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Abstract

During meiotic prophase |, accurate segregation of homologous chromosomes requires the establishment of chromosomes with a meiosis-
specific architecture. The sister chromatid cohesin complex and the enzyme Topoisomerase Il (TOP-2) are important components of mei-
otic chromosome architecture, but the relationship of these proteins in the context of meiotic chromosome segregation is poorly defined.
Here, we analyzed the role of TOP-2 in the timely release of the sister chromatid cohesin subunit REC-8 during spermatogenesis and oo-
genesis of Caenorhabditis elegans. We show that there is a different requirement for TOP-2 in meiosis of spermatogenesis and oogenesis.
The loss-of-function mutation top-2(it7) results in premature REC-8 removal in spermatogenesis, but not oogenesis. This correlates with a
failure to maintain the HORMA-domain proteins HTP-1 and HTP-2 (HTP-1/2) on chromosome axes at diakinesis and mislocalization of the
downstream components that control REC-8 release including Aurora B kinase. In oogenesis, top-2(it7) causes a delay in the localization of
Aurora B to oocyte chromosomes but can be rescued through premature activation of the maturation promoting factor via knockdown of
the inhibitor kinase WEE-1.3. The delay in Aurora B localization is associated with an increase in the length of diakinesis bivalents and wee-
1.3 RNAi mediated rescue of Aurora B localization in top-2(it7) is associated with a decrease in diakinesis bivalent length. Our results imply
that the sex-specific effects of TOP-2 on REC-8 release are due to differences in the temporal regulation of meiosis and chromosome struc-

ture in late prophase | in spermatogenesis and oogenesis.
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Introduction

Accurate segregation of chromosomes to daughter cells during
meiosis is essential for the maintenance of genomic stability be-
tween generations. Faithful segregation requires that meiotic
chromosomes dramatically change in structure over the course
of the meiotic program. Meiotic chromosome structural changes
are mediated by the regulated association and dissociation of
several protein complexes with chromosomes including cohesin
complexes, the synaptonemal complex, and condensin com-
plexes (Hillers et al. 2017).

During meiosis, chromosome axes conjoin linear looped
arrays of sister chromatids at the loop base. Chromosome axes
are composed of cohesin complexes, which are required for teth-
ering sister chromatids together (sister chromatid cohesion or
SCC), as well as meiosis-specific proteins such as the HORMA-
domain proteins (Blat et al. 2002; Kim et al. 2014). In meiosis, the
kleisin subunit of the cohesin complex is replaced with meiosis-
specific subunits. In yeast, the meiosis-specific kleisin subunit is
Rec8 (Rankin 2015). Higher eukaryotes have a Rec8 ortholog plus
additional meiosis-specific kleisins including Rad21L in verte-
brates and in Caenorhabditis elegans, the nearly identical COH-3
and COH-4 proteins (Klein et al. 1999; Pasierbek et al. 2001;

Severson et al. 2009; Rankin 2015; Ishiguro 2019). In addition to
establishing SCC, the meiosis-specific cohesin complexes serve
as a basis for the assembly of the HORMA-domain proteins to ax-
ial elements. While yeast have a single meiosis-specific HORMA
domain protein (Hopl), plants and mammals have 2 paralogs
(ASY1/2 and HORMAD1/2, respectively), and C. elegans has 4
paralogs (HIM-3, HTP-1, HTP-2, and HTP-3; Hodgkin et al. 1979;
Hollingsworth and Johnson 1993; Caryl et al. 2000; Pangas et al.
2004; Chen et al. 2005; Couteau and Zetka 2005; Goodyer et al.
2008; Wojtasz et al. 2009; Fukuda et al. 2010). These axis proteins
are required for the assembly of the synaptonemal complex to
establish homologous chromosome pairing, meiotic recombina-
tion, and meiotic checkpoint control thus, promoting proper
chromosome segregation.

Also associated with meiotic chromosomes is the enzyme
Topoisomerase II (TOP-2; Klein et al. 1992; Kleckner et al. 2013;
Gémez et al. 2014; Mengoli et al. 2014; Jaramillo-Lambert et al.
2016). In mitosis of monocentric organisms, TOP-2 localizes to
the chromosome axes (Earnshaw and Heck 1985; Gasser et al.
1986; Zickler and Kleckner 1999). In C. elegans, which have holo-
centric chromosomes, TOP-2 has a linear, exterior localization
pattern on mitotic chromosomes that is distinct from the centro-
meres (Ladouceur et al. 2017). In meiosis, TOP-2 associates
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diffusely with chromosomes during prophase (Moens and
Earnshaw 1989; Klein et al. 1992; Cobb et al. 1999; Cheng et al.
2006; Zhang et al. 2014; Jaramillo-Lambert et al. 2016; Heldrich
et al. 2020). Although TOP-2 is associated with meiotic chromo-
somes, its relationship between meiotic chromosome structure
and meiotic axis components including cohesin and other axial
elements is poorly understood.

The C. elegans genome contains a single gene that encodes for
a TOP-2 ortholog, thus it is a genetically facile system for under-
standing the various functions of this enzyme. Previous work
from our laboratory found that TOP-2 is differentially required
for homologous chromosome segregation during meiosis I in
male and female germlines (Jaramillo-Lambert et al. 2016).
Analysis of top-2(it7), a temperature-sensitive allele, in spermato-
genesis showed that at the nonpermissive temperature (24°C)
segregation of homologous chromosomes fails due to the forma-
tion of chromatin bridges at anaphase I. The meiotic divisions of
oogenesis are not affected in the top-2(it7) mutant (24°C;
Jaramillo-Lambert et al. 2016). TOP-2 is expressed throughout the
germ lines of both spermatogenesis and oogenesis. TOP-2 associ-
ates with chromosomes in meiotic prophase (Jaramillo-Lambert
et al. 2016). In top-2(it7ts) mutants, localization of TOP-2 is dis-
rupted in both spermatogenesis and oogenesis, but chromosome
segregation is only perturbed in spermatogenesis. Thus, the mo-
lecular mechanisms requiring differences in TOP-2 localization
and/or activity at play in the 2 sexes are not known.

In this work, we study the sex-specific interdependent rela-
tionships between Aurora B kinase (AIR-2), REC-8, and TOP-2. We
find that TOP-2 is differentially required in oogenesis and sper-
matogenesis to maintain the REC-8 cohesin subunit. When TOP-2
is disrupted during spermatogenesis, REC-8 is precociously re-
moved at anaphase I. This is due to a failure to restrict the locali-
zation of Aurora B kinase and correlates with a failure to
maintain the HORMA-domain proteins HTP-1 and HTP-2 (HTP-1/
2) on chromosome axes after diakinesis. The disruption in HTP-1/
2 localization leads to the mislocalization of downstream compo-
nents that control Aurora B kinase localization. In contrast to
spermatogenesis, loss of TOP-2 function during oogenesis neither
disrupts HTP-1/2 localization nor most proteins that promote
proper Aurora B localization. However, the localization of Aurora
B to oocyte diakinesis chromosomes is delayed in a TOP-2 loss-of-
function mutant. We propose that the sex-specific effects of TOP-
2 on REC-8 release are due to differences in the temporal regula-
tion of meiosis and chromosome structure in late prophase I in
spermatogenesis and oogenesis.

Materials and methods
Strains

The following strains were maintained at 20°C under standard
conditions, N2: wild-type Bristol strain, CB1489: him-8(e1489) IV,
DGA4915: his-72(uge30) III; fog-2(0z40) V, CV6: lab-1(tm1791)/hT2 (de
Carvalho et al. 2008), CV40: rjIs1 [Ppie-1 GFP::lab-1::HA; unc-119(+)]
(de Carvalho et al. 2008), AJL74: 1jIs1 [Ppie-1 GFP:lab-1::HA; unc-
119(+)]; him-8(e1489) 1V, and ATGSi23: fqSi23 1I [Prec-8 rec-8: :GFP
3’UTR rec-8; cb-unc-119(+)]; rec-8(0k978) IV (Ferrandiz et al. 2018).
The remaining strains were maintained at 15°C under standard
conditions and are as follows: AG259: top-2(it7) II; him-8(e1489) IV
(Jaramillo-Lambert et al. 2016), AJL1: top-2(udel) [it7 recreate]
fqSi23 [Prec-8 rec-8::GFP 3’UTR rec-8; cb-unc-119(+)] II; rec-8(0k978)
IV. AJL73: top-2(ude39) [it7 recreate] II; rjIs1 [Ppie-1 GFP:lab-1::HA;
unc-119(+)J; him-8(e1489) 1V.

Immunofluorescence and DAPI staining

Hermaphrodites and males were synchronized by picking L4s
and incubating at 15°C for 16-24h. Adult worms were then
placed into a 24°C incubator for 4 h. For analysis of hermaphro-
dite spermatogenesis, L4 hermaphrodites were synchronized at
the time of the 4-h incubation (Supplementary Fig. 2). Gonads
were dissected in 30 pl of 1x Egg buffer (118 mM NaCl, 48 mM KCl,
2mM CaCl, - 2H,0, 2 mM MgCl, - 6H,0, 25 mM HEPES, pH 7.4) and
0.1% Tween 20 on a glass coverslip. After dissection, 15 pl of lig-
uid was removed and replaced with 15ul 2% paraformaldehyde
solution (16% paraformaldehyde from EM Sciences in 1x Egg
buffer, 0.1% Tween 20). Fifteen microliters of liquid was removed
and a Superfrost Plus microscope slide (Fisher, cat #12-550-15)
was placed on top of the coverslip containing the dissected
gonads. The slide and coverslip were flipped right-side up,
allowed to fix for 5min then placed into liquid nitrogen. Once fro-
zen, the coverslip was quickly removed, and the slide was imme-
diately submerged in —20°C methanol for 1min. The slide was
washed 3 times (Smin each) in PBST (1x PBS, 0.1% Tween 20).
Following the 3 washes, the slides were incubated at room tem-
perature for 1h in a blocking solution (0.7% BSA in PBST). Fifty
microliters of primary antibody diluted in blocking solution was
placed on top of the gonads, covered with a parafilm coverslip,
and incubated overnight (16-24h) at room temperature in a hu-
midified chamber. Following primary antibody incubation, slides
were washed 3 times in PBST for 5min each and incubated at
room temperature with 50ul of secondary antibody diluted in
blocking solution in a humidified chamber for 2h. Slides were
washed 3 times for 5min each in PBST, then stained with DAPI
(2 pg/ml) for S5min. Slides were washed for a final 5min in PBST
and mounted with Vectashield and a glass coverslip.

For experiments where DAPI staining alone was used, the
worms were dissected, fixed, and frozen in liquid nitrogen as
above. Once frozen, the coverslip was quickly removed, and the
slide was immediately submerged in —20°C methanol for 1 min.
The slide was washed 1 time (5 min) in PBST, removed, and incu-
bated with DAPI (2 ug/ml) for Smin in the dark. Slides were then
washed for 5min in PBST and mounted with Vectashield and a
glass coverslip.

Primary antibodies used in this study were: rabbit anti-COH-3/
4 (1:4000) (Severson and Meyer 2014), rabbit anti-REC-8 [(1:100)
Fig. 1a] (Pasierbek et al. 2001), rabbit anti-HTP-1/2 (Martinez-Perez
et al. 2008), guinea pig anti-HTP-3 (1:750) (MacQueen et al. 2005),
rabbit anti-AIR-2 [(1:100) Figs. 2a and 6] (Schumacher et al. 1998),
rabbit anti-AIR-2 [(1:500) Fig. 2c and Supplementary Fig. 2b] (Cell
Signaling Technology, 2914S), Histone H3 phospho-T3 (1:750)
(Millipore, 07-424), and rabbit anti-GFP [(1:500) Figs. 1c and 5, a
and c; Supplementary Figs. 2a and 5a] (Novus Biologicals,
NB600308). Secondary antibodies used were goat anti-rabbit
Alexa Flour-568 and goat anti-guinea pig Alexa Flour-488 (1:200)
(Invitrogen, Thermo Fisher Scientific, A11036 and A11073).

Image collection, processing, and measurements

Z-stack images of dissected gonads were obtained using a Zeiss
LSM880 confocal microscope (Carl Zeiss, Inc., Gottingen,
Germany) using a 63x objective and Zen software. For each go-
nad imaged, a full range of focal planes were selected to include
the complete gonad, with a constant Z-step of 0.2pm. Image
processing and analysis were done using Fiji Is Just ImageJ [Fiji;
Schindelin et al. 2012]. The range of focal planes used for z-stack
projections in figures was chosen depending on the image and
whether the image was of a male or a hermaphrodite gonad.


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac120#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac120#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyac120#supplementary-data

C. Rourke and A. Jaramillo-Lambert | 3

{L & o © o

-1 Oocyte Prometaphase Metaphasel Anaphase | Meiosis Il

@ %

& ¢

Karyosome Metaphasel Anaphasel Metaphasell Anaphasell
REC-8 REC-8
O
x =
g 5
% DAPI § DAPI
£ &
= S
g
&
]
Merge Merge
-1 Oocyte Prometaphase Metaphasel Anaphasel Meiosis Il
Karyosome Metaphasel Anaphasel Metaphasell Anaphasell
kel
g
REC-8 E REC-8
2 3
=)
g P
3 5
S £
£ S
= | DAPI N/O o | DAPI
5 g
g g
~
Merge & Merge
g
(b) (d)
100 1 X 100 =
_ 90 I him-8(e1489) 901 B rec-8::gfp; rec-8(ok9784)
= -
S 807 top-2(it7); him-8(e1489) 3 80 top-2 [R828C] rec-8::gfp;
32 704 2 70 rec-8(0k9784)
%S 60+ ‘5 604
g 50+ & 501
S 404 g 40 4
5 30 4 2 30 4
§ 20 4 5 204
2 404 2 104
0 0= : ,
& -3 Y N
& 52 ‘?\ 2 N &\\ e°\\ ob.g- &e 'b,,m ’?e.
F & & F P o R & &
& & K &K K KR N & “P\?’ &
@ O ¢ Ll & <

Fig. 1. REC-8 is prematurely removed from anaphase I meiotic chromosomes in top-2(it7) spermatogenic germlines but not oogenesis. Immunostaining
of REC-8 (red) during spermatogenesis (a) and oogenesis (c) counterstained with DAPI (blue). a) Top: Schematic representation of chromosome
morphology (dark gray) and REC-8 localization (periwinkle). Cross-sectional views of metaphase chromosomes show the bivalents as a “rosette” with
the single X chromosome in the middle. During anaphase I, homologs separate to the spindle poles, while the X chromosome lags until it is eventually
pulled to one of the poles. Bottom: Images are Z-projections of REC-8 (red) immunostaining in control [him-8(e1489)] and top-2(it7); him-8(e1489) during
spermatogenesis nuclei from the karyosome through anaphase II. N/O = not observed. b) Quantification of nuclei positive for REC-8 staining in
spermatogenesis. A total of 302 and 445 nuclei were examined from him-8(e1489) and top-2(it7); him-8(e1489), respectively, from at least 3 biological
replicates. c) Top: Schematic representation of chromosome morphology (light and dark gray) and REC-8 localization (periwinkle) in oogenesis. For ease
of visualization, a single bivalent is indicated for diakinesis nuclei of the —1 oocyte. REC-8 localizes to both the short and long arm of bivalents in
diakinesis through metaphase I. REC-8 is removed from the short arm of the bivalent prior to anaphase I for homolog segregation but remains localized
between sister chromatids. REC-8 localizes between sister chromatids during meiosis II until it is removed at anaphase 11 for sister chromatid
separation. Bottom: Z-projections of anti-GFP (red) immunostaining in rec-8::gfp; rec-8(0k978A) and top-2 [R828C] rec-8::gfp; rec-8(0k978A) in oogenesis
nuclei from the -1 oocyte through meiosis II. REC-8 localizes properly in top-2 [R828C] rec-8::gfp; rec-8(0k978A) hermaphrodites. d) Quantification of
nuclei positive for REC-8::GFP staining. A total of 46 and 30 oogenic nuclei were examined from rec-8::gfp; rec-8(0k978A) and top-2 [R828C] rec-8::gfp; rec-
8(0k978A), respectively. At least 3 biological replicates were observed. Double-sided arrow in Anaphase I indicates direction of homolog segregation in
this very early anaphase I nucleus. Arrowheads = polar body. Scale bars =5 pm.

Images were taken using identical imaging parameters, but
brightness and contrast were adjusted to allow for better visuali-
zation. Images used for bivalent length measurements were
deconvolved using Huygens Profession 20.10 software. The
deconvolved images were visualized in 3D using Imaris x64 9.7.2
software and measurements were made by visually delimiting in-
dividual diakinesis bivalents (Fig. 6d) and each bivalent length
plotted using Prism (GraphPad Software).

RNAi

RNA was introduced into worms using the feeding method of
Timmons et al. (2001). RNAi clones [smd-1(F4/G4.1) and wee-
1.3(Y53C12A.1)] were obtained from the OpenBiosytems ORF-
RNAI library (Huntsville, AL). The smd-1 RNAi construct was used
as a negative control because it triggers the RNAI response, but
produces no phenotypic effect (Boateng et al. 2017; Jaramillo-
Lambert et al. 2015, 2016). Three to 5 L4 hermaphrodites were



4 | GENETICS, 2022, Vol. 222, No. 2

(a) - (©) t IL "
WH a0 TTHYmE -

Karyosome Diakinesis ~ Metaphasel Anaphasel Metaphasell Anaphasell -2 Qocyte 10ocyte Prometaphase Metaphasel Anaphasel Meiosis I
© o
= =)
2 3
= 2
= ®
3 £
= =
Karyosome Diakinesis Metaphase| Early Late Anaphase Il -2 Oocyte -10ocyte Prometaphase Metaphasel Anaphasel Meiosis Il
AIR-2
k3] O+
o =
g 3
= &
£ B
£| onn N/O E ’J
£ g
5 5
% ! § .....
( ) 100 | | Short Arm ( ) 100 -2 Oocyte
B 90 ] = Global Chromatin 2 -1 Oocyte
5] B i)
2 80 | : ® Negative for AIR-2 5 80 u Prometaphase
= I i
2 70 Jj 5 70
2 . | | = 60
- g :
i ]
< 5 | | $ s
S a0 | g
£ | 5 a0
30 o
£ | | @ .
8 20 ) 20
£ 10 ‘I 10
0 e 4 0
9)
1489) o148
pim-8(® 1489) im-8( 8(614391
im- 7y him~
7); i it7):
1op-2t ) top-2(

Fig. 2. TOP-2 is required for proper localization of AIR-2 during both oogenesis and spermatogenesis. Immunostaining of AIR-2 (red) in control [him-
8(e1489)] and top-2(it7); him-8(e1489) spermatogenesis (a) and oogenesis (c) counterstained with DAPI (blue). a) Top: Schematic representation of
chromosome morphology (dark gray) and AIR-2 localization (periwinkle). AIR-2 localizes to the short arm of bivalents in diakinesis through metaphase
I (does not localize to the single X), is associated with the segregating chromosomes of anaphase I, and between sister chromatids during meiosis II
(metaphase Il and anaphase II). Bottom: Z-projections of karyosome through anaphase II nuclei in spermatogenesis. AIR-2 is localized to the DNA
through anaphase II in control spermatogenesis. In top-2(it7); him-8(e1489) spermatogenesis AIR-2 is ectopically localized on anaphase I chromosomes.
N/O = not observed. Scale bar =5 pm. b) The quantification of the number of anaphase I nuclei either negative, short arm only, or ectopic [global
chromatin] for AIR-2 localization during spermatogenesis in him-8(e1489) and top-2(it7); him-8(e1489). A total of 20 and 63 anaphase I nuclei were
examined from him-8(e1489) and top-2(it7); him-8(e1489), respectively, from at least 3 biological replicates. c) Top: Schematic representation of
chromosome morphology (light and dark gray) and AIR-2 localization (periwinkle). For ease of visualization, a single bivalent is indicated for diakinesis
nuclei of the —2 and —1 oocytes. The size of the bivalent reflects the continued condensation of the bivalents as they prepare for the meiotic divisions.
AIR-2 localizes to the short arm of bivalents in diakinesis through metaphase I, between segregating chromosomes of anaphase I, and between sister
chromatids during meiosis II. Bottom: Z-projections of AIR-2 immunolocalization in oogenesis nuclei from the —1 oocyte through meiosis II. In top-
2(it7); him-8(e1489), AIR-2 is absent from the —1 oocyte, but localizes to chromosomes in prometaphase through metaphase of meiosis I, between
segregating chromosomes of anaphase [ and between sister chromatids of meiosis II nuclei. d) The quantification of the number of diakinesis bivalents
displaying AIR-2 localization in the —2 and —1 oocytes and prometaphase I in him-8(e1489) and top-2(it7); him-8(e1489) oogenesis. One hundred and
twenty-nine and 89 him-8(e1489) diakinesis bivalents were examined from the —1 and —2 oocytes, respectively. A total of 206 and 171 top-2(it7); him-
8(e1489) diakinesis bivalents were examined from the —1 and —2 oocytes, respectively. One hundred and eight and 90 prometaphase bivalents were
examined from him-8(e1489) and top-2(it7); him-8(e1489), respectively. Overall, a total of 72 him-8(e1489) and 101 top-2(it7); him-8(e1489) oogenic nuclei
were observed. A total of 17 him-8(e1489) and 23 top-2(it7); him-8(e1489) metaphase I through meiosis II single-cell embryos were observed. At least 3
biological replicates were examined. Arrowheads = polar body. Scale bar=5 um.

placed on a single 35mm MYOB plate containing 1mM IPTG knockdown. Hermaphrodites were allowed to lay embryos and
(Roche, 11411446001) and 25 pg/ml carbenicillin and spotted with 5days post hatching (15°C) ~20 L4 F1 progeny were transferred to
50 ul of Escherichia coli HT115 [DE3] containing plasmids for RNAi fresh RNAi plates. After 16-24h the F1 hermaphrodites were
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transferred to 24°C for 4 h. After incubating at 24°C, worms were
transferred to a glass coverslip for gonad dissection and
immunostaining.

Embryonic viability mating assay

Single L4 males of the indicated genotype (Supplementary
Fig. 5d) were mated with a single L4 fog-2(0z40) female at 20°C
on an MYOB plate spotted with OP50 E. coli. Every 24 h the adult
worms were transferred to fresh plates. This was repeated
twice and on the third day, the adult male and female were dis-
carded. The number of live progeny and dead embryos was
counted for each 24-h period and the % embryonic viability
was calculated. Three independent trials were performed for
each mating assay. N2 male crosses N=20 and lab-1(tm1791)
N=22.

CRISPR/Cas9-mediated genome editing

CRISPR-mediated genome editing to recreate the top-2(it7) R828C
mutation in fqSi23 [prec-8; rec-8::gfp; rec-8 3’UTR; cb-unc-119(+)]
and rjlsl [Ppie-1 GFP:lab-1:HA; unc-119(+)] were done as in
(Jaramillo-Lambert et al. 2016). A single line was generated carry-
ing the R828C mutation in fqSi23 and given the allele designation
udel. A single line carrying the R828C mutation in CV40 was given
the allele designation ude39.

Results

TOP-2 is required to prevent the premature loss of
the REC-8 subunit of cohesin in the male

germline

We previously demonstrated through a time course analysis that
TOP-2 functions late in meiotic prophase I of C. elegans around
the time of major chromosome remodeling as the chromosomes
prepare for segregation (Jaramillo-Lambert et al. 2016). To deter-
mine whether TOP-2 is required for chromosome remodeling
and structural maintenance during late meiotic prophase, we
examined the localization patterns of chromosome structural
components in control [him-8(e1489)] and top-2(it7); him-8(e1489)
male germlines at the nonpermissive temperature (24°C).
Caenorhabditis elegans males have 5 pairs of autosomes and 1 sex
chromosome (the X chromosome indicated as X0), which are ob-
served as 6 DAPI staining bodies in wild type. Hermaphrodites
have 5 pairs of autosomes and 1 pair of sex chromosomes (XX)
(Corsi et al. 2015). The him-8(e1489) allele (High Incidence of
Males) produces ~30% male progeny due to X chromosome non-
disjunction facilitating assessment in males (Hodgkin et al. 1979;
Phillips et al. 2005). Each homologous chromosome pair forms a
single, asymmetrically placed crossover (CO), which divides the
homolog pair into short and long segments (Albertson et al. 1997;
Barnes et al. 1995; Nabeshima et al. 2005). In late meiotic prophase
I (diplotene and diakinesis), the recombined homologous chro-
mosomes are reorganized around the crossover site and con-
densed to form a cruciform structure with short and long arms
(diakinesis bivalent; Chan et al. 2004). For the holocentric chromo-
somes of C. elegans, the CO site defines sister-chromatid co-orien-
tation and where SCC will persist until anaphase II (long arm)
[reviewed in Lui and Colaidcovo (2013)].

As previous work in a mammalian system found a link be-
tween Rec8 (chromosome structural component) removal and
TOP-2 alpha decatenation activity (Gémez et al. 2014), we first ex-
amined the localization of the C. elegans meiosis-specific kleisin
subunits of cohesin complexes, REC-8, COH-3, and COH-4.
Although REC-8 and COH-3/COH-4 are all cohesin a-kleisin

subunits, they make-up different cohesin complexes that are
functionally distinct (Martinez-Perez et al. 2008; Severson et al.
2009; Severson and Meyer 2014). REC-8-containing cohesins
becomes cohesive first during DNA replication while COH-3/4-
containing cohesins do not become cohesive until the induction
of meiotic double-strand breaks in early prophase 1. Also, REC-8
co-orients sister chromatids during meiosis I and mediates SCC
until anaphase II, while COH-3/4 cannot co-orient sister chroma-
tids and only mediates cohesion until anaphase I (Severson and
Meyer 2014). The analysis of localization using immunofluores-
cence in control [him-8(e1489)] males showed that REC-8 localized
to the long arms of the bivalents at metaphase I through ana-
phase I and remained associated with sister chromatids until
anaphase II (Fig. 1, a and b). In top-2(it7); him-8(e1489) spermato-
genic germlines, we found that REC-8 localized to the chromo-
somes through metaphase I. A small percentage of metaphase I
nuclei lacked REC-8 staining (~30% negative for REC-8) however,
REC-8 was almost completely absent from the aberrant chromo-
some structures in anaphase I (96.8% negative for REC-8; Fig. 1, a
and b). As previously demonstrated, no gross chromosome
anomalies were observed in top-2(it7) from the start of meiosis
(transition zone: leptotene and zygotene) through the karyosome
(aggregation of paired homologous chromosomes into a single
mass; Shakes et al. 2009). However, chromosome morphology is
disrupted post karyosome at diakinesis through anaphase I and
nuclei fail to proceed past anaphase I (Jaramillo-Lambert et al.
2016). We observed that while REC-8 localizes to metaphase I nu-
clei in top-2(it7); him-8, the chromosome structure is not wild type
(Fig. 1a). Nonetheless, these data indicate that REC-8 is prema-
turely removed or lost from chromosomes during spermatogene-
sis of top-2(it7).

Along with REC-8, C. elegans has 2 additional meiosis-specific
kleisins, COH-3 and COH-4. COH-3 and COH-4 are 84% identical
and are referred to as 1-unit COH-3/4 (Severson et al. 2009).
During diakinesis of oogenesis, both COH-3/4 and REC-8 initially
occupy both arms of the bivalent. At the diakinesis to metaphase
I transition, COH-3/4 and REC-8 occupy different chromosomal
domains of the bivalent, with COH-3/4 on the short arm and REC-
8 on the long arm (Severson and Meyer 2014; Woglar et al. 2020).
The examination of the meiotic divisions in spermatogenesis of
top-2(it7); him-8(e1489) germlines (24°C) found that COH-3/4 local-
izes as foci in diakinesis and metaphase [ of both him-8(e1489)
and top-2(it7); him-8(e1489) (Supplementary Fig. 1). From these
data, we conclude that TOP-2 is not disrupting COH-3/4
localization and focus on REC-8 for the remainder of this study.

To examine REC-8 localization in oogenesis, we used CRISPR/
Cas9 genome editing to recreate the top-2(it7) mutation (R828C) in
fqSi23 11 [Prec-8 rec-8::GFP 3’UTR rec-8; cb-unc-119(+)]; rec-8(0k978)
IV. We will refer to this line as top-2 [R828C] rec-8:gfp; rec-
8(0k9784). In diakinesis oocytes, REC-8 is found on both the long
and short arm of the bivalents until late diakinesis or metaphase
I when REC-8 is removed from the short arm (Rogers et al. 2002;
de Carvalho et al. 2008; Harper et al. 2011; Severson and Meyer
2014; Ferrandiz et al. 2018). Using an anti-GFP antibody to deter-
mine REC-8::GFP localization, we confirmed that REC-8 localizes
to both arms of diakinesis through metaphase I bivalents in con-
trol [rec-8::gfp; rec-8(0k978A)] oogenesis. REC-8 then localizes in be-
tween sister chromatids from anaphase I through metaphase II
(Fig. 1, c and d). In top-2 [R828C]; rec-8::gfp; rec-8(0k978A) oogenesis
REC-8 had a similar localization pattern as observed in wild-type
oogenesis. REC-8 localized to both arms of the bivalents in diaki-
nesis through metaphase I and then between sister chromatids
from anaphase I through meiosis 1I (Fig. 1, ¢ and d). This
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contrasted with the premature removal of REC-8 in top-2(it7)
spermatogenesis consistent with the sperm-specific segregation
defects of top-2(it7).

To determine whether REC-8 mislocalization is spermatogene-
sis specific, we examined REC-8::GFP localization in hermaphro-
dite spermatogenesis, which occurs during larval development
(Corsi et al. 2015). In control [rec-8::gfp; rec-8(0k978A)] hermaphro-
dite spermatogenesis REC-8::GFP localizes throughout the germ-
line. At the karyosome and diakinesis stages, REC-8::GFP is found
on the long arm of the bivalents where it remains through ana-
phase I. In meiosis II, REC-8::GFP remains associated with the sis-
ter chromatids until anaphase II when the sister chromatids
separate (Supplementary Fig. 2a). This localization patterning is
identical to the staining pattern we observed in control [him-
8(e1489)] male spermatogenesis using a REC-8 antibody (Fig. 1a).
In top-2 [R828C] rec-8::gfp; rec-8(0k978A) hermaphrodite spermato-
genesis, REC-8::GFP is associated with the chromosomes through
metaphase [. REC-8::GFP was not observed on chromosomes of
anaphase I nuclei (Supplementary Fig. 2a). These data confirm
that mislocalization of REC-8 is a spermatogenesis-specific
phenotype.

AIR-2 localization is redistributed in top-2(it7)
mutants

In late meiotic prophase I, the Aurora B kinase, AIR-2, phosphory-
lates REC-8 marking it for removal from the bivalent short arms
(Kaitna et al. 2002; Rogers et al. 2002; Severson and Meyer 2014;
Ferrandiz et al. 2018). In meiosis II, AIR-2 marks REC-8 for removal
from the sister chromatids. This 2-step mechanism of cohesin re-
moval is accomplished through the spatial and temporal restric-
tion of AIR-2, which is first found on the bivalent short arms
during meiosis I and between sister chromatids in meiosis II
(Rogers et al. 2002). Because REC-8 appears to be prematurely re-
moved from chromosomes in top-2(it7) spermatogenic germlines
and AIR-2 is responsible for marking REC-8 for removal, we inves-
tigated whether the localization of AIR-2 is disrupted in these
germlines. As previously described (Shakes et al. 2009), AIR-2 lo-
calized to the external surface of karyosomes and then relocal-
ized to the short arm of diakinesis bivalents in him-8(e1489)
spermatogenesis (Fig. 2a). AIR-2 remains associated with segre-
gating homologs during meiosis I, relocalizes between sister chro-
matids at metaphase II, and remains associated with the
segregating chromosomes at anaphase II (Fig. 2a). AIR-2 associa-
tion with segregating chromosomes in anaphase [ is distinct from
oogenesis, where AIR-2 localizes to the midzone of the meiotic
spindle. In top-2(it7); him-8(e1489) spermatogenesis, AIR-2 was re-
stricted to discrete areas of the chromosomes in the karyosome
through metaphase I similar to controls. However, as chromo-
somes entered anaphase I, AIR-2 was ectopically localized with
AIR-2 staining covering all regions of the chromosomes (Fig. 2, a
and b). We define ectopic in this context as localization that is
too broadly distributed; global chromatin localization rather than
restricted to a distinct location. As the homologous chromosomes
are unable to segregate in top-2(it7); him-8(e1489), the chromo-
somes remain in an anaphase I configuration until the residual
body is cleared (Jaramillo-Lambert et al. 2016). AIR-2 eventually
disappears from the top-2(it7); him-8(e1489) anaphase I
chromosomes (late anaphase I; Fig. 2, a and b).

We also examined whether ectopic localization of AIR-2 at
anaphase I is spermatogenesis specific. Immunostaining assays
were performed on spermatogenic germlines dissected from L4
control [him-8(e1489)] and top-2(it7); him-8(e1489) hermaphrodites.
In him-8(e1489), AIR-2 is on the short arm of the bivalent from

diakinesis through metaphase I and then relocalizes to associate
with the sister chromatids through anaphase II (Supplementary
Fig. 2b). In top-2(it7); him-8(e1489) hermaphrodite spermatogene-
sis AIR-2 localizes to distinct regions of the chromatin from the
karyosome until early anaphase I where it is ectopically localized
on the chromatin. AIR-2 staining eventually disappears from
late anaphase I structures similar to male spermatogenesis
(Supplementary Fig. 2b). These results show that the top-2(it7)-in-
duced ectopic localization of AIR-2 at anaphase I occurs
during spermatogenesis of both hermaphrodites and males. The
remainder of this study focuses on differences between male
spermatogenesis and hermaphrodite oogenesis.

In diakinesis oocytes, AIR-2 localization is tightly regulated to
restrict AIR-2 to the short arm of the bivalent of the 2 most proxi-
mal oocytes (-2 and —1 oocytes) and remains on the short arm
through metaphase I. As we previously found that the top-2(it7)
mutant did not disrupt chromosome segregation during oogene-
sis, we hypothesized that AIR-2 would localize to the bivalent
short arm in top-2(it7) oogenic germlines. Surprisingly, we found
that in top-2(it7) AIR-2 fails to localize to the —2 and —1 oocytes,
however, it is present on prometaphase I through metaphase I
chromosomes, at the spindle midzone of anaphase I, and be-
tween sister chromatids in meiosis II (Fig. 2, ¢ and d). The
“meiosis II” category consists of oocytes with a polar body and
the remaining chromosomes in either prometaphase II, meta-
phase II, or anaphase II configuration. These results demonstrate
that the loss of TOP-2 function disrupts at least 1 protein in the
SCC pathway of oogenesis. However, the loss of TOP-2 function
affects proteins required for homologous chromosome
segregation differently in spermatogenesis and oogenesis.

TOP-2 is required for proper localization of SCC
pathway proteins

Because the premature loss of REC-8 and ectopic localization of
AIR-2 in top-2(it7) mutant spermatogenesis is reminiscent of
defects in the SCC release pathway, we next examined the locali-
zation patterns of key SCC release components. In oogenesis,
REC-8 removal is both spatially and temporally regulated by the
SCC release pathway (de Carvalho et al. 2008; Ferrandiz et al.
2018). To determine if this was also true in spermatogenesis, we
examined the localization patterns of the proteins involved in
SCC release in the male germline.

In diakinesis oocytes Haspin-mediated phosphorylation of
Histone H3 on threonine 3 (H3pT3) cues the recruitment of AIR-2
to the bivalent short arm (Ferrandiz et al. 2018). We next sought
to determine if the ectopic localization of AIR-2 in anaphase I of
top-2(it7) spermatogenic germlines was due to ectopic phosphory-
lation of Histone H3 threonine 3. During spermatogenesis, H3pT3
was detected at low levels starting at the karyosome stage with
levels increasing through metaphase I (Fig. 3, a and b;
Supplementary Fig. 3b). To help clarify the positional localization
of H3pT3 on the diakinesis bivalents during spermatogenesis, we
double stained the germlines with the chromosomal axis compo-
nent HTP-3, which localizes to the meiotic chromosome axes and
is found on both the long and short arms of diakinesis bivalents
in oocytes (Goodyer et al. 2008; Severson et al. 2009). In control
germlines [him-8(e1489)] HTP-3 localizes to chromosome axes of
pachytene chromosomes through the early karyosome (Fig. 3a
and Supplementary Fig. 3a). HTP-3 then disassociates from the
chromosome axes as they progress through the condensation
zone, until it reassociates on the long and short arms of the biva-
lents at diakinesis and metaphase I (Fig. 3a; Supplementary
Fig. 3, b and c). The cross-shaped localization pattern of HTP-3 at
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Fig. 3. TOP-2 is required for the proper localization of H3 T3 phosphorylation and HTP-3 during spermatogenesis. Immunostaining of H3pT3 (red) and
HTP-3 (green) in control [him-8(e1489)] and top-2(it7); him-8(e1489) in spermatogenesis (a) and oogenesis (c), counterstained with DAPI (blue). a) Top:
Schematic representation of HTP-3 (green) and H3pT3 (periwinkle) localization on chromosomes during spermatogenesis. Bottom: Z-projections of
karyosome through anaphase II nuclei in spermatogenesis. H3pT3 localizes to the DNA at the karyosome where it remains through anaphase II in him-
8(e1489) spermatogenesis. In top-2(it7); him-8(e1489) spermatogenesis H3pT3 loads properly at the karyosome but is ectopically localized at anaphase L.
HTP-3 is localized to the chromosome axes at the karyosome, disassociates in the condensation zone, and reassociates with chromosomes at diakinesis
where it remains through metaphase I'in him-8(e1489) germlines. HTP-3 localization was detected in top-2(it7); him-8(e1489) spermatogenesis in the
karyosome stage through metaphase I. A total of 194 him-8(e1489) and 288 top-2(it7); him-8(e1489) karyosome through anaphase II spermatogenic nuclei
were examined. N/O = not observed. Scale bar =5 pm. b) The quantification of the number of anaphase I nuclei either negative, short arm only, or
ectopic [global chromatin] for H3pT3 localization during control [him-8(e1489), n = 155] and top-2(it7); him-8(e1489) (n=155) spermatogenesis. At least 3
biological replicates were examined. c) Left: Schematic representation of a diakinesis bivalent with HTP-3 (green) and H3pT3 (periwinkle) localization
during oogenesis. Right: Z-projections of diakinesis nuclei in the —1 oocyte, and a single magnified bivalent in the last column. H3pT3 is localized to the
short arm of diakinesis bivalents in the —1 oocyte in control and top-2(it7); him-8(e1489) animals. HTP-3 is localized to both the long and short arms of
diakinesis bivalents in the —1 oocyte in him-8(e1489) and top-2(it7); him-8(e1489) animals. Scale bar =5 pm. Magnified bivalent scale bar =2 um. d) The
quantification of the number of diakinesis bivalents with H3pT3 localization on the short arm only, or negative for H3pT3 in either negative or short
arm only. A total of 101 and 70 diakinesis bivalents were examined from him-8(e1489) and top-2(it7); him-8(e1489), respectively, from at least 3 biological
replicates.

diakinesis can be more clearly observed in the single-plane image chromosomes in anaphase I, between sister chromatids in meta-
(diakinesis inset). HTP-3 localization was no longer observed after phase II, and with segregating sister chromosomes at anaphase II
metaphase I (Fig. 3a). Double staining of HTP-3 and H3pT3 (Fig. 3a).

showed that H3pT3 localizes to the short arm of the bivalent In top-2(it7); him-8(e1489) spermatogenic germlines HTP-3 local-

at diakinesis through metaphase I (Fig. 3a and Supplementary izes to chromosome axes in pachytene (Supplementary Fig. 3a) but
Fig. 3b). H3pT3 localization is also found associated with the displays a disrupted chromosomal association in karyosome stage
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nuclei. Following the karyosome stage, HTP-3 associates with the
perturbed chromatin structures of diakinesis and metaphase I nu-
clei and is absent from anaphase I nuclei (Fig. 3a). In top-2(it7); him-
8(e1489), H3pT3 was found associated with chromosomes in the
karyosome and diakinesis nuclei with some brighter H3pT3 foci at
diakinesis. However, in metaphase I and anaphase I nuclei H3pT3
localization was disrupted. H3pT3 had an ectopic localization pat-
tern on early anaphase structures and was absent from late
anaphase I structures, similar to AIR-2 localization in top-2(it7); him-
8(e1489) spermatogenic germlines (Fig. 3, a and b). From this, we be-
lieve that ectopic H3pT3 localization may contribute to the ectopic
AIR-2 localization and thus the precocious removal of REC-8 in top-
2(it7) mutant spermatogenesis.

We also examined the localization of HTP-3 and H3pT3 in top-
2(it7); him-8(e1489) diakinesis oocytes. Neither HTP-3 nor H3pT3
localization was disrupted in the mutant germlines. HTP-3 local-
ized to both the long and short arms of the diakinesis bivalents
and H3pT3 localized to the short arms (Fig. 3, ¢ and d;
Supplementary Fig. 3d). Thus, top-2(it7) is not affecting timing of
AIR-2 recruitment in oocytes at the level of H3 T3 phosphoryla-
tion.

The stepwise removal of cohesin in oogenesis is mediated
through the spatiotemporal regulation of AIR-2, which in turn is
regulated through the spatial recruitment of several proteins
starting with the axis components HTP-1 and HTP-2 (82% identi-
cal and referred to as HTP-1/2; Martinez-Perez et al. 2008). The N-
terminal domain of HTP-1/2 acts as a scaffold through LAB-1 to
promote the recruitment of protein phosphatase 1 (PP1) to selec-
tively dephosphorylate H3pT3 on the bivalent long arm
(Ferrandiz et al. 2018). We next asked whether the localization of
the scaffold proteins HTP-1/2 was disrupted in top-2(it7) mutant
germlines. In control [him-8(e1489)] animals, we found that
HTP-1/2 localized to the chromosomes in the transition zone
(leptotene and zygotene) through pachytene and diakinesis in
prophase I and then was lost from metaphase I chromosomes
during spermatogenesis (Fig. 4, a and b; Supplementary Fig. 4). In
top-2(it7); him-8(e1489) spermatogenic germlines, we found that
HTP-1/2 localized to chromosomes similarly to control germlines
in early stages of meiotic prophase I (Fig. 4, a and b;
Supplementary Fig. 4). However, whereas HTP-1/2 was detected
on 100% of diakinesis nuclei in control germlines, HTP-1/2 was
undetectable in 50% of diakinesis nuclei in top-2(it7); him-8(e1489)
germlines (Fig. 4, a and b). The examination of HTP-1/2 localiza-
tion in both control [him-8(e1489)] and top-2(it7); him-8(e1489)
oogenic germlines found that HTP-1/2 localizes to the diakinesis
bivalent long arm (Fig. 4, c and d). These data indicate that TOP-2
is required to maintain HTP-1/2 localization during spermatogen-
esis, but not during oogenesis.

We also examined another component of the oocyte SCC re-
lease pathway in spermatogenesis, LAB-1. LAB-1 interacts with
PP1 to restrict H3pT3 to the short arms of late diakinesis oocyte
bivalents (de Carvalho et al. 2008; Ferrandiz et al. 2018). As LAB-1,
which localizes to the long arms of oocyte bivalents, serves as the
docking site for PP1 phosphatase, we asked if the ectopic localiza-
tion of H3pT3 in spermatogenesis was due to either a failure to
localize LAB-1 to chromosomes or mislocalization of the protein.
To examine LAB-1 localization, we used a transgenic C. elegans
strain with a GFP::LAB-1::HA fusion and performed immunostain-
ing against GFP (de Carvalho et al. 2008). In control [GFP:
LAB-1:HA; him-8(e1489)] spermatogenic germlines, GFP:LAB-1
was detected throughout meiotic prophase I (Fig. 5a and
Supplementary Fig. 5a). GFP:LAB-1 chromosome tracks are
detected throughout the karyosome and on diakinesis bivalents.

GFP:LAB-1 begins to dissociate from the chromosomes at meta-
phase I (undetectable in ~22% of metaphase I nuclei) and is no
longer detected at anaphase I through meiosis II (Fig. 5a). This is
distinct from oogenesis where LAB-1 is detected in early meiotic
prophase I (leptotene/zygotene) but remains associated with the
chromosomes through early anaphase I (de Carvalho et al. 2008).

To examine LAB-1 localization in the context of the top-2(it7)
mutation, we used CRISPR/Cas9 genome editing to recreate the
top-2(it7) mutation (R828C) in r1jIs1 [Ppie-1 GFP:lab-1::HA; unc-
119(+)] (de Carvalho et al. 2008) also containing the him-8(e1489)
mutation. We will refer to this line as GFP:LAB-1:HA; top-2
[R828C]; him-8(e1489). In GFP:LAB-1:HA; top-2 [R828C]; him-
8(e1489) mutant spermatogenesis GFP::LAB-1 localizes to chro-
mosomes in early meiotic prophase I similarly to the localization
pattern observed in control germlines until metaphase [ where
GFP::LAB-1 is undetectable in the majority of metaphase I nuclei
(15% positive for GFP::LAB-1, Fig. 5, a and b). The examination of
the localization of LAB-1 in GFP:LAB-1::HA; top-2 [R828C]; him-
8(e1489) diakinesis oocytes found that GFP::LAB-1 localized to the
long arm of the bivalents in the mutant germlines similar to con-
trol [GFP::LAB-1:HA; him-8(e1489)] germlines (Fig. 5, c and d).

As LAB-1 appears to have a sex-specific pattern of localization
with LAB-1 disappearing earlier during spermatogenesis (meta-
phase I in spermatogenesis vs late anaphase I in oogenesis), it is
possible that LAB-1 plays a distinct role in the SCC pathway dur-
ing spermatogenesis from that of oogenesis. To determine if LAB-
1 plays a role in SCC in spermatogenesis, we counted the number
of DAPI staining bodies in diakinesis nuclei in lab-1(tm1791) mu-
tant spermatogenic germlines. Analysis of lab-1(tm1791) worms
revealed the presence of greater than 6 DAPI staining bodies in
diakinesis spermatocytes (up to 10 DAPI staining bodies;
Supplementary Fig. 5, b and c), which could be due to premature
separation of homologous chromosomes or sister chromatids,
defects in chromosome compaction, or chromosome fragmenta-
tion. However, mating lab-1(tm1791) males with fog-2(0z40)
females did not result in a significant decrease in progeny viabil-
ity [N2: 98.0%, lab-1(tm1791): 91.8%, P=0.07; Supplementary
Fig. 5d] suggesting that although greater than 6 DAPI staining
bodies are present, they are distributed correctly to make viable
haploid gametes. This phenomenon has been previously docu-
mented in C. elegans and suggests that an achiasmate segregation
mechanism is in place in male spermatogenesis (Jaramillo-
Lambert et al., 2010; Meneely et al. 2002). These data demonstrate
that LAB-1 is involved in the proper pairing of homologous chro-
mosomes during spermatogenesis. In addition, the GFP:LAB-1
immunostaining results are similar to the HTP-1/2 localization
found in the top-2(it7) spermatogenic germlines suggesting that
TOP-2 is required to maintain the localization of proteins that
mediate SCC and its timely release.

Reduction of wee-1.3 restores AIR-2 recruitment
to diakinetic chromosomes

During oogenesis AIR-2 is not only regulated through restricted
spatial recruitment to chromosomes, AIR-2 localization is also
temporally regulated. Cyclin-dependent kinase (CDK-1) and cy-
clin B, as part of the maturation promoting factor (MPF), control
the switch between diakinesis and metaphase I (Doree and Hunt
2002). In C. elegans oogenesis, CDK-1/MPF controls the timing of
AIR-2 recruitment to the —2 and -1 oocytes (Ferrandiz et al.
2018). Weel kinase mediates the inhibition of Cdk1 through the
phosphorylation of specific inhibitory sites (Doree and Hunt
2002). Thus, WEE-1.3 regulates the timing of AIR-2 recruitment to
diakinesis bivalents through the inhibition of MPF (Ferrandiz et al.
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Fig. 4. TOP-2 is required for proper localization of HTP-1/2 during spermatogenesis, but not oogenesis. Immunostaining of HTP-1/2 (red) in control [him-
8(e1489)] and top-2(it7); him-8(e1489) in spermatogenesis (a) and oogenesis (c), counterstained with DAPI (blue). a) Top: Schematic representation of
chromosome morphology (dark gray) and HTP-1/2 localization (periwinkle) during spermatogenesis. Bottom: Z-projections of karyosome through
anaphase Il nuclei in spermatogenesis. In him-8(e1489) animals, HTP-1/2 is localized to the DNA through diakinesis stage nuclei and is removed at
metaphase . In top-2(it7); him-8(e1489) spermatogenesis, HTP-1/2 shows proper localization through the karyosome stage, however, it is prematurely
removed at diakinesis. N/O = not observed. Scale bar =5 um. b) The quantification of the % nuclei positive for HTP-1/2 localization in the karyosome,
diakinesis, and metaphase I of meiosis I during spermatogenesis. A total of 64 and 111 nuclei were examined from him-8(e1489) and top-2(it7); him-
8(e1489), respectively, from at least 3 biological replicates. c) Left: Schematic representation of a diakinesis bivalent with HTP-1/2 (periwinkle)
localization during oogenesis. Right: Z-projections of HTP-1/2 localization at diakinesis in the —1 oocyte of him-8(e1489) and top-2(it7); him-8(e1489)
oogenesis with a single magnified bivalent in the last column. Scale bar =5 um. Magnified bivalent scale bar =2 ym. d) The quantification of the %
bivalents with HTP-1/2 localization on the long arm or the short arm of diakinesis oocytes in both him-8(e1489) and top-2(it7); him-8(e1489). A total of 62
and 87 diakinesis bivalents were examined from him-8(e1489) and top-2(it7); him-8(e1489), respectively, from at least 3 biological replicates.

2018). As we observed a lack of AIR-2 staining in the —2 and -1
oocytes of top-2(it7); him-8(e1489) oogenic germlines, we investi-
gated if the timing of AIR-2 localization could be restored in mu-
tant germlines through inhibition of the WEE-1.3 kinase. Control
RNAI (smd-1) recapitulated the top-2(it7); him-8(e1489) results; no
detectable AIR-2 staining in -2 and -1 oocytes (Figs. 2 and 6, a and
b). However, RNAi knockdown of wee-1.3 restored AIR-2 localiza-
tion to the bivalent short arm of top-2(it7); him-8(e1489) diakinesis
chromosomes of the —1 oocytes (Fig. 6, a and b). This suggests
that TOP-2 may help regulate the timing of AIR-2 recruitment
during C. elegans oogenesis.

TOP-2 has been shown to be involved in chromosome conden-
sation and in setting chromosome length in the soma (Nitiss
2009; Ladouceur et al. 2017). We reasoned that the top-2(it7) medi-
ated disruptions to the localization of SCC pathway proteins
could be due to disruptions in chromosome structure (condensa-
tion, length). Indeed, during the immunostaining experiments, it

appeared that the diakinesis bivalents of top-2(it7); him-8(e1489)
oocytes were longer than him-8(e1489) control oocytes. To deter-
mine if top-2(it7) affects bivalent length, we measured the lengths
of individual diakinesis bivalents in him-8(e1489) vs top-2(it7); him-
8(e1489) treated with control RNAi (smd-1). We found that biva-
lent length was increased in top-2(it7); him-8(e1489) smd-1 RNAi
compared to him-8(e1489) smd-1 RNAi control (3.53 um vs 2.95 um,
P <0.0001, Fig. 6d). Depletion of wee-1.3 via RNAIi results in hyper-
compaction of oocyte bivalents [him-8(e1489) smd-1 RNAi: 2.95 um
vs him-8(e1489) wee-1.3 RNAi: 2.74um, P <0.01; Fig. 6, ¢ and d;
Burrows et al. 2006 ; Allen et al. 2014]. This suggests that the res-
cue of AIR-2 localization in top-2(it7); him-8(e1489) oocytes de-
pleted of wee-1.3 could be due to changes in chromosome
structure caused by the premature activation of the cell cycle.
We measured the length of oocyte diakinesis bivalents in top-
2(it7); him-8(e1489) treated with smd-1 RNAi vs wee-1.3 RNAI.
Bivalent length was decreased in top-2(it7); him-8(e1489) wee-1.3
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Fig. 5. TOP-2 is required for proper localization of LAB-1 during spermatogenesis, but not oogenesis. Immunostaining of GFP::LAB-1 (red) in control
[GFP::LAB-1::HA, him-8(e1489)] and GFP::LAB-1::HA; top-2 [R828C]; him-8(e1489) in spermatogenesis (a) and oogenesis (c), counterstained with DAPI (blue).
a) Top: Schematic representation of chromosome morphology (dark gray) and LAB-1 localization (periwinkle) during spermatogenesis. Bottom: Z-
projections of karyosome through anaphase II nuclei in spermatogenesis. In control animals GFP::LAB-1 is localized to the DNA at the karyosome and is
removed by anaphase I. In GFP::LAB-1::HA; top-2 [R828C]; him-8(e1489) animals GFP::LAB-1 is no longer detectable in metaphase [ nuclei. A total of 308
GFP:LAB-1::HA; him-8(e1489) and 556 GFP:LAB-1::HA, top-2 [R828C]; him-8(e1489) spermatogenic nuclei were examined. N/O = not observed. Scale
bar=5um. b) The quantification of the % nuclei positive for GFP::LAB-1 at the karyosome, diakinesis, and metaphase I stages of spermatogenesis.
GFP::LAB-1::HA; him-8(e1489) metaphase I n=37. GFP::LAB-1::HA, top-2 [R828C]; him-8(e1489) n=>54. At least 3 biological replicates were examined.

c) Left: Schematic representation of a diakinesis bivalent with LAB-1 (periwinkle) localization during oogenesis. Right: Z-projections of GFP::LAB-1
localization at diakinesis in the —1 oocyte of control [GFP::LAB-1::HA; him-8(e1489)] and GFP::LAB-1::HA; top-2 [R828C]; him-8(e1489) animals. A single
magnified bivalent is presented in the last column. LAB-1 localizes to the long arm in both control and GFP:LAB-1::HA; top-2 [R828C]; him-8(e1489)
diakinesis chromosome bivalents. Scale bar =5 um. Magnified bivalent scale bar =2 pm. d) The quantification of the percentage of diakinesis bivalents
with LAB-1 localization on the long arm or short arm. A total of 85 and 87 diakinesis bivalents were examined from GFP::LAB-1::HA; him-8(e1489) and
GFP:LAB-1::HA; top-2 [R828C]; him-8(e1489), respectively, from at least 3 biological replicates.

RNAI (3.03 um) vs top-2(i7); him-8(e14890) smd-1 RNAi (3.53 pm; P
<0.0001; Fig. 6d). From these experiments, we conclude that
TOP-2 is required for proper chromosome structure/bivalent
length.

Discussion

The accurate segregation of homologous chromosomes during
meiotic prophase I is a complex process. In meiotic prophase I,
homologous chromosomes pair, synapse, and recombine. These
intricate interactions require specific chromosome structures to
be acquired at different points in the first meiotic prophase,
which includes different chromatin conformations and the load-
ing and unloading of specific proteins (condensins, cohesins, ax-
ial elements, and the synaptonemal complex). Our observation
that a top-2 hypomorphic mutation causes precocious loss of

REC-8 from chromosomes during spermatogenesis prompted this
investigation into the localization of chromosome structural
components with a focus on proteins that regulate SCC release in
the male germline. We found that the SCC release pathway com-
ponents in C. elegans spermatogenesis have similar localization
patterns to those in C. elegans oogenesis. At diakinesis, first the
HORMA-domain proteins HTP-1/2, which localize along chromo-
some axes in pachytene, are redistributed to localize to the diaki-
nesis bivalent long arm. We also found that the meiosis-specific
cohesin subunit REC-8 localizes to the long arm of diakinesis
bivalents. In contrast, COH-3/4 (additional meiosis-specific cohe-
sin subunits), AIR-2, and H3 T3 phosphorylation are all found on
the short arm of diakinesis bivalents. Interestingly, we found that
LAB-1, the PP1 phosphatase binding partner, has a similar locali-
zation pattern in spermatogenesis as oogenesis but is removed
from meiotic bivalents starting at metaphase I. This differs from



C.Rourke and A. Jaramillo-Lambert | 11

(a) smd-1 RNA wee-1.3 RNA (b)
him-8(e1489)
AIR-2 100 -3 oocyte
90 m-2 oocyte
g 80 m-1 oocyte
o o £ T
o S HE
) o0 o
5 i £ 50
3| oan o g 40
¢ « S
£ £ w0
< = 20
10
0
Merge 44 RNAI
sm . 4 RNAT
wee 17
smd-T1 RNAi wee-1.3 RNAI
top-2(it7); him-8(e1489)
100 3 cacyl
AlR-2 AlR-2 % ouc,y.c
o O B u-2 oocyte
= & g 80 u-1 oocyte
g g 2 7
= o} HL
L 9 g 50
E E H
= | DAPI £ | DAPI 5 40
= = & 30
£ = 20
o o 10
g g o
Merge Merge RNAI
g 9 gmd-1 RN
Wee
(c) wee-1.3 RNAi (d)
him-8(e1489) J top-2(it7); him-8(e1489)
*kEx
10+ i
EEd
AIR-2 gd T
£z e
S E € 6-
) 5 o 3 =
52| 5
U P4 d
= £ 8 __:"r_ _I_
m U
2= >
DAPI

Merge

Fig. 6. Reduction of WEE-1.3 restores AIR-2 recruitment to diakinetic chromosomes during oogenesis. Immunostaining of AIR-2 (red) and DAPI (blue) in
control [him-8(e1489)] and top-2(it7); him-8(e1489) treated with control and wee-1.3 RNAi during oogenesis. a) Z-projections of —1 and —2 diakinesis
oocytes, post-treatment with control RNAi [smd-1, left panels] or wee-1.3 RNAI [right panels]. In control animals treated with smd-1 RNAi, AIR-2 localizes
to the short arm in the most proximal oocyte. Control worms treated with wee-1.3 RNAi have precocious recruitment of AIR-2 in the —2 oocyte. top-
2(it7); him-8(e1489) animals treated with smd-1 RNAI fail to load AIR-2 to the short arm of diakinesis chromosome bivalents. top-2(it7); him-8(e1489)
treated with wee-1.3 RNAi restores AIR-2 localization to the —1 oocyte. b) The quantification of the percentage of nuclei with AIR-2 localization in the
—1, =2, and —3 oocytes in control and top-2(it7); him-8(e1489) animals treated with smd-1 or wee-1.3 RNAI. A total of 72 —1, —2, and —3 oocyte nuclei
were quantified for him-8(e1489) smd-1 RNAi and a total of 53 —1, —2, and —3 oocyte nuclei were quantified for him-8(e1489) wee-1.3 RNAI. A total of 57
—1, =2, and —3 oocyte nuclei were quantified for top-2(it7); him-8(e1489) smd-1 RNAi and a total of 141 —1, —2, and —3 oocyte nuclei were quantified for
top-2(it7); him-8(e1489) wee-1.3 RNAI. At least 3 biological replicates were examined. c) Z-projection of the —1 and —2 oocytes in control and top-2(it7);
him-8(e1489) worms treated with wee-1.3 RNAI. Arrow points to the more condensed chromosome structure observed in wee-1.3 depleted oocytes, and
asterisks mark the spermatheca. d) Left: Schematic representation of a diakinesis bivalent with AIR-2 (periwinkle) localization on the short arm.
Bivalent length was measured from one end of the long arm to the other end of the long arm (bracket). Right: Quantification of —1 oocyte bivalent
length measurements in him-8(e1489) and top-2(it7); him-8(e1489) hermaphrodites treated with control (smd-1) or wee-1.3 RNAI. Bivalent length is
significantly decreased in top-2(it7); him-8(e1489) worms treated with wee-1.3 RNAi when compared to control RNAi. The number of bivalents quantified
is as follows: him-8(e1489) smd-1 RNAi: n= 115, him-8(e1489) wee-1.3 RNAi: n= 114, top-2(it7); him-8(e1489) smd-1 RNAi: n =95, top-2(it7); him-8(e1489) wee-
1.3 RNAi: n=135. At least 3 biological replicates were analyzed. Statistical analysis was performed using a t-test. ***P < 0.0001, *P < 0.01. Scale
bar=5um.
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C. elegans oocytes, which maintain LAB-1 on the meiotic bivalents
until late anaphase I. These findings reveal that while the locali-
zation of components required for the SCC release pathway
is similar in spermatogenesis and oogenesis, the localization
of these components in the male and female germline is not
identical.

In addition to differences in the localization of SCC pathway
proteins between oogenesis and spermatogenesis, this study
revealed that the enzyme TOP-2 is differentially required for
the localization of SCC pathway proteins in the germlines of
males and females. The male germline is much more sensitive
to a reduction in TOP-2 function. When males harboring a
temperature-sensitive allele of topoisomerase II, top-2(it7), were in-
cubated at the nonpermissive temperature, several SCC release
pathway components were disrupted. HTP-1/2 was prematurely
removed from the long arms of diakinesis bivalents. This loss
correlates with the ectopic localization of H3 T3 phosphorylation,
ectopic AIR-2 localization, and the precocious removal of REC-8.
Interestingly, the top-2(it7) mutant results in a unique phenotype,
failure to segregate chromosomes at meiosis I, from what is ob-
served in other mutants with ectopic localization of AIR-2 and
precocious removal of REC-8. The Glc-7-like phosphatases GSP-1
and GSP-2 are required to both temporally and spatially restrict
AIR-2 localization in C. elegans oogenesis. RNAi knockdown of
these phosphatases results in AIR-2 localization both in more
distal oocytes (up to —4 and —5) and in AIR-2 localization on both
the short and long arms of diakinesis bivalents resulting in
premature separation of chromosomes during meiosis I (Rogers
et al. 2002; de Carvalho et al 2008). The corresponding
spermatogenesis-specific Glc-7-like phosphatases GSP-3 and
GSP-4 are required for both chromosome segregation and sperm
motility. The gsp-3(tm1647) gsp-4(y418) double mutant has a simi-
lar phenotype to top-2(it7) with the formation of chromatin brid-
ges; however, the problem arises at anaphase II in gsp-3(tm1647)
gsp-4(y418), which results in both aneuploid and anucleate
sperm, a phenotype distinct from top-2(it7). The role of GSP-3 and
GSP-4 in the SCC pathway has not been investigated, but the dif-
ferences in phenotypes suggest that TOP-2 and the phosphatases
have different roles in meiotic chromosome segregation.

In contrast to spermatogenesis, top-2(it7) oogenic germlines
displayed normal localization of most SCC pathway components.
The exception was AIR-2, which failed to localize to diakinesis
oocytes, but was present on prometaphase I bivalent short arms.
As homologous chromosomes prepare to segregate at anaphase
of meiosis I, the chromosomes become highly condensed and
restructured during late meiotic prophase to form the cruciform
shape of the bivalent. Chromosome condensation and remodel-
ing happen in both spermatogenesis and oogenesis, therefore,
how does oogenesis compensate for the disrupted localization of
AIR-2 in the top-2 mutant and allow for accurate segregation of
homologous chromosomes at meiosis I? One major difference be-
tween late meiotic prophase in oogenesis and spermatogenesis is
timing of these events. In oogenesis, the transition from diakine-
sis to metaphase I is temporally regulated by the MPF. The MPF
activates many hallmark events including nuclear envelope
breakdown, rearrangement of the cortical cytoskeleton, and
chromosome condensation and congression (Jones 2004; Von
Stetina and Orr-Weaver 2011). In top-2(it7) mutants, we observed
a lack of AIR-2 staining on —1 oocytes (diakinesis), but, surpris-
ingly, AIR-2 was robustly localized to prometaphase I chromo-
somes (Fig. 2c). At this stage of the meiotic cell cycle, the
chromosomes are in their most condensed configuration. Thus,
we hypothesize that chromosome condensation state might also

regulate the timing of AIR-2 localization (Fig. 7). Indeed, we found
that knockdown of the MPF inhibitor kinase WEE-1.3, which
results in precocious oocyte maturation including chromosome
hypercondensation and congression (Burrows et al. 2006; Allen
et al. 2014), restores AIR-2 localization to the —1 oocytes of top-
2(it7) (Fig. 6, a and b). Our diakinesis bivalent length data also
support this hypothesis. Oocyte diakinesis bivalent lengths are
significantly increased in top-2(it7); him-8(e1489); smd-1 RNAi com-
pared to him-8(e1489); smd-1 RNAi and AIR-2 localization is re-
stored on the shorter bivalents of top-2(it7); him-8(e1489); wee-1.3
RNAI (Fig. 6d). From these data, we propose that TOP-2 plays a
role in chromosome structure in oogenic germlines, but relatively
small disruptions caused by top-2(it7) can be compensated by
later events of the diakinesis to metaphase transition (Fig. 7).

What is the link between TOP-2, chromosome
structure, and the maintenance of HTP-1/2
localization in spermatogenesis?

In late meiotic prophase, chromosomes of both oocytes and sper-
matocytes resolve and condense as they prepare for the meiotic
divisions. However, unlike oocytes which proceed from diakinesis
to metaphase only after activation by MPF, spermatocytes pro-
ceed directly from diakinesis through the meiotic divisions (Chu
and Shakes 2013). Another difference in meiotic prophase be-
tween oogenesis and spermatogenesis is that as spermatogenic
chromosomes start to undergo chromatin remodeling in late pro-
phase, the chromosomes condense and coalesce into a single
mass called a karyosome (Shakes et al. 2009). It has been previ-
ously proposed that homologous chromosome compaction
involves the cooperative actions of cohesins, condensins, and
DNA topoisomerases (Kleckner 2006; Uhlmann 2016; Hillers et al.
2017; Cahoon and Libuda 2019). Our results support this hypothe-
sis in spermatogenesis; loss of TOP-2 function in spermatogenesis
leads to the premature loss of the meiotic cohesin subunit REC-8
(Fig. 1). However, top-2(it7) and rec-8 mutants do not have identi-
cal phenotypes. We previously reported that top-2(it7) at the non-
permissive temperature leads to the formation of 100% anucleate
sperm due to the formation of chromatin bridges at anaphase I
that fail to segregate into budding sperm (Jaramillo-Lambert et al.
2016). In rec-8 deletion mutants (rec-8A), sister chromatids sepa-
rate at anaphase [ (no crossovers are formed) in both oocytes and
spermatocytes (Martinez-Perez et al. 2008; Severson et al. 2009).
After meiosis I, the phenotypes of rec-8 mutants differ between
oocytes and sperm. In oocytes, there is neither a second chromo-
some segregation event nor cytokinesis leading to the formation
of diploid gametes. In spermatogenesis, a second meiotic division
does occur but both sets of chromosomes segregate to one sper-
matid (Roelens et al. 2015). The spermatocyte segregation defects
of rec-8A resemble the top-2(it7) defects with abnormal anaphase
structures, however, this occurs at anaphase II rather than ana-
phase I. One explanation for the difference could be that in the
absence of REC-8, TOP-2 cannot perform its normal functions
(decatenation) in meiosis II, while the earlier meiotic defect (ana-
phase I) observed in top-2(it7) is due to earlier requirements of
TOP-2 in late meiotic prophase I (chromosome restructuring).
This is in line with other organisms where TOP-2 and REC-8 oc-
cupy different locations on the chromosomes (general chromatin
vs axes) and that loss of Rec8 in yeast does not impede the
chromosomal accumulation of Top2 (Gémez et al. 2014; Heldrich
et al. 2020).

We also found that the loss of REC-8 correlates with the up-
stream loss of the chromosome axis components HTP-1/2. How
does loss of top-2 function cause HTP-1/2 to be precociously lost
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from meiotic chromosomes? We put forward the model that
TOP-2-induced chromatin remodeling is required to prepare the
chromosomes into a shape that promotes the continued binding
of specific chromosome axis components (Fig. 7). Several exam-
ples in multiple organisms link TOP-2 and chromosome structure
(Hartsuiker et al. 1998; Maeshima and Laemmli 2003; Xu and
Manley 2007; Li et al. 2013; Hughes and Hawley 2014; Mengoli
et al. 2014; Zhang et al. 2014; Liang et al. 2015). In addition, a con-
nection between TOP-2 and meiotic axis components was dem-
onstrated in budding yeast (Heldrich et al. 2020). In yeast,
temperature-sensitive top-2 mutants have delayed removal of the
chromosome axis protein Hop1 (Heldrich et al. 2020). HTP-1/2 are
homologs of yeast Hopl (Zetka et al. 1999; Martinez-Perez and
Villeneuve 2005). In contrast to budding yeast, we found that a
temperature-sensitive top-2 mutant leads to the early removal of
HTP-1/2 from chromosomes in C. elegans spermatogenesis (Fig. 4).
This is likely due to different mechanisms of homolog remodeling
in yeast and worms. In budding yeast, Hop1 removal prior to SC
assembly is required to recruit Pch2/TRIP13 for the remodeling of
synapsed homologous chromosomes (Heldrich et al. 2020). In con-
trast, C. elegans HTP-1/2 are required to remain on chromosomes
much later in meiotic prophase to promote the accurate localiza-
tion of SCC release proteins. HTP-1/2 recruitment to chromo-
somes in early prophase is dependent on either binding axis
proteins HTP-3 or HIM-3. HIM-3 is also dependent on HTP-3 for
recruitment to chromosome axes (Kim et al. 2014). Unlike HTP-1/

2, HTP-3 localizes to late prophase nuclei in top-2(it/) spermato-
genesis (Fig. 3). One possibility is that TOP-2 directly binds to one
or several of the axis proteins and loss of TOP-2 localization to
chromosomes as in the top-2(it7) mutant (Jaramillo-Lambert et al.
2016) disrupts the localization of chromosome axis components.
As disruption of HTP-1/2 and REC-8 localization was not observed
in top-2(it7) oogenesis, we do not believe this is likely. Another
possibility is that TOP-2 is required to help restructure the chro-
mosomes as they emerge from the aggregated chromatin mass of
the karyosome to become individualized entities of diakinesis nu-
clei. We believe this is the most plausible scenario. In top-2(it7)
mutant spermatogenesis, chromosome structure appears grossly
normal prior to the karyosome stage, but as the nuclei progress
into diakinesis chromosome structure is severely disrupted in
top-2(it7) mutant germlines with individual chromosome pairs in-
distinguishable from each other. Diakinesis chromosomes in oo-
genesis are also affected by the top-2(it7) mutant; bivalents are
longer compared to controls. The more severe phenotype found
in spermatogenesis (SCC protein mislocalization and chromo-
some segregation defects) is probably due to an increased re-
quirement for TOP-2 in the karyosome to diakinesis transition
(Fig. 7).

In this study, we focused on the role of TOP-2 and chromosome
structural proteins in late meiotic prophase. While we cannot dis-
count a role for TOP-2 in early meiotic events, we did not observe
any obvious defects prior to late meiotic prophase with the top-2(it7)
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mutant [this study and Jaramillo-Lambert et al. (2016)]. In the fu-
ture, identification of new alleles or utilization of a degron-tagged
TOP-2 protein may reveal roles for TOP-2 in early meiotic events as
well. New alleles will also be useful in answering how loss of TOP-2
affects chromosome remodeling in late meiotic prophase in both
spermatogenesis and oogenesis.
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the article and figures. Supplementary Fig. 1 shows the localiza-
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matogenesis. Supplementary Fig. 3 shows the dynamics of HTP-3
and H3pT3 localization in male spermatogenesis. Supplementary
Fig. 4 shows HTP-1/2 localization in pachytene of male spermato-
genesis. Supplementary Fig. 5 shows LAB-1 localization in pachy-
tene and lab-1 mutant defects in male spermatogenesis.
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