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27 ABSTRACT

28

29  Spindle checkpoint strength, defined as the length of the cell cycle delay imposed by the
30 spindle checkpoint, is dictated by three criteria: the number of unattached kinetochores,
31  cell volume and cell fate. However, how checkpoint strength is regulated is unknown.
32 We show that the conserved AAA-ATPase, PCH-2, which remodels the essential
33  checkpoint effector Mad2 from an active conformation to an inactive one, controls
34  checkpoint strength in C. elegans. When we genetically manipulate embryos to
35 decrease cell volume, PCH-2 is no longer required for the spindle checkpoint or
36  recruitment of Mad2 at unattached kinetochores, showing that PCH-2 is essential for a
37  robust checkpoint in large cells. This role in checkpoint strength is not limited to large
38 cells: germline precursor cells exhibit a stronger checkpoint than their somatic
39  counterparts and this also relies on PCH-2. PCH-2 is more highly enriched in germline
40 precursor cells than in somatic cells and this enrichment relies on a conserved factor
41  that induces asymmetry in the early embryo. Finally, the stronger checkpoint in germline
42  precursor cells also depends on CMT-1, which is essential for both PCH-2’s localization
43 to unattached kinetochores and its enrichment in germline precursor cells. Thus, PCH-
44  2’s ability to regulate the availability of an inactive but necessary checkpoint precursor at

45  or near unattached kinetochores governs checkpoint strength.
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46 INTRODUCTION

47

48  To prevent the missegregation of chromosomes and the production of daughter cells

49  with an incorrect number of chromosomes, the spindle checkpoint (also called the

50 spindle assembly checkpoint) monitors whether chromosomes are attached to the

51  spindle via kinetochores. If kinetochores fail to attach properly, this checkpoint delays
52  the cell cycle to promote error correction and prevent aneuploidy. Despite its critical role,
53 the strength of the spindle checkpoint, defined as the duration of the cell cycle delay, can
54  be highly variable. This variability is controlled by the number of unattached kinetochores
55  (Collin et al., 2013), cell volume, (Kyogoku and Kitajima, 2017; Galli and Morgan, 2016)
56  and cell fate (Galli and Morgan, 2016; Gerhold et al., 2018).

57

58 The spindle checkpoint response initiates with the recruitment of Mad1 and Mad2 at

59 unattached kinetochores (Sironi et al., 2001), which catalyzes the production of a Mitotic
60  Checkpoint Complex (MCC) (Chen et al., 1996; Li and Benezra, 1996; Chen et al.,

61 1998). The MCC enforces a checkpoint arrest by inhibiting the Anaphase Promoting

62 Complex/Cyclosome (APC/C) and preventing cell cycle progression (Sudakin et al.,

63  2001). Formation of the MCC is driven by conformational changes in Mad2, which can
64  existin an open conformation (O-Mad2) or a closed conformation (C-Mad2) (Luo et al.,
65 2002; Sironi et al., 2002; Luo et al., 2004). Mad2 is in the closed conformation in the

66 Mad1/Mad2 tetramer recruited to unattached kinetochores. C-Mad2 in the tetramer acts
67 as atemplate to convert additional soluble O-Mad2 to C-Mad2, which can be assembled
68 into the MCC (Sironi et al., 2001; De Antoni et al., 2005; Fava et al., 2011). Thus,

69 unattached kinetochores act as a platform for MCC assembly. The MCC effectively

70 tunes the spindle checkpoint response: the length of the cell cycle delay imposed by the
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71 checkpoint is governed by the ratio of the soluble MCC checkpoint signal to cytoplasmic
72 volume (Collin et al., 2013; Dick and Gerlich, 2013).

73

74 PCH-2, known as TRIP13 in mammals, is a hexameric AAA+ ATPase that remodels

75 HORMA domain-containing proteins, a group that includes Mad2 (Aravind and Koonin,
76  1998; Chen et al., 2014; Vader, 2015; Ye et al., 2015). Originally described as a spindle
77  checkpoint silencing protein, experiments showed that TRIP13 works with the adaptor
78  protein p31%°™ to extract C-Mad2 from the MCC and promote its disassembly,

79  permitting the activation of the APC/C (Wang et al., 2014; Eytan et al., 2014; Ye et al.,
80  2015; Miniowitz-Shemtov et al., 2015; Brulotte et al., 2017; Alfieri et al., 2018). We and
81  others have shown that PCH-2/TRIP13 is essential for spindle checkpoint activation in
82 C. elegans and mammalian cells (Nelson et al., 2015; Ma and Poon, 2016; Yost et al.,
83  2017). PCH-2 is present at unattached kinetochores (Tipton et al., 2012; Wang et al.,
84  2014; Nelson et al., 2015) and is required to robustly localize Mad2, but not Mad1, to

85 unattached kinetochores (Nelson et al., 2015; Yost et al., 2017). Biochemical and

86  structural studies have shown that PCH-2 converts C-Mad2 to O-Mad2 (Ye et al., 2015;
87  Brulotte et al., 2017; Alfieri et al., 2018). Altogether, these data suggest a model in which
88  PCH-2 converts a population of C-Mad2 that is not competent for checkpoint signaling
89 into O-Mad2, so that Mad1/Mad2 recruited to unattached kinetochores can template C-
90 Mad2 for assembly into the MCC.

91

92  This model has major implications for our understanding of the spindle checkpoint. First,
93 itindicates that the spindle checkpoint does not simply depend on the presence of C-
94  Mad2. Rather, only C-Mad2 that has been assembled into the MCC at unattached

95 kinetochores is competent for checkpoint signaling (Ma and Poon, 2016). Second, it

96  suggests that there is a significant population of C-Mad2 in cells that must be liberated
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97  for a functional checkpoint. In C. elegans, some of this C-Mad2 appears to be
98 complexed with and stabilized by the Mad2 mimic p31°™' (CMT-1 in C. elegans) (Yang
99 etal,, 2007; Nelson et al., 2015); loss of CMT-1 partially suppresses the spindle
100  checkpoint defect in pch-2 mutants, likely by liberating enough O-Mad2 to make PCH-2
101 partially dispensable (Nelson et al., 2015). In cells that have a significant population of
102 available O-Mad2, such as Hela cells (Luo et al., 2004), TRIP13 function becomes
103  essential for checkpoint activity only when this population of O-Mad2 is limiting (Ma and
104  Poon, 2018).
105
106  Here, we show that PCH-2’s role in regulating the availability of O-Mad2 controls spindle
107  checkpoint strength in C. elegans. Despite being essential for the spindle checkpoint in
108 the large somatic, or AB, cell of the two-cell embryo, PCH-2 becomes dispensable as AB
109 cells are genetically manipulated to become smaller, suggesting that PCH-2'’s ability to
110  concentrate O-Mad2 near unattached kinetochores is essential for checkpoint activation
111 inlarge cells. Indeed, as AB cells become smaller PCH-2 is also dispensable for Mad2
112  recruitment at unattached kinetochores. This requirement in promoting spindle
113  checkpoint strength is also observed in germline precursor, or P4, cells, which have a
114 stronger checkpoint than their somatic counterparts. PCH-2 is enriched in P4 cells and
115  this enrichment is dependent on a conserved regulator of embryonic polarity, PAR-1.
116  Further, the stronger checkpoint in P, cells also relies on the C. elegans ortholog of
117 p31°™! CMT-1, suggesting that CMT-1’s role in localizing PCH-2 to unattached
118  kinetochores and/or its ability to enrich PCH-2 in P4 cells, contributes to a stronger
119  checkpoint. We propose that in scenarios where maintaining genomic stability can be
120  particularly challenging and/or relevant, such as in oocytes and early embryos enlarged

121 for developmental competence and germline cells that maintain immortality, PCH-2, and
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122  its mammalian ortholog TRIP13, ensure a robust spindle checkpoint response and

123  proper chromosome segregation.

124

125 MATERIALS AND METHODS

126

127  Worms strains

128  The C. elegans Bristol N2 (Brenner, 1974) was used as the wild-type strain. All strains
129  were maintained at 20°C. See Table S1 for the list of all the strains used in this study.
130

131 Immunostaining

132  Immunostaining was performed on adult worms 48h after L4, as described in (Bhalla and
133  Dernburg, 2005). The antibodies used were rabbit anti-MAD-2 (1/500; Essex et al.,

134  2009) and mouse anti-MAb414 (1/400; Davis and Blobel, 1986). Secondary antibodies
135  were Alexa Fluor 488 anti-rabbit (Invitrogen) and Cy3 anti-mouse (Jackson

136  ImmunoResearch Laboratories, Inc.) diluted at 1:500. Antibody against MAD-2 was a gift
137  from A. Desai (Ludwig Institute/University of California, San Diego, La Jolla, CA).

138

139 Images were acquired on a DeltaVision Personal DV microscope (GE Healthcare)

140  equipped with a 100% NA 1.40 oil-immersion objective (Olympus), a short ARC xenon
141  lamp (GE Healthcare) and using a CoolSNAP charge-coupled camera (Roper Scientific).
142  Z-stacks were collected at 0.2 ym Z-spacing and processed by constrained, iterative

143  deconvolution. Imaging, image scaling, and analysis were performed using functions in
144  the softWoRx software package (GE Healthcare). Projections were calculated by a

145  maximum intensity algorithm. Composite images were assembled and some false

146  coloring was performed with Fiji.

147
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148 Live imaging of two-cell embryos

149  For live imaging of two-cell embryos, worms were dissected on glass coverslips in egg
150  buffer and then mounted on 2% agar pads. Images were acquired every 1 minute or 20
151 seconds on a DeltaVision Personal DV microscope as described in the previous section;
152  except that the distance between two planes was 2 ym. The mitotic timing was

153 measured from NEBD to OCC as described in (Nelson et al., 2015). Cell volumes were
154  measured as described in (Galli and Morgan, 2016). To measure the nuclear area, a
155  sum projection of the embryo was generated 1 minute before chromosomes began to
156  condense and the area was measured with Fiji (Figure S2A).

157

158 Live imaging of embryogenesis

159  After a treatment with perm-17"#(

see below), worms were dissected onto a coverslip
160  with egg salt buffer (118 mM NaCl, 48 mM KCI) supplemented with 10 mM PIPES pH
161 7.3, 1 mM ATP and 10 mM sucrose. Embryos and adult carcasses were transferred into
162  a well of an 8-well plate (ibidi 1 p-Slide 8 Well Glass bottom) that had been freshly

163  coated with 0.1% Poly-L-Lysine solution (Sigma P8920) and extensively washed. Time-
164 lapse videos were acquired with a Solamere spinning disk confocal system piloted by
165 pManager software (Edelstein et al., 2014) and equipped with a Yokogawa CSUX-1

166  scan head, a Nikon (Garden City, NY) TE2000-E inverted stand, a Hamamatsu

167 ImageEM x2 camera, LX/MAS 489 nm and LS/MAS 561 nm laser, and Plan Apo

168  x60/1.4 numerical aperture oil objective. Acquisition times per frame were 50 ms using
169 5% of the lasers power for both channels, and images were obtained as stacks of planes
170  at 2 ym intervals taken every 1 minute. Nocodazole was added from a 5X stock to a final
171 concentration of 50 yM after the first time point.

172

173  Quantification of fluorescence intensity
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174  To quantify GFP::MAD-2 and PCH-2::GFP levels, images were generated under the
175  same conditions as previously described for the live imaging of two-cell embryos with a
176  few modifications: only the nucleus was imaged, the interval between two planes was 1
177  um and images were collected every 20 seconds. To measure the cell volume, one Z-
178  stack of the entire cell was taken at NEBD at 2 um Z-spacing.

179  Quantification of fluorescence at kinetochores or around mitotic chromosomes was
180 performed in Fiji as described in (Moyle et al., 2014; Nelson et al., 2015) and

181  fluorescence in the cytoplasm as describes in (Galli and Morgan, 2016).

182

183  Feeding RNAI

184  C. elegans strains were fed HT115 bacteria expressing the desired dsRNA after IPTG
185 induction. Bacterial strains containing RNAI vectors were cultured overnight at 37°C,
186  centrifuged, and the pellet was resuspended in 1/50 of the original volume. 100 pl of
187  concentrated culture was spotted onto a nematode growth medium (NGM) plate

188  containing 1 mM IPTG and 50 ug/ul of kanamycin or carbenicillin and the plate was
189  incubated overnight at 37°C.

190

191 For ani-2"®™* gravid adults were bleached onto the RNAI plate and their progeny was
192  allowed to develop at 20°C during 2.5 days. Then, L4s were transferred to a fresh plate
193  containing OP50 or zyg-1""* bacteria.

194

_2RNAi 1RNA/'

195  For zyg-1™"* L4s were transferred (from an OP50 or ani plate) onto a zyg-

196 plate and cultured 1.5 days at 20°C.

197

i RNAI
1RNAI 1 I

198  For perm- , young adults (8h post L4) were incubated onto perm- plates for 16-

199  20h at 15°C.
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200

201  For par-1™4 gravid adults were bleached onto control RNAi (L4440) plates and their
202  progeny were allowed to develop at 15°C for 3 days. L4s were then transferred onto par-
203 1" or control RNAI (L4440) plates and incubated at 15°C for 3 days.

204

205  Statistical Analysis

206 Linear regression analysis and assessing significance of this data (Figures 1C, 4A, 4B,
207  S1B, S1D) was performed using GrapPad Prism version 6 for Macintosh. For all other
208 data, significance was assessed by performing t-tests (Figures 1D, 2C, 3, 4C, 5A, 5C,
209 5D, 6A, 6C, 6D, S3B, S3D, and S4B). In all graphs, a * indicates a p value < 0.05, **
210 indicates a p value < 0.01 and *** a p value < 0.0001.

211

212 RESULTS

213

214 PCH-2 becomes dispensable for the spindle checkpoint response in somatic cells
215  as they decrease in size

216  In the large somatic, or AB, cell of the C. elegans two-cell embryo, PCH-2 is essential for
217  spindle checkpoint activation (Nelson et al., 2015). To further assess the requirements
218  for PCH-2 function, we manipulated the cell volume of AB cells experimentally by

219  performing RNA interference (RNAI) against ani-2. ani-2 encodes a germline specific
220 anillin whose depletion generates oocytes and, after fertilization, embryos, of varying
221  size (Maddox et al., 2005) (Figure 1A). We monitored the length of mitosis in these

222  embryos, using the time between nuclear envelope breakdown (NEBD) to the onset of
223  cortical contractility (OCC) as markers for the entry into and exit from mitosis,

224  respectively (Essex et al., 2009). We then correlated the length of mitosis to cytoplasmic

225  volume. RNAI of ani-2 did not affect cell cycle progression in control, pch-2, or mad-1
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226  mutants (Figure S1A), indicating that reducing cytoplasmic volume did not affect mitotic
227  timing in these embryos.

228

229  We performed double depletion of ani-2 and zyg-1 to induce the spindle checkpoint
230 response in control embryos, pch-2, and mad-1 mutants. ZYG-1 is essential for

231 centrosome duplication after the first embryonic division, its depletion generates

232 monopolar spindles (O’Connell et al., 2001) and unattached kinetochores (Essex et al.,
233  2009) (Figure 1B). Consistent with previous reports, as cells decreased in cell volume
234  the length of the cell cycle delay, an indicator of spindle checkpoint strength, increased
235 in control embryos (Galli and Morgan, 2016; Gerhold et al., 2018) (Figure 1C).

236  Surprisingly, as pch-2 mutant embryos decreased in size, the spindle checkpoint

237  response more closely resembled that of similarly sized control embryos than similarly
238  sized mad-1 mutant embryos (Figure 1C). There was no significant difference between
239 the slopes of the regression analysis of control and pch-2 mutant data (p value =

240  0.1407), while the slopes between the regression analysis of pch-2 and mad-1 mutant
241  data were significantly different (p value = 0.0007). We binned our data and observed
242  that pch-2 mutant embryos fell into three clear categories: 1) wild-type sized embryos
243  (more than 5 x 10° ym®) in which PCH-2 was essential for the spindle checkpoint; 2)
244  medium sized embryos (between 3.5 x 10° um®and 5 x 10° ym?), which exhibited an
245 intermediate level of checkpoint function; and 3) small embryos (less than 3.5 x

246  10° um?®), in which PCH-2 was completely dispensable for the spindle checkpoint

247  response (Figure 1D).

248

249  We verified that the mitotic delay observed in pch-2 embryos was a legitimate spindle
250 checkpoint response by monitoring mitotic timing after performing double depletion of

251 ani-2 and zyg-1 in san-1 and pch-2;san-1 mutant embryos. SAN-1 is the C. elegans

10
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252  ortholog of the essential spindle checkpoint factor, Mad3 (Nystul et al., 2003) (Figure
253  S1B). There was no significant difference between the slopes of the regression analysis
254  of san-1 and pch-2;san-1 data (p value = 0.8813). These data allow us to draw two

255  important conclusions: 1) Since we observe a robust spindle checkpoint activation in
256  pch-2 mutant embryos as they decrease in size and mitotic timing is similar to what we
257  observe in control embryos, PCH-2 does not appear to affect spindle checkpoint

258 silencing in C. elegans; and 2) PCH-2’s requirement during spindle checkpoint activation
259 is proportional to cell volume in somatic cells of two-cell C. elegans embryos.

260

261 PCH-2 becomes dispensable for MAD-2 recruitment at unattached kinetochores in
262 somatic cells as they decrease in size

263  Recent experiments have shown that acute depletion of PCH-2's mammalian ortholog,
264  TRIP13, has no effect on spindle checkpoint function in HelLa cells until O-Mad2 is

265 limiting (Ma and Poon, 2018). Since MAD-2 is localized to the nucleus and nuclear

266 envelope in C. elegans oocytes (Bohr et al., 2015; Lawrence et al., 2015) (Figure 2A)
267  and ani-2®"* treatment does not affect nuclear size (Figure S2), we reasoned that as
268 cells decrease in cell volume, the absolute amount of MAD-2 protein is likely to remain
269 constant but its concentration increases. This increase in concentration may improve the
270 likelihood that O-Mad2 is at or near unattached kinetochores, obviating the requirement
271 for PCH-2 in small embryos.

272

273  To test this model, we quantified MAD-2 recruitment at unattached kinetochores in

274  pseudo-metaphase in small control and pch-2 mutant embryos (less than 3.5 x 10° um?)
275  expressing GFP::MAD-2 and compared it to the recruitment observed in wild-type sized
276  embryos. Consistent with our previous results, GFP::MAD-2 was recruited to 20% of

277  control levels in pch-2 mutant embryos that were wild-type in size (Nelson et al., 2015)

11
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278  (Figure 2C). In small embryos, GFP::MAD-2 was recruited to unattached kinetochores in
279  control embryos as expected (Figure 2B). In small pch-2 mutant embryos, GFP::MAD-2
280 signal can be detected at unattached kinetochores (Figure 2B) and, when quantified,
281 GFP::MAD-2 was partially restored to 58% of control levels (Figure 2C). One explanation
282  for why GFP::MAD-2 recruitment is not completely restored in small pch-2 mutant

283 embryos may be that these smaller embryos require less MAD-2 recruitment to support
284  a mitotic delay comparable to control small embryos (Défachelles et al., 2015).

285  Nonetheless, our experiments demonstrate that PCH-2 is also dispensable for Mad2
286  recruitment at unattached kinetochores in small embryos, potentially because

287  decreasing cell volume concentrates Mad2, specifically O-Mad2.

288

289 PCH-2 is required for the spindle checkpoint response during embryogenesis

290 During embryogenesis, cell volume decreases and spindle checkpoint strength

291  increases (Galli and Morgan, 2016; Gerhold et al., 2018). Given our observation, that
292 PCH-2 becomes dispensable as cell volume decreases in the AB cell of two-cell

293 embryos, we tested whether this also happens during normal embryogenesis. We

294  permeabilized embryos by performing perm-1 RNAi (Carvalho et al., 2011) and activated
295 the spindle checkpoint by treating these perm-1""*" embryos with nocodazole, a drug
296 that depolymerizes microtubules. Since we could not always reliably visualize OCC in
297  these dividing embryos, we measured mitotic timing from nuclear envelope break down
298 (NEBD) to the nuclear envelope reformation (NER) for each stage of embryogenesis.
299  Consistent with previous reports, cells in control embryos exhibited a longer mitotic delay
300 in 16-cell than in 4-cell embryos, indicating that the spindle checkpoint increases in

301  strength as cells decrease in volume during embryogenesis (Galli and Morgan, 2016;
302 Gerhold et al., 2018). As a control, we performed the same experiment in san-1 mutants

303  and did not detect a mitotic delay when these embryos were treated with nocodazole

12
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304  (Figure 3A). In stark contrast to our ani-2°"

experiments, the mitotic timing observed in
305 pch-2 mutant embryos treated with nocodazole was similar to san-17 mutant embryos
306 treated with nocodazole. Thus, as cells naturally decrease in cell size during

307 embryogenesis, PCH-2 remains essential for the spindle checkpoint.

308

309 We also tested if a subtle increase in MAD-2 protein levels would suppress the spindle
310  checkpoint defect in pch-2 mutant embryos. The presence of a GFP::MAD-2 transgene,
311 in addition to endogenous MAD-2, results in about 2.5 times more MAD-2 in embryos.
312 This slight overexpression generates a normal spindle checkpoint response in control
313  AB cells and can bypass the requirement for checkpoint components MAD-3 or BUB-3
314  (Essex et al., 2009), but not PCH-2 (Nelson et al., 2015). We found that overexpression
315  of MAD-2 in control and pch-2 mutant 4- and 16-cell embryos treated with nocodazole
316  behaved similarly as their counterparts with normal levels of MAD-2 (Figure 3B). These
317  results confirm that PCH-2 is essential for the spindle checkpoint during normal

318  embryogenesis, suggesting that Mad2 may undergo additional regulation during

319  embryogenesis that requires PCH-2 to make O-Mad2 available even as cells decrease
320 in size. Further, additional considerations may make direct comparisons between our
321 ani-2""*:-zyg-1 " experiments and dividing embryos treated with nocodazole difficult
322  (see Discussion).

323

324 PCH-2 is responsible for the stronger spindle checkpoint in the germline lineage
325 Cell fate is another important determinant of spindle checkpoint strength. In C. elegans
326  embryos, the spindle checkpoint is stronger in germline precursor cells than similarly
327  sized somatic counterparts (Galli and Morgan, 2016; Gerhold et al., 2018).

328  Therefore, we tested whether PCH-2 contributed to the stronger spindle checkpoint in

329 the germline lineage, specifically in P4 cells of two-cell embryos (Figure 4). Consistent

13
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330  with other reports (Galli and Morgan, 2016; Gerhold et al., 2018), when we performed
331  double depletion of ani-2 and zyg-1 in control embryos and monitored mitotic timing, we
332  observed P cells with similar volumes as AB cells exhibiting a longer cell cycle delay
333  (Figure 4A). Further, the regression analysis that best fit control P4 data is significantly
334  different and steeper than that of control AB cells (p value < 0.0001), suggesting that
335 variables in addition to cell volume contribute to the spindle checkpoint strength in

336  germline precursor cells. When we knocked down both ani-2 and zyg-1 in pch-2 mutant
337 embryos, we no longer observed a significant difference (p value = 0.9096) between the
338  slopes of the regression analysis of P41 and AB cells (Figure 4B), indicating that PCH-2 is
339  responsible for the stronger checkpoint in P4 cells.

340

341  We observed that cell cycle timing was faster in pch-2 mutant P4 cells than similarly

342  sized pch-2 mutant AB cells after treatment with ani-2 and zyg-1 RNAi (Figure 4B). We
343  wondered if embryonic germline precursor cells might rely on spindle checkpoint

344  proteins for normal mitotic timing, analogous to mitotically dividing stem cells in the C.
345  elegans germline (Gerhold et al., 2015) and similar to mammalian cultured cells

346  (Meraldi, 2004; Rodriguez-Bravo, 2014; Ma and Poon, 2016). To address this, we

347  measured normal mitotic timing in AB and P, cells of both control and pch-2 mutant

348  embryos. We found that while normal mitotic timing is unaffected by mutation of pch-2 in
349  AB cells, pch-2 mutant P, cells go through mitosis significantly faster than control P4
350 cells (Figure 4C), thus providing an explanation for the faster cell cycle timing in pch-
351 2 mutant P, cells with the same cell volume as pch-2 mutant AB cells after treatment with
352  ani-2 and zyg-1 RNA..

353

354  PCH-2’s enrichment in P4 cells is dependent on PAR-1
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355  Cell fate is driven by the asymmetric distribution of various determinants between

356  somatic and germline lineages during early divisions of the C. elegans embryo (reviewed
357 in Rose and Goénczy, 2014). Since we found that PCH-2 promoted the spindle

358 checkpoint strength in both AB and P, cells, but even more dramatically in P cells, we
359  asked if PCH-2 was regulated differently between these cells. We previously generated
360 atagged version of PCH-2 at the endogenous locus, PCH-2::GFP, that could be

361 visualized at unattached kinetochores at the pseudo-metaphase plate and rescued

362  checkpoint function in AB cells (Nelson et al., 2015). We tested whether this transgene
363  could also support the stronger checkpoint in P4 cells. We treated embryos expressing
364 PCH-2::GFP with zyg-1 RNAIi and evaluated mitotic timing in both AB and P, cells, in the
365  presence or absence of monopolar spindles, using chromosome decondensation as a
366 marker for mitotic exit. P4 cells expressing PCH-2::GFP had full checkpoint function,

367  exhibiting a mitotic delay longer than AB cells also expressing PCH-2::GFP (Figure 5A).
368

369  Previous transcriptome analysis of PCH-2 did not reveal asymmetric enrichment of PCH-
370 2 mRNA between AB and P; cells (Tintori et al., 2016). We tested whether PCH-2::GFP
371 exhibited differences in protein levels between AB and P, cells. First, we assessed

372  whether PCH-2::GFP was more enriched in pseudo-metaphase at unattached

373  kinetochores in P4 than AB cells. We quantified PCH-2::GFP fluorescence at unattached
374  kinetochores in both AB and P, cells of embryos treated with zyg-7 RNAI but did not

375  detect any difference between the two cell types (Figures S3A and B). Similarly, we did
376  not detect any difference in GFP::MAD-2 recruitment at unattached kinetochores

377  between AB and P; cells in zyg-1™"#

embryos (Figures S3C and D).
378
379  Next, we quantified PCH-2::GFP fluorescence in AB and P4 cells during unperturbed cell

380 cycles. In the AB cell, PCH-2 protein becomes enriched in the area around the
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381 chromosomes in prometaphase (Nelson et al., 2015). We observed similar localization of
382 PCH-2::GFP in P4 cells (Figure 5B). When we quantified the fluorescence of PCH-

383  2::GFP in this area surrounding chromosomes after NEBD in both AB and P, cells, we
384  detected a statistically significant enrichment of PCH-2::GFP in P4 cells (Figure 5C). This
385 enrichment is not the indirect consequence of the smaller volume of P, cells since we did
386  not observe a difference in the fluorescence of PCH-2::GFP in the cytoplasm between
387  AB and P, cells (Figure S4), demonstrating that PCH-2::GFP is more highly enriched in
388 P4 cells than AB cells.

389

390 To better understand the relationship between PCH-2 enrichment in P, cells and cell

391 fate, we abrogated the asymmetry of the two-cell embryo by performing RNAi against

1RNAT mutant

392  the essential polarity factor, PAR-1 (Guo and Kemphues, 1995). In par-
393 embryos, AB and P4 cells exhibit the same checkpoint strength (Gerhold et al., 2018),
394  indicating that the stronger spindle checkpoint response in the P4 cells depends on this
395  asymmetric division. We quantified PCH-2::GFP fluorescence in the area around

396 chromosomes in AB and P, cells after par-1 RNAi and observed that the fluorescence of
397 PCH-2::GFP was not significantly different between AB and P, cells, unlike what we

398 observed in embryos exposed to control RNAI (Figure 5D). Therefore, PCH-2::GFP’s
399  enrichment in P4 cells depends on a conserved factor that induces embryonic

400 asymmetry and germline cell fate.

401

402 The stronger checkpoint in P, cells depends on CMT-1

403  In vitro, the C. elegans ortholog of p31°°™", CMT-1, is required for PCH-2 to bind and
404 remodel Mad2 from the closed conformation to the open one (Ye et al., 2015). In

405  addition to this role, CMT-1 is also required to localize PCH-2 to unattached

406  kinetochores during the spindle checkpoint response, stabilize Mad2 protein levels and
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407  generate a robust spindle checkpoint response in AB cells (Nelson et al., 2015).

408  Overexpressing Mad2 does not suppress the partial defect in spindle checkpoint

409  activation in cmt-1 mutants (Nelson et al., 2015), suggesting that PCH-2’s localization to
410 unattached kinetochores promotes a strong spindle checkpoint response in large AB
411 cells. Therefore, we reasoned that CMT-1 might also be required for the stronger

412  checkpoint in P4 cells.

413

414  To test this possibility, we performed zyg-7 RNAi on control and cmt-1 mutant embryos
415  and monitored mitotic timing in both AB and P, cells. AB and P4 cells of control and cmt-
416 1 mutant embryos treated with control RNAi had similar mitotic timing. In zyg-1~"4

417  embryos, P4 cells exhibited a stronger checkpoint response than AB cells. By contrast,
418  both AB and P, cells in cmt-1;zyg-1""* mutant embryos exhibited similar spindle

419  checkpoint delays (Figure 6A). Despite having spindle checkpoint responses that were

420 less robust than that of control zyg-1"""

embryos, AB and Py cells in cmt-1 mutant

421 embryos treated with zyg-1 RNAI spent significantly longer in mitosis than cmf-1 mutant
422  embryos treated with control RNAI, indicating that they activated a weaker spindle

423  checkpoint response, similar to our published results (Nelson et al., 2015). More

424  importantly, cmt-1; zyg-1™"* mutant embryos failed to generate a stronger checkpoint in
425 Py cells, indicating that CMT-1 is also essential to promote checkpoint strength in

426  germline precursor cells.

427

428  Aside from localizing PCH-2 to unattached kinetochores, we wondered if CMT-1 was
429  required for any other aspects of PCH-2 regulation. Therefore, we tested whether CMT-1
430 was necessary for PCH-2’s asymmetric enrichment in P4 cells. We quantified PCH-

431 2::GFP fluorescence in prometaphase in the area around chromosomes in both cmt-1

432  mutant AB and P4 cells (Figure 6B). First, we found that PCH-2::GFP fluorescence was
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433  similar between AB cells in both control and cmt-1 mutant embryos (Figure 6C),

434  consistent with our hypothesis that the weaker checkpoint in cmt-1 AB cells is a

435 consequence of the absence of PCH-2 recruitment at unattached kinetochore (Nelson et
436  al., 2015). Further, when we compared the quantification of PCH-2::GFP fluorescence in
437 cmt-1 mutant AB and P, cells, we did not detect a significant difference between the two
438  cells (Figure 6D), unlike our experiment in control embryos (Figure 5C). Thus, while we
439 favor the hypothesis that CMT-1’s role in promoting spindle checkpoint strength in both
440 AB and P, cells is the product of localizing PCH-2 to unattached kinetochores, based on
441  the reduced robustness of the spindle checkpoint in cmt-1 mutants (Figure 6) and our
442  ani-2f"%:zyg-1"NA experiments (Figures 1 and 2), it’s likely that CMT-1’s contribution to
443  the asymmetric enrichment of PCH-2 in P4 cells also contributes to the stronger spindle
444  checkpoint in these cells.

445

446  DISCUSSION

447

448  The role of PCH-2, and its mammalian ortholog TRIP13, in the spindle checkpoint has
449  been enigmatic. Originally identified as a checkpoint silencing factor (Wang et al., 2014;
450 Eytan et al., 2014; Ye et al., 2015; Miniowitz-Shemtov et al., 2015; Brulotte et al., 2017;
451  Alfieri et al., 2018), more recent evidence also indicates a role in promoting the

452  checkpoint response (Nelson et al., 2015; Ma and Poon, 2016; Yost et al., 2017). It's
453  clear that the reliance on PCH-2/TRIP13 in checkpoint activation likely reflects the

454  relative levels and availability of O-Mad2 (Ma and Poon, 2018). We show here that PCH-
455  2’srole in regulating O-Mad2 availability, specifically at or near unattached kinetochores,
456  also controls checkpoint strength, providing an unanticipated mechanism to explain its

457  regulation (Figure 7). We propose that this role in checkpoint strength is particularly
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458 important in large cells, such as oocytes and cells in early embryos, as well as cells that
459  give rise to immortal germ cells.

460

461 A prediction of our model is that overexpression of Mad2 should also make PCH-2

462  dispensable for the spindle checkpoint activation. We’ve shown that subtle elevations of
463 Madz2 protein levels cannot suppress the requirement for PCH-2 in two-cell embryos
464  (Nelson et al., 2015). Unfortunately, more dramatic overexpression experiments are
465 technically difficult in C. elegans. Further, it’s likely that strong overexpression of Mad2 in
466 C. elegans embryos will delay normal mitosis, consistent with similar findings in

467  mammalian cells (Marks et al., 2017) and budding yeast (Mariani et al., 2012). In this
468 way, PCH-2’s function may provide a useful buffer: Since Mad2 protein levels may need
469 to stay within a narrow range to allow normal mitotic timing, PCH-2’s localization at or
470 near unattached kinetochores provide a mechanism to increase O-Mad2’s local

471 concentration to promote effective and efficient signaling during checkpoint activation.
472

473  Despite our findings that PCH-2 becomes dispensable for spindle checkpoint activation
474  as two-cell embryos decrease in volume, PCH-2 remains essential for the spindle

475  checkpoint as cells normally decrease in volume during embryogenesis (Figure 3),

476 indicating that relative levels of O-Mad2 and C-Mad2 may be further regulated during
477  embryonic development. This possibility is supported by our finding that PCH-2

478  regulates normal cell cycle timing in P4 cells, but not AB cells (Figure 4C), which

479  suggests that variations in O-Mad2/C-Mad2 ratios influence normal mitotic timing in cells
480  with specific developmental fates. In addition, unlike the nuclei of two-cell embryos

481 treated with ani-2®" (Figure S2), nuclear volume scales with cell volume during

482  embryogenesis (Gerhold et al., 2018). Therefore, the concentration of Mad2 may not

483 necessarily increase as cell size decreases in cells of the developing embryo, making
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484  direct comparisons between small cells obtained by ani-2""*' treatment and small cells
485  resulting from normal embryogenesis challenging.

486

487  Our experiments identify CMT-1, the C. elegans ortholog of mammalian p31°™", as an
488  important regulator of PCH-2 function and, as a result, checkpoint strength. In addition to
489 its requirement in facilitating PCH-2’s ability to interact with its substrate, Mad2 (Ye et al.,
490 2015; Miniowitz-Shemtov et al., 2015; Brulotte et al., 2017; Alfieri et al., 2018), CMT-1
491  localizes PCH-2 to unattached kinetochores (Nelson et al., 2015) and promotes PCH-2’s
492  enrichmentin P, cells (Figure 6). We propose that both of these roles contribute to

493  checkpoint strength. In large AB cells, CMT-1 ensures PCH-2’s presence at unattached
494  kinetochores, increasing the local concentration of O-Mad2 and driving the production of
495  soluble C-Mad2 and MCC (Figure 7A). In P4 cells, the combination of PCH-2’s

496 localization at kinetochores and its enrichment promotes a checkpoint stronger than

497  somatic cells (Figure 7C). It’s striking that P4 cells, which are slightly smaller than AB
498 cells, exhibit similar checkpoint strength to AB cells when CMT-1 is absent (Figure 6).
499 This indicates that even these cells depend on PCH-2 to be present at unattached

500 kinetochores to increase the local concentration of O-Mad2 and promote checkpoint

501  strength.

502

503 Evolutionary analysis across phyla have revealed a close co-evolutionary relationship
504  between PCH-2 and its orthologs and HORMA domain containing proteins, including
505 CMT-1 and Mad2 (Vleugel et al., 2012; van Hooff et al., 2017). However, some

506  organisms that rely on the templated conversion of O-Mad2 to C-Mad2 to assemble the
507 MCC, such as budding and fission yeasts (Nezi et al., 2006; Chao et al., 2012) either
508 don’t express their PCH-2 ortholog during mitosis (budding yeast) (San-Segundo and

509 Roeder, 1999) or don’t have a PCH-2 ortholog in their genome (fission yeast) (Wu and
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510  Burgess, 2006). This is potentially explained by cell volume: Both budding and fission
511  yeasts are two orders of magnitude smaller than mammalian cells and C. elegans

512  embryos. They also undergo closed mitosis, in which the nuclear envelope does not
513  break down, providing an additional opportunity to concentrate factors required for

514  mitosis. We propose that recruiting O-Mad2 to unattached kinetochores may not present
515  as great a challenge in these significantly smaller cells, making a factor required to

516  increase the local concentration of O-Mad2 at unattached kinetochores unnecessary.
517

518  An obvious question our experiments raise is how PCH-2 is enriched in P cells.

519  Germline precursor cells are transcriptionally silent until gastrulation (Seydoux et al.,
520 1996) and sequencing of mMRNA in early embryos shows that both CMT-1 and PCH-2
521 mRNA are not enriched in germline precursor cells (Tintori et al., 2016), indicating that
522  enrichment of PCH-2 is likely to occur at the level of protein regulation. Understanding
523 this regulation, its control by developmental events and its effect on the relative levels of
524  O-Mad2 and C-Mad2 in different cell types promises to be an exciting area of

525 investigation.
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686  Figure Legends

687

688 Figure 1: PCH-2 becomes dispensable for the spindle checkpoint response in
689 somatic cells as they decrease in size

690  (A) Images of control and ani-2"" two-cell embryos. Scale bar indicates 5 pm. (B)

691  Cartoon of embryos treated with zyg-1~"* or ani-2f"':zyg-1""¥' (C) Mitotic timing in AB
692 cells of control, pch-2 and mad-1 mutant embryos plotted against cell volume. Lines
693  represent regression analysis for each set of data. (D) Data from (C) sorted into three
694  categories: wild-type sized embryos (more than 5 x 10° um?), medium sized embryos
695 (between 3.5 x 10°> pm*and 5 x 10% um®) and small embryos (less than 3.5 x 10° um?).
696  Error bars are S.E.M. In all graphs, a * indicates a p value < 0.05, ** indicates a p value
697 < 0.01 and *** a p value < 0.0001.

698

699 Figure 2: PCH-2 becomes dispensable for MAD-2 recruitment at unattached

700 kinetochores in somatic cells as they decrease in size

701 (A) Immunostaining of MAD-2 and nuclear pore complex components (NPCs) shows
702  MAD-2 localized in the nucleus and at the nuclear envelope during interphase. Scale bar
703  indicates 5 ym. (B) Cartoon and images of GFP::MAD-2 recruitment to unattached

704  kinetochores in AB cells of small embryos. Scale bar 1 ym. (C) Quantification of

705  kinetochore bound GFP::MAD-2. Error bars are S.E.M.

706

707  Figure 3: PCH-2 is required for the spindle checkpoint response during

708 embryogenesis

709  (A) Mitotic timing in control, pch-2 and san-1 mutant embryos treated with nocodazole at

710  different developmental stages (4- and 16-cell embryos). (B) Mitotic timing in control and
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711 pch-2 mutant embryos overexpressing GFP::MAD-2 and treated with nocodazole at

712  different developmental stages (4- and 16-cell embryos). Error bars are S.E.M.

713

714  Figure 4: PCH-2 is responsible for the stronger spindle checkpoint in the germline

715 lineage

2RNAI'

-zyg-17NA

716  Mitotic timing in AB and P4 cells plotted against cell volume in control ani-
717 embryos (A) or pch-2;ani-2""':zyg-17"* (B) embryos. Lines represent regression

718  analysis for each set of data. (C) Unperturbed mitotic timing of AB and P, cells in control
719  and pch-2 mutants. Error bars are S.E.M.

720

721 Figure 5: PCH-2’s enrichment in P, cells depends on PAR-1

722  (A) Mitotic timing of control embryos and embryos expressing PCH-2::GFP during

723  unperturbed divisions or in the presence of monopolar spindles. (B) Cartoon and images
724  of PCH-2::GFP localization around mitotic chromosomes in AB and P+ cells of two-cell
725  embryos. Scale bar indicates 5 ym. (C) Quantification of PCH-2::GFP fluorescence in
726  AB and P, cells. (D) Quantification of PCH-2::GFP fluorescence in AB and P, cells of
727 par-1""* embryos. Error bars are S.E.M. NS indicates not significant.

728

729  Figure 6: The stronger checkpoint in P, cells depends on CMT-1

730  (A) Mitotic timing of control, cmt-1 and mad-1 mutant embryos during unperturbed

731 divisions or in the presence of monopolar spindles. (B) Cartoon and images of PCH-
732  2::GFP localization around mitotic chromosomes in AB and P cells of cmt-1 mutant

733  embryos. Scale bar indicates 5 ym. (C) Quantification of PCH-2::GFP fluorescence in
734  AB cells of control and cmt-1 mutant embryos. (D) Quantification of PCH-2::GFP

735  fluorescence in AB and P, cells of cmt-1 mutant embryos.

736
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737  Figure 7: Model

738  (A) A robust spindle checkpoint response in large cells requires the presence of PCH-2
739  at unattached kinetochores to increase the local concentration O-MAD-2 at or near

740  unattached kinetochores. (B) Reducing cell volume of two-cell embryos increases the
741 concentration of O-Mad-2 near or at unattached kinetochores, allowing a checkpoint
742  response in the absence of PCH-2. (C) The enrichment of PCH-2 in P4 cells results in a
743  higher production of O-MAD-2, generating a stronger spindle checkpoint response in P4
744  cells.

745

746  Figure S1: Related to Figure 1. The mitotic delay observed in pch-2;ani-2®"%;zyg-
747 1" small cells is a spindle checkpoint response.

748  Cartoon of control and ani-2™"* two-cell embryos (A) and an ani-2"": zyg-1*"* two-cell
749  embryo (B). Mitotic timing in AB cells plotted against cell volume, during unperturbed
750  mitosis (C) and in the presence of monopolar spindles (D). Lines represent regression
751  analysis for each set of data.

752

753  Figure S2: Related to Figure 2. Nuclear volume does not scale with cell volume in
754  ani-2""* two-cell embryos.

755  (A) Images of a large (top) and small (bottom) AB cell of ani-2""

embryos. The nuclear
756  area is indicated with a dashed yellow line. Scale bar indicates 5 ym (B) Nuclear area
757  plotted against cell volume.

758

759  Figure S3: Related to Figure 5. There is no difference in the amount of PCH-2::GFP
760  or GFP::MAD-2 recruited to unattached kinetochores in AB and P, cells.

761 (A) Cartoon and images of PCH-2::GFP recruitment to unattached kinetochores in AB

762  and P, cells of two-cell embryos. Scale bar indicates 1 ym. (B) Quantification of PCH-
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2::GFP recruitment at unattached kinetochores in AB and P4 cells. (C) Cartoon and
images of GFP::MAD-2 recruitment to unattached kinetochores in AB and P cells of
two-cell embryos. Scale bar indicates 1 ym. (D) Quantification of GFP::MAD-2
fluorescence at unattached kinetochores in AB and P cells. Error bars are S.E.M. NS

indicates not significant.

Figure S4: Related to Figure 5. There is no difference in the amount of PCH-2::GFP
in the cytoplasm of AB and P, cells.
(A) Images of AB (left) and P (right) cells after NEBD. Scale bar 5 ym. (B) Quantification

of PCH-2::GFP fluorescence in the cytoplasm of AB and P, cells. Error bars are S.E.M.
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Strain Genotype

OD56 unc-119(ed3) lll; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV
OD95 unc-119(ed3) lll; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV;
ItIs38 [pAA1; Ppie-1::GFP::PH(PLC1delta1); unc-119(+)]

BHL575 | pch-2(tm1458) II; unc-119(ed3) IlI; ItIs37 [pAA64; Ppie-1::mCherry::his-
58; unc-119 (+)] IV; ItIs38 [pAA1;Ppie-1::GFP::PH(PLC1delta1); unc-
119(+)]

BHL596 | unc-119(ed3) lll; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV;
ItIs38 [pAA1; Ppie-1::GFP::PH(PLC1delta1); unc-119(+)];

mdf-1(av19) V

BHLG0O0 | unc-119(ed3) lll; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV;
ItIs52 [pOD379; Ppie-1::GFP::MDF-2; unc-119 (+)]

BHL604 | pch-2(tm1458) II; unc-119(ed3) IlI; ItIs37 [pAA64; Ppie-1::mCherry::his-
58; unc-119 (+)] IV; ItIs52 [pOD379; Ppie-1::GFP::MDF-2;

unc-119 (+)]

BHL608 | cmt-1(0k2879) I; unc-119(ed3) Ill; ItIs37 [pAA64; Ppie-1.:mCherry::his-58;
unc-119 (+)] IV, ItIs38 [pAA1,Ppie-1::GFP::PH(PLC1delta1),; unc-119(+)]
BHL664 | Ppch-2::pch-2::GFP-3XFLAG (blt4 [pCN94]) II; unc-119(ed3) Ill; ItIs37
[pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV

BHL883 | san-1/mdf-3 (0k1580) I; pch-2(tm1458) II; unc-119(ed3) IlI; ItIs37 [pAA64;
Ppie-1::mCherry::his-58; unc-119 (+)] IV; ItIs38 [pAA1; Ppie-
1::GFP::PH(PLC1delta); unc-119(+)]

BHL887 | cmt-1(0k2879) I; pch-2::GFP-3XFLAG (blt4 [pCN94]) II; unc-119(ed3) IlI;
ItIs44[pAA173; pPie-1::mCherry::PH(PLC1delta1); unc-

119(+)]; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV

BHL888 | unc-119(ed3) lll; Itis44 [pAA173; pPie-1::mCherry::PH(PLC1delta1); unc-
119(+)]; ItIs52 [pOD379; Ppie-1::GFP::mdf-2; unc-119 (+)]; ItIs37 [pAA64;
Ppie-1::mCherry::his-58; unc-119 (+)] IV

BHL889 | pch-2(tm1458) II; unc-119(ed3) IlI; Itls44 [pAA173; pPie-
1::mCherry::PH(PLC1delta1); unc-119(+)]; ItIs52 [pOD379; Ppie-
1::GFP::mdf-2; unc-119 (+)]; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-
119 (+)] IV

BHL891 | unc-119(ed3) lll; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV;
ItIs24[pAZ132; pPie-1::GFP::tba-2; unc-119(+)]

BHL892 | pch-2 (tm1458) II; unc-119(ed3) IlI; ItIs37 [pAA64; Ppie-1::mCherry::his-
58; unc-119 (+)] IV; ItIs24 [pAZ132; pPie-1::GFP::tba-2; unc-119(+)]
BHL893 | san-1/mdf-3 (0k1580) I; unc-119(ed3) lll; ItIs37 [pAA64; Ppie-
1::mCherry::his-58; unc-119 (+)] IV; ItIs38 [pAA1; Ppie-
1::GFP::PH(PLC1delta1); unc-119(+)]

BHL904 | Ppch-2::pch-2::GFP-3XFLAG (blt4 [pCN94]) II; unc-119(ed3) IlI;
ItIs44[pAA173; pPie-1::mCherry::PH(PLC1delta1); unc-

119(+)]; ItIs37 [pAA64; Ppie-1::mCherry::his-58; unc-119 (+)] IV

GAL5 san-1/mdf-3 (mat5) I; unc-119(ed3) Ill; ruls57[Ppie-1::GFP::tubulin + unc-
119(+)]; ItIs37[pie-1p::mCherry::his-58 (pAA64) + unc-119(+)] IV
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