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TFIIB-related factor 2 inhibits lung squamous carcinoma cell
apoptosis through SLC8A3-mediated mitochondrial
homeostasis
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Lung cancer is the most common cancer and the leading cause of cancer-related deaths. Developing therapies for lung cancer is
challenging, and new targets are urgently required. TFIIB-related factor 2 (BRF2) plays a crucial role in the development and progression
of various tumors. However, the potential role of BRF2 in lung squamous carcinoma (LUSC) is unclear. Therefore, the aim of this study was
to elucidate the mechanism of BRF2 regulation in LUSC development. Flow cytometry, protein blotting, and in vivo experiments were
performed to assess the function of BRF2 in LUSC. Transmission electron microscopy imaging and mitochondrial membrane potential
(MMP) measurements were used to determine the effect of BRF2 on mitochondria in LUSC. The impact of the downstream molecule
SLC8A3 was predicted using bioinformatics analysis, and the mechanism was investigated by analyzing quantitative reverse
transcription-polymerase chain reaction and immunoprecipitation (IP) assays, which were confirmed through rescue experiments. BRF2
expression was upregulated in squamous carcinoma cells, which increased SLC8A3 protein expression, promoted mitochondrial
autophagy, stabilized MMP, and reduced apoptosis. In addition, SLC8A3 overexpression inhibited PTEN-induced putative kinase 1 (PINK1)
binding to TIMM23 to promote mitochondrial autophagy and stabilize the MMP, which counteracted BRF2 knockdown-induced
apoptosis. BRF2 mediated SLC8A3 expression to reduce apoptosis in LUSC cells by maintaining mitochondrial homeostasis. These
findings provide novel selective therapeutic targets and ideas for the treatment of LUSC.
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INTRODUCTION
Lung cancer is the most common cancer, accounting for
approximately 2.5 million new cases in 2022, and one-eighth of
all cancers worldwide [1]. Lung cancer is also the leading cause
of cancer-related deaths and has a considerably higher
mortality rate than other cancers, despite the tremendous
progress made recently in its diagnosis and treatment through
surgery, targeted therapy, and immunotherapy and the
decreased lung cancer mortality rates [2, 3]. Non-small cell
lung cancer (NSCLC) accounts for 85% of lung tumors, and lung
squamous cell carcinoma (LUSC), a subtype of NSCLC, accounts
for 20–30% of all NSCLC cases [4, 5]. However, despite
recurrent molecular aberrations in LUSC, developing targeted
therapies against receptor tyrosine kinases, signaling path-
ways, and cell cycle checkpoints has been considerably
challenging [6]. Therapies using LUSC-specific metabolic
vulnerabilities, such as those targeting gluconeogenesis, have
also been proposed [7, 8]. These novel therapies may act
synergistically with immune checkpoint inhibitors. Therefore,
discovering novel metabolic targets is crucial for diagnosing
and treating LUSC.

TFIIB-related factor 2 (BRF2) is a member of the TFIIB-like core
transcription family [9]. BRF2 recruits RNA polymerase III to the
external promoter of type III genes and transcribes small
untranslated RNAs involved in essential metabolic processes such
as mRNA processing and translation [10, 11]. The capacity for
redox sensing has also been reported, with its overexpression
protecting cells from oxidative stress-induced apoptosis [12]. BRF2
is overexpressed in many malignant tumors and plays a crucial
role in carcinogenesis [13–15]. Our previous study found that the
overexpression level of BRF2 could act as a significant prognosis
predictor for LUSC [16]. However, the role of BRF2 in LUSC and the
mechanism by which it controls oxidative stress remain largely
unknown. Therefore, the aim of this study was to elucidate the
mechanism of BRF2 regulation in LUSC development.

MATERIALS AND METHODS
Cell culture and processing
The human respiratory epithelial cell lines (HBE135-E6E7, BEAS-2B), human
embryonic kidney 293 T cells (HEK293FT), and human lung squamous cell
carcinoma cell line (NCI-H520, NCI-H226) were purchased from the
Shanghai Cell Bank Research Center, Chinese Academy of Sciences. The
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cell lines were grown in RPMI-1640 (Gibco, Waltham, MA, USA) and
Dulbecco’s modified Eagle medium (Gibco) in a humidified incubator
containing 5% CO2 at 37 °C. All media were supplemented with 10% fetal
bovine serum (Gibco). Cells were certified for analysis every 3–6 months
using short tandem repeat sequences and were monitored every 3 months
using the MycoAlert Mycoplasma Detection Kit (Lonza). The H520 and
H226 cell lines were certified on May 15, 2023, by Qingke Biotechnology
(Beijing, China). Experiments were performed one week after cell thawing.
For replicate experiments, cells were cultured for a maximum of two
months. Negative control (NC), BRF2 and TIMM23 small interfering RNA
(siRNA), slc8a3, TIMM23, and PTEN-induced putative kinase 1 (PINK1)
overexpression plasmids were provided by Keyybio (Shandong, China) and
GenePharma (Shanghai, China)(Supplementary Table S1). BRF2 lentivirus
was supplied by Genechem (Shanghai, China). Cells were transiently
transfected with validated siRNA and with the corresponding negative
control siRNA using jetPRIME Transfection Reagent (Polyplus, Illkirch-
Graffenstaden, France) according to the manufacturer’s instructions. LUSC
cells were transfected with lentivirus and the corresponding negative
control to construct a stable transformation model. Experiments were
performed 48–72 h after transfection.

IHC analysis
LUSC tissues were fixed with 4% paraformaldehyde. Following incubation
at 60 °C for 1 h, dewaxing, and rehydration of the samples, antigen retrieval
was performed using citrate buffer at 97 °C for 20min. Peroxidase blocker
was applied at room temperature for 10min. After blocking with 5%
normal goat serum in PBST at 37 °C for 2 h, the slides were incubated
overnight at 4 °C with the BRF2 primary antibody. Each slide was then
treated with an HRP-conjugated secondary antibody, washed three times
with TBST, and developed using a DAB solution prior to counterstaining
with hematoxylin. Images were captured using an inverted microscope.
This study was conducted in accordance with the Declaration of Helsinki,
with the ethical approval of the Medical Ethics Committee of Qilu Hospital
of Shandong University (Coe). Patients were willing to participate and
signed informed consent.

Western blotting
Cells and tissue samples were lysed in RIPA buffer (Beyotime, Jiangsu,
China) to extract proteins. Proteins were separated using 10% or 12%
sodium dodecyl-sulfate polyacrylamide gel electrophoresis gels and then
electrotransferred to polyvinylidene difluoride membranes, which were
blocked with 5% skimmed milk for 1 h to prevent nonspecific antibody
binding and then treated with primary antibodies (Supplementary Table
S2) overnight at 4 °C. After incubation with the appropriate secondary
antibody, the proteins were detected using an enhanced chemilumines-
cence system.

Immunoprecipitation assay
Human embryonic kidney 293 T cells were lysed in an immunoprecipita-
tion (IP) buffer (P0013; Beyotime); then, 500 µl protein lysate protein was
removed from them as a control motif, and 500 µl protein lysate was mixed
with 2 µg of antibody against FLAG and IgG by spinning at 4 °C for 1 h.
Afterwards, 30 μL of protein A/G plus agarose was added to the mixture,
which was then incubated overnight at 4 °C on a rotator. The following
day, the mixture was mixed five times with IP buffer, and the precipitated
proteins were mixed with the upsampling buffer for protein blotting
analysis. Finally, protein blotting was performed to detect TIMM23 and
PINK1 expression.

Transcriptome sequencing, protein characterization by mass
spectrometry, and bioinformatics analysis
LC Bio-Technology (Shanghai, China) performed transcriptome sequen-
cing. The mRNA transcripts were identified by sequencing the transcrip-
tome and were expressed differently in BRF2 knockdown H520 cells than
in control H520 cells. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment map and Gene Ontology (GO) enrichment map were
mapped based on the Sangerbox 3.0 platform (http://sangerbox.com).

Transmission electron microscopy imaging
The relevant siRNAs transfected into H520 and H226 cells were digested
using trypsin, collected by centrifugation (161×g), resuspended in 0.5%
glutaraldehyde fixative for 10min, centrifuged again (13500×g), and fixed

with 3% glutaraldehyde. Finally, the cell samples were refixed with 1%
osmium tetroxide, progressively dehydrated in acetone, and embedded in
Ep812. The samples were then stained and cut using a diamond knife. The
sections were examined using a transmission electron microscope (JEOL,
JEM-1400-FLASH, Japan).

Quantitative reverse transcription polymerase chain reaction
Total RNA was isolated from LUSD and tumor cells using the TRIzol reagent
(Invitrogen, Waltham, MA, USA). cDNA was reverse-transcribed from RNA
to cDNA using a reverse transcription kit (Aikerui Biotechnology,
Hangzhou, China). Quantitative real-time PCR was performed on a Bio-
Rad CFX Connect (Bio-Rad Laboratories, Hercules, CA, USA) using SYBR
Premix Ex Taq (Aikerui Biotechnology, Hangzhou, China) with three sub-
well replicates. Thermocycling conditions were chosen according to the
manufacturer’s protocol. Relative gene expression was then analyzed using
the ΔΔCq method. Each experiment was performed at least three times.

Flow cytometry analysis
Apoptosis was analyzed using the Membrane-Linked Protein V-FITC/PI
Apoptosis Detection Kit (Vazyme, Nanjing, China). Cells were collected 48 h
after transfection, washed twice with phosphate-buffered saline (PBS), and
suspended in 500 μL binding buffer. Subsequently, 5 μL of membrane-
bound protein V-FITC and 5 μL of propidium iodide (PI) were added to the
cell suspension. Cells were incubated in the dark at 15–25 °C for 15min,
and late and early apoptosis rates were measured using flow cytometry
(CytoFLEX Beckman Coulter, Pasadena, California, USA).

Mitochondrial membrane potential measurements
Mitochondrial membrane potential (MMP) changes were measured using a
Mitochondrial Membrane Potential Assay Kit with JC-1 (Beyotime)
according to the manufacturer’s instructions. Briefly, treated cells were
harvested and washed twice with cold PBS. After that, the cells were
resuspended in a mixture of 500 μL of culture medium and 500 μL of JC-1
staining solution for 20min at 37 °C in the dark. The cells were then
washed thrice with cold staining buffer before flow cytometry (Olympus,
Tokyo, Japan). JC-1 is present as a cytoplasmic JC-1 monomer or as a
mitochondrial J aggregate, depending on the MMP. In healthy cells with a
high MMP, JC-1 spontaneously forms J-aggregates in the mitochondria
and emits red fluorescence. However, in unhealthy cells, where MMP is
decreased, JC-1 is released from the mitochondria and exists as a
monomer in the cytoplasm, resulting in green fluorescence. Therefore,
MMP can be expressed as the ratio of red-to-green fluorescence intensity.
MMP changes were detected in situ using the JC-1 assay. After appropriate
treatment, the cells were stained with JC-1 as described above and
visualized using laser scanning confocal microscopy (Nikon, Japan).

Membrane-associated protein V/PI staining
The mode of cell death was determined using a Membrane Linker V-FITC
Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China). Briefly, MCs were
harvested using trypsin digestion after treatment, rinsed twice with cold
PBS, and resuspended in 500 μL of binding buffer. The cells were then
stained with 5 μL of Annexin V-FITC and 5 μL of PI for 15min at room
temperature in the dark. Stained MCs were analyzed using flow cytometry
(Olympus).

In vivo experiments
The Medical Ethics Committee of Qilu Hospital of Shandong University
approved and supervised all animal experiments. Animal experiments
follow ARRIVE guidelines. Four-week-old Female BALB/c nude mice were
obtained from Beijing Vital River Laboratory Animal Technology (Beijing,
China). Transduced H520 and H226 cells were injected subcutaneously into
the right axillary region of each mouse. Each cell line was divided into a
negative control group and a BRF2 knockdown group, forming a total of
four groups. In the rescue experiment, SLC8A3 overexpression plasmid and
blank vector were transfected on the basis of the original stable cells. The
animals were randomly divided into different groups using a double-blind
approach to minimize experimental bias. The tumor size was measured
every 5 days. Tumor volume was calculated using the following formula:
Volume= (length × width × width)/2. After 15 d, these mice were eutha-
nized via exposure to carbon dioxide gas in an uncrowded tank. The
tumors were collected and weighed. Mouse tumor tissues were fixed with
4% paraformaldehyde. The tumor samples were embedded in paraffin and
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sectioned. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining was used to assess tissue apoptosis using a Fluorescein
(FITC) TUNEL Cell Apoptosis Detection Kit (Servicebio, Wuhan, China)
according to the manufacturer’s instructions.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA) and IBM SPSS Statistics 25 (SPSS Inc.,
Chicago, IL, USA). Data are presented as the mean ± standard deviation.
The t-test was used to analyze the differences between the two groups,
and the chi-square test was used to analyze the categorical variables.
Statistical significance was set at P < 0.05.

RESULTS
BRF2 expression was upregulated in LUSC tissues and cells
According to the bioinformatics analysis of several databases,
BRF2 expression was significantly higher in LUSC tissues than in
normal lung tissues (Fig. 1A). Western blotting revealed that BRF2
was highly expressed in the H520 and H226 cell lines (Fig. 1B). The
results showed that BRF2 was highly expressed in lung squamous
cell carcinoma tissues and cells. IHC staining was performed to
determine the expression of BRF2 protein in cancer tissues and
adjacent non-cancerous tissues of 30 LUSC patients (Fig. 1C). The
IHC scores revealed that the expression of BRF2 was upregulated
in LUSC tissues (Fig. 1D).

BRF2 silencing increased LUSC cell apoptosis in vitro and
in vivo
After verifying the knockdown efficiency of four small interfering
sequences in H226 and H520 cells, the two most efficient
sequences, Si1-BRF-B and Si2-BRF-C (Fig. 2A), were selected to
characterize BRF2 expression in LUSC cells. After transfection of
the two LUSC cell lines with small interfering sequences, flow
cytometric analysis using Annexin V/PI staining showed that BRF2
knockdown increased LUSC cell apoptosis (Fig. 2B). BRF2 knock-
down in H520 and H226 cells increased Bax and cleaved caspase-9
protein expression, whereas decreasing BCL-2 protein expression
compared to the control group. These results suggest that BRF2
reduces apoptosis in LUSC cells (Fig. 2C). BRF2 stable knockdown
using lentivirus in H520 and H226 cell lines was implanted in nude
mice to establish a tumorigenesis model (Fig. 2D). BRF2 knock-
down significantly reduced the tumor growth rate, volume, and
weight in nude mice (Fig. 2E–G). TUNEL staining confirmed tumor
cell apoptosis in nude mice, and compared to the control group,

BRF2 knockdown was associated with an increased level of tumor
cell apoptosis (Fig. 2H). These results suggest that BRF2 knock-
down increases LUSC cell apoptosis in vitro and in vivo.

BRF2 affected mitochondrial function in LUSC cells
RNA sequencing of LUSC cells after BRF2 knockdown was
performed to explore the molecular mechanisms underlying the
effects of BRF2 on LUSC cells. A total of 604 differentially
expressed genes (DEGs) (multiple change ≥ 1, P < 0.05) were
identified between cells in the LUSC-NC control and LUSC-
SiBRF2 groups (Fig. 3A). In total, 269 upregulated and 335
downregulated DEGs were identified. KEGG analysis indicated that
pathways in cancer, metabolism, AMPK signaling, apoptosis,
autophagy, animal, and cytokine–cytokine receptors were strongly
correlated among the top 10 signaling pathways enriched with
downregulated DEGs in H520 cells (false discovery rate < 0.05)
(Fig. 3B).
The downregulated genes were further screened to identify the

downstream molecules regulated by BRF2 (fold change ≥ 2,
P < 0.05), and 16 downregulated DEGs were obtained. After
excluding genes most significantly associated with the biological
process GATED_CHANNEL_ACTIVITY in Gene Ontology (GO)
functional classification (Fig. 3C) and those unrelated to mito-
chondria, we identified SLC8A3. We furtherly detected the
expression level of SLC8A3 after BRF2 knockdown. We found that
SLC8A3 protein expression decreased as expected (Fig. 3D). These
results suggest that BRF2 regulates mitochondrial function
through SLC8A3.

BRF2 promoted mitochondrial autophagy and stabilized the
mitochondrial membrane potential
The cell status after BRF2 knockout in H520 and H226 cells was
observed, and the expression of mitochondrial autophagy-
associated proteins was detected after BRF2 knockout. In the si-
BRF2 group, mitochondrial structural damage (swelling, cristae
disruption), double- or single-membrane structures enclosing
mitochondria, autophagosome-lysosome fusion, and autophago-
some numbers decreased compared to the control group (Fig. 4A).
Activation of PINK1 and Parkin leads to ubiquitination of
mitochondrial outer membrane proteins, which is the initiation
signal for mitochondrial autophagy [17]. p62 acts as an adaptor
protein that recognizes these ubiquitination markers and connects
the damaged mitochondria to the autophagosome. In this way,
damaged mitochondria are efficiently encapsulated in the
autophagosome and transported to the lysosome for degradation
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Fig. 1 TFIIB-related factor 2 (BRF2) was highly expressed in lung squamous cell carcinoma tissues and lung cancer cell lines. A BRF2mRNA
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[18]. Thus, we furtherly detected the expression levels of PINK1
and P62 protein. BRF2 knockdown reduced PINK1 and P62 protein
expression compared to control cells (Fig. 4B). These results
suggest that BRF2 promotes mitochondrial autophagy. To further

verify the status of mitochondria in LUSC cells, mitochondrial
damage was verified (Fig. 4C), and the expression of proteins
related to the mitochondrial oxidative respiratory chain was
examined after BRF2 knockdown. BRF2 knockdown increased
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mitochondrial membrane depolarization and decreased Cyc1,
NDUFA10, and Cox4 protein expression, which are the key proteins
in the electron transport chain of mitochondria (Fig. 4D). These
results suggest that BRF2 could promote mitochondrial autophagy
and stabilize the mitochondrial membrane potential.

SLC8A3 attenuated PINK1 interaction with TIMM23
In addition to focusing on the expression level of PINK1, the
strength of the interaction between PINK1 and mitochondrial
inner membrane proteins is also a critical factor in regulating
mitochondrial autophagy. TIMM23, as a core transport protein of
the mitochondrial inner membrane, is involved in the recognition
and transport of mitochondrially encoded proteins, and its
function is closely related to PINK1-mediated mitochondrial
autophagy [19, 20]. Based on this mechanism, we further
investigated the impact of SLC8A3 on the interaction between
PINK1 and TIMM23. Human embryonic kidney 293 T cells were
transfected with the FLAG tag overexpression plasmid TIMM23
and the HA tag overexpression plasmid PINK1, and the existing
system was transfected with the SLC8A3 overexpression plasmid
and the corresponding empty vector to verify whether SLC8A3 can
affect the interaction of PINK1 with TIMM23. The results showed
that SLC8A3 attenuated the interaction between PINK1 and
TIMM23 (Fig. 5A). In TIMM23-knockdown human embryonic
kidney 293 T (HEK293T) cells, undegraded PINK1 accumulated
(Fig. 5B), whereas TIMM23 expression remained unchanged in
lung squamous cell carcinoma cell lines H226 and H520 despite
variations in BRF2 and SLC8A3 levels (Fig. 5C).

BRF2 affected SLC8A3 expression by regulating its alternative
splicing
qPCR experiments were performed to further explore the mechan-
ism through which BRF2 regulates SLC8A3 expression. A sequence
in exon 1 of SLC8A3 was selected, and primer 1 was designed to
represent the hnRNA of SLC8A3. Primer 2 was designed by selecting
a sequence spanning between exons 6 and 7 to represent the
SLC8A3 mRNA (Fig. 5B) (Supplementary Table S2). Alternative
SLC8A3 splicing was observed in LUSC cells (Fig. 5C). The knock-
down of BRF2 significantly reduces the abundance of mature
SLC8A3 mRNA, whereas leaving the transcription levels of SLC8A3
hnRNA unaffected (Fig. 5D). These results suggest that BRF2
affected SLC8A3 expression by regulating alternative splicing.

SLC8A3 overexpression antagonized the effect of BRF2
knockout on tumor cell apoptosis in vitro
BRF2 promoted mitochondrial autophagy and reduced mitochon-
drial damage, which influences tumor apoptosis. Therefore, rescue
experiments were performed by overexpressing SLC8A3 in BRF2
knockout cells to determine whether SLC8A3 is involved in the
effect of BRF2 on tumor apoptosis. Western blotting (Fig. 6A),
immunofluorescence (Fig. 6B), and flow cytometry analysis
(Fig. 6C) indicated that SLC8A3 overexpression significantly
rescued MMP depolarization and apoptosis in BRF2 knockout
cells. SLC8A3 overexpression rescued the changes in autophagy
and respiratory chain-related proteins after BRF2 knockdown.

SLC8A3 overexpression antagonized the effect of BRF2
knockout on tumor cell apoptosis in vivo
The in vivo rescue experiments demonstrated that overexpression
of SLC8A3 effectively restored the impaired tumor growth rate,
volume, and weight in BRF2 knockout nude mice (Fig. 7A–C).
Western blot analysis further confirmed the rescuing effect of
SLC8A3 expression, showing that BRF2 knockdown cells exhibited
decreased expression levels of key mitophagy- and respiratory
chain-related proteins (Cox4, Cyc1, NOUFA10, P62, and Pink1)
whereas SLC8A3 overexpression could antagonize this trend
(Fig. 7D). Additionally, TUNEL staining revealed that SLC8A3
expression counteracted the effects of BRF2 knockout on tumor
cell apoptosis in nude mice (Fig. 7E). These findings collectively
indicate that BRF2 facilitates tumor progression through its anti-
apoptotic function.

DISCUSSION
Mitochondria-based targeted therapy is more promising than the
current combination therapy of programmed death-ligand 1
inhibitors. Although new treatments have improved survival rates,
the long-term prognosis of lung cancer remains poor. Therefore,
improving the understanding of disease pathogenesis and
identifying new molecular targets are crucial. Recently, the use
of mitochondria-targeting therapies for targeting cancer stem
cells could be valuable [21]. Tumor cell resistance can be
overcome by the targeted delivery of anticancer drugs to the
mitochondria [22], and cancers resistant to radiotherapy or
chemotherapy can be treated, based on nanomaterials, by
regulating the redox status [23].
This study demonstrated a link between BRF2 and mitochondrial

homeostasis in LUSC, identified and validated the role of SLC8A3 in
LUSC, and linked it to LUSC apoptosis. BRF2 expression was
significantly elevated in LUSC tissues and cell lines, which is consistent
with the results of previous studies [24]. BRF2 in LUSC may promote
tumor progression by inhibiting apoptosis, and animal experiments
verified this result. BRF2 inhibits LUAD cell proliferation and metastasis
in vivo and in vitro through the MAPK/ERK pathway [25]. Furthermore,
BRF2 promotes hepatocellular carcinoma invasion and metastasis
through the Wnt/β-catenin pathway [26]. However, the results of this
study differ from those of the proliferation, migration, and invasion
functions of BRF2 in other tumors. In prostate cancer and breast
cancer with high expression of BRF2, pan-active BCL-2 protein family
antagonist (Sabutoclax) inhibits tumor progression by promoting cell
apoptosis [27, 28]. As apoptosis is a key factor affecting the
progression of BRF2-overexpressing LUSC cells, Sabutoclax may be
a promising therapeutic option. Unfortunately, this study could not be
further explored on this point. The study findings indicate that the
downstream target gene, SLC8A3, may interact with BRF2 and could
have a potential relationship with mitophagy. BRF2 overexpression
promoted mitophagy. Immunofluorescence assays confirmed that
BRF2 overexpression reduced mitochondrial damage. In eukaryotes,
metabolic pathways occur within the cytosol and mitochondria, and
glucose or fatty acids provide most of the cellular energy [29].
Mitochondria play a role in energy metabolism and apoptosis [30].

Fig. 2 BRF2 silencing increased LUSC cell apoptosis in vitro and in vivo. A Western blot analysis revealed that sequences B and C exhibited
superior interference efficacy. B BRF2 knockdown increased apoptosis in H520 and H226 cells (**P < 0.01; ***P < 0.001). C Compared to the
control group, the Bax and cleaved caspase-9 protein levels increased, whereas the BCL-2 protein level decreased in BRF2 knockdown groups.
Protein levels are expressed as the mean ± standard deviation (SD); n= 3. ****P < 0.0001. D H520 and H226 cells were subcutaneously
implanted into the right axillary region of 4-week-old nude BALB/c mice. The tumor size was measured every 3 days. On day 15, each tumor
was collected and weighed. E Representative images of tumors in nude mice after tumor injection. The tumor mass in the BRF2 knockdown
group was smaller than that in the control group. F The tumor weight of the BRF2 knockdown group was lower than that of the control
group. G The tumor volume of the BRF2 knockdown group was smaller than that of the control group. H Tumor tissue sections were labeled
with 4′,6-diamidino-2-phenylindole (DAPI), and FITC-12-dUTP, and cell apoptosis was observed using confocal microscopy. The BRF2
knockdown group showed higher TUNEL positivity than the control group. Left: Representative micrographs; right: TUNEL-positive rate
statistics, n= 5. DAPI, blue; FITC-12-dUTP, green. Scale bar: 20 µm. (***P < 0.001; ****P < 0.0001).
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Fig. 3 BRF2 affected mitochondrial function in LUSC cells. A BRF2 variance analysis of single-genes differentially expressed a volcanic figure
according to The Cancer Genome Atlas LUSC database. Fold change ≥ 1; P < 0.05. B Downregulated genes in differential expression analysis
correspond to Kyoto Encyclopedia of Genes and Genomes pathway enrichment profiles. C Circle plot of enrichment analysis of Gene
Ontology entries corresponding to downregulated genes in the differential expression analysis. D SLC8A3 protein expression was
downregulated in BRF2 knockdown cells. Protein levels are expressed as the mean ± SD; n= 3. ****P < 0.0001.
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Considering that BRF2 silencing increased apoptosis in LUSC cells, we
hypothesized that BRF2 knockdown may affect mitochondrial
function in LUSC cells. Gene enrichment results included the AMPK
and autophagy-animal signaling pathway. Therefore, BRF2 knock-
down possibly affects autophagic activity in LUSC cells. Autophagy is
a highly regulated pathway that plays a vital role in regulating primary
metabolic functions, enabling cells to remove damaged or harmful
components through catabolism and recycling, and maintaining
nutrient and energy homeostasis [31]. Autophagy is a central
protective mechanism that allows cells to survive in various stress
conditions, such as during the production of reactive oxygen species
(ROS) [32]. The primary source of intracellular ROS is damaged
mitochondria. Therefore, we hypothesized that BRF2-induced apop-
tosis inhibition in LUSC cells is associated with reduced mitophagy.
Mitochondria in cancer cells, which are often characterized by the
overproduction of ROS, contribute to cancer development by
inducing genomic instability, modifying gene expression, and
engaging in signaling pathways [33]. BRF2 overexpression protects
cells from apoptosis caused by oxidative stress; however, the link
between BRF2 and mitochondria is unknown. The results of this study
indicate that mitochondria stabilize with BRF2 upregulation.
The difference between SLC8A3 protein hnRNA levels and mRNA

levels increased after BRF2 knockdown. U6 spliceosomal RNA plays an
essential role in hnRNA cleavage and is significantly correlated with
BRF2 [34]. Therefore, this study suggests that the upregulation of BRF2
expression upregulates SLC8A3 mRNA at the transcriptional level by
regulating SLC8A3 splicing, which increases SLC8A3 protein

expression. SLC8A3 is an integral member of the sodium and calcium
exchanger membrane protein family. It mediates the electrical
exchange of Ca2+ and Na+ ions across the cell membrane to regulate
cytoplasmic Ca2+ levels and Ca2+-dependent cellular processes
[35–37]. SLC8A3 also contributes to cytosolic Ca2+ homeostasis in
excitable cells of the muscle, brain, and neurons, helps regulate
synaptic plasticity, learning, and memory, mediates mitochondrial
Ca2+ extravasation and contributes to mitochondrial Ca2+ ion
homeostasis [38]. However, no studies have confirmed whether
SLC8A3 interacts with other proteins to affect the development of
lung cancer. Therefore, the molecular mechanisms underlying the role
of SLC8A3 in lung cancer remain unclear. In the classical mitophagy
pathway, when mitochondria are damaged, the inner mitochondrial
membrane depolarizes, resulting in the accumulation of full-length
PINK1 in the outer mitochondrial membrane and the activation of the
mitophagy pathway [39]. In this study, SLC8A3 overexpression
promoted mitophagy and reversed MMP depolarization and
apoptosis in BRF2 knockdown cells. SLC8A3 overexpression counter-
acts inner mitochondrial membrane depolarization. It contradicts the
induction of mitophagy in rescue experiments. Therefore, an
unknown mechanism possibly delivers PINK1 to the inner mitochon-
drial membrane when SLC8A3 is overexpressed. The mitochondrial
inner membrane protein TIMM23 is involved in the recognition and
transport of proteins encoded by the mitochondrial core. It may be
closely related to pink1-mediated mitochondrial autophagy. In this
study, SLC8A3 overexpression inhibited PINK1 binding to TIMM23 and
induced mitophagy. It reveals a novel pathway of mitophagy.
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Fig. 4 BRF2 promoted mitochondrial autophagy and stabilized the mitochondrial membrane potential. A Transmission electron
microscopy of H520 and H226 cells. In the si-BRF2 group, mitochondrial structural damage (swelling, cristae disruption), double- or single-
membrane structures enclosing mitochondria, autophagosome-lysosome fusion, and autophagosome numbers decreased compared to the
control group. Experimental scale: 2 μm/500 nm. B Compared with the control group, the P62 and PINK1 protein levels were downregulated in
BRF2 knockdown cells. Protein levels are represented as the mean ± SD; n= 3. ****P < 0.0001. C H520 and H226 cells were treated and labeled
with the fluorescent probe JC-1, and mitochondrial membrane potential (MMP) changes in situ were observed using confocal microscopy. JC-
1 forms J-aggregates and emits red fluorescence when the mitochondrial membrane potential is normal. JC-1 exists in monomeric form and
emits green fluorescence when the membrane potential decreases. Representative micrographs showed that control cells showed higher
levels of red fluorescence, whereas BRF2 knockout cells had higher levels of green fluorescence. J-aggregate: red; JC-1 monomer: green. Scale:
20 µm. D Compared to the control group, the protein levels of Cyc1, NDUFA4, and Cox4 were downregulated in the si-BRF2 groups. Protein
levels are expressed as the mean ± SD; n= 3, ****P < 0.0001.
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Fig. 5 SLC8A3 attenuated PINK1 interaction with TIMM23 and BRF2 affected SLC8A3 expression by regulating its alternative splicing.
A Exogenous immunoprecipitation confirmed that the interaction between TIMM23 and PINK1 was weakened by increased SLC8A3 expression.
B Compared with the control group, the PINK1 protein levels were downregulated in TIMM23 knockdown cells. C Compared with the control group,
TIMM23 protein expression exhibited no significant changes in si-BRF2 groups. D mRNA SLC8A3 protein primer on the position of primers 1 and 2;
primer 1 in SLC8A3 mRNA in exons 1 and 2, primers across SLC8A3 mRNA exon 6 and 7. E qPCR detection of the H520 and H226 primer 1 and 2
reverse transcription products. Significant differences were observed in hnRNA and mRNA among the three transcribed groups. The SLC8A3 protein
level is considerably higher than the SLC8A3 mRNA level. (n= 3. **P< 0.01; ***P< 0.001; ****P< 0.0001). F Results show that after BRF2 knockdown,
the difference in SLC8A3 transcribed the SLC8A3 protein level and the protein mRNA level increased (n= 3. ***P< 0.001; ****P< 0.0001).
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Fig. 6 SLC8A3 overexpression antagonized the effect of BRF2 knockdown on tumor cell apoptosis in vitro. A BRF2 knockdown reduced the
expression levels of Cox4, Cyc1, NDUFA10, P62, and Pink1, whereas SLC8A3 overexpression counteracted the effects of BRF2 knockdown. Left:
Representative western blotting data showing the levels of mitophagy- and respiratory chain-related proteins. Right: Protein levels are expressed
as the mean ± SD; n= 3, ****P < 0.0001. B Flow cytometry was used to determine the effect of BRF2 on apoptosis. In BRF2 knockdown-treated
cells, the apoptosis level was decreased, whereas the SLC8A3 overexpression group reversed this trend (**P < 0.01; ***P < 0.001; ****P < 0.0001).
C H520 and H226 cells were labeled with the fluorescent probe JC-1, and MMP changes were observed using confocal microscopy in situ.
Representative micrographs show that the SLC8A3 overexpression group had a higher level of red fluorescence, whereas the empty vector control
group had a higher level of green fluorescence in BRF2 knockdown-treated cells. J-aggregates: red; JC-1 monomers: green. Scale bar: 20 µm.
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Therefore, we concluded that BRF2 increased SLC8A3 expression
by regulating the hnRNA splicing of SLC8A3. SLC8A3 maintains
mitochondrial homeostasis by preserving the MMP and promoting
mitophagy. Finally, the damaged mitochondria are reduced to
avoid LUSC apoptosis (Fig. 8).

However, this study has certain limitations. The molecular
interplay among SLC8A3, PINK1, and TIMM23 remains to be
fully elucidated, primarily due to the incomplete understand-
ing of the transport mechanism of PINK1 into the mitochon-
drial inner membrane. Although BRF2 overexpression could
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theoretically enhance mitochondrial autophagy, our prelimin-
ary in vitro attempts to overexpress BRF2 yielded inconsistent
phenotypic outcomes. We hypothesize that a threshold
mechanism may exist, potentially limiting its impact on
phenotypic functionality. Future investigations should focus
on determining whether a linear relationship exists between
BRF2 expression levels and mitochondrial membrane potential.
Additionally, BRF2 participates in multiple pathways regulating
apoptosis in LUSC. The interplay between these distinct
mechanisms and their relative contributions to apoptosis
regulation warrants further exploration. Consequently, addi-
tional studies are essential to dissect these pathways in greater
detail and to identify potential therapeutic compounds that
could effectively target these molecular players in LUSC
treatment.

CONCLUSION
This study indicated that BRF2 increases SLC8A3 expression by
regulating SLC8A3 hnRNA splicing. SLC8A3 is involved in
maintaining mitochondrial homeostasis and reducing damaged
mitochondria to prevent LUSC apoptosis. It will be valuable to
evaluate the role of SLC8A3 in tumorigenesis in future studies.
Furthermore, the finding may elucidate the molecular mechanism
of BRF2 in LUSC and provide novel selective therapeutic targets
and ideas for LUSC treatment.

DATA AVAILABILITY
The data that support the findings of this study are accessible from the
corresponding author upon reasonable request.

Fig. 7 SLC8A3 overexpression antagonized the effect of BRF2 knockout on tumor cell apoptosis in vivo. A Representative images of
tumors in nude mice injected with H520 and H226 cells. The tumor growth rate was significantly suppressed in the BRF2 knockdown group
compared to the control; however, this inhibitory effect was markedly reversed by SLC8A3 overexpression. B, C Overexpression of SLC8A3
effectively restored the impaired tumor weight and volume in BRF2 knockout nude mice (n= 5, *P < 0.05; ***P < 0.001). D Representative
western blot data showing the levels of mitophagy- and respiratory chain-related proteins, such as Cox4, Cyc1, NOUFA10, P62, and Pink1.
These protein expression levels decreased in the BRF2 knockdown group, whereas concomitant SLC8A3 overexpression rescued the inhibition
in xenograft tumors. Target protein levels are expressed as the mean ± SD (n= 3. ****P < 0.0001). E Tumor tissue sections were labeled with
DAPI and FITC-12-dUTP, and changes in apoptosis were observed using confocal microscopy. The BRF2 knockdown group exhibited an
increased TUNEL-positive rate, whereas the SLC8A3 overexpression group reversed this trend. Left: representative micrographs, right: TUNEL
positive rate statistics, n= 5, ****P < 0.0001. DAPI, blue; FITC-12-dUTP, green. Scale bar: 20 µm.

Fig. 8 The illustrated mitochondrial autophagy regulatory mechanism of BRF2 in LUSC. (I) BRF2 regulates SLC8A3 mRNA at the transcriptional
level by regulating SLC8A3 splicing, leading to an increase in SLC8A3 protein expression. (II) SLC8A3 mediates mitochondrial Ca2+ and
promotes mitochondrial Ca2+ ions in the steady state, thereby maintaining MMP. (III) SLC8A3 overexpression can inhibit the binding of PINK1
to TIMM23, thereby inducing autophagy. (IV) Mitochondrial steady destruction leads to apoptosis.

S. Yi et al.

11

Cell Death and Disease          (2025) 16:491 



REFERENCES
1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global

cancer statistics 2022: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2024;74:229–63.

2. Siegel RL, Miller KD, Wagle NS, Jemal A. CA Cancer J Clin, 2023. Cancer statistics.
CA Cancer J Clin. 2023;73:17–48.

3. Siegel RL, Giaquinto AN, Jemal. Cancer statistics, 2024. CA Cancer J Clin.
2024;74:12–49.

4. Relli V, Trerotola M, Guerra E, Alberti S. Abandoning the notion of non-small cell
lung cancer. Trends Mol Med. 2019;25:585–94.

5. Herbst RS, Morgensztern D, Boshoff C. The biology and management of non-
small cell lung cancer. Nature. 2018;553:446–54.

6. Lau SCM, Pan Y, Velcheti V, Wong KK. Squamous cell lung cancer: current land-
scape and future therapeutic options. Cancer Cell. 2022;40:1279–93.

7. Stine ZE, Schug ZT, Salvino JM, Dang CV. Targeting cancer metabolism in the era
of precision oncology. Nat Rev Drug Discov. 2022;21:141–62.

8. Goodwin J, Neugent ML, Lee SY, Choe JH, Choi H, Jenkins DMR, et al. The distinct
metabolic phenotype of lung squamous cell carcinoma defines selective vul-
nerability to glycolytic inhibition. Nat Commun. 2017;8:15503.

9. James Faresse N, Canella D, Praz V, Michaud J, Romascano D, Hernandez N.
Genomic study of RNA polymerase II and III SNAPc-bound promoters reveals a
gene transcribed by both enzymes and a broad use of common activators. PLoS
Genet. 2012;8:e1003028.

10. Cabarcas S, Schramm L. RNA polymerase III transcription in cancer: the BRF2
connection. Mol Cancer. 2011;10:47.

11. Cabart P, Murphy S. BRFU, a TFIIB-like factor, is directly recruited to the TATA-box
of polymerase III small nuclear RNA gene promoters through its interaction with
TATA-binding protein. J Biol Chem. 2001;276:43056–64.

12. Gouge J, Satia K, Guthertz N, Widya M, Thompson AJ, Cousin P, et al. Redox sig-
naling by the RNA polymerase III TFIIB-related factor Brf2. Cell. 2015;163:1375–87.

13. Cabarcas-Petroski S, Meneses PI, Schramm L. A meta-analysis of BRF2 as a
prognostic biomarker in invasive breast carcinoma. BMC Cancer. 2020;20:1093.

14. Lu M, Tian H, Yue W, Li L, Li S, Qi L, et al. Overexpression of TFIIB-related factor 2 is
significantly correlated with tumor angiogenesis and poor survival in patients
with esophageal squamous cell cancer. Med Oncol. 2013;30:553.

15. Li GZ, Meng GX, Pan GQ, Zhang X, Yan LJ, Li RZ, et al. BRF2 is mediated by
microRNA-409-3p and promotes invasion and metastasis of HCC through the
Wnt/β-catenin pathway. Cancer Cell Int. 2023;23:46.

16. Lu M, Tian H, Yue W, Li L, Li S, Qi L, et al. TFIIB-related factor 2 over expression is a
prognosis marker for early-stage non-small cell lung cancer correlated with
tumor angiogenesis. PLoS ONE. 2014;9:e88032.

17. Vives-Bauza C, Zhou C, Huang Y, Cui M, de Vries RL, Kim J, et al. PINK1-dependent
recruitment of Parkin to mitochondria in mitophagy. Proc Natl Acad Sci USA.
2010;107:378–83.

18. Taillebourg E, Gregoire I, Viargues P, Jacomin AC, Thevenon D, Faure M, et al. The
deubiquitinating enzyme USP36 controls selective autophagy activation by
ubiquitinated proteins. Autophagy. 2012;8:767–79.

19. Zhou X, Yang Y, Wang G, Wang S, Sun D, Ou X, et al. Molecular pathway of
mitochondrial preprotein import through the TOM-TIMM23 supercomplex. Nat
Struct Mol Biol. 2023;30:1996–2008.

20. Maruszczak KK, Jung M, Rasool S, Trempe JF, Rapaport D. The role of the indi-
vidual TOM subunits in the association of PINK1 with depolarized mitochondria. J
Mol Med (Berl). 2022;100:747–62.

21. Chiu HY, Tay EXY, Ong DST, Taneja R. Mitochondrial dysfunction at the center of
cancer therapy. Antioxid Redox Signal. 2020;32:309–30.

22. Dong L, Gopalan V, Holland O, Neuzil J. Mitocans revisited: mitochondrial tar-
geting as efficient anti-cancer therapy. Int J Mol Sci. 2020;21:7941.

23. Wu X, Zhou Z, Li K, Liu S. Nanomaterials-induced redox imbalance: challenged
and opportunities for nanomaterials in cancer therapy. Adv Sci (Weinh).
2024;11:e2308632.

24. Lockwood WW, Chari R, Coe BP, Thu KL, Garnis C, Malloff CA, et al. Integrative
genomic analyses identify BRF2 as a novel lineage-specific oncogene in lung
squamous cell carcinoma. PLoS Med. 2010;7:e1000315.

25. Li Y, Dong R, Lu M, Cheng C, Feng Z, Zhao R, et al. Let-7b-3p inhibits tumor
growth and metastasis by targeting the BRF2-mediated MAPK/ERK pathway in
human lung adenocarcinoma. Transl Lung Cancer Res. 2021;10:1841–56.

26. Chang JH, Xu BW, Shen D, Zhao W, Wang Y, Liu JL, et al. BRF2 is mediated by
microRNA-409-3p and promotes invasion and metastasis of HCC through the
Wnt/β-catenin pathway. Cancer Cell Int. 2023;23:46.

27. Dash R, Azab B, Quinn BA, Shen X, Wang XY, Das SK, et al. Apogossypol derivative
BI-97C1 (Sabutoclax) targeting Mcl-1 sensitizes prostate cancer cells to mda-7/IL-
24-mediated toxicity. Proc Natl Acad Sci USA. 2011;108:8785–90.

28. Hu Y, Yagüe E, Zhao J, Wang L, Bai J, Yang Q, et al. Sabutoclax, pan-active BCL-2
protein family antagonist, overcomes drug resistance and eliminates cancer stem
cells in breast cancer. Cancer Lett. 2018;423:47–59.

29. Judge A, Dodd MS. Metabolism. Essays Biochem. 2020;64:607–47.
30. Brenner D, Mak TW. Mitochondrial cell death effectors. Curr Opin Cell Biol.

2009;21:871–7.
31. Levine B, Kroemer G. Biological Functions of Autophagy Genes: A Disease Per-

spective. Cell. 2019;176:11–42.
32. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species (ROS)

and ROS-induced ROS release. Physiol Rev. 2014;94:909–50.
33. Yang Y, Karakhanova S, Hartwig W, D’Haese JG, Philippov PP, Werner J, et al.

Mitochondria and mitochondrial ROS in cancer: novel targets for anticancer
therapy. J Cell Physiol. 2016;231:2570–81.

34. White RJ. RNA polymerase III transcription and cancer. Oncogene.
2004;23:3208–16.

35. Komuro I, Wenninger KE, Philipson KD, Izumo S. Molecular cloning and char-
acterization of the human cardiac Na+/Ca2+ exchanger cDNA. Proc Natl Acad Sci
USA. 1992;89:4769–73.

36. Van Eylen F, Bollen A, Herchuelz A. NCX1 Na/Ca exchanger splice variants in
pancreatic islet cells. J Endocrinol. 2001;168:517–26.

37. Kofuji P, Hadley RW, Kieval RS, Lederer WJ, Schulze DH. Expression of the Na-Ca
exchanger in diverse tissues: a study using the cloned human cardiac Na-Ca
exchanger. Am J Physiol. 1992;263:C1241–9.

38. Boscia F, D’Avanzo C, Pannaccione A, Secondo A, Casamassa A, Formisano L, et al.
Silencing or knocking out the Na(+)/Ca(2+) exchanger-3 (NCX3) impairs oligo-
dendrocyte differentiation. Cell Death Differ. 2012;19:562–72.

39. Lu Y, Li Z, Zhang S, Zhang T, Liu Y, Zhang L. Cellular mitophagy: mechanism, roles
in diseases and small molecule pharmacological regulation. Theranostics.
2023;13:736–66.

ACKNOWLEDGEMENTS
This research was funded by the National Natural Science Foundation of China
(82103546 and 82403788). We thank the Research Center for Basic Medical Science of
Qilu Hospital affiliated with Shandong University for consultation and instrument
availability that supported this work.

AUTHOR CONTRIBUTIONS
LM and TH contributed equally to this work. Conception and design: LM and TH. In
vitro and in vivo experiments: SY, QX, LF, WDX, and FZT. Analysis and interpretation
of data: SY. Drafting of the article: SC, MLY, and YWH. Study supervision: LM and TH.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-025-07813-8.

Correspondence and requests for materials should be addressed to Hui Tian or
Ming Lu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

S. Yi et al.

12

Cell Death and Disease          (2025) 16:491 

https://doi.org/10.1038/s41419-025-07813-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TFIIB-related factor 2 inhibits lung squamous carcinoma cell apoptosis through SLC8A3-mediated mitochondrial homeostasis
	Introduction
	Materials and methods
	Cell culture and processing
	IHC analysis
	Western blotting
	Immunoprecipitation assay
	Transcriptome sequencing, protein characterization by mass spectrometry, and bioinformatics analysis
	Transmission electron microscopy imaging
	Quantitative reverse transcription polymerase chain reaction
	Flow cytometry analysis
	Mitochondrial membrane potential measurements
	Membrane-associated protein V/PI staining
	In vivo experiments
	Statistical analysis

	Results
	BRF2 expression was upregulated in LUSC tissues and cells
	BRF2 silencing increased LUSC cell apoptosis in vitro and in vivo
	BRF2 affected mitochondrial function in LUSC cells
	BRF2 promoted mitochondrial autophagy and stabilized the mitochondrial membrane potential
	SLC8A3 attenuated PINK1 interaction with TIMM23
	BRF2 affected SLC8A3 expression by regulating its alternative splicing
	SLC8A3 overexpression antagonized the effect of BRF2 knockout on tumor cell apoptosis in vitro
	SLC8A3 overexpression antagonized the effect of BRF2 knockout on tumor cell apoptosis in vivo

	Discussion
	Conclusion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




