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Nucleolar Translocation of Histone Deacetylase 2 Is Involved in Regulation of
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ABSTRACT

Histone deacetylase 2 (HDAC2) is a key transcriptional
coregulator that is suspected to play a role during oogenesis. It
is known that RNA transcription in the cat germinal vesicle (GV)
stops during folliculogenesis at the late antral follicle stage and is
unrelated to histone deacetylation or chromatin condensation.
The objective of the present study was to determine if and how
HDAC2 participates in transcription regulation in the cat GV.
Spatiotemporal HDAC2 protein expression was examined by
immunostaining oocytes from primary to large antral follicles.
HDAC2 was detected in the majority of GVs within oocytes from
early, small, and large antral follicles. At early and small antral
stages, HDAC2 was found primarily in the GV’s nucleoplasm.
There then was a significant shift in HDAC2 localization into the
nucleolus, mostly in oocytes from large antral follicles.
Assessments revealed that transcription was active in oocytes
that contained nucleoplasm-localized HDAC2, whereas nucle-
olar-bound HDAC2 was associated with loss of both global
transcription and ribosomal RNA presence at all antral stages.
When oocytes were exposed to the HDAC inhibitor valproic
acid, results indicated that HDAC regulated transcriptional
activity in the nucleoplasm, but not in the nucleolus. Collective
results suggest that nucleolar translocation of HDAC2 is
associated with transcriptional silencing in the GV, thereby
likely contributing to an oocyte’s acquisition of competence.

domestic cat, gamete biology, germinal vesicle, oocyte,
transcription

INTRODUCTION

Immature oocytes are arrested at the first meiotic prophase
and contain a nucleus called the germinal vesicle (GV). As
folliculogenesis progresses from the primordial to the antral
stage, the oocyte and its GV continue to grow in size and
acquire the competence to undergo meiosis and support early
embryo development after fertilization [1]. There has been
increasing attention directed at immature oocytes because of
their potential role as a fertility reservoir, particularly for
oncological patients, biomedical models, livestock, and
endangered species [2-6]. One of many critical unknowns is
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how the immature oocyte attains biological competence. A
thorough understanding of the mechanisms regulating such a
phenomenon will lay the foundation for formulating new
fertility preservation approaches and taking advantage of the
thousands of intraovarian oocytes that never contribute to
sexual reproduction.

During oocyte growth, the GV undergoes chromatin
remodeling and transcriptional regulation both locally at
specific loci and globally throughout the genome [7, 8]. At
the advanced stage of folliculogenesis, GV chromatin in many
mammalian species (i.e., mouse, pig, cow, sheep, monkey, and
human) undergoes large-scale rearrangement and forms a
condensed ring around the nucleolus (also called the nucleolar-
like body) [9-14]. This subnuclear domain mainly serves as the
location for rRNA synthesis and ribosome biogenesis [15, 16].
Formation of this surrounded-nucleolus (SN) configuration,
along with transcriptional repression of mRNA and rRNA,
occurs in parallel with the acquisition of full oocyte
competence [7, 12, 14, 17-21]. It is well established from
studying somatic cells that chromatin condensation renders
DNA inaccessible to transcriptional machinery, thereby leading
to gene repression [22]. However, some evidence in growing
oocytes indicates that global transcriptional repression is not
strictly controlled by development of the SN configuration. For
example, formation of an SN configuration in human and
rabbit oocytes can be detected in early antral follicles, with
transcription continuing until it stops at the large antral stage
[12, 20, 23]. Disrupting chromatin remodeling in the mouse
oocyte does not interfere with global transcriptional silencing
[24]. In the domestic cat and goat, transcription ceases even
though an SN-like configuration is never achieved [25, 26].
Collectively, these observations suggest that additional mech-
anisms are involved in the regulation of global transcriptional
silencing. To explore further, we took advantage of a biological
system where chromatin condensation and transcriptional arrest
are uncoupled. The cat model serves such a purpose in that the
chromatin remains uncondensed in a fully grown oocyte
despite transcriptional silencing [25].

Histone deacetylases (HDACs) are the key transcriptional
coregulators expressed in the oocyte. In the somatic cells of all
species studied to date (from yeast to human), these proteins
are well characterized for the ability to deacetylate core
histones that, in turn, promote a closed chromatin conformation
and reduce transcriptional potential [27, 28]. It now is clear that
histone deacetylation serves as one key modification required
for ensuring proper chromosome condensation and segregation
during meiosis in the maturing oocyte [29-31]. However, at
least for the growing mouse oocyte, histones are hyper-
acetylated, despite the presence of HDACs [32—-36]. Therefore,
the question remains—do HDACs participate in transcriptional
control during oogenesis, and if so, how? Within the HDAC
family, HDAC2 has been implicated as the major player in
oocyte development for the mouse [33], cow [37], and
nonhuman primate [38]. HDAC2 belongs to the class I HDACs
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that generally are detected in the nucleus and form the core
deacetylation complex to mediate chromatin condensation and
gene repression [39]. In the mouse, HDAC2 has been
associated with transcriptional control in the immature oocyte,
and deleting the gene encoding this protein renders the mouse
subfertile [32]. Double deletion of Hdacl and Hdac2 genes
leads to global reduction in transcription and developmental
arrest in the mouse oocyte [32]. However, beyond the latter
model, there is minimal information on the role and function of
HDAC2. Most studies are limited to some gene expression
profiling during oocyte development, with no emphasis on the
detailed developmental stage of the source follicle [38, 40, 41].

For these reasons, we designed a series of experiments with
an overall aim to determine if and how HDAC?2 participates in
transcriptional regulation of the mammalian oocyte, but in a
precise fashion during the course of specific stages of
folliculogenesis. Using the cat model (because of minimal
chromatin reorganization compared with other species), our
specific objectives were to elucidate 1) the temporal and spatial
expression pattern of HDAC2 in oocytes from defined
follicular stages and 2) the role of HDAC2 in regulating
global transcriptional activity.

MATERIALS AND METHODS

Collection of Follicles/Oocytes

Ovaries from adult, domestic cats were recovered after routine ovariohys-
terectomy at local veterinary clinics and transported in PBS supplemented with
100 IU/ml penicillin and 100 pg/ml streptomycin (Sigma-Aldrich) at 4°C to the
laboratory within 6 h of excision. Follicles from primary through antral stages
were collected by repeatedly slicing the ovaries with a scalpel blade in HEPES-
buffered minimum essential medium (H-MEM; Gibco Laboratories) supple-
mented with 1 mM pyruvate, 2 mM L-glutamine, 100 IU/ml penicillin, 100 pg/
ml streptomycin, and 4 mg/ml bovine serum albumin (BSA; Sigma-Aldrich).
Follicles were then classified on the basis of diameter, numbers of surrounding
granulosa cells, and presence of basal lamina, as previously described [42, 43].
As a general guideline, primary follicles (~50-60 pm) contained a single layer
of cuboidal granulosa cells; secondary follicles (60-90 pum) and preantral
follicles (90400 pm) contained more than one layer of granulosa cells; and
antral follicles contained a fluid-filled antrum and were categorized into three
size groups (<0.5 mm, early antral; 0.6—1.0 mm, small antral; and >1.0 mm,
large antral). Additionally, the developmental stage of each source follicle was
double-checked by measuring oocyte and GV diameters, according to criteria
characterized previously in our laboratory [25]. Specifically, the reference
oocyte and GV diameters (in micrometers, mean * SD) for each follicular
stage were, respectively: primary follicle, 47.5 * 3.2 and 169 = 0.9;
secondary follicle, 63.2 = 2.7 and 17.0 £ 1.1; preantral follicle, 73.6 * 4.2
and 24.8 *= 2.5; early antral follicle, 93.9 = 3.5 and 31.0 = 2.2; small antral
follicle, 104.0 = 3.6 and 36.5 = 3.8; and large antral follicle, 113.7 = 5.2 and
40.3 £ 3.0 [25]. Cumulus-oocyte complexes from antral follicles were then
released and classified according to standard quality criteria [44], and only
grade 1 (uniformly dark cytoplasm, five or more compact layers of cumulus
cells) and grade 2 (same as grade 1, but with fewer than five cell layers) oocytes
were selected. Oocytes from antral follicles were denuded of cumulus cells by
exposure to 0.2% hyaluronidase (Sigma-Aldrich) for 15 min at 38°C, followed
by vortexing and rinsing with H-MEM. Oocytes from primary, secondary, and
preantral follicles did not require hyaluronidase treatment because of a paucity
of surrounding cells [25].

HDAC2 Antibody and Western Blotting

A rabbit polyclonal HDAC?2 antibody (H-54; Santa Cruz Biotechnology
Inc.) was used to detect the HDAC2 protein. This antibody was raised against
the C-terminal region of HDAC2 of human origin. The sequence in this region
is highly conserved across species, including in the cat, yet is unique to
HDAC?2 and not shared with other HDAC members [45]. To further validate
the specificity of this antibody in the cat, Western blot analysis was performed.
Tissues from the ovary, oviduct, and uterus of two female adult cats were
dissected and snap frozen. Proteins then were extracted with RIPA buffer
(Sigma-Aldrich) supplemented with protease inhibitor mix (GE Healthcare) and
100 pM phenylmethylsulfonyl fluoride (Sigma-Aldrich). The extracts were
mixed with SDS sample buffer (Boston Bioproducts) and resolved by SDS-

PAGE with the use of 4%—15% Mini-PRO-TEAN TGX precast gels (Bio-Rad).
Precision Plus Protein Dual Color Standards (Bio-Rad) were used as the
molecular weight standard. Gels were transferred onto nitrocellulose mem-
branes (Bio-Rad), blocked with 3% BSA (Sigma-Aldrich) in PBS, and then
incubated at 4°C overnight with HDAC2 antibody at 1:300. Anti-rabbit
immunoglobulin G (IgG) antibody conjugated with horseradish peroxidase
(Santa Cruz Biotechnology) was used as the secondary antibody. Immunore-
activity was detected with Clarity Western ECL Substrate (Bio-Rad) and
imaged with ChemiDoc XRS imaging system (Bio-Rad). The membranes then
were stripped with Restore Western blot stripping buffer (Thermo Scientific)
and reblotted with housekeeping control anti-GAPDH (Novus Biologicals) at a
concentration of 1:500.

Immunofluorescent Staining and Imaging

To examine the subcellular distribution of HDAC?2, immunofluorescent
staining was performed using the HDAC2 antibody at 1:50 and a mouse
monoclonal nucleolin antibody (a nucleolar marker that labeled the outer layer
of the nucleoli [46, 47]) at 1:100 (Millipore). Oocytes from different ovaries
and follicle stages were pooled and processed together for immunostaining.
Oocytes first were fixed in 4% paraformaldehyde in PBS (USB Corporation)
for 1 h at 38°C or for overnight at 4°C. After rinsing with wash solution (PBS
with 2% fetal calf serum [FCS; Irvine Scientific] and 0.5% Triton X-100
[Sigma-Aldrich]) and blocking with saturation solution (PBS with 20% FCS
and 1% Triton X-100) for 1 h at 38°C, oocytes were incubated with primary
antibodies in wash solution overnight at 4°C. A negative control in which the
primary antibodies were omitted was included in each trial. After three washes,
oocytes were incubated with secondary antibodies (anti-rabbit IgG-fluorescein
isothiocyanate [IgG-FITC] at 1:200 [Sigma-Aldrich] and/or anti-mouse IgG-
Texas Red at 1:500 [Sigma-Aldrich]) for 1 h at 38°C, and then excess
antibodies were washed away by three additional washes. To visualize DNA,
oocytes were counterstained with 10 pg/ml Hoechst 33342 (Sigma-Aldrich)
and/or 100 pg/ml propidium iodide (PI; Sigma-Aldrich) for 5-10 min before
mounting with Vectashield mounting medium (Vector Laboratories). Hoechst
only bound the DNA [48], whereas PI labeled all nucleic acids, including
chromatin in the nucleus and rRNA in the nucleolus [49]. Resulting images
were obtained using an Olympus BX41 epifluorescence microscope (Olympus
Corporation) with SPOT advanced software 3.5.9 (Diagnostic Instruments
Inc.). The excitation and detection wavelengths were 467—498 nm and 513-556
nm for FITC, respectively; 542—-582 nm and 604—644 nm for Texas Red and PI;
and 352-402 nm and 417-477 nm for Hoechst. Oocyte and GV diameters were
measured with the SPOT advanced software, and the resulting values were used
to confirm the developmental stages of the source follicles (as described
above). Additionally, a portion of samples were also visualized with a Zeiss
LSM 710 confocal microscope with Zen 2009 software (Zeiss) to secure
higher-resolution images. The excitation and detection wavelengths were 488
nm and 492-544 nm for FITC, respectively, and 405 nm and 415487 nm for
Hoechst.

Transcription Assay

To determine global transcriptional activity in the GV, nascent RNAs were
labeled and imaged with the Click-iT RNA imaging kit (Life Technologies)
following the manufacturer’s instructions. Denuded oocytes from antral
follicles were incubated with 1 mg/ml 5-ethynyl uridine (5-EU) in MEM
medium (supplemented as above; Sigma-Aldrich) for 1 h in a 38°C incubator
with 5% CO, before being fixed in 4% paraformaldehyde in PBS for 1 h at
38°C or overnight at 4°C. A negative control without 5-EU incorporation was
included in each trial. To validate the transcription assay, a portion of oocytes
also were incubated for 2 h with 0.2 pg/ml actinomycin D (Sigma-Aldrich), a
drug known to inhibit RNA synthesis, before the addition of 5-EU. To detect 5-
EU-labeled RNA, oocytes were rinsed with PBS containing 1 mg/ml
polyvinylpyrrolidone (Sigma-Aldrich) and permeabilized with 0.5% Triton
X-100 at 38°C for 30 min, followed by a 30-min incubation in the dark with
reaction cocktails containing Alexa Fluor 594 azide. After reaction cocktail was
washed off, oocytes were subjected to immunofluorescent staining of HDAC2
(as described above). Oocytes were visualized and measured with the Olympus
BX41 epifluorescence microscope and SPOT software (as described above).
Transcriptional activity was determined by quantifying fluorescence intensity in
each GV with ImageJ software (National Institutes of Health). Integrated
fluorescent density (IntDen) within the GV was measured, along with the mean
fluorescent value (Mfv) of three additional selections around the GV for
background readings. Fluorescence intensity (arbitrary units) was calculated
using the following formula:
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FIG. 1. Proportion of diverse distribution patterns of HDAC2 in the cat

GV within oocytes recovered from different stages of intraovarian follicles.
Proportions with different letters across each follicle category differ (P <
0.05). For a given follicle category, the majority percentage is outlined
with a black line. Numbers in parentheses indicate numbers of oocytes
examined in each category at each stage.

Fluorescence intensity = IntDen in the GV
— (area of the GV X average background Mfv)

The experimental background fluorescence intensity level was determined
from the average fluorescence intensity measurement of non-5-EU-labeled,
control GVs.

Valproic Acid Treatment

To examine the impact of adding an HDAC inhibitor, denuded oocytes in
each replicate were randomly allocated and incubated in MEM medium
(supplemented as above) in the presence or absence of valproic acid (VPA;
Sigma-Aldrich). For oocytes exposed to the inhibitor, 0.5 mg/ml VPA was
added to the oocyte cohort, and then both the treated (+VPA) and the untreated
(=VPA) groups were incubated for 1 h (38°C, 5% CO,). Then, 5-EU was added
immediately (without removing VPA in the treated group) to assess
transcription (as described above). To validate that VPA effectively inhibited
HDAC activity, some of the treated and the untreated oocytes were subjected to
immunostaining with a rabbit polyclonal antibody against pan-acetylated
Histone H3 (Millipore).

Experimental Design and Statistical Analysis

Oocytes selected from a pool of ovaries collected on a given day were
considered as one replicate. For each of the three described experiments,
oocytes were randomly allocated to different treatment groups, including for
controls.

Experiment 1 examined HDAC?2 protein expression in the cat. Western
blotting was used to demonstrate the specificity of the HDAC2 antibody and to
confirm expression of HDAC?2 in tissues from the adult cat reproductive tract.

Next, oocytes (a total of 212 from 33 cats) collected from a diversity of follicles
(primary to large antral stages) were immunostained with anti-HDAC2
antibody across six replicates to examine the temporal and spatial expression
pattern of HDAC?2 protein in the GV.

Experiment 2 evaluated the relationship between HDAC2 localization and
transcriptional activity in GVs within oocytes recovered from one of the three
antral stage follicles (early, small, and large). A total of 184 oocytes from 32
donors underwent transcriptional assay followed by HDAC2 antibody staining
across five replicates. Transcriptional activity was determined by quantifying
the intensity of 5-EU-labeled nascent RNAs. All oocytes from the same batch
were immunostained at the same time, and all images were taken and processed
with the same setting to allow comparison. Only oocytes demonstrating
expression of HDAC2 were analyzed on the basis of one of two patterns of
localization. The first focused on HDAC2 expression exclusively in the
nucleoplasm, and the second on nucleolar localization with or without residual
nucleoplasmic expression. As a control, 72 oocytes from 14 cats were
incubated with or without actinomycin D before the assay of transcriptional
activity across two replicates. Additionally, another 69 oocytes from 18 cats
were tristained with HDAC2 antibody, PI, and Hoechst 33342 across four
replicates to better elucidate the relationship between HDAC2 localization and
rRNA expression.

Experiment 3 investigated the requirement of HDAC activity for
transcriptional regulation and HDAC2 translocation. A total of 271 denuded
oocytes from early, small, or large antral follicles from 41 cats were treated
with or without VPA and then assayed for transcriptional activity, HDAC2
expression, and chromatin structure (Hoechst staining) across six replicates.
Another 64 oocytes from 15 cats, with or without VPA treatment, were
immunostained with pan-acetylated Histone H3 antibody to evaluate the
effectiveness of the inhibitor. All oocytes from the same batch were
immunostained at the same time, and all images were taken and processed
with the same setting to allow comparison.

For HDAC?2 localization analysis in experiments 1 and 3, data from all
replicates were pooled to determine the proportion of each distribution pattern
in each follicle category. For HDAC2 distribution patterns, comparisons
between follicle categories were assessed by x> testing. Quantified transcrip-
tional activity data in experiments 2 and 3 were evaluated by ANOVA followed
by Tukey multiple test. Differences were considered significant at P < 0.05
(GraphPad Prism 6; GraphPad Software).

RESULTS

Experiment 1: Temporospatial Expression Pattern of
HDAC2 in the GVs of Intraovarian, Immature Oocytes at
Different Follicular Stages

The HDAC2 antibody used in this study specifically
recognized a single protein product corresponding to the
predicted size (52 kDa) of cat HDAC?2 in cat reproductive tract
tissue (Supplemental Fig. S1; Supplemental Data are available
online at www.biolreprod.org). Examining the temporospatial
expression of HDAC2 using this antibody demonstrated that
the protein was largely absent in the GVs of oocytes from
primary, secondary, and preantral follicles (Fig. 1). No HDAC2
staining was detected in oocytes from primary follicles (Figs. 1
and 2, A and B). In oocytes from the secondary and preantral
follicular stages, HDAC2 was only detected in 24% and 32%
of the GVs, respectively (Figs. 1 and 2, C-F). As follicles
progressed into antral stages, the proportion of GVs with
positive HDAC?2 staining increased (P < 0.05) up to 87% in
early antral, 98% in small antral, and 97% in large antral
follicles (Fig. 1). In the majority of oocytes from early (69%)
and small (70%) antral follicles, HDAC2 appeared to be
uniformly distributed in the GV nucleoplasm (Figs. 1, 2, G-J,
and 3A). In 18% of early antral and 27% of small antral
follicles, HDAC2 was localized primarily in a single globular
structure within the GV, sometimes accompanied by expres-
sion in one or more other smaller structures (Figs. 1 and 3, B
and C). In these oocytes, nucleoplasmic expression of HDAC?2
was diminished (Fig. 3B) or completely absent (Fig. 3C).
Control, double immunostaining of HDAC2 and nucleolin
(nucleolar marker) confirmed that HDAC2 expression was
inside the nucleolus of these oocytes (Fig. 4). A shift (P <
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FIG. 2. Expression patterns of HDAC2 in the cat GV within oocytes from
different stages of intraovarian follicles. Confocal images of immuno-
staining of HDAC2 (A, C, E, G, I, and K) from primary stage to large antral
stage, with the respective chromatin counterstained with Hoechst (B, D, F,
H, J, and L). Oocytes from early, small, and large antral follicles were
stripped of surrounding cumulus cells before evaluation. Bar =20 pm.

0.05) in the proportion of each HDAC2 distribution pattern was
observed in oocytes from large antral follicles (Figs. 1 and 2, K
and L). At this point in folliculogenesis, nucleolar HDAC2
expression was detected in 73% of the GVs, including both
with (20%) or without (53%) residual nucleoplasmic expres-
sion (Fig. 1).

Experiment 2: Relationship Between HDAC?2 Localization
and Transcriptional Activity in the GVs of Oocytes from
Different Antral Follicle Stages

High transcriptional activity was detected in the GVs of
oocytes from all three antral stage follicles when HDAC2 was
present solely in the nucleoplasm (Figs. 5 and 6, A-C).
Nascent RNAs were detected not only in the nucleoplasm, but
also in the nucleolus of the transcriptionally active oocytes
(Fig. 6B, arrowhead). Consistent with results from the
transcriptional assays, strong TRNA expression (based on PI
staining) was observed in the nucleolus when HDAC2
expression was excluded from the structure (Fig. 6, D-F,
arrowheads). In contrast, oocytes that contained nucleolar-
bound HDAC?2 from all stages exhibited less (P < 0.05) or no
transcriptional activity in both the nucleoplasm and nucleolus
(Figs. 5 and 6, G-I, arrowheads). Similarly, when HDAC2
proteins were detected in the nucleolus, nucleolar PI staining
was diminished (Fig. 6, J-L, arrowheads). In the control
experiment that validated the transcription assay, actinomycin
D treatment led to reduced signals in both nucleoplasm and the
nucleolus (Supplemental Fig. S2).

Experiment 3: Involvement of HDAC Activity in HDAC2
Localization-Dependent Transcriptional Regulation

Supplementation with VPA inhibitor effectively increased
overall histone acetylation (Supplemental Fig. S3). When
HDAC2 was exclusively expressed in the nucleoplasm,
transcriptional activity was the highest in oocytes from small
antral follicles and was unaffected (P > 0.05) in the presence
of VPA (Fig. 7). Blocking HDAC activity at the early and large
antral stages allowed transcriptional activity to increase (P <
0.05) to levels that were similar to what was observed at the
small antral stage (Fig. 7) without changing chromatin
conformation (Supplemental Fig. S4A). There were no
differences (P > 0.05) between the VPA-treated and control
groups when nucleolar-bound HDAC2 was present, regardless
of follicular stage (Fig. 7). Analysis also revealed that the
proportion of GVs expressing HDAC2 in the nucleoplasm,
nucleolus, or both from any given antral stage was not altered
by the treatment (P > 0.05; Supplemental Fig. S4B).

DISCUSSION

Using the domestic cat model, we demonstrated that
HDAC?2, a key transcriptional coregulator, was translocated
from the nucleoplasm to the nucleolus of the oocyte’s GV
toward the late stages of follicle development. Secondly,
nucleolar localization of HDAC2 was associated with tran-
scriptional silencing, the latter normally considered a prereq-
uisite to acquire full oocyte competence [17, 50]. This is the
first report of nucleolar translocation of HDAC2 for any
species. We propose that, as the end of folliculogenesis
approaches, HDAC2 is removed from the nucleoplasm to
prevent this protein from further regulating transcriptional
activity in the GV, thereby facilitating the oocyte to achieve
biocompetence. The use of a nontypical model, the cat, allowed
us to uncouple the potential confounding influence of
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FIG. 3.

Representative HDAC2 expression patterns observed in the cat GV within oocytes from antral stage follicles.

A) Nucleoplasmic expression. B)

Distribution in the nucleolus and small globular structures with residual nucleoplasmic expression. C) Solely nucleolar expression. Bar =20 pm.

FIG. 4.

chromatin reorganization from the regulation of gene silencing
while studying the functional role of HDAC2.

The expression of this protein began in the majority of cat
oocytes when follicles grew to an early antral stage. HDAC2
transcripts have been reported to increase in bovine oocytes
recovered from preantral and small antral follicles compared
with their secondary stage counterparts [37]. In the mouse,
HDAC?2 protein expression increases from primary to the
secondary/preantral stage and then appears sustained through
the remainder of the growth phase [32]. Despite a slight
discordance at onset, it appears that HDAC2 mRNA and/or
protein expressions are most prominent at the antral follicular
stage, at least in the three species examined to date.

HDAC2 is known to be predominantly expressed and
functional in the nucleoplasm [39]. In the mouse, HDAC2
appears to be exclusively localized in the GV nucleoplasm,
even in the fully grown oocyte [32]. This was different than
what we observed in the cat, where a nucleoplasm-to-nucleolus
transition of HDAC?2 localization occurred toward the end of
folliculogenesis. By the large antral stage, HDAC2 had
completely translocated into the nucleolus in the majority of
oocytes. Occasionally HDAC2 staining also was found in what
probably were small nucleoli, similar to what has been
described in human antral oocytes [12]. It has been suggested
that only a subset of HDACs may be localized within the
nucleolus to mediate rRNA transcription [51]. The present
study demonstrated the first direct evidence of a complete
nucleolar translocation of a class I HDAC in a follicular stage-
dependent fashion. More importantly, this transition may
represent an avenue for regulating HDAC function.

It was particularly interesting that the timing of the nucleolar
translocation coincided with transcriptional silencing in the
growing cat oocyte [25]. This prompted speculation that these
two events may have been correlated. We already knew that
gene transcription in the cat oocyte begins at the primary

Nucleolin

Double staining of HDAC2 (A) and nucleolin (B), and the merged image of both (C) in a cat GV with nucleolar-localized HDAC2. Bar =20 pum.
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FIG. 5. Association between HDAC2 subcellular localization and
transcriptional activity (arbitrary units) in the cat GV within oocytes
collected from early, small, or large antral stage follicles. Blue dashed line
represents the average background determined from non-5-EU-labeled
control oocytes. Diagrams represent HDAC2 localization only in the
nucleoplasm, in both nucleoplasm and nucleolus, or only in the
nucleolus. Values are mean * SEM. Values with different letters differ (P
< 0.05). Numbers in parentheses indicate the number of oocytes
examined in each group.
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FIG. 6. Association between HDAC2 subcellular localization (A-F, solely within the nucleoplasm; G-L, detected in the nucleolus) and transcriptional
activity and rRNA expression in the cat GV within oocytes collected from antral stage follicles. HDAC2 stained with anti-HDAC2 antibody (green),
nascent RNA labeled with 5-EU to determine transcriptional activity (TA; red), PI labeling for both chromatin and rRNA (red), and Hoechst staining only
for chromatin (blue). Arrowheads indicate locations of the nucleoli. Bar =10 um.

follicle stage [25] and before HDAC?2 is expressed. Therefore,
this protein was not involved in initiating global transcription,
but rather probably playing some role in maintaining or
regulating gene expression in oocytes from antral follicles.
Indeed, we then discovered that oocytes were transcriptionally
active when HDAC2 was expressed in the nucleoplasm, but
were largely inactive when HDAC2 was concentrated in the
nucleolus. This subnuclear compartment is critical for IRNA
and ribosome biosynthesis [15, 16], as well as protein
sequestration as a regulatory mechanism for functionally
inactivating specific proteins [51-53]. We suspected two
possible mechanisms explaining the impact of HDAC2
nucleolar translocation on transcriptional activity in the GV.
First, HDAC2 may have facilitated protein modifications and/
or TRNA synthesis in the nucleolus that, in turn, indirectly
reduced global transcriptional activity in the nucleoplasm. This
rationalization is supported by previous evidence suggesting
that HDACs are involved in regulating rRNA transcription by
controlling deacetylation of histones and upstream-binding
factor in NIH 3T3 cells [51]. Alternatively, HDAC2 may have
controlled transcriptional activity exclusively in the nucleo-
plasm and, upon translocation, caused functional suppression
via nucleolar sequestration. In the latter case, HDAC2 could be
considered a positive regulator of global transcription in the
nucleoplasm. Consistent with this idea, it has been suggested
that HDACsS indirectly up-regulate transcription in the mouse

oocyte by altering expression of a histone demethylase [32].
However, it remains unclear if this same mechanism could
exist in the cat, especially because the latter species has
different methylation patterns from the rodent [34, 52].

To distinguish these two possible mechanisms, we exposed
cat oocytes to the class I HDAC inhibitor VPA, which is
capable of inhibiting HDAC2 activity while eliminating
potential compensatory influences of other class I HDAC
members [32, 53, 54]. Results demonstrated that VPA
treatment of oocytes containing nucleolar-bound HDAC2
exerted no significant change on RNA synthesis, which
supported the concept that HDAC2 was inactive within the
nucleolus. By contrast, VPA increased transcriptional activity
in the oocytes that exhibited nucleoplasmic HDAC2 expression
in the early and large antral stages, thereby suggesting that
HDAC activity was required to at least partially repress gene
transcription. It also was noteworthy that VPA treatment
resulted in transcriptional activity for oocytes from all three
antral stages comparable with that of untreated ones from the
small antral stage. We speculated that perhaps as transcrip-
tional activity increased during the course of oogenesis, a
ceiling level was reached in the oocytes from small antral
follicles, thus explaining the inability to provoke more activity
from that cohort. Lastly, it was important that general
chromatin conformation and HDAC?2 distribution across antral
stages were indeed unaffected by VPA treatment, reaffirming
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FIG. 7. Influence of presence (+) or absence () of HDAC inhibitor VPA
on transcriptional activity (arbitrary units) in the cat GV within oocytes
exhibiting different HDAC2 localizations from early, small, or large antral
follicles. Blue dashed line represents the average background determined
from non-5-EU-labeled control oocytes. Diagrams represent HDAC2
localization only in the nucleoplasm, in both nucleoplasm and nucleolus,
or only in the nucleolus. Values are mean * SEM. Values with different
letters differ (P < 0.05). Numbers in parentheses indicate the number of
oocytes examined in each group.

that these factors did not contribute to the change in
transcriptional activity.

Our observation that supplementation with VPA increased
(rather than decreased) transcriptional activity appeared to be
contradictory to the original prediction that HDAC2 was a
positive transcriptional regulator in the nucleoplasm. One
possible explanation is that cat HDAC2 may have been
involved in modulating transcriptional activity at specific loci
essential for regulating gene expression. Its removal from the
nucleoplasm may have disrupted the equilibrium among
multiple regulatory elements to indirectly accelerate cessation
of transcription. Alternatively, as VPA inhibits HDAC activity
by blocking substrate access without interfering with other
protein interactions [54], it was plausible that HDAC2
influenced global transcription through uncharacterized pro-
tein-protein interaction rather than deacetylation [39]. A third
alternative was that the stimulatory influence of VPA on
transcriptional activity in the present study may have
represented a combinational inhibitional outcome, given that
VPA has been known to inhibit all class I HDACs [53, 54].
However, the roles of these other proteins (i.e., HDACI1 and
HDAC3) are currently unknown during oogenesis in the cat,
largely because of a lack of effective antibodies. Nonetheless, it
was unlikely that an HDAC-dependent global chromatin

remodeling was involved, because chromatin structure was
unperturbed after VPA treatment. Overall, although the use of
inhibitor provided clues to understanding the role of HDAC2 in
the cat GV, it also unveiled the complexity of the network
regulating transcriptional activity.

It can be concluded that nucleolar translocation of HDAC2
represented a novel mechanism that was associated with the
regulation of transcriptional silencing in the domestic cat.
Although the detailed molecular mechanism requires more
investigation, there appears to be some cross-species conser-
vation, because decreased HDAC2 mRNA expression in late-
stage cow oocytes also has been linked recently to competence
acquisition [37]. Thus, reducing functional HDAC2, via
decreased synthesis or nucleolar sequestration, may be vital
for transcriptional arrest in preparing an oocyte for becoming
biologically competent. Because previous studies have linked
nucleolar localization with protein degradation [55, 56], it is
plausible that HDAC2 may have undergone a similar process
before GV breakdown. A critical next step is validating the
relationship between HDAC2 nucleolar translocation and
global transcription, perhaps by finding a means to manipulate
its localization. This could include determining the signals that
induce HDAC?2 translocation and mapping the nucleolar
localization sequences (thus far, no known nucleolar localiza-
tion sequences have been detected in the cat HDAC2
sequence). The capacity to manipulate protein functionality
along with a clear understanding of the molecular regulatory
events occurring within the GV would have practical benefits,
such as evaluating the status and competence of the GV for in
vitro studies and improving the ability to stimulate and retain
competence during oocyte preservation [57—61]. Moreover, the
HDAC?2 shuttling mechanism could serve as an attractive
contraceptive target for disrupting competence acquisition of
the oocyte. Preventing the HDAC?2 transport could specifically
inhibit the localization-dependent effect within the GV without
influencing other cellular functions of the protein, thereby
minimizing side effects.
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