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Abstract

In brief: Proper regulation of heterochromatin is critical for spermatogenesis. This study reveals the dynamic localization patterns of 
distinct chromatin regulators during spermatogenesis and disrupted sex chromatin status in spermatocytes in the absence 
of DICER.

Abstract: Heterochromatin is dynamically formed and organized in differentiating male germ cells, and its proper regulation is a 
prerequisite for normal spermatogenesis. While heterochromatin is generally transcriptionally silent, we have previously 
shown that major satellite repeat (MSR) DNA in the pericentric heterochromatin (PCH) is transcribed during 
spermatogenesis. We have also shown that DICER associates with PCH and is involved in the regulation of MSR-derived 
transcripts. To shed light on the heterochromatin regulation in the male germline, we studied the expression, localization 
and heterochromatin association of selected testis-enriched chromatin regulators in the mouse testis. Our results show that 
HELLS, WDHD1 and BAZ1A are dynamically expressed during spermatogenesis. They display limited overlap in expression, 
suggesting involvement in distinct heterochromatin-associated processes at different steps of differentiation. We also show 
that HELLS and BAZ1A interact with DICER and MSR chromatin. Interestingly, deletion of Dicer1 affects the sex 
chromosome heterochromatin status in late pachytene spermatocytes, as demonstrated by mislocalization of Polycomb 
protein family member SCML1 to the sex body. These data substantiate the importance of dynamic heterochromatin 
regulation during spermatogenesis and emphasize the key role of DICER in the maintenance of chromatin status in meiotic 
male germ cells.
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Introduction

The genomes of eukaryotic organisms are structurally 
subdivided into tightly packed heterochromatin and 
more loosely packed euchromatin. This structural 
organization also has functional consequences: 
while euchromatin is considered active and open for 
transcription, heterochromatin abounds with silencing 
histone modifications, such as histone H3 trimethylation 
on lysine 9 (H3K9me3) and DNA methylation (Saksouk 
et al. 2015). Heterochromatin can be further partitioned 
into constitutive heterochromatin, which is a major 
component of eukaryotic genomes, and facultative 
heterochromatin, which is dynamically formed and 
regulated during development and lineage-specific 
differentiation (Janssen et  al. 2018). Constitutive 
heterochromatin can be found at many locations along 
the chromosomes, most pronouncedly at areas near 
the centromeres, that is pericentric heterochromatin 
(PCH) (Saksouk et  al. 2015). It is mainly composed 
of repeat sequences emphasizing the need to keep it 

transcriptionally silent. PCH is enriched with non-coding 
tandem repetitions called major satellite repeats (MSR). 
Despite accumulation of repressive chromatin marks, 
MSR chromatin is transcribed during cellular stress and 
differentiation, early embryonic development, in cancer 
and spermatogenesis (Eymery et al. 2009, Probst et al. 
2010, Ting et  al. 2011, Casanova et  al. 2013, Biscotti 
et al. 2015, Trofimova et al. 2015, Yadav et al. 2020).

Heterochromatin is dynamically re-organized and 
regulated during spermatogenesis. Male germline 
stem cells (GSCs) contain a relatively low amount of 
microscopically visible heterochromatin, consistent 
with less abundant heterochromatin marks in stem 
cells when compared to differentiated cells (Meshorer 
et al. 2006). There is nonetheless compelling evidence 
that epigenetic regulation of male GSCs is essential 
for their lifelong maintenance (reviewed in (Mäkelä & 
Hobbs 2019)). In mitotic spermatogonia, the amount of 
heterochromatin gradually increases as they progress 
from type A to Intermediate to type B spermatogonia. 
During meiosis, heterochromatin has important functions 

 

© 2023 The Authors
ISSN 1470–1626 (paper) 1741–7899 (online)
https://doi.org/10.1530/REP-22-0240

This work is licensed under a Creative Commons 
Attribution 4.0 International License.

Online version via https://rep.bioscientifica.com

http://orcid.org/0000-0001-8309-1224
http://orcid.org/0000-0002-5788-1799
http://orcid.org/0000-0003-0611-3746
http://orcid.org/0000-0001-8489-8724
http://orcid.org/0000-0003-1503-9170
mailto:jasmak@utu.fi
mailto:nookot@utu.fi
https://doi.org/10.1530/REP-22-0240
https://doi.org/10.1530/REP-22-0240
https://doi.org/10.1530/REP-22-0240
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 https://rep.bioscientifica.com

R Prakash Yadav and others50

Reproduction (2023) 165 49–63 

in controlling chromosomal stability, homolog pairing, 
centromere clustering and synapsis, thus promoting 
fidelity of meiosis (Peters et al. 2001, Seandel et al. 2007, 
Tachibana et  al. 2007, Takada et  al. 2011, Scherthan 
et  al. 2014). Meiotic spermatocytes are characterized 
by several chromocenters and the sex chromosome-
containing sex body (Perry et  al. 2001, Turner 2007). 
The sex body forms when X and Y chromosomes 
undergo DNA damage response pathway-dependent 
meiotic sex chromosome inactivation that silences 
transcription (Alavattam et al. 2021). Before the meiotic 
divisions, the sex body disintegrates, but in spermatids, 
postmeiotic sex chromatin (PMSC) can be observed as 
a separate heterochromatic domain adjoining the single 
prominent chromocenter (Namekawa et al. 2006). The 
chromocenter in spermatids is thought to facilitate 
the ordered compaction of the haploid genome in 
elongating spermatids (Haaf & Ward 1995, Meyer-Ficca 
et al. 1998).

We have previously shown that, despite accumulation 
of silencing histone modifications, such as trimethylations 
of lysine 20 of histone H4 (H4K20me3) and H3K9me3 
(Almouzni & Probst 2011), PCH is expressed during 
spermatogenesis and produces MSR transcripts (Yadav 
et al. 2020). We have also shown that the endonuclease 
DICER associates with PCH and SET-domain containing 
methyltransferases SETDB1 and SUV39H2 (Suppressor 
of variegation 3–9 homolog 2) in male germ cells (Yadav 
et  al. 2020) and processes MSR transcripts. Our data 
support a mechanism where MSR transcripts processed 
by DICER are needed to recruit SETDB1 and SUV39H2 
to PCH for heterochromatin maintenance (Johnson et al. 
2017, Velazquez Camacho et  al. 2017) and faithful 
completion of meiosis. Given the fact that DICER forms 
multiprotein complexes to complete its diverse functions, 
a deeper understanding of this process requires more 
detailed characterization of other factors involved.

In addition to histone and DNA modifiers, several 
factors have been implicated in the regulation of PCH 
(Saksouk et al. 2015, Nishibuchi & Déjardin 2017). For 
example, HELLS (Helicase, lymphoid-specific, LSH) 
is a chromatin remodeling protein that is critical for 
constitutive heterochromatin regulation and is especially 
closely associated with PCH (Muegge 2005). It facilitates 
DNA methylation at repeat sequences also elsewhere in 
the genome, contributing to the maintenance of these 
loci in a transcriptionally quiescent state (Huang et al. 
2004, Dunican et  al. 2013, Yu et  al. 2014, Ren et  al. 
2015). WDHD1 (WD repeat and HMG-box DNA-
binding protein 1) is a nucleoplasmic DNA-binding 
protein (Köhler et al. 1997) associated with regulation 
of the cell cycle, DNA replication and repair (Hao et al. 
2015, Villa et  al. 2016, Abe et  al. 2018) and cellular 
response to DNA damage (Chen et  al. 2017, Li et  al. 
2017). Hsieh et  al. (2011) also suggest that DICER 
interaction with MSR transcripts might be at least 
partially dependent on interaction with WDHD1 (Hsieh 

et al. 2011), placing WDHD1 in the focus of DICER’s 
PCH-associated function.

BAZ1A (Bromodomain Adjacent To Zinc Finger 
Domain 1A; also known as ACF1) is the key subunit of 
chromatin remodeler complexes ACF (ATP-dependent 
Chromatin assembly and remodeling Factor) and CHRAC 
(CHRomatin Accessibility Complex). These complexes 
assemble/disassemble and restructure nucleosomes, 
thus blocking or granting access to other proteins active 
in DNA transcription, replication or repair (Eberharter 
et al. 2001, He et al. 2008, Lan et al. 2010, Sánchez-
Molina et  al. 2011, Aydin et  al. 2014, Morgan et  al. 
2020). Interestingly, BAZ1A is also involved in enabling 
replication of condensed chromatin at PCH (Collins 
et  al. 2002). Finally, SCML2 (Scm Polycomb Group 
Protein Like 2), a germline-specific subunit of Polycomb 
repressive complex 1 (PRC1), controls the timing of 
expression of spermatogenic genes and suppresses 
somatic gene expression in the male germline 
(Hasegawa et al. 2015, Maezawa et al. 2017, 2018a). 
SCML2 specifically accumulates on PCH, where it 
coordinates the modification of histone residues during 
meiosis (Maezawa et al. 2018b). In spermatids, SCML2-
deficiency results in disorganization of heterochromatin 
and formation of ectopic patches of facultative 
heterochromatin (Maezawa et  al. 2018b) highlighting 
the central role of SCML2 in heterochromatin regulation.

Despite the critical role of heterochromatin in the 
genome organization and function, the molecular 
players involved in its formation and regulation in 
the male germline are still poorly described. To this 
end, we aimed at characterizing the cell type-specific 
localization and function of HELLS, WDHD1 and BAZ1A 
in spermatogenic cells. Based on our previous data, we 
specifically focused on their plausible association with 
DICER and MSR chromatin. Our data indicate that HELLS, 
WDHD1 and BAZ1A are dynamically regulated during 
spermatogenesis, and HELLS and BAZ1A associate with 
DICER and are intimately involved in PCH regulation in 
male germ cells. We also show that the sex chromatin-
associated heterochromatin regulation is compromised 
in the absence of DICER, further highlighting the role 
of DICER in heterochromatin regulation in the male 
germline.

Materials and methods

Animals

Mice were maintained in the Central Animal Laboratory 
of University of Turku, Turku, Finland. They were kept at 12 
h/12 h light/darkness cycle, in a humidity and temperature-
controlled environment in individually-ventilated cages 
(Tecniplast, Buguggiate, Italy). They had free access to food 
and water. Germ cell-specific conditional Dicer1 knockout 
(Dicer1 cKO) mice were generated using Neurogenin3 (Ngn3) 
promoter-driven Cre recombinase expression in mice carrying 
a floxed Dicer1 allele, as previously described (Korhonen et al. 
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2011), resulting in Dicer1 deletion in all differentiation-primed 
germ cells. The mice were of a mixed genetic background 
(C57BL/6J and Sv129). WT littermates were used as controls. 
WT mice from C57BL/6J or C57BL/6N strains were used for 
immunoprecipitation experiments and whole-mount stainings. 
Animal husbandry and use were carried out according to 
Finnish laws and following the guidelines of Ethics of Animal 
Experimentation at University of Turku in accordance with 
the Guide for Care and Use of Laboratory Animals. The use of 
experimental animals in this study was approved by University 
of Turku Ethics Committee for animal experiments.

Immunofluorescence and fluorescence signal 
colocalization analysis

For immunofluorescence (IF), the testes from adult Dicer1 
cKO and WT mice were collected and fixed with 4% PFA 
(paraformaldehyde) overnight, followed by dehydration and 
embedding into paraffin. Five-µm-thick sections were cut and 
processed for IF staining as previously described (Yadav et al. 
2020). Briefly, following rehydration and antigen retrieval, 
quenching, permeabilization and blocking (2% normal donkey 
serum (NDS) + 2% bovine serum albumin (BSA) + 0.1% Triton 
X-100 in PBS), the samples were incubated overnight at +4°C 
with following primary antibodies: HELLS (1:500, Millipore, 
ABD41), WDHD1 (1:500, A301-141A-T), phospho-Histone 
H2A.X (Ser139) (1:500, Millipore, 05-636), HP1β (1:25; 
Millipore, MAB3348), BAZ1A (1:500, Sigma, HPA002730), 
SCML1 (1:100, Santa Cruz, sc-135622) and SCML2 (DSHB 
Hybridoma Product PCRP-SCML2-1D12 that was deposited 
to the DSHB by Common Fund – Protein Capture Reagents 
Program). After washes, the samples were incubated for 60 
min at RT with appropriate secondary antibodies (A-21202, 
A-21203, A-21206, A-21207 and A-21208, all purchased from 
Invitrogen and diluted 1:1000). All antibody dilutions were 
prepared in the blocking solution. Finally, the samples were 
stained for 10 min at RT with DAPI and mounted with ProLong 
Diamond Antifade mountant (Invitrogen). Images were 
captured using laser scanning confocal microscope (Zeiss 
LSM780) or 3i CSU-W1 spinning disk confocal microscopy 
(3i Intelligent Imaging Innovations; Denver, CO, USA). The 
epithelial stages of seminiferous tubule cross-sections were 
determined according to (Meistrich & Hess 2013, Mäkelä 
et al. 2020). To study the colocalization of BAZ1A and SCML1, 
combined IF, followed by Z-stacks of the WT and cKO testis 
sections were captured using 3i CSU-W1 spinning disk 
confocal microscope. All the Z- stacks were merged to make a 
single image and colocalization analysis was performed using 
ImageJ. Signal colocalization in stage IX–X WT (n = 129) and 
Dicer1 cKO (n = 133) sex bodies was manually quantified from 
two independent immunostanings per genotype.

Whole-mount immunostaining and Aundiff quantitation

Testes from three adult WT mice were dissected, decapsulated, 
fixed with 4% PFA (2–6 h at RT) and processed for whole-
mount immunostainings as previously described (Mäkelä et al. 
2020). The tubules were incubated overnight with the following 
antibodies: HELLS (1:200, Millipore, ABD41), WDHD1 

(1:200, A301-141A-T), GFRa1 (AF560, R&D Systems, 1:250) 
and SOX3 (AF2569, R&D Systems, 1:200) and DNMT3A 
(IMG-268A, Imgenex/Novus, 1:200). Following washes, 
the tubules were incubated with corresponding secondary 
antibodies (ThermoFisher, A31571, A11055 and A10040; 
all diluted 1:500). Finally, the tubules were poured onto a 
microscope slide, ordered into linear strips and mounted using 
ProLong Diamond Antifade mountant with DAPI (Invitrogen). 
The stainings were imaged using 3i Spinning disk confocal 
microscope.

In HELLS/GFRa1 and WDHD1/GFRa1 double-stainings, 
GFRa1-positive type A-undifferentiated (Aundiff) spermatogonia 
were divided into three categories, A-single (As, singly 
isolated cells), A-paired (Apr, two interconnected cells) and 
A-aligned-4 (Aal4, four interconnected cells). These cells are 
considered to contain enriched stem cell activities in the 
male germline (Hara et  al. 2014, Mäkelä & Hobbs 2019). 
HELLS or WDHD1 signal intensities in these GFRa1-positive 
cells were assessed as high (comparable to signal strength 
in differentiating spermatogonia (Adiff) that were uniformly 
positive for both), low (clearly lower than in Adiff) or negative 
(no signal). The quantification was performed systematically 
on random fragments of adult mouse seminiferous tubules. For 
HELLS and WDHD1, in total 1391 and 1245 GFRa1-positive 
cells, respectively, were quantified (n = 3, average 465 ± 108 
and 414 ± 108, respectively). SOX3-positive/DNMT3A-
low/negative cells (differentiation-primed progenitor Aundiff 
spermatogonia (McAninch et  al. 2020)) were also assessed 
for HELLS and WDHD1 positivity. Altogether 1196 and 889 
SOX3-positive cells were quantified for HELLS and WDHD1 
staining, respectively (n = 2-3, average 598 ± 57 and 296 ± 19, 
respectively). The data were normalized by calculating the 
percentage of cells that fell into each category.

Chromatin immunoprecipitation

Germ cells from 18-day-old mouse testes were released by 
enzymatic digestion with collagenase type I (Worthington) 
in 0.1% glucose in PBS for 60–70 min at RT. This time point 
was selected due to high level of DICER expression and 
enrichment of MSR transcripts at 18 days of age (Korhonen 
et  al. 2015, Yadav et  al. 2020). Cell suspension was filtered 
through a 100-µm cell strainer and centrifuged at 500 g 
for 5 min. Pellets were then re-suspended in ice-cold 0.1% 
glucose in PBS and passed through a 40-µm cell strainer. Then 
pellets were re-suspended in 10 mL of PBS and cross-linked 
in 1% PFA for 20 min at RT. Glycine (125 mM) was added 
for 5 min at RT to stop cross-linking, and cells were pelleted 
at 500 g for 10 min. Chromatin immunoprecipitation (ChIP) 
assay was performed, as previously described (Yadav et  al. 
2020). Lysates were incubated with the following antibodies: 
HELLS (Millipore, ABD41), WDHD1 (BioLegend, 630301, 
clone 20G10), BAZ1A (Sigma, HPA002730), DICER (Bethyl, 
A301-936A), RNA polymerase II (A300-653A-M) plus its 
phosphorylated form S2 (A300-654A-T) and IgG ctrls (Santa 
Cruz, SC-2025 and Neomarkers, NC100-P1).

DNA was isolated using TRIsure (Bioline) and 2-propanol 
precipitation. PCR was performed using the primer sequences 
and annealing temperatures specified in Table 1.
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Immunoprecipitation and Western blotting

Testes from 18-day-old mice were decapsulated and lysed 
in a lysis buffer as previously described (Yadav et al. 2020). 
Following lysis, Dynabeads Protein G (Invitrogen) precleared (1 
h at +4°C) lysates were incubated with 2–3 µg of the following 
antibodies overnight in rotation at +4°C: HELLS (Millipore, 
ABD41), WDHD1 (BioLegend, 630301, clone 20G10), 
BAZ1A (Sigma, HPA002730), YY1 (Bethyl, A302-779A) and 
IgG ctrls (Santa Cruz, SC-2025 and Neomarkers, NC100-P1). 
On the following day, the samples were incubated with pre-
blocked (5% BSA in PBS) Dynabeads Protein G (Invitrogen) for 
2 h and then washed thrice with a buffer containing 50 mM 
Tris–HCl pH 7.5, 150 mM NaCl, 2 mM MgCl2, 0.2% Triton 
X-100 and 0.2% NP-40, followed by three washes in a buffer 
containing 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 2 mM 
MgCl2, 0.1% Triton X-100 and 0.1% NP-40. Protein complexes 
were finally eluted in Laemmli buffer by incubating at 90°C 
for 10 min. For Western blotting, proteins were separated on 
a 4–20% polyacrylamide gel (Mini-PROTEAN, Bio-Rad) and 
transferred onto a PVDF membrane overnight on ice at 60 
V. To verify the success of immunoprecipitation and identify 
the co-immunoprecipitated proteins, PVDF membranes were 
incubated with primary antibodies: HELLS (Millipore, ABD41), 
WDHD1 (BioLegend, 630301, clone 20G10), BAZ1A (Sigma, 
HPA002730), YY1 (Bethyl, A302-779A), DICER (Sigma, 
SAB4200087), SCML1 (Santa Cruz, sc-135622) and IgG 
ctrls and secondary antibodies (anti-rabbit HRP-conjugated, 
1:1000, CST, 7074S; anti-mouse HRP-conjugated, 1:1000, 
CST, 7076S; Anti-rabbit light chain HRP-conjugated, 1:1000, 
Millipore, MAB201P) diluted in 4% skimmed milk powder 
in TBST (0.05%) for 1 h at RT. The signals were visualized 
by western lightning ECL Pro (NEL122001EA, PerkinElmer) 
reagent and ImageQuant LAS 4000 Biomolecular Imager (GE 
Healthcare).

Reanalysis of single-cell RNA-seq data and statistical 
methods

To visualize the expression of genes of interest in adult male 
mouse germ cells, we took advantage of previously published 
adult mouse testis scRNA-seq datasets (Hermann et al. 2018). 
Loupe Cell Browser v6.0.0 from 10x Genomics was used to 
produce tSNE (t-distributed stochastic neighbor embedding) 
plots to visualize the expression of Hells and Wdhd1 in 
spermatogonial subsets (adult mouse-sorted spermatogonia 

dataset). Loupe Cell Browser v6.2.0 was used to produce heat 
maps to visualize gene expression during spermatogenesis in 
specific germ cell subsets (mouse unselected spermatogenic 
cells dataset – downloaded from Mendeley data – doi: 
10.17632/kxd5f8vpt4.1). Median Normalized Average values 
of genes without somatic cells were first exported. Then six 
genes were searched (Dicer1, Hells, Wdhd1, Scml2, Baz1a and 
Scml1) from this dataset to examine their expression trends 
during spermatogenesis. The statistical analyses were performed 
with GraphPad Prism 8 software (GraphPad Software, La Jolla, 
CA, USA). The numerical data were analyzed for statistically 
significant differences using two-tailed t-test for pairwise 
comparisons and Fisher’s exact test to determine if there was a 
significant association between groups. P values < 0.05 were 
considered statistically significant.

Results

HELLS and WDHD1 are expressed in spermatogonia 
and spermatocytes

To study the expression pattern of chromatin remodelers 
of interest, we performed immunofluorescent labeling 
of adult mouse testis cross-sections and assessed the 
expression pattern of HELLS, WDHD1 and BAZ1A in 
a stage-dependent manner. HELLS was found to be 
strongly expressed in spermatogonia plus preleptotene 
and leptotene spermatocytes (Fig. 1 and Supplementary 
Fig. 1, see section on supplementary materials given at 
the end of this article). In early pachytene spermatocytes, 
HELLS expression was weak (Fig. 1A), but a strong signal 
appeared in mid-to-late pachytene spermatocytes, 
where HELLS was localized to a distinct nuclear 
domain (Fig. 1B and C). Based on double-labeling 
with a γH2AX antibody, this HELLS-positive nuclear 
structure was identified as the sex body composed of 
heterochromatinized sex chromosomes (Turner 2007) 
(Fig. 1B and C). Post-meiotic spermatids were devoid of 
HELLS expression.

Similar to HELLS, WDHD1 was also strongly 
expressed in spermatogonia and early spermatocytes 
(Fig. 2A, B and C). However, WDHD1 levels clearly 
started to decline in leptotene spermatocytes (Fig. 2C). 
Early-to-mid pachytene spermatocytes still expressed 
low levels of WDHD1, but the signal was absent from 

Table 1 Primer sequences and annealing temperatures of the studied mouse templates.

Target Forward primer Reverse primer Tann (°C)

MajorSR 5′-GACGACTTGAAAAATGACGAAATC-3′ 5′-CATATTCCAGGTCCTTCAGTGTGC-3′ 57
MinorSR 5′-CATGGAAAATGATAAAAACC-3′ 5′-CATCTAATATGTTCTACAGTGTGG-3′ 57
Line1 5′-TTTGGGACACAATGAAAGCA-3′ 5′-CTGCCGTCTACTCCTCTTGG-3′ 60
SineB1 5′-GTGGCGCACGCCTTTAATC-3′ 5′-GACAGGGTTTCTCTGTGTAG-3′ 60
SineB2 5′-GAGATGGCTCAGTGGTTAAG-3′ 5′-CTGTCTTCAGACACTCCAG-3′ 60
IAP 5′-AGCAGGTGAAGCCACTG-3′ 5′-CTTGCCACACTTAGAGC-3′ 62
Gapdh 5′-AGTGCCAGCCTCGTCCCGTA-3′ 5′-AGGCGCCCAATACGGCCAAA-3′ 57
18S 5′-GTAGTCGCCGTGCCTACCAT-3′ 5′-TTTTCGTCACTACCTCCCCG-3′ 60

18S, 18S ribosomal DNA; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; IAP, intracisternal A particle; Line1, long interspersed nuclear 
element 1; Sine B1, short interspersed nuclear element B1; SR, satellite repeat; Tann, annealing temperature.
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Figure 1 HELLS is expressed by spermatogonia and spermatocytes in WT and Dicer1 cKO mice. (A) In stage II–V of WT mouse seminiferous 
epithelial cycle, HELLS (red) expression is restricted to spermatogonia (arrow). Sex bodies (arrowhead) in early-pachytene spermatocytes are 
positive for γH2AX (green). (B) In WT stages VII–VIII, HELLS is expressed in spermatogonia (arrow), preleptotene spermatocytes (asterisk) and 
mid-pachytene spermatocytes, where the signal concentrates to the γH2AX-positive sex bodies (arrowhead). (C) In WT stage IX a strong HELLS 
expression is maintained in leptotene spermatocytes (asterisk) and sex bodies (arrowhead) of late-pachytene spermatocytes. In Dicer1 cKO mice 
the expression pattern of HELLS is similar to WT in stages (D) I–IV, (E) VII–VIII and (F) IX. DAPI stains chromatin (white). Basement membrane of 
seminiferous epithelium (dotted line), spermatogonia (arrow), early spermatocytes (asterisk), sex body (arrowhead). Scale bars 10 µm.
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Figure 2 WDHD1 is expressed by spermatogonia and early spermatocytes in WT and Dicer1 cKO mice. (A) In stage I–III of WT mouse 
seminiferous epithelial cycle, WDHD1 (red) is highly expressed in spermatogonia (arrow), whereas the expression level in early-pachytene 
spermatocytes (arrowhead) is low. HP1β (green) stains heterochromatin. (B) In WT stages VII–VIII, WDHD1 is expressed by spermatogonia 
(arrow) and preleptotene spermatocytes (asterisk). In mid-pachytene spermatocytes (arrowhead), the WDHD1 expression level is low. (C) By WT 
stage IX, late-pachytene spermatocytes (arrowhead) become negative for WDHD1. WDHD1 is also downregulated upon preleptotene-to-
leptotene (asterisk) transition. In Dicer1 cKO mice, the expression pattern of WDHD1 is similar to WT in stages (D) I–III, (E) VII–VIII and (F) IX. 
DAPI stains chromatin (white). Basement membrane of seminiferous epithelium (dotted line), spermatogonia (arrow), early spermatocytes 
(asterisk), pachytene spermatocytes (arrowhead). Scale bars 10 µm.
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stage IX pachytene spermatocytes onwards. In early-
to-mid primary spermatocytes, WDHD1 had a nuclear 
granular localization pattern but the signal did not 
overlap with the DAPI-dense foci or with HP1β-positive 
foci, suggesting that WDHD1 signal is not specifically 
associated with heterochromatin in meiotic germ cells 
(Fig. 2A, B and C). Furthermore, in contrast to HELLS, no 
sex body accumulation was observed.

The strong expression of HELLS and WDHD1 in early 
phases of spermatogenesis was different from that of 
BAZ1A, whose expression has earlier been shown to 
be induced only later, in mid-pachytene spermatocytes 
(Dowdle et  al. 2013). Here, we also showed that the 
expression of BAZ1A is absent from spermatogonia 
and spermatocytes up to the early pachytene phase 
(Fig. 3A). In mid-to-late pachytene spermatocytes, 
BAZ1A localization enriched in nuclear foci, that 
have previously been shown to correspond to the sex 
body (Dowdle et al. 2013) (Fig. 3B and C). In addition, 
we observed a weaker BAZ1A signal in DAPI-dense 
heterochromatin foci (Fig. 3B and C). Strong association 
of BAZ1A with the heterochromatin was sustained 
in early (I–V) round spermatids where it was found 
enriched in the chromocenter (Fig. 3A). Low levels of 
BAZ1A were also observed in PMSC (Fig. 3G) in early 
round spermatids. No BAZ1A signal was detected in 
late round spermatids or elongating spermatids (Fig. 3B 
and C).

WDHD1 is upregulated upon differentiation 
commitment in the male germline

Given the prominent expression of HELLS and WDHD1 
in spermatogonia (Figs 1, 2 and Supplementary 
Fig. 1), we wanted to study their expression pattern 
during spermatogonial differentiation in more 
detail. Transition from undifferentiated (Aundiff) to 
differentiating spermatogonia (Adiff) represents a 
remarkable developmental and epigenetic shift in the 
male germline. While stem cell capacity is thought to 
reside in all or a fraction of Aundiff, Adiff are irreversibly 
committed to spermatogenesis (Mäkelä & Hobbs 2019). 
To study if HELLS and WDHD1 expression is affected 
by the differentiation commitment, we performed 
whole-mount stainings of adult WT mouse seminiferous 
tubules. We showed that while DNMT3A-positive 
(Shirakawa et al. 2013) Adiff were uniformly positive for 
HELLS and WDHD1, Aundiff displayed a heterogeneous 
expression for both (Fig. 4A, B, C and D).

To study this in more detail, we analyzed 
co-expression of HELLS and WDHD1 with GFRa1 
(GDNF family receptor alpha 1) or SOX3 (SRY-related 
HMG box 3), that are mutually exclusively expressed 
in Aundiff spermatogonia (McAninch et  al. 2020). 
GFRa1 is expressed by A-single (As), A-paired (Apr) 
and A-aligned-4 (Aal4) Aundiff, and the GFRa1-positive 
population is considered to contain the stem cells of the 

male germline (Mäkelä & Hobbs 2019). SOX3 staining 
is typically seen in longer chains of Aundiff (Aal4-16); these 
cells are the progenitor cells that no longer undergo 
self-renewal under steady-state spermatogenesis but 
are primed for differentiation (McAninch et  al. 2020). 
When HELLS expression was quantified in GFRa1-
positive (As, Apr and Aal4) and SOX3-positive cells, it 
was seen that most of these cells expressed HELLS (Fig. 
4E). However, there was a tendency that the number of 
HELLS-negative or low cells became smaller as Aundiff 
progressed As -> Apr -> Aal4 (Fig. 4F). We also observed 
that WDHD1 staining intensity clearly increased when 
As formed first Apr and then Aal4 (Fig. 4H) indicating that 
WDHD1 expression inversely correlates with stemness 
in the male germline. These data were also supported by 
reanalysis of available single-cell RNA-sequencing data 
(Hermann et al. 2018) (Supplementary Fig. 2A). When 
studied as a bulk population of GFRa1-positive vs SOX3-
positive cells, around 96% of the latter were positive for 
WDHD1, whereas the same figure for GFRa1-positive 
cells was 50% (Fig. 4G). These data demonstrate that 
there is a clear upregulation of spermatogonial WDHD1 
expression when they transit from stem to progenitor 
Aundiff spermatogonia.

HELLS and BAZ1A interact with pericentric 
heterochromatin in the mouse testis

To get an insight into a possible interaction of these 
chromatin modifiers with the PCH, we next performed 
ChIP using specific antibodies and primers amplifying 
MSR DNA. Our data showed that both HELLS and 
BAZ1A interact with MSR DNA and therefore localize 
to the PCH (Fig. 5A and B). Previously characterized 
association of DICER with MSR DNA was used as a 
positive control. As an indication of transcriptional 
activity, the MSR DNA was also shown to be associated 
with the phosphorylated (Ser 2) RNA polymerase II, 
which was also associated with 18S ribosomal DNA 
as a positive control (Fig. 5A). The housekeeping gene 
Gapdh worked as a negative control for the association 
with the heterochromatin regulators. As expected 
from its localization pattern (Fig. 2), WDHD1 did not 
interact with MSR DNA in male germ cells (Fig. 5C). 
To better understand the role of HELLS and BAZ1A 
in repeat sequences’ regulation, we also looked at 
their occupancy at minor satellite repeat DNA and 
the transposable elements Line1, Sine B1-B2 and IAP. 
Intriguingly, only BAZ1A was found to interact with the 
other repeat sequences, whereas HELLS specifically 
associated only with MSR DNA (Fig. 5A and B).

HELLS and BAZ1A interact with DICER in the mouse 
testis

We have previously shown that DICER is expressed in 
spermatogonia, spermatocytes and spermatids, and it 
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Figure 3 BAZ1A localizes to mid-to-late sex bodies. (A) In stage I–III of WT mouse seminiferous epithelial cycle BAZ1A (red) localizes to the 
chromocenter (white arrowhead) of step 1–3 round spermatids. (B) By WT stages VII–VIII, BAZ1A becomes absent from round spermatids but is 
found highly accumulated in the sex body of pachytene spermatocytes (arrow). Other heterochromatic foci (yellow arrowheads) in stages 
VII–VIII pachytene spermatocytes also contain BAZ1A although less than the sex bodies. (C) In WT stage IX, the staining pattern is similar to 
stages VII–VIII. (D) In Dicer1 cKO mice the expression pattern of WDHD1 is similar to WT in stages (D) I–III, (E) VII–VIII and (F) IX. Low levels of 
BAZ1A are also seen in DAPI/HP1β-positive PMSC (marked with dotted ovals) both in (G) WT and (H) Dicer 1 cKO early round spermatids. 
DAPI stains chromatin (white). Basement membrane of seminiferous epithelium (dotted line), sex body (arrow), chromocenter (white 
arrowhead), heterochromatic foci (yellow arrowhead), PMSC (dotted oval). Scale bars 10 µm.
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associates with MSR DNA and regulates MSR transcripts 
derived from PCH (Korhonen et  al. 2015, Yadav et  al. 
2020). We next studied if HELLS and BAZ1A, which 
are also associated with heterochromatin, interact with 
DICER. To this end, testicular cell lysates were prepared 
and immunoprecipitated with HELLS, WDHD1 and 

BAZ1A antibodies followed by Western blotting. 
YY1 (Yin Yang 1), a ubiquitous and multifunctional 
zinc-finger transcription factor, was included in the 
experiment as a positive control given its previously 
established interaction with DICER (Zardo et al. 2012). 
Western blotting analysis showed that all antibodies 

Figure 4 WDHD1 is upregulated upon spermatogenic differentiation commitment. Both (A) HELLS (red) and (B) WDHD1 (red) display a 
heterogeneous expression in GFRa1-positive (green) stem Aundiff spermatogonia. Grayscale insets show the area indicated by white boxes 
separately for each channel. Arrowheads point at As, Apr and Aal4 GFRa1-positive spermatogonia. (C) In SOX3-positive (green)/DNMT3A-
negative/low (blue) progenitor Aundiff spermatogonia, HELLS (red) and (D) WDHD1 (red) are expressed in a more uniform manner. DNMT3A-
positive (blue) Adiff also express both HELLS and WDHD1. Arrowheads (in grayscale insets) point at SOX3-positive/DNMT3A-negative/low 
progenitor spermatogonia. Scale bars 50 µm. Quantitation of (E) HELLS-positive and (G) WDHD1-positive cells in GFRa1-positive and SOX3-
positive Aundiff subsets. As Aundiff progress As -> Apr -> Aal4 there is a gradual upregulation of (F) HELLS and (H) WDHD1 expression and the 
number of HELLS and WDHD1-negative cells consistently decreases. Statistical significancies were studied using t-test and Fisher’s exact test; 
***P < 0.001; **P < 0.01; *P < 0.05.
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were successful in immunoprecipitation and IgG 
controls were uniformly negative (Fig. 5D). Interestingly, 
we showed that HELLS and BAZ1A were found in 
complexes with DICER (Fig. 5E). Consistently with 
the absence of WDHD1 in the PCH, WDHD1 did not 
interact with DICER (Fig. 5E).

Deletion of Dicer1 affects the sex chromosome 
heterochromatin status

Considering the role of DICER in processing of MSR 
transcripts and thereby regulating heterochromatin 
maintenance, we then wanted to investigate if Dicer1 
deficiency affected the expression pattern or subcellular 
localization of HELLS, WDHD1 and BAZ1A. However, 
immunofluorescent analysis on Dicer1 cKO testis 
sections did not reveal any obvious differences 
when compared to the WT control (Figs 1, 2, 3 and 
Supplementary Fig. 1). We also studied the localization 
of a germline-specific Polycomb protein SCML2 that has 
been found accumulated in the sex body (Hasegawa 
et al. 2015, Maezawa et al. 2018b, Menon et al. 2019), 
and it has also been demonstrated as a critical regulator 
of PCH in male germ cells (Maezawa et al. 2018b). A 
co-staining with BAZ1A revealed that SCML2 localizes to 
the sex body earlier (starting in stages II–IV) than BAZ1A 
(V–VI). Following dissociation of the sex body, SCML2 
expression in spermatocytes declined and postmeiotic 
cells expressed very low or undetectable levels of 
SCML2 (Supplementary Fig. 3). Just like in the cases 
of HELLS, WDHD1 and BAZ1A, no differences in the 
expression pattern between cKO and WT control mouse 
testis were observed (Supplementary Fig. 3A, B, C, D, 
E, F, G and H). This suggests that DICER is not essential 
for the localization of these chromatin regulators, yet it 
might be crucial for their function.

In our previous study, we showed that Dicer1 cKO 
testes lack small RNAs derived from MSR forward 
transcripts, enriched in nuclear fractions (Yadav et  al. 
2020). Thus, this reduction in nuclear small RNAs 
prompted us to investigate the localization of another 
Polycomb protein family member, SCML1. SCML1 has 
been earlier reported to be a component of meiotic 
dense body (Papanikos et  al. 2017) that is associated 
with the sex body and enriched with small non-coding 
RNAs including miRNAs and PIWI-interacting RNAs 
(piRNAs). To analyze this interesting finding in more 
detail, we performed co-localization studies of SCML1 
with respect to BAZ1A as a sex body marker (Fig. 6). 
Interestingly, we showed that in WT testis, SCML1 
formed distinct nuclear foci in spermatocytes that did 
not overlap with BAZ1A-positive sex bodies but were 
frequently closely associated with them. However, in 
Dicer1-cKO spermatocytes, the organization of SCML1-
positive foci was disrupted and the SCML1 signal spread 
to the sex body, most pronouncedly in mid-to-late 
epithelial stages (Fig. 6), suggesting that regulation of 
the sex body heterochromatin is affected in the absence 
of DICER. Interestingly, in WT testis SCML1 was found 
in complex with DICER (Fig. 5D and E) suggesting that 
they function together in distinct aspects of chromatin 
regulation. A summary of the expression patterns of the 
genes and proteins analyzed in this study is provided in 
Fig. 7 and Supplementary Fig. 2B, respectively.

Figure 5 HELLS, BAZ1A and DICER interact with MSR region of the 
pericentric heterochromatin. (A) Chromatin immunoprecipitation 
using DICER, BAZ1A and Ser2-phosphorylated RNA polymerase II 
(Pol-II-S2) antibodies followed by detection of different chromosomal 
repeat regions by PCR using specific primers for major and minor 
satellite DNA repeats, Line1, SineB1, SineB2 and IAP transposable 
elements. 18S ribosomal DNA (rDNA) primers were used as a 
positive control for Pol-II-S2 association. (B) Chromatin 
immunoprecipitation using DICER and HELLS antibodies and primers 
for major satellite DNA repeat and different transposable elements. 
(C) Chromatin immunoprecipitation using DICER and WDHD1 
antibodies and primers for major satellite DNA repeats. For A-C, 
rabbit IgG was used as a negative control for immunoprecipitation, 
and primers for Gapdh were used as a negative control for chromatin 
association. (D) Western blot images to validate the successful 
immunoprecipitation (IP) of HELLS (95 kDa), YY1 (60–65 kDa), 
BAZ1A (178 kDa) WDHD1 (126 kDa) and SCML1 (37 kDa) from the 
mouse testis. Western blotting was performed with the same 
antibodies that were used for IP. Rabbit IgG (IgG) was used as a 
negative control. (E) Western blotting of HELLS, YY1, BAZ1A, 
WDHD1 and SCML1 IPs with anti-DICER antibody (~250 kDa).
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Discussion

Heterochromatin is a key chromosomal domain, and 
its dysregulation in the germline is accompanied with 
chromosomal missegregation, aneuploidy and meiotic 
failure (Peters et al. 2001, Tachibana et al. 2007, Yadav 
et  al. 2020, Cheng et  al. 2021). To better understand 
the regulation of heterochromatin in male germ cells, 
we characterized the expression of chromatin modifiers 
HELLS, WDHD1 and BAZ1A and showed that they 
display distinct, dynamic patterns of expression during 
spermatogenesis and are thus likely to regulate different 
aspects of heterochromatin biology. We have previously 
shown that PCH-derived MSR transcripts are regulated 
by DICER, and DICER is also involved in the association 
of SET-domain containing methyltransferases with 
heterochromatin (Yadav et al. 2020). Here we show that 
HELLS and BAZ1A, but not WDHD1, interact with both 
DICER and MSR DNA, making them potentially relevant 
partners of DICER in regulation of MSR chromatin and 
PCH stability in the male germline. The interaction of 

DICER with different chromatin remodelers in male 
germ cells emphasizes its nuclear roles that go beyond 
its canonical RNAi functions (Kurzynska-Kokorniak 
et al. 2015, Song & Rossi 2017). This chromatin-related 
function is further supported by our finding that sex 
body organization is affected in the absence of DICER.

Testis is one of the few adult tissues expressing high 
levels of HELLS (Geiman et al. 1998), a protein that has 
been shown to modulate the establishment of DNA 
methylation patterns during cellular differentiation 
and to regulate chromatin accessibility (Huang et  al. 
2004, Dunican et  al. 2013, Yu et  al. 2014, Ren et  al. 
2015). We found that HELLS is expressed by most 
premeiotic germ cells, including Aundiff spermatogonia, 
and by spermatocytes up to late pachynema, where 
it enriches in the sex body of mid-to-late pachytene 
spermatocytes. HELLS has been shown to be required 
for normal spermatogenesis, and adult Hells-cKO mice 
exhibit degeneration of the seminiferous epithelium 
(Spruce et  al. 2020). Hells deficiency also results in a 
meiotic arrest at early to mid-pachynema, spermatocyte 

Figure 6 Organization of SCML1-positive foci is disrupted in Dicer1 cKO testis. Expression and colocalization analysis of SCML1 (green) and 
BAZ1A (red) in stages (A) I–IV, (B) VI–VIII and (C) IX in WT testis and in stages (D) I–IV, (E) VI–VIII and (F) IX in Dicer1 cKO testis. The Z-Stack 
signals of SCML1 (green) and BAZ1A (red) channels were merged to make a single image. The closer the curves (XY plot: different space points 
vs fluorescence signal), the better the signals co-localize in 3D space. In stages I–IV, BAZ1A localizes to chromocenter of round spermatids, 
whereas SCML1 is seen in DAPI-low euchromatic foci both in (A) WT and (B) cKO testis. (C) In WT stages VI–VIII, BAZ1A localizes to the sex 
body and heterochromatic foci in spermatocytes, while SCML1 in enriched in euchromatic foci. (D) In cKO testis, however, SCML1 signal is also 
seen in the sex body overlapping with BAZ1A (yellow). (E) In WT stage IX, BAZ1A and SCML1 continue to display a mutually exclusive pattern 
of expression, whereas in (F) cKO SCML1 is found accumulated in the sex body alongside with BAZ1A (yellow). Colocalization of SCML1 and 
BAZ1A in Dicer1 cKO was confirmed by ImageJ: red line BAZ1A, green line SCML1; and quantified manually in the sex bodies in stage IX–X 
(n = 129 and n = 133 for WT and Dicer1 cKO, respectively). Basement membrane of seminiferous epithelium is marked with a dotted line. Insets 
1 (A, B, C and D) and 1–3 (E and F) are derived from boxed areas. Scale bars 10 µm.
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apoptosis and reduced proliferation of spermatogonia 
(Zeng et  al. 2011, Spruce et  al. 2020). The potential 
role of HELLS in Aundiff is interesting not only because 
it has been proposed to play a role in embryonic stem 
(ES) cell and neural stem cell differentiation and self-
renewal (Xi et al. 2009, Han et al. 2017), which share 
some molecular resemblance with Aundiff but also 
because Hells mutant mice display growth retardation 
and premature aging, suggesting a more general stem 
cell defect associated with improper HELLS action (Sun 
et al. 2004). Considering our earlier findings of DICER-
mediated processing of MSR transcripts at PCH (Yadav 
et  al. 2020), as well as hypomethylation of repetitive 
sequences in DICER-deficient ES cells (Kanellopoulou 
et  al. 2005), it is an intriguing hypothesis that RNAi 
machinery and HELLS might be integrated at repetitive 
sequences in the male germline to control DNA 
methylation and heterochromatin maintenance.

BAZ1A is also highly expressed in the testis, and 
while BAZ1A seems to be dispensable for development 
and viability of embryos and adults, spermatogenesis is 
severely affected by the loss of Baz1a (Jones et al. 2000, 
Dowdle et al. 2013). Baz1a-deficient male mice display 
pronounced spermiogenic defects and misregulation 
of meiotic and postmeiotic gene expression programs 
(Dowdle et  al. 2013). We showed here that BAZ1A 
localizes to the sex body and PCH in spermatocytes, 
and our ChIP assay demonstrated the association with 
many repeat sequences, including PCH. The interaction 
of BAZ1A and DICER suggests that they could act 
together on chromatin. Given the well-known function 
of BAZ1A as a part of multiprotein chromatin remodeler 
complexes ACF and CHRAC (Morgan et al. 2020), it is 
tempting to speculate that BAZ1A could co-operate with 
DICER-mediated RNAi to regulate repeat-containing 
chromatin through its nucleosome remodeling activity, 
for example by promoting PCH transcription.

WDHD1 has been previously shown to be involved 
in epigenetic and transcriptional regulation of MSR 

chromatin in cultured somatic cells (Hsieh et  al. 
2011). In these cells, downregulation of WDHD1 
results in destabilization of the epigenetic status of 
heterochromatin and defective mitosis and also leads 
to increased levels of MSR transcripts, bearing a 
striking resemblance to Dicer1 cKO testis (Hsieh et al. 
2011, Yadav et  al. 2020). Considering these data, it 
is surprising that we did not see the association of 
WDHD1 with MSR sequences nor DICER in the male 
germline. The reason for the discrepancy might be that 
in the previous study, WDHD1-MSR interaction was 
studied in vitro (Hsieh et  al. 2011), whereas we used 
an in vivo approach. Importantly, among all human 
adult tissues, WDHD1 is exclusively expressed in the 
testis (Sato et  al. 2010). Nevertheless, the expression 
pattern of WDHD1 during mouse spermatogenesis is 
intriguing. The highest levels were seen in differentiating 
spermatogonia and early spermatocytes. In Aundiff, 
the expression was inversely related to stemness with 
gradually increasing levels as Aundiff progressed As -> Apr 
-> Aal4 and from GFRa1-positive to SOX3-positive state. 
A number of other genes and proteins, including SOX3, 
Ngn3, RARγ (retinoic acid receptor gamma), Pou5f1 
(POU Class 5 Homeobox 1), LIN28 and Piwil4 (Piwi-like 
protein 4), have been shown to behave in a similar way 
(Nakagawa et al. 2007, Ikami et al. 2015, Carrieri et al. 
2017, La et al. 2018, McAninch et al. 2020). Altogether, 
these findings suggest that WDHD1 might play a role 
in the spermatogenic differentiation commitment and 
future studies are warranted to investigate its role in this 
significant developmental shift.

BAZ1A and HELLS, which both were shown to 
associate with DICER and the MSR DNA, were also both 
accumulated in the sex body. Although the localization 
of HELLS and BAZ1A to the sex body was not affected 
in Dicer1 cKO spermatocytes, the sex body organization 
was affected, as visualized by disperse SCML1 
localization. There are limited data about SCML1, a 
novel gametogenesis and meiosis-associated protein, 

Figure 7 Summary of spermatogenic expression 
pattern of the proteins analyzed in this study. 
The expression of HELLS (purple), WDHD1 
(green), BAZ1A (red), SCML1 (orange) and 
SCML2 (blue) in different spermatogenic cell 
types. Solid line, high expression level. Dashed 
line, low expression level. Sex body (sphere in 
pachytene spermatocytes) in stage II–V 
pachytene spermatocytes stains positively for 
SCML2 (blue) and HELLS (purple). In stages 
VI–X ,SCML2 (blue), HELLS (purple) and 
BAZ1A (red) colocalize in the sex body in WT 
mouse testis.
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shown to be dispensable for mouse spermatogenesis 
but associated with azoospermia in human (Papanikos 
et  al. 2017, Milunsky et  al. 2020). Papanikos et  al. 
(2017) have recently shown that SCML1 expression 
is restricted to the meiotic dense body, an enigmatic 
chromatin-free nuclear structure enriched with small-
RNAs, and proposed to play a role in sex body formation 
(Papanikos et  al. 2017). The localization pattern we 
observed was somewhat different, with several nuclear 
SCML1-positive patches in most seminiferous epithelial 
cells, particularly in pachytene spermatocytes and round 
spermatids. Notably, the SCML1-foci are generally 
located in euchromatic regions; a finding that would 
also be supported by a transcription factor function 
previously assigned to SCML1 (Nan et al. 2019). While 
the physiological significance of the partial spreading of 
SCML1 to the sex body domain upon Dicer1 ablation 
awaits further elucidation, it suggests that SCML1 is 
involved in the coordination of sex body organization. 
It also suggests that DICER activity is required for 
the regulation of sex chromosomes during meiotic 
division, a hypothesis also supported by the affected 
sex chromosome integrity and the misregulation of 
sex chromosomal genes in Dicer1 knockout animals 
(Greenlee et  al. 2012, Modzelewski et  al. 2015). Our 
findings lay the basis for a more in-depth study of these 
proteins, interactions and modes of function in the 
chromatin regulation in the mouse germline.

Supplementary materials

This is linked to the online version of the paper at https://doi.
org/10.1530/REP-22-0240.

Declaration of interest

Noora Kotaja is an Associate Editor of Reproduction. Noora 
Kotaja was not involved in the review or editorial process 
for this paper, on which she is listed as an author. The other 
authors declare no conflict of interest.

Funding

This work was supported by the Sigrid Jusélius Foundation, the 
Academy of Finland, the Novo Nordisk Foundation and the 
Jalmari and Rauha Ahokas Foundation.

Author contribution statement

R P Y conceived the study, performed experiments, analysed 
data and edited the manuscript. S L performed experiments 
and analysed data. L M performed bioinformatics analyses on 
scRNA-seq data. J-A M performed experiments, analysed data 
and wrote the manuscript. N K conceived the study and wrote 
the manuscript. J-A M and N K contributed equally to this work

Acknowledgements

We want to acknowledge Sheyla Cisneros-Montalvo, PhD, for 
drawing Fig. 7, Jasmin Lassila, for technical assistance, and 
Matthieu Bourgery, for consultancy with statistical analyses.

References
Abe  T, Kawasumi  R, Giannattasio  M, Dusi  S, Yoshimoto  Y, Miyata  K, 

Umemura  K, Hirota  K & Branzei  D 2018 AND-1 fork protection 
function prevents fork resection and is essential for proliferation. Nature 
Communications 9 3091. (https://doi.org/10.1038/s41467-018-05586-7)

Alavattam KG, Maezawa S, Andreassen PR & Namekawa SH 2021 Meiotic 
sex chromosome inactivation and the XY body: a phase separation 
hypothesis. Cellular and Molecular Life Sciences 79 18. (https://doi.
org/10.1007/s00018-021-04075-3)

Almouzni  G & Probst  AV 2011 Heterochromatin maintenance and 
establishment: lessons from the mouse pericentromere. Nucleus 2  
332–338. (https://doi.org/10.4161/nucl.2.5.17707)

Aydin  ÖZ, Vermeulen  W & Lans  H 2014 ISWI chromatin remodeling 
complexes in the DNA damage response. Cell Cycle 13 3016–3025. 
(https://doi.org/10.4161/15384101.2014.956551)

Biscotti MA, Canapa A, Forconi M, Olmo E & Barucca M 2015 Transcription 
of tandemly repetitive DNA: functional roles. Chromosome Research 23 
463–477. (https://doi.org/10.1007/s10577-015-9494-4)

Carrieri C, Comazzetto S, Grover A, Morgan M, Buness A, Nerlov C & 
O’Carroll D 2017 A transit-amplifying population underpins the efficient 
regenerative capacity of the testis. Journal of Experimental Medicine 214 
1631–1641. (https://doi.org/10.1084/jem.20161371)

Casanova  M, Pasternak  M, El Marjou  F, Le Baccon  P, Probst  AV & 
Almouzni G 2013 Heterochromatin reorganization during early mouse 
development requires a single-stranded noncoding transcript. Cell 
Reports 4 1156–1167. (https://doi.org/10.1016/j.celrep.2013.08.015)

Chen Y, Liu H, Zhang H, Sun C, Hu Z, Tian Q, Peng C, Jiang P, Hua H, 
Li X et al. 2017 And-1 coordinates with CtIP for efficient homologous 
recombination and DNA damage checkpoint maintenance. Nucleic 
Acids Research 45 2516–2530. (https://doi.org/10.1093/nar/gkw1212)

Cheng EC, Hsieh CL, Liu N, Wang J, Zhong M, Chen T, Li E & Lin H 2021 
The essential function of SETDB1 in homologous chromosome pairing 
and synapsis during meiosis. Cell Reports 34 108575. (https://doi.
org/10.1016/j.celrep.2020.108575)

Collins N, Poot RA, Kukimoto I, García-Jiménez C, Dellaire G & Varga-
Weisz  PD 2002 An ACF1-ISWI chromatin-remodeling complex is 
required for DNA replication through heterochromatin. Nature Genetics 
32 627–632. (https://doi.org/10.1038/ng1046)

Dowdle JA, Mehta M, Kass EM, Vuong BQ, Inagaki A, Egli D, Jasin M & 
Keeney S 2013 Mouse BAZ1A (ACF1) is dispensable for double-strand 
break repair but is essential for averting improper gene expression during 
spermatogenesis. PLoS Genetics 9 e1003945. (https://doi.org/10.1371/
journal.pgen.1003945)

Dunican  DS, Cruickshanks  HA, Suzuki  M, Semple  CA, Davey  T, 
Arceci RJ, Greally  J, Adams IR & Meehan RR 2013 Lsh regulates LTR 
retrotransposon repression independently of Dnmt3b function. Genome 
Biology 14 R146. (https://doi.org/10.1186/gb-2013-14-12-r146)

Eberharter  A, Ferrari  S, Längst  G, Straub  T, Imhof  A, Varga-Weisz  P, 
Wilm M & Becker PB 2001 Acf1, the largest subunit of CHRAC, regulates 
ISWI-induced nucleosome remodelling. EMBO Journal 20 3781–3788. 
(https://doi.org/10.1093/emboj/20.14.3781)

Eymery  A, Callanan  M & Vourc’h  C 2009 The secret message of 
heterochromatin: new insights into the mechanisms and function of 
centromeric and pericentric repeat sequence transcription. International 
Journal of Developmental Biology 53 259–268. (https://doi.org/10.1387/
ijdb.082673ae)

Geiman  TM, Durum  SK & Muegge  K 1998 Characterization of gene 
expression, genomic structure, and chromosomal localization of Hells 
(Lsh). Genomics 54 477–483. (https://doi.org/10.1006/geno.1998.5557)

Greenlee  AR, Shiao  MS, Snyder  E, Buaas  FW, Gu  T, Stearns  TM, 
Sharma M, Murchison EP, Puente GC & Braun RE 2012 Deregulated sex 
chromosome gene expression with male germ cell-specific loss of Dicer. 
PLoS ONE 7 e46359. (https://doi.org/10.1371/journal.pone.0046359)

https://rep.bioscientifica.com
https://doi.org/10.1530/REP-22-0240
https://doi.org/10.1530/REP-22-0240
https://doi.org/10.1038/s41467-018-05586-7
https://doi.org/10.1007/s00018-021-04075-3
https://doi.org/10.1007/s00018-021-04075-3
https://doi.org/10.4161/nucl.2.5.17707
https://doi.org/10.4161/15384101.2014.956551
https://doi.org/10.1007/s10577-015-9494-4
https://doi.org/10.1084/jem.20161371
https://doi.org/10.1016/j.celrep.2013.08.015
https://doi.org/10.1093/nar/gkw1212
https://doi.org/10.1016/j.celrep.2020.108575
https://doi.org/10.1016/j.celrep.2020.108575
https://doi.org/10.1038/ng1046
https://doi.org/10.1371/journal.pgen.1003945
https://doi.org/10.1371/journal.pgen.1003945
https://doi.org/10.1186/gb-2013-14-12-r146
https://doi.org/10.1093/emboj/20.14.3781
https://doi.org/10.1387/ijdb.082673ae
https://doi.org/10.1387/ijdb.082673ae
https://doi.org/10.1006/geno.1998.5557
https://doi.org/10.1371/journal.pone.0046359


 https://rep.bioscientifica.com

R Prakash Yadav and others62

Reproduction (2023) 165 49–63 

Haaf T & Ward DC 1995 Higher order nuclear structure in mammalian 
sperm revealed by in situ hybridization and extended chromatin fibers. 
Experimental Cell Research 219 604–611. (https://doi.org/10.1006/
excr.1995.1270)

Han Y, Ren J, Lee E, Xu X, Yu W & Muegge K 2017 Lsh/HELLS regulates 
self-renewal/proliferation of neural stem/progenitor cells. Scientific 
Reports 7 1136. (https://doi.org/10.1038/s41598-017-00804-6)

Hao J, de Renty C, Li Y, Xiao H, Kemp MG, Han Z, DePamphilis ML & 
Zhu W 2015 And-1 coordinates with Claspin for efficient Chk1 activation 
in response to replication stress. EMBO Journal 34 2096–2110. (https://
doi.org/10.15252/embj.201488016)

Hara K, Nakagawa T, Enomoto H, Suzuki M, Yamamoto M, Simons BD & 
Yoshida S 2014 Mouse spermatogenic stem cells continually interconvert 
between equipotent singly isolated and syncytial states. Cell Stem Cell 14 
658–672. (https://doi.org/10.1016/j.stem.2014.01.019)

Hasegawa  K, Sin  HS, Maezawa  S, Broering  TJ, Kartashov  AV, 
Alavattam KG, Ichijima Y, Zhang F, Bacon WC, Greis KD et al. 2015 
SCML2 establishes the male germline epigenome through regulation of 
histone H2A ubiquitination. Developmental Cell 32 574–588. (https://
doi.org/10.1016/j.devcel.2015.01.014)

He  X, Fan  HY, Garlick  JD & Kingston  RE 2008 Diverse regulation of 
SNF2h chromatin remodeling by noncatalytic subunits. Biochemistry 47  
7025–7033. (https://doi.org/10.1021/bi702304p)

Hermann BP, Cheng K, Singh A, Roa-De La Cruz L, Mutoji KN, Chen IC, 
Gildersleeve  H, Lehle  JD, Mayo  M, Westernstroer  B et  al. 2018 
The mammalian spermatogenesis single-cell transcriptome, from 
spermatogonial stem cells to spermatids. Cell Reports 25 1650.e8–1667.
e8. (https://doi.org/10.1016/j.celrep.2018.10.026)

Hsieh CL, Lin CL, Liu H, Chang YJ, Shih CJ, Zhong CZ, Lee SC & Tan BC-M 
2011 WDHD1 modulates the post-transcriptional step of the centromeric 
silencing pathway. Nucleic Acids Research 39 4048–4062. (https://doi.
org/10.1093/nar/gkq1338)

Huang J, Fan T, Yan Q, Zhu H, Fox S, Issaq HJ, Best L, Gangi L, Munroe D 
& Muegge K 2004 Lsh, an epigenetic guardian of repetitive elements. 
Nucleic Acids Research 32 5019–5028. (https://doi.org/10.1093/nar/
gkh821)

Ikami K, Tokue M, Sugimoto R, Noda C, Kobayashi S, Hara K & Yoshida S 
2015 Hierarchical differentiation competence in response to retinoic 
acid ensures stem cell maintenance during mouse spermatogenesis. 
Development 142 1582–1592. (https://doi.org/10.1242/dev.118695)

Janssen A, Colmenares SU & Karpen GH 2018 Heterochromatin: guardian 
of the genome. Annual Review of Cell and Developmental Biology 34 
265–288. (https://doi.org/10.1146/annurev-cellbio-100617-062653)

Johnson  WL, Yewdell  WT, Bell  JC, McNulty  SM, Duda  Z, O’Neill  RJ, 
Sullivan  BA & Straight  AF 2017 RNA-dependent stabilization of 
SUV39H1 at constitutive heterochromatin. eLife 6 e25299. (https://doi.
org/10.7554/eLife.25299)

Jones  MH, Hamana  N, Nezu  Ji & Shimane  M 2000 A novel family of 
bromodomain genes. Genomics 63 40–45. (https://doi.org/10.1006/
geno.1999.6071)

Kanellopoulou C, Muljo SA, Kung AL, Ganesan S, Drapkin R, Jenuwein T, 
Livingston DM & Rajewsky K 2005 Dicer-deficient mouse embryonic 
stem cells are defective in differentiation and centromeric silencing. 
Genes and Development 19 489–501. (https://doi.org/10.1101/
gad.1248505)

Köhler A, Schmidt-Zachmann MS & Franke WW 1997 AND-1, a natural 
chimeric DNA-binding protein, combines an HMG-box with regulatory 
WD-repeats. Journal of Cell Science 110 1051–1062. (https://doi.
org/10.1242/jcs.110.9.1051)

Korhonen  HM, Meikar  O, Yadav  RP, Papaioannou  MD, Romero  Y, Da 
Ros M, Herrera PL, Toppari J, Nef S & Kotaja N 2011 Dicer is required 
for haploid male germ cell differentiation in mice. PLoS ONE 6 e24821. 
(https://doi.org/10.1371/journal.pone.0024821)

Korhonen HM, Yadav RP, Da Ros M, Chalmel F, Zimmermann C, Toppari J, 
Nef S & Kotaja N 2015 DICER regulates the formation and maintenance 
of cell-cell junctions in the mouse seminiferous epithelium. Biology of 
Reproduction 93 139. (https://doi.org/10.1095/biolreprod.115.131938)

Kurzynska-Kokorniak A, Koralewska N, Pokornowska M, Urbanowicz A, 
Tworak A, Mickiewicz A & Figlerowicz M 2015 The many faces of Dicer: 
the complexity of the mechanisms regulating Dicer gene expression and 
enzyme activities. Nucleic Acids Research 43 4365–4380. (https://doi.
org/10.1093/nar/gkv328)

La  HM, Mäkelä  JA, Chan  AL, Rossello  FJ, Nefzger  CM, Legrand  JMD, 
De Seram  M, Polo  JM & Hobbs  RM 2018 Identification of dynamic 
undifferentiated cell states within the male germline. Nature 
Communications 9 2819. (https://doi.org/10.1038/s41467-018-
04827-z)

Lan L, Ui A, Nakajima S, Hatakeyama K, Hoshi M, Watanabe R, Janicki SM, 
Ogiwara  H, Kohno  T, Kanno  S-I et  al. 2010 The ACF1 complex is 
required for DNA double-strand break repair in human cells. Molecular 
Cell 40 976–987. (https://doi.org/10.1016/j.molcel.2010.12.003)

Li Y, Li Z, Wu R, Han Z & Zhu W 2017 And-1 is required for homologous 
recombination repair by regulating DNA end resection. Nucleic Acids 
Research 45 2531–2545. (https://doi.org/10.1093/nar/gkw1241)

Maezawa  S, Hasegawa  K, Yukawa  M, Sakashita  A, Alavattam  KG, 
Andreassen  PR, Vidal  M, Koseki  H, Barski  A & Namekawa  SH 2017 
Polycomb directs timely activation of germline genes in spermatogenesis. 
Genes and Development 31 1693–1703. (https://doi.org/10.1101/
gad.302000.117)

Maezawa S, Hasegawa K, Yukawa M, Kubo N, Sakashita A, Alavattam KG, 
Sin  HS, Kartashov  AV, Sasaki  H, Barski  A et  al. 2018a Polycomb 
protein SCML2 facilitates H3K27me3 to establish bivalent domains in 
the male germline. PNAS 115 4957–4962. (https://doi.org/10.1073/
pnas.1804512115)

Maezawa S, Hasegawa K, Alavattam KG, Funakoshi M, Sato T, Barski A & 
Namekawa SH 2018b SCML2 promotes heterochromatin organization 
in late spermatogenesis. Journal of Cell Science 131 jcs217125. (https://
doi.org/10.1242/jcs.217125)

Mäkelä JA & Hobbs RM 2019 Molecular regulation of spermatogonial stem 
cell renewal and differentiation. Reproduction 158 R169–R187. (https://
doi.org/10.1530/REP-18-0476)

Mäkelä JA, Cisneros-Montalvo S, Lehtiniemi T, Olotu O, La HM, Toppari J, 
Hobbs  RM, Parvinen  M & Kotaja  N 2020 Transillumination-assisted 
dissection of specific stages of the mouse seminiferous epithelial 
cycle for downstream immunostaining analyses. Journal of Visualized 
Experiments 164 e61800. (https://doi.org/10.3791/61800)

McAninch D, Mäkelä JA, La HM, Hughes JN, Lovell-Badge R, Hobbs RM 
& Thomas  PQ 2020 SOX3 promotes generation of committed 
spermatogonia in postnatal mouse testes. Scientific Reports 10 6751. 
(https://doi.org/10.1038/s41598-020-63290-3)

Meistrich  ML & Hess  RA 2013 Assessment of Spermatogenesis through 
Staging of Seminiferous Tubules BT – Spermatogenesis: Methods and 
Protocols, pp. 299–307. Eds DT Carrell & KI Aston. Totowa, NJ: Humana 
Press. (https://doi.org/10.1007/978-1-62703-038-0_27)

Menon  DU, Shibata  Y, Mu  W & Magnuson  T 2019 Mammalian SWI/
SNF collaborates with a polycomb-associated protein to regulate male 
germline transcription in the mouse. Development 146 dev174094. 
(https://doi.org/10.1242/dev.174094)

Meshorer E, Yellajoshula D, George E, Scambler PJ, Brown DT & Misteli T 
2006 Hyperdynamic plasticity of chromatin proteins in pluripotent 
embryonic stem cells. Developmental Cell 10 105–116. (https://doi.
org/10.1016/j.devcel.2005.10.017)

Meyer-Ficca  M, Müller-Navia  J & Scherthan  H 1998 Clustering of 
pericentromeres initiates in step 9 of spermiogenesis of the rat (Rattus 
norvegicus) and contributes to a well defined genome architecture in 
the sperm nucleus. Journal of Cell Science 111 1363–1370. (https://doi.
org/10.1242/jcs.111.10.1363)

Milunsky  A, Milunsky  JM, Dong  W, Hovhannisyan  H & Oates  RD 2020 
A contiguous microdeletion syndrome at Xp23.13 with non-obstructive 
azoospermia and congenital cataracts. Journal of Assisted Reproduction 
and Genetics 37 471–475. (https://doi.org/10.1007/s10815-019-01685-6)

Modzelewski  AJ, Hilz  S, Crate  EA, Schweidenback  CTH, Fogarty  EA, 
Grenier JK, Freire R, Cohen PE & Grimson A 2015 Dgcr8 and Dicer are 
essential for sex chromosome integrity during meiosis in males. Journal 
of Cell Science 128 2314–2327. (https://doi.org/10.1242/jcs.167148)

Morgan A, LeGresley S & Fischer C 2020 Remodeler catalyzed nucleosome 
repositioning: influence of structure and stability. International Journal of 
Molecular Sciences 22 76. (https://doi.org/10.3390/ijms22010076)

Muegge K 2005 Lsh, a guardian of heterochromatin at repeat elements. 
Biochemistry and Cell Biology 83 548–554. (https://doi.org/10.1139/
o05-119)

Nakagawa  T, Nabeshima  Y & Yoshida  S 2007 Functional identification 
of the actual and potential stem cell compartments in mouse 

https://rep.bioscientifica.com
https://doi.org/10.1006/excr.1995.1270
https://doi.org/10.1006/excr.1995.1270
https://doi.org/10.1038/s41598-017-00804-6
https://doi.org/10.15252/embj.201488016
https://doi.org/10.15252/embj.201488016
https://doi.org/10.1016/j.stem.2014.01.019
https://doi.org/10.1016/j.devcel.2015.01.014
https://doi.org/10.1016/j.devcel.2015.01.014
https://doi.org/10.1021/bi702304p
https://doi.org/10.1016/j.celrep.2018.10.026
https://doi.org/10.1093/nar/gkq1338
https://doi.org/10.1093/nar/gkq1338
https://doi.org/10.1093/nar/gkh821
https://doi.org/10.1093/nar/gkh821
https://doi.org/10.1242/dev.118695
https://doi.org/10.1146/annurev-cellbio-100617-062653
https://doi.org/10.7554/eLife.25299
https://doi.org/10.7554/eLife.25299
https://doi.org/10.1006/geno.1999.6071
https://doi.org/10.1006/geno.1999.6071
https://doi.org/10.1101/gad.1248505
https://doi.org/10.1101/gad.1248505
https://doi.org/10.1242/jcs.110.9.1051
https://doi.org/10.1242/jcs.110.9.1051
https://doi.org/10.1371/journal.pone.0024821
https://doi.org/10.1095/biolreprod.115.131938
https://doi.org/10.1093/nar/gkv328
https://doi.org/10.1093/nar/gkv328
https://doi.org/10.1038/s41467-018-04827-z
https://doi.org/10.1038/s41467-018-04827-z
https://doi.org/10.1016/j.molcel.2010.12.003
https://doi.org/10.1093/nar/gkw1241
https://doi.org/10.1101/gad.302000.117
https://doi.org/10.1101/gad.302000.117
https://doi.org/10.1073/pnas.1804512115
https://doi.org/10.1073/pnas.1804512115
https://doi.org/10.1242/jcs.217125
https://doi.org/10.1242/jcs.217125
https://doi.org/10.1530/REP-18-0476
https://doi.org/10.1530/REP-18-0476
https://doi.org/10.3791/61800
https://doi.org/10.1038/s41598-020-63290-3
https://doi.org/10.1007/978-1-62703-038-0_27
https://doi.org/10.1242/dev.174094
https://doi.org/10.1016/j.devcel.2005.10.017
https://doi.org/10.1016/j.devcel.2005.10.017
https://doi.org/10.1242/jcs.111.10.1363
https://doi.org/10.1242/jcs.111.10.1363
https://doi.org/10.1007/s10815-019-01685-6
https://doi.org/10.1242/jcs.167148
https://doi.org/10.3390/ijms22010076
https://doi.org/10.1139/o05-119
https://doi.org/10.1139/o05-119


https://rep.bioscientifica.com

HELLS, WDHD1 and BAZ1A in mouse spermatogenesis 63

 Reproduction (2023) 165 49–63

spermatogenesis. Developmental Cell 12 195–206. (https://doi.
org/10.1016/j.devcel.2007.01.002)

Namekawa SH, Park PJ, Zhang LF, Shima JE, McCarrey JR, Griswold MD 
& Lee JT 2006 Postmeiotic sex chromatin in the male germline of mice. 
Current Biology 16 660–667. (https://doi.org/10.1016/j.cub.2006.01.066)

Nan A, Chen L, Zhang N, Jia Y, Li X, Zhou H, Ling Y, Wang Z, Yang C, Liu S 
et al. 2019 Circular RNA circNOL10 inhibits lung cancer development 
by promoting SCLM1-mediated transcriptional regulation of the 
Humanin polypeptide family. Advanced Science 6 1800654. (https://
doi.org/10.1002/advs.201800654)

Nishibuchi G & Déjardin J 2017 The molecular basis of the organization 
of repetitive DNA-containing constitutive heterochromatin in mammals. 
Chromosome Research 25 77–87. (https://doi.org/10.1007/s10577-016-
9547-3)

Papanikos  F, Daniel K, Goercharn-Ramlal A, Fei  JF, Kurth T, Wojtasz  L, 
Dereli  I, Fu  J, Penninger  J, Habermann  B et  al. 2017 The enigmatic 
meiotic dense body and its newly discovered component, SCML1, are 
dispensable for fertility and gametogenesis in mice. Chromosoma 126 
399–415. (https://doi.org/10.1007/s00412-016-0598-1)

Perry J, Palmer S, Gabriel A & Ashworth A 2001 A short pseudoautosomal 
region in laboratory mice. Genome Research 11 1826–1832. (https://
doi.org/10.1101/gr.203001)

Peters  AH, O’Carroll  D, Scherthan  H, Mechtler  K, Sauer  S, Schöfer  C, 
Weipoltshammer  K, Pagani  M, Lachner  M, Kohlmaier  A et  al. 2001 
Loss of the Suv39h histone methyltransferases impairs mammalian 
heterochromatin and genome stability. Cell 107 323–337. (https://doi.
org/10.1016/s0092-8674(01)00542-6)

Probst AV, Okamoto I, Casanova M, El Marjou F, Le Baccon P & Almouzni G 
2010 A strand-specific burst in transcription of pericentric satellites is 
required for chromocenter formation and early mouse development. 
Developmental Cell 19 625–638. (https://doi.org/10.1016/j.
devcel.2010.09.002)

Ren  J, Briones  V, Barbour  S, Yu  W, Han  Y, Terashima  M & Muegge  K 
2015 The ATP binding site of the chromatin remodeling homolog Lsh 
is required for nucleosome density and de novo DNA methylation at 
repeat sequences. Nucleic Acids Research 43 1444–1455. (https://doi.
org/10.1093/nar/gku1371)

Saksouk N, Simboeck E & Déjardin J 2015 Constitutive heterochromatin 
formation and transcription in mammals. Epigenetics and Chromatin 8 
3. (https://doi.org/10.1186/1756-8935-8-3)

Sánchez-Molina  S, Mortusewicz  O, Bieber  B, Auer  S, Eckey  M, 
Leonhardt H, Friedl AA & Becker PB 2011 Role for hACF1 in the G2/M 
damage checkpoint. Nucleic Acids Research 39 8445–8456. (https://doi.
org/10.1093/nar/gkr435)

Sato N, Koinuma  J, Fujita M, Hosokawa M, Ito T, Tsuchiya E, Kondo S, 
Nakamura Y & Daigo Y 2010 Activation of WD repeat and high-mobility 
group box DNA binding protein 1 in pulmonary and esophageal 
carcinogenesis. Clinical Cancer Research 16 226–239. (https://doi.
org/10.1158/1078-0432.CCR-09-1405)

Scherthan H, Schöfisch K, Dell T & Illner D 2014 Contrasting behavior of 
heterochromatic and euchromatic chromosome portions and pericentric 
genome separation in pre-bouquet spermatocytes of hybrid mice. 
Chromosoma 123 609–624. (https://doi.org/10.1007/s00412-014-0479-4)

Seandel M, James D, Shmelkov SV, Falciatori I, Kim J, Chavala S, Scherr DS, 
Zhang  F, Torres  R, Gale  NW et  al. 2007 Generation of functional 
multipotent adult stem cells from GPR125(+) germline progenitors. 
Nature 449 346–350. (https://doi.org/10.1038/nature06129)+.

Shirakawa  T, Yaman-Deveci  R, Tomizawa  S, Kamizato  Y, Nakajima  K, 
Sone H, Sato Y, Sharif J, Yamashita A, Takada-Horisawa Y et al. 2013 An 
epigenetic switch is crucial for spermatogonia to exit the undifferentiated 
state toward a Kit-positive identity. Development 140 3565–3576. 
(https://doi.org/10.1242/dev.094045)

Song MS & Rossi JJ 2017 Molecular mechanisms of Dicer: endonuclease 
and enzymatic activity. Biochemical Journal 474 1603–1618. (https://
doi.org/10.1042/BCJ20160759)

Spruce C, Dlamini S, Ananda G, Bronkema N, Tian H, Paigen K, Carter GW 
& Baker CL 2020 HELLS and PRDM9 form a pioneer complex to open 

chromatin at meiotic recombination hot spots. Genes and Development 
34 398–412. (https://doi.org/10.1101/gad.333542.119)

Sun LQ, Lee DW, Zhang Q, Xiao W, Raabe EH, Meeker A, Miao D, Huso DL 
& Arceci RJ 2004 Growth retardation and premature aging phenotypes 
in mice with disruption of the SNF2-like gene, PASG. Genes and 
Development 18 1035–1046. (https://doi.org/10.1101/gad.1176104)

Tachibana M, Nozaki M, Takeda N & Shinkai Y 2007 Functional dynamics 
of H3K9 methylation during meiotic prophase progression. EMBO 
Journal 26 3346–3359. (https://doi.org/10.1038/sj.emboj.7601767)

Takada Y, Naruse C, Costa Y, Shirakawa T, Tachibana M, Sharif J, Kezuka-
Shiotani F, Kakiuchi D, Masumoto H, Shinkai Y et al. 2011 HP1γ links 
histone methylation marks to meiotic synapsis in mice. Development 
138 4207–4217. (https://doi.org/10.1242/dev.064444)

Ting  DT, Lipson  D, Paul  S, Brannigan  BW, Akhavanfard  S, Coffman  EJ, 
Contino  G, Deshpande  V, Iafrate  AJ, Letovsky  S et  al. 2011 
Aberrant overexpression of satellite repeats in pancreatic and other 
epithelial cancers. Science 331 593–596. (https://doi.org/10.1126/
science.1200801)

Trofimova  I, Chervyakova  D & Krasikova  A 2015 Transcription of 
subtelomere tandemly repetitive DNA in chicken embryogenesis. 
Chromosome Research 23 495–503. (https://doi.org/10.1007/s10577-
015-9487-3)

Turner JM 2007 Meiotic sex chromosome inactivation. Development 134 
1823–1831. (https://doi.org/10.1242/dev.000018)

Velazquez Camacho  O, Galan  C, Swist-Rosowska  K, Ching  R, 
Gamalinda  M, Karabiber  F, De La Rosa-Velazquez  I, Engist  B, 
Koschorz B, Shukeir N et al. 2017 Major satellite repeat RNA stabilize 
heterochromatin retention of Suv39h enzymes by RNA-nucleosome 
association and RNA:DNA hybrid formation. eLife 6 e25293. (https://
doi.org/10.7554/eLife.25293)

Villa  F, Simon  AC, Ortiz Bazan  MA, Kilkenny  ML, Wirthensohn  D, 
Wightman  M, Matak-Vinkovíc  D, Pellegrini  L & Labib  K 2016 Ctf4 
is a hub in the eukaryotic replisome that links multiple CIP-box 
proteins to the CMG helicase. Molecular Cell 63 385–396. (https://doi.
org/10.1016/j.molcel.2016.06.009)

Xi S, Geiman TM, Briones V, Guang Tao Y, Xu H & Muegge K 2009 Lsh 
participates in DNA methylation and silencing of stem cell genes. Stem 
Cells 27 2691–2702. (https://doi.org/10.1002/stem.183)

Yadav RP, Mäkelä JA, Hyssälä H, Cisneros-Montalvo S & Kotaja N 2020 
DICER regulates the expression of major satellite repeat transcripts and 
meiotic chromosome segregation during spermatogenesis. Nucleic Acids 
Research 48 7135–7153. (https://doi.org/10.1093/nar/gkaa460)

Yu  W, McIntosh  C, Lister  R, Zhu  I, Han  Y, Ren  J, Landsman  D, Lee  E, 
Briones  V, Terashima  M et  al. 2014 Genome-wide DNA methylation 
patterns in LSH mutant reveals de-repression of repeat elements and 
redundant epigenetic silencing pathways. Genome Research 24  
1613–1623. (https://doi.org/10.1101/gr.172015.114)

Zardo G, Ciolfi A, Vian L, Starnes LM, Billi M, Racanicchi S, Maresca C, 
Fazi F, Travaglini L, Noguera N et al. 2012 Polycombs and microRNA-223 
regulate human granulopoiesis by transcriptional control of target 
gene expression. Blood 119 4034–4046. (https://doi.org/10.1182/
blood-2011-08-371344)

Zeng  W, Baumann  C, Schmidtmann  A, Honaramooz  A, Tang  L, 
Bondareva A, Dores C, Fan T, Xi S, Geiman T et al. 2011 Lymphoid-
specific helicase (HELLS) is essential for meiotic progression in mouse 
spermatocytes. Biology of Reproduction 84 1235–1241. (https://doi.
org/10.1095/biolreprod.110.085720)

Received 5 July 2022
First decision 2 August 2022
Revised manuscript received 9 September 2022
Accepted 4 October 2022

https://rep.bioscientifica.com
https://doi.org/10.1016/j.devcel.2007.01.002
https://doi.org/10.1016/j.devcel.2007.01.002
https://doi.org/10.1016/j.cub.2006.01.066
https://doi.org/10.1002/advs.201800654
https://doi.org/10.1002/advs.201800654
https://doi.org/10.1007/s10577-016-9547-3
https://doi.org/10.1007/s10577-016-9547-3
https://doi.org/10.1007/s00412-016-0598-1
https://doi.org/10.1101/gr.203001
https://doi.org/10.1101/gr.203001
https://doi.org/10.1016/s0092-8674(01)00542-6
https://doi.org/10.1016/s0092-8674(01)00542-6
https://doi.org/10.1016/j.devcel.2010.09.002
https://doi.org/10.1016/j.devcel.2010.09.002
https://doi.org/10.1093/nar/gku1371
https://doi.org/10.1093/nar/gku1371
https://doi.org/10.1186/1756-8935-8-3
https://doi.org/10.1093/nar/gkr435
https://doi.org/10.1093/nar/gkr435
https://doi.org/10.1158/1078-0432.CCR-09-1405
https://doi.org/10.1158/1078-0432.CCR-09-1405
https://doi.org/10.1007/s00412-014-0479-4
https://doi.org/10.1038/nature06129
https://doi.org/10.1242/dev.094045
https://doi.org/10.1042/BCJ20160759
https://doi.org/10.1042/BCJ20160759
https://doi.org/10.1101/gad.333542.119
https://doi.org/10.1101/gad.1176104
https://doi.org/10.1038/sj.emboj.7601767
https://doi.org/10.1242/dev.064444
https://doi.org/10.1126/science.1200801
https://doi.org/10.1126/science.1200801
https://doi.org/10.1007/s10577-015-9487-3
https://doi.org/10.1007/s10577-015-9487-3
https://doi.org/10.1242/dev.000018
https://doi.org/10.7554/eLife.25293
https://doi.org/10.7554/eLife.25293
https://doi.org/10.1016/j.molcel.2016.06.009
https://doi.org/10.1016/j.molcel.2016.06.009
https://doi.org/10.1002/stem.183
https://doi.org/10.1093/nar/gkaa460
https://doi.org/10.1101/gr.172015.114
https://doi.org/10.1182/blood-2011-08-371344
https://doi.org/10.1182/blood-2011-08-371344
https://doi.org/10.1095/biolreprod.110.085720
https://doi.org/10.1095/biolreprod.110.085720

	Abstract
	Introduction
	Materials and methods
	Animals
	Immunofluorescence and fluorescence signal colocalization analysis
	Whole-mount immunostaining and Aundiff quantitation
	Chromatin immunoprecipitation
	Immunoprecipitation and Western blotting
	Reanalysis of single-cell RNA-seq data and statistical methods

	Results
	HELLS and WDHD1 are expressed in spermatogonia and spermatocytes
	WDHD1 is upregulated upon differentiation commitment in the male germline
	HELLS and BAZ1A interact with pericentric heterochromatin in the mouse testis
	HELLS and BAZ1A interact with DICER in the mouse testis
	Deletion of Dicer1 affects the sex chromosome heterochromatin status

	Discussion
	Supplementary materials
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgements
	References

