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Abstract: Nicotinamide adenine dinucleotide (NAD) is a crucial molecule of energy production and signal transduc-
tion processes that have been linked to ovarian cancer development. Notably, emerging evidence has led to consid-
erable interest in the role of DNA methyltransferase 1 (DNMT1) in the initiation and progression of ovarian cancer. 
However, dynamic crosstalk between NAD and DNMT1 is poorly understood. Here, we show that DNMT1 levels are 
upregulated, along with increased NAD levels in non-BRCA1-mutated ovarian cancer cells. In contrast, DNMT1 levels 
are not affected by increasing NAD levels in BRCA1-mutated ovarian cancer cells. Mechanistically, BRCA1 inactivity-
mediated loss of H3K9ac enrichment around the core promoter inhibits DNMT1 transcription. Consistent with this, 
BRCA1 levels correlate with DNMT1 levels (R = 0.534, P < 0.001) in human ovarian cancer specimens. Therefore, 
these results highlight a novel regulatory effect of NAD on DNMT1, and further correlate the physiological properties 
of NAD metabolism with DNMT1-mediated biological processes. All of this may improve our understanding of the 
basic molecular mechanism underlying NAD- and DNMT1-related ovarian cancer progression.
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Introduction 

Ovarian cancer is the most prevalent malignan-
cy, and is a leading cause of mortality in women 
worldwide [1]. To date, although the exact 
cause of ovarian cancer remains largely 
unknown, BRCA mutations are the main known 
hereditary factors [2]. BRCA1 is a tumor sup-
pressor gene involved in multiple cellular pro-
cesses [3]. Our previous study also indicated 
that there are wide ranges of transcriptional 
regulation, epigenetic patterns and metabolic 
differences between BRCA1 dysfunction and 
the basal phenotype [4-10]. Nicotinamide ade-
nine dinucleotide (NAD) is a crucial molecule of 
energy production and signal transduction pro-
cesses that have been linked to ovarian cancer 
development [9-12]. Notably, recent evidence 

suggests that NAD is an important transcription 
regulatory factor for BRCA1 [10]. 

DNA methyltransferase 1 (DNMT1) is a key 
enzyme involved in maintaining DNA methyla-
tion, gene regulation, and chromatin stability 
[13]. Emerging evidence has suggested a pos-
sible role of DNMT1 in ovarian cancer progres-
sion. For example, (i) DNMT1 is frequently over-
expressed in ovarian cancer samples [14], and 
associated with clinicopathological and survival 
data in sporadic ovarian cancer patients [15]; 
(ii) DNMT1 variants may be risk factors of ovar-
ian cancer [16]; (iii) DNMT1 has the potential to 
be an adjuvant therapeutic approach to over-
come ovarian cancer chemoresistance [17, 18]. 
Notably, our recent study showed that BRCA1-
mutated breast cancer displayed a hypermeth-
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ylated E2F transcription factor 1 (E2F1) motif , 
which is a key regulatory mechanism for DNMT1 
transcription [7], and the observation is consis-
tent with previous reports that DNMT1 may be 
a transcriptional target of BRCA1 [19]. However, 
to date, little is known about the direct link(s) 
between NAD and DNMT1. For this reason, the 
present study addresses the effects of NAD on 
DNMT1 through regulation of BRCA1 in ovarian 
cancer, and provides novel insight into the 
mechanisms involved in the regulation of 
DNMT1 expression.

Materials and methods

Ethical statements

The research was carried out in accordance 
with the Helsinki Declaration of 1975 and 
approved by the Institutional Review Board at 
China Medical University.

Patients and tissue collection

Serous ovarian cancer patients were enrolled 
between 2010 and 2012, and all patients gave 
informed consent. Fresh tumor samples, asci-
tes, and blood samples were obtained at the 
time of primary surgery before any chemothera-
py or radiotherapy (15 pairs of BRCA1-mutated 
or not, and 11 pairs with hypermethylated 
BRCA1 promoter or not). Hematoxylin and eosin 
staining of the samples for histopathologic 
diagnosis and grading were performed by three 
staff pathologists using World Health Organi- 
zation criteria. All patients were screened for 
BRCA1 mutations by multiplex polymerase 
chain reaction (PCR). Their characteristics were 
shown in our previous studies [20].

Cell culture, lentiviral infection and cell prolif-
eration assay

Primary ovarian cancer cells were obtained 
from the ascites of patients undergoing surgery 
for ovarian cancer and cultured in RPMI 1640 
with 10% fetal bovine serum (Invitrogen, CA, 
USA) as previously reported [5, 6, 9, 10, 20]. 
The shRNA lentiviral particles of nicotinamide 
phosphoribosyltransferase (NAMPT) (sc-458- 
43-V), histone acetyltransferase (GCN5) (sc-
37946-V), p300/CBP-associated factor (PCAF) 
(sc-36198-V) were purchased from Santa Cruz 
Biotechnology (CA, USA). For overexpression of 
NAMPT, the open reading frame of NAMPT 
(NM_005746) were respectively cloned into 

the lentiviral vector GV287 (Ubi-MCS-3FLAG-
SV40-EGFP; GeneChem Co., Ltd, Shanghai, 
China). Transfections were performed using 
polybrene and enhanced infection solution 
(GeneChem Co., Ltd) according to the manufac-
turer’s recommended protocol. The efficiency 
of NAMPT, GCN5 or PCAF knockdown, and 
NAMPT overexpression, and the procedures 
were as previously reported [8, 10]. After 48 
hours of infection, cell proliferation was deter-
mined using the Cell-LightTM EdU Apollo®643 In 
Vitro Imaging Kit (Ribobio, Guangzhou, China) 
following the instructions provided by the 
manufacturer.

Real-time quantitative PCR

Total RNA was extracted using Trizol reagents 
(Invitrogen) according to the manufacturer’s 
protocol. DNA contamination was removed by 
adding DNase I (Invitrogen) according to the 
manufacturer’s protocol. Total RNA was then 
reverse-transcribed from 2 μg of RNA using the 
PrimeScript RT Master Mix kit (TaKaRa, Dalian, 
China) and amplified by SYBR Premix Ex TaqTM 
II (TaKaRa) in a Roche LightCycler 2.0 instru-
ment (Roche Diagnostics, Mannheim, Ger- 
many). The specific primer sequences for 
BRCA1, NAMPT and DNMT1 were shown in our 
previous studies [7, 10]. GAPDH mRNA was 
amplified as an internal control for normaliza-
tion of each sample. All samples were analyzed 
in triplicate using the 2–ΔΔCT method.

Bisulfite sequencing for BRCA1 promoter

All the tissues were used for bisulfite sequenc-
ing from the non-BRCA1-mutated cases. 
Genomic DNA extracted from ovarian cancer 
tissue with a TIANamp Genomic DNA kit 
(Tiangen Biotech, Beijing, China) was subjected 
to bisulfite conversion using the EZ DNA 
Methylation-Direct kit (Zymo Research, Orange, 
USA) following the manufacturer’s instructions; 
the conversion efficiency was estimated to be 
at least 99.6%. It was then amplified by nested 
PCR. After gel purification, cloning and transfor-
mation into E. coli Competent Cells JM109 
(TaKaRa), ten positive clones of each sample 
were sequenced to ascertain the methylation 
patterns of each CpG locus. The primers were 
used for BRCA1 gene promoter (Accession 
number: NG_005905) were shown in our previ-
ous studies [6, 9]. The conditions were as fol-
lows: 95°C for 2 min, 40 cycles of 30 s at 95°C, 
30 s at 56°C and 45 s at 72°C, then 72°C for 7 
min.
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NAD incubation

Primary ovarian cancer cells were incubated 
with 0, 10, 50, 250 or 1250 μM NAD (Sigma, 
CA, USA) for 3 h at 37°C.

NAD levels assay

For NAD assay, 20 μl packed ovarian cancer 
cells were homogenized in 400 μl BioVsion 
NAD/NADH Extraction Buffer (BioVsion, CA, 
USA). The homogenate was ultrafiltered using 
BioVsion 10-kD cut-off filters (14000 g, 30 min, 
4°C). Assays were performed using the NAD/
NADH Quantification Kits according to the man-
ufacturer’s instructions (BioVsion).

Chromatin immunoprecipitation assay (ChIP)

ChIP assays were performed using the Epi- 
QuikTM Tissue Chromatin Immunoprecipitation 
kit (Epigentek Group Inc., Brooklyn, NY, USA), as 
previously reported [5, 7, 8]. Briefly, the small 
pieces of ovarian cancer tissues (1-2 mm3) 
were crosslinked with 1% formaldehyde. Cross-
linking was terminated using 1.25 M glycine. 

The tissues and cells were added to homoge-
nizing buffer, triturated, disaggregated, and 
centrifuged at 1000 g for 5 min at 4°C. After 
the removal of supernatants, the protease 
inhibitors were added and the disaggregated 
tissue pellet was resuspended. Chromatin was 
sheared by sonication. Immunoprecipitation 
was performed at room temperature for 90 
min. The specific antibodies for ChIP were 
shown in our previous study [7]. Crosslinking 
was reversed at 65°C for 90 min. Eventually, 
genomic DNA was eluted for PCR analysis. The 
specific primer sequences for ChIP were shown 
in our previous study [7]. The thermocycle was 
94°C for 2 min, then 30 cycles of 45 s at 94°C, 
45 s at 56°C and 45 s at 72°C.

Statistical analysis

Regression analysis was used to examine the 
possible relationship between BRCA1 and 
DNMT1 levels in human ovarian cancer sam-
ples. The data are presented as means ± stan-
dard deviations (SD). Statistical differences in 
the data were evaluated by Student’s t-test or 

Figure 1. Effects of intracellular NAD-mediated BRCA1 on DNMT1 levels. A-C. Relative NAD, BRCA1 or DNMT1 levels 
after incubation with different concentrations of NAD in primary non-BRCA1-mutated and BRCA1-mutated ovarian 
cancer cells. Bar graphs show mean ± SD. *P < 0.05 vs. control. D-F. Relative NAD, BRCA1 or DNMT1 levels after 
knockdown or overexpression of NAMPT in primary non-BRCA1-mutated and BRCA1-mutated ovarian cancer cells. 
Bar graphs show mean ± SD. Each group, n = 15. Sh, shRNAs; Op, overexpression. *P < 0.05 vs. control.
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one-way analysis of variance as appropriate, 
and were considered significant at P < 0.05.

Results

NAD may regulate DNMT1 levels through 
BRCA1 in primary ovarian cancer cells

To confirm the role of NAD-mediated BRCA1 in 
the regulation of DNMT1 expression, the effects 
of incubation with different concentrations of 
NAD were evaluated in primary ovarian cancer 
cells with identified BRCA1 mutations or no 
BRCA1 mutations. BRCA1 expression was 
upregulated (Figure 1B), along with increased 
levels of intracellular NAD (Figure 1A) in non-
BRCA1-mutated and BRCA1-mutated ovarian 
cancer cells. Notably, DNMT1 levels were also 
upregulated (Figure 1C), along with increased 
BRCA1 levels in non-BRCA1-mutated ovarian 
cancer cells (Figure 1B). In contrast, DNMT1 
levels were not affected (Figure 1C) by increas-
ing levels of BRCA1 (Figure 1B) in BRCA1-
mutated ovarian cancer cells. It is well known 

that NAMPT is a rate-limiting enzyme in regen-
erating NAD in mammals. Similarly, knockdown 
or overexpression of NAMPT could effectively 
reduce or increase NAD levels (Figure 1D) and 
BRCA1 levels (Figure 1E) in primary non-BRCA1-
mutated and BRCA1-mutated ovarian cancer 
cells. However, DNMT1 levels were downregu-
lated or upregulated (Figure 1F), along with 
decreased or increased BRCA1 levels (Figure 
1E) in non-BRCA1-mutated ovarian cancer 
cells, but DNMT1 levels were not affected 
(Figure 1F) by decreasing or increasing BRCA1 
levels (Figure 1E) in BRCA1-mutated ovarian 
cancer cells. Therefore, these results suggest 
that BRCA1 may have an important role in NAD-
related DNMT1 transcription. 

Loss of H3K9ac enrichment around the 
DNMT1 core promoter region in BRCA1-mutat-
ed ovarian cancer

Our previous study suggested that specific his-
tone modification patterns play an important 

Figure 2. Comparative analysis of histone modification and E2F1 enrichment around the DNMT1 core promoter 
between non-BRCA1-mutated and BRCA1-mutated ovarian cancer tissues. A. Chromatin immunoprecipitation was 
performed using antibodies to H3K9ac, H3K18ac, H3K27ac, H3K4me1, H3K4me2, H3K4me3, H3K36me3, H3K-
79me, H3K9me, H3K9me2, H3K9me3, H3K27me, H3K27me2, H3K27me3 and E2F1. PCR was performed for 
regions within the core promoter of DNMT1. A negative control without antibodies is included for comparison. B. 
Representative results of primary non-BRCA1-mutated and BRCA1-mutated ovarian cancer tissues are shown. Bar 
graphs show mean ± SD. C. Expression levels of the chromatin-modifying enzymes GCN5 and PCAF in non-BRCA1-
mutated and BRCA1-mutated ovarian cancer tissues. Bar graphs show mean ± SD. Each group, n = 15. *P < 0.05 
vs. control.
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part in regulating DNMT1 transcription [7]. To 
obtain further understanding of the regulatory 
potential of the histone modification in control-
ling DNMT1 transcription, we examined the 
active histone markers H3K9ac, H3K18ac, 
H3K27ac, H3K4me1, H3K4me2, H3K4me3, 
H3K36me3, and H3K79me, and the repressive 
histone markers H3K9me, H3K9me2, H3K9- 
me3, H3K27me, H3K27me2, and H3K27me3 
in the core promoter of DNMT1. We also 
focused on the enrichment of the transcription 
factor E2F1, due to the fact that the E2F1-
binding site was found in this region. Chromatin 
immunoprecipitation analysis indicated that 
the levels of H3K9ac around the DNMT1 core 
promoter region were only significantly 
decreased in BRCA1-mutated ovarian cancer, 
compared with non-BRCA1-mutated ovarian 

cancer (Figure 2A and 2B). Chromatin-modi- 
fying enzymes (GCN5 and PCAF) that facilitate 
the creation of H3K9ac were also analyzed. 
Although there was no significant change in the 
expression of PCAF, the expression levels of 
GCN5 were reduced (Figure 2C). These results, 
together with Figure 1, suggest that BRCA1-
related DNMT1 transcription may be associat-
ed with changes in decreased H3K9ac enrich-
ment in ovarian cancer cells.

H3K9ac present around the DNMT1 core 
promoter region are responsible for transcrip-
tional regulation of DNMT1 in ovarian cancer

We observed that the knockdown of GCN5 and 
PCAF (Figure 3A and 3B) had no detectable 
effect on cell morphology and proliferation 

Figure 3. H3K9ac-mediated transcriptional regulation of DNMT1 in non-BRCA1-mutated ovarian cancer cells. A. 
RT-PCR showing GCN5 and PCAF levels before and after knockdown by shRNAs, and normalized to -actin expres-
sion (n = 3). B. Representative RT-PCR results are shown. C. EdU labeling showing the proliferation of GCN5- and 
PCAF-silenced in primary non-BRCA1-mutated ovarian cancer cells. Blue, Hoechst 33342 labeling of cell nuclei; 
red, EdU labeling of nuclei of proliferative cells. D. The EdU incorporation rate was expressed as the ratio of EdU-
positive cells to total Hoechst 33342-positive cells. E. Analysis of histone modification H3K9ac enrichment around 
the core promoter region of DNMT1 after the deletion of GCN5 or/and PCAF in primary non-BRCA1-mutated ovarian 
cancer cells. F. DNMT1 levels after the deletion of H3K9ac around the core promoter region of DNMT1 in primary 
non-BRCA1-mutated ovarian cancer cells. Bar graphs show mean ± SD. Each group, n = 15. *P < 0.05 vs. control.
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(Figure 3C and 3D). Combined knockdown of 
GCN5 and PCAF specifically induced a decrease 
in H3K9ac enrichment around the DNMT1 core 
promoter region (Figure 3E). Notably, after the 
deletion of H3K9ac, the DNMT1 levels were sig-
nificantly down-regulated (Figure 3F). 

Hypermethylated BRCA1 promoter-mediated 
decreased BRCA1 levels are correlated with 
DNMT1 expression

In mammals, promoter methylation is an epi-
genetic modification involved in regulating gene 
expression [5, 7, 8]. Consistent with this idea, 
we showed that ovarian cancer with a hyper-

methylated BRCA1 promoter displayed decre- 
ased expression of BRCA1 in comparison with 
unmethylated BRCA1 promoter (Figure 4A-D). 
Based on these considerations, the low levels 
of BRCA1 appeared to be mediated by promot-
er hypermethylation, making this an appropri-
ate model to investigate the physiological rela-
tionship between BRCA1 and DNMT1. Notably, 
the H3K9ac levels (Figure 4E) and DNMT1 lev-
els (Figure 4F) were decreased markedly, along 
with hypermethylated promoter-mediated BRC- 
A1 deficiency in ovarian cancer (Figure 4D). In 
addition, we analyzed the correlation between 
BRCA1 and DNMT1 levels in 22 ovarian cancer 
samples (Figure 4G). It is interesting to note a 

Figure 4. DNMT1 expression patterns in ovarian cancer tissues with hypermethylated promoter-mediated BRCA1 
inactivation. A. Location of CpG sites in the core promoter region of BRCA1. Genomic coordinates are shown, along 
with the primer-amplified fragments, GC percentage, location of individual CpG dinucleotides (dashes) and BRCA1 
RefSeq gene (exon 1 shown as a blue box and intron shown as an arrowed line). The arrow indicates the direction 
of transcription. B. Representative figures of unmethylated and hypermethylated BRCA1 promoter. The circles cor-
respond to the CpG sites denoted by black dashes in Figure 4A. Closed circles, methylation; open circles, unmethyl-
ated. Ten individual clones were sequenced for each sample. C. Summary of the methylation levels of BRCA1 core 
promoter. D-F. Relative BRCA1, H3K9ac and DNMT1 levels were measured in ovarian cancer tissues with identi-
fied unmethylated and hypermethylated BRCA1 promoter. Bar graphs show mean ± SD. *P < 0.05 vs. control. G. 
Correlation between BRCA1 and DNMT1 levels in human ovarian cancer tissues with identified unmethylated and 
hypermethylated BRCA1 promoter. Each group, n = 11.
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significantly positive correlation between levels 
of BRCA1 and DNMT1 (R = 0.534, P < 0.001; 
Figure 4G). These results further indicate that 
BRCA1 may be responsible for the regulation of 
DNMT1 in ovarian cancer cells.

Discussion

In this study, we report for the first time that 
NAD may regulate DNMT1 levels through 
BRCA1 in ovarian cancer cells; the molecular 
mechanism may involve BRCA1-mediated alter-
ation of histone modification H3K9ac enrich-
ment around the core promoter of DNMT1. 
However, as shown in Figure 1, intracellular 
NAD levels may be responsible for the induc-
tion of BRCA1-related DNMT1 transcription in 
non-BRCA1-mutated ovarian cancer cells, but 
we observed that DNMT1 levels were not 
affected by NAD incubation, and knockdown or 
overexpression of NAMPT in BRCA1-mutated 
ovarian cancer cells. It may be due to the fact 
that BRCA1 itself, has no function along with 
BRCA1-mutation. 

NAD, as well as its precursors, derivatives, and 
metabolic enzymes, has recently drawn much 
attention as regards a variety of biological func-
tions including transcriptional regulation, DNA 
repair, cell cycle progression, metabolism, lifes-
pan, and cell death [21]. Typically, (i) sirtuin 1 
(SIRT1) is an NAD-dependent protein deacety-
lase [9]; (ii) poly(ADP-ribose) polymerase-1 
(PARP1) as a sensor of DNA damage catalyzes 
the transfer of ADP-ribose units from NAD to 
target proteins [4]; (iii) NAMPT is the rate-limit-
ing enzyme for NAD biosynthesis [10], which 
together comprise a system of regulatory net-
works, termed the ‘NAD World’, that maintains 
the balance of cellular metabolism and has 
essential roles in tumor development and ther-
apy. To date, there have been few reports about 
the link(s) between NAD and DNMT1 in ovarian 
cancer cells. It is, however, interesting to note 
that the evidence accumulated suggests a pos-
sible link between NAD World and DNMT1. For 
example, (i) SIRT1 physically interacts with 
DNMT1, and SIRT1-mediated deacetylation of 
DNMT1 is responsible for the multiple effects 
of DNMT1-related gene silencing [22]; (ii) PARP1 
can enhance DNMT1 expression by maintain-
ing the unmethylated state of the DNMT1 pro-
moter [23], and PARP1 can directly influence 
DNA methylation patterns through controlling 
the transcription and activity of DNMT1 [24]; 

(iii) NAD serves as the common substrate inde-
pendent of its redox-carrier function by SIRT1 
and PARP1, and NAMPT-related NAD synthesis 
is a key regulator of SIRT1 and PARP1 activity 
[4, 9]. Therefore, the emerging picture from 
these studies prompted us to evaluate a pos-
sible link between NAD World and DNMT1. It 
seems beneficial for the understanding of 
DNMT1-related biological processes from NAD 
World aspects. For instance, both SIRT1 and 
PARP1 are consumers of NAD, SIRT1, and 
PARP1-related regulatory function of DNMT1, 
and may partly involve the direct effect of NAD 
on DNMT1.

Overall, these observations further correlate 
the physiological properties of NAD metabo-
lism with DNMT1-mediated biological process-
es. All of this may improve our understanding of 
the basic molecular mechanism underlying 
NAD- and DNMT1-related ovarian cancer 
progression.
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