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SUMMARY

The retinoblastoma gene product has been implicated in ubiquitin-conjugating enzyme closely related to human
the regulation of multiple cellular and developmental UBCH?7.lin-35 and ubc-18cooperate to control one or more
processes, including a well-defined role in the control steps during pharyngeal morphogenesis. Based on genetic
of cell cycle progression. The Caenorhabditis elegans and phenotypic analyses, this role folin-35 in pharyngeal
retinoblastoma protein homolog, LIN-35, is also a key morphogenesis appears to be distinct from its cell cycle-
regulator of cell cycle entry and, as shown by studies of related functions.lin-35 and ubc-18 may act in concert to
synthetic multivulval genes, plays an important role in the regulate the levels of one or more critical targets during..
determination of vulval cell fates. We demonstrate an elegansdevelopment.

additional and unexpected function for lin-35 in organ

morphogenesis. Using a genetic approach to isolalia-35

synthetic-lethal mutations, we have identified redundant Key words:in-35, Retinoblastomaybc-18 Ubiquitin, C. elegans
roles for lin-35 and ubc-18 a gene that encodes an E2 Pharynx

INTRODUCTION In addition to cell-cycle regulation, in vitro and tissue culture
studies have shown that pRb associates with a diverse set of
Functional disruption of the retinoblastoma gene product (pRigroteins, many of which regulate the expression of genes
has been implicated as a causal event in the genesis of a wigguired for tissue-specific differentiation (reviewed by Morris
range of human cancers (reviewed by Sherr, 1996; Nevinand Dyson, 2001). For example, pRb enhances the DNA
2001). pRb and its structurally related family membershpinding and transactivation activities of NF-IL6 (Chen et al.,
pl07 and p130, play key roles in the regulation of several996b) and the C/EBP (Chen et al.,, 1996a) family of
fundamental cellular processes, including cell cycle entry anttanscription factors to promote adipocyte and leukocyte
the induction of apoptosis (reviewed by Kaelin, 1999; Morridifferentiation, respectively. pRb also promotes muscle
and Dyson, 2001). The ability of pRb to regulate these eventifferentiation by augmenting the activity of MyoD (Gu et al.,
is linked directly to its activity as a transcriptional repressorl993) and through inhibition of the transcriptional repressor
Specifically, pRb binds to E2F family members and inhibits thédBP1 (Tevosian, 1997; Shih et al., 1998). Finally, pRb may
expression of E2F target genes (reviewed by Dyson, 1998ind and regulate the activities of a number of additional
Harbour and Dean, 2000). These targets include positive-actirigctors, including the paired homeodomain-containing
cell cycle regulators, such as cyclins E and A (DeGregori giroteins Pax3, Pax5, Chx10 and Mhox (Wiggan et al., 1998;
al., 1995; Duronio and O’Farrell, 1995; Ohtani et al., 1995Eberhard and Busslinger, 1999); several hormone-responsive
Schulze et al., 1995), genes that are required for DNA synthedimnscription factors, including the glucocorticoid receptor
(Dou et al., 1994; DeGregori et al., 1995), and mediators dfSingh et al., 1995); and the osteoblast transcription and
apoptosis (DeGregori et al., 1997; Hsieh et al., 1997; Tsai elifferentiation factor, CBFA1 (Thomas et al., 2001). Whether
al., 1998). pRb transcriptional repression of E2F targets occuos not the majority of these reported activities represent
through a number of distinct mechanisms, many of whiclauthentic in vivo functions foRbremains to be determined.
involve the recruitment of enzymes that modify chromatin Acting in concert with transcriptional regulatory factors, the
structure. These include histone deacetylase (Brehm et alibiquitin-mediated degradation pathway has emerged as
1998; Luo et al., 1998; Magnaghi-Jaulin et al., 1998), membetthe other principal mechanism by which cells control the
of the nucleosome remodeling complex (Dunaief et al., 19949bundance of individual proteins. The process is carried out by
Strober et al., 1996; Zhang et al., 2000) and proteins requirdtree classes of enzymes (termed E1, E2 and E3) that act
for histone methylation (Nielsen et al., 2001). sequentially to catalyze the attachment of ubiquitin, a highly
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conserved ~76 amino acid protein, to the protein substrat@H1834 [ubc-18(ku354), unc-32 SM469pha-4:GFP-NLS),
targeted for degradation (reviewed by Weissman, 2001). ThHe&M481pha-4:GFP-mem), MH1384 am-1:GFP), PD4792 rfiyo-
process is initiated by E1 enzymes (also known as ubiquitir?:GFP) and DP132ufic-119:GFP). _

activating enzymes), which form a thiol-ester bond with the C-_Strains used to mapbc-18(ku354jncluded: lin-35(n745); dpy-
terminal glycine of ubiquitin in an ATP-dependent manner. The-/ (6164), unc-32(e189)I[6/19 Unc-non-Dpy (UND) and 9/12 Dpy-

e . : I : non-Unc (DNU) recombinants picked up thlec-18 mutation]; and
E2 or UBC (for ubiquitin-conjugating or ubiquitin-carrier) Iin-35(n74(5); sr)na_3(e491)' unc?sz(elaaf)ﬁllfs UNS and 0/17 SNU

enzyme then "?‘Cce.pts ubquItln from the El via a t.ransf)icked up theubc-18 mutation]. Strains WY2dpy-17(e164), ubc-
thiolation reaction involving the C terminus of ubiquitin. 1g(,354): unc-32(e18p)WY78 and CB4856 were used in SNP
Finally, the transfer of ubiquitin from E2 to a lysine on themapping procedures to plackc-18(ku3s4petween SNP markers
target protein is catalyzed by the E3 ubiquitin ligase. E2am34f12.s1@151 on cosmid RO1H2 and eam49b07.s1@287 on
enzymes can further be subdivided into two separate familie®smid T21D11. For this effort, a total of 98 DNU and UND
containing either a HECT or a RING finger domain. E3s withrecombinants were isolated, homozygosed and (in the case of
a HECT domain form thiol-ester intermediates with ubiquitinrecombinants derived from WY2) injected wilim-35 dsRNA to
prior to attachment to the target protein (Huibregtse et a'?sﬁirsta'@emui :ctiaat;nSSOSf ;*{‘r'gicn'ltﬁggUgggoé‘éeiogfc’;‘(zo“;g‘gg"f‘i\gle‘"{:tmhes
1995), whereas E3s with a RING finger mediate the dire CBA:856 WY72 .:smd followed the presencelbf-18based on the
“a’?Sfer of ubiquitin ffO'T' E2 to the target protein (Joaze_lro an quiremen& fonkuE)x119 For additiongl details on genetic mapping,
Weissman, 2000). In either case, the majority of ubqunylategie Fay et al. (Fay et al., 2002)
proteins are subsequently degraded by the 26S proteasome. ' B '

A recent analysis of th€. elegansgenome identified 20 Duplication and deficiency analysis
genes encoding predicted E2/UBC enzymes along with thre@-35; ubc-18/ubc-18; gDp3animals were generated by crossing
UBC variants (Jones et al., 2002). This compares with 12K867 [Hpy-17(e164) ncl-1(e1865) unc-36(e251)Ill; gDp3(lli;f)
UBCs inS. cerevisiag25 inDrosophilaand 26 that have thus hermaphrodites tn-35 males, then crossing F1 male progeniyrto
far been identified in the human proteome. Thus, complexity5; ubc-18, unc-32; kuEx118ermaphrodites. Putatien-35; d17,
in the ubiquitylation process begins at the level of UBCs an#icl-1, unc-36/ubc-18, unc-32; gDgimals were identified, as well
is further amplified by the large number of potential E3 gene@S!in-35; ubc-18; unc-32; gDpanimals in the next generation. Such

: : - animals were wild type and generated UNC-32 but not DPY-17, UNC-
found in the genomes of most higher eukaryotesctiaegans . 36 progeny. The presence of tlie-35 homozygous mutation was

genome encodes for >150 RING-finger or HECT doma'rbonfirmed b o s he1 8- _

. . ; ; . y the phenotypes of the Unc animais35; ubc-18; unc
proteins. Interestingly, RNA-mediated interference (RNA|)32) as well as through the use lisf-15a(RNAi)which led to a high
experiments of the 23C. elegansUBC genes reveale_d penetrance of the Muv phenotype when lin-35 was homozygous. To
functions for only four of them (Jones et al., 2002). RNAi ofgeneratelin-35; ubc-18, unc-32/+; gqDp3animals, lin-35; ubc-18;
these geneddt-70 (ubc-2) ubc-9 ubc-12 andubc-14, all of  unc-32; gDp3animals were crossedlin-35; dpy-17, unc-32/4males
which are conserved in yeast, results in developmental arrestd wild-type cross progeny hermaphrodites that gave rise to DpyUnc
at various stages. Thus, a large proportion of UBCE.in animals were identified, indicating the genotyipe35; ubc-18; unc-
elegansmay be functionally redundant, either with each othe?ﬁld%'”' U”3°2'/?fi qle3F°r def|C|enC)(/j Tapﬂ'}%‘g%sﬁffgfl7’
or with other cellular factors that act to regulate protein levelg!2¢-¢, UNC-ss+maes were crossed 1o unc-

Using a genetic screen to identify mutations causing®(€2>1) dpy-19(e1259andlin-35; nDi16/dpy-17, ubc-18, unc-32,

. o . uEx119 animals were identified. However, such animals, when
synthetic phenotypes witn-35/Rbin C. eleganswe have fertile, were rapidly out-competed by homozygdins35; ubc-18;

previously reported the identification of mutationsfanl, a |\ Ex119sibling progeny. Similar results were obtained when we
regulatory subunit of the APC proteasome (Fay et al., 2002}¢tempted to produce animals with the genotipes5; nDf16/+;
lin-35; fzr-1 double mutants display a hyperproliferation kuEx119 suggesting that thin-35 mutation may be deleterious in
phenotype that affects virtually all cell types examined. Weonjunction with the deficiency. Direct testingnif16/+ animals for
now describe our analysis of another mutation identified in thisensitivity tolin-35 reduction using RNAi led to first generation
screen. Cloning of the gene reveals that it corresponalscto nDf16/+ progeny that were uniformly sterile (data not shown). Thus,
Human Gene Nomenclature Database). The coordina ems from an apparent toxic genetic interaction betwee3b and
inactivation of lin-35 and ubc-18 leads to several

developmental defects, including a failure to execut&ther methods

pharyngeal morphogenesis properly. The expanding rdite-of  ~qsmid rescue

35beyond cell-cycle control and vulval induction@nelegans  poscue was obtained by co-injectionfelegangenomic cosmids

should shed light on the conserved role of Rb in highep, pcr products with pRF4 into WY83 using standard procedures
eukaryotes. (Mello and Fire, 1995). Rescued animals were fertile and showed a
roller (Rol) phenotype. For single-gene rescue of WY83 animals, a
2570 bp PCR fragment corresponding to nucleotides 31,220-33,790
of RO1H2 was used. Thebc-18coding region spans nucleotides
MATERIALS AND METHODS 32,225-32,928 and is encoded by the reverse strand.

Strains and genetic methods RNAI

Maintenance, culturing, and genetic manipulationS.célegansvere RNAI was carried out according to standard methods (Fire et al., 1998;
carried out according to standard procedures &€ q@ulston and Fraser et al., 2000). Feeding vectors were constructed as previously
Hodgkin, 1988). Strains used in the phenotypic analysis includedescribed (Fay et al., 2002). Flam-37, a 774 bp fragment of.
WY43 [ubc-18(ku354) WY83 [lin-35; ubc-18; kuEx11Q WY78 elegansgenomic DNA corresponding to nucleotides 1763-2555 of
[lin-35; dpy-17(el64), ubc-18(ku354); unc-32(e189); kuE%119 cosmid ZK418 (261-816 din-37) was subcloned into the polylinker
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Fig. 1. Synergism between
mutations inlin-35 andubc-
18.DIC (A) and correspondir
GFP fluorescence (B) image
The large adult with GFP
fluorescence is of genotyjie-
35; ubc-18; kuEx119The
white arrows indicate the
position of an arrestdih-35;
ubc-18L1 larva that failed to
inherit the array; the white
arrowheads indicate a sterile
lin-35; ubc-18young adult.
Inset in A shows an arrested
lin-35; ubc-18; KuEx119
larval-stage animal treated
with lin-35(RNAi)(same
animal is shown in the inset i
B). (C,D) L1 animals of
genotypesin-35; ubc-18and
wild type, respectively. White
and black arrowheads indica
anterior and posterior
pharyngeal boundaries,
respectively. Note the failure
of the mutant pharynx to
extend to the anterior end of
the animal. (Inset in Dnyo-
2::GFP fluorescence in the
wild-type background, highlighting the bi-lobed shape of the pharynx. Scale bars: in 4n1fo@ A,B; in C, 10um for C; in D, 10um for D.

of PD129.36. Foubc-18§ a 691 bp PCR fragment @&. elegans to inherit the array arrest or die as larvae, and those animals
genomic DNA corresponding to nucleotides 32,232-32,923 of RO1HPeaching adulthood are typically small and sterile (Fig. 1A,B;
(the entire ubc-18 coding region) was subcloned into vector Tgple 1). As predicted for a synthetically lethal mutation,
pPD129.36. inactivation oflin-35 (expressed from the extrachromosomal
array) using RNAI causdih-35; ubc-18; KuEx11@nimals to
adopt the double-mutant phenotype (Fig. 1A,B). As previously

RESULTS described, lin-35 single mutants are viable but show a
] ) ) ) substantial reduction in brood sizes compared with wild type
ubc-18/slr-5 is synthetically lethal with  /in-35/Rb (Table 1) (Lu and Horvitz, 1998; Fay et al., 2002). Similarly,

We have previously described a genetic scree@.ielegans ubc-18single mutants exhibit a marked reduction in brood size
that leads to the efficient isolation of mutations that areand are slightly growth retarded (Table 1; data not shown).
synthetically lethal witHin-35 (Fay et al., 2002). Briefly, the  Approximately 4% oflin-35; ubc-18larvae display a Pun
strategy employs a strain with two attributes: (1) the straifpharyngeal unattached) phenotype, whereby the pharynx has
is homozygous for a strong loss-of-function mutation infailed to elongate and form an attachment to the anterior
lin-35; and (2) the strain carries a meiotically unstablealimentary opening or buccal cavity (Fig. 1C,D; Table 1). Such
extrachromosomal array)kEx119 that contains both wild- animals fail to ingest food and arrest growth during the first
type lin-35-rescuing sequences and a ubiquitously expressddrval stage. The frequency of Pun animals was dramatically
GFP reporter. Becaudi@-35 is nonessential, animals that fail increased following inactivation dih-35 by RNAI in either a
to inherit the array are nevertheless viable and can be identifiéd-35; ubc-18; KUEx11%r ubc-18single-mutant background
by their absence of GFP expression. After mutagenesi§Table 1; data not shown). This difference in the penetrance of
animals acquiring mutations that are synthetically lethal withthe Pun phenotype betweén-35; ubc-18and ubc-18; lin-
lin-35 are identified by their complete dependence on the arra85(RNAi)animals may be due to a low frequency of LIN-35
for viability. To date, we have screened ~7000 haploidnaternal rescue derived from the extrachromosomal array.
genomes and have identified 11 SIr mutations (for synthetiglternatively, although less likelyin-35(n745) a strong loss-
with lin-35/Rb) that represent at least 10 loci. We describe thef-function allele containing an early nonsense mutation (Lu
identification ofslr-5(ku354) which, based on its molecular and Horvitz, 1998), may have some residual activity. The cause
identity (see below), we refer to abc-18 for growth arrest itin-35; ubc-18animals that contain normal-
lin-35; ubc-18; kuEx11%nimals are healthy, fertile and appearing pharynges is currently unknown. It is possible that
generally appear indistinguishable from wild-type animalssuch animals are defective at feeding because of more subtle
(Fig. 1A,B). By contrast, modin-35; ubc-18animals that fail  alterations in pharyngeal structure or attachments. However, as
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Table 1. Viability of lin-35 and ubc-18mutant derivatives

% Larval arrest* % Pun % Sterile Average brood size
N2 <1 (many) 01G=260) <1 (many) 264 (+18NE50)
lin-35 (n745) 1 (n=268) 0 6=268) 4 p=100) 98 (+43) (1=10)"
ubc-18 (ku354) 3 (n=223) 0 0=101) 3 0=30) 79 (£28) (=14)
lin-35; ubc-18 84 (=192) 4 0=192) 72 (0=30) 3 (x2) 6=7)
ubc-18; lin-35 (RNAI) 87 (n=145) 46 (=171) ND ND
lin-35; ubc-18/+mat+ 42 (n=185) 2 (=185) 43 (=30) 45 (+46) (=17)
lin-35; ubc-18/+mat+s 12 (n=245) 0 1=245) 32 (=28) 54 (+39) (=10)
ubc-18/41 0 (n=121) 0 6=121) 10 (=20) 271 (+42) 6=10)
lin-35; ubc-18/ubc-18/ats ND ND 22 (n=50) 58 (+32) A=11)
N2 RNAi feeding contrdlf ND ND 0 (n=20) 250 (+41) (=8)
N2 ubc-18 (RNAI) 0 (n=100) 0 ©=100) 0 0=30) 221 (+23) 16=8)
rrf-3 0 (h=100) 0 (=100) 0 f=20) 72 (+37) 6=10)
rrf-3; ubc-18 (RNA) 0 (n=103) 0 6=103) 0 6=20) 36 (+14) (=10)
lin-35; ubc-18 (RNAI) 5 (n=110) 0 (=255) 23 6=30) 55 (+34) =10)
lin-35; rrf-3 2 (n=102) 0 0=102) 45 6=42) 52 (¥33) (=10)
lin-35; rrf-3; ubc-18 (RNAI) 21 (=265) 0 (1=265) 100 (=40) ND
lin-35; ubc-18 (ku354); ubc-18 (RNAI) 91 (n=140) 40 (=174) 77 6=30) 2 (x2) 6=7)

*Animals either died as larvae or failed to reach maturity after 5 days.

TFay et al., 2002.

*Heterozygous animals were obtained by malim@5 males tdin-35; dpy-17, ubc-18, unc-32; kuEx1h8rmaphrodites and scoring effects in the non-
DpyUnc kuEx119- progeny. Animals with the genotiipe35; dpy17, unc-32/+were found to have brood sizes indistinguishable from thiat-85 animals [95
(£51) (h=10) versus 98 (+43)]. Mat—, maternally deficientdbc-18

SMales generated from the cross described above were in turn méte@3punc-46, dpy-1hermaphrodites, and non-DpyUnc cross progeny were scored
for larval arrest. Because only half the expected progeny would be expected to cortpirtfieubc-18, unc-3¢hromosome, the percentage of larval arrest
was adjusted accordingly. Brood sizes were calculated from animals that thredpydth, ubc-18, unc-3@ndunc-46, dpy-1brogeny. Mat+, maternally wild
type forubc-18

THeterozygous animals were generated by mating N2 malext82, ubc-1&iermaphrodites.

**The free duplicatiomgDp3was used for these analyses. For further details, see Materials and Methods.

TTThe empty vector pPD129.36 was used as a control for all RNAI feeding experiments.

most of these animals do undergo some degree of growth prisirongly enhanced the penetrance of the Pun phenotype in
to arrest, their defect may be unrelated to their ability to feegorogeny not harboring the array compared with the array-
No obvious abnormalities in the proliferation or differentiationdeficient progeny of untreatetin-35; ubc-18; kuEx119

of other somatic cells were observedim35; ubc-18double  animals [Table 1 and see discussiorubg-18(RNAibelow].

mutants that reach adulthood (data not shown). This latter result also indicates tHat354represents a partial
We also observed a high incidence of larval arrest in animalsss-of-function allele ofibc-18
that were homozygous ftin-35, but heterozygous farbc-18 We also carried out further genetic analysis using a regional

though the rate of arrest was lower than that observed fdree duplication Dp3) that contains sequences from an ~ 0.5
homozygous double mutants (Table 1). In additiim35; Mb region of chromosome llI, includingbc-18 Briefly, we
ubc-18/+ animals that reached adulthood showed an ~50%ound thatlin-35; ubc-18/ubc-18; gDp&nimals displayed a
reduction in brood size compared with-35 mutants alone similar phenotype tdin-35; ubc-18/+animals (Table 1 and
(Table 1). These results suggest thatuhe 18mutation could data not shown), further supporting our conclusion kbh864

be semi-dominant or haplo-insufficient, or, based on thés a LOF allele and does not act in a dominant or dose-
method used to generate the heterozygous animbts1l8 dependent manner. We note that we were unable to generate
could be maternally required. Further experiments indicatestable strains that were heterozygousufoc-18andnDf16 (a

that the effect in heterozygous animals results from é&arge chromosomal deficiency that deleties-19 in thelin-
combination of the latter two possibilities: (in-35 mutant  35; KuEx119background, as thién-35 mutation surprisingly
animals that are heterozygous, but maternally wild type, foshowed a synthetic genetic interaction with the deficiency itself
ubc-18show lower rates of larval arrest then those that aréalso see Materials and Methods).

heterozygous but maternally deficient (Table 1); thus, the o

presence of maternabc-18can partially reduce the severity Ubc-18 encodes a homolog of the ubiquitin

of lin-35; ubc-18genetic interactions; (2) overexpression of theactivating enzyme UbcH7

ku354 variant of UBC-18 (via an extrachromosomal array),ku354 was mapped to a small segment of chromosome |l
together withlin-35 inactivation by RNAI, did not lead to betweensma-3andunc-32using genetic markers and single-
a phenocopy of the double-mutant phenotype (data natucleotide polymorphisms (SNPs). To identify the affected
shown); (3) in an otherwise wild-type backgrountic-18+  gene,lin-35; ubc-18; KuEx11%nimals were co-injected with
heterozygous animals had wild-type brood sizes, indicatingegional cosmids and a dominant marker conferring a Rol
that the effects in heterozygous animals were specifibte  phenotype. Rescued lines were identified by the presence of
18 genetic interactions within-35 (Table 1); and (4) RNAi healthy Rol animals that no longer required the original array
of ubc-18 performed onlin-35; ubc-18; kuEx11%nimals containinglin-35 (kuEx119 for viability. Two overlapping
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*(E10K)

UBC-18 SATHL CDLKNCGVKAYENVECEETNLL KWIVLL I FOKEHRNKEARK 52
UBGH7 AASHRL EEI RKCGVKNFRNI QVDEANLL TWQCLI FDN R 52
Ubc5 SS! SDL CRDPPASCSAGPVCEDL YHWCASI VGESDSRIAGEVFF 52

UBC-18 Vi PY[pYPFKPPKYAFETKI YHPNY R == Gata CL VAP ATKTEQ 104
Fig. 2. Alignment of UBC-18 with UBCH7 and Ubc5. ClustalYB3d17 | i My THUSM| DEKEQVESPVI SAENGKEQ TKT 104
analysis was used to aligh elegan4JBC-18 with UBCH7 tbes E PGS VN TR argl] NSSENH oSO LKDG- LTL% 103
from humans and Ubc5 frof. cerevisiaeBlack boxes
indicate identity; gray boxes indicate similarity. The location UBC-18  FNEBESERERESHERRETEES R - e G- B B 153
of the mutation irku354mutant animals is indicated by an  ygqi7 | csLi ARVNDPQEEHAL RADLAEEY SKERKAF CKNAERFUKEYCEKRPVE 154
asterisk. Ubc5 LLSI cSHLTDANEDIEL VPEI G YKTRKARYEATAKEVIKEYAV---- 148

cosmids in the region, RO1H2 and C49B6, were found teeduction in brood size when compared with3 mutants
rescue thelin-35; ubc-18 synthetic lethality. A minimal alone (Table 1).
rescuing sequence was identified that contained only a singleTo see if we could reiterate the double-mutant phenotype,
predicted open reading frame: that encoding Gheelegans we performedubc-18(RNAi on lin-35 and lin-35; rrf-3
geneubc-18R01H2.6. Six out of eight independently derivedanimals. RNAi treatment ofin-35; rrf-3 double mutants
transgenic lines containing the wild-typabc-18 gene resulted in first-generation progeny that either arrested as
efficiently rescued the double-mutant phenotype (also sdarvae or developed into completely sterile adults (Table 1).
Materials and Methods). These adults often failed to generate sperm and contained
ubc-18encodes a predicted protein of 153 amino acids thabnormal-appearing oocytes, similar to soime35; ubc-18
is highly similar to known E2-type ubiquitin-conjugating double mutants (data not shown). We note that even without
enzymes (Jones et al., 2002). UBC-18 shows greatest similariBNAi treatment|in-35; rrf-3 double mutants were markedly
to UbcH7 in humans (29% identical and 86% similar) and isdess healthy than eithén-35 or rrf-3 single mutants (Table 1).
approximately equally similar t8. cerevisiag@roteins Ubc-5p Treatment oflin-35 mutants withubc-18(RNAi)led to more
and Ubc-4p (Fig. 2; data not shown). The database predicticqubtle defects in the first generation (Table 1), though
for ubc-18is supported by the existence of multiple sequenceg@rolonged exposure resulted in higher rates of larval arrest and
cDNA clones (kindly provided by Y. Kohara) that confirm bothadult sterility in subsequent generations (data not shown).
the 3 terminus of the gene as well as the precise locations of We failed to observe any Pun animals arising froipe-
its four exons. In addition, thé Bntranslated region that was 18(RNAi)treatment ofin-35 or lin-35; rrf-3 animals (Table 1)
identified by the cDNA clones contains two in-frame stopor in experiments where both genes were simultaneously
codons located just upstream (15 and 24 nucleotides) of tleactivated by RNAI (data not shown). Such results may reflect
start ATG. a failure to sufficiently inactivatabc-18by RNAI methods, or
We sequenced the entire genomic regioruloé-18from  they may occur if strong inactivation obc-18led to sterility
ku354 mutant animals and identified a single lesion thabf the treated parent prior to the production of Pun progeny.
resulted in a nonconservative amino acid substitution at )
position 10 of UBC-18. The mutation converts a glutamic acidin-35; ubc-18 embryos are defective at pharyngeal
residue that is highly conserved in many E2 proteins to a lysif@orphogenesis
(Fig. 2 and data not shown). This region of the proteirAn initial examination of bottin-35; ubc-18andubc-18; lin-
facilitates interactions of E2 enzymes with E1 ubiquitin-35(RNAI) embryos (hereafter referred to as double-mutant
activating enzymes (Haas and Siepmann, 1997; Tong et atmbryos) indicated that the first observed defects in pharyngeal
1997) and may play a minor role in interactions with some E8evelopment coincided with events taking place at or just prior
ubiquitin ligases (Huang et al., 1999; Zheng et al., 20000 the 1.5-fold stage of embryogenesis. At this time in wild-
Martinez-Noel et al., 2001). A failure to interact with E1 (ortype animals, a subset of anterior pharyngeal cells reorient their
with E3) enzymes would be predicted to result in a strong lodengitudinal axes, form associations with neighboring cells and
of function in this E2, or could possibly lead to an E2 withthen shift their positions towards the anterior region of the
dominant-negative activity (Townsley et al., 1997; Yamanaka&mbryo through a localized contraction mechanism, leading to
et al., 2000) (however, see previous discussion concernimqgharyngeal elongation (Portereiko and Mango, 2001) (see
haploinsufficiency). below). By contrast, pharyngeal cells of double-mutant
RNAI of ubc-18has previously been reported to have noembryos remain stationary and fail to move towards the
phenotype in wild-type animals (Jones et al., 2002). Consisteanterior (Fig. 3A-D). In addition, whereas the anterior border
with this, we observed, at most, a subtle effectm18(RNAI)  of the basement membrane that encapsulates the pharyngeal
on viability and brood size in N2 animals, although treategrimordium becomes less distinct during elongation in wild-
animals generally took an extra day to reach maturity whetype embryos, this feature remains prominent in the double
compared with control animals (Table 1; data not shown)mutants (Fig. 3A,C; see Fig. 5). The failure of mutant embryos
Mutations in rrf-3, a predicted RNA-directed RNA to undergo pharyngeal elongation could result from several
polymerase, have recently been reported to enhance the overdiitinct underlying defects: (1) mutant embryos may generate
efficacy of gene inactivation by RNAi feeding methodsincorrect numbers of pharyngeal precursor cells during early
(Simmer et al., 2002). Consistent with this, RNAi inactivationembryonic development, leading to defects at later stages; (2)
of ubc-18in the rrf-3 mutant background led to an ~50% these precursor cells, once generated, may fail to differentiate
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Fig. 3.pha-4::GFP expression in wild-type and
mutant animals. DIC (A,C,E,G) and corresponding
pha-4:GFP fluorescence (B,D,F,H) images.

(A-D) ~1.5-fold-stage wild-type (A,B) andbc-18;
lin-35(RNAi)mutant (C,D) embryos. Anterior is
towards the left and ventral is downwards. Arrows
indicate the dorsoventral pharyngeal boundaries.
Note gross differences in pharyngeal shape and
borders in double mutants versus wild-type embryos.
In addition, note the overall similarity in the numbers
of GFP-expressing cells in wild-type and double-
mutant embryos. (The mutant and wild-type
embryos contained 102 and 101 GFP+ nuclei,
respectively.) The white bracket (D) demarcates the
presence of several GFP-expressing arcade cells that
failed to integrate with the rest of the pharynx.
Intestinal cell nuclei, which are large, round and
reside to the posterior, can readily be distinguished
from pharyngeal nuclei at this stage. (Egta-

4::GFP expression in wild-type (E,F) andc-18;
lin-35(RNAi)mutant L1 larvae (G,H). White and

black arrowheads indicate anterior and posterior
pharyngeal boundaries, respectively. As above, note
the overall similarity in the number of GFP-
expressing cells in contrast to the gross differences in
pharyngeal shape between wild-type and double-
mutant animals. The bracket (H) indicates the non-
integrated arcade cells. Scale bars: in Apd0for

A-D; in E, 10um for E-H.

embryos. In addition, the relative distribution of
most pharyngeal nuclei did not vary significantly
between Pun and wild-type embryos at this time,
allowing for an even comparison.

An examination of wild-type embryos at the
1.5-fold stage identified an average of #80
(n=11; range, 95-104) GFP+ cells in the head
region. This figure is in close agreement with
previously reported numbers using antibodies
against PHA-4 in similar-stage embryos 3y
(Horner et al., 1998) (Fig. 3A,B). An analysis of
Pun double-mutant embryos revealed an average
of 93+13 GFP+ cellsnE13) with numbers
ranging from 66-105. Importantly, 8/13 mutant
embryos contained 95 or more GFP+ cells,
whereas only 3/13 contained fewer than 91 cells
(Fig. 3C,D). Thus, for most embryos examined,
the number of cells adopting a pharyngeal
identity (based on this GFP marker) was

properly; and (3) properly specified pharyngeal cells may faiindistinguishable from that of wild type. Similar results were
to execute one or more steps during morphogenesis of tladso obtained by examinimha-4:GFP-expressing cells in L1

organ.

larvae of double-mutant and wild-type animals (Fig. 3E-H;

To test this first possibility we assayed the number oflata not shown). These findings indicate that gross differences

pharyngeal cells in mutant embryos using a GFP repptiar,

in the number of pharyngeal cells alone cannot account for the

4::GFP (kindly provided by S. Mango), which is strongly observed defects in a large subset (perhaps the majority) of
expressed in the nuclei of both primordial and differentiatedhe double-mutant embryos. Thus, the failure to elongate
pharyngeal cells as well as in cells comprising the posterias probably unrelated to early steps of pharyngeal cell
intestinal tract (Horner et al., 1998). We focused on embryos apecification or survival.

the 1.5-fold stage, as this period of development coincided with We next examined mutant animals for their ability to
the first observed defects in our double mutants. Importantly, generate terminally differentiated pharyngeal cell types. The
this stage, mutant embryos that had failed to initiate elongaticedult pharynx comprises muscle, epithelial and neuronal cells,
could be readily distinguished from wild-type-appearingas well as marginal and gland cell types (Albertson and
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Fig. 4. Expression of differentiation
markers in mutant animals. DIC (A,C,E)
and corresponding GFP fluorescence
(B,D,F) images ofibc-18; lin-35(RNAI)
mutant animals. White and black
arrowheads indicate anterior and posterior
pharyngeal boundaries, respectively.
(A,B) Expression of the differentiated
muscle cell markemyo-2:GFP.

(C,D) Expression of the adherens junction
component and marker for epithelial cell
differentiation,ajm-1:GFP. Bracket
indicates the region @jm-1expression in
the non-extended pharynx. (E,F) Neuronal
marker (inc-119:GFP) expression in a
pharynx that underwent partial extension.
White arrows (F) indicate the positions of
several GFP+ nuclei that lie within the
pharyngeal borders. Scale bar:|if.

at which elongation may fail.
Morphogenesis of the pharynx can be
formally divided into three distinct
steps, all of which occur over a
relatively short time frame, beginning
at the late comma stage of embryonic
development, or ~330 minutes into
embryonic development (Porteriko and
Mango, 2001) (Fig. 5M). During stage
I of morphogenesis, epithelial cells in
the anterior region of the pharyngeal
primordium reorient their long axes to
align with the dorsoventral axis of the
embryo. At stage Il, arcade cells,
which reside between the pharyngeal
primordium and the buccal cavity, form
a continuous epithelium with the newly
reoriented pharyngeal epithelial cells.
At stage lll, the conjoined arcade and
anterior pharyngeal cells undergo a
Thomson, 1976; Sulston and Horvitz, 1977). We used severabntraction, pulling the pharynx towards the buccal cavity.
different GFP reporter strains to assay for the presence of To aid in our analysis, we used a reporter strain that
muscle (Okkema et al., 1993), epithelial (Mohler et al., 1998¢xpresses a membrane-localized GFP-fusion protein under the
and neuronal cells (Maduro and Pilgrim, 1995) in doublecontrol of thepha-4promoter (kindly provided by S. Mango),
mutant embryos and larvae. We found that all three cell typeshich allowed us to follow changes in pharyngeal cell shape.
were produced, indicating that mutants are capable dh wild-type embryos, elongation was completed by the 1.5-
generating most or all of the correct pharyngeal cell types (Fidold stage of embryonic development (~400 minutes into
4). Consistent with this, we have observed sustained rhythmambryonic development; Fig. 5A-D). By contrast, 17 of the 24
pumping in many severely Pun pharynges of L1 mutantiouble-mutant embryos displayed clear defects in the ability
animals, suggesting that most or all terminal cell types havef anterior epithelial cells to initiate or complete the
been specified and are physiologically functional, although theeorientation step (Stage |; Fig. 5E-L). Interestingly, a
overall pharyngeal structure is grossly perturbed. We note thatibstantial fraction of the orientation-defective embryos (9/17)
our level of analysis does not allow us to make conclusiongere only partially deficient at this step, such that one or more
regarding the differentiation status of individual cells withinepithelial cells appeared to correctly shift their axes, whereas
the pharynx. Therefore, it is possible that double mutants magthers remained in their original orientation (Fig. 5I-L). Other
contain a subset of improperly or incompletely differentiatednutant embryos (7/24) exhibited more complex and variable
pharyngeal cells that could contribute to the observed defectdefects such as a general disorganization of the leading-edge
Given that many of the affected double mutants generateells (data not shown). Taken together, these results indicate
normal numbers of pharyngeal cells that are capable dhat lin-35 and ubc-18 functionally cooperate to control a
differentiation, we decided to look closely at early steps otrucial and early step of pharyngeal morphogenesis d@ing
pharyngeal morphogenesis to determine the precise poiategansdevelopment.
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Fig. 5. Pharyngeal morphogenesis in wild-type and mutant animals. DIC (A,C,E,G,I,K) and corresponding GFP fluorescence (B,D,F,H,J,L)
images showing the outline of pharyngeal (and intestinal) cells in wild-type (A-D)aml8; lin-35(RNAimutant (E-L) embryos. Anterior is
towards the left and ventral is downwards. Black arrows demarcate the anterior pharyngeal boundary. (M) A schematic & pharyng
extension involving three discrete steps (also see text). (A,B) An early comma-stage embryo, before overt signs of marphogdrezgin.

Note the teardrop shape of the leading-edge epithelial cells (white arrowheads, B). (C,D) 1.5-fold-stage embryo with phexyenxdeal to

the anterior. Note the transformation in the shape of the leading-edge epithelial cells (white arrows, D). (E,F) 1.568dH) 2nidld-stage

mutant embryos where leading edge epithelial cells have failed to reorient (white arrowheads in F,H). (I-L) 1.5-fold-sthgenbmytas in

which dorsal epithelial cells have failed to reorient their axes (white arrowheads) whereas ventral cells in the samepembrydhape
undergone the proper transformation (white arrows). (M) Pharyngeal extension with three distinct steps (Portereiko and0Wga (e 2

text). Scale bars: in A, 10m for A,C,E,G,I,K; in B, 1qum for B,D,F,H,J,L.

ubc-18 interactions with SynMuv genes these experiments were complicated by non-synthetic RNAI
Previous studies orizr-1/slr-1 demonstrated a limited set effects as the genes that were being inactivated were themselves
of genetic interactions with class B synthetic multivulval essential for viability (Table 2). Nevertheless, in such cases we
(SynMuv) gene family members (Fay et al., 2002). Towere still able to observe a marked enrichment in the number
determine the spectrum afbc-18 genetic interactions, we of animals displaying the Pun phenotype, demonstrating that
inactivated class B SynMuv genesuinc-18mutants by RNAi  inactivation of these genes is interchangeable linitB5 for the
feeding methods and assayed progeny for the appearance of gineduction of this phenotype.

Pun phenotype (Table 2). All but one of the class B genes testedRecently, Boxem and van den Heuvel (Boxem and van den
produced substantial numbers of Pun animals followinddeuvel, 2002) have shown an involvement of several SynMuv
inactivation by RNAIi. These includelin-36 (Thomas and genes, includinglin-35, lin-36, efl-1 and lin-15a, in the
Horvitz, 1999) andin-37 (Boxem and van den Heuvel, 2002), regulation of the G1- to S-phase transition (also see Boxem and
two genes of unknown function; the RbAp46/48 homoliog, van den Heuvel, 2001). Consistent with this, we had previously
53 (Lu and Horvitz, 1998); &. elegansMi2 homolog and observed genetic interactions betwdenl andlin-35, lin-36
NURD complex componentlet-418 (Solari and Ahringer, andefl-1in the production of a synthetic hyperproliferation
2000; von Zelewsky et al., 2000); and histone deactytaise, phenotype (Fay et al., 2002). By contrdist;37, let-418 lin

1 (Lu and Horvitz, 1998). The sole exception in the class Band hda-1 did not appear to function in cell cycle control
category wa=fl-1, one of two E2F homologs i@. elegans (Boxem and van den Heuvel, 2002). Thus, the ability of these
(Ceol and Horvitz, 2001), which failed to produce significantgenes to interact withbc-18suggests that the synthetic Pun
numbers of Pun animals either alone (data not shown) or in tipenotype does not result from perturbations in cell cycle
ubc-18 mutant background (Table 2). In addition, we saw nacontrol per se, and that the role fi-35 in pharyngeal
effect following inactivation of the class A SynMuv gdite development is probably not related to its role in regulating cell
15a(Clark et al., 1994; Huang et al., 1994). In several casesycle progression.
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Table 2. Genetic interactions ofibc-18with SynMuv genes  index.html; kindly provided by Y. Kohara) suggest thia¢-18
expression may be largely or completely restricted to germline
cells. Germline expression of UBC-18 is also consistent with

Percentage Pun*

N2 (i type) J (ﬂzi‘g{g our observation that maternalbc-18 function markedly
_ _ reduced larval lethality itin-35; ubc-18/+animals (Table 1).
lin-35 (RNAI) 0 (=50)
ubc-18; fin-35 (RNAI) 46 (=171) A genetic interaction between  /in-35/Rb and a
Iirtl)-3fi E§_F<|!\IA3i)6 _ 32 (nf5§) ubiquitin pathway component
ll:n; (’REN) (RNAD o ((:_22; ubc-18is the second gene that we have identified las35-
~or AR ) - synthetic mutation. Simultaneous inactivation liof35 and
:Jb(;;j;;\?;; (RNAY) 13 ((n'iz)z) ubc-18 led to growth arrest, infertility and defects in
N-53 (RINAI n= pharyngeal morphogenesis. Based on known roles of these
ube-18; lin-53 (RNA) 36 (=126) proteins, we believe that LIN-35 and UBC-18 share a set of
let-418/chd-4 (RNA) 1 (n=313) common targets for transcriptional repression and ubiquitin-
ubc-18; let-418 (RNA) 14 (=93) mediated degradation, respectively. We hypothesize that the
hda-1(RNAIj _ 1 (n=60) abnormal expression of one or more mutual targets is probably
ubc-18; hda-1 (RNAI) 6 (=94) responsible for the pleiotropic defects observed in the double
ubc-18; efl-1 (RNAf) <1 (n=245§ mutants. Thus, in the absence of LIN-35 function, UBC-18 can
ubc-18; lin-15a (RNAI) 0 (n=50) promote the degradation of some subset of derepressed LIN-
*Includes both non- and partially elongated pharynges. 35 transcriptional targets. Conversely, UBC-18 function is not
TRNAI of these genes caused low to moderate levels of sterility and essential if LIN-35 is present and actively repressing the
embryonic lethality. expression of its target genes. It is only when Hiot#35 and
*One out of 245 larvae examined showed a Pun phenotype. ubc-18are absent, that one or more proteins can accumulate to
levels sufficient to produce the observed developmental
defects.
DISCUSSION It is also conceivable that the phenotype observed in the
double mutants may not be due solely to defects resulting from
Isolation of a mutation in an E2 ubiquitin- an increase in the abundance of target proteins. It has become
conjugating enzyme clear in recent years that ubiquitylation can affect protein

Using a screen for mutations that are synthetically lethal witfunction by mechanisms unrelated to protein stability. These
pRB, we have identified a mutationibc-18 a gene encoding functions include roles in protein trafficking (reviewed by
a putative E2 ubiquitin-conjugating enzyme. The nature of th@ickart, 2001), transcription (reviewed by Conaway et al.,
molecular lesion identified inbc-18(ku354)mutants, as well 2002) and signal transduction (Wang et al., 2001; Ulrich,
as our RNAI analysis, suggests thai354 may represent a 2003). Nevertheless, we currently favor a model wheligby
strong loss-of-function allele. The alteration in chemical charg85 andubc-18act coordinately to downregulate the activity of
resulting from the E10K mutation occurs in a region that iproteins whose presence would be deleterious to specific
required for association with E1 activating enzymes (Haas ardevelopmental processes or basic life functions.
Siepmann, 1997; Tong et al., 1997). Several conserved basicOur analysis of the double-mutant animals identified
residues in this region (equivalent to amino acids R5, R6, aral predominant defect affecting stage | of pharyngeal
K9 in UBC-18) have been identified as biochemically importantnorphogenesis. This phenotype differs substantially from
for interactions with E1 enzymes (A. Haas, personatlefects reported for two previously described pharyngeal
communication). Furthermore, the glutamic acid at position temutants inC. elegans pha-1 and pha-4 pha-4 mutants
is highly conserved among many UBCs, including those of th&il to specify any pharyngeal cells, which instead adopt
UbcH7 family (Fig. 2; data not shown). Thus, it is likely thatalternative cell fates (Mango et al., 1994). In the case of
the E10K mutation would greatly reduce or abolish interactionpha-1 mutants, the correct number of pharyngeal cells are
between UBC-18 and the upstream E1 activating enzym@itially specified; however, these cells then fail to undergo
preventing the conjugation of UBC-18 to ubiquitin. terminal differentiation (Schnabel and Schnabel, 1990;
A recent global analysis of gene expression usingsranato et al., 1994pha-4andpha-1encode transcription
microarrays inC. elegansndicates that thebc-18transcript  factors of the FoxA/HNF3 and bZIP families, respectively.
is present at significant levels in both oocytes and embryos, pha-4directly activates the transcription of most or all genes
well as in late stages of larval development and into adulthoagquired for pharyngeal identity (Gaudet and Mango, 2002).
(Hill et al., 2000). In addition, using antibodies, LIN-35 haslt is possible thalin-35 andubc-18act to downregulate one
been shown to be expressed throughout development in madtthe earlypha-4target genes in order for morphogenesis
or all cell types (Lu and Horvitz, 1998). We were unsuccessfuio proceed. Alternativelyjin-35 andubc-18may negatively
in our attempts to generate transgenic animals that express GFegulate genes that are not normally expressed in this tissue
under the control of thebc-18promoter using several different but whose expression is deleterious to the development of
reporter constructs (data not shown). Given that transgenibe organ.
arrays are typically silenced in ti& elegansgermline, our ] ) )
results may indicate thatibc-18 expression is germline A novelrole for /in-35/Rb in morphogenesis and
specific. Consistent with this, data available onGhelegans development
expression database (http:://nematode.lab.nig.ac.jp/d#t present, relatively little is known about the targets of
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