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DEVELOPMENTAL BIOLOGY

Meiotic cohesin RAD21L shapes 3D genome structure
and transcription in the male germline

Laia Marin-Gual'?, Covadonga Vara'?, Raquel Sainz-Urruela3, Yasmina Cuartero®®,
Lucia Alvarez-Gonzalez', Natalia FeIipe-Medina3, Francisca Garcia® Elena Llano®,
Marc A. Marti-Renom*>78, Alberto M. Pendas>*, Aurora Ruiz-Herrera'**

The distinctive three-dimensional (3D) chromatin architecture adopted by chromosomes during meiosis is essen-
tial for fertility, yet the functional implications of the fine-scale spatial organization remain poorly understood.
Here, we investigate the impact of RAD21L deletion, a meiosis-specific cohesin subunit, on the 3D genome archi-
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tecture and gene expression in the male germ line. Using fluorescence-activated cell sorting, high-throughput
chromosome conformation capture, and single-cell RNA sequencing, we demonstrate that RAD21L deficiency im-
pairs meiotic chromatin organization and inter/intrachromosomal interactions. This conspicuous 3D genome reor-
ganization also disrupts bouquet formation, resulting in increased telomeric interactions between heterologous
chromosomes in primary spermatocytes. Genome reorganization was accompanied by detectable transcriptional
dysregulation in spermatogonia and primary spermatocytes, mainly affecting sex chromosomes. Collectively, our
findings establish the cohesin RAD21L as a germline-specific critical regulator of genome-wide 3D genome reor-
ganization during spermatogenesis and a modulator of the male germline transcriptional landscape.

INTRODUCTION

The hierarchical organization of the genome undergoes dramatic
changes during gametogenesis (1-4). However, how loop-extruding
factors such as meiotic cohesins fine-tune chromatin reorganiza-
tion in coordination with transcription remains largely unknown.
Elucidating the spatiotemporal dynamics of higher-order chroma-
tin architecture during gametogenesis is key to understanding the
mechanisms underpinning fertility and their impact on genetic di-
versity, with long-term implications for genome function and evo-
lution (5-7).

Meiosis entry is accompanied by fundamental changes in chro-
mosome nuclear distribution, DNA methylation, histone modifica-
tions, and transcription (I, 8, 9). As meiosis progresses, both A/B
compartments and topologically associated domains (TADs) attenu-
ate to accommodate major events that take place during prophase I,
including chromosomal movements, DNA scaffold assembly in the
form of the synaptonemal complex, and the formation and repair of
DNA double-strand breaks (DSBs) (1-4). Later, compartments and
chromosomal territories reappear in postmeiotic cells (round sper-
matids and sperm), although both types of haploid cells adopt a dis-
tinctive chromatin structure to allow histone-to-protamine transition
and cellular differentiation (1, 10).

Meiotic cohesin subunits (i.e., REC8, RAD21L, STAG3, or SMC1p)
play a critical role in chromosome architecture during prophase
I (11-13). They are required for chromosome synapsis between
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homologs, as they are involved in the formation of the chromosomal
axis, holding chromatin loops to the axes and determining the num-
ber and location of DNA loops (13-15). Both RAD21L and REC8
are localized at the connection sites between lateral elements (LEs)
and transverse filaments of the synaptonemal complex in pachynema,
with RAD21L locating interior to REC8 sites (16). Whereas RAD21L
is involved in tethering homologous chromosomes, REC8 is prefer-
entially involved in sister chromatid cohesion (17). RAD2IL is es-
sential for spermatogenesis, as deficient mice are infertile and show
impaired synapsis of homologous chromosomes, fragmented LEs
with aberrant synapsis, and defective DSB processing, resulting in
an accumulation of unrepaired DSBs in early stages of meiosis (11).
Likewise, the attachment of telomeres to the nuclear envelope dur-
ing meiosis is partially misregulated, highlighting the role of cohes-
ins in telomere homeostasis (18, 19).

Meiotic cohesins are loaded at active promoters in both primary
spermatocytes and round spermatids (I), hinting at a functional
role beyond their established contribution to meiotic chromosome
axis formation (I11). The correlation between cohesin occupancy
and the expression of genes implicated in early embryonic develop-
ment suggests that cohesins could have a synergistic role in estab-
lishing transcriptional hubs during prophase I and fine-tuning
subsequent spermatogenesis (I). Previous studies in somatic cells
have shown that cohesin deletion prevents activation of inducible
genes (20), supporting the role of cohesins in shaping lineage-
specific gene regulation (21). This has been associated with exten-
sive rewiring of promoter contacts (22). Whether this pattern applies
for germ cells is currently unknown.

Here, we investigate the impact of RAD21L deletion on three-
dimensional (3D) genome architecture and transcription in the mouse
male germ line by integrating fluorescence-activated cell sorting
(FACS), genome-wide high-throughput chromosome conformation
capture analysis (Hi-C), and single-cell RNA sequencing (RNA-seq).
We demonstrate that loss of RAD21L disrupts proper chromatin con-
densation during meiosis, leading to altered genome compartmental-
ization and changes in the balance of inter- and intrachromosomal
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interactions in both premeiotic (spermatogonia) and meiotic (pri-
mary spermatocytes) cells. In addition, we observe defects in bou-
quet formation, characterized by increased telomeric interactions
between heterologous chromosomes in primary spermatocytes.
Moreover, this genome reorganization is accompanied by transcrip-
tional dysregulation, detectable from the spermatogonia stage on-
ward. Our findings establish a dual role for RAD21L in gene
regulation and chromatin reorganization during early meiosis, pro-
viding direct evidence of its function in transcriptional control in
both spermatogonia and primary spermatocytes.

RESULTS

Deletion of RAD21L-containing cohesin complexes reshapes
chromatin reorganization in premeiotic and meiotic cells

We analyzed the effects of cohesin deletion in chromatin architec-
ture during mammalian spermatogenesis using mice deficient in
one of the meiosis-specific kleisins, RAD21L [hereafter RAD21L
knockout (KO)] (11, 12). Highly enriched premeiotic (spermatogo-
nia) and primary spermatocytes at the leptotene/zygotene (L/Z)
stage were isolated by FACS (Fig. 1A and fig. S1). For each germ cell
fraction (spermatogonia and primary spermatocytes in the L/Z stage),
we performed in situ Hi-C (Fig. 1B). As KO mice are infertile due to
meiotic arrest (11), advanced meiotic stages (pachytene/diplotene
stages or round spermatids) were absent. For comparison, somatic
Hi-C data was generated from primary cultured embryonic fibro-
blasts from a male RAD21L KO mouse (see Materials and Methods),
while wild-type (WT) somatic and germ cell Hi-C data were ob-
tained from previously published datasets (1), consistent with previ-
ous descriptions in both adult (3, 4, 10) and juvenile (23) mice. After
filtering, we obtained an average of 235.08 million valid reads per
germ cell type (tables S1 and S2), with high correlation values (from
0.94 to 0.98) between biological replicates (fig. SI1).

As expected for a meijotic-specific cohesin subunit, RAD21L de-
ficiency did not affect higher-order chromatin features in somatic
cells, as exemplified in the genome-wide interaction maps, distance-
dependent interaction frequency, and inter/intrachromosomal in-
teraction ratio plots in fibroblasts (Fig. 1, B to E). In contrast,
differences emerged in the germline, detecting different patterns of
chromosome nuclear disposition and inter/intrachromosomal in-
teraction ratios between genotypes (WT and KO). This was already
evident in spermatogonia with further changes in primary sper-
matocytes (L/Z), suggesting a role of RAD21L in early compaction
of chromosomes even before meiosis entry (attending the observed
changes in spermatogonia) (Fig. 1, C and D).

Specifically, spermatogonia from KO mice showed increased
mean levels of inter/intrachromosomal interaction ratios (0.80 + 0.10)
when compared to WT spermatogonia (0.33 + 0.05), resembling the
somatic-like pattern observed in fibroblasts (0.78 + 0.09) (Fig. 1C).
This trend was also evident in heatmaps of genome-wide interchro-
mosomal interactions (Fig. 1D). However, contact probability curves
and estimated DNA loop sizes in spermatogonia showed only subtle
or no differences between genotypes (Fig. 1, E and F), suggesting that
RAD2I1L, although expressed at low levels, may already influence
chromatin organization at this stage (i.e., relaxation of chromatin
compaction exemplified as an increase in interchromosomal interac-
tions and a reduction in intrachromosomal interactions) and inter-
digitation between chromosomes. Supporting this, a close inspection
of published bulk RNA-seq data (I) confirmed the presence of
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RAD21L transcripts already in spermatogonia, along with other mei-
otic cohesins (fig. S2), mirroring previous reports (24-27).

As meiosis progressed, further architectural differences became
apparent in early primary spermatocytes (L/Z). In KO mice, there
was an increase in interchromosomal interactions when compared
to WT mice, which was translated into higher mean rates of inter/
intrachromosomal interaction ratios (0.56 + 0.05) when compared
to WT (0.23 + 0.01) (Fig. 1, C and D, and fig. S3, A and B), resem-
bling a spermatogonia-like pattern (fig. S1D). Differences were also
detected when analyzing distance-dependent interaction frequen-
cies, revealing a distinct chromosome organization for primary
spermatocytes, with two abrupt changes in slope: the first at 0.2 mega-—
base pairs (Mbp) and the second at 10 Mbp (Fig. 1E). The average
DNA loop size, estimated as the peak of the slope (derivative) of
the P(s) function (28), indicated reduced chromatin compaction in
RAD21L-deficient primary spermatocytes, with loop sizes averag-
ing 850 kb in KO versus 650 kb in WT (Fig. 1F).

Together, these observations indicate that RAD21L deletion induc-
es notable structural reorganization of the genome in both spermato-
gonia and primary spermatocytes, resulting in dynamic alterations in
chromosome occupancy and folding.

RAD21L counteracts nuclear compartmentalization in
prophase |

Compartmentalization was also affected by RAD21L deletion (Fig. 2
and fig. $3). While no significant changes in A/B compartments
were detected in fibroblasts and spermatogonia, marked differences
between genotypes emerged in primary spermatocytes (Fig. 2, A
and B, and fig. $3, C to F). Although A/B compartments are known
to attenuate from the leptotene to the diplotene stage in both adult
(1, 3, 4, 10) and juvenile (23) mice, primary spermatocytes from KO
mice showed a more pronounced compartmentalization, with the
plaid pattern persisting during meiosis (Fig. 2, A and B). Notably,
A/B compartments in KO spermatocytes highly correlated with those
in spermatogonia (r* = 0.94) (Fig. 2B), indicating that RAD21L is
a key determinant of compartment-level chromatin structure in
germ cells. Given that KO mice display fragmented LEs with aber-
rant synapsis cytologically (11), it is plausible that the chromatin not
correctly assembled into chromosomal axes retains a spermatogonia-
like compartmentalization.

Rad21] deletion increases telomeric heterologous
interactions in prophase | and impairs bouquet formation
Given prior cytological evidence of abnormal telomere attachment
to the nuclear envelope in RAD21L-deficient spermatocytes (11, 12),
we examined this phenomenon more into detail. One structural fea-
ture characteristic of early meiosis is bouquet formation (29, 30),
which is illustrated as an “X-shape” in the interchromosomal Hi-C
heatmaps in primary spermatocytes (1, 3, 4) (Fig. 2C). Our analysis
revealed that in RAD21L-deficient primary spermatocytes, telo-
meres do not cluster in the so-called bouquet but form aberrant in-
teractions between heterologous telomeres. This was exemplified by
the loss of the X-shape in the interchromosomal interaction maps
(Fig. 2C) and the presence of an increase in telomere interactions
between heterologous chromosomes (Mann-Whitney test, P < 0.05)
(Fig. 2, C to G). Notably, the increase in telomere interactions was
only detected between chromosomal ends of q-arms (Fig. 2F), but
not between chromosomal ends of p-arms, where centromeres are
located (Mann-Whitney test, P > 0.05) (Fig. 2E).
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Telomere clustering into the bouquet facilitates homolog align-
ment and pairing via cytoplasmic microtubule movements (29, 31).
Our results indicate that RAD21L deficiency disrupts bouquet for-
mation and/or exit. Specifically, we identified 55 long-range aber-
rant heterologous interactions (LRIs) that were KO specific (Fig. 2H
and table S3), involving all chromosomes except chromosomes 2, 5,
and the X (Fig. 2, I and K). Detailed analysis of these LRIs revealed
enrichment (P < 0.05) for genes associated with the immune system
(25 genes), peptidase activity (12 genes), and sensory perception of
chemical stimulus (17 genes), including vomeronasal and olfactory
receptors (Fig. 2, ] and K, and table $4).

Rad21l deletion is associated with TAD reorganization in
both premeiotic and meiotic cells

To further investigate higher-order chromatin dynamics at the sub-
megabase scale, we identified TADs and examined boundary ro-
bustness using TADDbit (32) at a resolution of 500 kilo-base pairs
(kbp) (Fig. 3A). To quantify boundary strength, we calculated the
insulator score for each TAD boundary using FAN-C (33). With this
metric, more negative insulator score values indicate stronger TAD
boundaries, whereas values approaching zero reflect weaker or less
defined boundaries (Fig. 3B).

TADs were well defined in fibroblasts and spermatogonia with
differences between genotypes depending on the cell type. As ex-
pected, we did not detect major changes in fibroblasts, where TADs
were detected with similar insulation scores between WT and KO
fibroblasts (Mann-Whitney test, P = 0.89) and a high percentage of

TAD boundaries (65.8%; 417 conserved TAD boundaries from a to-
tal of 634 in WT mice) was conserved between genotypes (Fig. 3, A
and B, and fig. S3, G and H). In spermatogonia, we also detected a
high percentage of conserved TAD boundaries (60.3%; 219 con-
served TAD boundaries from a total of 363 in WT mice) (Fig. 3A).
However, TADs in KO spermatogonia had a statistically significant
higher TAD boundary strength than WT mice (Mann-Whitney test,
P < 0.001) (Fig. 3B and fig. S3H), as depicted in the metaborder
plots (fig. S3G).

In primary spermatocytes, TAD boundary strength was reduced
in both WT and KO mice compared to earlier stages (i.e., spermato-
gonia) (Fig. 3B and fig. S3, G and H). Despite this global attenuation
in TAD insulation, only a small proportion of TAD boundaries
(32.4%; 95 conserved TAD boundaries from a total of 293 in WT
mice) were conserved in KO mice relative to WT (Fig. 3A). Thus,
the transition from spermatogonia to primary spermatocytes is
characterized by a substantial loss of TAD insulation in both geno-
types, consistent with prior reports in adult (1, 3, 4) and juvenile
(23) mice. KO mice retained slightly higher TAD boundary strength
than WT in both spermatogonia and primary spermatocytes (Mann-
Whitney test, P < 0.001), suggesting that RAD21L ablation may delay
or impair the normal attenuation of TAD insulation during meiotic
progression (Fig. 3B and fig. S3H).

To explore the molecular basis of these changes, we performed a
multiassociation analysis comparing conserved and altered TAD
boundaries in WT and KO primary spermatocytes with RAD21L-
binding sites (see Materials and Methods). We found a positive
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association between altered TAD boundaries and the presence of
RAD21L, whereas conserved boundaries did not show this enrich-
ment (fig. S3I). These findings suggest that RAD21L contributes to
the dynamic regulation of TAD architecture during the transition
from premeiotic to meiotic stages, potentially by mediating cohesin
replacement at specific genomic loci.

RAD21L deficiency alters transcriptional landscapes of key
meiotic genes

To assess the impact of RAD21L deletion on gene expression at
single-cell resolution, we performed single-cell RNA-seq analysis
using the 10x Genomics platform on whole testes from WT and KO
mice at postnatal day 55 (see Materials and Methods). After quality
filtering, we retained a total of 5250 WT and 6248 KO single cells for
downstream analyses. Annotation of cell types was performed as
previously described (34) (see Materials and Methods, Fig. 4, and
fig. $4), based on expression levels of known marker genes (fig. S5),
and visualized using dimensionality reduction techniques. All ex-
pected germ cell populations were identified in WT mice, including
spermatogonia, primary spermatocytes (early prophase 1/2, mid-
prophase, late prophase 1/2, diplotene, metaphase I, and metaphase
IT), round spermatids (from S1 to S7), and elongating spermatids
(from S8 to S11) (Fig. 4A). In contrast and consistent with an early
meiotic arrest in KO mice (11, 12), cells corresponding to later stag-
es of prophase I and spermiogenesis were undetected in KO samples
(Fig. 4, B and C, and fig. S4).

To further resolve the heterogeneity of early germ cell popula-
tions, we performed iterative clustering and annotation, identifying
three spermatogonial subtypes: undifferentiated (e.g., Sox4 and
Tubb5), differentiated spermatogonia 1 (Stra8 and Uchll), and dif-
ferentiated spermatogonia 2 (Ccndl and Esx1). We further delin-
eated four primary spermatocyte subtypes: leptotene (Prdm9 and
Smclb), zygotene (Sycp3 and Sycpl), pachytene 1 (Hormadl and
Piwil2), and pachytene 2 (Spatal6 and Spink2) (Fig. 4D and figs. S4B
and S5C). Subtype classification was guided by conserved stage-
specific gene markers (34) and validated through comparative anal-
ysis (see Materials and Methods).

In KO mice, transcriptional profiles were predominantly restrict-
ed to spermatogonial subtypes (undifferentiated spermatogonia,
differentiated spermatogonia 1, and differentiated spermatogonia 2)
and early primary spermatocytes (L/Z stages). Notably, markers of
late prophase I and postmeiotic stages were undetectable (Fig. 4E
and figs. S4B and S5), further supporting the occurrence of an early
meiotic arrest.

To assess the functional consequences of RAD21L deletion, we
identified differentially expressed genes (DEGs) in spermatogonia
and L/Z primary spermatocytes between WT and KO mice. We de-
tected a mild effect on gene transcription, with a total of 377 DEGs
(189 up-regulated and 188 down-regulated) in spermatogonia and
606 DEGs (288 up-regulated and 318 down-regulated) in L/Z pri-
mary spermatocytes (Fig. 4, F and G, and tables S5 and S6). Despite
the relatively low number of DEGs, these corresponded to key genes
involved in spermatogenesis, with a proportion related to infertility
phenotypes. In the case of spermatogonia, the DEGs included genes
involved in translation [Rplp1 (35), Rpl10 (36), and Rps4x (36)] and
spermatogenesis [AdcyI10 (37) and Ybx3 (38)]. In primary spermato-
cytes, DEGs were identified to be involved in spermatogenesis [ Ddx4
(39) and Tdrd1 (40)], DNA damage response [Morc2b (41) and Mael
(42)], chromatin organization [Kdm3a (43) and Smarca4 (44)], and
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cytoskeleton particularly in bouquet and cilium formation [Tuba3b
(45), Cfap43 (46), and Spag6l (47)] (Fig. 4H and table S7).

Given that the transcriptional profile of spermatogonia was al-
ready altered in Rad21l-deficient mice, we next examined gene
expression changes across spermatogonial subtypes. Differential ex-
pression analysis revealed 595 DEGs (380 up-regulated and 215
down-regulated) in differentiating spermatogonia 1 and 384 DEGs
(188 up-regulated and 196 down-regulated) in differentiating sper-
matogonia 2 (fig. S6 and tables S8 and S9). Notably, differentiating
spermatogonia 1 exhibited a greater degree of the transcriptomic
alterations, with DEGs enriched in pathways related to transcription
by RNA polymerase II (e.g., Mespl and Nfat5), RNA processing
(e.g., Hspa8 and Prpf38B), translation (e.g., Rpl5 and Rpl10), protein
homeostasis (e.g., Bag6 and Npm 1), spermatogenesis (e.g., Stra8 and
Ybx3), and chromatin organization and remodeling (e.g., Nipbl and
Stk33) (fig. S6 and table S10).

This widespread transcriptional misregulation was accompanied
by global alterations in chromatin architecture. We observed distinct
transcriptional and structural differences between RAD21L-binding
genes (9646) and RAD21L-free genes (22,549) (see Materials and
Methods and fig. S7). Although overall expression differences be-
tween WT and KO primary spermatocytes were modest, RAD21L-
binding genes were slightly but significantly up-regulated in KO cells
(Mann-Whitney test, P < 0.01), whereas RAD21L-free genes were
slightly down-regulated (Mann-Whitney test, P < 0.01) (fig. S7A).
Aggregated Hi-C contact maps further revealed increased and less
dispersed interaction frequencies among transcription start site (TSS)
of RAD21L-binding genes in KO cells, even for DEGs lacking
RAD21L peaks at their promoters (fig. S7B). Further analysis of DEGs
in spermatocytes revealed a positive correlation with accessible A
compartments and regions undergoing B-to-A compartment switch-
ing during prophase I (Fig. 5, A and B). DEGs were also enriched with
H3K4me3 histone marks and cohesin-binding TSS but depleted of
H3K27ac/H3K27me3, implicating RAD21L in compartmentaliza-
tion and enhancer-promoter decoupling.

Consistent with our characterization of LRIs, DEGs were positive-
ly associated with KO-specific LRIs and negatively associated with
both WT-specific and stable LRIs—the latter defined as long-range
interactions present in both WT and KO spermatocytes. Notably,
KO-specific LRIs were significantly enriched at merged TAD regions,
referred to adjacent TADs that appear fused in KO (Fig. 3A), and were
also preferentially associated with cohesin-binding sites located at
TSSs (Fig. 5, C to E). These findings suggest that the altered chromatin
architecture in RAD21L KO cells may facilitate ectopic regulatory in-
teractions, thereby contributing to gene misregulation.

Together, our findings indicate that genome reorganization result-
ing from RAD21L deletion strongly correlates with transcriptional
changes. Dysregulated genes in KO mice were predominantly located
within accessible chromatin regions (A compartments enriched in
H3K4me3), where the formation of long DNA loops appears to pro-
mote novel heterologous long-range interactions, potentially disrupt-
ing gene transcription (Fig. 5E).

Meiotic sex chromosome inactivation is impaired in
RAD21L-deficient mice

A defining feature of sex chromosomes is their transcriptional silencing
during prophase I, a phenomenon known as meiotic sex chromosome
inactivation (MSCI) (48). MSCI is characterized by the accumula-
tion of repressive chromatin modifications in response to asynapsed
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Fig. 4. Single-cell transcriptome analysis. (A) Uniform Manifold Approximation and Projection (UMAP) of single-cell RNA-seq data from WT mice, annotated with sper-
matogenesis stages: spermatogonia, spermatocytes [early prophase 1/2 (eP1/2), mid-prophase (mP), late prophase 1/2 (IP1/2), diplotene (D), metaphase | (Ml), and
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mice. (B) UMAP plot of single-cell RNA-seq data from WT mice (gray) and KO mice (purple). (C) Schematic representation of spermatogenesis progress in KO mice. P/D,
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the log, of expression fold change between WT and KO spermatogonia versus average expression in WT spermatogonia. Up-regulated DEGs (n = 189) are shown in red,
down-regulated DEGs (n = 188) in blue, and non-differentially expressed genes (DEGs) in gray. (G) MA plot showing the log, of expression fold change between WT and
KO L/Z cells versus average expression in WT L/Z cells. Up-regulated DEGs (n = 288) are depicted in red, down-regulated DEGs (n = 318) in blue, and non-DEGs in gray.
(H) GO analysis of DEGs in spermatogonia and L/Z cells. Bubble size represents the number of genes per GO term.
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chromatin during prophase I, including the phosphorylation of his-
tone H2AX on serine-139 (yH2AX). It is known that the X chromosome
loses its A-B compartment pattern upon meiosis entry, consistent
with MSClI-associated chromatin remodeling, which is translated into
an overall reduction in gene expression in primary spermatocytes
(1, 10). We found that RAD21L deletion resulted in both structural
and functional alterations of the sex chromosomes during meiosis,
including abnormal A/B compartmentalization and misregulation of
gene expression (Fig. 6). Notably, in KO L/Z spermatocytes, the X
chromosome retained a pronounced A/B compartment structure, in
stark contrast to WT mice (Fig. 6, A to C). These compartments close-
ly resembled those observed in spermatogonia (* = 0.87; Fig. 6C and
fig. S8, A to C), indicating a failure to undergo the compartmental
attenuation typically associated with MSCI under normal conditions
(1). This persistence of somatic-like compartmentalization was also
linked to the presence of unusually long DNA loops at short genomic
distances in KO mice (Fig. 6B), suggesting broader defects in higher-
order chromatin organization and meiotic chromatin remodeling in
the X chromosome.

This aberrant higher-order chromatin restructuring was accom-
panied by up-regulation of genes located on the X and Y chromosomes
(Fig. 6D). Specifically, 5.70% of X-linked genes were up-regulated,
indicating impaired X chromosome silencing (Fig. 6D, fig. S8D, and
table S11). Among the misregulated sex-linked genes were key regu-
lators of spermatogenesis [Zfy2 (49) and Taf71 (50)], as well as genes
involved in the DNA damage response [Fmrl (51)] (Fig. 6E and
table S12). Cytological analysis further revealed impaired accu-
mulation of yH2AX on sex chromosomes during early prophase I,

consistent with a failure to initiate proper transcriptional silencing
(Fig. 6F). Collectively, these findings demonstrate that RAD2I1L is
essential for the regulation of sex chromosome transcriptional re-
pression during meiosis, and its absence leads to widespread mis-
regulation of sex-linked gene expression.

DISCUSSION
The formation of mammalian germ cells involves extensive chroma-
tin remodeling, orchestrated by regulatory pathways that remain
poorly understood. Using an integrative approach combining FACS,
Hi-C, and single-cell RNA-seq, we define how RAD2I1L deficiency
disrupts 3D genome architecture and transcriptional regulation in
the male germ line. Our results revealed that RAD21L plays multi-
faceted roles during meiosis, influencing several hierarchical levels
of chromatin organization: (i) nuclear compartmentalization, (ii)
inter- and intrachromosomal interactions, (iii) long-range interac-
tions, (iv) DNA loop formation, (v) bouquet formation, and (vi)
transcriptional regulation of key meiotic genes (Figs. 5E and 7).
RAD21L is a meiosis-specific kleisin subunit of the cohesin com-
plex with all known functions executed as part of this complex rather
than independently. It forms a distinct cohesin assembly by associat-
ing with SMC3, STAGS3, and either SMCla or SMC1, consistent with
the established structural paradigm for kleisin-containing cohesins. In
this study, we demonstrate that RAD21L is a critical determinant of
chromatin structure during early spermatogenesis at multiple levels,
not only involved in the formation of TADs and DNA loops but also at
the level of A/B compartments, inter/intrachromosomal interactions,
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KO mice. (B) Differential Hi-C matrix (log, fold change between WT and KO) in L/Z stage cells at 500-kbp resolution. Red indicates increased interactions in KO relative to
WT, while blue indicates higher interactions in WT. (C) Compartment signal profiles represented by the first eigenvector along chromosome X across all analyzed cell types
and genotypes. (D) Percentage of DEGs relative to the total number of genes in each chromosome, for both spermatogonia and L/Z cells. Dark colors denote down-
regulated genes, while lighter colors indicate up-regulated genes. (E) GO analysis of DEGs located on the sex chromosomes in L/Z cells. Bubble size reflects the number
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impaired in both KO spermatogonia and primary spermatocytes. (B) Transcriptomic dysregulation in RAD21L-deficient mice. Loss of RAD21L leads to DEGs in both sper-
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modest, they include genes involved in translation, spermatogenesis, chromatin organization, cytoskeleton, and cilium regulation. On the sex chromosomes of KO mice,

all DEGs are up-regulated, consistent with partial impairment of MSCI.

and nuclear chromosome occupancy (Fig. 7A). Notably, genomic
structural defects were already evident in spermatogonia, under-
scoring a role for the a-kleisin in the germ line that is not restricted
to meiosis. This observation aligns with earlier reports of Rad21l
expression, along with other cohesins, in premeiotic spermatogonia
(25,27). Our results provide direct evidence that RAD21L is already

Marin-Gual et al., Sci. Adv. 11, eadv2283 (2025) 1 October 2025

functional in premeiotic cells, albeit at low levels. Its absence results
in chromosome decompaction and aberrant interchromosomal
interactions, underscoring its critical role in early germ cell devel-
opment. Collectively, these observations support the notion that
RAD21L functions as a germline-specific cohesin, rather than being
restricted to meiosis.
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As Rad21] expression increases during prophase I, we detected fur-
ther architectural disruptions in early primary spermatocytes. While
both WT and KO cells exhibited reduced TAD boundary strength,
boundaries marked by RAD21L in WT spermatocytes were notably
rearranged in mutants. These findings echo previous observations
in mouse one-cell embryos, where deletion of the somatic subunit
RAD?21 impaired loops and TAD formation (28) and are consistent
with studies showing altered chromatin organization following auxin-
induced RAD21 degradation in somatic cells (52).

Meiotic cohesins provide a structural foundation for chromo-
some axis formation (13, 53, 54), as evidenced by discontinuous and
fragmented axes observed upon deletion of RAD21L (11, 54). Our
study builds on this by revealing that these defects in synaptonemal
complex (SC) assembly resulted in the elongation of DNA loops
and, notably, enabled the detection of A and B compartments in pri-
mary spermatocytes (Fig. 7A)—structures typically attenuated un-
der normal conditions in both adult (1, 3, 10) and juvenile (23)
mice. Although shortened chromosomal axes have been previously
reported during the first wave of spermatogenesis (55, 56), the ex-
tensive defects detected in RAD21L KO juvenile mice are unlikely to
be solely attributable to age but to the structural role of RAD21L.
Our results mirror previous observations in somatic cells, where co-
hesin loss results in an increase in genome compartmentalization
(57, 58). Similarly, defects in SC assembly and synapsis due to the ab-
sence of SYCP2 or TOP6BL also prevent the normal compartment
attenuation during meiotic prophase I (2). The presence of A/B com-
partments in early stages of RAD21L-deficient meiosis was accompa-
nied by alterations in chromosome organization at two hierarchical
levels: (i) reduced DNA loops size at short distances (from 0.2 to
10 Mbp) and (ii) increased DNA loop size at long distances (more
than 10 Mbp). These structural changes are accompanied by the de-
tection of heterologous long-range interactions in RAD21L mutant
spermatocytes. Together with previous cytological evidence of short-
ened and fragmented LEs with aberrant synapsis (11), our results un-
derscore the role of meiotic cohesin complexes as key determinants of
chromatin structure at, at least, two levels. One level entails cohesin-
dependent loop and TAD formation, and the other includes nuclear
compartmentalization (59). As previously suggested for early embry-
os, defects in DNA loops upon cohesin deletion can affect long-range
interactions by modulating the surface area of chromosomes, leading
to changes in interchromosomal interaction frequencies (28).

Furthermore, cohesin deletion also resulted in the impairment of
the formation of two other major structural features specific to mei-
osis: (i) bouquet formation and (ii) MSCI. The formation of the bou-
quet structure in early prophase I stages is essential for successful
synapsis between homologs and proper resolution of recombination
events (19, 60, 61), with RAD21L playing a role. We previously
showed that Rad21l-deficient spermatocytes exhibit disrupted at-
tachment of some telomeres to the nuclear envelope, as evidenced
by the presence of internal RAP1 telomeric signals within the nucle-
us (up to six chromosomes) rather than exclusively at the periphery,
as observed in WT (11). It has been proposed that RAD21L cohes-
ins play a role in suppressing intersister SC formation, contributing
to homologous chromosome association independently of DSBs (53).
Our findings, which reveal an increased presence of aberrant telo-
meric interactions and KO-specific long-range interactions, provide
further evidence in support of this hypothesis.

Likewise, we observed impaired YH2AX accumulation on sex chro-
mosomes in RAD21L-deficient mice, accompanied by misregulation

Marin-Gual et al., Sci. Adv. 11, eadv2283 (2025) 1 October 2025

of XY-linked genes during early prophase I. It is well established that X
chromosome silencing during prophase I is accompanied with distinct
higher-order chromatin reorganization, including increased intrachro-
mosomal over interchromosomal interactions, attenuation of com-
partmentalization, and a reduction in both the number of TADs and
associated signal intensity at the onset of prophase I (1, 4). The initia-
tion of MSCI is tightly coupled to meiotic progression, as failure to
properly silence the sex chromosomes can trigger apoptosis through
activation of meiotic checkpoints (62). Recent studies (63, 64) have
provided compelling evidence that transcriptional silencing of the sex
chromosomes begins earlier than previously thought, with detectable
repression already occurring during leptonema and zygonema. In
agreement with this, Ascen¢do and collaborators (65) demonstrated
chromatin remodeling events on sex chromosomes that precede full
synapsis, supporting the notion that MSCI is a progressive process ini-
tiated before pachynema. Our findings in Rad21l-deficient mice are
consistent with this emerging view. We propose that the observed mei-
otic arrest may result from checkpoint activation in response to defec-
tive sex chromosome silencing, likely driven by altered chromatin
architecture. Supporting this, we detected abnormal X chromosome
compartmentalization, characterized by increased mid-range genomic
interactions—hallmarks of compromised silencing. In line with these
structural changes, transcriptomic analysis revealed elevated expres-
sion of both X- and Y-linked genes (Fig. 7B), further indicating disrup-
tion of MSCL

Our findings also highlight a critical role for cohesin in tran-
scriptional regulation within the germ line. While recent studies
have demonstrated cohesin’s involvement in transcriptional control
in somatic cells (66), the mechanisms governing gene expression in
the germline remain poorly understood. Acute cohesin deletion in
somatic cell lines has been shown to have a minimal impact on gene
expression (21, 58, 67-69). Our results partially mirror these obser-
vations, revealing widespread but subtle transcriptional misregula-
tion in Rad21l-deficient germ cells (Fig. 7B). This dysregulation
affects both cohesin-binding and cohesin-free genes (70), resulting
in both up- and down-regulation, consistent with previous findings
in somatic systems (58). These findings raise important questions
regarding the mechanisms by which cohesin-mediated chromatin
topology influences transcriptional regulation. Although cohesins
have been shown to directly regulate transcription by facilitating
enhancer-promoter communication, increasing RNA polymerase II
occupancy at genes, or promoting the transition of paused RNA
polymerase II into productive elongation (66, 69, 71, 72), the precise
molecular remain elusive. In the context of mammalian male germ
cells, it was initially proposed that cohesin loading correlates with
gene expression and chromatin remodeling (1), with meiotic cohes-
ins preferentially locating to promoter regions (within 2 kbp of TSS)
of genes with significantly higher expression compared to genes that
lack cohesin peaks at their promoters (I).

Summarizing, we demonstrate that RAD21L deficiency induces
transcriptional alterations beginning in premeiotic STRAS8-positive
cells (i.e., differentiating spermatogonia 1), consistent with the early
expression of Rad21] and other meiotic genes in an STRA8/MEIOSIN-
dependent manner (24-27). Although the genome-wide transcrip-
tional impact was relatively modest in both spermatogonia and
primary spermatocytes, the subset of dysregulated genes includes key
regulators of spermatogenesis, encompassing pathways related to
translation, DNA damage response, and chromatin organization,
among others. The observed 3D genome remodeling observed upon
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cohesin deletion was accompanied by transcriptional dysregulation
of key meiotic genes in both meiotic and premeiotic cells, including
Sycp3, Ybx3, and Zfy2. The latter (Zfy2) is a known meiotic execu-
tioner gene, whose ectopic expression during meiosis results in
pachytene arrest and cell death by apoptosis (73). These findings
suggest that transcriptional misregulation in differentiating sper-
matogonia, particularly of genes involved in chromatin organization
and remodeling, may exacerbate defects in chromatin architecture
even before meiotic entry. Moreover, given that inhibition of the RNA
polymerase II activity leads to global chromatin compaction and
enhanced segregation of A/B compartments (74), dysregulation of
transcription-related genes in differentiating spermatogonia may fur-
ther hinder proper chromatin remodeling during spermatogenesis.
As a result, the combined effect of disrupted chromatin architecture,
transcriptional misregulation, partial failure of sex chromosome inac-
tivation, and up-regulation of the meiotic executioner Zfy2 likely con-
verge to cause meiotic arrest in Rad21l-deficient mice.

All in all, our study reveals the dual structural and regulatory
roles of meiotic cohesins in orchestrating the extensive chromatin
reorganization that occurs during the formation and differentiation
of the mammalian male germline. We uncover a previously uniden-
tified mechanistic dimension of RAD21L-containing cohesins, sug-
gesting roles that extend beyond their canonical functions in meiosis.
Specifically, RAD21L appears to contribute to germ cell development
through regulatory mechanisms distinct from its classical role in as-
sembling the cohesin axis, which supports axial element formation
and facilitates synaptonemal complex assembly during chromosome
synapsis. While our model does not yet capture the full complexity of
protein-protein interactions and additional factors influencing chro-
matin architecture, our data show that RAD21L deletion alters the
behavior of specific genomic regions in a transcription-dependent
manner. Further investigations into the mechanisms underlying
these changes will provide new insights into how cohesins-mediated
3D genome organization governs gene expression during germ
cell formation.

MATERIALS AND METHODS

Animals and cell lines

We processed Rad211™'~ male mice at 15 days postpartum, in which
the mutation at the Rad21[ locus is a null allele produced by gene
targeting in a mixed BL6/129 background (11). All animal proce-
dures were approved by the Bioethics Committee of the University
of Salamanca and subsequently authorized by the competent au-
thority of the Junta de Castilla y Le6n, Spain (project approval code:
563) in accordance with the European Directive 2010/63/EU on the
protection of animals used for scientific purposes and applicable
Spanish national legislation (RD 53/2013). This study complies with
the ARRIVE 2.0 guidelines and the institutional guidelines from the
Consejo Superior de Investigaciones Cientificas and the Universi-
dad de Salamanca.

A primary fibroblast cell line was established from a Rad21l~'~
male mouse following standard procedures. Briefly, samples of con-
nective tissue were washed in 1x phosphate-buffered saline (PBS)
supplemented with antibiotic-antimycotic solution [penicillin (100 U/
ml), streptomycin (100 pg/ml), gentamicin (50 pg/ml), and ampho-
tericin B (0.25 pg/ml)]. Cultures were established by disaggregating
tissue with a scalpel blade and resuspending cells in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum. Cell
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cultures were incubated at 37°C in 5% CO,. Fibroblasts used as a so-
matic control in Hi-C experiments were cultured until cells reached
100% confluence and then were cross-linked with 1% formaldehyde
for 10 min at a concentration of 1 million cells/500 pl. The cross-
linking reaction was quenched by adding glycine (0.125 M) and incu-
bating at room temperature (RT) for 5 and 15 min at 4°C. Cells were
then incubated with trypsin for 8 min, washed twice with 1x PBS and
scrapped. Cells were centrifuged at 1800g for 5 min, and the cell pellet
was flash-frozen at —80°C until use.

Spermatocyte spreads and immunofluorescence

To obtain spermatocyte spreads, testicular biopsies were obtained
immediately after dissection and processed, as previously described
(75). Basically, a piece of testicular tissue was gently minced on a
slide in 1x PBS. Cells were then swollen with 1% Lipsol during
20 min at RT and subsequently fixed with a solution containing 4%
paraformaldehyde. After 2 hours, slides were washed in 1% Photo-
Flo solution and further processed for immunofluorescence or fro-
zen at —20°C until use.

Immunostaining of spermatocytes was performed as previously
described (75) using a mouse antibody against SYCP3 (Santa Cruz
Biotechnology, #sc-74569; 1:1000) and a rabbit antibody against
yH2AX (Millipore, #07-164; 1:500). Primary antibodies were incu-
bated overnight at 4°C and secondary antibodies for 1 hour at 37°C
in a humid chamber. All antibodies were diluted in PBST (0.05%
Tween in PBS). After washing away excess, slides were incubated
with secondary antibodies: goat Alexa Fluor 555 a-mouse (Thermo
Fisher Scientific, #A-32727; 1:200) and goat Alexa Fluor 488 a-rabbit
(Jackson ImmunoResearch, #111-547-003; 1:100), and DNA was
counterstained with antifade solution (VECTASHIELD) containing
DAPI (4',6'-diamidino-2-phenylindole; 8 pg/ml).

FACS of mouse male germ cells

Testicular disaggregation from RAD21L-deficient mice was con-
ducted as previously described (1). Briefly, decapsulated testis were
enzymatically disaggregated with collagenase type II (0.5 mg/ml),
trypsin from bovine pancreas (0.75 mg/ml), and DNase I (1 ng/pl)
at 33°C for 15 min with agitation. Fetal bovine serum at a final con-
centration of 5% was then added to the mix to inactivate the trypsin.
The cell suspension was filtered through a 70-pm-diameter cell
strainer and subsequently centrifuged at 1800g for 3 min. Germ cells
were then cross-linked with 1% formaldehyde for 10 min at a con-
centration of 1 million cells/500 pl. The cross-linking reaction was
quenched by adding glycine (0.125 M) and incubating at RT for 5
and 15 min at 4°C. Germ cells were then centrifuged at 1800g for
5 min and dyed in Hoechst 33342 (5 pg/ml) for 30 min at 33°C be-
fore FACS or flash-frozen at —80°C until use.

Germ cells were sorted using a BD Influx (BD Biosciences) cou-
pled with an ultraviolet laser (355 mm). Because meiosis arrests at a
zygotene-like stage in RAD21L-deficient mice (11, 54), two germ cell
populations (spermatogonia and primary spermatocytes at L/Z stag-
es) were isolated according to both their DNA content and their com-
plexity by plotting Hoechst blue (UV355-460/50) versus Hoechst red
(UV355-670/30) (fig. S1). Sorted cells were collected in 1x PBS and
centrifuged at 1800g for 5 min, and cell pellets were flash-frozen at
—80°C until use.

The enrichment of each flow-sorted population was evaluated by
the immunodetection of specific meiotic proteins. Spermatogonia were
assessed with an anti-CD90.2 antibody (Miltenyi Biotec, #130-102-452;
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1:10 dilution) and DAPI morphology, whereas L/Z population was
distinguished using a mouse antibody against SYCP3 (Abcam, #97672;
1:200 dilution) and a rabbit antibody against yH2AX (Sigma-Aldrich,
#H5912; 1:400 dilution) (fig. S1). Briefly, an aliquot of cells was fixed
on slides with 4% paraformaldehyde for 20 min and further processed
for immunofluorescence. Primary antibodies were incubated overnight
at 4°C, and secondary antibodies (all from Jackson ImmunoResearch;
1:200 dilution) were incubated for 1 hour at 37°C. DNA was counter-
stained with antifade solution (VECTASHIELD) containing DAPI
(8 pg/ml). Slides were analyzed using an epifluorescence microscope
(AxioPhot, Zeiss) coupled with a ProgRes CS10plus (Jenoptik camera),
and images were captured using ACO XY program (A. Coloma, Open
Microscopy). Between 80 and 100 cells from each population were
analyzed, and only populations with a cell enrichment above 80%
were used in subsequent experiments.

In nuclei Hi-C

Hi-C libraries were generated following standard procedures (1),
generating three biological replicates per each KO germ cell type
and one replicate for KO fibroblasts. Briefly, cross-linked popula-
tions were incubated in lysis buffer for 30 min in ice and then cen-
trifuged at 2000g for 5 min. Cells were subsequently washed twice
with 1x NEBuffer 2 and resuspended in 0.5% SDS in 1x NEBuffer 2.
After incubating cells for 10 min at 65°C, 10% Triton X-100 in 1X
NEBuffer 2 was added and incubated for 30 min at 37°C. Cells were
then centrifuged at 2000g for 5 min and washed twice with 1x
NEBuffer 2. Following, chromatin was digested by incubating cells
overnight with 400 U of Mbo I at 37°C. An aliquot for the ND (non-
digested) control was taken before the restriction enzyme addition,
and another aliquot for the NL (nonligated) control was taken from
the digested sample the following day. A digestion control was per-
formed by incubating the ND and NL controls with proteinase K
(1 mg/ml) for 1 hour at 65°C, followed by phenol:chloroform puri-
fication. The digestion quality was checked by running DNA from
both controls on a 0.8% agarose gel.

After digestion, cells were centrifuged at 2000g for 5 min and
washed twice with 1x NEBuffer 2. Chromatin ends were then re-
paired and biotinylated by resuspending cells with reparation mix [1X
NEBuffer 2, 0.05 mM dCTP, 0.05 mM dTTP, 0.5 mM dGTP, 0.05 mM
biotin-dATP, and 50 U of Klenow] and incubating them for 45 min at
37°C. Following, cells were incubated for 10 min at 65°C and centri-
fuged at 2000g for 5 min. An aliquot for the 3C control was taken be-
fore adding the reparation mix. Both the 3C control and the sample
were resuspended with ligation buffer [1x NEB T4 ligase buffer, 0.8%
Triton X-100, bovine serum albumin (0.1 mg/ml), and 10,000 U of T4
DNA ligase] and incubated overnight at 16°C. The following day, cells
were centrifuged at 2000g for 5 min and resuspended in 1xX NEBufter
2 with RNAse A (0.25 mg/ml). After incubating cells for 15 min at
37°C, proteinase K (0.5 mg/ml) was added. Cells were then incubated
at 65°C overnight to reverse the cross-link. DNA was subsequently
purified with phenol:chloroform. DNA quality from the 3C control
and the Hi-C sample was assessed by running a 0.8% agarose gel, and
DNA concentration was measured by a Qubit.

For library preparation, samples were first sonicated for 30-s
on, 90-s off, 4 cycles, and low mode (three times). Subsequently,
biotinylated fragments were pulled down using Dynabeads MyOne
Streptavidin T1 beads. Briefly, beads were washed with 2X binding
buffer [10 mM tris-HCI (pH 7.5), 1 mM EDTA, and 2 M NaCl] and
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0.05% Tween 20 in 1X binding buffer. Beads were then resuspended
with 1x binding buffer, mixed with the sonicated samples and incu-
bated for 30 min at RT under rotation. After two washes with 1x
binding buffer, samples were resuspended with the end repair mix
(Ix NEB T4 DNA ligase buffer with 10 mM ATP, 0.5 mM dNTP
mix, 50 U of NEB T4 PNK, 12 U of T4 DNA polymerase I, and 5 U
of Klenow) and incubated for 30 min at RT to repair ends and re-
move biotin from unligated ends. Beads were then washed twice
with 1x binding buffer, resuspended with the dATP attachment mix
(1x NEBuffer 2, 0.5 mM dATP, and 2.5 U of NEB Klenow exo mi-
nus), and incubated at 37°C for 30 min. Subsequently, beads were
washed twice with 1X binding buffer, resuspended in 1xX NEB Quick
ligation reaction buffer together with the NEBNext adapter and Il-
lumina adapters, and incubated 15 min at RT to ligate adapters to
chromatin ends. Following, beads were washed twice with 1x bind-
ing buffer, resuspended with tris buffer, and mixed with 1 pM prim-
er P5, 1 pM primer P7, and cocktail master mix (NEB). A final
amplification was performed following the PCR program: 98°C for
30 s; 98°C for 10 s, 60°C for 30 s, and 72°C for 30 s X 8 cycles; and
72°C for 5 min. The beads were then captured on a magnet, and the
supernatants with the amplification products were transferred to a
tube. A 1:1 amount of Ampure Beads was added to the samples and
incubated for 10 min at RT. The beads were then washed twice with
70% ethanol, eluded with tris buffer, and incubated for 5 min at RT.
Ampure Beads were lastly separated on a magnet, and the solution
was transferred to a tube. The quality and concentration of the libraries
were checked by Qubit and the Agilent Bioanalyzer System. Libraries
were submitted for Illumina sequencing (paired-end 150 bp each side
on NovaSeq 6000).

Hi-C data processing, binning, and normalization
BBDuk (version 09/2019) (76) was used for quality check and trim-
ming. Basically, adapters and low-quality reads (i.e., reads with a mini-
mum length of 35 bp and a minimum Phred quality score of 20) were
removed. High-quality reads were then mapped against the mouse
genome (version mm10) using the GEM (version 3.6.1) mapper (77)
from TADDit (version 1.0.1) (32). Reads were iteratively mapped using
windows from 15 to 75 bp in 5-bp steps. Possible artifacts were re-
moved using the following filters: “self-circle,” “dangling-end,” “error,”
“extra dangling-end,” “too short,” “too large,” “duplicated,” and “ran-
dom breaks” The maximum molecule length parameter was set at two
times the 99.9 percentile of the insert size distribution, returned by the
“insert_size” from TADDbit. The maximum distance of a read to a cleav-
age site was set to the 99.9 percentile of the insert size distribution.
Binning and data normalization were conducted using an in-
house script that imports the “HiC_data” module of TADDbit to bin
the reads that passed the filtering step into a square matrix of 50 kbp.
Then, 500 kbp matrices were created and subsequently processed
with HiCExplorer (version 3.7) (78). All matrices were corrected
with ICE (iterative correction and eigenvector decomposition) and
normalized to a total of 100 million interaction counts by scaling the
sum of all interactions within the matrix. Pairwise correlations were
computed between Hi-C replicates (based on the Pearson correla-
tion method) (fig. S1). Normalized matrices were compared using
hicCompareMatrices from HiCExplorer, which applies a log, ratio
between matrices from different genotypes. Normalized matrices
and differential matrices (log, fold change between WT and KO ma-
trices) were then plotted at a 500-kbp resolution.
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Averaged contact probability P(s) and its slope

Contact probability P(s) curves were obtained genome-wide from
normalized 50-kbp matrices using HiCExplorer. Slopes were calcu-
lated as the derivative of the contact probability versus genomic dis-
tance curves, and average loop size was estimated as the highest
point of the slope as previously described (6, 28).

Inter- and intrachromosomal interaction analysis

Normalized 500-kbp matrices were transformed into GInteraction
tables using HiCExplorer, which includes interaction values be-
tween all genomic bins genome-wide. Mean pairwise interchro-
mosomal interactions for each chromosome were plotted as a
heatmap where yellow and green colors represent higher interac-
tion levels, whereas dark blue tones represent lower interactions.
Mean interactions of interchromosomal and intrachromosomal
interactions for each chromosome were also used to calculate inter/
intrachromosomal interaction ratios using RStudio. Interchromo-
somal interactions by pairwise chromosomes were also plotted along
chromosome length.

Intercentromeric and intertelomeric interaction quantification
The Glnteraction tables were also used to quantify interchromo-
somal interactions between centromeres and telomeres. Centromer-
ic regions were defined as the first 3.5 Mb of each chromosome,
whereas telomeric regions were defined as the last 3.5 Mb of each
chromosome, regardless of chromosomal size. Only interactions be-
tween centromeric or telomeric regions of different chromosomes
were considered for the quantification of intercentromeric and in-
tertelomeric interactions.

Long-range interchromosomal interactions

LRIs were defined as previously described (10). Briefly, 500-kbp
resolution bins whose SD (z-score) was higher than 2.58, were iden-
tified as long-range interchromosomal interactions. The long-range
interactions that were detected only in KO mice but not in WT mice
were considered KO specific for further analysis. These KO-specific
LRIs were plotted using the package RIdeogram (version 0.2.2) (79)
from RStudio and CIRCOS (version 0.69-8) (80). Bins of KO-
specific LRIs were also intersected against genes from the mouse
GENCODE annotation version M23 (mm10) to obtain overlapping
genes. These genes were then submitted to a Gene Ontology Enrich-
ment Analysis (GOEA).

A/B compartmentalization

A/B compartments were defined from the first eigenvector values,
which were calculated from normalized 500-kbp matrices using the
package FAN-C (version 0.9.14) (33) with default parameters. From
the first eigenvector values, 0 was defined as the threshold to differ-
entiate between A and B compartments and average GC content was
used to label them. Compartment strength was estimated as the av-
erage of the first eigenvector.

A/B compartmentalization was then pairwise compared between
genotypes and cell types using 500-kbp bin resolution. Bins were
divided into four categories: AA (bins that were A compartments in
both genotypes), BB (bins that were B compartments in both geno-
types), AB (bins that were A compartments in WT cells but B com-
partments in KO cells), and BA (bins that were B compartments in
WT cells but A compartments in KO cells).
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TAD calling and insulator score

TADs were called from 500-kbp resolution matrices using the func-
tion find_tads from TADbit with default parameters. TADs were
compared between genotypes and classified as stable (when overlap-
ping between TADs was higher than 75%), merged, split, or rear-
ranged. Insulator score was calculated using the package FAN-C
(version 0.9.14) (33) following windows of 1 Mbp.

Single-cell RNA-seq, data processing, filtering,

and normalization

Testicular disaggregation from Rad21l** and Rad211™'~ mice at
55 days postpartum was conducted as previously described (1). An
aliquot of the single-cell solution was loaded into a Chromium
Single Cell Chip (10x Genomics), aiming to recover between 5000
and 6000 cells. Libraries were prepared following the manufactur-
er’s instructions and sequenced on Illumina NovaSeq 6000 (50-bp
paired ends).

Cell Ranger (version 6.1.2) was used to map the single-cell RNA-
seq reads against the mouse annotation (version GRCm39) using
default settings. Mapped data were subsequently analyzed with the
Seurat package (version 4.3) (81). To avoid the presence of multi-
plets (i.e., one droplet containing multiple cells), cells with an UMI
count exceeding four times of SD from the median were removed.
Then, cells expressing less than 500 genes and cells expressing more
than 10% of mitochondrial genes were filtered out.

Raw counts were then normalized using the sctransform package
implemented in Seurat, which calculates Pearson residuals from
regularized negative binomial regression. Sctransform omits the
need of pseudocount addition or log transformation and improves
downstream analysis (82).

Dimensionality reduction, cell type assignation, and

data integration

For visualization of single-cell RNA-seq data, dimension reduction
was performed on normalized datasets following Uniform Manifold
Approximation and Projection (UMAP). For this, the principal
components analysis (PCA) was first calculated using the first 50 PCs,
and then the UMAP was computed with specific parameters (dims =
1:50, n.neighbors = 100, and min.dist = 0.5).

Cells were labeled using the R package SingleR (version 2.2) (83),
which uses a reference dataset with known labels to automatically
annotate cells from a given sample by correlating their gene expres-
sion. The reference dataset used was ErnstSpermatogenesisData
(34), which includes two different approaches to labeling cells:
“Cellranger” and “emptyDrops.” The Cellranger approach (hereafter
spermatogenesis labels) included germ cell types (i.e., spermatogo-
nia, 8 subtypes of primary spermatocytes, and 11 subtypes of sper-
matids) and somatic cell types (i.e., Sertoli, Leydig, Fetal Leydig,
vascular endothelial cells, peritubular myoid cells from the basal
lamina, and testicular macrophages). Instead, the emptyDrops ap-
proach (hereafter prophase I labels) included more specific labels:
three subtypes of spermatogonia and four subtypes of meiotic pro-
phase I. The quality of cell type labeling was checked by plotting a
heatmap of the SingleR assignment scores across all cell-label com-
binations and by plotting expression levels of previously described
gene markers (34).

Normalized WT and KO datasets were integrated as previously
described (84). Basically, 3000 features were selected for integration,
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and then Pearson residuals were calculated. After identifying an-
chors, datasets were integrated using the IntegrateData function,
specifying the sctransform normalization method. To visualize the
integrated object, dimension reduction was performed following
UMAP. In this case, the PCA was first calculated using the first
50 PCs, and then the UMAP was computed with specific parameters
(dims = 1:20, n.neighbors = 50, and min.dist = 0.6).

Differential gene expression analysis

Differential gene expression analysis was performed in spermatogo-
nia and L/Z cells comparing WT and KO mice. For the analysis of
spermatogonia, cells that were labeled as “undifferentiated sper-
matogonia,” “differentiating spermatogonia 1, or “differentiating
spermatogonia 2” using the emptyDrops approach (34) (prophase I
labels) were included. Instead, for the analysis of L/Z cells, only cells
labeled as “leptotene” or “zygotene” using the emptyDrops approach
(34) (prophase I labels) were included.

To detect DEGs between WT and KO cells, the function Find-
Markers from Seurat was used, specifying the sctransform normal-
ization method. Only genes with an absolute log, fold change greater
than 0.25 and an adjusted P value (with the Benjamini-Hochberg
procedure) smaller than 0.05 were considered DEGs. Because KO
germ cells were arrested at a zygotene-like stage, spermatid marker
genes from S1 to S11 clusters were not included in the analysis. Ge-
nomic coordinates from DEGs were then extracted from the mouse
GENCODE annotation version M23 (mm10) for subsequent analy-
sis (integration with the Hi-C data and multiassociation analysis).

DEGs were visualized in MA plots representing the log, of ex-
pression fold change between WT and KO cells versus average ex-
pression in WT cells. These genes were then submitted to a GOEA.

Classification of RAD21L-binding genes and

RAD21L-free genes

Available chromatin immunoprecipitation sequencing (ChIP-seq)
data for RAD21L (I) peaks in WT primary spermatocytes were
downloaded and processed as previously described (5). Mouse
genes were classified using the subsetByOverlaps function from the
GenomicRanges package based on GENCODE annotation version
M23 (85). Genes overlapping at least one RAD21L peak were desig-
nated as RAD21L-binding genes, while genes lacking RAD21L
peaks were classified as RAD21L-free genes.

Gene ontology enrichment analysis

GOEA was performed using DAVID (86, 87), which identifies en-
riched Gene Ontology (GO) terms relative to the expected genome
background. Only GO terms with at least three genes and an ad-
justed P value (with the Benjamini-Hochberg procedure) lower
than 0.05 were considered, unless otherwise specified in the fig-
ure legends.

Multiassociation analysis

Statistical association between different genomic features was per-
formed as previously described (5) using the package RegioneR
(version 1.26) (88). Pairwise associations were represented as heat-
maps where z-score values greater than 0 indicate positive associa-
tion between the two features, whereas z-score values lower than 0
indicate a negative association (adjusted P < 0.005 in both cases).
Z-score values equal to 0 indicate no statistical association between
the analyzed features (adjusted P > 0.005). For the multiassociation
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analysis, available data for H3K4me3 (8), H3K27ac (8), H3K27me3
(8), CTCEF (1), RAD21L (1), and REC8 (I) in WT primary spermato-
cytes was downloaded and processed as previously described (5).

Statistics and reproducibility

In determining sample sizes, we made all possible efforts to mini-
mize animal suffering. To isolate spermatogonia and spermatocytes
for Hi-C experiments, the number of mice was determined based on
the number of germ cells required for Hi-C (I). When KO mice
were used for single-cell RNA-seq, we were mindful of the cost,
time, and difficulty obtaining mutant mice of the required genotype.
No statistical method was used to predetermine sample size. No
data were excluded from the analyses. The experiments were not
randomized. The investigators were not blinded to allocation during
experiments and outcome assessment.

Statistical analysis and P values are displayed in each plot or speci-
fied in the figure legends. In all cases, statistical significance was con-
sidered for P < 0.05, unless otherwise specified. For box plots, line
represents median, box represents 25th to 75th percentile, and whis-
kers represent 1.5X interquartile range. Statistical significances were
determined using two-sided Mann-Whitney U tests because data
were not normally distributed (Shapiro-Wilk test, P > 0.05).

Supplementary Materials
This PDF file includes:

Figs.S1to S8

Tables S1to S12
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