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SUMMARY

We have isolated mutations defining a new genedp-1, that  nuclei of many cells during early embryogenesis and
affect asymmetric cell fates and morphogenesis during the then becomes restricted primarily to posterior cells. At
development of theC. eleganstail. tlp-1 mutations cause hatching, it is expressed in several head neurons, the
defects in the specification of asymmetric cell fates in posterior intestine cells, tail hypodermal cells, the T cells
the descendants of the T blast cell, whose polarity is and specific T-cell descendents in a pattern that suggests
controlled by Wnt signaling and cause abnormal male tail TLP-1 may be asymmetrically expressed during the
development leading to the formation of a posterior divisions of the T cell lineage. Furthermore, the asymmetry
protrusion reminiscent of ‘leptoderan’, or pointy tailed, of TLP-1 expression and function appears to be controlled
nematode species. In wild-typeC. elegansmales, which by Wnt signals that control T cell polarity. These results
have a ‘peloderan’ or rounded tail, retraction of the tail  suggest thattlp-1 encodes a transcription factor required
tip hypodermis involves a temporally ordered set of cell for cellular asymmetry that functions downstream of Wnt
fusions and changes in cell shape that appear to be signals that control cell polarity, as well as in cell fusion and
heterochronically delayed intlp-1 males, suggesting that patterning in the C. elegandail.

subtle changes in these events can bring about evolutionary

changes in morphologytlp-1 encodes a C2H2 zinc-finger

protein that is a member of the Sp family of transcription  Key words:C. elegansCell polarity, Asymmetric cell division, Cell
factors. A TLP-1::GFP fusion protein is expressed in the fusion, Morphogenesis male tail, Evolution

INTRODUCTION receptors at the cell surface. Through the action of Dishevelled
inside the cellp-catenin is stabilized, causing it to accumulate
Two fundamental questions in developmental biology arén the cytoplasm and the nucleus, where it interacts with Tcf
understanding how morphogenesis is controlled and hofactors to activate target genes.
changes in morphogenesis during evolution lead to the Mutations in the Wnt genén-44 cause the polarities of
elaboration of different forms. For morphogenesis to occucertain cells in the€. elegangail — the B, TL and TR cells —
properly during development, many cellular processes must lte be reversed (Herman and Horvitz, 1994; Herman et al.,
correctly controlled; among these are the establishment dR95). LIN-44 is expressed by the epidermal cells at the tip of
different cell fates through asymmetric cell divisions, cellthe developing tail, which are posterior to the cells whose
polarity and cell fusion. Changes in any of these processes cpalarities are affected Hin-44 mutations. LIN-44 function is
lead to changes in morphology that over time could lead to thequired within the tail tip cells, suggesting that LIN-44 is
genesis of different forms. secreted by these cells and affects the polarity of more anterior
The polarities of specific cells in the. eleganstail are  asymmetric cell divisions (Herman et al., 1995). Mutations in
controlled by Wnt signaling. The conserved Wnt signalinghe Frizzled-related germ-17 cause a loss of polarity in the
pathway is one of the major signaling pathways controllingsame cells in whicHin-44 mutations cause a reversal of
animal development (reviewed by Cadigan and Nusse, 199@plarity (Sternberg and Horvitz, 1988; Sawa et al., 1996),
Wodarz and Nusse, 1998). Through genetic and moleculauggesting that LIN-17 serves as the receptor for LIN-44. The
studies, the identification of the components that function in 8/nt pathway that controls the polarity of the TL and TR cells
canonical signaling pathway, as well as the probable order shares some components with the canonical Wnt pathway, such
their action, has been determined. In short, Wnt signals aes the requirement for the Tcf homolog, POP-1, but may not
short-range secreted signals that act through Frizzled (Fe@quire other components suchfasatenin (Herman, 2001),
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suggesting that it is a novel Wnt pathway. The defects in cedind males with leptoderan-like (Lep) tailey{4 using ethyl
polarity observed itin-44 andlin-17 mutants lead to defects methanesulfonate (EMS), diepoxybutane (DEB) and trimethypsoralen
in morphogenesis as evidenced by the formation of abnorm#gllowed by u.v. irradiation as a mutagens, respectively. All three

male tail structures in both mutants (Sternberg and HorvitAlleles failed to complement each other for the Pdy and Lep defects,
1988; Herman and Horvitz, 1994). indicating that all were alleles dp-1. tlp-1 was mapped tbGIV (not

Another cellular function that often affects morphogenesi hown, Fig. 4). Three-factor crosses further defined the map position

. Il fusi | tebrat the f f f i leat f tlp-1 to the region betweennc-26 and egl-23 (see Fig. 4A).
IS cell fusion. In vertebrates, the formation ol multinucieate omplementation tests revealed ttiptl is not uncovered bgDf21

cells, or syncytia, |s_|nvolved in the formation of skeletalyngspr2a but may be partially uncovered bpf27 (Table 1).

muscles, bones and, in mammals, the placent@. klegans

one third of all the somatic nuclei in the adult animal are pai€ell lineage analysis and microscopy

of one of a few syncytia that are formed in reproducible spatidliving animals were observed using Nomarski optics; cell
and temporal patterns (Shemer and Podbilewicz, 2000). Fopmenclature and cell lineage analysis were as previously described
example, a detailed analysis of male tail development hd§ulston and Horvitz, 1977). Fates of the T cell descendants were
revealed that a specific temporal order of cell fusions and celptérmined by nuclear morphologies according to Herman and

shape changes lead to the formation of the malétadlegans Horvitz (Herman and Horvitz, 1994). Phasmid dye-filing as an
imdicator of normal T cell polarity was scored as previously described

(Ta.le. tail tip morpflliger;\(lasm begltnsl alltg;é[he_rﬁurtsa}ll tfay CI(IB ,—ierr_nan and Horvitz, _1994)jam-1::gfp a marker of adherens
IVISIONS aré compiete ( guyen et al., )- The all up Cellg,nctions, was used to visualize cell boundaries (Mohler et al., 1998)
then lose adhesion with the cuticle and recede anteriorly. Thig,q to monitor cell fusions (accompanied by adherens junction
tail tip retraction is accompanied by changes in cell shapgegradation).

position and cell contacts. The retraction of the tail tip causes

the adult male tail to be blunt ended, or ‘peloderan’, where thgloning of tjp-1

bursal fan extends posteriorly and envelopes the tail tip. Bgosmids, plasmids and gel-purified PCR fragments derived from
contrast, these changes in cell shape, position and cell contagesmid T23G4 or F52D4 were injected (10-60ptiglising either

do not occur in hermaphrodites, and the pointed larval shafpF4 [@ plasmid containing the semidominentt6(su1006)allele],
EGQG (asur-5::gfpfusion construct kindly provided by Dr Min Han,

is retained in the adult. In other nematode species, such % =299 1 ,
: . : - - ' niversity of Colorado) or pEL166 (atr-1::gfp fusion construct
Oscheius myriophilathe male tail tip cells also fail to retract kindly p?/ovided by DZ EriE Lundql(,IiSt, L?nR/ersity of Kansas)

durlng_ morphogeness of t,he tail, causing the adult male tall_ roemel et al., 1997) (40-100 pdy as markers into the mitotic
be pointed, or ‘leptoderan’, and protrude beyond the posterigfermiine of tip-1 hermaphrodites (Mello and Fire, 1995). Yeast
edge of the adult fan (Nguyen et al., 1999). genomic DNA isolated from strains containing the desired YAC
To further understand the roles cell polarity and cell fusion®NAs were isolated (Qiag&nhand used for injection (40-100 pdy.
play in morphogenesis, we have isolated mutations identifying 10,110 bp PCR product amplified from F52D4 was digested with
a new genep-1 (T cell lineage defective arldptoderan tail). Scd and cloned into pBluescript to obtain pXZS5, which contained
We show thattlp-1 is required for the specification of & 7519 bp fragment that rescued the T cell defetipef mutants.

asymmetric cell fates in the descendants of the T cell, as wélfe scored %acri: line for either phasmid dye-filling or Lep defects and
ometimes both.

as for cell fusions and cell shape changes of the tail tip .
: : . The sequences of mutant allelee17andbx85were determined
hypodermal cells that lead to drastic changes in male ta1’|lom PCR-amplified genomic DNA fragments using primers that

morphology._tlp-l en,COdeS a nuplear-locallzed C2H2. ZInC'amplified candidate genes in thkp-1 region. DNA lesions in
finger protein and is asymmetrically expressed during th@,3Ga4.1 were identified from at least two independent PCR-amplified
divisions of the T cell lineage. Expression studies and celhh17andbx85genomic DNA fragmentsiyl4is a deletion allele for
lineage analysis in double mutants suggest thatl is  which both approximate end points were identified by PCR (see Fig.
expressed in responselito-44 andlin-17 genes in the control  4A). Briefly, PCR products frommy14 were obtained from regions
of T cell polarity. Our results suggest thii-1 encodes a covered by YAC segment Y45F10D and cosmid HO8MO1 on the right,
transcription factor required for morphogenesis of @e but not from any of the tested regions covered by cosmid C47A4.

Wnt signaling. and T23G4.3 could not be amplified framl4

The nucleotide sequence of genomic DNA throughtlthé locus

was determined by th€. elegansGenome Consortium and primers

used were based on this sequence. The 108Bp{ipcoding region

MATERIALS AND METHODS was amplified by PCR from cDNAs synthesized using Proiftega
Reverse Transcription System. The trans-spliced leader 1 (SL1)

Nematodes were cultured by standard techniques (Sulston apdimer was used to obtain a 292 Bgr&gment. An oligo(dT) primer

Hodgkin, 1988). The following mutations were used: LGi- was used to obtain 273 bp and 527 bp fragments that included the

44(n1792), lin-17(n671), unc-29(e1072)GIV, bli-6(sc16), unc- full 3'-UTR. All PCR fragments were cloned into pTOPOXL

24(e138), dpy-20(e1282), unc-26(e205), tlp-1(bx85, mh17, ny14), edmvitrogen™) and the sequence of both strands of the cDNA clones

23(n601), tra-3(e1107), dpy-4 (ell6&nd LGV, him-5(e1490) were determined (accession AY046083).

Rearrangements used are LGW,nT1(lV, V), nDf27, sDf21, sDf23 ) )

Male defects were studied using strains containindnitme5(e1490)  Expression experiments

mutation, which increases the frequency of spontaneous male progefytlp-1::gfp fusion that placed five additional residues, the GFP-

(Hodgkin et al., 1979). coding sequence and thmc-543 UTR at the end of the TLP-1
) ] ) coding sequence was constructed by PCR. Briefly, a 7973 bp PCR
Isolation of tlp-1 alleles and genetic mapping fragment amplified from F52D4 was cloned into pTOPOXL to obtain

tlp-1 alleles were isolated in separate screens for phasmid dye-fillingXZS4, which was digested witkpnl and EcaRV and ligated into
defective (Pdy) mutantsnh1?, male abnormal (Mab) mutantsx@5 pPD95.75 (from A. Fire, Carnegie Institute, Baltimore, MD) digested



with Kpnl andSma to obtain pZXE7. Thélp-1::gfp construct begins
5767 bp upstream of exon 1 and placesgfipetag at the end of the
tlp-1-coding region. The cosmid C45D10, containimg-29(+) was
used as a co-injectable marker (Lackner et al., 1984Ex50is a
transgenic array generated in thec-29background containing the
tlp-1::gfp fusion and C45D10 that rescues the phasmid dye-fillin
defect and T cell defects. Similar results were obtained with tw
other independently generated arrays. JAM-1::GFP expression w
observed using a strain of genotypmc-30(e191) tlp-1(bx85)
jcls1[unc-29(+); jam-1::gfp rol-6(su1006)]; him5(e1490)

Phylogenetic analyses

To identify sequences related to TLP-1, available data banks we
searched using BLASTP and PSI-BLAST using fragments of TLP-:
and Drosophila NocA that included the SPLALLA or C2H2
zinc-finger motifs. Additionally, Entrez and WormPD were queried
with keywords ‘Spl’ and ‘C2H2’ to identify additional candidate
proteins. Preliminary neighbor-joining analyses were used to identif
sequences most similar to TLP-1. We limited our in-depth
phylogenetic analysis to 45 of these predicted protein sequenc
(listed in Fig. 4D), all of which have one or more predicted C2H2
zinc-finger motifs and 15 of which have the highly conservec
SPLALLA motif. Although we assumed that the database sequenct
were correct, the human Sp3 sequence is clearly truncated at the
terminus, andC. elegang=45H11.1 appears to be truncated at the C
terminus in the middle of the second zinc finger.

Multiple alignments of predicted protein sequences were performe
using ClustalX 1.81 (Thompson et al., 1997) and MacClade 4.0
(Maddison and Maddison, 2001). Initially, the SPLALLA motif
(alignment positions 154-173), Btd box (Supp et al., 1996; position
979-985) and putative C2H2 zinc-finger motifs (positions 1020-1154
were aligned by hand in MacClade, and the sequences flanking the
motifs were aligned as separate regions in ClustalX (accessic
ALIGN_000176 — can be retrieved from the EMBLALIGN database
at http://srs.ebi).

PAUP* (Swofford, 2001) was used to perform weighted-parsimony
in which amino acid changes were weighted by the minimum numbe

of nonsynonymous nucleotide changes required, and neighbor-joinir

distance analyses to determine the possible relationships among

45 predicted C2H2 proteins, with particular emphasis on the proteirjs

most closely related to TLP-1. Phylogenetic analyses were restrict
to the 123 least ambiguously aligned characters (positions) of 14
total; alignment between divergent sequences was mostly arbitr

a
for the remaining characters. Of these 123 characters, 113 W&%

informative for the cladistic analyses. Phylogenetic analyses o
alternative alignments or additional characters were consistent wi

u
those using only the 123 characters. Trees collected from exhaust%

and heuristic searches were compared statistically and strict consengﬁﬁ
trees were constructed from trees that were not rejected in these te$fs

Uncollapsed branches in these consensus trees were deemed

included bootstrap and jackknife tests and decay indices. Details
these analyses are available from D. F., as are the NEXUS data fil

be unambiguously supported. Additional tests of branch stabilitﬁ;5

RESULTS

tip-1 mutants display T cell lineage defects

In wild-type hermaphrodites, the bilaterally symmetric TL
and TR cells (collectively referred to as T cells) divide
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%. 1.Cell lineages of the T cell in wild-type atig-1

rmaphrodites. (A) Wild-type hermaphrodite T cell lineage. The

gtes of many different cells in this lineage can be distinguished by

clear morphology using DIC microscopy (Sulston and Horvitz,

77; Herman and Horvitz, 1994). The hyp7 cells T.aa, T.apaa and

-apap join the hypodermal syncytium, but T.apaa has a smaller

cleus and is designated hyp7(sm). PHsol, PHso2, PVW, PHC and

é_N have similar nuclear morphologiesindicates apoptosis. The

m cell (se) is a specialized hypodermal cell. (B) We analyzed T
lineages on both sides of thmeel4 two bx85and twomh17

itants (14 total T cell lineages). Arrows indicate that a particular
was sometimes observed to divide in a subset of the lineages. Six

yl4|ineages and onex85lineage had the T cell division pattern

at is shown in the upper left; however, in tmd4lineages and

onebx85lineage, the T.app cell divided once to generate two

hypodermal cells. Twenh17lineages had T cell division pattern

shown in the upper right; however, in one, the T.pa cell divided to

generate two hypodermal cells. TWr85lineages had the T cell

division pattern shown in the lower left; however, in one, the T.ap

cell divided to generate two hypodermal cells. Twlol7and one

bx85had the T cell division pattern shown in the lower right corner;

however, in one of thmh17lineages, the T.pa cell did not divide and

asymmetrically during the L1 stage: T.a generates fougenerated a hyp cell.
hypodermal cells and one neuron whereas T.p generates five

neural cells (Fig. 1). Idin-44 mutants, the polarity of the

division of the T cell lineage is reversed: T.a generates fivpolarity of division of the T cell lineage is lost: both T.a and
neural cells and T.p generates four hypodermal cells and ofiep generate hypodermal cells (Sternberg and Horvitz, 1988).

neuron (Herman and Horvitz, 1994). lin-17 mutants, the

The defects in T cell polarity observed in béith17 andlin-
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Table 1. Penetrance oflp-1 defects

Percentage

Percentage presence of

of phasmid phasmid Percentage

dye-filling socket cells of male Lep
Genotype 16) () (n)
Wild type 98 (472) 99 (110) 0 (>100)
tlp-1(bx85) 28 (952) 57 (412) 100 (>200)
tlp-1(mh17) 19 (1000) 46 (206) 100 (>100)
tip-1(ny14) 2 (328) 1 (156) 100 (>100)
tlp-1(ny14)/tip-1(bx85) 36 (836) ND ND
tlp-1(ny14)/tlp-1(mh17) 27 (586) ND ND
tip-1(ny14)/+ 100 (226) ND ND
tlp-1(bx85)/sDf21 ND ND 0(29)
tlp-1(bx85)/sDf23 ND ND 0(53)
tlp-1(bx85)/nDf27 ND ND 74 (23)
tlp-1(mh17)/sDf21 100 (232) ND ND
tlp-1(mh17)/nDf27 77 (278) ND ND
tlp-1(mh17)/sDf23 99 (306) ND ND
unc-29(e1072);tlp-1(mh17); 90 (150) 85 (98) 100 (35)

mhEx50
unc-29(e1072);tlp-1(ny14); 0(92) 71 (244) 100 (32)
mhEx50

tlp-1(mh17)/+ 99 (200) ND 0 (74)
lin-44 1 (550) ND 15 (59)*
lin-44; tip-1(mh17)/+ ND ND 37 (52)*

Phasmid dye-filling was used as an indicator of normal T-cell polarity
(Herman and Horvitz, 1994). There is one phasmid on each side of the
animal.n, number of phasmids scored; ND, not determined.

Presence of phasmid socket cells was scored during the L2rstagmbe
of phasmids sc_ored. _ _ o

Mgle Lep tails were scored in strains containmg-5(e1490)n, numbe Fig. 2.tlp-1 males have leptoderan-like tails. (A) Adwliid-type
o ?\r}glr::?eli s\lsg::ddetermined to be significantly differe®<@.01) using males have a round shaped, or peloderan, male tail morphology.
Fisher's exact test. (B) tlp-1 males have a pointed, leptoderan, male tail morphology.

Scale bar: 1Qum.

44 mutants cause the two neurons of the phasmid, a sensoryTo further understand male tail morphogenesis and tail tip
structure in the tail, to fail to fill with fluorescent dyes (Hermancell retraction, we have isolated mutations that result in a
et al., 1995; Sawa et al., 1996). leptoderan (Lep) male tail. The leptoderan tailbx5males,
Screens for additional mutations that resulted in phasmids well as those ofyl4andmhl7 are prominent and variable
dye-filling (Pdy) defects resulted in the identification of thein length (Fig. 2). The Lep defect is completely penetrant in
mh17allele oftlp-1. In addition, separate screens for mutationsall threetlp-1 mutant alleles (Table 1). Interestingly, the tail
that caused male tail defects yielded two additiaf@ll  tips in these mutants seem to differentiate fan cuticle, as excess
alleles,bx85andny14 which also display phasmid dye-filling cuticle surrounds the pointy tail tip, unlikep-1 mutants
defects (Table 1). Both the Pdy and Lep defects are recessiyBlguyen et al., 1999). Regions of the fan are often narrow and
The penetrances of the Pdy defeantfl 7andbx85mutations  misshapen. In addition, rays 8 and 9 (60% of sideS8) or
are similar bunyl4is more penetrant, although this may not7-9 (17% of sides) were often missing, consistent with the T
be due to the removal dp-1 function alone. cell lineage defects we observed. In a few animals we observed
Analysis of the T cell lineages of eattp-1 mutant showed fusions of rays 3 and 4 or 4 and 5 and an ectopic T cell-derived
that cell fates of the posterior T cell daughter, T.p, and theay. Gross morphologies of the tail tipstipt 1 hermaphrodites
posterior daughter of the T.ap cell, T.app, were variablyare unaffected, although there are often defects at the cellular
defective (Fig. 1). We observed four basic patterns of defectidevel (see below).
cell lineages from which we conclude thfg-1 mutations ) . ]
cause a loss of asymmetry in the divisions of the T.p and T.dg#Pp tail defects in  tip-1 males are correlated with
cells, most often resulting in the loss of cell divisions andlefects in cell fusions

neural cell fates (Fig. 1B). As cell fusion is a prominent event in male tail tip

] morphogenesis, we wanted to know if the Lep defetipet
tip-1 mutant males have an abnormal tail mutants might be due to failure in cell fusions. The distribution
morphology reminiscent of male tails of leptoderan of adherens junctions was observed in live worms using JAM-
nematode species 1::GFP (Fig. 3), a fusion of the green fluorescent protsi) (

Tail tip morphogenesis i€. elegangmales involves changes (Chalfie et al., 1994) to thenctionassociatednolecule,jam-

in cell adhesion of the tail tip cells to the cuticle followed byl, that localizes to cell boundaries (Mohler et al., 1998). In
an anterior movement of the tip cells which causes the adultild-type males, the tail tip cells fuse before the Rn.p cells
male tail to be blunt ended, or ‘peloderan’. fuse to form the ‘set’ (‘tail seam’) syncytium. These fusions



tip-1 controls morphogenesis in C. elegans 1501

Fig. 3. Tail hypodermal cell defects tip-1 animals.
Adherens junctions are labeled by JAM-1::GFP and shownjgs
in green. (A,C,E) Wild type. (A) Late L4 male, left-ventral
view at a stage when the ray cells begin to cluster and the
tail tip cells fuse to form the tail tip syncytium. Cell fusions -
indicated by punctate adherens staining. (C,E) Adult y primordi ray primordia
hermaphrodites, left-ventral and left views, respectively.
Note that hyp11 is located dorsally above hyp8. (B,Bg-) _
1(bx85) (B) Male, ventral view, same stage as that in A, bu tail tip cells
fusion of tail tip cells has not yet occurred. In addition, only| P hyp11 hyp10
two T-ray primordia are visible on the left side of this o
animal and all appear to be missing on the right side. - i > ‘Phasmid
(D,F) Hermaphrodites, left view. (D) hyp8 and hypl1 do no hyp8

appear to be bounded by adherens junctions and could hays
fused with hyp7; adherens ‘outlines’ of phasmids are not ¥ - ST
formed or are formed aberrantly. (F) Although the adheren g8 S hyp7 ..-‘r'
junctions of the phasmid look normal, the tail tip cells are
not organized as in wild type, in that at least one extra cell
appears in the group of tail tip cells. Scale banu20

tail tip syncytium B.

hyp13 % %
hyp
tail tip cells

phasmid/

correspond to a punctate ‘broken’ pattern of JAM-1::GFPboth. It is unlikely that a fusion signal emanates from the T cell
owing to the degradation of the junction (Fig. 3A).tlp- lineage as other mutations that affect the T cell lineage, such
1(bx85) mutants a punctate JAM-1::GFP pattern usuallyaslin-17, do not cause Lep tails, althouliji-44 males have a
appears long after the ‘set’ has formed (Fig. 3B). That idpw penetrance Lep tail defect. Furthermore, we killed the T
compared with wild type, fusion of the male tail tip cells with a laser microbeam (Sulston and White, 1980) in five
hypodermal cells is heterochronically delayetipal mutants.  wild-type males, but did not observe a Lep defect. It is also
_ N o possible that the abnormal T cell fates physically interfere with

tlp-1 mutants display additional tail tip cell defects such a signal emanating from other cells. This was tested by
In wild-type hermaphrodites and larval males, lateral adhereriglling both TL and TR cells in fivélp-1 males; all had Lep
junctions surrounding the posterior epidermal cells aréails, suggesting that the abnormal T cell lineag#gith males
contiguous from anterior to posterior: adherens junctionslo not block an anterior signal for fusion and retraction.
border the lateral seam (‘se’), surround the phasmids at the )
posterior end of the seam, continue posteriorly between hypggolecular cloning of  tlp-1
and hyp9 (on the ventral side) and hyp11 (on the dorsal sidéjlicroinjection of either cosmid F52D4 or T23G4 rescued both
finally extending along the pointy hyp10 cell (Fig. 3C,E). Inthe T cell and Lep defects dlp-1(mh17)and tlp-1(bx85)
tlp-1 mutants, the adherens border between hyp8 and hypllnsutants. Additionally, a 7519 bp fragment derived from F52D4
often missing, such that a ‘blank space’ appears between thescued the phasmid dye-filling defectdlpfl(mhl17)andtlp-
‘se’ and the tail tip cells (Fig. 3D). Because of abnormall(bx85)mutants, but not the phasmid dye-filling defectljf
arrangements of nuclei in these tails, we could not discerb(nyl4)mutants (Fig. 4A). Interestingly, a rescuitgr1::gfp
whether hypll or hyp8 were present, but hyp9 and hyplftansgene did not rescue the phasmid dye-filling defetybf
nuclei were always present. The lack of adherens junctiomautants either, but did restore the presence of phasmid socket
could indicate that specific cells (e.g. hyp8 and hypl11) haveells, suggesting the presence of another gene in the region
ectopically fused with the hyp7 body syncytium. If so, suchdeleted bynyl4 that may be involved in phasmid function
fusions must have occurred very early in development, as thebat not in asymmetric cell fate determination (Table 1).
defects can already be seen in L1 and L2 animals. Furthermore, neither the 7519 bp fragment nortlird.::gfp

In other cases, extra adherens junctions are formed in the tadnstruct rescued the Lep defectbaB5males but a 10,110
tip (Fig. 3F), indicating either the presence of an extrdp fragment partially rescued the Lep defeanbfl 7andbx85
epidermal cell or extra adherens junctions built by one of theales (Fig. 4A). Thelp-1::gfp construct contained all the
tail tip cells. These presumed extra cells might be generated Bgquences'go the coding region present on the 10,110 bp
the abnormal T cell lineages observedlinl mutants. These genomic fragment and extends 3421 bp furthéndn T23G4,
cells are not phasmid socket cells transformed from thesuggesting that other sequences, which musti@etBe coding
normal fate, as characteristic phasmid structures can be seenégion, are necessary for the expressiotipi required for
some of these animals (Fig. 3F). All of these variations suggeptoper retraction and fusion of the tail tip cells. Alternatively,
thattlp-1 mutations cause changes in the presence or fates thie GFP moiety may interfere with tail tip-specific activity of
particular cells in the tails of both sexes, thereby affecting tairLP-1.

tip cell fusions. We found DNA lesions in eadip-1 mutation that affected
) the coding region of the predicted gene T23G4.1 (Fig. 4B),
Why are tip-1 male tails Lep? confirming that we have identified thip-1 locus. nyl4is a

The fusion and retraction of the male tail tip cells might beleletion that extends beyond cosmid C47A4 on the right and
triggered by cell signals emanating from an anterior source @redicted gene T23G4.4 on the left (not shown), thus removing
by a developmental program intrinsic to the tail tip cells omll of T23G4.1, thelp-1-coding region. Thenhl7mutation is
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tlp-1 compositecDNA (1664bp):

unc-24 unc-30 tra-3 LG IV
dpy13 bii-6 dp>|*20 26 egl-23 | dpy4
__________ Tl 10mu
ur;c—26 ____________ e%I-ZB
- - S0KD
Y45F10 (4/34)
Y52F2 (7/50)
F52D4 (2/3) FS6F12 (0/48) HOBMOL
ics K09B11 F52G2 HO7E19 (0/32) CA7A4 (0/48) BO513 Y37A1B
T23c4(g13) YASFLOD
_________________________ T Bkb
____________ T23G43 T23G42 T
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Red lines represent genomic clones

that rescued thigp-1 T cell defect,

in which the number of transgenic
lines that rescued the T cell defect is indicated (>70%
of the transgenic animals were rescued). (B) Sequence
analysis of genomic DNA and 1664 bp composite
cDNA revealed the intron/exon structure shown. Boxes
indicate exons: specifically, black closed regions
indicate the open reading frame; red closed portions
indicate the 3UTR. Position of the SL1 (trans-spliced
leader sequence) and the poly(A) tail are shown. The
positions of the base changes in i@l 7 bx85are
indicated. (C) Schematic of the TLP-1 protein.
Positions of the conserved SPLALLA, S/T-rich, Q-rich
and zinc-finger domains are indicated. (D) Phylogenetic
relationships of Sp-type proteins (larger font) and some
other C2H2 zinc finger proteins (smaller font) used to
root the Sp protein phylogeny. The names of the 45
protein sequences begin with a three-letter abbreviation
of the organism binomeiRng Rattus norvegicus
Mmu, Mus musculusHsa Homo sapiensDme
Drosophila melanogastebDre, Danio rerig; Cel,
Caenorhabditis elegan$ce Saccharomyces
cerevisiae Only the least ambiguously aligned residues
were used in the analyses. Relationships shown are
only those supported with some degree of confidence
(multifurcations represent ambiguous branching order,
not simultaneous divergence). Numbers (1-24) identify
branches with such support in at least one of several
different kinds of phylogenetic analyses (see Materials
and Methods). All proteins deriving from branch 12
uniquely share the SPLALLA moatif, which we
therefore propose is a shared-derived feature of these
proteins. Branch lengths represent the minimum
number of amino acid-altering nucleotide substitutions
mapped onto the phylogeny by parsimony.
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a point mutation that changed glutamine residue 77 to an ochaenong these latter sequences and between these sequences
stop codon. Thex85mutation is a 5 bp deletion that causes aand the vertebrate Sp and NocA/TLP-1 subfamilies, several
frameshift at residue 89 and a termination codon 162 residuediernative evolutionary scenarios are possible besides that
later. depicted in Fig. 4D. Specifically, one or all of the sequences
Overlapping cDNA clones specific ttp-1 were identified  without the SPLALLA motif could be most closely related to
by RT-PCR from cDNA prepared from mixed-stage wild-typethe vertebrate Sp subfamily. For example, D-Sp1 could be the
animals and sequenced. The positions of the four exons in tbrosophilaortholog of the vertebrate Sp subfamily. Although
gene structure are the same as thoseCtheleganggenome  possible, these alternative hypotheses are less parsimonious
project predicted for T23G4.1, indicating that this predictedhan that proposed in Fig. 4D.
gene corresponds ttp-1. The composite cDNA contains the  Proteins in the NocA/TLP-1 subfamily have only one
SL1 transpliced leader sequence (Krause and Hirsh, 198%opnvincing C2H2 zinc finger, whereas the other Sp family
a 1062 nucleotide open reading frame, a 25 nucleotide Bnembers have three (as noted previously for NocA) (Cheah et
untranslated region, a 459 nucleotider®ranslated region and al., 1994). Based on the supported phylogenetic hypotheses,
a poly(A) tail. Developmental northern analysis using the RTthe NocA/TLP-1 subfamily members lost the first and third
PCR product containing the complete coding region as a prolzénc fingers. Having three zinc fingers is likely to be ancestral,
detected a single 1.8 kb transcript present at all stages (Hmtcause the most closely related C2H2 family, the KLF family,
shown), consistent with the size of the 1664 bp compositalso has three zinc fingers (Knight and Shimeld, 2001).
cDNA. Together, these data suggest that the composite cDNA All of the proteins in the Sp family have retained a sequence

represents the full-lengtip-1 message. adjacent to the zinc-finger region called the ‘Btd (Buttonhead)
) o . box’ (Wimmer et al., 1996), although the consensus is reduced
TLP-1 contains a C2H2-type zinc-finger domain from that originally described: R-X(0-4)-C-X-C(/D/N)-P-N/Y-

Translation of thelp-1 composite cDNA yielded a predicted C. However, TLP-1 has an A instead of N or Y as the
protein of 354 amino acid residues containing twopenultimate residue, and the other NocA/TLP-1 subfamily
serine/threonine-rich regions, a glutamine-rich region and members do not have the R. Thus, there has been considerable
zinc finger domain of the C2H2 type (Fig. 4C). Another highlyevolution in the structure of the NocA/TLP-1 proteins after
conserved, previously undescribed motif of unknown functiorthey diverged from other members of the Sp family, as
(SPLALLA) occurs near the N terminus (Fig. 4C). The C2H2-indicated by the longer branch lengths of their lineages in
type zinc-finger domains are characterized by sequences thhe phylogeny (Fig. 4D). Consistent with this increased
approximate the form (Tyr/Phe)-X-Cys%-Cys-Xz-Phe-X-  accumulation of differences, phenetic (distance-based)
Leu-Xo-His-X3.5-His, where X represents more variable aminophylogenetic analyses artefactually place the NocA/TLP-1
acids (Berg and Shi, 1996). TLP-1 bears all the most conservadbfamily outside of either the Sp or KLF families. In this
sequences of the C2H2 motif. However, instead of two to foutase, the 5 non-SPLALLA Sp sequences and the vertebrate
amino acids between the two Cys residues, the variable p&@p subfamily are grouped on the basis of plesiomorphic
contains eight amino acids. The variable regions are speculatgatimitive) similarity alone. We do not know what adaptive
to mediate different interactions with other macromoleculesignificance there may be, if any, to this increased divergence.
(Berg and Shi, 1996). All C2H2 zinc-finger proteins studied )

so far are DNA-binding proteins (luchi, 2001), suggestinglLP-1 expression pattern

that TLP-1 functions as a transcription factor. Bothl7and A transgene in whiclyfp was fused in frame witkip-1 and

bx85 mutations truncate the protein before the zinc fingerwhose expression was designed to be driven bytlfhé

suggesting its function is important. promoter rescued the T cell defect but not the Lep defects of
) ) . tlp-1 mutants (Table 1)tlp-1::gfp expression begins to be
TLP-1is a member of the Sp1-like gene family barely detectable at the beginning of gastrulation at about 100

Phylogenetic analyses show thidp-1 is a member of a minutes of embryonic development (Fig. 5A). Shortly after the
monophyletic Spl-like family of C2H2-type zinc-finger gastrulation begins, the level of expression increases and is
transcription factor genes (thick lineages in Fig. 4D), and isletectable in the nuclei of most embryonic cells (Fig. 5B). This
most closely related to tHe. melanogaster nocgno ocell) pattern appears to persist through gastrulation. However, at
gene (Cheah et al., 1994), thez1(nocArelated zinc finger about 260 minutes, expression in the anterior of the embryo
1) gene from zebrafish (Andreazzoli et al., 2001), and twéades and expression in the posterior of the embryo persists and
uncharacterized genes predicted fromDhenelanogasteand  gets stronger (Fig. 5C). At the 1.5-fold stage, at about 400
human genome projects. Because the relationships of these fiminutes, we primarily observe expression in posterior nuclei
sequences reasonably reflect the relationships of the organis(®sg. 5D) and this pattern continues throughout the rest of
that harbor them, this NocA/TLP-1 subfamily is an orthologydevelopment. We have not characterized this expression pattern
group. in detail, as we do not observe any embryonic defedtp-ih
Predicted proteins of this subfamily uniquely share thenutants. However, we have observed expression in hyp9 and
SPLALLA motif with the proteins of the monophyletic Sp hyp10 in threefold embryos but not in the T cells (not shown).
subfamily (Sp1-Sp5) of vertebrates, constituting the primary During larval development, we observetp-1::gfp
evidence of common descent by gene duplication from aexpression in the posterior intestinal cells, several neuronal
ancestral sequence with a SPLALLA motif (lineage 12, Fignuclei in the head (not shown), the tail tip cells in
4D). However, five other Sp-like sequences (Buttonhead, Dhermaphrodites and males and in descendants of the T cell
Spl, Y40B1A.4, T22C8.5, and F45H11.1) do not share thineage. The tail tip cell expression we observed was weak, but
SPLALLA motif. Because of poor resolution of relationshipsconsistent with a role fattp-1 in the differentiation of these
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Fig. 5.tlp-1 expression. A functiondlp-1 reporter construct is
strongly expressed in the nuclei of the posterior intestine cells,

cells that, when reduced or absent, could lead to the Lep tail
defect we observed iifp-1 males.

We have examinedlp-1::gfp expression in the T cell
descendants in some detail. We observed weak GFP expression
in the T cell in 6% 1t=124) of animals (Fig. 5E). After the
division of the T cell, we observed stronger GFP expression in
the posterior T cell daughter, T.p. but not in T.a (Fig. 5F). More
specifically, of the animals that showed GFP expression in the
T cell lineage (57/150), 88% of the animals examined showed
GFP expression in T.p alone and 12% showed expression in
T.a and T.p. This expression pattern correlates well with the
cell lineage defects we observed in the T.p sublineage. We also
observed GFP expression in the posterior T.ap daughter cell,
T.app but not in T.ap or its anterior daughter cell T.apa (Fig.
5G). Specifically, all of the animals that showed expression in
the T.ap lineage (11/56) showed GFP expression in T.app
alone. We did not observe expression in T.apa in any animals.
Although we did not observe expression in T.ap, the expression
pattern correlates with the cell lineage defects we observed in
the T.app division. In summary, these results suggest that TLP-
1 is asymmetrically segregated or asymmetrically expressed in
the T cell descendants.

TLP-1 responds to /in-44 signaling

Mutations inlin-44 cause the polarity of the first division of
the T cell to be reversed (Herman and Horvitz, 1994). LIN-
44 encodes a Wnt protein that is expressed from the tail tip
hypodermis and signals polarity information to the more
anterior T cells. We examined the expressiotigil::gfp in

a lin-44 mutant to determine whether TLP-1 localization
might respond to LIN-44 polarity signals. We observed
weak GFP expression in the T cell in 8%108) oflin-44
animals (not shown). Interestingly, we found tHpt1::gfp
expression is often reversedlin-44 mutants, reflecting the
reversal in T cell polarity (Fig. 6A). Specifically, of the
animals in which we observed GFP expression in the T cell
lineage (20/86), 60% showed expression in T.a only, 20%
showed expression in T.p only, and 20% showed expression
in T.a and T.p. These results correlate with the effetinef

44 mutations on the T cell division: roughly 70% of the T cell
divisions are reversed, 20% are symmetric and 10% are
normal (Herman and Horvitz, 1994). This suggests that the
asymmetry oftlp-1 expression is controlled by the LIN-44
signaling pathway.

To further explore howlin-44 might regulatetlp-1, we
analyzed T cell lineages inlia-44; tlp-1double mutant (Fig.
6B). In each lineage it appeared that the polarity of the T cell
division was reversed, as it is iin-44 single mutants.
However, the subsequent cell division patterns were
reminiscent oflp-1 single mutants, in that we observed the loss
of both neural cell fates and cell divisions in four lineages and
only the loss of cell divisions in another four lineages. Thus it

weakly e_xpressed in the nuclei of T and its descendent cells, as welhppears that ifin-44; tlp-1double mutants we observed the
as the tail hypodermal cells. (A-G) Fluorescence (upper) and DIC  effects of both mutations, indicating thig-1 mutants retain
optics (lower). Scale bars: 1n. (A) GFP expression in most nuclei gome T cell polarity information that can be affected by

of an embryo at approximately 100 minutes when four E cell

descendants were present, (B) most nuclei of a gastrulating embry
(C) the nuclei of posterior cells in an embryo at approximately 270
minutes and (D) the nuclei of posterior cells in a 1.5-fold embryo.

0mutations inlin-44. In addition, lin-44 and tlp-1 appear to
Interact in the formation of the male tdih-44 males display

a weak Lep tail defect that is significantly enhanced by one

(E) GFP expression in the T cell. We also observed that few animalgnutant copy otlp-1 (Table 1). This suggests tht-1 might
had GFP expression in the hyp9, hyp10 and hyp11 cells. (F) GFP also function with, and perhaps downstreamliof44 in the

expression in the T.p cell and (G) the T.app cell.

development of the male tail.
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Fig. 6.tlp-1 expression responds to the LIN-44 signaling pathway.
(A) tlp-1::gfp expression in &n-44 animal. Fluorescence (upper)

and DIC optics (lower). Scale bar: futn. (B) Cell lineages of the T

cell inlin-44 andlin-44; tip-1(mh17)hermaphrodites. We analyzed T
cell lineages on both sides of fdur-44; tip-1(mh17)double

mutants. Two had the T cell lineages similar to thalpet single

mutant (Fig. 1). One had the T cell division pattern shown in the
upper right corner. One had the T cell division pattern shown third in
the lower left corner and four had the T cell division pattern shown in
the lower right corner; however, in one, T.app cell divided to generate
two neural cells and T.pa divided to four hypodermal cells, and in
another T.pa divided to generate four hypodermal cells. Circular
arrows indicate positions of inferred polarity reversals. (C) Cell
lineages of the T cell iin-17 andlin-17(n671); tip-1(mh17)

lin-44 lin-44; tlp-1 hermaphroditedin-17 hermaphrodite T cell lineage is shown on the
T T left, in which T.xx divide once or twice to generate two or four
hypodermal cells (Sternberg and Horvitz, 1988). We analyzed T cells
I_I_Jllﬁb_ lineages in siXin-17(n761); tip-1(mh17youble mutants. In three,
hyp hyp  hyp hyp there were no further T.xx cell divisions. In six, T.ap divided either
non once (two lineages) or twice (four lineages) to generate two or four

hypodermal cells, respectively. In two, T.pa divided twice to generate
four hypodermal cells, however in one of these T.ap also divided
twice to generate four hypodermal cells. In the last one, both T.ap
and T.pp divided once to generate two hypodermal cells. Arrows

iy
4

5 3 g indicate that a particular cell was sometimes observed to divide in a
) _ subset of the lineages.
lin-44; tlp-1 lin-44; tlp-1
T T
DISCUSSION
R P M1 ybe b tlp-1 is required for proper morphogenesis of Geelegans

tail. Mutations intlp-1 cause defects in tail morphogenesis by
affecting two fundamental processes: specification of
asymmetric cell fates and cell fusion. The T cell lineage defects
I—I—_lr_—lﬂ observed irtlp-1 mutants suggest th#p-1 is involved in the
generation or execution of T cell fate asymmetry. Mutations in
C tlp-1 also cause the normally rounded, peloderan male tail to
be pointed, or leptoderan, apparently owing to a heterochronic
lin-17 lin-17; tlp-1 delay in the highly ordered set of cell fusions and retractions
of the tail tip hypodermis.

T T Molecular analysis revealed thii-1 encodes a C2H2-type
[_|_| |_I_| zinc-finger protein that is a member of the Sp family of
v v ¥ v | v ¥ v transcription factors. Although the zinc-finger motifs of TLP-
hyp by hyp  hyp by  Wp mp by 1 and its orthologs (Fig. 4D) are quite divergent from other Sp

family members, they are probably most closely related to the
Sp subfamily of vertebrate transcriptional activators. NocA and
We also examined the localization tgf-1::gfp expression  Nozl, as well as members of the other Sp subfamilies (e.g.

in lin-17 mutants. We observed we#R-1::gfp expression in  mouse Sp4 anB. melanogasteButtonhead and D-Sp1), are
4.0% of T cells examinedh£202) inlin-17 animals. Of the also transcription factors with roles in developing brain, CNS
animals that showed GFP expression in the T cell lineage aftand peripheral sensory organs (Cheah et al., 1994; Supp et al.,
the division of the T cell (11/140), 1.0% showed GFP1996; Wimmer et al., 1996; Schock et al., 1999; Andreazzoli
expression in T.a alone, 5.0% showed expression in T.p aloee al., 2001). TLP-1 is expressed in nuclei and has a functional
and 2% showed expression in T.a and T.p (not shown). We alsole in the postembryonic development of the phasmid sensory
analyzed the T cell lineages inia-17; tlp-1 double mutant. organs in theC. eleganstail. Thus, the most parsimonious
In each lineage, there was a loss of cell polarity, resulting iprediction for TLP-1 function would be as a transcription
the generation of only hypodermal cell fates. In fact, both théactor involved in patterning neuronal organs.
pattern of cell divisions and cell fates generated was By the same logic, one might also predict an embryonic role
indistinguishable from that observedlin-17 single mutants, for tlp-1 in the developing brain. Althouglp-1 has a dynamic
suggesting thalin-17 is epistatic tatlp-1 and that the neural and highly regulated embryonic expression pattern, we do not
cell fates we sometimes observedIpil single mutants were observe any embryonic defects in any of dprl mutants,
dependant upofhin-17 function (Fig. 6C); consistent with the includingny14 which completely deletes the locus. That there
observation thatin-17 mutations cause a loss tp-1::gfp  are no major phenotypic consequences in homozygous null
expression. embryos suggests that there may be another gene acting
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redundantly withtlp-1 in its embryonic role. As a precedent wild type
for such redundancyyuttonheadand Splare redundant for
postembryonic sensory organ developmentDirosophilg S ;
although buttonheadalone is required for embryonic head I:Jprﬁt;gr;;r;,mri;r?f:”l;,neage'
segment formation (Schock et al., 1999). There are three othexpressed and functions in the
as yet uncharacterized genesOneleganghat belong to the T cell lineage. LIN-44/Wnt

Sp family (Y40B1A.4, T22C8.5, and F45H11.1) that couldsignal emanating from the tail
be good candidates for having overlapping function witthypodermal cells posterior to
tlp-1. However, if TLP-1 does not function in embryonic the T cellis indicated, as are
development, this would be a novel trait that arose subsequet!N-17/Fz receptors, which

to the divergence of TLP-1 from its orthologs: the embryoni@'® Presumably present on the
expression pattern might then be a nonfunctional vestige of ttSurface of the T cell. TLP-1

. - expression is indicated by
ancestral embryonic function. “TLP-1'. Hypodermal (hyp)

. . T.a fate is represented by
Asymmetric expression and the control of cell fate purple shading, neural (n) T.p

inthe T cell lineage fate is represented by green
Loss oftlp-1 function leads to the loss of specific T cell shading. Normal T.apa fate is
divisions and cell fates in the divisions of the posterior T celrepresented by red shading and
daughter, T.p, and the T.ap cell. We observed the loss of neuT.app fate by blue shading.
cell fates and cell divisions in both affected cells (Fig. 1). WhalLP-1is expressed in the T,
role doestlp-1 play in controlling these divisions? One !-Pand T.app cells in wild-
possibility is thatlp-1 is involved only in the specification of gyp.e.a”'mals‘ and affects the
g ; ivisions of the T.p and T.ap
neural cell fates. However, the loss of divisions in the T.p an o5 11 p.1 may not be
T.ap sublineages, including the T.apa cell d|V|S|.on Wh|_ch doeexpressed in T.ap, indicated by
not generate neural cell fates, suggests tlpat is not just T p-1? Inlin-44 animals,
involved in the specification of neural cell fates. For exampleTLP-1 expression and T cell
tlp-1 may a play a role in the asymmetric expression of celpolarity are reversed. lim-17
fate factors in response to cell polarity cues. animals, TLP-1 expression and
In fact, TLP-1 itself is asymmetrically expressed in the Tcell polarity are lost.
cell lineage in response to cell polarity cues. We obsédtped
1::gfp expression in the T cell and the T.p cell. Laler1::gfp
expression reappears in T.app, a descendant of the T.a and Thaping higher levels than do posterior daughter cells (Lin et al.,
cells which never expressed it, suggesting thptl is  1998; Herman, 2001). Interestingly, the expression of POP-1
asymmetrically expressed rather than asymmetricallys the opposite of TLP-1; POP-1 is expressed at high levels in
segregated in the T cell lineage (Fig. 7). However, it is alsd.a and at low levels in T.p. Furthermore, like TLP-1, POP-1
possible thatlp-1 is expressed in T.ap, and perhaps T.apa, axpression also responds to LIN-44/Wnt signals]inrd4
levels below detection, which may explain why we observednutants, POP-1 expression is reversed, being expressed at high
defects in the division of T.apa. Alternativalp-1 may not be levels in T.p and at low levels in T.a. The mechanism by which
expressed in T.ap and T.apa fate may be determined by signaymmetric POP-1 expression is also not clear. In addition, for
from T.app, which expressep-1. Finally, tlp-1 may be the T cell division, it does not appear that the different levels
involved in a process required for proper T.apa division thatf POP-1 per se, specify cell polarity, as reducpap-1
gets setup inthe T cell and is subsequently segregated to T.afumction caused both T cell daughters to take on a hypodermal,
The precise mechanism by whidp-1 is asymmetrically or anterior, cell fate. This suggests that the high level of POP-
expressed is not clear. However, the asymmetric expression biobserved in T.a may be nonfunctional and that a low level of
tlp-1 is controlled by LIN-44/Wnt signals (Figs 6A, 7). This a perhaps modified form of POP-1 is required for the posterior
suggests thatp-1 may be involved in the specification of cell cell fate (Herman, 2001). Possibly this form of POP-1 is
fates in response to LIN-44 signals that control cell polarityinvolved in regulating the expression of TLP-1, however this
Taken together with the effects laf-44 mutations on TLP-1 has not yet been tested. Alternatively, TLP-1 may be involved
localization, it appears that a LIN-44 signal functions toin regulating the distribution and modification of the active
polarize the T cell lineage but that TLP-1 is needed for corredorm of POP-1.
cell fate specification within the polarized lineage. Tlips1
appears to be a downstream target of a Wnt signal th¥Yhy are tip-1 male tails Lep?
functions to polarize cells. Male tail morphogenesis involves a specifically timed set of
In addition, we rarely observalb-1::gfp expression ifin- cell fusions and cell retractions (Nguyen et al., 1999). We
17 animals, consistent with the idea that both T cell daughtemsbserved that these specific cell fusions and retractions are
take on a T.a-like cell fate, in which one would not expect tdeterochronically delayed tip-1 males, leading to the failure
observetlp-1 expression (Fig. 7). Another transcription factor of tail tip retractions and resulting in the leptoderan tail (Lep)
whose expression is asymmetric in the T cell lineage igefect. How are these cell fusions and retractions initiated and
POP-1/Tcf (Herman, 2001). POP-1 is also asymmetricallgontrolled and what role might TLP-1 play in the process? We
distributed at many divisions during embryonic andconsidered two possibilities: either the fusion and retraction
postembryonic development, with anterior daughter cellprogram is intrinsic to the tail tip cells; or an extrinsic cell

&—LIN- 44WNT

Fig. 7.Model for TLP-1 UN-17/FZLIN-17/FZ
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signal(s), from an unknown source(s) triggers the beginning qgfrocesses responsible for such variation. Interestingly,
the fusions and retractions. TLP-1 is expressed in the tail timutations inlep-1 also lead to the failure of male tail tip
cells hyp9 and hyp10 during embryogenesis. If the cell fusioretraction and cause. elegansnales to have a tail morphology
and retraction program is intrinsic to the tail tip cellg;1  similar to that of leptoderan nematodes. Tége1 male tails
might function to control the fate of the tail tip cells or beresemble the tails of leptoderan nematodes more closely than
required to initiate the cell fusion and retraction programdotlp-1 male tails. Initial analysis dép-1males revealed that
Interestingly, the tail tip cells are also posterior daughters dhe fusions of the tail tip cells are delayed. The tail hypodermal
asymmetric divisions in the embryo, suggesting the possibilitgells also fail to fuse with each other in closely related
that tail tip cell fate may be part of a asymmetric cell fatenematode species with naturally occurring leptoderan tails
governed by TLP-1. Our results did not rule out the existenceNguyen et al., 1999). Together these results suggest that cell
of an extrinsic cell fusion signal. However, they did suggestusions are integral to nematode male tail morphogenesis
that such a signal does not emanate from the T cell descenda(@emer and Podbilewicz, 2000), and that morphological
and that the abnormép-1 T cell fates do not interfere with diversity can thus result from evolutionary changes in cell
such a signal. As TLP-1 probably functions as a transcriptiofusions and cell shape. However, more work is needed to
factor, it could control the fate or the production of the signatietermine what the morphogenetic mechanism is and how the
within the signaling cell. Alternatively, it could control the fate program is initiated. Finally, the Lep defects of blegh-1and
of the tall tip cells or their competence to receive a signallp-1 mutants suggest that changes in cell fusions can lead to
There is yet no evidence for such a signal, althding#4/Wnt  changes in morphogenesis that may contribute to natural
mutant males display a low level of Lep tails, suggesting thatariation in form.
a role for Wnt signaling in the control of male tail tip
morphogenesis. Furthermore, the frequency of Lep tails The authors thank members of both the Fitch and Herman
observed inlin-44 males is significantly enhanced tip-1 |é’:1b0ratotrle_s for uzeful dlscgfslon; fdurmgagm %Oubrgi' Sc(>3f thl?_ work.
mutations, suggesting thip-1 functions withlin-44 in male grr?tgrsv:/iligz iuSS:U Wgrrtidob amned from WEenornabditissenetic

. - . . . P , y NIH NCRR. This work was supported
tail morphogenesis as it does in the asymmetric divisions cg)fy NSF grants IBN-%p506844 and DEB-9981632 10 D. E. and%@ NIH

the T cell.
o rant GM56339 to M. H.
Other C. elegandranscription factors have been shown to°

play a role in cell fusions. Thre@. elegandHox genes have )
been implicated in the control of cell fusions during bothNOt? added in proof _
embryonic and postembryonic development (Clark et alBesides Noc, the oth&. melanogasteortholog of TLP-1 is
1993; Wang et al., 1993; Brunschwig et al., 1999). DuringElbowB (accession no. AAF44874) (M. Wernet and C.
postembryonic developmenlin-39 and mab-5 function to  Desplan, pers. comm.).
control the fusions of the ventral hypodermal cells, the Pn.p
cells, to the hyp7 syncytium. In particular, the Hox gkme
39, which encodes thé. elegansiomolog of theDrosophila ~REFERENCES
Deformedand Sex combs reducegenes (Clark et al., 1993; , , , ,
Wang et al., 1993), functions in hermaphrodites to control th@ndreazzol, Mﬁ" Broccob"' fV'ha’.‘d P"’“’V'd' . B. I(ZO%)' C";’.‘I'”g azd
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