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Abstract
BRUCE is a DNA damage response protein that promotes the activation of ATM and ATR for homologous recombination
(HR) repair in somatic cells, making BRUCE a key protector of genomic stability. Preservation of genomic stability in the
germline is essential for the maintenance of species. Here, we show that BRUCE is required for the preservation of genomic
stability in the male germline of mice, specifically in spermatogonia and spermatocytes. Conditional knockout of Bruce in
the male germline leads to profound defects in spermatogenesis, including impaired maintenance of spermatogonia and
increased chromosomal anomalies during meiosis. Bruce-deficient pachytene spermatocytes frequently displayed persistent
DNA breaks. Homologous synapsis was impaired, and nonhomologous associations and rearrangements were apparent in up
to 10% of Bruce-deficient spermatocytes. Genomic instability was apparent in the form of chromosomal fragmentation,
translocations, and synapsed quadrivalents and hexavalents. In addition, unsynapsed regions of rearranged autosomes were
devoid of ATM and ATR signaling, suggesting an impairment in the ATM- and ATR-dependent DNA damage response of
meiotic HR. Taken together, our study unveils crucial functions for BRUCE in the maintenance of spermatogonia and in the
regulation of meiotic HR—functions that preserve the genomic stability of the male germline.

Introduction

BRUCE is a ubiquitously expressed protein with both
ubiquitin conjugase (E2) and ligase (E3) activities [1–3].
BRUCE possesses several important pro-cell survival
functions. Initially identified as a member of the inhibitor of
apoptosis protein family, BRUCE promotes survival
through suppressing caspase activity, thus inhibiting apop-
tosis [1, 4–6]. Studies of Bruce whole-body knockout (KO)
mice revealed that Bruce is essential for embryogenesis
[2, 5–7]. Furthermore, Bruce KO mouse embryonic

fibroblasts evinced upregulation of the tumor suppressor
p53 and displayed elevated cell death via the mitochondrial
apoptosis pathway [6].

BRUCE is also a critical regulator of the DNA damage
response (DDR). The DDR is a sophisticated cellular
network that protects genomic stability by sensing DNA
damage, activating cell cycle checkpoints, and executing
DNA repair [8, 9]. In response to DNA damage, the ATM
and ATR kinases propagate signals that activate DNA
repair pathways [10–13]. ATM is activated mainly in
response to DNA double-strand breaks (DSBs), whereas
ATR is activated chiefly in response to damaged single
strand DNA (ssDNA) bound by RPA (replication protein
A), a protein-DNA conformation present primarily at
DNA replication forks [10–13]. In our previous reports,
we demonstrated that BRUCE is a guardian of the gen-
ome. It promotes both ATM [8, 9] and ATR [14] signaling
and ablation of BRUCE-induced homologous recombi-
nation (HR) defect [9]. Consequently, cells exhibit
abnormal chromosomal structures (gaps, breaks, poly-
ploidy, and telomere end-end associations) [8, 9], stalled
DNA replication forks and increased firing of cryptic
replication origins [14].

Preservation of genomic stability in the germline is
essential for the maintenance of species. The maintenance
of spermatogonia is critical for germ cell self-renewal to
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maintain the long-term production of sperm over the
course of adult life. Meiosis is another critical aspect of
germline maintenance. In meiosis, developmentally pro-
grammed DNA DSBs occur to initiate meiotic recombi-
nation [15], which promotes the reshuffling of genetic
material between maternal and paternal alleles for pro-
ducing genetic variation in the next generation [16, 17].
Meiotic DNA DSBs are potential sources of genomic
instability and, thus, necessitate the existence of specia-
lized mechanisms to preserve germline genomic stability.
However, in spermatogonia and in meiotic spermatocytes,
the mechanisms by which genomic stability is preserved
remain a mystery.

To gain more mechanisms that preserve genomic stabi-
lity in the germline, we have investigated the function of
BRUCE and identified novel functions for BRUCE in
spermatogonial maintenance and meiotic DDR. Our work
demonstrates that BRUCE is a critical regulator of genomic
stability in the germline.

Materials and methods

Mouse strains and husbandry

Mice harboring two conditional Bruce alleles (Bruceloxp/loxp)
were crossed with UBC-Cre-ERT2-positive mice (JAX,
008085). All mice were backcrossed to pure C57Bl/6 mice.
Breeding was in keeping with IACUC guidelines at the
University of Cincinnati.

Induction of Bruce depletion in mice

To recombine the BRUCE floxed allele using the Cre-
ERT2 transgenic system, tamoxifen (MP Biomedicals) was
solubilized in corn oil (Sigma, C8267) to a concentration
of 20 mg/mL. Starting at P7, 10 µL tamoxifen solution
was delivered into each mouse pup via intraperitoneal
injection (i.p.) for three consecutive days (P7–P9).
Tamoxifen administration was performed before geno-
typing to ensure blinded. Mice were then sacrificed and
assayed randomly at the ages of postnatal day 20 (P20)
and 7 weeks (P49).

PCR analyses

DNA was extracted from the indicated mouse tissues and
subjected to dual PCR for the Bruce floxed allele and the
cKO allele. The following primers were used: SC1 (ATG
TGCTGGGGTGGCTCATCAAC) and NDEL2 (GCCCTG
GGCTATTACTACACATAAGCC). Locations of primer
binding are shown in the schematic of the Bruce floxed and
cKO regions (Fig. 1a).

Western blot analyses

Tissues from Bruce Ctrl and cKO mice were homogenized
and lysed in RIPA buffer (20 mM Tris-HCI pH 8.0, 150
mM NaCl, 2 mM EDTA, 1% NP40, 1% sodium deox-
ycholate, 0.1% SDS) supplemented with protease inhibitors
(Thermo Scientific, 88668). After clearing via centrifuga-
tion, the supernatant was collected for western blot
analyses.

Histology, TUNEL staining, and
immunohistochemistry

Testes and epididymides were fixed overnight at room
temperature in 10% neutral-buffered formalin, embedded in
wax, sectioned at 5–7 µm thickness, and stained with
hematoxylin and eosin (H&E). Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining was
performed following the manufacturer’s instructions (Mil-
lipore, S7110). For immunohistochemistry and immuno-
fluorescence analyses, testis slides were antigen-retrieved
with sodium citrate buffer (pH 6.0) and incubated with
primary antibodies overnight at 4 °C. Then, slides were
incubated with biotin-conjugated secondary antibodies,
which were detected by 3,3′-Diaminobenzidine staining
using an immunohistochemistry VECTASTAIN ABC kit
(Vector Laboratories, PK-6100) or via Alexa-conjugated
secondary antibodies (Thermo Fisher). For immuno-
fluorescence analyses, slides were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI).

Immunofluorescence microscopy analyses of
spermatocyte chromosome spreads

Surface-spread nuclei were prepared as described pre-
viously [18]. Briefly, seminiferous tubules were incubated
in hypotonic extraction buffer (30 mM Tris, 50 mM sucrose,
17 mM trisodium citrate dihydrate, 5 mM EDTA, 0.5 mM
DTT, 1× protease inhibitor cocktail; adjusted to pH 8.2 with
HCl and/or NaOH) on ice for ~2–3 h, gently minced in
100 mM sucrose, and spread on slides dipped in fixation
solution (2% PFA, 0.15% Triton X-100, 0.02% SDS;
adjusted to pH 9.2 with sodium borate buffer). Slides were
incubated in a humid chamber for 2 h, dried ~30 min, and
then washed in 0.4% Photo-Flo 200 (Kodak).

Immunofluorescence staining was performed following
blocking in 10% BSA; primary antibodies were incubated
overnight at 4 °C, and Alexa-conjugated secondary anti-
bodies incubated at room temperature for ~1 h in darkness.
Slides were mounted with coverslips using mounting
medium containing DAPI. Images were acquired with a
fluorescence microscope (Zeiss or Nikon) and processed
with ImageJ (NIH) and/or NIS-Elements Basic Research
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Fig. 1 Conditional inactivation of Bruce in mice results in reduced
testis size and germ cell depletion. a Tamoxifen treatment scheme to
generate Bruce cKO (Bruceloxp/loxp; UBC-Cre-ERT2) and Ctrl (Bruce-
loxp/loxp) mice. Mouse pups were exposed to tamoxifen via intraper-
itoneal injections once a day on postnatal days 7, 8, and 9 (P7–9). For
analyses, all mice were sacrificed at 7 weeks of age (P49). b Eva-
luation of KO efficiency in testes via PCR (left) and western blot
(right) analyses. The PCR primers SC1 and NDEL2 were used (see
Fig. S1A, “Materials and methods”). c Photos of testes at 7 weeks of
age show smaller testis sizes in Bruce cKO mice compared with Ctrl
mice. Testis/body weight ratios are shown in a dot plot to the right.
Data are aggregated from 7 Ctrl and 11 cKO mice. Horizontal line,
mean. Student’s t test, ***p < 0.001. d Hematoxylin and eosin (H&E)
analyses of testis sections at 7 weeks of age. Frequencies of different
cell types in Bruce Ctrl and cKO testes are shown in a dot plot to the

right. Data are aggregated from two independent Bruce Ctrl-cKO lit-
termate pairs. Horizontal line, mean. Student’s t test, ***p < 0.001. ST
Sertoli cells; SG spermatogonia; SP spermatocytes; RS round sper-
matids; ES elongating spermatids. e Immunohistochemistry (IHC) of
SOX9, a marker of Sertoli cells, in Bruce Ctrl and cKO testis sections
at 7 weeks of age. Frequencies of Ctrl and cKO tubules bearing only
Sertoli cells are shown in a bar graph to the right. Data are aggregated
from two independent Bruce Ctrl-cKO littermate pairs (tubule number,
Ctrl= 41, cKO= 76). Error bar, standard deviation. Student’s t test,
***p < 0.001. f H&E analyses of epididymis sections from Bruce Ctrl
and cKO mice at 7 weeks of age. Frequencies of Ctrl and cKO empty
epididymides are shown in a bar graph to the right. Data are aggre-
gated from three independent Bruce Ctrl-cKO littermate pairs (epidi-
dymal ducts number, Ctrl= 47, cKO= 214). Error bar, standard
deviation. Student’s t test, ***p < 0.001.
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(Nikon), CorelDRAW X7, Photoshop (Adobe), and Illus-
trator (Adobe).

Fluorescence intensity of ATR signals in spermatocyte
chromosome spreads were measured with NIS-Elements
Basic Research software (Nikon) following a published
workflow [19] for quantitative imaging of surface-spread
spermatocyte nuclei. Minor alterations to the workflow are
described here. Briefly, regions of interest (ROIs) were
drawn around pachytene spermatocyte XY body regions,
denoted as “XY” in Fig. S4D, and pachytene spermatocyte
nuclear regions excluding XY bodies, denoted as “Au.” (for
“autosome regions”) in Fig. S4D. Since XY bodies are not
present in zygotene spermatocytes, Au. ROIs were drawn
around the whole perimeters of zygotene nuclei. To facil-
itate comparisons between Bruce Ctrl and cKO samples, we
normalized fluorescence signals on a relative scale (0–2.0).
To do so, we calculated the mean of all Bruce Ctrl mid
pachytene XY body ROI signals, ‘(Σ CtrlXYMP) ÷ (N
CtrlXYMP)= µ CtrlXYMP’; then, we divided each individual
Ctrl and cKO XY and Au. ROI measurement by ‘µ
CtrlXYMP’ as in, for example, the following calculation for
an individual Au. ROI measurement of a Bruce cKO late
pachytene spermatocyte: ‘(ROI cKOAu.LP) ÷ (µ CtrlXYMP)’.
For each sample, this provided a value for ROI signals
termed the “relative mean fluorescence intensity” (RMFI),
i.e., ‘XYRMFI’ or ‘Au.RMFI’. ‘XYRMFI’ and ‘Au.RMFI’ sam-
ples were collected into separate pools by genotype. The
pools were then subdivided by the following stages of
meiotic prophase I: the zygotene stage (Z), the early
pachytene stage (EP), the mid pachytene stage (MP), and
the late pachytene stage (LP). Using Excel (Microsoft) and
Prism 6.0 or 7.0 (GraphPad), statistical analyses were run
on the subdivided pools, and mean+ standard error for each
subdivided pool was derived and plotted.

RNA FISH

Slides that conserve the gross three-dimensional nuclear
organization, chromatin organization, and morphology of
mouse male germ cells were prepared as described [20, 21].
Using these slides, Cot-1 RNA FISH was performed as
described [20, 22], and gene-specific RNA FISH for Lamp2
probe conjugated to the fluorophore Cy3 was performed as
described [22, 23].

Data analysis

Images of Bruce Ctrl and cKO chromosomes were rando-
mized and subject to blinded measurements. Details for
statistical analyses and sample sizes are described in rele-
vant portions of the figures, figure legends, supplementary
figures, and/or supplementary figure legends. In pre-
determining sample sizes, we sought to analyze a minimum

of two independent Bruce Ctrl-cKO littermate pairs; many
analyses drew on three or more Bruce Ctrl-cKO littermate
pairs. No statistical calculations were used to predetermine
sample sizes, and no data were excluded from analyses. As
noted, results were expressed as either means, means+
standard deviation, or means+ standard error. Unless
otherwise noted, the statistical significance of observed
differences was derived from two-tailed Student’s t tests; for
Fig. S4C, the statistical significance of observed differences
was derived from one-way ANOVA and Tukey’s method
posttest. Measurements were recorded in Excel (Microsoft)
and Prism 6.0 or 7.0. Statistical tests were performed with
Excel and Prism 6.0 or 7.0.

Antibodies

For western blots and immunohistochemistry: BRUCE
(Bethyl, A300–367A, 1:1000); Tubulin (Sigma, T9026,
1:4000); SOX9 (Cell Signaling, 82630, 1:500); Cleaved
Caspase-3 (Cell Signaling, 9664, 1:200).

Primary antibodies for immunofluorescence: c-KIT (Cell
Signaling, 3074, 1:400); PLZF (SCBT, sc-28319, 1:200);
SYCP3 (Novus, NB300–232, 1:200; SCBT, sc-74569,
1:400); SYCP1 (Novus, NB300–229, 1:200); γH2AX
(Millipore, 05–636, 1:10000); RNA Pol II (Millipore,
05–952, 1:200); pATM (Calbiochem, DR1002, 1:200);
ATR (SCBT, sc-515173, 1:100); BRCA1 (generated in the
Namekawa lab [24], 1:2000); RAD51 (Calbiochem, PC130,
1:200); RPA1 (gift from the Ingles lab, 1:100); HORMAD1
(gift from the Tóth lab, 1:500); and HORMAD2 (gift from
the Tóth lab, 1:800).

Secondary antibodies for immunofluorescence: Alexa
Fluor 488 (Thermo Fisher); Alexa Fluor 555 (Thermo
Fisher); Alexa Fluor 594 (Thermo Fisher).

Results

Generation of Bruce conditional knockout (cKO)
mice

To investigate the function of BRUCE in the germline, we
generated a Bruce cKO mouse model using a floxed mouse
strain in which Bruce exon 2 is flanked with loxp sites [14]
(Fig. S1A). The floxed Bruce strain was bred with a strain
of transgenic mice in which Cre-ERT2 is driven by the
ubiquitous UBC (ubiquitin C) promoter (UBC-Cre-ERT2;
Fig. S1B) [25]. To induce the cKO of Bruce, mouse pups
were treated with tamoxifen on postnatal days 7–9 (P7–P9)
and sacrificed on P20 or 7 weeks of age (P49) for pheno-
typic examinations (Fig. 1a). The cKO of Bruce was highly
efficient throughout the body (Fig. S1C, D), including in the
testes (Fig. 1b). Importantly, this transgenic breeding
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scheme bypasses the embryonic lethality of Bruce KO,
thereby establishing a new Bruce cKO mouse model that
enables investigations into the functions of BRUCE in
adult mice.

Spermatogenic failure in Bruce cKO testes

Following tamoxifen induction on P7–P9, neonate Bruce
cKO mice develop normally based on appearance and body
size similar to that of Bruce Ctrl littermates (data not
shown). At 7 weeks of age, no discernible changes were
found except for the testes: cKO testes were much smaller
than those of Ctrl with a significant reduction in the testis/
body weight ratio (Fig. 1c). Histological examinations
found that cKO seminiferous tubules were significantly
reduced in size, and only 1–3 layers of cells remained
(Fig. 1d). By quantification of the frequency of each germ
cell type, we noted slightly increased proportions of sper-
matocytes and spermatogonia, and dramatically decreased
round and elongating spermatids (Fig. 1d). This relative
increase in spermatogonia and spermatocytes could be due
to the massive depletion of postmeiotic germ cells. In
addition, more than 60% of cells remaining in Bruce cKO
seminiferous tubules were Sertoli cells (Fig. 1d), confirmed
by immunostaining for SOX9, a Sertoli cell marker
(Fig. 1e) [26, 27]. The proportion of the tubules having only
Sertoli cells was 41.4% (Fig. 1e). Consequently, the cKO
epididymides were largely empty (Fig. 1f).

Through IHC analyses of Bruce Ctrl mice, we deter-
mined that BRUCE protein was abundant in spermatogonia,
spermatocytes, and spermatids (Fig. 2a). Thus, we sought to
determine the function of BRUCE in differentiated and
undifferentiated spermatogonia by PLZF [28, 29] and c-KIT
antibodies [30, 31], respectively. These analyses showed a
paucity of undifferentiated (Fig. 2b) and differentiating
(Fig. 2c) spermatogonia in cKO, supporting a critical
function of BRUCE not only for spermatocyte development
but also for spermatogonial maintenance.

The severe germ cell loss is intriguing since Bruce is an
inhibitor of apoptosis, and the elimination of Bruce may
activate the apoptotic program in the testes. To assess this
possibility, we examined the stage of spermatogenesis in
which severe germ cell loss occurs by TUNEL and Cleaved
Caspase-3. In comparison to Ctrl, we observed a dramatic
increase in TUNEL (Fig. 2d) and Cleaved Caspase-3 signals
(Fig. 2e) in cKO. Based on cell morphology, the majority of
apoptotic cells appeared to be spermatocytes (Fig. 2d, e).
Because the selective deletion of Bruce in early embryonic
stages presents a highly technical challenge, we were unable
to determine the function of Bruce in primordial germ cells
or oocytes in meiotic prophase I.

To expand our understanding of BRUCE’s roles in
juvenile testis development, we examined P20 mice. In

contrast to the Bruce Ctrl testes, far fewer spermatocytes
were present in the cKO (Fig. S2A), and such a scarcity was
associated with increased apoptosis as indicated by TUNEL
(Fig. S2B). IHC analyses showed that BRUCE expression
was ablated in cKO testes (Fig. S2C).

Meiotic DNA repair deficiencies in Bruce cKO
spermatocytes

Next, to identify the cause of germ cell loss in the absence
of Bruce, we examined the spermatogenesis at 7 weeks of
age. During meiotic prophase I, spermatocytes progress
sequentially through the following stages (Fig. 3a): the
leptotene stage, in which chromosomes begin to condense
and axial elements of the synaptonemal complex (SC), a
proteinaceous polymer that functions as a scaffold
between chromosomes [16], first appear; the zygotene
stage, in which homologous chromosomes begin to pair
and synapse; the pachytene stage, in which homologous
pairing and synapsis have completed; and the diplotene
stage, in which homologous chromosomes segregate from
each other. Meiotic DSBs are generated during the lep-
totene stage, at which time meiotic recombination begins.
The repair of DSBs is completed in the zygotene and
pachytene stages. Meiosis requires the full synapsis of
homologs via the SC. To evaluate meiotic progression,
spermatocytes were immunostained against SYCP3, an
axial element of the SC; the judgment of SYCP3 patterns
allows precise, accurate determination of stages of meiotic
prophase I [18]. We also immunostained against histone
H2AX phosphorylated at serine 139 (γH2AX), a marker
for DNA damage signaling that is used to characterize
meiotic prophase I [18, 32]. We observed patches of
γH2AX immunofluorescence in leptotene and zygotene
spermatocytes in both Ctrl (Fig. 3b, c) and cKO (Fig. 3d,
e), suggesting the successful generation of meiotic DSBs
in Bruce cKO cells.

We previously showed that BRUCE promotes ATM
signaling in response to DSBs induced by ionizing radiation
[8, 9]. In meiosis, active (phosphorylated) ATM (pATM),
which senses DNA damage, blocks the function of SPO11,
the topoisomerase II-like enzyme that catalyzes pro-
grammed DNA DSBs in leptotene spermatocytes [33].
Thus, to assess the status of ATM signaling in response to
programmed meiotic DNA DSBs in the cKO, we immu-
nostained chromosome spreads for pATM and found no
differences between Ctrl and cKO leptotene spermatocytes
(Fig. S3), suggesting that ATM signaling appears normal in
Bruce cKO spermatocytes in the leptotene stage. Interest-
ingly, in comparison to Ctrl (Fig. 3f, h), γH2AX signals
were retained at portions of autosomes in Bruce cKO
pachytene and diplotene spermatocytes (Fig. 3g, i), which
was three folds more in cKO spermatocytes than Ctrl
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Fig. 2 Conditional inactivation of Bruce in mice results in apop-
tosis of germ cells. a Immunohistochemistry (IHC) of Bruce confirms
the high efficiency of Bruce KO. Arrows indicate spermatocytes
devoid of Bruce protein expression in a cKO testis at 7 weeks of age.
SG: spermatogonium; ST Sertoli cells; SP spermatocytes; RS round
spermatids. Representative images from two independent Bruce Ctrl-
cKO littermate pairs. b Immunofluorescence (IF) staining of Bruce
Ctrl and cKO testis sections at 7 weeks of age with PLZF, a marker of
undifferentiated spermatogonia. Arrows indicate PLZF-positive sper-
matogonia. Quantification of PLZF-positive cells is shown in a bar
graph to the right. Data are aggregated from two independent Bruce
Ctrl-cKO littermate pairs (tubules number, Ctrl= 35, cKO= 55).
Error bar, standard error. Student’s t test, *p < 0.05. c IF staining of
Bruce Ctrl and cKO testis sections at 7 weeks of age with c-KIT, a
marker of differentiating spermatogonia. Arrows indicate c-KIT-
positive (+) spermatogonia. Number of c-KIT+ cells per tubule is

shown in a bar graph to the right. Data are aggregated from two
independent Bruce Ctrl-cKO littermate pairs (tubules number, Ctrl=
42, cKO= 45). Error bar, standard error. Student’s t test, ***p <
0.001. d Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining of Bruce Ctrl and cKO testis sections at
7 weeks of age. Staining indicated increased numbers of TUNEL-
positive cells in Bruce cKO. Quantification of TUNEL-positive (+)
cells is shown in a bar graph to the right. Data are aggregated from
three independent Bruce Ctrl-cKO littermate pairs (tubules number,
Ctrl= 100, cKO= 55). Error bar, standard error. Student’s t test, *p <
0.05. e IHC of Bruce Ctrl and cKO testis sections at 7 weeks of age
with Cleaved Caspase-3, a marker of apoptotic cells. Quantification of
Cleaved Caspase-3-positive (+) cells is shown in a bar graph to the
right. Data are aggregated from two independent Bruce Ctrl-cKO lit-
termate pairs (tubules number, Ctrl= 13, cKO= 8). Error bar, stan-
dard error. Student’s t test, *p < 0.05.
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(Fig. 3n), indicating an aberrant persistence of unrepaired
DNA DSBs and suggesting an HR defect.

To verify this HR defect, we examined RAD51, an HR
marker for recombination intermediates [34], and RPA1, an
ssDNA stabilizer to coordinate recombination [35]. Com-
paring to Ctrl, we observed the marked retention of RAD51
foci associated with pachytene chromosome axes in the
cKO (Fig. 3j, k, o), a strong indication of persistent DSBs.
Similar results were found with RPA1 foci (Fig. 3l, m, p).
Together, these data further implicate an HR defect in Bruce
cKO spermatocytes.

Chromosome breakage/fragmentation and lateral
axial defects in Bruce cKO spermatocytes

To evaluate the extent of defective HR in Bruce cKO
spermatocytes, we assessed crossover, the outcome of HR
by immunostaining chromosome spreads for MLH1, a
mismatch repair factor and meiotic recombination marker
that localizes to the sites of crossovers [36]. We observed no
distinguishable difference in the numbers of MLH1 foci in
Bruce Ctrl versus cKO spermatocytes (Fig. 4a–c), indicat-
ing that Bruce is not critical for crossover formation.

2408 L. Che et al.



Yet despite normal crossover formation, it is possible
that the HR defect in Bruce cKO manifests in other ways.
Aberrant accumulation of DNA breaks coupled with asy-
napsis is detrimental to genomic stability in germ cells.
Indeed, we identified severe chromosome breakage/frag-
mentation and lateral axial damage in Bruce cKO pachytene
spermatocytes. The chromosomal breakage/fragmentation
was characterized by the presence of one or more extra
pieces of fragmented chromosome in the spermatocyte
nuclei (Fig. 4d, dashed outline), in addition to the exact 20
chromosome pairs (19 autosome pairs plus the sex chro-
mosomes). Fragmented chromosomes were surrounded by
intense γH2AX fluorescence, indicative of DNA damage. In
addition, portions of lateral axial elements of the SC
exhibited relatively weak SYCP3 immunofluorescence
signals, suggesting damaged lateral axial structures (Fig. 4e,
f). In cKO, 4.1% of the observed pachytene spermatocytes
exhibited chromosomal breakage/fragmentation and axial
damage, a significantly higher proportion versus Ctrl

(Fig. 4g). Together, these data demonstrate a function for
Bruce as a guardian of genome integrity in spermatocytes.

Impaired ATM and ATR signaling with chromosomal
radials in Bruce cKO spermatocytes

The chromosomal breakage/fragmentation and SC lateral
axial defects described above are consistent with chromo-
somal fragility. In human male germ cells, chromosomal
fragility can produce chromosomal rearrangements,
including translocations [37, 38]. In addition, formation of
quadrivalents is a hallmark of translocation [39]. Indeed,
Bruce deficiency induces translocations between non-
homologous chromosomes (Fig. 5a–c). These include three
distinct forms of translocation: reciprocal (Fig. 5a), non-
reciprocal (Fig. 5b), and open conformation that closely
resembles a Robertsonian translocation (Fig. 5c), the most
common form of translocation in humans [37, 38]. Chro-
mosomal translocations can be generated by error-prone
repair of the DNA breaks via the ligation of broken non-
homologous chromosomes [40, 41]. The quadrivalents
exhibited persistent DNA breaks and incomplete meiotic
recombination as evinced by intense γH2AX signals in their
surrounding chromatin (Fig. 5a–c), and by intense RAD51
foci on the chromosome axes (Fig. 5d). However, pATM, a
sensor of DNA damage, was absent at radial structures
(Fig. 5e), indicating an impaired ATM function at translo-
cated chromosomes and suggesting the promotion of
chromosomal translocations via accumulated DNA DSBs.
We have provided a detailed comparison of the chromo-
somal defects in cKO versus Ctrl (Fig. 5f).

ATR signaling is crucial for synapsis and HR in pro-
phase I [42, 43]. In pachytene spermatocytes, efficient ATR
activity on unsynapsed chromosome regions is believed to
form the basis of meiotic silencing of unsynapsed chromatin
(MSUC) [44–46]. Normally MSUC is confined to unsy-
napsed sex chromosomes to facilitate meiotic sex chromo-
some inactivation (MSCI) [44]. This process is regulated by
DDR pathways centered on ATR, γH2AX, and MDC1
[24, 45, 46]. In Ctrl, ATR forms discrete foci on the
unsynapsed axes of chromosomes during zygotene (Fig. 6a)
and remains exclusively on the sex chromosomes at
pachytene (Fig. 6b). Although ATR signals in Bruce cKO
zygotene spermatocytes were comparable to those in Ctrl
(Fig. 6c), ATR were absent from the unsynapsed segments
of quadrivalents in Bruce cKO mid and late pachytene
spermatocytes (Fig. 6d, e), and reduced on the sex chro-
mosomes (Fig. S4A–C). The tumor suppressor BRCA1
participates in the same MSUC process [47, 48]. In Ctrl,
BRCA1 accumulated on the unsynapsed axes of autosomes
in zygotene (Fig. 6f), and was restricted to the unsynapsed
axes of the sex chromosomes in pachytene (Fig. 6g). In
cKO, the zygotene BRCA1 patterns were the same as the

Fig. 3 Bruce cKO spermatocytes show increase in unrepaired
DSBs and defective synapsis in meiotic prophase I. a Diagram
illustrating the major molecular events during meiotic prophase I.
Immunofluorescence (IF) staining of the synaptonemal complex
component SYCP3 (green) and the DNA double-strand break marker
γH2AX (red) in chromosome spreads of Bruce Ctrl (b) and cKO (c)
leptotene spermatocytes. Representative images from four independent
Bruce Ctrl-cKO littermate pairs. Bars, 5 µm. IF staining of the SYCP3
(green) and γH2AX (red) in chromosome spreads of Bruce Ctrl (d) and
cKO (e) spermatocytes at zygotene. Representative images from four
independent Bruce Ctrl-cKO littermate pairs. Bars, 5 µm. IF staining of
the SYCP3 (green) and γH2AX (red) in chromosome spreads of Bruce
Ctrl (f) and cKO (g) pachytene spermatocytes. Excessive γH2AX
signals (arrowheads in g) were persistent on cKO autosomes, implying
unrepaired DSBs. Representative images from four independent Bruce
Ctrl-cKO littermate pairs. Bars, 5 µm. IF staining of the SYCP3
(green) and γH2AX (red) in chromosome spreads of Bruce Ctrl (h) and
cKO (i) diplotene spermatocytes. Note that γH2AX signals were
persistent on cKO autosomes (arrowheads in I). Representative images
from four independent Bruce Ctrl-cKO littermate pairs. Bars, 5 µm.
(j, k) IF staining of SYCP3 (red) and recombination marker RAD51
(green) in Bruce Ctrl (j) and cKO (k) mid pachytene spermatocytes.
Representative images from three independent Bruce Ctrl-cKO litter-
mate pairs. Bars, 5 µm. IF staining of SYCP3 (red) and recombination
marker RPA1 (green) in Bruce Ctrl (l) and cKO (m) mid pachytene
spermatocytes. Representative images from two independent Bruce
Ctrl-cKO littermate pairs. Bars, 5 µm. n Comparison of the numbers of
γH2AX flares in Bruce Ctrl and cKO mid pachytene spermatocytes.
Data are aggregated from three independent Bruce Ctrl-cKO littermate
pairs (spermatocytes number, Ctrl= 80, cKO= 111). Error bar, stan-
dard error. Student’s t test, ***p < 0.001. o Quantification of RAD51
foci in Bruce Ctrl and cKO spermatocytes during prophase I. Le
leptotene; Zy zygotene; Mp mid pachytene; Lp late pachytene. Data
are aggregated from three independent Bruce Ctrl-cKO littermate
pairs. Horizontal line, mean. Student’s t test, n.s. not significant, p >
0.05; ***p < 0.001. p Quantification of RPA1 foci in Bruce Ctrl and
cKO mid pachytene spermatocytes. Bruce cKO mid pachytene sper-
matocytes evinced persistent RPA1 foci. Data are aggregated from two
independent Bruce Ctrl-cKO littermate pairs. Horizontal line, mean.
Student’s t test, ***p < 0.001.
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Ctrl (Fig. 6h). However, the pachytene signals were largely
devoid from both the autosome fragments (Fig. 6i) and the
radials (Fig. 6j, k), suggesting a MSUC defect.

To confirm this ATR signaling defect, we examined two
HORMA domain proteins, HORMAD1 and HORMAD2
that localize on unsynapsed chromosomes to regulate
meiotic silencing by promoting efficient ATR activity
[46, 49–52]. In comparison to HORMAD1 recruitment
patterns in Ctrl zygotene (Fig. 7a) and pachytene (Fig. 7b)
spermatocytes, there was no distinguishable change in
recruitment patterns in cKO zygotene cells (Fig. 7c), but
reduced accumulation of HORMAD1 to the unsynapsed
regions of quadrivalents in Bruce cKO pachytene cells
(Fig. 7d). Similar results were observed for HORMAD2 in

Ctrl (Fig. 7e, f) and cKO (Fig. 7g–i). These results support
the notion of impaired ATR signaling in MSUC at quad-
rivalents. Supporting the requirement of Bruce for MSUC, a
phosphorylated form of RNA polymerase II (POL II), a
marker for active transcription [53], was abnormally present
on the cKO unsynapsed segments of quadrivalents
(Fig. 7k), indicating that such sites are not silenced. On the
other hand, the absence of POL II staining from the XY
body (Fig. 7j, k) showed a prominent MSCI in both Bruce
Ctrl and cKO.

To verify the integrity of MSCI in cKO pachytene
spermatocytes, we performed gene-specific RNA FISH to
detect the transcription of Lamp2, an X-linked gene
expressed in spermatogonia, whereas silenced in pachytene

Fig. 4 Bruce cKO spermatocytes show chromosomal fragmenta-
tion and lateral axial damage. a, b Chromosomal spread of Bruce
Ctrl and cKO spermatocytes immunostained with SYCP3 (green) and
MLH1 (red) antibodies. Representative images from three independent
Bruce Ctrl-cKO littermate pairs. Bars, 5 µm. c Quantification of MLH1
foci in Bruce Ctrl and cKO mid-late pachytene spermatocytes. There is
no statistical difference of MLH1 foci between Bruce Ctrl and cKO
spermatocytes. Data are aggregated from three independent Bruce
Ctrl-cKO littermate pairs. Horizontal line, mean. Student’s t test, n.s.
not significant, p > 0.05. d Chromosomal fragmentation in Bruce cKO
spermatocytes immunostained with SYCP3 (green) and γH2AX (red)
antibodies. A representative Bruce cKO mid pachytene spermatocyte
is shown to have 20 pairs of chromosomes plus one additional chro-
mosome fragment associated with strong γH2AX immuno-
fluorescence. The chromosomal fragment in the dashed rectangle is
magnified to the right. Representative image from two independent

Bruce Ctrl-cKO littermate pairs. Bar, 5 µm. (e, f) Chromosomal axial
damage in Bruce cKO pachytene spermatocytes immunostained with
SYCP3 (green) and γH2AX (red) antibodies. e A representative Bruce
cKO mid pachytene spermatocyte is shown to have a chromosomal
axial structure that is discontinuous and without γH2AX around the
breaking point (white arrow). f A representative Bruce cKO mid
pachytene spermatocyte is shown to bear a discontinuous axis as
above, except with prominent γH2AX signals around the break point
(white arrow). Chromosomal axial damage in the dashed rectangles are
magnified to the right. Representative images from two independent
Bruce Ctrl-cKO littermate pairs. Bars, 5 µm. g Frequency of chro-
mosomal fragments and axial damage in Bruce Ctrl and cKO pachy-
tene spermatocytes. Data are aggregated from two independent Bruce
Ctrl-cKO littermate pairs (Ctrl, n= 441; cKO, n= 575). Error bar,
standard deviation. Student’s t test, ***p < 0.001.
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spermatocytes as a result of MSCI [54]. In contrast to the
expected Lamp2 signals in spermatogonia, no such signals
were observed in Bruce Ctrl and cKO pachytene sperma-
tocytes (Fig. S4D). Further, we performed RNA FISH for
Cot-1. Cot-1 DNA consists of repetitive elements that will
hybridize efficiently to nascent transcripts, enabling visua-
lization of transcriptionally active regions and thus can
evaluate transcription status in MSCI [21]. In both samples,
Cot-1 RNA FISH signals are excluded from DAPI-intense
heterochromatin and the XY body (Fig. S4E), suggesting
that MSCI is maintained even without Bruce.

SC structural defects are associated with multivalent
chromosome radials

In pachytene meiocytes, SC structures are critical for the
maintenance of homolog interactions. To investigate the
effect of Bruce deficiency on SC structures, we analyzed the
SCs of quadrivalents and hexavalents in Bruce cKO mice
via dual immunofluorescence for the SC axial element
protein SYCP3 and the SC central element protein SYCP1.
SYCP1 is present only at synapsed axes, while SYCP3 is
present at both synapsed and unsynapsed axes. In Bruce

Fig. 5 Chromosomal radials and translocations in Bruce cKO
spermatocytes. a–c Chromosome spreads of Bruce cKO pachytene
spermatocytes immunostained with SYCP3 (green) and γH2AX (red)
antibodies. Two nonhomologous chromosomes form radial structures;
these structures are notable for colocalization of intense γH2AX sig-
nals and are frequently seen near to or adjacent to the XY body, the
chromo-nuclear compartment enveloping the X and Y chromosomes
in the pachytene and diplotene stages of meiotic prophase I. Based on
radial conformation, three types of chromosomal translocation could
be distinguished: reciprocal (a), nonreciprocal (b), and Robertsonian-
like (c). Chromosomal radials outlined in the dashed rectangles are
magnified in the bottom panels. Representative images from four
independent Bruce Ctrl-cKO littermate pairs. Bars, 5 µm. d Chromo-
somal spread of a Bruce cKO pachytene spermatocyte immunostained
with SYCP3 (red) and RAD51 (green) antibodies. Chromosomal
radials in Bruce cKO spermatocytes are RAD51 (green) intensive,
implying uncompleted meiotic homologous recombination. The

chromosomal radial in the dashed rectangle is magnified in the right
panel. Representative image from four independent Bruce Ctrl-cKO
littermate pairs. Bar, 5 µm. e Chromosomal spread of a Bruce cKO
pachytene spermatocyte immunostained with SYCP3 (green) and
phospho-ATM (red). The representative Bruce cKO pachytene sper-
matocyte bears chromosomal translocations. The chromosomal radials
outlined are magnified to the right, and phospho-ATM signals were
not detected at the unsynapsed chromosomal axes (arrowheads).
Representative image from two independent Bruce Ctrl-cKO littermate
pairs. Bar, 5 µm. f Summary of the frequencies of chromosomal
anomalies in Bruce Ctrl and cKO pachytene spermatocytes. Translo-
cation, Asynapsis, and Autosomal γH2AX: aggregated from four
independent Bruce Ctrl-cKO littermate pairs (Ctrl, n= 695; cKO, n=
824). Fragment & axial damage: aggregated from two independent
Bruce Ctrl-cKO littermate pairs (Ctrl, n= 441; cKO, n= 575). Stu-
dent’s t test, **p < 0.01, ***p < 0.001.
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cKO, the unsynapsed regions of quadrivalents (Fig. 8a, b)
and hexavalents (Fig. 8c) bore SYCP3 signals but lacked
SYCP1 signals. Intriguingly, hexavalents usually involve
one pair of sex chromosomes and two pairs of autosomes
(Fig. 8c). To confirm the absence of SYCP1 signals on
rearranged chromosomes, we have presented a representa-
tive image with multiple nuclei bearing translocations
(Fig. 8d). The weaker or absent SYCP1 signals indicate
structural defects in the SC of rearranged chromosomes.

Discussion

In mitotic cells, BRUCE facilitates the ATM-DNA-DSB-
mediated HR repair of DNA DSBs for genomic stability. This
function is mediated in a BRUCE E2/E3 ligase-dependent
manner that facilitates the localization of BRIT1/MCPH1 and
the chromatin remodeler SWI-SNF to DSBs [8, 9]. BRUCE
also facilitates activation of the ATR-DNA replication stress

response to protect against replication fork collapse and the
activation of new replication origins [14]. The current study
provides the first evidence for a critical function for BRUCE
in the maintenance of genomic stability in germ cells, parti-
cularly in spermatogonia and spermatocytes. We have char-
acterized spermatogenesis in Bruce cKO mice and
demonstrated that Bruce is required for (i) the maintenance of
spermatogonia and (ii) the protection of genomic stability by
promoting ATM and ATR DDR for the repair of physiolo-
gically induced DNA DSBs and homolog synapsis. The loss
of Bruce in the testes reduces the number of spermatogonia
and induces genomic instability in the form of chromosomal
translocation, fragmentation, axial damage and aneuploidy.
Consequently, massive spermatocyte loss through cell death
gives rise to smaller testis sizes and largely empty epididy-
mides in Bruce cKO.

These findings, which center on the function of Bruce in
spermatogonia maintenance and spermatogenesis, are impor-
tant for understanding the maintenance of genomic stability in

Fig. 6 Impaired ATR and BRCA1 signals in Bruce cKO sperma-
tocytes with chromosomal translocations. Immunofluorescence (IF)
staining of SYCP3 (green) and ATR (red) in chromosome spreads of
Bruce Ctrl and cKO spermatocytes in the zygotene (a, c) and pachy-
tene (b, d, e) stages. We observed the normal formation of ATR foci in
Bruce cKO zygotene spermatocytes (c), the partial loss of ATR signals
at unsynapsed chromatin within the radials of Bruce cKO mid
pachytene spermatocytes (d), and total loss of ATR signals at unsy-
napsed segments in Bruce cKO late pachytene spermatocytes (e). The
chromosomal radials within the dashed rectangles are magnified to the
right (arrowheads, unsynapsed chromosomal segments). Note that
ATR signals on the sex chromosomes (yellow arrows) are also reduced
(also see Fig. S4A–C). Representative images from two independent
Bruce Ctrl-cKO littermate pairs (cKO spermatocytes bearing radials,
n = 21). Bars, 5 µm. IF staining of SYCP3 (green) and a marker of
chromosomal synapsis, BRCA1 (red), in chromosome spreads of
Bruce Ctrl and cKO spermatocytes in the zygotene (f, h) and mid

pachytene (g, i) stages. BRCA1 accumulation patterns appear normal
in Bruce cKO zygotene spermatocyte (h), while are largely lost in
Bruce cKO pachytene spermatocytes bearing chromosomal fragments
(i), which are bounded by dashed rectangles and magnified to the right.
Note that BRCA1 signals are largely or entirely absent from the cKO
mid pachytene chromosomal fragments. Representative images from
two independent Bruce Ctrl-cKO littermate pairs. Bars, 5 µm. (j, k) IF
staining of SYCP3 (green) and BRCA1 (red) in Bruce cKO sperma-
tocytes bearing chromosomal translocations in the mid pachytene (j)
and late pachytene (k) stages. Chromosomal radials in the dashed
rectangles are magnified to the right. Note that, within the radials,
BRCA1 signals are partially lost from unsynapsed regions in the mid
pachytene stage and entirely lost from such regions in the late
pachytene stage (arrowheads), while BRCA1 signal appears normal on
the sex chromosomes in both stages (yellow arrows). Representative
images from three independent Bruce Ctrl-cKO littermate pairs (cKO
spermatocytes bearing radials, n= 16). Bars, 5 µm.
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germ cells. The quadrivalents and hexavalents in Bruce cKO
testes closely resemble Robertsonian translocations, which are
the most common forms of autosome translocation in humans
causing male reproductive defects [37, 38].

Far less is known about how genomic stability is main-
tained during meiosis than in somatic cells. Given that
deregulation of genomic integrity in meiosis can contribute to
sterility or reduced fertility in males, the regulation of
BRUCE activity in controlling genomic stability provides the
rationale for BRUCE being a candidate gene that is mutated or
inactivated in certain human reproductive disorders. To this

end, our Bruce cKO mouse model offers an attractive
experimental tool to address the underlying pathogenic pro-
cesses of this long-standing question. In somatic cells, chro-
mosomal fragmentation and translocation (either genetically
acquired or acquired later in life) are hallmarks of cancer, and
are exemplified in Ataxia telangiectasia, Nijmegen breakage
syndrome, Bloom syndrome, and Werner syndrome [55, 56].
However, the cause of chromosomal translocation remains
elusive. DNA breaks are considered a prerequisite for chro-
mosome fragmentation and translocation [57, 58]. Since
Bruce-deficient germ and somatic cells have aberrant

Fig. 7 HORMAD1 and HORMAD2 are lost in chromosomal
radials in Bruce cKO. IF staining of SYCP3 (red) and HORMAD1
(green) in Bruce Ctrl spermatocytes in the zygotene (a) and pachytene
(b) stages. Representative images from two independent Bruce Ctrl
mice. Bars, 5 µm. IF staining of SYCP3 (red) and HORMAD1 (green)
in Bruce cKO spermatocytes in the zygotene (c) and pachytene (d)
stages. Chromosomal radials in the dashed rectangles are magnified to
the right with unsynapsed chromosomal segments indicated by
arrowheads. Representative images from two independent Bruce cKO
mice (cKO spermatocytes bearing radials, n= 11). Bars, 5 µm. IF
staining of SYCP3 (red) and HORMAD2 (green) in Bruce Ctrl sper-
matocytes in the zygotene (e) and pachytene (f) stages. Representative
images from two independent Bruce Ctrl mice. Bars, 5 µm. IF staining
of SYCP3 (red) and HORMAD2 (green) in Bruce cKO spermatocytes
in the zygotene (g) and pachytene (h, i) stages. Chromosomal radials
in the dashed rectangles are magnified to the right; arrowheads point to
unsynapsed chromosomal segments in open (h) and closed radials (i).

Representative images from two independent Bruce cKO mice (cKO
spermatocytes bearing radials, n= 9). Bars, 5 µm. (j, k) IF staining of
SYCP3 (green) and anti-RNA polymerase II (RNA Pol II; red) anti-
bodies in Bruce Ctrl and cKO pachytene spermatocytes carrying
chromosomal translocations. The sex chromosomes in the Ctrl form a
silent compartment, the XY body, in which RNA Pol II signals are
largely excluded (j, lower right); meanwhile, fully synapsed autosomes
are positive for RNA Pol II signals (j, upper right). In Bruce cKO, the
nuclear compartment containing chromosomal radials (k, upper right)
bears strong RNA Pol II signals and thus an apparent failure to cata-
lyze MSUC. The sex chromosomes in cKO resides in a silent XY
body, which is devoid of RNA Pol II foci, thereby indicating the
presence of MSCI (k, lower right). The arrowheads in k indicate
unsynapsed regions. Representative images from two independent
Bruce Ctrl-cKO littermate pairs (cKO spermatocytes bearing radials,
n = 15). Bars, 5 µm.
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accumulation of DSBs and structural damage, further studies
of Bruce function could provide an opportunity for under-
standing Bruce-regulated signaling in protection against
chromosome fragility.

In addition to meiotic DNA break repair and homolog
synapsis, Bruce may also influence MSUC [44, 59]. The
persistence of RNA Pol II on unsynapsed chromosome
segments in Bruce cKO spermatocytes is consistent with a
defect in MSUC. However, the initiation of MSCI appears

not to be affected in Bruce cKO spermatocytes, suggest-
ing that Bruce may be involved in the maintenance of
MSUC through the ATR-DDR pathway. In support of this
notion, ATR signal intensity on the XY body was
decreased in Bruce cKO spermatocytes after the mid
pachytene stage compared with the Ctrl. Usually, meiotic
cells with severe DNA damage, asynapsis, and impaired
MSUC trigger meiotic checkpoints. However, such cells
in Bruce cKO testes may be subject to an impaired

Fig. 8 Full synapsis is disturbed by chromosomal translocation in
Bruce cKO. (a–c) Chromosome spreads of Bruce cKO spermatocytes
immunostained with SYCP3 (green), a marker of the synaptonemal
complex (SC) axial element, and SYCP1 (red), a marker of the SC
central element. Representative image of a cKO late pachytene sper-
matocyte bearing a quadrivalent translocation formed by reciprocal
translocation (a). Representative image of a cKO early pachytene
spermatocyte bearing a quadrivalent translocation formed via non-
reciprocal translocation (b). Representative image of a cKO early
pachytene spermatocyte bearing a hexavalent translocation involving
autosomes and sex chromosomes (c). The chromosomal radials out-
lined in the dashed rectangles are magnified in the right panels.

Illustrations of the translocations are provided as a simple interpreta-
tion of configurations, although other interpretations are also possible.
Railway-like structures indicate the SC axial and central elements.
Representative images from three independent Bruce cKO mice (cKO
spermatocytes bearing radials, n= 33). Bars, 5 µm. d In a large visual
field of a Bruce cKO chromosome spread of early and mid pachytene
spermatocytes, multiple chromosomal radials with unsynapsed seg-
ments are observable. This image is further indication of the relatively
high frequency of chromosomal translocations in spermatocytes defi-
cient for BRUCE. The chromosomal radials are outlined in the dashed
rectangles. Representative image from three independent Bruce cKO
mice. Bar, 5 µm.
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checkpoint since they still progress through pachytene and
enter the diplotene stage (Fig. 3i). Therefore, Bruce could
also be crucial for maintaining meiotic checkpoints.

Since Bruce cKO testes displayed both increased apoptosis
and meiotic defects, we were presented with an intriguing
question: Are the depleted germ cells resulted primarily from
the loss of Bruce antiapoptotic activity or from meiotic arrest?
Bruce function may be related to other DDR factors including
Blm, Slx4, Fancd2, and Fkbp6, since these mutants exhibit
similar rearranged autosome structures in their respective KO
mice [60–67]. We favor a working model in which loss of
germ cells in Bruce mutant mice can be attributed to pachy-
tene spermatocyte apoptosis induced by meiotic defects, and
that apoptosis is secondary to DSBs and chromosomal
instability. Deficiency of Bruce perhaps makes the germ cells
prone to apoptosis. Upon DNA damage, the germ cells will
undergo apoptosis and be eliminated. While uncoupling the
two activities might be challenging, new approaches could
become available in the future.
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