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ABSTRACT
DNA methyltransferases (DNMTs) are essential for maintenance of aberrant methylation in cancer cells and play important roles in the

development of cancers. Unregulated activation of PI3K/Akt pathway is a prominent feature of many human cancers including human

hepatocellular carcinoma (HCC). In present study, we found that DNMT3B mRNA and protein levels were decreased in a dose- and time-

dependent manner in HCC cell lines with LY294002 treatment. However, we detected that LY294002 treatment did not induce increase of the

degradation of DNMT3B protein using protein decay assay. Moreover we found that Akt induced alteration of the expression of DNMT3B in

cells transfected with myristylated variants of Akt2 or cells transfected with small interfering RNA respectively. Based on DNMT3B promoter

dual-luciferase reporter assay, we found PI3K pathway regulates DNMT3B expression at transcriptional level. And DNMT3B mRNA decay

analysis suggested that down-regulation of DNMT3B by LY294002 is also post-transcriptional control. Furthermore, we demonstrated that

LY294002 down-regulated HuR expression in a time-dependent manner in BEL-7404. In summary, we have, for the first time, demonstrate

that PI3K/Akt pathway regulates the expression of DNMT3B at transcriptional and post-transcriptional levels, which is particularly important

to understand the effects of PI3K/Akt and DNMT3B on hepatocarcinogenesis. J. Cell. Biochem. 111: 158–167, 2010. � 2010 Wiley-Liss, Inc.
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D NA methylation is the best-known epigenetic marker

[Esteller, 2008] and controlled by DNA methyltransferases

(DNMTs), which catalyze the transfer of a methyl group from the

methyl donor S-adenosyl methionine onto the 5 position on the

cytosine ring. To date, three catalytically active DNMTs have been

identified in human, DNMT1, DNMT3A, and DNMT3B, their

encoding gene respectively located in 19p13.2., 2p23 and

20q11.2. DNMT1 prefers hemimethylated DNA substrates during
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DNA replication; Dnmt3a and Dnmt3b are necessary for de novo

methylation and for the establishment of new methylation patterns

in mammalian cells [Okano et al., 1998, 1999; Xie et al., 1999].

Aberrant DNA methylation in cancer cells includes global DNA

hypomethylation and specific promoter hypermethylation of genes.

Hypermethylation of promoters can affect genes involved in the cell

cycle, DNA repair, the metabolism of carcinogens, cell-to-cell

interaction, apoptosis, angiogenesis and tumor-suppressor, all of
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which are also involved in the development of cancer cells [Herman

and Baylin, 2003; Esteller, 2007; Esteller, 2008]. The high expression

of DNMTs can be seen in human hepatocellular carcinoma (HCC),

prostate, colorectal, breast, and endometrial tumors [Eads et al.,

1999; Beaulieu et al., 2002; Patra et al., 2002; Girault et al., 2003;

Robert et al., 2003; Saito et al., 2003; Jin et al., 2005]; and also

associated with transition from a precancerous to a malignant state

[Kanai and Hirohashi, 2007].

The activation of phosphatidylinositol 3 kinase (PI3K)/Akt

signaling to promote cell proliferation is of equal significance in

tumor development and progression [Wymann and Marone, 2005].

Reduced expression of phosphatase and tensin homologue (PTEN),

an important negative regulator for the PI3K/Akt signaling

pathway, is associated with PTEN promoter hypermethylation in

the tumor [Hartmann et al., 2006; Montiel-Duarte et al., 2008]. And

IL-6 increases the rate of nuclear translocation of DNMT1 from the

cytosolic compartment via Akt inducing the phosphorylation of

DNMT1 [Hodge et al., 2007]. In our previous study we found that

PI3K/Akt pathway stabilizes DNMT1 protein [Sun et al., 2007].

However, the relationship between PI3K/Akt pathway and DNMT3B

is unknown. Here the authors demonstrate a link between epigenetic

silencing and PI3K/Akt signaling pathway and demonstrate that the

PI3K/Akt pathway can regulate DNMT3B expression.

MATERIALS AND METHODS

REAGENTS AND ANTIBODIES

PI3K inhibitor LY294002 was purchased from Cell Signaling

Technology (CST). DNMT inhibitor 5-aza-20-deoxycytidine

(5-AZA), transcription inhibitor Actinomycin D (Act D), translation

inhibitor cycloheximide (CHX), were obtained from Sigma–Aldrich.

Anti-DNMT3B monoclonal antibody (mAb) was obtained from

Abcam. Anti-total-Akt mAb, anti-phospho-Akt Ser473 mAb, and

anti-phospho-GSK3b Ser9 mAb were ordered from CST. Anti-

GAPDH mAb and secondary antibody conjugated with HRP were

purchased from Kang-Chen Biotech (Shanghai, China).

CELL CULTURE

HCC cell lines (QGY-7703, SMMC-7721) and human liver immortal

cell line L02, purchased from Institute of Biochemistry and Cell

Biology, Chinese Academy of Sciences (Shanghai, China), were

routinely maintained in RPMI 1640 (Gibco, USA) supplemented with

10% fetal bovine serum (Gibco) in a 378C incubator with 5% CO2.

HCC cell lines (BEL-7402, BEL-7404, BEL-7405) and HepG2 (human

hepatoblastoma) kindly provided by Shanghai Cancer Institute

(Shanghai, China) and Myr-Akt2 mouse embryonic fibroblasts

(MEFs) cell lines (stably transfected with Myr-Akt2) and MSCV-

MEFs (stably transfected with empty murine stem cell virus vector)

established previously by ourselves (unpublished work with Sun)

were maintained in the Dulbecco’s modified Eagle’s medium

(DMEM, Gibco, USA) supplemented with 10% fetal bovine serum

in a 378C incubator with 5% CO2.

IMMUNOHISTOCHEMICAL STAINING AND SCORING

Tissue microarrays consisting of 20 cases of HCC and corresponding

matched adjacent non-tumorous liver tissues were kindly provided
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by Prof. Yinkun Liu (Liver Cancer Institute of Fudan University), All

experiments done with these tissues conformed to the stipulations of

the Ethics Committee of Zhongshan hospital, Fudan University. The

slides were deparaffinized and rehydrated, and then immersed in

boiled EDTA buffer (pH 9), heated in a microwave oven for 10 min

for antigen retrieval, cooled down for another 10 min at room

temperature and washed in PBS buffer. The slides were subsequently

blocked for 10 min and then incubated with anti-DNMT3B mAb at

478C for 60 min. After being washed in PBS, slides were incubated in

DAKO EnVision reagent for 30 min at room temperature. Sections

were then developed using diaminobenzidine stain reagent (Sino-

American, Shanghai) as the chromogen, then counterstained with

hematoxylin and coverslipped. Staining results were assessed and

scored by two pathologists using a computer-aided manipulator

(MPIAS-500, Carl Zeiss Vision). The judgment scale is as follows: �,

<5% of immunopositive cells; þ, �25% of immunopositive cells;

þþ, <50% of immunopositive cells; þþþ, �50% of immunopo-

sitive cells; in ten randomly selected fields (a final magnification:

300�), which was not overlaid was chosen.

REAL-TIME REVERSE TRANSCRIPTASE-POLYMERASE CHAIN

REACTION

Total RNA was isolated using the Trizol system (Invitrogen)

according to the manufacturer’s guidelines. Oligo(dT)18 primer

and M-MLV reverse transcriptase were used for the first strand

synthesis. Real-time RT-PCR was performed with Real-time RT-PCR

Master Mix containing SYB Green I and hotstart Taq DNA

polymerase (Toyobo). The threshold cycle (Ct) values were

determined by using an iCycler thermal cycler (Bio-Rad, Hercules,

CA) performed according to the manufacturer’s instructions and the

quantitative data were analyzed following the 2�DDCt (DDCT)

method using GAPDH mRNA or PCNA mRNA as control

respectively. The primers for human DNMT3B3 and DNMT3B4

were as previously described [Saito et al., 2002; de Silanes et al.,

2009]. The primers for mouse DNMT3B were used according to the

reference [Phillips et al., 2009]. The remaining primers for real-time

RT-PCR designed using Primer Premier software (version 5.0,

PREMIER Biosoft International; Table I). RT-PCR reactions were

performed in triplicate for each sample-primer set, and the mean of

the three experiments was used as the relative quantification value.

At the end point of PCR cycles, melt curves were made to check

product purity.

WESTERN BLOTTING ANALYSIS

Cells were washed with PBS and lysed in 1� sodium dodecyl sulfate

(SDS) lysis buffer containing 50 mM Tris–HCl (pH 6.8), 2% SDS, 10%

glycerol, phosphatase inhibitors (100 mM Na3VO4) and protease

inhibitor (1 mM PMSF). Protein concentration of cells lysates was

determined using the modified Lowry protein assay. Equal amounts

of total protein (80mg/well) were separated by SDS–polyacrylamide

gel electrophoresis and transferred to polyvinylidene difluoride

membranes (Millipore, Corp.). The membranes were blocked in 3%

non-fat milk in PBST (containing 0.03% Tween-20) for 2 h, and then

were incubated with specific primary antibodies, followed by

horseradish peroxidase (HRP) conjugated secondary antibodies.

Proteins were visualized by fluorography using an enhanced
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TABLE I. Sequences of Primers for RT-PCR

Gene Forward primer Reversed primer Amplicon (bp)

Human
DNMT3B (for all isoforms) gagtccattgctgttggaaccg atgtccctcttgtcgccaacct 305
DNMT3B3 gatgaacaggatctttggcttt gcctggctggaactattcaca 163
DNMT3B4 cgggatgaacagttaaagaaagtac ccaaagatcctttcgagctc 182
Akt1 ctgggcaagggcactttcgg aggcggtcgtgggtctggaa 203
Akt2 atgccttccagacccacgacc cccgtcactgatgccctcttt 263
PCNA caacttggaattccagaacaggagtacagc gggtacatctgcagacatactgagtgtca 330
GAPDH aaggctgagaacgggaagc gagggatctcgctcctgga 68
p3b-1226(�1028/þ198) ccgaggggtaagaatctggtcc cgccgagctaggtttacttggg 1226
p3b-900 (�696/þ204) gtgctgttttccagtggttcaatggt gccgatcgccgagctaggttta 900
p3b-501 (�296/þ205) gccccagaaggagtctggttttgga cgccgatcgccgagctaggttta 501
p3b-246 (�40/þ206) gggccggggctacaaggggagt gcgccgatcgccgagctaggttta 246

Mouse
DNMT3B gaagcacatcgttcccctta ctccagtgatgcccctaaaa 133
GAPDH caacgaccccttcattgac tccacgacatactcagcac 191
chemiluminescence system (Tiangen). The bands were scanned and

quantified by TotalLab2.01 (Nonlinear Dynamics Ltd.) and normal-

ized by that of GAPDH.

PLASMID CONSTRUCTS

To amplify a series of DNMT3B promoters, we designed the

following sets of specific primers using Primer Premier software

(version 5.0) for p3b-1226 (�1028/þ198), p3b-900 (�696/þ204),

p3b-501 (�296/þ205) and p3b-246 (�40/þ206) and added the

XhoI and HindIII restriction enzymes recognized site at 50 terminal

of each primer respectively. The PCR was performed with

PrimeSTAR HS DNA Polymerase Kit (TaKaRa, Kyoto, Japan). The

conditions for PCR were as follows: cycle 1, 2 min at 958C; cycles 2–

35, 45 s at 948C, 20 s at 588C and 3 min at 728C; cycle 36, 5 min at

728C. The specific products for DNMT3B promoters were subcloned

into a luciferase expression plasmid pGL3-Basic (Promega) using the

XhoI and HindIII restriction enzymes site upstream from 30-end of

luciferase and sequenced by Invitrogen Trading Company Limited

(Shanghai, China) and aligned with the GenBank databases.

TRANSFECTION AND LUCIFERASE REPORTER ASSAY AND siRNA

BEL-7404 cells were grown in OPTI-MEM Reduced Serum Medium

(Invitrogen, CA), supplemented with 5% fetal bovine serum, and

plated on 24-well plates the day before transfection so that cells

were approximately 60% confluent by the next day. Cells were co-

transfected with 490 ng of pGL3 plasmids and 10 ng of pRL-SV40

vector (Promega), using the LipofectamineTM2000 Transfection

Reagent (Invitrogen) according to the manufacturer’s directions. The

pGL3-Basic vector was used as a negative control, and the pGL3-

Control vector (Promega) containing the SV40 early promoter was

used as a positive control. The pRL-SV40 vector that had the SV40

early promoter upstream of renilla luciferase was used as an internal

control. At 16 h after transfection, cells were treated with 50mM

LY294002 or DMSO for another 8 h, the luciferase activity was

assayed using Dual-Luciferase Reporter Assay System (Promega)

and measured using Lumat LB 9507 (Berthold Technologies,

Germany). The relative luciferase activity was expressed as the

ratio of firefly to renilla luciferase activity of the same lysate sample.

All the luciferase assays were carried out in 10 independent

reactions performed in three separate experiments.
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For siRNA knockdown experiment, BEL-7404 cells were

transfected with Akt1/2 shRNA human lentiviral particles

(sc-43609-V, Santa Cruz, CA) or control shRNA lentiviral particles

(sc-108080, Santa Cruz, CA), using LipofectamineTM2000 Transfec-

tion Reagent according to the manufacturer’s directions.

CELL CYCLE ASSAY

For cell cycle assay, cells were digested with 2 mM EDTA in PBS and

rinsed twice with ice-cold PBS solution, then fixed by adding them

dropwise into 75% ice-cold ethanol while vortexing, followed by

incubation in ice for 60 min. The fixed cells were washed with ice-

cold PBS and incubated at 378C for 30 min in 0.5 ml PBS solution

containing 20mg/ml RNase A, 0.2% Triton X-100, 0.2 mM EDTA

and 20mg/ml of propidium iodide. DNA content was determined by

FACS analysis (Becton Dickinson). The percentage of cells in G0/G1,

S, and G2/M phases were determined using the ModFit program.

STATISTICAL ANALYSIS

For all experimental groups that satisfied the initial ANOVA

criterion, individual comparisons were performed applying post hoc

Bonferroni t-test with the assumption of two-tail distribution and

two samples with equal variance. A value of P< 0.05 was taken to

indicate a significant difference between the mean values.

RESULTS

Akt (Akt1 OR Akt2) MRNA LEVEL ARE ASSOCIATED WITH

DNMT3B mRNA LEVEL IN HCC CELL LINES

Kanai and Hirohashi [2007] and Kondo et al. [2007] had shown the

presence of DNA hypermethylation in both precancerous conditions

and progressed HCC. To know the DNMT3B protein level in HCC

tissue, we analyzed 20 pairs of primary HCC and adjacent non-

tumorous liver tissue arranged in a tissue microarray slide used by

immunohistochemical staining technique (Fig. 1), and found that

DNMT3B protein strongly expressed in HCC tissue, with a positive

distribution in the nucleus of liver cell. The expression of DNMT3B

(þþ	þþþ) in HCC tissue (50.0%) was significantly higher

(P< 0.01) than in each of adjacent noncancerous tissue (10.0%;

Table II).
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Immunohistochemical localization of DNA methyltransferase 3B

(DNMT3B) in human hepatocellular carcinoma (HCC) tissues. A: Strong

expression of DNMT3B in the nucleus of liver cell in HCC tissues. B: Expression

of DNMT3B in corresponding matched adjacent non-tumorous tissues.

Straight arrows point to DNMT3B expressed in the nucleus of liver cell. Scale

bar, 10mm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE II. Comparison of DNMT3B in HCC Tissue With in Adjacent

Non-Tumorous Tissue

Tissue Cases

DNMT3B expression

P-valueþ þþ þþþ
HCC tissue 20 10 2 8 <0.01
Adjacent non-

tumorous tissue
20 18 2 0

Pearson chi-square test, chi-square¼ 10.4, P< 0.01 from tumor tissue and
adjacent non-tumorous tissue.

Fig. 2. Akt (Akt1 and Akt2) mRNA level are associated with DNMT3B mRNA level in HC

20-deoxycytidine (5-AZA) for 24 h were examined by Western blotting analysis. 5-AZA

p-Akt-Ser473 and p-GSK3b-Ser9 (a substrate of Akt) were used to assay the activity

regarded as a loading control. B: Quantitative representation of DNMT3B protein in (A) (s

data were normalized to GAPDH protein. C: mRNA levels of DNMT3Bs, Akt1 and Akt2 of

were normalized with proliferating cell nuclear antigen (PCNA) mRNA; the relative amoun

three independent analyses. [Color figure can be viewed in the online issue, which is
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With investigating the DNMT3B mRNA and protein levels in 6

HCC cell lines and human liver immortal cell line L02. We found

inhibition of DNMT3B protein by 0.25mM 5-AZA treatment for 24 h

accompanying decrease of Akt phosphorylation but no obviously

change of total Akt levels (Fig. 2A,B). To further analyzed the

relationship between Akt and DNMT3B, we detected the mRNA

levels of DNMT3Bs (total DNMT3B isoforms, DNMT3B3 and

DNMT3B4), Akt1 and Akt2 in seven liver cell lines using real-

time RT-PCR, normalized with proliferating cell nuclear antigen

(PCNA) mRNA; the relative amount of mRNA of L02 cell line is

regarded as 1.0. The DNMT3B mRNA and protein levels in BEL-

7402, 7404, 7405 cell lines are higher than that in L02 cell line

(Fig. 2B,C and Table III). We found that Akt (Akt1 or Akt2)

transcripts are associated with the total DNMT3B transcripts in HCC

cell lines, and the total DNMT3B transcripts of 5 HCC cell lines are

higher than L02 cell line (Fig. 2C and Table III), the ratio of

DNMT3B3 to DNMT3B4 of 6 HCC cell lines varies from 1.1 to 3.0

(Fig. 2C).

REDUCED ACTIVITY OF PI3K PATHWAY DOWN-REGULATES THE

DNMT3B mRNA AND PROTEIN LEVELS IN HCC CELL LINES

To investigate the contribution of PI3K signaling in DNMT3B

expression, we treated BEL-7404 cells with the different amount of

LY294002 (a PI3K pathway inhibitor) and found that LY294002

down-regulated DNMT3B protein (Fig. 3A) level in a dose-

dependent manner, 50mM LY294002 decreased about 50%

DNMT3B expression and was used throughout the study. In
C cell lines. A: Total cell lysates from seven liver cell lines treated with 0.25mM 5-aza-

decreases DNMT3B protein level of liver cell lines except for HepG2, total Akt (t-Akt),

of Akt, the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

hown as the mean� standard deviation (SD) from three experiments; �P< 0.005). The

seven liver cell lines were assessed by real-time RT-PCR with special primers; the data

t of mRNA of L02 cell line is regarded as 1.0; the histogram shows the mean� SD from

available at wileyonlinelibrary.com.]
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TABLE III. Akt (Akt1 or Akt2) mRNA Level Are Associated With DNMT3B mRNA Level in HCC Cell Lines

mRNA

Liver cell lines
P-value of
ANOVAL02 7703 7721 7402 7404 7405 HepG2

Akt1 1.00� 0.07 1.09� 0.03 1.57� 0.08� 1.65� 0.10� 2.24� 0.09� 1.19� 0.06# 1.17� 0.07# <0.001
Akt2 1.00� 0.06 3.28� 0.25� 1.01� 0.07 2.31� 0.25� 3.25� 0.24� 2.67� 0.30� 1.80� 0.13� <0.001
DNMT3B 1.00� 0.05 3.09� 0.24� 2.86� 0.20� 3.05� 0.25� 3.42� 0.25� 2.12� 0.14� 1.05� 0.12 <0.001

Individual comparisons were performed applying post hoc Bonferroni t-test with the assumption of two-tail distribution: #P< 0.05, �P< 0.01; compared with L02 cell.
addition, we performed the time course experiment to evaluate the

50mM LY294002 effect on DNMT3B mRNA and protein levels. Both

DNMT3B protein (Fig. 3B) and mRNA (Fig. 3C) levels were down-

regulated by LY294002 in a time-dependent manner, and the
Fig. 3. Reduced activity of PI3K pathway down-regulates the DNMT3B

protein and protein levels in HCC cell lines BEL-7404. Total cell lysates were

analyzed by Western blotting with antibodies indicated to the left of each

panel. A: Dose-dependent regulation of DNMT3B protein level by LY294002

(a specific inhibitor of PI3K pathway) in BEL-7404 cells. Cells were treated

with LY294002 or DMSO (control) at indicated concentrations for 24 h. (Left

panel) Western blotting, (Right panel) quantitative representation of DNMT3B

protein normalized to GAPDH protein. B: Time-dependent regulation of

DNMT3B or HuR proteins level by 50mM LY294002 in BEL-7404 cells. Cells

were treated with 50mM LY294002 or DMSO (control) for the time periods

indicated. (Left panel) Western blotting, (Right panel) quantitative represen-

tation of DNMT3B protein normalized to GAPDH protein. C: 50mM LY294002

down-regulates the DNMT3B mRNA level in BEL-7404 cells. Cells were

incubated with 50mM LY294002 or DMSO (control) for the time periods

indicated and total RNA was subjected to real-time RT-PCR analysis, the

DNMT3B mRNA were normalized to GAPDH mRNA. The data represent

the mean� SD from three independent experiments (P< 0.01, compared with

the control). D: 50mM LY294002 down-regulates the DNMT3B protien level in

SMMC-7721 or L02 cells. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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DNMT3B mRNA is reduced to about 50% at 4 h time point, prior to

the reduction in protein. Here we also found that down-regulation of

DNMT3B by LY294002 was also existed in other HCC cell lines

(Fig. 3D). To further evaluate the effects of LY294002 on DNMT3B,

we performed a CHX chase protein decay assay between LY294002

treated and -untreated cells (Fig. 4). In LY294002-untreated cells or

in LY294002-treated cells, the half-life of DNMT3B levels were all

about 6 h. Taken together, these findings indicated that PI3K

pathway regulated the expression of DNMT3B but did not induce the

accelerating degradation of DNMT3B protein in HCC cell lines.

Akt REGULATES THE DNMT3B mRNA AND PROTEIN LEVELS

Akt is an important downstream target of PI3K pathway. To explore

whether the high p-Akt-Ser473 protein level was involved in

regulating the expression of DNMT3B, we observed the constitu-

tively active Akt2 in Myr-Akt2-MEFs, which has no apparently

change of the total Akt protein. We found higher DNMT3B mRNA

and protein levels in Myr-Akt2-MEFs than in MSCV-MEFs

(Fig. 5A–C). Moreover we evaluated the expression of DNMT3B
Fig. 4. Reduced activity of PI3K pathway does not induce the accelerating

degradation of DNMT3B protein in BEL-7404 cells. DNMT3B protein decay was

studied by incubating cells with 50mM LY294002 or DMSO for 2 h, then

adding 50mg/ml cycloheximide (CHX). Total cell lysates were collected at the

indicated intervals after CHX treatment, DNMT3B proteins were assessed by

Western blotting. A: Western blotting. B: Quantitative representation of

DNMT3B protein normalized to GAPDH. The data represent the mean� SD

from three independent experiments. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

JOURNAL OF CELLULAR BIOCHEMISTRY



in BEL-7404 stably transfected with Akt1/2 shRNA human lentiviral

particles (Akt1/2 siRNA), found that the knockdown of Akt1 and

Akt2 caused the decrease of DNMT3B mRNA and protein levels

(Fig. 5D–F). All these findings suggest that Akt modulates the

DNMT3B expression.
Fig. 5. Akt regulates the DNMT3B mRNA and protein levels. A–C: Expression

of a constitutively active Akt2 up-regulates DNMT3B mRNA and protein levels

in the myristylated variants of Akt2 (Myr-Akt2) mouse embryonic fibroblasts

(MEFs) stably transfected with Myr-Akt2; the murine stem cell virus vector

(MSCV) MEFs stably transfected with empty MSCV was regarded as control; the

data show the mean� SD from three independent experiments ( P< 0.01,

compared with the control). A: Total cell lysates were assessed by Western

blotting. B: Quantitative representation of p-Akt-Ser473 and DNMT3B protein

in (A) normalized to GAPDH. C: mouse DNMT3B mRNA was determined by real-

time RT-PCR, normalized to mouse GAPDH mRNA. D–F: Human DNMT3B

mRNA and protein levels were down-regulated in stably transfected BEL-7404

cells with Akt1/2 shRNA human lentiviral particles (Akt1/2 siRNA). BEL-7404

cells were stably transfected with human Akt1/2 siRNA or control shRNA

lentiviral particles (con siRNA) using LipofectamineTM2000 Transfection

Reagent according to the manufacturer’s directions. The data show the

mean� SD from three independent analyses (P< 0.01, compared with the

control). D: Whole cell lysates were assessed by Western blotting. E: Quanti-

tative representation of t-Akt and DNMT3B protein in (D) normalized to

GAPDH. F: Human Akt1, Akt2 and DNMT3B mRNAs were assessed by real-time

RT-PCR, normalized to human GAPDH mRNA. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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REDUCED ACTIVITY OF PI3K PATHWAY DOWN-REGULATES

DNMT3B AT TRANSCRIPTION-CONTROL

In order to determine whether LY294002 regulate the expression of

human DNMT3B at transcriptional control, we amplified four 50-

flanking genomic regions fragments (Fig. 6A) which contain some

regions flanking the defined first exon of DNMT3B1 according to

Yanagisawa’s study [Yanagisawa et al., 2002]. The DNMT3B1

specific fragments were sequenced and inserted upstream of the

firefly luciferase gene in the pGL3-Basic vector and assayed for their

luciferase activities (Fig. 6B). With transiently transfection experi-

ments, we found p3b-900 (�696/þ204) had the highest activity

while p3b-246 (�40/þ206) tended to the similar activity of the
Fig. 6. Reduced activity of PI3K pathway down-regulates DNMT3B in a

transcription-control. A: Schematic representation of a series of DNMT3B

promoter-luciferase reporter constructs. The transcription start site is denoted

by þ1 and indicated by a horizontal arrow. Upstream genomic regions of

various sizes, all containing part of the first exon, were linked to the 50-end of

cDNA encoding firefly luciferase (Luc) in the expression vector pGL3-Basic.

B: Dual-luciferase activity assay of DNMT3B promoter-luciferase activity in

LY294002 treated or untreated BEL-7404 cells. BEL-7404 cells were trans-

fected with the luciferase reporter constructs or pGL3-Basic vector (as

negative control) and pGL3-Control vector (as positive control) in the presence

of renilla luciferase vector pRL-SV40, at 16 h after transfection, cells were

treated with 50mM LY294002 or DMSO for 8 h, both luciferase activities were

then assessed by measuring luminescence. The DNMT3B promoter-driven

firefly luciferase activity was normalized by the Renilla luciferase activity to

correct for variation due to transfection-efficiency differences. The data show

the mean� SD from 10 independent reactions performed in three separate

experiments. C: LY294002 inhibits DNMT3B promoter-luciferase activity. The

data respectively represent the ratio of firefly luciferase activity of pGL3

plasmids, renilla luciferase of pRL-SV40 plasmids and relative luciferase

activity of pGL3 plasmids in LY294002 treated or untreated BEL-7404 cells

transfected with plasmids. The data show the mean� SD from 10 independent

reactions performed in three separate experiments (#P< 0.05, �P< 0.01;

compared with BEL-7404 cells transfected with pGL3-Basic plasmid).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Fig. 7. LY294002 induced a slight arrest of phases G1. The numbers in the frame represent the mean of three independent experiments ( P< 0.05, compared with DMSO

control group, Fisher’s exact test). Cells were treated with: A: DMSO only; (B) 50mM LY294002 for 8 h; (C) 50mM LY294002 for 24 h. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Fig. 8. Reduced activity of PI3K pathway reduces DNMT3B mRNA stability in

BEL-7404 cells. DNMT3B mRNA stability was studied by incubating cells with

50mM LY294002 or DMSO for 2 h, then adding 5mg/ml actinomycin D (ActD).

Total RNA was collected at various time periods after Act D treatment,

DNMT3B mRNA levels were analyzed by real-time RT-PCR and normalized

to GAPDH mRNA. The data show the mean� SD from three independent

experiments (�P< 0.01, compared with the control at the corresponding point

in time). The half-lives (t1/2) of DNMT3B mRNA was calculated using linear

regression analysis. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
pGL3-Basic Vector, however p3b-1226 (�1028/þ204) plasmid

containing longer fragments than the p3b-900 (�696/þ204)

showed decreased activity (Fig. 6B). Moreover we found the relative

luciferase activities of the luciferase reporter constructs treated with

50mM LY294002 was higher than those of untreated group (Fig. 6B).

Meanwhile we investigated that both the luciferase activities of

firefly and renilla were decreased in BEL-7404 cells transiently

transfected with these pGL3 plasmids under LY294002 treatment,

which were partly consistent with the data of cell cycle assay that

represented cycle arrest of the G1 phase in BEL-7404 cell treated

with 50mM LY294002 for 8 h (Fig. 7). In order to eliminate the

interference of pGL3-Basic vector treated with LY294002, we

evaluated the ratio of relative luciferase activity of pGL3 plasmids in

LY294002 treated or untreated BEL-7404 cells transfected with

plasmids (Fig. 6C). All the ratio of the DNMT3B1 promoter constructs

is lower than the ratio of the pGL3-Basic (�P< 0.01, compared with

BEL-7404 cells transfected with pGL3-Basic plasmid), which

suggested that reduced activity of PI3K pathway inhibited the

DNMT3B transcription.

REDUCED ACTIVITY OF PI3K PATHWAY REDUCES DNMT3B mRNA

STABILITY

In view of the steady-state levels of DNMT3B mRNA were reduced

by 50% in BEL-7404 cell treated with LY294002 for 4 h compared

with untreated cells, we evaluated if the reduction in the DNMT3B

mRNA levels was due to changes in mRNA stability, the DNMT3B

mRNA stability (t1/2) was analyzed following treatment with Act D to

inhibit de novo transcription. The levels of DNMT3B mRNA (using

primers that particularly amplify all DNMT3B isoforms) and the

housekeeping control GAPDH mRNA were monitored by real-time

RT-PCR As shown, DNMT3B mRNA was found to be significantly

more stable in the control group, with an estimated t1/2¼ 4.64 h,

while DNMT3B mRNA stability was markedly reduced in the

LY294002 group, with t1/2¼ 3.63 h (Fig. 8). de Silanes et al. [2009]

had found that the RNA-binding protein HuR regulates DNA

methylation through stabilization of DNMT3B mRNA, so we

assessed the HuR expression in BEL-7404 treated with LY294002,
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and found PI3K pathway was also involved in regulating HuR

expression in a time-dependent manner (Fig. 3B). Together, these

data implicates that reduced activity of PI3K pathway reduces

DNMT3B mRNA stability.

DISCUSSION

HCC is the fifth most common malignancy and the third leading

cause of cancer deaths worldwide [Jain et al., 2010]. Hepatocarci-

nogenesis is strongly linked to multiple risk factors in humans, such

as increases in allelic losses, chromosomal changes, gene mutations,

epigenetic alterations, and alterations in molecular cellular path-

ways [Huynh et al., 2003; Alexia et al., 2006; Boyault et al., 2007].

There are many studies about PI3K/Akt pathway activation occur in
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the course of HCC pathogenesis [Cotler et al., 2008; Chen et al., 2009;

Dai et al., 2009]. Aberrant DNA methylation, one of the best

important epigenetic alterations, consisting of DNA hypomethyla-

tion and/or promoter gene CpG hypermethylation, is also implicated

in the development of a variety of solid tumors, including HCC

[Calvisi et al., 2007]. The relationship between PI3K/Akt pathway

and aberrant DNA methylation is unknown.

In this study, we demonstrated that higher DNMT3B protein in

HCC tissues than in the matched adjacent non-tumorous tissues,

which is similar to that reported by Kanai and Hirohashi [2007] and

Kondo et al. [2007]. Meanwhile we found that Akt (Akt1 or Akt2)

transcripts are associated with the total DNMT3B transcripts in HCC

cell lines, the ratio of DNMT3B3 to DNMT3B4 in 6 HCC cell lines

which varies from 1.1 to 3.0. Whereas Saito et al., 2002 and Kanai

and Hirohashi [2007] shown overexpression of DNMT3B4 associated

with human hepatocarcinogenesis, we hypothesized that difference

in the ratio of DNMT3B3 to DNMT3B4 in HCC resulted from

complexity of hepatocarcinogenesis. The expression of DNMT3B

down-regulated by LY294002 in a dose- and time-dependent

manner, suggests that PI3K pathway is involved in regulating the

expression of DNMT3B. With regard to the myristylated variants of

Akt2 was strongly enhanced oncogenic potential and increased

kinase activities in vitro and in vivo, while wild type Akt2 was not

oncogenic in vivo [Mende et al., 2001], we constructed the Myr-

Akt2-MEFs (the expressed constitutively active Akt2) and the

MSCV-MEFs (containing empty MSCV), and determined the

significantly high DNMT3B mRNA and protein levels resulted from

high p-Akt-Ser473 protein. Although we could not inhibit DNMT3B

protein level by using Akt1/2 siRNA completely, a significantly

decrease in DNMT3B mRNA was also found. Taken together, our

results support the hypothesis that Akt regulate the expression of

DNMT3B in vivo.

The DNMT3B mRNA reduction prior to the change of DNMT3B

protein (Fig. 3B,C), implied that there is transcriptional control

regulation of DNMT3B by PI3K pathway. To determine whether

DNMT3B mRNA transcription is modulated by PI3K/Akt pathway,

we constructed four DNMT3B1 promoter-driven luciferase plasmids

which had different promoter activity and included core promoter

and base promoter according to Yanagisawa’s study [Yanagisawa

et al., 2002]. Whereas the six alternatively spliced the human

DNMT3B gene transcripts have been identified, and DNMT3B1

isoform is the longest transcript, we took the promoter sequence of

DNMT3B1 as our study object. Another reason of selecting

DNMT3B1 promoter in our study was 50-UTR of sequences of three

mainly expressed DNMT3B isoforms (DNMT3B1, -2, -3) are identical

though they have different transcriptional start point and different

sequences of first exon. With Daul-Luciferase reporter Assay, we

found that the p3b-900 (�696/þ198) had the highest relative

luciferase activity (RLU) and the p3b-246 (�40/þ206) had the

lowest RLU in BEL-7404 cell, these results are similar to that

reported by Yanagisawa in NT2 cells [Yanagisawa et al., 2002]. But

p3b-1226 (�1028/þ198) represented lower RLU than p3b-501

(�296/þ205) in BEL-7404 cells, which showed difference with that

reported by Yanagisawa et al. [2002] in NT2 cells. This discrepancy is

probably attributable to different host cells used or difference in the

promoter fragment length. Transcriptional regulation under
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LY294002 stimulation had been found in Aurora A kinase gene

[Liu et al., 2008]. In our study we did not directly use RLU as the

criterion to judging LY294002 effects on DNMT3B transcriptional

regulation, as we found that replication of pGL3 plasmids were all

inhibited under with LY294002 treatment. In order to eliminate the

interference, some of which maybe resulted from a slight G1 arrest,

we evaluated the ratio of relative luciferase activity of pGL3

plasmids in LY294002 treatment or untreatment BEL-7404 cells

transfected with plasmids. Furthermore we took the ratio of

relative luciferase activity of the pGL3-Basic (occupying base

transcription) under LY294002 treated or untreated to be the

criterion, and found the ratio of the DNMT3B promoter constructs

were lower than the criterion. These results indicated that PI3K/Akt

pathway increase the expression of DNMT3B at transcription

control. To date, there are not much data concerning the

transcriptional regulation of DNMT3B. Yanagisawa et al. [2002]

firstly reported the promoters of human DNMT3B contain several

Sp-binding sites, and Hervouet et al. [2009a] and Jinawath et al.

[2005] further found that Sp proteins, particularly Sp3, were

essential for the expression of DNMT3B. In addition, Hervouet et al.

[2009b] further identified more than 42 transcription factors

interacting with DNMT3B (such as Sp, C/EBPalpha, NFkappaB-

p65, CREB and FOS) by monitoring transcription factor arrays

spotted with 103 transcription factors, but they did not report the

roles of those transcription factors in regulating DNMT3B. Although

some stimuli such as folate supplementation [Hervouet et al.,

2009a], estrogen [Cui et al., 2009], and tamoxifen [Tryndyak et al.,

2006; Kubarek et al., 2009] could affect the expression of DNMT3B,

the mechanism of regulating DNMT3B is still unknown. Signaling

molecules of PI3K/Akt pathway such as Akt could regulate

expression of c-met, vascular endothelial growth factor (VEGF),

Redd1, and matrix metalloproteinase-2 (MMP-2) via SP [Zhang

et al., 2003; Pore et al., 2004; Qureshi et al., 2007; Lin et al.,

2009], moreover the expression of MMP-2 is also modulated by Akt

via NF-kappaB. Whether PI3K/Akt pathway regulates the expression

of DNMT3B via SP or NF-kappaB and how these transcriptional

factors modulate the DNMT3B transcription need to be further

investigated.

DNMT3B mRNA decay assay with Act D indicated DNMT3B

mRNA be regulated by PI3K pathway in the post-transcription level.

This hypothesis was further supported with HuR expression down-

regulated with LY294002 treatment in a time-dependent manner in

BEL-7404. HuR, an RNA binding protein that modulates the

translation of target mRNAs, can stabilize the expression of

DNMT3B in post-transcription level by binding to the 30-UTR of the

DNMT3B mRNA [de Silanes et al., 2009]. Taken together, we

hypothesize that HuR is a mediator of regulating DNMT3B mRNA

stability by PI3K pathway. DNMT3B transcripts stability is also

regulated by miR-29s [Fabbri et al., 2007; Garzon et al., 2009] which

bind the 30-UTR of DNMT3B and miR-148 [Duursma et al., 2008]

which binds the coding regions of DNMT3B transcripts. Whether

PI3K/Akt pathway affects DNMT3B expression by regulating

miR-29s and miR-148 will be further evaluated.

In summary, we have, for the first time, demonstrated that PI3K/

Akt pathway regulates the expression of DNMT3B at transcriptional

and post-transcriptional levels. These results are particularly
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important to understand the effects of PI3K/Akt and DNMT3B on

hepatocarcinogenesis.
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