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Preface

The story of Xenopus as an experimental model system
seems like a version of the Grimm Brothers’ “The Frog
Prince.” Here, a frog, Xenopus laevis, also came from
humble beginnings, and with a little “tender loving care,”
it became a prince, or, as many would prefer, a “princess,”
for many fields of biomedical research and basic biology.
Once upon a time, the founders of experimental embryol-
ogy used many different species of amphibians, including
a variety of newts and frogs. For half a century, pioneers,
including Wilhelm Roux, Hans Spemann, Thomas Hunt
Morgan, Oscar Hertwig, and others, used these species to
decipher many of nature’s secrets, including basic principles
in cell biology, neurobiology, morphogenetic movements,
cell communication, and the contributions of the genome.
Some of these breakthroughs were afforded the highest
accolades, such as the awarding of the 1935 Nobel prize to
Hans Spemann for the discovery of embryonic induction. In
parallel, some of these experimental models provided scien-
tific tools to study the effects of the environment on biologi-
cal processes in early toxicological and teratogenic studies.
However, the inability to maintain or breed these animals in
the laboratory environment limited many of these studies.

In the 1930s, a new frog animal model caught the interest
of the medical and scientific community. Initially introduced
to the clinic for performing pregnancy tests, Xenopus laevis,
also known as the African clawed frog, proved very resilient
in the laboratory environment. One of the consequences of
using Xenopus in pregnancy tests was its wide distribution
around the world, and colonies were established at multiple
universities and hospitals. The maintenance of these colo-
nies revealed that Xenopus husbandry is very simple, and
eggs and embryos can be readily obtained year-round with
minimal effort. This frog species thrived in the laboratory,
efficiently breeding to produce large numbers of eggs after
injection of readily available reproductive hormones. Since
then, many of the classical experiments previously per-
formed in other amphibian models have been repeated and
expanded using Xenopus.

Each experimental model system has advantages and dis-
advantages, and the chapters in this book describe some of
the particular strengths of Xenopus as a vertebrate experi-
mental model system to study basic biological principles and
human disease. Because amphibians are tetrapods, Xenopus
is closer evolutionarily to mammals, and in particular
humans, than fish. More importantly, most of the biologi-
cal and biomedical principles identified and characterized
in Xenopus are generally applicable to all vertebrates. The
Xenopus laevis oocyte is relatively large in size (~1.4 mm
in diameter), and a female can lay from several hundred
to several thousand eggs in a single day. This large clutch
size provides an excellent source of biochemical materials
and has been used to study the cell cycle, DNA replication,
and chromatin structure. Beyond the clear advantages for

biochemical studies, the large clutch size allows perform-
ing rather complex experiments composed of multiple sam-
ples from a similar genetic background and large enough
sample sizes for statistical significance of the results. The
large size of the Xenopus oocyte also allows the easy use
of glass needles to inject the oocytes with mRNAs that can
undergo translation and subsequent post-translational pro-
cessing into proteins that can be properly folded, chemically
modified, and either retained intracellularly, integrated into
membranes, or secreted. Oocytes can also be injected with
chemicals, antibodies, DNA molecules, and other reagents
to study many biological processes.

An important direction in which Xenopus laevis became
a cornerstone was in the analysis of embryonic development.
The ease with which hundreds of embryos can be obtained
in a single clutch, allowing large samples, combined with
the external development that allows analysis of all develop-
mental stages, were essential for characterizing basic princi-
ples of embryogenesis in vertebrates. Already from the early
studies, it was clear that amphibian embryos were ame-
nable to microsurgical manipulation and transplantations;
Xenopus embryos proved no different and even particularly
resilient to this type of experiment. The egg’s large size
and its rapid development into an embryo became an asset
for the production and analysis of gene products follow-
ing mRNA injection. The detailed fate maps of individual
cells made it possible to target microinjections to particular
regions, sometimes on one side of the embryo, thus mini-
mizing off-target effects and providing an internal control
in each embryo. Thus, many basic principles of vertebrate
embryogenesis were elucidated using Xenopus embryos,
and numerous aspects in the characterization of signaling
pathways were worked out using Xenopus embryos. Over the
years, studies based on Xenopus have received worldwide
recognition and prizes, including the Nobel prize in 2012 to
Sir John Gurdon for the discovery of genetic reprogramming
of mature cells to pluripotency.

The allotetraploid genetic composition of Xenopus laevis
and its relatively long generation time (1-1.5 years) had ini-
tially posed a challenge for loss-of-function studies based on
mutants. These apparent “deal breakers” as a model system
drove research in directions that proved extremely fruitful
for our understanding of vertebrate embryogenesis. First,
the Xenopus community focused on the identification and
cloning of numerous novel genes central to almost every
developmental and regeneration process. In many instances,
this massive cloning effort helped identify and elucidate
signaling pathways, developmental processes, cellular mor-
phogenesis, biochemical interactions, and many more pro-
cesses. This focused cloning effort eventually resulted in a
massive collection of cDNA and EST clones that drove for-
ward research in Xenopus and in multiple instances paved
the way for studies in other experimental model systems.
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Second, the apparent lack of genetic tools for a couple of
decades drove the analysis of gene function in Xenopus lae-
vis to rely on gene-specific antisense oligonucleotides, over-
expressed dominant-negative protein variants, antimorphic
protein constructs, and pharmacological manipulation of
protein function.

The complex genome composition of Xenopus laevis neces-
sitated the search for strategies to enable genetic approaches.
One of the solutions to this genetic quest culminated in the
introduction of Xenopus tropicalis, a true diploid Xenopus
species with a short generation time (4—6 months) similar to
mouse and zebrafish. X. tropicalis research benefited from
the wealth of methods already developed for X. laevis, which
were rapidly adapted for the newcomer. Also, due to the high
similarity in the genome sequence, gene discovery in X. trop-
icalis surged forward based on the clones available from X.
laevis. The story of these two truly complementary models
is a story of real cross-pollination. As a true diploid, the X.
tropicalis genome project was completed in parallel to mam-
mals. The difficulties of sequencing the allotetraploid X. lae-
vis genome could finally be solved using the high sequence
homology to X. tropicalis as a reference genome. In parallel,
methods were developed in both Xenopus species to gener-
ate transgenic strains as well as TALEN and CRISPR/Cas9
genome editing. Even with the longer generation time, genet-
ically modified X. laevis lines are becoming mainstream in
analyzing normal developmental processes and generating
disease models.

Close to a century and a half of amphibian-based research
led to an extensive convergence to Xenopus as the main
model system. This is not to say that it is exclusive, as other
Xenopus species are incorporated for evolutionary studies,
other frog species are used for neurophysiological research,
and axolotl plays a major role in regeneration studies. With
the extensive genome information for laevis and tropicalis
and the genome editing technologies efficiently implemented
to generate mutations, both species have surged forward
as excellent model systems in biomedical research. More
importantly, Xenopus is an excellent model system to recapit-
ulate many aspects of human disease and the in-depth study
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of its etiology. The ease of pharmacological manipulation in
Xenopus has also allowed the study of chemically induced
birth defects and disease. The large clutch size together with
the efficient implementation of genome editing technologies
allow the performance of relatively rapid disease studies and
screens. These studies initially analyze founder animals,
overcoming the need to establish genetically modified lines
and allowing faster analysis of disease-causing changes.

One aspect that significantly contributed to advancing
Xenopus as a major model system was a collaborative and
interactive community. In 1984, two leaders in the field of
developmental biology who utilized Xenopus, Igor Dawid
(NIH) and John Gurdon (Cambridge University), brought
together a group of about 20 international investigators to
discuss their research interests and deliberate on the advan-
tages of having a regular meeting focused on Xenopus devel-
opmental genetics. Thus was born the International Xenopus
Conference, which has been held every two years since then.
Over the years, the conference has expanded to encompass
cell biology, neurobiology, regeneration, and disease models.
In addition, NIH-supported workshops in the 1990s led to
the development of critical research resources for the com-
munity, and similar community-organized meetings have
continued on a biannual basis as the Xenopus Resources and
Emerging Technologies meeting. These truly international
efforts of several hundred laboratories have significantly
contributed to the many advances that are summarized in
the chapters presented in this book.

Thus, this humble frog was transformed into a prince,
or princess, by the dedication and persistence of many
researchers, and by an interactive and supportive com-
munity. The chapters of this book summarize some of the
advantages of working with Xenopus in biomedical research
and some of the major contributions of Xenopus to our
biological knowledge. This collection shows how and why
Xenopus-based research is not only poised but has already
made major contributions to our understanding of human
biology and disease.

Abraham Fainsod and Sally A. Moody
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’I A Quick History of Xenopus
“The Humble Batrachian”

John B. Wallingford
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Might I suggest that a little credit might be given to the
humble batrachian, which seems to give an invariably
correct diagnosis.

—J.W.C. Gunn (1939)

When a developmental biologist says “in mammals” he
probably means “in the mouse”; by “in birds” he almost
certainly means “in the chick”. When he generalizes
more widely than this about mechanisms of differentia-
tion in “all developing cells” there is a danger that he is
referring to work carried out exclusively on Xenopus.

—Elizabeth Deuchar (1972)

1.1.  INTRODUCTION

Frogs have played so central a role in biological research that
many people’s only memory of actual biological study involves
dissecting one in high school. It’s no surprise, then, that frogs
have been central to scientific discovery for centuries. Marcello
Malpighi had at least an inkling of the concept we now call
“model organisms.” He repeatedly extolled the frog as an out-
standing system for study, and it was in a frog that he first dis-
covered capillaries of the circulatory system in 1661 (Holmes,
1993; West, 2013). He even wrote to his friend Giovanni Borelli
that “indeed, things show up much more clearly in frogs”
(Boorstin, 1985). Likewise, the entire field of electrophysiol-
ogy is frequently considered to have originated with Galvani’s
experiments on frog legs in 1791 (Piccolino, 1997).

The frog’s external development is another boon, one that
was exploited by embryologists at least since 1758, when
Johann Résel von Rosenhof engraved the first chronological
depictions of eggs developing into tadpoles and then into
frogs (Wellmann, 2017). In 1886, nuclear transplantation in
frogs and toads would first be attempted in an exploration

DOI:10.1201/9781003050230-2

of the hereditary control of development (Rauber, 1886),
presaging Nobel prize-winning work on nuclear totipotency
nearly another century later. In the late 19th century, newts
and salamanders became the favored amphibian for embry-
ologists (Beetschen, 2004), but beginning in the mid-20th
century, a curious foray into endocrinology in South Africa
led to the rise of Xenopus frogs as the dominant amphibian
for laboratory studies of biology across the world.

Since that time, Xenopus was used for discoveries as
varied as the first description of nuclear pores, to the first
isolation of a eukaryotic gene, to the demonstration of the
totipotence of nuclei, to the invention of in situ hybridiza-
tion. Several excellent historical memoirs of research on
Xenopus have been published previously, but each has a
more specific focus on discrete elements of our frog’s suc-
cess (Blow and Laskey, 2016; Brown, 2004; Deuchar, 1975b;
Gurdon and Hopwood, 2000; Maller, 2012). My goal here is
to provide a more general history of research with Xenopus.
I will cover the period spanning the first description of the
genus in 1803 through about 1980, when work with Xenopus
exploded, establishing the vibrant model organism that we
use today. I hope the chapter will provide an entertaining
journey back in time for the Xenopus community, my scien-
tific family for over 30 years.

1.2.  WHAT'S IN A NAME?

As has been frequently described, the first scientific descrip-
tion of Xenopus frogs comes from the French naturalist
Frangois Marie Daudin in 1803. But who was this man?
As it happens, he was a tragic figure: having lost the use
of his legs (and also his mother) while still a child, he died
of tuberculosis at the young age of 27, shortly after writing
his description of what he called Bufo laevis or Crapaud
lisse (“smooth toad”). Despite his physical handicap and
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his untimely death, Daudin is credited with the descrip-
tion of dozens of new species of animals, working in many
cases from preserved specimens in collections around Paris
(Bour, 2011).

Among these is the first description of the genus now
called Xenopus, though exactly which species seems unclear.
Working from a single preserved specimen in the Museum
d’Histoire Naturelle in Paris, Daudin succinctly described
the smooth body, the dorsally set eyes, and the “longitudinal
rows of small prickles” along the back (Daudin, 1803), an
anatomical landmark that even the newest student injecting
hormones to induce egg laying will recognize immediately.
Daudin’s book also includes the first scientific illustration
of Xenopus (Figure 1.1). As it happens, his wife Adélaide
was a talented artist, and she provided many illustrations
for his work, though the image of the smooth toad is attrib-
uted instead to an artist named Prévost. In a further tragedy,
Adélaide also died of tuberculosis, a few days before her
husband (Bour, 2011).

Surprisingly, neither Daudin’s description nor the accom-
panying illustration makes note of the claws on what would
later come to be known as the African clawed frog. Thus,
when the great French naturalist Georges Cuvier assembled
his magnum opus Le Régne Animal in 1829, he chided
Daudin for his omission of the claws, and indeed, it does
seem like quite the blunder. However, in the first focused
and comprehensive description of our frog in 1864, J.E.
Gray notes that the animals’ claws are “deciduous in spirits”
(Gray, 1864), suggesting the possibility that the claws on
Daudin’s preserved specimen had dissolved before he made
his observations. Regardless, Cuvier renamed the genus
Dactylethra, a rendering of “finger sheath” or “thimble”
(Cuvier, 1829).

The genus name Dactylethra was commonly used by
19th-century writers, including the first description and
images of tadpoles of the species (Gray, 1864). The name
Xenopus only became fashionable in the 1890s, which
is curious, since it was actually first suggested in 1827.
Even more curious is the forum in which that name was
first bestowed: a footnote appended to a letter written by
Heinrich Boie and published in Lorenz Oken’s journal,
Isis (Wagler, 1827). Previous authors have attributed this
footnote to “Wagler, H.,” but thanks to the digitized archives
available from the Biodiversity Heritage Library (Www.
biodiversitylibrary.org/), I have been able to learn a bit more
about this important figure in the history of Xenopus.

As it happens, the footnote proposing the genus name
“Xenopus” has no first initial indicated; it is signed simply:
“Wagler” (Figure 1.2). This almost certainly refers to Johann
Georg Wagler, a noteworthy German naturalist, who in 1830
and 1831 published two monographs on the Amphibia. In
fact, in his Natiirliches System der Amphibien of 1830, he
cites the earlier footnote in Isis, and moreover makes frequent
mention of Xenopus, making a special note of its clawed toes
(Wagler, 1830). Moreover, in his original footnote, Wagler
even lets Daudin off the hook for missing the claws, suggest-
ing that he must have observed a decayed specimen (Wagler,
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1827). In an unsettling coincidence, Wagler, like Daudin,
died tragically, in this case at 32 years old from an accidental,
self-inflicted gunshot wound (Hess, 1896).

Wagler’s naming of the genus is the one that finally stuck,
but not until long after his death. Dactylethra was used in
several important 19th-century studies of the animal. Just
the same, text searches of the Biodiversity Heritage Library
revealed that Wagler’s naming of Xenopus had been trans-
lated into French by 1829 (Boie and Wagler, 1829), and
even as early as 1831, an English synopsis of Cuvier’s book
acknowledges Wagler and includes Xenopus as a synonym
for Dactylethra (Griffith, 1831). Though my survey was in
no way systematic, the earliest instance I found of Xenopus
being used as the primary name (with Dactylethra as a
junior synonym) was in a Handbook of Zoology from 1858
(van der Hoeven, 1858).

The name Xenopus became increasingly common in
the 1890s, starting with a description of Xenopus breed-
ing in the wild (Leslie, 1890), and shortly thereafter, with
the first description of Xenopus breeding in captivity by
Frank Beddard, working with animals at the London Zoo
(Beddard, 1894). Beddard included some quite nice illus-
trations of the tadpole, but he laments that the “interven-
ing Sunday prevented me from examining the early stages”
(Beddard, 1894). His account is filled with other rich details,
including that the tadpoles he observed had been deposited
on Saturday May 27th. Such details may also be his undo-
ing, however, as he also reports that the frogs he studied
were collected by a Mr. Finn in Zanzibar, the home not
of X. laevis but of X. mulleri. These and other interesting
minutiae of early Xenopus research were the subject of a
fun series of blog posts by Malcolm Peaker in his Zoology
Jottings (https://zoologyweblog.blogspot.com/).

Xenopus may be said to have formally entered the realm
of developmental biology with a sprawling and impres-
sive paper on their early development from Edward Bles in
1905. He was a noted naturalist, though “for the shackles of
departmental teaching and organization, Bles had some dis-
taste” (Hopkins, 1926). Lucky for him, he also had tremen-
dous personal wealth. After several efforts as a traditional
academic, he decided that independent, entirely self-funded
science was best and pursued that course for over 20
years (Hopkins, 1926) While working at the University of
Glasgow, Bles set about to breed and raise Xenopus frogs.
Of course, work with tropical frogs in the cold of Glasgow
required new apparatus, and a tropical aquarium devised by
Samuel Budgett (of the now-popular Budgett’s frog [Amin et al.,
2015]) provided just the thing (Bles, 1905).

With this apparatus, Bles was able to provide a remarkably
comprehensive description of the early development of
Xenopus laevis, and moreover, the work was accompanied
by a gorgeous series of illustrations by A.K. Maxwell (Bles,
1905). These images of Xenopus would launch Maxwell’s
decades-long career as a scientific illustrator of the first
order, with work ranging from medical illustration of wounds
during WWI, to updating the illustrations in Gray’s Anatomy,
to rendering Max Perutz’s first model of hemoglobin (De
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FIGURE 1.1 TImages of Xenopus, then and now. (A) An illustration from Daudin’s first description of Xenopus in 1803. Note the
absence of claws. (B) An illustration, showing the claws, from Gray’s 1864 report. (C) A Xenopus tadpole as illustrated by Pierre Jacques
Smit in Beddard’s report on the first captive breeding in 1894. (D) A modern image of a Xenopus tadpole with immunostaining for neural

and muscle tissues.

Source: Images in A—C are used with permission from the Biodiversity Heritage Library. D courtesy of Helen Willsey.
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FIGURE 1.2 Wagler’s footnote to a letter from Heinrich Boie in Isis, containing the original suggestion of the name “Xenopus” in 1827.

Chadarevian, 2002; Elliott, 1999). Maxwell’s gorgeous illus-
trations are worth a look by any Xenopus researcher today,
even rivaling the also fantastic images recently generated by
Natalya Zahn (Zahn et al., 2017).

PREGNANCY AND PROMINENCE: THE RISE
OF XENOPUS AS A LABORATORY ANIMAL

How Xenopus rose to worldwide prominence as a model
organism is a fascinating story that has been told quite well
in both academic and popular writing (Deuchar, 1975b;
Gurdon and Hopwood, 2000; Yong, 2017). One reason
the story resonates is, as Ed Yong put it in The Atlantic,
because of the “fantastic name of Lancelot Hogben” (Yong,
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2017). Hogben is a well-known personality from the early
20th century, not just for his scientific contributions (e.g. as
an eminent physiologist and geneticist, a co-founder of the
British Society for Experimental Zoology) but also for his
compelling story (an ardent atheist and humanist, he was
jailed as a conscientious objector during the First World
War and was something of a gadfly for his entire career)
(Erlingsson, 2016; Hogben, 1998; Sarkar, 1996). Born in
England and wanting “to be a biologist long before I was
twelve” (Hogben, 1998, p. 2), Hogben had a wildly peri-
patetic early career in academic biology, working as fac-
ulty at the University of Edinburgh, at McGill University
in Canada, and by the late 1920s, at the University of Cape
Town in South Africa.
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A major research thrust for Hogben at the time, which had
begun with Julien Huxley (Huxley and Hogben, 1922), was
hormonal control of color changes in amphibia. He adopted
Xenopus immediately upon his arrival in Cape Town, call-
ing the animal a “godsend” (Hogben, 1998) (p. 101). Not
only were the frogs plentiful, but they were “endowed with
a very striking capacity for colour change” (Hogben et al.,
1931). Moreover, the animals could routinely survive pre-
cise removal of the pituitary, allowing him to ask important
questions. In a brief report to the Transactions of the Royal
Society of South Africa in 1930, and in a more thorough
study the following year in the Journal of Experimental
Zoology, he reported that not only did removal of the pitu-
itary disrupt color change but also elicited a profound “ret-
rogression” of the ovaries (Hogben, 1930, 1998). This result
was important because while the pituitary was implicated in
the control of ovarian function, this direct experiment had
not been possible in mammals. Perhaps even more striking,
however, was the finding that extracts of the pituitary, when
injected into Xenopus, were sufficient to induce ovulation
(Hogben et al., 1931).

It’s worth noting here that the J. Exp. Zool. paper was co-
authored together with David Slome and also Hogben’s wife,
Enid Charles, who was pursuing her PhD in Cape Town. Enid
was every bit as compelling a character as her husband, and
she, too, was both an ardent activist and an exceptional scien-
tist. She worked first on endocrinology and reproductive biol-
ogy but later emerged as a pioneering demographer and worked
for the World Health Organization (Wargon, 2005); she also
once risked her life in South Africa to smuggle two Bantu men
in the trunk of her car past vigilante checkpoints looking to
lynch the men (Hogben, 1998, pp. 114—115). With the rise of
Apartheid, Lancelot and Enid left South Africa abruptly in the
1930s, with Hogben becoming the chair of social biology at
the London School of Economics, bringing Xenopus with him
(Hogben, 1998, p. 121). Curiously, though their experiments in
South Africa clearly demonstrated that, in principle, Xenopus
could be used as a pregnancy test, this obvious application was
never mentioned in those first two papers.

Exactly what happened next in this story has been
much debated, but Hillel Shapiro and Harry Zwarenstein
in Cape Town pursued the use of Xenopus as a pregnancy
test, reporting their findings first in the Proceedings of the
Royal Society of South Africa in 1933 (see (Gurdon and
Hopwood, 2000) and then in Nature in 1934 (Shapiro and
Zwarenstein, 1934). In London, Charles Bellerby was simul-
taneously pursuing the same goal (Bellerby, 1934). Though
Shapiro and Zwarenstein reported their results first, the test
came to be known as the “Hogben Pregnancy Test” after an
article by the influential head of the Pregnancy Diagnosis
Laboratory in Edinburgh, Frank Crew (1939). This led to a
lively argument in the pages of the British Medical Journal,
which sadly was never resolved (see Gurdon and Hopwood,
2000). I'll not re-litigate the issue and instead will simply
concur with JW.C. Gunn, who—serendipitously presaging a
famous quote by Viktor Hamburger—suggested that “a little
credit be given to the humble batrachian, which seems to

give an invariably correct diagnosis” (Gunn, 1939). Over the
next 20 years or so, the Xenopus pregnancy test became the
worldwide state of the art. Thus, by the mid-20th century,
substantial colonies of Xenopus could be found in several
universities (Van Sittert and Measey, 2016).

Among the most significant for this story was the col-
ony at the Utrecht Laboratories in the Netherlands, where
a young Pieter Nieuwkoop pursued his PhD studies under
Nazi occupation during World War II (Gerhart, 1987).
Nieuwkoop described Xenopus as an “important acquisi-
tion” for embryologists, noting its robust and rapid develop-
ment as well as its amenability to microsurgery (Nieuwkoop
and Van De Kamer, 1946). Shortly after, Nieuwkoop and
Faber began the tedious but essential task of creating an inti-
mately detailed normal table for Xenopus (1956), a source-
book whose wealth of information is still critical to the
day-to-day work of Xenopus researchers and is available in
a more recent reprinting (Nieuwkoop and Faber, 1994).

Of course, amphibians had already played a central role
in experimental embryology for half a century, but research-
ers had been restricted to the breeding seasons of their local
species (Beetschen, 2004). Now, Xenopus and the preg-
nancy test provided not just an amphibian that could be
induced to lay eggs year-round but also one that was already
kept in laboratories across the world. Xenopus then quickly
evolved into a “model organism,” a concept just coming into
focus in the mid-20th century (Leonelli and Ankeny, 2013).
Nieuwkoop, of course, went on to use Xenopus to make a
wide range of seminal contributions to our understanding of
early vertebrate development (Gerhart, 1997, 1999).

The Pregnancy Diagnosis Center in Edinburgh also remained
an important source of Xenopus for developmental biologists,
especially C.H. Waddington and his legions of trainees
(Slack, 2002). Among these was Michail Fischberg, who
joined Waddington’s group in 1948. When Fischberg left to
establish his own group at Oxford, he took Xenopus with him
(Gurdon and Hopwood, 2000). Fischberg then had the fore-
sight to isolate mutants of Xenopus that lack nucleoli (Elsdale
et al., 1958), a resource that would have a profound impact on
both developmental and molecular biology. Fischberg, too,
would introduce Xenopus to its most important advocate, a
young PhD student named John Gurdon.

A middling student of biology in school, Gurdon was
admitted to the biology program at Oxford essentially
by accident (Gurdon, 2008). However, during his PhD,
Fischberg put him onto the knotty problem of nuclear toti-
potency, and the rest is history. The concept of nuclear
transplantation originated with Rauber’s unsuccessful
experiments with frogs and had been attempted several times
over the decades (Beetschen and Fischer, 2004; Rauber,
1886). Fischberg and Gurdon knew that work done in
Rana by Briggs and King suggested that some transplanted
nuclei from somatic cells could sustain development, but
this capacity seemed to be lost at later stages (Briggs and
King, 1952, 1953; King and Briggs, 1954). In what must be
among the most remarkable PhD theses in modern biology,
Gurdon used genetically marked anucleolate mutants in a



series of papers to convincingly demonstrate the totipotency
of somatic nuclei (Fischberg et al., 1958; Gurdon, 1960;
Gurdon, 1962; Gurdon et al., 1958; Laskey and Gurdon,
1970). These experiments laid the foundation of our modern
understanding of nuclear reprogramming (Gurdon, 2017),
and, together with Shinya Yamanaka, Gurdon was honored
with the Nobel Prize in 2012.

Accordingly, much has now been written about Gurdon
and his work, so I won’t add the story here (Yamada et al.,
2015; Yamanaka and Blau, 2010). I will, however, direct the
reader to some delightful retrospectives by Sir John himself
(Gurdon, 2013a, 2013b). When reading these “memoirs” from
2013, one should bear in mind that in the same year, Gurdon
continued his work on nuclear reprogramming (Miyamoto
et al., 2013) and produced an authoritative review of the cur-
rent state of the field (Halley-Stott et al., 2013).

1.4. SOME UNSUNG HEROES OF
EARLY DEVELOPMENTAL BIOLOGY
RESEARCH WITH XENOPUS

Gurdon’s work had an outsized impact on developmental
biology, and I’d argue it also had a big impact on the his-
tory of Xenopus. In terms of biology, those high-profile find-
ings obviously helped to spur the frog to widespread use as
a model organism. From the standpoint of history, however,
the glare of those bright discoveries may also have obscured
other work using Xenopus in the mid-20th century, as little
is now written of several other notable discoveries.

For example, nuclear pores were discovered in Xenopus
(Beck and Hurt, 2017). Harold “Mick” Callan, who had built
radar equipment during WWII, worked under Waddington
in Edinburgh in the beginning of his career in biology (Gall,
2003). He would become far more well known for his work
on lampbrush chromosomes, but in 1949 and 1950, with the
help of S.G. Tomlin at King’s College London, he became
the first to examine the nuclear membrane with “the” elec-
tron microscope (Callan et al., 1949; Callan and Tomlin,
1950). Using both Xenopus and Triturus oocyte nuclei, they
described the double layers of nuclear membranes as well
as the nuclear pores for the first time. They did, however,
mistakenly conclude that the pores traversed only the outer
nuclear membrane. It would take decades for the idea of
nuclear pores to become commonly accepted, but Callan’s
method of exploiting large oocyte nuclei would be crucial to
that effort (Beck and Hurt, 2017; Gall, 2003).

Xenopus also played a key role in our understanding of pri-
mordial germ cells, still a murky area in the 1950s. Working
at times with Fischberg, Antoine Blackler developed meth-
ods for the transplantation of germ cells in Xenopus, again
using the anucleolate mutant as a marker, and thereby pro-
vided the first direct experimental demonstration that germ
plasm-containing cells in the very early embryo colonized
the gonad and were responsible for producing the gametes
(Blackler and Fischberg, 1961; Blackler, 1958, 1960). A mod-
ified version of this germ cell transplantation approach was
recently developed for isolating CRISPR-based mutations
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in essential genes (Blitz et al., 2016). There are, of course,
numerous other discoveries from this period, but from the
large cast of characters using Xenopus in the middle 20th
century, I'll discuss two in more detail that I feel deserve
more attention from modern practitioners.

The first is Elizabeth Deuchar. A PhD student with
C.H. Waddington in Edinburgh, she would publish dozens
of papers from her independent lab and write a handful of
books. Her work included not only of-their-time microsur-
gical experiments on embryonic induction and somite seg-
mentation (Deuchar and Burgess, 1967, Waddington and
Deuchar, 1953) but also more forward-looking biochemical
studies in embryos (Deuchar, 1956, 1961), as well as early
studies of regeneration in Xenopus (Deuchar, 1975a). Later,
she would make the move to mammalian embryos, describing
a decades-ahead-of-its-time method for time-lapse imaging of
gastrula stage rat embryos (Deuchar and Parker, 1972).

Accounts of the time report that she was quiet and shy
(Bellairs, 1980; Fellows of St Hugh’s College, 1980), though
it’s clear that she wasn’t easily intimidated. Her hilariously
scathing letter to Nature taking issue with a paper by
Francis Crick on diffusion in embryos should be required
reading (Crick, 1970; Deuchar, 1970). In the end, time has
proven Crick largely right, but the issue continues to be
studied a half-century later (e.g. Miiller et al., 2013), and we
should all admire her lively debating style! Sadly, Elizabeth
Deuchar passed away from cancer in 1979, at the young age
of 52.

Luckily for us, she completed a book in 1975 that pro-
vides a remarkably comprehensive accounting of Xenopus
research during the mid-20th century. In the book’s rather
touching preface, she paid tribute to Xenopus and to the
embryos she obtained from tests at the Pregnancy Diagnosis
Center in Edinburgh. She laments, however, that many of
her embryos “alas!—perished in the cold and vibration as |
bicycled with them . . . over the cobbled streets” back to her
lab (Deuchar, 1975b).

Another now-underappreciated pioneer of Xenopus
research is Osamu Nakamura. Nakamura trained under Yo
Kaname Okada, who together with Katsuma Dan estab-
lished Japan as a powerhouse of experimental embryology
in the first half of the 20th century (Okada, 1994). In the
1920s and 1930s, Okada and others like Tsuneo Yamada
brought cutting-edge techniques in amphibian embryology
back from France and Germany, and Nakamura’s early suc-
cesses included improving the methods for vital dye fate
mapping and correcting earlier errors in urodele fate maps,
taking advantage of the fact that “Kyoto is a newt paradise”
(Asashima, 2002). In the 1960s, Nakamura published an
important series of lectures advocating the use of the new
methods of molecular biology for studying the embryo,
though of course this idea was ahead of its time and would
not become a reality for two decades more.

By the 1970s, Nakamura had adopted Xenopus as his
primary research material. In 1971, he used vital dye stain-
ing to produce the very first fate map of the blastula-stage
Xenopus embryo (Nakamura and Kishiyama, 1971). Later
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fate maps using more advanced methods are now com-
monly used by the community to target microinjections
(Dale and Slack, 1987; Moody, 1987), but these—and also a
largely forgotten fate map by Nakamura’s colleague Hiroko
Takasaki (1987)—proved Nakamura’s early conclusions
mostly correct.

Nakamura also carried out a remarkable series of stud-
ies on the effects of removing specific blastomeres from
the early embryo. These studies helped to precisely define
the inductive interactions that pattern the early embryo
(Nakamura et al., 1970, 1971) and later influenced some
the earliest molecular studies of vertebrate axial patterning
(e.g. Gurdon et al., 1984; Rosa et al., 1988; Yisraeli et al.,
1990). Finally, in a little-noticed paper from 1971, he used
electron microscopy to explore the developmental biology
of nucleoli in the early embryos (Nakamura and Yamada,
1971), extending prior work done by Elizabeth Hay and John
Gurdon (Hay and Gurdon, 1967). Professor Nakamura went
on to become president of two universities and was widely
celebrated in Japan.

1.5. THE NINTH DAY OF CREATION: XENOPUS

AT THE DAWN OF MOLECULAR BIOLOGY

As the 20th century passed into its second half, the advent
of molecular analysis revolutionized biology. It may seem
hard to imagine now, but before the invention of recombi-
nant DNA technologies, isolating genes was the domain of
biochemists (Birnstiel, 2002; Brown, 1994). Given the mas-
sive amounts of material that can be obtained from Xenopus,
the frog played a crucial role. In fact, the sheer scale of dis-
covery using Xenopus precludes a comprehensive discussion
here, so I direct the reader to a great review by one of the
principal figures (Brown, 2004). A brief summary of the key
landmarks might look like this:

Owing to its very high CG content, ribosomal DNA (tDNA)
could be separated on cesium chloride gradients, and thus
the rDNA of Xenopus became the first eukaryotic gene ever
isolated, by Max Birnstiel (Birnstiel et al., 1966). He further
demonstrated that the anucleolate mutants of Xenopus iso-
lated by Fischberg lacked rDNA, providing a glimpse of the
future in which genetics and biochemistry would work hand
in hand (Wallace and Birnstiel, 1966). Shortly thereafter,
Don Brown isolated the second family of genes: that encod-
ing the 5S rRNA in Xenopus (Brown et al., 1971). As a result,
the Xenopus 5S rDNA was the first eukaryotic gene ever to
be fully sequenced (Fedoroff and Brown, 1978; Miller et al.,
1978). (For modern molecular biologists hoping to grasp the
massive effort required here, note that the sequencing of this
one gene warranted back-to-back papers in Cell.)

As if that weren’t enough, this string of exceptional studies
was paralleled by several other contemporaneous break-
throughs in other realms of molecular biology, starting
with a paper titled simply “Deoxyribonucleic Acid in
Amphibian Eggs,” in which Igor Dawid discovered mito-
chondrial DNA and demonstrated its maternal inheritance
in Xenopus (Dawid, 1965, 1966). Moreover, studying

lampbrush chromosomes in Xenopus, Joe Gall demon-
strated that chromosomes of higher eukaryotes (with their
much larger genomes) consisted of single DNA strands
(Gall, 1963), as Meselson and Stahl had shown for pro-
karyotes. Together with Mary Lou Pardue, Joe Gall also
used Xenopus for the invention of in sifu hybridization
(Gall and Pardue, 1969).

Xenopus also played a role in early explorations of the
central dogma, providing an exceptional system for stud-
ies of transcription and translation. The rabbit globin gene
became the first eukaryotic mRNA to be isolated in 1969,
and mammalian cell-free lysates were used to translate
this into Globin protein shortly thereafter, but only vanish-
ingly small amounts of protein could be made (Lockard and
Lingrel, 1969). In 1971, John Gurdon (again) showed that the
Xenopus oocyte could produce enormous amounts of pro-
tein when injected with mRNA (Gurdon et al., 1971), lead-
ing to its widespread use for this purpose. Around the same
time, Bob Roeder discovered that Xenopus oocytes were
loaded with RNA polymerases (Roeder, 1974), and Gurdon
(yet again) showed that purified DNA could be transcribed
when injected in Xenopus oocytes (Mertz and Gurdon,
1977), making this system an effective platform for studies
of transcription. Indeed, the Xenopus 5S gene would have
yet another star turn, when Roeder and colleagues isolated
the first eukaryotic transcription factor, TFIIIA, and showed
that it bound internal control regions in this gene (Engelke
et al., 1980; Sakonju et al., 1981).

This golden age of molecular biology with Xenopus led
directly to its modern use in cell and developmental biology.
Ultimately, Brown, Gall, and Roeder would each receive a
Lasker Award for their discoveries made in Xenopus, and
each has written entertaining retrospectives on these discov-
eries (Brown, 2012; Gall, 2006; Roeder, 2019).

1.6. WHERE HISTORY STOPS AND
“THE LITERATURE” BEGINS

This chapter has covered roughly 180 years of the history of
research with Xenopus, and obviously, there is a great deal
more to tell. The 1980s was a decade of explosive growth
for Xenopus research, and the frog would be used for semi-
nal contributions spanning the biochemical analysis of the
cell cycle, to fundamental analyses of replication and tran-
scription, to the hunt for molecular regulators of develop-
ment. For example, Manfred Lohka and Jim Maller would
develop the Xenopus egg extract system (1985), building on
Lohka’s work with Lasker Award winner Yoshio Masui with
extracts from Rana (Lohka and Masui, 1983). Such extracts
would prove invaluable for a wide range of studies of the
cell cycle, DNA replication, and the cytoskeleton (Blow
and Laskey, 2016; Maller, 2012; Masui, 2001). At this
same time, molecular analysis of development in Xenopus
also exploded, a story that has been insouciantly told by
Jonathan Slack in his book Egg & Ego (Slack, 1999). On a
personal note, the close of the 1980s would see me squeeze
my first frogs and look at the tadpoles with a microscope.
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That experience changed my life forever. I have been
inspired by “the humble batrachian” and the people who
study it for over 30 years now. I can’t wait to see what the
next 30 years will bring.
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2.1. INTRODUCTION

The eggs of the African clawed frog, Xenopus laevis, have
played critical roles in our understanding of the regulation
of nuclear events and cell cycle control. Some of the earliest
studies involved the use of Xenopus eggs to reprogram nuclei
from an adult frog. Following injection of somatic nuclei
into the enucleated egg, a considerable portion of the eggs
would go on to cleave and some even go on to form adult
frogs (Gurdon, 1962). These striking results challenged the
prevailing notion that cells could not “dedifferentiate,” that
is, go from a differentiated cell type to a thoroughly pluripo-
tent embryonic state. The second conclusion that could be
drawn from this experiment was that the nuclear changes that
occurred upon differentiation were largely epigenetic; factors
were present in the egg that could reprogram the nuclei, lead-
ing to changes in gene expression and thus cell fate. In this
extreme case, nuclei from somatic epithelial cells were repro-
grammed simply through incubation in egg cytoplasm. This
notion had fundamental implications for several fields of
study and led to significant efforts to optimize the preparation
of cytoplasmic extracts for further in vitro experimentation.
By the mid 1970s, it was becoming clear that the indi-
vidual steps involved in cell division, including chromosome
condensation, spindle assembly, nuclear envelope dynam-
ics, and DNA replication, were somehow interdependent.
Genetic experiments from Leland Hartwell and colleagues
demonstrated the existence of the “cell division cycle,” a
regulatory system that controls the events of cell division
(Hartwell et al., 1974). They identified a set of temperature-
sensitive yeast mutants that arrested with the characteris-
tic morphology of each step of cell division. This implied
that an intrinsic regulatory system ensured timely, ordered
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completion of all the steps of cell division. The genetics
were clear, but the mechanisms remained to be elucidated.

2.2. IN VITRO RECAPITULATION OF CELL

CYCLE EVENTS

In parallel with genetic analyses in fungal models, investiga-
tors worked to develop biochemically tractable methods to
characterize the stages of cell division. In groundbreaking
experiments, Rao and Johnson showed that the cytoplasm
from one cell could impose cell cycle control on nuclei from
a cell fusion partner (Rao and Johnson, 1970). This observa-
tion inspired efforts to develop new experimental systems
to monitor and manipulate the steps of cell division in vitro.
Previous experiments suggested that amphibian eggs might
provide an excellent source of material from which to build
such a system: frog eggs are relatively large; laid in abun-
dance; moderately soft and easy to lyse; and stockpiled with
material required for multiple, rapid rounds of cell division
in the absence of new transcription.

Foundational work by Gurdon and colleagues showed
that Xenopus egg cytoplasm had the capacity to induce
DNA replication in somatic nuclei that were micro-injected
into Xenopus eggs (Graham et al., 1966). The induction
of DNA replication in nuclei that had been isolated from
post-mitotic tissues suggested that egg cytoplasm contains
critical regulators of DNA replication and, interestingly,
that the species from which the nuclei were isolated was
relatively unimportant: it worked as well with mouse nuclei
as frog nuclei. The Gurdon micro-injection experiment was
essentially moved into the test tube by Benbow and Ford in
1975. They successfully prepared a concentrated cytosolic
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extract from Xenopus eggs and showed that somatic frog
nuclei added to it could be induced to undergo DNA rep-
lication. This experiment confirmed that nuclei from cells
in the quiescent state (liver) could be induced to enter S
phase by egg cytosol and that DNA replication would occur
by recruitment of necessary components from the extract.
These experiments supported the notion that the major driv-
ers of cell cycle progression were in fact cytoplasmic factors
and not nuclear ones.

A critical breakthrough in egg extract preparation and
use was made by Masui and Lohka in 1983. Using concen-
trated cytoplasmic extract prepared from Rana pipiens eggs
and sperm nuclei from Xenopus laevis, they documented
morphological and biochemical changes associated with
progression through the cell cycle. These events included
nuclear assembly, DNA replication, and after some time
had elapsed, nuclear envelope breakdown and chromosome
condensation. Importantly, in this experiment, the nuclei
had been pre-treated with detergent to remove membranes
and many nuclear-associated proteins. The results suggested
that the nuclei had assembled and progressed through the
cell cycle through the recruitment of components from the
extract. Through fractionation of the extract, they were fur-
ther able to show that both the soluble and particulate com-
ponents of the extract were required for DNA replication
to occur: the particulate component contained membrane
vesicles that could fuse to form a nuclear envelope, and the
soluble fraction contained proteins and other factors, such as
nucleotides, critical for nuclear assembly and function.

Xenopus

In experiments related to those using egg extracts,
Gerhart, Kirschner, and colleagues characterized an activity
which they named maturation promoting factor (MPF) using
Xenopus eggs and oocytes. MPF was defined as a cytoplas-
mic activity that could be transferred from a mature egg into
a late-staged oocyte, causing the recipient oocyte to mature
into an egg (Masui and Markert, 1971; Smith and Ecker,
1971). The fact that during maturation, the meiotic cell cycle
is driven from meiosis I to arrest into meiosis II suggested
that MPF, a cytoplasmic factor, might itself be a driver of
the cell cycle. MPF had striking and unusual properties: it
caused oocyte maturation even when significantly diluted
(100-fold!) prior to injection into the recipient oocyte, and
the level of MPF decreased upon egg fertilization and cycli-
cally reappeared with a period like the cleavage cycles of the
early embryo, as shown in Figure 2.1 (Gerhart et al., 1984).

The characterization of MPF and the extract experi-
ments of Lohka and Masui were consistent with a model in
which cytoplasmic activities drove cell cycle progression.
But what exactly were these activities? In a remarkable and
exciting convergence of work from different experimental
models, MPF was proven to be a kinase whose activity was
controlled by a regulatory subunit called Cyclin (Kirschner,
2020). Cyclin had been identified previously as a protein
whose level fluctuated with cleavage divisions in clams and
sea urchins (Evans et al., 1983). Murray and Kirschner gen-
erated Xenopus egg extracts capable of multiple autonomous
cell cycles in vitro, which could be monitored by changes in
nuclear morphology. Using this kind of extract, they proved
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Early development and the cell cycle. When oocytes mature into an egg, the level of maturation promoting factor (MPF)

kinase activity rises and is sustained during meiosis II meiotic arrest by the activity of cytostatic factor (CSF). Following fertilization, MPF
levels fall and subsequently rise and fall in synchrony with the cleavage stage divisions. CSF can be assayed by transferring cytoplasm from
an egg into one blastomere of a fertilized embryo, which causes that cell to cease dividing, while the rest of the embryo continues to cleave
(bottom). MPF can similarly be assayed by transfer of cytoplasm from an M phase cell into an oocyte, which causes it to mature into an egg
(not shown). These principles guided our earliest understanding of the biochemistry of cell division control. See text for details.
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that cyclin mRNA (in this case from sea urchins) was nec-
essary and sufficient to drive oscillations in MPF activity
(Murray and Kirschner, 1989). To do this, they destroyed all
endogenous RNA in the extract by nuclease treatment and
then added back synthetic cyclin mRNA (in the presence of
RNase inhibitor). This resulted in multiple cell cycles in vitro.
In this cycling extract, the Cyclin protein accumulated dur-
ing interphase and was degraded at exit from M phase. This
elegant experiment showed that everything required to drive
the oscillation between interphase and mitosis was present
in the egg cytosol and, importantly, that the level of Cyclin
protein oscillated with MPF activity. The highly conserved
kinase activated by Cyclin had previously been identified as
one of the cell cycle genes mutated in Hartwell’s screen in
budding yeast (cdc2) and a similar screen done in fission
yeast (cdc28) (Hartwell et al., 1974; Lorincz and Reed,
1984). This kinase was indeed so conserved that the human
gene was able to complement the temperature-sensitive
allele in fission yeast, confirming the universal nature of cell
cycle control in eukaryotes (Lee and Nurse, 1987).

The observation that cytoplasmic factors drive cell cycle
progression was also consistent with a striking observation
made previously by Hara and Kirschner (Hara et al., 1980).
They had found that enucleated Xenopus eggs that were
stimulated to exit meiotic arrest underwent a series of coor-
dinated movements called surface contraction waves. When
the eggs were examined from the side, these movements
caused the eggs to appear to “bounce” up and down with the
same periodicity as the cell cycle. The fact that these events
occurred in the absence of nuclei was consistent with the
notion that the cell cycle machinery represented an autono-
mous, cytoplasmic oscillator to which cytoskeletal compo-
nents would respond. In the following years, we learned that
cycling extracts and “bouncing eggs” are detectable in frog
eggs because these cells are insensitive to external inputs:
checkpoints that become active later in development are
not yet fully active, so the cytoplasmic oscillatory machine
trundles along, unaffected by feedback from DNA replica-
tion, a mitotic spindle, or cell cleavage. In the context of the
Xenopus embryo, the ability to undergo more than a dozen
cleavage divisions without new gene expression forms the
basis for its remarkable usefulness as an in vitro model for
studying cell division.

2.3. PROTEIN DEGRADATION DRIVES

THE CELL CYCLE

In their extract experiments, Murray and Kirschner estab-
lished that a particular deletion mutant of Cyclin (A90)
was able to drive entry into mitotic (M) phase but was not
destroyed like wild-type Cyclin, preventing M phase exit
(Murray et al., 1989). These results suggested that regulated
proteolysis of Cyclin was necessary for exit from M phase.
To better understand how Cyclin destruction was regulated,
the Kirschner group purified the activity leading to Cyclin
degradation from Xenopus egg extract. Prior to degradation,
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Cyclin had been seen to accumulate high molecular weight
derivatives, which were ultimately shown to be ubiquitin
conjugates (Glotzer et al., 1991). The activity eventually
purified was later identified as an E3 ubiquitin ligase, which
was named the anaphase promoting complex (APC) (King
et al., 1995). Satisfyingly, this large (20S) protein complex
was shown to contain subunits homologous to yeast proteins
that had previously been shown to control Cyclin degrada-
tion (Irniger et al., 1995). While the APC was purified from
frog egg extract, the analogous complex was purified from
clam embryos by Hershko and colleagues and named the
Cyclosome (Sudakin et al., 1995). Thus, again, yeast genetics
and extract biochemistry converged on a conserved mecha-
nism of cell cycle control in all eukaryotes. The cell cycle
resulted from the accumulation of mitotic Cyclin protein,
which in turn led to activation of MPF, which in turn led to
activation of the anaphase promoting complex/Cyclosome
(APC/C), which in turn led to destruction of Cyclin, reset-
ting the cycle.

It soon became evident that the APC/C had other sub-
strates in addition to Cyclin. As mentioned previously,
Murray and Kirschner had found that deletion of the N
terminus of mitotic Cyclin (Cyclin A90) resulted in mitotic
arrest. The nature of the arrest was interesting and unique:
although MPF levels remained high due to the persistence
of Cyclin, the APC/C remained active, creating an artificial
“early anaphase”-like state in vitro. This discovery provided
an ideal system with which to identify additional APC/C
substrates. By incubating small pools of in vitro translated
and radiolabeled proteins in egg extracts with active APC, it
was possible to identify additional substrates based on their
instability in Cyclin A90-treated extract, compared to inter-
phase controls. In this manner, several key effectors of cell
cycle control were identified (King et al., 1997, McGarry
and Kirschner, 1998; Stukenberg et al., 1997; Zou et al,,
1999). In time it would be shown that the APC/C in somatic
cells was activated by two different substrate specificity fac-
tors: Cdc20 protein upon mitotic exit and Cdhl in the Gapl
or Growthl (G1) phase of the cell cycle (Fang et al., 1998a).
Although Cdhl activity is undetectable in Xenopus egg
extracts, the addition of recombinant Cdhl protein to inter-
phase extract results in an artificial Gl-like state in which
Cdhl-dependent substrates of the APC/C were degraded.
Based on these observations, additional small pool screens
were performed in egg extracts to identify G1 substrates of
the APC/C (Ayad et al., 2005, 2003; Rankin et al., 2005).
Similar screens were performed to identify mitotic phos-
phoproteins, based on their shift in electrophoretic mobil-
ity in mitotic versus interphase extracts (Lustig et al., 1997,
Stukenberg et al., 1997)

Xenopus egg extracts were also used to investigate the
mechanisms of APC-dependent degradation. Because deg-
radation of radiolabeled APC substrates is readily detectable
in egg extracts, it was relatively straightforward to identify
specific sequences in substrate proteins that promote their
recognition and degradation by screening for mutations
that disrupted degradation. Cdc20 substrates were shown



16

to contain a specific sequence named the destruction- or
d-box required for their turnover (Glotzer et al., 1991).
Cdhl-dependent substrates were found to have a different
degradation-ensuring sequence motif, or “degron,” called
the KEN box, named for the Lysine (K)-Glutamic Acid
(E)-Asparagine (N) sequence required to signal for degra-
dation (Pfleger and Kirschner, 2000). The number of iden-
tified APC substrates has continued to grow, suggesting
involvement of the APC in diverse intracellular pathways
of both actively dividing and post-mitotic cells (reviewed in
(Davey and Morgan, 2016)). Characterization of the APC/
Cyclosome is ongoing and continues to shape how we think
about the cell cycle and its regulation.

2.3.1. PausING THE CeLL CycLE

While the cell cycle is remarkably processive in egg extracts,
there are distinct pause points that have been documented
and used to better understand cell cycle control. In mature
Xenopus eggs, the cell cycle is arrested in metaphase of
meiosis II. This arrest is dependent on a factor called cyto-
static factor (CSF), an activity that proved very challenging
to define at the molecular level but was ultimately identified
using Xenopus models. CSF, originally identified in Rana
eggs, is an activity that results in cell cycle arrest follow-
ing transfer of small amounts of egg cytoplasm into blasto-
meres of a cleavage stage embryo (Masui and Markert, 1971).
Cytological examination of the blastomeres of similarly
treated Xenopus embryos showed fully developed spindles
and condensed chromosomes in the arrested cells, consistent
with M phase arrest (Moses and Masui, 1989). The cytoplas-
mic transfer experiment proved that the activity of CSF is
dominant, causing cycling blastomeres to arrest with high
MPF levels at the next M phase following injection. The fact
that CSF could arrest post-fertilization embryos suggested
that CSF, while normally restricted to meiotic cells, was
able to arrest the mitotic cell cycle equally well. During CSF
arrest, the APC/C is inhibited, preventing degradation of
Cyclin and thus exit from M phase. Experiments over a num-
ber of years ultimately showed that CSF arrest requires both
the MOS-MAPK signaling that occurs during oocyte matu-
ration (reviewed in Tunquist and Maller, 2003) and a protein
called Emi2/xErpl (Tung et al., 2005). Emi2 binds to and
inhibits the APC/C and is degraded upon egg fertilization.
CSF transfer can both arrest cleavage-stage embryos and be
used in vitro to arrest egg extracts in M phase. Simply add-
ing CSF arrested extract (prepared from unfertilized eggs) to
cycling extract results in CSF arrest of the recipient extract.
This approach has practical applications such as in the study
of mitotic chromosomes and spindles following DNA repli-
cation in vitro (Silva and Rankin, 2018; Song et al., 2012).

In somatic cells, the cell cycle can be paused or arrested
during mitotic divisions, and Xenopus models have helped
elucidate these mechanisms. The spindle checkpoint is a sur-
veillance mechanism that prevents activation of the APC/C
(and therefore mitotic exit) in the presence of unattached
chromosomes. This mechanism was first characterized in
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budding yeast (Li and Murray, 1991), but critical experiments
in Xenopus showed that the mechanism was conserved in
vertebrates. Chen et al. showed that the checkpoint can be
triggered in egg extracts by the presence of high numbers
of chromosomes and the microtubule poison nocodazole,
which results in checkpoint signaling from unattached
kinetochores (Chen et al., 1996). They also confirmed that
the frog ortholog of the yeast Mad2 protein was critical to
the arrest and that the Mad2 protein accumulated at the
unattached kinetochores. Mad2 activity was further char-
acterized in egg extracts and proved to be an inhibitor of
the APC/C (Fang et al., 1998b; Li et al., 1997). The logic
of the pathway is clear: unattached kinetochores prevent
exit from mitosis by preventing Cyclin degradation. Once
chromosome attachments are made, the signaling pathway
is turned off, and mitotic exit can occur, ensuring accurate
chromosome segregation.

There are also checkpoints that arrest the cell cycle in
interphase in response to DNA damage or incomplete DNA
replication. These mechanisms, which prevent mitotic entry
through signaling cascades that inhibit activation of MPF,
have been elucidated using Xenopus egg extracts and are
nicely reviewed elsewhere (Cupello et al., 2016; Garner
and Costanzo, 2009; Hoogenboom et al., 2017; Lin et al.,
2019; Lupardus et al., 2007; Peng et al., 2008; Smythe and
Newport, 1992). Interestingly, certain checkpoints appear
not to be fully active in Xenopus development until the early
cleavage cycles are over. The weakness of these checkpoints
in eggs and cleavage-stage embryos results in a strikingly
robust cell cycle prior to this time. The accumulation of
nuclei and the resulting change in nuclear-cytoplasmic ratio
that occur following cell cleavage divisions can be repli-
cated in vitro through titration experiments. For example,
signaling from a single nucleus in a microliter of extract (or
an egg) is insufficient to prevent mitotic entry when DNA
replication is blocked, but titration of nuclei into the same
extract can generate a significant signal and prevent M phase
entry. Similarly, the spindle checkpoint from a low concen-
tration of unattached kinetochores does not cause M phase
arrest in egg extract, but addition of a large number of nuclei
with spindle attachment problems generates a robust mitotic
arrest (Chen et al., 1996). Thus, though the checkpoints are
not generally active until later in development, the compo-
nents required are present in the egg and can be stimulated
to act under the certain conditions.

2.4. SYSTEMS BIOLOGY OF THE CELL CYCLE

Xenopus eggs and embryos have not only provided a system
to identify components that make up the cell cycle engine
but have also been instrumental in the development of math-
ematical models for how cell cycle transitions are controlled
and the feedback mechanisms that ensure switch-like transi-
tions from interphase to M phase and back (Kim and Ferrell,
2007, Novak and Tyson, 1993; Pomerening et al., 2005;
Solomon et al., 1990). The ideas proposed by this model-
ing have been tested and validated using egg extract (Kim
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and Ferrell, 2007; Pomerening et al., 2005; Sha et al., 2003;
Solomon et al., 1990). The experiments ultimately con-
firmed the model that cell cycle transitions in extract, which
occur independently of nuclear activity, are bistable: only
interphase and M phase are stable states, and both positive
and negative feedback loops ensure that transitions between
the two are rapid and concerted.

Having worked out the nature of the transitions between
S phase and M phase, another important systems-level ques-
tion that was addressed using egg extracts is: How are cell
cycle transitions propagated within the cytoplasm? This is of
particular interest in large cells such as the amphibian egg.
The surface contraction waves in the egg had been shown to
represent a wave of cell cycle progression from the top (ani-
mal pole) of the egg to the bottom (Pérez-Mongiovi et al.,
1998; Rankin and Kirschner, 1997). This wave model was
subsequently explored in vitro using egg extract to elucidate
the nature of the cell cycle wave (Chang and Jr, 2013). To
do this, egg extract was supplemented with a recombinant
fluorescent nuclear protein and loaded into capillary tubes.
Cell cycle progression within the tubes was then analyzed by
time-lapse analysis of nuclear accumulation of the fluores-
cent protein, which occurs only during interphase, when the
nuclear envelope is intact. In this system, the accumulation
and loss of nuclear signal serves as a surrogate for cell cycle
progression. The results indicate that the cell cycle pro-
gresses as a trigger wave, expanding from sites of initiation
and radiating out. Similar approaches were subsequently
used to analyze propagation of apoptosis in egg extract, and
recently a previously unknown impact of nuclei on cell cycle
progression was analyzed using a related approach (Afanzar
et al., 2020; Cheng and Ferrell, 2018).

The rapid oscillatory nature of the cell cycle in the early
frog embryo has clearly enabled important studies on the
nature of the cell cycle, but it is also a limitation. Because
the cell cycle proceeds independently of transcription, early
Xenopus models are generally not appropriate for the study
of cell cycle entry or exit, which are transcription dependent
and emerge later in development. In addition, the absence
of Gap/Growth phases in the early embryo has somewhat
limited the utility of egg extracts in the study of events that
unfold during G1 and G2 in somatic cells.

2.5. DNA REPLICATION CONTROL

The ability to control cell cycle transitions in vitro using
egg extracts opened the door for the study of cellular events
downstream of the cell cycle. Perhaps the field that most ben-
efited from in vitro control of the cell cycle was the study of
DNA replication. Low-speed Xenopus egg extracts have sev-
eral distinct advantages for DNA replication research. First,
because eggs are stockpiled with material to support the first
12 divisions without new RNA synthesis, they contain all
the components to assemble and replicate ~4000 nuclei per
egg. Second, the low-speed extracts are rich in the mem-
branous component that can dock and fuse to form nuclear
envelopes at exit from M phase. Additionally, the extracts
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are essentially devoid of nuclei, allowing the addition of
model replication substrates, typically Xenopus sperm nuclei
that have been isolated and demembranated by detergent
treatment. Finally, the absence of plasma membrane makes
trivial the addition of labeled nucleotides, drugs, and other
interventions important to understand DNA replication. As
in many systems, the early embryonic divisions in Xenopus
embryos are much more rapid than those that occur later in
development. In the cleavage-stage Xenopus embryo, cleav-
ages occurred in about 30 minutes, with complete genome
duplication between each cleavage. Although replication
occurs somewhat more slowly in egg extracts, it is largely
complete within 45—60 minutes and very synchronous. This
makes Xenopus egg extract a particularly powerful and trac-
table tool for studying DNA replication in vitro. What can
take 620 hours in somatic cells takes only 2 hours from
start to finish in the egg extract. Here we describe the contri-
butions that were made to the understanding of DNA repli-
cation control through the use of Xenopus egg extracts.

The method of extract preparation would prove to be criti-
cal to the study of DNA replication. Using extract prepared
by generating a clarified supernatant following homogeni-
zation of eggs, Méchali and Harland demonstrated efficient
and complete replication of single-stranded DNA (1982).
However, they were unable to detect replication of double-
stranded DNA, limiting the usefulness of this approach. Blow
and Laskey generated a low-speed extract from Xenopus eggs
and showed that it was capable of initiating DNA replication
of both sperm nuclei and plasmid DNA. The extract, fol-
lowing the technique established by Lohka and Masui, was
prepared by centrifugation of packed eggs, which led to strati-
fication of the egg components. Critically, the membrane-rich
cytosolic layer could be collected without clarification. They
showed that replication of sperm nuclei in this extract was
quite efficient, while replication of plasmid DNA occurred but
was less efficient. They also made the critical observation that
in both cases nuclear envelopes would form around the sub-
strates during incubation in the extract. This suggested that
the nuclear envelope played a critical role in DNA replication
and helped to explain why double-stranded DNA replication
failed in the clarified extract of Méchali and Harland.

One critical observation made using the turbid cytosolic
extracts was that replication seemed to be well controlled: it
happened once and only once in nuclei added to the extract.
The concept of replication licensing was developed to explain
this phenomenon (Blow, 1993; Blow and Laskey, 1988;
Coverley et al., 1993). The licensing concept suggested that
there were two essential phases of DNA replication control
that were mutually exclusive. Licensing of replication origins
was initially proposed to be dependent on exposure of chro-
matin to cytosolic components in the extract (“licensing fac-
tors”) that were then excluded by the nuclear envelope after it
had formed (Blow and Laskey, 1988). Thus, replication ori-
gins, which were licensed by progression through M phase
when the nuclear envelope was broken down, would subse-
quently initiate DNA replication in interphase but be unable
to replicate again until progression through the next M phase.
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The mechanisms that ensure a single round of DNA
replication per cell cycle, and prevent re-replication, were
ultimately discovered to be complex and include some
redundancy. Licensing itself was defined as recruitment of
the Mini chromosome maintenance 2—7 (MCM2-7) protein
complex to replication origins, which were previously bound
by the Origin recognition complex (ORC) (Kubota et al.,
1997, 1995). The MCM hexamer is a DNA helicase that
ultimately unwinds the DNA helix allowing replication fork
progression. The Geminin protein, which had been identified
originally as an APC/C substrate destroyed in anaphase, was
shown to prevent MCM loading (McGarry and Kirschner,
1998). These studies suggested that destruction of Geminin
is in fact a part of the replication licensing system.

Although it was clear that Geminin was able to prevent
MCM loading, the mechanism was unknown. This mystery
was eventually solved with the discovery that Geminin binds
tightly to an essential replication licensing factor called Cdt1
(Maiorano et al., 2000; Wohlschlegel et al., 2000). Using the
Xenopus extract system, it was shown that degradation of
Geminin releases Cdtl, which can then bind to origins and
promote MCM binding. This in part explained the role of
the nuclear envelope: Geminin helped to retain Cdtl in the
cytosol. Following degradation of Geminin, Cdtl is released
to enter the nucleus, bind origins, and recruit the MCM com-
plex. Unloading of MCM proteins following DNA replica-
tion helps to prevent re-replication.

Additional mechanisms were found to prevent DNA over-
replication. The Cdtl licensing factor itself was found to be
degraded during DNA replication, which led to the discov-
ery of a previously unknown mechanism of protein turn-
over (Arias and Walter, 2006, 2005). Cdtl degradation was
shown to result from its direct interaction with proliferating
cell nuclear antigen (PCNA), an essential replication protein.
PCNA acts as a sliding clamp to ensure the processivity of
DNA replication. Cdtl interacts with PCNA through a PCNA-
interacting protein (PIP) box, a conserved PCNA interaction
motif. The interaction between chromatin-bound PCNA and
Cdtl through its PIP box was found to result in ubiquitina-
tion of Cdtl by the Cul4Cdt2 ubiquitin ligase, resulting in
degradation of Cdtl by the proteasome. The PIP box of Cdtl
was ultimately shown to have unique properties that ensure its
modification by Cul4, and thus it was called a “PIP degron”
(Havens and Walter, 2009). Several other proteins were found
to have PIP degrons, ensuring their degradation during DNA
replication, while most PCNA-interacting proteins are not
affected by this mechanism. The destruction of Cdtl during
DNA replication helps to ensure that origins do not become
relicensed, helping to prevent over-replication of DNA.

2.6. ORDERING EVENTS IN DNA
REPLICATION

The use of Xenopus egg extracts has been essential to our
understanding of the events that ensure controlled DNA
replication in vertebrates. The synchrony and speed with
which nuclei added to egg extracts undergo regulated DNA
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replication has been a great advantage in assigning orders
of action of the various replication proteins. In a typical
experiment, antibodies against a particular protein of inter-
est are generated and used to immune-deplete the protein
from the extract. The extract is then tested for replication
by the addition of nuclei or other DNA substrates. Rescue
experiments can easily be performed using recombinant
proteins expressed in bacterial, insect, or human cells. This
can be done with wild-type and mutant protein derivatives,
allowing mapping of essential functions to protein domains
or residues. At any time during progression through DNA
replication, chromatin can be isolated from the extract and
the proteins associated with the chromatin assessed, often
by immunoblot. It is also possible to program the extract to
express proteins from synthetic RNA added to the extract
or to add radiolabeled in vitro translated proteins to the
extract. These kinds of approaches have been used repeat-
edly to understand the order of binding and the interdepen-
dencies among a large number of replication proteins and
their regulators.

In addition to the protein recruitment steps that lead to
replication initiation, replication is also dependent on the
activities of several kinases. As with other replication ini-
tiation steps, mechanisms requiring kinase activities were
identified using Xenopus egg extracts and supported the
findings of parallel studies in other systems. Some kinases
were found to control the activity of replication proteins
directly; others were shown to provide feedback between the
cell cycle machinery and DNA replication control.

The change in MPF kinase activity during cell cycle tran-
sitions helps to orchestrate DNA replication. The binding of
the ORC to replication origins is inhibited by MPF, ensur-
ing that ORC binding occurs only after exit from M phase
(Carpenter et al., 1996; Romanowski et al., 1996; Rowles
et al., 1996). Additionally, activation of the APC ubiquitin
ligase by MPF results in Cyclin destruction and exit from M
phase (and thus ORC binding) and also causes the destruc-
tion of the replication licensing inhibitor Geminin (McGarry
and Kirschner, 1998). Cell cycle-dependent destruction of
Geminin ensures that licensing occurs only once during the
cell cycle, during exit from M phase.

The initiation of DNA replication following replication
licensing is tightly controlled by two additional kinases:
Cdc7 and Cdk2. The Cdc7 kinase, previously identified in
fungal models, was shown to be essential for DNA repli-
cation. In Xenopus, Cdc7 interacts with one of two activat-
ing subunits: Drfl in extracts and the early embryo and
Dbf4 later in development (Jares et al., 2004; Silva et al.,
2006; Takahashi and Walter, 2005). Cdc7, also called Dbf4-
dependent kinase (DDK) phosphorylates the MCM com-
plex, which in turn leads to recruitment of a second kinase
called Cdc45 to the replication origin (Jares and Blow, 2000).
Cdc45 is localized to the site of local DNA unwinding with
the MCM complex during DNA replication and is essential
for loading of the GINS (go-ichi-ni-san) complex (Kubota
et al., 2003; Mimura et al., 2000; Pacek et al., 2006).
The GINS complex is required for both DNA replication
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initiation and elongation. Several other proteins required
for DNA replication have been identified and/or charac-
terized in Xenopus egg extracts, including Treslin/TICRR
and its interacting partner Mdm?2 binding protein (MTBP)
(Kumagai et al., 2010; Kumagai and Dunphy, 2017).

A second type of Cyclin/Cdk complex was identified and
shown to be critical during interphase for DNA replication
(Blow and Nurse, 1990). Like MPF, this kinase contains
an activating Cyclin subunit and a Cdk kinase. The cata-
lytic subunit of the S phase Cdk was identified as Cdk2, a
protein with sequence similar to Cdc2/Cdk1 (Elledge and
Spottswood, 1991; Paris et al., 1991). Cdk2 interacts with
two different Cyclin subunits, Cyclin E and Cyclin A. Cdk2
bound to Cyclin E was shown to be the principal driver of S
phase entry (Chevalier et al., 1996; Strausfeld et al., 1996).
The ability of Cdk2 bound to Cyclin E to drive entry into S
phase is conserved in many models; Cyclin A drives acti-
vation of both Cdkl and Cdk2 kinases and therefore plays
roles in both late S phase and M phase (Coverley et al.,
1993; Hwang and Clurman, 2005; Mordy and Geisen, 2004;
Ohtsubo and Roberts, 1993; Strausfeld et al., 1996; Teixeira
and Reed, 2018). Phosphorylation of replication proteins
by Cyclin E/Cdk2 is important for replication initiation. In
somatic cells, Cyclin E also drives transcription of replication
proteins.

Prior to the onset of DNA replication, Cdk2 bound to
Cyclin E was found to be inhibited by a small protein
called Xicl (Su et al., 1995). Xicl is a member of a large
class of proteins called cyclin-dependent kinase inhibi-
tors (CKIs), which function by binding to Cyclin/Cdk
complexes, preventing their catalytic activity. Proteolysis
of Xicl was shown to be the real trigger for S phase entry
(Yew and Kirschner, 1997; You et al., 2007). Xicl is
modified by the Skpl-cullin-F-box protein (SCF) ubiqui-
tin ligase, leading to its destruction by the proteasome.
Interestingly, using Xenopus egg extract, Xicl degrada-
tion was later shown to be linked directly to the assembly
of replication proteins on chromatin (Furstenthal et al.,
2001a, 2001b; You et al., 2002).
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Over the years, there have been important technological
breakthroughs that have increased the utility of Xenopus egg
extracts for the study of DNA replication. A critical contri-
bution was the development of nucleoplasmic extract (NPE)
(Walter et al., 1998). NPE is prepared by assembling a large
number of nuclei in low speed egg extract. The nuclei, which
become quite large over time through the recruitment of
karyophilic proteins from the extract, are then collected by
flotation following a low-speed spin (Figure 2.2). After col-
lection of the nuclei, the nuclear contents are released and
clarified by high-speed spin. At this point, the extract can
be frozen for future use. Importantly, NPE allows complete
in vitro replication of DNA in the absence of a nuclear enve-
lope. To accomplish this, the DNA substrate is first incu-
bated in clarified membrane-free egg cytosol, which leads
to replication licensing. Then, the reaction is supplemented
with an appropriate volume of NPE. While normally the
nuclear envelope is required in order to concentrate factors
required for efficient DNA replication, these factors are pre-
concentrated in NPE. The use of NPE allows the replica-
tion of even small DNA substrates, which are inefficiently
replicated in low-speed extract in part because they do not
assemble a proper nuclear envelope. It is likely that concen-
tration of multiple proteins, including active Cdk2, ensures
the robust activity of NPE.

Although a detailed discussion of all of the proteins
required for DNA replication and how their roles were elu-
cidated using Xenopus egg extract is beyond the scope of
this review, it is important to note that Xenopus egg extracts
continue to provide a uniquely tractable system with which
to study vertebrate DNA replication. In recent years, for
example, model substrates with engineered DNA adducts
or crosslinks have been used to study how the replication
machinery responds to replication barriers (Amunugama
et al., 2018; Douwel et al., 2017; Hodskinson et al., 2020;
Kose et al., 2019; Larsen et al., 2019). The use of synthetic or
modified DNA substrates is facilitated by the development
of NPE, which allows DNA replication in the absence of a
nuclear envelope. Modified substrates can be added directly
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FIGURE 2.2  Preparation of extracts from Xenopus eggs. Following the removal of their jelly coats, eggs are packed tightly in test tubes
by gentle centrifugation. Excluded buffer is removed from above the eggs, and the eggs are crushed by a high-speed spin, which causes
stratification of egg contents. The middle, membrane-rich, cytosolic layer is collected and used directly or frozen for later use. To make
nucleoplasmic extract (NPE), sperm nuclei are added to interphase extract, and after the nuclei have swelled and accumulated nuclear
contents, they are floated by gentle centrifugation to the top of the extract. The nuclei are collected and their contents harvested following

high-speed centrifugation.
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to the extract, and replication does not require nuclear enve-
lope assembly.

Another recent development includes using single-molecule
approaches in Xenopus egg extracts in the study replication
dynamics (Yardimci et al., 2012). In these elegant experi-
ments, DNA templates are tethered to a substrate, and the
incorporation of nucleotides or the behavior of replication
proteins can be monitored, often in real time, with fluores-
cent nucleotides or proteins and fluorescence microscopy.
Using microfluidics, it is possible to block new origin firing
by flowing in inhibitors, and the sequential addition of dif-
ferent nucleotides or labeled proteins can be accomplished.
In one example, fork progression was monitored in real time
by analyzing the movements of a fluorescent-PCNA bind-
ing protein on the immobilized template (Loveland et al.,
2012). In another, the impact of DNA replication on histone
dynamics was examined (Gruszka et al., 2020). Similar
approaches have been used to analyze the interaction of the
replication apparatus with chromatin-bound proteins, such
as the cohesin complex, or with DNA protein crosslinks
(Kanke et al., 2016; Sparks et al., 2019). These and other
single-molecule approaches to study chromosome biology
in Xenopus egg extracts have recently been well reviewed
elsewhere (Cameron and Yardimci, 2021).

Experiments in Xenopus egg extract have helped eluci-
date the mechanisms that link the completion of DNA rep-
lication to M phase entry. As Cyclin B accumulates in the
extract, MPF (Cdk1-Cyclin B) is prevented from activation
by a kinase called Mytl, a member of the Weel family of
kinases. Weel, which was first identified in fission yeast,
places inhibitory phosphorylations on Cdkl. The removal
of these phosphorylations by Cdc25 ensures mitotic entry
(Gautier et al., 1991; Kumagai and Dunphy, 1991). Cdc25
itself is controlled by periodic phosphorylation (Izumi et al.,
1992). Incomplete DNA replication, stimulated by the addi-
tion of DNA polymerase inhibitors, prevents activation of
Cdc25, ensuring that MPF is not activated until DNA rep-
lication is complete (Gabrielli et al., 1992). These kinds
of experiments have, in turn, led to many ground-breaking
experiments in the study of DNA damage signaling and
repair, reviewed elsewhere (Hoogenboom et al., 2017).

2.7. ORIGINS AND TIMING

Work in bacterial and yeast models in the late 1970s suggested
that DNA replication originates at specific DNA sequences. In
higher eukaryotes, the picture was less clear. Several groups
showed that DNA injected into frog eggs or egg extract would
spontaneously be replicated, even if the template contained
no eukaryotic DNA sequences (Harland and Laskey, 1980;
Mahbubani et al., 1992; Méchali and Kearsey, 1984). This led
to the model, which persists to this day, that replication ori-
gins were not sequence specified in vertebrates.

Xenopus egg extracts provide a uniquely tractable system
with which to study the nature and distribution of vertebrate
replication origins. It was noted that the number of nuclei
added to extract could impact the rate of completion of DNA
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replication, suggesting that titration of some soluble factor
in the extract could result in increased replicon size (Walter
and Newport, 1997). DNA combing, another sort of single-
molecule experiment, was used to analyze the distribution of
active origins and helped to explain the efficiency and speed
of genome duplication in the early embryo. In this technique,
DNA in egg extract is labeled by the addition of modified
nucleotides, which are then incorporated into nascent DNA.
The DNA is then isolated from the extract and spread on glass
slides where it can be probed for labeled nucleotides (Blow
et al., 2001). The addition of a second labeled nucleotide to
the replication reaction at a later time point allows calcula-
tion of the distance between replication origins and the rate of
DNA replication (Marheineke et al., 2009; Marheineke and
Hyrien, 2004). It also led to the observation that fork den-
sity, that is, the number of replication forks per unit length of
DNA, increased during replication progression through acti-
vation of later firing origins (Herrick et al., 2000). Xenopus
egg extracts were also exploited to understand the nature of
replication origins in nuclei from other sources. For example,
the addition of Chinese hamster ovary (CHO) cell nuclei
to egg extract was used to demonstrate the time in the cell
cycle at which the somatic (CHO) cell origins were specified
(Dimitrova and Gilbert, 1999; Li et al., 2003). These experi-
ments ultimately led to the development of the concept of rep-
lication timing (Pope et al., 2013). Replication timing refers
to the phenomenon in which certain regions of the genome
reproducibly replicate earlier than others. Replication timing
is still an area of active investigation in many model systems.

The ability to manipulate the steps that lead to replica-
tion origin firing have made Xenopus egg extracts uniquely
useful for studying events that depend on replication. For
example, the Cohesin complex, which establishes connec-
tions between sister chromatids during DNA replication, is
regulated by direct interaction of Cohesin regulators with
the replication machinery. Work in our lab and others has
shown dependencies and often direct interaction between
replication proteins and essential Cohesin regulators. The
Cohesin loader Scc2 binds to DDK (Cdc7-Dbf4), and the
Cohesin regulator Esco2 binds to chromatin in a licensing-
dependent manner and interacts with the PCNA sliding
clamp (Higashi et al., 2012; Lafont et al., 2010; Rankin et al.,
2005; Song et al., 2012; Takahashi et al., 2008, 2004). The
cohesion phenotypes of mitotic chromosomes can also be
analyzed by driving extract into M phase following DNA
replication (Silva and Rankin, 2018).

2.8.  SUMMARY AND FUTURE DIRECTIONS

The eggs and embryos of Xenopus laevis have been used
for decades in foundational investigations of DNA replica-
tion and cell division. Through the collective work of many
dedicated researchers, we have a clearer understanding of
basic mechanisms driving the proliferation of cells. With
the ability to quickly and easily replicate DNA in vitro,
there is a promising future for research using Xenopus egg
extracts. Now that extracts can be compartmentalized using
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microfluidic systems, new adaptations to the biochemically
tractable cell-free egg extract system are being developed to
study other vital cellular processes. Innovations like light-
inducible systems for initiating cell cycle progression are
being developed and hold great promise for even more finely
tuned control of extract dynamics (Bischt et al., 2019).
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bility of Xenopus as a model system, to our colleagues from
around the world who are generous with their expertise and
reagents, and of course to the frogs themselves. This work
was supported by NIH grant ROIGM 101250 to SR.
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3.1. HISTORICAL PERSPECTIVES: THE Spemann’s egg constriction experiments (Figure 3.1)

LOCALIZATION PROBLEM IN AMPHIBIANS

For over 200 years, embryologists have speculated on the
extent that the pattern and organization of the body is deter-
mined by that of the egg. The study of amphibian develop-
ment is somewhat unique among model organisms in that
many modern research problems follow the questions and
traditions of what perhaps were the very first embryologi-
cal studies, which were aimed at addressing this very issue.
The idea that the frog embryo body is organized into germ
layers and along axes of polarity was introduced by the early
embryologists von Baer (1834) and Remak (1855), who
noted the regional origins of the germ layers, and by Newport
(1854, 1851) and Roux (1888, 1887), who described rela-
tionships between the site of sperm entry and the alignment
of the body axis. Roux also described what came to be called
the grey crescent, a pale section of the frog egg opposite the
sperm entry point (Figure 3.1) that formed in the precise
position of the future dorsal lip (reviewed in Wilson, 1928).
The dorsal lip was identified by Spemann as the “organizer”
of axial pattern in the amphibian embryo (Spemann, 1938,
1921; Spemann and Mangold, 1924; and see this volume,
Chapter 4).

DOI:10.1201/9781003050230-4

showed that often only one-half of the embryo would form
a dorsal lip (having inherited grey crescent material) and
develop into a normally proportioned larva, whereas the
other half would develop ventral derivatives of all three germ
layers, failing to form axial tissues (Spemann, 1903, 1902,
1901). Conversely, in cases in which each half-embryo formed
part of the dorsal lip, two normally proportioned embryos
would arise. These experiments in amphibians paralleled
contemporaneous ones in aquatic invertebrates, eventually
leading to the realization that so-called “mosaic” versus
“regulative” development (i.e. cell autonomous versus nor-
mal development of isolated blastomeres) was merely a func-
tion of whether maternal determinants were asymmetrically
or symmetrically distributed in the early embryo (reviewed
in Davidson, 1986; and in Wilson, 1928). Cytoplasmic deter-
minants were later hypothesized to determine the fates of
largely equivalent nuclei in the embryo.

Three prominent examples of cytoplasmic determinants
in amphibians emerged, first in earlier frog models and
salamanders and later in Xenopus. These were: (1) the relative
dorsal movement of the egg cortex in axis formation (“rotation
of symmetrization,” Ancel and Vintemberger, 1948; later
termed “cortical rotation,” Gerhart et al., 1989), (2) the role
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FIGURE 3.1 The organization of the amphibian egg and embry-
onic patterning. (A) A frog egg at fertilization; the pigmented animal
pole is towards the top; the pale vegetal pole is towards the bottom.
(B) The egg at 20 minutes post-fertilization; the appearance of the
grey crescent is indicated by the arrow. (C) Model of cortical rota-
tion (dorsal view of the egg); microtubules are shown as arrows. The
dotted line indicates the future midline (a, anterior; p, posterior). (D)
Spemann’s egg ligation experiments; the left panel shows a “strongly
constricted” egg at the early two cell stage; to the right are the two
main outcomes—isolation of the dorsal lip to one half (middle) or
bisection of the dorsal lip (right). (E) Twinned embryos result from
the right-hand case in D. (F) One normal embryo and one Bauchstiick
(a ventralized “belly piece”) resulting from the middle case in D. (G)
Model of regional specification of the Xenopus blastula. Nieuwkoop
recombined zones I and II with zone IV to demonstrate mesoderm
induction in Xenopus (after Sudarwati and Nieuwkoop 1971).
Source: Panels (A-B) are reproduced from Rugh (1951); panels (D-F)
reproduced from Spemann (1924).

of this dorsal-ventral regionalization of the vegetal hemi-
sphere in mesoderm and organizer induction (Ambystoma:
Boterenbrood and Nieuwkoop, 1973; Nieuwkoop, 1969;
Xenopus: Sudarwati and Nieuwkoop, 1971; Figure 3.1), and
(3) the presence of “germ plasm” in the vegetal cortex of
the frog egg (cytoplasme germinale; Bounoure, 1934, 1931,
related to insect “pole plasm” (polares Plasma, Kahle, 1908)
in germline specification (see Section 5).

This chapter reviews past work on the patterning of the
Xenopus embryo by maternal gene products, including the
discovery of localized RNAs in Xenopus oocytes (where
much of the initial progress was made); the mechanisms
of localization of these RNAs; and functional studies on
localized and non-localized molecules in germ layer speci-
fication, axis induction, and germline formation. These
ideas and their impact on their respective fields have been
reviewed separately or more comprehensively in the context
of overall vertebrate development and oocyte polarity, so I
will not present another broad comparative review. Rather,

Xenopus

my goal is to provide a general background to the main bio-
logical questions relating to the maternal control of Xenopus
development. I will also review the principal approaches and
findings, following early work to current state of the art. The
sections can be read independently in any order; any omis-
sions of material and references are unintentional and reflect
limited space and my own view of the field.

3.2.  MOLECULAR CHARACTERIZATION OF

MATERNAL AND LOCALIZED RNAS

Early discoveries in molecular biology identified the cen-
tral role of RNA in interpreting information encoded in the
DNA, with the definitive discovery of mRNA being reported
in 1961 (Brenner et al., 1961; Gros et al., 1961; Hayashi
and Spiegelman, 1961; Jacob and Monod, 1961). The criti-
cal nature of maternal mRNA in development was inferred
through experiments in sea urchins and in frogs that showed
the importance of new protein synthesis rather than new
transcription in driving early development (Hultin, 1961;
Smith and Ecker, 1965; Tyler, 1965). More direct evidence
for maternal mRNA was obtained by cell-free translation
assays, showing that a minor proportion of Xenopus oocyte
total RNA could drive protein synthesis in cell-free transla-
tion assays (Davidson et al. 1966).

3.2.1. LocaLizep MATERNAL MRNAS

Despite these demonstrations, the compelling notion that
specific mRNAs might become specifically localized and
direct the specification of different cell lineages remained
speculative (Davidson and Britten, 1971; Kalthoff, 1979).
However, the discovery that mRNAs are covalently modified
at the three-prime end with “polyadenylic acids” was both a
milestone in understanding gene expression regulation and
an advance in the detection and isolation of mRNAs (Darnell
etal., 1971; Edmonds et al., 1971; Lee et al., 1971). Analytical
hybridization of poly(A)+ RNAs with labeled cDNAs and
poly(U) in situ hybridization identified asymmetric accumu-
lation of (putative) mRNA in eggs of many species, including
Xenopus (Capco and Jeffery, 1981, 1979; Jeffery and Capco,
1978). Additional analysis of Xenopus vegetally enriched
cDNAs indicated that a minority of poly(A) RNA sequences
(about 3-5%) were enriched up to 20-fold at the vegetal pole
(Carpenter and Klein, 1982), likely representing localized
mRNAs. Importantly, cell-free translation of Xenopus oocyte
vegetal pole mRNAs identified unique patterns of protein
synthesis (King and Barklis, 1985), implying the presence
of maternally localized transcripts with the ability to create
functional protein asymmetry in the embryo.

Advances in molecular cloning technology made it
possible to isolate and identify individual localized mRNA
sequences. Differential screening of an oocyte cDNA library
identified one vegetally localized clone (Rebagliati et al.,
1985), designated Vgl (now gdfI). This molecule encodes a
member of the Transforming growth factor B (Tgfp) family



Maternal mRNAs and Cell Lineages

and undergoes specific localization to the vegetal cortex of
full-grown oocytes, becoming inherited by vegetal blas-
tomeres (Weeks and Melton, 1987). Tangential efforts to
clone maternally expressed Wingless-type MMTV integra-
tion site (Wnt) genes fortuitously identified an additional
vegetally localized mRNA, Xwnt-11 (now wntl1b; Ku and
Melton, 1993). Both the Tgfp and Wnt proteins had been
concomitantly implicated in mesoderm induction and in axis
formation (see Section 4), making the presence of these pro-
teins in the set of vegetally localized transcripts especially
intriguing.

Further fractionation of the oocyte using biochemical or
physical methods facilitated the isolation of additional local-
ized mRNAs (Elinson et al., 1993; Pondel and King, 1988)
and led to the demonstration of two mechanisms of mRNA
localization in the oocyte: (1) a late pathway initiated after
the elaboration of animal-vegetal polarity in mid-oogene-
sis and (2) an early mechanism in pre-vitellogenic oocytes
involving the mitochondrial cloud (Forristall et al., 1995;
Kloc and Etkin, 1995). The early pattern exactly matched
the known distribution of the germ plasm in Xenopus
(Czotowska, 1972, 1969; Heasman et al., 1984; Savage and
Danilchik, 1993). An intermediate pattern also became
evident following the characterization of plin2 (née fatvg)

FIGURE 3.2 Localized mRNAs and their roles in early Xenopus
development. Top panels show in situ hybridization patterns of repre-
sentative mRNAs of early-, intermediate- and late-localizing mRNAs
(nanosl, wntl1b, and vegt, respectively). In stage I oocytes (top row),
nanosl is tightly restricted to the mitochondrial cloud/Balbiani body
(m.c.), whereas wntl1b localizes to the cytoplasm and the mitochon-
drial cloud. vegt is not localized. By stage IV (middle row), nanosl
is localized to the germ plasm at the vegetal apex, wntllb is less
restricted, and vegt is broadly localized in the vegetal hemisphere.
Pigmented oocytes are shown; animal pole toward the top. Bottom
panels, models for the three roles of these localized mRNA classes.
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mRNA localization, which displayed aspects of both path-
ways (Chan et al., 1999). Representative examples of these
different patterns are shown in Figure 3.2.

3.2.2. MRNA LoCALIZATION MECHANISMS

Additional studies on the mechanisms of localization using
injected transcripts in oocytes identified both shared and
distinct molecular mechanisms of localization for early and
late pathway mRNAs. Notably, early pathway localization
appeared to be independent of the cytoskeleton, likely involv-
ing a diffusion/entrapment mechanism (Chang et al.,2004;
Kloc et al., 1996). By contrast, the late pathway required
microtubule polarization and transport occurring as a
consequence of general vegetal localization of organelles
and the mitochondrial cloud remnants and anchoring by
different cytoskeletal components (reviewed in King et al.,
2005; Medioni et al., 2012; Houston, 2013).

Structure-function mutagenesis identified minimal local-
ization elements (LEs) containing clustered repeats of motifs
in the 3’UTRs of several localized transcripts as well as
cognate RNA-binding proteins that bound these motifs
(Claussen et al., 2004; Kloc et al., 1996; Mowry and Melton,
1992; Zhou and King, 1996a, 1996b). Counterintuitively,
similar localization motifs were identified in early and late
pathway mRNAs, consisting of repeated clustered UUCAC
and UUUCU motifs and recognized by RNA-binding
proteins Igf2bp3 and Ptbpl, respectively (reviewed in Cabral
and Mowry, 2020; Houston, 2013; Oh and Houston, 2017a).
In light of the fact that other localized mRNAs lack these
motifs, (Chan et al., 1999; Claussen and Pieler, 2004; Horvay
et al., 2006), a consensus localization element has yet to
be identified. Multimers composed solely of localization
elements do not localize (Lewis et al., 2004), also suggesting
that a context-dependent organization in the 3’UTR is
needed for proper localization.

A computational approach to localized mRNA prediction
identified clusters of CAC-rich motifs in validated localiza-
tion elements across species (Betley et al., 2002), but these
motifs could not explain all mRNA localization. In the last
decade, global transcriptomic analyses in oocytes and early
embryos have identified extensive, and largely comparable,
sets of maternally localized mRNAs in Xenopus spp. (see
Table 3.1). Sindelka et al. (2018) performed a bioinformatic
analysis that identified a number of putative motifs associ-
ated with vegetally localized mRNAs and some animally
enriched mRNAs, including some CAC-rich sequences,
but none of these mRNAs were experimentally validated.
The extent to which these analyses can distinguish between
distinct vegetal localization patterns still remains unclear,
but newer machine-learning approaches might be usefully
applied in this context.

Table 3.1 lists selected mRNAs with previously des-
cribed vegetal localization in Xenopus oocytes. References
cite the primary description of the localization pattern and
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Xenopus

TABLE 3.1

Selected Vegetally Localized mRNAs in Xenopus

Late Pathway mRNAs

growth differentiation factor 1 (alias vgl)

vegt

acyl-CoA synthetase long-chain 1

bicaudal C homolog 1

low density lipoprotein receptor adaptor protein 1
orthodenticle homolog 1

zinc finger protein 36-like 2 (C3H-3)

beta-transducin repeat containing E3 ubiquitin protein ligase
ephrin-bl

sox7

Early Pathway mRNAs

nanos homolog 1 (xcat2)

deleted in azoospermia-like

ddx25 (deadsouth)

germes

dead (Asp-Glu-Ala-Asp) box polypeptide 59 (centroid)
xpat/pgat

xsirt 13.2

proprotein convertase subtilisin/kexin type 6 (pace4)
syntabulin

RAS related 2

Intermediate/Dual Pathway mRNAs

tripartite motif-containing protein 36

wntl1b

perilipin 2 (alias fatvg)

DND microRNA-mediated repression inhibitor 1

RNA binding protein with multiple splicing (alias hermes)
glutamate receptor interacting protein 2

low molecular weight neuronal intermediate filament
vegetally-localized 1

Strategies for Identifying Maternally Localized mRNAs

Animal/Vegetal Half RNA sequencing (8-cell stage)
Differential RNA sequencing/Proteomics
Differential RNA sequencing

Differential RNA sequencing

Single blastomere RNA sequencing(8-cell stage)
Animal/Vegetal halves/Affymetrix microarray (8-cell stage)
Vegetal cortex isolation/Affymetrix microarray
Differential hybridization to cDNA arrays
Differential hybridization to cDNA arrays
Computational analysis of 3’UTRs

Differential display PCR

Differential cDNA library screening

Differential cDNA library screening

Gene Symbol

gdf1
vegt
acsllb
biccl
ldirap1
otx1
zfp3612
btre
efnbl
sox7

nanosl
dazl
ddx25
germes
ddx59
pgat
xsirts
pesk6
sybu
rras2

trim36
wntll
plin2
dndl
rbpms
grip2
nif

velol

Database

GSE118024
GSE104848
GSE80971
GSE58420
N/A
GSE48659
GSE17713
N/A

N/A

N/A

N/A

N/A

N/A

References

Rebagliati et al., 1985; Weeks et al., 1987; Birsoy et al., 2006
Zhang and King, 1996; Zhang et al., 1998

King et al., 2005; Wang et al., 2012

Wessely and Robertis, 2000; Park et al., 2016

Zhou et al., 2004

Pannese et al., 2000; Owens et al., 2017; Paraiso et al., 2019
Betley et al., 2002

Hudson et al., 1996

Betley et al., 2002; Owens et al., 2017

Claussen et al. 2015; De Domenico et al. 2015;

Mosquera et al., 1993; Lai et al., 2012

Houston et al., 1998; Houston and King, 2000b
MacArthur et al., 2000; Yamaguchi et al., 2013
Berekelya et al., 2003

Kloc and Chan, 2007

Hudson and Woodland, 1998

Kloc et al., 1993

Birsoy et al., 2005

Colozza and Robertis, 2014; Oh and Houston, 2017b
Owens et al., 2017

Cuykendall and Houston, 2009

Ku and Melton, 1993; Kloc et al., 1998; Tao et al., 2005
Chan et al., 1999, 2007

Weidinger et al., 2003; Mei et al., 2013

Zearfoss et al., 2004

Kaneshiro et al. 2007; Tarbashevich et al., 2007
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Claussen and Pieler, 2004; Nijjar and Woodland, 2013b
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loss of function, if available. Intermediate pathway RNAs 3,3,
are defined as having mainly a late localization pattern
but with additional localization to the mitochondrial

cloud and to the germ plasm in embryos. Studies using
different molecular or “genomics” strategies to identify
vegetally localized mRNAs have increased in frequency

since 2014.

ANALYSIS OF MATERNAL GENE
FUNCTION IN XENOPUS DEVELOPMENT

The genetic assessment of maternally supplied gene
products in early development requires eggs derived
from a female lacking functional copies of the gene: a

“maternal effect” mutation. These analyses involve either
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the generation of viable homozygous mutant females or of
germline mosaics, a challenging prospect in amphibians.
Xenopus nevertheless offers several advantages relative
to other vertebrates for maternal gene analysis, including
(1) the ability to readily culture and manipulate oocytes
in vitro, (2) the effectiveness of DNA-based antisense-
mediated mRNA degradation in oocytes, and (3) the use
of oocyte/egg transfer procedures to ultimately fertilize
these oocytes. In addition, large-scale new zygotic mRNA
synthesis does not occur until the mid-blastula transition
(MBT; 4000-cell stage/stage 8), alongside other changes
in cell behavior (Newport and Kirschner, 1982), represent-
ing the main maternal-to-zygotic transition in Xenopus
(MZT; Vastenhouw et al., 2019). Thus, depleted maternal
mRNAs are unlikely to be replaced prior to early cell-fate
decisions being made. Together, these properties enabled
the development of powerful methods to use Xenopus to
examine vertebrate maternal gene functions (“oocyte host-
transfer’”’; Heasman et al., 1991; Houston, 2019, 2018; Mir and
Heasman, 2008; intracytoplasmic sperm injection: Miyamoto
et al., 2013, 2015a).

By the early 1970s, use of Xenopus oocytes became wide-
spread owing to their use in the expression of heterologous
mRNAs (Gurdon et al., 1971). Previous work on oviductal
transport and species-specific fertilization of amphibian
eggs also established methods for the transfer of coelomic
eggs between ovulating females (Rugh, 1935). These trans-
plantation methods were later adapted to work with cultured
oocytes that were stimulated to mature in vitro as a test of
their developmental potential (Lithobates [née Rana] pipi-
ens: Smith et al., 1968; Xenopus: Brun, 1975). Vegetal irra-
diation of cultured oocytes prior to host-transfer was used
to show the presence of UV-sensitive molecules important
for axis and germline formation (Elinson and Pasceri, 1989;
Holwill et al., 1987), establishing a paradigm for the pre-
fertilization manipulation of development.

Xenopus oocytes were also an important test system for
antisense DNA oligonucleotide (oligo) technology in the
1980s. Oligonucleotides injected into full-grown oocytes
hybridize to complementary mRNAs and cleave the RNA
strand via endogenous RNase H (Cazenave et al., 1987; Dash
et al., 1987; Shuttleworth and Colman, 1988). However, the
same oligo types, even when modified, were more toxic and
short lived when injected into fertilized eggs (Shuttleworth
et al., 1988; Woolf et al., 1990). This toxicity, along with
inherent limitations in the specificity of RNase H-dependent
antisense DNA oligos (Woolf et al., 1992), discouraged the
widespread use of antisense technology in post-fertilization
Xenopus embryos until the commercial availability of
phosphorodiamidate morpholino oligos (“Morpholinos™;
Heasman et al., 2000; Summerton and Weller, 1997).

Janet Heasman and Chris Wylie first coupled antisense
mRNA depletion in oocytes with fertilization through the host
transfer procedure (Heasman et al., 1991). They inaugurated
this method by depleting maternal cytokeratin (krt8.1) mRNA,
demonstrating that this gene was required for gastrulation
and wound healing in early embryos (Torpey et al., 1992).
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Subsequent studies revealed a requirement for B-Catenin in
dorsal axis formation (Heasman et al., 1994). Because paral-
lel experiments in Drosophila demonstrated that stabilization
of Armadillo/pB-Catenin was a main output of Wnt signaling
(Peifer et al., 1994), these Xenopus antisense mRNA depletion
experiments strongly implicated endogenous maternal Wnt/
[-catenin activation in axis formation (Section 4).

This maternal mRNA depletion approach has been ben-
eficial for understanding many aspects of early Xenopus
development because, in almost all cases, Morpholino
injection after fertilization at best only partially inhibits
maternally regulated processes and cannot affect processes
initiated around the time of injection. Another benefit of the
host-transfer method is that it can also be used to over- or
ectopically express proteins before fertilization, including
those representing genome editing reagents for FO mutagen-
esis in Xenopus embryos (Aslan et al., 2017; Miyamoto et al.,
2015b; Nakajima and Yaoita, 2015; Ratzan et al., 2017).

3.4. MATERNAL CONTROL OF GERM LAYER
INDUCTION AND PATTERNING

Extensive work in Xenopus and other organisms has culmi-
nated in a largely unified model for germ layer formation in
vertebrates (reviewed in Houston, 2017). This basic model
suggests that spatiotemporal gradients of Nodal signaling
(patterned by auto-regulation and by Wnt signals) induce
dorsal mesendoderm/organizer at high/early doses and ven-
trolateral mesendoderm at low/later doses. Organizer induc-
tion by Nodal occurs in synergy with early Wnt signaling
(maternal in Xenopus) and sets up self-regulating gradients
of BMP and later Wnt activity (zygotic in Xenopus) to pat-
tern the dorsoventral and anteroposterior axes.

3.4.1. MATERNAL CONTROL OF ENDODERM

AND MESODERM BY VEGT

Nieuwkoop initially proposed that mesoderm (germ layer)
induction would involve new mRNA synthesis (Nieuwkoop,
1969), although some early experiments on heterochronic
blastomere recombinations and transplantations (Dale and
Slack, 1987; Jones and Woodland, 1987) suggested a maternal
mesoderm inducer. The zygotic nature of germ layer induc-
tion was demonstrated by Wylie and Heasman, who showed
that vegetal masses only induced mesoderm after the onset
of zygotic transcription (Wylie et al., 1996). Several groups
subsequently and by different approaches identified a likely
maternal transcription factor candidate, the T-domain tran-
scription factor, Vegt, encoded by a vegetal cortex-local-
ized mRNA (Horb and Thomsen, 1997; Lustig et al., 1996;
Stennard et al., 1996; Zhang and King, 1996).

The maternal role of vegt mRNA was assessed using
antisense oligos in host-transfer experiments (Zhang et al.,
1998). These embryos largely lacked mesoderm and
endoderm, and vegetal cells gained expression of ectoderm
markers. Vegetal explants from vegz-depleted embryos
failed to induce mesoderm in animal caps (Zhang et al.,
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1998), and subsequent work showed that Vegt controls
mesendoderm induction by directly activating a number of
nodal and nodal-related genes (nodall, nodal2, nodal4, and
the early expressed paralogs nodal5 and nodal6; Agius et
al., 2000; Clements et al., 1999; Hyde and Old, 2000; Kofron
et al., 1999; Lee et al., 2001; Takahashi et al., 2000). Vegt
likely functions mainly as a transcriptional activator, at least
maternally, although later or context-dependent repressive
roles have not been excluded. Consistent with this idea,
Vegt has been shown to mediate activating histone acety-
lation modifications (Gao et al., 2016). In addition to these
transcriptional roles, depletion of the vegt transcript leads
to other localized mRNAs becoming delocalized (Heasman
et al., 2001) and to disorganization of intermediate filaments
(Kloc, 2009), indicating that vegt has additional but still
unclear roles as a structural or regulatory RNA.

Several observations indicated that maternal regula-
tion of nodal expression was especially relevant for meso-
derm induction. First, a highly specific Nodal antagonist
(CerS) blocked mesendoderm induction in vivo and in
Nieuwkoop assays (Agius et al., 2000). Only inhibition of
Nodal by CerS mimicked pan-Tgfp inhibition (Agius et al.,
2000) and other TgfB molecules but not FGFs could res-
cue vegt-depletion (e.g. derriere/gdf3, Kofron et al., 1999).
Furthermore, an early/elevated aspect of nodal homologue
expression was dependent on maternal B-Catenin, which
could also synergize with Vegt to drive higher levels of
nodal expression and activity (Agius et al., 2000; Lee et al.,
2001; Rex et al., 2002). Last, this temporal aspect and the
absence of a unique (non-Nodal) dorsal signal was shown
in heterochronic, modified-Nieuwkoop assays using conju-
gates of equatorial explants with f-Catenin-depleted veg-
etal masses, with activity in late-stage B-Catenin-depleted
vegetal explants equivalent to early-stage control explants
(Xanthos et al., 2002).

Vegt and Vegt-induced Nodal signals also regulate tran-
scription factors important for endoderm, notably the mix-
related, gata4—6, and soxI7a/b genes (Casey et al., 1999;
Clements and Woodland, 2003; Taverner et al., 2005; Xanthos
et al., 2001). It has been problematic to determine the exact
regulatory relationships among these genes, owing to pos-
sible overlapping roles of maternal and zygotic Vegt and
multiple feedback and cross-regulatory interactions. Recent
advances in genomic approaches implicated Vegt acting with
vegetally localized Otx1 and Foxhl in the establishment and
function of pre-zygotic enhancer complexes at endodermal
loci (Paraiso et al., 2019; see Chapters 12 and 18).

3.4.2. MATERNAL SECRETED MOLECULES

IN GERM LAYER INDUCTION

The roles of maternal secreted molecules in germ layer induc-
tion remain relatively unclear. The identification of gdfI as
encoding a Tgfp family growth factor (Weeks and Melton,
1987) was suggestive, but initial antisense and dominant-
negative loss of function experiments for gdf! were equivocal
(Joseph and Melton, 1998; Kessler and Melton, 1995; Rebagliati
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and Melton, 1987; Woolf et al., 1990). It also became problem-
atic to envision a strong role for Gdf1 in mesendoderm induc-
tion given the absence of Tgf3/Nodal activity in vegt-depleted
embryos. A revisitation of Gdfl function using maternal
mRNA depletion revealed a requirement for this molecule
in the timing of Nodal versus BMP signaling and ultimately
in anterior patterning (Birsoy et al., 2006). One hypothesis is
that Gdf1 may affect Nodal signal propagation or sensitivity,
as was shown in studies of mouse embryos, Xenopus explants,
and embryonic stem cells (Fuerer et al., 2014; Tanaka et al.,
2007). Thus, endogenous Gdfl may have no function in the
absence of properly regulated Nodal signals.

Tdgf1.3 (née Cripto/XCr-1/FRLI) is maternally supplied
but unlocalized and thought to function as a secreted Nodal
co-receptor and trafficking factor (Constam, 2009; Shen and
Schier, 2000). In Xenopus, maternal tdgf1.3 mRNA is trans-
lated primarily in the animal hemisphere (Zhang et al., 2013)
but may also interact with maternal Wntl1b in dorsal signal-
ing (Tao et al., 2005; see subsequently). A limited set of addi-
tional secreted signaling molecules are expressed maternally
in a non-localized fashion and are involved in modulating
Nodal, BMP, FGF, and other signaling pathways in the early
embryo (Isml, Tsku, Ndp/Norrin, Greml1; Hsu et al., 1998;
Morris et al., 2007; Pera et al., 2002; Xu et al., 2012).

3.4.3. ECTODERM SPECIFICATION

In contrast to the detailed pathways known for mesendoderm
differentiation, much less is known about the initial specifi-
cation of ectoderm in Xenopus. Ectoderm has been thought
of as a maternally programmed “default state” (Weinstein
and Hemmati-Brivanlou, 1999). Both inhibition of Tgff} and
depletion of vegt allow vegetal cells to express ectodermal
genes and to adopt ectodermal cell adhesion and cell sorting
properties (Houston and Wylie, 2003; Zhang et al., 1998).
Because mesoderm forms out of prospective ectoderm there
does not appear to be an “animalizing” gradient as in sea
urchins (Dale et al., 1985; Nieuwkoop and Ubbels, 1972),
and thus maternal transcription factors must ultimately
specify ectoderm fate.

Two zygotic transcription factors were initially identi-
fied as candidate targets of this maternal ectoderm speci-
fying pathway, /hx5 and foxi/ (Houston and Wylie, 2003;
Mir et al., 2007; Suri et al., 2005). Lhx5 is necessary and
sufficient for normal ectoderm adhesion and cell sorting
properties but does not activate ectodermal gene expres-
sion or inhibit Tgfp signaling, suggesting that Lhx5 pri-
marily regulates cell behavior (Houston and Wylie, 2003).
foxil is mosaically and dynamically expressed and tightly
regulated in the ectoderm, beginning dorsally and shifting
ventrally during gastrulation (Mir et al., 2008, 2007; Suri
et al., 2005). Foxil is required both for ectoderm adhesion
and for repression of TgfP signaling and mesoderm (Mir
et al., 2007; Suri et al., 2005). The mesoderm-inhibiting
function of Foxil is indirect, mediated through activa-
tion of Tbx2 (a transcriptional repressor) in the ectoderm
(Teegala et al., 2018).
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Foxi2, encoded by a transcript enriched animally in
the oocyte, was identified as a maternal regulator of foxil
through upstream enhancer analysis (Cha et al., 2012).
Maternal mRNA depletion of foxi2 showed dysregulation of
Sfoxil expression and gastrulation/axis defects but no major
loss of ectoderm derivatives or adhesion. Other animally
enriched maternal transcriptional regulators include Sox3,
which is thought to inhibit nodal5 expression (Zhang et al.,
2003; Zhang and Klymkowsky, 2007); Trim33, a putative
inhibitor of Smad4-dependent Tgfp signaling (Dupont et al.,
2005); and Znf585b, a Tp53 antagonist (Sasai et al., 2008).
A number of other molecules that can antagonize mesen-
doderm are also enriched animally (i.e. dand5, Bates et al.,
2013). These proteins might act to protect early ectoderm
fate (Reich and Weinstein, 2019).

Ectoderm development also involves homologues of
the mammalian pluripotency-related transcription factor
Pou5fl, including a maternal paralogue (pou5f3.3 [née
xlpou60/oct60]). Morpholino-based depletion of these
genes (singly or together) in Xenopus have implicated this
family in the maintenance of pluripotent character in the
animal cap (Morrison and Brickman, 2006) and in repres-
sion of Nodal/Tgfp activity (Cao et al., 2006; Snir et al.,
2006). Additionally, Pou5fl paralogs are required for
ectodermal adhesion and gastrulation, likely through the
activation of certain conserved Pou5f target genes, notably
lhx5 (see previously), salll, and cdxI (Livigni et al., 2013).
Maternal Pou5f3 (along with Sox3) has been shown to
establish competent chromatin prior to the onset of zygotic
transcription (Gentsch et al., 2019), suggesting the possibil-
ity that the maternally programmed early chromatin state
may form the basis for the ectoderm “default state.”

3.4.4. PB-CatenIN IN DORsAL GENE ACTIVATION

In addition to regulating the timing of nodal expression,
B-Catenin regulates a number of dorsal genes directly,
including sial, nodal3 paralogs, noggin, and chordin
(these last two are induced by B-Catenin but stabilized
by Nodal), that act in multiple aspects of organizer func-
tion. B-Catenin mainly regulates gene expression by de-
repressing TCF proteins and recruiting coactivators in the
context of Wnt-regulated enhancer complexes (Gammons
and Bienz, 2018). Both activities are supported by maternal
loss-of-function experiments in Xenopus (tcf711: Houston
et al., 2002; pygo2 and bcl9: Belenkaya et al., 2002;
Kennedy et al., 2010). Other maternal TCF proteins, Tcf7
and Tcf712, are also involved, with context-dependent acti-
vating and repressing roles on -Catenin target genes (Roel
et al., 2003; Standley et al., 2006). Genomic studies have
begun to identify more complex interactions of -Catenin
with many other transcription factors (e.g. Nishita et al.,
2000; Sinner et al., 2004; Zorn et al., 1999; reviewed in
Abu-Remaileh et al., 2010).

More recent evidence suggests that maternal B-Catenin
regulates dorsal gene expression prior to major MZT in
part through an epigenetic “poising” mechanism, marking
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organizer-specific genes in dorsal morula nuclei for later
expression by the recruitment of the histone arginine
methyltransferase Prmt2 (Blythe et al., 2010). Similarly,
maternal Foxhl is also involved in presetting chromatin
for later expression, largely targeting subsequent Nodal/
Smad2-regulated genes (Afouda et al.,, 2020; Charney et
al., 2017; Chiu et al., 2014; Gupta et al., 2014). Foxhl over-
laps B-Catenin targets to a significant extent in these cases,
potentially acting as a “pioneer” factor to activate the open-
ing of the chromatin conformation (Zaret and Carroll, 2011).

3.4.5. CytorLAsMIC ACTIVATION OF DoRsAL B-CATENIN

Wnt/B-Catenin activation is dependent on cortical rota-
tion and is most sensitive to induced stimulation or inhibi-
tion around the 16-32-cell stage (Kao et al., 1986; Yang
et al., 2002). Elinson, Gerhart, Kirschner, and others began
reinvestigating the cortical rotation phenomenon in the
1980s, ultimately leading to the characterization of dorsally
directed parallel microtubule array assembly in the vegetal
sub-cortical cytoplasm and kinesin-based translocation as
the underlying mechanism of cortical rotation (Gerhart et al.,
1989; Houston, 2017, 2012; Weaver and Kimelman, 2004).

The molecular control of cortical rotation is not well
understood. In addition to an overall increase in microtubule
nucleation and assembly following fertilization, likely related
to the cell cycle (Elinson, 1985; Olson et al., 2015), the ubig-
uitin ligase activity of Trim36, encoded by a vegetally local-
ized mRNA is essential for normal parallel microtubule array
assembly and cortical rotation (Cuykendall and Houston,
2009). Another localized mRNA product, the Dndl RNA-
binding protein (typically involved in germline specification),
is required to anchor frim36 in the cortex (Mei et al., 2013),
likely enriching Trim36 at the site of cortical rotation. The
targets of Trim36 ubiquitylation remain unknown. mRNA
depletion of vegetally localized plin2 also leads to defects in
cortical microtubule assembly during cortical rotation (Chan
et al., 2007), although it is unclear if the protein product
(Perilipin 2 is localized to lipid droplets) or the mRNA itself
are the relevant moiety (Kloc, 2009).

Cytoplasmic ablation/transplantation experiments have
generally supported the idea that cortical rotation dorsally
displaces a potent axis-inducing activity (Holowacz and
Elinson, 1993; Kageura, 1997). The identity of this activ-
ity remains unclear. Data suggest the vegetal cortical cyto-
plasm mimics Wnt activation and acts most similarly to
overexpressed Adenomatous Polyposis Coli (APC) protein
(Marikawa and Elinson, 1999). One caveat of these experi-
ments is that the large size of the injected apc transcript
tends produce a variety of truncated/degradation products,
which may include dominant-inhibitory species (Vleminckx
et al., 1997).

Dishevelled and Fratl (GBP) proteins are also candidates
for the cytoplasmic dorsalizing activity, based on the
visualization of “puncta” produced by injection of GFP
fusion constructs of these proteins and their potential for
dorsal translocation (Miller et al., 1999; Weaver et al., 2003).
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However, the localization of the endogenous proteins is not
known. Furthermore, maternal DvI2/3 depletion results in
dorsalized embryos, opposite to expectation (Tadjuidje et al.,
2011), and Fratl, although required for axis formation in
Xenopus (Yost et al., 1998), may not actually function gen-
erally in Wnt/B-Catenin regulation (Amerongen et al., 2010).

Recent work on a spontaneous ventralized zebrafish
maternal-effect mutation huluwa (hwa; Yan et al., 2018)
has shown that the novel Hwa protein may act to promote
the dorsal degradation of Axinl, a key negative regulator of
-Catenin. Hwa is encoded by a localized maternal mRNA
in both fish and frogs and is a novel membrane protein
that accumulates dorsally in the blastula (Yan et al., 2018).
Dorsal down-regulation of Axinl had been inferred from
experiments showing the reduced ability of dorsally injected
axinl mRNA to rescue maternal axinl depletion compared
to ventrally injected axin/ (Kofron et al., 2001).

3.4.6. SecreTeD LIGAND ACTIVATION OF B-CATENIN

In contrast to the idea of strict intracellular activation of
dorsal Wnt/B-Catenin by cytoplasmic determinants outlined
previously, current models suggest that maternal Wntllb
ligand, encoded by a vegetally localized mRNA, is the
main determinant for axis specification in Xenopus. The
observation that overexpressed extracellular Wnt antagonists
fail to inhibit endogenous Wnt/B-Catenin activity or axis
determination tends to support the intracellular model
(Hoppler et al., 1996; Leyns et al., 1997; Wang et al., 1997;
Yan et al., 2018). However, antisense depletion experiments
also demonstrate that inhibition of maternal wntl1b, encod-
ing a secreted ligand, does result in ventralization and in
reduced dorsal B-Catenin activity (Tao et al., 2005).

Although Wntllb is commonly classified as a “non-
canonical” Wnt ligand (non-B-Catenin-activating), there is
a body of evidence pointing toward receptor/co-receptor
context-dependent regulation of B-Catenin-dependent and -
independent pathways by Wntll proteins and other Wnts
(e.g. He et al., 1995). The timing of Wntllb action is not
known, but it must act prior to the 16-cell stage (see pre-
viously). The extent and mechanisms by which Wntllb
activity would become enriched dorsally by cortical rotation
is also unclear, and recent transcriptomic data from single
cleavage-stage blastomeres (X. laevis: Flachsova et al., 2013;
X. tropicalis: Collart et al., 2014; Domenico et al., 2015)
suggest little to no dorsal enrichment of wnt//b mRNA or
wntl b polyadenylation.

Maternal mRNA depletion studies have indirectly
implicated translational regulation, potentially targeting
wntl1b, in dorsal signaling. The RNA-binding protein Biccl
is encoded by a localized maternal mRNA in Xenopus
(Wessely and Robertis, 2000) and can bind directly to the
3’'UTRs of dand5, tdgfl.3, and wntllb and repress their
translation in reporter assays (Park et al., 2016; Zhang
et al., 2013). Depletion of maternal biccl leads to dorso-
anteriorized embryos, suggesting that translational repres-
sion, mediated by RNA-binding KH domains (Dowdle et al.,
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2019; Park et al., 2016), is necessary to restrict the activi-
ties of one or more of these or other molecules. Biccl was
first identified in a screen for mRNAs with reduced poly-
adenylation in the embryos ventralized by UV-irradiation
(Wessely and Robertis, 2000). One implication of this result
is that biccl polyadenylation, and hence Biccl protein,
might be higher dorsally. However, this situation would pre-
dict that Biccl should normally inhibit wntl1b translation
dorsally. In the absence of Biccl, overactive Wntl1b signals
might be involved in dorsalizing the embryo, but it remains
unclear whether this mechanism controls endogenous dorsal
[-Catenin accumulation.

One proposed synthesis of these ideas is that Wnt sig-
naling may be potentiated by the endocytosis of activated
Wnt receptor-coreceptor complexes (“Lrp6 signalosomes™)
in association with Dvl (Bilic et al., 2007). Cortical rota-
tion might thus enrich Wnt signalosomes on the dorsal side
(Dobrowolski and Robertis, 2012), activating dorsal signal-
ing through the perpetuation of an earlier signaling event or
by possibly sequestering B-Catenin degradation machinery
(e.g. Gsk3b) in multi-vesicular bodies (Taelman et al., 2010).
However, recent data from cell-line experiments suggest
that endocytosis of Wnt receptor-co-receptor complexes is
not required for subsequent signal transduction (Rim et al.,
2020), and the extent that signalosomes differentially accu-
mulate dorsally remains unknown.

While genetic studies in mice have shown that B-Catenin
signaling is required for anterior visceral endoderm (AVE)
formation (the key step in mammalian axial patterning), it
has become clear that secreted Wnt activity is dispensable in
this regard (reviewed in Houston, 2017). Similar to the case
in Xenopus, Tdgfl-mediated signals are required upstream
of -Catenin stabilization in the AVE (Morkel et al., 2003),
but the extent to which this similarity represents a coinci-
dental convergence of signals or a deeper level of conser-
vation in mechanisms for establishing bilateral symmetry
remains unclear.

3.5. MATERNAL CONTROL OF PRIMORDIAL

GERM CELL FORMATION

The idea of a separate germline and its specification by local-
ized maternal determinants arose from classic studies in
insects, following the observation of a conspicuous budding
of primordial germ cells from the posterior pole of the early
blastoderm (classical literature reviewed in Hegner, 1914).
Additional evidence for what came to be called “germ plasm”
was subsequently revealed in many other organisms (Beams
and Kessel, 1974; Eddy, 1975; Extavour and Akam, 2003).

3.5.1. THe GERM PLASM

The identification of germ plasm in a vertebrate embryo (in
Rana frogs, Bounoure, 1934, 1931) suggested that cytoplas-
mic inheritance of germline fate might represent a general
mechanism. Other evidence from salamanders, mammals,
and other organisms however suggested that primordial
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germ cells (PGCs) could also be induced by signals act-
ing on pluripotent cells, which may be the ancestral mode
(Extavour and Akam, 2003; Houston and King, 2000a).
Regardless of whether PGCs are specified by maternal germ
plasm, a material similar to germ plasm has since been iden-
tified in the differentiating adult germ cells of all animals
(typically termed nuage, Fr. “cloud”; André and Rouiller,
1956). Thus, germ plasm/nuage is likely a fundamental fea-
ture of the germline (Eddy, 1975, 1974). Recent experiments
on the reprogramming of somatic cells to PGCs have shown
that nuage does indeed form in reprogrammed cells (Bucay
et al., 2009), further suggesting that nuage is tightly con-
nected to, and likely a product of, germ-cell differentiation.

Both descriptive and experimental studies in Rana/
Lithobates and in Xenopus eggs established that the vegetally
localized germ plasm is essential for germline formation in
Anuran amphibians (Houston and King, 2000a). The clas-
sical embryological evidence showed that UV-irradiation
of the vegetal pole severely reduced PGC formation (e.g.
Bounoure et al., 1954; Ziist and Dixon, 1975). Unlike the case
in Drosophila (Ephrussi and Lehmann, 1992; Illmensee and
Mahowald, 1974), initial cytoplasmic transfer experiments
in Xenopus failed to show a similar strong determinative
role for germ plasm (Wakahara, 1977; Wylie et al., 1985).
Recent experiments, however, indicate that germ plasm
transplantation into animal pole cells can create functional
PGCs in genetically marked Xenopus (Tada et al., 2012),
although discrepancies with the previous studies remain
unresolved.

3.5.2. GerM PLasm MRNASs IN PGC SPECIFICATION

The first germ-plasm mRNA to be studied functionally
in Xenopus was dazl, identified contemporaneously with
vegt (Houston et al., 1998). The Dazl family (Deleted in
AZoospermia-like) comprises a conserved group of RRM
domain RNA-binding proteins involved in many different
aspects of germ cell development in animals and in human
fertility (Fu et al., 2015; Kee et al., 2009). In Xenopus, dazl
exhibits a mitochondrial cloud-dependent mRNA localiza-
tion pattern similar to nanosl and remains detectable in
early PGCs through the tailbud stages (Houston et al., 1998;
Sekizaki et al., 2004). Maternal mRNA depletion studies
identified a role for Dazl in PGC development in Xenopus,
with dazl-depleted embryos exhibiting PGC migration
defects and remaining abnormally clustered within the pos-
terior endoderm (Houston and King, 2000b). Dazl is thus
thought to control competence for migration in PGCs either
directly or indirectly through an earlier step in establishing
PGC specification. Work in other systems has suggested
that Dazl likely functions in polyadenylation (Haston et al.,
2009; Smorag et al., 2014).

A number of additional genes localized to the germ plasm
have been identified (Table 3.1). Several of these genes have
roles in PGC migration as assessed by Morpholino knock-
down or antisense mRNA depletion. Notably, depletion
of mRNAs encoding RNA-binding proteins dndl, ddx25,
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nanosl, and dazl have similar effects (Horvay et al., 2006;
Houston and King, 2000b; Lai et al., 2012; Yamaguchi,
2013). The nature of these genes and mechanistic studies
of their effects on PGCs strongly suggest diverse roles in
RNA metabolism, with germ plasm components interacting
with and regulating each other to ultimately control PGC
fate and/or migration. As an example, Dndl has been impli-
cated in the protection of target mRNAs (including itself)
from microRNAs (Kedde et al., 2007), in regulating Nanosl
translation (Aguero et al., 2018, 2017), and in the anchor-
ing of localized frim36 mRNA to the vegetal cortex (Mei
et al., 2013). Recent experiments have also suggested that
additional pathways are involved in restricting the action
of Dndl (and possibly other germ plasm RNAs), including
the important role of the ubiquitin-independent proteasome
pathway, which is animally localized (Hwang et al., 2019).
Other germ plasm localized mRNAs, including sox7 and
efnbl, also have roles in PGC migration (Owens et al., 2017;
Butler et al., 2018).

Inaddition tocontrolling overall PGC specification, anum-
ber of mRNAs localized to the germ plasm appear to also act
in morphogenesis of the germ plasm itself. germes encodes a
Xenopus-specific leucine zipper/EF-hand protein that inter-
acts with dynein light chain (Berekelya et al., 2003, 2007)
and may control germ plasm morphology. Similarly, syntab-
ulin (sybu), encoding a motor adaptor protein implicated in
mitochondrial transport in neurons and axis formation, is
involved in aggregation of germ plasm and in perinuclear
germ plasm relocalization in Xenopus, resulting in PGC
deficiency (Colozza and Robertis, 2014; Oh and Houston,
2017b). Similarly, Grip2 is another vesicle transport-related
protein encoded by a germ plasm mRNA that is involved
in PGC development, although its role in germ plasm
morphogenesis has not been examined (Kaneshiro et al.,
2007, Kirilenko et al., 2008; Tarbashevich et al., 2007).

3.5.3.  AssemBLY OF MATERNAL GERM PLAsM

The assembly of germ plasm in vertebrates is not well under-
stood. In zebrafish, buckyball is necessary and sufficient for
germ plasm and mitochondrial cloud assembly (Bontems
et al., 2009). The homologous Xenopus gene, velol, encodes
a vegetally localized mRNA that forms a major protein
component of the mitochondrial cloud in fish and frog
(Boke et al., 2016; Claussen and Pieler, 2004; Heim et al.,
2014; Nijjar and Woodland, 2013a, 2013b). Recent data sug-
gest that the structural role of Velol in the mitochondrial
cloud is linked to its ability to form amyloid fibrils via an
N-terminal prion-like domain (PLD; Boke et al., 2016).
Velol is also a highly disordered protein and contains a
domain at the C-terminus involved in non-specific RNA bind-
ing. Disordered low-complexity protein domains are found
in numerous RNA-binding proteins, typically mediating the
formation of liquid hydrogel droplets (Kato and McKnight,
2016). Velol protein-protein interactions with Dazl and
Rbpms2 (and interactions among the cognate RNAs and
proteins) are also required for zebrafish mitochondrial cloud
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formation (Heim et al., 2014). Additional evidence from fish
suggests that this self-assembling process is triggered by the
formation of the “chromosome bouquet,” a polarized cluster
of telomeres (Elkouby et al., 2016). Genetically, this event
is upstream of mitochondrial cloud formation (Elkouby
et al., 2016; Escobar-Aguirre et al., 2017). Experiments in
Xenopus show that Velol transitions from a mitochondrial
cloud/amyloid state to a non-amyloid hydrogel-like state
during formation of the germ plasm domain of the cloud,
possibly based on phosphorylation of Velol (Boke et al.,
2016; Nijjar and Woodland, 2013b). This more mobile state
may be a prerequisite for germ plasm morphogenesis during
development, in contrast to the more stable “architectural”
form present in the oocyte.

3.6. CONCLUDING REMARKS

The general picture of early Xenopus development is well
appreciated but is now being investigated with increasing
sophistication at the cellular, molecular, and genetic levels.
Thus far, a relatively small number of maternal mRNAs,
both non-localized and localized to different extents, have
been found to exert strong effects on development. But there
clearly is greater underlying complexity than is immediately
evident. These mRNAs have predominant roles in primor-
dial germ cell specification, axis formation, and germ layer
induction and patterning (Figure 3.2).

A broad view of early Xenopus development suggests
that non-localized (or animally enriched) maternal RNAs
would initiate general ectodermal identity throughout the
embryo (in addition to housekeeping functions), within
which is embedded the competence to respond to various
inducers to alter germ layer identity. Maternal transcrip-
tion factors Pou5f3.3 and Sox3 may function in this regard
as an adjunct to their potential role in contributing to the
MZT, but the distinction (or lack thereof) between the two
activities is unclear. Also, maternal Foxhl may act to mark
some genes for later activation/repression by Nodal/Smad2
or other signals, but other roles in ectoderm differentiation
are unknown.

mRNAs localized widely throughout the vegetal hemi-
sphere, such as vegt and otxI, are thought to establish
endodermal identity in vegetal cells and indirectly activate
the expression of mesendoderm-inducing Nodal proteins.
Maternally expressed signaling ligands such as Gdfl may
“prime” this mesendoderm induction or, more likely, con-
trol the range, activity, or specificity of Nodal/Nodal-related
proteins. Other localized mRNAs of the more “intermedi-
ate” pattern may be dedicated in some way to dorsal-ventral
patterning, with trim36 and dndl functioning to stimulate
microtubule polymerization in vegetal subcortical cyto-
plasm for cortical rotation, controlling the distribution and
activity of maternal B-Catenin, possibly through Wntl1b.
Dorsal B-Catenin would then interact with ubiquitous
maternal TCFs to de-repress/activate Nodal, initiating its
spatiotemporal regulation, and to regulate genes important
for organizer function. Last, mRNAs restricted to the germ
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plasm generate proteins that generally inhibit somatic fate
and specify cellular properties, such as global transcrip-
tional activity and cell migration, of a small subset of cells
destined to become the PGCs.

The use of the Xenopus embryo has been extraordinarily
successful in characterizing genes involved in early verte-
brate development, and part of this success of Xenopus has
been the ease of “tinkering” with development—trying out
various hypotheses and rejecting erroneous ideas quickly.
It is unlikely that many of the discoveries described in this
chapter would have been made as readily without the ability
to test the functions of genes at the biochemical and cel-
lular levels almost at a whim. There are several areas in
which studying the maternal control of early development
in Xenopus holds good potential for further uncovering new
knowledge regarding embryonic development.

First, although there are many efforts to map gene regu-
latory network models for different aspects of cell differ-
entiation, in Xenopus, this analysis can be easily extended
to include the contributions of maternally provided genes.
In Xenopus, it should be possible to construct a complete
description of development, beginning with contributions of
maternally localized mRNAs. Also, although there has been
tremendous progress in modeling embryonic development
using stem cells, many of these approaches use growth fac-
tor stimulation of cells to initiate self-organizing processes.
These approaches were pioneered by the late Xenopus inves-
tigator Yoshiki Sasai, focusing on brain and retinal devel-
opment (Eiraku et al., 2011, 2008). Methods have recently
been developed to approximate post-implantation-like states
in mouse embryos and mouse and human pluripotent cell
aggregates (Zhu and Zernicka-Goetz, 2020). These experi-
ments are possible because of the robust ability of differ-
entiating cells to undergo self-organization, a well-noted
but not well-understood phenomenon. Developmental biolo-
gists familiar with the work of Spemann and the Holtfreters
should not be surprised that self-organization seems to be
the norm. Because studies in early Xenopus embryos do
not require artificial stimulation or culture conditions, Wnt/
B-Catenin activation and other signaling mechanisms can
thus be investigated under endogenous activation conditions.

Second, the realization that many types of ribonucleopro-
tein granules are formed through liquid-like phase transitions
to a hydrogel state has allowed the formulation of a “solid-
state” model of information transfer via spatially distinct iter-
ations of these states along the nucleocytoplasmic transport
route (Kato and McKnight, 2016). These studies are still in the
early stages, and we still do not know the full extent to which
mRNA localization depends on hydrogel states (Neil et al.,
2021). This intriguing possibility has recently been suggested
by experiments showing that intermediate filament head
domains also form hydrogels that can coaggregate with low-
complexity domain-containing RNA binding proteins (Zhou
et al., 2021). Such an observation could also help explain the
structural roles of vegr and other localized mRNAs in addi-
tion to germ plasm morphogenesis. These questions could all
be profitably addressed using Xenopus oocytes.
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Last, embryonic development is being described with
ever-increasing biological detail at multiple levels of analy-
sis. The abundant protein and nucleic acids in each embryo
and the ability to easily monitor cellular and intracellular
behaviors make Xenopus an ideal organism in which to inte-
grate many of these levels into a complex multi-scale model
of development. Given the current trend towards the devel-
opment of sophisticated statistical and machine-learning
computational tools to explore and work with vast amounts
of data, a “systems biology” approach to rapidly enabling
accurate modeling of complex spatio-temporal interactions
of biological molecules, genes, and cell behavior into gene
regulatory networks is ideally suited to Xenopus embryos.

With its rich history and abundant experimental advan-
tages across many scales of organization, the early Xenopus
embryo holds promise for rigorously providing a united
view of cellular (and subcellular) morphogenesis and the
molecular structure of genetic information, with the cell as a
(proper) frame of reference. Such an effort may well occupy
the next 200 years.
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“Les théories passent, la grenouille reste.”
“Theories pass, but the frog remains.”
Jean Rostand—Le carnet d’un biologiste—1959

4.1. HISTORICAL BACKGROUND

Watching a fertilized animal egg develop into an embryo
with many tissues is fascinating. How could something as
complex happen? Embryology became the forefront of bio-
logical research when researchers realized that rather than a
descriptive approach, experimental challenges were required
to unravel the mechanisms of development. The frog embryo
led the way. In 1883, Wilhelm Roux killed one of the two
blastomeres of a frog embryo with a hot needle and found that
the surviving cell gave rise to only a half embryo. However,
in 1891, Hans Driesch separated the first two blastomeres of a
sea urchin embryo and found that each cell could self-organize
and give rise to a complete, albeit smaller, embryo (reviewed
in Spemann, 1938). The discordant results were clarified by
Thomas Hunt Morgan (who before becoming a geneticist was
an experimental embryologist), who repeated Roux’s experi-
ment and found that if the dead blastomere were gently pipet-
ted out of the frog embryo, frogs also could self-regulate and
generate a complete tadpole from half an egg (Morgan, 1895).
Using baby hair loops to slowly constrict newt eggs at the one-
or two-cell stage, Hans Spemann later obtained twins from
the same amphibian egg (Spemann, 1938).

One can imagine that understanding the mechanisms
leading to making two out of one would be next to impossible.
Yet the way forward was pointed by an experiment car-
ried out by a graduate student at Freiburg University, Hilde
Mangold. Under the direction of Spemann, who had found

DOI:10.1201/9781003050230-5

that the dorsal lip of the blastopore was the first region of
the embryo to become determined, she transplanted dorsal
lips into the ventral side of host embryos from newt species
that differed in their degree of pigmentation. In experiments
based largely on two embryos with secondary axes—no sta-
tistical significance analyses were required back then—she
described in wonderful camera lucida drawings of histo-
logical sections that the transplanted dorsal organizer gave
rise mostly to notochord, while the neighboring cells were
induced to form a Siamese twin containing dorsal tissues
such as somites and central nervous system. This was the
most famous experiment in embryology (Spemann and
Mangold, 1924). Tragically, Hilde Mangold, who had a
small baby, died before her paper was published. Spemann
received the Nobel Prize for Physiology or Medicine in
1935 for the discovery of embryonic induction of histotypic
differentiation.

The Spemann-Mangold experiment marked the apogee of
experimental embryology. A flurry of experiments attempted
to identify the chemical substance that was able to induce
the central nervous system (CNS), also called the primary
inducer. However, given the methods available at the time,
all efforts failed, and experimental embryology gradu-
ally faded (Hurtado and De Robertis, 2007). The genetics
founded by Morgan with the use of the Drosophila fruit fly
became the pre-eminent biological discipline for most of the
20th century.

By the 1970s, it was common to hear famous professors say
that Spemann had set back developmental biology by 50 years.
Experimental embryology was forgotten. That all changed in
the 1990s, when molecular biology became practical and new
genes could be readily isolated. A wonderful memoir about
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graduate student days in the Spemann lab also played a role
in the renaissance of experimental embryology (Hamburger,
1988). This short book, written when Viktor Hamburger was
88 years old, inspired many of us in the Xenopus community
to take a second look. What followed was a revolution.

4.2. THE SEARCH FOR SPEMANN ORGANIZER

MOLECULES IN XENOPUS

In our laboratory, we used manually dissected Xenopus dorsal
lips to prepare cDNA libraries from which the first organizer-
specific gene, goosecoid, was isolated (Cho et al., 1991). Other
laboratories followed some months later, treating Xenopus
animal cap explants with Activin, which induces dorsal
mesoderm and resulted in the isolation of other organizer
transcription factors such as lim-1 and forkhead-1 (Taira
et al., 1992; Dirksen and Jamrich, 1992). Using a very pro-
ductive functional assay of microinjecting pools of synthetic
mRNAs which were then sib-selected, Richard Harland suc-
ceeded in isolating Noggin, the first secreted protein of the
Spemann organizer (Smith and Harland, 1992). Douglas
Melton found that Follistatin was also secreted by the orga-
nizer (Hemmati-Brivanlou et al., 1994).

The Spemann organizer proved a very productive fishing
ground for novel signaling molecules. At early stages of devel-
opment, cells are engaged in exchanging signals specifying
their positional information before tissue differentiation takes
place. The Xenopus gastrula has been the subject of saturat-
ing screens for dorsal and ventral molecules (Figure 4.1A).
This is analogous to the case of Drosophila, in which, using

FIGURE 4.1

Xenopus

genetic screens, the signaling networks involved in cuticle
patterning have been saturating as well. In our lab, we used
various types of dorsal-ventral (D-V) probes to isolate xnot-2
(Gont et al., 1993), chordin (chd) (Sasai et al., 1994), cerberus
(Bouwmeester et al., 1996), and frzb-1 (Leyns et al., 1997).
Unbiased screens for Xenopus proteins secreted by cultured
mammalian cells identified IGFBP-5 (Insulin-like growth fac-
tor binding protein 5), the Crescent and sFRP2 Wnt inhibitors,
and many ventrally secreted proteins (Pera et al., 2000).

With the sequencing of the Xenopus laevis genome
(Session et al., 2016), a new era started, and high-throughput
RNA-seq became possible. This produced an exhaustive
and quantitative catalog of transcripts expressed in the ven-
tral and dorsal sides of the Xenopus gastrula (Ding et al.,
2017a). A list of 44,000 transcripts arranged according to
dorsal to ventral expression is available in Table S1 of Ding
et al. (2017a). This study identified secreted Pkdcc (protein
kinase domain containing, cytoplasmic) also known as Vlk
(vertebrate lonesome kinase) as a Wnt inhibitor (Ding et al.,
2017a). RNA-seq identified an early dorsal f-Catenin gene
signature of 123 genes, a plethora of ventral genes (Ding
etal., 2017b), and Angiopoietin-like 4 (Angptl4) and Bighead
as Wnt inhibitors that promote LRP6 receptor endocytosis
(Kirsch et al., 2017; Ding et al., 2018).

4.2.1. GOOSECOID

Goosecoid was the first gene identified in Spemann’s orga-
nizer and has proved a very reliable marker of organizer
tissue (Cho et al., 1991). For example, the location of the

Signaling components of dorsal-ventral patterning in Xenopus. Many components of the dorsal Spemann organizer and

the ventral center at the opposite pole of the embryo have been isolated in saturating molecular and functional screens carried out in
many laboratories. The Xenopus gastrula has been a rich source of new molecules and developmental mechanisms. (A) Many of the novel
genes identified encoded secreted antagonists of the BMP and Wnt pathways. (B) Components of the extracellular Chordin/Tolloid/
Tsg/CV2/BMP pathway. Direct protein-protein interactions demonstrated biochemically are shown by solid black lines, transcriptional
regulation by stippled lines, and flux of Chordin/BMP/Tsg complexes towards the ventral center by gray lines. The rate-limiting step
is the proteolytic cleavage of Chordin by Tolloid metalloproteinase. BMP signaling is maximal in the ventral and lowest in the dorsal
side, setting up the transcriptional control of this self-regulating morphogen gradient system conserved throughout the animal kingdom.
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mouse organizer was not known. When I presented the first
in situ hybridizations of mouse goosecoid in 1992 at the first
vertebrate molecular embryology meeting in Les Diablerets,
Switzerland, great consternation was caused. Our collabo-
rator Stephen Gaunt had found goosecoid expression in
the anterior primitive streak. Mouse embryologists almost
unanimously rose to counter that the organizer was located
in the node that forms posterior to the notochord at a later
stage of development. Fortunately, on the train down from
the mountain, I sat, dejected, next to Azim Surani, who sug-
gested that if the mouse organizer were where we thought it
was, transplantation into the Xenopus blastula cavity might
reveal its inductive activity. We did the experiment with
Martin Blum and Herbert Steinbeisser, and that was the
case; goosecoid has pinpointed the location of the organizer
in many vertebrate embryos since (De Robertis, 2004).

4.3. THE VENTRAL SIGNALING CENTER

The dorsal organizer has been the center of attention, but it
is emerging that the ventral side of the gastrula is equally
important. For each action on the dorsal side, there is a reac-
tion on the ventral side. Ventral genes are turned on by BMP4
signaling, while dorsal genes are transcribed when BMP sig-
naling levels are low (Karaulanov et al., 2004; Reversade and
De Robertis, 2005). This transcriptional seesaw explains to a
large degree the self-regulation and resilience of the Xenopus
embryo. The reason the ventral center was ignored for a long
time was that when transplanted, ventral tissue becomes
incorporated into the host site instead of inducing changes
in the neighboring tissues (Spemann, 1938). However, when
BMP2/4/7 are depleted simultaneously so that no epidermis
is formed, transplantation of wild-type ventral tissue can
induce epidermal differentiation (high BMP) at a great dis-
tance (Reversade and De Robertis, 2005).

Xenopus BMP4 was found to be expressed in the ven-
tral region and to induce ventralization (Fainsod et al.,
1994). However, the realization that the ventral side serves
to antagonize the effects of the organizer was not formu-
lated until Christof Niehrs discovered Xvent-1 and Xvent-
2, two homeobox target genes of BMP4 with similarities to
Drosophila bar (Gawantka et al., 1995). It was later found
that these genes mediate the effects of BMP4 (Ladher et al.,
1996; Onichtchouk et al., 1996). There is a whole panoply
of genes part of the BMP4 synexpression group (Niehrs and
Pollet, 1999) that are transcriptionally activated by BMP4
signaling, such as Id1-4 (inhibitor of differentiation 1-4)
(Karaulanov et al., 2004) and BAMBI (BMP and Activin
Membrane Bound Inhibitor), a transmembrane pseudorecep-
tor lacking the cytosolic Serine-Threonine kinase domain
(Onichtchouk et al., 1999).

The function of Xventl/2 as repressors of the Spemann
organizer has been investigated using antisense morpholino
oligonucleotides (MOs). This method of obtaining loss of func-
tion can be very effective and specific in Xenopus embryos. In
zebrafish, on occasion, MOs may have toxic effects, and this
has greatly confused the field, as zebrafish researchers now
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demand genetic mutations while negating the many favorable
properties of MOs in Xenopus and many other organisms, for
which we have advocated elsewhere (Blum et al., 2015). Xventl
and 2 have redundant functions, but when both are depleted,
embryos are strongly dorsalized with expanded heads and
short trunks (Sander et al., 2007). Notably, the expression of
goosecoid is greatly expanded by loss of Xventl/2. Depletion
of Xenopus Goosecoid with MO resulted in cyclopic embryos
with small heads and enlarged ventral tissues. Unexpectedly,
triple depletion of Xventl, Xvent2, and Goosecoid rescued
almost completely normal D-V and anterior-posterior (A-P)
development in a variety of assays (Sander et al., 2007). Thus,
it is as if these three genes are dispensable for embryogenesis
and exist to balance deviations from the norm of their counter-
parts. Xventl/2 and Goosecoid in Xenopus mediate a remark-
able self-adjusting mechanism to ensure a perfect tadpole is
formed time after time.

The most abundant ventral center transcript in the ventral
center is Sizzled (Szl), a divergent sFRP (secreted frizzled-
related protein) that lost its ability to bind Wnts (Collavin and
Kirschner, 2003; Ding et al., 2017a). Sizzled, like Xolloid-
related protease (Piccolo et al., 1997), Twisted gastrulation
(Tsg) (Oelgeschliger et al., 2000), and Crossveinless-2 (CV-2) (
Ambrosio et al., 2008) are ventral center-secreted proteins
that function in the Chordin morphogenetic pathway.

4.4. BMP ANTAGONISTS AND TISSUE

DIFFERENTIATION

The Spemann organizer directs the differentiation of dorsal
tissues. Xenopus is ideal for the analysis of D-V histotypic cell
differentiation because the embryo undergoes a cortical rota-
tion at the one-cell stage that displaces the maternal pigment
towards the ventral side (which is the sperm entry side). If
one pays close attention, the rotation continues at the two- and
four-cell stage. The result is that if one selects symmetrically
dividing embryos, at the four-cell stage, the two blastomeres
containing the less pigmented dorsal crescent will reliably
mark the formation of the dorsal blastopore lip and the embry-
onic midline (Klein, 1987). This is a very powerful tool that
allows embryologists to direct D-V microinjections, lineage
tracing, and transplantations from the earliest stages of devel-
opment. Surprisingly, this useful tool was disputed by lineage
tracing random embryos, which resulted in the publication of
a paper (Danilchik and Black, 1988), but, fortunately, it did
not stop further lineage-tracing research in Xenopus. It is
good that today some journals are starting to publish papers
confirming, not only negating, previous observations.

At the 16-cell stage, the Xenopus embryo has a
predictable cell lineage (Moody, 1987). At this stage,
four segments can be distinguished (S1-S4) on each side,
which can be marked individually by four microinjections
of fluorescent lineage tracers (Moriyama and De Robertis,
2018). In the beautiful embryo shown in Figure 4.2, the
descendants of the organizer can be followed in red and
progressively more ventral tissues in green, blue, and finally
orange. This tour-de-force by Yuki Moriyama reveals that
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the dorsal organizer gives rise not only to notochord and
floor plate but also to the medial somite that lies next to the
notochord. Lineage tracing at the 32-cell stage has delin-
eated in detail the origin of the dorsal lip of the circular
blastopore at early neurula (Bauer et al., 1994; Vodicka and
Gerhart, 1995). When lineage traced at late gastrula/early
neurula, the dorsal lip organizer continues its gastrulation
movements inside the tailbud embryo all the way to the tip
of the tail, where it gives rise to the stem cells of the chor-
doneural hinge (Gont et al., 1993).

The main finding of the Spemann organizer molecular
studies was that this tissue is a source of secreted growth
factor antagonists, many of which were novel proteins at the
time (Figure 4.1A). Thus, Chordin, Noggin, and Follistatin

Xenopus

were BMP antagonists (Piccolo et al., 1996; Zimmerman et
al., 1996; Fainsod et al., 1997). The head inducer Cerberus
is a secreted inhibitor of Nodal, BMP, and Wnt (Piccolo et al.,
1999). Dickkopf-1 (Dkkl) (Glinka et al., 1998), Frzb-1,
Crescent, Angptl4, Pkdcc, and Bighead are all secreted Wnt
antagonists (Figure 4.1A).

In the case of BMP antagonists, the simultaneous depletion
of all three is required for the loss of all dorsal structures
(Khokha et al., 2005). The depletion of Chordin leads to
a partial loss of dorsal structures and the complete loss of
inductive activity of transplanted organizers (Oelgeschldger
etal., 2003). Activin, a TGF-f superfamily growth factor that
induces dorsal mesoderm in animal cap ectodermal explants,
is only able to induce ventral mesoderm when Chordin is

FIGURE 4.2 Inductive signals from the Spemann organizer govern the highly stereotypical histotypic development of the Xenopus
embryo. In symmetrically cleaving embryos, the cell lineage can be followed by labeling the four segments of the Xenopus blastula at
thel6-cell stage with red, green, blue, and orange conjugated Dextran amines. (A) Experimental diagram; embryo received 16 injec-
tions, and Vibratome sections were prepared at tailbud stage. (B) Segment 1 (red FI568-DA) gives rise to notochord, hypochord, dorsal
endoderm, and ventral-most CNS, with a weaker contribution to the medial somite. (C) Segment 2 (green, Fluorescein-Dextran amine,
F-DA) gives rise to most of the medial somite and spinal cord. (D) Segment 3 (Cascade Blue-Dextran amine, CsBl-DA) gives rise to most
of the lateral somite, dorsal CNS and epidermis. (E) Segment 4 gives rise to the outermost parts of the somite, intermediate mesoderm,
lateral plate, and ventral epidermis. (F) Progeny of the dorsal segments 1 and 2. (G) Progeny of ventral segments 3 and 4. (H) Merged
image of this beautiful four-channel confocal image. (I) Diagram summarizing the origins of D-V tissues in Xenopus, which shares the
same stereotypical D-V differentiation with all vertebrate embryos. CNS, central nervous system; En, endoderm; Gc, gut cavity; Hy,
hypochord; mSo, medial somite; No, notochord; So, somite.

Source: Modified from supplementary information of Moriyama and De Robertis, 2018; reproduced with permission from the Proceedings of the
National Academy of Sciences USA.
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depleted, indicating an essential role of Chordin in the dor-
salization of mesoderm (Oelgeschldger et al., 2003).

4.5. NEURAL INDUCTION BY THE ORGANIZER

Xenopus blastula ectodermal explants, also called animal
caps, provide an ideal system to study the induction of the
CNS, which has fascinated biologists since Spemann (De
Robertis and Kuroda, 2004). Animal cap explants develop
into epidermis and contain high levels of BMP signaling
(Wilson and Hemmati-Brivanlou, 1995). Treatment of ani-
mal cap cells with Noggin protein induced anterior brain tis-
sue (Lamb et al., 1993). Similarly, microinjection of mRNAs
encoding Chordin, Noggin, or Follistatin also induced ante-
rior neural tissue (Sasai et al., 1995; Kuroda et al., 2004).
Neural tissue is the default state of the animal cap, and
when cells are dissociated in low calcium, they become
neural due to sustained activation of the Ras/MAPK path-
way (Kuroda et al., 2005). MAPK phosphorylation primes
the BMP transcriptional regulators Smadl/5/8 for phos-
phorylation by GSK3 and subsequent degradation, result-
ing in reduced BMP signaling (Fuentealba et al., 2007).
Neural induction requires the inhibition of both the BMP
(Smadl) and TGF-B (Smad2) pathways (Chang and Harland,
2007). This can be achieved through polyubiquitinylation
triggered by FGF/MAPK/GSK3 phosphorylations of the
shared Smad4 subunit (which is not a substrate for Serine-
Threonine kinase receptors) (Demagny et al., 2014). Modern
studies of the Spemann organizer have greatly helped for-
mulate current models of the regulation of CNS induction.

4.6. THE CHORDIN/TOLLOID/TWISTED
GASTRULATION/CROSSVEINLESS-2/
BMP ANCESTRALLY CONSERVED
D-V PATTERNING SYSTEM

Chordin is at the center of D-V patterning and is a key com-
ponent of a biochemical pathway of interacting extracellular
proteins in Xenopus (Figure 4.1B). Chordin facilitates the
diffusion (or flux) of dorsal BMPs towards the ventral side of
the embryo, where they are released by a specific chordinase
called Tolloid (Xolloid-related in Xenopus) (Piccolo et al.,
1997). At the highest levels of BMP signaling, Sizzled is
secreted at levels comparable to those of Chordin
(Lee et al., 2006). Sizzled functions as a competitive
inhibitor of Tolloid, as it is bound by the active site of the
protease but cannot be cut (Lee et al., 2006). However,
Tolloid enzyme activity is also non-competitively inhibited
by the binding of BMP to the so-called CUB domains of this
metalloproteinase (Lee et al., 2009). Chordin and Sizzled
are the highest enriched transcripts both at the dorsal and
ventral poles of the embryo (Ding et al., 2017a).

The Chordin/Tolloid system is self-regulating and
adjustable to size-dependent scaling (Ben-Zvi et al., 2008;
Inomata et al., 2013). Diffusion of Chordin/BMP driven by
copious degradation by Tolloid takes place in the narrow
region of extracellular matrix that separates ectoderm from
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mesoderm, called Brachet’s cleft in Xenopus (Plouhinec
et al., 2013). Tsg secreted ventrally forms a ternary complex
with BMP and Chordin, facilitating the transfer of
BMP to its cell-surface receptors after Tolloid cleavage
(Oelgeschléger et al., 2000; Zinski et al., 2018). CV2 does
not diffuse but serves as a binding site to attract Chd/Tsg/
BMP to the ventral side for cleavage by Tolloid and release
of BMP/Tsg (Ambrosio et al., 2008) (Figure 4.1B). This
D-V patterning pathway is strongly supported by loss-of-
function mutations in zebrafish (Little and Mullins, 2006;
Zinski et al., 2018).

Chordin is the homologue of Drosophila Short
gastrulation (Sog) (Holley et al., 1995). Tsg, Tolloid, and
CV2, but not Sizzled, have Drosophila homologues as well.
In zebrafish, Sizzled is called Ogon/Mercedes (Little and
Mullins, 2006). As reviewed elsewhere, the remark-
able Chd/Tolloid/Tsg/CV2/BMP biochemical pathway is
ancestral to bilateral animals and is even conserved in the
sea anemone Nematostella (Bier and De Robertis, 2015;
De Robertis et al., 2017).

4.7. SELF-REGULATION BY SPEMANN
ORGANIZER RELOCALIZATION

Spemann had been able to obtain twins by hair-loop con-
strictions of the fertilized egg (Spemann, 1938). Many years
later, we realized that identical twins could be obtained in
Xenopus by cutting blastula embryos sagittally with a scalpel
blade, but this occurred only at very low frequencies. More
recently, the frequency of twinning was greatly improved
by bisecting blastula embryos with an eyelash knife and
improving culture conditions. With frequencies of twinning
of 50% or more, it became possible to follow the molecular
changes that take place when the entire missing half of the
embryo is regenerated (Moriyama and De Robertis, 2018).
Figure 4.3 shows the results of sagittal or dorsal/ventral
bisections. We unexpectedly found that, in twins that healed
properly, the maternal egg pigmentation was routinely
asymmetric on the left or right sides (Figure 4.3B”” and C”),
prompting a series of in-depth lineage tracing investiga-
tions. The half embryo heals the large wound left by bisec-
tion within 60 minutes, bringing the most dorsal segment
1 fated to become the Spemann organizer in direct contact
with the ventral-most cells of segment 4. From this oppo-
sition, the formation of the dorsal organizer, which is not
yet established at mid blastula, is displaced by 90° (Figure
4.3B’ and C’). This explains the pigment asymmetry, for the
most pigmented epidermis arises from the ventral-most seg-
ment 4 after the mesoderm involutes forming the left and
right side. Studies using Chordin and phospho-Smad1/5/8
confirmed that a new D-V gradient is formed by reposition-
ing the D-V axis, explaining self-organization of twins after
bisection (Moriyama and De Robertis, 2018). When bisec-
tion is performed perpendicularly to the sagittal plane, the
dorsal half can scale the size of the gradient into an approxi-
mately normal embryo (Figure 4.3D-D’’), but the ventral
half forms only ventral mesoderm, as it lacks a Spemann
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FIGURE 4.3 Xenopus laevis half embryos have powerful self-organizing properties that are revealed by bisection. On the left, drawing
of blastula embryos being bisected in the sagittal or dorsal/ventral directions with an eyelash knife. (A) Uncut whole embryo. (B) Right
half embryo cut sagittally; the maternal pigment is darker on the left side of the tailbud tadpole (while it is uniform in the whole embryo).
(C) Left half from the same blastula; pigment asymmetry at tailbud is concentrated on the right side. (D) Dorsal half embryo at tailbud
showing almost perfect scaling of the half embryo along the antero-posterior axis to form a well-proportioned tadpole. (E) Ventral half
embryo; since it lacks the Spemann organizer, it develops into a belly-piece consisting of ventral tissues, such as blood and lateral plate,
without any dorsal axis. All embryos were from the same experimental batch. The diagrams indicate how displacement by 90° of the
Spemann organizer explains the tissue regeneration and pigment asymmetry observed in twinned embryos (Moriyama and De Robertis,
2018). Numbers indicate the four segments of the 16-cell embryo that were lineage-traced. After sagittal bisection, the dorsal-most seg-
ment 1 becomes juxtaposed to the ventral-most segment 4, which has high BMP and Wnt expression potential. The organizer is not yet
formed at midblastula when embryos are bisected, but by early gastrula, the new organizer (indicated by the red dot) forms 90° away from
its original D-V location.

Source: Embryo images from Moriyama and De Robertis, 2018; reproduced with permission from the Proceedings of the National Academy of Sciences USA.

organizer (such fragments were called belly-pieces by
Spemann) (Figure 4.3E-E”’).

center genes and their communication with dorsal signals
over long distances has been incompletely explored. The
regulatory mechanisms by which the D-V and A-P axis
are entwined remain largely unknown. We do not know

4.8. whether other morphogen gradient-fields will be regulated

FUTURE AVENUES OF RESEARCH

The embryos of the frog Xenopus laevis provide a marvel-
ous biological material. The advances derived from study-
ing the signaling components that control dorsal-ventral
patterning and their remarkable regeneration properties
after experimental manipulations have been profound.
Many new molecules have been discovered and the nature
of a morphogenetic gradient dissected. As we approach
the centennial of the Spemann-Mangold experiments in
2024, many unknowns remain. The nature of the ventral

by opposing poles of high and low signaling by growth
factor pathways. How a multitude of extracellular signals
such as Wnt, FGF, and BMP signals are integrated at the
level of hard-wired intracellular protein phosphorylations
to generate simple cell differentiation decisions is only
starting to emerge. More cell biological aspects, such as
the relation between embryonic induction and membrane
trafficking, are at their infancy. The questions change, but
the frog remains.
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5.1. INTRODUCTION the embryonic axis was actively pursued in subsequent

The work of Hans Spemann and Hilde Mangold on induction
of a secondary dorsal axis by a piece of transplanted dorsal
marginal tissue was one of the most impactful in the field of
embryology (Spemann and Mangold, 1924; Spemann and
Mangold, 2001). The experiments demonstrated not only
developmental plasticity of early amphibian embryos but
also the phenomenon of cell fate re-specification in response
to inductive tissue interactions, which provide strong sup-
port for cell-cell communication based on the “organizer”
idea (reviewed in Chapter 4). In the same work, Spemann
and Mangold also noted that the anterior portion of the
secondary neural tube and the optic vesicles were miss-
ing. They discussed the possibility of deficiency in certain
parts of the implanted organizer that would be necessary
for the induction of anterior neural plate with eye primor-
dia (Spemann and Mangold, 1924; Spemann and Mangold,
2001). The issue of the organizer with regionalized head-
and trunk-inducing ability was further taken up by Spemann
in later experiments that used dorsal lips from early or older
gastrula embryos, which showed that early organizers could
induce a full secondary axis, including a head, whereas older
organizers induced a partial ectopic axis with only trunk and
tail regions (Hamburger, 1988; Spemann, 1936). Hence, it
was understood early on that neural induction and specifica-
tion of regional characteristics (patterning) of the induced
neural tissues (head or trunk) were interlinked processes,
and the source of the inducers, the timing of induction, and
the properties of the responding tissues might all influence
the outcome. The issue of patterned neural induction along
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studies. Spemann’s students as well as scientists from other
institutions investigated inductive interactions that gave
rise to distinct brain structures or spinal cord, and different
models were put forward to account for the signals involved
in the process (Doniach, 1993; Slack and Tannahill, 1992).
In the absence of the identities of the inducing substances,
the quest for the anterior (cranial) and posterior (trunk and
tail) neural inducers persisted to modern days. The advent
of technologies for examining gene expression and manipu-
lating gene functions in recent decades greatly enhanced
our ability to interrogate this classical question with new
rigor, and important insights have been gained into molecu-
lar control of both neural induction and neural patterning.
This is especially pertinent using Xenopus, currently the
most popular amphibian model of early development. This
chapter aims to review key aspects of classical works that
inspired different models on anterior-posterior (AP) neural
patterning and discuss several signaling pathways identified
using molecular biology approaches that regulate AP neu-
ral specification. Considerations on a number of remaining
issues regarding AP patterning are also discussed briefly.

5.2. CLASSICAL EXPERIMENTAL EMBRYOLOGY
STUDIES BROUGHT FORTH

DIFFERENT MODELS ON ANTERIOR-
POSTERIOR NEURAL PATTERNING

Development of structures along the head-to-tail (a.k.a.
anterior-posterior or rostral-caudal) axis in vertebrate
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embryos was best studied using amphibian animals in the
first half of the 20th century due to practical advantages.
In vitro growth of amphibian embryos in simple salt solu-
tions not only allowed observation of embryogenesis at all
stages but more importantly made embryos accessible to
microsurgery. Once the composition of culture media was
rendered optimal for embryo growth and infection could
be minimized by careful operations, microsurgery became
the key tool in studies of developmental trajectories of tis-
sues. Isolated pieces cultured in vitro (explants), as well
as embryonic parts transplanted into a host embryo, were
examined in detail to gain information about tissue deter-
mination and plasticity. Stage- and region-specific micro-
surgeries were performed to examine progressive changes
with time and at different embryonic positions in terms of
both inducing and responsive capacity of the manipulated
tissues. Gross morphological and histological analyses
were employed to assess developmental outcomes of the
operations. These experimental embryological approaches
were used to explore tissue interactions involved in AP axis
development. The patterning of the nervous system was
especially investigated in detail due to the ease of identi-
fying morphological and histological features of the brain
regions and the spinal cord, and a range of amphibian spe-
cies, including salamanders, newts, and frogs (urodeles/
pleurodeles and anurans), were surveyed. These studies
cumulated in several models that aimed to elucidate general
principles underlying AP neural induction and patterning
in amphibians.

Early cell fate mapping studies showed that mesendo-
dermal and ectodermal precursor cells in blastula and early
gastrula embryos had opposite AP polarity on the surface of
the embryos (Slack and Tannahill, 1992; Vogt, 1929). The
prospective anterior neural cells were localized toward the
animal pole whereas the anterior mesendodermal precur-
sors were close to the vegetal side. Internationalization and
morphogenetic movements of mesendoderm during gastru-
lation led to reversal of mesendodermal AP polarity and
subsequent registration of the AP axis between the germ
layers (Figure 5.1A). The fate map studies raised ques-
tions about when the AP tissue identities were developed
and how mesendodermal and neural AP development was
coordinated.

In the neural tissue, morphological and histological
features in the amphibian tadpoles, such as the position of
sensory organs and characteristic patterns of ventricular
thickness and axonal tracks in the brain, made it easy to
distinguish between the forebrain, midbrain, hindbrain, and
spinal cord (Slack and Tannahill, 1992). However, there were
no definitive features to subdivide the prechordal mesendo-
derm, and both the notochord and the somites looked mor-
phologically similar along the trunk. The AP distinction of
the mesendoderm was hence limited only to the prechordal
and the trunk regions in induced tissues. Because of this,
the analysis of AP development was done mainly using the
neural tissues. Distinct research approaches, including cul-
ture of explants, conjugation of different embryonic parts,
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and various types of tissue transplantations, were used by
many groups to address specific issues concerning AP neu-
ral development.

To explore how AP neural features were acquired dur-
ing embryogenesis, tissue conjugates were made with the
presumptive inducing materials taken from the dorsal lip
of gastrula embryos, tissues from different AP positions
along the archenteron roof, or pieces of the neural plate
at distinct AP levels. These isolates were sandwiched
between one or two pieces of early gastrula-stage ani-
mal caps, and the resulting structures were scored for the
appearance of brain or spinal cord traits (Doniach, 1993;
Slack and Tannahill, 1992). The studies showed that early
dorsal lips induced only anterior structures, whereas more
posterior structures also formed when late dorsal lips
were used (Okada and Takaya, 1942). In addition, anterior
pieces of archenteron roof or neural plate induced only
anterior structures in the animal caps, such as brain and
eyes, whereas posterior archenteron roof or neural plate
induced more posterior structures (Doniach, 1993; Slack
and Tannahill, 1992). Though some differences were seen
in inductive activities of archenteron roof and neural plate,
the results from the sandwich studies demonstrated that
AP neural characters could be induced in both temporal-
and spatial-dependent manners. Forebrain-like structures
were induced by early-stage organizer and anterior tissues,
whereas spinal cord was induced by late-stage organizer
and posterior tissues.

The idea that mesoderm at different AP positions
induced neural tissues of corresponding AP characters
was in fact suggested by an earlier experiment from Otto
Mangold (1933) using a different approach. He inserted
stripes of dorsal mesoderm taken from underneath the
neural plate at different AP positions of early neurula
embryos into the blastocoel cavity of early gastrula-stage
embryos (the Einsteck experiment). Gastrulation move-
ments would push the implanted tissues against the ven-
tral wall of the blastocoel and allow inductive interaction
between the implants and the host. Otto Mangold (1933)
showed that when the implants were taken from the ante-
rior regions, only anterior structures were induced in
the ectopic position. However, when donor tissues were
taken from the posterior regions, ectopic trunk structures
appeared. He thus proposed that different mesodermal
regions contained different neural inducers that could
induce neural tissues with corresponding AP characteris-
tics (Figure 5.1B).

A very different model of AP patterning was suggested
by Pieter Nieuwkoop based on his tissue transplant experi-
ments (Nieuwkoop, 1952a, 1952b, 1952c¢). Instead of using in
vitro tissue explants or transplantation in gastrula embryos,
he devised a distinctive way of inserting folded flaps of
competent ectoderm into the neural plate of neurula stage
embryos at different axial levels. He then used histological
landmarks to score for formation of different structures in
the folds at later stages. He observed that neural tissues were
induced in the folds along the entire AP axis. Decreased
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Distinct models for anterior-posterior neural induction. (A) Fate map of amphibian embryos reveals that the orien-

tation of the anterior-posterior neural tissues (1-4) is opposite to that of the mesendodermal tissues (4°—1’) prior to gastrulation.
Internalization and movements of mesoderm and endoderm during gastrulation results in alignment of AP axis between the neural and
the mesendoderm tissues. Left panel: dorsal view of early gastrula with anterior to the top and blastopore lip indicated. Right panel:
mid-sagittal section of late gastrula with anterior to the left. Shaded areas indicate endoderm and ventral non-neural ectoderm. (B)
Mangold’s model of distinct regional neural inducers (arrows) that specify different neural characters, indicated by different patterns,
along the anterior-posterior body axis. (C) Nieuwkoop’s activation-transformation model proposes that a common neural inducer
expressed along the entire anterior-posterior axis (arrowheads) can induce only forebrain-like neural tissues, whereas a separate trans-
forming agent (dots), which cannot induce neural tissues on its own, can transform forebrain-like structures into more posterior neural
tissues due to its graded distribution with a higher concentration at the posterior end or a longer exposure to the transforming agent by

the posterior tissues.

neural induction was observed in more posterior territo-
ries. Within the folds, more posterior neural characteristics
were found proximal to the junctions between the implants
and the host, whereas more anterior neural characteristics
could be identified distal to the implant-host connection.
Nieuwkoop proposed that two distinct inducers were present
in the embryo: an activator that was expressed throughout
the axial mesoderm and induced forebrain-like structures,
and a transformer that had higher concentrations at the pos-
terior end and could transform forebrain into more posterior
neural characters (Figure 5.1C). This model was supported
by studies of other investigators, such as Eyal-Giladi and
Yamada (Eyal-Giladi, 1954; Yamada, 1990). Yamada pro-
posed that two events were required for formation of an
organized neural system: (1) ectodermal dorsalization that
was responsible for neural and neural crest (mesectoderm)
differentiation and (2) caudalization that was responsible
for the expression of posterior structures (Yamada, 1990).

Like Nieuwkoop, Yamada suggested that caudalization
functioned as a gradient. Besides the activation-transfor-
mation model, a modified two-signal hypothesis was also
articulated by Saxén and Toivonen. They postulated a two-
gradient model with “neuralizing” and “mesodermalizing”
events that induced forebrain-like neural and mesodermal
derivatives, respectively. They emphasized that the ratio of
induced neural and mesodermal cells in the responding tis-
sues determined the AP characteristics of the neural tissue,
whereas secondary interactions among induced neural and
mesodermal cells were important for organizing the specific
AP neural structures (Saxen and Toivonen, 1961; Saxen et
al., 1964).

The studies of classical experimental embryology using a
variety of amphibian species thus brought forth several mod-
els of AP embryonic patterning of the neural tissues. While
the activation-transformation model was gaining accep-
tance, active discussions remained about the source and the
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nature of the inducers, the competence of the ectoderm, and
the timing of induction. The conversations about these ques-
tions would be clarified when the molecules responsible for
neural induction and transformation were identified.

5.3. INSIGHT INTO SIGNALING PATHWAYS

CONTROLLING ANTERIOR-POSTERIOR
EMBRYONIC PATTERNING FROM
MOLECULAR BIOLOGICAL STUDIES

Experimental embryology studies relied on morphological
and histological features to assess the AP characteristics
of the neural structures. The analyses were therefore per-
formed long after the initial AP patterning event occurred.
A high degree of expertise was required to distinguish struc-
tural differences in the neural and the associated tissues,
especially since the induced structures were often disorga-
nized. To overcome these issues, tissues from different spe-
cies were used, and inductive experiments were conducted
in explants and implants. These experimental limitations
restricted further precision and quantitative understanding
of the mechanisms controlling AP neural patterning.

The application of molecular biological techniques to
embryological studies from the 1980s greatly facilitated
investigation of developmental principles on all fronts,
including issues concerning AP specification. By then, Xenopus
laevis had become the most widely used amphibian model
(Gurdon and Hopwood, 2000). Xenopus not only possesses
all the advantages of the other amphibian species, such as
accessibility to microsurgery, but also the adult Xenopus
frogs are responsive to gonadotrophin hormone so that they
can be induced to spawn throughout the year. The number
of eggs can range from hundreds to thousands from a single
female in a day, and the rate of embryonic development is
rapid, with the embryos reaching the tadpole stage in three
to four days. Molecular studies were thus implemented
heavily in this species, and enormous progress was made on
the molecular control of embryonic patterning in a relatively
short time.

One important aspect that aided molecular analyses of
AP neural induction was the cloning of molecular markers
that not only revealed neural identity but also distinguished
anterior from posterior neural tissues. Gene expression that
specifically marked cement gland, forebrain, midbrain,
hindbrain, and spinal cord made it possible to uncover events
involved in early AP neural patterning prior to tissue differ-
entiation and formation of specific structures (Blitz and Cho,
1995; Bradley et al., 1993; Brivanlou and Harland, 1989;
Papalopulu et al., 1991a; Saha and Grainger, 1992; Sharpe
et al., 1987; Sharpe and Gurdon, 1990; Sive et al., 1989).
Using these markers, some of the classical experiments per-
formed in other amphibian species were re-examined using
Xenopus. Examples include the discovery of regional differ-
ences of the organizer (dorsal lip) that had distinct ability to
induce different AP neural markers (Stewart and Gerhart,
1990; Vodicka and Gerhart, 1995; Zoltewicz and Gerhart,
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1997), progressive conversion of anterior to more posterior
cell fates in the nascent neural plate underlaid by post-invo-
luted mesoderm (Sive et al., 1989), and regional differences
in dorsal mesoderm in inducing AP neural markers at gas-
trula and neurula stages (Sharpe and Gurdon, 1990). These
position-specific markers also allowed examination of dif-
ferent signaling pathways that control AP neural patterning.
Several pathways have been identified that have the ability
to convert anterior to more posterior neural tissues, with
their antagonists expressed in the anterior region to promote
development of the anterior structures.

5.3.1. ReTINOIC ACID SIGNALING

Retinoic acid (RA) was known for its teratogenic effects on
mammals and could induce limb defects and microcephaly
(Conlon, 1995). The impact of RA on head reduction was
particularly intriguing and enticed several groups to inves-
tigate its action on nervous system development. Using
exogenously supplied RA on whole embryos, early neural
explants, or conjugates of competent ectoderm with dorsal
mesoderm, it was demonstrated that RA reduced expression
of genes characteristic of anterior structures, such as cement
gland, olfactory pits, eyes, forebrain, and midbrain, and
increased expression or anteriorly shifted the expression of
posterior neural genes (Durston et al., 1989; Lloret-Vilaspasa
et al., 2010; Papalopulu et al., 1991b; Ruiz i Altaba and
Jessell, 1991b; Sive et al., 1990). The response to RA peaked
at gastrula and gradually diminished during early neurula
stages. RA not only affected general AP neural patterning
but also influenced the differentiation of neurons at different
AP positions (Papalopulu and Kintner, 1996). Measurement
of endogenous RA in Xenopus embryos using HPLC or an
RA-responsive reporter construct indicated that RA was
present at gastrula and neurula stages when neural tissues
were patterned along the AP axis, and a posterior-to-anterior
concentration gradient of RA existed at early neurula stages
(Chen et al., 1994; Durston et al., 1989; Yelin et al., 2005).
RA did not seem to affect neural induction but could trans-
form anterior to more posterior neural tissues. Mesodermal
tissues could be altered similarly to express more posterior
characters (Ruiz i Altaba and Jessell, 1991a). These results
supported the notion that RA might potentially function as
a posteriorizing factor in the “activation-transformation”
model proposed by Nieuwkoop.

To complement the gain-of-function experiments apply-
ing ectopic RA, loss-of-function studies were performed
using dominantly interfering receptor constructs for the RA
receptors, RAR or RXR, both of which act as RA-dependent
transcription activators. In addition to using explant experi-
ments, dominant-negative (DN) receptors were often intro-
duced into one side of the early Xenopus embryos so that
the expression of a battery of AP neural markers could be
compared with that on the control, uninjected side in the
same embryo. These studies confirmed that blocking RA
signaling directly impacted the level and/or the AP posi-
tion of the region-specific neural markers (Blumberg et al.,
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1997; Koide et al., 2001; Kolm et al., 1997; van der Wees et
al., 1998). The hindbrain, but not the forebrain or posterior
spinal cord, was particularly sensitive to manipulated RA
signaling levels (Godsave et al., 1998; Kolm et al., 1997,
van der Wees et al., 1998). However, the interpretation of
the results might be complicated by the discovery that the
unliganded RA receptors were not inactive but could bind
to their targets and recruit co-repressors to act as a tran-
scription repressor in the absence of RA (Koide et al., 2001;
Weston et al., 2003). Examination of the distribution of RAR
and RXR receptors (Ellinger-Ziegelbauer and Dreyer, 1991;
Pfeffer and De Robertis, 1994) revealed that they were not
only expressed in the posterior mesodermal and neural cells
but also in the anterior mesendoderm (RARyY) or posterior
to the hindbrain regions (RXRa). Thus, the pattern of RA
receptor distribution was consistent with its role in regulat-
ing hindbrain development and posterior patterning.

The level of available RA in cells is controlled by mul-
tiple enzymes and RA binding proteins that influence the
synthesis, degradation, and activity of RA. Several of the
RA biogenesis enzymes, such as Aldhla2/Raldh2, Rdh10,
Sdr16C5/Rdhe2, and Cyp26¢cl, were analyzed for their func-
tions in AP neural specification. Consistent with the studies
manipulating RA or RA receptor activities, increased levels
of aldhla2/raldh2, rdh10, or sdrl6¢5/rdhe2, which promote
RA biosynthesis, caused posteriorization of neural domains
(Belyaeva et al., 2012; Chen et al., 2001; Strate et al., 2009).
In contrast, increased levels of cyp26c¢li, which is involved
in RA neutralization, anteriorized hindbrain and rescued
defects induced by RA (Hollemann et al., 1998; Tanibe et
al., 2008). aldhla2/raldh2 and cyp26¢l are expressed in
non-overlapping domains in Xenopus gastrula- and neurula-
stage embryos and have antagonistic functions in regulating
AP neural gene expression. In addition, ectopic expression
of a cellular retinoic acid binding protein (Crabp2) induced
embryonic AP defects and enhanced expression posterior
hox genes, an effect similar to providing exogenous RA
(Dekker et al., 1994). Taken together, the data strongly sup-
port a role of RA signaling in transforming anterior to more
posterior neural tissues of Xenopus embryos, especially in
the hindbrain region.

5.3.2. FiBROBLAST GROWTH FACTOR SIGNALING

Interest in fibroblast growth factor (FGF) signaling in
early Xenopus development was stimulated in the late
1980s by the discovery that FGF could induce mesoderm
formation in naive ectodermal explants, referred to as ani-
mal caps (Kimelman et al., 1988; Slack et al., 1989, 1987,
1988). Molecular cloning of mammalian FGF homologs in
Xenopus revealed that various FGF ligands and their recep-
tors were expressed in early embryos. In situ hybridization
on embryonic sections or whole embryos showed that the
mRNAs encoding many FGF ligands, including fgf4/efsf,
Jfef3/int-2, and fgfS, were expressed in the marginal region
above the blastopore at the gastrula stages and had dynamic
distribution patterns including a posterior domain during
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neurula and tailbud stages (Christen and Slack, 1997; Isaacs
et al., 1995, 1992; Lea et al., 2009; Lombardo et al., 1998;
Tannahill et al., 1992). The seemingly graded expression of
the FGF ligands and one of the FGF receptors, fgfr! (Friesel
and Dawid, 1991; Golub et al., 2000; Lea et al., 2009), in the
posterior region of late gastrula- and neurula-stage embryos
was particularly interesting, as it implied a function of FGF
signaling in posterior development.

A role of the FGF pathway in forming posterior struc-
tures was supported directly by both gain- and loss-of-
function studies. Ectopic expression of FGF ligands, such
as fgf3, fef4/efgf, f2fS, or fgf9 caused head reduction in the
manipulated tadpoles (Christen and Slack, 1997; Lombardo
et al., 1998; Pownall et al., 1996; Song and Slack, 1996),
whereas expression of a dominant negative FGF receptor 1
(DN-Fgfrl or XFD) led to trunk and tail truncation (Amaya
et al., 1991; Godsave and Durston, 1997). As FGF was
shown to regulate both mesodermal formation and posterior
development, the direct posteriorization activity of FGF sig-
naling was tested using explants. Neuralized animal caps or
explants from anterior neural plate cultured with FGF could
express hindbrain (egr2/krox20) and spinal cord (hoxb9)
markers, whereas control explants lacked expression of these
posterior neural genes (Cox and Hemmati-Brivanlou, 1995;
Fletcher et al., 2006). The induction of posterior neural gene
expression occurred in the absence of mesodermal mark-
ers, suggesting that FGF signaling could transform anterior
into posterior neural tissues, supporting the transformation
or caudalization hypothesis. When XFD or DN-Ras was
expressed in neuralized animal caps treated with Fgf2/
bFGF or conjugated with dorsal mesoderm, posterior, but
not anterior, neural marker expression was blocked (Cox
and Hemmati-Brivanlou, 1995; Holowacz and Sokol, 1999;
Ribisi et al., 2000).

Although the experiments described above point to a cru-
cial role of FGF signaling in caudalization of the nervous
system, interpretation of the results may be complicated by
several issues. One issue, as mentioned, is that FGF signal-
ing is involved in both mesodermal induction and posterior
neural development. It can be debated whether impair-
ment of posterior structures when the pathway is inhibited
in vivo is due to the activities of FGF on early mesoderm
induction and not subsequent patterning of the neural tis-
sue. Several approaches were used to demonstrate that FGF
could caudalize neural tissues directly. The explant experi-
ments described before took advantage of the ease of provid-
ing the Fgf2/bFGF protein at the desired temporal points of
development and demonstrated that FGF signaling at gas-
trula to early neurula stages could induce posterior neural
genes without concurrent induction of mesodermal markers
(Cox and Hemmati-Brivanlou, 1995; Fletcher et al., 2006).
FGF-soaked beads were also used for implantation into the
neural plate directly, hence avoiding an early effect of stimu-
lating FGF signaling (Lombardo and Slack, 1998; Pownall
et al., 1996). In addition, a synthetic Fgfrl receptor that can
be activated by a dimerizing agent but not FGF ligands was
used in embryos to induce FGF signaling with the drug at
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different time points. Stimulation of FGF signaling during
mid-gastrulation could still lead to induction of posterior
markers (Pownall et al., 2003). Furthermore, transgenic
approaches have been used to block FGF signaling during
gastrulation and neurulation, with the results supporting a
function of FGF in posterior development (Pownall et al.,
1998). A spliced isoform of fgf8, fgf8a, was further found
to have minimal mesodermal inducing ability but was fully
active in inducing posterior neural markers. Knockdown of
this isoform did not affect mesodermal marker expression
at gastrula stages but reduced expression of posterior neural
genes in neurula stage embryos (Christen and Slack, 1997;
Fletcher et al., 2006). Taken together, the data demonstrate
that FGF signaling can act at two temporal phases to induce
mesoderm and posteriorize neural tissues, respectively.

Another issue concerning FGF as a caudalizing factor is
that while XFD blocked posterior hox neural gene induc-
tion by FGF in explants neuralized with BMP inhibitors, it
had variable effects in preventing the induction of these hox
genes in animal caps conjugated with the wild-type orga-
nizer (Curran and Grainger, 2000; Holowacz and Sokol,
1999). This implied that redundant endogenous signals could
operate in the absence of FGF to posteriorize neural tissues.
As we now know, other signals indeed work in parallel and
cooperate with FGF to caudalize neural tissues.

A perhaps more serious issue is centered around whether
FGF can directly induce posterior neural markers. Based
on the model proposed by Mangold, there should be sep-
arate inducers for anterior and posterior neural tissues
(Doniach, 1993; Mangold, 1933; Slack and Tannahill,
1992). However, if the activation-transformation model
proposed by Nieuwkoop is in operation, the transforming
agent cannot activate the neural program alone and should
only change the characteristics of the neural tissues already
induced by an activator present along the entire AP axis
(Nieuwkoop, 1952a, 1952b, 1952¢). Several groups reported
that FGF induced both pan-neural markers and posterior
neural genes in animal cap explants in the absence of meso-
derm (Kengaku and Okamoto, 1995; Lamb and Harland,
1995). However, these studies seemed to have used explants
that were either dissociated or kept partially open by a low
calcium medium prior to the treatment with FGF. It is well
documented that explants raised under these conditions
experience decreased BMP signaling (Grunz and Tacke,
1989; Sato and Sargent, 1989). Therefore, these explants
might have already been primed toward a neural state,
which could then be changed into the posterior neural char-
acters by FGF. Loss-of-function experiments using XFD/
DN-Fgfrl or DN-Ras revealed that it did not block pan-
neural markers, but another DN FGF receptor, DN-Fgfr4a,
was shown to reduce neural induction by organizer or cell
dissociation (Holowacz and Sokol, 1999; Hongo et al.,
1999; Ribisi et al., 2000). The data imply that distinct FGF
ligands and receptors may be involved in neural induction
or maintenance in particular embryonic regions, whereas
other FGF ligand/receptor pairs may play more crucial
roles in neural caudalization.

Xenopus

The idea that the FGF pathway does not simply act as a
graded posteriorizing signal is also suggested by the obser-
vation that interference of the pathway not only led to pos-
terior truncation but also induced specific defects in sensory
organs and/or head organization. The malformation was
consistent with the expression patterns of FGF ligands and
receptors, with many of them found in specific domains in
the head regions from neurula stages onward (Lea et al.,
2009). Hence, although FGF signaling is essential for poste-
rior development, the specific ligand and receptor complexes
expressed in different spatial positions and different devel-
opmental times influence the outcome of experiments that
address AP neural specification.

5.3.3.  WNT1/B-CATENIN SIGNALING PATHWAY

The intensive exploration of growth factor signaling in
early vertebrate development before the turn of the 2Ist
century revealed that Wnt/B-Catenin signaling pathway was
crucial for dorsal cell fate determination and could induce
a secondary axis when activated in the ventral tissues of
cleavage-stage embryos (Christian et al., 1991; McMahon
and Moon, 1989; Smith and Harland, 1991; Sokol et al.,
1991). Interestingly, it was reported that the opposite effects
on embryonic development could be obtained depending on
the timing of Wnt signal stimulation. Ectopic expression of
Wnt/B-Catenin pathway components from mRNAs, which
could be translated into proteins soon after injection, led to
a dorsalized phenotype, whereas expression of the same sig-
naling components from plasmids, which were transcribed
and translated after the mid-blastula transition (MBT),
resulted in head truncation (Christian et al., 1991; Christian
and Moon, 1993; Darken and Wilson, 2001; Fredieu et
al., 1997). These data pointed to the distinct functions of
Wt signaling during embryogenesis, with an early phase
involved in dorsal-ventral patterning and a late phase in
head suppression. A role of Wnt signaling in AP pattern-
ing was further supported both by expression patterns of
Wnt pathway components and by functional manipulation
of Wnt signaling levels. Ectopic expression, knockdown, or
dominantly interfering approaches in post-MBT embryos or
in neuralized animal caps and neural plate explants showed
that changing the levels or the activities of Wnt ligands, sig-
nal transducers (e.g. Dishevelled), or nuclear transcription
factors (e.g. B-catenin) all led to alterations in AP neural
marker expression or defects in head or trunk structures
(Darken and Wilson, 2001; Domingos et al., 2001; Fredieu
et al., 1997, Itoh and Sokol, 1997, McGrew et al., 1997,
McGrew et al., 1995; Wheeler et al., 2000). These results
suggest that, similarly to RA and FGF signals, the Wnt/f-
Catenin pathway can act as a transforming factor to specify
posterior neural development.

5.3.3.1.  Wnt Pathway in Head Formation

Though AP patterning of the neural tissues is often at the
center of the investigation, key insights about Wnt/B-Catenin
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signaling in AP patterning of the whole embryo, which
includes mesendodermal tissues, came from studies of orga-
nizer-enriched molecules, including the secreted factors
Cerberus and the Frizzled-like gene Frzb-1 (Bouwmeester et
al., 1996; Leyns et al., 1997). Their expression domains were
complementary to that of zygotic wnt8a, and both genes,
cerl and frzbl, were shown to promote head formation
in Xenopus embryos. While Frzb-1 was demonstrated to
inhibit Wnt/B-Catenin signaling by direct binding to the
ligands (Leyns et al., 1997; Lin et al., 1997), the action of
Cerberus initially was unclear. The breakthrough came
when it was discovered that induction of a complete second-
ary axis on the ventral side required not only inhibition of
BMP signaling but also simultaneous inhibition of the Wnt
pathway. BMP inhibitors induced only a secondary trunk,
whereas inhibition of both BMP and Wnt signals produced
a secondary axis with both the head and the trunk (Glinka
et al., 1997). Functional cDNA expression library screening
for endogenous molecules to synergize with BMP inhibitors
to induce a complete secondary axis identified Dickkopf
(Dkk1), a secreted molecule that was required for head for-
mation during Xenopus development (Glinka et al., 1998).
Dkkl1 turned out to be a Wnt inhibitor via binding to the
Wnt co-receptor Lrp5/Lrp6 to prevent Wnt signaling (Mao
et al., 2001; Semenov et al., 2001; Yamamoto et al., 2008).
Further investigations demonstrated that Cerberus also
inhibited both Wnt and BMP signals by direct binding to
ligands of both families to promote head formation (Glinka
et al., 1997; Piccolo et al., 1999; Silva et al., 2003). This
series of studies helped revise our understanding on how AP
patterning is achieved. Instead of the two-signal model of an
activator and a transformer in neural AP patterning, signal
antagonists are required to actively repress posteriorizing
influence of the Wnt signal to ensure the normal develop-
ment of anterior structures. In these cases, the Wnt antago-
nists may regulate anterior mesendoderm as well as neural
tissues, hence complicating the interpretation of whether the
antagonists act directly to influence AP neural patterning.
Once it was known that inhibition of Wnt signaling is
crucial for head development, the assays for genes to either
directly regulate head formation or to cooperate with BMP
inhibitors to induce a complete secondary axis were used
to identify other molecules that may regulate Wnt signal
transduction. The expression and the endogenous functions
of these molecules in head-trunk formation in Xenopus
embryos were then analyzed. These studies revealed a sur-
prisingly large number of regulators of Wnt signaling that
have relevant expression domains for patterning the AP
axis of the embryo and act to modulate Wnt signaling to
affect head or trunk formation. Moreover, novel regulatory
mechanisms were uncovered that show how the array of the
new genes modulate Wnt/B-Catenin signaling at different
subcellular levels. For example, the type I transmembrane
receptors Kremenl and 2 were shown to bind to Dkk1 and
Lrp5/6 to form a ternary complex that enhances endocyto-
sis and removal of Lrp5/6 from the plasma membrane to
inhibit Wnt signaling (Davidson et al., 2002; Mao et al.,
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2002). Knockdown of Kremenl1/2 leads to head truncation.
Interestingly, in the absence of Dkkl, Kremen2 associates
with Lrp6 to enhance Wnt/B-Catenin signaling (Hassler et
al., 2007). Kremen therefore seems to modulate Wnt sig-
naling levels in a context-dependent manner to regulate early
Xenopus development. Regulation of the Wnt receptors on
the plasma membrane can also be achieved by other mol-
ecules. The ER-localized protein Shisa is expressed in the
organizer, can prevent maturation and surface expression
of the Wnt receptor Frizzled, and functions to promote
head formation in Xenopus embryos (Yamamoto et al.,
2005). The organizer-expressed protein tyrosine phosphatase
receptor-type kappa (PTPRK) suppresses Wnt signaling by
regulating surface levels of both Lrp6 and Frizzled via the
transmembrane E3 ubiquitin ligase ZNRF3 to control head
formation (Chang et al., 2020). The ER transmembrane pro-
tein TMEM?79 interacts with and inhibits the deubiquitinase,
USPS, to facilitate degradation of Frizzled receptor (Chen
et al., 2020). Bighead, a secreted organizer-specific protein,
binds to Lrp6 to remove it from the cell surface. Gain- and
loss-of-function assays reveal that Bighead is required for
head formation (Ding et al., 2018). Besides the receptors, the
availability of the Wnt ligands is modulated by a variety of
factors. Tikil is a transmembrane protein that cleaves Wnt to
promote oxidation and oligomerization of Wnt ligands and
prevents them from binding to the Wnt receptors (Zhang et
al., 2012). The secreted factor Notum is a Wnt deacylase and
promotes deacylated Wnt ligands to form oxidized oligomers
to prevent Wnt signaling (Zhang et al., 2015). Both Tikil and
Notum are required for head formation, though they may
act in different embryonic regions, with Tikil in the orga-
nizer and Notum broadly in the ectoderm and weakly in the
mesoderm. Cytoplasmic and nuclear signaling molecules of
the Wnt pathway are also regulated by different factors that
influence head-trunk development. The phosphatase Pgam5
interacts with and dephosphorylates Dishevelled to prevent
Wnt signaling (Rauschenberger et al., 2017). The GPCR pro-
teins Flopl and 2 promote -Catenin degradation (Miyagi
et al., 2015). March2, a membrane-associated E3 ubiquitin
ligase, promotes degradation of Dishevelled via the adaptor
protein Dapper to regulate head formation (Lee et al., 2018).
Idax, a Dvl binding protein, prevents interaction between
Dvl and Axin to inhibit the pathway (Michiue et al., 2004).
NF2/Merlin, a FERM-domain containing protein, also
inhibits Wnt signaling upstream of B-Catenin (Zhu et al.,
2015). Custos binds to and controls cytoplasmic to nuclear
shuttling of B-Catenin to inhibit Wnt signaling (Komiya
etal., 2014). The studies of head-trunk formation in Xenopus
therefore prove a fruitful ground for exciting discoveries of
novel Wnt regulators and detailed mechanisms of Wnt regu-
lation in development.

5.3.4. MuLtipLE PATHWAYS AND SIGNAL INTEGRATION

Although RA, FGF, and Wnt are the main signals being
investigated in depth for their roles in AP patterning of the
neural plate and the body axis, other signals also regulate
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AP axis formation. Both the Nodal and the BMP branches
of the TGF-f pathway have been shown to modulate AP pat-
terning (Piccolo et al., 1999; Polevoy et al., 2019). Ectopic
stimulation of Nodal or BMP signaling leads to head trun-
cation of Xenopus embryos, whereas Cerberus inhibits
both Nodal and BMP in addition to Wnt. Crescent, another
organizer-specific secreted factor, belongs to the soluble
Frizzled-related protein (sFRP) family and also regulates
both Wnt and BMP signals (Pera and De Robertis, 2000;
Ploper et al., 2011; Shibata et al., 2005; Shibata et al., 2000).
The Nodal-like ligand Derriere is also involved in posterior
development. Derriere is expressed in the marginal zone
with high dorsal levels during gastrulation and is detected
subsequently in the posterior region of neurula embryos.
Ectopic expression of Derriere leads to the reduction of head
structures (Sun et al., 1999). In addition, insulin-like growth
factor (IGF) signaling regulates head formation via inhibi-
tion of the Wnt pathway (Richard-Parpaillon et al., 2002).
Therefore, many pathways participate in controlling AP pat-
terning during Xenopus embryogenesis.

As expected, the signals do not work independently and
often cooperate with each other. Activation of posterior
markers in neuralized animal caps or embryos exhibits a
degree of co-dependence between the Wnt, RA, and FGF
signaling pathways so that in the absence of one, the induc-
tion of hindbrain or spinal cord markers by another signal is
often compromised (Domingos et al., 2001; McGrew et al.,
1997; Roche et al., 2009; Shiotsugu et al., 2004). Redundancy
of multiple signals in vivo may make detection of signal
cooperation more complex in whole embryos. Quite often
a regulatory protein for AP patterning can simultaneously
modulate different pathways: Cerberus antagonizes Nodal,
BMP, and Wnt signals (Piccolo et al., 1999), and Crescent
regulates Wnt as well as BMP pathways (Ploper et al., 2011).
The transmembrane protein Shisa controls maturation and
cell surface localization of both FGFR and Frizzled recep-
tors (Yamamoto et al., 2005). Cytoplasmic kinases and
phosphatases can also modulate phosphorylation of an array
of proteins involved in distinct signaling pathways. On the
other hand, closely related protein members of the same fam-
ily can have different regulatory activities for distinct path-
ways. Examples include Noggin 4, which blocks Wnt instead
of BMP signaling (Eroshkin et al., 2016); Noggin 2, which
inhibits Nodal and Wnt in addition to BMP (Bayramov et
al., 2011); and Dkk3, which regulates TGF-f and FGF path-
ways instead of Wnt pathways (Pinho and Niehrs, 2007).

In addition to direct interaction of components of differ-
ent pathways, crosstalk between signals can happen at the
transcription level. Expression of Fgfrl and Fgfr4 depends
on RA signaling (Shiotsugu et al., 2004), whereas Wnt3a
activates transcription of FGF3 and FGFS via the transcrip-
tion factor Meis3 (Gutkovich et al., 2010), and FGF and Wnt
ligands can be co-regulated by the same transcription fac-
tors involved in AP patterning (e.g. Tbx6 activates expres-
sion of fgf8 and wnt8a, whereas JunB stimulates expression
of both fgf3 and wnt8a (Lou et al., 2006; Yoshida et al.,
2016). Distinct signals can also converge directly in the
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gene regulatory networks that control expression of cau-
dalizing factors. DNA binding motifs for Ets and TCF, the
transcription factors downstream of FGF and Wnt signals,
respectively, are both present and often positioned in close
proximity in the regulatory region of cdx4 and cdxI, encod-
ing caudal-like homeodomain proteins involved in posterior
development (Haremaki et al., 2003; Isaacs et al., 1998;
Kjolby and Harland, 2017; Kjolby et al., 2019). FGF, Wnt,
and RA have all be shown to regulate hox gene expression
(Dekker et al., 1992; Durston, 2019; In der Rieden et al.,
2010; Janssens et al., 2010) and may potentially cooperate
at the regulatory regions of the hox genes via binding by
respective effector transcription factors of these signals,
although the exact mechanisms of regulatory input have not
been investigated in detail for all the signals.

Control of AP patterning by multiple pathways begs the
questions whether all signals function similarly and the
redundancy simply exists to ensure robustness of the pattern-
ing system, or different signals have non-overlapping activi-
ties to influence specific aspects of AP development. Most
of the molecular studies on AP neural formation focused
on a limited set of markers, hence restricting a distinction
between the different effects by various signals. Conclusions
drawn from explant assays are frequently considered to
equate to those using whole embryos, but the expression
levels of the markers are often analyzed in explants and
the positions of the marker domains assessed in manipu-
lated embryos. Results from explant and embryo studies are
therefore not always congruent, especially in the spinal cord
region. For example, although posterior hox genes can be
blocked efficiently by functional reduction of a caudalizing
factor in explants, the expression domains of the same hox
genes can remain the same in manipulated embryos (Curran
and Grainger, 2000). The embryonic regions most sensitive
to altered signaling levels are in the fore-, mid- and hind-
brain, with their respective markers shifting anteriorly or
posteriorly relative to the control side when the signal lev-
els are modified. The comparative insensitivity of the spinal
cord to signal manipulation may reflect functional redun-
dancy of multiple signals, but it can also indicate that the
signals have limited AP patterning capacity in the trunk
region of the embryos. Simultaneous modulation of several
pathways may help to resolve the issue.

5.4. SYNTHESIS OF THE CLASSICAL
AND MODERN STUDIES AND
SOME UNRESOLVED ISSUES

Classical experimental embryologists used microsurgery,
explant, or transplant studies to address several crucial
questions concerning AP embryonic patterning in amphib-
ians. What regions of early embryonic tissues give rise to
anterior or posterior structures at later stages? When do the
tissues acquire AP characteristics? How can naive tissues
be specified along a particular developmental path; can this
developmental trajectory be altered; and, if so, how? How
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do tissue interactions between mesendoderm and ectoderm
or neural and ectoderm influence AP neural specification?
What is the physicochemical nature of the inducers that
control AP development? Does the induction always occur
between tissues of different germ layers (vertical induc-
tion), or can it happen within cells of the same germ layer
(planar or homeogenetic induction)? How many signals are
employed to provide positional information along the AP
axis? Once molecular biology emerged on the scene, mod-
ern developmental biologists took advantage of molecular
tools to identify, monitor the expression of, and manipu-
late genes in Xenopus to tackle these same key questions
at the molecular levels. What signals can affect expression
patterns of AP markers in explants or embryos? When are
the signals required? How many signals work in parallel or
sequentially? What is the regulatory function of each sig-
nal for AP development? Discoveries made using molecular
approaches helped to provide explanations to some of the
classical questions and lent support to or refuted the models
put forward decades ago.

One main question that occupied the attention of both
experimental and molecular biologists is how AP neural
patterning is executed by post-involuted mesendoderm as
it advances toward the future anterior end of the embryo
during gastrulation. Based on tissue explant and transplant
experiments, distinct models were proposed that favored
either the presence of multiple inducers along the AP
axis or the existence of two main signals with a universal
inducer of anterior neural character and a separate graded
transformer responsible for posterior neural development
(Figure 5.1) (Mangold, 1933; Nieuwkoop, 1952a, 1952b,
1952¢). The evaluation of the two models in the modern
era was facilitated by the identification of organizer-local-
ized secreted BMP inhibitors as direct neural inducers. All
these inducers, including Noggin, Chordin, and Follistatin,
which are expressed in midline dorsal mesoderm along
the entire notochord during neurulation, can only induce
anterior neural markers in animal cap explants (Hemmati-
Brivanlou et al., 1994; Lamb et al., 1993; Sasai et al., 1995,
1994; Smith and Harland, 1992). When combined with acti-
vation of the signaling pathways discussed previously, pos-
terior neural genes can be expressed as well. These results,
together with gain- and loss-of-function studies in vivo,
accelerated the acceptance of the activation-transformation
model of AP specification by the field. However, the story
seems to be more complex than expected. FGF signaling
has been implicated in inducing posterior neural mark-
ers directly without any “activators,” but only particular
pairs of FGF ligands (Fgf8a) and receptors (Fgfr4) may be
involved in direct induction. This implies that the multiple-
inducer model of Mangold may be compatible with some
results. In addition, as discussed previously, interference
of caudalizing signals often impairs expression of markers
in the hindbrain, with less effect on markers of the spinal
cord. It is possible that these results reflect redundancy of
signals in the trunk, but it is also conceivable that distinct
ratios of various active signals at different AP positions
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serve to divide the neural plate into separate signaling
zones, with each specifying a particular AP cell fate. This
would be a hybrid paradigm between the multi-inducer
and activation-transformation models in that instead of the
presence of multiple position-specific inducers, a universal
neural inducer works within multiple transformation zones
to specify AP neural tissues. Combinations of varying gra-
dients of growth factor signals would define the zones and
encode AP positional information. The dynamic expres-
sion patterns of signaling molecules and the presence
of a myriad of inhibitors for all three major caudalizing
pathways are consistent with this model. One additional
consideration is the timing of AP specification. Some con-
clusions from the classical experiments were based on the
studies using neurula-stage embryos when the AP axis had
already been well laid out. The signals at these stages are
not exactly the same as those at mid- to late gastrula stages
when AP tissues are being specified. Dynamic temporal
expression of signaling molecules is often observed during
Xenopus embryogenesis so that neurula stage signals may
play more important roles in maintenance or elaboration of
posterior tissue development rather than inducing AP char-
acteristics. Stage-specific manipulations of gene functions
and dynamic temporal analyses of marker expression are
both required to address this issue.

While molecular biological studies have contributed novel
insights and proposed detailed mechanisms concerning AP
patterning, several issues remain unresolved. The patterned
expression of signaling molecules and their modulators in
distinct domains of the Spemann organizer precedes future
AP specification. However, little is known about molecular
circuitry controlling organizer subdivision. The competence
of neuralized animal caps or neural plate explants to respond
to caudalizing signals is lost during mid-neurulation, yet the
molecular machinery responsible for this loss is not under-
stood. The activation-transformation model proposed by
Nieuwkoop may operate via gradient distribution of a sub-
stance with an apex level at the posterior end or different
durations that competent ectoderm is exposed to a constant
transforming agent at different AP positions. Most molecu-
lar studies so far tend to focus on the chemical gradients,
but the temporal gradient of signal exposure has not been
investigated in depth. Though multiple signals are known
to specify posterior tissues, how the signals are transduced
and converge to control downstream target gene expres-
sion has only been explored slightly. Several transcription
factors, such as Cdx members, Meisl/3, and Hox proteins,
are required for hindbrain or posterior neural development
(Dibner et al., 2001, 2004; Elkouby et al., 2010; Epstein et
al., 1997; Faas and Isaacs, 2009; Gutkovich et al., 2010;
Pillemer et al., 1998; Schyr et al., 2012). The bidirectional
interplay between these transcription factors and the caudal-
izing signals is not understood in detail. The eventual devel-
opment of AP neural tissues requires not only instructions
from the underlying mesoderm but also further refinement
within the neural plate via self-organization. This process
is not well appreciated at the molecular level. Most of the



60

work so far centers on AP patterning of the neural tissues,
with only limited studies on AP specification of mesoder-
mal and endodermal tissues (Deimling and Drysdale, 20009,
2011; McLin et al., 2007; Rankin et al., 2018). AP pattern-
ing not only involves cell fates but also morphogenesis,
with posterior tissues undergoing elongation. How caudal-
izing signals modulate expression or activity of regulators
of cell behaviors is largely unclear (Janesick et al., 2014).
These issues await further examination. With microsurgery,
molecular biology, and genomic tools at hand, we expect to
obtain a more detailed picture and deeper understanding of
AP embryonic patterning in the future.
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6.1. HISTORICAL BACKGROUND receptors primarily of the Frizzled family of seven trans-

The Xenopus experimental model system has been instrumen-
tal for key discoveries about Wnt signaling in vertebrates, both
biochemical mechanisms and developmental functions. Study of
Wnht function in dorsal axis establishment, morphogenetic move-
ments during gastrulation, and neural development provided
insights into Wnt pathway mechanisms inside and between cells.
Wnat signaling research continues to make important discoveries
using the Xenopus system (see Sections 3 and 4).

The success of Xenopus as a model system is explained by
it being at the crossroads of different disciplines, as indicated
by different techniques and complementary experimental
approaches, such as: stem-cell/organoid-like embryonic
explants or the ability to perform transplantation experiments
(for embryology), microscopy analysis (for cell biology),
or extracting lysates in large amounts (for biochemistry).
These unique experimental advantages of the Xenopus model
system have served Wnt signaling research immensely and
widely.

6.2. CHARACTERIZING THE WNT SIGNALING

PATHWAYS

Wat glycoproteins are secreted extracellular signal proteins
that initiate intracellular signal transduction by binding to
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membrane receptors. Co-receptors, such as LRP5/6, are also
involved in some signaling contexts (Hoppler and Nakamura,
2014). Several members of tyrosine kinase receptors also
have been linked to Wnt signaling such as Ryk, Ror, Ptk7,
and MuSK (Roy et al., 2018).

Following the independent co-discovery of Wnt genes
in mouse (int-1, Nusse and Varmus, 1982) and Drosophila
(wingless, Baker, 1987), injection of mRNA coding for
Int-1 into early Xenopus embryos demonstrated that Wnt
proteins also function in vertebrate development; this
caused a dramatic axis duplication (McMahon and Moon,
1989). This fundamental experiment became established
as an important assay for investigating Wnt signaling. Wnt
pathway activity was subsequently shown to be required for
normal axis development (e.g. Heasman et al., 2000), and
again it was Xenopus that was used as the model system
of choice. However, the originally proposed requirement
for endogenous Wnt ligand and receptor function (Kofron
et al., 2007; Tao et al., 2005) has recently been challenged
(Yan et al., 2018).

Using the axis duplication assay, Wnt signals were
subdivided into different classes. Members of the Wntl
class resulted in formation of secondary axis upon mRNA
injection into early Xenopus embryos. In addition, they
triggered transformation of C57MG mouse mammary
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epithelial cells and could later be linked to canonical Wnt
signaling. In contrast, members of the Wnt5a class failed
in the secondary axis induction assay but rather inhib-
ited the activity of Wntl class members. They affected
Cadherin mediated cell adhesion (Torres et al., 1996), cell
migration (Tada and Smith, 2000), and tumor metastasis
(Dissanayake et al., 2007). Those members were linked to
non-canonical Wnt signaling.

6.2.1.

6.2.1.1. Canonical Wnt Signaling in the Cytoplasm

Xenopus dorsal axis development served as a powerful
experimental assay to investigate mechanisms and func-
tions of canonical Wnt signaling. Analysis of Xenopus
dorsal axis development served to confirm in vertebrates
important components of the canonical signal transduction
pathway in the cytoplasm, such as GSK3 (Yost et al., 1996),
APC (Vleminckx et al., 1997), Axin (Zeng et al., 1997), and
Casein Kinase I (CKI) (Peters et al., 1999). Crucially, the
hallmark of canonical Wnt pathway, -Catenin was also
confirmed as the important downstream component causing
Xenopus axis induction (Funayama et al., 1995).

Xenopus research was particularly powerful at integrat-
ing the molecular functions at the core of the canonical
Wnt signal transduction pathway in the “B-Catenin destruc-
tion complex” (Hedgepeth et al., 1999; Itoh et al., 1998;
Xing et al., 2003), including the N-terminal phosphoryla-
tion of B-Catenin protein by GSK3 (Yost et al., 1996) and
CKlepsilon (Liu et al., 2002), which is further controlled by
Protein Phosphatase 2A (Li et al., 2001), leading to B-TrCP-
mediated degradation of the f-Catenin protein (Liu et al.,
1999; Marikawa and Elinson, 1998).

These discoveries led to the concept of the “futile
-Catenin protein turnover cycle” (reviewed by Chen et al.,
2014). In the absence of canonical Wnt signaling, B-Catenin
protein is synthesized and then promptly degraded by the
B-Catenin destruction complex, whereas active upstream
Wnat signaling disrupts the B-Catenin destruction complex.
This results in stabilized B-Catenin protein that then func-
tions to induce axis development and by extension all the
other functions of canonical Wnt signaling in other tissues
at other stages and of course in other organisms.

Xenopus researchers were able to re-constitute the
B-Catenin destruction complex in egg extracts (Hyde et al.,
2016; Salic et al., 2000) to study the biochemistry in detail,
which revealed that, in early Xenopus development, at least,
Axin protein is clearly the limiting component (Lee et al.,
2003) with likely implications for regulation of B-Catenin
destruction complex assembly (see subsection 2.1.3.).

CANONIcAL WNT SIGNALING

6.2.1.2.
Xenopus embryos clearly illustrate that activated canonical
Wnt signaling allows transport of B-Catenin protein into
the nucleus (Figure 6.1) (Schneider et al., 1996; Yost et al.,
1996), and again Xenopus dorsal axis development served

Canonical Wnt Signaling in the Nucleus

Xenopus

in the discovery of how B-Catenin regulates developmen-
tal change in the nucleus. B-Catenin does not make direct
contact with DNA. Xenopus experiments were crucial in
demonstrating functional interaction with the Lymphoid
Enhancer Factor/T-Cell Factor (LEF/TCF) family of DNA-
binding proteins (Behrens et al., 1996; Molenaar et al., 1996)
and the very first identification of some of the direct Wnt
target genes (sia, Brannon et al., 1997; nodal3, McKendry
et al., 1997; twin, a.k.a. sia2, Laurent et al., 1997; fibronec-
tin, Gradl et al., 1999; engrailed2, McGrew et al., 1999; and
nodal5 and nodal6, Yang et al., 2002).

Xenopus experiments dissected what has subsequently been
named the “transcriptional switch” (reviewed by Ramakrishnan
et al., 2018). In the presence of nuclear 3-Catenin, when the
canonical Wnt pathway is active, LEF/TCF proteins establish
a transcriptional activation complex together with other tran-
scriptional co-activator proteins such as pCBP (Takemaru and
Moon, 2000). In the absence of nuclear B-Catenin, when the
canonical Wnt pathway is inactive, LEF/TCF proteins estab-
lish a transcriptional repression complex together with tran-
scriptional co-repressors such as TLE/Groucho (Roose et al.,
1998). The structure of LEF/TCF proteins reveals functional
domains that mediate interaction with nuclear B-Catenin,
and thus transcriptional activation, with TLE/Groucho, and
thus transcriptional repression, and an HMG DNA binding
domain (reviewed by Hoppler and Kavanagh, 2007; Hoppler
and Waterman, 2014). The large protein complexes assembled
by LEF/TCF proteins on regulatory DNA sequences have
since been named the “Wnt enhanceosome” (Gammons and
Bienz, 2018) (Figure 6.2).

6.2.1.3. Canonical Wnt Signaling at the Membrane

Xenopus embryos were instrumental in confirming in ver-
tebrates that Frizzled proteins function as Wnt receptors
(Yang-Snyder et al., 1996) and LRP5/6 (Tamai et al., 2000)
as important co-receptors in canonical Wnt signaling. The
interaction between the Xenopus Wnt8a ligand and Frizzled8
receptor has since been described in structural detail (Janda
et al., 2012). Xenopus experiments contributed critically to
the concept that in canonical signaling Wnt, Frizzled, and
LRP form a complex at the membrane (Holmen et al., 2002;
Tamai et al., 2000), with the intracellular domain of LRP
being important for the recruitment of Axin (Davidson et al.,
2005; Zeng et al., 2005) in a process that involves Disheveled
to form a mega-protein-complex that has subsequently been
named the “Wnt signalosome” (Bilic et al., 2007; Gammons
and Bienz, 2018).

Experiments with Xenopus embryos were particularly
fertile at identifying and studying extracellular partners
modifying Wnt signaling at the membrane. The Dickkopf
(DKK) family of proteins (Glinka et al., 1998) and Sclerostin
(SOST) (Semenov et al., 2005) bind to LRP5/6 co-receptors
(Mao et al., 2001). Secreted Frizzled related proteins (sFrp),
including Frzb (a.k.a. Sfrp3) (Leyns et al., 1997; Wang et al.,
1997) and at later stages Sfrpl (Gibb et al., 2013), initially
were described as Wnt inhibitors, but they may modulate Wnt
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FIGURE 6.1 Nuclear localization of -Catenin protein in dorsal blastomeres. Embryology, cell biology, and molecular biology come
together in this image of -Catenin localization in Xenopus laevis blastula (Schneider et al., 1996). (A) view of the prospective ventral
side of blastula (stage 8.5 embryo). (B) view of the prospective dorsal side of the same blastula-stage embryo. Note that 3-Catenin local-
ization traces the outlines of the blastomere cells (in A and B, through its molecular association with adherence junctions); additionally,
but only on the prospective dorsal side (B), B-Catenin also localizes to cell nuclei. Detection of nuclear f-Catenin is now established as
the hallmark of activated canonical Wnt signaling.

Source: Images reproduced with permission from Elsevier publishers [Copyright Clearance Center (RightsLink) License Number 4961291291588)].

FIGURE 6.2 Different Wnt signaling pathways as discussed in the text. Left: Canonical, Wnt/b-catenin signaling. Middle: Non-
canonical, Wnt/PCP signaling. Right: Non-canonical, Wnt/Ca signaling. Dashed lines indicate selected cross talks of Wnt signaling
with other pathways.
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signaling in more complex ways (discussed in Bovolentaetal.,
2014). An image emerges with potentially several kinds of
extracellular ligands (Wnt, Sfrp, Dkk, etc.) influencing Wnt
signaling at the membrane.

6.2.2. NoN-CaNONIcAL WNT SIGNALING

Wt proteins that failed to induce a secondary axis were
originally classified as Wnt5a class members (Du et al., 1995;
Torres et al., 1996). So-called non-canonical Wnt signaling
was defined by its independence from B-Catenin (Figure 6.2).
Again, Xenopus served as a powerful model system to dissect
the function of those Wnt members and the molecular nature
of the activated signaling pathways. It turned out, however,
that non-canonical Wnt signaling involves more than just one
signaling pathway. According to their main molecular effec-
tors or cellular effect, they were named Wnt/PCP (planar cell
polarity), Wnt/JNK (jun-N-terminal Kinase), Wnt/calcium,
or Wnt/Ror signaling pathways. For historical reasons, we
deal here with these pathways independently, but these origi-
nally described different pathways overlap heavily to repre-
sent a Wnt signaling network.

6.2.2.1. Wnt/PCP/JNK Signaling

Cell migration is thought to be regulated by Wnt/PCP
signaling, often also named Wnt/JNK signaling, such
as during vertebrate gastrulation (Djiane et al., 2000;
Wallingford et al., 2000) or migration of neural crest cells
(De Calisto et al., 2005). Xenopus assays including dorsal
marginal zone explants as well as Activin-induced animal
caps served to reveal the mechanisms and functions of this
non-canonical Wnt signaling pathway during gastrulation,
neural crest cell migration, and morphogenesis. This pro-
cess is mediated by directed and regulated cell movements
called convergent extension. This involves polarization of
mesodermal cells and migration of cells toward the dorsal
midline, resulting in medio-lateral narrowing and anterior-
posterior elongation of the embryo. Work in Xenopus showed
that Wntl1b is required for polarization of mesodermal cells
(Yamanaka and Nishida, 2007), whereas Wnt5a regulates
cell migration toward the dorsal midline (Schambony and
Wedlich, 2007). Use of such Xenopus explants helped to fur-
ther characterize these pathways and to identify components
of this pathway, including Prickle (Veeman et al., 2003),
Ror2 and JNK (Schambony and Wedlich, 2007), PTK7 (Lu
et al., 2004; Podleschny et al., 2015), Cdc42 (Penzo-Mendez
et al., 2003), Rac and Rho (Habas et al., 2003), ROK (Kim
and Han, 2005), WGEF (Tanegashima et al., 2008), and
Daaml (Habas et al., 2001).

Wnt/PCP signaling links to cilia formation (Wallingford
and Mitchell, 2011), which regulates left/right patterning. In
particular, Wntl1b is required for the polarization of the gas-
trocoel roof plate and subsequently for the cilia-driven left-
ward flow (Walentek et al., 2013). Explants of the Xenopus
animal cap were essential for these findings.

Xenopus

6.2.2.2. Wnt/Calcium Signaling

The unique feature of Xenopus also helped to elucidate Wnt/
calcium signaling (Figure 6.2). Groundbreaking work by
Randall Moon and colleagues indicated that certain Wnts trig-
ger an intracellular calcium release (Slusarski et al., 1997a,
1997b). Work in other model systems later showed that this
calcium release occurs within seconds and thus is very likely
a direct response of Wnt signaling (Dejmek et al., 2006; Jenei
et al., 2009). The identification of calcium effectors in this
pathway again made use of the unique features of the Xenopus
system. Activation of PKC through calcium is accompanied
by a translocation of the enzyme toward the membrane, which
can be monitored in animal cap explants taking advantage of
fluorescence microscopy (Sheldahl et al., 1999). Activation of
Calcium-Calmodulin Dependent Kinase II (CaMKII) was
studied in cytoplasmic lysates of Xenopus embryos before the
onset of zygotic gene transcription at the midblastula transition
(Kuhl et al., 2000). Also, the calcium-dependent phosphatase,
Calcineurin, and its transcriptional regulator Nuclear Factor of
Activated T cells (NFAT) were shown to be regulated by Wnts
using Xenopus as a model system (Saneyoshi et al., 2002).
Wnt/calcium signaling was shown to be involved in dorso-
ventral patterning using Xenopus embryos (Kuhl et al., 2000).

6.2.3. INTEGRATION OF CANONICAL AND NON-

CaNoNIcAL WNT SIGNALING

While the concept of ‘“canonical” versus “non-canonical”
had been useful, cracks in this wall separating canonical
from non-canonical Wnt signaling appeared from the begin-
ning; these have subsequently only grown larger and larger.
Canonical Wnt signaling may be justifiably defined in the
sense of involving components such as LRP co-receptors and,
of course, B-Catenin and its partners in the nucleus. Non-
canonical Wnt signaling—it now appears—is really only
defined by not involving B-Catenin and is a collective term
for every other form of Wnt signaling. Cracks in the wall sep-
arating canonical from non-canonical Wnt signaling particu-
larly appear where they share pathway components as shown
by work in Xenopus, such as Disheveled (Rothbacher et al.,
2000; Sokol, 1996; Wallingford et al., 2000) or Frizzled 7
functioning at the crossroads of different Wnt pathways
(Medina et al., 2000; Medina and Steinbeisser, 2000).

Furthermore, some components of one pathway inhibit
the activity of the other. NFAT, for example, is a calcium-
sensitive transcription factor activated by Wnt/calcium
signaling yet also inhibits canonical B-Catenin dependent
signaling in several models (Huang et al., 2011; Saneyoshi
et al., 2002; Wang et al., 2013). Nemo-like Kinase is acti-
vated by Wnt/calcium signaling involving CamKII, and
this finally results in a downregulation of canonical Wnt/
B-Catenin signaling (Ishitani et al., 2003). Taken together,
these and other cross-regulatory effects between canonical
and non-canonical Wnt signaling resulted in the idea of a
Wnat signaling network (Kestler and Kuhl, 2008).
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6.2.4. INTEGRATED UNDERSTANDING OF WNT SIGNALING

IN VERTEBRATE EMBRYONIC DEVELOPMENT

While axis establishment and gastrulation assays have
served to study fundamental pathway mechanisms in gene
regulation and control of morphogenesis, at the same time,
Xenopus experiments have contributed to our general under-
standing of wider functional roles for Wnt signaling in ver-
tebrate embryonic development, such as: (1) mesoderm
induction (e.g. Liu et al., 2005; Schohl and Fagotto, 2003)
and patterning (e.g. Hoppler et al., 1996); (2) patterning of the
neural plate (Domingos et al., 2001; McGrew et al., 1997),
including neural crest induction (LaBonne and Bronner-
Fraser, 1998) and migration (De Calisto et al., 2005), as well
as midbrain development (Kunz et al., 2004); and (3) organ-
ogenesis of the eye (Maurus et al., 2005; Rasmussen et al.,
2001), kidney (Lyons et al., 2004; Saulnier et al., 2002), and
heart (Marvin et al., 2001; Schneider and Mercola, 2001)
(see section IITA). These investigations have led to a com-
prehensive and integrated understanding of Wnt signaling in
embryonic development of a typical model vertebrate.

6.3. RECENT ADVANCES

Xenopus research continues to make contributions at the
very forefront of new and important discoveries about
Wnt signaling. For example, it has been a mystery how
Whnt proteins with hydrophobic protein structures are able
to establish a signaling gradient in the extracellular space
through tissues. The importance of proteoglycans was dem-
onstrated with Xenopus embryos, particularly the role of
extracellular sulfate and acetylate modifications in regulat-
ing dispersal through tissues of Wnt signals, as well as Sfrp
proteins (recently reviewed by Mii and Takada, 2020). At
the membrane, the regulation of receptor turnover and the
intricate role of R-spondins in Wnt signaling has become
better understood (Chang et al., 2020; Chen et al., 2020;
Ding et al., 2018; Szenker-Ravi et al., 2018). Recent genom-
ics studies (e.g. Nakamura et al., 2016) suggest functions for
B-Catenin beyond its association with LEF/TCF proteins.
For example, a functional interplay between Wnt pathway-
regulated B-Catenin and Sox17 was recently carefully dis-
sected in Xenopus endoderm patterning (Mukherjee et al.,
2020). Xenopus further contributes toward a more detailed
understanding of non-canonical Wnt signaling pathways,
particularly in regulating morphogenetic movements during
gastrulation and neurulation (e.g. Butler and Wallingford,
2018; Shindo et al., 2019). Recent fundamental discoveries
about Wnt signaling in neural crest induction and patterning
are groundbreaking far beyond the Xenopus model system,
including pluripotency of neural crest (Buitrago-Delgado
et al., 2015), surprising functions of Dkk2 (Devotta et al.,
2018), and a role for non-canonical Wnt signaling in neural
crest cells (Ossipova et al., 2018). Space constraints unfor-
tunately prevent listing all of the important and excellent
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research advances that have been facilitated by the Xenopus
model; in the following sections, three areas are explored.

6.3.1. WNT SIGNALING IN CARDIAC ORGANOGENESIS

Work in Xenopus was instrumental for deciphering roles
for Wnt signaling during heart development (reviewed by
Hoppler and Conlon, 2020; Hoppler et al., 2014). Whereas
initial work focused on the role of inhibitors of canonical sig-
naling (Marvin et al., 2001; Schneider and Mercola, 2001), our
two laboratories were the first to identify and confirm a role
for non-canonical Wnt signaling during this process (Afouda
et al., 2008; Pandur et al., 2002). Wntl1b as an extracellular
ligand together with JNK and PKC as intracellular signaling
mediators were shown to be involved in this process (Pandur
et al., 2002). Our work also showed how Wntl1b is tied into
a network of GATA transcription factors during this early
phase of cardiac development (Afouda and Hoppler, 2011;
Afouda et al., 2008). This initial finding in Xenopus was later
confirmed in other biological models including murine and
human embryonic stem cells (Mazzotta et al., 2016).

Later during cardiac development, Wntlla is important
for terminal differentiation (Gessert et al., 2008; Hempel et
al., 2017), ventricular trabeculation, and outflow tract forma-
tion both in Xenopus (Hempel et al., 2017) and mice (Nagy
et al., 2010; Zhou et al., 2007). Of interest is the finding that
the cell adhesion molecule Alcam turned out to be critically
involved in this process (Gessert et al., 2008; Hempel et al.,
2017). During the normal cardiac differentiation program,
Wnhtlla is regulated by the canonical Wnt signaling inhibitor
Dkkl1 (Guo et al., 2019). It remains unclear at the moment
how inhibition of canonical Wnt signaling regulates Wntl1la
expression on a molecular level.

The precise regulation of both canonical and non-
canonical Wnt signaling seems to be crucial for cardio-
genesis. Inhibitors of canonical Wnt signaling, such as
Dkkl, Crescent, FrzB, and Sizzled, were shown to trigger
cardiogenesis in Xenopus in overexpression experiments
(Schneider and Mercola, 2001). In contrast, loss of Dkkl
experiments indicated its role during cardiac differentiation
(Guo et al., 2019). Also, the canonical Wnt inhibitor Sfrpl
turned out to be important to regulate the size of the heart
muscle during development via regulation of Wnt6 signaling
(Gibb et al., 2013), as explained in the next section.

6.3.2. MODELING WNT SIGNALING

Work in Xenopus was also instrumental for work on math-
ematical modeling of Wnt signaling. The group of Marc
Kirschner (Lee et al., 2003) built a mathematical model of
the pathway, focused on the main intracellular components
of canonical Wnt signaling with a set of ordinary differen-
tial equations (ODEs). This first model supported a rigorous
analysis of this part of Wnt signaling in silico allowing the
prediction of embryology experiments. Based on experiments
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performed with egg extracts, the critical role of Axin in
regulating pathway activity was deciphered. The ODE-based
model was later extended by including Dkkl and Axin2
feedback showing that the pathway may show oscillatory
behavior under some conditions (Wawra et al., 2007).

A more complex mathematical model describes a Wnt sig-
naling network with negative cross-regulation of canonical
and non-canonical Wnt signaling during dorso-ventral axis
formation in Xenopus. Wntllb was earlier shown to acti-
vate CamklII and to be required for ventral development
in Xenopus (Kuhl et al., 2000). However, Wntl1b was also
shown to be required for dorsal development in Xenopus
(Tao et al., 2005). This contradiction was resolved by the
observation that Wnts can activate different signaling
branches in a concentration-dependent manner; high con-
centrations of Wnt3a favored canonical, whereas low con-
centrations favored non-canonical, Wnt signaling (Nalesso
et al., 2011). Together with the cross-inhibition of different
Wnat signaling branches, this implicated a switch-like behav-
ior of the Wnt signaling network (Kestler and Kuhl, 2011).
Indeed, the function of Wntllb during dorso-ventral axis
formation could be recapitulated in a mathematical model
that also reflects the findings of gain- and loss-of-function
studies in Xenopus (Strang et al., 2017). Taken together, this
work showed that mathematical models in combination with
experiments in Xenopus embryos can be used to gain new
insights into the mechanisms underlying Wnt-mediated sig-
nal transduction.

Mathematical models also proved helpful for analyzing
gene regulatory network architecture involved in embry-
onic pattern formation. For example, during early heart
development, Wnt6 signaling is involved in patterning the
lateral plate, cardiogenic mesoderm into heart muscle (myo-
cardium, toward the inside), and non-muscular heart tis-
sue (pericardium, toward the outside) (Lavery et al., 2008).
Mathematical modeling alerted us that we were missing an
additional important component, which led to study of the
role of Sfrpl in this context. We demonstrated that Sfrpl
interacts with Wnt6 in an intricate gene regulatory network
(Gibb et al., 2013): Wnt6 signaling from the ectoderm adja-
cent to the cardiogenic mesoderm promotes nearby peri-
cardium differentiation and confines sfrp/ expression and
myocardium differentiation toward the inside of the car-
diogenic mesoderm. While sfrp! is initially only expressed
in a few cells beyond the reach of strong Wnt6-mediated
repression, after being secreted, Sfprl in turn inhibits Wnt6
signaling and thus reduces the reach of this Wnt6-mediated
repression (and pericardium differentiation) and thereby
increases the myocardium domain.

Mathematical modeling opened our eyes. While previ-
ously we had been constrained by our Wnt6-centered per-
spective, modeling provided us with an alternative outlook:
wnt6 expression just provides positional information about
where and how far away the edge of the cardiogenic meso-
derm is located. sfrpl expression is really in charge by using
this positional information to carve out an appropriately
sized and positioned heart muscle.

Xenopus

6.3.3. CoNTEXT-SPECIFIC WNT SIGNALING

Wnhtsignaling is one of remarkably few molecular cell-to-cell
signaling pathways that are used repeatedly during embry-
onic development, both in different embryonic tissues and at
different stages of development. The early Xenopus embryo
provided us with an experimentally accessible model system
to investigate mechanisms determining context-specific Wnt
signaling function.

In one example, before zygotic gene activation (ZGA),
maternal Wnt signaling promotes subsequent dorsal embry-
onic cell fate (illustrated in the famous axis duplication essay
discussed previously), yet after ZGA, zygotic Wnt8a func-
tions to promote essentially the opposite, subsequent ventral
(and lateral) mesodermal cell fate (reviewed by Zylkiewicz
et al., 2014). Dorsal-promoting maternal and ventral-promot-
ing zygotic Wnt8a signaling are both mediated by canonical
Wnt/B-Catenin pathway mechanisms (Hamilton et al., 2001);
thus, the relevant context-specific Wnt signaling mechanisms
are to be found downstream of B-Catenin in the regula-
tion of presumably two different classes of direct Wnt target
genes: direct maternal Wnt/B-Catenin target genes (normally
expressed early in prospective dorsal cells) and direct zygotic
Wnt8a/B-Catenin target genes (normally expressed later in
prospective ventrolateral mesoderm). Since nuclear B-Catenin
is considered the hallmark of active canonical Wnt signaling
(see previously), genome-wide transcriptome analysis (RNA-
seq) was combined with mapping of physical f-Catenin pro-
tein association to gene loci on chromosomes (ChIP-seq) to
identify direct Wnt/B-Catenin target genes comprehensively in
these two contexts, before and after ZGA (Afouda et al., 2020;
Nakamura et al., 2016). Wnt signaling-regulated physical
[-Catenin protein association to gene loci on chromosomes is,
surprisingly, not sufficient for transcriptional regulation. Wnt
signaling initiates B-Catenin association to many gene loci,
with additional context-specific mechanisms combining with
Wnat signaling to determine which of these f-Catenin associ-
ated genes are expressed for the correct context-specific Wnt
target gene response (Nakamura and Hoppler, 2017).

Two different classes were originally expected in early
Xenopus development: dorsal/maternal and ventral/zygotic
direct Wnt target genes. Our analysis suggests not two but a
useful definition of about five different classes of direct Wnt
target genes. This includes two classes of maternal dorsal
Whnt target genes (both co-regulated by Nodal signaling but
with genes in the slightly later expressed class additionally
regulated by products of the slightly earlier expressed class
in a feed-forward regulatory loop, Afouda et al., 2020); a few
universal Wnt target genes directly regulated by both dorsal
maternal and ventral zygotic Wnt signaling (including axin2
and sp5); and two classes of specific zygotic Wnt8a/B-Catenin
target genes (Nakamura et al., 2016), one class co-regulated
by BMP signaling (see also Hoppler and Moon, 1998) and one
class co-regulated by FGF signaling (Haremaki et al., 2003).

This reveals quite a remarkable complexity of Wnt tar-
get genes for just the early stages of Xenopus embryonic
development.
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6.4. FUTURE DIRECTIONS AND IMPORTANT

QUESTIONS

6.4.1. WNT INTERACTIONS WITH OTHER SIGNALING

PATHWAYS

Historically, the canonical Wnt signaling pathway was
described, and later B-Catenin-independent pathways were
added that were thought to act independently of each other.
As described previously, multiple pieces of evidence indi-
cated that these different branches of Wnt signaling are in
fact highly connected and that Wnt signaling should be rep-
resented as a signaling network. Recent evidence suggests
that, in addition, Wnt signaling interacts with other signal-
ing pathways. First, YAP and TAZ—two components of the
Hippo signaling pathway—were found to associate with the
destruction complex (Azzolin et al., 2014), as well as other
Wnt signaling components (reviewed in Piccolo et al., 2014).
Second, Disheveled recently was shown to interact with
Ephrin signaling, specifically with SipalL3, an interactor of
Epha4 (Rothe et al., 2017). This interaction was shown to
be crucial for proper eye development in Xenopus embryos
by balancing Wnt signaling. This study also raised the
possibility that Disheveled may interact with other signal-
ing pathways such as Notch, a notion supported by earlier
Xenopus experiments that demonstrated an inhibitory cross-
regulation between Wnt and Notch signaling (Collu et al.,
2012). Taken together, these examples illustrate that in-depth
analyses of the molecular mechanisms underlying the cross-
talk of Wnt signaling with other signal pathways, such as
Hippo, Ephrin, and Notch, warrant further investigation.

6.4.2. REecuLATION OF GENE EXPRESSION BY

NoN-CaNoNicAL WNT SIGNALING

Non-canonical Wnt signaling is narrowly considered by
many researchers to be the Wnt/PCP pathway regulating cell
polarity and cell migration by modulating the cytoskeleton
or the polarized sub-cellular distribution of its components.
However, since some components of the non-canonical Wnt
signaling pathway, such as JNK, CamKII, or Calcineurin,
are also known to be involved in gene regulation, does non-
canonical Wnt signaling directly regulate gene expression?
The first genes thought to be regulated at the transcrip-
tional level by non-canonical Wnt, via JNK, were PAPC
(Feike et al., 2010; Schambony and Wedlich, 2007) and
EAF 2 (Maurus et al., 2005) in Xenopus and TGFB2 (Zhou
etal., 2007) in mice. Since JNK regulates phosphorylation of
the transcription factor ATF2, an ATF2-luciferase reporter
was used to map non-canonical Wnt signaling in Xenopus
embryos (Ohkawara and Niehrs, 2011). Further, using dorsal
marginal zone explants deficient of either Wnt5a or Wntl1,
Gradl and colleagues recently identified pbk as a WntSa
target gene, whereas rabllfip5 was shown to be a specific
Wntl1b target gene (Wallkamm et al., 2016).

The likely best-described target gene of non-canoni-
cal Wnt signaling is given by the cell adhesion molecule
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ALCAM. First identified in a screen for non-canonical Wnt
target genes (Prieve and Moon, 2003), it was later found to
be regulated by Wntlla during cardiogenesis in Xenopus
(Gessert et al., 2008). This finding was subsequently con-
firmed in the zebrafish (Choudhry and Trede, 2013). In fol-
low-up studies, the promotor of alcam was isolated in the
Xenopus system. A Frizzled3 responsive element was identi-
fied by the use of reporter gene assays. This element is regu-
lated through ATF2 and Pax2 in the Xenopus pronephros
and chromatin IP experiments confirmed in vivo binding in a
non-canonical Wnt-dependent manner (Cizelsky et al., 2014).
In the Xenopus eye, this gene also was found to be regulated
through non-canonical Wnt (Seigfried et al., 2017).

These studies raise the important question: Are there spe-
cific non-canonical Wnt cis-regulatory responsive elements
on DNA level? It will be an important and fundamental
research question for the future to determine to what extent
non-canonical Wnt signaling regulates gene expression and
to identify unifying underlying mechanisms. Recent loss-of-
function experiments in Xenopus have shown that Wnt5a or
Wntl1b regulate fewer genes than canonical Wnt signaling
(Wallkamm et al., 2016), demonstrating in principle that
Xenopus is a very suitable model in which to answer these
questions.

6.4.3. INTEGRATION OF WNT SIGNALING

INTO THE EMBRYONIC SIGNALING AND
REGULATORY ENVIRONMENT

The recent identification of direct Wnt target genes (e.g.
Afouda et al., 2020; Nakamura et al., 2016) highlighted the
importance of the co-regulatory environment in the embryo
to ensure that Wnt target genes are expressed at the right time
and in the right place. Recent articles have demonstrated
that Xenopus is a leading experimental model for investi-
gating the embryonic function and molecular mechanisms
of such combinatorial regulation of Wnt target gene expres-
sion, such as with FGF signaling (Kjolby et al., 2019) or with
BMP signaling (Polevoy et al., 2019) but also to dissect the
role of chromatin modification (Hontelez et al., 2015) and,
most likely related to that, chromatin accessibility (Esmaeili
et al., 2020).

6.4.4. XeNoprus AS A MoDEL FOR HUMAN DISEASE

CRISP/R-mediated gene editing technology has clearly
transformed the potential for Xenopus research to model
human disease, including some involving Wnt pathway
mechanisms. This approach was pioneered with TALEN-
mediated gene editing of the apc gene in Xenopus tropica-
lis to create an animal model that successfully phenocopied
Familial Adenomatous Polyposis (Van Nieuwenhuysen et
al., 2015). Xenopus experiments discovered the molecular
connection between EMCI variants in patients and Wnt
signaling and neural crest development consistent with the
observed diverse birth defects (Marquez et al., 2020). Several
heterotaxy-correlated birth-defect candidate genes have also
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recently been linked to Wnt signaling by Xenopus experi-
ments, such as RAPGEF5 (Griffin et al., 2018) and AGMO
(Duncan et al., 2019). These examples clearly demonstrate
the enormous potential for Xenopus to model human disease
related to the Wnt signaling network.
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7.1. HISTORICAL BACKGROUND the first vertebrate homologue, notchl, was isolated from

The Notch pathway is a key cell-cell communication
mechanism utilized during metazoan development. Its
outcome depends on cell context: it can inhibit or promote
cell fates, cell proliferation, or cell death through ligand-
receptor signaling between neighboring cells (Kopan
and Ilagan, 2009). The story of Notch began when John
S. Dexter, in Thomas Hunt Morgan’s laboratory, found
a mutant phenotype in Drosophila with characteristic
serrations at the wings’ ends, which he called Perfect
Notched (Dexter, 1914; Bridges and Morgan, 1916). This
was caused by the disruption of a dominant sex-linked
gene resulting in male lethality, which received the name
Notch in subsequent publications (Bridges and Morgan,
1916; Morgan, 1917; Mohr, 1919). In the 1930s, Donald
Poulson studied the lethal phenotype and noticed aber-
rant germ layer development (Poulson, 1937). This was
later interpreted as a switch in ectodermal cell fate from
dermoblast to neuroblast, since different mutant alleles
of Notch, Delta, mastermind, neuralized, Enhancer of
split, almondex, and big brain resulted in nervous system
hypertrophy at the expense of the epidermis (Lehmann
et al., 1983). These so-called “neurogenic” genes are all
involved in the Notch pathway and have vertebrate coun-
terparts (flybase.org; Lehmann et al., 1983; Thurmond
et al., 2019).

Seven decades after Dexter’s discovery, the fly Notch
gene was cloned (Artavanis-Tsakonas et al., 1983), and

DOI:10.1201/9781003050230-8

Xenopus laevis (Coffman et al., 1990). Frog experiments
using a construct lacking the extracellular domain pro-
vided the first clues that the Notch intracellular domain
(NICD) mediates signal transduction (Coffman et al.,
1993). This truncation resulted in a gain-of-function phe-
notype that affected germ layer development. Cloning
the Xenopus gene encoding a ligand, Delta-like-1 (DI11),
demonstrated that Delta/Notch signaling plays a neuro-
genic role in vertebrates through lateral inhibition, as
previously defined in Drosophila (Chitnis et al., 1995;
Campos-Ortega, 1985; Lewis, 1998). Because of its rela-
tive simplicity, primary neurogenesis in Xenopus pro-
vided an ideal paradigm for Notch pathway research and
for unraveling the molecular and cellular bases of verte-
brate neural development. Since these ground-breaking
studies, the accessibility of Xenopus embryos has made
them an outstanding model for revealing the role of the
Notch pathway in multiple developmental processes and
for testing heterologous molecules from different species
such as mouse and human, wild-type and mutant forms
of pathway components, and to study their function and
biochemical modulation in vivo (Ali et al., 2014; Hein et
al., 2015; Oswald et al., 2016).

7.2. THE NOTCH PATHWAY

Most of what is known about Notch signaling can be catego-
rized in either canonical or non-canonical pathways.
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7.2.1. CaANONIcAL NOTCH SIGNALING

Excellent reviews describe the typical mechanism by
which Notch signals, which is summarized in Figure 7.1A
(Davis and Turner, 2001; Lai, 2004; Fortini, 2009; Kopan
and Ilagan, 2009; Jorissen and De Strooper, 2010; Kovall
and Blacklow, 2010; Tanigaki and Honjo, 2010; Groot and
Vooijs, 2012; Bray, 2016). In the absence of signaling, a
complex containing the DNA-binding protein RBPJ and
co-repressors occupies the enhancers of Notch targets to
silence them by recruiting histone deacetylases (HDACs:)
or other chromatin-modifying enzymes. When the mature
Notch receptor is bound by a ligand, Delta (DIl), or Jagged
(Jag), presented by the sending cell undergoes a conforma-
tional change that exposes a cleavage site in its extracellu-
lar domain, which is then cleaved by a membrane-tethered
ADAM metalloprotease. This renders a membrane-teth-
ered Notch intermediate (Notch extracellular truncation,
NEXT), which is cleaved at the transmembrane domain
by a y-Secretase enzyme complex, whose active subunit is
Presenilin (Psen). This releases the NICD, which enters the
cell nucleus and forms a complex with RBPJ that recruits
the co-activator Mastermind-like (MAML), displacing
the RBPJ repressor complex and activating Notch-targets.
Typically, Notch targets are members of the hes/hey gene
families encoding bHLH-Orange (bHLH-O) transcrip-
tional repressors.

Hes/Hey bHLH-O transcription factors (TFs) bind to
their target DNA sequence through the basic domain,
and also achieve transcriptional repression via: (I) a
C-terminal tetrapeptide motif WRPW/Y that recruits
transcriptional co-repressors of the TLE/Groucho fam-
ily and (2) the Orange domain, located just C-terminal
to the bHLH domain, that controls selection of the bHLH
partner for heterodimerization. Hes proteins form homo-
or heterodimers with Hey proteins and repress transcrip-
tion actively or passively. Active repression involves
DNA binding to the N box (CACNAG) or the class C site
[CACG(C/A)G] and recruitment of TLE/Groucho co-
repressors. Passive repression involves heterodimeriza-
tion with other bHLH factors like E47. The WRPW motif
is also necessary for polyubiquitylation, which confers
short half-lives to Hes proteins by proteosome degrada-
tion, a key feature for their oscillatory expression during
somitogenesis (see Section 3.6) (Davis and Turner, 2001;
Bertrand et al., 2002; Huang et al., 2014; Kageyama et
al., 2007; Imayoshi and Kageyama, 2014). Notably, Heyl
lacks the WRPW motif and does not bind TLE/Groucho
(Pichon et al., 2004).

The traditional description of how the Notch path-
way is used during development includes the following
(Figure 7.1B). (1) In lateral inhibition, Notch prompts
binary cell fate choices in cell populations of equal devel-
opmental potential. The ligand-sending cell signals to its
neighbors, which in response repress ligand expression,
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“ligand-sending cell fate,” and acquire an alternative fate
or remain as uncommitted precursors. This usually results
in salt-and-pepper patterns of cells of different fates, with
roughly regular spacing between specific cell types. (2) In
lateral induction, the ligand-sending cell induces ligand
expression in its neighbors and instructs them to adopt the
same fate. This propagates a cascade of Notch activation
through a field of adjacent cells. Also, some cases of bound-
ary formation between two cell populations involve lateral
induction (Lewis, 1998; Gazave et al., 2009; Sjoqvist and
Andersson, 2019). These models sometimes are insufficient
to explain the complex mechanisms controlled by Notch
(Favarolo and Lopez, 2018).

7.2.2. NoON-CANONIcAL NOTCH SIGNALING

Several core components of the canonical Notch pathway
also function in what are collectively known as non-canon-
ical pathways; these are likely part of ancestral mecha-
nisms for regulating cell differentiation in metazoans since
the canonical pathway did not appear until the bilaterian
lineage (Layden and Martindale, 2014). Non-canonical
pathways have been described in different cell contexts
and a variety of animal models, including (1) activation of
Notch targets through NICD without RBPJ participation;
(2) activation of Notch targets without NICD participation,
with or without RBPJ mediation (Sanalkumar et al., 2010;
Tanigaki and Honjo, 2010); (3) interaction with atypical
ligands, atypical nuclear cofactors, and other signaling
pathways (D’Souza et al., 2010; Heitzler, 2010); and (4)
non-nuclear Notch activities, independent of typical ligand
interaction and RBPJ-mediated transcription, involving
the cytoplasmic tyrosine kinase Abl (Heitzler, 2010) or
B-Catenin destabilization (Hayward et al., 2005; Hayward
et al., 2008; Sanders et al., 2009; Munoz-Descalzo et al.,
2010; Acosta et al., 2011; Kwon et al., 2011). The latter was
first described in Xenopus in the context of axis formation
(see Section 3.1).

7.3. NOTCH SIGNALING DURING

XENOPUS EMBRYOGENESIS

The Xenopus laevis and tropicalis genomes contain four
Notch receptor genes (notchl—4), three Delta-like ligand
genes (dlll, dlc, dll4), and two Jagged ligand genes (jagl,
jag2) (Michiue et al., 2017, Karimi et al., 2018) (Table
7.1) (Figure 7.1). Members of two groups of hes/hey genes
(heyll/hey2/hey-L and hesI-7) (Figure 7.2) are regulated
by the canonical Notch pathway (Davis and Turner, 2001;
Zhou et al., 2012) (Table 7.2). Most of them are up-regu-
lated by Notch, but atypical responses were described for
a few hesl-7 genes (Tables 7.2, 7.3). In addition, cross-
regulation between Xenopus hes/hey genes was described
(Table 7.4).
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FIGURE 7.1 The canoncial Notch signaling device, expression of Notch receptors and ligands during early embryogenesis, and com-
ponents of the Notch pathway during somitogenesis in Xenopus. (A) Simplified scheme showing the canonical Notch signaling pathway
in vertebrates. CoA, co-activators; CoR, co-repressors; see additional abbreviations in the main text. (B) Modes of action of Notch
signaling. (C) Early expression patterns of Notch receptors and ligands in Xenopus. References for building the expression domain’s
diagrams (left) are listed in Table 7.1. Quantitative expression profiles from Xenopus laevis (average TPM values from Taira and Ueno
samples) were plotted with RefSeq data extracted from (Session et al., 2016) (right column). Abbreviations for Figure 7.1C and Figure
7.2: a, anterior; An, animal; anb, anterior neural border; anf, anterior neural fold; ang, anterior neural groove; angb, anterior neural
groove border (prospective ventral forebrain and ventral midbrain) (Lahaye et al., 2002); anp, anterior neural plate; anr, anterior neural
ridge; (d), deep layer; dbl, dorsal blastopore lip; dmz, dorsal marginal zone; ee, epidermal ectoderm; ego, early gastrula organizer; fp,
floor plate; i, intermediate domain of primary neurogenesis; imz, involuting marginal zone; 1, lateral domain of primary neurogenesis;
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FIGURE 7.1 (Continued)

(1), lateral; 1go, late gastrula organizer; m, domain of primary neurogenesis adjacent to the midline; me, future mesencephalon; mhb,
midbrain/hindbrain boundary; ncc, neural crest cells; ncb, neural crest boundaries; nb, neural border; nimz, non-involuting marginal
zone; np, neural plate; npe, neural plate edge; (p), posterior; pm, prechordal mesoderm; psms, presomitic mesoderm stripe (indicative of
somitogenesis); ppe, pre-placodal ectoderm; psm, pre-somitic mesoderm; prhe, prospective hypochord; prngb, prospective neural groove
border; (s), superficial layer; Veg, vegetal; t, trigeminal ganglion. D. Expression of Notch pathway genes during Xenopus somitogenesis.
Upper diagram: summary of the somitogenesis domains (left) and the expression of Notch pathway genes compared with RA and FGF/
Wnt opposite gradients and other relevant segmentation genes discussed in the text (right) (adapted from Sparrow, 2008, with additional
information from references listed in Table 7.12 and Kondow et al., 2007; Hitachi et al., 2008; Hitachi et al., 2009; Goda et al., 2009).
Before segmentation, Xenopus myotomal cells form a parallel array that lies perpendicular to the embryonic long axis and undergoes a
90-degree rotation associated with the appearance of the intersegmental furrow during segmentation (left). A consistent nomenclature
for somitogenesis domains and the distinct phases of cyclic gene expression in the presomitic mesoderm (PSM) was conventionally
adopted for all vertebrate species (Pourquié and Tam, 2001) (right). In the already segmented paraxial mesoderm, somites are numbered
with Roman numerals, with SI the most recently formed one. SO is the most anterior presumptive somite in the PSM, which is about to be
segmented, followed caudally by prospective somites sequentially numbered with negative Roman numerals. Borders between prospec-
tive somites (B) are numbered with negative Arabic numerals, with B0 the intersegmental fissure between SI and the PSM (Pourquié and
Tam, 2001). The PSM is divided into three regions, according to gene expression patterns. The region encompassing SO to S-II is known
as the somitomere region; S-III and S-IV make up the transition zone (TZ); caudal to the TZ is the tailbud domain (TBD), populated by
immature paraxial mesoderm cells (Moreno and Kintner, 2004; Sparrow, 2008). As the embryo elongates caudally, new paraxial cells
are produced at the caudal tip of the TBD and are displaced anteriorly (arrows), gradually occupying the TZ, then forming somitomeres
(S-1II through S0) and finally segregating as a mature somite (S1) from the anterior end of the PSM. Gene expression domains are shown
with black/gray bars. Known oscillating behavior is indicated by a circle with double arrows. When the expression of a gene was not
studied with enough detail to assign a precise location, asterisks indicate their approximate expression. See Table 7.12 for more details.
Lower diagrams: typical expression phases of the oscillatory genes dlc and hes5.6 in the Xenopus PSM.

Source: Adapted from Durston et al. (2018), Kirby et al. (2003).

FIGURE 7.2 Early expression patterns of hes4—7 and hey genes in Xenopus. References for building the expression domain diagrams
(left) are listed in Table 7.2. Quantitative expression profiles from Xenopus laevis (average TPM values from Taira and Ueno samples)
were plotted with RefSeq data extracted from (Session et al., 2016) (right column). See abbreviations in Figure 7.1 legend.
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TABLE 7.1
Main Components of the Notch Pathway in Xenopus

Components of the Notch pathway present in Xenopus tropicalis and Xenopus laevis with current nomenclature were obtained from Michiue et al.
(2017) and Xenbase (www.xenbase.org/, RRID:SCR_003280; Karimi et al., 2018). Until very recently, it was believed that only three of the four
mammalian orthologues encoding Notch receptors were present in the Xenopus genome (Michiue et al., 2017). However, a gene model for notch4
recently appeared in Xenbase. Besides, the X. laevis dll4 gene was wrongly identified as a singleton in the transcriptomic analysis of Session et al.
(2016; Michiue et al., 2017). Two rbpj isoforms were identified in X. laevis. Originally, they were termed XSu(H)I and XSu(H)2 (Wettstein et al.,
1997; Ito et al., 2007a; Ito et al., 2007b). Transcripts differ in their 5’UTRs, but their predicted protein sequences are almost identical, except for a
20 residue length difference at their N-termini (Wettstein et al., 1997; Ito et al., 2007a). With the availability of the X. laevis genome, now it is
possible to predict that both are variants from the RBPJ.S homeolog. XSu(H)2 is referred to as rbpj.S-v2 to distinguish it from the XSu(H)I variant
(referred to as rbpj.S-vI) that was studied elsewhere since Wettstein et al. (1997); it is now clear that X. laevis also has an rbpj.L homeolog
(Michiue et al., 2017). The first (S1 cleavage) of Notch occurs in the secretory pathway, where a furin-like convertase processes the Notch
full-length polypeptide. This generates the mature receptor, consisting of a NECD-NTMIC heterodimer (Notch extracellular domain-Notch
transmembrane and intracellular domain), with both polypeptides bound by non-covalent interactions. ADAMI10 is the best confirmed candidate in
cleaving the mature receptor at the S2 site in the extracellular domain, as a consequence of ligand binding (Groot and Vooijs, 2012). Other core
components of the pathway are discussed in more detail in the text.

Main Components of the Notch Pathway X. tropicalis  X. laevis Synonyms Expression (References for Figure 7.1)
(homeologs)
Notch notchl notchl.L L: LOCI108698191 (Chitnis et al., 1995; Andreazzoli et al.,
notchl.S S: notch, xotch, xnotch, 2003; Lépez et al., 2003; Yan and
notch-1, xnotchl, Moody, 2007; Miazga and McLaughlin,
g x-notch-1 2009; Castro Colabianchi et al., 2018)
‘é notch2 notch2.L ags2 (Ogino et al., 2008)
§ notch2.S
notch3 notch3.L casil, cadasil
notch3.S
notch4 notch4.L L: loc108700568
notch4.S S: loc100488695
Delta-like dill dill.L X-delta-1, deltal, delta-1, (Chitnis et al., 1995; Beck and Slack, 1998;
dill.s Xdelta-1, XDeltal, Howell et al., 2002; Lopez et al., 2005;
x-delta, Delta-1, Xdeltal — Nichane et al., 2008b; Ogino et al., 2008)
dlc dlc.L x-delta-2, delta-2, delta2, (Jen et al., 1997; Peres and Durston, 2006;
2 dlc.S X-Delta, dll3 Peres et al., 2006; Ogino et al., 2008;
i Onai et al., 2015)
= dil4 dll4.L delta 2
dll4.S
Jagged Jjagl jagl.L X-Serrate-1, serrate-1, (Kiyota et al., 2001)
jagl.S serrate, jaggedl
jag2 jag2.L
jag2.§
Furin Sfurin furin.L PACE, spcl, xfurin
(S1 cleavage, secretory pathway) furin.S
%’J ADAM-secretase adaml0 adaml0.L xadamlO0, kuz, adl0, madm,
§ (S2 cleavage) adaml0.S cd156¢, kuzbanian
§ Presenilin (the active subunit of  psenl psenl.L L: presenilin-alfa,
~ the y-secretase complex, S3 psenl.S X-PS-alpha
cleavage) psen2 psen2.L S: presenilin-beta, X-PS-beta
psen2.S
: RBPJ rbpj rhpi.L X-Su(H), XSu(H), Su(H)
'i "y rbpj.S suppressor of hairless,
E § rbpsuh, CBF 1, csl, lag-1,
g & CBF-1
= L: LOC108698058; S:

X-Su(H)1 and 2

_ Mastermind-like (MAML) maml1 mamll.L XMaml, Mastermindl,
g 5 mamll.S maml, mam-1,

g § Mastermind

E 5 maml2 mamli2.L

@ &

g s maml2.S

i

= maml3 maml3.L

maml3.S
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TABLE 7.2

Genes of the hes7-7 and hey Groups in the Xenopus tropicalis and Xenopus laevis Genomes and Their Responsiveness
to Notch Signaling

Data for building the list of genes were obtained from Watanabe et al. (2017) and Xenbase (xenbase.org, RRID:SCR_003280; Karimi et al., 2018). The
nomenclature proposed by Watanabe et al. (2017) was based on phylogenetic and syntenic analyses that revealed that the old names were misleading. The
current nomenclature in Xenbase coincides with that proposed by Watanabe et al. (2017), except for hes7.3, which is still named esr5 in Xenbase. Therefore,
this gene is referred to as hes7.3/esr5 throughout the chapter. Whenever possible, the correspondences of L and S homeologs with old synonyms were checked
according to RefSeqs and are indicated. See Table 7.3 for details of experimental evidence of Notch responsiveness. esr9b (accession no. AB211547) was
considered in Takada et al. (2005) as a possible esr9 pseudoallele and was called thereafter as esr9 for simplicity in that publication, leading to confusion with a
different gene, hes5.6.L, which was also previously called esr9. The sequence AB211547 corresponds to Xenbase:XB-GENE-6253435 or hes5.7.L. The X.
laevis gene formerly known as hes9.1.S is indeed on the L chromosome and is currently named hes5.8.L (Watanabe et al., 2017).

X. tropicalis X. laevis Synonyms Notch Responsiveness Expression (References for Figure 7.2)
hesl hesl.L hairyl, Xhairyl, hes-1 Positive (Andreazzoli et al., 2003; Vega-Lopez et al., 2015;
hesl.S L: hesl-a; S:hesl-b Hardwick and Philpott, 2019)
hes2 hes2.L Xhes2 Positive (Solter et al., 2006; Riddiford and Schlosser, 2016)
hes3 hes3.L Positive (Hong and Saint-Jeannet, 2018)
hes3.S
hes4 hes4.L Xhairy2, hairy2, H2 Positive (Turner and Weintraub, 1994; Tsuji et al., 2003; Lopez et
hes4.S L: hairy2b, Xhairy2b, hes4b, al., 2005; Murato et al., 2007; Nichane et al., 2008b;
hes4-b; S: hairy2a, XHairy2a, Nichane et al., 2008a; Murato and Hashimoto, 2009;
hes4a, hes4-a Aguirre et al., 2013; Vega-Lépez et al., 2015)
hes5.1 hes5.1.L esrl, esr-1, XESR-1 Positive (Lamar et al., 2001; Takada et al., 2005; Kuriyama
hes5.1.S L: hes5-like; S: ESRI1b et al., 2006; Blewitt, 2009; Maguire et al., 2012)
hes5.2 hes5.2.L bHLHDb3S, esr3. L: esr7, esr-7, Positive (Nieber et al., 2013; Heeg-Truesdell and LaBonne,
hes5.2.S hes5.2-a; S: ESR3/7b, hes5.2-b 2006)
hes5.3 hes5.3.L L: esr2, hes3.3 Positive (Hayata et al., 2009; Blewitt, 2009; Maguire et al., 2012)
hes5.3.S
hes5.4 hes5.4.L hes8 Positive (Riddiford and Schlosser, 2016)
hes5.4.S
hes5.5 hes5.5.L L: HES-5-like, hesIO.L; S: Positive (Gawantka et al., 1998; Miazga and McLaughlin,
hes5.5.8 esrl0.S, esr10xb, 11A10 2009; Nieber et al., 2013)
hes5.6 hes5.6.L L: hes9.1.L, esr9, 8C9; S: hes-5 Positive (Gawantka et al., 1998; Li et al., 2003; Miazga and
hes5.6.8 like McLaughlin, 2009; Riddiford and Schlosser, 2016)
hes5.7 hes5.7.L esr9, hes9.1-b. L: ESR9b, Positive (Takada et al., 2005; Taverner et al., 2005; Xenbase
hes5.7.S hes9.1.S; S: HES-5-like vX1 community submitted by Nicolas Pollet; Karimi et al.,
2018; www.xenbase.org/, RRID:SCR_003280)
hes5.8 hes5.8.L Xtr: loc100495414 Unknown (Pollet et al., 2005; Xenbase community submitted
hes5.8.S Xla: L: loc108696616; S: by Nicolas Pollet; Karimi et al., 2018; www.
loc108697696, hes5_x2 xenbase.org/, RRID:SCR_003280)
hes5.9 hes5.9.L Xtr: loc733709 Unknown (Kjolby and Harland, 2017)
hes5.9.8 Xla: L: loc108696614; S:
loc108697697, hes5_x1
hes5.10 hes5.10.L esrbe, esr-6e. L: hes3.1.L; S: Positive (Chalmers et al., 2002; Chen et al., 2005; Xenbase
hes5.10.S hes3.1.S Atypical response to community submitted by Naoto Ueno; Karimi et al.,
RBPJ 2018; www.xenbase.org/, RRID:SCR_003280)
hes6.1 hes6.1.L XHes6, Xhes-6. L: clone 29B3-2; Negative (Koyano-Nakagawa et al., 2000; Cossins et al., 2002;
hes6.1.S S: clone 10C6 Hufton et al., 2006; Murai et al., 2007; Murai et al.,
2011; Kjolby and Harland, 2017)
hes6.2 hes6.2.L Negative, Positive
hes6.2.S
hes7.1 hes7.1.L HES-related 1, XHR1 Positive (Shinga et al., 2001; Takada et al., 2005)
hes7.1.S
hes7.2 hes7.2.L esr4, ESR-4, enhancer-of-split- Positive (Gawantka et al., 1998; Taverner et al., 2005; Peres
hes7.2.S related 4, ESR 4 et al., 2006; Xenbase community submitted by
Naoto Ueno; Karimi et al., 2018; www.xenbase.
org/, RRID:SCR_003280)
hes7.3/esr5 hes7.3.L/esr5.L  L: esr5, x-esr5, Xesr5, ESR 5 Negative, Positive (Taverner et al., 2005; Blewitt, 2009; Kinoshita et al.,
hes7.3.5/esr5:S 2011; Kjolby and Harland, 2017; Janesick et al., 2017)
heyl heyl.L hrtl, XHRTI, chf2, hrt-1, hesrl, Positive (Pichon et al., 2002)
heyl.S herp2, oafl, bc8

hey2 hey2.L hesr2, gridlock Unknown
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TABLE 7.3
Experimental Evidence for the Responsiveness of hes7-7 and hey Genes to the Notch Pathway in Xenopus

No references were found for hes5.8, hes5.9, and hey2 regulation by the Notch pathway in Xenopus, and therefore they are not listed in this table. Abbreviations for Tables 7.3 to 7.12: AP, anterior-posterior; aPM,
anterior prechordal mesoderm; ANB, anterior neural border; bHLH, basic helix-loop-helix; ChIP, chromatin immunoprecipitation; CHX, cycloheximide (an inhibitor of protein synthesis); Dex, dexamethasone;
DIMZ, dorsal involuting marginal zone; dl[1STU, antimorph of dll1, lacking the intracellular domain (Chitnis et al., 1995); DML, dorsal midline; DMZ, dorsal marginal zone; DN, dominant-negative; DBM, DNA
binding mutant; DNIMZ, dorsal non-involuting marginal zone; E1A constructs, protein of interest fused to the activation domain of the human type 5 adenovirus Ela protein; EnR constructs, protein of interest fused
to the Drosophila Engrailed repressor domain; ER-constructs, hormone-inducible forms of proteins with nuclear functions under the control of the ligand-binding domain of the human estrogen receptor. These
recombinant fusion proteins translocate to the cell nucleus when estradiol (E2) is added to the culture medium at the desired NF stage; FP, floor plate (ventral midline of the neural tube); GO, gastrula organizer;
GR-constructs, hormone-inducible forms of proteins with nuclear functions under the control of the ligand-binding domain of the human glucocorticoid receptor. These recombinant fusion proteins translocate to the
cell nucleus when Dex is added to the culture medium at the desired NF stage; GR-NICD1-22: hormone-inducible form of the X. laevis Notchl1 intracellular domain (Wettstein et al., 1997); HDAC, histone
deacetylase; HUA, hydroxyurea and aphidicolin (strong inhibitors of cell proliferation); ICD, intracellular domain; IMZ, involuting marginal zone; ISH, in situ hybridization; MHB, midbrain/hindbrain boundary;
MO, antisense morpholino oligonucleotide; NB, neural border; NCCs, neural crest cells; NF, Nieuwkoop and Faber stage of development in Xenopus; NICD, Notch intracellular domain (NICD constructs are
constitutively active); NIMZ, non-involuting marginal zone; notchl-AE, notchl construct without most of the extracellular domain, constitutively active; pH3, phosphorylated form of histone H3 (marker of cell
proliferation); PN, primary neurogenesis; PPE, pre-placodal ectoderm; pPM, posterior prechordal mesoderm; PSM, presomitic mesoderm; RA, retinoic acid; RAR, retinoic acid receptor; RBPJ, recombination signal
binding protein for immunoglobulin kappa J region, transcription factor that mediates canonical Notch signaling; RBPJ-Ank: constitutively active form of the transcription factor RBPJ, consisting of the X. laevis
Notchl ankyrin repeats fused to the C-terminus of X. laevis RBPJ (Wettstein et al., 1997); RBPJDBM, DNA binding mutant form of X. laevis RBPJ that binds to NICD but lacks the ability to bind target sites in the
DNA and acts as a dominant-negative protein by forming non-functional complexes (Wettstein et al., 1997); sq, semiquantitative; TBD, tailbud region of the presomitic mesoderm; TF, transcription factor; TZ,
transition zone of the presomitic mesoderm; VMZ, ventral marginal zone; A, deletion; Tup-regulation, expansion, or increase; |down-regulation, reduction, or decrease.

g Regulated by Regulation/Details Gain-of-Function Loss-of-Function
o (Dominant-Negative/Antagonist/Morpholino)
dill/ Positive in pronephros and neural plate. GR-RBPJ-Ank, Dex NF18: Thesl in pronephros (Taclman RBPJDBM | hesl in pronephros (Taelman et al., 2006).
E notch/ et al., 2006). dllISTU [hesl in neural plate domains (Yan
= RBPJ GR-RBPJ-Ank, Dex unstated stage: Thes! neural plate et al., 2009; Vega-Lépez et al., 2015).
domains (Vega-Lopez et al., 2015).
% notchl/ Positive in NB. NICD1 or RBPJ-Ank: ectopic hes2 restricted to the lateral
= RBPJ border of the neural plate (Solter et al., 2006).
"3) notchl Positive. NICDI1: Thes3 (NF18, microarray) (Vasiliu et al.,
= 2015).
dill/ Positive in NB/NCC. NICD1: 1NB hes4 domain (gastrulation, ISH) (Lépez GR-RBPJDBM (Dex NF12): | hes4 NCC domain at neural
notchl/ et al., 2005). fold stage (Glavic et al., 2004).
RBPJ GR-RBPJ-Ank or GR-NICD1-22: dilISTU: |hes4 in NCC (neural plate stage) (Vega-Lopez
Dex, unstated stage: etal., 2015).
- 1 NCC hes4 domain (neural plate stage) (Vega-Lopez
§ etal., 2015).
Dex NF12:
1 NCC hes4 domain (neural fold stage) (Glavic
et al., 2004).
notch/ No regulation in NCC. GR-RBPJ-Ank (Dex NF11): did not affect the NCC hes4 GR-RBPJDBM (Dex NF11): did not affect the NCC hes4
RBPJ domain at neural plate stage (Nichane et al., 2008a). domain at neural plate stage (Nichane et al., 2008a).

(Continued)
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TABLE 7.3

(Continued)

Experimental Evidence for the Responsiveness of hes7-7 and hey Genes to the Notch Pathway in Xenopus

Gene

Regulated by

Regulation/Details

Gain-of-Function Loss-of-Function
(Dominant-Negative/Antagonist/Morpholino)

dlc-tr or RBPJDBM: suppressed the segmental hes4

dlc/notch/ Positive in somitogenesis.

RBPJ dlc and hes4: complementary expression patterns in prepattern in somitomeres (Jen et al., 1997).
somitomeres, consistent with an inductive role of dic on dic MO: | hes4 (ISH, tailbud stage) (Peres et al., 2006).
hes4 through Notch activation in neighboring cells (Jen
et al., 1997).

notch/ Positive.

RBPJ A paired RBPJ motif in the proximal promoter and a

hes4 3’UTR minimal 25 bp sequence in the 3’UTR, are necessary for
hes4 expression in neural tissue, pronephros, and
anterior PSM, but are insufficient for hes4 expression in
the FP.

3UTR confers global instability to hes4 mRNA, except in
the anterior PSM. In vivo gene reporter, tailbud stage
(Davis et al., 2001).
Notchl is associated with the RBPJ site of the hes4
genomic loci (ChIP assay, NF25) (Sakano et al., 2010).
dili/ Positive in DML precursors during gastrulation. NICDI: thes4+ population of FP precursors in the GO and hes4 RBPJDBM: | hes4+ population of FP precursors in the GO
notchl/ FP domain in neurulae (L6pez et al., 2005). and hes4 FP in neurulae (L6pez et al., 2005).
RBPJ dIl] overexpression: Thes4+ population of FP precursors in
the GO (Lopez et al., 2005).
dill/ Positive in ectoderm. NICD1: Thes4 in animal caps (RT-PCR, NF20) and dIlISTU: prevented the induction of hes4 by neurog2 in
notchl cell-autonomously in ectoderm (ISH, NF20) (Cui, animal caps (RT-PCR, NF20) (Cui, 2005).
2005).
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dil/ Positive. NICDI: Thes5.1 in animal caps (NF10.5, sqRT-PCR) RBPJDBM: suppressed NICDI’s ability to induce hes5.1 in
notchl/ An HDAC inhibitor enhanced hes5.1 response to induction  (Kinoshita et al., 2011) and whole embryos (NF18, 28, naive animal caps (neurula stage) (Lahaye et al., 2002;
RBPJ/ by dll! in neuralized animal caps, supporting the microarray) (Vasiliu et al., 2015). (RT-qPCR, sometime  Pichon et al., 2002) and dI1’s or neurog2’s ability to
mamll hypothesis that activation by DI11/Notch disrupts the between NF9.5-10) (Mir et al., 2008). Induced ectopic induce hes5.1 in neuralized animal caps (Wettstein et al.,
formation of the repressor complex containing RBPJ hes5.1 in neural and non-neural ectoderm (neural plate 1997; Lamar et al., 2001). hes5.1 was downregulated in
and HDAC-1 that maintains Notch-target genes stage) (Deblandre et al., 1999). embryos derived from RBPJDBM-injected oocytes
repressed in the absence of Notch signaling (Kao et al., dIl1 overexpression, RBPJ-Ank or NICD1 but not RBPJ: (RT-gPCR, sometime between NF9.5-10) (Mir et al.,
1998). Thes5.1 in neuralized or naive animal caps (neurula 2008).
Paired RBPJ binding site proximal to the TATA box, stage) (Wettstein et al., 1997; Lamar et al., 2001; LahayeRBPJ.S v2DBM: | hes5.1 in naive animal caps (RT-sqPCR)
necessary but not sufficient for neural expression in vivo et al., 2002; Pichon et al., 2002). The RAM23 domain (Ito et al., 2007b).
(Lamar and Kintner, 2005). and ankyrin repeats (Ank) of NICD1 were essential for DN-mamll: |hes5.1 in domains of PN (Katada and
this induction, with some contribution of sequences Kinoshita, 2003).
~ downstream of the Ank repeats (Wettstein et al., 1997).
2 hGR-NICD1(22) or GR-RBPJ-Ank (Dex 1 hr.) +/- CHX:
= Thes5.1 in neuralized animal caps (Wettstein et al.,
1997).
hGR-NICD1(22) or hGR-RBPJ-Ank, Dex 30 min: Thes5.1
in neuralized animal caps (Lahaye et al., 2002).
hGR-RBPJ-Ank, Dex 1 hr +/— CHX: Thes5.1 in naive
animal caps (Lahaye et al., 2002).
RBPJ.S v2-Ank 1 hes5.1 in naive animal caps (RT-sqPCR)
(Ito et al., 2007b).
RBPJ overexpression: inhibited hes5.1 induction by dIl] in
neuralized animal caps (similar to RBPJDBM)
(Wettstein et al., 1997).
Jjagl Positive during PN. Jjagl overexpression but not jag/ICD: 1 hes5.1 in
neuralized animal caps (Kiyota and Kinoshita, 2004).
notchl/ Positive in the ectoderm/neuroectoderm. NICD]1: induced ectopic hes5.2 in neural and non-neural
::, RBPJ Paired RBPJ binding site proximal to the TATA box ectoderm (Deblandre et al., 1999): Thes5.2 in neuralized
§ (Lamar and Kintner, 2005). animal caps (NF14-15) (Solter et al., 2006) and whole
embryos (NF18, NF28, microarray) (Vasiliu et al.,
2015).
'u’:. notchl Positive. NICDI1: Thes5.3 (NF18, NF28, microarray) (Vasiliu et al.,
§ 2015).
notchl/ Positive in placodes. NICD1: Thes5.4 in placodes and adjacent non-neural RBPJDBM: |hes5.4 in neural plate and placodes (ISH,
E RBPJ ectoderm, even in the absence of function of the PPE neural plate stage) (Riddiford and Schlosser, 2017).
§ genes six//eyal (ISH, neural plate stage) (Riddiford and

Schlosser, 2017).

(Continued)
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TABLE 7.3 (Continued) &
Experimental Evidence for the Responsiveness of hes7-7 and hey Genes to the Notch Pathway in Xenopus
§ Regulated by Regulation/Details Gain-of-Function Loss-of-Function
o (Dominant-Negative/Antagonist/Morpholino)
notchl Positive. NICDI1: Thes5.5 (NF18, 28; microarray) (Vasiliu et al.,
2015).
RBPJ Positive in the nervous system.
:3 A paired RBPJ binding site proximal to the TATA box is
2 necessary but not sufficient for neural expression in vivo
(Lamar and Kintner, 2005).
notchl/ Positive in the IMZ. GR-RBPJ-VP16 or GR-NICD1 (Dex NF10): 1IMZ hes5.5 GR-RBPJ-EnR (Dex NF10): |IMZ hes5.5 domain
RBPJ domain (gastrula, ISH) (Miazga and McLaughlin, 2009). (gastrula, ISH) (Miazga and McLaughlin, 2009).
notchl Positive. NICDI1: thes5.6 (NF18, 28; microarray) (Vasiliu et al., 2015).
ﬁ notchl/ Positive during gastrulation/IMZ. GR-RBPJ-VP16 or GR-NICD1 (Dex NF10): 1IMZ hes5.6 GR-RBPJ-EnR (Dex NF10): |IMZ hes5.6 domain
§ RBPJ domain (gastrula, ISH) (Miazga and McLaughlin, 2009). (gastrula, ISH) (Miazga and McLaughlin, 2009).
NICDI: thes5.6 (mid-gastrula, RT-qPCR, NF11) (Castro notchl MO: |hes5.6; rescued by NICD1 (RT-qPCR, NF11)
Colabianchi et al., 2018). (Castro Colabianchi et al., 2018)
E notchl Positive. NICDI1: Thes5.7 (NF28, microarray) (Vasiliu et al.,
s 2015).
> notchl/ Positive in the non-neural ectoderm. NICD1: Thes5.10 throughout the non-neural ectoderm RBPJDBM: Thes5.10 in the inner cells of isolated
':Q; atypical response (NF14) (Deblandre et al., 1999); thes5.10 (NF18, NF28, ectoderm (NF11, RNAse protection) (Deblandre et al.,
= to RBPJ. microarray) (Vasiliu et al., 2015). 1999).
notchl/ Negative in the neural plate. NICDI: |hes6.1 (a positive regulator of neurogenesis) in RBPJDBM: thes6.1+ cell population in the neural plate
; RBPJ the neural plate and did not appear to affect expression [data not shown in (Koyano-Nakagawa et al., 2000)].
§ in PSM at neurula stage (Koyano-Nakagawa et al.,
2000), although some expansion in the PSM staining in
Figure 3A of this work is noticed.
X notchl Negative regulation in MHB establishment (non-canonical NICDI: |hes7.1 at the MHB (NF13) (Takada et al., 2005). RBPJDBM: did not affect hes7.1 expression at the MHB
§ pathway?). (Takada et al., 2005).
notchl Positive. NICDI1: Thes7.1 (NF28, microarray) (Vasiliu et al., 2015).
dlc/ Positive in somitogenesis. dlc overexpression or RBPJ-Ank: expanded hes7.2 into the RBPJDBM: | hes7.2 in the somitomeric, TZ, and TBD
notch/ gaps of the somitomeric region (ISH late neurula/early regions (ISH late neurula/early tailbud) (Jen et al., 1999;
K!_ RBPJ tailbud) (Jen et al., 1999). Peres et al., 2006).
§ dlc overexpression or NICD1: loss of the stripped hes7.2  dlc MO: | hes7.2 (ISH, neurula) (Peres et al., 2006).
pattern in the somitomeric region (ISH, neurula) (Peres
et al., 2006).
notchl Positive. NICDI1: Thes7.2 (NF28, microarray) (Vasiliu et al., 2015).
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dlc/ Positive in somitogenesis. dlc overexpression or RBPJ-Ank: expanded hes7.3/esr5 ~ RBPJDBM: |hes7.3/esr5 in the somitomeric region and
notch/ expression into the gaps of the somitomeric region (ISH  the TZ but not in the TBD (ISH late neurula/early
RBPJ late neurula/early tailbud) (Jen et al., 1999). tailbud) (Jen et al., 1999).
" notchl Positive. NICD1: Thes7.3/esr5 (NF28, microarray analysis) (Vasiliu
g etal., 2015).
:3 notchl/ Negative during mesoderm induction. NICD]1: unable to induce hes7.3/esr5 in naive animal caps. hes5.1 AWRPW: Thes7.3/esr5 in animal caps
§ hes5.1 NICDI or hes5.1: inhibited the induction of hes7.3/esr5 by mesodermalized by nodal2 (NF10.5, sqRT-PCR)
the mesodermal inducer nodal2 in animal caps (NF10.5, (Kinoshita et al., 2011).
sqRT-PCR).
hes5.1 overexpression: |hes7.3/esr5 in the IMZ (NF10.5,
ISH) (Kinoshita et al., 2011).
notchl/ Positive. RBPJ-Ank or NICDI: ectopic heyl in whole embryos and RBPJDBM: |[NICD!’s ability to induce ectopic hey! in whole
RBPJ ectodermal explants (neurula) (Pichon et al., 2002). embryos and ectodermal explants (Pichon et al., 2002).
notchl/ Positive (head, somites, pronephros). GR-NICDI or GR-RBPJ-VP16, Dex NF11-13 or
E, RBPJ NF15-19, ISH NF24-30: GR-RBPJDBM, Dex NF11-13 or NF15-19
= Theyl in all domains, except in the pronephros with the
early Dex treatment (| hey/) (Rones et al., 2002). ISH NF24-30: |heyl (Rones et al., 2002).
notchl Positive. NICD1: Theyl (NF18, NF28, microarray analysis) (Vasiliu
etal., 2015).

sisouagoAiquig Ajreg ur Suijeudis yojoN

L8



88

TABLE 7.4

Cross-Regulation between hes and hey Genes in Xenopus
See abbreviations in Table 7.3 legend.

% Regulated by Regulation/Details Gain-of-function Loss-of-function
o (Dominant-negative/Antagonist/Morpholino)
hes4 Negative in ectoderm hes4 overexpression: |hesl in whole embryos and hes4-AWRPW-Gal4: thesl in animal caps
(Koyano-Nakagawa et al., 2000). animal caps (neural plate stage). Effect in animal (Koyano-Nakagawa et al., 2000)
caps reversed by co-injection of hes6./ mRNA
(Koyano-Nakagawa et al., 2000).
hes6.1 Inhibits hes! post-transcriptionally and induces it indirectly hes6.1 overexpression: Thesl in animal caps and whole  hes6. IDBM: Thesl in whole embryos (neural plate
- (Koyano-Nakagawa et al., 2000). Hes6.1 protein binds Hes1 embryos (neural plate stage). Inhibited hes4’s ability stage) like hes6.1 overexpression. Therefore,
§ in vitro and in embryos, antagonizing Hes1 ability to to repress hesl in animal caps. The induction of hes! hes6.1 does not need to bind DNA to induce hes].
suppress PN in a TLE/Groucho-independent way is explained by the blockade of the hesi/hes4 (Koyano-Nakagawa et al., 2000).
(Koyano-Nakagawa auto-regulatory negative feedback loop (Koyano-
et al., 2000; Murai et al., 2011). Nakagawa et al., 2000).
heyl Hey1 and Hes| heterodimerize in embryos, enhancing the
binding of Hey1 to a class B E-box oligonucleotide
(Taelman et al., 2004).
hes5.1 Positive in ectoderm hes5.1 overexpression: Thes4 in animal caps (unknown
stage, RT-PCR) (Cui, 2005)
hes6.1 Inhibits hes4 post-transcriptionally and induces it hes6.1 overexpression: Thes4 in whole embryos (neural  hes6.IDBM: Thes4 in whole embryos (neural plate
% indirectly (Koyano-Nakagawa plate stage). The induction of hes4 is explained by stage) like hes6.1 overexpression. Therefore,
= et al., 2000). Hes6.1 binds Hes4 in vitro and in embryos, the blockade of the hesl/hes4 auto-regulatory hes6.1 does not need to bind DNA to induce
antagonizing its ability to repress hes/ in a TLE/ negative feedback loop (Koyano-Nakagawa et al., hes4. (Koyano-Nakagawa et al., 2000).
Groucho-independent way (Koyano-Nakagawa et al., 2000).
2000).
hes4 Negative in the ectoderm, ventral mesoderm, and anterior ~ hes4 overexpression: blocked hes5. 1 induction by hes4-AWRPW: Thes5.1 in animal caps and VMZ
neural plate. neurog2 in animal caps and by NICDI in VMZ explants; rescued the repression of hes5.1 by hes4
explants (NF unknown, RT-PCR); | anterior neural in VMZ explants (NF unknown, RT-PCR); weakly
hes5. 1 expression (ISH, neurula) (Cui, 2005). Thes5.1 anterior neural domain (ISH, neurula)
~ (Cui, 2005).
% hes6.1 Positive during PN. hes6.1 overexpression: Thes5.1 PN domains [data not
= shown in (Koyano-Nakagawa
et al., 2000)].
hes7.1 Represses hes5.1 (probably directly) during the hes7.1 overexpression: |hes5.1 (neural plate stage)

establishment of the presumptive MHB.

(Takada et al., 2005).

GR-hes7.1-VP16 (Dex NF10.5-11) +/- CHX:
thes5.1 domains at neural plate stage (Takada et
al., 2005).
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hes7.1 MO: filled the MHB gap with hes5.1
expression (PN medial stripes) and anteriorly
expanded the hes5.1 PN intermediate stripes
(Takada et al., 2005).

hes7.3/esr5 Negative during mesoderm induction. hes7.3/esr5-AWRPW: thes5.1 in animal caps
mesodermalized by nodal2 (NF10.5, sqRT-PCR)
and in the MZ (NF10.5, ISH) (Kinoshita et al.,
2011).
hes6.1 Positive during PN. hes6.1 overexpression: hes5.2 PN domains [data not shown
N in (Koyano-Nakagawa et al., 2000)].
I% hes7.1 Represses hes5.2 (probably directly) during the hes7.1 overexpression: |hes5.2 (neural plate stage) GR-hes7.1-VP16 (Dex NF10.5-11) +/— CHX:
= establishment of the presumptive MHB. (Takada et al., 2005). Thes5.2 domains at neural plate stage (Takda et
al., 2005).
E hes5.4 Auto-repression hes5.4 MO: ectopic hes5.4 in the neural plate
2 (Riddiford and Schlosser, 2017).
hes7.1 Represses hes5.7 (probably directly) during the hes7.1 overexpression: |hes5.7 (neural plate stage) GR-hes7.1-VP16 (Dex NF10.5-11) +/- CHX:
establishment of the presumptive MHB. (Takada et al., 2005). Thes5.7 domains at neural plate stage (Takada et
[N al., 2005).
I% hes7.1 MO: filled the MHB gap with hes5.7
= expression (medial stripes of PN) and anteriorly
expanded the hes5.7 PN intermediate stripes
(Takada et al., 2005).
hes5.1 Negative during MHB specification hes5.1 overexpression: |hes7.1 (MHB, ISH at neural
~ plate stage (Takada et al., 2005)
% hes7.1 Auto-repression (probably direct) during the establishment GR-hes7.1-VP16 (Dex NF10.5-11) +/- CHX:
= of the presumptive MHB. Thes7.1 domains at neural plate stage (Takada et
al., 2005).
‘:. hes7.3/esr5 Negative in somitogenesis. hes7.3/esr5 overexpression: |hes7.2 in the PSM (Jenet  hes7.3/esr5-AWRPW: derepressed hes7.2 in the TZ
_§ Negative feedback loop of Notch pathway al., 1999) in the PSM (Jen et al., 1999).
notchl/ Negative during mesoderm induction NICDI: unable to induce hes7.3/esr5 in naive animal hes5.1-AWRPW: Thes7.3/esr5 (animal caps
hes5.1 caps. mesodermalized by nodal2, NF10.5, sqRT-PCR)
0 NICDI1 or hes5.1 overexpression: |hes7.3/esr5 induced (Kinoshita et al., 2011).
§; by the mesodermal inducer nodal2 (animal caps,
% NF10.5, sqRT-PCR).
<=

hes5.1 overexpression: |hes7.3/esr5 in the IMZ
(NF10.5, ISH)
(Kinoshita et al., 2011).
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7.3.1.  ESTABLISHING THE DORSAL-VENTRAL AXIS

The polarity of the initial dorsal-ventral (DV) axis is con-
trolled by two antagonistic centers: the ventral center (VC)
secretes morphogens (BMP4, Wnt8a) that induce ventral-
posterior fates, and the dorsal center (DC) secretes antag-
onists and expresses repressors of ventral morphogens,
protecting the dorsal region from being ventralized and pos-
teriorized thus promoting dorsal-anterior fates. These cen-
ters have been characterized in amphibians (De Robertis,
2009) and fish (Thisse and Thisse, 2015). The DC is evi-
dent at the blastula stage and consists of: (1) the Nieuwkoop
center (NC) in vegetal cells and (2) the Blastula Chordin-
and Noggin-expressing (BCNE) center in marginal zone
and animal cells. The BCNE gives rise to most of the brain
and the organizer and secretes the neural inducers Noggin,
Chordin, and Nodal3, which trigger brain induction shortly
after mid-blastula transition (Wessely et al., 2001; Kuroda
et al., 2004).

While the molecular establishment of the DC has been
well documented (see Chapters 4 and 6), the early events
leading to the establishment of the VC were largely unknown;
our work found that Notchl is involved (Acosta et al., 2011;
Castro Colabianchi et al., 2018). The first clue was that
NICDI1 down-regulated chordin and nodal3 in the BCNE.
Strikingly, RBPJDBM did not affect their early expres-
sion, but notchl knock-down in ventral cells expanded their
domains. This indicated thata ventral notchl activity restricts
the BCNE to the dorsal side through an RBPJ-independent
pathway (Acosta et al., 2011). Indeed, NICD1 destabilized a
B-Catenin mutant lacking the GSK3 phosphorylation sites,
whereas notchl knock-down increased its levels and ven-
trally expanded the domain in which B-Catenin was nuclear
in the blastula, indicating that maternal notchl contributes
to confining nuclear B-Catenin to the dorsal side. Moreover,
when analyzed at tailbud or tadpole stages, NICDI mRNA
injection resulted in a ventralized phenotype, whereas
notchl knock-down, but not RBPJDBM, favored dorsal-
anterior development. Notably, NICDI blocked secondary
axis induction by ventral injection of ctnnbl (B-catenin)
mRNA, indicating that Notchl has ventralizing properties
because it interferes with the f-Catenin dorsalizing activity
(Acosta et al., 2011).

Although our functional experiments revealed a ventral,
non-canonical notchl activity, it was not clear if this were
due to an asymmetric notchl mRNA distribution or regula-
tion of Notchl activity. We found that both notch/ mRNA
and protein are enriched in the ventral region of Xenopus
embryos from fertilization to mid-blastula, with an oppo-
site distribution of nuclear B-Catenin (Castro Colabianchi et
al., 2018), consistent with the proposed role for Notchl in
destabilizing B-Catenin. This ventral enrichment of notchl
mRNA and protein is the earliest localized sign of ventral
development described so far in vertebrates, preceding the
ventral localization of wnt8a, bmp4, and ventx mRNAs
and dorsal localization of nuclear B-Catenin. Importantly,
we noticed nuclear Notchl in ventral cells during cleavage

Xenopus

and mid-blastula stages, suggesting that besides the non-
canonical role in destabilizing B-Catenin, Notchl could be
poised to trigger transcriptional activity. Through a gene
reporter assay, we found that RBPJ-dependent transcrip-
tional activity was higher on the ventral side at the onset of
gastrulation. Functional experiments involving NICDI, full-
length notchl, RBPJDBM, and notchl knock-down showed
that notchl is necessary for the proper expression of VC
genes such as wnt8a, ventx, and bmp4. Canonical, RBPJ-
dependent Notchl activities are mainly involved in control-
ling their expression, but non-canonical Notchl activities
might also contribute indirectly through B-Catenin destabi-
lization and the known complex crosstalk between the DC
and the VC (Castro Colabianchi et al., 2018). Interestingly,
animal-dorsal expression of foxil, which is necessary for
ectoderm development, is independent of Wnt/B-Catenin
signaling and is restricted to the dorsal region through a
Notch1/RBPJ-dependent mechanism (Mir et al., 2008).
Overall, this work supports the hypothesis that asymmetric
Notchl activity, including both canonical and non-canonical
components, is involved in dorsal-ventral axis formation.
We proposed that Notchl participates in forming the
initial DV axis via a dual, ventralizing role (Figure 7.3A):
(1) promoting the VC mainly through the canonical Notch/
RBPJ pathway and (2) restricting the DC by destabilizing
maternal f-Catenin independent of its phosphorylation by
GSK3 and RBPJ. Through this non-canonical pathway,
Notchl ensures the elimination of B-Catenin from the ven-
tral side that escapes from the GSK3-dependent degrada-
tion route. By inhibiting the early Wnt/B-Catenin pathway,
Notchl contributes to preventing hyperdorsalization and
controls brain size by restricting the BCNE (Acosta et al.,
2011; Castro Colabianchi et al., 2018). Interestingly, in mam-
malian embryonic stem cells, membrane-bound Notchl
associates with hypophosphorylated -Catenin, decreasing
its levels through the endocytic/lysosomal degradation path-
way (Kwon et al., 2011). This finding reinforces the conclu-
sions of our work, the first to study this non-canonical Notch
pathway in embryonic axis formation in vertebrates.

7.3.2. GErM LAYER FORMATION

In invertebrates, Notch signaling is a key pathway for the
induction of the germ layers, whereas in vertebrates, germ
layer induction and specification are controlled by several
TFs and signaling pathways (Favarolo and Lépez, 2018).
In Xenopus, the presumptive array of germ layers can be
roughly predicted along the animal-vegetal axis of the egg
(Figure 7.3B). At cleavage stages, the animal cells approxi-
mate the ectoderm, the vegetal cells approximate the endo-
derm, and the intervening equator or marginal zone (MZ)
mostly contributes to the mesoderm (Dale and Slack, 1987;
Moody, 1987a; Moody, 1987b). Thus, the MZ, which is com-
posed of an involuting (IMZ) and a non-involuting (NIMZ)
region (Keller and Danilchik, 1988), constitutes a transition
area between germ layers whose limits need to be defined
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during gastrulation (Figure 7.3B—D). Individual MZ cells of
the early gastrula simultaneously express markers of two or
three germ layers, and segregation is gradually refined as

cells progressively and asynchronously commit to one germ
layer (Wardle and Smith, 2004).

7.3.2.1.

In Xenopus, the boundaries between germ layers are refined
by Notch signaling. In early gastrulae, notchl is expressed
in both the IMZ and NIMZ (Lépez et al., 2003; Miazga
and McLaughlin, 2009), whereas dlll and dlc are only in
the IMZ. The dic domain forms a complete ring (Peres et
al., 2006), whereas the d/// domain has a gap in the orga-
nizer region (Lépez et al., 2005); subsequently, dic also
shows this gap (Peres et al., 2006). dl/] is expressed in
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the pre-involuted IMZ but does not persist after involu-
tion (Wittenberger et al., 1999) (Lépez et al., 2005) (Figure
7.1C) (Table 7.5). rbpj.S-v2 transcripts are abundant just
before gastrulation (Wettstein et al., 1997; Ito et al., 2007b),
and its protein seems to regulate Notch function because it
is required for hes5.1 expression (Table 7.4) and is essen-
tial for gastrulation movements and mesoderm specifica-
tion (Table 7.5) (Ito et al., 2007a). However, lineage tracing
showed that perturbed Notch signaling did not transform
one germ layer completely into another; only cells near the
presumptive boundaries are competent to respond to Notch
signaling (Contakos et al., 2005; Revinski et al., 2010).
Therefore, the Notch pathway is not essential for the for-
mation of germ layers in Xenopus but rather refines their
segregation (Revinski et al., 2010).

FIGURE 7.3 Notch plays early roles during patterning of the initial DV axis and during gastrulation in the germ layer and DML segregation.
(A) Maternal notrchl mRNA and Notchl protein are enriched in the ventral region, exerting a ventralizing role by: (1) promoting ventral
center development, mainly through the canonical Notch/RBPJ pathway and (2) preventing dorsal center development in the ventral side
through a non-canonical pathway, independently of RBPJ, by destabilizing maternal fCatenin protein that escapes GSK3B-dependent phos-
phorylation (PBcatenin) (modified from (Castro Colabianchi et al., 2018). (B—D) During gastrulation, Notchl is required for the segregation
of germ layers throughout the marginal zone (MZ), including dorsal midline (DML) components (adapted from (Favarolo and Lépez, 2018)
and aPM, pPM, and notochord arrangement in the DML based on (Yamaguti et al., 2005). (B) Diagram of a gastrulating embryo in dorsal
view, showing the arrangement of presumptive germ layers (color-coded) along the An-Veg axis, the transition zone between them (marginal
zone, MZ) (magnified in C), and the dorsal MZ containing the gastrula Organizer (GO) at the center, populated by the DML precursors
(color-coded), magnified in D. IMZ, involuting marginal zone; NIMZ, non-involuting marginal zone; DIMZ, dorsal involuting marginal
zone; DNIMZ, dorsal non-involuting marginal zone. (C) DII1 from the IMZ activates the Notchl pathway on the neighboring NIMZ cells,
favoring neuroectoderm at the expense of mesodermal fates (a: type A decision), thus refining the limit of involution. In the IMZ, Notchl
promotes endomesoderm segregation, favoring endodermal at the expense of mesodermal fates (b, type B decision); the involved ligand is
unknown. Inhibited markers and germ layers are crossed out. (D) In the DIMZ, DIl1 expressed in isolated cells activates Notchl/hes4 in
their neighbors, first favoring aPM at the expense of pPM and then favoring floor plate (FP) fates at the expense of the notochord, stopping
involution. D11 from MZ cells flanking the DMZ activates Notchl signaling, promoting hypochordal fate at the expense of the notochord.
Because of its expression pattern, hey! is a good candidate for intervening in this choice.



TABLE 7.5

Core Components of the Notch Pathway in the Development of Germ Layers and the Dorsal Midline in Xenopus
See abbreviations in Table 7.3 legend.

g Expression Gain-of-Function Loss-of-Function
O Role/Details (Dominant-Negative/Morpholino)
notchl is expressed in the IMZ and NIMZ during Germ layers: Germ layers:
gastrulation (Lépez et al., 2003; Miazga and notchlAE +/— HUA at gastrula stage, analysis at tailbud stage: GR-RBPJDBM, Dex NF 10 or 12, analysis at late neurula/
McLaughlin, 2009). tepidermal, neural, and muscle tissues (Coffman et al., 1993). tailbud stages: reduced endodermal, expanded mesodermal
notchlIAE (animal caps): Tectodermal response to neural induction; derivatives (Contakos
Germ layers: prolonged ectodermal competence for mesodermal induction et al., 2005).
Balanced Notchl signaling is required for delimiting the beyond the onset of gastrulation (Coffman et al., 1993). GR-RBPJDBM, Dex NF14, analysis at late neurula/tailbud
three germ layers and normal morphogenetic Mouse NICDI, analysis at tailbud stage: | myosin (muscle stages: expanded endodermal, reduced mesodermal
movements during gastrulation. Cell-fate choice upon differentiation marker) (Kopan et al., 1994). derivatives (Contakos et al., 2005).
activation of Notch signaling does not depend on GR-NICD1, Dex NF2, but not Dex NF12: Tneural plate (sox2; late notchl MO (dorsal injections), analysis at gastrula stage:
proliferation during gastrulation. neurula, NF18/19) and muscle tissues (12/101 marker; tailbud, delayed blastopore formation and closure, expanded the
NE25) (Glavic et al., 2004). mesoderm (tbxt), animally shifted the neural-ectoderm
DML: GR-NICDI or GR-RBPJ-VP16, Dex NF10 or 12, analysis at late (sox2), reduced the supra-blastoporal endoderm (sox/7)
Among the DML precursors, notchl favors FP and neurula/tailbud stages: fendodermal |mesodermal derivatives (Revinski et al., 2010).
hypochord development at the expense of the notochord. (Contakos et al., 2005).
GR-RBPJ-VP16, Dex NF14, analysis at late neurula/tailbud DML:
stages: |endodermal Tmesodermal derivatives (Contakos et al.,  notchl MO: expanded the notochord (chrd+ cells, neurula
2005). stage) (Lopez et al., 2003).
- NICD1, analysis at gastrula stages:
§ DMZ-directed injection: delayed blastopore formation and
2 closure; |mesoderm (tbxt), Tneural ectoderm (sox2) Tsupra-

blastoporal endoderm (sox17).

Dorsal/animal-directed injection: thxt domain expanded but more
diffuse, probably due to ectopic prolonged competence for
mesodermal induction in the ectoderm (Revinski et al., 2010).

DML:

notchlAE +/- HUA at gastrula stage: |notochord (tailbud stage)
(Coffman et al., 1993).

NICDI:

Analysis at gastrula stage: | GO mesoderm (chrd), Tpresumptive
FP (hes4) (Lopez et al., 2003), (Lépez et al., 2005).

Analysis at neurula stage: |notochord (chrd, tbxt), 1FP (shh,
foxa4) (Lopez et al., 2003).

Analysis at tadpole stages: Thypochord (vegf,sponl, NF25,38)
(Peyrot et al., 2011).

GR-NICD1/time-controlled experiments with Dex: higher
susceptibility to TFP and |notochord in the first than in the
second half of gastrulation (Lépez et al., 2003)

6
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DML:

DAPT (Y-secretase inhibitor): delayed the convergent-

§ ‘Y-secretase is necessary to keep the morphogenetic extension movements typical of the notochordal cells
= movements at a normal pace during gastrulation. during gastrulation (Revinski
et al., 2010).
Both RBPJ.S variants (see Table 7.1) are expressed Germ layers: Germ layers:
ubiquitously from the unfertilized egg to the tailbud GR-RBPJ-VPI6, analysis at late neurula and tailbud stages: GR-RBPJDBM, analysis at late neurula and tailbud stages:
stage, but RBPJ.S-v2 transcripts are more abundant Dex NF10 or 12: tmarkers of endodermal-derived cell types, Dex NF10 or 12: |markers of endodermal-derived cell types,
before gastrulation (Wettstein et al., 1997) (Ito et al., |markers of mesodermal-derived cell types (paraxial, tmarkers of mesodermal-derived cell types (paraxial,
2007b). intermediate, and cardiac mesoderm). intermediate, and cardiac mesoderm).
Dex NF14: |markers of endodermal-derived cell types, slightly ~ Dex NF14: tmarkers of endodermal-derived cell types,
Germ layers: Tmarkers of intermediate mesoderm-derived cell types. Imarkers of intermediate mesoderm-derived cell types.
RBPJ-dependent signaling favors the development of Cardiac mesoderm unaffected (Contakos et al., 2005). Cardiac mesoderm unaffected (Contakos et al., 2005)
endoderm-derived cell types and disfavors the GR-RBPJ-VPI6 (Dex NF10) +/- GR-RBPJDBM (Dex NF10), ISH analysis at NF11-11.5:
development of mesoderm-derived cell types during ER-RBPJDBM (E2 at NF10, 14, 15, 16); ISH of the cardiac field precocious induction of heart field markers (nkx2—5,
gastrulation but plays the opposite role since the neural marker nkx2.5 at tailbud stage: the loss of nkx2.5 induced by gata4, tbx5) (Miazga and McLaughlin, 2009).
plate stage. activating Notch/RBPJ signaling at the onset of gastrulation RBPJDBM, analysis at gastrula stage: mild expansion of tbxt
A critical time window that comprises gastrulation and was rescued by blocking Notch/RBPJ during gastrulation. (pan-mesodermal) and myf5 (presumptive paraxial
ends at the onset of neurulation was described in This rescuing ability was gradually lost after the onset of mesoderm) domains, variable | and animal shift of sox2,
particular for cardiac mesoderm specification, which is neurulation (Miazga and McLaughlin, 2009). variable results of sox/7 expression (endoderm) (Revinski
E disfavored by Notch/RBPJ signaling during this period. = GR-RBPJ-VP16 (Dex NF10): |gata4 (mid-gastrula) (Miazga et al., 2010).
§ and McLaughlin, 2009). RBPJDBM, analysis at neural plate stage: mild tendency to

Tparaxial mesoderm markers myf5 and myoD and |neural
marker sox2 (Revinski et al., 2010).

RBPJ.S v2 MO: abnormal gastrulation, neural fold disorganization,
|mesodermal markers tbxt, myodl, ventx1.2, chrd, but not gsc
(RT-sqPCR, NF 10.5). |tbxt in the IMZ (ISH). This effect was
not rescued by NICD1 or DN-hes5.1 (Ito et al., 2007a).

RBPJ.S-vI MO: no morphological defects, no changes in
molecular markers (Ito et al., 2007a). Probably due to
compensation by the other homeolog as neither MO used in
this study is predicted to knock-down RBPJ.L.

DML:

RBPJDBM: {chrd+ in the GO and chrd+ notochord expression
in neurula; |FP (foxa4+/shh+ cells) (neurula)(Lopez et al.,
2003); |hypochord (vegf, spon) (NF28/35) (ISH) (Peyrot et al.,
2011).

(Continued)
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TABLE 7.5

(Continued)

Core Components of the Notch Pathway in the Development of Germ Layers and the Dorsal Midline in Xenopus

Gene

Expression
Role/Details

Gain-of-Function

Loss-of-Function
(Dominant-Negative/Morpholino)

dill

Onset in the IMZ at early gastrula (NF10.5, ISH), with a gap
of lower expression in the GO, with scattered dl/1+ cells
(Lépez et al., 2005). Expression in the pre-involuted IMZ
does not persist in involuted cells (Wittenberger et al.,
1999; Lopez et al., 2005).

Germ layers:

DII1 signaling from pre-involuted IMZ activates Notch
signaling in the NIMZ, promoting neural-ectodermal and
inhibiting endomesodermal fates (Revinski et al., 2010).

DML:
Within the GO, DII1 promotes FP development at the
expense of notochordal fate.

DML:

dll1, dorsal overexpression; analysis at gastrula stage: 1FP
precursors (hes4), { notochordal precursors (chrd) in the GO
(Lépez et al., 2005).

Germ layers:

dllISTU (dorsal injection), analysis at gastrula stage: |tbxt in its
normal domain, displaced by expanded supra-blastoporal
endoderm (sox/7) that took its place; |neural ectoderm (sox2)
because of the animal shift and expansion of the presumptive
mesoderm (rbxt) (Revinski et al., 2010).

dll1 MO (lateral injection), analysis at gastrula stage: impaired
blastopore closure, |circumblastoporal thxt expression (only a
vegetal view was shown). Both effects were rescued by
co-injection of NICDI1 mRNA (Kinoshita et al., 2011).

DML:

dllISTU, dorsal injection; analysis at gastrula stage:
Tnotochordal precursors (chrd), | FP precursors (hes4) in
the GO (Lépez et al., 2005).

dic

Onset in the IMZ at early gastrula (NF10.5, ISH) in a
complete circumblastoporal ring; a lower expression
gap appears at NF11 at the GO (Peres et al., 2006).

Necessary for hox genes expression in the IMZ. There are
restrictions, at least for hox genes, to respond to Dlc
signaling outside the IMZ (see Table 7.12 for additional

information).

dlc overexpression: did not affect hoxc6 and hoxdl in the IMZ and

could not expand them outside their normal region (ISH,
gastrula stage) (Peres et al., 2000).

dlc MO: | hoxb4, hoxc6, hoxb9, and bmp4 in the IMZ (ISH,
gastrula stage); thxt expression unaffected in the IMZ (ISH,
late gastrula) (Peres et al., 2000).

6
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Notch Signaling in Early Embryogenesis

Constitutively active Notchl constructs and time-controlled
Notch1/RBPJ activation or blockade resulted in a variety of
changes in markers of ectodermal-, neural-, mesodermal-,
and endodermal-derived cell types at neurula and tail-
bud stages (Tables 7.5, 7.9), indicating that the response to
Notch1/RBPJ signaling changes over time. We perturbed
the Notch pathway in several ways to address a possible role
in controlling the boundaries between germ layers, analyz-
ing the consequences during gastrulation when they segre-
gate, and also in early neurulation (Revinski et al., 2010)
(Table 7.5). Activation and blockade delayed gastrulation,
indicating that Notchl activity is tightly balanced to keep
morphogenetic movements at a normal pace. Germ layers
were specified, but they did not develop properly because
their MZ boundaries were shifted. Consequently, cells at the
boundaries allocated incorrectly and changed their specifi-
cation to the incorrect germ layer. In N/ICDI mRNA-injected
embryos, the presumptive neural ectoderm and supra-blasto-
poral endoderm were expanded at the expense of mesoderm,
whereas notchl knock-down produced the opposite changes
(Revinski et al., 2010). Both dllISTU (Revinski et al., 2010)
and dll] knock-down (Kinoshita et al., 2011) inhibited the
pan-mesodermal marker bxt in its normal circumblasto-
poral domain. In embryos injected with dl/ISTU, this was
accompanied by the animal displacement of the thxt domain
as expanded supra-blastoporal endoderm (sox!7-positive)
took its place. The neural ectoderm (sox2 expressing) also
was reduced in response to this animal-ward expansion of
the presumptive mesoderm (Revinski et al., 2010).

We proposed that notchl is involved in the segregation
between neural ectoderm, mesoderm, and endoderm by con-
trolling their boundaries in the MZ (Revinski et al., 2010)
(Figure 7.3B,C) in the following ways. (1) Refining the limit
of involution between the IMZ and the NIMZ favored neural
ectoderm at the expense of mesoderm (type A decisions).
(b) In the IMZ, by refining mesoderm segregation from the
supra-blastoporal endoderm, favoring endoderm over meso-
derm (type B decisions). Strikingly, dllISTU shifted the
limit of involution animal-wards, favoring endomesodermal
development over neural ectoderm, but notchl knock-down
expanded the mesoderm at the expense of both endoderm
and neural ectoderm; perturbing Notch/RBPJ signaling dur-
ing gastrulation had a similar effect (Contakos et al., 2005).
This indicates that DIl is involved in type A but not in type
B decisions. According to this model, pre-involuted IMZ
cells present DI11 to the neighboring cells on the other side
of the limit of involution, thus preventing them from adopt-
ing the same fate (endomesoderm) by triggering the Notch
pathway, which instead promotes neural ectoderm specifi-
cation (Revinski et al., 2010). Interestingly, in animal caps
assays, NotchlAE alone weakly induced neural ectoderm
but strongly enhanced ectodermal competence for neural
induction (Coffman et al., 1993). Therefore, DIl signaling
from pre-involuted IMZ might enhance the competence of
their neighbors above the limit of involution to respond to
neural inducers and become neural instead of mesoderm,
sharpening the boundary between both populations. Once
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the mesodermal cells involute, they no longer express DIl1,
ending this activity. While it appears that DIl controls the
limit of involution (type A decisions), it remains unknown
which notchl-dependent mechanisms underlie mesodermal
versus endodermal (type B) decisions. More work is needed
to discern the possible role of the diverse DIl/Jag ligands and
non-canonical Notch pathways in the segregation of germ
layers.

7.3.2.2.  Which Notch Targets Are Involved

in Germ Layer Segregation?

The IMZ expresses several hes genes during gastrulation
(Figure 7.2). Most of their patterns are similar to that of
dlll, but the dorsal hes5.1 and hes5.3 boundaries are more
distant from the organizer, and hes7.2 is more abundant in
the organizer. Only hes4 is broadly expressed in the NIMZ,
but hes5.10 (at early gastrula) and hes2 (at mid-gastrula) are
expressed in scattered cells (Figure 7.2). Except for hes5.8
and hes5.9, whose regulation by Notch signaling has not
been studied, all the hes5 genes expressed in the MZ, as well
as hes2, hes4, and hes7.2, are positively regulated by Notch
in several contexts, although a few of them were tested for
Notch responsiveness in the MZ. In contrast, hes6./ and
hes7.3/esr5 are down-regulated in the neural plate and the
IMZ, respectively (Tables 7.2, 7.3). Interestingly, hes5.10
is later expressed throughout the non-neural ectoderm and
responds positively to NICDI, although it is not clear whether
RBPJ is involved (Deblandre et al., 1999). The early expres-
sion of hes6.1, hes7.2, and hes7.3/esr5 in the IMZ might be
related to their role during somitogenesis (see Section 3.6).
Only a few of the hes genes expressed in the MZ have been
experimentally tested for their role in the MZ (hes4, hes5.1,
hes5.6, hes6.1, hes7.3/esr5) (Table 7.6). One clear candidate
for positioning the limit of involution is hes4, which first
is broadly expressed in the presumptive ectoderm of the
blastula, then progressively confined to the boundary with
the mesoderm during gastrulation, accumulating transcripts
in the whole NIMZ with highest levels dorsally in a pat-
tern complementary to tbxt (pan-mesoderm) (L6pez et al.,
2005; Aguirre et al., 2013). hes4 might be one of the Notch
targets involved in type A decisions because: (1) the hes4
NIMZ domain was expanded by NICDI1 (Lépez et al., 2005)
and down-regulated by blockade of Notchl/RBPJ signal-
ing (unpublished results); (2) hes4 overexpression blocked
gastrulation movements, impeding MZ cell involution; (3)
hes4 overexpression repressed tbxt throughout the entire
IMZ (Lépez et al., 2005; Cui, 2005; Aguirre et al., 2013);
and (4) hes4 knock-down expanded the tbxt domain toward
the animal pole, indicating that it is required for the correct
placement of the ectoderm-mesoderm boundary (Aguirre et
al., 2013) (Figure 7.3B,C) (Tables 7.5, 7.6).

Overexpression and dominant-negative experiments indi-
cate that hes7.3/esr5 promotes and hes5.l inhibits meso-
derm specification and they repress each other (Kinoshita
etal., 2011) (Tables 7.4, 7.6). In animal cap explants, NICD1
induced hes5.1 but not hes7.3/esr5 (Kinoshita et al., 2011)
(Tables 7.2, 7.3), Nodal2 induced hes7.3/esr5 but not hes5.1,



TABLE 7.6

hes/hey Genes in the Development of Germ Layers and the Dorsal Midline in Xenopus
See abbreviations in Table 7.3 legend.
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4 Role/Details Gain-of-Function Loss-of-Function
S (Dominant-Negative/Morpholino)
Represses myod1, probably directly, downstream of hesl overexpression, mesodermalized animal caps: |tbxt hes1-VP16 or GR-hes1-VP16 (Dex 2 hs after NF11)
mesodermal induction. (pan-mesoderm) and myoD (paraxial mesoderm) but not +/— CHX, animal caps: tmyoD but not tbxt, suggesting a
GO mesodermal markers (chrd, gsc). Inhibition of myoD direct regulation of myod.
% downstream of thxt (Umbhauer et al., 2001).
= hesl overexpression, whole embryos: delayed gastrulation,
trunk defects; |myoD but not chrd (gastrula) through the
DNA-binding and repressor domains (Umbhauer et al.,
2001).
Germ layers: Germ layers: Germ layers:
hes4 is normally expressed in the NIMZ since late blastula hes4.S overexpression: |tbxt (pan-mesoderm) throughout the hes4.L+S MO: animal expansion of tbxt (pan-mesoderm)
stage and restricts mesoderm specification to the IMZ IMZ (Lopez et al., 2005; Cui, 2005; Aguirre et al., 2013). throughout the MZ. hes4.S might be more relevant in
during gastrulation. restricting tbxt expression to the IMZ (Aguirre et al.,
DML: 2013).
DML: hes4.S, dorsal overexpression: |notochord specification (chrd,
As a mediator of Notchl signaling in DML development, tbxt) in the GO; 1FP precursors in gastrulae and neurulae DML:
blocks the involution of hes4+ GO cells, favoring their (foxa4+ cells in GO and notoplate, shh+ cells in notoplate) hes4.S MO, dorsal injection: Tnotochordal precursors’
-+ incorporation into the dorsal NIMZ (notoplate/future FP) (Lépez et al., 2005). population in the GO and notochord in neurulae (chrd, thxt),
§ at the expense of the notochord. Both hes4 homeologs are hes4.L, dorsal overexpression: |chrd (pPM, notochord), not |FP precursors population in gastrulae and neurulae (foxa4+
required for FP development (Ldpez et al., 2005; Aguirre (notochord), dkk1, and hex (anterior endoderm) in the GO; cells in GO and notoplate, shh+ cells in the notoplate).
et al., 2013). Required for aPM specification by restricting head defects (Yamaguti et al., 2005). Reversed the effects of NICDI on DML markers (Lopez et
pPM and notochord specification (Yamaguti et al., 2005). hes4.S, ventral overexpression: |tbxt, induced ectopic GO al., 2005).
hes4 acts as a cell-autonomous repressor in the aPM, markers (chrd, foxa4), but these cells were unable to hes4.L MO or hes4.S MO: |FP shh (Murato et al., 2006).
restricting contiguous cell fates, contributing to involute during gastrulation (Ldpez et al., 2005); induced a  hes4.L MO: taPM (chrd) and notochord (chrd, not) at the
regionalize the axial mesoderm. It is also able to induce headless secondary axis (Aguirre et al., 2013). expense of the anterior pPM (gsc) (ISH NF14); did not
dorsal genes in a non-cell-autonomous way through the hes4.L, ventral overexpression: |ventral mesoderm affect anterior endodermal markers nor ventx (ventral
activity of the WRPW motif, to ensure an organizer specification (ventx); induced ectopic GO markers and a mesoderm) (early gastrula stage) (Yamaguti et al., 2005).
environment (Murato et al., 2006). headless secondary axis (Yamaguti et al., 2005).
~ Inhibits mesoderm specification. hes5.1 overexpression: |tbxt in mesodermalized animal caps (Ito hes5.1 AWRPW: 1tbxt at early gastrula (NF10.5, ISH)
'% et al., 2007a) and the IMZ at early gastrula (NF10.5, ISH) (Kinoshita et al., 2011).
=

(Kinoshita et al., 2011).
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hes5.6

Germ layers:
Possible regulation of the timing of cardiac field specification
(Miazga and McLaughlin, 2009).

DML:
Possible role in DML development.

Germ layers:
GR-hes5.6-VP16 (Dex NF10): | gata4 (mid-gastrula) (Miazga
and McLaughlin, 2009).

DML:
hes5.6, dorsal overexpression: Tchrd (GO) (Taelman et al.,
2004).

hes6.1

Required for presumptive paraxial mesoderm specification,
involving recruitment of TLE/Groucho co-repressors but
not DNA binding.

hes6.1 overexpression: 1tbxt (pan-mesoderm), myod1
(presumptive paraxial mesoderm), and wnt8a (lateral/
ventral mesoderm) but did not affect the GO marker chrd.
Expansion was restricted to the nearby MZ (ISH, gastrula).
ttbxt and wnt8a but not chrd or endodermal markers
(animal caps, RT-qPCR). Mesodermal induction by hes6. !
mainly required FGF but also Nodal signaling (RT-qPCR,
ISH) (Murai et al., 2007).

hes6.1DBM: same effects on mesoderm as hes6. 1
overexpression (gastrula).

hes6.1 AWRPW: mesodermal markers unaffected (gastrula).

hes6.1 MO: |myodl, myf5 (presumptive paraxial mesoderm)
in the IMZ (without affecting tbxt, wnt8a, chrd, or the
endodermal marker sox/7). This effect was rescued by
hes6.1 or hes6.1DBM but not by hes6.1 AWRPW (ISH,
mid-gastrula) (Murai et al., 2007).

hes7.3/
esr5

Necessary for mesoderm specification.

hes7.3/esr5 overexpression: 1tbxt in the IMZ at early gastrula
(NF10.5, ISH) (Kinoshita et al., 2011).

hes7.3/esrS AWRPW: |tbxt at early gastrula (NF10.5, ISH)
(Kinoshita et al., 2011).

heyl

Possible role in the segregation of DML precursors,
repressing notochordal fates.

Hey1 does not bind the co-repressor TLE/Groucho, as it lacks
the typical WRPW motif of bHLH-O repressors (Pichon et
al., 2004). For chrd downregulation, Hey1 acts as a DNA
binding repressor, requiring the Orange domain and the
C-terminal region for dimerization. Hey1 heterodimerizes
in vivo with Hes1 and Hes4 and weakly with Hes2, but it
does not bind Hes5.5 or Hes5.6 (Taelman et al., 2004).

heyl overexpression: stopped gastrulation, |chrd (GO), thxt
(pan-mesoderm; IMZ), and not in the notochord and GRP.
It did not affect not in the notoplate but induced ectopic not
in the limit of involution, outside the GO (Taelman et al.,
2004).

GR-heyl (Dex NF12): FP not affected at tailbud stage
(Taelman et al., 2004). An earlier induction with Dex will
be useful to address possible effects during DML
segregation.

heylIDBM: did not repress chrd (Taelman et al., 2004).
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and Hes5.1 reduced hes7.3/esr5 induction by Nodal2.
Therefore, it was proposed that a mutually antagonistic rela-
tionship between hes5.1 and hes7.3/esr5 controls the balance
of mesoderm specification within the IMZ (Kinoshita et al.,
2011). It will be interesting to determine whether hes5.7 also
mediates endodermal versus mesodermal choices.

hes5.5 and hes5.6 are positively regulated by canonical
Notch-RBPJ in the IMZ (Miazga and McLaughlin, 2009).
While the function of hes5.5 in this tissue has not been
studied, Notch regulates the timing of heart field specifica-
tion, possibly through hes5.6 (Tables 7.5, 7.6) (Miazga and
McLaughlin, 2009). While hes6.1 is negatively regulated
by Notch/RBPJ in the neural plate, it is not known whether
this pathway controls hes6.1 expression in the IMZ during
gastrulation, although it is a direct Wnt/B-Catenin target
and requires input from zygotic Wnt/pB-Catenin signaling
(Hufton et al., 2006; Kjolby and Harland, 2017). hes6.1
favors paraxial mesoderm development (but not general
mesoderm induction) by sequestering TLE/Groucho co-
repressors, thus relieving myodl from repression in meso-
dermal precursors (Cossins et al., 2002; Murai et al., 2007)
(Table 7.6).

7.3.3. DoRrsAL MIDLINE TiSSUES

Cells that derive from the dorsal MZ/organizer region con-
stitute the vertebrate dorsal midline (DML), an essential
signaling center for development of the surrounding tissues.
The DML gives rise to several derivatives: (1) the prechordal
endomesoderm (PEM), a key signaling center for anterior
neural development that emerges from the deep cells of
the organizer to form the prechordal plate; (2) the notop-
late (Figure 7.3B,D), which gradually converges and extends
during gastrulation to form the floor plate (FP) of the neural
tube; (3) the notochord; and (4) the dorsal midline of the
endoderm, in Xenopus known as the gastrocoel roof plate
(GRP), which functions as a left-right organizer. During neu-
rulation, some GRP cells incorporate into the notochord and
somites, while bilateral GRP rows gradually fuse into the
hypochord, ventral to the notochord (Keller and Danilchik,
1988; Minsuk and Keller, 1997; Kiecker and Niehrs, 2001;
Shook et al., 2004; Lopez and Carrasco, 2006) (Figure
7.3D). Gene marker studies revealed that the precursors of
these various derivatives are intermingled at the beginning
of gastrulation but gradually segregate (Bouwmeester et al.,
1996; Artinger et al., 1997; Yamaguti et al., 2005); this pro-
cess is highly influenced by the Notch pathway.
Components of the Notch pathway are differentially
expressed in the multipotent DML precursors that either
involute (as the IMZ) or remain on the surface as the NIMZ,
that is, notoplate (Lépez et al., 2003; Lépez et al., 2005).
hes4 is expressed in the dorsal NIMZ and then in the notop-
late and FP. dll] is expressed in a compact domain through-
out the IMZ, except for the organizer region, where only
scattered cells express dll] and also hes4 prior to involution.
Once these dorsal IMZ cells involute, only hes4 expression
continues, restricted to the prechordal mesoderm but absent

Xenopus

from the notochord. In fact, hes4 is the only hesI-7 gene
expressed in the Xenopus DML during gastrulation and neu-
rulation (Figure 7.2) (Tsuji et al., 2003; Lépez et al., 2005;
Yamaguti et al., 2005).

We perturbed the Notch pathway in several ways to
address its role during DML development, including hes4
overexpression and knock-down, constitutive NICD1 acti-
vation, time-controlled GR-NICDI activation, blocking the
whole notchl pathway by knock-down, the RBPJ-dependent
pathway with RBPJDBM, DII1 signaling with dl[ISTU, and
Notch processing with psenl knock-down. Our results indi-
cated that during gastrulation, notchl/psenl/RBPJ/hes4
signaling favors notoplate over notochord fate (Ldpez et al.,
2003; Lépez et al., 2005) (Tables 7.5, 7.6). Other authors
showed that Notch promotes hypochord over notochord by
injecting NICDI and RBPJDBM (Peyrot et al., 2011) (Table
7.5). As the PEM mesodermal population segregates dur-
ing gastrulation into two subdomains, hes4 and gsc are
expressed in the anterior prechordal mesoderm (aPM),
whereas chordin is expressed in the posterior prechordal
mesoderm (pPM) (Yamaguti et al., 2005). It was proposed
that hes4 initially ensures an organizer environment by
inducing early organizer genes through a non-cell-autono-
mous activity that depends on the WRPW domain. Then,
hes4 is required for aPM specification, as it inhibits con-
tiguous fates through a cell-autonomous repressive activ-
ity, restricting pPM and notochord (Yamaguti et al., 2005;
Murato et al., 2006) (Table 7.5).

Based on these studies, we propose a model for how the
Notch pathway allocates dorsal MZ descendants into the
different DML tissues (Figure 7.3B,D). First, DML precur-
sors choose between aPM or pPM fates. DIl1 from scattered
cells in the organizer induces hes4 in neighboring cells,
which represses pPM fates, thus promoting aPM. As gas-
trulation proceeds and more posterior cells involute, mul-
tipotent precursors in the mid- and late organizer choose
between FP, notochord, or hypochord fates. DII1 from scat-
tered cells in the boundary between the dorsal NIMZ and
the pre-involuted IMZ interacts with the Notchl receptor on
the surrounding cells, activating hes4 to repress the genes
that promote notochord development and impede their invo-
Iution so they gradually incorporate into the notoplate. By
this mechanism, dllI executes a cell fate switch that favors
notoplate development at the expense of notochord. DIl1
presented by the IMZ cells flanking the organizer activate
Notchl signaling in a pair of bilateral rows of dorsal IMZ
cells, favoring hypochord over notochord; the down-stream
mechanism is unknown, since hes4 is not expressed by
hypochord precursors. In addition, notchi/hes4 expand the
expression of foxa4, a positive notoplate/FP regulator (Lépez
et al., 2003; Lépez et al., 2005), whereas foxa4 knock-down
suppress hes4 in the FP (Murgan et al., 2014), suggesting
they establish a positive feedback loop. The expression of
heyl, which is positively regulated by Notch/RBPJ (Pichon
et al., 2002; Rones et al., 2002) (Tables 7.2, 7.3), matches the
time and spatial profile of hypochord development, with ini-
tial bilateral stripes in the GRP that later fuse at the midline
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(Pichon et al., 2002; Shook et al., 2004) (Figure 7.2). Since
heyl is also expressed in scattered cells in the involuted dor-
sal IMZ at early gastrula (see clone XL097h17 in Taverner
et al., 2005), it will be interesting to study if it promotes
hypochordal fates over notochord. heyl is also expressed
in the FP during neurulation, but neither time-controlled
heyl overexpression at late gastrula nor heyl knock-down
affected FP development when analyzed at tailbud stages
(Taelman et al., 2004). There is evidence that hey/ might
suppress neurogenesis in the FP by antagonizing proneural
genes, thereby maintaining FP identity. Interestingly, neu-
rog2 overexpression revealed FP’s potential to differentiate
into neurons, and heyl overexpression suppressed primary
neurogenesis in the neural plate. However, neither heyl
knock-down alone nor combined with hes4.L knock-down
induced ectopic neurogenesis in the FP, indicating that addi-
tional inhibitors might be required to inhibit neurogenesis
(Taelman et al., 2004).

7.3.4. PRIMARY NEUROGENESIS

Differentiation of multipotent neural progenitors into the
diverse nervous system cell types is an orchestrated process
ensuring that neurons and glia appear at the right time and
place during development. Key players in this process are
Notch pathway components and several bHLH proteins.
Those encoded by “proneural” genes—members of the
Neurogenin and Achaete-scute families—heterodimerize
with the bHLH factor E47, bind the E box (CANNTG), and
activate transcription, promoting competence for neuronal
differentiation. Downstream, other bHLH transcriptional
activators promote the determination of neurons (NeuroD
family) or oligodendrocytes (Olig family). Notch-regulated
Hes proteins typically repress proneural gene expression or
activity, maintaining neural precursors in a proliferative and
undifferentiated state, and allow astrocyte differentiation
(Davis and Turner, 2001; Bertrand et al., 2002; Huang et
al., 2014; Kageyama et al., 2007; Imayoshi and Kageyama,
2014).

Anamniotes develop through a larval period that requires
a simple neuronal circuitry for swimming and escape
reflexes to be functioning around hatching (Roberts, 1989).
In Xenopus, a first wave of primary neurogenesis, which
begins at late gastrula and peaks at neural plate stages, gen-
erates three bilateral pairs of longitudinal stripes of “primary
neurons”: motoneurons, interneurons, and sensory neurons
that are responsible for these larval behaviors (Chitnis et
al., 1995). Study of primary neurogenesis in Xenopus sig-
nificantly contributed to the discovery of the molecular and
cellular basis of vertebrate neurogenesis and provided an
accessible paradigm to study the Notch pathway (Tables 7.7,
7.8). The neurogenesis gene regulatory network (GRN) built
from this work is initially controlled by the balanced expres-
sion of “prepattern genes,” such as those encoding Gli and
Zic TFs (Lee et al., 1997; Marine et al., 1997; Brewster et
al., 1998; Nakata et al., 1998). By refining proneural gene
expression, the prepattern TFs roughly outline regions in the
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neural plate in which primary neuronal differentiation can
or cannot occur; this confers neuronal differentiation com-
petence to restricted domains (Zimmerman et al., 1993; Ma
et al., 1996).

Proneural genes induce notchl and dlIll, whose expres-
sion in the posterior neural plate begins around late gas-
trula in overlapping stripes that prefigure the placement of
the primary neurons (Turner and Weintraub, 1994; Chitnis
et al., 1995; Ma et al., 1996; Chitnis and Kintner, 1996)
(Figure 7.1C). notchl is expressed by most cells in the pro-
neural domain, whereas dll1 is restricted to a subset of them
(Chitnis et al., 1995; Ma et al., 1996; Chalmers et al., 2002).
Primary neurogenesis is circumscribed by Notch-dependent
lateral inhibition: the selected neuronal precursor expresses
DIl1, which binds Notch1 in neighboring cells, activating the
Notch/Psen/RBPJ/Maml pathway, resulting in the induction
of Hesl-7 bHLH-O repressors that inhibit proneural genes
and thereby repress neuronal fate in the neighbors (Chitnis
et al., 1995; Ma et al., 1996; Bellefroid et al., 1996; Wettstein
etal., 1997; Perron et al., 1999; Paganelli et al., 2001; Katada
and Kinoshita, 2003; Lépez et al., 2003; Nichane et al.,
2008b; Revinski et al., 2010; Riddiford and Schlosser, 2017)
(Tables 7.3, 7.4, 7.8). A negative feedback loop is established
in the neuronal precursors that suppresses dl//] expression
in their neighbors through NICDI. The neuronal precur-
sors continue to express proneural genes, which induce the
bHLH-determination factor neurodl. Once neurodl is acti-
vated, the cells become refractory to lateral inhibition and
undergo terminal differentiation into neurons (Chitnis et al.,
1995; Chitnis and Kintner, 1996; Olson et al., 1998; Sjoqvist
and Andersson, 2019). Another pathway for preventing lat-
eral inhibition is through the upregulation of the zinc-finger
TF mytl by Neurog2 (Bellefroid et al., 1996). In other sce-
narios, when proneural TFs reach a certain threshold, they
induce Ebf2 in selected progenitors, which stabilizes com-
mitment to a neuronal fate by enhancing dlll expression
and reinforcing neurodl expression (Dubois et al., 1998).
neurodl appears to feed back to directly potentiate dll/
expression, as it promotes ectopic d/// in whole embryos and
induces dllI in animal caps in the absence of protein synthe-
sis (Seo et al., 2007).

7.3.4.1. Notch Ligands

In the neural plate, dill expression is stronger posteri-
orly, and jagl expression is stronger anteriorly (Table 7.7)
(Figure 7.1C) (Kiyota et al., 2001). Jagl normally restricts
the differentiation of primary neurons, and combined dll/
and jagl expression is indispensable for the normal pri-
mary neurogenesis pattern (Kiyota et al., 2001) (Table 7.7).
Interestingly, DIl and Jagl contain sequences encoding a
putative nuclear localization signal. Moreover, GFP fusion
proteins of both ligands naturally underwent proteolitic
cleavage during gastrulation, releasing their intracellular
domains (ICDs), which were detected in nuclei. However,
only Jagl-ICD-GFP persisted in cell nuclei and repressed
primary neurogenesis without activating hes5.1 (Kiyota and
Kinoshita, 2004). It was proposed that Jagl inhibits primary
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TABLE 7.7
Core Components of the Notch Pathway Involved in Xenopus Neurogenesis

See abbreviations in Table 7.3 legend. ascl2, neurogl, and neurog2 are bHLH proneural genes; neurodl and neurod4 encode bHLH neuronal determination TFs; ebf2 encodes an HLH TF, positive regulator of
neurogenesis; pak3 acts downstream of proneural genes, withdrawing progenitors from the cell-cycle and promoting neuronal differentiation; myt/ encodes a zinc-finger TF, positive regulator of neurogenesis;
tubb2b, terminal neuronal differentiation marker; sox2 and sox3, neural plate markers.

g Expression Gain-of-Function Loss-of-Function
O Role/Details (Dominant-Negative/Morpholino/Antagonist)

notchl is expressed by most or all cells in the proneural — notchIAE or NICDI: |PN (neural plate and placodes); NICDI:  notchl MO: 1PN (NF15, ISH) (Lopez et al., 2003).
domains since late gastrula (Chitnis et al., 1995). ldlll, neurog2, neurod4, mytl, pak3 (Chitnis et al., 1995; Ma et RBPJP5M: 1density of neurog2+, dll1+ cells, and primary neurons;

Inhibits PN in neural plate and placodes. al., 1996; Bellefroid et al., 1996; Perron et al., 1999; Souopgui reversed the inhibition of PN produced by dli! overexpression

- RBP]J directly binds the RAM23 region of NICDI1 et al., 2002; Riddiford and Schlosser, 2017). (Wettstein et al., 1997).
E (Wettstein et al., 1997), and this complex activates NICDI: blocked ectopic neurogenesis induced by neurod4, DAPT (y-secretase inhibitor): 1PN (Revinski et al., 2010).
§ transcription of Notch target genes. ascl2, or neurog2; unable to block ectopic neurogenesis See hes5.1, hes6.1 in Table 8.3.
§ induced by neurod! or by co-injection of either proneural
§“ gene together with myz/ (Chitnis and Kintner, 1996; Ma et
'§ al., 1996; Bellefroid et al., 1996; Perron et al., 1999).
S notchlAE: blocked terminal neuronal differentiation induced
by neurog2 but not by neurodl (Olson et al., 1998).

RBPJ overexpression: weakly |PN (Wettstein et al., 1997).

psenl overexpression: PN (Paganelli et al., 2001).

See hes5.1, hes5.4, hes6.1 in Table 7.3.

“Salt-and-pepper” expression begins at late gastrula, dll] overexpression: |PN (Chitnis et al., 1995) without dIlISTU: 1PN even when proliferation was blocked with HUA;
restricted to a subset of cells in the proneural domains, affecting jagl (Kiyota et al., 2001); |mytI (Bellefroid et effect confined to proneural domains, reversed by dll/
scattered within the deep layer of the neural ectoderm, al., 1996). overexpression (Chitnis et al., 1995). 1density of neurog2+,
preceding the onset of neurodl and tubb2b. Marks future See hes5.1 in Table 7.3. mytl+ cells in the proneural domains (Ma et al., 1996;
neurons around the time they are committed to a neuronal Bellefroid et al., 1996). fdensity of supernumerary neurons

~ fate (Chitnis et al., 1995; Ma et al., 1996; Chalmers et al., induced by ebf2 overexpression (Dubois et al., 1998).
S 2002). dlll MO: 1PN (Nichane et al., 2008b).

Within the proneural domains, D111 inhibits PN in dIlISTU: unable to promote neurogenesis in neuralized animal caps
neighboring cells by lateral inhibition, involving of anterior character overexpressing asc/2 (NF16) (Papalopulu
down-regulation of dll/ (but not of jag!) in the receiving and Kintner, 1996). Unable to rescue the inhibition of
cells. neurogenesis in the trigeminal placode produced by rax

Not involved through lateral inhibition in delaying or overexpression (whole embryos) (Andreazzoli et al., 2003).

restricting anterior neurogenesis at neural plate stage.
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Expression in the pair of medial stripes of PN (Peres and

dlc MO: |primary neurons (ISH rubb2b, NF21) without affecting

s Durston, 2006). neurog?2 in the medial stripe (ISH, NF21) (Peres and Durston,
In the neural plate, dic is necessary for terminal neuronal 2006).
differentiation in the medial stripe of PN.
Expressed in the ANB, in a pair of transversal, bilateral Jjagl overexpression: |PN without affecting dil]; prevented ~ DN-jagl (lacking the intracellular domain): 1PN; this was
stripes corresponding to the future mesencephalon, the increase of PN induced by dll/STU (Kiyota et al., rescued by dll1 in a dose-dependent manner (Kiyota et al.,
trigeminal placodes, and two pairs of bilateral AP stripes ~ 2001). 2001).
~ in the posterior neural plate, one presumably JjaglICD: translocated to the nucleus, |PN (Kiyota and
.%.: corresponding to the developing intermediate neurons Kinoshita, 2004).

and the other in-between the medial and intermediate
dll1 stripes (Kiyota et al., 2001).

Jjagl inhibits PN. This does not rely on dll1
down-regulation.

See hes5.1 in Table 7.3.
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neurogenesis through Notch-canonical trans-signaling,
involving hes5.1 activation in receiving cells, and through
Jagl-ICD cis-signaling, perhaps acting as a transcriptional
regulator not involving hes5.1 (Kiyota et al., 2001; Kiyota
and Kinoshita, 2004).

In the posterior neural plate, another member of the delta
gene family, dlc, which is only expressed by the medial
stripes (Figure 7.1C), appears to be necessary for termi-
nal differentiation of primary neurons (Peres and Durston,
2006) (Table 7.7).
7.3.4.2.  Which hes7-7 Genes Are Involved
in Primary Neurogenesis?

There is a synexpression group transcribed in primary
neurogenesis domains, including hes6./ and multiple hes5
genes (Figure 7.2). Of these, hes5.1, hes5.2, and hes5.4-5.7
are positively regulated by Notch signaling in some cases
through paired RBPJ binding sites (Tables 7.2, 7.3). hes5.5
needs direct additional input from proneural bHLH fac-
tors, whereas hes5.1 is indirectly up-regulated by them.
Therefore, Notch/RBPJ signaling is necessary for the
expression of Aes5 genes in proneural domains in vivo, but
they also require regulation by additional inputs. In con-
trast, hes4, which is expressed in other domains and is
directly regulated by Notch through RBPJ binding sites,
was not up-regulated by neurog2 overexpression (Lamar
and Kintner, 2005).

So far, gain- and loss-of-function experiments show that
hes2, hes4, hes5.1, hes5.4, hesl, hes5.5, hes5.6, and heyl
are able to suppress primary neurogenesis but in different
domains of the neural plate (Table 7.8). hesl, hes2, and hes4
are involved in the development of the neural border and/or
its descendants (see subsequently) and, as well as heyl, they
are up-regulated by Notch (Tables 7.2, 7.3). hes4 and heyl
are expressed in the midline of the neural plate (future floor
plate), while hes2 is expressed in the superficial layer of the
intermediate and lateral primary neuron stripes (Figure 7.2),
where neural precursors continue to proliferate (Solter et al.,
2006).
hes6.1 is expressed in scattered cells in the medial and lat-
eral primary neuron domains (Figure 7.2). Interestingly,
it is repressed by Notch/RBPJ signaling and is required
for expression and activity of neurog2 and the neuronal
determination gene neurodl, thus relieving neuronal pre-
cursors from Notch-mediated lateral inhibition (Koyano-
Nakagawa et al., 2000; Murai et al., 2011) (Tables 7.2, 7.3,
7.8). Moreover, neurog2 and neurodl induced hes6.l in
the absence of protein synthesis in animal caps (Seo et al.,
2007), suggesting they directly activate hes6.1, establishing
a positive feedback loop. It was proposed that Hes6.1 pro-
motes primary neurogenesis through direct protein-protein
antagonistic interactions with other Hes factors (e.g. Hesl,
Hes4) that inhibit neuronal differentiation and by seques-
tering TLE/Groucho co-repressors that antagonize bHLH-
O Hes proteins that directly repress proneural and neuronal
determination genes (Murai et al., 2011).

Xenopus

7.3.4.3. Regulation of the Cell-Cycle

There is evidence that Notchl might inhibit the withdrawal
of neuroblasts from mitosis and prevent their differentia-
tion through the negative regulation of p27-activated kinase
3 (pak3) (Souopgui et al., 2002). However, either blocking
DIl or excessive Notchl/RBPJ signaling inhibited mito-
sis in the neural plate (Vernon et al., 2006). Experiments
with mouse P19 cells and Xenopus embryos showed a dif-
ferential sensitivity of the d/// and neurodl promoters to the
Cdk-dependent phosphorylation status of Neurog2: while
the dllI promoter can be activated by hypo-phosphorylated
Neurog? (in cells undergoing cycle lengthening) or by phos-
pho-Neurog?2 (in rapidly cycling progenitors), the neurodl
promoter can only be activated by hypo-phosphorylated
Neurog2. Hypo-phosphorylated Neurog2 was able and phos-
pho-Neurog2 was unable to promote neuronal differentiation
in the presence of NICDI, indicating that the Cdk-dependent
Neurog2 phosphorylation status also determines its post-
transcriptional sensitivity to Notch signaling (Hindley et al.,
2012). Therefore, it was proposed that hypo-phosphorylated
Neurog? shifts the balance from progenitor maintenance to
neuronal differentiation. Similarly, studies employing the
proneural mouse Ascll in Xenopus mitotic and interphase
egg extracts and Xenopus embryos undergoing primary neu-
rogenesis indicate that the Cdk-dependent phosphorylation
status of Ascll regulates its post-translational sensitivity
to Notch signaling. Hypo-phosphorylated Ascll probably
escapes Notch-mediated lateral inhibition through up-reg-
ulation of Mytl (Ali et al., 2014). Hesl is phosphorylated
by CyclinB/Cdk1 and CyclinA/Cdk?2 in vitro, suggesting it
may be controlled by phosphorylation in the G2/M phase
(Hardwick and Philpott, 2015). Phosphorylation by proline-
directed kinases destabilizes Hesl protein and decreases its
inhibitory activity on PN in vivo (Hardwick and Philpott,
2019).

7.3.5. NEURAL PLATE BORDER AND MIDBRAIN-

HINDBRAIN BOUNDARY

Neural induction subdivides the embryonic ectoderm into
neural and non-neural regions, with an intervening transi-
tion zone known as the neural plate border (NB) zone. This
zone gives rise to neural crest cells (NCCs) and cranial plac-
odes and is positioned by intermediate BMP levels as well
as local FGF and Wnt signaling that induce a number of NB
specifier genes (Stuhlmiller and Garcia-Castro, 2012; Pla
and Monsoro-Burq, 2018; Grocott et al., 2012; Saint-Jeannet
and Moody, 2014; Steventon et al., 2014). Members of the
Notch pathway and hes/-7 genes are expressed through-
out the development of the NB and its derivatives (Figure
7.2) (Tables 7.9, 7.10). dllI is restricted to the NB by the
counterbalanced activities of a positive regulator, Irx1, and
a negative regulator, Snail (Glavic et al., 2004), and hes4
expression in the NB laterally restricts the neural plate
(Maharana and Schlosser, 2018). Interestingly, hes3 can pro-
mote neural plate fate at the expense of NCC and cranial



TABLE 7.8

Role of hes/hey Genes in Xenopus Neurogenesis and Epidermal Differentiation
See abbreviations in Table 7.3 legend and marker details in Table 7.7 legend.

% Role/Details Gain-of-Function Loss-of-Function
o (Dominant-Negative/Morpholino)
Inhibits neurogenesis by abolishing the activity of proneural/ hesl overexpression: Tsox2 [not shown in (Nichane et al., hesI-AWRPW: did not suppress PN (Murai et al., 2011).
neuronal differentiation bHLH TFs and keeping neural 2008a)], induced ectopic dllI [not shown in (Nichane et al.,
~ progenitors in a proliferative state, independently of 2008b)], |PN by abolishing Neurog2 and NeurodI activity
§ binding to TLE/Groucho co-repressors. (Murai et al., 2011).
Hesl binds to N-box in vitro (Koyano-Nakagawa et al., 2000) mir-9 MO and hes! target protector MO: |neurogenesis
and does not block the ability of Neurog?2 to bind DNA or (NF30), Tproliferation (Bonev et al., 2011).
its coactivator E12 in vitro (Murai et al., 2011).
Inhibits PN by repressing proneural gene transcription and hes2: Hes2-AW-VPI6:
other mechanisms such as binding to proneural bHLH mRNA overexpression: |PN, | neurog2 (Solter mRNA: induced ectopic primary sensory neurons and
proteins like NeuroD. et al., 2006). neurog2 (Solter et al., 2006).
In the retina, hes2 promotes gliogenesis and inhibits Local overexpression by in vivo DNA lipofection in the In vivo lipofection of Hes2-AW-VP16 DNA: | glial population,
~ neurogenesis through a DNA-binding mechanism. developing retina: fglial population at the expense of Tsome neuronal types (Solter et al., 2006).
§ Immunoprecipitation in animal cap explants: XHes2 interacts neurons (Solter et al., 2006). hes2DBM : did not affect retinal fates; DNA binding domain
with XNeuroDI1, XNeuroD4, XHesl, and XHes6 but not with necessary for promoting gliogenesis in the retina (Solter et al.,
other bHLH proteins tested, including XNeurog?2 (Solter et al., 2006).
2006). hes2 MO:
Tneurog?2 in presumptive otic placode. In vivo lipofection of
hes2 MOs |glial population in the retina (Solter et al., 2006).
Inhibits PN. hes4 overexpression: |PN (tubb2b, neural plate stage) (Glavic  hes4 MO: 1 neurog2, mytl, and dll1; 1PN in the trigeminal
Hes4 protein binds to N-box in vitro (electrophoretic mobility et al., 2004) (Cui, 2005); |neurog2 and neurodl in the placode (early neurula) (Nagatomo and Hashimoto, 2007;
shift assay) (Koyano-Nakagawa anterior neural plate (Andreazzoli et al., 2003; Cui, 2005); Murato and Hashimoto, 2009); |proliferation, Tapoptosis
- et al., 2000). 1dlll independently of DNA binding (neural plate stage) (late neurula) (Nagatomo and Hashimoto, 2007); |dll]
§ (Nichane et al., 2008b); blocked the induction of tubb2b by (neural plate stage) (Nichane et al., 2008b).
neurog2/noggin in animal caps (NF unknown, RT-PCR)
(Cui, 2005).
hGR-hes4 (Dex NF18): |PN (ISH tubb2b, neurula stage)
(Taelman et al., 2006).
Inhibits PN probably by repressing bHLH proneural genes hes5.1 overexpression: |PN, even in the presence of the hes5.1 AWRPW: 1PN [data not shown in (Ito et al., 2007a)].
- through DNA binding and recruitment of the co-repressor bHLH TF Atoh7 (ISH, neural plate stage) (Schneider et al.,  hes5.1 AWRPW or hes5.1 AN (basic domain deleted): did not
i) TLE/Groucho. 2001). prevent ectopic PN induced by the bHLH TF Atoh7 (ISH,
= The DNA binding domain and the WRPW motif are necessary neural plate stage) (Schneider et al., 2001).
for inhibiting PN and preventing ectopic neurogenesis
induced by the bHLH TF Atoh7 (Schneider et al., 2001).
During placodal development, hes5.4 restricts the neurogenesis — hes5.4 overexpression: |neurogl, neurog2, neurodl, and hes5.4 MO: Thes5.4, neurogl, neurog2, dil1, and poudfl.2
E cascade upstream of proneural genes. Required for the tubb2b in the neural plate and placodes; | neural marker placodal domains with occasional reductions of these
,§ expression of the neural progenitor gene sox3 and neuronal sox3 in placodes (ISH, neural plate) (Riddiford and

differentiation downstream of proneural genes.

markers; |placodal sox3, neurodl, and tubb2b (Riddiford

Schlosser, 2017). and Schlosser, 2017).

(Continued)
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TABLE 7.8 (Continued)
Role of hes/hey Genes in Xenopus Neurogenesis and Epidermal Differentiation

—
(=]
g Role/Details Gain-of-Function Loss-of-Function -
© (Dominant-Negative/Morpholino)
" Inhibition of PN. GR-hes5.5 (Dex NF12 or NF18): |PN (ISH neurula stage)
l% Does not interact in vitro with Hey1 (Taelman (Taelman et al., 2004; Taelman
= etal., 2004). et al., 2006).
Inhibition of PN. GR-hes5.6 (Dex NF12 or NF18): |PN (ISH neurula stage)
- Does not form homodimers in vivo nor heterodimerizes with (Taelman et al., 2004; Taelman
lfhi other bHLH-O proteins (Hes1, Hes4, Hes5.6, Hey1). et al., 2006).
= Heterodimerizes in vivo with bHLH proteins that promote
neurogenesis (Neurog2, Neurod1, Neurod4) (IP assay from
Xenopus embryo extracts) (Taelman et al., 2004).
Inhibits differentiation of epidermal multiciliate cells in the hes5.10 overexpression: |density of multiciliate cells in the hes5.10DBM: 1density of multiciliate cells in the epidermis
inner layer of the non-neural ectoderm through a D111/ epidermis (tailbud stage); |dll] in animal caps (mid- (tailbud stage), 1dIl] in animal caps (mid-gastrula)
E. Notch-dependent lateral inhibition mechanism. Possibly gastrula) (Deblandre et al., 1999); |neurodl and PN (Deblandre et al., 1999).
lg participates in the inhibition of neurogenesis in the outer without affecting neurog2 or neural specification; acts hes5.10 MO: unable to induce ectopic PN in the deep layer
= layer of the ectoderm through a different mechanism. downstream of neurod!, because it prevented ectopic (Chalmers et al., 2002).
neurogenesis but not ectopic neurodl induced by neurog2
(Chalmers et al., 2002).
hes6.1 promotes PN by antagonizing other Hes proteins that hes6.1 overexpression: Tneurog2 domains (Koyano-Nakagawa  hes6.1 MO: |tubb2b, neurog2, and neurodl (neural plate stage);
suppress neuronal differentiation. It does so in a post- et al., 2000) and primary neuron differentiation (Cossins et prevented the induction of ectopic neurons by neurog2 or
transcriptional, TLE/Groucho-independent, and DNA al., 2002) throughout the posterior neural plate; 1dll1, hes5.1, neurodl (Murai et al., 2011).
binding-independent way (Koyano-Nakagawa et al., 2000; and hes5.7 domains, indicating that the increase in neuronal hes6.1 AWRPW: did not rescue the inhibition of PN produced
Murai et al., 2011). However, the full promotion of PN differentiation does not involve transcriptional repression of by hes6.1 MO (Murai et al., 2011).
E requires TLE/Groucho binding (Murai et al., 2011). genes of the lateral inhibition program (Koyano-Nakagawa et  hes6.1DBM: promoted PN like hes6.1 overexpression,
§ See Table 7.4 for the regulation of hes! and hes4 by hes6.1. al., 2000). indicating that DNA binding is not required for this activity
Hes6.1 did not affect the binding of Neurog?2 to its E12 (Cossins et al., 2002).
coactivator during in vitro binding to E-box. Hes6.1 did not
directly interact with Neurog2 (immunoprecipitation
assay). Hes6.1 directly binds and impairs the ability of
Hesl to repress PN through a TLE/Groucho-independent
mechanism (Murai et al., 2011).
Possible role in suppressing neurogenesis in the FP by heyl or GR-heyl (Dex NF12 or NF18): |PN (Taelman et al., heylDBM: did not inhibit PN and could not block neurog2’s
antagonizing proneural genes, contributing to promote or 2004; Taelman et al., 2006). heyl blocked neurog2’s ability ability to induce ectopic neurogenesis (Taelman et al.,
maintain FP identity. Additional inhibitors might be to induce ectopic neurogenesis (Taelman et al., 2004). 2004).
required to maintain neurogenesis inhibited in FP. heyl MO +/- hes4.L MO: did not induce ectopic neurogenesis in
Hey1 does not bind the co-repressor TLE/Groucho, as it lacks the the FP. (Taelman et al., 2004). Note: MO sequences were not
~ typical WRPW motif of bHLH-O repressors (Pichon et al., reported in this study.
g 2004). For inhibition of PN, Hey1 acts as a DNA binding heyl.L+S MO: tubb2b unaffected (ISH in tailbuds) (Taelman
repressor, requiring the Orange domain and the C-terminal et al., 2006). 5
region for dimerization. Hey1 heterodimerizes in vivo with g
Hes1 and Hes4 and weakly with Hes2, but it does not bind g
%}

Hes5.5 or Hes5.6. It weakly binds bHLH proteins that promote
neuronal differentiation (Neurod1 and Neurod4) but does not
bind the proneural protein Neurog2 (Taelman et al., 2004).




Notch Signaling in Early Embryogenesis

placodes, suggesting it also participates in setting the neural
plate/NB boundary, although this could not be confirmed by
hes3 knock-down, perhaps due to compensation by other hes
genes (Hong and Saint-Jeannet, 2018).

7.3.5.1.  The Role of hes4 in NB and NCC Development

hes4 is expressed in prospective NCC territories, along with
notchl (Glavic et al., 2004; Vega-Lopez et al., 2015), and
appears to act through partially counteracting pathways to
promote and restrict foxd3 expression to NCC (Maharana
and Schlosser, 2018).

Neural induction subdivides the ectoderm into neural
and non-neural regions. The transition zone is the neural
border, from which neural crest cells, placodes, the border-
ing non-neural ectoderm, and dorsal neural tube segregate
(Stuhlmiller and Garcia-Castro, 2012; Pla and Monsoro-
Burq, 2018). The pre-placodal ectoderm (PPE) forms a
horseshoe-shaped domain surrounding the neural plate at
its anterior end and later segregates into individual placodes
(Stuhlmiller and Garcia-Castro, 2012; Grocott et al., 2012;
Saint-Jeannet and Moody, 2014; Steventon et al., 2014; Pla
and Monsoro-Burq, 2018). NCC development begins during
gastrulation, when the NB is induced and stabilized and pro-
gresses through sequential steps, with the NB-TFs control-
ling the onset of NCC induction within the NB at the end of
gastrulation and during the neural plate stage. This is fol-
lowed by NCC specification, which occurs through a multi-
step process during neurulation and involving the activation
of a new set of genes encoding specific NCC transcription
factors (NCC-TFs), which are not shared with contiguous
populations. These NCC-TFs are activated in a stereotyped
sequence, with an early step (activation of sox9 since NF11;
snai2 and foxd3 since NF12-12.5) and a maturation step,
with the activation of late NCC-TFs (sox/0 from NF13-14,
twistl). NCC migration begins at the end of neurulation
(once the neural folds fuse at the midline, transforming
the neural plate into the neural tube) and continues during
organogenesis, during which post-migratory NCCs colonize
target tissues and organs, where they differentiate into mul-
tiple cell types (Pegoraro and Monsoro-Burq, 2013; Pla and
Monsoro-Burq, 2018).

There are conflicting interpretations concerning the
role of hes4 in NB/NCC development and its regulation by
Notch signaling in these tissues (Tables 7.9, 7.10). Although
hes4 is already expressed in the NB at mid-gastrula (Tsuji
et al., 2003) and is considered an NB specifier in vivo, this
TF alone can not initiate NCC specification in animal cap
explants (Milet et al., 2013). Analysis at advanced neu-
rula stages indicated that DII1 signals to presumptive NCC
through Notch1/RBPJ inducing hes4, which represses bmp4
to ensure optimal BMP signaling levels for NCC specifica-
tion (Glavic et al., 2004). Others showed that during NCC
specification, hes4 restricts dlll in NCC for the survival
and maintenance of precursors in a mitotic, undifferenti-
ated state (Nagatomo and Hashimoto, 2007). Strikingly,
another group showed that the NCC hes4 domain was unaf-
fected in neurulae following activation or blockade of the
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RBPJ-dependent pathway at mid-gastrula and noticed that
hes4 and dlll domains partially overlap in the anterior,
lateral neural plate. They proposed that DIIl favors NCC
precursor proliferation rather than controlling the bal-
ance between primary neurons and NCC fates. Through a
DNA-binding independent mechanism, hes4 transiently and
indirectly induces dl/] expression, leading to NCC prolifera-
tion and differentiation. Through a cell-autonomous, DNA-
binding-dependent mechanism, hes4 up-regulates early NB
genes and is required for NCC survival and maintenance in
an undifferentiated state (Nichane et al., 2008a; Nichane
et al., 2008b). More recently, other authors showed that in the
pre-migratory NCC territory, hes!/ and hes4 are positively
regulated by DIl1/Notch/RBPJ whereas BMP down-regu-
lates hes4 (Nagatomo and Hashimoto, 2007; Vega-Lépez
et al., 2015). These authors propose that hes! and hes4 are
required for several processes during NCC development.
First, both promote NCC specification at the expense of
neural plate and epidermis independent of cell proliferation;
then Hes4 acts as a transcriptional repressor during NCC
specification and is later required for their survival during
neurulation; finally, hes4 is required cell-autonomously to
initiate NCC migration and their differentiation into the cra-
nial skeleton.

Wnt and FGF signaling are necessary for hes4 expression,
whereas BMP down-regulates it in the presumptive NCC at
neural plate stages (Nichane et al., 2008a; Vega-Ldpez et al.,
2015). Others identified three hes4 expression phases dur-
ing NB/NCC development. First, during NB induction (early
gastrula), hes4 expression is insensitive to BMP signaling
but requires down-regulation of the Wnt pathway. Then,
during NCC induction (mid-gastrula), it requires Wnt and
down-regulation of BMP signaling. Finally, both pathways
are required for hes4 expression during NCC maintenance
in early neurula (Steventon and Mayor, 2012). FGF signaling
was proposed to regulate hes4 and dlll in the NB through
Stat3.1, which is phosphorylated by FGF/FGFR4. Whereas
low Stat3.1 activity up-regulates hes4, high Stat3.1 activity
promotes dll1 expression and DI11/Notch signaling (Nichane
et al., 2010). Overall, it is clear that hes4 is required for NCC
development in Xenopus, but controversies still exist about
the underlying mechanisms (for discussion, see Vega-Ldpez
etal., 2015). Time-dependent opposite responses to the same
experimental Notch perturbation, which were observed in
other contexts in Xenopus (Contakos et al., 2005; Revinski
et al., 2010), might underlie the conflicting results between
different studies. Some reviews regard Notch signaling as
an important source for NCC maintenance rather than as a
key player in NB induction during gastrulation (Stuhlmiller
and Garcia-Castro, 2012; Pla and Monsoro-Burg, 2018).
Curiously, most studies analyzed the effects of perturbing
Notch signaling on hes4 too late to address if this pathway
plays an early role in establishing the NB hes4 domain
(Table 7.9). However, we observed a clear expansion of the
NB hes4 domain at mid-gastrula after constitutive Notchl
activation beginning at cleavage stages (L6pez et al., 2005),
suggesting that Notch participates in the establishment of



TABLE 7.9

Core Components of the Notch Pathway in Xenopus Neural Border and Its Descendants

krt12.4, non-neural ectoderm marker; nkx/—2, posterior NB MARKER (Kurata and Ueno, 2003); sox2, sox3, soxd, neural plate markers; foxe3, positive regulator of lens fate (Ogino et al., 2008); pax3, msxI, zicl,
NB markers (Nichane et al., 2008b). For additional abbreviations, see main text and Table 7.3 legend.

Gene

Expression

Gain-of-Function

Loss-of-Function
(Dominant-Negative/Morpholino)

notchl/RBPJ

notchl expression: NB, neural plate, and ectoderm (Coffman
etal., 1993). Prospective NCC territories (neural plate
stage) (Glavic et al., 2004).

NB, NCC:

notchlAE: |twistl, nkxI-2, non-neural ectoderm (krt12.4)
(neural plate stage, ISH) (Coffman et al., 1993; Kurata and
Ueno, 2003); |branchial arches (tadpole) (Coffman et al.,
1993).

NICDI: 1NB marker hes4 (gastrula, ISH) (Lépez et al.,
2005), neural plate marker sox2 (neural plate stage, ISH)
(Revinski et al., 2010).

GR-NICDI or GR-RBPJ-Ank (Dex NF12): tpresumptive NCC
(snai2, foxd3, hes4); |bmp4 (non-neural ectoderm) (late
neurula) (Glavic et al., 2004).

GR-RBPJ-Ank (Dex NF11): hes4NCC domain unaffected
(neural plate stage, ISH) (Nichane et al., 2008a).

PPE:

NICDI: thes5.4 in placodes and adjacent non-neural
ectoderm, even in the absence of six//eyal function (ISH,
neural plate stage) (Riddiford and Schlosser, 2017).

Lens placode (notchl /notch2 ?):

GR-RBPJ-VPI16 (Dex NF15): ectopic foxe3 restricted to the
anterior ectoderm (NF22-24) (Ogino et al., 2008).

GR-RBPJ-VP16 or NICDI + GR-otx2 (Dex NF15): massive
ectopic foxe3 (NF22-24) (Ogino et al., 2008).

NB, NCC:

RBPJPBM | neural plate (sox2) (neural plate stage, ISH)
(Revinski et al., 2010).

notchl MO: |presumptive neural plate (sox2) (late gastrula);
Tneural plate (sox2) (neural plate stage) (ISH) (Revinski et
al., 2010).

GR-RBPJDBM (Dex NF12): |presumptive NCC (snai2,
foxd3, hes4); 1bmp4 domain (late neurula) (Glavic et al.,
2004).

GR-RBPJDBM (Dex NF11): hes4NCC domain unaffected
(neural plate stage, ISH) (Nichane
et al., 2008a)

PPE:

RBPJDBM: |hes5.4 in neural plate and placodes (ISH, neural
plate stage) (Riddiford and Schlosser, 2017).

Lens placode (notchl /notch2 ?):

GR-RBPJDBM/Dex NF15: |foxe3, impaired lens development
(NF22-24) (Ogino et al., 2008).

notch2

PPE (neural plate stage) (Murato and Hashimoto, 2009;
Mabharana and Schlosser, 2018).

dill

Anterior neural border (ANB), surrounding the presumptive
NCC at early neurula stage. (Glavic et al., 2004).

NB, NCC:

dIl1 overexpression: TNCC (snai2, sox10) without affecting
NB (pax3, msx1I), neural plate (soxd, sox3), or placodal
marker six/ (Nichane et al., 2008b).

NB, NCC:

dilISTU: |NCC (snai2, foxd3, hes4); 1bmp4 (late neurula)
(Glavic et al., 2004); |neural plate (sox2) (late gastrula,
early neurula; ISH) (Revinski et al., 2010).

dil] MO: |NCC (snai2, sox10) (neural plate stage) (Nichane et
al., 2008b).

Lens placode:

dIlISTU: Head defects, |foxe3 (Ogino et al., 2008)

dic

Similar to dll1 but at lower levels. Expressed in an arc
corresponding to the ANB; later resolves into dlc+ cranial
placodes (Glavic et al., 2004; Peres and Durston, 2006).

NCC, placodes:

dlc MO: migration failure of NCC and placodal cells (Peres
and Durston, 2006).

dlctr: | foxe3 (NF23) (Ogino et al., 2008).

Jagl

ANB, surrounding the presumptive NCC at early neurula
stage (Glavic et al., 2004).
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the NB through the positive regulation of the NB-specifier
hes4, which receives multiple regulatory inputs from other
pathways. Moreover, Notchl can suppress nkx/-2 in pre-
sumptive NCC; this gene encodes a transcriptional repres-
sor thought to inhibit neural fate to allow NCC induction
(Kurata and Ueno, 2003).

7.3.5.2.

Notch signaling and genes of the hes/—7 group are also
involved in cranial placode development (Tables 7.9, 7.10).
Six1 and its co-activator Eyal are crucial regulators of plac-
ode development (Brugmann et al., 2004; Riddiford and
Schlosser, 2016). hes4 is required for establishing the pre-
placodal ectoderm; the expression of notch2, sixI, and eyal
in this tissue; and the development of the lens field (Murato
and Hashimoto, 2009; Maharana and Schlosser, 2018) (Table
7.10), placing hes4 upstream of the placodal program prob-
ably at the level of NB establishment. However, additional
gene cascades converge in setting this program, since other
PPE markers were not affected by hes4 knock-down (Murato
and Hashimoto, 2009). Recently, a NB gene regulatory net-
work that cross-regulates with Six1/Eyal was proposed for
controlling PPE and NCC specification. This GRN includes
Hes4 and other TFs expressed in the neural and non-neural
ectoderm (Maharana and Schlosser, 2018). Downstream of
this GRN are hes2, hes5.4, and hes5.6, which are expressed
in the PPE. They are presumptive direct targets of Six1/
Eyal, as they were up-regulated by them in the absence of
protein synthesis, and placodal hes5.4 and hes5.6 expression
require Six1/Eyal function (Riddiford and Schlosser, 2016).

In neurogenic placodes, Six1/Eyal control d//] in a dose-
dependent manner. High Six1/Eyal levels maintain prolifer-
ating placodal precursors, but as cells delaminate from the
placodes, Six/Eyal levels are reduced and the neurogenesis
program is triggered, including the onset of dll/ expres-
sion (Schlosser et al., 2008). Notchl/RBPJ is required for
hes5.4 expression during placodal development (Tables 7.2,
7.3) (Riddiford and Schlosser, 2016). The requirement of
Notch signaling for hes2 and hes5.6 expression in this pro-
cess is currently unknown, although hes5.6 is induced by
Notch1/RBPJ during gastrulation (Tables 7.2, 7.3). hes2 was
not induced by activation of the Notch pathway in naive or
neuralized animal cap explants but was moderately induced
in embryos, with ectopic expression restricted to the NB
(Solter et al., 2006) (Tables 7.2, 7.3).

PPE hes5.4 expression requires two positive regulators:
(I) high Six1/Eyal levels activate hes5.4 independently of
Notch/RBPJ and (2) Notch/RBPJ activates hes5.4 inde-
pendently of Six1/Eyal, probably through lateral inhibition
(Tables 7.2, 7.3, 7.9). Subsequently, hes5.4 maintains plac-
odal progenitors in an undifferentiated state, restricting pri-
mary neurogenesis upstream of proneural genes (Table 7.8).
As Six1/Eyal activity declines, hes5.4 is required at low lev-
els to promote neuronal differentiation. Intriguingly, hes5.4
is also required for neuronal differentiation downstream of
proneural genes, as terminal differentiation markers were
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frequently decreased after hes5.4 knock-down (Table 7.8).
The details of the mechanism underlying these opposing
roles remain unresolved, but oscillation of hes5.4 expression
might be involved since hes5.4 represses its own transcrip-
tion (Tables 7.4, 7.8) (Riddiford and Schlosser, 2017).

7.3.5.3. Other Roles for Notch Pathway
in Placode Development

Other evidence further supports Notch pathway involvement
in cranial placode development (Table 7.9). Potentiated by
Otx2, Notch can activate dmrtal/2 in the anterior ectoderm.
These genes encode TFs expressed in the presumptive olfac-
tory placodes and are involved in olfactory neurogenesis
(Parlier et al., 2013). An RBPJ binding site was found in the
main enhancer of foxe3, a key TF required for lens placode
development (Ogino et al., 2008; Kenyon et al., 1999). dil]
and dlc are expressed in the adjacent presumptive retina,
from where they presumably induce foxe3 through Notch/
RBPJ. While an antimorphic dlll produced severe head
defects, making the results difficult to interpret, the anti-
morphic dlc produced a more restricted, lens-defective phe-
notype, indicating that dlc is involved in lens development
(Ogino et al., 2008).

7.3.5.4. The Midbrain/Hindbrain Boundary

The midbrain/hindbrain boundary (MHB) is considered
an organizing center because signals from this region
induce and pattern the adjacent mesencephalon and hind-
brain (Anderson and Stern, 2016). hes7.1 is one of the first
genes to demarcate the presumptive MHB at early gastrula
stages. Notably, at neural plate stages, the hes7./ domain
coincides with a hes5.1, hes5.2, and hes5.7 expression gap
(Shinga et al., 2001; Takada et al., 2005) (Figure 7.2) (Table
7.11). hes7.1 is necessary for MHB establishment through
repressing, probably directly, hes5.1, hes5.2, and hes5.7 in
this region, whereas these hes5 genes (which are positively
regulated by DII/Notch signaling during primary neuro-
genesis) are thought to restrict hes7.1 to the MHB (Shinga
etal., 2001; Takada et al., 2005) (Tables 7.4, 7.11). Strikingly,
NICD1 abolished and RBPJDBM did not affect MHB hes7.1
expression (Takada et al., 2005). It would be interesting to
address whether notchl normally down-regulates hes7.1 by
a non-canonical pathway.

7.3.6.  SOMITOGENESIS

The classic Clock and Wavefront hypothesis for vertebrate
somitogenesis, which involves Notch signaling, was origi-
nally postulated by experimental work based on Xenopus
(Cooke and Zeeman, 1976; Cooke, 1981). It explains the
sequential formation of vertebrate somites from the pos-
terior presomitic mesoderm that is due to an oscillation
between permissive and non-permissive phases for segmen-
tation, the so-called “segmentation clock™ that is controlled
by hes genes. Their proteins act as pacemakers that cell-
autonomously cycle on and off through an autoregulatory



TABLE 7.10

hes Genes in the Xenopus Neural Border and Its Descendants
For the role of hes genes in placodal neurogenesis, see hes2, hes5.4 in Table 7.8. See abbreviations in Table 7.3 legend.

801

g Expression/Role Gain-of-Function Loss-of-Function
O (Dominant-Negative/Morpholino)
At neural plate stage, hes! is expressed in thin longitudinal GR-hesl (Dex sl11): NCC (snai2), |neural plate (sox2) and GR-hesl (Dex sl11): |[NCC (snai2), Tneural plate (sox2) and
lines corresponding to the dorsal and ventral boundaries of non-neural ectoderm (krt12.4) (ISH neurula); proliferation non-neural ectoderm (krt12.4) (ISH neurula); proliferation
E NCC (Vega-Lépez et al., 2015). unaffected (pH3, neurula stage) (Vega-Lopez et al., 2015). unaffected (pH3, neurula stage) (Vega-Lopez et al., 2015).
= Promotes NCC at the expense of contiguous fates (neural GR-hes! (Dex sl1) +/- HUA: 1NCC (foxd3), |neural plate GR-DN-hesl (Dex sl1) +/- HUA: |[NCC (foxd3), Tneural
plate/epidermis), independently of cell proliferation during (sox2) (ISH neurula) (Vega-Lopez et al., 2015). plate (sox2) (ISH neurula) (Vega-Lopez et al., 2015).
early NCC development (Vega-Lopez et al., 2015)
Scattered cells in the ectoderm/neural ectoderm (mid-gastrula)
% Posterior PPE, including the prospective otic and lateral
= line placodes (neural plate) (Solter et al., 2006; Riddiford
and Schlosser, 2016).
Strongly expressed in a domain comprising the anterior and GR-hes3 (Dex NF10.5): hes3 MO: two translation-blocking MOs targeting hes3.L, one
lateral edges of the neural plate, just adjacent to the NB Promoted neural plate at the expense of NB fates. Blocks translation-blocking MO targeting /es3.S, and one
S (Hong and Saint-Jeannet, 2018). NCC induction by wnt8a DNA or B-catenin DNA splice-blocking MO targeting hes3.L and hes3.S, tested
§ Sufficient to promote neural plate fates at the expense of NB injection. In animal cap assays, blocked NCC and PPE alone or in different combinations, did not affect the
fates (NCC and placodes) but normal requirement still gene induction by Wnt8 and Noggin and promoted neural expression of gene markers that were affected by the gain of
unproven. Other genes of the Hes family might compensate plate fate (Hong and Saint-Jeannet, 2018). function approach (Hong and Saint-Jeannet, 2018).
for hes3 knock-down.
NB at mid-gastrula (Tsuji et al., 2003). hes4 overexpression: |bmp4, TNCC (snai2, msx1) (neural hes4 MO:
One of the earliest PPE markers (mid-gastrula) (Murato and plate stage) (Glavic et al., 2004) INCC markers without affecting neural plate and epidermal
Hashimoto, 2009; Maharana and Schlosser, 2018). GR-hes4 (Dex NF11.5-12): |[NCC (snai2, foxd3, sox9, markers (early neurula) (Nagatomo and Hashimoto, 2007)
Prospective NCC territories (neural plate stage) (Vega- sox10), Tneural plate (soxd), tNB (msx1, pax3, zicl), or with 1 of neural plate and epidermal markers (Vega-
Lopez et al., 2015) 1dlll tproliferation (pH3), |apoptosis (neural plate stage); Lopez et al., 2015). Variable changes in the expression
hes4 is required during several steps of NCC development 1 and | different subsets of NCC cell-types (tailbud stage) domains of the NCC specifier foxd3, with slight 1sox3
‘é (specification, maintenance, onset of migration). Only the (Nichane et al., 2008b; Nichane et al., 2008a). (neural plate) (Maharana and Schlosser, 2018).
= hes4.L homeolog is required in X. laevis. GR-hes4.S, GR-hes4.L (Dex NF11) +/— HUA treatments, Isix1/eyal, notch2 (PPE) (neural plate stage); other PPE
hes4 is required for the establishment of the PPE and the pH3; GR-hes4.S-EnR, GR-hes4.L-EnR (Dex NF12.5): markers unaffected (foxe3, dlx5) (Maharana and Schlosser,
development of the lens field. Hes4 acts as a transcriptional repressor, promoting NCC 2018; Murato and Hashimoto, 2009); |lens field (pax6,

specification at the expense of contiguous fates (neural
plate/epider

six3, pitxI); malformed lens (tadpoles, NF42) (Murato and
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mis) independently of cell proliferation. It is later required for
NCC survival during neurulation, and cell autonomously
for their initial migration (Vega-Lopez et al., 2015).

Hashimoto, 2009). In these studies, either a mixture of hes4.L
MO + hes4.S MO (Nagatomo and Hashimoto, 2007;
Nichane et al., 2008b; Maharana and Schlosser, 2018),
hes4.L MO alone (Vega-Lopez et al., 2015; Murato et al.,

2007), or hes4.S MO alone (Murato et al., 2007) were used.

hes4.L MO but not hes4.S MO affected NCC development
(Murato et al., 2007).

GR-DN-hes4.S, GR-DN-hes4.L (Dex NF11) +/— HUA, pH3;
GR-hes4.S-E1A, GR-hes4.L-E1A (Dex NF12.5): Hes4 acts
as a transcriptional repressor, promoting NCC specification
at neural plate/epidermis fates” expense, independently of
cell proliferation. It is later required for NCC survival
during neurulation and cell-autonomously for their initial
migration (Vega-Loépez et al., 2015).

GR-hes4DBM (Dex NF11.5-12): same results as GR-hes4
(Dex NF11.5-12), except that it did not affect soxd and
msx1 (Nichane et al., 2008b).

~ Anterior PPE (neural plate stage); otic vesicle; olfactory, See Table 7.8. See Table 7.8.
E epibranchial, and lateral line placodes (tailbud stage)

= (Riddiford and Schlosser, 2016).

© Anterior PPE (neural plate stage); otic vesicle; olfactory,

g epibranchial, and lateral line placodes (tailbud stage)

<

(Riddiford and Schlosser, 2016).
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TABLE 7.11

hes Genes in the Establishment of the Xenopus Midbrain/Hindbrain Boundary
See abbreviations in Table 7.3 legend.

oLL

% Expression Gain-of-Function Loss-of-Function
o Role/Details (Dominant-Negative/Morpholino)
E PN domains with a gap at the MHB. hes5.1 overexpression: | MHB specification (hes7.1 and pax2,
2 Restricts the MHB. ISH neural plate stage) (Takada et al., 2005)-
m PN domains with a gap at the MHB. hes5.2 overexpression: |MHB specification (pax2, ISH at
§ Restricts the MHB. neural plate stage) (Takada et al., 2005).
E PN domains with a gap at the MHB. hes5.7 overexpression: | MHB specification (pax2, ISH at
§ Restricts the MHB. neural plate stage) (Takada et al., 2005).
Demarcates the presumptive MHB: restricted band of the hes7.1 overexpression: |MHB markers (pax2, en2) at neural hes7.1-VP16, mb-hes7.1 (basic region mutated), hes7.1-
inner layer in the center of the prospective neuroectoderm plate stage, but Ten2 in some cases with lower doses, while AWRPW |MHB markers (neural plate stage);
(onset: NF10.5) that is progressively resolved into a pair of they were unaffected at later stages (Shinga et al., 2001). morphologically disrupted the MHB (tailbuds) (Shinga et
bilateral stripes (Shinga et al., 2001). Lhes5.1, hes5.2, hes5.7, dll1, neurog2 (neural plate stage) al., 2001).
E Establishes the presumptive MHB region as a prepattern gene, (Takada et al., 2005). GR-hes7.1-VP16 (Dex NF10.5-11) +/— CHX: thes5.1,
2 where it represses the putative direct target genes hes5. 1, hes5.2, hes5.7, dil1, and hes7.1 domains (neural plate

hes5.2, hes5.7, dll1, and hes7.1.

stage) (Takada et al., 2005).

hes7.1 MO: filled the MHB gap with dll1, hes5.1, and hes5.7
(medial stripes of PN) and anteriorly expanded their
intermediate stripes (PN domains) (Takada et al., 2005).
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negative feedback loop. Cell oscillations slow down towards
the anterior presomitic mesoderm, generating a kinematic
wave of cycling gene expression. Opposite gradients of RA
from the anterior presomitic mesoderm and FGF and Wnt
signaling from the tailbud region define a so-called “deter-
mination wavefront,” which sweeps through the presomitic
mesoderm rostro-caudally. When cycling cells at the per-
missive phase are reached by the determination wavefront,
they stop oscillating. This results in the striped activation
of mesp genes. Consequently, the anterior presomitic meso-
derm forms whorls of “somitomeres” whose gene expression
prepattern delineates the future boundaries that lead to the
formation of individual somites (Figure 7.1D). During ver-
tebrate somitogenesis, intercellular DII/Notch signaling acts
first in the posterior presomitic mesoderm to synchronize the
frequencies of neighboring cell-oscillators and then in the
anterior presomitic mesoderm to position the future interso-
mitic boundary and define the anterior-posterior polarity of
the somite (Cooke, 1981; Takahashi et al., 2000; Pourquié
and Tam, 2001; Moreno and Kintner, 2004; Nagano et al.,
2006; Sparrow, 2008; Gomez et al., 2008; Sasaki et al., 2011;
Oates et al., 2012; Hubaud and Pourquié, 2014; Wahi et al.,
2016; Janesick et al., 2017; Venzin and Oates, 2020; Naoki
and Matsui, 2020).

7.3.6.1.

While the general segmentation mechanism is conserved
across vertebrates, the individual hes and delta oscillating
genes involved vary between species (Oates et al., 2012).
In Xenopus, several Notch pathway genes are expressed in
discrete stripes in the presomitic mesoderm. So far, only
dlc, hes5.3, hes5.5, and hes5.6 were reported as oscilla-
tory in Xenopus (Table 7.12, Figure 7.1D). Since a large
number of embryos must be analyzed to discern a chang-
ing pattern that results from oscillatory expression (Figure
7.1D, lower panel), some genes with cycling behavior might
have been overlooked (Sparrow, 2008). Interestingly, dic
delineates somitomeres at late gastrula (Peres et al., 2006),
significantly earlier than genes involved in somite segrega-
tion (Durston et al., 2018). Notably, hes4, hes5.3, hes5.6,
and dlc show a left-right asynchrony in their somitomeric
pattern (Davis et al., 2001; Li et al., 2003; Blewitt, 2009;
Durston et al., 2018) (Figure 7.1D, lower panel). A careful
examination led to the proposal that somitogenesis waves
are propagated as counter-clockwise spirals, probably
linked to the mechanisms imposing left-right asymmetries
(Durston et al., 2018).

The consequences of the experimental perturbation of
Dlc/Notch/RBPJ signaling in Xenopus are consistent with
a crucial role in regulating somitogenesis (Jen et al., 1997;
Sparrow et al., 1998; Peres et al., 2006) (Table 7.12). Although
dlll is expressed in the tailbud in a poorly described segmen-
tal prepattern (Table 7.12), its possible role in somitogenesis
has been overlooked. notchl shows continuous expression
throughout the tailbud presomitic mesoderm but is restricted
to one-half of mature somites, whereas jag?2 is expressed in
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the opposite pattern (Table 7.12), suggesting an interplay
between notchl and jag?2 after somite segregation.

Among hes genes for which there is a precise description
of their somitomeric expression pattern, hes4 is restricted
to posterior compartments, and others, including dlc, are
restricted to anterior compartments (Figure 7.1D) (Jen et al.,
1997). A paired RBPJ motif in the proximal promoter of
hes4, including the intervening hexamer, is necessary for its
somitomeric pattern together with its 3’UTR, which confers
mRNA instability except in its striped domains in the pre-
somitic mesoderm. Since the 3’UTR of hes5.6 can impose
this striped pattern on hes4, cyclic hes5.6 expression might
also be regulated by mRNA decay (Davis et al., 2001). The
results summarized in Table 7.12 indicate that spatially con-
trolled dlc expression is necessary for Xenopus somitogene-
sis and for setting the normal segmental prepattern of Notch
targets related to the segmentation program (hes7.2, hes7.3/
esr5, hes4). Notch/RBPJ represses dlc and mespa, whereas
Dlc from the anterior half of somitomeres activates hes4 in
the posterior half through Notch/RBPJ.

hes7.3/esr5 is necessary for proper somitogenesis, includ-
ing the refinement of dlc, hes7.2, and mespa expression into
stripes in the so-called “transition zone” between the somi-
tomeric and tailbud regions (Table 7.12) (Figure 7.1D) (Jen et
al., 1999). It was proposed that the Notch pathway uniformly
activates targets like hes7.3/esr5 in the tailbud region. Then,
amechanism requiring de novo protein synthesis and HDAC
represses dlc, hes7.2, and hes7.3/esr5 in the transition zone,
which introduces an expression gap that generates an on/
off periodicity that is stably maintained in the somitomeres.
hes7.3/esr5 participates in a negative feedback loop, repress-
ing dlc and hes7.2 in posterior half-segments in the transi-
tion zone from where somitomeres arise. In contrast, rostral
to the transition zone, hes7.3/esr5 participates in a positive
feedback loop, maintaining the segmental dlc prepattern in
the somitomeric region (Jen et al., 1999).

hes6.1 shows a broad tailbud expression domain and
a segmental prepattern in somitomeres (Table 7.12).
Overexpression of hes6./ or a mutant DNA binding form
severely disrupted somitogenesis and molecular markers
(Cossins et al., 2002), suggesting that hes6./ must be spa-
tially regulated in the presomitic mesoderm for proper seg-
mentation, perhaps by protein-protein interactions rather than
DNA binding. Interestingly, hes6.1 is negatively regulated by
Notch/RBPJ in the neural plate (Koyano-Nakagawa et al.,
2000), so it will be interesting to study a possible interplay
between hes6.1 and the Notch pathway in somitogenesis.

7.3.6.2. Interplay between Notch and Other

Genes and Pathways in Somitogenesis
Somite boundary formation is also regulated by the Notch
pathway via repression of protocadherin 8 (pcdh8) in the
posterior half of somitomeres. Pcdh8, which is expressed in
their anterior half, in turn regulates differential cell adhe-
sion and prevents the intermingling of anterior and poste-
rior cells between somitomeres, contributing to maintaining



TABLE 7.12
Notch Pathway Genes Expressed during Xenopus Somitogenesis

See abbreviations in Table 7.3 legend.

r4X}

g Expression Related to Somitogenesis and Mature Somites Functional Evidence Related to Somitogenesis
O
Continuous in PSM and TBD. One-half of mature somites (Chitnis et al., 1995; Gain-of-function:
McLaughlin et al., 2000; Rones et al., 2002; Xenbase, community submitted images: NICDI1: expanded hes7.2 and hes7.3/esr5 domains into the gaps between stripes in the

= www.xenbase.org/, RRID:SCR_003280; Bowes et al., 2010). somitomeric region (Jen et al., 1999; Peres et al., 2006); expanded rndl, |rnd3 (Goda et al.,

s 2009).

= notchl-AE: |ripply2.2 in the PSM (Kondow et al., 2006).

GR-NICDI; Dex NF11 or 19: Theyl in somites, global disorganization of somite borders (Rones
et al., 2002).

Gain-of-function:

RBPJ-Ank: |dlc along the PSM (Sparrow et al., 1998); expanded the hes7.2 and hes7.3/esr5
domains into the gaps between stripes in the somitomeric region (Jen et al., 1999; Peres et al.,
2006).

GR-RBPJ-VP16 (Dex NF11-13, Dex NF15-19, ISH NF24-30): they! in somites, global
disorganization of somite borders (Rones et al., 2002).

Loss-of-function:

- RBPJDBM: expanded dlc domains into the gaps between somitomeric stripes without affecting

g dlc in the TBD (Jen et al., 1997; Sparrow et al., 1998); |hes4 in somitomeres (Jen et al.,

X 1997); | hes7.2 along the PSM (Jen et al., 1999; Peres et al., 2006); | hes7.3/esr5 in the
somitomeric and TZ regions (Jen et al., 1999; Peres et al., 2006); produced a fusion of both
ripply2.2 somitomeric stripes (Kondow et al., 2006); |ripply2.1 in the PSM (Chan et al.,
2006); disrupted rnd3 expression (Goda et al., 2009).

GR-RBPJDBM (Dex NF11-13, Dex NF15-19, ISH NF24-30): | hey! in somites (Rones et al.,
2002).

RBP]J regulation:

Celf1 controls somitogenesis through RBPJ mRNA decay (see main text for details) (Gautier-
Courteille et al., 2004; Cibois et al., 2010; Cibois et al., 2013).

More restricted than dlc. Circumblastoporal collar/TBD. Two somitomeric stripes dil] regulation:
% (from NF12): stronger in the posterior than in the anterior one (Chitnis et al., 1995; ripply2.1 overexpression: slight posterior shift of d/// in the PSM (Chan et al., 2006).

McLaughlin et al., 2000; Rones et al., 2002; Lamar and Kintner, 2005; Dingwell and
Smith, 2006; Kondow et al., 2007; Wang et al., 2007).

ripply2.1 MO: anterior shift of dll] in the PSM (Chan et al., 2006).
ripply2.2 MO: |dIl1 stripes in the PSM (Kondow et al., 2007).
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dic

Anterior part of prospective somites SO, S-I, S-II (somitomeres), and S-I11 (TZ), with
spatial refinement: stripes progressively thinner from caudal to rostral PSM.
Expression in somitomeres first appears at late gastrula (NF12). Broad domain in
TBD. Oscillatory behavior in TZ and TBD. Left-right asynchrony in somitomeres,
with the right side relatively more advanced (Jen et al., 1997; Sparrow et al., 1998;
Jen et al., 1999; Moreno and Kintner, 2004; Peres et al., 2006; Sparrow, 2008;
Durston et al., 2018).

Gain-of-function:

dlc overexpression: segmentation defects (Jen et al., 1997, Peres et al., 2006); expanded hes7.2
and hes7.3/esr5 expression into the gaps between stripes in the somitomeric region (ISH
NF20-22, late neurula/early tailbud stages) (Jen et al., 1999; Peres et al., 2006); did not
affect hoxc6 and hoxdl in the paraxial mesoderm (ISH, tailbud stage) (Peres et al., 2006)

Loss-of-function:

DN-dlc: segmentation defects (Jen et al., 1997); expanded the dlc domains into the gaps
between somitomeric stripes, without affecting dlc in the TBD (Jen et al., 1997; Sparrow
et al., 1998); |hes4 in somitomeres (Jen et al., 1997); disrupted and |rndl and rnd3
expression domains (Goda et al., 2009).

dlc MO: segmentation defects (Peres et al., 2006); |hes7.2 in somitomeres (Jen et al., 1999; Peres
et al., 2006) and hoxb4 and hoxc6 in the paraxial mesoderm during somitogenesis (ISH
tailbud stage, NF21) (Peres et al., 2006).

dlc regulation:

RBPJ-Ank: |dlc along the PSM (Sparrow et al., 1998).

RBPJDBM: expanded the dlc domains into the gaps between somitomeric stripes, without
affecting dlc in the TBD (Jen et al., 1997; Sparrow et al., 1998).

Knock-down of the whole hox paralogous group 1: disrupted somitogenesis and |dlc in the
PSM (Peres et al., 2006).

mespa overexpression: segmental pattern of dic lost, |dlc in somitomeres; expression in TBD
unaffected (Sparrow et al., 1998).

ripply2.1 overexpression: slight posterior shift of dlc in the PSM (Chan et al., 2006).

ripply2.1 MO: anterior shift of dic in the PSM (Chan et al., 2006).

ripply2.2 overexpression: |dlc in the PSM through recruitment of the TLE4 co-repressor
(Kondow et al., 2006).

ripply2.2 MO: tdlc expression in SO and S-I and anteriorly shifted these domains (Kondow et
al., 2007).

myodl MO: |dlc in PSM stripes at early neurula (NF13); anteriorly shifted dlc stripes around
the onset of somitogenesis (NF19) (Maguire et al., 2012).

CHX treatment: continuous dlc expression in the PSM (Jen et al., 1999; Kim et al., 2000).

RA or SU5402 (inhibitor of FGF signaling) treatments: caudal shift of the dic TBD domain
(Moreno and Kintner, 2004).

dll4

Intersomitic vessels (sprouting from the dorsal aorta) (NF39). Image from Kirmizitas
etal. (2017), description from Xenbase (Bowes
etal., 2010).

Jjag2

One-half of mature somites. Xenbase, community submitted images (Bowes et al.,
2010).

hesl

Similar to hes4 pattern, but with much lower expression (Davis et al., 2001).

hes1 regulation:

GR-NICD1, GR-RBPJ-VP16 (Dex NF11-13, Dex NF15-19, ISH NF24-30): theyl in somites,
global disorganization of somite borders (Rones et al., 2002).

GR-RBPJDBM (Dex NF11-13, Dex NF15-19, ISH NF24-30): | heyl in somites (Rones et al., 2002).

(Continued)
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TABLE 7.12 (Continued)
Notch Pathway Genes Expressed during Xenopus Somitogenesis

vLL

§ Expression Related to Somitogenesis and Mature Somites Functional Evidence Related to Somitogenesis
©)
Posterior part of S-I and S-II (somitomeres), complementary to dlc. Left-right hes4 regulation:
asynchrony in somitomeres observed from NF18-19, with the right side relatively Segmental hes4 prepattern requires a paired RBPJ motif (including the intervening hexamer)
more advanced. Very low expression in mature somites (Jen et al., 1997; Davis et al., present in the proximal promoter of hes4 and the 3> UTR, which confers general mRNA
2001). instability (Davis et al., 2001).
E RBPJDBM or DN-dlc: |hes4 in somitomeres (Jen et al., 1997).
= dic MO: | hes4 (Peres et al., 2006).
ripply2.1 overexpression: slight posterior shift of ses4 in the PSM.
ripply2.1 MO: anterior shift of hes4 in the PSM (Chan et al., 2006).
ripply2.2 MO |hes4 in the PSM (Kondow et al., 2007).
CHX treatment: |/es4 in the PSM (Kim et al., 2000).
2 1-2 somitomeric stripes. Broad domain in TZ+TBD. Oscillatory behavior in the PSM, Microarray analysis showed that manipulating RA signaling significantly changed hes5.3 levels
§ with left-right asynchrony (Blewitt, 2009). (Janesick et al., 2017).
" Anterior part of prospective somite S-II. Broad domain in TZ+TBD. Oscillatory
'% behavior in TZ and TBD.
= (Li et al., 2003).
Anterior part of prospective somite S-II. Broad domain in TZ+TBD. Oscillatory hes5.6 regulation:
behavior in TZ and TBD. Left-right asynchrony in somitomeres, with the right side hes5.6 3° UTR can replace hes4 3°'UTR to generate a striped pattern (Davis et al., 2001).
relatively more advanced (Li et al., 2003). CHX treatments (Li et al., 2003):
° 30 or 60 min (comprising the approximate time of formation of 1 somite): 1hes5.6. De novo protein
% synthesis is not required for cyclic expression.
= CHX 120 min: de novo protein synthesis required for /es5.6 repression to generate the typical
striped pattern
RA or SU5402 (inhibitor of FGF signaling) treatment: caudal shift of the hes5.6 TBD domain
(Moreno and Kintner, 2004).
Broad domain in TBD. 2-3 stripes in prospective somites (Koyano-Nakagawa et al., 2000; Gain-of-function:
Cossins et al., 2002; Moreno and Kintner, 2004). hes6.1 overexpression: expanded the myotome (myodI+ cells) at neural plate stage, inhibited
terminal myogenic differentiation (Ab 12/101), and severely disrupted somitogenesis (Cossins
et al., 2002).
; Loss-of-function:
,§ hes6.1DBM: same effects as hes6.1 overexpression, indicating that DNA binding is not required

for these activities (Cossins et al., 2002).

hes6.1 regulation:

RA or SU5402 (inhibitor of FGF signaling) treatment: caudal shift of the hes6./ TBD domain
(Moreno and Kintner, 2004).
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hes7.2

Anterior part of prospective somites S-II (somitomere) and S-III (TZ). Broad domain
in TBD (Jen et al., 1999).

hes7.2 regulation:

dlc overexpression, RBPJ-Ank, or NICD1: expanded the hes7.2 domains into the gaps between
stripes in the somitomeric region (Jen et al., 1999; Peres et al., 2006).

RBPJDBM: |hes7.2 throughout the PSM (Jen et al., 1999; Peres
et al., 2006).

CHX treatment: continuous hes7.2 expression in the PSM (Jen et al., 1999).

hes7.3/esr5

Anterior part of prospective somites S-II (somitomere) and S-III (TZ). Broad domain
in TBD. Segmented prepattern already detected at late gastrula (NF12) (Sparrow et al.,
1998; Jen et al., 1999)

Gain-of-function:

hes7.3/esr5 overexpression: |dlc and hes7.2 in the somitomeric region but activated dlc more
anteriorly, with a net result of a rostral shift of the dlc domain (Jen et al., 1999).

Loss-of-function:

DN-hes7.3/esrS: impaired segmentation and expanded dlc, hes7.2, and mespa expression into the gaps
between stripes in the TZ (Jen et al., 1999).

hes7.3/esr5 regulation:

dlc overexpres