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The assembly of cells into functional organs requires the coordination of cell shape
and polarity with organ architecture. Although defects in cell shape and polarity can
lead to human disease, the in vivo regulation of these processes during organ forma-
tion is poorly understood. In this thesis, I used the Caenorhabditis elegans pharynx
as an in vivo model to study organogenesis. Similar to many human organs, the phar-
ynx is a tube formed from a monolayer of polarized epithelial cells that surround a
central lumen. The pharyngeal lumen develops midway through embryogenesis when
cells polarize along a central axis to form an epithelial cyst. Using live cell imaging,
I found that cyst development is preceded by the grouping of pharyngeal precursors
into a bilaterally symmetric intermediate. The organization of cells into this bilateral
intermediate requires the POP-1/TCF cell fate pathway and the pharyngeal organ
identity factor PHA-4/FoxA. Cyst formation begins when cells within the bilateral
structure undergo a mesenchymal to epithelial transition and localize apical polarity
determinants along their inner surfaces. These inner surfaces then constrict, creating
the central lumen. I found that laminin, an integral basement membrane component,
is required to define the axis of pharyngeal polarity. In laminin mutants, cells develop

inverted polarity and constrict their outer surfaces, resulting in multiple pharyngeal



lumens. After cyst formation, pharyngeal cells adopt highly reproducible morpholo-
gies. A previous ultrastructural study found that two cells, called pm8 and vpil,
develop into toroidally shaped single-cell tubes. By combining live cell microscopy
with genetic analysis, I showed that pm8 and vpil form toroids via a novel mechanism:
They wrap around the midline and then self-fuse, thereby creating an intracellular
lumen. The self-fusion of pm8 and vpil into toroids requires fusogens and activation
of the Notch signaling pathway in pm8. Thus, organogenesis of the pharynx requires
sequential action of global, tissue-level signals, such as laminin, and local, cell-specific

signals, such as Notch.
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Chapter 1
INTRODUCTION

Many human organs contain epithelial cells, which serve essential absorptive and
secretory functions and are our primary barriers to the environment. Epithelial cells
are connected by strong adhesive contacts, known as adherens junctions, and have
distinct apicobasal polarity. Epithelial cells localize components of the PAR com-
plex (in mammals, Par3/Par6/aPKC) to their apical surface and receptors, such as
integrins, that bind to a specialized extracellular matrix (ECM), the basement mem-
brane, to their basal surface. Loss of epithelial cell adhesion and polarity can lead to
carcinoma, the most prevalent type of cancer (reviewed by Lee and Vasioukhin, 2008;
Bryant and Mostov, 2008).

During development, epithelial organs can change shape through a number of
morphogenetic processes. Sheets of epithelial cells can bend by constricting one sur-
face, lengthen by convergence-extension, or develop branches by sprouting. These
processes can have profound effects on tissue and embryonic shape (e.g., Priess and
Hirsh, 1986) and can be reiteratively combined to create highly elaborate organs, such
as the lung (Metzger et al., 2008). Epithelial organs can be organized as monolayers
of cells, as multi-layered stratified tissues, or a combination. Individual epithelial
cells can adopt columnar, cuboidal or wedge shapes; certain epithelial cells develop
complex shapes, such as kidney podocytes.

One common type of epithelial organizaiton is the epithelial tube. Many mam-



malian organs, including the vasculature, lung, pancreas, kidney, and intestine, are
tubular structures. Biological tubes serve to transport fluids, nutrients, and gases be-
tween tissues. Tubular organs exhibit a remarkable diversity of size and architecture,
ranging in size from microns to meters. Most tubes are organized as a monolayer of
epithelial cells that have a specialized apical membrane facing the internal lumenal
space and a basal surface in contact with basement membrane surrounding the tube
(Figure 1.1A). In many tubes, the individual epithelial cells are wedge-shaped with a
narrow apical surface and a broad basal surface. Malformations in tubular organs lead
to a number of human maladies, such as polycystic kidney disease, aneurysms, neural
tube closer defects and hydrocephalus. Thus, understanding the basic developmental
mechanisms leading to tube formation and maintenance will guide tissue-engineering
therapeutic approaches, which have already begun to show promise (Raya-Rivera
et al., 2011).

This chapter summarizes several current models for tubulogenesis and serves as an

introduction to the model system for this thesis, the Caenorhabditis elegans pharynx.
1.1 Mechanisms of multi-cellular tube formation

Most tubular organs contain multiple cells in cross section. Multi-cellular tubes can
form via a variety of mechanisms, for example by rolling up a sheet of cells to surround
an internal, lumenal space, or by creating a lumenal space inside a cylinder of cells
through cavitation/apoptosis or cord hollowing/exocytosis (Figures 1.2A-C). Several
excellent reviews summarize these morphogenetic behaviors (Lubarsky and Krasnow,
2003; Baer et al., 2009; Uv et al., 2003; Xu and Cleaver, 2011; O’Brien et al., 2002;
Datta et al., 2011; Bryant and Mostov, 2008), therefore this section is not meant to
be exhaustive, but will rather highlight recent examples of interest.

Tubes can form by reshaping epithelia. During vertebrate neurulation, signals



from the notochord cause a portion of the ectoderm to form the neural plate, a flat
sheet of epithelial cells. To form the neural tube, cells of the neural plate constrict
their apical surfaces causing the tissue to bend, eventually folding back onto itself (Fig-
ure 1.2A). Apical constriction of several vertebrate epithelia requires the actomyosin
cytoskeleton and Rho kinases (ROCKSs) (Hildebrand, 2005). In chick embryos, apical
localization of ROCKSs requires direct binding by Shroom3, an actin-binding protein
(Nishimura and Takeichi, 2008). Inhibition of Shroom3 caused a failure in neural
tube closure. Similarly, mice mutant for Shroom have defects in neural tube mor-
phogenesis, suggesting a conserved requirement for these proteins (Hildebrand and
Soriano, 1999). Following apical constriction, cells from either end of the neural plate
must precisely align with each other to seal the tube. Although further analysis of
cellular behaviors is needed to fully understand tube closure, complex patterns of cell
are observed during this time, and require ROCK (Nishimura and Takeichi, 2008).
Tubes can form by de novo polarization of mesenchymal cells. The mesenchymal-
to-epithelial transition underlies several types of tubulogenesis and can take several
different forms depending on the context. The zebrafish intestine begins as a solid
cylinder of non-polarized endodermal cells. Polarization of the endoderm begins at
discrete foci of PAR protein localization within the developing tube. These foci are
thought to form small lumens, which subsequently expand and coalesce to form a
single lumen that runs the length of the intestine. Mutations in aPKCA or knockdown
of Claudinl5 or an Na+/K+ ATPase pump cause a failure of lumen coalescence,
resulting in multiple intestinal lumens (Horne-Badovinac et al., 2001; Bagnat et al.,
2007). These results suggest a model whereby PAR-mediated polarity directs fluid
transport to create a single lumen. Consistent with this model, mutants that increase
fluid secretion result in an expansion of the intestinal tube (Bagnat et al., 2010).

Cell rearrangements may also play a role in the process, however, this has not been



analyzed in detail.

A mesenchymal-to-endothelial transition was recently shown to underlie tubuloge-
nesis of the mouse dorsal aorta (Strili¢ et al., 2009). The aorta begins as a solid cord
of endothelial cells, containing two or three closely apposed cells in cross-section. At
this stage, VE-cadherin localizes along the cell-cell interface and the lumenal marker
CD34/Sialomucin is diffusely localized within the cells. The cells then polarize, local-
izing VE-cadherin to cell junctions, CD34 to the lumenal-facing membrane and create
a small, slit-like lumen (Strili¢ et al., 2009). Proper polarization of CD34 required
VE-cadherin. Since the aorta is discontinuous as this stage, directed fluid transport is
unlikely to play a role in lumen formation. Rather, the negatively charged sialic acids
that decorate CD34 and other sialomucins were shown to be required, suggesting that
cell-cell repulsion is responsible (Strili¢ et al., 2010). Action of the actomyosin cy-
toskeleton at the apical surface then bends the apical membrane to enlarge the lumen
(Strili¢ et al., 2009). Future work will be required to determine if cell-cell repulsion is
required in other developing tubes; intriguingly, several other tubular organs contain
apically localized mucins and glycoproteins.

An essential step during de novo tubulogenesis is defining the apical surface, site
of the future lumen. Recent work in an in vitro model of tubulogenesis has led
to a molecular model of lumen formation in Madin-Darby canine kidney (MDCK)
cells (Bryant et al., 2010). In this system, contacts with the ECM appear orient cyst
polarity as cells cultured in the absence of matrix (Wang et al., 1990) or in the presence
of a f-integrin blocking antibody reverse their polarity (Yu et al., 2005). Addition of
exogenous laminin to cysts with inverted polarity can reorient the apical surface to
the interior (O’Brien et al., 2001). The sialomucin podocalyxin is initially localized
to the outer, ECM-contacting surfaces of MDCK cells. Podocalyxin then localizes
to the apical surface by transcytosis, which requires Rab8a and Rablla. Rab8a and



Rabl1la are also required for apical targeting of the polarity regulator Par3 and apical
activation of the GTPase Cdc42 (Bryant et al., 2010).

ECM-mediated regulation of Par3 is also crucial for endothelial development in
mouse. Targeted deletion of S-integrin in endothelial tissue resulted in a failure to
form lumens. Loss of Sl-integrin resulted in a loss of Par3 mRNA expression, and
ectopic expression of Par3 was sufficient to rescue the fl-integrin lumenless pheno-
type. These results suggest that polarity of endothelial cells is initiated by S-integrin
contacts with the ECM, which regulate Par3 expression and apical polarity (Zovein
et al., 2010). In MDCK cells, the ECM-mediated polarization requires Racl (O’Brien
et al., 2001), which activates a RhoA-ROCK I-myosin I pathway (Yu et al., 2008),
and it will be exciting to understand if similar events occur in endothelial cells.

In addition to having ECM outside (basement membrane), many developing tubes
have ECM inside (apical matrix). Although in many tubular systems the nature of
the apical matrix remains nebulous, studies from the Drosophila trachea have found
that apical matrix is critical for lumen size control. During tracheal development, a
transient filament of chitin fills the lumen. Chitin is not required for tubular polarity
or integrity; rather, it regulates uniform expansion and elongation of the tube (Ton-
ning et al., 2005). Deposition of functional chitin requires components of the septate
junction and chitin-modifying enzymes (Tonning et al., 2005; Luschnig et al., 2006;
Wang et al., 2006; Moussian et al., 2006). Chitin is not the only component of the
tracheal apical matrix important for morphogenesis (see below). A similar model for
tubular size control has been proposed in the glial-like cells of C. elegans that sur-
round sensory neurons (Perens and Shaham, 2005; Oikonomou et al., 2011), however,

the apical matrix is not known to contain chitin and is likely complex (Bacaj et al.,

2008).



1.2 Tiny tubes: Mechanisms of single-cell tube formation

Although most tubes are multi-cellular in cross-section, several organ systems, includ-
ing the human vasculature (Bér et al., 1984), contain examples of tubes composed of
a single-cell in cross-section. These single-cell, or unicellular, tubes can take on sev-
eral distinct shapes, which can be distinguished by examining their pattern of apical
junctions. For example, “seamed” unicellular tubes consist of a single cell rolled up
into “C”-shape, and sealed by an autocellular junction (Figures 1.1A,C). “Seamless”
unicellular tubes lack an autocellular junction and can be either “donut-shaped” or
“ramified.” The donut-shaped tubes are single cells penetrated by a lumen, with
ring junctions on either side (Figures 1.1A—C). Ramified tubes contain a lumen that
terminates within the cell; accordingly, ramified cells form a ring junction only at
the side of the cell with an open lumen (Figures 1.1A—C). Interestingly, from a topo-
logical perspective, donut-shaped tubes are toroids, while seamed and ramified cells
are spheres; thus, these different types of unicellular tubes might be formed by very
different mechanisms. All three types of unicellular tubes have been documented in
the model organisms C. elegans and Drosophila and likely exist in other organisms
with less well-described anatomy.

The simplest model to explain the formation of a seamed tube is that a cell some-
how wraps back on itself and self-seals with an autocellular junction. The stalk cells
of the Drosophila trachea are seamed tubes and form a stack of connected cells dur-
ing 2° branching (Samakovlis et al., 1996a). Live-imaging of stalk cell morphogenesis
found that they form by intercalation (Ribeiro et al., 2004). The secondary branches
are initially formed by pairs of cells arranged around the lumen; during branch ex-
tension, the pairs of cells intercalate with each other by wrapping around the lumen
before zipping up to form autocellular junctions. Cell intercalation involves extensive

remodeling of adherens junctions. Stalk cell morphogenesis requires the apical matrix



proteins Piopio and Dumpy (Jazwinska et al., 2003) and is inhibited by the transcrip-
tion factor Spalt (Ribeiro et al., 2004). The C. elegans renal system is formed by three
interconnected unicellular tubes: the pore, duct and excretory cells. The pore cell is a
seamed cell and is also thought to form by self-wrapping (Stone et al., 2009). Intrigu-
ingly, the pore cell is replaced during post-embryonic development without disrupting
tube function (Sulston et al., 1983). Pore cell replacement may share features with
stalk cell intercalation as morphological intermediates of the two processes appear
similar.

Two models have been proposed for the morphogenesis of ramified cells. In C. el-
egans, the excretory cell is a ramified cell required for osmoregulation. The excretory
cell lumens run the entire length of the animal—a remarkable feat of bioengineer-
ing (Buechner, 2002). Genetic screens have identified a number of genes required
for formation of the excretory cell lumen; these mutants have a characteristic cystic
phenotype (Buechner et al., 1999). Mutant analysis suggests that the initial lumen is
formed by pinocytosis of a large vacuole that then is extended by vesicle fusion at the
sites of lumen outgrowth, a process known as cell hollowing (Figure 1.2D). Lumen
outgrowth and maintenance requires a chloride intracellular channel, suggesting anion
balance is critical (Berry et al., 2003). An alternative model has been recently pro-
posed for development of the ramified terminal cells of the Drosophila trachea. Live
imaging of terminal cell morphogenesis revealed that the lumen appears to initiate as
an invagination of the apical surface, initially at the site of contact with the neigh-
boring stalk cell. Lumen extension occurs by addition of vesicles along the length of
the lumen. Both the lumen initiation and extension requires microtubules (Gervais
and Casanova, 2010).

Cell hollowing may also play a role in the morphogenesis of donut-shaped cells.

Cultured human endothelial cells can form tubular structures in vitro, a process that



appears to involve large intracellular vacuoles (Folkman and Haudenschild, 1980).
Similar vacuoles were described during development of the zebrafish intersegmental
blood vessels (ISVs), which may be formed by a series of connected donut-shaped cells
(Kamei et al., 2006). However, this is controversial as other studies have found that
the ISVs contain multiple cells in cross-section and that lumen formation occurs not
intracellularly, but intercellularly (Wang et al., 2010; Blum et al., 2008). Branches of
the Drosophila trachea are connected by two donut-shaped cells, called fusion cells,
which align to ensure lumenal connectivity between adjacent branches (Samakovlis
et al., 1996b). Similar to the terminal cells, lumen formation appears to initiate at
the site of contact between the fusion cell and neighboring stalk cell. Invagination
from this surface creates a ramified cell that must align with, and fuse lumens to, the
other fusion cell. Contact of the fusion cells creates a focus of E-cadherin that aligns
the fusion cell cytoskeleton (Lee et al., 2003). Lumen fusion requires trafficking of
intracellular vesicles along the cytoskeleton to the invaginating lumen (Jiang et al.,
2007). Alternatively, as I show in this thesis, donut-shaped cells in C. elegans can
form via wrapping and self-fusion (see Chapter 2; Rasmussen et al., 2008; Stone et al.,

2009).
1.3 The C. elegans pharynx: a model epithelial tube

The C. elegans embryo is an excellent system to study epithelial morphogenesis. The
C. elegans system has several beneficial features, including facile forward and reverse
genetics, a small, well-described genome, epithelial cells and orthologs of most human
epithelial genes (Labouesse, 2006), an invariant cell lineage, the ability to manipu-
late cells within the animal, and hermaphrodite adults that produce embryos that
develop ex utero. All stages of development are transparent facilitating observation

of cellular behaviors. The C. elegans anatomy is relatively simple; the worm is built



from two epithelial structures: an outer layer of hypodermis (epidermis) and an inner
digestive system. The digestive system is a series of connected tubular organs: the
pharynx (foregut), intestine (midgut), and rectum (hindgut). Morphogenesis of these
structures begins midway through embryogenesis, when most cells are post-mitotic

and prior to embryonic movement (Sulston et al., 1983).

1.3.1 Pharyngeal form and function

The pharynx is a simple epithelial tube used for feeding and provides an attractive
system for studying tubulogenesis at single-cell resolution. The adult pharynx con-
tains 95 cells and its anatomy has been described in ultrastructural detail (Albertson
and Thomson, 1976). The pharynx contains several different types of cells: neurons,
glands, myoepithelial cells, and marginal cells (supporting epithelial cells). The ep-
ithelial cells of the pharynx are organized as a monolayer surrounding a central lumen
and are encased by a basement membrane. The pharynx has a bilobed shape that
can be divided into functional compartments. Bacteria enter the anterior pharynx,
the procorpus, before being trapped in the first bulb, the metacorpus. The isthmus
moves food between the metacorpus and the terminal bulb where it is crushed by the
grinder before being passed through the valve into the intestine (Figure 1.3A). The
general form and function of the C. elegans pharynx are conserved in diverse clades
of nematodes (Khatoon and Erasmus, 1971; Yuen, 1968; Doncaster, 1962; Mapes,
1965b,a; Chitwood and Chitwood, 1950; Bird, 1971; Lee, 1968).

The epithelial cells of the pharynx are organized into cell groups along the anterior-
posterior axis, with region-specific anatomy (Albertson and Thomson, 1976). The
myoepithelial cells form cell groups pm1 (pm for pharyngeal muscle) through pmS§.
The nine marginal cells form groups mcl (mc for marginal cell) through me3. The

valve epithelial cells from groups vpil (vpi for valve pharynx/intestine) through vpi3.
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Most cell groups contain multiple cells and are organized with triradiate symmetry
around the lumen, which itself is triradiate, or Y-shaped. Individual cells are named
for their cell group and position within the cell group; for example, mc3DL is the
dorsal, left cell in the me3 group. In cross-section, most of the pharynx is a multi-
cellular tube, with marginal cells interleaved between the myoepithelial cells (Figure
1.3B). There is one notable exception, the terminal muscle cell, pm8, which forms a
donut-shaped single-cell tube. pmS8 is connected to vpil, which is the anterior cell of
the valve and is also donut-shaped. The other valve cell groups vpi2 and vpi3 form

rings of three and two cells, respectively.

1.3.2  Pharyngeal morphogenesis

Development of the pharynx begins in the early embryo when maternally provided
factors induce expression of the forkhead transcription factor PHA-4, the master reg-
ulator of pharyngeal development. PHA-4 is expressed in the descendants of two early
embryonic cells, called ABa and MS (see below; reviewed by Mango, 2009). Follow-
ing induction of PHA-4, pharyngeal cells gastrulate; MS descendants gastrulate first,
followed by ABa descendants (Sulston et al., 1983; Nance and Priess, 2002; Harrell
and Goldstein, 2011). Midway through embryogenesis the pharyngeal cells aggregate
together into a cyst that adopts a radially symmetric, rosette-like structure (Leung
et al., 1999). Cells in the cyst develop apicobasal polarity and are wedge-shaped,
with a small apical surface facing the lumen and a broad basal surface contacting
basement membrane (see Chapter 3). The pharyngeal basement membrane contains
type IV collagen, laminin, perlecan, and nidogen (Kramer, 2005). Subsequently, the
pharynx develops triradiate symmetry as evidenced by the formation and expansion
of the Y-shaped lumen (Leung et al., 1999).

Surprisingly little is known about morphogenesis of the pharynx, in part because
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mutations that affect major components of the cytoskeleton including HMR-1/E-
cadherin, PAT-3/p-integrin, INA-1/a-integrin, and DLG-1/discs large, do not yield
obvious pharyngeal defects (Costa et al., 1998; Williams and Waterston, 1994; Baum
and Garriga, 1997; Bossinger et al., 2001). Two studies examined how the anterior
cells of the cyst attach to the anterior of the animal (Portereiko and Mango, 2001;
Portereiko et al., 2004). Pharyngeal attachment requires the anterior cells to reorient
their polarity, epithelialize, and contract (Portereiko and Mango, 2001). Epithelial-
ization of the anterior cells requires the kinesin-like protein ZEN-4/MKLP and its
partner CYK-4/RhoGAP (Portereiko et al., 2004), although how they function in the

anterior cells is unknown.

1.8.3  Commitment to pharyngeal cell fate

Although our understanding of pharyngeal morphogenesis remains rudimentary, quite
a bit has been learned about the molecular events that recruit cells to become pha-
ryngeal tissue (Mango, 2009). PHA-4 expression requires maternal factors in both
the AB and MS lineages, although the details are quite different.

In the AB cell lineage, two sister blastomeres ABa and ABp have equal potential
express PHA-4 and acquire pharyngeal cell fate (Priess and Thomson, 1987). How-
ever, pharyngeal fate is inhibited in ABp and then induced in ABa by sequential Notch
interactions at the 4- and 12-cell stages of embryogenesis, respectively (Priess, 2005).
The first Notch interaction induces expression of the bHLH transcription factor REF-
1. REF-1 is thought to inhibit expression of two T-box transcription factors, tbx-37
and tbz-38, which are critical for AB pharyngeal development (Neves and Priess, 2005;
Good et al., 2004). tbx-37 and tbz-38 are expressed in ABa prior to the second Notch
signal and, together with Notch, induce PHA-4 expression in ABa descendants.

In the MS cell lineage, asymmetric segregation localizes the maternal protein SKN-
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1, a cap and collar transcription factor, to the EMS blastomere. EMS-derived cell fates
require SKN-1 (Bowerman et al., 1992). EMS will divide to give rise to the E and MS
blastomeres that produce intestine and mesoderm (pharynx and muscle), respectively.
The asymmetric division of EMS requires POP-1, a TCF/LEF-1 homolog; loss of
pop-1 results in EMS producing two E-like daughters, suggesting it is required for
MS development (Lin et al., 1995). In the MS cell, POP-1 is thought to inhibit E
cell fate (Calvo et al., 2001), allowing SKN-1 to activate expression of med-1 and
med-2, which in turn activate ceh-51 and tbz-35; med-1/2 or ceh-51/tbz-35 mutants
lack MS-derived cell fates (Maduro et al., 2007, 2001; Broitman-Maduro et al., 2006,
2009). ceh-51/tbz-35 mutants fail to express PHA-4 in MS descendants (Broitman-
Maduro et al., 2009), although the molecular connection between CEH-51/TBX-35
and PHA-4 has not been elucidated.

In addition to PHA-4 being necessary and sufficient for pharyngeal cell fate (Horner
et al., 1998; Kalb et al., 1998; Mango et al., 1994), it is required throughout life for
pharyngeal function (Kaltenbach et al., 2005). Similarly, foregut development in sev-
eral systems also requires foxA transcription factors (Carlsson and Mahlapuu, 2002).
To understand how PHA-4 functions, several approaches have been taken to identify
PHA-4 targets. Microarray analysis of mutants that produce more or less pharynx
than wild-type embryos identified a set of PHA-4 target genes. Analysis of these
targets and their PHA-4 binding sites revealed that genes expressed earlier in devel-
opment had higher affinity binding sites than those expressed later. This suggests
a model that early in development, when levels of PHA-4 are limiting, only high-
affinity targets are expressed, whereas later, when levels of PHA-4 increase, both
high- and low-affinity targets are expressed (Gaudet and Mango, 2002). A bioinfor-
matic study identified combinatorial binding sites that can also influence timing of

PHA-4 dependent gene expression (Gaudet et al., 2004). Recently, ChIP-Seq (chro-
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matin immunoprecipitation followed by sequencing) was used to identify a global set
PHA-4 targets (>4,000 genes, ~20% of the genome) at different stages of wild type
development (Zhong et al., 2010).

Interestingly, PHA-4 is required to specify all of the pharyngeal cell types, yet
these cell types are quite different. For example, the myoepithelial cells are contractile
and pump food through the pharynx (Avery and Thomas, 1997), whereas the gland
cells secrete mucins into the lumen (Smit et al., 2008). These functional differences
have corresponding molecular differences: the myoepithelial cells express the muscle-
specific myosin myo-2; the gland cells express the gland-specific phat genes. How
PHA-4 coordinates with cell-type specific factors to generate the diverse pharyngeal
cell types is not fully understood. The myoepithelial cells partially require the PHA-4
target CEH-22 for myo-2 expression (Okkema and Fire, 1994; Okkema et al., 1997;
Gaudet and Mango, 2002). In the gland cells, HLH-6 activates phat gene expression
(Smit et al., 2008) and hlh-6 is likely a target of PHA-4 (Raharjo and Gaudet, 2007).
However, hlh-6 mutants do not completely lack gland cells, suggesting other factors
are involved. The full story is likely quite complex as individual cell groups (within a

cell type) have unique morphologies and gene expression patterns.
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Figure 1.1: Examples of epithelial tubes. (A) Cross-sectional views of different types
of epithelial tubes. (i) A multi-cellular tube; (ii) a tube composed of a single ‘C’-
shaped cell; (iii) a seamless single-cell tube. Apical surface is shown in green. (B)
Longitudinal sections showing two types of seamless single-cell tubes. (i) A donut-
shaped cell in which the lumen runs through the cell (topologically a toroid); (ii) a
ramified cell in which the lumen terminates within the cell (topologically a sphere).
(C) Drawings of apical junctions for various tube types.
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Figure 1.2: Mechanisms of tubulogenesis. (A) A sheet wrapping; (B) cavitation; (C)
cord hollowing; (D) cell hollowing. Apical surfaces are shown in green.
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Figure 1.3: Epithelial anatomy of the C. elegans pharynx. (A) Nomarski image of the
larval pharynx and valve. Anterior is to the left. The cuticle-rich lumen is indicated
with an arrowhead. The basement membrane that surrounds the pharynx is indicated
by an arrow. The grinder, a specialized structure for crushing bacteria, is marked
with an asterisk and it part of the terminal bulb (t. bulb). (B) Upper: cartoon of the
pharynx and valve. Positions of marginal cell groups along the anterior-posterior axis
are indicated. Marginal cells (mc) shown in magenta; myoepithelial cells (pm) shown
in blue. Lower: transverse views of the pharynx showing arrangement of epithelial
cells around the Y-shaped lumen. The anterior pharynx is a multicellular tube. Note
junctional remnant in pm2-5 from embryonic fusion events. pm8 and vpil are seamless
tubes. The vpi2 group is a ring of three cells.
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Chapter 2

NOTCH SIGNALING AND MORPHOGENESIS OF
SINGLE-CELL TUBES IN THE C. ELEGANS DIGESTIVE
TRACT

During organogenesis of the C. elegans digestive system, epithelial cells within
a cyst-like primordium develop diverse and cell type-specific shapes through largely
unknown mechanisms. We here analyze the morphogenesis of two adjacent epithe-
lial cells in the cyst, called pm8& and vpil, which become donut-shaped, or toroidal,
single-cell tubes. pm8& and vpil delaminate from the dorsal epithelium and migrate
across the cyst on a transient tract of laminin between ventral epithelial cells, while
remodeling their apical junctions. pm8 appears to encircle the midline by wrapping
around finger-like processes from neighboring cells. Finally, pm8 and vpil self-fuse
to become toroids by expressing AFF-1 and EFF-1, respectively, two fusogens pre-
viously shown to promote cross-fusion between other cell types. Notch signaling is
required for the expression of multiple genes, including aff-1, in pm8. In addition,
Notch inhibits eff-1 expression in pm8, thereby preventing cross-fusion between pm8
and vpil. Thus, the tubulogenesis of pm8 and vpil involves highly orchestrated in-

teractions with neighboring epithelial cells.!
2.1 Introduction

Epithelia formation is fundamental to the development of all animals. Epithelial cells

are polarized, with basolateral domains separated from apical domains by adherens

!This chapter is reprinted from (Rasmussen et al., 2008), with permission from Elsevier.
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junctions. The adherens junctions contain E-cadherin and other proteins that medi-
ate cell adhesion, and the basal surface typically is associated with a basal lamina.
Despite the organization and cohesion of epithelial cells, epithelia can be extensively
remodeled in response to developmental signals. Planar epithelia can be remodeled
into tubes, and epithelial tubes can develop branches (Lubarsky and Krasnow, 2003).
Although oriented cell division or apoptosis can contribute to remodeling (Gong et al.,
2004; Schreiber et al., 2005), in many cases remodeling involves non-dividing cells that
change shape or position. For example, the elaborately branched tracheal tubes of
Drosophila begin as sacs of epithelial cells that intercalate and change shape without
dividing (Casanova, 2007). Epithelia can dissociate during epithelial to mesenchy-
mal transitions (Thiery and Sleeman, 2006), or undergo transient restructuring to
allow the passage of migrating cells. Examples of transepithelial migration include
Drosophila germ cells that migrate through the posterior midgut epithelium to form
the gonad (Kunwar et al., 2006), and the passage of human leukocytes through the
epithelial lining of blood vessels to reach sites of infection (Petri and Bixel, 2006).
These events demonstrate the remarkable ability of epithelial cells to change shapes
by altering their adhesiveness.

The C. elegans pharynx provides an attractive model system for analyzing molec-
ular mechanisms of epithelial remodeling during organogenesis. The pharynx is es-
sentially a monolayered myoepithelial tube whose anatomy, specification and gene
expression have been compared to the heart of higher animals. For example, the as-
cidian heart is a simple tube, consisting of a monolayer of myoepithelial cells (Oliphant
and Cloney, 1972). The NK homeodomain transcription factors CEH-22 and Nkx2.5
function in nematode pharynx and vertebrate heart development, respectively, and
zebrafish Nkx2.5 can rescue C. elegans mutants lacking CEH-22 (Chen and Fishman,
1996; Okkema and Fire, 1994; Okkema et al., 1997; Haun et al., 1998). In addi-
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tion to muscle cells, the pharynx contains glands, neurons, and structural cells called
marginal cells. An ultrastructural reconstruction of the adult pharynx showed these
individual cells have remarkably complex, and reproducible shapes (Albertson and
Thomson, 1976). Along the longitudinal axis of the pharynx, muscles and marginal
cells are organized into distinct anterior/posterior groups based on region-specific
morphologies. For example, the most anterior muscle is shaped like a fenestrated
cylinder with openings that are nearly as large as the cell, while the most posterior
muscle is a toroid. The pharynx is linked to the intestine through valve cells, the first
of which is also a toroid.

Nearly all of the complex changes in pharyngeal cell shape begin within a cylindri-
cal cyst of initially uniform, simple epithelial cells (Leung et al., 1999; Portereiko and
Mango, 2001). During early embryogenesis, cells from two separate lineages aggre-
gate to form a primordium that forms the pharynx and valve (Mango, 2007). In both
lineages, the key step in specifying pharyngeal /valve fate is the expression of PHA-4,
an organ selector gene that encodes a forkhead box transcription factor. PHA-4 is
expressed in all pharyngeal and valve cells, and is necessary and sufficient for most
early embryonic cells to adopt pharyngeal fates (Horner et al., 1998; Kalb et al., 1998;
Mango et al., 1994). Midway through embryogenesis, cells in the primordium polarize
to form an epithelial cyst that is primarily one cell in thickness (Leung et al., 1999).
In cross sections of the cyst, most cells have a simple, wedge-shaped appearance: each
cell has a narrow apical tip facing the midline of the cyst, and a broad basal surface
associated with a basal lamina.

A complex remodeling of the cyst occurs over the next few hours of embryogenesis
(Leung et al., 1999; Mango, 2007). The cylindrical cyst is transformed into a bilobed,
tubular pharynx that contains a wide diversity of cell shapes and that is partitioned

from the adjacent valve cells by a basal lamina. To understand how cell shapes are
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determined within the cyst, we analyzed here the development of two toroidal, single-
cell tubes called pm8 and vpil. We show that morphogenesis involves Notch signaling,
epithelial to mesenchymal transitions, migration through neighboring cells on a tran-
sient tract of laminin, and self-fusion. These results reveal numerous interactions that

contribute to the final shapes of the cells.
2.2 Results

2.2.1 Background

The pharynx is a bilobed, myoepithelial tube containing pharyngeal muscles (pm),
structural cells called marginal cells (mc), gland cells, and neurons (Figure 2.1A;
see Mango, 2007, for description of pharyngeal anatomy and development). The
pharynx connects to the intestine through a multicellular valve (vpi cells for valve
pharynx/intestine). The events analyzed here occur in the posterior lobe of the phar-
ynx, called the terminal bulb, and in the adjacent valve cells. Most cells in the pharynx
are arranged with threefold radial symmetry around the lumenal axis (Figure 2.1A
and Movie S1, see the Supplemental Data available with this article online). Muscles,
marginal cells, and valve cells show anterior/posterior differences in cell morphology,
creating distinctive groups of one to six cells (groups pm1-8, mc1-3, vpil-3; Albert-
son and Thomson, 1976). For example, me3V is the ventral cell of the three group
3 marginal cells (Figure 2.1A). Although multiple cells surround the lumen of the
pharynx/valve in a typical cross-section, there are two examples of single-cell tubes:
pm8, the terminal cell in the pharynx, and vpil, the first cell in the valve (Figures
2.1A—C). Our analysis of pm8 and vpil morphogenesis begins at about 6.5 hours af-
ter the 2-cell stage of embryogenesis, when the primordium of the pharynx/valve is
a cylindrical cyst of polarized epithelial cells (Figures 2.1B,D). The apical surfaces

of these cells face the midline of the cyst, where the pharyngeal/valve lumen forms,
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and are outlined by junctional proteins such as AJM-1 (Figures 2.1D,E). The basal
surfaces of these cells face the periphery of the cyst, and are associated with a basal

lamina that contains laminin (Figure 2.1D).

2.2.2  Notch signaling requlates gene expression in pm8

Several genes have been described that are expressed in multiple or all pharyngeal and
valve cells, however, the ceh-2/ gene is expressed uniquely in pm8 (Harfe and Fire,
1998). CEH-24 is an NK transcription factor related to CEH-22 (see Introduction),
and previous studies identified a 117 bp enhancer from ceh-24 that promotes pm8-
specific expression (Harfe and Fire, 1998). We noticed that this enhancer contained a
conserved GTGGGAA sequence that is a predicted binding site for LAG-1/CSL, the
core DNA-binding protein in the Notch signaling pathway (Figure 2.7A; see Green-
wald, 2005; Bray, 2006, for reviews on Notch). We found that LAG-1/CSL bound
the wild-type enhancer in vitro, and that binding was dependent on the GTGGGAA
sequence (Figure 2.7B). Transgenic ceh-2/::GFP reporters constructed with either
the wild-type enhancer sequence, or with a GTGGGAA to GAGGCAA mutation,
were expressed in head neurons outside the pharynx, but only the wild-type enhancer
drove robust expression in pm8 (Figures 2.2C and 2.7D; Table 2.1). Expression was
dependent on Notch activity, as lin-12 glp-1 double mutants that lack both of the
C. elegans Notch proteins, LIN-12 and GLP-1, either did not express ceh-24::GFP
(18/20 embryos) or showed only weak expression (2/20 embryos; Figure 2.2D; Table
2.1).

REF-1 is a C. elegans bHLH transcription factor that is distantly related to
Drosophila E(spl) (Alper and Kenyon, 2001; Neves and Priess, 2005). The ref-1
gene is a direct target of Notch signaling in several interactions in the early embryo,

but is expressed in other cells independent of Notch (Neves and Priess, 2005). In
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the wild-type epithelial cyst, we found that ref-1::GFP was expressed in pm8 and in
the sister cells €2V and mc3V (Figure 2.2I and data not shown). lin-12 glp-1 double
mutants showed expression in e2V and mc3V, but not in pm8 (Figure 2.2J; Table
2.1). Additional experiments showed that pm8 expression required LAG-1/CSL, and
appeared to involve either of the Notch ligands LAG-2/Delta or APX-1/Delta (Table
2.1 and see below).

The myo-2 gene encodes a pharyngeal-specific myosin; the myo-2 promoter lacks
predicted LAG-1/CSL binding sites, and thus is unlikely to be a direct target of Notch
signaling (data not shown). We generated an integrated transgenic strain expressing
a nuclear-localized myo-2::GFP reporter (J. Gaudet, unpublished), and found that
wild-type larvae reproducibly showed expression in each of the expected 13 muscle
nuclei in the terminal bulb (6 pm5 + 3 pm6 + 3 pm7 + 1 pm8; Figure 2.2E; Table
2.1). Notch mutant larvae had defects in pm8 myogenesis (Figures 2.2F and 2.8B);
for example, 97% of lag-1 mutant larvae contained only 12 myo-2::GFP-expressing
cells in the terminal bulb, and specifically lacked expression at the normal position
of pm8 (Table 2.1). We conclude that Notch signaling induces the expression of a
least two transcription factors in pm8, CEH-24 and REF-1, and is required for pm8

myogenesis.

2.2.3 Notch mutants are defective in both pm8 and vpil morphogenesis

lag-1 mutant larvae usually lacked a nucleus in the normal position of the pm& nucleus,
suggesting that Notch mutants have a defect in pm8 morphogenesis that is at least
partially separate from the myogenesis defect. We used light and electron microscopy
to compare the pharynx and valve in newly hatched, wild-type larvae with Notch
mutant larvae. In newly hatched, wild-type larvae, the first valve cell (vpil) forms

a cup-like enclosure over the posterior end of pm8 (Figures 2.9A,C); in live animals,



26

pm8 and vpil appear tightly adherent and show no visible separation during body lo-
comotion (our unpublished observations). pm8 and vpil make a small, direct contact
near their apical surfaces, but are otherwise separated by a prominent basal lamina
that almost completely separates the pharynx from the valve (Figure 2.9C). In Notch
mutant larvae, cells at the pharynx/valve interface had several morphological defects
including large gaps between cells (arrow in Figure 2.2B), broad contacts between
pharyngeal cells and valve cells without an intervening basal lamina (Figure 2.9B
and data not shown), and abnormal patterns of apical junctions (see Figures 2.4H,I).
We were unable to identify cells with the normal morphology of pm8 or vpil in the
mutant larvae, although other cells such as the pm6 and pm7 muscles appeared well
differentiated (n=12; Figure 2.9B). Thus, these results suggest the Notch pathway
has a role in the differentiation or morphogenesis of pm8, vpil, and possibly other

valve cells.

2.2.4 Notch is activated in the postmitotic pmé8 cell

To determine when and where Notch interactions occurred, we first sought to identify
the relevant ligand-expressing cells through laser-killing experiments. We found that
descendants of the embryonic cell MSaapa that were not previously known to function
in Notch signaling expressed the ligand LAG-2/Delta (Figure 2.3A) and were required
for Notch-dependent ref-1::GFP expression in pm8 (Figure 2.3B). In immunostaining
experiments, the first apparent contact between MSaapa descendants expressing lag-
2::GFP and cells that express the receptor LIN-12/Notch occurred after the birth of
pm8, approximately 6 hours after the 2-cell stage. A clone of four LIN-12-expressing
cells is located in the left dorsal quadrant of the epithelial cyst; the most posterior
cell in this group is pm8 (Figures 2.3C,D). At this stage, vpil is in the right dorsal
quadrant of the cyst, and does not express detectable levels of LIN-12; the receptor
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GLP-1/Notch was not detectable in vpil or pm8 (Figure 2.3C and data not shown).
MSaapa descendants within the cyst express LAG-2/Delta, and one or two of these
cells contact pm8 directly (Figure 2.3C). Lateral views of embryos at approximately
the same stage showed Notch-independent expression of ref-1::GFP in the pharyngeal
cells €2V and mc3V, but no other pharyngeal or valve cells (Figure 2.3D’). However,
pm8 showed strong ref-1:: GFP expression about 30 minutes later (Figure 2.3E’). These
results suggest that Notch signaling is activated in the postmitotic pm8 cell, but not
in vpil or any other valve cell, and that Notch thus has an indirect role in valve

differentiation or morphogenesis.

2.2.5 pm&8 and vpil morphogenesis

The initial stages of wild-type pm8 morphogenesis were visualized by immunostain-
ing for LIN-12/Notch. For subsequent stages, we used the ref-1 promoter to drive
expression of a plasma membrane-localized GFP (ref-1::GFP-PM). pm8 initially is
a wedge-shaped epithelial cell on the dorsal, left side of the cyst, and has a broad,
midline-facing apical surface similar to other cyst cells (Figure 2.1E and Figure 2.3D).
Shortly thereafter, pm8 nearly detaches from the dorsal basal lamina, and its apical
surface is remodeled into a lamella that invades the ventral side of the cyst (Figures
2.3E and 2.4A B; data not shown). Both the pm8 nucleus and bulk cytoplasm cross
into the ventral side, leaving only a thin connection to the dorsal perimeter of the
cyst (Figures 2.4A-D). pm8 invades the ventral side of the cyst to the left of the
midline, but gradually spreads across the entire cross section of the cyst (Figure 2.4F
and Movie S1).

vpil morphogenesis was examined by electron microscopy and expression of eff-
1::EFF-1::GFP (see below). Similar to pm8, vpil initially is a wedge-shaped dorsal

cell that extends a lamellar process into the ventral side of the cyst; the vpil lamella
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is closely associated with the posterior surface of the migrating pm8 cell body (Fig-
ures 2.4E and 2.9D). In contrast to pm8, the nucleus and bulk cytoplasm of vpil
remain on the dorsal side of the cyst. Both pm8 and vpil appear to redistribute cy-
toplasm throughout their respective cell bodies during late embryogenesis, becoming
symmetrical tubes centered on the midline of the cyst (Figure 2.1C, inset, and data

not shown).

2.2.6 pm8 and vpil migrate within the cyst on a transient path of laminin

In all embryos analyzed, pm8 and vpil migrated into the ventral side of the cyst
specifically at the lateral interface between the ventral cells me3V and vpi2V (see
Figure 2.1B). In some examples of transepithelial migration in other systems, cells in
the target epithelium disassociate prior to the arrival of migrating cells, thus creating
openings for migration (Kunwar et al., 2006). Electron micrographs of the epithelial
cyst before or during pm8& migration did not show obvious gaps between any ventral
cells (data not shown). A second possibility is that the mc3V /vpi2V interface provides
a guidance cue for pm8 migration. Consistent with this hypothesis, we found that a
transient tract of laminin appears in the ventral cyst shortly before pm8 migration
(Figures 2.5A,D), and disappears after pm8 migration (Figure 2.5E). Heterotrimeric
laminin in C. elegans is composed of either of two « chains (EPI-1 and LAM-3), a 8
chain (LAM-1), and a v chain (LAM-2) (Kramer, 2005). An antiserum specific for
LAM-3 stained the tract in wild-type embryos, but not in lam-3 mutant embryos (data
not shown). In time-lapse movies of lam-1::LAM-1::GFP, the laminin tract appeared
to spread inward from the ventral perimeter of the cyst over a 20 minute interval
(Movie S2) before regressing. In later embryogenesis, a different and permanent zone
of laminin appears along the posterior surface of pm8 that is part of the basal lamina

between pm8 and vpil (Figures 2.5F and 2.9C). Using ref-1::GFP to identify both
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mc3V and pm8, we found that the transient laminin tract appeared specifically at the
mc3V /vpi2V interface, and that the tract disappeared concomitant with the ventral
migration of pm8 (Figures 2.5G-I). The laminin tract was present at the me3V /vpi2V
interface in lin-12 glp-1 mutants, indicating that it is specified independent of Notch
signaling. Indeed, the tract persisted in 7.5 hour-old lin-12 glp-1 mutant embryos
(Figure 2.5B), long after it disappears from wild-type embryos (Figure 2.5E).

An antiserum against EPI-1 stained the tract, indicating that it contains both
laminin « chains, LAM-3 and EPI-1. We found that lam-3 and epi-1 single mutants
appeared to have normal pm8 migration (data not shown). However, pm8 was unable
to migrate ventrally in lam-3; epi-1 double mutants, and instead remained primarily
on the dorsal side of the cyst (Figure 2.5J). Cell migration on laminin surfaces can
involve the major laminin receptor, integrin. In C. elegans, ina-1 is one of two genes
encoding the alpha subunit of heterodimeric integrin, and pat-3 encodes the sole beta
subunit (Kramer, 2005). pat-3(RNAi) embryos had severe developmental defects that
complicated an analysis of pm8 migration. However, most ina-1 mutants were able to
complete embryogenesis and hatch as deformed larvae. We found that ina-1 mutants
showed severe defects in pm8 migration (Figure 2.5K). In many larvae, pm8 appeared
to have migrated abnormally, into the region normally occupied by valve cells and
anterior intestinal cells (Figure 2.5K). The pm8 cell body was closely apposed to
the basal lamina surrounding the valve and intestine, suggesting that pm8 might
extend along basal laminae associated with these surfaces rather than the normal

mc3V /vpi2V interface.

2.2.7 Tubulogenesis and self-fusion

A single-cell tube such as pm8& or vpil might, in principle, be either a toroid or a

C-shaped cell. The apical surfaces of both types of tubes have circular intercellular
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junctions at each end of the cell, but only the C-shaped cell has an autocellular
apical junction (Figure 2.6A). pm8 and vpil have been shown to be toroids, rather
than C-shaped cells, in adult C. elegans (Albertson and Thomson, 1976). We found
that in 7.5 hour embryos pm8 and vpil had the apical junction pattern expected
for toroidal cells (two unconnected circles; Figure 2.6B), and confirmed by electron
microscopy that both cells are toroids (Figure 2.10). Although an epithelial cell can
roll up into a C-shape, a toroid has a distinct topology that requires at least one
self-fusion event. C. elegans development provides multiple examples where adjacent
cells fuse together into a multinucleate syncytium, and most of these fusions require
the eff-1 gene (Mohler et al., 2002). EFF-1 acts homotypically to induce fusion; it is
sufficient to promote fusion of heterologous cells that each express EFF-1 (Podbilewicz
et al., 2006). Recent studies in C. elegans have identified a second fusogen, AFF-1,
with a similar ability to fuse heterologous cells (Sapir et al., 2007). We found that
eff-1::EFF-1::GFP was expressed at high levels in vpil beginning at about 7 hours
(Figure 2.6B’), but was never expressed in pm8. In 7.5 hour eff-1 mutant embryos,
vpil had a novel, autocellular junction as characteristic of a C-shaped cell, while
pm8 retained the wild-type, toroidal pattern of intercellular junctions (Figure 2.6B,
inset). Conversely, aff-1::GFP was expressed in pm8 beginning at about 7.2 hours,
but was never expressed in vpil (Figure 2.6C’). In 7.5 hour aff-1 mutant embryos,
pm8 had a novel autocellular junction, while vpil retained the wild-type, toroidal
pattern of intercellular junctions (Figure 2.6C, inset). These results suggest that in
normal development both pm8 and vpil adopt C-shapes before self-fusing through
AFF-1 and EFF-1 activities, respectively.

Because cells in the approximate positions of pm8 and vpil have highly abnormal
patterns of apical junctions in Notch mutants, we examined EFF-1 expression in

these embryos. Although eff-1::EFF-1::GFP is expressed only in vpil in wild-type
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embryos, in lag-1 mutant embryos the reporter was expressed in two adjacent cells at
this position (Figures 2.6D,E), or in a single, abnormally large binucleate cell (Figure
2.6F). We identified one of the cells that expressed eff-1:EFF-1::GFP as pm8 based
on its contact with group 7 muscle cells (data not shown). Conversely, neither pm8
nor vpil expressed aff-1::GFP in lag-1 mutants (Table 2.1). We conclude that Notch
has two roles in pm8 and vpil tubulogenesis. First, Notch is required for pm8 to
express AFF-1, allowing pm8 to self-fuse. Second, Notch is required to prevent pm8
from expressing EFF-1, thereby preventing pm8 from cross-fusing with the EFF-1-

expressing vpil cell.

2.2.8 Formation of the intracellular lumen in pm8 and vpil

If pm8 and vpil normally become C-shaped cells that then self-fuse into toroids, how
are their C-shapes determined? Three group 3 marginal cells are immediately ante-
rior to pm8 during pm8 and vpil morphogenesis, and one of these (mc3V) expresses
the same ref-1::GFP-PM reporter as pm8 (see Figures 2.1A and 2.3E’). In analyzing
pm8 morphogenesis, we discovered that all three marginal cells extend a finger-like
process posteriorly along the midline of the cyst during pm8 and vpil morphogen-
esis (Figures 2.4A-D,F, and 2.10A; Movie S3). Thus, as the pm8 cell body moves
into the left ventral side of the cyst, then spreads across the entire cross section of
the cyst, it wraps around the three marginal cell fingers (Movie S4). The fingers
appeared to stop at, or extend slightly beyond, the posterior surface of pm8, where
they would presumably contact the thin, ventral lamella from vpil; vpil showed a
strong enrichment of filamentous actin at the midline during formation of its lumen
that was not apparent in pm8 (Figure 2.4E). Previous studies have shown that the
pharyngeal lumen begins as small opening along the midline of the epithelial cyst;

as the lumen expands it acquires a Y-shape when viewed in cross section (Leung
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et al., 1999). The three marginal cell fingers remained in the center of pm8 during
lumenal expansion, moving apart to occupy the three tips of the Y-shaped lumen
(Figure 2.4F). The marginal cell fingers formed apical junction connections with the
apical face of pm8, but not vpil, and persisted in the pm8 cell body throughout larval
development. Thus, while the cylindrical apical surface of pm8 initially has only two,
circular intercellular junctions (Figure 2.6B), in late embryos and larvae there are an
additional three, paired lines of junctional material across this surface that correspond
to the three fingers (Figures 2.6G,H). An intriguing possibility is that the marginal
cells fingers template the lumenal channel through pm&, and possibly vpil, as pm8
and vpil remodel their apical surfaces. However, we have not yet been able to test
this hypothesis by removing all three marginal cells simultaneously; pm8 formed an
abnormally shaped lumen when only mc3V was killed with a laser microbeam (2/2
embryos), or when the fate of me3V was transformed by the glp-1(e2072) mutation

(3/3 embryos examined by electron microscopy; see Priess et al., 1987).
2.3 Discussion

2.3.1 Establishment of the pharynz/valve boundary

We here analyzed the morphogenesis of pm8 and vpil, two adjacent, single-cell tubes
in the C. elegans digestive tract. pm8 and vpil differentiate within a cyst of initially
similar epithelial cells that all express PHA-4. The morphogenetic events that define
the pm8/vpil boundary compartmentalize the cyst into the functionally distinct or-
gans of the pharynx and valve. Cells throughout the epithelial cyst initially have a
radially-oriented apicobasal axis, and most cells retain this polarity after morphogen-
esis. For example, pharyngeal muscles have single sarcomeres, and in most of these
muscles the myofilaments are oriented radially, extending from the pharyngeal lumen

to the peripheral basal lamina. In contrast, the apicobasal axes of pm8 and vpil are
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reoriented during morphogenesis. The basal surfaces of pm8 and vpil shift to face
each other, and presumably form the basal lamina that nearly separates the two cells.
This shift in polarity allows pm8 to have obliquely-oriented myofilaments; similar
myofilaments occur at the terminus of the pharynx in diverse groups of nematodes,
and are believed to function in moving foodstuffs during feeding (Doncaster, 1962;
Mapes, 1965a). We speculate that it is advantageous for pm8 and vpil to be toroids,
rather than simply C-shaped cells, because toroids present a symmetrical pm8/vpil
interface for cell attachment and basal lamina deposition (see Figure 2.6A).
Formation of a toroid requires at least one fusion event; thus, pm8 and vpil must
self-fuse, but not cross-fuse. We have shown that pm8 and vpil self-fuse by expressing
different fusogens, an elegant solution to the problem of creating linked, single-cell
tubes. vpil expresses a fusogen, EFF-1, that is sufficient to fuse heterologous cells
that each express EFF-1 (Podbilewicz et al., 2006). We have shown that in eff-1
mutants vpil is a C-shaped cell with an autocellular junction, indicating that EFF-1
normally promotes the self-fusion of vpil. pm8 does not express EFF-1, but instead
expresses a second fusogen, AFF-1, and requires aff-1 activity to become a toroid.
Thus, AFF-1 and EFF-1 cause self-fusion in pm8 and vpil, in addition to promoting

cross-fusion between other types of embryonic cells.

2.3.2  Epithelial to mesenchymal transition

pm8 and vpil are wedge-shaped, dorsal epithelial cells prior to becoming C-shaped
cells and self-fusing. To form a C-shape around the cyst midline, both pm8 and vpil
invade between cells in the ventral side of the cyst. Although vpil extends only a
lamellar process through ventral cells, the nucleus and most of the pm8& cell body
enter the ventral side. Notch activity appears to be involved in pm8 delamination

from the dorsal basal lamina; pm8 normally detaches from the dorsal perimeter at
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about the same time as Notch target genes are expressed in pm8, but does not ap-
pear to detach in Notch mutant embryos. The delamination and migration of pm8
can be considered an epithelial to mesenchymal transition (EMT). In most animals,
EMT is a fundamental and widely used morphogenetic program that functions in
gastrulation, and tissue and organ development; EMT also occurs in pathological
states during wound healing and in tumor progression (Thiery and Sleeman, 2006).
A well-documented role for EMT occurs in the development of the vertebrate heart
(Eisenberg and Markwald, 1995). Within the primitive heart tube, epithelial (endo-
cardial) cells that contribute to valve development and heat septation break adherens
connections to their neighbors and invade the surrounding extracellular matrix (car-
diac jelly). Notch signaling occurs within the endocardium, and is critical for EMT
(Timmerman et al., 2004). In contrast to the prevalence of EMT in other systems,
the C. elegans literature is almost devoid of examples of EMT. For example, most
gastrulating cells in C. elegans are not epithelial, and lineage mechanisms ensure that
most cells are born in their appropriate positions without extensive tissue remodeling
(Nance et al., 2005). Because many basic processes in EMT are poorly understood,
such as the restructuring of junctional complexes between cells, pm8 morphogenesis

should prove a useful model system for genetic analysis.

2.3.8  Laminin and intraepithelial cell movements

The migration of pm8 and vpil between cells in the ventral epithelium of the cyst
resembles transepithelial migration in other systems, such as human leukocytes and
Drosophila germ cells (see Introduction). In all three systems, migration occurs be-
tween cells in the target epithelium. These events occur rapidly, requiring about
15 minutes for pm8 migration and from 5 to 16 minutes in some in vitro models of

leukocyte invasion (Shaw et al., 2001). In Drosophila, the target epithelium appears
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primed for invasion; apical junctions are remodeled to create intercellular gaps even
in the absence of the invading germ cells (Kunwar et al., 2006). In contrast, invading
leukocytes can induce junctional remodeling of the target epithelium (Shaw et al.,
2001). In our present study, we found (1) that a tract of laminin appears between
the ventral cells me3V and vpi2V prior to pm8 and vpil migration, (2) that pm8
and vpil migration occurs specifically at the me3V /vpi2V interface, and is associated
with a disappearance of the laminin tract, and (3) that laminin function is essential
for pm8 migration (vpil was not examined in this experiment). These results sug-
gest that laminin provides a transient path for pm8 migration. We do not yet know
whether the formation of the laminin tract is induced by signals from pm8 and/or
vpil, however, the tract forms independent of Notch. Future genetic studies should
reveal the laminin receptor(s) involved in pm8 migration. If integrin were the sole
receptor for laminin in pm8 migration, we would have expected a lack of migration
in integrin mutants, rather than the overmigration, or aberrant migration observed.
Interestingly, neurons in alpha6 integrin-null mice show an analogous overmigration
phenotype (Georges-Labouesse et al., 1998). Although laminin is often implicated
in animal cell migration, we know of no similar example of a transient laminin tract
guiding migrating cells through a polarized epithelium. The tract in C. elegans forms
and disappears within about 30 minutes, so it is possible similar, transient tracts
might have been overlooked in epithelia in other systems. Indeed, we observed addi-
tional examples of laminin within C. elegans tissues that are not known to contain
migratory cells (our unpublished observations). Thus, it will be interesting to deter-
mine whether laminin-dependent, short-range cell movements similar to those of pm8

and vpil are a common feature of epithelial remodeling.
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2.3.4  Lumen formation in a single-cell tube

Single-cell tubes are found in diverse animal tissues, including the fine capillaries of the
vertebrate vascular system, the termini of the Drosophila tracheal system, and the C.
elegans excretory (renal) system (Lubarsky and Krasnow, 2003). Some of these tubes,
such as the fusion cells of the Drosophila tracheal system, are toroids like the C. elegans
pm8 and vpil cells (Samakovlis et al., 1996b). The lumen in some single-cell tubes is
thought to form from the coalescence of cytoplasmic vacuoles (Lubarsky and Krasnow,
2003; Berry et al., 2003; Kamei et al., 2006). In our electron microscopic study, we
did not find obvious cytoplasmic vacuoles in pm8 or vpil before or immediately after
lumen formation (see Figure 2.9D). pm8 migrates into the ventral side of the epithelial
cyst on the left side of the midline, and the pm8 cell body subsequently expands to
span the diameter of the cyst. During these events, the three group 3 marginal cells
extend fingers posteriorly along the midline. Thus, pm8 must actively or passively
wrap around the fingers at the midline. An intriguing possibility is that the fingers
play a morphogenetic role in templating the lumenal surface of pm8. However, we
have not been able to test this hypothesis by removing all three of the marginal cells
simultaneously. If the fingers do not play a direct role in templating the lumen, it
is possible they have a mechanical function in holding cyst cells together while pm8

and vpil remodel their apical junctions.

2.3.5 Notch signaling and the tubulogenesis

The Notch pathway is required for proper pm8 and vpil tubulogenesis, and appears to
have two distinct roles. First, Notch is required for pm8 to express the fusogen AFF-
1. Although the presumptive ligand-expressing cells in the cyst appear to contact
both pm8 and vpil (see Figure 2.3C), only pm8 expresses LIN-12/Notch, and only
pm8 expresses the Notch targets ceh-24 and ref-1. These results suggest that the
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Notch pathway is activated only in pm8, and that defects in vpil morphogenesis
in Notch mutants occur indirectly. Second, we have shown that expression of the
EFF-1 fusogen is normally restricted to vpil, but that pm8 and vpil both express
EFF-1 in Notch mutants and can cross-fuse. Cross-fusion would prevent a basal
lamina from forming between pm8 and vpil, and thus account for the inappropriate,
broad cellular contacts observed between pharyngeal and valve cells in Notch mutant
embryos. Future studies should elucidate the transcriptional network linking Notch
targets with fusogen expression and myogenesis. The regulatory regions of both aff-
1 and eff-1 contain candidate LAG-1/CSL binding sites (our unpublished results),
however, we do not yet know whether either gene is a direct target of Notch. pm8 does
not appear to express FOS-1A, a transcription factor that regulates aff-1 expression
in a larval cell called the anchor cell (Sapir et al., 2007, and our unpublished results).

We conclude by noting that cells acquire several distinct, and reproducible mor-
phologies during the differentiation of the pharynx/valve from an epithelial cyst. The
remarkable number of events underlying the development of just two of these cells,
pm8 and vpil, hint at the complexity of organ differentiation. Because only a few
postmitotic cells in the cyst express the receptors LIN-12/Notch or GLP-1/Notch, it
appears that Notch does not play a major role in the morphogenesis of most other
cyst cells. Thus, it is likely that there are several different pathways that specify cell
shapes throughout the cyst, and it should be interesting in future studies to identify

these pathways and determine how they are coordinated.
2.4 Experimental Procedures

2.4.1 Nematodes

Standard techniques were used to maintain and manipulate nematodes (Brenner,

1974). The following extrachromosomal or integrated arrays were created for this
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study; details available upon request: zuFz146: [ceh-24 (115bp)::GFP (pKG63); rol-
6], zuFEx165: [ceh-24 (115bp)(-CSL)::GFP (pKG70); rol-6], zuEx221: [ref-1 (153bp)::
GFP-PM (pKG79); rol-6], zuls190: [myo-2::GFP (pSEM474); rol-6]; the plasmid
pSEM474 was kindly provided by Jeb Gaudet and Susan Mango. The following
transgenes have been described: zuFz132: [ref-1 (600bp)::GFP] (Neves et al., 2007);
zuls104: [ref-1 (1.8kb)::REF-1::GFP] (Neves and Priess, 2005); urEz131: [lam-1::LAM-
1::GFP] (Kao et al., 2006); hyEz167: [aff-1::GFP] (Sapir et al., 2007); zzIs22: [eff-
1::EFF-1::GFP] (del Campo et al., 2005); and syls123: [fos-1a::YFP::FOS-1A] (Sher-
wood et al., 2005). Mutant alleles used in this study are described in WormBase
(http://www.wormbase.org/): LG1, lam-3(n2561); LG 11, aff-1(tm2214), eff-1(hy21),
eff-1(ok1021); LG 111, glp-1(q46), ina-1(gm86), lin-12(n941); LG IV, epi-1(rh199),
lag-1(q385); LG V, apz-1(zu87ts), lag-2(q387), lag-2(q411), lag-2(q420ts). A strain
was constructed with the ref-1::GFP-PM transgene that was heterozygous for the
lam-3(n2561) and epi-1(rh199) mutations. Approximately 1/16 of the progeny of
these animals had a novel and consistent defect in pm8 migration that was not ob-
served in either of the homozygous single mutants; we infer that these embryos are

homozygous for both mutations.

2.4.2  Transgenes

Standard techniques were used to manipulate DNA. All transgene constructs were
made using PCR fusion techniques (Hobert, 2002). GFP reporter constructs for ceh-
24 and ref-1 were derived from pAP10 (A. Paulson and S.E. Mango, unpublished).
The ceh-24 promoter was amplified using Pst I linkers and the following forward (F)
and reverse (R) genomic sequences: ceh-24 (F = gagctetttgeatctttttcac, R = gagaagt-
gttatcagtgttatee; pKG63). ref-1::GFP-PM was constructed by cloning amplified ge-
nomic ref-1 DNA (F= ctcaccaggggttatcaaaccaatatg, R=atcccaatggtteecatcactate) into
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the Hind III/Bam H1 sites of pJN152 GFP-PM (J. Nance, unpublished). Pro-
moter /enhancer mutagenesis was performed using the QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA, USA). Predicted start codons were obtained
from the WormBase web site (http://www.wormbase.org). Constructs were injected
at 40ng/ul together with rol-6 DNA, at 100ng/ul, to generate extrachromosomal ar-
rays (Mello and Fire, 1995). At least two independent lines were analyzed for each
transgene, and at least twenty embryos were examined per line. The myo-2::GFP
array was integrated by gamma-irradiation (Mello and Fire, 1995). Electrophoretic
mobility shift assays (EMSA) shown in Figure 2.7 were performed essentially as de-
scribed (Stroeher et al., 1994).

2.4.8  Immunofluorescence

The following antibodies/antisera were used: anti-LAM-3, anti-EPI-1 (Huang et al.,
2003), mAbGJ1, mAbGJ2, anti-LIN-12 (gift from Stuart Kim), MH27 (Francis and
Waterston, 1991), anti-GFP (Abcam ab6556). Worm and embryo fixation procedures
were performed essentially as described (Lin et al., 1998; Leung et al., 1999). Unless
stated otherwise, between 5 and 25 embryos were analyzed for all immunofluorescence

experiments.

2.4.4 Microscopy

Electron microscopy was performed as described (Costa et al., 1997). Sets of 5-10
thin sections spaced by 0.5 to 1 micron intervals were taken from plastic-embedded
clusters of 25-50 embryos. Embryos with the plane of section though the axis of the
pharyngeal lumen were selected for detailed analysis.

Images shown in Figures 2.10 and 2.4F were from a set of serial sections through

the terminal bulb of the pharynx and valve (J. Priess and J. N. Thomson, unpub-
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lished). Fluorescence images in Figure 2.5G and Movies S1, Movie S2, Movie S4
were collected with a spinning disk confocal system (Yokogawa CSU-10) on a Nikon
TE-2000 inverted microscope equipped with a Hamamatsu C-9100 camera, running

Volocity 4.1 (Improvision, Lexington, MA).

2.4.5 DNA Binding

Electrophoretic mobility shift assays (EMSA) were performed essentially as described
(Stroeher et al., 1994) with 25 nanograms of GST-LAG-1, 0.1 micrograms of poly
(dI-dC) per reaction and 0.2 micromolar labeled probe. The GST-LAG-1 fusion pro-
tein used for EMSA has been described previously and contains amino-acid residues
192-663 of LAG-1 (Kovall and Hendrickson, 2004). The probe sequence was as follows:
gaattctegegact CGTGGGA AaatgggeggaagggcacCGTGGGA Aaatagtteccaggaatte. This

sequence has been used previously for EMSA with LAG-1 (Hwang et al., 2007) and
the underlined region for EMSA with the CSL protein CBF1 (Zimber-Strobl et al.,
1994). The wild-type competitor from the ceh- 24 pm8 enhancer was used as follows:
tggtgageactttgtgtgaaggatctetttacTGTGGGA Accacccgagacgeateattggget. For the mu-
tant competitor, TGTGGGAA was changed to TGAGGCAA.

2.5 Supplementary Material

The online supplement including Movies S1-54 is available at http://www.ncbi.nlm.

nih.gov/pmc/articles/PMC2435507/.
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aff-1::GFP

Reporter Genotype pm8 expression % (n)
ceh-24::GFP WT 100 (50)
lin-12(n676n930ts) 52 (72)

lin-12(n941)glp-1(q46) 10 (20)

ceh-24(-CSL)::GFP WT 15 (38)
ref-1(600bp )::GFP WT 100 (35)
ref-1(1.8kb)::REF-1::GFP lin-12(n941)glp-1(q46) 0 (83)
ref-1(600bp )::REF-1::GFP lin-12(n941) 2 (64)
lag-1(q385)/+ 100 (18)

ref-1(600bp )::GFP lag-1(q385) 0 (10)
lag-2(q411) 100 (15)

lag-2(q420ts) 100 (20)

apz-1(zu347ts) 100 (21)

lag-2(q387) 0 (12)

ref-1(1.8kb —CSL)::REF-1::GFP  WT 0 (25)
myo-2::GFP WT 100 (110)
lag-2(q420ts) 100 (36)

lin-12(n941)/+ 100 (44)

lin-12(n941) 36 (78)

lin-12(n941)glp-1(q46) 45 (206)

(89)

(67)

(62)

lag-1(q385)
WT
lag-1(q385)

Table 2.1: Notch-regulated gene expression in pm8
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Figure 2.1:  Cell morphology and polarity in the pharynx/valve. (A) Diagram of some
of the cells in the terminal bulb of the pharynx and in the valve. The three group 3
marginal cells are shown in purple, and names of the principle cells mentioned in the
text are indicated. (B) Diagram of cell positions in the cyst (top) and pharynx/valve
(bottom). Note the reorientation of the basal lamina-associated, basal surfaces of
pm8 and vpil. (C) pm8 in an adult and newly hatched larva (inset) visualized by ref-
1::GFP-PM; white lines indicate perimeter of terminal bulb. (D) Optical longitudinal
section through the middle of an embryo showing the epithelial cyst (bracket). (E-
E”) High magnification of region corresponding to double-headed arrow in panel D
after immunostaining for apical junctions (AJM-1) and LIN-12/Notch to visualize
pm8 (see also Figure 2.3D). Note that pm8 contacts, but does not cross, the midline
(arrow). Polygonal shapes are the apical surfaces of various cells in the cylindrical
array around the midline. Bars = 2 ym (C), 10 pm (D), 2.5 ym (E-E”).
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Figure 2.2: Notch-dependent gene expression in pm8. The columns show wild-type
(left) and lin-12 glp-1 mutant (right) animals either after hatching at 14 hours (A-F),
or at 7 hours in embryogenesis (G—J). Transgenic reporters are as listed; white lines
indicate perimeter of the pharynx (C,D) or epithelial cyst (I,J). Nuclei labeled “n” in
panels C and D are neurons outside the pharynx that express ceh-24::GFP. Bars = 5

pm (A-F), 10 pm (G—J). Embryos are approximately 50 pym in length.
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Figure 2.3: Notch signaling in the epithelial cyst. (A—A’) Ventral view of an embryo
before formation of the cyst showing lag-2 expression in MSaapa. (B) ref-1::GFP
expression in a cyst-stage, wild-type embryo after killing MSaapa; embryo shown
is the same stage and orientation as in Figure 2.21. ref-1::GFP expression in pm8
was observed after killing the following cells: MS (0/4 embryos), MSaa (0/4- MS and
MSaa are precursors of pm8), MSap (6/6), MSaap (0/4), MSaapa plus MSaapp (0/3),
MSaapp (5/5), MSaapa (4/4 when the ablated cell entered the body cavity, 0/3 when
it remained outside). (C-C”) Dorsal view of a 6 hour embryo immunostained for GFP
(lag-2::GFP) and LIN-12/Notch; white lines indicate boundary of epithelial cyst. The
approximate position of vpil is indicated based on light microscopy of living embryos
at this stage and orientation. (D-D”) Lateral view of embryo at about the same stage
as panel C; ref-1::GFP is expressed in the Notch-independent cells e2V and mc3V,
but not in pm8. (E-E”) Embryo approximately 20 minutes later than in panel D
showing ref-1::GFP in pm8. Note lamella from pm8 (arrow in panel E) extending
ventrally across the midline of the cyst (dashed line).
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Figure 2.4: Ventral migration and lumen formation in pm8 and vpil. (A-D) ref-
1::GFP-PM expression in pm8 and the group 3 marginal cell me3V in successively
older embryos. Images are optical sections through the midline of the cyst. (E-E”)
vpil expressing eff-1::EFF-1::GFP and stained with phalloidin to visualize F-actin at
the midline (arrow). (F) Electron micrograph and diagram of a cross section through
pm8 in an embryo near hatching. The three marginal cell fingers (numbered 1-3) are
evident in the Y-shaped lumenal channel (white) of pm8. (G) Apical junctions in
a wild-type, third stage (L3) larva.. Apical surfaces of cell like pm7 resemble broad
triangles, while the group 3 marginal cells (numbered 1-3) have long, thin apical
surfaces. Note how fingers from the marginal cells extend through the apical surface
of pm8. The region indicated by the double-headed arrow is diagrammed to show a
superposition of the pm8&8 and vpil cell bodies on their apical surfaces; apical junctions
are drawn in black. (H, I) Same region as in panel F in wild-type (H) and lin-12 glp-1
mutant (I) embryos near hatching. Bars = 1 pm (F), 5 um (F-H).
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Figure 2.5: pm8 migrates ventrally on a laminin tract. (A) A 7 hour embryo stained
for laminin. Laminin is present in the basal lamina surrounding the cyst (bracket). A
transverse tract of laminin is evident in the posterior, ventral half of the cyst (arrow
indicates the cyst midline). (B) lin-12 glp-1 embryo at 7.5 hours. (C-F) Sequence of
successively older wild-type embryos showing the appearance (D) and disappearance
(E) of the laminin tract, followed by the deposition of laminin on the posterior surface
of pm8 after morphogenesis (F). (G-I) Single embryos immunostained for LAM-3 and
GFP (ref-1::GFP-PM) before (G), during (H), and near the completion (I) of pm8
migration. Arrows indicate the midline of the cyst. (J) lam-3; epi-1 double mutant
at about 9 hours; pm8&8 has failed to migrate to the ventral side. This embryo has
a shape similar to younger, 7.5 hour wild-type embryos because of defects in body
morphogenesis, but has the well-formed tail spike (arrow) characteristic of wild-type 9
hour embryos. (K) ina-1 mutant larva showing pm8 extension into the valve/anterior
intestine; similar defects occur in 74% of the hatched animals (n=46). Bars = 10um
(A,B) and 5 pm (G-I).
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Figure 2.6: Self-fusion of pm8 and vpil. (A) Diagram comparing (1) a box-like cell
with a simple, flat apical surface, (2) a topologically equivalent C-shaped cell, and
(3) a topologically distinct toroid with a cylindrical apical surface; apical junctions
are shown as bold lines. (B-B”) Apical junctions at the pharynx/valve boundary
in a 7.5 hour wild-type embryo stained for the apical junction marker AJM-1 (panel
B) and for eff-1::EFF-1::GFP (panel B’). In this longitudinal view, the intercellular
junctions at the ends of pm8 and vpil appear as vertical lines (panel B). The inset in
(B) shows the same region in an eff-1 mutant with an autocellular junction linking
the intercellular junctions in vpil, but not pm8. (C-C”) Same region and stage as
in panel B, showing aff-1::GFP expression in pm8 and an autocellular junction in
pm8 in an aff-1 mutant (inset). (D,D’) lag-1 embryo with binucleate cell expressing
eff-1::EFF-1::GFP. (E,E’) lag-1 embryo showing a mononucleate cell expressing eff-
1::EFF-1::GFP.(F-F”) different focal plane of the same embryo in panel (E) showing a
second eff-1::EFF-1::GFP-expressing cell. Note that both cells have a ventral-directed
process but neither cell extends completely through the cyst. Bars = 2.5 ym (B-F).
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Figure 2.7: ceh-24 is a direct target of Notch signaling. (A) The 115 bp pm8 enhancer
from the C. elegans ceh-24 gene (Harfe and Fire, 1998) aligned with sequences up-
stream of ceh-24 orthologs in C. briggsae, C. remanei and C. brenneri (C.b., C.r.,; and
C.br., respectively; bases shared by three or more sequences are shown in uppercase).
(B) EMSA competition experiment using sequences from the wild-type ceh-2/ pm8
enhancer shown in panel A, or with the LAG-1/CSL site mutated from GTGGGAA
to GAGGCAA. The labeled probe is a previously described sequence that contains
two LAG-1/CSL sites and that binds LAG- 1 in vitro (Hwang et al., 2007). Open
triangles indicate bound probe. (C, D) Wild-type embryo expressing a ceh-24::GFP
reporter with GTGGGAA mutated to GAGGCAA; expression is observed in neurons
outside the pharynx (arrowhead), but not in pm8 (arrow).
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Figure 2.8: Muscle differentiation in the terminal bulb. (A,B) Light and fluorescent
micrographs of newly-hatched wild-type (A) and lin-12 glp-1 (B) larvae expressing
myo-2::GFP; brackets indicate position of valve. The image of the wild-type larva
shows 5 of the 13 expressing nuclei, including pm8. The mutant larva has 13 express-
ing nuclei, however, the most posterior nucleus is in the valve/anterior intestine cell
region. The outline of this cell is faintly visible; note thin cytoplasmic connection to
pharynx (asterisk). 10% (n=93) of lin-12 glp-1 larvae with 13 myo-2::GFP-positive
nuclei showed a similar mislocalization of the candidate pm8 cell. (C-C™). myo-
2::GFP expression in the terminal bulb of ced-4 lin-12 glp-1 mutant larva. This
analysis addressed whether the candidate pm8 cell in some lin-12 glp-1 embryos was
a non-pm8 cell normally programmed for cell death. Wild-type embryos contain 13
positive nuclei in the terminal bulb (Table 2.1), while 76% (n= 50) of ced-4 single
mutant larvae defective in apoptosis contain 14 positive nuclei, indicating that at least
one cell normally programmed for death can become a muscle. If this undead cell was
the source of the 13" muscle in Notch mutants, then ced-4 lin-12 glp-1 larvae should
never have more than 13 positive nuclei. Instead, 15% of the triple mutant larvae had
14 nuclei as shown. This suggests that some pm8 cells can undergo at least partial
myogenesis in lin- 12 glp-1 embryos, but not in lag-1 embryos (Table 2.1).
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Figure 2.9: Electron micrographs of longitudinal sections through the pharynx/valve.
(A) Newly-hatched wild-type larva; the pm8 and vpil cell bodies are outlined in bold.
(B) Newly-hatched lin-12 glp-1 mutant larva. The developing grinder in pm6 (grey)
permits an unambiguous identification of this cell type, and hence the adjacent pm7
cells. Note that the lumen at the pharynx/valve boundary is abnormal, and that the
pm7 cell is in direct contact with valve cells (arrow); thus pm8 is not in its correct
position. A candidate pm8 cell is indicated. (C) High magnification of the pm8/vpil
interface from the larva shown in panel A. Note that a basal lamina (bl) nearly
separates pm8 from vpil. A similar partitioning between the pharynx and valve has
been observed in diverse nematodes (e.g., Lee, 1968). (D) Wild-type embryo at about
7 hours. pm8 has migrated ventrally and vpil has extended ventrally along the pm8
cell body. Red dots indicate cytoplasmic vesicles in several cells other than pm8 and
vpil. These vesicles have been described previously in cells throughout the digestive
tract and termed “apical vesicles” (Leung et al., 1999).
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Figure 2.10: pm8 and vpil become toroids during embryogenesis. Electron micro-
graphs of cross sections through the pharynx/valve region of a wild-type embryo near
hatching; these images are from serial thin sections through the terminal bulb where
all cells were identified. The plane of section is slightly oblique, such that panel A
includes the ventral, anterior neighbors of pm7, part of the mc3V cell body, and the
gland cells (gl). Note that pm8 and vpil are continuous, donut-shaped cells without
autocellular junctions. The apical junctions linking the group 3 marginal cell fingers
(1-3) to the apical surface of pm8 appear as electron-dense zones. The lumen in both
pm8 and vpil has developed the Y-shape characteristic of this stage of embryogenesis
(Leung et al., 1999).
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Chapter 3

LAMININ IS REQUIRED TO ORIENT EPITHELIAL
POLARITY IN THE C. ELEGANS PHARYNX

The development of many animal organs involves a mesenchymal to epithelial
transition, in which cells develop and coordinate polarity through largely unknown
mechanisms. The C. elegans pharynx is an epithelial tube in which cells polarize
around a central lumen, and provides a simple system to understand the coordination
of epithelial polarity. We show that pharyngeal precursor cells initially group into
a bilaterally symmetric, rectangular array of cells we call the double plate through
the action of cell fate regulators. The double plate cells polarize, with asymmetrical
localization of PAR proteins, before apically constricting to form a cylindrical cyst.
We show that the polarity of the double plate cells is oriented by laminin, providing
in vivo evidence that laminin has a early role in cell polarity that can be distinguished

from its later role in basement membrane integrity.
3.1 Introduction

Cells exhibit multiple asymmetries during animal development, suggesting that suc-
cessive cues exist that create and change cell polarity. For example, the one-cell C.
elegans embryo develops anterior-posterior polarity cued by the sperm-contributed
centrosome, but blastomeres at the four-cell stage exhibit inner-outer polarity cued
by cell contacts (reviewed by Nance and Zallen, 2011). Perhaps the most dramatic
changes in cell polarity occur during tissue and organ morphogenesis, when large

groups of mesenchymal cells coordinately polarize to form epithelial sheets or tubes,
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an event termed MET (Mesenchymal to Epithelial Transition; Chaffer et al., 2007).
Work on cultured cells has long suggested that extracellular matrix components such
as collagen and laminin might function as polarity cues for developing epithelia (Ek-
blom, 1989).

Laminin is a secreted, heterotrimeric protein, consisting of «, 3, and v subunits,
and is an integral basement membrane component (reviewed by Miner and Yurchenco,
2004). The expression of certain laminin isoforms is causally related to the devel-
opment of some aggressive, malignant epithelial cancers (reviewed by Marinkovich,
2007). Cells use laminin receptors, such as integrins and dystroglycans, to bind and
polymerize laminin at the cell surface. Evidence that laminin might function as a
polarizing cue during MET has come primarily from work on cultured mammalian
kidney cells. After several days in three-dimensional culture, Madin-Darby canine
kidney (MDCK) cells form epithelial cysts that differentiate apical surfaces facing
an internal lumen. MDCK cysts can develop inverted polarity when grown without
basement membrane-containing substrate, or after expression of a dominant-negative
Racl (O’Brien et al., 2001; Wang et al., 1990). Addition of high levels of exogenous
laminin can rescue this inverted polarity, suggesting that laminin can orient MDCK
polarity (O’Brien et al., 2001). In contrast, antibodies against laminin a1 were shown
to block epithelial polarization in kidney organ culture (Klein et al., 1988). Thus, it
is unclear whether laminin acts to initiate, or orient, epithelial polarity during MET
in vitro.

The in vivo analysis of laminin function is complicated by the presence multiple
isoforms of the laminin subunits in many animals (Miner and Yurchenco, 2004). Con-
sistent with its central role in basement membrane assembly, however, mutations in
single laminin isoforms cause severe developmental or tissue abnormalities in mice and

humans (Miner and Yurchenco, 2004). In C. elegans, mutants lacking either of two
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a subunits, lam-3 or epi-1, have complex terminal phenotypes, including ruptured
tissues, ectopic cell adhesions, and abnormally positioned adherens junctions (Huang
et al., 2003). Developmental studies have not resolved whether these abnormalities
result from primary defects in cell polarity, or from more general requirements for
basement membranes in tissue integrity and support.

In the present study, we analyzed how embryonic cells that form the C. elegans
pharynx acquire and coordinate their polarity, and how laminin affects these events.
The pharynx is a tubular, epithelial organ that contains myoepithelial cells, support
epithelial cells, glands, and neurons (Albertson and Thomson, 1976). The pharynx de-
velops from pharyngeal precursor cells (PPCs) that cluster together as a primordium
in the interior of the embryo. Through unknown mechanisms, the primordium un-
dergoes a MET to transform into a cylindrical epithelial cyst. The cyst represents
the architectural foundation for later pharyngeal differentiation, prefiguring the basic
symmetry and patterning of the mature pharynx. Although some pharyngeal cells
migrate and/or develop elaborate shapes (Morck et al., 2003; Raharjo et al., 2011;
Rasmussen et al., 2008), most of the cells in the mature pharynx retain their basic
shapes and positions in the cyst. As with many examples of polarized cells in animal
development, one of the first markers of polarity in the cyst is the asymmetric distri-
bution of PAR-3 complex proteins (PAR-3, PAR-6, PKC-3; Nance and Zallen, 2011).
PAR-3 complex proteins localize along the central, apical axis of the cyst (Bossinger
et al., 2001; Leung et al., 1999; McMahon et al., 2001), and PAR-3 is required for the
apical localization of key polarity regulators in the cyst (Achilleos et al., 2010). How-
ever, the cues that orient and coordinate the localization of PAR-3 complex proteins
in the cyst are unknown.

Using live imaging, we show that the tubular cyst is preceded by the grouping of

PPCs into a morphogenetic intermediate we call the double plate. PPC polarization
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and PAR localization begin in the double plate, which transforms into a cyst by apical
constriction. We show that laminin serves as a cue to orient the polarity of double
plate PPCs. Although laminin is critical for morphogenesis of the pharynx, laminin
does not appear to have a similar role in the morphogenesis of the intestine, a second
epithelial tube. Thus, different epithelial organs appear to utilize at least partially
distinct polarity cues, and pharyngeal development provides a model for analyzing

laminin-based signaling.
3.2 Results

3.2.1 Pharyngeal precursor cells form a bilaterally symmetric, double plate

The pharynx forms from pharyngeal precursor cells (PPCs) that express PHA-4,
a FoxA transcription factor essential for pharyngeal-specific differentiation (Figure
3.1A; Horner et al., 1998; Kalb et al., 1998; Mango et al., 1994). Approximately 400
minutes after the first cell division of the embryo, the PPCs undergo a MET to become
a cylindrical cyst of polarized cells (Figure 3.1A; see also Figure 3.7A; Mango, 2009).
In the light microscope, the cyst appears to separate from surrounding body tissues by
a narrow space, and gaps appear along the central axis of the cyst that eventually coa-
lesce or expand to form the lumen (Figure 3.1A, arrowhead). By electron microscopy,
the cyst cells appear wedge-shaped in cross section, with narrow, apical tips and broad
peripheral surfaces (Leung et al., 1999). For live imaging of cyst formation, we used
a PPC-specific nuclear reporter (pha-4::HIS::GFP) and a ubiquitous plasma mem-
brane reporter (pie-1::mCherry::PH(PLC101)). Conventional mounting techniques
for C. elegans embryos allows optical sectioning through longitudinal planes (Figures
3.1A,D), but can compress either the left-right or dorsal-ventral axis and makes the
wedge-shapes of cyst cells difficult to score. Thus, we developed a technique to mount

embryos for transverse optical sectioning (Figure 3.1D; see Experimental Procedures).
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The PPCs are descendants of four early embryonic blastomeres that are born on
the ventral surface of the embryo, but after multiple cycles of cell division and ingres-
sion all PPCs are internal (Figure 3.1A; Sulston et al., 1983). In transverse optical
sections, the ingressing PPCs appear to converge into a dorsal-ventral oriented, rect-
angular array of cells between about 150 and 310 minutes into development (Figure
3.2A). The array extends dorsally within the embryo as internal PPCs divide and ad-
ditional PPCs ingress from the ventral surface. Although there are shifts in nuclear
positions within the growing array, inspection of the cell boundaries showed that the
array remains almost exclusively two cells wide. Thus, we term the array of PPCs
the “double plate” stage, and refer to the plane between the left and right halves of
the double plate as the midplane (Figure 3.2A; see also Figure 3.2C).

We wanted to determine how bilateral symmetry was maintained during growth
of the double plate. Previous studies showed that most embryonic cell divisions
are oriented longitudinally (anterior-posterior), rather than left-right, and that cell
positions in the pharyngeal cyst and at later stages are correlated with the positions of
some early PPCs (Santella et al., 2010; Sulston et al., 1983). Thus, bilateral symmetry
of the double plate might derive simply from the original, left-right positions of the
PPCs (Figure 3.2C). Consistent with previous studies, we found that PPCs on the left
and right sides of the double plate were respective descendants of early left and right
PPCs on the ventral surface of the embryo (Figure 3.2C). Moreover, embryonic cells
that flank the left and right sides of the early PPCs are precursors of body wall muscles
(BWMs), and we found that these BWMs flank the left and right sides, respectively,
of the double plate PPCs (Figures 3.2C,D). Although most PPC divisions in the
double plate had the expected anterior-posterior orientation, we found that at least
two PPCs consistently divided left-right (Figure 3.2B). The left and right daughters

of these PPCs remained on their respective sides of the midplane, indicating that
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the symmetry of the double plate is not maintained solely by an absence of left-right
divisions.

We next addressed whether the bilateral symmetry of the double plate might
arise from a lack of PPC motility, thus maintaining early, left-right differences in
cell positions. To test this possibility, we examined pharyngeal development in mezx-
1(RNAi) embryos. Loss of mez-1 function causes mislocalization of the transcription
factor SKN-1 (Bowerman et al., 1993). SKN-1 is required to specify the fate of an
early blastomere called MS, whose left and right daughters contribute to the left and
right sides, respectively, of the double plate, and mex-1 mutants can have five MS-like
blastomeres (Mello et al., 1992). If PPCs remained in place after birth, mez-1 mutants
should form multiple groupings of PPCS separated by BWMs. Instead, terminal stage
mez-1(RNAi) embryos formed a single block of pharyngeal cells without intervening
BWNMs (Figure 3.2E). These results suggest that PPCs have an ability to move and
aggregate with other PPCs.

We examined wrm-1 mutants to ask whether cell fate differences between left and
right PPCs contributed to the bilateral symmetry of the double plate. Previous stud-
ies showed that some gene expression differences between the left and right daughters
of MS and their descendants depend on the transcription factor POP-1/TCF-1 and
proteins such as WRM-1 that regulate POP-1 activity (Hermann et al., 2000; Roche-
leau et al., 1999). We cultured temperature-sensitive wrm-1(ne1982) mutants at the
restrictive temperature (25°C) until the birth of the MS daughters, then down-shifted
to the permissive temperature (15°C) and tracked the behavior of the daughters and
their descendants. We found that MS daughters were born in their normal, left-right
positions, and that the early descendants of both cells ingressed at the normal times.
However, the border between the early left-right descendants quickly became more

irregular than in wild-type embryos (Figures 3.2F,G). At later stages, PPCs in the
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temperature-shifted wrm-1(ne1982) embryos formed a cluster that did not resemble
the normal double plate; the cluster was more than 2 cells wide, and remained ventral
rather than extending dorsally (Figures 3.2H,I).

Because the transcription factor PHA-4/FoxA is thought to be required for most,
if not all, aspects of pharyngeal-specific differentiation (Mango, 2009), we examined
formation of the double plate in pha-4(q490) mutants. We found that the early divi-
sion pattern and ingression of the PPCs appeared wild-type in pha-4(q490) embryos
(data not shown), and that all of the PPCs ingressed (Figure 3.1D). After ingress-
ing, the mutant PPCs assembled into an array that approximated the shape of the
double plate, and that was surrounded by BWM precursors (Figure 3.3B and data
not shown). However, the width of the array was more variable than in wild-type
embryos, often with three or more cells dorsally and only one cell ventrally (Figures
3.3A,B). Moreover, some PPCs were observed to cross the midplane and remain on the
contralateral side (Figure 3.3B). Together, these results suggest that the birthplaces
and ingression patterns of the early PPCs are not sufficient to explain the shape of
the double plate, and that the formation and maintenance of the double plate instead

requires cell fate regulators.

3.2.2  The double plate transforms into a cyst by apical constriction

The rectangular double plate of PPCs must ultimately adopt the cylindrical shape of
the cyst. A previous study based on nuclear PPC positions described formation of
the cyst as an inflation event that separated left from right groups of nuclei (Santella
et al., 2010). Indeed, in transverse views of the double plate, many left and right PPC
nuclei appeared to move away from each other during cyst formation (Figure 3.3A).
However, imaging of the PPC cell membranes showed that the nuclear movement is

concomitant with marked changes in cell shape that occur over about 60 minutes
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and begin at ~330 minutes in development (Figure 3.4A). The midplane-facing sur-
faces of double plate PPCs shrink while the peripheral surfaces show relatively little
change in size, resulting in radially elongated, wedge-shaped PPCs whose nuclei are
displaced toward the peripheral surface (Figures 3.4A B). Thus, these results show
that the midplane-facing cell surfaces of the double plate become the apical surfaces
of the cyst. Formation of wedge-shaped cells in several systems involves apical con-
striction, which can be driven by the actomyosin cytoskeleton (reviewed by Sawyer
et al., 2010). We imaged cyst formation with reporters for non-muscle myosin and
F-actin, and found that the level of both reporters increased progressively at the mid-
plane/apical surfaces as the PPCs developed wedge shapes (Figures 3.4C,D). Both
reporters initially showed a slight enrichment along the basal surfaces of the double
plate PPCs, but this diminished with time (Figures 3.4C,D,D’). Thus, the double
plate transforms into a cyst by the polarized contraction of the midplane, or future
apical, surface.

In some epithelial tissues, including the C. elegans intestine, asymmetric localiza-
tion of centrosomes and PAR-3 complex proteins are early markers of apical polarity
(Buendia et al., 1990; Leung et al., 1999). To determine when double plate PPCs first
become polarized, we scored the position of the centrosome in each PPC relative to
the center of the nucleus, measuring whether the centrosome was proximal, or distal,
to the midplane. Centrosomes initially showed an equal proximal-distal distribution,
as expected from the predominantly anterior-posterior divisions of the PPCs (Figure
3.4F). However, by ~310 minutes there was a shift in centrosome positions toward
the midplane, before any apparent enrichment of non-muscle myosin or filamentous
actin at the midplane (Figure 3.4F). Similarly, PAR-6 showed a reproducible enrich-
ment at the midplane at ~310 minutes (Figure 3.5A). We next compared the relative

enrichment at the midplane of PAR-6 and NMY-2 in embryos co-expressing markers
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for both proteins, and found that PAR-6 enrichment precedes detectable NMY-2 en-
richment (Figure 3.4G); this contrasts with early embryos, where PAR-6 and NMY-2

become enriched simultaneously (Munro et al., 2004).

3.2.3 PPC polarization does not require contact with non-PPCs

In considering possible polarity cues for the PPCs, we first addressed whether cells sur-
rounding the PPCs are essential for polarization. We found that some of the ectopic
PPCs in mex-1(RNAi) embryos develop at the surface of the embryo without ingress-
ing, and that many of these cells had no contact with non-PPCs. In immunostaining
experiments, we found that the surface PPCs localized the basal marker laminin to
their exterior surfaces, and localized a late, lumenal marker to their interior surfaces
(Figures 3.6A and 3.8). Next, we used live imaging to track the surface-localized PPCs
in mez-1(RNAi) embryos expressing reporters for PAR-6 and PPC nuclei. Consistent
with the immunostaining results, PAR-6 became highly enriched at the interior face
of the surface-localized PPCs (Figure 3.6B). Thus, PPCs do not require contact with

non-PPCs in order to develop a normal, apical-basal axis of polarity.

3.2.4  Laminin orients polarity in double plate PPCs

The deposition of laminin at the periphery of surface-localized PPCs in mez-1 em-
bryos was of interest because laminin appears to function as a polarizing cue for
cultured MDCK cells (see Introduction). Immunostaining of wild-type embryos with
antibodies against LAM-3/laminin o and PAR-3 showed that puncta of laminin lo-
calized to the peripheral, basal surfaces of double plate PPCs at the first detectable
PAR-3 asymmetry (Figure 3.5D). In live embryos, we found that a laminin reporter
(LAM-1::GFP) was enriched at or near the peripheral/basal surfaces of double plate

PPCs at about the same time PAR-6 showed enrichment in separate experiments
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(Figures 3.5A,B). In live embryos expressing both LAM-1::GFP and mCherry::PAR-
6, the basal enrichment of LAM-1 preceded apical enrichment of PAR-6 by at least
15 minutes (Figure 3.5F). In addition, we found that the f-integrin PAT-3, a candi-
date laminin receptor, was expressed in double plate PPCs, and was highly enriched
at basal surfaces at a similar time as laminin (Figures 3.5C,E and data not shown).
These results suggest that PPCs develop basal polarity at, or prior to, asymmetric
PAR localization.

To determine whether laminin has a role in polarizing the double plate PPCs,
we examined embryos homozygous for lam-1(0k3139), a predicted null allele in the
sole gene encoding the laminin 3 subunit (Figure 3.9; see Experimental Procedures).
lam-1(-) embryos have abnormal basement membranes, but localize at least some
basement membrane components to the peripheral surface of the pharynx (Figure
3.10; see also Huang et al., 2003). Although the terminal morphology of lam-1(-)
embryos appears highly abnormal by light microscopy, they appear to produce all of
the major differentiated cell types (Figures 3.6D,E), consistent with previous studies
on other mutations in laminin subunits (Huang et al., 2003; Kao et al., 2006). In
particular, pharyngeal tissue differentiated that contained internal lines of material
resembling the normal, cuticle-lined pharyngeal lumen. However, the lam-1(-) phar-
ynx usually had two or more such lines, in contrast to the single wild-type lumen
(Figures 3.6D,E; n=96/97). The pharyngeal lumen normally branches radially into
a Y-shaped profile late in wild-type embryogenesis (Leung et al., 1999). However,
transverse views of the lam-1(-) mutants showed that the ectopic lumenal material
was not a radial outgrowth of the lumen, but instead appeared to be an entirely sep-
arate lumen(s), surrounded by PPCs (Figures 3.6F,G). The lumenal defect did not
result from a hyperplasia of pharyngeal tissue, as lam-1(-) embryos contained 88 + 2

PPCs (n=4) compared to the wild-type number of 86 (Kalb et al., 1998). In contrast
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to these pharyngeal defects, lam-1(-) mutants formed a relatively normal intestine
with a single lumen (Figures 3.6H,I).

We analyzed the ontogeny of the multiple, internal lumens in lam-1(-) mutants by
examining PAR-3 and PAR-6 localization in live and fixed embryos. We found that
the mutants formed a double plate of PPCs, similar to wild-type embryos (Figure
3.7G, arrows). Surprisingly, however, both PAR-3 and PAR~6 mislocalized to the
peripheral, basal surfaces of the mutant double plate PPCs at the time these proteins
normally localize to the midplane (Figures 3.7A-D). By examining PAR-6 localiza-
tion in conjunction with a general membrane reporter, we confirmed that the basal
PAR-6::GFP was within the mutant PPCs, rather than in adjacent BWMs (Figures
3.7E,F). Therefore, we conclude that laminin mutants have an early defect in PPC
polarity, with many PPCs exhibiting inverted polarity. To test if the polarity inver-
sion might result from inappropriate signaling from neighboring cells, we examined
PAR-3 localization in surface-localized PPCs of mez-1(RNAi); lam-1(-) embryos and
found that these PPCs showed a similar, inverted polarity (Figure 3.6C).

Live-imaging of double plate PPCs in lam-1(-) embryos showed that the basal,
PAR-6-containing cell surfaces appeared to move into the interior of the developing
pharynx (data not shown). Using reporters for non-muscle myosin and cell mem-
branes, we found that the basal surfaces of the lam-1(-) PPCs constricted at about
the same time as apical PPC surfaces normally constrict. Remarkably, neighboring
PPCs spread around and eventually enclosed the basal sites, displacing them to the
interior of the pharynx (Figure 3.7G-G”). Thus, PPCs in lam-1(-) embryos have
an early defect in apical-basal polarity that is masked by subsequent morphogenetic

events.
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3.2.5  Laminin can act non-cell autonomously to orient PPC polarity

Because several embryonic tissues have been reported to express laminin, including the
pharynx, intestine, and body wall muscles, we wanted to determine which cells must
express lam-1 to properly orient PPC polarity (Kao et al., 2006). We constructed a
homozygous lam-1(0k3139) strain that carried an extrachromosomal array (zuFEz288)
containing a wild-type lam-1(+) gene plus a cell-autonomous marker (SUR-5::GFP);
such transgenic arrays are lost stochastically during cell divisions, resulting in animals
mosaic for gene expression. As expected, animals with SUR-5::GFP expression in
most or all cells had a normal pharynx with a single lumen (Figure 3.6J; n=46/47),
and animals lacking expression had the multiple lumen defect (n=60/61). We then
searched for rare, mosaic animals that lacked SUR-5::GFP in all pharyngeal cells,
but that retained expression in other cell groups. We found that the pharynx had
a single lumen in 6/8 animals with SUR-5::GFP expression only in intestinal cells,
and 14/17 animals with expression only in skin (hypodermal) cells and body wall
muscles (Figures 3.6K,L). These results suggest that laminin expressed by non-PPCs
can diffuse through the embryo and accumulate on the available, basal surface of

PPCs, where it acts as a polarity cue.
3.3 Discussion

Epithelial tubes such as the C. elegans pharynx are near universal components of
animal organs, and the mechanisms of tube formation have been studied in several
systems (reviewed by Lubarsky and Krasnow, 2003). Some tubes, such as the verte-
brate neural tube, form by the apical constriction and folding of polarized epithelial
sheets (Nishimura and Takeichi, 2008). Other tubes, such as the zebrafish endoderm
and mammalian dorsal aorta, form by the aggregation of non-polarized cells, the

generation of a common axis of polarity, and subsequent hollowing (Horne-Badovinac
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et al., 2001; Strili¢ et al., 2009). Here, we showed that morphogenesis of the C. elegans
pharynx incorporates both developmental motifs.

Morphogenesis of the pharyngeal cyst proceeds through a bilaterally symmetric
intermediate, the double plate, where PPCs first develop apical/basal polarity. The
mature C. elegans pharynx has threefold symmetry, but has an underlying bilateral
symmetry evident in the cell lineages of MS descendants that produce about half
of the pharynx (Albertson and Thomson, 1976; Sulston et al., 1983). For example,
symmetrical epithelial cells in the mature pharynx called me3DL and mc3DR are
descendants of the left and right daughters of MS, respectively, and their fates appear
to be determined by a lineage mechanism rather than cell position (Priess et al.,
1987). These epithelial cells do not contact each other in the mature pharynx, and
are separated from their nearest common ancestor by seven cell divisions. How then,
are these cells able to occupy precisely symmetrical positions? We suggest that the
double plate structure allows specific pairs of left and right precursor cells to maintain,
and possibly adjust, their proximity throughout the early stages of pharynx formation,
until they are physically separated during cyst morphogenesis.

The PPCs appear to actively aggregate into the double plate primordium, because
ectopic, supernumerary PPCs in mexz-1 mutants can form a single block of pharyngeal
cells that excludes other cell types such as BWMs and intestinal cells. The bilateral
symmetry of the double plate likely involves differential cell adhesion, because left
and right PPCs stay on their respective sides as the double plate develops, even
when they are born through left-right cell divisions. We showed that wrm-1, an
integral component of the POP-1/TCF pathway (Rocheleau et al., 1999), is required
for the rectangular shape and bilateral symmetry of the double plate. The POP-
1/TCF pathway operates in the early embryo to create numerous differences between

anterior-posterior sister cells (reviewed by Herman and Wu, 2004). However, because
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the division axes of most early cells are oblique, many anterior-posterior sisters differ
in their left-right positions, resulting in left-right differences in gene expression. For
example, only left descendants of the MS blastomere express the Notch ligand LAG-
2/Delta, but both left and right descendants can express LAG-2/Delta when the
POP-1/TCF pathway is disrupted (Hermann et al., 2000). Thus, analogous left-right
differences in early cell adhesion could shape the double plate, and an important goal
of future studies will be to identify the molecular basis for those differences.

The double plate transforms into a cylindrical cyst, apparently by PPCs con-
stricting their midplane, or future apical, surfaces; the apical surfaces decrease in size
concomitant with an increase in F-actin and non-muscle myosin. The basal surfaces
of the PPCs show relatively little change in size during apical constriction, suggesting
they might adhere to neighboring cells or extracellular matrix. Indeed, we showed
that the PPCs are surrounded by laminin before constriction, that they express a
candidate laminin receptor, PAT-3/(-integrin, and that the basal surface can change
size markedly in laminin mutants. Because only the apical surfaces constrict in wild-
type embryos, the radial distance between the apical and basal surfaces necessarily
increases; the narrowing of the apical tip likely displaces the nucleus toward the
periphery, causing the apparent inflation of nuclear positions described previously
(Santella et al., 2010).

Coordinated polarization of large groups of cells is a hallmark of epithelial de-
velopment, and allows tubular epithelia to form a single, continuous lumen. Our
results show that laminin provides a critical cue for the coordinate polarization of
epithelial cells in the pharynx, although not for epithelial cells in the intestine. A
previous study showed that mutants lacking LAM-3, one of two laminin « proteins in
C. elegans, develop ruptures in the pharyngeal basement membrane, and that some

pharyngeal cells appear to adhere to surrounding tissues through these gaps (Huang
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et al., 2003). However, all of the mutant pharyngeal cells appeared to connect to
a central lumen, as do the wild-type pharyngeal cells. Although pharyngeal cells in
lam-1 mutants connect to a lumenal surface, we showed that there are multiple lu-
menal surfaces in the mutant pharynx, arising from polarity defects at the earliest
stages of cyst formation. Double plate PPCs appear to polarize randomly in lam-1
mutants, with many localizing PAR-3 and PAR-6 to the periphery. Remarkably, this
peripheral surface can be repositioned into the interior of the developing pharynx,
by the ectopic constriction and rearrangement of neighboring PPCs. These polarity
defects occur hours before differentiation of the normal pharyngeal basement mem-
brane is complete (Mullen et al., 1999), arguing that they do not arise as secondary
consequences of general basement membrane abnormalities.

Several embryonic cell types, including PPCs, normally express laminin. Our
analysis of laminin mosaics shows that laminin supplied by non-PPCs is sufficient
to orient PPC polarity. Consistent with previous observations, this result suggests
that secreted laminin can diffuse through the embryo (Huang et al., 2003). Laminin
accumulates at the exposed, peripheral surface of the PPCs, possible excluded from
lateral membranes by adhesion between PPCs. We have no evidence that laminin
receptors are localized asymmetrically in the double plate PPCs prior to laminin en-
richment. Indeed, we found that that PAT-3/8-integrin localizes to the basal surface
at about the same time as laminin, and that laminin function is required for PAT-3
localization (Figure 3.11).

Similar to C. elegans, the Drosophila genome encodes single copies of some laminin
subunits, allowing the analysis of mutants that lack all secreted laminin (Urbano et al.,
2009). Nevertheless, previous studies of laminin mutants in both systems did not find
defects in coordinating epithelial polarity (Huang et al., 2003; Kao et al., 2006; Urbano

et al., 2009), nor did we observe defects in C. elegans intestinal epithelial polarity in
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the present study. Thus, laminin could function as a polarity signal in only certain
epithelia, like the pharynx. For example, C. elegans intestinal cells cease dividing
and polarize earlier than pharyngeal cells, possibly because of their role in metab-
olizing yolk to support tissue development (Bossinger and Schierenberg, 1996), and
thus intestinal development might require earlier polarity cues. Alternatively, some
epithelia might employ multiple signals that function redundantly with laminin, such
as other basement membrane proteins. A third possibility is that some epithelia rec-
ognize inappropriate features of their environment as polarity cues when laminin is
absent. By analogy, when the sperm-supplied centrosome is not available to polarize
the one-cell C. elegans embryo, the meiotic spindle at the opposite pole of the egg ap-
pears to cue inverted polarity (Wallenfang and Seydoux, 2000). Similarly, Drosophila
wing epithelial cells polarize in the absence of planar cell polarity components, but
fail to coordinate their polarity at the tissue level (Wong and Adler, 1993). These
observations suggest that cells are primed to become polarized, and can be susceptible
to inappropriate triggers. Although basement membrane defects in laminin mutants
might allow some PPCs to make inappropriate contacts with surrounding tissues,
we do not believe that those tissues induce the inverted PPC polarity. Significantly,
we showed that surface-localized PPCs in mez-1(RNAi);lam-1(-) embryos that do
not contact any non-PPCs develop inverted polarity and PAR localization. Thus,
the present study provides in vivo evidence that laminin acts as a polarizing cue for
some, but not all epithelia. We conclude that the C. elegans pharynx should provide
a useful genetic model for dissecting laminin-based signaling, prior to the general

requirements for laminin in basement membrane assembly and tissue integrity.
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3.4 Experimental Procedures

3.4.1 Nematodes

C. elegans were cultured as described (Brenner, 1974). Mutant alleles used (details
available at http://www.wormbase.org): LG III, unc-119(ed3), wrm-1(ne1982); LG
IV, lam-1(0k3139,0k3221), nT1[qls51], unc-5(e53); LG V, fog-2(q71) pha-4(q490),
stu-3(q265) rol-9(sc148). Transgenes used: stIs10088 [hlh-1(3.3kb)::HIS-24::mCherry]
(Murray et al., 2008), pzls10 [pha-4::GFP::CAAX] (Portereiko and Mango, 2001),
prls6 [pha-4::GFP::HIS-11] (Portereiko and Mango, 2001), stls10389, wgls37 [PHA-
4:TY1:EGFP::3xFLAG] (J. Murray, unpublished; Zhong et al., 2010), zuls45 [nmy-
2:NMY-2::GFP] (Nance et al., 2003), znls3 [par-6:PAR-6::GFP] (Totong et al.,
2007), pie-1::mCherry::PAR-6 (Schonegg et al., 2007), urEx151 [lam-1::LAM-1::GFP]
(Kao et al., 2006), qyls43 [PAT-3:GFP; ina-1(genomic)|] (Hagedorn et al., 2009),
lt1s44 [pie-1::mCherry:PH(PLC161)] (Kachur et al., 2008), zuEx276, 2uls270 [pha-
4::GFP::dMoesin-ABD], zuEx254 [lin-12(pm8)::mCherry::CAAX; lin-12(pm8)::GFP
=HIS-11] and zuBz288 [lam-1(+); SUR-5:GFP]. mez-1(RNAi) was performed by
feeding. Developmental staging of embryos was performed as described (Sulston et al.,

1983).

3.4.2  Transgene Construction

To create pSSR18[pha-4 ::GFP::dMoesin-ABD], the dMoesin-ABD fragment from

pJWZ6 (Ziel et al., 2009) was PCR amplified and fused to GFP by cloning. The
GFP-dMoesin-ABD fragment was PCR, amplified with primers 0SSR32 (5-CCTAG
Gattttcaggaggacccttget-3’) and 0SSR33 (5’-GGGCCCceggecgactagtaggaaaca-3’) and
cloned into the AvrIl and Apal sites of pJIM20 (Murray et al., 2008). zuEz276
was created by injection of pSSR18 at 20 ng/ul and pJN254 at 100 ng/ul (Nance
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et al., 2003) into unc-119(ed3) worms, and integrated by gamma-irradiation to create
zuls270. To create pJRO9[lin-12(pm8)::GFP::HIS-11], the fourth intron of lin-12 was
PCR amplified with primers 0JR018 F (5-GCATGCggcacttttaagacacccaac-3’) and
0JRO18 R (5’-GCTAGCgggacacacgcaaatgtatg-3’) and cloned into the Sphl and Nhel
sites of pAP.10 (Gaudet and Mango, 2002). zuFz254 was created by injection of
pJRO9 at 20 ng/ul, pJR17[lin-12(pm8)::mCherry:: CAAX] at 20 ng/ul, and pRF4 at
100 ng/pl Mello et al. (1991) into N2 worms.

3.4.8 Imaging

Embryos were mounted for longitudinal optical sectioning as described (Sulston et al.,
1983). For transverse sectioning with confocal microscopy, approximately 1” square
pieces of 35 micron Nitex mesh (Dynamic Aqua-Supply Ltd., Surrey, Canada) were
treated with 1% Osmium tetroxide (Sigma) overnight and then washed extensively;
this treatment reduces Nitex autofluorescence. Embryos were pipetted in a small
volume of liquid onto a piece of the Nitex filter on top of a 3% agarose pad. The em-
bryos/filter were covered with a coverslip and sealed with petroleum jelly. Time-lapse
movies were acquired with a spinning disk confocal system (Yokogawa CSU-10) on
a Nikon TE-2000 inverted microscope equipped with a Hamamatsu C9100 camera,
running Volocity 5.3.3 (Improvision, Lexington, MA). A 60X oil immersion objective
(Nikon) was used for longitudinal optical sectioning, and a 60X water immersion ob-
jective (Nikon) for transverse sectioning. Image stacks were analyzed, measured and
adjusted for brightness and contrast using ImageJ (http://rsbweb.nih.gov/ij/)
or Adobe Photoshop. Brightness and contrast were adjusted for each timepoint
separately. Quantification of midplane enrichment of NMY-2 and PAR-6 was per-
formed by analyzing maximum intensity projections of longitudinal views of embryos

co-expressing NMY-2::GFP and mCherry::PAR-6. The integrated intensities in two
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5x12 micron regions (PPC midplane and PPC lateral) were corrected for camera noise,
and then normalized to the initial timepoint. The midplane enrichment at time i was

calculated as: (PPCmid;t:i/PPClateral;t:i)/(PPCmid;t:()/PPClateral;tZO)‘

3.4.4  Immunofluorescence

Fixation and staining of embryos was performed as described (Leung et al., 1999).
The following primary antibodies and antisera used were: chicken a—LAM-3, a—EPI-
1 (Huang et al., 2003), rabbit a—GFP (Abcam), a~UNC-52 (GM1; Mullen et al.,
1999), a—LET-2 (Graham et al., 1997), mouse a—PAR-3 (Nance et al., 2003), MH25
(Francis and Waterston, 1985), MH27 (Francis and Waterston, 1991), mAbGJ1 [a—
LAM-3], mAbGJ2 [pan-laminin| (Rasmussen et al., 2008), IFA (Pruss et al., 1981)
and mAbPL1 (G. Hermann and J.P., unpublished). For quantification of centrosome
orientation, image stacks were acquired of PHA-4::GFP-expressing embryos immunos-
tained with a—GFP and IFA antibodies (a marker of centrosomes; Leung et al., 1999).
Centrosomes were considered midplane-facing if they fell in a 180° sector facing the
midplane. Using this assay, 50% of randomly oriented centrosomes would score as

midplane-facing.

3.4.5  Characterization of lam-1 Mutants

lam-1 deletion alleles 0k3139 and 0k3221 were generated by the international C. ele-
gans Gene Knockout Consortium. 0k3159 was outcrossed five times and maintained
over the GFP-marked balancer nT1[qIs51] or the visible marker unc-5(e53). Alleles
0k3139 and 0k3221 were sequenced and found to both contain frameshifts in exon 6 of
lam-1, N-terminal to the coiled-coil domains required for assembly of the laminin sub-
units (Miner and Yurchenco, 2004); thus, these mutations are predicted to eliminate

heterotrimer secretion. Embryos homozygous for either allele are embryonic lethal,
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and lam-1(0k3221) embryos show a multi-lumen phenotype similar to that described
here for lam-1(0k3139) (data not shown). The 0k3139 mutation was fully rescued
by the fosmid WRM0633dC11 that contains the wild-type lam-1 locus. For mosaic
analysis, lam-1(0k3139)/nT1[qls51] adults were injected with WRMO0633dC11 at 10
ng/ul, pTGI6 at 100 ng/ul (Yochem et al., 1998), and pRF4 at 50 ng/ul (Mello et al.,
1991); viable 0k3139 homozygotes were isolated and maintained from this strain. The
multi-lumen phenotype of lam-1(0k3139) was also rescued by LAM-1::GFP, but these

animals died as L1 larvae.
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Figure 3.1: Pharyngeal cyst development in wild type and pha-4 mutants. Longitudi-
nal, optical sections through the center of wild-type (A) and fog-2(q71) pha-4(q490)
embryos (B) at ~420 mins in development. Embryos express a nuclear reporter
(green, pha-4::HIS-GFP) in all pharyngeal precursor cells (PPCs) and in intestinal
cells (int). Because the PPC reporter does not express the PHA-4 protein, it does
not rescue the pha-4 mutation and the “PPCs” in the mutant embryo do not dif-
ferentiate as pharyngeal cells. Arrows in A indicate the periphery of the pharyngeal
cyst, and the arrowhead indicates a gap along the central, future lumenal axis of the
cyst. (C) Partial cell lineage diagram indicating the origins of early cells mentioned
in this study; BWMs = Body Wall Muscles, a non-pharyngeal type of muscle. (D)
Optical sections used in this paper superimposed on a cartoon of an embryo midway
through development (adapted from Priess and Hirsh, 1986); D=Dorsal, V=Ventral,
A=Anterior, and P=Posterior. Bars = 5 pym.
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Figure 3.2: PPCs organize into a bilaterally symmetric double plate. (A and B)
Confocal fluorescence image sequence of single, live embryos expressing a PPC-specific
nuclear reporter (green, pha-4::HIS-GFP) and a general membrane reporter (red,
memb). Images are transverse optical sections oriented as in Figure 3.1D; images
were collected approximately 15 um from the anterior pole of the embryo. PPCs
are ingressing from the left and right ventral (bottom) sides into the interior of the
embryo, then extending dorsally (up). (B) Examples of left-right PPC divisions in
the double plate; cells are indicated before (single arrow) and after (double arrow)
division; the dashed line indicates the midplane of the double plate. (C) Cartoon
of the ventral surface of a 24-cell embryo (~100 mins), and of a transverse section
through an embryo at the double plate stage (~290 mins). Nuclei with black outlines
are PPCs and color-coded as in Figure 3.1C, red nuclei are BWM precursors. (D)
Transverse optical section of a live, ~250 min embryo expressing the same PPC
and membrane reporters as in A and B, but with an additional reporter for BWMs
(red, hlh-1::HIS-mCherry). (E) Longitudinal optical section through a terminal stage
mez-1(RNAi) embryo (anterior is up). (F and G) Ventral, surface views of live wild-
type and wrm-1(ts) embryos raised at the restrictive temperature until the MS cell
division, then imaged at the permissive temperature. Images show before (top) and
after (bottom) the fifth cell division of the MS-derived PPCs, coded as in Figure
3.1C; white lines indicate sister cells. Note irregular left-right positioning of cells in
the wrm-1(ts) embryo. (H and I) Live wrm-1(ts) embryos raised at the permissive
temperature (H), or temperature shifted (I) as in G; reporters and optical sectioning
as in A. Note failure of PPCs to form a double plate after shifting from the restrictive
temperature (n=15/15 embryos). Bars = 5 ym (A,C,E.HI), 2.5 pm (B,F,G).
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Figure 3.3: PHA-4 is required to maintain bilateral symmetry of the double plate.
(A) Transverse optical sections through a live wild-type embryo showing the PPCs
(green, pha-4::HIS-GFP) transition from double plate to cyst. (B) fog-2(q71) pha-

4(q490) embryo showing the inappropriate left-right crossing of a PPC (arrow) and
the failure to form a cyst. Bar = 5 pm.
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Figure 3.4: Cyst formation by apical constriction of double plate cells. (A-D) Trans-
verse optical sections of live embryos showing the transition from double plate to
cyst; arrows indicate the left and right periphery of the double plate. (A) Image
sequence showing all cell membranes (memb). (B) Image sequence showing a sin-
gle, tagged PPC (zuFz254). (C) F-actin expression (pha-4::GFP::dMoesin-ABD)
expression in the PPCs; note enrichment along the midplane/apical surface. (D)
Non-muscle myosin expression (nmy-2::NMY-2::GFP). (D’) Magnified view of the
periphery of the double plate (arrow with bracket in D) showing non-muscle myosin
is initially enriched at the periphery of PPCs before it concentrates apically. (E)
Average membrane length (in microns) of midplane and peripheral PPC surfaces.
Error bars indicate 95% confidence intervals. (F) The left panel is a longitudinal
view of the pharynx showing the positions of centrosomes (red, IFA) and PPC nu-
clei (blue, DAPI) relative to the midplane through the double plate. Note cluster of
midplane-facing centrosomes in the top left PPCs. Anterior is up. The right panel
quantifies centrosome positions over time. n>55 centrosomes analyzed per timepoint.
(G) Quantification of midplane enrichment of PAR-6 and NMY-2 in embryos co-
expressing pie-1:mCherry::PAR-6 and nmy-2::NMY-2::GFP (average of 4 embryos).
Error bars indicate 95% confidence intervals. Bars = 5 pym (A,C,D), 2.5 ym (B,F), 1
pm (D).
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Figure 3.5: Onset of apical and basal polarity in double plate PPCs. (A—C) Transverse
optical sections of live embryos showing the transition from double plate to cyst;
arrows indicate the left and right periphery of the double plate. Embryos express
the following reporters: (A) PAR-6 (pie-1::mCherry::PAR-6), (B) LAM-1/laminin
(lam-1::LAM-1::GFP), and (C) PAT-3/p-integrin (pat-3::PAT-3::GFP). (D and E)
Ventral, longitudinal views of embryos immunostained for PAR-3 and either LAM-
3/laminin « (D), or PAT-3/S-integrin (E); embryos were selected as showing the first
detectable asymmetry of PAR-3 in the PPCs (bracketed). Note that both LAM-3 and
PAT-3 show enrichment at the periphery of the PPCs. (F) Top, kymograph display
of an embryo co-expressing pie-1::mCherry::PAR-6 and lam-1::LAM-1::GFP; panels
show the width of the double plate and surrounding BWMs. Note that relative levels
of PAR-6 fluctuate at the midplane before 35’, but LAM-1 shows sustained enrichment
at the periphery. Graphs at bottom show fluorescence intensity linescans across the
kymographs at 35" and 60’; the dashed line indicates the midplane. Bars = 5 pum
(A-F).
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Figure 3.6: Laminin is required to specify a single, lumenal surface. (A) High magni-
fication view of PPCs at the surface of a mez-1(RNAi) embryo (PPC nuclei are vis-
ible in lower panel). The embryo was immunostained for LAM-3/laminin « (white),
PPCs (green, pha-4::PHA-4::GFP) and a lumenal marker (red, mAbPL1). Note that
laminin accumulates at the external periphery of the surface PPCs (arrowheads), and
that lumenal markers differentiate one cell diameter in from this surface. (B) Image se-
quence of surface PPCs in a live mez-1(RNAi) embryo expressing reporters for PAR-6
(red, pie-1::mCherry::PAR-6) and PPC nuclei (green, pha-4::PHA-4::GFP). (C) Sur-
face PPCs in an immunostained mez-1(RNAi); lam-1(0k3139) embryo showing PAR-3
(red) and PPC nuclei (green, pha-4::PHA-4::GFP). Note the surface accumulation of
PAR-3. (D and E) Brightfield images of late stage wild-type and lam-1(0k3139) em-
bryos. Arrowheads indicate the cuticle-lined pharyngeal lumen; note multiple lines
in the lam-1(-) mutant. (F and G) Immunostained wild-type and lam-1(-) embryos
at 470 min showing PPC nuclei (green, pha-/::PHA-4::GFP) and a marker for the
pharyngeal lumen (red, mAbPL1). Insets are reconstructed, cross sectional views
through the pharynx, showing that each lumen is surrounded by PPCs. (H and I)
Brightfield and fluorescent images of the intestine in live wild-type and lam-1(-) em-
bryos at ~280 min, showing localization of PAR-6 (red, par-6::PAR-6::GFP) to the
single, lumenal surface (arrow). Although lam-1(-) embryos showed mispositioning of
some intestinal cells, 28 /28 embryos examined localized PAR-3 or PAR-6 only to the
apical surfaces of intestinal cells. (J-L) Images of newly hatched lam-1(-) larvae that
are mosaic for a lam-1(+) transgene (zuEx288); the right panel shows expression of
the fluorescent reporter (sur-5::SUR-5::GFP) indicating presence of zuFz288. Note
formation of a single pharyngeal lumen (arrowhead) when zuFEz288 is present only in
the intestine (K) or hypodermis and body wall muscles (L). Bars = 2.5 um (A-C), 5
pm (D-L).
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Figure 3.7: Laminin orients PPC polarity. (A and B) Dorsal, longitudinal optical
sections of immunostained wild-type and lam-1(0k3139) embryos. Images show PPC
nuclei (green, pha-4::PHA-4::GFP) and PAR-3 localization (red) as maximum inten-
sity projections through the double plate; arrows indicate the midplane. Note multiple
lines of PAR-3 in the lam-1(-) embryo (n=18/18). (C and D) PAR-6 localization (par-
6::PAR-6::GFP) in single longitudinal, optical sections through the double plate of
live wild-type and lam-1(-) embryos. Note that PAR-6 localization begins, and per-
sists, at the periphery of the double plate in the lam-1(-) embryos (n=16/16). (E and
F) High magnification images showing part of a longitudinal optical section through
the double plate of live wild-type (top) and lam-1(-) embryos showing PAR-6 (red,
par-6::PAR-6::GFP) and plasma membranes (green, memb). Line scans through the
double plate are shown below. (G-G”) Images showing transverse optical sections of
a live lam-1(-) embryo with reporters for non-muscle myosin (green, nmy-2::NMY-
2::GFP) and plasma membranes (red, memb). Images in G” are high magnification
views of PPCs at the periphery of the double plate (bracketed region in G and G’).
The cartoons show tracings of individual, color coded PPCs within the double plate
(grey region), taken from movie frames at left. Bars = 2.5 ym (A-F, G”), 5 ym
(G,G").
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Figure 3.8: mAbPL1 is a marker of the pharyngeal lumen. (A-D) Immunostained
embryos at sequentially older stages showing progressive apical /lumenal localization
of the antigen stained by mAbPL1. White arrows indicate the margins of the pharynx.
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Figure 3.9: Characterization of lam-1(0k3139) mutants. (A) Schematic of the LAM-1
protein showing the laminin domains (see Aumailley et al., 2005, for nomenclature of
the laminin domains). Diagram of the lam-1 gene shows the positions of mutations in
strains used for this study; alleles 0k3139 and 0k3221 cause frameshift mutations in
exon 6. (B and C) Embryos from a lam-1(0k3139)/nT1[qls51] adult immunostained
for GFP (the ¢ls51 transgene gives strong intestinal GFP expression in embryos of
this stage) and laminin. Note that lam-1(0k3139) embryos lack all laminin staining.
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Figure 3.10: Laminin is required for pharyngeal basement membrane integrity in late
embryos. Longitudinal views of late stage (>470 min) lam-1(0k3139); zuEx288[lam-
1(+) and SUR-5::GFP] (A,C,E) and lam-1(0k3139) (B,D,F) embryos immunostained
for PAT-3/(-integrin (A and B), UNC-52/Perlecan (C and D) and LET-2/Type IV
collagen (E and F). Note that in the lam-1(0k3139) embryos PAT-3, UNC-52 and
LET-2 localize to the outer surfaces of the pharynx, but appear disorganized. White
arrows indicate the margins of the pharynx.
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Figure 3.11: Laminin is required for polarized localization of S-integrin in double plate
PPCs. (A) Longitudinal views of double plate stage embryos from a lam-1(0k3139);
2uBr288[lam-1(+) and SUR-5::GFP] adult immunostained for GFP (to score for the
presence of zuEr288) and PAT-3/p-integrin. Note that PAT-3 appears uniformly
localized along the PPC membranes in the lam-1(0k3139) embryo in contrast to the
polarized localization in the lam-1(0k3139); zuEx288 embryo. The brackets indicate
the margins of the double plate PPCs.



103

A lam-1(0k3139), zuEx288

\{/

lam-1(0k3139)




104

Chapter 4
PERSPECTIVES AND FUTURE DIRECTIONS

This thesis helped further our understanding of morphogenesis of the C. elegans
pharynx; however, many mysteries remain.

In Chapter 2, I found that single cells can self-fuse (also referred to in the literature
as auto-fusion). Although cell fusion happens in many systems, including humans, the
only genetic system to study developmental fusogens is C. elegans. Almost a third of
somatic cells in C. elegans fuse with a neighbor during development (Sapir et al., 2008)
and previous studies had found that manipulated cells in C. elegans could self-fuse
(Sharma-Kishore et al., 1999). In addition to the self-fusion of pm8 and vpil, recent
studies have found that single cells outside the pharynx can also self-fuse. The duct
cell of the excretory system requires AFF-1 to form a toroid (Stone et al., 2009) and
reshaping of menora-like neuronal arbors requires EFF-1 (Oren-Suissa et al., 2010).

Fusogens are powerful molecules, sufficient to fuse cultured and embryonic cells,
and are therefore likely under tight transcriptional and post-transcriptional control.
Most of the cell fusions in the worm require EFF-1. EFF-1 is expressed in a diversity
of cell types, including epithelia, neurons, and myoepithelia, over a wide range of
developmental time. How is the precise spatiotemporal control of EFF-1 expression
regulated? I found that Notch signaling is required to inhibit EFF-1 expression in
pm8, which is possibly mediated by the REF-1 family of bHLH transcription factors
(Neves and Priess, 2005). Unknown mechanisms activate EFF-1 expression in vpil.
Many different types of transcription factors regulate EFF-1 expression, both posi-
tively and negatively (reviewed by Podbilewicz, 2006). These observations suggest
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that the eff-1 regulatory region is likely complex, and how and where these upstream
transcription factors bind within the regulatory region is poorly understood. Fuso-
gens are also likely regulated at the post-transcriptional level. For example, fusion
of the dorsal hypodermal cells appears to initiate via a fusion pore adjacent to the
adherens junctions Mohler et al. (1998). How are fusogens targeted to specific mem-
brane domains within a cell? Do they interact with polarity complexes? Once fusion
is initiated, how is the fusion pore expanded and do fusogens have a role in disassem-
bly of the adherens junctions? Future studies using antibodies or GFP translational
reporters will hopefully help resolve this.

Do toroidal cells in other systems also form by self-fusion? This question may be
difficult to resolve in the short-term. Although recent work has identified the first
homolog of EFF-1/AFF-1 outside of nematodes (Avinoam et al., 2011), few systems
have the detailed anatomical knowledge of C. elegans, nor the genetic tools.

To form toroids, pm8& and vpil wrap around the midline to create an intracellular
lumen. The formation of the pm8 lumen may be templated by neighboring marginal
cells, however, vpil apparently does not require marginal cells to form its lumen
(unpublished observations). As several tubular systems contain apical matrix (see
Chapter 1), lumen formation could, in principle, be templated by extracellular mate-
rial along the midline. By electron microscopy, the pharyngeal lumen does appear to
contain matrix, however, no components of the pharyngeal matrix are known to be
expressed at the time of pm8 and vpil morphogenesis. Apical matrix in the pharynx
could act as a guidance cue for multiple morphogenetic processes in addition to toroid
formation of pm8 and vpil, such as long-range migrations along the anterior-posterior
axis that occur (Sulston et al., 1983; Santella et al., 2010).

In Chapter 3, I found that laminin can orient the axis epithelial polarity in the

pharynx. A similar reversal of polarity has been noted in certain cancers (Adams
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et al., 2004). How does laminin work as a polarity cue? This likely involves recognition
and assembly of laminin on the basal surface of pharyngeal cells by a transmembrane
receptor, such as integrins, followed by reorganization of the cytoskeleton. Zygotic
loss-of-function mutations in the sole gene encoding [(-integrin, pat-3, do not result
in defects in pharyngeal polarity, suggesting that either maternal PAT-3 is sufficient
to orient pharyngeal polarity or that other receptors are involved. In another system
where laminin can orient cell polarity (see Chapter 1), it appears to involve a (-
integrin/Racl/non-muscle-myosin regulatory cascade (O’Brien et al., 2001; Yu et al.,
2005, 2008), however, little else is known. C. elegans has three genes coding for Rac
that function redundantly and it is currently unknown if they are required to orient
pharyngeal polarity (Lundquist, 2006). New molecules involved in this process could
potentially be identified by forward genetics selecting for the multi-lumen phenotype.
As laminin has been found to act as a polarity cue for neurons in vivo, it will be
interesting to determine if common mechanisms are used to orient these different cell
types (Randlett et al., 2011).

The pharynx is also an attractive system to understand the relationship between
changes in organ shape and basement membrane dynamics that occur during growth
of all animals. Recent use of photoconvertible laminin and collagen revealed that
basement membranes can slide relative to tissues (Ihara et al., 2011). As the basement
membrane around the pharynx appears malleable at cyst stage, it is likely being slid,
bent, and turned over by the pharyngeal cells. The pharyngeal basement membrane
must also be remodeled during post-embryonic growth of the pharynx, when the
organ expands dramatically without further cell divisions, which has begun to be

investigated (Jafari et al., 2010).
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