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Abstract. Nordihydroguaiaretic acid (NDGA) and its 
derivatives possess anti-cancer effects on various types of 
cancer via the induction of apoptosis or cell cycle arrest. This 
study proved that NDGA inhibited cervical cancer SiHa cell 
growth and induced cell cycle arrest at the G1 phase, which 
may be a consequence of cell cycle kinase inhibitor p21 
induction. NDGA promoted acetylation of histone H3 in total 
and p21 gene-associated chromatin. This effect is gene selec-
tive, since NDGA has no impact on the p27 gene. NDGA also 
inhibited HPV-16 E6 gene transcription, which in turn resulted 
in the restoration of p53 protein levels. The silencing mediator 
for retinoid and thyroid hormone receptors (SMRT) is a key 
component of the HDAC3-HDAC4-N-CoR/SMRT complex. 
We found that NDGA significantly inhibited the transcription 
of SMRT, which, together with p53, may aid in the detection 
of the increase of histone H3 acetylation within the p21 gene. 
Our results suggest that NDGA induces p21 transcription by 
selectively elevating histone H3 acetylation associated with 
p21 gene and p53 protein levels via the inhibition of HPV-16 
E6 expression.

Introduction

Nordihydroguaiaretic acid (NDGA) is a non-specific inhibitor 
of lipoxygenase. NDGA and its derivatives exhibit anti-cancer 
effect on various types of cancer, including cervical cancer 
(1-3). High-risk human papillomavirus (HPV) infection is 
strongly associated with cervical cancer. The persistent 
expression of HPV oncogenes E6 and E7 is crucial for the 
induction and maintenance of malignant phenotypes (4). 
HPV E6 and E7 are well-known for their ability to inhibit 
the activity of tumor suppressors p53 and pRb, respectively 

(5). Studies have shown that derivatives of NDGA inhibit the 
growth of cervical cancer cells by stabilizing p53 as a result 
of down-regulated E6 expression, which may be partially 
responsible for apoptosis induction or cell cycle arrest at the 
G1 phase found in NDGA-treated cells (1,6).

p21 is a key mediator of G1/S transition, the expression of 
which is frequently absent or at low levels in cervical cancer 
(7), and the restoration of p21 expression suppresses the 
growth of cervical cancer cells (8,9). It is known that regula-
tion of p21 expression occurs primarily at the transcription 
level in p53-dependent or p53-independent manners (10) and 
acetylation of histone H3 within the p21 promoter is also a 
key event for effective p21 transcription (11,12). With respect 
to cervical cancer, the results of certain studies showed that 
the p53 state is correlated with p21 expression (13) and that 
restoration of p53 function, either by RNAi or drug treatment 
against HPV E6, induces p21 expression (14,15).

This study aimed to investigate the effect of NDGA on 
the growth and p21 expression of cervical cancer SiHa cells. 
Moreover, the effect of NDGA on levels of histone H3 acety-
lation, p53 protein and other factors was investigated in order 
to determine the mechanism by which NDGA regulated the 
p21 gene expression.

Materials and methods

Cell line. The human cervical cancer cell line SiHa was 
obtained from the Cell Bank of Type Culture Collection of 
the Chinese Academy of Sciences (Shanghai Institute of Cell 
Biology, Chinese Academy of Sciences, China), cultured in 
Dulbecco's modified Eagle's medium (DMEM; 4.5 g/l glucose; 
Invitrogen, Grand Island, NY, USA) supplemented with 10% 
fetal bovine serum, 100 U/ml penicillin and 100 µg/ml 
streptomycin in a 5% CO2 incubator at 37˚C.

Reagents. NDGA (Sigma-Aldrich, St. Louis, MO, USA) was 
dissolved in dimethyl sulfoxide (DMSO) and the stock 
solution was diluted to the required concentrations in DMEM 
prior to being added to the cell culture medium. Final DMSO 
concentrations were ≤0.2%. Antibodies against Ac-Histone H3 
(Lys 9/14) and β-actin were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies against 
p53 were purchased from Signalway Antibody (Pearland, TX, 
USA). All other chemicals were of reagent grade.
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Cell proliferation assay. Cell proliferation was measured by 
the MTT assay. SiHa cells were seeded into 96-well culture 
plates at 5x103 cells per well. Each group consisted of six 
parallel wells and was subsequently treated with various 
concentrations of NDGA for 24, 48 and 72 h. The control cells 
were treated with 2% DMSO in culture medium. Following 
treatment, the cells were incubated with MTT reagent (0.5 mg/
ml) at 37˚C for 4 h. The resulting formazan crystals were 
solubilized by adding 150 µl DMSO to each well. The optical 
density (OD) at 492 nm was measured and cell viability was 
determined using the formula: cell viability (%) = (absorbance 
of the treated wells - absorbance of the blank control wells)/
(absorbance of the negative control wells - absorbance of the 
blank control wells) x 100%. The MTT experiments were 
repeated at least three times.

Flow cytometry analysis. The cell cycle was analyzed using 
flow cytometry. Briefly, cells (1x106) were collected and 
washed twice in phosphate-buffered saline (PBS), then fixed 
in 70% alcohol for 30 min at 4˚C. After being washed in 
cold PBS three times, the cells were resuspended in 1 ml of 
PBS solution with 40 µg of propidium iodide (Sigma) and 
100 µg of RNase A (Sigma) for 30 min at 37˚C. The samples 
were then analyzed for their DNA content by fluorescence 
activated cell sorting (BD Immunocytometry Systems, San 
Jose, CA, USA). Each experiment was repeated at least three 
times.

Reverse transcriptase -polymerase chain reaction (RT-PCR). 
Total RNA was isolated from cells using RNAiso Plus (Takara, 
Japan) and reverse-transcribed using a reverse transcription 
system (Promega, Madison, WI, USA) according to the manu-
facturer's instructions. PCR amplification of different genes 
was performed using Easy Taq DNA Polymerase (TransGen 
Biotech, China). Table I shows the primer sequences used for 
RT-PCR and the product sizes. GAPDH served as an internal 
control. The optimal reaction conditions for PCR were deter-
mined for each primer pair. Denaturation was at 94˚C for 40 
sec and annealing at 56˚C for 40 sec, followed by elongation at 
72˚C for 40 sec. PCR products were analyzed by 1.5% agarose/
ethidium bromide gel electrophoresis. OD values of mRNA 
were analyzed with Pro-Gel 4.0 Software and GAPDH was 
used to normalize mRNA. Each experiment was repeated at 
least three times.

Western blot analysis. Nuclear extracts from SiHa cells were 
prepared using a Nuclear Protein Extraction kit (BestBio, 
China). The protein concentrations were determined using 

an Enhanced BCA Protein Assay kit (Beyotime, China). 
The nuclear proteins (40 µg) were fractionated using sodium 
dodecyl sulfate-10% polyacrylamide gels for electrophoresis 
(SDS-PAGE) and the proteins were transferred onto a poly-
vinylidene fluoride (PVDF) membrane. The membrane was 
blocked at room temperature for 4 h with 5% bovine serum 
albumin in Tris-buffered saline containing 0.05% Tween-20, 
10 mmol/l Tris-HCl pH 7.5 and 150 mmol/l NaCl, and then 
incubated with the appropriate primary antibodies overnight 
at 4˚C. Horseradish peroxidase-conjugated anti-goat IgG was 
used as the secondary antibody, and the protein bands were 
detected using the enhanced chemiluminescence method. 
The relative protein levels were normalized to β-actin and 
expressed as percentages of the control. The membrane was 
incubated for 30 min at 50˚C in buffer that contained 2% SDS, 
62.5 mmol/l Tris (pH 6.7) and 100 mmol/l 2-mercaptoethanol. 
The membrane was then washed and incubated with the other 
primary antibody.

Chromatin immunoprecipitation (ChIP) assay. ChIP assays 
were performed using a ChIP Assay kit (Beyotime) according 
to the manufacturer's instructions. In brief, SiHa cells were 
fixed by 1% formaldehyde for 10 min at 37˚C. Following 
washing with cold PBS, the cells were lysed in SDS lysis 
buffer and sonicated to shear the DNA to an average fragment 
size of 600 bp. The lysates were cleared by centrifugation 
and Ac-Histone H3 (Lys 9/14) antibody was added to the 
supernatants. Immunoprecipitation from soluble chromatin 
was conducted overnight at 4˚C. Immune complexes were 
collected with protein A+G agarose/salmon sperm DNA for 
60 min at 4˚C and then extensively washed. The samples were 
extracted with elution buffer (1% SDS, 0.1 mol/l NaHCO3) 
and heated at 65˚C for 4 h to reverse cross links. The DNA 
was purified and used for amplification of the p21 or p27 
promoter DNA. The primers used for p21 were: forward, 
5'-ACCAACGCAGGCGAGGGACT-3'; and reverse, 5'-CCGG 
CTCCACAAGGAACTGA-3' (12). The primers used for 
p27 were: forward, 5'-TGGAGAAGCACTGCAGAGAC-3'; 
and reverse, 5'-GCGTGTCCTCAGAGTTAGCC-3' (12). The 
products were separated by agarose gel electrophoresis and 
visualized by ethidium bromide staining. Each experiment 
was repeated at least three times.

Statistical analysis. The quantitative variables are presented 
as means ± SD. The difference between two groups was 
assessed using an independent t-test. The differences among 
≥3 groups were compared using one-way ANOVA. P<0.05 
was considered to be statistically significant.

Table I. Primer sequences for RT-PCR.

Gene	 Sense primer (5'-3')	 Anti-sense primer (5'-3')	 Tm (cycles)	 Size (bp)

p21	 TAGCAGCGGAACAAGGAGTCAG	 CAGTCTAGGTGGAGAAACGGG	 56 (30)	 263
SMRT	 GGAATCACGCTCGGAAACAATG	 GGCGGTCTTTGTACAACCTTCA	 58 (30)	 420
GAPDH	 ACCACAGTCCATGCCATCAC	 TCCACCACCCTGTTGCTGTA	 56 (30)	 450

Tm, melting temperature.
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Results

NDGA inhibited SiHa cell growth and induced cell cycle 
arrest at G1 phase. The treatment of SiHa cells with various 
concentrations of NDGA for 24-72 h resulted in cell growth 
inhibition in a dose- and time-dependent manner (Fig. 1A). 
A cell cycle assay was performed and it was found that cell 
cycle progression of SiHa cells was significantly inhibited at 
the G1 phase. As shown in Fig. 1B, the SiHa cells showed a 
higher proportion of cells at the G1 phase and a decrease in the 
proportion of cells at the G2 phase, compared to the control 
cells. Cell cycle distribution analysis showed that the increase 
in G1-phase cells observed in SiHa was significant (P<0.05) 
and the induction of cell cycle arrest was dose-dependent. 
These results demonstrated that NDGA substantially inhibited 
the proliferation of SiHa cells and induced G1 phase arrest 
in vitro.

NDGA induced cell cycle arrest by up-regulating p21. To 
determine the mechanisms of NDGA-induced cell cycle 
arrest, the effect of NDGA on the expression of p21, a key 
mediator of G1/S transition, was examined. It was found that 
NDGA treatment for 72 h significantly increased the levels of 
p21 mRNA (Fig. 1C) by up to nearly 2-fold.

NDGA induced accumulation of acetylated histone H3. The 
level of histone H3 acetylation was determined at Lys 9 and 
14 in SiHa cells treated with NDGA. Nucleic proteins were 
isolated from cells treated with NDGA (80 µmol/l) for 72 h. 
Cells were treated with histone deacetylase inhibitor (HDACi) 
trichostatin A (TSA) (300 nmol/l) as a positive control. 
Western blot analysis showed that prior to incubation with 

NDGA, the level of acetylated histone H3 in SiHa cell was 
low (Fig. 2A). Incubation with NDGA for 72 h resulted in the 
accumulation of acetylated histone H3.

The effect of NDGA on the acetylation of histone H3 
associated with the p21 gene promoter was examined by ChIP. 
Chromatin fragments from cells cultured with and without 
NDGA (80 µmol/l) for 72 h were immunoprecipitated with 
an antibody against acetylated histone H3 at Lys 9 and Lys 14. 
DNA from the immunoprecipitated DNA-protein complex 
was isolated. From this DNA, a 324-bp fragment of the p21 
promoter region was amplified. In the control, the acetylated 
histone H3 was nearly undetectable. After treatment with 
NDGA, we observed a significant increase in acetylated 
histone H3 within p21 promoter (Fig. 2B).

NDGA down-regulated silencing mediator for retinoid and 
thyroid hormone receptors (SMRT) level. To determine the 
mechanism by which NDGA induced histone H3 acetylation, 
the effect of NDGA on SMRT transcription was detected. The 
results showed that NDGA inhibited the SMRT mRNA level 
in a dose-dependent manner (Fig. 2C).

NDGA had no effect on the acetylation of histones H3 in 
chromatin associated with p27 gene. To determine whether 
this effect was selective for a limited number of genes, the 
level of histone H3 acetylation in the p27 gene was exam-
ined. The expression of p27 mRNA increased no more than 
doubled, while the p27 protein level up-regulated significantly 
(Fig. 3A and B). No change in the levels of histone H3 acetyla-
tion was detected following treatment with NDGA (Fig. 3C). 
The results suggest that the NDGA-induced changes in histone 
acetylation were localized to specific areas of the chromatin.

  A

  C

  B

Figure 1. (A) Effects of NDGA on the growth of SiHa cells by MTT assay. (B) Effects of NDGA on the cell cycle of SiHa cells by flow cytometry. (C) NDGA 
up-regulated the mRNA levels of p21 by RT-PCR. The relative levels of mRNA normalized with GAPDH are shown. *P<0.05, relative to control.
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Figure 2. NDGA clearly increased the acetylation levels of  (A) global histone H3 and (B) histone H3 associated with p21 promoter in SiHa cells. (A) Protein 
levels of acetylated histone H3 (Lys 9/14) were measured by Western blotting. The relative levels of acetylated histone H3 were normalized with β-actin. 
(B) Acetylation level of histone H3 (Lys 9/14) associated with p21 promoter was measured by ChIP. (C) NDGA inhibited SMRT expression by RT-PCR. 
SiHa cells were treated with various NDGA concentrations for 72 h. The relative levels of SMRT mRNA were normalized with GAPDH. *P<0.05, relative 
to control.

  A

  B

  C
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  C

Figure 3. Effects of NDGA on p27 expression. SiHa cells were treated with various NDGA concentrations for 72 h. (A) Effect of NDGA on the expression 
of p27 mRNA by RT-PCR. (B) Effect of NDGA on the expression of p27 protein by Western blotting. (C) NDGA had no effect on histone H3 acetylation 
associated with the p27 gene. SiHa cells were treated with 80 µmol/l NDGA for 72 h. TSA served as a positive control. The acetylation level of histone H3 
associated with the p27 promoter was measured by ChIP.

Figure 4. Effects of NDGA treatment on the p53 protein levels and HPV-16 E6 mRNA levels. (A) NDGA increased the p53 protein levels in a dose-dependent 
manner. SiHa cells were treated with increasing amounts of NDGA for 72 h. p53 expression was examined by Western blotting. The relative levels of the 
p53 protein were normalized with β-actin. *P<0.05, relative to control. (B and C) NDGA inhibited the mRNA level of HPV-16 E6 by RT-PCR.

  A   B

  C
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NDGA restored the protein level of p53 by inhibiting HPV16 
E6 expression. The effect of NDGA on the protein level of 
p53, a tumor suppressor which is also a critical regulator of p21 
transcription, was detected. The results showed that NDGA 
elevated the p53 protein level in a dose-dependent manner 
(Fig. 4A). The effect of NDGA and TSA on the transcription 
of HPV16 E6, which induces degradation of p53 was also 
investigated. As2O3 was used as a positive control, as it inhibits 
the expression of HPV16 E6/E7 (16). The results showed that 
NDGA significantly inhibited the HPV16 E6 mRNA level in 
a dose-dependent manner (Fig. 4B and C), whereas TSA had 
no such effect.

Discussion

NDGA and its derivatives are potentially useful drugs due to 
their significant inhibitory effects on various types of cancer. 
However, detailed mechanisms that underlie their anti-cancer 
roles remain unclear. For this reason, we studied the effect of 
NDGA on the growth of cervical cancer SiHa cells and its 
mechanism. We found that NDGA treatment significantly 
inhibited the growth of SiHa cells and induced cell cycle 
arrest at the G1 phase, which may be a result of the up- 
regulation of p21, a key mediator of G1/S transition. Based on 
these observations, we studied the effect of NDGA on the p53 
protein level and histone H3 acetylation, two key factors for 
p21 transcription (10).

In cervical cancer cells, HPV E6 abrogates p53 function 
(5) and the restoration of p53 activity in SiHa cells increases 
p21 mRNA (14,17). As with 3-O-methyl-NDGA, a derivative 
of NDGA (1), we found that NDGA stabilizes p53 protein 
by suppressing HPV-16 E6 expression. p53 forms a complex 
with Sp1 and simultaneously dissociates HDAC1 from the C 
terminus of Sp1, which, in turn, induces p21 expression (18). 
Moreover, since HPV E6 and E7 are expressed as bicistronic 
mRNA, the restoration of p53 function may be a result of 
down-regulated HPV E7, the silencing of which decreases 
histone deacetylase SIRT1 in SiHa cells (19). Reciprocal regu-
lation occurs between SIRT1 and p53 in which SIRT1 binds 
and de-acetylates activated p53 (20), whereas activated p53 
down-regulates SIRT1 translation via miR-34a (21).

For the first time, we found that NDGA promoted the 
acetylation of histone H3 in total and p21 gene-associated 
chromatin, with the latter effect being gene selective, since 
NDGA has no impact on the p27 gene. However, NDGA 
promoted the levels of p27 mRNA and particularly that of 
p27 protein, which, together with p21 and p53, contribute to 
NDGA-induced cell cycle arrest. It is already established that 
acetylation at K9 and K14 of histone H3 is associated with 
the relaxation of chromatin for transcription (22), whereas the 
acetylation levels at these sites were very low in the SiHa cells 
(19,23). Although wild-type p53 does not induce acetylation 
at K9 and K14 of histone H3 (24), it was reported that the 
presence of p53 likely inhibits K9 deacetylation and facilitates 
K14 acetylation in response to UV irradiation (23). Therefore, 
other mechanisms exist by which NDGA induces histone H3 
acetylation.

The histone acetylation state is affected by the balance 
between histone deacetylases (HDACs) and histone acetyl 
transferases (HATs), both of which have various members 

(25). Of the numerous HATs that exist, p300 plays a crucial 
role in the regulation of p21 expression (26). However, in SiHa 
cells p300 loses function for mutation (27). A review of the 
literature showed that HDAC3-HDAC4-N-CoR/SMRT is a 
complex that plays a critical role in the regulation of histone 
acetylation associated with the p21 promoter, as HDAC4 or 
SMRT down-regulation results in increased histone H3 acety-
lation at the proximal p21 promoter (28). Our preliminary 
result proved that NDGA significantly down-regulated SMRT 
transcription. However, whether NDGA affects other compo-
nents of this complex remains to be determined.

In conclusion, our results suggest that NDGA induces p21 
transcription by selectively elevating histone H3 acetylation 
associated with p21 gene and p53 protein levels via inhibition 
of HPV-16 E6 expression.
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