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Abstract

Background—Mutation /in S-phase cyclin A-associated protein rin the endoplasmic reticulum
(SCAPER) have been found across ethnicities and have been shown to cause variable penetrance
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of an array of pathological traits, including intellectual disability, retinitis pigmentosa and
ciliopathies.

Methods—Human clinical phenotyping, surgical testicular sperm extraction and testicular tissue
staining. Generation and analysis of short spindle 3 (ssp3) (SCAPER orthologue) Drosophila
CAS9-knockout lines. In vitro microtubule (MT) binding assayed by total internal reflection
fluorescence microscopy.

Results—We show that patients homozygous for a SCAPER mutation lack SCAPER expression
in spermatogonia (SPG) and are azoospermic due to early defects in spermatogenesis, leading to
the complete absence of meiotic cells. Interestingly, Drosophifa null mutants for the ubiquitously
expressed ssp3gene are viable and female fertile but male sterile. We further show that male
sterility in ssp3null mutants is due to failure in both chromosome segregation and cytokinesis. In
cells undergoing male meiosis, the MTs emanating from the centrosomes do not appear to interact
properly with the chromosomes, which remain dispersed within dividing spermatocytes (SPCs). In
addition, mutant SPCs are unable to assemble a normal central spindle and undergo cytokinesis.
Consistent with these results, an in vitro assay demonstrated that both SCAPER and Ssp3 directly
bind MTs.

Conclusions—Our results show that SCAPER null mutations block the entry into meiosis of
SPG, causing azoospermia. Null mutations in ssp3specifically disrupt MT dynamics during male
meiosis, leading to sterility. Moreover, both SCAPER and Ssp3 bind MTs in vitro. These results
raise the intriguing possibility of a common feature between human and Drosophila meiosis.

INTRODUCTION

It has been recently demonstrated that biallelic mutations in S-phase cyclin A-associated
protein residing in the endoplasmic reticulum (SCAPER) cause an array of human
phenotypes.1=® To date, 18 deleterious variants in SCAPER have been described in

a few dozen individuals from various ethnicities (South Asian, Caucasian, Amish and

other Americans, Bedouin, Arab, Spanish, Iranians and others).18 A wide spectrum and
penetrance of disease-associated phenotypes have been described, from isolated retinitis
pigmentosa, developmental delay and mild/moderate intellectual disability, to brachydactyly,
short stature and overweight.1~8 We have recently demonstrated that a null mutation

in SCAPER causes a ciliopathy syndrome with clinical manifestations of Bardet-Bied|
syndrome (BBS) as well as effects on ciliary elongation.3

SCAPER is expressed in normal human testes, is localised primarily to the endoplasmic
reticulum (ER) and interacts with cyclin A/Cdk2.% We have recently shown that both
wild-type and mutant SCAPER are expressed in primary cilia and colocalise with bundled
microtubules (MTs).3 Notably, human fibroblasts from patients with homozygous SCAPER
mutations displayed longer cilia compared with controls.3 In addition, the fly orthologue of
SCAPER, short spindle 3 (ssp3), is required for proper spindle assembly. On downregulation
of ssp3, S2 cells displayed short spindles.1? Moreover, GFP-tagged Ssp3 was clearly
associated with the spindle MTs. Thus, Ssp3 is a MT-associated protein that regulates
spindle formation in S2 cells.10
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Here we show that SCAPER is essential for maturation of spermatogonial cells and that a
null mutation in SCAPER causes azoospermia due to an early germ cell maturation defect
not related to cilia. We also show that null mutations in Drosophila ssp3, which is expressed
in most fly tissues, do not affect viability and female fertility but specifically disrupt male
fertility. Cytological analysis revealed that in ssp3 mutant testis MT behaviour is highly
abnormal, leading to severe meiotic defects in most dividing spermatocytes (SPCs). Thus,
we demonstrate an essential role of SCAPER/Ssp3 in spermatogenesis in both humans and
flies, suggesting that this protein regulates MT behaviour during both human and Drosophila
meiosis.

Bioinformatic analysis

SCAPER orthologues were identified using Ensembl (http://asia.ensembl.org/
Gene:SCAPERENSG00000140386) and GeneCards (https://www.gene-cards.org/cgi-bin/
carddisp.pl?gene=SCAPER#orthologs). Motifs shared by the orthologues were identified
using MotifFinder (https://www.genome.jp/tools/motif/) analysing Pfam and COG (NCBI-
CDD) databases; an E-value score of below 1e-9 was used (except Caenorhabditis elegans
orthologue, for which a lower E-value of 0.00001 was used). Modelling of protein

motifs was done using PROSITE (https://prosite.expasy.org), demonstrating the suggested
domains’ location and range. Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)
was used for alignment and comparison of motifs.

Drosophila stocks and cytology

The following mutant and transgenic flies were used: ssp3¢R00740-TG4.0 (Bloomington-
#80635), Df(2 L)ED1203 (Bloomington #8935) and ssp3 upstream activated sequence
JUASI-RNA interference (RNAJ) (VDRC #105858). Testis-specific expression of the RNAI
construct was achieved using vasa-Gal4 (DGRC #109997), bam-Gal 4 (Bloomington
#80579), nanos-Gal4'! and traffic jam-Gal4 (DGRC #104055). Oregon R or the Gal4-
expressing lines were used as controls.

To analyse male meiosis, testes dissected from pupae or young adults were fixed as
described in Bonaccorsi et a/12 Mutant pupae were easily recognised after rebalancing
the ssp3mutations over the CyO-TbA balancer.13 After two washes in phosphate-buffered
saline (PBS), slides were air dried and incubated overnight at 4°C with the following
primary antibodies diluted in PBS: monoclonal mouse anti-alpha tubulin (1:1000, Sigma-
Aldrich) and rabbit anti-DSpd-2 (1:3500).14 Slides were washed twice in PBS for 10

min and then incubated for 1 hour at room temperature with FITC-conjugated goat
anti-mouse (1:20, Jackson Laboratories) and Cy3-conjugated anti-rabbit 1gGs (1:100,
Jackson Laboratories). In all cases, slides were mounted in Vectashield H-1200 with 4”,6-
diamidine-2”-phenylindole dihydrochloride (DAPI) to stain DNA and examined using a
Zeiss Axioplan fluorescence microscope equipped with a cooled charged-coupled device or
camera (Photometrics CoolSnap HQ).
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Generation of knockout flies

To generate ssp3knockout flies, appropriate guide RNA sequences were identified

using CHOPCHOP online (http://chopchop.cbu.uib.no/).1> The selected sgRNA sequences,
5'-GCCAGTGTAGGATGCGGCGG-3" and 5'-GGATTGTGAAGTTCAGCTGG-3’, were
cloned into a pU6-Bbsl-chiRNA plasmid according to flyCRISPR U6-gRNA (chiRNA)
cloning protocol (https:/flycrispr.org/protocols/grna/).16 Then, 1 kb sequence stretches
upstream and downstream of ssp3were cloned into the donor pHD-DsRed-attP vector.
Injection of vectors and fly screening were carried out by BestGene.

Clinical phenotyping and surgical testicular sperm extraction (TESE)

The clinical investigation included sperm analyses; physical and ultrasound examination

of the genitalia; blood hormonal panel, including follicle-stimulating hormone (FSH),
luteinising hormone (LH), testosterone and inhibin; and genetic tests, including karyotype
and Y-chromosome microdeletion assay. Following demonstration of azoospermia, surgical
TESE was performed.1” The fluid content of the specimen was evaluated under a
microscope in order to find sperm cells. In order to release spermatozoa (SPZ) from the
seminiferous tubules, the tissue was mechanically dispersed by mincing between two sterile
slides, and the presence of sperm was examined (inverted microscope x400 magnification).
Thereafter, the tissue specimen was aspirated using syringes of 17 and 18 gauge (Becton
Dickinson, India) and suspended. The fluids of the suspension and the fluid content of the
dishes were further centrifuged at 755 g for 15 min, and the pellet was further examined
microscopically to identify sperm cells. In addition, a fragment of testicular parenchyma was
processed for histology.

Testicular tissue staining

Staining was performed as previously described.18 12 Antigen retrieval of the sections was
performed in heated 36% urea solution (Millipore) using 5% donkey serum (Biological
Industries) as a blocking buffer. After removal of the blocking buffer, the following primary
antibodies were added: monoclonal mouse anti-human Boule (BOULE antibody [B-2]:
sc-166660. 1:50; Santa Cruz Biotechnology, California, USA), polyclonal rabbit anti-human
SCAPER (#HPA046253, 1:100; Sigma, California, USA) and/or mouse monoclonal anti-
human melanoma-associated antigen A (MAGE) (MAGE-A antibody [6C1]: sc-20034.
1:100; Santa Cruz Biotechnology). After overnight incubation at 4°C, slides were washed,
and specific secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania, USA) were added, depending on the primary antibodies: donkey anti-rabbit
Cy3-conjugated 1gG (1:700 in blocking buffer) and donkey anti-mouse Alexa Fluor 488-
conjugated 1gG (1:100 in blocking buffer). After washing, slides were dried and mounted in
UltraCruzR Aqueous mounting medium with DNA dye DAPI (Santa Cruz Biotechnology).
The control preparations were incubated in blocking buffer and then stained with the
secondary antibodies. Slides were examined using a fluorescence microscope (Nikon
Eclipse 50 I; Tokyo, Japan).

J Med Genet. Author manuscript; available in PMC 2023 August 07.
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Freestyle 293-F cell culture and transient transfection

Freestyle 293 F cells, Freestyle 293 expression medium and anti-clumping agent were from
Thermo Fisher Scientific (Waltham, Massachusetts, USA); Pluronic F-68 was from Alfa
Aesar Chemicals (Haverhill, Massachusetts, USA); and polyethyleneimine (PEI) Max was
from Polysciences (Warrington, Pennsylvania, USA). Freestyle 293 F cells were grown in
Freestyle 293 expression media supplemented with anti-clumping agent and 0.1% Pluronic
F68, on an orbital shaker with constant shaking at 100 rpm in a CO» incubator (37°C, 8%
CO,). When the cells reached 1x108 cells/mL density, culture (100 mL) was spun down at
1200 rpm for 5 min and resuspended in fresh media without anti-clumping agent or pluronic,
and transfected with 100 pg of plasmid DNA using PEI Max (Sigma) at 1:1 ratio. Cells
were diluted twofold the next day, and sodium butyrate and pluronic were added to 3 mM
and 0.1% final concentration, respectively. Cells were harvested 2 days after transfection and
were used for protein purification.

Protein constructs and protein purification

Human SCAPER cDNA was subcloned from mEGFP-WT-SCAPER.2 Drosophila

5sp3 (NM_136073.3) cDNA-containing plasmid was purchased from VectorBuilder
(\VectorBuilder, Illinois, USA). Both were cloned into pl'Yneo (Addgene #52117) vectors
using Gibson assembly. The resulting constructs contain an N-terminal cassette consisting of
a 6xHis tag and tandem Strep-tags connected by a GS-linker, followed by superfolded green
fluorescent protein (sSfGFP) and a precision protease cleavage site. Both ssp3and SCAPER
constructs were expressed in Freestyle 293 F cells. Cell pellets were lysed in protein

buffer (50 mM Tris, pH 8.0, 150 mM KCH3COO, 2 mM MgSQy,, 1 mM ethylene glycol-
bis(B-aminoethyl ether)- N, N, ,V -tetraacetic acid [EGTA], 10% glycerol) supplemented
with 0.1% Triton-X100, 1 mM Dithiothreitol [DTT], 1 mM phenylmethyl-sulfonyl fluoride
[PMSF] and protease inhibitor mix (Promega). Proteins were affinity-purified using Strep
XT beads (IBA). To identify purified proteins, western blot analysis was performed using
anti Strep-tag 1l antibodies (NBP2-41076; Novus Biological Centennial, Colorado, USA).

Total internal reflection fluorescence (TIRF) microscopy and MT-binding assay

TIRF microscopy experiments were performed on a Nikon Ti2 stand, motorised ASI

stage, quad-band filter cube, Nikon laser launch, EMCCD camera (iXon Ultra 897) using

a high-speed filter wheel (Finger Lakes Instruments). TIRF chambers were assembled

from acid-washed coverslips and double-sided sticky tape as previously described.20 Taxol-
stabilised MTs were assembled with the incorporation of ~10% DyL ight-405 and biotin-
labelled tubulin. Chambers were first incubated with 0.5 mg/mL poly L-lysine [PLL]—poly
ethylene glycol [PEG]-biotin (SuSoS, Switzerland) for 10 min, followed by 0.5 mg/mL
streptavidin for 5 min. MTs were diluted into BRB80 Buffer (80 mM piperazine-N,N’-
bis(2-ethanesulfonic acid) [PIPES], pH 6.8, 1 MM MgCl,, 1 mM EGTA and 10 uM

taxol), then incubated in the chamber and allowed to adhere to the streptavidin-coated
surface for 10 min. Unbound MTs were washed away with TIRF buffer (90 mM (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) [HEPES] pH 7.4, 50 mM potassium acetate,
2 mM MgCl,, 1 mM EGTA, 10% glycerol, 0.5% Pluronic F-127, 0.1 mg/mL biotin—bovine
serum albumin [BSA], 0.2 mg/mL «x-casein and 10 pM taxol). Unless otherwise stated,
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experiments were conducted in imaging buffer (90 mM HEPES, pH 7.4, 50 mM potassium
acetate, 2 mM MgCl,, 1 mM EGTA, 10% glycerol, 0.5% Pluronic F-127, 0.1 mg/mL
biotin—-BSA, 0.2 mg/mL «x-casein, 10 UM taxol, 2 mM Trolox, 2 mM protocatechuic acid,
~50 nM protocatechuate-3,4-dioxygenase and 2 mM ATP). Purified Ssp3 and SCAPER
proteins were diluted 1:50 into imaging buffer and introduced into the chamber followed
by immediate imaging. Purified 6His-Strep-sfGFP-BicD2N/BICD protein was used as a
negative control.21 This experiment was repeated three times, and from each slide, 200
images of MTs and proteins were taken.

Clinical phenotyping of hypergonadotropic azoospermia

Two siblings, both previously reported to have BBS due to a homozygous SCAPER
(NM_020843.2) ¢.2806delC; p.(L936*) truncation mutation, were referred for infertility
studies: a 27-year-old patient (P1:VV7) married to an apparently healthy woman, failing to
conceive for 4 years, and his 31-year-old brother (P1:V6) (figure 1A).

In both individuals, three sperm analyses performed over a year have shown normal

volume of ejaculate but no sperm cells, even after high-power microscopic examination

of the sediment postcentrifugation. Individual P1:VV7 underwent standard clinical evaluation.
Karyotype and Y chromosome microdeletion assay were normal. Testicular size was at the
lower limit of the norm (10-12 mL) with firm consistency and no varicocele. Hormonal tests
demonstrated elevated FSH (22 mIU\mL), elevated LH (17 mIU\mL) and total testosterone
at the lower limit of the norm (2.58 ng\mL).

Testicular biopsies of individual P1:V7 showed maturation arrest (figure 1B). H&E
staining of testicular tissue of individual P1:VV7 demonstrated only spermatogonial cells
(spermatogonia (SPG)) and Sertoli cells (SCs), in contrast with control testicular tissue

in which cells of all stages of spermatogenesis were evident: SPG, SC, SPCs, round
spermatids (RSs) and SPZ (figure 1B). For further detailed analysis of the testicular
tissues, we used several antibodies as markers for the different stages of meiosis. Most
notably, immunostaining with Boule, a meiotic germ cell marker,19 demonstrated that,

in contrast with normal tissue (figure 2A), in the biopsy of the patient, meiotic cells

were completely absent (figure 2B). To examine the cellular localization of SCAPER in
the control and patient biopsies, preparations were immunostained for both SCAPER and
MAGE, which specifically marks spermatogonial cells.2223 In normal tissues, SCAPER was
localised to SPG, as revealed by colocalisation of SCAPER (red) with the MAGE marker
(green) (orange in the merged picture, figure 2C). In addition, SCAPER was detected in
SPCs and RSs in normal testicular biopsy (figure 2C). As expected, in the biopsy of the
patient, SCAPER could not be detected, while SPG staining by anti-MAGE antibodies was
evident (figure 2D). No staining was present in control and patient biopsies incubated with
secondary antibodies only (data not shown).

J Med Genet. Author manuscript; available in PMC 2023 August 07.
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Drosophila ssp3 null mutants are viable and female fertile but male sterile

SCAPER is conserved throughout evolution (figure 3A). Two highly conserved motifs
were found in all orthologues: SCAPER_N (PF16501) and structural maintenance of
chromosomes (or chromosome segregation ATPases, NCBI-CDD 224117).

In order to test whether SCAPER is essential for spermatogenesis across species and to
further delineate its role in this process, we examined the effect of loss of function mutations
in the Drosophila SCAPER orthologue ssp3. Using the CRISPR/Cas9 methodology, we
generated five independent ssp3knockout mutant alleles (figure 3B). Because all five alleles
are virtually identical in their molecular structure, we designated them as M1 through M5,
and we globally referred to them as ssp3%C. We also used an additional ssp3 mutant allele,
SSP3CRO0740-TGA.0 (called hereafter ssp37C4) (figure 3C). Flies homozygous or hemizygous
(over Df(2 L)ED1203that removes ssp3) for each of the six ssp3 mutations were fully viable
and female fertile but were completely male sterile. We also tested several heteroallelic
mutant combinations, including ssp37%%ssp3%C, and found that they are viable and female
fertile but male sterile. In all cases, fertility was assayed by crossing mutant males and
females to wild-type virgin females and males, respectively. Although ssp3is heavily
expressed in many Drosophilatissues, including imaginal discs, ovaries and testes (FlyBase:
modENCODE_mRNA-Seq_tissues), our findings clearly show that it is required only for
male fertility.

Next, we combined the UAS/Gal4 technology with RNAI to ascertain whether ssp3is
required for spermatogenesis and to define the cells within the testis where ssp3is required.
We used a UAS-RNAI construct against ssp3and the following Gal4 lines: vasa-Gal4,

bag of marbles (bam)-Gal4, nanos (nos)-Gal4 and traffic jam (&)-Gal4. Whereas the first
three Gal4 lines are expressed in germline cells, #-Gal4 is expressed in somatic gonadal
cells.?* vasa-Gal4 is expressed in all germ cells from germline stem cells (GSCs) to SPCs25;
bam-Gal4 is expressed in late stage SPG and SPCs?%; and nos-Gal4 is expressed in GSC and
SPG and very early SPCs.11 We found that RNAi-mediated downregulation of ssp3with the
vasa-Gal4 and bam-Gal4 drivers but not with the nos-Gal4 and #-Gal4 driver lines leads to
complete male sterility. These data suggest that ssp3is required during spermatogonial and
early SPC stages.

Drosophila ssp3 is specifically required for gametogenesis in the male germline

To define the defect leading to male sterility, we first examined the spermatids of
homozygous ssp3"2 and ssp3"3 adult males. Meiosis in wild-type males produces 64
spermatids, each containing a nucleus and a mitochondrial derivative (or nebenkern). In
living testes at the onion stage, spermatid nuclei and nebenkerne have similar sizes but are
easily distinguished because they are phase-light and phase-dense, respectively (figure 4A).

Errors in chromosome segregation result in spermatid nuclei of different sizes.2’ Cytokinesis
failure abolishes mitochondria partitioning between the daughter cells, resulting in
spermatids containing abnormally large nebenkerne associated with multiple nuclei.28
Examination of testes of both ssp3Y and ssp3V3 flies revealed very few (if any) normal
spermatids (n=200 spermatids per mutant). In both mutants, most nuclei and nebenkerne
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were of very different sizes and the nucleus—nebenkern association was often disrupted
(figure 4B,C). This phenotype is diagnostic of failures in both chromosome segregation and
cytokinesis (see for example2? 30),

The finding that loss of ssp3results in defective spermatids prompted us to examine meiotic
divisions in fixed testes from ssp3Y! and ssp3VY2 mutants; preparations were immunostained
for tubulin and the centrosome marker Spd2, and counterstained for DNA (with DAPI). In
both mutants, virtually all divisions were abnormal. In cells undergoing either the first or the
second meiotic division, the MTs emanating from the centrosomes did not appear to interact
properly with the chromosomes, so that the chromosomes were dispersed within the dividing
SPC (figure 5C,J). Sometimes, the chromosomes were found outside the spindle (figure
5D), while in other cases, they were associated with a single pole (figure 5C). If the latter
event were to occur during the first meiotic division, it would give rise to highly abnormal
second meiotic divisions such as meiosis 11 spindles containing an unreduced chromosome
complement (eight chromosomes) and spindles devoid of chromosomes (figure 5K), as
previously observed in other Drosophila mutants.31-33 We did observe several meiosis 11
‘empty’ spindles (11/62) and meiosis Il spindles that appeared to contain more than four
chromosomes (figure 5K). However, due to our fixation method that does not preserve
chromosome morphology, we were unable to count chromosomes in the latter spindles.

We also found that meiotic cells of ssp3VZ and ssp3M3 mutants were unable to form regular
central spindles. Wild-type primary and secondary SPCs form prominent hourglass-shaped
spindles that are constricted in the middle by the cytokinetic ring (figure 5E, arrow). In
contrast, in ssp3 mutant cells in which some chromosome segregation has occurred, we
saw several irregular MT bundles dispersed within the cell without any specific orientation
(figure 5F, G, H, M, N), Because the integrity of the central spindle is essential for
contractile ring formation and cytokinesis,34 3% the cytokinesis defect observed in ssp3
mutants is easily explained by their inability to assemble a central spindle.

In a few 16 cell cysts of mature primary SPCs of ssp3 mutants, we observed nuclei that are
substantially larger than the other nuclei in the cyst. In wild-type flies, these cysts invariably
exhibit nuclei of nearly identical sizes. Thus, the large primary SPC nuclei observed in ssp3
mutants are the likely consequence of defects in the spermatogonial divisions. Consistent
with this interpretation, we observed meiotic divisions of cells that appear to be tetraploid,;
one of these cells is shown in figure 5G. These findings imply that ssp.3, in addition to an
essential role in male meiosis, plays a function in gonial cell division.

SCAPER and Ssp3 directly bind MTs in vitro

Our data suggest that ssp3is required for proper MT behaviour during male meiosis.
Consistent with this finding, it has been previously shown that the Ssp3 protein localises to
metaphase spindles of Drosophila S2 cells.10 Moreover, our previous work has suggested
that the SCAPER protein localises to both MTs and primary cilia in human cells.3 Thus,
we asked whether the Ssp3 and SCAPER proteins have intrinsic abilities to bind MTs

in vitro, using a fluorescence-based MT-binding assay (see the Methods section). We
isolated 6His-Strep-sfGFP-tagged Ssp3, SCAPER and BicD2N (negative control) proteins
from mammalian HEK?293 cells (figure 6). In extracts, we could detect full-length tagged
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SCAPER and Ssp3 proteins and some degradation products (figure 6A) using an antibody

against the N-terminal Strep purification tag. Using TIRF microscopy, we found that both

tagged proteins robustly colocalise with immobilised MTs (figure 6B), indicating that both
Ssp3 and SCAPER directly bind MTs. In contrast, BicD2N did not show any associations

with the MTs (figure 6C).

DISCUSSION

Azoospermia, identified in ~1% of all men and 10%—-20% of infertile men, is defined

as the complete absence of SPZ in the centrifuged ejaculate in high-powered microscope
examination on at least two occasions. While ~40% of azoospermia cases are due to

genital tract obstruction at various levels, most cases are due to spermatogenesis failure

or extremely low sperm production, with spermatogenesis ensuing in only few seminiferous
tubules to different intermediate degrees of germ cell development.36 The various degrees of
spermatogenesis disruption are reflected by the histopathology of the testicular parenchyma:
absence of sperm cells due to an SC-only histology pattern; maturation arrest, where
spermatogenesis is arrested at one or more levels; and hypospermatogenesis, where
complete spermatogenesis is present, but only few mature sperm cells can be observed,

or mixed patterns.3’

One of the known causes of non-obstructive male infertility is BBS. It is long known that
hypogonadism is one of the main characteristics of BBS, and affected males are usually
infertile due to primary gonadal failure.38 As most BBS disease-causing genes are involved
in cilia biogenesis and function, the subfertility is believed to be a result of defective sperm
tails.3° Specifically, Bbs7knockout mice were characterised by abnormal sperm flagellar
axonemes, while absence of sperm flagella was demonstrated in Bbs1M390R/M390R knockin,
Bbs2 knockout, Bbs4 knockout and Bbs6 knockout mice.40-44 We have recently shown that
a biallelic mutation in SCAPER causes BBS and affects primary cilia.3 We now demonstrate
hypergonadotropic azoospermia in male patients carrying SCAPER mutation. While in testis
biopsies of these patients spermatogonial and SCs were normally present, incomplete germ
cell maturation was evident, with the complete absence of meiotic cells. Furthermore, the
SCAPER protein localised to the spermatogonial cells in normal control specimens, yet

was not found in testes of affected individuals, consistent with the instability of the mutant
SCAPER protein.3 As SPZ fail to develop in SCAPER null mutant patient due to meiotic
failure in the earlier phase, we cannot rule out an additional role for SCAPER in sperm
flagella formation or structure, as one would have expected based on the findings in the
various mice Bbs mutants.40-44

The azoospermia of patients carrying a presumably null SCAPER mutation is consistent
with the male infertility seen in SCAPER null mutant mice (Scaperi™1b(EUCOMM)Hmguy
described by the International Mouse Phenotyping Consortium,* as well as the presence
of SCAPER RNA in mouse testes (GUDMAP Consortium, GUDMAP: the GenitoUrinary
Development Molecular Anatomy Project;www.gudmap.org).46

Drosophila male meiosis is a well-characterised model system that is particularly
advantageous due to the large size of both centrioles and spindles. In addition, examination
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of spermatid morphology in vivo permits easy and reliable assessment of meiotic
abnormalities. Our Drosophila studies showed that the crucial role of SCAPER in
spermatogenesis and allowed a detailed analysis of the phenotype caused by null mutations
in the fly orthologue of SCAPER. We found that male meiotic cells of ssp3mutants are
defective in MT-chromosome interaction and do not exhibit regular central spindles. Instead,
they display a phenotype that, to the best of our knowledge, has never been observed in any
Drosophila male meiotic mutant, namely, ana-telophase figures showing several randomly
oriented bundles of parallel MTs and no central spindle. Our finding that meiotic spindle
MTs of ssp3mutant males do not correctly interact with the kinetochores is subject to two
interpretations. This phenotype could be the outcome of a defect in meiotic kinetochore
structure/function or the consequence of a more general defect in MT dynamic behaviour
that would prevent proper MT—kinetochore interaction. Based on the meiotic anaphase/
telophase phenotypes observed in mutant ssp3 males (figure 5), we strongly favour the
second alternative.

It has been previously shown that aster/ess mutants that are devoid of asters and

exhibit highly irregular meiotic metaphases and anaphases can assemble regular central
spindles.*” Morphologically normal hourglass-shaped meiosis 11 central spindles have been
also observed in secondary SPCs that assemble a spindle in the complete absence of
chromosomes, following a complete failure of chromosome segregation in the first division,
for example, in Topoisomerase I/ mutants3L 33 and in mitch mutants that are defective in
kinetochore assembly.32 In contrast, irregular central spindles have been described in several
mutants with altered MT-related functions. The genes specified by these mutants include
the Kinesin-like proteins KIp3A and pavarotti that are enriched in the MTs of the central
spindle midzone*8 49 and fascetto that specifies a protein homologous to the Aselp/PRC1
family that binds the central spindle MTs.50 Collectively, these results suggest that central
spindle formation is independent of both the presence of chromosomes and the mode of MT
nucleation, and relies on proteins that control MT dynamics or stability.

The hypothesis that the meiotic phenotype observed in Drosophila males is the consequence
of an abnormal MT behaviour is strongly supported by our finding that both Ssp3 and
SCAPER bind MTs in vitro. This hypothesis is also consistent with the observation that,

in S2 cells, Ssp3-GFP is enriched at the spindles and its RNAi-mediated depletion leads

to the formation of short spindles.1® However, a role of Ssp3 in mitotic spindle assembly
seems to be specific for S2 cells, as ssp3 mutant flies develop normally. We examined larval
brain preparations of the mutants stained for tubulin, Spd2 and DNA and found no obvious
departures from normality in the mitotic divisions of brain cells (data not shown).

In conclusion, to the best of our knowledge, SCAPER is the first example of a human gene
responsible for BBS that is required for male meiosis and the ensuing sperm formation. We
have also shown that the Drosophila orthologue of SCAPER, ssp3, is specifically required
for meiotic spindle formation in males. The finding that both SCAPER and Ssp3 bind MTs
in vitro raises the intriguing possibility that both proteins control MT dynamics during male
meiosis, highlighting a common feature between human and Drosophila male meiosis.
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8‘ Pedigree and histological characterisation of testes from patients bearing biallelic SCAPER

-§ mutations. (A) pedigree of the consanguineous Bedouin kindred studied. Four patients (V5,
V6, V7 and V8) were affected by Bardet-Biedl syndrome due to a homozygous SCAPER
truncation mutation. Evaluation of the two mature male patients (both recently married;
marked in black) revealed azoospermia. Note that V8 (marked in grey) could not be tested
for azoospermia. (B) H&E staining of a control testicular biopsy (left panel) showing a
seminiferous tubule, including cells in all phases of spermatogenesis: SPG, SPC, RS, SPZ

i_> and SC. These cell types are identified according to their location in the seminiferous tubule

= and the shape of the nucleus. In the patient (right panel), the seminiferous tubules contain

S only SPG and SC, an evidence of maturation arrest. RS, round spermatid; SC, Sertoli cell;

QZJ SCAPER, S-phase cyclin A-associated protein residing in the endoplasmic reticulum; SPC,

2 spermatocyte; SPG, spermatogonia; SPZ, spermatozoa.
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Figure 2.
Cytological analysis of testicular tissue from patients bearing biallelic SCAPER mutations.

(A,B) Biopsies from control (A) and affected patient (B) immunostained for Boule that
specifically marks meiotic cells (green). The sections were also stained with DAPI (blue) to
identify the germ cell nuclei within the seminiferous tubules. SPGs and PTCs are indicated
by yellow and white arrowheads, respectively. (C,D) Double immunofluorescence for
melanoma-associated antigen A (MAGE) (green, a specific marker for SPG) and SCAPER
(red) in control (C) and patient’s (D) biopsies. In normal tissues, SCAPER is localised

to SPG, as revealed by colocalisation of SCAPER (red) with the MAGE marker (green)
and is detected in SPCs and RSs in normal testicular biopsy. In the biopsy of the patient,
SCAPER could not be detected. Scale bar, 100 um. DAPI, 4’ 6-diamidine-2”-phenylindole
dihydrochloride; PTC, peritubular cell; RS, round spermatid; SCAPER, S-phase cyclin
A-associated protein residing in the endoplasmic reticulum; SPC, spermatocyte; SPG,
spermatogonia.
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Figure 3.
Analysis of the SCAPER orthologues and CRISPR-mediated generation of ssp3null

mutants. (A) Domain structure of SCAPER orthologues and conservation of recurring
motifs across species. Two highly conserved motifs are found: ‘SCAPER_N’ (rectangle) and
SMC (ellipse). Above each diagram: species| gene name|NCBI gene number. Below each
diagram: numbers outside parenthesis mark the amino acid -aa-number\domain spanning
range; within parenthesis, MotifFinder calculated E-value for alignment against query
database, per cent identity against Homo sapiens parallel domain, created by Clustal2.1).
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(B) Schematic diagram illustrating the molecular structure of the ssp3locus and generation
of ssp3 KO flies (null alleles) using CRISPR-mediated HDR. Exons contained in the two
ssp3isoforms are shown in yellow. Red arrows represent the binding sites of the forward
and reverse primers used for genotyping. (C) Diagram of the ssp3 mutant allele containing
a “Trojan-GAL4’ gene trap sequence inserted into an intron. The ‘Trojan GAL4’ element
truncates the trapped gene product and expresses the GAL4 protein under the control of
the ssp3regulatory sequences. HDR, homology-directed repair; NCBI, National Center for
Biotechnology Information; SCAPER, S-phase cyclin A-associated protein residing in the
endoplasmic reticulum; SMC, structural maintenance of chromosome.
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Figure 4.
Mutations in ssp3result in defective spermatids in Drosophila. (A—C) Live onion stage

spermatids from wild type (A), ssp3¥ (B) and ssp3Y3 (C) mutants. Note that wild-type
spermatids contain phase light nuclei and phase-dense nebenkerne of similar sizes. In
contrast, in ssp3 mutants, nuclei and nebenkerne have very different sizes, a phenotype
diagnostic of defects in both chromosome segregation and cytokinesis. Scale bar, 10 pm.
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Figure5.
Mutations in ssp3disrupt Drosophila male meiosis. (A—C) First male meiotic division in

wt and ssp3null mutants stained for a-tubulin (green), Spd2 (red) and DNA (blue). (A)

wt prometaphase 1. (B) wt metaphase I. (C) Prometaphase | from an ssp3"Z mutant with
the chromosomes misplaced with respect to the spindle axis. (D) Metaphase | from an
55p3M3 mutant with the chromosomes (arrow) located outside the spindle. (E) wt telophase
| with a prominent central spindle (arrow). (F) Telophase I-like figure from an ssp3M1
mutant, devoid of a central spindle and showing irregular MT bundles. (G,H) Telophase
I-like figure from an ssp3M3 mutant; the cell shown is probably hyperploid; note that it
lacks a central spindle and instead exhibits irregular MT bundles, enlarged in H. (I-N)
Second meiotic division in wt and ssp3null mutants. (1) wt metaphase Il. (J) Metaphase

I from an ssp3M1 mutant, with misplaced chromosomes laying outside the spindle. (K)
Prometaphase/metaphase spindle devoid of chromosomes from an ssp3M3 mutant (see text
for explanation on the origin of this peculiar type of meiosis Il figures). (L) wt telophase |1
showing a typical central spindle (arrow). (M,N) Telophase II-like figure from an ssp3M1
mutant, showing irregular MT bundles, enlarged in N. Scale bar, 10 pm. MT, microtubule;
wt, wild type.
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Figure 6.
Purified SCAPER and Ssp3 directly bind MTs. (A) Western blot of affinity purified 6His-

Strep-sfGFP-Ssp3 (lane 1) or 6His-Strep-sfGFP-SCAPER (lane 2) using an antibody against
the N-terminal Strep-tag. Pink arrows indicate the expected MW of the fusion proteins

(220 kDa for 6His-Strep-sfGFP-Ssp3 and 186 kDa for 6His-Strep-sfGFP-SCAPER); yellow
asterisks indicate prominent degradation products containing the N-terminal Strep-tag. (B)
TIRF-M images of immaobilised bovine brain MTs (blue) and 6His-Strep-sfGFP-tagged
proteins (green), highlighting the robust direct association of these proteins with MTs.

(C) 6his-Strep-sfGFP-tagged BicD2N (green, 20 nM) does not bind to MTs (blue)
demonstrating the binding specificity of Ssp3 and SCAPER in this assay. Scale bar, 5

um. MT, microtubule; 6His, polyhistidine tag; Strep, Strep tag; sSfGFP, superfolded green
fluorescent protein; TIRF, total internal reflection fluorescence.
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