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SUMMARY

Members of the Hox family of homeoproteins and their diversification of the postembryonic mesoderm. This role
cofactors play a central role in pattern formation of all of the two Hox gene products required the CEH-20
germ layers. During postembryonic development ofC.  cofactor. One target of these two Hox genes is tiiz elegans
elegans non-gonadal mesoderm arises from a single twistortholog hlh-8. Using both in vitro and in vivo assays,
mesoblast cell M. Starting in the first larval stage, M we demonstrated thattwist is a direct target of Hox
divides to produce 14 striated muscles, 16 non-striated activation. We present evidence from mutant phenotypes
muscles, and two non-muscle cells (coelomocytes). Wethat twist is not the only target for Hox genes in the M
investigated the role of theC. elegansHox cluster and of lineage: in particular we show thatlin-39 mab-5 double
the exdortholog ceh-20in patterning of the postembryonic  mutants exhibit a more severe M lineage defect than the
mesoderm. By examining the M lineage and its hlh-8 null mutant.

differentiation products in different Hox mutant

combinations, we found an essential but overlapping role Key words: Hoxmab-5, lin-39, ceh-20, Caenorhabditis elegans
for two of the Hox cluster genes|lin-39 and mab-5 in  Mesodermtwist

INTRODUCTION the PBX/Hox dimers exhibiting a genetic activation function
not seen with Hox alone (Pinsonneault et al., 1997; Li et al.,
Anterior-posterior patterns in animals arise from a combined999). Stuctural investigation of this regulatory system has
consequence of cellular identities acquired in each of the threecently begun with the analysis of Hox'EXD/DNA complex
germ layers. Members of the Hox family of homeodomairby X-Ray crystallography (Piper et al., 1999; Passner et al.,
proteins play a central role in this process (see Lewis, 1978999).
Lawrence and Morata, 1994; Krumlauf, 1994; Biggin and An additional level of regulation of Hox activity involves a
McGinnis, 1997 for review). Each of the three germ layers hasecond group of TALE class homeodomain proteins; these
a unique pattern of Hox expression, with the eventual patteffiactors (HTH inDrosophila,MEIS and PREPL1 in vertebrates)
of tissues reflecting both autonomous Hox specification in eadive been shown to regulate nuclear/cytoplasmic localization
germ layer and interactions between germ layers (for examplef EXD/PBX (Rieckhof et al., 1997; Kurant et al., 1998; Pai
see Bienz, 1994 for review). Two key paradoxes that havet al., 1998; Abu-Shaar et al., 1999; Berthelsen et al., 1999). It
arisen in studies of Hox function concern (1) the relativelyhas also been shown that HTH/MEIS/PREP1 can form trimeric
broad DNA binding specificity exhibited by Hox proteins in DNA binding protein complexes with Hox factors and
vitro, and (2) the ability of Hox proteins with very similar DNA EXD/PBX proteins (Berthelsen et al., 1998; Ryoo et al., 1999;
binding properties in vitro to direct distinctive developmentalFerretti et al., 2000).
patterns in vivo. Although identification of the two families of Hox cofactors
Recent studies have shown that the specificity of Hox factottselps in explaining the specificity of Hox function in vivo,
is augmented in vivo by interaction with a distinctive group othow Hox/cofactor combinations activate different regulatory
homeodomain cofactors. These cofactors belong to the TALRetworks to specify distinct cellular identity is not well
(three amino acid loop extension) class of homeodomainnderstood. The availability of the entire lineage history of all
proteins (Burglin, 1997; Burglin, 1998). One group ofcells inC. elegangSulston et al., 1983; Sulston and Horvitz,
cofactors is represented by thesophilaEXD and vertebrate 1977) and its powerful genetics provide an approach to this
PBX proteins (see Mann, 1995; Wilson and Desplan, 1995uestion at a single-cell level.
Mann and Chan, 1996; Mann and Affolter, 1998 for review). The majorC. elegansHox complex contains four genes:
Heterodimerization with EXD/PBX can greatly increase theceh-13 lin-39, mab-5 and egl-5 these are orthologs of
specificity of DNA binding by Hox factors. In some cases thehe Drosophila labial, Deformed/Sex combs reduced,
nature of the interaction with target genes is also changed, wiintennapedia/Ubx/Abd-Aand Abd-B genes respectively
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(Costa et al., 1988; Schaller et al., 1990; Clark et al., 1993ATERIALS AND METHODS
Wang et al., 1993; Brunschwig et al., 1999). Two additional .
Abd-B homologs have recently been identified at a distinc€. elegans strains
chromosomal locus (Ruvkun and Hobert, 1998). Each Hotrains were maintained and manipulated under standard conditions
gene has a distinct expression pattern along the anterig¥s described by Brenner (1974). Analyses were performed at 25°C,
posterior axis of the animal. For the ectoderm, functions of thenless otherwise noted. The foIIovying strains were used in this work:
Hox factors have been extensively studied (see Biirglin arffj2b-5(e1239)il (Kenyon, 1986),lin-39(n1760) Il (Clark et al.,
Ruvkun, 1993; Salser and Kenyon, 1994; Kenyon et al., 1097293)-€91-5(n945)Il (Wang et al., 1993)mab-5(e1239) egl-5(n945)

S ’ oy ! 111, 1in-39(n1760) mab-5(e1239)/qC1; him-5 (e1490)Wang et al.,
for review).C. eleganslso contains a singéxd/pbxortholog, 1993), lin-39(n1760) mab-5(e1239) egl-5(n945)/sma-3(e491) mab-

ceh.-20 (BUrinn, 1992). As withDrosophila exd mutants 5(e1239) egl-5(n945)! (gift from C. Kenyon),ceh-20(n2513)/sma-
(Peifer and Wieschaus, 1990; Rauskolb et al., 1988);20  3(e491) unc-32(e189)l (gift from K. Kornfeld).

mutants share similar ectodermal phenotypes with multiple- Strains carrying integrated cell-type-specific reporter transgenes
loss-of-functionHox mutants (E. Chen, M. Robinson and were used to facilitate identification of specific cell fates within the
M. Stern, personal communication). The situation in theM lineage:

mesoderm is less clear: although several of the Hox factors myo-3::gfp-PD4251¢cls425)I, active in all bodywall muscles and
are known to be present in developing mesoderm (Wang et ayulval muscles (Fire et al., 1998b). o

1993; Salser, 1995; Ferreira et al., 1999), the roles for Hox hin-8:9fp-PD4666&yIs§X and PD466yls7IV, active in all

i : e . ndifferentiated cells in the M lineage (Harfe et al., 1998b).
2Fu%id%tEe|_(; 20 in mesodermal specification remain to be egl-15::9fp-NH2447@yIs2IV, active in adult vm1l muscles (gift

from C. Branda and M. Stern).

The mesoderm o€. elegansproduces a variety of cell ~ Nge-hox::gfePD4655¢CIs465511, active in eight vulval and eight
types including striated muscle, several types of non-striateglerine muscles (Harfe et al., 1998b).

muscle, and a limited set of non-muscle cells of diverse myo-3::secreted gfp (secreted gfp-GS191%ris37)| and
function. Cells from each of these classes arise bot3S2077arIs39X, used to visualize coelomocytes (gift from J. Fares
embryonically and postembryonically. Myogenesis in theand I. Greenwald).

embryo produces 81 striated bodywall muscles, 37 non- Two integrated transgenic lines used in the heat-shock experiments
striated pharyngeal muscles, and four gut-associated enteff§® CF303fuls9 X for hs:mab-5 (Salser et al., 1993) and
muscles (Suston et al., 1983). At hatching, a single mesobl gr‘:'jsr?“iggg) for hs::lin-39 (linkage group unknown; Hunter and
(the M cell) is poised to pmduc‘? all of the addmonal non- Linea,ge analysis was performed as described by Sulston and
gonadal mesodermal cells that will be produced during larval it (1977).

development (Sulston and Horvitz, 1977; Fig. 1). In

hermaphrodites, M divides in a characteristic and’lasmid constructs

reproducible pattern to produce 14 bodywall muscles, 2 sexab-5 promoter constructs

myoblasts (SMs) and 2 coelomocytes. The 14 bodywall.5 kb of themab-5promoter sequence-7485 to-1) was amplified
muscles eventually join the 81 embryonically born bodywalthrough long range PCR (Boehringer Mannheim) using genomic
muscles and are used for locomotion. The 2 SMs are born PNA as template. Primers JKL-192 and JKL-209 were used for the
the posterior of L1 larvae, but migrate towards the anteriogmplification, which resulted in the addition of unigigavil and

and reside at the vulval region. At mid L3 stage the gvdlot sites at the ends of the PCR fragment. This fragment was cloned

divide and give rise to 8 vulval muscles and 8 uterine muscle ,g’srﬁi%gms and used as thenab-5 promoter in the following

which flank the gonad and are involved in egg laying. The" 3| 443 1:mab-5 promoter::mab-5 cDNA::unc-548TR
coelomocytes are non-muscle mesodermal cells that behave, k| 419 5:mab-5 promoter::lin-39 cDNA::unc-54'3TR

as macrophages with a scavenger-like function (Chitwood pjKL436.3:mab-5 promoter::egl-5 cDNA::unc-543TR
and Chitwood, 1974; Fire et al., 1998a). The M lineage pJKL439.5:mab-5 promoter::ceh-13 cDNA::unc-548R
provides a valuable microcosm for genetic and experimental pJKL418.4:mab-5 promoter::hlh-8 cDNA::unc-543TR
manipulations of mesodermal patterning since it is not pJKL420.2: mab-5 promoter::hlh-8 cDNA:smg suppressible
essential for viability or for the overall body plan of the worm3'UTR
(Sulston and Horvitz, 1977). pJKL481.9:mab-5 _promott_ar::gfp-lacZ::unc-54’L’_iTR _

Three of the Hox genes are known to be expressed in the %The unc-54 3JTR is functional in all somatic tissues (Fire et al.,

: i : 90); the segment used for these constructs was derived from
lineage. Althoughmab-5expression occurs throughout the M bPD96.85. the smg suppressible/BR was derived by an extended

lineage,mab-5mutants show only a limited set of M lineage coding region ofet-858out of frame (Kelly et al., 1997). The GFP-
defects (Kenyon, 1986; Salser, 1995; Harfe et al., 1998b). (. ga) fusion in pJKL481 contains a nuclear localization signal
39is expressed in sex myoblasts and their descendants (Waf@rived from pPD107.94), thus resulting in nuclear localized GFP
etal., 1993; Liu and Fire, unpublished), whetg-5expression  fluorescence. The cDNAs used were derived from the following
has been observed in a subset of posterior muscles, and in tha&smids:

M mesoblast of males. No functional analysidim{39 or egl- mab-5 p198 (Costa et al., 1988)n-39: p15.121A (Wang et al.,
5in mesodermal specification has been reported. In this papdf93).egl-3 p160.111 (Wang et al., 1993)eh-13 yk466g11 (gift

we demonstrate an essential but redundant role for the Hd@em Yuii Kohara),hlh-8 pBH48.20 (Harfe et al., 1998b).
genegnab-5andlin-39 in the diversification of the M lineage. Heat-shock constructs

We show that this role involves interactions of these factorgne foliowing constructs were used for ectopic production of the
with the C. elegansEXD ortholog CEH-20 and describe one corresponding coding regions upon heat-shock treatment:

direct target for Hox/CEH-20 complexes, ti@& elegans hs::mab-5:pHSmab-5(Salser et al., 1993ps::lin-39: pHIin-39
ortholog oftwist (Hunter and Kenyon, 1995hs::hlh-1: pPD50.63 (Harfe et al.,
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1998b), hs::hlh-2: pKM1035 (Krause et al., 1997)hs::hlh-8: Fusion proteins and gel-shift assays

pBH48.8 (Harfe et al., 1998b). lin-39 andceh-200RFs were cloned into expression vectors pRSETC
and pRSETA respectively. 6xHis-tagged fusion proteins were
hih-8 promoter constructs generated using thE. coli BL21(DE3)pLysS cells (Invitrogen) and
Two plasmids, pBH56.55 and pBH52.05 were usechlasB::gfp  purified on a Ni affinity-column under standard denaturing conditions
reporters. Each contains 517 bp of tiie-8 upstream sequence. In (nvitrogen). The resulting proteins were of the expected molecular
pBH52.05, GFP was fused in frame to the first 9 amino acids of HLHmass and were approximately 95% pure, as assayed by SDS-PAGE
8, whereas in pBH56.55, GFP was fused in frame to only the ATG gbllowed by Coomassie staining. These proteins were renatured and
HLH-8. Transgenic animals containing either of these two plasmidgsed in gel-shift assays using conditions described by Chang et al.

allowed visualization of the M Iineage by GFP expression. S'Igh'(lggS) Themab-50RF appeared toxic to bofh coli and yeast.
differences were seen between the constructs (pBH52.05 gave a lower

level of GFP fluorescence than pBH56.55, and occasionally,

pBH56.55 gave ectopic GFP expression in bodywall muscle cells). TRESULTS

generate mutant versions of theh-8 promoter, the following

mutations were introduced into these two plasmids. Names of plasmjfin essential role for Hox genes  mab-5 and /in-39 in

pairs containing each set of mutations are listed, with a pBH52.Ojjversification of the postembryonic mesoderm
derivative first and a pBH56.55 derivative second.

site 1 Hox half site mutant: pJKL454.1, pJKL459.1 We _first investigated 'Fh_e roles of Hox genes !n pattgrning of the
site 1 CEH-20 half site mutant: pJKL458.2, pJKL463.1 M lineage by examining the pattern of differentiated cells

site 1 double Hox and CEH-20 half sites mutant: pJKL480.2produced by the lineage in strains carrying different

pJKL479.2 combinations of mutations in these genes.

site 2 mutant: pJKL455.1, pJKL460.1 Using a set of cell fate-specific reporter constructs (Fig. 1,
site 3 mutant: pJKL456.1, pJKL461.1 Materials and Methods), we found that each single mutant
site 4 mutant: pJKL457.1, pJKL462.1 retained the ability to carry out extensive M lineage

sites 2, 3 and 4 triple mutants: pJKL478.2, pJKL477.3 diversification. The M lineage in null mutaagl-5(n945)or

lin-39(1760)animals was normal, whereas limited M lineage
defects were observed in nufthab-5(e1239)mutants as
reported previously: the M-derived coelomocytes and one or

Heat-shock experiments
Two different heat-shock protocols were used.

Heat-shock protocol A two bodywall muscles transformed to the sex myoblast fate
To examine the effect of ectopic expressiomab-5or lin-39onhih-  (Harfe et al., 1998b). These results suggested that none of the
8 promoter activity, the following strains were constructed: three individual genes was essential for extensive M lineage
ayls7 (hih-8::gfp)IV; muls9 (hs::mab-5X; diversification.
ayls6 (hlh-8::gfp)X; ccEx[hs::lin-39 + rol-6(d)} In contrast to the single mutants,lin-39(n1760) mab-
muls23 (hs::lin-39) ccEx[hlh-8::gfp + rol-6(d)} 5(e1239) egl-5(n945yiple mutant showed a pronounced and
ayls7 (hlh-8:gfp)lV or ayls6 (hlh-8::gfp)X animals were used as severe defect in the M lineage. These animals produced no
controls. ostembryonic coelomocytes, none of the body wall muscles

In each set of experiments, mixed staged animals were he
shocked at 37°C for 30 minutes to 1 hour and allowed to recover fi

2 to 6 hours. The expression pattern of GFP was then examined gfeg(azntlah(ad vuIvaI”and Léterlng bmufrflei/l(:.:'g' 2). Instefad Odf
compared to that of control animals that have undergone the sa e cells normally produced Dy the Ineage, we foun

heat-shock treatment. Ectopic expressiohlbf8::gfpin embryonic  €ither no identifiable product of the M lineage (20% of

ormally derived from the M lineage and they lacked

muscle precursor cells was observed. animals) or 1-4 Iarge elongated Ce||S in the posterior, Wh|Ch
appeared myogenic (expressingyo-3 and egl-15 reporter

Heat-shock protocol B constructs) but lacked the morphology of any normal muscle

To examine whether forced expressioning39 was able to rescue class.

the M lineage defects imab-5(0)or lin-39(0) mab-5(0)mutants, Thelin-39 andmab-5genes, but notgl-5 appear to be the

mutant animals carrying different GFP markelsh{8::gfp, egl- key factors in specifying the M lineage. Comparison ofithe

15::gfp or secreted gfp were used to generate transgenic Iines39(n1760) mab-5(e1239ouble mutant with thelin-

carrying thehs::lin-39 transgene. The transgenic animals were the i .
heat-shocked for multiple rounds from mid-embryo stage t(r)ég(n1760) mab-5(e1239) egl-5(nd4fple mutant showed a

adulthood, with each round being 32°C for 20 minutes followed b);'m'lar range of phenotypgs. All observed phenotypes were
20°C, 3 hours 40 minutes. Animals not carrying the transgene arrfgPMmparable in the two strains, although there was a somewhat
but subjected to the same treatment were used as negative contréligher fraction of animals in the double mutant showing the 1-
Transgenic animals carrying ties::mab-5transgene were used as 4 residual myogenic products of the M lineage (Fig. 2). In
positive controls. Similar heat-shock conditions were used to assaimilar assays for M lineage diversification, we saw no
whether ectopic expressiontdh-1, hlh-2andhlh-8, either singularly,  difference betweemab-5(e1239) egl-5(n94%lpouble mutants
or in combination, could rescue the M lineage defectsah-5(0)or and mab-5(e1239)single mutants (Fig. 2). These results
lin-39(0) mab-5(0)nutants. indicate thatgl-5does not play a critical role in patterning the
RNA hermafphohrdite rI:/I lineage. I . .

. ' ) To further characterize M lineage products in
In a number of cases (Fig. 2), loss-of-function analysis of phenotyp
using traditional mutants was confirmed using RNA-mediate?g(n_l760) mab-5(e123ﬂ)3_uble mutant, we followed the CEF”S
interference (Fire et al., 1998b). cDNA clones used to generafeOntinuously from hatching to early L2 stage by direct
dsRNAs were: p15.121A (Wang et al., 1998):39, pJKL422.1ceh-  Observation using Nomarski optics. In the majority of newly
20. pJKL422.1 was derived from EST clone yk219d1 (a gift from Yujihatched mutant L1 larvae, M appeared at the correct position
Kohara) by deletion of extraneous neeh-20sequences. (although a fraction appeared ventralized). Since the final
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egl-15::gfp vulval muscles (vm1)
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Fig. 1. TheC. elegansiermaphrodite postembryonic M lineage. Times indicated are hours post-hatching at 25°C (from Sulston and Horvitz,
1977). (A) The M lineage with all the differentiated cell types. (B) A schematic ventral view of the M lineage through |ateaindent. | and

r represent left and right respectively. (C) GFP reporter constructs used to follow specific cell types in the M lineager{aksealidt

Methods for detail).

position of M is a result of a posterior-directed cell migration39(n1760) mab-5(e123%utant animals suggest that several
during embryogenesis (Sulston et al., 1983), this indicates thaell cycles that are normally a part of the lineage are replaced
the mutant M cells expressed aspects of their normal fatdyy precocious differentiation, producing a series of cellular
needed for migration during embryogenesis. In four of sevestages with each sharing a limited set of properties with a
lineaged mutant animals, M did not divide at all until early L2specific M-lineage-derived cell type (first sex myoblasts and
stage; in the remaining three animals, M divided once. In wildhen sex muscles).
type animals, M divides to produce 18 cells during this time. ] .
The M lineage defect in the double mutant is not due to Eunctional equivalence of Hox factors MAB-5 and
postembryonic arrest, since cells in the somatic gonad dividddN-39 in the M lineage
with an apparently normal time course. There were also cellhe synergism ofin-39 and mab-5 mutations suggested a
shape defects in the mutant animals: from the early L1 stagpartial redundancy between the two gene products in
M had begun to adopt an elongated shape (while in wild typpostembryonic mesoderm development. To ask whether this
the cell is spheroidal at this point). In the four lineaged animaleedundancy resulted from a functional equivalence between the
where M failed to divide, the cell continued to elongate througtwo factors, we performed a series of experiments in which
the L2 stage. In the three lineaged animals where M dividefibrced expression of one Hox family member was carried out
(dorsal-ventral in two and anterior-posterior in one), the twdan a genetic background lacking endogentins89 and mab-
resultant cells also became elongated. 5 activity. Rescue was assayed by direct analysis of
The 1-4 cells produced by the M lineagelim39(n1760) differentiated descendants of the M lineage using specific
mab-5(e1239)mutant animals are not readily classified asintegrated reporter constructs (Fig. 1; see Materials and
equivalent to any cell type in the normal animal. Although théviethods for details of reporter constructs used). We found that
elongated shapes initially adopted by these cells are somewledpression of either MAB-5 or LIN-39 from a heat shock
characteristic of sex myoblasts, the cells fail to migrate and fagromoter using a periodic heat shock regimen to maintain
to carry out the division program of sex myoblasts. Thdevels of MAB-5 or LIN-39 was sufficient for full or partial
subsequent differentiation of these cells appeared to occuescue of the M lineage defects (Fig. 3). Expression of either
precociously: in the L2 stage the cells express a set of reportersding region from a 7 kb segment of thab-5promoter also
(egl-15::gfp myo-3::.gfp and NdE-box::gfp) which are gave rescue (although rescue was somewhat less effective in
characteristic of differentiated sex muscles. These reporters dtes case; Fig. 3). The differences in rescue activity may reflect
normally expressed in differentiating sex muscles from the L4iming differences in the function of this promoter segment and
stage. Taken together, our observations of the M linealge in the requirement for Hox activity in the M lineage. Experiments



Hox factors and mesoderm diversification 5183

A

egl-15::gfp

B

mab-5(0);

lin-39(0) mab-5(0); : lin-39(0) mab-5(0);
egl-15::¢fp myo-3::2fp
F Phenotype
Ganahic baskaroriad M-derived M-derived Vulval Vulval and
2 acke Coelomocytes  Bodywall muscles muscles (vm1)  uterine muscles
WT 2 14 4 16
lin-39(0) 2 14 4 16
lin-39(RNAi) 2 14 4 16
mab-5(0) 0-1 12-13 4 + extra 16+ extra
egl-5(0) 2 14 4 16
mab-5(0) eel-5(0) 0-1 12-13 4 + extra 16+ extra
lin-39(0) mab-5(0) 0 0 0(18%) 0 (0%)
1-2% (82%) 1-4% (100%)
lin-39(RNAi) mab-5(0) 0 0 0 (20%) 0 (0%)
1-2%* (80%) 1-4%* (1009%)
lin-39(0) mab-5(0) egl-5(0) 0 0 0(51%) 0(20%)
1-2%* (49%) 1-4* (80%)
lin-39(RNAi) mab-5(0) egl-5(0) 0 0 0 (48%) 0(22%)
1-2% (529%) 1-4%* (78%)
ceh-20(n2513)%* 0(93%) 0 (85%) 0 (64%) 0(26%)
1 (7%) =1 (10%) 1-2% (24%) 1-4% (63%)
>3 (12%) >5(11%)
ceh-20(RNAi) 0 0 0 0

Fig. 2.M lineage phenotypes of Hox andh-20mutants. For all panels in this and subsequent figlime39(0), mab-5(0andegl-5(0)
representin-39(n1760), mab-5(e123@ndegl-5(n945)espectively, except where noted. All animals, except for the top one in C, are oriented
with anterior to the left. (A-C) Vulval muscle phenotypes of (A) wild-type,nBp-5(0)and (C)lin-39(0) mab-5(0ranimals visualized using
egl-15::gfp which labels vm1 vulval muscles. Note the extra vulval muscleg5(0)animals (arrows in B), and the lack of vulval muscles
(top animal in C) or the presence of one highly elongedgd 5::gfppositive cell (arrow, bottom animal in C) lin-39(0) mab-5(0animals.
(D,E) Bodywall muscle phenotypes of (D) wild-type and [{E239(0) mab-5(0animals visualized bynyo-3::gfp which labels all bodywall
and vulval muscles. Note the decreased number and increased spacing of muscle nuclei in the double mutants. (F) Sumeagg of M lin
phenotypes. The number of M-derived cells were assayed using cell type-specific GFP markers as described in MaterialssakdiMethod
each genotype, >70 animals were examined for M-derived coelomosgtestéd gfp)7-15 animals were counted for M-derived bodywall
muscles ifiyo-3::gfp) >90 animals were assayed for the number of vm1 vulval musgke$g::gfp) and >80 animals were examined for the
number of vulval and uterine muscl&&dE-box::gfp). The percentage represents the number of animals in the population examined that
exhibited the phenotype indicated. In cases where the percentage is not noted, 100% of the animals exhibited that*plittiootypéhere
were no sex muscles in the presumptive vulval region, there were 1-4 highly elongated or irregularly shaped, ‘sex-mustietikisie
posterior of somén-39(0) mab-5(0)lin-39(0) mab-5(0) egl-5(0)r ceh-20(n2513jnutants. **The M lineage phenotypesaah-20(n2513)
animals were approximately 90% penetrant, approximately 10% of the animals exhibited partial formation of sex muscleg (@-®@mls
presumptive vulval regioncéh-20 (RNAI, progeny from hermaphrodite animals injected with double stracele@ORNA. After RNAI, all
progeny were viable and showed 100% penetrance with respect to all M lineage defects. Moreover, all progeny lacked tble-Elea-mus
elongated cells which were presentim39(0) mab-5(0)lin-39(0) mab-5(0) egl-5(0yr ceh-20(n2513animals.



5184 J. Liu and A. Fire

A expression # of lines mutant integrated rescue
construct tested background reporter construct result
mab-5 p::mab-5 2 lin-39(0) mab-5(0) egl-15::gfp +
mab-5 p::lin-39 3 lin-39(0) mab-5(0) egl-15::gfp +/-*
mab-5 p:regl-5 2 lin-39(0) mab-5(0) egl-15::afp
mab-3 p::ceh-13 2 lin-39(0) mab-5(0) egl-15::gfp =
Fig. 3. Rescue of Hox mutant defects hs::mab-5 2 mab-5(0) egl-15::gfp 3
by forced expression of individual hs::mab-3 1 mab-5(0) secreted gfp +-
coding regions. (A) Summary of hs::mab-5 2 lin-39(0) mab-5(0) egl-15::gfp +
ﬁ;ﬁuig:;?ﬁ f;%n% fl%rcgg gXFrse::éon of  j:ilin-39 3 mab-5(0) egl-15::gfp -
ceh-:?fj hih-8 hih-2 andhlhg-l using hs::lin-39 3 mab-5(0) secreted gfp +-
either themab-5promoter (nab-5p) or hs::1in-39 3 lin-39(0) mab-5(0) egl-15::gfp +
the heat-shock promoteng). In each mab-5 p::mab-5 2 mab-5(0) hih-8::gfp ++
case, tran.sgenlc. |.IneS with over 50% mab-5 p::mab-5 3 lin-39(0) mab-5(0) hih-8::gfp ++
transmlss[on‘efﬁmency WEI’(IE chosgn mab-5 p::lin-39 2 mab-5(0) hih-8::gfp +4
for analysis. ‘Rescue result’ describes - . i o
the presence or absence of a normal mab-5 p::lin-39 2 lin-39(0) mab-5(0) hih-8::gfp ++
reporter expression pattern. ++, >50% mab-5 p::egl-5 2 mab-5(0) hih-8::gfp -
ggmfplete rescue Oj_ e]a_gyllé);smr]- mab-5 p::ceh-13 2 mab-5(0) hih-8::gfp
Corgnglgi(g:zzifgéna 26_30;)/0 partial hs::mab-5 I mab-5(0) hih-8::gfp ++
rescue; +, around 5% complete hs::lin-39 3 mab-5(0) hih-8::gfp ++
rescue and 5% partial rescue. In each ~ mab-5 p::hih-8 2 mab-5(0) egl-15::8fp
case, >100 animals were examined. hs::hih-8 2 mab-5(0) egl-15::gfp
Il?eefllrél(?tl 'Eﬁ?\;eo?i:]aetirei??ﬁéilimght hs::hih-8 2 lin-39(0)mab-5(0) egl-15::gfp
) <+hih-2 5, IR
regimen and ofnab-5promoter hs::tlh-2 ! mab-3(0) egl-15::gfp
activitiy (the 7.5 klmab-5promoter hs::hlh-2 1 1in-39(0) mab-5(0) egl-15::gfp
segment used for these experiments hs::hih-8+hs: :hlh-2 2 mab-5(0) egl-15::gfp
Vl\\;lalllsnzggtea)rllzT%c:IXﬁoiirslgé?]ége hs::hih-8+hs::hih-2 2 lin-39(0) mab-5(0) egl-15::gfp
intensity of theegl-15::gfpreporter hs::hlh-8+hs::hih-2 2 mab-5(0) secreted gfp
was also weaker in this case. hs::hih-8+hs::hih-1 3 lin-39(0) mab-5(0) egl-15::gfp
(B-D) hlh-8::gfp expression pattern in hs::hlh-8+hs: :hih-1+hs::hih-2 2 lin-39(0) mab-5(0) egl-15::gfp
L1 larvae. (B) Wild type, (Chin-39(0)
mab-5(0) (D) lin-39(0) mab-5(0); B wildtype [(C lin-39(0)mab-5(0)| D

Ex[mab-5 promoter::lin-39] Arrows
point to the M mesoblast. Note the
rescue ohlh-8::gfp expression in M
cell in (D). All animals are oriented
with anterior to the left. Similar results
were observed imab-5(0); Ex[mab-5
promoter::lin-39] animals.

in which a short pulse of heat in late embryogenesis was usechomeodomain protein cofactor, EXD/PBX, to regulate target
to transiently produce LIN-39 or MAB-5 resulted in transientgene expression (see Mann, 1995; Wilson and Desplan, 1995;
activation of thehlh-8 reporter in the L1 stage but not to the Mann and Chan, 1996; Mann and Affolter, 1998 for review).
later production of vulval muscles expressagir15::gfp(data  We tested the role of the uniq@e elegans exd/pbartholog

not shown). The ability of LIN-39 and MAB-5 proteins to ceh-20(Burglin, 1992) in patterning the M lineage using a
function in the M lineage appeared specific: forced expressiostrong loss-of-function mutationn2513 E. Chen, M.

of two other Hox factors (CEH-13 or EGL-5) under the controlRobinson and M. Stern, personal communication) and RNA-
of the 7 kbmab-5promoter did not result in rescue of any M mediated interference (RNAI; Fire et al., 1998b).

lineage defects in théin-39(n1760) mab-5(e123%Ylouble Both the n2513 mutation andceh-20(RNAi)produced M
mutant (Fig. 3). These results suggest that LIN-39 and MABlineage defects that were similar {m-39(n1760) mab-

5 proteins share specific structural properties and/or activitiee1239) double mutants. M lineage defects were
that allow either protein (in the absence of the other) to dire@pproximately 90% penetrant in the513mutant and 100%

diversification in the M lineage. penetrant followingceh-20RNAI (Fig. 2). Although M was

present, all M-derived cells, including the 14 bodywall
The C. elegans EXD/PBX ortholog CEH-20 acts as a muscles, the 16 sex muscles and the 2 coelomocytes, were
Hox cofactor in M lineage diversification missing in the strongly affected animals.

In bothDrosophilaand vertebrates, Hox proteins function with ~ The similarity in M lineage phenotypes betweah-20and
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1.3/1.4

A B

wildtype wildtype

=
Fig. 4.hlh-8::gfp expression pattern in (. D
wild type and Hox mutant larvae.

(A,B) Wild-type, (C,D)mab-5(0)and
(E,F)lin-39(0) mab-5(0rnimals carrying
the integratedhlh-8::gfp reporter construct - _
in L1 (A,C,E) and L3/L4 (B,D,F) larvae.  |lelZunIk)] mab-5(0)
Note the absence of M lineage reporter E
expression in the double mutants in both

L1 and L3/L4 stages. All animals are
oriented with anterior to the left. Similar
phenotypes were observedim-39(0)
mab-5(0) egl-5(0as well as irceh-20 - N _— N o
mutants (data not shown). lin-39(0) mab-5(0) lin-39(0) mab-5(0)

lin-39(n1760) mab-5(e1239)suggested several plausible alterations in early cleavage planes within the lineage,
models. One model that was readily tested was that CEH-20complete differentiation of sex muscles, variable numbers of
might activatemab-5 and lin-39 gene expression in the M M-derived bodywall muscles and lack of expression of two
lineage. Amab-5::gfp-lacZreporter construct (driven by the hlh-8 targets,egl-15and ceh-24(Corsi et al., 2000). Several
7.5kb mab-5promoter used in the rescue assays above) wawsevious observations witmab-5had suggested théduh-8
used to examinenab-5activity, while anti-LIN-39 antibody might act downstream of Hox function in the M lineage: (a)
staining was used to assess LIN-39 localization. We found nmab-5mutants lackhlh-8 reporter expression in the early M
change itmmab-5or lin-39 expression in the M lineage aeh-  lineage (this expression re-appears later in the lineage) and (b)
20(n2513) animals (data not shown). In addition, forcedforced expression ahab-5can activate amlh-8 reporter in
expression ofmab-5or lin-39 using the heatshock promoter muscle precursors (Harfe et al., 1998b).
failed to rescue M lineage defectshiin-8::gfp reporter activity We extended the connection betwehin-8 and Hox
in ceh-20(RNAi)animals (data not shown). These resultsfunction by examinindlh-8 reporter activity in various Hox
suggest that the major contribution of CEH-20 is not as autant combinations. We found th#h-8 reporter to be
regulator ofmab-5andlin-39 expression. completely off in the M lineage im-39(n1760) mab-5(e1239)
Intriguingly, we found one difference in phenotype betweerdouble mutants (Fig. 4). These mutants retained ndnthed
ceh-20(RNAiand thdin-39(n1760) mab-5(e123dpuble-null  expression in a set of non-muscle cells in the head. Lddk-of
mutant (Fig. 2). Theegl-15::gfp and NdE-box::gfppositive, 8 activity throughout the M lineage was similarly observed in
‘sex muscle-like’ cells present Im-39(n1760) mab-5(e1239) the ceh-20(n2513)mutant and followingceh-20RNAI (data
double mutants were absentcieh-20(RNAignimals (>100).  not shown).
Although we cannot rule out the possibility that treatment with To test the hypothesis théih-39 and mab-5 shared the
dsRNA targeted againsteh-20 interferes with additional ability to activatehlh-8in the lineage, we forced expression of
genes, there are no genes with sufficient homologel20  1in-39 using themab-5promoter or a heat shock promoter. As
in the nearly complete genome sequencd glegans with MAB-5 (Harfe et al., 1998b), early embryonic expression
sequencing consortium, 1998) that could serve as commari LIN-39 with a heat-shock promoter was sufficient to activate
RNAI targets. Hence, the greater severity ofdak-20(RNAI) ectopic hlh-8 reporter expression in embryonic muscle
phenotype suggests that there might be additional partners forecursors (data not shown, see Materials and Methods). Later
ceh-20in the M lineage. This is reminiscent of the situation inforced expression of eithdin-39 or mab-5 using the heat-
Drosophila where EXD has been shown to act as a cofactahock promoter or themab-5promoter, could rescue the loss
for non-Hox homeodomain proteins such as Engrailed (Peifeaf hlh-8::gfp expression inlin-39(n1760) mab-5(e1239)

and Wieschaus, 1990; van Dijk and Murre, 1994). mutants (Fig. 3). This rescue appeared to be specifialn5
- o andlin-39: forced expression @&gl-50r ceh-13using themab-
A critical Hox/CEH-20 target site in the promoter of 5 promoter failed to rescue the losshiifi-8 expression (Fig.
the C. elegans twist ortholog hlh-8 3). These results indicate a necessary and sufficient role in

To further understand the role wfab-5 lin-39 andceh-20in activatinghlh-8 expression that can be fulfilled by eitHir
mesodermal diversification, we investigated the relationshi@9 or mab-5

between these genes ahlth-8, a lineage-specific regulatory  The hlh-8 promoter contains four candidate Hox binding
factor involved in patterning the M lineageh-8 encodes the sites. A 517 bp fragment of thielh-8 promoter, which is

C. elegans twisbrtholog and is active in undifferentiated cells sufficient for M-lineage specific expression of reporter genes,
throughout the M lineage (Harfe et al., 1998bh-8 null  has four TAAT (or ATTA) sequences resembling core binding
mutants have variable defects in the M lineage, includingites for Antennapedia type homeodomain proteins (Fig. 5A).



5186 J. Liu and A. Fire

None of these sites matched the reported Hox/EXD consensAddirect interaction between a physiologically

site (TGATNNATNN; Mann and Affolter, 1998). However, site critical site in the  hl/h-8 promoter and LIN-39/CEH-20

1 (TGAAAAATTA) contains a 3/4 match to the consensus halfTo test if hlh-8 was a direct target of Hox/CEH-20 dimers,
site (TGAT) for EXD factors (Mann and Affolter, 1998). A set recombinant LIN-39 and CEH-20 proteins were generated and
of mutant promoters with clustered alterations in one or morpurified fromE. coli, and in vitro gel mobility shift assays were
of the Hox sites was created in vitro and tested in the animakerformed using sequences from th#-8 promoter (as
using a GFP reporter. As shown in Fig. 5A, mutations in sitedescribed in Materials and Methods, we were unable to
2, 3 and 4 had little or no effect on the activity of the promotergenerate full length MAB-5 proteins . coli or yeast).
However, mutations in site 1, including those in the Hox or the Oligonucleotides containing site 1 formed a complex with
CEH-20 half site, or both together, significantly reduced th&IN-39 and CEH-20, generating a band which showed
level of reporter expression in the M lineage. These resulidistinctly retarded gel mobility (Fig. 5B). Appearance of the
suggested that site 1 is critical folh-8 promoter activity in  putative ternary complex depended on both CEH-20 and LIN-
Vvivo. 39 proteins. LIN-39 alone produced an apparent binary

promoter activity

A constructs (517bp promoter::gfp) in the M lineage
. -4— TAAT CATTA TAATG TGAAAAATTA
wildtype [ — | | | ] ++
-1sited site 3 site 2 site 1 -517
site 1/Hox mutant - — | 16 ] taTA ] -+
TagcAAATTA
site 1/CEH-20 mutant - — X | -/+
TagcAAtaTA
site 1/double mutant - — | | -+
site 2 mutant - TG | ] ++
CtaTA
site 3 mutant [ | a | ] ++
) TAta
site 4 mutant [ — | | ++
sites 2 3 4 triple mutant ILAI@ C.taTA T.AtaG | ++
B C
CEH-20 hoxiod | foxjiox h1od10 hoxhod | [1oxfrox [10x10x f10x]10x CEH-20 1] x| 1x] 1xjoxj oxpoos
Linao | x| ] [ [ [ [ae] Jae] fae] Jae] ] Jax] x| Jae] ] [ i LIN-39 x| 1x 1] 1x] 1x] 1] 1] 1x
ﬁ----“'-r*ﬂ-.m--ﬂﬁ R Rl e L Y L1 - e e e SRR
R : - “u :
1 2345678 910111213141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 1234567 89101112
JKL-216 JKL-279 JKL-285 JKL-287 JKL-289 JKL-291 JKL-293 JKL-295
D Oligonucleotides Binding to
CEH-20  Hox LIN-39  LIN-39/CEH-20
JKL-216: GTTTCGATAGTTGAAAAATTACCGCGGAAAAAAGAATTTGAGAG + +
JKL-279: ccccccccccccccccccccaccccccacccacccaaa- ctget + +
JKL-281:  ccmmmmmmm o tctage----- + +
JKL-283:  —cmmmmmmmm - ategte----------- + +
JKL-285: -cccccccmmmemeeeeaoo cgcagt----==-mmmm-m—--- + +
JKL-287: cccmmmmmm oo R T - -
JKL-289: ---ccmcmmmmeaoo- [ - -
JKL-291: —-commmeooo - gg----mmmmmmmmmmmmmmmmm oo + (-/4)
JKL-293: ---ccommeao-- L L L L L LT + -
JKL-295: ----c-oo--- e L + -
JKL-255: ------eoo--- e [ ettt + -
JKL-297: ----- tettac---------mmm oo + +
JKL-299: caacg-------cccmmmmmmm o + +
JKL-218: GTTTCGATAGTTGAAAAtaTACCGCGGAAAAAAGAATTTGAGAC + -
EXD Hox
JKL-248: ACCGCGTTGATTAATGACCAGACCGGAT + ++
JKL-250: = ------- = + -
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complex with site 1 oligonucleotides, while no complex wasalter the relative spacing or orientation of CEH-20 and Hox
produce with CEH-20 alone. Analysis of sequences requiresites.
for formation of the site 1/CEH-20/LIN-39 complex (Fig. 5B) Interestingly, we found a class of mutation in the Site 1 Hox
demonstrated involvement of the putative CEH-20 sitébinding site (JKL-218 and possibly JKL-291) that retained
(TGAA) (Fig. 5B; JKL-295, JKL-293). The putative Hox site Hox binding but lost the ability to form a ternary complex.
(aaATTA) was also required for formation of the ternaryThese mutations may shift the position of the Hox site on the
complex, and for the binding of LIN-39 protein to site 1 as @DNA (i.e. creating a new Hox site), or may alter the geometry
binary complex (Fig. 5B; JKL-287, JKL-289). of the Hox/DNA interaction so as to prevent formation of the
Comparison of site 1 with a consensus binding site foternary complex. In the case of JKL-218, the mutated site had
HOX/EXD dimers (TGATNNATNN; Mann and Affolter, lost the ability to function in vivo as part of the promoter (Fig.
1998) showed a single base pair difference in the EXD haBA). A similar situation was observed with sites 2 and 3 in the
site (TGAA instead of TGAT). The difference seems unlikelyhlh-8 promoter; these two sites bound to LIN-39 in vitro but
to reflect divergence in HOX/EXD recognition sequenceshowed no ternary complex formation with LIN-39/CEH-20
between nematodes and other systems, since a canoni(@ta not shown). Like the JKL-218 mutant of site 1, the natural
ANTP/EXD binding site (Knoepfler et al., 1996) formed asites 2 and 3 showed no evident contribution to in vivo activity
ternary complex efficiently with LIN-39 and CEH-20 (Fig. of the promoter (Fig. 5A). We can make no conclusion
5C). The greater affinity of LIN-39/CEH-20 to the canonicalconcerning the significance of LIN-39:DNA complexes
ANTP/EXD binding site than to site 1 may reflect differencedacking CEH-20 that are formed in vitro: these complexes
in core sequence or in the four degenerate bases, which coufight fail completely to form in vivo, they might form only
transiently, or they might persist but fail to activate gene
Fig. 5. Thehlh-8 promoter contains a critical Hox/CEH-20 target expression in the M lineage. At least for thia-8 promoter,
site. (A) Wild-type and mutaritih-8 promoter::gfpconstructs and our data support a model in which a ternary complex of LIN-
their M lineage promoter activity assayed in vivo._ln _the d_iagrams of39 with CEH-20 on a defined site (site 1) is critical for
promoter constructs, only the four putative Hox b|nd|ng sitesare  gctivation of gene expression in the M lineage.
highlighted. Core sequences are in upper case; mutations in lower
case. Promoter activity was assayed by examining GFP in at least gyidence for additional targets of Hox/CEH-20 in the
seven independent transgenic Iines: +t, bright M Iineage GFP in M lineage
>95% of animals=/+, faint GFP signals in a low fraction of progeny ; . .
(3/35 for the CEH-20 half site mutant, 2/100 for the HOX half-site 10 test ifhlh-8 might be the only target for the Hox gentas-(
mutant, and 0/100 for the double mutant). Quantitative measuremert9 andmab-3 andceh-20in the M lineage, we asked whether
of fluorescence indicated that the faint signals in the few positive ~ forced expression dfih-8was able to rescue M lineage defects
animals from the CEH-20 and Hox half-site mutants were in lin-39(n1760) mab-5(e1239\s shown in Fig. 3, expression
approximately 40-fold lower than signals from the wild-tytie-8 of hlh-8 using the mab-5 or heat-shock promoter was
promoter. (B) Gel mobility shift assays using purified LIN-39 and  jnsufficient to rescue the M lineage patterning defects. This
CEH-20 proteins and dsDNA oligonucleotides (sequences shown ingegy |t suggested that additional targets exist in the M lineage
D). 1x and 1 representl50 ng and. 500 ng of purified proteins used for the Hox genes.
respectively. A more rapidly migrating complex (arrowhead) Two additionalhlh genes were considered as possible Hox

required only LIN-39 protein and sequences in the Hox half site . .
(lanes 14, 18, 26, 30); a more slowly migrating complex (arrow) targets in the M lineage. CeE/DA (tke eleganortholog of

required CEH-20 and LIN-39 proteins and sequences in the Hox anfaughterless) is encoded by théh-2 gene and can form
CEH-20 half sites (lanes 16, 20; 28, 32). (C) Mobility shifts with heterodimers with th&lh-8 product CeTwist in vitro and in

oligonucleotides with a canonical ANTP/EXD composite site vivo (Krause et al., 1997; Harfe et al., 1998b). CeMyoD is
(JKL-248; lanes 1,3,5,7,9,11) and an EXD half site mutant encoded by thilh-1gene and plays critical roles in patterning
(JKL-250; lanes 2,4,6,8,10,12). A more rapidly migrating complex of the M lineage (Krause et al., 1990; Harfe et al., 1998a).
(arrowhead) was dependent on LIN-39 protein but independent of Forced expression dflh-8 together withhlh-2 and/orhlh-1
(CEH'Z)O andc}he EﬁD ?indiggtﬁiﬁ;Na;goredSlg\évz gwégratic?g C?t:“p'exusing a heat shock promoter was insufficient to rescue the M
arrow) was dependent on bo -39 an -20, andonthe  |; e ) : :

EXD half site. Under the conditions of this assay, the ANTP/EXD I:l,r)],e,iﬁﬁ O?szﬁ i:]se étneigéﬁgrzgggsn;ibnggerilzs I?l:rl]'e”Zn :ILSd Slzrlg

composite site was apparently more effective thir8 site 1 in . o .
complexing with CEH-20/LIN-39, as evidenced by the efficiency of 1 as potential Hox targets, additional targets must be critical

the band shift and the requirement for a lower concentration of CEH{Or patterning of the M lineage.

20 (compare lane 4 in B and lane 7 in C). (D) A summary of

mobility shift assays. + and — represent presence or absence of a

mobility shift (-/+, in some experiments we observed a faint band DISCUSSION

corresponding to an apparent ternary complex between JKL-291 and

LIN-39/CEH-20). Oligonucleotide JKL-216 covered site 1 of the Essential roles of Hox genes and  ceh-20 in
hih-8 promoter (core sequences underlined). JKL-279 to JKL-299  diversification of the postembryonic mesoderm

er defved o KL 216, utated residues e houn 1 OWE" e have studied th funciion of Hox genes andaheegans
contained a canonical EXD/HOX site; JKL-250 was a derivative of exd o(gtholo%ceh-Zoltln Eatter(;ung of tf:_e | poztergbrygmi |
JKL-248 with the EXD half site mutated. A Styl linker was present mesoderm. Lur resulls showed an essential and redundant role

on each double stranded oligonucleotide shown in the figure; this Of two Hox genesnab-5andlin-39 in diversification of the
linker had no evident effect on binding, since equivalent results werd0stembryonic mesoderm, witteh-20being a cofactor for
obtained using a wild type site 1 oligonucleotide without the linker these two Hox genes.

(JKL-300: GTTTCGATAGTTGAAAAATTACCGCGGAAAAAA). The M lineage defects ¢ih-39 mab-5double mutants and
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ceh-20mutants are intriguing. These defects did not appear tClandinin et al., 1997; Maloof and Kenyon, 1998) is seen in
be a result of homeotic transformation of the fate of M or ithermaphrodite vulval precursor cells, for which the loss of Hox
descendants. Instead, the mutants exhibit either (1) a loss of @ih-39) activity after specification results in a failure to
differentiated M-lineage descendants or (2) the precocioudifferentiate; in this lineagdin-39 and mab-5activities have
production of abnormal mesodermal fates with certairthe capability to promote distinct and non-overlapping
properties of later M lineage products. The precociousonsequences in terms of cell fate. The functional and
appearance of large cells that exhibit SM- and sex muscle-lik@multaneous requirement in the M lineage for eithab-5or
characteristics suggests that this program might be a defalili-39 function represents a further degree of freedom in using
state of M in the absence of Hox function. these genes to build an organism.

The shared role of MAB-5 and LIN-39 in the M lineage The highly conserved structure of Hox factors is consistent
appeared to be specific to these two Hox factors. First, forcegith a view that these genes have evolved by duplication of
expression of eithdin-39 or mab-5 but not of the neighboring a single precursor gene (Birglin, 1994). Under these
Hox genexeh-13andegl-5 was sufficient to activate ectopic circumstances, it is not surprising that certain roles for Hox
expression of M lineage reporters. Secordl-5 mutants  factors would still be maintained as shared (or redundant)
(which are viable either alone or in combination with39  between several genes in the cluster (for example, Michelson,
andmab-5mutants) had no M lineage defects on their own and994; Greig and Akam, 1995; Casares et al., 1996; Favier et
showed no synergistic effects with-39 andmab-5 al., 1996; Barrow and Capecchi, 1999). While the individual

Mesodermal roles of Hox anekd genes have also been genes might have acquired position-specific roles based on
shown inDrosophila In the visceral mesodertdbxandabd-  their acquisition of intricate patterns of expression, it is
A are involved in morphogenesis of the midgut (see Bienzertainly conceivable that the entire family (or a large subset)
1994; Frasch and Nguyen, 1999 for review). In this case, will have maintained a shared role equivalent to that of the
few targets for Hox genes have been described: Ubx in threncestral (and unique) Hox factor. While the role of that factor
visceral mesoderm is directly required with an EXD cofactowill remain a mystery, the appearance of Hox factors in the
for activating expression of the signaling moleculpp  developing embryo just prior to the start of differentiation
(Capovilla et al., 1994; Chan et al.,, 1994). In the somatisuggests that the ancestral factor could have played a role in
mesodermUbx and abd-Acan each promote the formation developmental timing, perhaps modulating the start of
of specific sets of muscle precursors (Greig and Akam, 1998lifferentiation in a subset of cells.

Michelson, 1994). None of thBrosophila Hox mutants or ] . ]

combinations that have been analyzed show as drastic aRe C. elegans twist ortholog hih-8 is a direct and

effect on postembryonic mesoderm as was seen with tHitical target of Hox genes and  ceh-20 in the

lin-39 mab-5double mutant inC. elegans This apparent Postembryonic M lineage

discrepancy may reflect a fundamental difference betwee@ur studies of the function ahab-5 lin-39 and ceh-20in

the biological systems; alternatively, a more drastigatterning of the postembryonic mesoderm led to the
postembryonic requirement for Hox factors in Bresophila  identification of a direct target for these genes,Ghelegans
mesoderm might have been missed due to the embryontiwist ortholog hlh-8. We identified a critical site in thelh-8

lethality of multiple-Hox mutants. promoter that is a binding site for the LIN-39/CEH-20 protein
) ) ) _ complex. The similarity between core binding sequences for

Functional equivalence of mab-5 and /in-39 in the M Drosophila ANTP and DFD proteins in vitro (Ekker et al.,

lineage 1994), and the functional equivalencensb-5andlin-39 in

Our rescue experiments suggested partially overlapping rolegtivatinghlh-8 expression in the M lineage, strongly suggest
for mab-5andlin-39 in the M lineage. The modest M-lineage that this site is also a binding site for MAB-5/CEH-20.
defects seen imab-5single mutants, compared with the lack  Although hlh-8 is a target for Hox/CEH-20 function in the
of any M-lineage defects iin-39 single mutants suggest that M lineage, it is not the only such target. Several indirect
under normal circumstances the contributiomab-5may be  observations demonstrate the existence of additional targets.
somewhat more substantial at early time points. On®ne line of evidence comes from the observation that forced
conceivable explanation for the ‘either/or’ requirement wouldexpression ohlh-8 in 1in-39(n1760) mab-5(e123%nutants
involve cross-regulation between Hox genes. In particular, whiled to rescue the M lineage defects. An independent line of
have tested the possibility théh-39 expression in the M evidence comes from a comparison of mutant phenotlipes:
lineage only occurs in the absence of functianab-5 This  39(n1760) mab-5(e1239nutants showed a more severe
is apparently not the case, @sab-5 mutants show an patterning defect in the M lineage than nhlh-8(nr2061)
apparently normal pattern of M lineage staining withmutants (Corsi et al., 2000; this work): (1) WHite39(n1760)
antibodies to LIN-39 (date not shown). mab-5(e1239animals lack both M-derived coelomocytes, the
Several types of interactions betwebm39 and mab-5 majority of hlh-8(nr2061) mutants (76%) contain normal
activities in determining cell fate have been reported. In aumbers of M-derived coelomocytes. (2) WHite39(n1760)
subset of Pn.aap cells that normally express bntB9 and  mab-5(el1239)mutants lack all M-derived bodywall muscle,
mab-5 thelin-39 activity is dominant, preventingiab-5from  hlh-8(2061)mutants produce variable number of these cells.
functioning in these cells (Salser et al., 1993; Clark et al(3) Sex muscles can be producedhlh-8(nr2061) mutants,
1993). A distinct interaction is seen in male Pn.p cells, wheralthough they are not fully differentiated.
lin-39 and mab-5are both expressed and act combinatorially The identity of other Hox targets in the M lineage is not
to specify a fate that is different from that specified by eitheknown. We are currently using a genetic approach to identify
alone (Salser et al., 1993; Wang et al., 1993). A third situatioadditional candidates.



Hox factors and mesoderm diversification 5189

We thank QueeLim Ch’ng, Ann Corsi, Jamie Fleenor, Brian HarfeChitwood, B. and Chitwood, M. (1974). Introduction to Nematology
Cynthia Kenyon, Yoji Kohara, Kerry Kornfeld, Mike Krause, Julin ~ Baltimore, Maryland: University Park Press.
Maloof, Siqun Xu foiC. eleganstrains, cDNA clones and antibodies; Clandinin, T. R., Katz, W. S. and Sternberg, P. W(1997).Caenorhabditis
Ann Corsi, David Eisenmann, Cynthia Kenyon, Kerry Kornfeld, Steve elegansHOM-C genes regulate the response of vulval precursor cells to

: : inductive signalsDevel. Biol.182,150-161.
Kostas, Mike Krause, Steve Salser, Cynthia Wolberger for h(elpfuJ:Iark S. G. %:hisholm A. D. and Horvitz, H. R.(1993). Control of cell

discussions and suggestions; Cathy Branda for instruction in Imeaglngfates in the central body region ©f elegandy the homeobox geriia-39.
methods; Estella Chen, Matthew Robinson and Michael Stern for cg| 74 43-55.

communicating unpublished results and for sharing informatiorcorsi, A. K., Kostas, S. A., Fire, A. and Krause, M(2000)Caenorhabditis
concerningceh-2@n2513) and Thomas Birglin, Ann Corsi, David  elegansTwist plays an essential role in non-striated muscle development.
Eisenmann, Manfred Frasch, Jenny Hsieh, Steve Kostas, Mike Development27,2041-2051.

Krause, Richard Mann, Susan Parrish, Judy Yanowitz, Marian&osta, M., Weir, M., Coulson, A., Sulston, J. and Kenyon, C(1988).
Wolfner and two anonymous reviewers for critical comments on the Posterior pattern formation irC. elegansinvolves position-specific
manuscript. Some strains used in this study were obtained from theS*XPression of a gene containing a homeoliall 55, 747-756.

. S ker, S. C., Jackson, D. G., von Kessler, D. P., Sun, B. I, Young, K. E.
C. elegan$Senetics Center (CGC), which is supported by a grant fro and Beachy, P. A.(1994). The degree of variation in DNA sequence

the NIH Center for Research Resources. This work is supported byrecogni'{ion among foubrosophilahomeotic proteinsEMBO J.13, 3551-
NIH grants (RO1GM37706 to A. Z. F.) and (F32HD08331 to J. L.). 3560,
Favier, B., Rijli, F. M., Fromental-Ramain, C., Fraulob, V., Chambon, P.
and Dolle, P.(1996). Functional cooperation between the non-paralogous
genesHoxa-10andHoxd-11in the developing forelimb and axial skeleton.
REFERENCES Developmenii22,449-460.
Ferreira, H. B., Zhang, Y., Zhao, C. and Emmons, S. W1999). Patterning
Abu-Shaar, M., Ryoo, H. D. and Mann, R. S(1999). Control of the nuclear ¢ caenorhabditis elegangosterior structures by thé\bdominal-B
localization of Extradenticle by competing nuclear import and export homolog,egl-5 Devel. Biol 207,215-228.

signals.Genes Dewl3, 935-945. ) Ferretti, E., Marshall, H., Popperl, H., Maconochie, M., Krumlauf, R. and

Barrow, J. R. and Capecchi, M. R(1999). Compensatory defects associated  pjaqi F. (2000). Segmental expression of Hoxb2 in r4 requires two separate
with mutations inHoxalrestore normal palatogenesisHoxa2 mutants. sites that integrate cooperative interactions between Prepl, Pbx and Hox
Development.26,5011-5026. proteins.Development.27, 155-166.

Berthelsen, J., Zappavigna, V., Ferrettti, E., Mavilio, F. and Blasi, F. e A Harrison, S. W. and Dixon, D.(1990). A modular set d&cZ fusion
(1998). The novel homeoprotein Prepl modulates Pbx-Hox protein yeciors for studying gene expressionQaenorhabditis elegan&ene93,
cooperativity. EMBO J.17, 1434-1445. 189-198.

Berthelsen, J., Kilstrup-Nielsen, C., Blasi, ., Mavilio, F. and Zappavigna,  Fire, A., Ahnn, J., Kelly, W., Harfe, B., Kostas, S., Hsieh, J., Hsu, M. and
V. (1999). The subcellular localization of PBX1 and EXD proteins depends x;, s, (1998a). GFP applications ilC. elegans In GFP: Green

on nuclear import and export signals and is modulated by association with £ orescence Protein Strategies and Applicati¢ed. M. Chalfie and S.

'PREP1 and HTHGenes Devl3, 946-953. o ) Kain). pp153-168. John Wiley and Sons, New York.
Ble_nz, M. (1994). Homeotic genes and positional signaling inDitesophila Fire A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E. and Mello,
viscera.Trend Genetl0, 22-26. C. C. (1998b). Potent and specific genetic interference by double-stranded

Biggin, M. D. and McGinnis, W. (1997). Regulation of segmentation and  RNA in Caenorhabditis elegandlature391,806-811.
segmental identity biprosophilahomeoproteins: the role of DNA binding  Frasch, M. and Nguyen, H. T.(1999). Genetic control of mesoderm

in functional activity and specificitpevelopmeni 24, 4425-4433. patterning and differentiation duriyosophilaembryogenesisidv. Devel.
Brenner, S.(1974). The genetics @aenorhabditis elegan&enetics77,71- Biochem 5, 1-47.

94. ) ) . Greig, S. and Akam, M.(1993). Homeotic genes autonomously specify one
Brunschwig, K., Wittmann, C., Schnabel, R., Burglin, T., Tobler, H. and aspect of pattern in tHerosophilamesodermNature 362, 630-632.

Muller, F. (1999). Anterior organization of th€aenorhabditis elegans Greig, S. and Akam, M. (1995). The role of homeotic genes in the

embryo by thdabial-like Hox geneceh-13 Development.26, 1537-1546. specification of th®rosophilagonad.Curr. Biol. 5, 1057-1062.
Burglin, T. R. (1992). New motif in PBX genedlature Genetl, 319-320. Harfe, B. D., Branda, C. S., Krause, M., Stern, M. J. and Fire, A1998a).
Blrglin, T. R. and Ruvkun, G. (1993). The Caenorhabditis elegans ~ MyoD and the specification of muscle and non-muscle fates during

homeobox gene clusteZurr. Opin. Genet. Des, 615-620. postembryonic development of te elegansnesodermDevelopment 25,

Birglin, T. R. (1994). A comprehensive classification of homeobox genes. In 2479-2488.
Guidebook to the Homeobox Gerfed. D. Duboule), pp. 25-71. Oxford, Harfe, B. D., Gomes, A. V., Kenyon, C., Liu, J., Krause, M. and Fire, A.
England: Oxford University Press. (1998b). Analysis of @aenorhabditis elegan$wist homolog identifies
Burglin, T. R. (1997). Analysis of TALE superclass homeobox genes (MEIS, conserved and divergent aspects of mesodermal patteGemgs Devi2,
PBC, KNOX, Iroquois, TGIF) reveals a novel domain conserved between 2623-2635.

plants and animalducl. Acid Res25,4173-4180. Hunter, C. P. and Kenyon, C.(1995). Specification of anteroposterior cell
Burglin, T. R. (1998). The PBC domain contains a MEINOX domain: fates inCaenorhabditis elegansy Drosophila Hoxproteins.Nature 377,

Coevolution of Hox and TALE homeobox gend3@v. Genes EvoR08, 229-232.

113-116. Kelly, W. G., Xu, S., Montgomery, M. K. and Fire, A. (1997). Distinct

C. elegans Sequencing Consortium (1998). Genome sequence of the  requirements for somatic and germline expression of a generally expressed
nematodeCaenorhabditis elegansa platform for investigating biology. Caenorhabditis elegangene.Genetics146, 227-238.
Science282,2012-2018. Kenyon, C.(1986). A gene involved in the development of the posterior body
Capovilla, M., Brandt, M. and Botas, J. (1994). Direct regulation of region ofC. elegansCell 46,477-487.
decapentaplegicby Ultrabithorax and its role in Drosophila midgut Keynon, C. J., Austin, J., Costa, M., Cowing, D. W., Harris, J. M.,

morphogenesiCell 76, 461-475. Honigberg, L., Hunter, C. P., Maloof, J. N., Muller-lmmergluck, M. M.,

Casares, F., Calleja, M. and Sanchez-Herrero, E(1996). Functional Salser, S. J., Waring, D. A., Wang, B. B. and Wrischhik, L. A(1997).
similarity in appendage specification by tHkrabithorax andabdominal- The dance of thélox genes: patterning the anteroposterior body axis of
A DrosophilaHOX genesEMBO J.15, 3934-3942. Caenorhabditis elegan€old Spring Harb. Symp. Quant. Bi6R,293-305.

Chan, S.-K., Jaffe, L., Capovilla, M., Botas, J. and Mann, R. $1994). The Knoepfler, P. S., Lu, Q. and Kamps, M. P(1996). Pbx1-Hox heterodimers
DNA binding specificity of Ultrabithorax is modulated by cooperative bind DNA on inseparable half-sites that permit intrinsic DNA binding
interactions with Extradenticle, another homeoprot€ill 78, 603-615. specificity of the Hox partner at nucleotidésda TAAT motif. Nucl. Acids

Chang, C.-P., Shen, W.-F,, Rozenfeld, S., Lawrence, H. J., Largman, C. Res.24,2288-2294.
and Cleary, M. L. (1995). Pbx proteins display hexapeptide-dependentKrause, M. W., Fire, A., Harrison, S. W., Priess, J. and Weintraub, H.
cooperative DNA binding with a subset of Hox protefaenes De\d, 663- (1990). CeMyoD accumulation defines the bodywall muscle cell fate during
674. C. eleganembryogenesiLell 63,907-922.



5190 J. Liu and A. Fire

Krause, M., Park, M., Zhang, J.-M., Yuan, J., Harfe, B., Xu, S.-Q., model forextradenticldunction as a switch that changes HOX proteins from
Greenwald, I., Cole, M., Paterson, B. and Fire, A(1997). AC. elegans repressors to activatolEMBO J.16, 2032-2042.
E/Daughterless bHLH protein marks neuronal but not striated muscl®iper, D. E., Batchelor, A. H., Chang, C.-P., Cleary, M. L. and Wolberger,
developmentDevelopmeni24,2179-2189. C. (1999). Structure of a HoxB1-Pbx1 heterodimer bound to DNA: role of
Krumlauf, R. (1994).Hoxgenes in vertebrate developmedell 78,191-201. the hexapeptide and a fourth homeodomain helix in complex formedin.

Kurant, E., Pai, C.-Y., Sharf, R., Halachmi, N., Sun, Y. and Salzberg, A. 96, 587-597.
(1998). dorsotonals/homothoraxthe Drosophila homologue ofmeisl Rauskolb, C., Smith, K. M., Peifer, M. and Wieschaus, E(1995).

interacts with extradenticle in patterning of the embryonic PNS. extradenticle determines segmental identities throughdDtosophila

Development25,1037-1048. developmentDevelopmeni21,3663-3673.
Lawrence, P. A. and Morata, G.(1994). Homeobox genes: their function in Rieckhof, G., Casares, F., Ryoo, H. D., Abu-Shaar, M. and Mann, R. S.

Drosophilasegmentation and pattern formati@ell 78, 181-189. (1997). Nuclear translocation of Extradenticle requiresiothorax which
Lewis, E. (1978). A gene complex controlling segmentatiorDiosophila encodes an Extradenticle-related homeodomain pra@eith91, 171-183.

Nature276,565-570. Ruvkun, G. and Hobert, O.(1998). The taxonomy of developmental control
Li X., Murre, C. and McGinnis, W. (1999). Activity regulation of a Hox in Caenorhabditis eleganS$cience282,2033-2041.

protein and a role for the homeodomain in inhibiting transcriptionalRyoo, H. D., Marty, T., Casares, F., Affolter, M. and Mann, R. S(1999).

activation.EMBO J 18, 198-211. Regulation of Hox target genes by a DNA bound
Maloof, J. N. and Kenyon, C.(1998). The Hox genn-39 is required during Homothorax/Hox/Extradenticle compleRevelopmeni26,5137-5148.

C. elegansvulval induction to select the outcome of Ras signaling. Salser, S. J(1995). Role of Hox gene expression in patterning cell fates and

Development25,181-190. migrations along theCaenorhabditis elegananteroposterior body axis.
Mann, R. S.(1995). The specificity of homeotic gene functiBioEssay47, Ph.D. thesis, Univ. of California, San Francisco.

855-863. Salser, S. J., Loer, C. M. and Kenyon, C(1993). Multiple HOM-C gene
Mann, R. S. and Chan, S-K(1996). Extra specificity froraxtradenticle the interactions specify cell fates in the nematode central nervous syateies

partnership between HOX and PBX/EXD homeodomain protdirends Dev. 7,1714-1724.

Genetl2, 257-262. Salser, S. J. and Kenyon, (1994). Patterning. eleganshomeotic cluster
Mann, R. S. and Affolter, M. (1998). Hox proteins meet more partnéarr. genes, cell fates and cell migratiofisends Genetl0, 159-164

Opin. Genet. De\8, 423-429. Schaller, D., Wittmann, C., Spicher, A., Muller, F. and Tobler, H.(1990).
Michelson, A. M. (1994). Muscle pattern diversification Drosophila is Cloning and analysis of three new homeobox genes from the nematode

determined by the autonomous function of homeotic genes in the embryonic Caenorhabditis elegan®lucl. Acids Resl8, 2033-2036.

mesodermDevelopmeni 20, 755-768. Sulston, J. E. and Horvitz, H. R.(1977). Post-embryonic lineages of the
Pai, C-Y., Kuo, T-S., Jaw, T. J., Kurant, E., Chen, C-T., Bessarab, D. A, nematodeCaenorhabditis elegan®ev. Biol.56,110-156.

Salzberg, A. and Sun, Y. H.(1997). The Homothorax homeoprotein Sulston, J. E., Schierenberg, E., White, J. G. and Thomas, J. (L983).
activates the nuclear localization of another homeoprotein, Extradenticle, The embryonic cell lineage of the nematdkenorhabditis elegan®ev.
and suppresses eye developmeriosophila Genes Devl2, 435-446. Biol. 100,64-119.

Passner, J. M., Ryoo, H. D., Shen, L., Mann, R. S. and Aggarwal, A. K. van Dijk, M. A. and Murre, C. (1994).extradenticleaises the DNA binding
(1999). Structure of a DNA-bound Ultrabithorax-Extradenticle  specificity of homeotic selector gene produ€sll 78,617-624.

homeodomain compleNature397,714-719. Wang, R. B., Muller-Immergluck, M. M., Austin, J., Robinson, N. T.,
Peifer, M. and Wieschaus, E.(1990). Mutations in thérosophila gene Chisholm, A. and Kenyon, C.(1993). A homeotic gene cluster patterns the

extradenticle affect the way specific homeo domain proteins regulate anteroposterior body axis &f. elegansCell 74,29-42.

segmental identityGenes Dew, 1209-1223. Wilson, D. S. and Desplan, C(1995). Cooperating to be differe@urr. Biol.

Pinsonneault, J., Florence, B., Vaessin, H. and McGinnis, W1997). A 5, 32-34.



