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Abstract
Recombination is crucial for chromosome pairing and segregation during meiosis. SPATA22, along with its direct binding
partner and functional collaborator, MEIOB, is essential for the proper repair of double-strand breaks (DSBs) during meiotic
recombination. Here, we describe a novel point-mutated allele (shani) of mouse Spata22 that we isolated in a forward genetic
screen. shanimutant mice phenocopy Spata22-null andMeiob-null mice: mutant cells appear to form DSBs and initiate meiotic
recombination, but are unable to complete DSB repair, leading to meiotic prophase arrest, apoptosis and sterility. shani mutants
show precocious loss of DMC1 foci and improper accumulation of BLM-positive recombination foci, reinforcing the require-
ment of SPATA22-MEIOB for the proper progression of meiotic recombination events. The shanimutation lies within a Spata22
coding exon andmolecular characterization shows that it leads to incorrect splicing of the Spata22mRNA, ultimately resulting in
no detectable SPATA22 protein.We propose that the shanimutation alters an exonic splicing enhancer element (ESE) within the
Spata22 transcript. The affectedDNA nucleotide is conserved inmost tetrapods examined, suggesting that the splicing regulation
we describe here may be a conserved feature of Spata22 regulation.
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Introduction

Gamete formation during sexual reproduction occurs by a
specialized cell division program called meiosis, where two
rounds of chromosome segregation follow one round of DNA
replication; homologous chromosomes segregate in the first
round and sister chromatids separate in the second. The mei-
otic cell division program contains an extended prophase,
during which replicated homologous chromosomes pair and
recombine. This creates temporary connections called cross-
overs that are essential to stabilize homologs on the metaphase
spindle during segregation (Page and Hawley 2003; Hunter
2015). Errors in these events can cause gametogenic failure
and infertility or can produce aneuploid gametes that in turn
result in miscarriage and developmental defects (Hassold and
Hunt 2001; Sasaki et al. 2010).

Meiotic recombination initiates with the formation of pro-
grammed DSBs that are resected to yield single-strand DNA
(ssDNA) overhangs. Then, DMC1, the meiosis-specific
strand-exchange protein, along with its ubiquitously
expressed paralog, RAD51, assembles onto ssDNA to form
nucleoprotein filaments that conduct homology search and
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strand invasion. The resulting recombination intermediates are
repaired by multiple pathways to ultimately give either non-
crossover products or crossovers (Baudat et al. 2013; Hunter
2015). Recombination intermediates and their repair pathways
are closely regulated to guarantee the formation of at least one
crossover per homolog pair (Hunter 2015; Zickler and
Kleckner 2015). While we have a broad-strokes picture of
the factors involved and their contributions to meiotic recom-
bination, mechanistic detail of their individualmolecular func-
tions and their cross-talk is lacking. We also lack clear under-
standing of how meiosis-specific proteins collaborate with
ubiquitous repair proteins to specialize homologous recombi-
nation during meiosis. Moreover, it is unclear whether the
catalog of relevant vertebrate proteins important for meiotic
recombination is complete.

To explore the mechanisms underlying the regulation of
meiotic recombination and to identify novel mouse meiotic
mutants, we performed a phenotype-based, random chemical
mutagenesis screen. Two hits we previously described are
rahu, that was defective for a rodent-specific DNA methyl-
transferase paralog DNMT3C (Jain et al. 2017), and ketu,
which was defective for the conserved RNA helicase
YTHDC2 (Jain et al. 2018). Here, we describe a new mutant
that we named shani, for “Spata22-affected with hypogonadic
testes and infertility.” Shani, Ketu, and Rahu are harbingers of
misfortune in Vedic mythology.

shani is a missense mutation in Spata22, which encodes a
protein that is essential for meiotic recombination (La Salle
et al. 2012; Ishishita et al. 2013). The shani mutation is ex-
pected to alter an amino acid, but surprisingly it causes exon
skipping, eventually leading to lack of detectable SPATA22
protein. SPATA22 and its functional collaborator, MEIOB,
form a meiosis-specific complex and they resemble subunits
of RPA, the ubiquitous ssDNA-binding complex that regu-
lates ssDNA during replication, repair and recombination
(Wold 1997; Luo et al. 2013; Souquet et al. 2013; Ishishita
et al. 2014; Ribeiro et al. 2016; Xu et al. 2017; Ribeiro et al.
2018). SPATA22-MEIOB colocalize on meiotic chromo-
somes with RPA subunits and their null mutants accumulate
unrepaired DSBs, suggesting that they perform a critical func-
tion(s) during meiotic recombination (La Salle et al. 2012;
Luo et al. 2013; Souquet et al. 2013; Ishishita et al. 2014;
Hays et al. 2017). Also, mutations in this complex have been
linked to human infertility (Gershoni et al. 2017; Caburet et al.
2019; Gershoni et al. 2019).

Spata22shani/shani homozygote mice are both female- and
male-sterile.We show that Spata22shani/shanimutant spermato-
cytes have defective chromosome synapsis and fail to com-
plete DSB repair during meiotic prophase, like Spata22-null
mice (Hays et al. 2017). Our results validate previous findings
as well as further our understanding of the meiotic role of
SPATA22 in mice. Importantly, we have isolated a novel
allele of Spata22 that reveals unexpected post-transcriptional

regulation and may provide insight into how gene expression
is regulated more generally during meiosis.

Results

Isolation of the novel meiotic mutant shani
from a forward genetic screen

To isolate mutants with defects in meiosis, we carried out a
phenotype based, random mutagenesis screen in mice (Jain
et al. 2017; Jain et al. 2018). We mutagenized male mice with
the alkylating agent N-ethyl-N-nitrosourea (ENU) that pre-
dominantly creates single base substitutions. Then we follow-
ed a three-generation breeding scheme to recover recessive
mutations causing meiotic defects (Caspary 2010; Probst
and Justice 2010; Jain et al. 2017; Jain et al. 2018) (Fig. 1a).

We screened third-generation (G3) male offspring for mei-
otic defects by measuring testes weights. In adult wild-type
mice, normal spermatogenesis results in testes populated with
spermatogenic cell types spanning all stages of spermatocyte
development. Mice with meiotic defects, such as failure to
initiate or complete meiotic recombination, display spermato-
genic arrest with apoptotic elimination of spermatocytes,
resulting in a reduction in testes size or hypogonadism (de
Rooij and de Boer 2003). To control for low testes weight
due to poor growth and reduction in overall body size, we also
measured the body weight and analyzed data as testes-to-
body-weight ratios.

In an F1 founder line we named shani, four of the G3males
screened (Fig. 1b) showed a 69.6% reduction in testes-to-
body-weight ratio compared to littermates (mean ratios were
0.21% for shanimutants and 0.69% for wild-type and hetero-
zygous animals; p < 0.01, one-sided t test; Fig. 1c).

shani maps to a missense mutation in the Spata22
gene

To identify the causative mutation, we generated additional
mutant animals and performed whole-exome sequencing of
DNA from five G3 shani mutants. Then, we searched for
homozygous variants that were shared between all five mu-
tants (Fig. 2a). This revealed three un-annotated DNA se-
quence variants (Fig. 2a). Two variants were located within
introns lacking sequencing read coverage in ENCODE long
RNA-sequencing data from adult wild-type testis, making
these unlikely phenotype-causing mutations. The third was
an exonic variant located in the predicted Spata22 coding
sequence and was spanned by testis transcripts (Fig. 2a, b).

The Spata22 variant is an A to G nucleotide transition at
position Chr11:73336037, resulting in a missense mutation
(glutamic acid to glycine) in exon 4 (Fig. 2b, c). Spata22
RNA is expressed predominantly in the adult testis (Fig. 2d)
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and Spata22-null mice display meiotic defects with
hypogonadism (Hays et al. 2017). This led us to surmise that
this ENU-induced point mutation disrupts Spata22 function
and is the cause of the shani mutant phenotype.

To characterize the shani mutation, we examined conser-
vation of Spata22. The mouse Spata22 transcript encodes a
protein of 358 amino acids and 40.17 kDa (presented
schematically in Fig. 2e). Searches in protein databases re-
vealed that placental mammals possess a similar SPATA22
protein: 358 to 364 amino acids in length with two well-
conserved domains, a short motif located near the N-
terminus and a longer region located near the C-terminus
(yellow boxes in Fig. 2e). These domains were present in
SPATA22 homologs from all vertebrates examined and were
separated by a less conserved region of ~ 190 amino acids.
Using these domains to search, SPATA22 homologs were
retrieved in invertebrates such as echinoderms, cnidarians
and molluscs (Fig. 2e, Table S1). In several distant animals,
e.g., arthropods (Arthropoda) and sponges (Porifera), a likely
homolog restricted to the C-terminal domain could be re-
trieved but with substantial divergence from other homologs
(Table S1). The conserved C-terminal domain corresponds to
the region in mouse that is required for interaction with
MEIOB, the functional collaborator and direct binding partner
of SPATA22 (Xu et al. 2017; Ribeiro et al. 2018), suggesting
that the SPATA22-MEIOB interaction is likely a conserved
property of SPATA22.

The shani mutation lies outside of the two widely con-
served SPATA22 protein domains (Fig. 2e). The mutation-
containing region is poorly conserved in vertebrates (Fig.
2e) but shows higher conservation among tetrapods, particu-
larly within mammals (Fig. 2f). We observed that this region
is also well conserved at the nucleotide sequence level (Fig.

2f). Moreover, the mutated adenine is invariant in most mam-
malian genomes examined (except in rat), as well as in
sauropsids and amphibians (Fig. 2f).

Spata22shani/shani mutants are sterile due
to gametogenic failure

Spata22-null animals display a meiotic recombination defect,
leading to meiotic prophase arrest and infertility (Hays et al.
2017), so we evaluated these phenotypes in mice carrying the
Spata22shani allele. Heterozygotes had normal fertility and
transmitted the shani mutation in a Mendelian ratio (21.4%
Spata22+/+, 49.7% Spata22shani/+ and 28.7% Spata22shani/
shani from heterozygote × heterozygote crosses; n = 219 mice;
p = 0.31, chi-squared test). Spata22shani/shani animals did not
display obvious somatic defects. However, homozygous mu-
tant males and females were sterile: none of the three
Spata22shani/shani males tested sired progeny when bred
with wild-type females for 13–17 weeks, and no preg-
nancies were observed from crosses of three homozy-
gous mutant females to wild-type males (bred for
17 weeks).

In histological sections of adult testes, seminiferous tubules
from control animals had the full array of spermatogenic cells,
including spermatocytes and spermatids, as expected
(Fig. 3a). In contrast, tubules from Spata22shani/shani were
greatly reduced in diameter and contained only early sper-
matogenic cells, with no post-meiotic germ cells visible
(Fig. 3a). Mutants contained abnormal tubule types: some
tubules (“Em” in Fig. 3a) had only a single layer of Sertoli
cells and presumptive spermatogonia along the tubule perim-
eter; and some also had spermatogenic cells that appeared
apoptotic (“Apo” in Fig. 3a). Increased apoptosis was
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Fig. 1 Mice from the ENU-induced mutant line shani have meiotic de-
fects. a Breeding scheme. Male mice (C57BL/6J strain) were
mutagenized and crossed to wild-type females (FVB/NJ strain) to pro-
duce founder (F1) males that were potential mutation carriers. Each F1
male was then crossed to wild-type females (FVB/NJ strain) to generate
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expected to be homozygous. Un-filled shapes represent animals that are
wild type for a mutation of interest, half-filled shapes are heterozygous
carriers, and filled shapes are homozygotes. b Screen results for the shani
line. The F1 male was harem-bred to four G2 females, yielding 38 G3
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confirmed by elevated TUNEL staining in mutants (Fig.
3b, c). These patterns are consistent with spermatocyte
arrest and apoptosis during pachytene stage of meiotic
prophase, occurring possibly at stage IV of the seminif-
erous epithelial cycle, which is typical of mutants with
meiotic recombination defects (for example Dmc1−/−

(Barchi et al. 2005)) and is also observed in Spata22-
null males (Hays et al. 2017).

Defects in meiotic recombination in females cause
elevated oocyte loss (Hunter 2017) and Spata22-null
adult females have shrunken ovaries lacking oocytes
(Hays et al. 2017). Meiotic recombination in females
initiates during fetal development and arrests soon after
birth, at which time oocytes mature into follicles that
further develop during the reproductive life of the fe-
male (Peters 1969; Hunter 2017). As expected, adult
wild-type ovaries had abundant developing follicles. In
contrast, ovaries from adult Spata22shani/shani females
were dramatically smaller compared to wild-type litter-
mates, and no developing follicles were visible (Fig.
3d, e), like in Spata22-null and consistent with the ob-
served infertility.

Spata22shani/shani spermatocytes are defective
in meiotic DSB repair and chromosome synapsis

Our initial findings showed that Spata22shani/shani have sper-
matocyte arrest, apoptosis, and infertility phenotypes similar
to that observed in Spata22-null animals (Hays et al. 2017).
We next examined meiotic recombination events, specifically
DSB formation, repair and chromosome synapsis. We immu-
nostained chromosome spreads of spermatocytes for SYCP3,
a component of the chromosome axes (Lammers et al. 1994;
Zickler and Kleckner 2015), and for γH2AX, a phosphorylat-
ed form of histone variant H2AX that is generated in response
to DSBs (Mahadevaiah et al. 2001) (Fig. 4a). In normal mei-
osis, sister chromatids begin to form a SYCP3-containing
protein axis from which chromatin loops emanate during the
leptotene stage of meiotic prophase. During the zygotene
stage, axes elongate and homologous chromosome axes begin
to align and form stretches of the synaptonemal complex (SC),
a tripartite structure comprising the homologous axial ele-
ments and the central region connecting them. The SC elon-
gates and connects homologous chromosomes along their
lengths in the pachytene stage. The SC disassembles during
the diplotene stage (Fig. 4a). DSB formation occurs primarily
during leptonema and zygonema, yielding nucleus-wide
γH2AX staining. The γH2AX staining disappears progres-
sively as recombination proceeds and is largely gone from
autosomes during pachynema. γH2AX is also present on the
X and Y chromosomes in the sex body during pachynema and
diplonema (Fig. 4a).

Spata22shani/shani spermatocytes with SYCP3 staining pat-
terns indicative of leptonema and mid zygonema had pan-
nuclear γH2AX staining, which is consistent with these cells
having initiated meiotic recombination via formation of DSBs
(Fig. 4a). Spata22shani/shani spermatocytes with SYCP3 stain-
ing patterns indicative of later stages appeared abnormal, how-
ever. Cells with staining showing elongated axes that have
begun to align (late zygonema-like) were abundant and
retained pan-nuclear γH2AX staining (Fig. 4a). There were
also rare cells where few homologous chromosomes appeared
to be connected along their entire lengths (pachynema-like)
(Fig. 4a).

We also tracked synapsis by co-immunostaining for
SYCP3 and SYCP1, a SC central region protein (de Vries
et al. 2005; Zickler and Kleckner 2015). In wild type,
SYCP1 staining appears during zygonema as cells begin to
build the SC, it marks autosomes along their lengths during
pachynema when the SC connects homologous chromosomes
and is largely absent from the autosomes in diplonema when
the SC is disassembled (Fig. 4b). In Spata22shani/shani litter-
mates, leptonema and mid zygonema appeared normal. But
later-stage spermatocytes (late zygonema-like and
pachynema-like) had SYCP1 patterns indicative of synapsis
defects: numerous Spata22shani/shani spermatocytes possessed

�Fig. 2 shani mice harbor a point mutation in Spata22. a Autosomal
homozygous variants identified by whole-exome sequencing in five G3
shani mutants (a′′ from Fig. 1b and c′, c′′, d, e additional mutants gener-
ated using the same breeding strategy). Variants depicted exclude known
between-strain SNPs. Vertical axis reflects variant index and chromo-
somes are not to scale. A detailed view of Chr11 variants is shown on
the right. Three homozygous variants that are shared betweenmutants are
highlighted in fuchsia with positions, gene names and genic locations
listed. b Top: Schematic of Spata22 (as predicted by Ensembl release
94) with protein-coding regions depicted as filled boxes. Location of
the ENU-induced lesion is shown. Bottom: The density of ENCODE long
RNA-sequencing reads (release 3) from adult testis within a window
spanning from 500 bp upstream to 500 bp downstream of Spata22. The
vertical viewing range is 0–50; read densities exceeding this range are
overlined in fuchsia. c The shani allele of Spata22. d Spata22 transcript
expression level estimate (mean of reads per kilobase per million mapped
reads (RPKM) values provided by ENCODE) in adult tissues. e Top:
Schematic of mouse SPATA22 showing locations of conserved domains
(yellow boxes) and the shanimutation. Bottom: Clustal Omega alignment
of SPATA22 consensus amino acid sequences. Each line is a consensus
sequence for the group and was derived using at least four species per
group. Groups used are: placentals (Eutheria), marsupials (Metatheria),
turtles (Testudines), snakes (Serpentes), birds (Aves), frogs (Anura), croc-
odiles (Crocodil ia) , f ishes (Actinopterygii) , echinoderms
(Echinodermata), cnidarians (Cnidaria), molluscs (Mollusca). f Clustal
Omega alignment of SPATA22 amino acid and Spata22 nucleotide se-
quences from tetrapods corresponding to exon 4 of mouse Spata22.
Nucleotide sequences encoding the first and last amino acids listed for
all species except flycatcher are overlined in black. Location of the shani
mutation is indicated. Species used are: mouse (Mus musculus), rat
(Rattus norvegicus), human (Homo sapiens), cow (Bos taurus), platypus
(Ornithorhynchus anatinus), elephant (Loxodonta Africana), tiger
(Panthera tigris altaica), opossum (Monodelphis domestica), turtle
(Pelodiscus sinensis), flycatcher (Ficedula albicollis), xenopus
(Xenopus tropicalis). Amino acid and nucleotide residues are shaded to
reflect degree of conservation
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a mix of partially synapsed, fully synapsed and asynaptic
chromosomes, along with chromosome tangles (i.e., a mix

of synapsed and unsynapsed axes with partner switches
indicative of nonhomologous synapsis; Fig. 4b). These
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patterns are typical of recombination- and synapsis-defective
mutants such as Dmc1−/− (Pittman et al. 1998; Yoshida et al.
1998), and are comparable to that observed in Spata22-null
spermatocytes (Hays et al. 2017). We conclude that
Spata22shani/shani spermatocytes have a defect in meiotic
DSB repair and chromosome synapsis, leading to meiotic pro-
phase arrest and apoptosis. This culminates in the absence of
postmeiotic cells, hypogonadism and sterility.

Recombination dynamics in Spata22shani/shani

mutants

To evaluate the molecular characteristics of the
Spata22shani/shani cells with a meiotic recombination de-
fect, we examined behaviors of recombination proteins
by immunostaining spread spermatocyte chromosomes.
SYCP3 staining patterns were used to define meiotic
prophase stages, and only recombination protein foci
overlapping with SYCP3-positive axes were counted.
We first analyzed DMC1 strand-exchange protein that
assembles on ssDNA formed at DSBs and is required
for homology search and strand invasion during meiotic
recombination (Brown and Bishop 2014). In normal
meiosis, DMC1 foci appear in leptonema, accumulate
to maximal levels in early to mid zygonema, then de-
cline as DSB repair proceeds through pachynema (Fig. 5a, b).
In Spata22shani/shani, DMC1 foci accumulate during early
stages but prematurely decline in mid zygonema and are se-
verely reduced in late zygonema compared to wild type (Fig.
5a, b; mean foci count of mid zygonema and late zygonema-
like Spata22shani/shani = 96 and 27, respectively; mean foci
count of mid zygonema and late zygonema wild type = 154
and 101, respectively). These findings are consistent with pre-
vious observations of DMC1 behavior in mice lacking
MEIOB, the functional collaborator and direct binding partner

of SPATA22 (Souquet et al. 2013). Spata22shani/shani DMC1
foci counts in late leptonema and early zygonema, although
not statistically significant, were lower compared to wild type
(Fig. 5b), suggesting that DMC1 accumulation may also be
modestly affected at these stages.

We also examined RPA2, which is a subunit of the ubiq-
uitous, trimeric ssDNA-binding complex RPA (Wold 1997).
RPA is present on ssDNA-containing intermediates during
DSB metabolism. In wild type, RPA2 foci form during
leptonema, increase in early and mid zygonema, and then
decrease as DSB repair progresses in late zygonema and early
pachynema (Fig. 5c, d). Spata22shani/shani cells accumulate
RPA2 foci during early stages and arrest during zygonema
with RPA2 foci present (Fig. 5c, d). This is as observed in
Spata22-mutant rats and Meiob−/− mice (Luo et al. 2013;
Souquet et al. 2013; Ishishita et al. 2014), suggesting that
arrested cells likely possess ssDNA-containing interme-
diates. We observed that RPA2 foci counts in mid
zygonema and late zygonema were reduced compared
to wild type (Fig. 5d; mean foci count of mid
zygonema and late zygonema-like Spata22shani/shani =
198 and 134, respectively; mean foci count of mid
zygonema and late zygonema wild type = 242 and 205,
respectively), likely due to defects in recombination in-
termediate processing during these stages.

We further investigated localization of the RecQ helicase
family protein, Bloom’s syndrome mutated (BLM). BLM and
its orthologs process multiple types of recombination interme-
diates (Singh et al. 2009; DeMuyt et al. 2012). BLM has been
previously reported to form discrete foci on chromosome axes
during wild-type meiosis (Moens et al. 2000; Holloway et al.
2010) and to accumulate in recombination-deficient mutants
(Holloway et al. 2008; Holloway et al. 2010). In our hands,
BLM was barely detectable in most wild-type spermatocytes,
with few cells forming clear axis-associated foci that met our
immunofluorescence cutoff (Fig. 5e, f). In contrast to wild
type, Spata22shani/shani had bright and numerous BLM foci
on chromosome axes (Fig. 5e, f). RPA has been shown to
stimulate BLM activity in vitro and to colocalize with BLM
during meiosis (Walpita et al. 1999; Brosh Jr. et al.
2000); therefore, we asked if the BLM foci we see in
mutants colocalized with RPA. Most BLM foci also had
an RPA2 focus present (Fig. 5g). BLM foci were first
detected in early zygonema and levels continued to rise
as cells progressed to mid zygonema and late zygonema-
like stages (mean foci count of late zygonema-like
Spata22shani/shani = 55). Our results suggest that in
Spata22shani/shani, either there is increased BLM recruitment
(for example, an increase in the presence or accessibility of
BLM targets) or that BLM is abnormally retained. Taken to-
gether, our results indicate a failure to repair DSBs appropri-
ately and/or the presence of aberrant DNA structures in
Spata22shani/shani.

�Fig. 3 shani allele of Spata22 leads to gametogenic failure. a Periodic
acid-Schiff (PAS)-stained sections of Bouin’s-fixed testes from a 3-
month-old Spata22shani/shani male and a wild-type littermate. Arrows in-
dicate post-meiotic germ cells (spermatids) and arrowheads point to sper-
matocytes with an apoptotic morphology (condensed and/or fragmented).
In the mutant, examples are indicated of apoptotic (“Apo”) tubules con-
taining cells with apoptotic morphology and emptier-looking (“Em”) tu-
bules harboring only cells with spermatogonia-like morphology and
Sertoli cells. b TUNEL assay on testis sections from mice shown in a.
Black arrowheads point to TUNEL-positive cells (stained dark brown). c
Quantification of TUNEL assays performed on testis sections of
Spata22shani/shani mutants aged 2–4 months (mos) and their wild-type or
heterozygous littermates. The number of seminiferous tubules counted
from each animal is indicated (n) and lines in the dot plot depict mean
± SD. d, e Paraformaldehyde (PFA)-fixed, PAS-stained ovary sections
from a 2-month-old Spata22shani/shani female and a wild-type littermate.
In a and b, the scale bars represent 50 μm and 10 μm in the lower and
higher magnification images, respectively. In d and e, they represent
200 μm and 50 μm, respectively

Chromosoma (2020) 129: –179161 167



SPATA22 protein is not detected in Spata22shani/shani

testes

During normal meiosis, SPATA22 appears on chromosome
axes as foci that match DSB dynamics: SPATA22 foci are
first detectable during late leptonema, focus numbers increase
progressively through zygonema, then decrease through
pachynema and are no longer detected during diplonema
(Fig. 6a, b) (Ishishita et al. 2014; Hays et al. 2017).
SPATA22 patterns are similar to those for MEIOB, as

expected for members of a protein complex (Luo et al. 2013;
Souquet et al. 2013).

Since the meiotic recombination defect and spermatocyte
arrest in Spata22shani/shani phenocopied a null mutation, we
asked whether SPATA22 protein was properly localized. In
testis sections, SPATA22 staining was prominent in SYCP3-
positive spermatocyte nuclei in wild type, but little to no stain-
ing was observed in SYCP3-positive nuclei in Spata22shani/
shani littermates (Fig. 6c). On spread spermatocyte chromo-
somes, whereas SPATA22 foci were visible along axes in
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wild type, similarly staged cells from Spata22shani/shani litter-
mates showed only weak background staining that did not
overlap with axes (Fig. 6d, left panels).

To discern whether the lack of staining in Spata22shani/shani

spermatocytes was due to protein mis-localization or lack of
protein, we performed western blot analysis on whole testis
lysates. Because mutants undergo spermatocyte arrest, we ex-
amined juvenile mice aged 16 dpp. At this age spermatocytes
in meiotic prophase are abundant (Bellve et al. 1977), howev-
er we expected that programmed cell death had not yet signif-
icantly altered the relative sizes of germ cell subpopulations.
While SPATA22 could be detected in wild type at the expect-
ed size, no bands were detected in the mutant using a poly-
clonal antibody (Fig. 6e). Thus, it is likely that the shani mu-
tation leads to lack of protein production or to protein
destabilization.

Absence of SPATA22 strongly impairs the stability of its
partner, MEIOB (Luo et al. 2013; Hays et al. 2017).

Consequently, MEIOB is not detected on chromosome axes
in spermatocytes from SPATA22-null mice (Luo et al. 2013;
Hays et al. 2017). Similarly, we could not detect MEIOB on
chromosome axes in Spata22shani/shani spermatocytes (Fig. 6d,
right panels). We conclude that the meiotic recombination
defect in Spata22shani/shani spermatocytes is a consequence
of decreased SPATA22 protein levels and decreased
SPATA22-MEIOB complex on chromosome axes.

The shani mutation leads to defective Spata22
splicing and RNA instability

To determine how the shani mutation leads to decreased
SPATA22 protein levels, we examined Spata22 mRNA by
reverse transcription-PCR (RT-PCR) using primers directed
to the 5′ and 3′ UTRs (primer set X; Fig. 7a, b). Spata22+/+,
Meiob+/+, and Meiob+/− adult testes yielded a 1239-bp band,
consistent with the predicted length of wild-type Spata22
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mRNA. PCR products from Spata22shani/shani testes were
shorter, however (Fig. 7b).

We next assessed mRNA levels by quantitative RT-PCR
using three primer sets spanning segments of Spata22 (primer
sets A, B, C; Fig. 7a). We examined animals at 12 dpp when
Spata22-expressing early meiotic cells are abundant (Bellve
et al. 1977) and spermatogenic arrest is not expected to have
greatly affected the relative population sizes of germ cell sub-
types. We also examined 12 dpp-old Spo11−/− mice that lack
DSB formation and show a similar arrest as Spata22shani/shani

(Baudat et al. 2000; Romanienko and Camerini-Otero 2000).
Spata22 mRNA regions A and C had reduced amplifica-

tion in 12 dpp-old Spata22shani/shani (relative quantities were
0.31 and 0.42, respectively; Fig. 7c) while control meiotic
transcripts were normal (Dmc1, Sycp3, Meiob and Vasa;
Fig. 7c), suggesting that Spata22 mRNA level is decreased
in Spata22shani/shani. All transcripts assayed were normal in 12
dpp-old Spo11−/− mice, confirming that the reduced amplifi-
cation of Spata22 mRNA is not due to spermatogenic arrest.
Intriguingly, Spata22mRNA region B did not yield an ampli-
fication product in 12 dpp-old Spata22shani/shani (Fig. 7c).

We performed Sanger sequencing on the wild-type
Spata22 cDNA and shorter variant produced in Spata22shani/
shani (Fig. 7b). cDNA sequence from wild type was as expect-
ed but cDNA from mutant testes completely lacked exon 4,
with exon 3 and exon 5 spliced together to create a new exon-
exon junction (Fig. 7d). This is consistent with the lack of
amplification of region B (exon 3-exon 4 junction; Fig.
7a, c). Together these results suggest that the shani mutation
leads to expression of a less stable and shorter variant of
Spata22 mRNA that lacks exon 4.

Loss of exon 4 predicts a frameshift, resulting in a stop
codon within exon 5 and the formation of a truncated protein
of 99 amino acids and ~ 11 kDa, with the N-terminal 57 amino
acids of wild type sequence (black in Fig. 7e) and the remain-
ing amino acids of alternative sequence (fuschia in Fig. 7e).
We were unable to detect a truncated SPATA22 protein by
western blot or immunolocalization in Spata22shani/shani, but

we do not know whether our SPATA22 antibody would rec-
ognize the predicted truncation.

The shani mutation on exon 4, if translated, is predicted to
lead to a glutamic acid to glycine substitution. While we show
that the shani mutation acts on the transcript level, we won-
dered whether the glutamic acid to glycine substitution would
compromise protein stability if exon 4 were to be retained on
the Spata22 transcript. To test this, we transfected human cells
with either a plasmid expressing wild-type Spata22 cDNA, or
a plasmid expressing Spata22 cDNA that harbors the shani
mutation, or an empty plasmid as a control. Western blot
analysis of SPATA22 showed a ~ 40 kDa band in wild type,
as expected (Fig. 7f). Cells expressing Spata22 cDNA with
the shani mutation also had a ~ 40-kDa band which was sim-
ilar in intensity to that in wild type (Fig. 7f), indicating that the
shani mutation, when present on a transcript that does not
need to be spliced, does not affect production or stability of
the SPATA22 protein.

Discussion

This study describes a novel point-mutated allele of the mei-
otic recombination gene Spata22 using a phenotype-based
forward-genetics screen. Spata22shani/shani mutant spermato-
cytes appear to initiate DSB formation normally during mei-
otic prophase, but show defects in DSB repair and synapsis,
leading to spermatocyte arrest, apoptosis, shrunken gonads,
and infertility. We performed molecular characterization of
the shanimutation and show that it leads to defective splicing
of the Spata22 RNA, ultimately resulting in loss of detectable
SPATA22 protein. Consistent with this, Spata22shani and
Spata22-null alleles have similar meiotic phenotypes (Hays
et al. 2017). Our work illustrates the power of forward-
genetic approaches in exploring the regulation of mammalian
meiosis. Moreover, we describe a unique screen design and
demonstrate its feasibility: we exploited a hallmark of meiotic
recombination defects, hypogonadism, to design an efficient
and simple readout based on testes weights. Also, we utilized
a new mutation identification strategy that leverages recent
genomic advances.

We show that SPATA22 has two well-conserved domains:
an N-terminal segment and a longer region located near the C-
terminus. Similar findings have been previously reported, al-
though the precise boundary of the conserved C-terminal do-
main differs (La Salle et al. 2012). The N-terminus of
SPATA22 has no predicted structure or known function.
The conserved C-terminal region we describe here (228–341
amino acids) closely matches its predicted OB fold-containing
domain (277–356 amino acids), which is essential for its in-
teraction with MEIOB (Xu et al. 2017; Ribeiro et al. 2018).
Like SPATA22, MEIOB is predicted to have OB fold-
containing domains (Luo et al. 2013; Souquet et al. 2013;

�Fig. 6 SPATA22 localization and protein levels in wild-type and
Spata22shani/shani testes. a Representative wild-type chromosome spreads
from spermatocyte nuclei. b Quantification of SPATA22 foci in wild
type. Each point is the count from one spermatocyte and number of
spermatocytes analyzed is indicated (n). Lines depict mean ± SD.
Meiotic prophase stages are abbreviated as in Fig. 5b; mid pachynema
(mP). c SYCP3 and SPATA22 immunofluorescence on testis sections
from 11-month-old Spata22shani/shani and wild-type males. Sections con-
taining cells with similar SYCP3 profiles are shown and DNA is stained
with DAPI. d Defective SPATA22 and MEIOB localization in
Spata22shani/shani. Representative chromosome spreads with similar
SYCP3 profiles are shown (late zygonema for Spata22+/+ and cells
arrested at late zygonema-like for Spata22shani/shani). eWestern blot anal-
ysis of SPATA22 protein levels in whole-testis lysates from two 16-dpp
Spata22shani/shani and a wild-type littermate. Scale bars represent 10μm in
a, c, d
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Ribeiro et al. 2016) and domain architectures of both proteins
resemble those of RPA subunits (Luo et al. 2013; Ribeiro et al.

2016; Ribeiro et al. 2018). Also, both proteins interact and
colocalize with RPA subunits (Luo et al. 2013; Souquet

a

M
e
io

b
+
/-

la
dder

M
e
io

b
-/
-

S
p
a
ta

2
2
+
/+

S
p
a
ta

2
2
s
h
a
n
i/
s
h
a
n
i

S
p
a
ta

2
2
s
h
a
n
i/
s
h
a
n
i

1.0

1.5

2.0

*

X
F

X
R

Exon 4Exon 2

Exon 1 Exon 3

B
F

B
R

Exon 7

Exon 9

C
F

C
R

b c

D
m

c
1

S
y
c
p
3

M
e
io

b
V
a
s
a

0.0

0.5

1.0

1.5

2.0

Spata22

Q
u
a
n
ti
ty

 r
e
la

ti
v
e

A B C

Spata22
shani/shani

(12 dpp) Spo11
-/-
(12 dpp) 

0.0

0.5

1.0

1.5

2.0

D
m

c
1

S
y
c
p
3

M
e
io

b
V
a
s
a

Spata22

A B C

(kb)

wild type

mutant

d

CCAACAGATTGGGCGTGGGAAGCTGTGAATCCAGAGGTGGCTCCTTTAAAGAAAACAGTGAATACAGGGCAAATAC

CCAACAGGCAAATAC

Exon 3

Exon 3

Exon 4 Exon 5

Exon 5

Spata22
shani/shani

Spata22
+/+

shani
A  G

mutation

e

Spata22
shani/shani

Spata22
+/+

SPATA22-HA

*

*

f

55

70

100

(kD)

40

wild
 ty

pe

em
pty

E  G

MKRNLNESSARSTAGCLPVPLFNQKKRNRQPLTSNPLQNDPGVSTVSDSY
GSPSFPTGKYQLLLLIPGEVKILCLNLFNQMLKEAKVPGATEATTEILA

MKRNLNESSARSTAGCLPVPLFNQKKRNRQPLTSNPLQNDPGVSTVSDSY
GSPSFPTDWAWEAVNPEVAPLKKTVNTGQIPASASYPWRSQDSVSKSIQS
NAERSQSAWGYRGNNRNTSLRTWDFRPQHKTVSPAANSEFSSCPVNLGAQ
QQKQFQTPEFPNLPGHKEAEVPRQTCLSKLPGSTMKGPDRASALQAFKPS
FQQNPFKKTVLGDIPRENSLKEGTLHQLKEKDNSLRIISAVIESMKYWRA
HVQKTVLLFEILAVLDSAVTSGPHYSKTFLMRDGKNILPCVFYEIDRELP
RLIRGRVHRCVGHYDPDKNIFKCVSVRPASASEQKTFQAFVTIADAEMKY
HTKVTNEM

to
 c

o
n
tr

o
l

Fig. 7 The shani mutation causes defective splicing of Spata22 RNA. a
Schematic of the wild-type Spata22 transcript (same as in Fig. 2b) show-
ing locations of the shanimutation (asterisk) and RT-PCR primers. Boxes
represent exons with coding regions shown as filled boxes and lines
represent introns. Primers XF (green; spanning exon-exon junction be-
tween exons 1 and 2) and XR (green; located within exon 9) flank the
Spata22 coding region, primers AF and AR (pink; located within exons 1
and 2, respectively) flank the exon-exon junction between exons 1 and 2,
primers BF (fuchsia; located within exon 3) and BR (fuchsia; spanning
exon-exon junction between exons 3 and 4) amplify the exon-exon junc-
tion region between exons 3 and 4, primers CF and CR (blue) are located
within exon 7. b RT-PCR analysis of Spata22 in whole-testis RNA sam-
ples extracted from two 3-month-old Spata22shani/shani males, a 15-
month-old Meiob−/− male and wild-type or heterozygous littermates.
PCR amplification was done using primers flanking the Spata22 coding
region (primers X; shown in green in a) and analyzed by gel electropho-
resis. Black arrows indicate amplified products. c Quantitative RT-PCR
analysis of whole-testis RNA samples from 12-dpp Spata22shani/shani and
12-dpp Spo11−/−mice. Data points represent individual mice normalized

to wild-type or heterozygous littermates and colors identify individual
mice. Lines depict mean ± SD. Transcripts analyzed are noted along the
x-axis. Three regions of Spata22 (shown in a) were analyzed: exon 1-
exon 2 junction (A), exon 3-exon 4 junction (B) and internal region of
exon 7 (C). d Nucleotide sequence of Spata22 mRNA spanning exon 4
and flanking regions in wild type and Spata22shani/shani. Spata22 coding
region was amplified as described in b, gel purified and products were
analyzed by Sanger sequencing. Location of the shani mutation is indi-
cated. e Predicted amino acid sequence of SPATA22 in wild type and
Spata22shani/shani. Wild-type amino acid sequence is shown in black.
Exon 4 loss in mutants is predicted to result in a frameshift, alternative
amino acid sequence (fuchsia) and a premature stop codon (triangle). f
Western blot analysis of HA-tagged human SPATA22 constructs
expressed in HEK-293 cells. Constructs carrying wild-type Spata22 cod-
ing sequence, coding sequence with the shani mutation (E→G), or an
empty construct were expressed and blots probed with anti-HA antibody.
Location of SPATA22-HA of wild-type length is indicated and asterisks
denote non-specific bands
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et al. 2013; Ishishita et al. 2014; Xu et al. 2017; Ribeiro et al.
2018). These findings lead to the hypothesis that the
SPATA22-MEIOB complex collaborates with RPA to regu-
late meiotic recombination. The precise stoichiometry of the
complex and whether it includes RPA subunits or other pro-
teins remains unclear, however. The biochemical role of the
SPATA22-MEIOB complex is also unknown. A truncated
form of MEIOB has been reported to have exonuclease activ-
ity in vitro (Luo et al. 2013) and recent studies show that
SPATA22-MEIOB can organize RPA-coated ssDNA
in vitro (Ribeiro et al. 2018). How these activities relate to
its meiotic recombination function in vivo is unclear.

We show that the initial formation of DMC1 foci appears
unaffected or mildly affected in Spata22shani/shani and these
foci decrease in number as prophase progresses in mice lack-
ing SPATA22; this was also shown previously for DMC1 and
RAD51 in mice lacking MEIOB and for RAD51 in rats lack-
ing SPATA22 (Luo et al. 2013; Souquet et al. 2013; Ishishita
et al. 2014). We found that in the absence of SPATA22-
MEIOB, DMC1 foci numbers decrease faster than in wild
type (this manuscript and Souquet et al. (2013))). This was
also observed for RAD51 in mice lacking MEIOB and rats
lacking SPATA22 (Souquet et al. 2013; Ishishita et al. 2014).
One study did not report an earlier loss of strand-exchange
proteins (Luo et al. 2013), but they analyzed juvenile mice
where recombination foci dynamics have been reported to
differ (Zelazowski et al. 2017). We found that RPA2 foci
number also decrease earlier than in wild type. Since RPA is
thought to decorate multiple recombination intermediates, one
possibility is that there is a defect in the formation or stability
of a subpopulation of RPA foci. The reduction in RPA2 foci
number was not described previously in Spata22 or Meiob
mutants (Luo et al. 2013; Souquet et al. 2013; Ishishita et al.
2014); differences in strain background may explain this dis-
crepancy. The disappearance of DMC1 and RPA during wild-
type meiosis is an indicator of repair progression; thus, a sim-
ple interpretation of our data is that some repair processes may
occur faster or earlier in mutants, at least at some sites.

We found that while RPA2 foci number decrease over the
course of meiotic prophase progression in Spata22 mutants,
cells arrest with RPA2 foci present, similar toMEIOBmutants
and SPATA22-mutant rats (Luo et al. 2013; Souquet et al.
2013; Ishishita et al. 2014). The identity of these RPA foci is
unknown and may represent a combination of different wild-
type and mutant states. Mutants also show persistent γH2AX
staining (La Salle et al. 2012; Luo et al. 2013; Souquet et al.
2013; Ishishita et al. 2014; Hays et al. 2017). These results
indicate that not all sites are properly repaired, if any. It is
possible that strand invasion occurs and DMC1 is lost, but
that one or more subsequent steps such as D-loop stability or
DNA synthesis or second end capture are misregulated. It is
also possible that strand-exchange proteins are destabilized or
that their ssDNA substrates are reduced, modified, or become

less accessible. All these scenarios may lead to the presence of
structures that would be recognized by BLM and could ex-
plain the dramatic BLM accumulation we see in mutants.
BLM plays multiple roles to eventually prevent formation of
potentially toxic structures: BLM disrupts RAD51 nucleopro-
tein filaments or D-loops, stimulates primer extension and
promotes Holliday junction dissolution (Wu et al. 2001;
Bugreev et al. 2007). Regardless of the underlying role of
BLM in mutants, its accumulation reinforces the requirement
of SPATA22-MEIOB in proper processing of recombination
intermediates.

Recently, SPATA22 has been shown to immunoprecipitate
in testis extracts with MEILB2/HSF2BP (Zhang et al. 2019).
MEILB2 interacts with BRCA2, which promotes RAD51/
DMC1 nucleoprotein filament formation, andMeilb2−/− mei-
otic cells fail to form RAD51/DMC1 foci (Brandsma et al.
2019; Zhang et al. 2019). The authors propose that
SPATA22-MEIOB may be involved in MEILB2 and
BRCA2 recruitment to DNA, which would then facilitate
RAD51/DMC1 loading (Zhang et al. 2019). This model pre-
dicts that RAD51/DMC1 would not accumulate in
SPATA22-MEIOB mutants. We observe only a modest re-
duction in DMC1 foci numbers during leptonema and early
zygonema, but we do not know whether the DMC1 foci we
detect at any of these stages are properly organized, stable or
functional. Our results support the idea that RAD51/DMC1
filament assembly, stability and disassembly involves a com-
plex regulatory network with cross-talk between multiple fac-
tors. The molecular determinants of these interactions remain
to be elucidated.

We performed molecular characterization of the shani le-
sion and uncovered surprising regulation of Spata22 gene
expression. The shani mutation alters nucleotide sequences
within exon 4 that are crucial for accurate splicing of
Spata22. The splicing regulation we document here has been
reported in mammalian genes, where long introns and weakly
defined exon-intron boundaries are supported by both exonic
and intronic cis-acting elements that either stimulate or repress
splicing. One prevalent exonic element, called ESE, serves as
a binding site for splicing factors called serine/arginine-rich
(SR) proteins to promote exon definition (Blencowe 2000;
Cartegni et al. 2002). There are several instances where
disease-causing mutations that result in alternative splicing
have been proposed to affect ESEs and mutations that abro-
gate an ESE often cause exon-skipping (Blencowe 2000;
Cartegni et al. 2002), akin to that observed in shani mutants.
We propose that the shani mutation possibly alters an ESE
element within exon 4 in the Spata22 transcript, leading to
skipping of exon 4 by the spliceosome, making this, to our
knowledge, the first description of an ESE element in a murine
meiotic gene. While ESE elements lack a well-defined con-
sensus sequence, combinatorial in vivo and in vitro ap-
proaches have led to the identification of 6- to 8-nucleotide
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long ESE sequence motifs and been used to develop compu-
tational ESE-prediction tools (Blencowe 2000; Cartegni et al.
2002). Indeed, the CCAGAGG and CAGAGGT overlapping
sequences encompassing the affected adenine in shani mu-
tants are recognized as putative ESE motifs by the
ESEfinder ESE-prediction web tool (Cartegni et al. 2003).

While the amino acid affected by the shani mutation lies
outside of the well-conserved SPATA22 protein domains, the
affected DNA nucleotide (adenine) appears to be conserved in
most tetrapods examined, as is the entirety of exon 4. This
indicates that the splicing regulation we describe above may
not be restricted to mouse, but rather may be a conserved
feature of Spata22 gene expression regulation. Similar regu-
lation may be important for controlling other meiotic genes,
especially given the extensive gene expression modulations
that occur during meiosis and germ cell development. Our
findings highlight how coding single-nucleotide polymor-
phisms can deregulate/alter splicing events and lead to pheno-
typic variability or gene inactivation during development.
Moreover, our isolation and characterization of the shani al-
lele of Spata22 demonstrates the power of forward genetic
approaches in uncovering unexpected gene regulation in
mammals.

Materials and methods

Generation of shani mutants

Details of the mutagenesis and breeding for screening pur-
poses are described elsewhere (Jain et al. 2017) and were
similar to previously described methods (Caspary 2010;
Probst and Justice 2010). We screened G3 males for meiotic
defects at ≥ 35 dpp, focusing on meiotic recombination. By
this age, the testes weight reduction was deemed to be clearly
discernible for known meiotic recombination mutants
(Yoshida et al. 1998). Thus G3 mutants displaying arrest
and spermatocyte elimination similar to that seen in typical
meiotic recombination mutants were expected to be identifi-
able. Testes pairs were dissected, weighed along with the
body, frozen in liquid nitrogen and stored at − 80 °C until
samples from ~ 24 or more G3 males had been collected.
Then, testes-to-body-weight ratios were evaluated side-by-
side for all animals from any given line.

Mice with an obvious reduction in testes-to-body-weight ratio
compared to littermates were subjected to secondary screening
by histological examination. One frozen testis from potential
mutant mice, along with one frozen testis from a wild-type litter-
mate were used for histology and the second testis was reserved
for DNA extraction. Immunohistochemical TUNEL assay was
performed and seminiferous tubules were evaluated for the pres-
ence of TUNEL staining, depletion of seminiferous tubules and
absence of spermatids.

Genotyping of shani animals was done by PCR amplifica-
tion using shani F1 and shani R primers, followed by Sanger
sequencing using shani F2 primer (oligonucleotide primer
sequences are provided in Table S2) or by digestion of the
amplified product with MnlI (NEB) or BstNI (NEB). The
shani mutation eliminates an MnlI restriction site that is pres-
ent in the wild-type sequence and creates a novel BstNI re-
striction site.

shani mutation identification and exome sequencing

Genome assembly coordinates are from GRCm38/mm10. We
performedwhole-exome sequencing on five G3 shanimutants
(a′′ in Fig. 1b; c′, c′′ from a fourth F1xG2 harem-breeding cage
that was set up after the initial screen cross; d and e from a fifth
and sixth harem-breeding cage set up after the initial screen
cross). Genomic DNA was extracted from testes or tail biop-
sies as described (Jain et al. 2017) and whole-exome sequenc-
ing was performed at the MSKCC Integrated Genomics
Operation as described (Jain et al. 2018) to generate approxi-
mately 80 million 100 bp paired-end reads. Read alignment,
variant calling and variant annotation were done as described
(Jain et al. 2017).

We expected that lines generated from distinct
mutagenized males and mutant lines with distinct phenotypes
would likely not share phenotype-causing variants. Thus var-
iants called from distinct mutant lines sequenced in parallel
with the shanimutant line were filtered out to identify variants
that are private to the shani line (i.e., found in shani mutant
mice but not in mice of other mutant lines). If the shanimutant
phenotype was caused by a single autosomal recessive muta-
tion, shani mutant mice were expected to be homozygous for
the phenotype-causing mutation and share this mutation.
Thus, variants were further filtered to only include those that
were called as homozygous, had a minimum sequencing
depth of five reads, and were not known between-strain
SNPs. Next we searched for variants that were shared between
all five G3 shani mutant mice. This yielded three single nu-
cleotide substitutions at the following posit ions:
Chr11:73187728 in intron of Ctns (A to G substitution),
Chr11:73336037 in exon of Spata22 (A to G substitution),
and Chr11:76138184 in intron of Vps53 (A to T substitution).

ENCODE data analysis

ENCODE long-RNA sequencing data (release 3) for Ensembl
Transcript ID: ENSMUST00000092926 with the following
GEO accession numbers were used in Fig. 2d: testis
GSM900193, l iver GSM900195, mammary gland
GSM900184, large intestine GSM900189, cerebellum
GSM1000567, frontal lobe GSM1000562, cortex
GSM1000563, kidney GSM900194, thymus GSM900192,
heart GSM900199, colon GSM900198, spleen GSM900197,
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adrenal gland GSM900188, duodenum GSM900187, lung
GSM900196, ovary GSM900183, small intest ine
GSM900186, stomach GSM900185.

Phylogenetic analysis

SPATA22 protein sequences were obtained from NCBI
or Ensembl. Two conserved domains were identified in
ten placental mammals using Multalin (Corpet 1988).
Sequences of these two domains were used to search
for homologous sequences in other species with
tBlastn tool (NCBI) and the following databases:
Whole Genome Shotgun contigs (WGS), Transcriptome
Shotgun Assembly (TSA), and Sequence Read Archive
(SRA). Protein sequences obtained were aligned with
Clustal Omega (Sievers et al. 2011; Madeira et al.
2019) and edited with Jalview 2.10.5 (Waterhouse
et al. 2009). Then conserved domain boundaries were
refined as follows: succession of 10 amino acids in
which at least half of them possess 40% identity among
all listed species. For graphical representation (Fig. 2e),
consensus sequences were defined for closely related
species (10 placentals, 6 marsupials, 4 turtles, 4 snakes,
5 birds, 5 frogs, 4 crocodiles, 12 fishes, 5 echinoderms,
6 cnidarians, 15 molluscs) using Multalin, realigned
with Clustal Omega and edited with Jalview. Names
of species and corresponding sequence IDs are provided
in Table S1.

Spata22 nucleotide sequences were obtained from
Ensembl or NCBI. Nucleotide sequence of mouse Spata22 ex-
on 4 was used to search for homologous sequences with
BLASTn tool in Ensembl. Retrieved sequences were aligned
with Clustal Omega and edited with Jalview (Fig. 2f).
Sequences presented correspond to a complete exon and have
the following Ensembl exon ID or NCBI gene ID: mouse
(ENSMUSE00001408004), rat (ENSRNOE00000381274), hu-
man (ENSE00003580316), cow (ENSBTAE00000171295),
p l a t y pu s (ENSOANE00000227841 ) , e l e p h an t
(ENSLAFE00000151975), tiger (ENSPTIE00000161305),
opposum (ENSMODE00000294904), turtle (ENSPSIE
00000164161), flycatcher (ENSFALE00000067395), and
xenopus (100485180).

Histology

For secondary screening, frozen testes were embedded
in optimal cutting temperature compound (Tissue-Tek,
Sakura Finetek, VWR) and sectioned (5 μm) at −
20 °C. Sections were placed on slides and slides were
fixed in 4% paraformaldehyde (PFA) for 15 min at
room temperature. Slides were subsequently rinsed in
water and stored for up to 1 week at 4 °C prior to
staining.

For analyses of Spata22 mutants, testes and ovaries
were fixed overnight in 4% PFA at 4 °C, followed by
two 5 min washes in water at room temperature and
transferred to 70% ethanol. Alternatively, testes were
fixed in Bouin’s fixative overnight at room temperature,
washed in water for 1 h at room temperature, followed
by two 1 h washes in 70% ethanol at room temperature.
Fixed tissues were stored in 70% ethanol at 4 °C for up
to 1 week prior to embedding, embedded in paraffin,
and sectioned (5 μm).

Periodic acid-Schiff (PAS) staining and immunohisto-
chemical TUNEL assay were performed by the MSKCC
Molecular Cytology Core Facility. PAS staining was
done with hematoxylin counterstain using the Auto-
stainer XL automated stainer (Leica Microsystems).
TUNEL assay was performed using the Discovery XT
processor (Ventana Medical Systems) as previously de-
scribed (Jain et al. 2017). For immunofluorescent stain-
ing, slides were deparaffinized with xylene, rehydrated
with serial washes in 100–70% ethanol and rinsed with
water. Antigen retrieval was performed by incubating
slides for 10 min at 95–100 °C in 10 mM sodium
citrate with 0.05% Tween-20 pH 6. Slides were stored
at room temperature until staining.

Chromosome spreads

Spermatocyte spreads were prepared using established
methods (Peters et al. 1997; Moens et al. 2000). Briefly, sper-
matocytes were homogenized in 0.1 M sucrose, then surface
spread onto glass slides covered with 1% PFA containing
either 0.1% Triton X-100 or 0.25% NP40. Slides were incu-
bated for 2 h in a humid chamber, gently air-dried and rinsed
with 0.4% Photo-Flo (Kodak). Slides were subsequently air-
dried and stored at − 20 °C.

Immunofluorescence

Chromosomes spreads or testis sections were incubated
in blocking buffer (1× PBS with 0.2% BSA, 0.2% cold
water fish skin gelatin, 0.05% Tween-20) for 1 h at
room temperature. Slides were incubated with primary
antibody overnight at room temperature and washed
three times with 1× PBS containing 0.05% Tween-20
at room temperature. Secondary antibody staining was
done with appropriate Alexa Fluor secondary antibodies
for 1 h at 37 °C and slides were washed three times in
1× PBS containing 0.05% Tween-20 at room tempera-
ture. All antibodies were diluted in blocking buffer.
Slides were mounted with coverslips using mountant
(ProLong Gold, Life Technologies) containing DAPI
and stored at 4 °C until imaging. Antibodies and dilu-
tions used are listed in Table S3.
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Image analysis

PAS-stained and TUNEL slides were digitized using
Pannoramic Flash 250 (3DHistech) with 20×/0.8 NA
air objective. Images were produced and analyzed using
the Pannoramic Viewer sof tware (3DHis tech) .
Immunofluorescence images of testis sections were pro-
duced using an SP8 confocal microscope (Leica
Microsystems) with 63×/1.4 NA oil-immersion objec-
tive. Chromosome spreads were imaged on an AX70
epifluorescent microscope (Olympus) equipped with a
CoolSNAP MYO CCD camera (Photometrics) using a
100×/1.35 NA oil-immersion objective.

All histological and cytological data are representa-
tive of ≥ 2 biological replicates (independent mice) of
similar ages. Presence/absence of developing follicles in
mutant ovaries (Fig. 3d, e) was assessed by examining
≥ 30 sections (spanning ≥ 150 μm of ovarian tissue).
Quantitative data were acquired by manual scoring.
For TUNEL quantification (Fig. 3c), ≥ 3 testis sections
(≥ 50 μm apart) were scored per mouse. For detection
of number of foci (Figs. 5 and 6), immunofluorescence
staining was adjusted to be above background level
(region containing no cells) using Fiji (Schindelin
et al. 2012) and only foci that overlapped with
SYCP3 staining (axis-associated foci) were counted.
Spermatocytes were staged on the basis of SYCP3
staining patterns. Statistical analyses were done using
GraphPad Prism 7.

Spata22 coding region amplification and sequencing

Procedures involving commercial kits were performed ac-
cording to manufacturers’ instructions. Total RNA was ex-
tracted from frozen testes using the RNeasy Mini Kit
(Qiagen) and the RNase-Free DNase Set (Qiagen) was used
to perform an on-column DNase digestion. cDNA was syn-
thesized from 1 μg of RNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) with random
primers.

Spata22 coding region was amplified from adult testis
cDNA by PCR with Spata22 coding sequence amplifi-
cation F and R primers using Phusion High-Fidelity
DNA Polymerase (Thermo Fisher Scientific) and
0.3 ng/μl of cDNA in GC Buffer. Manufacturer’s
thermocycling conditions were adapted as follows: de-
naturation for 10 s, annealing for 30 s at 65 °C and
extension for one min for a total of 35 cycles. PCR
products were electrophoresed on a 0.8% agarose gel,
bands corresponding in size to Spata22 cDNA were gel
purified using QIAquick PCR Purification Kit (Qiagen)
and Sanger sequenced using Spata22 seq1–seq5 primers.
Primer sequences are provided in Table S2.

Quantitative RT-PCR

Testis cDNA was obtained as described above. Procedures
involving commercial kits were performed according to man-
ufacturers’ instructions. Quantitative PCR was carried out
using QuantiFast SYBR Green PCR Kit (Qiagen) for detect-
ing products on a StepOnePlus Real-Time PCR instrument
(Applied Biosystems). Primer sequences are listed in
Table S2.

All reactions were done in duplicate (Dmc1, Sycp3,Meiob,
Vasa) or quadruplicate (Spata22). The success of reactions
was confirmed by analysis of amplification and melting
curves. StepOne Software v2.3 was used to quantify products
using the 2−ΔΔCt method. Briefly, duplicate or quadruplicate
threshold cycle (Ct) values were averaged to obtain mean Ct
values and mean Ct value of Actb reactions was subtracted to
obtain ΔCt values. Then, ΔCt values obtained for mutants
were subtracted from those obtained for wild-type or hetero-
zygous littermates to obtain ΔΔCt values and 2−ΔΔCt values
are plotted as relative quantity values (Fig. 7c). For 12 dpp
Spata22shani/shani, four litters containing one mutant and one
wild type each were analyzed. For 12 dpp Spo11−/−, one litter
containing three mutant and two wild-type animals were ana-
lyzed and mean wild-type ΔCt value was used to obtain
ΔΔCt values for the three mutants.

Plasmid construction

Constructs were confirmed by DNA sequencing. The shani
mutation was introduced into pCMV6-XL5-HsSPATA22
plasmid (Origene, cat# SC123038) by site directed mutagen-
esis. Wild-type and mutated Spata22 sequences were PCR
amplified from pCMV6-XL5-HsSPATA22, digested with
EcoRI (NEB) and BamHI (NEB), and cloned into pKH3 plas-
mid (Addgene) for protein expression.

Cell culture and plasmid transfection

Cells were cultivated in a 5% CO2 humidified incubator at
37 °C. Human embryonic kidney cells (HEK-293, ATCC)
were grown in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum (Gibco). Cell lines were
regularly screened for mycoplasma contamination by DAPI
staining. Plasmid transfection was performed with
Lipofectamine 2000 (Life Technologies) according to the
manufacturer’s instructions.

Western blot analysis

Total protein extraction from testes was done, after removing
the tunica albuginea, by lysing cells in RIPA buffer (Thermo
Fisher Scientific) using ceramic spheres and FastPrep-24
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instrument (MP Biomedicals) with two 20 s pulses. Extracts
were then sonicated for 10min at medium power (30 s on, 30 s
off) and centrifuged at 16,200×g for 10min at 4 °C. For whole
cell protein extraction from HEK-293 cells, cells were lysed
under native conditions by homogenization in 1× cell lysis
buffer (Cell Signaling) supplemented with Complete protease
inhibitor tablet (Roche), 1 mM phenylmethylsulfonyl fluoride
(Sigma) and 10 μM MG-132 (Sigma), sonicated twice for
10 min each at medium power (30 s on, 30 s off) and centri-
fuged at 16,200×g for 10 min at 4 °C.

Protein samples were supplemented with Laemmli buffer and
dithiothreitol, boiled for 5min and separated by SDS-PAGEon a
10% gel. Proteins were transferred onto a polyvinylidene
difluoride membrane. Membranes were blocked in PBST (1×
PBSwith 0.05%Tween-20) supplementedwith 5% non-fat milk
for 1 h at room temperature, incubatedwith primary antibodies in
PBST supplemented with 1% non-fat milk overnight at 4 °C and
then incubated with appropriate secondary antibodies in PBST
supplemented with 1% non-fat milk for 3 h at room temperature.
Images were acquired using a Typhoon 5 imager (Amersham
Biosciences, GE Healthcare). Antibodies used are listed in
Table S3.

Acknowledgments We thank Keeney lab members Luis Torres, Diana
Y. Eng, and Jacquelyn Song for assistance with genotyping and mouse
husbandry. We thank Keeney lab member Shintaro Yamada for Spo11
mutant mice. We thank Ning Fan and Dmitry Yarilin at the MSKCC
Cytology Core for help with histological analyses. For whole-exome
sequencing, we thank the MSKCC Integrated Genomics Operation. We
thank members of the Laboratory of the Development of the Gonads as
well as Keeney lab members for discussions and technical support. We
thank members of the animal housing facility at CEA-FAR and CEA-
Saclay. We acknowledge the ENCODE Consortium (Consortium EP
2012) and the ENCODE production laboratory of Thomas Gingeras
(Cold Spring Harbor Laboratory) for generating the ENCODE datasets
used in this manuscript.

Author contributions CP, VB, JR, EM, and DJ performed research. CP,
NL, GL, EM, and DJ analyzed data. GL, SK, EM, and DJ wrote the
paper.

Funding information MSKCC core facilities were supported by the
National Institutes of Health grant P30 CA008748. Livera lab members
were supported by ANR, INSERM, Fondation ARC and La Ligue contre
le Cancer. DJ was supported by a fellowship from Human Frontier
Science Program. Work in the SK lab was supported by Howard
Hughes Medical Institute. CP and JR were supported by a CEA fellow-
ship and JR by La Ligue contre le Cancer.

Data availability Reagents and mouse strains are available upon request.

Compliance with ethical standards All applicable interna-
tional, national, and/or institutional guidelines for the care and use of
animals were followed. All procedures performed in studies involving
animals were in accordance with the regulatory standards and were ap-
proved by the Memorial Sloan Kettering Cancer Center (MSKCC) and
the Commissariat à l’énergie atomique et aux énergies alternatives (CEA)
Institutional Animal Care and Use Committees.

Conflict of interest The authors declare that they have no conflict of
interest.

References

Barchi M, Mahadevaiah S, Di Giacomo M, Baudat F, de Rooij DG,
Burgoyne PS, Jasin M, Keeney S (2005) Surveillance of different
recombination defects in mouse spermatocytes yields distinct re-
sponses despite elimination at an identical developmental stage.
Mol Cell Biol 25:7203–7215. https://doi.org/10.1128/MCB.25.16.
7203-7215.2005

Baudat F, Manova K, Yuen JP, Jasin M, Keeney S (2000) Chromosome
synapsis defects and sexually dimorphic meiotic progression inmice
lacking Spo11. Mol Cell 6:989–998

Baudat F, Imai Y, de Massy B (2013) Meiotic recombination in mam-
mals: localization and regulation. Nat Rev Genet 14:794–806.
https://doi.org/10.1038/nrg3573

Bellve AR, Cavicchia JC,Millette CF, O'Brien DA, Bhatnagar YM, Dym
M (1977) Spermatogenic cells of the prepuberal mouse. Isolation
and morphological characterization. J Cell Biol 74:68–85

Blencowe BJ (2000) Exonic splicing enhancers: mechanism of action,
diversity and role in human genetic diseases. Trends Biochem Sci
25:106–110. https://doi.org/10.1016/s0968-0004(00)01549-8

Brandsma I, Sato K, van Rossum-Fikkert SE, van Vliet N, Sleddens E,
Reuter M, Odijk H, van den Tempel N, Dekkers DHW, Bezstarosti
K, Demmers JAA, Maas A, Lebbink J, Wyman C, Essers J, van
Gent DC, Baarends WM, Knipscheer P, Kanaar R, Zelensky AN
(2019) HSF2BP interacts with a conserved domain of BRCA2 and
is required for mouse spermatogenesis. Cell Rep 27:3790–3798.e7.
https://doi.org/10.1016/j.celrep.2019.05.096

Brosh RM Jr, Li JL, KennyMK, Karow JK, Cooper MP, Kureekattil RP,
Hickson ID, Bohr VA (2000) Replication protein A physically in-
teracts with the Bloom’s syndrome protein and stimulates its
helicase activity. J Biol Chem 275:23500–23508. https://doi.org/
10.1074/jbc.M001557200

Brown MS, Bishop DK (2014) DNA strand exchange and RecA homo-
logs in meiosis. Cold Spring Harb Perspect Biol 7:a016659. https://
doi.org/10.1101/cshperspect.a016659

Bugreev DV, Yu X, Egelman EH,Mazin AV (2007) Novel pro- and anti-
recombination activities of the Bloom’s syndrome helicase. Genes
Dev 21:3085–3094. https://doi.org/10.1101/gad.1609007

Caburet S, Todeschini AL, Petrillo C, Martini E, Farran ND, Legois B,
Livera G, Younis JS, Shalev S, Veitia RA (2019) A truncating
MEIOB mutation responsible for familial primary ovarian insuffi-
ciency abolishes its interaction with its partner SPATA22 and their
recruitment to DNA double-strand breaks. EBioMedicine 42:524–
531. https://doi.org/10.1016/j.ebiom.2019.03.075

Cartegni L, Chew SL, Krainer AR (2002) Listening to silence and under-
standing nonsense: exonic mutations that affect splicing. Nat Rev
Genet 3:285–298. https://doi.org/10.1038/nrg775

Cartegni L, Wang J, Zhu Z, ZhangMQ, Krainer AR (2003) ESEfinder: a
web resource to identify exonic splicing enhancers. Nucleic Acids
Res 31:3568–3571. https://doi.org/10.1093/nar/gkg616

Caspary T (2010) Phenotype-driven mouse ENU mutagenesis screens.
Methods Enzymol 477:313–327. https://doi.org/10.1016/S0076-
6879(10)77016-6

Consortium EP (2012) An integrated encyclopedia of DNA elements in
the human genome. Nature 489:57–74. https://doi.org/10.1038/
nature11247

Corpet F (1988) Multiple sequence alignment with hierarchical cluster-
ing. Nucleic Acids Res 16:10881–10890. https://doi.org/10.1093/
nar/16.22.10881

De Muyt A, Jessop L, Kolar E, Sourirajan A, Chen J, Dayani Y, Lichten
M (2012) BLM helicase ortholog Sgs1 is a central regulator of

Chromosoma (2020) 129: –179161 177

https://doi.org/10.1128/MCB.25.16.7203-7215.2005
https://doi.org/10.1128/MCB.25.16.7203-7215.2005
https://doi.org/10.1038/nrg3573
https://doi.org/10.1016/s0968-0004(00)01549-8
https://doi.org/10.1016/j.celrep.2019.05.096
https://doi.org/10.1074/jbc.M001557200
https://doi.org/10.1074/jbc.M001557200
https://doi.org/10.1101/cshperspect.a016659
https://doi.org/10.1101/cshperspect.a016659
https://doi.org/10.1101/gad.1609007
https://doi.org/10.1016/j.ebiom.2019.03.075
https://doi.org/10.1038/nrg775
https://doi.org/10.1093/nar/gkg616
https://doi.org/10.1016/S0076-6879(10)77016-6
https://doi.org/10.1016/S0076-6879(10)77016-6
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/nature11247
https://doi.org/10.1093/nar/16.22.10881
https://doi.org/10.1093/nar/16.22.10881


meiotic recombination intermediate metabolism. Mol Cell 46:43–
53. https://doi.org/10.1016/j.molcel.2012.02.020

de Rooij DG, de Boer P (2003) Specific arrests of spermatogenesis in
genetically modified and mutant mice. Cytogenet Genome Res 103:
267–276. https://doi.org/10.1159/000076812

de Vries FA, de Boer E, van den Bosch M, Baarends WM, Ooms M,
Yuan L, Liu JG, van Zeeland AA, Heyting C, Pastink A (2005)
Mouse Sycp1 functions in synaptonemal complex assembly, meiot-
ic recombination, and XY body formation. Genes Dev 19:1376–
1389. https://doi.org/10.1101/gad.329705

Gershoni M, Hauser R, Yogev L, Lehavi O, Azem F, Yavetz H,
Pietrokovski S, Kleiman SE (2017) A familial study of azoospermic
men identifies three novel causative mutations in three new human
azoospermia genes. Genet Med 19:998–1006. https://doi.org/10.
1038/gim.2016.225

Gershoni M, Hauser R, Barda S, Lehavi O, Arama E, Pietrokovski S,
Kleiman SE (2019) A newMEIOBmutation is a recurrent cause for
azoospermia and testicular meiotic arrest. HumReprod 34:666–671.
https://doi.org/10.1093/humrep/dez016

Hassold T, Hunt P (2001) To err (meiotically) is human: the genesis of
human aneuploidy. Nat Rev Genet 2:280–291. https://doi.org/10.
1038/35066065

Hays E, Majchrzak N, Daniel V, Ferguson Z, Brown S, Hathorne K, La
Salle S (2017) Spermatogenesis associated 22 is required for DNA
repair and synapsis of homologous chromosomes in mouse germ
cells. Andrology 5:299–312. https://doi.org/10.1111/andr.12315

Holloway JK, Booth J, Edelmann W, McGowan CH, Cohen PE (2008)
MUS81 generates a subset of MLH1-MLH3-independent cross-
overs in mammalian meiosis. PLoS Genet 4:e1000186. https://doi.
org/10.1371/journal.pgen.1000186

Holloway JK, Morelli MA, Borst PL, Cohen PE (2010) Mammalian
BLM helicase is critical for integratingmultiple pathways of meiotic
recombination. J Cell Biol 188:779–789. https://doi.org/10.1083/
jcb.200909048

Hunter N (2015) Meiotic recombination: the essence of heredity. Cold
Spring Harb Perspect Biol 7. https://doi.org/10.1101/cshperspect.
a016618

Hunter N (2017) Oocyte quality control: causes, mechanisms, and con-
sequences. Cold Spring Harb Symp Quant Biol 82:235–247. https://
doi.org/10.1101/sqb.2017.82.035394

Ishishita S, Inui T, Matsuda Y, Serikawa T, Kitada K (2013) Infertility
associated with meiotic failure in the tremor rat (tm/tm) is caused by
the deletion of spermatogenesis associated 22. Exp Anim 62:219–
227. https://doi.org/10.1538/expanim.62.219

Ishishita S, Matsuda Y, Kitada K (2014) Genetic evidence suggests that
Spata22 is required for the maintenance of Rad51 foci in mamma-
lian meiosis. Sci Rep 4:6148. https://doi.org/10.1038/srep06148

Jain D, Meydan C, Lange J, Claeys Bouuaert C, Lailler N, Mason CE,
Anderson KV, Keeney S (2017) Rahu is a mutant allele of Dnmt3c,
encoding a DNA methyltransferase homolog required for meiosis
and transposon repression in the mouse male germline. PLoS Genet
13:e1006964. https://doi.org/10.1371/journal.pgen.1006964

Jain D, PunoMR, Meydan C, Lailler N, Mason CE, Lima CD, Anderson
KV, Keeney S (2018) Ketu mutant mice uncover an essential mei-
otic function for the ancient RNA helicase YTHDC2. Elife 7. https://
doi.org/10.7554/eLife.30919

La Salle S, Palmer K, O'Brien M, Schimenti JC, Eppig J, Handel MA
(2012) Spata22, a novel vertebrate-specific gene, is required for
meiotic progress in mouse germ cells. Biol Reprod 86:45. https://
doi.org/10.1095/biolreprod.111.095752

Lammers JH, Offenberg HH, van Aalderen M, Vink AC, Dietrich AJ,
Heyting C (1994) The gene encoding a major component of the
lateral elements of synaptonemal complexes of the rat is related to
X-linked lymphocyte-regulated genes. Mol Cell Biol 14:1137–1146

Luo M, Yang F, Leu NA, Landaiche J, Handel MA, Benavente R, La
Salle S, Wang PJ (2013) MEIOB exhibits single-stranded DNA-

binding and exonuclease activities and is essential for meiotic re-
combination. Nat Commun 4:2788. https://doi.org/10.1038/
ncomms3788

Madeira F, Park YM, Lee J, Buso N, Gur T,Madhusoodanan N, Basutkar
P, Tivey ARN, Potter SC, Finn RD, Lopez R (2019) The EMBL-
EBI search and sequence analysis tools APIs in 2019. Nucleic Acids
Res 47:W636–W641. https://doi.org/10.1093/nar/gkz268

Mahadevaiah SK, Turner JM, Baudat F, Rogakou EP, de Boer P, Blanco-
Rodriguez J, Jasin M, Keeney S, Bonner WM, Burgoyne PS (2001)
Recombinational DNA double-strand breaks in mice precede syn-
apsis. Nat Genet 27:271–276. https://doi.org/10.1038/85830

Moens PB, Freire R, Tarsounas M, Spyropoulos B, Jackson SP (2000)
Expression and nuclear localization of BLM, a chromosome stabil-
ity protein mutated in Bloom's syndrome, suggest a role in recom-
bination during meiotic prophase. J Cell Sci 113(Pt 4):663–672

Page SL, Hawley RS (2003) Chromosome choreography: the meiotic
ballet. Science 301:785–789. https://doi.org/10.1126/science.
1086605

Peters H (1969) The development of the mouse ovary from birth to
maturity. Acta Endocrinol 62:98–116. https://doi.org/10.1530/acta.
0.0620098

Peters AH, Plug AW, van Vugt MJ, de Boer P (1997) A drying-down
technique for the spreading of mammalian meiocytes from the male
and female germline. Chromosom Res 5:66–68

Pittman DL, Cobb J, Schimenti KJ, Wilson LA, Cooper DM, Brignull E,
Handel MA, Schimenti JC (1998) Meiotic prophase arrest with fail-
ure of chromosome synapsis inmice deficient for Dmc1, a germline-
specific RecA homolog. Mol Cell 1:697–705. https://doi.org/10.
1016/s1097-2765(00)80069-6

Probst FJ, Justice MJ (2010) Mouse mutagenesis with the chemical
supermutagen ENU. Methods Enzymol 477:297–312. https://doi.
org/10.1016/S0076-6879(10)77015-4

Ribeiro J, Abby E, Livera G, Martini E (2016) RPA homologs and
ssDNA processing during meiotic recombination. Chromosoma
125:265–276. https://doi.org/10.1007/s00412-015-0552-7

Ribeiro J et al. (2018) MEIOB and SPATA22 resemble RPA subunits
and interact with the RPA complex to promote meiotic recombina-
tion. bioRxiv

Romanienko PJ, Camerini-Otero RD (2000) The mouse Spo11 gene is
required for meiotic chromosome synapsis. Mol Cell 6:975–987

Sasaki M, Lange J, Keeney S (2010) Genome destabilization by homol-
ogous recombination in the germ line. Nat Rev Mol Cell Biol 11:
182–195. https://doi.org/10.1038/nrm2849

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch
T, Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez JY, White
DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A (2012) Fiji:
an open-source platform for biological-image analysis. Nat Methods
9:676–682. https://doi.org/10.1038/nmeth.2019

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R,
McWilliam H, Remmert M, Söding J, Thompson JD, Higgins DG
(2011) Fast, scalable generation of high-quality protein multiple
sequence alignments using Clustal Omega. Mol Syst Biol 7:539.
https://doi.org/10.1038/msb.2011.75

Singh DK, Ahn B, Bohr VA (2009) Roles of RECQ helicases in recom-
bination based DNA repair, genomic stability and aging.
Biogerontology 10:235–252. https://doi.org/10.1007/s10522-008-
9205-z

Souquet B, Abby E, Hervé R, Finsterbusch F, Tourpin S, le Bouffant R,
Duquenne C, Messiaen S, Martini E, Bernardino-Sgherri J, Toth A,
Habert R, Livera G (2013)MEIOB targets single-strand DNA and is
necessary for meiotic recombination. PLoS Genet 9:e1003784.
https://doi.org/10.1371/journal.pgen.1003784

Walpita D, Plug AW, Neff NF, German J, Ashley T (1999) Bloom's
syndrome protein, BLM, colocalizes with replication protein a in
meiotic prophase nuclei of mammalian spermatocytes. Proc Natl

Chromosoma (2020) 129: –179161178

https://doi.org/10.1016/j.molcel.2012.02.020
https://doi.org/10.1159/000076812
https://doi.org/10.1101/gad.329705
https://doi.org/10.1038/gim.2016.225
https://doi.org/10.1038/gim.2016.225
https://doi.org/10.1093/humrep/dez016
https://doi.org/10.1038/35066065
https://doi.org/10.1038/35066065
https://doi.org/10.1111/andr.12315
https://doi.org/10.1371/journal.pgen.1000186
https://doi.org/10.1371/journal.pgen.1000186
https://doi.org/10.1083/jcb.200909048
https://doi.org/10.1083/jcb.200909048
https://doi.org/10.1101/cshperspect.a016618
https://doi.org/10.1101/cshperspect.a016618
https://doi.org/10.1101/sqb.2017.82.035394
https://doi.org/10.1101/sqb.2017.82.035394
https://doi.org/10.1538/expanim.62.219
https://doi.org/10.1038/srep06148
https://doi.org/10.1371/journal.pgen.1006964
https://doi.org/10.7554/eLife.30919
https://doi.org/10.7554/eLife.30919
https://doi.org/10.1095/biolreprod.111.095752
https://doi.org/10.1095/biolreprod.111.095752
https://doi.org/10.1038/ncomms3788
https://doi.org/10.1038/ncomms3788
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1038/85830
https://doi.org/10.1126/science.1086605
https://doi.org/10.1126/science.1086605
https://doi.org/10.1530/acta.0.0620098
https://doi.org/10.1530/acta.0.0620098
https://doi.org/10.1016/s1097-2765(00)80069-6
https://doi.org/10.1016/s1097-2765(00)80069-6
https://doi.org/10.1016/S0076-6879(10)77015-4
https://doi.org/10.1016/S0076-6879(10)77015-4
https://doi.org/10.1007/s00412-015-0552-7
https://doi.org/10.1038/nrm2849
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1007/s10522-008-9205-z
https://doi.org/10.1007/s10522-008-9205-z
https://doi.org/10.1371/journal.pgen.1003784


Acad Sci U S A 96:5622–5627. https://doi.org/10.1073/pnas.96.10.
5622

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009)
Jalview version 2–a multiple sequence alignment editor and analysis
workbench. Bioinformatics 25:1189–1191. https://doi.org/10.1093/
bioinformatics/btp033

Wold MS (1997) Replication protein A: a heterotrimeric, single-stranded
DNA-binding protein required for eukaryotic DNA metabolism.
Annu Rev Biochem 66:61–92. https://doi.org/10.1146/annurev.
biochem.66.1.61

Wu L, Davies SL, Levitt NC, Hickson ID (2001) Potential role for the
BLM helicase in recombinational repair via a conserved interaction
with RAD51. J Biol Chem 276:19375–19381. https://doi.org/10.
1074/jbc.M009471200

Xu Y, Greenberg RA, Schonbrunn E, Wang PJ (2017) Meiosis-specific
proteins MEIOB and SPATA22 cooperatively associate with the
single-stranded DNA-binding replication protein A complex and
DNA double-strand breaks. Biol Reprod 96:1096–1104. https://
doi.org/10.1093/biolre/iox040

Yoshida K, Kondoh G, Matsuda Y, Habu T, Nishimune Y, Morita T
(1998) The mouse RecA-like gene Dmc1 is required for homolo-
gous chromosome synapsis during meiosis. Mol Cell 1:707–718.
https://doi.org/10.1016/s1097-2765(00)80070-2

Zelazowski MJ, Sandoval M, Paniker L, Hamilton HM, Han J, Gribbell
MA, Kang R, Cole F (2017) Age-dependent alterations in meiotic
recombination cause chromosome segregation errors in spermato-
cytes. Cell 171:601–614.e13. https://doi.org/10.1016/j.cell.2017.08.
042

Zhang J, Fujiwara Y, Yamamoto S, Shibuya H (2019) A meiosis-specific
BRCA2 binding protein recruits recombinases to DNA double-
strand breaks to ensure homologous recombination. Nat Commun
10:722. https://doi.org/10.1038/s41467-019-08676-2

Zickler D, Kleckner N (2015) Recombination, pairing, and synapsis of
homologs during meiosis. Cold Spring Harb Perspect Biol 7. https://
doi.org/10.1101/cshperspect.a016626

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Chromosoma (2020) 129: –179161 179

https://doi.org/10.1073/pnas.96.10.5622
https://doi.org/10.1073/pnas.96.10.5622
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1146/annurev.biochem.66.1.61
https://doi.org/10.1146/annurev.biochem.66.1.61
https://doi.org/10.1074/jbc.M009471200
https://doi.org/10.1074/jbc.M009471200
https://doi.org/10.1093/biolre/iox040
https://doi.org/10.1093/biolre/iox040
https://doi.org/10.1016/s1097-2765(00)80070-2
https://doi.org/10.1016/j.cell.2017.08.042
https://doi.org/10.1016/j.cell.2017.08.042
https://doi.org/10.1038/s41467-019-08676-2
https://doi.org/10.1101/cshperspect.a016626
https://doi.org/10.1101/cshperspect.a016626

	shani mutation in mouse affects splicing of Spata22 and leads to impaired meiotic recombination
	Abstract
	Introduction
	Results
	Isolation of the novel meiotic mutant shani from a forward genetic screen
	shani maps to a missense mutation in the Spata22 gene
	Spata22shani/shani mutants are sterile due to gametogenic failure
	Spata22shani/shani spermatocytes are defective in meiotic DSB repair and chromosome synapsis
	Recombination dynamics in Spata22shani/shani mutants
	SPATA22 protein is not detected in Spata22shani/shani testes
	The shani mutation leads to defective Spata22 splicing and RNA instability

	Discussion
	Materials and methods
	Generation of shani mutants
	shani mutation identification and exome sequencing
	ENCODE data analysis
	Phylogenetic analysis
	Histology
	Chromosome spreads
	Immunofluorescence
	Image analysis
	Spata22 coding region amplification and sequencing
	Quantitative RT-PCR
	Plasmid construction

	Cell culture and plasmid transfection
	Western blot analysis

	References




