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Abstract

Runx2 (Runt-related transcription factor 2) is a key transcription factor which is associated with 

osteoblast differentiation and expressed in ER+ (estrogen receptor positive) human breast cancer 

cell lines. Runx2 also participates in mammary gland development. Deregulation of RNA Pol III 

genes (polymerase III-dependent genes) is tightly linked to tumor development, while Brf1 

(TFIIB-related factor 1) specifically regulates these gene transcription. However, nothing is known 

about the effect of Runx2 on Brf1 expression and Pol III gene transcription. Expression of Runx2, 

Brf1 and Pol III genes from the samples of human breast cancer and cell culture model were 

determined by the assays of RT-qPCR, immunoblot, luciferase reporter activity, 

immunohistochemistry, chromatin immunoprecipitation and Immunofluorescence. High 

expression of Runx2 is observed in the cases of breast cancer. The patients of high Runx2 

expression at early stages display longer survival period, whereas the cases of high Runx2 at 
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advanced stages reveal faster recurrence. The identification of signaling pathway indicates that 

JNK1 and c-Jun mediate Runx2 transcription. Repression of Runx2 reduces Brf1 expression and 

Pol III gene transcription. Further analysis indicates that Runx2 is colocalized with Brf1 in nucleus 

of breast cancer tissue. Both Runx2 and Brf1 synergistically modulate Pol III gene transcription. 

These studies indicate that Brf1 overexpression is able to be used as an early diagnosis biomarker 

of breast cancer, while high Runx2 expression indicates long survival period and faster recurrence. 

Runx2 mediates the deregulation of Brf1 and Pol III genes and its abnormal expression predicts 

the worse prognosis of breast cancer.
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1. Introduction

Breast cancer is the first malignant disease in females. In the United States, over 200,000 

cases of breast cancer are diagnosed each year. Approximately 80% breast cancer cases are 

ER+ (estrogen receptor positive) and 20% ER− (estrogen receptor negative) (1–2). Studies 

have indicated that alcohol consumption is consistently associated with increased risk for 

breast cancer in women (3–6). However, the mechanism for this observation remains to be 

established. Epidemiological studies have shown that the relative increase in risk ranges 

from 5–10% to 40% with alcohol drinking elevation (7–8). Alcohol administration promotes 

mammary tumor formation in mice (9–11). Alcohol has been classified as carcinogenic to 

humans by IARC (the International Agency for Research on Cancer) (12–14).

Runx2 (Runt-related transcription factor 2) is a key transcription factor which is associated 

with osteoblast differentiation (15) and has also been described as an oncogene (16). 

Emerging evidence shows that Runx2 is associated with mammary gland development and 

ER+ breast cancer (16). High level of Runx2 is found in breast cancer cell lines (17). Both 

E2 (17-β estradiol) and ERα (estrogen receptor α) upregulate Runx2 transcription (18). Our 

studies have shown that alcohol increases ERα activity to enhance Brf1 (TFIIB-related 

factor 1) expression and Pol III gene (RNA polymerase III-dependent gene) transcription 

(19). JNK1 (c-Jun N-terminal kinase 1) is a member of JNK subfamily, while c-Jun is a 

component of JNK downstream and a subunit of AP-1 (activated protein-1). Alcohol induces 

activation of JNK1 and increases c-Jun expression to elevate Brf1 expression and Pol III 

gene transcription (20), whereas both JNK1 and c-Jun upregulate Runx2 expression (21). 

Studies have revealed that Runx2 controls the expression of genes, which are associated with 

tumor cell growth and migration (22). It implies that alcohol is able to increase the cellular 

level of Runx2 which may be involved in the alcohol-induced the deregulation of Brf1 and 

Pol III genes to promote breast cancer development. However, nothing is known about the 

effects of Runx2 on Brf1 and Pol III genes.

Brf1 and products of Pol III genes, such as 5S rRNA and tRNAs, control the translational 

and growth capacity of cells (23–24). The deregulation of Pol III genes is tightly associated 

with cell transformation and tumor development (19–20, 23–29). Studies from our 
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laboratory and others have demonstrated that oncogenic proteins, such as Ras, c-Jun, and c-

Myc, stimulate Pol III gene transcription (25–28), whereas tumor suppressors, such as 

BRCA1, PTEN, pRb, p53 and Maf1, repress the transcription of this class of genes (26–30). 

The ability of these oncogenic and tumor suppressor proteins to regulate Pol III gene 

transcription result from their capacity to modulate the TFIIIB complex. TFIIIB complex 

consists of TBP (TATA box-binding protein) and its associated factors, Bdp1 and Brf1. TBP 

transcribes three polymerases-dependent genes, Pol I-, Pol II- and Pol III genes, whereas 

Brf1 and Bdp1 specifically regulate Pol III gene transcription. Our studies demonstrated that 

regulation of Bdp1, but not Brf1, occurred through JNK1-mediated alteration of TBP 

expression (24). Further analysis reveals that alcohol-induced ERα activity modulates Brf1 

expression, but not TBP (19). Studies have indicated that specific tRNAs are upregulated in 

human breast cancer cells as promoters of breast cancer metastasis (31), while increased 

tRNAi
Met within cancer cells drives cell migration and invasion to enhance the metastatic 

potential in cancer (32). Our study has demonstrated that Brf1 is overexpressed in ER+ cases 

of breast cancer (33). High expression of Brf1 in HCC (hepatocellular carcinoma) displays 

short survival period (34). Tam (Tamoxifen) is widely used as hormone therapy in post-

menopausal ER+ women with breast cancer. Tam acts as an estrogen agonist, leading to 

certain adverse effects. Our early study has demonstrated that Tam represses Brf1 expression 

to decrease alcohol-induced Pol III gene transcription (35). Interestingly, high Brf1 

expression in most of ER+ cases of breast cancer display longer survival times after Tam 

treatment (33). Given that ERα mediates Runx2 transcription (17–19), we explore whether 

Runx2 mediates Brf1 and Pol III genes and determine Runx2 expression in breast cancer 

cases.

Here, we report that Runx2 is overexpressed in breast cancer cases, high Runx2 expressions 

of these cases reveal long survival period and worse prognosis. Alcohol increases Runx2 

expression and inhibitions of JNK1, c-Jun and ERα reduce Runx2 transcription, while 

repressing Runx2 decreases alcohol-induced Brf1 expression and Pol III gene transcription. 

Further analysis shows that Runx2 and Brf1 colocalize in nucleus of breast cancer cells, both 

Runx2 and Brf1 occupy the promoters of tRNALeu and 5S rRNA to synergistically 

upregulate these gene transcription and to promote breast cancer development.

2. Materials and methods

2.1. Cell lines, reagents and antibodies

ER+ human breast cancer cell lines (MCF-7) were from ATCC (University Boulevard, 

Manassas, VA, USA). Cell culture medium DMEM/F12, Lipofectamine 2000, TRIzol 

reagent and OPTI-MEM were from Life Technology (Van Allen Way, Carlsbad, CA, USA). 

Antibodies against Runx2 and b-actin and siRNA of Runx2 were obtained from Santa Cruz 

(Santa Cruz, CA, USA). Brf1 antibody was from Bethyl laboratories Inc (West FM, 

Montgomery, TX, USA). JNK inhibitor, SP600125 was from A.G. Scientific, Inc (Lusk 

Blvd, San Diego, CA, USA). The siRNAs of c-Jun and Runx2 were bought from Santa Cruz 

(Santa Cruz, CA, USA). The sequences of JNK1 and Brf1 siRNA (Table S1) and primers of 

Pol III genes (Table S2) were listed in Supplements (36–37). E2 (17b-estradiol) was from 

Sigma-Aldrich (St. Louis, MO, USA). Plasmid of Runx2 expression and Runx2-luciferase 
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reporter construct were kindly provided by Dr. Baruch Frenkel (University of Southern 

California, USA) (38).

2.2. Patients and samples

Paraffin-embedded tumor tissue samples were obtained from 219 women diagnosed with 

breast carcinoma who underwent surgical resection between July 2001 and December 2007 

in the Department of Breast and Thyroid Surgery and Department of Pathology at the First 

Affiliated Hospital of Sun Yat-sen University. We obtained prior patient’s consent and 

approval from the Medical Ethical Committee of the First Affiliated Hospital, Sun Yat-sen 

University, for use in these clinical materials in this study.

All patients’ ages ranged from 24 to 79 (median = 50), including 12 cases of in situ 

carcinoma (DCIS), 197 cases of invasive ductal carcinoma (IDC), four cases of invasive 

lobular carcinoma (ILC), and six cases of metastatic breast cancer (MBC). The patients 

didn’t receive chemotherapy or radiotherapy before surgery. Clinicopathological 

information, such as age, tumor size, lymph node status, ER, PR, and HER2 status, was 

obtained by reviewing medical records and pathology reports.

Fresh tumor specimens were obtained from the patients who underwent resection of the 

primary breast cancer in the Department of Breast and Thyroid Surgery at the First 

Affiliated Hospital of Sun Yat-Sen University. Representative blocks from both the tumor 

foci and tumor foci adjacent noncancerous tissues from each specimen were stored in liquid 

nitrogen for RNA and protein extraction. Informed consent was obtained from each patient, 

and the study was approved by the Institute Research Ethics Committee of Sun Yat-Sen 

University. The patients hadn’t previously received chemotherapy or radiation therapy.

2.3. Immunohistochemistry

Immunohistochemical staining was carried out on formalin-fixed, paraffin-embedded 

sections (4 μm thick) which were deparaffinized in xylene and rehydrated in decreasing 

concentrations of ethanol and rinsed in phosphate buffered saline, and then retrieval antigen 

with microwave treatment in 10 mM citrate buffer (pH 6.0). Immunohistochemistry staining 

was carried out using the EnVision™ Kit (DAKO, Hamburg, Denmark) following the 

manufacturer’s instructions. The endogenous peroxidase activity was quenched by 3% 

hydrogen peroxide for 15 minutes. The sections were incubated with primary antibody 

Runx2 (1:400) mouse antibody or Brf1 (1:200) rabbit antibody over night at 4°C. Then the 

tissue sections were sequentially incubated with ready to use HRP- immunoglobulin 

(Evision™) for 30 min and were developed with 3,3’-diaminobenzidine (DAB) as a 

chromogen substrate. The nuclei were counterstained with Meyer’s hematoxylin.

The level of Runx2 immunostaining was evaluated independently by two pathologists 

blinded to the survival outcomes of the participants based on the proportion of positively 

stained tumor cells (stain area) and intensity of staining. Immunoreactivity of Runx2 was 

detected in the nuclei. Staining intensity was scored as: 0 (no staining), 1 (weak staining) for 

light yellow color, 2 (moderate staining) for yellow brown color, and 3 (strong staining) for 

brown color. The positive tumor cell proportion was scored as: 0 (no positive tumor cells), 1 

(<20% positive tumor cells), 2 (20~50% positive tumor cells) and 3 (>50% positive tumor 
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cells). A modified immunoreactivity score method to evaluate the immunostaining results 

was performed by multiplying stain intensity by stain area (staining index, SI) as previously 

described. The Runx2 expression level in breast carcinoma lesions were determined by the 

staining index (SI) which are 0, 1, 2, 3, 4, 6 or 9. An optimal cutoff value was identified as 

follows: the SI score of > 6 was used to define tumors as high Runx2 expression, and the SI 

score of ≤ 6 as low Runx2 expression (39).

2.4. RNA isolation and RT-qPCR

Total RNAs were isolated from breast cancer cell lines treated with ethanol using single step 

extraction method TRIzol reagent (Invitrogen). Total RNA samples were quantified and 

reverse-transcribed in a 20 μl reaction containing 1 × RT (reverse transcription) buffer. After 

first-strand cDNA synthesis, the cDNAs were diluted in DNase-free water and real time 

qPCR (RT-qPCR) were performed with specific primers as described previous (20,34,36) 

and PCR reagent kits (Bio-Rad Biotech) in the ABI prism 7700 Sequence Detection System. 

tRNALeu and 5S rRNA transcripts and mRNAs of Runx2 and Brf1 were measured by RT-

qPCR as described previously (19–20).

2.5. Transfection and Runx2-luciferase reporter assays

For transient transfection assays, cells were transfected with plasmids and/or siRNAs as 

described previously (19–20). Serum-free medium was added to each dish with Lipofectin-

DNA or Lipofectamine2000-siRNA complexes, and cells were further incubated for 4h. The 

medium was changed with 10% FBS DMEM/F12 (phenol red-free) (19) and cells were 

incubated for 48h before harvesting. Protein concentrations of the resultant lysates were 

measured by the Bradford method. For Runx2-luciferase reporter assays, cells were 

transfected with 0.2 μg of the Runx2-luciferase constructs or plus JNK1, c-Jun or ERα 
siRNA for 24 h. Cells were starved in DMEM/F12 for 4 h and treated with 25mM ethanol 

for another 60min. Cell pellets were resuspended in Promega reporter lysis buffer. The 

lysates were analyzed for luciferase activity using a luminometer and the Promega 

Luciferase Assay System as described (Promega). Resultant luciferase activities were 

normalized to the amount of protein in each lysate as described (25). The fold change in 

luciferase activity was calculated by determining the level of luciferase activity in the 

absence of alcohol, its value will be set at 1 for each independent experiment. Values are 

means ± SE of at least three independent experiments.

2.6. SDS-PAGE and immunoblot analysis.

Human breast cancer cells were incubated with 25mM ethanol for 60 min after starvation 

4h. Cells were collected with lysis buffer and sonicated. The suspensions were centrifuged to 

save the supernatants. Protein concentrations were determined by the Bradford method using 

Fluostar Omega spectrometer (Cell Biology Core Laboratory of University of Southern 

California Research Center for Liver Diseases, P30DK DK48522). Lysates (50 μg of 

protein) were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-

PAGE). Proteins were transferred from the SDS-PAGE gel to Hybond-P membrane and 

immunoblot analysis were performed with specific antibodies. Membranes were probed with 

either antibodies against Runx2, Brf1 and β-actin as described (19–20). Bound primary 
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antibody was visualized using horseradish peroxidase-conjugated secondary antibody 

(Vector Laboratories) and enhancing chemiluminscence reagents (Thermo-Fisher).

2.7. Immunofluorescence

The collected tumors were fixed with 4% paraformaldehyde, embedded in paraffin, and cut 

into 4-μm-thick sections using a microtome. After removing paraffin wax with xylene, and 

then retrieval antigen with microwave treatment in 10 mM EDTA buffer (pH 9.0). The tumor 

sections were blocked with 5% BSA for 1h at room temperature, and then incubated with a 

rabbit monoclonal anti-human Brf1 antibody (BETHYL laboratories, Inc. USA), anti-human 

Runx2 polyclonal antibody (Santa Cruz, California, USA) over night at 4°C. and then 

incubated with anti-mouse IgG FITC and anti-rabbit IgG CY3 (Invitrogen Life Technologies 

Corporation, USA) as secondary antibody. Nuclear staining of cells was done using 4,6-

diamidino-2-phenylindole (DAPI) (Beyotime Biotechnology, SHANGHAI, CHINA). The 

slides were mounted in antifade reagent (Invitrogen Life Technologies Corporation, USA). 

The photomicrographs were captured using Olympus BX63 fluorescent microscopy 

(Germany).

2.8. Cell Anchorage-independent growth

MCF-7 cells were transfected with mismatch RNA (siMM) or Runx2 siRNAs as described 

(19). The transfected MCF-7 cells (1 × 104 cells/well in 6-well plate) were suspended in 

0.35% (w/v) agar in 10% FBS/DMEM/F12 with or without 25mM ethanol and the ethanol 

was over a bottom layer of media with 0.5% (w/v) agar. Cells were fed fresh complete media 

with ethanol twice weekly. Colonies were counted 2–3 weeks or longer after plating as 

previously described (36).

2.9. Statistical analysis

All statistical analyses were performed by using the SPSS 22.0 statistical software package. 

The Pearson χ2 and Fisher’s exact tests were used to analyze the relationship between 

Runx2 expression and clinicopathologic feature. Survival curves were plotted using Kaplan-

Meier method and compared with the log-rank test. Univariate and multivariate Cox 

regression analyses were used to calculate the survival data. The forest plot was performed 

with R software. All tests were two sided. A P-value <0.05 in all cases was considered 

statistically significant.

3. Results

3.1. The expression of Runx2 in breast invasive duct carcinoma lesions.

The expressions of Runx2 in breast invasive duct carcinoma were examined by 

immunohistochemistry. In 219 paraffin-embedded breast carcinoma tissue samples, Runx2 

immunoreactivity was detected in the nuclei of breast carcinoma cells (Fig 1). 71 cases 

(32.4%) have strong staining in lesion tissues with SI>6, which was classified as high 

expression level group. The other 148 cases (67.6 %) of breast carcinoma have moderate, 

weak or negative staining in lesion tissues with SI≤6, which was classified as low expression 

level group. In addition, we have found fresh IDC (invasive duct carcinoma) samples with 
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strong Runx2 staining in the carcinoma tissues (Fig. 1A). In contrast, weak staining is 

observed in para-cancerous breast duct (Fig. 1B).

3.2. Relationship of Runx2 up-regulation with the Clinic pathologic features of breast 
cancer

Next, we have determined that relationship of Runx2 up-regulation with Clinic pathologic 

features of 219 cases, the information is summarized in Table S4 in Supplements. The 

correlation between Runx2 protein expression and clinicopathologic features were analyzed 

by Chi-square (χ2) test except the distant metastasis using Fisher’s exact test. As the results 

shown in Table S4, the levels of Runx2 expression correlated with tumor sizes (P = 0.057).

3.3. Association between Runx2 expression with patient survival

Reports indicate that Runx2 expression is increased in human breast cancer cell lines (16–

17). However, the relationship of levels of Runx2 expression and survival period in the 

human cases of breast cancer is unclear. We have performed the Kaplan-Meier survival 

curves and the log-rank test survive analysis for the 219 cases (Fig. 1C–1F). The results 

showed that survival of patients in clinical stage II-b with high Runx2 levels was longer than 

patients with low Runx2 levels (P =0.063) (Fig. 1D). High expression of Runx2 predicted a 

faster recurrence in the groups in clinical advanced stage. (P =0.069) (Fig. 1F).

3.4. Alcohol induces Runx2 expression in ER+ breast cancer cell line

Studies have demonstrated that alcohol consumption is associated with the risk of breast 

cancer. We found that alcohol increases Brf1 expression and Pol III gene transcription to 

promote cell transformation and high expression of Brf1 is observed in most of ER+ cases of 

breast cancer (19,33). To determine whether alcohol affects Runx2 expression, we treated 

the cells of ER+ breast cancer line, MCF-7 with alcohol. The results indicate that alcohol 

increases Runx2 promoter activity (Fig. 2A). Further analysis reveals that alcohol enhances 

the cellular levels of Runx2 mRNA (Fig. 2B) and protein in MCF-7 cells (Fig. 2C). These 

results show that alcohol is able to increase Runx2 transcription.

3.5. Signaling events of affecting Runx2 transcription

Our studies have demonstrated that alcohol induces activation of JNK1 and increases c-Jun 

expression to upregulate Brf1 and Pol III gene transcription (19–20). Therefore, we have 

further determined whether this pathway mediates Runx2 activity. The results indicate that 

JNK chemical inhibitor SP600125 decreases alcohol-induced Runx2 promoter activity (Fig. 

2D). Early studies have demonstrated that JNK1 positively, but JNK2 negatively, modulates 

Pol III gene transcription (25,37). Given that chemical inhibitors reveal non-specific 

inhibition, we have utilized a specific inhibitor, JNK1 siRNA (36). The result indicates that 

JNK1 siRNA significantly decreases Runx2 promoter activity, compared to mismatch RNA 

(siMM) as a control (Fig. 2E). Therefore, we further determined whether c-Jun mediates 

alcohol-induced Runx2 transcription. Fig. 2F shows that decreasing c-Jun expression 

dramatically inhibits Runx2 promoter activity. In addition, we also tested the role of ERα in 

Runx2 expression. The result indicates that repressing ERα by its siRNA (siERα) indeed 

decreases Runx2 transcription (Fig. 2G). Furthermore, immunoblot analysis shows that 
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JNK1 and c-Jun siRNAs (siJNK1 and si-cJun) reduce the cellular levels of Runx2 protein, 

compared to mismatch RNA (Fig. 2H). These studies indicate that alcohol affects Runx2 

expression through JNK1, c-Jun and ERα pathway.

3.6. Runx2 modulates Pol III gene transcription and Brf1 expression

Deregulation of Pol III genes is tightly associated with cell transformation and tumor 

development. Our studies have demonstrated that alcohol increases Brf1 expression and Pol 

III gene transcription (19–20). Given that alcohol enhances cellular levels of Runx2 mRNA 

and Protein (Fig. 2). We have further determined whether change in Runx2 expression 

affects Pol III gene activity. The results indicate that alcohol induces Pol III gene, either 

tRNALeu (Fig. 3A) or 5S rRNA (Fig. 3C), transcription. While enhancing Runx2 results in 

additional elevation of Pol III gene transcription (Fig. 3A, 3C). In contrast, repressing Runx2 

by its siRNA (siRunx2) significantly decreases the induction of these genes caused by 

alcohol (Fig. 3B and 3D). Brf1 is a key transcription factor which specifically regulates Pol 

III genes. Thus, we further observed whether alteration of Runx2 affects Brf1 expression. 

When ER+ breast cancer cells were transfected with a Runx2 express construct to increase 

its cellular level, resulting in elevation of Brf1 transcription (Fig. 4B), whereas repressing 

Runx2 expression by its siRNA decreases the cellular levels of Brf1 mRNA and protein 

(Fig.4A, 4C). Together, these studies have demonstrated that Runx2 modulates Pol III gene 

transcription and Brf1 expression under alcohol treatment.

3.7. Runx2 and Brf1 synergistically regulate Pol III gene transcription to increase the rate 
of colony formation

Above studies have shown that Runx2 expression is increased in the cases of breast cancer 

(Fig. 1) and change in Runx2 level affects Pol III gene transcription (Fig.3). As Brf1 is 

overexpressed in tumor foci of ER+ breast cancer cases (Fig.5A1, A3), compared to para-

cancerous tissues (Fig.5A2, A4) (33). Thus, we further investigate whether there is 

synergistic role between Runx2 and Brf1 in the regulation of Pol III genes. We have 

performed immunofluorescence colocalization analysis of human breast cancer samples. 

The results indicate that both Brf1 (Fig.5B1) and Runx2 (Fig.5B2) localize in nucleus. The 

signals of Brf1 and Runx2 display clear colocalization in part of cells (Fig.5B4). Next, we 

have carried out chromatin immunoprecipitation with Brf1 and Runx2 antibodies and 

primers of Pol III genes (Table S3), respectively, to put down their binding chromatin. These 

results show that both Brf1 and Runx2 occupy the promoters of tRNALeu (Fig. 6A and 6B 

left panel) and 5S rRNA genes (Fig. 6A and 6B right panel). However, either repressing Brf1 

or Runx2 reduces the occupancy of the promoters (Fig. 6A to 6D).

As increasing Brf1 expression results in enhancement of Pol III gene transcription and is 

sufficient for cell transformation (19–20, 23). Induction of Brf1 expression allowed 

anchorage-independent colonies to form and promoted tumor formation in mouse (23). We 

have demonstrated that repressing ERα and/or Brf1 reduce the rates of cell transformation 

(19–20). To further assess potential of Runx2 in cellular phenotype, we have investigated 

whether Runx2 affects alcohol-induced colony formation. MCF-7 cells were transfected 

with siMM or siRunx2 and treated with alcohol. The results indicate that alcohol increases 

the rate of colony formation of MCF-7 cells transfected with siMM as a control (Fig. 6E), 
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while repressing Runx2 expression by its siRNA dramatically decreases the rate of colony 

formation, compared to the cells transfected with siMM (Fig. 6E). Given that inhibiting ERα 
expression decreased cellular levels of Brf1 protein and mRNA (19), as well as Pol III gene 

transcription (19,33), reduction of Runx2 expression by its siRNA significantly decreased 

alcohol-induced Brf1 expression and Pol III gene transcription (Fig. 3,4), eventually 

resulting in reduction of colony formation of MCF-7 cells (Fig. 6E). These results 

demonstrate that alcohol increases Runx2 activity, which modulates Brf1 expression to 

enhance tRNA and 5S rRNA transcription, thereby promoting alcohol-induced colony 

formation of MCF-7 cells.

4. Discussion

In the present study, we have investigated the expression of Runx2 in 219 cases of breast 

cancer and its role in the deregulation of Brf1 and Pol III genes. We have performed the 

mechanism analysis characterizing how Runx2 mediates the endogenous Pol III gene, tRNA 

and 5S rRNA, transcription. The results indicate that Runx2 is overexpressed in the cases of 

breast cancer. High expression of Runx2 displays longer survival time of the cases in stage I 

and II, while high Runx2 expression in advanced stages (III and IV) reveals faster 

recurrence. Alcohol increases Runx2 expression through JNK1, c-Jun and ERα pathway 

(Fig. S1). Repression of Runx2 decreases the induction of Brf1 and Pol III genes caused by 

alcohol. Runx2 and Brf1 are colocalized in nucleus of human breast cancer cells, they 

synergistically modulate Pol III gene transcription. As the deregulation of Brf1 and Pol III 

genes is tightly linked to cell transformation and tumor formation (19–20,23–29), these 

findings here support that idea that the abnormal expression of Runx2 and its modulation of 

alcohol-induced deregulation of Brf1 and Pol III genes may play a key role in breast cancer 

development and metastasis, particularly in advanced cases of this disease.

Runx2 is a member of Runx family and important for bone development with tissue-specific 

functionality (40–42). Study indicates that Runx2 is associated with mammary gland 

development and ER+ breast cancer (16). Runx2 involves breast cancer metastasis by 

regulating the genes of metastasis and invasion, such as MMPs (43). Although there are 

reports on Runx2 associated with breast cancer and other carcinomas (44–47), the 

significance of Runx2 expression and its roles in human cases of breast cancer remain to be 

addressed. Here, we report that Runx2 is overexpressed in the human sample of breast 

cancer (Fig. 1). High expression of Runx2 at early stage betokens longer survival and fast 

recurrence of this disease at advanced stage (Fig. 1). These studies indicate that alteration of 

Runx2 level is able to be as a novel marker of breast cancer and its high expression in breast 

cancer cases implies worse prognosis.

Emerging studies indicate that alcohol consumption is consistently associated with the risk 

of breast cancer (4–6). Alcohol has been classed as a carcinogen to humans by IARC (12–

14). However, the mechanism of alcohol-associated cancers still remains to be established. 

Alcohol is a good reagent to explore the underlying mechanism of breast cancer (19,33). 

Studies indicate that alcohol feeding promotes mammary tumor formation through MCP-1 

and CRR2 (9–10). Our studies have demonstrated that alcohol activates JNK1 pathway and 

enhances c-Jun expression to increase Pol III gene transcription, resulting in the 
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development of hepatocellular carcinoma of mice (20). Alcohol dramatically increases Pol 

III gene transcription in ER+ breast cancer cell lines, but not in ER− normal breast cell lines 

and ER− breast cancer cell lines (19,48–49). Further study shows that alcohol activates 

JNK1 to enhance ERα activity and increases Brf1 expression and Pol III gene transcription 

to facilitate cell transformation and tumor formation (19,33). These studies demonstrate that 

alcohol is indeed associated with tumor development. However, nothing is known about the 

role of Runx2 in alcohol-induced deregulation of Brf1 and Pol III genes. Here, we report 

that alcohol induces Runx2 transcription through JNK1, c-Jun and ERα, resulting in 

elevation of Brf1 expression and Pol III gene transcription. These novel findings further 

enhance our understanding in the mechanism of alcohol-associated breast cancer.

Our early studies have demonstrated that increases in TFIIIB subunit (Brf1, Bdp1 and TBP) 

expression to enhance Pol III gene transcription (19,25). Bdp1 regulation, but not Brf1, 

occurred through JNK1-mediated alteration in TBP expression (36), suggesting that Bdp1 

and Brf1 may be regulated independently. Our recent study demonstrates that alcohol 

induces Pol III gene transcription in vivo and in vitro (19–20). The induction of Pol III genes 

promoted liver tumor development in HCV NS5A transgenic mouse (20). Further analysis 

indicates that ERα modulates alcohol-induced deregulation of Pol III gene transcription 

(19). Interestingly, alcohol-enhanced ERα activity increases Brf1 expression, but not TBP in 

ER+ breast cancer cells (19). This indicates that ERα activity does not directly affect TBP 

expression (19). In contrast, change in cellular level of ERα caused an alteration of Brf1 

expression and ERα directly occupies the Brf1 promoter to modulate its expression (19). 

This finding is consistent with studies of human breast cancer biopsies, in which Brf1 is 

overexpressed in ER+ breast cancer cases (33,50). Given that Runx2 is mediated by ERα, 

the inhibition of ERα decreases Runx2 transcription in ER+ breast cancer cells (Fig. 2G). 

As approximately 80% cases of breast cancer are ER+, our recent study has demonstrated 

that ER+ cases with high Brf1 expression display longer survival times after hormone 

therapy with Tam (Tamoxifen) (33,35). This is because Tam is able to repress Brf1 

expression and Pol III gene transcription (35). More interestingly, most of the cases with 

high Runx2 expression at early stages, reveal longer survival period, while the cases mainly 

are at ER+ status (Data not shown). In other hand, the cases with high Runx2 expression at 

advanced stages show faster recurrence, which matches the function of Runx2 speeding the 

metastasis of breast cancer (22). In addition, high Runx2 at advanced stages may produce 

the feedback role in ERα express to further enhance Brf1 and tRNA transcription, results in 

metastasis (32). These results are consistent with the idea which ERα positively modulates 

Runx2 transcription (18). It suggests that Brf1 is a target which is modulated by ERα and 

Runx2. ERα-mediated Runx2 transcription may play an important role in cell 

transformation and alcohol-associated breast cancer.

Studies have reported that tRNAs are upregulated in human breast cancer cells as promoters 

of breast cancer metastasis and increased tRNAs facilitates cancer cell migration and 

invasion to enhance metastatic potential in cancer (30–31). At the present study, our findings 

indicate that Runx2 positively modulates Brf1 expression and Pol III gene transcription (Fig. 

2–4), whereas high expression of Runx2 in advanced stages of breast cancer displays faster 
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recurrence of the disease (Fig. 1). It suggests that Runx2-mediated deregulation of Pol III 

genes may be critical important in tumor metastasis of this disease.

5. Conclusions

The present study indicates that Runx2 is overexpressed in breast cancer. High expression of 

Runx2 displays longer survival period and faster recurrence. Alcohol increases cellular 

levels of Runx2, the inhibitions of JNK1, c-Jun and ERα decrease Runx2 transcription (Fig. 

S1). The alteration of Runx2 level affects Brf1 expression and Pol III gene transcription. 

Runx2 and Brf1 are colocalized in nucleus of tumor tissue of breast cancer and 

synergistically modulate Pol III gene transcription. Repression of Runx2 reduces the rate of 

colony formation. These studies, for the first time, provide the evidence that Runx2 mediates 

alcohol-induced deregulation of Brf1 and Pol III genes, which are tightly linked to tumor 

development and cancer metastasis. These novel findings also suggest the possibility that 

inhibition of Runx2 and Brf1 expression may be potential approaches for therapy of breast 

cancer. These outcomes from this study will benefit scientific community and the patients of 

breast cancer.
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TBP TATA box-binding protein

Tam Tamoxifen

IARC the International Agency for Research on Cancer

IHC immunohistochemistry

IDC invasive ductal carcinoma

Hong et al. Page 11

Chem Biol Interact. Author manuscript; available in PMC 2021 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript
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SI staining index
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Highlight:

1. Runx2 was overexpressed in human cases of breast cancer. High Runx2 

expression of breast cancer cases display worse prognosis;

2. Alcohol increased Runx2 expression to enhance Brf1 and Pol III gene 

transcription. Inhibiting Runx2 repressed Brf1 expression and Pol III gene 

transcription;

3. Rubx2 and Brf1 colocalize in nucleus of tumor tissue of breast cancer to 

synergistically modulate Pol III gene transcription;

4. Decreasing Runx2 expression caused phenotypic changes in breast cancer 

cells.
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Fig. 1. Runx2 immunohistochemistry (IHC) staining and Kaplan-Meier survival curve and log-
rank test analysis of the association between Runx2 expression and breast cancer patient 
survival.
(A). Runx2 staining. (A1 and A3) IHC staining of Brf1 of HBC tumor tissues; (A2 and A4) 

H&E staining of HBC tumor tissues. (A1 & A2) × 100 magnification; (A3 & A4) × 1000 

magnification. A representative Runx2 staining of human breast cancer samples. (B). 
Comparison of Runx2 staining in tumor foci and para-can tissue of breast cancer. (B1 & 

B3): strong staining signals of Runx2 expression are seen in tumor foci of breast cancer; (B2 

& B4): week signals of Runx2 staining are detected in para-carcinoma tissue of breast 

cancer. (B1 & B3) × 100 magnification; (B2 & B4) × 1000 magnification. (C). Runx2 

expression was determined in 219 cases of breast cancer. All cases of breast cancer were 

determined by pathological analysis and immunohistochemistry staining. (D), The cases of 

breast cancer are at clinic stage 2b. (E and F): The cases at stage III of this disease. n = 

number of patients in the subgroup, M = median survival in months of the subgroup. P-

values were calculated by log-rank test. The group of high Runx2 expression display shorter 

survival period and faster recurrence.
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Fig. 2. Alcohol mediates Runx2 expression and signaling events in ER+ breast cancer cells.
(A): Alcohol increase Runx2 promoter activity. MCF-7 cells were transfected with Runx2-

Luc reporter and treated with ethanol to determine Luc activity; (B-C): MCF-7 cells were 

treated with ethanol (25mM) to extract total RNA and cell lysates. mRNA levels of Runx2 

were measured by RT-PCR. The fold changes are calculated by normalizing to the amount 

of GAPDH mRNA (B). Western blots were performed to determine the levels of Runx2 and 

β-actin, which is represent Western blot (C). These results indicate that alcohol mediates 

Runx2 expression. On other hands, MCF-7 cells were transfected with Runx2-Luc-reporter 

plus mismatch RNA (siMM), JNK1 siRNA, c-Jun siRNA, ERα siRNA as indicated, 
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respectively. The cells were treated with 25mM ethanol to determine Runx2 promoter 

activity. (E) MCF-7 cells were pretreated with JNK inhibitor, SP 600125 (5μM) for 1 hour 

and then treated with alcohol as described above. (F) JNK1 siRNA (siJNK1); (G) c-Jun 

siRNA (si-c-Jun) and (H) ERα siRNA (siERα), compared to siMM. Luciferase activities 

were normalized to total protein levels. The change in Runx2 promoter activities were 

calculated relative to that with no ethanol treatment of siMM-transfected cells. (H) Western 

blot to determine the levels of Runx2 protein. These results indicate that reductions of JNK1, 

c-Jun and ERα by their siRNA inhibit Runx2 transcription. The bars represent Mean ± SE at 

least three independent determinations. *: p<0.05; **: p<0.01.
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Fig. 3. Runx2 modulates Pol III gene transcription.
(A and C) ER+ MCF-7 breast cancer cells with Runx2 expression construct were treated 

with ethanol as described at reference (40). (B and D) MCF-7 cells were transfected with 

mismatch (mm) RNA, Runx2 siRNA for 48 h, respectively. The cells were treated as 

described above. The amounts of tRNALeu (A and C) and 5S rRNA (B and D) were 

measured by RT-qPCR. Repression of Runx2 (B and D) by its siRNAs decreases Pol III 

gene transcription. While increasing Runx2 expression elevates transcription of Pol III genes 

(A and C). The fold changes are calculated by normalizing to the amount of GAPDH 

mRNA. The bars represent Mean ± SE of at least three independent determinations. *: 

p<0.05; **: p < 0.01.
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Fig. 4. Alteration of cellular level of Runx2 affects Brf1 expression.
(A) MCF-7 cells were transfected with mismatch (mm) RNA, Runx2 siRNA for 48 h, and 

then treated with ethanol as described above. (B) MCF-7 cells with Runx2 expression 

construct were treated with ethanol as described above. The amounts of Brf1 mRNA (A and 
B) were measured by RT-qPCR. The fold changes are calculated by normalizing to the 

amount of GAPDH mRNA. The bars represent Mean ± SE of at least three independent 

determinations. *: p<0.05; **: p<0.01. (C) MCF-7 cells were transfected with siMM or 

Runx2 siRNA, respectively. The change in Brf1 protein levels were determined by Western 

blot. A representative Western blot is shown in (C). (D) Quantitation of the Western blot 

results of (C).
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Fig. 5. Colocalization of Brf1 and Runx2 in human biopsy of breast cancer.
(A) Brf1 staining. IHC staining of Brf1 of tumor foci (A1 and A3) and para-carcinoma 

tissues (A2 and A4) H&E staining of breast cancer (A1 & A2) × 100 magnification; (A3 & 
A4) × 1000 magnification. A representative Brf1 staining of human breast cancer samples. 

(B) Colocalization: Brf1 (red) and Runx2 (green) of the human breast adenocarcinoma 

tumor tissues were determined by immunofluorescence staining. The white arrows indicate 

that both Brf1 and Runx2 are localized in nucleus of the cancer cells. Merging picture 

clearly shows that Brf1 and Runx2 reveal co-localization in nucleus of human breast cancer 

biopsy (B4).
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Fig. 6. Runx2 occupy the promoters of Pol III genes to modulates their transcription.
(A-D): MCF-7 cells were transfected with siMM, Brf1 siRNA (A and B) or Runx2 siRNA 

(C and D) for 48 h, respectively. The cells were treated as described above. The chromatin 

was extracted from these cells and ChIP assays were performed with Brf1 or Runx2 

antibodies, respectively to determine the occupancy of Brf1 or Runx2 at the promoters of 

pre-tRNALeu (A and C) and 5S rRNA (B and D) by RT-qPCR. These studies indicate that 

both Brf1 and Runx2 occupy the promoters to synergistically modulate transcription of 

tRNALeu (A and C) and 5S rRNA (B and D) and alcohol enhance the occupancy of Brf1 

and Runx2. (E) Colony formation: MCF-7 cells were transfected with siMM or Runx2 

siRNA for 48 h, respectively. The cells were seeded in 6x well plates and treated with 

ethanol (25 mM) previously described (26). The cells were analyzed for colony formation in 
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soft agar. Colonies were counted at 2–3 weeks after plating. The bars represent Mean ± SE 

of at least three independent determinations. *: p<0.05; **: p<0.01.
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