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We previously analyzed transcriptional regulation of the BMAL1 gene, a critical component of the mam-
malian clock system and found that the BMAL1 gene is expressed with circadian oscillation and that its
regulatory region is located in hypomethylated CpG islands with an open chromatin structure. Here, we
found that the BMAL1 gene is not expressed with circadian oscillation in CPT-K cells because the CpG
islands located in the BMAL1 promoter are hypermethylated and that 5-aza-20-deoxycytidine (aza-dC)
recovered BMAL1 expression. In contrast, CpG islands in the PER2 promoter were hypomethylated, the
PER2 gene was expressed and aza-dC enhanced PER2 gene expression in CPT-K cells. Reporter gene assays
showed that intracellular transcriptional machinery for the BMAL1 gene is active, suggesting that BMAL1
inactivation is caused by DNA methylation and not by malfunctional promoter activity. Incubating CPT-K
cells with aza-dC also increased CRY1 expression, whereas CLOCK expression was not altered and the
CRY1 promoter was unmethylated. These results suggest that aza-dC induces BMAL1 expression via
DNA demethylation in the BMAL1 promoter and enhances PER2 and CRY1 transcription. Finally, aza-dC
recovered the circadian oscillation of BMAL1 transcription. These results suggest that DNA methylation
of the BMAL1 gene is critical for interfering with circadian rhythms.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Circadian rhythms function in most living organisms and gov-
ern many behavioral and biochemical processes. The circadian
clock operates robust rhythms coupled with changes in the cellular
environment. The master clock that generates circadian rhythms in
mammals is located in the suprachiasmatic nucleus (SCN) of the
hypothalamus where it controls all aspects of physiology such as
sleep-wake cycles, body temperature, hormone secretion, blood
pressure and metabolism. Circadian clock coordination of such
physiological aspects is essential to optimize metabolic responses
and strengthen inherent homeostatic regulatory mechanisms [1].
The molecular mechanism of the circadian oscillator is based on
interlocked transcriptional and translational feedback loops that
have both positive and negative elements. Among the core clock
genes, BMAL1 expression that is closely associated with circadian
rhythms oscillates in the SCN and in peripheral clock cells [2].
The mammalian core clock proteins BMAL1 and CLOCK heterodi-
merize, bind to E-boxes and activate the transcription of PERs
and CRYs. The core clock proteins PERs and CRYs heterodimerize,
associate with other partners in the nucleus and repress
BMAL:CLOCK-driven activation, thus generating a negative aut-
oregulatory feedback loop [1]. The BMAL:CLOCK heterodimer also
binds to E-boxes in many clock-controlled genes and dictates their
expression. Thus, circadian dysfunction is considered to contribute
to the incidence and severity of a wide range of clinical and path-
ological conditions including sleep disorders, cancer, depression,
metabolic syndrome and inflammation [3].

The methylation of DNA is a major epigenetic modification in
multicellular organisms. DNA is methylated mostly on CpG dinu-
cleotides (CpG islands) in humans [4] and this results in transcrip-
tional repression either by interfering with transcription factor
binding or by including a repressive chromatin structure [5]. Al-
tered DNA methylation is associated with many human diseases
and it is a hallmark of cancer. Clock gene methylation is highly pre-
valent in dementia with Lewy bodies (DLB), a disorder that is sim-
ilar to Parkinson’s disease [6]. In addition, the promoters of the
crucial clock genes, CRY1 and NPAS2 are regulated by DNA methyl-
ation and the NPAS2 promoter is hypomethylated in patients with
Parkinson’s disease [7]. Clock genes influence tumorigenesis and
the methylation of clock gene promoters such as CLOCK [8] and
PERs [9–12] contributes to the progression of cancer. The BMAL1
gene is also transcriptionally silenced by the hypermethylation of
CpG islands in its promoter in hematological malignancies [13].

We previously found that ROREs, which are recognition motifs
for ROR and REV-ERB orphan nuclear receptors and critical ele-
ments for BMAL1 oscillatory transcription [14], are embedded in
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Fig. 1. Decreased expression and DNA hypermethylation of the BMAL1 gene in CPT-
K cells. (A) BMAL1 is minimally expressed in CTP-K cells but induced by aza-dC. CPT-
K cells were incubated with or without 2.5 lM aza-dC for 2 days, and then RNA in
harvested cells was analyzed by RT-PCR. (B) DNA hypermethylation in BMAL1
promoter. BMAL1 promoter sequence was modified with bisulfite and then CpG
islands were analyzed. Vertical lines, CpG sites in BMAL1 promoter region. Filled
and open circles, methylated and unmethylated CpG sites, respectively. Arrow and
open boxes in map, transcription start site and two recognition motifs for ROR and
REV-ERB orphan nuclear receptors (RORE).
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a unique GC-rich open chromatin structure, with which a nuclear
matrix-like structure at the 30-flanking region cooperates to regu-
late BMAL1 transcription [15,16]. Although BMAL1 transcription is
silenced through DNA methylation of its promoter in tumor cells,
how the DNA methylation of this promoter affects circadian
rhythms remains obscure. Here, we investigated how DNA methyl-
ation of the BMAL1, PER2 and CRY1 promoters affects BMAL1
transcription in CPT-K cells. We also analyzed the levels to which
other clock genes are transcribed and investigated the effect of
the aza-dC-induced DNA demethylation of the BMAL1 promoter
on clock gene transcription. We then characterized the effects of
aza-dC on the rhythmic transcription of BMAL1.

2. Materials and methods

2.1. Cell culture

Cells stably expressing the luciferase reporter gene driven by
the BMAL1 promoter region (�197 to +27) were derived from
CPT-K cells [17]. All cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and a mixture of penicillin and streptomycin in a humidified
incubator at 37 �C under a 5% CO2 atmosphere.

2.2. Reverse transcriptase-polymerase chain reaction

The reverse transcriptase-polymerase chain reaction (RT-PCR) pro-
ceeded as described [16] using the following primer sets: BMAL1, 50-
AGGACTTCCCCTCTACCTGCTC-30 and 50-AACTACATGAGAATGCAGTCG
TC-30; PER2, 50-TGATTGAAACCCCAGTGCTCGT-30 and 50-CTCCATGGGT
TGATGAAGCTGG-30; CRY1, 50-AGAACAGATCCCAATGGAGAC-30 and
50-ATTAGAAGGTACTGATGCCAG-30; CLOCK, 50-TACAACGCACACATAG
GCCATC-30 and 50-ATACCCTATTATGGGTGGTGC-30; ACTIN, 50-TACGC
CAACACAGTGCTGTCTG-30 and 50-TTTTCTGCGCAAGTTAGGTTTTGTC-
30. The PCR fragments were resolved by electrophoresis on 2% agarose
gels and visualized by ethidium bromide staining.

2.3. Real-time quantitative PCR

Real-time quantitative PCR proceeded using LightCycler (Roche)
with Light Cycler-FastStart DNA Master SYBR Green I kits (Roche)
and the same primer sets described above. An authentic template
comprised PCR products cloned into the pGEM-T Easy vector (Pro-
mega). Relative expression levels were evaluated using Light Cycler
software version 3.5.

2.4. CpG methylation analysis

We identified CpG islands in BMAL1, PER2 and CRY1 promoters
using the algorithm at www.urogene.org/methprimer [18]. Methyl-
ation was analyzed as a modification generated using EpiTect
Bisulfite (Qiagen) according to the manufacturer’s instructions, fol-
lowed by PCR cloning and sequencing. We also analyzed the CRY1
promoter using methylation-specific PCR for bisulfite-treated
DNA and the methylated primer sequences, 50-TATTATTG
GTTTTTGAAGGAAATCG-30 and 50-CTACGTTCCAAAAAATAAAAAAA
CG-30 the unmethylated primer sequences, 50-TATTATTGGTTTTTG
AAGGAAATTG-30 and 50-ACATTCCAAAAAATAAAAAAACAAA-30.

2.5. Transient reporter gene assay

Luciferase reporter gene plasmids and the internal control
plasmid, pRL-CMV (Promega) were transfected with or without
BMAL1- and CLOCK-expression vectors [19] into CPT-K cells. Lucif-
erase assays proceeded using the Dual Luciferase Reporter Assay
System (Promega) as described [20]. Transcriptional activities were
normalized relative to Renilla luciferase activities.

2.6. Real-time reporter gene assays

Real-time reporter gene assays proceeded as described [15].
Cells that stably expressed reporter genes were stimulated with
50% FBS for 2 h and then incubated with DMEM containing
0.1 mM luciferin (Promega), 25 mM HEPES (pH 7.2) and 10% FBS.
Bioluminescence was measured and integrated for 1 min at
10-min intervals using a Kronos AB-2500 (ATTO). Data were detr-
ended by subtracting a best fit line followed by subsequent fitting
to a sine wave to determine the length of the circadian period as
described [21].

3. Results

3.1. Hypermethylation of BMAL1 CpG islands in CPT-K cells

The BMAL1 gene is transcriptionally silenced via the hyperme-
thylation of promoter CpG islands in cancer cell lines [13] and
we previously reported that ROREs in the BMAL1 promoter are
embedded in a unique GC-rich open chromatin structure under
CpG island hypomethylation, which is important for circadian
transcription [15,16]. Thus we surveyed cell lines with hyperme-
thylated BMAL1 promoters to evaluate how DNA methylation of
the BMAL1 promoter affects the circadian clock system. We found
that the human lymphoblastic leukemia cell line, CPT-K, expressed
very low levels of the BMAL1 gene (Fig. 1A). Bisulfite genomic
sequencing of five individual clones indicated that the BMAL1 pro-
moter in CPT-K cells is extremely hypermethylated in CpG islands
(Fig. 1B). To clarify the relationship between promoter methylation
and BMAL1 expression, we demethylated CPT-K cells using 5-aza-
20-deoxycytidine (aza-dC) and determined BMAL1 transcription
by RT-PCR. Fig. 1A shows that significant levels of BMAL1 transcrip-
tion was were in CPT-K cells, suggesting that hypermethylation of
the promoter CpG islands repressed BMAL1 transcription in CPT-K
cells.
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3.2. Hypomethylation of PER2 CpG islands in CPT-K cells

PER genes are thought to be tumor suppressors [22] and consid-
erable evidence supports the notion that the hypermethylation of
CpG islands in PER promoters is associated with tumorigenesis
[9–12]. We found PER2 transcripts in CPT-K cells (Fig. 2A) and
genomic methylation analysis showed that a CpG island in the
PER2 promoter remained hypomethylated (Fig. 2B), indicating that
PER2 was transcribed in these cells. The activation of PER2 tran-
scription was increased twofold in CPT-K cells incubated with
aza-dC (Fig. 2A) despite the PER2 promoter having hypomethylated
CpG islands. Transient reporter assays showed that the PER2 pro-
moter activity increase induced by the exogenous expression of
BMAL1 and CLOCK (Fig. 2C) was comparable to the amount of
aza-dC-enhanced PER2 transcription in RT-PCR (Fig. 2A). These
data suggest that aza-dC activates BMAL1 transcription in CPT-K
cells, which subsequently activates PER2 transcription. Compared
with the promoter-less construct, the significant activity of the
BAML1 promoter construct in CPT-K cells was suppressed by the
exogenous expression of BMAL1 and CLOCK (Fig. 2C). The suppres-
sion of BMAL1 promoter activity by BMAL1:CLOCK was consistent
with previous findings [23], suggesting that the reporter gene dri-
ven by the BMAL1 promoter is active. Taken together, these results
suggest that the transcriptional machinery for BMAL1 in CPT-K
cells is functional except for methylation of the BMAL1 promoter.
Fig. 2. PER2 gene is abundantly expressed and DNA in PER2 promoter is hypome-
thylated in CPT-K cells. (A) PER2 is abundantly expressed in CTP-K cells that were
incubated with or without 2.5 lM aza-dC for 2 days. We analyzed RNA in harvested
cells using RT-PCR. Levels of RNA were normalized to those of ACTIN expression, and
value in cells incubated without aza-dC was set at 1. Values are means ± SEM of
triplicate assays. ⁄P < 0.05; Student’s t test. (B) Hypomethylation of DNA in PER2
promoter. Genomic sequence of CPT-K cells was analyzed after modification with
bisulfite. Vertical lines, CpG sites in PER2 promoter region. Filled and open circles,
methylated and unmethylated CpG sites, respectively. Arrow, transcription start
site; open boxes D (A) and D (B), D-boxes (DBP-binding sites); open box E’, non-
canonical E-box. (C) Transcriptional machinery for BMAL1 gene is functional.
Transcriptional assays proceeded using constructs containing BMAL1 or PER2
promoters. BMAL1 and CLOCK expression plasmids were also introduced into CPT-K
cells. Normalized expression levels were calculated relative to luciferase activities
of PER2 reporter transfectants. Values are means ± SEM of triplicate assays.
⁄P < 0.05; Student’s t test.
3.3. Circadian clock system in CPT-K cells

Circadian oscillation of BMAL1 transcription was absent in CPT-
K cells (gray in Fig. 4). CPT-K cells expressed abundant amounts of
the CLOCK gene regardless of aza-dC (Fig. 3), suggesting that the
transcriptional activator function of the BMAL1:CLOCK heterodi-
mer is dependent on the amount of BMAL1. Aza-dC activated
BMAL1 transcription (Figs. 1A and 3). Similar to the transcription
of PER2, that of CRY1 was activated about twofold by aza-dC in
CPT-K cells (Fig. 3), suggesting that CRY1 transcription was acti-
vated via BMAL1 expression induced by aza-dC. Fig. 3B shows that
the CRY1 promoter was unmethylated, supporting the notion that
aza-dC activates BMAL1 transcription in CPT-K cells, which subse-
quently results in activated CRY1 transcription. These results im-
plied that aza-dC can recover the circadian oscillation of BMAL1
transcription in CPT-K cells. We examined this notion using cells
that stably expressed reporter genes derived from CPT-K cells that
had been incubated with aza-dC. Real-time reporter assays indi-
cated that aza-dC caused the circadian oscillation of BMAL1 tran-
scription in these cells (Fig. 4). Previously, we reported that level
of BMAL1 expression affects the circadian oscillation using
NIH3T3-derived stable cells [24]. These findings suggest that
DNA methylation in the BMAL1 gene is a key phenomenon that
disrupts circadian rhythms.
4. Discussion

The present study found epigenetic inactivation or DNA methyl-
ation of the BMAL1 promoter in CPT-K cells. Taniguchi et al. found
BMAL1 hypermethylation in hematological malignancies, but not
in solid tumors [13]. Notably, BMAL1 is hypermethylated in CPT-
K cells that are derived from acute lymphoblastic leukemia [25]
and hypomethylated in HSG cells derived from solid tumors [16].
NIH3T3 cells also have a hypomethylated BMAL1 promoter and
show the circadian transcription [15], and we previously showed
that level of BMAL1 expression affects the circadian oscillation
using NIH3T3-derived stable cells [24]. Loss of BMAL1 in mice
results in immediate and complete loss of circadian rhythmicity
[26]. These indicate the importance of the amount of BMAL1
expression on circadian rhythms. Because of BMAL1 gene inactiva-
tion, the circadian oscillation of BMAL1 transcription was absent in
the line that were derived from CPT-K cells; however circadian
Fig. 3. Aza-dC enhances CRY1 transcription. (A) Effect of aza-dC on transcription.
CPT-K cells were incubated with or without 2.5 lM aza-dC for 2 days, and then RNA
in harvested cells was analyzed by RT-PCR. Levels of RNA were normalized to those
of ACTIN expression, and value in cells incubated without aza-dC was set at 1.
Values are means ± SEM of triplicate assays. ⁄P < 0.05; Student’s t test. (B) Analysis
of CRY1 promoter in CPT-K cells. M and U, methylation- and unmethylation-specific
PCR primers.



Fig. 4. Effect of aza-dC on transcriptional oscillation of BMAL1. Cells with stable
gene expression derived from CPT-K cells were incubated with 2.5 lM aza-dC for
2 days, stimulated with 50% FBS for 2 h and then bioluminescence was measured.
Detrended fit curves are representative of at least three independent experiments
(control, gray; aza-dC, black). Dots, raw values; lines, fit curve data.
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oscillation was restored by the demethylating agent, aza-dC in the
present study. BMAL1 is also hypermethylated in RPMI 8402 cells
from which CPT-K cells were isolated by camptothecin resistance
(data not shown). Unfortunately continuous BMAL1 expression
did not restore circadian oscillation in CPT-K cells (data not
shown). McDearmon et al. reported that constitutive BMAL1
expression in brain restores the circadian oscillation but not in
muscle, indicating that BMAL1 has distinct tissue-specific regula-
tion and functions [27]. Therefore, to establish the negative feed-
back loop system and restore circadian oscillation in CPT-K cells,
the tissue-specific regulation of BMAL1 expression may be re-
quired, which is introduced enodogenously by aza-dC. The PER
genes are epigenetically silenced not only in leukemia [10], but
also in other types of cancer such as that of the lung [12], cervix
[11] and breast [9], indicating that PERs act as tumor suppressors
[22]. Hypermethylation in the CLOCK promoter reduces the risk
of breast cancer [8] and the nature of CRY1 promoter methylation
has significant prognostic impact in chronic lymphocystic leuke-
mia [28]. These findings indicate that the disruption of circadian
rhythm influences tumor development and we identified epige-
netic silencing of the BMAL1 gene along with expression of the
clock genes, PER2, CLOCK and CRY1 in CPT-K cells. The expression
profiles of clock genes in tumor cells should be elucidated from
the perspective of their roles in cancer.

The following core circadian genes are associated with circadian
rhythms in peripheral tissues: casein kinase 1 e (CSNK1E), crypto-
chromes (CRY1 and CRY2), periods (PER1, PER2 and PER3), CLOCK
and BMAL1. The BMAL1 gene plays a central role in circadian sys-
tems and its rhythmic expression is circadian. We previously
showed that the BMAL1 promoter is a unique open chromatin
structure with hypomethylated CpG islands that are important
for circadian transcription [15,16]. Therefore, the methylation sta-
tus of the BMAL1 promoter is critical for the circadian system and
for evaluating how the BMAL1 promoter is methylated. Because the
BMAL1 promoter is basically hypomethylated, the methyltransfer-
ases DNMT3a and DNMT3b might be mainly responsible for
introducing cytosine methylation de novo at unmethylated CpG
sites in the promoter, but the precise mechanism remains unclear
[5]. In addition, as the stoichiometric relationship among compo-
nents is critical for the robustness of circadian rhythms [29], the
methylation status of other clock gene promoters should also be
determined.

Circadian rhythms regulate many physiological processes in hu-
mans. Their disruption profoundly influences health and they have
been linked to several major diseases. For instance, the adrenal ste-
roid hormone glucocorticoid that controls various physiological
process such as metabolism, the immune response, cardiovascular
activity and brain function, is under the control of the circadian
clock. This implies that several diseases are closely associated with
disrupted circadian rhythms [30]. Several recent reports have de-
scribed relationships between DNA methylation of the clock genes
and diseases other than cancer such as dementia [6], Parkinson’s
disease [7] and obesity [31]. Furthermore, DNA methylation might
contribute to the developmental expression of clock genes [32].
These lines of evidence suggest that the DNA methylation of the
clock genes, in particular, BMAL1 is a key player in the disruption
of circadian rhythms that are closely associated with various
diseases.
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