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Abstract

Tumor suppressor genes (TSGs), including Ten-eleven translocation 1 (TET1), are hyper-

methylated in hepatocellular carcinoma (HCC). TET1 catalytic domain (TET1-CD) induces

genome-wide DNA demethylation to activate TSGs, but so far, anticancer effects of TET1-

CD are unclear. Here we showed that after HCC cells were transiently transfected with

TET1-CD, the methylation levels of TSGs, namely APC, p16, RASSF1A, SOCS1 and

TET1, were distinctly reduced, and their mRNA levels were significantly increased and HCC

cells proliferation, migration and invasion were suppressed, but the methylation and mRNA

levels of oncogenes, namely C-myc, Bmi1, EMS1, Kpna2 and c-fos, were not significantly

change. Strikingly, HCC subcutaneous xenografts in nude mice remained to be significantly

repressed even 54 days after transient transfection of TET1-CD. So, transient transfection

of TET1-CD may be a great advance in HCC treatment due to its activation of multiple TSGs

and persistent anticancer effects.

Introduction

Hepatocellular carcinoma (HCC) is one of the most malignant tumors with an increasing inci-

dence and mortality rate [1]. Unfortunately, ideal drugs for HCC treatment are lacking due to

multi-drug resistance and liver toxicity of systemic chemotherapeutic drugs [2]. So, it is

urgently required to find a more effective way for HCC treatment.

HCC initiation and progression are triggered by multiple factors, which include hepatitis B

and C virus infection, chronic alcohol consumption, non-alcoholic fatty liver disease, and cir-

rhosis. The fundamental mechanism of carcinogenesis has long been recognized as activation

of oncogenes and/or deactivation of tumor suppressor genes (TSGs) [3], which are closely

related to demethylation and hypermethylation, respectively [4–8]. Indeed, hypermethylation

of TSG promoter CpG islands is a ubiquitous phenomenon in human tumors [9, 10].

PLOS ONE | https://doi.org/10.1371/journal.pone.0207139 December 14, 2018 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Liu Y, Zhu H, Zhang Z, Tu C, Yao D, Wen

B, et al. (2018) Effects of a single transient

transfection of Ten-eleven translocation 1 catalytic

domain on hepatocellular carcinoma. PLoS ONE

13(12): e0207139. https://doi.org/10.1371/journal.

pone.0207139

Editor: Qian Tao, Chinese University of Hong Kong,

HONG KONG

Received: May 14, 2018

Accepted: October 25, 2018

Published: December 14, 2018

Copyright: © 2018 Liu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: Funded by National Natural Science

Foundation of China: 81260498, zhan fanglin;

National Natural Science Foundation of China:

81060273, zhan fanglin.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0207139
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207139&domain=pdf&date_stamp=2018-12-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207139&domain=pdf&date_stamp=2018-12-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207139&domain=pdf&date_stamp=2018-12-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207139&domain=pdf&date_stamp=2018-12-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207139&domain=pdf&date_stamp=2018-12-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207139&domain=pdf&date_stamp=2018-12-14
https://doi.org/10.1371/journal.pone.0207139
https://doi.org/10.1371/journal.pone.0207139
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Therefore, it is possible that demethylation can be used to activate the hypermethylated TSGs

to repress human tumors.

A methyl group is transferred from a methyl donor S-adenosylmethionine by DNA methyl-

transferase (DNMT) to methylate the C-5 position of cytosine in promoter CpG islands to

form 5-methylcytosine (5-mc), which silences TSGs. The process of demythylation starts once

5-mc is consecutively converted into 5-hydroxymethylcytosine (5-hmc), 5-formylcytosine

(5-fc) and 5-carboxylcytosine (5-cac) through the dioxygenase action of ten eleven transloca-

tion (TET) protein [11–13]. When 5-fc and 5-cac are identified and removed by thymine

DNA glycosylase (TDG) [14], demethylation is accomplished.

It has been confirmed that the promoter CpG islands of TSGs, such as genes of adenoma-

tous polyposis coli (APC), p16, isoform A of RAS association domain family 1 (RASSF1A) and

suppressor of cytokine signaling1 (SOCS1), are hypermethylated [15–21]. The existence of

hypermethylated promotors might be related to TET1 since TET1 can make them be demeth-

ylated. However, TET1 expression was down-regulated in HCC [22–24], which is related to

hypermethylation of the TET1 promoter CpG islands [25]. Given that the TET1 catalytic

domain (TET1-CD) induces genome-wide DNA demethylation while full length TET1 does

not [26], it is likely that through demethylation, TET1-CD activates endogenous TET1 and

then endogenous TET1 activates TSGs to exert anticancer effects. Therefore, the study was

aimed to test whether TET1-CD had anti-HCC effects in vitro and in vivo.

Materials and methods

Cell lines and cell culture

Human normal liver cell line (LO2) and hepatocellular carcinoma cell line (SMMC 7721 cells)

were obtained from the CRC cell bank (Shanghai, China) and have been identified by STR

analysis on April 20, 2017, incubated in the RPMI-1640 medium (BI, Israel) under 5% CO2

atmosphere supplemented with 10% fetal bovine serum (FBS) (Sigma) at 37˚C.

Plasmid construction

In order to get TET1 catalytic domain (TET1-CD, codons 1418 to 2136) cDNA, total RNA was

extracted from the LO2 cells using Trizol reagent (Invitrogen), and reversed into cDNA using

PrimeSTAR HS DNA Polymerase (TARAKA), then subcloned into pflag-CMV4 vector

digested with Not I and Bgl II restriction enzymes. The TET1 catalytic domain mutant

(TET1-mCD) (H1672Y, D1674A) was generated by site-directed mutagenesis. The sequences

of plasmids were validated by Sanger DNA sequencing. The primers used were list S1 Table.

Cell transfection

The SMMC 7721 cells were cultured in 6 mm plates for 24h and were then transiently trans-

fected with pflag-CMV4 vector (control group), TET1-CD (TET1 group) or TET1-mCD

(TET1-mCD group), and each group were repeated 3 times. All transfections were formed

using Lipofectamine 3000 reagent (Invitrogen) according to the manufacturer’s instructions.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from the cells using Trizol reagent (Invitrogen) according to the

manufacturer’s protocol. The concentration and purity of RNA were determined by the absor-

bance at 260 nm and the ratio of 260/280, respectively, on a nucleic acid quantitative analyzer

(Thermo Fisher Scientific). Total RNA (1 ug) was reversely transcribed into cDNA using
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GoScript Reverse Transcription System(Promega), and qPCR was performed using GoTaq

qPCR Master Mix (Promega). All primer sequences were listed in S1 Table.

Western blot

The cells were collected by radio-immunoprecipitation assay (RIPA) buffer (Thermo Fisher

Scientific) containing 1x protease inhibitor cocktail solution(Roche). The total protein concen-

tration was measured using the BCA protein assaykit(Bio-Rad). The proteins were separated

by 10% SDS-PAGE and transferred onto PVDF membrane. Then, the membrane was blocked

with 5% non-fat milk for 2h at room temperature, and then incubated at 4˚C overnight with

anti-TET1 (GeneTex) and anti-FLAG (Stratagene) antibody (1:1000 dilution), or mouse

monoclonal anti-β-actin (Sigma) antibody (1:5000 dilution) for the internal control. Finally,

the membrane was washed again and detected using ECL method (Thermo Fisher Scientific)

by gel imaging system (Bio-Rad). The results were evaluated by the Image J software (NIH).

Bisulfite sequencing

Bisulfite treatment of genomic DNA was completed with EZ DNA Methylation Gold Kits

(Zymo Research). The bisulfate-treated DNA was amplified by PCR with primers designed by

MethPrimer of the LiLab. Then PCR products were subcloned into T-Easy vector(Promega).

Eightclones randomly selected from each treatment group were sent for sequencing. Sequenc-

ing results were analyzed by BiQ analyzer. Primers used for bisulfite sequencing were listed in

S1 Table.

Cell proliferation

Cell proliferation was assessed by Cell Counting Kit-8 (CCK-8) (Quanshijin) and 5-ethynyl-

2-deoxyuridine (EdU) imaging assay (KeyGEN BioTECH). For the CCK-8 assay, 2×103 cells

were seeded per well in the 96-well plate with 100 μL of the culture medium. Finally, the absor-

bance at 450 nm was measured at 1, 2, 3 day after incubation at 37˚C for 1 h with 10 μL of the

CCK-8 solution. For the EdU imaging assay, the SMMC 7721 cells were inoculated into the

24-well plate at 4 x 104 cells per well. Then, fluorescence staining was performed by use of the

EdU kit according to the manufacturer’s instruction. After staining, the images were collected

at 40X using inverted fluorescence microscope.

Wound healing assay

A total of 5 × 105 cells were seeded into the 6-well plate and incubated overnight to achieve

100% confluence. A straight line was drawn with a 10 μl pipette tip and cultured in the serum-

free medium, and photographed at 0 h, 24h, and 48 h with a microscope to obtained cell

scratched area.

Cell migration and invasion

Transwell assay was performed to test the ability of cell migration and invasion. To measure

cell migration, 1 × 105 cells were seeded on the upper chamber with 200 μL serum-free

medium, and 600 μL RPMI1640 medium containing 10% FBS was added to the lower cham-

ber. After incubating for 36h, the cells in the upper chamber were wiped off with a cotton

swab. Then cells that migrated out of the upper chamber were fixed with 4% paraformaldehyde

and stained with crystal violet. Finally cells were captured by Olympusinverted fluorescence

microscope and counted by use of ImageJ software. To measure cell invasion, the matrigel

basement membrane matrix (BD) was coated on the upper chamber and 1 x 105 cells were
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seeded on the upper chamber with 200 μL serum-free medium. The other steps were the same

as the cell migration steps described above.

Animal experiments

The procedures and protocols of animal experiments were approved by the local Animal Eth-

ics Committee. Female nude mice (4-week-old, approximate 17 g each) were purchased from

the Shanghai SLAC Laboratory Animal Corporation (Shanghai) and kept in sterile environ-

ment. The nude mice were randomly divided into 3 groups (5 samples per group): control

group, TET1-CD group, TET1-mCD group. The SMMC 7721cells were suspended in PBS to a

final concentration of 2 × 107/ml, a total of 2 × 106 cells were subcutaneously injected into

each nude mouse to establish a model of subcutaneous tumor in nude mice, and the food and

water intake, defecation, urination, exercise, fur color and appearance of the mice were closely

monitored and the mice were weighed every two days to assess their health status. Once the

tumor volume reached approximately 50 mm3 (V = length × width2/2), it was measured every

4 days. Finally, when the mice showed symptoms, e.g. weight loss more than 20%, diarrhea

and infection, the nude mice were euthanized by carbon dioxide. The tumor tissues were fixed

with 4% paraformaldehyde and used for further experiments.

Immunohistochemistry

Tumor tissues were fixed for 24h and 4-μm paraffin-embedded sections were obtained for fur-

ther experiments. The Ki-67 protein expression was detected using immunohistochemistry

assay according to the manufacturer’s protocol. Sections of the tumor tissues were incubated

with primary Ki-67 antibody (Proteintech) (1:1000 dilution) at 4˚C overnight and then incu-

bated with biotinylated secondary antibody. Diaminobenzidine (DAB) and hematoxylin were

used to visualize the Ki-67 protein and counter-stained, respectively. The staining results were

observed with fluorescence microscope.

Statistical analysis

All data were presented as mean ± SD and analyzed using GraphPad Prism software. Student’s

t-test and one-way ANOVA were used wherever appropriate.

Results

TET1 expression was suppressed in SMMC 7721 cells

Expression of TET1, but not TET2 and TET3, was downregulated in HCC cells [22], likely

resulting from hypermethylation of TET1 promoter CpG islands[25, 27]. In the study, the

downregulation of TET1 expression in SMMC 7721 cells was again verified (Fig 1B and 1C),

suggesting that application of TET1-CD transient transfection into HCC cells can be possibly

to treat endogenous TET1 deficiency.

TET1-CD demethylated TSGs and promoted its expression

Given that TSGs promoter CpG islands are extensively hypermethylated [9, 10] and TET1-CD

induces genome-wide DNA demethylation while full length TET1 does not [26], TET1-CD

was transfected into SMMC 7721 cells to verify whether it activates the hypermethylated

endogenous TET1 and other TSGs. In the study, empty plasmids and TET1-CD mutants

(TET1-mCD, amino acids 1672 H to Y and 1674 D to A) were both acted as control groups

(Fig 2A). Bisulfite sequencing results (Fig 2B) showed that TET1-CD significantly reduced
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TET1, P16, SOCS1, APC and RASSF1A methylation level, while TET1-mCD did not, which is

attributed to TET1-CD mutation.

Since TET1-CD can induce genome-wide DNA demethylation, it is possible that oncogenes

such as C-myc, Bmi1, EMS1, Kpna2 and c-fos in hepatocellular carcinoma epigenetics [28] are

also activated so as to weaken TET1-CD anticancer activity. So, the expression of oncogenes

was determined. However, unexpectively, C-myc, Bmi1, EMS1, Kpna2 and c-fos demethyla-

tion levels were hardly increased by TET1-CD (Fig 2C). Compared with expression of onco-

genes, expression of TSGs was drastically increased. These results suggest that TET1-CD can

exert anticancer activity through its role on activation of TSGs but not through its inhibition

of oncogenes. Quantitative real-time PCR results (Fig 2D and 2E) also showed that the mRNA

levels of TSGs in TET1-CD group were obviously higher than that of control and p-

TET1-mCD groups.

TET1-CD inhibited SMMC 7721 cells proliferation and migration

To verify TET1-CD anticancer activity, SMMC 7721 cells were transfected with TET1-CD and

then cultured 24h, 48h and 72h after, respectively. Subsequently, these cells were counted, and

the results (Fig 3A) showed that TET1-CD over-expression significantly inhibited proliferation

of the SMMC 7721 cells over time compared with TET1-mCD and empty vector. Further-

more, EDU experiments (Fig 3B) showed TE1-CD over-expression also obviously inhibited

proliferation of HCC cells.

Next, after the SMMC 7721 cells were transfected with TET1-CD and cultured for 24h and

48h, respectively, wound healing and transwell assay were utilized to evaluate the role of

TET1-CD on migration and invasion of the HCC cells. Wound healing assay (Fig 3C) demon-

strated that TET1-CD resulted in a higher proportion of remaining area due to its inhibiting

movement of the SMMC 7721 cells to the scratched area, while TET1-mCD and empty vector

gave rise to a lower proportion of remaining area due to movement of the SMMC 7721 cells to

Fig 1. The expression of TET1 is downregulated in the SMMC 7721 cells. (A). Structure of TET1 protein. TET1 protein

contains a CXXC domain and a catalytic domain (CD) including a Cys-rich part and a DSBH part. TET1-mCD (TET1-CD

mutant) harbours two mutated amino acid in the DSBH part of the CD. (B). Expression of TET1 mRNA in the SMMC 7721 cells

and LO2 cells was analyzed by Quantitative RT-PCR, and the results were represented as mean ± SD of three independent

experiments.��p<0.01. (t-test). (C). Western blot was used to analyze the expression of TET1 protein in the SMMC 7721 cells

and LO2 cells. β-actin was used as an internal control.

https://doi.org/10.1371/journal.pone.0207139.g001
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the scratched area. Again, transwell assay (Fig 3D) showed that TET1-CD distinctly repressed

migration and invasion of the SMMC 7721 cells.

TET1-CD suppressed HCC xenografts proliferation in nude mice

Further to confirm TET1-CD anticancer ability in vivo, TET1-CD was transiently transfected

into the SMMC 7721 cells using Lipofectamine 3000, and then the transfected cells were sub-

cutaneously injected into the nude mice to establish a HCC xenograft model. At the 54th day

after a single transfection, subcutaneous tumors were taken out from the nude mice (Fig 4A

and 4B), and the weight of the subcutaneous tumor taken out from the nude mice treated with

TET1-CD was obviously lighter than that from the nude mice treated with TET1-mCD and

empty vector (Fig 4C). From the 38th day after a single transfection on, the size of the subcuta-

neous tumor from the nude mice treated with TET1-CD was remarkably smaller than that

from the nude mice treated with TET1-mCD and empty vector (Fig 4D).

In addition, the Ki-67 expression was assayed to assess the role of TET1-CD on prolifera-

tion of the HCC cells. The number of Ki-67 positive cells in the TET1-CD group was

Fig 2. TET1-CD up-regulates TSGs expression. (A). The SMMC 7721 cells were transiently transfected with either TET1-CD

plasmids or TET1-mCD plasmids. Expression of TET1-CD and TET1-mCD proteins was analysed by Western blot, and β-actin was

used as an internal control. (B)&(C). The SMMC 7721 cells were cultured in the 6 mm plate for 24h and then transiently transfected

with either pflag-CMV4 vector (control), TET1-CD or TET1-mCD. Expression of TSGs and oncogenes was analyzed by

Quantitative RT-PCR 48h after transient transfection, and the results were represented as mean ± SD of three independent

experiments. �p<0.05, ��p<0.01, ���p<0.001. (one-way ANOVA).

https://doi.org/10.1371/journal.pone.0207139.g002
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significantly fewer than that in the PBS and TET1-mCD groups (Fig 4E), indicating that

TET1-CD suppressed proliferation of the HCC cells. These results demonstrated that

TET1-CD could effectively suppressed proliferation of the HCC cells in vivo and its anticancer

effects could last for a long time in spite of a single transient transfection of TET1-CD.

Discussion

Multi-drug resistance and liver toxicity of systemic chemotherapy have long been being the

main barriers that limit application of chemotherapy in HCC therapy. In the current study, we

have demonstrated that a single transient transfection of TET1-CD activated multiple tumor

suppressor genes, suppressed proliferation, migration and invasion of the HCC cells in vitro,

and persistently repressed proliferation of HCC cells in vivo. The findings in the study have

Fig 3. TET1-CD inhibits proliferation, migration and invasion of the SMMC 7721 cells. (A). After transfection of empty vector,

TET1-CD and TET1-mCD plasmids into the SMMC 7721 cells respectively for 24h, 48h and 72h, and incubation of these cells with

CCK-8 solution at 37˚C for 1 h, the absorbance of these cells at 450 nm was measured to assess their proliferation. (B). The SMMC

7721 cells were inoculated into the 24-well plate, and fluorescence staining was performed 48h after inoculation. (C). Microscopy was

used to capture the cell scratched area at 0h, 24h and 48h. (D). The cells, which migrated from the upper chamber to the lower

chamber, were counted to assess their migration and invasion ability. The results were represented as mean ± SD of three

independent experiments. One-way ANOVA, �p<0.05 and ��p<0.01.

https://doi.org/10.1371/journal.pone.0207139.g003
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Fig 4. TET1-CD suppresses HCC xenografts growth in nude mice. (A). The SMMC 7721 cells, which were transiently transfected with

empty vector, TET1-CD plasmids or TET1-mCD plasmids, were subcutaneously injected into the nude mice to establish a HCC

subcutaneous xenograft model. The nude mice were sacrificed 54 days after the injection. (B). Photographs of excised xenograft tumors.

(C). Tumor weight in the control, TET1-CD and TET1-mCD groups are shown. (D). From day 18 and 54 after the injection, the relative

tumor volume was measured once every four days. The results were represented as mean ± SD (n = 5). (E). Ki-67 positive tumor cells

were detected by immunohistochemistry (IHC). The results were represented as mean ± SD (n = 10). The scale bar is 50μm. One-way

ANOVA, ��p<0.01.

https://doi.org/10.1371/journal.pone.0207139.g004
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provided pathophysiological basis for clinical application of transient transfection of

TET1-CD in treatment of HCC.

TET1 is known as a tumor suppressor protein although it presents carcinogenic activity in

acute myeloid leukemia and gastric carcinoma [29, 30]. TET1 is not only a dioxygenase, which

activates hypermethylated TSGs by demethylation, but also a DNMT3B inhibitor, which safe-

guards bivalent promoters from de novo methylation to ensure robust lineage-specific tran-

scription upon differentiation [31]. TET1 deficiency not only causes cell genomic instability, a

hallmark of cancer [32], but also leads to tumorigenesis and tumor vascular invasion [33, 34].

Coversely, TET1 overexpression reverses the epithelial-mesenchymal transition and inhibits

cancer cell metastasis by potent inhibition of canonical Wnt/β-catenin signaling [35]. Previous

studies confirmed that expression of endogenous TET1 was downregulated in HCC cells [22–

24]. In the current study, likewise, decreased endogenous TET1 expression was verified in the

SMMC 7721 cells, and so TET1-CD was transiently transfected into the SMMC 7721 cells to

activate endogenous TET1 gene, in which its promoter CpG islands is likely hypermethylated

[25], to treat endogenous TET1 deficiency, suppress proliferation, migration and invasion of

the HCC cells, and promote its apoptosis.

Full length TET1 includes a catalytic center and a zinc finger domain. The catalytic center

consists of a catalytic domain (CD) binding alpha ketone glutaric acid and Fe2+, and a cyste-

ine-rich domain, which targets the hypermethylated CpG islands and makes be demethylated.

The zinc finger domain, namely Cys-Xaa-Xaa-Cys(CXXC)close to N-terminal of TET1 pro-

tein, not only identifies and binds to the promoter, where unmethylated CpG islands fre-

quently appear, to prevent CpG islands from being methylated by DNMTs, but also binds to

the promoter, where CpG islands are hypermethylated but infrequently appear, to block fur-

ther methylation [36, 37]. Thus, full length TET1 is difficult to activate a great majority of

TSGs due to selective binding of CXXC, whereas TET1-CD, without the CXXC part, can acti-

vate a great majority of TSGs. Hence, TET1-CD, but not full length TET1, was transfected into

the SMMC 7721 cells, and the results showed that the methylation levels of TSGs, such as

TET1, P16, SOCS1, RASSF1A and APC, were significantly reduced, which are consistent with

the previous findings that TET1-CD induced genome-wide DNA demethylation while full

length TET1 did not [26]. In contrast, the methylation levels of oncogenes, such as C-myc,

Bmi1, EMS1, Kpna2 and c-fos, were not significantly reduced. Hardly elevated expression of

C-myc and c-fos might be due to hypomethylated CpG islands in their promoters and difficul-

ties in demethylation further [38, 39], but it remains to be investigated whether hardly elevated

expression of Bmi1, EMS1 and Kpna2 is also related to hypomethylation of their promoter

CpG islands. So, TET1-CD possesses anticancer effects through activation of multiple TSGs

but not through inhibition of oncogenes.

After hypermethylated TSGs were activated by TET1-CD, they exerted effective anticancer

role (Fig 3) through multiple pathways, namely APC, p16, RASSF1A, SOCS1 and TET1. APC

gene is a negative regulatory element of Wnt/β-Catenin signaling pathway[40], which plays a

critical role in cancer cell proliferation and migration [41–44], and APC down-regulation or

mutation promotes cell proliferation [45–47]. Efficient p16 delays cell cycle transition of G1 to

S through its negative regulation of CDK4 [48, 49], and conversely deficient p16 accelerates

the transition of G1 to S and leads to cell malignant proliferation as well as tumorigenicity [35,

50–52]. RASSF1A is a key member of Hippo pathway, dominantly regulating cell growth, dif-

ferentiation and apoptosis, and RASSF1A over-expression significantly inhibits cell prolifera-

tion and induces a G0-G1 arrest and apoptosis [53, 54], whereas RASSF1A homozygous

knockout mice develop liver tumors [55]. SOCS1is critically involved in the regulation of cellu-

lar proliferation, survival, and apoptosis via cytokine-induced JAK/STAT signaling, and defec-

tive SOCS-1 triggers JAK/STAT pathway to promote tumorigenicity [56, 57]. TET1, as
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discussed above, possesses anticancer activity, and conversely, TET1 downregulation or

knockdown causes increased cell proliferation and migration [58]. Collectedly, TET1-CD

plays an integrated anticancer role through acting on APC, p16, RASSF1A, SOCS1 and TET1

pathway. Therefore, we next investigated the effect of TET1-CD on proliferation, migration,

and invasion of the SMMC 7721 cells. The CCK8 proliferation experiments showed that the

absorbance at 450 nm of the p-TET1-CD group increased slowly, which was significantly

lower than the absorbance of the control and p-TET1-mCD groups, which was consistent with

the CCK8 experiment. Further, the scratch assay, which tests exercise capacity of the SMMC

7721 cells, showed that the scratch area of the control and p-TET1-mCD groups had obvious

healing tendency after 48 hours, but the scratch area of the p-TET1-CD group was still obvi-

ous. Cell migration and invasion showed the number of cell migration and invasion in the p-

TET1-CD group was significantly lower than that in the control and p-TET1-mCD groups.

These indicate that TET1-CD significantly inhibits the growth and metastasis of the SMMC

7721 cells.

Strikingly, 54 days after a single transient transfection of TET1-CD, HCC subcutaneous

xenografts in the nude mice remained to be significantly repressed, being likely ascribed to

that endogenous TET1 gene was recurrently activated although TET1-CD expression lasts for

several days at most. In the study, endogenous TET1 gene was activated after TET1-CD pro-

tein expression, and the activated endogenous TET1 gene subsequently activated the remain-

ing endogenous TET1 gene that was still hypermethylated, which suggests that a single

TET1-CD transfection actually exerts lasting anticancer effects through recurrent activation of

endogenous TET1.

In summary, TET1-CD can exert integrated anticancer effects through activation of hyper-

methylated APC, p16, RASSF1A, SOCS1 and TET1 gene, and a single transient transfection of

TET1-CD may open a new possibility for HCC treatment.

Supporting information

S1 Table. The names and sequences of PCR primers (be cited as supporting information).

(DOCX)

S2 Table.

(DOCX)

S3 Table.

(DOCX)

S1 File.

(DOC)

S2 File.

(DOCX)

S3 File.

(DOCX)

Acknowledgments

We thank Dr. Chunbo Zhang for providing some of the experimental instruments. pflag-

CMV4 vector was a gift from Dr. Xiaojian Han.

TET1-CD and HCC

PLOS ONE | https://doi.org/10.1371/journal.pone.0207139 December 14, 2018 10 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207139.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207139.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207139.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207139.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207139.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207139.s006
https://doi.org/10.1371/journal.pone.0207139


Author Contributions

Conceptualization: Zhenxue Zhang.

Data curation: Yuying Liu, Hui Zhu.

Formal analysis: Yuying Liu.

Methodology: Yuying Liu, Ru Jiang, Xing Li, Pengfei Yi, Jiejie Zhan, Jiaping Hu, Jianwu Ding,

Liping Jiang.

Resources: Changchun Tu, Bin Wen.

Software: Yuying Liu.

Writing – original draft: Yuying Liu, Dongyuan Yao, Fanglin Zhang.

Writing – review & editing: Fanglin Zhang.

References
1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer statistics, 2012. CA: a

cancer journal for clinicians. 2015; 65(2):87–108. Epub 2015/02/06. https://doi.org/10.3322/caac.21262

PMID: 25651787.

2. Ray EM, Sanoff HK. Optimal therapy for patients with hepatocellular carcinoma and resistance or intol-

erance to sorafenib: challenges and solutions. J Hepatocell Carcinoma. 2017; 4:131–8. https://doi.org/

10.2147/JHC.S124366 PMID: 29184856.

3. Biswas S, Rao CM. Epigenetics in cancer: Fundamentals and Beyond. Pharmacology & Therapeutics.

2017; 173(Supplement C):118–34. https://doi.org/10.1016/j.pharmthera.2017.02.011.

4. Park IY, Sohn BH, Yu E, Suh DJ, Chung YH, Lee JH, et al. Aberrant epigenetic modifications in hepato-

carcinogenesis induced by hepatitis B virus X protein. Gastroenterology. 2007; 132(4):1476–94. Epub

2007/04/06. https://doi.org/10.1053/j.gastro.2007.01.034 PMID: 17408664.

5. Formeister EJ, Tsuchiya M, Fujii H, Shpyleva S, Pogribny IP, Rusyn I. Comparative analysis of pro-

moter methylation and gene expression endpoints between tumorous and non-tumorous tissues from

HCV-positive patients with hepatocellular carcinoma. Mutation research. 2010; 692(1–2):26–33. Epub

2010/08/26. https://doi.org/10.1016/j.mrfmmm.2010.07.013 PMID: 20736025.

6. Hlady RA, Tiedemann RL, Puszyk W, Zendejas I, Roberts LR, Choi JH, et al. Epigenetic signatures of

alcohol abuse and hepatitis infection during human hepatocarcinogenesis. Oncotarget. 2014; 5

(19):9425–43. https://doi.org/10.18632/oncotarget.2444 PMID: 25294808.

7. Archer KJ, Mas VR, Maluf DG, Fisher RA. High-throughput assessment of CpG site methylation for dis-

tinguishing between HCV-cirrhosis and HCV-associated hepatocellular carcinoma. Molecular genetics

and genomics: MGG. 2010; 283(4):341–9. https://doi.org/10.1007/s00438-010-0522-y PMID:

20165882.

8. Yamada N, Yasui K, Dohi O, Gen Y, Tomie A, Kitaichi T, et al. Genome-wide DNA methylation analysis

in hepatocellular carcinoma. Oncology reports. 2016; 35(4):2228–36. Epub 2016/02/18. https://doi.org/

10.3892/or.2016.4619 PMID: 26883180.

9. Esteller M. Epigenetics in cancer. The New England journal of medicine. 2008; 358(11):1148–59. Epub

2008/03/14. https://doi.org/10.1056/NEJMra072067 PMID: 18337604.

10. Weber M, Hellmann I, Stadler MB, Ramos L, Paabo S, Rebhan M, et al. Distribution, silencing potential

and evolutionary impact of promoter DNA methylation in the human genome. Nature genetics. 2007; 39

(4):457–66. Epub 2007/03/06. https://doi.org/10.1038/ng1990 PMID: 17334365.

11. Valinluck V, Sowers LC. Endogenous cytosine damage products alter the site selectivity of human DNA

maintenance methyltransferase DNMT1. Cancer research. 2007; 67(3):946–50. Epub 2007/02/07.

https://doi.org/10.1158/0008-5472.CAN-06-3123 PMID: 17283125.

12. Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, et al. Conversion of 5-methylcyto-

sine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science. 2009; 324

(5929):930–5. https://doi.org/10.1126/science.1170116 PMID: 19372391.

13. Ito S, D’Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y. Role of Tet proteins in 5mC to 5hmC

conversion, ES-cell self-renewal and inner cell mass specification. Nature. 2010; 466(7310):1129–33.

Epub 2010/07/20. https://doi.org/10.1038/nature09303 PMID: 20639862.

TET1-CD and HCC

PLOS ONE | https://doi.org/10.1371/journal.pone.0207139 December 14, 2018 11 / 14

https://doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
https://doi.org/10.2147/JHC.S124366
https://doi.org/10.2147/JHC.S124366
http://www.ncbi.nlm.nih.gov/pubmed/29184856
https://doi.org/10.1016/j.pharmthera.2017.02.011
https://doi.org/10.1053/j.gastro.2007.01.034
http://www.ncbi.nlm.nih.gov/pubmed/17408664
https://doi.org/10.1016/j.mrfmmm.2010.07.013
http://www.ncbi.nlm.nih.gov/pubmed/20736025
https://doi.org/10.18632/oncotarget.2444
http://www.ncbi.nlm.nih.gov/pubmed/25294808
https://doi.org/10.1007/s00438-010-0522-y
http://www.ncbi.nlm.nih.gov/pubmed/20165882
https://doi.org/10.3892/or.2016.4619
https://doi.org/10.3892/or.2016.4619
http://www.ncbi.nlm.nih.gov/pubmed/26883180
https://doi.org/10.1056/NEJMra072067
http://www.ncbi.nlm.nih.gov/pubmed/18337604
https://doi.org/10.1038/ng1990
http://www.ncbi.nlm.nih.gov/pubmed/17334365
https://doi.org/10.1158/0008-5472.CAN-06-3123
http://www.ncbi.nlm.nih.gov/pubmed/17283125
https://doi.org/10.1126/science.1170116
http://www.ncbi.nlm.nih.gov/pubmed/19372391
https://doi.org/10.1038/nature09303
http://www.ncbi.nlm.nih.gov/pubmed/20639862
https://doi.org/10.1371/journal.pone.0207139


14. He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, et al. Tet-mediated formation of 5-carboxylcytosine and its

excision by TDG in mammalian DNA. Science. 2011; 333(6047):1303–7. Epub 2011/08/06. https://doi.

org/10.1126/science.1210944 PMID: 21817016.

15. Xu B, Nie Y, Liu X, Feng S, Yang Z, Wang Z, et al. Quantitative analysis of APC promoter methylation in

hepatocellular carcinoma and its prognostic implications. Oncology letters. 2014; 7(5):1683–8. Epub

2014/04/26. https://doi.org/10.3892/ol.2014.1951 PMID: 24765201.

16. Jain S, Chang TT, Hamilton JP, Lin SY, Lin YJ, Evans AA, et al. Methylation of the CpG sites only on

the sense strand of the APC gene is specific for hepatocellular carcinoma. PLoS One. 2011; 6(11):

e26799. Epub 2011/11/11. https://doi.org/10.1371/journal.pone.0026799 PMID: 22073196.

17. Hinrichsen I, Kemp M, Peveling-Oberhag J, Passmann S, Plotz G, Zeuzem S, et al. Promoter methyla-

tion of MLH1, PMS2, MSH2 and p16 is a phenomenon of advanced-stage HCCs. PloS one. 2014; 9(1):

e84453. Epub 2014/01/09. https://doi.org/10.1371/journal.pone.0084453 PMID: 24400091.

18. Um TH, Kim H, Oh BK, Kim MS, Kim KS, Jung G, et al. Aberrant CpG island hypermethylation in dys-

plastic nodules and early HCC of hepatitis B virus-related human multistep hepatocarcinogenesis. Jour-

nal of hepatology. 2011; 54(5):939–47. Epub 2010/12/15. https://doi.org/10.1016/j.jhep.2010.08.021

PMID: 21145824.

19. Zhang C, Li J, Huang T, Duan S, Dai D, Jiang D, et al. Meta-analysis of DNA methylation biomarkers in

hepatocellular carcinoma. Oncotarget. 2016; 7(49):81255–67. Epub 2016/11/12. https://doi.org/10.

18632/oncotarget.13221 PMID: 27835605.

20. Araujo OC, Rosa AS, Fernandes A, Niel C, Villela-Nogueira CA, Pannain V, et al. RASSF1A and DOK1

Promoter Methylation Levels in Hepatocellular Carcinoma, Cirrhotic and Non-Cirrhotic Liver, and Corre-

lation with Liver Cancer in Brazilian Patients. PloS one. 2016; 11(4):e0153796. Epub 2016/04/15.

https://doi.org/10.1371/journal.pone.0153796 PMID: 27078152.

21. Okochi O, Hibi K, Sakai M, Inoue S, Takeda S, Kaneko T, et al. Methylation-mediated silencing of

SOCS-1 gene in hepatocellular carcinoma derived from cirrhosis. Clinical cancer research: an official

journal of the American Association for Cancer Research. 2003; 9(14):5295–8. Epub 2003/11/14.

PMID: 14614012.

22. Liu C, Liu L, Chen X, Shen J, Shan J, Xu Y, et al. Decrease of 5-hydroxymethylcytosine is associated

with progression of hepatocellular carcinoma through downregulation of TET1. PloS one. 2013; 8(5):

e62828. Epub 2013/05/15. https://doi.org/10.1371/journal.pone.0062828 PMID: 23671639.

23. Lin LL, Wang W, Hu Z, Wang LW, Chang J, Qian H. Negative feedback of miR-29 family TET1 involves

in hepatocellular cancer. Medical oncology (Northwood, London, England). 2014; 31(12):291. Epub

2014/11/05. https://doi.org/10.1007/s12032-014-0291-2 PMID: 25367851.

24. Thomson JP, Ottaviano R, Unterberger EB, Lempiainen H, Muller A, Terranova R, et al. Loss of Tet1-

Associated 5-Hydroxymethylcytosine Is Concomitant with Aberrant Promoter Hypermethylation in Liver

Cancer. Cancer research. 2016; 76(10):3097–108. Epub 2016/05/20. https://doi.org/10.1158/0008-

5472.CAN-15-1910 PMID: 27197233.

25. Li L, Li C, Mao H, Du Z, Chan WY, Murray P, et al. Epigenetic inactivation of the CpG demethylase

TET1 as a DNA methylation feedback loop in human cancers. Scientific reports. 2016; 6:26591. Epub

2016/05/27. https://doi.org/10.1038/srep26591 PMID: 27225590.

26. Jin C, Lu Y, Jelinek J, Liang S, Estecio MR, Barton MC, et al. TET1 is a maintenance DNA demethylase

that prevents methylation spreading in differentiated cells. Nucleic acids research. 2014; 42(11):6956–

71. Epub 2014/05/31. https://doi.org/10.1093/nar/gku372 PMID: 24875481.

27. Grosser C, Wagner N, Grothaus K, Horsthemke B. Altering TET dioxygenase levels within physiological

range affects DNA methylation dynamics of HEK293 cells. Epigenetics. 2015; 10(9):819–33. Epub

2015/07/18. https://doi.org/10.1080/15592294.2015.1073879 PMID: 26186463.

28. Kiran M, Chawla YK, Kaur J. Methylation profiling of tumor suppressor genes and oncogenes in hepati-

tis virus-related hepatocellular carcinoma in northern India. Cancer genetics and cytogenetics. 2009;

195(2):112–9. Epub 2009/12/08. https://doi.org/10.1016/j.cancergencyto.2009.06.021 PMID:

19963110.

29. Deng M, Zhang R, He Z, Qiu Q, Lu X, Yin J, et al. TET-Mediated Sequestration of miR-26 Drives EZH2

Expression and Gastric Carcinogenesis. Cancer research. 2017; 77(22):6069–82. Epub 2017/09/20.

https://doi.org/10.1158/0008-5472.CAN-16-2964 PMID: 28923852.

30. Jiang X, Hu C, Ferchen K, Nie J, Cui X, Chen CH, et al. Targeted inhibition of STAT/TET1 axis as a ther-

apeutic strategy for acute myeloid leukemia. Nature communications. 2017; 8(1):2099. Epub 2017/12/

14. https://doi.org/10.1038/s41467-017- PMID: 29235481.

31. Verma N, Pan H, Dore LC, Shukla A, Li QV, Pelham-Webb B, et al. TET proteins safeguard bivalent

promoters from de novo methylation in human embryonic stem cells. Nature genetics. 2018; 50(1):83–

95. Epub 2017/12/06. https://doi.org/10.1038/s41588-017-0002-y PMID: 29203910.

TET1-CD and HCC

PLOS ONE | https://doi.org/10.1371/journal.pone.0207139 December 14, 2018 12 / 14

https://doi.org/10.1126/science.1210944
https://doi.org/10.1126/science.1210944
http://www.ncbi.nlm.nih.gov/pubmed/21817016
https://doi.org/10.3892/ol.2014.1951
http://www.ncbi.nlm.nih.gov/pubmed/24765201
https://doi.org/10.1371/journal.pone.0026799
http://www.ncbi.nlm.nih.gov/pubmed/22073196
https://doi.org/10.1371/journal.pone.0084453
http://www.ncbi.nlm.nih.gov/pubmed/24400091
https://doi.org/10.1016/j.jhep.2010.08.021
http://www.ncbi.nlm.nih.gov/pubmed/21145824
https://doi.org/10.18632/oncotarget.13221
https://doi.org/10.18632/oncotarget.13221
http://www.ncbi.nlm.nih.gov/pubmed/27835605
https://doi.org/10.1371/journal.pone.0153796
http://www.ncbi.nlm.nih.gov/pubmed/27078152
http://www.ncbi.nlm.nih.gov/pubmed/14614012
https://doi.org/10.1371/journal.pone.0062828
http://www.ncbi.nlm.nih.gov/pubmed/23671639
https://doi.org/10.1007/s12032-014-0291-2
http://www.ncbi.nlm.nih.gov/pubmed/25367851
https://doi.org/10.1158/0008-5472.CAN-15-1910
https://doi.org/10.1158/0008-5472.CAN-15-1910
http://www.ncbi.nlm.nih.gov/pubmed/27197233
https://doi.org/10.1038/srep26591
http://www.ncbi.nlm.nih.gov/pubmed/27225590
https://doi.org/10.1093/nar/gku372
http://www.ncbi.nlm.nih.gov/pubmed/24875481
https://doi.org/10.1080/15592294.2015.1073879
http://www.ncbi.nlm.nih.gov/pubmed/26186463
https://doi.org/10.1016/j.cancergencyto.2009.06.021
http://www.ncbi.nlm.nih.gov/pubmed/19963110
https://doi.org/10.1158/0008-5472.CAN-16-2964
http://www.ncbi.nlm.nih.gov/pubmed/28923852
https://doi.org/10.1038/s41467-017-
http://www.ncbi.nlm.nih.gov/pubmed/29235481
https://doi.org/10.1038/s41588-017-0002-y
http://www.ncbi.nlm.nih.gov/pubmed/29203910
https://doi.org/10.1371/journal.pone.0207139


32. Coulter JB, Lopez-Bertoni H, Kuhns KJ, Lee RS, Laterra J, Bressler JP. TET1 deficiency attenuates the

DNA damage response and promotes resistance to DNA damaging agents. Epigenetics. 2017; 12

(10):854–64. Epub 2017/08/02. https://doi.org/10.1080/15592294.2017.1359452 PMID: 28758831.

33. Chuang KH, Whitney-Miller CL, Chu CY, Zhou Z, Dokus MK, Schmit S, et al. MicroRNA-494 is a master

epigenetic regulator of multiple invasion-suppressor microRNAs by targeting ten eleven translocation 1

in invasive human hepatocellular carcinoma tumors. Hepatology (Baltimore, Md). 2015; 62(2):466–80.

Epub 2015/03/31. https://doi.org/10.1002/hep.27816 PMID: 25820676.

34. Chen H, Cai W, Chu ESH, Tang J, Wong CC, Wong SH, et al. Hepatic cyclooxygenase-2 overexpres-

sion induced spontaneous hepatocellular carcinoma formation in mice. Oncogene. 2017; 36(31):4415–

26. Epub 2017/03/28. https://doi.org/10.1038/onc.2017.73 PMID: 28346420.

35. Duan H, Yan Z, Chen W, Wu Y, Han J, Guo H, et al. TET1 inhibits EMT of ovarian cancer cells through

activating Wnt/beta-catenin signaling inhibitors DKK1 and SFRP2. Gynecologic oncology. 2017; 147

(2):408–17. Epub 2017/08/31. https://doi.org/10.1016/j.ygyno.2017.08.010 PMID: 28851501.

36. Xu Y, Wu F, Tan L, Kong L, Xiong L, Deng J, et al. Genome-wide regulation of 5hmC, 5mC, and gene

expression by Tet1 hydroxylase in mouse embryonic stem cells. Molecular cell. 2011; 42(4):451–64.

Epub 2011/04/26. https://doi.org/10.1016/j.molcel.2011.04.005 PMID: 21514197.

37. Tian YP, Zhu YM, Sun XH, Lai MD. Multiple Functions of Ten-eleven Translocation 1 during Tumorigen-

esis. Chinese medical journal. 2016; 129(14):1744–51. Epub 2016/07/15. https://doi.org/10.4103/0366-

6999.185873 PMID: 27411465.

38. Tsujiuchi T, Tsutsumi M, Sasaki Y, Takahama M, Konishi Y. Hypomethylation of CpG sites and C-myc

gene overexpression in hepatocellular carcinomas, but not hyperplastic nodules, induced by a choline-

deficient L-amino acid-defined diet in rats. Jpn J Cancer Res. 1999; 90(9):909–13. https://doi.org/10.

1111/j.1349-7006.1999.tb00834.x PMID: 10551317.

39. Choi EK, Uyeno S, Nishida N, Okumoto T, Fujimura S, Aoki Y, et al. Alterations of c-fos gene methyla-

tion in the processes of aging and tumorigenesis in human liver. Mutation Research/Fundamental and

Molecular Mechanisms of Mutagenesis. 1996; 354(1):123–8. https://doi.org/10.1016/0027-5107(96)

00056-5. PMID: 8692198

40. Pez F, Lopez A, Kim M, Wands JR, Caron de Fromentel C, Merle P. Wnt signaling and hepatocarcino-

genesis: Molecular targets for the development of innovative anticancer drugs. Journal of Hepatology.

2013; 59(5):1107–17. https://doi.org/10.1016/j.jhep.2013.07.001. PMID: 23835194

41. Rennoll SA, Eshelman MA, Raup-Konsavage WM, Kawasawa YI, Yochum GS. The MYC 3’ Wnt-

Responsive Element Drives Oncogenic MYC Expression in Human Colorectal Cancer Cells. Cancers.

2016; 8(5). Epub 2016/05/26. https://doi.org/10.3390/cancers8050052 PMID: 27223305.

42. Yu L, Li X, Li H, Chen H, Liu H. Rab11a sustains GSK3beta/Wnt/beta-catenin signaling to enhance can-

cer progression in pancreatic cancer. Tumour biology: the journal of the International Society for Onco-

developmental Biology and Medicine. 2016; 37(10):13821–9. Epub 2016/08/03. https://doi.org/10.

1007/s13277-016-5172-1 PMID: 27481517.

43. Hou R, Jiang L, Yang Z, Wang S, Liu Q. Rab14 is overexpressed in ovarian cancers and promotes ovar-

ian cancer proliferation through Wnt pathway. Tumour biology: the journal of the International Society

for Oncodevelopmental Biology and Medicine. 2016. Epub 2016/10/09. https://doi.org/10.1007/s13277-

016-5420-4 PMID: 27718127.

44. Gougelet A, Sartor C, Bachelot L, Godard C, Marchiol C, Renault G, et al. Antitumour activity of an

inhibitor of miR-34a in liver cancer with beta-catenin-mutations. Gut. 2016; 65(6):1024–34. Epub 2015/

03/21. https://doi.org/10.1136/gutjnl-2014-308969 PMID: 25792709.

45. Shen G, Jia H, Tai Q, Li Y, Chen D. miR-106b downregulates adenomatous polyposis coli and promotes

cell proliferation in human hepatocellular carcinoma. Carcinogenesis. 2013; 34(1):211–9. Epub 2012/

10/23. https://doi.org/10.1093/carcin/bgs320 PMID: 23087084.

46. Trierweiler C, Blum HE, Hasselblatt P. The transcription factor c-Jun protects against liver damage fol-

lowing activated beta-Catenin signaling. PloS one. 2012; 7(7):e40638. Epub 2012/07/14. https://doi.

org/10.1371/journal.pone.0040638 PMID: 22792392.

47. Park M-G, Kim J-S, Park S-Y, Lee SA, Kim H-J, Kim CS, et al. MicroRNA-27 promotes the differentia-

tion of odontoblastic cell by targeting APC and activating Wnt/β-catenin signaling. Gene. 2014; 538

(2):266–72. https://doi.org/10.1016/j.gene.2014.01.045. PMID: 24487055

48. D’Arcangelo D, Tinaburri L, Dellambra E. The Role of p16(INK4a) Pathway in Human Epidermal Stem

Cell Self-Renewal, Aging and Cancer. International journal of molecular sciences. 2017; 18(7). Epub

2017/07/25. https://doi.org/10.3390/ijms18071591 PMID: 28737694.

49. Sobhani N, Corona SP, Zanconati F, Generali D. Cyclin dependent kinase 4 and 6 inhibitors as novel

therapeutic agents for targeted treatment of malignant mesothelioma. Genes & cancer. 2017; 8(3–

4):495–6. Epub 2017/07/07. https://doi.org/10.18632/genesandcancer.138 PMID: 28680533.

TET1-CD and HCC

PLOS ONE | https://doi.org/10.1371/journal.pone.0207139 December 14, 2018 13 / 14

https://doi.org/10.1080/15592294.2017.1359452
http://www.ncbi.nlm.nih.gov/pubmed/28758831
https://doi.org/10.1002/hep.27816
http://www.ncbi.nlm.nih.gov/pubmed/25820676
https://doi.org/10.1038/onc.2017.73
http://www.ncbi.nlm.nih.gov/pubmed/28346420
https://doi.org/10.1016/j.ygyno.2017.08.010
http://www.ncbi.nlm.nih.gov/pubmed/28851501
https://doi.org/10.1016/j.molcel.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21514197
https://doi.org/10.4103/0366-6999.185873
https://doi.org/10.4103/0366-6999.185873
http://www.ncbi.nlm.nih.gov/pubmed/27411465
https://doi.org/10.1111/j.1349-7006.1999.tb00834.x
https://doi.org/10.1111/j.1349-7006.1999.tb00834.x
http://www.ncbi.nlm.nih.gov/pubmed/10551317
https://doi.org/10.1016/0027-5107(96)00056-5
https://doi.org/10.1016/0027-5107(96)00056-5
http://www.ncbi.nlm.nih.gov/pubmed/8692198
https://doi.org/10.1016/j.jhep.2013.07.001
http://www.ncbi.nlm.nih.gov/pubmed/23835194
https://doi.org/10.3390/cancers8050052
http://www.ncbi.nlm.nih.gov/pubmed/27223305
https://doi.org/10.1007/s13277-016-5172-1
https://doi.org/10.1007/s13277-016-5172-1
http://www.ncbi.nlm.nih.gov/pubmed/27481517
https://doi.org/10.1007/s13277-016-5420-4
https://doi.org/10.1007/s13277-016-5420-4
http://www.ncbi.nlm.nih.gov/pubmed/27718127
https://doi.org/10.1136/gutjnl-2014-308969
http://www.ncbi.nlm.nih.gov/pubmed/25792709
https://doi.org/10.1093/carcin/bgs320
http://www.ncbi.nlm.nih.gov/pubmed/23087084
https://doi.org/10.1371/journal.pone.0040638
https://doi.org/10.1371/journal.pone.0040638
http://www.ncbi.nlm.nih.gov/pubmed/22792392
https://doi.org/10.1016/j.gene.2014.01.045
http://www.ncbi.nlm.nih.gov/pubmed/24487055
https://doi.org/10.3390/ijms18071591
http://www.ncbi.nlm.nih.gov/pubmed/28737694
https://doi.org/10.18632/genesandcancer.138
http://www.ncbi.nlm.nih.gov/pubmed/28680533
https://doi.org/10.1371/journal.pone.0207139


50. Todd MC, Langan TA, Sclafani RA. Doxycycline-Regulated p16(MTS1) Expression Suppresses the

Anchorage-Independence and Tumorigenicity of Breast Cancer Cell Lines that Lack Endogenous p16.

Journal of Cancer. 2017; 8(2):190–8. Epub 2017/03/01. https://doi.org/10.7150/jca.15481 PMID:

28243323.

51. Lee MH, Dong Z, Surh YJ, Choi BY. hYSK1 promotes cancer cell proliferation and migration through

negative regulation of p16(INK4a) under hypoxic conditions. Oncotarget. 2017; 8(51):89072–85. Epub

2017/11/29. https://doi.org/10.18632/oncotarget.21654 PMID: 29179500.

52. Cordero FJ, Huang Z, Grenier C, He X, Hu G, McLendon RE, et al. Histone H3.3K27M Represses p16

to Accelerate Gliomagenesis in a Murine Model of DIPG. Molecular cancer research: MCR. 2017; 15

(9):1243–54. Epub 2017/05/20. https://doi.org/10.1158/1541-7786.MCR-16-0389 PMID: 28522693.

53. Ahn EY, Kim JS, Kim GJ, Park YN. RASSF1A-mediated regulation of AREG via the Hippo pathway in

hepatocellular carcinoma. Molecular cancer research: MCR. 2013; 11(7):748–58. Epub 2013/04/19.

https://doi.org/10.1158/1541-7786.MCR-12-0665 PMID: 23594797.

54. Jimenez AP, Traum A, Boettger T, Hackstein H, Richter AM, Dammann RH. The tumor suppressor

RASSF1A induces the YAP1 target gene ANKRD1 that is epigenetically inactivated in human cancers

and inhibits tumor growth. Oncotarget. 2017; 8(51):88437–52. Epub 2017/11/29. https://doi.org/10.

18632/oncotarget.18177 PMID: 29179447.

55. Zhang X, Guo C, Wu X, Li AX, Liu L, Tsark W, et al. Analysis of Liver Tumor-Prone Mouse Models of

the Hippo Kinase Scaffold Proteins RASSF1A and SAV1. Cancer research. 2016; 76(9):2824–35.

Epub 2016/03/17. https://doi.org/10.1158/0008-5472.CAN-15-3010 PMID: 26980762.

56. Beldi-Ferchiou A, Skouri N, Ben Ali C, Safra I, Abdelkefi A, Ladeb S, et al. Abnormal repression of SHP-

1, SHP-2 and SOCS-1 transcription sustains the activation of the JAK/STAT3 pathway and the progres-

sion of the disease in multiple myeloma. PloS one. 2017; 12(4):e0174835. Epub 2017/04/04. https://doi.

org/10.1371/journal.pone.0174835 PMID: 28369102.

57. Weniger MA, Melzner I, Menz CK, Wegener S, Bucur AJ, Dorsch K, et al. Mutations of the tumor sup-

pressor gene SOCS-1 in classical Hodgkin lymphoma are frequent and associated with nuclear phos-

pho-STAT5 accumulation. Oncogene. 2006; 25(18):2679–84. Epub 2006/03/15. https://doi.org/10.

1038/sj.onc.1209151 PMID: 16532038.

58. Chen Q, Yin D, Zhang Y, Yu L, Li XD, Zhou ZJ, et al. MicroRNA-29a induces loss of 5-hydroxymethylcy-

tosine and promotes metastasis of hepatocellular carcinoma through a TET-SOCS1-MMP9 signaling

axis. Cell death & disease. 2017; 8(6):e2906. Epub 2017/07/01. https://doi.org/10.1038/cddis.2017.142

PMID: 28661477.

TET1-CD and HCC

PLOS ONE | https://doi.org/10.1371/journal.pone.0207139 December 14, 2018 14 / 14

https://doi.org/10.7150/jca.15481
http://www.ncbi.nlm.nih.gov/pubmed/28243323
https://doi.org/10.18632/oncotarget.21654
http://www.ncbi.nlm.nih.gov/pubmed/29179500
https://doi.org/10.1158/1541-7786.MCR-16-0389
http://www.ncbi.nlm.nih.gov/pubmed/28522693
https://doi.org/10.1158/1541-7786.MCR-12-0665
http://www.ncbi.nlm.nih.gov/pubmed/23594797
https://doi.org/10.18632/oncotarget.18177
https://doi.org/10.18632/oncotarget.18177
http://www.ncbi.nlm.nih.gov/pubmed/29179447
https://doi.org/10.1158/0008-5472.CAN-15-3010
http://www.ncbi.nlm.nih.gov/pubmed/26980762
https://doi.org/10.1371/journal.pone.0174835
https://doi.org/10.1371/journal.pone.0174835
http://www.ncbi.nlm.nih.gov/pubmed/28369102
https://doi.org/10.1038/sj.onc.1209151
https://doi.org/10.1038/sj.onc.1209151
http://www.ncbi.nlm.nih.gov/pubmed/16532038
https://doi.org/10.1038/cddis.2017.142
http://www.ncbi.nlm.nih.gov/pubmed/28661477
https://doi.org/10.1371/journal.pone.0207139

