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Abstract
Protein phosphatase 6 (PP6) is a member of the PP2A-like subfamily, which plays a critical role in many fundamental
cellular processes. We recently reported that PP6 is essential for female fertility. Here, we report that PP6 is involved in
meiotic recombination and that germ cell-specific deletion of PP6 by Stra8-Cre causes defective spermatogenesis. The PP6-
deficient spermatocytes were arrested at the pachytene stage and defects in DSB repair and crossover formation were
observed, indicating that PP6 facilitated meiotic double-stranded breaks (DSB) repair. Further investigations revealed that
depletion of PP6 in the germ cells affected chromatin relaxation, which was dependent on MAPK pathway activity,
consequently preventing programmed DSB repair factors from being recruited to proper positions on the chromatin. Taken
together, our results demonstrate that PP6 has an important role in meiotic recombination and male fertility.

Introduction

Spermatogenesis is a complex developmental process by
which male germline stem cells divide and differentiate to

produce mature spermatozoa. In mammalian testes, this
process occurs within seminiferous tubules and consists of
three phases: mitosis, meiosis, and spermiogenesis [1]. In
the second phase of spermatogenesis, meiosis is char-
acterized by chromosome recognition, pairing, synapsis,
recombination, and segregation of homologous chromo-
somes [2]. Meiosis I is different from meiosis II and
mitosis in that it involves the exchange of genetic materials
during prophase I [3]. This phase is subdivided into lep-
totene, zygotene, pachytene, diplotene, and diakinesis.
Recombination is initiated at the leptotene stage by the
formation of double-stranded breaks (DSBs) [4]. DSBs
activate the ATM kinase, which performs an essential role
in controlling DSB numbers via a negative feedback loop
and plays an essential role in shaping DSB distribution
across the genome [5, 6]. Any mistake in meiotic recom-
bination can lead to meiotic arrest or chromosome segre-
gation failure, resulting in severe consequences including
infertility [7, 8].

Protein phosphorylation and dephosphorylation are
essential for spermatogenesis [9]. Changes in the phos-
phorylation status are mediated by a conserved cohort of
protein kinases and phosphatases. For various reasons,
protein phosphatases have been much less studied than
protein kinases. Among the phosphoprotein phosphatases,
PP2A, PP4, and PP6 comprise the type 2 A subfamily
within the serine/threonine phosphatase gene family [10].
These enzymes play vital roles in multiple aspects of fun-
damental cellular signal processes [11]. Among type 2 A
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protein phosphatases, PP2A is the best known and is
extensively studied. PP2A is involved in cell proliferation,
signal transduction, DNA repair, and apoptosis [12]. We
previously reported that PP2A has an indispensable role in
oocyte meiotic maturation, though it is dispensable for
folliculogenesis in the mouse ovary [13]. PP4 has been
implicated in microtubule organization, histone modifica-
tions, DNA damage responses, and signal transduction
[14–17]. Although abundantly expressed in cells with
multiple roles in cellular signaling, PP6 has received less
attention than its close relative PP2A and PP4.

Like other type 2 A Ser/Thr protein phosphatases, PP6
works as a holoenzyme, with regulatory subunits that are
evolutionally conserved among eukaryotes, suggesting its
fundamental importance. It has been found that mutations in
PP6 exist in 9–12.4% melanomas surveyed and PP6 might
act as a driver for melanoma development [18, 19]. More
recent studies suggested an important role for PP6 in cell/
organ size regulation through the Hippo pathway, inflam-
matory signaling and pre-mRNA splicing [20–22]. PP6 has
been found to play a vital role in the G1–S transition and S
phase arrest [23–25], as well as in regulating mitotic spindle
formation and chromosome segregation by controlling the
T-loop phosphorylation state of Aurora A bound to its
activator TPX2 [26]. It is also suggested that PP6 is
recruited to sites of DNA damage where PP6 may con-
tribute to the dephosphorylation of γ-H2AX [27].

Our laboratory recently reported that a conditional
knockout of PP6 in oocytes from growing follicles (by
crossing Ppp6cF/F mice with Zp3-Cre mice) caused female
subfertility by disrupting the second meiosis completion
[28], and specific deletion of Ppp6c in Ppp6cF/F;Gdf9-Cre
oocytes from the primordial follicle stage, caused female
infertility owing to persistent phosphorylation of H2AX in
oocytes, which leads to massive elimination of oocytes and
premature ovarian failure [29]. Here, we crossed Ppp6cF/F

mice with Stra8-Cre mice to generate mutant mice with
specific deletion of the Ppp6c gene in male germ cells. We
found that the PPP6c-deficient male mice were completely
infertile and germ cells were arrested at the pachytene stage
during spermatogenesis. Further investigation revealed that
the depletion of PP6 in germ cells affected chromatin
relaxation, which was dependent on MAPK pathway
activity, thus preventing the recruitment of programmed
DSB repair factors to the proper positions on chromosomes.

Materials and methods

Mice

Mice lacking Ppp6c in male germ cells (referred to as
Ppp6ccKO) were generated by crossing Ppp6cF/F mice with

Stra8-Cre mice. Both transgenic mouse lines have C57BL/
6 J genomic background. The Ppp6cWT male mice were
used as control group. Genotyping PCR for Ppp6c was
performed using the following primers: forward: GCA-
GAGGATGGGGTCACATAG, and reverse: ATCTCT-
GAACCAATTCTGGAG. The PCR conditions were as
follows: 94 °C for 5 min; 35 rounds of 94 °C for 30 sec,
56 °C for 30 sec, and 72 °C for 30 sec; and 72 °C for 5 min.
Genotyping PCR for Stra8-Cre was performed using the
following primers: forward: GTGCAAGCTGAACAA-
CAGGA, and reverse: AGGGACACAGCATTGGAGTC.
The PCR conditions were as follows: 94 °C for 5 min; 35
rounds of 94 °C for 30 sec, 66 °C for 30 sec, and 72 °C for
30 sec; and 72 °C for 5 min.

The mice were housed under controlled environmental
conditions with free access to water and food. All animal
operations were approved by the Animal Research Com-
mittee principles of the Institute of Zoology, Chinese
Academy of Sciences.

Antibodies

PPP6C (rabbit, A300-844A; Bethyl Laboratories, Inc.);
SYCP3 (rabbit, NB300-231; Novus Biologicals); β-actin
antibody (mouse, sc-47778; Santa Cruz); SYCP3 (mouse,
sc-74569; Santa Cruz); γH2AX (rabbit, 9718; Cell Signal-
ing Technology, Inc.); Phospho-ATM (mouse, 4526; Cell
Signaling Technology, Inc.); p44/42 MAPK (Erk1/2) (rab-
bit, 4695; Cell Signaling Technology, Inc.); Phospho-p44/
42 MAPK (Erk1/2) (Thr202/Tyr204) (rabbit, 4377; Cell
Signaling Technology, Inc.); MVH (mouse, ab27591;
abcam); SYCP1 (rabbit, ab15090; abcam); MLH1 (mouse,
ab14206; abcam); H3 dimethyl-K9 (rabbit, 07-212;
Upstate); Histone H3K14ac (rabbit, BE3225; Easybio);
Tak1 (phospho Thr187) (rabbit, YP0424; Immunoway);
TAK1 Antibody (rabbit, 12330-2-AP; Proteintech);
HMGA2 Antibody (rabbit, 20795-1-AP; Proteintech); HA-
Tag mab (mouse, AE008; ABclonal); c-Myc antibody
(mouse, m4439; sigma); MRE11 (rabbit) and DMC1 (rab-
bit) were gifted from Mengcheng Luo. Horseradish
peroxidase-conjugated secondary antibodies were pur-
chased from Zhongshan Golden Bridge Biotechnology Co,
LTD (Beijing). Alexa Fluor 488-conjugated antibody and
Alexa Fluor 594-conjugated antibody were purchased from
Life Technologies.

Breeding assay

Males of different genotypes (8–9 weeks) were used for
the breeding assay. Each male mouse was caged with two
wild-type C57BL/6 J females (7–8 weeks), and their
vaginal plugs were checked every morning. The number
of pups in each cage was counted within a week of birth.
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Each male underwent six cycles of the above breeding
assay.

Immunoblotting

To prepare protein extracts, testis extracts were prepared
using a homogenizer in radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease and phosphatase
inhibitor cocktail (Roche Diagnostics). Germ cell isolated
from testes were resuspended in cold RIPA buffer as
described above. After transient ultrasound, the testis
lysates or germ cell lysates were incubated on ice for 30 min
and then centrifuged at 4 °C, 12,000 rpm for 20 min. The
supernatant was transferred to a new tube and equal volume
loading buffer was added. After being boiled at 95 °C for
10 min, the protein lysates were used for immunoblotting
analysis. Immunoblotting was performed as described pre-
viously [30]. In brief, the separated proteins in sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) were electrically transferred to a polyvinylidene
fluoride membrane. After incubation with primary and
secondary antibodies, the membranes were scanned with
Bio-Rad ChemiDoc XRS+.

Tissue collection and histological analysis

For histological examination, at least three adult mice for
each genotype were analyzed. Testes and caudal epididy-
mides were dissected immediately following euthanasia.
The tissues were then fixed in Bouin’s fixative overnight at
room temperature, dehydrated in an ethanol series, and
embedded in paraffin wax. Then, 5μm sections were cut
with a microtome. After 48 °C overnight drying, the sec-
tions were deparaffinized in xylene, hydrated by a graded
alcohol series and stained with hematoxylin and eosin for
histological analysis, or stained with periodic acid schiff
(PAS)-hematoxylin for determining the seminiferous epi-
thelia cycle stages. Images were collected with a Nikon
inverted microscope with a charge coupled device (Nikon,
Eclipse Ti-S, Tokyo, Japan).

Immunofluorescence

Testes used for immunostaining were fixed in 4% paraf-
ormaldehyde (pH 7.4) overnight at 4 °C, dehydrated, and
embedded in paraffin. Paraffin-embedded testes were cut
into sections of 5-μm thickness. Then, the sections were
deparaffinized, immersed in sodium citrate buffer (pH 6.0)
and heated for 15 min in a microwave for antigen retrieval.
After blocking with 5% donkey serum albumin, sections
were incubated with primary antibodies at 4 °C overnight.
Then the sections were incubated with an appropriate
fluorescein isothiocyanate-conjugated secondary antibody.

The nuclei were stained with 4′,6-diamidino-2-pheny-
lindole. Images were captured using a laser scanning con-
focal microscope (Zeiss 780 META).

TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay was carried out in accordance with
the DeadEnd Fluorometric TUNEL System (Promega
BioSciences, Madison, WI, USA). Images were captured
using a laser scanning confocal microscope (Zeiss
780 META).

Spermatocyte surface spreading

Spermatocyte surface spreading was performed according
to the drying-down technique as previously described
[31]. In brief, testes were dissected and the tubules were
washed in phosphate-buffered saline (PBS) pH 7.4 at
room temperature. Next, the tubules were submerged in a
hypotonic extraction buffer (30 mM Tris pH 8.2, 50 mM

sucrose, 17 mM trisodium citrate dihydrate, 5 mM ethyle-
nediaminetetraacetic acid, 0.5 mM dithiothreitol, and
0.5 mM phenylmethylsulfonyl fluoride) for 30–45 min.
Subsequently, the tubules were torn into pieces in 100 mM

sucrose pH 8.2 on a clean glass slide and then pipetted
gently to make a suspension. The cell suspensions were
loaded on slides containing 1% paraformaldehyde pH 9.2
and 0.15% Triton X-100. The slides were dried overnight.
Finally, the slides were washed with PBS for 10 min and
immunostained with antibodies according to the standard
protocols mentioned above.

Isolation of mouse germ cells

Spermatogenic cells were isolated using a protocol pre-
viously described by Bellve with minor modification [32].
In brief, testes from adult Ppp6cWT and Ppp6ccKO mice were
removed and decapsulated. The seminiferous tubules were
torn into small pieces and incubated in 4.5 ml PBS con-
taining 1 mg/ml collagenase (Sigma, C5138, St. Louis, MO,
USA) and 1 mg/ml DNase I (Solarbio, D8071) at 37 °C for
5 min with gentle shaking. Then, the cells were collected by
centrifugation at 200 × g for 1 min at 4 °C. Next, the cells
were incubated in 4.5 ml 0.25% Trypsin and 1 mg/ml
DNase I, and incubated at 37 °C for 5 min with gentle
shaking. Thereafter, the cells were collected and washed
with 800 μl FBS to cease digestion. Finally, the cells were
collected by centrifugation at 600 × g for 6 min at 4 °C and
used for immunoblotting analysis. For spermatocytes, after
filtration through 40 μm Nylon Cell Strainer, the digested
cells were separated by their different sedimentation velo-
cities at unit gravity at 4 °C, using 2–4% bovine serum
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albumin gradient in Dulbecco's Modified Eagle Medium.
Finally, we could collect adequate spermatocytes.

Plasmid construction and immunoprecipitation (IP)

Mouse Ppp6c gene (NM_024209.3) was cloned into pCS2+

vector and mouse Tak1 gene (NM_009316.1) was cloned
into pCMV vector. The plasmids were transfected into
293 T cells using lipofectamine 2000 (11668-019, Invitro-
gen) according to the reagent protocol. After 36 h, the cells
were washed by PBS and then were lysed in buffer for
western and IP (P0013, Beyotime) supplemented with
protease and phosphatase inhibitors (04693159001 and
04906845001; Roche). Next, the lysis buffer with cells were
incubated on ice for 20 min and were centrifuged at
12,000 rpm for 15 min at 4 °C. The supernatant was col-
lected into a new 1.5 ml Eppendorf tube. For IP, 5% of the
lysates served as input and the rest were incubated with 1 μl
HA-Tag antibody and 30 μl Protein A/G Magentic beads
(B23201, bimake) at 4 °C for 6 h. Finally, these samples
were diluted with an SDS loading buffer, heated at 95 °C
for protein denaturalization, and then analyzed by western
blotting.

Statistical analysis

All experiments were performed at least three times.
Paired two-tailed Student’s t test was used for statistical
analysis. Data were presented as mean ± SEM and P <

0.05(*), 0.01(**), or 0.001(***) was considered statisti-
cally significant.

Results

Germ cell-specific deletion of Ppp6c gene causes
male infertility

To investigate the function of PP6 in spermatogenesis
(referred to as Ppp6ccKO), we first searched gene informa-
tion about Ppp6c (NM_024209.3) and found that START
codon was located in exon I. So, we generated Ppp6cF/F

mice in which exons II–IV of the Ppp6c gene were flanked
with Loxp sites [28]. Then, PPP6c was specifically deleted
from male germ cells by crossing Ppp6cF/F mice with Stra8-
Cre transgenic mice (Fig. 1a). Stra8-Cre recombinase is
specifically active in early-stage spermatogonia starting at
3 days after birth [33]. The results of western blotting
(Fig. 1b) showed that PP6c was absent in spermatocytes of
Ppp6ccKO mice. Thus, we successfully established male
germ cell-specific knockout mice for PP6.

The breeding assays showed that the Ppp6ccKO male
mice were completely infertile (Fig. 1c, d). Although
copulatory plugs were routinely observed, no pups were
obtained when adult Ppp6ccKO males mated with normal
fertile females. Compared with controls, the testes of
Ppp6ccKO mice were much smaller (Fig. 2a) and the testis
weight to body weight ratio of Ppp6ccKO was significantly

Fig. 1 PP6 is essential for male
fertility. a Schematic diagram of
deletion of Ppp6c exons and
creation of Ppp6c Δ allele by
Stra8-Cre-mediated
recombination in male germ
cells. b Western blotting
analysis of PPP6C protein in
Ppp6cWT and Ppp6ccKO

spermatocytes of 8-week-old
mice. β-actin was detected as an
internal control. c Pregnancy
rates (%) of plugged wild-type
females after mating with
Ppp6ccKO or Ppp6cWT 8-week-
old males. d Average litter size
of plugged wild-type females
after mating with Ppp6ccKO or
Ppp6cWT 8-week-old males. For
this part, at least five mice (8-
week-old) of each genotype
were used for analysis. Data are
presented as the mean ± SEM.
P < 0.05(*), 0.01(**), or 0.001
(***).
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lower (Fig. 2b). We next analyzed the histology of the
epididymides and testes by hematoxylin and eosin (H&E)
staining. The results showed that almost no mature sper-
matozoa were found in the epididymal lumens of Ppp6ccKO

mice (Fig. 2c). The seminiferous tubules of Ppp6cWT testes
contained a basal population of spermatogonia, several
types of spermatocytes and spermatids. However, germ
cells were severely reduced in number, and nearly no round
or elongated spermatids were observed in the testes of
Ppp6ccKO males (Fig. 2d, Fig. S1A, and Fig. S1B). These
results demonstrate that germ cell-specific PPP6c knockout
results in spermatogenesis failure and thus male infertility.

The PPP6c-deficient spermatocytes arrest at
the pachytene stage

To identify exactly which stage of spermatogenesis was
affected in PPP6c-deficient mice, we performed H&E and
immunofluorescence staining of the germ cell marker MVH
to characterize the first wave of spermatogenesis in mice at
9 dpp (days postpartum), when testes begin to generate
leptotene spermatocytes, at 12 dpp, when testes begin to
generate zygotene spermatocytes, and at 14 dpp, when
testes begin to generate pachytene spermatocytes. The
results revealed that the numbers of germ cells of Ppp6ccKO

mice were similar to Ppp6cWT mice at 9 dpp, but these
numbers decreased sharply at 12 dpp and 14 dpp (Fig. 3a, b
and Fig S2A), suggesting that the prophase of meiosis I was
affected in Ppp6ccKO mice. Spermatogenesis can be sub-
divided into 12 stages in mouse testes using PAS and
hematoxylin staining of sections [34]. To identify which

stages of spermatogenesis were affected after PPP6c dele-
tion, sections were stained with PAS and hematoxylin and
we discovered that spermatogenesis of PPP6c-deficient
mice was blocked at stages IV and most of the spermato-
cytes arrested at the pachytene stage (Fig. 3c). The per-
centage of germ cells was sharply decreased in Ppp6ccKO

mice from 12dpp (Fig. 3b), probably because the pachytene
checkpoint-arrested spermatocytes were undergoing apop-
tosis. To test this possibility, TUNEL assay was performed,
and the results showed that germ cells underwent apoptosis
in the Ppp6ccKO mice (Fig. 3d, Fig S2B, and Fig S2C).

Based on the above results, we found that PPP6C-
deficient spermatocytes were abnormal. Therefore, its
localization was first analyzed by spermatocyte surface
spreading. During meiosis I prophase, the localization of
PPP6c was consistent during different stages. From lepto-
tene to diakinesis, PPP6c was always localized to the
nucleus. PPP6c aggregated strongly throughout the nucleus
during the zygotene stage to the diplotene stage (Fig. 4a).
Moreover, we identified various stages of meiotic prophase
I by staining for a component of the synaptonemal complex,
SYCP3 [35]. All meiotic prophase I stages could be found
in the spermatocyte nuclei of Ppp6cWT testes, whereas only
spermatocytes from the leptotene to the pachytene stages
were observed in the Ppp6ccKO mice testes (Fig. 4b). Fur-
ther quantification of the meiotic prophase I stages in testes
showed that the proportion of the early-pachytene cells was
increased and that of mid-pachytene cells, diplotene cells
and diakinesis cells was significantly decreased in the
Ppp6ccKO mice (Fig. 4c). All these results indicate that
the depletion of PPP6c leads to a pachytene stage arrest and
thus spermatocyte death.

Fig. 2 PPP6c is required for
spermatogenesis. a The testes
of Ppp6ccKO were smaller than
those of the Ppp6cWT (8-week-
old, the same as below). b Testis
weight to body weight ratio of
Ppp6cWT and Ppp6ccKO mice
(n= 7). Data are presented as
the mean ± SEM. P < 0.05(*),
0.01(**), or 0.001(***).
c Histological analysis of the
caudal epididymides of the
Ppp6cWT and Ppp6ccKO mice.
(Scale bar: 50 μm) d
Histological analysis of the
seminiferous tubules of the
Ppp6cWT and Ppp6ccKO mice.
Scale bar: (top) 100 μm;
(bottom) 50 μm.
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PPP6c depletion causes unsuccessfully
programmed DSB repair

According to the above-presented data, Ppp6ccKO mice
displayed defects in the pachytene stage. Programmed DSB
repair mainly occurs at this stage. Chromosome synapsis
and recombination are facilitated by the introduction of
DSB [36], which can be monitored by detecting γH2AX-
positive foci at the leptotene and zygotene stages and these
are decreased on autosomes after DSB repair at the
pachytene stage [37]. In the Ppp6ccKO spermatocytes, the
γH2AX signal was detected at the leptotene and zygotene

stages, which was similar to Ppp6cWT spermatocytes, indi-
cating normal production of DSB (Fig. 5a). However, in the
Ppp6ccKO spermatocytes, the γH2AX signal was still dif-
fused on the autosomes at the pachytene stage, rather than
being accumulated only on the XY bodies (Figs. 5a, b).
Consistent with the γH2AX staining, pATM, which is
integral to the regulation of programmed DSB formation
[38], was also detected on the autosomes of Ppp6ccKO

spermatocytes (Fig. 5c). These results suggested that PPP6c
might be involved in programmed DSB formation and
repair. PPP6c depletion caused failure in programmed DSB
repair.

Fig. 3 PPP6c depletion results in the abnormality and apoptotic
death of spermatocytes. a MVH immunofluorescence analysis of the
juvenile Ppp6cWT and Ppp6ccKO mice showed that the amount of the
germ cells began to drop from 12 dpp to 14 dpp. (Scale bar: 20 μm)
b Quantification of the germ cells in the seminiferous tubules of the
juvenile Ppp6cWT and Ppp6ccKO mice. For each time point, at least
three mice of each genotype were used for analysis. Data are
presented as the mean ± SEM. P < 0.05(*), 0.01(**), or 0.001(***).

c Seminiferous tubules paraffin sections from Ppp6cWT and Ppp6ccKO

testis (8-week-old) were stained with PAS-hematoxylin. L leptotene
spermatocytes, Z zygotene spermatocytes, P pachytene spermatocytes,
aP apoptotic pachytene spermatocytes, M meiotic divisions, rSt round
spermatids. (Scale bar: 20 μm) d TUNEL immunofluorescence stain-
ing of the testes of Ppp6cWT and Ppp6ccKO. (Scale bar: 50 μm) Green:
TUNEL positive signal; Blue: DAPI. At least three mice (8-week-old)
of each genotype were used for analysis.
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Fig. 4 PPP6c-deficient spermatocytes arrest at pachytene stage.
a Representative images of subcellular localization of PPP6c during
spermatogenesis. Spermatocytes (8-week-old) were double stained for
PPP6c (red) and SYCP3 (green) at leptotene, zygotene, pachytene,
diplotene, and diakinesis stages. (Scale bar: 10 μm). b Spermatocyte
stages in prophase in Ppp6cWT and Ppp6ccKO spermatocytes (8-week-

old). Chromosome spreads of spermatocytes were immunostained with
antibodies against SYCP3 (green) and DAPI stain (blue). Scale bar:
10 μm. (Meiotic stage frequencies in Ppp6cWT and Ppp6ccKO testes.
For this part, at least three mice (8-week-old) of each genotype were
used for analysis. Data are presented as the mean ± SEM. P < 0.05(*),
0.01(**), or 0.001(***).

1958 W.-L. Lei et al.



PPP6c deletion results in impaired meiotic
recombination in spermatocytes

In general, defects in meiotic recombination are significant
causes for pachytene stage arrest [39]. Meiotic recombina-
tion is dependent on the successful repair of programmed
DSB. We examined proteins involved in meiosis-specific
programmed DSB formation and recombination, such as
SYCP1, MRE11, DMC1, and MLH1. SYCP1 is one of the
important components of the synaptonemal complexs and it
is the central element that links two homologous chromo-
somes for pairing [35]. The MRN complex, consisting of
MRE11, RAD50, and NBS1, is involved in DSB end re-
sectioning [40]. RAD51 and DMC1 are important marker
molecules for different stages of meiotic recombination.
BRCA1 associates with RAD51 and RAD51/DMC1 facil-
itate the invasion of homologous chromosomes [41, 42].
MLH1 represents crossovers during meiotic recombination
[43]. First, we examined chromosomal synapsis by using
SYCP1 antibody staining and found that SYCP1 signals of
Ppp6ccKO mice were similar to those of Ppp6cWT mice (Fig
S3C). By western blotting, we found that MRE11 decreased
dramatically in Ppp6ccKO spermatocytes (Fig. 6e), sug-
gesting that the MRN complex might be insufficiently
recruited to the programmed DSB sites in Ppp6ccKO mice.
The number of DMC1 foci in Ppp6ccKO spermatocytes was
also decreased compared with that of the Ppp6cWT mice
(Fig. 6a, b). Moreover, we performed immunoblotting using
germ cell lysates from Ppp6cWT and Ppp6ccKO mice. As
shown in Fig. 6e, the levels of DMC1 were all significantly

decreased in Ppp6ccKO mice, suggesting defects in single
strand DNA invasion or generation. We also found that the
number of MLH1 foci of Ppp6ccKO mice was significantly
reduced compared with that of Ppp6cWT mice (Fig. 6c, d),
suggesting the crossover formation was also impaired. All
these results suggested that PPP6c deletion might influence
recombination and crossover formation, finally resulting in
a pachytene stage arrest.

PPP6c promotes chromatin relaxation to regulate
meiotic recombination

To investigate the mechanism underlying PPP6c deletion-
caused pachytene stage arrest, we found that chromatin
relaxation seems to be critical for meiotic recombination
initiation and repair [44]. We proposed that PP6 might
influence meiotic recombination by affecting chromatin
structure. To test this possibility, we examined the acet-
ylation status of H3K14 (H3K14ac), which is an active
transcription histone marker, and dimethylation at histone
H3K9 (H3K9me2), which is a heterochromatin-associated
modification marker [45–47]. By spermatocyte surface
spreading and western blotting, we found the level of
H3K9me2 was significantly increased in Ppp6ccKO mice,
whereas the level of H3K14ac was sharply decreased in
Ppp6ccKO mice (Fig. 7a, b, and Fig S4), suggesting that
PPP6c-deficient spermatocytes could not normally pro-
mote chromatin relaxation. Based on the above results,
PPP6c depletion phenotypes could be explained by which
PPP6c mediates chromatin structures and allows the

Fig. 5 Programmed DSBs are
not repaired efficiently due to
PPP6c depletion. a Ppp6cWT

and Ppp6ccKO chromosome
spreads of spermatocytes were
immunostained with antibodies
against SYCP3 (green) and
γH2AX (red). γH2AX marked
DSB in spermatocytes(8-week-
old). Scale bar: 10 μm.
b Percentage of cells retaining
H2AX outside the sex
chromosomes in Ppp6cWT and
Ppp6ccKO pachytene
spermatocytes (n= 3; 300 cells).
c Ppp6cWT and Ppp6ccKO

chromosome spreads of
spermatocytes (8-week-old)
were immunostained with
antibodies against SYCP3 (red)
and pATM (green). Scale bar:
10 μm.
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recruitment of DSB repair factors to the proper position
during meiosis.

However, how does the PPP6c mediate chromatin
structures? It has reported that the mitogen-activated protein
kinase (MAPK) pathway is required for maintaining the
chromatin condensation during G2/M progression, whereas
chromatin is relaxed in pachytene stage [48]. TAK1
(transforming growth factor-activated kinase 1) is a member
of the mitogen-activated protein kinase kinase kinase
(MAPKKK) family [49]. Moreover, ERK, as TAK1

downstream kinases, is a member of mitogen-activated
protein kinase (MAPK) [50]. Upon activation of the MAPK
pathway, p90Rsk2 interacts with and phosphorylates Nek2,
which is bound to DNA through interaction with HMGA2.
Phosphorylation of HMGA2 by Nek2 decreases its affinity
for DNA and favors its release from the chromatin, possibly
permitting condensation factors to enter the chromatin and
to trigger chromosome condensation [48, 51]. Therefore, we
proposed that there may have an interaction between PPP6c
and TAK1. PPP6c may mediate chromatin structures

Fig. 6 Strand invasion, meiotic crossover, and recombination are
impaired in Ppp6ccKO spermatocytes. a Spermatocytes stained for
SYCP3 (red) and DMC1 (green) in Ppp6cWT and Ppp6ccKO 8-week-old
mice. Scale bar: 10 μm. b Quantification of DMC1 foci in leptotene
stage and zygotene stage (n= 3; 100 cells). c Spermatocytes stained
for SYCP3 (red) and MLH1 (green) in Ppp6cWT and Ppp6ccKO 8-
week-old mice. MLH1 is a recombination marker in Ppp6cWT

spermatocytes and decreased MLH1 staining was observed in
Ppp6ccKO mice spermatocytes Scale bar: 10 μm. d MLH1 signals were
counted in spreads. Quantification of the MLH1 foci numbers per cell
in the Ppp6cWT and Ppp6ccKO spermatocytes (n= 3; 100 cells).
e Immunoblotting analysis of MRE11, DMC1 in Ppp6cWT, and
Ppp6ccKO germ cells (12 dpp). Level of β-actin was detected as internal
control. Each experiment was repeated at least three times.
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dependent on MAPK pathway activity. To test this possi-
bility, we first performed immunoblotting using spermato-
cytes from Ppp6cWT mice and Ppp6ccKO mice to detect
relevant phosphorylated protein levels of MAPK pathway.
As expected, the level of p-ERK1/2 and p-TAK1 protein
was markedly increased in Ppp6ccKO mice (Fig. 7c, d),
suggesting that the absence of PPP6c affected MAPK
pathway activity. Meanwhile, we found that the level of
HMGA2 was increased (Fig. 7c), indicating that it was
released from the chromatin, finally resulting in chromatin
condensation. Moreover, the myc-PPP6c and HA-TAK1
were expressed in 293 T cells for IP experiments. As
expected, PPP6c clearly immunoprecipitated with TAK1
(Fig. 7e). Therefore, we confirm that PPP6c interacts with
TAK1 and deletion of PPP6c results in premature chromatin
condensation.

Discussion

As a member of the PP2A-like subfamily, PP6 is well
known for its functional role in mitosis [26, 52]. Our recent
study also revealed a critical role for PP6 in oocyte devel-
opment [28, 29]. In this study, by crossing Ppp6cF/F mice
with Stra8-Cre mice to generate mutant mice with a specific

deletion of Ppp6c in male germ cells, we were able to
investigate the potential roles of PP6 in male germ cell
meiosis and spermatogenesis. We found that PP6 is required
for meiosis and fertility in males. Of particular note, in
Ppp6ccKO mice, the spermatocytes arrested at the pachytene
stage and programmed DSB repair failed.

Meiosis is a specific process for gamete formation in
sexually reproducing organisms, which is generally con-
sidered to be the most crucial phase of spermatogenesis.
Correct execution of meiosis is essential for fertility, for
maintaining the integrity of the genome and for ensuring
normal development of the offspring [53]. Meiotic prophase
I is subdivided into four cytological stages: leptotene
(chromatin condensation, initiation of DSB, and meiotic
recombination), zygotene (initiation of synapsis of homo-
logous chromosomes), pachytene (full synapsis, develop-
ment of recombination sites into at least one crossover per
homologous chromosome pair), and diplotene (de-synapsis
and visible crossover sites, the so-called chiasmata) [54]. A
specific event of this process is meiotic recombination
between paternal and maternal chromosomes. Meiotic
recombination involves several steps including formation of
DSB, DSB end resection, and strand invasion into a chro-
matid of the homologous chromosome [55]. During meiotic
recombination, there are specifically related proteins, such

Fig. 7 PP6 promotes chromatin relaxation to regulate meiotic
recombination dependent on MAPK pathway activity. a Immu-
noblotting detection of the expression of H3K9me2 in spermatocytes
of Ppp6cWT and Ppp6ccKO mice (8 week). b Immunoblotting detection
of the expression of H3K14ac in spermatocytes of Ppp6cWT and
Ppp6ccKO mice (8 week). c Immunoblotting detection of the expression
of p-ERK1/2, ERK1/2, and HMGA2 in spermatocytes of Ppp6cWT and

Ppp6ccKO mice (8 week). d Immunoblotting detection of the expres-
sion of p-TAK1 and TAK1 in spermatocytes of Ppp6cWT and
Ppp6ccKO mice (8 week). e 293 cells were transfected with expression
vectors for HA-Tak1 and MYC-PPP6c. The negative controls were
transfected with expression vectors for HA and MYC-PPP6c. Proteins
from the cell lysates were immunoprecipitated with anti-HA, and
immunoblotted with anti-MYC and anti-HA. IP, immunoprecipitation.
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as SPO11, MRN complex, BRCA1, DMC1, RAD51,
MLH1. In our study, we found that these related proteins
decreased dramatically in Ppp6ccKO spermatocytes (Fig. 6).
We speculated that the decreasing presence of these proteins
is likely owing to failed recruitment to the programmed
DSB sites. Finally, PPP6c depletion causes failure of pro-
grammed DSBs repair.

Several components of the chromatin remodeling protein,
such as switching defective/sucrose non-fermenting (SWI/
SNF) and RNF20, might be involved in chromatin relaxation
during meiotic recombination [46, 56]. In our study, male
germ cells-specific knockout of PPP6c resulted in a dramatic
increase in MAPK pathway activity (Fig. 7). Upon activa-
tion of the MAPK pathway, p90Rsk2 interacts with and
phosphorylates Nek2, which is bound to DNA through
interaction with HMGA2. Phosphorylation of HMGA2 by
Nek2 decreases its affinity for DNA and favors its release
from the chromatin, permitting condensation factors to enter
the chromatin and to trigger chromosome condensation [48].
Consequently, the MRN complex and other recombination
protein factors could not be efficiently recruited to the pro-
grammed DSB sites, and those DSBs could not be repaired
by meiotic recombination, resulting in spermatocyte cell
apotosis and finally male infertility in mice (Fig. 8). Infer-
tility affects 10–15% couples in their reproductive life, and
~ 20–30% of infertility is caused by male factors [57]. In

humans, male infertility such as azoospermia or severe oli-
gozoospermia is mostly characterized by decreased semen
parameters [58]. Azoospermia or severe oligozoospermia is
a multifactorial disorder caused by genetic, epigenetic, and
environmental factors [59]. The majority (~ 75%) of male
patients with spermatogenic failure are idiopathic, and a
genetic factor is often considered to be one of the major
causes [60, 61]. The PPP6c-deficient mouse model produces
a phenotype that is very similar to some cases of human
azoospermia or oligozoospermia. Although there are no
reported PP6-associated male infertility patients, the exis-
tence of these types of patients should not be discounted.
Many cases of male infertility remain undetermined. In
summary, our study demonstrated for the first time that PP6
regulates meiotic recombination by promoting chromatin
relaxation and facilitating the recruitment of some meiotic
recombination-related factors to the chromatin through the
MAPK pathway.
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Fig. 8 A hypothetical model of the function of PP6 during meiotic
recombination. a In the Ppp6ccKO spermatocytes, TAK1 cannot be
normally dephosphorylated, resulting in persistent MAPK pathway
activation. Upon activation of the MAPK pathway, p90Rsk2 interacts
with and phosphorylates Nek2, which is bound to DNA through
interaction with HMGA2. Phosphorylation of HMGA2 by Nek2
decreases its affinity for DNA and favors its release from the

chromatin, possibly permitting condensation factors to enter the
chromatin and to trigger chromosome condensation. As such, meiotic
chromatin cannot be relaxed, which affects the efficient recruitment of
the MRN complex (MRE11/RAD50/NBS1) and other DNA repair
factors to the DSB sites. Therefore, programmed DSBs cannot be
repaired by meiotic recombination, resulting in spermatocyte cell
apoptosis and finally male infertility in mice.
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