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Abstract

Emerging evidence indicates that alcohol intake is associated with human cancers in different 

organs. However, the molecular mechanism of alcohol-associated human cancers remains to be 

elucidated. Here, this paper aimed to clarify a novel mechanism of alcohol-promoted cell 

transformation and tumor development. Alcohol induces JNK1 activation and increases cellular 

levels of c-Jun to upregulate Brf1 expression and Pol III gene transcription, leading to an 

enhancement of rates of cell transformation and tumor formation.
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Alcohol has been classified as carcinogenic in human (1–2). Target sites for alcohol-related 

carcinogenesis include the liver, breast, oral cavity, pharynx, esophagus, larynx, ovary, 

stomach and pancreas (3–5). Is there a common mechanism which mediates alcohol-

associated cancer development in different organs? Cancer cells have a consistent 

cytological feature of nucleolar hypertrophy, where RNA polymerase I and III-dependent 

genes are transcribed (6). This feature provides the possibility to explore a common 

mechanism of alcohol-associated human cancers by elucidating the deregulation of RNA 

polymerase III-dependent genes (Pol III genes). To investigate the common mechanism and 

organ specificity, we currently focus our studies on alcohol-associated liver and breast 

cancers (7–9). Thus, this paper aims to present the progress and significance of the studies 

on alcohol-induced deregulation of Pol III genes in liver and breast.
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Alcohol intake and cancers

Alcohol consumption is widely thought to enhance the risk for liver cancer (10–13). Besides 

hepatitis viruses (HBV and HCV) and aflatoxin, alcohol presents a major etiological factor 

in hepatocarcinogenesis. Alcohol abuse is a major cause of liver fibrosis. Liver fibrosis 

represents a wound-healing process in response to a variety of chronic injurious stimuli. 

Eventually, alcohol-induced liver fibrosis promotes formation of liver cirrhosis, which 

increases the risk of HCC (hepatocellular carcinoma) (14). Breast cancer is the most 

common malignant disease in females. Overall, one woman in every nine will get breast 

cancer at some time in her life. Breast cancer ranks second among cancer deaths in women 

(15). Epidemiological studies have indicated that alcohol consumption has most consistently 

been associated with breast cancer risk in both premenopausal and postmenopausal women, 

regardless of the type of alcohol beverage consumed (16–19). Animal experiments have 

shown that ethanol intake can cause mammary tumorigenesis (20–22). Epidemiologic 

studies have indicated that alcohol is more associated with ER+ (estrogen receptor positive) 

than ER- (estrogen receptor negative) breast cancer cases (23–24). How alcohol causes 

human breast cancer remains to be elucidated. It is critically important to clarify whether 

alcohol causes deregulation of Pol III genes to promote tumor development in liver and 

breast.

Deregulation of RNA Pol III genes and cancer

The transcription machinery of Pol III tRNA genes consists of RNA Pol III, TFIIIB and 

TFIIIC. TFIIIB is composed of TBP, Brf1 and Bdp1, which is much more associated with 

cancers than TFIIIC (7). TBP is the most central eukaryotic transcription component, as it is 

required by all three cellular Pol I, Pol II and Pol III genes; whereas Brf1 and Bdp1 

specifically regulate Pol III gene transcription.

It has been known for over a century that nucleolar hypertrophy is a consistent cytological 

feature of cancer cells (6). Enlarged nucleoli are used by pathologists as a strong diagnostic 

indicator of cell transformation and neoplasia (6). This implies that transformation in situ is 

closely linked to the deregulation of RNA Pol I- and Pol III-dependent transcription, the size 

of the nucleolus reflects the level of rRNA synthesis. RNA Pol III is responsible for the 

synthesis of untranslated RNAs, such as tRNAs and 5S rRNAs. 5S rRNA is a component of 

ribosome, which is a complex of rRNAs and proteins to perform protein synthesis, whereas 

tRNAs transfers amino acids to ribosome for peptide formation. Previous studies showed 

that the alteration of RNA Pol III transcription affects transformation of Rat1 cells and 

tumorigenesis in nude mouse (7–9,25). Increasing expression of Myc or TBP enhanced 

transformation of Rat1A cells and elevated Pol III gene transcription; in contrast, inhibiting 

Pol III gene transcription repressed cell transformation and tumorigenesis (8–9,25–28). 

HBV X, a hepatitis viral oncogenic protein, enhanced the transcription of Pol III genes (29–

30). EGF and DEN (diethylnitrosamine), which are a mitogen and carcinogen, respectively, 

enhance Pol III gene transcription and, increase the rates of transformation of MCF-10A and 

AML-12 cells (8–9,27). The above evidence demonstrates that deregulation of Pol III genes 

is closely associated with cell transformation and tumor development.
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Alcohol induces deregulation of Pol III genes

Deregulation of Pol III gene transcription, enhancing cellular tRNAs and 5S rRNAs 

production, leads to an increase in translational capacity to promote cell proliferation and 

transformation and tumor formation. However, it remains to be investigated whether alcohol 

affects Pol III gene transcription. Using cell culture and animal models (7–9,28), the studies 

indicate that ethanol increased transcription of Pol III genes in engineered HepG2-ADH 

(alcohol dehydrogenase) cells, compared to HepG2-vector cells (7). Immunoblot analysis 

reveals that alcohol increased expression of c-Jun (7). Down-regulation of c-Jun expression 

abrogated the ethanol-mediated increases in TBP and Brf1 expression and Pol III gene 

transcripts, whereas TFIIIC63 was unaffected by decreased c-Jun expression (7). These 

results support the idea that ethanol-increased expression of c-Jun drives the enhanced 

expression of TBP, Brf1, and Pol III genes. An increase in Pol III gene transcription is 

observed in the livers of wild type C57BL/6 mice that were fed an ethanol liquid diet, 

compared to the wild type mice fed a control diet. The ethanol-fed mice display 

steatohepatitis, but do not have obvious inflammation and tumors. Whereas the chronic 

feeding of HCV NS5A (Non-structure 5A) transgenic mice with an ethanol liquid diet 

promotes HCC development (7). Pol III gene transcription was dramatically enhanced in 

livers of ethanol-fed NS5A transgenic mice, compared to the livers in mice given a control 

diet (7). Hence, induction of Pol III gene transcription occurs in vivo after chronic alcohol 

administration. Transcription levels of Pol III genes, such as pre-tRNALeu and 5S rRNA, 

were elevated in HCC tissues of alcohol-fed NS5A mice, compared to the levels of the Pol 

III genes in the non-tumor liver tissues from non-alcohol-fed and alcohol-fed NS5A mice. 

More interestingly, the cellular level of TBP and Brf1 mRNA in HCC tissues of alcohol-fed 

NS5A mice is also significantly higher than in the non-tumor liver tissues of these mice with 

or without alcohol intake. Recent studies indicate that Brf1 expression is increased in human 

biopsies of HCC cases (28). The overall survival period is shorter for the patients with high 

expression of Brf1 (28). Further analysis indicates that levels of Brf1 and Pol III gene 

transcription in HCC patients with alcohol consumption is higher than the cases of non-HCC 

with or without alcohol intake (28). Induction of Brf1 and Pol III genes by ethanol in 

hepatoma cells is higher than in non-tumor liver cells. Ethanol increases the rate of 

transformation of liver AML-12 cells. Repression of Brf1 inhibits alcohol-promoted 

AML-12 cell transformation. Brf1 is overexpressed in HCC cases and liver tumor cell lines 

(28). Alcohol enhances Brf1 expression to promote cell transformation (7,28).

Alcohol slightly increases Pol III gene transcription in ER- non-tumor breast cell lines 

(MCF-10A, MCF-10F, MCF-12A) and ER- breast cancer cell lines (MDA-MB231, 

SKBR-3), whereas alcohol dramatically increases Pol III gene transcription in ER+ breast 

cancer cell lines (MCF-7 and T47D) (8–9). ER ligand, E2 (17β-estradiol) causes a small 

alteration of these genes in MCF-7 cells. However, ethanol works with E2 to dramatically 

enhance Pol III gene transcription (8). Alcohol increases cellular levels of ERα mRNA and 

protein, whereas reduction of ERα by its siRNA decreases Brf1 expression and Pol III gene 

transcription. Additionally, while control cells and ethanol-treated MCF10A cells do not 

undergo colony formation, E2 alone induces colony formation of the cells. Ethanol in 

combination with E2 produces larger and more numerous colonies than E2 alone. 
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Repression of ERα or Brf1 by their siRNAs decreases alcohol-induced cell transformation 

(8). These studies support the idea that alcohol affects Pol III gene transcription in a ERα-

dependent manner.

Tamoxifen (Tam) is an antagonist of ER in breast tissue, which competitively binds to ER, 

producing a nuclear complex that decreases DNA synthesis and inhibits estrogen effects. 

Tam is currently used for the treatment of both early and advanced ER+ breast cancer in 

women (31). Recent studies demonstrate that Tam inhibits the induction of Brf1 and Pol III 

genes by alcohol in ER+ breast cancer cells (9). Further analysis indicates that alcohol 

increases c-Jun expression in MCF-7 cells to upregulate the transcription of Brf1 and Pol III 

genes, whereas Tam reduces c-Jun expression to repress the transcription of Brf1 (9). 

Repression of cJun decreases cellular levels of ERα and Brf1. Alcohol-dependent increased 

occupancy of Brf1 in Pol III gene promoters is reduced by Tam (9). The repression of Brf1 

and Pol III genes by Tam reduces alcohol-induced cell proliferation and colony formation 

(9). Recently, we have analyzed the breast cancer biopsies over two hundred cases from the 

patients before Tam treatment. Results indicate that Brf1 expression was increased in the 

patients of breast cancer. Very interestingly, the patients, who accepted Tam treatment after 

surgery operation, with high Brf1 expression display longer survival periods (unpublished). 

This is because cellular levels of Brf1 and Pol III gene expression are decreased by Tam. 

These results further support the earlier studies that Tam inhibits Brf1 and Pol III gene 

expression (9). Together, these results indicate that Tam inhibits alcohol-induced Brf1 

expression through c-Jun and ERα to downregulate Pol III gene transcription. The studies 

uncover a new mechanism of Tam-treated ER+ breast cancer, by which Tam inhibits tumor 

growth through repressing Brf1 expression and Pol III gene transcription. Together, these 

studies mentioned above indicate that Brf1 is a new biomarker of diagnosis and prognosis of 

HCC and breast cancer.

Alcohol-induced JNK1 activation to mediate Pol III gene transcription

Alcohol has been shown to induce JNK activation (8,32) and the JNKs play an important 

role in regulating Pol III genes (33–34). However, it remains to be determined whether JNKs 

mediate alcohol-induced deregulation of Pol III genes. Ethanol induces strong activation of 

JNK1, but only has a small effect on JNK2, in the HepG2-ADH cells (7). Ethanol also 

dramatically activated JNK1 in ER+ MCF-7 cells (8). Earlier studies have demonstrated that 

JNK1 and JNK2 have different function in Pol III gene transcription (33–34). JNK1 

positively, but JNK2 negatively, modulates Pol III genes (33). This suggests that alcohol-

activated JNK1 may play an important role in Pol III gene transcription and cell 

transformation. Further analysis indicates that a JNK inhibitor, SP600125 significantly 

reduces the induction of pre-tRNALeu and 5S rRNA caused by alcohol. JNK1 siRNA, which 

specifically reduces cellular level of JNK1 (7–8), dramatically decreases alcohol-induced 

Pol III gene transcription (7–8). In contrast, increasing cellular level of JNK1 by its 

expression construct elevates alcohol-induced Pol III gene transcription in both HepG2-

ADH cells and MCF-7 cells (7–8). Furthermore, alcohol increases the rates of 

transformation of liver and breast cells (7–8), repressed JNK1 and Brf1 expression, 

decreased transcription of Pol III genes and reduced the rates of colony formation of 

AML-12 and MCF-10 cells. Together, these studies support the idea that alcohol activates 

Shi and Zhong Page 4

Gene. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



JNK1 to elevate Brf1 expression and Pol III gene transcription to promote cell 

transformation and tumor formation, which is a common mechanism of alcohol-induced 

deregulation of Pol III genes to bring about greater phenotypic changes (Fig. 1).

A rapidly increasing number of Americans are developing and dying from liver cancer, 

despite the fact that viral hepatitis – a primary cause of liver cancer – is preventable and 

treatable (35). This implies that alcohol consumption may be a key issue in causing HCC 

(13). Emerging evident indicates that alcohol consumption is tightly associated with breast 

cancer. This association involves the estrogen receptor, which is over-expressed in 

approximately 70–80% of breast cancer cases (36). Alcohol intake is known to promote 

mammary tumorigenesis (37–38). However, the mechanism of alcohol-associated cancers is 

not clear. Recent studies have demonstrated that alcohol induces deregulation of Pol III 

genes to promote cell transformation and tumor formation of liver and breast. The novel 

findings suggest a common mechanism of alcohol-associated human cancers and provide a 

possibility that inhibition of Brf1 expression may be a potential approach to repress alcohol-

promoted cell transformation and tumor development.
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Brf1 TFIIB-relate factor 1

Pol III genes RNA polymerase III-dependent genes

HCC hepatocellular carcinoma

TBP TATA-box binding protein
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ADH alcohol dehydrogenase
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HCV Hepatitis C virus

HBV Hepatitis B virus
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Highlights

• Alcohol causes deregulation of RNA Pol III genes;

• Alcohol induces activation of JNK1 and increases c-Jun expression to 

upregulate Brf1 expression and Pol III gene transcription;

• Repressing Brf1 expression reduces the rates of alcohol-promoted 

transformation of liver and breast cells.
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Fig. 1. Schematic illustration of a common mechanism of alcohol-associated cancers
Alcohol increases Brf1 expression through JNK1 and c-Jun pathway, which in turn 

upregulates Pol III gene transcription to promote cell transformation and tumor development 

caused by alcohol.
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