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In brief

Current male contraceptive options are limited, highlighting the need for novel approaches. This study characterizes the
sperm protein QRICH2 in humans, showing its testis-specific expression and key roles in spermatogenesis and sperm struc-
ture, suggesting that it may be a promising and safe target for male contraception.

Abstract

Today, male contraceptive options remain limited to condoms and vasectomy, highlighting the urgent need for alternative
methods. In this context, discovering and characterizing reproductive-tract-specific proteins that can be targeted by natural
or chemical molecules is of particular interest. Recent studies on the sperm protein glutamine-rich protein 2 (QRICH2) show
that it could represent a promising candidate. Indeed, it has been genetically confirmed to be essential for male fertility in
mice, bulls, and humans, with gene knockout and loss-of-function mutations leading to defective sperm and complete infer-
tility without evident accompanying symptoms. However, information on human QRICH2 remains limited. In this study, we
aimed to better characterize human QRICH2 to assess its potential as a target for male contraceptive development. Using
mass spectrometry, we assessed which of the QRICH2 isoforms described in databases might be expressed in human sperm.
Through in silico analyses, we showed that QRICH2 has no paralogs in humans, and is conserved across mammals, particu-
larly in a region containing two functional domains, suggesting theirimportance for QRICH2 function. Finally, using immuno-
detection methods and proteomic dataset analyses, we investigated the tissue specificity of QRICH2 by examining its protein
expression across 12 human organs. Our results show that QRICH2 is restricted to the testes, where it localizes to different
cellular compartments throughout spermatogenesis, and acts as a cytoskeletal component in mature sperm, both in the
head and flagellum. We conclude that QRICH2 represents a promising candidate for further investigation as a potential target
for male contraception and we propose different strategies that could be explored for its inhibition.

Keywords QRICH2, humans, male contraception, non-hormonal contraceptive target, testis-specific expression, spermatogenesis

Introduction

Despite four decades of research, male contraceptive methods re-
main limited (Thirumalai & Amory, 2021). Currently, only condoms
and vasectomy offer reliable contraception for men, reflecting a
significant gap in contraceptive options compared to those avail-
able for women (Kim et al., 2024). Since vasectomy is considered
relatively invasive and difficult to reverse, most men rely on con-
doms for contraception. This disparity in the availability of male
contraceptive methods highlights the urgent need for further re-

search and development in this field. Surveys have shown that a
significant proportion of men believe contraceptive responsibility
should be shared between the sexes and express interest in new
male contraceptive options (Nickels & Yan, 2024). In response to
this demand, extensive research over the past few decades has fo-
cused on developing both hormonal and non-hormonal male con-
traceptives (Louwagie et al., 2023). However, clinical trials of hor-
monal contraceptives for men have revealed various side effects
(Wang et al., 2016), as well as inconvenient and restrictive admin-
istration methods such as injections or the need to take multiple
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pills daily to maintain effectiveness. Moreover, given the recency
of these studies, the long-term risks associated with hormonal
contraceptive use remain unclear, leaving the acceptable risk-
benefit ratio undetermined (Thirumalai & Page, 2020). As a result,
non-hormonal approaches are preferred. These consist of either
mechanical methods or drug-based strategies. Mechanical meth-
ods include barrier methods, thermal methods approaches, and
vas-occlusion techniques such as RISUG® (reversible inhibition of
sperm under guidance), an intravasal injectable polymer that has
demonstrated high efficacy and safety in phase lll clinical trials in
India (Khilwani et al., 2020; Lohiya et al., 2022). Drug-based meth-
ods, on the other hand, aim to target proteins essential for male
fertility, ideally with minimal to no side effects (Louwagie et al.,
2023). To address these safety concerns, target proteins are select-
ed based on their specificity to the male reproductive system and
the absence of paralogs in somatic cells, thereby reducing the risk
of undesirable off-target effects (Kent et al., 2020). Furthermore,
particular attention is given to proteins whose gene impairmentin
animal models or patients leads to sterility, ensuring that inhibit-
ing the target protein would achieve effective contraception (Kent
et al., 2020). Recent results on the sperm protein glutamine-rich
protein 2 (QRICH2) make this protein a potential target as it ap-
pears to meet the above-mentioned criteria (Shen et al., 2019).

QRICH2’s role was discovered recently in the context of genet-
ic mutations responsible for multiple morphological abnormali-
ties of the flagella (MMAF), a syndrome leading to male infertility
(Kherraf et al., 2019; Shen et al., 2019; Hiltpold et al., 2022). In hu-
mans and bulls, homozygous mutations in the QRICH2 gene lead
to the synthesis of truncated proteins, resulting in severe flagellar
deformities, decreased sperm count in the semen, and immotile
sperm (Kherraf et al., 2019; Shen et al., 2019; Hiltpold et al., 2022).
In addition, QRICH2 knock-out (KO) male mice are infertile and
display a MMAF phenotype without evident accompanying symp-
toms (Shen et al., 2019). Further analysis of these KO mice re-
vealed that the reduced sperm count is not due to impaired meio-
sis, but rather to elevated levels of reactive oxygen species, which
induce DNA damage in spermatids and lead to their subsequent
autophagy and apoptosis (Zhang et al., 2024b). In view of these
findings, QRICH2 appears to play a crucial role in sperm flagellum
biogenesis and in protecting spermatids from excessive reactive
oxygen species-induced damage (Shen et al., 2019; Zhang et al.,
2024b). The former function is in part explained by QRICH2’s
ability to regulate proteins involved in flagellum development:
it activates the transcription of ODF2 and CABYR and inhibits the
ubiquitin-proteasome dependent degradation of ROPN1, AKAP3,
TSSK4, and MARCH10 (Shen et al., 2019).

The objective of this study is to further characterize human
QRICH2 to evaluate if it could be used as a male contraceptive
target. Indeed, to date, most of the available data on QRICH2
have been obtained in mice (Shen et al., 2019; Zhang et al., 2024a;
2024b), while information on the human protein remains limited.
In this study, we examined QRICH2’s tissue specificity at the protein
level and analyzed its localization during spermatogenesis as well
as in ejaculated sperm. Using sperm protein extraction combined
with mass spectrometry (MS), we determined QRICH2’s primary
structure, enabling discrimination between the several isoforms
described in databases. Finally, through in silico analyses, we in-
vestigated the presence of QRICH2 paralogs in somatic cells and the
evolutionary conservation of QRICH2 proteins across mammals.

Materials and methods

Samples and ethics

Human semen samples were obtained from the fertility clinic of
HELORA Hospital (Mons, Belgium) from patients undergoing rou-
tine semen analysis or from voluntary donors. All experiments
conducted in this study were approved by the Ethics Committee
of HELORA Hospital in Mons and by the Ethics Committee of
Erasme Hospital in Brussels (EudraCT/CCB:/B4062024000219).
The samples were obtained with the informed written consent of
all subjects. Semen samples were collected by masturbation af-
ter an abstinence period of 3-5days and routine semen analysis
was performed according to the World Health Organization 2021
guidelines (WHO, 2021). Only normozoospermic samples (volume
= 1.4mL, sperm concentration = 16 x10%/mL, and total motility =
42%) were investigated. Sperm purification from the semen sam-
ples was carried out by centrifugation at 300 x g for 20 min at 37°C
on a discontinuous PureSperm 40/80 density gradient (Nidacon,
Mo“Indal, Sweden) as described in Nicholson et al. (2000) and
the World Health Organization guidelines (WHO, 2021). Purified
sperm recovered from the bottom of the 80% PureSperm fraction
were then washed with Dulbecco’s phosphate-buffered saline
(DPBS; Sigma-Aldrich, St Louis, MO, U.S.A.) supplemented with
100 pg/mL ampicillin (Thermo Fisher Scientific, Geel, Belgium).
Sections from human testis, epididymis, cerebral cortex, heart,
colon, pancreas, lung, kidney, thyroid, and prostate fixed in forma-
lin and embedded in paraffin were obtained from Erasme Hospital
biobank [BE_BERAL; Biobanque Hépital Erasme-Université Libre de
Bruxelles (BERA); BBMRI-ERIC]. The sections were taken from tissues
sampled at a distance from a malignant region and presenting a nor-
mal histology (i.e., complete spermatogenesis in the case of testes).

Sperm protein extraction and western
blot analysis

Proteins were extracted from freshly purified sperm using dif-
ferent buffers: (1) Laemmli sodium dodecyl sulfate (SDS) sam-
ple buffer [50mM Tris, 10% (v/v) glycerol, 2% (w/v) SDS, 50 mM
dithiothreitol (DTT), bromophenol blue, pH 6.8], (2) RIPA without
SDS [50 mM Tris, 150 mM sodium chloride (NaCl), 1% Triton-X-100,
0.25% sodium deoxycholate, pH 7.5], (3) RIPA with SDS (50 mM
Tris, 150 mM NacCl, 1% Triton-X-100, 0.25% sodium deoxycholate,
0.1% SDS, pH 7.5), (4) DPBS with 1% Triton-X-100, and (5) urea
buffer (50mM K,HPO,, 8 M urea, 50mM DTT, pH 8.5), all supple-
mented with protease inhibitors (Complete ULTRA Tablets; Roche,
Mannheim, Germany). For the first buffer, the sample was incu-
bated in the buffer for 5min at room temperature and then at
95°C for 5min. For the other buffers, the samples were vortexed
three times for 10s each and then submitted to mechanical lysis
using an ultrasound probe (IKA U50 sonicator). Three cycles of
sonication of 5s at 20% amplitude were performed at 4°C. The
samples were centrifuged briefly and incubated for 30 min on ice
or at room temperature in the case of the urea buffer. They were
then centrifuged at 17,000 x g for 15min at 4°C or room tempera-
ture. The supernatants were then mixed with Laemmli SDS sam-
ple buffer (containing 100 mM DTT) and heated for 5min at 95°C.
All the extracts were centrifuged and loaded on 5% or 8% sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels. Electrophoresis was carried out with TGS buffer [25mM Tris,
192 mM glycine, 0.1% (w/v) SDS].

For western blot analysis, proteins separated by electropho-
resis were transferred onto PVDF membranes (GE Healthcare)
using 25mM Tris, 192mM glycine, 0.05% (w/v) SDS, 20% (v/v)
methanol as transfer buffer. The membranes were washed with
phosphate-buffered saline containing 0.05% (v/v) Tween 20 (PBS-
Tw) and then blocked for 1 h in PBS-Tw containing 5% (w/v) bo-
vine serum albumin (PBS-Tw-BSA) (Carl Roth GmbH, Karlsruhe,
Germany). After that, they were incubated overnight at 4°C under
gentle agitation with a rabbit polyclonal anti-QRICH2 antibody
(Atlas antibodies AB, Bromma, Sweden; Cat# HPA052219) diluted
1:1000 in PBS-Tw-BSA (3%). After five washes of 5min each in PBS-
Tw, the membranes were incubated for 1 hr at room temperature
under gentle agitation with horseradish peroxidase-conjugat-
ed goat anti-rabbit immunoglobulins (Proteintech, Manchester,
UK; Cat# SA00001-2) diluted 1:5000 in PBS-Tw-BSA (3%). Finally,
the membranes were washed again and immunoreactive bands
were visualized using the ECL western blotting substrate (Thermo
Fisher Scientific, Waltham, MA, U.S.A.) or the SuperSignal™ West
Femto maximum sensitivity substrate (Thermo Fisher Scientific,
Waltham, MA, U.S.A.) and the Fusion FX imaging system (Vilber,
Marne-la-Vallée, France).

MS analyses

Proteins extracted from freshly purified sperm using Laemmli SDS
sample buffer were resolved on a 4-20% (w/v) MiniPROTEAN TGX
precast polyacrylamide gel (Bio-Rad Laboratories; Hercules, CA,
U.S.A.). One part of the gel was used for western blot analysis as
described above to assess the presence of QRICH2. The other part
of the gel was stained using Coomassie brilliant blue R-250 and
the gel band corresponding to QRICH2 (as determined by western
blot) was excised. The gel band was washed twice in 25mM am-
monium bicarbonate (ABC buffer) and then twice in ABC buffer
containing 50% (v/v) acetonitrile (acetonitrile buffer), each time
for 15min under agitation. It was then incubated in 50mM DTT
in ABC buffer at 56°C for 45min and subsequently in 50 mM io-
doacetamide in ABC buffer in the dark for 30 min. Again, the gel
band was washed twice in ABC buffer and then twice in acetoni-
trile buffer. It was then incubated in 15uL of a digestion solu-
tion made up of 10 ng/uL of porcine sequencing grade modified
trypsin (Promega, Madison, WI, U.S.A.) in ABC buffer. This incuba-
tion was first performed for 30min at 4°C and then overnight at
37°C. After digestion, to maximize peptide recovery, the superna-
tant was collected, and the gel band was subsequently incubated
for 15min in ABC buffer, followed by 15 min in acetonitrile buffer
containing 5% (v/v) formic acid. All three resulting supernatants
were pooled. The combined supernatant, containing the tryptic
peptides, was then air-dried using a DNA120 OP DNA SpeedVac™
Concentrator (Thermo Fisher Scientific, Geel, Belgium) and stored
at —20°C. Before analysis, the peptides were resuspended in 10 pl
of a solution containing 2% (v/v) acetonitrile and 0.1% (v/v) formic
acid. The sample was then centrifuged at 17,000 x g for 20 min at
4°C and tryptic peptides were analyzed by reverse-phase HPLC-
ESI-MS/MS on a UHPLC-HRMS/MS instrument (AB SCIEX LC420
and TripleTOF 6600) using the DDA mode of acquisition. Tryptic
peptides were separated on a C18 column (YMC-Triat 0.3mm x

150 mm column) with a linear acetonitrile gradient (5% to 35% of
acetonitrile, 5pL.min™, 20 min) in water containing 0.1% formic
acid. MS survey scans (m/z 400-1250, 100 ms accumulation time,
mass resolution of +25,000) were followed by 50 MS/MS acquisi-
tion. Collision-induced dissociation was carried on using rolling
collision energy, and fragment ions were accumulated for 50 ms
in high-sensitivity mode (mass resolution of £10,000). MS/MS data
were processed with ProteinPilot software (version 5.0.1.0,4895,
AB SCIEX) and analyzed against the Uniprot Homo sapiens data-
base (release 2022_05) with the relevant parameters, including
carbamidomethyl cysteine, oxidized methionine, all biological
modifications, amino acid (aa) substitutions, and missed cleav-
age site. Only proteins identified with <1% false discovery rate
were considered.

Construction of expression vectors
encoding QRICH2 isoforms

Expression vectors were obtained by Gateway® Recombination
Cloning Technology (Thermo Fisher Scientific, Geel, Belgium). First,
PENTR vectors encoding three human QRICH2 isoforms, Q9H0J4,
AO0A1BOGW36, and AOATPOT7G7 (UniProt) were obtained as follows.
The pENTR containing the sequence coding for the Q9H0J4 isoform
was purchased from Horizon Discovery Ltd (Cambridge, U.K.),
which holds a copy of the Human ORFeome Collection, a collection
of plasmids containing most of the open reading frames (ORFs) of
the human genome (Lamesch et al., 2007; ORFeome Collaboration,
2016). The pENTR plasmid encoding isoform AOA1BOGW36 was ob-
tained by modification of the pENTR encoding the Q9H0J4 isoform.
The sequence coding isoform AOA1BOGW36 contains an additional
496 nucleotides at the 5" end compared to the sequence coding for
isoform Q9H0J4. To modify the pENTR coding for isoform Q9HO0J4,
two restriction sites for the Bsp120l enzyme were identified in this
pPENTR: one upstream of the Q9H0J4 ORF, within the plasmid back-
bone sequence, and the other in the 5" region of the Q9H0J4 ORF,
which is shared with the ORF of AOA1BOGW36. A synthetic gene cor-
responding to the nucleotide sequence between the two restriction
sites was purchased from Integrated DNA Technologies (Leuven,
Belgium) as a gBlock. This synthetic gene was then inserted into
the pENTR coding for Q9H0J4 by restriction/ligation cloning. The
PENTR plasmid encoding isoform AOA7POT7G7 was obtained by
modification of the pENTR encoding the AOA1IBOGW36 isoform. The
sequence coding for isoform AOA7TPOT7G7 contains an additional
174 nucleotides at the 3" end compared to the sequence coding
for isoform AOA1BOGW36. To modify the pENTR containing the ORF
coding for isoform AOA1BOGW36, two restriction sites were identi-
fied. Thefirst, recognized by the Eco147l enzyme, islocated atthe 3’
end of the ORF coding for the protein, and the second, recognized
by the Eco32l enzyme, is located downstream of the ORF, within
the plasmid backbone. A synthetic gene corresponding to the nu-
cleotide sequence between the two restriction sites, including the
sequence comprising the missing 174 nucleotides, was purchased
from Integrated DNA Technologies (Leuven, Belgium) as a gBlock.
This synthetic gene was then integrated into the pENTR coding
for isoform AOATPOT7GT by restriction/ligation cloning. For the
construction of the expression vectors, LR reactions between the
PENTR vectors and the pDEST vector pCMV-Cter_3flag-RFAgw were
performed using LR Clonase® enzyme (Thermo Fisher Scientific,
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Geel, Belgium). The three expression plasmids were verified using
Sanger sequencing (Eurofins Genomics, Konstanz, Germany). pC-
MV-Cter_3flag-RFAgw was obtained from MGC, IGMM Montpellier.
It was generated by introducing the RFA Gateway cassette into p3x-
FLAG-CMV-14 (Merck KGaA, Darmstadt, Germany; Cat# E7908).

Production of QRICH2 isoforms in human
embryonic kidney 293T cells

Human embryonic kidney (HEK) 293T cells (ATCC #CRL-11268)
were maintained at 37°C and 5% CO, in Dulbecco’s modified
eagle’s medium high glucose (DMEM, PAN-Biotech GmbH,
Aidenbach, Germany) supplemented with 10% decomplement-
ed fetal bovine serum (FBS, Biochrom GmbH, Berlin, Germany)
and 1% of antibiotics (10,000 units/mL penicillin and 10,000 pg/
mL streptomycin, Gibco, Life Technologies Corporation, Grand
Island, NY, U.S.A.). At 24 hr before transfection, 1 x 10° cells were
plated onto 24-well plates and incubated at 37°C in 5% CO,.
Cells grown to 60-80% confluence were transfected with the ex-
pression vectors using jetPRIME transfection reagent (PolyPlus,
Illkirch, France). Cells were lysed 48 hr post-transfection in a lysis
buffer (50 mM Tris, 250 mM NaCl, 2mM EDTA, 1% Triton-X-100, pH
7.4) supplemented with protease inhibitors. The extracts were
then analyzed by western blot, as described in the Sperm protein
extraction and western blot analysis section, to detect QRICH2.

In silico analyses

In silico analyses were performed using QRICH2’s longest isoform,
i.e.,AOATPOT7G7.The presence of conserved domains was predict-
ed by the NCBI Conserved Domain Database v3.21 (CDD) (Wang
et al., 2023). To identify QRICH2 paralogs in humans, a BLASTp
(Altschul et al., 1990) search was performed using the human
QRICH2 sequence in the NCBI non-redundant database (release
266), restricting the search to Homo sapiens. To assess the conser-
vation of QRICH2 in mammals, a subset of mammalian QRICH2
protein sequences, selected from 16 different species across 14
mammalian orders, was selected. A pairwise alignment was per-
formed between the protein sequence of each species and the pro-
tein sequence of H. sapiens using the Geneious global alignment
algorithm (based on Needleman-Wunsch; cost matrix: Blosum
62), as implemented in Geneious Prime 2025.1.3. For each 200-
aa region of human QRICH2, distance matrices representing the
percentage of identity between species were retrieved. Selected
species and respective orders were: Macaca mulatta (Primates),
Pan troglodytes (Primates), Rattus norvegicus (Rodents), Mus mus-
culus (Rodents), Bos taurus (Artiodactyls), Canis lupus familiaris
(Carnivores), Oryctolagus cuniculus (Lagomorphs), Equus caballus
(Perissodactyls), Orcinus orca (Cetaceans), Elephas maximus in-
dicus (Proboscideans), Phyllostomus discolor (Chiropterans),
Dromiciops gliroides (Microbiotheres), Sarcophilus harrisii
(Dasyuromorphs), Sorex fumeus (Soricomorphs), Manis javanica
(Pholidotes), and Choloepus didactylus (Pilosa).

Then, to analyse the global conservation of QRICH2 across mam-
mals, vertebrates, and eukaryotes, homolog protein sequences
of QRICH2 were retrieved from the OrthoDB database (v12.1, July
10, 2025) (Kriventseva et al., 2019), using “QRICH2” as the query.

Three taxonomic datasets were extracted: sequences restricted to
mammals (272 sequences), vertebrates (1645 sequences), and eu-
karyotes (4629 sequences). The human QRICH2 sequence (isoform
AOATPOT7GT) was included as reference in each alignment. Each
dataset was aligned separately using MAFFT (v7.515) with the de-
fault automated methods (FFT-NS-2 strategy) (Katoh et al., 2017).
Non-trimmed alignments were analysed for comparison. Only col-
umns aligned to the human sequence AOATPOT7GY (i.e., non-gap in
the human QRICH2 sequence) were considered to ensure accurate
positional correspondence. Normalized Shannon entropy was cal-
culated for each alignment column to estimate conservation using
the formula: / = =)"p, log ,( p,), where pi is the frequency of aa i

at that position. Conservation scores were derived as 1-H/Hmax1,
where Hmax is the maximum entropy over 20 amino acids. The
analysis was restricted to the 20 standard amino acids. Sequence
coverage (i.e., the proportion of non-gap characters per column)
was computed in parallel. Conservation and coverage scores were
mapped onto the human reference sequence positions. The three
annotated protein domains of human QRICH2 AOA7POT7G7, based
on CDD predictions, were highlighted in all analyses. We developed
an R script (available upon request) that computes two parameters
per alignment column: (1) conservation score, calculated as 1 mi-
nus the normalized Shannon entropy of aa frequencies at each po-
sition (Capra & Singh, 2007), and (2) alignment coverage, defined as
the proportion of sequences without a gap at that position. For vis-
ualisation purposes, smoothed conservation and coverage curves
were computed using a centered moving average with a 50-aa win-
dow to improve readability and reduce noise. The human QRICH2
reference sequence was used to anchor alignment positions. Plots
were generated with ggplot2 in R.

Detection of QRICH2 in published human
organ proteomes

The presence of QRICH2 was investigated in published proteomes
from ten human organs (testis, brain, heart, colon, liver, pancre-
as, skin, lung, prostate, and thyroid). These organs were selected
based on (1) their representation of major physiological systems
and (2) the availability of multiple high-quality proteomic data-
sets. To find relevant articles on organ proteomes, the following
search terms “human + [organ name] + proteome” were used in
Google Scholar and PubMed. The ProteomeXchange reposito-
ry (Deutsch et al., 2023) was also consulted by searching for all
available proteomes for each organ in H. sapiens. For each organ,
at least four different proteomes were selected based on the fol-
lowing criteria: (1) inclusion of non-cancerous tissue, not limited
to cancerous samples; (2) for complex organs (e.g., the brain), in-
clusion of proteomes from different regions; and (3) preference
for studies using most recent, high-sensitivity methodologies in
combination with state-of-the-art MS technologies.

Analysis of QRICH2 localization on human
organ sections and sperm

The presence of QRICH2 in ten human organs (testis, epididymis,
cerebral cortex, heart, colon, pancreas, lung, kidney, thyroid, and
prostate), selected based on tissue availability in the Biobank,
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was investigated by immunofluorescence (IF) and immunohisto-
chemistry (IHC). Sections from the different organs (5 um in thick-
ness) were dewaxed and rehydrated. For each tissue, one section
was stained using Masson’s trichrome to evaluate tissue histolo-
gy, and the others were subjected to IF and IHC methods accord-
ing to the following protocol. First, heat-induced epitope retrieval
was performed with sodium citrate buffer (21.8 mM citric acid,
pH=6.2). Sections were washed with PBS before blocking in PBS-
BSA (5%). They were then incubated overnight at 4°C with rabbit
polyclonal anti-QRICH2 (Atlas antibodies AB, Bromma, Sweden;
Cat# HPA052219) diluted 1:100 in PBS-Tw-BSA (3%). Controls
were performed by incubating sections in PBS-Tw-BSA (3%) with-
out primary antibody. Following several washes with PBS-Tw, the
sections were incubated for 1 hr at room temperature with Alexa
fluor 568-coupled goat anti-rabbit immunoglobulins (Invitrogen,
Eugene, OR, U.SA.; Cat# A-11011) diluted 1:100 in PBS-Tw-BSA
(3%). For testis sections, acrosome labelling was performed for
30 min at room temperature with a 5 ug/mL solution of fluores-
cein isothiocyanate (FITC) conjugated Pisum sativum agglutinin
(PSA-FITC; Sigma-Aldrich, Burlington, MA, U.S.A.; Cat# L0770) in
PBS. Finally, the sections were counterstained for 15min with
10 pg/mL of Hoechst 33342 (Sigma-Aldrich, St Louis, MO, U.S.A.)
and mounted with Vectashield Plus Antifade Mounting Medium
(Vector Laboratories, Burlingame, CA, U.S.A.; Cat# H-1900). To
detect Sertoli cells unambiguously, some testis sections were ex-
posed to double immuno-labelling for QRICH2 and vimentin us-
ing the same protocol but with serial incubations with (1) mouse
monoclonal anti-vimentin (Proteintech, Manchester, U.K.; Cat#
60330-1-Ig) diluted 1:500 in PBS-BSA (3%) for 2hr at room tem-
perature, (2) rabbit polyclonal anti-QRICH2 overnight at 4°C, (3)
Alexa fluor 568-coupled goat anti-rabbit immunoglobulins for 1 hr
at room temperature, and (4) CoralLite488 conjugated Affinipure
Goat Anti-Mouse (Proteintech; Cat# SA00013-1) diluted 1:100 in
PBS-BSA (3%) for 1hr at room temperature. Z-Stack images of
0.1um increment were collected using a confocal microscope
(Nikon TI2-E-A1RHD25). For IHC, the secondary antibody was an
ImmPRESS anti-rabbitimmunoglobulin G horseradish peroxidase
(MP-7401; Vector Laboratories, Burlingame, CA, U.S.A.), used un-
diluted for 30min at room temperature. After washing, sections
were incubated in a 0.05% (w/v) hydrogen peroxide (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany; Cat# 95314) contain-
ing 0.49 mg/mL diaminobenzidine (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany; Cat# D5637), untilimmunostaining develop-
ment. Sections were counterstained with hemalun and luxol fast
blue, dehydrated and mounted with a permanent mounting me-
dium (Richard-Allan Scientific, Kalamazoo, MI, U.S.A.; Cat# 4112),
and observed using a Zeiss Axioscope A1 microscope.

Aliquots of purified sperm were fixed in an equal volume of 4%
(w/v) paraformaldehyde (Sigma-Aldrich, Burlington, MA, U.S.A.)
in PBS for 20min at room temperature. The samples were then
centrifuged at 2000 x g for 5min at 4°C. They were washed twice
with PBS supplemented with 50mM glycine, to quench the re-
maining paraformaldehyde, and once with PBS. Droplets of 0.1
to 0.2x10° fixed sperm were air-dried on 12mm diameter glass
coverslips. After a quick wash with PBS-Tw, sperm were perme-
abilized in PBS-Tw containing 0.3% (v/v) Triton X-100 (Carl Roth
GmbH, Karlsruhe, Germany) for 20 min. They were then subjected
to IF as described above. In this case, controls were performed
by replacing the anti-QRICH2 antibody with rabbit 1gG (Sigma-

Aldrich, St Louis, MO, U.S.A.; Cat# 15006) diluted at 20 ug/mL in
PBS-Tw-BSA (3%).

Results

Characterization of native QRICH2 from
human sperm

We extracted proteins from human sperm using different buffers
and analyzed for the presence of QRICH2 by western blot (Figure
1, and Supplementary Figure S1, see online supplementary ma-
terial). Notably, only strong denaturing buffers, containing high
concentrations of SDS or urea (lanes 1 and 5 in Figure 1, respec-
tively) allowed the extraction of QRICH2, suggesting that the pro-
tein is tightly bound within the sperm structure.

As human QRICH2 exists as several isoforms in the Ensembl
and UniProt databases, we analyzed native QRICH2 from human
sperm by MS to assess which isoform is actually expressed. For this
purpose, the gel band corresponding to QRICH2 (as determined
by western blot) was excised and submitted to in-gel trypsinoly-
sis. QRICH2 was identified with 35 peptides at >95% confidence
(Figure 2, and Supplementary Figure S2 and supplementary Table
S1,seeonline supplementary material). Among these, 31 peptides
were common to the three longest isoforms described in databas-
es: Q9HO0J4 (1663 aa), AOALBOGW36 (1829 aa), and AOATPOT7G7
(1887 aa). Additionally, four peptides matched a sequence absent
in Q9H0J4 but present in the N-terminal region of AOA1BOGW36
and AOA7POT7GT. The first peptide identified in the sequence,
PPATTVSLR, lacks the initial methionine residue at its N-terminus
(Supplementary Figures S2 and S3 and Supplementary Table S1,
see online supplementary material), indicating that it corresponds
to the N-terminal end of the protein. Indeed, in eukaryotes, the
N-terminal methionine is often co-translationally cleaved by the
enzyme methionine aminopeptidase when followed by small res-
idues, including proline, as is the case here (Wingfield, 2017). The
AOA1BOGW36 and AOATPOT7GY isoforms differ only by the pres-
ence of 58 additional aa at the C-terminal end of AOA7TPOT7G7,
but our MS data did not allow discrimination between them. As
western blot analysis of sperm extracts revealed a single distinct
high-molecular-weight band (Figure 1) with the polyclonal an-
ti-QRICH2 antibody, which is directed against an immunogen se-
quence common to all isoforms, these results suggest that only
one of these two isoforms is present in sperm.

Figure 1 Extraction of QRICH2 from human sperm using different
buffers. Proteins were extracted from purified human sperm using:

lane 1. Laemmli (50 mM Tris, 10% glycerol, 2% SDS, 50 mM DTT), lane

2. RIPA without SDS (50 mM Tris, 150 mM NaCl, 1% Triton-X-100, 0.25%
deoxycholate), lane 3 RIPA with SDS (50 mM Tris, 150 mM NaCl, 1%
Triton-X-100, 0.25% deoxycholate, 0.1% SDS), lane 4 DPBS with 1%
Triton-X-100, and lane 5 urea buffer (50 mM K,HPO,, 8M urea, 50 mM DTT).
The protein extracts were resolved by SDS-PAGE (8% acrylamide) and
analyzed by western blot using anti-QRICH2 antibodies.
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Figure 2 Identification of QRICH2 isoform expressed in human sperm. Human QRICH2 exists as several isoforms in the UniProt database, with the
isoform comprising 1663 amino acids (aa) (Q9H0J4) being recognized as the canonical isoform [see also Kherraf et al. (2019); Shen et al. (2019)]. To
discriminate between these isoforms, native QRICH2 from human sperm was analyzed by mass spectrometry following in-gel trypsinolysis. Resulting
peptides identified with >95% confidence are indicated in red. Four of them (*) matched the N-terminal part of two isoforms longer than Q9H0J4:
AOA1BOGW36 (1829 aa) and AOATPOT7G7 (1887 aa). The three conserved regions predicted by the Conserved Domain Database are shown: a region with
similarity to the superfamily of high molecular weight glutenin subunit (Glutenin hmw; positions 448-980), a region with similarity to the superfamily
of chromosome segregation protein SMC (SMC_prok_B; positions 1176-1544), and a domain of unknown function (DUF4795; positions 1419-1598). The
SMC_prok-B domain also presents similarity with the YhaN superfamily, of unknown function. Image created using Illustrator for Biological Sequences

(IBS) 1.0.3 (Liu et al., 2015).

Figure 3 Comparison of native QRICH2 and recombinant isoforms in
SDS-PAGE. Proteins were extracted from purified human sperm and from
HEK293T cells transfected with expression vectors encoding QRICH2
isoforms AOA7POT7G7 (lane 1), AOA1BOGW36 (lane 2), and Q9HO0J4 (lane
3), each fused to a C-terminal 3XFlag tag. Samples were resolved by
SDS-PAGE (5% acrylamide) and analyzed in western blot using anti-
QRICH2 antibodies. All extracts were run on the same gel; however, the
membrane section with the sperm extract was exposed for a longer time
to ensure proper visualization of the QRICH2 band.

Next, we expressed the three isoforms fused to a C-terminal
3xFlag tag in HEK293T cells and compared their apparent mo-
lecular weight (MW) to that of native QRICH2 using western blot
analysis (Figure 3, and Supplementary Figure S4, see online
Supplementary material). The apparent MW of native QRICH2
(256 kDa) was higher than that of the three recombinant iso-
forms. Interestingly, each protein displayed an apparent MW
greater than its calculated one (including the 3xFlag tag): 229 vs
186 kDa for Q9H0J4, 245 vs 204 kDa for AOA1BOGW36, and 248 vs
210kDa for AOATPOT7GT7. These results suggest that both native
and recombinant proteins undergo post-translational modifica-
tions (PTMs).

For subsequent in silico analyses, we used the longest isoform,
AOATPOT7GT.

QRICH2 is highly conserved among
mammals

QRICH2 contains three functional regions predicted by CDD: a
region with similarity to the superfamily of high MW glutenin
subunit (Glutenin hmw), a region with similarity to the superfam-

ily of chromosome segregation protein SMC (SMC_prok_B), and a
domain of unknown function (DUF4795) (Figure 2).

Pairwise alignment analysis revealed that QRICH2 is highly con-
served among mammals (Figure 4A, and Supplementary Table S2,
see online Supplementary material). For instance, it shares 95.5%
global identity and 97.6% global similarity with QRICH2 from P.
troglodytes and 46% identity and 64.1% similarity with M. mus-
culus (Supplementary Table S2). The three functional domains of
human QRICH2 were also detected in most mammalian species
(Figure 4B). Interestingly, the region between aa 1400 and 1600
in the human protein is the most conserved, with identity per-
centages ranging from 73.9% (in killer whales) to 98.5% (in rhesus
macaques) (Figure 4). This region includes the C-terminal part of
the SMC region and the DUF4795 domain, suggesting a potential
functional importance for these domains.

Then, to explore its evolutionary conservation more broadly, we
examined QRICH2 across three taxonomic groups: eukaryotes, ver-
tebrates, and mammals. To visualize conservation patterns along
the human QRICH2 sequence, we computed normalized Shannon
entropy scores per alignment position and plotted smoothed con-
servation and coverage curves for the non-trimmed alignments
(Supplementary Figure S5, see online Supplementary material).
Across all datasets, the N-terminal half of the protein—encompass-
ing the glutenin domain—is highly variable, with both low conser-
vation scores and high gap content, indicating poor alignability and
extensive sequence divergence. In contrast, the C-terminal region,
especially the DUF4795 domain, exhibited markedly higher con-
servation, particularly among mammals. In this group, the entire
DUF4T795 region aligns well across species and shows conservation
scores near 1.0, suggesting strong evolutionary constraint. In ver-
tebrates, conservation in this region was lower and was accom-
panied by higher gap frequencies, suggesting weaker alignment
confidence and possible structural divergence. The signal was even
less pronounced in the eukaryote dataset, where alignment qual-
ity appeared limited outside a few short motifs, suggesting line-
age-specific divergence. Overall, these analyses show that QRICH2
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Figure 4 Conservation of QRICH2 across 16 mammalian species. (A) Box plots representing the percentage identity of each of the five 200-amino acid
segments of the human QRICH2 protein compared to orthologous QRICH2 sequences from 16 mammalian species, covering 14 distinct orders. Each dot
represents one species, color-coded by taxonomic order (legend at right). The line within each box indicates the median; whiskers represent the full data
range (minimum to maximum). (B) Schematic representations of QRICH2 from the different species, showing the Glutenin hmw (blue), SMC_prok_B

(green), and DUF4795 (yellow) domains.

Table 1 BLASTp hits for QRICH2 in the NCBI non-redundant Homo sapiens database.

Description Accession number Bitscore Querycover Evalue % ldentity QRICH2 alignment
region

Glutamine-rich protein 2 isoform 2 NP_001375382.1 3773 100% 0 100 1-1887

(QRICH2)
Spermidine/spermine N1-acetyl transferase KAI2600144.1 27% 8.00E-46 34 470-972

like 1 (SATL1)
Uncharacterized protein C160rf96 NP_001138483.1 9% 1.00E-22 34 1420-1599
Piccolo/aczonin (partial) (ACZ) CAB60727.1 10% 6.00E-05 31 660-848

conservation is highly clade-dependent and that the C-terminal
region (encompassing DUF4795) stands out as the most conserved
segment, particularly in mammals.

QRICH2 has no close paralogs in humans

To investigate the presence of QRICH2 paralogs in humans, we
performed a BLASTp search against the NCBI non-redundant da-
tabase, restricting the search to H. sapiens. Apart from QRICH2,
only three hits were retrieved: spermidine/spermine N1-acetyl
transferase like 1 (SATL1), uncharacterized protein C160rf96, and
piccolo/aczonin (ACZ). However, these proteins aligned with only
asmall region of QRICH2, with low identity (Table 1). These results

indicate that QRICH2 lacks sequence homology with other human
proteins.

QRICH2 is specific to testes

Although QRICH2 mRNA was exclusively detected in the testes
in mice [(Shen et al., 2019), NCBI Gene database, Mammalian
Reproductive Genetics (MRG)], in humans, some databases, such
as MRG, Human Protein Atlas (HPA), and BGee, report low QRICH2
mMRNA levels in other tissues. Here, we aimed to assess the tissue
specificity of QRICH2 at the protein level. Indeed, protein levels of-
ten correlate poorly with transcript levels (Bauernfeind & Babbitt,
2017; Jiang et al., 2020).
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First, we investigated the presence of QRICH2 in ten differ-
ent human organs using IF and immunohistochemistry (IHC).
While a specific immunolabeling was observed in testis sec-
tions (Figure 5), no signal was detected in sections from the
epididymis, cerebral cortex, heart, colon, pancreas, lung kidney,
thyroid, or prostate (see online Supplementary Figures S6-S14,
respectively).

To strengthen these findings, we analyzed published pro-
teomes from different organs, as MS provides detection capabil-
ities that complement those of IF and IHC. This analysis focused
on organs representative of major physiological systems, includ-
ing the brain, heart, colon, liver, pancreas, skin, lung, prostate,
and thyroid. Except for the skin, where only four datasets met
the inclusion criteria defined in the Materials and methods sec-
tion, five proteomes were analyzed per organ (Supplementary
Table S3, see online Supplementary material). Among all the
proteomes analyzed, QRICH2 was detected exclusively in the
testis. However, it was present in only two of the five testis pro-
teomes, with 11 peptides identified in the dataset by Sun et al.
(2019) and 7 peptides in that of Zheng et al. (2021). The detec-
tion of QRICH2 in only two of the five testis datasets might be
due to differences in extraction and sample processing methods
across the studies. Taken together, these results support the fact
that QRICH2 is a testis-specific protein.

QRICH2 immunostaining was observed in all germ cell stages in
both IF and IHC on testis sections (Figure 5, and Supplementary
Figures S15 and S16, see online Supplementary material). To in-
vestigate the temporal dynamics of QRICH2 localization during
spermatogenesis, using IF, we performed counter-labeling of testis
sections with PSA to visualize sperm acrosomes, thereby identify-
ing germ cell stages during spermiogenesis, or with anti-vimentin
to highlight Sertoli cells. For each cell type, equatorial views from
confocal z-stacks are provided to accurately depict the precise
localization of the labeling (Figure 5B). In spermatogonia, homo-
geneous immunostaining was detected in the nucleus. In primary
spermatocytes, faintimmunoreactivity was presentinside the nu-
cleus, accompanied by intense QRICH2 immunostaining around
the nuclear perimeter. In round spermatids, QRICH2 immunore-
activity appeared as intense puncta evenly scattered within the
nucleus, occasionally extending to perinuclear regions, resem-
bling the pattern observed in primary spermatocytes. Notably,
no cytoplasmic immunostaining was detected in spermatogonia,
primary spermatocytes, or round spermatids. In early elongated
spermatids, very faint immunostaining was observed in both the
nucleus and cytoplasm. In contrast, in late elongated spermatids,
QRICH2 localization was restricted to the flagellum. Additionally,
homogeneous immunostaining was observed around the nuclei
of Sertoli cells. Control experiments, in which the primary anti-
body was omitted, showed no labeling in the testis sections, con-
firming the specificity of the staining (Supplementary Figures S15
and S16).

In ejaculated sperm, QRICH2 was detected in the apical part
of the head, the neck, and the flagellum (Figure 6A). Almost no
immunolabelling was observed when the anti-QRICH2 antibod-
ies were replaced with rabbit IgG (Figure 6B). In the head, the im-
munolabelling appears to be localized between the nucleus and
the acrosome (Figure 6C), beneath nearly the entire acrosomal
surface in most sperm but restricted to the equatorial segment in
some (Figure 6A).

Discussion

QRICH2 has been genetically confirmed to be essential for male
fertility in mice, bulls, and humans, with gene KO and loss-of-func-
tion mutations leading to defective sperm and complete infertility
without evident accompanying symptoms (Kherraf et al., 2019;
Shen et al., 2019; Hiltpold et al., 2022). It therefore represents a
promising, yet underexplored, target for the development of re-
versible non-hormonal male contraception. In the present study,
we aimed to better characterize human QRICH2 to assess its suita-
bility as a target protein for male contraceptive development.

For the first time, we investigated the primary structure of hu-
man QRICH2. Indeed, although several isoforms are described in
databases, the isoform comprising 1663 aa (Q9H0J4) is recognized
as the canonical isoform in UniProtKB. Moreover, it is usually as-
sumed that it is the one expressed in sperm (Kherraf et al., 2019;
Shen et al., 2019; Zhang et al., 2024a). Our MS results clearly indi-
cate that a longer isoform, AOA1BOGW36 (1829 aa) or AOATPOT7G7
(1887 aa), is present in human sperm. The detection of a single,
well-defined, band in western blot analysis supports the presence
of only one of these isoforms. Interestingly, the apparent MW of
native QRICH2 was higher than that of the three recombinant iso-
forms fused to a C-terminal 3xFlag tag and expressed in HEK293T
cells, even the longest one. In addition, each recombinant isoform
also displayed an apparent MW greater than its calculated one.
These results suggest that both native and recombinant proteins
undergo PTMs that could differ between sperm and HEK293T
cells. Since QRICH2 is cytosolic (no signal peptide nor transmem-
brane domains identified in the primary sequence), these PTMs
are presumably not glycosylations, which typically occur in the
endoplasmic reticulum. Phosphorylation, although generally
adding only a slight additional weight (approximately +1 kDa per
phosphate group), can, when occurring at multiple sites, lead to
minor changes in MW (Collins et al., 2007). It can also affect SDS
binding, resulting in slower protein migration and a higher ap-
parent MW (Lee et al., 2013; Rozanova et al., 2021). Alternatively,
differences in the sensitivity of 3D-folded QRICH2 to denaturation
between sperm and HEK293T cells could also explain the ob-
served differences in apparent MW.

We showed that QRICH2 is conserved across mammals, and
that QRICH2-like proteins are present in vertebrates and other
eukaryotes, suggesting functional importance. However, to the
best of our knowledge, QRICH2 has not yet been investigated in
organisms other than humans, mice, bulls, and goats (Kherraf
et al., 2019; Shen et al., 2019; Wang et al., 2020; Hiltpold et al.,
2022), limiting our ability to infer its function in other species.
Interestingly, the most conserved region includes the C-terminal
part of the SMC region and the DUF4795 domain. The function
of these domains in sperm is not known yet. According to CDD,
DUF4795 has been described in proteins found in bacteria and
eukaryotes, but these proteins are functionally uncharacterized.
Structural maintenance of chromosomes (SMC) proteins con-
stitute a family of ATPases in Bacteria, Archaea, and Eukaryota.
They are part of two protein complexes, cohesin and condensin,
that support chromosome condensation, cohesion, and repair
(Harvey et al., 2002; Hirano, 2005). These proteins usually com-
prise between 1,000 and 1,400 aa and contain five domains: C-
and N-terminal domains of ~150 aa involved in DNA binding, and
a central region composed of two coiled-coil domains (~350 aa)
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Figure 5 Localization of QRICH2 on human testis sections. (A) Maximum-intensity projections (MaxIP) obtained from z-stack images using Nikon NIS
Elements software. (B) Equatorial views of each cell type extracted from the z-stack images. Magenta: QRICH2. Blue: Hoechst staining of the nucleus.
Green: PSA-FITC staining (used to visualize sperm acrosomes). Scale bar: 10 um in (A), 2um in (B). ES = Elongated spermatid; F = flagellum; L = lumen
of the seminiferous tubule; MC = myoid cell; PS = primary spermatocyte; RS = round spermatid; SC = Sertoli cell; Sg = spermatogonium. Results from
another replicate and control are available in Supplementary Figure S15, see online supplementary material.
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Figure 6 Localization of QRICH2 on ejaculated sperm. (A) QRICH2 and (B) control IgG immunolabeling of ejaculated sperm. Images are maximum-
intensity projections (MaxIP) obtained from z-stack images using Nikon NIS Elements software. Scale bar: 10 um. EqS = Equatorial segment; F =
flagellum; N = neck. (C) 3D reconstruction of ejaculated sperm showing the localization of QRICH2. 3D rendered confocal z-stack was obtained using
Nikon NIS Elements software. Full rendering is shown on the left. For better clarity, partial rendering with orthogonal planar sectioning applied along
the z-axis, leaving QRICH2 and nucleus channel unaffected, is shown on the right. This includes an inset that provides a detailed examination of the
successive layers in sperm head. The scale is shown on the edge of the box enclosing the sperm. Magenta: QRICH2. Blue: Hoechst staining of the

nucleus. Green: PSA-FITC staining (used to visualize sperm acrosomes).

separated by a hinge domain (=200 aa) (Hirano, 2002; Jessberger,
2002). In QRICH2, the sequence with homology to these proteins
only comprises 368 aa that appear to be localized in the second
coiled-coil domain of SMC proteins from bacteria. Interestingly,
ODF2, a main component of flagellum outer dense fibers, and a
known interactor of QRICH2 (Shen et al., 2019), also contains an
SMC domain. SMC proteins are known to dimerize. It is possible
that, in QRICH2, the SMC domain is involved not in chromosome
maintenance but in its interaction with other proteins, such as
ODF2. In addition to the well-conserved SMC and DU4795 do-
mains, QRICH2 contains a region rich in glycine, glutamine, and
proline with similarity to the superfamily of high MW glutenin
subunit (Glutenin hmw). High MW glutenin subunits are gluten

proteins widely recognized for their elastic properties. They con-
sist of a central elastomeric domain, rich in repeat units of glycine
and hydrophobic residues, flanked by non-elastomeric domains
that mediate cross-linking between subunits (Tatham & Shewry,
2000). This region could therefore provide elastic properties to
QRICH2. Our alignment analyses showed that the glutenin-like
domain is highly conserved among mammals and remains less
conserved in vertebrates and eukaryotes. Although conservation
decreases outside mammals, gap coverage does not drop sub-
stantially, indicating that this domain likely retains structural im-
portance across lineages.

To investigate the presence of QRICH2 paralogs in humans, we
performed a BLASTp search in the H. sapiens database. This search
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returned only three hits, but these proteins aligned with only a
small region of QRICH2, with low sequence identity. For two of
them, SATL1 and piccolo/aczonin, the aligned region corresponded
to the Glutenin hmw. According to the HPA, the SATL1 gene is main-
ly expressed in the testis, albeit at a low expression level, while pic-
colo/aczonin is ubiquitously expressed. The third protein, unchar-
acterized protein c160rf96, only aligns with the DUF4795 domain.
According to the HPA, the mRNA coding for this protein is enriched
in the testis. To the best of our knowledge, the roles of SATL1 and
c160rf96 in the testis have not yet been investigated. As for piccolo/
aczonin, it appears to regulate calcium-mediated acrosome reac-
tion in mouse sperm (Weber et al., 2014). The restricted alignment
regions and low identity suggest that these proteins are not true
paralogs of QRICH2 but instead share only some of its domains.

Using immunobhistological methods and analysis of 49 pro-
teome datasets, we investigated the tissue specificity of QRICH2
by examining its expression (at the protein level) across 12 human
organs: testis, epididymis, brain, heart, colon, pancreas, lung, kid-
ney, thyroid, liver, skin, and prostate. Results showed that QRICH2
is restricted to the testes, consistent with the IHC results available
in the HPA database. Noteworthy, while QRICH2 mRNA appears
exclusively testicular in mice (Shen et al. (2019), MRG, NCBI Gene),
in humans, some databases (MRG, HPA, BGee) report low QRICH2
mMRNA levels in other tissues. This discrepancy between mRNA
and protein localization is not unexpected, as mRNA levels often
fail to predict protein abundance due to post-transcriptional regu-
lation and tissue-specific protein stability (Bauernfeind & Babbitt,
2017; Jiang et al., 2020). Altogether, the collected data strongly
suggest QRICH2 protein is exclusively expressed in the testes in
both humans and mice.

In the testis, QRICH2 is expressed from the spermatogonial stage
and is localized at the level of the nucleus in spermatogonia, sper-
matocytes, and round spermatids, in both the nucleus and cyto-
plasm in early elongating spermatids, and in the flagellum of elon-
gated spermatids. These results are in line with those described in
mice (Shen et al., 2019) and suggest that QRICH2 may play distinct
roles at different stages of spermatogenesis. The nuclear locali-
zation of QRICH2 aligns with its proposed role as a transcription
factor activating the transcription of ODF2 and CABYR by binding
to their promotor (Shen et al., 2019) and could be attributed to the
presence of two predicted nuclear localization signals (NLS) within
its sequence (unpublished observation). The presence of QRICH2
in the flagellum was not surprising either given its known involve-
ment in flagellum biogenesis and the regulation of tubulin glu-
tamylation (Shen et al., 2019; Zhang et al., 2024a). A light QRICH2
immunoreactivity was also observed around the nucleus of Sertoli
cells, suggesting that QRICH2 may be expressed in these cells.

In ejaculated sperm, QRICH2 remains mainly localized in the
neck and flagellum. The requirement of strong denaturing buffers
to extract QRICH2 from sperm suggests that it is highly stabilized
within the flagellum, possibly through interactions with cytoskel-
etal proteins. Indeed, interactions between QRICH2 and proteins
from the flagellum axoneme (TUBA, CFAP70) and accessory
structures (AKAP3, AKAP4, ODF2, and TSSK4) have been report-
ed in the literature (Shen et al., 2019; Zhang et al., 2021; 2024a;
Jin et al., 2023). QRICH2 immunoreactivity was also detected in
the sperm head, between the nucleus and the acrosome, beneath
nearly the entire acrosomal surface in most sperm, but restricted
to the equatorial segment in some. This labelling corresponds to

the subacrosomal layer (SAL) of the perinuclear theca, a dense
cytoskeletal structure surrounding the sperm nucleus and re-
sistant to non-ionic detergents (Oko & Sutovsky, 2009). These
findings are consistent with those of Zhang et al. (2022), who
identified QRICH2 by MS in the perinuclear theca of boar sperm.
SAL proteins are known to originally attach to proacrosomic and
acrosomic vesicles during spermiogenesis and, once acrosome
biogenesis is over, remain trapped in the SAL (Zhang et al., 2022).
The faint QRICH2 immunolabelling detected in the cytoplasm of
early elongated spermatids is consistent with its localisation on
these vesicles. QRICH2 could therefore play a role in acrosomic
vesicle formation, transport, and/or nuclear docking. In mature
sperm, it could contribute to binding the acrosome to the nucle-
us. However, it is difficult to explain why we did not detect QRICH2
in the head of late elongated spermatids. Noteworthy, PSA-FITC
labeling of the acrosomes was also absent in most of these cells,
indicating a potential bias during the experimentation.

In conclusion, QRICH2 appears as a versatile protein, localized
to different cellular compartments throughout spermatogenesis,
and functions as a cytoskeletal component in mature sperm, both
in the head and the flagellum. Its testis-specific expression, lack of
paralogs in other tissues, and the observation that its loss in mice
(Shen et al., 2019) and humans (Kherraf et al., 2019; Shen et al.,
2019) is not associated with other clinical abnormalities suggest
that QRICH2 represents a promising and potentially safe target for
male contraception. Its high degree of conservation, along with
the availability of validated KO mouse models, supports the feasi-
bility of advancing this research in animal models. Future studies
should be dedicated to finding ways to selectively inhibit QRICH2
function, with subsequent investigations needed to evaluate the
reversibility and safety of such interventions. Although QRICH2 is
not a conventional target for inhibitory molecules (i.e., it is not an
enzyme or ion channel), various strategies could be employed to
inhibit its function. First, one could focus on inhibiting the ATPase
activity of its SMC domain, although further studies are needed
to determine whether QRICH2 retains this enzymatic activity.
Second, provided that a molecule with high affinity for QRICH2
is discovered, the proteolysis targeting chimera technology could
be used to eliminate QRICH2 via the ubiquitin-proteasome path-
way (Kent et al., 2020). However, as QRICH2 is already expressed
in spermatogonia, complete disruption could resultin irreversible
infertility. Finally, targeting interactions between QRICH2 and its
protein partners may provide an effective means of inhibition, as
demonstrated for other protein-protein interactions (PPIs) crit-
ical to male fertility (e.g., Chang et al., 2021; Stepanenko et al.,
2022). While PPIs are traditionally considered challenging targets
for drug discovery, they offer key opportunities to expand the
druggable proteome. Recent progress in computational biology
have led researchers to reconsider PPIs as viable targets in drug
discovery (Rehman et al., 2023). In our laboratory, we are current-
ly investigating QRICH2’s interactome. This strategy would allow
prioritization of interactions occurring during the post-meiotic
developmental stage (spermiogenesis or in mature spermato-
zoa), thereby enabling more controlled contraceptive approach-
es. If successful, targeting QRICH2 could expand the repertoire of
non-hormonal male contraceptives, offering specific, potentially
reversible options that complement existing methods such as
condoms and vasectomy, and addressing the current gap in male
contraceptive choices.
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