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The Caenorhabditis elegans Skp1-Related
Gene Family: Diverse Functions in
Cell Proliferation, Morphogenesis, and Meiosis

of substrates by the ubiquitin-conjugating enzyme (E2)
Ubc3/Cdc34 (see [5, 6]).

There are four SCF subunits: Skp1, a cullin (an or-
tholog of metazoan CUL-1 or budding yeast Cdc53),
Rbx1/Roc1/Hrt1, and an F-box protein (see [5, 6]). The
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also binds to Skp1, and Skp1 binds to an F-box protein
through a direct interaction with the F-box motif [7]. In
the SCF complex, the F-box protein selectively bindsSummary
phosphorylated substrates to bring them into close
proximity to the associated E2 that covalently transfersBackground: The SCF ubiquitin-ligase complex targets
ubiquitin to the substrate (see [5, 6]). Polyubiquitinatedthe ubiquitin-mediated degradation of proteins in multi-
substrates are then subsequently degraded by the 26Sple dynamic cellular processes. A key SCF component
proteasome [8].is the Skp1 protein that functions within the complex to

SCF complexes in yeast and metazoa have beenlink the substrate-recognition subunit to a cullin that in
found to target the degradation of a host of proteins,turn binds the ubiquitin-conjugating enzyme. In contrast
most notably cell cycle regulators and transcription fac-to yeast and humans, Caenorhabditis elegans contains
tors (see [5, 6]). Multiple F-box proteins, each with differ-multiple expressed Skp1-related (skr) genes.
ent substrate specificity, can bind the core SCF complex
to increase the repertoire of substrates that can be rec-

Results: The 21 Skp1-related (skr) genes in C. elegans ognized. In yeast, three F-box proteins are known to
form one phylogenetic clade, suggesting that a single function in SCF complexes, while, in humans, four F-box
ancestral Skp1 gene underwent independent expansion proteins have been found to function in SCF complexes
in C. elegans. The cellular and developmental functions [5, 6, 9, 10].
of the 21 C. elegans skr genes were probed by dsRNA- In addition to its roles in SCF complexes, budding
mediated gene inactivation (RNAi). The RNAi pheno- yeast Skp1p can associate with F-box and non-F-box
types of the skr genes fall into two classes. First, the proteins to perform cellular functions unrelated to deg-
highly similar skr-7, -8, -9, and -10 genes are required radation. Skp1p has been found to bind the F-box pro-
for posterior body morphogenesis, embryonic and larval tein Ctf13p to function in the CBF3 kinetochore complex
development, and cell proliferation. Second, the related [11, 12], the F-box protein Rcy1p to facilitate SNARE
skr-1 and -2 genes are required for the restraint of cell recycling [13], and the non-F-box protein Rav1p to regu-
proliferation, progression through the pachytene stage late V-ATPase assembly [14]. These observations indi-
of meiosis, and the formation of bivalent chromosomes cate that yeast Skp1p can function in diverse molecular
at diakinesis. CUL-1 was found to interact with SKR-1, and cellular settings.
-2, -3, -7, -8, and -10 in the yeast two-hybrid system. Here, we present data indicating that the Skp1-related
Interestingly, SKR-3 could interact with both CUL-1 and (skr) gene family has greatly expanded in Caenorhabditis
its close paralog CUL-6. elegans relative to human and yeast genomes, with the

C. elegans genome containing 21 skr genes compared to
a single expressed Skp1 gene in fission yeast, buddingConclusions: Members of the expanded skr gene fam-
yeast, and humans. We probed potential interactionsily in C. elegans perform critical functions in regulating
with cullins using the two-hybrid system and found thatcell proliferation, meiosis, and morphogenesis. The find-
multiple C. elegans SKRs have the ability to interact withing that multiple SKRs are able to bind cullins suggests
CUL-1 and that at least one SKR is able to interact withan extensive set of combinatorial SCF complexes.
CUL-6, a close paralog of CUL-1. Thus, there is the
potential to generate many distinct SCF and SCF-like

Introduction complexes from combinatorial SKR/CUL interactions.
Finally, using RNAi, we have identified roles of the skr

The Skp1 gene product was originally identified as a gene family in regulating multiple cellular processes in-
protein that bound the cyclin A/CDK2 complex in con- cluding restricting cell proliferation, morphogenesis,
junction with the F-box protein Skp2 [1]. It was called and meiotic prophase.
Skp1, for S-phase kinase-associated protein 1, to de-
note its association with cyclin A/CDK2. Skp1 was later
found to function as a core component of SCF ubiquitin- Results
ligase complexes [2–4]. The SCF complex is a multisub-
unit ubiquitin-ligase (E3) that facilitates the recognition Saccharomyces cerevisiae and human Skp1 proteins

were used as probes in BLAST searches [15] to identify
Skp1 homologs in S. cerevisiae, Schizosaccharomyces3 Correspondence: ekipreos@cb.uga.edu
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pombe, C. elegans, Drosophila melanogaster, and hu-
mans. We identified a single Skp1-related gene in bud-
ding yeast and fission yeast. In humans, in addition to
the identified Skp1 gene, a number of Skp1 homologs
were predicted to exist in other chromosomal locations
based on Southern blot analysis [16, 17]. We found that
there are at least eight additional Skp1-related genes in
the human genome located on chromosomes 4, 5, 7, 9,
10, and 12 (data not shown). However, while the human
Skp1 gene is represented in the human EST expression
database with 744 entries, there are no EST sequences
for any of the other Skp1-related genes, suggesting that
they may all in fact be pseudogenes (data not shown).
D. melanogaster has 6 Skp1 homologs, while C. elegans
has 21 Skp1 homologs (Figure S1). Members of the elon-
gin C family, which are distantly related to the Skp1
family, were found in all species, suggesting that the
ancestral elongin C and Skp1 genes were present prior
to the evolutionary divergence of fungi from higher eu-
karyotes. Elongin C family members were not included
in our analysis.

Phylogenetic Analysis of Skp1
and Cullin Homologs
To determine the evolutionary relationships between the
multiple Drosophila and C. elegans Skp1 homologs and
the yeast and human Skp1 genes, we performed phylo-
genetic analyses using neighbor-joining (NJ) and maxi-

Figure 1. Neighbor-Joining Phylogeny of H. sapiens, S. cerevisiae,
mum-likelihood (ML) methods [18, 19]. Phylogenetic S. pombe, D. melanogaster, and C. elegans Skp1 Family Members
trees generated by both methods showed that all 21 C. Branch lengths are proportional to the estimated number of amino
elegans Skp1-related genes form one cluster (Figure 1). acid substitutions; the scale bar indicates the estimated amino acid

substitutions per site. Bootstrap support values of 50% and aboveSimilarly, all of the Drosophila Skp1 homologs also form
are given at branch nodes and are derived from neighbor-joininga single cluster.
(left) and maximum-likelihood (right) analyses, separated by slashIn consultation with K. Nakayama and colleagues, we
marks (dashes indicate scores below 50%). The C. elegans and D.

have named the 21 Skp1 homologs in C. elegans “skr” melanogaster Skp1 homologs are bracketed and labeled.
for Skp1 related. Six skr clades within the C. elegans
cluster were defined by phylogenetic analysis, and the
skr genes within each clade were numbered based on (46%–49% nucleotide identity, 24%–27% amino acid
similarity to the human and yeast Skp1 homologs (Figure identity), suggesting either rapid sequence divergence
1 and Table 1). Members of clades were given sequential or ancient duplication events.
numbers; the clades most similar to human and yeast Interestingly, three members of clade III are found
Skp1 genes were given lower numbers, and taxa within immediately adjacent to members of clade IV (skr-7 and
each clade were also numbered based on similarity. skr-14, skr-8 and skr-12, and skr-9 and skr-13) (Figure

The skr genes are spread over five of the six C. elegans 2). In each case, the two genes are oriented away from
chromosomes (Figure 2). The chromosomal location of each other so that the putative promoter regions may
genes belonging to skr clades do not appear to be ran- be contiguous. The phylogeny suggests that the clades
dom and are suggestive of a series of gene duplication share a common ancestor that underwent duplication
events. In three cases, all clade members are found in to give rise to clades III and IV. The head-to-head orien-
the same genomic region: the two members of clade I, tation of the three paired clade members may therefore
skr-1 and skr-2, are located within a 2.7-kb region on be a remnant of an ancestral local inverted duplication
chromosome I; the three clade VI members, skr-19, skr- that gave rise to the two clades.
20, and skr-21, are located within a 3.7-kb region on C. elegans, D. melanogaster, and humans each have
chromosome X; and the four members of clade II, skr- six cullin genes, while budding yeast have three (Figures
3–skr-6, are all located on the right arm of chromosome 3 and S2–S4). Phylogenetic analysis reveals that there
V (Figure 2). The close physical association of skr-1 and are five metazoan cullin families (CUL1–CUL5) (Figure
skr-2 and their high degree of sequence identity (83% 3). C. elegans, Drosophila, and humans have members
nucleotide identity, 81% amino acid identity) suggest a of each cullin family. C. elegans has two members of
recent local duplication event. The close physical asso- the CUL1 family, cul-1 and cul-6; humans have two
ciation of the members of clade VI also suggests that members of the CUL4 family, CUL4A and CUL4B; and
they were generated by local duplications. In this case, Drosophila has an additional highly diverged cullin,

CG11261, that could not be analyzed because its diver-however, sequence identity among the members is low
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Table 1. skr Genes in C. elegans

Two-Hybrid
Cosmid Number Interaction

skr Gene Identification Clade of ESTs with Cullins RNAi Phenotypes

skr-1 F46A9.5 I 12 CUL-1 hyperplasia; early embryo spindle mispositioning,
ectopic blebbing, abnormal polar bodies; pachytene

skr-2 F46A9.4 I 5 CUL-1 arrest; and univalent diakinetic chromosomes

skr-3 F44G3.6 II 2 CUL-1, CUL-6 none
skr-4 Y60A3A.18 II 0 ND none
skr-5 F47H4.10 II 1 none none
skr-6 Y37H2C.2 II 0 ND none

skr-7 Y47D7A.1 III 4 CUL-1 late-stage embryo arrest; L1-stage larval
skr-8 C52D10.9 III 11 CUL-1 arrest with no postembryonic cell division
skr-9 C52D10.7 III 5 none and a high percentage of larvae with
skr-10 Y105C5B.13 III 8 CUL-1 posterior bulge (kNOB)

skr-11 F13A7.9 III 0 ND none
skr-12 C52D10.6 IV 4 none none
skr-13 C52D10.8 IV 4 none none
skr-14 Y47D7A.8 IV 2 none none
skr-15 F54D10.1 IV 10 none none
skr-16 C42D4.6 V 0 ND none
skr-17 C06A8.4 V 1 none none
skr-18 F56B3.4 V 0 ND none
skr-19 R12H7.3 VI 4 none none
skr-20 R12H7.5 VI 2 none none
skr-21 K08H2.1 VI 5 none none

gence caused long-branch attraction artifacts in the humans. Injection of cul-6 dsRNA to inactivate gene
expression (dsRNA-mediated interference, RNAi) [21]phylogeny [20]. The S. cerevisiae cullin C gene also

could not be analyzed due to its high level of sequence produces no phenotype (data not shown). Further, injec-
tion of cul-1(e1756) heterozygotes with cul-6 dsRNA diddivergence.

The S. cerevisiae cullin B gene branches at the base not noticeably affect the hyperplasia phenotype of the
homozygous cul-1 mutant progeny, suggesting that theof the CUL3 and CUL4 clades with very high bootstrap

support values, suggesting that the metazoan CUL3 and two genes are not functionally redundant (data not
shown).CUL4 genes arose from a duplication of the ancestral

cullin B gene. The S. cerevisiae CDC53 gene branches
at the base of the CUL1, CUL2, and CUL5 clades in the Interaction of skr and Cullin Proteins

in the Two-Hybrid SystemNJ phylogeny and within the CUL1 clade in ML analysis
(Figure 3, data not shown), suggesting that the CUL1 A total of 16 of the 21 skr genes were present as ESTs

in the C. elegans cDNA Project database, indicating thatgenes arose from the ancestral CDC53 gene and possi-
bly CUL2 and CUL5 as well, although the inability to they are bona fide genes (Table 1). We tested the 16

expressed skr genes for interaction with the 6 C. elegansanalyze cullin C tempers the latter conclusion.
The C. elegans cul-6 gene appears to have arisen by cullin genes using the two-hybrid system (Figure 4, Table

1). CUL-1 was able to interact with six of the SKR pro-a duplication of the ancestral cul-1 gene. This gene
duplication event may be specific for nematodes, as teins: SKR-1, SKR-2, SKR-3, SKR-7, SKR-8, and SKR-

10. These skr genes belong to clades I, II, and III. It iscounterparts of cul-6 are not present in Drosophila or

Figure 2. Chromosomal Location of C. ele-
gans skr Genes

Bars represent the six C. elegans chromo-
somes. The location of skr genes on the chro-
mosomes is based on their genetic map posi-
tion. Members of clade I are denoted by black
dots, members of clade II are denoted by
diamonds, members of clade III are denoted
by infinity symbols, members of clade IV are
denoted by plus symbols, members of clade
V are denoted by asterisks, and members of
clade VI are denoted by open circles. Genetic
map position 0 is denoted at the bottom; po-
sitions to the left of this are negative map
positions, and positions to the right are posi-
tive map positions.
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attempted, as it has been reported to reduce the overall
effectiveness of the procedure [22].

Four members of clade III, skr-7, skr-8, skr-9, and skr-
10, produced similar embryonic and larval RNAi pheno-
types. The percentage of progeny that arrested as em-
bryos varied depending on the efficacy of injections and
ranged from �5%–�50%. The embryos arrested with a
completely formed pharynx and variable amounts of
elongation (data not shown). The progeny that hatched
arrested in the L1 larval stage, with no postembryonic
cell divisions by the larval blast cells (cell divisions were
scored from n � 5, n � 3, n � 8, and n � 3 animals
following RNAi of skr-7, -8, -9, and -10, respectively). A
large percentage of the L1-arrested larvae (40%–87%)
had a posterior kNOB of disorganized tissue and often
had shorter posterior body length (NOB-phenotype)
(Figure 5A). In these animals, cell identification was
problematic because of the disorganized morphology;
however, there did not appear to be any postembryonic
divisions.

The genes skr-7, skr-8, skr-9, and skr-10 are highly
homologous with 82% of nucleotide positions identical
across an alignment of all four genes. This level of ho-
mology is predicted to produce cross-RNAi inactivation,
so that injection of dsRNA for one of these genes would
lead to the inactivation of all of them [23]. Therefore, the
phenotypes described for this gene group could be due
to the inactivation of a single skr gene or to the inactiva-
tion of combinations of redundant skrs. The fifth member
of clade III, skr-11, which has no RNAi phenotype, isFigure 3. Neighbor-Joining Phylogeny of H. sapiens, S. cerevisiae,

D. melanogaster, and C. elegans Cullin Family Members significantly more divergent and does not have large
Branch lengths and bootstrap values are the same as described in stretches of perfect nucleotide sequence identity with
Figure 2. Species are denoted by cartoon. The D. melanogaster the other four clade members that would trigger cross-
cullin CG11261 and S. cerevisiae cullin C were not included in the RNAi inactivation.
analysis because their high level of sequence divergence caused To probe whether there were redundant phenotypes
long-branch attraction artifacts [20].

that were not revealed by the predicted cross-RNAi,
we coinjected dsRNA for skr-7 and skr-9 dsRNA in an
attempt to ensure the inactivation of the entire clade.intriguing that we did not detect interaction between
This double injection provided 98% nucleotide identitySKR-9 and CUL-1, as SKR-9 is highly related to SKR-
coverage for the set of all four genes. We used the7, SKR-8, and SKR-10, sharing 86%–96% amino acid
percentage of embryonic arrest as an indicator of theidentity with the three proteins. Interaction between the
severity of the RNAi phenotype. Injection of skr-7 dsRNASKRs and CUL-2, CUL-3, CUL-4, and CUL-5 was not
alone produced 53% arrested embryos, skr-9 dsRNAobserved. CUL-6, in contrast, was able to interact with
alone gave 20% arrested embryos, while injection of theSKR-3 in the two-hybrid system.
double combination skr-7 and skr-9 gave a value in
between the single RNAi injections (44% arrested em-

Loss-of-Function Phenotypes of skr-7, bryos). In all cases, the embryonic and larval RNAi phe-
skr-8, skr-9, and skr-10 notypes appeared similar. These results indicate that
To define the function of the C. elegans skr genes, we targeting additional members of skr-7–skr-10 for RNAi
used the rapid and highly selective method of dsRNA- does not reveal additional phenotypes.
mediated interference (RNAi) [21]. We performed RNAi
analysis on the 21 skr genes and found that 6 of the
genes, falling in clades I and III, produced 2 distinct Loss-of-Function Phenotypes of skr-1 and skr-2

The sole members of clade I, skr-1 and skr-2, share 83%classes of phenotypes (Table 1) that are detailed below.
The remaining 15 genes did not produce detectable nucleotide identity, which is also predicted to produce

cross-RNAi effects. RNAi of each gene singly or bothRNAi phenotypes. To attempt to uncover redundant
phenotypes within clades, we injected double and triple genes together resulted in identical phenotypes, and we

therefore refer to them in the text as skr-1/2. The analysiscombinations of dsRNA. The following combinations of
dsRNA were tested: skr-3/skr-4, skr-5/skr-6, skr-12/skr- of skr-1/2 RNAi phenotypes was performed in two phe-

notypic windows: 0–16 hr and �16 hr postinjection.13, skr-13/skr-14, skr-12/skr-15, skr-17/skr-18, skr-19/
skr-20, and skr-19/skr-20/skr-21. None of these combi- A phenotype of larval hyperplasia of the somatic go-

nad and hypodermis is observed in a percentage of thenation injections produced obvious phenotypes by
RNAi. The injection of more than three dsRNAs was not initial progeny of wild-type hermaphrodites injected with
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Figure 4. Two-Hybrid Interaction between
SKR and Cullin Proteins

pJ69-4A yeast cotransformed with the indi-
cated skr/pACTII two-hybrid expression plas-
mid (denoted by row) and the indicated cullin/
pAS1-CYH2 plasmid (denoted by column)
were spotted at a density of approximately
200 cells/spot on media deficient for leucine,
tryptophan, and adenine to test for interac-
tion between the SKR and cullin proteins
(left), and media deficient for leucine and tryp-
tophan that merely selects for the presence
of both plasmids (right). Similar results were
obtained for growth on histidine-deficient
plates (data not shown).

skr-1 or skr-2 dsRNA (0–16 hr postinjection) (Figures 5B embryos lacking cul-1 [25]. These observations indicate
that skr-1/2 are required to restrain cell proliferation inand 5C; data not shown). The phenotype of skr-1/2 RNAi

for all embryos laid after 16 hr postinjection is embryonic both embryonic and larval stages.
It is likely that skr-1 and skr-2 maternal products arearrest. The skr-1/2 RNAi embryos arrest with a large

number of cells but no overt morphogenesis. Nuclear provided to embryos, as both genes are enriched in the
germline and in early embryos [26–28]. The presumedcounts of confocal sections revealed that both skr-1 and

skr-2 have excessive cell numbers, with almost twice the reason that progeny from 0–16 hr post-skr-1/2 dsRNA
injection can develop normally through embryogenesisterminal number found in wild-type embryos (Figures

5D–5F). Wild-type embryos hatch with 558 cells [24], while progeny obtained �16 hr postinjection have an
embryonic phenotype is that injection of dsRNA causeswhile skr-1 embryos arrest with 863 � 46 cells (n � 5)

and skr-2 embryos arrest with 1010 � 94 cells (n � 5). the degradation of skr-1/2 mRNA transcripts in the
germline and embryos but has no effect on already pro-This embryonic hyperplasia is similar to that seen in

Figure 5. RNAi Phenotype of skr Genes

(A) DIC image of skr-8 RNAi L1-stage-
arrested larvae. The posterior bulge (NOB
phenotype) is noted (NOB).
(B and C) DIC images of the vulva and uterus
of (B) wild-type and (C) skr-1 RNAi L4-stage
larvae. Note the uterine hyperplasia in the skr-
1 RNAi animal.
(D–F) Confocal sections of DAPI-stained (D)
wild-type comma-stage embryo, (E) skr-2
RNAi-arrested embryo, and (F) skr-1 RNAi-
arrested embryo. At the comma stage, wild-
type embryos have completed the vast ma-
jority of their embryonic cell divisions, and
the small number of subsequent cell divisions
are balanced by programmed cell deaths [24].
Note the excess cell numbers in the skr-1 and
skr-2 embryos.
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duced maternal proteins. While maternal protein is avail- nesis/late-stage oogenesis) (60/60) (Figure 6A, top). The
nuclei of germ cells entering meiosis in the transitionable, progeny can develop through embryogenesis nor-
zone have a crescent-shaped morphology; while, in themally but then manifest phenotypes associated with loss
subsequent pachytene stage of meiotic prophase, nu-of zygotic message during larval development. As ma-
clei take on a characteristic “thread-like” morphologyternal protein becomes depleted in the germline of the
(Figure 6A, top, insert). In the final diplotene/diakinesisinjected parental hermaphrodite, embryonic pheno-
stage in the proximal gonad, oocytes enlarge and be-types become apparent in the progeny.
come more fully cellularized. Oocytes in diakinesis areskr-1 and skr-2 RNAi embryos also show three defects
large cells containing six highly condensed bivalentsduring early embryonic divisions: a mispositioning of
(Figure 6A, top, oocytes). In hermaphrodites, the first 40the P0 spindle so that the daughter cell AB is often not
germ cells that progress through meiosis during the L4significantly larger than the P1 cell, abnormally shaped
stage differentiate into sperm, and all subsequent germor missing polar bodies, and blebbing/ectopic furrows.
cells that progress through meiosis make oocytes.The blebbing/ectopic furrows occur predominantly in

The skr-1/2 zygotic RNAi germlines exhibit three majorthe AB cell and in AB descendents and start immediately
defects: an arrest in pachytene with a failure of germafter mitosis and last until a few minutes before the next
cells to progress to diplotene/diakinesis, an expandedmitosis. These early embryonic phenotypes were also
transition zone, and the presence of “gaps” in the gonadobserved for skr-1 RNAi by Piano et al. as part of a
arm. In wild-type and control zygotic RNAi adult animals,screen to describe the early embryonic phenotypes of
germ cells with pachytene morphology are never ob-germline-expressed cDNAs [27]. The skr-1/2 early em-
served after the loop region (Figure 6A, top). In skr-1/2bryonic defects are not expected to lead to hyperplasia
RNAi adults, germ cells with thread-like nuclear mor-in the embryo, as RNAi of other genes can produce
phology, indicative of the pachytene stage of meiosis,embryos with similar early embryonic defects that do
were observed extending to the far proximal end ofnot later develop hyperplasia [29, 30].
the gonad arm (Figure 6A, bottom, insert). skr-1/2 RNAi
gonads also had an expanded transition zone containing
nuclei that appeared morphologically normal with theskr-1/2 Zygotic RNAi Results in Sterility,
characteristic crescent-shaped nuclear morphology.but Not Embryonic Lethality
Additionally, the density of nuclei in the transition zoneAs an alternative method to examine the postembryonic
and pachytene was reduced relative to wild-type, and,phenotypes associated with reduction of skr-1 and skr-2
in all cases (253/253 arms), small regions or gaps werefunction, we took advantage of the RNAi-resistant strain
observed that were devoid of germline nuclei. The gapsrde-1(ne300) [31] to produce progeny that had skr-1/2
were more frequent proximal to the loop and becamematernal product but would lose skr-1/2 expression dur-
more pronounced in older animals. The mitotic zone ining larval and adult development, an approach termed
skr-1/2 RNAi arms appeared similar to wild-type (100%;“zygotic RNAi” (see the Supplementary Material avail-
253/253 arms) (Figure 6A, bottom).able with this article online). rde-1(ne300) hermaphro-

To further characterize the developmental stage ofdites were injected with skr-1 or skr-2 dsRNA and were
the arrested germ cells, we examined the accumulationmated with wild-type males, and cross progeny were
of two germline markers, GLD-1 and HIM-3 [32, 33].examined for phenotypes. The RNAi resistance con-
GLD-1 is a cytoplasmic KH motif RNA binding protein.ferred by the rde-1(ne300) mutant mothers allows mater-
During female meiotic development, GLD-1 levels are

nal skr-1/2 mRNAs to persist, permitting normal devel-
maximal during the pachytene stage and then abruptly

opment beyond the early embryonic lethality associated
fall in the loop as germ cells progress to diplotene and

with skr-1/2 depletion. In contrast to skr-1/2 RNAi in
undergo late stages of oogenesis (Figure 6B, top). HIM-3

a wild-type background, zygotic RNAi resulted in skr- is a meiosis-specific axial element protein that localizes
1/2(RNAi); rde-1/� progeny that were able to grow to to synapsed chromosomes beginning in leptotene of
adulthood without any obvious abnormalities in somatic meiotic prophase [33].
tissues, potentially due to a longer delay in the onset skr-1/2 zygotic RNAi germlines showed expanded
of the RNAi effect. The resulting adult hermaphrodites, GLD-1 accumulation extending to the far proximal re-
however, were sterile with �90% penetrance (70/75 an- gion, encompassing all of the cells with pachytene mor-
imals). phology (Figure 6B, bottom). This result supports the

conclusion that skr-1/2 zygotic RNAi germ cells are ar-
rested in pachytene. HIM-3 staining appeared normal

skr-1/2 RNAi Results in Pachytene Arrest in skr-1/2 zygotic RNAi germlines (data not shown), indi-
during Female Meiosis cating that germ cells begin meiotic development at the
To determine the nature of the sterile hermaphrodite appropriate position and that at least some aspects of
phenotype resulting from skr-1/2 zygotic RNAi, gonad meiotic chromosome structure are normal.
arms were dissected and stained with DAPI to visualize A small fraction of skr-1/2 zygotic RNAi gonad arms
nuclear morphology. Control zygotic RNAi using GFP (16%; 31/192 arms) showed signs of progression past
(green fluorescent protein) dsRNA yielded hermaphro- pachytene with the presence of diakinetic nuclei and
dite gonad arms that were morphologically identical to late-stage oocytes. Interestingly, many of the diakinetic
wild-type, with normal distal-to-proximal polarity where oocytes contained exclusively univalent chromosomes
zones characteristic of germline development were (31%; 19/62 oocytes), and all of the remaining oocytes

contained at least one univalent compared to wild-typeclearly evident (i.e., mitotic, transition, pachytene, diaki-
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and GFP dsRNA-injected controls, which contained bi-
valents exclusively. Univalents were also evident in the
germlines of P0 wild-type animals injected with skr-1 or
skr-2 dsRNA (Figures 6C–6F).

The vast majority of skr-1/2 hermaphrodite gonad
arms produced a wild-type number of morphologically
normal sperm (94%; 132/141 arms) (Figures 6A and 6B,
bottom). The small fraction of remaining arms produced
morphologically normal but variably reduced numbers
of sperm. The expression of the spermatogenesis
marker SP56 [34] was also similar in wild-type and
skr-1/2 RNAi animals, with expression restricted to de-
veloping spermatozoa (Figure 6B, sperm/red). Males ob-
tained from the skr-1/2 zygotic RNAi displayed normal
germline development and sired viable progeny when
crossed to fog-2 females (data not shown). Because
spermatogenesis appears to be relatively resistant to
RNAi [35], we are unable to draw any conclusions about
functions of skr-1/2 in male gametogenesis.

Discussion

Skp1 and Cullin Gene Families in C. elegans
The Skp1-related (skr) gene family is greatly expanded
in C. elegans (with 21 members) and to a lesser extent
in Drosophila (with six members). Phylogenetic analysis
indicated that all 21 C. elegans skr genes form one clus-
ter and all Drosophila Skp1 homologs also form a single
cluster. These results suggest that a single ancestral
Skp1 gene underwent independent expansions in the
insect and nematode lineages. In marked contrast, bud-
ding yeast, fission yeast, and human genomes each
contain only a single expressed Skp1 gene.

The first functions to be defined for Skp1 proteins
were in the context of SCF ubiquitin-ligase complexes,
where they function to link substrate binding F-box pro-
teins to the core SCF complex [5, 6]. It is interesting that,
in addition to the dramatic increase in Skp1 homologs

phology is abnormal. Gaps in the skr-2(RNAi) germline that are de-
void of nuclei are observed.
(B) GLD-1 and SP56 accumulation in control and skr-1/2 zygotic
RNAi gonad arms. Dissected gonad arms were stained with DAPI
(blue) and anti-GLD-1 (green) to visualize germ cells in female mei-
otic prophase through pachytene [32] and with anti-SP56 (red) to
identify spermatogenic germ cells [34]. Dashed lines indicate the
expanded transition and pachytene regions for skr-1/2 RNAi ani-
mals. GLD-1 staining in control animals (top, green) diminishes rap-
idly in the loop region in which germline nuclei progress from pachy-
tene to diplotene and is not detectable in the proximal region that

Figure 6. Germline Phenotypes Following skr-1/2 RNAi contains oocytes in diakinesis. In contrast, GLD-1 levels in skr-1/2
(A) Comparison of zygotic RNAi phenotype following injection of RNAi germlines (bottom, green) remain high to the far proximal
GFP dsRNA (top) and skr-2 dsRNA (bottom). Dissected gonad arms region encompassing all cells that appear to be arrested in pachy-
were stained with DAPI to visualize germline DNA morphology in tene. RME-2, a marker for late-stage oocytes in diplotene/diakinesis
adult hermaphrodites 48 hr past the L4 stage. The GFP RNAi pheno- [50], fails to accumulate in skr-1/2 RNAi germlines (data not shown).
type (top) is indistinguishable from wild-type, while skr-2(RNAi) (bot- Spermatogenesis is not obviously affected in skr-1/2 animals
tom) produce sperm, then pachytene-arrested nuclei. The mitotic, (sperm, red SP56).
transition (trans), and pachytene regions of the germlines are indi- (C–F) Two-dimensional projections of three-dimensional series of
cated [49]. The proximal end of each gonad arm is indicated by an confocal sections of DAPI-stained diakinetic chromosomes for wild-
open circle. A higher-magnification view of the pachytene regions type (C) and P0 wild-type hermaphrodites injected with (D) cul-1
indicated by the brackets is shown in the insets, with representative dsRNA, (E) skr-1 dsRNA, and (F) skr-2 dsRNA. Note that the charac-
nuclei denoted by an arrow. In skr-2(RNAi) germlines, the transition teristic 6 “dumbbell”-shaped bivalents have separated to 12 univa-
and pachytene regions are greatly expanded, and the boundary lents in the oocytes of skr-1/2 dsRNA-injected animals. The scale
between these regions is difficult to define, as the pachytene mor- bar represents 10 �m.
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in C. elegans, there has been an even more extensive additional defects that are not observed in skr-1/2 RNAi
embryos: the presence of multiple nuclei in most cells,expansion in the number of genes encoding F-box pro-

teins. C. elegans is predicted to contain a remarkable presumably due to an inability to condense mitotic chro-
mosomes; a dramatic lengthening of the time spent in326 predicted F-box protein genes; in contrast, there

are 11 F-box protein genes in budding yeast, 22 in Dro- mitosis; and an early embryonic arrest with, on average,
only 24 cells (4% of the wild-type number at hatch) [30].sophila, and approximately 40 in humans (see [36]). In

contrast to Skp1 and F-box protein genes, the cullin The array of germline phenotypes indicates that skr-
1/2 may have multiple functions in female meiotic devel-gene family is very stable throughout metazoa, with five

major cullin paralogs present in nematodes, flies, and opment. Pachytene arrest, an expanded transition zone,
and regions of the gonad that are devoid of germ cellsmammals. Human Skp1 was found to bind to CUL1, but

not to other cullins [37]. Interestingly, in the context of were the predominant characteristics of skr-1/2 zygotic
RNAi hermaphrodites, while univalent chromosomes atthe expansion of Skp1 and F-box protein genes in C.

elegans, there has also been an apparent nematode- diakinesis were observed in the remaining hermaphro-
dites in which meiotic development and gametogenesisspecific duplication within the C. elegans CUL1 clade

to produce two genes, cul-1 and cul-6. progressed past pachytene. Pachytene arrest pheno-
types in C. elegans have been observed in four otherWe show that at least six SKR proteins (SKR-1, SKR-

2, SKR-3, SKR-7, SKR-8, and SKR-10) can interact with settings. Mutations in the RAS/MAP kinase signaling
pathway, including the genes mek-2, mpk-1, and let-60,CUL-1. SKR-3 can also bind CUL-6, indicating that

CUL-6 may function in SCF complexes, thereby further result in pachytene arrest with a distinctive nuclear-
clumping phenotype [38]. Certain gld-1 alleles, or gld-1expanding the potential number of core SCF complexes

in C. elegans to seven. Core SCF complexes in yeast mutant combinations, give rise to an oogenesis-specific
pachytene arrest phenotype [39, 40]. Mutation of daz-1,and humans bind multiple F-box proteins to increase

the number of substrates that can be recognized [5, 6]. which encodes an RRM-type RNA binding protein simi-
lar to a putative human azoospermia factor, has an oo-Given the potential for at least seven different core SCF

complexes and the dramatic expansion in the number genesis-specific pachytene arrest phenotype [41]. Fi-
nally, RNAi of the importin � gene ima-3 causes aof F-box proteins, there may be a vast array of distinct

SCF complexes in C. elegans. pachytene-like arrest phenotype with abnormal chromo-
some morphology [42]. While all of these mutants share
the pachytene arrest phenotype with skr-1/2 RNAi, there

Diverse SKR-1/SKR-2 Functions in Mitotic Cell are differences between skr-1/2 RNAi and each of these
Proliferation and Meiosis mutants in arrest morphology and/or other germline
The SKR-1 and SKR-2 proteins were found to interact phenotypes so that none entirely match the skr-1/2 RNAi
with CUL-1. The two genes are very similar and are likely germline phenotype.
subject to cross-RNAi effects, making redundancy of A failure in pairing, synapsis, or recombination can
function difficult to ascertain. The RNAi phenotype for lead to univalent/achiasmatic chromosomes in diaki-
the two genes includes embryonic and larval hyperplasia netic oocytes [33, 43, 44]. Mutations in chk-2, the C.
similar to CUL-1, suggesting that they function with elegans homolog of the Cds1/Chk2 checkpoint protein
CUL-1 in an SCF complex. The F-box protein LIN-23 kinase, result in a failure of pairing between homologous
also has a hyperplasia mutant phenotype [36]. LIN-23 chromosomes and generate univalent/achiasmatic
is capable of interacting with both SKR-1 and SKR-2 in chromosomes at diakinesis [43]. Mutation of spo-11, the
the two-hybrid system (data not shown), suggesting that C. elegans homolog of the yeast double-stranded break-
SCFLIN-23 complexes containing CUL-1, LIN-23, and ei- generating enzyme that functions in the initiation of mei-
ther SKR-1 or SKR-2 function to promote cell cycle exit otic recombination, also leads to univalent/achiasmatic
during C. elegans development. chromosomes at diakinesis [44]. However, despite the

In addition to the hyperplasia phenotype, skr-1/2 have failures in pairing and/or recombination, the progression
other RNAi phenotypes: early embryonic defects, an of nuclei through meiotic prophase to diakinesis and
arrest in female meiotic pachytene, and oocytes con- gametogenesis is normal in chk-1 and spo-11 mutants.
taining univalent diakinetic chromosomes. The latter two Thus, skr-1/2 may have two separate meiotic functions:
skr-1/2 phenotypes are observed by both zygotic RNAi one, presumably in pairing, synapsis, or recombination,
and in the germline of injected P0 animals. In contrast, for the generation or maintenance of bivalent chromo-
these two phenotypes are not observed in cul-1 null somes at diakinesis; and a second function that is re-
mutants, in zygotic RNAi of cul-1, or in the germline of quired for pachytene progression and gametogenesis.
P0 animals injected with cul-1 dsRNA. However, cul-1
null mutants arrest in the L3 and L4 larval stages and
so do not progress to the point at which female meiotic SKR-7, -8, -9, and -10 Function to Promote Cell

Proliferation and Posterior Morphogenesisphenotypes would manifest [25], and RNAi may not be
sufficient to reveal the full spectrum of cul-1 phenotypes. RNAi for skr-7, -8, -9, and -10 individually resulted in

similar phenotypes of early larval arrest with no cellskr-1/2 RNAi produces a number of early embryonic
defects, most notably, abnormally shaped or missing division, embryonic arrest without excessive cell num-

bers, and a posterior morphogenesis defect. However,polar bodies, mispositioning of mitotic spindles, and
ectopic blebbing. Interestingly, these phenotypes are due to the extensive stretches of nucleotide sequence

identity among these genes, RNAi for one member isalso observed upon inactivation of cul-2 [30]. However,
cul-2 RNAi or homozygous null mutant embryos have likely to inactivate all four genes [23]. Therefore, it is
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amino acid substitution models were used to create phylogeniescurrently not known if these genes (or a subset) act
(see the Supplementary Material).redundantly or singly in the specific cellular functions

implied by the RNAi phenotypes.
Molecular Analysis

SKR-7, -8, and -10 have the capability to interact with A total of 16 skr cDNAs were obtained from the C. elegans EST
CUL-1; however, their RNAi phenotypes are not ob- project and were sequenced. GenBank accession numbers are:
served in cul-1 mutants or cul-1 RNAi animals. Homozy- skr-1 (AF440505), skr-2 (AF440506), skr-3 (AF440507), skr-5

(AF440508), skr-7 (AF440509), skr-8 (AF440510), skr-9 (AF440511),gous cul-1 mutant progeny of heterozygous parents
skr-10 (AF440512), skr-12 (AF440513), skr-13 (AF440514), skr-14have normal embryonic and L1-stage development due
(AF440515), skr-15 (AF440516), skr-17 (AF440517), skr-19to the perdurance of maternal product [25]. All subse-
(AF440518), skr-20 (AF440519), and skr-21 (AF440520).

quent divisions of larval blast cells produce excessive Two-hybrid analysis was performed with skr genes in the pACTII
cell numbers due to a failure of dividing cells to exit the (activation domain) vector and with cullin genes in the pAS1-CYH2
cell cycle [25]. The skr-7, -8, -9, and -10 RNAi pheno- (DNA binding domain) vector (Clontech). All skr and cullin genes

used in the two-hybrid analysis encode full-length protein products,types of early larval arrest with no cell division suggests
except for skr-14, which is missing the first 70 bp of the predictedthat larval blast cells do not enter the cell cycle in the
sequence. Transformation of the S. cerevisiae strain pJ69-4A [47]absence of SKR-7, -8, -9, and -10 activity. In contrast,
was performed as described [48]. Interaction in the two-hybrid sys-

cul-1 mutants have normal cell cycle entry [25]. Similarly, tem was tested by growth on both histidine- and adenine-deficient
the posterior morphogenesis defect seen in skr-7, -8, selective media, as well as for �-galactosidase activity.
-9, and -10 RNAi larvae is not visible in cul-1 mutants
or cul-1 RNAi animals. The fact that the skr-7, -8, -9, RNA-Mediated Interference (RNAi)

skr cDNAs were used as templates to make dsRNA when available.and -10 phenotypes are not seen in animals that com-
For the five skr genes without cDNAs, we used genomic DNA aspletely lack CUL-1 activity suggests that CUL-1 is not
the template, with primers extended approximately 100 bp beyondrequired for these processes. This suggests that SKR-
the predicted 5� and 3� end of the genes. The presence of develop-

7, -8, -9, and -10 are likely to carry out at least some of mental defects was assessed by stereo and differential interference
their functions independently of SCF complexes. contrast (DIC) microscopy. A detailed description of zygotic RNAi

The majority of tested SKR proteins did not interact as well as methods for immunofluorescence and confocal micros-
copy are available in the Supplementary Material.with any C. elegans cullins in the two-hybrid system.

However, the caveat exists that real but relatively weak
Supplementary Materialinteractions may not be detected with the two-hybrid
Supplementary Material including two figures and additional meth-

system. A majority of skr genes (15/21) also did not odological detail is available at http://images.cellpress.com/sup-
produce observable RNAi phenotypes. There are three mat/supmatin.htm.
major reasons why we may not have observed loss-
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