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TF IIB-related factor 1 (Brf1) is a key transcription factor of RNA polymerase III (Pol III) genes. Our early studies have
demonstrated that Brf1 and Pol III genes are epigenetically modulated by histone H3 phosphorylation. Here, we have further
investigated the relationship of the abnormal expression of Brf1 with a high level of phosphorylated AMPKα (pAMPKα) and
explored the role and molecular mechanism of pAMPKα-mediated dysregulation of Brf1 and Pol III genes in lung cancer. Brf1
is significantly overexpressed in lung cancer cases. The cases with high Brf1 expression display short overall survival times.
Elevation of Brf1 expression is accompanied by a high level of pAMPKα. Brf1 and pAMPKα colocalize in nuclei. Further
analysis indicates that the carcinogen MNNG induces pAMPKα to upregulate Brf1 expression, resulting in the enhancement of
Pol III transcription. In contrast, inhibiting pAMPKα decreases cellular levels of Brf1, resulting in the reduction of Pol III gene
transcription to attenuate the rates of cell proliferation and colony formation of lung cancer cells. These outcomes demonstrate
that high Brf1 expression reveals a worse prognosis in lung cancer patients. pAMPKα-mediated dysregulation of Brf1 and Pol
III genes plays important roles in cell proliferation, colony formation, and tumor development of lung cancer. Brf1 may be a
biomarker for establishing the prognosis of lung cancer. It is a new mechanism that pAMPKα mediates dysregulation of Brf1
and Pol III genes to promote lung cancer development.

1. Introduction

Lung cancer is a common malignant tumor. In recent years,
the incidence of lung cancer in China has increased [1, 2].
It is a malignant tumor with the highest morbidity and mor-
tality in the country. Based on cytological and histological
characterization, lung cancer is divided into small-cell lung
cancer (SCLC) and non-small-cell lung cancer (NSCLC).
SCLC and NSCLC account for 15% and 80-85% of cases,
respectively [3, 4]. SCLC is a heterogeneous neoplastic
disease characterized by aggressiveness, rapid growth of can-
cer cells, and easy metastases [5], while NSCLC is a kind of

epithelial malignant disease apart from SCLC. NSCLC is
not sensitive to chemotherapy, which is mainly performed
by surgical resection with curative intent. The causes of lung
cancer are complex, such as environmental pollution and
genetic and epigenetic changes. The exact mechanism of lung
cancer is not fully understood. Lung carcinogenesis involves
multiple mechanisms: oncogene activation, such as K-Ras
[6]; inactivation of tumor suppressor genes (LKB1) [7];
epidermal growth factor receptor (EGFR) mutation and
amplification [8]; inhibition of immune system activity [9,
10]; and epigenetic alterations (DNA methylation, histone
tail modifications, and small RNAs) [11]. To date, no studies

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 5554932, 15 pages
https://doi.org/10.1155/2021/5554932

https://orcid.org/0000-0002-2873-4271
https://orcid.org/0000-0002-7746-4722
https://orcid.org/0000-0001-6506-7925
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5554932


elucidate the roles of dysregulation of TF IIB-related factor 1
(Brf1) and its target genes, RNA polymerase III-dependent
genes (Pol III genes) in lung cancer development, whereas
dysregulation of Brf1 and Pol III genes is tightly related to
tumor development.

Brf1 is a key transcription factor of tRNAs and 5S rRNA,
which are Pol III genes. Brf1 specifically modulates the tran-
scription of these genes [12–15]. Dysregulation of tRNAs
and 5S rRNA genes is directly linked to cell transformation
and tumorigenesis [16–18], and it also helps to enhance the
cellular ability of protein synthesis for cell growth, prolifera-
tion and transformation, and tumor development. Increas-
ing Brf1 expression elevates the activities of tRNA and 5S
rRNA genes. In contrast, repressing Brf1 decreases the activ-
ity of these genes and inhibits cell proliferation and tumor
development [17, 18]. Recent studies of ours and others
indicate that Brf1 overexpression is founded in hepatocyte
carcinoma (HCC), breast cancer, gastric carcinoma, and
prostate cancer [19–22]. This shows that Brf1 plays an
important role in human cancer development and tumor
growth. However, it remains to be detected if Brf1 expres-
sion is increased in human cases of lung cancer and what
is the significance of its expressional status in the diagnosis
and prognosis of this disease.

5′ AMP-activated protein kinase or 5′ adenosine
monophosphate-activated protein kinase (AMPK) is an
enzyme. AMPK is composed of three subunits (α, β, and γ)
to form a heterotrimeric protein complex, and these subunits
play critical roles in its activity and stability [23]. AMPK
increases glucose uptake and inhibits the synthesis of fatty
acids, cholesterol, and triglycerides and promotes fatty acid
uptake and β-oxidation [24]. It indicates that AMPK plays
critical roles in the regulation of energy metabolism. AMPK
is activated in low-energy cellular states by phosphorylating
its subunits [25]. AMPK is a primary component of the
LKB1 downstream pathway, while mutations of LKB1 are
found in over 20% of patients with NSCLC and frequently
associated with activating K-RAS mutations [26–28]. Tumor
suppressor LKB1 mediates AMPK activity. As enhancements
of Brf1 and Pol III gene activities are tightly related to human
cancers, this suggests that AMPK activation may involve the
modulation of Brf1 and Pol III gene transcription to increase
cell proliferation and promote tumor development.

Our earlier studies have demonstrated that alcohol
increases Brf1 expression in tissue culture and animal
models, which facilitates cell proliferation and transforma-
tion, and tumor formation [15, 17, 19, 20, 29–32]. Chronic
alcohol consumption results in the production of acetalde-
hyde and CYP2E1 induction (Cytochrome P450 2E1) [14].
Acetaldehyde is a by-product of alcohol metabolism cata-
lyzed by ADH (alcohol dehydrogenase), which has direct
mutagenic and carcinogenic effects in vitro and in vivo [14,
33]. CYP2E1 is associated with the release of ROS (reactive
oxygen species) and conversion of procarcinogens to carcin-
ogens [14]. Alcohol exposure increases cellular production of
ROS, causing cellular stress to result in tissue injury and dis-
eases [14]. ROS-induced oxidative stress activates the JNK1
pathway to increase Brf1 expression [31]. A recent study also
indicates that levels of ROS of lung cancer cells are associated

with the alteration of pAMPKα [34], while AMPK activation
is associated with protein synthesis [24, 25], which is con-
trolled by Brf1 and Pol III genes. This implies that ROS and
AMPK are potentially involved in Brf1 expression, which
may be associated with lung cancer.

Here, we report, for the first time, that Brf1 expression is
enhanced in human cases of lung cancer. High expression of
Brf1 reveals short survival times (p = 0:0013). Activation of
AMPK increases Brf1 promoter activity to upregulate Brf1
expression, resulting in elevation of tRNAs and 5S rRNA
transcription. Repression of AMPK decreases cellular levels
of Brf1, tRNAs, and 5S rRNA expression, leading to reducing
the rates of cell proliferation and colony formation. Brf1 and
pAMPKα are colocalized in lung cancer cell nuclei, which
maybe synergistically regulate the transcription of Pol III
genes. The study identifies a new pathway, pAMPKα, which
modulates Brf1, tRNAs, and 5S rRNA transcription in lung
cancer cells. This shows that both Brf1 and pAMPKα play
an important role in lung cancer.

2. Materials and Methods

2.1. Human Tissue Samples. The 226 samples of paraffin-
embedded, archived lung cancer tissue samples used in this
study were histopathologically and clinically diagnosed at
the Guangdong Provincial People’s Hospital and Guang-
dong Academy of Medical Sciences and Shanghai Outdo
Biotech Ltd after obtaining written informed consent and
in accordance with the Institutional Review Board and the
Declaration of Helsinki. No patient received any chemo-
or radiotherapy prior to surgery [35]. The patients were
followed up regularly after the operation at three-month
intervals [35]. Eight freshly collected lung cancer tissues
and matched adjacent nontumoral lung tissues were frozen
and stored in liquid nitrogen until required for protein
extraction [35]. Informed consent was obtained from each
patient, and the study was approved by the Institute
Research Ethics Committee of Guangdong General Hospi-
tal, Guangdong Academy of Medical Sciences (ID number:
No. GDREC2016175H(R2)).

2.2. Cell Lines and Reagents. The lung cancer cell lines A549
and H1975, and normal human bronchial epithelial cell line
16HBE were purchased from the American Type Culture
Collection (Manassas, VA) and cultured in RPMI 1640 con-
taining 10% FBS, 100 IU/mL penicillin, and 100μg/mL strep-
tomycin (HyClone, Utah, USA). All cells were tested for
negative mycoplasma contamination and authenticated
based on short tandem repeat fingerprinting before use.
AMPK inhibitor, S7306 (Dorsomorphin (Compound C)
2HCl, Cat No. S7306), was purchased from Selleck and dis-
solved in sterile water. N-Methyl-N′-nitro-N-nitrosoguani-
dine (MNNG) was purchased from Accu. Standard, Inc
(Cat No. R-081N) and dissolved in DMSO. Brf1 antibody
was from Bethyl Laboratories Inc (Cat No. A301-228A).
The MTT assay kit was from Boster Biotech (Cat No.
AR1156).
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2.3. Immunohistochemistry. We performed immunohisto-
chemical staining with Brf1 antibody (1 : 200). Its details were
described in our previous study [20, 30].

The levels of Brf1 immunostaining were evaluated inde-
pendently by two pathologists who were blinded to the sur-
vival outcomes of the participants based on the proportion
of positively stained tumor cells (stain area) and the intensity
of staining [20]. The immunostaining results were performed
by multiplying the staining intensity by the stained area
(staining index (SI)) as previously described [30, 36, 37].
The Brf1 expression levels in lung cancer lesions were deter-
mined by the SI, which was 0, 1, 2, 3, 4, 6, 9, or 12. An optimal
cutoff value was identified as follows: an SI score of ≥6 was
used to define tumors as high Brf1 expression, and an SI
score of ≤4 as low [30, 36, 37].

2.4. Immunoblot Analysis. Tissue samples of lung cancer
were ground into powder with liquid nitrogen and lysed in
lysis buffer with phosphatase and protease inhibitors [20].
Lung cancer cells were treated with 4μM MNNG or
10μM AMPK inhibitor, S7306, to extract total cell lysates,
and the protein concentrations were measured using the
BCA Protein Assay (Thermo Fisher Scientific, Cat No.
23225) [35]. Equal amounts of cell protein were subjected
to electrophoresis in SDS-PAGE gels and then transferred
to PVDF membranes (Millipore) for antibody blotting
[35]. Bound primary antibody was visualized using horse-
radish peroxidase-conjugated secondary antibodies (Pro-
teintech, Cat No. SA00001-1 or SA00001-2) and enhanced
chemiluminescence reagents (Beyotime, Cat No. P0018S).
Antibodies used in our study were as follows: Brf1
(1 : 2000), pAMPKα (CST, Cat No. 2535S, 1 : 1000), AMPKα
(CST, Cat No. 2793S, 1 : 1000), and β-actin (Proteintech, Cat
No. 20536-1-AP, 1 : 5000). All of the experiments were
repeated at least three times [20].

2.5. Quantitative Real-Time PCR. Total RNAs were iso-
lated with TRIzol (Invitrogen, Cat No.15596026) following
the manufacturer’s protocol. Then, reverse transcription
was performed (Takara, Cat No. RR036A). Target mRNA
levels were determined by performing RT-qPCR with a
TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) kit
(Takara, Cat No. RR820A). GAPDH expression was used
for normalization. The sequences of the primers were
described previously [17, 18].

2.6. Immunofluorescence. For colocation detection, the
lung cancer cells were fixed for 30min in 4% formaldehy-
de/PBS, washed with 0.2% Triton-X 100/PBS [37]. The cell
slices were blocked with 1% BSA/PBS for 1 h at room tem-
perature and were incubated with Brf1 antibodies (1 : 200)
overnight at 4°C and then incubated with anti-rabbit IgG
(Proteintech, Cat No. SA00013-4, 1 : 200) for 1 h as sec-
ondary antibodies. The cell slices were immersed in 1x
PBS and heated in a microwave oven at 42°C for 3min
to remove nonspecific bindings. Subsequently, pAMPKα
antibodies (1 : 200) were incubated overnight at 4°C and
then incubated with anti-rabbit IgG (Proteintech, Cat No.
SA00013-2, 1 : 200) for 1 h as secondary antibodies [20].

Cell nuclei were counterstained with 2μg/mL DAPI (Bio-
froxx, Cat No. 1155MG010) for 5min, and the slides were
mounted in an antifade reagent (Life Technologies, Cat
No. P36934). The cells were visualized under a fluores-
cence microscope (ZEISS, Germany) [30, 37].

2.7. siRNA Transfection and Brf1-Luc Reporter Assays. For
siRNA knockdown, Brf1 siRNAs, AMPKα siRNA, and a con-
trol siRNA (mismatch RNA: mmRNA) were purchased from
RiboBio. The sequences of primers and siRNAs used were as
previously described [17, 18]. Transfections were performed
using Lipofectamine 3000 and OPTI-MEM reagent (Life
Technologies, Cat No. L3000015 and 11058021) when cells
were approximately 40% confluent and transfected according
to the manufacturer’s instruction [37]. For Brf1-Luc pro-
moter activity, cells were transfected with 0.5μg of the
Brf1-Luc report constructs for 48h. Cells were starved in
FBS-free RPMI 1640 for 4 h and treated with different con-
centrations of MNNG for another 2 h. Cell pellets were dis-
solved in Promega reporter lysis buffer. The luciferase
activities of these lysates were determined by a luminometer
and the Promega Luciferase Kit (Promega, Cat No. E1910).
The luciferase activities of the lysates were normalized to
their protein amounts as described [31, 32]. The changes in
luciferase activity were compared to the luciferase activity
in the absence of MNNG. Means ± SE is at least three inde-
pendent experiments.

2.8. Colony Formation Assay. A549 cells were transfected
with mismatch RNA (mmRNA), Brf1 siRNAs, and AMPKα
siRNAs as described [31]. The transfected A549 cells
(1 × 104 cells/well in 6-well plates) were mixed with equal
volumes of 0.7% soft agar dissolved in RPMI 1640 (10%
FBS) with or without 4μM MNNG and layered in triplicate
onto 0.7% (RPMI 1640, 10% FBS) solidified agar. Cells were
fed fresh complete media with MNNG twice weekly. Colo-
nies were counted 2–3 weeks or longer after under a micro-
scope and photographed as described previously [38].

2.9. Statistical Analyses. We carried out statistical analysis
with Student’s t-test, ANOVA and Tukey’s multiple compar-
isons test, Kaplan-Meier and log-rank test, ROC curve, and
Cox analysis. The details of the statistical analysis were
described previously [37].

3. Results

3.1. Brf1 Expression in Lung Cancer Tissues and Its
Significance. Brf1 plays an increasingly important role in
human cancers. Emerging evidence indicates that Brf1
expression is elevated in the cases of human liver, breast,
gastric, and prostate cancers [19–22]. To test Brf1 expres-
sion in the cases of lung cancer, we utilized the samples of
this disease to determine the levels of Brf1 expression in
tumor foci and paracarcinoma tissues by immunohisto-
chemistry (IHC) staining. The result indicates that a
strong signal of Brf1 was detected in tumor foci tissue
(Figure 1(a), left panel), while a very weak reaction of
Brf1 with its antibody was observed in paracarcinoma tis-
sue (Figure 1(a), right panel). The overall reaction of Brf1
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staining in tumor foci of lung cancer is markedly higher than
that in paracarcinoma tissue (Figure 1(a)). Figure 1(b) reveals
the results of Brf1 staining (Figure 1(b), left panel) and H&E
staining (Figure 1(b), right panel). There are strong signals of
Brf1 in the cytoplasm and nuclei of the tumor tissues of lung
cancer (Figure 1(c), upper panel), whereas there are very
weak or no signal of Brf1 expression in the corresponding
adjacent noncancerous tissues (ANT) (Figure 1(c), lower
panel). Results indicate that Brf1 expression in both early
and advanced stages of lung cancer reveals strong signals in
tumor tissues (Figure 1(c), upper panel). To further detect
the relationship between Brf1 overexpression and clinical
grades of lung cancer, we analyzed Brf1 expression in differ-
ent stages of this disease. The paired analysis of Brf1 expres-

sion in tumor and normal tissues of lung cancer indicates
that the levels of Brf1 expression in different clinical stage
tumor tissues are significantly higher than that of normal tis-
sues (Figure 2(a)). This implies that once tumorigenesis hap-
pens in the lung tissue, Brf1 expression will be significantly
increased.

Furthermore, we determined the relationship between
Brf1 expression and the overall survival period of lung cancer
patients. The clinical information for the patients does not
reveal any significant correlation of Brf1 expression with
age, sex, and classification (Figure 2(c), Tables 1 and 2). We
used four levels of intensity of Brf1 expression: negative
staining, weak staining, moderate staining, and strong stain-
ing in these cases of lung cancer (Figures S1A and S1B). The

Tumor foci Para-cancer
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⨯100

200 𝜇m
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Anti-Brf1 staining H&E staining
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Figure 1: Immunohistochemical staining of Brf1 in lung cancer. (a) Comparison of Brf1 staining in tumor foci tissue with paracancer tissue
(para-can) of lung cancer patients. Strong staining signals of Brf1 expression are seen in tumor foci of lung cancer (a, left panel). Weak signals
of Brf1 staining are detected in para-can tissue of this disease (a, right panel). Top panel: 100x magnification (scale bar = 200 μm); bottom
panel: 630x magnification. (b) Comparison of Brf1 IHC and H&E staining in the same cases of lung cancer. IHC staining about the
signals of Brf1 expression in both cytoplasm and nuclei of tumor tissues of lung cancer; (b, left panel) H&E staining of tumor tissues of
lung cancer; (b, right panel) 100x magnification (scale bar = 200μm); 400x magnification. (c) Comparison of Brf1 expression in tumor foci
with adjacent noncancerous tissue (ANT). The levels of Brf1 expression were detected in four lung cancer lesions (c, upper panel) and
their paired ANT (c, lower panel). 400x magnification (scale bar = 50 μm). The results indicate that Brf1 expression was increased in the
tumor tissues at different stages of lung cancer, compared to noncancerous tissues, ANT.
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Figure 2: High Brf1 expression correlated with a poor prognosis of lung cancer. (a) The IHC staining scores of Brf1 expression. 185 cases in
paired different clinical stages of lung cancer tumor tissues show high Brf1 expression, compared to low expression of Brf1 expression
corresponding to normal tissues of these cases (N = 185). (b) 226 cases of human lung cancer patients were performed for Kaplan-Meier
analysis of the overall survival period. Lung cancer patients (N = 226) with low versus high expression of Brf1 (Kaplan-Meier analysis with
the log-rank test, p < 0:01). (c) Histological classification of the 226 cases of lung cancer. (d) ROC curve analysis. The result reveals that
patients with high Brf1 expression display short survival times.

Table 1: Correlation between Brf1 expression and clinicopathological features in 226 primary lung cancers.

Parameters
Low Brf1 expression High Brf1 expression

Chi-squared test p value Fisher’s exact test p value
N = 89 (39.4%) N = 137 (60.6%)

Age

<48 7 (7.9%) 6 (4.4%)

≥48 82 (92.1%) 131 (95.6%) 0.272 0.381

Gender

Male 53 (59.6%) 114 (83.2%)

Female 36 (40.4%) 23 (16.8%) 0.000 0.000

Differentiation status

Well/moderate 53 (59.6%) 77 (56.2%)

Poor and others 36 (40.4%) 60 (43.8%) 0.619 0.680

Lymph node invasion (N stage)

Absent 72 (80.9%) 91 (66.4%)

Present 17 (19.1%) 46 (33.6%) 0.018 0.022

Clinical stage

I, II 27 (30.3%) 75 (54.7%)

III, IV 62 (69.7%) 62 (45.3%) 0.000 0.000
∗p values determined by using SPSS 20.0. All statistical tests were two-sided.
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strong staining of Brf1 in lesion tissues with staining
index ðSIÞ ≥ 6 was classified as high expression of Brf1.
The result shows that about 60% of cases of lung cancer
with high Brf1 expression display significant short overall
survival times (Figure 2(b)). In addition, we also performed
the ROC (receiver operator characteristic) curve analysis.
The AUC result indicates that the accuracy of high Brf1
expression is a little low as a diagnostic biomarker for lung
cancer (Figure 2(d)). Together, these studies indicate that
Brf1 is overexpressed in lung cancer patients, and as a
result, high expression of Brf1 reveals a worse prognosis.
Brf1 may be a biomarker for the prognosis of the disease.

3.2. The Relationship between AMPK Activation and Brf1
Expression in Lung Cancer. The tumor suppressor gene,
LKB1, is an upstream component and regulator of AMPK
activation, but it is the most frequently mutated gene in lung
cancer [26–28]. This suggests that mutant LKB1 loses its
tumor suppressor function, leading to lung cancer develop-
ment. Activated AMPK may be detected by its phosphoryla-
tion antibody in lung cancer samples, while the activated
AMPK may mediate Brf1 expression and Pol III gene
transcription. To test this hypothesis, we collected samples
of human lung cancer to detect the levels of Brf1 proteins
and phosphorylated AMPKα (pAMPKα) by immunoblot

Table 2: Effect of factors on overall survival in lung cancer patients in the univariate and multivariate Cox regression model.

Factors
Univariate∗ Multivariate∗ ,†,‡

HR (95% CI) p HR (95% CI)∗ p

Age (<48/≥48) 2.69 (0.85-8.49) 0.091 — —

Gender (male/female) 1.34 (0.85-2.12) 0.206 — —

Differentiation (poor/well, moderate) 1.12 (0.76-1.65) 0.563 — —

Lymph node invasion (present/absent) 0.49 (0.33-0.71) 0.000 — —

Clinical stage (III-IV/I-II) 2.85 (1.92-4.22) 0.000 2.71 (1.82-4.02) 0.000

Brf1 (high/low) 0.55 (0.36-0.84) 0.006 0.60 (0.39-0.93) 0.021
∗Hazard ratios and p values were obtained from Cox proportional hazards regression. All statistical tests were two-sided. †For the multivariate model, HR and p
values were shown for the final set of stepwise selected variables only. ‡The parameters with p value less than 0.05 in the univariate were included in the
multivariate Cox analysis using SPSS 20.0.
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Figure 3: The relationship of AMPKα activation with Brf1 high expression in lung cancers. (a) Immunoblotting analysis of Brf1 and
pAMPKα in 8 paired lung cancer tissues (T1: adenocarcinoma IIIB stage; T2: squamous cell carcinoma IIB stage; T3: adenocarcinoma IIA
stage; T4: adenocarcinoma IA3 stage; T5: squamous cell carcinoma IIA stage; T6: adenocarcinoma IA1 stage; T7: adenocarcinoma IA3
stage; T8: adenocarcinoma IIIA stage). (b, c) The quantification of cellular levels of Brf1 (b) and pAMPKα (c) in the indicated lung cancer
tissues was calculated and compared with the corresponding ANT. p values were determined by a two-tailed t-test. Data are presented as
the mean ± SD of at least three independent experiments. ∗p < 0:05, ∗∗p < 0:01.
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analysis and explore the correlation of the levels of
pAMPKα with Brf1 expression. The results indicate that
Brf1 expression is significantly increased in tumor tissues
of lung cancer, compared to adjacent noncancerous tissue
(ANT) samples in the same case (Figure 3(a)). Interest-
ingly, pAMPKα levels in the tumor tissues are also much
higher than those in corresponding ANT samples
(Figure 3(a)). The quantitation of the immunoblot results
of these samples indicates that the cellular levels of Brf1
(Figure 3(b)) and pAMPKα (Figure 3(c)) in tumor tissues
are significantly higher than those in corresponding ANT
samples. In addition, we also determined the cellular levels
of Brf1 in the bronchial epithelial cells and lung cancer
cell lines of humans. The immunoblot analysis reveals that
the cellular levels of Brf1 in lung cancer cell lines, A549
and H1975, are higher than those in no lesion bronchial
epithelial cell line, 16HBE (Figure 4(a)). We also deter-
mined the levels of Brf1 mRNA in the cell lines by RT-
qPCR. The results indicate that the levels of Brf1 mRNA
in A549 and H1975 cell lines are dramatically higher than
those in bronchial epithelial cells (Figure 4(b)). High Brf1
expression is consistent with pAMPKα elevation in tumor
tissues of lung cancer. We established the Brf1 promoter-
luciferase reporter construct to test whether AMPK medi-
ates Brf1 promoter activity. Figures 4(c) and 4(d) indicate
that MNNG increases Brf1 transcription.

3.3. pAMPKα Mediates Brf1 Expression Resulting in the
Enhancement of Pol III Gene Transcription. Given Brf1
expression with high levels of pAMPKα in the cases of
human lung cancer (Figure 3), we further determine whether
pAMPKα mediates Brf1 expression and Pol III gene tran-
scription. A549 cells were cultured in 10% FBS/RMPI 1640
medium to 80-85% confluence and starved in FBS-free
medium for 4 h. The cells were treated with different doses
of carcinogen, MNNG. The resultant lysates and RNA were
used to detect the protein and mRNA levels of Brf1 and
pAMPKα. The results indicate that MNNG markedly
induced pAMPKα (Figure 5(a), middle). More interestingly,
MNNG also increases the accompanied cellular levels of
Brf1 proteins and mRNAs in various MNNG doses in A549
cells (Figures 5(a), top and 5(b)). Since MNNG enhances
Brf1 promoter activity in A549 cells (Figures 4(c) and 4(d)),
similar results are also observed in the lung cancer cell line,
H1975 (Figures S2 and S3C). Thus, we further determined
whether MNNG-activated AMPK, pAMPKα, affects the
target genes of Brf1. The results show that MNNG
increases Pol III gene, tRNALeu, 5S rRNA, and tRNATyr

transcription in A549 (Figures 5(c)–5(e)) and H1975 cell
lines (Figures S2B and S2C). This points out that pAMPKα
really modulates the activities of Brf1 and Pol III genes.

To further confirm the roles of pAMPKα in Brf1 and Pol
III gene expression, we pretreated A549 cells with pAMPKα
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Figure 4: Brf1 expression in the cell lines of lung cancer and Brf1 promoter activity. (a) Immunoblotting analysis of Brf1 protein levels
in the normal human bronchial epithelial cell line (16HBE) and lung cancer cell lines (A549 and H1975). (a) Is a representative result
of immunoblotting. (b) RT-qPCR analysis of Brf1 mRNA levels in lung cancer cell lines (A549 and H1975) and nontumor line, 16HBE.
(c, d) Brf1 promoter-luciferase activity. The A549 cells were transfected with 0.5 μg Brf1-Luc plasmids. Luciferase assay indicates that
the carcinogen MNNG increases the activity of the Brf1 promoter. All error bars represent the SD of at least three independent
experiments. p values were determined by a two-tailed t-test. ∗p < 0:05, ∗∗p < 0:01.
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specific inhibitor, S7306, and then treated the cells with
MNNG as indicated in Figures 6(a) and 6(b). The result
displays that S7306 specifically decreases the level of
MNNG-induced pAMPKα and also reduces the levels of
Brf1 protein and mRNA, compared to control cells without
the pretreatment by S7306 (Figures 6(a) and 6(b)). This
shows that S7306 reduces the activation of AMPKα to result
in a decrease in MNNG-induced Brf1 expression. Similar
results were also observed in H1975 cells (Figures S3A and
S3B). Besides, we transfected A549 cells with Brf1 siRNA to
repress its expression. The results reveal that Brf1 siRNA
can significantly reduce the cellular levels of Brf1, either
protein or mRNA (Figures 6(c) and 6(d)), but not the levels

of pAMPKα and AMPKα (Figure 6(c)). Furthermore, our
results reveal that repression of Brf1 expression dramatically
inhibits the induction of pre-tRNALeu (Figure 6(e)) and 5S
rRNA (Figure 6(f)) caused by MNNG in A549 cells. Our
studies have demonstrated that repressing Brf1 expression
decreases Pol III gene transcription (Figures 6(e) and 6(f))
[13, 17–19]. Thinking about the effect of nonspecific
inhibition of the chemical inhibitor, S7306, we also
utilized a specific inhibitor, AMPKα siRNA. Compared
to control RNA (mismatch RNA, mmRNA), AMPKα
siRNA markedly reduced the levels of Brf1 protein and
mRNAs (Figures 7(a) and 7(b)) and also repressed the
transcription of Pol III genes (Figures 7(c)–7(e)). These
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Figure 5: MNNG induces Brf1 expression and Pol III gene transcription. A549 cells were treated with different doses of the carcinogen
MNNG. The resultant cell lysis and total RNA were extracted from the cells for immunoblotting analysis and RT-qPCR. (a)
Immunoblotting analysis of cellular levels of Brf1 and pAMPKα. (b–e) RT-qPCR. Brf1 mRNA (b) and transcription levels of
tRNALeu (c), 5S rRNA (d), and tRNATyr (e). The results indicate that MNNG activated pAMPKα and enhanced Brf1 expression and
Pol III gene transcription. All error bars represent the SD of at least three independent experiments. p values were determined by a
two-tailed t-test. ∗p < 0:05, ∗∗p < 0:01.
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results (Figures 6 and 7 and Figure S2–3) support the point
that pAMPKα modulates the expression of Brf1 and Pol III
gene transcription.

The above results indicate that AMPKα inhibitions
(S7306 and AMPKα siRNA) reduce the cellular levels of
Brf1, leading to decreases in Pol III gene activities
(Figures 6 and 7). Therefore, we further determine the colo-
calization of Brf1 and pAMPKα in MNNG-treated lung can-

cer cells. Immunofluorescent staining indicates that Brf1
reaction with its specific antibody can be observed in the
nuclei and plasma of A549 cells (Figure 8(a), red) and
H1975 cells (Figure S4, red), while the pAMPKα signal is
only in the nuclei of the cells (Figure 8(b), green; Figure S4,
green). The colocalization signals of Brf1 and pAMPKα are
seen in the nuclei of the cells (Figure 8, yellow-green and
Figure S4). The colocalization of Brf1 and pAMPKα implies
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Figure 6: The role of Brf1 alteration in transcription of Pol III genes. (a) Immunoblotting analysis of Brf1 and pAMPKα protein levels. A549
cells were treated with AMPK inhibitor, S7306 (12 h with 10μM), and MNNG (1 h with 4 μM). (b) RT-qPCR analysis of Brf1 mRNA levels in
A549 cells treated with S7306 (12 h with 10 μM) and MNNG (1 h with 4μM). (c) Immunoblotting analysis of Brf1, pAMPKα, and AMPKα
protein levels in MNNG-treated A549 cells after siRNA-mediated knockdown of Brf1, compared to mm siRNA as control (siCon). (d) RT-
qPCR analysis of Brf1 mRNA levels in A549 cells which were transfected with mmRNA or Brf1 siRNA to knock down Brf1. (e, f) RT-qPCR
analysis. Pol III gene transcription in A549 cells was transfected with Brf1 siRNA or mmRNA for 48 h and then treated with MNNG (4 μM)
for 1 h. All error bars represent the SD of at least three independent experiments. p values were determined by a two-tailed t-test. ∗p < 0:05,
∗∗p < 0:01.
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that pAMPKα and Brf1 may synergistically modulate Pol III
gene activity [20, 30].

3.4. pAMPKα-Mediated the Alteration of Brf1 Results in
Cellular Phenotypic Changes. The studies of ours and others
have demonstrated that decreasing the expression of Brf1

and Pol III genes represses cell proliferation, cell transforma-
tion, and xerograph tumor growth [13, 17–19]. The above
results have shown that activated AMPKα by the carcinogen
MNNG increases the activities of Brf1 and Pol III genes
(Figures 5–7, Figure S2). In contrast, inhibiting pAMPKα
by its specific inhibitor decreases the activities of these
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Figure 7: Repressing AMPKα expression decreases cellular levels of Brf1 and Pol III genes. (a) Immunoblotting analysis of Brf1 and pAMPKα
protein levels in A549 cells were treated with MNNG (1 h with 4μM) after siRNA-mediated knockdown of AMPKα. (b) RT-qPCR analysis of
Brf1 mRNA levels in A549 cells treated with MNNG (1 h with 4μM) after siRNA-mediated knockdown of AMPKα. (c–e) RT-qPCR analysis.
A549 cells were transfected with mmRNA or AMPKα siRNA for 48 h and then treated withMNNG (1 h with 4 μM). The cellular levels of pre-
tRNALeu (c), 5S rRNA (d), and pre-tRNATyr (e) transcription were determined by RT-qPCR. All error bars represent the SD of at least three
replicates from two independent experiments. p values were determined by a two-tailed t-test. ∗p < 0:05, ∗∗p < 0:01.
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genes (Figures 6 and 7 and Figure S3). Therefore, we further
determine whether inhibiting AMPKα activity causes cellular
phenotypic alteration. A549 cells were pretreated with the
AMPKα inhibitor S7306 and then treated with MNNG to
test the changes in cell phenotypes. The results indicate that
inhibiting AMPKα by S7306 represses the proliferation of
A549 cells, compared to control cells (Figures 9(a) and
9(b)). A higher dose of the inhibitor displays more
inhibition of cell growth by S7306 (Figure 9(a)).

In addition, we also determined whether inhibiting
AMPKα reduced the rate of colony formation of A549 cells.
The results reveal that MNNG treatment significantly pro-
motes colony formation of the cells, compared to the cells
without MNNG treatment (Figure 9(c)), whereas inhibiting
AMPKα dramatically decreases the rate of colony formation,
which displays a significant difference between with and
without S7306 treatment (Figure 9(d)). Moreover, we further
transfected A549 cells with Brf1 siRNA and AMPKα siRNA.
The results indicate that repression of either Brf1 or AMPKα
by their siRNA, the rates of colony formation were signifi-
cantly attenuated, compared to mm siRNA (Figures 9(e)
and 9(f)). These results clearly prove that pAMPKα modu-
lates Brf1 expression and Pol III gene transcription, causing
cell phenotypic alteration of lung cancer cells.

4. Discussion

In the present study, we report that Brf1 expression is
increased in the cases of human lung cancer. The cases with
high Brf1 expression show a short survival period, which
means that the prognosis of these cases is worse. Brf1 overex-
pression in lung cancer cases is accompanied by higher
pAMPKα levels. Further analysis indicates that pAMPKα
modulates the activities of Brf1 and Pol III genes. MNNG-
increased pAMPKα enhances the cellular levels of Brf1 and
Pol III gene expression. In contrast, inhibiting AMPKα acti-

vation reduces Brf1 expression, resulting in decreasing Pol III
gene transcription. Brf1 and pAMPKα are colocalized in
nuclei of lung cancer cells, which suggests that Brf1 and
pAMPKα may synergistically modulate the activities of Pol
III genes [20, 30]. Moreover, inhibiting AMPKα activity
decreases the rates of proliferation and colony formation of
lung cancer cells. These studies, for the first time, demon-
strate that overexpression of Brf1 and higher levels of
pAMPKα are in human lung cancer samples. The activated
AMPKα, pAMPKα, upregulates Brf1 expression and Pol III
gene transcription to accelerate cell proliferation and colony
formation (Figure 10). These studies indicate that pAMPKα
and Brf1 play an important role in lung cancer formation.

Brf1 is a key transcription factor. It specifically regulates
its target genes, tRNAs and 5S rRNA transcription. Studies
have demonstrated that dysregulation of Pol III genes is
directly linked to cell transformation and tumorigenesis
[16–18]. Upregulation of Pol III genes would serve to
enhance the protein biosynthesis to promote cell prolifera-
tion and transformation and tumor development and
growth, while Brf1 alteration in cells directly affects the prod-
ucts of tRNAs and 5S rRNA genes. Recent studies indicate
that Brf1 expression is increased in human cancers of the
liver, breast, stomach, and prostate [15, 19–22]. This implies
that Brf1 overexpression is required for cancer cell growth in
humans. Here, we report that Brf1 expression was enhanced
in the cases of lung cancer (Figures 1–3, Figure S1). High Brf1
expression displays a worse prognosis (Figure 2). It suggests
that Brf1 is a novel prognostic biomarker for human lung
cancer.

LKB1 was originally defined as a tumor suppressor [39].
It is a component of AMPK upstream. Studies have demon-
strated that LKB1 mutation in lung cancer is up to 20% or
more [26–28]. The mutation of LKB1 often accompanies K-
Ras activation in the disease, while activated oncogene, Ras,
is able to increase the TFIIIB activity to upregulate Pol III
gene transcription [39–41]. Brf1 is an important subunit of
the TFIIIB complex. This points out that there may be an
underlying relationship between Brf1 and lung cancer. Here,
we report that Brf1 is overexpressed in cases of lung cancer. It
proves the direct relationship between Brf1 and lung cancer.
On the other hand, LKB1 activates AMPK activity, while
activated AMPKα upregulates Brf1 and Pol III gene tran-
scription (Figures 6 and 7) to promote lung cancer develop-
ment in the status of K-Ras activation [41, 42]. A basic
feature of cancer cells is the requirement of high nutrient
intakes, macromolecular synthesis, and energy consumption
to support tumor cell growth and survival [43]. The biologi-
cal functions of Brf1 and Pol III genes are responsible for
protein synthesis, whereas protein synthesis is essential for
tumor cell growth. Eichner and his colleagues reported that
AMPK is needed in glucose deprivation to induce Tfe3
activation, while Tfe3 activity increases the growth of rodent
lung tumors [42]. Here, our study further demonstrates that
the carcinogen MNNG activates AMPKα to increase the
expression of Brf1 and Pol III genes (Figure 5). In contrast,
inhibiting AMPKα decreases the expression of these genes
(Figures 6 and 7). It shows that there is a new andmuch more
important pathway, namely, pAMPKα, which upregulates
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Figure 8: Colocalization of Brf1 and pAMPKα in lung cancer cells.
Localizations of Brf1 and pAMPKα: Brf1 (red) and pAMPKα
(green) and cell nuclei were stained with DAPI (blue) in A549
cells. The signals of Brf1 (red) and pAMPKα (green) were
determined by immunofluorescence staining. The merging picture
clearly shows that the colocalization signals of Brf1 and pAMPKα
are seen in the nuclei of A549 cells (scale bar = 50 μm).
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Figure 9: pAMPKαmediated the alteration of Brf1 resulting in cellular phenotypic changes. (a, b) MTT assay. A549 cells were pretreated with
or without AMPK inhibitor S7306 for 4 days: (a) dose curve (4 days); (b) time course; (c) colony formation assays: A549 cells were cultured in
RPMI 1640 alone or with S7306 or MNNG for 1 week or longer (scale bar = 500μm). The colonies were stained with 0.1% crystal violet
solution. (d) Quantification of the colony numbers of A549 cells calculated after being cultured alone or in S7306 or MNNG for 1 week.
(e) A549 cells were transfected with mmRNA, Brf1 siRNA, or AMPKα siRNA, respectively. After knockdown of Brf1 or AMPKα for 48 h,
the cells were seeded into soft agar and treated alone or with MNNG (4 μM) for 1-2 weeks to observe colony formation. (f) Quantification
of the clonogenicity of A549 cells as described previously (e). All error bars represent the SD of at least three independent
experiments. p values were determined by a two-tailed t-test. ∗p < 0:05, ∗∗p < 0:01.
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the activities of Brf1 and Pol III genes to promote human
lung cancer development except AMPK-mediated Tfe3.

The studies of signaling events indicate that MAP kinases
mediate Pol III gene transcription [39]. Hereafter, JNK1 and
JNK2 were identified to differently mediate the activity of
Brf1 and Pol III genes: JNK1 positively regulated the activities
of Brf1 and Pol III genes to increase cell proliferation [44, 45].
In contrast, JNK2 negatively modulated Brf1 and Pol III
genes to repress cell growth [44, 45]. Activated JNK1 upregu-
lates Brf1 expression through the c-Jun and Elk1 pathways to
promote liver tumor development [15, 31], whereas activa-
tion of JNK1 increases the Brf1 and Pol III gene activities to
elevate the rates of breast cell growth and colony formation
through ERα to facilitate cell transformation [17]. Here, we
report that the carcinogen MNNG induces the activation of
AMPKα to upregulate the expression of Brf1 and Pol III
genes, resulting in increasing the rate of cell proliferation
and colony formation (Figure 9) [20]. These studies indicate
that dysregulation of Brf1 and Pol III genes is going through
different signaling pathways in various organs. In other
words, the modulations of Brf1 expression are of tissue spec-
ificity [14]. Furthermore, we have demonstrated that carcin-
ogens (EGF and DEN) induce histone H3 phosphorylation at
serine 10 and 28, while phosphorylated H3 epigenetically
upregulates the transcription of Brf1 and Pol III genes [18,
38]. It implies that epigenetic regulation plays a key role in
cancer development and tumor growth. These studies have
been going in our laboratory.

5. Conclusion

In summary, our studies demonstrate that Brf1 is overex-
pressed in human lung cancer. High Brf1 expression displays

short survival times. The overexpression of Brf1 is accompa-
nied by a high level of pAMPKα in the cases of lung cancer.
Mechanism study reveals that activated AMPKα, pAMPKα,
upregulates the activities of Brf1 and Pol III genes, while
repressing AMPKα decreases Brf1 expression and Pol III
gene transcription, resulting in the reduction of cell prolifer-
ation and colony formation (Figure 10) [29]. These studies
demonstrate that pAMPKα-mediated Brf1 expression and
Pol III gene transcription is a novel and direct pathway,
which is tightly linked to protein synthesis, supporting cell
growth and cell survival of lung cancer. Therefore, develop-
ing a specific inhibitor to repress the growth of cancer cells
is a new strategy for the therapy of human lung cancer.
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