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Abstract
Chromosome segregation during mitosis and male meiosis is mediated by centrosomal spindles that require the activity of the
aurora A kinase, whereas female meiotic spindles of many species are acentrosomal. We addressed the role of the C. elegans
aurora A kinase, AIR-1, in acentrosomal spindle assembly by generating a strain in which AIR-1 is tagged with both an auxin-
induced degron and HALO tag. The meiotic spindle pole marker, MEI-1, and chromosomes were labeled with GFP and
mCH::histone respectively. All meiotic spindles were bipolar in AIR-1 depleted embryos, however an increase in lagging
chromosomes was observed during anaphase.
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Figure 1. Depletion of AIR-1 results in bipolar meiotic spindles and an increased frequency of lagging chromosomes
during anaphase:

(A) Time-lapse images of female meiotic spindles were captured in Control and AIR-1-depleted embryos expressing
mCH::H2B, AIR-1::AID::HALO, and GFP::MEI-1, which localizes to spindle poles and chromosomes. Bipolar spindles were

 

1/31/2024 - Open Access

http://www.wormbase.org/db/get?name=WBGene00000098;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003183;class=Gene


 

observed in 15/15 - Auxin Control embryos and in 20/20 + Auxin embryos. AIR-1::AID::HALO was observed on anaphase
spindles in Control embryos and was depleted with overnight auxin treatment. All size bars = 4μm. (B) The ratio of spindle to
cytoplasmic AIR-1::AID::HALO pixel intensity was determined for both metaphase and anaphase spindles in Control and +
Auxin embryos. (C) Time-lapse images were captured in Control and AIR-1-depleted embryos expressing mCH::H2B.
Arrowheads indicate the position of a lagging chromosome. All size bars = 3μm.

Description
The C. elegans aurora A kinase homolog, AIR-1, has been predominantly studied in one celled embryos where it acts as a
centrosomal kinase and is required for recruitment of pericentriolar material (PCM) proteins and regulation of astral
microtubules emanating from centrosomes (Schumacher et al., 1998; Hannak et al., 2001; Motegi et al., 2006; Davis et al.,
2022). It has also been found at the cortex of one celled mitotic embryos (Kotak et al., 2016; Klinkert et al., 2019). C. elegans
female meiotic spindles do not have centrioles (Albertson and Thomson, 1993) and do not have PCM proteins like g-tubulin at
their poles (McNally et al., 2006), therefore it was somewhat surprising when air-1(RNAi) meiotic embryos were unable to
form bipolar meiotic spindles and were unable to segregate meiotic chromosomes (Sumiyoshi et al., 2015). C. elegans female
meiotic spindle poles exhibit concentrations of ASPM-1 (Wignall and Villeneuve, 2009), LIN-5 (van der Voet et al., 2009),
ZYG-9 (Chuang et al., 2020), KLP-18 (Wolff et al., 2016) and MEI-1 (Clark-Maguire and Mains, 1994) at metaphase and
specifically recruit cytoplasmic dynein and dynactin to their poles during anaphase (Ellefson and McNally, 2011). The genetic
requirements for meiotic spindle pole formation appear to be distinct from the requirements for centrosome formation. No
meiotic spindle poles form in the absence of MEI-1 (McNally and McNally, 2011), AIR-2 (Divekar et al., 2021), cohesin
(McNally et al., 2022), or KLP-15/16 (Mullen and Wignall, 2017) and meiotic spindle poles do not stably coalesce after
depletion of KLP-18 (Wolff et al., 2016), CLS-2 (Schlientz and Bowerman, 2020), ZYG-9 (Cavin-Meza et al., 2022), or KLP-
7 (Connoly et al., 2015; Gigant et al., 2017).

To further investigate the role of AIR-1 in meiotic spindle function, we tagged the endogenous air-1 locus with an auxin-
induced degron (AID) and fluorescent protein (HALO) in a strain with a germline expressed TIR1, an mCherry::histone H2b
transgene, and the endogenous mei-1 locus tagged with GFP.

Time-lapse in utero imaging of meiotic embryos within worms fed Janelia Fluor646 HaloTagLigand revealed that AIR-
1::AID::HALO was very dimly associated with early metaphase spindles but became brighter at spindle poles during spindle
shortening and anaphase A of both meiosis I and meiosis II (Fig. 1A-B). Picking L4 larvae onto 4mM auxin plates resulted in
100% embryonic lethality (n=475 embryos, 3 worms) whereas the same strain without auxin yielded only 1.9% embryonic
lethality (n=513 embryos, 3 worms). Auxin eliminated any discernable AIR-1::AID::HALO fluorescence (Fig. 1A-B) on
meiotic spindles. Auxin also eliminated any discernable centrosomal AIR-1::AID::HALO fluorescence in 20/20 mitotic
embryos, whereas 15/18 mitotic embryos in control worms had bright centrosomal AIR-1::AID::HALO fluorescence.
Localization of GFP::MEI-1 to spindle poles and chromosomes as well as bipolar spindle assembly, spindle shortening and
spindle rotation proceeded normally both with and without auxin (Fig. 1A). Roughly half of AIR-1-depleted spindles exhibited
a lagging chromosome during anaphase whereas no lagging chromosomes were observed among no auxin controls (Fig. 1C).
Because we utilized single focal plane time-lapse imaging, it is possible that additional chromosomes out of the central focal
plane lagged during anaphase or failed to congress at metaphase.

In theory, the stronger phenotypes published for air-1(RNAi) and the drug MLN8237 (Sumiyoshi et al., 2015) might be due to
off-target effects on the aurora B kinase, AIR-2, which is required for bipolar meiotic spindle assembly and anaphase (Divekar
et al., 2021). However, Sumiyoshi et al. reported that an RNAi-resistant GFP::AIR-1 transgene rescued the meiotic spindle
phenotypes of 4/4 air-1(RNAi) embryos. An alternate possibility is that our auxin-induced degradation left a higher amount of
residual AIR-1 than the 2015 RNAi treatment.

Methods
L4 larvae were transferred to 60mm plates seeded with OP50 and containing either 4mM auxin or ethanol solvent control.
Janelia Flour®646 HaloTag® ligand (Promega Catalog #: GA1120) was diluted in M9 media to a final concentration of
2.5µM and 50µl was added directly to each plate. Worms were incubated for 24 hours in a dark 20°C incubator and then
anesthetized by transferring adult hermaphrodites to a solution of 0.1% tricaine, 0.01% tetramisole in PBS for 30 min as
described in Kirby et al. (1990) and McCarter et al. (1999). Worms were mounted between an agarose pad and coverslip as
described in Danlasky et al. (2020) and subjected to time lapse imaging on a Yokogawa CSU-10 spinning disk confocal
microscope equipped with an Olympus 100X 1.3 PlanApo objective and a Hammamatsu Orca Quest qCMOS detector.
Exposures were captured every 10 seconds with sequential excitation by 488 nm, 647 nm and 561 nm lasers.
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Reagents
PHX7903 mei-1(or1937[GFP::mei-1])I;cpIs103 [sun-1p::TIR1] II; itIs37[pie-1p::mCherry::his-58] IV;air-1(syb7903 [air-
1::AID::HALO]) V

available from fjmcnally@ucdavis.edu
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