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Spindle assembly checkpoint (SAC) ensures genome stability by delaying anaphase onset until all the chromosomes
have achieved proper spindle attachment. Once correct attachment has been achieved, SAC must be silenced. In
the absence of mdf-1/MAD1, an essential SAC component, Caenorhabditis elegans cannot propagate beyond 3
generations. Previously, in a dog-1(gk10)/FANCJ mutator background, we isolated a suppressor of mdf-1(gk2) sterility
(such-4) which allowed indefinite propagation in the absence of MDF-1. We showed that such-4 is a Cyclin B3 (cyb-3)
duplication. Here we analyze mdf-1 such-4; dog-1, which we propagated for 470 generations, with freezing of samples
for long time storage at F;70 and F,;0. Phenotypic analysis of this strain revealed additional suppression of sterility in
the absence of MDF-1, beyond the effects of such-4. We applied oligonucleotide array Comparative Genomic
Hybridization (0aCGH) and whole genome sequencing (WGS) and identified a further amplification of cyb-3 (triplication)
and a new missense mutation in dynein heavy chain (dhc-1). We show that dhc-1(dot168) suppresses the mdf-1(gk2),
and is the second cloned suppressor, next to cyb-3 duplication, that does not cause a delay in anaphase onset. We also

show that amplification of cyb-3 and dhc-1(dot168) cooperate to

MDEF-1.

Introduction

In order to prevent loss or gain of chromosomes cells employ a
surveillance mechanism known as spindle assembly checkpoint
(SAC). The checkpoint inhibits the anaphase-promoting com-
plex/cyclosome (APC/C), which stabilizes securin and prevents
activation of separase and initiation of anaphase onset until all
chromosomes have achieved proper spindle attachment."* The
general players in the SAC cascade have been elucidated; how-
ever, the precise mechanism of checkpoint activation and check-
point silencing have yet to be determined.”® The core
components of the spindle assembly checkpoint [Madl, Mad2,
Mad3 (also named BubRl in some organisms), Bubl, and
Bub3] are conserved in Caenorhabditis e[egﬂn5.4‘7

In the absence of MDEF-1, an essential SAC component in C.
elegans, genetic errors arise and accumulate leading to extinction

increase fitness in the absence of

of mdf-1(gk2) lines in 3 generations.” The unique phenotype of
mdf-1(gk2) allows for identification of enhancers (strains with
enhancer mutations cease propagating before the third generation
when MDF-1 is defective)” and suppressors (strains which propa-
gate beyond the third generation when MDF-1 is defective)® ™"’
in genetic screens. This is a powerful approach for discovering
additional members of the pathway. In an ethyl methanesulfo-
nate (EMS) screen for suppressors of mdf-1(gk2) lethality and ste-
rility, 2 types of suppressors were isolated: 1) suppressors that
result in constant anaphase onset delays, and likely suppress
MDE-1 requirement by allowing more time for anaphase onset;
2) suppressors that do not affect anaphase onset and partially
bypass MDF-1 requirement by an unknown mechanism.” To
date, all of the cloned EMS induced suppressors that result in
constant anaphase onset delays are mutations affecting fzy-1/
CDC20 and APC/C components.®’
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In addition to the EMS screen for suppressors of mdf-1(gk2)
lethality and sterility, we isolated a such-4 suppressor (suppressor
of spindle checkpoint defect) from a dog-1(gk10)/FANC] mutator
background.” dog-1/FANC] is a conserved gene with the unique
task of protecting stretches of guanines from being deleted.'’ We
showed that such-4 suppresses mdf-1(gk2) sterility as a result of a
duplication that amplifies the ¢yb-3 (Cyclin B3), which is impor-
tant for proper checkpoint silencing.'* Doubling the dosage of
CYB-3 does not result in continuous anaphase onset delays, thus
making such-4 the first cloned suppressor of mdf-1(gk2) sterility
that does not affect anaphase onset.'’

Here we analyzed a mdfIsuch-4; dog-1 strain, which was
propagated for 470 generations with freezing, for long term pres-
ervation, of Fy,g, F27o. Phenotypic analysis of this strain revealed
a further increase in fitness, independent of such-4 suppression.
Using 0aCGH analysis we demonstrate another amplification of
¢yb-3 to three copies, while genetic mapping combined with
whole genome sequencing (WGS) analysis identified a missense
mutation in dynein heavy chain (DHC-1). We show that the
dhe-1 missense allele does not affect anaphase onset under normal
conditions which is similar to the effect of the ¢yb-3 duplication.
DHC-1, like CYB-3 is important for silencing SAC, once it is
activated, by removing SAC components from properly attached
kinetochores.'? Our findings indicate that components of the
SAC silencing cascade could partially bypass the MDF-1 check-
point requirement without constant anaphase onset delays.
Finally, we show that amplifications of ¢yb-3 and base substitu-
tion in dhe-1 cooperate to achieve long-term population survival
even when MDF-1 is not functioning.

Results

Long-term propagation of unc-46 mdf-1 such-4; dog-1
results in fitness increase

In the absence of MDEF-1, C. ¢legans strains cannot be main-
tained beyond 3 generations.* To prevent loss of gk2, the allele
was linked to a visible marker #nc-46 and balanced over the
translocation 271%? (Fig. 1A). Previously, using the dog-1(gk10)
mutator, we isolated such-4(h2168) as a suppressor of mdf-1(gk2)
lethality.” Briefly, we first constructed a Py strain (Fig. 1A), then
we plated 40 F; Unc-46 worms (unc-46 mdf-1; dog-1) and ana-
lyzed them (Fig. 1).” One of the 40 worms gave progeny with a
different phenotype than the parental phenotype for wunc-46
mdf-1 (2% reach fertile F, adulthood and no fertile F5 adults are
recovered). That one strain propagated beyond F; and 10% of
worms on average develop into fertile adults (Fig. 1A).° One
worm from this strain was outcrossed to remove dog-1(gkl0) in
order to avoid further accumulation of mutations. This strain,
KR4233 unc-46(e177) mdf-1(gk2) such-4(h2168), was analyzed
further'®!? (Fig. 1A). The second clone wunc-46(e177) mdf-1
(gk2) such-4(h2168); dog-1(gkI0) was maintained for the total of
470 generations, with freezing to preserve genotypes at Fy-q, F27¢
and F47o (Fig. 1A).

We previously demonstrated that the such-4 suppressor is a
large tandem duplication of CYB-3'%. Doubling the dosage of
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CYB-3 alone increases percent of fertile adults from 2% in #nc-
46 mdf-1 to 10% observed in KR4233."° During the long-term
propagation of unc-46 mdf-1 such-4; dog-1 we detected and quan-
tified significant fitness recoveries (Fig. 1B). We observed that
F170 worms produce progeny of which on average 29% develop
into fertile hermaphrodites. This is significantly more than #nc-
46 mdf-1 such-4 (t-test p = 1.16 x 10~*) (Fig. 1B). The longer
we grew the strains the better the fitness. After generation F,5,
we observed that homozygotes produce on average 51% fertile
hermaphrodites, which is significantly more than F;¢ (t-test p =
3.27 x 10~%). Note that this trend did not increase indefinitely
as there was no significant difference between the F,7o and the
Fi70 unc-46 mdf-1 such-4; dog-1 homozygotes (t-test p = 0.257)
(Fig. 1B). Together, these results indicate the presence of
additional mutations in these genomes that cooperate to
increase fitness when the MDF-1 checkpoint component is
not functioning.

Mutation in dynein heavy chain suppresses sterility
and lethality in the absence of MDF-1

To identify additional mutations responsible for the observed
fitness increase in unc-46 mdf-1 such-4; dog-1 worms after muldi-
generation propagation (Fig. 1), we combined WGS with
0aCGH analysis to identify all of the mutations in Fy74, Fj7,
and F470. Detailed genome analysis of these strains will be pub-
lished separately. In addition to WGS and 0aCGH analysis, we
used phenotypic markers to position suppressors to chromosome
locations as described previously.” Our genetic dissection and
mapping data for Fsrg unc-46 mdf-1 such-4; dog-1 revealed 2
chromosomal positions for suppressors: one on Chromosome V
and the second one in a gene cluster on Chromosome I tightly
linked to the dpy-5. Since such-4 is on Chromosome V,21% we
focused our suppressor analysis on the dpy-5 region of Chromo-
some I. The WGS analysis revealed five mutations affecting pro-
tein-coding genes in this region: Y110A7A.19, whose function is
unknown, has a 50 bp deletion, vacl-14 also of unknown func-
tion has a missense mutation, #g#-25 (UDP-Glucuronosyl Trans-
ferase) has a missense mutation, D2005.6 (unknown function)
has a missense mutation, and a dynein heavy chain homolog
(dhe-1), has a missense mutation.

dhe-1 is essential for several cell-cycle processes, including
proper silencing of the spindle assembly checkpoint.'*'” The
Chromosome I mutation at 4,398,929 (C>T) we identified in
the F470 genome was confirmed by Sanger re-sequencing and was
later shown to be present in the Fi70, Fa70 and F47¢ genomes
(Fig. 2A). This substitution replaces serine with leucine at posi-
tion 3708, within the strut/buttress motif of the fifth AAA
ATPase domain'® (Fig. 2B-D). dhc-1 (also known as let-354 in
C. elegans) is an essential gene and the first dhc-1 alleles were iso-
lated in large-scale EMS-screens designed to isolate and maintain
mutants having a lethal phenotype.M’19 To determine the conse-
quence of the S3708L substitution, (doz168), we backcrossed
unc-46 mdf-1 such-4; dog-1 4o to wild-type (N2) 10 times which
isolated doz168 from the F47 genome background. We selected
dot]168 homozygotes using the tetra-primer ARMS-PCR
method.”® After the tenth outcross, we investigated the
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Figure 1. For figure legend, see page 3092.
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development of dhc-1(dor168) homozygotes at 20°C and 25°C
(Fig. 2E). Our analysis revealed that dhc-1(dot168) animals dis-
play subtle developmental arrest phenotype because 97.8 £ 1.8
and 93.3 = 3.1 percent progeny reach adult stage at 20°C and
25°C, respectively (Fig. 2E) whereas effectively 100% of N2 ani-
mals reach adulthood. In C. elegans populations, consisting
largely of self-fertilizing hermaphrodites (5A; XX), male progeny
(5A; XO) arise as a result of X chromosome nondisjunction in
the hermaphrodite germline at a low rate. Mutations in genes
that are important for chromosome stability display a Him (high
incidence of males) phenotype. To analyze the fidelity of chro-
mosome segregation in the dhe-1(dor168) mutants, we scored the
frequency of spontaneous males. At 20°C, we observed 0.3%
males (22 males in 7463 adults) in dhc-1(dot168) homozygotes,
while 0.05% males (4 males in 7544 adults) were observed in
N2. At 25°C, we observed 1.1% males (38 males in 3432 adults)
in dhc-1(dor168) homozygotes, while 0.2% males (7 males of
3601 adults) were observed in N2 control. Together, these data
indicate a subtle chromosome instability (CIN) phenotype in
dhe-1(dot168).

Next we introduced doz168 (outcrossed 10 times) into the mdf-
1(gk2) background. We observed that all of the unc-46(e177) mdf
1(gk2); dhc-1(dorl168) homozygotes propagated well beyond Fs.
Phenotypic analysis of wunc-46(el77) mdf-1(gk2); dhc-1(dot168)
animals revealed that dor/68 reduced the percent of embryonic
arrests from 22% to 11% and increased the percent of progeny
developing into fertile hermaphrodites in the absence of MDEF-1
from 2% to 10% (Table 1). These results indicate that dhc-1
(dot168) from mdf-1 such-4; dog-1r;» improves fitness in the
absence of the MDF-1 checkpoint component.

Although dhc-1(dor168) had been back-crossed to N2 strain
10 times, it is possible that we were unable to remove all of the
background mutations and that one or more of these mutations
may account for the observed suppression of the mdf-1(gk2) phe-
notype. To eliminate this possibility, we investigated whether a
dhe-1 allele, isolated in an unrelated study, could suppress mdf-1
(¢k2) lethality and sterility. dhc-1(0728315) is a temperature sensi-
tive allele in which a conserved serine was changed to leucine
within the microtubule-binding stalk domain (Fig. 2D).2! dhe-1
(0r2831s) can be propagated at permissive temperature, but shows

100% developmental arrest at 25°C (Fig. 2E). When we intro-
duced dhc-1(0r283ts) into mdf-1(gk2) animals, we observed a
similar level of suppression as in unc-46(e177) mdf-1(gk2); dhc-1
(dot168) at 20°C (Table 1); namely, embryonic arrests were
reduced to 13% and percent of fertile hermaphrodites was
increased to 16%. This result confirms that mutations in dhc-1
suppress lethality and sterility in the absence of MDEF-1.

dhc-1(dot168) Does not result in constant anaphase onset
delays

Two types of suppressors of the mdf-1(gk2) phenotype have
been described.” The first type of suppressor delays the onset of
anaphase. This type of suppressor compensates for the require-
ment of MDF-1 by allowing more time for proper attachment of
chromosomes to the spindle. The second type of suppressors has
no measurable effect on anaphase onset during normal cell divi-
sion and there is no model for how they suppress.” To determine
whether dhe-1(dot168) suppression has any measurable effect on
anaphase onset, we used an integrated histone-GFP transgene
(ruls32) that marks mitotic chromosome behavior?® and mea-
sured the length of time to reach anaphase in these animals.
Time-lapse fluorescence microscopy of one-cell stage embryos
(Fig. 3A) revealed no significant difference in progression from
complete nuclear envelope breakdown (NEBD) to anaphase
onset between wild-type and dhc-1(dor168) embryos (t-test p =
0.746) (Fig. 3B). We also tested the timing of anaphase onset in
the mdf-1(gk2) background (Fig. 3) and have observed a small
but significant ~45 second delay reported previously for mdf-1
(ng)lo (Fig. 3); however, we observed no significant difference
in anaphase onset between mdf-1(gk2) and mdf-1(gk2); dhc-1
(dot168) embryos (t-test p = 0.859) (Fig. 3B). Therefore, dhe-1
(dot168), like the duplication of ¢yb-3, belongs to the second class
of suppressors that have no measurable effect on anaphase onset
during normal cell division.

Mutations affecting dhc-1 and cyb-3 cooperate to increase
fitness in the absence of MDF-1

Doubling the dosage of CYB-3 increases the number of mdf-1
(gk2) progeny that develop into fertile hermaphrodites fivefold'®

Figure 1 (See previous page). Long-term propagation of unc-46 mdf-1 such-4; dog-1 homozygotes for 470 generations results in significant fit-
ness recovery. (A) A schematic representation of the long-term propagation experiment. First, we generated a PO strain of the following geno-
type: unc-46(e177) mdf-1(gk2) +/+ + nT1[let-X]; dog-1(gk10)/dog-1(gk10). Since mdf-1(gk2) results in lethality, gk2 is kept balanced over nT1
which is a reciprocal translocation between Chromosomes IV (depicted in red) and V (depicted in blue), and serves as an effective recombina-
tion suppressor along the translocated portions of each chromosome. dog-1(gk10) on Chromosome | is depicted in brown. We picked F1 unc-46
mdf-1; dog-1 homozygotes (n = 40) and plated them individually. We isolated a single plate containing fertile worms that survived beyond 3
generations as a suppressor candidate and named it such-4.° The rest of the plates had no surviving progeny after 3 generations (depicted in
light gray). We backcrossed one worm from F4 unc-46 mdf-1 such-4; dog-1 to N2 in order to remove dog-1(gk10) and thus avoid further accu-
mulation of dog-T induced mutations (depicted with light green). A second clone from F4 unc-46 mdf-1 such-4; dog-1 was maintained at 20°C
for 470 generations to allow further accumulation of mutations. The worms were frozen for long term storage at the following points: F170
(depicted in dark green), F270 (depicted in purple) and F470 (depicted in blue). (B) Quantification of fitness, measured as the percent of fertile
hermaphrodite progeny. Error bars represent SEM (n = 8 trials for each strain and 10 worms per trial). Please note that our initial analysis
revealed that F2 unc-46(e177) mdf-1(gk2); dog-1 did not differ significantly from F2 unc-46(e177) mdf-1(gk2) homozygotes (t-test p = 0.845) and
F4 unc-46(e177) mdf-1(gk2) such-4(h2168); dog-1 homozygotes did not differ significantly from F4 unc-46(e177) mdf-1(gk2) such-4(h2168) homozy-
gotes (t-test p = 0.357). For that reason we performed multiple trials using F2 unc-46(e177) mdf-1(gk2) (depicted in white) and F4 unc-46(e177)
mdf-1(gk2) such-4(h2168) (depicted in light green) as controls.
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for budding yeast). Organisms: Ce (Caenorhabditis elegans), Dd (Dictyostelium discoideum), Dm (Drosophila melanogaster), Hs (Homo sapiens), Mm
(Mus musculus) and Sc (Saccharomyces cerevisiae). (C) Graphic representation of the dynein heavy chain motor domain organization based on the D. dis-
coideum structure.'® We used T-Coffee (http://www.tcoffee.org) to align the C. elegans DHC-1 sequence to D. discoideum Dhca and based on homology
extrapolated the location of the important motifs and domains in C. elegans DHC-1. (D) 3D model of the motor domain with arrows pointing to locations
of dot168 and or283ts. The model was made based on the previously published model>" (E) Phenotypic analysis of dhc-1(dot168) and dhc-1(or283ts) at
20°C and 25°C. The graph represents percent of progeny that develop into adults, while error bars represent SEM.
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Table 1. dhc-1 suppresses mdf-1(gk2) lethality and sterility

Genotypes’ Embryonic arrest (%) Larval arrest (%) Adult (%) Fertile? Hermaphrodites (%) Males® (%)
F, unc-46(e177) mdf-1(gk2) (n = 1985) 21.8 54.2 240 2.0 3.6
unc-46(e177) mdf-1(gk2); dhc-1(dot168) (n = 3010) 10.6 54.8 34.6 10.0 25
unc-46(e177) mdf-1(gk2); dhc-1(or283ts) (n = 1530) 13.1 51.0 359 15.7 2.6

"Maternal genotypes.

2The percent of “Fertile hermaphrodites” was calculated from the total number of progeny.
3The percent of “Males” was calculated based on the total number of adult progeny.

(Fig. 1B). Similarly, dhc-1(dor168) alone allows propagation in
the absence of MDF-1 due to a fivefold increase in number of
progeny that develop into fertile hermaphrodites (Table 1).
However, neither the ¢yb-3 duplication nor the dhe-1(dot168)
substitution alone can explain the level of fitness increase in #nc-
46 mdf-1 such-4; dog-1 animals after propagation for F;-4, F27o
and Fy70 (Fig. 1B). When CYB-3 is depleted by RNAi mitotic
dynein cannot remove SAC components from kinetochores lead-
ing to persistent block in anaphase onset'2. Furthermore, genetic
experiments revealed that CYB-3 is a positive regulator of dynein
functionality.'® Thus, it is possible that increasing the dosage of
CYB-3 and reducing function of DHC-1 in combination sup-
press mdf-1(gk2) lethality. We confirmed that dhc-1(dot168) is
present at Fy7o, F279 and F47o but not in KR4233 (unc-46 mdf-1
such-4) (Fig. 2A). If the ¢yb-3 duplication (Fig. 4A) and dhc-1
(dor168) act together to increase fitness in Fy7o to about 30%, we
would expect to see a similar result if we cross dhe-1(dot168) into
the KR4233 background. We constructed wunc-46(el77) mdf-1
(gk2) such-4(h2168); dhc-1(dor168) and indeed observed on aver-
age that 33% of progeny developed into fertile hermaphrodites,
significantly more than in KR4233 alone (t-test P = 1.08 x
107% (Fig. 4C), and comparable to the F;7q strain (t-test p =
0.489) (Fig. 1B). This result indicates that increased dosage of
CYB-3 together with reduced DHC-1 activity accounts for the
observed fitness increase in the F;5q strain.

While this interaction between CYB-3 and reduced DHC-1
activity explains the fitness level at generation Fy7o it does not
explain the further increases in fitness that we observed in later
generations. For an explanation of this further increase in fecun-
dity we looked more closely at the suppressor region on chromo-
some V. Our 0aCGH (Fig. 4A) and qRT-PCR (Fig. 4B)
analyses revealed that the Chromosome V tandem duplication
had amplified again so there are 3 copies (triplication) of this
region in the F,,o and F 47 strains. Previously, using the MosSCI
method?®® we generated a strain [unc-46(e177) mdf-1(gk2); cyb-3
(dotSi100); cyb-3(dotSi110)] that contains three copies of Lyb-324
and demonstrated that tripling CYB-3 dosage further increase fit-
ness in the absence of MDEF-1 (Fig. 4C).>* Thus, we reasoned
that tripling the CYB-3 dosage together with reduced DHC-1
activity offers an explanation for the level of fitness increase we
observe in F,7 and F47o (Fig. 1B). To test this we constructed
unc-46(el77) mdf-1(gk2); cyb-3(dotSi100); cyb-3(dotSi110); dhc-
1(dot168) and observed that while on average 29% of progeny
in unc-46(el77) mdf-1(gk2); cyb-3(dotSi100); cyb-3(dotSi110)
homozygotes develop in fertile hermaphrodites (Fig. 4C),
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significantly more unc-46(el77) mdf-1(gk2); cyb-3(dotSi100);
¢cyb-3(dotSi110); dhc-1(dot168) homozygotes develop into fertile
hermaphrodites (t-test P = 2.09 x 1079 (Fig. 4C), a level com-
parable to the fitness observed in the F,7 and F479 MA lines (t-
test P = 0.529 and P = 0.113 respectively) (Fig. 4C). These
experiments indicate that amplification of ¢yb-3 cooperates with
a substitution affecting dhc-1 to increase fitness in the absence of
MDE-1. The interplay between the dosage increase in CYB-3
and reduced function of dhe-1 explains the fitness recovery we
observed at the various generations we examined. Our experi-
ment in long-term propagation of mdf-1 null animals reveals at
least 2 means of compensation for the lack of this important
checkpoint protein.

Discussion

MDE-1/Madl is a conserved component of the spindle
assembly checkpoint that plays an essential role in C. elegans sur-
vival and fertility.* When MDE-1 is absent, C. elegans popula-
tions cannot propagate beyond a few generations due to high
levels of sterility and lethality.* Previously, we isolated 10 sup-
pressors of mdf-1(gk2) lethality and sterility from an EMS muta-
genesis screen and one suppressor from a dog-1(gkl0)/FANC]
mutator background.” While the majority of the EMS-induced
suppressors are alleles of fzy-1/CDC20 and APC/C components
that compensate for loss of MDF-1 by delaying anaphase onset,”
the ¢yb-3 duplication (such-4 suppressor) isolated from the dog-1
(¢k10) mutator background was shown to be the first suppressor
that does not delay anaphase onset.'” In this study, we generated
an mdf-1 such-4; dog-1 strain, which we allowed to accumulated
mutations for 470 generations, with periodic freezing for long-
term storage at Fi7o and F,7o. We show further incremental
increases in suppression of mdf-1(gk2) lethality and sterility in
this strain, much beyond the effects of the initial ¢y4-3 duplica-
tion. This suppression results from further amplification of the
¢yb-3 locus to three copies and a missense mutation in dhe-1 in
this strain. We demonstrate that dhc-1 compensates for the loss
of MDE-1 without causing a constant anaphase onset delay. Fur-
thermore, we showed that amplification of ¢yb-3 and dhc-1 muta-
tion cooperate to increase fitness when MDF-1 absent.

Anaphase onset delay, due to SAC signaling, is essential to
allow sufficient time for proper attachment of chromosomes to
the spindle, and it is therefore understandable that mutations in

fz2y-1/CDC20 and APC/C that delay anaphase onset partially
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Figure 3. dhc-1(dot168)
does not delay anaphase
onset. (A)  Time-lapse
images (in seconds) of
one-cell stage embryos
that carry ruls32, an inte-
grated H2B:GFP  trans-
gene;”? wild-type [ruls32],
dhc-1 [dhc-1(dot168);
ruls32], mdf-1  [unc-46
(€177) mdf-1(gk2); ruls32]
and mdf-1; dhc-1 [unc-46
(€177) mdf-1(gk2); dhc-1
(dot168); ruls32] embryos
are shown. (B) Summary of
the timing measurements
of the interval from com-
plete nuclear envelope
breakdown (NEBD) to ana-
phase onset (measured in
seconds). Error bars repre-
sent standard error of the
mean (SEM) for n = 5
measurements for each
strain.

compensate for the lack
of  the  checkpoint.
Equally important is that
SAC signaling is silenced
at each kinetochore upon
proper
chromosomes to the spin-
dle. SAC silencing occurs
on 2 levels, one of which

attachment  of

is depletion of essential
SAC components,
including MDF-1/Mad1,
from kinetochores in a
dynein-dependent man-
ner.”” In C. elegans, CYB-
3 has been shown to pro-
mote  mitotic  dynein
function which silences
SAC."> Duplication of
cyb-3 and a new dhc-1
missense allele reported
here are the only two
known suppressors that
partially compensate for
the lack of the MDF-1
checkpoint without caus-

ing anaphase onset delay.

This finding opens the exciting possibility that additional compo-
nents of the SAC silencing pathway may be identified as suppres-
sors of mdf-1(gk2) lethality with normal mitotic timing.
Furthermore, the interplay between amplification of ¢yb-3 and
dhe-1(dot168) seems to account for the majority of the striking
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fitness recovery we observe after long-term propagation of the
MDEF-1 deficient strain for 470 generations (Fig. 1B). Our data
indicate that dhe-1 suppresses mdf-1 lethality; however, the level
of suppression is enhanced when ¢y6-3 amplified from one-to-
two-to-three copies. Selection of these events has occurred
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rather than the observed sup-
pression. However, we showed
that ¢yb-3"" does not result in
altered anaphase onset,'® and
we also showed here that dhc-1
(dot168) embryos progress
through anaphase normally. It
is important to note that our
analysis was performed under
normal spindle conditions and
did not test anaphase onset
timing in the presence of
induced spindle defects. One
possible hypothesis is that in
the presence of spindle defects,
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signal intensity of the region in F170 (green) versus N2, F270 (purple) versus

wild-type copy number, 2x depicts duplication (F170), while 3x is indicative

Figure 4. dhc-1(dot168) substitution and cyb-3 amplification work together to increase fitness in the absence of
MDEF-1. (A) 0aCGH plots of 190 kb duplication located on Chromosome V. The y axes represent the log2 ratio of

X axes represent genomic position on Chromosome V. The reference line intersecting at the point 0 reflects

gRT-PCR was used to confirm the copy number variations affecting the cyb-3 locus in our strains. (C) cyb-3 ampli-
fication and dhc-1 act together to increase fitness in the absence of MDF-1. Fitness was measured as the percent
of progeny that develop into fertile hermaphrodites. Error bars represent SEM (n = 8 trials for unc-46 mdf-1
such-4 and unc-46 mdf-1 cyb-3trip strains; n = 5 trials for the dhc-1-containing strains).

pensates for the absence of
MDEF-1 by causing a progres-
N2, and F470 (blue) versus N2. The | gively more inefficient removal
of triplication (F270 and F470). (B) of SAN-1 an.d BUB-3. .There
are several lines of evidence
that support this hypothesis.
First, the analysis of SAC in C.

elegans revealed that the check-

through long-term propagation. Although we can correlate our
findings to fitness recovery observed in wunc-46 mdf-1 such-4;
dog-1 propagated at F 7o, F27 and F4 (Figs. 1B and 4C), we
acknowledge there may be additional mutation events that influ-
ence the phenotype in these genomes.

The discovery that dhe-1, like cyb-3"" suppresses mdf-1
(gk2), yet conserves normal mitotic timing is intriguing. In the
absence of CYB-3, embryos fail to initiate anaphase onset due to
inactive dynein and compromised dynein-dependent removal of
the SAC components from the kinetochores.'* Based on these
results, one could expect that increased dosage of CYB-3 would
result in overactive dynein and precocious anaphase onset, which
would result in enhanced lethality in the absence of MDEF-1
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point is composed of 2 largely

independent branches, MDF-

1/MDEF-2 and BUB-3/SAN-
1.%° Increasing the dosage of MDF-2/Mad2 bypasses the require-
ment for BUB-3/Bub3 and SAN-1/Mad3 for the checkpoint
activation.”® Second, BUB-3 and SAN-1 are not essential for sur-
vival in C. elegans and depletion by RNAI gives only a subtle phe-
notype in the wild-type worms, but it enhances the lethality of
mdf-1(gk2) and mdf-2(tm21 90)’. Finally, a slight increase in dos-
age of these SAC components allows long-term propagation of
strains that lack functional MDF-1 (M.T.G, unpublished). To
directly test this hypothesis, future analysis using nocodazole to
destabilize microtubules and mutants with defective spindles,
like zyg-1, should be used to test if increased dosage of CYB-
3 combined with reduced activity of DHC-1 could lead to a
partial delay in anaphase onset even when MDEF-1 is absent.
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In summary, our studies have identified a new missense muta-
tion in dynein heavy chain as a suppressor of lethality and sterility
when an essential SAC component, MDF-1, is absent. The dhc-1
mutation is the second suppressor, next to ¢yb-3 duplication, that
does not cause a constant anaphase onset delay, indicating that
additional components of the SAC silencing cascade could be
identified as suppressors with normal cell cycle timing. The
mechanism behind this intriguing interplay between ¢yb-3 ampli-
fication and dhc-1 for long-term survival in the absence of MDF-
1 should be investigated further for its potential to provide
insights into the interdependencies and molecular mechanisms of
removal of the SAC components from properly attached kineto-
chores during SAC silencing.

Materials and Methods

C. elegans strains

The Bristol strain N2 was used as the standard wild-type
strain.”” The following mutant alleles were used in this work:
unc-46(el77), mdf-1(gk2), dpy-5(s1300), dog-1(gkl0), dhc-1
(0r283ts), dpy-10(e128), dpy-17(e164), dpy-13(e184), unc-119
(ed3), ttTi5605, dotSi100, cxTi10882, dotSil110, such-4(h2168)
and nT1[let-?(m435)]. The following strains were used in this
work: N2 (Bristol strain as a wild-type), KR4233 [unc-46(el177)
mdf-1(gk2) such-4(h2168)]; KR3627 [unc-46(el77) mdf-1(gk2)
VinT1[let-2(m435)])); VC13 [dog-1(gk10)]; EU1385 [dhc-1
(0r283ts)]; INC100 [unc-119(ed3) I; dotSi100 II (TOGEG.2 +
unc-119(+)]1; AZ212 [unc-119(ed3) ruls32[unc-119(+) pie-
1::GFP:: H2B] I11; and JNC144 [unc-119(ed3) I; dotSi110 IV
(TOGEG.2 + unc-119(+)]]. Additional strains used in this work
were generated in this study. Strains were maintained using stan-
dard protocol on nematode growth media (NGM) plates seeded
with OP50 bacteria.”” The strains were maintained at 20°C,
while the phenotypic analyses were performed at both 20°C and
25°C as noted in the results section.

Mutation accumulation procedure and phenotypic analysis

The first suppressor, such-4, was isolated as previously
described.” One clone from this strain, unc-46 mdf-1 such-4; dog-
1 was outcrossed from the dog-1(gk10) background to avoid fur-
ther accumulation of mutations and the KR4233 [mdf-1(gk2)
such-4(h2168)] was generated and analyzed.lo’13 The second
strain (JNC170) was maintained at 20°C for 470 generations to
allow further accumulation of mutations. Each generation 5 L4
hermaphrodites were transferred to a fresh plate. We also froze
the worms at generations 170 (JNC168) and 270 JNC169).
Then, at Fy7¢, Fy79 and F47¢ phenotypic analysis was performed
for each strain. Ten L4 hermaphrodites were plated individually
and analyzed for number of embryonic arrests, larval arrests,
adults and fertile adults, as described previously.” In total, 5 to
eight trials per strain were performed and SEM (standard error of
the mean) was calculated and represented as error bars. Note that
mdf-1(gk2) is linked to unc-46(e177) which results in an uncoor-
dinated (Unc) phenotype and allows visual identification of mdf
1(gk2) homozygotes.
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Genetic analysis of the unc-46 mdf-1 such-4; dog-1rs7o
genome

To map suppressor mutations to a chromosome, we used Dpy
(Dumpy) markers located in the central regions of the autosomes.
To identify candidate genes in the mapped regions, we combined
WGS and 0aCGH analyses. Genomic DNA was prepared from
JNCI168, JNC169 and JNC170 following a standard protocol
(htep://www.genetics.wustl.edu/tslab/Protocols/genomic_DNA_
prep.htm) originally set up by Andy Fire’s Laboratory. For the
WGS, using Illumina Solexa technology, libraries were prepared
and sequenced at Canada’s Michael Smith Genome Sciences
Center for JNC170 and Simon Fraser University for JNC168
and JNC169. 0aCGH analysis was performed as described by
Maydan and colleagues®® using the newly designed 3-plex micro-
array  (120618_Cele_WS230_JK_CGH), manufactured by
Roche NimbleGen Inc. Detailed methods on bioinformatics
analysis of the WGS and 0aCGH data will be published

separately.

Phenotypic analysis of dhc-1

dhe-1(dot168) was separated from other accumulated mutations
in the unc-46 mdf-1 such-4; dog-1r4-9 genome by extensive back-
crossing to N2 and using the tetra-primer ARMS-PCR* to select
for dhe-1(dot168) homozygotes after each backcross. The following
primers were designed and used for tetra-primer ARMS-PCR: C
allele: AGCAAAGGAAAGATTCTTGATGATAAGTC; T allele:
TCTTCAGTTTTTCGAGAGTTTCAATAAACA; Out_F:CCA
GATCTTTATGATCACTCGTGATTC; Out_R:AATCTCATT
GAGCTGTTGTAGAGTGTGA. Using these primers, homozy-
gous dhe-1(dot168) is recognizable by 2 PCR-bands, 439 bp of the
2 outer primers and 299 bp of the mutant allele; N2 homozygotes
also produce the 439 bp band, buta 199 bp band for the wild-type
allele; heterozygotes produce 3 bands (439 bp, 299 bp and
199 bp). First, JNC170 was crossed to N2 and dhc-1(dor168)
homozygotes that did not have unc-46(el77) mdf-1(gk2), dog-1
(¢k10) and such-4(h2168) alleles were selected. Then these dhe-1
(dot168) homozygotes were backcrossed to N2 worms an additional
9 times. After each outcross, homozygous dhc-1(dot168) animals
were selected. After the final outcross phenotypic analyses and
genetic interaction studies were performed.

To assess whether dhc-1(dot168) and dhe-1(0r2831s) could
suppress the lethality and sterility of mdf-1(gk2), the Fy mdf-1
(¢k2) homozygotes, segregated from KR3627 (unc-46(el77)
mdf-1(gk2) VinT1[let-?(m435)]) strain were mated to either dhc-
1(dot168) or dhc-1(0r2831s) males. The phenotypically wild-
type | unc-46(e177) mdf-1(gk2)/ + +; dhc-1/ + hermaphrodites
were allowed to self-fertilize and Unc-46 progeny were plated
individually. All of the worms that propagated for more than 3
generations were genotyped and confirmed to be homozygous
for dhc-1, while none of the worms that did not be propagated
for longer than 3 generations were homozygous for dhc-1.

To construct unc-46(el77) mdf-1(gk2) such-4(h2168); dhc-1
(dot168) we mated dhc-1(dot168) males to KR4233 (unc-46
(e177) mdf-1(gk2) such-4(h2168)) hermaphrodites and screened
for Unc-46 worms. The Unc-46 worms were then analyzed using
PCR and gk2, 52168, dotl68 homozygotes were kept. The
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primers and procedure used to track gk2 and 42168 homozygotes
were published previously.”'® Using the MosSCI method™ we
generated a strain (JNC100) that contains 2 copies of cyb-3
gene.'” To eliminate the possibility that potential background
mutations in KR4233 would interfer with our results, we also
constructed unc-46(e177) mdf-1(gk2); dhec-1(dor168); cyb-3d”p
(dotSi100). Analysis of this strain revealed similar results to the
unc-46(el77) mdf-1(gk2) such-4(h2168); dhc-1(dot168) strain
(data not shown). To construct unc-46(el77) mdf-1(gk2); cyb-3
(dotSi100);  cyb-3(dotSi110); dhe-1(dot168) we mated dhe-1
(dor168) males to unc-46(el77); mdf-1(gk2); cyb-3(dotSi100);
¢yb-3(dorSi110) hermaphrodites then screened for Unc-46
worms. The Unc-46 worms were then analyzed using PCR and
gk2, dotSi100, dotSil10, dotl68 homozygotes were kept. The pri-
mers and procedure used to track dorSi100, dotSi110 homozy-
gotes were published previously.'%*

Phenotypic analysis of the constructed strains was performed
as follows; hermaphrodites at L4 stage were grown on fresh OP50
plates at 20°C or 25°C. The hermaphrodites were transferred to
fresh plates every 12 hours. Brood size was calculated based on
the total eggs laid by each hermaphrodite. Embryos that did not
hatch were scored as embryonic arrests, while the embryos that
hatched but did not grow to adult stage were scored as larval
arrests. The embryos that developed into adults were analyzed for
the presence of males in all the strains analyzed, while all the
mdf-1(gk2)-allele containing strains were also analyzed for the
percent of the sterile adult progeny by individually plating all the
adult progeny and scoring the presence or absence of offspring.

Anaphase onset timing in the early embryo

One-day old gravid adult hermaphrodites were dissected and
embryos were mounted onto 3% agarose pads as described previ-
ously.” Embryos were observed using a Quorum WaveFX Spin-
ning Disk system mounted on Zeiss Axioplan microscope. Early
embryonic cell division was recorded using time-lapse video
microscopy at 400x, with 200 ms fluorescent exposure, one

image every 10 seconds. Image acquisition and analysis was per-
formed using the Volocity software package.

qRT-PCR

qRT-PCR analysis was performed on genomic DNA from
wild-type (N2), KR4233, JNC168, JNC169 and JNC170.
Three internal references were used, ¢f-3, cde-42 and mdh-1 fol-
lowing the procedures described previously.”® Mean values and
standard deviations of relative ratios from four replicates are
shown. Each qRT-PCR reaction contained 50 ng of genomic
DNA, 10 pL of 2x SYBR Green Supermix (Biorad), and 1 pM
of each primer. gRT-PCR reactions were run in quadruplicate
on a Biorad MyIQ Real-time thermocycler. Data were normal-
ized using the 3 internal references and the relative fold change
was calculated using the AACt method. All primers were tested
on serial dilutions and primer efficiency was calculated.
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