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Abstract

The tissue specific expression and C-terminal mutagenesis of C. elegans Smads
reveal the mechanisms of body size regulation and male tail morphogenesis
by Jianjun Wang

Adpvisor: Professor Savage-Dunn

The Sma/Mab (TGF-B) signaling pathway regulates the body size and male tail
morphogenesis. The components include the ligand dbl-1, receptors daf-4 and sma-6,
intracellular transducers sma-2, sma-3 and sma-4 (Smads). The mutants of the signaling
pathway have small body size and male tail defects, fused sensory rays and crumpled
spicules. It is suggested that the Smads cooperate in a heterotrimer manner to regulate the
transcription of downstream target genes. The Smad proteins have highly conserved MH1
and MH2 domains connected by a linker region. The last two Serines of receptor
responsive Smads are phosphorylated during the activation of the signaling. The crystal
structures of mammalian Smads show the MH2 domain is critical for complex formation

and receptor activation.

In C. elegans, the mechanism of Smad function is still poorly understood. In my studies,
using the tissue specific expressed promoters, it is demonstrated that hypodermal
expression of sma-3 is sufficient and necessary for body size rescue. It is supported by
the similar experiment with sma-4 gene. Other groups also reported hypodermal
expression of sma-6, daf-4, and lon-1 is critical for body size. And sma-3 expression in

the seam cells rescues the body size also. The conclusion is going forward to that SMA-3
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presence in hyp7 is crucial to rescue the body size. The C-terminal mutants of SMA-3 are
dominant negative in body size, but they are functional in male tail sensory rays.
Pseudophosphorylated SMA-2 is constitutively active in body size rescuing suggests that
the phosphorylated SMA-3 plays essential roles in the functional complex. According to
all of the combination of different phosphorylated states of SMA-2 and SMA-3, it is

suggested that two different kinds of trimers have distinct roles in worm development.
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Chapter I General Introduction

General description of TGF- signal transduction

Overview

Transforming Growth Factor p (TGF-f) signaling pathways have multiple functions in
the regulation of cellular events, and have key roles in development and carcinogenesis.
The signaling components are conserved in diverse organisms, from worms and fruit fly
to human beings (Shi and Massagué, 2003; Derynck and Zhang, 2003; Savage-Dunn,
2001; Hill, 2001). TGF-B famiiy members signal through cell surface serine/threonine
kinase receptors. The Smad (homologues of Drosophila Mad and C. elegans Sma)
proteins transduce the TGF-p signal from the cell surface to the nucleus. There are two
types of receptors, type I and type II. Type II receptor kinase is always active. When the
ligand (TGF-pB) binds the receptors, type II receptor phosphorylates and activates type I
receptor. Upon activation, the TGF-P type I receptor phosphorylates receptor regulated
Smads (R-Smads), which then form complexes with Co-mediator Smads (Co-Smad, not a
target of receptor phosphorylation) and accumulate in the nucleus to regulate
transcription of a variety of genes that encode crucial determinants of cell fate, i.e.
proliferation, differentiation, adhesion and apoptosis (Massagué and Chen, 2000). Smad
transcriptional activity is inhibited by the oncogenes, Ski and SnoN. And the activating of

the pathway is downregulated by inhibitory Smads (I-Smads), which inhibit receptor
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binding with R-Smad and formation of functional Smad complexes and facilitate their
degradation (Itoh et al., 2001; Murakami et al., 2003). The Smurf (Smad ubiquitination
regulation factor) genes encode E3 ubiquitin ligases (Zhu et al., 1999; Bonni et al., 2001).
Their expression is upregulated by the activated Smads in a negative feedback manner.

The protein products induce the degradation of the Smads and receptors (Figure 1.1)

Ligands, the initiators of signaling

The TGF-f superfamily of cytokines, which contain six conserved cysteine residues, are
encoded by forty-two open reading frames in human, nine in fruit fly, five in worm
(Lander et al., 2001). The superfamily includes two subfamilies, the
TGF-B/Activin/Nodal subfamily and the BMP (bone morphogenetic protein)/GDF
(growth and differentiation factor) /MIS (Muellerian inhibiting substance) subfamily. The
signal specificity depends on the sequence variety, i.e. different receptors distinguish their
ligands separately. The TGF-$ ligands inhibit cell proliferation, but BMP ligands enable
cell differentiation and control the developmental fate (reviewed by Shi and Massagué,
2003). The BMP related ligand decapentaplegic (dpp) has a well-characterized role in
pattern formation during Drosophila embryogenesis and in larval development. It acts as
a long-range morphogen during imaginal disc growth in the wing (Affolter et al., 2001).
The active form of a TGF-f ligand is a dimer stabilized by hydrophobic interactions and

further strengthened by an intersubunit disulfide bridge (Kirsch et al., 2000). The crystal
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structure of the antagonist Noggin bound to BMP-7 shows that Noggin inhibits BMP
signaling by blocking the molecular interfaces of the binding epitopes for both type I and
type II receptors. The scaffold of Noggin contains a cystine (the oxidized form of
cysteine) knot topology similar to that of BMPs. The homologous ligands and their
antagonists are likely to have evolved from a common ancestral gene (Groppe et al.,

2002).

There are two types of receptors

Both types of TGF-f receptors are Serine/Threonine kinases. They have an N-terminal
extracellular ligand binding domain, a single transmembrane region, and a C-terminal
intracellular kinase domain. The type II receptors are thought to be constitutively active.
The type L, but not type II receptors, contain a conserved SGSGSG sequence, called the
GS box, adjacent to and N-terminal of the kinase domain. The GS domain is
phosphorylated by the type I receptor during ligand binding. The ligand interacts with
both types of receptors to form an active signaling complex (Massagué, 1998). After
phosphorylation, the activated type I receptor is able to bind and phosphorylate R-Smads
to conduct the signal downstream. Two distinct models of ligand receptor interaction
exist, one exemplified by the BMP subfamily and the other represented by
TGF-B/Activin subfamily. BMP ligands exhibit a high affinity for the extracellular ligand
binding domains of type I BMP receptors and a low affinity for type II receptors. The

type I receptor-ligand complex has a higher binding affinity for the type II receptor.
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These interactions are predominantly hydrophobic. A knob-and-pocket binding is
essential for the interaction between the BMP ligands and the type I receptors (Kirsch et
al., 2000). In contrast to the BMPs, TGF- and Activins have a high affinity for the type
II receptors and do not interact with the isolated type I receptors (Massague, 1998). Thus,
the ligands bind tightly to the ectodomain of the type II receptors first (Figure 1.2) and
this binding allows subsequent recruitment of the type I receptors forming a large

complex.

The crystal structure of the ectodomain of the human TGF-f type II receptor in complex
with the ligand TGF-B3 reveals that the binding occurs at the far ends of the elongated
ligand dimer (Hart et al., 2002). This interaction creates two symmetrically positioned
concave surface patches, to which the ectodomain of the type I receptor could bind.
Binding the ectodomains of two types of receptors, the dimeric ligand induces the
conformational change for the intracellular domains of the receptors. The close proximity
facilitates the phosphorylation and activation of the type I receptor. The type 1I receptor
kinase phosphorylates multiple Serine/Threonine residues in the TTSGSGSG sequence.
The immunophilin FKBP12 inhibits TGF- signaling by binding to unphosphorylated GS
domains of the type I receptors (Wang et al., 1996; Huse et al., 1999). The interaction
blocks the kinase catalytic center of the type I receptor. By using an in vitro ligation
strategy, the type I receptor tetra-phosphorylated in the GS domain was generated. The

synthesized protein binds efficiently to Smad2 in vitro and efficiently phosphorylates
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Figure 1.2 The X-ray structure of Type II TGF-P receptor extracellular
domain. (A) without binding ligand (B) binding with ligand (dimer).
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C-terminal Serines of Smad2 (Huse et al., 2001). It cannot be recognized by FKBP12 in
vitro. So, the phosphorylation of the GS domain induces the conformational switch from

inhibitory protein binding to R-Smad binding.

Smads are intracellular transducers

The first intracellular mediator of TGF-B signaling, MAD (mothers against dpp), was
identified in Drosophila (Sekelsky et al., 1995). Soon after, its orthologs were found in C.
elegans (Savage et al., 1996). The genes sma-2, sma-3 and sma-4 encode proteins that are
required for body size control. Loss-of-function mutants have small (Sma) body size and
the male tails are abnormal (Mab). Then, after the discovery of mammalian homologs,
the proteins are named Smads (Sma and Mad). There are three classes of Smads. Only
R-Smads are the targets of the receptor activation. Smad2 and Smad3 respond to TGF-8
subfamily signaling and Smadl, SmadS and Smad8 are specific for signaling of BMP
subfamily (Massagué and Wotton, 2000). The R-Smads and Co-Smad (only Smad4) have
two conserved functional domains, the N-terminal MH1 (Mad Homolog 1) domain and
the C-terminal MH2 (Mad Homolog 2) domain. The two domains are connected with a
less conserved linker region (Massagué, 1998). The C-terminus of R-Smad, but not
Co-Smad, has a characteristic SSXS motif that was proved to be the sites phosphorylated
by the activated type I receptor (Abdollah et al., 1997; Souchelnytskyi et al., 1997). The
MH]1 domain exhibits sequence-specific DNA binding activity and negatively regulates

MH2 domain by auto-inhibition (Hata et al., 1997). Most R-Smads have a nuclear
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localization signal, a motif (KKLKK) with multiple positively charged residues (Xiao et
al., 2001). The nuclear localization activity is absent in Co-Smad because of a glutamate
in the motif. The nuclear accumulation of Co-Smad depends on its association with
activated R-Smads. However, Co-Smad also undergoes nuclear shuttling on its own
independent of TGF-P signaling. There is a leucine-rich nuclear export signal (NES) in
| Smad4, which regulates the subcellular distribution of Smad4. The NES-dependent
cytoplasmic localization of Smad4 is important to achieve optimal TGF-J responsiveness

in transcriptional activation (Watanabe et al., 2000).

Smads can be specifically immobilized near the plasma membrane by SARA (Smad
anchor for receptor activation) through the interaction between the hydrophobic surface
of Smad and a peptide sequence of SARA. SARA contains a phospholipid binding FYVE
domain. The interaction increases the efficiency of Smad activation by the receptors (Wu
et al., 2000). Comparing the MH2 domain of Smads reveals the presence of a much more
positively charged surface patch on R-Smad than that of Co-Smad, located next to the L3
loop (the third loop in MH2 domain), which is essential to Smad-Smad complex
formation (Hata et al., 1997; Shi et al., 1997) and determines specific interactions
between SMAD proteins and TGF-f3 receptors (Lo et al., 1998). This basic patch is
postulated to be the binding site for the phosphorylated GS region of the type I receptor
(Wu et al., 2000). A cluster of four residues in the L45 loop of the type I receptor kinase

domain, and a matching set of two residues in the L3 loop of the Smad MH2 domain
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establish the specificity of receptor-Smad interactions (Chen et al., 1998). However, it
does not exclude that other sequence elements of R-Smad may also contribute in this
interaction (Huse et al.,, 2001). The crystal structure of phosphorylated Smad2 MH2
domain suggests that the protein forms a homotrimer. The phosphorylated C-terminus
pSer-X-pSer motif is nestled in the basic patch (Wu et al., 2001) (Figure 1.3). In the
crystal of Co-Smad MH2 domain, the C-terminus is completely flexible and disordered
(Shi et al, 1997, Qin et al, 1999). Many experiments demonstrate that the most
C-terminal two serines are phosphorylated for Smad activation (Abdollah et al., 1997;
Souchelnytskyi et al., 1997). Phosphorylation destabilizes the Smad interaction with the
receptor and allows the Smad heteromeric complex to form. The pseudophosphorylated
MH2 domain, using glutamate or aspartate to simulate the phosphorylated serines,
exhibits a stronger tendency to form a homotrimer as well as heteromeric Smad complex
with Smad4 (Chacko et al., 2001). The crystal structure of phosphorylated Smad2 MH?2
domain also reveals the significant insight into the mechanism of heteromeric complex
formation, especially with Smad4. In the structure, the pSer-X-pSer motif mainly
interacts with four positively charged residues in the surface pocket. All of the four
residues are conserved in all of the Smads including Smad4, strongly suggesting that
R-Smad-Smad4 complexes are stabilized by such an interaction (Wu et al. 2001). So, the
pSer-X-pSer motif interacting with the basic surface pocket plays the most important role

in Smad function.
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Figure 1.3 The X-ray crystal structure of phosphorylated Smad2
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C-terminus interacts with L3 loop of neighbor subunit.
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The Smad linker region has regulation sites

The Smad linker regions, although not highly conserved, have multiple regulation sites.
The serine residues could be phosphorylated by other kinases (Massagué, 2003). It has
been shown that Ras-mediated activation of Erk MAP kinase induces the phosphorylation
of Smadl, Smad2 and Smad3 at MAP kinase sites in the linker region. This could affect
the Smad nuclear import or export process. Such crosstalk results in the attenuation of
Smad nuclear accumulation and Smad dependent TGF-B signaling (Kretzschmar et al.,
1999). Ras is also likely to induce Smad4 degradation. The mechanism is still unclear
(Saha et al., 2001). Recently, it is found that phosphorylation of threonine 276 in Smad4
enhances its nuclear accumulation since this might block its nuclear exportation (Roelen
et al., 2003). Similarly, calcium-calmodulin-dependent protein kinase II inhibits TGF-B
signaling through the phosphorylation of the Smad2 linker region using different

phosphorylation sites (Wicks et al., 2000).

The transcription co-factors

Upon TGF-p stimulation, there are hundreds of genes whose expression levels increase or
decrease. The activation and repression of gene transcription is regulated by the same
proteins, Smads. Target gene selection depends on the cell type specific transcription
co-factors (Massagué and Wotton, 2000). The binding affinity and specificity is limited
for individual Smads. Smads bind a simple tetranucleotide sequence known as the Smad

Binding Element (SBE) (Shi et al., 1998). The transcriptional repression of c-myc is
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dependent on direct Smad3 binding to a novel Smad binding site, termed a repressive
Smad binding element (RSBE), within the TGF-beta inhibitory element (TIE) of the
c-myc promoter (Frederick et al., 2004). Smads must therefore cooperate with each other
and transcription co-factors, which include members of different families of DNA
binding proteins, such as E-box (TFE3), homeobox (Mixer), forkhead (Fast-1), Jun/Fos,
CREBP (reviewed by Massagué and Wotton 2000). The zinc finger transcription
co-factor Schnurri was first found in Drosophila. It is required for dpp-dependent cell
fates in the wing development (Torres-Vazquez et al., 2000). Interestingly, the promoter
of Smad7 contains two copies of SBE and its expression is activated by both BMP and
TGF-B signaling without consideration of cell type. Most Smad responsive enhancers

have only one copy of SBE.

The regulation of Smad activity

Ski and SnoN are negative regulators of Smad activity. Ski or SnoN represses Smad

signaling by directly binding on Smads and disrupting Smad-Smad or Smad-co factor

interaction (Qin et al., 2002; Wu et al., 2002). It has been shown that Ski inhibits Smad

activity by binding the L3 loop region through a highly conserved interaction loop (I loop)
(Qin et al., 2002; Wu et al., 2002). Smads also bind to the transcription corepressor TGIF

(Wotton et al., 1999). Like Ski and SnoN, TGIF is thought to act as an inhibitor of TGF-J3

dependent gene activation, not as a mediator of TGF-$ dependent gene repression (Shi

and Massagué, 2003). There could be two different mechanisms to terminate Smad
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signaling. First, dephosphorylation could occur by yet unknown phosphatases (Randall et
al., 2002). The other, E3 ubiquitin ligases, Smurfs, could mediate Smad degradation.
Smurfl targets Smadl and SmadS for destruction in the cytoplasm (Zhu et al., 1999).
However, activated Smad?2 is ubiquitinated by Smurf2 in the nucleus (Lo and Massagué,
1999). Smurfl and Smurf2 also mediate ubiquitination of activated TGF-PB receptors,
leading to their degradation and shutting down the signaling (Ebisawa et al., 2001; Tajima
et al., 2003). The inhibitory Smad, Smad7 plays an important role in this process. Smurfl
and Smurf2 form stable complexes with Smad7. The complex could bind activated
receptors and both the receptor and Smad7 itself undergo degradation. However, a
negative feedback loop activates the transcription of Smad7. Thus, the supply of Smad7
depends on TGF-f signaling (Hua et al., 2000). The precise volume and timing of the
signal are well controlled by this mechanism. The basally expressed Smad7 localizes to
the nucleus until the signaling induces its migration into the cytoplasm. Thus, in signaling
from the membrane to the nucleus, every step is precisely regulated and the activity,
accumulation, and localization of each component is controlled by a well defined
program to ensure the cells respond correctly and the whole body undergoes proposed

development (reviewed by Shi and Massagué, 2003).

General Characteristics of Caenorhabditis elegans

Caenorhabditis elegans is a small, free-living soil nematode. It feeds primarily on
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bacteria and reproduces with a life cycle of about 3 days under optimal conditions, 20°C,
not crowded and plenty of food. There are hermaphrodites (Figure 1.4) and occasionally
occurring males (1/500). A young adult is approximately 1.2mm long and 0.3mm wide.
Hermaphrodites can reproduce by self-fertilization. They also could mate with males to
keep genomic diversity. A single hermaphrodite lays about 400 eggs during adulthood.
Juvenile worms hatch and develop through four larval stages, punctuated by molts. The
worms become mature after the fourth molt and then live for an additional 15 days

(Brenner 1974).

C. elegans is a simple organism, both anatomically and genetically. The body is
rod-shaped and transparent. An adult hermaphrodite has only 959 somatic nuclei and an
adult male has 1031 nuclei. The anatomy, structure and cell lineage have been well
studied (Sulston et al., 1984). The haploid genome has six chromosomes (I-V, X). Each
chromosome is between 10 and 20M bps and the genome size is about 100M bps. The
whole genome has been sequenced and cloned into cosmids and YACs. This has resulted
in a map that spans more than 99% of the genes, with only a few gaps at present (Coulson
et al., 1995). The representation of the genome in YACs is more complete. This combined
with their larger size (average insert size 250kb), allowed these clones to bridge many of
the gaps between the cosmids (Coulson et al., 1988). Telomeres of C. elegans consist of
the repeated hexamer sequence TTAGGC (Wicky et al., 1996). To get a look into the

genes of C. elegans, projects have been undertaken to obtain end sequences from cDNA
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clones. Such partial sequences or expressed sequence tags (ESTs) can provide insight into
a useful fraction of genes. With such sequences, the predicted open reading frames and
RNA splicing sites could be confirmed. Currently, most of the 19,000 predicted genes are
partially reconfirmed by EST sequences (the C. elegans Sequencing Consortium, 1998).
Although the genome of the worm is relatively small, many human genes have homologs
in the worm genome. It is not surprising that many of the predicted genes fall into
families such as G-protein coupled receptors, protein kinases, collagens, zinc finger

transcription factors, homeobox proteins, and protein phosphatases (Green et al., 1993).

Mutagenesis

In the C. elegans genome, there are transposons, e.g. Tcl and Tc3. In some strain
backgrounds, they could transpose along the genome. When they move into and out of a
functional open reading frame, the gene’s function could be disrupted by a small deletion
or insertion. Some mutants have been generated by such mechanisms (Anderson, 1995).
Most mutations are induced by mutagens. EMS is a potent and efficient mutagen for
generating point mutations. The common effect is to cause G/C—A/T transitions,
although it does produce small deletions, and other chromosomal rearrangements. A
potential alternative to EMS is ENU, which has about the same efficiency as EMS but
produces both transitions and transversions, as well as some small deletions and other
chromosomal rearrangements (Anderson, 1995; De Stasio and Dorman, 2001). Exposure

to formaldehyde, X ray-irradiation, UV irradiation, and y-irradiation causes major
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rearrangements such as translocations, large duplications, inversions and deficiencies,
which are useful as balancers or for mapping genes to relatively large regions of the
genome (Anderson, 1995). When heterologous DNA is injected into the gonad of
hermaphrodites, the next generation could carry this DNA as an extrachromosomal array.
When the transgenic worms are exposed to X-ray or y-ray, the array could be integrated
into their genomes. After the DNA is integrated, the expression of the genes on the DNA
could be stabilized or increased. It is a useful technique to study the gene functions,

especially for rescuing mutants or over-expressing genes of interest (Mello et al., 1991).

Life Cycle

The process of fertilization in C. elegans occurs when an oocyte passes through the
spermatheca, where the leading end of the oocyte appears to engulf a single sperm. The
newly fertilized egg exits its prophase arrest state and completes meiosis I and II,
extruding two polar bodies at the future anterior end of the embryo. At same time, a hard
and impermeable eggshell forms around the embryo (Brenner, 1974). The zygote divides
under a pre-determined pattern. During the process, some cells undergo programmed cell
death, apoptosis, and the cell bodies are engulfed (Hodgkin, 1999). After several hours in
the uterus, the egg is laid and embryogenesis continues. After hatching, worm
development proceeds through four larval stages L1-L4. To go to the next stage, the
worm molts; a new cuticle is generated and the old one is discarded. Under optimal

conditions, C. elegans goes through all of the larval stages and becomes an adult. But,
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without food, in high temperature, a crowded population, the C. elegans can select
another developmental plan. The worm is arrested as a dauer larva, an alternative L3
stage. When the conditions get better, the dauer will recover and continue its
development into 1.4 stage. Once a worm goes through L3 stage, it cannot go into the

dauer stage (Patterson and Padgett, 2000).

The males of C. elegans‘

Hermaphrodite self-fertilization makes it easy to maintain strains. To keep the genetic
diversity, the male C. elegans is also required. But, the male occurs naturally at very low
frequency. To generate more males for mating or analyzing, we use mutants with
increased chromosomal non-disjunction, e.g. Aim-5 (high-incidence of male) (Broverman
and Meneely, 1994). The sex of C. elegans is determined by the ratio of autosome and X
chromosome. A hermaphrodite diploid contains two copies of X chromosomes, but that
of male has only one copy of X chromosome and two copies of each autosome. Him
genes disrupt X chromosome segregation in meiosis, generating sperms or eggs without
X chromosome and producing zygotes with XO genome (Meyer, 2000). The body
development of the male is similar to that of hermaphrodite. Specific to males is a
fan-shaped tail. An adult male contains nine sensory rays on each side of the tail (Figure
1.5). Each ray contains one sheath cell and two neuron cells. Rays are produced by a
sex-specific lineage pattern from some of the lateral hypodermal cells known as seam

cells (Sulston and White, 1980). In the center of the male tail, there are spicules. Males
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Figure 1.5 The male tail sensory rays of wild type him-5 and sma-3(wk30) mutant. In him-5, the
arrow points at the healthy spicules. In sma-3(wk30), the arrow points at the crumple spicules and
the arrow head indicates the ray 6-7 fusion.
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inject sperm into the hermaphrodite vulva and the sperm from males are used
preferentially over the hermaphrodite sperm in the spermatheca. The adult arrangement
of rays is determined by the placement of ray cells at specific sites in the hypodermis at
the L4 stage. Placement of ray cells at specific sites results from the generation of
neurons and sheath cells in the hypodermis near to their final positions, and the
subsequent refinement of these positions by an active mechanism involving specific
cellular associations. A pattern formation mechanism in the hypodermis guides the
specification of morphogenetic differences between the rays necessary for correct
organelle assembly at specific positions. Two genes of the C. elegans HOM-C/Hox gene
complex play a role in the pattern formation mechanism. Increasing or decreasing the
gene dosage of mab-5, an Antennapedia homolog, and eg/-5, an Abdominal B homolog,
results in displacement and fusion of specific rays. These changes are interpreted as
anterior or posterior transformations in ray identities. The C. elegans HOM-C/Hox gene
mab-5 is required for generation of rays from the descendants of seam cells V5 (ray 1)
and V6 (rays 2-6), but not T (ray 7-9) (Kenyon 1986) (Figure 1.6). In mab-5 mutants, the
most anterior ray was generated by V6.pppap, which normally gives rise to ray 4. In the
mab-5(bx54) mutant, the ray generated by V6.pppap has moved to a position adjacent to
the cloaca and extended to the margin of the fan, i.e. it has assumed the morphology of
ray 3. Fusion with ray 3 suggests that the fourth ray now not only extends to the fan
margin at a more anterior position, but also expresses some cell recognition molecules in

common with ray 3. When mab-5 function decreases, several characteristics of the fourth
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ray undergo a posterior-to-anterior transformation (Chow and Emmons, 1994). Thus
decreased activity of mab-5 induces the transformation of the identity of ray 4 to that of
ray 3. Interestingly, in a gain of function allele, mab-5(el751) (Hedgecock et al., 1987),
ray 1 was located more posteriorly, opened on the ventral surface of the fan or at the fan
margin and fused with ray 2. Ray 3 was located more posteriorly, opened on the ventral
surface of the fan with ray 4. In homozygous egl-5(lf) mutants, ray 6 is lost because the
cell V6.ppppa is transformed into a hypodermal cell. The egl-5 gene plays a role to
specify expression of the ray sublineage by a single branch of the V6 lineage (Chisholm,
1991). The identities of ray 4 and ray 6 are sensitive to the ratio between mab-5(+) and
egl-5(+). As the ratio decreases, the frequency of ray 3 and ray 4 fusion increases. On the
contrary, as the ratio increases, the frequency of the ray 4 and ray 6 fusion increases.
There are communications between the seam cells to polarize the cell divisions and
determine the cell fates (Figure 1.6). The lin-44 (Wnt) is generated by distal cell and

controls the polarity of asymmetric division of T cell (Herman and Horvitz, 1994).

The hypodermis and cuticle

The structure of a worm includes a pharynx in the head. In the body cavity, intestine and
gonad are the largest organs taking most of the space. Body movement is controlled by
the body wall muscles, which are covered by hypodermis. Muscle and hypodermis form
the outer tube of the body. Most of the body surface is covered by one hypodermal cell,

hyp7 (Figure 1.7). Hyp7 is a huge syncytium and has 139 nuclei after mid-1.3 stage. Even
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Figure 1.6 The cell lineage of male tail sensory rays. (A) The effects
of signals on lateral epidermal seam cells: (1) Seam cells inhibit their
anterior neighbors from generating rays; (2) Seam cells induce stem
cell division and polarize the asymmetric divisions of their neighbors;
(3) LIN-44(Wnt), expressed by distal cells, orients division polarity in
the T lineage. (B) The cell lineage to generate male tail sensory rays.
(modifed from book C. elegans 11)
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seam cells
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Figure 1.7 The structure of hypodermis in wild type hermaphrodites. The hyp7 takes
the most of the surface. The lateral hypodermis, seam cells, connect with each other.
(modified from wormatlas.org)
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after that, the nuclei of hyp7 still undergo DNA duplication without nuclear division
(Hedgecock and White, 1985). Hypl-hyp5 cells are in the head region and hyp8-hyp12
cover the surface of the tail. The lateral hypodermal cells are called seam cells. During
each larval stage, each seam cell divides, the anterior daughter cell fuses into hyp7 and
the posterior daughter cell keeps the seam cell identity. Seam cell proliferation is to
supply the hypodermis with additional genomes for the purpose of growth (Knight et al.,
2002). The exterior of the animal is covered by cuticle. The cuticle is the animal’s
exoskeleton and is important for maintenance of morphology, protection from external
environment. The cuticle has both surface specializations and internal layers that can
differ at different developmental stages. Collagen proteins have similar domain structures
and several conserved motifs (Kramer, 1994a; Johnstone, 2000). Thgre is a long
N-terminal non-Gly-X-Y domain of variable length, a central Gly-X-Y repeat domain,
and a variable length C-terminal non-Gly-X-Y domain. Collagen proteins have a high
proportion of cysteines and tyrosines, which form intra- and inter-molecular bridges.
Thus, the cuticle is a network and has extensive effects on the body growth. The cysteine
intervals are likely to be important for directing the formation of disulfide bonds between
appropriate molecules in the cuticle. Synthesis of cuticle proteins occurs at high rates
during molts and at lower rates between molts (Cox, 1990). Some genes that are involved
in determination of overall morphology have been shown to encode cuticle collagens,
such as sqt-1, dpy-7, rol-6 (Kramer, 1994b). Mutations in these cuticle collagens can

generate morphological phenotypes like roller and dumpy. Recently, a new collagen gene,
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lon-3, has been cloned. The loss of function mutant has a long phenotype (Flemming et
al., 2003). This discovery indicates that the small/long phenotypes in the mutants of
Sma/Mab pathway (see below) might result from the increased or decreased expression

of some collagen genes.

TGF-P signaling in Caenorhabditis elegans

Overview

There are at least five predicted TGF-8 homologs in the genome of C. elegans. Only
three of them have been analyzed mutationally, dbl-1, daf-7 and unc-129. The tig-2 gene
has high homology to bone morphogenetic protein. But its function is not clear yet. The
open reading frame, Y46E12BL.1, has limited similarity to TGF-p family ligands. No
experiment has been done to characterize this pﬁtative TGF-f ligand. The intracellular
components of the TGF-f related pathways are Smad genes including daf-8, daf-14, daf-3
(Dauer pathway) and sma-2, sma-3, sma-4 (Sma/Mab pathway) (Figure 1.8) (Patterson
and Padgett, 2000). The gene tag-68 and ORF RO5D11.1 are also Smad related genes.
But their functions are not clear. In sequence alignment, ROSD11.1 is mostly related to
sma-2 or human gene Smad5 and its C-terminal residues SSRS belong to R-Smad motif
SSXS. But the residue arginine is positive charged and the side chain might have effect
on the structure of Smad complex. The protein sequence of fag-68 is closely related to

I-Smad, Smad6 (Newfeld et al, 1999). The strain tag-68(gk!85) is mild uncoordinated
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Figure 1.8 TGFp related signaling pathways in C. elegans
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(wormbase). Thus, fag-68 might be a downstream of unc-129.

unc-129

The unc-129 gene is required for guidance of pioneer motoraxons along the dorsoventral
axis of Caenorhabditis elegans (Colavita et al., 1998). The mutants also have gonad
distal tip cell (DTC) migration defects. unc-129 is expressed in dorsal, but not ventral,
rows of body wall muscles. Ectopic expression of UNC-129 from ventral body wall
muscle disrupts growth cone and cell migrations that normally occur along the
dorsoventral axis. The graded expression of UNC-129 in dorsal body muscles depends on
unc-130 gene, which encodes a forkhead transcription factor (Nash et al., 2000). The
cell-specific effects of unc-130 on ventral, but not dorsal, body muscle expression of
unc-129 accounts for the D/V polarity information required for UNC-129-mediated

guidance.

Dauer pathway

Another TGF-f ligand, daf-7, is required for the regulation of dauer formation. The
loss-of-function mutants have a dauer constitutive phenotype and egg-laying defects
(Patterson and Padgett, 2000). daf-7::GFP fusions are expressed specifically in ASI, a
sensory neuron in the cluster near the pharynx, and that expression is regulated by
dauer-inducing sensory stimuli. The receptors are encoded by daf-4 (type II) and daf-/

(type I) genes. DAF-1 is presumably activated by DAF-4 and then phosphorylates the
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R-Smads, DAF-8 and DAF-14. DAF-14 Smad has a highly unusual structure completely
lacking the N-terminal MH1 domain found in other Smad proteins. daf-14 genetically
interacts with daf-8, and the interaction suggests partial functional redundancy between
these two Smad proteins. The daf-3 gene encodes a Co-Smad. The null mutants of daf-3
have a dauer-defective phenotype and they can suppress the dauer constitutive phenotype
of the loss-of-function of upstream signal components, daf-7, daf-1, daf-4, daf-8 and
daf-14 (Patterson et al., 1997, Patterson and Padgett, 2000). Thus, the signal from daf-7
antagonizes daf-3 activity. DAF-5 is a member of the Sno/Ski superfamily that binds to
DAF-3 Co-Smad, suggesting that DAF-5, like Ski/SnoN, is a regulator of transcription in
a TGF-f superfamily signaling pathway (da Graca et al., 2004). daf-5 mutants, like daf-3
null alleles, are dauer-defective. DAF-5 is an unconventional Sno/Ski protein, because
DAF-5 acts as a co-factor, rather than an antagonist, of a Smad protein DAF-3. Without
upstream signaling, DAF-5 and DAF-3 cooperate in the nucleus to promote target gene
expression (da Graca et al., 2004). An upstream regulator of this pathway, KIN-8, is
highly homologous to human ROR-1 and ROR-2 receptor tyrosine kinases. A promoter
kin-8::gfp fusion gene was expressed in ASI neuron and many other neurons as well as in
pharyngeal and head muscles. The kin-8 deletion mutant was isolated and showed
constitutive dauer larva formation phenotype. In the mutant, expression of daf-7::gfp in
ASI was greatly reduced. The Daf-c phenotype was suppressed by daf~7 cDNA
expression or a daff3 null mutation (Koga et al, 1999). A human BMP

receptor-associated molecule BRAMI1 in Caenorhabditis elegans, BRA-1, has been

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

found to bind DAF-1, the type I receptor, through the conserved C-terminal region. A
loss-of-function mutation in bra-1 exhibits robust suppression of the Daf-c phenotype
caused by the DAF-7 pathway mutations. Thus, BRA-1 negatively regulates DAF-7

TGF-p signaling (Morita et al., 2001).

Sma/Mab pathway

The Sma/Mab TGF-J pathway regulates body size and male tail development. The ligand,
dbl-1, is expressed primarily in neurons. Loss-of-function mutations in dbl-/ cause
markedly reduced body size and defective male copulatory structures. Conversely, dbl-1
overexpression causes markedly increased body size and partly complementary male tail
phenotypes, indicating that DBL-1 acts as a dose-dependent regulator of these processes
(Suzuki et al., 1999). Interestingly, the signaling pathway also uses daf-4 as the type 11
receptor, sharing with daf-7 dauer pathway. The type I receptor sma-6 is only used in the
Sma/Mab pathway. Mutations in sma-6 generate the reduced body size (Sma) and
abnormal mail tail (Mab) phenotypes identical to those ébserved in daf-4, but not the
dauer constitutive or egg laying defective phenotypes (Krishna et al., 1999). sma-6 is
highly expressed in the hypodermis. Hypodermal expression of sma-6 is necessary and

sufficient for the growth and maintenance of body length (Yoshida et al., 2001).

The intracellular transducers, sma-2, sma-3 and sma-4 are the Smad homologs. The null

mutants of any of the three genes have small body size (Figure 1.9) and male tails have
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Figure 1.9 The mutants of Sma/Mab pathway are smaller than wild
type in body size. N2, wild type; wk30, a null mutant of sma-3.
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sensory ray fusions and the spicules are crumpled at a high percentage (Savage et al.,
1996; Savage-Dunn et al., 2000). This phenotype is indistinguishable from that of the
sma-6 null mutants (Figure 1.5). sma-2 and sma-3 encode Receptor-regulated Smads and
sma-4 belongs to Common Smad family. A zinc finger transcription co-factor, sma-9,
homologous to Drosophila Schnurri has been cloned by our lab (Liang et al., 2003). The
null mutants have small body size, but the defects in the male tail are not as severe as
those of sma-6 mutants. It has been shown that the activity of sma-9 in body size is only
required in the larval stages. After L4 stage, sma-9 null mutants grow as fast as wild type
(Liang et al., 2003). This suggests that the cooperation between Smads and sma-9 is
limited in the larval stage if there is. There should be another transcription co-factor for
body size control in adult. Using loss-of-function (small) and gain-of-function (long)
dbl-1 mutants, many small and long mutants have been isolated by genetic screens
(Savage-Dunn et al., 2003). The small mutants mainly have defects in body size and the
male tail defects are not as severe as sma-6 mutants. The lon-1 gene encodes a PR related
protein, a putative Smad target gene. The loss-of-function mutants have a long phenotype
that is thought to result from an increase in hypodermal ploidy (Morita et al., 2002). It is
proved that the hypodermal expression of lon-1 is sufficient to rescue the long phenotype
(Maduzia et al., 2002). Finally, the lon-3 gene has been shown to encode a putative
cuticle collagen that is expressed in hypodermal cells. Morphometric analyses indicate

that the Jon-3 loss-of-function phenotype resembles that caused by overexpression of

dbl-1 (Nystrom et al., 2003).
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Previous experiments characterizing sma-3 gene

SMA-3 Smad has critical functions in Sma/Mab signaling

The sma-3 gene was first characterized molecularly eight years ago. It encodes a Smad
protein and cooperates with sma-2 and sma-4 to regulate body size and male tail
morphogenesis (Savage et al., 1996). The sequence shows that the protein has MH1 and
MH2 domain. There is a nucleus localization signal motif, KKLKK in MH1 domain and
the C-terminal sequence SMT is the putative phosphoylation site (Figure 1.10).
Savage-Dunn (et al., 2000) analyzed the function of the sma-3 Smad gene. Null
mutations in sma-3 are at least as severe as null mutations of the ligand and type I
receptor genes, dbl-1 and sma-6, indicating that the other Smads do not function in the
absence of SMA-3. Null mutations in sma-3 do not cause defects in egg laying or in
dauer formation, indicating no overlapping function with the dauer pathway. Using a
promoter sma-3::lacZ fusion construct, it was shown that the sma-3 gene is widely
expressed at all developmental stages in hermaphrodites and males. The molecular
lesions associated with eight sma-3 alleles of varying severity were determined. The
missense mutations cluster in the L3 loop important for Smad function. The differences
among the male tail defects suggest that the MH1 domain is not as important as the MH2

domain in male tail morphogenesis.
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01 MNGLLHMHGPAVKKLLGWKIGEDEEKWCEKAVEALVKKLKKKNNGCGTLE

51 DLECVLANPCTNSRCITIAKSLDGRLOQVSHKKGLPHVIYCRVWRWPDISS

101 PHELRSIDTCSYPYESSSKTMYICINPYHYQRLSRPQGLNSSMPSPQPIS

151 SPNTIWQSSGSSTASCASSPSPSVFSEDGGEVQVHQRPPPFRHPKSWAQI

201 TYFELNSRVGEVEFKLVNLSITVDGYTNPSNSNTRICLGQLTNVNRNGTIE

251 NTRMHIGKGIQLDNKEDQMHIMITNNSDMPVEVQSKNTNLMMNMPLVKVC

301 RIPPHSQLCVFEFNLEFFQMLEQSCNDSDGLNELSKHCFIRISEFVKGWGED

351 YPRQDVTSTPCWLELRLNVPLAYIDQOKMKQTPRTNLMEPNSMT

Figure 1.10 The SMA-3 protein sequence. The MH1, MH2 domains and C-terminal
phosphorylation sites are underlined. The sites for missense mutation are in bold.
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Cell and organ size measurements in TGFf3 Sma/Mab mutants

TGF Sma/Mab mutants are the same size as wild-type animals at hatching, but grow
more slowly during larval stages and are about 60% of the length of wild type in
adulthood (Savage-Dunn et al., 2000), as well as being thinner. This reduction in body
size could in principle be due either to reduced cell number or to reduced cell size, or
both. No significant change in the number of nuclei in these mutants compared with N2
has been found (Suzuki et al., 1999; Flemming et al., 2000; Nagamatsu and Ohshima,
2004). These results indicate that the small body size phenotype must be (iue to a

reduction in size of some or all of the cells in the animal.

Rafal Tokarz in our lab measured two accessible tissues to determine the extent of cell
size reduction in small animals: the seam cells and the pharynx. He took advantage of the
ajm-1::gfp marker (Mohler et al., 1998), which localizes to the adherens junctions
surrounding the seam cells. The seam cell marker was crossed into sma mutant
backgrounds and fluorescence was observed in the L3 stage. By this stage, sma mutant
worm length is significantly different from wild type (Savage-Dunn et al., 2000); at later
stages the seam cells will fuse with each other and cannot be measured individually. The
seam cells in mutant animals are shorter in length than the seam cells of wild-type

animals (Wang et al., 2002). In Sma/Mab mutants, the difference in seam cell length is
proportional to the difference in overall body length. It was possible that this reduction in

seam cell length was offset by an increase in width, so seam cell area was also measured.
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Again, he found that seam cell area was reduced in Sma/Mab mutants (Wang et al.,
2002). For a negative control, sma-1 mutants were used. sma-/ mutants are also small,
but they follow a different growth pattern than the TGFB Sma/Mab mutants
(Savage-Dunn et al., 2000). At the L3 stage, sma-1 body length is less than the Sma/Mab
pathway mutants, but the mean length and area of the seam cells is larger (Wang et al.,
2002). The length of the pharynx was also measured in the same worms. Interestingly, in
the TGFB mutants the pharynx is smaller than in N2, but only slightly so, with the ratios
varying between 0.93 and 0.96 of wild type. In sma-1, the pharynx is 33% smaller than
wild type. Thus, in the small mutants examined, differenttissues are reduced in size by
different proportions. In the TGFB Sma/Mab mutants, but not in sma-/ animals, the seam

cell size is proportional to the body size.

Mosaic analysis of sma-3

Rafal in our lab also addressed the function of sma-3 by mosaic analysis. A sma-3
rescuing genomic fragment was injected with a ubiquitously expressed nuclear localized
SUR-5::GFP marker (Yochem et al., 1998) into sma-3(wk30) mutants. Animals inheriting
the array are wild type in body length, while those without the array are small. Animals
were screened for rare loss of the extrachromosomal array in somatic tissues (Wang et al.,
2002).‘ A tissue was scored as positive if any cells of the tissue expressed the construct. It
was shown that animals with loss of the array in the pharynx or the intestine have

wild-type body size (Wang et al.,, 2002). Rare small worms were also isolated with
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expression in the intestine and/or the pharynx. Therefore, expression of SMA-3 in the
intestine and the pharynx is neither necessary nor sufficient for regulation of body size.
However, expression of sma-3 in the hypodermis appears to be critical for restoration of
wild-type body size. No mosaic worm of wild-type length without sma-3 expression in
the hypodermis were observed. Conversely, no small worm with hypodermal expression

was identified.

phenotype N Intestine | pharynx | Nerve | Nerve Body | Hypodermis
worms cord ring muscle

Wild type 4 - + + + + +

1 - - + + - +

2 - - - - + +

1 - - + - + +
small 1 + + - - - -

1 - + - - - -

1 + - - - - -

1 + ; . - . ;

Table 1.1 Mosaic analysis of sma-3. “+” indicates GFP expression in some cells of the

tissue. “-” indicates no GFP expression in any cells of the tissue.
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NOTE

Thanks Rafal Tokarz for his assistance during my beginning period in the lab. Thanks

Chow KL, a former member of Emmons lab, for his information about male tail sensory

rays.
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Chapter 11

The expression of TGF-8 signal transducers in the hypodermis regulates

body size in C. elegans

Abstract

In C. elegans, a TGF B-related signaling pathway regulates body size. Loss of function of
the signaling ligand (dbl-1), receptors (daf-4 and sma-6) or Smads (sma-2, sma-3 and
sma-4) results in viable, but smaller animals because of a reduction in postembryonic
growth. We have investigated the tissue specificity of this pathway in body size regulation.
We show that SMA-3 Smad is expressed in pharynx, intestine and hypodermis, as has
been previously reported for the type I receptor SMA-6. Furthermore, we find that
SMA-3::GFP is nuclear localized in all of these tissues, and that nuclear localization is
enhanced by SMA-6 activity. Interestingly, SMA-3 protein accumulation is negatively
regulated by the level of Sma/Mab pathway activity. Using directed expression of SMA-3,
we find that SMA-3 activity in the hypodermis is necessary and sufficient for normal
body size. As dbl-1 is expressed primarilyin the nervous system, these results suggest a
model in which postembryonic growth of hypodermal cells is regulated by TGFB-related

signaling from the nervous system to the hypodermis.
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INTRODUCTION

The TGFB superfamily, which includes TGFB, BMPs and activins, regulates cell growth
and differentiation in both vertebrates and invertebrates (reviewed by Massagué, 1998;
Raftery and Sutherland, 1999; Hill, 2001; Savage-Dunn, 2001). Signaling initiates when
the ligand binds to the type II and type I receptors, both of which are Ser/Thr kinases.
During this process, the type II receptor phosphorylates the type I receptor. The activated
type I receptor phosphorylates the cytoplasm@c Smads. Upon phosphorylation, Smads
form a heteromeric complex, translocate into the nucleus and regulate the transcription of
downstream genes (Heldin et al., 1997, Wrana and Attisano, 2000; Massagué¢ and
Wotton, 2000; Patterson and Padgett, 2000). The Smads are thus the critical intracellular

signal transducers for TGFB-related signaling.

Smads are separated into three categories, R-Smad, Co-Smad and anti-Smad. R-Smad
activity is regulated by the receptors by phosphorylation. Co-Smads are not activated by
phosphorylation, but cooperate with R-Smads to form a functional complex. The
anti-Smads negatively regulate the TGF pathway, and their expression is dependent
upon TGFB signaling (Massagué and Chen, 2000). The structure of a Smad comprises
conserved MH1 and MH2 domains, separated by a variable linker region. The MH1
domain has the DNA-binding region and nuclear localization sequence (Shi et al., 1998;

Xiao et al., 2000). The MH2 domain contains an SSXS motif that is phosphorylated by
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type I receptor on the last two serines (Souchelnytskyi et al., 1997). Once phosphorylated,
the activated R-Smad forms a heterotrimer with the Co-Smad (Shi et al., 1997; Wu et al.,

2001; Qin et al., 1999; Qin et al., 2001).

In the nematode Caenorhabditis elegans, we are interested in the TGFB-related pathways,
the Dauer pathway and the Sma/Mab (small/maletail abnormal) pathway (Patterson and
Padgett, 2000; Savage-Dunn, 2001). The Dauer pathway controls entry into and exit from
the dauer stage, an L3 larval stage specialized for harsh environmental conditions. Entry
into the dauer stage is regulated by environmental cues, such as the availability of food,
the population density and temperature. The Dauer pathway is composed of the ligand
(daf-7), the type II receptor (daf-4), the type I receptor (daf-1) and the Smads (daf-8,
daf-14 and daf-3). Loss of function of any factor except daf-3 results in the dauer
comnstitutive phenotype, in which worms enter dauer even under favorable conditions
(Estevez et al., 1993; Ren et al., 1998; Gunther et al., 2000; Inoue and Thomas, 2000).
However, the absence of daf-3 activity gives a dauer defective phenotype, in which

worms do not form dauers even under hazard conditions (Patterson et al., 1997).

The ligand for the Sma/Mab pathway, dbl-1, is related to Drosophila dpp and vertebrate
Bone Morphogenesis Proteins (Suzuki et al., 1999; Morita et al., 1999). It functions with
the type II receptor daf-4 and the type I receptor sma-6 (Estevez et al., 1993; Krishna et
al., 1999). The Dauer and Sma/Mab pathways use a common type II receptor, daf-4. In

the Sma/Mab pathway, daf-4 and sma-6 receptors activate the R-Smads, sma-2 and
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sma-3. These are thought to form complexes with the Co-Smad, sma-4, to propagate the
signal into the nucleus (Savageet al., 1996; Savage-Dunn et al., 2000). Loss-of-function
mutations in any of the Sma/Mab pathway components result in small body size. In
addition, defects of the male tails are seen, including sensoryray fusions and crumpled
spicules. Both of the R-Smad proteins, SMA-2 and SMA-3, are crucial for pathway
function, suggesting the formation of a heteromeric complex containing two different

R-Smad subunits (Savage-Dunn et al., 2000).

The underlying cause of the small body size phenotype is still poorly understood. In
theory, the final size of an organ or organism can be determined by the regulation of cell
number, cell size, or both. Cell number may be controlled by the regulation of cell
division or of cell death. Cell size is usually coordinated with the cell cycle, and often
correlates with ploidy (Galitski et al., 1999). Mutants of the Sma/Mab pathway provide
an opportunity to study the molecular regulation of body size in a viable animal model.
Published reports (Suzuki et al., 1999; Flemming et al., 2000; Nagamatsu and Ohshima,
2004) indicate that these small mutants contain normal numbers of cells. Therefore, some
or all cell sizes must be reduced. Measurements of cell and tissue sizes have shown that
the reductions in seam cell and hyp7 sizes are most closely proportional to the change in

body size (Wang et al., 2002; Nagamatsu and Ohshima, 2004).

We have addressed the cell and tissue specificity of the Sma/Mab pathway regulation of

body size. We characterized the expression and subcellular localization of SMA-3 using
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SMA-3::GFP translational fusions. We find that sma-3 is expressed in the pharynx,
intestine and hypodermis. We used directed expression of sma-3 to determine where it
functions to regulate body size. These experiments indicate that the hypodermis is the
crucial tissue involved in body size regulation, in agreement with mosaic analysis of
sma-3 (Wang et al., 2002) and directed expression studies of sma-6 (Yoshida et al.,

2001).

MATERIALS AND METHODS

Worm strains

Wild type was C. elegans strain N2, from which all of the mutants were isolated. Unless
otherwise noted, strains were grown at 20°C. All strains used in experiments were
cultured as described previously (Brenner, 1974). The following mutations were used:

LGII, sma-6(wk7); LGIIL, sma-2(e502), sma-3(wk30), sma-4(e729); LGV, him-3(el490).

Small mutants chosen were either known null mutants or the most severe mutants
available. sma-6(wk7) has an early stop codonin the extracellular region that results in a
null mutation (Krishnaet al., 1999). An argininein the beginning of the linker region in
SMA-3 mutates into a stop codon, suggesting sma-3(wk30) is a strong allele
(Savage-Dunn et al., 2000). In sma-2(e502), the mutation G372D disrupts acritical amino

acid in the sma-2 MH2 domain (Savage et al., 1996). The DNA sequence of the canonical
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sma-4(e729) allele had not previously been determined. We therefore sequenced the
sma-4 gene from these mutants. Fragments of the sma-4 gene were amplified by PCR and
directly sequenced. sma-4(e729) contains a single nucleotide substitution resulting in a
Q246 (CAA) to stop codon (UAA) mutation. Therefore, sma-4(e729) is an early

termination mutation.

Construction of sma-3 and GFP fusion genes

An 8 kb sma-3 genomic fragment was obtained from the cosmid R13F6 by digesting with
Pst1 and subcloning into the vector pPBLUESCRIPT SK+ (pCS29). This construct rescues
sma-3(wk30) mutants. To create GFP fusion constructs, M/ul restriction sites were created
in the sma-3-coding region, after the start codon (pCS185) or before the stop codon
(pCS186) independently, by site-directed mutagenesis (MutaGene kit from BioRad). A
GFP Mlul fragment from pPD118.90 (A. Fire) was subcloned into the newly generated
Ml sites, forming two sma-3::gfp translational fusion constructs; N-terminal GFP
(pCS170) or C-terminal GFP (pCS171). We also created a sma-3 construct lacking all
coding sequences. An Xhol-Mlul fragment from pCS185 containing sma-3 upstream
sequences was ligated into Xhol-Mlul-digested pCS186 in which upstream and coding
regions had been removed leaving only downstream sequences. This sma-3 construct
(pCS210) therefore contains upstream and downstream noncoding sequences but no

coding region.
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Fusion of tissue specific promoters and sma-3::gfp coding region

The promoters used in tissue specific expression of sma-3::gfp included elt-3, vha-7,
dpy-7 (hypodermal); elt-2, vha-6 (intestine); myo-2 (pharynx); and the third isoform of
tmy-1 (pharynx and intestine) (Gilleard et al., 1999; Oka et al., 2001; Gilleard et al., 1997,
Okkema et al., 1993; Fukushige et al., 1998; Anyanful et al., 2001). The elt-2 and elt-3
promoters were kindly provided by R. W. Padgett's laboratory (HW373 and HW375).
The others were obtained by PCR using N2 genomic DNA as template from worm

lysates. The PCR primers used were:

tmy-1f, 5'-AAGTCGACCGAGTAGGTCTCGCCACG-3';

o tmy-Ir, 5-ATTCTGCAGAAGTCAGAGGTGT-3';

o myo-2f, 5'-AAGTCGACCTCTCCGATTGCTATCATG-3"; -

o myo-2r, 5'-AACTGCAGTGTCTGACGATCGAGGGTT-3"

e dpy-71, S'-AAGTCGACTGGCGCAAGAGGCAGTGC-3',

o dpy-71, 5'-AACTGCAGTTATCTGGAACAAAATGTAAGA-3",
o vha-7f, 5-AAGTCGACAGGAAATTGTGAGAAG-3';

o vha-71, 5-AACTGCAGATTACGTCGTTGGTGGA-3';

o vha-6f, 5'-AATCTAGAGCATGTACCTTTATAGG-3'; and

*  vha-6r, 5'-AACCCGGGTAGGTTTTAGTCGCCCTG-3'.

After the PCR products were digested by the appropriate restriction enzymes, the

promoters were cloned into pBLUESCRIPT SK+ vector. Next, a Pstfl fragment
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containing the sma-3.:gfp(N)-coding region was excised from pCS170 (one Pstl site
derives from the GFP vector pPD118.90) and inserted into vectors containing the
heterologous promoters. Thus, after translation, each of the protein products has GFP at

the N terminus and SMA-3 at the C terminus.

Transformation and integration

Transformation of constructs into worms was carried out by microinjection (Mello et al.,
1991). Unless otherwise stated, the injection solution contains 20 ng/ul of experimental
plasmid and 100 ng/ul pRF4 (rol-6 plasmid). The co-injection of vha-6::sma-3 and
myo-2::sma-3 includes 20 ng/ul of each. The co-injection of C-terminal sma-3::gfp
(pCS171) with pCS29, pCS170 or pCS210 contains 10 ng/pl of each experimental

plasmid.

We used 7-rays to integrate the sma-3::gfp(N) array into sma-3(wk30) and the
co-injected sma-3::gfp(C) with sma-3 genomic and sma-3::gfp(C) with sma-3 non-coding
arrays into N2. More than 100 L4 or young adult worms with each extra-chromosomal
array were picked. After exposure to a cesium source, the worms were separated into 20
plates (five worms in each). After starvation, the worms were chunked into new plates.
We allowed the worms to recover for2 days. Each worm carrying the array was picked
into a separate plate. After one generation, plates with 100% worms containing the

reporter gene (rol-6) were selected. The integrated arrays are qcls6/sma-3::gfp(N) +
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rol-6], gcls12[sma-3::gfp(C) + sma-3 + rol-6] and gcls16[sma-3:.:gfp(C) + sma-3no-code

+ rol-6].

Length Measurement

To assess body length in transgenic animals, cultures were synchronized by bleaching
gravid hermaphrodites in order to isolate eggs. These eggs were introduced onto new
plates. The body length was measured after 96 hours, in the adult stage. Transgenic

(rolling) worms were picked, mounted on slides and measured as described above.

Western blot

Worms were washed off non-starved plates and frozen at -80°C overnight. The boiling
buffer (8% SDS+20 mM DTT+100 mM pH 6.8 Tris+10 mM PMSF) was added and the
samples were boiled for 5 minutes. The protein concentration was determined and equal
amounts of total protein were loaded in each lane. After running the SDS-PAGE gel, the
proteins were transferred onto nitrocellulose membrane. The membrane was blocked by
5% BSA in PBS and probed by rabbit anti-GFP antibody (Clontech). The secondary
antibody (anti-rabbit) and detection solutions were from the ECL western blotting

analysis system (Amersham).

RESULTS
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Levels of functional activity of sma-3::gfp translational fusions

To deterrhine the expression pattern and subcellular localization of SMA-3 Smad protein,
we made two kinds of sma-3::gfp translational fusion gene constructs. In pCS170, GFP is
inserted at the N terminus, and in pCS171, GFP is inserted at the C terminus. After
transformation into sma-3(wk30), the rescuing ability was assessed. Rescue of body size
was assessed by measuring worm length 96 hours after embryo collection. Rescue of
male tail patterning was assessed by determining the frequency of sensory ray fusions. In
the wild-type C. elegans male tail arenine bilateral pairs of sensory organs, the sensory
rays (Sulston et al., 1980). Each ray is characterized by its unique position, morphology
and neurotransmitter usage. The Sma/Mab pathway plays a role in the speciﬁcation of
rays 5, 7 and 9. In mutants, these rays often display characteristics of rays 4, 6 and 8,
respectively, resulting in readily observable fusions between rays 4-5, 6-7 and 8-9

(Savage et al., 1996; Suzuki et al., 1999; Morita et al., 1999; Krishna et al., 1999).

The N-terminal sma-3::gfp construct is functional, restoring most of the body length
(Table 2.1)and rescuing the male tail sensory ray pattern (Table 2.2). However, the
C-terminal construct has very little rescuing activity in body length (Table 2.1) and it only
partially rescues male tail ray fusions (Table 2.2). When the extra-chromosomal array
with the C-terminal construct is crossed into a wild-type background, it even shows a

slight inhibition in body length, but does not affect male tail development (Tables 2.1 and
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Genotype Transgene GFP Length (mm) | Worm
expression s
N2 qcEx50[rol-6] NA 1.15+0.11 44
sma-3(wk30) | qcEx50(rol-6] NA 0.74+0.05 40
sma-3(wk30) | qcEx24[sma-3::gfpN+rol-6] H+P+I 1.05+0.08 38
sma-3(wk30) | qcEx42[sma-3::gfpC+rol-6] H+P+I 0.83+0.07 34
N2 qcEx42[sma-3::gfpC+rol-6] H+P+I 1.03+£0.10 51
sma-3(wk30) | qcEx57[sma-3::gfpC+sma-3:: | H+P+I 1.00£0.11 40
gfpN+rol-6]
sma-3(wk30) | qcEx44[Pelt-3::sma-3+rol-6] | hyp7 1.04+0.07 40
sma-3(wk30) | qcEx55[Pvha-7::sma-3+rol-6] | hyp7 1.02+0.06 42
sma-3(wk30) | qcEx51[Pdpy-7::sma-3+rol-6] | hyp7 0.94+0.10 32
sma-3(wk30) | qcEx45[Pelt-2::sma-3+rol-6] | Intestine 0.66+0.05 30
sma-3(wk30) | qcEx53[Pvha-6::sma-3+rol-6] | Intestine | 0.67+0.04 32
sma-3(wk30) | qcEx52[Pmyo-2::sma-3+rol-6] | Pharynx 0.80+0.06 24
sma-3(wk30) | qcEx54[Ptmy-1(I1l)::sma-3+ro | Pharynx+ | 0.83+0.06 38
1-6] Intestine
sma-3(wk30) | qcEx56{Pmyo-2::sma-3+Pvha- | Pharynx+ | 0.80+0.05 27
6::sma-3+rol-6] Intestine
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Table 2.1 The function of tissue-specific sma-3 expression constructs in body length

regulation sma-3::gfp fusion gene expression pattern and protein localization

Genotype Transgenes Sensory ray fusions % sides

4&5 6&7 8&9

him-5(e1490) None 0 0 6 35

sma-3(wk30); None 22 69 11 55

him-5(el490)

sma-3(wk30), qcEx24[sma-3::gfp(N)+r | 0 0 5 148

him-5(e1490) | 0l-6]

sma-3(wk30); qcEx42[sma-3::gfp(C)+r | 2 27 26 84

him-5(e1490) | 0l-6]

him-5(el490) qcEx42[sma-3.::gfp(C)+r | 0 0 6 106

ol-6]

Table 2.2 The function of sma-3::gfp constructs in male tail patterning

2.2), suggesting that it can interfere with wild-type SMA-3 function. The R-Smad
C-terminal SSXS motif is the site of phosphorylation and may participate in

intermolecular interactions (Wu et al., 2001; Qin et al., 2001). The C-terminal insertion of
GFP may disrupt some of these interactions.

Both the N-terminal functional and the C-terminal nonfunctional sma-3.:gfp constructs
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show the same pattern of expression, but the level of fluorescence of the C-terminal
construct is much higher. We show the expression of the sma-3::gfp C-terminal construct
(Figure 2.1). Expression begins late in embryogenesis, and continues through larval
stages into adulthood. In larvae, expression is strong in the hypodermis, pharynx and
intestine. sma-3 expression in the hypodermis is seen throughout the large hypodermal
syncytium hyp7, but not in the lateral hypodermal blast cells (the seam cells). Nuclear
accumulation in all of these tissues is strong. This nuclear localization does not depend on
the activity of sma-6, however (see Figure 2.5E,F). Expression of the N-terminal
construct is similar, although much weaker, even after integration (Figure 2.2A). Again,
the nuclear fluorescence is prominent in the pharynx, intestine and hypodermis. We asked
whether the nuclear accumulation depends on the activity of other components in the
pathway. When the integrated N-terminal construct array (gcls6) was crossed into
sma-4(e729) (Fig2.2C) or sma-2(e502) (Figure 2.2E) mutant backgrounds, the nuclear
localization did not change significantly. This result is consistent with previous reports
that R-Smad nuclear translocation does not require complex formation with a co-Smad
partner (Liu et al., 1997). When the array is crossed into sma-6(wk7) mutants, the protein
became evenly distributed between the cytoplasm and the nucleus in many but not all
animals (Figure 2.2G). Thus, the nuclear accumulation of SMA-3::GFP is enhanced by
but not dependent on activation by the type I receptor. Determining whether this

extensive nuclear localization is characteristic of the endogenous SMA-3 protein must

await the development of SMA-3 antibodies.
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Figure 2.1 The sma-3.:gfp(C) expression stage and pattern in wild type.
(A,C,D,F,H) Direct fluorescence from GFP; (B,E,G,I) Nomarski images
of the same samples to their left. (A,B) The expression begins at the late
embryo stage, 2.5-fold stage. (C) The gene expression pattern in L3 stage
worms. At L4 stage, sma-3 is expressed in pharynx, head region
hypodermis (D,E), intestine (F,G) and body hypodermis (H,I). The arrows
indicate the hypodermal nuclei. The arrowhead indicates an intestinal
nucleus.
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Figure 2.2 The sma-3.gfp(N) expression and localization in different mutant
backgrounds: (A,B) sma-3(wk30); (C,D) sma-4(e729); (E,F) sma-2(e502),
(H,D) sma-6(wk7). (A,C,E,H) show direct fluorescence from GFP; (B,D,E]I)
are the Nomarski images of the same samples. The arrows indicate hypo-
dermal nuclei (A,C,E). The arrowhead indicates an intestinal nucleus (A).
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Effects of tissue-specific expression of sma-3 on body length

To determine the cellular focus of sma-3 in regulating body length, we created transgenic
animals with sma-3 expression driven by heterologous promoters. Constructs were made
with tissue-specific promoters and the sma-3::gfp N-terminal fusion. Four types of
expression patterns were used. For hypodermal expression, we used elt-3::sma-3
(Gilleard et al., 1999), vha-7::sma-3 (Oka et al., 2001) and dpy-7::sma-3 (Gilleard et al.,
1997). These hypodermal promoters function in hyp7 but not in the seam cells. For
pharyngeal expression, we chose myo-2::sma-3 (Okkema et al.,, 1993). For intestinal
expression, we used elt-2::sma-3 (Fukushige et al., 1998) and vha-6::sma-3 (Oka et al.,
2001). Finally, for simultaneous expression in the pharynx and intestine, we used tmy-1
isoform III (Anyanfulet al., 2001) as well as a combined injection of myo-2::sma-3 and
vha-6::sma-3. We confirmed the expression of SMA-3::GFP in the specified tissues by

direct fluorescence (Figure 2.3).

The hypodermal expression of sma-3 from any of the three hypodermal promoters
restores body length to the same extent as the sma-3 native promoter (Table2.1). When
sma-3 is only expressed in intestine, there is no effect on the body length. The pharyngeal

expression or the co-expression in pharynx and intestine do not increase the body length

significantly. Therefore, sma-3 expression in the hypodermis is sufficient for the

regulation of body length.
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SMA-3 protein accumulation

We have found that the nonfunctional sma-3::gfp C-terminal construct gives a stronger
fluorescent signal than the functional N-terminal construct (Figure 2.4A-D). This
difference in intensity was consistent in at least three independent lines for each
construct. We also tried lower (10 pg/ml) or higher (40 pg/ml) concentrations of the
construct in injection mixtures, but the intensity of fluorescence was not different from
that with 20 pg/ml. The reduced fluorescence of the sma-3::gfp(N) construct could be due
to changes in protein folding that affect GFP fluorescence or to reduced protein

accumulation.

We hypothesized that the difference in fluorescence is due to differing levels of
accumulation of the sma-3::gfp(N) and sma-3::gfp(C) fusion proteins. There are two
possible causes of such differences in accumulation. First, the C-terminal construct could
be inherently more stable. Second, SMA-3 degradation could be induced by sma-3
activity in a negative-feedback loop. To solve this puzzle, we simply mixed the two
sma-3::gfp constructs together (10 pg/ml each) and microinjected into sma-3(wk30)
mutants. This mixture can rescue the sma-3 mutant, in both body length and male tail
patterning (Tables 2.1and 2.2). In other words, the mixture provides sma-3 activity.
However, the level of fluorescence is low, although the C-terminal construct is present
(Figure 2.4E,F). This implies that after adding the functional sma-3 construct, the

C-terminal fusion protein could be degraded by an unknown factor. This result also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

0.5mm

Figure 2.3 The sma-3 expression with tissue-specific promoters. Worms carrying each
array are picked during L4 stage and photographed 24 hours later. The A1-H1 photos
(first and third columns) show the overview of the expression pattern and the body size.
The A2-H2 photos (second and fourth columns) focus on the region that has strong GFP
expression. The tissue specific promoter used in each set is indicated in the A1-H1
photos. Scale bar: 0.5 mm in A1-H1 photos.
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Figure 2.4 The distinct intensity of fluorescence in worms with different
sma-3::gfp constructs in the sma-3(wk30) background. (A,B) sma-3.:gfp(N);
(C,D) sma-3::gfp(C); (E,F) co-injection of sma-3::gfp(N) and sma-3::gfp(C).
(A,C,E) The head region; (B,D,F) the body hypodermis. All of the worms
(L4 stage) are grown under the same conditions and the photos are taken with
the same exposure time.
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qels12

qcls16

N2 sma-4 sma-6

SMA-3::GFP

Figure 2.5 Expression of SMA-3::GFP C-terminal fusion protein in different
genetic backgrounds. (A-F) sma-3::gfp C-terminal fusion was co-injected with
sma-3 genomic fragment, which contains the whole sma-3 gene sequence.
(A,B) sma-3(wk30) mutant background. (C,D) sma-4(e729) mutant background.
(E,F) sma-6(wk7) mutant background. (G,H) sma-3::gfp C-terminal fusion was
co-injected with sma-3 genomic lacking coding sequences. (I) Western blot of
total protein extracts from strains carrying sma-3.:gfp(C) constructs.
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contradicts the model that the difference in fluorescence is due to differences in protein

folding that affect GFP fluorescence.

We further tested this model by co-injecting the nonfunctional sma-3::gfp(C) (10 pg/ml)
construct either with the functional sma-3 genomic fragment (pCS29) (10 ug/ml) or with
a sma-3 construct in which the coding region had been deleted (pCS210) (10 ng/ml) that
would not have SMA-3 activity. In the co-injection with sma-3 genomic sequences, only
a tface amount of GFP fluorescence can be seen (Fig2.5A,B). However, in the
co-injection with pCS210, the level of fluorescence remains high (Fig2.5G,H). Thus,
under a variety of conditions, sma-3::gfp fluorescence levels negatively correlate with
SMA-3 activity levels. Finally, we addressed the question of whether a negative-feedback
loop requiring other components of the pathway regulates SMA-3 protein accumulation.
In fact, an extrachromosomal array carrying sma-3::gfp(C) and the sma-3 genomic
fragment shows increased levels of fluorescence in asma-4 or sma-6 mutant background,

suggesting that the feedback is dependent on an intact signaling pathway (Figure 2.5C-F).

We verified these results in a western blot using anti-GFP antibody. The
extrachromosomal arrays were integrated: gcls!2 contains sma-3::gfp(C) and sma-3
genomic, gcls/6 contains sma-3::gfp(C) and sma-3 non-coding genomic. gclsl2 was
crossed into the sma-4(e729) and smc;-6(wk7) mufant backgrounds to determine whether
loss of SMA-3::GFP(C) protein accumulation requires active Co-Smad and type I

receptor, respectively. Consistent with the results from fluorescence in whole worms,
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SMA-3::GFP from gclsi2 in the N2 background is almost undetectable (lane 1). By
contrast, a strong band is detectable in the gcls16 strain (lane 4). In the sma-4 (lane 2) and
sma-6 (lane 3) backgrounds, SMA-3::GFP levels from gclsi2 increase relative to the
levels in a wild-type background. These results are consistent with a negative-feedback

loop regulating SMA-3 protein accumulation.

DISCUSSION

The Sma/Mab pathway acts in the hypodermis to regulate body length

The specification of body size is a poorly understood phenomenon. In recent years,
studies have begun to address the molecular mechanisms governing size in animals such
as Drosophila (Oldham et al., 2000; Johnston and Gallant, 2002; Martin-Castellanos and
Edgar, 2002) and C. elegans (Flemming et al., 2000; Savage-Dunn et al., 2000). In C.
elegans, most of the mutants resulting in small body size are defective in components of a
TGFB-related signaling pathway, the Sma/Mab pathway (Savage-Dunn, 2001). A limited
number of additional loci that mutate to a small phenotype have been described (sma-1,
sma-5 and sma-8), the best studied of which is sma-1, a By-spectrin homolog (McKeown
et al., 1998). An effect of BMP family signaling on cell size may be conserved, as

Drosophila dpp also regulates cell growth (Martin-Castellanos and Edgar, 2002).
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We have previously shown that the Sma/Mab pathway functions postembryonically
(Savage-Dunn et al., 2000), in contrast to the embryonic requirement for sma-I
(McKeown et al., 1998). In this study, we have addressed the tissue specificity of the
Sma/Mab pathway in body size regulation and find that the hypodermis is the crucial
TGFRB-responsive tissue involved in body size regulation. The hypodermis of C. elegans
forms the outer layer of cells surrounding the animal, and it secretes the cuticle
(Johnstone, 2000). The largest region of the hypodermis is made up of a single
multinucleate syncytium, hyp7 (Sulston and Horvitz, 1977). Two lateral rows of
hypodermal blast cells, the seam cells, divide during each larval stage to form one
daughter cell that fuses with hyp7 and one that remains in the seam. After fusion with
hyp7, these nuclei undergo endoreduplication (Hedgecock and White, 1985; Flemming et
al., 2000). Additional smaller hypodermal cells are present in the head (hypl-hyp6) and

the tail (hyp8-hyp12).

We conclude that Sma/Mab signal transduction functions in the hypodermis to regulate
body size based on (1) the SMA-3 expression pattern; (2) cell and organ size
measurements; (3) sma-3 mosaic analysis; and (4) directed expression of sma-3. We have
examined SMA-3 Smad expression and subcellular localization using SMA-3::GFP
fusion constructs. SMA-3 is expressed in the pharynx, intestine and hypodermis. This
expression pattern coincides with the expression pattern of the type I receptor SMA-6

(Krishna et al., 1999; Yoshidaet al., 2001). In cell size measurements, the seam cells in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

Sma/Mab mutants, but not the pharynx, show a reductionin size similar to the reduction
in the body length (Wang et al., 2002). The relative maintenance of pharynx length in
Sma/Mab mutants suggests that the expression of Sma/Mab signaling components in the
pharynx may serve an unidentified role. Measurement of hyp7 volume (Nagamatsu and
Ohshima, 2004) also indicates a decrease in size proportional to the decrease in body
volume. Finally, both of the mosaic analysis and tissue-specific expression of sma-3
indicate that SMA-3 function in the hypodermis is necessary and sufficient for body size
regulation (Wang et al;, 2002). The hypodermal requirement for SMA-3 is consistent with

the results from similar experiments on the receptors sma-6 (Yoshidaet al., 2001) and

daf-4 (Inoue et al., 2000).

Although the seam cells are reduced in size in Sma/Mab mutants, the effect on the seam
cells may not be cell autonomous, as neither sma-3 (Wang et al.,, 2002) nor sma-6
(Yoshida et al., 2001) expression is detected in these cells. Furthermore, we have shown
that sma-3 expression from hyp7-specific promoters, which also do not express in the
seam cells, is sufficient to rescue the body size in a sma-3 mutant (Table 2.2). Because
the hyp7 and seam cells are joined by gap junctions (David Hall, personal comm) and
adherens junctions (Mohler et al., 1998), there could be communication between these
tissues without postulating additional extracellular signals. As dbl-1 is expressed

primarily in the nervous system (Suzuki et al., 1999), these results suggest a model in
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which postembryonic growth of hypodermal cells is regulated by TGFB-related signaling

from the nervous system to the hypodermis.

One important question that remains to be addressed is why these cells are smaller.
Several possibilities may be considered. One is that r.educed DNA content leads to
smaller size. Flemming et al., (2000) have proposed that reduced hypodermal ploidy may
be the reason for the smaller body size of Sma/Mab mutants, as ploidy can control cell
size. The nuclei of the C. elegans intestine and hypodermis normally undergo
endoreduplication during larval growth (Hedgecock and White, 1985). In late adulthood
the hypodermal nuclei in wild type have an average ploidy of 10.7C, and some nuclei
have gone through two rounds of endoreduplication (Flemming et al., 2000). It is not
clear, however, whether changes in ploidy are sufficient to explain the changes in body
size. In fact, a conflicting report finds no evidence of significant changes in hypodermal
or intestinal ploidy (Nagamatsu. and Ohshima, 2004). Another mechanism that could
contribute to smaller cell sizeis reduced protein synthesis. To test this hypothesis, Rafal
tried growing worms on the protein synthesis inhibitor cycloheximide. At concentrations
in which the worms could grow, however, they were normal in size. Nagamatsu and
Ohshima, (2004) find that the small mutants have significantly lower protein content. But
it is more likely to be the effect, not the reason to be small. A third possibility is a change
in the cell cycle. By speeding up the cell cycle, small cells could be generated such as is

seen in yeast wee mutants (Futcher, 1996). Because the small mutants do not develop
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more quickly, however, any cell cycle defect could only be in some stage(s) of the cell
cycle. In fact, the life cycle, from an egg to the first egg, is much longer for sma-3(wk30)
than that of wild type (see Chapter V). Finally, metabolic changes could decrease cell
size. In Drosophila (butnot in C. elegans) mutations in insulin signaling result in small
cells and small animals (Oldham et al., 2000). Similarly, some change in sugar or fat

metabolism could underlie the small phenotype.

SMA-3 protein accumulation may be regulated by a feedback loop

Using different SMA-3::GFP fusion constructs, we have obtained evidence that SMA-3
protein accumulation is negatively regulated by the level of SMA-3 and Sma/Mab
pathway activity. Furthermore, a negative-feedback loop is consistent with the lack of
effect of overexpressing sma-3. The overexpression of dbl-1 ligand induces a long
phenotype and male tail sensory ray defects (Suzuki et al, 1999), while the
overexpression of sma-3 does not (data not shown). In other systems, it has been shown
that Smads are degraded by the activity of Smurf E3 ubiquitin ligases (Zhu et al., 1999,
Zhang et al., 2001; Podos et al., 2001). In human or Xenopus, Smurf-1 and Smurf-2
induce R-Smad degradation by the ubiquitin pathway (Zhu et al., 1999; Zhang et al.,
2001). Through interaction with the anti-Smad Smad7, Smurf-1 can also induce the
degradation of type I receptor (Ebisawa et al., 2001). Smurf-2 enhances the degradation of
type I receptor (Kavsak et al., 2000) or SnoN oncogene (Bonni et al., 2001). The target is

selected by the Smad with which it interacts. A Smurf gene, Dsmurf is found in
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Drosophila, where it negatively regulates dpp signaling in embryonic dorsoventral
patterning (Podos et al., 2001). In C. elegans, we find several open reading frames with
homology to human or Xenopus Smurf genes, allowing the possibility that one or more of
these genes functions in the Sma/Mab pathway. It will be interesting to determine

whether a Smurf gene participates in a negative feedback loop.

Note:

The work described in this chapter has been previously published elsewhere (Wang et al.,
2002, Development 129: 4989-98).

We thank the Fire Lab for green fluorescence protein vectors and Iva Greenwald Lab for
the assistance of DNA integration.
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Chapter II1

C-terminal mutants of the C. elegans Smads reveal that the targets

require different levels of activities

ABSTRACT

TGF-B signaling in the nematode C. elegans plays multiple roles in the animal’s
development. The Sma/Mab pathway controls body size, male tail sensory ray identity
and spicule formation and all of the three Smad genes, sma-2, sma-3 and sma-4 are
required for the signaling. Null mutants of any of the three genes have defects as severe
as the null mutants of ligand, dbl-/ or type I receptor, sma-6, suggesting that the
functional complex is a heterotrimer. Since the C-termini of Smads play important roles
in receptor-mediated activation and heteromeric complex formation, we generated
C-terminal mutations in the C. elegans Smad genes and tested their activities in vivo in
each of their distinct developmental roles. We show that pseudophosphorylated SMA-3 is
dominant negative in body size through a feedback loop, but functional in sensory ray
and spicule development. Somewhat differently, pseudophosphorylated SMA-2 is
constitutively active in any tissue. The C-terminal mutants of SMA-4 function like wild
type suggesting SMA-4 C-terminus is dispensable. Using the combination of different
C-terminal mutations in SMA-2 and SMA-3, we find a complex set of requirements for

Smad phosphorylation state specific to each outcome.
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INTRODUCTION

TGF-B-related ligands, including the BMP subfamily, control the development of
organisms by regulating a series of cellular processes including cell growth, cell
differentiation, apoptosis and proliferation. In humans, components of the TGF-B
pathway play important roles in cancer preventing. From cell membrane to nucleus, the
signal is conducted by ligands, receptors and intracellular transducer Smads, which are
conserved in both invertebrates and vertebrates (Savage-Dunn, 2003; Massagué and Chen,
2000; Patterson and Padgett, 2000; Hill, 2001). The signaling begins when the
extracellular ligand binds to the transmembrane type II and type I receptors, which are
Ser/Thr kinases. Type II receptor phosphorylates and activates type I receptor (Shi and
Massagué, 2003; Mehra and Wrana, 2002). The receptor-regulated Smad proteins
(R-Smads) are phosphorylated by the activated type I receptor and form a complex with
comediator Smad (Co-Smad, namely Smad4). The complex enters the nucleus to regulate
the transcription of target genes (Attisano and Wrana, 2002; Moustakas et al., 2001,

Massagué and Wotton, 2000).

Smad proteins contain two highly conserved regions, the MH1 and MH2 domains,
located at N- and C-terminus, respectively, connected by a linker region. The linker
region is not very conserved and could be the target of activity adjustment (Hata et al.,

1997; Massagué, 2003). Two serines/threonines at the C-terminal end of R-Smad proteins
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(consensus sequence SS*XS*) are the substrates of receptor phosphorylation (Abdollah
et al., 1997; Souchelnytskyi et al., 1997). The crystal structures of Smadl MH2 and
phosphorylated Smad2 MH2 provide insight into the structural basis of complex
formation (Qin et al.,, 2001; Wu et al., 2001). The crystal structures show that the
phosphorylated C-terminus of Smad2 binds a positively charged pocket of another
subunit (Wu et al., 2001). Some studies show that pseudophosphorylated R-Smads with
negatively charged C-termini can be constitutively active even without the signal from
the ligand or receptors (Chacko et al., 2001; Qin et al., 2001). In addition to
phosphorylation by receptors, Smad proteins are regulated by other mechanisms. It has
been reported that Smads are ubiquitinated by Smurf proteins, which are E3 ubiquitin
ligases that function in a negative feedback loop. Moreover, Smad activity is repressed by
the oncoproteins SnoN and Ski, which disrupt Smad complex formation probably by

directly binding to Smad proteins (He et al., 2003; Liu et al., 2001).

Most of the TGF-§ signaling components have been found in Caenorhabditis elegans.
There are multiple TGF-B-related pathways that control different events in C. elegans
development. Among them, the Sma/Mab and Dauer pathways regulate body size and
dauer formation, respectively (Savage et al., 1996; Patterson et al., 1997). They share one
type II receptor, daf-4. But the type I receptors are different, sma-6 and daf-1 (Patterson
and Padgett, 2000). When daf-4 is transformed into human cell lines, the receptor protein

binds BMP ligands showing the conservation between these pathway components in
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human and C. elegans (Estevez et al., 1993). A model for Sma/Mab pathway signaling
has been developed based on analogy with biochemical experiments in other systems.
The signal begins with ligand DBL-1 binding on the type II receptor DAF-4 and type I
receptor SMA-6. The intracellular Smad homologs SMA-2, SMA-3 (R-Smads), and
SMA-4 (Co-Smad), propagate the signal by forming a complex and entering the nucleus
(Savage-Dunn, 2001). The loss of function of the pathway results in small body size.
Furthermore, in the male tail, the sensory rays become fused and the spicules are
crumpled (Savage-Dunn et al., 2000). We have previously shown that sma-3 is expressed
in pharynx, intestine and hypodermis. The expression in hypodermis is necessary and
sufficient to regulate body size. Also, active sma-3 turns on a negative feedback loop that

reduces SMA-3 protein accumulation (Wang et al., 2002).

We have noted that SMA-3 does not function well with GFP attached to the C-terminus,
suggesting that the C-terminus of SMA-3 is indispensable for its activity (Wang et al.,
2002). Since the C-terminus is likély the site of phosphorylation, we reasoned that
mutating C-terminal residues could provide an opportunity to investigate the roles of
Smad phosphorylation in vivo. Previous studies using activation of selected target genes
in cell lines as an assay have shown that pseudophosphorylated Smads could be
constitutively active; however, in vivo experiments have not been reported. We have
therefore generated C-terminally mutated sma-3 genes by site-directed mutagenesis. Our

results indicate that Smad phosphorylation is not required for nuclear localization, but is
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likely required for Smad complex formation and for interaction with transcription
co-factors. We also find that different developmental outcomes show differential
requirements for Smad C-terminal modification, possibly due to differential affinities for
transcription factor binding. Finally, we have created wild-type rescuing and
pseudophosphorylated sma-2 constructs that function differently from the sma-3 variants.
With these data from both sma-2 and sma-3, the signaling mechanisms of the Sma/Mab

pathway are better understood.

MATERIAL AND METHODS

General methods and worm strains

Caenorhabditis elegans strains were cultured as described by Brenner (1974). The
following strains were used: wild-type C. elegans variety Bristol strain N2; LGII
sma-6(wk7); LGIII, sma-2(e297), sma-3(wk30), sma-4(e729), lon-1(wk50); LG YV,

him-5(e1490).

Cloning of genomic sma-2

The sma-2 ORF is contained within a large genomic region. A big intron (3kb) contains
another gene. It is unknown if this gene has any role with sma-2. A second large intron
(1kb) near the 3’ end contains an interesting sequence. The first half is complementary to

the second half. During PCR, this intron creates aberrant products. The final rescuing
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genomic clone does not include this intron or the big intron (3kb).

Site-directed mutagenesis

Using MutaGene kit from BioRad, sma-3 C-terminal mutations were generated by adding
primers complementary to the uracil-containing single strand DNA purified from CJ236
E. coli strain. After extending by T7 DNA polymerase and ligating by T4 ligase, the DNA
is transformed and amplified in DH5a E. coli strain. The mutations are confirmed by
DNA sequencing.

Primers for mutagenesis:

DME: GGAACCAATGACATGGAATAATGATT

AMA: GGAACCAAATGCAATGGCATAATGATT

YMY: GAACCAAATTATATGTATTAATGATTTG

Deletion: CGAACTTCATYGAACCAAATTAATGATTTGTTAAAA

By chance, we also generated a partial deletion of MT. The C-terminal mutations of
sma-2 and sia-4 were produced directly by PCR using primers containing the mutations.
The 5’ primers are normal and the mutation containing 3’primer sequences are:
Sma-2DID: 3 ATGCGGCCGCTAATCAATATCAGAAATTGGCCGTGGAGT
Sma-4AA: 3> AATCTAGATTATGCTGCTCCAAATTGAGAACTATTTT

Sma-4DD:3> AATCTAGATTAGTCATCTCCAAATTGAGAACTATTTT

Sma-4SSIS:3> AATCTAGATTATGATATGGAACTTCCAAATTGAGAAC
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Transformation and integration

All of the DNA constructs are amplified in DH5a E. coli strain and purified by mini-prep
kit (QIAGEN). The DNA concentration for injection is 20pug/ml using 100pg/ml rol-6
marker gene (Mello et al.,, 1991). For each transformation, at least three lines are
observed and data are shown for one representative line. For integration, more than 100
rollers are exposed to 4000rad of gamma ray from CS137 source. They are separated onto
20 new plates. After starvation, they are chunked onto 12cm diameter plates. After
recovery, only rollers are picked into individual plates. The plates with pure rollers are
integrated worms. The integrated worms are crossed with N2 strain to segregate any

unexpected mutation.

Body length measurement and male tail analysis

Eggs are collected from gravid hermaphrodites by bleaching with hypochlorite solution
for five minutes. After the eggs are centrifuged and cleaned by M9 buffer, they are spread
onto new plates. At 96hours old, the photos are taken and body lengths are measured. The
males from non-starved plates are picked at young adult stage. The male tail sensory rays

are analyzed. Only the ray fusions are scored.

Yeast two hybrid assay

The cDNAs of interaction partners are cloned into pPC86 and pPDLeu yeast vectors. The

yeast strain Mav203 competent cells are cultured at 30 degree until the O.D. value is
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about 0.5. After centrifugation, ice cold 0.1M lithium chloride is added. The
transformation is conducted by adding 5pg boiled salmon sperm DNA, 0.1M Lithium
Acetate, 10% PEG 3350. After adding the DNA and 42°C heat shock for 5 minutes, the
yeasts are incubated at 30°C for 30min and spread onto plates without Trp or Leu. The
interaction is determined by spreading the transformed yeast onto the plates with 25mM

or 50mM 3AT without His.

RNA interference

The whole or partial cDNA of the gene is cloned into pBluescript SK+ vector. After the
DNA is purified and dissolved in RNase free water, about 0.5ug DNA is used as template
for RNA synthesis for each strand. The both strands of RNA are synthesized by using T3
and T7 RNA polymerase kit (Stratagene). Then, they are mixed, denatured and annealed.
The concentration of RNA is determined by loading 1ul solution on agarose gel. The
RNA is injected into the gonad and the progenies are scored. RNAI can also be achieved
by feeding. The cDNA is cloned into vector pPD129.36 (Fire lab) and transformed into E

coli HT 115. The worm is fed on this E. coli transformant to show RNAi phenotype.

RESULTS

sma-3 C-terminal mutants fail to rescue the body size
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Proteins C-terminus Description
SMA-3 SMT Wild type
DME pseudophosphorylated
AMA Non-phosphorylatable
YMY Possibly functional
AMT Partially functional
ASMT Non-functional
SMA-2 SIS Wild type
DID | Pseudophosphorylated
SMA-4 SS Wild type
DD Pseudophosphorylation
AA Non-phosphorylatable
SSIS Simulate R-Smad

Table 3.1 The designed C-terminal mutants of sma-2, sma-3 and sma-4

SMA-2 and SMA-3 have sequence homology with R-Smads. The C-terminal sequence of
SMA-3 NSMT is a variant of the canonical SSXS motif. Since the last two serines of
R-Smads are phosphorylated during activation (Abdollah et al., 1997; Souchelnytskyi et
al., 1997), SMA-3 is likely phosphorylated on the terminal serine and threonine residues.

To test the role of the phosphorylation of SMA-3 C-terminus, we generated several sma-3
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mutant variants (Table 3.1). We hypothesized that the pseudophosphorylated DME
mutation might be constitutively active without upstream signaling. Conversely, the
unphosphorylatable AMA mutation was expected to be nonfunctional. A YMY mutation
was created to test whether the tyrosines could be phosphorylated by the receptor. Finally,
we also generated sma-3 deletion mutants by removing MT or SMT. We tested the ability
of sma-3 C-terminal mutants to rescue the body size of sma-3(wk30) mutant worms. The
body length was measured in adulthood, 96 hours after egg collection at 20°C.

Surprisingly, none of these constructs is functional in rescuing the body size (Table 3.2).

Strain Transgenes Body Size (96hrs) Worms

N2 None 1.1740.08 30

sma-3(wk30) | None 0.73+0.04 80
qcls19(sma-3wt) 1.19+0.10 90
gcls7(sma-3-DME) 0.75x0.06 42
qlsi5(sma-3-AMA) 0.6610.04 60
qcls8(sma-3-YMY) 0.77£0.05 48
gclsS(sma-3-AMT) 0.74+0.05 54
qelsd(sma-3-ASMT) 0.73+0.05 42

Table 3.2 The C-terminal mutants of sma-3 do not rescue the body size of sma-3(wk30).
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Strain Transgenes Body Size (96hrs) Worms
sma-3(wk30) | None 0.731£0.04 80
N2 None 1.17£0.08 30
qcls7(sma-3-DME) 0.72+0.06 39
gclsiS(sma-3-AMA) 0.8440.05 56
gcls8(sma-3-YMY) 1.21+0.09 48
qcls5(sma-3-AMT) 0.74+0.04 45
qcls4(sma-3-ASMT) 0.7910.06 44
lon-1(wWk50) None 1.3640.11 30
qcls7(sma-3-DME) 0.9310.05 31
gclsl5(sma-3-AMA) 1.10+0.07 36
gcls8(sma-3-YMY) 1.26+0.09 32
gclsS(sma-3-AMT) 1.00+0.05 44
qcls4(sma-3-ASMT) 1.06x0.06 34
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Table 3.3 The C-terminal mutants of sma-3 are dominant negative in body size regulation

except sma-3-YMY. The domain negative effects can be relieved by elimination of lon-1

activity.

Most strikingly, the pseudophosphorylated SMA-3 DME failed to rescue. This was

unexpected since pseudophosphorylated Smadl and Smad2 have been reported to be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

constitutively active (Qin et al., 2001; Petritsch et al., 2000). This result suggests that
phosphate groups attached on C-terminus of SMA-3 are required for body size control.
The failure of SMA-3 YMY to rescue indicates that the receptor SMA-6 is incapable of
tyrosine phosphorylation. The non-functional C-terminal deletions suggest both

C-terminal serine and threonine residues are required for SMA-3 activity.

sma-3 C-terminal mutants are dominant negative in body size regulation

Interestingly, the integrated arrays with each of the mutated sma-3 genes except for YMY
were dominant negative in body size regulation when they are crossed into a wild-type
background (Table 3.3). This suggests that these constructs interfere with the function of
the wild-type sma-3 gene. During the cross, we observed that the heterozygotes of the
integrated array are a little longer (data not shown), suggesting the inhibition is dose
dependent. The SMA-3 DME mutant, which we expected to be constitutively active, is a
strong inhibitor. The SMA-3 AMA is the weakest one among the dominant negatives. We
can postulate at least two different mechanisms for the inhibition. First, the mutated
SMA-3 proteins could compete with wild type SMA-3 by binding to the receptors or
other Smad proteins. Alternatively, although these SMA-3 mutants are not functional in
body size regulation, they could form partially active complexes with other Smad
proteins and activate negative regulators in this pathway. In this case, DME is more likely
to be the strongest inhibitor because it is similar to activated Smad and has the greatest

tendency to form a heteromeric complex and interact with transcription factors.
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We also tested the interaction of sma-3 mutants with lon-1. lon-1 gene encodes a
PR-related protein and it is a target gene of Sma/Mab pathway. It has been reported that
lon-1 expression is downregulated by the Sma/Mab signaling pathway. lon-1(wk50)
mutants are 20% longer than wild type and their phenotype is epistatic to the small
phenotype of Sma/Mab mutants (Maduzia et al. 2002; Morita et al.2002). When the
dominant negative constructs of sma-3 were crossed into lon-1(wk50), an intermediate
phenotype, smaller than wild type, is seen for all constructs except the YMY mutant,
which retains the long phenotype (Table 3.3). The double null mutant /on-Isma-3 has a
phenotype with body length close to but longer than wild type (Maduzia 2002). Thus, the
sma-3 C-terminal mutations are dominant negative in a lon-1(wk50) mutant background,
causing a more severe phenotype than sma-3 null mutations do. This result suggests the
C-terminal mutations are different 'from null mutations in regulating target gene
expression. Nevertheless, the worm body lengths are longer in Jorn-1 mutant background
than in worms containing the same integrated arrays in the wild type background. Thus,
inactivation of Jon-1 partially relieves the effect of the dominant negatives. This is
consistent with Jon-I being a target gene downregulated by activated SMA-3, but also
indicates that there must be target genes other than lon-/ regulated by these C-terminal

mutant forms.
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sma-3 C-terminal mutant forms are functional in male tail sensory ray
morphogenesis

In addition to the small body size, the mutants of the Sma/Mab pathway have male tail
defects. Specific sensory rays have fusions and the spicules are crumpled. Since most of
the C-terminal mutations we generated were dominant negative in body size control, we
asked whether they are also dominant negative in male tail development by crossing them
into the him-5(e1490) background. There is no defect in any of these transgenic worms
(Table 3.4). To test the ability of sma-3 C-terminal mutants to rescue the male tail defects
of sma-3(wk30) animals, we cross the integrated arrays into sma-3,;him-5. The AMA
mutation abolishes the phosphorylation site, but still can rescue the male tail sensory rays.
Thus, sensory ray development does not require phosphorylated SMA-3. The decreased
activity of the deletion suggests a full length SMA-3 is preferred. Maybe only the
backbone of the last amino acids is required. The mutation YMY does not rescue at all.
Once again it is different from the others. In addition to sensory ray fusions, Sma/Mab
pathway mutants have crumpled spicules at 100% penetrance. Among the C-terminal
mutations, only SMA-3 DME rescues the male tail spicules in the sma-3(wk30)
background. Others only repair the spicules a little (Table 3.4). Thus, if we assess their
ability to function in the morphogenesis of the spicules, the sma-3 constructs meet our
expectations. The pseudophosphorylated mutants are functional, while the
unphosphorylatable forms are nonfunctional. When the integrated arrays were crossed

into sma-6(wk7), none of the constructs rescue the male tail defects (Table 3.5). Therefore,
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the upstream signal from sma-6 is still required for male tail development, most likely to

induce the phosphorylation of SMA-2.

Strains Transgenes Sensory ray fusions | N crumpled

% sides | spicules%

4&5 | 6&7 | 8&9

him-5(e1490) | None 0 |0 |5 120 |0

gcls7(sma-3-DME) 0 0 5 188 0

gclslS(sma-3-AMA) |0 0 4 166 0

qcls8(sma-3-YMY) 0 0 3 94 0

gclsS(sma-3-ASMT) |0 0 7 120 0

gcls4(sma-3-4AMT) 0 0 6 110 0

him-5(e1490); | None 12 |69 |28 |[112 |100

sma-3(wk30) | qclsl9(sma-3wt) 0 0 6 100 0

qcls7(sma-3-DME) 0 0 7 108 5

gclslS(sma-3-AMA) | 1 1 9 233 90

gcls8(sma-3-YMY) 26 66 52 46 100
qcls5(sma-3-ASMT) | 4 32 30 63 95
gclsd(sma-3-AMT) 1 1 7 74 88

Table 3.4 The C-terminal mutants of SMA-3 can rescue the male tail sensory ray fusion

in sma-3(wk30) background.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Strains Transgenes Sensory ray fusions | N crumpled
% sides | spicules%
4&5 | 6&7 | 8&9
him-5(e1490) | None 0 0 5 120 0
him-5(e1490), | None 12 52 29 63 100
sma-6(wk7) gcls7(sma-3-DME) 6 63 45 200 100
qclsl5(sma-3-AMA) | 8 55 29 124 100
qcls8(sma-3-YMY) 14 67 31 132 100
gclsS(sma-3-ASMT) | 14 59 34 112 100
qcls4(sma-3-AMT) 6 65 30 176 100
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Table 3.5 The sma-3 C-terminal mutants can not rescue the sensory fusion of sma-6(wk7).

Pseudophosphorylated SMA-2 is constitutively active

We wondered whether there is an absolute requirement for SMA-2 phosphorylation, or

whether either SMA-2 or SMA-3 phosphorylation is sufficient for male tail development.

To address this question, we assessed the ability of pseudophosphorylated SMA-2 DID

(mutated from SIS) to function in the male tail. We first needed to generate a rescuing

sma-2 clone. We tried to rescue sma-2(e297) using sma-2 upstream sequences plus its

cDNA, but it did not work. The genomic DNA of sma-2 is long including two large

introns that proved difficult to clone. We created a construct without the two introns.
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After transforming into sma-2(e297), the sma-2 clone shows rescuing function in both
body size and male tail (Table 3.4 & 3.5). This indicates that the two introns are not
required for sma-2 function. A transcriptional fusion of sma-2 promoter sequeﬁces with
GFP shows sma-2 expresses in pharynx, intestine, hypodermis and neurons, similar to the
expression pattern of sma-3 (Figure 3.1). This is consistent with sma-2 and sma-3 acting
together in the signaling pathway. We generated a SMA-2 DID variant (Table 3.1) by
PCR and transformed into sma-2(e297). Interestingly, unlike SMA-3 DME, this
pseudophosphorylated Smad could rescue body size although not as efficiently as wild
type (Table 3.6). So, the SMA-2 DID is constitutively active in body size control. Just
like SMA-3 DME, pseudophosphorylated SMA-2 can also rescue male tail sensory ray
fusions and crumpled spicules (Table 3.7). As the pseudophosphorylation of either
SMA-2 or SMA-3 could rescue male tail defects, it indicates these constructs could be
independent from the receptor sma-6. We hypothesized that the pseudophosphorylation of
both SMA-2 and SMA-3 could control male tail patterning without upstream signaling.
Thus, we integrated both of the constructs into him-5 and sma-6(wk7);him-5(e1490). In
the wild type background, the integrated array is dominant negative in body size but the
male tail has no defects (Table 3.6 &3.7). Although the integrated array has the ability to
rescue¢ the male tail sensory ray fusions and crumpled spicules of sma-2(e297) or
sma-3(wk30), in the sma-6(wk7) background, there is no improvement in the male tails at

all (Table 3.7). This result suggests that at least one of SMA-2 and SMA-3 should be
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Strain Transgenes Body Size (96hrs) Worms

N2 None 1.17£0.08 30

sma-2(e297) None 0.771£0.06 33
qcls39(sma-2wt) 1.19+0.09 45
qcls41(sma-2-DID) 1.07+0.09 30

Table 3.6 The pseudophosphorylated SMA-2 is constitutively active in body size

regulation.
Strains Transgenes sensory ray fusions | N %
% sides defected
4&5 | 6&7 | 8&9 spicules
him-5(e1490) | None 0 0 5 120 0
sma-2(e297); | None 10 63 28 110 100
him-5(e1490) | qcls39(sma-2wt) 0 0 8 100 0
gcls41(sma-2-DID) 0 0 10 95 0
sma-6(wk7); | None 12 52 29 63 100
him-5(e1490) | gcls42(sma-2-DID+ | 11 51 22 120 100
sma-3-DME)

Table 3.7 The pseudophosphorylation of sma-2 can rescue the male tail defects and the
double pseudophosphorylation of sma-2 and sma-3 can not rescue the male tail of

sma-6(wk7) mutant.
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Figure 3.1 (A) The genomic clone of sma-2 does not include the two big introns. (B)
The expression pattern of sma-2.:gfp transcriptional fusion construct. B1) the whole
view; the expression in B2) pharynx, B3) intestine, B4) hypodermis.
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truly phosphorylated, rather than pseudophosphorylated, for normal male tail
morphogenesis. However, we cannot exclude the possibility that male tail development

also requires a Smad independent, but SMA-6 dependent, signaling output.

SMA-3 interacts with LIN-31

It is shown that Smad proteins form complex and MH1 autoinhibits MH2 in the
protein-protein interactions (Hata et al., 1997). With the phosphorylation of the
C-terminal residues, the intermolecular interaction can be increased. Using the yeast two
hybrid, we could not detect any interaction between SMA-2 and SMA-3. Probably, in the
yeast strain we used, the Smad proteins are not phosphorylated (data not shown). lin-31 is
implicated in the Sma/Mab pathway because /in-3/ mutant males have crumpled spicules
identical to sma-3 mutants (Baird et. al. 1999). lin-31 encodes a forkhead transcription
factor (Miller et al., 1993). We tested for molecular interactions between LIN-31 and the
Smads using the yeast two hybrid system. We detect that wild type SMA-3 interacts with
the forkhead transcription factor LIN-31. The SMA-3 DME interacts with LIN-31 more
strongly, while the SMA-3 AMA shows much lower affinity (Figure 3.2A). This suggests
that the C-terminus of SMA-3 participates in the interaction. It is further possible that the
phosphorylation of the SMA-3 C-terminus enhances its interaction with LIN-31. When
we tested whether SMA-3 MH1 and MH2 are required for the interaction, we found that
both MH1 and MH2 (wild type) interact with LIN-31, but the interaction between MH1

and LIN-31 is much weaker (Figure 3.2B). The interaction between LIN-31 and wild type
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SMA-2 or pseudophosphorylated SMA-2 DID is not detectable (Figure 3.2C). The
interaction of SMA-4 and LIN-31 could not be tested because of the self-activation of
SMA-4. Since lin-31 mutants have crumpled spicules, but are not small and the male tail
sensory rays are normal (Baird et al. 1999), it suggests that the interaction between
SMA-3 and LIN-31 is only essential in the development of the spicules. It has been
reported that the forkhead transcription factor Fast-1 has a Smad interacting motif (SIM)
(Randall et al. 2004). In addition, a novel Smad2 interaction motif, the Fast/FoxH1 motif
(FM) is present in all known Fast/FoxH1 family members. The FM is necessary and
sufficient to bind active Smad2/Smad4 complexes. The FM only binds phosphorylated
Smad2 in the context of activated Smad complexes. Although the FM sequence is not

conserved in LIN-31, there could be other motifs in LIN-31 that play similar roles.

SMA-3 C-terminal mutant forms have different localization

We previously reported that sma-3 expresses in hypodermis, pharynx and intestine from
late embryo through the larval and adult stages. When a GFP tag is attached to the
N-terminus of SMA-3, the fusion protein is still functional and localizes mainly in the
nucleus (Wang et al., 2002). We tagged our SMA-3 mutant forms with N-terminal GFP.
All of these mutated proteins were expressed normally and nuclear localized except YMY
(Figure 3.3). Although AMA could not be phosphorylated by SMA-6, its presence in the
nucleus confirms our previous finding that phosphorylation is not strictly necessary for

nuclear localization (Figure 3.3CD). The other dominant negative constructs have similar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2 The yeast two hybrid test of the interaction between /in-31 and
sma-3 or sma-2 (A) The interaction can be detected between sma-3 and
lin-31 using His selection plate (50mM 3AT). 1) sma-3-AMA:lin-31, 2)
sma-3-DME:lin-31, 3)sma-3:1in-31, 4)lin-31:vector, 5)sma-3-AMA.:vector,
6)sma-3-DME:vector, 7)sma-3:vector, 8)vector:vector. (B) There is no
detectable intereaction between sma-2 and lin-31 using His selection plate
(25mM 3AT). 1) sma-3:vector, 2)sma-3:1in-31, 3)lin-31:vector, 4)vector:
vector, 5)sma-2:1in-31, 6)sma-2:vector, 7)sma-2-DID:lin-31, 8)sma-2-DID
:vector. (C) Both of MH1 and MH2 of sma-3 can interact with /in-31 using
His selection plate (25mM 3AT). 1) sma-3:vector, 2)sma-3:lin-31, 3)lin-31:
vector, 4)vector:vector, 5)sma-3 MH2:1in-31, 6)sma-3 MH2: vector, 7)sma-3
MH1:1in-31, 8)sma-3 MH1:vector. Note: The sma-2 or sma-3 cDNA is
inserted into pPDleu vector and lin-31 ¢cDNA is inserted into pPC86 vector.
The yeast strain used for all of the tests is Mav203.
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Figure 3.3 The SMA-3 YMY localizes on the membranes. The dominant negative SMA
-3 C-terminal mutants accumulate in nucleus similar to wild type SMA-3. (A, B) The
SMA-3 YMY protein accumulates on membranes especially nuclear membrane and
does not enter the nucleus. (C, D) The SMA-3 AMA protein accumulates in nucleus as
same as wild type SMA-3. The other dominant negative SMA-3 mutants have similar
localization.
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Figure 3.4 The SMA-3 C-terminal mutants could activate the negative feedback
loop except SMA-3 YMY. All of the sma-3 constructs are co-injected with
sma-3:gfpC. (A) The fluorescence of sma-3:gfpC alone, (B) the wild type sma-3
could activate the feedback loop, which is also shown in (C) sma-3DSMT, (D)
sma-3 AMA and (F) sma-3 DME. (E) sma-3 YMY shows the protection of the
SMA-3:GFPC protein.
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localization, but the fluorescence intensity is much lower. The expression of SMA-3
YMY is the most unusual. We find it localizes on membranes, concentrating around the
nuclear membrane, but not entering the nucleus (Figure 3.3AB). We see similar
localization of SMA-3 YMY in the sma-6(wk7) background. Thus, it is unlikely that the
membrane localization is induced by SMA-6. It suggests that SMA-3 YMY binds with

other molecules located on the membranes. It is unknown if YMY is sufficient for this

kind of translocation.

The SMA-3 mutations differ in their abilities to turn on the feedback loop

When GFP is inserted at the C-terminus of SMA-3, the construct does not have much
activity, but accumulates at a high level. Functional SMA-3 can downregulate this
SMA-3:GFPC accumulation by a negative feedback loop (Wang et. al., 2002). To assess
the mechanism of dominant negativity, we tested whether the SMA-3 C-terminal mutants
could turn on the feedback loop. We co-injected the sma-3::gfp C-terminal fusion with
the mutated sma-3 genes. The fluorescence intensity shows that the SMA-3 AMA and
SMA-3 ASMT downregulate SMA-3::GFPC protein accumulation just like wild type
SMA-3. But, with SMA-3 DME, the fluorescence of SMA-3::GFPC is almost
undetectable. The SMA-3 YMY behaves more as a protector because the fluorescence of

SMA-3::GFPC looks stronger (Figure 3.4).

Thus, the C-terminal mutations retain the ability to turn on the feedback loop that induces
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SMA-3 degradation. Since the SMA-3 YMY is not nuclear localized, it is not surprisihg
that it does not turn on the feedback loop. It is clear that SMA-3 YMY is not dominant
negative in body size control and it does not rescue sma-3(wk30) male tail morphogenesis

in part because it never enters the nucleus.

The C-terminus of SMA-4 is not important for its activity

The C-terminal amino acid residues of SMA-4 are two serines, while those of its
homolog Smad4 are LD. To test whether these C-terminal serines have any significant
function, we produced several mutations of SMA-4. The SS was changed into SSIS
(more like an R-Smad), DD (negatively charged) and AA (remove the hydroxyl groups).
It is not surprising that all of the three constructs function as well as wild type SMA-4
(Table 3.6). The construct with SSIS can’t substitute for any other Smads as it failed to
rescue sma-2 or sma-3 mutants (data not shown). This suggests, not surprisingly, that the
identity of the Smad is not determined by the most C-terminal amino acids, but by the
internal sequences which are necessary for receptor activation and subtype-specific
functions. The results also tell us that the C-terminus of SMA-4 is different from that of
SMA-2 or SMA-3, in that it is dispensable for SMA-4 function. In the crystal structure of
the Smad4 MH2 domain, the C-terminus is randomly located (Shi Y et al. 1997), unlike
that of phosphorylated Smad2. Probably, the C-termini of Co-Smads are not involved in

complex formation or other intermolecular interactions.
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Strain Transgenes Body Size (96hrs) Worms

N2 None 1.17+0.08 30

sma-4(e729) | None 0.79+0.05 40
qcEx58(sma-4wt) 1.19£0.07 42
qcEx59(sma-4A44) 1.18+0.07 38
qcEx60(sma-4DD) 1.1940.08 32
qcEx61(sma-4SSIS) 1.21£0.09 34

Table 3.8 The sma-4 C-terminal mutants functions as same as wild type in body size

regulation.

DISCUSSION

The role of the C-terminus of SMA-3

Several functional roles have been ascribed to the phosphorylation of R-Smad C-termini
by type I receptors, most notably the stimulation of heteromeric complex formation and
nuclear accumulation. To test the functional roles of Smad C-termini in vivo, we have
created SMA-2 and SMA-3 mutant forms and introduced them into wild-type and mutant
C. elegans strains. Our results are consistent with a role for C-terminal modification in

Smad complex formation, but not in R-Smad nuclear accumulation. Furthermore, we
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suggest that the phosphorylation of the C-terminus may play a previously unidentified
role in transcription co-factor binding. If the C-terminal mutants have different affinities
for tissue-specific transcription co-factors, then this would explain their differential
abilities to rescue diverse developmental outcomes. Our yeast 2-hybrid experiments

testing the interactions of LIN-31 with SMA-3 mutant forms support this conclusion.

The dominant negative effect of SMA-3 DME suggests that with the DME residues,
SMA-3 is functional to turn on the feedback loop. However, when the C-terminus is not
phosphorylated, the complex does not rescue body size. Thus, the phosphorylated
C-terminus of SMA-3 is critical to control transcription of genes necessary for body size
regulation. Inside the nucleus, when the MH1 domain of SMA-3 binds DNA, the MH2
domain could bind transcription co-factors. These transcription factors are likely able to
distinguish the status of the C-terminus. For body size, only the phosphorylated
C-terminus with has a high affinity for the relevant co-factor. Since hypodermal
expression of sma-3 is necessary and sufficient to rescue the body size of sma-3(wk30)
(Wang et al. 2002), the transcription factors responsible for body size should be expressed
in hypodermal cells. In spicule formation, SMA-3 DME is functional because the
forkhead transcription factor LIN-31 can interact with pseudophosphorylated C-terminus.
This interaction could be strong enough to control the spicule formation. In the sensory
rays, the full-length, but non-phosphorylatable SMA-3 is sufficient to rescue the ray

fusions. It suggests that phosphorylation of SMA-3 is not strictly required for the sensory
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ray development. Thus, we believe that it is likely that the binding requirements of
specific transcription factors determine the level of SMA-3 construct activities in

different cell types.

The complex formation of the SMA proteins

Smad complex formation has been studied by using gel shift, column elution and
crystallization, and different models have been suggested. The main issue is whether the
Smads function in a dimer or trimer. A great deal of evidence supports the heterotrimer
model. In the crystal structure of the Smad4 MH2 domain (Shi et al., 1997), the protein
forms a homotrimer. The most C-terminal amino acids are disordered. In the crystal
structure of phosphorylated Smad2 or unphosphorylated Smadi, the C-terminal tail
interacts with a positive charged surface of a neighboring subunit in a homotrimer
manner (Qin et al., 2001; Wu et al., 2001). Based on this model, the Smad complex in C.
elegans could be formed through such an interaction. In the sequence alignment, we find
all of the positively charged residues are highly conserved among C. elegans Smads. The
heterotrimer could be formed in different ways. The Smad2-Smad4 trimer contains one
Smad4 and two Smad2 molecules (Inman et al.,, 2002). The complex of Smad4 and
pseudophosphorylated Smad3 shows a similar ratio (Chacko et al., 2001). An interaction
between R-Smads after phosphorylation is also suggested (Wu et al., 2001). Even the
trimer formed by Smad2, Smad3 and Smad4 has been reported (Feng et al. 2000). When

sma-2, sma-3 and sma-4 were first found in C. elegans, the heterotrimer model was
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suggested because the body size control needs all three of them (Savage et al. 1996). The
double and triple mutants of sma-2, sma-3 and sma-4 do not have more severe
phenotypes (Savage-Dunn et al. 2000). sma-4 is the Co-Smad, which is not a target of
activated receptor kinase. The C-terminal mutations of SMA-4 reveal that the last two
serines are not important for function, and so are dispensable for complex formation. The
R-Smad proteins, SMA-2 and SMA-3, could be phosphorylatéd during signaling. We
cannot exclude the possibility that SMA-2 and SMA-3 form complexes with SMA-4
independently. But such complexes are unlikely to have any easily observed function. In
the case of male tail sensory rays, the functional complex must contain both SMA-2 and
SMA-3, and at least one of them must be really phosphorylated, instead of
pseudophosphorylated. Since SMA-2-DID and SMA-3-DME together fail to rescue any
of the defects in sma-6(wk7), it is possible that they do not form a stable complex with
SMA-4. In other words, a real phosphorylated C-terminus is required to initiate the
complex formation. Because SMA-4 C-terminus is not phosphorylated, we can call it the
end of the complex. Which one is the middle subunit? The phosphorylated C-terminus is
more negatively charged than other forms and has a stronger tendency to form a
homotrimer complex (Wu et al. 2001). Even the pseudophosphorylated Smad1L.C has
4278-fold k;igher trimerization ability than that of wild type (Qin et al. 2001). SMA-4 is
not phosphorylated during signaling, thus the autoinhibition between MH1 and MH2
domain could be weak in comparison with unphosphorylated R-Smad. It is likely that

phosphorylated R-Smad protein first recruits SMA-4. All of the residues forming the
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positively charged pocket are conserved in SMA-4. In the L3 loop region, SMA-4 has

even more positively charged residues. Such a dimer could find the third subunit easily

Phosphorylation Status | Body size Sensory Spicules Feedback
rays loop

SMA-2-OH, - - -

SMA-3-OH

SMA-2-®, SMA-3-® |+ + +

SMA-2-®, - + +

SMA-3-DME

SMA-2-OH, - - ND

SMA-3-DME

SMA-2-®, - - +

SMA-3-AMA

SMA-2-DID, + + ND

SMA-3-®

SMA-2-DID, - - ND

SMA-3-DME

Table 3.9 The combinations of SMA-2, SMA-3 of different phosphorylation states have

different effects on body size, male tail sensory rays and spicules. “®” means

phosphorylated C-terminal residues. “+” means functional and “-” means non-functional.
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because the structure is more open. Pseudophosphorylated SMA-3 could bind to the
SMA-2-SMA-4 dimer and induce the dominant negative effect through a feedback loop.
But, it is not functional to regulate the transcription of other target genes, which are
responsible for body size control. Other kinds of mutated SMA-3 could bind to the dimer
more weakly. Alternately, SMA-2 could bind on the SMA-3-SMA-4 dimer. The results
from SMA-2 DID suggest that the complex is stable enough and functional for body size
regulation. According to our data on male tails, both kinds of trimers are functional for
male tail development. Possibly, both of the complexes could bind the DNA or inhibit the
function of unknown proteins, which induces the sensory ray fusions. Thus, different
branches of the signaling require different complexes. Based on all of our data (Table 3.9),
we propose that body size regulation needs SMA-2-SMA-3-SMA-4 trimer and the
feedback loop needs SMA-3-SMA-2-SMA-4 trimer. The male tail does not have any

specific requirement (Figure 3.5).

Possible mechanisms of the feedback loop

Feedback loops have been identified in many signaling pathways. It is a common
mechanism to regulate signal intensity and efficiency. The activity of transducers is
downregulated once the goal has been reached. The cell will be more sensitive to the
receipt of new signals. It could be achieved by modification or degradation of the
proteins. In vertebrate TGF-$ pathways, the Ski/Sno and Smurf genes are negative

regulators of the pathways (reviewed by Shi and Massagué, 2003). To test the functions
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Figure 3.5 The differential activity model of Smad trimers
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of C. elegans Smurf homologs, we cloned the cDNAs of the three with highest identity,
Y64BR4.1a, Y92H12A.2 and F45H7.6. We have previously found that RNAi of sma-2,
sma-3 and sma-4 could phenocopy the mutant phenotypes both by injection or feeding
(unpublished data). The RNAi of the Smurf homologs, however, did not give any
phenotype. It is possible that only a portion of SMA-2 and SMA-3 is phosphorylated.
Under normal conditions, the Smurf and Smad proteins are in a balance. When the Smurf
expression is inhibited by RNAI, the Smad concentration increases. But the amount of
phosphorylated Smad does not change because the ligand is limiting. Similarly,
overexpression of Smad/sma-3 does not make the worm longer (Wang et al. 2002). The
overexpression of ligand dbl-1 does induce the long phenotype (Suzuki et al., 1999).
Additional experiments will be necessary to determine the roles of these Smurf genes or
other factors in the feedback loop. It might be possible that the feedback loop in C.

elegans is completely novel, independent of the Smurf genes.

NOTE

This part of studies is submitted to EMBO journal. Thanks to Dr Pokay Ma and Joni

Seeling for their kindly suggestions on the paper.

Thanks to Kim Lab for /in-31 construct and the assistance of Kolesnick Lab in the DNA

integration.
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Chapter IV

Other observations

The deletions of two loops abolish SMA-3 activity

In the sequence of Smad proteins, there are highly conserved loops that are important for
the structure and function. As experiments have shown, the L3 loop in the MH2 domain
plays important roles in specificity of receptor recognition and Smad complex formation,
and may also interact with other transcription co-factors (Hata et al., 1997, Wu et al.,
2000; Shi and Massagué, 2003). Missense mutations identified in sma-2(e502) and
sma-3(e491) result in a glycine changing into arginine or aspartate near the L3 loop
(Savage et al., 1996; Savage-Dunn et al., 2000). The mutations show a dominant negative
effect on the body size, but an intermediate phenotype in the male tail sensory ray fusions
(around 30%-40% in ray 6 and ray 7 fusions). Thus, we designed the partial deletion of
the L3 loop in SMA-3 by removing the amino acids, WGED. We also constructed the
deletion of the loop PDIS from the MH1 domain. The MH1 domain is responsible for
DNA binding and MH2 domain has transcription activation function. Neither of the
deletions rescues the null mutant sma-3(wk30) and neither are dominant negative in body
size (Table 4.1). It suggests that both loops are important for sma-3 activity in body size
regulation. When we look at the male tail, SMA-3AWGED shows no activity to rescue
the male tail ray fusions, but SMA-3APDIS partially rescues the ray fusions (Table 4.2).

It indicates that the sma-3 MH1 domain is not as critical as the MH2 domain in male tail
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Strain Transgenic genes Body Length (96hrs) Worms

N2 None 1.17+0.08 50
qcEx23(sma-3AWGED) | 1.1920.09 46
qcEx28(sma-34PDIS) | 1.15+0.08 42

sma-3(wk30) | None 0.731£0.04 80
qcEx23(sma-3AWGED) | 0.76+0.06 45
qcEx28(sma-3APDIS) | 0.75+0.05 38

100

Table 4.1 Deletion of the loop WGED or PDIS abolishes SMA-3 activity in body size

regulation.
Strain Transgenic genes Frequency of ray fusion% Sides
4&5 6&7 8&9
him-5(e1490) | None 0 0 5 120
sma-3(wk30),; | None 12 69 28 112
him-5(e1490) | qcEx23(sma-3AWGED) | 11 62 22 100
qcEx28(sma-3APDIS) 4 39 25 80

Table 4.2 Deletions of WGED and PDIS from SMA-3 show different activity to rescue

the male tail.

sensory rays. This conclusion is supported by the previous data of sma-3 missense
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mutants (Savage et al., 1996; Savage-Dunn et al., 2000). The missense mutations in MH1
domain could give weak alleles and mutants in MH2 domain always have intermediate
and strong phenotypes in male tails. The mutant wk20 has a threonine mutation in the L2
loop of the MH1 domain (Shi et al., 1998). The residue might be involved in
autoinhibition because it is located in the L2/L4 double loop region and tumorigenic
mutations have been found in this region. The mutations are proven to enhance the
autoinhibition between MH1 and MH2 (Hata et al., 1997; Shi et al., 1997, Shi et al. 1998).
Both sma-2(e502) and sma-3(e491), which have mutations in the L3 loop of the MH2
domain, have intermediate phenotypes in male tails, probably because changing glycine
into other amino acids only disrupts the structure in MH2 slightly, not completely
abolishing the ability to form a complex, but the activity should be much lower. All of the
sma-2 and sma-3 mutants are strong alleles in body size. Possibly, the male tail only
requires a little Smad activity, but body size needs a high level of activity. To further test
this idea, we could create more missense mutations by site-directed mutagenesis or EMS

screening.

The long phenotype induced by dbl-1 overexpression can be suppressed by the
C-terminal mutants of sma-3

The dominant negative sma-3 C-terminal mutants cause small body size in N2 worms.
This dominant negative effect can be partially relieved by a lon-1 null mutation (Chapter

IID). The overexpression of the ligand, dbl-1, also induces a long phenotype (Suzuki et al.,
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1999). But, the overexpression of sma-3 does not induce any new phenotype (Wang et al.,
2002). Null mutations of sma-2 or sma-3 are not longer than sma-6, daf-4 or dbl-1 null
mutants. Thus, the signal responsible for body size must go through the Smads. The
overexpression of dbl-1, designated dbl-1(++), probably induces a larger portion of
R-Smads to be phosphorylated. Only activated Smad is functional to enable the body to
grow longer. Wild type worms with sma-3 C-terminal mutant constructs are small except
those with sma-3-YMY. The dominant negative SMA-3 mutants could induce SMA-3
protein degradation. The concentration of wild type SMA-3 protein is surprisingly low to
activate downstream gene expression. So, for the body size, the worms carrying the
dominant negative sma-3 genes are just like null mutants, especially worms with
sma-3-DME. When the C-terminally mutated sma-3 genes are transferred into dbl-1
overexpressing worms, all of the worms are small. We failed to generate the homozygous
dbl-1(++);sma-3-DME, probably because it is lethal. Interestingly, the dbl-1(++) worm
with sma-3-YMY is a little smaller than wild type (Table 4.3). The result indicates that
SMA-3-YMY probably gets a chance to enter the nucleus and becomes a weakly
dominant negative protein. When the dbl-1 and sma-3-YMY -GFP are injected into wild
type worms, the worms with the extrachromosomal array is not long and the fluorescence
is almost invisible (data not shown). It indicates that the SMA-3-YMY protein goes into
the nucleus and finally is degraded. dbl-1 overexpression has no effect on body size in the
presence of the dominant negative sma-3 and might release sma-3:YMY from the

membrane. This result confirms that the DBL-1 signaling for body size act via SMA-3.
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The SMA-3 mutants still are dominant negative even in the presence of excessive DBL-1

and can completely block the signal.

Strain Transgenic genes Body Length (96hrs) Worms
N2 None 1.17+0.08 50
sma-3(wk30) | None 0.73+0.04 80
dbl-1(++) None 1.34+0.11 42
qcls15(sma-3-AMA) 0.93+0.06 40
qcls8(sma-3-YMY) 1.09+0.06 35
qclsS(sma-3-ASMT) 0.88+0.05 32
qcls4(sma-3-AMT) 0.84+0.05 30

Table 4.3 The long phenotype induced by dbl-1 overexpression is

dominant negative sma-3 mutants.

Seam cell expression of sma-3 also rescues the body size

suppressed by the

sma-3 is expressed in intestine, pharynx and hypodermis. In the hypodermal expression

of sma-3, we never see that it expresses in the seam cells. We want to see if seam

expression of sma-3 also could rescue body size. The sma-3::gfpN gene is inserted after

elt-5 promoter, which specifically expresses in seam cells (Koh and Rothman, 2001). We

see strong fluorescence in seam cells (Figure 4.1). It is much stronger than that from

Pvha-7:gfp:sma-3, which expresses in hyp7. This suggests that the Smad feedback loop
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Figure 4.1 Expression pattern of Pelt-5:sma-3 translational GFP fusion gene in
wild type and eff-/ mutant background. (A,B,C,D) in wild type (E,F) in eff-1(hy21)
mutant. (A,B) between seam cell mitosis (C,D) during seam cell mitosis. (A,C,E)
higher magnification (B,D,F) overview of the seam cells.
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does not exist in seam cells. The protein is mainly localized in the nucleus. The integrated
array qcls18(Pelt-5:gfp:sma-3) completely rescues the small body size of the mutant
sma-3(wk30) (Table 4.4). But, we find that there also is weak fluorescence in hyp7. This
could result from the elt-5 expression in hyp7 or from delivery of SMA-3:GFP protein
through seam-hyp7 fusion. The second reason is more reasonable because the

fluorescence in hyp7 is much weaker than that in seam cells.

Strain Transgenic genes Body Length (96hrs) Worms
N2 None 1.17+0.08 50
sma-3(wk30) | None 0.73+0.04 80
qcls18(Pelt-5:sma-3) 1.1240.07 42
eff-1(hy21) None 0.83£0.05 22
qcls18(Pelt-5:sma-3) 0.79+0.05 24

Table 4.4 Seam expression of sma-3 can rescue the body size.

To confirm this hypothesis, we crossed this integrated array into eff-1(hy21), which is
also small in body size (Mohler et al., 2002). The array failed to rescue the eff-/ mutant.
The fluorescence is limited to seam cells and that in hyp7 is undetectable. We discovered
that the protein does not accumulate in some nuclei anymore. This suggests that the
nuclear accumulation in these cells requires cell fusion and without it, the cells might lose

their identities. In the worm with our construct Pelt-5:sma-3, SMA-3 expressed in seam
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cells might be phosphorylated and then delivered into hyp7 and it is functional to rescue

body size.

sma-4 hypodermal expression is sufficient to rescue body size

The expression patterns of sma-2 and sma-3 R-Smad genes have been well studied. It has
been shown that hypodermal expression of sma-3 is necessary and sufficient to rescue
body size. But, the expression pattern of sma-4 is still unclear. It is interesting that a
construct without the C-terminus of sma-4 still can rescue the body size (Baird personal
communication). It is reasonable to speculate that sma-4 also expresses in hypodermal
cells. So, we expressed sma-4 in hyp7 and seam cells by using vha-7 and elt-5 promoters.
The result shows that hyp7 expression of sma-4 completely rescues the body size, but the
seam expression fails to rescue. It has been reported that many of TGF-p pathway
components express in hyp7 and hyp7 expression is sufficient and necessary to rescue

body size (Yoshida et al., 2001; Maduzia et al., 2002; Wang et al., 2002).

Strain Transgenic genes Body Length (96hrs) Worms

N2 None 1.1740.08 50

sma-4(e729) | None 0.79£0.05 28
qcEx67(Pvha-7:sma-4) | 1.1910.07 32
qcEx66(Pelt-5:sma-4) 0.8310.05 44

Table 4.5 Hypodermal expression of sma-4 rescues body size.
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So, it is not surprising that hyp7 expression of sma-4 also rescues body size. In contrast,
seam cell expression of sma-3 also rescues body size, but that of sma-4 fails to rescue the
mutants (Table 4.5). This result might be interesting because the difference might be
related to the different roles of sma-3 and sma-4. SMA-4 is not phosphorylated during
signaling. SMA-4 protein delivered through seam-hyp7 fusion might be too dilute. The
required concentration of SMA-4 might be much higher than that of SMA-3. Furthermore,
phosphorylated SMA-3 is required for body size, and unphosphorylated SMA-3 could
negatively compete with activated SMA-3. Co-Smad nuclear localization depends on
complex formation. High concentrations of SMA-4 protein could provide a mechanism to
increase the likelihood of nuclear accumulation. Thus, the body size regulation has
different requirements for SMA-3 and SMA-4 proteins: phosphorylated SMA-3 and a

large amount of SMA-4.

The hairpin intron of sma-2 may be a negative regulator

Near the 3’end of the sma-2 gene, there is an intron of about 1kb. Its first half and second
half are completely complementary. During the PCR, it gave us a lot of trouble. Using
half of the sequence to blast against the worm genome, we find its homologous sequences
are all introns. Most of them are in genes related to transcription, such as DNA dependent
RNA polymerase I largest subunit. We have shown »that the intron is not required for
sma-2 activity because the construct without this intron is still functional (chapter III).

But, the sma-2 gene with only half of the intron cannot rescue the body size at all (data
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not shown). Probably, during RNA processing, the intron is removed easily if it is a
hairpin. But, if only half of the intron is included in the pre-mRNA, it could be bound
with unknown processing proteins that might induce RNA degradation. It might also be
possible that alternative splicing of this intron generates another Smad protein, which
inhibits SMA-2 function. It has been reported that RNAI could target the pre-mRNA in
the nucleus (Bosher et al.,, 1999). The hairpin intron might be regulated by a similar
mechanism. It may be interesting if we could insert the intron into other genes, such Aas
sma-3 or sma-4. The expression of the genes might decrease and the level of activity

might be downregulated.

eff-1 mutants could be suppressed by lon-1 in body size

The eff-1 gene encodes a type I transmembrane protein, which is required for the cell
fusions in C. elegans. Mutations in the extracellular domain of EFF-1 completely block
epithelial cell membrane fusion without affecting other cellular events such as cell
generation, patterning, differentiation, and adhesion (Mohler et al. 2002). EFF-1 is a key
component in the mechanism of cell fusion, a process essential to normal animal
development. Interestingly, the eff-/ mutants have small body size. The strain eff~1(hy21)
has an identical body size with sma-6(wk7). This phenotype might result from the
absence of the communication between the hypodermal cells, which are supposed to fuse
in wild type. In particular, the hyp7 syncytium is important for collagen synthesis and we

have shown sma-3 expression in hyp7 is sufficient to rescue body size. Without normal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

cell fusion, it is possible that hypodermal cells do not contain enough DNA as template,
i.e. the hypodermal ploidy decreases. The cells fused with hyp7 in wild type worm might
lose their identities in eff-/ mutants. They might be isolated cells and not receive enough
information to grow. We speculate that the endoreduplication of their DNA is not
activated. The double mutant, lon-1(wk50); eff-1(hy21), has a long phenotype just like
lon-1 (wk50) alone (Table 4.6). But the shape of the vulva and the tail spike indicate that
the eff-1 mutation is also present. Thus, the small body size of eff~ mutants is completely
suppressed by lon-1. Possibly, cell fusion is required to inhibit lon-/ expression. Highly
expressed lon-1 may cause the eff~/ mutants to be small. It will be clear if we look at the

lon-1:gfp expression in eff-1 mutant background. It has been reported that the hypodermal

Strain Body Length (96hrs) Worms
N2 1.17+0.08 50
eff-1(hy21) 0.83+0.05 32
lon-1(wk50) 1.3640.11 30
eff-1(hy21);lon-1(wk50) 1.38+0.12 44

Table 4.6 eff-1 mutants can be suppressed by lon-/ mutants in body size.

ploidy increases in lon-1 mutants (Morita et al., 2002). The double mutants, lon-1(wk50);

eff-1(hy21) may also have increased hypodermal ploidy. Thus, in ploidy, lon-1 suppresses
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eff-1 and causes the long body size in the double mutant.

NOTE

Thanks to Dr William Mohler for eff~1(hy21) and eff~1(0j55) strains and Scott Baird for
sharing information of sma-4 gene expression.
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Chapter V

Conclusion and Discussion

The Smad complex in hypodermis regulates body size

The TGF-p signaling pathways have multiple roles in C. elegans development. The
Dauer pathway and Sma/Mab pathway share a common type II receptor, daf-4. The daf-4
null mutants have combination of the defects of the two pathways, i.e., dauer constitutive,
egg laying defective, small in body size and male tail ray fusions (Patterson and Padgett,
2000). It has been reported that neuronal expression of daf-4 could rescue the dauer
constitutive phenotype and egg laying defects, and hypodermal expression of daf-4 could
rescue the body size (Inoue et al., 2001). Thus, daf-4 expression in each tissue has
speciﬁc role. It is reasonable to assume that daf-4 expression in other tissues have
unknown functions and the defects have not been described yet. The hypodermal
expression of SMA-6, the type I receptor of Sma/Mab pathway, rescues the body size
(Yoshida et al., 2001). Our study also proves that hypodermal expression of sma-3 (Wang
et al., 2002) and sma-4, the Smad genes, rescues the body size. The data from Jlon-/
(Maduzia et al., 2002), one possible target gene of the signaling, support the idea that
Sma/Mab signaling in the hypodermis is responsible for body size regulation. The model
of the pathway could be described as the dbl-1 ligand is secreted from neurons (Suzuki et
al., 1999) and received by hyp7. The signaling induces hyp7 to grow and hyp7 secretes

more collagen to make a bigger cuticle. The properties of cuticle could affect the body
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size and limit the growth of interior organs.

The activated R-Smads (sma-2, sma-3) form a heterotrimer with Co-Smad (sma-4) and
go into the nucleus to regulate downstream gene expression. Each Smad has a DNA
binding domain MH]1 and transcription- activation domain MH2. The MH2 domain is
required for the hetero- or homo- oligomerization. But, MHI1 represses the
hetero-oligomer formation through auto-inhibition (Hata et al, 1997). The
hetero-oligomeric interaction is stimulated by the phosphorylation of the C-terminal
serines. In the crystals, Smads form homotrimers, which indicates that Smads might
function in a heterotrimer (Shi et al., 1997; Qin et al., 1999; Wu et al., 2001; Qin et al.,
2001). The three Smad genes in Sma/Mab pathway were predicted to function in a trimer
as soon as they were identified (Savage et al., 1996). The triple mutant of the three genes
is not smaller than the mutants of any one gene (Savage-Dunn et al., 2000). We designed
the C-terminal mutants of sma-3 and they proved to be dominant negative in body size.
But they are functional in male tail sensory rays. This result suggests that the male tail
and body size have different requirements of sma-3. The body size requires real
phosphorylation and male tail does not. The SMA-3 protein accumulation is
downregulated by a feedback loop (Wang et al, 2002). The pseudophosphorylated
SMA-3-DME is the most powerful one to turn on the feedback loop. It is also the only
one that could rescue the crumpled spicules. Thus, SMA-3-DME should have the highest
affinity to bind the SMA-2 and SMA-4 dimer. Finally, the double pseudophosphorylation

of SMA-2 and SMA-3 has no activity to rescue the male tail. This result suggests that the
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trimer formation needs at least one R-Smad to be really phosphorylated.

The role of the Sma/Mab pathway in male tail development

The null mutants of the ligand dbl-1, receptors sma-6, daf-4 and Smads sma-2, sma-3 and
sma-4 have male tail defects, fused sensory rays and crumpled spicules. The male tail
defects of any Smad null mutants are as severe as those of null mutants in sma-6.
Therefore, it is unlikely that male tail development is also regulated by additional sma-6
dependent but Smad independent pathways. The ray 6 and ray 7 fusions have only been
found in Sma/Mab pathway mutants. Since there are a lot of small mutants that have no
defects in the male tail (Savage-Dunn et al, 2003), body size and male tail
morphogenesis might be regulated by different downstream genes. The posterior seam
cells V5, V6, and T, are the ancestors of the male tail sensory rays. Ray 6 is generated by
cell V6.ppppa and ray 7 is generated by T.apapp. The fusion of these two rays could
result from multiple reasons. One possible explanation could be that the ray 7 precursor
cell might be more anterior and take the same identity as ray 6 in the Sma/Mab mutants.
Thus, the TGF-f pathway has a specific role to specify cell identities during male tail
development. Maybe one or more of the Smad target genes have the function to control
the cell migration or differentiation. The male tail ray identities are regulated by Smad
trimers. It does not matter whether phosphorylated SMA-2 or SMA-3 binds SMA-4
protein first. The last subunit to be recruited needs not be phosphorylated at all. As long

as it can bind the dimer formed by the other two Smads, even with low affinity, the whole
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complex is functional for male tail sensory rays. So, the missense mutations in the
amino-terminal MH1 domain of SMA-2 or SMA-3 could still be at least partially
functional in male tail rays because only the C-terminal MH2 domain is required for
Smad hetero-oligomeric interactions (Hata et al., 1997). The early termination mutants of
sma-3 especially in MH1 domain should be strong alleles in male tail phenotype. But, the
missense mutants in MH1 domain of sma-3 are weak alleles. The missense mutants of
sma-3 MH2 domain are intermediate or strong alleles (Savage-Dunn et al., 2000). There
are not many sma-2 mutants that have been sequenced. Both sma-2(el491), partial
deletion in MH1 domain, and sma-2(e502), missense mutation in the L3 loop of MH2
domain, are intermediate alleles in male tail development.

The gene mab-21 is required for the choice of alternate cell fates by the cells in the C.
elegans male tail. It is suggested that mab-21 acts as part of a short-range
pattern-formation mechanism. Each of the changes in cell fate brought about by mab-21
mutants can be interpreted as a posterior-to-anterior homeotic transformation (Chow et al.,
1995). mab-21 functions cell autonomously for choice of ray identity by ray 6. We
observed the sma-3 eﬁpression in ray 5, ray 7 and ray 9. The protein localization is
different in sma-6(wk7) background (Figure 5.1). As ray 7 frequently takes the identity of
ray 6 in sma-3 mutants, the reason might be the abnormal activation of mab-21
expression in ray 7. To test this hypothesis, we could look at the transcription level of
mab-21 in the mutants of the TGF-[3 pathway.

The gene mab-5 has been shown to control the identity of ray 4. When mab-5 activity
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Figure 5.1 The sma-3:GFP(C) expression in male tails. (A,B) in wild type;
(C,D) in sma-2(e502) mutant; (E,F) in sma-4(e729); (G,H) in sma-6(wk?7).
The arrows show the nucleus localization in some of cells. The arrow heads
indicate the ray 6-7 fusions.
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decreases, ray 4 undergoes a posterior-to-anterior transformation and takes the identity of
ray 3 (Chow and Emmons, 1994). In the dbl-1 overexpression worms, ray 4 also took the
identity of ray 3 and fused with ray 3 (Suzuki et al., 1999). The hypothesis is that dbl-/
signaling might inhibit mab-5 expression. It can be tested by looking at mab-5 expression
levels in dbl-1(++), or at the phenotype of dbl-1 overexpression in mab-5(el751)

gain-of-function mutants.

Seam-hyp7 fusion may play a role in body size control

The hyp7 cell is a syncytium with 139 nuclei in adult worms. It covers almost the whole
body except the head and the tail. The cell is like a tube to keep all interior organs
organized. The hyp7 is the major cell to secrete cuticle. So, it has an inner surface, which
is in contact with inner organs and separated by body fluid. And its outer side is covered
by cuticle, with the seam cells attached at both lateral sides. During each larval stage,
each seam cell divides. One daughter cell keeps its identity and the other daughter cell
fuses into hyp7. There are also similar fusions happening at the ventral and dorsal, and
even anterior and posterior sides of hyp7. One way to control the body development plan
is that the signal is stored in specific cells and the message is delivered by fusion into
hyp7. For the synthesis of cuticle especially during the molt, the program might be stored
in seam cells. The posterior seam cells become sensory rays in male tail development.
Seam cell expression of sma-3 rescues body size, but it does not rescue male tail ray 6

and ray 7 fusions (data not shown). Possibly the T cell, the ancestor of ray 7, has no
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expression of sma-3 from Pelt-5:sma-3 construct. The eff~/ mutants are small in body
size, but have no fusions of the male tail rays (data not shown). This indicates that the cell
fusion defect does not affect ray identities. To test the idea that seam-hyp7 fusion
influences body size, we could try hyp7, seam and hyp7-seam expression of eff~/ by the
promoters vha-7(hyp7), elt-3(hyp7), elt-5(seam). Alternatively, we could try to express a

dominant negative eff-/ mutant in the seam cells. The worms will be small.

Smad target genes in C. elegans

Upon TGF-p stimulation, the expression of several hundred genes changes positively or
negatively (Kang et al., 2003). Both activation and repression use the same activated
Smads. Target gene selection depends on cell type and transcription co-factors. Most of
the targets have one or more copies of Smad binding elements (Shi and Massagué, 2003).
There are a lot of Smad target genes that have been found in the mammalian TGF-§
pathway, such as inhibitors of differentiation (Id1, Id2, and Id3), c-myc and p15 (Kang et
al., 2003; Feng et al., 2000; Frederick et al., 2004). The I-Smads and Smurf genes are
also regulated by the Smad transcription complex. The promoter of Smad7 contains two
copies of SBE and its expression is activated by both TGF-$ signaling and BMP
signaling (Denissova et al., 2000). In the absence of TGF-P signals, Ski/Sno prevent the
activation of transcription by Smad proteins that find their way to the nucleus (Wotton
and Massagué, 2001). But in C. elegans, not many TGF-f target genes and co-factors

have been found. daf-5 is found to be a homologue of Ski (da Graca et al., 2004), which
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cooperates with daf-3 Smad to regulate gene expression. The loss-of-function mutants are
dauer defective. The novel component sma-9, a Drosophila Schnurri homologue,
functions to control body size and male tail ray 8 and ray 9 fusions (Liang et al., 2003).
But in body size, it is only required during larval stages. Thus, body size regulation in
adults needs another transcription co-factor. A few putative Smad target genes have been
identified by analyzing the long mutants. One of them, lon-1, regulates ploidy and the
mutants with increased hypodermal ploidy have a long phenotype (Morita et al., 2002;
Maduzia et al., 2002). And the small mutants have decreased hypodermal ploidy. Thus,
the small phenotype could be induced by decreased collagen synthesis without enough
DNA templates because the body is covered by the cuticle, which is the exoskeleton of
the worm. Jon-3 encodes a collagen gene, but the loss-of-function mutant is long and
gain-of-function mutant is short (Flemming et al., 2003; Suzuki et al., 2003). Thus, lon-3
expression should be inhibited by dbl-1 signaling. To identify other target genes, DNA
microarray experiments could be done comparing the expression levels of genes in dbl-1
loss-of-function mutants to wild type. The results could be confirmed by checking the
promoters for SBE sequence and using yeast one hybrid to test the interaction of Smad
proteins and the promoters. The target genes should include many collagen genes and
cytoskeleton related genes. In the male tail development, although it is unclear, the target

genes could be mab-3, egl-5, mab-21 and other genes that control the identities of the

male tail sensory rays.
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How does the worm become small?

The small worms are not always TGF-3 pathway defective. Sometimes, it is hard to tell if
a worm is dumpy or small. The dumpy worm is shorter but the width is identical to wild
type, e.g. dpy-7 and sq¢-1. The body shape of small worms look like wild type, but the
whole body shrinks, i.e. the volume is smaller. There are many mechanisms that could
induce the small body size. Most importantly, the deficiency of collagen synthesis could
be the real reason for dbl-1/sma-6 mutants becomes small. It has been reported that
human Smad3 gene stimulates type I collagen transcription in skin fibroblasts (Chen et al.,
1999). But, there are also some other mechanisms for worm body size decreasing.

sma-1 mutants are one type of small worm without defects in the TGF-f pathways. sma-1
gene encodes B-H-spectrin and is required for lumen formation. In sma-I mutants, the
extent of embryonic elongation is decreased and the sma-1 larvae, although viable, are
shorter than normal. sma-/ mutants elongate as embryos, but at a lower speed. sma-1
RNA is expressed in epithelial tissues in the C. elegans embryo: in the embryonic
hypodermis at the start of morphogenesis and subsequently in the developing pharynx,
intestine and excretory cell. SMA-1 is a component of an apical membrane skeleton in
the C. elegans embryonic hypodermis (McKeown et al., 1998). In sma-] mutants, the size
of the pharynx decreases dramatically compared with that in TGF-f mutants (Wang et al.,
2002). There are still many small mutants which have no defects in dbl-1 signaling.
Another related phenotype is long worms. lon-I encodes a PR-related gene and its

expression level increases in sma-6 null mutants (Maduzia et al., 2002; Morita et al,,
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2002). The double mutants of sma-6,lon-1 and lon-1sma-3 are long, but close to wild
type. This result suggests that lon-I cannot be the only target gene for body size
regulation. The hypodermal ploidy difference becomes obvious only in adults. The ploidy
decrease does not explain the small body size of TGF-f3 mutants in larval stages. lon-3 is
another interesting gene, which encodes a collagen protein and shows dosage dependent
regulation of body size. The loss-of-function mutants are long and gain-of-function
mutants are small. The double mutant sma-2(502); lon-3(e2175) is small but a little
longer than sma-2(e502). This suggests that Jon-3 could be one of the target genes of
sma-2 and that sma-2 has more target genes. Double mutants lon-1,;lon-3 are even longer
than any single mutant (Nystrém et al., 2003). This suggests that /on-1 and lon-3 function
in parallel to each other. The experiments with tissue specific expression of TGF-B
components suggest that the hypodermis is the major organ to control the body size. The
body surface is mainly covered by hyp7. It is responsible for the collagen synthesis.
Interestingly, LON-3 accumulation is upregulated in dbl-1 loss of function mutants
(Suzuki et al., 2003). With LON-3 collagen protein, the cuticle could be thicker or harder
to expand which inhibits the body extension. Among Smad target genes, there must be
another type of collagen which enables the body to extend and makes the cuticle more
permeable. The loss of function of the genes should make the body small or dumpy. The
expression of these genes is stimulated by dbl-1 signaling. Candidate genes are dpy-2,
dpy-7, dpy-10, dpy-13, sqt-1, and sqt-3, which are collagen genes and whose loss of

function mutants are dumpy or squat (Nystrém et al., 2003). The long phenotype of lon-3
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mutants could be suppressed by sgr-/ loss-of-function. Possibly the ratio between two

kinds of collagens determines the body size.

The dauers of small mutants

The mutants of dbl-1, sma-6, sma-2, sma-3 and sma-4 are only small, not defective in
dauer formation. But, the behavior of the sma-2 and sma-3 null mutants is a little
different from the others. As normal, the mutants enter dauer when conditions become
more severe, e.g. without food. The shape of the dauers looks similar to the wild type.
But the dauer worms aggregate together, parallel to each other (Figure 5.2). This pattern
is not found in any other worm. The dauers survive much longer than wild type. Until the
plates are completely out of water, the population of worms is always large when they are
chunked onto a new plate. This suggests that the sma-2 and sma-3 null mutants have a
better strategy to survive. It is not clear why it is observed only in sma-2 and sma-3
mutants, even not in sma-4 mutants. In the wild, it is better that the worms spread under
the severe conditions. It is good for the species to survive because not everywhere is
suitable for living.

What kind of specific activity accounts for such a difference? One possible explanation is
that the normal Smad trimer inhibits this behavior. It might be induced by SMA-2 and
SMA-4 dimer or SMA-3 and SMA-4 dimer before the worm goes into dauer. The
complex could be a trimer with two copies of the same R-Smad (SMA-2 or SMA-3) and

one copy of Co-Smad (SMA-4). This hypothesis is supported by the observation that
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Figure 5-2 The dauers of sma-2 and sma-3 mutants form a special pattern, parrallel
to each other (the center of each photo). This pattern can not be found in wild type,
sma-6, sma-4 or sma-2sma-3 double mutants.
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sma-3sma-2 double mutants do not form such dauers. It might be interesting if any

further investigation suggests new functions of the C. elegans Smads.

NOTE

Some parts of these ideas are supported or come from the book, C. elegans II, Cold

Spring Harbor Lab Press.
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Prospect

The C. elegans is small and easy to deal with. A lot of genes first identified in worm and
their homologs are discovered in mammalian genome later. Although the genome size of
C. elegans is relatively small, it contains most of the homologs of human genes. The
sequence of C. elegans genome has been completed and the opening reading frames are
partially confirmed by expression sequence tags. Thus, the genes are likely to be
characterized first in C. elegans. At same time, the worm is transparent and the cell

lineage is completely studied. It makes all research easy.

Our lab mainly studies the Sma/Mab pathway. We have strong curiosity to learn why the
worm becomes small. The Smad proteins have been identified long time ago by Dr
Savage-Dunn. But, the knowledge from the genotype to phenotype is not well understood
yet. In the future, the study should focus on this question. The transcription co-factors
and target genes will be identified and characterized. There are hundreds of Smad target
genes. The collagen related genes could be responsible for body size control. The genes
critical for cell differentiation could be responsible for the male tail sensory ray fusions.
For different cell type and different target genes, the transcription co-factors may be
different. The C. elegans Smads, sma-2, sma-3 and sma-4 not only express in hypodérmis,
which is critical for body size regulation, but also express in intestine and pharynx, even

neurons. In these tissues, the proteins could have different roles, which we have not
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realized yet. The phenotypes are more difficult to be characterized. In intestine, the Smad
genes could involve in the endocytosis. Kim’s lab speculates that the Smad genes also
are required for immunity (Personal Communication). The wild type becomes mature
with the first fertilized egg at 72 hours old under 20°C. But, sma-3(wk30) mutant worms
need 90 hours to be mature. This suggests that Smad genes including sma-3 also have

roles in the developmental timing. It could be a good project in future.

There are a lot of cross talks between different signaling pathways. In C. elegans, the
cross talk is not well studied. The cell cycle, cell differentiation, cell death and cell
migration pathways may have relation with Sma/Mab pathway. For example, the EGF
signaling pathway component Erk might phosphorylated the linker region of Smad
protéins. There are many new reports every year especially in mammalian systems. Their
relations will be better understood by crossing the mutated worms. To set up a network of
the signaling pathways, some novel methods should be invented especially that to

analyze a small change. The weak alleles or partially rescues would be tried first.
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