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Abstract: Mitotic bookmarking constitutes a mechanism for transmitting transcriptional patterns
through cell division. Bookmarking factors, comprising a subset of transcription factors (TFs),
and multiple histone modifications retained in mitotic chromatin facilitate reactivation of transcription
in the early G1 phase. However, the specific TFs that act as bookmarking factors remain largely
unknown. Previously, we identified the “early G1 genes” and screened TFs that were predicted to bind
to the upstream region of these genes, then identified GA-binding protein transcription factor alpha
subunit (GABPA) and Sp1 transcription factor (SP1) as candidate bookmarking factors. Here we show
that GABPA and multiple histone acetylation marks such as H3K9/14AC, H3K27AC, and H4K5AC
are maintained at specific genomic sites in mitosis. During the M/G1 transition, the levels of these
histone acetylations at the upstream regions of genes bound by GABPA in mitosis are decreased.
Upon depletion of GABPA, levels of histone acetylation, especially H4K5AC, at several gene regions
are increased, along with transcriptional induction at 1 h after release. Therefore, we proposed that
GABPA cooperates with the states of histone acetylation to act as a novel bookmarking factor which,
may negatively regulate transcription during the early G1 phase.

Keywords: mitotic bookmarking; bookmarking factor; histone acetylations; GABPA; SP1; early
G1 genes

1. Introduction

Cell-type-, tissue-, and developmental stage-specific gene expression patterns are tightly
controlled by transcriptional regulatory machinery consisting of specific transcription factors (TFs),
epigenetic modifications, and higher-order chromatin structures. However, these cellular environments
markedly change accompanying the breakdown of the nuclear envelope and chromatin condensation
in mitosis, and are then restored upon chromatin decondensation and the reorganization of chromatin
structures during the M/G1 transition [1].

An early study showed that when cells enter mitosis, transcription is temporally silenced by
the displacement of RNA polymerases and TFs from chromatin [2]. When cells exit from mitosis,
transcription is faithfully restarted by reorganization of the transcriptional regulatory machineries on
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the chromatin of daughter cells [3]. These events may play an important role in the faithful transmission
of parental cell function to the daughter cells after cell division. Although the mechanisms by which
cells reactivate the specific transcriptional patterns have not been fully elucidated, a process termed
“mitotic bookmarking” has been proposed to be involved in the faithful transmission of transcriptional
patterns across cell division [4]. In particular, mitotic bookmarking comprises the mechanisms by
which histone modifications and transcriptional regulatory factors (bookmarking factors) are retained
in specific or nonspecific genomic sites throughout mitosis, facilitating immediate transcriptional
reactivation after cell division [4–20]. In addition, recently developed highly sensitive assays showed
that the transcription profile is largely retained at a low level during mitosis [21]. Other studies,
with respect to transcription during the early G1 phase, indicated the existence of hierarchies of
reactivation timing in individual genes along with different reactivation patterns during the M/G1
transition [21,22]. However, the interrelationships among these insights and the transmission of
transcriptional memory throughout cell division are not yet well understood.

Previously we identified a variety of genes preferentially reactivated at the early G1 phase
(early G1 genes) following establishment of a method for comprehensive gene expression analysis
using nascent mRNAs specifically isolated from living mammalian cells and obtaining detailed
expression profiles during the M/G1 transition. Furthermore, we discovered the motifs that were
predicted to be bound by GA-binding protein transcription factor alpha subunit (GABPA) and Sp1
transcription factor (SP1) at upstream regions of all early G1 genes analyzed [23].

GABPA plays an important role in regulating genes involved in various biological processes
such as embryonic development, cell differentiation, cell cycle, and mitochondrial biogenesis [24–28].
SP1, one of the best-studied TFs, regulates numerous genes involving broad biological processes [29].
During the M/G1 transition, SP1 is phosphorylated by cyclin-dependent kinase 1 (CDK1) to dissociate
from chromatin and is dephosphorylated by type 2A serine/threonine protein phosphatase (PP2A) to
rapidly rebind DNA at the early G1 phase [30]. In addition, although regulation mechanisms have
been reported whereby a number of nuclear factors including SP1 are actively evicted from chromatin
by mitosis-specific phosphorylation, the possibility exists that a portion of these factors may actively
or stochastically maintain the default states by being protected from such phosphorylation [31–38].
Therefore, default states of these factors may bind to mitotic chromatin. Furthermore, GABPA directly
interacts with SP1 on the utrophin promoter and activates the transcription of utrophin [39]. GABPA
and SP1 have also been reported to synergistically facilitate the transcription of the thymidylate
synthase (TS) gene by binding to its promoter [40].

Thus, we hypothesized that GABPA cooperates with SP1 in regulating early G1 gene transcription
as a bookmarking factor. In this study, we investigated whether GABPA and SP1 are involved in mitotic
bookmarking. Moreover, we also investigated whether these factors regulate the genes reactivated
during the M/G1 transition by cooperating with multiple histone acetylation marks that have been
reported to be involved in mitotic bookmarking. First, we showed that GABPA, but not SP1, binds to
upstream regions of the several genes reactivated during the M/G1 transition in mitotic-arrested cells.
Second, the levels of multiple histone acetylations such as H3K9/14AC, H3K27AC, and H4K5AC at the
upstream regions of the genes bookmarked by GABPA are higher than those unbookmarked by GABPA
in mitotic-arrested cells. Notably, we also found that the levels of multiple histone acetylations at the
genes bookmarked by GABPA are decreased during the M/G1 transition, which is inconsistent with
previous studies wherein histone acetylation levels were elevated during the M/G1 transition. Finally,
we indicated that Gabpa knockdown affects histone acetylation at upstream regions of the studied
genes and upregulates transcriptional reactivation during the M/G1 transition. Our results suggest
that GABPA functions as a novel bookmarking factor that marks the various genes reactivated during
the M/G1 transition along with multiple histone acetylations. Moreover, we propose that GABPA may
regulate transcriptional reactivation of these genes by controlling histone acetylation states.
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2. Results

2.1. A Fraction of GABPA and SP1 Binds to Mitotic Chromatin

To assess whether GABPA and SP1 have the potential to act as bookmarking factors, we investigated
their binding to mitotic chromatin. For this purpose, it was necessary for cells to be highly arrested
in mitosis. Previously, we have demonstrated a method to synchronize the cell cycle in mitosis
by a combination of temperature-sensitive CDC2 inactivation and nocodazole—an inhibitor of
microtubule polymerization [23]. We prepared asynchronous and mitotic-arrested tsFT210 cells using
this method. To evaluate the purity of the mitotic population, first, we performed immunostaing
with antiphosphorylation at Ser10 of histone H3 (H3S10p) antibody and counterstaining of DNA
with DAPI using asynchronous tsFT210 cells. We showed that the average percentage of mitotic cells
in asynchronous tsFT210 cells is approximately 12% (Supplementary Figure S1). Second, we also
performed fluorescence-activated cell sorting (FACS) analysis using propidium iodide and anti H3S10p
antibody using gating criteria suitable for the result from supplemental Figure S1. We confirmed
that the percentage of the mitotic cells in the cells synchronized by this method is approximately
80% (Supplementary Figure S2). Then, we isolated cytoplasmic and chromatin fractions from these
cells and analyzed the protein levels of GABPA and SP1 in each fraction by Western blot analysis.
In asynchronous cells, a portion of total GABPA protein was detected in the chromatin fraction,
whereas a large part was located in the cytoplasmic fraction (Figure 1A). Similarly, we also observed
a portion of total GABPA protein in the chromatin fraction derived from mitotic-arrested tsFT210
cells (Figure 1A). Compared to GABPA, SP1 was detected predominantly in the chromatin fraction in
asynchronous cells. Although the majority of SP1 protein was detected in the cytoplasmic fraction,
a portion still remained in the chromatin fraction in mitotic-arrested tsFT210 cells (Figure 1A).

2.2. GABPA, but Not SP1, Binds to Upstream Regions of the Various Genes Reactivated during the M/G1
Transition in Mitotic-Arrested tsFT210 Cells

Next, we examined whether GABPA and SP1 bind to upstream regions of genes that are
reactivated during the M/G1 transition. Then, we performed a chromatin immunoprecipitation (ChIP)
assay coupled with quantitative PCR using asynchronous and mitotic-arrested tsFT210 cells. Several
genes reactivated during the M/G1 transition were selected from our previous study of genome-wide
gene expression analysis by DNA microarray using nascent mRNA [23], and binding of GABPA and
SP1 proteins to their upstream regions was examined using primer sets specific for the regions near
the transcription start site. In asynchronous cells—taking into account that both the absolute percent
input values and relative enrichment values exceeded two-fold versus IgG—the upstream regions of
various tested genes were robustly bound by GABPA (Figure 1B, Supplementary Figure S3A left side).
Furthermore, as judged in the same classification of the asynchronous cells, the upstream regions of
selected genes which exhibited GABPA binding in asynchronous cells also showed GABPA bindings
in mitotic-arrested tsFT210 cells (Figure 1B, Supplementary Figure S3A right side). In comparison,
marked SP1 binding was detected only in asynchronous cells in these regions except for Fth1 and
Slc26a2 genes (Figure 1C, Supplementary Figure S3B). These results suggested that GABPA, but not
SP1, potentially functions as a bookmarking factor for the various genes reactivated during the M/G1
transition. Hereafter, the genes reactivated during the M/G1 transition bound by GABPA in mitosis,
those not bound by GABPA in mitosis, and those not bound by GABPA in both asynchronous and
mitosis are respectively termed “bookmarked”, “unbookmarked”, and “GABPA-unbound” genes.
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Figure 1. GA-binding protein transcription factor alpha subunit (GABPA), but not Sp1 transcription 
factor (SP1), partly binds to the analyzed genes in mitosis. (A) Protein levels of GABPA and SP1 in 
the cytoplasmic and chromatin fractions. Asynchronous (AS) and mitotic-arrested (M) tsFT210 cells 
were fractionated into cytoplasmic and chromatin fractions. The fractions were then analyzed by 
western blotting with the indicated antibodies. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) and histone H4 (H4) were used as controls for the cytoplasmic and chromatin fractions, 
respectively. Phosphorylation at Ser10 of histone H3 (H3S10p) is a marker of mitotic cells. (B,C) 
Bindings of GABPA and SP1 at the upstream regions of the genes reactivated during the M/G1 
transition in asynchronous and mitotic-arrested tsFT210 cells. Asynchronous and mitotic-arrested 
tsFT210 cells were subjected to chromatin immunoprecipitation using antibodies against GABPA and 
SP1, followed by quantitative PCR using primer sets specific for the upstream regions of the several 
genes reactivated during the M/G1 transition. Normal rabbit IgG was used as a negative control. Error 
bars denote SEM (n = 3). 

2.3. Histones at the Sites Bookmarked by GABPA are Highly Acetylated in Mitosis 

It was previously shown that transcriptionally active gene regions are marked by histone 
acetylation during interphase, whereas in cells entering mitosis these histone acetylation sites are 
globally hypoacetylated [41]. However, several transcriptional regulatory regions such as enhancers 
and promoters retain a higher level of histone acetylation in mitosis than other genomic regions [42]. 
Furthermore, as these regions partially overlapped with the sites bound by bookmarking factors in 
mitosis, it was considered that the binding of bookmarking factors is related to histone acetylation 
states in mitotic chromatin [7,8,20]. Thus, we compared histone acetylation levels at upstream regions 

Figure 1. GA-binding protein transcription factor alpha subunit (GABPA), but not Sp1 transcription
factor (SP1), partly binds to the analyzed genes in mitosis. (A) Protein levels of GABPA and SP1 in
the cytoplasmic and chromatin fractions. Asynchronous (AS) and mitotic-arrested (M) tsFT210 cells
were fractionated into cytoplasmic and chromatin fractions. The fractions were then analyzed by
western blotting with the indicated antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and histone H4 (H4) were used as controls for the cytoplasmic and chromatin fractions, respectively.
Phosphorylation at Ser10 of histone H3 (H3S10p) is a marker of mitotic cells. (B,C) Bindings of GABPA
and SP1 at the upstream regions of the genes reactivated during the M/G1 transition in asynchronous
and mitotic-arrested tsFT210 cells. Asynchronous and mitotic-arrested tsFT210 cells were subjected to
chromatin immunoprecipitation using antibodies against GABPA and SP1, followed by quantitative
PCR using primer sets specific for the upstream regions of the several genes reactivated during the
M/G1 transition. Normal rabbit IgG was used as a negative control. Error bars denote SEM (n = 3).
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2.3. Histones at the Sites Bookmarked by GABPA are Highly Acetylated in Mitosis

It was previously shown that transcriptionally active gene regions are marked by histone
acetylation during interphase, whereas in cells entering mitosis these histone acetylation sites are
globally hypoacetylated [41]. However, several transcriptional regulatory regions such as enhancers
and promoters retain a higher level of histone acetylation in mitosis than other genomic regions [42].
Furthermore, as these regions partially overlapped with the sites bound by bookmarking factors in
mitosis, it was considered that the binding of bookmarking factors is related to histone acetylation
states in mitotic chromatin [7,8,20]. Thus, we compared histone acetylation levels at upstream regions
of the bookmarked genes with those of unbookmarked and GABPA-unbound genes in mitotic-arrested
tsFT210 cells. As acetylation of histones H3K9/14, H3K27, and H4K5 is thought to be involved in
mitotic bookmarking [7,8,20,22], we examined levels of these acetylated histones in asynchronous
and mitotic-arrested tsFT210 cells. First, we performed Western blotting with antibodies against
H3K9/14AC, H3K27AC, and H4K5AC using the same samples as in Figure 1A. Consistent with
previous studies, we found that the levels of these histone acetylation marks are decreased in
mitotic-arrested tsFT210 cells compared with those in asynchronous cells (Supplementary Figure S4).
Next, to examine the levels of these histone acetylations at upstream regions of the genes reactivated
during the M/G1 transition in asynchronous and mitotic-arrested tsFT210 cells, we performed ChIP
assay coupled with quantitative PCR using the same primer sets as in Figure 1B. We observed that
H3K9/14AC and H3K27AC levels at the upstream regions of the bookmarked genes in mitotic arrested
tsFT210 cells were comparable (or higher) to those in asynchronous cells (Figure 2A,B, left side).
In contrast, the levels of these histone acetylation marks at the unbookmarked and GABPA-unbound
genes in mitotic-arrested tsFT210 cells were mostly low compared with those in asynchronous cells
(Figure 2A,B, right side). Similarly, H4K5AC levels at the bookmarked genes were markedly higher
in mitotic-arrested tsFT210 cells compared with those in asynchronous cells (Figure 2C, left side),
whereas the acetylation levels at the upstream regions of the unbookmarked and GABPA-unbound
genes were comparable between mitotic-arrested tsFT210 cells and asynchronous cells (Figure 2C,
right side). To evaluate the relationship between the presence of GABPA in mitosis and these histone
acetylations, we calculated the average level of each histone acetylation in mitotic-arrested tsFT210
cells relative to that in asynchronous cells and compared between the presence and absence of GABPA
binding in mitosis. We found that these histone acetylation levels were all significantly higher
(approximately two- to three-fold) at the bookmarked genes rather than the unbookmarked and
GABPA-unbound genes (Figure 2D). To exclude the possibility that the changes in histone acetylation
status at the upstream regions of the studied genes were caused by alteration of nucleosome occupancy,
we performed ChIP assays using an anti-histone H3 antibody coupled with quantitative PCR using
the same primer sets as in Figure 1B. Our results revealed no significant difference of the level of
H3 between the bookmarked genes, unbookmarked, and GABPA-unbound genes (Supplementary
Figure S5). Therefore, in this study, the contribution of differential nucleosome occupancy affecting the
histone acetylation levels at the studied genes was considered to be negligible. These results suggested
that GABPA binding at high retention with multiple histone acetylation sites in mitosis may comprise
novel mitotic marks that potentially function as mitotic bookmarking at the upstream region of genes
reactivated during the M/G1 transition.
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Figure 2. Histones at the sites bookmarked by GABPA are highly acetylated in mitosis. (A–C) The 
histone acetylation levels at upstream regions of the genes reactivated during the M/G1 transition in 
asynchronous and mitotic-arrested tsFT210 cells. Asynchronous and mitotic-arrested tsFT210 cells 
were subjected to chromatin immunoprecipitation assay using antibodies against H3K9/14AC (A), 
H3K27AC (B), and H4K5AC (C), followed by quantitative PCR using primer sets specific for the 
upstream regions of the bookmarked (BM), unbookmarked (UBM), and GABPA-unbound (GUB) 
genes. In each figure, the upper graph shows raw data plotted as percent input DNA and the lower 
graph shows the same data replotted relative to the asynchronous acetylation level. Error bars denote 
SEM (n = 3). (D) Comparison of the average relative level of each mitotic histone acetylation at 
upstream regions of the bookmarked genes with those of unbookmarked and GABPA-unbound 
genes. Error bars denote SEM (n = 3). Statistical significance was analyzed using a one-tailed Student’s 
t-test. 

2.4. Histones at the Sites Bookmarked by GABPA are Deacetylated during the M/G1 Transition 

Previous studies showed that a known bookmarking factor, bromodomain protein 4 (BRD4), 
binds to the transcriptional start sites of several “M/G1 genes” in mitosis, then BRD4 binding on these 
regions increases coinciding with the increase of histone H3/H4 acetylation during the M/G1 

Figure 2. Histones at the sites bookmarked by GABPA are highly acetylated in mitosis.
(A–C) The histone acetylation levels at upstream regions of the genes reactivated during
the M/G1 transition in asynchronous and mitotic-arrested tsFT210 cells. Asynchronous and
mitotic-arrested tsFT210 cells were subjected to chromatin immunoprecipitation assay using antibodies
against H3K9/14AC (A), H3K27AC (B), and H4K5AC (C), followed by quantitative PCR using
primer sets specific for the upstream regions of the bookmarked (BM), unbookmarked (UBM),
and GABPA-unbound (GUB) genes. In each figure, the upper graph shows raw data plotted as
percent input DNA and the lower graph shows the same data replotted relative to the asynchronous
acetylation level. Error bars denote SEM (n = 3). (D) Comparison of the average relative level of each
mitotic histone acetylation at upstream regions of the bookmarked genes with those of unbookmarked
and GABPA-unbound genes. Error bars denote SEM (n = 3). Statistical significance was analyzed using
a one-tailed Student’s t-test.
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2.4. Histones at the Sites Bookmarked by GABPA are Deacetylated during the M/G1 Transition

Previous studies showed that a known bookmarking factor, bromodomain protein 4 (BRD4),
binds to the transcriptional start sites of several “M/G1 genes” in mitosis, then BRD4 binding on
these regions increases coinciding with the increase of histone H3/H4 acetylation during the M/G1
transition, thereby recruiting positive transcription elongation factor b (P-TEFb) and reactivating the
transcription of “M/G1 genes” [7,8]. Based on our findings that the bookmarked gene regions have
high histone acetylation levels in mitosis compared with those of unbookmarked and GABPA-unbound
gene regions, and that SP1 bound to the majority of the tested genes in asynchronous cells but not
in mitotic-arrested cells, we hypothesized that the levels of histone acetylation and SP1 binding are
elevated immediately during the M/G1 transition preferentially at the bookmarked gene regions,
such as genes bookmarked by BRD4. Consequently, these genes rapidly reactivate their transcription.
To test this hypothesis, we synchronized cells in mitosis as described in Figure 1, then released
them by nocodazole wash out and harvested the cells 1, 2, and 3 h after release. The cells were
then subjected to ChIP assay using antibodies against H3K9/14AC, H3K27AC, H4K5AC, and SP1,
followed by quantitative PCR using primer sets specific for the upstream regions of the bookmarked,
unbookmarked, and GABPA-unbound genes. Notably, the H3K9/14, K27, and H4K5 acetylation levels
at the upstream region of the bookmarked genes were retained or decreased after release from mitotic
arrest (Figure 3A). In contrast, the acetylation levels at the unbookmarked and GABPA-unbound
genes were increased, retained, or gradually decreased through G1 phase progression (Figure 3B).
Alternatively, the binding of SP1 was increased at 1 h after release from mitotic arrest at the upstream
regions of all tested genes (Figure 3A,B). To evaluate the relationship among bookmarking by GABPA,
histone acetylations, and SP1 recruitment, we calculated the average level of each histone acetylation
and SP1 binding, and compared these levels between the bookmarked genes, unbookmarked,
and GABPA-unbound genes. We found that the levels of all histone acetylation marks at 1 to
3 h after release were significantly lower at the bookmarked genes than at the unbookmarked and
GABPA-unbound genes (Figure 3C). However, there was no significant difference in SP1 binding
(Figure 3C). These results suggested that GABPA binding in mitosis may be involved in the suppression
of multiple histone acetylation marks at the upstream region of a portion of the early G1 genes during
the M/G1 transition, whereas SP1 binding is independent of GABPA binding in mitosis.
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(A,B) Histone acetylation and SP1 binding in cells at indicated time points after release from mitotic 
synchronization. Mitotic-arrested tsFT210 cells were released and harvested at indicated time points, 
then subjected to chromatin immunoprecipitation assay using antibodies against H3K9/14AC, 
H3K27AC, H4K5AC, and SP1, followed by quantitative PCR using primer sets specific for upstream 
regions of the bookmarked (A), unbookmarked (B), and GABPA-unbound genes. Normal rabbit IgG 
was used as a negative control. The data of 0 h are the same as those of Figure 1 and Figure 2. Error 
bars denote SEM (n = 3). (C) Comparison of the average relative level of each histone acetylation and 
SP1 binding in cells at indicated time points after release from mitotic synchronization at the 
bookmarked gene regions vs. those unbookmarked and GABPA-unbound gene regions. Error bars 
denote SEM (n = 3). Statistical significance was analyzed using a one-tailed Student’s t-test. 

2.5. Gabpa Knockdown Increases Histone Acetylation Levels at Several Genes Reactivated during 
the M/G1 Transition 

Figure 3. Histones at the sites bookmarked by GABPA are deacetylated during the M/G1 transition.
(A,B) Histone acetylation and SP1 binding in cells at indicated time points after release from
mitotic synchronization. Mitotic-arrested tsFT210 cells were released and harvested at indicated time
points, then subjected to chromatin immunoprecipitation assay using antibodies against H3K9/14AC,
H3K27AC, H4K5AC, and SP1, followed by quantitative PCR using primer sets specific for upstream
regions of the bookmarked (A), unbookmarked (B), and GABPA-unbound genes. Normal rabbit IgG
was used as a negative control. The data of 0 h are the same as those of Figures 1 and 2. Error bars
denote SEM (n = 3). (C) Comparison of the average relative level of each histone acetylation and SP1
binding in cells at indicated time points after release from mitotic synchronization at the bookmarked
gene regions vs. those unbookmarked and GABPA-unbound gene regions. Error bars denote SEM
(n = 3). Statistical significance was analyzed using a one-tailed Student’s t-test.
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2.5. Gabpa Knockdown Increases Histone Acetylation Levels at Several Genes Reactivated during the
M/G1 Transition

Unlike previous studies, our data indicated that the levels of H3K9/14AC, H3K27AC,
and H4K5AC at the upstream regions of the bookmarked genes decreased during the M/G1 transition.
To determine whether GABPA is involved in deacetylation of histones H3 and H4 during the
M/G1 transition, we investigated the effect of Gabpa knockdown on histone acetylation states. First,
we confirmed the downregulation efficiency of siRNA against Gabpa. We downregulated GABPA in
tsFT210 cells by siRNA and synchronized them in mitosis. Cells were harvested 1 h after release from
mitotic arrest and then subjected to further assays. As shown in Supplementary Figure S6A, the protein
levels of GABPA detected by Western blotting were efficiently decreased in cells transfected with
siRNA against Gabpa. Second, to examine the effect of Gabpa knockdown on the acetylation levels of
histone H3K9, H3K27, and H4K5 during the M/G1 transition, we performed a ChIP assay coupled with
quantitative PCR using the same primer sets as in Figure 1B. As shown in Figure 4 and supplementary
Figure S7, we detected significant increase (p < 0.05) of H4K5AC at Cox8a, Smndc1, and Rps21
(bookmarked genes) in the Gabpa knockdown cells at 1 h after release. Similar trends were observed
for H3K27AC at Smndc1 and H4K5AC at Snrnp200, although they did not reach significance (p < 0.1).
However, we could not observe an effect of Gabpa knockdown on the levels of these histone acetylation
marks in mitosis, or those of H3K9/14AC at 1 h after release. In contrast, in asynchronous Gabpa
knockdown cells, we detected an increase of these histone acetylation levels at Cox8a and an increase
of H3K9/14AC or H3K27AC at several bookmarked, unbookmarked, or GABPA-unbound genes
(Supplementary Figure S8). Similar trends were obtained with the same assay using a different siRNA
against Gabpa (Supplementary Figures S9–S11). To exclude the possibility that the changes in histone
acetylation status caused by Gabpa knockdown were due to altered cell cycle progression, we compared
the cell cycle profile between cells transfected with siRNA against Gabpa and negative control siRNA by
flow cytometry. We found that there were no significant differences in asynchronous, mitotic-arrested
tsFT210 cells and in cells 1 h after release from mitotic arrest (Supplementary Figure S6B). These results
suggested that the histone acetylation levels at the several upstream regions of the studied genes are
coordinated by GABPA, especially histone H4K5 acetylation levels at those of various bookmarked
genes are preferentially affected by GABPA during the M/G1 transition.
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Figure 4. Gabpa knockdown initially increases H4K5 acetylation level at bookmarked genes in early 
G1 phase. Mitotic-arrested tsFT210 cells, and those 1h after release from mitotic arrest, were 
harvested, then subjected to chromatin immunoprecipitation assay using antibodies against to 
H3K9/14AC, H3K27AC, and H4K5AC, followed by quantitative PCR using primer sets specific for 
upstream regions of the bookmarked (BM), unbookmarked (UBM), and GABPA-unbound (GUB) 
genes. Error bars denote SEM (n = 3) asterisks indicate significance using a one-tailed Student’s t-test: 
(**) p < 0.05, (*) p < 0.1. 

2.6. Gabpa Knockdown Increases Transcriptional Induction in the Early G1 Phase 

Generally, mitotic bookmarking factors are considered to bind to target genes in mitosis and 
facilitate their transcriptional reactivation after mitosis. However, previous reports suggested that 
runt-related transcription factor 2 (RUNX2) acts as a transcriptionally suppressive bookmarking 

Figure 4. Gabpa knockdown initially increases H4K5 acetylation level at bookmarked genes in early G1
phase. Mitotic-arrested tsFT210 cells, and those 1h after release from mitotic arrest, were harvested,
then subjected to chromatin immunoprecipitation assay using antibodies against to H3K9/14AC,
H3K27AC, and H4K5AC, followed by quantitative PCR using primer sets specific for upstream regions
of the bookmarked (BM), unbookmarked (UBM), and GABPA-unbound (GUB) genes. Error bars denote
SEM (n = 3) asterisks indicate significance using a one-tailed Student’s t-test: (**) p < 0.05, (*) p < 0.1.

2.6. Gabpa Knockdown Increases Transcriptional Induction in the Early G1 Phase

Generally, mitotic bookmarking factors are considered to bind to target genes in mitosis and
facilitate their transcriptional reactivation after mitosis. However, previous reports suggested that
runt-related transcription factor 2 (RUNX2) acts as a transcriptionally suppressive bookmarking
factor [43–45]. Notably, GATA transcription factor 1 (GATA1) was suggested to be a unique
bookmarking factor functioning as both activator and suppressor [10]. In contrast, in general,
histone deacetylation is associated with transcriptional suppression, and our results indicated that
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GABPA binding in mitosis is involved in histone deacetylation during the M/G1 transition. Thus,
we conjectured that GABPA functions as a transcriptional suppressor during the M/G1 transition
by regulating the deacetylation of histone H3 and H4. Accordingly, we examined the effect of Gabpa
knockdown on transcriptional reactivation of the genes bookmarked, unbookmarked or unbound by
GABPA during the M/G1 transition by quantitative reverse transcription (RT)-PCR analysis. In this
analysis, we used primers specific for pre-mRNAs to prevent detection of mature mRNAs that may
have been carried over from a prior G2 phase. Prior to the analysis, we validated the expression profiles
of the studied genes using primers specific for pre-mRNAs. Our result shows that the expression
profiles of those genes were consistent with our previous microarray analysis of nascent mRNA [23]
(Supplementary Figure S12). Subsequently, knockdown of Gabpa resulted in the upregulation of
pre-mRNA levels of the bookmarked genes at 1 h after release (Figure 5A) in addition to those of
the unbookmarked and GABPA-unbound genes (Figure 5B,C). These results suggested that at 1 h
after release from mitotic arrest, general levels of GABPA may be directly and indirectly involved in
transcriptional suppression of the various tested genes. Whereas, these results raised the possibility
that increasing of H4K5 acetylation states at the upstream regions of the various bookmarked genes at
1 h after release by knockdown of Gabpa may not affect transcriptional reactivation at this time point.
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Figure 5. Gabpa knockdown increases transcriptional induction at the early G1 phase. (A,B) Relative
nascent transcriptional induction after release from mitotic synchronization in Gabpa knockdown
cells. tsFT210 cells transfected with siRNA against Gabpa or negative control siRNA were arrested
in mitosis, then released and harvested 1 h after release. Total cellular RNAs were then subjected
to quantitative RT-PCR using primer sets specific for the nascent transcripts of the bookmarked (A),
the unbookmarked (B), and GABPA-unbound (C) genes. Data represent relative values of 1 h versus
0 h and normalized to negative control siRNA. Error bars denote SEM (n = 3).
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3. Discussion

From our previous screening of early G1 genes using nascent mRNA [23], GABPA was predicted
to be a candidate novel bookmarking factor that may bind to the upstream region of most of the early
G1 genes. In the present study, we experimentally identified GABPA as a novel bookmarking factor,
which indicated that our approach is suitable for identifying novel bookmarking factors. Analysis of
a variety of cell lines by this method may therefore lead to the identification of novel common or cell
type-specific bookmarking factors.

Our ChIP analysis showed that GABPA preferentially bound to a subset of genes reactivated
during the M/G1 transition. However, the genes bound by GABPA in mitosis are not fully identified
and the mechanisms by which GABPA binds to limited regions in mitosis are unknown. In comparison,
previous studies have revealed the genome-wide distributions of other bookmarking factors in mitosis.
Hematopoietic transcription factor GATA1 tends to bind to genes of nuclear factors essential for
erythroid differentiation in interphase and mitosis cells although there is no marked difference in
chromatin features between the binding sites in “interphase cells only” (genes unbookmarked by
GATA1) and those in “interphase and mitosis cells” (genes bookmarked by GATA1) [10]. Similarly,
the pioneer factor FoxA1 bookmarks the genes important for liver differentiation, albeit no marked
difference in chromatin features has been detected between the genes unbookmarked and those
bookmarked by FoxA1 [12]. Recently, several genome-wide studies indicated that stem cell regulators,
such as SOX2, OCT4, and KLF4, bookmark stem cell-related genes, although these findings remain
controversial [18,20,46]. Estrogen related receptor, beta (ESRRB) also bookmarks stem cell-related
genes; moreover, the regions bookmarked by ESRRB contain extra bases of the consensus sequence
present at the 5′ end of the canonical ESRRB binding motif [19]. To obtain deeper insight regarding
GABPA as a bookmarking factor, genome-wide analysis by ChIP-Seq of GABPA distribution is required
to reveal which biological processes are regulated by the genes bookmarked by GABPA, and whether
specific features of the DNA sequence are required for bookmarking by GABPA.

We also revealed that multiple histone acetylation marks are retained or increased at upstream
regions of the bookmarked genes in mitotic-arrested tsFT210 cells relative to those in asynchronous cells,
whereas global histone acetylation levels are decreased during mitosis. The correlation between GABPA
binding and histone acetylation states in asynchronous cells has been reported [47], whereas those in
mitotic cells are not well understood. Thus, further genome-wide studies of the relationship between
GABPA and multiple histone acetylations may reveal the novel transcriptional mechanisms regulated
by GABPA. Moreover, the relationship between bookmarking factors and histone modification has also
been studied previously. In particular, BRD4 recruitment at mitotic chromatin is mediated by histone
acetylation and BRD4 binding on M/G1 genes facilitates postmitotic transcriptional reactivation [7,8].
Histone acetyl transferase p300 contributes to form preinitiation complexes (PICs) containing RNA
polymerase II, TBP, and acetylated H3/4 in mitosis at specific genes, with the formed PICs in turn
facilitating postmitotic transcriptional reactivation [15]. However, we did not observe preferential
binding of BRD4 and RNA polymerase II at upstream regions of the bookmarked genes in the present
study (Supplementary Figures S13 and S14). Thus, our findings supported the possibility that the
presence of a novel mitotic bookmarking mechanism by GABPA cooperates with multiple histone
acetylations independent of BRD4 and RNA polymerase II retention at mitotic chromatin.

Previous studies indicated that histone acetylations at several upstream regions of genes is
elevated during the M/G1 transition [7,8]. Conversely, we observed that the levels of multiple histone
acetylations at the upstream region of the bookmarked genes were decreased after release from mitotic
arrest. The reason for this was not obvious, because although deacetylation of histones is generally
considered to decrease transcriptional activity, our data indicated that the bookmarked genes were
rapidly reactivated at 1 h after release from mitotic arrest. We consider that a regulatory mechanism
may exit involving other regulatory factors, such as Polycomb group (PcG) and Trithorax group (TrxG)
proteins, which may explain the observed phenomenon. PcG proteins catalyze suppressive histone
modification, and then suppress transcription [48]. In contrast, TrxG proteins catalyze active histone
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modifications and then activate transcription [49]. Moreover, the opposing activity of factors and
histone modifications can antagonize each other, allowing PcG and TrxG to thus dynamically balance
transcriptional activity [50]. Notably, these mechanisms are well-conserved in multicellular organisms
and thought to be involved in the maintenance of epigenetic memory during mitosis [51]. In interphase
cells, it is reported that GABPA indirectly interacts with histone deacetylase 3 (HDAC3) at the Skp
promoter, with the resultant complex suppressing Skp gene transcription [52]. In addition, it is also
reported that GABPA regulates acetylcholine receptor (AChR) gene expression by opposing functions
that recruit histone acetyl transferase (HAT) p300 or histone deacetylase HDAC1 [53]. Thus, in our
case, it is possible that some mechanisms exit that are regulated by the balance between activator and
repressor to control gene reactivation during the M/G1 transition

The majority of bookmarking factors are known to contribute to rapid transcriptional reactivation
during the M/G1 transition. However, only a limited number of bookmarking factors (such as GATA1
and RUNX2) are reported to negatively regulate transcription [8,33–35]. Our knockdown experiment of
Gabpa suggested that, at the early G1 phase, GABPA initially facilitates deacetylation of histone H4K5
and may function as a transcriptional suppressor for bookmarked genes. Thus, we have identified
GABPA as a novel bookmarking factor that coordinates histone acetylation states and may suppress
transcription during the M/G1 transition. Moreover, although these histone acetylation states between
bookmarked genes, and unbookmarked and GABPA-unbound genes are significantly different at the
all analyzed time points, these differences at the late time points tended to be greater than early time
point (Figure 3). Therefore, H3K9/14 and H3K27 acetylation levels at bookmarked genes may be
significantly affected by knockdown of Gabpa in cells at 2 or 3 h after release.

In addition, our knockdown experiment of Gabpa indicated that there was no significant difference
in transcriptional reactivation between the bookmarked and unbookmarked genes. These results raised
the possibility that in present study the suppression of transcriptional reactivation at 1 h after release
by knockdown of Gabpa is due to function of GABPA through cell cycle rather than the mitosis-specific
function. However, described in the previous paragraph, the difference of the histone acetylation
levels between bookmarked genes, and unbookmarked and GABPA-unbound genes is more different
at the late phase of M/G1 transition. Therefore, it is also possible that the apparent effect of Gabpa
knockdown involved in transcriptional reactivation of bookmarked genes may be detected at late
phase of M/G1 transition. To address the issue that how GABPA functions as a bookmarking factor,
there are two points of technical limitations. The first is that as our ChIP analysis targeted only limited
regions near the transcription start sites, we cannot exclude the possibility that GABPA binds to
other proximal or distal genomic regions and participates in mitotic bookmarking. It is generally
considered that TF binding sites at proximal regulatory regions are widely distributed from upstream
to downstream of the TSS. Indeed, the sites bound by known bookmarking factors in mitosis present at
not only proximal promoter but also gene body and enhancer regions [8,11,18,19]. Thus, GABPA might
bind at regions around the TSS or enhancers of the genes that we determined as “unbookmarked”
or “GABPA-unbound” genes, and act as a bookmarking factor by regulating histone acetylation
states. Genome-wide analysis of the distributions of GABPA binding sites by ChIP-Seq may resolve
the question of whether GABPA binding at upstream, downstream, or distal regulatory regions is
involved in mitotic bookmarking. The second point is that, because conventional gene knockdown
by RNAi downregulates gene expression through the cell cycle, it is difficult to be assess the effect
of the loss of GABPA in mitosis. Therefore, we cannot exclude the possibility that the depletion of
GABPA in interphase (late G1, S, and G2 phases) affects the protein levels of other bookmarking factors,
and indirectly leads to increases or decrease in transcriptional reactivation of the unbookmarked genes.
To minimize such a possibility, previous studies have attempted to construct cell lines expressing
mitotically unstable bookmarking factors that fused the mitosis-specific degradation domain (MD)
of cyclin B1 (amino acids 13–91) [8,17,19]. Therefore, we established a cell line that stably expressed
MD-fused GABPA; however, we failed to observe the mitosis-specific degradation of MD-fused GABPA
(data not shown). Thus, other methods that suppress GABPA specifically in mitosis will be needed



Int. J. Mol. Sci. 2019, 20, 1093 14 of 19

to reveal whether GABPA affects transcriptional reactivation of several genes at early G1 phase in
an M/G1 transition-specific manner.

In conclusion, we identified GABPA as a novel bookmarking factor that marks the various tested
genes in cooperation with multiple histone acetylations in mitosis and may act as a suppressor for genes
reactivated during the M/G1 transition by regulating histone H4K5AC deacetylation. More precise
analysis of the action of GABPA will provide further understanding of the molecular mechanism of
mitotic bookmarking that regulate the transmission of transcriptional memory through cell division.

4. Materials and Methods

4.1. Cell Culture and Synchronization of tsFT210 Cells

tsFT210 cells—a Cdc2 temperature-sensitive mutant strain of mouse mammary FM3A cells—were
cultured and synchronized as described in our previous study [23].

4.2. Immunofluorescence

tsFT210 cells were washed once with PBS (−), cross-linked in 4% paraformaldehyde at room
temperature for 10 min. The cells were washed twice in PBS (−) and then fixed on a slide glass
(MAS coat; Matsunami Glass Ind., Ltd., Osaka, Japan) by incubated at 37 ◦C for 40 min. The slides
were washed twice with PBS (−), followed by permeabilization with 0.1% Triton X-100 at 4 ◦C for
5 min. After washes with PBS (−), cells were blocked for 1 h with 5% BSA in PBS (−). Primary antibody
(anti-H3S10p [CST, Danvers, MA, USA; #53348, 1:1600]) diluted in 1% BSA in PBS (−) was added and
incubated at room temperature for 1 h. After three washes with PBS (−), secondary antibodies (coupled
to AlexaFluor 564) and DAPI (Wako Pure Chemical Industries Ltd., Osaka, Japan) diluted in 1% BSA
in PBS (−) were added and incubated at room temperature for 1 h. The slides were washed again
three times with PBS (−) and mounted with fluorescence mounting medium (Agilent Technologies,
Santa Clara, CA, USA). The fluorescence images were obtained using a BZ-X700 microscope (Keyence,
Osaka, Japan).

4.3. Cell Fractionation

Asynchronous or mitotic-arrested tsFT210 cells were collected and fractionated into cytoplasmic
and chromatin fractions using an EzSubcell Extract (ATTO, Tokyo, Japan, WSE-7421) following the
manufacturer’s protocol.

4.4. Western Blotting

Asynchronous, mitotic-arrested, and released cells were lysed in 1% sodium dodecyl sulfate
(SDS) in PBS (−) or fractionated into cytoplasmic and chromatin fractions. The lysates were
then separated by SDS polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride
membranes, blocked in 5% skim milk, and then probed with antibodies. Immunoreactive bands
were visualized using the ECL western detection reagent (GE Healthcare, Chicago, IL, USA) and
LAS-4000 pro image analyzer (GE Healthcare). Primary antibodies were used as follows: anti-GABPA
(Santa Cruz Biotechnology, Dallas, TX, USA, sc-22810, [1:500]), anti-SP1 (Santa Cruz Biotechnology,
sc-17824, [1:1000]), anti-GAPDH (Santa Cruz Biotechnology, sc-32233, [1:1000]), anti-histone H4
(Abcam, Cambridge, UK; ab10158 [1:1000]), anti-H3S10p (CST, Danvers, MA, USA; #53348 [1:1000]),
anti-H3K9/14AC (CST, #9677 [1:1000]), anti-H3K27AC (Abcam, ab4729 [1:1000]), and anti-H4K5AC
(Abcam, EP1000Y [1:2000]).

4.5. Transfection of siRNA into tsFT210 Cells Via Electroporation

tsFT210 cells (3.0× 106) were mixed with 200 pmol siRNA against Gabpa (Thermo Fisher Scientific,
Waltham, MA, USA; Stealth siRNAs MSS274443(#1), MSS274444(#2)) or Negative Control siRNA
(Thermo Fisher Scientific; Stealth RNAi Negative Control Medium GC Duplexes #2) in 100 µL
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OPTI-MEM, then the mixture was transferred into 2 mm gap cuvettes. Cells were electroporated at
200 V for 2.5 ms twice using a NEPA21 electroporator (Nepa Gene, Ichikawa, Japan). After dilution
with 10 mL culture medium, the cells were transferred into a 10 cm dish and incubated for 48 h prior
to further treatment.

4.6. Cell Cycle Analysis by Staining with Propidium Iodide

Asynchronous, mitotic-arrested, and released tsFT210 cells were fixed with 70% EtOH in staining
buffer (3% fetal bovine serum, 0.1% sodium azide in PBS (−)) for at least 4 h at −20◦C. Fixed cells were
washed three times with staining buffer and then labeled with staining buffer containing 50 µg/mL
propidium iodide (Wako, Osaka, Japan) in the dark. Analysis of DNA content was performed by
measuring the intensity of the fluorescence produced by propidium iodide using the FACSCalibur
instrument (Beckton Dickinson, Bedford, MA, USA).

4.7. Cell Cycle Analysis by Staining with Propidium Iodide and Phospho-H3 Antibody

Asynchronous, mitotic-arrested, and released tsFT210 cells were fixed with 70% EtOH in staining
buffer for at least 4 h at −20 ◦C. Fixed cells were washed two times with staining buffer and then
permeabilized by 0.33% Triton X-100 in PBS (−). Permeabilized were washed one time with staining
buffer, followed by incubation in staining buffer with phospho-H3 antibody (CST, #3377 [1:1600]) for
2 h and then with secondary antibody (coupled to AlexaFluor 488) for 30 min. Subsequently, the cells
were resuspended in staining buffer containing 50 µg/mL propidium iodide and 10 µg/mL RNaseA,
then incubated for 30 min at 37 ◦C in the dark. These cells were measured using an SH800 cell sorter
(Sony, Tokyo, Japan).

4.8. Chromatin Immunoprecipitation (ChIP) Assay

For the ChIP assay to detect GABPA binding, asynchronous or mitotic-arrested tsFT210 cells
were cross-linked in 1% formaldehyde at room temperature for 10 min and quenched with 150 mM
glycine for 5 min at room temperature. Cells were washed twice in PBS and resuspended in 200 µL
SDS lysis buffer (50 mM Tris pH 8,1 10 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0, 1% SDS,
1 mM phenylmethyl sulfonyl fluoride (PMSF), complete in EASYPack protease inhibitor cocktail) per
5.0 × 106 cells and then incubated for 10 min at 4 ◦C. Resuspended cells were sonicated in a bioruptor
device (UCD-250; CosmoBio, Tokyo, Japan) (80 cycles 30 s on/off, high setting) and spun down for
10 min at 8 ◦C at maximum speed. Supernatants were diluted 10 times with ChIP dilution buffer
(16.7 mM Tris pH 8.1, 1.2 mM EDTA pH 8.0, 167 mM NaCl, 1.1% Triton X-100, 0.01% SDS, Complete
in EASYPack). Then, to avoid contamination of nonspecific binding substances, Dynabeads protein
G (Thermo Fisher Scientific) were added and incubated for 1 h with rotation at 4 ◦C. Beads were
immobilized on a magnet and supernatants were collected. Collected supernatants were incubated
with the antibody against GABPA (Santa Cruz Biotechnology, sc-22810, [1:20]) or normal rabbit IgG
(CST, #2729 [1:100]) overnight with rotation at 4 ◦C. The next, day, Dynabeads protein G were added
and incubated for 1 h with rotation at 4 ◦C. Then, the beads were immobilized on a magnet and washed
three times in low-salt buffer (0.1% SDS,1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris
pH8.1), twice in high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl, 20 mM Tris
pH 8.1), once in LiCl buffer (250 mM LiCl, 1% NP40, 1% deoxycholic acid (sodium salt), 1 mM EDTA,
10 mM Tris pH 8.1), and once in TE buffer. DNA was then eluted from the beads by incubating with
200 µL ChIP elution buffer (0.5% SDS, 5 mM EDTA, 300 mM NaCl, 10 mM Tris pH 8.1) for 6 h at 65 ◦C.
Supernatants were treated with RNase A for 30 min and proteinase K for 1 h. After the treatment,
DNA was purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA).

For ChIP assay to detect histone H3, H3K9/14AC, H3K27AC, H4K5AC, SP1, Pol II, and BRD4
binding, asynchronous, mitotic-arrested, or released tsFT210 cells were cross-linked in 1%
formaldehyde at room temperature for 10 min and quenched with glycine solution (10×) for 5 min at
room temperature. Subsequent assays were performed using the SimpleChIP® Enzymatic Chromatin
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IP Kit (Magnetic Beads) following manufacturer’s protocol. Antibodies used: anti-SP1 (Santa Cruz
Biotechnology, sc-17824, [1:50]), anti-histone H3 (CST, #4620 [1:50]), anti-H3K9/14AC (CST, #9677
[1:50]), anti-H3K27AC (Abcam, ab4729 [1:250]), anti-H4K5AC (Abcam, EP1000Y [1:250]), anti-Pol
II (Santa Cruz Biotechnology, sc-47701 [1:500]), and anti-BRD4 (Bethyl Laboratories, Montgomery,
TX, USA; A301-985A50 [1:250]).

4.9. ChIP-Quantitative PCR and Quantitative RT-PCR

ChIP-quantitative PCR and RT-PCR were performed using the KOD SYBR qPCR Mix (Toyobo,
Osaka, Japan). The sequences of each primer are described in Supplementary Tables S1 and S2.
For ChIP-quantitative PCR, each ChIP sample was diluted twice and 1 µL was used in each 25 µL
reaction. For quantitative RT-PCR, total RNA from cells transfected with siRNA was isolated using
the FastGene RNA premium Kit (Nippon Genetics, Bunkyo-ku, Japan) and cDNA was prepared from
2.5 µg total RNA using ReverTra Ace (Toyobo) with oligo dT primer. Each cDNA was diluted twice
and 1 µL was used in each 25 µL reaction. Each cDNA and ChIP sample was analyzed in duplicate.
Quantitative PCR was performed using the ABI prism 7900HT (Applied Biosystems, Troy, NY, USA).
The PCR cycling program was set as follows: 98 ◦C for 2 min followed by 40 cycles of 98 ◦C for 10 s
and 64.4 ◦C for 12 s. Ct values were determined using SDS 2.3.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/5/
1093/s1.
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