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Summary

We have analyzed the sma-5(n678) mutant in C. elegans to
elucidate mechanisms controlling body size. The sma-5
mutant is very small, grows slowly and its intestinal
granules look abnormal. We found a 15 kb deletion in the
mutant that includes a 226 bp deletion of the 3’ end of the
WO06B3.2-coding sequence. Based on this result, rescue
experiments, RNAi experiments and a newly isolated
deletion mutant of W06B3.2, we conclude that W06B3.2 is
the sma-5 gene. The sma-5 mutant has much smaller
intestine, body wall muscles and hypodermis than those of
the wild type. However, the number of intestinal cells or
body wall muscle cells is not changed, indicating that the
sma-5 mutant has much smaller cells. In relation to the
smaller cell size, the amount of total protein is drastically

decreased; however, the DNA content of the intestinal
nuclei is unchanged in the sma-5 mutant. The sma-5 gene
is expressed in intestine, excretory cell and hypodermis,
and encodes homologs of a mammalian MAP Kkinase
BMKI1/ERK5/MAPK?7, which was reported to control cell
cycle and cell proliferation. Expression of the sma-5 gene
in hypodermis is important for body size control, and it can
function both organ-autonomously and non-autonomously.
We propose that the sma-5 gene functions in a MAP Kkinase
pathway to regulate body size mainly through control of
cell growth.
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Introduction

There are many studies on the size of an animal or a plant in
the literature. For example, mice that overexpressed growth
hormone became larger (Palmiter et al., 1982), and in
Dictyostelium, smIA mutant cells oversecrete a factor to form
very small fruiting bodies (Brock and Gomer, 1999). In
Drosophila, mutants in the components of the insulin/insulin-
like growth factor 1 (IGFI) signaling pathway have been
reported to be smaller (Leevers et al., 1996; Bohni et al., 1999).
Many factors known to control body size or growth in various
animals are involved in insulin/insulin-like growth factor
signaling as described above, or TGF[ signaling (Patterson and
Padgett, 2000; Massague, 2000), suggesting that they are major
and conserved signal pathways controlling body size.
However, the mechanisms of body size determination are
largely unknown (Conlon and Raff, 1999).

C. elegans is an excellent model animal for studies on body
size control. The number of somatic nuclei is fixed at 959 in
an adult hermaphorodite, and their entire cell lineages were
elucidated (Sulston and Horvitz, 1977). There are many
mutants with an abnormal body size or shape. For example,
several mutants in TGFf signaling factors such as DBL-
1/CET-1 (ligand), DAF-4 and SMA-6 (receptor), SMA-2,
SMA-3 and SMA-4 (Smad transcriptional factors) are small
(Estevez et al., 1993; Savage et al., 1996; Krishna et al., 1999;

Suzuki et al., 1999; Morita et al., 1999). We and others have
shown that egl-4 mutants have a larger body size (Daniels et
al., 2000; Fujiwara et al., 2002; Hirose et al., 2003), and that
the egl-4 gene encodes cyclic GMP-dependent protein kinases
(L Etoile et al., 2002; Fujiwara et al., 2002; Hirose et al., 2003).
We have developed methods to measure body volume, and to
analyze morphology and volume of major organs using a
confocal microscope: cell size in the major organs is increased
in the egl-4 mutants, while cell numbers are not. Genetic
interaction studies strongly suggest that the DBL-1/TGFf
pathway functions downstream of EGL-4 for body size control
as the body size of a double mutant carrying eg/-4 and sma-6
or dbl-1 mutations is close to that of the single small mutant
(Hirose et al., 2003). In contrast to the egl-4 mutants, three
small mutants in the DBL-1 pathway have much smaller cell
size and indistinguishable cell numbers in major organs
(Nagamatsu and Ohshima, 2004). We have also shown that
c¢GMP downregulates body size through EGL-4 (Nakano et al.,
2004).

Here, we present studies on the sma-5 gene. Its mutant is
very small, and has additional phenotypes that are not seen in
the mutants of the DBL-1/TGF signaling factors. Our
findings, based on the identification of the sma-5 gene
encoding a MAP kinase homolog, provide novel and
interesting insights into the mechanisms that control body size.
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Materials and methods

Strains and culture of C. elegans

Bristol strain N2 was used as the standard wild-type strain. FK312
sma-5(n678) was made by backcrossing three times MT3353 egl-
15(n489) sma-5(n678) obtained from CGC with N2 and selecting a
non-Egl line. tm448 was isolated using UV-TMP mutagenesis
(Gengyo-Ando and Mitani, 2000). The handling of C. elegans strains
was performed as described previously (Brenner, 1974; Sulston and
Hodgkin, 1988).

Measurement of body sizes

Total body volume, body length and diameters of a worm were
measured as described (Hirose et al., 2003), but only body volume is
shown here.

Transgenic animals

Microinjection of DNA was carried out as described (Mello et al.,
1991). Total concentration of the DNA at injection was adjusted to
100 pg/ml. A pPDWO06-1a, pPDW06-9 or pPDWO06-¢c GFP reporter
construct was injected alone at 100 pg/ml into sma-5 mutant
animals, and at 50 pg/ml with 50 pg/ml of Bluescript SK+ into N2.
Plasmid DNAs or PCR fragments for organ size analysis or rescue
were injected at 50 pg/ml together with 50 pug/ml of kin-8::gfp
(Koga et al., 1999) as a marker, at 50 pg/ml of dss-1p::gfp or 20
ug/ml of col-19p::gfp (Hirose et al., 2003) with 30 pg/ml of
Bluescript SK+.

PCR fragments and plasmid construction

WO06B3.2 PCR fragments of 6.7 kb used for rescue were amplified
with pfu-turbo polymerase kit (Stratagene) with the primers
WO06B3.2-sense (AACGTGTACGGAACCGGAAA) and W06B3.2-
3’'UTR4 (TCTGAGTTCACTACGTCTGC) from the wild-type
genome. The PCR fragments contain the entire coding region of
WO06B3.2, a promoter region of 1.6 kb for W06B3.2¢ and a 3’
untranslated region of 1.8 kb. They were purified by QIAquick PCR
Purification Kit (Qiagen).

We prepared three types of gene fusions of GFP and W06B3.2.
pPDWO06-1a, which is practically a promoter fusion, was prepared by
amplifying 1.6 kb sequence upstream of the predicted initiation codon
and 14 bp of coding sequence of W06B3.2c. For pPDWO06-9, 1.6 kb
upstream sequence and the entire coding region of W06B3.2a/c were
amplified as above. A Pstl site and a Sall site engineered into PCR
primers were used to insert the amplified products into the GFP vector
pPD95.77 (A. Fire). pPDWO06-c was prepared by amplifying 4.9 kb
sequence upstream of the 5" UTR region of W06B3.2a (exon-1). A
Pstl site engineered into PCR primers were used to insert the
amplified products into the GFP vector pPD95.75.

The promoters used in tissue-specific expression of sma-5 cDNA
included dss-Ip (for intestine) (Hirose et al., 2003), vha-1p (for
excretory cell) (Oka et al., 1997), vha-7p (for hypodermis) (Oka et
al., 2001) and 1.6 kb sma-5 promoter for WO6B3.2c as a control. The
entire coding region except for termination codon of a sma-5 cDNA
corresponding to W06B3.2c was amplified by PCR with yk506¢3
clone (Y. Kohara) as the template. The cDNA and each of the
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promoters were inserted into vector pPD49.26 (A. Fire) with one of
the following primer sets: dss-Ip-f, 5’-TTCTGCAGGCTCCGA-
GGACGAGGAGAAA-3’; dss-1p-b, 5"-TTCTGCAGTTCGACTGG-
AAATAGGCTGA-3"; vha-1p-f, 5"-TTCTGCAGCGAAGAGGATC-
CGTTT-3"; vha-1p-b, 5’-TTCTGCAGACCTGAAACATCTGAGTG-
3% vha-7p-f, 5’-AAAACTGCAGCGACAGGAAATTGTGAGAAG-
3’; vha-7p-b, 5-AAAACTGCAGCAGATTACGTCGTTGGTGGA-
3’; sma-5p-f, 5-AAAACTGCAGCCAAGTTGGCGGAAAGAGC-3;
sma-5p-b, 5’-AAAACTGCAGTGATGTGATGGGATCCTTTG-3".

For amplification by PCR, an ExTaq kit (Takara) was used. A PszI
site and a Sall site engineered into PCR primers were used to insert
the amplified products into the GFP vector pPD95.77.

Alignment of SMA-5

A homology search was carried out at http://blast.genome.ad.jp/, and
alignment was done on the web site http://npsa-pbil.ibcp.fr/cgi-
bin/npsa_automat.pl?page=npsa_clustalw.html.

Measurement of organ sizes

Volumes of hypodermis, intestine or muscles of worms shown in
Table 1 were obtained by YN with analysis of transgenic worms
expressing GFP specifically in each organ with Zeiss LSM-410
confocal microscope, as described (Hirose et al., 2003). To express
GFP in hypodermis, intestine and muscles, col-19p::gfp, dss-1p::gfp
and myo-3p::gfp, respectively, were introduced to sma-5(n678)
mutant in this study, as carried out for N2 and eg/-4 mutants
previously (Hirose et al., 2003). Intestinal or hypodermal volume
measurement shown in Fig. 7 was carried out essentially as described
previously (Hirose et al., 2003), but using Zeiss LSM-510 (NLO)
laser-scanning fluorescent microscope equipped with Zeiss Axiovert
200M microscope using 488 nm Ar laser with 50-60% output and 10-
50% transmission depending on fluorescent intensity of the sample.
PlanApochromat 20X/0.75 objective lens was used. Detector gain
values used for the measurement were adjusted by adding 100-140 to,
and depending on, the values indicated by Find menu so as to get
consistent volumes obtained by LSM-410 or body volumes obtained
as described before. Amplitude offset parameter was chosen so as to
remove the black image background completely using Range
indicator. Images of 512X512 pixels were obtained at 1 um intervals.
Other procedures were as described previously. Transgenic lines used
for measurement were obtained as described by Nakano et al. (Nakano
et al., 2004).

Measurement of nuclear or cell numbers and analysis of
DNA contents

The procedures for measurement of intestinal or hypodermal nuclei
and body wall muscle cells were described previously (Nagamatsu
and Ohshima, 2004), except that the power of two photon Mai-Tai
laser was increased manually from 20 to 80% during the analysis for
determination of nuclear DNA contents. Seam cell numbers were
counted under a DIC microscope. Intestinal cell numbers were
measured in transgenic lines expressing flr-1::gfp/nls (pMTG24-5)
(Take-uchi et al., 1998).

Table 1. Volumes of hypodermis, intestine and muscles of 4-day-old adults

Volume (nl) Relative value Number of

Strain Genotype (meanzs.d.) of the mean (%) worms examined
Intestine FK290 Ex[dss-1p::gfp] 0.89+0.24 100 21

FK340 sma-5; Ex[dss-1p::gfp] 0.20+0.08 23 17
Hypodermis FK336 Ex[col-19p::gfp] 1.15+0.32 100 20

FK383 sma-5; Ex[col-19p::gfp] 0.53+0.20 46 10
Muscles FK254 Ex[myo-3p::gfp] 0.73+0.16 100 11

FK239 sma-5; Ex[myo-3p::gfp] 0.31+0.11 43 28
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Analysis of protein contents
Total protein contents of 2-day-old
animals of the wild type and the sma-5
mutant were measured as described
(Nagamatsu and Ohshima, 2004).

Results

Phenotypes of sma-5(n678)
mutant

The sma-5(n678) mutant has three
visible phenotypes: small body size
(Fig. 1B), very slow growth (Fig.
2), and irregular distribution and
less dark color or density of
intestinal granules (Fig. 1E). These
phenotypes other than the small
size are clearly different from those
of the small mutants of the DBL-
I/TGFPB pathway such as sma-2,
sma-3, sma-4 and sma-6 (Savage et
al., 1996; Krishna et al., 1999). The
body volume of the sma-5 mutant is
1-1.5 nl or one-fifth to one-third of
that of the wild type (about 4.5 nl)
in 2- to 4-day old adults. It takes 5
or more days to become an adult
(Fig. 2). Although  larval
development of the sma-5 mutant is
significantly slower than that of the
wild type, larval lethality is not
significant, based on a survival
curve (data not shown). The
lifespan of the mutant is shorter
than that of the wild type [10.5+£2.5
(s.d.) days versus 14.3+4.7 days].
The number of eggs laid by a
hermaphrodite is  significantly
smaller in the sma-5 mutant than
that of the wild type [139+28 (s.d.)
versus 255+9.8].

Identification of the sma-5
gene

sma-5(n678) had been mapped to a

200pm
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Fig. 1. DIC microphotographs of an L4 stage animal of N2 (A), sma-5(n678) (B) and sma-5;
Ex[Y75H1, kin-8::gfp] (C). (D-F) Higher magnification views of a part of the worm shown in A-
C, respectively. These pictures were taken using an AxioCam CCD camera mounted on Zeiss

Axiophot 2.

region of 0.6 map unit on chromosome X, right of mes-
1 and left of or near nuc-1 (http://www.wormbase.org/ 5
and Fig. 3A). Based on this information, we injected
YAC and cosmid DNA clones, and found that YAC

Y75H1 and cosmid R0O3B7 (Fig. 3A) could rescue its
abnormal phenotypes of the sma-5 mutant (Fig. 1C;
data not shown). RO3B7 contains four genes (Fig. 3).
Among them, only WO06B3.2 (PCR fragments of
6.7 kb) rescued the abnormal phenotypes of sma-5

(Fig. 2).

Volume (nl)
(98]

Fig. 2. Growth curves of N2, sma-5(n678), sma-5 (tm4438),

i24-1 (sma-5 (n678),; Ex[ WO6B3.2 genomic gene, kin-8::gfp])

and i52-1 (sma-5(tm448); Ex[sma-5 genomic gene, kin- 0
8::gfp]. Error bars indicate standard deviations. Number of

worms examined for each time point was 8-39.
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Body volumes of the rescued lines are much larger than that
of sma-5, but not as large as that of the wild type. Their growth
rate and distribution of intestinal granules are similar to those
of the wild type (Fig. 2; Fig. 1F). We found a deletion of about
15 kb in the genome of sma-5(n678) (Fig. 3B). The deleted
region contains the four genes C49F5.3, C49F5.5, C49F5.6 and
C49F5.7 (http://www.wormbase.org/), and 226 bp from the 3’
end of WO06B3.2-coding sequence. We prepared PCR
fragments of C49F5.3, C49F5.5, C49F5.6 and C49F5.7, and
injected each into the sma-5 mutant. Those PCR fragments
could not rescue the sma-5 mutant phenotypes (data not
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In order to confirm that W0O6B3.2 is the sma-5 gene, we
performed RNAIi experiments (Fire et al., 1998). We injected
dsRNA corresponding to nucleotides from 148 to 901 of
WO06B3.2¢ into wild-type animals, and observed phenotypes of
F1 animals. They exhibited Sma-5 phenotypes: small body size
(Fig. 3C), slow growth and abnormal intestinal granules. In
addition, we recently isolated a second allele of sma-5, tm448,
that has 748 bp deletion in W06B3.2 (Fig. 3B). The tm448
mutant shows phenotypes similar to those of sma-5(n678): it
is small, grows very slowly (Fig. 2) and its intestinal granules
are abnormal. As in the case of sma-5(n678), PCR fragments

shown). partially rescued its abnormal phenotypes (Fig. 2; data not
A mes-1 gaP7 (nuc 1)
[ | [ | [ | [ |
1 1 1 1 LGX
Y75H1
CA49F5 —B0198 WO03Gl1
Wo06B3 C15A7
_Ca4C12
R03B7
S 'é WOSB3.1  VWOSB3R.I  BOL982
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gene, mRNA structure and RNAi
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shown). Based on these results, we
conclude that W06B3.2 is the sma-5 gene.

The sma-5 gene encodes MAP
kinase homologues

A recent version of WormBase describes
WO06B3.2a (Fig. 3B) and W06B3.2b. We
sequenced cDNAs obtained by RT-PCR
and cDNA clones yk506c3 and
yk1526e1.3 obtained from Y. Kohara, to
identify two alternative forms of the
mRNA (a and b) that differ at the 5 ends.
The open reading frame (ORF) or coding
sequence of WO06B3.2a exactly matches
that of our ‘a® mRNA (498 amino acids),
but WO06B3.2a has an extra non-coding
exon 3.6 kb upstream of the initiation
codon (exon 1 in Fig. 3B). W06B3.2b
carrying an ORF lacking exon 9 does not
match our mRNA a or b. The structures of
our a and b mRNA are shown in Fig. 3B
as W06B3.2c and W06B3.2d. All these
mRNAs encode homologs of a mammalian
MAP kinase BMK1/ERKS5/MAPK7 (Fig.
4 for W06B3.2a or W06B3.2¢) (Lee et al.,
1995; Zhou et al., 1995). C. elegans
WO06B3.2a has 38% amino acid identity
and 60%  similarity with  human
MAPK7/ERKS.

Expression patterns of the sma-5
gene

To examine the expression pattern of the
sma-5 gene, we prepared three GFP
reporter constructs. pPDWO06-1a
expresses a GFP fusion with N-terminal
five amino acids of W06B3.2a/c under a
control of promoter for W06B3.2¢c of 1.6
kb. GFP expression was found in intestine
(Fig. 5A,C,E,F) and excretory cell (Fig.
SE.F), in all stages of a transgenic line

Control of body size by a MAP kinase 3179
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Fig. 4. Alignment of amino acid sequences of W06B3.2a/c (upper line) and human
MAPK7/ERKS (lower line). A vertical line indicates identical amino acid, a colon
indicates strong similarity and a dot indicates weak similarity between amino acids. A
broken line indicates absence of corresponding amino acids.

carrying extrachromosomal arrays of

pPDWO06-1a. In the intestine, the four most anterior cells
show stronger GFP expression, although entire intestine is
fluorescent. The expression in the excretory cell (White,
1988) was confirmed by comparison with the expression
pattern of vha-1p::gfp that is predominantly expressed in the
excretory cell (Oka et al., 1997). GFP in the excretory cell is
seen continuously along the lateral lines for most of the
length of the worm (data not shown). Weak expression in
hypodermis is also seen (Fig. 5F). A second GFP fusion
construct pPDWO06-9, which contains the same promoter for
WO06B3.2¢c and the entire genomic region of WO06B3.2a/c
except for the termination codon, rescued the phenotypes of
the sma-5 mutant, and looks to be expressed in the same
regions as was pPDWO06-1a (Fig. 5D for intestinal
expression). This fusion protein is localized throughout the
intestine. The third construct pPDWO06-c carries the 4.9 kb
sequence upstream of exon 1 and a GFP gene. GFP in this
promoter fusion is expressed in hypodermis and pharynx
(Fig. 5G,H).

Sizes of major organs and their cells of the sma-5
(n678) mutant

Because the sma-5 mutant has a markedly reduced body size
in adults, the number or the size of cells in major organs is
probably decreased. We analyzed morphology of three major
organs in the adults. To do this, a whole transgeneic animal
expressing GFP specifically in intestine, hypodermis or
muscles was examined using a confocal laser-scanning
microscope. Based on a series of sectional fluorescent images,
a 3D image was reconstructed and its volume was calculated
with an image-processing system, as described in the Materials
and methods. Fig. 6 shows examples of 3D images of these
organs in the sma-5(n678) mutant. The morphology of
hypodermis, intestine and muscles in 2-day-old adults of the
sma-5 mutant looked normal when compared with those of the
wild type that were described earlier (Hirose et al., 2003).
Results of volume measurement are presented in Table 1.
The numbers of cells or nuclei in these organs were also
measured (Table 2). The volume of whole intestine decreased
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Fig. 5. Expression patterns of
sma-5::gfp reporter genes.

(A-C) A dorsal fluorescent
image (A), a DIC image (B) and
the merge of A and B (C) of an
entire L4 animal transgenic for
pPDWO06-1a carrying a promoter
for WO6B3.2c. (D) A merge of
dorsal fluorescent and DIC
images of a young adult
expressing a SMA-5/GFP fusion
protein in intestine from
pPDWO06-9. (E) A confocal
microscopic, dorsal/ventral
image of a part of the body
showing H-shaped excretory cell
and the anterior end of intestine
in an L4 worm expressing
pPDWO06-1a. (F) A similar
confocal microscopic image, but
color-coded depending on the i = A
depth, showing intestine (green), 50 LV ) 20 pn
excretory cell (blue or yellow), ; Suum

and nuclei and faint cytoplasm
of hypodermis (blue).

(G,H) Lateral confocal
microscopic images of an L.2
worm transgenic for pPPDW06-c
carrying a promoter for
WO06B3.2a that expresses GFP
in hypodermis (G) and pharynx
(H).

50um 50pum

Table 2. Numbers of cells and nuclei in 2-day-old adults

Number Relative value Number of

Genotype (meanzs.d.) of the mean (%) worms examined
Intestinal cells (L1 stage) Wild type (N2) 18+0.8 100 7
sma-5(n678) 18+0.6 100 10
Intestinal nuclei Wild type (N2) 32+1.5 100 15
sma-5(n678) ‘ 27+2.4% 84 11
sma-5; Ex[pPDW06-9]" 31x1.4 97 14
Hypodermal seam cells/side Wild type (N2) 16.5+1.3 100 12
sma-5(n678) 16.2+0.8 98 5
Hypodermal nuclei/side Wild type (N2) 89+10 100 6
sma-5(n678) 69+4% 76 8
Body wall muscle cells in two Wild type (N2) 47+0.69 100 20
quadrants sma-5(n678) 46+1.1 98 20

*Significantly different from the wild-type value (P<0.01, r-test).
"pPDW06-9 plasmid contains full length of the sma-5 genomic gene fused with GFP gene.
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to 23% of the wild-type value in the sma-5 mutant. Although
the average number of intestinal nuclei slightly decreased in
the mutant, the number of intestinal cells was the same as that
of the wild type (Table 2). Therefore, intestinal cells in the
sma-5 mutant must be much smaller than those in the wild
type. The number of intestinal nuclei was recovered to nearly
the same as that of the wild type by introduction of the sma-
5 gene (Table 2). The volume of hypodermis decreased to
46% in the mutant. Most of the hypodermis is occupied by a
single, giant syncytium hyp7 that covers the nearly entire
body and contains 133 nuclei out of the 188 hypodermal
nuclei in total (White, 1988). In the sma-5 mutant, therefore,
the volume of this hyp7 syncytium should be decreased
approximately to half. Although the number of hypodermal
seam cells in the sma-5 mutant is very close to that in the
wild type, the number of total hypodermal nuclei in the
mutant is decreased to 76% of that of the wild type (Table 2).
Volume of the muscles expressing myo-3p::gfp (body wall
muscles, vulval, uterine and intestine-associated muscles)
(Okkema et al., 1993) was decreased to 43% of that of the
wild type (Table 1). A great majority of those muscle cells
consist of body wall muscle cells, and their number was not
changed in the mutant (Table 2). These results suggest that
the sma-5 mutant has the same number of cells, and that the
cell size is much smaller.

L

ke :_..“__.h_-,, i

Fig. 6. Three-dimensional reconstructed images of hypodermis (A),
intestine (B) and muscles (C) in the sma-5(n678) background. Scale
bar: 200 wm.
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Effect of sma-5 gene expression in the sma-5 (n678)
mutant on body and organ sizes

To elucidate where the sma-5 gene expression is required for
body size control, we examined the effect of expression of
extrachromosomal sma-5 cDNA under a tissue-specific
promoter or a sma-5 promoter, as well as that of the genomic
sma-5 gene (Fig. 7). The results are presented as bars and
percentages showing body volume, intestinal or hypodermal
volumes relative to those in the wild-type background. As to
the total body size, expression of the 6.7 kb genomic gene
carrying promoters for W06B3.2c and W06B3.2d, or sma-5
cDNA under the sma-5 promoter for WO6B3.2c, led to increase
of more than twice of the volume of the sma-5 mutant. Among
the specific promoters examined, vha-7 promoter specific to
hypodermis is most effective for recovery of the body volume,
and vha-1 promoter, which predominantly directs expression
in excretory cell, has a small but significant effect, and dss-1
promoter specific to intestine is not effective. For organ sizes,
cDNA expression in hypodermis leads to increase in the
volume of hypodermis and intestine. The expression in
excretory cell increases intestinal volume.

Analysis of DNA content and total protein content

To elucidate the mechanisms of cell size decrease in the sma-
5 mutant, we have analyzed chromosomal ploidies and total
protein content in the wild type and the mutant. Chromosomal
ploidy is a well known, universal control factor for cell size
(Conlon and Raff, 1999). For analysis of chromosomal ploidy,
we examined intestinal and neuronal nuclei of worms stained
with 4’,6-diamidino-2-phenylindole (DAPI) as described in the
Materials and methods. Intestinal nuclei in the wild-type C.
elegans become 32C by the adult stage, which is the highest
ploidy in the wild type, while neuronal nuclei remain diploid
(Hedgecock and White, 1985). In addition, intestinal cells
show the greatest volume reduction in the sma-5 mutant. Thus,
chromosomal ploidy in intestine of the sma-5 mutant could
possibly be less in the sma-5 mutant than those in the wild type.
Average intestinal chromosomal ploidy of the sma-5 mutant
adult was estimated to be 34, assuming that neuronal nuclei are
diploid (as in the wild type) and the value in the wild type was
35. Because these values are very close, we conclude that
intestinal chromosomal ploidy is not changed in the sma-5
mutant.

We were also interested to know whether the level of general
gene expression is altered in this mutant. Total protein content
of a worm should be a good measure of the level of general
gene expression. Indeed, the protein content of the sma-5
mutant was only 18% of that of the wild type (0.16 compared
with 0.88 pg/worm).

Discussion

Identification of the sma-5 gene

The sma-5(n678) mutant is small and has smaller but almost
the same number of cells. We found that the sma-5 gene is
WO06B3.2, which encodes homologs of mammalian MAP
kinase MAPK7/BMKI1/ERKS. W06B3.2a and WO06B3.2c
encode the same protein of 498 amino acids (Fig. 3B). They
share expression in hypodermis, but are also expressed in
different regions (the former in pharynx, and the latter in
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intestine and excretory cell). The
endogenous sma-5 gene is probably
expressed in all of these sites. As
cDNA corresponding to W06B3.2c¢ is
functional in our assay and W06B3.2a
has the same ORF, W06B3.2a should
also be functional. We have not
examined whether W06B3.2d lacking
exon 2 and W06B3.2b lacking exon 9
have functions.

Extrachromosomal  arrays  of
Y75H1, RO3B7 or W06B3.2 PCR
fragments rescued the abnormal
phenotypes of the sma-5 mutant to the
same extent. The rescue of the body
size by any of these was not complete,
although growth rate and irregular
distribution of intestinal granules were
almost completely rescued. We
prepared a transgenic line it22-1: sma-
5; In[W06B3.2 PCR fragment, kin-
8::gfp] by UV radiation (Mitani,
1995) in which the extrachromosomal
arrays of the PCR fragments were
integrated. But that integrated line is
as large as the extrachromosomal
transgenic lines. A plausible reason
for the incomplete rescue of the sma-
5 body size by W06B3.2 may be that
the pattern, strength or timing of the
exogenous gene  expression is
somewhat different from those of the
endogenous sma-5 gene.

Promoter

sma-5
(genomic gene)

sma-5

dss-1

vha-1

vha-7

sma-5 functions in post-
embryonic development

We measured the volume of eggs
(embryos) laid by wild-type and the sma-5(n678) mutant.
There was little difference between them (both were ~0.03 nl).
In addition, there was little difference in morphology and
volume of L1 larvae about 2 hours after hatch between them.
sma-5::gfp was expressed in some embryos, but it is not clear
whether sma-5 expression is necessary for embryonic
development. sma-5::gfp expression is seen in all larval stages,
which suggests that it is required for normal larval
development from L1 stage.

The sma-5 gene regulates body size mainly through
control of cell growth

BMKI/ERKS5/MAPK?7 is the newest subfamily of the MAP
kinase family in mammals, and it has some characteristic
features: a large C-terminus and a unique loop 12 sequence
(Lee et al., 1995). Mammalian BMK1/ERKS5 was shown to be
activated by oxidative stress, hyperosmolarity and several
growth factors, including epidermal growth factor and nerve
growth factor (Abe et al., 1996; Chao et al., 1999; Lee et al.,
1995; Zhou et al., 1995; Kato et al., 1998; Kamakura et al.,
1999). It has also been reported that BMK1/ERKS regulates
cell proliferation and cell cycle in cultured cells (Kato et al.,
1998; Chao et al., 1999). Recent reports have demonstrated that
the homozygous deletion of BMK1/ERKS results in embryonic

Expression site
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Excretory cell #
Hypodermis

Intestine
Excretory cell
Hypodermis
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Excretory cell

Hypodermis

Research article

Relative volume (%)

OWhole body
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*
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Fig. 7. Effect of expression of extrachromosomal sma-5 genomic gene (second group of
columns) or sma-5 cDNA under the indicated promoter (lower groups of columns) in the sma-5
(n678) mutant on body and organ volume in 2-day-old adults. Body volumes relative to those of
the wild-type body volume (white bar), and intestinal volumes (gray bar) or hypodermal
volumes (black bar) relative to those of the dss-1::gfp or col-19p::gfp transgenic lines in the
wild-type background are shown by bars. The top group of columns show the results of the
sma-5 (n678) mutant. T-shaped bars represent s.e.m., which was calculated by the formula
(fDx*y*+x*fDy*y*)"?/n!"? where x and fDx are mean and s.d. of the volume of the indicated
strain, and y and fDy are those of the wild-type volume (Bevington and Robinson, 2003). The
smaller of the numbers of worms examined for the indicated and the wild-type worms was
taken as n. An asterisk indicates significant difference in #-tests (P<<0.05) from the value for the
sma-5 mutant. One-hundred percent (wild-type volume) corresponds to 4.39+0.41 nl,
0.88+0.068 nl and 1.01+0.20 nl for body, intestinal and hypodermal volumes, respectively.
Hypodermal volume of a worm expressing sma-5 cDNA under dss-/ promoter was not obtained
because a corresponding transgenic line was not obtained.

lethality in mice with extra-embryonic vascular and embryonic
cardiovascular defects (Regan et al., 2002; Sohn et al., 2002).

As the sma-5 mutant has significantly smaller but
indistinguishable numbers of cells, we propose that SMA-5
regulates body size mainly through control of cell growth.
Measurement of embryonic size described in the Results and
growth curves shown in Fig. 2 for larvae and adults suggest
that embryonic cell sizes in the sma-5 mutant are similar to
those of the wild type. They also suggest that cell growth in
the mutant is much slower in larval development so that cell
proliferation is slower and that final cell sizes are smaller. The
results of measurement of hypodermal and intestinal nuclear
numbers suggest that SMA-5 also has a limited function in
nuclear proliferation in these organs. As postembryonic
hypodermal nuclei in the large hyp7 syncytium are born by
fusion with postembryonic hypodermal cells, SMA-5 has also
a function in cell proliferation. Thus, the function of SMA-5
in C. elegans seems to be somewhat different from that of
BMKI1/ERKS5 in mammalian cells, but has a common function
in cell proliferation. It is not clear whether BMKI1/ERKS5
controls body size in mammals because the knockout mice are
lethal (Regan et al., 2002; Sohn et al., 2002). By contrast, the
tm448 mutant carrying a large deletion in the sma-5 gene
should be a null mutant, but it is viable and has quite similar
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characteristics as the sma-5(n678) mutant. Thus, our results
indicating the function of SMA-5 in body size control are novel
and interesting.

Site and mode of action of the sma-5 gene

Based on the results presented in Fig. 7, the hypodermis seems
to be the most important site of sma-5 gene expression for the
control of body and organ size. Although promoter for
WO06B3.2¢ drives only weakly visible expression in
hypodermis, the far upstream promoter for WO06B3.2a
probably makes the expression stronger for the endogenous
sma-5 gene. The importance of hypodermal expression for
body size control was also reported previously for sma-6
(Yoshida et al., 2001), sma-3 (Wang et al., 2002) and egl-4
(Nakano et al., 2004). Although expression of sma-5 in the
excretory cell may be interesting, we do not have any evidence
to see whether the same mechanism works there as in
hypodermis. Because the expression in hypodermis increases
hypodermal volume, and both expression in hypodermis and
that in excretory cell increase intestinal volume, the sma-5 gene
can function both organ- or cell-autonomously and non-
autonomously, as has been shown for the egl-4 gene (Nakano
etal., 2004). The reason why intestinal expression of the cDNA
failed to increase intestinal volume is not clear.

Conserved features of body size control in
C. elegans

We notice two conserved characteristics in the body size
mutants in C. elegans so far analyzed. First, little or no
changes in cell numbers from those in the wild type are seen
in the sma-5 mutant analyzed here — the three small mutants
of the DBL-1/TGFJ pathway and a sma-1 mutant (Nagamatsu
and Ohshima, 2004), as well as egl-4 large mutants (Hirose et
al., 2003). These results may be related to the small number
of somatic cells and rather rigid cell lineages in C. elegans
(Sulston and Horvitz, 1977), and may suggest that a mutation
leading to a significant change in the overall cell number is
hard to obtain or is lethal. Although extra cell divisions were
observed in cul-1/lin-19 or lin-23 mutants, they are lethal or
sterile (Kipreos et al., 1996; Kipreos et al., 2000). To examine
these ideas, further efforts will be required to obtain body size
mutants in which cell number is significantly altered. Second,
protein contents are decreased in all the small mutants
analyzed roughly in proportion to their reduced body size (this
report) (Nagamatsu and Ohshima, 2004). We propose that the
level of general protein expression has an important relation
to the cell size in C. elegans. A close link between cell size
and protein and ribosome synthesis has been suggested in
yeast and other organisms (Jorgensen et al., 2002; Saucedo
and Edgar, 2002).
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