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SUMMARY

In C. elegansa TGFB-related signaling pathway regulates
body size. Loss of function of the signaling liganddpl-1),
receptors @daf-4 and sma-§ or Smads éma-2 sma-3and
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 different tissues are reduced in size by
different proportions, with hypodermal blast cell size most
closely proportional to body size. We show that SMA-3
Smad is expressed in pharynx, intestine and hypodermis,

is enhanced by SMA-6 activity. Interestingly, SMA-3
protein accumulation was found to be negatively regulated
by the level of Sma/Mab pathway activity. Using genetic
mosaic analysis and 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
primarily in the nervous system, these results suggest a
model in which postembryonic growth of hypodermal cells
is regulated by TGH3-related signaling from the nervous
system to the hypodermis.

as has been previously reported for the type | receptor
SMA-6. Furthermore, we find that SMA-3::GFP is nuclear

localized in all of these tissues, and that nuclear localization Key words: Body size, TG%; BMP, SmadCaenorhabditis elegans

INTRODUCTION 1997). Once phosphorylated, the activated R-Smad forms a
heterodimer or heterotrimer with the Co-Smad (Shi et al., 1997;
The TGHK superfamily, which includes T BMPs and Wu et al., 2001; Qin et al., 1999; Qin et al., 2001).
activins, regulates cell growth and differentiation in both In the nematodeCaenorhabditis elegansthere are two
vertebrates and invertebrates (reviewed by Massagué, 1998aracterized TGFrelated pathways, the Dauer pathway and
Raftery and Sutherland, 1999; Hill, 2001; Savage-Dunn, 2001)he Sma/Mab (small/male tail abnormal) pathway (Patterson
Signaling initiates when the ligand binds to the type Il and typand Padgett, 2000; Savage-Dunn, 2001). The Dauer pathway
| receptors, both of which are Ser/Thr kinases. During thisontrols entry into and exit from the dauer stage, an L3 larval
process, the type Il receptor phosphorylates the type | receptstage specialized for harsh environmental conditions. Entry
The activated type | receptor phosphorylates the cytoplasminto the dauer stage is regulated by environmental cues, such
Smads. Upon phosphorylation, Smads form a heteromeras the availability of food, the population density and
complex, translocate into the nucleus and regulate themperature. The Dauer pathway is composed of the ligand
transcription of downstream genes (Heldin et al., 1997; Wran@af-7), the type Il receptord@f-4), the type | receptodaf-1)
and Attisano, 2000; Massagué and Wotton, 2000; Patterson aadd the Smadséf-8 daf-14 anddaf-3). Loss of function of
Padgett, 2000). The Smads are thus the critical intracellulany factor exceptdaf-3 results in the dauer constitutive
signal transducers for T@FHelated signaling. phenotype, in which worms enter dauer even under favorable
Smads are separated into three categories, R-Smad, Co-Sncadditions (Estevez et al., 1993; Ren et al., 1998; Gunther et
and anti-Smad. R-Smad activity is regulated by the receptors lay., 2000; Inoue and Thomas, 2000). However, the absence of
phosphorylation. Co-Smads are not activated by phosphorylatiodaf-3 activity gives a dauer defective phenotype, in which
but cooperate with R-Smads to form a functional complex. Thevorms do not form dauers (Patterson et al., 1997).
anti-Smads negatively regulate the PSpathway, and their The ligand for the Sma/Mab pathwalbl-1, is related to
expression is dependent upon T3$ignaling (Massagué and Drosophila dppand vertebrate BMPs (Suzuki et al., 1999;
Chen, 2000). The structure of a Smad comprises conserved MiVIorita et al., 1999). It functions with the type Il recepdaf-4
and MH2 domains, separated by a variable linker region. Thend the type | receptema-6(Estevez et al., 1993; Krishna et
MH1 domain has the DNA-binding region and nuclearal., 1999). The Dauer and Sma/Mab pathways use a common
localization sequence (Shi et al., 1998; Xiao et al., 2000). Thigpe |l receptordaf-4 In the Sma/Mab pathwagaf-4 and
MH2 domain contains an SSXS motif that is phosphorylated bgma-6receptors activate the R-Smasisia-2andsma-3 These
type | receptor on the last two serines (Souchelnytskyi et alare thought to form complexes with the Co-Sn&da-4 to
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propagate the signal into the nucleus (Savage et al., 199813F6 by digesting withPst and subcloning into the vector
Savage-Dunn et al., 2000). Loss-of-function mutations in angBLUESCRIPT SK+ (pCS29). This construct rescagg-3(wk30)

of the Sma/Mab pathway components result in small body Sizgn_utants._ To create GFE fUSiOI’l. construbthyl restriction sites were

In addition, defects of the male tails are seen, including sensof{eated in thesma-3coding region, after the start codon (pCS185)
ray fusions and crumpled spicules. Both of the R-Smad’ before the stop codon (‘p08186).|ndependently, by site-directed
proteins, SMA-2 and SMA-3, are crucial for pathway function "utagenesis (MutaGene kit from BioRad). A GKRul fragment

ting the f i f a het - | taini from pPD118.90 (A. Fire) was subcloned into the newly generated
suggesting the formation of a heéteromeric compiex containingy, sites, forming twosma-3::gfptranslational fusion constructs;

two different R-Smad subunits (Savage-Dunn et al., 2000). N.terminal GFP (pCS170) or C-terminal GFP (pCS171). We also
The underlying cause of the small body size phenotype is stiteated asma-3construct lacking all coding sequences. %hal-
poorly understood. In theory, the final size of an organ omlul fragment from pCS185 containirgma-3upstream sequences
organism can be determined by the regulation of cell numbenas ligated intoXhd-Mlul-digested pCS186 in which upstream
cell size, or both. Cell number may be controlled by theand coding regions had been removed leaving only downstream
regulation of cell division or of cell death. Cell size is usuallysequences. Thissma-3 construct (pCS210) therefore contains
coordinated with the cell cycle, and often correlates with ploidyPStream and downstream noncoding sequences but no coding
(Galitski et al., 1999). Mutants of the Sma/Mab pathway providé&®9'°n-
an opportunity to study the molecular regulation of body size i
a viable animal model. Previous reports (Suzuki et al., 199
Flemming et al., 2000.) and our own unpublished resuits (R. he promoters used in tissue specific expressiorsnoé-3::gfp
and C S.-D., unpublished) indicate that these small mutanis | ded elt-3, vha-7, dpy-Thypodermal)elt-2, vha-6(intestine):
contain normal numbers of cells. Therefore, some or all cell sizggyo2 (pharynx); and the third isoform ofmy-Ipharynx and
must be reduced. We have addressed the cell and tisSHgstine) (Gilleard et al., 1999; Oka et al., 2001; Gilleard et al., 1997;
specificity of the Sma/Mab pathway regulation of body size irDkkema et al., 1993; Fukushige et al., 1998; Anyanful et al., 2001).
several ways. First, we measured individual cell and organ siz&&eelt-2 andelt-3 promoters were kindly provided by R.W. Padgett’s
in small mutants to determine which were reduced in sizéaboratory (HW373 and HW375). The others were obtained by PCR
Second, we characterized the expression and subcellulgging N2 genomic DNA as template from worm lysates. The PCR
localization of SMA-3. We have previously reported #rag-3 ~ Primers used were:
is widely expressed, based on a transcriptidaeZ fusion tmy-1, 5-AAGTCGACCGAGTAGGTCTCGCCACG-3
(Savage-Dunn et al., 2000). Here, we provide a higher resolutiontmy-I, 5-ATTCTGCAGAAGTCAGAGGTGT-3;
expression pattern using SMA-3:GFP translational fusions. MY0-4, 5-AAGTCGACCTCTCCGATTGCTATCATG-3

We find thatsma-3is expressed in the pharynx, intestine and MY0:4, S-AACTGCAGTGTCTGACGATCGAGGGTT-3

: . . : . dpy-7, 5-AAGTCGACTGGCGCAAGAGGCAGTGC-3
hypodermis. Third, we used mosaic analysis and directed dpy-T 5-AACTGCAGTTATCTGGAACAAAATGTAAGA 3"
expression ofma-3to determine where it functions to regulate |2 ' 5 AAGTCGACAGGAAATTGTGAGAAG-3': '

body size. These experiments indicate that the hypodermis is the,n,.7 5-AACTGCAGATTACGTCGTTGGTGGA-3;
crucial tissue involved in body size regulation. vha-€, 5-AATCTAGAGCATGTACCTTTATAGG-3; and
vha-&, 5-AACCCGGGITAGGTTTTAGTCGCCCTG-3

After the PCR products were digested by the appropriate restriction

-usion of tissue specific promoters and sma-3::9fp
ding region

MATERIALS AND METHODS enzymes, the promoters were cloned into pBLUESCRIPT SK+ vector.
Next, aPst fragment containing thema-3::gfp(Njcoding region was
Worm strains excised from pCS170 (onest site derives from the GFP vector

Wild type wasC. elegansstrain N2, from which all of the mutants PPD118.90) and inserted into vectors containing the heterologous

were isolated. Unless otherwise noted, strains were grown°&t 20 Promoters. Thus, after translation, each of the protein products has

All strains used in experiments were cultured as described previousfyFP at the N terminus and SMA-3 at the C terminus.

(Brenner, 1974). The following mutations were used: LGiha- ) ) )

6(wWk7) LGIIl, sma-2(e502), sma-3(wk3®ma-4(e729)LGV, dbl-  Transformation and integration

1(wk70) sma-1(e30pndhim-5(e1490) Transformation of constructs into worms was carried out by
Small mutants chosen were either known null mutants or the mosticroinjection (Mello et al., 1991). Unless otherwise stated, the

severe mutants availablema-6(wk7has an early stop codon in the injection solution contains 20 ngd/of experimental plasmid and 100

extracellular region that results in a null mutation (Krishna et al.ngful pRF4 ¢ol-6 plasmid). The co-injection ofha-6::sma-3and

1999). There is an early termination in the DBL-1 bioactive domairmyo-2::sma-3includes 20 ngil of each. The co-injection of C-

in dbl-1(wk70)mutants (Suzuki et al., 1999). An arginine in the terminal sma-3::gfp (pCS171) with pCS29, pCS170 or pCS210

beginning of the linker region in SMA-3 mutates into a stop codongcontains 10 ngfl of each experimental plasmid.

suggestingsma-3(wk30)is a strong allele (Savage-Dunn et al., We usedy-rays to integrate thema-3::gfp(N)array intosma-

2000). Insma-2(e502)the mutation G372D disrupts a critical amino 3(wk30)and the co-injectedma-3::gfp(C)with sma-3genomic and

acid in thesma-2MH2 domain (Savage et al., 1996). The DNA sma-3::gfp(C)with sma-3non-coding arrays into N2. More than 100

sequence of the canonicasima-4(e729xllele had not previously L4 or young adult worms with each extra-chromosomal array were

been determined. We therefore sequencedrttee4gene from these picked. After exposure to a cesium source, the worms were

mutants. Fragments of tlena-4gene were amplified by PCR and separated into 20 plates (five worms in each). After starvation, the

directly sequencedsma-4(e729)contains a single nucleotide worms were chunked into new plates. We allowed the worms to

substitution resulting in a Q246 (CAA) to stop (UAA) mutation. recover for 2 days. Each worm carrying the array was picked into a

Therefore, sma-4e729)is an early termination mutation. separate plate. After one generation, plates with 100% worms
) ) containing the reporter geneol-6) were selected. The integrated
Construction of  sma-3 and GFP fusion genes arrays areqcls6[sma-3::gfp(N) + rol-6] gcls12[sma-3::gfp(C)+

An 8 kb sma-3genomic fragment was obtained from the cosmidsma-3 + rol-6]andqcls16[sma-3::gfp(C)+ sma-3no-code + rol-6].
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Table 1. Cell and organ size measurements gmamutant animals at the L3 stage

Seam cell length Seam cell area n Pharynx length Body length n
Strain fum) (Um?) (cells) m) (um) (worms)
N2 31.8+3.7 1.18+0.13 104 106.1+4.2 61520 16
dbl-1 25.0+3.8 1.02+0.14 106 101.4+5.0 51530 16
sma-3 25.5+3.3 1.01+0.09 103 99.1+4.3 512+23 16
sma-4 24.743.2 0.99+0.12 115 99.9+4.4 518+22 16
sma-1 28.0+4.1 1.08+0.17 74 71.246.9 462+35 13

Data are given as meanztstandard deviation. All three measurements were performed on a single set of animals for each genotype.

Length measurements and are about half the length of wild type in adulthood (Savage-
To characterize the small phenotype, we measured seam cells, phan@unn et al., 2000), as well as being thinner (data not shown).
length and body length in the same animals. jahe1::gfp marker ~ This reduction in body size could in principle be due either to
(Mohler et al., 1998) was used to visualize seam cells. This markeeduced cell number or to reduced cell size, or both. Others
localizes to the adherens junctions surrounding these laterplave reported no significant change in the number of nuclei in
hypodermal cellsiam-1::gfpwas also introduced intema-1 sma-3 dbl-1(wk70) daf-4(m63 andsma-2(e502)nutants compared
sma-4anddbl-1 mutants by standard genetic crosses. L3 larvae Wergith N2 (Suzuki et al., 1999; Flemming et al., 2000). We also

picked and the seam cells were observed under fluorescence. The s 8 no difference in the number of nuclei indll-1(wk70)

cell lineage is highly dynamic and involves major changes in cel T
shape. We focused on worms containing rectangularly shaped celf@utant (data not shown). These results indicate that the small

after they completed their divisions. We looked for worms with at leasPOdy Size phenotype must be due to a reduction in size of some

four consecutive cells ideal for measurement. Once ideal worms we@¥ all of the cells in the animal.

found, the seam cells were photographed usingxaobfective. The We have measured two accessible tissues to determine the

pharynx and the entire worm were photographed using atijctive.  extent of cell size reduction in small animals. The seam cells

The measurements were performed using SigmaScan software.  are lateral hypodermal blast cells that donate daughter nuclei
To assess body length in transgenic animals, cultures wetg the hypodermal syncytium after each cell division, and

synchronized by bleaching gravid hermaphrodites in order to isola entually fuse in adults (Sulston and Horvitz, 1977). We took

eggs. These eggs were introduced onto new plates. The body len vantage of théam-1:gfp marker (Mohler et al., 1998),

mfmrze@?ﬁéegi ;Zedr’ grg Ohuc;]l:;i gnﬂ;ﬁdaeiuZnséa%%azngzglz érsocl:r'ig ich localizes to the adherens junctions surr(_)undlng the seam
above. cells. The seam cell marker was crossed sita mutant
backgrounds and fluorescence was observed in the L3 stage.
Mosaic analysis By this stagesmamutant worm length is significantly different
Mosaic analysis was performed with strains containing high copies dfom wild type (Savage-Dunn et al., 2000); at later stages the
a plasmid pTG96 (generously provided by Min Han). The plasmidseam cells will fuse with each other and cannot be measured
contains a fusion of the ubiquitously expressed, nuclear localized sundividually. The seam cells in mutant animals are shorter in
5 with GFP (Yochem et al., 1998). Thir-5::gfpwas co-injected with  |ength than the seam cells of wild-type animals (Table 1). In
thesma-3rescuing clone pCS29 intmna-3wk30) animals. Two lines Sma/Mab mutants, the difference in seam cell length is

were obtained, with strain designations CS$@#-3(wk30);qcEx26 ; ; ; ;
g i X - proportional to the difference in overall body length (Fig. 1).
and CS125ma-3(wk30);qcEx27The extragenic arrays have rescuing was possible that this reduction in seam cell length was offset

activity. The strains were then observed under fluorescence f(% ) . idth | d I
mosaicism at a magnification of 4Q0Both small and wild-type y an increase In width, so we also measured seam cell area.

mosaic animals were analyzed. Again, we found that seam cell area was reduced in Sma/Mab
mutants (Table 1). For a negative control, we uset-1

Western blot mutants.sma-1 mutants are also small, but they follow a

Worms were washed off non-starved plates and frozen #tC-80 different growth pattern than the TEFSma/Mab mutants

overnight. The boiling buffer (8% SDS+20 mM DTT+100 mM pH (Savage-Dunn et al., 2000). At the L3 stamyea-1body length

6.8 Tris+10 mM PMSF) was added and the samples were boiled fg§ |ess than the Sma/Mab pathway mutants, but the mean length

5 minutes. The protein concentration was determined and equghg area of the seam cells is larger (Table 1).

amounts of total protein were loaded in each lane. After running the We also measured the length of the pharynx in the same

SDS-PAGE gel, the proteins were transferred onto nitrocellulose orms. Interestingly, in the T@ mutants the pharynx is

membrane. The membrane was blocked by 5% BSA in PBS an . . . . -
probed by rabbit anti-GFP antibody (Clontech). The secondar maller than in N2, but only slightly so, with the ratios varying

antibody (anti-rabbit) and detection solutions were from the Ectoetween 0.93 and 0.96 of wild type (Table 1, Fig. 1pnia-

western blotting analysis system (Amersham). 1, the pharynx is 33% smaller than WlId-type Thus, in the
small mutants examined, different tissues are reduced in size
by different proportions. In the T@Sma/Mab mutants, but

RESULTS not in sma-lanimals the seam cell size is proportional to the
body size.

Cell and organ size measurements in TGF f3

Sma/Mab mutants Levels of functional activity of ~ sma-3::gfp

TGFB Sma/Mab mutants are the same size as wild-typ#ranslational fusions
animals at hatching, but grow more slowly during larval stage$o determine the expression pattern and subcellular
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120

construct is crossed into a wild-type background, it even shows
a slight inhibition in body length, but does not affect male tail

100 Tt [ development (Tables 2 and 3), suggesting that it can interfere
i -I- i with wild-type SMA-3 function. The R-Smad C-terminal
80 T e SSXS motif is the site of phosphorylation and may participate
Bl g in intermolecular interactions (Wu et al., 2001; Qin et al.,
&  |aphaymiengn|  2001). The C-terminal insertion of GFP may disrupt some of
8 wWorm length these interactions.

40

sma-3:.gfp fusion gene expression pattern and

20 protein localization

. Both the N-terminal functional and the C-terminal
N2 dbl-1 sma-3 sma-4 sma-1 nonfunctionalsma-3::gfpconstructs show the same pattern of
. expression, but the level of fluorescence of the C-terminal
Fig. 1. Seam cell, pharynx and body length measuremerubldf, : . . .
sma-3 sma-4andsma-1lmutants as a proportion of wild-type (N2) construct _'_S much hlgher. In Fig. 2, we ShOW. the expression of
size. the sma-3::gfpC-terminal construct. Expression begins late in

embryogenesis, and continues through larval stages into
adulthood. In larvae, expression is strong in the hypodermis,
localization of SMA-3 Smad protein, we made two kinds ofpharynx and intestinesma-3expression in the hypodermis is
sma-3::gfptranslational fusion gene constructs. In pCS170seen throughout the large hypodermal syncytium hyp7, but not
GFP is inserted at the N terminus, and in pCS171, GFP ia the lateral hypodermal blast cells (the seam cells). Nuclear
inserted at the C terminus. After transformation istba- accumulation in all of these tissues is strong. This nuclear
3(wk30) the rescuing ability was assessed. Rescue of body sitecalization does not depend on the activitgwia-6 however
was assessed by measuring worm length 96 hours after embiigee Fig. 6E,F).
collection. Rescue of male tail patterning was assessed byExpression of the N-terminal construct is similar, although
determining the frequency of sensory ray fusions. In the wildmuch weaker, even after integration (Fig. 3A). Again, the
type C. elegansmale tail are nine bilateral pairs of sensorynuclear fluorescence is prominent in the pharynx, intestine and
organs, the sensory rays (Sulston et al.,, 1980). Each ray hgpodermis. We asked whether the nuclear accumulation
characterized by its unique position, morphology andlepends on the activity of other components in the pathway.
neurotransmitter usage. The Sma/Mab pathway plays a role When the integrated N-terminal construct arrggl4g was
the specification of rays 5, 7 and 9. In mutants, these rays ofterossed intesma-4(e729)Fig. 3C) orsma-2(e502)Fig. 3E)
display characteristics of rays 4, 6 and 8, respectively, resultingutant backgrounds, the nuclear localization did not change
in readily observable fusions between rays 4-5, 6-7 and 8<gnificantly. This result is consist with previous reports that
(Savage et al., 1996; Suzuki et al., 1999; Morita et al., 199®%-Smad nuclear translocation does not require complex
Krishna et al., 1999). formation with a co-Smad partner (Liu et al., 1997). When the
The N-terminabma-3::gfpconstruct is functional, restoring array is crossed intema-6(wk7)mutants, the protein became

most of the body length (Table 2) and rescuing the male ta@lvenly distributed between the cytoplasm and the nucleus
sensory ray pattern (Table 3). However, the C-terminaih many but not all animals (Fig. 3G). Thus, the nuclear
construct has very little rescuing activity in body length (Tableaccumulation of SMA-3::GFP is enhanced by but not
2) and it only partially rescues male tail ray fusions (Table 3)dependent on activation by the type | receptor. Determining
When the extra-chromosomal array with the C-terminalvhether this extensive nuclear localization is characteristic of

Table 2. The function of tissue-specifisma-3expression constructs in body length regulation

Genotype Transgene GFP expression* Length (mm)n (worms)
Wild type 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) gcEx24[sma-3::gfp(N)+rol-6] H+P+l 1.05+0.08 38
sma-3(wk30) qcEx42[sma-3::gfp(C)+rol-6] H+P+l 0.83+0.07 34
Wild type N2 gqcEx42[sma-3::gfp(C)+rol-6] H+P+| 1.03+0.10 51
sma-3(wk30) qcEx57[sma-3::gfp(C)+sma-3::gfp(N)+rol-6] H+P+l 1.00+0.11 40
sma-3(wk30) gcEx44[Pelt-3::sma-3+rol-6] hyp7 1.04+0.07 40
sma-3(wk30) gqcEx55[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) qCcEx45[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) CcEx52[Pmyo-2::sma-3+rol-6] Pharynx 0.80+0.06 24
sma-3(wk30) gcEx54[Ptmy-1(lll)::sma-3+rol-6] Pharynx+ 0.83+0.06 38
Intestine
sma-3(wk30) gcEx56[Pmyo-2::sma-3+Pvha-6::sma-3+rol-6] Pharynx+ 0.80+0.05 27
Intestine

*NA, not applicable, H+P+l means hypodermis, pharynx and intestine.
TThe worms are measured 96 hours after synchronization by bleaching. The data shows the average length+standard deviation.
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Fig. 2. Thesma-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 Fig. 3. Thesma-3:gfp(N)expression and localization in different
begins at the late embryo stage, 2.5-fold stage. (C) The gene mutant backgrounds: (A, Bma-3(wk3Q)(C,D) sma-4(e729)
expression pattern in L3 stage worms. At L4 stages-3is (E,F)sma-2(e502)and (H,l)sma-6(wk7)(A,C,E,H) show direct

expressed in pharynx, head region hypodermis (D,E), intestine (F,Gfluorescence from GFP; (B,D,F,l) are the Nomarski images of the
and body hypodermis (H,I). The arrows indicate the hypodermal ~ same samples. The arrows indicate hypodermal nuclei (A,C,E). The
nuclei. The arrowhead indicates an intestinal nucleus. arrowhead indicates an intestinal nucleus (A).

the endogenous SMA-3 protein must await the development énimals inheriting the array are wild-type in length, while

SMA-3 antibodies. those without the array are small. Animals were screened for
) ) rare loss of the extrachromosomal array in somatic tissues
Mosaic analysis of sma-3 (Table 4). Each tissue was scored as positive if any cells of the

As SMA-3 expresses in the pharynx, intestine and hypodermisssue expressed the construct.

we wished to determine the tissue in which its activity is crucial We find that animals with loss of the array in the pharynx or

for regulation of body size. We first addressed this by mosaithe intestine have wild-type body size (Table 4). Rare small

analysis. Thesma-3rescuing genomic fragment was injectedworms have also been isolated with expression in the intestine
with a ubiquitously expressed nuclear localized SUR-5::GFRnd/or the pharynx. Therefore, expression of SMA-3 in the

marker (Yochem et al.,, 1998) intema-3(wk30)mutants. intestine and the pharynx is neither necessary nor sufficient for

Table 3. The function ofsma-3::gfpconstructs in male tail patterning

Frequency of ray fusion (%)

Genotype and transgene Rays4and5 Rays6and?7 Rays 8 and &ides)
him-5(e1490) 0 0 6 35
sma-3(wk30);him-5 22 69 11 55
sma-3(wk30);him-5;qcEx24[sma-3::gfp(N)+rol-6] 0 0 5 148
sma-3(wk30);him-5;qcEx42[sma-3::gfp(C)+rol-6] 2 27 26 84
him-5;qcEx42[sma-3::gfp(C)+rol-6] 0 0 6 106
sma-3(wk30);him-5;qcEx57[sma-3::gfp(C)+sma-3::gfp(N)+rol-6] 0 6 5 64

*Savage-Dunn et al., 2000.
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Table 4. Mosaic analysis ofma-3 al., 2001). Finally, for simultaneous expression in the pharynx
n Nerve Nerve Body and intestine, we useuhy-lisoform IIl (Anyanful et al., 2001)
(worms) Intestine Pharynx cord  ring muscle Hypodermis @S Well as a combined injection ofyo-2::sma-3and vha-
6::sma-3 We confirmed the expression of SMA-3::GFP in the

Wild type 4 - + + + + + e . . .
1 - - ¥ + - + specified tissues by direct fluorescence (Fig. 4).
2 - - - - + + The hypodermal expression siha-3from any of the three
1 - - + - + + hypodermal promoters restores body length to the same extent
Small 1 + + - - - - as thesma-3native promoter (Table 2). Wheama-3is only
1 - + - - - - expressed in intestine, there is no effect on the body length.
i : - : - t - The pharyngeal expression or the co-expression in pharynx and

intestine do not increase the body length significantly.

+, GFP expression in some cells of the tissue; —, no GFP expression in any herefore sma-3expression in the hypodermis is sufficient for
cells of the tissue. the regulation of body length.

SMA-3 protein accumulation

regulation of body size. However, expressiorsimia-3in the ~ We have found that the nonfunctiorsha-3::gfpC-terminal
hypodermis appears to be vital for restoration of wild-type bodgonstruct gives a stronger fluorescent signal than the functional
size. We have not observed a mosaic worm of wild-type lengtN-terminal construct (Fig. 5A-D). This difference in intensity
without sma-3expression in the hypodermis. Conversely, wewas consistent in at least three independent lines for each
have not seen a small worm with hypodermal expression.  construct (data not shown). We also tried lower {@0nl) or

) N . higher (40pg/ml) concentrations of the construct in injection
Effects of tissue-specific expression of ~ sma-3 on mixtures, but the intensity of fluorescence was not different
body length from that with 20pug/ml (data not shown). The reduced
To confirm the conclusions of the mosaic analysis and applyfaiorescence of thema-3::gfp(N)construct could be due to
guantitative measure of body length, we created transgenahanges in protein folding that affect GFP fluorescence or to
animals with sma-3 expression driven by heterologous reduced protein accumulation.
promoters. Constructs were made with tissue-specific We hypothesized that the difference in fluorescence is due
promoters and thema-3::gfpN-terminal fusion. Four types of to differing levels of accumulation of thema-3::gfp(N)and
expression patterns were used. For hypodermal expression, sma-3::gfp(C)fusion proteins. There are two possible causes
usedelt-3::sma-3(Gilleard et al., 1999\yha-7::sma-JOka et  of such differences in accumulation. First, the C-terminal
al., 2001) anddpy-7::sma-3(Gilleard et al., 1997). These construct could be inherently more stable. Second, SMA-3
hypodermal promoters function in hyp7 but not in the seardegradation could be induced bya-3activity in a negative-
cells. For pharyngeal expression, we chosgo-2::sma-3 feedback loop. To solve this puzzle, we simply mixed the
(Okkema et al., 1993). For intestinal expression, we eied two sma-3::gfp constructs together (1Qug/ml each) and
2::sma-3(Fukushige et al., 1998) andha-6::sma-3(Oka et  microinjected intosma-3(wk30)mutants. This mixture can

Fig. 4. Thesma-3expression
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. —(.5mm
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Fig. 5. The distinct intensity of fluorescence in worms with
differentsma-3::gfpconstructs in thema-3(wk30)

background. (A,Bsma-3::gfp(N);(C,D) sma-3::gfp(C);

(E,F) co-injection obma-3::gfp(N)andsma-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.

3::GFP(C) protein accumulation requires active Co-
Smad and type | receptor, respectively. Consistent with
the results from fluorescence in whole worms, SMA-
3::GFP fromqcls12in the N2 background is almost
undetectable (lane 1). By contrast, a strong band is
detectable in thegclsl6strain (lane 4). In thema-4
(lane 2) andma-6(lane 3) backgrounds, SMA-3::GFP
levels fromqcls12increase 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

rescue thesma-3mutant, in both body length and male tail address the molecular mechanisms governing size in animals
patterning (Tables 2 and 3). In other words, the mixturesuch aProsophila(Oldham et al., 2000; Johnston and Gallant,
providessma-3activity. However, the level of fluorescence is 2002; Martin-Castellanos and Edgar, 2002) &hdelegans
low, although the C-terminal construct is present (Fig. 5E,FXFlemming et al., 2000; Savage-Dunn et al., 2000)CIn
This implies that after adding the functiorsaha-3construct, elegans most of the mutants resulting in small body size are
the C-terminal fusion protein could be degraded by amlefective in components of a T@¥elated signaling pathway,
unknown factor. This result also contradicts the model that thine Sma/Mab pathway (Savage-Dunn, 2001). A limited
difference in fluorescence is due to differences in proteimumber of additional loci that mutate to a small phenotype have
folding that affect GFP fluorescence. been describedsiha-1 sma-5andsma-§, the best studied of

We further tested this model by co-injecting thewhich is sma-1 a Bu-spectrin homolog (McKeown et al.,
nonfunctionalsma-3::gfp(C)(10 pg/ml) construct either with  1998). An effect of BMP family signaling on cell size may be
the functionabma-3genomic fragment (pCS29) (1@/ml) or  conserved, adrosophila dpp also regulates cell growth
with a sma-3construct in which the coding region had been(Martin-Castellanos and Edgar, 2002).
deleted (pCS210) (1@ug/ml) that would not have SMA-3 We have previously shown that the Sma/Mab pathway
activity. In the co-injection withrsma-3genomic sequences, functions postembryonically (Savage-Dunn et al., 2000), in
only a trace amount of GFP fluorescence can be seen (Figpntrast to the embryonic requirementgora-1(McKeown et
6A,B). However, in the co-injection with pCS210, the level ofal., 1998). In this study, we have addressed the tissue specificity
fluorescence remains high (Fig. 6G,H). Thus, under a varietyf the Sma/Mab pathway in body size regulation and find that
of conditions, sma-3::gfp fluorescence levels negatively the hypodermis is the crucial T@#esponsive tissue involved
correlate with SMA-3 activity levels. Finally, we addressed then body size regulation. The hypodermis@f elegangorms
question of whether a negative-feedback loop requiring othehe outer layer of cells surrounding the animal, and it secretes
components of the pathway regulates SMA-3 proteirthe cuticle (Johnstone, 2000). The largest region of the
accumulation. In fact, an extrachromosomal array carryinfpypodermis is made up of a single multinucleate syncytium,
sma-3::gfp(C) and the sma-3 genomic fragment shows hyp7 (Sulston and Horvitz, 1977). Two lateral rows of
increased levels of fluorescence israa-4or sma-6mutant  hypodermal blast cells, the seam cells, divide during each
background, suggesting that the feedback is dependent on lanval stage to form one daughter cell that fuses with hyp7 and
intact signaling pathway (Fig. 6C-F). one that remains in the seam. After fusion with hyp7, these

We verified these results in a western blot using anti-GFRuclei undergo endoreduplication (Hedgecock and White,
antibody. The extrachromosomal arrays were integrated:985; Flemming et al., 2000). Additional smaller hypodermal
gcls12 contains sma-3::gfp(C) and sma-3 genomic, qclsl6é cells are present in the head (hypl-hyp6) and the tail (hyp8-
contains sma-3::gfp(C) and sma-3 non-coding genomic. hypl2).
gcls1l2 was crossed into thema-4(e729)and sma-6(wk7) We conclude that Sma/Mab signal transduction functions in
mutant backgrounds to determine whether loss of SMAthe hypodermis to regulate body size based on (1) the SMA-3
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Fig. 6. Expression of SMA-3::GFP C-terminal fusion
protein in different genetic backgrounds. (AdRa-3::gfp
C-terminal fusion was co-injected wisima-3genomic
fragment, which contains the whama-3gene sequence.
(A,B) sma-3(wk30mutant background. (C,Bma-4(e729)
mutant background. (E,Bma-6(wk7mutant background.
(G,H) sma-3::gfpC-terminal fusion was co-injected with
sma-3genomic lacking coding sequences. All of the photos
are taken with the same exposure time. The prominent
fluorescence in B is autofluorescence of the intestine.

(I Western blot of total protein extracts from strains
carryingsma-3::gfp(C)onstructs. The extra-chromosomal
arrays were integrated into Ngc{s12[sma-3::gfp(C) +
sma-3 + rol-6]andqcls16[sma-3::gfp(C) + sma-3no-code

+ rol-6]) and crossed into different genetic backgrounds.
Equal amounts of total protein were loaded in each lane and
SMA-3::GFP fusion protein was detected by western blot
with anti-GFP antibody.

similar experiments on the receptersa-6(Yoshida et
al., 2001) andlaf-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 neitt@mma-3(this study) nor
sma-6(Yoshida et al., 2001) expression is detected in
these cells. Furthermore, we have shown Hmaa-3
expression from hyp7-specific promoters, which also
do not express in the seam cells, is sufficient to rescue
the body size in ama-3mutant (Table 2). Because the
seam cells and hyp7 are joined by gap junctions (D.
Hall, personal communication) and adherens junctions
(Mohler et al., 1998), there could be communication
between these tissues without postulating additional
extracellular signals. We speculate that in addition to
the seam cells, the large hypodermal syncytium hyp7
may be reduced in volume in the small mutants. This
| qels12 hypothesis could be tested by electron microscopy. As

qcls16 dbl-1 is expressed primarily in the nervous system

N2 sma-4  sma-6 (Suzuki et al., 1999), these results suggest a model in
which postembryonic growth of hypodermal cells is

- . SMA-3:GFP regulated by TGB-related signaling from the nervous
. . il system to the hypodermis.

One important question that remains to be

addressed is why these cells are smaller. Several
expression pattern; (2) cell and organ size measurements; (3)ssibilities may be considered. One is that reduced DNA
sma-3mosaic analysis; and (4) directed expressioanod-3  content leads to smaller size. The nuclei of @heelegans
We have examined SMA-3 Smad expression and subcellulartestine and hypodermis normally undergo endoreduplication
localization using SMA-3::GFP fusion constructs. SMA-3 isduring larval growth (Hedgecock and White, 1985). In late
expressed in the pharynx, intestine and hypodermis. Thidulthood the hypodermal nuclei in wild type have an average
expression pattern coincides with the expression pattern of tioidy of 10.7C, and some nuclei have gone through two
type | receptor SMA-6 (Krishna et al., 1999; Yoshida et al.rounds of endoreduplication (Flemming et al., 2000).
2001). In cell size measurements, we find that the seam celsirthermore, Flemming et al., found reduced ploidy in
in Sma/Mab mutants, but not the pharynx, show a reduction imypodermal cells ofiaf-4 and sma-2mutants, 5.8 and 7.0
size similar to the reduction in the body length. The relativeespectively. They proposed that this may be the reason for the
maintenance of pharynx length in Sma/Mab mutants suggestmaller body size of Sma/Mab mutants, as ploidy can control
that the expression of Sma/Mab signaling components in theell size (Galitski et al., 1999). It is not yet clear, however,
pharynx may serve an unidentified role. We used mosaiwhether changes in ploidy are sufficient to explain the changes
analysis and tissue-specific expressiorsroa-3to determine in body size.
in which tissues it is required for body size. Our results indicate Another mechanism that could contribute to smaller cell
that SMA-3 function in the hypodermis is necessary andize is reduced protein synthesis. To test this hypothesis, we
sufficient for body size regulation. The hypodermaltried growing worms on the protein synthesis inhibitor
requirement for SMA-3 is consistent with the results fromcycloheximide to see if we could phenocopy the small defect.
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At concentrations in which the worms could grow, howevergbisawa, T., Fukuchi, M., Murakami, G., Chiba, T., Tanaka, K., Imamura,
they were normal in size. A third possibility is a change in the T. and Miyazono, K. (2001). Smurfl interacts with transforming growth
cell cycle. By Speeding up the cell cycle, small cells could be factor type | receptor through Smad7 and induces receptor degradation.

. . Biol. Chem.276, 12477-12480.
generated such as is seen in yeastmutants (FUtCher’ 1996)' Estevez, M., Attisano, L., Wrana, J. L., Albert, P. S., Massagué, J. and

Because the small mutants do not develop more quickly, Riddle, D. L. (1993). The daf-4 gene encodes a bone morphogenetic protein
however, any cell cycle defect could only be in some stage(s)receptor controllingC. elegansiauer larva developmenature 365 644-
of the cell cycle. Finally, metabolic changes could decrease ceFIII649-_ A1 Shen 7. 7. Cunha A E oW and Leroi. A

H H H H H H emming, A. J., en, £. £Z., Cunna, A., Emmons, S. . an erol., A.
s!ze. InDrOSOphII.a(bUt not inC. eleQan}smUtat.lonS in insulin M. (2000). Somatic polyploidization and cellular proliferation drive body
signaling result in small cells and small animals (Oldham et gjz¢ evolution in nematodeBroc. Natl. Acad. Sci. US87, 5285-5290.

al., 2000). Similarly, some change in sugar or fat metabolismukushige, T., Hawkins, M. G. and McGhee, J. D(1998). The GATA-factor

could underlie the small phenotype. elt-2is essential for formation of tf@aenorhabditis elegariatestine.Dev.
Biol. 198 286-302.
SMA-3 protein accumulation may be regulated by a Futcher, B. (1996). Cyclins and the wiring of the yeast cell cydeast12,

1635-1646.

fee_dbaCk_ loop ) Gallitski, T., Saldanha, A. J., Styles, C. A., Lander, E. S. and Fink, G. R.
Using different SMA-3::GFP fusion constructs, we have (1999). Ploidy regulation of gene expressiSnience285, 251-254.
obtained evidence that SMA-3 protein accumulation iGilleard, J. S., Barry, J. D. and Johnstone, |. L.(1997). cis regulatory

; _ requirements for hypodermal cell-specific expression o€eenorhabditis
negatively regulated by the level of SMA-3 and Sma/Mab eleganscuticle collagen gene dpy-Kol. Cell. Biol.17, 2301-2311.

pathway activity. Furthermore, a negative-feedback 100p ig;jeard, 3. s.. Shafi, Y., Barry, J. D. and McGhee, J. D1999). ELT-3: A
consistent with the lack of effect of overexpressing-3 The Caenorhabditis eleganBATA factor expressed in the embryonic epidermis
overexpression aofibl-1 ligand induces a long phenotype and during morphogenesi®ev. Biol. 208 265-280. 3
male tail sensory ray defects (Suzuki et al., 1999), while th@%?égzrr’ls%p\éyl ?(ez-cl):r[%]I;elz:'eIp_>'toarncdarF12 :‘?J?lft’io?w'iht(hzg c;%)s.epr\lgj g??;g:blijll?irswase
overexpre_sswn ofma-3does not (data not ShOWﬂ). In other to promote larval developmeridevelopmeni27, 3337-3347.

systems, it has been shown that Smads are degraded by {tR@gecock, E. M. and White, J. G(1985). Polyploid tissues in the nematode
activity of Smurf E3 ubiquitin ligases (Zhu et al., 1999; Zhang Caenorhabditis elegan®ev. Biol. 107, 128-133.

et al., 2001; Podos et al., 2001). In humaXenopus Smurf- Heldin, C. H., Miyazono, K. and ten Dijke, P(1997). TGFB signalling from

5 _ ; ivitin cell membrane to nucleus through SMAD proteMature 390, 465-471.
1 ?ﬁd Sm;rr: 2 Irt‘dulce ]I-:\’ggsgmazdhdegra(:atllon Zbgog_he #Elquml_‘]]lill, C. S. (2001). TGFB signalling pathways in earlyenopusievelopment.
pathway (Zhu et al., ; £hang et al., ). Through"c iy opin. Genet. Deu1, 533-540.

interaction with the anti-Smad Smad7, Smurf-1 can also indugoue, T. and Thomas, J. H.(2000). Targets of TGPB- signaling in
the degradation of type | receptor (Ebisawa et al., 2001). Caenorhabditis elegargauer formationDev. Biol.217, 192-204.
Smurf-2 enhances the degradation of type | receptor (KavsthnSton, L. A. and Gallant, P.(2002). Control of growth and organ size in

; Drosophila BioEssay®4, 54-64.
etal, 2000) or SnoN oncogene (Bonm etal., 2001)' The targ?cghnstone, 1. L.(2000). Cuticle collagen genes. Expressio@aenorhabditis

is selected by the Smad with which it interacts. A Smurf gene, gjegansTrends Genet16, 21-27.

Dsmurf (lack — FlyBase) is found irDrosophila where it  Kavsak, P., Rasmussen, R. K., Causing, C. G., Bonni, S., Zhu, H.,
negatively regulatedpp signaling in embryonic dorsoventral Thomsen_, G. H. gnd Wrana, J. L(2000). Smad7 binds to Smurf_2 to form
patterning (POdOS et al., 2001)_01] eleganswe find several an E3 ubiquitin ligase that targets the 3€ceptor for degradatioMol.

{ . Cell. 6, 1365-1375.
open reading frames with homology to humanX@nopus . icyna"S “Maduzia, L. L. and Padgett, R. W(1999). Specificity of TGE

Smurf genes, a”QWing the possibility that one ormore of th_ese signaling is conferred by distinct type | receptors and their associated

genes functions in the Sma/Mab pathway. It will be interesting SMAD proteins inCaenorhabditis elegan®evelopment 26, 251-260.

to determine whether a Smurf gene participates in a negatilé!, F, Pouponnot, C. and Massagueé, J(1997). Dual role of the

feedback |OOp Smad4/DPC4 tumor suppressor in TGFbeta-inducible transcriptional
’ complexesGenes Devl], 3157-3167.

. {\/Iartin-CasteIIanos, C. and Edgar, B. A.(2002). A characterization of the
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