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Abstract

In mammalian cells, transcription is globally silenced during mitosis owing to the 
highly-condensed chromatin. Immediately after mitosis, daughter cells restart the 
transcription of early G1 genes along the program which is transmitted from parental 
cells. Although several mechanisms (such as “mitotic gene bookmarking”) have been 
postulated, the detailed mechanism of transcription of early G1 genes is still unknown. 
Recently, we have identified 298 genes as the early G1 genes by a genome-wide 
analysis using nascent mRNA, and found that neighboring genes of early G1 genes 
are frequently up-regulated at G1 phase subsequent to transcription of the early G1 
genes. It has been shown that chromatin loop structure is involved in transcription of 
clustered genes. Here, we show that CTCF-mediated chromatin loop structure around 
early G1 gene loci is retained from interphase to mitosis. The retained chromatin loop 
structure allows G1 genes, which are located nearby the early G1 gene loci, to be 
three-dimensionally in close proximity to one another and facilitates transcription of 
these genes in G1 phase. Furthermore, down-regulation of CTCF causes delay of M/
G1 transition and decreased transcription of early G1 and G1 genes. Our findings 
may provide a new insight into the mitotic transmission of transcriptional program to 
the daughter cells.

ABBREVIATIONS
3C: Chromosome Conformation Capture; CTCF: CCCTC-

binding Factor; qRT-PCR: Quantitative Reverse Transcription 
Polymerase Chain Reaction; siRNA: Small Interfering RNA

INTRODUCTION
Transcription is regulated by numerous factors such as 

RNA polymerase, transcription factors and epigenetic changes. 
Basal transcription factor and RNA polymerase II are sequence-
specifically recruited to upstream regions of target genes. 
The epigenetic changes include DNA methylation and histone 
modifications play an important role in the maintaining of gene 
expression patterns through DNA replication and mitosis [1,2]. 
In addition, chromatin loop structure is also involved in gene 
activation, repression and insulation [3,4].

Transcription of the genes which are expressed in interphase 
is globally silenced during mammalian mitosis [5, 6]. Generally, 
the transcriptionally silent state occurs when the chromosomes 

condense and when RNA polymerase II and other transcription 
factors dissociate from the chromatin [7]. At the end of mitosis, 
these factors are reloaded onto the chromatin after relaxation 
of the chromosomes. Thus, transcription of the genes that are 
expressed in interphase is reactivated in daughter nuclei in G1 
phase.

In addition to a small number of known early G1 genes, research 
on the regulatory mechanisms of early G1 gene expression is 
not fully understood. However, one known mechanism termed 
‘‘mitotic gene bookmarking’’ has been described [8]. During 
mitosis, mitotic gene bookmarking factors such as HSF2 [9], MLL 
[10], RUNX2 [11], and TBP [12] remain bound to the sequence 
specific sites of early G1 genes. This binding permits the genes to 
be maintained in a transcriptionally active state [8].

We previously established a method of genome-wide 
analysis using nascent mRNAs specifically isolated from living 
mammalian cells [13]. Conventional genome-wide analysis of 
the M/G1 transition based on total mRNA has been performed 
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[14]. However, a weakness of conventional microarray analysis 
in detecting changes of early G1 genes lies in the abundance of 
mRNAs carried over from the previous cell cycle, and nascent 
mRNA levels of the majority of the genes in daughter cells 
seem to be low in comparison to parental cells. If small changes 
in nascent mRNA levels in early G1 phase could be detected 
comprehensively, it should be possible to precisely identify 
early G1 genes on a genome-wide scale. In our method, cells 
were cultured in medium containing bromouridine (BrU), which 
substitutes the 5’ of uridine for bromine, and cellular nascent 
RNAs are BrU-labeled. The nascent RNAs are then specifically 
isolated by immunoprecipitation using an anti-BrdU antibody. 
This method enables us to precisely analyze the genome-wide 
expression profiles of early G1 genes.

We previously obtained detailed expression profiles during 
the M/G1 transition and identified a variety of early G1 genes and 
discovered early G1 genes cluster [15]. We performed genome-
wide analysis of early G1 genes using nascent mRNA and analyzed 
the common properties of the genes. We could detect variation in 
expression level of genes only in our analysis system for nascent 
mRNA and also obtained detailed expression profiles during the 
M/G1 transition, and identified variety of early G1 genes. With 
respect to the relationship between early G1 genes and genomic 
regions, we discovered that genes in the neighborhood of early 
G1 genes were frequently up-regulated in G1 phase.

The multi-functional transcription regulator CCCTC-binding 
factor (CTCF) mediates chromatin looping between its binding 
sites [16, 17]. CTCF was firstly described as a transcriptional 
repressor [18], but a function of CTCF in gene regulation was 
also discovered as a transcriptional activator [19, 20]. Like 
other transcription factors, CTCF appears to bind to intergenic 
sequences, often at a distance from the transcriptional start site 
(TSS) [16]. Multiple highly conserved CTCF-binding sites have 
been identified in some regions, including human HOXA cluster. 
CTCF controls HOXA cluster silencing and mediates PRC2-
Repressive higher-order chromatin structure in NT2/D1 Cells 
[21]. In this study, we performed 3C assay to evaluate the spatial 
proximity between distal chromatin sites and demonstrated that 
the chromatin loop structure of interphase around the region of 
early G1 genes is retained until mitosis. We also demonstrated 
that CTCF is required for the retention and the reactivation of early 
G1 and G1 genes. Our findings suggest that the transcriptional 
memory is mediated by chromatin structure and also provide a 
new insight into mitotic gene bookmarking.

MATERIALS AND METHODS

Cell culture of tsFT210 cells

tsFT210 cells, a Cdc2 temperature sensitive mutant strain of 
mouse mammary FM3A cells [22], were cultured in RPMI 1640 
Medium (Life Technologies, CA, USA) with 10% bovine serum 
(Life Technologies) which was dialyzed, 0.1 mM MEM non-
essential amino acid (Life Technologies), 100 U/ml penicillin, and 
100 mg/ml streptomycin (Life Technologies) at 32oC in 5% CO2.

Cell synchronization

tsFT210 cells were arrested in the G2 phase by incubation 
for 17 h at a non-permissive temperature (39oC). Secondly, 

for mitotic arrest, G2 arrested cells were treated with 50 nM 
nocodazole (Sigma-Aldrich, MO, USA) for 7 h at a permissive 
temperature (32oC), followed by two washes with PBS (−), and 
then cells were cultured at 2.0 x105 cells/ml.

siRNA treatment

siRNA treatment was performed to knockdown Ctcf 
expression in tsFT210 cells. siRNAs specific for Ctcf were 
transfected into 2.5 × 105 cells using Lipofectamine RNAi MAX 
(Life Technologies). StealthTM RNAi Negative Control Medium GC 
Duplexes #2 (Life Technologies) was transfected as a negative 
control. After transfection, cells were incubated at 32oC for 48 h 
with one medium change at 7 h after transfection.

Chromosome Conformation Capture (3C) Assay

tsFT210 cells were cross-linked with RPMI 1640 medium 
supplemented with 1% paraformaldehyde. Cells were lysed 
and chromatin was digested overnight with 500 units of EcoRI 
(TaKaRa Bio Inc., Shiga, Japan) at 37oC. Digested DNA were 
ligated for 4 h with 1200 units of T4 DNA ligase (New England 
Bio-labs, MA, USA) at 16oC. Ligated DNA were purified by phenol 
chloroform mixture extraction and ethanol precipitation and 3C 
products were quantified by real-time PCR. Primers used in 3C 
assay are listed in (Table 1).

Flow cytometry

tsFT210 cells arrested or released from arrest, were fixed 
with 70% EtOH in staining buffer (3% FBS, 0.1% sodium azide 
in PBS (−)) for at least 4 h at −20°C. Fixed cells were washed 
with staining buffer and then labeled with PBS (−) containing 50 
µg/ml propidium iodide (Sigma-Aldrich) 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, CA, USA).

Analysis of transcriptional reactivation of G1 genes 
nearby early G1 gene loci

tsFT210 cells were arrested in mitosis, and release by washes 
with PBS (−), and then cells were cultured at 2.0 x 105 cells/ml. 
After release, the cells were treated with BrU for 30 min before 
harvesting, and were collected every 1 h for 3 h to obtain nascent 
mRNA during the M/G1 transition.

Transcriptional reactivation of G1 genes nearby early G1 gene 
loci were analyzed by qRT-PCR with specific primers: Surf4 [for-
ward: 5’-GCAGTACATGCAGCTTGGAG-3’; reverse: 5’-AGCTGT-
GCCCACAATGTTC-3’], and Med22 [forward: 5’-CCCATCCTTAG-
GTTCAGGTTC-3’; reverse: 5’- GGCAGAGACATTTATGCTCCA-3’]. 
Immunoprecipitation of BrU-labeled RNA, cDNA synthesis, quan-
titative RT-PCR, were performed as previously described [13, 
15].

RESULTS AND DISCUSSION
Chromatin structure of interphase is retained until mitosis 

at neighboring regions of early G1 genes. Our previous study 
suggested that the regions of the genes which are up-regulated 
in G1 phase may be transcriptionally controlled as cluster units. 
Chromatin loop structure, which brings distal genomic loci into 
close spatial proximity, is known to be critically involved in 
the transcription of clustered genes [23-25]. To identify how 
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transcription of early G1 genes is regulated, we firstly compared 
chromatin structure of the neighboring regions of early G1 
genes between asynchronous and mitotic tsFT210 cells. For this 
purpose, we performed Chromosome Conformation Capture (3C) 
assay, a powerful tool for analyzing three-dimensional spatial 
proximity of distal genomic regions. We previously found that 
Surf4 and Psmd4 were up-regulated in early G1 phase, and a part 
of genes located nearby these two genes were up-regulated in 
G1 phase. In these genomic regions, patterns of relative cross-
linking frequencies were mostly similar between asynchronous 
and mitotic cells (Figure 1A and 1B). On the other hand, the 
pattern of relative cross-linking frequency of mitotic cells were 
strikingly different from that of asynchronous cells at the region 
of genes, which were not up-regulated in G1 phase, although they 
are located nearby Surf4. These results suggest that chromatin 
structure of interphase is retained until mitosis at the region 
of the genes, which are located nearby early G1 phase, and up-
regulated subsequent to transcription of early G1 phase.

CTCF participates in chromatin loop formation around 
early G1 genes at mitosis

Previous studies have shown that the CCCTC-binding factor 
(CTCF) mediates formation of chromatin loop and regulates 
transcription [17, 26]. Thus, we next investigated whether CTCF 
are also involved in chromatin loop formation around early 
G1 genes. We depleted CTCF in tsFT210 cells by siRNA and 
analyzed chromatin structure of Surf4 locus in asynchronous 
and synchronized cells. We could not observe any significant 
difference in pattern of cross-linking frequency at the region of 
genes which were up-regulated in G1 phase between control 
and CTCF-depleted cells in asynchronous cells (Figure 2A). This 
result indicates that down-regulation of CTCF does not change 

chromatin structure of these genomic regions in interphase cells. 
However, in mitotic cells, CTCF-depleted cells showed distinct 
difference in chromatin structure of same regions from that of 
control cells (Figure 2B). Although CTCF mediates chromatin 
loop formation, depletion of CTCF largely up-regulated the cross-
linking frequency in these regions. Therefore, we suppose that 
the defect of CTCF caused incorrect chromatin loop formation, 
and it led to abnormal transcription of early G1 and G1 genes. On 
the other hand, depletion of CTCF affects chromatin structure of 
the region of the genes which are not up-regulated in G1 in both 
asynchronous and mitotic cells. Taken together, our data suggest 
that CTCF participates in chromatin loop formation around early 
G1 genes in mitosis, but the effect is small in interphase.

Table 1: Sequences of primers used in 3C assay.

Gene area Primer 
name Sequence (5’→3’)

Around Surf4 A-14622 TCCCTTTTCACCAATTCAGC
Around Surf4 A-15610 TAAATGAGGGTGGCTGATGG
Around Surf4 A-34382 AGAACTAGCATGGCCTGAGC
Around Surf4 A-35310 ATACAGGGGCAGAAGCAATG
Around Surf4 A-37205 CCTGGGACCTTGCAGAATAC
Around Surf4 A-44899 ACCCTGGTAACAGCCATCAG

(Anchor)
Around Surf4 A-51216 ACCACTGGGCCAATTTATTC
Around Surf4 A-56927 GACCACCTTCCCATAGCATC
Around Surf4 A-69425 TTTCAGAGACGGTCGTCCAC
Around Surf4 A-75334 GCACACTTTGGAAGCATGAG
Around Psmd4 B-12827 TTTCTAAAGCCCAGGCAAGA
Around Psmd4 B-18545 TAGAGGCCCTAGCCAGAAGG
Around Psmd4 B-43200 GCACAGGCAGGCTAGATTAAC
Around Psmd4 B-49143 GCCACCCTGGTCTATCTGAG
Around Psmd4 B-69348 ACCTTTTCTGGGGGTCAAAG

(Anchor)
Around Psmd4 B-88582 TTCAAAGCCAACCAATACGG
Around Psmd4 B-113939 AGACTAGCGGGGGCAGTAAC
Around Psmd4 B-132684 TCTACGGTGGCTCAGTAGGC
Around Psmd4 B-149786 GCTGCTCTCCGTCTTGTAGC

Figure 1 Chromatin structure around early G1 gene loci is retained 
from interphase to mitosis. Chromatin interaction between early 
G1 and their neighboring genes loci were analyzed by 3C assay in 
asynchronous and mitotic tsFT210 cells. (A) Specific primers against 
the region of early G1 genes (A) Surf4, (B) Psmd4 and their neighboring 
regions were used in quantitative PCR. Colored boxes represent 
transcriptional levels of the genes which are located in these loci at 
each time point after nocodazole release. Gray boxes mean below the 
limit of detection. Black bars indicate positions of anchor primers.
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CTCF controls transcriptional reactivation of G1 genes 
nearby early G1 gene loci

It has been shown that down-regulation of CTCF affects in 
gene expression both positively and negatively [27], accordingly, 
we next examined the effect of the depletion of CTCF in 
transcription of early G1 and G1 genes. To obtain expression 
profile of the genes correctly, we labeled nascent mRNAs in cells 
with BrU and collected by immunoprecipitation using anti-BrdU 
antibody. After cDNA synthesis, expression levels of Surf4 and 
Med22 were analyzed by quantitative PCR. As shown in Figure 
3A, we observed significant decrease of transcription of early 
G1 gene Surf4 in CTCF-depleted cells compared to control cells. 

Figure 2 Retention of chromatin loop structure of G1 genes nearby 
early G1 genes is mediated by CTCF. tsFT210 cells were transfected 
with siRNA against Ctcf and chromatin interactions were then analyzed 
in (A) asynchronous and (B) mitotic cells. Colored boxes represent 
transcriptional levels of the genes which are located in these loci at 
each time point after nocodazole release. Colored boxes represent 
transcriptional levels of the genes which are located in these loci at 
each time point after nocodazole release. Gray boxes mean below the 
limit of detection. Black bars indicate positions of anchor primers.

Furthermore, depletion of CTCF also decreased the transcription 
of a G1 gene, Med22, which is located in the vicinity of Surf4 
locus (Figure 3B). These results suggest that correct chromatin 
structure mediated by CTCF is required for the transcription 
of early G1 and their neighboring G1 genes. To exclude the 
possibility that the suppression of these genes may be caused by 
delay of mitosis in CTCF-depleted cells, we investigated whether 
depletion of CTCF affects in G1/M transition. Twenty-four hours 
after siRNA transfection, we synchronized tsFT210 cells at 
mitosis and then released the blockage. More than sixty percent 
of control cells, but only thirty percent of CTCF-depleted cells 
were detected in G1 phase fraction at one-hour after nocodazole 
release (Figure 4A and 4B). Depletion of CTCF did not affect 
the efficiency of synchronization and the cell cycle distribution 
of asynchronous cells (data not shown). Because G1 fraction 
reached to sixty percent at two hours after release in CTCF-
depleted cells, depletion of CTCF may delay M/G1 transition 
for about one hour. As shown in Figure 3A and 3B, suppression 
of Surf4 and Med22 persisted for at least three hours, thus we 

Figure 3 CTCF is required for the transcription of G1 genes nearby 
early G1 genes. CTCF-depleted tsFT210 cells were synchronized in 
mitosis. Cells were then released and labeled with BrU for 30 minutes 
before harvest. Nascent mRNAs were prepared from the collected cells 
by immunoprecipitation using anti-BrdU antibody, then transcription 
levels of (A) Surf4 and its neighboring gene (B) Med22, were analyzed 
by quantitative RT-PCR.

Figure 4 CTCF is involved in G1/M transition. tsFT210 cells were 
transfected with siRNA against Ctcf and then synchronized in mitosis. 
After release from mitosis, cells were collected at the indicate time 
points and analyzed by flow cytometry.
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suppose that the suppression of early G1 and G1 genes in CTCF-
depleted cells may be due to the incorrect chromatin structure 
but the delay of M/G1 transition.

CONCLUSION
In this study, we found that the chromatin loop structure 

of early G1 genes and their neighboring G1 genes is retained 
until mitosis, and this retention enables these genes to be 
transcribed in early G1 and G1 phase, respectively. Because 
histone modifications, such as methylation and acetylation [28-
31], are thought to be involved in the regulation of transcription 
of early G1 genes, it is possible that specific pattern of histone 
modifications is required to prevent the chromatin structure 
around early G1 genes from chromatin rearrangement through 
mitosis. However, further study is needed to address the precise 
mechanism of retention of chromatin structure around early G1 
genes.
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