PROSTAGLANDIN Gy SIGNALING STIMULATES GASTRULATION
MOVEMENTS BY LIMITING CELL ADHESION THROUGH SNAIL

STABILIZATION

By

Christina Koo Yang Speirs

Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY
in
Biological Sciences
December, 2009
Nashville, Tennessee
Approved:

Professor Lilianna Solnica-Krezel
Professor James G. Patton
Assistant Professor Joshua T. Gamse
Assistant Professor Douglas P. Mortlock

Associate Professor Bruce Appel, University of Colorado, Denver



To my mother, Karen Kyungmo Koo Haas. Thank you for the constancy of your

love and support. It overwhelms me still.

il



ACKNOWLEDGEMENTS

First, I would like to thank my mentor, Lila Solnica-Krezel. My best
experiments often germinated in your mind, and you have shown me that the
tinest qualities of science are borne of collaboration, magnified and refined from
one person to another. Your intelligence, unflagging commitment to science,
unwavering integrity, grace, and diplomacy have rightfully earned you your
flawless reputation. Ihave benefited from working with you and will continue
to do so, for the rest of my career.

To my committee members, Drs. Bruce Appel, Josh Gamse, Doug
Mortlock, and Jim Patton: you have selflessly offered me your expertise and
creativity again and again disguised as “feedback.” It has been a privilege to be
under your tutelage.

To my lab members, both past and present: I have reaped so much from
all of you throughout my time in the lab. The LSK lab has truly been like an
adopted family to me. To Fang, my den mother: you are a force of nature, taking
care of everyone (including me), raising a family, and still completing projects
and papers with bravado. If they ever bottle up your energy, I'll be the first in
line. Diane, you have mentored me both scientifically and emotionally through
awful time-lapses and confusing results. Your encyclopedic knowledge of
biology and your unending passion for the difficult, technically challenging
questions have inspired me. Thank you, Adi, for your critical eye and your
passion for science. You were one of the main reasons I joined the lab, and if I
could be one-tenth as passionate about science and as logical about what is

necessary to get to the heart of a scientific question, I would be very, very lucky.

il



To Xin-Xin and Dan, my lab ‘bros,” I have enjoyed all of our lunches and
squabbling, even if I deny it. Ilook forward to knowing you both for many more
years to come. I want to thank Jen, Terry, Isa, and Yinzi, my benchmates over
the years. My talks with all of you were welcome distractions to a bad day or
unfertilized embryos. Seok-Hyung, you have been my outlet for practicing my
toddler-like, rudimentary Korean, but other than your occasionally puzzled
looks, you have never made fun of me. Thank you for that, and for being a
scientist with awesome technical expertise, and the unfailing ability to pick out
my (or anyone’s) weakest piece of data. To the rest of the people I have met in
the lab; Chunyue, Amayra, Encina, Xin, Atsushi, Jade, Simon, Aurelie, and
Haiting, you have all been a pleasure for me to get to know. I am sure I will hear
many exciting stories about your work in the future. Ialso thank the amazing
“caretakers of the lab and the fish,” Amy, Heidi, Nick and Maya. Were it not for
you, I would still be stumbling over my first experiments, waiting for reagents to
arrive.

Thanks to the Department of Biological Sciences. Not only were you
always there when I had administrative issues to solve, but your generous
funding and support allowed me to attend both a meeting in Amsterdam and a
course in Woods Hole, MA. Those experiences enriched my graduate career in a
way I will never forget.

Thanks to the Medical Scientist Training Program for their support
throughout my seven years thus far. I especially thank Terry Dermody, Susan

Wente, and Jim Bills for the leadership roles they perform astoundingly well.

v



Thanks to my friends in Nashville. I have known most of you since the
beginning of medical school seven years ago. It's been a long road, and I have
always enjoyed the company, whether it was to encourage, inspire, or complain.

To Ben: You are an amazing man, and I am lucky to have you in my life.
Thank you for your love, your enthusiasm, your support, your generosity, and
your pancakes. Ilove you.

Finally, to my family: I know I may be somewhat biased, but it seems like
I have stumbled onto the best relatives in the world. Ilove love love all of you,
and I will always be here for all of you. Steph, you are an amazing woman that I
will probably call Ms. President someday. Ihave loved living with you and
sharing our lives, even if it’s just on the phone now. Andy, you are the sage in
my life. Your brilliance, wit, humor, and generosity are something that will
enrich anyone’s life as soon as they meet you. Papa Joe, you are an excellent
human being, and we are lucky to have your love, loyalty, integrity, honor, and
your untouchable motorcycling skills. If you and I go on a road trip someday,
please try not to leave me in the dust. And lastly, to Marmee: if at the end of my
life, I have loved and protected and fought for my family as much as you have,
living through difficult and seemingly insurmountable situations with as much
intelligence, grace, energy, faith, and wacky humor, I will have everything I
wanted. Thank you for everything you have sacrificed and have done for us. 1

love you so much.



TABLE OF CONTENTS

Page
DEDICATION.......ciiiiiiiiitiiiciccc e ii
ACKNOWLEDGEMENTS........ociiiiiiiiiiiciccceeee s iii
LIST OF FIGURES .......cocoiiiiiiiiiiiiiii s viii
LIST OF TABLES ......coooiiiiiiiiiiiic s X
LIST OF ABBREVIATIONS .......ccooiiiiiiiiiiiincccc s xi
ABSTRACT ..o s xiv
L INTRODUCTION.......ciiiiiiiiiiiiiiiiicicsecc e 1
Lipids as Bioactive Mediators............ccccooviviiiiiiiiniiiniiicccce 1
The Synthesis and Signaling of Prostaglandins ............cccccccccceiiniinnninnnnnne. 3
The Developmental Roles of Prostaglandin E, Revealed in the
ZEeDTafish........c.ciiiiiiiiiiiii e 9
Zebrafish gastrulation..........cccccceiiiiiniiiniiiiccccccces 14
Cell fate specification during gastrulation.............cccocoeevvininnnn 14
Cell movements during gastrulation............c.ccoceveiiiiinnne. 24
Prostaglandin E, regulates zebrafish gastrulation
MOVEMENES ...ttt 29
Zebrafish hematopoiesis..........cccciiiriniiiniiiiiiiicicccccces 31
Prostaglandin E, enhances hematopoiesis and stimulates
HSC recovery following injury ..........ccoceivieviiinininieiccccie, 34
Zebrafish vasculogenesis (blood vessel development).................... 37
Prostaglandin E, regulates the formation of the vascular
tube during development.............ccoooiiiiiiiiii 38
The Role of Prostaglandin E, during Tumorigenesis.............ccccceeueurururunnee. 40
ITI. PROSTAGLANDIN Gy SIGNALING STIMULATES GASTRULATION
MOVEMENTS BY LIMITING CELL ADHESION
THROUGH SNAIL STABILIZATION......cccooiiiiiiiiiiniccecccce 45
SUMIMIATY ...vieiiciiiei e 45
Experimental Procedures............cccooiniiiiiiiiiiiii 69
III. DEFICIT OF PROSTAGLANDIN E, SIGNALING DURING
BLASTULA STAGES IMPAIRS DEVELOPMENT OF ENDODERMAL
PRECURSORS. .......cooiiiiiiiiiiiiicccs s 77

vi



SUIMIMATY ...ttt 77

N O UCHION ettt e e e e ettt e e e e e e eeetaaaeeeeseeeennes 78
Experimental Procedures ..o 86
RESUIES ..ottt e e e e ettt e e e e s e e e ettaareeeeseeeennen 88
| DT el D113 10 1 o WP 93

IV. FUNCTIONAL CHARACTERIZATION OF A NONSENSE

MUTATION IN PROSTAGLANDIN E, RECEPTOR 4 MUTANT.................. 98
SUIMIMIATY ...viciieieiei e 98
INtrodUuction. .. ...cooiiiiiiii 99
Experimental Procedures............ccocoiiiiiiiiiiniii, 103
ReSUILS ...oviviiiic 105
DISCUSSION....uviiiiitietieictccte s 113

V. DISCUSSION AND FUTURE DIRECTIONS. ..........cccociviiininiiiiiiiecicicne 115
Unifying Themes of Prostaglandin E, Signaling During

Development and Disease............ccccoovviiiiiiiiiiniiiiiie, 117
Cell MOtility ...ooveviieiiiiiic 117
Tumorigenesis and Cell Metastasis............ccccocevveiniiinnnnnnn. 117
Immune System Function ...........c.ccooeiiiiiiin, 120
Gastrulation.........cocoeiiiiiiiii 120

Cellular Protrusions and Blebs: Contributions to
Cell Motility.....oooveiiiiiiiii, 121
Cell adeSION ......oviiiiiiiiii e 125
The effects of E-cadherin on cell migration...........c.ccc........ 125
SNAIL.eiiiiii 126
E-cadherin regulation in ectodermal progenitors............... 132
Other inhibitors of E-cadherin............cccccccociiiininnnnnnn 136
Endodermal development............ccccoooveiniiiiiiiininiiinne, 137
Stem cell maintenance ............c.ccocooiiiiiiiniii, 137
Vascular tube development ..............c.ccooeiniiiiininn, 139
Proliferation/ SUTVIVAL ........eee oot eeeeeeeeeeaeeeeeean 140
APOPLOSIS..eviiiiietiiiiiicicec e 141
ANOIKIS ...t 141
Cell proliferation...........cccooveiiiiiiiiiii, 141
Cell fate specification ..o 143
Interaction with other signaling pathways...........cccccccovvnnnnnne 144
EGF .o 144
Wnt--catenin.....cccceeeviiiiiiiiiiiiiieieeceeecee e 144
Hedgehog ... 152
Perspective.. ..o 153
REFERENCES ......cootiiiiiiiiiii s 156

vii



Figure

1-1.

1-3.

1-4.

1-5.
2-S1.
2-1.

2-52.

2-2.

2-3.
2-5S3.

2-54.

2-4.

2-55.

3-2.

3-3.

3-4.

4-1.

LIST OF FIGURES

Page
Lipid mediator and prostaglandin synthesis .............ccccovvniiiiicccaes 2
MOTPhOLNOS ... 13
Gastrulation movements in zebrafish..............ccooi, 15

Signaling pathways that regulate cell fate and cell movement during

Gastrulation..........cooiiiiiiii 16
Hematopoiesis in zebrafish.............cccccccoiiiiie 31
Cell behavior analysis of ptges morphants during gastrulation.................. 48
The depletion of PGE, causes global gastrulation defects ......................... 50
E-cadherin and ZO1 are mosaically upregulated in Ptges-deficient
GASEIULAC. ... ..o 51
PGE, governs cell adhesion by decreasing cdhl/e-cadherin transcript

and protein levels...........ccocoiiiiii 54
PGE, deficiency destabilizes Snail protein ...........ccccooveiiiiiiiiiiiinnns 58
snaila and snailb transcript levels during gastrulation...............c..cc.o...... 59

Confocal images of embryos expressing Snaila-YFP at the shield

SEAZE 1ot 60
PGE, Gy signaling stabilizes Snaila by inhibiting Gsk3f-mediated

proteasomal degradation ............ccocooieiiiiiiiiiiiii 62
Pik3y does not significantly affect Snaila stability ...........ccccoooviinininnin, 65
Endoderm specification in zebrafish............c.cccocooiiiiiiii 79
ptges morphants show reduced endodermal cells...........cccccccucucuiiiinnnee. 89
Nodal signaling is abrogated in the ptges morphants............cccceuvrunnunee 90
The organization of the actin cytoskeleton in ptges morphants.................. 92
Genetic screens in zebrafish.............cccocooiiiii 100

viii



4-2.

4-3.

4-4.

4-5.

4-7.

5-1.

5-3.

Ep4a structure-function correlation............ccoceiiiiiiiiiiiii,
Predicted transmembrane domains of Ep4a .........cccccooveiiiiiiiinininnnn.

The Ep4a™"*-GFP construct is not similarly expressed to
the wild-type Ep4a-GFP CONStIUCt .......ccccooviiririiiiiiicicicicccccceeeees

ep4a and ep4b MO-binding site and nucleic acid alignment .....................
ep4a and ep4c MO-binding site and nucleic acid alignment......................

Protein alignment of Ep4a/Ptger4a, Ep4b/Ptger4b, and
EPAC/PEZEIAC ...

PGE, signaling exerts effects on many cellular properties
AN PIOCESSES.....veviiviniiniitietiitiiteiett ettt

Snail protein domain schematic and regulation mechanism....................

PGE, signaling impinges on many other conserved signaling
pathways in the cell ...

X



LIST OF TABLES

Table Page

1-1.  Nomenclature of relevant genes in the human, mouse, and zebrafish.......4



ug

um

AGM
ALM
APC
B-ARK
BCC
CAT
CHO
CLASP
CK
DA
dpf
ECM
EGR1
EGF
ENU
EVL
FAK

FAP

LIST OF ABBREVIATIONS

microgram

microliter

micrometer

Animal pole

Aorta/Gonad /Mesonephros region
Anterior lateral mesoderm
Adenomatous polyposis coli
B-adrenergic receptor kinase

Basal cell carcinoma
Chloramphenicol Acetyltransferase
Chinese hamster ovary
Cytoplasmic linker-associated proteins
Casein kinase

Dorsal aorta

Days post fertilization
Extracellular matrix

Early growth response factor 1
Epidermal growth factor

N-ethyl N-nitrosourea

Enveloping layer

Focal adhesion kinase

Familial Adenomatous Polyposis

Xi



FCS
GEF
GFP
GPCR
HCC
HEK
HSPG
HSC
HLA
ICM

LEF/TCF

LPA
LRP

MAPEG

MMP
MO
MOMP
MT
MZ
NET
NSAID
NSCLC
PAF

PAN

Fetal calf serum

Guanine nucleotide exchange factor
Green fluorescent protein

G protein-coupled receptor
Hepatocellular carcinoma cells
Human embryonic kidney

Heparan sulfate proteoglycan
Hematopoietic stem cell

Human leukocyte antigen
Intermediate cell mass

Lymphoid enhancer-binding factor/T cell-specific
transcription factor

Lysophosphatidic acid
Lipoprotein receptor-related protein

Membrane-associated proteins involved in Eicosanoid
and Glutathione metabolism

Matrix metalloproteinase

Antisense morpholino oligonucleotide
Mitochondrial outer membrane permeabilization
Microtubule

Maternal zygotic

Neuroendocrine tumor

Non-steroidal anti-inflammatory drugs
Non-small cell lung cancer

Platelet Activating Factor

Puromycin Aminonucleoside Nephrosis

Xii



15-PGDH
PKA
PKB
PKC
PCV
PLM
qRT-PCR
RGS
shRNA
siRNA
TILLING
TGF-B
YSL
ZNR

Z01

15-hydroxyprostaglandin dehydrogenase
Protein kinase A

Protein kinase B

Protein kinase C

Posterior cardinal vein

Posterior lateral mesoderm

Quantitative real-time PCR

Regulator of G-protein signaling

Small hairpin RNA

Small interfering RNA

Targeting induced local lesions in genomes
Tumor growth factor-f

Yolk syncytial layer

Zebrafish nodal-related

Zonula occludens 1

Xiii



ABSTRACT

Prostaglandin E, (PGE,) influences many processes in vertebrates,
including development, homeostasis, and disease through its GPCRs EP
receptors 1-4. PGE, regulates gastrulation movements during zebrafish
embryogenesis, but how it does so was previously unclear, as PGE, can affect cell
adhesion, motility, proliferation, and survival. Our studies reveal that the loss of
PGE, synthesis impairs all gastrulation movements, epiboly, internalization,
convergence, and extension, in part due to increased cell adhesion in the embryo.
The increase of tight junctions (ZO1) and adherens junctions (E-cadherin) occurs
in a germ layer-dependent fashion. In the mesendoderm, PGE, modulates E-
cadherin by stabilizing Snail through the inhibition of Gsk3p by a novel
interaction with the GBy subunits (in collaboration with K. Jernigan and E. Lee).
Moreover, the reduction of PGE, synthesis results in an endoderm deficiency
without significant effect on the mesoderm, possibly due to decreased Nodal
signaling. Finally, we present preliminary characterization of a fish harboring a
reverse genetics TILLING-generated ep4a nonsense mutation that strongly
depletes function of the gene, but manifests no apparent phenotype. In
conclusion, our findings suggest that PGE, signaling can coordinate cell fate
specification and movement, in part through its negative regulation of cell

adhesion in zebrafish gastrulae.

X1V



CHAPTERI

INTRODUCTION

Prostaglandins influence many aspects of cell behavior: proliferation,
survival, fate specification and movement. The regulation of these processes
downstream of prostaglandin signaling has been described during adult
homeostasis and diseases such as cancer. Here, I will discuss these studies and
introduce an emerging area in the prostaglandin field: the role of prostaglandins
during developmental processes such as gastrulation, hematopoiesis, and
vasculogenesis, involving conserved signaling mechanisms that have been

implicated in other physiological and pathological contexts.

Lipids as Bioactive Mediators
Lipid mediators are secreted signaling molecules that contribute to the
maintenance of homeostasis, which is underscored by their dysregulation in
diseases such as metabolic syndromes, inflammatory dysfunction, and cancer.
The importance of lipid mediators as signaling molecules is inferred from their
evolutionary amplification in the phylum Chordata, particularly in vertebrates
(Hla, 2005). Prior to the emergence of the chordates, lipids primarily functioned
as structural components of the membrane. Lipids that have been evolutionally
recruited as cell-cell signaling mediators include the eicosanoids,
lysophospholipids, ether lipids, and endocannabinoids (Fig. 1-1A). These
tamilies collectively affect processes as diverse as cell proliferation, death, fate

specification, differentiation, and migration (Hla, 2005). Additionally, whereas
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the same lipid can have many different effects, different families of lipid
mediators often share downstream targets and effector molecules, resulting in an
interconnected signaling network among the different ligands (Wymann and

Schneiter, 2008).

The Synthesis and Signaling of Prostaglandins

The eicosanoid family is composed of the prostanoids (prostaglandins,
prostacyclins, and thromboxanes) and the leukotrienes (Wymann and Schneiter,
2008). Eicosanoids arise from C20-polyunsaturated fatty acids that are liberated
from membrane phospholipids or diacylglycerol, usually by the action of
Phospholipase A, (Fig. 1-1B). Some of the C-20 fatty acids are synthesized by
Lipoxygenase to form leukotrienes, whereas others are formed into the precursor
prostaglandin PGG, by the Prostaglandin-Endoperoxide synthase
(PTGS)/Cyclooxygenase (COX) enzymes (For the nomenclature of human,
mouse and zebrafish genes and proteins, see Table 1-1). PGG, is then reduced to
form PGH,, which generates the five products PGE,, PGD,, PGF,,, Prostacyclin
(PGL), and Thromboxane A, (TxA,) through the action of prostanoid-specific
synthases (Table 1-1) (Fig. 1-1B). For example, PGE,, our prostaglandin of
interest, is synthesized by the Prostaglandin E synthase (PTGES) (Table 1-1).
COX peroxidase enzymes are the rate-limiting step of prostaglandin synthesis.
They are located in the lumen of the endoplasmic reticulum as well as in the
inner and outer nuclear membranes (Hla, 2005; Zhu et al., 2006). There are two
COX genes: COX1/PTGS1 and COX2/PTGS2 (Table 1-1). COX1 is considered to
be a housekeeping enzyme that maintains homeostasis. In addition, it appears to

be the preferred regulator of developmental events (Grosser et al., 2002; Cha et
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al., 2006). By contrast, COX2 is upregulated during inflammation and is
associated with tumorigenesis. COX1 and COX2 also interact with different
substrates: COX1 prefers arachidonic acid, whereas COX2 can utilize 2-
arachidonyl glycerol and anadamide as substrates (Hla, 2005). The COX
enzymes are not widespread outside the phylum Chordata; no COX homologs
have been identified in the D. melanogaster, C. elegans, S. cerevesiae, and D.
discoideum genomes (Hla, 2005). When COX is present within older phyla,
prostanoids are synthesized not for signaling purposes, but for specialized
functions such as self-defense in some sea coral species (Hla, 2005).

The induction of bioactive lipids as signaling molecules that participate in
cell-cell communication probably did not occur until the appearance of the lipid
G protein-Coupled Receptors (GPCRs) in the phylum Chordata. GPCRs link
lipid mediators to second messenger systems within the cell, allowing lipid
mediators to influence cell-cell communication (Hla, 2005). Therefore, the
refinement of the vertebrate physiology; its immune, circulatory, nervous, and
metabolic systems, and the increasing complexity of the ontogeny required to
develop these sophisticated systems in vertebrates may have required the
increasing recruitment of lipid mediators to expand the signaling repertoire
already provided by protein signaling.

The prostanoid family acts upon physiological processes such as vascular
smooth muscle contraction, platelet aggregation, pain, inflammation, fever,
uterine contraction, and immune system modulation (Hla, 2005). Of all the
prostaglandins, PGE, performs the greatest diversity of functions - regulating
physiology, development, and disease progression. Specifically, PGE, has been

shown to influence inflammation, pain, fever, reproductive fitness, bone



metabolism, urogenital tract function, atherosclerotic plaque rupture, and the
progression of Alzheimer’s disease (Regan, 2003; Hla, 2005).

Synthesis of PGE, requires the PTGES enzyme, which belongs to the
membrane-associated proteins involved in Eicosanoid and Glutathione
metabolism (MAPEG) family. Three genes code for three PTGES forms: the first,
cPTGES, is found in the cytosol, but the other forms, mPTGES1 and mPTGES2,
are isolated in the microsomal fraction. There are two biosynthetic PGE, arms;
the COX-1-cPTGES and the COX2-mPTGES, which allow for the short-term and
long-term induction of PGE, synthesis, respectively (Murakami et al., 2002;
Regan, 2003). Which biosynthetic axis is initiated depends on the type of
stimulation and the cell type being stimulated. Short-term PGE, synthesis (on
the order of minutes) is needed for pain, gastric protection, and neuronal
function. By contrast, sustained PGE, synthesis (on the order of hours)
influences bone metabolism, inflammation, pregnancy, Alzheimer’s disease, and
tumorigenesis (Murakami et al., 2002). mPTGES2 is associated with the
induction of COX2 expression (Regan, 2003). Indeed, cotransfection of both
mPTGES and COX2 results in greater PGE, synthesis than either enzyme alone
(Murakami et al., 2002). Interactions between mPTGES and COX2 may occur in
the perinuclear region, where both components are localized. mPTGES likely
plays a pro-inflammatory role, as it can be induced following in vitro and in vivo
stimulation with Ca** mobilizers and proinflammatory and hormonal stimuli,
such as IL-1B, TNFa, LPS, B-Amyloid, PMA, and Gonadotropin (Murakami et al.,
2002). Therefore, the expression of mPTGES, like COX2, is induced as part of the

inflammatory response. Lastly, the u class of the microsomal Glutathione-S-



Transferase (GST) family of enzymes non-specifically catalyzes the conversion of
PGH, to PGE,, PGD,, and PGF,, in the cytosol. The GST-u2 and -u3 enzymes are
expressed predominantly in the brain of rats and humans (Murakami et al.,
2002). Therefore, PGE, synthesis is tightly regulated and can occur in a wide
variety of physiological processes and tissue types.

Diversity of the effects of prostaglandin signaling, despite a limited
number of ligands, results from the binding of prostaglandins to receptors of the
GPCR Rhodopsin superfamily, the predominant receptor type for lipid
mediators. The prostaglandin receptors are typical of the Rhodopsin
superfamily, featuring an extracellular region, 7 transmembrane domains, and an
intracellular domain that binds the Go. and Gy effector subunits (Table 1-1). The
GPCRs downstream of PGE, are the Prostaglandin E Receptors (PTGER),
subtypes E-prostanoid (EP) 1-4 (Table 1-1). Most of the receptors are integral cell
membrane proteins, however, eicosanoids can also bind nuclear membrane
receptors. EP receptors on the plasma membrane and nucleus appear to be
identical; they have the same kinetic profiles, immunoreactivity, molecular
weight, and are encoded by the same genetic loci (Zhu et al., 2006). However, in
addition to location, post-translational modifications may distinguish the
receptors, but this hypothesis awaits confirmation (Zhu et al., 2006). Nuclear EP
receptors may regulate gene transcription, as PGE,-, Platelet Activating Factor
(PAF)-, and Lysophosphatidic Acid (LPA)-associated nuclear receptor
stimulation is linked to the calcium-dependent induction of pro-inflammatory

genes such as c-fos, eNOS, COX2, and iNOS (Zhu et al., 2006).



The specific cellular outcome of stimulating a membrane-associated
prostaglandin receptor is dependent on the GPCR subtype, cell type, and the
signaling networks that are already activated. Furthermore, multiple
prostaglandins can signal to the same second messengers. For example,
Phosphatidylinositol-3-kinase (PIK3/PI3K) (Table 1-1) is activated downstream
of PGE, and PGF,, receptor activation, albeit through very different mechanisms.
There are two PGF,, receptors, FP, and FPy. FPj is identical to the FP, receptor,
with the exception of a truncated carboxyl terminus. Interestingly, FPg, but not
FP,, shows agonist-independent interaction with, as well as activation of, PIK3
with simultaneous internalization of the FP;, PIK3, E-cadherin/Cadherin
1/Cdh1, and B-catenin proteins (Fujino and Regan, 2003) (Table 1-1). This
receptor “conditioning” later supports the ligand-dependent increase of -
catenin and E-cadherin in areas of cell adhesion, which also occurs through the
FPy receptor. Although most of the cytoplasmic f-catenin is targeted by GSK3f
(Table 1-1) to the proteasome, some escapes to potentiate cdhl transcription.
Once stimulated by PGF,,, both receptor types result in filopodial retraction, cell
rounding, and aggregation due to the activation of Rho and protein kinase C
(PKC). But again, they do so by different mechanisms. Upon stimulation, the
FP, receptor activates PKC, which then causes clathrin-dependent internalization
of FP, when it phosphorylates the receptor’s cytoplasmic tail. By contrast, the
FPj receptor activates Rho and PKC through G, signaling. Furthermore, FP;
receptor activation also provides a positive feedback loop by activating COX2

transcription, which generates more PGF,,,.



Although the EP2 and EP4 receptors of PGE, do not share amino acid or
structural identity, both can bind and be activated by PGE,. The EP4 receptor is
sensitive to ligand-dependent sensitization and internalization, but the EP2
receptor is not. Both were initially thought to activate adenylyl cyclase, however,
the EP4 receptor is Pertussis toxin-sensitive, indicating that EP4 couples to Ga,
which inhibits adenylyl cyclase, whereas liberation of Gfy activates PIK3/ERK-
dependent signaling (Fujino et al., 2003; Fujino and Regan, 2006). Like FP,, EP4
receptor stimulation increases the expression of the COX2-mPTGES1
biosynthetic arm, setting up a positive feedback loop (Regan, 2003). Thus,
though PGE, and PGF,, both stimulate PI3K, the downstream effects differ
because they bind to different receptors.

Many of the effects of PGE, signaling are conveyed by the EP4/PTGER4
receptor. Ep4 genetic knockout mice demonstrate the signaling multiplicity of
the EP4 receptors, as they have reduced immune lymphocytic responses, bone
resorption and formation, and incidence of rheumatoid arthritis in a disease
model, as well as failure of the ductus arteriosus to close after birth. The latter
phenotype eventually results in the neonatal death of mutant mice (Segi et al.,

1998; Regan, 2003).

The Developmental Roles of Prostaglandin E, Revealed in the Zebrafish

Beside the cardiac phenotype in the newborn Ep4 mouse mutants, it has
been difficult to conclude that the loss of prostaglandin signaling results in
developmental phenotypes de novo. Cox1 and Cox2 knockout mice both show

normal development, likely because maternal and littermate prostaglandin



synthesis compensate for the absence of prostaglandins in the mutants (Dinchuk
et al., 1995; Langenbach et al., 1995). Cox1 and Cox2 knockout studies indicate
that COX1 and COX2 contribute distinct functions to maternal reproductive
fitness and parturition. Cox1 is expressed in the uterine epithelium of adult mice,
and is essential for normal parturition. Cox2 is expressed in the placenta and
fetal membrane, and appears to help initiate labor (Reese et al., 2000). Cox1
mutant mice show some compensatory upregulation of Cox2, but this could not
rescue the depletion of prostaglandin production, lengthened gestation, and
parturition defects, suggesting that the COX forms are required tissue-
autonomously. However, exogenous prostaglandin subcutaneous injection
(PGF,,, PGE,, or carbaprostacyclin, a stabilized form of PGI,) prior to delivery or
the transfer of wild-type donor blastocysts into Cox mutant mothers results in
normal delivery, suggesting that the synthesis of prostaglandins by COX is
required for parturition (Reese et al., 2000). Although the function of
prostaglandins prior to, during, and following parturition appears to occur via
autocrine or paracrine signaling due to the expression pattern of both Cox1 and
Cox2 in the uterine and fetal tissue, very low levels of Cox1 and Cox2 were
detected in the ductus arteriosus, suggesting that the closure of the ductus
arteriosus relies on the endocrine signaling of prostaglandins. Indeed, though
COX1- and COX2-deficient mice show normal ductus arteriosus closure, either
COX1/COX2-deficient mice or treatment with COX inhibitors shows
developmental defects of the closure of the ductus arteriosus, likely by reducing
the level of prostaglandins in the circulation (Reese et al., 2000). Further studies
to determine the signaling mechanisms that regulate fertility and delivery show

that EP2-deficient mice have ovulation defects that ultimately lead to decreased
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reproductive fitness (Hizaki et al., 1999), an effect that could account for the
decreased fertility seen in Cox2 mutant mice. In addition, PGF,, is required for
luteolysis, which initiates, then enhances parturition by contributing to uterine
relaxation and contraction (Sugimoto et al., 1997; Cha et al., 2006). Therefore,
prostaglandins are a critical regulator of maternal fertility and parturition.
These mutant mouse models, whereas revealing the importance of
prostaglandins in reproductive fitness, left the developmental role of
prostaglandins in question. The zebrafish model system has advantages that
make it uniquely suitable for elucidating the role of prostaglandins during
development. Embryos are externally fertilized, surmounting the effects of
altered prostaglandin signaling on the mother’s maintenance of the mouse fetus.
This allows the genetic analysis of mutant embryos during development, but also
makes the zebrafish model system unsuitable for studying mammalian
implantation. In addition, zebrafish embryos develop rapidly and most
organogenesis is significantly advanced by 5 days post-fertilization (dpf).
Embryos also remain optically transparent throughout early development,
making them accessible for imaging of the internal features of live embryos, as
well as the analysis of gene expression at the level of the transcript and the
protein. Furthermore, many transgenic lines have been generated to monitor
promoter-driven fluorescent cells. Zebrafish are also amenable to genetic
manipulation. N-ethyl N-nitrosourea (ENU) is an alkylating agent that often
results in AT=TA transversions and AT=GC transitions. When zebrafish are
mutagenized with ENU, point mutations are introduced into the male zebrafish

germline and can be subsequently identified by phenotype-driven forward
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genetic screens (Grunwald and Streisinger, 1992; Driever et al., 1996; Haffter et
al., 1996) or molecularly detected in reverse genetics approaches, such as
Targeting Induced Local Lesions in Genomes (TILLING) (Wienholds et al., 2003;
Henikoff et al., 2004; Amsterdam and Hopkins, 2006). Antisense morpholino
oligonucleotides (MO) are another loss-of-function tool that can be injected into
zebrafish embryos at the one-cell stage to interfere with transcript splicing or
translation of the target gene (Fig. 1-2B). MOs contain sequences that are
complementary to the 5 UTR, ATG, or splice site of the target gene, and are
synthesized from nucleotides that have a stable morpholine ring substituting the
ribose ring (Corey and Abrams, 2001) (Fig. 1-2A). The addition of the
morpholine ring results in an uncharged backbone rather than the negatively
charged nucleic acids, reducing the non-specific binding of these constructs to
cellular proteins, and increasing stability. Most synthetic antisense
oligonucleotides bind to the transcript and either induce steric hindrance of the
mRNA or degrade the mRNA through RNase H. MO-RNA hybrids do not
activate RNase H activity, and the morpholino backbone may bind more
effectively to the target sequence (Corey and Abrams, 2001). Gain-of-function
analyses can also be performed in zebrafish embryos when synthetic sense RNAs
are injected into embryos at the one-cell stage for ubiquitous misexpression, or at
later embryonic stages for mosaic misexpression. More recently, transgenic
approaches have been successfully employed to drive gene expression in
zebrafish embryos in a temporally- or spatially-controlled manner (Scheer and
Campos-Ortega, 1999; Inbal et al., 2006; Davison et al., 2007). These tools allow

the developmental roles of prostaglandins to be addressed in zebrafish.
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Zebrafish gastrulation

Gastrulation is a developmental process that transforms a blastula with a
simple morphology and undetermined cells to an embryo with left-right, dorsal-
ventral, and anterior-posterior polarity and three germ layers through cell
specification, movements, and proliferation (Fig. 1-3). In zebrafish, gastrulation
occurs between 5.3-10.3 hours post-fertilization (hpf) when embryos are
incubated at 28°C. The blastula initially is composed of the surface enveloping
layer (EVL), the non-epithelial layer of blastoderm cells, and the yolk syncytial
layer (YSL). The YSL forms at the 1000-cell stage when marginal blastomeres
collapse and their nuclei move into the yolk cell. The YSL nuclei then divide to
form a syncytium within the yolk that has important signaling properties

(Kimmel and Law, 1985; Montero and Heisenberg, 2004).

Cell fate specification during gastrulation

The dorsal YSL and dorsal blastomeres in zebrafish are homologous to the frog
Nieuwkoop center, the blastula organizing center that induces a secondary axis
when transplanted into the ventral vegetal side of a donor blastula (Nieuwkoop,
1977; Gimlich and Gerhart, 1984). Although the first cleavage plane does not
predict the dorsal-ventral pattern of the embryo (Abdelilah et al., 1994), loss of
the yolk cell after the first cell cleavage severely ventralizes the embryo (Mizuno
et al.,, 1999), suggesting that dorsal determinants are present in the egg. The
Nieuwkoop center in frog and zebrafish is characterized by the nuclear
localization of B-catenin, the effector molecule of the canonical Wnt, or Wnt-f-

catenin pathway (Fig. 1-4). In the absence of Wnt stimulation, -catenin is
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targeted to the proteasome by the degradation complex including Axin, Apc,
Casein Kinase (CK), and GSK3 (Logan and Nusse, 2004; Nusse, 2005). However,
when the canonical Wnt ligands, e.g., Wntl, Wnt3, or Wnt8, bind the Frizzled
(Fz) /Low Density Lipoprotein Receptor-related Protein (LRP) receptor complex,
the degradation complex is dispersed through the intracellular recruitment of
Disheveled (Dsh) and Axin by LRP (Mao et al., 2001). Stabilized f-catenin then
translocates to the nucleus to regulate transcription through cooperation with the
Lymphoid Enhancer-Binding Factor (LEF) /T cell-specific transcription Factor
(TCF) (Logan and Nusse, 2004; Nusse, 2005).

The importance of B-catenin as the Organizing Signal of dorsal-ventral
patterning is demonstrated by its nuclear expression in the future dorsal region
of the embryo, and more tellingly, by its ability to induce a duplicated axis
composed of neural tissue and dorsal mesoderm when p—catenin is
overexpressed in the embryo (McCrea et al., 1993; Funayama et al., 1995; Kelly et
al., 1995). Moreover, mutations in the genes encoding Ichabod or Tokkaebi,
which maintain the expression of f—catenin, result in ventralized embryos that
lack the head and notochord (Kelly et al., 2000; Nojima et al., 2004; Bellipanni et
al., 2006). Once activated, f-catenin induces expression of the downstream genes
bozozok/dharma, chordin, dickkopf, and squint (Yamanaka et al., 1998; Fekany et al.,
1999).

Bozozok (Boz) is a transcriptional repressor that directly targets bmp2b
and directly or indirectly targets wnt8, vox/vegal, vent/vega2, and ved (Koos and
Ho, 1999; Fekany-Lee et al., 2000; Kawabhara et al., 2000; Melby et al., 2000; Erter

m168/m168

et al., 2001). Loss of Boz function in boz mutants results in defective
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anterior and dorsal structures, such as the brain, eyes, and notochord (Fekany et
al., 1999). Misexpression of Boz induces partial secondary axes in embryos, and

m168/mies i utants rescues

overexpression of Boz in the yolk syncytial layer of boz
the induction of dorsal tissues, indicating that Boz is one of the effectors of
dorsal-ventral patterning (Yamanaka et al., 1998; Fekany et al., 1999). The

m168/m168

boz phenotype could not be rescued by S-catenin, suggesting that Boz
functions downstream or parallel to maternal Wnt signaling (Fekany et al., 1999).
Moreover, the promoter of boz contains consensus Tcf/Lef binding sequences,
and thus its expression may be activated by f-catenin (Ryu et al., 2001). The

m168/m168

boz mutant phenotype, however, can be rescued with Nodal

overexpression. Moreover, expression of nodal-related Cyclops (Cyc) in the

m168/m168

organizer is reduced in boz mutants (Sampath et al., 1998), suggesting that
the Nodal pathway acts parallel to and downstream of Boz.

The function of the Nieuwkoop Center non-autonomously activates the
function of the shield region in zebrafish, which is homologous to the Hensen's
node in the avian embryo, the node in mammals, and the Spemann-Mangold
Organizer in the frog. Like the Nieuwkoop Center, the transplantation of the
Spemann-Mangold Organizer in the gastrula to the ventral side of a newt
gastrula results in the duplication of the embryonic axis in the host embryo
(Spemann and Mangold, 1924). Binding of Boz to the promoter region of bmp2b
allows Spemann-Mangold Organizer formation (Leung et al., 2003). In addition,
Vox and Vent may inhibit Hhex in the Nieuwkoop Center, and Hhex in turn may

inhibit Bmp2b, further stabilizing the Spemann-Mangold Organizer (Bischof and

Driever, 2004). Once established, the gastrula-organizing center patterns the axis
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by inducing dorsal fates in the embryo, primarily by inhibiting ventral signaling
pathways.

The ventralizing signaling pathways that function during gastrulation
include the Bmp and Wnt-B-catenin signaling pathways. The secreted Bmp
ligands Bmp2, Bmp4, and Bmp?7, specify ventral fates such as the blood, heart,
pronephros, and tail somites in a concentration-dependent manner, indicating
that BMP acts as a morphogen during gastrulation (Mullins et al., 1996; Hwang
et al., 1997; Kishimoto et al., 1997; Dick et al., 2000; Schmid et al., 2000; Stickney et
al., 2007). bmp2 and bmp7 genes are expressed ubiquitously during the blastula
stages, but their expression becomes limited to the ventral hemisphere of the
embryo at the beginning of gastrulation (Martinez-Barbera et al., 1997; Wise and
Stock, 2006). Loss of Bmps in the bmp2b/swirl and the bmp7 [ snailhouse mutants
results in dorsalized embryos (Kishimoto et al., 1997; Dick et al., 2000); however,
swirl;snailhouse double mutants do not show a more severe phenotype than either
mutation alone, suggesting that Bmp2 and Bmp7 function as a heterodimer
(Schmid et al., 2000), which has been confirmed by biochemical and genetic
studies (Little and Mullins, 2009). Bmps bind the TGFf-like type I and II Bmp
receptors, activating intracellular serine /threonine kinase domains that
phosphorylate Smad1, Smad5, and Smad8 (Anderson and Darshan, 2008) (Fig. 1-
4). The intracellular Smads translocate to the nucleus and, together with Smad4,
activate the expression of target genes (Schier and Talbot, 2005). Bmp signaling
also has multiple extracellular modifiers, including Twisted gastrulation, a Bmp
agonist, as well as Chordin, Ogon/Sizzled, and Follistatin, which are secreted

Bmp antagonists. Consequently, the overexpression of Chordin produces a
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dorsalized phenotype, whereas chordin/dino mutants are severely ventralized
(Hammerschmidt et al., 1996; Miller-Bertoglio et al., 1997). Other modifiers that
influence Bmp signaling include Tolloid, a metalloprotease that targets Chordin,
Hhex, and ADMP (Blader et al., 1997; Ho et al., 1999; Dosch and Niehrs, 2000;
Willot et al., 2002). These modifiers serve to refine the Bmp activity gradient that
patterns the dorsal-ventral axis.

At the early blastula stages maternal -catenin leads to formation of the
Spemann-Mangold gastrula organizer/shield, but later Wnt-f-catenin signaling
with zygotic Wnt3a and Wnt8 ventralizes and posteriorizes the embryonic tissue
by inhibiting dorsal genes such as gsc and chd (Kelly et al., 1995; Kim et al., 2002;
Braun et al., 2003). Thus, wnt3a and wnt8 mutants have expanded axial
mesoderm at the expense of the ventro-posterior and paraxial mesoderm, in
contrast to the bmp mutants, which lack all ventral mesoderm (Kishimoto et al.,
1997; Dick et al., 2000; Erter et al., 2001; Lekven et al., 2001), suggesting that these
two pathways pattern mesoderm through distinct mechanisms. Antagonists that
modulate the effects of canonical Wnt signaling include the SFRP Tlc, Wnt
inhibitory factor, Dickkopfl/Dkk1, Naked1/Nkd1, and Naked2/Nkd2 (Houart
et al., 2002; Caneparo et al., 2007; Roberts et al., 2007; Van Raay et al., 2007).
Therefore, Wnt signaling is dynamically regulated during gastrulation and
contributes to the dorsal-ventral and anterior-posterior axes.

Specification of the animal/blastoderm-vegetal/yolk cell axis also occurs
during gastrulation. Fate map analysis in zebrafish was performed on single
cells near the blastoderm margin that were labeled with lineage tracers between

the 1000- and 4000-cell stage (Warga and Nusslein-Volhard, 1999). Clones of
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labeled cells were plotted on an embryo map at 40% epiboly and shield stage,
and analyzed for their lineage from 1 to 5 dpf. In this way, the fates of cells were
correlated with their early position within the blastula. 71 clones were analyzed,
and of those, 24% gave rise to only endoderm, 42% gave rise to only mesoderm,
and 34% generated both mesoderm and endoderm. Cells that eventually give
rise to mesoderm and endoderm are located in the margin of the blastula,
however cells that reside more than 4 cells from the margin are mesodermal
progenitors. Endodermal progenitors are most frequently found within 2 cell
diameters of the margin, and never more than 4 cell diameters from the margin
(Warga and Nusslein-Volhard, 1999). In addition, endodermal progenitors are
biased towards dorsal locations, whereas mesodermal progenitors are more
uniformly distributed on the ventral side of the embryo. Therefore, the position
of cells along the animal-vegetal axis predicts its germ layer specification.

Initial specification of the mesendoderm occurs through Nodal signaling.
Like Bmps, the Nodal secreted ligands belong to the Tumor Growth Factor-f
(TGF-B) superfamily (Fig. 1-4). The Nodal signaling pathway in zebrafish
involves the three zebrafish Nodal-related (ZNR) ligands Znr1/Cyclops (Cyc),
Znr2 /Squint (Sqt), and Znr3/Southpaw (Spaw), as well as the cofactor One-eyed
pinhead (Oep), the zebrafish homologue to the human Cripto protein, a member
of the Extracellular Growth Factor-like and / or Co-receptor-like (EGF-CFC)
family (Erter et al., 1998; Feldman et al., 1998; Sampath et al., 1998; Feldman et al.,
2000; Saloman et al., 2000; Schier and Shen, 2000; Long et al., 2003). Once the
ligands bind the Type I and Type II activin-like receptors, Smad2 and Smad4 are

activated to transcriptionally induce the downstream targets of Nodal signaling
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(Schier and Shen, 2000).

In the frog, Nodal signaling is activated by a maternally deposited factor,
VegT, as well as Wnt-f-catenin signaling (Zorn and Wells, 2007). What induces
Nodal signaling in amniotes and zebrafish, however, remains unknown. This
signal likely emanates from the YSL in zebrafish, because removal of the yolk cell
and YSL results in defective mesendoderm development (Zorn and Wells, 2007).
Indeed, sqt is initially maternally deposited and asymmetrically expressed (Gore
et al.,, 2005). Subsequently, it is zygotically expressed in the dorsal blastomeres,
then in the entire YSL by the oblong stage (3.7 hpf), suggesting that the
expression of sqt in the yolk syncytial layer is activated by early, yolk-derived
inductive signal(s) (Erter et al., 1998; Feldman et al., 1998). Nodal signaling
through Cyc and Sqt contributes to the induction of mesendodermal patterning,
evidenced by cyc;sqt double mutants that lack most mesendoderm (Feldman et
al., 1998; Feldman et al., 2000). Sqt, in particular, appears to act as a morphogen
to activate Nodal signaling, whereas Cyc can only activate Nodal signaling
locally (Chen and Schier, 2001). Spaw, the third Nodal ligand, acts at the
segmentation stages to pattern the left-right axis (Long et al., 2003).
Misexpression of the consitutively active form of Activin A receptor, type
IB/Taram-A/Tar (Acvrlb), a TGF-p-Related Type I receptor, in zebrafish
embryos induces early mesendodermal markers such as ntl (mesoderm), gata5,
and mixer (endoderm) (Aoki et al., 2002). MO-targeting of lefty1/Ift1 and
lefty2 / Ift2, which encode for TGFp-related secreted proteins that function as
Nodal signaling feedback antagonists and are themselves activated by Nodal

signaling (Meno et al., 1999; Cheng et al., 2000), results in the expansion of the
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mesendoderm population due to constitutively active Nodal signaling during
gastrulation (Feldman et al., 2002). Thus, Nodal signaling induces and patterns
the mesendodermal germ layers.

Nodal signaling may also regulate the decision between mesodermal and
endodermal fates in cells by the duration and strength of signaling (Grapin-
Botton and Constam, 2007). Embryos with low Nodal signaling, such as zygotic
oep mutants, lack all the endoderm but retain most of the mesoderm. Moreover,
mosaic overexpression of a constitutively active form of Acvrlb/Taram-A
induces Acvrlb-expressing cells to become endoderm. In addition,
Acvrlb/Taram-A overexpression rescues endoderm formation in oep
homozygotes, suggesting that conversion to the endodermal fate requires higher,
sustained levels of Nodal signaling (Schier et al., 1997; Peyrieras et al., 1998).

This model is consistent with the germ layer fate map, whereby endodermal cells
reside closest to the margin, while mesodermal cells are specified within a

broader marginal domain (Warga and Nusslein-Volhard, 1999).

Cell movements during gastrulation

There are four evolutionarily conserved gastrulation movements in
vertebrates: epiboly, emboly/internalization, convergence, and extension (Fig. 1-
3). In zebrafish, the first movement is epiboly, which entails the enveloping of
the yolk cell by the EVL, YSL, and the blastodermal cells (Fig. 1-3). To spread
over the yolk surface area, the blastodermal cells undergo radial intercalation
(Fig. 1-3), the intermingling of superficial and deep blastodermal cells to thin the
epibolizing cell layer as cells actively migrate towards the vegetal pole. Cell

adhesion is required for this cell spreading, which is demonstrated by the severe
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epiboly arrest in the E-cadherin mutant half-baked™**** | cdh1°**** (hab *#/*4*)
(Kane et al., 2005). Interestingly, in hab**** mutant gastrulae, cells initially
intercalate normally, but eventually delaminate back into the deeper layers,
indicating that the E-cadherin is necessary for maintaining the position of
epibolizing cells (Kane et al., 2005; Schier and Talbot, 2005; Solnica-Krezel, 2006).
Another mutant, Maternal Zygotic (MZ) oct4 / pou5 / spiel ohne grenzen (MZspg)
have altered cell adhesion and also show a severe epiboly defect with
concomitant decoupling of epiboly of the EVL and deep blastodermal layers,
similar to the hab*¥"* mutants (Lachnit et al., 2008). In a study by our group,
embryos with increased Go.,,; signaling also show decoupling of the deep
blastodermal layer and the EVL as they undergo epiboly, decreased cell
scattering and adhesion, and dissociation of cells from the embryonic surface
(Lin et al., 2009). Consistent with studies in mammalian cell culture (Kaplan et
al., 2001; Meigs et al., 2001; Meigs et al., 2002), zebrafish Ga,; binds the
cytoplasmic domain of E-cadherin and is suggested to inhibit the function of E-
cadherin because Ga,;; overexpression exacerbates, and reduced fuction
ameliorates, the epiboly defects of hab**/**** (Lin et al., 2009). Thus, E-cadherin-
based cell adhesion is critical for the progression of epiboly.

Emboly, or internalization, is the gastrulation movement that generates
the ectoderm and mesendoderm progenitor layers (Fig. 1-3). As cells undergo
epiboly, marginal blastomeres actively migrate towards the interface between the
blastoderm and the yolk cell, resulting in the marginal thickening that marks the
“germ ring” stage of zebrafish development (5.6 hpf). Next, the marginal cells,

the mesendodermal precursors, turn inwards towards the yolk cell surface, then
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move underneath the epibolizing cells. Epibolizing cells are the ectodermal
progenitors of the blastoderm and the internalized cells are mesendodermal
progenitors. Frog mesendodermal precursors internalize by involution, when
the cell sheet bends upon itself and moves inward, retaining its epithelial
character. The amniote (mouse and chick) gastrulae mesendodermal progenitors
ingress, or delaminate, from the embryonic epithelium at the blastopore lip
(Solnica-Krezel, 2005). Interestingly, cells from the gastrulae of divergent
organisms like sea urchins and spiders also ingress to create the mesendodermal
germ layer (Kominami and Takata, 2004; Chaw et al., 2007). Zebrafish
gastrulation uses both of these modes of internalization. The involution
mechanism generates the ventral mesendoderm, whereas on the dorsal side of
the embryo, the involuting cell layer bends upon itself as a sheet, then single cells
delaminate into the deeper mesendodermal layer (Montero et al., 2005; Solnica-
Krezel, 2005; Keller et al., 2008) (Fig. 1-3). Internalization in the zebrafish is
greatest at the dorsal side of the embryo, forming a thickened domain called the
“shield,” which is the zebrafish equivalent to the frog Spemann-Mangold
organizer (6 hpf). Following internalization, the earliest cells to internalize
migrate actively towards the animal pole, eventually becoming the anterior
mesendoderm underlying the head. Animalward migrating cells that will
become the axial mesendoderm form dense, cohesive clusters, whereas paraxial
cells retain looser, mesenchymal-like clusters (Heisenberg and Tada, 2002). After
initially migrating towards the animal pole, internalizing cells will later migrate
towards the vegetal pole, the future tail region of the embryo (Heisenberg and

Tada, 2002; Keller et al., 2008).
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In addition to its role in mesendoderm specification, Nodal signaling also
regulates the internalization movements (Fig. 1-4) (Schier and Talbot, 2005).
sqt;cyc double mutants show diminished internalization movements (Feldman et
al., 2000). In the MZoep mutants, marginal cells also fail to internalize, with ~60
internalizing cells in comparison to the ~1550 internalizing cells in wild-type
embryos during the same time period (Carmany-Rampey and Schier, 2001; Keller
etal.,, 2008). MO-targeting of Ift1 and Ift2 lengthens the phase of internalization
(Feldman et al., 2002). MZoep single cells in wild-type hosts initially internalize
but do not ultimately contribute to the mesendoderm, instead retreating back to
the superficial, epibolizing cell layer (Carmany-Rampey and Schier, 2001). These
results indicate that cells can internalize as part of a mass movement due to
interactions with their neighbors, but Nodal signaling maintains the cell’s
position within the mesendodermal progenitor layer. Contrastingly, single wild-
type cells in MZoep host embryos undergo internalization and subsequently
contribute to the mesendoderm (Carmany-Rampey and Schier, 2001),
emphasizing that Nodal signaling is required cell-autonomously in
mesendodermal progenitors.

Dickkopfl, an antagonist of the Wnt-B-catenin pathway, is also implicated
in the internalization movement. MO-mediated downregulation of
dickkopfl / dkk1 accelerates internalization and animalward migration without
affecting epiboly (Caneparo et al., 2007). Increased Wnt-B-catenin signaling does
not phenocopy the accelerated internalization of dkk1 morphants, nor does the
expression of dominant-negative Wnt8 rescue the movement defect (Caneparo et

al., 2007). Therefore, the regulation of internalization movements by Dkk1 is
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Wnt-B-catenin-independent. Dkk1 also activates the Wnt-Planar Cell Polarity
(PCP) signaling pathway through interaction with Knypek, a Glypican 4/6
Heparan Sulfate Proteoglycan (HSPG), however, these effects could not
contribute to the effects on internalization as Wnt-PCP signaling does not
regulate this movement. Nodal signaling does repress dkk1 expression (Trinh et
al., 2003), suggesting that Dkk1 governs internalization movements via an
unknown mechanism.

The last two movements, convergence and extension, narrow and
lengthen the embryo body, respectively (Fig. 1-3). Three broad regions of the
embryo can be defined with respect to the convergence and extension
movements (Heisenberg and Tada, 2002; Myers et al., 2002) (Fig. 1-3). The
ventral cells do not converge, but move over the yolk towards the vegetal pole.
Dorsal cells elongate and intercalate mediolaterally, resulting in little
convergence but fast extension (Fig. 1-3). Subdomains of cell behavior can be
delineated within the third domain, the lateral region of the gastrula (Jessen et
al., 2002; Sepich et al., 2005; Solnica-Krezel, 2006). Lateral cells in the subdomain
distal to the dorsal pole move in meandering paths dorsally. Depending on their
location along the animal-vegetal axis, lateral cells either migrate animally,
vegetally, or equatorially (Solnica-Krezel, 2006) (Fig. 1-3). The spectrum of
migration paths towards the future anterior-posterior poles of the embryo
extends the embryo body (Solnica-Krezel, 2006). Cells migrate using the same
behaviors in the subdomain of lateral cells proximal to the dorsal pole, but cells
migrate dorsally with increasing speed and more directed cell paths. Lateral
cells also show greater mediolateral elongation as they approach the dorsal side

of the embryo (Jessen et al., 2002). All regions of convergence and extension
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require Stat3 in a non-cell autonomous manner. Stat3 functions in part to
activate Wnt-PCP signaling through the Dsh-RhoA pathway so that cells achieve
the proper polarization for the convergence and extension movements (Miyagi et
al., 2004; Habas and Dawid, 2005; Jessen and Solnica-Krezel, 2005; Pongracz and
Stockley, 2006) (Fig. 1-4). The early convergence movements, which depend on
Stat3 but are Wnt-PCP-independent, are impaired in gna,,;; morphants, and cells
are less polarized with inefficiently directed paths towards the dorsal midline
(Lin et al., 2005). Therefore, a GPCR coupled to the Ga,,,; mediators likely
promotes cell polarization during early convergence movements. Later
convergence and extension movements require Wnt-PCP signaling both
autonomously and non-cell autonomously (Figs. 1-3, 1-4) (Jessen et al., 2002;

Sepich et al., 2005; Solnica-Krezel, 2006).

Prostaglandin E, requlates zebrafish gastrulation movements

The first study of prostaglandins in zebrafish demonstrated the expression
of cox and prostaglandins during later embryogenesis (8 dpf larvae) (Grosser et
al., 2002). The homologs of COX1 and COX2 in zebrafish, designated cox1 and
cox2, contain 67% amino acid identity to the human genes, as well as
conservation of the catalytic domains (Grosser et al., 2002). Like the mammalian
Cox enzymes, Cox1 and Cox2 are distinguished by a 12-amino acid (aa) insertion
in Cox1, as well as an 18-aa C-terminal motif and multiple AU-rich sequences in
the 3" UTR of cox2 gene (Grosser et al., 2002). PGE, is the major prostaglandin
expressed in adult zebrafish, though TxB, and a hydrolytic product of PGI, are
also present. Adult zebrafish were treated with either indomethacin or NS-398,

which function as a non-specific Cox inhibitor and a Cox2-specific inhibitor,
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respectively, in cell culture and mammalian model systems. Although treated
fish manifested no obvious phenotype, measurements of PGE, biosynthesis
indicates the inhibitors act on the Cox isoforms in zebrafish as in cell culture and
mammalian systems. cox] and cox2 expression is observed in the carotid arteries,
pharyngeal arches, intestinal arteries, and the gill vasculature (8 dpf), but cox2
expression is limited to the vessel wall in the gill vasculature and is absent from
the endothelium. cox1 is expressed in the cranial vessels, the aorta, and the
segmental and intestinal arteries. MO-targeting of coxI (MO1-ptgs) produced
severe epiboly arrest and high lethality in early embryos. By contrast, the
injection of cox2 MO did not produce any morphological phenotype (Grosser et
al., 2002). These data presented the first evidence that prostaglandin
biosynthesis is essential for the normal progression of gastrulation movements in
vertebrates.

Continued collaborative work from the Solnica-Krezel and the DuBois
groups shows that PGE,, PGF,,, and PGI, are produced during gastrulation,
whereas TxA, is expressed at barely detectable levels (Cha et al., 2005). cox2
transcripts are undetectable until early somitogenesis, which is consistent with
the normal development that occurs in cox2 morphants (Grosser et al., 2002; Cha
et al., 2006). By contrast, coxI is maternally deposited and ubiquitously
expressed during gastrulation, along with ptges/mptges and ep4. The receptor ep2
is also expressed in zebrafish embryos, but not until the end of gastrulation.
Thus, zebrafish gastrulae express the components for PGE, biosynthesis and
signaling. The low-dose injection (2 ng) of MOs that interfere with Ptges
translation (complementary to the 5 UTR; MO1-ptges) and splicing

(complementary to the first intron-exon boundary; MO2-ptges) delay epiboly and
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shorten the anterior-posterior body axes by the end of gastrulation. Whole
mount in situ hybridization analysis of tissue-specific markers showed that the
distance between the forebrain (six3b) and the midbrain-hindbrain boundary
(pax2.1) is closer in ptges morphants than the control (Cha et al., 2006).
Furthermore, the width of the axial mesoderm (as revealed by the expression of
notail / brachyury) was increased in ptges morphants, suggesting that these
embryos suffer convergence and extension defects as well as delayed epiboly
(Cha et al., 2006). PGE, rescued these defects, in contrast to PGI, and PGF,,, both
of which had no effects on the phenotype. ep4 morphants manifest gastrulation
movement defects that are similar to those in ptges morphants. In addition, ep4
morphants have normal gastrula expression of gsc and bmp4 expression,
suggesting that dorsal-ventral patterning is unaffected by diminished PGE,
signaling. Notably, ep4 morphant lateral mesodermal cells move more slowly
without changes in cell shape or the path of migration. Thus, PGE,-EP4 signaling
regulates cell motility during gastrulation (Cha et al., 2006). ptges and ep4
morphants also have reduced activation/phosphorylation of Akt, suggesting
that as in cancer cells (Fujino and Regan, 2003), PGE, signaling activates Pik3 and
Akt, which may contribute to coordination of the gastrulation movements (Cha

et al., 2006).

Zebrafish hematopoiesis

Blood vessel development and hematopoiesis, the generation of blood
cells, begin in the ventral mesoderm, which is specified during gastrulation by
Bmp and Wnt signaling (Amatruda and Zon, 1999; Hsia and Zon, 2005; Schier

and Talbot, 2005) (Fig. 1-5). Consequently, mutations that influence the
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Figure 1-5. Hematopoiesis in zebrafish. There are two waves of hematopoiesis in
vertebrates; primitive or embryonic hematopoiesis, which gives rise to primitive red blood cells
called proerythroblasts, and definitive hematopoiesis, which gives rise to all of the blood types

in the maturing organism.
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specification of ventral mesoderm also result in hematopoietic defects. For
example, swirl / bmp2b mutants show loss of the ventral mesoderm and a
subsequent loss of hematopoiesis (Kishimoto et al., 1997) (Fig. 1-5). In addition,
Spadetail / Tbx16 is a transcription factor that regulates convergence movements
of the lateral plate, intermediate, and paraxial mesodermal during gastrulation
(Ho and Kane, 1990). Thus, spadetail mutants also show defective hematopoiesis
(Hsia and Zon, 2005).

Hematopoiesis occurs in two phases during development (Fig. 1-5).
Embryonic, or primitive, hematopoiesis provides rapid and maximal oxygen to
the developing embryo by generating the cells for blood vessel development as
well as the embryonic erythroid cells, the proerythroblasts. Proerythroblasts are
large and mature circulating cells remain nucleated, distinguishing them from
adult erythroblasts in mammals. In addition, they synthesize embryonic globins
rather than hemoglobin to carry oxygen (Zon, 1995; Bahary and Zon, 1998).
Primitive hematopoiesis begins with the formation of the hemangioblasts, which
are the putative common progenitor to the endothelium/blood vessels and the
hematopoietic stem cells (HSCs) (Baldessari and Mione, 2008) (Fig. 1-5). The
existence of the hemangioblasts is inferred from the cloche mutant in zebrafish,
which has defective endothelial and blood development, suggesting that
vasculogenesis and hematopoiesis share a common progenitor cell type (Stainier
et al., 1995; Amatruda and Zon, 1999). Although the gene mutated in cloche
remains unidentified, it is essential either for the maintenance or the
differentiation of the hemangioblast identity (Orkin and Zon, 1997; Amatruda

and Zon, 1999). In addition, a hemangioblast-like cell population demonstrated
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in zebrafish by lineage tracing is the first in vivo evidence of hemangioblasts
(Vogeli et al., 2006).

Primitive hematopoiesis usually takes place outside of the embryo, in the
extraembryonic yolk sac of the mouse and chick and the ventral blood island in
the frog (Orkin and Zon, 2002). In zebrafish, however, primary hematopoiesis
occurs in the anterior lateral mesoderm (ALM) and the posterior lateral
mesoderm (PLM). Interestingly, fate mapping in the zebrafish gastrula showed
that dorsal marginal cells contributed to the ALM, whereas dorsal marginal cells
contributed to the PLM (Warga et al., 2009). At the 2-somite stage (10.6 hpf),
bilateral expression of stem cell leukemia (scl), the earliest marker of HSCs, occurs.
From the 2-somite to the 4-somite stage, scl is co-expressed with Imo2 and gata2 in
the PLM as well as the ALM (Amatruda and Zon, 1999; Hsia and Zon, 2005).
gatal is expressed later in the PLM at the 5-somite stage, when erythropoiesis
begins in the scl+/ gatal+ cells (Amatruda and Zon, 1999; Hsia and Zon, 2005).
Cells in the ALM do not express gatal, and eventually become macrophages
(Warga et al., 2009). At the 15-somite stage, the bilateral stripes of HSCs in the
PLM converge to form the Intermediate Cell Mass (ICM), which lies dorsal to the
yolk extension (Orkin and Zon, 1997; Amatruda and Zon, 1999) (Fig. 1-5). Cells
of the ICM are multipotential, in contrast to the ALM, and will become
erythrocytes, neutrophils, and thrombocytes (Warga et al., 2009).

Shortly after proerythroblasts enter the circulation at 24 hpf, definitive
hematopoiesis begins in zebrafish in the Aorta/Gonad /Mesonephros (AGM)
region, common to all vertebrates (Fig. 1-5). Definitive hematopoiesis is initiated
by Hedgehog, Vegf, and Notch signaling (Hsia and Zon, 2005). This wave of

hematopoiesis generates HSCs that will populate the fetal and adult organism.
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These HSCs have definitive characteristics: they can self-renew, maintain the
hemopoetic lineages within the organism, and convert into all the differentiated
lineages either following injury to the hemopoietic reservoir or when
transplanted into an irradiated organism (Lord et al., 2007). Consequently,
experimental assays of HSC development test the ability of an HSC population to
recapitulate all of the blood lineages in the bone marrow following injury or
irradiation (repopulation analysis). The HSCs later give rise to progenitor cells,
which lack the capacity for self-renewal. These progenitors then differentiate
into precursors that are committed to the myeloid, lymphoid, or erythroid
lineage (Amatruda and Zon, 1999). Therefore, each step down the lineage path
restricts the cell’s developmental potential.

The process of differentiation does not occur in the AGM. Instead, HSCs
differentiate in mammals in the fetal liver and spleen and later, in the adult bone
marrow. Lymphoid progenitors will travel to the thymus to complete their
commitment to the lymphoid lineage and terminally differentiate (Trede and
Zon, 1998; Amatruda and Zon, 1999). In teleost fish, cells within the ventral wall
of the dorsal aorta likely represent the AGM region (Orkin and Zon, 1997). These
HSCs will migrate and differentiate in the fetal mesonephros, and later, in the
adult kidney (Amatruda and Zon, 1999). Despite these regional differences,
studies show that the generation, maintenance, and differentiation of HSCS, as
well as the genes involved in these processes, are conserved between mammals
and zebrafish, making zebrafish a useful model for the study of HSC

development and generation (Amatruda and Zon, 1999).

Prostaglandin E, enhances hematopoiesis and stimulates HSC recovery following injury
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The basis of hematopoiesis and HSC differentiation is currently under
intense scrutiny because of the outstanding implications and therapeutic
potential of this knowledge for devastating and incurable human diseases, such
as leukemia and aplastic anemia. Even at the most prosaic level, understanding
the factors that inhibit and support hematopoiesis could lead to improved stem
cell replacement therapies for patients with congenital hematopoietic defects as
well as those undergoing chemotherapy for cancer. This is particularly
important given that current replacement protocols are fraught with insufficient
numbers of stem cells, feasible storage issues, and graft-versus-host disease (Lord
et al., 2007). Graft-versus-host disease is the most common cause of morbidity
and mortality following allogeneic hematopoietic stem cell transplantation, and
is due to mismatching of the Human Leukocyte Antigen (HLA) in the donor and
the recipient. Consequently, the recipient’s immune system rejects the
transplanted cells, resulting in the acute or chronic destruction of the
transplanted tissue (Pasquini, 2008). Therefore, studies that implicate PGE,
during hematopoiesis contribute to the understanding of how lipid signaling
regulates the generation and maintenance of the HSC population during
development and in the adult organism.

Prostaglandin signaling supports lymphoid and myeloid differentiation in
mice and zebrafish by enhancing proliferation and differentiation (Williams and
Jackson, 1980; Rocca et al., 1999; Villablanca et al., 2007). Stimulating human
leukemia THP-1 cells to form macrophages using phorbol ester increases COX1
expression and prostaglandin synthesis (Smith et al., 1993). Furthermore, Cox2
knockout mice fail to recover from 5-fluorouracil-induced myelotoxicity with

hematopoietic repopulation, in comparison with Cox2 heterozygotes (Lorenz et
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al., 1999). Together, these data imply that prostaglandin synthesis enhances HSC
function in the adult animal.

PGE, also maintains the HSC population in developing zebrafish
embryos. Chemicals were screened for their effects on the number of HSCs that
express the diagnostic markers runx1 and cmyb in zebrafish embryos (36 hpf)
(Fig. 1-5). 10 compounds that affected PGE, synthesis all resulted in changes to
the HSC population, suggesting that PGE, enhances HSC development in
zebrafish embryos (North et al., 2007). dmPGE, treatment also increases HSCs in
the dorsal aorta (the AGM in zebrafish). Contrastingly, Cox1 inhibition with SC-
560, inhibition of Cox2 with either Celecoxib or NS-398, and injection with MOs
targeted against ep2 and ep4 result in more HSCs. coxI and cox2 are both
expressed in the HSC domain of the AGM, though they show distinctive
expression patterns. cox1 is expressed in both the HSCs and the endothelial cells
of the AGM, whereas cox2 is only expressed in the HSCs. The effects of
prostaglandin synthesis or signaling inhibition on the number of HSCs are
suppressed with treatment using a stabilized derivative of PGE, (dmPGE,). In
addition, all four EP receptors are expressed on HSCs and differentiated cell
populations in the bone marrow of the mouse and human (Hoggatt et al., 2009),
suggesting that PGE, signaling occurs in this region. The effects of PGE, on the
recovery of the HSC population following injury were tested in both zebrafish
and mouse models. Kidney marrow recovery of irradiated fish is delayed with
Indomethacin treatment, but enhanced with exposure to dmPGE,. The precursor
cell population was especially sensitive to changes in PGE,. Embryoid colony
formation of mouse stem cell lines also decreases with Indomethacin treatment

and increases with dmPGE, exposure, with the exception of the highest dose (100
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uM). The authors suggest that the high dose of PGE, results in the maintenance,
or “freeze,” of the stem cell fate, preventing the differentiation of cells and the
formation of embryoid colonies. Lastly, repopulation analysis of both competitor
cells and dmPGE,-treated cells into congenic irradiated mice shows that PGE,-
treated cells form more short-term and long-term spleen colonies, which are each
derived from one HSC. Furthermore, PGE,-treated HSC clones contribute to the
whole bone marrow more frequently than competitor cells (North et al., 2007;
Hoggatt et al., 2009). Therefore, PGE, positively regulates the HSC population
during development and promotes recovery following injury.

Although the Zon group did not find that decreased PGE, signaling
results in changes in HSC homing to the bone marrow, another study shows that
dmPGE, treatment can enhance the homing capacity of HSC cells, possibly by
upregulating CXCR4 levels (North et al., 2007; Hoggatt et al., 2009). The stromal
cell-derived factor-lo (SDF-1a), a ligand for CXCR4, is an important
chemoattractant that mediates the homing efficiency of cells to the bone marrow.
In addition, dmPGE,-treated cell migration is more sensitive to a SDF-1 gradient,
though this increased chemoattraction is inhibited by AMD3100, a CXCR4
antagonist. dmPGE,-treated HSCs also show decreased apoptosis and
upregulated expression of Survivin, which facilitates entry into the cell cycle.
Indeed, dmPGE,-treated HSCs proliferate more rapidly (Hoggatt et al., 2009).
Thus, these results suggest that PGE, signaling enhances the homing and

survivability of HSCs.

Zebrafish vasculogenesis (blood vessel development)
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Hemangioblasts differentiate into angioblasts, the progenitors to the blood
vessels by the 4-somite stage (Hsia and Zon, 2005). Angioblasts express scl, vegf,
flk1, flil, radar/ gdf5, tiel, and tie2. The inducing factor for differentiation is still
unknown, however, according to one report, FGF-2 signaling is sufficient for the
differentiation of epithelial quail somitic cells into angioblasts in both embryos
and explant culture (Poole et al., 2001; Baldessari and Mione, 2008). Following
specification, angioblasts migrate in two waves to the midline; first at 14 hpf,
then again at 16 hpf, to form the dorsal aorta (DA) and the posterior cardinal
vein (PCV), as wells as the vascular plexuses surrounding the nerves and the
yolk sac (Amatruda and Zon, 1999; Jin et al., 2005; Baldessari and Mione, 2008).
The extracellular matrix (ECM), which includes Fibronectin, is required for the
migration of hemangioblasts to the midline to form the vascular cord at 16 hpf
(22-somite stage), as are cytoskeletal components such as Cdc42. The assembly
of cell-cell junctions happens later, at 17 hpf, and involves the adhesion
components Zona Occludens 1 (ZO1), -catenin, and Claudin 5 (Baldessari and
Mione, 2008). Cells in the vascular cord differentiate by the 26-somite stage into
the DA and the PCV, which are distinguished by ephrin b2a (efnb2a) and fms-
related tyrosine kinase (flt4) expression, respectively (Thompson et al., 1998;

Lawson et al., 2001; Baldessari and Mione, 2008).

Prostaglandin E, requlates the formation of the vascular tube during development

Our group provided the first evidence that Cox1 functions during
vertebrate vascular tube development (Cha et al., 2005). Following its ubiquitous
expression during gastrulation, cox1 transcript is detected in bilateral stripes in

the developing lateral plate and intermediate mesoderm during the 7-somite
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stage and overlaps with the fli1 (endothelial marker) and pax2.1 (nephrogenic
marker) expression domains (Cha et al., 2005). During late segmentation, cox1
expression is enriched in the posterior mesoderm, which contributes to the distal
nephric duct, notochord, hypochord, and vasculature. Embryos treated with
either Indomethacin or Cox1-specific inhibitor SC-560 and embryos injected with
cox] MO are arrested during gastrulation at higher doses, consistent with the
results of the FitzGerald group (Grosser et al., 2002; Cha et al., 2005). At lower
doses, treated embryos complete gastrulation, but also manifest other
phenotypes that reflect the function of cox1 in the posterior mesoderm. For
example, cox] morphants have more pax2.1 staining, indicating an increase of the
distal neprhric duct. The predominant late phenotypes, however, are vascular
developmental defects. Blood pools accumulate in the posterior body because of
a single distended vessel rather than distinct DA and PCV structures. Cox1
inhibitor-treated embryos and cox1 morphants also do not have normal vessel
boundaries, as indicated by flil expression. Arterial markers (ephB2) are normal
in cox-1 morphants, but expression of the venous marker fIt4 in the PCV as well
as in the posterior venous plexus is reduced. To establish when Cox1 is required
for posterior vessel formation, embryos were treated with the nonspecific NSAID
Indomethacin for overlapping periods ranging from the 5 somite stage to 38 hpf.
When Indomethacin is removed before the 25 somite stage, none of the embryos
show the posterior vessel defect. When Cox1 function is inhibited after the 25
somite stage, the posterior vascular defects are present. Interestingly, the
vascular tube forms from the vascular cord at the 26 somite stage (Parker et al.,
2004). Therefore, Cox1 mediates the transition from the vascular cord to the

vascular tube during the 24-26 somite stages, though the precise mechanism by
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which Cox1 inhibition causes venous defects remains unclear (Cha et al., 2005).
Indomethacin-treated embryos also show intersomitic vessel defects without
changes to the somite structure or organization. Angiogenesis of the intersomitic
vessels from the DA requires Vegf and is inhibited by Notch signaling
(Baldessari and Mione, 2008). Embryos treated with Indomethacin, however,
showed no change in the expression of vegf, indicating that prostaglandin
signaling influences intersomitic vessel development in a Vegf-independent
manner. The effects of Indomethacin treatment could be rescued by PGE, as well
as PGF,,, albeit less efficiently, suggesting that these two prostaglandins function
during vascular tube development.

Although many studies implicate prostaglandins in promoting
angiogenesis during tumorigenesis, this data provided the first indication that
prostaglandins influenced vascular formation during normal vertebrate
development (Cha et al., 2005). It remains to be determined how prostaglandin
signaling regulates intersomitic vessel development and the formation of the

vascular tube from the vascular cord during vasculogenesis.

The Role of Prostaglandin E, during Tumorigenesis
Many studies correlate PGE, with human cancers (Buchanan and Dubois,
2006; Buchanan et al., 2006; Wang and Dubois, 2006; Wu, 2006). Multiple
components of prostaglandin biosynthesis, catalysis, and signaling change the
course of tumorigenesis. Use of NSAIDs reduces colorectal cancer and
associated mortality by 40-50% (Sheng et al., 2001). COX1 expression is not
correlated with cancer metastasis (Backlund et al., 2005), reflecting its role in

homeostatic processes. COX2, however, is thought to promote cancer cell
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growth, survival, and invasiveness. COX2 expression increases in colon
adenomas and adenocarcinomas in comparison with the normal colonic mucosa
(Yoshimatsu et al., 2001). COX2 synthesis is also increased in hepatocellular
carcinoma (HCC), whereas COX2 inhibitor treatment results in HCC cell growth
inhibition (Wu, 2006).

These data convincingly correlate increased PGE2 biosynthesis with
multiple cancer types, but how does PGE, signaling enhance or influence tumor
properties? PGE, has been shown to inhibit immune responses to cancer cells as
well as apoptosis by inducing BCL-2 and NF-«B (Sheng et al., 1998; Wang and
Dubois, 2006). In contrast, PGE, stimulates cancer cell proliferation, angiogenesis
via VEGF and bFGF regulation, and invasion through activation of the EGFR-
PIK3-AKT signaling axis. Colorectal carcinoma cell treatment with PGE,
stimulates cell migration, DNA synthesis, and the formation of actin stress fibers
as well as the focal adhesion complex components, focal adhesion kinase (FAK)
and paxillin (Sheng et al., 2001). Low-dose PGE, treatment stimulates the growth
of both colon adenomas and adenocarcinomas. Contrastingly, high-dose PGE,
treatment inhibits the growth of colon adenomas but stimulates the growth of
colon adenocarcinomas (Chell et al., 2006). Interestingly, EP4 expression is
higher in adenocarcinomas than adenomas, which suggests that, unless
increased PGE, levels are accompanied by increased EP4 receptor expression,
increased PGE, inhibits growth, most likely through an EP4-independent
signaling pathway. Thus, increasing cancer cell malignancy is correlated with
accelerated PGE,-mediated cell growth (Chell et al., 2006).

Catalysis of PGE, occurs by NAD"-dependent 15-hydroxyprostaglandin

dehydrogenase (15-PGDH). 15-PGDH expression is decreased in medullary
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thyroid cancer, transitional bladder cancer, and colorectal cancer (Backlund et al.,
2005; Repasky et al., 2007; Backlund et al., 2008). In particular, 15-PGDH
expression is depressed in Apc™" mouse tumors relative to the normal colonic
mucosa. Therefore, PGE, signaling in cancer cells not only increases PGE,
synthesis, but also decreases PGE, degradation, stabilizing the existing lipid
pool.

Expression of the PGE, GPCRs is also associated with tumorigenesis. EP2
signaling increases COX2 expression in cell culture. Notably, EP4 expression in
gallbladder and colorectal cancer is increased in 100% of tumors relative to the
normal colonic mucosa. EP4 signaling also activates Early Growth Response
Factor 1 (EGR1) through an ERK- and PIK3-dependent mechanism. The
expression of EGR1 increases PTGES gene expression, thereby resulting in a
positive feedback loop for PGE, signaling in cells (Fujino and Regan, 2003; Fujino
et al., 2003; Regan, 2003). EGR-1 activation also regulates the cell cycle by
activating CYCLIN D1/CCND1 (Fujino and Regan, 2003). PIK3 activation
downstream of EP4 receptor binding also promotes cell survival and
proliferation by activating Peroxisome Proliferator Activated Receptor §) PPARS,
a member of the nuclear hormone receptor superfamily. In addition, EP4
transfection into cell culture confers anchorage independence, a measure of
tumor invasiveness (Chell et al., 2006). Ep4 knockout mice show decreased
aberrant crypt foci formation in comparison to wild-type mice, when animals are
exposed the carcinogen azoxymethane, suggesting that EP4 signaling is
important for tumor formation. Furthermore, the treatment of Apc"" mice, which

have a confluence of intestinal tumors due to constitutively active f-catenin, with
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an EP4 antagonist results in decreased intestinal polyps (Backlund et al., 2005).
Therefore, PGE, signaling enhances tumorigenesis through multiple effector
genes.

The studies reviewed here demonstrate that PGE, impacts on multiple
processes during development and disease. But many open questions remain:
does PGE, regulate development and disease using conserved mechanisms?
What are the cell properties and the cell behaviors that are altered by PGE,
signaling? Previous work from our group and the FitzGerald group has shown
that decreased prostaglandin synthesis impairs gastrulation movements.
Therefore, I am also interested in the following questions. Does PGE, only
interact with one Ep receptor during gastrulation? Are there any effects of PGE,
signaling during early development that do not occur in other cellular contexts?
Are other cell populations affected in Ptges-deficient gastrula? Are epiboly,
convergence, and extension the only gastrulation movements that are regulated
by PGE, signaling? How does PGE, regulate the epiboly movement? How does
PGE, affect lateral cell motility during the convergence and extension
movements of lateral cells?

In the following chapters, I will discuss the effects of ptges MO high-dose
injection on all the gastrulation movements (Chapter 2). Our data shows that cell
adhesion and cell motility are affected in Ptges-deficient embryos, and we
present a mechanism by which PGE, signaling modulates cell adhesion by
inhibiting Gsk3p (Chapter 2). I also demonstrate that Ptges-deficient embryos
have decreased endodermal cell specification, possibly due to effects on Nodal
signaling (Chapter 3). Next, I present preliminary characterization of a nonsense

mutation in the gene encoding Ep4a, a mutant that our group has generated in a
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reverse genetics screen (Chapter 4). Lastly, I will discuss the conserved
mechanisms that are regulated by PGE,, as well as the future directions projected

for this work and the prostaglandin signaling field (Chapter 5).
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CHAPTER II

PROSTAGLANDIN Gy SIGNALING STIMULATES GASTRULATION
MOVEMENTS BY LIMITING CELL ADHESION THROUGH SNAIL
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Summary

Gastrulation movements fabricate the germ layers and shape them into the
vertebrate body. Prostaglandin E, (PGE,) promotes gastrulation movements and
cancer cell invasiveness, but how it regulates cell motility remains unclear. We
show that PGE, signaling curbs cell adhesion by limiting E-cadherin transcript
and protein, in part by promoting Snail stability. We delineate a -catenin-
independent pathway downstream of PGE,, whereby the G protein By subunits
inhibit the Gsk3B-mediated proteasomal degradation of Snail. In the prospective
ectoderm, PGE, regulates E-cadherin via Snail-independent mechanisms. Our
findings reveal the multi-pronged repression of E-cadherin by PGE, that enables
the precise and rapid regulation of cell adhesion during gastrulation movements.
PGE, likely employs these mechanisms in other contexts, such as when cancer

cells exploit the PGE, signaling pathway to spread and advance disease.
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Prostaglandin signaling is important to human physiology and
contributes to digestion, reproduction, pain, immunity, cardiovascular function,
and stem cell recovery (Wang and Dubois, 2006). PGE, synthesis begins when
arachidonic acid, synthesized from membrane phospholipids, becomes PGG,,
then PGH,, through the action of Prostaglandin-endoperoxide synthases
(Ptgs)/Prostaglandin G/H synthase (Pghs) / Cyclooxygenases (Cox) 1 and 2.
PGH, is converted by Prostaglandin E synthase (Ptges) to PGE,, which binds and
signals via its downstream G Protein Coupled Receptors (GPCRs) Prostaglandin
E receptor (Ptger)/E-prostanoid (EP) 1-4 receptors (Fig. 2-S1A) (Regan, 2003;
Wu, 2006).

Normal fertility and gestation require prostaglandins, confounding the
interpretation of the mutant phenotypes in mice (Cha et al., 2006). However,
studies in externally developing zebrafish showed that prostaglandins are
required for early vertebrate embryogenesis, specifically gastrulation, a key
process of cell signaling and cell movement that elaborates the body plan
(Grosser et al., 2002; Solnica-Krezel, 2005; Cha et al., 2006). There are four
evolutionarily conserved gastrulation movements; epiboly, internalization,
convergence, and extension (Fig. 2-S1B-C). Epiboly is the initial movement of
zebrafish gastrulation that thins and spreads embryonic tissues over the yolk cell.
Internalization is the movement of mesendodermal progenitors underneath the
prospective ectoderm. Following internalization, mesendodermal cells migrate
towards the animal pole, the future head of the embryo. The movements of
convergence and extension narrow the germ layers and embryonic body
mediolaterally, while extension movements elongate the embryonic tissues head

to tail (7).
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Figure 2-S1. (A) Schematic of PGE, synthesis. COX: Cyclooxygenase-/Prostaglandin -endoperoxide synthase type-1
and -2; PGG,: Prostaglandin G,; PGH,: Prostaglandin H,; PGE,: Prostaglandin E,; MO: antisense morpholino
oligonucleotide; Ptges: Prostaglandin E synthase; EP4: E-prostanoid 4. Blue star: location of pathway inhibition by MO.
(B, C) Schematic of gastrulation movements in zebrafish at the shield (B) and tailbud (C) stage embryos. (D, E)
Protrusive activity of axial mesodermal cells undergoing epiboly (yolk cell-embryonic cell margin) in control (D) and
tailbud (E) embryos. Arrowhead: blebbing activity. (F) The net speed (um/min) of superficial and deep mesendodermal
cells in wild-type embryos and ptges morphants. p-value(**)< 1x10-4. (G) Quantitation of the length changes

(um/15 sec) of four prechordal mesoderm cell protrusions per sample during the time-lapse. Cellular protrusions from
ptges morphants show less extension and retraction than those from wild-type embryos (p-value(*)= 0.03). Red line:
average protrusion length. (H, I) Protrusion length in prechordal mesoderm cells migrating anteriorly towards the animal
pole. Four protrusions (Embryo 1: solid lines; Embryo 2: dashed lines) were analyzed in control (red) and ptges (blue)
morphant gastrulae at 60-75% (H) and 80-90% (I) epiboly during time-lapse imaging. Control morphant protrusions are
filopodia (Length>width; diameter<2 um), whereas ptges morphant protrusions exhibit lamellipodial (Width>length;

length>2 um) or bleb-like characteristics (Montero, et al., 2003).
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Previously, prostaglandin synthesis in zebrafish embryos was reduced
with either enzymatic inhibitors of Cox1 or antisense morpholino
oligonucleotides (MO), which inhibit the translation of Cox1 (coxI MO/MO1-
ptgs) or Ptges (ptges MO /MO2-ptges) (Grosser et al., 2002; Solnica-Krezel, 2005;
Cha et al., 2006). These manipulations resulted in an epiboly delay or arrest,
largely due to reduced levels of PGE,, the predominant prostaglandin in
zebrafish gastrulae (Grosser et al., 2002). We have also shown that lowering PGE,
signaling with a low dose of ptges MO (2 ng) resulted in a convergence and
extension defect due to the decreased speed of dorsally-migrating lateral
mesodermal cells (Cha et al., 2006).

To delineate the mechanisms by which PGE, regulates gastrulation, we focused
on ptges morphant embryos, injected with a higher dose (4 ng) of MOs that
displayed strong and global gastrulation defects (Fig. 2-1A-C). These defects
were suppressed by supplementing the embryo medium with PGE, and were not
observed when a control five-bp mismatch MO (control MO) was injected. Ptges-
and Cox1-deficient gastrulae showed arrested epiboly and an uneven surface
associated with cell clumping (Figs. 2-1A, 2-S2A). Whereas chordamesoderm
cells expressing no tail (ntl) /brachyury were in the deeper, mesedodermal layer of
control morphant gastrulae, Ptges-deficient gastrulae had ntl-expressing cells in
the superficial layer, indicating that internalization was defective in the most
strongly affected embryos (Fig. 2-1B). In less severely affected Ptges-deficient
gastrulae, internalization occurred. However, the subsequent movement of
mesodermal cells, animalward migration, was impaired relative to control
gastrulae, as indicated by the posteriorly-shifted position of frizzled homolog 8b

(fzd8b)-expressing prechordal mesoderm cells (Fig. 2-1C). All of these movement
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Figure 2-1. The depletion of PGE, causes global gastrulation defects. ptges MO-injected embryos (4 ng) were
evaluated for gastrulation movement defects. (A) Live embryos (80% epiboly). WT: uninjected wild-type; ptges MO

(4 ng): Ptges-deficient; ptges MO (4 ng) + PGE,: Ptges-deficient embryos treated with 10 uM PGE,. Dashed line:
progress of epiboly; arrowhead: uneven surface of the blastoderm; inset: magnified blastoderm surface. (B) Deficit

of internalized, notail-expressing axial mesodermal cells in ptges morphants (top)(90% epiboly; dorsal views). Lateral
views of cryosections through the dorsal side of the embryo (bottom). Yolk cell, left; external surface, right; dashed line,
germ layer boundary. (C) Animalward migration of frizzled homolog 8b-expressing prechordal mesoderm cells (90%
epiboly; lateral views). (D) Confocal images of the lateral view of the dorsal midline in membrane EGFP-labeled
embryos (shield stage; yolk cell, left; external surface, right). The green line marks the boundary between the superficial
(blue cell) and deep layers (pink cell) of the gastrula (arrows: vector of movement). (E) Paths of six cells in the
superficial and deep layers of the mesendoderm in wild-type and ptges morphant embryos. Vegetal pole, top; animal
pole, bottom. (F) Confocal images of prechordal mesoderm cells (70% epiboly). Three frames from a time-lapse movie

are shown. Orange asterisks: towards the animal pole.
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defects were partially suppressed with synthetic PGE, treatment, confirming the
specific and essential role of PGE, in gastrulation movements. Defective
gastrulation movements, cell paths, and net speed were also revealed by time-
lapse analysis of the dorsal shield, the homolog to the Spemann-Mangold
amphibian organizer (Figs. 2-1D-E, 2-S1F). In addition, the boundary (Brachet’s
cleft) between the internalized mesendodermal cells and the superficial layer was
distinct in the control but absent in Ptges-deficient gastrulae. Therefore, PGE,
signaling regulates epiboly and internalization in addition to convergence and
extension movements during gastrulation.

The cell properties that regulate cell movement include protrusive
activity, cell adhesion, cytoskeleton dynamics, and cell polarity. Defects in these
cell properties impair cell migration and rearrangements during gastrulation
(Montero et al., 2003; Montero and Heisenberg, 2004; Solnica-Krezel, 2005; Ulrich
et al., 2005). To evaluate protrusive activity, we analyzed the time-lapse imaging
of membrane EGFP-labeled cells (Fig. 2-1F). At the interface of the blastoderm
with the yolk cell at early gastrulation, cells exhibited protrusions with few blebs
in the control morphants (Fig. 2-S1D). ptges morphant cells, however, showed
increased blebbing (Fig. 2-S1E). From 60-90% epiboly, the protrusions of the
prechordal mesodermal cells migrating towards the animal pole in control
gastrulae were active and dynamic with filopodial characteristics, and all
protrusions localized to the leading edge of the cell (Figs. 2-1F, 2-S1G-I). In
contrast, the protrusions of the prechordal mesodermal cells in gastrulae with
reduced Ptges function (2 ng MO) were blunted with lamellipodial, sometimes

bleb-like, characteristics (Montero et al., 2003), and protrusions localized to all
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edges of the cell. Therefore, impaired gastrulation movements in PGE,-depleted
embryos are associated with abnormal protrusive activity.

Because of the cell clumping in Ptges-deficient gastrulae (Fig. 2-1A), we
hypothesized that increased cell adhesion contributed to the gastrulation
movement phenotype. In all animals, normal gastrulation requires appropriate
levels of E-cadherin/Cadherin 1, epithelial (Cdh1) (Solnica-Krezel, 2006;
Hammerschmidt and Wedlich, 2008), a component of the adherens junction that
binds B-catenin (Drees et al., 2005). Moreover, zebrafish cdh1"*/"* | half baked
(hab) mutants manifest defects in epiboly, internalization, convergence, and
extension (Babb and Marrs, 2004; Kane et al., 2005; McFarland et al., 2005;
Montero et al., 2005; Shimizu et al., 2005; von der Hardt et al., 2007). Using
quantitative real-time PCR (qQRTPCR), we found that cdhl transcript levels
relative to (-actin increased two-fold in Ptges-deficient embryos compared with
controls (Fig. 2-2A). Consistently, the immunoblotting analysis showed that the
protein levels of E-cadherin were increased two-fold relative to the controls (Fig.
2B). Interestingly, the whole mount immunohistochemistry revealed two
patterns of E-cadherin protein expression in the Ptges-deficient gastrulae. In the
mesendoderm, E-cadherin expression was uniformly increased (Fig. 2-2C),
whereas, in the ectoderm, we observed foci of increased E-cadherin levels,
surrounded by areas of relatively lower protein levels (Figs. 2-2C, 2-S2C). This
pattern of ectodermal E-cadherin staining was not associated with a quantifiable
increase of E-cadherin protein levels (Fig. 2-S2B). Consistently, the ectodermal
E-cadherin staining and the cell clumping phenotype were also seen in Ptges-

tz57/ tz57

deficient MZoep mutants, which predominantly contain ectoderm (Fig. 2-
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Figure 2-2. PGE, governs cell adhesion by decreasing cdh1/e-cadherin transcript and protein levels. (A)
Quantitative real-time PCR (qQRTPCR) of B-actin (left) and cdhT (right) transcript levels in control and ptges morphants at
60% epiboly. p-value(**)<0.005. (B) Western blot of E-cadherin (top) and GAPDH (bottom, loading control) from shield
stage embryos injected with control and ptges MOs. Protein levels were quantified using Adobe Photoshop. (C) Confocal
images of whole-mount immunostaining of adherens and tight junction components. E-cadherin protein expression at the
shield stage in the mesoderm (top) and ectoderm (middle). Mesoderm: lateral view; ectoderm: animal pole view; Red:
E-cadherin; Blue: Nuclear stain. Arrowhead points to the foci of increased E-cadherin in the ectoderm. ZO1 (bottom) in
the ectoderm at 70% epiboly (lateral view). (D) Cell adhesion assay of cells from dissociated control and ptges morphant
gastrulae. Images of dissociated blastomeres on Fibronectin substrate were taken every hour for three hours. (E)
Suppression of the cell clumping phenotype in ptges morphants by cdh1 MO injection. Images of embryos at the shield
stage (arrowhead: cell clumping). (F) Graphical compilation of two experiments in which control and ptges morphant

embryos were co-injected with cdh1 MO (1 ng) and evaluated at 60% epiboly for the cell clumping phenotype.
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S2A, D) (Gritsman et al., 1999). Thus, two distinct patterns of E-cadherin
upregulation in Ptges-deficient embryos may account for the discrepancy
between the strong cell clumping phenotype and the modest increase of total E-
cadherin protein levels quantified in whole embryo extracts.

The assembly of adherens junctions precedes tight junctions at cell-cell
contacts (Yap et al., 2007; Hartsock and Nelson, 2008), so the increase of E-
cadherin levels in Ptges-deficient embryos may promote tight junction assembly.
Accordingly, a component of tight junctions, Zonula Occludens 1 (ZO1) (Yap et
al., 2007; Hartsock and Nelson, 2008), was also found to be upregulated in Ptges-
deficient gastrulae in areas of the ectoderm that correlated with increased E-
cadherin expression (Figs. 2-2C, 2-S2E). Interestingly, the contact points of the
superficial enveloping layer with the yolk cell contain tight junctions that are
strengthened during epiboly (Trinkaus, 1984), however, this domain of ZO1
expression was decreased in Ptges-deficient gastrulae. Therefore, PGE, regulates
components of tight junctions in addition to adherens junctions, thereby
regulating cell adhesion through multiple types of cell-cell contact.

The expression of cell adhesion components in Ptges-deficient gastrulae
might result in increased cell-cell adhesion, thereby contributing to the
gastrulation phenotype. To evaluate cell adhesion in Ptges-deficient embryos, we
carried out cell adhesion assays (Ulrich et al., 2005). First, we induced
mesendodermal fates in embryonic cells by injection with synthetic nodal-related 2
(ndr2)/cyclops RNA (Fig. 2-S2F) and co-injected ptges or control MOs. The
resulting embryos were dissociated into single cells at the dome stage, then
seeded into Fibronectin-coated wells for a three hour time-course to determine

whether cells had formed aggregates. Cells from control morphants showed
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clumps of two or three cells at the end of the three-hour time-course. Strikingly,
the ptges MO injection increased cell clumping in a dose-dependent manner, with
large three-dimensional clumps formed by cells from embryos injected with the
high MO dose (Fig. 2-2D). We conclude that cell adhesion is increased in Ptges-
deficient gastrulae, likely because of upregulated adherens and tight junction
components, indicating that PGE, signaling regulates gastrulation movements by
limiting cell adhesion. To investigate whether disrupting E-cadherin translation
could suppress aspects of the gastrulation phenotype in PGE,-deficient gastrulae,
we co-injected cdhl/MO3-cdhl and ptges MOs. Downregulation of E-cadherin
suppressed the cell clumping phenotype, but did not significantly improve the
epiboly defect (Fig. 2-2E-F). Thus, enhanced cell adhesion contributes in part to
the gastrulation defects seen in Ptges-deficient embryos.

The increase of cdhl transcripts in the Ptges-deficient embryos suggested
that PGE, signaling positively regulates a transcriptional inhibitor of the cdhl
gene. Snail /Snail (Table 1-1), the best characterized of these, binds E-boxes in
the E-cadherin gene promoter to inhibit its transcription (Barrallo-Gimeno and
Nieto, 2005). Two zebrafish snail genes, snail homolog 1a/snaila and snail homolog
1b/snailb (Table 1-1), are expressed in the internalizing mesendoderm during
gastrulation and are required for the animalward migration of anterior
mesendodermal cells (Hammerschmidt and Nusslein-Volhard, 1993; Yamashita
et al., 2004; Blanco et al., 2007). Recent work in cell culture has shown that
chemical or antisense interference with the prostaglandin signaling pathway
resulted in decreased SNAII transcription and increased E-cadherin protein
(Dohadwala et al., 2006; Brouxhon et al., 2007). However, our qRT-PCR and

whole-mount in situ hybridization analyses showed that snaila and snailb levels
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were not significantly different in ptges versus control morphants (Figs. 2-3A, 2-
S3A-B) until 60% epiboly, when the Ptges-deficient gastrulation phenotype is
already apparent (Fig. 2-S3B). Therefore, we conclude that the regulation of
snaila transcription by PGE, could not cause the gastrulation phenotype in this
developmental context. In contrast, the Snail protein level was significantly
decreased in embryos injected with ptges MO in a dose-dependent manner (Fig.
2-3B), revealing the posttranscriptional regulation of Snail by prostaglandins.

To determine if the localization or stability of Snaila was affected in Ptges-
deficient gastrulae, we analyzed the expression of the Snaila-YFP fusion protein
(Yamashita et al., 2004) in live embryos. We injected synthetic snaila-yfp,
membrane egfp, and yfp RNA constructs into one-cell stage zebrafish embryos and
analyzed the resulting proteins by confocal microscopy at the shield stage. The
injection of ptges MO resulted in the dramatic and dose-dependent reduction or
loss of Snaila-YFP expression compared to control embryos (Fig. 2-3C). Residual
cells expressing Snaila-YFP still showed its nuclear localization, whereas YFP
and mEGFP expression were unchanged. Loss of Snaila-YFP expression in Ptges-
deficient gastrulae was suppressed by PGE, treatment. Furthermore, cox1
morphants also showed decreased Snaila-YFP expression (Fig. 2-S4B). These
results demonstrate that PGE, signaling can regulate the protein expression of
Snaila. To test whether the increased cdhl transcripts and E-cadherin protein
levels were an outcome of reduced Snaila expression, snaila-HA RNA was
injected mosaically at the 8-cell stage in embryos injected with ptges MO at the
one-cell stage (Fig. 2-3D). The quantification of E-cadherin immunostaining
showed that Snaila-HA-expressing cells had significantly lower E-cadherin

levels than surrounding HA-negative cells in these Ptges-deficient gastrulae (Fig.
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Figure 2-3. PGE, deficiency destabilizes Snai1 protein. (A) gRTPCR of B-actin (left) and snai1a (right) transcript
levels in control and ptges morphants at 60% epiboly. (B) Immunoblotting using antibodies against Snai1 (top) and
a-tubulin (loading control: bottom) in control and ptges morphants. The first lane shows embryos that were injected with
snaila-yfp (Molecular weight: 55 kD). (C) Confocal microscope images of Snaila-YFP, YFP, and membrane EGFP
expression in control and ptges morphants, and ptges morphants incubated with PGE, (shield stage). (D) Confocal
images of ptges morphant gastrulae (shield stage) stained with anti-HA (green) and anti-E-cadherin (yellow) that were
mosaically injected with snai1a-ha RNA (3 pg) at the 8-16 cell stage. Compare the membrane intensity of E-cadherin at
the membranes between two HA-positive cells (arrowhead) to that between two HA-negative cells (arrow). (E)
Quantitation of E-cadherin immunostaining intensity (Mean Intensity) of Snai1a-HA-negative and Snaila-HA-positive

cells in ptges morphant gastrulae. p-value(**)=1.16 x 10-10.
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Control MO (4 ng)|| ptges MO (2 ng) || ptges MO (4 ng)

snaila

snailb

Figure 2-S3. snai1a and snai1b transcript levels during gastrulation. (A) snaita transcripts shown by in situ
hybridization at 60% epiboly. (B) snai1b transcripts revealed by in situ hybridization at dome and 60% epiboly. Control
and ptges morphants have indistinguishable expression until 60% epiboly, when the expression domain remains the

same but fewer internalized snai1b-positive cells are present in the ptges morphants.
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Figure 2-4. PGE, GBy signaling stabilizes Snai1a by inhibiting Gsk3B-mediated proteasomal degradation.
Confocal microscope images of embryos in which the Snaila-YFP assay was used to test downstream components of
PGE, signaling for their ability to affect levels of Snaita in control (top) and ptges morphants (middle, bottom). (A)
Treatment with the proteasomal inhibitor, MG132. (B) Injection of zgsk3B RNA; treatment with LiCl and BIO, Gsk3
inhibitors. (C) Injection of hgB1 and hgy2 RNA. (D) Inhibition of both Gsk3f and the proteasome (MG132 treatment).
(E) hgB1y2 and gsk3B RNA co-injection. (F) Immunoblotting of Gsk3 following immunoprecipitation with h31y2.
Zebrafish gsk3B and HA-tagged hB1/y2 were transfected into 293T cells. Cell extracts were immunoprecipitated with
anti-HA, then immunoblotted with anti-Gsk33 (Gsk3p indicated by arrowhead). The interaction between Gsk3f3 and
hB1y2 could be blocked by the addition of c-Bark (top). Total lysate Western blots (bottom). (G) Model of the mechanism
by which PGE, regulates E-cadherin using a Snail-dependent mechanism. (Blue arrows: pathway mechanism following
PGE, signaling activation)
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2-3E). Therefore, we conclude that PGE, signaling stabilizes Snaila protein to
limit E-cadherin expression during gastrulation.

To delineate the molecular mechanism by which PGE, promotes Snail
stability, we evaluated the outcome of manipulating possible targets of PGE,
signaling on misexpressed Snaila-YFP protein levels. First, we tested if
proteolysis contributed to the loss of Snaila-YFP expression in Ptges-deficient
embryos (Dominguez et al., 2003; Zhou et al., 2004). Remarkably, the treatment of
Ptges-deficient embryos with a proteasomal inhibitor, MG132 (Zhou et al., 2004),
fully suppressed the loss of Snaila-YFP expression, indicating that proteasomal
degradation decreased levels of Snaila protein (Fig. 2-4A). Cell culture studies

have shown that PGE, can regulate Glycogen synthase kinase 3B (Gsk3) (Fujino

et al., 2002; Fujino and Regan, 2003). Furthermore, Gsk3 can phosphorylate
SNAIL, thereby targeting it to proteasomal degradation (Zhou et al., 2004; Yook
et al., 2006), so we investigated whether this kinase regulated Snaila expression
downstream of PGE, signaling. Consistent with this notion, the injection of gsk33
RNA significantly decreased the level of misexpressed Snaila-YFP in a dose-
dependent manner in control embryos, and caused the complete loss of Snaila-
YFP in Ptges-deficient gastrulae (Fig. 2-4B). Conversely, Gsk3p inhibition
through either LiCl (Stachel et al., 1993) or 6-bromoindirubin-3-oxime/BIO
(Goessling et al., 2009) treatment suppressed the loss of Snaila-YFP in Ptges-
deficient gastrulae. Blocking the function of both Gsk3B and the proteasome
resulted in the full restoration of Snaila-YFP levels in Ptges-deficient embryos

similar to those treated with proteasomal inhibitor alone (Fig 2-3D). Thus, PGE,
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Figure 2-4. PGE, GBy signaling stabilizes Snai1a by inhibiting Gsk3B-mediated proteasomal degradation.
Confocal microscope images of embryos in which the Snaila-YFP assay was used to test downstream components of
PGE, signaling for their ability to affect levels of Snaita in control (top) and ptges morphants (middle, bottom). (A)
Treatment with the proteasomal inhibitor, MG132. (B) Injection of zgsk3B RNA; treatment with LiCl and BIO, Gsk3
inhibitors. (C) Injection of hgB1 and hgy2 RNA. (D) Inhibition of both Gsk3f and the proteasome (MG132 treatment).
(E) hgB1y2 and gsk3B RNA co-injection. (F) Immunoblotting of Gsk3 following immunoprecipitation with h31y2.
Zebrafish gsk3B and HA-tagged hB1/y2 were transfected into 293T cells. Cell extracts were immunoprecipitated with
anti-HA, then immunoblotted with anti-Gsk33 (Gsk3p indicated by arrowhead). The interaction between Gsk3f3 and
hB1y2 could be blocked by the addition of c-Bark (top). Total lysate Western blots (bottom). (G) Model of the mechanism
by which PGE, regulates E-cadherin using a Snail-dependent mechanism. (Blue arrows: pathway mechanism following
PGE, signaling activation)
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signaling functions to stabilize Snail by inhibiting its proteasomal degradation,
which is regulated by Gsk3p.
Previous studies suggest that PGE, signaling acts in part through

heterotrimeric Guanine nucleotide binding proteins (G proteins) (Buchanan and
Dubois, 2006). Following activation, both G protein a and By subunits stimulate
separate downstream effectors. GBy protein subunits have been shown in cell
culture to regulate Gsk3fB downstream of PGE, signaling by the activation of
Phosphoinositide-3-kinase (Pik3) (Fujino et al., 2002; Fujino and Regan, 2003; Cha
et al., 2006). We found that overexpression of the GB,y,/(Gnb1, Gng2) subunits
elevated the Snail-YFP levels in Ptges-deficient embryos, suggesting that the GBy
subunits activated by the Ep receptors were responsible for conveying the effects
of PGE, on Snaila (Fig. 2-4C). Co-injection of RNAs encoding GB,Y, and Gsk33
into Ptges-deficient embryos, however, blocked the rescue of Snaila-YFP seen
with ¢B,¥, RNA alone, suggesting that Gsk3f regulated Snail downstream of the
GBY subunits to inhibit Snail proteasomal degradation (Fig. 2-4E, G).
Accordingly, Gsk3B can be detected following the immunoprecipitation of anti-
HA in 293T cells co-transfected with zebrafish Gsk3B and HA-hGR,Y,. This
interaction can be inhibited by expressing the C-terminal domain of the b-
adrenergic receptor kinase (B-ark), which competes for GB,y, binding, thereby
revealing Gsk3b as a potential new GBy effector protein (Fig. 2-4F) (Jernigan et
al., ; Jernigan and Lee). This interaction between the GBy subunits and Gsk33

provides a novel mechanism for the regulation of the Snail protein downstream

of PGE, signaling.
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Next, to determine if the decreased regulation of Gsk3p by Pik3
contributed to the loss of Snaila, we overexpressed the zebrafish Pik3y, the form
that acts downstream of GBy signaling (Leopoldt et al., 1998). We also used a
Pik3 inhibitor, LY294002, which has been shown to impair zebrafish gastrulation
(Montero et al., 2003), to investigate the effects of Pik3 downregulation on
Snaila-YFP levels. We found that neither treatment significantly altered Snaila-
YFP expression in control embryos or Ptges-deficient embryos (Fig. 2-S5). Thus,
the interaction between GBy and Gsk3 to regulate Snail likely does not involve
the regulation of Gsk3p by Pik3.

The regulation of Gsk3p presents a possible junction between PGE, signaling and
Wnt signaling, lending insight into the finding that Cox inhibitors (NSAIDs)
decreased the intestinal tumor load of Adenomatous Polyposis Coli (Apc)™" mice
mutants with unmitigated B-catenin signaling (Buchanan and Dubois, 2006).
Wnt8, which activates B-catenin, is expressed in the nascent mesendoderm

during gastrulation, similarly to Snaila (Hammerschmidt and Nusslein-Volhard,
1993; Kelly et al., 1995; Zohn et al., 2006). Therefore, these two pathways could

cooperate to repress cell adhesion by regulating Snail through the inhibition of
Gsk3B function. Previous data has shown that in cell culture, PGE, can bind Axin
through its EP2-associated G protein q, to displace GSK3pB, preventing it from
inhibiting B-catenin by proteasomal degradation (Castellone et al., 2005).
Moreover, recent work indicates that the Prostaglandin and Wnt pathways
converge on Gsk3f to enhance B-catenin levels and contribute to hematopoietic

stem cell recovery (Goessling et al., 2009). However, we found that the
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Figure 2-S5. Pik3y does not significantly affect Snaila stability. (A) Confocal images of embryos expressing
Snaitla-YFP at the shield stage injected with either control or ptges MO that were either co-injected with RNA encoding
Pik3y (15 pg) at the one-cell stage or treated with Pik3 inhibitor (LY294002, 50 uM) from the dome to the shield stage

(Montero, et al., 2003).
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overexpression of ANB-catenin, a constitutively active form, had no effect on
Snaila-YFP expression, either alone or when co-injected with the ptges MO (Fig.
2-S4A). Hence, the effect of PGE, stabilizing Snaila through Gsk3 is B-catenin-
independent.

Unbalanced cell adhesion, either in excess or deficit, cripples the cell
movement of primordial germ cells in zebrafish, border cells in D. melanogaster,
and during gastrulation in many animals (Blaser et al., 2005; Pacquelet and
Rorth, 2005; Hammerschmidt and Wedlich, 2008). The presence of several direct
and indirect inhibitors of E-cadherin; Gqy,/15, Wntl1, and p38, underscores the
significance of the precise and diverse regulation of cell adhesion for normal
gastrulation movements (Lin et al., 2005; Ulrich et al., 2005; Zohn et al., 2006).

We suggest that divergent mechanisms to regulate cell adhesion also
occur downstream of PGE, signaling. Snaila-HA overexpression was unable to
rescue the gastrulation phenotype in Ptges-deficient embryos. In addition, there
were foci of increased levels of E-cadherin in the ectoderm, where Snaila is
absent or weakly expressed (Hammerschmidt and Nusslein-Volhard, 1993).
These data suggest that a Snaila-independent mechanism regulated by PGE,
leads to increased E-cadherin in the ectoderm. We therefore conclude that PGE,
employs multiple, germ layer-dependent mechanisms to inhibit E-cadherin
expression. Furthermore, we hypothesize that PGE,, ubiquitously produced
during gastrulation (Grosser et al., 2002; Cha et al., 2006), constantly inhibits E-
cadherin expression to ensure the dynamic and precise modulation of E-cadherin

levels that is necessary for the massive and rapid gastrulation cell movements.
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In conclusion, we have shown that PGE, signaling negatively regulates E-
cadherin transcript and protein levels, thereby limiting cell adhesion. This effect
of PGE, occurs in part through the stabilization of Snaila by preventing its
Gsk3B-mediated proteasomal degradation (Fig. 2-4G). PGE, signaling inhibits
Gsk3p via its downstream G protein By subunits, a novel molecular mechanism
by which PGE, can promote Snaila function and limit cell adhesion to influence
motility. Whereas the mechanism by which GBg inhibits Gsk3 remains to be
elucidated, the work by Jernigan, et al. (Jernigan et al., ; Jernigan and Lee)
suggests that GBg binds GSK3, sequestering it to the membrane to activate its
kinase activity on the co-receptor LRP6, which leads to the inhibition of B-catenin
degradation and potentiation of B-catenin/TCF-mediated transcription. In
addition, in breast cancer cells, the presence of GSK3p in the nucleus is essential
for its silencing of SNAI1 activity. When AXIN2 acted as a nucleocytoplasmic
chaperone for GSK3B, exporting it from the nucleus, SNAI1 remained active
(Yook et al., 2006). Therefore, we speculate that following activation by PGE2,
GBg binds Gsk3B at the membrane to prevent it from inhibiting Snaila activity in
the nucleus.

SNAII expression is increased in multiple tumor types (Barrallo-Gimeno
and Nieto, 2005; Yook et al., 2006), and promoted recurrence of breast cancer in
vivo (Moody et al., 2005). In addition, the activation of EGF signaling, which
plays a major role in multiple cancers, increased the expression of SNAII,
emphasizing its role during tumorigenesis (Lu et al., 2003; Mann et al., 2006;
Backlund et al., 2008). PGE, signaling has been correlated with increased cancer

cell invasiveness, angiogenesis, and anchorage independence (Wang and Dubois,
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2006), properties that allow cancer cells to exit the primary tumor and migrate to
secondary sites. The increased expression of the EP4 receptor was also reported
in colon and breast cancer cells (Chell et al., 2006), indicating thatin a
pathological context, cancer cells may exploit PGE,’s native regulation of the cell
motility machinery. Therefore, our discovery of the Snail-dependent and -
independent repression of cell adhesion by PGE, may lend insight into the
mechanism by which prostaglandins promote tumor cell motility, leading to
more advanced disease states. As Wnt signaling also inhibits Gsk3p activity, Wnt
and PGE, pathways can converge to promote hematopoietic stem cell survival
via B-catenin (North et al., 2007; Goessling et al., 2009), and we suggest that this
cooperation may also promote cell motility by inhibiting cell adhesion. We also
speculate that the multi-pronged repression of E-cadherin by PGE, may apply to
the other demonstrated roles of prostaglandins/PGE, in inflammation and

hematopoietic stem cell recovery.
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Experimental Procedures

Zebrafish strains and maintenance

Embryos were obtained from natural mating and staged according to
morphology as described (Kimmel et al., 1995). With the exception of
experiments using the MZoep™”"*’ (Gritsman et al., 1999) and the Tg(gsc:GFP)*/*

(Doitsidou et al., 2002), all experiments were done using wild-type embryos.

Embryo injection

Zebrafish embryos were injected at the one-cell stage, 15-45 minutes post-
fertilization. The MO constructs that were injected included the control MO/ 5bp
mismatch MO2-ptges (GTTTTATCCTGTTAGGTC), ptges MO/MO2-ptges (Cha et
al., 2006), cox]1 MO/MO1-ptgs (Grosser et al., 2002), and cdh1 MO/MO3-cdhl
(Babb and Marrs, 2004). RNA constructs that were used for injection included
megfp, yfp, zsnaila-yfp (T. Hirano Lab; Osaka University, Osaka, Japan)
(Yamashita et al., 2004), zgsk38 (M. Hibi; Riken Center for Developmental
Biology, Kobe, Japan), hf3,, hy,, ANB-catenin, and znr1/cyclops (C.V. Wright Lab;
Vanderbilt University, Nashville, TN) (Erter et al., 1998). Embryos were injected
with zsnaila-ha at the 8-16 cell stage. All RNA constructs were in the pCS2

vector.
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zSnaila-YFP assay.

Injected embryos were chemically treated as described below and incubated at
28°C until they reached the shield stage. All experiments were performed at least
three times as described, with at least 30 injected embryos per sample (per
experiment). Live embryos were oriented using the shield as a morphological
landmark in 2% Methylcellulose/0.3X Danieau. Representative embryos were
imaged on a LSM 510® Confocal microscope (Carl Zeiss Microlmaging, Inc.;
Thornwood, NY), using the 10X objective. Experiments were performed in part
through the use of the VUMC Cell Imaging Shared Resource. Images were
prepared for publication using Volocity® software (Improvision; Coventry, UK)

and Adobe Photoshop (Adobe, San Jose, CA).

Embryo treatment

PGE,. Embryos were treated with synthetic PGE2 (10 mM; Cayman Chemical;
Ann Arbor, MI) following injection and later, at the dome stage, in 1%

DMSO/embryo medium.

Proteasomal inhibitor. Embryos were treated with Z-Leu-Leu-Leu-H/MG-132
(Peptide Institute, Inc.; Japan) (50 mM) (Zhou et al., 2004) from the 128-256 cell
stage in 1% DMSO/embryo medium until the embryos were imaged at the

shield stage.

Gsk3 B inhibitor. LiCl treatment was performed as previously described (Stachel
et al,, 1993). LiCl (Sigma-Aldrich Co.; St. Louis, MO) (0.3 M) was added to the

embryo medium at the 256-cell stage for 10 minutes, then rinsed three times in
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0.3X Danieau, to incubate until the shield stage. Gsk3 BIO (Stemgent;
Cambridge, MA) (1 uM) was added at the 1000-cell stage and left until the shield

stage.

Pik3 inhibitor. Embryos were incubated in 30-50 uM LY294002 (Caymen

Chemical) in embryo medium from the dome stage until the shield stage.

Cell adhesion Assays

Assays were performed as described (Ulrich et al., 2005). Embryos were injected
with 100 pg of cyclops RNA at the one-cell stage to induce mesendodermal fates.
Whole mount in situ hybridization at the dome stage using notail was done to
confirm that the cyclops-injected embryos consisted of predominantly
mesendodermal cells. At the dome stage, 40 embryos from each sample were
dechorionated in and rinsed with E2 medium (0.5 mM KCl, 15 mM NaCl, 2.7
mM CaCl,, 1 mM MGSO,, 0.7 mM NaHCO,, 10 mM HEPES, soln pH 6.5), then 1
mL prewarmed (37°C) 0.05% Trypsin with 4Na EDTA (Invitrogen Corp.;
Carlsbad, CA) was added to the embryos and shaken until the embryonic tissue
was dissociated. The suspension was incubated at 37°C for 3 minutes, then 100
uL of fetal calf serum was added to stop the reaction. Embryonic cells were
centrifuged for 3 minutes at 4°C at 1000 rpm. The resulting pellet was
resuspended in E3 medium (62.5 mL DMEM, 1 mL Penicillin/ Streptomycin
(GIBCO Invitrogen; Carlsbad, CA), 1 mL L-Glutamine (GIBCO Invitrogen), 1 mL
Insulin-Transferrin-Selenium X (GIBCO Invitrogen), then cells were counted the

using a hemocytometer. The cells were diluted to 50,000 cells/mL and plated in
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a Fibronectin-coated 96-well plate (5000 cells/well). Images were taken on a
SteREO Discovery.V12® Dissecting Microscope (Carl Zeiss Microlmaging, Inc.)

every hour for 3 hours.

Quantitative real-time PCR

RNA was extracted from 20 injected embryos per sample at 60% epiboly using
200 uL Trizol (Tingaud-Sequeira et al., 2004). Following RNA extraction, the
samples were diluted to 50 ng/uL. Primers used included B-actin (Tingaud-
Sequeira et al., 2004), cdhl (left: TGAAGGCTGCAGATAACGAG; right:
GTGTTGAGGGAGCTGAGTGA), and snaila (left:
GAGCTGGAATGTCAGAACGA; right: GTGAAGGGAAGGTAGCAAGO).
Samples were prepared for qRT-PCR using the iScript One-Step RT-PCR kit with
SYBR-Green® (Bio-Rad; Hercules, CA). 100 ng of template DNA was used for
each sample, and water was used as a negative control for the RT reaction. The
gRT-PCR was performed on an iCycler iQ Multicolor machine® (Bio-Rad;
Hercules, CA) at the VUMC Molecular Biology Resource Core. The annealing
temperature was set for 60°C without a temperature gradient. The data shown
represents three separate experiments with duplicate samples. The data were

analyzed iQ5 Optical System Software, Version 2.0® (Bio-Rad; Hercules, CA).

Time-lapse imaging

Shield time-lapse. Embryos were injected with membrane egfp at the one-cell stage.

At the shield stage, embryos were dechorionated in 0.3X Danieau and oriented in
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plastic dishes using 0.8% SeaPlaque Low Melt Agarose (Lonza; Rockland,
ME)/0.3X Danieau. Images were taken of the shield on a Zeiss Axiovert 200
inverted microscope® (Carl Zeiss Microlmaging, Inc.) with a ERS Spinning Disk
Confocal system® (PerkinElmer; Fremont, CA) using the 40X oil-immersion

(N A=1.3) objective. Z-sections were 0.5 um in thickness, with images taken
every minute. The resulting data points were orthogonally reconstructed using
Volocity® software (Improvision). Time-lapse movies were processed using
Volocity®, Adobe Photoshop® (Adobe) and Quicktime Pro® software (Apple;

Cupertino, CA).

Protrusion movie analysis. membrane egfp or membrane rfp RNA was injected into
Tg(gsc:GFP)"* zebrafish embryos (labeled donor embryos) at the one-cell stage.
Fewer than 10 cells were transplanted from donor embryos to unlabeled host
embryos at the shield stage. Host embryos containing transplanted cells that
were gsc:GFP-positive were mounted at 70-80% epiboly in 0.8% Low Melt
Agarose (Co)/0.3X Danieau in plastic dishes, with the shield facing downward.
Images were taken on a Zeiss Axiovert 200 inverted microscope® (Carl Zeiss
Microlmaging, Inc.) with an ERS Spinning Disk Confocal system® (PerkinElmer)
using the 40X oil-immersion (NA=1.3) objective for 5-10 minutes, with 2-3 z-
planes taken every 10 seconds (z-plane thickness: 2.8-5 um). Time-lapse movies
were processed using Volocity®, Adobe Photoshop®, and Quicktime Pro®

software.
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Whole mount ISH

Embryos were collected at the indicated stage and fixed with 4%
paraformaldehyde overnight at 4°C. Whole mount ISH was performed as

previously described. Probes used included snalla, snailb, frizzled 8b, and no tail.

Western blotting

Embryos were homogenized with RIPA buffer (10 mM Tris pH 7.4, 150 mM
NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% Na Deoxycholate), then
frozen at -20°C. Embryo homogenates were lysed with 2X Lysis buffer (62.5 mM
Tris-HCI pH 6.8, 10% Glycerol, 2% SDS, 0.5% Beta-mercaptoethanol, 0.01%
Bromophenol blue) and heated at 100°C for 5 minutes. Extracts were resolved in
a 4-15% polyacrylamide gel and transferred to a PVDF membrane using the
Criterion System® (Bio-Rad). The antibodies used were anti-zSnail (1:500;
Hammerschmidt Lab, Max-Planck-Institute of Immunobiology; Freiburg,
Germany) (Hammerschmidt and Nusslein-Volhard, 1993) , anti-zE-cadherin
(1:1000; J.A. Marrs Lab; Indiana University Medical Center, Indianapolis, IN)
(Babb and Marrs, 2004), anti-Gsk3 (1:1000; Cell Signaling Technology; Danvers,
MA), anti-Phospho-Gsk3 (1:1000; Cell Signaling Technology), and anti-GAPDH

(1:500; RDI Division of Fitzgerald Industries; Concord, MA).
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Whole-mount immunohistochemistry

Zebrafish embryos were collected at the indicated stage and fixed with a 1:1
solution 8% paraformaldehyde and 2X fix buffer (8% Sucrose, 0.3 mM
CaCl2/PBS pH 7.3). Embryos were rinsed four times using PBS with 0.1%
Tween. Antibodies used were anti-zE-cadherin (1:1000; J.A. Marrs Lab) and anti-
Z01 (1:200; Zymed Laboratories; San Francisco, CA). To visualize nuclei,
samples were stained with SYTO®59 (Invitrogen) for 30 minutes prior to

imaging, then rinsed twice with PBS with 0.1% Tween and 2% DMSO.

Cell culture, transfection, and immunoprecipitation

HEK-293 cells were cultured in DMEM (Cellgro; Manassas, VA) media
supplemented with 100 units/ mL Penicillin, 100 units/ mL Streptomycin (Gibco
Invitrogen) and 10% FBS (Gibco Invitrogen). Lipofectamine 2000 (Invitrogen)
transfection reagent was used for tranfections following the manufacturer’s
suggested protocol. HEK-293 cells were plated in 30 mm dishes and transfected
with 1 pg zGsk3, 1 ug HA-GB,, 1 ug Gy,, and 2 pg c-park DNA pCS2-based
constructs. Transfected cells were cultured for 48 hours, then cells were washed
1x with cold PBS and lysed for 30 minutes on ice in Non-Denaturing Lysis buffer
(NDLB)(50mm Tris pH 7.4, 300mM NaCl, 5mM EDTA, 1%w /v Triton X-100,
Protease inhibitors (1mg/ml leupeptin, Pepstatin, and Chymostatin). 750 pg of
lysate were diluted to 1 mg/mL with the NDLB. Rat anti-HA (Roche Diagnostics
GmbH; Mannheim, Germany) was crosslinked to the Protein G magnetic beads

(New England BioLabs; Ipswich, MA) following the manufacturer’s instructions.
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anti-HA protein G beads were added to the lysate and incubated for 2-3 hours
with rotation at 4°C. Beads were then washed 3x with NDLB and 1x with PBS.
Protein was eluted from the beads with Sample Buffer. Samples, as well as 10 ug
of the total protein lysate, were resolved on an SDS-Page gel and transferred to a
Nitrocellulose membrane. Membranes were blocked in 5% milk solution (1 hour

at room temperature) and probed with mouse anti-HA (1:1000, AbCam,
Cambridge, MA), mouse anti-a-tubulin (1:3000, Sigma-Aldrich), and mouse anti-
Gsk3 (1:1000, BD Biosciences; San Jose, CA). HRP conjugated anti-mouse

antibodies were used to detect the primary antibody by chemiluminescence.
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CHAPTER III

DEFICIT OF PROSTAGLANDIN E, SIGNALING DURING BLASTULA STAGES

IMPAIRS DEVELOPMENT OF ENDODERMAL PRECURSORS

Summary
The endoderm and mesoderm are initially specified by Nodal signaling in
blastulas. Following internalization at the onset of gastrulation, the endoderm is
distinguished from the mesoderm by inductive signals that lead to endoderm-
specific differentiation. Reduced PGE, signaling in zebrafish embryos resulted in
the deficiency of cas- and sox17-expressing endodermal cells by the end of
gastrulation. Nodal signaling was slightly decreased in ptges morphants (MO2-
ptges) at the beginning of gastrulation, as evidenced by reduced expression of
Ift2. By contrast, mesodermal cells seem to be correctly specified, though their
internalization and other gastrulation movements were impaired. These data
suggest that PGE, enhances Nodal signaling to promote endodermal fates or

influences endodermal differentiation directly.
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Introduction

Endodermal derivatives contribute to an organism’s ability to digest and
absorb nutrients (pancreas and intestine), respire (lungs), and remove waste
(liver and intestine). The mesoderm and endoderm arise from a common cell
population in vertebrates (Fig. 3-1A). This was confirmed in zebrafish by fate
map analysis that was performed on single cells labeled with lineage tracers
between the 1000- and 4000-cell stage (Warga and Nusslein-Volhard, 1999).
Clones of labeled cells were plotted on an embryo map at 40% epiboly and shield
stage, and analyzed for their lineage from 1 to 5 dpf. In this manner, cell fates of
cells were correlated with their early position within the blastula. 71 clonal cells
were analyzed, and of those, 24% gave rise to only endoderm, 42% gave rise to
only mesoderm, and 34% generated both mesoderm and endoderm. Cells that
eventually give rise to mesoderm and endoderm are located in the margin of the
blastula, however mesodermal cells reside within 4 cells of the margin (Fig. 3-
1A). Endodermal progenitors were most frequently found within 2 cell
diameters, and never more than 4 cell diameters, from the margin (Warga and
Nusslein-Volhard, 1999) (Fig. 3-1A). In addition, endodermal progenitors are
biased towards dorsal locations, whereas mesodermal progenitors are more
uniformly distributed on the ventral side of the embryo. Fate map studies in the
frog confirm these results, suggesting that the mesoderm and endoderm initially
arise from a common cell population, but that inductive signals specify cells to
the endodermal fate by the beginning of gastrulation. Additional inductive
signals to these cells occur at mid-gastrulation to further differentiate these cells,
patterning the future endodermal organs of the organism (Zorn and Wells, 2007).

The initial specification of the mesendoderm occurs through Nodal
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Figure 3-1. Endodermal specification in zebrafish. (A) Fate map of the zebrafish blastula
showing the ectoderm, mesoderm, and endoderm domains. (B) The Nodal signaling pathway
specifies the mesendoderm. (C) Mesodermal and endodermal cells require distinct levels of
Nodal signaling for their differentiation. Mesodermal cells are more sensitive to Nodal signaling,
whereas endodermal cells require higher levels of Nodal signaling to induce the endodermal
specification pathway. In addition, mesodermal cells are rounder and smaller than endodermal
cells, which have flat cell bodies with protrusions around the circumference of the cell.
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signaling (Fig. 3-1B). Nodal secreted ligands belong to the Tumor Growth
Factor-f (TGF-B) superfamily. The Nodal signaling pathway in zebrafish
involves the three zebrafish Nodal-related (ZNR) ligands Znr1/Cyclops (Cyc),
Znr2 /Squint (Sqt), and Znr3/Southpaw (Spaw) as well as the cofactor One-eyed
pinhead (Oep), which is the zebrafish homolog of the human Cripto protein, a
member of the Extracellular Growth Factor-like and / or Co-receptor-like (EGF-
CFC) family (Feldman et al., 1998; Sampath et al., 1998; Feldman et al., 2000;
Saloman et al., 2000; Long et al., 2003). Once the ligands bind to the Typeland
Type II activin-like receptors, the Smad2 and Smad4 signal transducers are
activated to transcriptionally induce the downstream targets of Nodal signaling
(Schier and Shen, 2000).

In the frog, Nodal signaling is activated by a maternally deposited factor,
VegT, as well as Wnt-f-catenin signaling (Zorn and Wells, 2007). What induces
Nodal signaling in amniotes and zebrafish, however, remains unknown. This
signal, however, likely arises from the YSL in zebrafish, as removal of the yolk
cell and YSL results in defective mesendoderm development (Zorn and Wells,
2007). Indeed, sqt is initially expressed from the zygotic genome in the dorsal
blastomeres, then in the YSL by the oblong stage (3.7 hpf), suggesting that its
expression in the YSL is activated by this early inductive signal(s) (Erter et al.,
1998; Feldman et al., 1998).

In contrast to Spaw, which acts later during development to pattern the
left-right axis (Long et al., 2003), Nodal signaling through Cyc and Sqt instructs
the mesendodermal pattern. Indeed, the importance of Cyc and Sqt is evidenced

by cyc;sqt double mutants, which lack mesendoderm (Feldman et al., 1998;
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Feldman et al., 2000). Also, misexpression of Activin A receptor, type
IB/Acvrlb/Taram-A /Tar, a TGF-B-Related Type I receptor, in zebrafish
embryos induces early mesendodermal markers such as ntl (mesoderm), gata5,
and mixer (endoderm) (Aoki et al., 2002).

Interestingly, the mosaic expression of either Cyc or Sqt induces
downstream mesendodermal genes. However, Sqt could activate
mesendodermal genes in cells distant (up to 8 cell diameters away) to the
misexpression domain, whereas Cyc could only act within a short range (less
than 2 cell diameters), suggesting that these activating ligands have distinct
properties (Chen and Schier, 2001)). Inhibition of lefty/Ift, which encodes TGFf-
related secreted proteins that function as Nodal signaling antagonists but are
themselves activated by Nodal signaling (Meno et al., 1999; Cheng et al., 2000),
by MO resulted in an expansion of Nodal expression and signaling at the
margin, indicating that Lft limits the range of Nodal signaling (Chen and Schier,
2002). Interestingly, the function of Lft is dependent on Sqt, as the expansion of
Nodal signaling in Ift morphants was abolished in sq¢"” mutants but not cyc”
mutant embryos (Chen and Schier, 2002). In addition, Lft misexpression at the
animal pole inhibits the expression of the Nodal target gene bhikhari (bik) at the
margin (Chen and Schier, 2002), suggesting that Lft acts as a long-range inhibitor.
Therefore, Nodal-dependent Lft inhibits Nodal signaling by diminishing the
activating effects of Sqt at a distance, as predicted by the reaction diffusion
model theorized to be a mechanism for pattern formation (Solnica-Krezel, 2003).

Nodal signaling also may regulate the decision between mesodermal and

endodermal fates in cells by the duration and strength of the signal (Grapin-
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Botton and Constam, 2007) (Fig. 3-1C). Embryos with low Nodal signaling, such
as zygotic oep mutants, lack all the endoderm but retain most of the mesoderm,
suggesting that conversion to the endodermal fate requires sustained and higher
levels of Nodal signaling (Schier et al., 1997). This model is consistent with the
fate map that suggests that endodermal cells are those closest to the margin, and
thus would receive the highest levels of Nodal signal.

Once Nodal signaling is stimulated, Smad2 and Fast1/Foxh1 activate
downstream endodermal genes such as the mix-like homeodomain gene bon,
gata5, and foxa2/axial (Fig. 3-1C). Gata5 maintains the expression of foxa2 and
sox17, which are endodermal-specific markers. The Mix-like factors activate sry-
like high mobility growth (HMG) domain box factor 32/sox32/casanova (cas), an
important transcriptional activator of sox17, to initiate cas expression in the
dorsal YSL and also in the endodermal progenitors prior to internalization
(Alexander and Stainier, 1999; Kikuchi et al., 2001; Grapin-Botton and Constam,
2007). Pou2/Oct4 is required cell-autonomously for the specification of
endodermal fates, and possibly also functions to activate sox17 transcription
(Reim et al., 2004). Accordingly, MZpou5fl/pou2/oct4/spiel ohne grenzen (spg)
mutants show markedly reduced endoderm with few sox17-expressing cells
(Lunde et al., 2004; Reim et al., 2004). Overexpression of Cas could not rescue
sox17-expressing cells in MZspg, nor could Pou2 rescue the endoderm defect in
casanova mutants, suggesting that both Pou2 and Cas regulate sox17 transcription
in parallel (Reim et al., 2004).

Expression of sox17 begins in zebrafish in the prospective dorsal
forerunner cells at 50% epiboly (Alexander and Stainier, 1999). sox17 expression

starts in the endodermal progenitors at the shield stage, and is maintained
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throughout gastrulation (Alexander and Stainier, 1999). The importance of Sox17
during endoderm specification is demonstrated by the effects of misexpressing
xSox17 in the A tier of the 32-cell stage frog embryo (Clements and Woodland,
2000). Although the A tier blastomeres usually contribute to the ectoderm and
nervous system, xSox17-expressing cells instead contribute to the endoderm or
gradually disappear. The authors concluded that cells that did not contribute to
the endoderm underwent apoptosis, though there was no increased TUNEL
staining during gastrulation (Clements and Woodland, 2000). These data reveal
the inductive ability of Nodal signaling to convert cells to the endodermal fate
through Sox17 function.

The loss of the Nodal ligands also results in defects to the internalization
gastrulation movement that generates the mesendodermal layer, internalization.
No internalization movements occur in cyc;sqf mutant embryos (Feldman et al.,
1998; Feldman et al., 2000). The transplantation of MZoep mutant cells into wild-
type hosts results in internalization, likely due to interactions between MZoep
mutant cells and their wild-type neighbors, however, the mutant cells eventually
fall back to the ectodermal progenitor layer (Carmany-Rampey and Schier, 2001).
By contrast, MO-targeting of Ift1 and Ift2 results in an expanded mesendoderm
population as a consequence of constitutively active Nodal signaling during
gastrulation (Feldman et al., 2002). Taken together, these data suggest that
Nodal signaling is required cell-autonomously for mesendodermal specification
and in internalizing cells to maintain their position within the deeper,
mesendodermal layer. During internalization, the first cells to internalize are the
endoderm progenitors, followed by the prechordal plate precursors, which

eventually contribute to both mesodermal and endodermal structures, such as
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the hatching gland and the pharynx.

Following internalization, endodermal cells use “random walk” behavior
to spread over the yolk surface towards the animal pole, in contrast to the
directed migration of mesodermal cells (Sepich et al., 2005; Pezeron et al., 2008).
This “random walk” of endodermal cells is activated by Nodal signaling, and
requires the function of Cas, as MO-targeting of cas abolishes this cell behavior
(Pezeron et al., 2008). By mid-gastrulation, endodermal cells converge towards
the the dorsal side of the embryo, possibly because of extracellular cues. This
notion was supported by heterochronic transplantations, in which cells
transplanted from early to late gastrulae embryos immediately started to
converge towards the future midline (Pezeron et al., 2008), suggesting that
inductive signals are present in the embryo at this time. A possible inductive
signal that contributes to the anterior spreading of endodermal cells via the
“random walk” behavior is the chemokine Cxcl12b and its receptor Cxcr4a (Nair
and Schilling, 2008). cxcr4a expression in endodermal cells is induced by Mixer
and Sox17 activity (Dickinson et al., 2006). cxcl12b is expressed in the mesoderm,
while cxcr4a is present in endodermal cells, suggesting that mesoderm-endoderm
interactions contribute to anterior movement of the endodermal cells (Nair and
Schilling, 2008). cxcl12b and cxcr4a morphants both show viscera bifida, or
duplicated endodermal organs, of the liver and pancreas. cxcl12b and cxcr4a
morphant endodermal cells migrate farther anteriorly at early gastrulation,
which culminates with the later defects. Defects in the adhesion of morphant
endodermal cells to Fibronectin is also observed, suggesting that Integrin-
mediated adhesion is involved. Accordingly, inhibition of Integrin with RGD

peptides phenocopies the enhanced endodermal migration and the viscera bifida
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phenotype, whereas misexpression of Integrin 8 1b (Itgb1b) suppresses the
viscera bifida phenotype in cxcl12b morphant embryos. In a model resulting from
these studies, Cxcl12b-Cxcr4a signaling is critical for the tethering of the
endodermal cells to the mesoderm, so that endodermal cells migrate further in
the absence of Cxcl12b-Cxcr4a function because of decoupling from the
mesodermal cell population (Nair and Schilling, 2008).

Morphological changes occur by mid-gastrulation (70-80% epiboly),
distinguishing mesodermal and endodermal cells (Warga and Nusslein-Volhard,
1999). Endodermal cells become flattened, taking on a tear-drop shape and
filopodial protrusions at the periphery of the cell’s margin as they migrate over
the yolk cell (Warga and Nusslein-Volhard, 1999). In contrast, mesodermal cells
retain a rounder morphology throughout gastrulation, and reside in a cell layer
superficial to the endodermal cells (Warga and Nusslein-Volhard, 1999) (Fig. 3-
10).

We show here that Ptges-deficient embryos have decreased numbers of
endodermal cells without the parallel loss of ntl-expressing mesodermal cells.
Furthermore, we demonstrate that these embryos have decreased Nodal
signaling prior to the beginning of gastrulation, suggesting that PGE, signaling

contributes to endodermal specification in addition to its movements.
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Experimental Procedures

Embryo injection

Zebrafish embryos were injected at the one-cell stage, 15-45 minutes post-
fertilization. The MO constructs that were injected included the control MO/5bp
mismatch MO2-ptges (GTTTTATCCTGTTAGGTC) and ptges MO/MO2-ptges

(Cha et al., 2006).

Whole-mount ISH

Embryos were collected at the indicated stage and fixed with 4%
paraformaldehyde overnight at 4°C. Whole mount ISH was performed as

previously described. Probes used included Ift2, sox17, and cas.

Phalloidin/F-actin Staining

tz57/tz57

Control and ptges MOs were injected into wild-type or MZoep embryos were
fixed at 65% or 85% epiboly with 4% paraformaldehyde overnight at 4°C.
Embryos were incubated in block solution (5% goat serum, 5 mg/mL BSA in 2%
DMSO-PBT solution), then incubated with Alexa Fluor® 546-Phalloidin, diluted
1:40 in block solution, (#A22283, Invitrogen Corp.; Carlsbad, CA) for 30 minutes
at room temperature. Embryos were rinsed three times in succession with

DMSO-PBT solution, then imaged in 80% glycerol on the LSM 510® Confocal

microscope (Carl Zeiss Microlmaging, Inc.; Thornwood, NY), using the 10X
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objective. Images were processed using Volocity® software (Improvision;

Coventry, UK).
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Results

Ptges-deficient embryos showed decreased endodermal cell numbers without
the parallel loss of mesodermal cells

Embryos injected with the ptges MO /MO2-ptges at the one-cell stage
showed fewer sox17-expressing cells than control morphants at the tailbud stage
(TB) (10 hpf) (Fig. 3-2). In addition, the level of transcript in sox17-expressing
cells was also decreased in ptges morphants. Analysis of ptges morphants
showed that sox17 expression was decreased from its inception at the shield stage
(6 hpf) (Alexander and Stainier, 1999), and expression was not recovered
throughout gastrulation (70% epiboly and TB stages). As sox17 expression is
regulated in part by the function of Cas (Alexander and Stainier, 1999), we next
analyzed the expression of cas in the control and ptges morphant embryos (Fig. 3-
2). cas expression was similarly decreased in ptges morphants at the shield and
70% epiboly stages, suggesting that endodermal specification was impaired in
these embryos upstream of Sox17.

Nodal signaling is the inducer of the endodermal specification pathway,
so next we analyzed control and ptges embryos using Ift2 expression as an output
of Nodal signaling at 40% epiboly (Fig. 3-3). The Ift2 expression level was
slightly decreased in ptges morphants in comparison with control morphants,

especially in the dorsal side of the embryo (Fig. 3-3).

Ptges may affect the localization of F-actin in the gastrulae
Nodal signaling can influence cortical tension as well as mesendodermal

specification, and the former may affect sorting of the germ layers (Krieg et al.,
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Figure 3-2. ptges morphants show reduced endodermal cells. Cas/Sox32 and Sox17
are endodermal proteins. cas (A) and sox17 (B) expression in ptges morphants.



Control MO (4 ng)|| ptges MO (2 ng) || ptges MO (4 ng)

Animal view

lefty2

Dorsal view

Figure 3-3. Nodal signaling is abrogated in the ptges morphants. Although Lft2 is an
inhibitor of Nodals, /f{2 expression is induced by activation of the Nodal signaling pathway.
Ift2 expression was analyzed in control and piges MO-injected embryos at 40% epiboly by
whole-mount in situ hybridization.
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2008). Therefore, if Nodal signaling is diminished as a result of reduced PGE,
signaling, it is also possible that the organization of the actin cytoskeleton is
affected, which may contribute to some of the movement defects in the ptges
morphants. To survey the actin cytoskeleton, we analyzed F-actin localization
with Phalloidin staining in control and ptges morphant embryos (Fig. 3-4). ptges
morphants stained with Phalloidin showed the defects in epiboly described
previously (Chapter 2). In addition, in the EVL and deep cells, the F-actin
organization in the yolk appeared unaffected by reduced PGE, synthesis,
however, F-actin localization seemed to be elevated at the membrane and
depressed in the cell cytoplasm, relative to the control morphants (Fig. 3-4A).
Increased F-actin at the cell membrane could be indicative of increased cortical
tension, so we analyzed Phalloidin staining in ptges MO-injected MZoep™""=’
mutants (Fig. 3-4B). If the effects of PGE, on F-actin localization are entirely
dependent on Nodal signaling, say by regulating cortical tension, one would
predict that reducing PGE, in the absence or severe loss of Nodal signaling
would not affect F-actin localization further. Therefore, our preliminary data

indicates that the level of F-actin at the membrane is increased in ptges

morphants, even with declined Nodal signaling.
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Figure 3-4. The organization of the actin cytoskeleton in ptges morphants. (A) ptges
morphants at 85% epiboly stained with Phalloidin (extended focus view). (B) MZ oep®Z57z57
mutants injected with control and pfges MO at 65% epiboly stained with Phalloidin. Images

shown represent one z-plane. Scale bar: 53 um.
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Discussion

Our results show that reduced PGE, signaling decreases cas and sox17
expression in a MO dose-dependent manner. sox17 expression was already
decreased when expression begins, and cas was also decreased at the shield
stage. cas expression is first detectable at the high stage (3.3 hpf) (Kikuchi et al.,
2001), so earlier timepoints will need to be analyzed to determine the earliest
manifestation of reduced endodermal markers. In addition to cas, other
endodermal specification genes, such as gata5, bon, and mezzo, should be
evaluated to understand the extent of the endodermal specification defect in
ptges morphants. Whereas most of our analysis has been performed with whole-
mount in situ hybridization, we could also obtain more accurate measurements
of gene expression by qRT-PCR.

Interestingly, the extent of the deficit of endodermal cells does not
correlate with a parallel loss of mesodermal cells (Chapter 2). However, subtle
defects in mesoderm formation and/or patterning cannot be excluded at the
moment and will be analyzed in the future. If mesodermal cells are normally
specified in ptges morphants, this would suggest that Nodal signaling is intact.
To test this, we analyzed Ift2 expression, and found it slightly decreased,
implying that Nodal signaling is affected with reduced PGE, synthesis. The
decline of Nodal signaling in ptges morphants could culminate in mesoderm fate
specification with decreased endodermal specification because higher Nodal
activity is required to produce endoderm than mesoderm (Peyrieras et al., 1998;
Grapin-Botton and Constam, 2007). An interesting question that remains: what
happens to the cells that would have contributed to the endoderm? Do they

undergo cell death, or do they convert to another fate such as mesoderm? To
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address this question, marginal cells in sphere stage embryos could be labeled
with a lineage tracer (e.g., by uncaging of photoactivatable dye or protein), then
analyzed for thbx16 or cas expression by whole-mount in situ hybridization to
determine the fate of uncaged cells in control and ptges morphants. If an
increased proportion of uncaged cells are thx16-positive (vs. cas-positive) in ptges
morphants relative to control morphants, then that would suggest that PGE,
mediates the mesoderm-endoderm fate decision in part by influencing Nodal
signaling. That Nodal signaling is still present in the high dose ptges MO-
injected embryos suggests that PGE, is not required for the expression of Nodal
signaling components, but instead maintains or augments Nodal signaling
activity.

Given the established roles of PGE, in cell survival (Sheng et al., 1998;
Aoudjit et al., 2006), another possibility that should be investigated is that cells in
ptges morphants that normally become mesendoderm die instead. Therefore, we
could analyze apoptotic cell death in ptges and control morphants with TUNEL
staining. Furthermore, we could co-inject p53 and ptges MOs to test whether it
can suppress the endodermal defect.

Because PGE, signaling limits E-cadherin expression (Chapter 2), one
possibility is that increased cell adhesion in ptges morphants could underlie
endoderm deficiency. The knowledge that cell adhesion and cell fate are
intertwined is not new. Early experiments have shown that sponges or
amphibian tissue fragments reaggregate following dissocation (Wilson, 1907;
Steinberg, 1963). It was not until 1963 that the Differential Adhesion Hypothesis
(DAH) was found to be a contributor to cell sorting in tissues, contributing to the

sorting of differentiated cell types in culture, such as chondrogenic and liver cells
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(Steinberg, 1963). These effects were later found to be mediated in part by the
levels of cadherins (Foty and Steinberg, 2005). These classical experiments
demonstrate that cell fate is associated with adhesion properties that are fate-
specific, but does cell adhesion influence cell fate during development?

We have previously shown that PGE, signaling modulates cell adhesion
during gastrulation (Chapter 2). Therefore, it is possible that the increased cell
adhesion in ptges morphants may result in the loss of endoderm development in
these embryos. For example, MZspg embryos show altered, possibly decreased,
cell adhesion, and also have markedly reduced endoderm (Lachnit et al., 2008).
However, studies in mouse Embryonic Stem (ES) cells show that embryoid body
endoderm differentiation and sorting occurs even with E-cadherin-null cells,
suggesting that adherens junction-based cell adhesion is not necessary for
endoderm development (Rula et al., 2007; Moore et al., 2008). However,
increased cell adhesion in embryos, such as ptges morphants, may affect
endoderm specification through an unknown mechanism. This possibility
remains to be tested experimentally. An intriguing future experiment is to
determine if the endoderm defect in ptges morphants can be suppressed by co-
injection with the e-cadherin MO. In addition, ptges and e-cadherin MO co-injected
embryos could be analyzed for Ift2 expression to determine if the decrease in
Nodal signaling is suppressed. If Nodal signaling and the endoderm defect are
modulated in ptges and e-cadherin MO-injected embryos, this would support the
view that PGE, regulates Nodal signaling and, by extension, endoderm
specification through the regulation of cell adhesion.

An elegant paper showed that mosaic loss-of-function or misexpression of

DN-cadherin using the FLP/FRT system resulted in patterning defects in the
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Drosophila ommatidium, suggesting that differential adhesion influenced the
ommatidia structure without affecting cell fates (Hayashi and Carthew, 2004).
Mathematical modeling of the Drosophila ommatidia, however, showed that
changes in cell adhesion were insufficient to predict the patterning changes in
mutants (Kafer et al., 2007). Furthermore, recent data in the zebrafish gastrula
has shown that differences in cell adhesion alone cannot produce the germ layer
sorting that occurs during gastrulation (Krieg et al., 2008). The DAH could not
fully account for the germ layer sorting during gastrulation, as the mesoderm
had the highest Cadherin expression, followed by the endoderm and ectoderm
(Krieg et al., 2008). Cortical tension, which is generated by the acto-myosin
contractile network in the cell cortex, and cell adhesion are opposing forces in the
cell, for as a cell generates more adhesive contacts with another cell, overall
cortical tension decreases through stretching of the membrane (Lecuit and Lenne,
2007). Thus, with increasing cortical tension, the surface of contact between two
cells decreases, but with increasing cell adhesion, the surface contact area
increases. Measurement of the cortical tension of cells in each germ layer in
zebrafish gastrulae showed that the ectoderm had the highest cell tension,
followed by the mesoderm and endoderm (Krieg et al., 2008). When cells were
treated with drugs that disrupt the stability of the cortex, such as Blebbistatin or
Cytochalasin D, the cell tension dropped to barely detectable levels, and sorting
no longer occurred (Krieg et al., 2008). Interestingly, activation of Nodal
signaling by exposing cell cultures to activin resulted in decreased cell tension,
suggesting that Nodal signaling not only specifies mesendoderm, but also leads
to mesendoderm sorting by decreasing cell tension. ptges morphants showed

greater membrane localization of F-actin in ptges morphants, suggesting that

96



cortical tension might be increased with the loss of PGE, synthesis, though this
notion will have to be experimentally verified. One method to quantify cell
cortical tension is to measure the junctional angles between cells, as the
Heisenberg group has done (Krieg et al., 2008), which generates a corollary of
cortical tension. However, this remains an imperfect assay of cortical tension, as
cell adhesion is also a contributor to the surface contact area.

If the increased F-actin localization in ptges morphants is indeed correlated
to greater cortical tension, then PGE, may enhance the roles of Nodal signaling
on endodermal specification and germ layer sorting behavior. Injection of ptges
MO in MZoep™”"*” mutants, however, did not abolish the increase of F-actin at
the membrane, suggesting that PGE, can regulate F-actin distribution, and
possibly cortical tension, through mechanisms that do not rely on Nodal
signaling alone.

In summary, we have shown that PGE, synthesis contributes to the
generation of endodermal cells, possibly through enhancement of the Nodal
signaling pathway. We also presented preliminary data suggesting that reduced
PGE, synthesis affects the intracellular distribution of F-actin via an unknown

mechanism, which may ultimately affect the cortical tension of the cell.
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CHAPTER IV

FUNCTIONAL CHARACTERIZATION OF A NONSENSE MUTATION IN

PROSTAGLANDIN E, RECEPTOR 4 MUTANT

Summary
PGE, signaling regulates cell proliferation, apoptosis, and cell motility in
vertebrates. Many of these effects occur through its GPCR EP4. Although some
studies suggest that EP4 increases cAMP levels, the receptor is Pertussis toxin-
sensitive, suggesting it is coupled to the Ga, subunit. Previous studies revealed
that ep4a is maternally and zygotically expressed ubiquitously during early
development. We have generated fish harboring a nonsense mutation in the ep4
gene through a reverse genetics TILLING approach. Both zygotic and maternal
zygotic ep4 mutants do not show an overt phenotype, however, our additional
experiments suggests that it is a null allele. There are three ep4 paralogues in
zebrafish, which might compensate for the loss of function of EP4a during

gastrulation.
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Introduction

Prostaglandin E, signaling is initiated when the lipid mediator binds its
downstream GPCR, resulting in the liberation of a and py G proteins (Regan,
2003). There are three Prostaglandin E, Receptor (Ptger) subtypes; EP1, EP2, EP3,
and EP4. The most well characterized are EP2 and EP4. Most studies defined
the EP2 and EP4 receptors as coupled to Ga,, leading to increased cAMP (Fujino
and Regan, 2003; Regan, 2003). However, the EP4 receptor is sensitive to the
Pertussis toxin, suggesting that it is coupled to Go; (Fujino and Regan, 2006).
Other studies show that EP4 is sensitive to agonist-mediated sensitization, and
receptor activation further potentiates PGE, synthesis by activating ptges
transcription in a positive feedback loop (Fujino and Regan, 2003).

Many of PGE,’s diverse physiological effects are conveyed through
activation of the EP4 receptor. Ep4 receptor knockout mice show a variety of
phenotypes, including reduced immune lymphocytic responses, bone resorption
and formation, severity of rheumatoid arthritis in a disease model, as well as
failure of the ductus arteriosus to close after birth. The latter eventually results
in neonatal death (Segi et al., 1998; Regan, 2003). Our group has shown that MOs
targeting ep4a result in morphants with convergence and extension defects that
arise in part because of the decreased speed of laterally migrating cells.

Genetic screens in the zebrafish model system are a powerful method for
correlating genotype and phenotype (Fig. 4-1). Early screens used the forward
genetics approach, whereby randomly induced mutations are identified based on
the phenotypes they cause. In this approach, adult fish are exposed to the

chemical mutagen N-ethyl-N-nitrosourea (ENU), an alkylating agent that in
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Figure 4-1. Genetic screens in zebrafish. (A) Forward genetic screens identify mutations
based on a phenotype of interest (e.g., a morphological defect). In this example, recessive
genetic mutations are identified based on the ratio of fish that display a phenotype. (B) Reverse
genetic screens scan through target genes using a PCR and CEL-1 digestion method that
displays mutations in the gene. From these mutagenized males, the mutation is recovered and
confirmed by sequencing. The mutant fish are then analyzed for phenotypes related to the loss
of the target gene. Panel (B) provided courtesy of S.-H. Kim and L. Solnica-Krezel.
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zebrafish chiefly results in AT>TA transversions and AT->GC transitions. This
treatment results in point mutations in the male zebrafish testes (Mullins et al.,
1994; Solnica-Krezel et al., 1994). Mutagenized FO males are outcrossed with
wild-type females to generate a F1 stock, which is then incrossed to obtain F2
families that could be screened for recessive mutations by intercrossing siblings
and visual inspection of the F3 progeny (Fig. 4-1A). The first large scale screens
identified hundreds of interesting phenotypes (Driever et al., 1996; Haffter et al.,
1996). Subsequent studies then molecularly characterized the affected genes
using positional or candidate cloning approaches.

Reverse genetics entails finding mutations in a gene target of interest and
investigating its possible function. An intriguing method that was originally
developed in Arabidopsis thaliana and adopted for use in zebrafish is the
Targeting Induced Local Lesions IN Genomes (TILLING) approach (Fig. 4-1B)
(Henikoff et al., 2004). In this approach, genomic DNA that is isolated from F1
fish obtained from ENU mutagenesis, as described above, is then used as a
template for PCR with target-specifc primers that are labeled with different dyes
to distinguish the 5" and 3" ends (Wienholds et al., 2003). After denaturation and
renaturation of the PCR amplification products, they are treated with CEL-1
enzyme, a nuclease isolated from celery that catalyzes the DNA in locations of
heteroduplexes. These fragments are then resolved on sequencing gels to
identify PCR product fragments that are indicative of mutations in the target
gene. F1 fish are screened in pools of 12 so that a large number of fish can be
efficiently screened for mutations.

TILLING by our group has yielded a nonsense mutation in the gene

encoding the Ep4a receptor that we will term ep4a™"** (S.-H. Kim and L. Solnica-
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Krezel, unpublished). The studies described in this chapter revealed that neither
Zygotic nor Maternal Zygotic (MZ) mutants showed a phenotype, which is
inconsistent with the gastrulation phenotype reported by our group for ep4a
morphants (Cha et al., 2006). We describe here preliminary data indicating that
the mutant form likely has no functional activity. In addition, we will discuss the
presence of two other forms of Ep4 in zebrafish and suggest possible etiologies

for the discrepancy between the ep4a morphant and mutant phenotype.
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Experimental Procedures

T514A

epda mutant genotyping

DNA was isolated from fish by fin clipping. Fins from MESAB-anesthetized fish
were collected in chilled PCR tubes containing 50 uL lysis buffer (10 mM Tris-
HCl pH 8.0, 50 mM KCl, 0.3% Tween, 0.3% NP40). Tubes were heated at 98°C
for 10 minutes, then allowed to cool before adding 4 uL Proteinase K. Fins were
then incubated overnight in a 55°C waterbath. Subsequently, samples were spun
down at 2000 rpm for 2 minutes, heated at 98°C for 10 minutes, and then spun
again at 2000 rpm for 1 minute, before the supernatant was transferred to new
tubes to exclude remaining tissue. The samples were diluted by half with ddH,0O
and were prepared for PCR with Tag. The primers that were used for PCR and
the digests which identified wild-type, heterozygotic, or homozygotic ep4a™"*
mutants are listed below.

Maelll restriction enzyme-based genotyping.

5 genotyping primer: 5’- GCG GGG GTC ACC CTA CT -3

3’ genotyping primer: 5- CAC ACC AGC ACA TTG CAG AC-3’

PCR products were digested with Maelll. Wild-type alleles are 215 bp, whereas

the mutant alleles generate 90 and 125 bp fragments.

Derived cleaved amplified poloymorphic sequence (ACAPS)-based genotyping.
5" genotyping primer: 5- TCG GCT TCG GCG AGG TGA AAA TGC AGG A -3’
3" genotyping primer: 5- CAC ACC AGC ACA TTG CAG AC-3’

PCR products were digested with BamHI. Mutant alleles are 155 bp, whereas the
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wild-type alleles generate 28 and 127 bp fragments.

ep4 sequence Alignment

ep4a was used as a query sequence in Ensembl BLAST. The top two search
results were ep4b/ ptger4b, which has already been annotated (Villablanca et al.,
2007), and a ep4-like fragment that we termed ep4c/ ptgerdc. Sequence were

aligned using MAFFT software (v.6) (Katoh et al., 2009).

Ep4 transmembrane domain prediction

The Ep4a protein sequence was analyzed for conserved transmembrane domains
using Dense Alignment Surface (DAS) method software (Cserzo et al., 1997),
which generates a graphical map showing the possible transmembrane domains
along the query cDNA sequence. Each possible domain is assigned a DAS
profile score with loose and strict cutoffs to indicate the likelihood that the region

contributes to a transmembrane domain.

EP4 fluorescent construct assay

The T514A mutation was introduced into the ep4a-gfp construct (Cha et al., 2006)
through site-specific mutagenesis with Pfu polymerase (5" primer: 5'- GGT GAA
AAT GCA GTA ACCTCA AACCTG GTG C-3’; 3 primer: 5- GCA CCA GGT
TTG AGG TTA CTG CAT TTT CAC C 3’). Both constructs are in the pCS2

vector.
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Results

Two ep4a TILLING mutations in F1 ENU-mutagenized fish were
identified and recovered by our group (S.-H. Kim and L. Solnica-Krezel,
unpublished): a missense and nonsense mutation. The nonsense mutation is a
T514A transversion that results in a stop codon instead of a tyrosine reside (Fig.
4-2). Analysis of the protein sequence using a DAS method to predict where the
transmembrane domains are located suggests that the mutation lies between the
4th and 5th transmembrane domain of the Ep4a receptor (Fig. 4-3).

We began characterization of the ep4a™"**

mutant by investigating the
effects of the mutation in zygotic mutants generated by incrossing heterozygotes
(ep4a™"*"""). The homozygotes were identified by Dpnl restriction ezyme-based
genotyping. However, the mutants did not show an overt morphological
phenotype (data not shown). Next, homozygotes (ep4a™"**™"**) were incrossed

TSIATSIA mutants, but did not manifest an obvious

to generate MZep4a
morphological gastrulation defect.

To characterize further the outcome of the mutation on protein function,
we introduced the T514A mutation into the ep4a cDNA tagged at the C-terminus
with gfp cDNA (pCS2 vector). RNA was synthetically transcribed from these
constructs, then embryos were injected with either the wild-type ep4-gfp or
ep4a™**-¢fp at equivalent doses (100 pg) (Fig. 4-4). At the tailbud stage, though
embryos misexpressing Ep4-GFP showed ubiquitous fluorescence, embryos
expressing Ep4™'**-GFP had no detectable fluorescence, similar to the uninjected
embryos (Fig. 4-4).

Previous studies by our group show that the gastrulation phenotypes of

the ep4a morphants can be partially suppressed by injecting synthetic ep4a RNA,
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DAS Transmembrane Domain Prediction

Loose cutoff

Strict cutoff

DAS Profile Score

0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450

Query sequence

Figure 4-3. Predicted transmembrane domains of Ep4a. Each peak denotes a predicted
transmembrane domain. The probability that each peak fulfills the criteria of a transmembrane
domain is indicated on the left axis by the Dense Alignment Surface (DAS) profile score.

The Ep4a™'*A stop codon is located at position 150 of the query sequence.
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suggesting that the phenotype is specific (Cha et al., 2006). Is it possible, then,
that the ep4a MO targets an ep4 paralog in zebrafish, in addition to ep4a?
Villablanca, et al., has cloned an ep4-like gene they annotated as ep4b (Villablanca
et al,, 2007). RT-PCR experiments show that it is expressed early in development
until 48 hpf when it is downregulated, then expression reappears at 4 dpf
(Villablanca et al., 2007). However, the location and dynamics of ep4b expression
have not been investigated further by whole-mount in situ hybridization. We
also searched Ensembl for additional paralogs of ep4 in zebrafish, using the
sequence for Danio rerio ep4a/ ptger4a, which lies on Chromosome 8 (Cha et al.,
2006), as the query sequence. The top search result was ep4b/ptger4b on
Chromosome 5. The next search result, which we termed ep4c (XM_683448), was
present on Chromosome 2. Alignment of ep4a, ep4b, and ep4c revealed that ep4a
and ep4b bear more nucleic and amino acid identity than ep4a and ep4c (Figs. 4-5,
4-6, 4-7). Interestingly, alignment of the MO-binding site of the ep4a MO, the
ATG start site, showed that the ep4b and the ep4c start sites had 72% and 20%

sequence identity, respectively (Figs. 4-5, 4-6).
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ptgerda cagcagcagcatggagcccac-cgtg
ptger4b taacagc-gcatgaaacgcacgtgtg

* kkkk kkkkk % * k%% * %%

ptgerda atg gagcccaccgtgeecc

ptgerdb atgaaacgcacgtgtggaaagtatgatcgtcaggtcgattggggaagtgagtacatcacgtctatgaactttcacgatatggacctccagectgaatgecgacaaataactctgttgtgaag
ok Kkd Kk Kk Kk

ptgerda catccccgecatcatgttcatcttecggggtcatcagtaacctgatcecgecategtggtgectectgcaagtccecgcagagagcagaaggagace

ptgerdb atgagcaaaacgacgctgaatggttaccccatcccggttatcatgttcatagtcggggtggtggggaacgttattgegatecgtagtgettecgaaagtcacggaaagagcaaaaggagace

Fkkkkkk K kkkkkkkkkkk  kkkkkkk  k  k kkk K Kk Kk kkkkk kkkkk ok kkkkk Kk K Kkkkkk Kkkkkkkkk

ptgerda accttttataccctggtgtgecgggetggeggtcacggatctectgggecacecgtgttggecagececggtecaccategecacctatgtgaagggecgegtggecggacggggaccegetgtge
ptger4b accttttacaccttggtgtgtggacttgccgtgaccgacctecctgggcacgectactcgegageccagtcaccattgecacttatgtgaagggagagtggeccaggtgggatgececgetgtge

Fkkkkhkkk khkk kkkkhkkk kk Kk Kk kk Kk kk KkkkkRRARRE  k  k kk Kkkkk Akkkkkkk Kkkkk Rkkkkkkkkkk k Kkkkkk Kk Kk

ptgerda caatatttcggcttcgtgctgetgtttttttegetegcaggattgagecatcatctgegecatgtccatcgaaagatacatcgcaatcaaccacgegtatttctacaatgattacgtggat

ptgerdb cagtattccgggttcattttactcttecttctecttggcaggtectcagtattatctgtgecatgtccgtcgagaggtatectegecatcaatcacgegtatttctacaaccactatgtagac
Rk kkkk Kk KRk kK Kk Kk Rk Kk ok kkkkk ok Rk kk Rkkkk kkkhkkkRE KRkk Kk Kk kkkk kkkkk Rk Rk Rk kR kk ok

ptgerda aagcggctcgcgggggtcaccctactcecgecatttacgcatcgaatatactgttectgegegetteccaagtgtecggettecggecgaggtgaaaatgcagtatcctcaaacctggtgetttatt

ptgerdb cagcgggtggcaggcttgacgecttgggggaatttatgtgtccaatgegetettetgegecctecccagecatgggactgggatececgtggtgatccagecatecctggaacctggtgtttecate
AkKKK K KK Kk K Kk Kk K kKKK K kK Kk Kk kkAKKKKK Kk Kk Kk K Kk K Kk Kkk kk KKk kkKkkk  KkKKKKKKA Kk Kk

ptgerda gactggcggaccaatgtgag---cgcgcacgcggcgttetcttacatgtacgegggectgcagttetetgetcatectggtcacggtggtetgecaatgtgetggtgtgeggegegeteate

ptgerd4b gactggcataacaagacggacaccacgactgccactttctcctacatgtacgecgagtttcagetectgtectecattetegecactgtegtetgtaacgtgetggtgtgegeggegeteate
KkkEREK K Kk * * K Kk K kkkAk RREKKRRRKRKRE K K kkk kkk K Rkkkk Kk Kk Rk Kk KRKAK Kk KRREKKKAKKKRK

ptgerda cgcatgcaccgccgcttecgtcaggegcacgtetctaggcactgacccacagagageccgecgatecccggcaggagecgecagecttcagecgectggecggecgeggagatccagatggteate
ptgerdb atgatgcacaachcttcgtgcgcaggacctcgctngaaccgaccagggtcgcgtcgcggaqatcaggcgcaggcgaagttttgcgcqqctcgctgctgcggagatccagatqqtcatc

Akkkkk  kkkkkkkk Kk kk Kk Kk kk Kk kkkk K okkk Rk ok Kk Kk Kk Kk k% Sk Kk Rk ok kR kR kkk kR k kR kK
ptgerda ctgttgatcgccaccteccgecagtegtgetcatectgetcaateccegettgttgteccaggtgtttectcaaccagetttataagacteccagtgga————-- gaagcgtctggataaaaaccca
ptgerdb gttctcatagccacgtccactgtcgtgctcatctgctccactcctttagtggtgcaggtgtttgtgaaccagctgtttaactctgcagcagattcatcagcaagaccaaacccggaccca

ok kk kkkkk kkk ok Kkkkkkkkkkkkkkkkk k  kk ok kk kk kkkkkkkkk k kkkkkkkk k kkk  kk kkk  kk

ptgerda gatcttctggccatccgettegecteccaccaaccccatecctggaccegtggatctacatettactgegtaaageggtectgtccaaagtggtggagaacatcaagtgtttgttetgecagg
ptgerdb gaccttaaggccatccgaatcgectctgtcaatcccattectagaccectggatctacattetettgagaaagacggtegtgcagaagatectggaaaagatcaagtgectettetgeegt
Kk kkk kkkkkkkkk  KkRRkkk  kkk KkkkE Kk KkRkk RkRkKRRAAKRR K Kk ok Kk kkkkk Kk Kk K Kkkk Kk KkREKRRR

ptgerda agcgactctcgecggcca-—--- gcaaacccaaaacagcctgctgtgtataaacggccagcagttttecc——=—=== tccagagactctececgtetgetgtgteccecgegagetecaggacgte
ptgerdb atcggtqqccgcagtcacaggaggaacacttcaqatttccactgcgataatgacctccqcacttcatcagttgtgtctcgggatttaccctctatggggcttcccgagctqccagaggtg
* KRk K kK * kk ok * kEk ® * K kkE Rk Kk K Kk K kK Rk * % ® kkkkRE K

ptgerda agcagcacctctcagacttcattaaacctggcgaaage tcctgacggcgggeag
ptgerdb atcagcacgtctcagacatacctgtaccccctggaggcaggacaggggatgggctgctgcggtgactcagtgccgagcaggacgtgttcgacttcaacagagcaaactcttctgcaggac
Kk kkkk KRRk K P * * * ok kK
ptgerda = o——mmmm————— aactccagcagtgaatcctgtag tgcagcagccatgatggtcaatgcaaaaag---cagagce
ptgerdb tctcaggtggcagacttcagcagecggag: taggac gacttt tcaagtttatgtgagcactccaacacaaatgaagagcagtgttcaaagcaccagecg
KAk kkEKER Kk *kk * Kk kk Kkkk K Rk Kk
ptgerda ttacagatgagcatcactaacga. -cagcgtccaggagaagagcatctga

ptger4b ctgcaagtgacctttacagacgagactttgagctttcaagagagaaccatatga
K kk kkk Kk k% kkkR Kkk K Rk kkkk K kkE Kk

Figure 4-5. ep4a and ep4b MO-binding site and nucleic acid alignment. (A) Sequence
alignment of the ATG binding site for MO2-ep4a/ptger4a. This genomic region of ep4a and

ep4b contains 72% identity. (B) Nucleic acid sequence alignment of ep4a and ep4b.
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ptgerda cagcagcagcatggagcccaccgtg
ptgerdc tctcg-——-—————————tcacttcg

* * k% *
ptgerda atggagcccaccgtgeccaccatcccecgecatcatgttcatectteggggtcatcagtaacctgategecategtggtgectectgcaagtcccgcagagagcagaaggagaccaccttttat
ptgerdc tgtttggcgtcggagtecctcggaaaccttgtagetatecgtggtgetttgcatctccaagaaagagcagaaggagaccaccttctac
dkkk ok K okkkk kkk kk ok Rkkkk ok Kk kkkkkkkkkkk kkkk Rk K kR kR kR Rk kR kR Rk kk
ptgerda accctggtgtgcgggetggeggtcacggatectecctgggcaccgtgttggeccageccggtcaccategecacctatgtg gcgtggce: cgggga gctgtgccaatattte
ptgerdc actctggtgtgcgggatggccatcacagacctgctgggcacctgettcaccagteccggttgtcatecgecacttatatcgegggcaggtggeccgggtggagegetectgtgecatttette
Kk kkkkkkkkkkkk kkkk  kkkk Kk Kk KRR KKKRK Kk Rk kkkRk Kkkkkkkdk kkk Kk kkkk  kkkkkkkk  kk Kk Kkkkkkkk *
ptgerda ggcttcgtgectgectgtttttttegectegcaggattgagcatcatectgegecatgteccatcgaaagatacatecgcaatcaaccacgegtatttectacaatgattacgtggataageggete
ptgerdc tccttttccatgctgttcttcqggtctgctqqqatgtctattctgtgcgcaatgtccgtggaaagatatttggccataaaccacgcgtacttttactctcaacacgtggaccgggctatq
*kk KkkkEEE KKk Kk Kk Kk Kk ok KkERR KRRRER k KkkRRARK K Kk Kk KkAARKKREKK Kk KKk Kk k  KkkkEkK
ptgerda gcgggggtcaccctactcgeccatttacgcatcgaatatactgttectgegegetteccaagtgteggetteggegaggtgaaaatgcagtatectcaaacctggtgetttattgactggegg
ptgerdc gctcggtttgecgetgatggcaacctatctggccaatatcgtgetgtgtatcatgeccagttttggetteggaaagcacaagagacacttteccgggaacttggtgettettggactggege
Kk Kk Kk Kk K Kk KX kK K kkkEE KK K k% K kk kKK K KkkRKKAK KK kK K Kk Kk Kk Kk KK KRERAK
ptgerda accaatgtgagcgcgcacgeggegttectettacatgtacgegggetgecagttetetgetcatectggtcacggtggtetgecaatgtgetggtgtgeggegegetcatececgeatgecaccge
ptgerdc gccatggactcggthgcgcctcgtacacgtttctgtacggtggtttcatgctgctgctgathccgttacagtcttgtgcaatttcgccgtgtgtcgttcactcgtcgggatqagt———
xkk ok KAk kKK K K K KKKKKE Kk K k% Kkkkk Kk Kk Kk Kk K KkkkkK K Kkkkk Kk kkk Kk K Kkk
ptgerda cgcttcgtcaggecgecacgtectctaggcactgacccacagagageccgeccgatcccggcaggagecgecagettcageecgectggeccggecgeggagatccagatggtecatectgttgategee
ptgerdc = @ o——mmm—————— aaaatgagtcggatggtaagagcagaggtacccggacacgcagggtcaaggcgcggattcaggttaacatctgcagcggagatccagatgttctggctgttgatatta
o P ok ok Kk kkk ok kkkkk Kk kR kR kR kR kKRR Kk
ptgerda acctccgcagtcgtgectcatctgetcaatccecgettgttgteccaggtgtttectcaaccagetttat gactccagt gtctggataaaaacccagatcttctg
ptgerdc atgactattgtgttcctgatatgctccatccctttagtggtgcgcatcttcgtcaaccagctgtacgatcctgcttatatttcctcaggcaaaagtccagactatcgcagtgatctcctg
* Kk ok kk Kk kkkkk kkkkk ok kK kR K Kok kR Rk kR Kok ok ok % % kk kkk Rk ok
ptgerda gccatccgettegectccaccaaccccatecctggaccecgtggatctacatcttactgegtaaageggtectgtee g
ptgerdc gctatacgattcgecctccttcaaccccatcctggatccatgggtttatattctgtgcagaaaaaatttgttaaccaaaggectgtgecgegactcaagecgtaccatcagacacaggaaaggg
Kk Rk kk kkkRkkkkAE  kkkkkkkkkkkkkkk Kk KKk K Kk k% * * Kk ok kkkkEk
ptgerda catcaagtgtttgttctg aggagcgact gcaaacccaaaacagcc
ptgerdc gatcacagtcgtgttttgggttggacgqatqqtcaacactcacctccatcgttggta----caaagcaactgcaccaqttacchtcactacgcacagcaatctgtagaaatgacgtggg
Kk kkkk Kk * *k k% * * % Kkkk KA K
ptgerda taaac---------- ggccagcagttttectccaga---gactctecgtetggtgtgtecccgegagetecaggacgtca--gcagecacctetcagacttecattaaatectggegaaagete
ptgerdc taaacagaactgcatgaacactaaatcttatctagacttaacccttcgeccaggegtg——————————=——— ggactttgatacagctctegetcagtttcate————mmmmmm e
Kkkkk K kR Kk K Kk kkk Kk Kk Kk K Kk KRk kEE x KkkE x Kk k
ptgerda ctgacggcgggcagaactccagcagtgaatcec---tgtagatgcagcage atgatggtcaatgcaaaaagcagagcttacagat
ptgerdc tcagtgtcgagcaaaacact-gtaatgggttttgatgaagatgaagcaacatcaagtcccaaactcatcgeccaagactgttatggcattaccagecactcaaatattagagaataaaget
KoKk kkk KKK K K K KKk Kk kKKK KA K kkx * ok kEkEE *
ptgerda gcatcactaacgacagcgtccaggagaagagcat—---—- ctga
ptgerdc gaaatagtgacctgcacattcagtacacctagttcttgtctatcagaaaagtgcatgagacaatga
Kk ok kkk P Kk kkk Rk ok k

Figure 4-6. ep4a and ep4c MO-binding site and nucleic acid alignment. (A) Sequence
alignment of the ATG binding site for MO2-ep4a/ptgerd4a. This genomic region of ep4a and

ep4c contains 20% identity. (B) Nucleic acid sequence alignment of ep4a and ep4c.
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Discussion
Our group has generated a mutant with a T514A transversion in the ep4a
gene that likely introduces a stop codon between the 4th and 5th transmembrane
domains. We hypothesized that this mutation results in a null allele, but there

T514A/T514A

was no morphological phenotype detected in the zygotic and MZep4a

T514A/T514A

mutants, revealing a discrepancy between the ep4a and the ep4a

P14 mutation lies upstream to three residues

morphants. Interestingly, the ep4a
that are important for ligand binding and signaling (Fig. 4-2). Studies in
mammalian cell culture have indicated that a threonine in the 2™ extracellular
loop and an arginine in the 7" transmembrane domain are essential for ligand
binding (Kedzie et al., 1998; Stillman et al., 1998). In addition, a leucine in the 7th
transmembrane domain is important for the signaling activity of the receptor
(Regan, 2003) (Fig. 4-2). Therefore, the ep4a™"*/™"** mutants likely do not have
normal ligand binding and signaling. In addition, misexpression of a C-terminus
GFP-tagged form of Ep4a showed the T514A mutation likely results in a null
allele, as injected embryos showed no fluorescence in comparison with the wild-
type tagged construct. Therefore, it is unlikely that there is stop-codon
readthrough of this mutation, a process that can occur in yeast via tightly
regulated mechanisms (von der Haar and Tuite, 2007). It is possible that the
truncated protein that results from the T514A mutation stimulates nonsense-
mediated decay (Moens, 2000), which could be analyzed by whole-mount in situ

T514A

hybridization. In addition, a N-terminus GFP-tagged Ep4a''** construct would

address whether any protein is being synthesized in injected embryos. An

T514A/T514A

important issue that remains to be addressed is whether the ep4a mutants

show increased sensitivity to treatment with Indomethacin or injection with the
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cox1 and ep4a MOs than wild-type embryos. If so, this would suggest that the
mutants are indeed functionally affected by the mutation, and that the lack of
phenotype is owed to compensation or redundancy.

We hypothesize that the ep4a MO targets an ep4 paralog that is also
expressed during gastrulation. It remains to be seen whether the two search
results, ep4b and ep4c, are also expressed during gastrulation, though previous
study suggests that ep4b might be. We found that the ep4c ATG start site showed
only 20% sequence identity, suggesting that binding of the ep4a MO is not likely
to occur (Fig. 4-6). However, the ep4b ATG start site showed 72% sequence
identity to the MO-binding site of the ep4a start site (Fig. 4-5). Although 5-6 bp
mismatch morpholinos are usually used for MO controls, it is possible that
because the 7 mismatched base pairs between the ep4a MO and the ep4b ATG
start site are scattered throughout the sequence, there might be some MO-
binding and subsequent Ep4b downregulation. This possibility could be tested
by generating a GFP-tagged construct of the ep4b ATG start site that would be co-
injected with the ep4a MO to test if translation of the construct is inhibited.
Therefore, our analysis of this TILLING mutation may reveal an Ep4 paralog that

serves a redundant function with Ep4a to regulate gastrulation movements.
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CHAPTER V

DISCUSSION AND FUTURE DIRECTIONS

Prostaglandin E, signaling influences tumorigenesis, inflammation, reproductive
fitness, and development. Our studies have focused on the roles of PGE,
signaling during early development in zebrafish. Although previous data
indicated that PGE, signaling components affect gastrulation movements, how it
does so remained unclear. Our studies reveal that PGE, regulates cell adhesion
and cell protrusions during gastrulation. These cell properties impinge on cell
motility and their anomalies could account for the cell movement defects in
Ptges-deficient embryos during development. In addition, we define the Gfy-
Gsk3pB-Snail-e-cadherin pathway through which PGE, signaling modulates cell
adhesion in mesendodermal progenitors. The effects of PGE, on cell motility and
cell adhesion are also conserved in other cellular contexts, and we will discuss
how our results relate to these findings as well as to the established roles for
PGE, in cell proliferation and survival (Fig. 5-1). Lastly, we will review the
numerous signaling networks that communicate with PGE, signaling, resulting
in numerous cellular outcomes. One particular interaction that has been of great
clinical interest is the one between PGE, and Wnt-f-catenin signaling. We have
shown that during development, the Gfy coupled to the EP receptor interacts
with and inhibits Gsk3p. Therefore, our results provide a candidate protein for

the juxtaposition of these two conserved signaling pathways that may hold
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therapeutic potential in the pathogenesis of cancer and hematopoietic stem cell

(HSC) dysfunction.

Unifying Themes of Prostaglandin E, Signaling during Development and

Disease

Cell motility
Tumorigenesis and Cell Metastasis

PGE, signaling promotes cell motility during inflammation,
tumorigenesis, and embryogenesis. Most studies relevant to cell motility have
focused on how PGE, enhances cancer cell invasion and metastasis to distant
sites in the body. During metastasis, tumor cells leave the primary tumor to
enter the circulation. To move to the secondary site of tumor growth, which is
specific to the tumor type, the tumor cells extravasate from the vasculature and
establish new growth (Buchanan et al., 2006). When treated with PGE,, LS-174
human colon cancer cells show increased cell migration through an extracellular
matrix (Sheng et al., 2001). Migration occurs within 2-4 hours post-treatment and
is not seen in untreated cells. These effects are conveyed through the EP4
receptor, and consequently, treatment of cells with PGE, alcohol, an EP4 agonist,
results in more cell migration within 1 hour than PGE, treatment alone. In
addition, PGE, promotes the cell motility of cancer cells in an in vitro assay of
cancer cell metastasis. In these experiments, PGE,-treated or untreated cells are
seeded on top of a Matrigel® (extracellular matrix components)-coated
polycarbonate membrane that separates upper and lower chambers (modified

Boyden chambers). After 20 hours, cells in the lower chamber represent the
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number of migrated cells. PGE, treatment of cells increases cell motility by 2-3
fold, an effect that is abolished by either Wortmannin or LY294002, inhibitors of
PIK3 (Sheng et al., 2001). These data suggest that a PGE,-EP4-PIK3 signaling axis
regulates cell motility in colorectal cancer cells. Activation of EP4 signaling in
colorectal cancer cell lines also leads to the recruitment of B-arrestin 1, which acts
as a scaffold, adaptor, and signal transducer in signalasome complexes that
convey the signaling of GPCRs (Patel et al., 2009). fB-arrestin interacts with c-Src
to transactivate Epidermal Growth Factor Receptor (EGFR) and Akt, thus
increasing cell migration and metastasis (Buchanan et al., 2006). LS-174 cells
expressing p-arrestin also metastasize to the liver more frequently after the cells
are injected into the spleen of mice, suggesting that PGE, and f-arrestin
contribute to cell metastasis in vivo (Buchanan et al., 2006). Indeed, the increased
cell migration of PGE,-treated cells in the modified Boyden chamber assay is
partially suppressed when the cells express a mutant -arrestin. However,
expression of the mutant B-arrestin does not prevent the stimulating effects of
EGF treatment on cell migration, indicating that PGE, enhances cell motility
upstream of EGF signaling (Buchanan et al., 2006). Moreover, combining COX-2
and EGFR inhibitors, N5-398 and AG1478, respectively, inhibits more cell
motility in vitro than either alone, suggesting that PGE, and EGF signaling both
control cell motility (Banu et al., 2007). EGFR signaling is also transactivated in
hepatocellular carcinoma cells (HCC) by PGE,-EP1 signaling, which leads to the
phosphorylation and consequent activation of the tyrosine kinase c-Met, often
associated with cancer cell invasiveness (Han et al., 2006).

In addition to EGFR and PIK3 signaling, PGE2 signaling promotes cell
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motility through other mechanisms. HCC cell lines that exhibit a high level of
COX2 expression also have increased expression of Matrix Metalloproteinase
(MMP)-2 and-9, secreted factors that enzymatically degrade ECM components to
increase the efficiency of cell migration (Wu, 2006). PGE,-induced migration is
also antagonized by inhibitors of MEK/ERK, p38 MAPK, Protein Kinase A
(PKA), and Protein Kinase C (PKC) (Wu, 2006), hinting at the complexity of the
signaling mechanisms employed by PGE, signaling to regulate this process.
Increased COX2 expression is associated with cancer cell metastasis in breast and
lung cancers (Buchanan et al., 2006). Thus, the regulation of cell motility by
prostaglandin signaling is likely a conserved mechanism of tumor spreading.
Together, these studies indicate that PGE, signaling through GPCRs unleashes a
diversity of signaling networks to influence cell migration during the metastasis
of various tumor types.

One important aspect of tumorigenesis involves angiogenesis at the tumor
site to supply it with oxygen and nutrients from the circulation. Interestingly,
PGE, increases the cell motility of endothelial cells in primary mouse endothelial
cell culture through an EP4 receptor-ERK signaling axis (Rao et al., 2007).
Although PGE, signaling activates endothelial cell motility, the proliferation of
these cells is unaffected. Therefore, PGE, signaling influences cell motility not
only in tumor cells but also in endothelial cells, resulting in increased cell
migration, ECM degradation (through MMPs), and angiogenesis, altogether

promoting cancer cell metastasis.
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Immune System Function

Whereas PGE, encourages the spread of cancer cells within the organism,
it also promotes cell motility to enhance immune system function. For example,
PGE, signaling increases the migration efficiency of dendritic cells (DC), antigen
presenting cells that participate in the organism’s innate immune response. As
in HCC cells, activation of the EP2 or EP4 receptors in murine bone marrow-
derived DCs increases expression of MMP-9 transcript and protein through a
PKA-dependent mechanism (Yen et al., 2008). Inhibition of MMP-9 reduces both
DC migration in the modified Boyden chamber assay as well as the ability of
MMP-9-inhibitor-treated cells to break down ECM components (Yen et al., 2008).
Therefore, PGE, signaling advances the motility of immune cells by increasing

their ability to penetrate the ECM.

Gastrulation

Grosser, et al., provided the first evidence that the inhibition of PGE,
signaling in early zebrafish embryos halts the process of gastrulation (Grosser et
al., 2002). Subsequent studies from our group demonstrated that the moderate
reduction of PGE, signaling leads to convergence and extension defects by
affecting the speed of dorsally migrating lateral mesodermal cells (Cha et al.,
2006). My work has extended these studies to demonstrate that increased
inhibition of PGE, signaling arrests all of the gastrulation cell movements.
Moreover, Ptges-deficient morphant cells of the anterior mesendoderm exhibited
diminished protrusion length and turnover. More severely affected embryos
showed bleb-like protrusions in anterior mesendodermal cells during

gastrulation.
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Cellular Protrusions and Blebs: Contributions to Cell Motility

Polarized cellular filopodial protrusions are essential for efficient cell
migration. For example, inhibition of Pik3 with LY294002 or expression of a
dominant-negative pik3 (dnpik3) mutant construct in zebrafish gastrulae impairs
the protrusion formation and cell migration of anterior
mesendodermal/prechordal plate cells (Montero et al., 2003). Pdgf-Pik3
signaling is also negatively regulated in vivo during gastrulation by another
GPCR, Edg5/Miles apart, a sphingosine-1-phosphate (S1P) receptor (Kai et al.,
2008). The cells from slb mutants that are injected with edg5 MO move more
quickly, possibly due to the increased activity of Pik3 (Kai et al., 2008).
Therefore, regulators of Pik3 can affect protrusion formation in migrating cells.
PGE, signaling activates PIK3/Protein Kinase B (PKB) signaling during
tumorigenesis (Fujino and Regan, 2003) and likely during development (Cha et
al., 2006). Thus, PGE, may regulate cell motility during gastrulation movements
by activating Pik3/Pkb signaling.

The effects of Pik3 on cell migration led us to hypothesize that the
gastrulation defects in Ptges-deficient embryos are due to decreased Pik3
function. Indeed, Pik3 activity is decreased in zebrafish gastrulae with reduced
PGE, synthesis (Cha et al., 2006). Therefore, PGE, may activate Pik3 directly or
via EGFR transactivation to regulate protrusion turnover in zebrafish gastrula
cells. In cell culture, PIK3/PKB activation inhibits GSK3p by phosphorylation,
thereby decreasing the proteasomal degradation of SNAIL/SNAI1 (Cohen and
Frame, 2001). Snail is required during gastrulation movements and is associated
with increased tumor invasiveness, as mentioned previously. Therefore, it is

conceivable that activating Pik3 downstream of PGE, signaling stabilizes Snail
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during gastrulation because of decreased Gsk3p function. However, we found
that overexpression of the GPCR By-coupled Pik3 isoform, Pik3y (Leopoldt et al.,
1998), did not suppress the loss of Snaila-YFP expression in Ptges-deficient
embryos. Nor could the inhibition of Pik3 with LY294002, a known inhibitor of
Pik3 in zebrafish gastrulae (Montero et al., 2003), result in the consistent
reduction of Snaila-YFP in control morphants or a synergistic loss of Snaila-YFP
in ptges morphants. These data suggest that PGE, does not regulate Snaila
through Pik3 in this developmental context.

The impairment of protrusive activity in the cells of Ptges-deficient
embryos could also be due to increased cell adhesion. Indeed, e-cadherin
morphant cells have markedly blunted cellular processes at the border of the
epiblast and hypoblast in gastrulae (Montero et al., 2005), which suggests that
altered cell adhesion can affect cell protrusion formation or maintenance. To
address this possibility, we could co-inject the e-cadherin and ptges MOs and
analyze whether anterior mesendodermal cells recover their protrusive activity.

The formation of bleb-like protrusions by cells in Ptges-deficient gastrulae
is rarely seen in early zebrafish wild-type gastrulae, with the exception of the
primordial germ cells, which bleb during the “tumbling” phase of migration
(Reichman-Fried et al., 2004). Blebs characterize amoeboid movement, which
was first described in the single cell stage of D. discoideum. These cells are
elliptical in shape and form bleb-like protrusions due to alternating expansion
and contraction of the membrane (Wolf et al., 2003). D. discoideum cells rapidly
move by propelling along paths of least resistance. To do so, they have low

adhesion to the substrate that is Integrin-independent. Furthermore, they are
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highly deformable, which allows them to squeeze through gaps in the ECM.
Amoeboid movement also occurs in some vertebrate leukocytes and cancer cells
(Wolf et al., 2003). In addition to their formation in migratory cells, cell blebs
occur in apoptotic cells (Dubin-Thaler et al., 2008).

Cell migration occurs in three phases (Dubin-Thaler et al., 2008). First,
early spreading occurs when the cell initially contacts the surface substrate.
Next, during the middle spreading phase, the cell increases the surface area of
substrate attachment. In the last phase, late spreading, the cell membrane
periodically contracts, and cells form and stabilize adherens junctions. Cells
have blebs during the early spreading phase.

Blebs form in a 1-minute cycle that includes the bleb extending, then
pausing, and finally retracting to the baseline position of the plasma membrane
(Fackler and Grosse, 2008). Blebs are triggered by intracellular and extracellular
cues. Extracellular stimulants include soluble ligands such as Fetal Calf Serum
(FCS), Cholecystokinin, cAMP in D. discoideum cells, and GPCR ligands, such as
SDF-10, which acts during primordial germ cell migration in zebrafish (Fackler
and Grosse, 2008). Intracellular cues for blebbing include RhoA activation,
disruption of the actin cortex-membrane interaction, and changes in cell
adhesion, particularly Integrin-based adhesion of the cell to the ECM. These
triggers locally destabilize or depolymerize the cortical actin network, which
increases the internal hydrostatic pressure of the cell through an unknown
mechanism (Dubin-Thaler et al., 2008; Fackler and Grosse, 2008). The change in
pressure within the cell forms the bleb through dissociation of the membrane
from the actin cytoskeleton. Then bleb formation halts because of actin

polymerization, which occurs because the bleb membrane is coated with actin
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membrane cross-linker proteins (Dubin-Thaler et al., 2008; Fackler and Grosse,
2008). Thus, the disruption of actin polymerization components, such as the
formin actin nucleators, impairs blebbing (Fackler and Grosse, 2008). Next,
increased actin filament assembly and the recruitment of the myosin light chain
to the bleb lumen activates RHOA /ROCK to phosphorylate myosin and contract
the acto-myosin cytoskeleton (Dubin-Thaler et al., 2008). Acto-myosin
contractility retracts the bleb, ending the cycle of bleb formation.

Amoeboid and mesenchymal movements are thought to represent the two
major types of cancer cell motility (Wolf et al., 2003). Mesenchymal migration
likely entails a proteolytic-dependent mechanism by which cells move via the
ECM. By contrast, amoeboid movement is proteolysis-independent, and is
thought to represent the preferred escape mechanism for cancer cells tested in a
3D microenvironment (Wolf et al., 2003; Fackler and Grosse, 2008). Amoeboid
cells in culture showed diffuse cortical actin rims and small actin-rich punctae
where collagen fibers interact (Wolf et al., 2003). Interestingly, inhibition of
blebbing with either a Rock inhibitor or a Myosin inhibitor results in filopodial
protrusions during the early spreading phase (Dubin-Thaler et al., 2008).
Therefore, PGE, signaling may promote mesenchymal cell migration by
increasing proteolytic enzymes, such as MMPs, and/or inhibiting the formation
of plasma membrane blebs. Perhaps in Ptges-deficient embryos mesenchymal
migration is lost in favor of amoeboid cell movement. Therefore, it would be
interesting to test whether the inhibition of Myosin or Rock can recover the
formation of filopodial protrusions in Ptges-deficient anterior mesendodermal

cells.
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Cell adhesion
The effects of E-cadherin on cell migration

Unbalanced cell adhesion, either in excess or deficit, cripples the cell
movement of primordial germ cells in zebrafish, border cells in D. melanogaster,
and gastrulation movements in many animals (Blaser et al., 2005; Pacquelet and
Rorth, 2005; Hammerschmidt and Wedlich, 2008). For example, a Ca**-
dependent cadherin-based gradient that forms because of the ventral-dorsal Bmp
gradient in the zebrafish gastrula regulates the convergence movement by
favoring the cell body displacement of lateral cells towards the dorsal region
(von der Hardt et al., 2007). In particular, gastrulation requires appropriate
levels of E-cadherin/Cadherin 1, epithelial (Cdh1) (Solnica-Krezel, 2006;
Hammerschmidt and Wedlich, 2008), a Ca**-dependent component of the
adherens junction that binds B-catenin and p120 (Drees et al., 2005;
Hammerschmidt and Wedlich, 2008). In zebrafish, cdhl is maternally deposited
and is expressed ubiquitously during the cleavage stages (Kane et al., 2005). By
30% epiboly, cdhl is expressed in a radial gradient, with the highest expression in
the superficial layer, which contains the ectodermal progenitors. Expression is
cleared on the dorsal side, but becomes enriched in the dorsal forerunner cells
and maintained in the lateral and ventral blastoderm until late gastrulation
(Kane et al., 2005). Zebrafish cdhl/half baked (hab) mutants or morphants
manifest defects in epiboly, internalization, convergence, and extension (Babb
and Marrs, 2004; Kane et al., 2005; McFarland et al., 2005; Montero et al., 2005;
Shimizu et al., 2005). In addition, hab mutant embryos exhibit irregular

blastoderm surfaces as well as blastodermal cell shedding (Shimizu et al., 2005).
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hab mutant cells in both the ectodermal (superficial layer) and mesendodermal
(deep layer) progenitors have a rounder shape than wild-type cells, and the
boundary between the superficial and deep layers is considerably less distinct
(Kane et al., 2005). cdhl/hab mutations also impair the migration of the dorsal
forerunner cells, which eventually decouple from the EVL-DEL margin, breaking
up into discrete clusters that are rarely seen in wild-type gastrulae (Kane et al.,
2005; Lin et al., 2009). The requirement for E-cadherin during gastrulation is cell-
autonomous, as the mosaic transplantation of hab mutant cells to wild-type host
embryos show a similarly rounded shape typical of cells within the hab mutant
embryos. In addition, hab mutant donor cells contribute preferentially to the
deep blastoderm, in contrast to the wild-type donor cells, which contribute
largely to the superficial blastoderm, indicating that E-cadherin is required for
the normal radial intercalation of cells within the blastoderm during gastrulation
(Kane et al., 2005). MO-targeting of cdh1 disrupts adhesion between the EVL and
deep cells, which was discernable by electron microscopy (Shimizu et al., 2005).
Similarly to hab mutants, cdh1 morphants exhibit epiboly, convergence, and
extension defects as well as cell shedding and the defective animalward
migration of mesendodermal cells (Babb and Marrs, 2004; Montero et al., 2005).
Snail

The presence of several direct and indirect inhibitors of E-cadherin; Snail,
Gaz/15 Wnitl1, and p38, underscores the importance of precisely and dynamically
regulating cell adhesion for normal gastrulation movements (Lin et al., 2005;
Ulrich et al., 2005; Zohn et al., 2006). Snail is a transcriptional repressor of E-

cadherin that binds E-box domains within the cdh1 promoter. In addition to
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repressing E-cadherin-based cell adhesion during mesenchymal cell migration,
Snail is the canonical promoter of the Epithelial-Mesenchymal Transition (EMT),
which occurs during development and disease. EMT entails the downregulation
of epithelial markers (e.g., E-cadherin, Claudins, Occludins, Cytokeratins) as well
as the upregulation of mesenchymal markers (Fibronectin, Vitronectin). Snail
also influences cell proliferation, motility /invasiveness, and survival (Barrallo-
Gimeno and Nieto, 2005).

During early development, Snail is required for normal gastrulation
movements in Drosophila and sea urchin (Barrallo-Gimeno and Nieto, 2005; Wu
and McClay, 2007). Snail conditional mouse mutants show defective formation
of the mesoderm layer because of persistent epithelial morphology as well as
impaired anterior migration of mesodermal cells (Carver et al., 2001). During
gastrulation, zebrafish embryos express two genes encoding Snail, snaila and
snailb. MO-targeting of both snail genes delays the anterior migration of
prechordal plate cells (Yamashita et al., 2004; Blanco et al., 2007). Interestingly,
snaila, e-cadherin, and snailb are expressed in mutually exclusive domains along
the anterior mesendodermal axis as well as during convergence and extension
movements (Blanco et al., 2007). As previously mentioned, E-cadherin function
is required for the anterior migration of prechordal plate cells. An elegant study
by the Nieto group shows that snaila-positive cells lead the migration of a
domain of E-cadherin-expressing prechordal plate cells that will become the
future hatching gland. As such, Snaila function during gastrulation determines
the anterior limit of the hatching gland (Blanco et al., 2007). By contrast, snailb-
positive cells lie posterior to the hatching gland anlage, actively migrating

anteriorly to define the posterior limit of the hatching gland. Therefore, the snail
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genes are required during gastrulation for normal anterior migration of
mesendodermal cells. In addition, snailb morphants display convergence and
extension defects (Blanco et al., 2007). All together, these data imply that Snaila
and Snailb are required for the gastrulation movements.

Snail nuclear localization is also regulated downstream of Stat3 signaling
in prospective prechordal mesoderm cells during early zebrafish gastrulation by
Livl/Solute carrier family 39, member 6/S1c39a6, a zinc transporter-related
protein that is also an oncogene during breast cancer metastasis (Yamashita et al.,
2004). During gastrulation, liv is expressed in the prechordal plate progenitors
at the margin in shield stage embryos, and continues to be expressed as
prechordal plate cells migrate anteriorly to the animal pole (Yamashita et al.,
2004). The axial mesoderm of liv] morphants was shorter and slightly wider,
revealing a requirement for /iv] in convergence and extension movements.
Furthermore, cell transplantation experiments established that Liv1 is required in
prechordal plate cells for anterior migration (Yamashita et al., 2004). These
results are consistent with the convergence and extension defects in snailb
morphants. Indeed, Livl-deficient embryos show Snaila-YFP mislocalization to
the cytoplasm, in contrast to the nuclear localization observed in wild-type
gastrulae. Therefore, Livl regulates anterior migration, convergence, and
extension in zebrafish gastrulae by promoting Snail activity, which likely
regulates cell adhesion in prechordal plate cells (Yamashita et al., 2004; Blanco et
al., 2007).

We have demonstrated here that Ptges-deficient embryos have decreased
Snail activity due to increased Snail degradation. Therefore, how do our results

relate to what is already known about Snail function during gastrulation
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movements? Ptges-deficient embryos exhibit more severe gastrulation
movement defects than interference with either liv1 or snail (Yamashita et al.,
2004; Blanco et al., 2007). Therefore, it is likely that PGE, regulates targets during
gastrulation besides Snail and E-cadherin. Because Ptges-deficient embryos
manifest defective anterior migration of prechordal plate cells, like those in snail
and livl morphants, it is possible that this phenotype in ptges morphants can be
suppressed by overexpressing Snaila or Snailb, though this remains to be
experimentally tested. In addition, cdh1 MO co-injection in ptges morphants
could rescue the anterior migration defect of prechordal plate cells, though we
have not yet analyzed this particular movement in co-injected embryos.

Snail has been implicated in the tumorigenesis of breast, gastric,
hepatocellular, colon, and synovial cancers (Barrallo-Gimeno and Nieto, 2005).
In addition, SNAI1 expression levels are positively correlated with mammary
tumor recurrence in a HER2 /neu-induced mammary tumor mouse model
(Moody et al., 2005). Most of these effects are proposed to occur through the
inhibition of E-cadherin. Indeed, decreasing E-cadherin expression with small
hairpin RNA (shRNA) in breast cancer cell lines activates 3-catenin through
dephosphorylation, possibly by modulating the activity of GSK3p (Onder et al.,
2008). Thus, Snail expression could promote tumorigenesis by activating —
catenin through the loss of E-cadherin. In addition, the expression of TWIST and
TCF8/ZEB-1, additional repressors of E-cadherin, is increased when E-cadherin
is downregulated, which possibly sets up a positive feedback loop that maintains
the loss of E-cadherin, activates f—catenin, and advances the mesenchymal,

motile state (Onder et al., 2008).

129



PGE, can limit E-cadherin-based cell adhesion by increasing SNAIL
transcription. For example, PGE, boosts SNAII and ZEB transcript in non-small
cell lung cancer (NSCLC) cell lines (Dohadwala et al., 2006). COX2-sense-
transfected NSCLC cells and PGE,-treated cells show decreased E-cadherin
levels, whereas COX2 antisense-transfected cells and cells treated with the COX2
inhibitor Celecoxib result in increased E-cadherin expression. Downregulation
of SNAIL or ZEB using small interfering RNA (siRNA) constructs resulted in a
diminished effect of PGE, treatment on E-cadherin expression. Itis therefore
feasible that PGE, regulates snaila transcription during gastrulation. However,
our experiments showed that decreased PGE, synthesis curtails Snail protein
stability without significantly altering the transcript levels of snaila and snailb
genes. The proven ability of PGE, to affect Snail expression either by increasing
transcription or protein stability suggets that modulating cell adhesion is an
important function of the PGE, signaling pathway. Although our results indicate
that PGE, does not influence snaila transcription during zebrafish gastrulation
movements, it is intriguing that the regulation of Snail through both of these
mechanisms simultaneously, within a single cell type, might have a potent effect
on cell adhesion.

How does PGE, activate Snail during gastrulation movements, if not
through transcription? Snail protein can be functionally silenced in two ways
(Fig. 5-2). First, the transcriptional activity of SNAI1 can be repressed by nuclear
exportation through CRM1 (Dominguez et al., 2003). In addition, SNAI1
contains two serine-rich domains that can be phosphorylated by GSK3p. In cell

culture, the phosphorylation of these domains recruits the ubiquitin ligase p-
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Figure 5-2. Snail protein domain schematic and regulation mechanism. (A) Protein
domain structure of Snail. The N-terminus SNAG domain is required for the repressive
function of Snail in mammals. Snail can be regulated by nuclear export (through its NES) or
by phosphorylation of its Serine Rich Domain (SRD) by Gsk3p. (B) Gsk3p can phosphorylate
Snail at one of two domains to induce its nuclear export and proteasomal degradation.
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TRCP, targeting SNAII to the proteasome for degradation (Zhou et al., 2004). To
answer this question in a developmental context, we have delineated a novel
mechanism whereby the PGE,-associated GPCR fy subunits stabilize Snaila by
interacting with and inhibiting Gsk3p function (see Wnt-B-catenin, below). This
results in the decreased ability of Gsk3 to target Snaila to the proteasome for
degradation, and allows Snail to repress e-cadherin and cell adhesion.
E-cadherin regulation in ectodermal progenitors

PGE,-deficient embryos show clusters of cells with upregulated E-
cadherin expression in the animal pole at the shield stage, where snaila is not
expressed (Hammerschmidt and Nusslein-Volhard, 1993). We also observed this

5711257 mutants, which

“patchy” E-cadherin expression in ptges MO-injected MZoep
lack most of the mesendodermal progenitors and exhibit diminished snaila
expression (Gritsman et al., 1999). This “patchy” expression of E-cadherin
starkly contrasts with the ubiquitous upregulation seen in the mesendoderm,
suggesting that PGE, regulates E-cadherin by distinct mechanisms that are germ
layer-specific. Moreover, PGE, can modulate cell adhesion by enhancing Snail
protein stability, as well as governing E-cadherin protein through a Snaila-
independent mechanism.

Because Gsk3p is such a prominent target of PGE, in the mesendoderm,
we hypothesized that PGE, may also regulate E-cadherin protein in the ectoderm
by inhibiting Gsk3p. GSK3p can phosphorylate cadherin cytoplasmic domains at
serine residues to increase interaction with B-catenin (Huber and Weis, 2001;

Nelson, 2008). To address this hypothesis experimentally, we inhibited Gsk3f

with BIO or overexpressed Gsk3f in ptges morphants to determine if the cell
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clumping phenotype in the ectoderm could be suppressed or worsened,
respectively. However, we found no changes to the cell clumping, suggesting
that Gsk3p is not the sole target gene of PGE, signaling to modulate cell
adhesion. We are continuing these experiments to determine if inhibiting or
overexpressing Gsk3p can alter E-cadherin expression in the embryo. However,
continued work needs to be done to determine how PGE, regulates E-cadherin in
the ectoderm. Some studies suggest that cAMP can regulate E-cadherin
expression, though differing conclusions about its effects are drawn. In Schwann
cells, the activation of PKA by cAMP stabilizes E-cadherin expression, which
may occur through potentiation of E-cadherin expression or through decreased
degradation (Crawford et al., 2008). However, in intestinal epithelial cells, CAMP
decreases E-cadherin expression in adherens junctions through the
phosphorylation of a serine residue (Boucher et al., 2005). These data suggest
that GPCR activation can regulate cell adhesion through cAMP. Therefore, PGE,
could regulate E-cadherin protein directly through a cAMP-dependent
mechanism. Itis still unknown whether Ep4a in zebrafish is coupled to Ga; or
Ga,. Therefore, current experiments are testing whether Ga;,, overexpression
can regulate Snaila expression similarly to Gfy.

We speculate that the variegated expression of E-cadherin in the ectoderm
may be caused by artifactual genetic noise or an intrinsic sorting capability of
Cadherin-expressing cells. Firstly, there is a considerable amount of fluctuation,
or noise, in protein expression in prokaryotic and eukaryotic systems (Raj and
van Oudenaarden, 2008). Interestingly, even if two populations of cells have the

same mean protein levels, they can vary tremendously in the amount of noise
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from cell to cell depending on the coupling of the transcription and translation
rates. If one population has a high transcription rate with a low translation rate,
there will be small fluctuations in the protein level from cell to cell. If, however,
a population has a low transcription rate with a high translation rate, there are
larger protein fluctuations that lead to variability in the amount of protein
expressed in each cell (Ozbudak et al., 2002; Raj and van Oudenaarden, 2008).
Therefore, could increasing E-cadherin translation in the ectoderm through the
loss of PGE, signaling, coupled to an unchanged level of transcription, result in
the “patchy” expression pattern in the ectoderm? That this does not occur in the
mesendoderm suggests that this idea is implausible, but perhaps there are
permissive conditions in the ectoderm that are not present in the mesendoderm
that contribute to this effect. Secondly, and perhaps more tenably, the “patchy”
expression of various Cadherins in the mouse and chicken brain results in the
sorting of neuronal cell populations, which then leads to functional organization
and specialized connectivity based on the molecular signature (Heyers et al.,
2003; Hertel et al., 2008). The sorting of cell types based on cell adhesion
molecules is not a novel concept and demonstrates the Differential Adhesion
Hypothesis (Hayashi and Carthew, 2004; Lecuit and Lenne, 2007). This
possibility would imply a role for cadherins in the sorting and specialization of
cell populations that may be inhibited by PGE, signaling because of the
importance of maintaining synchronicity in gastrulating cells. This possibility is
especially interesting as it is still unknown how PGE, signals in the embryo, and
how widely it can travel to exert its signaling effects. To address the signaling
“range” of PGE, in the gastrula, wild-type cells could be transplanted at the

sphere stage into ptges morphants expressing Snaila-YFP. As previously
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demonstrated, ptges morphant cells will not express Snaila-YFP unless they are
stimulated by PGE, secreted from the transplanted wild-type cells. Hence, one
would expect to see patches of Snaila-YFP-expressing cells around transplanted
cells that could be quantified to approximate the signaling range of PGE,.
Furthermore, are there extracellular modifiers that degrade or otherwise inhibit
PGE, and limit the diffusibility of the molecule, as Lft does to Sqt? Or are there
factors that stabilize PGE, and increase the range of the signal? These
experiments would contribute much to the understanding of how lipids signal in
vivo.

Other inhibitors of E-cadherin

Wnt11/Silberblick (Slb) and Wnt5/Pipetail activate the non-canonical Wnt-
Planar Cell Polarity (PCP) signaling pathway during zebrafish convergence and
extension movements. slb mutant gastrulae prechordal plate cells have
decreased cell protrusion alignment, directed movement, and overall cell speed
(Ulrich et al., 2003). In addition, Wnt11 helps Rab5c, a regulator of early
endocytosis, in the endocytosis and recycling of E-cadherin (Ulrich et al., 2005).
Another inhibitor of E-cadherin during gastrulation is P38 /Mapk14. The P38-
Interacting Protein (P38ip) mouse mutant shows internalization movement defects
during gastrulation because cells cannot downregulate E-cadherin and migrate
away from the primitive streak (Zohn et al., 2006). P38IP is required for the
activation and function of P38, and together they limit E-cadherin protein
expression without affecting Snail transcription. Thus, could PGE, signaling
regulate E-cadherin in ectodermal precursors via P38? PGE, signaling activates
and phosphorylates P38 in kidney and cardiac cell culture (Jin et al., 2007;

Miyatake et al., 2007). In addition, activating P38 function potentiates the
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production of prostaglandins (Shoji et al., 2007). In zebrafish, inhibiting P38 with
a dominant-negative mutant form results in early cleavage defects on the future
dorsal side of the embryo (Fujii et al., 2000). However, we found that inhibiting
P38 function by treatment with SB203580 did not result in a cleavage or
gastrulation phenotype, even at high doses (C.K. Speirs and L. Solnica-Krezel,
unpublished observations). This could mean that either PGE, does not function
through P38 in this developmental context, or that treatment with SB203580,
whereas specific against mouse p38 (Zohn et al., 2006), does not inhibit zebrafish
P38. In future experiments, a zebrafish p38 dominant-negative construct could
be employed to downregulate P38 activity to test for an interaction between
PGE, and P38 (Fujii et al., 2000).

In summary, our studies provide further support that gastrulation cell
movements require the dynamic regulation of E-cadherin. The rapid and large-
scale movements require coordination between tissues that are becoming
increasingly specialized with progressively disparate cell properties and
behaviors. The internalization movement, in particular, aptly demonstrates the
orchestration that is required to manage this complexity in the gastrula.
Internalization at the shield requires the transient downregulation of cell
junctions as ingressing cells delaminate from epibolizing neighbors. Then once
they reach the deeper mesendodermal progenitor layer, cell junctions are rapidly
reestablished so that cells retain their associations with their new neighbors
(Montero et al., 2005). Meanwhile, with all of this activity, both cell layers
continue to undergo epiboly towards the vegetal pole. Therefore, it will be

intriguing to test whether PGE, signaling interacts with these known regulators
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of E-cadherin during gastrulation to accomplish the rapid changes in E-cadherin
expression and /or distribution that are required for cell migration.
Endodermal development

Ptges-deficient embryos show a MO dose-dependent decrease of
endodermal cells. Although we did find that Nodal signaling was slightly
decreased in these embryos, suggesting that endodermal specification may be
affected (see Cell fate specification, below), we cannot rule out the possibility
that altered cell adhesion may also contribute to these effects. Downregulation of
E-cadherin in mouse embryoid bodies does not affect the development of the
three germ layers (Rula et al., 2007), but it is difficult to predict the effects of
increasing cell adhesion on endodermal specification. Co-injecting ptges and e-
cadherin MOs would determine if the endoderm deficiency phenotype is
suppressed. If decreasing cell adhesion in the Ptges-deficient embryos does
rescue endodermal formation, the next step would be to determine if the
decreased numbers of endodermal cells are due to impaired specification, or if it
results from a movement defect, in which cells cannot be specified correctly
because they are not in the right environment at the proper time.
Stem cell maintenance

PGE, signaling also maintains the hematopoietic stem cell (HSC)
population in both developing and adult zebrafish and mice. Although PGE, has
been proposed to regulate proliferation and survival in stem cells, it is
conceivable that PGE, could also alter cell adhesion, as it does in other cell types,
to influence stem cell development. Indeed, cell adhesion is required for the
normal infrastructure of the stem cell niche in Drosophila. The stem cell niche in

the Drosophila gonad is composed of a hub of twelve nondividing somatic cells
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that are anchored to the surrounding anterior testis tip by attachment to the ECM
(Wang et al., 2006). The hub signals to the attached stem cells, regulating their
division such that one daughter cell retains germline stem cell qualities while the
other is displaced from the hub and undergoes differentiation when it enters
spermatogenesis (Van Doren, 2007). Drosophﬂa with mutations in Gef26, a PDZ
domain Guanine nucleotide Exchange Factor (GEF) for Rap 1, are sterile because
of a loss of germline stem cells (Wang et al., 2006). Rap1 is a tumor suppressor
GTPase that competes for an effector component of Ras signaling, thereby
undermining it. Recent data also suggests that it regulates adherens junctions
through a RAP1 GTPase, DOCK4. Indeed, Gef26 mutants have impaired
adherens junctions, and as a result, the germline stem cells move away from the
niche and lose their stem cell identity (Wang et al., 2006). This study suggests
that adherens junctions maintain the position of germline stem cells within the
niche. Other adhesion factors regulate the maintainence and generation of stem
cells. Adult Drosophila mysopheroid*“® (mys*“*’) mutants have a mutation in the

XC8 mutants

gene that encodes for the pPS Integrin subunit. Consequently, mys
have mislocated testis stem cell hubs and misoriented spindle orientation within
the hub (Tanentzapf et al., 2007). Integrins are heterodimeric transmembrane
receptors composed of o and (3 subunits that are required for adhesion of the cell
to the ECM. mys*“* mutants also show the decreased recruitment of ECM
components, suggesting that Integrin organizes the ECM for the attachment of
the stem cell hub. Depletion of Talin, an Integrin-associated protein, results in a

testis with only differentiated sperm and a gradually disappearing hub

(Tanentzapf et al., 2007). Together, these results imply that cell adhesion
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proteins are essential for the structure and function of the stem cell niche, and
that regulating cell adhesion is paramount to the maintenance of the stem cell
identity. It is therefore tempting to speculate that PGE, signaling may also
influence the generation, maintenance, and differentiation of HSCs in vertebrates
by modulating cell adhesion in the AGM. However, this possibility remains to
be experimentally addressed.
Vascular tube development

As previously discussed, COX inhibition results in posterior vascular tube
defects as well as impaired intersomitic vessel development. In particular, the
posterior vascular cord forms a vascular tube that becomes the dorsal aorta (DA)
and posterior cardinal vein (PCV). In the absence of prostaglandin synthesis
from the 24-26 somite stages, the vascular cord does not lumenize to form a tube,
and retains only arterial markers. PGE, could suppress this phenotype, but how
it regulates vascular tube development remains unclear. A recent study showed
that many cadherin family members are upregulated in the ferret brain during
the peak of vascular development, suggesting that cadherins may regulate
angiogenesis (Krishna and Redies, 2009). Cell junctions are assembled in the
vascular tube of zebrafish starting at 17 hpf, which is shortly before Cox1
function is required in the vascular tube (Cha et al., 2005). The downregulation
of VE-cadherin, one of the major cadherins in endothelial cells, in zebrafish
embryos results in hemorrhages of the cranial vasculature and some trunk
vasculature (Montero-Balaguer et al., 2009). In addition, VE-cadherin appears to
be important in the development of the lumen during vascular development in
zebrafish, so PGE, may modulate cell adhesion during vascular development as

well as gastrulation (Montero-Balaguer et al., 2009). These data suggest that
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major remodeling of the vasculature occurs during its development in part
because of the dynamic turnover of cell adhesion. Therefore, it would be
worthwhile to determine whether markers of cell adhesion fluctuate in the DA
and PCV with the loss of prostaglandin signaling. Indeed, the adhesion
complexes in endothelial cells resemble epithelial cells with conservation of
many of the same components (Baldessari and Mione, 2008), so it is possible that

PGE, regulates both cancer cell and endothelial cell adhesion.

Proliferation/Survival
Apoptosis

As previously mentioned, PGE, signaling has been implicated in the
proliferation and survival of cells in multiple contexts. Human colon cancer cells
show increased apoptosis when treated with SC-58125, a COX2 inhibitor. The
increased apoptotic cell death is reversed with PGE, treatment, suggesting that
PGE, promotes cell survival (Sheng et al., 1998). Increased apoptosis in SC-
58125-treated cells is accompanied by elevated levels of BCL-2, which is an anti-
apoptotic factor that affects mitochondrial outer membrane permeabilization
(MOMP). CASPASE3/CASP3 is one of the terminal effectors of apoptosis, and
its elevated expression is reversed by PGE, treatment in a rat model of
Puromycin Aminonucleoside Nephrosis (PAN) in rat glomerular epithelial cell
culture, an effect that was mediated by cAMP (Aoudjit et al., 2006). Levels of the
apoptotic factor BAX are increased and of the anti-apoptotic factor BCL-XL are
decreased in PAN-induced glomerular epithelial cells. These molecular changes,
which are characteristic of increased apoptosis, are also be suppressed with PGE,

treatment (Aoudjit et al., 2006).
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Anoikis

Normal cells are anchorage-dependent and undergo anoikis, a type of
apoptosis that is induced when cells become detached from the ECM.
Interactions between integrin and the ECM result in the activation of pro-
survival pathways such as ERK, JNK, and AKT, as well as the inhibition of pro-
apoptotic proteins (Chiarugi and Giannoni, 2008). Therefore, the loss of this pro-
survival signal initiates the extrinsic and intrinsic apoptotic pathways (Chiarugi
and Giannoni, 2008). Transfection of the EP4 receptor into colon cancer cells
results in anchorage independence and evasion of anoikis (Chell et al., 2006). As
the effector pathways of anoikis are the same as those in other apoptotic cells,
PGE, likely promotes survival in these cells through the mechanisms described
above.

Cell proliferation

The induction of COX2 with Ponasterone A in GECs increases the
incorporation of BrDU and °H-thymidine (Aoudjit et al., 2006). The activation of
cell proliferation by PGE, potentially occurs through an EP4-PIK3-ERK-EGR-1
signaling axis, as EGR-1 activates Cyclin D1, a cell cycle regulator, in chinese
hamster ovary (CHO) cells (Guillemot et al., 2001; Fujino et al., 2003; Shao et al.,
2005).

Does PGE, also regulate cell proliferation during development? An
intriguing study has linked cell cycle, apoptosis, and the gastrulation movements
in zebrafish (Liu et al., 2009). Cdtl is a DNA replication initiation factor that
activates DNA synthesis, and can be antagonized by binding to Geminin/Gmnn.
gmnn morphants are shorter than control embryos, and transplanted gmmnn

morphant shield cells into wild-type hosts exhibit impaired migration to the
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animal pole, suggesting that Gmnn is required cell autonomously in the anterior
mesendodermal progenitors for gastrulation movements (Liu et al., 2009). gmnn
morphants also have increased H3P-expressing cells, suggesting increased
mitotic activity. By contrast, apoptosis in Gmnn-deficient embryos is decreased.
These effects are reversed in embryos that misexpress Gmnn, which have fewer
mitotically active cells than the control morphants, and more apoptotic cells.
Interestingly, expression of Nf-kb /Nfkb, an antiapoptotic factor that activates the
Bcl-2 antiapoptotic genes, is correlated to the incidence of apoptosis in the
embryo. Correspondingly, Gmnn-deficient embryos show decreased Nf-kb
expression. Nf-kb can bind the snaila promoter to activate transcription and
possibly regulate gastrulation movements, which may contribute to the
gastrulation defects in gmnn morphants. Interestingly, gmnn morphants show
decreased Chloramphenicol Acetyltransferase (CAT) activity when injected with
a CAT construct driven by the snaila promoter. The effects of Gmnn on Snaila
may contribute to the defective mesendodermal delamination and endodermal
migration in Gmnn-deficient embryos. In particular, the authors argue that
Gmnn and Cdtl form a critical balance that determines the cell cycle in the
zebrafish gastrula, and that this balance affects genes that regulate gastrulation
movements (Liu et al., 2009). Therefore, it is tempting to hypothesize that PGE,
participates at this tipping point by regulating cell movement, proliferation, and
apoptosis simultaneously during gastrulation. However, testing this hypothesis
requires assaying the proliferation and apoptosis in Ptges-deficient gastrulae.
SNAI1 represses CYCLIN D1 expression in cell culture (Vega et al., 2004), so if

PGE, signaling does enhance cell proliferation during development, it likely

142



occurs through a Snail-independent mechanism.

Cell fate specification

Ptges-deficient embryos show a MO dose-dependent decrease of
endodermal cell numbers. We found that Nodal signaling was slightly
decreased in these embryos. As endodermal cells require the highest levels of
Nodal signaling to become specified (Peyrieras et al., 1998; Grapin-Botton and
Constam, 2007), it is possible that this diminution of the Nodal signaling strength
ultimately results in the loss of endodermal specification. To address the
possibility of PGE, regulating Nodal signaling, we will investigate other Nodal
genes such as cyc and sqt, to determine if the ligands are decreased or if signaling
itself cannot be efficiently maintained in ptges morphants. In addition, we will
overexpress Cyc in the ptges morphants to attempt to suppress the endoderm
defect phenotype.

We confirmed the loss of endodermal cells in Ptges-deficient embryos
with the markers casanova and sox17. We interpret the reduced expression of
both genes, which was already detectable by the shield stage, to mean that PGE,
affects endodermal specification at or before this time in development. In
addition, Cas induces endodermal differentiation by activating sox17
transcription. cas expression is first detected at the high stage, and future
experiments will need to address when cas expression is first affected in ptges
morphants. We will also investigate other endodermal markers downstream of
Nodal signaling that function to activate Cas, such as gata5, bon, and mezzo/0g9x,
to investigate the possibility that PGE, affects genes downstream of Nodal

signaling to promote endodermal specification. The regulation of Nodal
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signaling or endodermal development by PGE, is a completely novel concept in
any cellular context, and therefore, testing these possibilities would make an

exciting and promising future project.

Interaction with other signaling pathways
EGF

PGE, signaling has been shown to interact with other signaling pathways,
including EGF, Hedgehog, and Wnt signaling (Fig. 5-3). In addition to the
examples mentioned earlier, Epidermal Growth Factor Receptor (EGFR)
signaling activates SNAII to repress 15-PGDH transcription in colorectal cancer
cells, resulting in the increased stability of PGE, (Mann et al., 2006). EGFR
autocrine signaling results in COX2 and PGE, upregulation and is important for
the downstream transformation of cells through a Ras-dependent mechanism
(Repasky et al., 2007). In addition, the combination of an EGFR blocker and a
COX2 inhibitor decreases colorectal cancer cell motility (Banu et al., 2007). These
results suggest that EGF signaling may not only function in PGE, signal
transduction, but may also activate and stabilize PGE, synthesis.
Whnt-B-catenin
There are many reports in the literature about the interaction of PGE, with the
Wnt-B-catenin pathway (Fig. 5-3). Mutations in the Adenomatous Polyposis Coli
(APC) gene are associated with a confluence of intestinal tumors in 100% of
human carriers due to the loss of heterozygosity, resulting in the disease Familial
Adenomatous Polyposis (FAP) (Moser et al., 1990; Su et al., 1992). There are

multiple mouse models of FAP. The most common is the Apc™", or the Apc*®,
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mouse, which is a result of chemical carcinogenesis (Moser et al., 1990; Su et al.,
1992). There are also two homologous recombination mutants, the Apc*"® and
the Apc*”* mutants (Oshima et al., 1995; Oshima et al., 2001). Mice homozygous
for the disrupted alleles are embryonic lethal, however the heterozygous mice
are models for FAP. The Apc*"® mice show increased expression of the EP2 and
EP4 receptors. Notably, they have a 7-fold reduction in intestinal polyposis
when treated with a COX2 inhibitor. In addition, Apc*"*;Cox2 transheterozygotes
also show decreased intestinal polyposis, suggesting that PGE, and Wnt
signaling functionally converge during tumorigenesis (Oshima et al., 2001).

PGE, treatment of human embryonic kidney (HEK) cells transfected with the
EP2 and EP4 receptors increases Tcf / Lef-responsive luciferase expression, a
transcriptional output of B-catenin activation (Fujino et al., 2002). In addition, the
GSK3a phosphorylation (Table 1-1) increases following PGE, treatment, though
phosphorylation of GSK3 remains unchanged. Phosphorylation and inhibition
of GSK3a decreases the degradation of $-catenin by the proteasome, suggesting
that PGE, stabilizes B-catenin. Inhibition of PIK3 with Wortmannin abolishes
GSK3a phosphorylation and reverses activation of Tcf/Lef signaling, which
implies that PGE, signaling regulates GSK3a in this context via PIK3 (Fujino et
al., 2002). These effects are also seen in PGE,-treated colon cancer cells, in
addition to the decreased phosphorylation and increased nuclear localization of
pB-catenin (Castellone et al., 2005). The EP2 G protein G, was reported to interact
with Axin through its Regulator of G-protein Signaling (RGS) domain, which
displaces GSK3p from its binding site with Axin, and thus stabilizes -catenin.

Indeed, the binding domain in Axin for GSK3 is required to enhance TOP /FOP
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reporter expression, suggesting that PGE, needs GSK3p to potentiate Wnt
signaling. The activation of these pathways displaces GSK3p from the p-catenin
degradation complex and stabilizes 3-catenin, allowing it to exert its effects on
TCF and LEF gene expression and ultimately, cell growth (Castellone et al.,
2005). In addition, VEGF transcript and protein, as well as CYCLIN D1 protein,
were increased in colon cancer cells following PGE, stimulation (Shao et al.,
2005). CYCLIN D1 and VEGF were also induced following the PGE, treatment of
Apc"" mice. These results show that PGE, and Wnt signaling converge on cell
cycle and apoptotic factors to promote cell growth and survival. However, other
signaling pathways may also affect the interactions between PGE, and Wnt
signaling, complicating the cellular signaling networks involved. For example,
studies in colon cancer cell line and zebrafish show that Retinoic Acid
antagonizes the stabilization of f-catenin by PGE, by modulating COX2 levels
(Eisinger et al., 2006) (Fig. 5-3). These studies suggest that PGE, and Wnt are
oncogenic signaling pathways that must be tightly controlled to prevent the
initiation and spread of cancer, possibly in part through inhibiting GSK3p and,
by extension, activating Snail function.

Our data show that inhibition of Gsk3f function occurs downstream of
PGE, GPCR activation. As previously mentioned, Snail is negatively regulated
by GSK3p. Since Wnt signaling inhibits the function of GSK3p in targeting f-
catenin to the proteasome, so it protects SNAI1 from GSK3p3-mediated
phosphorylation, stabilizing SNAI1 levels in the embryo (Yook et al., 2005).
Furthermore, activation of the $-catenin/TCF signaling cascade in transfected

MCEF cell lines induces Axin2 expression. AXIN2 then acts as a chaperone for
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GSK3p, exporting it from the nucleus, thereby stabilizing SNAI1 (Yook et al.,
2006). In addition, SNAII can directly interact with -catenin to enhance the
expression of Wnt target genes in human embryonic kidney 293T cells (Stemmer
et al.,, 2008). Therefore, our data suggests that PGE, signaling activates Wnt-f-
catenin by inhibiting Gsk3p, a notion that has powerful implications for the
understanding of how and when these signals function during development, as
well as how to treat the disease processes that are influenced by these signaling
mediators.

We show in transfected cells that Gsk3p can be detected in
immunoprecipitates that were purified from cultured mammalian cells by
antibodies against tagged Gf,y,. Additionally, this effect could be abolished by
p-ark transfection, arguing that binding of these components is specific. Direct
interaction of Gy with GSK3p is also suggested by studies in the frog and cell
culture that show that Gf,y, can be pulled down by purified MBP-GSK3 protein
(Jernigan and Lee). Furthermore, the authors suggest that in their experiments,
Gy recruits GSK3p to the membrane, which activates its phosphorylation of
LRP6 to ultimately inhibit f-catenin activity (Jernigan and Lee).

We have yet to determine the precise mechanism by which Ep Gfy
inhibits Gsk3p function through its association. Sequestering Gsk3p to the
membrane by interaction with the By subunits may keep it from inhibiting Snaila
in the nucleus (Jernigan and Lee, ; Yook et al., 2005; Yook et al., 2006). To
address this possibility, we have used two GSK3f antibodies to address whether
membrane localization is increased in ptges morphants. Although some

preliminary results show that there is a change in the membrane:cytoplasm
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localization of total and phosphorylated Gsk3p (data not shown), these results
were not consistent with both antibodies, so future experiments will need to be
done to confirm these findings. Another possibility is that Gsk3f is
phosphorylated and silenced at the Ser9 position, which occurs through PIK3-
mediated phosphorylation in cell lines (Cohen and Frame, 2001). As ep4
morphants had decreased Pik3/ Akt activity, we hypothesized that Gsk3f
phosphorylation is decreased in ptges morphants, which would lead to increased
Gsk3p function, particularly in the inhibtion of Snail. We have tested the
phosphorylation of Gsk3p, but do not find that ptges morphants have changes in
the levels of phosphorylated Gsk3p in zebrafish gastrulae. We have also
performed immunoblotting with Gsk3a in control and ptges morphant gastrulae,
but could not detect Gsk3a during gastrulation, suggesting that Gsk3a may not
be expressed during this phase of development. Moreover, our results indicate
that Pik3 likely does not regulate Snail protein during gastrulation. Therefore,
more work remains to be done to determine the manner in which PGE, inhibits
Gsk3p function, as this would shed more light on the mechanism by which PGE,
restricts E-cadherin and cell adhesion to consequently promote gastrulation
movements. Furthermore, interaction between the Gfy subunits and GSK3p has
never been described previously, and therefore, this interaction also reveals how
GPCR effector subunits can directly influence signaling components without
using second messengers.

Our results also suggest a possible function for PGE, during microtubule
(MT) assembly. In cell culture, GSK3p phosphorylates cytoplasmic linker-

associated proteins (CLASPs), which link lamella MT to adhesion sites. CLASPs
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may function to polarize cell migration, as they are enriched in the cell cortex
towards the direction of migration (Kumar et al., 2009). When phosphorylated
by GSK3p, CLASP function is repressed, which may have subsequent effects on
cell migration. Indeed, expression of GSK3f in cell culture results in cells that
move more slowly and have a less dense network of lamellar MTs (Kumar et al.,
2009). Phosphorylation-resistant CLASP2 mutants were rendered insensitive to
the effects of GSK3p on the lamellar MT network and cell migration. This data
suggests that the function of GSK3f contributes to turnover of the microtubule
network and may have implications for the regulation of cell motility by PGE,
signaling. Therefore, it would be interesting to analyze the dynamics of the
microtubule network in the cells of Ptges-deficient embryos. What also remains
to be determined are the possible developmental functions of PGE, and Wnt
signaling interaction, and how Wnt and PGE, signaling might be regulated
temporally and spatially during development to optimize their interaction.

Wnt signaling may also converge with PGE, signaling later in
development, during HSC generation and maintenance. Overexpression of f3-
catenin in murine HSC culture results in the expansion of the HSC population, as
well as the activated expression of HoxB4 and Notch, which enhance the self-
renewal and proliferation of HSCs, respectively (Reya et al., 2003). Inhibition of
Wnt signaling in the HSC culture with Axin decreases growth of the HSC cell
population and curtails reconsititution of the HSCs in irradiated mice (Reya et
al., 2003). Inhibition of GSK3 using CHIR-911 increases the HSC population in
mouse and human cells (Trowbridge et al., 2006). In the intestinal epithelium,

where the crypts represent an adult stem cell niche, the inducible loss of p-
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catenin in adult mice results in the loss of stem cell markers and the terminal
differentiation of crypt cells (Fevr et al., 2007). The terminal differentiation of
intestinal cells blocks intestinal function because of increased Caspase-3-
dependent apoptosis, which eventually leads to the death of mutants 6 days
following the induced loss of B-catenin (Fevr et al., 2007). Additionally, Wnt10b
is upregulated in regenerating HSCs within the bone marrow following injury,
suggesting that Wnt-p-catenin signaling supports HSC generation and renewal
in adult animals (Congdon et al., 2008). These effects of f-catenin may be
conveyed by TCF3, as its expression is seen in proliferating, unspecified
embryonic progenitors in the mouse epidermis and is lost in differentiated skin
cells (Nguyen et al., 2006). These results show the enormous importance of Wnt
signaling in the proliferation and maintenance of stem cells in the adult animal.
PGE, inhibition with Indomethacin in zebrafish embryos results in
decreased TOP:dGFP expression in the AGM, where HSCs are generated
(Goessling et al., 2009). Indeed, Indomethacin treatment decreases numbers of
HSCs while increasing TUNEL-positive cells, an index of apoptosis.
Indomethacin also reverses the increased cell proliferation that occurrs with
Wnt8 misexpression in zebrafish embryos, suggesting that PGE, supports HSC
proliferation in the zebrafish through interaction with the Wnt signaling
pathway. Potentiation of Wnt activity by PGE, signaling in this process is
mediated by cAMP, and results in the enhanced repopulation of HS5Cs in
irradiated zebrafish and mice. Lastly, liver regeneration is enhanced in Apc*™”
mutants, however, this effect is abolished by treating Apc*” zebrafish with

Indomethacin (Goessling et al., 2009). Decreased regeneration with
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Indomethacin is accompanied by decreased Cyclin D1/Cend1 expression in the
liver. This study demonstrated that the Wnt and PGE, signaling pathways
cooperate in the generation and function of HS5Cs in vertebrates.

We are interested in applying these findings to our work on zebrafish
gastrulation to determine whether PGE, activates Wnt-f-catenin during
gastrulation, similarly to HSC development and maintenance. To address this
question, we are currently analyzing the effects of the loss of PGE2 synthesis on
B-catenin in gastrulation. We have analyzed a- and p-catenin
immunohistochemistry in 60% epiboly gastrula that are injected with control or
ptges MO, but found no significant changes in protein localization. However,
these results are preliminary and need to be repeated. In addition, we are
analyzing the nuclear localization of $-catenin in ptges morphants at the sphere
stage to determine if Wnt-B-catenin is affected by the loss of Ptges before the
commencement of gastrulation. We are also analyzing control and ptges
morphants for the expression of Wnt-p-catenin downstream targets, including
boz, gsc, and nkdl. Lastly, it would be interesting to test whether ptges morphants
and mutants that show decreased p-catenin function, such as ichabod,
demonstrate genetic interactions. Or we could determine whether ptges
morphants are more or less sensitive to 3-catenin-mediated axis duplication. The
results of these current and upcoming experiments will determine if there is
functional interaction between PGE, and Wnt signaling during early zebrafish
embryogenesis.

Hedgehog

SNALII is also induced downstream of GLI, the effectors of Hedgehog (Hh)

152



signaling, in Basal Cell Carcinoma (BCC) and Neuroendocrine Tumor (NET)
ileum cell culture (Li et al., 2006; Fendrich et al., 2007; Li et al., 2007) (Fig. 5-3). In
skin cancer cell lines, GLI function activates f-catenin signaling by inducing
SNAII1, which in turn decreases E-cadherin transcript (Li et al., 2007). This
diminution of E-cadherin expression decreases the amount of f-catenin binding
in the adherens junctions, allowing its relocalization to the nucleus. Indeed, Glil-
transgenic mice show higher levels of active, unphosphorylated -catenin.
Therefore, PGE, signaling and Hh signaling could synergistically activate Wnt-f3-

catenin by converging on Snail during development.

Perspective

The body of literature suggests that PGE, signaling regulates
morphogenesis, survival, and tumorigenesis in vertebrates. These effects occur
through multiple mechanisms, and reveal the growing importance of lipid
signaling in the regulation of cell adhesion, motility, and survival. Are there
qualities of lipid signaling that make lipid mediators favorable for these roles,
particularly to promote the gastrulation movements? Lipids are widespread,
quickly generated, short acting, and generally signal through autocrine or
paracrine mechanisms (Wymann and Schneiter, 2008). Both PGE, and S1P and
their GPCRs have been implicated in regulating cell motility during gastrulation,
though they have contradictory effects. In addition, studies in medaka have
uncovered the importance of membrane microdomains enriched in glycolipids
and glycoproteins for the normal gastrulation movements, as chemical

disruption of these microdomains resulted in epiboly defects that could be
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suppressed by cholesterol treatment (Adachi et al., 2007). These membrane
microdomains were found to contain localized E-cadherin, cSrc, B-catenin, and
Plcy, suggesting that these microdomains serve as a platform for both cell
adhesion and signaling (Adachi et al., 2009). Therefore, lipids regulate
gastrulation movements as structural and signaling components, but much work
needs to be done before their role is fully elucidated.

Our work has contributed to the understanding of how a secreted
molecule such as PGE, regulates multiple movements during zebrafish
gastrulation. PGE, signaling promotes cell motility and survival, and inhibits cell
adhesion in cancer cells, and our results suggest that it also regulates gastrulation
movements through an assortment of mechanisms. PGE, modulates cell
adhesion by regulating adherens and tight junction proteins in the ectoderm. In
the mesendoderm, the loss of PGE, synthesis results in the global upregulation of
E-cadherin due to decreased Snail function. PGE, signaling stabilizes Snail by
inhibiting Gsk3p through interaction with EP receptor Gfy subunits. In addition,
loss of PGE, synthesis increases bleb formation in cells of the anterior
mesendoderm, which may hamper mesenchymal cell motility. We also show
that the inhibition of PGE, synthesis impairs endodermal development, possibly
by interactions between PGE, and Nodal signaling. Lastly, we present
preliminary characterization of a TILLING ep4a nonsense mutation that may
reveal redundant ep4 genes in zebrafish gastrulae. Our data contributes to a
better understanding of the many faces of PGE,, but it also is a reminder of how
little we know about lipid biology during development. How far does the PGE,

signal travel? How does a ubiquitously expressed lipid have such diverse, cell
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type-specific effects in the embryo? Why are endodermal cells so sensitive to the
loss of PGE,? These remaining questions reveal exciting new directions for
future studies of lipid signaling in cell fate specification and movements during

vertebrate gastrulation.
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