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Polycomb group (PcG) proteins maintain the repressed state of lineage-inappropriate genes and are therefore es-
sential for embryonic development and adult tissue homeostasis. One critical function of PcG complexes is mod-
ulating chromatin structure. Canonical Polycomb repressive complex 1 (cPRC1), particularly its component CBX2,
can compact chromatin and phase-separate in vitro. These activities are hypothesized to be critical for forming a
repressed physical environment in cells. While much has been learned by studying these PcG activities in cell
culturemodels, it is largely unexplored how cPRC1 regulates adult stem cells and their subsequent differentiation in
living animals. Here, we show in vivo evidence of a critical nonenzymatic repressive function of cPRC1 component
CBX2 in the male germline. CBX2 is up-regulated as spermatogonial stem cells differentiate and is required to re-
press genes that were active in stem cells. CBX2 forms condensates (similar to previously described Polycomb
bodies) that colocalize with target genes bound by CBX2 in differentiating spermatogonia. Single-cell analyses of
mosaic Cbx2 mutant testes show that CBX2 is specifically required to produce differentiating A1 spermatogonia.
Furthermore, the region of CBX2 responsible for compaction and phase separation is needed for the long-term
maintenance ofmale germ cells in the animal. These results emphasize that the regulation of chromatin structure by
CBX2 at a specific stage of spermatogenesis is critical, which distinguishes this from amechanism that is reliant on
histone modification.
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Polycomb group (PcG) proteins are critical for the stable
inheritance of the repressed state of gene expression in de-
velopment. By regulating chromatin structure and modifi-
cations of target genes, PcG proteins create a heritable
repressed state over multiple divisions of cells that lack
the signal that generated the repressed state (Blackledge
and Klose 2021). Adult stem and progenitor cells require
PcG proteins for both their maintenance and differentia-
tion (Flora et al. 2021). Many tissues in adult animals,
such as blood and skin, are constantly replenished by rare
adult stem cells. These cells are capable of self-renewal
and can make all differentiated cell types in the lineage.
Genetic ablation of certain core PcG proteins, such as

Ring1a/b or Eed, results in failure of maintenance of blood
(Piunti et al. 2014; Xie et al. 2014), skin (Dauber et al. 2016),
intestine (Chiacchiera et al. 2016; Koppens et al. 2016), and
male germline lineages (Mu et al. 2014; Maezawa et al.
2017). Some PcG proteins repress premature senescence
to facilitate adult stem cell maintenance (Lessard and Sau-
vageau 2003;Molofsky et al. 2003; Park et al. 2003). As can-
cers often originate from misregulated adult stem and
progenitor cells, mutations in PcG genes are associated
with different types of human cancers (Parreno et al. 2022).

The cellular mechanisms of PcG proteins’ role in tissue
homeostasis and cancer are poorly understood. This is
partly because the complex behavior of adult stem and
progenitor cells in their native tissue environment cannot
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be easily modeled with the cell culture systems. Adult
stem and progenitor cells are heterogeneouswith different
rates of proliferation and self-renewal capacity (Li and
Clevers 2010). Understanding potentially distinct func-
tions of PcG proteins in different cellular contexts in an
animal is critical for delineating the physiological effects
that result from specific PcG dysfunction.
To achieve heritable gene silencing, PcG proteins cova-

lently modify histones and modulate chromatin struc-
ture. PcG proteins form three major types of stable
multiprotein complexes in the nucleus. One such com-
plex, Polycomb repressive complex 2 (PRC2), catalyzes
monomethylation, dimethylation, and trimethylation of
the Lys27 residue of H3 (H3K27me1/2/3) (Fig. 1A; Cao

et al. 2002; Czermin et al. 2002; Kuzmichev et al. 2002;
Müller et al. 2002). H3K27me3 is not sufficient for gene si-
lencing. Canonical PRC1 (cPRC1), which is recruited by
its interaction with H3K27me3, is also needed for the
maintenance of gene repression bymodulating chromatin
structure. cPRC1, the focus of this study, is composed of
RING1B (or its paralog, RING1A), PCGF2 (or its paralog,
PCGF4), CBX2 (or its paralogs, CBX4/6/7/8), and PHC2
(or its paralogs, PHC1/3) (Fig. 1A; Shao et al. 1999; Levine
et al. 2002; Gao et al. 2012). cPRC1 can compact polynu-
cleosome arrays (Francis et al. 2004; Grau et al. 2011),
phase-separate in vitro (Plys et al. 2019; Tatavosian et al.
2019; Seif et al. 2020), andmediate long-range interactions
between distant PcG target loci (Isono et al. 2013; Kundu
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Figure 1. CBX2 is expressed in spermatogonia. (A) Schematic representing PcG complexes’ functions on chromatin. Individual compo-
nents of cPRC1 are depicted in the rectangle. (B) Schematic of cellular organization in the seminiferous tubule. Note that to show all the
major steps in spermatogenesis in one picture, this schematic does not reflect stereotypical cellular organizations based on different tu-
bule stages. (C ) t-SNE representation of scRNA-seq results from adult testes. The arrow indicates the direction of germ cell differentiation
based on knownmarker gene expression. Numbers 1–5 correspond to different cell types depicted in B, and 6 represents Leydig cells. Nor-
malized expression levels of Sall4, Cbx2, and Ring1b are represented in red. Color bars represent expression levels. (D) RNA in situ hy-
bridization of Cbx2 using branched signal amplification, with each brown dot representing a single Cbx2 RNA transcript. The black
dotted line represents the basement membrane of a seminiferous tubule. Brown arrows indicate Cbx2+ cells residing at the basement
membrane. (E,F ) Coimmunofluorescence staining of testis sections of Cbx2HA/HA (E) and Cbx2+/+ (F ) (negative control) animals with
HA and SALL4 antibodies. Dotted lines represent the basement membrane. Images are a part of the stage XII tubules.
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et al. 2017). These activities contribute to the formation of
membraneless nuclear structures called Polycomb bodies
(Saurin et al. 1998), which are proposed to be critical for
the memory of gene repression (Bantignies et al. 2011;
Isono et al. 2013). Mutations disrupting the compaction
or oligomerization activities of cPRC1 result in develop-
mental defects (Isono et al. 2013; Lau et al. 2017). These
findings suggest that there are critical nonenzymatic roles
of cPRC1 in the regulation of chromatin structure and cell
fate.

CBX2 is a key component of cPRC1 that is required for
its nonenzymatic repressive function. cPRC1 or CBX2 by
itself can compact nucleosome arrays, inhibit chromatin
remodeling by mSWI/SNF complexes, and phase-separate
togetherwith nucleosome arrays in vitro (Grau et al. 2011;
Plys et al. 2019; Tatavosian et al. 2019). These activities
are dependent on a positively charged and disordered re-
gion called the compaction and phase separation (CaPS)
region (Supplemental Fig. S1A) of CBX2 (Grau et al.
2011; Jaensch et al. 2021). This region is also required
for proper axial development ofmice (Lau et al. 2017). Pos-
itive charge and disorderedness are conserved features for
the compaction activity of other PcG proteins in different
species (Beh et al. 2012). Thus, multivalent interactions
between PcG proteins, such as CBX2, and nucleosomes
through unstructured, charged residues are one important
component of PcG activity. CBX2 is essential for many
developmental processes.More than 90%ofCbx2mutant
mice died beforeweaning, with diverse developmental de-
fects in axial patterning (Core et al. 1997), splenic vascula-
ture (Katoh-Fukui et al. 2005), bone growth (Katoh-Fukui
et al. 2019), and sex determination (Katoh-Fukui et al.
1998; Garcia-Moreno et al. 2019). However, in many cas-
es, it remains an open question what specific cell types in
development are susceptible to the loss of CBX2.

We set out to test two major questions: whether CBX2
is required at a specific stage of adult stem cell differenti-
ation and whether the compaction and phase separation
function of CBX2 is critical for that process. We chose to
address these questions using tissue-specific stem cells
in living animals. PcGmechanisms have been extensively
studied using cultured mouse embryonic stem cells
(mESCs). However, mESC chromatin is distinct from
most cell types, such that DNA methylation or PRC2
function are dispensable for their survival (Tsumura
et al. 2006; Chamberlain et al. 2008). Further investigation
in diverse contexts is needed. In particular, molecular
mechanisms, such as the role of compaction activity of
cPRC1 or formation of Polycomb bodies, have rarely
been studied in primary cells in living animals. Thus,
we used the male germline to understand the cellular
basis and molecular mechanisms governing PcG-mediat-
ed adult stem cell regulation.

Germ cells in the testis provide an ideal system to delin-
eate the role of CBX2-cPRC1 function in adult tissue ho-
meostasis. The male germline is a stereotypical adult
stem cell lineage, producing sperm essential for continua-
tion of life. A small number of spermatogonial stem cells
(SSCs) produce many differentiated sperm throughout the
life of the organism. A key regulatory point in spermato-

genesis is the irreversible commitment into “differentiat-
ing spermatogonia” (de Rooij and Russell 2000). As the
daughter cells of SSC divisions become “A-aligned” sper-
matogonia, they gradually lose their stem cell potential.
They down-regulate SSC-enriched genes, such as Foxc2
(Wei et al. 2018), and reciprocally up-regulate early differ-
entiation genes, such as Rarg (retinoic acid receptor γ)
(Gely-Pernot et al. 2012; Ikami et al. 2015). When stimu-
lated by retinoic acid (RA), some cells from this pool of
SSCs and A-aligned spermatogonia irreversibly differenti-
ate to “differentiating spermatogonia” (Fig. 2A; Koubova
et al. 2006; Zhou et al. 2008). An important question is
how a subset of these cells acquires competence to differ-
entiate by RA stimulation, because the balance between
maintenance of SSC pool and differentiation is key to
the continued production of sperm (Endo et al. 2015). Giv-
en the known role for PcG proteins in cell fate stabiliza-
tion, we reasoned that CBX2 may play a role in the
regulation of spermatogonial differentiation. Other PcG
proteins, such as SCML2, SCMH1, RING1B, and EED,
were shown to be critical for different steps of spermato-
genesis (Takada et al. 2007; Mu et al. 2014; Hasegawa
et al. 2015; Maezawa et al. 2017, 2018). None of these pro-
teins were specific for differentiation commitment.

Here, by using inducible as well as CaPS region-specific
Cbx2mutantmice, we show that CBX2 function is specif-
ically required at the developmental transition from stem
cells to committed progenitor cells in spermatogenesis.
Single-cell RNA-seq combined with Cbx2 genotyping us-
ing mosaic Cbx2 mutant animals supported a specific re-
quirement of CBX2 function in the production of
committed progenitor cells. The compaction and phase
separation region of CBX2 was required for germ cell
maintenance in mice. We propose that CBX2 is required
for stable repression of the spermatogonial stem cell pro-
gram to provide competence for irreversible differentia-
tion and that its ability to phase-separate and compact
chromatin is essential for these processes.

Results

CBX2 expression coincides with the onset
of spermatogonial differentiation

The testis contains spermatogonial stem cells and a con-
tinuous stream of differentiating daughter germ cells
that eventually become sperm, in addition to somatic sup-
porting cells (Fig. 1B). To identify the cell types that re-
quire CBX2 function in spermatogenesis, we profiled the
expression of Cbx2 RNA and protein in the mouse testis.
Single-cell RNA-seq of a wild-type testis showed that
Cbx2 expression was enriched in spermatogonia (cluster
#1, Sall4+), while a core PRC1 component, Ring1b, was
broadly expressed in spermatogonia, spermatocytes, and
round spermatids (Fig. 1B,C). Consistent with the single-
cell RNA-seq, RNA in situ hybridization showed that
Cbx2 mRNA signal was detected in a small number of
cells at the basementmembrane,where spermatogonia re-
side (Fig. 1D). To detect CBX2 protein, we generated a
knock-in mouse line in which two tandem HA epitopes
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were inserted in-frame into the N terminus of the en-
dogenous Cbx2 locus (HA-Cbx2 mice) (Supplemental
Fig. S1A,B and legend). Coimmunostaining of the sperma-
togonial marker SALL4 and HA-CBX2 in testis sections
revealed that CBX2 was expressed in SALL4+ spermatogo-
nia (Fig. 1E,F). All SALL4+ cells expressedCBX2, butCBX2
was also expressed in more differentiated preleptotene
spermatocytes that lack SALL4 expression (Supplemental
Fig. S1D, stage VII–VIII, arrows) and becomes undetect-
able in leptotene spermatocytes (Supplemental Fig. S1D,
stage IX, arrowheads).
Spermatogonia can be further divided into “undifferen-

tiated” spermatogonia, including spermatogonial stem
cells (SSCs), and “differentiating” spermatogonia com-
mitted to differentiation (Fig. 2A). As these spermatogonia
have distinct properties, such as self-renewal, prolifera-
tion rate, and retinoic acid responsiveness, we set out to
determine the precise stages of spermatogenesis at which

CBX2 is expressed. Since some PRC1 components, such
as BMI1 (PCGF4), have been proposed to be a specific
marker for SSCs (Komai et al. 2014), we were particularly
curious whether CBX2 is expressed in SSCs. To this end,
we first used publicly available single-cell RNA-seq data
from juvenile mouse testes, which contain a higher pro-
portion of spermatogonia (Ernst et al. 2019). We chose
cells classified as spermatogonia and early spermatocytes
and reclustered them to generate seven refined clusters of
the early cell types (Fig. 2B; Supplemental Fig. S2A). Con-
sistent with our single-cell RNA-seq data from an adult
testis, Cbx2 was expressed in Sall4+ spermatogonia and
was down-regulated at spermatocyte stages (Fig. 2B; Sup-
plemental Fig. S2B). Notably, Cbx2 expression appeared
depleted in Foxc2+ spermatogonia known to have high
stem cell potential (Fig. 2B; Supplemental Fig. S2B; Wei
et al. 2018). Only 4% of Foxc2+ cluster #1 cells contained
any Cbx2 reads, while Foxc2-low clusters #2 and #3 each
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Figure 2. CBX2 is up-regulated as sperma-
togonial stem cells initiate differentiation.
(A) Schematic of spermatogonial differenti-
ation inmouse spermatogenesis. (As) A-sin-
gle, (Apr) A-paired, (Aaln) A-aligned, (In)
intermediate, (PL) preleptotene, (P) pachy-
tene. Yellow lightning symbols represent
developmental transitions induced by reti-
noic acid and the ensuing up-regulation of
STRA8 (stimulated by retinoic acid 8).
Cell types expressing Foxc2, Sall4, and
Cbx2 aremarked by black and red bars. Col-
ored dots at the bottom represent corre-
sponding cell types identified in scRNA-
seq analyses in B. (B) UMAP representation
of scRNA-seq results from postnatal day 15
(P15) mouse testes (Ernst et al. 2019). P15
UMAP was plotted after obtaining a subset
of spermatogonia and early spermatocyte
populations from the whole P15 data set.
P15 subset cells clustered into seven popu-
lations and cell types were assigned accord-
ing to marker gene expression (marker
profiles in Supplemental Fig. S2A). Normal-
ized expression levels of Foxc2, Sall4, and
Cbx2 are represented in red. (Sg) Spermato-
gonia, (Undiff) undifferentiated, (diff) differ-
entiating, (pL) preleptotene, (L/Z)
leptotene/zygotene. (C ) Coimmunofluores-
cence staining of whole-testis tubules of
Cbx2HA/HA animals with HA, SALL4, and
FOXC2 antibodies. Cellular stages were
identified based on the cellular organiza-
tion along the tubule, the nuclear morphol-
ogy based onDNA staining, and the protein
expression patterns of marker genes, such
as FOXC2 and SALL4. (D) Quantification
of FOXC2 and CBX2 protein expression
based on whole-mount tubule stainings.
Numbers between groups As, Apr, Aaln4,
and Aaln≥8 represent P-values calculated
by two-tailed t-tests.
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had 18% and 23% of cells with Cbx2 reads, respectively
(Supplemental Fig. S2B).

Coimmunostaining of CBX2 and FOXC2 also showed
lower CBX2 protein expression in undifferentiated
FOXC2+ cells than in differentiating spermatogonia. We
performed whole-mount tubule staining (Supplemental
Fig. S2C) because, unlike in sections, FOXC2+ cells can
be categorized into singlets and paired cells (high stem
cell potential) to a chain of aligned cells (low stem cell po-
tential). Isolated and paired cells with robust FOXC2 ex-
pression showed undetectable to very low CBX2 signal
(Fig. 2C,D, As and Apr; Supplemental Fig. S2C, arrow).
In contrast, aligned FOXC2+ cells showed higher levels
of CBX2 expression than the FOXC2+ As and Apr cells
(Fig. 2C,D, Aaln4 and Aaln≥8; Supplemental Fig. S2C, ar-
rowhead). CBX2 expression was further increased in dif-
ferentiating spermatogonia (Fig. 2C,D, A1 and A2/A3),
perdured until preleptotene spermatocytes (Fig. 2C,D,
PL), and nearly disappeared as cells matured into the lep-
totene spermatocyte stage (Fig. 2C,D, L). We conclude
that CBX2 is up-regulated as spermatogonia exit from
the stem cell state and is robustly expressed in differenti-
ating spermatogonia but is down-regulated as meiosis ini-
tiates in leptotene spermatocytes.

CBX2-cPRC1 forms Polycomb bodies in spermatogonia

Chromatin-bound cPRC1 coalesces in membraneless
structures called Polycomb bodies (Satijn et al. 1997; Sau-
rin et al. 1998). Although it has been proposed that Poly-
comb bodies are critical for genome organization and
PcG target gene regulation (Bantignies et al. 2011), there
is limited evidence to indicate whether Polycomb bodies
are formed in primary cells of adult mammals. To ask
whether CBX2-cPRC1 forms Polycomb bodies in sperma-
togonia, we performed coimmunostaining of CBX2 and
other cPRC1 proteins using dissociated germ cells. Fine
subnuclear structures like Polycomb bodies are better vi-
sualized as a dissociated monolayer in single cells than in
the intact tissue. We used FACS to purify differentiating
spermatogonia with robust CBX2 expression using a cell
surface marker, c-KIT, from Cbx2HA/+ animals (c-KIT
expression is specific to differentiating spermatogonia)
(Supplemental Fig. S2A; Shinohara et al. 2000). Coimmu-
nostaining of the c-KIT+ spermatogonia with HA and
RING1B antibodies showed nonuniform expression of
HA-CBX2 in the nucleus, forming ∼200-nm (diameter)-
sized puncta (Fig. 3A; Supplemental Fig. S3A). In addition,
RING1B, which forms cPRC1 with CBX2, also showed a
punctate expression pattern, overlappingwithCBX2 Poly-
comb bodies (Fig. 3A, arrows). Not all CBX2 and RING1B
puncta overlap, which is in part due to nonspecific stain-
ing of antibodies, especially for weak-intensity puncta
(Supplemental Fig. S3B). To corroborate the findings using
the HA tag, we developed specific polyclonal antibodies
against nearly full-length CBX2 protein (Supplemental
Fig. S1A,C). Immunostaining of native CBX2 from wild-
type c-KIT+ spermatogonia also showed CBX2 forming
Polycomb bodies, some of them together with another
cPRC1 component, PHC2 (Fig. 3B, arrows). Thus, CBX2-

containing cPRC1 is compartmentalized into Polycomb
bodies in spermatogonia.

One critical question is whether CBX2 Polycomb bod-
ies represent CBX2-cPRC1 bound to chromatin or, on
the contrary, a storage unit sequestered away from target
genes, as some reports hypothesized (Saurin et al. 1998).
Polycomb bodies were shown to be associated with target
DNA, such as a Hox locus in fly embryos (Grimaud et al.
2006) and mouse embryonic fibroblasts (MEFs) (Isono
et al. 2013), but whether that is true in adult animals
has not been addressed. We tested whether CBX2 and
RING1B condensates overlap with a classical Polycomb
target gene, HoxD. A nontarget gene desert region was
also probed as a negative control. CUT&RUN experi-
ments using purified spermatogonia (see details in the
next section) showed that CBX2 and RING1Bwere prefer-
entially localized at the HoxD locus but not at the gene
desert region (Supplemental Fig. S3C). Coimmuno-FISH
revealed that both CBX2 and RING1B condensates over-
lapped with the HoxD but not with the gene desert locus
(Fig. 3C–F). Not all HoxD puncta overlapped CBX2 and
RING1B condensates. About one-third of HoxD puncta
overlapped with distinct CBX2 or RING1B puncta, one-
third of HoxD puncta overlapped with diffusive CBX2 or
RING1B signal, and the remaining one-third of HoxD
puncta did not overlap with CBX2 or RING1B signal (Sup-
plemental Fig. S3D,E). Importantly, the negative control
gene desert puncta never overlapped with CBX2 or
RING1B puncta (Fig. 3D,F; Supplemental Fig. S3E).
When images centered at HoxD or gene desert puncta
were averaged, there was corresponding enrichment of
CBX2 or RING1B signal at theHoxD signal peak, whereas
there was no such enrichment for the gene desert locus
(Fig. 3G–J). Another Hox cluster, HoxB, also showed sim-
ilar CBX2 signal enrichment when HoxB puncta signals
were averaged (Supplemental Fig. S3F,G), while a negative
control protein, SALL4, did not show signal enrichment
corresponding to HoxB puncta locations. Thus, CBX2
forms Polycomb bodies with other cPRC1 components
in spermatogonia, and these Polycomb bodies are associ-
ated with target chromatin that harbors silenced genes.

CBX2-cPRC1 binds genes down-regulated as
spermatogonial stem cells differentiate

The data presented above are consistent with CBX2-
cPRC1 being necessary for the repression of genes that
might impede the proper differentiation of spermatogo-
nia. To examine this hypothesis, we identified genes in
differentiating spermatogonia that were occupied by
CBX2 and cPRC1. We performed CUT&RUN (Skene
and Henikoff 2017) in FACS-purified c-KIT+ differentiat-
ing spermatogonia (Supplemental Fig. S2A) with antibod-
ies against CBX2, RING1B, PHC2, BMI1 (PCGF4),
H3K27me3, and H3K4me3. CBX2 was preferentially en-
riched at promoters of genes, and its enrichment often
spread >10 kb (Fig. 4A,B). We obtained a conservative set
of 708 promoters bound by CBX2 based on enrichment
of CBX2 using bothCBX2 andHA antibodies (Fig. 4B). No-
table examples of CBX2 targets identified in this set were
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Foxc2, Pax7, and Gfra1 (Fig. 4A; Supplemental Fig. S4A),
key transcription factors and a cell surface receptor specif-
ically expressed in spermatogonial stem cells and their
immediate daughter cells (Hofmann et al. 2005; Aloisio
et al. 2014; Wei et al. 2018). These genes are normally
down-regulated as spermatogonia differentiate. On the
contrary, genes robustly expressed in differentiating sper-
matogonia, such as Sall4 and c-Kit, did not show enrich-
ment of CBX2-cPRC1 (Fig. 4A; Supplemental Fig. S4A).
In general, transcripts associated with these 708 pro-
moters collectively had higher expression levels in sper-
matogonial stem cells and down-regulated as cells
differentiated and CBX2 was up-regulated (Fig. 4C; Sup-
plemental Fig. S4B). CUT&RUN analyses of RING1B,
BMI1, and PHC2 all showed promoter-centered broad en-
richment patterns that mirrored those of CBX2, showing
that all four components of cPRC1 colocalized as expect-
ed (Fig. 4A,B). H3K27me3, which is bound by CBX2’s
chromodomain, also had expected overlapping enrich-
ment patterns with CBX2 (Fig. 4A,B). The 708 CBX2/
cPRC1/H3K27me3-enriched promoters showed relatively
low levels of H3K4me3, with only four out of 708 CBX2
target promoters in the top 5% of 1433 H3K4me3-en-
riched promoters (Fig. 4B; Supplemental Fig. S4C), consis-
tent with CBX2-cPRC1-bound genes having low
transcriptional activity. Furthermore, CBX2 and RING1B

showed higher levels of enrichment at 708 target promot-
ers in c-KIT+ differentiating spermatogonia than in THY1+

and ITGa6+ undifferentiated spermatogonia, which in-
clude SSCs (Fig. 4D; Supplemental Fig. S4D,E). We con-
clude that CBX2-PRC1 binds to genes that are normally
down-regulated as spermatogonia differentiate.

CBX2 is required for differentiation to CCND2+ A1
spermatogonia

To test the function of CBX2 in spermatogenesis in adult
animals, we used an inducible knockout (KO) strategy.We
injected tamoxifen into a mouse line that expressed in-
ducible CRE recombinase (Rosa26-CREERT2) and con-
tained floxed Cbx2 alleles (Fig. 5A; Supplemental Fig.
S5A). We chose an inducible KO strategy because we
aimed to assess immediate effects after inducing Cbx2
deletion tominimize cellular compensationmechanisms.
Even thoughRosa26 is a ubiquitousCRE driver, only sper-
matogonia express CBX2 in adult seminiferous tubules
(Fig. 1). Both experimental (CRE+) and control animals re-
ceived three daily tamoxifen injections. Testes were col-
lected at day 4, and changes in cell type distribution and
gene expression were analyzed by single-cell RNA se-
quencing after FACS purification of c-KIT+ CBX2-express-
ing spermatogonia (Fig. 5A).
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Figure 3. CBX2-cPRC1 forms Polycomb bod-
ieswith targetDNA. (A,B) Coimmunostaining
of HA-CBX2 and RING1B (A) and CBX2 and
PHC2 (B) using FACS-sorted c-KIT+ spermato-
gonia from Cbx2HA/+ (A) and wild-type (B)
mice. (C–F ) Coimmuno-FISH of the HoxD lo-
cus and CBX2 protein (C ), the gene desert lo-
cus and CBX2 protein (D), the HoxD locus
and RING1B protein (E), and the gene desert
locus and RING1B protein (F ) using FACS-
sorted c-KIT+ spermatogonia from wild-type
mice. A single optical section, which usually
contains one allele ofHoxD or the gene desert
locus in the plane, is represented to avoid inci-
dental overlap of puncta at different focal
planes. (G–J) Average signal projection of a 2-
µm square centered at HoxD or gene desert
puncta. Average signal projections of CBX2
or RING1B and DNA at the corresponding lo-
cations are also represented.
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Single-cell analyses of sorted c-KIT+ cells identified
eight major populations of cells along the differentiation
trajectory that encompassed 90% of all profiled cells
(Fig. 5B, populations #1–#8); the remaining 10% of cells

were classified into threeminor populations. As expected,
the majority of cells in the eight populations expressed c-
Kit (Supplemental Fig. S5B). Population #1 was the most
undifferentiated, with specific expression of Ccnd2,

A
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D

C

Figure 4. CBX2-cPRC1 binds genes down-regulated as spermatogonial stem cells differentiate. (A) Genome browser screenshots of
CUT&RUN enrichment of IgG, CBX2, and cPRC1 components (RING1B, BMI1, and PHC2) and H3K27me3 from FACS-sorted c-KIT+

spermatogonia. Enrichment profiles at Foxc2, Pax7, and Sall4 genes are shown as representative examples. Foxc2 and Pax7 are highly ex-
pressed in spermatogonial stem cells and down-regulated in c-KIT+ differentiating spermatogonia. In contrast, Sall4 is robustly expressed
in c-KIT+ spermatogonia. (B) Heat maps showing CUT&RUN enrichment of CBX2, cPRC1 components, and associated histone modifi-
cations at 708 CBX2 target promoters. (TSS) Transcription start site. (C ) Average expression levels of the CBX2 target module (genes ex-
pressed from 708 CBX2 target promoters) per cell in single-cell clusters represented in Figure 2B. (∗) P<0.0001 by one-way ANOVAwith
post-hoc Tukey’s HSD test. Cbx2 expression depicted in Supplemental Figure S2B is also represented as a comparison. (D) Average low-
inputCUT&RUNenrichment of CBX2 andRING1B at 708CBX2 target promoters identified inB. Profiles for each protein in FACS-sorted
undifferentiated (THY1+ and ITGa6+; black lines; two replicates) and differentiating (c-KIT+; blue lines; two replicates) spermatogonia are
shown. Signal intensities for the same antibody are trimmedmean ofM-values (TMMs) normalized using values from all 27,848 promot-
ers ±5 kb centered at TSSs.
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Figure 5. CBX2 is required for differentiation to CCND2+ A1 spermatogonia. (A) Schematic representation of experimental steps.
(B) UMAP representation of a scRNA-seq comparison between FACS-sorted c-KIT+ spermatogonia from control (replicates 1–3:
Cbx2Flox/Flox, tamoxifen-injected; replicate 4: Rosa26-CREERT2; Cbx2Flox/+, mock-injected) and Cbx2-inducible mutant (replicates 1–4:
Rosa26-CREERT2; Cbx2Flox/Flox, tamoxifen-injected) animals. Each UMAP is a combined result of four replicates (four animals per condi-
tion). (C ) Normalized expression level of Ccnd2 is represented on the UMAP of all profiled cells (15,362 cells). (D) Separate UMAP rep-
resentation of Cbx2+/+,+/− and Cbx2−/− spermatogonia from Cbx2-inducible mutant animals after Cbx2 genotyping using Cbx2-
specific amplicon sequencing. (E) Proportions of Ccnd2+ cells (population #1 from B) among Cbx2-expressing populations (populations
#1–#6) in differentCbx2 genotype categories. Data from four replicates each for control andCbx2-induciblemutant animals are represent-
ed. P-value was calculated by two-tailed t-test. (F ) Hybridization chain reaction (HCR) RNA-FISH of whole-testis tubules of control
(Cbx2Flox/Flox) and Cbx2-inducible mutant (Rosa26-CREERT2; Cbx2Flox/Flox) animals with probes against Ccnd2 (magenta) and the floxed
region of Cbx2 (green) RNA. Stage VII/VIII and XII tubules in which A1 and A3 spermatogonia reside are visualized. Stage VII/VIII was
identified by nuclear DNA-staining patterns of characteristic preleptotene spermatocyte morphology and organization and by the pres-
ence of aligned condensed spermatid nuclei by scanning different Z-planes. Stage XII was identified by the lack of round spermatids
and the presence of secondary spermatocytes or spermatocytes in meiotic division. (G) Quantification of the proportion of Cbx2+ (light
gray) and Cbx2− (red) A1 and A3 spermatogonia in F. Results from three independent experiments are shown. The number of cells ana-
lyzed are listed in the bar plots.
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which only marks A1 stage cells among differentiating
spermatogonia (Fig. 5C; Supplemental Fig. S2A; Beumer
et al. 2000). Cbx2 was expressed in populations #1–#6,
but its expression was diminished in populations #7 and
#8, which expressed the second wave of Stra8 as cells en-
tered the preleptotene stage (Supplemental Fig. S5B).
Hence, we focused our subsequent analyses on population
#1–#6 cells.

At first glance, scRNA-seq comparison ofCbx2mutant
(CRE+) and control animals showed almost identical cel-
lular distributions (Fig. 5B). This was surprising because
ablation of PRC1, of which CBX2 is a key component in
these cells, was previously shown to cause defects in the
male germ cell line (Maezawa et al. 2017). However, the
Cbx2mutant animals (CRE+) contained amix of homozy-
gous wild-type (Cbx2+/+), heterozygous (Cbx2+/−),
and homozygous mutant (Cbx2−/−) cells, which we hy-
pothesized obscured any differences between the bulk
populations (Fig. 5B). We therefore separated cells ob-
tained from the Cbx2 mutant animals based on their ge-
notypes, and the genotype-specific analysis revealed a
distinct behavior of Cbx2 homozygous mutant cells (Fig.
5D [red circles], E). We independently sequenced Cbx2
amplicons generated from the aliquot of cell-barcoded
cDNA derived from the samples prepared for single-cell
RNA-seq (Materials and Methods; Supplemental Fig.
S5A–D and legends). When the cell type distribution of
Cbx2 homozygous mutant cells (Cbx2−/−) was compared
with the Cbx2 heterozygous mutant and homozygous
wild-type cell distribution within the same testes
(Cbx2+/+ and Cbx2+/− combined), we noticed a depletion
of Ccnd2+ A1 spermatogonia in Cbx2−/− cells (Fig. 5D
[red circles], E). Among the CBX2-expressing populations
#1–#6, while Ccnd2+ A1 spermatogonia on average occu-
pied 6.7% of cells in four control animals, they occupied
only 2.5% of Cbx2−/− cells isolated from the four Cbx2
mutant (CRE+) animals (Fig. 5E). In contrast, A1 spermato-
gonia on average occupied 12.7% of Cbx2+/+,+/− cells iso-
lated from the mutant. The increase in A1
spermatogonia Cbx2+/+,+/− cells in the mosaic mutant is
consistent with the possibility that Cbx2+/+,+/− cells
might compensate for the depletion ofCbx2−/− cells with-
in the same testes (Fig. 5E). Note that the last tamoxifen
injection was 24 h prior to cell harvesting, which can in-
duce new mutations in later spermatogonia (population
#2 and beyond) that had already passed the A1 stage.
Only ∼10%∼20% of the total cells contained sufficient
Cbx2 reads to be confidently genotyped, which may
have contributed to the variability of A1 spermatogonia
proportion between replicates for genotyped cells. Howev-
er, all replicates showed consistent trends of specific
depletion of Cbx2−/− A1 spermatogonia. In addition,
gene expression comparison between Cbx2+/+,+/− and
Cbx2−/− spermatogonia (populations #1–#6 combined)
identified Stra8 andCcnd2 as the top two down-regulated
genes in Cbx2−/− spermatogonia (Supplemental Fig. S5E).
Stra8 (stimulated by retinoic acid gene 8) is a gene up-reg-
ulated in A1 spermatogonia by retinoic acid stimulation
(Fig. 2A; Supplemental Fig. S2A). Lower Stra8 and
Ccnd2 levels in this population are consistent with the

depletion of A1 spermatogonia in Cbx2−/− cells. Based
on this single-cellCbx2 genotyping of mosaic mutant tes-
tis, we conclude that CBX2 plays a key role in the produc-
tion of A1 spermatogonia.

We confirmed the depletion of CCND2+ A1 spermato-
gonia by independent RNA-FISH and immunostaining ex-
periments on whole-mount tubules. We generated FISH
probes against the deleted region (2920 bp; 94% intronic)
to detect Cbx2 pre-mRNA (Supplemental Fig. S5A, red
lines). Cbx2 RNA-FISH showed specific nuclear signal
in A1 and A3 spermatogonia, with a 10% false negative
rate (Fig. 5F,G, Cbx2Flox/Flox). We used A3 spermatogonia
to assess the general mutation rate because A3 spermato-
gonia still robustly express Cbx2. After tamoxifen-in-
duced deletion of Cbx2, Cbx2 RNA-FISH showed that
∼10% of A1 spermatogonia were homozygous for the
Cbx2 mutant, whereas ∼40% of A3 spermatogonia were
homozygous Cbx2 mutant (Fig. 5F,G, Rosa26-CREERT2;
Cbx2Flox/Flox, see red circles for mutants). This proportion
of Cbx2 mutants (∼40%) was in line with the data from
single-cell genotyping (Supplemental Fig. S5D). Overall,
these data suggest that there was specific depletion of
Cbx2 mutant A1 spermatogonia.

Immunostaining of CCND2 in Cbx2 mutant tubules
also showed that CBX2 is needed for the production of
A1 spermatogonia. We could not confidently tell Cbx2
genotypes by immunostaining due to limited antibody
sensitivity, so we performed experiments by inducing
as complete a homozygous-null Cbx2 mutation as possi-
ble using a mouse line in which one allele of Cbx2 was
already deleted (see the Materials and Methods). We esti-
mate that up to ≥60% cells are Cbx2-null based on Cbx2
DNA-FISH (Supplemental Fig. S6A,B and legends). Quan-
tification of CCND2+ cells at stage VII/VIII tubules by
whole-mount immunostaining showed a significant
decrease of CCND2+ cells in the Cbx2 mutant compared
with control animals (Supplemental Fig. S5F,G). The
number of preleptotene spermatocytes in the same stage
VII/VIII tubules did not show significant differences
(Supplemental Fig. S5H), suggesting that CBX2 function
is specific to the production of CCND2+ A1 spermatogo-
nia. Notably, the phenotype of CBX2 depletion on A1
spermatogonia coincides with the strong up-regulation
of CBX2 expression at the A1 stage in wild-type animals
(Fig. 2C,D). We did not detect a significant increase in
the number of apoptotic cells in the stage VI–VIII tubules
where A-aligned-to-A1 transition happens (Supplemental
Fig. S5I,J), suggesting that CBX2 function is not likely to
be required for the survival of germ cells. We conclude
that CBX2 is required for appropriate differentiation, spe-
cifically for the transition to the differentiating
spermatogonia.

CBX2 represses genes active in spermatogonial stem cells
in differentiating spermatogonia

Mutations in cPRC1 components often result in subtle or
stochastic misexpression of target genes (Kundu et al.
2017; Kim and Kingston 2022). Therefore, we performed
a deeper, bulk RNA-seq comparison between Cbx2 wild-
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type and Cbx2 mutant c-KIT+ spermatogonia to capture
small changes of lowly expressed genes. From this com-
parison, we identified 436 up-regulated and 563 down-reg-
ulated genes by inducible knockout of Cbx2 (Fig. 6A).
Although the major role of PRC1 is the maintenance of
gene repression, PRC1 can also mediate gene activation
(Kondo et al. 2014; Maezawa et al. 2017). To determine
whether any of these genes are directly regulated by
CBX2, we compared the binding of CBX2 at their promot-
ers using CBX2 CUT&RUN data. Only genes that were
up-regulated in mutant cells, but not genes that were
down-regulated, showed significantly higher levels of
CBX2 binding at promoters when compared with 436 ex-
pression level-matched random genes (Fig. 6B; Supple-
mental Fig. S6C). This result suggests that CBX2
directly maintains repression of these up-regulated genes

and that down-regulated genesmay reflect secondary con-
sequences, such as a delay in differentiation. These up-
regulated genes normally had a relatively higher expres-
sion in SSCs and were down-regulated when SSCs differ-
entiated to CBX2-expressing c-KIT+ spermatogonia (Fig.
6C). On the other hand, down-regulated genes had a rela-
tively higher expression in terminally differentiating sper-
matocyte stages (Fig. 6C). Thus, in irreversibly committed
c-KIT+ spermatogonia, CBX2 represses genes that are ac-
tive in SSCs and subsequently down-regulated.

The CBX2 CaPS region is required for germ cell
maintenance

CBX2 can both compact nucleosomal arrays and phase-
separate, both activities that rely on the positive charge

A

C

B

Figure 6. CBX2 represses genes active in spermatogonial stem cells in differentiating spermatogonia. (A) AnMAplot showing differences
between Cbx2WT (Rosa26-CreERT2; Cbx2Flox/+, mock-injected) andCbx2KO (Rosa26-CreERT2/+; Cbx2Δ/Flox, tamoxifen-injected). Red dots
show up-regulated genes (P <0.05), and blue dots show down-regulated genes (P< 0.05) (see the Materials and Methods). (B) Violin plots
showingCBX2CUT&RUNsignal (background-corrected by subtracting IgGCUT&RUNsignal) of up-regulated and down-regulated genes
and 436 randomly chosen control genes matching expression levels of 436 up-regulated genes. P-values are based on Wilcoxon rank sum
test. (C ) Average expression levels of the 436 up-regulated genes or 563 down-regulated genes inA as a gene set per cell in single-cell clus-
ters represented in Figure 2B. (sg) Spermatogonia, (S’cyte) spermatocyte, (undiff) undifferentiated, (diff) differentiating, (pL) preleptotene,
(L/Z) leptotene/zygotene).
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of the central “CaPS” (compaction and phase separation)
region (Supplemental Fig. S1A). We examined the hypoth-
esis that this regionmight be important for CBX2 function
in spermatogenesis by using a knock-in mouse line in
which the endogenous CaPS region of both CBX2 alleles
was mutated. The replacement of 23 positively charged
amino acids (Lys and Arg) of CBX2 with a neutral amino
acid (Ala; referred to here as the Cbx223KRA mutant) (Sup-
plemental Fig. S1A) in the CaPS region diminished poly-
nucleosome compaction (Grau et al. 2011) and phase
separation activities (Plys et al. 2019) in vitro and resulted
in posterior transformation of axial skeletons in vivo (Lau
et al. 2017). Using the CaPS region mutant, we tested
whether this functional region of CBX2 played a role in
adult tissue homeostasis during spermatogenesis. The
CBX223KRA mutant does not disrupt other domains need-
ed for chromatin targeting and for cPRC1 formation.

Cbx223KRA/23KRA mice showed progressive defects in
male germ cell maintenance as mice aged. Both heterozy-
gous and homozygous Cbx223KRA mutant mice showed
largely normal development and fertility, albeit with axial
skeletal defects (Lau 2016). Consistent with the results
from mESCs (Jaensch et al. 2021) and MEFs (Isono et al.
2013) showing that factors in addition to CaPS also
are able to drive Polycomb body formation, spermatogo-
nia from wild-type and Cbx223KRA/23KRA mice did not
show visible differences in CBX2-Polycomb puncta
(Supplemental Fig. S7A). While Cbx223KRA/+ and
Cbx223KRA/23KRA mice had similar body weights when
compared with wild-type siblings up to ∼40 wk of age
(Fig. 7A), theCbx223KRA/23KRAmutantmice had lower tes-
tis weights than their wild-type siblings as the mice got
older, especially >30 wk (Fig. 7B,C). This result indicates

a progressive defect in spermatogenesis as mice aged. His-
tological examination of testis sections of old (>30-wk-
old)Cbx223KRA/23KRAmutantmice revealed clusters of de-
fective tubules that were devoid of all germ cells and only
had Sertoli cells at the basement membrane (Fig. 7D,E,G).
Five percent of tubules (median value) were devoid of
germ cells in homozygous Cbx223KRA/23KRA mutant
mice, which was significantly higher than in wild-type
siblings, which rarely showed germ cell-less tubules (Fig.
7F). Some tubules exhibited a “missing generation” phe-
notype (Lovasco et al. 2015). For example, some tubules
lacked spermatocytes or spermatids (Fig. 7H,I), indicating
that SSCs did not differentiate in one of previous differen-
tiation cycles, potentially to preserve their declining
numbers or due to problems in differentiation.

It is notable that only a fraction of tubules showed com-
plete loss of germ cells, while adjacent tubules seemed to
maintain normal spermatogenesis, which presumably
contributed to the sustained fertility of these mice (Fig.
7E). To probewhether there are subtle defects in the seem-
ingly normal tubules in the Cbx223KRA/23KRA mice, we
counted the numbers of A spermatogonia and prelepto-
tene and zygotene spermatocytes in stage VII/VIII and
XII tubules using histological sections from old (>30-wk-
old) mice (Supplemental Fig. S7B,C). In all cases, there
were no striking differences between wild-type and
Cbx223KRA/23KRA mutants in the number of germ cells
(Supplemental Fig. S7D–G). However, the number of
Aundiff and A1 spermatogonia per tubule section showed
a decrease in median number, with Cbx223KRA/23KRA

mice having more tubule sections without any spermato-
gonia (Supplemental Fig. S7D). No such decrease was ob-
served in other cell types in the lineage (Supplemental Fig.
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F

B C Figure 7. Spermatogenesis defects in CBX2CaPS
regionmutant mice. (A,B) Body weight (A) and av-
erage testis weight (B) of wild-type and
Cbx223KRA/+ and Cbx223KRA/23KRA mutant mice
at the time of euthanasia. (C ) Quantification of av-
erage testis weights of aged (>30-wk-old) mice.
The P-value is based on Wilcoxon rank sum test.
(D,E) Representative images of hematoxylin-
PAS-stained testis sections of sibling wild-type
(D) and Cbx223KRA/23KRA mutant (E) mice. (F )
Quantification of the percentage of tubules with
defects in germ cell maintenance in wild-type
and Cbx223KRA/+ and Cbx223KRA/23KRA mutant
mice. The P-value is based on Wilcoxon rank
sum test. (G–I ) Representative images of hema-
toxylin-PAS-stained testis sections showing Ser-
toli cell-only (G), missing generation phenotypes
(H,I ), and lacking spermatocytes (I; arrowheads
in H).
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S7E–G). These data indicate that the regulation of the ra-
tio of spermatogonia to spermatocytes is mostly normal
except for an imbalance in Aundiff/A1 spermatogonia dis-
tribution. Over time, this imbalance might contribute to
defects in spermatogenesis. In addition, this result sug-
gests that disruption of the CaPS region in CBX2 likely
plays a role similar to the deletion of CBX2, which
showed a significant depletion of A1 spermatogonia. Con-
sistently, genes derepressed in Cbx2KO spermatogonia
(Fig. 6A) also tend to be up-regulated in Cbx223KRA/23KRA

spermatogonia based on a bulk RNA-seq comparison of
c-KIT+ spermatogonia (Supplemental Fig. S7H). Notably,
there were no significant differences in binding of CBX2
or enrichment of H3K27me3 and H2AK119Ub1modifica-
tions at 708 CBX2-bound genes between wild-type and
Cbx223KRA/23KRA c-KIT+ spermatogonia by CUT&RUN
(Supplemental Fig. S7I). Thus, for long-term tissue ho-
meostasis, a nonenzymatic activity of CBX2-cPRC1 is
critical for preventing stochastic loss of germ cells and
hence maintenance of spermatogonial stem cells.

Discussion

Our characterization of the role for the CBX2 subunit and
for its main functional region during spermatogenesis ad-
vances the understanding of how PcG regulates cell fate
transition in a tissue-specific stem cell lineage in an ani-
mal. CBX2 is up-regulated in a cell type-specific manner
as spermatogonial stem cells initiate differentiation and
is required for the repression of genes active in SSCs.
CBX2 forms nuclear condensates with its target genes,
and its region responsible for compaction and phase sepa-
ration is required specifically for male germ cell mainte-

nance (Fig. 8). We propose that the ability of CBX2-
cPRC1 to alter chromatin structure is critical for a specific
step in spermatogenesis (the formation of CCND2+ A1
spermatogonia) and for maintenance of a key adult stem
cell lineage.
The balance between themaintenance of stem cells and

commitment to differentiation is a critical regulatory
point for tissue homeostasis. Some PcG proteins are spe-
cifically expressed and required in certain adult stem
cell types (Flora et al. 2021). In contrast, we found that
CBX2 expression was relatively low in spermatogonial
stem cells, was up-regulated as stem cells initiate differen-
tiation, and was necessary for the repression of genes ac-
tive in SSCs. Therefore, in the male germ cell lineage,
CBX2-cPRC1’s most prominent role is in committed pro-
genitor cells, specifically A1 spermatogonia, and not in
stem cells. This CBX2 expression pattern is reminiscent
of its expression during differentiation in cultured mouse
embryonic stem cells (mESCs), in which CBX2 is up-regu-
lated as mESCs differentiate into embryoid bodies or neu-
ral progenitor cells (Morey et al. 2012; O’Loghlen et al.
2012). In addition, Cbx2 was shown to be up-regulated
in differentiating human bonemarrow cells but not in im-
mature cells (Lessard et al. 1998). Thus, CBX2 expression
is associated with lineage commitment in diverse devel-
opmental contexts. As CBX2 is required to repress SSC
genes, Cbx2 mutant A-aligned spermatogonia may be
closer to the SSC state and less competent to respond
RA to become A1 spermatogonia. While the exact mech-
anism for how the number of A1 spermatogonia is reduced
inCbx2mutant animals remains to be elucidated, the key
conclusion is that CBX2 is not a general factor required for
all dividing cells but rather regulates a specific develop-
mental transition step.

Figure 8. A model of CBX2 function at the exit from the SSC state. CBX2 expression is up-regulated as A-single or A-paired spermato-
gonia differentiate to A-aligned spermatogonia. CBX2 expression further increases at A1 spermatogonia when the cells irreversibly com-
mit to differentiation. CBX2 function is required specifically for the production of A1 spermatogonia. In differentiating spermatogonia,
CBX2 forms Polycombbodies that encompass its target genes that need to remain repressed.Disruption of theCaPS region of CBX2 results
in defects in the long-term maintenance of germ cells.
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Phase separation has been proposed to play a key role in
the maintenance of repressive states based on studies of
the heterochromatic protein HP1 (Larson et al. 2017;
Strom et al. 2017) and previous analysis of CBX2 and
PcG function (Plys et al. 2019; Tatavosian et al. 2019).
There is scant information concerning the extent to
which phase separation occurs in living adult animals
and the extent to which it might contribute to the main-
tenance of stably differentiated tissues. We show that in
testes there is overlap of puncta containing CBX2-PRC1
and HoxD and HoxB target genes. Therefore, these
puncta, previously shown to be present in embryos (Gri-
maud et al. 2006) and cultured cells (Satijn et al. 1997; Sau-
rin et al. 1998; Isono et al. 2013), also exist in an adult
animal tissue and are coresident with target genes. Al-
though the HoxD locus did not overlap with CBX2 or
RING1B signal in ∼30% of the images, this degree of non-
overlap is similar to what was observed in MEFs, showing
∼20% of nonoverlap between PCGF2 (MEL-18) andHoxB
loci (Isono et al. 2013). This degree of nonoverlapmight be
technical, as heat applied to denature theDNAduplex dis-
rupts immunostaining signal patterns and intensity. Al-
ternatively, it might be that in certain cell cycle phases
(for example, S phase), Polycomb target loci may tempo-
rarily be displaced from Polycomb bodies.

Agedmicewith amutation in the region required in vitro
for both phase separation and chromatin compaction
(“CaPS” region) developed sporadic empty tubules in the
testes but still had visible puncta of PRC1 in spermatogonia
(Supplemental Fig. S7A). Formation of Polycomb bodies in
theCaPSmutant in vivo is consistentwith previous data in
cell culture (Jaensch et al. 2021), and other components of
PRC1, such as the PHC proteins, are known to be able to
phase-separate and oligomerize (Isono et al. 2013; Seif
et al. 2020). Whether the condensates driven by PHC func-
tion have properties similar to the condensates that also
contain wild-type CBX2 is an open question. In addition,
paralogous CBXs can complement CBX2 function. For ex-
ample, Cbx4 and Cbx8 were expressed in differentiating
spermatogonia (Supplemental Fig. S2A) and were up-regu-
lated inCbx2 KO embryos (Supplemental Fig. S1C). Differ-
ent CBXs have distinct diffusion properties in the nucleus
(Zhen et al. 2016). Thus, even though Polycomb bodies
are still present in the Cbx2 CaPS mutant testes, changes
in the contributions of different CBXs and PHCs may alter
biophysical properties of these condensates. This, in turn,
may decrease the effectiveness of cPRC1 in driving memo-
ry of cell fate but does not eliminate memory. A similar
phenomenonwas observedwith a yeast Polycomb-like pro-
tein,Ccc1,where one type ofKRAmutant still formed con-
densates but had altered physical properties and gene
silencing defects (Lee et al. 2023).

In aged Cbx2 CaPS region mutant mice, some tubules
show a complete loss of germ cells, implying a loss of
SSCs. As CBX2 was required for commitment to A1 cells
when acutely depleted, it is counterintuitive that the pre-
cursor SSCs are also lost in the Cbx2 CaPS mutant testes.
However, the depletion of germ cells inCbx2CaPSmutant
testes only becomes noticeable after 30 wk (Fig. 7), which
corresponds to up to 20 cycles of new A1 spermatogonia

production events. Disruption of the initial phase of differ-
entiation (the production of A1 spermatogonia) might gen-
erate a feedback loop in which, over time, accumulation of
stress could cause some tubules to lose SSCs. Similarly, the
knockout of another PcG gene, Eed, did not alter the initial
hematopoietic stem cell (HSC) establishment in fetal livers
but showed defects in their differentiation and ultimately
led to their depletion due to exhaustion (Xie et al. 2014).
CBX2 may have an additional direct role in SSC mainte-
nance. However, given its strong up-regulation upon differ-
entiation, we hypothesize that the loss of SSC is a
secondary consequence of cumulative long-term defects
in differentiation. Such feedback regulation of undifferenti-
ated spermatogonia by differentiating spermatogonia was
reported in other rodent species (de Rooij et al. 1985). In
the future, direct comparative analyses will be informative
to resolve the exact roles of different Cbx2 mutations. For
example, transplantation of Cbx2 wild-type, knockout,
and CaPS mutant SSCs into germ cell-depleted testes is
one way to compare the cellular and physiological pheno-
types within the same environment.

Another noticeable feature of the Cbx2 CaPS mutant is
that some tubules show complete loss of germ cells, while
neighboring ones maintain seemingly normal spermato-
genesis. Total output of sperm is regulated in part by over-
production of undifferentiated spermatogonia followed by
regulated proliferation,migration, and apoptosis of differen-
tiating spermatogonia (de Rooij and Russell 2000; Yoshida
et al. 2007). Therefore, even if there is a reduction in the
number of SSCs, the remaining SSCs in principle can sup-
port normal spermatogenesis until the number falls below
critical levels within a specific tubule. This all-or-nothing
phenotype was also observed in mutants affecting SSC
maintenance, such as Zbtb16 (Buaas et al. 2004; Costoya
et al. 2004). The stark difference in the penetrance between
tubules might arise due to the combined impacts of the ro-
bust nature of spermatogenesis and the stochastic nature of
PcG gene mutants (Kim and Kingston 2022).

Conclusion

PcG genes are frequently dysregulated in human cancers
and aging. Chemical inhibitors of PcG function have
been developed to use chromatin pathways to reverse
such conditions. However, to provide effective interven-
tion, it is essential to understand how PcG dysfunction
is involved in complex processes, such as the decline of
tissue function. We demonstrate that CBX2 acts at the
exit from the spermatogonial stem cell state for the com-
mitment of differentiation, and the region required for
compaction and phase separation is critical for the long-
term maintenance of the lineage. Thus, the structural ac-
tivity of cPRC1 driven by CBX2 is crucial for proper devel-
opmental transitions in the male germline and for
maintenance of the complete germline machinery during
aging. It will be important to investigate different bio-
chemically defined CBX2 loss- or gain-of-function muta-
tions and their impact on compaction and phase
separation in cell fate transitions during adult tissue
homeostasis.
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Materials and methods

Mice

All animal procedures were conducted in accordance with proto-
cols approved by theMassachusettsGeneral Hospital Institution-
al Animal Care and Use Committee (IACUC, protocol no.
2015N000072), and animals were cared for according to the re-
quirements of the National Research Council’s Guide for the
Care and Use of Laboratory Animals.
The floxed Cbx2Flox mouse line was generated from the paren-

tal“targeted trap” line [Cbx2tm1a(KOMP)Wtsi; referred tohere as
Cbx2tm1a] that was originally produced by the Knockout Mouse
Project (KOMP) (Skarnes et al. 2011). Aliquots of cryopreserved
sperm (Cbx2tm1a) were obtained from the University of Califor-
nia, Davis, Mouse Biology Program KOMP, and in vitro fertiliza-
tion was performed by Charles River Laboratories. Rederived
Cbx2tm1a females were crossed to male mice expressing FLP
recombinase [C57BL/6N-Tg(CAG-Flpo)1Afst/Mmucd; stock no.
036512-UCD] to excise the LacZ reporter trap flanked by FRT sites
to make “conditional-ready” Cbx2Flox mice (also referred to as
Cbx2tm1cper theEuropeanMouseMutantCellRepositorynomen-
clature).ToproduceaninducibleCbx2deletion line,Cbx2Floxmice
were crossed to the mice expressing CRE recombinase responsive
to tamoxifen [R26-CreERT2; full genotype: B6.129-Gt(ROSA)
26Sortm1(cre/ERT2)Tyj/J; Jackson Laboratory 008463]. An induc-
ible Cbx2 deletion line with one deleted Cbx2 allele (R26-
CreERT2; Cbx2Δ/Flox) was produced by crossing Cbx2Δ/+ males to
R26-CreERT2/+; Cbx2Flox/Flox females. Cbx2Flox and its derivative
lineswerebackcrossed toC57BL/6Jmicemore than five times.The
Cbx223KRA strain (Lau et al. 2017) is available through the Mutant
Mouse Resource and Research Center (MMRRC; B6J.Cg-
Cbx2tm1.1Rek/Mmnc; stock no. 050534-UNC). TheCbx2Δ strain
has a deletion (mm10, chr11:119,028,119–119,028,164) by
CRISPR/Cas9 that introduces a premature stop codon after amino
acid 171. For the Cbx223KRA strain, only nonstud males were used
for aged phenotyping experiments tominimize the potential influ-
ence of the presence of females on spermatogenesis (Schmidt et al.
2009).All experimentsweredonewithmalemicebetween8and20
wk old, except agedmouse phenotyping in Figure 7, D–F, and Sup-
plemental Figure S7, B–G, where 30- to 45-wk-old mice were used.
Cbx223KRA andCbx2Δ strains were backcrossed to C57BL/6Jmore
than eight times. All C57BL/6J mice used for backcross were ob-
tained from the Jackson Laboratory (stock no. 000664). PCR prim-
ers for genotyping are listed in Supplemental Table S1.

Tamoxifen administration

Tamoxifen (Sigma-Aldrich T5648) was dissolved in corn oil (Spec-
trum Chemical CO136) to a final concentration of 20 mg/mL by
incubating the mixture overnight at 37°C while rotating. Dis-
solved tamoxifen was filtered, and aliquots for daily use were
stored in sterile tubes and kept for up to 4 d at 4°C. For the Cbx2
amplicon single-cell RNA-seq experiments, 150 µL of warmed
(room temperature) tamoxifen/corn oil was injected intraperitone-
ally daily for three consecutive days. For CCND2 and cleaved-Cas-
pase 3 immunostaining experiments, 200 µL of warmed
tamoxifen/corn oil was injected intraperitoneally daily for four
consecutive days to make as complete a Cbx2mutant as possible.

Generation of the Cbx2HA strain

To knock in HA epitope tags at the N terminus of theCbx2 gene,
guideRNA(Synthego), single-stranded repair oligo (Genewiz), and
Cas9 enzyme (Alt-R S.p.Cas9nucleaseV3; IntegratedDNATech-
nologies 1081058) were electroporated into B6 mouse zygotes by

the Genome Modification Facility at Harvard University. DNA
sequences are listed in Supplemental Table S1. A predicted 295-
bp knocked-inDNA fragment (232 bp forWT)was PCR-amplified
from genomic DNA of targeted pups. PCR fragments from four
pups (out of 13) with the expected knock-in size were deep-se-
quenced by theMassachusetts General Hospital Center for Com-
putational and Integrative Biology DNACore (CRISPR amplicon
sequencing). The following 63-bp sequence was knocked in right
after the ATG start codon: TATCCATACGATGTTCCTGAC
TATGCGGGCTATCCCTATGACGTCCCGGACTATGCAGG
ATCC (inserted right after position chr11:119023111, mm10).
One Gly linker (underlined) was placed between HA sequences,
and one GlySer linker (underlined) was placed between the
2xHA and CBX2 proteins (YPYDVPDYAGYPYDVPDYAGS).
Threemice (twoHA/deletionmales and oneHA/HA female) con-
tained the correctly targeted allele. Two foundermales sired prog-
enies. Homozygous Cbx2HA/HA males were produced by crosses
between theprogenyof the twodifferent founders tominimize po-
tential off-target mutations becoming homozygous. Targeted
strains were backcrossed three times to C57BL/6J mice at the
time of immunostaining and CUT&RUN experiments.

Testis dissociation to obtain single cells

Testes were obtained, and tunica albuginea membrane was re-
moved. Released seminiferous tubules were gently separated in
PBS. Roughly separated tubules were incubated in collagenase
type IV in 1 mg/mL DMEM (5 mL for one testis pair; Stem Cell
Technologies, Inc., 07909) at 37°C while rotating. After an initial
10-min incubation, the collagenase solution with released inter-
stitial cells was removed, and the same volume of fresh collage-
nase solution was added to the seminiferous tubules. Tubules
were further dissociated by incubating for another 10 min at
37°C with occasional stirring and pipetting up and down. Disso-
ciated tubules were centrifuged at 300g for 3 min. The superna-
tant was removed, and trypsin (Thermo Fisher Scientific
12605010) solution was added to make a single-cell suspension.
After 5min of trypsin incubation at 37°Cwith occasionalmixing,
dissociated cells were passed through 40-µm-wide cell strainers.
One volume of 4°C DMEM (Thermo Fisher Scientific
11960044) with 10% fetal bovine serum (Sigma-Aldrich F2442)
was added, and the single-cell suspension was centrifuged at
400g for 6 min. Cell pellets were resuspended in 4°C DMEM
with 10% FBS.

Fluorescence-activated cell sorting (FACS)

Cells were resuspended in PBS at 4°C at ∼1×107/mL concentra-
tion. Cells were first stainedwith cell viability dyeZombieGreen
(BioLegend 423111) for 20 min at room temperature. After one
wash with PBS (plus 0.5% [w/v] BSA), cells were incubated
with cell surface antibodies in PBS (plus 0.1% [w/v] BSA) for
30–60 min at 4°C. Antibody product and dilution information
are listed in Supplemental Table S2. After antibody incubation,
cells were washed with 50 mL of 4°C PBS once and then resus-
pended in PBS (plus 0.1% [w/v] BSA) at ∼1× 107/mL concentra-
tion. FACS was performed with BD FACS Melody.

Preparation of cell and tissue lysates for immunoblotting

Dissociated single cells or tissue material were dissolved in SDS
tissue lysis buffer (20 mM Tris-HCl at pH 8.0, 135 mM NaCl,
10% glycerol, 1% Igepal, 1% SDS, 5 mM EDTA). One microliter
of benzonase (25,000 U;Millipore 71205) was added per 200 µL of
lysis buffer. Tissue pieces were homogenized by passing through
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23-gauge and 25-gauge needles consecutively at least 10 times.
Cell and tissue lysates were incubated for ∼15 min at room tem-
perature until the lysates were no longer viscous. If the lysates
were still viscous, they were sonicated with a Bioruptor at
“high” setting for 4 min (30 sec on/30 sec off). Whole-cell or tis-
sue lysateswere used for immunoblottingwithout further separa-
tion by centrifugation.

Western blot

Cell or tissue lysates (10–20 µg) were mixed with 5×Western load-
ing buffer and incubated for 5min at 95°C. Sampleswere then load-
ed onto 4%–20% polyacrylamide gels in Western running buffer
(25 mM Tris, 192 mM glycine, 0.1% [w/v] SDS) at a constant
∼120 V for 2∼3 h. After separation, proteins were transferred to
PVDFmembrane (Fisher Scientific IPFL00010) inWestern transfer
buffer (25 mM Tris, 192 mM glycine, 20% [v/v] methanol) at a
constant 45 mA overnight for a total 400 Vh. After confirming
the transfer with Ponceau staining, membranes were washed
once with wash buffer (PBS, 0.1% Tween 20) and incubated in a
blocking buffer (PBS, 0.1% Tween 20, 5% [w/v] skim milk) for
30min at room temperature.Membraneswere incubatedwith pri-
mary antibodies with the desired concentrations in the incubation
buffer (PBS, 0.1%Tween 20, 2% [w/v] skimmilk) overnight at 4°C.
The concentrations of antibodies and their sources are listed in
Supplemental Table S2. Membranes were washed three times in
the wash buffer (PBS, 0.1% Tween 20) and incubated with second-
ary antibodies conjugated with HRP in the incubation buffer over-
night at 4°C. Membranes were washed three times and developed
with ECL solution (Thermo Scientific 1859698 and 1859701).

Tissue preparations for RNA in situ hybridization, immunostaining,
and histology

Dissected testes and epididymides were fixed in >10 mL of 4%
formaldehyde in PBS (for immunostaining or in situ hybridization)
at 4°C or in Bouin’s fixative (for hematoxylin/PAS staining) over-
night at room temperature with rocking. Testes were cut in half
the next day and fixed with the same fixatives for another 2
h. After washing with water, testes and epididymides were dehy-
drated with successive incubation in 30%, 50%, and 70% ethanol
for 1 h each. Fixed and dehydrated testes and epididymides were
paraffin-embedded and cut to 5-µm thickness for subsequent
experiments.

Immunostaining of testis sections

Cut sections onmicroscope slideswere baked in an oven for 1 h at
60°C. The paraffin was removed by incubating the sections three
times for 10 min in xylene, and residual xylene was washed away
by incubating three times in 100% ethanol for 5 min. Samples
were subsequently rehydrated by incubating in 95%, 85%, and
70% ethanol for 3 min each and rinsed with >4 L of water. Depar-
affinated samples were antigen-retrieved by incubating in boiling
retrieval buffer (10 mM sodium citrate at pH 6.0, 0.05% [v/v]
Tween-20) for 10 min. Boiled slides were cooled and washed
with >4 L ofwater. Sampleswere incubatedwith a blocking buffer
(3% [w/v] BSA, 0.05% [v/v] Triton X-100, PBS) for 30min at room
temperature. Samples were incubated with primary antibodies in
a blocking buffer overnight at 4°C and washed three times with
PBST (0.05% [v/v] Triton X-100, PBS). Primary antibody informa-
tion is listed in Supplemental Table S2. Samples were then incu-
bated with secondary antibodies in a blocking buffer overnight at
4°C and washed four times with PBST. The second wash was
done with PBST with Hoechst 33342 (final concentration 1 µg/

mL; Life Technologies H3570). Both primary and secondary anti-
body incubations were done in a humidified chamber. Coverslips
were put on top of sections with mounting media (VectaShield,
Vector Laboratories H-1000) and sealed with nail polish (Fisher
Scientific 72180). Slides were imaged with a Nikon 90i Eclipse
epifluorescence microscope equipped with an ORCA-ER-1394
CCD camera (Hamamatsu).

Immunostaining of testis tubules

Testis tubules were gently separated in 4°C PBS. Dissociated tu-
bules were fixed in 4% formaldehyde in PBS for 15 min at room
temperature with occasional rocking. Fixed tubules were then
quickly washed twice with PBS, incubated in 100 mM Tris (pH
8.0) for 10 min to quench unreacted formaldehyde, and washed
twice with PBS. Fixed tubules were transferred to 10-cm Petri
dishes in PBST (0.1% Triton X-100). Tubules were cut into
∼1-mm-long pieces under a dissection microscope. When imag-
ing stage VI–VIII tubules, “dark zone” tubules were collected
because in stage VII, spermatids move toward the lumen showing
characteristic dark patterns in the middle of tubules (Kotaja et al.
2004). More than 30 pieces of ∼1-mm-long tubules were trans-
ferred to test tubes using wide-bore tips and blocked in PBST
BSA (0.05% Triton X-100, 3% [w/v] BSA) for >15 min. Tubules
were then incubated with primary antibodies for two nights at
4°C, washed three times with PBST (0.05% Triton X-100), incu-
bated with fluorophore-conjugated secondary antibodies over-
night, and then washed four times with PBST (0.05% Triton X-
100). For the second wash, Hoechst 33342 (final concentration 1
µg/mL; Life Technologies H3570) was added to label nuclei.
Washed tubules were mounted on glass slides, arranged on the
slides in a nonoverlapping manner, and mounted with mounting
media (VectaShield, Vector Laboratories H-1000). Tubules were
imaged with a Leica TCS SP5 confocal microscope with at least
2× line averaging for 1024×1024 pixels. All settings, including la-
ser intensity, gain, offset, and pinhole size, were kept constant be-
tween the samples being compared. Pixel intensitywasmeasured
by manually selecting spermatogonial nuclei with “oval selec-
tions” (6-µm diameter) in Fiji (version 1.53c) (Schindelin et al.
2012).

Immunostaining of dissociated cells on coverslips

Coverslips (12-mm circles, thickness 1; Fisher Scientific 72231-
01) were incubated with poly-D-lysine (R&D Systems 3439-100-
01) for >5 min prior to the cell attachment. One milliliter of dis-
sociated cells from testes (>1 × 105 cells per well) in PBS was ap-
plied on the coverslips in a 24-well plate. The plate was briefly
centrifuged at 80g for 1 min. The attached cells were fixed with
1% (v/v) formaldehyde in PBS for 15 min at room temperature.
After fixation, coverslips were washed twice with PBS and once
with PBST. Coverslips were blocked and incubated with antibod-
ies in 24-well plates as specified in the sections detailing immu-
nostaining of testis. Mounted coverslips were imaged with a
Leica TCS SP5 confocal microscope with at least 2× line averag-
ing for 512× 512 pixels.

CBX2 antibodies

N-terminal FLAGepitope-tagged nearly full-lengthCBX2 (FLAG-
CBX2-ΔCbox, amino acids 1–485) protein was used as an antigen.
C-terminal Cbox was deleted to prevent CBX2 from degradation
when overexpressed without its binding partner, RING1B. CBX2
protein was expressed in Sf9 cells using the baculovirus system
and affinity-purified from nuclear extracts using agarose beads
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coupled with the M2 anti-FLAG antibody (Sigma-Alrich A2220).
One milligram of 1 mg/mL purified CBX2 protein was injected
into two rabbits for initial immunization. Subsequently, 0.2 mg
of 0.5 mg/mL purified CBX2 protein was injected for boosts at
days 14, 21, 49, and 77. Final antisera were obtained on day 91.
Antibodies against CBX2 were affinity-purified using the Affi-
gel-coupled (Affi-Gel 10, Bio-Rad 1536099) FLAG-CBX2-ΔCbox,
concentrated, and stored in PBS with 10% glycerol. All rabbit ex-
periments were done in Cocalico Biologicals with a USDA re-
search license and animal welfare assurance with the National
Institutes of Health (http://www.cocalicobiologicals.com/
Antibodies.html).

RNA in situ hybridization

For tissue sections,Cbx2 in situ hybridization on testis sectionswas
performedusingtheRNAScope (AdvancedCellDiagnostics322300)
based on the manufacturer’s protocol. Antigen retrieval was per-
formed for 10 min in a boiling antigen retrieval buffer. Cbx2 probes
targeted the 541–1606 region of transcript NM_007623.3. Images
were acquired with a Leica DM5000Bmicroscope.
For whole-mount tubules, fixed seminiferous tubule fragments

werecollectedasdescribedin“ImmunostainingofTestisTubules.”
To analyzeA1 spermatogonia in stageVII/VIII tubules andA3 sper-
matogonia in stage XII tubules, “dark zone” and “pale zone+weak
spot” tubules were collected (Kotaja et al. 2004). Collected tubule
fragments were permeabilized in cold 70% ethanol for at least 1 h
at 4°C. In situ hybridization was performed based on the protocol
fromMolecular Instrumentswith the followingmodifications.Hy-
bridizationbuffercontaining4nMeachprobesetwasaddeddirectly
topreamplificationbufferbecause the tubule segmentsdidnot sink
and it was hard to remove preamplification buffer. Hybridization
wasperformed inahybridizationoven for >12hat 37°C.Amplifica-
tion was performed with 60 nM each amplifier oligo for >12 h at
room temperature. For the secondwash, Hoechst 33342 (final con-
centration 1 µg/mL; Life Technologies H3570) was added in the
wash buffer to label nuclei. Tubules were imaged with a Leica
TCS SP5 confocal microscope with at least 2× line averaging for
1024×1024 pixels. Five images were acquired in 1-µm intervals
for each acquisition and processed tomake a combined Z-stack us-
ing ImageJ’s “Z projection” with “maximum intensity.” All set-
tings, including laser intensity, gain, offset, and pinhole size, were
kept constant between the samples being compared.

Generation of DNA-FISH and RNA-FISH probes

For DNA-FISH, HoxD (mm10, chr2:74653050–74762090) and
gene desert (mm10, chr11:37675694–38150801) probes were
Alexa 647-labeled Oligopaint probes used in the previous study
(Kundu et al. 2017) and generated based on the published protocol
(Beliveau et al. 2012). HoxB (mm10, chr11:96349820–96368979)
and the Cbx2 floxed region (mm10, 119023798–119026717)
were visualized using SABER-FISH, and the probes were generat-
ed based on the published protocol (Kishi et al. 2019) with the fol-
lowing modifications. The primer exchange reaction (PER) was
performed for at least 3 h. The resulting probe concatemer length
was verified using agarose gel electrophoresis with EtBr after
making the concatemer part of the probes double-stranded by hy-
bridizing nonfluorescent imager oligos. SABER-FISH oligo se-
quences are listed in Supplemental Table S1.
For RNA-FISH, HCR probe sets against Ccnd2 (NM_009829.3)

and theCbx2 floxed region (mm10, 119023798–119026717) were
designed byMolecular Instruments. Thirty probes were designed
per target. Ccnd2 probes were coupled with amplifier B2, and
Cbx2 probes were coupled with amplifier B3.

Coimmunofluorescence staining DNA-FISH

FACS-sorted germ cells were attached to the coverslips and
immunostained with the desired antibodies with the staining
protocol described in “Immunostaining of Dissociated Cells on
Coverslips.” After staining, cells were refixed with 4% formalde-
hyde in PBS for 15 min. Coverslips were then washed twice with
PBS and incubated with RNase A (Qiagen 19101) in PBS for 1 h at
37°C. After RNA removal, coverslips were dehydrated by succes-
sively incubating in 70%, 85%, 95%, and 100% ethanol for 1min
each. Dried coverslips were incubated with FISH hybridization
buffer (50% [v/v] formamide, 2× SSC, 10% [v/v] dextran sulfate,
100 ng/µL fragmented salmon sperm DNA, 5 pmol of target
probe). After DNA denaturation by incubating coverslips for 10
min at 78°C in a thermocycler, coverslips were then incubated
in the humidified chamber overnight at 42°C. The next day, cov-
erslips were washed four times with 2× SSC. The second wash
was donewith 2× SSCwith 1 ng/µLHoechst 33342 (Life Technol-
ogies H3570). After the final wash, the coverslips were mounted
on slides with mounting medium (Vector Laboratories H-1000).
Mounted coverslips were imaged with a Leica TCS SP5 confocal
microscope with at least 2× line averaging 512 ×512 pixels.

Quantification of germ cells in histological sections

Seminiferous tubule stages were determined based on character-
istic cellular organizations (Ahmed and de Rooij 2009) after peri-
odic acid Schiff (PAS) and hematoxylin staining of Bouin-fixed
testis sections. Spermatogonia (A1 and undifferentiated) and pre-
leptotene spermatocytes were counted in stage VII/VIII tubules.
Spermatogonia (A3 and undifferentiated) and zygotene spermato-
cytes were counted in stage XII tubules. The size of the tubule pe-
rimeter was measured to normalize cell numbers to a standard
tubule size. Only the sections cut perpendicular to the tubule
axis were counted to have a consistent number of germ cells at
the basement membrane for a given tubule perimeter. Cell num-
bers from at least 15 stage VII/VIII and 10 stage XII tubules were
counted per animal from two regions of a testis.

RNA-seq

c-KIT+ spermatogoniawere isolated as described in “Testis Disso-
ciation to Obtain Single Cells” and “Fluorescence-Activated Cell
Sorting (FACS).” More than 100,000 c-KIT+ cells were isolated
and centrifuged to remove sorting buffer. Cell pellets were
snap-frozen in liquid nitrogen and stored at −80°C. RNAwas iso-
lated using Trizol-based phase separation, followed by column-
based purification (RNeasy mini, Qiagen 74104). We used
SMART-seq mRNA LP (Takara 634768) following the manufac-
turer’s manual to make the RNA-seq libraries for theCbx2KO ex-
periments. Cells from two control (R26-CreERT2; Cbx2Flox/+,
mock-injected) and two experimental (R26-CreERT2/+; Cbx2Δ/Flox,
tamoxifen-injected) animals were used. Equal amounts of total
RNA (20 ng) were used as the starting material for each library.
cDNA was amplified with seven PCR cycles. Equal amounts of
cDNA (1.3 ng) were used for library preparation. Eleven cycles
of library-amplifying index PCRs were performed.
We used SMARTer stranded total RNA-seq kit v2 (Takara

634411) following the manufacturer’s manual to generate RNA-
seq libraries for Cbx223KRA experiments. Cells from five control
(Cbx2+/+) and five experimental (Cbx223KRA/23KRA) animals were
used. cDNA was amplified with five PCR cycles. Subsequently,
ribosomal cDNA was depleted, and unfragmented remaining
cDNA was indexed and amplified with 16 PCR cycles.
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Single-cell RNA-seq

We used Chromium single-cell 3′ library and gel bead kit v2 (10X
Genomics 120267) for single-cell RNA-seq from wild-type adult
testes. Testes were dissociated as described in “Testis Dissocia-
tion to Obtain Single Cells.” Dissociated cells were diluted to
1000 cells/µL, and a total of 5200 cells (5.2 µL) was loaded into
the Chromium controller to obtain RNA-seq profiles of ∼3000
cells. After producing emulsions encapsulating gel beads and
cells, reverse transcription and 12 cycles of PCR were performed
to produce cell-barcoded amplified cDNA. Illumina sequencing-
ready libraries were produced from 200 ng of the amplified
cDNA based on the manufacturer’s protocol. Twelve cycles of li-
brary amplification indexing PCR were performed.

Genotyping of Cbx2 amplicon from single-cell RNA-seq

Single-cell analysis with targeted genotyping was done by adapt-
ing “genotyping of transcriptome” (GoT) (Nam et al. 2019) and V
(D)J region amplification of T or B cell receptor protocol by 10X
Genomics. We aimed to make specific Cbx2 amplicons from
cell-barcoded cDNA to amplify cDNA fragments and sequence
exon5 junctions to distinguish wild type (exon4 spliced to
exon5) and mutant (exon2 spliced to exon5 after the deletion of
exon3,4) for specific cell barcodes. c-KIT+ spermatogonia were
sorted to a concentration of ∼300∼600 cells/µL, and ∼8000 cells
were loaded into the Chromium controller. Single-cell barcoded
cDNA was made with Chromium Next GEM single-cell 5′ re-
agent kits (10X Genomics 1000265) based on the manufacturer’s
protocol with 14 PCR cycles of cDNA amplification. We used 5′

barcoding instead of 3′ barcoding because deleted exons of Cbx2
were close to the 5′ end of the gene. Illumina sequencing-ready li-
brarieswere produced from50 ng of the amplified cDNAbased on
themanufacturer’s protocol. Fourteen cycles of library amplifica-
tion indexing PCR were performed.
To generate Cbx2 amplicons, we performed nested PCRs to

amplify Cbx2-specific cDNAs with cell barcodes. In the second
PCR step of the nested PCR,Cbx2-specific primer that had a par-
tial Illumina read2 sequence was used. The Cbx2-specific second
nested primer also contained “stagger” sequences between the
Cbx2-specific region and partial read2 to increase library com-
plexity for accurate base calls during Illumina sequencing. We
confirmed the amplification of the correct-sized bands corre-
sponding to wild-type and deleted Cbx2 amplicons by agarose
gel electrophoresis. The amplified bands were excised and gel-pu-
rified. Index PCRwas performed to make the final Illumina-com-
patible libraries with unique indices with 10X Genomics-
provided index PCR primers. Cbx2 amplicon libraries were
pooled with standard 10X Genomics single-cell gene expression
libraries to occupy ∼2% of total reads. Four samples were se-
quenced in one P3 lane on a NextSeq 2000 (NextSeq 2000 P3 re-
agents [100 cycles] 20040559).

CUT&RUN

CUT&RUN (Skene and Henikoff 2017) was performed with the
following modifications. For FACS purification, >100,000 c-
KIT+ spermatogonia were attached to poly-D-lysine-coated
(R&D Systems 3439-200-01) 24-well plates by centrifugation at
80g for 1 min (instead of binding to Concanavalin A beads). For
low-input CUT&RUN, >20,000 THY1+- and ITGa6+- or c-KIT+-
sorted cells were used. After the attachment, cells were fixed
with 1% formaldehyde in PBS for 15 min. After two PBS washes
and one PBST wash (0.05% [v/v] Triton X-100), cells were incu-
bated with primary antibodies in PBST BSA (0.05% Triton X-
100, 3% BSA) overnight at 4°C. The next day, cells were washed

twice with PBST and finally washed with 2 mM PBST EDTA.
Cells were then incubated with 500 ng/mL pA-MNase (protein
A-MNase) in PBST BSA EDTA for >1 h at 4°C. After pA-MNase
binding, cells were washed twice with PBST EDTA, and the plate
was placed onwet ice. Cells were then incubated in 200 µL of pre-
chilled PBST with 2 mMCaCl2 for 30 min. After MNase cutting,
200 µL of stop solution (340 mM NaCl, 20 mM EDTA, 4 mM
EGTA, 50 µg/µL RNase A) was added, and the plate was placed
for 15 min in a 37°C oven. Released cut fragments were
decross-linked in 0.1% SDS and 125 µg/mL proteinase K
(Sigma-Aldrich 03115828001) for >12 h in a 65°C oven. DNA
was phenol-chloroform-extracted and sodium acetate/ethanol-
precipitated. Resuspended DNA was further cleaned using 2.0×
solid phase reversible immobilization (SPRI) beads to remove re-
sidual salts. Illumina sequencing libraries were generated based
on a published protocol (Bowman et al. 2013) with the following
modifications. SPRI beads were used in 2.0× ratio following end
repair and A-tailings steps instead of 1.8×. Adapters were used
at 2 nM final concentration instead of 10 nM. PCR extension
was done for 30 sec instead of 45 sec. Between 12 and 17 cycles
of library amplification indexing PCRwere performed. The num-
ber of PCR cycles was determined in the exponential phase by a
prerun of 10% of reaction with SYBR Green dye in a real-time
PCR machine.
For low-inputCUT&RUN,DNAwas extractedusingQIAquick

PCRpurification kit (Qiagen 28104) after releasing cut fragments.
Illumina sequencing libraries were generated using NEBNext
Ultra II DNA library preparation kit for Illumina kit (New
England Biolabs E7645) based on themanufacturer’s instructions.
Adapters were used at 0.6 µM working concentration. Eleven
cycles of library amplification indexing PCR were performed.

Computational analyses

Bulk RNA-seq ForCbx2KO experiments, low-quality reads (Phred
score 20) and adapter-containing reads (stringency 1) were
trimmed using trim_galore (version 0.4.3) (Martin 2011).
Trimmed reads were mapped to the mouse genome (mm10)
with default parameters using STAR (version 2.5.3) (Dobin et al.
2013). Mapped reads were filtered with quality score 10 (-q 10),
and only properly paired readswere retained (-f 2) using SAMtools
(version 1.4.1) (Li et al. 2009). Counts per gene were obtained us-
ing featureCounts function of the subread package (version 1.5.0)
(Liao et al. 2014). Using the count table, differentially expressed
genes of c-KIT+ spermatogonia between two Cbx2WT and two
Cbx2KO animals were identified using the R (version 4.1.0) pack-
age edgeR (version 3.34.0) (Robinson et al. 2010). Because gene
misexpression can be subtle and stochastic by mutations in
cPRC1 components, a nonstringent cutoff of log fold change 0.2
and uncorrected P-value of 0.05 were used to obtain a sufficient
number of genes to analyze their characteristics as a group.
Data from Cbx223KRA experiments were processed identically
to those of the Cbx2KO experiment, except counts per gene
were obtained with the strand parameter “-s 2” of featureCounts
to account for the stranded library.

Analysis of standard single-cell RNA-seq For adult testis (Fig. 1),
Cellranger count (Cellranger/2.0.0) was used to map FastQ files
to the mouse genome (refdata-cellranger =mm10-1.2.0). We pro-
cessed 141 million reads to obtain 875 cells with 162,000 mean
reads and 2593 median number of detected genes per cell. Ten
principal components were used for t-SNE visualization and k-
means clustering. Data were visualized by the Loupe browser
(10X Genomics).
For P15 testis (Fig. 2), P15 single-cell RNA-seq data were ob-

tained from ArrayExpress (E-MTAB-6946, P15: do18195) (Ernst
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et al. 2019). Cellranger count (cellranger/3.0.2) was used to map
FastQ files to the mouse genome (refdata-cellranger-mm10-
3.0.0) and obtain mtx files with UMI number-filtered raw expres-
sion values in each cell.
R package Seurat (R 3.6.3, Seurat 3.1.4) was used for all subse-

quent analyses (Stuart et al. 2019). Cells with >1000 detected
RNAwere used (nFeature_RNA>1000) as done previously (Ernst
et al. 2019). Ten principal components were used for clustering.
From the initial clusters, spermatogonia and early spermatocytes
were identified and chosen as a subset (3830 cells). The subset
was reclustered with 10 principal components and resolution
0.25. Expression levels of groups of genes per cell were obtained
by AddModuleScore function. Default parameters were used for
all of the above analyses unless otherwise specified.

Analysis of amplicon single-cell RNA-seq of Cbx2-inducible KO Cell-
ranger count (cellranger/6.0) was used to map FastQ files to the
mouse genome (refdata-cellranger-mm10-3.0.0) and to obtain
gene expression counts per cell. R package Seurat (R 4.1.0, Seurat
4.0.4) was used for subsequent analyses (Hao et al. 2021). Cells
were filtered by (1) nFeature_RNA >2000, (2) mitochondrial RNA
percentage <7.5, (3) percent occupied by the largest gene <3, and
(4) RNA count and feature ratio <5.5 (see scripts posted onGithub).
Four control and four inducible KO samples were integrated to
align cell populations across all four samples. Two control samples
each generated fromdifferentmouse litters and batches of reagents
were used as initial references for integration. Integrated data were
then scaled and processed with 20 principal components for clus-
tering. Differential gene expression tests were performed by the
FindMarkers function of Seurat using Wilcoxon rank sum test.
Cbx2 genotypes were assigned based on independent Cbx2

amplicon sequencing data using a custom Python script.
The script identified “TGGCGCATCTGGTTCCTTGAGCTTG
GAGCG” (WT, exon5 [underlined] linked to exon4) or “TGG
CGCATCTGGTTCTTGGAGGACCAGCCG” (Mut, exon5 [un-
derlined] linked to exon2) from the read2 of the paired-end reads
and assigned the genotypes to the associated read1 (UMI-bar-
code). When an UMI was assigned to two different genotypes,
likely due to PCR chimera formation, the genotypewas left unas-
signed unless reads supporting one genotype were present 10
times more than the other genotype. A cell was assigned to be
“Mut” when all Cbx2 amplicon reads showed recombina-
tion (exon5 linked to exon2) and otherwise was assigned to be
“WT or Het.” Only the cells that had at least four UMIs linked
to Cbx2 sequence were assigned genotypes. The metadata for
their genotypes (WT/Het or Mut) were added to the Seurat object
by the AddMetaData function.

Analysis of CUT&RUN data Paired-end FastQ reads were quality-
trimmed (score 20) with stringency 1 using trim_galore (version
0.4.3) (Martin 2011). Trimmed readsweremapped to themm10 ge-
nome using bowtie2 (version 2.3.1) with the end-to-end option
(Langmead and Salzberg 2012). Mapped reads were quality-filtered
with MAPQ >10, and only properly paired reads were retained us-
ing SAMtools (version 1.4.1) (Li et al. 2009). Picard (version 2.17.1;
http://broadinstitute.github.io/picard) was used to remove dupli-
cate reads. Alignment files (bam) were converted to bigwig files us-
ing Deeptools (version 2.2.4) by normalizing with RPKM (Ramírez
et al. 2016). Peaks were identified by using MACS2 (version 2.1)
with the “‐‐broad” option by comparing CUT&RUN results using
CBX2 antibodies (experimental) with IgG (control) or using HA an-
tibodies applied to Cbx2HA/HA (experimental) or Cbx2+/+ (control)
mice (Zhang et al. 2008). CBX2 target genes were selected by first
choosing the genes with transcription start sites overlapping
with the CBX2 peaks and only retaining the ones with more than

one CBX2 (antibodies 855 and 856) or CBX2-HA (antibodies
16B12 and ab9110) CUT&RUN result showing that the gene is a
target. Enrichment heat maps and numeric data for averaged plots
were obtained using the computeMatrix tool from Deeptools. Av-
eraged plots were drawn by Matlab. Promoter-associated enrich-
ment scores were obtained using the multiBigwigSummary
function of Deeptools. For a comparative visualization of
CUT&RUN experiments in two different cell types (e.g., wild
type vs. 23KRA), signal intensities for the same antibody
were TMM-normalized with values from all 27,848 promoters ±5
kb centered at TSSs using EdgeR’s calcNormFactors function.

Data availability

The data sets and computer code produced in this study are avail-
able in the following databases: Single-cell RNA-seq data are avail-
able at Gene Expression Omnibus under accession number
GSE210368 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE210368). Bulk RNA-seq data are available at Gene Expres-
sion Omnibus under accession number GSE222146 (https://www
.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222146). CUT&RUN
data are available at Gene Expression Omnibus under accession
number GSE210367 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE210367). All analysis scripts are available at
https://github.com/jongminkmg/Cbx2.
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