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Germ cell proliferation is epigenetically controlled, mainly
through DNA methylation and histone modifications. However,
the pivotal epigenetic regulators of germ cell self-renewal and
differentiation in postnatal testis are still poorly defined. The
histone methyltransferase enhancer of zeste homolog 2 (EZH2)
is the catalytic subunit of Polycomb repressive complex 2,
represses target genes through trimethylation of histone H3 at
Lys-27 (H3K27me3), and interacts (in)directly with both pro-
tein phosphatase 1 (PP1) and nuclear inhibitor of PP1 (NIPP1).
Here, we report that postnatal, testis-specific ablation of NIPP1
in mice results in loss of EZH2 and reduces H3K27me3 levels.
Mechanistically, the NIPP1 deletion abrogated PP1-mediated
EZH2 dephosphorylation at two cyclin-dependent kinase sites
(Thr-345/487), thereby generating hyperphosphorylated EZH2,
which is a substrate for proteolytic degradation. Accordingly,
alanine mutation of these residues prolonged the half-life of
EZH2 in male germ cells. Our study discloses a key role for the
PP1:NIPP1 holoenzyme in stabilizing EZH2 and maintaining
the H3K27me3 mark on genes that are important for germ cell
development and spermatogenesis.

The postnatal proliferation and differentiation of germ cells
is epigenetically controlled, mainly through DNA methylation
and covalent histone modifications (1–3). This implies a tight
regulation of the concentration, chromatin targeting, and cat-
alytic activity of DNA- and histone-modifying enzymes. The
key epigenetic regulators of self-renewal and differentiation in
germ cells of postnatal testis are still poorly defined (1–4). One
notable exception is the Polycomb repressive complex 2

(PRC2), which is essential for the maintenance of male germ cells
(5, 6). The PRC2 complex contributes to the transcriptional silenc-
ing of Polycomb group (PcG)3 target genes, which control pluri-
potency, cell proliferation, and differentiation (7, 8). EZH2
(enhancer of zeste homolog 2) is the catalytic subunit of the PRC2
complex and di/trimethylates histone H3 at Lys-27 (H3K27me2/
3). The noncatalytic PRC2 core components comprise SUZ12
(suppressor of zeste homolog 12), EED (embryonic ectoderm
development), and RBAP48 (retinoblastoma-associated protein of
48 kDa), which all promote methylation by EZH2. PRC2 represses
the transcription of PcG targets mainly because the deposited
H3K27me3 hampers the recruitment of ATP-dependent chroma-
tin-remodeling complexes and RNA polymerase II (7–9).

PRC2-mediated gene silencing is antagonistically regulated by
cyclin-dependent kinases 1/2 (CDK1/2) and protein phosphatase
1 (PP1), which (de)phosphorylate EZH2 at Thr-345, Thr-416, and
Thr-487 (mouse residues used throughout this manuscript) (10–
13). Phosphorylation at Thr-345 increases the targeting of EZH2
to chromatin, resulting in enhanced H3K27 di/trimethylation at
target loci (10, 11). EZH2 phosphorylation at Thr-487 and pro-
longed phosphorylation at Thr-345 was linked to its proteasomal
degradation in late mitosis (14). Thr-487 phosphorylation has
been reported to disrupt the interaction of EZH2 with other PRC2
components (15), but this is not a general finding (11). Anyhow,
free EZH2 is ubiquitinated by the SCF-type E3-ubiquitin ligase
�-TrCP (FBXW1), in particular when it is also phosphorylated by
Jak2 at Tyr-641, leading to its proteasomal degradation (16).
Finally, the CDK-mediated phosphorylation of EZH2 at Thr-416
creates a docking site for NIPP1 (nuclear inhibitor of PP1), which
regulates the dephosphorylation of CDK sites by PRC2-associated
PP1 (12). The essential role of NIPP1 in PRC2 signaling is also
underscored by other studies. Thus, NIPP1 has direct interaction
sites for both EZH2 and EED (12, 17) and acts as a transcriptional
repressor in a PRC2-dependent manner (17, 18). In addition,
NIPP1 binds to a subset of PcG target genes and promotes the
association of EZH2 with proliferation-related target genes (12, 19,
20). Finally, the importance of NIPP1 in PcG signaling was recently
substantiated by its identification in an unbiased shRNA screen for
modifiers of Polycomb silencing (21) as well as by enhanced levels
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of H3K27me3 upon the expression of a functionally validated PP1-
NIPP1 fusion in HeLa cells (22).

NIPP1, encoded by Ppp1r8, is one of nearly 200 known reg-
ulatory interactors of PP1 (RIPPOs) in vertebrates (23). It is a
nuclear protein of 38 kDa comprising an N-terminal forkhead-
associated (FHA) domain, a central PP1-anchoring domain,
and a C-terminal PP1-inhibitory domain. The FHA domain has
a phosphate-binding loop that binds proteins, including EZH2,
that are phosphorylated on specific phospho-Thr-Pro (pTP)
dipeptide motifs by CDKs (12). Full-length NIPP1 is a potent
inhibitor of PP1 toward all tested substrates, but allows the con-
trolled dephosphorylation of phosphoproteins that are recruited
via the FHA domain (24–26). Efficient dephosphorylation of FHA
ligands by NIPP1-associated PP1 requires the allosteric removal of
the C-terminal PP1-inhibitory domain of NIPP1 but the underly-
ing mechanism is poorly understood (24).

Using an inducible NIPP1 knockout (iKO) model, we have dem-
onstrated that NIPP1 is essential for mammalian spermatogenesis
and, more specifically, is required for the transcriptional regula-
tion of genes implicated in germ cell proliferation and survival (27).
In this study, we used this iKO model to show that the deletion of
NIPP1 in testis is associated with the loss of EZH2 and a reduced
histone H3K27 trimethylation at target genes. The deficiency of
EZH2 is explained by its enhanced phosphorylation at CDK
sites, because of a loss of functional PP1:NIPP1, which pro-
motes its proteolytic degradation. Our findings indicate that
NIPP1 is not only an inhibitor of PP1 but also allows the timely
dephosphorylation of EZH2 by associated PP1. We also discuss
to which extent the loss of EZH2 may contribute to the
observed testis phenotype of the NIPP1 iKOs.

Results

The ablation of NIPP1 in testis results in a loss of PRC2 core
components

At the age of 4 weeks mice harboring the Ubc-Cre-ERT2
transgene, one floxed Pppr8 allele, and either a WT (CTR) or
knockout (iKO) Ppp1r8 allele were injected with tamoxifen at
days 1, 3, 5, and 7 to excise the floxed Ppp1r8 region. The ani-
mals were sacrificed 2 weeks from the beginning of this treat-
ment, when they reached the age of 6 weeks. At this stage, a
histological phenotype cannot yet be discerned in the iKOs
(27). However, the NIPP1 protein level in their testis was
already reduced by about 70%, as compared with its level in
CTR mice (Fig. 1, A and B). Intriguingly, although the deletion
of NIPP1 was not associated with an altered level of the FHA
ligands CDC5L and SAP155 (Fig. S5 in Ref. 27), it did result in
the down-regulation of the FHA ligand EZH2 by some 40%, as
determined by both immunoblotting (Fig. 1, A and C) and
immunostaining (Fig. 1H). Consistent with multiple reports
showing that the loss of one PRC2 core component also desta-
bilizes other PRC2 subunits (28 –31), the levels of the PRC2
subunits RBAP48 and SUZ12 were also reduced by 30 – 40% in
the NIPP1 iKOs (Fig. 1, A, D, E, and H). RNA-Seq did not dis-
close altered transcript levels of the examined PRC2 core com-
ponents in the iKOs (Fig. 1F), suggesting that their decreased
level involves a (post) transcriptional process. We confirmed by
co-immunoprecipitation analysis that NIPP1 and EZH2 are

part of the same macromolecular complex in nuclear extracts of
testis (Fig. 1G), as already demonstrated previously for HeLa
cells (12). Collectively, these data suggested that the depletion
of NIPP1 in testis results in the loss of EZH2 and the associated
destabilization of its regulatory subunits.

Deficient PRC2 levels correlate with the deregulation of target
genes

We proceeded to explore the consequences of the loss of
PRC2 core components in the testis of NIPP1 iKOs. As
expected, the testicular level of H3K27me3 in these mice was
significantly reduced, as shown by both immunostaining (Fig.
2A) and immunoblotting (Fig. 2, B and C). Close inspection of
the immunostainings revealed that the loss of H3K27me3 in the
iKOs was stage-dependent and most prominent at the early and
middle stages of the spermatogenic cycle (Fig. 2A). We have
verified that the proportion of tubes at different stages of devel-
opment is not altered between iKOs and CTRs (27). Based upon
lists of previously identified PcG target genes (5, 32–34), 12% of
the 17,344 mouse genes mapped by comparative RNA-Seq pro-
filing (27) were identified as likely PcG targets (Fig. 2D). Using
the same criteria, 26% of the 274 genes that were down- or
up-regulated in the NIPP1 iKOs were classified as likely PcG
targets, reflecting a more than 2-fold enrichment over their
genome-wide occurrence. The up-regulated PcG genes in-
cluded the pro-apoptotic gene Bbc3 as well as genes that are
involved in cell-cycle progression (Tnk1, Dtx3l, and Kif2b) and
gonadal development (Lhx9) (Fig. 2E). Among the down-regu-
lated PcG targets were genes associated with cell-cycle progres-
sion (Cdkn2a, Kntc1) and the POU transcription factor Pou3f3,
which is involved in the development of several tissues. In gen-
eral, these altered expression profiles were consistent with the
observed decreased proliferation and survival potential of tes-
ticular iKO germ cells (Fig. 6, e and f in Ref. 27). We verified by
ChIP analysis that H3K27me3 was enriched at or around the
promoter region of key PRC2 target genes in testis (Fig. 2F) and
that the deletion of NIPP1 was associated with decreased
H3K27 trimethylation at these loci, except for Cdkn2a (Fig.
2G). Paradoxically, the decreased H3K27me3 level of Pou3f3
correlated with a decreased transcript level, indicating that
Pou3f3 expression is also regulated by non–PcG-related mech-
anisms or belongs to the subgroup of PcG targets that are acti-
vated (19, 35) by distinct mechanisms, including EZH2-depen-
dent methylation of transcription factors or transcription
elongating factors (36, 37). Together, these data functionally
validated the loss of PRC2 components in the NIPP1 iKOs.

Hyperphosphorylation and enhanced degradation of EZH2 in
the NIPP1 iKOs

In HeLa cells EZH2 is targeted for proteasomal degradation
following its CDK1/2-mediated phosphorylation at Thr-345
and Thr-478 (14, 15). This led us to hypothesize that the dele-
tion of NIPP1 results in a deficient targeting of PP1 to EZH2,
resulting in the hyperphosphorylation and destabilization of
EZH2. To explore this hypothesis, we first compared the half-
lives of EGFP-tagged EZH2-WT, EZH2-T345A, and EZH2-
T487A that were transiently expressed in a spermatogonial cell
line (C18-4), after the addition of the protein synthesis inhibitor
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Figure 1. The deletion of NIPP1 results in the destabilization of PRC2 core components. A, NIPP1, EZH2, RBAP48, and SUZ12 levels were detected by
immunoblotting. TBP was used as a loading control. B–E, quantification of the NIPP1, EZH2, RBAP48, and SUZ12 protein levels as shown in panel A. F, expression
of the indicated genes in tamoxifen-treated CTR and iKO mice of 6 weeks, as derived from RNA-Seq data. All bar data are mean � S.D. (n � 4 animals per
experimental group). *, p � 0.05; **, p � 0.01, ***, p � 0.001. G, Immunoprecipitates (IP) of endogenous EZH2 from testis homogenates of 2- and 6-week-old CTR
mice were immunoblotted for co-immunoprecipitated NIPP1. W, weeks; � Ab, EZH2 antibody added; � Ab, no antibody added. H, testis sections of tamoxifen-
injected mice of 6 weeks were immunostained for EZH2, RBAP48, and SUZ12. Scale bar, 50 �m.
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cycloheximide (Fig. 3, A–C). EZH2-WT had a half-life of �2 h,
but this increased to about 6 h for the nonphosphorylatable
alanine mutants, similar to the half-life of EGFP. Thus, EZH2 in
C18-4 cells is stabilized by preventing phosphorylation at Thr-
345 or Thr-487. Next, we examined whether these sites are
hyperphosphorylated in testis of the NIPP1 iKOs. Because Thr-
345 and Thr-487 are followed by a proline, their phosphoryla-
tion status can be derived from immunoblotting with a pan pTP
antibody, in particular because these residues represent the
major TP-phosphorylation sites of EZH2 (10 –13). EZH2 that
was immunoprecipitated from testis lysates was hyperphos-
phorylated at TP-dipeptide motifs in the iKOs (Fig. 3, D and E).
Moreover, EGFP-EZH2 that was ectopically expressed in C18-4
cells showed a significantly reduced phosphorylation at TP-
dipeptide motifs (�70%) after the co-expression of a FLAG-
tagged PP1-NIPP1 fusion. We have previously demonstrated
that a PP1-NIPP1 fusion behaves as the native PP1:NIPP1
holoenzyme with respect to subcellular localization and enzy-
mic properties (22, 38) and, unlike ectopically expressed NIPP1,
does not competitively disrupt other PP1 holoenzymes (22, 39).
The co-expression of a hypoactive fusion (PP1m-NIPP1), with a
mutated metal-coordinating residue (D64A) in the active site of
the PP1� moiety that reduces its catalytic activity by 80 –90%
(22, 38), only had a mild effect (�20% reduction) on TP-dipep-
tide phosphorylation of EZH2 (Fig. 3, F–H). These data provide
good evidence that EZH2 is a substrate for regulated dephos-
phorylation by PP1:NIPP1, in accordance with previous in vitro
data (12). Thus, the loss of EZH2 in the testis of NIPP1 iKOs can
be explained by deficient PP1-mediated dephosphorylation of
its CDK sites, resulting in its hyperphosphorylation and protea-
somal degradation.

Discussion

RIPPOs spatiotemporally control PP1, mainly through (i)
targeting of the phosphatase to a subcellular compartment that
contains substrates, (ii) direct recruitment of a subset of PP1
substrates, and/or (iii) activity modulation of associated PP1
(40). Full-length recombinant NIPP1 inhibits PP1 toward all
tested substrates (24). However, the heterodimeric PP1:NIPP1
holoenzyme can be “de-inhibited” to allow dephosphorylation
of NIPP1-associated FHA ligands, including SAP155 (25, 38)
and EZH2 (this work). In vitro studies suggested that this de-in-
hibition may involve the allosteric removal of the C-terminal
tail of NIPP1 from the active site of PP1, as can be induced by
tyrosine phosphorylation or RNA binding of the C terminus
(24) (Fig. 4). Although the physiological trigger(s) and mecha-
nistic details of this putative allosteric regulation of PP1:NIPP1
are still unknown, our present work demonstrates that the de-

phosphorylation of EZH2 requires both NIPP1 and PP1, as
EZH2 becomes hyperphosphorylated in the absence of NIPP1.
Our data therefore validate NIPP1 as a canonical regulator of
PP1, in that it acts inhibitory or facilitatory for dephosphoryla-
tion of FHA ligands by associated PP1, depending on the status
of hitherto unknown upstream NIPP1-directed signaling.

The functional consequence of PP1:NIPP1-mediated dephos-
phorylation is clearly substrate dependent. Dephosphorylation
of SAP155 affects its function as a splicing factor (25), but does
not change its cellular concentration (38). Here, we demon-
strated that EZH2 is hyperphosphorylated and targeted for pro-
teolytic degradation in the absence of NIPP1. However, the in
vivo regulation of EZH2 by PP1:NIPP1 is likely to be more
dynamic and dependent on the functional status (inhibitory or
facilitatory) rather than the concentration of NIPP1. We envis-
age that CDK1/2 phosphorylate EZH2 at Thr-345 to target it to
specific chromatin loci (Fig. 4). Immediate dephosphorylation
of this site is prevented by the simultaneous phosphorylation of
EZH2 by CDK1/2 at Thr-416 (12), resulting in the recruitment
of NIPP1 and the inhibition of PRC2-associated PP1 (Fig. 4).
Here, NIPP1 serves to prolong the association of EZH2 with a
subset of target genes, thereby enhancing the deposition of
H3K27me3 at these loci (12, 19, 20). Consistent with this
notion, we recently demonstrated that the expression of a PP1-
NIPP1 fusion in HeLa cells augmented H3K27me3 levels at
chromatin (22), confirming that this phosphatase can function
as a positive regulator of EZH2 signaling. Prolonged phosphor-
ylation of EZH2 at Thr-345 and Thr-487, as may occur during
mitosis (14) or after the deletion of NIPP1 (this work), targets
the affected pool of EZH2 for proteolytic degradation. Taken
together, our data suggest that NIPP1 spatiotemporally con-
trols the phosphorylation status of EZH2, either by blocking or
facilitating its dephosphorylation by associated PP1.

The deletion of NIPP1 in testis resulted in a reduced pro-
liferation and survival capacity of cells of the spermatogenic
lineage, culminating in the total loss of germ cells by the age
of 12 weeks (27). However, the testicular ablation of EZH2
elicited a much milder phenotype (5), demonstrating that its
loss in the NIPP1 iKOs cannot fully account for the much
stronger phenotype in the iKOs. The loss of EZH2 in testis is
largely compensated for by its homolog EZH1 (6). Also, the
combined deletion of EZH1 and EZH2 (6), or the ablation of
the PRC2 components SUZ12 or EED (5), elicited a much
stronger phenotype than that associated with EZH2-depleted
testis. Because the residue of EZH2 (Thr-416) that mediates
targeting to NIPP1 is conserved in EZH1, it will be interesting to
examine whether the deletion of NIPP1 also affects EZH1

Figure 2. The loss of PRC2 core components correlates with reduced H3K27me3 levels and deregulation of target genes. A, testis sections of tamoxifen-
treated mice of 6 weeks were immunostained for H3K27me3. Shown are seminiferous tubules at (1) early, (2) mid, and (3) late stages of the spermatogenic
cycle. Scale bar, 50 �m. B, total H3 and H3K27me3 in histone extracts of testis were visualized by immunoblotting. C, quantification of H3K27me3, as shown in
panel B. The results represent mean � S.D. (n � 6 animals per experimental group). D, schematic representation of PcG target gene abundance (%) in the
mapped testis genome (17,344 genes analyzed) and in 274 differentially expressed genes (DEG) in the testis of NIPP1 iKO mice as compared with CTR mice. E,
comparative RNA-Seq profiling in testis of tamoxifen-treated mice of 6 weeks. The heat map shows significantly up- and down-regulated PcG target genes.
Arrows indicate genes selected for ChIP assays. F, ChIP assays for H3K27me3 of the indicated genes in testis of tamoxifen-treated CTR mice of 6 weeks. ChIPs
with IgGs served as negative controls. Cdc6 gene was used as non-PcG target control gene. ChIP enrichments were calculated as a percentage of the total input
signal (n � 6 animals per experimental group). G, comparison of the H3K27me3 ChIP data between CTR and iKO mice. H3K27me3 levels in the iKOs are
represented as relative enrichment (n � 6 animals per experimental group). The data of the CTRs are expressed as a % of 1 CTR value. Data are represented as
mean � S.D. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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expression or function. However, we noted that the CDK1/2
phosphorylation sites of EZH2 that control its chromatin tar-
geting and degradation (Thr-345 and Thr-487) are not con-
served in EZH1. Hence, the regulation of EZH1 and EZH2 by

PP1:NIPP1 cannot be identical. At present, we cannot exclude
either that the hampered dephosphorylation of other NIPP1
FHA ligands also contributes to the testis phenotype of the
NIPP1 iKOs.
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In conclusion, we have identified EZH2 as an in vivo sub-
strate of PP1:NIPP1. In the absence of NIPP1, a functional PP1:
NIPP1 holoenzyme cannot be formed, resulting in the hyper-
phosphorylation and destabilization of EZH2.

Experimental procedures

Materials and methods

The following antibodies were used: Anti-NIPP1 (Sigma,
HPA027452), anti-EZH2 (Cell Signaling Technology, 5246),
anti-EZH2 (homemade) (12), anti-EZH2 (Cell Signaling Tech-
nology, 3147), anti-SUZ12 (Abcam, ab12073), anti-RBAP48
(GeneTex Inc., GTX0232), anti-TBP (Abcam, ab51841), anti–
Pan-pTP (Cell Signaling Technology, 9391), anti-H3K27me3
(Upstate Biotechnology Inc., 07-449), anti-H3 (Santa Cruz
Biotechnology, SC10809), anti-�-tubulin (Sigma-Aldrich,
T6074), anti-EGFP (Santa Cruz Biotechnology, SC-8334), and
anti-FLAG (Sigma-Aldrich, F7425).

Treatment of mice

NIPP1 (Ppp1r8) knockout mice were generated as described
previously (27). All experimental protocols were approved by
the KU Leuven Ethical Committee and were in accordance with
the local Guide of Care of Experimental Animals. Both Ubc-
Cre-ERT2�/�;Pppr8fl/� control (CTR) and Ubc-Cre-ERT2�/�;
Pppr8fl/� inducible knockout (iKO) mice were treated postna-

tally (4-week-old mice) with 0.2 mg tamoxifen/g body weight
(Sigma-Aldrich), as described previously, to induce the excision
of the promoter region as well as exons 1 and 2 of the floxed
Ppp1r8 allele (27). Testes were harvested from anesthetized
animals 2 weeks after tamoxifen treatment and either frozen in
liquid nitrogen or fixed in Bouin’s (Sigma-Aldrich) for a period
of 6 h.

Immunohistochemistry

Fixed testes were embedded in paraffin and sectioned at a
thickness of 6 �m. Testis sections were stained using the indi-
cated antibodies and the TSA® Fluorescein System (Perkin-
Elmer). Immunofluorescence images were acquired with a
Leica TCS SPE laser scanning confocal microscope.

Cell culture

C18-4 spermatogonial cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium/F12, supplemented with
10% fetal bovine serum, 100 units/ml penicillin, and 100 �g/ml
streptomycin. Transfections were performed using Lipo-
fectamine 2000 (Invitrogen) or jetPRIME kit (Polyplus). Cyclo-
heximide (Sigma-Aldrich) was used at a concentration of 50
�g/ml for the indicated times and nocodazole (Sigma-Aldrich)
at a concentration of 0.3 �g/ml for 16 h.

Figure 3. NIPP1 controls the dephosphorylation and stability of EZH2. A, schematic representation of EGFP and the indicated EGFP-tagged EZH2 variants.
B, nonsynchronized C18-4 cells were transfected with EGFP or the indicated EGFP-tagged EZH2 variants and treated with cycloheximide (CHX) (50 �g/ml) for
the indicated time points. The fate of EGFP and the EGFP fusions was determined by immunoblotting with an anti-EGFP antibody. Representative example of
the turnover of EGFP and EGFP-EZH2 fusions in the presence of cycloheximide. �-Tubulin was used as a loading control. Ab, antibody used. C, quantification of
panel B represented as mean � S.D. (n � 3 independent experiments). *, p � 0.05; **, p � 0.01. D, EZH2 was immunoprecipitated (IP) from testis extracts
of tamoxifen-treated mice of 6 weeks. The IP loading was corrected for equal amounts of immunoprecipitated EZH2 in the CTR and iKO conditions. IgGs were
used as negative control. The blots were stained for total EZH2 and TP-dipeptide phosphorylated EZH2 (pTP). E, quantification of relative amounts of
phosphorylated EZH2, as shown in panel D (n � 4 animals per experimental group). *, p � 0.05. F, scheme of FLAG and FLAG-tagged PP1-NIPP1 and PP1m-NIPP1
fusions. G, EGFP-EZH2 and either FLAG, FLAG-PP1-NIPP1, or FLAG-PP1m-NIPP1 were transiently expressed in the C18-4 spermatogonial cells for 48 h. The cells
were arrested in prometaphase by a treatment with nocodazole for 16 h. Cell lysates were analyzed for the presence of EGFP-EZH2 and FLAG-PP1-NIPP1 or
FLAG-PP1m-NIPP1. EGFP-traps were immunoblotted for EGFP-EZH2 and phosphorylated EZH2 (pTP). *, p � 0.05. H, quantification of the relative amounts of
phosphorylated EZH2 as shown in panel G (n � 3 independent experiments). *, p � 0.05; **, p � 0.01, **, p � 0.001.

Figure 4. Model of the regulation of EZH2 by CDKs and PP1:NIPP1. CDKs phosphorylate EZH2 at Thr-345, Thr-416, and Thr-487. Thr-345 phosphorylation
targets EZH2 to chromatin via noncoding RNAs, whereas Thr-487 (and prolonged Thr-345) phosphorylation results in the proteasomal degradation of EZH2.
The phosphorylation of EZH2 at Thr-416 creates a docking site for the N-terminal FHA domain of NIPP1. EZH2-recruited NIPP1 prevents the immediate
dephosphorylation of EZH2 by PRC2-associated PP1. However, the inhibition of PP1 by NIPP1 can be alleviated (de-inhibition) by the allosteric disruption of the
interaction between PP1 and the C-terminal PP1-inhibitory domain of NIPP1, resulting in the dephosphorylation of EZH2. In vitro, such de-inhibition is seen
after the binding of RNA to the C terminus of NIPP1 and after tyrosine phosphorylation of the C terminus. Note that, even when de-inhibited, NIPP1 remains
tightly associated with PP1 via its PP1-anchoring domain.
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Plasmids

Plasmids encoding EGFP-tagged mouse WT EZH2, EZH2-
T345A and EZH2-T487A, and FLAG-tagged WT PP1-NIPP1
fusion and its hypoactive mutant (PP1m-NIPP1) have been
described (12, 22, 38).

Biochemical procedures

Testes were homogenized using a Dounce homogenizer (Sig-
ma-Aldrich) and incubated for 20 min at 4 °C in lysis buffer con-
taining modified RIPA buffer (50 mM Tris-HCl at pH 7.4, 1% Tri-
ton X-100, 0.2% sodium deoxycholate, 0.2% SDS, 1 mM EDTA, and
0.3 M NaCl). Lysate supernatant was used for immunoblotting or
immunoprecipitation. To examine the interaction between NIPP1
and EZH2, testis nuclear extracts were prepared as described by
Prieto et al. (41). All lysis buffers were supplemented with 20 mM

NaF, 5 �M leupeptin, 0.5 mM phenylmethanesulfonyl fluoride, 0.5
mM benzamidine, and 1 mM orthovanadate. For immunopre-
cipitation assays in testis extracts, the supernatant was pre-
cleared with 30 �l of protein A Sepharose beads (1:1 suspension
in TBS) for 1 h at 4 °C. After centrifugation (30 s at 425 � g) the
supernatant was incubated overnight at 4 °C with antibodies
against EZH2 or anti-mouse IgG for control (Dako). Subse-
quently, 30 �l of protein A Sepharose (1:1 suspension in TBS)
was added for 1 h at 4 °C. After centrifugation for 30 s at 425 �
g, the pellet was washed five times with Tris-buffered saline
(TBS), supplemented with 0.1% Triton X-100, and 0.25% Non-
idet P-40, and subjected to SDS-PAGE.

C18-4 cells were harvested and lysed for 30 min at 4 °C in
lysis buffer containing 50 mM Tris-HCl at pH 7.4, 0.3 M NaCl,
0.5% Triton X-100, 20 mM NaF, 5 �M leupeptin, 0.5 mM phenyl-
methanesulfonyl fluoride, 0.5 mM benzamidine, and 1 mM

orthovanadate. After centrifugation (10 min at 1800 � g), the
supernatant was used for immunoblotting or EGFP-trapping
(39). Immunoblotting (10% SDS-PAGE) was performed with
the indicated antibodies. Immunoblots were visualized using
ECL reagent (PerkinElmer) in an ImageQuant LAS4000 imag-
ing system (GE Healthcare) and were quantified using
ImageQuant TL software (GE Healthcare).

Chromatin immunoprecipitation

ChIP assays were performed according to the protocol of
Upstate, as described (20). Briefly, 100 mg of testis homogenate
was cross-linked with 1% paraformaldehyde and the pellet was
resuspended in SDS lysis buffer (50 mM Tris/HCl at pH 8.0, 1%
SDS, 10 mM EDTA), supplemented with 20 mM NaF, 5 �M leu-
peptin, 0.5 mM phenylmethanesulfonyl fluoride, 0.5 mM benz-
amidine, and 1 mM orthovanadate. The pellet was sonicated
with 30 s on/30 s off cycles for 35 min. 500 �g of sheared chro-
matin (A260) was precleared with protein A Sepharose and
blocked with 1 mg/ml BSA, 1 mg/ml salmon sperm DNA, and
1% Triton X-100. 150 �g of precleared chromatin was incu-
bated with anti-H3K27me3 antibody or with polyclonal rabbit
anti-mouse Igs (IgG). The histone/DNA complex was eluted
with elution buffer (0.1 M NaHCO3 at pH 8.0, 1% SDS) and after
reversing the cross-links, the DNA was purified using the
GenEluteTM PCR Clean-Up Kit (Sigma-Aldrich).

The immunoprecipitated DNA was quantified by real-time
qPCR. Gene-specific primers for ChIP– quantitative real-time

PCR analysis are listed (Fig. S1). Selection of the likely PcG
target genes was performed by a comparative analysis of the top
list (Log2 (FC) 	 � 0.58; false discovery rate � 0.05) genes
derived from RNA-Seq data and a list composed of PcG target
genes that were described previously (5, 32–34).

Statistics

Statistically significant differences between the experimental
and control groups were analyzed with the GraphPad Prism
software using two-way unpaired (Fig. 1, B–F; Fig. 2, C and G;
Fig. 3E) or paired (Fig. 3, C and H) Student’s t test. The heat map
shown in Fig. 2E was constructed based on a Spearman’s corre-
lation between the samples using the normalized FPKM values
as expression values. The heat map shows the unsupervised
clustering of the genes and the samples. The z-score was used to
normalize the values per gene and for the color gradient.
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