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Background: 6-thioguanine (6-TG), as a conventional “ancient” drug for the treatment of

acute leukemia, has been proved to have extensive anti-tumor roles. This study was created

to investigate the hidden function of 6-TG on the MCF-7 breast cancer cell line (ER+, PR+)

and its mechanisms.

Methods: MCF-7 cells were treated with 6-TG, and the IC50 value was measured by a cell

counting kit-8 assay. Differentially expressed genes (DEGs) were confirmed by RNA-seq analysis.

Apoptosis and cell cycle consequences were determined by flow cytometry and Western blot

analyses.

Results: The results showed that colony formation decreased markedly and the percentage

of cell apoptosis increased after 6-TG treatment. DNMT1 mRNA and protein expression

decreased, and FAS expression increased. Moreover, 6-TG also induced MCF-7 cells to

undergo G2/M phase cell cycle arrest and upregulated CDKN1A (p21).

Conclusion: Overall, our results suggest that 6-TG may induce FAS-mediated exogenous

apoptosis and p21-dependent G2/M arrest by inhibiting the activity of DNMT1 in MCF-7

breast cancer cells.
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Introduction
Breast cancer is one of the most common cancers among women.1 According to the

report, breast cancer accounts for 30% of all cancers in women. Approximately 75% of

breast cancer is of the luminal subtype, in which estrogen receptor is positive, and

estrogen receptor-positive breast cancer in young women has increased gradually.2 The

treatment for breast cancer is still expensive in some developing countries such as

trastuzumab which is a main component of therapy for human positive breast cancer.

A real-world study from China has shown that more than 40% patients never received

trastuzumab therapy in regions with limited access to those expensive targeted drugs.3

Especially among backward countries, breast cancer still accounts for the highest

mortality rate of female tumor patients. Therefore, it is an alternative strategy to turn

a safe and cheap drug for other diseases to breast cancer treatment.

In recent years, multiple tumor-suppressor genes that exhibit regional aberrant DNA

hypermethylation have been identified as central issues for carcinogenesis.4 The majority

of transcriptional genes are regulated by DNA methyltransferase 1 (DNMT1) through

methylation-dependent or -independent mechanisms. In mammalian animal cells,

DNMT1 mainly participates in the transcriptional silencing and activation of genes.5
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DNMT1 is a member of the DNA methyltransferase family

that plays a crucial role in epigenetic gene regulation.5

Increasing evidence suggests that the DNMT1-dependent

DNA methylation-mediated silencing of tumor-suppressor

genes is essential for tumor development and progression.6 In

addition to maintaining DNA methylation, DNMT1 can also

bind to histone deacetylates to establish a repressive transcrip-

tion complex and directly target genes.7 TP53 is one of the

target genes that DNMT1 regulates at the transcriptional level

by forming a transcription complex, and DNMT1 can bind to

p53 to regulate the expression of downstream target genes.8

A clinicopathologic study has shown that the expression of

DNMT1 is higher than fibroadenoma.9 DNMT1 is also essen-

tial for themaintenance and tumorigenesis of breast cancer and

cancer stem cells.10 This is visible evidence that it is feasible to

use DNMT1 inhibitor for breast cancer.

A clinical study showed that the majority of females

with breast cancer were diagnosed with chronic myeloid

leukemia (CML) and the risk of CML specifically

increased within the first 5 years.11 6-thioguanine (6-TG)

not only inhibits the activity of DNMT1, but also has

remarkable success in the early treatment of acute and

chronic myeloid leukemia.12 However, inhibition of the

proliferation of breast cancer cells by 6-TG inhibition of

DNMT1 activity has not been reported. Even more

encouraging is the recent breakthrough in the molecular

mechanisms associated with carcinogenesis and therapeu-

tic pathways with the development of high-throughput

sequencing technologies. Therefore, it is promising that

high-throughput sequencing technology is an effective

tool to deepen the understanding of tumor treatment

mechanisms and to predict hub biomarkers and pathways

for cancer diagnosis, treatment and prognosis.

Hence, we selected 6-TG as a candidate drug that

inhibits the activity of DNMT1 to investigate the effect

of 6-TG on MCF-7 cells. Then, we utilized RNA-seq and

bioinformatics technology to systematically identify the

signal pathway of exerting an antitumor effect via the

inhibition of DNMT1. The results provided a feasible

strategy for rediscovery and further development of old

drugs in the treatment of breast cancer.

Materials and Methods
Reagents
6-TG belongs to the thiopurine family of drugs which are

examples of antimetabolites, and it is a purine analog of

the nucleobase guanine.13 6-TG was purchased from

Selleck (USA), dissolved in DMSO at a concentration of

50 mM, stored at −20°C and prepared the application

concentration with the medium. CCK-8 solution was pur-

chased from US EVERBRIGHT®, INC. (USA). TRIzol

reagent was purchased from Invitrogen (USA).

Cell Lines and Cell Culture
The breast cancer cell line MCF-7 and the human mam-

mary epithelial cell line MCF-10A were purchased from

the Institute of Basic Medical Sciences, Chinese Academy

of Medical Sciences (Beijing, China). MCF-7 breast can-

cer cells were cultured in high-glucose DMEM (Gibco,

USA) supplemented with 10% fetal bovine serum (BI,

Israel), 1% MEM non-essential amino acids (Gibco,

USA), 1% GluMAX and 1% penicillin-streptomycin solu-

tion (Gibco, USA). MCF-10A cells were cultured in

DMEM/F12 medium (Procell, China). All cells were

maintained at 37°C in a cell incubator with 5% CO2.

Cell Proliferation and Viability Assay
The effects of 6-TG on cell viability in vitro were tested by

the CCK-8 (Cell-Counting Kit-8) assay. Cells were

assayed in 96-well plates (6500 cells/well) in a volume

of 100 μL/well of media. After overnight incubation at

37°C and 5% CO2, cells were treated with various con-

centrations of 6-TG (0 μM, 1 μM, 5 μM, or 10 μM). After

treatment with 6-TG, 10 μL of CCK-8 solution was added

to each well. Cells in 96-well plates were incubated for

1–4 h, and the optical density was measured at 450 nm

using an ELISA (BIO-RAD, USA).

To determine the half-maximal inhibitory concentration

(IC50) of 6-TG for MCF-10A and MCF-7 cells, at least

three replicates of cells were added to 96-well plates (6500

cells/well). After overnight incubation at 37°C and 5% CO2,

serial dilutions of 6-TG at the appropriate range were added

to 96-well plates. After 48 h of treatment, 10 μL of CCK-8

solution was added to the media, and the optical density

was measured at 450 nm.

Cell Apoptosis Assay
Cell apoptosis was detected by a TransDetectTM Annexin

V-EGFP/PI Cell Apoptosis Detection Kit (TRAN, China).

Briefly, 2×105 MCF-7 breast cancer cells were added to

the 6-well plates overnight, and MCF-7 cells were har-

vested after 6-TG treatment for 48 h. Subsequently, the

cells were carefully washed with prechilled PBS 2 times

and centrifuged at 500 g at 4°C for 5 min. Then, the cells

were resuspended in 100 μL of prechilled 1× annexin
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V-binding buffer, and 5 μL of annexin V-EGFP and 5 μL
of PI were added and reacted in the dark at room tempera-

ture for 15 min. Finally, 200 μL of 1× annexin V-binding

buffer was added. The samples were detected by flow

cytometry (BD, FACS Fortessa) and the cell apoptosis

was analyzed using FlowJo software.

Cell Cycle Distribution Analysis
Then, 2×105 MCF-7 breast cancer cells were added to the

6-well plates overnight, and MCF-7 cells were harvested

after 6-TG treatment for 48 h. Cells were carefully washed

2 times with prechilled PBS and centrifuged at 500 g at 4°C

for 5 min, and the supernatant was discarded. Subsequently,

the cells were fixed with 5 mL of prechilled 70% ethanol

for at least 18 h at 4°C and centrifuged at 500 g at 4°C for 5

min. Next, the cells were washed twice with PBS and

treated with 300 μL of PI/RNase staining buffer solution

in the dark at room temperature for 15 min. Eventually, the

samples were detected by a flow cytometer (BD, FACS

Fortessa). The data were analyzed by Modfit software.

Colony Formation Assay
MCF-7 breast cancer cells (200) were cultured in 6-well

plates at 37°C and 5% CO2 for 24 h. Next, the cells were

washed in PBS and treated with 6-TG in a 37°C cell

incubator. After 8 days, the cells were stained with

1× Giemsa stain (Sigma G4507) after being washed 3

times with PBS and fixed with methanol for 5 min.

Finally, the colony formation numbers were counted

under an inverted microscope.

RNA Isolation and qPCR and PCR Array

Analysis
Total RNA was extracted from MCF-7 breast cancer cells

using TRIzol reagent according to the manufacturer’s

instructions. The RNA was reverse transcribed into

cDNA with TransScript All-in-One First-Strand cDNA

Synthesis SuperMix for qPCR (TRAN, China). The quan-

titative amplification of cDNA was performed in 96-well

optical reaction plates using SYBR® Premix Ex TaqTM

reagents (TaKaRa, Japan) and a Light Cycle® 96 Real-

Time PCR System (Roche, Switzerland). The qPCR

volume was 20 μL and included 10 μL of SYBR Green

premix, 7 μL of dH2O, 1 μL of cDNA and 2 μL of primers

(forward and reverse primers). The qPCR conditions were

as follows: 30 s denaturation at 95°C, 45 cycles of PCR for

the quantitative analysis (95°C for 5 s and 60°C for 30 s),

one cycle for the melting curve analysis (95°C for 5 s, 60°

C for 1 min, and 95°C for 1 s) and cooling at 4°C. The

relative expression level of each gene was calculated by

using the 2−ΔΔCT method. Apoptosis was evaluated by

PCR array analysis after 6-TG treatment. The transcription

of genes associated with apoptosis was detected by Human

Apoptosis PCR Array (QIAGEN, China).

Western Blot
Total protein from MCF-7 breast cancer cells was extracted

after 6-TG treatment. The protein samples were fractionated

on a BiofurawTM Precast Gel (Tanon, China) and electrically

transferred onto a polyvinylidene difluoride (PVDF) mem-

brane. Next, the membranes were blocked with 5% non-fat

milk and incubated overnight at 4°C with a primary antibody

(DNMT1 antibody from GeneTex, USA; p53 antibody from

Affinity, USA; FAS/CD95anyibody from Proteintech, China).

The membranes were washed 3 times with TBST and incu-

bated for 1–2 h at room temperature (RT) with a secondary

antibody (horseradish peroxidase-conjugated goat anti-rabbit

IgG and goat anti-mouse IgG from Proteintech, China).

Finally, the membranes were washed 3 times with TBST and

visualized by using a Tanon 5200 automatic fluorescence/

chemiluminescence imaging analysis system (Tanon, China).

Illumina Deep Sequence and Data

Processing for the Analysis of DEGs
The RNA samples from the 6-TG and control groups were

sequenced on an Illumina HiSeqTM 2500 system.

Demultiplexing, adapter trimming, and initial quality fil-

tering were performed with default parameters within the

Illumina NextSeq base calling software. Quality filtered

RNA-seq reads were mapped against the human genome

using Kallisto.14 Differentially expressed genes were iden-

tified using DESeq2 after adjustment for false-discovery

rate (FDR q values <0.05) and an absolute value of log2

fold change (FC) ≥ 2.15 The volcano plot was constructed

using the ggplot2 package in R.16 We conducted additional

hierarchical clustering and principal component analysis

(PCA) before differential expression analysis for an over-

all check of gene-expression profiling of all the samples by

factoMineR package in R.17 KEGG pathway analysis of

the DEGs was performed using package “clusterProfiler”

of R 3.4.3 software. All the mRNA transcripts of the

RNA-seq were used to perform the GSEA enrichment

analysis.18 We identified the enrichment function of these

mRNAs according to their position in different pathways
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and calculated the false discovery rate (FDR). Gene sets

with FDR <0.05 were regarded as significant. Raw sequen-

cing reads generated from this study are deposited in the

Gene Expression Omnibus (NCBI) under accession num-

ber GSE130161.

PPI Network Construction and Molecular

Analysis
The Search Tool for the Retrieval of Interacting Genes

(STRING) database provides information regarding the

predicted and experimental interactions of proteins.19 In

our study, the DEGs with a confidence score ≥0.04 were

mapped into PPIs with the STRING database. The PPI

network was constructed by using Cytoscape software.

Survival Analysis of Hub Genes
To estimate the time of death and survival probability, data on

the effects of genes on the survival of cancer patient samples

were downloaded from the human protein atlas (https://

www.Proteinatlas.org). Survival analysis, including the

P score and 5-year survival rate, is shown in the graph.

Primer and Probe Design and Validation
The primer pairs and probes were designed using Allele

ID 7 software. All sequences were tested for potential

secondary structure and dimerization formation using the

OligoAnalyzer 3.1 program. The specificity of the primers

was identified using the Primer-blast program. Validated

sequences are shown in Supplementary table S1.

Statistical Analysis
All experimental data are expressed as the mean value ±

standard deviation (SD). The qPCR data were analyzed

with Prism 7 (GraphPad, LA Jolla, CA) by Student’s t-test

and one-way ANOVA. P < 0.05 was considered statisti-

cally significant. For the gene integration analysis, the

false discovery rate (FDR)-adjusted p-value ≤0.05 and an

absolute value of log2 fold change (FC) ≥2 were used as

the thresholds to judge the significance of differences in

gene expression.

Results
6-TG Inhibited the mRNA and Protein

Expression of DNMT1 in the MCF-7

Breast Cancer Cells
The chemical structure of 6-TG is shown in Figure 1A. To

explore the effect of 6-TG on DNMT1 expression in breast

cancer cells, qPCR andWestern blotting assayswere used. The

results showed that the mRNA and protein levels of DNMT1

inMCF-7 breast cancer cells were significantly decreased after

treatment with 6-TG for 48 h (Figure 1B and C). The results

suggested that the 6-TG could effectively reduce the activity of

DNMT1 in MCF-7 cells.

Evaluation of the Inhibition Effect of 6-TG

on Cell Viability and Proliferation in

MCF-7 Breast Cancer Cells
A CCK-8 assay was used to evaluate the effect of 6-TG on

the viability of the MCF-7 breast cancer cell line and the

MCF-10A epithelial breast cell line. We obtained cell pro-

liferation curves at different concentrations. MCF-7 breast

cancer cells were treated with 6-TG for 48 h, and 5 μM 6-TG

treatment to MCF-7 cells significantly reduced cell viability

compared to other concentrations (Figure 2A). The inhibition

effect was dependent on time. After treatment with 6-TG at

a concentration gradient with a difference of 10 times for 48

h, the results showed that the treatment of MCF-7 cells

caused significant inhibition of the cell growth effect, but

the treatment of MCF-10A cells did not cause any remark-

able inhibitory effect. As shown in Figure 2B and C, the

MCF-7 cell line treated with 6-TG showed a reduction in cell

viability, with IC50 values of 5.481 μM (the IC50 value of

MCF-10A cells was 54.16 μΜ). Given the cell proliferation

curves and the IC50 values, we selected a concentration of 6

μM for 48 h for subsequent experiments. Based on the data

showing different IC50 values for MCF-7 and MCF-10A

cells, our results suggested that 6-TG can reduce the viability

of MCF-7 breast cancer cells and that MCF-10A epithelial

breast cells are not sensitive to 6-TG.

Next, to determine the inhibitory effect of 6-TG on

proliferation in the MCF-7 breast cancer cell line,

a colony formation assay was conducted. After treatment

with 6-TG for 8 days, colony formation was nearly invi-

sible in the 6-TG group, while in the control group, colony

formation was clearly observed (Figure 2D and E). Our

results indicated that 6-TG treatment can strongly inhibit

colony formation in MCF-7 breast cancer cells.

Identification and Functional Enrichment

Analysis of DEGs in MCF-7 Breast

Cancer Cell Line
There was a significant difference in the MCF-7 and the

MCF-7-6-TG groups. The comparison of MCF-7 with

MCF-7 6-TG groups revealed a high number of significant
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differences in the volcano plot. 1382 upregulated DEGs

and 597 downregulated DEGs were identified (Figure 3A),

which suggests that these genes could play important roles

during the process of 6-TG treatment.

According to the KEGG enrichment analysis, the

results indicated that the DEGs tended to be involved in

diverse biological pathways. Among pathways in cancer,

the DEGs were mainly involved in the apoptosis and cell

cycle pathways mediated by the p53 signaling pathway

(Supplementary Fig S1). Indeed, based on the Q-value and

differential expression gene number, the upregulated

DEGs mainly participated in the apoptosis and p53 signal-

ing pathway, and the downregulated DEGs were signifi-

cantly related to the cell cycle (Figure 3B and C). GSEA

plots further showed the overall gene enrichment on each

pathway (Figure 3D–F). Taken together, the above results

suggested that apoptosis, p53 signaling pathway and cell

cycle are potential candidate pathways responsible for the

inhibition of cell viability and proliferation.

PPI Network Construction of Candidate

Pathway
6-TG had an inhibited effect of DNMT1, and apoptosis,

the p53 signaling pathway and the cell cycle were selected

as the main biological pathways according to the func-

tional enrichment analysis. Therefore, to determine the

relationship between DNMT1 and the DEGs related to

apoptosis, the effect of DNMT1 on the apoptosis pathway

after treatment with 6-TG was determined by constructing

a PPI network. The PPI network comprised DNMT1 and

34 genes connected with apoptosis in MCF-7 breast cancer

cells and was constructed by using Cytoscape. According

to the PPI network, 3 genes directly interacted with

DNMT1, and hub genes, including TP53 (degree=16)

and FAS (degree=9), were identified. DNMT1 was

shown to interact with FAS and p53, and p53 also targeted

FAS (Figure 4A). These results indicated that FAS, the key

gene that triggers extrinsic apoptosis, might be activated

by DNMT1 directly or by DNMT1-mediated TP53.

A B

C

Figure 1 The inhibition of DNMT1 expression by 6-TG in MCF-7 cells. (A) Chemical structure of 6-thioguanine. (B) The mRNA expression level of DNMT1. GAPDH was

used as a control. The data are presented as the mean ± SD of three replicates. ***p<0.001 compared with the control column. (C) The protein level of DNMT1 relative to

that of GAPDH.
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Furthermore, a PPI network including DNMT1, the

cell cycle and the p53-signaling pathway was con-

structed to determine the relationship between DNMT1

and DEGs related to the cell cycle, which exhibited

a complicated interaction relationship with the p53 sig-

naling pathway. In addition, through KEGG pathway

enrichment analysis of the DEGs involved in the cell

cycle and the p53 signaling pathway, these upregulated

genes, such as TP53, CDKN1A and CCND3, in the p53-

signaling pathway were identified in the cell cycle pro-

cess (Supplementary Fig S2). As shown in the PPI

network, DNMT1 interacts with these four upregulated

genes related to the p53 signaling pathway and then

regulated cell cycle progression. Among these DEGs

involved in the cell cycle, CDK1 and CDK2 were con-

sidered hub genes, with degrees of 17 and 14, respec-

tively. DNMT1 and p53 and CDKN1A had a direct

interaction (Figure 4B). These results indicated that

treatment of MCF-7 breast cancer cells with 6-TG

affected cell cycle progression, and the process might

be induced by DNMT1 directly or by DNMT1-mediated

CDKN1A to regulate hub gene expression.

Figure 2 6-TG inhibits proliferation and colony formation in the MCF-7 cells. (A) The proliferation curve of MCF-7 cells. Cells were incubated with 0 μM, 1 μM, 5 μM, or 10

μM 6-TG. Cell viability was reduced at 5 μM. (B) The IC50 values of the MCF-10A epithelial cell line following treatment with 6-TG. Each data point represents an average of

3 replicates. (C) The IC50 values of the MCF-7 breast cancer cell line following treatment with 6-TG. Each data point represents an average of 3 replicates. (D, E) Effect of
6-TG on the colony formation ability of MCF-7 cells. MCF-7 cells were exposed to 6 μM 6-TG for 8 days. Representative images and summarised data indicate the inhibition

of colony formation. The data are presented as the mean ± SD of three replicates. ****p<0.0001 compared with the control column.
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Detection of 6-TG-Induced Apoptosis

and Cell Cycle in MCF-7 Breast Cancer

Cell Line
To determine whether 6-TG treatment can induce apoptosis in

the MCF-7 breast cancer cell line, the percentage of apoptotic

MCF-7 cells was estimated by flow cytometry after 48 h of

exposure to 6-TG. The flow cytometry data showed that the

percentage of apoptotic cells in the 6-TG treatment group

(18.55%) was higher compared to that of the control group

(10.66%). Moreover, after treatment with 6-TG, the early

apoptosis rate of MCF-7 cells significantly increased from

1.39% to 9.43%. **p value <0.01 compared with the control

group (Figure 5A and B). In addition, the apoptosis results of

reference concentration (3 μM and 12 μM) were shown in the

Supplementary Fig S3. These results revealed that the apop-

tosis of MCF-7 cells was induced by 6-TG.

Next, to investigate whether 6-TG treatment can induce

cell cycle arrest in the MCF-7 breast cancer cell line, flow

cytometry was used to detect the effect of 6-TG on the cell

cycle in MCF-7 cells. Compared with the control group,

6-TG treatment resulted in an inhibitory effect on cell cycle

progression. There was an increase in the number of cells in

the G2/M phase, which was followed by a decrease in the

number of cells in the G0/G1 and S phase. *p-value <0.05

compared with the control group (Figure 5C and D). The cell

cycle results of reference concentration (3 μM and 12 μM)

597 1382

A

B

C

D

E

F

Figure 3 Identification and enrichment analysis of the DEGs. (A) Volcano plot of DEGs in the MCF-7 and MCF-7 6-TG groups. Blue represented low expression levels, and

red represented high expression levels. (B) Significant pathway enrichment of the upregulated DEGs was ranked by Q-value. A Q-value <0.05 was regarded as significant. (C)

Significant pathway enrichment of the downregulated DEGs was ranked by Q-value. A Q-value <0.05 was regarded as significant. (D) GSEA enrichment plot of the p53

signaling pathway. (E) GSEA enrichment plot of apoptosis. (F) GSEA enrichment plot of the cell cycle.
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A B

Figure 4 PPI network of DEGs in the MCF-7 cancer cell line compared with the 6-TG treatment group. (A) PPI network of DEG interactions based on DNMT1 and

apoptosis in MCF-7 cells. (B) PPI network of DEG interactions based on DNMT1 and the cell cycle.

A B

C D

Figure 5 6-TG induced cell apoptosis and cell cycle arrest in MCF-7 breast cancer cells. (A) MCF-7 cell apoptosis was assessed by flow cytometric analysis. In the control

group, the apoptosis rate was 10.66%, while the apoptosis rate in the 6-TG treatment group was 18.55%. Each data point represents an average of three replicates. (B)
Quantitation of the percentage of MCF-7 cells in the two groups. The data are presented as the mean ± SD of three replicates. **p value <0.01 compared with the control

column. (C) The MCF-7 cell cycle progression was assessed by flow cytometric analysis. (D) Quantitation of the percentage of MCF-7 cells in different cell cycle stages. The

data are presented as the mean ± SD of three replicates. MCF-7 cells caused G2/M cell cycle arrest after 6-TG treatment. *p value <0.05 compared with the control column.
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were shown in the Supplementary Fig S4. These results

indicated that treatment with 6-TG could induce cell cycle

arrest at the G2/M phase in MCF-7 breast cancer cells. From

the results, the effect of 6-TG on the apoptosis of MCF-7

cells was more obvious than the effect of cell cycle progres-

sion in MCF-7 cells.

Validation of 6-TG-Induced Apoptosis in

the MCF-7 Breast Cancer Cells
To further determine the apoptotic response of MCF-7 cells

induced by 6-TG, Human Apoptosis PCR Array (PAHS-

012Z) was also employed. Our data revealed that the treat-

ment of MCF-7 cells with 6-TG significantly stimulated the

transcriptional levels of genes related to apoptosis compared

with those of the control group. After treatment with 6-TG,

the heatmap showed that the expression of most apoptosis

genes, such as TP53, FAS, Caspase 3 and Caspase 9, was

increased. Moreover, the expression of the anti-apoptosis

gene Bcl 2 was decreased (Figure 6A). The results of PCR

array were applied to the apoptosis pathway by KEGG

enrichment analysis (Figure 6B). Since the PPI network

shows that DNMT1 and FAS have a direct targeted relation-

ship, we suspected that 6-TG might activate the extrinsic

apoptosis pathway by activating FAS mediated by DNMT1.

To verify the effect of 6-TG treatment on the mRNA and

protein expression levels of apoptotic hub genes, qPCR and

Western blotting assays were used. The data indicated that

6-TG treatment for 48 h increased the mRNA and protein

levels of TP53 and FAS (Figure 6C–E). The results of

reference concentration (3 μM and 12 μM) were shown in

the Supplementary Fig S5A and B. Although the increase of

p53 protein level was not significant, the mRNA and protein

levels of FAS increased significantly. Therefore, these

results illustrated that 6-TG significantly affected the

mRNA level of TP53 and mainly regulated FAS expression

to induce apoptosis in the MCF-7 cells.

qPCR Validation and Survival Analysis of

Hub Genes Related to Cell Cycle
According to the above results, although the change of cell

cycle was not as obvious as apoptosis, the change of hub

gene in the pathway was likely to affect the survival time of

breast cancer patients, so we explored the effect of hub

genes related to cell cycle that were selected by PPI net-

work construction. To validate the differential expression

among several selected hub genes, qPCR assay was used to

confirm the transcript levels. The data indicated that

CDKN1A and CCND3 were upregulated, and that CDK1

and CDK2 were downregulated (Figure 7A). The qPCR

results of reference concentration (3 μM and 12 μM) were

shown in the Supplementary Fig S5C. Data from the RNA-

seq and qPCR two approaches showed agreement with each

other. Combined with the PPI network, these results indi-

cated that DNMT1 and CDKN1A had a direct interaction,

which induced the upregulation of CDKN1A and ultimately

downregulated CDK1 and CDK2 expression.

The prognostic information of 4 hub genes selected from

the cell cycle PPI network was available in the human protein

atlas database (https://www.proteinatlas.org). It was found that

the downregulation of CDK1 and CDK2 was correlated with

a better survival probability for breast cancer patients, with

a 5-year survival rate as high as 77% and 73%, respectively,

and as low as 86% and 84%, respectively (Figure 7B and C).

Moreover, high CCND3 expression was associated with

a better survival probability for breast cancer patients, with

a 5-year survival rate as high as 86%, and as low as 80%

(Figure 7D). Although CDKN1A gene expression increased

most in the 6-TG group, it had no significant effect on the

survival of breast cancer patients (Figure 7E). Taken together,

these results indicated that CDK1, CDK2, CCND3might have

direct effects on 6-TG-induced cell cycle arrest and CDKN1A

only played a regulatory role.

Discussion
Although 6-TG has been available as an anticancer and

immunosuppressive agent in medical practice for over the

semicentury, it is only widely used in several lymphoid

tumors.20 However, the previous report also suggested that

some breast cell lines, such as MDA-MB-231 and

HCC1937 (triple-negative breast cancer cell lines), had

a sensitive effect on 6-TG. The role and mechanism of

6-TG in the luminal subtype breast cancer were not

clear.21 Therefore, 6-TG, as a conservative drug, might

be a promising anticancer therapy for breast cancer.

Here, we conducted an RNA-seq analysis and used bioin-

formatics technology to systematically explore the effect

of 6-TG on MCF-7 breast cancer cells for the first time.

Previous reports have suggested that 6-TG exerts sig-

nificant activity against human leukemias via cell toxicity

induced by incorporation into DNA.22 In addition, 6-TG,

as an immunosuppressive drug, was used in autoimmune

and chronic inflammatory diseases, such as Crohn’s dis-

ease, by regulating GTPase activity, and in pancreatic

ductal adenocarcinoma (PDAC) cells, 6-TG inhibited the

BRAF-MEK-ERK pathway to induce cell apoptosis.23,24
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More notably, 6-TG induced an inhibitory effect on the

growth of BRCA-defective tumors, similar to a PARP

inhibitor, which was induced because of the inability to

repair DNA damage.25,26 Nevertheless, the effect of 6-TG

on the most common breast cancer MCF-7 cell line has not

been investigated clearly. Consequently, through KEGG

enrichment analysis, our data showed that 6-TG treatment

mainly upregulated DEGs involved in two biological path-

ways, apoptosis and the p53 signaling pathway, in MCF-7

cells. At the same time, the downregulated DEGs mainly

play important functions in the cell cycle. These three

pathways play important roles during cell growth.

Therefore, our results indicated that 6-TG affected apop-

tosis, p53 signaling pathway and the cell cycle in these

three main pathways and inhibited MCF-7 cell growth.

With the activation of FAS, FAS ligand (FasL) was

also up-regulated, thus triggering the exogenous apoptosis

pathway, as described in the report about the effect of

A B

C D

E

Figure 6 Apoptosis in MCF-7 breast cancer cells induced by 6-TG. (A) Heatmap of gene expression changes in the apoptosis array in MCF-7 and MCF-7-6-TG cells. Blue

represents low expression, and red represents high expression. (B) The 6-TG-induced apoptosis pathway graph. Red molecules represent high expression levels. Green

molecules represent low expression levels. (C) The mRNA expression level of FAS and TP53 was measured by qPCR. GAPDH was used as a control. The data are

presented as the mean ± SD of three replicates. ****p value <0.0001 compared with the control column. (D) The protein level of FAS and p53 relative to that of GAPDH.

(E) The data of Western blotting are presented as the mean ± SD of three replicates. ***p value <0.001 compared with the control column.
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scutellarein on Hep3B cells.27 In addition, previous

research has shown that in NIH 3T3 cells, DNMT1 reg-

ulates the CpG methylation of the FAS promotor to reg-

ulate the mRNA expression level of FAS.28 Fas and FasL,

which induced cell apoptosis, were activated in a report

related to the effect of lycorine hydrochloride on MCF-7

cells.29 In differentiated cells, DNMT1 activated p53 to

regulate programmed cell death.30 It has been confirmed

that p53, as a dominant regulator of the apoptotic frame-

work, can regulate extrinsic and intrinsic apoptosis path-

way signaling cascades.31,32 Additionally, 6-TG decreased

DNMT1 expression levels in leukemic cells by inducing

the proteasome-mediated degradation of DNMT1.33 6-TG

is known to cause DNA damage and accumulating DNA

strand breaks, ultimately leading to programmed cell death

in HeLa cells.34–36 Interestingly, in our study, we found

that 6-TG decreased DNMT1 expression during the pro-

cess of cell apoptosis and increased FAS and p53 expres-

sion levels in MCF-7 cells. Our results also showed that

DNMT1 and FAS interacted directly in the PPI network

and that the down expression of DNMT1 activated FAS

expression. In addition, although the expression level of

p53 was only slightly increased, it enhanced the activation

of FAS. Taken together, our results inferred that 6-TG

caused FAS activation by DNMT1, induced the extrinsic

apoptosis pathway and accelerated apoptosis in the MCF-7

breast cancer cell line.

Additionally, it has been suggested that the CDKN1A

promoter contains a p53-binding site that permits p53 to

transcriptionally activate CDKN1A.37 A previous report

related to the role of plumbagin in MCF-7 cells showed

that cells were able to arrest at the G2/M phase, mainly

accompanied by the upregulation of CDKN1A if p53 is

activated.38 However, our experimental results show that

the downregulation of DNMT1 did not cause significant

changes in p53 protein expression, and the activation of

CDKN1A might come directly from the effect of DNMT1.

It is known that in normal human fibroblasts, the inhibition

of DNMT1 can direct induce the expression of CDKN1A

to cause cell cycle arrest.39 Sophie Laget further confirmed

that there was a binding site for DNMT1 at methylated

CpG islands of CDKN1A.40 By interacting with the

N-terminal domain or by disturbing the phosphorylation

of CDK1 and CDK2, CDKN1A can inhibit CDK

activity.41 In U2OS-derived cell lines, if CDK activity is

strongly blocked, cell cycle progression will be inhibited.

In a previous report, the upregulation of CDKN1A

reduced CDK1/cyclin B complex activity and then hin-

dered cells in the G2/M phase.41,42 CCND3 (cyclin D3)

can bind to CDKs and form complex compounds, and the

upregulation of Cyclin D-CDK compounds inhibits cell

cycle progression in multiple myeloma.43 In the present

study, we found that CDKN1A is an essential hub gene

that plays a main role in the interaction between the p53

signaling pathway and the cell cycle to regulate the

expression of CDK1 and CDK2. Therefore, 6-TG not

only induced apoptosis but also produced G2/M phase

arrest by the upregulation of CDKN1A.

A B C

D E

Figure 7 qPCR data and survival curves of four hub genes related to cell cycle: (A) The mRNA expression levels of hub genes. Each data point represents the mean ± SD of

three replicates. **p value <0.01, ***p value <0.001 and ****p value <0.0001 compared with the control column. (B) survival curve of CDK1. (C) survival curve of CDK2.

(D) survival curve of CCND3. (E) survival curve of CDKN1A.
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In conclusion, our results indicated that 6-TG might

induce FAS-mediated exogenous apoptosis and CDKN1A-

dependent G2/M arrest by inhibiting the activity of

DNMT1 in MCF-7 breast cancer cells. Thus, these data

provide new insights for revealing the molecular mechan-

ism of 6-TG inhibiting breast cancer development and new

opportunities for breast cancer treatment.
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