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SUMMARY

We have identified a newCaenorhabditis elegansK-2 class  for pharyngeal and vulval muscle expression. Activation of
homeobox gene, designatecteh-24 Distinct cis-acting  ceh-24in each of the three cell types coincides with the
elements generate a complex neuronal and mesodermal onset of differentiation. Using a set of transposon-induced
expression pattern. A promoter-proximal enhancer null mutations, we show thatceh-24is not essential for the
mediates expression in a single pharyngeal muscle, the formation of any of these cells. Althoughceh-24 mutants
donut-shaped m8 cell at the posterior end of the pharynx. have no evident defects under laboratory conditions, the
A second mesodermal enhancer is active in a set of eight pattern of ceh-24 activity is apparently important for
nonstriated vulval muscles used in egg laying. Activation in Rhabditid nematodes: the related speciesC. briggsae
the egg laying muscles requires an ‘NdE-box’ consensus contains a close homologue d. elegans ceh-24cluding
motif (CATATG) which is related to, but distinct from, the a highly conserved and functionally equivalent set ofis-
standard E-box motif bound by the MyoD family of acting control signals.

transcriptional activators. Ectodermal expression oteh-24

iS I|m|ted to a Subset Of Sublateral motor neurons in the Key WOI’dS:CGh-24 Vulval musc|e‘ Pharyngea| n"|usc|e7 Musde,
head of the animal; this activity requires a cis-acting Nerve, Motor neuron, NK-2 homeodomain, NdE-box,

activator element that is distinct from the control elements  Caenorhabditis elegan€aenorhabditis briggsae

INTRODUCTION development. Many of these regulatory components are
members of structural families with roles in diverse muscle and
In the past few years, many of the tools of molecular genetiason-muscle differentiation. In particular, NK homeodomains
have been used to extend our knowledge of the determinatit)ave been implicated in a wide variety of developmental
and differentiation of nonskeletal muscles. These musclgzrocesses.
differ from skeletal muscles in their structure, in their The muscles o€. elegansan be grouped into three types:
contractile properties and in lacking expression of thestriated body wall muscles used in locomotion, single-
myogenic helix-loop-helix (MyoD) family of transcription sarcomere pharyngeal muscles used for feeding and a group of
factors (Rudnicki and Jaenisch, 1995). A variety of regulatoryninor muscles responsible for egg laying and defecation
factors have been proposed to coordinate non-skeletal mus¢Waterston, 1988). These groups of muscle cells are
differentiation. These include members of the NK-2 family ofdistinguished by lineage as well as their location and cell
homeodomain proteins (Harvey, 1996)Orosophila,the NK  morphology. An analysis of regulatory components responsible
homeodomain factorsnmanandbagpipeare involved in the for myosin heavy chain expression @ eleganspharyngeal
subdivision of the mesoderm and in the determination of cethuscles led to identification of an NK-2 class homeodomain
fates in the dorsal mesoderm (Azpiazu and Frasch, 1993; Batactor, CEH-22 (Okkema and Fire, 199d@h-22was identified
1993; Bodmer, 1993). The vertebrate gene Nkx2-5 has bedwy the ability of its product to bind the enhancer of the
shown to express in myocardiogenic progenitor cells and ipharyngeal-specific myosin heavy chain gengo-2 CEH-22
mature cardiomyocytes (Lints et al., 1993; Komuro and Izumagyrotein is found in a subset of pharyngeal muscles, prior to the
1993). Mice containing a targeted disruption in Nkx2-5 do notletection ofmyo-2product in these cells (Okkema and Fire,
initiate heart looping morphogenesis and die as embrydk994).
(Lyons et al.,, 1995). Several other transcription factors The diverse roles for NK-2 class homeobox genes in
including GATA-4/5/6 (Laverriere et al., 1994), MEF-2 (Yu et vertebrate and invertebrate mesodermal development led us to
al., 1992), MHox (Cserjesi et al., 1992) and HF-1b (Zhu et alsearch (experimentally and using DNA sequence databases)
1993) have been implicated in vertebrate cardiac muscler additional members of this family i@. elegansOf three
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additional NK-2 family members that were found, only oneRESULTS
(designatedceh-24 exhibits mesodermal activity. In this

paper, we present molecular and genetic characterization 9f10V€l NK-2 class homeodomain o N
ceh-24 We designed a degenerate PCR protocol to identify additional

members of the NK-2 class homeodomain familg irlegans
The primers used for this protocol [see Materials and Methods]

MATERIALS AND METHODS resulted in the identification of genomic sequence for a single

Molecular biology and transgenic strain construction novel gene, designateckh-24 The gene is expressed: we
To identify novel NK homeodomains,. elegangenomic DNA was ~ obtained a single cDNA from approximately 1C° clones in
amplified using degenerate primers AF39 —an embryonic cDNA library. Among characterized NK-2 class
GCTCTAGAYTNTTYTCNCANGCNCARGT and AF44 — members, the CEH-24 homeodomain is most closely related to
GGAATTCYTTRTANCKRTGRTTYTGRAACCA (IUPAC  the vertebrate thyroid transcription factor TTF-1 (Fig. 1). A

notation). Both cDNA and genomic phage libraries were screeneldwer level of identity (77%) is seen with tkke elegans\NK-
with the PCR product. Four independent genomic phage inserts a@dhomeodomain protein CEH-22 (Okkema and Fire, 1994).
one cDNA were obtained. The genomic clones were used tcemhap Outside of the homeodomain, CEH-24 lacks the ‘NK-2’
24to chromosome V betwednim-5andvmp-2(Coulson et al., 1986; motif that has been found in other members of this family
A. Coulson, personal communication)CAbriggsae ceh-2denomic  (Price et al., 1992; Lints et al., 1993; Harvey, 1997). Two
clone was obtained from screening a Charon 4 genomic Iibrargtriking acidic regions in CEH-24 (one just upstream of the
provided by D. Baillie and T. Snutch (Snutch, 1984; Snutch et alhomeodomain and another at the C terminus) suggest that the
1988). protein might function as a transcriptional activator. The
TransgenicC. elegansvere made as described (Mello et al., 1991).n0ssibility of control at the level of phosphorylation is
The plasmid pRF4 was used as a dominant selectable marker figgested by an N-terminal region with eight serine residues
transgenic animals (Mello et al., 1991). at 2-3 amino acids intervals.

Whole-mount RNA in situ hybridization ~ The ceh-24 promoter is active in three distinct
Mixed stage populations dof. eleganswere processed for in situ tissyes
hybridization as described by Seydoux and Fire (1995), except th% d . .
; o . etermine the activity pattern of theh-24promoter, we
S.T.F. Molecular Biology Grade fixative (Streck Laboratories) was. i\ cted a series tfcZ andgfp translational fusions (Fig.
used to fix specimens overnight in place of the 20 minute formaldehy o ; . .
S S . . . Additional reporter constructs which retainédisternal,
treatment. Digoxigenin-labeled probe was visualized with alkaline- d 3 ceh-24 d d by in-f . i
phosphatase-labeled antibodies. After the addition of coloring reage P f Cde. ) " Se.qltjer;ﬁes V\r/]e;i prc()j_ uced by m'Atﬁlm? {rﬁser lon
slides were allowed to develop for >5 hours in the dark. of gip directly into hecen-24coding region. of these
chimeras have identical expression patterns. The constructs
TC1 excision screen tested for expression cover a region extending 10.7 kb
A TC1 insertion inceh-24was obtained from K. van der Linden and Upstream and 0.7 kb downstream of ¢ké-24coding region.
R. Plasterk. The insertion did not cause a phenotype. A PCR-based!n adult animals, expression was seen in three distinct areas:
strategy was used to screen for imprecise excisions of the TdM the eight vulval muscles, in 8-10 ventral neurons in the head
insertion as described by Plasterk (1995). Four independent deletifd in the most posterior pharyngeal muscle cell, m8 (Fig. 3A-
alleles ofceh-24were recovered. .

To address the activity of tteeh-24promoter in aceh-24mutant Expression in vulval muscle cells was seen from the L4 larval
genetic background, we injected construct pBH29.1.73. Thistage onward, starting just before these cells began contractile
construct produces fulteh-24promoter expression in a wild-type activity. Vulval muscle cells are born in the late L3 larval stage
background and an identical pattern in te@-24mutantcc539 (Sulston and Horvitz, 1977). Two sex myoblast cells present in

Fig. 1.NK-2 homeodomain
comparison. ldentical
sequences are indicated by  C briggsae CEH 24 - oo oo oo i i o il e

CEH-24 RRKRRVLFSQ AQVYELERRF KQAKYLTAPE REQLANSI RL TPTQVKI WFQ NHRYKCKRQE

‘~’". The CEH-24 Eﬁt TT.F'”gk’,;'gl TS 82 ﬁ
: : anari an el BRI IR --S--- --H--
homeodomains i€. elegans o’ \vo- 5/ csx P R -S-- -D--
andC. briggsaeare identical.  npuse Nkx2- 3 P o = QR-S-- --H-
Sources for homeodomain ~ Mouse Nkx-2.2 Kommmmmm- K--T---on-- RQR-S-- --H-
i Xenopus XLINK- 2 Kemommmo- K--T------- RQR-S--- --H-

zequezncei.aré:. b”g_gsae Leech Lox-10 = ----- laeen - l--ee-- RQ--S-- --H-
EH-24 (this paper); TTF-  prosophila vadi NK-2  Ke------ TK - Tommme- RQR-S-- --H-
1/Nkx-2.1 (Guazzi et al., C el egans CEH-22 Kemmmm-- TK --T------- RSQ --S--- --A--
1990);Dth-2 (Garcia- C elegans CEH-27  --------- P Q-HV----- Q NR--SAAD --N--
5 _ C elegans CEH-28 K--P----T- H-N--E-- -KQRV--T- --E--
Fernandez et al., 1992~ & ocohia fin/ N4 Ko Pommmnen --o L---C- RLK----GA- --11-
5/Csx(Lints et al., 1993; Drosophila bagl/ NK-3 KKRS AA--H ---F------ A- QR -SG - - SEM
Komuro and Izumo, 1993);  Fl at wor m EgHox3 B ----- NK F-1SQ -K-- RKQR----Q -CE--
Nkx-2.2 Nkx2-3(Price et al., C. el egans CEH 29 ---ATV--D QLG ---- ESQR--ST-- -IE--

1992); XINK-2 (Saha et al.,

1993);Lox-10(Nardelli-Haefliger and Shankland, 1993); NKx2d tin/NK-4, bag/NK-3 (Kim and Nirenberg, 1989); CEH-22 (Okkema and
Fire, 1994); EgHbx3 (Oliver et al., 1992gh-27 ceh-28andceh-29are additional related genes that have been sequenced by the @dhgoing
eleganggenome sequencing consortium (Wilson et al., 1994; B. D. Harfe and A. Fire, unpublished results).
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A. Complete ceh-24 promoter
head

neurons  \vulval GFP Expression

activation muscle m8 vulval g Head

sequence enhancer enhancer muscle  Neurons

-2850 =l +1
pBH24.62 -10700 + + +
pBH29.58 -2850 + + +
pBH29.60 -2830 + + +
pBH29.1.34  -2705 + + +
pBH29..61 2602 + + +
pBH29.59 2245 + + -
pBH29.1.33 2470 + + -
pBH29.1.31 2443 + + -
pBH29.66 -1895 -+ -
pBH29.67 1500 - - .
pBH29.65 1417 .o
pBH32.99 — 2318 -1989 -+ 4+
200 bp
B. Vulval muscle enhancer Vulval
Muscle
GAGA box NdE-boxes Expression
pBH32.81 CCACTTTACCATTGGTOCT TCTOGAT TTCAMATGTCAACTARACATATGA CATATGTGICAAAAGTGICTCT TTAOBIICAGATCT
pBH37.09 TCCT TCTOGAT TTCAAATGTCAACTAAACATATGOAACATATGTGIC +
pBH38.50 TOCTagagGAT TTCAAAATGTCAACTAAACATATGORACATATGTGIC _
pBH32.78 GIOMCTAMCATATGOM CATATGTGICAMAGTGICTCTTTAOGIOCAGATCT =
pBH32.70 CATATGTGOCAAAAGIGOCTCTTTOOG00CAGATCT =
pBH34.17 AMCATATGOMACATATGTGIC -
- T = T 1
pBH33.60 AMAOATATGOMCATATGTGC X2 +
pBH38.56 TOCTagagGATTTCAAMATGTCAACTAMCATATGCRACATATGTGIC X2 +
C. Pharyangeal muscle m8 enhancer )
GAGA GAGA 9 Base Pair Repeat m8
Box Box and GAGA Box Expression

pBH35.39  GAGCTCTTTGOATCTTTTTCACTTTTGATTGGTGAGCACT TTGT GTGMGGA TCTC TTTACTGT GEGAACCACIC GAGACGBCATCAT TGRGGT GGATAACACTGATAACACT TCTCT +
pBH34.17  GAGCTCTTTGCATCTTTTTCACTTTTGATTGGTGAGCACT TTGTGIGAAGGA TCICTTTACTGTG3GAACCACOCGAGAGBCATCATTG33GTG -
pBH35.35 TCACTTTTGATTGGTGAGCACT TTGIGIGAAGGA TCTC TTTACTGT GBGAAOCACCC GAGAQBCATCAT TGR3GT GGATAACACTGATAACACTTCTCT -
pBH36.100 GAGCTCITTGCATCI CACTTTTGATTGSTGgat ¢ CTTTGIGIGAAGGATCTCT T TACTGIG3EAACCACCCGNGAGRCATCAC Tc GaGTGGATAACACTGATAACACTTCTCT +

pBH55.25  GAGCTCITTGCATCI CACTTTTGATTGGTGAGCACT TTGIGIGAAGGA TCTCTT TACTGT GEGAACCACCC GAGAGBCATCAT TG33GTGGATAACACTGATAACACT agag T -
pBH55.28  GAGCTCITTGCATCI CACTTTTGATTGGTGAGCACT TTGIGTGMAGGA TCTCTTTACTGI GEEAACCACOCGNAGRCATCATTG3EGIGRat t gt CTGAat t gt CTTCICT -
pBH37.28  GAGCTCITTGCATCTTTTTCACTTTTGATTGSIGgat ¢ GaGCCATAACACTGATAACACTTCICT -

-

Fig. 2. Characterization of theeh-24promoter and enhancers. (A) Activity of deletion constructs derived fieh-24:gfp translational fusion.

All constructs contained the first 5 exonseh-24 pBH24.62 was assayed usingeZ reporter. All other constructs were fused in frameffo

For each construct, GFP or LacZ expression was assayed in at least 20 independent F1 animals, and in at least one. lieqisdssitin was

scored in the vulval muscles, pharyngeal muscle m8, and in head neurons. Reporter-positive cells are indicated by er r&gafpartcells

are indicated by a-'. Ectopic expression was occasionally seen in gut cells and rarely in anal muscles; this type of ectopic expression has been
previously reported to result from juxtaposition of vector sequences (Krause et al. 1994). (B) DelineatioalsRdwellval muscle enhancer
sequence. DNA sequences in the vicinity of the putative vulval muscle enhancer were assayed upstream of pesth@atatoter fragment

driving lacZ (pPD95.18, A.Fire, S. Xu, J. Ahnn and G. Seydoux, personal communication). The trypesal@dromoter produces background
expression in the pharynx and gut, but no expression in any other cell type. Ability of individual elements to agbegaté@ne@moter in

vulval muscles is indicated by ‘+’; lack of expression is indicated-byAll constructs were assayed in at least two lines. NdE-boxes and GAGA
box are underlined. GAGA box mutations are indicated by lower case letters (pBH38.50 and pBH38.56). pBH33.60 and pBH&&®&ireach

two tandem copies of the sequence shown (indicated by the annotatiortPt@9mid pBH33.60 is also expressed in muscles associated with

the uterus and intestine, and in the anal depressor muscle. (C) Delineation of an enhancer which is specific to the plssimngelahng.

Specific DNA sequences were assayed in front of a trunoatee2promoter (pPD95.62, Okkema et al, 1993; Jantsch-Plunger and Fire, 1994).
This promoter by itself does not produce expression in any cell type. Expression was scored in the m8 cell of the ph&rigpXragtient

was sufficient to drivenyo-2promoter activity in m8 (pBH35.39). In this 115 bp fragment there are three GAGA boxes (underlined) and a 9 base
pair repeat containing two GATA sites (underlined). Deletion of the first 18 bp (pBH35.35), an internal fragment contaimnGA&®A boxes
(pBH37.28), the 9 base pair repeat (pBH55.28), or the third GAGA box (pBH55.25), abolished activity. An internal linketiculo$tieven

base pairs (lower case letters; pBH36.100) did not affect m8 expression.
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the L3 larval stage are the precursors to the eight vulval and eigiegion ofceh-24activated the minimgbes-10promoter in all
uterine muscles (Sulston and Horvitz, 1977).d8b-24reporter  eight vulval muscle cells (Fig. 3D). This fragment was capable
activity was seen in the sex myoblasts or uterine muscles. of enhancement in either orientation. Further deletions

Expression in the pharynx was limited to a single cell, thédentified a core 48 bp sequence that could activate reporter
donut-shaped muscle cell m8. This unique cell forms the rear ekpression in the eight vulval muscles (pBH37.09, Fig. 2B).
the pharynx. m8 expression was first seen in the embryo, Within the core 48 bp vulval enhancer, there are two repeats
beginning approximately 400 minutes after the first cell cleavagef the sequence ‘CATATG’ and a consensus ‘GAGA site. GAGA
This activity continued throughout the life of the animal. sites in other systems have been shown to bind a factor with

C. eleganshermaphrodites contain 302 neurons (White egeneral ability to aid in enhancer function (Biggin and Tjian,
al., 1986; Chalfie and White, 1988). The precise identity 01988). In constructs with a single copy of the enhancer sequence,
each neuron can, in principle, be determined by the location tfie GAGA element is necessary for activity (pBH38.50 and
its nucleus and the paths of its nerve processes (White et glBH32.78, Fig. 2B). The GAGA site is apparently not the major
1986). Theceh-24 reporter construct was active in 8-10 determinant of tissue specificity, since duplication of an enhancer
neurons in the ventral head regionfelegansUsing aceh-  fragment containing a mutated GAGA sequence can overcome
24::gfp fusion construct (pBH28.101), the 8-10 ventral headhe need for this site (pBH38.56, Fig. 2B).
neurons were observed to extend nerve processes into the nervAssays with duplicatedeh-24enhancer segments allowed us
ring and sublateral nerve cords. Based on this observation, sixdefine a 22 bp element which is sufficient to specify expression
of these neurons have been identified as SMDVL, SMDVRin vulval muscle. The 22 bp minimal vulval muscle enhancer
SIBVL, SIBVR, SIBDL and SIBDR. The four remaining contains two copies of the sequence ‘AACATATG'. We will refer
neurons wittceh-24promoter activity appear also to belong toto the sequence ‘CATATG’ as an ‘NdE-box’ (named for the
the SI/SM class of sublateral neurons. restriction enzym&ldd, which recognizes this sequence).

To localize ceh-24 RNA transcripts in the embryo, we  Concatamers of the 22 bp NdE-box segment have a broader
performed RNA in situ hybridizatiorteh-24transcripts were tissue specificity than the originggh-24enhancer. In addition
first detected approximately 400 minutes after the first celio the eight vulval muscles, expression was seen in many of
cleavage, and were seen in ventral head neurons (Fig. 3F-H)e remaining single sarcomere body muscles: the two
This correlates with the first detection oéh-24 reporter intestinal muscles, the anal depressor muscle and the eight
expression. RNA transcripts could be detected in these cellderine muscles (Fig. 3I-L).
until hatching. We have not been able to obtain reproducible o o )
permeabilization of differentiated pharyngeal or vulvalCharacterization of an enhancer active in posterior
muscles. Difficulty in detecting mRNA in these cells occursPharyngeal muscle m8
with several unrelated transcripts, likely reflecting a physicalhe unidirectional deletion analysis suggested a 395 bp region
barrier to permeabilization of these tissues (G. Seydoux, B. @&s a candidate for the m8 signal. This region was tested for its

Harfe and A. Fire, unpublished results). ability to activate a minimal (non-active) muscle promoter
from myo-2 The truncatedmyo-2 promoter used in these

Distinct control elements responsible for the  ceh-24 experiments has no activity by itself but can be activated in a

promoter activity pattern variety of cell types when adjacent to enhancer sequences

To locate the control elements that are responsible for th@®kkema et al., 1993; Jantsch-Plunger and Fire, 1994). A 117
observedceh-24promoter activity pattern, we first carried out bp fragment from ceh-24 activated expression in the

a unidirectional deletion analysis starting wittceh-24:gfp  pharyngeal muscle cell m8 (Fig. 3E). Enhancement by this
translational fusion. Activity was analyzed using both an Fsegment was not seen in any other cell.

expression assay and in stable transgenic lines (Okkema et al.Further mutational analysis indicated that the 117 bp m8

1993). enhancer contains three distinct elements that are necessary for
The unidirectional deletion analysis revealed three distinatnhancer activity:
DNA elements specifying different aspectseh-24promoter (1) Three GAGA boxes. m8 enhancer activity is lost

activity (Fig. 2A). The critical elements reside betwe@602  following deletion of a 50 bp sequence containing two of these
bp and-1500 bp upstream of the start of translation, in thesites, or mutation of the third GAGA box (pBH37.28,
order motor neuron elementwulval muscle elementm8  pBH55.25, Fig. 2C).

element. promoter. (2) A twice-repeated 9 bp sequence (pBH55.28, Fig. 2C).
o This sequence contains two ‘GATA motifs.

Characterization of a vulval muscle enhancer (3) An AT-rich region at the promoter-distal end of the

sequence enhancer (pBH35.35, Fig. 2C).

The deletion analysis indicated a vulval muscle control element )

positioned between-2443 and -1989 relative to the Null mutations of ceh-24 have no detectable

translational start. To further narrow down this signal, wePhenotype

carried out enhancement assays using a vector based on #¢ransposon-based strategy has been used to create targeted
minimal promoter segment frompes-10(Seydoux and Fire, deletion mutations in a variety . elegangenes (Plasterk,
1994). The crippledres-10promoter in this vector is not 1995). Fourceh-24deletion alleles, designatet539cc542
intrinsically active, but can be activated in a variety of tissuesvere isolated using a TC1 insertiondah-24obtained from

by juxtaposition to diverse tissue-specific enhancers (B. X. van der Linden and R. Plasterk. All of these deletions
Harfe, A. Fire, S. Xu and G. Seydoux, unpublishedremove the homeobox and the downstream acidic region (Fig.
observations). A 452 bp sequence from the vulval enhancd®\). The largestcc539 deletes the entire CEH-24 coding
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region except the first 5 amino acids. Loss of the homeobox (5) Pharyngeal pumping eeh-24(cc539animals have a
sequence ircc539 and cc542 was confirmed by probing a normal pharyngeal activity pattern (electropharyngeogram),
genomic Southern blot with a DNA fragment containing eithemwith effective muscle activity and pumping (L. Avery, personal
the ceh-24homeobox or the entireeh-24gene (Fig. 4B,C). communication).

All four alleles are viable. No phenotypic differences from (6) VC neuron synapses — the VC neurons were visualized
wild-type were evident. The largest deleti@meh-24(cc539) to synapse normally onto the vulval muscles usinguaa:

was analyzed further for the following properties. 4::gfp construct (Theunc-4:gfp strain was a gift from H.
(1) Growth —ceh-24(cc539animals grow at all permissive Hutter and D. Miller;unc-4:gfp is expressed in VC neurons,
temperatures at a rate similar to wild-type animals. D. Miller personal communication; Pflugrad et al., 1997).

(2) Visible phenotypes -€eh-24(cc539)animals are not To address the possibility of autoregulatory phenomena, we
visibly dumpy (Dpy), uncoordinated (Unc) or egg-laying introduced aeh-24:gfp reporter construct intoeh-24(cc539)

defective (Egl). animals. The observed expression pattern was identical to that
(3) Mating — Aceh-24(cc539male stock mated with an of the same DNA construct in wild-type animals. This
efficiency similar to wild type. experiment confirmed the presenceceh-24(cc539animals

(4) Chemotaxis —ceh-24(cc539)animals were found to of morphologically normal vulval muscles, sublateral motor
chemotax normally to three volatile odorants (benzaldehyd@eurons and pharyngeal muscle m8. These cells were in their
diacetyl and pyrazine) and one non-volatile odorant i@is)  correct positions and their cell shapes appeared to be wild type.

(C. Bargmann, personal communication) The paths of the head neuron processes appeared normal in the
A B ’
Vulval Mucles '.l' - :
C

m8 and Ventral  ©
Head Neurons

Fig. 3. Micrographs showingeh-24reporter expression B .

and RNA localization. Expression patterns for all

constructs were assayed both in transgenic lines and in

the first generation following microinjection. Identical x
expression patterns were observed for all constructs in

both heritable lines and F1 assays. ¢ah-24:lacZ

expression in an adult animal. Expression is seen in the

eight vulval muscles, eight ventral neurons in the head,

and in the most posterior pharyngeal muscle, m8. =

(B) ceh-24:lacZ expression in the eight vulval muscles ||

of an adult animal. (QJeh-24:lacZ expression in the

adult head. Activity is seen in pharyngeal muscle m8 and v b
in 8-10 ventral head neurons. (D) Téeh-24vulval ¥l AR
muscle enhancer drivigcZ expression from a '
truncatedpes-10promoter in the eight vulval muscles.
(E) Theceh-24m8 enhancer drivinhcZ expression
from a truncatednyo-2promoter in the pharyngeal
muscle m8. (F-H) In situ localization o&h-24RNA. -
Antisense probes give a pattern with ventral head neurgi$ } Posterior
showing strong expression in comma stage (F), two-fol o g ¥z ~ e
(G), and three-fold (H) embryos. No signal was seen with = | Bt 4 .-:::j_']
a comparable ‘sense’ probe (not shown). (I-L) GFP X 5 R

expression driven by concatamerized NdE-boxes. GFP}
activity is both nuclear and cytoplasmic because of the [
tendency of the small GFP protein to leak out of the

nucleus. (I) Anal depressor muscle (black arrowhead) g ! - Anterior
the two intestinal muscles (white arrowheads) are shown.—w =

Fibers of the intestinal muscles can be seen. (J,K) Highek A

magnification shows cellular outline of a GFP-positive e

anal depressor muscle. (L) NdE-box driven GFP )‘

expression is seen in vulval and uterine muscles. Scale:
Adults are lum long and approximately 1Q0n wide; g
Embryos are 5Qm long.



426 B. D. Harfe and A. Fire

A. A. Protein aligments

SL1
W C. elegans NMSEKETPSPVLDVKKEKNEETG DEEKSSEDDCSKRSKVKSNPSKF

T RN | | R A N R e A
I He o C. briggsae MSEKESPSPQH- KKDEVWDDT- EQETKDSEDDATKKNMKI KEG- SKF
cc I
cc 540 — SVNSI LSPLESLVRVQQQLLKMAASKSGTPGTNAGVPGE- - FPYGPG
599 2183
cc 542 I|II|II|I|I|I||I|II|I [ e R
ce 541 1347 1978 TMNSI LSPLESLARVQQQL LKMAAAQSGFGGNGSGGNGANGFPY- PA
= = Deleted sequence 0.5kb RLPGNYFAGPFPGYSGAQPNWYNGNDPRFAAAAAL L PCSI DPVRSAI
[ o A R S AR A R AR A AR R A
RFATNCFSGPFPGYNGSQGNWYNGNDARFAAAAAL L PCAI DPVRSRI
B' EcoRl  BamHUXbal C' EcoRI BamHI/Xbal
2o 20 2o 2 o NHQF SMSSMSQRRKRRVL FSQAQVYEL ERRFKQAKYL TAPEREQLAN
9%9% g% 9, o9 999 I|I|II| IlIIlIlIIlIIlIlIIlIIIIlIIlIIIIlIIlIII
g% - - QRRKRRVLF RRFKQAKYLT,
SI'RLTPTQVKI WFQNHRYKCKRQEKEKAMSGL GHSEDGSSPPPDNDD
IlIIIIIIIIIIIIII[lIIIIIIIIIIIIIIII [LLETE 1
94 SI RLTPTQVKI WEQNHRYKCKRQEKEKAVSGL GHGDDGSSPPPGDDD
[
- s ® DDD- KYS| EMDDKDDEEEEESEKPVLKPSGVFGLPYP- PNAAAAARA
N I|III|II|I|II|I|| A A
@ DDDDKYS| EMDDKDDEEEDG- AKPM_KSNGVFGL PYPSPANAAAAAA
- -
o 23 - AAAFNFPFAAQGPNPAYYNRW
TR b : CELLLE LTy 1
s AAAFNFQFGAQGPNPAYFVRW
B. Vulval muscle enhancer
570
GAGA
Probe: ceh-24 Probe: celi-24 entire Box NdE-boxes
homeodomain genomic gene C. elegans TQCTTCICGATTTG AAAATGICAACTAAA CATATGCRACATATGTGC
i i ions reh- . CCC TR T P EEEEEEEE TR T
Fig. 4. Generation of null mutations reh-24 (A) Four transposon C. briggsae TCT- TOTCTATGIOCT AT GTCAACTGAA CATATGCAA CATATGTGTC
catalyzed deletions were isolatet%39cc541 see Materials and - e

Methods). Deletion junctions were amplified by PCR and sequence
Solid lines indicate deleted DN&eh-24genomic organization is
shown above the deletions. (B) Southern Blot analysis of deficiency C. m8 enhancer

DNA probed with a DNA fragment encoding the CEH-24 Gpon

homeodomain. No hybridization to the CEH-24 homeodomain probe C. elegans IGIQﬁ:ITI(ZI]_IIT(}I:ﬁTCII ||O°C| il ﬁnﬁmﬁfﬁmﬁfﬁ

was detected in either of the tweh-24deletion mutations. Marker C. briggsae  GAETCTTCR CITOACTTTT TGN TGEIAGOACTTT- TTGMGRA TCICTC

sizes ‘M’ are in kb. (C) Southern Blot analysis of deficiency DNA Repeat

probed with the entireeh-24gene. There arfecaRl sites flanking C. elegans  TACTGTGEGAACACOOGAGACEOATCAT TAEEETGEA TAAACTGATAACACTTCTCT

ceh-24and one internal site. Digestion wiitoRI thus yields two C bricasae |T|A|c:|r|c;|r||||”| LT TIAITI(\LAITHII Il ITIIII IAITIIIIII clrl:rclz.r
; ; o : : GECAANCEIIOGACEA GEEIAGECTANCAA. - ATAAOACT

wild-type bands. The intern&lcoRl site is absent in botteh-24 o SRR

deletions, resulting in the detection of just one band. A faint band in _. . .

EcaRl digestedteh-24(cc539DNA resulted from partial DNA Fig. 5. Comparison betweeQ. eleganandC. briggsae ceh-24

digestion. ABanHI/Xbd double digestion produced a wild-type 4.5 g?nnsrﬁrevr(]etg Sfﬁgi’;ﬁ:;’g;g;?gi? t\;\gm G?g)t% E]szfe %rg)t(zlg in ara
'égmfxf@g&% cc;ntzikr; ir;? t:g .ﬁn‘;%?g‘?&e ;Zilg\nsmaller Wigtghin the Homeodomain, the proteins ar?a identical; overall theg)’/ a}r/é
was observed | on. 79% identical. (B) Vulval enhancer sequences. The NdE-boxes are
identical betwee€. elegangndC. briggsae overall the vulval
enhancers are 84% identical. The GAGA box, which is required for
mutant. GFP expression was at approximately the same levelsivity, is also conserved. The two NdE-boxes and single GAGA

in the mutant as in wild-type animals. box are underlined. (C) m8 enhancer sequences. Underlined are two
In addition toceh-24 there is just one know@. elegans conserved repeated sequences and the lone conserved GAGA box.
NK2 family member with mesodermal activity: CEH-22. GenBank accession numbers are AF026056 (ceh-24 coding sequence
CEH-22 protein is present in a set of pharyngeal muscle celf%omc elegansnd AF026057 (ceh-24 genomic sequence from
that do not shoveeh-24promoter activity (Okkema and Fire, C- Priggsag.
1994). To determine whether CEH-24 was responsible for the
lack of CEH-22 activity in m8, we injected aeh-22:lacZ
construct intoceh-24(cc539pnimals. For these experiments
we used aeh-22:lacZ fusion that mimics the nativeeh-22
expression pattern (pOK29.02; Okkema and Fire, 1994). Ngninais. Homozygouseh-22 mutant animals had normal
dl_fference inceh-22promoter activity was observed betweenexpression of theeh-24:gfp construct (data not shown).
wild-type andceh-24(cc539nutant animals (data not shown).
A mutation inceh-22has recently been reported (Okkema etThe genome of C. briggsae contains a very close
al., 1997).ceh-22mutant animals have a defective pharynx andelative of C. elegans ceh-24
are occasionally sterile. To investigate a possible role for CEHE. briggsads a Rhabditid nematode that contains many genes

' 22 inceh-24transcriptional repression, we examined expression
of aceh-24:gfpconstruct (pBH29.58, Fig. 2A) iteh-22mutant
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of similar function and structure €@. elegangZucker-Aprison  The ceh-24 gene is active in specific subsets of
and Blumenthal, 1989; Heschl and Baillie, 1990; Kennedy eteural and muscle tissue

al., 1993; Krause et al., 1994). Two overlapping phage insert§e used a combination of in situ hybridization and reporter
were obtained from screeningCa briggsaegenomic library  gene fusions to analyze the activity pattern ofciie-24gene.
with a C. elegans ceh-2omeobox containing fragment. The set of cells showing activity, a subset of 8-10 sublateral
Within the homeodomainC. elegansCEH-24 and theC.  motor neurons and two types of non-striated muscles was
briggsae homologue are identical (Fig. 1). Outside thesomewhat surprising; these groups of cells had not been
homeodomain, the proteins are 79% identical (Fig. 5A) angreviously connected by any morphological or functional
five of six intron positions are conserved. Different NK-2criteria.
proteins generally do not have high homology outside the The sublateral motor neurons had been primarily described
homeodomain. The presence of such high homology outsidg terms of their axonal outgrowth and synaptic connectivity.
the homeodomain suggests that we have cloned.tbeggsae  These cells are unique in that they send processes into the
ceh-24homologue and not a more distantly related NK-2 clasgublateral nerve cords, with synapses to body wall muscle cells
homeodomain. (White et al., 1986; D. H. Hall and J. B. Rand, unpublished
Injection of aC. elegans ceh-24yfp reporter construct into  results). The role played by these cell<inelegandehavior
C. briggsaeproduced GFP expression . briggsaehead  has not been elucidated. (Function has yet to be assigned to a
neurons, pharyngeal muscle m8 and the eight vulval musclégrge fraction of the neurons i@. eleganse.g., Avery and
(data not shown). This is identical to the expression patterRorvitz, 1989, Bargmann and Horvitz, 1991).
obtained upon injection of this construct irto elegansWe By contrast, the vulval and pharyngeal muscles have been
constructed &. briggsae ceh-2gene tagged witgfp. When  assigned clear roles in the control of egg laying and in pumping
injected intoC. elegansthis construct produced expression of food into the intestine, respectively (Waterston, 1988). The
identical to theC. elegans ceh-24fp fusion (data not shown). proper physiological regulation of these contractile processes
Sequences upstream Gf briggsae ceh-24ontain motifs  are critical to the fitness of the species. Optimal regulation
identical to theC. elegans ceh-24NdE-boxes and closely presumably requires both the proper assembly of the
related to the m8 enhancer (Fig. 5B,C). Outside the NdE-box@®ntractile tissue and the ability to respond to a plethora of
and m8 enhancer, the upstream sequences from the two geegfinsic signals modulating muscle contraction. These tissues
are not conserved. THe. briggsaehomologue of the vulval might thus be expected to utilize a variety of regulatory

enhancer is apparently a functional homologueCtheriggsae  components for specific aspects of cellular function.
sequence (in either orientation) can drive ples-10minimal

promoter in all eight vulval muscles . elegangdata not ceh-24 and ceh-22 define distinct identities within

shown). the pharyngeal musculature
The ceh-24activity pattern in the pharynx is complementary
to that of the previously identifiedC. elegans NK-2

DISCUSSION homeodomain factor CEH-22. CEH-22 protein is present in the
) ) pharyngeal muscles m1, m3, m4, m5 and m7 (Okkema and

A novel NK-2 class homeodomain factorin ~ C. Fire, 1994), but is not present in theh-24positive muscle

elegans cell m8. Neither gene is active in muscle cells m2 or m6. The

NK-class homeodomain factors have been implicated in activity pattern forceh-22is unaffected in a&eh-24mutant;
variety of mesodermal and ectodermal differentiationlikewise theceh-24activity pattern is unaffected in @h-22
processes in both invertebrate and vertebrate systems (Azpianwtant. Our analysis thus indicates that the two non-
and Frasch, 1993; Lyons et al., 1995; Okkema et al., 1997verlapping expression patterns result from independent
Efforts in this laboratory, combined with the ongoing genomesontrols and not from an exclusionary mechanism.
sequencing project, have identified four members of the NK-2 _ .
homeodomain family ifC. elegansCEH-22, CEH-24, CEH- GAGA and NdE-box elements combine to specify
27 and CEH-28 (Okkema and Fire, 1994; Wilson et al., 199£&Xpression in vulval muscles
this work; B. D. Harfe and A. Fire, unpublished data).ln analyzing requirements for the activity pattern of ¢bé-
Although the various activity patterns of NK-class 24 promoter, we found an underlying piecemeal organization,
homeodomains in vertebrate and invertebrate developmewith each aspect of the expression pattern mediated by a
suggest a diversity of regulatory roles, the conserved nature distinct set ofcis-acting signals. The vulval muscle enhancer
the family suggests that certain underlying regulatoryegion lies 2104 bp upstream of the mRNA start. The most
mechanisms (and possibly specific targets) could be conservgatominent sequence features are a tandem pair of motifs with
In this paper, we describe the characterization ofGhe the core sequence ‘CATATG’. As a mnemonic, we have
elegand\K class homeodomain factor, CEH-24. The CEH-24designated these sequences ‘NdE-boxes’ Niihe restriction
homeodomain shows strong homology with the NK-2enzyme recognizes this sequence). Transcription factors of the
subfamily, and in particular is more closely related tobHLH family have been found to recognize sequences with a
vertebrate thyroid transcription factor (TTF-1) than to any oftore ‘CAnnTG’, which would include the NdE-box. It should
the other knowrC. elegandNK-2 class homeodomains. In our be noted that the myogenic bHLH family (includi@gelegans
analysis ofceh-24 we have focused on tissue activity pattern,CeMyoD and vertebrate MyoD, myogenin, Myf-5, and MRF4)
on the regulation of expression and on the functionatecognize a distinct sequence, CAGCTG (Blackwell and
consequences of loss of function. Weintraub, 1990; Krause et al., 1997). Hence, these known
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myogenic proteins would not be expected to readily bind thelegansare grown on a plentiful food source under ideal
NdE-box consensus sequence. Consistent with this hypothesienditions in the laboratory. In the wil@, eleganss subject
C. elegans hlh-Expression has not been detected in the norto many different environmental signals and stresses. Specific
striated vulval muscles (Krause et al., 1990). Instead, it seerbghavioral responses requiring CEH-24 might be important for
likely that activity of the NdE-box element is mediated by &fitness under these non-laboratory conditions.
distinct factor, possibly a divergent member of the bHLH The presence of a gene closely relate@ .telegans ceh-24
family. in the rhabditid nematod€. briggsaeis indicative of an
In addition to the NdE-boxes, the vulval enhancer containsvolutionarily important function for CEH-24. The two genes
a '‘GAGA sequence that is required for enhancer functionencode identical homeodomains and yield 79% protein identity
Similar ‘GAGA sequences iIC. eleganshave been found to over their entire lengthceh-24vulval and m8 enhancers are
be required for activity of thainc-54 enhancer (Jantsch- also conserved betweed. elegansand C. briggsae This
Plunger and Fire, 1994), and teeh-24m8 enhancer (this conservation is likely to be significant, since the two species
work). These sites could serve as a binding site for a broadite known to have diverged sufficiently to remove any non-
active factor similar to thBrosophilaGAGA-binding protein  selected similarity outside of coding regions (Prasad and
Trithorax-like (Farkas et al., 1994, Biggin and Tjian, 1988). Baillie, 1989).
This class of DNA-binding proteins have been proposed to The C. elegansand C. briggsaecontrol regions showed
create nucleosome-free areas of DNA, allowing the binding adpparently identical activation patterns when transformed into
additional transcription factors (Tsukiyama et al.,1994). Nahe heterologous species. This functional equivalence of
putative homologue of thBrosophila GAGA gene has yet control regions indicates that thérans-acting factors
been identified irC. elegans responsible forceh-24 activity are conserved both in their
The ability to bypass the requirements for the GAGAbinding specificity and activity pattern. Conservation of
element by duplicating the NdE-box portion of the enhancefegulatory properties in the two species argues strongly for a
indicates that the GAGA site is not the major determinant ofelective advantage conferred by tled-24expression pattern.
vulval muscle activity. Interestingly, the activity of the
dimerized 22-mer included additional non-striated muscles We thank K. van der Linden and R. Plasterk (funded by grant 5
outside of the vulva: the intestinal muscles, uterine muscles afP1 RR10082-02 of the NIH-NCRR to R. P.) for isolating the Tcl
anal depressor muscle. This suggests that the GAGA and/i@;sertion'strain gsed_in th_is paper. We thank A. Antebi and H. Hutter
other sequences in the complete 81 bp vulval enhancer may fon help in the identification o_f neuronal cells,_and P. Okkema, M.
to limit expression in these additional muscles. The activity OE?r:g\?i@ee%rts)ﬁgKﬁcs)ﬁst,h\ijé "V'VS(')‘:E %iSHSV%r';'ﬁ;i”gﬁgbgﬂgg’vsyet%
the concatamerized NdE-box sequence in multiple sets of nojE ;- "\ nsitutes of Health (ROLGM37706 to AZF, training grant
striated muscles could reflect_ either (1) asmgl_e factor bindingz>5\07231 to The Johns Hopkins University Department of
the NdE-boxes and present in most of the minor muscles, @fsjogy). Sequences have been submitted to GenBank.
(2) several distinct NdE-binding factors present in different
minor muscle subsets
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