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SUMMARY

Histone acetylation plays critical roles in chromatin
remodeling, DNA repair, and epigenetic regulation
of gene expression, but the underlying mechanisms
are unclear. Proteasomes usually catalyze ATP-
and polyubiquitin-dependent proteolysis. Here, we
show that the proteasomes containing the activator
PA200 catalyze the polyubiquitin-independent
degradation of histones. Most proteasomes
in  mammalian testes (“spermatoproteasomes”)
contain a spermatid/sperm-specific o subunit a4 s/
PSMAS8 and/or the catalytic B subunits of immuno-
proteasomes in addition to PA200. Deletion of
PA200 in mice abolishes acetylation-dependent
degradation of somatic core histones during DNA
double-strand breaks and delays core histone disap-
pearance in elongated spermatids. Purified PA200
greatly promotes ATP-independent proteasomal
degradation of the acetylated core histones, but
not polyubiquitinated proteins. Furthermore, acety-
lation on histones is required for their binding to the
bromodomain-like regions in PA200 and its yeast or-
tholog, BIm10. Thus, PA200/BIm10 specifically tar-
gets the core histones for acetylation-mediated
degradation by proteasomes, providing mechanisms
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by which acetylation regulates histone degradation,
DNA repair, and spermatogenesis.

INTRODUCTION

Proteasomes catalyze ATP- and polyubiquitin-dependent
degradation of most cellular proteins and in vertebrates the
generation of MHC-class | antigenic peptides (Finley, 2009;
Glickman and Ciechanover, 2002; Goldberg, 2003). The 26S
proteasome consists primarily of two subcomplexes, the 20S
catalytic particle and the regulatory particle at either or both
ends of the 208 particle. Two major forms of the 20S “core” par-
ticle have been identified in mammals: the constitutive protea-
some and the inducible variant, the immunoproteasome. The
former has three catalytic subunits, B1, B2, and B5, whereas
the latter has three closely related inducible subunits, B1i, p2i,
and B5i. The primary regulatory particle is the 19S particle, which
binds, unfolds, and translocates polyubiquitinated proteins into
the 20S. However, additional proteasome activators also exist,
such as the 11S complex, PA28«., which increases the genera-
tion of peptides appropriate for antigen presentation (Rock and
Goldberg, 1999). In addition, the proteasome activator PA28y,
which is homologous to PA28a. and PA288, has been reported
to promote the ubiquitin-independent degradation of certain nu-
clear proteins (Li et al., 2006).

The core histones, H2A, H2B, H3, and H4, form an octamer to
pack DNA into the nucleosome, whereas the linker histone H1
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protects internucleosomal DNA. Each octamer consists of two
separate H2A-H2B dimers and a stable tetramer of two H3-H4
dimmers. The nucleosome is the unit of chromatin organization,
and is critical in various cellular processes, including epigenetic
regulation of gene expression, cell division, differentiation, and
DNA damage response (Campos and Reinberg, 2009). During
spermatogenesis, histones are largely replaced transiently by
transition proteins and subsequently by protamines in postmei-
otic cells (Hammoud et al., 2009; Mills et al., 1977). Histones
can also be replaced at promoter regions or active gene bodies
in somatic cells (Deal et al., 2010; Dion et al., 2007). However, the
mechanisms underlying the replacement of these histones
remain unknown (Chen and Qiu, 2012).

Lysine acetylation is extensively involved in various cellular
processes, especially chromatin remodeling, DNA repair, and
transcription. It influences both proteasomal degradation by
either preventing or promoting polyubiquitination and lysosomal
degradation of certain substrates (Mateo et al., 2009; Robert
et al., 2011; van Loosdregt et al., 2010). Histone acetyltransfer-
ase (HAT) catalyzes the formation of the acetyllysine residue,
which can be recognized by the bromodomain (BRD) in proteins,
and a histone deacetylase (HDAC) removes the acetyl group.
Histones are highly acetylated prior to their removal from chro-
matin during spermatogenesis (Gaucher et al., 2010). Moreover,
histone acetylation associates with open and actively
transcribed euchromatic domains, and contributes to relaxed
chromatin following DNA double-strand breaks (Campos and
Reinberg, 2009; Downs et al., 2004; Murr et al., 2006; Reinke
and Horz, 2003). Although the acetylation sites in histones and
the enzymes that catalyze formation or removal of acetylation
are widely studied, how acetylation regulates transcription, sper-
matogenesis, and DNA repair is still unclear.

The proteasome activator PA200 and its ortholog in yeast,
BIm10, bind to the ends of the 20S particle and stimulate the
hydrolysis of small peptides and/or the unstructured tau protein
in vitro (Dange et al., 2011; Schmidt et al., 2005; Ustrell et al.,
2005). PA200 is present in all mammalian tissues but is highly ex-
pressed in the testis (Ustrell et al., 2005). Deletion of PA200
markedly reduces fertility of male mice due to severe defects
in spermatogenesis (Khor et al., 2006). Degradation of histones
has been approached by searching for ubiquitination enzymes
that catalyze their polyubiquitination, but such enzymes have
not yet been identified (Liu et al., 2007). Here, we show that
special forms of proteasomes, which contain PA200/BIm10,
specifically catalyze the acetylation-dependent, but not poly-
ubiquitination-dependent, degradation of the core histones dur-
ing somatic DNA damage response and spermatogenesis.

RESULTS

Special Types of Proteasomes Are Predominant in
Mammalian Testes

To explore the mechanisms underlying histone degradation, we
first tested whether spermatogenic cells in mammals possess
unusual types of proteasomes because histones are largely
lost during spermatogenesis (Mills et al., 1977). By native
PAGE, we analyzed crude extracts of bovine skeletal muscle
and of the seminiferous tubules from bovine testes, which pri-

marily consist of spermatogenic cells. The proteasomes were
visualized in the gels using the specific fluorogenic peptide sub-
strate, succinyl LLVY-7-amino-4-methylcoumarin (amc). As ex-
pected, the muscle proteasomes were detected in two bands,
which corresponded to doubly capped (19S-20S-19S) and
singly capped (19S-20S) particles (Figure 1A). Proteasomes
from the testis also migrated as two bands. One corresponded
to 195-20S-19S, but the other was found between the doubly
and singly capped particles and thus was probably intermediate
in size (referred to as Lg for the large testis-specific proteasome;
Figure 1A). Peptide hydrolysis by Lg appeared much stronger
than that by the 19S-20S-19S, suggesting that Lg represents
the predominant activity against this substrate in spermatogenic
cells of bovine testes. This species also appeared to be predom-
inant in extracts from rat and mouse testes (see Figure S1A,
available online, and results shown below). When 0.02% SDS
was added, a faster-migrating band (referred to as Sm for the
small testis-specific proteasome) became evident in the testis
sample (Figure 1A), probably because SDS activated the 20S
particle by opening the gated channel for substrate entry (Smith
et al., 2007).

The proteasomes were then purified by ion exchange chroma-
tography from seminiferous tubules of the testis by excluding the
typical 26S particles. The purified preparations contained pri-
marily large (Lg) and small (Sm) forms of testis proteasomes (Fig-
ure 1B). The Sm forms of the proteasome migrated more slowly
than typical 20S particles (Figure S1). On SDS-PAGE gels (Fig-
ure 1C), the distribution patterns of proteasomal subunits from
the testis were generally similar to those from muscle, but the
levels of all 20S subunits appeared greater than those of 19S
subunits. In addition, a major band (indicated as X) at approxi-
mately 200 kDa was found in the proteasomes purified from
the testis. Following negative staining electron microscopy
(EM), all proteasomes in side views were selected for single par-
ticle classification and averaging analysis. Five different types of
proteasomes were found in both the testis and muscle (Fig-
ure 1D). The first two types were typical 26S proteasomes with
one or both ends of the 20S particle capped with the 19S parti-
cle. The other three types had at the ends of the 20S one or two
smaller structures, which resemble PA200 or its yeast ortholog
BIm10 (Ortega et al., 2005; Schmidt et al., 2005) but differ from
PA28-containing complexes (Cascio et al., 2002) (Figure S1).
About 90% of proteasomes from the testis contained this small
structure resembling PA200. In comparison, only ~8% of the
proteasomes from muscle contained such a component (Fig-
ure 1D). Thus, both Lg and Sm proteasomes from the testis
(i.e., spermatoproteasomes) appear to contain PA200.

Subunits of Testis-Specific Proteasomes

To further analyze the subunits of the proteasomes from sper-
matogenic cells, we collected fractions from the glycerol
gradient into two pools (a and b in Figure S1D), which were
then run on native PAGE (Figures S1E and S1F). The individual
bands shown in Figure S1E were cut out and subjected to
mass spectrometric analysis. In addition to the typical subunits
found in muscle 20S particles (a.1-7 and p1-7), three immunopro-
teasomal catalytic subunits (B1i, B2i, and p5i) were detected in
either the testis 20S or the small testis proteasome (Sm)
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Figure 1. ldentification of Two Distinct
Types of Proteasomes in Mammalian Testes
(A) The proteasomes in bovine testes migrate
differently from those in muscle on native PAGE.
Proteasomes in crude tissue extracts were de-
tected by incubating the gel with LLVY-amc in the
absence or presence of 0.02% SDS, and visual-
ized under UV light. Two unusual bands were
labeled as Lg and Sm, respectively.

(B) Proteasomes purified from seminiferous tu-
bules of the testis are found primarily as large (Lg)
and small (Sm) testis-specific particles. Protea-
somes were purified using chromatography and
glycerol gradient fractionation. In order to enrich
the testis-specific proteasomes, the fractions with
typical 26S proteasomes were not collected, and

Testis

195,208 195-20S

results were analyzed as in (A).

(C) Analysis of proteasomes by SDS-PAGE and
Coomassie blue staining. The letter X indicates a
200 kDa protein.

(D) The majority of proteasomes purified from the
testis contain one or two small particles. The pu-
rified proteasomes were analyzed by electron mi-
croscopy, and class averages of different types of
proteasomes from the testis and muscle were
shown. Numbers in each class average indicate
the total number of proteasomes in the classes.
(E) Mass spectrometric analysis of testis protea-
somes. The testis proteasomes from 4 bands in
Figure S1E were applied for mass spectrometry,
and the percentile coverage of amino acids for

92.1% 7.9%
E F
Testis Muscle ' %
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ods 270 27012986 O 0
p1-7 + + + + + +
pli 0055 0 0 0 0
p2i 7373 0 0 0 0
pSi 051 0 0 0 0
Rpt1-6 0o 0 + + 0o+
Rpn1-3,5-12 0 0 + + 0o+
UCH37 0o 0 + + 0 +
Rpn13 0 0 0 + 0 +
PA200 177152 24736 0 0

(Figure 1E). PA200 was detected in all four samples from the
testis (Figure 1E), but its presence in the 20S particle and the
doubly capped 26S proteasome was not confirmed by immuno-
blotting (Figures S1F). In contrast, neither immunoproteasome
subunits nor PA200 was detectable in the muscle 20S or 26S
proteasomes by this approach (Figure 1E). Surprisingly, a sub-
unit with 82% identity to «4/PSMA7, which is referred to as a4
s, was detected in all testis proteasomes and was expressed
specifically in spermatids and sperm (Figures 1F and S2).
Thus, PA200, 24 s, and the catalytic subunits of the immunopro-
teasome seem to be subunits of the testis-specific proteasomes.

The testis consists of multiple cell types, including spermato-
gonia, spermatocytes, spermatids/sperm, sertoli cells, and ley-
dig cells (Kotaja et al., 2004). When levels of proteins were
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each protein was shown. The 20S and the 26S
proteasomes from skeletal muscle were included
as references. The detection of regular protea-

g = T84 v some subunits was indicated by “+,” whose
. .f '\' _'t coverage of amino acids was 3.6%-51.4%. An
@ F | asterisk indicates that immunoblotting could not

. confirm the detection by mass spectrometry.
"'; (F) o4 s protein is specifically present in spermatids
.; and sperm as shown by immunohistochemical

assays. The antigen-antibody complexes on
mouse tissue paraffin sections were stained in
brown, and nuclei were in blue. In control, purified
IgG was used as the primary antibody. The filled
arrow (spermatocyte), the open arrow (round
spermatid), the open triangle (elongated sper-
matid), and the filled triangle (sperm) point to the
corresponding cells.

See also Figures S1 and S2.

“

analyzed in isolated sperm and various testis cell lines, a4 s
and B2i were detected only in sperm, and B1i was in sertoli cells
and spermatocytes, whereas B5i, PA200, 19S subunits (such as
Rpt2, Rpt4, and Rpn7), and PA28a were expressed in all these
cell types (Figure 2A). B1i, B2i, and B5i were abundant in the testis
and spleen, but not in C2C12 myoblast cells (Figure 2A). As
demonstrated by glycerol gradient ultracentrifugation of GC-
2spd spermatocyte or testis extracts, PA200, B1i, and B5i (like
Rpt4, B1, B2, and B5) were primarily present in the fractions
with proteasomal activity. In contrast, PA28a was mostly in the
low molecular weight fractions that lacked activity (Figure S3).
To confirm the presence of the above subunits in testis protea-
somes, we purified all forms of the proteasomes from the sper-
matogenic cells of testes. When analyzed by immunoblotting
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detected in the purified testis proteasomes. The 11S protea-
some activators PA28a. and PA28p were present but only at
low levels (Figure 2B). When analyzed by nondenaturing PAGE,
the 26S proteasomes from muscle were present mainly as
doubly capped with appreciable singly capped 26S complexes,
and those from spleen (immunoproteasomes) were primarily
found as singly capped with some doubly capped structures
(Figure 2C). In contrast, most proteasomes purified from the
testis contained PA200 and appeared in a band between the
two 26S bands (i.e., the large testis-specific proteasomes) and
a small amount migrated with the doubly capped 26S particles
(Figure 2C). The presence of the 19S complexes in these struc-
tures was confirmed by immunoblotting against Rpt2. p2i and
B5i were present in the proteasomes from the testis and spleen,
but not in those from muscle, which contained instead 2 and 5
(Figure 2C). Thus, both large (19S-20S-PA200) and small (20S-

appear distinct in containing PA200, the catalytic subunits of
the immunoproteasome, and the « subunit (a4 s).

Spermatoproteasomes Are Not Efficient in Degrading
Ubiquitinated Proteins

The 20S catalytic particle contains three catalytic sites with
different specificities (Rock and Goldberg, 1999). Despite the
similar catalytic subunits in the particles from testis and spleen,
the testis proteasomes purified as in Figure 1B differed from
other species in their peptidase activities (Figures S4A-S4C).
To examine the capacity of the spermatoproteasomes to
degrade protein substrates, we first utilized the purified
casein, which has little tertiary structure and thus can be di-
gested by proteasomes without ubiquitination (Kisselev et al.,
1998). Proteasomes from muscle appeared about twice as
active as those from testis or spleen in hydrolyzing B-casein
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(p < 0.01; Figure S4D). As expected, bortezomib (Velcade), a
specific proteasome inhibitor at 50 nM almost completely in-
hibited the chymotrypsin-like activities of all three preparations
(Figure S4E) but reduced the degradation of B-casein by about
50% (Figure S4D). Because most histones are eliminated during
spermatogenesis, we also utilized the ['?°l]-labeled denatured
core histones in the degradation assay, but found that all these
three types of proteasomes degraded denatured core histones
at similar rates (Figure 2D).

Because the physiological substrates of the 26S proteasome
are usually polyubiquitinated proteins, we compared the ability
of these proteasome preparations to degrade ubiquitinated
RNF5, a ubiquitin ligase. RNF5 promotes formation of the K48-
linked ubiquitin chains and proteasomal degradation of its
substrates (Zhong et al., 2009). When FLAG-tagged RNF5 was
purified from 293T cells and further autoubiquitinated in vitro
(Figure S4F), the polyubiquitinated species of RNF5 were then
incubated with proteasomes. The testis-specific proteasomes
were much less efficient in degrading polyubiquitinated RNF5
than those from muscle or spleen (Figure 2E). Because there
was no any detectable release or any increase in the levels of
free RNF5 in the degradation assay (data not shown and Fig-
ure S4G), the reduced levels in polyubiquitinated RNF5 must
be caused by degradation, instead of deubiquitination. Similar
results were obtained, when polyubiquitinated RNF5 was re-
placed with polyubiquitinated Nrdp1, another ubiquitin ligase
(Qiu and Goldberg, 2002) (Figures S4H and S4l). Thus, the
testis-specific proteasomes degrade unstructured casein and
denatured core histones in vitro in the rates comparable to those
from muscle or spleen but are much less efficient in degrading
polyubiquitinated proteins.

PA200-Deficient Mouse Testes Are Defective in Core
Histone Replacement

To determine whether spermatoproteasomes might degrade
histones differently in vivo, using PA200-deficient mice, we
tested whether PA200 was required for histone replacement dur-
ing spermatogenesis. As reported previously (Khor et al., 2006),
deletion of PA200 increased markedly apoptosis in testes and
reduced male fertility but did not cause any other apparent
phenotypic changes in the mice (Figure 3A and data not shown).
Sperm differentiation in mice proceeds through 16 distinct steps
(Kotaja et al., 2004). The core histones, H2B and H3, disap-
peared at the early stage of elongated spermatids (step 9 of
spermatogenesis) in wild-type mice. However, in PA200-
knockout mice, both H2B and H3 remained detectable at the
end of the elongation stage of the spermatids (step 11), though
these histones were lost in the elongated spermatids with fully
condensed chromatin (e.g., steps 15 and 16) (Figures 3B and
S5A-S5C). In contrast, PA200 deficiency did not retard the
disappearance of the linker histone H1 in elongated spermatids,
whereas reducing its relative levels in most diploid cells in testes
(Figures 3B and S5D).

Histones are usually packed in chromatin and can be ex-
tracted under high-salt or acidic conditions. We reasoned that
they should be released from chromatin before degradation.
Elongated spermatids at steps 9-11 are just a very small fraction
of all the cells in the testis, and thus changes in the levels of total
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histones would not be expected to be detectable by western blot
analysis. Therefore, we analyzed histones extracted by the reg-
ular buffer and found that deletion of PA200 markedly increased
the levels of the core histones H2A, H2B, and H3 in the soluble
testis extracts and dramatically decreased the levels of H1 (Fig-
ure 3C). It is known that H4 is acetylated at K16 (H4K16ac) prior
to the removal of the core histones in elongating spermatids (Lu
et al., 2010). It is noteworthy that deletion of PA200 elevated the
levels of H4K16ac in round and elongating spermatids (Fig-
ure 3D). Thus, PA200 appears to promote the selective loss of
the core histones (and especially the acetylated species) in elon-
gated spermatids.

PA200/BIm10 Promotes Acetylation-Associated
Degradation of Core Histones during Somatic DNA
Double-Strand Breaks

Because histone acetylation happens prior to histone removal in
elongated spermatids and at the sites near DNA double-strand
breaks (DSBs) (Gaucher et al., 2010; Murr et al., 2006), we
wondered whether acetylation promotes histone degradation
in response to DSBs. In GC-2spd cells, DSBs induced by vy-irra-
diation, as marked by phosphorylation of histone H2AX (y-H2AX)
(Huen et al., 2007), had little effect on the levels of the core his-
tones. However, in the presence of the HDAC inhibitor, trichos-
tatin A (TSA), which markedly increased the levels of acetylated
H4K16 (H4K16ac), y-irradiation led to a dramatic decrease in the
levels of nonacetylated H2B and H4 at 20 min or 60 min postir-
radiation (Figure 4A). At 120 min postirradiation, the levels of
H2B and H4 bounced back markedly, probably because the
cells had recovered from the damage. Accordingly, treatment
of GC-2spd cells with TSA in conjunction with the DNA-
damaging agent, methyl methanesulfonate (MMS), also led to
a dramatic decrease in the levels of H2B and H4 (Figure 4B).
Similarly, in wild-type mouse embryonic fibroblast (MEF) cells,
the joint treatment of +y-irradiation and TSA led to a marked
decrease in the levels of H2B and H4 at 20 min or 60 min post-
irradiation (Figures 4C and S6A). In contrast, in the PA200-defi-
cient MEF cells, this joint treatment had almost no effect on the
levels of the core histones (Figures 4C and S6B). Because
synthesis of the core histones is tightly coupled to DNA replica-
tion (Zhu and Reinberg, 2011), this dramatic loss of the core
histones within only 20 min after irradiation (compared to the
~24 hr doubling time for the MEF cells) must result from accel-
erated degradation of these proteins rather than from reduced
transcription or translation during DNA replication. Thus,
PA200 is apparently required for the acetylation-associated
degradation of the core histones in response to DNA double-
strand breaks.

To further confirm these results, we sought to explore the role
of the PA200 ortholog in S. cerevisiae, BIm10, in the histone
degradation in response to DSBs. In diploid yeast, the joint treat-
ment with MMS and the HDAC inhibitor, valproic acid (VPA), also
dramatically reduced the levels of the core histone, H2B. Treat-
ment with the proteasome inhibitor, MG132, or deletion of BIm10
blocked this reduction (Figures 4D and S6C). Thus, DNA double-
strand breaks promote the acetylation-associated proteasomal
degradation of the core histones, and PA200/BIm10 is required
for this process in both yeast and mammalian somatic cells.
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PA200/BIm10 Binds Acetylated Core Histones via
Bromodomain-like Regions

To test whether PA200 directly modulates the levels of the acet-
ylated histones, cellular localization of PA200 was examined. In
the wild-type MEF cells, an antiserum against PA200 recognized
punctuate structures in the nuclei, where acetylated H2B
(H2BK5ac) was also present. The staining of acetylated H2B in
the PA200-deficient cells was much stronger than in the wild-
type cells, a further indication that PA200 promotes the acetyla-
tion-dependent degradation of the core histones (Figure 5A).
Because the PA200 antiserum showed some nonspecific stain-
ing, especially in the cytosol (as seen in the PA200-deficient cells
in Figure 5A), we transfected COS-7 cells with HA-tagged PA200
and demonstrated that HA-PA200 partially colocalized with
acetylated H4 (H4K16ac) (Figure 5B). These results suggest

Figure 3. Deletion of PA200 in Mice Retards
Disappearance of Core Histones in Elon-
gated Spermatids

(A) Deletion of PA200 increases the rate of
apoptosis in testis. Apoptotic cells in testis paraffin
sections of the 15-week-old wild-type or PA200-
deficient mice were detected by fluorometric tun-
nel assay (green). The nucleus was stained by
DAPI (4’,6-diamidino-2-phenylindole, blue). Only
few apoptotic cells (usually < 5) were detected in
each apoptosis-positive tubule section from wild-
type mice, but much more (mostly > 5) from the
PA200-deficient mice. Data are represented as
mean + SEM.

(B) Deletion of PA200 leads to accumulation of
core histones in elongated spermatids. Histones in
testis paraffin sections of the 15-week-old wild-
type or PA200-deficient mice were detected by
immunohistochemistry (brown), and nuclei were
stained with hematoxylin (blue). The steps of
spermatogenesis were 11 for both H2B and H3,
and 13-14 for H1. The filled arrow (spermatocyte),
the open arrow (round spermatid), and the open
triangle (elongated spermatid) point to the corre-
sponding cells.

(C) PA200 deficiency increases the levels of the
core histones in soluble testis extracts. Testis ho-
mogenates from the wild-type or PA200-deficient
mice were prepared in regular buffer, and were
analyzed by immunoblotting following SDS-PAGE.
The asterisk denotes a polypeptide, which did not
complex with the 20S particle in Figure S5A.

(D) Deletion of PA200 elevates the levels of
H4K16ac in round and elongating spermatids.
Testis paraffin sections were prepared and
stained, and cells were labeled as in (B), but the
primary antibody was anti-H4K16ac (Millipore
#07-329).

See also Figure S5.

Mut

7 &

that PA200 colocalizes with acetylated
core histones in the nuclei. Furthermore,
we examined whether PA200 is recruited
to DNA damage loci following vy-irradia-
tion. In the wild-type MEF cells treated
with TSA, y-H2AX was induced by y-irra-
diation, and colocalized with PA200 in nuclei at 20 min and
60 min postirradiation (Figure 5C), when the core histones
were degraded as shown in Figure 4C. These findings raised
the possibility that acetylation serves as a marker on the core his-
tones and is directly recognized by PA200/BIm10 at the loci of
DNA double-strand breaks.

Therefore, we searched for acetylation-recognizing regions in
PA200/BIm10. The acetyllysine-binding bromodomain (BRD)
usually comprises a left-handed bundle of four a helices with
two adjacent hydrophobic loops (ZA and BC loops), where
acetyl-Lys is anchored to an Asn residue (Filippakopoulos
et al., 2012) (Figure 5D). Based on its crystal structure (Sadre-
Bazzaz et al., 2010), BIm10 contains a BRD-like (BRDL) region
at aa1648-1732, which forms four similar o helices with critical
hydrophobic residues (Tyr'®®3Asn'®®*/Tyr'71% in the adjacent
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Figure 4. PA200/BIm10 Is Required for Acet-
ylation-Associated Degradation of Core His-
tones during Somatic DNA Damage

(A) Joint treatment of irradiation with trichostatin A
reduces the levels of the core histones. GC-2spd
cells were treated with or without TSA (0.3 pM),
irradiated by a ®°Co gamma irradiator for 15 min
(1 Gy/min), and then incubated for the time periods
as indicated. The levels of the histones and the
loading control, B-actin, were analyzed by immu-
noblotting following lysis of cells by SDS sample
buffer. The levels of H2B and H4 were quantified by
densitometry (normalized to the loading control),
and data are represented as mean + SEM.

(B) Treatment with TSA and MMS decreases the
levels of the core histones. GC-2spd cells were
treated with 25 pg/ml cycloheximide and TSA at
the concentrations as indicated in the absence or
the presence of 0.004% (0.472 mM) MMS for 4 hr.
The levels of histones and the loading control,
B-actin, were analyzed as in (A). Data are repre-
sented as mean + SEM.

(C) Treatment with both irradiation and TSA re-
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H4+MMS duces the levels of the core histones in wild-type,
but not in PA200-deficient, MEF cells. Wild-type
(WT) or PA200-deficient (Mut) MEF cells were
treated and analyzed as in (A). A probably
nonspecific 130 kDa band was recognized by the
anti-PA200 antiserum.

(D) Acetylation- and BIm10-dependent degrada-
tion of the core histones in diploid yeast treated
with MMS. Wild-type or the BIm10-deficient
diploid budding yeast was treated with MMS and/
or VPA in the absence or presence of MG132
(10 uM) for the time indicated. The levels of H2B
and GAPDH were analyzed by western blot
following lysis of yeast by SDS sample buffer.
See also Figure S6.
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loops. Human PA200 is predicted to have a similar region of
aa1650-1738 with Phe'®”®/Asn'"'® Phe'”'”. Unlike typical
BRDs, which share many other conserved residues (Filippako-
poulos et al., 2012), the BRDL regions in PA200 and BIm10 do
not share any significant sequence homology with known
BRDs (Figure 5D).

To test whether these regions in PA200/BIm10 bind acetylated
histones, we expressed and purified this domain as a GST-fusion
protein. Histones were isolated from rabbit thymus, and were
further acetylated by the HAT domain of Gcn5 in vitro. The
acetyl-histones could be specifically pulled down with the
BRDL region aa1648-1732, but not a nonrelevant region, of
BIm10. Furthermore, the mutations at this region (Y1663H/
N1664D) abolished the association (Figure 5E). Similarly, the
BRDL region aa1650-1738 of human PA200, but not its corre-
sponding mutant form (N1716T/F1717S) or a nonrelevant region
of PA200, bound acetyl-histones directly (Figures 5E, S7A, and
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S7B). Although the nature of the acety-
lated histones pulled down with the
BRDL regions remained to be further
characterized, an anti-H2B antibody
recognized a band from acetylated his-
tones at ~14 kDa, suggesting that acetylation on H2B was
required for binding the BRDL regions (Figure 5E).

As shown above, acetylation of histone H4 at K16
(H4K16ac) was involved in histone degradation. To further
validate these results, we purified the naturally acetylated
histones from Hela cells. After incubating them with
GST-BRDL of PA200 or BIm10, H4K16ac could be specifically
pulled down by the WT BRDL region, but not its mutant (Fig-
ure 5F). However, the H4 peptide with Ki6ac could not
compete with the full-length histone in this assay (Figure 5F),
hinting that additional posttranslational modifications might
be required. Bacteria lack most posttranslational modifications
of proteins in mammalian cells. Therefore, we expressed
and purified the full-length histone H4 from bacteria and
acetylated it at K16 in vitro using the HAT, TIP60, but the
BRDL region of PA200 could not bind this type of acetylated
H4 (Figure 5G). Accordingly, the BRDL regions of PA200
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Figure 5. PA200/BIm10 Binds Acetyllysine
Residue in Core Histones via BRD-Like Re-
gions

(A) Colocalization of PA200 with H2BK5ac. In the
wild-type mouse embryonic fibroblast (MEF) cells,
PA200 was visualized with an antiserum against
PA200 from rabbit (green), and H2BK5ac was
detected by a specific antiserum from mouse (red),
while nuclei were stained with DAPI. One of co-
localization loci in each cell was indicated by an
arrow. At least 20 cells were analyzed, and similar
results were obtained for almost all the cells. The
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PA200-deficient MEF cells (Mut) served as con-
trols for the specificity of the anti-PA200 anti-
serum.

(B) Partial colocalization of transfected HA-PA200
with H4K16ac. COS-7 cells were transfected
with the N-terminally HA-tagged PA200, and
immunofluorescence staining was carried out us-
ing anti-HA (mouse) and anti-H4K16ac (rabbit). A
representative of about 20 cells transfected with
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regions in yeast BIm10 and human PA200 in comparison with the BRD in human CBP (Dhalluin et al., 1999).

(E) BRD-like regions specifically bind acetyl-lysine on core histones in vitro.
F1717S in PA200 and Y1663H/N1664D in BIm10) (Mut) were expressed and

GST-fused BRDL regions from PA200/BIm10 (WT) and their mutants (N1716T/
purified from E. coli, and incubated with the histones, which were acetylated by

Gcn5 HAT domain. Nonrelevant regions of BIm10 (aa1980-2073) and PA200 (aa1296-1377) served as negative controls (NC). Following a pull-down assay using
GSH-beads, acetylated histones (Ac-H) and H2B were analyzed by western blot with an anti-acetyllysine antibody and an anti-H2B antibody, respectively. GST

fusion proteins were stained by Coomassie blue.
(F) H4K16ac derived in HeLa cells binds BRD-like regions. Acetylated histones

were purified from Hela cells. The H4 peptide (aa1-21) with or without acetylation

at K16 was included as indicated at ~200-fold of histone molecules. GST pulldown experiments were carried out as in (E), and H4K16ac was analyzed with a

specific anti-H4K16ac antibody.

(G) Acetylation at K16 is not sufficient for bacterially-expressed histone H4 to bind the BRDL region. The bacterially-expressed wild-type H4 or H4K16R was
acetylated by TIP60, and incubated with the GST-BRDL of PA200 or its mutant for a GST pulldown assay.

See also Figure S7.

and BIm10 also could not bind the N-terminal histone
peptides (including H4K16ac [aa1-21]), which were only
modified by acetylation at a single Lys residue (data not
shown). Thus, the BRD-like regions of BIm10 and PA200 can
bind acetyl-histones in vitro, but additional posttranslational
modifications of histones might be required to assist the
binding.

PA200/BIm10 Targets Acetyl-Histones for Proteasomal
Degradation

Excess histones in a cell can cause genome instability (Singh
et al., 2009). Delayed disappearance of histones in elongated
spermatids or release of histones from DSB sites should
resemble ectopic overexpression of histones, which in yeast
leads to an accumulation of excess histones (Singh et al.,
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(Figure S7E). The purified PA200 greatly
promoted degradation of the acetylated
core histones by the 20S particles in the
absence of ATP (Figure 6D). Because

2009). Therefore, the FLAG-tagged core histones were inducibly
overexpressed in budding yeast to examine the mechanisms for
the BIm10/PA200-mediated degradation of the core histones.
Unlike deletion of the 19S subunits, Rpn4 and Rpn13, deficiency
of BIm10 stabilized the ectopically expressed histone H3 (Fig-
ures 6A, S7C, and S7D). Overexpression of the HA-tagged
BIm10 by itself did not promote FLAG-H3 degradation (Fig-
ure 6A), suggesting that the endogenous BIm10 was sufficient
for the destruction of the excess histones. Furthermore, muta-
tions (Y1663H/N1664D) or deletion (BIm10 AC) of the BRD-like
region in BIm10 stabilized FLAG-H3 (Figure 6A). Similarly, dele-
tion of BIm10 also stabilized the ectopically-expressed FLAG-
tagged histones H2B and H4 (Figure 6B). However, unlike
Rpn4 or Rpn13, BIm10 was not required for the ubiquitin-depen-
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the proteasome inhibitor MG132 blocked this degradation, the
observed effect should not be caused simply by deacetylation.
In contrast, PA200 stimulated degradation of unmodified H2B
only slightly and had almost no effect on degradation of the poly-
ubiquitinated RNF5 (Figure 6D). Thus, PA200/BIm10 appears to
target the acetylated histones for proteasomal degradation in a
polyubiquitination- and ATP-independent manner.

DISCUSSION

PA200 Is Essential for Programmed Degradation of Core
Histones during Spermatogenesis

In mammals, the proteasomes bearing one or two PA200 in the
regulatory particles and B1i, B2i, p5i, and/or a4 s in the 20S
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particle are testis specific. Enhanced capacity for antigen pre-
sentation is certainly unlikely during spermatogenesis or fertiliza-
tion, though immunoproteasomes are involved in degrading
oxidant-damaged proteins (Seifert et al., 2010). The functional
significance of these immunoproteasome subunits (i.e., B1i,
B2i, B5i) in testis is unclear. Unlike the other alternative 20S sub-
units (Murata et al., 2007), a4 s is in the outer a-ring and thus
lacks catalytic activity and might preferentially interact with reg-
ulatory complexes such as PA200. It is possible that these
unique properties might allow the development of drugs against
certain testis tumors or even male contraceptives that specif-
ically target sperm development by blocking the proteasomes
essential for spermatogenesis.

An excess of histones blocks transcription, leads to enhanced
DNA-damage sensitivity, and triggers chromosome aggregation
or loss (Singh et al., 2009). Delayed disappearance of the core
histones in elongated spermatids in PA200-deficient mice also
led to accumulation of the core histones and induced apoptosis
(Figure 3). Thus, our findings provide a mechanism for the obser-
vation that deletion of PA200 leads to malformed spermatids or
sperm in mouse testes, and thereby dramatically reduces fertility
in male mice (Khor et al., 2006).

Acetylation and PA200 Mediate Polyubiquitin-
Independent Proteasomal Degradation of Core Histones
The core histones are removed from the vicinity of double-strand
DNA breaks in yeast (Tsukuda et al., 2005), and PA200 accumu-
lates on chromatin during DNA repair (Blickwedehl et al., 2008).
We show that the elevated acetylation (induced by HDAC inhib-
itors) enhanced core histone degradation upon DNA damage in

e

Figure 7. Models for Acetylation-Mediated
Degradation of Core Histones

(A) Core histone degradation by spermatoprotea-
somes during spermatogenesis. During elongation
of haploid spermatids, the BRD-like (BRDL) region
in PA200 recognizes the core histones with
acetylation and other uncharacterized post-
translational modifications, dissociates the his-
tones from the nucleosome, and leads to cleavage
of the core histones into small peptides. Mean-
while, transition proteins are recruited into the
chromatin, and are eventually replaced by prot-
amines.

(B) Coupling of core histone degradation with so-
matic DNA repair. DNA double-strand breaks
trigger acetylation and other uncharacterized
posttranslational modifications on the core his-
tones. Targeting and release of core histones
would allow DNA repair proteins to fix the
damaged DNA. Meanwhile, the acetylated core
histones are, at least partly, degraded by the
PA200/BIm10-containing proteasomes. Following
repair of the damaged DNA, the newly synthesized
core histones join the DNA to form nucleosomes.
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both yeast and mammalian somatic cells.

Phosphorylation of histones by Rad583 is

required for degradation of excess his-

tones in yeast (Singh et al., 2009), and
monoubiquitination of histones catalyzed by the ubiquitin ligase,
RNF8, promotes the replacement of histones by protamines dur-
ing spermiogenesis (Huen et al., 2007; Lu et al., 2010). This study
demonstrates that the BRD-like regions in PA200/BIm10 bind
the acetylated histones but other uncharacterized protein mod-
ifications are probably also required. Many BRDs bind the com-
bined marks, and the flanking modifications, such as acetylation
and phosphorylation, can strongly influence the binding to the
acetylated site (Filippakopoulos et al., 2012). Thus, acetylation
mediates the proteasomal degradation of the core histones,
presumably with the assistance of other posttranslational
modifications.

Numerous HDAC inhibitors are under investigation in clinical
trials as anticancer agents, especially in conjunction with other
treatments such as chemotherapy and radiation therapy (Shaba-
son et al., 2011). We demonstrate here that HDAC inhibitors
potentiate the acetylation-mediated histone degradation
induced by radiation or the DNA-damaging agent MMS,
providing a mechanism that may contribute to their clinical
applications.

A Model for Core Histone Degradation during
Spermatogenesis and Somatic DNA Repair

As proposed in Figure 7A, during spermatogenesis, the core his-
tones in postmeiotic spermatids (1) undergo acetylation and
probably other uncharacterized posttranslational modifications,
(2) are recognized by the BRD-like region in PA200, and (3) are
degraded by spermatoproteasomes, (4) leading to their replace-
ment by the transition proteins, which are eventually replaced
by protamines. In response to DNA double-strand breaks
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(Figure 7B), the core histones near the damage sites on DNA in
somatic cells are, at least partly, also acetylated and degraded
by the PA200/BIm10-containing proteasomes so that DNA repair
proteins can reach the damage sites. In addition, it is possible
that other cofactors might function together with PA200/BIm10
to fulfill this task and promote histone degradation in vivo.

About 4% of the histones on the male haploid genome are re-
tained in mature sperm in nucleosomes, which contain either the
standard histones or variants (Hammoud et al., 2009). Epigenetic
information encoded in these retained nucleosomes is passed
onto the next generation, whereas nearly all the other core his-
tones are destroyed. The removal of these core histones near
the sites of DNA damage seems to be critical for efficient repair
of the damaged DNA. Thus, this acetylation-mediated degrada-
tion of the core histones may help assure accurate passing of the
epigenetic information in sperm to next generations and main-
taining the genetic information after somatic DNA damage.

Histone acetylation plays critical roles in epigenetic regulation
of gene expression. We demonstrate that acetylation on the
lysine residue can also serve as a signal for proteasomal degra-
dation. Aimost all known BRDs, which recognize the acetyllysine
residue, share a moderate sequence homology (Filippakopoulos
et al., 2012). Although the BRDL regions of PA200/BIm10 struc-
turally resemble BRD, they share almost no sequence homology
with any known BRDs. Our findings may be important in identi-
fying other acetyllysine-binding proteins bearing BRD-like re-
gions. It is attractive to speculate that some nonhistone proteins
may also be targeted for acetylation-mediated degradation, if
their acetylation can be recognized by PA200/BIm10.

EXPERIMENTAL PROCEDURES

Construction of PA200-Deficient Mice

The PA200-deficient C57BL/6 strain was constructed by gene-targeting tech-
nologies. In brief, the genomic region encompassing exons 25 and 26 of
PA200/PSME4 gene, which encodes conserved domain in three presumptive
PA200 subspecies, was replaced by the cassette containing the neomycin-
resistant gene. MEF cells were obtained from wild-type or the PA200-deficient
mouse embryos and immortalized by stably transfecting with human large
T antigen (kindly provided by Dr. Y. Cong).

Yeast Strains

Unless stated elsewhere, yeast mutant strains were constructed using PCR-
based protocols (Janke et al., 2004; Toulmay and Schneiter, 2006), and
each BIm10 construct was integrated into the genome (Table S1). All the
BIm10 mutants were constructed under the GPD promoter, and their proteins
were expressed at similar levels as examined by western blot using anti-HA
antibody.

Immunohistochemistry and Apoptosis Detection in Testis

Mouse testis and epididymis were fixed with 4% formaldehyde in PBS over-
night. Slices (8 um) were incubated with antibodies and detected by IHC kits
(Zhongshan Golden Bridge Biotechnology, Beijing). The positive cells were
then visualized using 3,3-diaminobenzidine tetrahydrochloride (DAB) (brown).
Following counterstaining with nuclear hematoxylin (blue), images were
captured under a microscope. Apoptosis in testis was analyzed using Dead-
End Fluorometric TUNEL System according to standard paraffin-embedded
tissue section protocol (Promega).

Protein Production, Purification, and Detection

Details of PA200 purification, recombinant protein production, regular or
electron microscopy, GST pull-down, and protein degradation assays are
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available in the Extended Experimental Procedures. Purification of protea-
somes from bovine or rabbit tissues was carried out as described (Qiu et al.,
2006). The proteasome’s peptidase activity was assayed using the fluorogenic
peptide substrates, as described previously (Qiu et al., 2006), and the activity
was defined as the amount of released amc in min~'mg~" proteasomes. Mass
Spectrometric analysis of protein samples was performed by MALDI-TOF
using an Applied Biosystems Voyager-DE-STR.

Structural Analysis of Bromodomain-Like Regions

The secondary structure of BIm10/PA200 was predicted by Net SurfP
(Petersen et al., 2009). The structures of the BRD-like region of yeast BIm10
and human CBP were taken from the crystal structures of BIm10 (PDB code
3L5Q) and CBP (PDB code 2RNY), respectively. As the crystal structure of
PA200 is unavailable, its BRD-like region was modeled after the homologous
region in BIm10.
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