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SUMMARY

Mutations in the Caenorhabditis elegans gene pag-3 result
in misexpression of touch receptor-specific genes in the
BDU interneurons and in motility defects. We cloned pag-
3 and found that the gene encodes a C2H»-type zinc finger
protein related to the mammalian GFI-1 protein. Sequenc-
ing of the three pag-3 alleles showed that two apparent null
alleles encode a nonsense mutation before the zinc fingers
and a missense mutation in the fourth zinc finger that
changes a coordinating histidine to a tyrosine. The third
allele contains a nonsense mutation in the N-terminal
region but is not a null allele. Northern analysis showed
that a single pag-3 transcript of about 1.6 kb is present in
embryos and L1, L2 and L3 larvae. pag-3 message levels
were about twofold higher in pag-3 mutants than in wild-
type animals, which suggested that pag-3 may negatively
regulate its own expression. pag-3lacZ fusion genes were
expressed in the BDU interneurons, the touch neurons, 11
VA and 11 VB ventral cord motor neurons, two AVF
interneurons and in unidentified neurons of the retrovesic-
ular ganglion. The BDU neurons and the ALM touch
neurons are lineal sister cells in the AB.a lineage and the
VA and VB motor neuronsarelineal sister cellsinthe AB.p

lineage. The VA motor neuronsare required for backward
movement and the VB motor neurons are required for
forward movement. Mosaic analysis showed that the wild-
type pag-3 geneisrequired in the AB.p lineage for coor di-
nated movement and in the AB.a lineage to suppresstouch
neuron gene expression in the BDU neurons. Because pag-
3 is expressed in both the BDU neurons and in the touch
neurons, another protein(s) not expressed in the touch
neurons may interact with pag-3 to repress touch neuron
geneexpression in the BDU neurons. Alternatively, another
protein in the touch receptor cells may inactivate PAG-3
and allow expression of the touch receptor program. These
results show that pag-3isatemporally regulated gene that
isexpressed early in development and functionsin multiple
types of neurons. They also strongly suggest that the PAG-
3 protein isa DNA-binding protein with properties similar
to the mammalian proto-oncogene product GFI-1.
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BDU neurons (Hamelin et al., 1992; Mitani et a., 1993). We
isolated several mutations that affected the PAttern of Gene
expression (pag) of mec-7lacZ (Jiaet a., 1996).

Mutations in pag-3 result in misexpression of touch neuron
genes in the BDU neurons (Jia et al., 1996). In addition to the
mec-7lacZ reporter gene, the mec-7, mec-2gfp, mec-4lacZ and
mec-9lacZ genes are also expressed in the BDU neurons of
pag-3 mutant animals. Mutations in pag-3 do not appear to
affect mec-3lacZ expression, but the expression of mec-7 in the
BDU neurons of pag-3 mutants does require mec-3(+) (Jia et
al., 1996). pag-3 mutants also have motility defects: they are
lethargic and show a reverse kinker uncoordinated (Unc)
phenotype. This suggests that the PAG-3 protein is important
for the development of other cells in addition to the BDU
neurons and is involved in locomotion. Three pag-3 alleles
have been identified. All of the pag-3 alleles are recessive to
the wild-type allele and cause the Unc phenotype and misex-
pression of touch neuron genes in the BDU neurons. The 1s20
and 164 dlleles cause similar phenotypes, whereas the 165
alele results in a dlightly weaker Unc phenotype. pag-3 was
mapped to the right arm of the X-chromosome between unc-3
and unc-7. Here we report the cloning and sequence analysis
of pag-3, its pattern of expression and mosaic analysis of its
function.

MéTERIALS AND METHODS

Nematode strains and culture methods

C. elegans was cultured as described by Brenner (1974) and genetic
nomenclature follows the guidelines of Hodgkin (1995). The wild-
type strain was N2 var. Bristol. pag-3 alleles [s20, 1564 and 1565 were
described in Jia et a. (1996). Mutations used in this study were: unc
(UNCoordinated), pag (PAttern of reporter Gene expression
abnormal), daf (abnorma DAuer Formation), osm (defective
avoidance of high OSMotic strength) and sup (SUPpressor). The
aleles used were: LGIII, unc-93(e1500); LGX, unc-3(el51), daf-
6(e1377), pag-3(1s20), unc-7(e5), osm-1(p808), sup-10(mn219) and
sup-10(n983). The free duplication mnDpl14 and the integrated mec-
2gfp array uls9 were used in the mosaic analysis. The extrachromo-
somal pag-3lacZ array IsEx24 was used in anaysis of pag-3

expression in pag-3 mutant animals. j

Germ-line transformation resc

Germ-line transformation was done by the procedure of Mello et a.
(1991). To alow identification of the transgenic lines, plasmid pRF4
containing the semidominant ral-6(sul006) alele, which confers a

roller phenotype, was ca-inj at 80 ng/ulAThe following YACs
and cosmids were test 7 , Y37H4, %;}8, C27C12, T28GS8,
T28D11, MO3F9, C1 , K11C2 and F 2. YAC DNA was

injected at about 5 ng/ulACosmid DNA was isolated by the alkaline
lysis method (Sarnbro?E % a., 1989) and was injected as single
cosmids or in pairs at 15-30 ng/ul for each cosmid. Phage DNA was
isolated by the plate lysate methgégr the rapid analysis of bacterio-
phage Aisolates (Sambrook et al., 1989). Phage DNA was injected
alone pools of 5-10 phage at 5-10 ng/ul for each phage. Restric-

tion fragments from the rescuing phage Y were purified on gels

and injected at 5 ng/ul
Isolation of YAC Eé%nd construction of a phage library

We separated Y37H4 YAC DNA by pulse field gel electrophoresis
(Chu et al., 1986; Schwartz and Cantor, 1984), with a 1% low melting
point agarose gel in 05x TBE at 4°C (Sambrook et al., 1989). The

gel slice containing ty” XAC DNA was digested with agarase, and the

DNA was either precipitated for microinjection or concentrated with
a Centricon 10 microconcentrator (Amicon). We constructed a phage
library in the AGEM-11 vector (Promega) by the method of Whittaker
et a. (1993). ut 400 ng of YAC DNA was partialy digested with
Mbol in the presence of dam methylase. The Mbol sticky ends were
partially filled in with dATP and dGTP, ligated into the phage vector,
packaged and plated in strain LE392 following the manufacturer’'s
protocols. We recovered 110 phage with an average insert size of
about 20 kb.
Northern aé;es
C. elegans (0.2-2.0 g) were grown on egg-yolk plates as previously
described (McDermott et a., 1996), cleaned by sucrose flotation as
described (Sulston and Hodgkin, 1988) and frozen in liquid nitrogen.
Total RNA was isolated by the method of Maes and Messens (1992)
with an additional chloroform extraction. The RNA samples (20 uR)
were treated with glyoxal-dimethyl sulfoxide, electrophoresed i
mM phosphate buffer (pH 6.5) and transferred to a MagnaCharge
(MSI) nylon membrane (Ausubel et a., 1993). The blots were pre-
hybridized for 2 hours and then hybridized overnight at 65°C in
Church hybridization buffer (Church and Gilbert, 1984). The blots
were washed twice in 2x SSPE, 0.1% SDS, then twice in 0Ax SSPE,
0.1% SDS at 50°C fcg{%minutas each. Probes against 3 RNA
were made from a 1.0-kb pag-3 cDNA fragment generated by PCR
as described below; probes against act-1 RNA were made from a 210
bp fragment from the 3'suntranslated region of act-1 isolated from the
plasmid pT7-T3-18- (Krause et a., 1989). A Prime-lt RmT
Random Primer Labeling kit (Stratagene) was used. A Phosphor
Imager screen and |mage Quant software (Molecular Dynamics) were
used to measure hybridization intensity.

Qy PCR

Generation of pag-3 cDNA fragme

We screened 1,5x106 plaques of a mixed stage C. elegans cDNA
library (Strat ), but did not recover any pag-3 cDNA clones, so
we generated overlapping pag-3 cDNA fragments by the reverse tran-
scription-polymerase chain reaction (RT-PCR) from wild-type and all
three pag-3 mutant strains. cDNAs were synthesized from 20 g total
RNA with M-MuLV reverse transcriptase (New England ﬁbs).
The reactions were carried out at 37°C for 1 hour with 50 pmoles of

leader 1 (SL1) primer (55
L1, aprimer specific to ).
3'cDNA fragments were generated by 3RACE (Frohman et al., ) A
with the U1 and U3 primers and the ? $ oligo(dT) primer used in
the reverse transcription reactions. Amplifications were performed
with Tag DNA polymerase (Perkin-Elmer Cetus) under standard con-
ditions. The PCR fragments were ligated into the pGEM-T vector

(Promega).

DNA seq@ng

A 5 kb Xhol-Kpnl genomic DNA fragment containing pag-3 was
ligated into pBluescript (Stratagene) to generate pYJ5 and was
partially sequenced. Subclones containing unidirectional deletions for
sequencing were generated with the Erase-a-Base kit (Promega) with
exonuclease I11. Sequencing was performed with the Sequenase 2.0
kit (US Biochemicals) and T7 and SP6 primers. Gapsin the sequence

were filled in with the following oligonucleotide primers:
Ul, SxTGTGAATACTGTGGAAAAAGAT-3 j

U2, Y AN\CTAACCTTATCACCCACAC-3;
U3, JAXTGTTGAATCGTTACTCTCG-
U4, 7 ASCGAGGAAATGGAGGAGTG
U5, 7 ANTGCGTGTCTGCTTCTCAAA-T,
U6, 7 A SGAGTGATGATGAAGAGGAG
U7, 7 ANCTGAGGAGTATGGCAATGG-
L1, 7A

L2, 7 A

AGGTTAGAAGACTGACTGA ;
CAATTTTACCAACATACCTG-3]
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L3, 5sTGAATCAGAAGGTGTGTAGA-3;
L4, CATACTCCTGAGGTATTGC-3
L5, CTTTCTCCTCTTCATCATC-
L6, ACATCGCAATACCATAAA,,
Ov ing pag-3 cDNA fragments w enerated as described
above. Both strands of the cDNA fragments were sequenced. For each
mutant alele, a single RT- -generated clone was sequenced, and
another two independent roducts were sequenced to confirm
each mutation. Sequences were assembled with the DNASis program
(Hitati Software Engineering). Sequence analyses were done with the
Wisconsin package of programs (Genetics Computer Group, 1994).
The sequence of the wild-type cDNA was deposited in GenBank

(Accession # U63996). j

Reporter plasmid transtormation and staining

To construct a pag-3lacZ fusion gene, apartialy digested 1.1-kb Xbal
fragment from the plasmid pY J5 spanning the first four exons and
extending 400 bp upstream was cloned into the C. elegans expression
vector pPD21.28 (Fire et al., 1990) to generate the plasmid pGX1.
(The 5aXbal site was from the pBluescript vector.) An overlapping
22K al fragment from the phage Y J105 with a 3xendpoint just
upstream of the first exon was inserted into pPD2 to produce
pGX2. A 1.8 kb Pstl-Xhol fragment from pGX2

pag-3is homologous to gfi-1 2065

7 sup-10; mnDp14) and SP1528 (unc-93; unc-3 unc-7 sup-10 osm-1;
mnDp3). Strain EA181 (daf-6 pag-3) was constructed from EA138
(unc-3 pag-3) and SP1490. Strain EA186 (daf-6 pag-3 sup-10) was
constructed from strain EA181 and EA96 (lin-15 sup-10). Strain
EA187 (pag-3; mnDpl4) was constructed from EA92 and SP1490.
Strain EA188 (pag-3 sup-10 osm-1) was constructed from strain
SP1491 (unc-7 sup-10 osm-1; mnDp3) and EA128 (pag-3 lin-15).
Strain EA189 (daf-6 pag-3 sup-10; mnDp14) was constructed from
strain EA186, SP1490 and EA81 (pag-3). Strain EA197 (pag-3 sup-
10 osm-1; mnDp14) was constructed from strain EA188, SP1490 and
EA81. Strain EA208 (pag-3 sup-10 osm-1; uls9; mnDpl4) was con-
structed from EA197 and TU2162 (uls9).

RRSULTS
AN

Cloning of pag-3

We cloned the pag-3 gene by genetic mapping and germ line
transformation rescue experiments as summarized in Fig. 1.
pag-3 was mapped between two previously cloned genes, unc-
3 and unc-7, on the right arm of the X-chromosome about 0.6

was inserted into pGX1 to generate the plasmid
pGX3. (The Pstl site was from pPD21.28.) Thus,
pGX3 contains approximately 2.2 kb of the pag-
3 promoter sequence, and 700 bp downstream
encoding the amino-terminal 142 amino acids of
the PAG-3 protein, which is fused to the lacZ
coding region of pPD21.28 (see Fig. 4). The same
sequences were introduced into the green fluo-
rescent protein (gfp) expression vector TU#61
(Chdlfie et al., 1994) to generate a pag-3gfp
fusion gene.

Plasmid DNA was purified with the Wizard
miniprep DNA purification system (Promega) and
injected into the syncytia gonad of wild-type
adult hermaphrodites as previously described
(Méello et al., 1991). The rol-6(sul006)-contain-
ing plasmid pRF4 was co-injected as a marker for
identifying transgenic animals. Each plasmid was
injected at a concentration of 100 ug/mix Trans-
genic animals were fixed and stained f
tosidase activity (Xie et a., 1995) wi
(4,6-diamidino-2-phenylindole) to visudize the
positions of nuclei. Alternatively, fixed animals
were stained with rat polyclonal anti -Z;alactosi-

dase antiserum and rhodamine/ Yugated
secondary antibody (Xie et al., 1 lacZ-
positive cells were identified on the basis (@
positions relative to other nuclei and by ther
axonal morphologies. The relative positions and
axona morphologies of the BDU interneurons,
the touch neurons, the VA and VB motor neurons
and the AVF interneurons have been described
(Sulston, 1976; Sulston and Horvitz, 1977,
Sulston et a., 1983; White et al., 1986).A

Mosaic analysis

Animals mosaic for pag-3 were generated with
duplication mnDp14 and identified by the uptake
of fluorescein isothiocyanate (FITC) in their
phasmid and amphid neurons. The FITC staining
protocol was described by Hedgecock et al.
(1985). Strain EA185 (unc-93; pag-3 unc-7 sup-
10 osm-1; mnDp14) was made from the following
strains: EA92 (pag-3; him-5), SP1490 (daf-6 unc-

A
o mnDf5 and mnDf 7 |
—
mnDf 20 ! | ]
| 1 map unit
unc-3 pag-3 unc-7
Lax | —F
C27C12 T28G8 M0o3F9 K11C2
cosmids RI0G8  T28Dl1ClgsBlz  FO9B12
YACs Y72 Y37H4
_ ~! '\ Rescued lines
- AN
~
Y37H4 K \
B - N 7
phage library —_ - T _—_ =
PN
7 ~
7 ~
e ~
e ~ ~
e ~
Kpnl ~
phage Y J105 R Xhol Xhol Konl ~ »
(20 kb) T T T
2/2
44
717
/ ~ oL
s >~ 0/3
s ~
yZ ~
~
o N
c . <o
Xhol Xbal Xbal Xbal Kpnl
5 kb genomic DNA | ] ] ] ]
Sl us U1 L1 () 72dapter
—_——> —> «—

1.6 kb cDNA

Fig. 1. pag-3 cloning strategy and gene structure. (A) Genetic and physical maps of the
pag-3 locus showing the relative positions of the cosmids and YACs injected.

Deficiencies used to m

-3 are indicated at the top. (B) Transformation rescue with

YAC Y 37H4-derived phage and fragments. (C) Restriction map of the 5-kb Xhol-Kpnl

fragment containing pag-3. The structure of the pag-3 gene and 1.6-kb cDNA is shown

below. The pag-3 transcript begins with the trans-spliced leader SL.1 at the 5' end, and
ends with apoly(A) tail. The intron/exon boundaries were determined by comparing

genomic and cDNA seguences. The trans-spliced SL 1 exon and the ten exons of pag-3
are represented as boxes. Oligonucleotide primers used to generate cDNA fragments are

indicated by arrows.
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map units to the right of unc-3 (Jia et al., 1996). We trans-
formed pag-3(1s20) animals with yeast artificial chromosomes
(YACs) and cosmids in that interval and tested the transgenic
lines for rescuing activity. The 350-kb YAC

1993). The fingers match the consensus
Y/FXCX2CX3Y/FXgHX3H, and the third and fourth linkers
match the consensus TGEKY X for the Kriippel class of zinc j

Y37H4 rescued the pag-3 Unc phenotype;

1

Qatttaattacccaagttt gagTGECTCAGCGAACAGGGT GCCAAATTCGAATTTCAAGA

o ! 61 / NTCAAAAATTTTTATTCAAGGECACGOGT TTCCAGAGATTCGT CCTCGTCCTACTCCCTT
however, none of the cosmids in that region 121 CATTTTTTGTGT GTTGAGACGAAGAT GAGCACT GAGCACGT GTCAAATGTCTATTCT
rescued pag-3. This suggests that pag-3 lies MSTEHVYSNVYS 11
between cosmids K11C2 and FO9B12 in the 181 GTTGAAT%TTACTCTCGAACGTGGAAAAGTCTAGTGTTTCACCAACA(—IAATCAATTG‘-\A
only region not covered by cosmids. We made a VESLLGSNVYETZKTGSSVSPTESI E 31
phage library from the YAC DNA and trans- I's65: T stop
formed pag-3(1s20) animals, first with pools of 241 GATAGAAATGAGTTCATGATCACAGAAGAT GTGATGAGT TCTTGGCAGAGAAT GEOCGCT

; . DRNETFMI TEDVYMSSWQRMAA 51
phage DNA and then with DNA from single |
phage. Phage Y J105 rescued the Unc phenotype. 301 ACCATATCACTACAACAAAAGCTCCTCATGATGCAGCAAACAAT GOCCCGT CCTCCTCCT
Restriction fragments from Y J105 were tested ILSLQOQEKLLMMOQOTITMERETEETE il
for rescuing activity, and a S-kb Xhol-Kpnl 361 GTAAATATTCTTGGAAATTTTCCATTCGGATTTCTCAACGCTCCCATGTTCTGGCAGCAA
fragment rescued both the Unc and the misex- VNILGNEPFGFLNAPMEWOQDQQ 91
pression phenotypes in al transformed lines. A |
smaller fragment, which hes a 1.0 kb deletion 421 TACCTGACGAGTATGXCANTGEGTATCATOCCTCAGMCDCTGIATCACIATCAGET TG
from the Xhol end, failed to rescue pag-3 Is64: T stop )
mutants. Southern analysis indicated that pag-3 481 GTTTGGAATCGAACACCGACACCT CCAGT GGAAATCAAACCGTTTCATTGCCAAAAATGC
is a single-copy gene (data not shown). VWNRIPIPEPYELKPEHCECOKC 13
L 541 ACAAAATTATTTTCTACCATAGCTGCTCTAGJGO—\ACACCAACAAGTACACGTCA(XZG—\T
pag-3 encodes a zinc finger protein T KL FSTI AALEOHOOVHVYSTD 15
We s?quenced po(rjtlfons c(i)f the ggnomlhc hol- 601 AAGCAATTTGAGTGCAAGCAGTGTGS‘-\AAAAOCTTCAAAA(—IATCTTCCAOCTTATCTACA
Kpnl fragment and found two regions hg” No- K QF ECKOQCGEKTEFZKRSSTLST 171
gous to the zinc fingers of the mammalian
proto-oncogene product GFI-1. We used 661 EACETTETGIATTEAC;COSAC?CAQGGSO%ATSCAEGTEMFC;GT%@?T 101
oligonucleotide primers to these regions to —_—
generate overlapping pag-3 cDNA fragments by 721 CATCAG‘-\AGTCGGACATG‘-\AAAAACACACATATATTCATACA(J’SFG‘-\AAAAOCACACAAG
RT-PCR extending 3\to the poly(A) tail and 5, H QK SDMKEKHTVYLIl HT leg ?HPt HYK 211
. sz0: | o}
to the trans-splic er 1 (SL1) sequ 781 TGTACTGTATGTGGAAAAGOGTTCAGTCAGTCTTCTAACCTTATCACCCACACAT \AA
found on many C. elegans mRNAs. Oligonu- CTVCGIKAFSOSSNLITHT 231
cleotides to the SL1 sequence and to a zinc |
finger-encoding exon (L1) were used to 841 ?C?CTGG—\TTTAAGOCATTTGCCTGTGATGTATGTGSTOGEA%TTOCAAOGCAAAGTG
< o HTGFKPTFACDVCGRTTEQREKV 25
generate a X fragment of the cDNA, and
oligonucl U1 and U3 were used with the 901 GACOGI:GTOGIZACOGOGAGAGTCACCATCOGBGJCACOCOGAAGAAT(XZATGTCT(IZT
oligo(dT) adapter primer to generate 3 DRRRHRESHHPGHTPETETCVSA 2711
fragments for sequencing (Fig. 1C). 7 X\ 961 TCTCAAATTTCATCGGATCTCTCCOCGAAAGGATACAT GACACCT COGACGAGCAACGGG
combined fragments correspond to a cDNA of S QlL SSDLSPKGYMTPPTSNG 291
1609 bp (Fig. 1C). Comparison of the genomic 1021 TATCTOGACTCTTOCGATGAATTTCTCAA%TGTTTAGIATTACOCGCOGAGCTGCTCGCG
DNA and cDNA sequences indicated that there Y LDSSDEFEFILNYF FRLPAELLR A an
are ten exons spanning 4 kb (Fig. 1C). Because
the pag-3 transcript is tyans-spliced to SL1 at 1081 ATCAAAGCAGAGATGGEOGAGGAAAT GGAGGAAGCT GATGATGAAGAGGAGAAAGTACTG
the & end, the tran tional start site is Il KAEMGETEMETEATDTDTETETETKVL 33
unk’yn, but presumably lies within the 421 bp 1141 AATTTGAGCGTGTCATAATTTGIGTGAAATTCTTGTATTCAAAGGTAATAAGGACAATGA A
upstream of the mRNA X splice site in the NLSVS?*® 336
rescuing  Xhol-Kpnl gﬂlc fragment. A 1201 GAATTGTGCTGGTTACCTTTGGTTTTTTGTATTTAGTAAAAAATTCCTTTCTATCTACTG
polyadenylation signal was found 15 bp 1261 ACATTTTTCCTTACCTCAATTTCATTAACACAGT TCACAAACTCGATGATTGATCTCTTA
upstream of the poly(A) tail of the cDNA 1321 TCCTTAAACAAGCCTCAACATCAATTGTCATCCTTTTTTCAAAACACATACATTATGTAC
. 1381 TGATTATTGITTATATCGCTAATGGTCAGACGTTTTATACATATCTGITCTTTTTCAGIT
fragments, and about 500 bp from the ?’iiend. of 1441 CCTTTTCCATAATTTTATGGTATTGOGATGTTACACGCACATATGATGTATTTGCTTTTT
the genomic fragment. Thus, the _xuing 1501 TGCTTTATTCAAATTTCCCTTTTTTCAATTAACAGTTGTTTTTTTCTGTCATTTTTGAAA
genomic fragment apparently contains the 1561 TGCTTTCGGTGAGTAGOCTAGCCTTATTAATAAACAATGTTTAATATTG

entire pag-3 gene.
The pag-3 cDNA encodes a protein with five
CoHo-type zinc fingers (Fig. 2). A single open

Fig. 2. pag-3 cDNA and deduced amino acid sequences (GenBank Accession
#U63996). The zinc fingers are underlined. The trans-spliced leader SL1 sequenceis
in lower case letters, the positions of introns are indicated with vertical lines, and the

reading frame generates a predicted protein of
336 amino acids when read from the first AUG
codon. As shown in Fig. 3, the 127 amino acids
spanning the zinc fingers of the PAG-3 protein
are 77% identica and 82% similar to zinc
fingers 2-6 of therat GFI-1 protein (Gilkset al.,

polyadenylation signal is double-underlined. The proline-rich region is between
amino acids 67 and 125. The highly charged predicted axhelical region at the C
terminus is between amino acids 304 and 331. For eac tant allele, the mutated
base is marked by an arrowhead and the subsequent alteration in coding sequenceis
indicated. Nucleotide numbers are indicated on the left and amino acid numbers are
indicated on the right. Amino acid numbering begins with the first AUG.
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Zinc fingers Li nker s

PAG 3 finger 1 ~ COKCTKLFSTI AALEQHQQVHVSDKCQFE

[+ | | [T+ [] 44+
GFl-1 finger 2  CEMOGKTFGHAVSLEQHKAVHSCERSFD

PAG 3 finger 2 CKQCGKTFKRSSTLSTHLLI HSDTRPYP

N RN AR AT

GFl-1 finger 3 (K| OGKSFKRSSTLSTHLLI HSDTRPYP

PAG 3 finger 3  CEYCGKRFHOKSDVKKHTYI HTGEKPHK

GFl-1 finger 4  CQYCGKRFHQKSDVKKHTFI HTGEKPHK

PAG 3 finger 4 CTVCGKAFSQSSNLI THTRKHTGFKPFA

GFl-1 finger 5  CQVOGKAFSQSSNLI THSRKHTGEKPFEG

PAG 3 finger 5  CDVOGRTFCRKVDLRRHRESHH
F = L+
GFl-1 finger 6  CDLCGKGFQRKVDLRRHRETCH

Fig. 3. Comparison of the structures of PAG-3 and GFI-1 and their
zinc fingers. (A) The diagram represents the PAG-3 and GFI-1

proteins aligned at the region of homology. The gray boxes represent

the five and six zinc fingers of PAG-3 and GFI-1, respectively. The
proline-rich region of PAG-3 isindicated with a stippled box; the C-
terminal predicted a-helical region is marked with a hatched box.
(B) Alignment of the PAG-3 and GFI-1 zinc finger domains. Amino
acid identities are indicated by ‘| and amino acid similarities by ‘+’.
The segquences shown are continuous and correspond to amino acids
128 to 261 of the predicted PAG-3 protein, and 287 to 420 of the
predicted GFI-1 protein. The residues predicted to form zinc fingers
and linkers are indicated above the alignment. The coordinating
cysteine and histidine residues are indicated with bold type and the
linker regions are underlined. The third and fourth linkers of the
PAG-3 protein match the consensus of the Kriippel class of zinc
finger proteins.
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Nature of the pag-3 mutations

One point mutation was found in each of the pag-3 mutant
aleles (Fig. 2). cDNAs corresponding to each mutant allele
were generated by RT-PCR. All mutations are G- T tran-
tagene-
sis (Anderson, 1995). Previous studies have shown that the
pag-3(1s20) and pag-3(Is64) aleles have the genetic charac-
teristics of null alleles (Jiaet a., 1996). The mutation in pag-

sitions, a type of mutation often induced by EM

pag-3 isomologous to gfi-1 2067

3(Is20) at nucleotide 829 changes a coordinating histic/ﬁ%in
the fourth zinc finger (HIS 228) to a tyrosine. The mutation
in pag-3(Is64) at nucleotide 490 introduces a stop codon 13
residues before the first zinc finger at ARG 115. Thus, the zinc
finger domain, and the fourth zinc finger specifically, is
essential for the function of PAG-3. The third allele, pag-
3(Is65), is a hypomorph with the least severe effects on
motility (Jia et al., 1996). The mutation in pag-3(1s65) intro-
duces a stop codon (at GLN 47) upstream of several AUG
codons, so translation of the mutant mMRNA may initiate at a
downstream AUG codon to generate a truncated protein with
intact zinc fingers.

pag-3jacZis expressed in the BDU neurons, the
touc urons, the VA and VB motor neurons, and
two AVF interneurons

To determine where pag-3 is expressed, we made a transla-
tional fusion construct with a 2.9-kb genomic fragment from
the pag-3 gene and the E. coli lacZ gene (Fig. 4). The 2.9-kb
pag-3 fragment includes about 2.2 kb of Sxflanking sequence
and encodes the N-terminal 142 ami ids. The vector
includes a SV40 T-antigen nuclear localization signal. We
transformed this fusion construct into wild-type C. elegans
and obtained stable transgenic lines carrying the fusion gene
in extrachromosomal arrays. We stained transgenic animals
for Bagalactosidase activity or with antibodies against Bgal ac-
tosi& and examined them at all stages. The p acZ
fusion gene was expressed in the BDU neurons and the six
touch neurons (Fig. 5). Staining was also seenin 11 of 12 VA
motor neurons, al 11 VB motor neurons, two AVF interneu-
rons and the immediate precursors of all these cells (see Figs
5 and 6). Staining was seen not only in the nuclei, but also in
the cell bodies and axons of the stained cells. The axonal tra-
jectories of stained cells were clearly seen in transgenic
animals stained with anti-B-galactosidase antibody. In
addition, a few cells in the r esicular ganglion were
stained; one consistently stained well, others sporadically
stained weakly. All the staining patterns observed with the
pag-3lacZ construct were also observed with a pag-3gfp
construct (data not shown).

The expression of pag—3ﬁin the BDU neurons and the
ALM LM touch neurons was first seen in twofold stage
embryos (data not shown) when mec-7, atouch nguron-specific
gene, is first expressed. These neurons ar erated in
embryos at this stage (Sulston et a., 1983). The AVM and
PVM touch neurons are derived post-embryonically at the L1
larval stage (Sulston and Horvitz, 1977), and were stained at
this stage (Fig. 5A). Staining in all of these cells lasted until
the early L2 stage.

Expression in the VA and VB motor neurons and their
immediate precursors was observed in late L1 to early L2 stage
transgenic animals (Fig. 5). The ventral nerve cord consists of
eight digtinctive classes of motor neurons (Sulston, 1976;
Sulston and Horvitz, 1977; Sulston et a., 1983). Three classes
(DA, DB and DD) are generated during embryogenesis. The
remaining five classes (VA, VB, VC, AS and VD) are descen-
dants of P neuroblasts and are postembryonically derived
during late L1 and early L2 larval stages. The cell lineages that
generate these five classes of motor neurons are depicted in
Fig. 6. The positions of al the motor neurons in the ventral
cord arerelatively invariant, and they exhibit distinctive axonal
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[  DEVELOP_ 124_ 10_ 2063F5. tif] Fig. 5. pag- 3lacZ expression. pag- 3lacZ is expressed in the touch neurons ( ALMs, AVM, PVM and PLMs), the BDU neurons, 11 VA and 11 VB motor neurons, 2 AVF interneurons and some neurons in the retrovesicular ganglion. ( A) Lateral view of a late L1 transgenic animal bearing the pag- 3lacZ array lsEx24 stained for ß- galactosidase. The ventral cord containing the VA and VB motor neurons twists around the animal due to the rol- 6 marker gene used to follow transformation. ( B and C) Ventral view of a late L1 transgenic animal stained for ß- galactosidase activity ( B) and with DAPI for the visualization of nuclei ( C). The lacZ- positive cells between the arrows in A and B are the VA and VB motor neurons in the ventral cord.
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arrows in B and C mark the same positions of the ventral nerve cord. Staining for ß- galactosidase obscures the DAPI signal. Anterior is to the left. [  DEVELOP_ 124_ 10_ 2063F6. tif] Fig. 6. Simplified postembryonic cell lineages of the motor neurons. The thickened lines indicate the neurons expressing pag- 3lacZ. The 11 VA and 11 VB motor neurons, 2 AVF interneurons and their immediate precursors, which expressed pag- 3lacZ, are derived from 13 neuroblasts ( W and P1a- P12a). VA1, the VA motor neuron which does not express pag- 3lacZ, is derived from the posterior daughter of the W neuroblast. X, cell death. The
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Fig. 4. pag-3lacZ reporter gene. The
expression vector pPD21.28, the pag-
3lacZ-containing plasmid pGX3 and
the genomic region of pag-3.in the
phage Y J105 are shown. Arrows
indicate the direction of transcription.
The multiple cloning site (MCS), SV40
T-antigen nuclear |ocalization signal \
(NLS) and unc-54 3'-untranslated \
region (UTR) with polyadenylation \
signal (AATAAA) areindicated in \
vector pPD21.28. The putative pag-3 \
TATA box and position/ \he N- |
I

pPD21.28

E. coli lacZ unc-543' UTR

AATAAA
3 pGX3

E. coli lacZ

unc-543' UTR

terminal exons (black Ms) are
indicated in pGX3. The restriction sites
in phage Y J105 are: B, Balll; K, Kpnl;
Xb, Xbal; Xh, Xhol. Lkb

trajectories (White et al., 1986). Cells expressing pag-3lacZ
have either anteriorly or posteriorly directed axons, which
resembl e the axonal morphologies of the V-type motor neurons
(VA, VB and VC). The stained cells correspond in number and
position to the VA and VB motor neurons. The remaining
classes of motor neurons have not only anteriorly or posteri-
orly directed processes, but also commissures that run around
to the dorsal cord. Staining was not observed in neurons with
such commissures.

Northern analysis of total RNA from wild-type hermaphro-
dites at each developmenta stage reflected the same pattern of
temporal regulation (data not shown). A single transcript of
about 1.6 kb is present in RNA from embryosand L1, L2 and
L3 larvae and is most abundant in L2 larvae. The mRNA dis-
appearsin L4 larvae and young adults and reappears in mature
adult hermaphrodites bearing embryos. Northern analysis of
pag-3 expression in wild-type and mutant animals showed that
pag-3 transcripts are produced at about twofold higher levels
in mutant animals (data not shown).

Because the northern analysis suggested that pag-3 nega-
tively regulates its own expression, we examined the effect of
pag-3 mutations on the expression of the pag-3lacZ fusion
gene. We introduced pag-3 mutations into strains carrying the
fusion gene. We did not detect any change of pag-3lacZ
expression in embryos, L1 or L2 larvae. However, the ALM
and PLM touch receptor neurons and the BDU neurons express
the fusion gene at a higher frequency in L3, L4 and adult
animals in pag-3 mutant backgrounds than in the wild-type
background (Table 1).

MRsaic analysis: what cells are responsible for the
-3Unc phenotype?

To define the cell lineages that require pag-3(+) activity for
coordinated locomotion, we used the method of Herman (1984,
1987, 1989) to generate mosaic animals. The locomotion of C.
elegans is controlled by 75 motor neurons that innervate the
ventral and dorsal body muscles (Chalfie and White, 1988),
and coordination between the motor neurons is mediated by
five pairs of interneurons. Matility defects could be due to
muscle or neural defects. Almost all body wall muscle cells
(94 of 95) descend from Py, wRereas 74 of 75 motor neurons
are descendants of AB.p (Fi

Phage YJ105

The chromosomal location of pag-3 enabled us to use a
scheme very similar to that used for mosaic analysis of unc-
3 and unc-7 (Herman, 1984, 1987; Starich et al., 1993). pag-
3 maps to the right arm of the X chromosome, in close
proximity to daf-6 and osm-1 (Fig. 7A). Both genes are
required for the uptake of FITC by the amphid neuronsin the
head and the phasmid neurons in the tail. daf-6 or osm-1
mutant animals carrying a chromosomal duplication of this
region (mnDp14) were scored for FITC-staining pattern and
motility phenotypes to determine at which cell division the
duplication was lost.

To determine whet he Unc phenotype of pag-3 mutants
results from a muscle defect, we first identified mosaic
animals that had lost the duplication in P1. The strain we
used has the genotype unc-93(e1500) I11; pag-3(Is20) unc-
7(bx5) 0sm-1(p808) sup-10(mn219) X; mnDpl4(X;f)[pag-
3(+) unc-7(+) osm-1(+) sup-10(+)]. unc-93(e1500) animals
have the ‘rubberband’ phenotype: they contract and relax
when they are prodded on the head (Greenwald and Horvitz,
1980). sup-10(mn219) is a recessive suppressor of unc-
93(e1500) and has no phenotype alone (Greenwald and
Horvitz, 1980). unc-7(bx5) animals exhibit a forward kinker
Unc phenotype. pag-3(1s20) unc-7(bx5) double mutants
show forward and reverse kinker Unc phenotypes. The dupli-

Table 1. Mutationsin pag-3 affect the expression of pag-

3lacZ gene

Frequency (%) of detection* for each cell typein adult animals
Strain ALM BDU PLM AVM/PVM Othert
Wild type 2% 1% % 2% 3%
(n=80)
pag-3(Is20)  38% 46% 35% % 69%
(n=65)
pag-3(Is64)  60% 51% 58% 2% 90%
(n=41)
pag-3(1s65)  11% 41% 22% 2% 95%
(n=94)

*Frequency of detection’ refers to the occurrence of staining for a given
cell type among all the animals.

T'Other’ refersto one unidentified cell stained in the retrovesicular
ganglion.
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Table 2. Phenotypes of pag-3 mosaic animals

Dp present in Number of
FITC-staining pattern Point of Dp loss germline mosaics
A. Strain genotype: daf-6(e1377) pag-3(1s20) sup-10(n983); mnDpl4
(Number of Dp-bearing animals screened: 25,900)
No amphid or phasmid staining AB or AB.p + 18
No amphid or phasmid staining AB or AB.p - 4
Only right amphid and right phasmid stained AB.pl + 2
Only left amphid and left phasmid stained AB.pr + 2
B. Strain genotype: pag-3(1s20) sup-10(n983) osm-1(p808); mnDpl4
(Number of Dp-bearing animals screened: 15,700)
No amphid or phasmid staining AB + 8
Only 4 |eft amphid cells stained* AB.p + 6
Only 4 |eft amphid cells, 5 right amphid cells AB.pl+AB.pra + 1
and 1 right phasmid cell stainedt
Only 1 left amphid cell and 1 Ieft phasmid stainedt AB.a+AB.pr+ + 2
AB.pla

*The staining amphid neurons are ADFL, ADLL, ASJL and ASKL.

1The staining neurons are; left amphid, ADFL, ADLL, ASJL and ASKL; right amphid, ADFR, ADLR, ASIR, ASIR and ASKR; right phasmid, PHBR.

¥The staining neurons are left amphid ASIL and |eft phasmid PHBL.

cation mnDpl4 contains the dominant wild-type copy of
pag-3, unc-7, osm-1 and sup-10. When the duplication is
lost, sup-10(+) is absent and the rubberband phenotype is
suppressed. Thus, dwplication-bearing animals have the rub-
berband phenotypﬁhile non-duplication-bearing animals
have the forward and r¢ Xse kinker Unc phenotypes.
Because the germ line descends from P1, mosaic animal s that
have lost the duplication at P; produce only progeny without
the duplication. Because the mutation osm-1(p808) acts cell-
autonomously to prevent the uptake of FITC in 16 neurons
that descend from AB.a and AB.p, the presence of the dupli-
cation in the AB lineage will render the animals RITC-
staining. Thus, mosaics that have lost the duplicatioﬂ P1
[P1(-)] arg non-Unc-7, EATC-staining
and no berband, ey should
have only forward and reverse kinker
Unc, non-rubberband, FAT C-nonstain-
ing self-progeny. W reened for
such animals and found 15 Ri(=)
mosaics satisfying all of the/ yve
criteria from about 6200 duplication-
bearing animals. All of these mosaics
were wild type in locomotion. This
result suggested that the wild-type
pag-3 gene product is not required in
muscle cells for  coordinated
movement.

We then addressed whether pag-
3(+) isrequired in cells derived from
AB to promote  coordinated
movement. We used two strains to

AMshL/R and PHshL/R, to assist FITC uptake by the amphid
and phasmid neurons, respectively. Duplication-bearing self-
progeny are wild type for movement and FITC-staining. Self-
progeny without the duplication have the rubberband
phenotype and are FITC-nonstaining due to the daf-6
mutation. We first screened for pag-3 reverse kinker Unc
animals from the above strain and then analyzed their EATC-
staining pattern to determine the point of duplication Qin
the AB lineage. From about 25,900 duplication-bearing
animals, 26 reverse kinker Unc mosaic animals were found.
22 of those segregated two types of progeny: FITC-staining
animals of wild-type motility and rubberband, FITC-non-
staining animals. The inheritance of the staining phenotype

generate AB(=) mosaics. The first
strain h genotype: daf-6(e1377)
pag-3(Is20) sup-10(n983); mnDpl4.
sup-10(n983) is another recessive
allele of sup-10, which confers the
rubberband  phenotype  described
above for unc-93 (Greenwald and
Horvitz, 1986). daf-6 acts gell-non-
autonomously in the four sh cells,

Fig. 5. pag-3lacZ expression. pag-3lacZ is expressed in the touch neurons (ALMs, AVM, PVM
and PLMs), the BDU neurons, 11 VA and 11 VB motor neurons, 2 AV F interneurons and some
neuronsin the retrovesicular ganglion. (A) Lateral view of alate L1 transgenic animal bearing
the pag-3lacZ array 1sEx24 stained for 3-galactosidase. The ventral cord containing the VA and
VB motor neurons twists around the animal due to the rol-6 marker gene used to follow
transformation. (B and C) Ventral view of alate L 1 transgenic animal stained for -
galactosidase activity (B) and with DAPI for the visualization of nuclei (C). The lacZ-positive
cells between the arrows in A and B are the VA and VB motor neuronsin the ventral cord. The
arrows in B and C mark the same positions of the ventral nerve cord. Staining for 3-
galactosidase obscures the DAPI signal. Anterior isto the l€ft.
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Fig. 6. Simplified postembryonic cell
lineages of the motor neurons. The
thickened lines indicate the neurons
expressing pag-3lacZ. The 11 VA and 11
VB motor neurons, 2 AVF interneurons
and their immediate precursors, which
expressed pag-3lacZ, are derived from 13
neuroblasts (W and Pla-P12a). VA1, the
VA motor neuron which does not express
pag-3lacZ, is derived from the posterior
daughter of the W neuroblast. X, cell death.

TaA

showed that mnDpl4 had been maintained in the mosaic
parent’s germ line that is derived from Pa. The remaining four
pag-3 mosaics had only rubberbgy \ FITC-nonstaining
offspring, which indicated that the mosaic parents had lost
mnDp14 in the germ line. The points of duplication loss of
the pag-3 mosaics are summarized in Table 2A.

The second strain that we used to screen for AB(=) mosaics
h genotype: pag-3(Is20) sup-10(n983 1(p808);
mnDpl4. Self-progeny with the duplication are wild type and
FITC-staining. Self-progeny without the duplication have the
rubberband phenotype and are FITC-nonstaining. Of about
15,700 duplication-bearing animals screened, 17 reverse
kinker Unc mosaic animals were found (Table 2B).

Because al 43 pag-3 reverse kinker Unc
mosaics obtained from both strains showed A
duplication losses at AB or AB.p, the focus
of pag-3 action is probably distributed
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to the misexpression phenotype, the focus of pag-3 action is
very likely among descendants of AB.a, from which the ALM
and BDU neurons are derived. j

DISCUSSION

The C. elegans pag-3 gene represses touch neuron-specific
genes in the BDU neurons and is required for coordinated
movement (Jia et al., 1996). We have cloned and sequenced
pag-3 and investigated where pag-3(+) is required and when
and where pag-3(+) is expressed. pag-3 encodes a CaHo-type
zinc finger protein with zinc fingers that are highly homolo-

mnDpl14

among descendants of AB.p. During the
course of mosaic analysis, we noted that
many mosai c animals had experienced more

osm-1
unc-3 9af-6 pag-3 sup-10

unc-7

than one duplication loss. We also found a ,

number of pag-3 reverse kinker Unc mosaic
candidates that were later shown by progeny
testing to not be true mosaics. Most of these
individuals seemed to contain partially
deleted duplications. Both phenomena have
been observed in several other mosaic
analysis experiments (Greenwald and
Horvitz, 1986; Herman, 1984, 1987; Starich
et a., 1993; Villeneuve and Meyer, 1990).

—

1 map unit

Xchromosome

AB P1

ABa

What cells are required for the pag-3
Aexpression phenotype?

To identify the cells that are responsible for
the misexpression phenotype conferred by

ABal ABar

ADFL BDU

ADLL AL

ABpl
ABpla ABplp

EMS P2
|ABp

42 body muscle
cells, egg-laying
muscles

52 body
muscle
cells,
germline

ABpr

ABpra ABprp

ASJL
ASKL ¢

ASIL

mutations in pag-3, we constructed a strain
of genotype pag-3(1s20) sup-10(n983) osm-
1(p808); uls9; mnDpl4. The integrated
mec-2gfp array uls9 was used as a marker
for scoring the misexpression phenotype. 14
pag-3 reverse kinker Unc mosaics were
found from about 19,500 duplication-
bearing animals. These mosaics were
examined for mec-2gfp expression in their
BDU neurons and then for their points of
duplication loss by FITC uptake (Table 3).
Because duplication loss in AB was suffi-
cient to cause the misexpression phenotype
while duplication loss in AB.p did not lead

lec.n.

AMshL

vy vy

PHBL ASHL PHAL  ADFR
2ecn PHshL ADLR
ASIR
ASJR
ASKR
AMshR

VY oy

PHBR ASHR PHAR

24-26 3ecn. PHshR

p.e.c.n.

27-29

8ec.n. p.ec.n. 8ec.n.

Fig. 7. (A) Genetic map of pag-3 on the X chromosome and the free duplication mnDp14.
The positions of each of the genes used for the mosaic analysis of pag-3 are shown.
mnDp14 contains wild-type copies of all the genesindicated. (B) C. elegans cell lineage
showing the early cell divisions and the cells affected by the mutations that were used in
the genetic mosaic analysis. Po is the zygote. L and | represent |eft, and R and r represent
right. AB.al, AB.pl and AB.pr generate amphid and phasmid neurons (capital |etters) and
sheath cells (outlined letters). The origins of embryonically derived cord motor neurons
(e.c.n.) and postembryonically derived cord motor heurons (p.e.c.n.) are also indicated.
The BDU and ALM cells derive from the AB.ar lineage and are underlined.
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Table 3. Phenotypes of pag-3 mosaic animals

BDU mec-2gfp Dp present in Number of
FITC-staining pattern Point of Dp loss fluorescence germ line? mosaics
No amphid or phasmid staining AB + + 14
Only 4 |eft amphid cells stained* AB.p - + 1
All 6 |eft amphid cellsand al |eft AB.pr - + 2

phasmid cells stained

Strain genotype: pag-3(1s20) sup-10(n983) osm-1(p808); uls9; mnDpl4.
Number of Dp bearing animals screened: 19,500.
*The staining amphid neurons are ADFL, ADLL, ASJL and ASKL.

gous to those encoded by a mammalian proto-oncogene, gfi-1.
Expression analyses showed that p. transcription is
regulated during development and that pag-3 negatively
regulates its own expression. A pag-3lacZ fusion gene was
expressed in the BDU neurons, the touch neurons, VA and VB
motor neurons, the AVF neurons and unidentified neurons of
the retrovesicular ganglion. Mosaic analysis showed that pag-
3 functionsin the AB.alineage to promote the fate of the BDU
neurons, and in the AB.p lineage to promote locomotion.
Together these results show that pag-3 is expressed in and is
required in multiple types of neurons.

Because PAG-3 is a zinc finger protein, it probably binds
DNA and acts as atranscriptional regulator. At least four genes
expressed in touch neurons (mec-2gfp, mec-4lacZ, mec-7 and
mec-9lacZ) are negatively regulated by pag-3 in the BDU
neurons (Jia et a., 1996; G. Xie and E. Aamodt, unpublished
results), and pag-3 a so negatively regulatesits own expression.
The allele Is64, which encodes a truncated protein without the
zinc finger region, and the 1s20 allele, which has a missense
mutation at a zinc-binding histidine in the fourth zinc finger,
have the genetic characteristics of null alleles. This suggests
that the zinc finger region is essential for the function of PAG-
3. The N-termina proline-rich region of PAG-3 may function
in transcriptional regulation (Ma and Ptashne, 1987; Mitchell
and Tjian, 1989).

The sequence similarity of the zinc fingers encoded by pag-
3 and dfi-1 is striking and suggests conservation of function.
The amino acid sequences are 77% identical between zinc
fingers 1-5 in PAG-3 and zinc fingers 2-6 in GFI-1, and 89%
identical between thelast four zinc fingersin these two proteins.
The sequence similarity of these zinc fingers suggest that they
may bind to a similar DNA sequence, but DNA binding seems
insufficient to explain thislevel of sequence conservation. That
is, certain residues of CoH2 zinc fingers have been shown
through crystallography to contact DNA (Pavletich and Pabo,
1991, 1993; Pieler and Bellefroid, 1994) or to be important for
DNA site selection (Pavletich and Pabo, 1991), but other
residues face away from the DNA helix and do not seem to be
critical for binding. Because the region of sequence conserva
tion between these two proteins is continuous in the zinc finger
domain, we postulate that the whole region is important to the
functions of these proteins, and that they will have not only
similar binding sites, but other functional similarities. For
example, both PAG-3 and GFI-1 may interact with other
proteins through their zinc finger domains. dfi-1 (Growth Factor
Independence-1), was identified from a vira insertion that
rendered interleukin-2 (1L-2)-dependent T-cell lymphomalines
IL-2-independent (Gilkset a., 1993). Zornig et a. (1996) found
that dfi-1 cooperates with two other oncogenes, myc and pint

1, in lymphomagenesis. GFI-1, like PAG-3, may be a tran-
scriptional repressor (Zweidler-McKay et a., 1996).

Expression of pag-3 coincides with the generation of touch
and motor neurons, and may be negatively sdlf-regulated. A pag-
3lacZ fusion gene was expressed in the touch neurons and BDU
neurons from the time of their generation to the L2 larval stage,
and in the VA and VB motor neurons and the AV F interneurons
fromlate L1to L2 larval stages (Fig. 5). This expression pattern
is consistent with the results from the developmental northern
analysis (not shown), which showed that pag-3 mRNA was
present from the embryonic to the L3 stage and peaked during
the L1 and L2 stages. Northern analysis showed higher pag-3
MRNA message levels in mixed-stage populations of pag-3
mutants than in wild type (not shown), and we found that the
pag-3lacZ transgene was expressed into adulthood more fre-
quently in pag-3 mutant animals (Table 1). These results suggest
that pag-3 may negatively regulate its own expression late in
devel opment. Although Pulak and Anderson have shown that the
presence of in-frame stop codons decreases the stability of a
message, particularly near the 5 (Pulak and Anderson,
1993), we observed a twofold incre%\ message levels of the
pag-3(1s65) mRNA, which encodes a stop in the predicted N-
terminal region. Thus, either the stop codon did not destabilize
the pag-3(1s65) message or the loss of autoregulation of pag-3
more than compensated for this destabilization.

Genetic mosaic analysis suggested that pag-3(+) is required
in the AB.a lineage to prevent the misexpression phenotype
and in the motor neurons of the AB.p lineage to promote loco-
motion. The BDU neurons and the ALM touch neurons are
descendants of AB.a. Mosaic animals that have lost the dupli-
cation at AB ectopically express mec-2gfp in the BDU neurons,
whereas AB.p(x) mosaics do not. We can conclude from this
study that thﬂtivity of the gene is required in the AB.a
lineage, but we are unable to determine more precisely in what
sublineage pag-3 acts.

Loss of pag-3(+) in the progenitors of the motor neurons
rather than in the progenitors of the body muscle cells led to
motility defects. The cord motor neurons descend from AB,
and 74 of 75 of the cells are descendants of AB.p. Half of the
VA and VB motor neurons descend from AB.pl, and the rest
descend from AB.pr. All but one body muscle cell descend
from Py. All P1(=) mrsaics were wild type in locomotion and
all pag-3 reverse kj mosaic animals had the duplication
loss in the AB or AB.p lineages. Because the loss of duplica
tion at either AB.pl or AB.pr resulted in pag-3 Unc animals,
pag-3(+) is required in both of these lineages. We did not find
any pag-3 Unc mosaic animals that had lost the duplication
solely in the AB.a lineage, so it is unlikely that pag-3(+) is
required in AB.ato coordinate movement.
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The VA motor neurons are required for backward movement
whereas the VB motor neurons are required for forward loco-
motion. pag-3 mutant animals exhibit both backward and
forward locomotion defects (Jia et al., 1996). Wild-type C.
elegans move forward and backward with a smooth sinusoidal
movement, but pag-3 mutant animals are lethargic and are
unable to propagate a smooth sinusoidal movement when
moving backwards. Instead, they make irregular bends. This
phenotype is referred to as a reverse kinker uncoordinated
phenotype. The forward movement of pag-3 mutants is also
affected, in that they move forward slowly when prodded.
These defects probably result from the loss of pag-3(+) activity
in either the VA or VB motor neurons or in both.

In an earlier report, we postulated that PAG-3 helps to dif-
ferentiate the ALM and BDU neurons by repressing the touch
neuron genes in the BDU neurons (Jia et al., 1996). The data
reported here on the pag-3 sequence and mosaic analysis
supported this model, but we were surprised to find that pag-
3lacZ is expressed in the BDU neurons and in the touch
neurons at comparable levels. Why does pag-3 prevent touch
neuron gene expression in the BDU neurons but not in the
touch neurons? Clearly another factor must differentiate the
ALM and BDU neurons. One strong candidate for such afactor
is MEC-3. MEC-3 and UNC-86 are thought to act together to
activate the touch neuron genes (Lichtsteiner and Tjian, 1995;
Xueet d., 1993). unc-86 is expressed in both the BDU neurons
and in the touch neurons, but mec-3 is apparently only
expressed at observable levelsin the touch neurons and in four
other cells: the PVD neurons and the FLP neurons (Way and
Chalfie, 1989). mec-3lacZ expression is not detected in the
BDU neurons (Way and Chalfie, 1989); however, wefound that
expression of mec-7lacZ in the BDU neurons of pag-3 mutant
animals requires mec-3 (Jiaet al., 1996). Perhaps, then, mec-3
is expressed at a high level in the touch neurons but at a very
low level in the BDU neurons, and PAG-3 and MEC-3 act com-
petitively by binding to the same or overlapping sites. MEC-3
predominates in the touch neurons to activate touch neuron
genes, and PAG-3 represses touch neuron genes in the BDU
neurons where MEC-3 levels are low. We tested this prediction
with pag-3(1s20) and two hypomorphic mec-3 alleles, u298 and
u312 (data not shown). In both cases, the presence of a mutated
pag-3 gene did not affect the frequency at which mec-7lacZ
was expressed in the touch neurons. These experiments assume
that the pag-3(1s20) product has lost DNA-binding activity and
that the MEC-3 protein in these strains can bind itstargets. The
nature of the mec-3 lesions is not known, however, so this
experiment does not entirely rule out the possibility of a PAG-
3:MEC-3 competition.

Therole of pag-3, if any, in determination of cellular fatein
asymmetric cell divisions remains to be elucidated. The ALM
touch neurons and the BDU interneurons are lineal sister cells
(Sulston et al., 1983) that have distinct morphologies and
perform different functions: the two ALM cells are touch
receptor neurons, while the two BDU neurons are interneurons
of unknown function (Chalfie and Au, 1989; Chalfie and
Sulston, 1981; White et al., 1986). Likewise, the VA and VB
motor neurons are sister cells that have distinct morphologies
and functions (Chalfie and White, 1988; White et al., 1986).
The AVF interneurons derive from the W and Pla neuroblasts
in lineages parallel to those of the VA motor neurons. As a
putative DNA-binding protein, PAG-3 may contribute to fate

determination as a transcriptional repressor since loss-of-
function mutationsin pag-3 caused ectopic expression of touch
neuron genes in the BDU neurons, and since PAG-3 represses
its own expression inthe ALM and BDU neuronslatein devel-
opment (Table 1). PAG-3 may directly bind its own control
regions and those of several touch neuron genesto prevent tran-
scription of these genes. Alternatively, pag-3 may affect the
transcription of touch neuron genes indirectly by activating
downstream activators and repressors. In either case, PAG-3
must act together with another protein(s) not expressed in the
touch neurons to repress touch neuron gene expression in the
BDU neurons, or ancther protein in the touch receptor cells
may inactivate PAG-3 and alow expression of the touch
receptor program. The identification of potential binding sites
for PAG-3 in genes expressed either in the touch neuron or the
motor neuron lineages may clarify the mechanism of PAG-3
activity.
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