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Mesendoderm patterning by Vg1/Nodal heterodimers 

Abstract 

 

One of the key processes during development is the induction of the mesoderm and endoderm 

(mesendoderm), which generates the precursors of the heart, liver, gut, pancreas, kidney and 

other internal organs. Nodal, a member of the TGF-β family of secreted ligands, is considered 

the key inducer of mesendoderm in vertebrate embryos and embryonic stem cells. Another TGF-

β family member, Vg1, has been implicated in mesoderm induction but its role has been unclear 

and controversial. My graduate work addressed the role of Vg1 during embryogenesis.  

 

To interrogate Vg1’s developmental role, we investigated strategies for interfering with mRNA 

function. First, we developed an antisense oligonucleotide (ASO) approach in zebrafish that 

allows RNase H-mediated degradation of target RNAs. Second, after the emergence of 

CRISPR/Cas9 genome editing, we developed a web tool for the selection and design of 

CRISPR/Cas9 targets called CHOPCHOP. Subsequent developments in the CRISPR/Cas9 

technology, combined with large-scale studies of gRNA efficiency, illuminated additional rules 

for gRNA design that we incorporated into a second version of the web tool. 

 

Finally, using CRISPR/Cas9, we knocked out vg1 in zebrafish and uncovered a critical role in 

mesendoderm formation. vg1 mutants fail to form mesendoderm, closely resembling Nodal loss-

of-function mutants. We found that Nodal is processed and secreted without Vg1, but it requires 
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Vg1 for its endogenous activity. Conversely, Vg1 is unprocessed and resides in the endoplasmic 

reticulum without Nodal, and is only secreted, processed and active in the presence of Nodal. 

Co-expression of Nodal and Vg1 results in heterodimer formation and mesendoderm induction. 

Thus, we present a new model of mesendoderm induction that relies on the combination of two 

TGF-β-related signals: maternal and ubiquitous Vg1, and zygotic and localized Nodal. Modeling 

reveals that the pool of maternal Vg1 enables rapid signaling at low concentrations of zygotic 

Nodal. 
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Chapter 1: Introduction 
 

 

Animals begin life as one cell, the zygote. Housed in the nucleus of the zygote are the instructions 

to make a complex, multicellular organism. Through the interpretation of those instructions, the 

embryo achieves an amazing feat: it undergoes rounds of cell division, induces specialized cell 

types, establishes its axes, and forms and patterns organs.  

 

In my graduate work I focused on one of the earliest and most critical stages in development, 

the induction of endoderm and mesoderm (mesendoderm). In order to form tissues and organs 

animals must first generate three cell types, or germ layers: endoderm, which will produce the 

internal organs, mesoderm, which will form the muscle and bones, and ectoderm, which will 

generate the skin and nervous system. How the embryo induces the germ layers has engaged 

scientists for over a century. 

 

History of mesoderm induction 

The field of experimental embryology was established at the turn of the 20th century and led to 

the discovery of some of the fundamental principles of mesoderm induction. One of the earliest 

experiments, performed by Hans Driesch in 1892, provided the first example of regulative 

development. In this experiment, Driesch detached and separated the cells of a 2-cell sea urchin 

embryo and allowed each cell to develop. Rather than producing two incomplete embryos, to 

his surprise, each cell developed into a complete larva (Gilbert, 2016). This result revealed that 

blastomeres have a greater potential than their fate. Driesch, a physicist, was so troubled that 
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his biological findings couldn’t be reconciled with his physics framework that he renounced 

science and became a philosopher. Luckily others didn’t follow suit. Instead, a few years later, 

Hans Spemann cut a blastula-stage salamander embryo in half using a baby hair from his 

daughter. He noticed that each half was able to become a complete larva if, and only if, each 

half contained part of the ‘gray crescent’, a morphologically distinct region of the embryo (De 

Robertis, 2006; Gilbert, 2016). He noted that something important must lie in the gray crescent 

of the embryo that confers this ability to form a larva. After a fate map revealed that the gray 

crescent becomes the dorsal blastopore lip, Hans Spemann and his graduate student Hilde 

Mangold performed one of the most important experiments in the field of developmental biology. 

Believing that the dorsal blastopore lip contains the important ingredients for the development 

of the embryo, they transplanted the dorsal blastopore lip from one salamander embryo to the 

opposite side of another embryo. The transplant resulted in an embryo with two axes – conjoined 

salamander twins – and demonstrated the important concept of induction, that cells or tissues 

can produce a signal that induces the fates of other cells (Spemann and Mangold, 1924) (Figure 

1-1). The tissue that causes induction was subsequently called an organizer, and this particular 

tissue was named the Spemann-Mangold organizer3. 

 

The next fundamental insight into induction, and specifically mesoderm induction, was provided 

by the work of Dutch embryologist Pieter Nieuwkoop. Nieuwkoop exploited a feature of 

amphibian embryos that they can be separated into pieces, or explants, which will continue to 

grow and develop in saline. To uncover the origin of embryonic mesoderm, he used blastula-

stage axolotl embryos (before the organizer is induced) and separated the animal and vegetal 

                                                

3 One of the few known female scientists of the early 20th century, Hilde Mangold died tragically at age 26 before her 
seminal paper was published. Unfortunately, the term Spemann Organizer has become more commonplace than 
Spemann-Mangold Organizer.  
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caps in culture. In isolation, the animal cap developed into undifferentiated ectodermal tissue 

and the vegetal explant developed into undifferentiated endoderm. However, when he grafted 

the animal cap onto the vegetal explant, the ‘recombinate’ formed mesoderm, which developed 

into notochord, somites and blood cells (Nieuwkoop, 1969) (Figure 1-2). Nieuwkoop 

demonstrated that the mesoderm was entirely formed from the ectodermal animal cap, while the 

endoderm was formed from the vegetal explant. Thus, the endoderm produces an inductive 

signal that causes the overlying presumptive ectoderm to become mesoderm (Nieuwkoop and 

Ubbels, 1972). The dorsal-most cells of the presumptive endoderm, which will induce the 

Spemann-Mangold Organizer, were subsequently named the Nieuwkoop Center.  

 

 

Figure 1-1. Spemann-Mangold organizer graft.  
The dorsal lip from an albino Xenopus embryo (white tissue, above) is grafted to the opposite 
(ventral) side of a host blastula-stage embryo. Three days later, the embryo develops a second 
axis due to the inductive signals produced by the transplant. Figure from (De Robertis, 2006). 

 

These embryological experiments indicated that there are molecularly distinct regions in the 

blastula-stage embryo that allow one population of cells to produce a signal to induce the fate 

of other cells. Thus, the next question was when is this regionalization established? A number of 
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groups started moving back in developmental time to identify when the embryo gains such 

asymmetries. After encouraging experiments by Nieuwkoop (Nieuwkoop, 1977), Robert Gimlich 

and John Gerhart performed an elegant experiment in which they irradiated Xenopus eggs to 

prevent the formation of axial mesodermal and neural structures. After growing the irradiated  

 

 

 
Figure 1-2. The Nieuwkoop explant experiment. 
(A) In culture, animal cap explants differentiate into ectodermal tissues, while vegetal 
explants differentiate into endodermal tissues.  
(B) Grafting an animal cap onto a vegetal explant results in mesoderm formation. The 
vegetal explant produces a mesoderm-inducing signal that causes the ectoderm to 
differentiate into mesoderm. 
 
 
 

 host embryos to the 64-cell stage, they transplanted two cells from synchronized, non-irradiated  

 embryos into the vegetal half of the host. When the donor cells were taken from the vegetal and 

dorsal-most segment of the donor embryo, the host successfully generated axial structures; 

when donor cells were transplanted from any other vegetal region of the embryo, the host 

embryos failed to undergo axial development. This experiment revealed that the dorsal-most 
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vegetal cells are already molecularly distinct during early cleavage stages, and possess 

mesoderm-inducing properties (Gimlich and Gerhart, 1984).  

 

With the embryonic regions and tissues required to induce mesoderm identified, the next step 

was to identify the signals that induce the mesoderm. In the late 1970s after the discovery of 

reverse transcriptases (Baltimore, 1970; Temin and Mizutani, 1970), the first mRNAs were 

successfully cloned  (Efstratiadis et al., 1975; 1976; Rougeon and Mach, 1976; Rougeon et al., 

1975) and strategies to develop cDNA libraries were developed (Gubler and Hoffman, 1983; 

Okayama and Berg, 1982). This enabled groups to subdivide the embryo, extract mRNA, 

generate a cDNA library, and identify the genes expressed in that region of the embryo. One of 

the central questions of the mid-1980s was whether embryos inherit localized factors from their 

mother, which instruct the fate of future cells. This idea was proposed by Edmund B. Wilson in 

1925 (Wilson, 1925) after Edwin Conklin observed localized substances in ascidian oocytes 

(Conklin, 1905). It gathered momentum after actin mRNA was found to be asymmetrically 

localized in an ascidian embryo (Jeffery et al., 1983) and John Gurdon and colleagues 

demonstrated that the components required for the expression of actin mRNA were 

asymmetrically distributed in the uncleaved Xenopus embryo (Gurdon et al., 1985). Doug 

Melton’s group took a systematic and unbiased strategy to identify localized mRNAs in the frog 

egg by separating the vegetal and animal thirds of Xenopus eggs, extracting total RNA, 

generating a radiolabelled cDNA library, and hybridizing it to a whole-embryo cDNA library 

(Rebagliati et al., 1985). The vast majority of detectable mRNAs were uniformly represented in 

the embryo, but the authors identified three mRNAs that were enriched in the animal hemisphere 

and one mRNA that was enriched in the vegetal hemisphere of the egg and early embryo. They 

named the vegetal mRNA Vg1.  
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The identification of asymmetrically localized mRNAs in the Xenopus egg caused great 

excitement. It provided the tantalizing possibility that the blastomeres of an embryo possess 

different identities because they asymmetrically inherited instructive mRNAs from the egg. The 

localized Xenopus mRNAs were followed by the discovery of localized mRNAs in other systems, 

such as Drosophila bicoid (Frigerio et al., 1986), in which the localization of the mRNA was shown 

to be critical for its function (Berleth et al., 1988). 

 

Discovery of Vg1 and Activin 

Following the identification of Vg1 with a cDNA screening approach, Melton and colleagues 

generated an in situ probe to examine its localization. Consistent with their previous findings, 

Vg1 mRNA was exquisitely localized to a vegetal crescent in the Xenopus egg (Melton, 1987; 

Weeks and Melton, 1987) (Figure 1-3). Given the subcortical localization of the mRNA, they 

hypothesized that Vg1 might function to specify the vegetal cells to become endoderm, or it 

could encode the instructive signal produced by vegetal cells that induces the overlying marginal 

cells to become mesoderm (Melton, 1987; Nieuwkoop, 1969). By cloning the full-length mRNA 

and comparing its amino acid sequence to a protein sequence data bank, they found that 

Xenopus Vg1 possesses 40% homology with a TGF-β family member β-A-inhibin (Weeks and 

Melton, 1987). Vg1’s predicted protein sequence included a signal sequence at the N-terminus 

(indicating that it enters the endoplasmic reticulum), and like other TGF-β family members, a 

basic cleavage site. The region of shared homology with β-A-inhibin was predicted to lie 

downstream of the cleavage site. This analysis suggested that Vg1 is a secreted factor.   
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Figure 1-3. vg1 mRNA is localized in a vegetal crescent in the Xenopus 
oocyte. 
From (Weeks and Melton, 1987). 

 

In the same year, Jim Smith identified a bona fide Xenopus mesoderm-inducing factor. Using 

the Xenopus XTC cell line he found that animal caps cultured in XTC-conditioned media 

differentiated into notochord and muscle (Smith, 1987). The factor was named XTC-MIF 

(mesoderm inducing factor), although the factor’s molecular identity, and whether it was found 

endogenously in the embryo, was unknown.  

 

Two years later, Leslie Dale and Alan Colman provided the first analysis of Vg1 protein. They 

raised an antibody against Vg1 and detected it in the vegetal half of the Xenopus egg and 

embryo. Vg1 segregated with cytosolic but not membrane fractions indicating that it is likely 

secreted (Dale et al., 1989). However, this marked the beginning of a series of findings over 

multiple years that could not be reconciled with Vg1’s predicted function as a mesoderm inducer. 

Although Vg1 possessed sequence homology with TGF-β family members, which are cleaved to 

produce an active ligand, Dale and colleagues did not detect the predicted cleaved product of 

Vg1 (Dale et al., 1989). In the same year, David Tannahill and Doug Melton undertook a similar 
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strategy to investigate the localization, secretion and processing of Vg1 protein. Like Dale and 

colleagues, they detected only full-length, endogenous Vg1 protein in the egg and embryo, 

although upon substantial overexpression of vg1 mRNA they sometimes detected a small 

amount of protein close to the predicted size of cleaved Vg1. Consistent with the Colman group’s 

results, Vg1 was primarily restricted to the vegetal hemisphere of the embryo, and it localized to 

a cytosolic fraction, indicating it was not a membrane protein (Tannahill and Melton, 1989). 

However, inconsistent with its predicted secretory function, expression of Vg1 in oocytes (which 

readily secrete proteins) did not result in detectable, secreted Vg1 (Tannahill and Melton, 1989). 

Tannahill and Melton provided some possible explanations. They suggested that perhaps only a 

relatively small amount of cleaved Vg1 is made, causing it to be undetectable. The secretion of 

Vg1 might be tightly regulated, causing a failure to detect oocyte-secreted Vg1. They also noted 

that the conservation of cysteines across Vg1 and other TGF-β family members suggests that 

Vg1 forms dimers, which it could do with itself or with another TGF-β family member (Tannahill 

and Melton, 1989).  

 

The following year, the identity of XTC-MIF was reported by Smith and others to be Activin A, 

another member of the TGF-β family (Smith et al., 1990; van den Eijnden-van Raaij et al., 1990). 

Focus in the field shifted to Activin, which held the promise that it was the long sought-after 

mesoderm induction factor. However, Northern blot experiments by Gerald Thomsen and Doug 

Melton demonstrated that Activin A is not expressed until late gastrula stages – long after 

mesoderm induction has occurred. They showed that a related protein, Activin B, also possesses 

potent mesoderm-inducing activity, but the transcripts aren’t detected until late blastula stages 

after the mesoderm induction event has taken place (Thomsen et al., 1990). Subsequent 

analyses using the more sensitive technique of RT-PCR also failed to detect Activin transcripts 

in the egg (Dohrmann et al., 1993). 
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This result coincided with a refocus on Vg1. In 1993, the Melton and Colman labs reported one 

of the most discouraging results for Vg1 as an endogenous mesoderm inducer, along with a 

possible solution. Both groups showed that vg1 injection into animal caps or UV-irradiated 

embryos failed to generate mesoderm (Dale et al., 1993; Thomsen and Melton, 1993). However, 

aware that TGF-β family members are active as a cleaved dimer (Massagué, 1987), yet the 

cleaved product of Vg1 is undetectable, they fused the Vg1 mature domain onto the prodomain 

of other TGF-β family members, BMP4 and BMP2 (Dale et al., 1993; Thomsen and Melton, 1993). 

These fusion proteins produced a cleaved mature Vg1 domain that formed secreted dimers, and 

induced the formation of mesoderm in UV-irradiation, embryonic injection and animal cap assays 

(Dale et al., 1993; Thomsen and Melton, 1993). Thus, both groups concluded that Vg1 is a potent 

mesoderm inducer when successfully processed to its mature form, which might only occur 

under tight control in the embryo (Dale et al., 1993; Thomsen and Melton, 1993). Dale and 

colleagues made three other interesting observations. First, using reducing and non-reducing 

western blots they noted that Vg1 dimers couldn’t be detected endogenously or under 

conditions of overexpression, suggesting that the vast majority of Vg1 in the embryo exists in a 

monomeric form. Second, they demonstrated that the signal peptide at the N-terminus of Vg1 is 

not cleaved upon entry into the ER, contrary to what happens to other secreted proteins (Heijne, 

1990). They interpreted this to mean that Vg1 might be retained in the ER because it still contains 

the hydrophobic signal or because it is unable to correctly fold. Third, they showed that when 

BMP-Vg1 is secreted in an oocyte assay it is in a dimeric form, suggesting that Vg1 requires 

dimer formation to be secreted (Dale et al., 1993). 

 

At the same time that mesoderm-inducing activity was demonstrated for the Xenopus Vg1 

chimeric proteins, Kathryn Helde and David Grunwald reported vg1 expression in zebrafish. Like 
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Xenopus, zebrafish vg1 was also detected as a maternal transcript, but unlike Xenopus it lacked 

the exquisite localization pattern, and was instead ubiquitous in the early embryo (Helde and 

Grunwald, 1993). One explanation the authors proposed was that maternal transcripts aren’t 

localized in the early blastula embryo because region-specific gene expression is only initiated 

after the maternal-to-zygotic transition (MZT) (Helde and Grunwald, 1993). 

 

Discovery of Nodal 

The field underwent a shift in 1993. Xunlei Zhou and Michael Kuehn mapped a retroviral insertion 

mutation in mice that caused embryonic ectoderm to fail to differentiate into mesoderm (Conlon 

et al., 1991; Iannaccone et al., 1992). The mutation was found to lie in a gene encoding another 

TGF-β family member that’s expressed at the time of mesoderm formation and later in the node, 

the mouse equivalent of the Spemann-Mangold Organizer. The authors named the gene Nodal 

(Zhou et al., 1993). Nodal quickly became the favored endogenous mesoderm inducer in 

vertebrates. While Vg1 was expressed in the right place and time to be a mesoderm inducer, it 

appeared to lack endogenous mesoderm-inducing activity. By contrast, Activin possessed 

potent mesoderm-inducing activity in ectopic Xenopus assays but was not expressed at the right 

time to be an endogenous mesoderm inducer4. Nodal provided a solution to the puzzle: it was 

expressed at the right time, in the correct place, and genetic evidence proved it was required to 

form mesoderm (Conlon et al., 1991; 1994; Iannaccone et al., 1992; Zhou et al., 1993). Zebrafish 

nodal mutants demonstrated that Nodal is required for the formation of mesoderm and 

endoderm in vivo (Feldman et al., 1998). 

                                                

4 And subsequent mutation of the Activins demonstrated they are not required for mesoderm formation in mice 
(Matzuk et al., 1995) 
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Subsequent studies in Xenopus (Jones et al., 1995; Joseph and Melton, 1997; Lowe et al., 1996; 

Lustig et al., 1996; Smith et al., 1995; Takahashi et al., 2000), chick (Levin et al., 1995; Pagán-

Westphal and Tabin, 1998), mice (Brennan et al., 2002; Collignon et al., 1996; Conlon et al., 1991; 

1994; Kumar et al., 2015; Lowe et al., 1996; Saijoh et al., 2003; Zhou et al., 1993) and zebrafish 

(Erter et al., 1998; Feldman et al., 1998; Long et al., 2003; Noël et al., 2013; Rebagliati et al., 

1998a; 1998b; Sampath et al., 1998; Toyama et al., 1995) demonstrated that Nodal orthologs 

possess mesoderm-inducing activity and direct left-right axis formation in a variety of systems 

(see ‘The Nodal Signaling Pathway’).  

 

Vg1 in Xenopus, zebrafish and chick  

With the discovery that multiple members of the TGF-β family can regulate cell growth and 

differentiation, focus turned to the receptors that are activated by these ligands. A series of 

studies in the early 1990s identified a class of serine/threonine transmembrane kinases that are 

activated by Activin, named the type I (Attisano, 1993) and type II Activin receptors (Attisano et 

al., 1992; Mathews et al., 1992; Mathews and Vale, 1991). Expression of a truncated, dominant-

negative Activin type IIB receptor in Xenopus inhibited mesoderm formation, which led the 

authors to conclude that Activin is required for embryonic mesoderm induction (Hemmati-

Brivanlou and Melton, 1992). However, subsequent experiments demonstrated that BMP-Vg1 

activity is also inhibited by the truncated Activin receptor, suggesting that type II Activin 

receptors can mediate signaling by multiple TGF-β family members (Schulte-Merker et al., 1994). 

Receptor binding assays showed that Activin, but not mature Vg1, directly binds type II Activin 
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receptors, indicating that Vg1 might activate the type II receptors through an indirect mechanism 

(Kessler and Melton, 1995).  

 

Further evidence suggested that the mature region of Vg1 is itself a potent mesoderm inducer. 

Daniel Kessler and Doug Melton noted that secretion of mature Vg1 is inefficient from BMP2- or 

BMP4-Vg1-injected oocytes, so they generated a new chimeric protein with the prodomain of 

activin βB and the mature domain of Vg1. Expression of this protein in oocytes resulted in a large 

amount of secreted mature Vg1. Incubation of animal cap explants with the supernatant of activin 

βB-Vg1-injected oocytes resulted in mesoderm formation, with a concentration-dependent 

effect of mature Vg1 on gene expression (Kessler and Melton, 1995)5. The authors thus proposed 

a model for Vg1-mediated mesoderm formation in which cortical rotation of the early Xenopus 

embryo directs the proteolytic activation of Vg1, either by locally activating a protease or by 

inversely restricting the release of a cleavage inhibitor (Kessler and Melton, 1995). 

 

Important mysteries remained: Why can endogenous Vg1 cleavage not be visualized? Why is 

there no evidence that endogenous Vg1 is secreted? And why does endogenous Vg1 not induce 

mesoderm formation? 

 

Studies of Vg1 moved to other animal systems. The Melton lab demonstrated that the Xenopus 

anti-Vg1 antibody cross-reacts with zebrafish Vg1 (denoted here as zVg1). This revealed that 

zVg1 is expressed ubiquitously in the early zebrafish embryo until the 10-somite stage, and is 

only detected as a full-length protein, akin to Xenopus. Unexpectedly, when they injected zVg1 

                                                

5 It should be noted that the Melton Vg1 chimeric proteins used the cleavage site and first 4 amino acids of the mature 
domain of BMP2/Activin. It is possible that those 4 amino acids conferred ectopic function on the mature domain of 
Vg1.  
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into Xenopus embryos, zVg1 was processed, secreted and could induce the formation of 

mesoderm (Dohrmann et al., 1996)6. By generating fusion proteins of the Vg1 prodomain and 

zVg1 mature domain, the authors demonstrated that the zVg1 cleavage site, but not the Vg1 

cleavage site, allowed zVg1 to be cleaved in Xenopus (Dohrmann et al., 1996). They concluded 

that Xenopus and zebrafish Vg1 are both regulated at the post-translational level, and noted that 

the trans-acting molecule required for Vg1 processing might be spatially separated from Vg1 in 

the embryo (Dohrmann et al., 1996). 

 

In 1996 a Vg1 ortholog was cloned in chicken (Seleiro et al., 1996). cVg1 was found to be 

expressed at the site of axis (primitive streak) formation prior to gastrulation and mesoderm 

formation. Anti-Vg1 western blots of chick tissue detected full-length cVg1 but no cleavage 

product and injection of cVg1 mRNA into Xenopus embryos resulted in no phenotype. However, 

expression of a chimera of the chick BMP4 prodomain with the cVg1 mature domain induced 

mesoderm induction and axis formation in Xenopus embryos (Seleiro et al., 1996). COS cells 

transfected with cVg1 produced cleaved cVg1, and grafts of these cells in pre-streak chick 

embryos resulted in an ectopic streak (Seleiro et al., 1996). Thus, it was concluded that cVg1 is 

required for axis formation, and it was suggested that cVg1 might act upstream of Nodal (Seleiro 

et al., 1996). A subsequent study by Jane Dodd and Claudio Stern’s groups revealed similar 

results. Transfection of COS cells with a dorsalin-1-cVg1 chimera resulted in secreted, mature 

cVg1 that could induce mesoderm formation in Xenopus animal caps and chick explants (Shah 

et al., 1997). Grafts of cells expressing dsl-cVg1 at ectopic locations caused ectopic expression 

of cNodal, suggesting that cVg1 acts upstream of cNodal (Skromne and Stern, 2001). 

                                                

6 The authors injected 5 ng of zVg1 to visualize a cleaved product, which is a lot of mRNA. Mesoderm induction 
occurred at lower concentrations.  
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Vg1 in left-right asymmetry 

Progress on the mesoderm-inducing capabilities of Xenopus and zebrafish Vg1 was hampered 

by the inability to uncover an endogenous function for the gene. Meanwhile, Joseph Yost’s group 

noticed that the Xenopus Nieuwkoop center possessed left-right asymmetries in its mesoderm-

inducing capabilities. In vertebrates, Nodal activity is restricted to the left side of the node during 

somite stages, and subsequently extends up the left lateral plate mesoderm (LPM) through auto-

induction and repression from Lefty. Nodal induces expression of target genes that cause the 

left-right asymmetric development of organs, such as the asymmetric jogging and looping of the 

heart (Figure 1-4) (Hamada et al., 2002). The Yost lab tested the capability of maternal mRNAs 

to influence left-right asymmetry in the embryo, and reported that injection of BMP-Vg1 into the 

right side of the Nieuwkoop center results in randomization of cardiac and visceral left-right 

asymmetry (Hyatt et al., 1996). Upon injection of BMP-Vg1 into the right side of the Nieuwkoop 

center, Xnr1 (Nodal) was now expressed on both the left and right sides of the LPM. They 

concluded that maternal Vg1 induces the expression of Xnr1 on the left side, which induces the 

correct asymmetric positioning and looping of the heart and gut (Hyatt et al., 1996). Consistent 

with this idea, injection of a truncated Activin receptor into the left side of embryos, which had 

been shown to block BMP-Vg1 activity (Schulte-Merker et al., 1994), caused randomization of 

left-right asymmetry (Hyatt and Yost, 1998). 

 

The idea that Vg1 is the endogenous mesoderm inducer lost more traction in 1996 with the 

discovery of VegT. VegT was found to localize to a vegetal crescent in the Xenopus oocyte; it 

encodes a transcription factor whose overexpression resulted in mesoderm formation; and 

depletion of VegT using an antisense oligonucleotide strategy resulted in transformation of the 
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presumptive mesoderm into ectoderm instead of mesoderm (Zhang and King, 1996; Zhang et 

al., 1998a). 

 

 

Figure 1-4. Establishment of the left-right axis in mice. 
Nodal is expressed at the node and becomes restricted to the left side of the lateral plate mesoderm 
(LPM). It induces its own expression as well as the expression of the Lefty inhibitors. This allows Nodal 
to extend along the left LPM until it induces expression of the transcription factor Pitx2. Subsequent 
signaling events cause the left-right asymmetric morphogenesis of organs. From (Hamada et al., 2002). 
 

 

At this point it was clear that a genetic or depletion strategy was necessary to interrogate the 

endogenous function of Vg1, since the primary evidence for Vg1 mesoderm-induction activity 

came from overexpression studies. Elaine Joseph and Doug Melton developed a mutant ligand 

approach in which they designed BMP-Vg1 mRNAs with mutations that would theoretically 
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interfere with dimer formation or receptor binding. Three of the mutated ligands successfully 

failed to induce mesoderm gene expression when injected into embryos, and in the most 

extreme cases, the resulting embryos failed to generate dorsal mesoderm (Joseph and Melton, 

1998). The authors cited this as evidence that endogenous Vg1 is required for mesoderm 

induction. Meanwhile, other dominant-negative approaches were used to argue that Activin has 

an endogenous role in mesoderm induction (Wittbrodt and Rosa, 1994). The lack of specificity 

(Hemmati-Brivanlou and Melton, 1992; Meno et al., 1999; Schulte-Merker et al., 1994) and range 

of phenotypes (Dyson and Gurdon, 1997; Hawley et al., 1995; Hemmati-Brivanlou and Melton, 

1992; Kessler and Melton, 1995; Schulte-Merker et al., 1994; Sun et al., 1999) produced by 

dominant-negative approaches underscored the need for a genetic strategy. 

 

A few years later Bilge Birsoy, Chris Wylie and Janet Heasman designed antisense 

oligonucleotides (ASOs) against Vg1 to cause depletion of the endogenous mRNA. Injection of 

Vg1 ASOs caused concentration-dependent effects on mesoderm formation, and although all 

three germ layers were still present, two mesoderm structures (notochord and somites) were 

severely affected (Birsoy et al., 2006). The authors noted that depletion of Vg1 causes reduction 

in Smad2 phosphorylation and an increase in Smad1 phosphorylation, suggesting that Vg1 

induces phosphorylation of Smad2 and expression of BMP antagonists (Birsoy et al., 2006).  

 

All studies on Vg1 to date had used the Vg1 allele identified in the original cDNA screen, which 

contains a proline 20 amino acids from the N-terminus of the protein (Rebagliati et al., 1985). 

Birsoy and colleagues identified a second Vg1 allele that is equally represented in the oocyte 

and embryo, with a serine substituted for the proline (Birsoy, 2005). The authors claimed that the 

Vg1(ser) allele can rescue the ASO-induced phenotype, Vg1(ser) is processed more readily than 

Vg1(pro) and, unlike Vg1(pro), it possesses mesoderm-inducing activity (Birsoy et al., 2006). 
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However, while this paper claimed to resolve the mystery of Vg1’s function, the knockdown 

phenotypes were mild, and it suffered from a number of major experimental flaws7. Nonetheless, 

this was the last major paper published on Xenopus Vg1. 

 

GDF1 and GDF3 

A Vg1 ortholog was noticeably absent from mammals until Daniel Kessler’s group screened a 

mouse expression library with the Vg1 monoclonal antibody and achieved cross-reactivity with 

a clone encoding GDF1 (Growth Differentiation Factor 1) (Wall et al., 2000). In the same year, a 

group published a Gdf1 mouse mutant, which had defects in left-right patterning (Rankin et al., 

2000). Interestingly, although Gdf1 had been cloned 9 years earlier and was found to possess 

its greatest homology with Xenopus Vg1, the author had concluded that it was unlikely to be the 

Vg1 mammalian ortholog since the majority of homology lay downstream of the predicted 

cleavage site (Lee, 1990).  

 

Northern blot and in situ analysis of Gdf1 revealed that it is expressed throughout the embryo 

proper, and then in the primitive node, ventral neural tube and lateral plate mesoderm (Rankin et 

al., 2000). The Gdf1 mutant mouse demonstrated that GDF1 is required for establishing the left-

right axis, and in its absence, Nodal, Lefty and Pitx2 are not expressed, suggesting that GDF1 is 

upstream of Nodal expression (Rankin et al., 2000). Meanwhile, Wall and colleagues showed 

that, although GDF1 is expressed after mesoderm induction, it shares a number of properties 

                                                

7 First, the authors claim that Vg1(ser) is processed more readily than Vg1(pro), but the figure only shows a smaller 
version of the full-length protein (35 kDa) rather than the cleaved product of Vg1 (18 kDa). Ridiculous. Second, they 
claim that Vg1(ser) has mesoderm-inducing activity whereas Vg1(pro) (in the same experiment) does not. However, 
they don’t show the Vg1(pro) data. Third, the ‘mesoderm-inducing activity’ is a qPCR result with no error bars or 
evidence that it was ever repeated. 
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with Xenopus Vg1. For instance, expression of Gdf1 in Xenopus results in no detectable cleavage 

or embryonic activity, but upon fusing the GDF1 mature domain to the BMP2 prodomain, BMP-

GDF1 is successfully cleaved and induces mesoderm in Xenopus (Wall et al., 2000). In addition, 

consistent with the mouse mutant, expression of Gdf1 on the right but not left side of the embryo 

resulted in a reversal of left-right asymmetry (Wall et al., 2000). These studies presented a 

promising ortholog of Xenopus, zebrafish and chick vg1, although they suggested that 

mammalian vg1 was required for left-right asymmetry, and not for mesoderm induction. 

 

The Schier lab provided evidence that Vg1 and GDF1 function through a Nodal-like pathway in 

the embryo. Using zebrafish with a mutation in the Nodal coreceptor One-eyed pinhead (Oep), 

Simon Cheng and colleagues showed that BMP-GDF1 and Activin-Vg1 activity are dependent 

on functional Oep, but independent of the Nodal ligands Cyclops and Squint. They showed that 

BMP-GDF1 and Activin-Vg1 also activate the same type I and type II Activin receptors as Nodal, 

their receptor binding ability is dependent on Oep (Cheng et al., 2003), and Activin-Vg1 activity 

is inhibited by Lefty through its interaction with Oep (Cheng et al., 2004). By contrast, Activin 

activity was found to be independent of Oep (Cheng et al., 2003) and was not inhibited by Lefty 

(Cheng et al., 2004). These studies, combined with other work that showed Vg1 and Nodal signal 

via activation of Smad2 (Graff et al., 1996), suggested that Nodal and Vg1 share signaling 

components with each other, and not with Activin. 

 

A second TGF-β family member was also predicted to serve as a mammalian ortholog of Vg1 

(Jones et al., 1992), but its role in development wasn’t interrogated until years later. Mouse Gdf3 

expression was found to be highly localized to the pluripotent cells of the inner cell mass and 

epiblast, with its expression ceasing prior to gastrulation (Chen et al., 2006). To interrogate the 

function of Gdf3 the authors generated knockout mice, the majority of which developed into 
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fertile, healthy adults. However, a subset didn’t make it through development. A proportion of 

mutant embryos had absent or reduced expression of endoderm and mesoderm markers, and 

displayed defects in anterior visceral endoderm formation, akin to some of the mutants in the 

Nodal signaling pathway (Brennan et al., 2001; 2002). The authors thus investigated Nodal 

expression in the mutants, and noted that Nodal was absent or upregulated in a proportion of 

embryos, suggesting some synergy between Nodal and GDF3. In vitro studies showed that 

GDF3 is processed to its mature form when fused to the BMP2 prodomain, and is active in a 

Nodal-responsive luciferase assay in the presence of Cripto, the mouse Nodal coreceptor (Chen 

et al., 2006). Likewise, expression of BMP-Gdf3 in Xenopus assays resulted in mesoderm 

induction, causing the authors to conclude that GDF3 acts in a Nodal signaling pathway in the 

pre-gastrulation embryo (Chen et al., 2006). 

 

The same year, Olav Andersson and Carlos Ibáñez generated Gdf1;Nodal mutants to investigate 

possible interactions between the GDF1 and Nodal pathways. While Nodal mutants died at 

gastrulation (Lowe et al., 2001) and Gdf1 mutants had defects in left-right axis formation (Rankin 

et al., 2000), Gdf1-/-;Nodal+/- compound mutants had defects in notochord and prechordal plate 

development, two structures associated with differentiation of the axial mesoderm (Andersson 

et al., 2006). The authors examined the expression of Nodal over development in the absence of 

Gdf1 to see if Nodal and GDF1 act synergistically to control Nodal expression. In agreement with 

previous studies (Rankin et al., 2000), they found that Nodal expression was absent in the LPM 

in the absence of Gdf1, indicating that GDF1 is upstream of Nodal expression. However, Nodal 

expression was unaffected by the loss of Gdf1 in other spatial and temporal domains, including 

the epiblast and node (Andersson et al., 2006). 
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The partially penetrant phenotype of Gdf3 mutants suggested that it might be acting in concert 

with other TGF-β family members to pattern the mesoderm. Andersson and Ibáñez generated 

Gdf1;Gdf3 double mutants to investigate cooperation between the ligands. A subset of Gdf3 

single mutants showed defects in anterior visceral endoderm formation and mesoderm formation 

(Andersson et al., 2007; Chen et al., 2006). The Gdf1;Gdf3 double mutants showed more severe 

defects in anterior visceral endoderm formation and mesoderm formation, consistent with the 

idea of cooperativity between the ligands (Andersson et al., 2007). In addition, in vitro expression 

of Gdf1 or Gdf3 and Cripto in the presence or absence of Nodal revealed that Nodal has 

synergistic effects on GDF1 and 3 activity in a Nodal-responsive luciferase assay, suggesting 

synergism between the GDF ligands and Nodal (Andersson et al., 2007). 

 

A convincing mechanism for GDF1 and Nodal’s synergistic activity was subsequently provided 

by the work of Chinatsu Tanaka, Hiroshi Hamada and Yukio Saijoh. By rescuing Nodal 

expression in the lateral plate mesoderm (LPM) of Gdf1 mutants using tissue-specific Gdf1 

expression, they demonstrated that Gdf1 is required in the node along with Nodal to transfer 

Nodal activity to the LPM. Given the shared signaling components of the GDF1 and Nodal 

pathways (Cheng et al., 2003; 2004; Wall et al., 2000), the authors used a Xenopus assay to 

measure the effect of GDF1 on a Nodal-responsive luciferase reporter. They found that Gdf1 

injection into Xenopus animal caps resulted in the production of full-length and processed GDF1, 

but yielded no activation of the luciferase reporter. However, co-injection of Gdf1 and Nodal 

resulted in significantly greater activity than Nodal alone. A similar result was achieved for co-

expression of zVg1 and cyclops or squint, the zebrafish orthologs of Nodal (Tanaka et al., 2007). 

To understand the nature of this enhanced activity, the authors performed co-

immunoprecipitation experiments with GDF1 and Nodal and detected an interaction, suggesting 

that the proteins form a heterodimer. To test the properties of the heterodimers, Xenopus 
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oocytes were co-injected with either Gdf1 or Nodal mRNAs, or a combination of Gdf1 and Nodal 

mRNAs, and the supernatant was collected 3 days later. Xenopus animal caps exposed to the 

Nodal/GDF1 media had substantial luciferase reporter activity, whereas animal caps exposed to 

a mixture of Nodal media and GDF1 media failed to activate the reporter. This indicated that the 

heterodimers likely form intracellularly. Further experiments in Xenopus and mice demonstrated 

that GDF1 increases the range of Nodal, which could allow the transfer of Nodal activity from the 

node to the LPM. The authors suggested that GDF1 might increase Nodal activity by increasing 

its affinity for the receptor (Tanaka et al., 2007). GDF1/Nodal heterodimers were subsequently 

purified from HEK cells, and used to induce embryonic stem cells to differentiate into endoderm 

(Fuerer et al., 2014).  

 

A Unifying Model for Vg1?  

A few years after the mammalian ortholog of Vg1 was shown to increase Nodal’s range and 

activity during the establishment of the left-right axis, a study suggested a similar role for 

zebrafish Vg1 (also called Dvr1/Gdf3). Annita Peterson and Joseph Yost targeted the zebrafish 

vg1 gene with morpholinos, which resulted in zebrafish embryos with a randomization in left-

right organ patterning (Peterson et al., 2013). Expression of southpaw (a zebrafish ortholog of 

Nodal) and its targets were reduced in the morphants, indicating that Nodal signaling was 

affected by the reduction in vg1. While the original discovery of vg1 in zebrafish indicated that 

vg1 expression is ubiquitous in the early embryo until mid-gastrulation (Helde and Grunwald, 

1993), Peterson and colleagues uncovered a second period of expression in the node and LPM 

(akin to Gdf1), which could explain the phenotype (Peterson et al., 2013; Rankin et al., 2000; Wall 

et al., 2000). The authors ectopically expressed vg1 and southpaw in Xenopus animal caps and 
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found that Vg1 and Southpaw in combination created a larger domain of ectopic mesodermal 

gene expression than Southpaw alone, causing the authors to conclude that Vg1 and Southpaw 

mutually enhance each other’s activity. However, co-immunoprecipitation experiments failed to 

detect an interaction between Southpaw and Vg1, and contrary to previous results (Cheng et al., 

2004), the Nodal inhibitors Charon and Lefty did not inhibit BMP-Vg1 activity (Peterson et al., 

2013). The authors concluded that Southpaw and Vg1 ‘cooperate’ to asymmetrically transfer a 

signal from the node to the LPM, which ultimately induces the asymmetric development of 

organs (Peterson et al., 2013). 

 

These studies suggested a unifying model for Vg1’s function: Vg1 cooperates with Nodal to 

pattern the left-right axis by increasing the range of Nodal. Vg1 might induce mesoderm 

induction when artificially fused to a different prodomain that facilitates its cleavage in the early 

embryo, however its endogenous function appeared to lie later in development. The only data 

missing for this model was genetic evidence of Vg1’s function in zebrafish, Xenopus and chick. 

 

The Nodal Signaling Pathway 

Nodal is a member of the TGF-β family of ligands and is a key inducer of mesendoderm in 

vertebrate embryos and embryonic stem cells. Mouse and zebrafish Nodal mutants fail to 

generate mesendoderm (Conlon et al., 1991; 1994; Feldman et al., 1998; Zhou et al., 1993), and 

Nodal expression induces mesendodermal cell types in Xenopus (Jones et al., 1995; Joseph and 

Melton, 1997; Lustig et al., 1996; Smith et al., 1995; Takahashi et al., 2000), chick (Bertocchini 

and Stern, 2002), zebrafish (Bisgrove et al., 1999; Erter et al., 1998; Feldman et al., 1998; 

Gritsman et al., 2000; 1999; Meno et al., 1999; Sampath et al., 1998; Toyama et al., 1995) and  
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embryonic stem cells (Brandenberger et al., 2004; Camus et al., 2006; D'Amour et al., 2005; 

Hoveizi et al., 2014; Kubo, 2004; Parisi et al., 2003; Smith et al., 2008; Takenaga et al., 2007; 

Vallier et al., 2004; Yasunaga et al., 2005). 

 

 

Figure 1-5. The Nodal signaling pathway. 
Nodal is an extracellular ligand of the TGF-β family of proteins. It is processed to its 
mature form by convertases and inhibited by Lefty and Cerberus proteins. Nodal 
binds to a complex of Activin type I and type II receptors and an EGF-CFC 
coreceptor. This causes phosphorylation of Smad2 and nuclear entry of a pSmad2-
Smad4 complex. Transcription of Nodal target genes is controlled in part by 
transcription factors FoxH1, Mixer and p53. Adapted from (Schier, 2009). 
 
 

 

There is a second period of Nodal expression during the formation of the left-right axis (Levin et 

al., 1995; Long et al., 2003; Lowe et al., 1996; Pagán-Westphal and Tabin, 1998). Nodal is 

required for correct left-right axis patterning in mice (Brennan et al., 2002; Kumar et al., 2008; 

Saijoh et al., 2003) and zebrafish (Noël et al., 2013). In addition, Nodal expression correlates with 

the mispositioning of organs in mouse laterality mutants (Collignon et al., 1996; Lowe et al., 1996) 
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and UV-treated Xenopus embryos (Lohr et al., 1997). Misexpression of Nodal in chicks (Levin et 

al., 1997) and Xenopus (Sampath et al., 1997) randomizes the positioning of the heart and 

viscera.  

 

In humans and mice one Nodal ligand induces both mesoderm formation and left-right 

patterning, but in zebrafish the task is divided between three ligands: Cyclops and Squint pattern 

the mesendoderm and Southpaw patterns the left-right axis. Xenopus possess 5 nodal-related 

genes: Xnr1 to 5. 

 

Nodal proteins are secreted, extracellular ligands that bind to complexes of Activin type I and 

type II receptors. Activation of the serine/threonine kinases is dependent on the presence of the 

EGF-CFC coreceptor Cripto/Oep (Schier, 2003). Upon activation and phosphorylation of the 

receptors, the intracellular protein Smad2 is phosphorylated, pSmad2 binds to Smad4, pSmad2-

Smad4 translocates to the nucleus, and it complexes with proteins such as FoxH1 and Mixer to 

bind to and activate a subset of Nodal target genes including Nodal itself (Shen, 2007) (Figure 1-

5). Nodal activity is regulated by extracellular inhibitors, including the Lefty proteins, which are 

divergent members of the TGF-β family, and Cerberus/Charon.  

 

The TGF-β family of proteins 

TGF-β family members are synthesized as proproteins that dimerize through conserved 

cysteines and stabilize a characteristic cysteine knot structure (Constam, 2014) (Figure 1-6). 

Dimerization is mediated by intra-chain disulfide bonds (Thompson, 2003; Wang et al., 2016) and 

inter-chain disulfide bonds between prodomains (Shi et al., 2011; Wang et al., 2016) and/or 
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mature domains (Mi et al., 2015). TGF-β family members were originally thought to assemble as 

homodimers (Gray and Mason, 1990), but there are now multiple examples of proteins in this 

family that form heterodimers (Aono et al., 1995; Eimon and Harland, 2002; Fuerer et al., 2014; 

Guo and Wu, 2012; Hazama et al., 1995; Israel et al., 1996; Little and Mullins, 2009; Nishimatsu 

and Thomsen, 1998; Schmid et al., 2000; Shimmi et al., 2005; Suzuki et al., 1997; Tanaka et al., 

2007). These include BMP2-7 heterodimers, which pattern the dorsoventral axis in zebrafish 

(Little and Mullins, 2009), Nodal-GDF1 heterodimers that pattern the left-right axis in mice (Fuerer 

et al., 2014; Tanaka et al., 2007), and the Drosophila BMP proteins Decapentaplegic (Dpp) and 

Screw that form broadly distributed homodimers and spatially restricted heterodimers, creating 

a biphasic signal for patterning the blastoderm embryo (Shimmi et al., 2005).  

 

 

TGF-β-related proteins comprise a prodomain and a mature domain separated by a basic 

cleavage site. The mature domain is the signaling component of the dimer and the prodomain is 

required for folding, disulfide bond formation and export of mature dimers (Gray and Mason, 

 

Figure 1-6. The structure of three TGF-β family proteins. 
Each superfamily member consists of a prodomain and a mature domain separated by a basic cleavage site. The 
proteins dimerize through disulfide bonds either within or between peptide chains. From (Wang et al., 2016). 
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1990). Additional roles have been ascribed to specific TGF-β family prodomains. For instance, 

the BMP4 prodomain can remain non-covalently associated with the mature domain after 

cleavage, causing transport to the lysosome for degradation (Degnin et al., 2004). In contrast, 

cleavage of the Nodal prodomain reduces the stability of Nodal and decreases its signaling range 

(Le Good et al., 2005). The BMP4 prodomain promotes assembly of BMP4 with BMP7 and is 

necessary and sufficient for the formation of BMP4/7 heterodimers in mice (Neugebauer et al., 

2015). 

 

Proprotein convertases such as Furin and the serine protease PACE4 recognize cleavage sites 

with the motif RXXR (Constam, 2014). Furin and PACE4 cleave an RQRR site in Nodal, and this 

cleavage is required for Nodal signaling in vivo (Beck et al., 2002). However, under some 

conditions full-length, uncleavable Nodal is still able to signal (Ben Haim et al., 2006). The activity 

of proprotein convertases can occur extracellularly, for instance cleaving Nodal in the mouse 

embryo (Beck et al., 2002) or intracellularly, for instance processing zebrafish Southpaw during 

left-right patterning (Tessadori et al., 2015).  

 

There are multiple mechanisms by which processing by proprotein convertases can be 

regulated. First, the expression of the enzymes can be restricted temporally or spatially. This 

occurs in the mouse embryo, where Furin and Pace4 are expressed in the extraembryonic 

ectoderm while Nodal is expressed in the epiblast cells; only where the two protein pools meet 

does processing occur (Beck et al., 2002). Second, proprotein convertases can regulate their 

own maturation. For instance, convertases carry out an auto-cleavage event to mature from an 

inactive zymogen to an active enzyme. Furin undergoes a second auto-cleavage event that is 

pH-dependent and changes its conformation (Dillon et al., 2012). Third, to regulate processing 

of specific substrates rather than all proprotein targets, TGF-β-related proteins can utilize tissue-
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specific cleavage motifs. This occurs in Drosophila, where one Dpp cleavage motif is required 

for the protein’s function in the wing disc while another is required for activity in the midgut 

(Sopory et al., 2010). Fourth, proteins that bind the proprotein convertase cleavage site of TGF-

β-related proteins can inhibit processing, for instance in the case of E-selectin, which inhibits  

cleavage of TGF-b (Yang et al., 2010). Finally, control of processing can be achieved with spatial  

compartmentalization of ligands and convertases. For instance, the Nodal coreceptor Cripto 

binds both Nodal and Furin, and is thought to localize Nodal processing to the cell surface 

(Blanchet et al., 2008; Constam, 2014). 

 

 

 

 

 

 

 

Zebrafish mesendoderm patterning  

The first major patterning event in zebrafish development is the specification of the 

mesendoderm, which occurs after the maternal-to-zygotic transition (MZT). The initiation of 

 

Figure 1-7. cyclops and squint single mutants exhibit mild floorplate and 
cyclopia phenotypes. 
Adapted from (Dougan et al., 2003). 
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zygotic transcription coincides with the formation of an extraembryonic tissue, the yolk syncytial 

layer (YSL), from which Mxtx2 induces the expression of the Nodal genes cyclops and squint 

(Hong et al., 2011; Xu et al., 2012). The roles of cyclops and squint in zebrafish mesendoderm 

development were elucidated using single and double mutants (Feldman et al., 1998; Hatta et 

al., 1991; Heisenberg and Nüsslein-Volhard, 1997). cyclops and squint single mutants exhibit 

mild embryonic phenotypes, with defects in prechordal plate development and cyclopia (Figure 

1-7) (Hatta et al., 1991; Heisenberg and Nüsslein-Volhard, 1997). By comparison, cyclops;squint 

double mutants are much more severe: the embryos fail to generate the derivatives of the 

mesendoderm, including the notochord, somites, blood, heart and gut (Feldman et al., 1998) 

(Figure 1-8). This phenotype is shared with embryos lacking the Nodal coreceptor Oep (Gritsman 

et al., 1999) or the Nodal signal transducer Smad2 (Dubrulle et al., 2015). The single and double 

mutant phenotypes reveal that cyclops and squint possess partially overlapping roles in 

patterning the mesendoderm.  

 

 

Figure 1-8. cyclops-/-; squint-/- double mutants lack derivatives of the 
mesendoderm. 
Adapted from (Feldman et al., 1998) 

 

After the induction of cyclops and squint expression, the proteins diffuse through the blastula, 

inducing the expression of many target genes that pattern the mesendoderm tissues, including 

transcription factors and cytoskeletal components (Bennett et al., 2007; Fodor et al., 2013; Liu 
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et al., 2011). Embryological experiments suggest that Cyclops acts over a short range, Squint 

acts over a medium range, and the inhibitors Lefty1 and 2 act over a long range (Chen and 

Schier, 2001; 2002) (Figure 1-9). This has led to the suggestion that Nodal acts as a morphogen 

and operates according to a reaction-diffusion system. To test this model, members of the Schier 

lab measured the distribution, clearance and diffusivity properties of the zebrafish Nodals and 

Leftys in vivo, and found them to be consistent with such a system (Muller et al., 2012). In order 

to understand how Nodal can induce a concentration-dependent effect on gene expression, 

Julien Dubrulle and colleagues in the Schier lab measured the effect of Nodal concentration on 

gene expression. They found that the concentration of Nodal alone was unable to predict where 

and when target genes are induced: instead, each target gene integrates its rate of transcription 

with the onset of expression to determine its spatial expression range (Dubrulle et al., 2015). 

Current models of zebrafish mesendoderm patterning have assumed that Cyclops and Squint 

signal as homodimers (Shen, 2007). 

 

 

 

 
 

 

 

 

  

 

Figure 1-9. Nodal signaling in the zebrafish embryo. 
Nodal ligands Cyclops and Squint are secreted from the margin of the blastula 
embryo and diffuse through the embryo, inducing mesendoderm. Lefty, an inhibitor 
of Nodal, has a higher diffusivity than Cyclops and Squint. From (Schier, 2009). 
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Aims and Approaches 

Over 30 years ago the localized, maternal mRNA vg1 was identified in Xenopus, and it was 

predicted to be an essential inducer of vertebrate mesoderm. However, though the Xenopus, 

zebrafish, chick and mouse mature domains of Vg1 were shown to possess mesoderm-inducing 

properties when fused to heterologous prodomains, an endogenous function for Vg1 in 

mesoderm induction was not identified. Nodal activity and Nodal mutants could account for the 

mouse and zebrafish mesodermal patterning systems, and the field was missing the genetic 

interrogation of Vg1 function. 

 

In 2012, at the beginning of my graduate work, the standard method to test zebrafish gene 

function was with morpholinos 8  (MOs) (Nasevicius and Ekker, 2000), which are DNA 

oligonucleotides that sterically hinder translation or splicing. However, they have critical 

shortcomings, for instance they can induce off-target effects (Eisen and Smith, 2008), and the 

quality of knockdown cannot be quantified. Since the development of the CRISPR/Cas9 system, 

a number of published MO phenotypes have been shown to be artifacts (Kok et al., 2014; 

Schulte-Merker and Stainier, 2014; van Impel et al., 2014). Before CRISPR/Cas9 methods 

became available in zebrafish, we developed a method to knock down RNA in zebrafish using 

antisense oligonucleotides (ASOs), which cause RNase H-mediated degradation of target 

mRNAs, and therefore allow the effectiveness of knockdown to be quantified (see Chapter 2). 

Following the development of CRISPR/Cas9 methods, we developed a web tool to design guide 

RNAs (gRNAs), as it became clear that the effectiveness of a knockout was predominantly 

                                                

8 There was also ‘TILLING’ (Moens et al., 2008), a strategy that generates random mutants, but it requires luck that a 
mutation is generated in your gene-of-interest and that it’s a loss-of-function allele. 
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determined by the quality of the gRNA (Gagnon et al., 2014; Wang et al., 2014) (see Chapter 3). 

Subsequent developments in the CRISPR/Cas9 technology, combined with large-scale studies 

of gRNA efficiency, illuminated additional rules for gRNA design that we incorporated into a 

second version of our web tool. (see Chapter 4). Finally, with the availability of efficient 

CRISPR/Cas9 knockout strategies in zebrafish, we knocked out vg1 in zebrafish to determine 

the gene’s function (Chapter 5).  
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Chapter 2: Antisense Oligonucleotide-Mediated Transcript 
Knockdown in Zebrafish 

 

Preface 

This chapter was previously published in PLOS ONE on October 5 2015 (Pauli et al., 2015). 

Andrea Pauli and Alexander F. Schier conceived the project; Andrea Pauli and I performed the 

experiments; Andrea Pauli, Alexander F. Schier and I designed the experiments and wrote the 

paper; and Kim A. Lennox and Mark A. Behlke contributed reagents.  

 
Pauli, A.*, Montague, T.G.*, Lennox, K.A., Behlke, M.A., and Schier, A.F. (2015). Antisense Oligonucleotide-Mediated 
Transcript Knockdown in Zebrafish. PLoS ONE 10, e0139504. 

*equal contribution 

 

Abstract 

Antisense oligonucleotides (ASOs) are synthetic, single-strand RNA-DNA hybrids that induce 

catalytic degradation of complementary cellular RNAs via RNase H. ASOs are widely used as 

gene knockdown reagents in tissue culture and in Xenopus and mouse model systems. To test 

their effectiveness in zebrafish, we targeted 20 developmental genes and compared the 

morphological changes with mutant and morpholino (MO)-induced phenotypes. ASO-mediated 

transcript knockdown reproduced the published loss- of-function phenotypes for oep, chordin, 

dnd, ctnnb2, bmp7a, alk8, smad2 and smad5 in a dosage-sensitive manner. ASOs knocked 

down both maternal and zygotic transcripts, as well as the long noncoding RNA (lncRNA) 

MALAT1. ASOs were only effective within a narrow concentration range and were toxic at higher 

concentrations. Despite this drawback, quantitation of knockdown efficiency and the ability to 

degrade lncRNAs make ASOs a useful knockdown reagent in zebrafish. 
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Introduction 

One effective strategy for interrogating gene function is to disrupt the generation of a gene 

product by knockdown or knockout. Knockout technologies, such as CRISPR/Cas9 and 

homologous recombination, alter the DNA locus of the gene by either introducing a premature 

stop codon or removing the entire locus (Figure 2-1A) (Cong et al., 2013; Mali et al., 2013c). 

Knockdown methods, on the other hand, such as RNAi, siRNAs and modified antisense 

oligonucleotides (Kurreck, 2003; Prakash, 2011), target the mRNA rather than alter the DNA. 

While it is most reliable to infer gene function by generating a mutant organism, knockdown 

reagents can provide a more immediate assessment of gene function and can be used to target 

gene products without disrupting regulatory DNA elements. 

 

Because siRNAs have been used with limited success in zebrafish (Kelly and Hurlstone, 2011), 

an alternative knockdown reagent, morpholino oligonucleotides (MOs), has been the preferred 

zebrafish knockdown reagent (Nasevicius and Ekker, 2000) (Figure 2-1A). MOs are synthetic 

oligonucleotides composed of around 25 nucleotides that possess a morpholine ring instead of 

the ribose ring found in DNA and RNA, with non-ionic phosphorodiamidate linkages instead of a 

phosphodiester backbone. This provides nuclease resistance and allows them to bind RNA 

molecules through conventional Watson-Crick base pairing. MOs interfere with gene function by 

either sterically hindering translation (Summerton, 1999) or splicing (Draper et al., 2001) or 

functioning as target protectors (Choi et al., 2007) (Figure 2-1A). However, they do not degrade 

the target RNA, impeding quantitation of knockdown efficiency. This is particularly an issue for 

translation-blocking RNAs, which do not create changes to the splicing pattern of the target 

RNA. MOs can also cause significant off-target activity, resulting in misleading phenotypic 

artifacts (Eisen and Smith, 2008). An increasing number of mutants that have been generated 
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subsequent to MO-based studies are either non-phenotypic or produce alternative phenotypes 

from the published MO-mediated knockdowns (Kok et al., 2014; Rossi et al., 2015; Schulte-

Merker and Stainier, 2014; van Impel et al., 2014). For this reason, the availability of an alternative  

 knockdown reagent would be of use to complement MO studies. 

 

The present study employs RNA-DNA hybrid ASOs (also known as gapmers), which are chimeric 

oligonucleotides containing 10 DNA nucleotides flanked by 5 2’O-Methyl (2’OMe) RNA residues 

(5-10-5 arrangement) (Ideue et al., 2009; Vickers et al., 2003). The phosphate backbone in the 

 

 
Figure 2-1. Overview of knockdown and loss-of-function technologies in zebrafish.  
A) Antisense oligos (ASOs, red) degrade target RNA, morpholinos (MOs, orange) either block splicing or inhibit 
translation, and Cas9-sgRNA complexes (blue) create double-strand breaks in DNA leading to genomic alterations. 
B) ASOs are RNA-DNA hybrid oligonucleotides containing 10 central DNA nucleotides flanked by 5 2’O-Methyl 
(2’OMe) modified RNA nucleotides on either side (5-10-5 arrangement). Individual nucleotides in the ASO are linked 
by phosphorothioate bonds to increase stability.  
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DNA and RNA is replaced with phosphorothioate bonds to increase ASO stability, and addition 

of 2’OMe RNA modifications increases nuclease resistance (Figure 2-1B). The RNA and DNA 

portions in the hybrid molecule serve distinct functions: the RNA nucleotides increase affinity to 

complementary RNAs, while the central DNA stretch serves as a guide for RNase H-mediated 

degradation of the complementary RNA. This strategy has been widely used as a knockdown 

approach in Xenopus (Heasman et al., 1994; Mir and Heasman, 2008; Torpey et al., 1992; Zhang 

et al., 1998a), tissue culture (Dimitrova et al., 2014), mouse models (where gapmer ASOs have 

reversed disease phenotypes (Kordasiewicz et al., 2012; Wheeler et al., 2012)), and it has shown 

promise in gene therapy (Bennett and Swayze, 2010; Meng et al., 2014). RNase H degradation 

is catalytic, and the ASO itself is recycled, meaning that a single ASO can direct degradation of 

multiple copies of the target RNA. In contrast, a single steric-blocking MO can only bind and 

inactivate a single target RNA molecule. 

 

ASOs offer a number of advantages over MOs. First, they cause degradation of the transcript via 

RNase H. Thus, the efficiency of the knockdown can be quantified. Second, due to degradation 

of the RNA, rather than prevention of splicing or translation, they can be used to eliminate spliced 

maternal RNAs. Third, they can target both protein-coding and noncoding RNAs due to activity 

in the nucleus: ASOs have been shown to shuttle between the cytoplasm and nucleoplasm 

(Lorenz et al., 2000), and can efficiently target nuclear-retained long noncoding RNAs (lncRNAs) 

(Prasanth et al., 2005; Wheeler et al., 2012) and nascent RNAs (Vickers et al., 2003). Finally, 

ASOs are significantly cheaper than MOs, with an average current cost (as of July 2015) of ~$200 

(rather than ~$400). Additionally, only 1/10-1/100 of the MO concentration is required for ASO 

experiments. Therefore, ASOs combine several properties (quantifiable knockdown rates, 

specificity, efficiency, nuclear activity and persistence in vivo (Wheeler et al., 2012)) that highlight 

their potential as alternatives to MO-mediated knockdown. 
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To test the feasibility of using ASOs as an alternative knockdown reagent in zebrafish, we 

targeted 18 genes with known embryonic loss-of-function phenotypes. ASO-mediated 

knockdown reproduced the published phenotypes for 8 developmental protein-coding genes 

(one- eyed pinhead (oep), chordin, dead-end (dnd), beta-catenin 2 (ctnnb2), bmp7a, alk8, smad2 

and smad5). In addition, ASOs substantially knocked down a lncRNA, MALAT1. These results 

establish ASOs as useful knockdown reagents in zebrafish. 

 

Results 

In order to test ASO efficacy in zebrafish we designed ASOs against the Nodal coreceptor oep. 

oep was chosen as a test candidate because it is expressed both maternally and zygotically and 

has dosage-dependent phenotypes. The complete phenotype only becomes apparent when 

both maternal and zygotic oep (MZoep) are inactivated (Gritsman et al., 1999). 5 ASOs were 

designed against different regions of the oep mRNA using in silico RNA-folding predictions (see 

Materials and Methods) (Hofacker, 2003). Each ASO was injected at multiple concentrations (1 

to 500 pg/embryo) into single-cell zygotes. Two ASOs caused oep-specific phenotypes when 

injected between 30 and 150 pg (Figure 2-2A, 2-2D and 2-2F). We found that all ASOs, 

regardless of their nucleotide sequence, were toxic to embryos when injected above 200 pg, 

causing deformation and death. This toxicity was not substantially ameliorated by co-injecting a 

p53 MO (Figure 2-2E) (Langheinrich et al., 2002). The ASO targeting a 20 nt region close to the 

3’end of the oep ORF was most effective: injection of 30–60 pg of this ASO resulted in partial 

loss-of-function phenotypes, resembling partial oep loss-of-function mutants, and injection of 

100–150 pg of the ASO caused phenotypes indistinguishable from complete loss-of-function 

MZoep mutants (Figure 2-2A; quantitation of phenotypes in Figure 2-2F).  
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Figure 2-2. Efficiency and specificity of oep ASO-induced oep (one-eyed-pinhead) mutant 
phenotypes. 
A) Injection of oep ASO induces dosage- dependent oep phenotypes that resemble zygotic (Zoep) and maternal-
zygotic (MZoep) oep genetic mutants. B) oep ASO and MALAT1 ASO knockdowns are specific. The RNA levels of 
oep and MALAT1 were measured by qPCR in oep ASO (100 pg) and MALAT1 ASO (80 pg)-injected embryos. 
Shown is the fold change in RNA level compared to WT (wildtype), normalized to ef1a (error bars: standard deviation 
of the mean of 3 independent experiments). C) qPCR-based measurement of oep RNA levels in individual oep ASO 
(100 pg)-injected (red) or uninjected (black) embryos at shield stage (6 hpf). D) Rescue of oep ASO-induced oep 
phenotypes by coinjection of an oep ASO-resistant RFP-oep fusion mRNA. Note that the oep ASO-sensitive RFP-
oep fusion mRNA is efficiently knocked down (no red fluorescence) and does not rescue. E) Quantitation of survival 
at 24 hpf and F) quantitation of phenotypic strength in survivors at 24 hpf in the presence versus absence of p53 
(p53 MO-injected embryos) or RFP-oep fusion mRNA rescue construct. The number of embryos in each category 
is indicated.  
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Quantitative real-time PCR (qPCR) confirmed the efficient and concentration-dependent 

knockdown of oep mRNA: 1–3% of oep mRNA remained at 3.5 hours post fertilization (hpf) and 

shield stage (6 hpf) (Figure 2-2B). Because a small number of oep ASO-injected embryos did not 

show a specific phenotype at 24 hpf, we tested knockdown efficiencies in individual embryos to 

correlate variability in phenotype with variability in knockdown levels. We found that the level of 

oep mRNA knockdown across individual embryos at shield stage was in line with the variability 

in phenotypes at 24 hpf (7/21 strong oep phenotype, 11/21 dead, 2/21 partial oep phenotype, 

1/21 deformed, versus 13/15 ASO-injected embryos with a >3-fold reduction in oep mRNA 

levels) (Figure 2-2C). The observed phenotype was specific to the knockdown of oep mRNA as 

injection of an oep mRNA containing 7 nucleotide changes within the ASO recognition site was 

able to rescue the ASO-induced phenotype (Figure 2-2D and 2-2F). Moreover, quantitation of 

the levels of oep and MALAT1 RNA in oep ASO-injected and MALAT1 ASO-injected embryos 

(see below) revealed that each ASO was specifically knocking down the target RNA and not the 

unrelated RNA (Figure 2-2B). 

 

To assess the perdurance of ASO-mediated transcript knockdown in zebrafish and to test 

whether ASOs could be used to knock down non-coding RNAs in zebrafish, we chose to target 

MALAT1. This lncRNA is one of the most highly expressed transcripts during development, it 

localizes to the nucleus, and has been efficiently targeted with ASOs in mouse models (Wheeler 

et al., 2012). Notably, 2/3 ASOs against MALAT1 reduced MALAT1 transcript levels to 1–10% 

of wild-type levels (Figure 2-2B and data not shown), and substantial knockdown persisted for 

at least 5 days after injection of MALAT1 ASO but not after injection of an unrelated ASO (dnd 

ASO) (Figure 2-3). Consistent with the lack of detectable phenotypes in MALAT1 knockout mice 

(Eißmann et al., 2014; Nakagawa et al., 2012; Zhang et al., 2012), development proceeded 

normally in zebrafish embryos depleted of MALAT1 RNA. Nevertheless, the perdurance of 
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MALAT1 RNA knockdown shows that ASOs can be useful reagents to cause sustained 

knockdown of zebrafish mRNAs and lncRNAs for several days post injection. 

 

To test whether ASOs could be used as a general knockdown reagent in zebrafish, we selected 

an additional 17 embryonically expressed genes with known mutant phenotypes (see Table 1). 

For 10 of the targeted genes, we assessed whether ASO injection leads to degradation of the 

target RNA by qPCR. Each ASO was injected at 4 concentrations, and samples were collected 

at the peak times of the corresponding gene’s expression during the first 36 hours of 

development to assess target mRNA levels. After monitoring development of the remaining 

embryos for 24 hours to determine the highest concentration of ASO injection that produced 

minimal embryonic death, we processed the corresponding samples for qPCR to determine if 

there was knockdown of the target mRNA. We observed a strong knockdown for alk8, smad5, 

smad2, chordin and bmp7a, a partial knockdown for ntla and wnt11 and no knockdown for nacre, 

 

 
 
 
Figure 2-3. ASO-mediated RNA knockdown persists for several days. 
MALAT1 and ef1a RNA levels were measured for 5 days post injection by qPCR in uninjected (= wildtype), MALAT1 
ASO (100 pg) and dnd ASO (25 pg)-injected embryos. Shown are MALAT1 RNA levels normalized to ef1a. Error bars 
show standard deviation of the mean of 2 independent experiments (10 embryos each).  
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tolloid and wnt5b (Figure 2-4A). Notably, knockdown efficiency correlated with phenotype. First, 

ASOs that caused efficient knockdown of their target mRNAs (e.g. alk8, smad5, smad2, chordin 

and bmp7a ASOs) reproduced published mutant and knockdown phenotypes in surviving 

embryos (Bauer et al., 2001; Dick et al., 2000; Halpern et al., 1993; Hammerschmidt et al., 1996; 

Hild et al., 1999; Mintzer et al., 2001; Schmid et al., 2000; Schulte-Merker et al., 1997) (Figure 2-

4B). Second, 2 of the 3 ASOs that failed to knock down their cognate mRNAs (nacre and tolloid 

ASOs) did not produce a specific phenotype: they either caused no phenotype or resulted in 

embryonic deformation and death. Results for wnt5b ASO, the third ASO that failed to knock 

down its target gene based on qPCR, were inconclusive due to high variability and high toxicity 

(data not shown). Third, ntla and wnt11 ASO injection lead to partial knockdown and reproduced 

the published mutant phenotype (Halpern et al., 1993) in a smaller proportion of embryos. 

Although we found that in most cases a successful knockdown (measured by qPCR) predicted 

a loss-of-function phenotype, there was a single case in which ASO knockdown achieved up to 

90% reduction in the target mRNA, and yet the injected embryos had few gene-specific 

phenotypes (oep ASO#1). To ensure the knockdown was specific to the ASO that was injected, 

we assessed the level of smad5, bmp7a and alk8 RNA in uninjected embryos and those injected 

with either a smad5, bmp7a or alk8 ASO. Indeed, only the RNA corresponding to the injected 

ASO was reduced (Figure 2-4C). Together, these results suggest that qPCR can be a useful 

assay to pre-screen ASOs for their ability to knock down target mRNAs. To test whether ASOs 

could be an efficient knockdown reagent for transcripts required in only a small subset of cells, 

we chose to target dnd, a germ plasm component required for germ cell migration and survival 

(Weidinger et al., 2003). Loss of dnd functionality leads to loss of germ cells — a phenotype that 

can be monitored by labeling germ cells with eGFP (Ciruna et al., 2002). Injection of 25 pg of dnd 

ASO resulted in complete germ cell loss at 24 hpf (Figure 2-4D), reproducing the phenotype seen 

with MO-mediated translational inhibition (Ciruna et al., 2002). 
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In summary, after targeting 20 genes with 50 individual ASOs (see Table 1), our results reveal 

that ASOs can be an effective knockdown reagent for protein-coding and noncoding transcripts. 

 

 

 

 
 
 
Figure 2-4. ASO-mediated RNA knockdown correlates with phenotype. 
A) The RNA level of the gene corresponding to each ASO was measured (compared to WT, normalized to ef1a) and 
correlated to the presence of a phenotype: green = reproduced published phenotype (in case of MALAT1: no mutant 
phenotype), orange = reproduced published phenotype in a smaller percentage of embryos, red = did not produce 
a phenotype. Injected amount of ASO per embryo: 50 pg smad2 ASO, 50 pg smad5 ASO, 50 pg alk8 ASO, 50 pg 
bmp7a ASO, 150 pg chordin ASO, 100 pg ntla ASO, 50 pg wnt11 ASO, 150 pg tolloid ASO, 100 pg wnt5b ASO, 
100 pg nacre ASO, 150 pg MALAT1 ASO. Error bars show standard deviation of the mean of 2 independent 
experiments (10 embryos each). B) ASO-generated phenotypes for alk8, bmp7a, chordin, smad5 and ctnnb2 (shown 
are 3 embryos representative of the different severities of ctnnb2 ASO-induced phenotypes). C) ASOs only target 
the cognate RNA, and not unrelated RNAs. qPCR-based assessment of ASO specificity to their cognate target 
genes (10 embryos each). D) dnd ASOs block germ cell formation. Germ cells were labeled by injection of 80 pg 
eGFP-nanos3’UTR mRNA. Coinjection of 25 pg dnd ASO caused complete loss of green germ cells (white arrow).  
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Discussion 

This study reveals that ASOs can be an effective RNA knockdown reagent for zebrafish. Three 

observations establish the suitability of ASO use in zebrafish. First, ASOs are specific, because 

(i) we can rescue the phenotype caused by ASO-mediated knockdown of oep with an ASO- 

resistant oep mRNA, and (ii) ASOs cause substantial reduction of the target mRNA without 

corresponding reductions in unrelated mRNAs. Second, ASOs can target maternal, zygotic, 

nuclear and cytoplasmic coding and noncoding RNAs, since we were able to target maternal 

oep, smad5 and dnd, zygotic oep, chordin, bmp7a and alk8, and the nuclear noncoding RNA 

MALAT1 (Bernard et al., 2010). Third, unlike MOs, ASO-mediated knockdown can be quantified 

by qPCR, which generally allows phenotypes to be correlated with a reduction in expression of 

the target RNA. 

 

Although our experiments highlight the power of ASOs to efficiently knock down target RNAs, 

there are three limitations associated with ASO use. First, ASOs are toxic to the embryo when 

injected above 200 pg, irrespective of the nucleotide sequence. The toxicity is usually manifested 

as cell death followed by embryonic lethality. Thus, high levels of ASOs should be used with 

caution if the resulting phenotype could be linked to general toxicity in the embryo (Levin, 1999). 

Second, ASOs appear to only be effective in a narrow concentration range. We found that some 

ASOs produced no knockdown at moderate levels (e.g. 100 pg) but were toxic and induced 

lethality at higher levels (200 pg). Therefore, it is important to inject at least 2–3 different 

concentrations to capture the ideal concentration range and produce efficient target knockdown. 

Third, not all ASO designs produced knockdown phenotypes. We designed 2–5 ASOs for each 

gene but, with a few exceptions such as oep and dnd, we generally found that either all or no 

ASOs were effective for a particular gene. Of the 50 ASOs we designed for 20 genes, we found 
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that 21 (42%) effectively targeted 11 genes, of which 16 (32%) caused loss-of-function-like 

phenotypes and 5 (10%) caused partial knockdown phenotypes (see Table 1). Steric-blocking 

MOs are only effective when targeting sequences around the translational start, limiting design 

options. By contrast, ASOs designed against any region of the target RNA can lead to target 

degradation. One current limitation of ASO design is the lack of an effective target prediction 

algorithm. Currently, ASOs are designed using antisense reagent target prediction strategies 

(Pan and Clawson, 2006) that have limited predictive power (MAB, personal communication), 

necessitating the need to empirically test each ASO for knockdown efficiency. However, as ASO 

use becomes more widespread, target prediction tools will likely become available. A good 

example of such a development comes from the RNAi field, where machine learning algorithms 

have been trained to improve siRNA knockdown rates (Peek and Behlke, 2007). 

 

Due to these limitations, ASOs — like all knockdown reagents — should be used with caution 

and with appropriate controls. ASOs allow fast, cost-effective and preliminary assessment of 

gene function, but we do not recommend that ASOs be used to firmly establish the function 

of previously uncharacterized genes, unless phenotypes are confirmed with genetic mutants 

(Gagnon et al., 2014; Hwang et al., 2013). Where mutant phenotypes are known, ASOs and other 

knockdown reagents that recapitulate the mutant phenotypes can be valuable, for instance to 

knock down maternal transcripts or non-coding RNAs, or create clutches of embryos that all 

have the same or similar phenotypes. Thus, ASOs are a useful addition to the zebrafish 

knockdown reagent toolkit. 
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Table 2-1. Overview of ASO experiments. 
 

Gene name           
(Mutant name) 

Expression 
pattern 

No. of 
effective 
ASOs/de
signed 

Assay of ASO        
knockdown 
efficiency 

Reference for published 
morphology 

PROTEIN-CODING 

alk8 (lost-a-fin) maternal + 
zygotic 2/2 

morphology; 
RT-PCR 

(Bauer et al., 2001; Mintzer et 
al., 2001) 

bmp2b (swirl) zygotic 0/2 
morphology; 
RT-PCR 

(Kishimoto et al., 1997; Lele 
et al., 2001; Martı́nez-Barberá 
et al., 1997; Nguyen et al., 
1998) 

bmp7a (snailhouse) zygotic 2/2 morphology; 
RT-PCR 

(Dick et al., 2000; Lele et al., 
2001; Schmid et al., 2000) 

chordin (dino) zygotic 2/2 morphology; 
RT-PCR 

(Fisher and Halpern, 1999; 
Nasevicius and Ekker, 2000; 
Schulte-Merker et al., 1997) 
 

ctnnb2 (ichabod) maternal 1/2 morphology 
(ventralization) 

(Bellipanni et al., 2006) 

cx41.8 (leopard) 
expressed in 
late larvae + 
adults 

0/3 

morphology 
(spotted 
pigment 
pattern) 

(Watanabe et al., 2006) 

dnd/dead-end germ-cell 
specific 1/4; 1*/4 

morphology 
(ablation of 
germ cells at 
24 hpf) 

(Ciruna et al., 2002; 
Weidinger et al., 2003) 

hcrt/hypocretin expressed 
from 1dpf 

0/3 
in situ (hcrt 
expressing 
cells) 

(Prober et al., 2006) 

mitfa (nacre) expressed 
from 1dpf 

0/2 
morphology; 
RT-PCR 

(Lister et al., 1999; 
Nasevicius and Ekker, 2000) 

oep/one-eyed 
pinhead 

maternal + 
zygotic 

2/5 morphology; 
RT-PCR 

(Gritsman et al., 1999; Schier 
et al., 1997; Zhang et al., 
1998b) 

slc24a5 (golden) expressed 
from 1dpf 

0/3 
morphology 
(loss of 
pigment) 

(Lamason et al., 2005) 

smad2 maternal + 
zygotic 2/3 

morphology; 
RT-PCR 

(Dubrulle et al., 2015) 

smad5 (somitabun) maternal + 
zygotic 

2/2 morphology; 
RT-PCR 

(Hild et al., 1999; Lele et al., 
2001) 

ta-T/ntla/no-tail a zygotic 2*/2 
morphology; 
RT-PCR 

(Halpern et al., 1993; 
Nasevicius and Ekker, 2000) 

toddler/apela/ELABE
LA zygotic 0/2 

morphology 
(gastrulation + 
heart defect) 

(Chng et al., 2013; Pauli et 
al., 2014) 
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tll1/tolloid/mini fin zygotic 0/2 
morphology; 
RT-PCR 

(Connors et al., 1999; Lele et 
al., 2001) 

wnt11 (silberblick) zygotic 2*/2 
morphology; 
RT-PCR 

(Heisenberg et al., 2000; Lele 
et al., 2001) 

wnt5b (pipetail) zygotic 0/2 
morphology; 
RT-PCR 

(Lele et al., 2001; Rauch et 
al., 1997) 

NON-CODING 

MALAT1 
highly 
expressed 
from 1 dpf 

2/3 RT-PCR   

miR-126 
expressed 
from 1 dpf; 
endothelia 

0/2 
morphology (blood 
formation) 

(Fish et al., 
2008; Wang et 
al., 2008) 

 

 

Materials and Methods 

Ethics statement 

All vertebrate animal work was performed at the facilities of Harvard University, Faculty of Arts 

& Sciences (HU/FAS). The HU/FAS animal care and use program maintains full AAALAC 

accreditation, is assured with OLAW (A3593-01), and is currently registered with the USDA. This 

study was approved by the Harvard University/Faculty of Arts & Sciences Standing Committee 

on the Use of Animals in Research & Teaching under Protocol No. 25–08.  

 

ASO design 

ASOs were manually designed to target regions of the RNA predicted by in silico methods 

(Hofacker, 2003) to have no substantial secondary structure. For ASO DNA domains (central 10 

bases of an ASO) with CpG, 5’Me-dC was used instead of standard deoxy-Cytosines (dCs) to 

protect the ASO from potential methylation by TLR9. 2–5 ASOs were designed for each target 

gene. For genes with published, successful MO-induced phenotypes, one ASO was designed to 

target a region overlapping the MO binding site, with the exception of oep, MALAT and mir-126. 
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For the majority of genes, further target regions were chosen within the 5’UTR or very close to 

the ATG translational start codon.  

 

Microinjection, RNA purification and qPCR 

Zebrafish TLAB strain zygotes were collected and injected through the chorion with 25–200 pg 

of an ASO. ASO injections above 200 pg resulted in general toxicity. Co-injection experiments 

with p53 MO included 2.6 ng of tp53 MO (5’-GCGCCATTGCTTTGCAAGAATTG-3’) (Langheinrich 

et al., 2002). Each batch of ASO-injected embryos was assessed individually for 

knockdown/loss-of-function phenotypes of the cognate gene by scoring embryonic 

morphology, performing qPCR, reporter gene expression (GFP-nanos-3’UTR for dnd ASO) or in 

situ hybridization of marker genes (for toddler ASO and hypocretin ASO; data not shown). For 

morphological assessment, embryos were raised to 24–30 hpf and imaged. For qPCR-based 

assessment of knockdown efficiencies, total RNA was isolated from 5–10 embryos of the 

appropriate developmental stage using the standard TRIzol (Invitrogen) protocol. Genomic DNA 

was removed by TURBO-DNase treatment. For reverse transcription (iScript, BioRad), equal 

amounts of total RNA per sample were used as input (100–500 pg of total RNA, depending on 

the experiment). 1 µl of a 20 µl cDNA reaction (equivalent to 0.05–0.25 pg of total RNA) was used 

as template for quantitative real-time PCR (qPCR). qPCR reactions were run on a Stratagene 

MX3000p using GoTaq (Promega) and 0.25 µM of gene-specific forward and reverse primers 

(see primer list below). qPCR cycling conditions: 10 min at 95 degrees Celsius, followed by 45 

cycles of 30 sec at 95 degrees Celsius, 30 sec at 55 degrees Celsius, and 20 sec at 72 degrees 

Celsius. qPCR reactions were performed in triplicate and averaged. For each gene, gene 

expression levels were calculated relative to a reference gene, ef1a. Knockdown efficiencies 

were calculated as the ratio of normalized gene expression in ASO-injected versus uninjected 
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(or non-cognate ASO-injected) sample. Each experiment was performed at least in duplicate, 

using independent biological samples. 

 

oep ASO rescue 

To generate an oep ASO-resistant oep mRNA rescue construct, 7 nucleotides within the 

targeting site of the most efficient oep-targeting ASO (ASO#2 sequence: mG* mG* mC* mG* 

mA* A* C* A* T* G* A* C* A* A* T* mU* mG* mU* mA* mG (* denotes phosphorothioate bonds; 

‘m’ denotes 2’O-Methyl RNA nucleotides)) were mutated by standard PCR-based site-directed 

mutagenesis. In brief, overlapping fragments encoding the 5’ portion and the 3’ portion of a 

fusion between oep and RFP (oep signal peptide-RFP-oepORF) were amplified and fused 

together by PCR, using standard methods. mRNAs of ASO-sensitive and ASO-resistant oep-

RFP fusion constructs were synthesized using SP6 mMessage Machine (Ambion) and injected 

either with or without 100 pg of oep ASO#2. Rescue ability was assessed by 1) strength of oep 

mutant phenotype; and 2) persistence of red fluorescence in the presence of oep ASO#2. 

 

Imaging 

Fluorescently labeled embryos (mRNA injection of eGFP-nanos3’UTR (Ciruna et al., 2002) or 

RFP-oep (oep ASO-sensitive or -resistant constructs)) were imaged on the Zeiss Discovery 

Scope V12, and brightfield images were captured using the Leica MZ16F. 

 

qPCR primers 

ef1a was used as reference gene (ef1a_F agaaggaagccgctgagatgg, ef1a_R 
tccgttcttggagataccagcc). The following primers were used to amplify specific target genes:  
 
alk8_F cgttatcattagcaatgatgtgacg 
alk8_R tcttcttttcttctggacttgtgag 
bmp2b_F agttttcatcacgaagaggctt  

ntl_R agttgtccatgtagttattggtgg 
oep_F gaatgacgagtcaactgttcgggttc 
oep_R tcttgcagcaggtacggctttgtt 
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bmp2b_R ttaattctgtggaagccactcg 
bmp7a_F agctttgcgaatacagtggatc 
bmp7a_R ctgacatggaaggtctcgttttc  
chordin_F gttcctctggccggtgttctggt  
chordin_R ctcctctggggttcatcttggtgct  
MALAT-1_F aaggggatctgcacttttctctctcttct 
MALAT-1_R cacacaaacacttccaccacacacc 
nacre_RT_F ctcaactgtgagaaagagatggac 
nacre_RT_R gttactgatggaaactccagctg 
ntl_F aatctggatattcacaactcggtg 
 

smad2_F Aagcg gagcaggaggtggtggag 
smad2_R gtccccaaatttcagagcaattgctgg 
smad5_F gtagggtgagtttggagagatg 
smad5_R gtagggtgagtttggagagatg 
tolloid_F aaatggtccccaggcaatatc 
tolloid_R agttatactcctgacctggctg 
wnt11_F gacctcaagtctaaatacctgtcg 
wnt11_R gtcttgttacactgcctgtctg 
wnt5b_F cgtcatgcatataggcagcc 
wnt5b_R cgaagcggtagccatagttg 
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Chapter 3: CHOPCHOP: a CRISPR/Cas9 and TALEN web tool 
for genome editing  

 

Preface 

This chapter was previously published in Nucleic Acids Research on May 26th 2014 (Montague 

et al., 2014). José M. Cruz and I conceived the project and generated the first version of 

CHOPCHOP with input from Eivind Valen. I generated the published version of CHOPCHOP with 

input from José M. Cruz and substantial input and guidance from Eivind Valen. I wrote the 

manuscript with input from José M. Cruz, Eivind Valen and James Gagnon. James Gagnon and 

George Church provided CRISPR/Cas9 advice.  

 

Montague, T.G.*, Cruz, J.M.*, Gagnon, J.A., Church, G.M., and Valen, E. (2014). CHOPCHOP: a CRISPR/Cas9 and 
TALEN web tool for genome editing. Nucleic Acids Res. 42, W401–W407. 

*equal contribution 

 

Abstract 

Major advances in genome editing have recently been made possible with the development of 

the TALEN and CRISPR/Cas9 methods. The speed and ease of implementing these technologies 

has led to an explosion of mutant and transgenic organisms. A rate-limiting step in efficiently 

applying TALEN and CRISPR/Cas9 methods is the selection and design of targeting constructs. 

We have developed an online tool, CHOPCHOP (https://chopchop.rc.fas.harvard.edu), to 

expedite the design process. CHOPCHOP accepts a wide range of inputs (gene identifiers, 

genomic regions or pasted sequences) and provides an array of advanced options for target 

selection. It uses efficient sequence alignment algorithms to minimize search times, and 

rigorously predicts off-target binding of single-guide RNAs (sgRNAs) and TALENs. Each query 



 50 

produces an interactive visualization of the gene with candidate target sites displayed at their 

genomic positions and color-coded according to quality scores. In addition, for each possible 

target site, restriction sites and primer candidates are visualized, facilitating a streamlined 

pipeline of mutant generation and validation. The ease-of-use and speed of CHOPCHOP make 

it a valuable tool for genome engineering.  

 

Introduction 

The discovery of numerous bacterial nucleic acid modification systems has led to the recent 

development of two modular, precise genome editing tools (Gaj et al., 2013; Mali et al., 2013b). 

The TALE (transcription activator-like effector) and CRISPR/Cas (clustered regularly interspaced 

short palindromic repeats) systems have recently been optimized for research use to site-

specifically introduce mutations, large translocations and inversions, and manipulate 

transcriptional activation and repression in a variety of organisms (Bikard et al., 2013; Boch et 

al., 2009; Cong et al., 2013; Mali et al., 2013c; 2013a; Miller et al., 2011). 

TALENs are a genome editing method derived from plant pathogenic bacteria (Gaj et al., 2013). 

TALE architecture is composed of 3 parts: an N-terminal domain, TALE repeat domains, and a 

C-terminal domain. The TALE repeat domains typically consist of 34 amino acid residues, where 

the twelfth and thirteenth repeat variable di-residues (RVDs) determine DNA nucleotide binding 

specificity (Moscou and Bogdanove, 2009; Streubel et al., 2012). Each RVD is recognized by a 

specific nucleotide, leading to a simple code for DNA recognition: NI for adenine, HD for cytosine, 

NG for thymine, and NH or NN for guanine (Cong et al., 2012; Mali et al., 2013c; Moscou and 

Bogdanove, 2009; Streubel et al., 2012). Importantly, the RVDs can be assembled sequentially 



 51 

to bind any given target sequence. For genome editing purposes, TALEs are fused to the FokI 

nuclease domain to create TALE nucleases (TALENs). Because FokI only cleaves as a dimer, 

sites must be targeted by a pair of TALENs binding on opposite faces of the DNA strand, spaced 

approximately 14-20 bp apart. The FokI nuclease domains dimerize across the spacer sequence 

and create a double-strand break (DSB). The DSB can be repaired through error-prone non-

homologous end-joining (NHEJ), which often results in indels and potentially frameshift 

mutations. For efficient binding, TALEN target sequences require a thymine at the 5’ end for 

recognition by the TALE N-terminus (Miller et al., 2011; Moscou and Bogdanove, 2009; Streubel 

et al., 2012). 

The CRISPR/Cas9 system originates from a bacterial immune system that has been adopted for 

use as a programmable genome editing tool. S. pyogenes Cas9 nuclease is directed to target 

sites in the genome by a single-guide RNA (sgRNA) (Bikard et al., 2013; Cong et al., 2013; Jinek 

et al., 2012). The Cas9/sgRNA complex binds a 20 bp target sequence followed by a 3 bp 

protospacer adjacent motif (PAM) –NGG (two invariable Gs preceded by a variable base), and it 

creates a DSB that is repaired in a seemingly identical manner to TALEN-induced DSBs. While 

the presence of an -NGG PAM motif is one of the few requirements for binding, the methods 

used to generate sgRNAs for targeting often impose additional restrictions. Depending on the 

polymerase being used for sgRNA synthesis, the 5’ end dinucleotides may be limited to, for 

example, 5’ GN- for the commonly used U6 promoter, or 5’ GG- for T7 polymerase (Bikard et 

al., 2013; Hwang et al., 2013). In addition, certain criteria such as GC-content appear to influence 

binding efficiency (Gagnon et al., 2014; Wang et al., 2014). These, along with other guidelines to 

ensure target suitability, have been used to mostly manually design sgRNAs to generate 

mutations and knockouts in a variety of organisms including bacteria, yeast, zebrafish, Xenopus, 

nematodes, fruit flies, mice, and human cells (Bikard et al., 2013; Cong et al., 2013; DiCarlo et 
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al., 2013; Friedland et al., 2013; Gagnon et al., 2014; Gratz et al., 2013; Hwang et al., 2013; Jiang 

et al., 2013; Nakayama et al., 2013; Wang et al., 2013).  

TALEN and sgRNA design requires identification of target sites that fulfill certain sequence 

requirements while simultaneously avoiding off-targets elsewhere in the genome. Several studies 

have demonstrated the limited specificity of TALEN- and particularly Cas9-based genome 

editing strategies, highlighting the importance of determining the uniqueness of each candidate 

target site (Cradick et al., 2013; Fu et al., 2013; Guilinger et al., 2014; Hsu et al., 2013; Karolchik 

et al., 2004; Pattanayak et al., 2013). Existing tools for identifying TALEN or sgRNA target sites 

(Doyle et al., 2012; Gratz et al., 2014; Heigwer et al., 2014; 2013; Hsu et al., 2013; Neff et al., 

2013; Sander et al., 2007; Xiao et al., 2014) have limitations, including acceptance of few input 

formats, slow search times, restriction to either TALEN or CRISPR/Cas9 target design, minimal 

or no visualization of the target locus and/or limited information about potential off-target sites.  

We have developed CHOPCHOP, a web-based tool that allows users to easily and rapidly select 

the optimal TALEN or CRISPR/Cas9 target sequences in genes from a variety of organisms. To 

overcome limitations of previous tools, CHOPCHOP accepts a wide range of inputs, employs 

rigorous off-target search algorithms to predict the specificity of each target site in the genome 

(35), and displays all options in an interactive graphical interface. In addition, to expedite the 

validation process, CHOPCHOP designs target site-specific primers for PCR and displays them 

together with restriction sites in the gene context.  

 

Materials and Methods  

Target sequence  
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CHOPCHOP accepts three forms of input: gene name, genomic coordinates or DNA sequence. 

If the user provides a gene name, CHOPCHOP converts it to genomic coordinates in the relevant 

organism by consulting gene tables from a variety of sources (e.g. University of California Santa 

Cruz (UCSC) Genome Browser (Karolchik et al., 2004)). If the user provides genomic coordinates, 

for instance to target an intron, these coordinates (or coordinates from the gene table) are parsed 

by TwoBitToFa (Karolchik et al., 2004), which retrieves the DNA sequence corresponding to the 

genomic region. If the user provides direct DNA sequence, this sequence (or sequence from 

TwoBitToFa) is scanned for all potential target sites fulfilling the sequence requirements for the 

current search (as decided by the user).  

 

Search for off-targets  

The candidate target sites are mapped by Bowtie (Langmead et al., 2009) with the appropriate 

number of mismatches (‘-v’ mode according to the user-specified options) in a sub-region of the 

target site where appropriate (‘-L’ seed mode). In TALEN mode, two target sites are paired if they 

are within a specified range determined by the user. Each sgRNA or TALEN pair is then ranked 

according to: (i) the number of off-targets in the genome (TALEN mode considers individual off-

targets and paired off-targets), and (ii) how many mismatches lie within the off-targets. In 

addition, for CRISPR/Cas9 mode, the results are ranked by: (iii) GC-content, and (iv) the 

presence of a guanine at position 20 in the sgRNA target site (14,15). Any target sites with the 

same score are then sorted by their position in the gene (with preference to 5′ positions). The 

specific metrics employed by CHOPCHOP are listed on the site under ‘Scoring’. These are 

updated with new findings from the literature. TALEN results are clustered and suppressed to 

avoid the display of multiple equivalent TALENs on the results page (e.g. differing by only the 

size of the spacer sequence). The TALEN pair with the highest ranking in each cluster is displayed 

on the results page.  
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Visualization  

Interactive visualization is produced by the D3 JavaScript library (Bostock et al., 2011). The 

targeted gene or locus is displayed in a zoomable interface, with each sgRNA or TALEN pair 

displayed at its appropriate location. Clicking on any individual sgRNA/TALEN target site results 

in a detailed view displaying candidate primer pairs ranking the selected target region and 

restriction sites.  

 

Primer design  

Primer pairs spanning the target site are designed by the batch version of Primer3 (Untergasser 

et al., 2012) using user-specified options. The default parameters are primers of size 18–25 bp 

(optimum: 22 bp), a product size of 150–290 bp, and a primer Tm of 57–63°C (optimum: 60°C). 

The primers are then mapped to the rest of the genome by Bowtie (Langmead et al., 2009) 

(options ‘-v 0 –best –k 10’), and subsequently ranked according to their specificity.  

 

Results 

CHOPCHOP web tool  

CHOPCHOP is an easy-to-use web tool that maximizes user flexibility while maintaining a simple 

and interactive interface. CHOPCHOP can be run in either CRISPR/Cas9 mode or TALEN mode. 

It runs with default parameters, but accepts a range of advanced options for more refined 

searches. CHOPCHOP employs a powerful system for finding off-target sites, and displays the 

output in an interactive table and within the gene architecture. CHOPCHOP also carries out 

automated primer design to aid with downstream genotyping steps.  
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Figure 3-1. Workflow of a CHOPCHOP CRISPR/Cas9 query. 
The home page of CHOPCHOP allows users to enter a gene name, genomic coordinates or a DNA sequence, and 
select an organism and TALEN or CRISPR/Cas9 mode. Advanced options can be toggled. The main results page 
presents the sgRNA or TALEN target sites within the gene architecture (exon, blue; intron, red), with each option 
color-coded according to ranking. Hovering over an entry in the table highlights the corresponding graphical 
sgRNA/TALEN and vice versa. Clicking on a specific result takes the user to a page containing the zoomed in locus 
with the predicted cut site highlighted in red, primer options in purple and restriction sites color-coded according 
to whether they are unique in the region.  
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Implementation  

Input. CHOPCHOP can be run with as few as three basic input options, or with additional 

advanced parameters. The basic input comprises: (i) a gene name (accepting RefSeq, 

ENSEMBL, FlyBase and WormBase gene IDs), genomic coordinates or a pasted sequence; (ii) a 

growing list of organisms (Homo sapiens, Mus musculus, Danio rerio, Drosophila melanogaster, 

Caenorhabditis elegans, Saccharomyces cerevisiae, Arabidopsis thaliana, Xenopus tropicalis, 

Rattus norvegicus, Gallus gallus, Oryzias latipes, Gasterosteus aculeatus and Anopheles 

gambiae); and (iii) the choice between CRISPR/Cas9 or TALEN mode (Figure 3-1). The advanced 

options allow the user to target a sub-region of the gene, such as the 5′ UTR, 3′ UTR, splice 

sites, full exons (including UTRs), or a specified subset of exons.  

 

The CRISPR/Cas9 search mode locates 23 bp target sites including the PAM motif. The user 

may restrict this search to only target sites suited for synthesis using a particular polymerase, 

e.g. GG- or GN-/NG- at the 5′ end of the sgRNA. Recent reports have shown that Cas9 can have 

substantial off-target activity in the genome (Cradick et al., 2013; Fu et al., 2013; Hsu et al., 2013; 

Pattanayak et al., 2013) and that tolerance to mismatches shows significant variance depending 

on the position within the sgRNA (Cong et al., 2013; Hsu et al., 2013). Another study 

demonstrated that the number of mismatches tolerated is dependent upon the specific sgRNA 

(Fu et al., 2013), suggesting there is no universal rule for CRISPR/Cas9 sgRNA off-target 

prediction. For this reason, CHOPCHOP offers the choice between a variety of published 

methods for off-target prediction. (i) One study found mismatches were tolerated at any position 

except within the PAM motif (Hsu et al., 2013). CHOPCHOP provides a search mode reflecting 

this rule, searching for mismatches across all bases upstream of the PAM. This is the default 

mode. (ii) An alternative study found that single-base mismatches up to 11 bp 5′ of the PAM 

completely abolished cleavage by Cas9 (Cong et al., 2013). In contrast, mutations further 



 57 

upstream of the PAM retained cleavage activity. CHOPCHOP therefore provides an alternative 

search mode that locates off-targets with mismatches only in the region where a mismatch would 

still induce cleavage. (iii) Finally, CHOPCHOP provides a fast mode that only searches for perfect 

matches of the sgRNA target sequence across the genome.  

 

The TALEN search mode locates pairs of target sites on opposite strands, separated by a 14–

20 bp spacer sequence, with the requirement that both sites have a T at the 5′ end. The TALEN-

specific options allow the user to cater the target search to a particular TALEN architecture by 

changing the length of the spacer sequence and the length of the target sites. In addition, 

depending upon the assembly kit being used, the user can choose to use either the RVD ‘NN’ 

for guanines, or ‘NH’, which has been shown to bind guanines more specifically than ‘NN’ (Cong 

et al., 2012; Streubel et al., 2012). TALEN off-target binding does not appear to have the same 

position-specific complexity as CRISPR/Cas9 sgRNAs, therefore the TALEN off-target method 

searches for off-targets with 0, 1 or 2 mismatches across each site. The default method searches 

for two mismatches.  

 

In order to analyze whether Cas9 or TALENs have successfully cleaved the target locus, users 

may need to amplify the region of interest for further analysis by methods such as deep 

sequencing or a T7E1 assay (Kim et al., 2009). CHOPCHOP therefore integrates primer design 

with sgRNA/TALEN target site design using Primer3 (Untergasser et al., 2012). Primers are 

designed to amplify the region surrounding the cut site, and mapped against the genome to 

avoid off-targets producing amplicons of similar length. In the advanced options, the user can 

adjust the primer specifications, including amplicon size, primer Tm, primer length and the 

minimum distance between each primer and the target site. In addition, some users might prefer 

to assess successful mutagenesis using restriction enzyme digestion. CHOPCHOP  



 58 

 

Figure 3-2. CHOPCHOP provides detailed information about each CRISPR/Cas9 and TALEN 
target site. 
(A) The detailed information page provides a zoomed in view of the target locus with visible DNA sequence, primer 
options (above the gene, purple) and restriction sites (below the gene; green if unique in the region, red if not). In 
TALEN mode the target site is color-coded; TALEN 1 is blue, the spacer is black and TALEN 2 is red. (B) Information 
is provided about predicted off-targets: the genomic location, number of mismatches and location of mismatches 
within the sequence. (C) Information is provided about the primer designs, including the primer sequence, Tm and 
product size.  
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allows the user to select restriction sites from a particular restriction enzyme company, and it 

allows the user to specify the minimum size of the restriction site.  

 

Output. The majority of CHOPCHOP queries are executed within a matter of seconds, and the 

results displayed in an interactive table and interactive gene model. CHOPCHOP ranks the 

search results according to a number of criteria. Both the TALEN and CRISPR/Cas9 modes are 

ranked by: (i) the number of off-targets, (ii) whether the off-targets contain mismatches or are 

perfect hits, and (iii) where the target site lies within the architecture of the gene (many users 

wish to create a frameshift/null mutation and therefore will prefer a mutation at the 5′ end of the 

gene). Additionally, for CRISPR/Cas9 mode the results are ranked by (iv) GC-content. Recent 

reports suggest that sgRNAs are most effective with a GC-content between 45 and 80%, and 

(v) a guanine at position 20 in the target site, which is associated with improved activity (Gagnon 

et al., 2014; Wang et al., 2014). For TALEN mode, off-targets are specifically scored by whether 

an individual TALEN target site occurs elsewhere in the genome, or whether both members of a 

pair lie within cutting distance of one another at an off-target location. For both CRISPR/Cas9 

and TALEN mode, the results table provides the sequence of the target site, its ranking, genomic 

location (including exons and orientation) and the number of potential off-targets with 0, 1 or 2 

mismatches (Figure 3-1). The CRISPR/Cas9 mode also provides the GC-content of the sgRNA 

target site, and the TALEN mode provides restriction sites that lie in the spacer between two 

TALENs, as well as the RVDs that should be synthesized for the target site. CHOPCHOP also 

provides an interactive graphical representation of the gene, with each sgRNA or TALEN target 

site color-coded according to ranking (Figure 3-1). This allows users to inspect candidate targets 

by their location within the gene as well as their specificity within the genome as a whole. The 

graphical output is generated using the D3 JavaScript library (Bostock et al., 2011) and enables 

the user to zoom and scroll across the gene. Finally, users can download a text file containing 
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the search results, as well as a GenBank file of the DNA sequence annotated with the target 

sites, either with or without introns.  

 

Individual target sites can be inspected in a separate detailed view, displaying additional 

information about the genomic location of off-targets, and the location of the mismatches within 

the off-target sites (Figure 3-2). Upon zooming within this specific region, the DNA sequence 

becomes visible. For TALENs, the gene view suppresses the visibility of substantially overlapping 

TALEN pairs to avoid redundancy. In the detailed view, however, all of the clustered targets are 

listed, should the user prefer a different target sequence in the same approximate location. The 

detailed view also presents the user with all the restriction sites in the surrounding region that 

can be used for testing cleavage activity. Restriction sites are color-coded according to whether 

they are unique within the region. Finally, the detailed view displays primer pairs that ank the 

target site, and a downloadable GenBank le of the targeted region is available, containing 

annotations of the target site and primer designs.  

 

Conclusion 

CHOPCHOP is a user-friendly web tool that locates optimal CRISPR/Cas9 and TALEN target 

sites for any genomic region, and presents the information in an interactive and intuitive manner. 

CHOPCHOP expedites the design process for CRISPR/Cas9- or TALEN-based mutations with 

fast run times, powerful off-target prediction and integrated primer design.  

 

CHOPCHOP has a number of features that separate it from the other CRISPR/Cas9 or TALEN 

tools currently available (Doyle et al., 2012; Gratz et al., 2014; Heigwer et al., 2013; 2014; Hsu et 
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al., 2013; Neff et al., 2013; Sander et al., 2007; Xiao et al., 2014). First, CHOPCHOP accepts a 

wide range of inputs – gene identifiers, genomic regions or pasted sequences – making it suitable 

for a broad range of uses. Second, CHOPCHOP provides a dynamic graphical output display 

that includes an interactive visualization of the gene, with each Cas9/TALEN target site displayed 

at its genomic position and color-coded according to its quality. The visualization of all possible 

target sites in the gene model makes the selection of the optimal candidate easy, and is an ideal 

system for the design of two sgRNAs, as used in the increasingly popular dual nickase approach 

(Ran et al., 2013). Third, unlike most tools, CHOPCHOP integrates TALEN and CRISPR/Cas9 

target design into a single tool. Fourth, CHOPCHOP provides automatic primer generation and 

restriction site visualization for genotyping. Finally, CHOPCHOP provides downloadable results, 

including a GenBank file with annotations of the gene’s exons, introns and target sites, and a 

GenBank file of the specific target region with primer designs. CHOPCHOP creates a streamlined 

process from start to end of mutant design, and is a valuable new resource for genome editing 

technologies.  
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Chapter 4: CHOPCHOP v2: a web tool for the next generation 
of CRISPR genome engineering  

 

Preface 

This chapter was previously published in Nucleic Acids Research on May 16 2016 (Labun et al., 

2016). Kornel Labun added new features to CHOPCHOP with supervision from Eivind Valen. I 

maintained CHOPCHOP and added new organisms. James A. Gagnon provided CRISPR/Cas9 

advice. Summer B. Thyme provided unpublished CRISPR/Cas9 results. I wrote the manuscript 

with input from Eivind Valen and Kornel Labun. 

 

Labun, K.*, Montague, T.G.*, Gagnon, J.A., Thyme, S.B., and Valen, E. (2016). CHOPCHOP v2: a web tool for the next 
generation of CRISPR genome engineering. Nucleic Acids Res. 44, W272–W276. 

*equal contribution 

 

Abstract 

In just 3 years CRISPR genome editing has transformed biology, and its popularity and potency 

continue to grow. New CRISPR effectors and rules for locating optimum targets continue to be 

reported, highlighting the need for computational CRISPR targeting tools to compile these rules 

and facilitate target selection and design. CHOPCHOP is one of the most widely used web tools 

for CRISPR- and TALEN-based genome editing. Its overarching principle is to provide an intuitive 

and powerful tool that can serve both novice and experienced users. In this major update we 

introduce tools for the next generation of CRISPR advances, including Cpf1 and Cas9 nickases. 

We support a number of new features that improve the targeting power, usability and efficiency 

of CHOPCHOP. To increase targeting range and specificity we provide support for custom length 
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sgRNAs, and we evaluate the sequence composition of the whole sgRNA and its surrounding 

region using models compiled from multiple large-scale studies. These and other new features, 

coupled with an updated interface for increased usability and support for a continually growing 

list of organisms, maintain CHOPCHOP as one of the leading tools for CRISPR genome editing. 

CHOPCHOP v2 can be found at http://chopchop.cbu.uib.no  

 

Introduction 

The discovery and adoption of the CRISPR bacterial system for genome editing has led to a 

revolution in biology: targeted mutations are now possible in a multitude of organisms, including 

many not previously amenable to genetic manipulation. This has both transformed our approach 

to answering biological questions and unlocked the possibility of correcting human genetic 

diseases.  

 

Originally harnessed from the Streptococcus pyogenes type II system (Cong et al., 2013; Jinek 

et al., 2012; Mali et al., 2013c), CRISPR genome editing is based on a two-component system: 

a Cas9 nuclease and a single guide RNA (sgRNA), which directs the nuclease to a specific site 

in the genome. In the presence of the sgRNA, Cas9 locates the target site and makes a double-

strand break (DSB). The DSB is repaired by the host non-homologous end-joining pathway, but 

often the repair is imperfect, creating indels and in many cases frameshift mutations. Since the 

technology’s inception, research to improve the technology has focused on two main challenges: 

optimization of cutting efficiency and specificity of cutting. A substantial portion of sgRNAs 

designed for a given gene will produce a low or zero cutting rate, and many sgRNAs have the 

capacity to bind promiscuously in the genome, which can lead to off-target mutagenesis 
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(Cradick et al., 2013; Fu et al., 2013; Hsu et al., 2013; Kim et al., 2015; Pattanayak et al., 2013; 

Tsai et al., 2015; Wang et al., 2015b). To address these issues, research has focused on 

identifying the sequence features that contribute to effective (and ineffective) sgRNAs (Chari et 

al., 2015; Doench et al., 2016; 2014; Gagnon et al., 2014; Moreno-Mateos et al., 2015; Xu et al., 

2015), as well as the development of new CRISPR variants that expand the targeting range and 

specificity of the nuclease (Fu et al., 2014; Kleinstiver et al., 2016; 2015; Zetsche et al., 2015). 

With the contribution of so many factors to optimum sgRNA target selection, it has become 

necessary to use software to aid selection of CRISPR target sites for experiments. CHOPCHOP 

(Montague et al., 2014) provides an intuitive online environment for target selection that 

optimizes efficiency and specificity according to the latest large-scale studies, as well as 

performing primer design and restriction site identification, all in a user-friendly, graphical 

interface (Figure 4-1). This new update of CHOPCHOP provides additional flexibility by offering 

new options for sgRNA design, as well as additional metrics by which sgRNA targets are scored 

and ranked.  

 

Improvements in the 2016 release 

CHOPCHOP accepts multiple input formats (gene identifiers, genomic coordinates and pasted 

sequences) for a wide range of organisms, and provides instant, visual output as well as 

downloadable data (GenBank, text tables and FASTA les). In this new version users can also 

view the output data in the UCSC browser (Kent et al., 2002) with a single click, enabling results 

to be viewed in the context of annotated genomic features, such as transcription factor binding 

sites and chromatin architecture and accessibility (Figure 4-2).  
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CHOPCHOP offers flexible targeting to sub-regions of protein-coding and non-coding genes, 

including coding regions, UTRs, splice sites and individual exons. In this new version we also 

offer a promoter-targeting mode (Figure 4-2) for experiments such as down- or upregulating 

gene expression using catalytically dead Cas9 (dCas9) or transcriptionally active dCas9 (e.g. 

dCas9-VP64), respectively (Bikard et al., 2013; Hilton et al., 2015; Qi et al., 2013). CHOPCHOP 

determines potential off-target sites for all sgRNAs using Bowtie (Langmead et al., 2009) and 

automatically generates primers for target sites using Primer3 (Untergasser et al., 2012). The 

length and annealing temperature of the primers, as well as the size of the amplicon, can be 

specified. CHOPCHOP visualizes all elements in a dynamic visual interface that includes 

information about restriction sites, which can be used for downstream validation. In addition to 

these improvements, the new iteration of CHOPCHOP introduces the following major new 

features.  

 

Support for a new generation of CRISPR effectors 

The most widely used CRISPR effector is Cas9, derived from the type II S. pyogenes system. 

While the RNA-mediated targeting of Cas9 offers great versatility in selecting a target site, a 

limiting factor is the requirement for an NGG protospacer adjacent motif (PAM) motif adjacent to 

the target. The occurrence of this motif is not rare in most genomes, but it imposes a restriction 

that can be inimical to achieving the high genomic precision required for certain experiments, or 

for targeting small genes. The new generation of CRISPR effectors vastly expands the universe 

of viable targets by offering alternative PAM motifs. CHOPCHOP now provides support for 

alternative CRISPR effectors, including Cpf1 from Acidaminococcus, which utilizes an AT-rich 

PAM (Zetsche et al., 2015) and Cas9 homologs from S. pyogenes, Streptococcus thermophilus, 

Staphylococcus aureus and Neisseria meningitidis (Fonfara et al., 2014). In addition, CHOPCHOP 

also accepts user-defined custom PAMs that can be anchored to the 5′ (Cpf1) or 3′ (Cas9) end 
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of the sgRNA. This field accepts the standard IUPAC nucleotide alphabet (Cornish-Bowden, 

1985), including ambiguity codes. CHOPCHOP therefore provides support for the sequence 

requirements of any currently known CRISPR effector and enables immediate adoption of any 

new CRISPR effectors. This greatly increases the targeting range of CRISPR experiments that 

can be designed with CHOPCHOP, including improved targeting of AT-rich genomes such as 

Plasmodium falciparum.  

 

New rules for optimizing cutting efficiency  

CRISPR sgRNAs can be ranked by 2 criteria: (i) efficiency – the likelihood that the particular 

sgRNA facilitates cutting, and (ii) specificity – the likelihood that the sgRNA binds off-target sites.  

 

The initial release of CHOPCHOP provided two simple metrics for efficiency based on 

experimental studies. First, the GC-content of the sgRNA – ideally between 40 and 80% – and 

second, whether the sgRNA contains a G at position 20 (Gagnon et al., 2014; Wang et al., 2014). 

Since the initial release of CHOPCHOP, several refinements have been proposed. A study from 

Doench et al. produced a large dataset to calculate efficiencies across a wide range of sgRNAs 

(Doench et al., 2014), and the rules for computationally-aided sgRNA design were recently further 

refined by the same group (Doench et al., 2016). Moreno-Mateos et al. conducted similar screens 

and found that sgRNA stability, which depends on guanine enrichment and adenine depletion, 

was a major determinant of sgRNA efficiency (12). Chari et al. conducted a study exploiting the 

bias of lentiviral integration into transcriptionally active regions, which: (i) revealed that accessible 

DNA is more amenable to cutting with Cas9; (ii) separated the influence of DNA accessibility and 

sequence composition on sgRNA efficiency (Chari et al., 2015). CHOPCHOP users can now view 

results in the UCSC browser (Kent et al., 2002) in the context of DNase I hypersensitivity sites to 

predict accessible DNA regions (Figure 4-2). Finally, a meta study by Xu et al. compiled the 
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sequence specificities across multiple datasets to build an aggregate model (Xu et al., 2015). We 

have implemented all of these metrics in the new release to give the user a broad selection of 

metrics to choose from (the default is the Xu et al. metric). Using these methods, CHOPCHOP 

can now score every sgRNA using position-specific scoring matrices or support vector machines 

that consider each individual position of the sgRNA as well as the sequence downstream of the 

PAM and upstream of the binding site. In the results table this score is reported as the ‘efficiency 

score’.  

 

Other factors also play a role in whether an sgRNA is likely to cut at its intended target. Recently, 

we and others showed that self-complementarity of the sgRNA can inhibit its efficient 

incorporation into the effector complex (Moreno-Mateos et al., 2015; Thyme et al., 2016). 

CHOPCHOP now includes the basic self-complementarity score of the Thyme et al. study 

(Thyme et al., 2016), which computes the number of potential 4 bp stems within the sgRNA and 

between the sgRNA and the backbone. The user can therefore opt to avoid sgRNAs with self-

complementarity using this option.  

 

 

 
 
 
Figure 4-1. CHOPCHOP results can be exported to the UCSC browser with a single click. 
Here, the sgRNAs (in this example in promoter-targeting mode) are viewed in the context of the genome. The tracks 
displayed in this example are DNase sensitive regions, common SNPs and CpG islands.  
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Strategies to increase specificity  

A significant challenge in CRISPR experiments is the possibility of inducing cleavage at sites 

other than the intended target. An emerging tool to alleviate this problem is the paired nickase 

approach (Ran et al., 2013). Unlike natural CRISPR effectors, nickases have been modified to 

cut only one DNA strand. In order to create a DSB, a pair of nickases must be targeted to 

opposite strands and bind within 10–31 bp of each other (Ran et al., 2013). These requirements 

vastly reduce the likelihood of creating off-target DSBs, and CHOPCHOP has now added 

support for paired nickase experiments. In this mode, sites on opposite strands within a specified 

distance (either default or user-defined) are paired as potential nickase sites. For these sites, in 

addition to the default off-target search, each pair of sites is evaluated for off-targets where 

binding and cutting would result in a DSB. Nickase sites are visualized with two CRISPR targets 

surrounding a ‘break’ region (Figure 4-1).  

 

Recent studies have highlighted the need to search for more than two mismatches when 

identifying off-targets (Tsai et al., 2015) so CHOPCHOP now counts off-targets with up to three 

mismatches. While off-targets with more than three mismatches have been reported (Tsai et al., 

2015), evidence suggests that almost all predicted sites of four mismatches or more are not 

cleaved (Tsai et al., 2015) and therefore the vast majority of such predicted sites would be 

misleading and unnecessarily time-consuming to search for during sgRNA selection. Another 

strategy that has been shown to decrease off-target cleavage is the use of truncated sgRNAs 

(Fu et al., 2014; Tsai et al., 2015). Besides increasing specificity, 5′ shortening of the customary 

20 bp also increases the targeting range. The new version of CHOPCHOP therefore provides 

support for sgRNAs of user-defined lengths.  
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Thus, this version of CHOPCHOP supports a number of new features that: (i) improve the ability 

to target a broader range of sequences, and (ii) more thoroughly predict potential off-target sites 

in the genome.  

 

New genomes  

In addition to a new range of features, CHOPCHOP strives to accommodate all requests for new 

genomes and gene annotation sets. So far we have incorporated all inquiries received, and 

CHOPCHOP now supports a total of 32 organisms. Furthermore, all genomes have been 

updated to their most recent assemblies and suggestions for new species can easily be 

submitted through a link on the main page.  

 

Discussion and future developments  

The overarching principle of CHOPCHOP is to provide an intuitive and powerful tool that can 

serve first time as well as experienced users. The basic mode offers optimized defaults for the 

basic user, while more advanced users can select from a wide range of options curated from the 

literature by their relevance and utility. All options are presented in a tabulated and organized 

manner to help users quickly visualize and evaluate options when designing CRISPR 

experiments.  

 

This release retains the general layout of the previous release but updates the visual profile to a 

modern look and to accommodate new features. The site is now mobile and tablet friendly, and 

to streamline the user’s experience we use cookies to remember the selection of species and 

targeting options for subsequent searches. All reported bugs have been fixed, and the 
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implementation is now optimized for future development to facilitate both rapid adoption of any 

future effectors and new targeting data from large-scale studies. This major update maintains 

CHOPCHOP as one of the most easy-to-use, versatile and powerful CRISPR targeting tools 

available.  
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Chapter 5: Vg1/Nodal heterodimers are the endogenous 
inducers of mesendoderm  

 

Preface 

This chapter was previously published in eLIFE on November 15 2017. Alexander F. Schier and 

I conceived the experiments, analyzed the data and wrote the manuscript. I performed the 

experiments. Nate Lord performed the modeling.  

 

Montague, T.G., and Schier, A.F. (2017). Vg1-Nodal heterodimers are the endogenous inducers of mesendoderm. 
Elife 6, 178. 

 

Abstract 

Nodal is considered the key inducer of mesendoderm in vertebrate embryos and embryonic stem 

cells. Other TGF-beta-related signals, such as Vg1/Dvr1/Gdf3, have also been implicated in this 

process but their roles have been unclear or controversial. Here we report that zebrafish embryos 

without maternally provided vg1 fail to form endoderm and head and trunk mesoderm, and 

closely resemble nodal loss-of-function mutants. Although Nodal is processed and secreted 

without Vg1, it requires Vg1 for its endogenous activity. Conversely, Vg1 is unprocessed and 

resides in the endoplasmic reticulum without Nodal, and is only secreted, processed and active 

in the presence of Nodal. Co-expression of Nodal and Vg1 results in heterodimer formation and 

mesendoderm induction. Thus, mesendoderm induction relies on the combination of two TGF-

beta-related signals: maternal and ubiquitous Vg1, and zygotic and localized Nodal. Modeling 

reveals that the pool of maternal Vg1 enables rapid signaling at low concentrations of zygotic 

Nodal. 
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Introduction 

The induction of mesoderm and endoderm (mesendoderm) during embryogenesis and 

embryonic stem cell differentiation generates the precursors of the heart, liver, gut, pancreas, 

kidney and other internal organs. Nodal, a ligand in the TGF-beta protein family, is the key 

inducer of vertebrate mesendoderm (Schier and Shen, 2000; Schier, 2009; Shen, 2007), ranging 

from zebrafish and mouse embryos to human embryonic stem cells. Nodal mutants fail to form 

mesendodermal cell lineages in zebrafish and mouse (Conlon et al., 1991; 1994; Feldman et al., 

1998; Zhou et al., 1993), and activation of the Nodal signaling pathway drives the in vitro 

differentiation of embryonic stem cells into mesendodermal progenitors (Brandenberger et al., 

2004; Camus et al., 2006; D'Amour et al., 2005; Hoveizi et al., 2014; Kubo, 2004; Parisi et al., 

2003; Schier and Shen, 2000; Shen, 2007; Smith et al., 2008; Takenaga et al., 2007; Vallier et al., 

2004; Yasunaga et al., 2005). Following its role in mesendoderm induction, Nodal activity also 

patterns the left-right axis. Nodal ligands are expressed in the left lateral plate mesoderm 

(Collignon et al., 1996; Levin et al., 1995; Long et al., 2003; Lowe et al., 1996; Pagán-Westphal 

and Tabin, 1998), and mutants that lack left-sided Nodal signaling exhibit multiple left-right 

defects (Brennan et al., 2002; Kumar et al., 2008; Long et al., 2003; Noël et al., 2013; Saijoh et 

al., 2003; Yan et al., 1999). 

 

Nodal is not the only TGF-beta-related signal implicated in mesendoderm induction and left-

right patterning. Members of the Vg1/GDF1/GDF3 TGF-beta subfamily have been assigned 

various roles in these processes, although there are puzzling contradictions from the level of 

gene expression to the loss-of-function and gain-of-function phenotypes. The role of GDF1 in 

left-right patterning is well established. Gdf1 mutant mice exhibit left-right asymmetry defects 

(Rankin et al., 2000) and morpholino studies indicate that zebrafish vg1 (dvr1/gdf3) is required 
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for left-right patterning (Peterson et al., 2013). GDF1/Vg1 alone is unable to activate the Nodal 

signaling pathway, but it increases the activity and range of mouse and zebrafish Nodal ligands 

in Xenopus assays (Peterson et al., 2013; Tanaka et al., 2007) and the activity of mouse Nodal in 

tissue culture cells (Andersson et al., 2007; Fuerer et al., 2014). Thus, Nodal and Vg1/GDF1 family 

members cooperate to pattern the left-right axis.  

 

The role of the Vg1/GDF1/GDF3 TGF-beta subfamily in mesendoderm formation is less clear. In 

Xenopus – where Vg1 was first discovered – vg1 mRNA is localized to a vegetal crescent in the 

oocyte and in the vegetal hemisphere of the early embryo (Rebagliati et al., 1985; Weeks and 

Melton, 1987). By contrast, zebrafish vg1 mRNA is localized to the animal pole of late stage 

oocytes (Marlow and Mullins, 2008), and it is present ubiquitously in the early embryo (Dohrmann 

et al., 1996; Helde and Grunwald, 1993; Peterson et al., 2013). Gdf1 and Gdf3, which are 

considered to be the mammalian Vg1 orthologs (Andersson et al., 2007; Chen et al., 2006; Rankin 

et al., 2000; Wall et al., 2000), are expressed in the 16-cell morula (Gdf3) and epiblast prior to 

gastrulation (Gdf3 and Gdf1) (Chen et al., 2006; Wall et al., 2000). Some Gdf3 mutants lack a 

subset of endodermal and mesodermal markers, while others grow to fertile adults (Andersson 

et al., 2007; Chen et al., 2006), conversely Gdf1 mutants only exhibit left-right asymmetry defects 

(Rankin et al., 2000). Some Gdf1;Gdf3 double mutants exhibit more severe defects in endoderm 

and mesoderm formation than Gdf3 single mutants (Andersson et al., 2007) and Gdf1-/-

;Nodal+/- mutants resemble hypomorphic nodal mutants (Andersson et al., 2006; Lowe et al., 

2001), suggesting some synergy between GDF1 and Nodal functions. Experiments in the chick 

and mouse indicate that Vg1/GDF1/GDF3 may act upstream of Nodal (Andersson et al., 2007; 

Chen et al., 2006; Rankin et al., 2000; Shah et al., 1997; Skromne and Stern, 2001; Tanaka et al., 

2007). Thus, these analyses suggest that mouse Nodal, GDF1 and GDF3 may cooperate during 

early amniote development, but their regulatory and molecular relationships have remained 
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unclear. Morphant studies in zebrafish suggest a function for Vg1 in left-right axis formation but 

not in mesendoderm induction (Peterson et al., 2013). Antisense oligonucleotide-mediated 

knockdown of Xenopus vg1 leads to defects in dorsal mesoderm induction (Birsoy et al., 2006), 

but most mesendodermal derivatives still form. Taken together, loss-of-function studies 

establish crucial roles for both Nodal and Vg1/GDF1 in left-right development and for Nodal in 

mesendoderm induction, but the roles of GDF1/GDF3/Vg1 in mesendoderm induction remain 

poorly understood. 

 

Another puzzling aspect of Vg1’s function is its apparent inability to be processed and secreted. 

This is in stark contrast to other members of the TGF-beta superfamily, which are generated as 

pro-proteins that dimerize and are cleaved to generate a secreted, mature dimer that binds 

receptors (Constam, 2014; Dutko and Mullins, 2011). Neither cleavage nor secretion of Vg1 have 

been detected in Xenopus and zebrafish, and correspondingly, overexpression does not yield a 

phenotype (Dale et al., 1989; 1993; Dohrmann et al., 1996; Tannahill and Melton, 1989; Thomsen 

and Melton, 1993). Conflicting results have been reported for GDF1 processing in heterologous 

systems, ranging from cleavage but inactivity in Xenopus oocytes (Tanaka et al., 2007) to no 

detectable cleavage in Xenopus embryos (Wall et al., 2000). Mouse Nodal-GDF1 heterodimers, 

but not zebrafish Nodal-Vg1 heterodimers, have been detected in a heterologous Xenopus 

system (Peterson et al., 2013; Tanaka et al., 2007). Upon fusion of the Vg1, GDF1 or GDF3 mature 

domain to the Activin or BMP prodomain, Vg1 is processed and induces mesoderm formation 

(Chen et al., 2006; Dale et al., 1993; Dohrmann et al., 1996; Kessler and Melton, 1995; Thomsen 

and Melton, 1993; Wall et al., 2000). However, it is unclear if these constructs reveal the true 

nature of Vg1, or whether the fused prodomains generate ectopic functions. Thus, it remains to 

be resolved how Vg1 processing, secretion, dimerization and activity are regulated. 
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In this study we address the long-standing question of Vg1’s role in vertebrate mesendoderm 

induction and its relationship to Nodal, using zebrafish as a model system. Current models of 

zebrafish mesendoderm induction have focused entirely on the roles of the two zebrafish Nodal 

genes, cyclops (cyc) and squint (sqt), with no consideration of vg1 (Bodenstine et al., 2016; 

Cartwright et al., 2008; Chea et al., 2005; Constam, 2009; Hirokawa et al., 2006; Juan and 

Hamada, 2001; Liang and Rubinstein, 2003; Papanayotou and Collignon, 2014; Pauklin and 

Vallier, 2015; Quail et al., 2013; Robertson, 2014; Schier and Shen, 2000; Shen, 2007; Signore 

et al., 2016; Strizzi et al., 2012; 2009; Tian and Meng, 2006; Wang and Tsang, 2007; Whitman, 

2001). cyc and sqt are zygotically-expressed at the embryonic margin and act as concentration-

dependent inducers of mesendoderm (Schier, 2009). cyc;sqt double mutants (Feldman et al., 

1998) and other zebrafish Nodal signaling mutants (Dubrulle et al., 2015; Gritsman et al., 1999) 

fail to form endoderm and head and trunk mesoderm. Conversely, ectopic expression of cyc or 

sqt induces mesendoderm formation (Bisgrove et al., 1999; Feldman et al., 1998; Gritsman et 

al., 1999; 2000; Meno et al., 1999; Sampath et al., 1998). These results, and the lack of a vg1 

morphant mesendoderm phenotype (Peterson et al., 2013), have been interpreted to mean that 

Cyc and Sqt are the sole inducers of mesendoderm, without a requirement for Vg1 or other TGF-

beta family members. Contrary to these models, we now report that vg1 is absolutely essential 

for mesendoderm induction. Vg1 is only secreted, processed and active in the presence of 

Nodal, while Nodal requires Vg1 for activity. Co-expression of Nodal and Vg1 results in 

heterodimer formation and mesendoderm induction.  

 

Results 

Maternal vg1 is required for mesendoderm formation 
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To determine the function of zebrafish Vg1, we generated vg1 mutants using CRISPR/Cas9 

(Appendix Figure 3A). We recovered 8 bp and 29 bp deletion alleles that cause frameshifts, 

truncating Vg1 from a 355 amino acid protein to predicted 18 and 11 amino acid peptides, 

respectively (Appendix Figure 3B). Zygotic homozygous vg1 (Zvg1) mutants were viable, with no 

strong left-right asymmetry defects (Appendix Figure 4), allowing the generation of maternal vg1 

(Mvg1) mutants from homozygous females crossed to wild-type males (Figure 5-1A). Mvg1 

embryos lacked the derivatives of the mesendoderm, including heart, blood, pronephros, 

notochord, gut and trunk somites (Figure 5-1A). To test whether the phenotype is caused by the 

loss of vg1, we performed rescue experiments by injecting 5 concentrations of vg1 mRNA, 

spanning a 1600-fold range. 0.5-100 pg of vg1 rescued the phenotype, revealing that the embryo 

can tolerate a large range of vg1 concentrations (Figure 5-1B). 50pg of a vg1 mRNA containing 

the 8 bp deletion found in the genetic mutant was unable to rescue the phenotype (Figure 5-1C). 

In contrast to previous vg1 morpholino experiments (Peterson et al., 2013), these results reveal 

that vg1 is essential for mesendoderm formation.  

 

Endogenous Nodal signaling requires Vg1 

 

The phenotype of Mvg1 and maternal-zygotic vg1 (MZvg1) embryos closely resembles that of 

embryos that lack Nodal (Feldman et al., 1998), its coreceptor Oep (Gritsman et al., 1999), or its 

signal transducer Smad2 (Dubrulle et al., 2015) (Figure 5-2A). To determine whether Mvg1 

embryos are defective in Nodal signaling, we analyzed the expression of a selection of Nodal 

target genes. The expression of these mesendoderm genes showed the same defects in Mvg1 

mutants as in Nodal signaling mutants, indicating that Nodal signaling is not functional in the 

absence of Vg1 (Figure 5-2B).  
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Figure 5-1. Maternal vg1 is required for mesendoderm formation. 
(A) Zygotic and maternal vg1 (Zvg1 and Mvg1) mutants and wild-type (WT) embryo at 28 hours post-fertlization (hpf). 
See Appendix Figure 3 for information about the vg1 mutant alleles, and Appendix Figure 4 for analysis of left-right 
asymmetry in WT and Zvg1 embryos. 
(B) Mvg1 embryos injected with 0.0625-100 pg of vg1 mRNA. 
(C) Mvg1 embryo injected with 50 pg of vg1 mRNA containing the 8 bp deletion allele found in the genetic mutants 
(vg1a164).  
 

One way Nodal signaling might be disrupted in Mvg1 embryos is through loss of Nodal gene 

expression. We analyzed cyc and sqt expression in wild-type and Mvg1 embryos. cyc and sqt 

were initially expressed at comparable levels across both genotypes, but mRNA levels 

subsequently increased in wild-type embryos by autoregulation (Meno et al., 1999) while they 

generally remained low in Mvg1 embryos (Figure 5-2C). These results suggest that Vg1 is 

required for the auto-induction but not initiation of Nodal gene expression, and that the remaining 

endogenous levels of Nodal are not able to induce mesendoderm in the absence of Vg1. 

 

To test whether the Nodal ligands might be inactive in the absence of Vg1, we overexpressed 

cyc or sqt in Mvg1 embryos and analyzed Nodal target gene expression. High levels (50 pg of 

mRNA) of cyc failed to induce target gene expression in Mvg1 embryos (Figure 5-2D), whereas 

sqt at low (0.2 pg) but not high (2-50 pg) levels of overexpression failed to induce target gene 

expression (Figures 2D and E). Co-expression of 20 pg of cyc mRNA in Mvg1 embryos with 

increasing concentrations of vg1 mRNA caused an increase in induction of Nodal target gene 
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expression with co-expression of 5 pg of vg1 (Figure 5-2F). These results indicate that Vg1 is 

necessary for Cyc activity and partially needed for Sqt activity.  

 

 
Figure 5-2. Endogenous Nodal signaling requires Vg1. 
(A) Mvg1, maternal-zygotic vg1 (MZvg1) and maternal-zygotic oep (MZoep) mutants at 28 hpf. 
(B) Expression of Nodal target genes gsc, lft1 and ntl at 50% epiboly and sox32 at 90% epiboly in WT, Mvg1 and 
MZoep embryos.  
(C) cyc and sqt expression at 4 and 6 hpf in WT and Mvg1 embryos. 
(D) gsc expression at 50% epiboly in WT and Mvg1 embryos injected with 50 pg of cyc mRNA, 50 pg or 0.2 pg of sqt 
mRNA. 
(E) qPCR of lft1 expression at 50% epiboly relative to ef1a in WT and Mvg1 embryos injected with 0.2 pg or 2 pg of 
sqt mRNA. The mean and standard error of the mean (SEM) was plotted. 
(F) qPCR of lft1 expression at 50% epiboly relative to ef1a in embryos injected with 20 pg of cyc mRNA in combination 
with 0.5 pg or 5 pg of vg1 mRNA. The mean and SEM was plotted. 
(G) Anti-GFP reducing immunoblot of WT and Mvg1 embryos injected with 50 pg of cyc-sfGFP or sqt-sfGFP mRNA. 
Black arrowhead indicates the position of full-length protein, open arrowhead indicates processed protein. 8 embryos 
at 50% epiboly were loaded per well. 
(H) Live imaging of the animal cap of sphere-stage WT and Mvg1 embryos injected with 50 pg of cyc-sfGFP or sqt-
sfGFP mRNA. Scale bar, 17 um.  
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To determine whether the Nodal ligands are processed and secreted in Mvg1 embryos, we 

expressed superfolderGFP (sfGFP)-tagged derivatives of Cyc and Sqt (Muller et al., 2012; 

Pédelacq et al., 2006). No differences in cleavage or localization of Cyc and Sqt were detected 

in the presence or absence of Vg1 (Figures 2G and H). Taken together, these results suggest 

that Vg1 is necessary for the endogenous activities, but not the processing and secretion, of Cyc 

and Sqt. 

 

Vg1 processing requires Nodal 

 

Previous studies did not detect Vg1 processing in early embryos (Dale et al., 1989; Dohrmann et 

al., 1996; Tannahill and Melton, 1989; Thomsen and Melton, 1993). To examine the relationship 

of Vg1 processing to presence or absence of Nodal proteins, we first inserted sfGFP downstream 

of the Vg1 cleavage site (Figure 5-3A). vg1-sfGFP rescued Mvg1 mutants (Figure 5-3B) but 

cleavage of Vg1 protein was undetectable (Figure 5-3C). To test whether Vg1 needs to be 

processed to be functional, we mutated the basic residues in the Vg1 cleavage site to non-basic 

residues (Vg1-NC, “Non-Cleavable” (Figure 5-3E)). This abolished Vg1 rescuing activity (Figure 

5-3D), suggesting that endogenous Vg1 cleavage is not detectable but is required for Vg1 

function.  

 

Given that the Mvg1 phenotype resembles Nodal loss-of-function phenotypes, and Vg1 requires 

its cleavage site, we asked whether Nodal might induce Vg1 cleavage. We co-expressed vg1-

sfGFP with cyc or sqt and discovered that Vg1-sfGFP was cleaved to its mature form in the 

presence of Nodal (Figure 5-3E, Appendix Figure 5). By contrast, Vg1-sfGFP was not cleaved 

upon co-expression with an alternative TGF-beta-related ligand, bmp7a (Appendix Figure 5B), 
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and non-cleavable Vg1-sfGFP (Vg1-NC-sfGFP) was not cleaved in the presence of Cyc or Sqt 

(Figure 5-3E, Appendix Figure 5A). These data reveal that Nodal induces Vg1 processing.  

 

Vg1 secretion requires Nodal  

 

To examine the secretion and localization of Vg1, we expressed vg1-sfGFP in wild-type or Mvg1 

embryos for in vivo imaging. In contrast to the extracellular localization of Cyc and Sqt (Figure 5-

2H), Vg1 was only detected intracellularly, predominantly in the endoplasmic reticulum (ER) 

(Figure 5-4A) (Fodero-Tavoletti et al., 2005; Southall et al., 2006; Szul and Sztul, 2011; Tu et al., 

2002).  

 

Figure 5-3.  Vg1 processing requires Nodal. 
(A) superfolderGFP (sfGFP) was inserted into vg1 downstream of the predicted basic cleavage site.  
(B) Mvg1 embryo injected with 50 pg of vg1-sfGFP mRNA, shown at 28 hpf. 
(C) Anti-GFP reducing immunoblot of WT and Mvg1 embryos injected with 50 pg of vg1-sfGFP mRNA. Black 
arrowhead indicates full-length Vg1-sfGFP; open arrowhead indicates the predicted size of cleaved Vg1-sfGFP. 8 
embryos at 50% epiboly were loaded per well. 
(D) Mvg1 embryo injected with 50 pg of non-cleavable vg1 mRNA (vg1-NC, RSRRKR->SQNTSN), shown at 28 hpf. 
Embryos were injected with up to 200 pg of vg1-NC mRNA with no rescue.  
(E) Anti-GFP reducing immunoblot of Mvg1 embryos injected with 10 pg of vg1-sfGFP or vg1-NC-sfGFP mRNA 
and 10 pg of cyc or sqt mRNA. Black arrowhead indicates full-length Vg1-sfGFP, open arrowhead indicates cleaved 
Vg1-sfGFP. Molecular weights in kDa. 8 embryos at 50% epiboly were loaded per well. See also Appendix Figure 
5. 
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To determine whether Nodal can induce not only Vg1 processing but also secretion, we co-

expressed vg1-sfGFP with cyc or sqt. Notably, Vg1-sfGFP formed extracellular puncta and/or 

diffuse extracellular signal upon co-expression with cyc or sqt (Figure 5-4B, Appendix Figure 6A, 

Table 1). By contrast, Vg1-sfGFP was not secreted upon co-expression with bmp7a (Figure 5-

4B).  

 

To directly test whether Vg1 is secreted in the presence of Nodal, we tagged Vg1 with the pH-

sensitive fluorescent protein pHluorin2 (Mahon, 2011). pHluorin2 is non-fluorescent at acidic pH, 

as found in intracellular vesicles, but it fluoresces in the neutral pH of the extracellular space. 

Vg1-pHluorin2 fluorescent puncta were only visible upon co-expression with cyc or sqt, 

indicating that Vg1 is secreted in the presence of Nodal (Figure 5-4C, Appendix Figure 6B).  

 

To independently test if Vg1 is only secreted in the presence of Nodal, we expressed vg1-sfGFP 

in single-cell embryos and co-expressed cyc-RFP in 1 cell at the 16-cell stage. At sphere stage, 

Vg1-sfGFP was only secreted in the cells that also expressed Cyc-RFP (Figure 5-4D).  

 

To determine whether Vg1 and Nodal co-localize, we co-expressed vg1-sfGFP with cyc-RFP or 

sqt-RFP. Vg1-sfGFP displayed extensive extracellular co-localization with Cyc-RFP and Sqt-

RFP (Figure 5-4E, Appendix Figure 6C).  Taken together, these results reveal that Nodal induces 

the secretion of Vg1, and that Vg1 and Nodal co-localize.  
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Figure 5-4. Vg1 secretion requires Nodal.  
(A) Live imaging of Mvg1 embryo injected with 50 pg of vg1-sfGFP mRNA. Scale bar, 17 um. 
(B) Mvg1 embryos co-injected with 50 pg of vg1-sfGFP mRNA and 50 pg of cyc, sqt or bmp7a mRNA. Scale bar, 
17 um. See also Appendix Figure 6A. 
(C) Mvg1 embryo co-injected with 50 pg of pH-sensitive fluorescent vg1 (vg1-pHluorin2) and 50 pg of cyc mRNA. 
Scale bar, 17 um. See also Appendix Figure 6B. 
(D) Mvg1 embryo co-injected with 50 pg of vg1-sfGFP mRNA at the 1-cell stage and 10 pg of cyc-RFP mRNA into 
1 cell at the 16-cell stage. Scale bar, 100 um.  
(E) Mvg1 embryos co-injected with 50 pg of vg1-sfGFP mRNA and 50 pg of cyc- or sqt-RFP mRNA. Arrowheads 
indicate examples of co-localization. Scale bar, 17 um. See also Appendix Figure 6C.  
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Figure 5-5. Vg1 and Nodal form heterodimers, and are only active when co-expressed. 
(A) Anti-Flag reducing immunoblot (IB) of anti-HA immunoprecipitates (IP) from lysates of Mvg1 embryos injected 
with 50 pg of cyc-HA, sqt-HA and/or 50 pg of vg1-Flag mRNA. Black arrowhead indicates full-length Vg1-Flag; 
open arrowhead indicates cleaved Vg1-Flag. See also Appendix Figures 7A and B. 
(B) Anti-Flag reducing and non-reducing immunoblots of WT and Mvg1 embryos injected with 50 pg of vg1-Flag, 
cyc-Flag or bmp7a-Flag, collected at 50% epiboly. Under reducing conditions the proteins migrated at sizes 
consistent with the theoretical molecular weights for full-length monomers: Vg1-Flag – 42 kDa; Cyc-Flag – 58 kDa; 
Bmp7a-Flag – 50 kDa. Open arrowhead indicates where mature Bmp7a-Flag homodimers are expected to migrate 
as 2 species under non-reducing conditions (Little and Mullins, 2009). For an annotated gel, see Appendix Figure 
7C.

 

(C) Anti-Flag reducing immunoblot of anti-HA IP from lysates of Mvg1 embryos injected with 50 pg of sqt-HA and 
vg1-Flag mRNAs or vg1-HA and vg1-Flag mRNAs. Black arrowhead indicates full-length Vg1-Flag; open arrowhead 
indicates cleaved Vg1-Flag. 
(D)Transplantation of cells from donor embryos injected with cyc, vg1 or cyc and vg1 mRNAs into host embryos for 
analysis of Nodal target gene lft1 expression at 50% epiboly. mRNAs were co-injected with sfGFP mRNA to verify 
successful transplantation using DAB staining (Figure 5-Figure Supplement 2A). 
(E) Injection of vg1 mRNA into the yolk syncytial layer (YSL) of Mvg1 mutants, shown at 32 hpf. For Nodal target 
gene expression in vg1 mRNA YSL-injected embryos see Figure 5-Figure Supplement 2B. vg1 was co-injected with 
a fluorescent dextran to verify YSL localization (Figure 5-Figure Supplement 2C).  
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Vg1 and Nodal form heterodimers 

 

The co-localization of Vg1 and Nodal suggested that these secreted ligands might form 

heterodimers, as detected for GDF1 and Nodal, and some other TGF-beta-related signals (Aono 

et al., 1995; Dutko and Mullins, 2011; Eimon and Harland, 2002; Fuerer et al., 2014; Guo and 

Wu, 2012; Hazama et al., 1995; Israel et al., 1996; Little and Mullins, 2009; Nishimatsu and 

Thomsen, 1998; Schmid et al., 2000; Shimmi et al., 2005; Suzuki et al., 1997; Tanaka et al., 2007). 

To test this hypothesis, we performed co-immunoprecipitation experiments by co-expressing 50 

pg of vg1-Flag with 50 pg of cyc-HA or sqt-HA. Vg1-Flag co-immunoprecipitated with Cyc-HA 

or Sqt-HA (Figure 5-5A, Appendix Figure 7A). To test the specificity of this interaction we used 

two different concentrations of sqt-HA mRNA in combination with three different concentrations 

of vg1-Flag or bmp7a-Flag mRNA. We detected an interaction between Sqt-HA and Vg1-Flag at 

all 6 concentrations tested, whereas an interaction between Sqt-HA and Bmp7a-Flag was only 

detected at the highest concentration of each mRNA (Appendix Figure 7B). Thus, Vg1 specifically 

interacts with Nodal to form heterodimers. 

 

The heterodimerization of Vg1 and Nodal raises the possibility that Vg1 is maintained in a 

monomeric state in the absence of Nodal. Indeed, a previous study found that Vg1 does not 

form homodimers, and that endogenous Vg1 is predominantly monomeric (Dale et al., 1993). To  

test the monomeric or dimeric states of Vg1 in the absence of Nodal, we performed reducing 

and non-reducing immunoblots of wild-type and Mvg1 embryos expressing vg1-Flag, cyc-Flag 

or bmp7a-Flag mRNA. TGF-beta family members are disulfide-linked dimers: under reducing 

conditions the disulfide bonds are broken, while under non-reducing conditions the bonds are 

maintained, allowing the detection of dimers. Bmp7a-Flag mature homodimers were visible 

under non-reducing conditions, whereas Vg1-Flag homodimers were not detected (Figure 5-5B, 
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Appendix Figure 7C). Using a complementary approach, we tested whether Vg1 forms 

homodimers by co-immunoprecipitation. While Sqt-HA and Vg1-Flag co-precipitated, Vg1-HA 

and Vg1-Flag did not (Figure 5-5C). These results indicate that Vg1 does not form homodimers 

and might be present as monomers in the absence of Nodal. 

 

Vg1 protein is synthesized before Nodal transcription and translation begin, raising the possibility 

that newly synthesized Nodal monomers bind to preexisting Vg1 monomers. Alternatively, Nodal 

might only heterodimerize with Vg1 protein that is co-translated with Nodal. To distinguish 

between these possibilities, we generated a Vg1-Dendra2 photoconvertible fusion protein and 

injected it at the 1-cell stage. At the 64-cell stage we photoconverted Vg1-Dendra2 from green 

to red, and co-injected the embryos with 5 pg of cyc mRNA. Imaging revealed the production of 

red puncta, indicating that Vg1 protein synthesized prior to Nodal synthesis was able to 

heterodimerize and be secreted with Nodal (Appendix Figure 7D). This data suggests that Nodal 

can heterodimerize with pre-existing Vg1.  

 

Vg1 and Nodal are only active when co-expressed  

To determine if co-expression of Vg1 and Nodal in the same cells is required for activity, we used 

transplantation assays to compare target gene induction in cells co-expressing vg1 and cyc 

versus neighboring cells expressing either vg1 or cyc. Nodal target gene induction only occurred 

when vg1 and cyc were co-expressed in the same cells (Figure 5-5D and Appendix Figure 8A). 

Analogously, deposition of vg1 mRNA to the yolk syncytial layer (YSL) of Mvg1 mutants, where 

cyc and sqt are expressed endogenously, was sufficient to rescue Mvg1 mutants by morphology 

and gene expression (Figure 5-5E and Appendix Figure 8B). Confocal imaging of embryos 

injected with vg1 mRNA and a fluorescent dextran into the YSL indicated that the majority of 
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fluorescence was localized to the YSL, but a few cells in the margin also inherited the fluorescent 

dextran (Appendix Figure 8C). Thus, although vg1 is ubiquitously expressed in the early embryo 

(Helde and Grunwald, 1993; Peterson et al., 2013) (Appendix Figure 8D), its co-localization with 

cyc and sqt is sufficient for its role in mesendoderm formation. Taken together, these results 

suggest that Vg1 and Nodal are active when expressed in the same cells, where they form 

heterodimers. 

 

 

 

 

 

 

Figure 5-6. Vg1 can enable rapid response to low concentrations of Nodal. 
Kinetic model comparing Nodal homodimer formation in the absence of Vg1 (red line) and Vg1-Nodal heterodimer 
formation in the presence of a maternal Vg1 pool (blue line). For both conditions Nodal monomer production begins 
at 4 hpf (the onset of zygotic transcription and translation, first dotted line) and concludes after mesendodermal 
patterning (6 hpf, second dotted line). For the heterodimer simulation an excess of Vg1 is provided in the initial 
conditions. 
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 Vg1 can enable rapid response to low concentrations of Nodal 

 

The requirement for Vg1-Nodal heterodimers for mesendoderm induction raises the question of 

why the embryo relies on both a ubiquitous ligand, Vg1, and localized ligands, Cyc and Sqt. We 

developed a basic kinetic model to test the rate of Nodal homodimer formation versus Nodal-

Vg1 heterodimer formation in the presence of a maternal Vg1 pool. Simulating these two 

conditions revealed that the preloading of inactive Vg1 monomers in the cell allows Nodal to 

immediately form heterodimers whereas dimer formation is delayed when Nodal must form  

homodimers (Figure 5-6). Thus, Vg1-Nodal heterodimers can initiate signaling more quickly than 

Nodal homodimers, and already at low Nodal levels. Even if Nodal homodimers were as active 

as Vg1-Nodal heterodimers, Nodal target gene induction would still be slower in the absence of 

maternal Vg1, because the association of two Nodal monomers is less likely at low Nodal 

concentrations than Vg1-Nodal dimerization (Figure 5-6). These simulations reveal that low 

concentrations of zygotic Nodal can be directly transformed into pathway activation via 

association with maternal Vg1. 

 

Discussion  

The results in this study indicate that mesendoderm induction depends on the co-expression 

and heterodimer formation of Nodal and Vg1. This conclusion is based on five new findings: Vg1 

is essential for mesendoderm induction; Vg1 is only processed, secreted and active in the 

presence of Nodal; Nodal activity, but not processing and secretion, depends on Vg1; Vg1 and 

Nodal form heterodimers; and Vg1-Nodal heterodimers are more active than Nodal alone. 

Together with previous studies, our findings suggest a unifying 5-step model for mesendoderm 
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induction in zebrafish: (1) vg1 mRNA is inherited from the mother and is ubiquitous in the early 

embryo; (2) Vg1 protein is synthesized ubiquitously and retained predominantly in the ER; (3) cyc 

and sqt are transcribed and translated in the YSL; (4) Cyc and Sqt form heterodimers with pre-

existing Vg1, resulting in Vg1 secretion and cleavage; (5) Cyc-Vg1 and Sqt-Vg1 heterodimers 

activate the Nodal signaling pathway to induce mesendoderm (Figure 5-7).  

 

Vg1 is as essential as Nodal for mesendoderm induction 

 

Knockdown studies in zebrafish suggested no requirement for Vg1 in mesendoderm induction 

(Peterson et al., 2013), but the loss-of-function mutants reported here reveal that Vg1 is 

absolutely required for the induction of head and trunk mesoderm and endoderm. Strikingly, vg1 

mutants strongly resemble Nodal signaling mutants, showing that zebrafish Vg1 has as essential 

a function as Nodal, which has been considered the sole mesendoderm inducer.  

 

The results in zebrafish warrant a re-analysis of the requirements for Vg1 orthologs in other 

systems. For example, mouse Gdf1;Gdf3 double mutants have incompletely penetrant 

mesendodermal phenotypes (Andersson et al., 2007). A closer comparison to Nodal mutants 

might reveal functions of GDF1 and GDF3 that are equivalent to Vg1. It is also possible that 

mouse Nodal is expressed at sufficiently high levels to be less dependent on GDF1/GDF3, akin 

to the overexpression of zebrafish sqt. Similarly, zebrafish southpaw might be expressed at high 

enough levels to act independently of zygotic vg1 during left-right development. Knockdown 

studies in Xenopus have suggested that Vg1 is mainly involved in inducing notochord precursors, 

but not other mesendodermal progenitors (Birsoy et al., 2006). Mutant studies in Xenopus might 

reveal broader roles for Vg1, or alternatively additional TGF-beta-related signals such as Derrière 
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(Sun et al., 1999), which has been shown to interact with Nodal (Eimon and Harland, 2002), might 

have complementary or overlapping functions with Vg1.  

 

 

 

More generally, it is conceivable that the activities of the Nodal and Vg1/GDF1/GDF3 subfamilies 

are co-dependent in all contexts. This idea is not only supported by the co-dependence of Nodal 

and Vg1 in zebrafish mesendoderm induction reported here, but also the observation that Nodal 

expression coincides with the expression of Vg1 family members in numerous contexts (Agius 

et al., 2000; Levin et al., 1995; Onai et al., 2010; Range and Lepage, 2011; Range et al., 2007; 

Seleiro et al., 1996). Moreover, mouse Gdf1 mutants display very similar left-right defects as 

mutants with impaired Nodal signaling (Andersson et al., 2006; Cheng et al., 2003; Lowe et al., 

 

 
Figure 5-7. Model for mesendoderm induction in zebrafish. 
As described in the main text: (1) vg1 mRNA is inherited from the mother, and is ubiquitous in the early embryo; (2) 
Vg1 protein is synthesized ubiquitously and retained predominantly in the ER; (3) cyc and sqt are transcribed and 
translated in the YSL; (4) Cyc and Sqt form heterodimers with Vg1, resulting in Vg1 secretion and cleavage; (5) Cyc-
Vg1 and Sqt-Vg1 heterodimers activate the Nodal signaling pathway to induce mesendoderm. 
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2001; Yan et al., 1999). It is therefore tempting to speculate that wherever and whenever Nodal 

subfamily members are expressed and active, they are accompanied by Vg1 subfamily 

members. In this scenario, Vg1/GDF1/GDF3 act in parallel with Nodal even when their expression 

is precedent, and any apparent upstream functions of Vg1 (Andersson et al., 2007; Chen et al., 

2006; Rankin et al., 2000; Shah et al., 1997; Skromne and Stern, 2001; Tanaka et al., 2007) are 

actually the result of Nodal autoinduction: Vg1 is required together with Nodal to fully activate 

Nodal gene expression but it is not needed for the initiation of Nodal expression, as shown in 

the Mvg1 mutants. Finally, Nodal and Vg1 act through the same coreceptors (Andersson et al., 

2007; Cheng et al., 2003; Fuerer et al., 2014; Tanaka et al., 2007) and are both inhibited by Lefty 

ligands (Agathon et al., 2001; Bisgrove et al., 1999; Chen and Shen, 2004; Chen and Schier, 

2002; Cheng et al., 2004; Meno et al., 1999; 1996; Thisse et al., 2000; Thisse and Thisse, 1999). 

These observations suggest that Nodal signaling should henceforth be considered Nodal/Vg1 

signaling. 

 

Vg1 is only processed, secreted and active in the presence of Nodal 

 

Our study clarifies previously puzzling observations on the activity and processing of Vg1 that 

contrast with the properties of other TGF-beta-related signals: overexpression of wild-type vg1 

does not cause a phenotype (Dale et al., 1993; Dohrmann et al., 1996; Tannahill and Melton, 

1989; Thomsen and Melton, 1993), neither secreted (Dale et al., 1993; Tannahill and Melton, 

1989) nor processed Vg1 has been reliably detected (Dale et al., 1989; Dohrmann et al., 1996; 

Tannahill and Melton, 1989; Thomsen and Melton, 1993), but fusion of the Vg1 mature domain 

to the Activin or BMP prodomains results in processed and active Vg1 (Dale et al., 1993; 

Dohrmann et al., 1996; Kessler and Melton, 1995; Thomsen and Melton, 1993; Wall et al., 2000). 

Our study explains these conundrums by revealing that Vg1 is only processed, secreted and 



 91 

active in the presence of Nodal. Without Nodal, Vg1 is unprocessed and predominantly resides 

in the ER. Upon overexpression, Vg1 contributes to this inert pool, and only fusion to 

heterologous prodomains allows secretion, cleavage and activation in the absence of Nodal. 

Thus, the dependence of Vg1 processing, secretion and activity on Nodal accounts for many of 

the previously confusing observations. One conundrum remains: we and others have not been 

able to detect the processing (Figure 5-3C) or secretion (Figure 5-4A) of Vg1 at endogenous 

levels of Nodal. We speculate that endogenous Nodal is expressed at very low levels and in few 

cells, resulting in cleavage and secretion of only a small (and undetectable) fraction of the total 

pool of Vg1. Only upon ectopic Nodal expression, sufficiently high levels of Vg1 are processed 

to become detectable. The development of more sensitive detection methods is needed to 

directly demonstrate the cleavage, processing and secretion of endogenous Vg1. 

 

Vg1 and Nodal form heterodimers 

 

Our study reveals that Nodal and Vg1 form heterodimers, and that Vg1 exists in a monomeric 

state prior to heterodimerization with Nodal. The initial localization of Vg1 to the ER suggests 

that this is the site of heterodimerization, which is consistent with previous studies of other 

heterodimers (Duitman et al., 2008; Hurtley and Helenius, 1989; Jalah et al., 2013; Lorenz et al., 

2002; Persson and Pettersson, 1991; Tu et al., 2002). For example, in the case of the uroplakin 

proteins UPIb and UPIII, UPIb can autonomously exit the ER and translocate to the plasma 

membrane. By contrast, UPIII must heterodimerize with UPIb in the ER in order to exit and move 

to the plasma membrane (Tu et al., 2002). Although we currently favor a model in which 

monomeric Vg1 meets Nodal in the ER, more complex scenarios are conceivable. For example, 

it is unclear whether pre-existing Vg1 might associate with other ER-resident proteins to maintain 

or prepare it in a state that allows dimerization with newly synthesized Nodal.  
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Our results suggest that Nodal-Vg1 heterodimers are more potent than Nodal alone: in the case 

of Cyc, such heterodimers seem to be required for Cyc to activate signaling, whereas Sqt-Vg1 

heterodimers appear to be more active than Sqt alone (Figures 5-2D, E and F). The molecular 

basis of the increased activity is unknown, but based on previous studies in the BMP system, 

heterodimers might be necessary to assemble heteromeric combinations of two types of class I 

or II receptors (Little and Mullins, 2009).  

 

Our results also extend and generalize the previous observation that mouse GDF1 and Nodal 

form heterodimers (Fuerer et al., 2014; Tanaka et al., 2007), although those studies did not 

address the requirement, localization, or processing of Vg1/GDF1/GDF3 during mesendoderm 

formation, and instead proposed that heterodimer formation might increase the potency and/or 

range of Nodal. Our results uncover the alternative or additional mechanism that heterodimer 

formation triggers processing and secretion of Vg1 and allows Nodal to be active at physiological 

concentrations.  

 

vg1 mRNA and protein do not need to be localized in the embryo 

 

Our results demonstrate a novel mode to restrict TGF-beta-related protein activity through 

heterodimer formation. vg1 mRNA and protein do not need to be localized in the embryo to 

restrict Vg1 activity: instead, it is the absence of Nodal that blocks Vg1 processing, secretion 

and activity. Indeed, zebrafish Vg1 is present ubiquitously in early embryos and vg1 is expressed 

in broader domains than Nodal in all systems analyzed. The question therefore arises whether 

the exquisite vegetal localization of Xenopus vg1 is important for development (Weeks and 

Melton, 1987). The localized activation of Xenopus Nodal genes might be sufficient to restrict 

mesendoderm formation to vegetal and marginal regions, but it is also possible that localized 
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Vg1 provides an additional safeguard to spatially restrict pathway activation. Rescue 

experiments similar to those reported here could address this question. 

 

Vg1 can enable rapid response to low concentrations of Nodal 

 

Modeling of hetero- and homodimerization kinetics reveals that the maternal pool of Vg1 

accelerates the onset of ligand dimerization relative to a system that relies on Nodal-Nodal 

dimerization alone. This could be advantageous in the embryo, where mesendoderm induction 

cannot initiate until after the maternal-to-zygotic transition. Although it may be counterintuitive 

for a spatially localized signal to rely on a ubiquitous signal for pathway activation, the preloading 

of Vg1 in the ER could be instrumental for ensuring Nodal signaling initiates in a rapid and 

temporally reliable manner. Thus, the requirement for Vg1 in the zebrafish embryo can ensure 

rapid and sensitive response to the low concentrations of Nodal that initiate mesendoderm 

induction. 

 

Concluding remarks 

 

The finding that Vg1 – together with Nodal – is an endogenous mesoderm inducer resolves some 

of the historical controversies in the field. Vg1 was described in 1987 as a TGF-beta-related 

signal present at the right time and place to be a mesoderm inducer (Weeks and Melton, 1987), 

but the lack of a functional requirement raised doubts about its importance. Conversely, Activin 

was reported in 1990 as a TGF-beta-related signal that can induce mesoderm (Smith et al., 1990; 

van den Eijnden-van Raaij et al., 1990), but its absence during early embryogenesis (Dohrmann 

et al., 1993; Thomsen et al., 1990), and the lack of loss-of-function phenotypes (Hawley et al., 

1995; Kessler and Melton, 1995; Matzuk et al., 1995; Schulte-Merker et al., 1994; Sun et al., 



 94 

1999), raised doubts about its importance (Schier and Shen, 2000). With the discovery of the 

essential roles of mouse Nodal (Conlon et al., 1994; Zhou et al., 1993) and zebrafish Nodal 

(Feldman et al., 1998) in mesoderm induction, the field converged to the view that Nodal is the 

key inducer. Our study indicates instead that Nodal-Vg1 heterodimers are the essential 

endogenous inducers of mesendoderm, while Activin serves as a powerful reagent to induce 

mesendoderm from embryonic stem cells. 

 

Materials and Methods 

Ethics statement 

All vertebrate animal work was performed at the facilities of Harvard University, Faculty of Arts 

& Sciences (HU/FAS). The HU/FAS animal care and use program maintains full AAALAC 

accreditation, is assured with OLAW (A3593-01), and is currently registered with the USDA. This 

study was approved by the Harvard University/Faculty of Arts & Sciences Standing Committee 

on the Use of Animals in Research & Teaching under Protocol No. 25–08.  

 

CRISPR/Cas9-mediated mutagenesis of vg1 

sgRNAs targeting the vg1/dvr1/gdf3 gene were designed using CHOPCHOP (Labun et al., 2016; 

Montague et al., 2014) and synthesized as previously described (Gagnon et al., 2014) (See also 

Appendix Figure 3). vg1 sgRNAs were co-injected with ~0.5 nL of 50 uM Cas9 protein into TLAB 

wild-type embryos. Injected embryos were raised to adulthood and outcrossed to TLAB adults. 

Clutches of embryos with potential heterozygous individuals were used to identify founders with 

germline mutations in vg1 by extracting DNA from 10 embryos and genotyping by MiSeq 

sequencing. The offspring of confirmed founders were raised to adulthood and genotyped to 
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identify heterozygous vg1 adults. Heterozygous vg1 mutants were intercrossed to generate 

zygotic homozygous (Zvg1) fish. For maintaining the vg1 mutant line, homozygous Zvg1 male 

fish were crossed to heterozygous female fish, and the resulting progeny were genotyped to 

identify Zvg1 adults. To generate maternal vg1 (Mvg1) mutants, TLAB wild-type male fish were 

crossed to homozygous Zvg1 female fish.  

 

Genotyping of vg1 mutants 

Two deletion alleles of 8 bp and 29 bp (vg1a164 and vg1a165 respectively) were recovered in the 

first exon of vg1 from the sgRNA targeting the sequence GGGTCAGAAGACAGGCTCTGAGG. 

Genomic DNA was extracted using the HotSHOT method (Meeker et al., 2007) and PCR was 

performed using standard conditions (see primer sequences below), followed by Sanger 

sequencing or MiSeq sequencing for the 8 bp allele (Gagnon et al., 2014) or 2% gel 

electrophoresis for the 29 bp allele. 

 

Cloning of expression constructs 

The vg1 CDS sequence was PCR amplified from a high-stage cDNA library and cloned into the 

pSC vector (Agilent) with a beta-globin 5’UTR and an SV40 3’UTR using Gibson assembly 

(Gibson et al., 2009) to generate pSC-vg1. To generate pCS2(+)-cyc and pCS2(+)-sqt, the cyc 

and sqt CDS sequences were PCR amplified from a high-stage cDNA library and cloned into the 

pCS2(+) vector using Gibson assembly. To generate non-cleavable forms of vg1 and vg1-sfGFP, 

site-directed mutagenesis was used to replace the RSRRKR cleavage site with SQNTSN using 

a Q5 Site-Directed Mutagenesis Kit (NEB).  

 

Cloning of fusion and epitope tag constructs 
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All superfolder GFP (sfGFP) (Pédelacq et al., 2006), RFP, Dendra2 and pHluorin2 (Mahon, 2011) 

fusion constructs were generated by PCR-based methods and cloned into the pCS2(+) vector 

using Gibson assembly. Flag (DYKDDDDK) and HA tag (YPYDVPDYA) sequences were inserted 

by site-directed mutagenesis of pSC-vg1, pCS2(+)-cyc and pCS2(+)-sqt. For Vg1 fusions, 

sequences encoding the fluorescent protein or Flag tag were inserted downstream of the 

cleavage site (RSRRKR) with a GSTGTT linker separating the prodomain and fluorescent protein, 

and a GS linker separating the fluorescent protein and the Vg1 mature domain. For Cyc fusions, 

sequences encoding the fluorescent proteins or HA tag were inserted 2 amino acids downstream 

of the cleavage site (RRGRR) (Muller et al., 2012). For Sqt fusions, fluorescent protein and HA 

tag sequences were inserted 10 amino acids downstream of the cleavage site (RRHRR) with a 

GSTGTT linker separating the prodomain and fluorescent protein, and a GS linker separating the 

fluorescent protein and the mature domain (Muller et al., 2012). 

 

mRNA synthesis and microinjection 

Vectors were linearized by digestion with NotI (pCS2(+) vectors) or XhoI (pSC vectors). Capped 

mRNAs were synthesized using the SP6 or T7 mMessage Machine Kits (ThermoFisher), 

respectively. For in situ hybridization, immunoblot, imaging and qPCR experiments, embryos 

were dechorionated using 1mg/ml Pronase (Protease type XIV from Streptomyces griseus, 

Sigma) prior to injection, and subsequently cultured in agarose-coated dishes. Embryos were 

injected at the one-cell stage unless otherwise stated.  

 

Zebrafish husbandry 

Zebrafish embryos were grown at 28°C and staged according to (Kimmel et al., 1995). Embryos 

were cultured in blue water (250 mg/L Instant Ocean salt, 1 mg/L methylene blue in reverse 

osmosis water adjusted to pH 7 with NaHCO3). 
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Morphological analysis of vg1 mutant phenotypes 

Embryos were analyzed for mutant phenotypes at 28-32 hpf. For imaging, embryos were 

anesthetized in Tricaine (Sigma) and mounted in 2% methylcellulose then imaged using a Zeiss 

SteREO Discovery.V12 microscope.  

 

Live imaging 

Embryos were raised to sphere stage and mounted in 1% low gelling temperature agarose 

(Sigma) on glass-bottomed dishes (MatTek) with the animal pole facing the glass. Imaging was 

performed on Zeiss LSM 700 and LSM 880 inverted confocal microscopes.   

 

Photoconversion 

Embryos were injected at the 1-cell stage with 100 pg of vg1-Dendra2 mRNA then grown at 28°C 

to the 64-cell stage and injected with 5 pg of cyc mRNA into 6 locations in the embryo. Embryos 

were mounted in 1% low gelling temperature agarose and photoconverted with 2 minutes of UV 

light at 10x magnification on the Zeiss LSM 700 inverted confocal microscope. The embryos 

were incubated at 28°C for 30 minutes before imaging on the LSM 700 microscope over a period 

of 2 hours.  

 

Image adjustments 

Images were processed in FIJI/ImageJ (Schindelin et al., 2012). Brightness, contrast and color 

balance was applied uniformly to images.  

 

in situ hybridization and DAB staining 
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Embryos were fixed in 4% formaldehyde overnight at room temperature. Whole mount in situ 

hybridizations were performed according to standard protocols (Thisse and Thisse, 2008). DIG-

labeled antisense RNA probes against cmlc2, spaw, gsc, lft1, ntl, sox32, cyc, sqt and vg1 were 

synthesized using a DIG Probe Synthesis Kit (Roche). NBT/BCIP/Alkaline phosphatase-stained 

embryos were dehydrated in methanol and imaged in benzyl benzoate:benzyl alcohol (BBBA) 

using a Zeiss Axio Imager.Z1 microscope. For DAB staining, embryos were rehydrated in PBST 

after completing the in situ protocol, and blocked in 10% normal goat serum/1% DMSO before 

incubation in primary antibody overnight (1:400 rabbit anti-GFP-HRP, ThermoFisher 

A10260, RRID:AB_2534022). Embryos were washed multiple times in PBST, incubated in DAB 

solution (KPL #71-00-48), and dehydrated before imaging in BBBA. 

 

Transplantation and YSL injection 

For transplantation experiments, donor embryos were injected with 50 pg of cyc mRNA and/or 

vg1 mRNA and 50 pg of GFP mRNA and grown to sphere stage (4 hpf). At sphere stage, cells 

were transplanted from donor embryos to host embryos, and host embryos were grown to shield 

stage before fixation for in situ hybridization. For YSL injections, 1000-cell stage embryos were 

injected through the chorion into the YSL with approximately 100 pg of vg1 mRNA and 500 pg 

of Alexa Fluor 488 dextran (ThermoFisher) . 

 

Immunoblotting 

Embryos were injected at the one-cell stage with 50 pg of each mRNA and grown to early 

gastrulation (50% epiboly). 8 embryos per sample were manually deyolked with forceps and 

frozen in liquid nitrogen. The samples were boiled at 95°C for 5 minutes with 2x SDS loading 

buffer (10 uL) and DTT (reducing gels only, 150 mM final concentration) then loaded onto Any kD 

protein gels (Bio-Rad). Samples were transferred to polyvinylidene fluoride (PVDF) membranes 
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(GE Healthcare). Membranes were blocked in 5% non-fat milk (Bio-Rad) in TBST and incubated 

overnight at 4°C in primary antibodies (1:5000 rabbit anti-GFP, ThermoFisher A11122, 

RRID:AB_221569; 1:2000 rabbit anti-Flag, Sigma F7425, RRID:AB_439687). Proteins were 

detected using HRP-coupled secondary antibody (1:15,000 goat anti-rabbit, Jackson 

ImmunoResearch Labs 111-035-144, RRID:AB_2307391). Chemiluminescence was detected 

using Amersham ECL reagent (GE Healthcare).  

 

Co-immunoprecipitation 

Dechorionated embryos were injected at the one-cell stage with 5, 20 or 50 pg of mRNA 

encoding epitope-tagged constructs and grown to 50% epiboly. 50-100 embryos were 

transferred to 400 uL of cold lysis buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% 

glycerol, 1% Triton X-100 and protease inhibitors, Sigma 11836170001) and crushed using a 

homogenizer and disposable pestles before incubation on ice for 30 minutes with vortexing every 

5 minutes. Samples were spun at maximum speed at 4°C for 30 minutes and the supernatant 

was transferred to tubes containing 50 uL of anti-HA affinity matrix (Roche 11815016001, 

RRID:AB_390914) that was pre-washed twice in lysis buffer. Samples were placed on a rotating 

platform at 4°C overnight. The matrix was spun down for 2 minutes at 3000 rcf and washed in 

600 uL of cold wash buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 1% Triton X-100 and protease 

inhibitors) 5 times. 2x SDS loading buffer and DTT (150 mM final concentration) was added to 

the matrix in 10 uL of wash buffer. Immunoblots were performed as above.  

 

qPCR 

Embryos were injected at the one-cell stage with sqt, cyc and/or vg1 mRNAs and grown to 50% 

epiboly. For the sqt experiment (Figure 5-2E) 2 sets of 10 embryos were collected per condition; 

for the cyc experiment (Figure 5-2F) 2 sets of 12 embryos were collected per condition. Embryos 
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were flash frozen in liquid nitrogen and RNA was extracted using an E.Z.N.A. Total RNA Kit 

(Omega) and reverse transcription was carried out using an iScript cDNA Synthesis Kit (Bio-Rad). 

qPCR reactions were run on a CFX96 machine (Bio-Rad) using iTaq Universal SYBR Green 

Supermix (Bio-Rad) and 0.25 uM of primers (see primer sequences below). Gene expression 

levels were calculated relative to a reference gene, ef1a. The mean and standard error of the 

mean was plotted for each condition. Two technical replicates in addition to biological replicates 

were used per condition. Both experiments were performed multiple times.  

 

Primer sequences 

 

 

Modeling 

 

In the ‘primed model’, Vg1 is already present in excess when Nodal production begins. This 

model describes the dynamics of Nodal monomers (N), Vg1 monomers (V) and Nodal-Vg1 dimers 

(D).  

 

!"
!# = %& − (&" − %)"* 

!*
!# = 	−(,* − %)"* 

!-
!# =	 %)"* 

vg1_genotype_F CCTGTGTGTGTTCTTTGCTCTG 
vg1_genotype_R  CTGTTTAAAGATTTTCCACATCTGTG 
ef1a_qPCR_F AGAAGGAAGCCGCTGAGATGG 
ef1a_qPCR_R TCCGTTCTTGGAGATACCAGCC 
lft1_qPCR_F GAGATGGCCAAGTGTGTCCA 
lft1_qPCR_R CTGCAGCACATTTCACGGTC 
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Assumptions: constitutive production of N (rate %& ), first-order degradation (component half-

lives of ./2/(& and ./2/(,, respectively) and bimolecular heterodimerization with rate %)"*. Vg1 

is assumed to be maternally deposited, and is thus provided to the system via the initial 

conditions.  

 

In the ‘cold-start’ model, Nodal monomers accumulate and dimerize after the onset of Nodal 

production. This model describes the dynamics of Nodal monomers (N), Vg1 monomers (V) and 

Nodal-Nodal dimers (D).  

 

!"
!# = %& − (&" − %)"2 

!-
!# =	 %)"

2 

 

Assumptions: constitutive production of N (rate %&), first-order degradation (component half-life 

of ./2/(&) and bimolecular homodimerization with rate %)"2. 

 

Simulation  

The system begins with an excess of V, representing maternally deposited Vg1. All other 

component concentrations begin at 0, and Nodal monomer production is assumed to be off. 

Nodal monomer production begins at 4 hpf (the onset of zygotic transcription and translation) 

and concludes after mesendodermal patterning (6 hpf). The concentration of dimer (either Vg1-

Nodal heterodimer or Nodal-Nodal homodimer) was plotted.  
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Parameter Description Value Units 

%& Nodal synthesis rate 0, t < 4h, t > 6h 

2x10-13, 4h < t < 6h (Muller et 

al., 2012) 

M s-1 

(& Nodal degradation rate 1.16x10-4 (Muller et al., 2012) s-1 

(, Vg1 degradation rate 1.16x10-4 (Muller et al., 2012) s-1 

%) Dimerization rate 1x106 (Gerstle and Fried, 

1993; Kohler and Schepartz, 

2001; Northrup and Erickson, 

1992) 

M-1 s-1 

* Vg1 initial concentration 100  nM 

 

 

 

Table 5-1. Quantification of Vg1-sfGFP localization in Mvg1 embryos co-injected with 20 
pg of vg1-sfGFP mRNA and 0.5-20 pg of cyc or sqt mRNA. 
See Appendix Figure 6A for examples of Vg1-sfGFP extracellular localization.  
 

mRNA co-injected with 

20 pg vg1-sfGFP 

Intracellular Extracellular 

puncta 

Extracellular 

diffuse 

Extracellular 

puncta + diffuse 

 

 

  

 

0.5 2 3 0 0 

1 5 5 0 0 

2 0 8 0 0 

5 0 7 0 0 
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cyc (pg) 10 0 6 0 0 

20 0 9 0 0 

 

 

 

 

sqt (pg) 

0.5 5 0 0 0 

1 4 4 1 0 

2 0 3 2 4 

5 0 6 0 0 

10 2 0 3 5 

20 0 2 5 3 
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Chapter 6: Conclusions and prospects 
 

 

Through my graduate work we have uncovered that Vg1 is essential for mesendoderm patterning 

in zebrafish. We propose the following mechanism: (1) vg1 is inherited ubiquitously from the 

mother; (2) Vg1 protein localizes to the ER where it remains in an inactive state; (3) After the 

initiation of zygotic transcription, Nodal is synthesized in the cells at the margin of the blastula-

stage embryo; (4) Nodal enters the ER and binds to Vg1; (5) the Vg1-Nodal heterodimer is 

secreted from the cell and cleaved to form a mature, heterodimeric ligand; (6) Activation of 

receptors by Vg1-Nodal induces gene expression and mesendoderm formation (Montague and 

Schier, 2017) (Chapter 5). This work demonstrates that vg1 has an endogenous function in 

development, and furthermore, is as essential as Nodal for the induction of mesendoderm.  

 

Our findings shed light on many of the confusing experimental results from the last 30 years: 

most prominently, the apparent inability for endogenous Vg1 to be secreted, cleaved or induce 

mesendoderm.  

 

Historic problems solved 

After discovering the exquisite localization of vg1, predictions were made that Vg1 is an 

endogenous inducer of mesoderm (Rebagliati et al., 1985; Weeks and Melton, 1987). However, 

although Vg1 was predicted to belong to the TGF-β family of growth and differentiation factors, 

Vg1 cleavage and secretion were not detected (Dale et al., 1989; Tannahill and Melton, 1989). 

Our data provides an explanation for these results. Vg1 is trapped in the ER in the absence of 
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Nodal, where it is neither cleaved nor secreted. Thus, it is likely that only the small fraction of 

endogenous Vg1 that encounters Nodal is cleaved and secreted in the embryo. This is consistent 

with previous arguments (Dale et al., 1989; Tannahill and Melton, 1989). However, while our 

experiments revealed robust cleavage of Vg1 when it was co-expressed with Nodal, we were 

also unable to detect the endogenous cleavage of Vg1. The development of more sensitive 

biochemical or imaging methods should allow the visualization of endogenous Vg1 cleavage. 

Overexpression of Vg1 also failed to produce cleaved Vg1, probably because the embryo has 

only a limited supply of endogenous Nodal to facilitate cleavage. Secretion of Vg1 by oocytes 

likely failed because Nodal is not expressed in oocytes. Our model does not explain why 

expression of zebrafish vg1 in Xenopus embryos and oocytes resulted in cleavage and activity 

(Dohrmann et al., 1996). It is possible that zVg1 was able to heterodimerize with a different 

Xenopus protein in the embryo, or a proprotein convertase that recognizes zVg1 and not Vg1 

was present in the oocyte.  

 

The strongest evidence against Vg1 being a mesoderm inducer came from over-expression 

studies: injection of vg1 into Xenopus or zebrafish embryos resulted in no mesoderm induction 

or phenotype (Dale et al., 1993; Dohrmann et al., 1993; Thomsen and Melton, 1993). In hindsight 

this makes sense: if embryos already have an excess of Vg1 that is dormant in the ER, any 

additional Vg1 will only add to that inert pool. To achieve ectopic mesoderm induction, co-

expression of vg1 and Nodal would have been necessary. Chimeric proteins were subsequently 

developed with the prodomains of BMP2, BMP4 or Activin fused to the mature domain of Vg1 

(Dale et al., 1993; Kessler and Melton, 1995; Thomsen and Melton, 1993). These constructs 

solved the problem that vg1 injections were ineffectual – now, mature Vg1 could be generated, 

it was secreted, and it appeared to induce mesoderm (Dale et al., 1993; Kessler and Melton, 

1995; Thomsen and Melton, 1993). Given that the prodomains of TGF-β family members can 
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alter the folding, disulfide bond formation, export, stability and signaling range of dimers (Degnin 

et al., 2004; Le Good et al., 2005; Massagué, 1987) as well as affect a monomer’s ability to form 

heterodimers (Neugebauer et al., 2015), it is quite possible that the heterologous prodomains 

conferred ectopic function on Vg1. Nonetheless, in light of our work, it is most likely that the 

fused prodomains permitted the formation of active Vg1 homodimers. This is in contrast to the 

endogenous context, where Vg1 appears to primarily exist in a monomeric state (Dale et al., 

1993) (Chapter 5). 

 

Our data indicates that Vg1 remains in the ER in the absence of Nodal (Montague and Schier, 

2017) (Chapter 5). This is consistent with the observation that the Vg1 signal sequence is not 

cleaved upon entry into the ER (Dale et al., 1993), unlike other members of the TGF-β family 

(Massagué, 1987). So, what retains Vg1 in the ER? One possibility is that Vg1 is bound by an 

ER-resident protein, which is only displaced by the arrival of Nodal. Alternatively, Vg1’s 

hydrophobic signal peptide could maintain Vg1 an incorrectly folded state until Nodal 

heterodimerization allows correct folding, peptide cleavage and ER exit. Either way, retention in 

the ER is likely a function of the Vg1 prodomain: thus, replacing it with a BMP or Activin 

prodomain facilitates secretion and cleavage.  

  

Experiments using a truncated version of the Activin type II receptor inhibited both mesoderm 

formation (Hemmati-Brivanlou and Melton, 1992) and ectopic BMP-Vg1 activity (Schulte-Merker 

et al., 1994), suggesting that Vg1 activates the type II Activin receptor. However, receptor binding 

assays revealed that mature Vg1 does not directly bind the type II Activin receptor, suggesting 

Vg1 might activate the receptors through an indirect mechanism (Kessler and Melton, 1995). This 

result is consistent with our model: a Vg1/Nodal heterodimer could assemble a tetramer of two 

type I and type II Activin receptors; Nodal might bind the type II receptors and Vg1 might bind 
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the type I receptors, akin to the BMP2-7 heterodimer system (Little and Mullins, 2009). If this is 

the case, Vg1 homodimers produced from BMP- or Activin-Vg1 fusion proteins may assemble 

and signal via a different array of receptors, or they may more weakly bind the type I/type II 

heteromeric complex than a Nodal/Vg1 heterodimer. Since all BMP-Vg1 experiments were 

performed under overexpression conditions, even a relatively weaker activation of the receptors 

could result in robust gene expression. Indeed, we find that Vg1/Nodal heterodimers are more 

potent than Nodal homodimers (Montague and Schier, 2017) (Chapter 5).  

 

A Vg1/Nodal heterodimer in Xenopus? 

The current view of Xenopus mesoderm development is as follows: VegT, a maternal mRNA 

encoding a transcription factor, is localized to the vegetal cortex of the egg, and upon 

fertilization, diffuses through the embryo. Cleavage events passing through the equator of the 

embryo restrict VegT’s localization to the vegetal half of the embryo. At the 256-cell stage, β-

catenin initiates expression of Xnr5 and 6 on the dorsal side (Yang et al., 2002), and after zygotic 

transcription begins at the 4000-cell stage, VegT  activates expression of the Xnr1, 2 and 4 genes 

in the vegetal hemisphere. The Xnr genes activate multiple target genes to initiate mesoderm 

formation (Clements et al., 1999; Hyde and Old, 2000; Kofron et al., 1999; Xanthos et al., 2001; 

Zhang et al., 1998a).  

 

Might Vg1 form obligate heterodimers with the Xnr proteins? Like VegT, Vg1 is localized to the 

vegetal cortex of the egg, and then diffuses through the vegetal hemisphere after fertilization 

(Thomas and Moos, 2007). Thus, the embryonic domains of Vg1 and the Xnr proteins must 

largely overlap. If Vg1 and Xnr1-5 form obligate heterodimers, expression of either mRNA alone 



 108 

should fail to activate gene expression. Injection of Xnr1 into Xenopus animal caps results in 

ectopic mesoderm formation (Agius et al., 2000), suggesting that Xnr1 can act independently of 

Vg1. However, quantification of vg1 expression in different regions of the embryo suggested 

there is some vg1 present in the animal cap (Agius et al., 2000), which could be enough to permit 

heterodimer formation. Alternatively, similar to zebrafish Nodal, Xnr1 may form active 

homodimers at artificially high concentrations (Chapter 5). In support of Xnr/Vg1 heterodimers, 

depletion of Vg1 and Xnr5 in combination reduces pSmad2 signaling more than either mRNA 

alone (Tadjuidje et al., 2016). 

 

If Xnr and Vg1 form obligate heterodimers, why does vg1 localize to the vegetal cortex? The 

elegance of the zebrafish Vg1/Nodal patterning system is that even if Vg1 is ubiquitous, it cannot 

induce ectopic signaling since it remains in an inactive state in the ER in the absence of Nodal. 

Xenopus Vg1 might not need its precise localization, or perhaps it presents an additional layer 

of regulation, restricting the generation of active Nodal/Vg1 signals to vegetal regions. 

 

Vg1 in left-right asymmetry 

One of the mammalian Vg1 orthologs, GDF1, forms heterodimers with Nodal to pattern the left-

right axis (Tanaka et al., 2007). A morpholino-based study in zebrafish suggested a similar model 

for vg1 in zebrafish left-right axis patterning (Peterson et al., 2013). Our results contradict this 

study and show instead that zebrafish Vg1 has an early role in mesendoderm patterning (Chapter 

5). However, while our zygotic vg1 mutants do not exhibit a phenotype, it’s possible a left-right 

patterning phenotype is masked. There are two periods of vg1 expression: maternal vg1 mRNA 

is present until mid-late gastrulation, and zygotic vg1 transcription resumes 3-4 hours later 
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(Montague and Schier, 2017) (Appendix Figure 8). Although there is a 3 to 4-hour period when 

vg1 isn’t expressed, there is some data to suggest that maternal Vg1 protein remains in the 

embryo. Xenopus Vg1 protein measurements suggest it has high stability (Dale et al., 1989), and 

uncleaved mouse Nodal appears to be stable, while cleaving it causes rapid internalization and 

degradation (Le Good et al., 2005). Since the majority of Vg1 in the embryo is never cleaved, it 

could be stable for hours. Thus, even in a zygotic vg1 mutant, there could be Vg1 protein residing 

in the ER of every cell, which could form heterodimers with Southpaw9. To address this issue, a 

rapidly degrading version of vg1 could be injected into MZvg1 embryos to facilitate rescue of 

mesendoderm but not left-right patterning.  

 

Future directions 

Our work has solved some of the pressing Vg1 mysteries but leaves other questions open. For 

instance, we present a convincing mechanism for the regulation of Vg1 processing and 

secretion, but we remain unable to detect the cleavage and secretion of endogenous Vg1. It will 

be important to develop methods to detect endogenous proteins in zebrafish, for instance with 

new antibody strategies and by fluorescently tagging endogenous loci.  

 

The majority of work interrogating the function of Vg1 was carried out in Xenopus where, until 

recently, generating mutants was not feasible. With the development of CRISPR/Cas9 methods 

in Xenopus (Wang et al., 2015a), it will be interesting to find out if Vg1 plays a similar role in the 

                                                

9 In a paper co-published with ours, the authors claim that Vg1 is required for left-right asymmetry by presenting 
phenotypic evidence after injecting multiple MOs into the vg1 mutants. Their conclusion may be correct, but the 
experimental design is flawed and inconsistent with their model (Pelliccia et al., 2017). 
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frog as it does in the zebrafish. All 5 Xnr proteins might require heterodimerization with Vg1 for 

activity; alternatively, other TGF-β family members such as Derrière (Eimon and Harland, 2002) 

might replace the function of Vg1. 

 

This work, and the work of others, suggests that heterodimer-mediated signaling can confer a 

number of advantages on a system, for instance higher potency, temporal and spatial control of 

signaling, faster signaling dynamics and modulation of signaling range. Future work might reveal 

that heterodimers are more widespread in signaling pathways than previously anticipated.   

 

  



 111 

 

 

 

Appendix 

  



 112 

Appendix 1: Reverse transcription, semi-quantitative PCR 
and DNA extraction on board the International Space Station 
 

Preface 

This chapter is currently under review. The project initiated from the United Arab Emirates Genes 

in Space competition. I mentored 14-year-old Alia Almansoori in preparation for the competition, 

which she subsequently won. Her prize was to send her experiment to space. Alia Almansoori 

conceived the initial idea for this project and developed the experiment with input and 

supervision from me. I designed the experiment that was sent to space, with input from Alia 

Almansoori, Ezequiel Alvarez Saavedra and Emily Gleason. I performed the on-Earth 

experiments and prepared the samples that were sent to space with Ezequiel Alvarez Saavedra. 

Astronaut Peggy Whitson performed the experiments in space. I performed the final experiments 

on Earth upon return of the samples from space and analyzed the data with Alia Almansoori and 

Ezequiel Alvarez Saavedra. 

 

Abstract 

The distance and duration of human spaceflight missions is set to markedly increase over the 

coming decade as we prepare to send astronauts to Mars. However, the health impact of long-

term exposure to cosmic radiation and microgravity is just beginning to be understood. In order 

to identify the molecular mechanisms underpinning the effects of space travel on human health, 

we must develop the capacity to monitor changes in gene expression and DNA integrity in space. 

Here we report successful implementation of three molecular biology procedures on board the 

International Space Station (ISS) using a miniaturized thermal cycler system and C. elegans as 

a model organism: first, DNA extraction, which is the initial step for any type of DNA analysis; 
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second, reverse transcription of RNA to generate complementary DNA (cDNA); and third, the 

subsequent semi-quantitative PCR amplification of cDNA to analyze gene expression changes in 

space. These molecular procedures represent a significant expansion of the budding molecular 

biology capabilities of the ISS, and will permit more complex analyses of space-induced genetic 

changes during spaceflight missions aboard the ISS and beyond. 

 

Introduction  

Human spaceflight is about to undergo a major shift. While the last few decades have seen short- 

or medium-term (<1 year) orbital flights within Earth’s protective magnetic field, in the coming 

years astronauts will transition to longer-term explorations of deep space. There are many 

challenges associated with deep space missions, but the predominant health risks that must be 

mitigated before humans can safely undergo interplanetary travel are the consequences of 

exposure to cosmic radiation and microgravity. The high-energy protons and high-charge and 

high-energy nuclei that comprise cosmic rays can have devastating effects on human health. One 

of the most vulnerable sites for cosmic radiation damage is DNA, where mutations can lead to 

the development of cancer (Durante and Cucinotta, 2008; Moreno-Villanueva et al., 2017). In 

addition, the combination of microgravity and cosmic radiation can negatively impact many normal 

biological processes in the skeletal, immune and nervous systems (White and Averner, 2001). In 

many cases, alterations in gene expression precede and accompany the physiological changes 

(Barrila et al., 2016; Crucian et al., 2015; Cucinotta et al., 2014; Semov, 2002; Terada et al., 

2016), providing a means to predict and understand the nature of the damage. Thus, during long-

term space missions, detecting molecular changes in the DNA and RNA of astronauts will be 

useful to monitor their health and inform possible treatments.  
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Recent developments in molecular biology tools on the ISS have resulted in the first reports of 

DNA amplification and sequencing in space (Boguraev et al., 2017; McIntyre et al., 2016). 

However, a larger repertoire of nucleic acid techniques will be needed to render the ISS capable 

of complete molecular biology procedures. In this Genes in Space-4 study we tested three of the 

major techniques used on Earth to monitor gene expression and detect DNA sequence changes 

on board the ISS. We used the nematode worm Caenorhabditis elegans (C. elegans) as a model 

organism, which has already been successfully flown to space for scientific study (Szewczyk et 

al., 2008). We performed a DNA extraction experiment, reverse transcribed RNA into cDNA, and 

performed semi-quantitative PCR on board the ISS. These experiments provide a foundation for 

more complex experimental procedures to monitor molecular changes to human health in space.  

 

Results 

DNA extraction from C. elegans on board the ISS 

To detect changes in an organism’s DNA, including mutations induced by cosmic radiation, it is 

first necessary to extract DNA from biological tissues. To test the feasibility of DNA extraction in 

space we used C. elegans from two different genotypes: wild-type and a set-25(n5021) deletion 

strain (Andersen and Horvitz, 2007). Individual worms were mixed with lysis buffer on Earth then 

frozen, and on board the ISS the samples were incubated in a miniPCR thermal cycler (Appendix 

Figure 1A) at 60°C for 60 minutes followed by 95°C for 15 minutes to inactivate the proteinase K 

present in the buffer. The samples were refrozen and sent back to Earth, where the genomic DNA 

was tested as a template for amplification using the polymerase chain reaction (PCR). Two sets 

of primers were used: one flanking the set-25(n5021) deletion and one with a primer internal to 

the deletion. In combination, these amplification reactions permit the identification of the molecular  
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Appendix Figure 1. DNA extraction from C. elegans on board the ISS. 
(A) The miniPCR system was operated on the International Space Station (ISS) by astronaut Peggy Whitson. 
(B) Wild-type and set-25(del) C. elegans were digested in lysis buffer and proteinase K on board the ISS in a 
miniPCR thermal cycler. The resulting DNA was used as input in a PCR amplification reaction on Earth that tested 
for the presence of the deletion found in the set-25 mutants. The set-25 inner primers amplify a 573 bp product with 
wild-type DNA, but don’t produce a product with set-25 mutant DNA due to the deletion. The set-25 outer primers 
amplify different sized products depending on the genotype: wild-type DNA produces a 2220 bp band, whereas set-
25 mutant DNA produces a 242 bp band. 
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lesion in the set-25 mutants. Amplification from the extracted genomic DNA was successful, and 

the molecular lesion was identifiable in both the ground controls and space samples (Appendix 

Figure 1B), indicating that DNA can be successfully extracted in space with the same protocol as 

on Earth. Furthermore, our experiments reveal that DNA extracted on board the ISS can be 

frozen, stowed, and later utilized in molecular analyses back on Earth. Given the small volume 

used for DNA extraction, in future experiments, PCR reagents could be added directly to the DNA 

extraction reaction tubes to efficiently perform the complete DNA extraction and PCR in space. 

 

 

Semi-quantitative PCR in space 

Due to limitations on the collection of live biological samples on board the ISS, we simulated 

space-induced changes in gene expression using the heat shock system of proteins in C. elegans. 

The heat shock proteins are part of a stress response system that is highly conserved from 

bacteria to humans (Schlesinger, 1990). Stresses such as heat or microgravity (Cubano and 

Lewis, 2001; Zupanska et al., 2013) cause up-regulation of the heat shock genes and synthesis 

of the heat shock proteins, which act as molecular chaperones to aid the correct folding of proteins 

(Schlesinger, 1990). We simulated spaceflight-induced expression of the hsp-70 gene by 

subjecting C. elegans to a 30-minute heat shock on Earth, followed by purification of RNA from 

heat shock-treated and control animals after a 30-minute recovery period (Appendix Figure 2A).  

 

To measure gene expression, we reverse transcribed RNA to generate cDNA, and then 

performed semi-quantitative DNA amplification. Semi-quantitative PCR uses a cycle number that 

lies within the exponential phase of DNA amplification so that the amount of product synthesized 

between different conditions is proportional to the amount of starting template. Primers are 

selected that target the gene of interest as well as a housekeeping (control) gene  
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that is not expected to change between experimental conditions. We used primers targeting the 

heat shock gene hsp-70 and the housekeeping gene actin (act-1). We converted total RNA to  

cDNA on Earth, then set up reaction tubes containing cDNA and the PCR reagents and sent them 

frozen to the ISS. Astronaut Peggy Whitson performed the semi-quantitative PCR in space 

following a protocol that was optimized on ground samples. The samples were then refrozen and 

returned to ground where we analyzed the results by gel electrophoresis. During optimization of 

the procedure, we determined the range of PCR cycles within which hsp-70 amplification 

remained in the exponential phase by running parallel PCR experiments with different cycle 

numbers (Appendix Figure 2B). This allowed for maximum distinction between the experimental 

conditions tested. 

 

In space, the act-1 product was amplified to equivalent levels under heat shock and no-heat shock 

conditions, similar to the ground controls (Appendix Figure 2C). The hsp-70 product was 

undetectable, or almost not detectable, in the no-heat shock condition, indicating that basal  

expression of hsp-70 is low under normal physiological conditions. By contrast, under heat shock 

conditions, the hsp-70 PCR product was amplified to high levels, indicating robust induction of 

hsp-70 gene expression (Appendix Figure 2C). The results were indistinguishable between the 

ground controls and the ISS samples. Thus, semi-quantitative PCR can be carried out in space 

to measure changes in gene expression, such as up-regulation of hsp-70 triggered by stress 

conditions. 

 

One-step reverse transcription and semi-quantitative PCR in space  

For molecular assays to be performed successfully by astronauts with limited resources and 

potentially limited laboratory training, the workflow of sample collection, RNA extraction, reverse 

transcription and quantitative or semi-quantitative PCR should be as streamlined as possible. As 

a step towards a simplified procedure, we tested if one-step reverse transcription and semi- 
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Appendix Figure 2. One-step reverse transcription and semi-quantitative DNA in space.  
(A) C. elegans were heat shocked for 30 minutes at 33°C to simulate space-induced changes in the expression of heat 
shock gene hsp-70. Control worms were maintained at 20°C. After a 30-minute recovery period, RNA was purified from 
both populations of worms, and the RNA was subjected to DNase digestion. One set of samples was combined with 
reagents for one-step reverse transcription-PCR (RT-PCR) and frozen (1), while a second set of RNA samples was 
used as the input for a reverse transcription experiment on Earth, and the resulting cDNA was combined with PCR 
reagents and frozen (2). Half of each sample set was sent to the ISS while the other half remained on Earth for ground 
controls. Semi-quantitative PCR reactions were run on Earth and in space. All samples were analyzed on Earth using 
gel electrophoresis. 
(B) To determine the range of exponential DNA amplification of the hsp-70 gene amplicon during PCR, cDNA was 
amplified using 28, 32 or 35 cycles of PCR. 
(C) One-step reverse transcription-PCR (RT-PCR) and two-step reverse transcription and then PCR were run on earth 
and in space using 24 and 28 cycles of amplification. cDNA was amplified using primers targeting hsp-70 to semi-
quantitatively determine the amount of hsp-70 gene expression in samples subjected to heat shock or no-heat shock. 
Amplification of actin (act-1) was used as a control. 
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quantitative PCR in the same reaction tube, and without astronaut intervention, was feasible in  

space. We combined the RNA extracted on Earth with a complete enzyme mix, containing all of  

the reagents for reverse transcription and PCR in one tube. The samples were frozen and sent to 

space where a combined reverse transcription-PCR (RT-PCR) protocol was performed on a 

miniPCR thermal cycler (Appendix Figure 2A). The RT-PCR successfully amplified the act-1 and 

hsp-70 amplicons, producing similar results as the reaction on Earth and as the two-step reverse 

transcription and PCR (Appendix Figure 2C). Thus, using RNA as starting material, gene 

expression can be assessed with minimal astronaut intervention. 

 

Discussion 

In this study we describe the successful execution of DNA extraction, reverse transcription and 

semi-quantitative PCR in space. Current ISS-based experiments generally rely on in-space 

sample collection followed by on-Earth processing and analysis. Our experiments reveal that 

three additional molecular techniques can be performed in space, thus expanding the molecular 

capabilities of the ISS. Soon, astronauts will be able to generate and analyze data on their health 

and the molecular status of the living  

environment entirely in space. 

 

A round-trip mission to Mars is expected to take approximately 3 years (Cucinotta et al., 2013). 

The astronauts embarking on this journey will need to be entirely self-sufficient to survive the 

hostile environment of deep space. Not only will they be solely responsible for their own health, 

but upon exiting Earth’s magnetosphere, the astronauts will be subject to approximately three 

times the cosmic radiation as spacecraft within Earth’s orbit (Cucinotta et al., 2013). In order to 

closely monitor their health, crewmembers will need to track not only their physiology, but also 
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their DNA integrity. By successfully demonstrating DNA extraction in space we are one step closer 

to astronauts acquiring their own biological samples, extracting the DNA and sequencing it, for 

example using the MinION nanopore sequencer that has been successfully operated in 

microgravity (McIntyre et al., 2016). In addition, if a crewmember acquires an infection, astronauts 

could potentially use DNA analysis to identify the organism and any genetic changes it has 

undergone to inform their decisions for treatment.  

 

The human body has been shown to undergo gene expression changes in space, which could 

reveal underlying health issues or changes to physiology, such as cellular stress or inflammation. 

By demonstrating successful reverse transcription of RNA and semi-quantitative PCR in space, 

we provide evidence that two of the critical steps of gene expression analysis can be carried out 

in space. Future developments should take us closer to the ultimate goal of allowing astronauts 

to carry out full genetic and gene expression analyses in space using human samples. 

 

Methods 

Strains 

C. elegans were maintained at 20°C. N2 Bristol was used as wild-type. MT17463 [set-25(n5021)] 

animals (Andersen and Horvitz, 2007) contain a 1978 bp deletion in the set-25 gene. set-25 

mutants were genotyped using two primer pairs. The outer primers (see Primer Sequences) 

produce a 2220 bp band with wild-type DNA, and a 242 bp band with set-25 DNA; the inner 

primers produce a 573 bp band with wild-type DNA, and no PCR product with mutant DNA.  

 

DNA extraction 
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Either 1 or 2 animals were placed in tubes with 5 μL of lysis buffer (50 mM KCl,10 mM Tris pH 

8.3, 2.5 mM MgCl2, 0.45% IGEPAL (Sigma, I8896), 0.45% Tween-20 and 0.01% Gelatin) 

supplemented with 100 μg/ml proteinase K and the tubes were frozen at -80°C. The samples 

remained frozen until operations on board the ISS. The lysis protocol on the miniPCR machine 

was: 60°C/60 min, 95°C/15 min. However, due to input error, the heat inactivation step in space 

was carried out for 1.5 minutes instead of 15 minutes. Thus, upon their return to Earth, the 

samples were subjected to the remaining 13.5-minute heat inactivation. On Earth, 1 μL of the 

extracted DNA was placed in tubes with OneTaq Hot Start Taq kit (NEB, M0484S) and 0.4 μM of 

the set-25 primers for DNA amplification using the following protocol: 95°C/2 min, [95°C/30 sec, 

55°C/30 sec, 72°C/3 min] x35, 72°C/5 min. The completed PCR reactions were run on a 2% 

agarose gel. 

 

Heat shock 

Worms were synchronized and grown to 4 hours post-L4 stage on NGM agar plates and 

submerged in a 33°C water bath for 30 minutes. The control “no heat shock” plates were 

maintained at room temperature. The heat shocked plates were allowed to recover for 30 minutes 

at 20°C before washing the worms off the plates, and freezing them in liquid nitrogen. 

 

RNA extraction and DNase digestion 

RNA was extracted from the worms using TRIzol (ThermoFisher, 15596026). Briefly, frozen 

worms were resuspended in TRIzol, flash frozen in liquid nitrogen, then thawed at 37°C and 

vortexed for 1 minute. The freeze-thaw-vortex cycle was repeated twice, and the samples were 

combined with chloroform and centrifuged at 4°C for 15 minutes before the aqueous layer was 

removed and combined with isopropanol. The RNA was pelleted by spinning at 4°C for 15 

minutes, the pellets were washed in ethanol and then resuspended in RNase-free water and 

combined with Turbo DNase and buffer (ThermoFisher, AM2239). DNase digestion was carried 
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out at 37°C for 30 minutes and then an additional 1 µL of Turbo DNase was added to the reactions 

and they were incubated for a further 30 minutes. RNA was purified from the samples by ethanol 

precipitation.  

 

cDNA synthesis 

For the two-step reverse transcription and PCR, 1 μg of RNA from each condition was combined 

with 1 μL of iScript reverse transcriptase (Bio-Rad, 1708890) and 4 μL of iScript buffer in a total 

reaction volume of 20 μL. The cDNA synthesis program was as follows: 25°C/5 min, 46°C/20 min, 

95°C/1 min.  

 

Semi-quantitative PCR 

For the combined one-step RT-PCR, 100 ng of RNA from each condition was added to a tube 

and combined with OneTaq One-Step RT-PCR mix (NEB, E5315S) and 0.4 μM of each primer 

(see Primer Sequences). The reactions were frozen at -80°C and maintained in a frozen state 

until operations on board the ISS. The RT-PCR protocol was as follows: 48°C/20 min, [94°C/20 

sec, 56°C/30 sec, 68°C/60 sec] x24/28, 68°C/10 sec. The two-step semi-quantitative PCR 

combined 1 μL of cDNA as the template, OneTaq Hot Start master mix (NEB, M0484S) and 0.4 

μM of each primer. The samples were frozen at -80°C and remained frozen until operations on 

board the ISS. The PCR protocol was identical for the one-step and two-step protocols. Upon 

returning to earth, the samples were run on a 2% agarose gel for analysis. 

 

Thermal cycler system   

All experiments were carried out in a mini8 miniPCR thermal cycler (www.minipcr.com). 

 

ISS operations 
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The Genes in Space samples were prepared on Earth, frozen, and sent on dry ice to the Kennedy 

Space Center, where they arrived 6 days before the launch. The samples were stored in a POLAR 

freezer until 24 hours prior to launch when it was moved to the SpaceX Dragon vehicle, kept at -

95°C, and launched on a SpaceX Falcon rocket to the ISS. Upon docking with the ISS, the 

samples were transferred to the GLACIER -95°C freezer on orbit until further processing. During 

experimental operations, ISS crew removed the samples from the freezer, allowed them to 

thaw, and took preliminary photos to show the sample strip conditions prior to being removed 

from the flight bag. A visual inspection of the samples strips was also performed at this time to 

verify all sample tube caps were sealed and that there was no visible leakage from the strip. The 

MWA (maintenance work area) was prepped by setting up the miniPCR, ISS Station Support 

Computer (SSC) laptop, inverter (to change power from 120VDC to 120VAC), along with all 

cables being connected.  The sample and thermal cycling protocols were loaded onto the 

miniPCR machine. At this point the sample run was started and the astronaut allowed miniPCR 

operations to complete while working on other tasks. The ground team monitored the miniPCR 

process via live video stream. Upon completion of the miniPCR run, the samples were allowed to 

cool for a minimum of 30 minutes before being removed from the miniPCR. Photos were taken 

again to show the strip configuration prior to being placed back into the flight bag in the MELFI 

or GLACIER freezer, where they remained until loaded into the SpaceX Dragon inside a POLAR 

freezer set to -95°C. Upon splashing down to Earth in the Pacific Ocean off the coast of California, 

the samples were unloaded from the Dragon vehicle and placed in a freezer to maintain 

temperature on a fast boat that took them to land. The samples were then placed inside a freezer 

for return to the Johnson Space Center, where the Boeing team took delivery and packaged for 

return to Harvard University for analysis. 

 

Primer sequences 
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All semi-quantitative PCR primers were designed with one primer across a splice junction to avoid 

amplification of contaminating genomic DNA.  

 

Set-25_outer_F TTCGTTGGTTTTTCGGACA 
Set-25_outer_R CCGTGCTACGCGGTAAGTAT 
Set-25_inner_F AGACTTCGACGAACACCGAG 
Set-25_inner_R CGCGTGGAAAAGTTTCGTGT 
Act-1_F (Gaiser et al., 2011) AATCCAAGAGAGGTATCCTTA 
Act-1_R (Gaiser et al., 2011) GATGGCGACATACATGGCT 
Hsp-70_F GAAAATCACACGTGCAAGATTCG 
Hsp-70_R GAGCAGTTGAGGTCCTTCCC 
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Appendix 2: Supplementary figures 
 
 

 

 

 
 
Appendix Figure 3. vg1 mutant alleles. 
(A) sgRNAs targeting the vg1/dvr1/gdf3 gene were designed using CHOPCHOP (Labun et al., 2016; Montague et 
al., 2014). Colored arrows indicate possible sgRNA targets, color-coded according to predicted efficiency (green: 
good to red: bad). Open arrowhead indicates the location of the sgRNA used in this study. The sgRNA sequence 
is provided in blue, with the PAM motif in red. 
(B) 8 bp (vg1a164) and 29 bp (vg1a165) deletion alleles cause frameshifts in Vg1, truncating it from a 355 amino acid 
protein to predicted 18 and 11 amino acid peptides, respectively.  
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Appendix Figure 4. Left-right asymmetry in Zvg1 mutants. 
(A) Heart positioning at 28 hours post-fertilization (hpf) in WT and Zvg1 embryos, detected by expression of cmlc2 by 
in situ hybridization. 
(B) Expression of southpaw (spaw), a Nodal ligand involved in left-right asymmetry, at the 17-somite stage in WT and 
Zvg1 embryos. spaw is expressed in the lateral plate mesoderm.  
 

 

 
 
Appendix Figure 5. Vg1 processing requires Nodal. 
(A) Anti-GFP reducing immunoblot of WT and Mvg1 embryos injected with 50 pg of vg1-sfGFP or vg1-NC-sfGFP 
mRNA and 50 pg of cyc or sqt mRNA. Black arrowhead indicates full-length Vg1-sfGFP, open arrowhead indicates 
cleaved Vg1-sfGFP. 8 embryos at 50% epiboly were loaded per well. 
(B) Anti-GFP reducing immunoblot of Mvg1 embryos injected with 50 pg of vg1-sfGFP mRNA and 50 pg of cyc, sqt 
or bmp7a mRNA. Black arrowhead indicates full-length Vg1-sfGFP, open arrowhead indicates processed Vg1-sfGFP. 
Molecular weights in kDa. 8 embryos at 50% epiboly were loaded per well. 
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Appendix Figure 6. Vg1 secretion requires Nodal. 
(A) Mvg1 embryos co-injected with 20 pg of vg1-sfGFP mRNA and 0.5 pg, 2 pg or 20 pg of cyc or sqt mRNA. These 
images were captured under the same microscope settings. Arrowheads indicate small extracellular puncta. Note that 
the puncta increase in size with increasing concentrations of cyc mRNA. Co-expression of vg1-sfGFP mRNA and sqt 
mRNA can result in extracellular diffuse signal and/or extracellular puncta. Scale bar, 17 um. See Table 1 for 
quantification. 
(B) Mvg1 embryo co-injected with pH-sensitive fluorescent vg1 (vg1-pHluorin2) and sqt. Arrowheads indicate 
fluorescent puncta. Scale bar, 17 um. 
(C) Z-stack of Mvg1 embryo co-injected with 50 pg of vg1-sfGFP and 50 pg of cyc-sfGFP. Scale bar, 17 um. 
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Appendix Figure 7. Vg1 and Nodal form heterodimers. 
(A) Anti-Flag reducing IB of anti-HA IP from lysates of WT embryos injected with 50 pg of vg1-HA mRNA and 50 pg of 
cyc-Flag or sqt-Flag mRNA. Black arrowhead indicates full-length protein; open arrowhead indicates cleaved protein.  
(B) Anti-Flag reducing IB of anti-HA IP from lysates of Mvg1 embryos injected with either 5 pg or 20 pg of sqt-HA mRNA 
combined with increasing concentrations (5 pg, 20 pg or 50 pg) of vg1-Flag or bmp7a-Flag mRNA. Black arrowhead 
indicates full-length protein; open arrowhead indicates cleaved protein. In contrast to Vg1-Flag, the mature domain of 
Bmp7a-Flag is more readily detected than the full-length protein (Little and Mullins, 2009). The samples were loaded 
onto 3 gels run under the same conditions at the same time (gel boundaries are marked by white vertical lines). 
(C) Anti-Flag reducing and non-reducing immunoblots of Mvg1 embryos injected with vg1-Flag, cyc-Flag or bmp7a-
Flag mRNA (from Figure 5-5B). Approximate locations of expected monomers and dimers are indicated. TGF-beta family 
protein dimers are connected by disulfide bonds, which are broken under reducing conditions.  
(D) Z-stack of ~256-cell stage Mvg1 embryo co-injected with 100 pg of vg1-Dendra2 mRNA at the 1-cell stage and 5 
pg of cyc mRNA at the 64-cell stage immediately followed by photoconversion. The red puncta represent Vg1-Dendra2 
protein synthesized before the 64-cell stage that has heterodimerized and been secreted with Cyc protein. 
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Appendix Figure 8. Vg1 and Nodal are only active when co-expressed. 
(A) Transplantation experiments with DAB staining to show the location of the transplanted cells (orange) and lft1 
expression (purple). 
(B) in situ hybridizations for a mesoderm marker (lft1) and an endoderm marker (sox32) in vg1 mRNA YSL-injected 
embryos. 
(C) Confocal imaging of Mvg1 embryos injected with 100 pg of vg1 and 500 pg of Alexa 488 dextran into the embryonic 
YSL at the 1000-cell stage. The majority of fluorescent dextran localized to the YSL (i), but in some cases dextran was 
detectable in a few margin cells (ii, white arrowhead). 
(D) Endogenous vg1 expression in WT embryos.  
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