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ABSTRACT
The Mus101 family of chromosomal proteins, identified initially in Drosophila, is widely conserved and has

been shown to function in a variety of DNA metabolic processes. Such functions include DNA replication, DNA
damage repair, postreplication repair, damage checkpoint activation, chromosome stability, and chromosome
condensation. Despite its conservation and widespread involvement in chromosome biogenesis, very little is
known about how Mus101 is regulated and what other proteins are required for Mus101 to exert its
functions. To learn more about Mus101, we have initiated an analysis of the protein in C. elegans. Here, we
show that C. elegans mus-101 is an essential gene, that it is required for DNA replication, and that it also
plays an important role in the DNA damage response. Furthermore, we use RNA interference (RNAi)-
mediated reverse genetics to screen for genes that modify a mus-101 partial loss-of-function RNAi phenotype.
Using a systematic approach toward modifier gene discovery, we have found five chromosome I genes
that modify the mus-101 RNAi phenotype, and we go on to show that one of them encodes an E3 SUMO
ligase that promotes SUMO modification of MUS-101 in vitro. These results expand our understanding
of MUS-101 regulation and show that genetic interactions can be uncovered using screening strategies
that rely solely on RNAi.

THE combination of RNA interference (RNAi)-medi- could, for example, reveal additional, nonessential func-
ated gene knockdown methods and functional ge- tions of the gene. In addition, the hypomorphic condi-

nomics has provided an alternative to classic forward tion can be exploited to search for genes that modify
genetics for gene discovery efforts in many organisms the phenotype of an essential gene and may therefore
(Fraser et al. 2000; Gonczy et al. 2000; Berns et al. 2004; act in a common pathway. This last assertion is based
Boutros et al. 2004; Paddison et al. 2004). RNAi is trig- on considerable evidence from budding yeast where
gered when double-strand RNA (dsRNA) is processed in synthetic lethal screens have been used to define and
a manner that results in the destruction of mRNAs that order genetic pathways. Synthetic lethal phenotypes result
are homologous to the dsRNA (reviewed by Novina and when two mutations, neither of which affects viability on
Sharp 2004). In the nematode Caenorhabditis elegans its own, cause a decrease in viability when combined (re-
dsRNA is delivered to the organism by one of three meth- viewed by Hartman et al. 2001). This can occur by one of
ods: soaking (Maeda et al. 2001), injection (Fire et al. three ways: by combining null alleles of two nonessential
1998), or feeding (Timmons and Fire 1998). The avail- genes, by combining a hypomorphic allele of an essen-
ability of a complete genome sequence in C. elegans has tial gene with a null allele of a nonessential gene, and
allowed systematic, high-throughput RNAi screens to be by combining hypomorphic alleles of two different es-
routinely performed, and screens have been reported sential genes. That such genetic interactions are specific,
using all three dsRNA delivery methods. While not abso- and that they suggest inclusion of the genes in common or
lute, a trend has emerged from these studies that indi- similar pathways, has been addressed through systematic
cates that RNAi by feeding is less robust and less pene- genetic analysis (SGA) of the complete collection of
trant than the other methods, suggesting that for many nonessential yeast deletion mutants. SGA involves mak-
genes RNAi by feeding is phenotypically closer to the ing double mutants between a mutant of interest and
hypomorphic than to the null condition. all 5100 nonessential deletion mutants and then scoring

When using RNAi to analyze the properties of genes for effects on fitness (Tong et al. 2001). A recent study
that encode essential functions, a hypomorphic condi- reported the results of 132 SGA screens totaling �4000
tion can be useful. Partial depletion of an essential gene interactions (Tong et al. 2004). The average number of

interactions per target was 34, demonstrating that such
screens are reasonably specific in the interactions that
are revealed. Another indication of specificity was the1Corresponding author: 2021 Biological Laboratories, 16 Divinity Ave.,

Cambridge, MA 02138. E-mail: matt@mcb.harvard.edu correlation in function between targets and hits uncov-
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formed as described (Maeda et al. 2001). RNAi by feedingered in the screen: 27% of the interactions involved
was performed as described (Timmons and Fire 1998). Forpairs of genes that were previously known to function
feeding RNAi, all bacteria were cultured for 24 hr at 37� in

in the same or similar pathways. These data reveal that Terrific Broth containing 50 �g/ml ampicillin, seeded onto
systematic genetic modifier screens can be effective tools NGM plates containing 5 mm isopropyl-�-d-thiogalactopyrano-

side (IPTG), and allowed to dry overnight.for gene discovery.
Hoechst’s 33258 staining of embryos and gonads: WormsWe have been studying the DNA damage response in

were dissected on glass microscope slides and permeabilizedC. elegans and have been particularly interested in the
by freeze cracking. Slides were fixed for 10 min in methanol/

mus-101 locus. mus-101 (F37D6.1) encodes a 1227-amino- formaldehyde fixative at �20� and washed in PBST. DNA staining
acid protein that is characterized by the presence of six was accomplished by adding 10 �l of 10 �g/�l Hoechst’s 33258.

Antibody production: PCR primers were designed to amplifycopies of the BRCA1 carboxyl-terminal (BRCT) repeat.
fragments corresponding to the C-terminal 333 amino acidsBRCT repeats are commonly found in proteins involved
of mus-101. The fragments were subcloned into the pET30in DNA metabolism and are thought to mediate protein-
bacterial expression vector (Novagen) and used to produce

protein interactions between BRCT-repeat-containing recombinant protein. Six-histidine-tagged recombinant pro-
proteins and phosphorylated protein-binding partners tein was purified on a nickel agarose column under denaturing

conditions. Purified proteins were then used as antigens to(Manke et al. 2003; Yu et al. 2003). The mus-101 gene is
immunize rabbits. Polyclonal antibodies were obtained andhighly conserved throughout evolution, with homologs
affinity purified according to standard procedures.present in humans (TopBP1; Yamane et al. 1997), Xeno-

Propidium iodide and tubulin staining of embryos: Worms
pus (Xmus101; Van Hatten et al. 2002), Drosophila were mounted, fixed, and washed as described for Hoechst’s
(mus101; Boyd et al. 1976), Arabidopsis (MEI1; Grelon staining. Slides were incubated in 200 �g/ml RNAse for 30 min

at 37� followed by a 5-min incubation in 0.1 mg/ml propidiumet al. 2003), and fission and budding yeast (cut5 and
iodide solution (Sigma, St. Louis). Embryos were then incu-DPB11, respectively; Saka and Yanagida 1993; Araki
bated with an antibody against �-tubulin (MAb DM1A 1:100;et al. 1995). Mus101 family members have been linked
Sigma) for 2 hr at room temperature, followed by incubation

to a variety of chromosomal pathways, including DNA with donkey anti-mouse, FITC-labeled secondary antibody.
replication, S-phase checkpoint activation, postreplica- Embryos were visualized on an Olympus BX51 microscope.
tion repair of damaged DNA, chromosome condensa- Pictures were captured using a SPOT RT monochrome camera

(Diagnostic Instruments).tion, chromosome stability, and meiosis. An important
Embryo culture assays: Embryos were prepared for culturequestion regarding Mus101 function is how the protein

experiments on the basis of published protocols (Edgar andis regulated so that it can participate in multiple chromo- McGhee 1988) with some deviations. Briefly, dissected adult
somal pathways without inducing inappropriate cross-talk worms were collected and incubated for 2 min in a 1:9 solution
between different pathways. To help answer this question, of 6% hypochlorite (Fisher). Worms were then pelleted and

resuspended in minimal egg growth media (EGM; Edgarwe have initiated an analysis of the C. elegans mus-101 gene.
and McGhee 1988), followed by another 2-min hypochloriteRNAi by soaking resulted in robust depletion of mus-101,
treatment. The remaining eggs were pelleted, resuspended aa failure to replicate DNA, and embryonic lethality. RNAi final time in EGM, transferred to a gelatin-subbed slide (2%),

using the feeding protocol resulted in less penetrant and covered with a coverslip supported by half-inch adhesive
depletion, viability, and sensitivity to the DNA-damaging transfer tape. Pressure was applied to the coverslip to attach

the embryos to the slide and permeabilize the vitelline mem-agent methyl methanesulfonate (MMS). We took advan-
brane. Additional EGM was added to fill the chamber. Finally,tage of the hypomorphic condition caused by mus-101
three washes of 30 �l EGM with cytochalasin B were flushedRNAi by feeding to systematically screen for genes that, through the chamber and embryos were incubated for 1 hr.

when codepleted with mus-101, modified the mus-101 Exposure to the replication inhibitor hydroxyurea (HU) was
phenotype. From a library of 2425 chromosome I genes accomplished by incubating permeabilized embryos in EGM

containing 5 mm HU and cytochalasin B. Embryos were fixedwe isolated five modifiers. Three of the five displayed
by flushing the chamber with three 30-�l washes of fixativeMMS sensitivity, suggesting a common function with
(Edgar and McGhee 1988), followed by PBS. DNA stainingmus-101. Additionally, one of the identified modifiers, was accomplished by flushing the chamber with three 30-�l

gei-17, encodes a presumptive E3 SUMO ligase and was washes of a solution containing 10 �g/�l Hoechst’s 33258,
shown to stimulate SUMO modification of MUS-101 in followed by PBS and, finally, 30 �l of mounting medium (2%

NPG in 80% glycerol).vitro. These results shed new light on the regulation of
MMS sensitivity assays: L4 F1 worms grown on plates con-mus-101 and demonstrate that systematic codepletion

taining the appropriate bacterial expression vectors wereby RNAi is a useful method for identification of genetic transferred to plates containing 0.05 mg/ml MMS (Sigma) at
modifiers. 25�. Eggs laid by these worms were collected over time and

scored for survival.
Chromosome I RNAi modifier screen: The chromosome I

RNAi library was purchased from MRC geneservice. BacteriaMATERIALS AND METHODS
were amplified as described and mixed in a 1:1 ratio with
either mus-101 RNAi bacteria or control RNAi bacteria (bacte-C. elegans strains and culturing: The N2 Bristol strain was

used in all experiments. Worms were maintained as described ria expressing dsRNA against the exogenous green fluorescent
protein, GFP). Additionally, mus-101 RNAi bacteria were(Brenner 1974). Embryonic lethality was determined by count-

ing the percentage of eggs that failed to hatch 20 hr after laying. mixed at a 1:1 ratio with GFP RNAi bacteria to establish base-
line mus-101 RNAi lethality (which was typically �5%). Bacte-RNA interference assays: mus-101 RNAi by soaking was per-
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wild type while feeding RNAi reduced the level to 53%
of wild type. When embryonic viability of the progeny
of treated animals was assessed, we found that RNAi by
soaking caused a high (78%) level of embryonic lethality
whereas RNAi by feeding resulted in only a very low
level of embryonic lethality (4%). We conclude that
while mus-101 is an essential gene, a partial decrease in
mus-101 expression does not dramatically compromise
viability.

Figure 1.—Immunoblot analysis of MUS-101 protein levels
DNA replication problems in embryos depleted ofin wild-type animals and after soaking or feeding RNAi. Below

mus-101 by soaking RNAi: A conserved function of theeach RNAi lane is the percentage embryonic lethality (emb)
in the F1 (soaking) or F2 (feeding) progeny of RNAi-treated Mus101 protein family is DNA replication (Saka and
animals. For soaking RNAi, N2 worms were submerged in a Yanagida 1993; Araki et al. 1995; Van Hatten et al.
solution of concentrated dsRNA according to published pro- 2002); thus one likely explanation for the embryoniccedures (Maeda et al. 2001). After a recovery period whole-

lethality induced by mus-101 RNAi by soaking is a failureworm lysates were prepared for immunoblots. For feeding
RNAi, animals were cultured on plates seeded with bacteria to replicate. To investigate this further, either wild-type
expressing the dsRNA for two generations at 25� prior to or mus-101 RNAi by soaking embryos were treated with
preparation of whole-worm lysates. Each lane on the blot cor- RNAse and then fixed and stained with the nucleic acid
responds to 10 adult worms.

stain propidium iodide to assess DNA content. As shown
in Figure 2A, the propidium iodide signal (“DNA”) in
mus-101 RNAi by soaking embryos is far less intense thanrial mixes were then plated on media containing 5 mm IPTG
that in the wild type, while the signal resulting from anand allowed to dry overnight. P0 worms were seeded as L1s

and cultured at 25�. Approximately 100 F2 embryos were col- anti-�-tubulin antibody (“tubulin”) is qualitatively equiva-
lected for each mixture and scored for survival. Genes were lent. The mus-101 soaking RNAi embryos therefore con-
scored as modifiers when a higher percentage of lethality was

tain substantially less DNA than do wild-type embryos. Aobserved in the gene X/mus-101 RNAi combination than in
similar observation has been reported for embryos de-the gene X/GFP RNAi or mus-101/GFP RNAi combinations

after multiple rounds of screening. pleted of the DNA replication factor CDT-1 (Zhong et al.
SUMOylation assay: A cDNA encoding full-length mus-101 2003).

was transcribed and translated in the presence of [35S]methio- The data in Figure 2A suggest a role for mus-101 innine according to the manufacturer’s instructions (Promega,
DNA replication. To examine more directly this possibil-Madison, WI). The sumoylation kit was purchased from LAE
ity, we took advantage of previous observations that DNABiotech International and in vitro sumoylation reactions were

performed according to the manufacturer’s instructions with synthesis occurs normally in embryos treated with the
the following exceptions. Recombinant C. elegans his-tagged actin poison cytochlasin (Edgar and McGhee 1988).
UBC-9 was substituted for the human protein supplied with Cytochlasin blocks cell division but does not preventthe kit. Twenty-microliter reactions contained 5 �l of the trans-

DNA replication; thus cytochlasin-treated embryos willlation product, 0.36 �g C. elegans UBC-9, 0.68 �g C. elegans
GEI-17, 1 �g human SUMO-I, 1 �g human SUMO III, and perform multiple rounds of DNA replication and accu-
150 ng human E1. To generate recombinant C. elegans UBC-9 mulate masses of DNA within individual cells (Figure
and GEI-17, full-length cDNAs were amplified from a cDNA 2B). This allows a more direct assessment of the involve-
library and cloned into the pET-28A expression vector (Nova-

ment of a given gene in DNA replication, as embryosgen). Recombinant protein was purified using standard his-
that cannot replicate DNA will simply fail to accumulatetag purification protocols. Induction of GEI-17 was performed

for 4 hr at 16�. masses of DNA over time. For this experiment, four-cell-
stage embryos were collected, the vitelline membranes
were permeabilized, and the samples were treated with

RESULTS cytochalasin B. After a 60-min incubation period, the
embryos were fixed and the DNA was visualized by theDifferential depletion of mus-101 after soaking or
application of Hoechst’s 33258. As shown in Figure 2C,feeding RNAi: To initiate an analysis of mus-101 function
and consistent with previous reports (Edgar and McGheein C. elegans, we depleted the gene product using RNAi
1988), wild-type embryos accumulated large amountsby both soaking and feeding. To assess the relative effec-
of DNA within individual cells after the hour-long incu-tiveness of feeding and soaking RNAi on mus-101 de-
bation (Figure 2C, compare I to II). By contrast, mus-pletion, we probed whole-worm lysates derived from
101 RNAi by soaking embryos accumulated very littletreated animals with an affinity-purified anti-MUS-101
DNA during the incubation period (Figure 2C, III). Theantibody. RNAi by soaking resulted in a robust depletion
amount of DNA synthesized in mus-101 RNAi by soakingof MUS-101 protein, whereas RNAi by feeding was less
embryos was qualitatively similar to the amount synthe-effective (Figure 1). Quantification of the band intensi-
sized by wild-type embryos that had been treated withties using National Institutes of Health Image revealed

that soaking RNAi reduced MUS-101 levels to 10% of the replication inhibitor HU (Figure 2C, compare III
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Figure 2.—DNA replication is attenuated after
mus-101 RNAi by soaking. (A) Wild-type or mus-
101 soaking RNAi embryos were fixed, treated
with RNase I, and stained with propidium iodide
to visualize the DNA (“DNA”) and with anti-
�-tubulin to visualize tubulin ( “tubulin”). (B)
Schematic of the uncoupling of DNA replication
from cell division that occurs upon treatment of
permeabilized embryos with the cytokinesis inhib-
itor cytochlasin B. (C) Permeabilized embryos
were fixed and stained with Hoechst’s 33258 stain
either immediately after permeabilization (I) or
after a 1-hr incubation in culture media (II–IV).
The embryos shown in II and IV are wild type,
while the embryo depicted in III was depleted
of mus-101 gene product by soaking RNAi. The
embryo in IV was treated with HU to block replica-
tion. The embryos depicted in I–IV are represen-
tative of a larger (�25) sample set that was ana-
lyzed for each condition.

to IV). From this, we conclude that mus-101 is required notype is the observation that RNAi by feeding depletion
of the replication initiation factor ORC-2 causes an iden-for DNA replication in the early C. elegans embryo.

Depletion of mus-101 by feeding RNAi mimics a hypo- tical sterility/abnormal nuclear morphology defect (A.
Holway, unpublished data).morphic condition: By contrast to RNAi by soaking,

RNAi by feeding did not cause extensive embryonic In Drosophila, hypomorphic alleles of mus101 that
retain the DNA replication function but not the DNAlethality (Figure 1). It did, however, result in 20% steril-

ity in the F1 progeny of treated animals. Staining of the damage response function of the protein exist (Boyd
et al. 1976). In C. elegans we have shown that feeding RNAigerm lines of F1 fertile or sterile adults revealed that

the sterile animals had an abnormal gonad morphology allows embryonic viability, and thus DNA replication, and
it was therefore of interest to determine if the DNA dam-characterized by necrotic-looking germ cell nuclei (Fig-

ure 3). This demonstrates that, at low frequency, mus- age response function of mus-101 was also retained after
feeding RNAi. To examine this, we tested for MMS sensi-101 feeding RNAi affects proliferation of the germ line.

Although the basis for this proliferation defect is not tivity. F1 L4 stage animals were plated on media con-
taining 0.05 mg/ml MMS and allowed to lay eggs forknown, the morphology of affected nuclei is reminiscent

of wild-type germ-cell nuclei that are blocked for replica- 16 hr before being transferred to a fresh MMS plate for
an additional 16 hr of egg laying. Embryonic lethalitytion with HU (MacQueen and Villeneuve 2001) or

treated with ionizing radiation (Gartner et al. 2000). in the F2 was then determined by counting the number
of eggs that failed to hatch. As shown in Figure 4, andConsistent with a replication problem causing this phe-
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Figure 3.—Abnormal nuclear morphology in animals steri-
lized by mus-101 feeding RNAi. Gonads from F1 progeny of
depleted animals were dissected and stained with Hoechst’s
33258 to visualize the DNA. Roughly 80% of these animals
are fertile and show normal nuclear morphology in the germ
line (I), whereas the remainder are sterile and display abnor-
mal morphology (II). A single gonad arm is shown, with the
distal tip up and to the right in each case.

Figure 4.—MMS sensitivity after mus-101 feeding RNAi.
Either wild-type or mus-101 feeding RNAi animals were plated
as L4s on media containing 0.05 mg/ml MMS. Embryonicby contrast to wild type, mus-101 RNAi by feeding re-
lethality in the progeny of these animals was determined after

sulted in MMS sensitivity. This result makes two impor- 16 or 32 hr of egg laying as described in materials and
tant points: (1) mus-101 is required for the DNA damage methods.
response in C. elegans embryos and (2) a separation of
the DNA replication from the DNA damage response
function of mus-101 can be achieved through RNAi by ments had shown that reproducibility suffered when the
feeding. cutoff was set beneath this value.

Identification of mus-101 modifiers: The immunoblot To isolate mus-101 modifiers, we screened every gene
in Figure 1 shows that mus-101 RNAi by feeding reduces present in a library containing 2425 chromosome I genes
the steady-state level of MUS-101 protein to roughly half (representing 89% of the chromosome; see Fraser et
of what is normally present. The experiments shown in al. 2000 for details on the library). One concern raised
Figures 3 and 4 reveal that while this reduction is gener- as we were performing this screen was that mixing two
ally tolerable, there are phenotypic consequences in both different feeding vectors in the same depletion experi-
the germ line and the embryo. RNAi by feeding there- ment might weaken or eliminate the ability of either
fore mimics a hypomorphic allele of mus-101. We sought feeding vector alone to effectively silence its target gene.
to exploit this hypomorphic condition to identify other This did not occur. Fraser et al. (2000) have reported
genes that function with mus-101 by systematically search- a chromosome I RNAi by feeding screen using a full
ing for genes that, upon codepletion, modified the mus-
101 feeding RNAi phenotype. In particular, we screened
for genes that when codepleted with mus-101 caused
an increase in embryonic lethality. Codepletions were
performed by mixing, at a 1:1 ratio, bacteria expressing
dsRNA against mus-101 with bacteria expressing dsRNA
against the gene to be screened. The mixture was then
seeded onto media plates prior to plating of L1 stage
worms. After two generations on the selective media em-
bryonic viability was determined and compared to that
observed for a control codepletion that substituted mus-
101 for the irrelevant gene GFP. Two criteria were im-
posed to weed out weak and/or nonspecific interactions Figure 5.—Screening strategy for isolation of mus-101 mod-
(Figure 5). One, the percentage embryonic lethality ifiers by dual RNAi. Well A is the control plate that contains

bacteria expressing dsRNA against the gene to be screenedproduced upon codepletion of mus-101 and a candidate
with dsRNA against an irrelevant protein (GFP). This producesgene, must be at least twice that observed when the
N% embryonic lethality (emb). When dual RNAi is performedcandidate was codepleted with GFP. Two, the embryonic against the gene to be screened and mus-101 (well B), then

lethality produced upon codepletion of mus-101 and a the percentage of emb must be �10 and at least twice N for
the gene to be pursued further.candidate gene must be at least 10% as pilot experi-
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TABLE 1

Genes that interact with mus-101 after codepletion by feeding RNAi

Gene emb (GFP) (%) emb (mus-101) (%) Presumed function

W01A8.1 3.3 (9/269) 14.7 (58/395) Unknown
F26B1.2 7.7 (29/379) 14.5 (62/427) KH domain
gei-17 12.8 (20/156) 28.9 (43/149) PIAS SUMO ligase
arx-7 4.6 (11/239) 12.6 (17/135) Arp 2/3 complex
let-49 1.7 (6/356) 13.5 (21/156) Transcription factor

Emb was determined by counting the number of eggs that failed to hatch. Both the percentage and the actual
counts are shown. Emb (GFP) refers to embryonic lethality after codepletion with GFP and emb (mus-101) refers
to embryonic lethality after codepletion with mus-101.

dose of the chromosome I feeding vectors. Our screen, its presumptive ortholog in C. briggsae. F26B1.2 encodes
a protein containing a heterogeneous nuclear ribonucleo-which used a half dose of the chromosome I vectors,

produced outcomes that were consistent with those re- protein K homology (KH) domain. gei-17 encodes a pro-
tein with homology to the mammalian protein inhibitor ofported by Fraser et al. (2000) 95% of the time. The

5% of the cases where the outcomes did not agree were activated STAT (PIAS) family of transcriptional regulators
and E3 SUMO ligases (reviewed by Schmidt and Mullerequally divided between examples where Fraser et al.

(2000) reported a phenotype for a given gene and we 2003). arx-7 encodes a component of the Arp2/3 com-
plex, which regulates actin dynamics, and let-49 is adid not and examples where we could observe a pheno-

type and Fraser et al. (2000) did not. Thus this 5% transcriptional regulator that controls expression of
genes required for germ-line formation and postembry-discrepancy likely reflects the noise inherent in any

large-scale functional genomics screen. The high degree onic development (Kwon et al. 2001).
The five genes identified in the screen all caused anof correlation between phenotypes reported by Fraser

et al. (2000) using a full complement of feeding vector increase in embryonic lethality when they were code-
pleted with mus-101, relative to GFP. To make sure thatand those reported here using a half complement shows

unambiguously that RNAi codepletion by feeding allows the enhanced embryonic lethality was due to synergy
with mus-101 RNAi and was not due to an unexpectedsilencing of both target genes in the codepletion.

Table 1 lists the results of this screen. Five genes that suppression of embryonic lethality by the GFP RNAi,
we performed full-dose feeding RNAi experiments onfit the criteria outlined in Figure 5 were isolated. Three

of the genes, gei-17, arx-7, and let-49, have been pre- all five genes. No significant differences were observed
in the embryonic lethality after a full dose of feedingviously characterized, but not in significant detail. The

other two, W01A8.1 and F26B1.2, have not been charac- RNAi relative to that observed for the GFP codepletions
for four of the five genes. For let-49, a full dose of feedingterized. W01A8.1 encodes a protein with no strong ho-

mology to anything in the current databases, excepting RNAi resulted in 100% sterility in the F1, thus precluding
analysis of the F2. We conclude that none of the genes
identified in the screen were false positives resulting
from interactions with GFP RNAi.

MMS sensitivity of mus-101 modifiers: Four of the
screen hits were next tested for MMS sensitivity. We
did not score let-49 in this assay owing to the sterility
phenotype. Three of the four genes tested showed sensi-
tivity (Figure 6). One of the genes, gei-17, was exception-
ally sensitive to MMS, with embryonic lethality of 100%
at the first time point. The other two genes, F26B1.2
and arx-7, were more modestly sensitive. For arx-7, we
did note a weak eggshell phenotype; therefore it is un-
clear whether the MMS sensitivity in the arx-7 RNAi
embryos was due to direct involvement in the DNA
damage response or to the weakened eggshell resulting
in the embryos experiencing a higher effective concen-
tration of MMS during the experiment.

To understand more about why mus-101, gei-17, andFigure 6.—MMS sensitivity in mus-101 modifiers. MMS sen-
F26B1.2 depleted embryos were MMS sensitive, we stainedsitivity assays were performed as described in Figure 4 after

feeding RNAi against the indicated genes. MMS-exposed embryos with the DNA stain Hoechst’s
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Figure 7.—MMS induces nuclear
morphology abnormalities after mus-101
and gei-17 feeding RNAi. Wild-type (I),
mus-101 (II), gei-17 (III), and F26B1.2
(IV) feeding RNAi embryos were ex-
posed to MMS and then fixed and
stained with Hoechst’s 33258 to visualize
the DNA. V and VI show enlarged exam-
ples of the anaphase bridges that were
commonly observed in the mus-101 and
gei-17 feeding RNAi samples, respec-
tively.

33258 to examine the morphology of the nuclear DNA. through transcription and translation in the presence
of [35S]methionine to produce MUS-101 TnT. MUS-As shown in Figure 7, nuclear morphology in F26B1.2

depleted embryos did not differ from wild type after 101 TnT was mixed with the core components of the
SUMOylation machinery (E1, E2, and SUMO) as wellMMS exposure. By contrast, nuclear morphology in

both mus-101 and gei-17 depleted embryos was affected as recombinant GEI-17, and the reaction products were
resolved on an SDS-PAGE gel. This resulted in the ap-by MMS. Specifically, many nuclei were of discontinuous

size and shape, some nuclei appeared to be torn or pearance of high-molecular-weight bands that ran above
MUS-101 TnT on SDS-PAGE (Figure 8). The appear-fragmented, and numerous anaphase bridges were also

observed. Such nuclear morphology aberrations were not ance of these bands was dependent on the presence
of both GEI-17 and SUMO in the reaction mixture,observed in either mus-101 or gei-17 depleted embryos in

the absence of MMS exposure. Thus, in addition to demonstrating that they were derived from SUMO mod-
ification of MUS-101 and that GEI-17 facilitates this. WeMMS sensitivity, mus-101 and gei-17 share a similar nu-

clear morphology defect upon MMS exposure. This sug- conclude that GEI-17 stimulates SUMO modification of
MUS-101 in vitro, suggesting that GEI-17 may controlgests that mus-101 and gei-17 may be components of a
MUS-101 function in vivo.common pathway that responds to MMS-induced DNA

damage in the embryo.
GEI-17 stimulates SUMO modification of MUS-101

DISCUSSIONin vitro: To strengthen the connection between mus-101
and gei-17, we sought biochemical evidence for an inter- In this article we have used RNAi to reduce expression
action between the two gene products. The PIAS do- of the mus-101 gene. Soaking RNAi cleared 90% of MUS-
main family of proteins, of which GEI-17 is a member, 101 protein, whereas feeding RNAi removed roughly
has been shown to stimulate SUMO modification of half. Accordingly, soaking RNAi caused high embryonic
substrate proteins (Johnson and Gupta 2001). SUMO lethality, and this was likely through a reduction in DNA
is a small, ubiquitin-like polypeptide that is covalently replication. For the remainder of this work we have
attached to substrate proteins (reviewed by Johnson focused on the mus-101 RNAi by feeding phenotype.
2004). SUMO modification of substrates can alter their The mus-101 RNAi by feeding phenotype: Feeding
function, and chromosomal proteins in particular are RNAi caused a low level (20%) of sterility in the F1,
subject to regulation by the SUMO system. Attachment and DNA staining of the germ lines of sterile animals
of SUMO to the substrate is similar to ubiquitination revealed a defect in germ-cell proliferation. We have
in that attachment is mediated through sequential trans- observed this phenotype after RNAi against other DNA
fer of SUMO from an E1 enzyme to an E2 and then on replication proteins, such as subunits of the origin rec-
to substrate. The last step, transfer of SUMO from the ognition complex (A. Holway, unpublished data), and
E2 to substrate, is often facilitated by an E3 ligase such thus we suspect that the phenotype is connected to a
as a PIAS domain protein. Because gei-17 modifies the defect in the initiation of DNA replication. It is also
mus-101 feeding RNAi phenotype, we speculated that possible that an inability to repair replication-induced
GEI-17 may stimulate SUMO modification of MUS-101. damage may be responsible for this phenotype.
We therefore asked if GEI-17 protein could stimulate Unlike the sterility phenotype, which was modestly
SUMO modification of MUS-101 in a reconstituted in penetrant, the MMS sensitivity phenotype after feeding

RNAi was highly penetrant with embryonic lethality ofvitro SUMOylation assay. MUS-101 was radiolabeled
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Figure 8.—GEI-17 stimulates SUMO modifica-
tion of MUS-101. An in vitro SUMOylation assay
was performed as described in materials and
methods. (�) indicates that the given compo-
nent was included in the reaction and (�) indi-
cates that it was omitted.

�90% as compared to �10% for wild type. This suggests arx-7, and F26B1.2) showed MMS sensitivity after a full
dose of feeding RNAi, implying participation in thethat a 50% reduction in MUS-101 protein is incompati-

ble with an efficient embryonic DNA damage response. DNA damage response. F26B1.2 encodes a KH-domain-
containing protein. KH proteins bind single-strand nu-This, in turn, suggests that the replication and damage

response functions of mus-101 can be uncoupled by cleic acids, and while roles for these proteins in the
DNA damage response are not common, we do notefeeding RNAi. Interestingly, such uncoupling has also

been observed for the Drosophila and the budding and that the MCG10 KH protein has been shown to be a
transcriptional target of p53 and to promote cell cyclefission yeast homologs of mus-101. Drosophila mus101

hypomorphic alleles that are MMS sensitive and defec- arrest and apoptosis after DNA damage in human cells
(Zhu and Chen 2000). Our finding that F26B1.2 RNAitive in postreplication repair but are nonetheless viable

exist (Boyd et al. 1976). In fission yeast, separation- embryos are MMS sensitive further strengthens the con-
nection between KH proteins and the DNA damageof-function alleles of cut5 that allow replication but not

activation of the DNA damage checkpoint have been iso- response.
The gene from the screen that showed the most ro-lated (McFarlane et al. 1997). Finally, in budding yeast,

the dpb11-1 allele is MMS sensitive at the permissive tem- bust MMS sensitivity was gei-17. The gei-17 gene was
initially identified as 1 of 26 genes recovered in a yeastperature for DNA replication (Wang and Elledge 2002).
two-hybrid screen using the transcription factor gex-3Thus a common theme in this gene family is the avail-
as bait (Tsuboi et al. 2002) and has not been furtherability of hypomorphic alleles. The data presented here
characterized. gei-17 is highly conserved and shares ho-shed light on this by showing that alterations to the mus-
mology with the Su(var)2-10 chromosomal regulator in101 coding sequences are not necessary to generate
Drosophila (Hari et al. 2001) and the PIAS family ofhypomorphic alleles as limiting the expression of an other-
mammalian SUMO ligases (reviewed in Seeler andwise wild-type copy of the gene is sufficient to do this. One
Dejean 2003). Three findings reported here provideinterpretation of this is that the DNA damage response
strong evidence that gei-17 and mus-101 act together infunction of the Mus101 family requires more protein on
a common pathway:a per-cell basis than does the replication function.

The modifier screen: Having established a hypomor-
1. The gei-17 gene was selected by our screen as a mus-phic condition using mus-101 feeding RNAi, we ex-

101 modifier.ploited this to screen for genes that modified the pheno-
2. Like mus-101, gei-17 RNAi embryos show MMS sensi-

type. This resulted in the isolation of five genes that
tivity and an MMS-induced nuclear morphology de-

displayed enhanced embryonic lethality when codepleted
fect. We have observed MMS sensitivity after RNAi for

with mus-101. Interestingly, none of the genes identified
a number of DNA damage response genes and yet

are known to encode DNA replication factors. Indeed, the only two genes to date that produce this nuclear
when directed codepletion experiments were per- morphology defect are mus-101 and gei-17. Thus the
formed with mus-101 and a number of different DNA nuclear morphology defect is relatively rare.
replication factors, we failed to detect any interactions 3. We have demonstrated a biochemical interaction be-
(A. Holway and C. Hung, unpublished data). This is tween MUS-101 and GEI-17 by showing in an in vitro
in contrast to a synthetic lethal screen performed in SUMOylation assay that GEI-17 stimulates SUMO
budding yeast using the dpb11-1 allele (Kamimura et al. modification of MUS-101.
1998). This screen identified numerous sld genes, many
of which are DNA replication factors. One explanation Taken together, these results all suggest that SUMO
for this is that in C. elegans MUS-101 is in excess, even modification of MUS-101 by GEI-17 regulates MUS-101
after feeding RNAi for embryonic DNA replication, thus function during the DNA damage response. The con-
making it difficult to further weaken this pathway. If so, nections between Mus101 and PIAS proteins are not
we would not expect to find many replication genetic limited to those reported here. We note that the Dro-

sophila gei-17 homolog Su(var)2-10 shares a chromo-interactions, given that embryonic lethality was the scored
phenotype. somal phenotype with fly mus101 in that both genes are

required for condensation of heterochromatic regionsInterestingly, three of the five genes tested (gei-17,
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