS ONE, 2015 

(24). 

 
 
Larval and adult care and maintenance  

Adult fish and embryo care was performed according to standard protocols approved by 

the on-site Institutional and Public Animal Care and Use Committees. Wild-type stocks 

were derived from the offspring of adult zebrafish obtained from Segrest Farms (Segrest 

Farms, Florida, USA). Published, non-GBT transgenic marker lines used were enhancer 

trap ET37 (131, 158), ubiquitously expressed membrane-bound EGFP 

Tg(Ola.Actb:Hsa.hras-egfp)vu119 (96, 241) and Tg(krt4:GFP)gz7 (242). 

 

Live larvae in vivo imaging  

Live larvae were imaged for mRFP fluorescence on an Axio ImagerZ.1 ApoTome 

microscope (Zeiss) with AxioVision software (Zeiss). Z-stack images were flattened 

using the AxioVision Multi-Image Projection (MIP) tool. SCORE imaging techniques 

(243) were used to hold live larvae and optimized for high-quality fluorescent imaging as 

follows: live larvae were transferred into 2.5-2.6% methylcellulose and drawn into 

borosilicate glass capillaries (World Precision Instruments WPI #1B120-3). 80% glycerol 

was used as the imaging medium between capillary and cover slip. Brightfield images of 

live larvae were obtained either by mounting the specimen in 1.5% methylcellulose and 

imaging with a Zeiss Axiophot microscope using the Zeiss AxionCam HRc camera and 

Axiovision software, or by SCORE imaging on a Zeiss Axioplan2 microscope using a 

Canon PowerShot A640 camera with Remote Capture Task and Canon Image Browser 

software.  
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 Larval preparation for Transmission Electron Microscopy (TEM)  

Embryos younger than 48 hpf were sorted by mRFP fluorescence. Larvae 48 hpf or older 

were sorted by MFF phenotype and fluorescence. Sorted or selected embryos were 

transferred into glass Petri dishes for all subsequent processing (Corning) and fixed in 

Trump’s fixative (4% formaldehyde, 1% glutaraldehyde in 0.1M phosphate buffer (pH 

7.2)) for a minimum of 24 hr. Following fixation, zebrafish were secondarily fixed with 

1% osmium tetroxide and 2% uranyl acetate, dehydrated through an ethanol series and 

embedded into Embed 812/Araldite resin. After a 24 hr polymerization at 60°C, ultrathin 

sections (0.1 µm) were stained with 2% uranyl acetate and lead citrate. Micrographs were 

acquired using a Jeol J1400 transmission electron microscope (JEOL, Inc., Peabody, 

MA) at 80 kV equipped with a Gatan digital CCD camera (Gatan, Inc., Warrendale, PA) 

and Digital Micrograph software. Minor adjustments were made in ImageJ or Keynote. 

 

Phenotype rescue with Cre mRNA 

Cre-mediated excision of GBT mutagenic cassettes was performed as previously 

described (244). fras1 and hmcn1 reversion experiments were scored at 48 hpf; nrg2a 

reversion experiments were scored at 96 hpf. Results were graphed with PRISM software 

(Graphpad); p-value and significance were calculated with t-tests.  

 

GBT allele identification and genotyping 

Candidate loci for ZIP GBT insertions were identified from fusion transcripts using 

5’RACE on race-ready cDNA (RR-cDNA) as previously described (244) or from 

genomic DNA (gDNA) using TAIL PCR (246, 247). Candidate insertion loci were 

confirmed or rejected by genotyping 8 individual sibling larvae, 4 mRFP+ and 4 mRFP-, 

for a correctly oriented RP2 insertion within the candidate locus. Individual genotyping 

reactions were designed to identify the genomic-transposon junction (“junction product”) 

within a specific locus of interest using one transposon-specific primer and one gene-

specific (GS) primer. A candidate insertion locus was confirmed if all mRFP+ siblings 

were positive for the junction product within that locus of interest and all mRFP- siblings 

were negative for that same junction product. The transposon-specific primers were 5R-
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mRFP-P2 (5’-CCTTGAAGCGCATGAACTCCTTGAT-3’) (used with all forward 

(“F”) GS primers) and 3R-GM-P2 (5’-TGGGATTACACATGGCATGGATGAAC-3’) 

(used with all reverse (“R”) GS primers). GS primers were as follows:  

GNT-SEC0078-F3 (5’-CAAGGCACAGCAAGGCTGGTGTA-3’),  

GNT-SEC0078-R0 (5’-CGGACAGATTTTCACTCATACATTGCCT-3’),  

RT-SEC0156-F1 (5’-CTGCTCAAAGGCTCTGATCTTGAACC-3’),  

RT-SEC0156-R1 (5’-CCACACAGACCCTACAGGACGAATG-3’),  

RT-SEC0175-F1 (5’-GCTGTTCACCCTTCTGTTGGAAGGTT-3’),  

RT-GBT0175-R1 (5’-AGTGGAGACAGAGGCTGAAGGAGGAT-3’),  

GNT-GBT0196-F1 (5’-GACTGAAGTCTGAGGACCTTGC-3’),  

GNT-nrg2a-F1 (5’-GCAGGGAACAGTTAATTGCTTGACAG-3’),  

GNT-nrg2a-R4 (5’- GGCTGAATCTTGGCAACAATGCAAC-3’),  

GNT-GBT0245-F1 (5’-CTTCTCAAATGGCTCCTTGCCTC-3’),  

GNT-GBT0263-R1 (5’-TCCAACACCCTCCAACACC-3’),  

GNT-GBT0261-F1 (5’-TATGGCTGTATATCATCACTGGTTGG-3’),  

GNT-GBT0275-F2 (5’-TTAGAAACGGCAGGAAACCGAG-3’),  

GNT-GBT0316-F1 (5’-TTGGTTACGTCCAGTGCGTC-3’),  

GNT-SEC0325-F1 (5’-CCAGTCCGCCGCTGAGGG-3’),  

GNT-SEC0325-R1 (5’-CGAATTGCTGTGAGATAGCGTTGAATAG-3’). 

  

Transcripts from nrg2a alternate first exons, currently designated 1B and 1C, were 

manually identified and/or confirmed as follows. The presence of endogenous exon 1B 

transcript was confirmed using forward GS primer RT-nrg2a-F3 (5’-

ACACTTATCCATGCTGCTCATCGG-3’) with reverse GS primer in nrg2a exon 4 RT-

nrg2a-R3 (5’-CGTTGCATCTTCTGGCATGGC-3’) in 2 dpf wild-type cDNA.  Exon 1C 

was identified via 5’RACE on wild-type RR-cDNA as previously described (244).  The 

presence of endogenous 1C transcript was confirmed using forward GS primer RT-nrg2a-

F3.1 (5’-AGGCGTAAGGACAGCCAAACTC-3’) with RT-nrg2a-R3 in cDNA from 

nrg2a+/+ and nrg2a+/mn0237Gt heterozygous (nrg2a+/-) siblings. The presence of nrg2a 1B-

mRFP and 1C-mRFP fusion transcripts were confirmed using either GS primer RT-
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nrg2a-F3 or RT-nrg2a-F3.1, respectively, with mRFP reverse primer 5R-mRFP-P2 in 

cDNA from nrg2a+/mn0237Gt heterozygous (nrg2a+/-) and nrg2amn0237Gt/mn0237Gt (nrg2a-/-) 

homozygous mutant siblings. We were unable to confirm the presence of an endogenous 

transcript containing the predicted exon 1A. Embryos obtained from nrg2a+/- intercrosses 

were genotyped using three primers (GNT-nrg2a-F1, GNT-nrg2a-R4, and 5R-mRFP-P2) 

in a single reaction, yielding either an 800 bp fragment for homozygous wild-types or a 

1091 bp fragment for homozygous mutants, and both fragments for heterozygous 

siblings.  

 

The isoform 1A sequence corresponds to predicted Nrg2a isoforms X7 – X9 (GenBank 

accession numbers XM_005161329, XM_005161330, XM_005161331) in Zv10 and to 

the sequence reported by Honjo et al. (248) (GenBank accession number 

NM_001099254). The isoform 1B sequence corresponds to those of predicted Nrg2a 

isoforms X1 – X4 (GenBank accession numbers NM_001099254, XM_009295459, 

XM_00929546, XM_005161327) in Zv10, and the isoform 1C sequence to that of 

predicted Nrg2a isoform X5 (GenBank accession number XM_009295461) in Zv10. 

 

Whole-mount in situ hybridization (WISH) 

Larvae were fixed in 4% paraformaldehyde (PFA) and dehydrated/rehydrated through an 

ethanol/PBST series. Whole-mount in situ hybridization (WISH) was performed as 

previously described (249-251). DIG-labeled probes were generated from cDNA clones 

as described in (252) for fras1, hmcn1, and grip1, in (253) for msxc, and in (244) for 

mRFP. cDNA clones for ahrgef25b, fkbp10b, and erbb3a were obtained from 

SourceBioScience, the cDNA clone for egfra was a gift from M. Sonawane. Probes for 

endogenous nrg2a were obtained with DIG-labeled nrg2a antisense riboprobe generated 

with primers RT-nrg2a-F4 (5’-TCCAGTGTTGGCAGACGAAGG-3’) and RT-nrg2a-R2 

(5’-TTGGGCATGTATAACCGCAGGG-3’). For nrg2a, the in situ protocol was slightly 

modified from (251). Nonspecific antibody binding was blocked with either blocking 

buffer (2% lamb serum (vol/vol), 2 mg/ml BSA) or 2% Boehringer Blocking Reagent 

(11096176001, Roche) in maleic acid buffer containing 0.1% Tween20 (MABT) for 4 h 
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at room temperature prior to immunoreaction with anti-DIG-AP Fab fragments 

antibody (11093274910, Roche, 1:500). Fixed, stained WISH larvae were rehydrated 

through an ethanol/PBST series into 80% glycerol or into benzylbenzoate/benzylalcohol 

(2:1). Single images were obtained on a SteREO Lumar.V12 stereomicroscope (Zeiss) 

using AxioVision software (Zeiss). Single focal plane images for creating multi-image 

extended depth of field projections from brightfield images (“manual Z-stack”) were 

obtained using SCORE imaging techniques on an Axioplan2 microscope (Zeiss) with a 

PowerShot A640 camera (Canon) and ZoomBrowser EX software (Canon). Extended 

depth-of-field projections were generated in Image J (NIH) from multiple single focal 

plane images using StackReg and Extended Depth of Field plugins.  

 

Expression of Nrg2a-mRFP isoforms 

To generate expression vectors pT3Ts-nrg2a-1B-mRFP and pT3Ts-nrg2a-1C-mRFP, the 

AUG-free mRFP coding sequence was amplified from pGBT-RP2 using primers CDS-

GBT_mRFP-F1 (5’-AGATCTCGCTAGCAATTATGGTTCAGCCGGAATTCACCC-

3’) and CDS-GBT_mRFP-R1 (5’-AAACTAGTCTTAGGCTCCGGTGGAG-3’) and 

subcloned into a Strataclone vector backbone (Agilent). mRFP was then subcloned into 

the SpeI and BglII sites of pT3Ts-Cre (244) to create pT3Ts-mRFP. The nrg2a-mRFP 

isoforms were amplified from cDNA obtained from nrg2amn0237Gt/mn0237Gt (nrg2a-/-) 

homozygous mutant embryos using either forward primer rob-nrg2a-1A (5’-

ATACTAGTATGCTGCTCATCGGGGT-3’) or rob-nrg2a-1B (5’-

ATACTAGTATGTCAGAGGGTAAGAAGAAGGAAC-3’), respectively, with reverse 

primer rob-nrg2a-R1 (5’-CCTCATCTTGATCTCGCCCTT-3’) and subcloned into the 

pT3Ts-mRFP backbone. The pT3TS-EGFPCAAX expression vector was created as 

follows: EGFPCAAX was amplified from 384.pME-EGFPCAAX plasmid (254) using 

primers CDS_EGFP_CAAX-F1 (5’-GAAGGATCCATCATGGTGAGCAAGGG-3’) and 

CDS-EGFP_CAAX-R1 (5’-CAAACTAGTCAGGAGAGCACACACTT-3’) and ligated 

into the SpeI and BglII site of pT3TS-Cre. To generate pT3TS_nlsTagBFP, a synthetic 

SV-40 nuclear localization sequence (NLS) was added to the N-terminus of Tag-BFP 

(pTagBFP-N, Evrogen, FP172), which was then cloned into the SpeI and BglII site of 
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pT3TS-Cre. Expression vectors were linearized with SacI and RNA was made using 

the mMESSAGE mMACHINE kit (Ambion). 1 nL of 12.5 pg/nL caax-EGFP, 25 pg/nL 

nls-BFP, and 25 pg/nL of either nrg2a-1B-mRFP or nrg2a-1C-mRFP were co-injected 

into the yolks of one-cell stage wild-type embryos. 1 dpf injected embryos were imaged 

on a Zeiss LSM 780 confocal microscope. 

 

Immuno- and histological staining 

Immunostaining was performed essentially as previously described (255) using the 

following primary antibodies: anti-collagen II (DSHB II-II6B3-c, 1:200), rabbit anti-RFP 

(Abcam; ab62341, 1:200), chicken anti-GFP  (Invitrogen; A10262, 1:300), mouse anti-

p63 BC4A4 (Zytomend, 1:200), and mouse anti-MAP Kinase, activated (Sigma, M9692, 

1:50). For pAkt staining, cryosections of EAF-fixed embryos were washed with PBS-

TritonX, followed by antigen retrieval in 10 mM Tris, 1 mM EDTA, pH 9.0 for 5 min at 

98°C, blocking in 5% sheep serum and antibody incubation with rabbit anti-pAkt (S473) 

(Cell signaling #4060, 1:50) (modified after (256)). Secondary antibodies were anti-

rabbitAlexa555, anti-mouseAlexa488, anti-mouseAlexa647, and anti-chickenAlexa488 

(all Invitrogen, 1:200). Sections were mounted either directly in Mowiol containing 

DAPI or stained with a 1:1000 dilution of CellMask Deep Red Plasma membrane Stain 

(Molecular Probes) in PBS for 10 min and washed with PBS several times prior to 

mounting. Images were taken using a Zeiss Confocal (LSM710 META).  

 

Sectioning larvae 

Larvae for cryosections were fixed in either 4% PFA or EAF (40% ethanol, 5% acetic 

acid, 4% formaldehyde in PBS) for 3h at RT, washed several times with PBST, 

embedded in 15% sucrose/1% agarose in PBS, incubated in 30% sucrose/PBS overnight 

and mounted in tissue freezing medium (Leica). 10 or 20 µm sections of tails were 

obtained using a Leica CM1850 cryostat. Larval heads were used for genotyping. 
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EGFR/ErbB inhibitor treatment 

A 10 mM stock of PD168393 (EMD Millipore Calbiochem #513033) was prepared with 

DMSO and diluted in embryo water to concentrations of 1 and 20 µM. 30 to 40 embryos 

were randomly selected for each treatment group and placed into Petri dishes (35-1007, 

BD Falcon). To examine the effect of inhibitor on the earliest stages of documented MFF 

phenotype through early pectoral fin fold development, PD168393 treatment and control 

groups were incubated from 24 hpf through 52 hpf. Larvae were gently transferred into 

fresh embryo water after incubation. Blinded treatment and control groups were and 

scored at 96 hpf with a Stemi 2000-C (Zeiss) dissecting microscope. Scoring was 

performed at 96 hpf to verify that inhibitor-induced morphological changes persisted 

beyond the end of the treatment window itself. Results were graphed with PRISM 

software (Graphpad); p-value and significance were calculated with Chi-square analysis. 

For TEM analysis samples, 20 µM-treated wild-type embryos were randomly selected 

immediately following incubation and removed into Trump’s fixative, as were age-

matched sibling controls. 

 

lgl2 morpholino knockdown  

Morpholino injections were performed according to standard protocols (245). lgl2 MO 

(5’-GCCCATGACGCCTGAACCTCTTCAT-3’) (257) (GeneTools); p53 MO (5’-

GCGCCATTGCTTTGCAAGAATTG-3’) (GeneTools). p-values were calculated with 

Chi-square analysis. Following phenotype evaluation, embryos were genotyped as 

described above. 
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