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Haspin participates in AURKB recruitment to centromeres and
contributes to chromosome congression in male mouse meiosis
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ABSTRACT

Chromosome segregation requires that centromeres properly attach
to spindle microtubules. This essential step regulates the accuracy of
cell division and must therefore be precisely regulated. One of the
main centromeric regulatory signaling pathways is the haspin-
H3T3ph-chromosomal passenger complex (CPC) cascade, which
is responsible for the recruitment of the CPC to the centromeres.
During mitosis, the haspin kinase phosphorylates histone H3 at
threonine 3 (H3T3ph), an essential epigenetic mark that recruits the
CPC, in which the catalytic component is Aurora B kinase (AURKB).
However, the centromeric haspin-H3T3ph-CPC pathway remains
largely uncharacterized in mammalian male meiosis. We have
analyzed haspin functions by either its chemical inhibition with
LDN-192960 in cultured spermatocytes, or the ablation of the Haspin
gene in Haspin~'~ mice. Our studies suggest that haspin kinase
activity is required for proper chromosome congression both during
meiotic divisions and for the recruitment of Aurora B and kinesin
MCAK (also known as KIF2C) to meiotic centromeres. However, the
absence of H3T3ph histone mark does not alter borealin (or CDCA8)
and SGO2 centromeric localization. These results add new and
relevant information regarding the regulation of the haspin-H3T3ph-
CPC pathway and centromere function during meiosis.

KEY WORDS: Meiosis, Centromere, Centrosome, Haspin, H3T3ph,
Aurora B

INTRODUCTION

Chromosome mis-segregation during mitosis and meiosis lead to the
appearance of aneuploidies, a hallmark cause of tumorigenesis,
prenatal death or developmental abnormalities in vertebrates.
Gain or loss of chromosomes often originates from dysregulation of
centromere assembly, errors in kinetochore—microtubule interactions,
or chromosome congression failures. These processes are highly
regulated and well-orchestrated by several master regulators, such as
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PLK1 and Aurora kinase B (AURKB), which perform their role in
both mitosis (Lukasiewicz and Lingle, 2009; Nikonova et al., 2013;
Schmucker and Sumara, 2014) and meiosis (Alfaro et al., 2021;
Wellard et al., 2021). A recently described regulator is the kinase
haspin (encoded by germ cell-specific gene 2, Gsg2), which is an
evolutionary conserved serine/threonine kinase (Cairo and Lacefield,
2020; Higgins, 2010) and was first described in mouse testis as a
meiosis-specific gene, even though it is also expressed in somatic cells
(Tanaka et al., 1999). Several substrates are known for this kinase,
including histone H3 (through the phosphorylation at threonine 3,
H3T3ph), histone macroH2A (through the phosphorylation at serine
137, macroH2AS137ph) and the kinetochore protein CENP-T
(phosphorylated at threonine 57, CENP-T T57ph) (Dai and
Higgins, 2005; Maiolica et al., 2014; Markaki et al., 2009).

Most studies about haspin have been conducted in somatic cells, in
which it was described as the main regulator responsible for the
recruitment of the chromosomal passenger complex (CPC) to
the inner centromere domain (ICD) through the phosphorylation of
H3T3 (Higgins, 2010; Wang et al., 2010). The CPC is a multiprotein
complex that possesses Aurora kinase B (AURKB) as the enzymatic
subunit, playing an essential role during the regulation of
chromosome congression, segregation and cytokinesis (Krenn and
Musacchio, 2015; van der Horst et al., 2015). The signaling network
involving haspin-mediated H3T3ph and Bub 1-mediated histone H2A
phosphorylation at T120 (H2AT120ph) underlies the defined
localization of AURKB at the mitotic ICD (Hadders et al., 2020;
Liang et al., 2020). In somatic cells, haspin coupled to GFP was
detected at the centrosomes and in the nucleus (Dai et al., 2006,
2005). During interphase, the haspin kinase is inactive (Ghenoiu
etal., 2013), becoming later activated at prophase by two consecutive
phosphorylations generated by CDK1 and PLK1 (Zhou et al., 2014).
Once activated, haspin phosphorylates H3T3 from prophase to
anaphase throughout the chromatin, being more concentrated at the
centromeres in metaphase (Dai and Higgins, 2005). H3T3ph then
recruits the CPC to the ICD through the baculovirus IAP repeat
(BIR) domain of survivin (BIRC5) (Kelly et al., 2010). Once at
the centromere, AURKB generates a positive feedback loop and
phosphorylates haspin, promoting a higher accumulation of the CPC
at centromeres (Wang et al., 2011). After AURKB is recruited to the
centromeres, Shugoshin 2 (SGO2) and mitotic centromere-associated
kinesin (MCAK, also known as KIF2C) are loaded (Huang et al.,
2007). MCAK is a depolymerizing kinesin involved in the correction
of improper kinetochore—MT attachments, which is recruited to the
centromeres in an SGO2-dependent manner (Huang et al., 2007,
Kline-Smith and Walczak, 2004). At the end of the mitotic
metaphase, H3T3ph is dephosphorylated (Kelly et al., 2010) by the
action of the PP1-Repo-Man complex and haspin is inactivated (Qian
et al., 2013; Vagnarelli et al., 2011).

Since its discovery, several publications have reported functional
studies about haspin in somatic cells. Haspin activity knockdown by
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RNAI induces the absence of H3T3ph and causes alterations in
chromosome alignment (Dai et al., 2005) and premature loss of sister
chromatid cohesion (SCC) (Dai et al., 2009, 2005), suggesting a role
for this kinase in centromeric cohesion and pointing to a potential link
with Shugoshin 1 (SGO1). In this sense, several works reported the
colocalization of H3T3ph with the cohesin subunit SA2 (STAG2)
(Dai et al., 2006) and also suggested the association of haspin with
PDSS5 proteins, regulators of SCC (Carretero et al., 2013; Liang et al.,
2018; Yamagishi et al., 2010). On the other hand, the chemical
inhibition of haspin kinase activity in somatic animal and plant cells
using different inhibitors such as 5-iodotubercidin (5-Itu), CHR-6494
(CHR) and LDN-192960 (LDN) impairs AURKB localization to the
centromeres (Cuny et al., 2012; Huertas et al., 2012; Patnaik et al.,
2008; Wang et al., 2012). These data point to the involvement of
haspin in the regulation of AURKB to fulfill chromosome
segregation in mitosis (De Antoni et al., 2012; Kozgunova et al.,
2016; Wang et al., 2012). Following this approach and the increasing
development of chemical inhibitor drugs, strategies using haspin as
an anti-cancer target are arising (Amoussou et al., 2018). Moreover,
the upregulation of this kinase in some cancer cells has corroborated a
central role for haspin in cell proliferation, increasing interest in
haspin as a potential target for cancer treatment (Zhu et al., 2020).

Although most studies on haspin have focused on somatic
cells, significantly fewer reports have been published about the
distribution and functions of haspin in vertebrate meiosis (Cairo
and Lacefield, 2020). During mouse oogenesis, haspin appears
at centromeres and at sister chromatid axes at metaphase I and
metaphase II, and at the midbody at anaphase I (Nguyen et al., 2014).
Other immunolocalization assays detected this kinase through the
entire chromatin of condensed bivalents during meiosis I (Wang
et al., 2016). In mouse oogenesis, haspin is implicated in H3T3
phosphorylation, chromosome condensation, CPC localization at
centromeres, microtubule-organizing center (MTOC) clustering and
stability through Aurora kinase C (AURKC), and cytokinesis
(Balboula et al., 2016; Nguyen et al., 2018; Quartuccio et al.,
2017; Wang et al., 2016). Chemical inhibition of haspin by 5-Itu
causes cell instability and clustering defects of acentriolar MTOCs in
meiosis I (Balboula et al., 2016). These evolutionarily conserved
functions of haspin kinases in mammals have also recently been
reported in pig oocytes (Cao et al., 2019).

During male mouse meiosis, the sequence of loading of several
centromeric and kinetochore proteins was reported, including
the CPC components borealin (CDCAS8), INCENP and AURKB,
which load sequentially to the ICD before SGO2 and MCAK (Llano
et al., 2008; Parra et al., 2009, 2006). However, although haspin
expression was first identified in testis as a germ cell-specific
gene (Tanaka et al., 1999), many questions about its functions in
vertebrate male meiosis are still unsolved, and much fewer reports
have been presented for spermatogenesis, for which recent data on
the unique spatiotemporal pattern of histone H3 modifications
implicate haspin in the epigenetic control of spermiogenesis
(Soupsana et al., 2021).

As Aurora kinases (AURKs) are the main regulators of
chromosome congression, segregation and cytokinesis, it is
essential to unravel the signaling pathways that recruit them to the
centromeres during vertebrate gametogenesis. In mammalian germ
cells, two different AURKs (AURKB and AURKC) participate in
the CPC (Balboula and Schindler, 2014; Shuda et al., 2009), and
both can functionally regulate each other’s localization and activity
during oogenesis (Nguyen et al., 2018) or compensate for one
another, ensuring successful mammalian spermatogenesis (Wellard
et al., 2020). In this work, we examined the role of haspin in male

mouse meiosis by using two strategies: chemical inhibition using
LDN-192960 in wild-type (WT) cultured spermatocytes, and the
analysis of a haspin knockout mouse model (Haspin™"). Both
experimental approaches implicated haspin kinase activity in the
regulation of chromosome congression, the recruitment of AURKB
and the phosphorylation of AURKB at the ICD in both meiotic
divisions. In addition, as haspin inhibition or ablation does
not disturb SGO2 or borealin localization to the centromeres, our
results suggest that the haspin-H3T3ph-AURKB/C pathway is not
the only route to recruit CPC components to meiotic centromeres. In
contrast, our results suggest that haspin is responsible for the
recruitment of the kinesin MCAK to meiotic centromeres.

RESULTS

LDN-192960 is an efficient haspin inhibitor in mouse
organotypic seminiferous tubule cultures

The distribution of the main target of haspin kinase, H3T3ph, was
analyzed by immunolabeling in spermatocytes obtained from
cultured seminiferous tubules, using the squashing protocol. This
technique does not disturb either the tridimensionality of cell
morphology, chromosome condensation or protein distribution
in prophase I and dividing spermatocytes (Page et al., 1998; Parra
et al., 2002). Labeling of the SYCP3 protein, the main component
of the synaptonemal complex lateral elements, and DAPI
staining were used as markers for the identification of meiosis
substages, as previously reported (Parra et al., 2004). H3T3ph began
to be detectable at diakinesis, presenting a heterogeneous faint
distribution over the chromatin, with slightly more accumulation at
chromocenters (clustered centromeres) (Fig. 1A,B). From
prometaphase I (proM-I) to metaphase I (M-I), H3T3ph intensity
progressively increased over the chromatin, being more intense at the
interchromatid domains (Fig. 1C,D). In anaphase I (A-I), the H3T3ph
signal became weaker (Fig. 1E) and it completely disappeared at the
end of telophase I (T-I) (Fig. 1F). H3T3ph was not detected in
interkinesis nuclei (Fig. 1G) but was again visible at the centromeric
heterochromatin at prometaphase II (proM-II) (Fig. 1H), and
completely marked the chromosomes from metaphase 11 (M-II)
until the end of telophase II (T-II) (Fig. 11-K). These data confirm
that H3T3ph distribution in male mouse meiosis resembles the
pattern described for mitosis, in which it was also located over the
entire chromatin (Dai and Higgins, 2005).

We then analyzed the effect of haspin inhibition in vitro. LDN-
192960 (LDN) has shown inhibitory effects on the proliferation of
somatic cells owing to its action over the kinase activity of haspin
(Amoussou et al., 2018; Huertas et al., 2012; Wang et al., 2012). To
investigate whether this molecule shows activity in spermatocytes,
we treated organotypic cultures of seminiferous tubules with
increasing concentrations of LDN at different incubation times,
using the haspin target H3T3ph as a marker (Dai and Higgins, 2005;
Dai et al., 2005).

In somatic cell lines (HeLa and human osteosarcoma U20S), the
optimal efficient concentration of LDN used was 10 uM (Wang
et al., 2012). However, we had to use higher concentrations due to
the peculiarities of the organotypic culture, in which tubules are
placed over an agarose gel (half-soaked) embedded in the medium.
This means that the media does not surround the cells but, instead,
the media diffuses to the seminiferous tubules via the agarose
gel (Alfaro et al., 2021; Sato et al., 2011). We therefore decided
to test higher concentrations of the inhibitor for 2, 4 and 6 h.
Concentrations below 1 mM had no effect on meiosis progression or
cell morphology, but conspicuous effects were observed with a
1 mM concentration (Fig. 2). These effects involved both alterations
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First meiotic division

Second meiotic division
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Fig. 1. Distribution of H3T3ph and SYCP3 during first and second meiotic division. Double immunolabeling of H3T3ph (green) and SYCP3 (magenta) on
squashed WT mouse spermatocytes at (A) diplotene (Dip.), (B) diakinesis (Dia.), (C) prometaphase-l (ProM-l), (D) metaphase-I (M-1), (E) anaphase-I (A-l),
(F) telophase-I (T-1), (G) interkinesis, (H) prometaphase-II (ProM-ll), (1) metaphase-Il (M-1l), (J) anaphase-Il (A-1l) and (K) telophase-II (T-Il). Chromatin was
stained with DAPI (blue). Images are representative of 10 cells/stage in three different individuals. Scale bars: 10 ym.

in chromosome congression and the intensity of H3T3ph signals in
M-I spermatocytes. Results revealed that 13.1% of M-I cells lacked
H3T3ph signal after 2 h of treatment (Fig. 2Aa,Ab,B). In contrast,
after 4 h of LDN treatment, we observed that H3T3ph signal was
abolished in 97.9% of M-I cells (Fig. 2Ac,Ad,B,C). The total loss of
H3T3 phosphorylation in M-I cells was achieved after 6 h LDN
treatment (Fig. 2Ae,Af,B,C). These results confirmed that H3T3
phosphorylation by the haspin kinase was abolished in mouse
spermatocytes with 1 mM LDN 6 h treatment. For this reason, all the
subsequent analyses were performed using these culture conditions.

Haspin activity is required for proper chromosome
congression in M-I and M-Il spermatocytes

The effect of LDN was evident not only on the phosphorylation of
H3T3, but also on the alignment of chromosomes at the metaphase
plate. In order to better characterize this effect, we performed a
quantitative analysis of the phenotypes seen in M-I and M-II
spermatocytes after labeling H3T3ph and SYCP3 (for M-I) and
H3T3ph and kinetochores (anti-centromere autoantibody, ACA)
(for M-II). Spermatocytes were classified into three categories:
aligned M-I or M-II (all bivalents or chromosomes are arranged at
the equatorial plate), misaligned M-I or M-II (one or more bivalents
or chromosomes are not in the equatorial plate) and apoptotic M-I or
M-II [chromatin hypercondensation, no immunoreactivity and
positive for the terminal deoxynucleotidyl transferase-mediated
dUTP fluorescein nick-end labeling (TUNEL) assay apoptotic
marker] (Fig. 2C; Fig. S1A). Apoptotic spermatocytes were
identified by their size and morphology as M-I (Fig. S1Aa) or M-

II (Fig. STAb). H3T3ph signals were clearly detected in control M-I
(Fig. 2Ca) and M-II (Fig. 2Ce). In contrast, H3T3ph signals were
absent in all LDN-treated M-I and M-II cells, regardless of whether
they were classified as aligned or misaligned (Fig. 2C).

The quantitative analysis showed that LDN-treated cultures
showed a three-fold increase in chromosome misalignment in M-I
spermatocytes (74.7%) compared to control M-I cells (24.3%) and a
two-fold increase in the rate of apoptosis (9%) (Fig. 2D). Similarly,
the percentage of M-II cells with misaligned chromosomes rose
two-fold in LDN-treated spermatocytes (62.3%), compared to
control M-II cells (34.2%). For M-II cells, the apoptotic rate in
LDN-treated spermatocytes (18.4%) was four-fold higher than in
control ones (4.1%) (Fig. 2D). These data indicate that the
disruption of haspin kinase activity causes a dramatic increase in
alignment errors during M-I and M-Il in mouse spermatocytes,
potentially leading to cell death.

Haspin inhibition perturbs kinetochore-microtubule
attachment in mouse M-I and M-Il spermatocytes

As LDN treatment affects M-I and M-II bivalent or chromosome
congression, we then studied the interaction between kinetochores
and the meiotic spindle. Haspin involvement in MTOC organization
has been previously reported in oocytes (Balboula et al., 2016). We
therefore studied the dynamics of the meiotic spindle and the
attachment of chromosomes to microtubules. For this purpose, we
immunolabeled spermatocytes with a-tubulin and kinetochores
(using ACA) (Fig. 3). M-I cells with correctly bi-oriented and
aligned bivalents had bipolar spindles (Fig. 3Aa). In contrast, in
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Fig. 2. Optimization of haspin inhibition in organotypic cultures of
seminiferous tubules. (A) Double immunolabeling of H3T3ph (green) and
SYCP3 (magenta) in squashed metaphase-I spermatocytes for (a) control and
(b) 2 h, (c,d) 4 hand (e) 6 h treatment with 1 mM LDN-192960. Chromatin was
stained with DAPI (blue). White arrows (a) indicate misaligned chromosomes,
percentages of metaphases-I are shown (b—e). (B) Quantification of the
percentages of metaphase | (M-1) cells with normal signals, dim signals or no
signal (N/S) of H3T3ph in cultured seminiferous tubules with 2 h, 4 h and 6 h
treatment with 1 mM of LDN-192960 (n=2). (C) H3T3ph distribution in control
and 1 mM 6 h LDN-192960-treated metaphase-l and metaphase-I|
spermatocytes. Double immunolabeling of H3T3ph (green) and SYCP3
(magenta) in metaphase-I (a) control and (b—d) 6 h 1 mM LDN-192960-treated
spermatocytes. Double immunolabeling of H3T3ph (green) and ACA
(magenta) in (e) control and (f~h) 6 h 1 mM LDN-192960-treated metaphase-I|
spermatocytes. White arrows indicate a misaligned bivalent in Cc and a
misaligned chromosome in Cg. Chromatin was stained with DAPI (blue). (D)
Quantification of the incidence of misaligned metaphase-l and metaphase-I|
cells. Percentages of aligned, misaligned and apoptotic metaphase cells are
represented for control and 1 mM LDN-192960 for 6 h treatment. Experiments
were conducted in three different biological replicates. Bars and error bars
represent meants.d. Scale bars: 10 ym.

misaligned M-I cells, some bivalents were not correctly anchored to
the microtubules, usually remaining linked to only one pole
(monotelic orientation) (Fig. 3Ab). A careful examination of these
misaligned bivalents revealed that the two homologous
kinetochores were usually attached to the same cellular pole
(Fig. 3Bb’,Bb”). No apparent errors in SCC were detected, as
univalents or independent chromatids were never observed.

A small proportion of LDN-treated M-I cells that had two or more
misaligned bivalents usually presented tripolar spindles (Fig. 3Ac).
The incidence of multipolar spindles in LDN-treated spermatocytes is
low, 10.88% in M-I and 6.25% in M-II (Fig. 3C). These data suggest
a possible impairment in centrosome dynamics or a potential off-
target effect of the drug. Thus, we checked the localization of
pericentrin (PCNT), a component of the pericentriolar matrix. In
control M-I cells, PCNT appears as a compact mass on both poles of
the cell (Alfaro et al., 2021). However, LDN-treated M-I cells
presented alterations in PCNT distribution. In bipolar spindles, the
signals appeared disaggregated, showing a variable number of
pericentriolar matrix clusters with an irregular morphology
(Fig. S2Aa,Ab). These features were also obvious in multipolar
M-I or M-Il cells (Fig. S2Ac,Ad). By looking at centrin 3 (CETN3), a
marker of centrioles, multipolar cells were seen with abnormal
centrioles at M-I (Fig. S2Bb) and M-II (Fig. S2Bc).

AURKB recruitment and AURKB/AURKC phosphorylation are
reduced at centromeres when H3T3 phosphorylation is
abolished
The phosphorylation of H3T3 is considered to be crucial for the
recruitment of the CPC (Higgins, 2010; Wang et al., 2010).
Therefore, downstream kinase AURKB recruitment is directly
linked to haspin kinase activity (Krenn and Musacchio, 2015; van
der Horst et al., 2015). AURKA, AURKB and AURKC belong to a
family of kinases with high sequence homology (Tang et al., 2017).
AURKA participates in centrosome dynamics in male mouse
meiosis (Alfaro et al., 2021; Wellard et al., 2021), whereas AURKB
and AURKC (hereafter denoted collectively as AURKB/C)
function as the catalytic subunit of the CPC, presenting
overlapping functions in spermatogenesis (Wellard et al., 2020).
As shown previously, H3T3ph decorated the chromatin in control
M-I (Fig. 4Aa) and M-II (Fig. 4Ba), but this histone modification
was absent when haspin kinase was inhibited with LDN in both M-I
(Fig. 4Ab) and M-II (Fig. 4Bb). We then addressed whether

AURKB was altered at the centromeres after haspin inhibition. The
distribution of AURKB in mouse spermatocytes has been
previously described (Parra et al., 2009, 2003). Our results
showed that AURKB levels were reduced at the centromeres
when haspin was inhibited with LDN in both M-I (Fig. 4Ac,Ad) and
M-II (Fig. 4Bc,Bd). Quantification of the fluorescence signals
showed a significant decrease in AURKB intensity at the
centromeres both in M-I (Fig. 4C) and M-II (Fig. 4D). However,
this also suggests that haspin kinase activity is not the only protein
responsible for recruiting AURKB to centromeres.

We then used an antibody that detects the three Aurora kinases in
their phosphorylated active form (AURKph). In control
spermatocytes, this antibody mainly labeled centromeres and
centrosomes during M-I and M-II, as well the midbody at T-I and
T-II (Fig. S3). According to previous reports, these marks correspond
to the localization of phosphorylated AURKB/C (AURKB/Cph) at
centromeres (Nguyen and Schindler, 2017) and phosphorylated
AURKA at the centrosomes (AURKAph) (Alfaro et al., 2021; Tang
et al., 2017). To corroborate that this antibody indeed detects
AURKA at the centrosomes, we performed co-immunolabeling with
anti-CETN3 (Fig. S4). After haspin inhibition, the recruitment of
AURKB/Cph to the ICD in M-I (Fig. 4Af) and in M-II (Fig. 4Bf)
was also altered, as the intensity of labeling was fainter than in control
spermatocytes (Fig. 4Ae,Be). Quantification of the fluorescence
signals, associated with the chromosomes, showed a significant
decrease in AURKB/Cph intensity at the centromeres both in M-I
(Fig. 4C) and M-II (Fig. 4D).

Altogether, these data indicate the role of haspin kinase activity in
AURKB recruitment and phosphorylation at the centromeres. The
signals at the spindle poles in LDN-treated spermatocytes were
similar to those found in control spermatocytes (white arrowheads
in Fig. 4Ae,Af,Be,Bf), suggesting that AURKA phosphorylation
might not be altered.

H3T3ph absence does not alter SGO2 loading to
centromeres
Given the likely role of haspin in AURKB/C phosphorylation and
recruitment to the centromeres, we then wondered whether SGO2, the
protector of meiotic centromeric cohesion, might be affected. In
mitosis, recruitment of Shugoshin proteins to centromeres requires
the previous phosphorylation of H2A T120 by the kinetochore kinase
Bubl (Kawashima et al., 2010). With this in mind, we studied the
distribution of SGO2 and its centromere docking mark H2AT120ph.
H2AT120ph appeared to be localized to the ICD of all
chromosomes in both control (Fig. 4Ag) and LDN-treated M-I
(Fig. 4Ah) cells. Similarly, SGO2 was present in the ICD of all
chromosomes in control M-I (Fig. 4Ai) and also LDN-treated M-I
(Fig. 4Aj). Signals of H2AT120ph and SGO2 in control and
LDN-treated M-Il were consistent in distribution and intensity
(Fig. 4Bg-Bj). Quantification analysis showed no significant
differences in H2AT120ph or SGO2 intensity at the centromeres
between control and LDN inhibition in M-I (Fig. 4C) and M-II
(Fig. 4D). These data suggest that the kinase activity of haspin does
not have a direct role in the maintenance of the H2AT120ph-SGO2
pathway at centromeres in male mouse meiosis.

Haspin~" mice are fertile but M-l and M-1l spermatocytes lack
centromeric H3T3ph and show alterations in chromosome
alignment

To corroborate the in vitro results, we then analyzed the meiotic
phenotype of a haspin knockout (KO) mouse model (Haspin™")
(Figs 5-8).
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We analyzed the histology of the testes from Haspin™™ mice.
Seminiferous tubules and the peritubular tissue in Haspin™~ mice
seemed completely normal and spermatozoa could be observed in
the epididymis (Fig. 5A); however, misaligned M-I cells were
clearly observed (inset, Fig. 5A). This suggests an apparently
normal fertility of these mutants, which was confirmed after
crossing haspin-deficient males or females with WT mice. Both
female and male Haspin™~ individuals were fertile, producing litter
sizes not significantly different to those from Haspin™" crossings
(Fig. 5B). Additionally, we analyzed the sperm of Haspin™"~ mice
with the sperm chromatin dispersion (SCD) assay. We found no
significant differences in DNA fragmentation in sperm from
Haspin™" and Haspin™~ males (Fig. 5C). Haspin™~ did not
present univalents in M-I or independent chromatids in M-II,
suggesting that SCC was not altered. To further analyze this,
we detected the SMC3 cohesin subunit in Haspin™~ spread
spermatocytes. No alterations were observed in SMC3 localization
over the chromosomal axes, as seen by colabeling with axial/
lateral elements of the synaptonemal complex stained with
anti-SYCP3, in prophase-I spread spermatocytes (Fig. S5B)

compared to Haspin*’" spread spermatocytes (Fig. S5A). SMC3
signals at the interchromatid domain in M-I in Haspin™~ were also
identical to those in Haspin " (Fig. S5C,D). These data corroborate
the fact that SCC is not directly regulated by haspin in male mouse
meiosis.

In agreement with the in vitro experiments with LDN, we
observed that H3T3ph is absent in the chromosomes of both M-I
and M-II spermatocytes in Haspin~~ mice (Fig. 6A,B). Likewise,
we reported an abundance of misaligned M-I and M-II cells. The
frequency of these misaligned metaphases was also higher
compared to WT, but slightly lower than that reported in our in
vitro experiments (51.13% in M-I and 51.21% in M-II) (Fig. 6B).
However, the frequency of apoptotic metaphases increased
three-fold during M-1 in Haspin™~ (25.42%) compared to
Haspin'" (8.5%), whereas LDN-treatment was only 2-fold
higher in Haspin™~ than in control. The ratio of Haspin™'~
apoptotic M-I (18%) was similar, but almost four-fold higher
than in Haspin™* (5.1%) (Fig. 6B). We confirmed that these
metaphase cells were indeed apoptotic using the TUNEL assay
(Fig. S1B). Surprisingly, multipolar metaphases were not observed
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in cells from Haspin™~ mice. To ascertain whether multipolar also observed multipolar M-I and M-II cells in Haspin~'~ LDN-
spermatocytes from control mice under LDN treatment were treated spermatocytes (Fig. S2C), the appearance of multipolar
caused by off-target effects, we then decided to treat Haspin™~  spermatocytes after LDN treatment seemed to be an off-target effect
spermatocytes with the same LDN treatment (1 mM for 6 h). Aswe  of the drug.
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Fig. 5. Analysis of the fertility phenotype of the haspin knockout mouse model. (A) Hematoxylin and Eosin-stained histological sections of seminiferous
tubules and epididymis from Haspin*'* and Haspin~'- mice. Scale bar: 200 um. The magnified image shows a portion of a Haspin='~ seminiferous tubule with an
aligned metaphase-I cell (red arrowhead) and two metaphase-I cells with misaligned bivalents (blue arrowheads). Images are representative of three sections/
individual, and two individuals for each condition. (B) Litter sizes for crosses of male Haspin*'*xfemale Haspin*'* mice, female Haspin*'*xmale Haspin='~ mice
and male Haspin'~xfemale Haspin~'~ mice. (C) Sperm chromatid dispersion (SCD) test in Haspin*'* and Haspin~'~ spermatocytes. The values indicate the
diameter of the chromatin fragmentation area. Scale bar: 10 um. Graphical representation of spermatozoa with fragmented and non-fragmented DNA from

Haspin** and Haspin~'~ mice (n=1 and n=3 mice, respectively).

We analyzed the localization of the ICD components in
Haspin™~ metaphase spermatocytes. We observed the absence
of H3T3ph in Haspin~~ M-I (Fig. 7Aa,Ab,C) and M-II
(Fig. 7Ba,Bb,D) cells. The absence of H3T3ph was accompanied
by a significant reduction of AURKB and AURKB/Cph at
centromeres in M-I (Fig. 7Ac-Af,C) and M-II (Fig. 7Bc-Bf,D)
cells. In contrast, both H2AT120ph and SGO2 abundance were
unaltered in M-I (Fig. 7Ag—Aj,C) and M-II (Fig. 7Bg-Bj,D) cells,
as in LDN-treated spermatocytes. Quantification analysis showed
no significant differences in H2AT120ph or SGO2 intensity at the
centromeres between Haspin* and Haspin™~ in M-I (Fig. 7C)
and M-II (Fig. 7D).

To further analyze other related proteins, we decided to
study the CPC component borealin and the kinesin
MCAK. Borealin has been described to be loaded to the
centromere before AURKB, whereas MCAK is loaded after
(Parra et al., 2009, 2003). We observed no significant alteration
of borealin centromeric signals in Haspin™~ M-I spermatocytes
(Fig. 8A), suggesting that the loading of this protein is not
affected by the absence of the haspin kinase. In contrast,
we observed a clear delocalization of the kinesin MCAK,
which failed to be recruited to Haspin™~ M-I centromeres,
presenting a relocalization presumably to the meiotic spindle

(Fig. 8B). These data suggest that the haspin kinase is
implicated in the loading of MCAK to centromeres during male
mouse meiosis.

Finally, we analyzed another AURKB target, phosphorylation of
histone H3 at S10 (H3S10ph), to check whether it was altered in
Haspin™~ spermatocytes. No significant differences were observed
for the intensity of H3S10ph between Haspin™" and Haspin™~ M-I
spermatocytes (Fig. 8C).

DISCUSSION

The role of haspin has been widely investigated in somatic
cells. This kinase was found to be responsible for H3T3
phosphorylation, which is a necessary step for the proper loading
of the CPC to the centromeres, chromosome alignment and SCC
(Dai and Higgins, 2005; Maiolica et al., 2014; Markaki et al., 2009).
Here, we report that some of these functions are also conserved in
male meiosis, although important differences were found,
indicating a possible redundancy of pathways in the correct
assembly of the ICD in vertebrate meiosis. The two approaches
used here, the functional in vitro inhibition of haspin with LDN and
the use of a knockout mouse modelm produced congruent results,
indicating the accuracy of these methods to assess haspin function in
male meiosis.
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Haspin facilitates proper chromosome congression in male
mouse meiotic divisions by phosphorylating H3T3 and
recruiting AURKB at centromeres, but is dispensable for the
loading of borealin and SGO2 to the ICD

In the past years, several reports suggested that the CPC, including
AURKB, must locate to the ICD to ensure accurate chromosome
congression at the metaphase plate (Hindriksen et al., 2017; Kelly
etal., 2010; Santaguida et al., 2010; Saurin et al., 2011; Wang et al.,
2010). The current model proposes that the CPC is recruited to the

chromatin regions where H3T3ph and H2AT120ph are present
(Yamagishi et al., 2010), implying that the ICD might be defined by
simultaneous interactions of the CPC with H3T3ph, H2AT120ph
and SGO1/SGO2 (Hadders et al., 2020; Krenn and Musacchio,
2015; Liang et al., 2020). Interestingly, a recent model suggested
that the ICD is scaffolded by a spatially regulated CPC, which is
able to assemble and disassemble, allowing histone modifications to
interact with each other during the different stages of the cell cycle
(Trivedi and Stukenberg, 2020). In this regard, several publications
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Fig. 7. Analysis of the inner centromere domain (ICD) in Haspin** and Haspin~"- metaphase-l and metaphase-ll spermatocytes. (A) Distribution of ICD

components in metaphase-| spermatocytes. Double immunolabeling of SYCP3 (magenta) with either (a,b) H3T3ph (green), (c,d) AURKB (green), (e,f) AURKph
(green), (g,h) H2AT 120ph (green) or (i,j) SGO2 (green). (B) Distribution of ICD components at metaphase-Il spermatocytes. Double immunolabeling of SYCP3
(magenta) and either (a,b) H3T3ph (green), (c,d) AURKB (green), (e,f) AURKph (green), (g,h) H2AT120ph (green) or (i,j) SGO2 (green). White arrowheads in Ae,
Be,Bf indicate the centrosomes. Chromatin was stained with DAPI (blue). The centromere of chromosome Y is indicated (Y). (C) Quantitative analysis of the
relative signal intensity for different ICD components in metaphase-I spermatocytes. (D) Quantitative analysis of the relative signal intensity for different ICD
components in metaphase-Il spermatocytes. Experiments were conducted for two biological replicates. Data represent meants.e.m. au, arbitrary units. n.s., not
significant; ****P<0.0001, two-tailed unpaired Student’s t-test. Scale bars: 10 ym.

support the idea of different routes to recruit AURKB to mitotic  histone H3T3; a second pool, located at the kinetochores, would be
centromeres. Broad and coworkers investigated three discrete recruited by Bubl-mediated phosphorylation of histone H2AT120;
AURKB populations at mitotic centromeres: an ICD pool of and a third pool would be recruited to the outer kinetochore by
AURKB would be recruited by haspin-mediated phosphorylation of  the protein CENP-C in early mitosis, independently of either the
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metaphase-l spermatocytes. (A) Double immunolabeling of borealin (green) and SYCP3 (magenta) in Haspin*'* (a) and Haspin='~ (b) metaphase-
spermatocytes. Chromatin was stained with DAPI (blue). White arrowheads in Ab point to misaligned bivalents. Graph represents the relative signal intensity of
borealin signal in Haspin*'* and Haspin~'- metaphase-| spermatocytes. Analysis was conducted for one biological replicate. (B) Double immunolabeling of MCAK
(green) and SYCP3 (magenta) in Haspin*'* (a) and Haspin~'~ (b) spermatocytes. Analysis of MCAK distribution was conducted in three Haspin~'~ biological
replicates. Chromatin was stained with DAPI (blue). (C) Double immunolabeling of H3S10ph (green) and SYCP3 (magenta) in Haspin*'* (a) and Haspin™'~
(b) spermatocytes. White arrowheads in Cb point to misaligned bivalents. Chromatin was stained with DAPI (blue). Graph represents the quantitative analysis of
H3S10ph signals in metaphase-l spermatocytes. Analysis was conducted for one biological replicate. Data represent meants.e.m. au, arbitrary units. n.s., not

significant; two-tailed unpaired Student’s t-test. Scale bars: 10 um.

Bub1-H2AT120ph-SGO1 or haspin-H3T3ph pathways
(Broad et al., 2020). Furthermore, two additional publications
demonstrated that the kinase activity of either haspin or Bubl
is sufficient to recruit AURKB to mitotic centromeres
(Hadders et al., 2020; Liang et al., 2020), suggesting that the
Bub1-H2AT120ph and haspin-H3T3ph pathways coexist in the
ICD and have combined actions that ensure the recruitment of
different pools of AURKB to the centromeres.

The results presented here are congruent with the involvement of
haspin in the proper assembly of the ICD during meiosis and,
interestingly, also suggest a redundancy of pathways in some steps
of this process. Centromere dynamics are clearly altered in the
absence (Haspin™~ spermatocytes) or inhibition (LDN-treated
spermatocytes) of haspin kinase activity. The most conspicuous
effects are the abolition of H3T3ph signals and the reduction of
AURKB and AURKph signals at the centromeres in both meiotic
divisions.

Our results suggest that H3T3ph and AURKph disruption at the
centromeres leads to a malfunction of male meiotic progression, as
revealed by the increase of misaligned chromosomes and apoptotic
cells in both M-I and M-II. Therefore, haspin might play a
fundamental role in ensuring proper chromosome congression or

segregation in mouse gametogenesis: in both spermatogenesis and
oogenesis. However, it appears that the role of haspin might be
redundant with other proteins as neither haspin absence (Haspin™")
nor inhibition (LDN treatment) alter SGO2 localization to meiotic
centromeres. These findings could imply a similar pathway for
centromeric CPC regulation in meiosis in both sexes, as the retention
of AURKB/C and SGO2 at centromeres after the inactivation of
haspin is identical to what is seen in oocytes (Nguyen et al., 2014).
This points to a similar pathway for CPC regulation in both
spermatogenesis and oogenesis, and an alternative pathway capable
of recruiting SGO2 to the ICD, at least during male mouse meiosis
(Gomez et al., 2007; Llano et al., 2008). In mitosis, AURKB
phosphorylates SGO2 (Tanno et al., 2010). Moreover, the inhibition
of Bubl kinase activity in haspin-deficient cells abolished any
detectable enrichment of AURKB at centromeres (Liang et al., 2020).
The few data available about mammalian gametogenesis indicate
that, in mouse oocytes, the kinase activity of Bubl is dispensable for
SGO2 localization at the centromeres (El Yakoubi et al., 2017). Here,
we show that although the haspin kinase is responsible for the
recruitment of phosphorylated AURKB/C at centromeres, abolition
of the haspin-H3T3ph pathway does not preclude the recruitment
of SGO2 to the ICD. Consequently, we propose that in mouse
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spermatogenesis, the Bub1-H2AT 120ph-SGO?2 and haspin-H3T3ph-
CPC pathways might also have redundant functions in the assembly
of the CPC at centromeres. The fact that Haspin™'~ mice are fertile
despite the absence of H3T3ph and the reduction of AURKB
phosphorylation at centromeres supports this hypothesis. Moreover,
given that either the haspin or Bubl kinase could independently
recruit different pools of AURKB to support faithful chromosome
segregation in mitosis (Hadders et al., 2020; Liang et al., 2020), we
could hypothesize that, in spermatogenesis, there might also be
different pools of AURKB at the inner centromere that synergistically
ensure chromosome congression in meiosis. Intriguingly, a third
AURK (AURKC) is involved in meiosis compared to mitosis (Brown
et al., 2004; Nguyen and Schindler, 2017). Therefore, given that
haspin inhibition does not perturb the spindle assembly checkpoint
activity during female mammalian meiosis T in Aurkc™~ mice
(Quartuccio et al.,, 2017) and that AURKB and AURKC have
collaborative functions in oogenesis (Nguyen et al., 2018) and
spermatogenesis (Wellard et al., 2020), we argue that the haspin—
AURKB interaction might be dispensable and compensated by
AURKC function during spermatogenesis. Ultimately, all these data
point to a haspin-dependent, centromeric AURKB function in the
context of chromosome congression regulation, which might have
synergic functions with centromeric AURKC in male mouse meiosis.

However, other mitotic CPC components have been found to be
altered by haspin activity. H3T3ph phosphorylation by haspin
creates a chromatin-binding site for the BIR domain of survivin
(Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 2010; Wang
et al., 2012) and haspin RNAi causes CPC loss from centromeres
but not the central spindle (Wang et al., 2010). Our results show that
although AURKB and AURKB/Cph are reduced in LDN-treated
Haspin™~ spermatocytes, the loading of borealin to centromeres is
not affected. This is consistent with previous results describing the
sequential assembly of centromeric proteins in male mouse meiosis,
in which borealin is loaded to the centromeres before AURKB
(Parra et al., 2009). Moreover, our data demonstrate that borealin
loading to the centromeres is independent of haspin activity and,
therefore, of H3T3ph. This idea is strengthened with data from
oocytes, in which the presence of INCENP and survivin at
centromeres is not affected by haspin inactivation (Nguyen et al.,
2014). All these data reinforce the idea that mouse meiosis compiles
a complex entangle of centromeric routes assembling the ICD.

Altogether, our work suggests that during spermatogenesis, the
haspin-H3T3ph pathway is not the only route to recruit CPC
components to the meiotic centromeres and is dispensable for the
loading of borealin and SGO2 to centromeres in male mouse
meiosis. Instead of converging to accumulate the CPC precisely at
the ICD, haspin and Bubl might each also recruit a separate
functional CPC pool to the centromere, potentially sharing
similarities with the mitotic centromeric pathway (Broad et al.,
2020).

Haspin and AURKB are involved in the loading of MCAK to
meiotic centromeres

Our results suggest that the presence of haspin is a prerequisite for
the loading of MCAK to centromeres. Delocalization of MCAK
from centromeres and relocalization to the meiotic spindle could
further explain the appearance of misaligned bivalents or
chromosomes in the absence of haspin, as this depolymerizing
kinesin is responsible for correcting incorrect kinetochore—
microtubule attachments (Ritter et al., 2015). In mitosis, haspin
appears to influence MCAK localization and checkpoint signaling
at centromeres by controlling AURKB localization (Qiao et al.,

2014; Wang et al., 2010, 2012). Moreover, synergistic inhibition of
AURKA and haspin disrupts the mitotic centromere aggregation of
AURKB and MCAK (Chen et al., 2021). Taking into account that
MCAK is loaded to centromeres in a SGO2-dependent manner in
male meiosis (Llano et al., 2008), our results suggest that the
presence of haspin at the ICD is a prerequisite for the recruitment of
MCAK to the ICD. This suggests that phosphorylation of H3T3
precedes the appearance of AURKB and AURKB/Cph at
centromeres, which in turn occurs prior to SGO2 and MCAK
loading, in accordance with previous reports (Parra et al., 2009).
Given that SGO2 localization is not altered in the absence or
inactivation of haspin in spermatocytes, we suggest that MCAK
recruitment depends on the presence and phosphorylation of
AURKB at centromeres in male mouse meiosis. Therefore, we
argue that in the absence of AURKB activity at the centromere,
MCAK relocalizes to the meiotic spindle. Accordingly, several
previous reports demonstrated that AURKB controls centromere
localization of MCAK in somatic cells (Gorbsky, 2004; Lan et al.,
2004; McHugh et al., 2019; Ohi et al., 2004), in which disruption of
Aurora B function by expression of a kinase-dead mutant or RNAi
also prevented centromeric targeting of MCAK, which relocalized
to the mitotic spindle (Andrews et al., 2004).

Haspin is not implicated in the phosphorylation of H3510 nor
in SCC in male mouse meiosis

AURKB phosphorylates multiple substrates, including histone H3
at serine 10 (H3S10ph) on chromatin (Ruchaud et al., 2007). Our
results showed that haspin kinase activity is not directly implicated
in the phosphorylation of H3S10 in dividing spermatocytes,
as this mark is not altered in metaphases either in the in vitro
LDN experiments or in the Haspin™~ mouse model. Accordingly,
AURKB-dependent H3S10 phosphorylation precedes H3T3
phosphorylation in G2 (Hirota et al., 2005; Ruppert et al., 2018)
and H3S10ph is insensitive to the haspin inhibitor (Wang et al.,
2012) in somatic cells.

However, it has been suggested that haspin depletion has similar
effects compared to depletions of cohesion factors, as somatic
haspin-depleted cells show premature loss of cohesion, leading to
sister chromatid separation and prolonged mitotic arrest (Dai et al.,
2009, 2006). In contrast, our results showed that SCC, at least
mediated by SMC3-containing cohesin complexes, is not altered by
either haspin inhibition or ablation. In addition, neither LDN-
treated nor Haspin™~ spermatocytes present univalents in M-I or
single chromatids in M-II. This indicates that haspin is not a major
regulator of SCC in male mouse meiosis. These findings are further
supported by observations in female mouse meiosis, in which SCC
is also still intact after haspin inhibition in oocytes (Nguyen et al.,
2014; Quartuccio et al., 2017).

Haspin is not directly implicated in centrosome dynamics in
male mouse meiosis

Several studies have suggested that haspin inhibition causes MTOC
instability in somatic cells and oocytes. In mitosis (U20S cells),
eGFP-haspin was detected at centrosomes (Dai et al., 2005) and
further analysis showed that haspin knockdown with siRNA
increased the number of centrosome-like foci that contained
v-tubulin and allowed microtubule polymerization (Dai et al.,
2009). However, an increased incidence of MTOC foci in M-I
spindles was also observed when analyzing haspin functions in
mouse oocytes using inhibitors and overexpression approaches
(Nguyen et al., 2014). Other results indicated that after haspin in
vitro inhibition, the multiple MTOC foci that should cluster into two

12

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




RESEARCH ARTICLE

Journal of Cell Science (2022) 135, jcs259546. doi:10.1242/jcs.259546

poles failed to do so, albeit the MTOC localization of AURKA was
not perturbed (Balboula et al., 2016).

Our results demonstrate that LDN is an effective haspin inhibitor
as it disturbs H3T3 phosphorylation. These in vitro results first
suggested that the inhibition of haspin with LDN in control
spermatocytes could cause centrosome instability and the
appearance of multipolar M-I and M-II spermatocytes, pointing
to a potential role of haspin in centrosome regulation in male
mouse meiosis. In these multipolar metaphases, all induced
MTOCs are capable of recruiting pericentrin and polymerizing
microtubules, sharing similarities with somatic cells (Dai et al.,
2009) and mouse oocytes (Balboula et al., 2016). However, we
detected AURKAph at the poles of misaligned M-I and M-II in
our in vitro studies with LDN treatment and in the mouse model
Haspin™~, suggesting that haspin is not directly implicated in
AURKA recruitment to centrosomes and it is not responsible for
AURKA phosphorylation in spermatocytes, consistent with
previous data in oocytes (Balboula et al., 2016). Moreover, as the
small fraction of multipolar metaphases after haspin inhibition was
detected in both control and Haspin~~ LDN-treated spermatocytes,
we argue that unknown off-target effects of LDN could also have
occurred in the in vitro experiments. It has been reported that several
ATP-binding-site-targeting inhibitors have cross-reactivity between
haspin and other protein kinases, the most common being the dual-
specificity tyrosine-regulated kinases (DYRKSs), a conserved family
of protein kinases that phosphorylate a broad set of proteins
involved in many different cellular processes, including centrosome
regulation and ciliogenesis. In this regard, a high-throughput screen
revealed that LDN exhibited potent inhibitory activity for proteins
from the DYRK family (Cuny et al., 2010; Kestav et al., 2017).
Given that DYRKSs appear to contribute to the regulation of an
array of signaling pathways, including cell cycle progression and
mitosis (Yoshida and Yoshida, 2019), centrosome regulation and
ciliogenesis (Hossain et al., 2017; Yoshida et al., 2020), we argue
that the small proportion of multipolar spindles seen after LDN
treatment could be an effect of DYRK, or other similar off-target
protein kinase, alterations. Furthermore, as LDN has been
approached as a therapeutic treatment in oncology (Amoussou
et al., 2018), the importance of accurately designing therapies
identifying the correct treatment concentrations and excluding off-
target effects should be important in future studies to ensure the
efficiency of these potential cures.

Haspin inhibition or ablation induces chromosomal
mis-congression in male mouse meiosis but does not

alter fertility

Haspin KO mitotic cell lines have been described to present delays in
metaphase-anaphase progression due to bi-orientation errors and
centromeric cohesion weakness (Zhou et al., 2014), whereas haspin
inhibition induces chromosome mis-segregation, errors in
congression and cytokinesis failure (Dai et al., 2009). In contrast,
in mouse oocytes, A-I proceeds with chromosomes being mis-
segregated and the persistence of improper kinetochore—microtubule
attachments, yet cells complete cytokinesis and progress to M-II
carrying aneuploidies (Kang et al., 2015; Nguyen et al., 2014
Quartuccio et al., 2017; Wang et al., 2016). We here found
that LDN-inhibition of haspin in spermatocytes leads to a high
incidence of misaligned metaphases, which could potentially cause
aneuploid gametes. The Haspin™~ mouse model unravels the
complexities of fully depleting the haspin kinase in vitro
experimentally and confirmed haspin implication in chromosome
congression. Nevertheless, Haspin™~ male mice present sperm in the

epididymis, similarly to a previous Haspin™~ model (Shimada et al.,
2016), indicating that although a high incidence of mis-segregation
errors occurs during the first and the second meiotic division,
spermatocytes progress to form mature gametes.

Altogether, the combined data regarding haspin inhibition in
mitosis and meiosis are intriguing. The literature discussed shows
that haspin inhibition leads to cell death in mitosis, but it does not
interrupt meiosis; however, it needs to be considered that all these
studies have been conducted in vitro, in which haspin is abruptly
disrupted and might present a more aggressive phenotype. Our work
combines the in vitro experiments with the characterization of the
meiotic phenotype of a Haspin™~ mouse model, allowing us to
conclude that the haspin kinase is dispensable for male mouse
fertility.

MATERIALS AND METHODS

Mice

Testes from adult C57BL/6 (WT) and genetically modified Haspin~'~ male
mice were used for this study. All animal procedures were approved by local
and regional ethics committees (Institutional Animal Care and Use
Committee and Ethics Committee for Research and Animal Welfare,
Instituto de Salud Carlos III) (permits PROEX 301/19) and performed
according to the European Union guidelines for the protection of animals
(2010/63/EU). The Haspin (Gsg2)-null allele, lacking the complete Gsg2
single exon, was generated by the laboratory of M.M.

Culture of seminiferous tubules and LDN-192960 treatment
Culture of seminiferous tubules was performed as previously described
(Alfaro et al., 2021; Sato et al., 2011). Testes from WT mice were removed,
detunicated and fragments of seminiferous tubules were cultured in agarose
gel half-soaked in Minimum Essential Medium oo (MEMo; Gibco, A10490-
01) supplemented with KnockOut Serum Replacement (KRS; Gibco, 10828-
010) and antibiotics (penicillin/streptomycin; Biochrom AG, A2213) with
1 mM LDN-192960 (Sigma-Aldrich, SML0755), and were kept at 34°C in an
atmosphere with 5% CO,. Controls were kept in MEMa. culture medium
without LDN-192916. After 2, 4 and 6 h, control and inhibitor-treated
seminiferous tubules were subjected to the squashing technique. The same
treatment of 6 h 1 mM with LDN-192960 was performed with seminiferous
tubules extracted from the Haspin™~ mouse model.

Immunofluorescence microscopy

Seminiferous tubules were fixed and processed following previously
described protocols for squashing (Page et al., 1998; Parra et al., 2002) or
spreading (Peters et al., 1997) techniques.

Kinetochores were revealed with a purified human anti-centromere
autoantibody (ACA) serum (Antibodies Incorporated, 435-2RG-7) at a 1:20
dilution. SYCP3 was detected with either a mouse monoclonal antibody
against mouse SYCP3 (Santa Cruz Biotechnology, sc-74569) or a rabbit
polyclonal antibody recognizing mouse SYCP3 (Santa Cruz Biotechnology,
sc-33195), both at a 1:50 dilution. Histone modifications were detected with
the following primary antibodies: rabbit polyclonal anti-H2AT120ph
antibody (Active Motif, 39391) at a 1:10 dilution, rabbit polyclonal anti-
H3T3ph antibodies (Abcam, ab-17532; and Upstate, 07-424) at a 1:800
dilution, and rabbit polyclonal anti-H3S10ph antibody (Merck Millipore, 06-
570) at a 1:100 dilution. AURKB was detected with a mouse monoclonal
anti-Aurora B (AIM-1) antibody (BD Biosciences, 611082) at a 1:30 dilution,
and AURKB/Cph were revealed with a rabbit polyclonal anti-AuroraTph
antibody (Cell Signaling, 2914S) at a 1:30 dilution. Shugoshin 2 (SGO2) was
revealed with a rabbit polyclonal anti-SGO2 antibody generated by Dr José
Luis Barbero (CIB-CSIC, Spain) (Gomez et al., 2007). Rabbit polyclonal
anti-borealin antibody was generously provided by Dr William Earnshaw
(University of Edinburgh, UK) (Gassmann et al., 2004) and was used at a 1:50
dilution. Sheep polyclonal anti-MCAK antibody was generously provided by
Dr Linda Wordeman (University of Wasington, USA) (Maney et al., 1998)
and used at a 1:40 dilution. Tubulin was detected with a rat anti-o-tubulin
antibody (Abcam, ab6160) at a 1:100 dilution. Pericentrin (PCNT) was
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detected with a rabbit polyclonal antibody (Abcam, ab4448) at a 1:30
dilution. Centrin 3 (CETN3) was detected with a mouse monoclonal antibody
(Novus Biologicals, H00001070-MO01) at 1:100 dilution. SMC3 was detected
with a rabbit polyclonal antibody (Abcam, ab9263) at a 1:30 dilution.
Corresponding secondary antibodies were used against rabbit, mouse, rat,
sheep and human IgGs conjugated with either Texas Red (Jackson
ImmunoResearch), Alexa Fluor 594 or Alexa Fluor 488 (Molecular
Probes), all of them used at a 1:100 dilution.

After several tries with three different commercial antibodies (Santa Cruz
Biotechnology, sc-98.622; Abnova, H00083903-BO1P; and Bethyl
Laboratories, A302-241A) and two custom-made antibodies, we could
not obtain an antibody that accurately shows the distribution of haspin in
mouse spermatocytes.

Immunofluorescence images and stacks were collected on an Olympus
BX61 microscope equipped with epifluorescence optics, a motorized z-
drive, and Olympus DP71 or DP70 digital cameras controlled by analySIS
software (Soft Imaging System). Finally, images were processed with
ImageJ (National Institutes of Health, USA; http:/rsb.info.nih.gov/ij) and/
or Adobe Photoshop softwares.

Apoptosis marker

The DNA fragmentation-associated apoptosis in spermatocytes was
detected by the TUNEL assay by using a commercial kit (Roche,
11684795910) according to the manufacturer’s protocol. Nuclei were
counterstained for 3 min with 10 pg/ml DAPI. Tests were developed on
formaldehyde-fixed seminiferous tubules.

Sperm chromatin dispersion assay

Quantification of DNA fragmentation of mice sperm was performed
following the instructions of the Halosperm kit (Halotech DNA SL, HT-
HS10) and revealed with the Fluogreen kit (Halotech, HT-GFS100).

Histology

For histological sections, testes were fixed in 10% buffered formalin
(Sigma-Aldrich) and embedded in paraffin wax. After standard washes and
dehydration, paraplast-embedded tissue blocks were cut in 3—5 um-thick
sections in a Reichert microtome. Finally, sections were stained with
Hematoxylin and Eosin.

Quantification and statistical analysis

Quantification of the immunofluorescence intensity was estimated by
measuring the integrated fluorescence density in individual nuclei using
Image] by creating a binary mask with the DAPI staining. The acquisition
time was fixed for all acquired images, and the quantification was only
performed using the original unmodified images. A minimum of ten
metaphase spermatocytes per condition were analyzed in each experiment.
All graphics and statistical tests were performed with GraphPad Prism 9.0
software. Mean differences for each group were evaluated by an independent
sample two-tailed unpaired #-test. Values are expressed as mean+s.e.m. and
P-values below 0.05 were considered statistically significant.
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