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Somatic mutations causing chromosome instability (CIN) in tumors can be exploited for selective killing of cancer cells
by knockdown of second-site genes causing synthetic lethality. We tested and statistically validated synthetic lethal (SL)
interactions between mutations in six Saccharomyces cerevisiae CIN genes orthologous to genes mutated in colon tumors
and five additional CIN genes. To identify which SL interactions are conserved in higher organisms and represent
potential chemotherapeutic targets, we developed an assay system in Caenorhabditis elegans to test genetic interactions
causing synthetic proliferation defects in somatic cells. We made use of postembryonic RNA interference and the vulval
cell lineage of C. elegans as a readout for somatic cell proliferation defects. We identified SL interactions between
members of the cohesin complex and CTF4, RAD27, and components of the alternative RFC“T¥1® complex. The genetic
interactions tested are highly conserved between S. cerevisiae and C. elegans and suggest that the alternative RFC
components DCC1, CTFS, and CTF18 are ideal therapeutic targets because of their mild phenotype when knocked down
singly in C. elegans. Furthermore, the C. elegans assay system will contribute to our knowledge of genetic interactions in

a multicellular animal and is a powerful approach to identify new cancer therapeutic targets.

INTRODUCTION

Cancer cells accumulate a series of somatic mutations that
ultimately contribute to tumor progression. These somatic
mutations distinguish cancer cells both genetically and phe-
notypically from normal cells. Some mutations allow tumor
cells to evade cellular checkpoints and to grow in an uncon-
trolled manner, whereas other mutations occur in genes
required to maintain chromosomal stability (CIN) genes
(Wang et al., 2004; Kemp et al., 2005; Yuen et al., 2008).
Mutations in CIN genes are thought to be an early event in
tumor development (Shih et al., 2001; Chin et al., 2004; Vo-
gelstein and Kinzler, 2004), predisposing cells to the accu-
mulation of genetic changes leading to progression to a
cancerous state. CIN mutations and their effect on chromo-
some stability may render cancer cells, relative to normal
cells, sensitive to knockdown of a second gene that is re-
quired for viability only in the CIN background. This con-
cept is known as synthetic lethality (SL) and occurs when a
primary sublethal mutation (e.g., a CIN mutation) is lethal in
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the context of a second-site sublethal mutation (Hartwell et
al., 1997; Kaelin, 2005).

Recently, using a cross-species candidate gene approach,
systematic gene resequencing of ~200 human orthologues
of yeast CIN genes in a panel of 130 chromosomally unstable
human colorectal cancers identified somatic mutations in
eight genes: CDC4, BUB1, MRE11, SMC1/SMC1L1, CSPG6/
SMC3, STAG3/SCC3, NIPBL/SCC2, and DING/PDS1 (Wang
et al., 2004; Kemp et al., 2005; Yuen et al., 2007; Barber et al.,
2008). Second-site mutations that are nondetrimental to nor-
mal somatic cells, but that cause SL in combination with any
of these known cancer mutations represent potential cancer
therapeutic targets (Hartwell et al, 1997; Kaelin, 2005;
McManus et al., 2009). Cross-species candidate genes for
such second-site SL partners of primary CIN mutations can
be derived from yeast SL genetic interaction networks and
tested for conservation of SL in mammalian cell lines using
a combination of siRNA and knockout mutations (McManus
et al., 2009). This is a relatively expensive and time-consum-
ing task in tissue culture that involves testing the SL gene
pairs singly and in combination and then assessing cell
proliferation. We reasoned that C. elegans could provide an
excellent organismal model system in which gene pairs,
predicted from yeast, could be more easily directly tested in
proliferating somatic tissues. Furthermore, direct screening
for CIN gene-SL gene pairs relevant to cancer in a living,
multicellular organism may provide additional develop-
mental context and offers the possibility of identifying

© 2009 by The American Society for Cell Biology



new gene interactions given its expanded gene repertoire
(~20,000 genes) compared with yeast (~6,000 genes). Fur-
thermore, C. elegans also offers experimental advantages
over a tissue culture system, one being the ease of gene
knockdown by RNA interference (RNAi), a renewable li-
brary resource.

Systematic screening of genetic interactions causing SL
has been performed in S. cerevisiae and to a lesser extent in
C. elegans (Tong et al., 2001, 2004; Pan et al., 2004, 2006;
Davierwala et al., 2005; Lehner et al., 2006; Ceron et al.,
2007; Tischler et al., 2006). The ability to screen for genetic
interactions causing cell lethality is more difficult in multi-
cellular animals because many single mutations that are
tolerated in somatic cells or single-celled yeast are not tol-
erated in the developing embryo and cause embryonic le-
thality. This then excludes the ability to use embryonic arrest
as an indicator for a synthetic interaction in many cases, as
has been done in previous studies (Lehner et al., 2006). To
circumvent this problem, we have developed an assay sys-
tem using the somatic vulval cells of the multicellular animal
C. elegans, where knockdown of these genes does not cause
organismal lethality. We have gone on to use this system
to identify genetic interactions with therapeutic relevance
to colon tumors.

The C. elegans test system developed in this work takes
advantage of the fact that cell division defects in the vulval
cell lineage result in a visible postembryonic phenotype. The
formation of the vulva has been extensively studied and is
mediated by an EGFR/RAS/MAPK pathway that is highly
conserved from C. elegans to humans (Sundaram, 2006).
Three vulval precursor cells (VPCs) go through three mitotic
cycles to form the wild-type vulva consisting of 22 cells
(Sulston and Horvitz, 1977). Weidhaas ef al. (2006) have
shown that loss of vulval cells by nonapoptotic cell death
results in a protruding vulva phenotype (Pvl). Treatment
with radiation can cause postmitotic vulval cells to die in a
stochastic manner, resulting in fewer than 22 vulval cells
and the generation of abnormal vulval phenotypes, includ-
ing a Pvl (Weidhaas et al., 2006). We reasoned that reduced
postembryonic cell division in the vulval lineage would
similarly generate a Pvl phenotype and could be used as an
assay for genetic interactions that cause defects in somatic
cell proliferation. The screen also capitalizes on the use of
postembryonic RNAi to knock down genes that may be
essential for embryonic development.

We report our work validating a network of yeast syn-
thetic lethal genetic interactions with mutations in genes
found to be mutated in human colon tumor cells. We then
describe the development and use of a C. elegans somatic cell
proliferation assay to test for conservation of these interac-
tions in the somatic cell divisions of a multicellular animal.
We have identified conserved interactions between mem-
bers of the cohesin complex and members of the alternative
replication factor C, namely CTFS8, CTF18, and DCCI1. We
have also found that CTF4 and RAD27 have genetic interac-
tions with the majority of genes mutated in colon tumors.
These findings posit Ctf4p, Rad27p, CtfS8p, Ctf18p, and
Dcclp as potential therapeutic targets that may selectively
eliminate cancerous cells with known existing mutations in
a variety of CIN genes.

MATERIALS AND METHODS

S. cerevisiae Random Spore

Double mutants between each of the six “colon tumor—implicated genes,” and
the five nonessential “query genes” were created and analyzed for a total of
30 double mutants. Strains used can be found in Supplemental Table S1.
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Heterozygous double mutant strains were first constructed by mating each of
the corresponding single mutants. The haploid query gene deletion strains
were disrupted with the HygB (HphMX) resistance gene in strains containing
the MATa specific marker can1A:MFATpr-HIS3:LEU2 or can1A::STE2prHIS5™
(Giaever ef al., 2002). Four of the colon tumor implicated genes were essential
and therefore temperature-sensitive (ts) alleles were used to analyze these
strains. Ts alleles were fused to a URA3 marker as described by Ben-Aroya et
al. (2008). Knockout alleles for the two nonessential colon tumor implicated
genes, MRE11 and BUBI, were created by targeted disruption with the G418
resistance gene. Random spore analysis was performed as described by Tong
and Boone (2006) with slight modifications. Briefly, spores from each of the
double heterozygous mutant strains were plated onto haploid, single, and
double selection plates. Haploid plates were Sc —his —arg —leu +canavanine
(60 mg/ml) + glutamic acid (0.9 g/1), and single selection plates were addi-
tionally either +hygromycinB (300 mg/1), +G418 (200 mg/1), or —ura. Spores
were diluted to an ODy, of 0.01-0.1 and plated at volumes of 75, 150, and 300
ul on haploid, both single selection, and double selection plates, respectively.

S. cerevisiae Growth Curves

Strains used can be found in Supplemental Table S2 and interactions tested
can be found in Supplemental Figure S1. MATa strains containing each of
the single and double mutants were isolated by sporulating the double
mutant strains constructed for random spore analysis on Sc —his —leu
—arg +canavanine (60 ml/1). All strains were grown overnight in YPD at
30°C except for strains for smc1-259 analysis, which were grown at 25°C.
Cultures were diluted to an ODg, of 0.2 in the morning, allowed to grow
for 4 hin YPD, and then diluted to an ODg, of 0.05 in fresh YPD in 96-well
plates. ODg,, measurements were taken every 30 min after 5 min of
shaking for 24 h in either a Multiskan Ascent (Thermo Fisher Scientific,
Rochester, NY) or an M1000 (Tecan, Hillsborough, NC) plate reader.

Growth Curve Analysis

For each mutant analyzed there were at least three independent growth
curves available for analysis. A four-parameter logistic growth model was fit
to the growth curves (Pinheiro and Bates, 2000):

4 B—-A
y=A+ 1 + exp[(x,ig — x)/scal]

where x is time and y is the OD reading, a proxy for cell density or population
size, and A is the minimum OD reading, B is the maximum OD reading, x,,;,
is the time at which 50% of total growth is achieved, and scal is approximately
the time taken to move from 50 to 75% of growth. We fit a mixed effects
logistic growth model using the R package nlme (Pinheiro et al., 2008, R
Development Core Team: R Foundation for Statistical Computing, 2008; R
code available upon request). To identify genetic interactions, we focused on
the scal parameter, which is proportional to doubling time under conditions
of unconstrained exponential growth. The model for scal had the following
form: scalyy = Syr + S; + Sy + S, where g specified the colon implicated
genes and d specified the query genes. The term Sy gave the typical value of
scal for the wild type strain and the terms S, and S, were the typical change
in scal associated with a single mutation in the colon implicated genes and the
query genes, respectively. The interaction term S, captured the difference
between the experimental value of scal for the double mutant (scal,,;) and the
value predicted from a simple sum of Sy, and the associated single mutant
effects. We used this additive model of genetic neutrality to detect both
synthetic and alleviating genetic interactions (see Figure 1 and Supplemental
Figures S1-S3, Supplemental Table S3). A minimum definition of genetic
neutrality (Mani ef al., 2008) was also used to analyze growth curve data and
yielded similar results as the additive definition of neutrality (Supplemental
Table S3, Supplemental Figure S4). Growth curve analysis for PDS1 was not
performed because the pdsI-1 and pds1A single mutants are so slow growing
as to be uninformative. The interaction between smc1-259 and ctf8A is a special
case that was analyzed separately (Supplemental Figures S5 and S6, Supple-
mental Table S4). See Supplemental Table S5 and Supplementary Materials
and Methods for further description of growth curve analysis.

C. elegans General Methods and Strains

Strains used can be found in Supplemental Table S6. All nematodes were
grown at 20.0°C on standard nematode growth medium (NGM) seeded
with the Escherichia coli strain OP50 except in cases where worms were fed
E. coli-expressing RNAi constructs. Young adult worms were imaged on
a Zeiss Axioplan 2 Imaging microscope (Thornwood, NY).

C. elegans RNAi

RNAi was administered by feeding as previously described by Fraser et al.
(2000). All RNAi constructs, except CTF8, were obtained from the RNAi
feeding library (Kamath ef al., 2003). A bacterial RNAi clone for CTF8/T22C1.4
was not contained in the library and was kindly provided by K. McManus
(Manitoba Institute of Cell Biology, University of Manitoba, Winnipeg, MB,
Canada).
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Figure 1. Synthetic genetic interactions in yeast. (A) The human orthologues of the genes on the outside of the wheel are mutated in colon
tumors. Genes on the inside were identified as being SL with a subset of the genes mutated in colon tumors. Solid lines and dashed lines,
SL and SS interactions, respectively. Circles shaded in gray represent essential genes in yeast. The temperature indicated next to the allele
indicates the temperature at which genetic interactions were tested. (B and C) Examples of growth curves performed that yielded a SS
interaction and no interaction, respectively. (D). The scal parameter extracted from the ensembles of growth curves in B and C are shown.
The growth profile of each curve can be summarized by scal, a value inversely proportional to growth rate. Double mutant strains with a scal
value statistically greater than the predicted scal of a neutral genetic interaction are considered SS. scal values for the double mutant, the
associated single mutants, and the WT strain are shown on a horizontal line and slower growing strains have a greater scal value.

C. elegans Pvl Assay

Eight to 30 gravid hermaphrodites were alkaline lysed using 10 ul of a 1:1
solution of 2N NaOH and 10-13% sodium hypochlorite onto plates seeded
with E. coli expressing different RNAi constructs. L1 worms hatched and then
began feeding on the RNAi, allowing for all essential embryonic divisions to
occur before RNAi exposure. N2, him-1(e879), and him-6(0k416) adults were
scored after 4 d for the presence of Pvl. scc-1(0k1017) and smc-3(0k1703)
homozygotes were transferred to fresh RNAIi plates after 3 d and scored for
Pvl after 5 d because of slower development.

RESULTS

Genes Mutated in Colon Tumors Share Genetic
Interactions with a Common Set of Genes

To further investigate the idea that a small set of genes may
genetically interact with multiple genes mutated in colon tu-
mors, we set out to complete a network of genetic interactions
between these two sets of genes in yeast; we examined six of
the eight CIN genes mutated in colon tumors (CDC4, BUBI,
MRE11, SMC1/SMC1L1, CSPG6/SMC3, STAG3/SCC3, NIPBL/
SCC2, and DING/PDS1) and five potential common “SL gene
partners” (RAD27, CTF4, CTF18, CTF8, and DCCI). The
partners were selected based on the results of several high
throughput genetic interaction screens (Tong et al., 2004; Pan
et al., 2006) and direct genetic tests (Mayer et al., 2001) that
showed that CTF18, CTFS, CTF4, DCC1, and RAD27 genet-
ically interact with many of the yeast orthologues of genes
mutated in colon tumors. We set out to complete and quan-
tify the synthetic growth phenotypes of this network of
genetic interactions by assessing all pairwise combinations
of double mutants in yeast.

The genetic interactions in S. cerevisiae were first assayed
by random spore analysis for all pairwise combinations in a
6 X 5 gene matrix. Nine double mutant combinations were
found to be lethal, and the remaining 21 viable double
mutants were further tested by growth curve analysis. Of
the 21 strains analyzed 12 double mutant combinations were
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found to have a synthetic slow growth phenotype (SS; Fig-
ure 1, Supplemental Figures S1-53). Quantification of ge-
netic interactions by growth curves or other quantitative
method is an important step in this process because random
spore or tetrad analysis does not always clearly identify
synthetic interactions. The analysis revealed that the yeast
orthologues of several genes mutated in colon tumors share
genetic interactions with a common set of genes, namely
RAD27, CTF4, and members of the alternative RFCCTF18,
This analysis highlighted the importance of these five genes
as potential therapeutic targets that may selectively elimi-
nate colon cancer cells that harbor mutations in genes such
as SMCI1/SMCIL1. Scclp is the fourth component of the
cohesin complex, and although mutations in this gene were
not identified in colon tumors, the hypomorphic allele
sccl-73 is also SL with deletions in RAD27, CTF4, CTF18,
CTF8, and DCC1.

C. elegans Can Be Used to Identify Genetic Interactions in
Proliferating Somatic Cells

We were interested in testing whether the genetic interac-
tions identified in yeast were conserved in a higher organ-
ism and therefore were more likely to also be conserved in
human cells. We chose C. elegans because it is a well-estab-
lished metazoan model system with the ability to use RNAi
to knock down gene function at various stages of develop-
ment (Figure 2). This was important for our study because
many of the genetic interactions of interest involved genes
that are essential for embryogenesis, and therefore these
interactions had to be studied in somatic postembryonic
cells.

Our first goal was to determine whether or not the C.
elegans vulval cell lineage could be used to identify general
defects in somatic cell proliferation. To do so, we scored the
frequency of individuals exhibiting a Pvl phenotype (Figure

Molecular Biology of the Cell



A ‘score embryonic

lethality
J RNAi effect

|
embryonicl postembryonic
divisions divisions

|
embryonicl postembryonic
divisions divisions
B score postembryonic

phenotypes (eg. Pvl)
‘ RNAi effect

embryonic! postembryonic
divisions divisions

embryonic divisions Z gote .
I M‘ iR -

Seam cell

divisions ‘
b .
awisions WAL 1 (] li ‘;M.MNTM

Vulval cell divisions

Figure 2. Paradigms for C. elegans genetic interaction assays. (A)
Typical screening method using RNAi. RNAi treatment is initiated
during the L1-L4 stages of development to deplete maternal, and
hence embryonic, stores of mRNA. A frequent readout is enhanced
embryonic lethality in the subsequent generation. (B) The Pvl
screening method where RNAI treatment begins at the L1 stage,
once animals have completed the embryonic cell divisions. This
experimental approach is designed to identify phenotypes caused
by defects in the postembryonic cell divisions, such as Pvl. Black
arrows denote when RNAI treatment is initiated. Gray arrows in-
dicate when phenotype scoring takes place. Black wedges depict
the phenotypes caused by RNAi knockdown and the associated
phenotypic lag. (C) C. elegans cell lineage diagram showing the
embryonic and postembryonic cell divisions and highlighting the
vulval and seam cell divisions (Sulston and Horvitz, 1977).
Source: Adapted from the C. elegans server (www.umdnj.edu/
mobioweb/moss/celegansonline.html/).

3C, H) after knockdown by RNAI of the essential cohesin
subunit HIM-1/Smclp. Similar to yeast SMCI mutants, the
hypomorphic mutation him-1(e879) exhibits chromosome
instability (CIN), characterized by a high frequency of X
chromosome nondisjunction, resulting in a high incidence
of males (Him) phenotype. him-1(e879) also exhibits a low
frequency of Pvl (3.9 * 1.0%; Figure 3A). When RNAIi
targeting him-1 was administered to the wild-type strain
by feeding, after completion of embryogenesis, the per-
centage of Pvl in the RNAi-treated animals was 36.7 =
1.5%. When him-1(RNAi) was administered to the him-
1(e879) hypomorph, 79.3 * 3.6% of animals were Pvl
(Figure 3, A and H).

We next used the zmp-1::GFP marker to count a subset
of cells present in the vulva in worms with a normal vulva
and worms with Pvl to ascertain whether the Pvl pheno-
type was the result of reduced cell numbers. zmp-1 is
expressed in the two vulD and vulE cells of the vulva
from L4 through adult stages. Expression is also seen in
the four vulA cells in the adult stage (Inoue et al., 2002).
Adults have a characteristic expression pattern (Figure
3E) where the four vulA and two vulD cells are high-
lighted as four distinct areas of fluorescence. The vulE
cells appear to have a more diffuse fluorescent signal and
are visible in another plane of focus. We counted the
number of total GFP-positive foci out of a total wild-type
number of four in animals with and without Pvl: 90.4 +
1.6% of animals with Pvl have fewer than four GFP foci,
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Figure 3. him-1(RNAi) causes Pvl. (A) N2 (wild type) worms and
him-1(e879) worms were treated with both him-1(RNAi) and no
RNAI and then scored for the presence of Pvl. N2 normally shows
a low frequency of Pvl that is enhanced when treated with him-
1(RNA:i). The him-1 hypomorphic mutant has a low frequency of Pvl
when treated with no RNAi. Treatment of him-1 worms with him-
1(RNAi) produced a more penetrant phenotype (79.3 *+ 3.6% com-
pared to 3.9 = 1.0%). Error bars, SEM; n > 500 for each experiment.
(B) DIC image of N2; (no RNAI). (C) DIC image of N2; him-1(RNAi).
(D) zmp-1::GFP was used to score the number of GFP-positive foci in
worms with and without Pvl. Wild type typically has four GFP-
positive foci, whereas 90.4 = 1.6% of worms with a Pvl have fewer
than four GFP-positive foci. Error bars, SEM; n > 120 for each
experiment. (E) Image of the four GFP foci seen in worms with a
wild-type vulva. (F) Image of a Pvl worm with two GFP foci. (G and
H) In the Pvl screening assay worms are visually scored on a Zeiss
dissecting microscope at X160 for the presence of a small protru-
sion, a protruding vulva. (G) Wild-type worms treated with no
RNAi. (H) him-1 worms treated postembryonically with him-
1(RNAi). Black arrows, protruding vulva.

suggesting that these animals have fewer than the wild-
type number of cells (Figure 3D). One caveat of this
approach is that a change in cell morphology or expres-
sion of GFP could also result in fewer than four GFP foci.
Although on its own not conclusive, a reduced number of
zmp-1 foci supports the notion that him-1(RNAi) results in
fewer cell divisions in the vulval lineage. Collectively,
these results reinforced the proposal that the Pvl pheno-
type could be used as an indicator of defective somatic
cell proliferation.
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Figure 4. him-1(RNAi) causes defects in cell division in an inde-
pendent lineage. (A) ajm-1::GFP worms were treated with no RNAi
or him-1(RNAi) and adults were scored for gaps in their lateral seam
syncytia. Error bars, SEM; n > 120 for each experiment. (B)
ajm-1::GFP;(no RNAi). (C) ajm-1::GFP; him-1(RNAi). (D) Worms car-
rying the SCM::GFP marker were treated with either no RNAi or
him-1(RNAi). (E) SCM::GFP;(no RNAi). 15 nuclei, not including H,,
can be identified (F) SCM::GFP; him-1(RNAi). Fewer than 15 nuclei
are seen in 65% of worms including irregular nuclear bodies (ar-
rowhead). (G) Example of a typical nuclear body. (H and I) Exam-
ples of irregular nuclear bodies. n = 30 for each experiment.

Defects in Division Are Seen in an Independent
Postembryonic Cell Lineage

To confirm that somatic cell loss was responsible for the
observed Pvl phenotype, we assayed the proliferation of an
independent postembryonic cell lineage. The seam cells are
a subset of cells that divide four times in the developing
larva. These cells normally fuse during the L4 stage to form
lateral syncytia along the A-P axis of the worm (Sulston and
Horvitz, 1977; Hedgecock and White, 1985; Podbilewicz and
White, 1994). We used the ajm-1::GFP apical junction marker

(Koppen et al., 2001) to visualize defects in the normally
continuous lateral seam cell syncytium after postembryonic
him-1(RNAi) treatment and found that him-1(RNAi) caused a
statistically significant increase in seam defects in both N2
and him-1 hypomorphic worms (Figure 4, A-C). To ensure
that seam discontinuities were due to defects in cell division
rather than defects in cell fusion, we used the SCM::GFP
marker (seam cell marker) that marks seam cell nuclei (Terns
et al., 1997) to count the number of seam nuclei in adult
worms. Normally adult worms have two sets of 15 seam
nuclei on either side of the body, not including H, (Sulston
and Horvitz, 1977). When N2 worms were treated postem-
bryonically with him-1(RNAi), 73% had fewer than 15 seam
nuclei, and many had irregular nuclear bodies (Figure 4,
D-I). These data demonstrate that discontinuities in the
seam syncytium are due to defects in cell division. Thus, we
conclude that the loss of him-1 gene function responsible for
the Pvl phenotype is also responsible for seam cell loss,
indicating that the Pvl phenotype can be used as a general,
and easily scorable, readout for proliferation defects in so-
matic cells.

CIN SL Genetic Interactions in Yeast Are Conserved in
C. elegans

We used the protruding vulva assay to test for conservation
of the synthetic genetic interactions identified in yeast, with
a focus on the cohesin genes. First, we tested interactions
with the C. elegans SMC1 ortholog, him-1. We used him-
1(e879), a viable hypomorphic mutation, to screen for inter-
actions with the C. elegans orthologues of RAD27, CTF4, and
three members of the alternative RFC<TF18. As previously
mentioned, him-1 exhibits CIN and a low frequency of Pvl
(3.9 = 1.0%). We administered postembryonic RNAi by
feeding newly hatched him-1(e879) mutant animals to test
for an increased frequency of individuals exhibiting the Pvl
phenotype. Postembryonic treatment of him-1(e879) with
RNAi against crn-1/RAD27, F17C11.10/CTF4, Y47G6A.8/
CTF18, T22C1.4/CTF8, and KO9H9.2/DCC1 caused a statisti-
cally significant increase in the number of Pvl individuals
(Figure 5A). Thus, we conclude that these yeast genetic
interactions are conserved in C. elegans. It was formally
possible that the increase in the Pvl phenotype observed in
the him-1 mutant was due to enhanced RNAI sensitivity in
this mutant background. As part of a separate larger screen
we tested the wild-type and him-1 strains with 17 RNAi
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Figure 5. Genetic interactions of cohesin can be recapitulated in C. elegans. (A) An increase in Pvl frequency is seen when him-1 worms are
treated with RNAi against the C. elegans orthologues of RAD27, CTF4, CTF18, CTF8, and DCCI but not with control RNAi. (B and C)
smc-3(0k1703) and scc-1(0k1017) homozygotes show a similar profile of genetic interactions. Error bars, SEM; n > 500 for each experiment.
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clones known to be enhanced in the rrf-3 RNAi-sensitive
background. We observed no enhancement of the RNAi
phenotype in the him-1 mutant compared with wild type in
all 17 cases (data not shown) and therefore conclude that the
increases in Pvl are due to bona fide genetic interactions.

Colon tumor sequencing identified multiple mutations in
cohesin components, highlighting cohesin as a major muta-
tional target. We predicted that the interactions we observed
with him-1/SMC1 would also be observed with mutations in
the other cohesion subunits. Two additional C. elegans mu-
tant strains defective for cohesin components were ana-
lyzed: smc-3(0k1703) and scc-1(0k1017), both of which are
null mutants. Ninety percent of smc-3 mutant homozygotes
reach adulthood and are sterile. The remaining 10% of prog-
eny arrest at the L3 or L4 larval stage, and 8.6 = 2% of the
sterile adults exhibited the Pvl phenotype. scc-1 mutant ho-
mozygotes had a similar phenotype to smc-3; 50% of larva
arrest, the remaining 50% that reach the adult stage are
sterile, and 10.3 = 2% of these adult worms are Pvl. Al-
though these mutations are knockouts of essential genes, we
were able to test for genetic interactions using the Pvl assay
because those animals reaching the adult stage often devel-
oped a wild-type vulva, probably due to maternal contri-
bution of wild-type protein. The fact that null mutations
and knockdown of essential genes can be assayed with
this system is a major advantage over other multicellular
genetic screening systems. Both smc-3(0k1703) and scc-
1(0k1017) mutants showed synthetic interactions with crn-
1/RAD27, F17C11.10/CTF4, Y47G6A.8/CTF18, T22C1.4/
CTF8, and K09H9.2/DCC1 in the RNAIi assay (Figure 5, B
and C). We conclude that these subunits of the multipro-
tein cohesin complex share at least a subset of genetic
interactions in both yeast and worms and this further
emphasizes their importance as potential therapeutic
targets.

Genetic Interactions Are Specific

To determine if the observed Pvl enhancement was a general
effect caused by RNAI treatment, we tested him-1(e879) with
15 different control RNAi clones, 10 of which were randomly
chosen from chromosome I. None of the 15 RNAi experi-
ments resulted in a significant increase in the frequency of
Pvl with either N2 or him-1(e879) (Figure 6A). This demon-
strated that the increase in Pvl frequency observed when the
cohesin mutants are treated with RNAi against crn-1/
RAD?27, F17C11.10/CTF4, Y47G6A.8/CTF18, T22C1.4/CTFS,
and K09H9.2/DCC1 are specific. Furthermore, three of the
control RNAI clones targeted DNA metabolism/repair genes,
xpa-1/XPA, rad-51/RAD51, and cku-70/CKU70. Notably, him-
1(e879) did not show an interaction when treated with these
DNA repair gene targeting RNAIi clones, thereby demon-
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strating that the interaction is not due to a general interac-
tion with DNA metabolism genes. Additionally, we tested
whether him-1(e879) interacted with fkh-10 and F31C3.2, two
genes that were previously shown to interact with the check-
point gene mdf-1/MAD1 in C. elegans (Tarailo ef al., 2007). We
did not observe a synthetic increase in Pvl frequency after
treatment with the control RNAi constructs, indicating that
the interactions identified for the cohesins are specific.

To test whether RAD27, CTF4, and members of the alter-
native RFCCTF18 were specifically interacting with the cohe-
sion mutants or with chromosome instability mutants in
general, we tested another C. elegans chromosome instability
mutant, him-6(0k416). him-6 is the RecQ helicase most similar
to BLM in humans, which is mutated in a variety of tumors
(Wicky et al., 2004; Grabowski et al., 2005; Ouyang et al.,
2008). him-6 homozygotes are viable and exhibit chromo-
some nondisjunction that results in a high incidence of males
and dead aneuploid embryos. him-6(0k416) have a low fre-
quency of Pvl (5.9 = 0.5%). A statistically significant increase
in Pvl frequency was observed in him-6; crn-1/RAD27(RNAi)
and him-6; F17C11.10/CTF4(RNAi) animals but not in him-6
mutants treated with RNAi against components of the alter-
native RFC"¥18 (Figure 6B). This demonstrated that differ-
ent CIN mutants have specific interaction profiles.

DISCUSSION

In this work we have identified a set of genetic interactions
that are conserved between S. cerevisine and C. elegans.
RAD27, CTF4, CTFS8, CTF18, and DCC1 are potential thera-
peutic targets because they each interact with multiple colon
cancer mutated genes, giving them the potential to selec-
tively eliminate cancerous cells with a variety of mutational
backgrounds.

We have found that at least a subset of genetic interactions
are common for members of the same protein complex. Null
mutations of smc-3 and scc-1 in C. elegans, two additional
components of cohesin, share the same tested interactions as
SMC1/him-1. The fact that members of the same protein
complex share genetic interactions is reasonable from a func-
tional standpoint and has been previously observed and
used to identify new protein complexes or new members of
known complexes (Collins et al., 2007). Additional work in
this area has the potential to identify additional cohesin
components and to further elucidate the individual roles of
known components.

We have also found that him-6, the C. elegans ortholog of
the human BLM gene, genetically interacts with CTF4 and
RAD?27 but not with components of the alternative RFC. This
finding suggests that therapeutic targeting of either CTF4 or
RAD27 may also be effective in the treatment of cancers
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harboring mutations in BLM, such as certain leukemias. Our
results collectively demonstrate that different CIN mutants
have specific interaction profiles. This in turn suggests that
different types of cancer will respond uniquely to chemo-
therapeutic strategies and that this difference will be in part
dependent upon a cancer’s specific mutational profile. For
this reason it is important to expand our current genetic
networks both in yeast and in more complex multicellular
animals that have a greater gene repertoire and a genome
more similar in complexity to a human genome. For the
purpose of cancer therapeutic target identification, focus
should be placed on mapping the genetic interactions of the
genes most often mutated in a wide variety of tumor types.

The experimental approach presented in this work is well
poised to comprehensively elucidate the genetic interac-
tions, both essential and nonessential, of genes known to be
mutated in tumors. Interestingly, mutagenesis screens using
the Pvl phenotype as a readout have been performed previ-
ously; however, the goal of these screens was to identify
genes involved in vulval development (Seydoux et al., 1993;
Eisenmann and Kim, 2000). These types of screens identified
a host of genes involved in diverse signaling pathways such
as EGF, RAS, NOTCH, and WNT signaling, all of which are
required for correct vulval development. Mutants in vulval
signaling and/or development result in a range of pheno-
types including egg-laying defective (Egl), vulvaless (Vul),
and Pvl. Additional mutants with a role in cell division were
later recovered from these banks of Pvl mutants, including
evl-14/PDS5 and scc-3/SCC3 (Wang et al., 2003). This latter
finding demonstrated that the Pvl phenotype could also be
used to identify cell division mutants. Additionally, several
genes known to be involved in the cell cycle, such as air-1/
aurora kinase, air-2, sep-1/separase, cdk-4/CDK4/6, and san-1/
MAD3, exhibit a Pvl phenotype when mutated (Park and
Krause, 1999; Woollard and Hodgkin, 1999; Furuta et al.,
2002; Simmer et al., 2003). Similarly, chromosome stability
mutants, such as the catalytic subunit of telomerase, trt-1,
are also Pvl (Meier et al., 2006). These mutant phenotypes are
consistent with the view that mutations in genes required
for the cell division cycle or to maintain genomic integrity
result in defects in the vulval postembryonic lineage and can
give rise to the Pvl phenotype.

In theory, defects in any postembryonic lineage could be
used to identify cell division cycle mutants. O’Connell ef al.
(1998) used this fact to screen for temperature-sensitive cell
division mutants by screening for animals with the Stu
(sterile and uncoordinated) phenotype. We reasoned that
defects in the postembryonic lineages could be exploited to
identify combinations of mutants that result in cell prolifer-
ation defects, and we chose to use the vulval lineage for
genetic screening because defects are easily visually identi-
fied and quantifiable. Some of the advantages of this tech-
nique result from the single generation screening approach
that has allowed us to interrogate the interactions of essen-
tial genes.

Our work sheds some light on the question of whether or
not genetic interaction networks are conserved between or-
ganisms. Previous studies by Lehner et al. (2006) and Byrne
et al. (2007) focused on genes involved in signaling pathways
and suggested that a relatively low percentage of genetic
interactions are conserved. On the other hand, work by
Tarailo et al. (2007) that focused on the spindle assembly
checkpoint suggested that a much higher fraction of inter-
actions, on the order of 50%, are conserved between S.
cerevisine and C. elegans. Recent work by McManus et al.
(2009) demonstrated the usefulness of a cross-species candi-
date approach for drug target identification. They showed that
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an interaction first identified in yeast between RAD27 and
RAD54 (Symington, 1998) was conserved in HCT116 cells.

Our data suggest that there is a high degree of conserva-
tion between species, at least with respect to essential genes
involved in chromosome biology. One caveat of our cross-
species candidate approach is that the selection pressures
that shape genetic networks in a tumor may be quite differ-
ent from those in an organism. Further genetic interaction
testing of essential genes in model organisms, tumor cell
lines, and ultimately patient tumor samples, will be required
to address this issue.

The interaction network in yeast and the conserved inter-
actions identified in the somatic cell divisions of C. elegans
point to CTF4, RAD27, and members of the alternative RF-
CCTFI8 a5 important therapeutic targets worthy of further
investigation. The alternative RFC components are espe-
cially attractive as therapeutic targets because of their rela-
tive lack of phenotype when knocked down singly in C.
elegans and mammalian cells. On the other hand, others have
found that single knockdown of CTF4 or RAD27 has a
detrimental effect on otherwise normal cells (Zhu et al., 2007,
Saharia et al., 2008). The ideal cancer therapeutic would
eliminate cancerous cells while causing no harm to normal
cells. Potentially, many genes have a SL relationship with
genes mutated in cancer, but the best therapeutic targets are
those that cause the least amount of harm to normal body cells
during treatment. For genes whose knockdown causes a det-
rimental effect on normal cells it may be a matter of titrating the
therapeutic dose to induce selective killing of cancerous cells.

The approach presented in this article identified DCCI,
CTF8, and CTF18 as ideal potential cancer therapeutic tar-
gets. The C. elegans Pvl assay is a powerful tool for many
reasons. It is a convenient approach to test for conservation
of genetic interactions that cause synthetic lethality and
were identified in simpler organisms. This will help to pri-
oritize testing of interactions in mammalian cells with the
ultimate goal of therapeutic target identification and drug
development. The Pvl assay also offers the possibility of
screening for new SL genetic interactions not present in
yeast. This type of testing in a multicellular animal, with a
genome similar in complexity to a human genome, may greatly
benefit our understanding of genes that cause slow growth or
lethality in combination with genes mutated in cancers,
thereby expanding our list of potential therapeutic targets.

ACKNOWLEDGMENTS

We thank Dr. Kirk McManus for providing the CTF8 RNAi bacterial clone
and Shir Hazir and Ravinder Mander for technical assistance. We also thank
the C. elegans Gene Knockout Consortium for providing the deletion mutants
and the Caenorhabditis Genetics Center for providing the strains. This work
was supported by CIHR grants MOP-179428 (A.R.) and MOP-38096 (P.H.).

REFERENCES

Barber, T. D., et al. (2008). Chromatid cohesion defects may underlie chromo-
some instability in human colorectal cancers. Proc. Natl. Acad. Sci. USA 105,
3443-3448.

Ben-Aroya, S., Coombes, C., Kwok, T., O'Donnell, K. A., Boeke, J. D., and
Hieter, P. (2008). Toward a comprehensive temperature-sensitive mutant
repository of the essential genes of Saccharomyces cerevisiae. Mol. Cell 30,
248-258.

Byrne, A. B., Weirauch, M. T., Wong, V., Koeva, M., Dixon, S.]J., Stuart, ]. M.,
and Roy, P.J. (2007). A global analysis of genetic interactions in Caenorhabditis
elegans. J. Biol. 6, 8.

Ceron, J., Rual, J., Chandra, A., Dupuy, D., Vidal, M., and van den Heuvel, S.
(2007). Large-scale RNAI screens identify novel genes that interact with the C.
elegans retinoblastoma pathway as well as splicing-related components with
synMuv B activity. BMC 7, 30.

Molecular Biology of the Cell



Chin, K., et al. (2004). In situ analyses of genome instability in breast cancer.
Nat. Genet. 36, 984-988.

Collins, S. R., et al. (2007). Functional dissection of protein complexes involved
in yeast chromosome biology using a genetic interaction map. Nature 446,
806-810.

Davierwala, A., et al. (2005). The synthetic genetic interaction spectrum of
essential genes. Nat. Genet. 37, 1147-1152.

Eisenmann, D. M., and Kim, S. K. (2000). Protruding vulva mutants identify
novel loci and Wnt signaling factors that function during Caenorhabditis
elegans vulva development. Genetics 156, 1097-1116.

Fraser, A. G., Kamath, R. S., Zipperlen, P., Martinez-Campos, M., Sohrmann,
M., and Ahringer, J. (2000). Functional genomic analysis of C. elegans chro-
mosome I by systematic RNA interference. Nature 408, 325-330.

Furuta, T., Baillie, D. L., and Schumacher, J. M. (2002). Caenorhabditis elegans
Aurora A kinase AIR-1 is required for postembryonic cell divisions and
germline development. Genesis 34, 244-250.

Giaever, G., et al. (2002). Functional profiling of the Saccharomyces cerevisiae
genome. Nature 418, 387-391.

Grabowski, M. M., Svrzikapa, N., and Tissenbaum, H. A. (2005). Bloom
syndrome ortholog HIM-6 maintains genomic stability in C. elegans. Mech.
Ageing Dev. 126, 1314-1321.

Hartwell, L. H., Szankasi, P., Roberts, C. J., Murray, A. W., and Friend, S. H.
(1997). Integrating genetic approaches into the discovery of anticancer drugs.
Science 278, 1064-1068.

Hedgecock, E. M., and White, J. G. (1985). Polyploid tissues in the nematode
Caenorhabditis elegans. Dev. Biol. 107, 128-133.

Inoue, T., et al. (2002). Gene expression markers for Caenorhabditis elegans
vulval cells. Mech. Dev. 119, S203-9.

Kaelin, W.G.J. (2005). The concept of synthetic lethality in the context of
anticancer therapy. Nat. Rev. Cancer 5, 689-698.

Kamath, R. S., et al. (2003). Systematic functional analysis of the Caenorhabditis
elegans genome using RNAi. Nature 421, 231-237.

Kemp, Z., et al. (2005). CDC4 mutations occur in a subset of colorectal cancers
but are not predicted to cause loss of function and are not associated with
chromosomal instability. Cancer Res. 65, 11361-11366.

Képpen, M., Simske, J. S., Sims, P. A., Firestein, B. L., Hall, D. H., Radice,
A. D., Rongo, C., and Hardin, J. D. (2001). Cooperative regulation of AJM-1
controls junctional integrity in Caenorhabditis elegans epithelia. Nat. Cell Biol.
3, 983-991.

Lehner, B., Crombie, C., Tischler, J., Fortunato, A., and Fraser, A. (2006).
Systematic mapping of genetic interactions in Caenorhabditis elegans identifies
common modifiers of diverse signaling pathways. Nat. Genet. 38, 896-903.

Mani, R,, St. Onge, R. P., Hartman, J. L., 4th, Giaever, G., and Roth, F. P. (2008).
Defining genetic interaction. Proc. Natl. Acad. Sci. USA 105, 3461-3466.

Mayer, M. L., Gygi, S. P., Aebersold, R., and Hieter, P. (2001). Identification of
RFC(Ctf18p, Ctf8p, Dcclp): an alternative RFC complex required for sister
chromatid cohesion in S. cerevisiae. Mol. Cell 7, 959-970.

McManus, K., Barrett, 1., Nouhi, Y., and Hieter, P. (2009). Specific synthetic
lethal killing of RAD54B-deficient human colorectal cancer cells by FENI
silencing. Proc. Natl. Acad. Sci. USA 106, 3276-3281.

Meier, B., Clejan, I, Liu, Y., Lowden, M., Gartner, A., Hodgkin, J., and Ahmed,

S. (2006). trt-1 is the Caenorhabditis elegans catalytic subunit of telomerase.
PLoS Genet. 2, E18.

O’Connell, K. F., Leys, C. M., and White, J. G., (1998). A genetic screen for
temperature-sensitive cell-division mutants of Caenorhabditis elegans. Genetics
149, 1303-1321.

Ouyang, K. J., Woo, L. L., and Ellis, N. A. (2008). Homologous recombination
and maintenance of genome integrity: cancer and aging through the prism of
human RecQ helicases. Mech. Ageing Dev. 129, 425-440.

Pan, X., Ye, P., Yuan, D. S., Wang, X., Bader, J. S., and Boeke, J. D. (2006). A
DNA integrity network in the yeast Saccharomyces cerevisiae. Cell 124, 1069—
1081.

Pan, X., Yuan, D. S., Xiang, D., Wang, X., Sookhai-Mahadeo, S., Bader, J. S.,
Hieter, P., Spencer, F., and Boeke, J. D. (2004). A robust toolkit for functional
profiling of the yeast genome. Mol. Cell 16, 487-496.

Park, M., and Krause, M. W. (1999). Regulation of postembryonic G(1) cell

cycle progression in Caenorhabditis elegans by a cyclin D/CDK-like complex.
Development 126, 4849-4860.

Vol. 20, December 15, 2009

SL Interactions in Cancer

Pinheiro, J. C., and Bates, D. M. (2000) Mixed Effects Models in S and S-Plus,
New York: Springer.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., and team R Computing (2008).
nlme: linear and nonlinear mixed effects models. R package version 3.1-90 ed.

Podbilewicz, B., and White, J. G. (1994). Cell fusions in the developing
epithelia of C. elegans. Dev. Biol. 161, 408—-424.

R Development Core Team: R Foundation for Statistical Computing. (2008). R:
A Language and Environment for Statistical Computing (www.r-project.org).

Saharia, A., Guittat, L., Crocker, S., Lim, A., Steffen, M., Kulkarni, S., and
Stewart, S. A. (2008). Flap endonuclease 1 contributes to telomere stability.
Curr. Biol. 18, 496-500.

Seydoux, G., Savage, C., and Greenwald, I. (1993). Isolation and characteriza-
tion of mutations causing abnormal eversion of the vulva in Caenorhabditis
elegans. Dev. Biol. 157, 423-436.

Shih, 1., Zhou, W., Goodman, S., Lengauer, C., Kinzler, K., and Vogelstein, B.
(2001). Evidence That Genetic Instability Occurs at an Early Stage of Colorec-
tal Tumorigenesis. Cancer Res. 61, 818-822.

Simmer, F., Moorman, C., van der Linden, A. M., Kuijk, E., van den Berghe,
P. V., Kamath, R. S., Fraser, A. G., Ahringer, J., and Plasterk, R. H. (2003).
Genome-wide RNAI of C. elegans using the hypersensitive rrf-3 strain reveals
novel gene functions. PLoS 1, E12.

Sulston, J. E., and Horvitz, H. R. (1977). Post-embryonic cell lineages of the
nematode, Caenorhabditis elegans. Dev. Biol. 56, 110-156.

Sundaram, M. V. (2006). RTK/Ras/MAPK signaling (February 11, 2006). In:
WormBook ed. The C. elegans Research Community, WormBook, doi/
10.1895/wormbook. 1.80.1, http://www.wormbook.org.

Symington, L. (1998). Homologous recombination is required for the viability
of rad27 mutants. Nucleic Acids Res. 26, 5589-5595.

Tarailo, M., Tarailo, S., and Rose, A. M. (2007). Synthetic lethal interactions
identify phenotypic “interologs” of the spindle assembly checkpoint compo-
nents. Genetics 177, 2525-2530.

Terns, R. M., Kroll-Conner, P., Zhu, J., Chung, S., and Rothman, J. H. (1997).
A deficiency screen for zygotic loci required for establishment and patterning
of the epidermis in Caenorhabditis elegans. Genetics 146, 185-206.

Tischler, J., Lehner, B., Chen, N., and Fraser, A. (2006). Combinatorial RNA
interference in Caenorhabditis elegans reveals that redundancy between gene
duplicates can be maintained for more than 80 million years of evolution.
Genome Biol. 8, R69.

Tong, A. H., and Boone, C. (2006). Synthetic genetic array analysis in Saccha-
romyces cerevisine. Methods Mol. Biol. 313, 171-192.

Tong, A. H., et al. (2001). Systematic genetic analysis with ordered arrays of
yeast deletion mutants. Science 294, 2364-2368.

Tong, A. H., et al. (2004). Global mapping of the yeast genetic interaction
network. Science 303, 808—813.

Vogelstein, B., and Kinzler, K. (2004). Cancer genes and the pathways they
control. Nat. Med. 10, 789-799.

Wang, F., Yoder, J., Antoshechkin, I., and Han, M. (2003). Caenorhabditis
elegans EVL-14/PDS-5 and SCC-3 are essential for sister chromatid cohesion
in meiosis and mitosis. Mol. Cell. Biol. 23, 7698-7707.

Wang, Z., et al. (2004). Three classes of genes mutated in colorectal cancers
with chromosomal instability. Cancer Res. 64, 2998-3001.

Weidhaas, J. B., Eisenmann, D. M., Holub, J. M., and Nallur, S. V. (2006). A
Caenorhabditis elegans tissue model of radiation-induced reproductive cell
death. Proc. Natl. Acad. Sci. USA 103, 9946-9951.

Wicky, C., Alpi, A., Passannante, M., Rose, A., Gartner, A., and Miiller, F.
(2004). Multiple genetic pathways involving the Caenorhabditis elegans Bloom’s
syndrome genes him-6, rad-51, and top-3 are needed to maintain genome
stability in the germ line. Mol. Cell. Biol. 24, 5016-5027.

Woollard, A., and Hodgkin, J. (1999). stu-7/air-2 is a C. elegans aurora homo-
logue essential for chromosome segregation during embryonic and postem-
bryonic development. Mech. Dev. 95-108.

Yuen, K. W., Warren, C. D., Chen, O., Kwok, T., Hieter, P., and Spencer, F. A.
(2007). Systematic genome instability screens in yeast and their potential
relevance to cancer. Proc. Natl. Acad. Sci. USA 104, 3925-3930.

Zhu, W., Ukomadu, C., Jha, S., Senga, T., Dhar, S. K., Wohlschlegel, J. A., Nutt,
L. K., Kornbluth, S., and Dutta, A. (2007). Mcm10 and And-1/CTF4 recruit
DNA polymerase alpha to chromatin for initiation of DNA replication. Genes
Dev. 21, 2288-2299.

5313



