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Meiotic bouquet formation (known as crescent formation in Tetrahymena thermophila) is indispensable for homologous pairing
and recombination, but the regulatory mechanism of bouquet formation remains largely unknown. As a conjugation specific
cyclin gene, CYC2 knockout mutants failed to form an elongated crescent structure and aborted meiosis progress in 1. ther-
mophila. y-H2A.X staining revealed fewer micronuclear DNA double-strand breaks (DSBs) in cyc2A cells than in wild-type
cells. Furthermore, cyc2A cells still failed to form a crescent structure even though DSBs were induced by exogenous agents,
indicating that a lack of DSBs was not completely responsible for failure to enter the crescent stage. Tubulin staining showed that
impaired perinuclear microtubule structure may contribute to the blockage in micronuclear elongation. At the same time,
expression of microtubule-associated kinesin genes, KIN1!/ and KINI41, was significantly downregulated in cyc2A cells.
Moreover, micronuclear specific accumulation of heterochromatin marker trimethylated H3K23 abnormally increased in the
cyc2A mutants. Together, these results show that cyclin Cyc2p is required for micronuclear bouquet formation via controlling

microtubule-directed nuclear elongation in Tetrahymena.
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INTRODUCTION lutionarily conserved structure that occurs in most eukaryotic

Meiosis occurs in all sexually reproducing unicellular and
multicellular eukaryotes. During leptotene-zygotene of
meiosis | stage, telomeres cluster into a small area at the
nuclear periphery and nuclei become stretched to form the
chromosomal bouquet (Carlton et al., 2003; Golczyk et al.,
2008; Trelles-Sticken et al., 1999). The bouquet is an evo-
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organisms and is essential for homologous chromosome
alignment and pairing (Zickler and Kleckner, 2016). Pre-
vious studies identified several key proteins required for
bouquet formation; one of them is cyclin-dependent kinases
(CDKs) and their regulatory cyclin subunits, which are in-
dispensable for controlling meiotic progression at multiple
checkpoints (Morgan, 1997). Murine cyclin Al is essential
for entry into metaphase of meiosis I during spermatogenesis
(Miiller-Tidow et al., 2004), and loss of the Arabidopsis Al-
type cyclin results in delayed cell cycle progression at pa-
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chytene and meiosis II (Magnard et al., 2001). Cyclin B2
phosphorylation promotes oocyte development in Xenopus
(Gautier and Maller, 1991). Zebrafish cyclin B3 localizes to
the perinuclear region in large germ-cell cysts (Ozaki et al.,
2011), murine cyclin B3 controls the onset of meiosis ana-
phase in oocytes (Zhang et al., 2015), and mammalian cyclin
B3 facilitates synaptonemal complex formation and prevents
precocious pachytene entry during spermatogenesis (Nguyen
et al., 2002; Tschop et al., 2006).

Tetrahymena thermophila is a unicellular ciliated protist
that has been widely used as a model organism in cell biol-
ogy as well as in genetics and epigenetics (Chen et al., 2016;
Collins and Gorovsky, 2005; Gao et al., 2013; Wang et al.,
2017; Wang et al., 2017; Zhao et al., 2017). During vegeta-
tive growth, the polyploid somatic macronucleus (Mac) is
transcriptionally active, whereas the diploid micronucleus
(Mic) is transcriptionally silent (Orias et al., 2011; Wang Y R
et al., 2017). Mic meiosis is induced when starved cells of
two different mating types are mixed together (Wolfe, 1973).
Mic morphology changes dramatically throughout meiotic
prophase I and has been classified into six distinct stages
(Loidl and Mochizuki, 2009; Martindale et al., 1982): stage I,
spherical; early stage II, drop or egg shape; late stage II,
spindle shape; stage III, torch shape; stage IV, thread-like
crescent; and stages V and VI, progressive shortening Mic
(Figure 1). The Tetrahymena Mic crescent structure is
functionally equivalent to the general meiotic bouquet
structure. It is formed when the Mic becomes maximally
stretched (by about 50-fold) during leptotene—zygotene
transition in the first meiotic prophase (Orias et al., 2011).
Homologous chromosome pairing occurs during Mic elon-
gation, while telomeres and centromeres are pushed to op-
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posite poles (Loidl and Mochizuki, 2009; Loidl and
Scherthan, 2004). 34 cyclin homologs were identified in
Tetrahymena (Tetrahymena Genome Database (TGD); http://
www.ciliate.org), however, their function was less in-
vestigated (Stover et al., 2006; Yan et al., 2016b). CYC2,
CYC17, and CYC28 were conjugation specific expressed
genes. Cycl7 is essential for anaphase initiation and chro-
mosome segregation (Yan et al., 2016a) and Cyc2p plays a
key role during meiosis (Xu et al., 2016). Similarly, the cy-
clin-dependent kinase Cdk3 is also involved in initiating
meiosis (Yan et al., 2016b). Functional analysis of the spe-
cific Tetrahymena cyclins is important for understanding
molecular mechanism of bouquet formation.

In the present study, we performed a detailed investigation
of Cyc2p function and its regulation mechanism during mi-
cronuclear elongation. cyc2A cells fail to form crescent
structure and arrest in early prophase of meiosis I. The mi-
crotubule structure involved in nuclear envelope is abnormal
and expression of two kinesin genes significantly down-
regulated in cyc2A cells. Cyc2p regulates both micronuclear
DSB formation and micronuclear microtubule dynamics.
These results indicate that cyclin Cyc2p is required for mi-
cronuclear meiosis via controlling microtubule-directed nu-
clear elongation in Tetrahymena meiotic prophase.

RESULTS

Characterization of ZTetrahymena Cyc2p

CYC2 has conjugation-specific expression (http://tfgd.ihb.
ac.cn) (Xiong et al., 2013). We found that CYC?2 is not ex-
pressed during vegetative growth and starvation, but is dra-
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Figure 1 Development of the meiotic Mic in Tetrahymena. Schematic diagram showing Mic development during meiotic prophase I (A—H), as indicated by
DAPI staining (A—H). Stages are classified according to Sugai and Hiwatashi, (1974) and Loidl and Scherthan, (2004).
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matically induced soon after meiosis initiation (Figure S1A
in Supporting Information). The CYC2 gene is 2126 bp, with
an open reading frame of 1839 bp, and encodes a 612 amino
acid protein, Cyc2p (Figure S1B) containing a cytoplasmic
retention signal (at amino acids 26-95), a rich-lysine motif
(at amino acids 157-197), a typical destruction box
(RXXLXXIXN, at amino acids 269-277), and a conserved
cyclin box region (at amino acids 373-467). A candidate
phosphorylation site (SPQK; at amino acids 311-314) for
mediating ubiquitin-dependent degradation was identified
(Yan et al., 2016b).

To determine Cyc2p localization, two hemagglutinin (HA)
tags were added to the C-terminus of the endogenous CYC2
gene (Figure S1C). Immunofluorescence staining showed
that Cyc2p-HA was mainly distributed throughout the cyto-
plasm during conjugation (Figure S1D). To more clearly
monitor Cyc2p distribution, CYC2 over-expressing construct
was created. Two hemagglutinin (HA) tags were added to the
N-terminus of CYC2 (Figure 2A). CYC2 over-expressing
mutants were generated (OE-CYC2-B and OE-CYC2-C) by
replacing the MTTI gene (Figure S2A). Overexpressed
Cyc2p was localized in the cytoplasm throughout conjuga-
tion and also to the Mic at all meiotic stages (Figure 2B, a—d).

The cyclin B1 cytoplasmic retention signal (CRS) is suf-
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ficient to restrict protein localization to the cytoplasm in
human cells (Pines and Hunter, 1994). To explore the func-
tion of the CRS in Cyc2p, we constructed a truncated HA-
tagged CYC2 mutant to express CRS-Cyc2p lacking the N-
terminal 131 amino acids (including the CRS; Figure 2C and
S2B, C. The truncated Cyc2p preferentially localized to the
Mic during meiotic prophase I (Figure 2D). Cyclin B was
previously reported to shuttle between the nucleus and cy-
toplasm; this protein can be specifically exported from the
nucleus, leading to mainly cytoplasmic localization (Hagting
et al., 1998; Lindqvist et al., 2009; Pines and Hunter, 1994).
In the present study, Cyc2p underwent relocalization to Mics
following overexpression of the full-length protein or dele-
tion of the CRS. Therefore, we speculate that Cyc2p un-
dergoes micronuclear—cytoplasmic shuttling in
Tetrahymena.

Cyc2p is required for micronuclear crescent formation

CYC2 knockout strains were obtained using the co-Deletion
method (Hayashi and Mochizuki, 2015). We also generated
cyc2A cells of two mating types (B2086 and CU428) by
introducing the knockout construct into the parental macro-
nucleus using a biolistic particle delivery system (Figure 3A)

C Cyclin-box
26-95 373-467

DAPI

pair
Mics formation

elonging

chromosome
condensation

Figure 2 Localization of Cyc2p and truncated Cyc2p. A, Schematic diagram showing OE-HA-CYC?2 construction. Two tandem HA coding sequences were
inserted before CYC2. The NEO2 cassette confers resistance to paromomycin. B, Localization of HA-Cyc2p. Cells expressing OE-CYC2-B were mixed with
those expressing OE-CYC2-C and mating cells were collected after 2, 4, 6, 8, 10, 12, 14, and 24 h. Cell samples were analyzed by immunofluorescence
staining using anti-HA primary antibody and FITC-conjugated secondary antibody. DNA was stained with DAPI (Xu et al., 2012). a, Pair formation, b,
elongating Mics, ¢, meiosis 11, and (d) nuclear alignment. Arrows indicate Mics. Scale bar, 10 um. C, Schematic diagram of Cyc2p and CRS-Cyc2p proteins.
Numbers indicate the amino acid position for each domain. D, Localization of truncated CRS-Cyc2p. A strain harboring CRS-CYC2-B was mated with the
WT strain. Mating cells were collected at 2 and 3 h after mixing and analyzed by immunofluorescence staining with anti-HA primary antibody and FITC-
conjugated secondary antibody. DNA was stained with DAPI. e, Pair formation, f, elongating Mics, and (g) chromosome condensation. Arrows indicate Mics.

Scale bar, 10 um.
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(Cassidy-Hanley et al., 1997). The CYC2 knockout strains,
cyc2A-B and cyc2A-C, were obtained by phenotypic as-
sortment. Complete deletion of CYC2 from the somatic
genome (Figure 3B) (Hayashi and Mochizuki, 2015; Orias
and Flacks, 1975) was confirmed by the lack of detectable
CYC2 transcripts at all tested conjugation stages in mating
cyc2A cells (Figure 3C).

Vegetatively growing cyc2A cells proliferated normally,
consistent with CYC2 characterization as a conjugation-
specific gene (Figure S1A). The phenotype of cyc2A cells
during conjugation was as previously reported (Xu et al.,
2016): cells initiated mating at 2 h after mixing (Figure 3D,
d), but micronuclear elongation was arrested at prophase
stage II (spindle-shaped Mic; Figure 3D, f). Subsequently,
the developing Mics lost polarity and fully retracted to form
spheres (Figure 3D, j, k). At 5 h after mixing, ~90% of Mics
had returned to prophase stage I (spherical; Figure 3F) and
only ~10% were still at stage II (spindle shape; Figure 3F).
Mating the cyc2A mutant with wild-type (WT) cells was
sufficient to rescue the abnormal phenotype. These results
indicate that Cyc2p is required for Mic elongation.

In WT cells, y-H2A.X signal was observed in prophase
mid-stage II (Figure 4A, c) and became stronger as cells
progressed tolate stage II (Figure 4A, d). In cyc2A cells, the
v-H2A X signal was transiently seen at early stage II (drop-
or egg-shaped Mic; Figure 4A, f) but had disappeared by
mid-stage II (Figure 4A, g, h). Interestingly, the mRNA ex-
pression of RADS51 (essential for meiotic DSB repair) (Ho-
ward-Till et al., 2011) and DMC (promotes strand exchange
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during homologous recombination) (Howard-Till et al.,
2011) increased slightly (by 1.3-fold and 1.5-fold, respec-
tively) at 2 h after mixing (Figure 4C). It is tempting to
speculate that the consequent slight increase in Rad51p and
Dmclp levels could be necessary to repair transient DSBs in
early stage II (Figure 4A, f), although we cannot explain why
DSBs should be formed at this stage.

DSB deficiency and Mic elongation arrest were also ob-
served in mating cells lacking the SPOIl gene
(TTHERM_00627090), which encodes a protein that cata-
lyzes DSB formation (Loidl and Mochizuki, 2009; Mochi-
zuki et al., 2008). When DSBs were induced in spolIA cells
by cisplatin (CP) or methyl methanesulfonate (MMS) treat-
ment, the arrested spindle-shaped Mics became fully elon-
gated and y-H2A.X foci reappeared (Loidl and Mochizuki,
2009; Mochizuki et al., 2008). Consistent with this finding,
SPO11 expression was greatly decreased (by 3171-fold and
628-fold, respectively) in cyc2A cells at 2 and 3 h after
mixing (Figure 4C). This result could explain the absence of
DSBs in mid stage II Mics in cyc2A cells. However, despite
DNA lesions or DSB formation (as indicated by y-H2A.X
staining; Figure 4B), Mics in cyc2A cells treated with CP and
MMS still arrested at the spindle-shape stage and failed to
develop into a crescent structure. This finding confirms
previous speculation that Cyc2p is an upstream regulator of
Spollp (Xu et al., 2016); in this capacity, it might also in-
fluence downstream processes other than DSB formation. In
a previous study, treatment with CP or ultraviolet radiation
failed to restore crescent elongation in cells lacking the ATR/
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Figure 3 Mic development during prophase I in CYC2 knockout mutants. A, Schematic diagram showing construction of the CYC2 knockout. CYC2 was
replaced with a NEO4 cassette in mutant cells. Arrows indicate primer recognition sites. B, CYC2 knockout mutants Acyc2-B and Acyc2-C were confirmed
by PCR. White triangle, WT sequence; black triangle, mutant sequence. C, Analysis of CYC2 expression level: y-axis, fold change in relative CYC2
expression; x-axis, conjugation stage (hours after mixing). Total RNA was isolated at 3, 5, 7, 9, and 11 h after mixing. 17S rRNA was used as the internal
reference gene. D, Microscopic analysis of changes in Mic structure during meiosis: (a, d) spherical, not compact (stage I); (b, c, e, f) change from egg shaped
(early stage II) to spindle shaped (late stage II); (g) changed from spindle shaped to torch shaped (stage I1I); (h) fully elongated, crescent shaped (stage IV);
and (i) start of condensation (stage V). In the cyc2A mutant, Mic development was normal until stage 11, but progress was arrested after the spindle stage and
Mics then retracted to form spheres (j, k). Red arrows indicate arrested Mics. Scale bar, 10 um. E, F, Development of Mics in WT (E) and cyc2A (F) cells.
Cells were fixed at 2, 3.5, and 5 h after mixing and stained with DAPI. The number of spherical (stage I), egg-shaped or drop-shaped (stage 1I), and torch-
shaped or fully elongated (crescent stage; stage III) Mics is shown (above bars). Histograms display the mean of three independent biological replicates.
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Figure 4 Loss of CYC?2 alters the chromosome breakage pattern during meiotic prophase. A, In WT cells, the y-H2A.X DSB marker was absent at stage I
(a) and early stage II (b), but detectable at mid-stage II (c), increasing in late stage II (d). In the cyc2A mutant, y-H2A.X foci were transiently detectable at
early stage II (f), but absent in mid-stage II (g) and late stage II (h). Arrows indicate Mics. Scale bar, 10 pm. B, cyc2A cells fail to form a crescent structure
after DSB induction. Mating cyc2A cells were treated with CP or MMS and analyzed by y-H2A.X immunofluorescence. y-H2A X signals were restored but
Mics still arrested at stage II (spindle shape). Arrows indicate Mics. Scale bar, 10 pm. C, qRT-PCR analysis of relative SPO11, RAD51, DMCI and ATRI
expression in conjugating cyc2A cells at 2 and 3 h after mixing. 17S rRNA was the internal reference gene. WT-2 h and WT-3 h were used as sample

references for the respective time points. *, P<0.05, **, P<0.01.

gene (TTHERM 00108650) (Loidl and Mochizuki, 2009).
Interestingly, ATRI expression in cyc2A cells was reduced by
5.8-fold at 2 h after mating (Figure 4C), suggesting that
Cyc2p and Atrlp might coregulate an unknown but essential
stage(s) of Mic elongation.

Micronuclear centromere clustering is initiated normally
in Cyc2A cells

Telomere and centromere clustering is crucial to form the
stretched crescent in Tetrahymena (Cui and Gorovsky, 2006;
Mochizuki et al., 2008). Centromere clustering occurs prior
to the onset of meiosis, followed by its transient dispersal and
reassembly within the fully elongated Mics (Loidl and Mo-
chizuki, 2009). To determine whether Cyc2p affects cen-
tromere clustering, we assessed the distribution pattern of
centromeres by staining with an anti-Cnalp antibody that
recognizes the Tetrahymena centromeric histone (Cervantes
et al., 2006). In WT cells, centromeres were dispersed to the
micronuclear periphery during mating pair formation (Figure
SA, a). At the initiation of meiosis, centromeres moved to
cluster at a single tip of each Mic (Figure 5A, b, ¢). This was
followed by rearrangement at Mic elongation (Figure 5A, d)
and then reassembly into a single focus at the extreme tip of
each fully elongated Mic (Figure 5A, e). Centromeres were
distributed in cyc2A cells at stage I (drop-shaped Mic; Figure
5A, f) and clustered at stage II (egg-shaped Mic; Figure 5A,

g, h), suggesting that knockout cells initiate centromere
clustering. In arrested Mics (that failed to elongate), cen-
tromeres became dispersed around the nucleus (Figure 5B,
1). The results indicated that internal reorganization of Mics
occurred in the Cyc2Amutant, but Mics still failed to elon-
gate.

Micronuclear microtubule structure is altered in cyc2A
cells

Centromeres move in response to pushing forces generated
by microtubule bundles emanating from the pole at which
telomeres are anchored during meiotic prophase in Tetra-
hymena. Rapid microtubule assembly pushes centromeres to
the pole opposite the anchored telomeres, leading to chro-
mosome elongation (Loidl et al., 2012). To explore the role
of Cyc2p in this process, we monitored micronuclear mi-
crotubule structure by staining with an anti-tubulin antibody.
In WT cells, microtubules were distributed around Mic
membrane (Figure 6A, a) and gathered together into a focus
at the tip of each Mic after chromosome elongation (Figure
6A, b—e). The microtubule structure was similar in WT and
cyc2A cells from stage I to late stage II (Figure 6A, a—c and
f-h respectively), but microtubule aggregation was stronger
at the chromosome end (thin arrows; Figure 6A, f~h) and the
perinuclear region (thick arrows; Figure 6A, h) in cyc2A
cells. After stage II, the intranuclear and perinuclear micro-
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Figure 5 Immunofluorescence staining of the centromeric histone variant Cnalp in WT cells and cyc2A cells showing centromeres. A, (a) dispersed around
the Mic periphery during stage I; (b) grouped together at early stage II (egg- or drop-shaped); (c) aggregated into a point at late stage II; (d) dispersed after
Mic elongation; and (e) reassembled into a dot at the tip of fully elongated Mics (stage IV). In the cyc2A mutant, centromeres were (f) dispersed around Mic
periphery in stage I; (g, h) aggregated into a point at late stage II; B, (i) dispersed within retracted Mics. Inset images in the top-left corner of each panel are

shown at 4x magnification. Scale bar, 10 pm.

tubule bundles failed to elongate (arrowheads; Figure 6A, i,
j)- The strongest signal was distributed into the inside of
Mics (thin arrows; Figure 6A, i, j). These results indicated
that loss of CYC2 disrupts micronuclear microtubule orga-
nization.

The microtubule-associated motor proteins, kinesins, are
important for meiotic microtubule dynamics (Camlin et al.,
2017). The 14 known kinesin homologs in Tetrahymena
(Stover et al., 2006; Yan et al., 2016a) were analysed by
RNA-seq analysis when samples were collected at 3 h after
mixing  (Figure 6B). Among  them, KINII
(TTHERM 00637750) and KINI41 (TTHERM 00115410)
are the most strongly downregulated in cyc2A mating cells

(Stover et al., 2006). We confirmed this by qRT-PCR ana-
lysis (Figure 6C): the level of KIN// mRNA was reduced by
406-fold and 73-fold, respectively, and the level of KINI141
mRNA was reduced by 33-fold and 9-fold, respectively, at 2
and 3 h after mixing. We therefore speculate that impaired
microtubule movement during early meiosis may be attri-
butable to reduced levels of KIN/I and KINI41.

Trimethylated H3K23 accumulation is increased in
cyc2A cells

Mics are transcriptionally inert during vegetative growth but
initiate transcription during meiotic prophase (Martindale et
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Figure 6 CYC2 knockout alters micronuclear microtubule organization. A, Localization of a-tubulin in WT and cyc2A mutant cells. Mating cells were fixed
every 0.5 h from 2 h to 3 h after mixing in WT cells or from 2.5 to 6 h after mixing in cyc2A cells. Microtubule organization in WT cells at (a) stage I,
spherical Mic; (b) early stage 11, drop-shaped Mic; (c) late stage 11, spindle-shaped Mic; (d) early stage 111, from spindle-shaped to torch-shaped Mic; and (e)
late stage III, torch-shaped Mic. Microtubule organization in cyc2A cells at (f) stage I, spherical Mic; (g) early stage 11, drop-shaped Mic; (h) late stage II,
spindle-shaped Mic; (i) early stage of Mic arrest; (j) late stage of Mic arrest. Thin arrows indicate initiation of microtubule bundle; thick arrows indicated the
strong perinuclear region; arrowheads indicate retracted nuclear microtubules. Scale bar, 10 um. B, Heatmap showing differences in the expression of 14
kinesin genes in WT and cyc2A cells at 3 h after mixing. FPKM values: the highest fold change is 305 and the lowest fold change is 0 (green). C, Expression
of EZL3, KIN141, and KIN1I mRNA in mating WT and cyc2A cells at 2 and 3 h after mixing. 17S rRNA was the internal reference gene. WT-2 h and WT-3 h
were used as sample references for the respective time points. *, P<0.05, **, P<0.01.

al., 1985). The Mic genome is transcribed bi-directionally by
RNA polymerase II in meiotic prophase. The resulting
double-stranded RNAs are processed to 29 nt scnRNAs by
Dcllp (Noto and Mochizuki, 2017). In dclIA cells (in which
one of the Tetrahymena Dicer homologs is deleted), cres-
cents fail to become fully elongated (Mochizuki and Gor-
ovsky, 2005) and Mic transcripts are not processed into
scnRNAs (Woo et al., 2016). To investigate whether Mics are
transcriptionally active in cyc2A cells, scnRNA expression
was analyzed. We found that levels of scnRNA expression
are comparable in cyc2A and WT cells (Figure 7A). This
result suggests that Mic elongation may not be required for
nongenic Mic transcription and scnRNA biogenesis; how-
ever, we cannot be sure that the composition of scnRNA

pools is the same in WT and cyc2A cells.

In the absence of the histone methyltransferase Setl,
centromere and telomere redistribution are both impaired
and bouquet nuclei are absent in Saccharomyces cerevisiae
(Trelles-Sticken et al., 2005). Trimethylated H3K23
(H3K23me3) is a micronuclear heterochromatin marker in
Tetrahymena and is enriched at regions proximal to the mi-
cronuclear centromere (Papazyan et al., 2014). To further
explore whether micronuclear chromatin structure is affected
by cyc2 deletion, we investigated H3K23me3 level in con-
jugating cyc2A cells. At 3 h after mixing, H3K23me3 signals
were stronger in cyc2A cells than in WT cells (Figure 7B,
Figure S3). Expression of EZL3 (Papazyan et al., 2014), a
gene essential for H3K23me3 deposition in Mics, was also



Xu, J., et al.

A WT cyc2A
M 2 46 812 2 4 6 8 12

DAPI merge

B o-H3K23me3

WT

cyc2A

Figure 7 Expression of scnRNAs and localization of H3K23me3 in
cyc2A cells. A, scnRNA expression in mating WT and cyc2A cells was
measured at 2, 4, 6, 8, and 12 h after mixing. RNA isolated from 2x10°
cells was separated by 12% acrylamide—urea chromatography and stained
with ethidium bromide. The 27 nt oligonucleotide was used as a marker. B,
Localization of H3K23me3 in Mics at 3 h after mixing. H3K23me3 was
distributed in the Mics. H3K23me3 signals were stronger in cyc2A cells
than in WT cells at the early stage II (a, c¢) and late stage II (b, d) of
prophase. Scale bar, 2.5 pm.

increased (by 2.5-fold, relative to WT) at 3 h after mixing in
mating cyc2A cells (Figure 6C). We speculate that increased
micronuclear H3K23me3 deposition could affect centromere
and telomere redistribution and thereby block Mic elonga-
tion in the cyc2A mutant.

DISCUSSION

Cyc2p could be a member of the conserved cyclin B3
subfamily

Cyclins and CDKs are essential for cell cycle progression
(Galderisi et al., 2003). Tetrahymena cyclin genes have been
classified into three groups based on phylogenetic analyses:
canonical cyclins (e.g. A-, B-, D-, and E-type cyclins),
transcriptional cyclins (e.g. C-, H-, K-, and Y-type cyclins),
and ciliate-specific cyclins (Stover and Rice, 2011). In
Paramecium tetraurelia, the cyclin family has undergone
evolutionary expansion, resulting in 140 homologs (Huys-
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man et al., 2010). In Tetrahymena, 34 genes containing a
cyclin domain have been identified (Yan et al., 2016a). Ex-
pression of almost all of cyclin genes appears to be cell cycle
dependent (Stover and Rice, 2011). The number and ex-
pression patterns of B-type cyclins vary considerably among
organisms, but all contain at least one B1-like and one B3
cyclin gene (Nieduszynski et al., 2002). Chicken cyclin B3
protein was originally identified in interphase cells, where it
localizes to the cell nucleus (Gallant and Nigg, 1994). In
contrast, mammalian B3 cyclins are specifically expressed in
meiotic germ cells; for example, human cyclin B3 is ex-
pressed in developing male germ cells and mouse cyclin B3
is expressed at leptotene and zygotene during spermato-
genesis (Nguyen et al., 2002).

Previous reports indicate that CYC?2 is a conjugation-spe-
cific gene that is highly upregulated at an early stage of
conjugation (at 2 h after mixing) (Stover et al., 2006). Con-
sistent with this, we found that CYC2 deletion blocks meiotic
development at the leptotene—zygotene stage. Moreover,
BLAST analysis showed that Tetrahymena Cyc2p is homo-
logous to Trichinella and Arabidopsis cyclin B3 (Figure
S2D). These results suggest that Tetrahymena Cyc2p belongs
to the cyclin B3 subfamily.

Only a single cyclin B3 gene has been identified in me-
tazoans (Bourouh et al., 2016); in contrast, the Tetrahymena
genome encodes a second conjugation-specific cyclin,
Cycl7p, that is responsible for separating condensed chro-
mosome during meiosis (Yan et al., 2016a). Cyc17p has high
sequence similarity to cyclin B3 proteins in humans, zebra-
fish, and Arabidopsis (Yan et al., 2016a). It is therefore
possible that Tetrahymena Cyc2p and Cycl7p are both
members of the cyclin B3 subfamily.

Mic elongation is regulated by multiple factors

Mic elongation accompanies DSB formation and repair
during micronuclear meiosis in Tetrahymena (Howard-Till et
al., 2011; Mochizuki et al., 2008). In SPOI! knockout cells
(Grelon et al., 2001; Mochizuki et al., 2008), which lack
meiotic DSBs and a fully elongated crescent structure, Mic
elongation could be restored by treatment with exogenous
DNA-damaging agents such as CP and MMS (Loidl and
Mochizuki, 2009). Our study demonstrated that loss of CYC2
drastically decreases both SPOIl expression and en-
dogenous DSB formation. More importantly, Mic elongation
arrest could not be reversed in cyc2A cells by CP or MMS
treatment. These results confirmed that Cyc2p is an upstream
regulator of Spollp (Xu et al., 2016) and that the absence of
DSBs is not the only cause of the meiotic defect in cyc2A
cells. It is notable that both atr/A and cyc2A cells respond
similarly to DNA-damaging reagents (Loidl and Mochizuki,
2009). Moreover, ATRI was slightly downregulated at 2 h
after mixing, but had returned to WT levels at 3 h after
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mixing. These results suggest either that ATR/ gene ex-
pression is only partially dependent on Cyc2p or that Atrlp
and Cyc2p regulate meiosis via independent pathways.

Centromeres cluster together and migrate to the DNA-poor
Mic tip at the onset of chromosome elongation and the fully
elongated stage, but become dispersed at the leading edge of
the stretching Mic during intermediate elongation stages
(Loidl and Mochizuki, 2009). In the spo/lA mutant, the ar-
rest in centromere rearrangement at the chromosome dis-
persal stage could be reversed by ultraviolet irradiation
(Loidl and Mochizuki, 2009), which also induced to Mic
elongation. Consistent with this, caffeine or wortmannin (the
kinase inhibitor) treatment prevented both centromere clus-
tering and Mic elongation (Loidl and Mochizuki, 2009),
indicating a causal relationship from the former to the latter.
However, in cyc2A mutants, Mics failed to elongate even
though centromere clustering was normal at stage II. We
therefore speculate that centromere clustering is essential but
not sufficient for Mic elongation.

Cyc2p affects chromosome elongation and microtubule
structure

When depleting the centromere-specific H3 histone Cnalp,
chromosomes do not stretch between the two poles, with a
mass of chromatin left behind at one end (Loidl et al., 2012);
however, tubulin delineated an elongated chromatin-free
extension of Mic (Loidl et al., 2012), revealing an un-
coupling of chromosome stretching and Mic extension. Ta-
ken together the fact that Mics fail to elongate in the presence
of benomyl or nocodazole (microtubule inhibitors) (Loidl
and Mochizuki, 2009), we can reason that microtubule
structure is essential for Mic elongation. In cyc2A cells, tu-
bulin failed to elongate in the later stages of prophase I and
both chromatin and microtubule bundles retracted at the late
crescent stage. In the yeast S. cerevisiae, induction of the
meiotic cycle leads to a dramatic reorganization of nuclear
architecture. Formation of the bouquet depends on the pre-
sence of the meiosis-specific telomere protein Ndjl/Taml
and actin polymerization (Smith et al., 2001; Trelles-Sticken
et al., 2005). We therefore reason that the arrested Mic in
cyc2A cells was caused by impaired stretching of micro-
tubule bundles.

Cytoplasmic microtubules and motor proteins bridge the
nuclear membranes and are connected to chromatin via a
movement-mediating complex (Burke, 2012; Woglar and
Jantsch, 2014). Microtubules regulate chromosomes with the
aid of motor proteins (Bieling et al., 2010; Niccoli et al.,
2004). For example, kinesin-141 is essential for the shrink-
age of full crescent microtubules in Tetrahymena (Kushida et
al., 2017). In cyc2A cells, KINII and KINI41 down-
regulation was maximal at 3 h after mixing. Therefore, it is
plausible that the failure in Mic elongation during early
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meiosis was partially attributable to reduced levels of KINI!
and KINI41.

In this study, we demonstrated that mating cyc2A cells fail
to form chromatin crescents and arrest at early meiotic pro-
phase I. This defect could be attributed to abnormal micro-
tubule structure and reduced level of kinesin genes. It could
also be partially caused by a failure in DSB formation and
excessive chromatin aggregation. Based on our results, we
conclude that Cyc2p is a key regulator of crescent formation
in early meiosis during Tetrahymena sexual development.

MATERIALS AND METHODS

Strains and culture

T. thermophila B2086 (mating type 1I) and CU428 (mating
type VII) strains were cultured in SPP medium at 30°C as
previously described (Gorovsky et al., 1975). Before mating,
cells were starved in 10 mmol L' Tris-HCl (pH 7.4) without
shaking for 18-24 h. Mating was induced by mixing cells of
two different mating types together at a final density of
2.5x10° cells mL ™.

Plasmid construction

The pNeo4 plasmid (Mochizuki, 2008) and Neo4 cassette
(conferring paromomycin resistance) were used to construct
the CYC2-HA plasmid to express endogenous levels of he-
magglutinin (HA)-tagged Cyc2p in Tetrahymena. The 5'
homologous arm of the plasmid comprised a partial coding
sequence and an N-terminal 3’ UTR (3’ recombinant
homologous arm) sequence of CYC2. The two sequences
were PCR amplified using the CYC2-HA-F1/CYC2-HA-R1
and CYC2-HA-F2/CYC2-HA-R2 primer pairs, respectively,
and then connected by overlapping PCR using the CYC2-5'-
F and CYC2-5'-R primers (Table S1 in Supporting In-
formation; Sacl and Nofl restriction sites are underlined).
Two HA tags were inserted before the CYC?2 stop codon. The
CYC2 C-terminal 3" UTR was PCR amplified using the
CYC2-3'-F and CYC2-3'-R primers (Table S1; Xhol and
Kpnl restriction sites are underlined) as the 3’ homologous
arm. The 5’ and 3’ homologous arms were digested using
Sacl/Notl and Xhol/Kpnl, respectively, and cloned into the
multiple cloning sites of the pNeo4 vector (digested with the
same enzymes).

To create the CYC2 overexpression plasmid, the complete
coding sequence of CYC2 was PCR amplified using the OE-
CYC2-F (Table S1; BamHI restriction site is underlined) and
OE-CYC2-R (Table S1; Ascl restriction site is underlined)
primers. Truncated CYC2 was PCR amplified using the
CRS-CYC2-F (Table S1; BamHI restriction site is under-
lined) and OE-CYC2-R primers. The amplified sequences
were digested with BamHI and Ascl and cloned into the pXS
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vector (digested with the same enzymes).

Expression constructs were introduced into CU428 and
B2086 cells by biolistic transformation (Cassidy-Hanley et
al., 1997), and paromomycin-resistant transformants were
subcloned and cultured in the presence of increasing par-
omomycin concentrations until cells failed to grow. Com-
pletely or partially replaced mutant strains were confirmed
by PCR amplification using the CYC2-HA-Fjd/CYC2-HA-
Rjd or OE-Fjd/OE-Rjd primer pairs (Table S1).

Somatic knockout of CYC2

The 5' flanking sequence of CYC2 was PCR amplified from
total genomic DNA was isolated from CU428 using the
CYC2-KO-5'P1 (Table S1; Sacl restriction site is underlined)
and CYC2-KO-5'P2 (Table S1; Nofl restriction site is un-
derlined) primers. The 3' flanking sequence of CYC2 was
PCR amplified from the same template using the CYC2-KO-
3'P1 (Table S1; Xhol restriction site is underlined) and
CYC2-KO-3P2 (Table S1; Kpnl restriction site is under-
lined) primers. The CYC2 5'- and 3'-flanking sequences were
digested with Sacl/No#l and Xhol/Kpnl respectively, and
cloned into the pNeo4 vector (digested with the same en-
zymes).

Mutant strains were selected based on paromomycin re-
sistance to obtain complete CYC2 knockout strains. CYC2
elimination in the macronucleus was confirmed by PCR
amplification using the CYC2-KO-Fjd and CYC2-KO-Rjd
primers (Table S1).

Cytological and immunofluorescence staining

For 4',6-diamidino-2-phenylindole (DAPI) staining, a 5 mL
suspension of conjugating cells was fixed by adding 500 puL
38% formaldehyde and 250 uL 10% Triton X-100 and in-
cubating for 30 min at room temperature (Loidl et al., 2012).
Subsequently, cells were sedimented at 1200 r min"' for
1 min and resuspended in 500 pL solution (4% formaldehyde
and 3.4% sucrose). The sample was spread onto poly-L-ly-
sine-coated slides, washed for 5 min with phosphate-buf-
fered saline (PBS), and incubated with 1 pg mL " DAPI for
10 min. Slides were treated with 8 uL anti-fading agent.
For HA-Cyc2p immunofluorescence staining, conjugating
cells were incubated in Lavdowsky’s fixative (ethanol:for-
malin:acetic acid:water, 50:10:1:39) overnight at 4°C. Cells
were then dropped onto coverslips pre-coated with poly-L-
lysine and air-dried. Coverslips were washed with PBS
containing 0.1% Tween-20 (PBST) for 10 min, incubated in
blocking solution (PBS containing 10% normal goat serum,
3% BSA, or 0.1% Tween-20) at 30°C for 1 h, and incubated
in rabbit anti-HA monoclonal antibody (1:200 dilution;
Clone 114-2C-7, Millipore, USA) at 4°C overnight. After
washing three times with PBST, coverslips were incubated
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with FITC-conjugated goat anti-rabbit secondary antibody
(1:200 dilution; Millipore, USA) for 1 h at room tempera-
ture. Cell samples were then washed in PBST, counterstained
with 1 pg mL ' DAPI in PBS, mounted, and visualized by
DeltaVision deconvolution fluorescence microscopy (Ap-
plied Precision, USA).

For Cnalp, y-H2A.X, and H3K23me3 immuno-
fluorescence staining, cells were fixed in partial Schaudinn’s
fixative (saturated HgCl,:ethanol, 2:1) for 5 min at room
temperature, washed twice with 5 mL methanol, im-
mobilized on poly-L-lysine-coated coverslips, permeabi-
lized, and blocked as described above. For staining, cell
samples were incubated for 2 h at room temperature or 30°C
with primary antibody: rabbit polyclonal anti-Cnalp anti-
body (1:200 dilution; kindly provided by Harmit Malik),
mouse monoclonal anti-H2A.X phosphorylated (Ser139)
antibody (1:200 dilution; Clone 2F3, BioLegend, USA), or
rabbit polyclonal anti-histone H3K23me3 antibody (1:200
dilution; 61499, Active Motif, USA). After washing with
PBST, samples were incubated with TRITC-conjugated
donkey anti-mouse IgG (1:200 dilution; AB10085, Bio Ba-
sic, Canada) or FITC/TRITC-conjugated goat anti-rabbit F
(ab") IgG (1:200 dilution; AQI32F, Millipore, USA;
AP192R; Millipore, Billerica, MA, USA) for 1 h at room
temperature. Cells were washed with PBST, counterstained
with 1 pg mL ' DAPI in PBS, mounted, and visualized by
DeltaVision deconvolution fluorescence microscopy. The
relative fluorescence intensity was analyzed using Meta-
Morph 7.8.13 software.

For alpha-tubulin immunofluorescence staining, mating
cells were fixed with Lavdowsky’s fixative and air-dried on
coverslips. Cells were permeabilized by washing three times
in PBST (10 min each) and then blocked in PBST containing
3% BSA for 1 h. After washing twice in PBST, cells were
incubated with anti-a-tubulin mouse monoclonal primary
antibody (1:200 dilution; T6074, Sigma, Santa Clara, USA)
overnight at 4 °C. After washing five times in PBST, cells
were incubated with TRITC-conjugated anti-mouse IgG
secondary antibody (1:200 dilution; AB10085, Bio Basic,
Canada) for 1h at room temperature. Cells were washed
three times in PBST, counterstained with 1 pg mL "' DAPI in
PBS, mounted, and visualized by DeltaVision deconvolution
fluorescence microscopy.

qRT-PCR

For each time point, total RNA was extracted from ap-
proximately 1x10° cells with TRIzol reagent (9010, Takara
Biotechnology, Dalian, China). cDNA was synthesized with
a random hexamer primer using the PrimerScriptTM RT re-
agent Kit (RR047A, Takara Biotechnology, Dalian, China).
Gene expression was measured by qRT-PCR as previously
reported, using the primers listed in Table S2, and normal-
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ized to 17S rRNA levels.

CP and MMS treatment

CP (6 mg mL_l) and MMS (3.4%) stock solutions were
prepared in 10 mmol L' Tris-HCI buffer. Conjugating cells
were treated with 100 pg mL "' CP or 4 mmol L' (0.034%)
MMS at 2 h after mixing and then fixed in partial Schau-
dinn’s fixative at 3.5 h after mixing.

scnRNA analysis

Total RNA was extracted from mating WT and cyc2A cells.
RNA isolated from 2x10° cells was resuspended in deionized
formamide (F8110, Beijing Solarbio Science & Technology,
Beijing, China), separated by 12% polyacrylamide-urea
chromatography, and stained with 1.5 pg mL " ethidium
bromide.

Viability assay

At 8-10 h after mixing, individual pairs of conjugating cells
were transferred into drops of SPP medium and incubated for
2 d at 30°C. The drops were then transferred into individual
wells of 96-well plates and cultured for 24 h. Cell aliquots
were transferred to SPP medium containing 15 pg mL " 6-
methylpurine and the remaining cells were transferred to
SPP medium containing 100 pg mL" paromomycin and
1pg mL™" Cd™. Only conjugating cells survived in 6-me-
thylpurine; progeny cells were those that failed to grow in
paromomycin-containing medium.

RNA-Seq analysis

Approximately 1x10" WT cells and cyc2A mutant cells at 3 h
after mixing were flash frozen in 1 mL RNAiso Plus (108-
952, Takara Biotechnology) and stored at —80°C. Total RNA
was extracted and the purity was assessed using a Nano-
Photometer spectrophotometer (Implen, USA). The RNA
concentration was measured using a Qubit RNA Assay Kit
and Qubit2.0 Fluorometer (Life Technologies, USA) and
RNA integrity was assessed using an RNA Nano 6000 Assay
Kit and Agilent Bioanalyzer 2100 system (Agilent Tech-
nologies, CA, USA). mRNA was purified from total RNA
using poly-T oligo-attached magnetic beads (VAHTSTM
mRNA-seq V2 Library Prep Kit for [llumina®, NR601-02,
Vazyme, Nanjing, China) and used to synthesize cDNA.
Library fragments were purified using the AMPure XP
system (Beckman Coulter, Beverly, USA) to select cDNA
fragments of 80-280 bp in length. PCR was performed using
Phusion High-Fidelity DNA polymerase, Universal PCR
primers, and the Index (X) Primer. PCR products were pur-
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ified using the AMPure XP system and library quality was
assessed using an Agilent Bioanalyzer 2100 system. Paired-
end sequencing was performed using a Hiseq2500PE125
system and raw sequencing reads were trimmed using cu-
tadapt (version 1.2.1) and mapped to the Tetrahymena ther-
mophila macronuclear genome assembly (http://ciliate.org/
index.php/home/downloads) (Eisen et al., 2006) using To-
pHat (version 2.1.1) (Ghosh and Chan, 2016). DEGs were
removed with Cutdiff software for sequences with less than
two-fold changes in FPKM values between WT and cyc2A.
Gene ontology enrichment analysis was carried out with
Swiss-Prot  (http://web.expasy.org/docs/swiss-prot_guide-
line.html) and TrEMBL (http://www.bioinfo.pte.hu/more/
TrEMBL.htm).

ABBREVIATIONS

Prophase I: prophase of meiosis I; DSBs: DNA double-
strand breaks, TGD: Tetrahymena Genome Database;
scnRNA: scan RNA; Mac: macronucleus; Mic: micro-
nucleus; ATM: the ataxia-telangiectasia mutated; ATR: ATM
and RAD3-related; Cdks: cyclin-dependent kinases; CRS:
cytoplasmic retention signal; H3K23me3: Trimethylated
H3K23; CP: Cisplatin, MMS: Methyl methanesulfonate;
PBS: phosphate-buffered saline; DAPI: 4',6-diamidino-2-
phenylindole
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