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Mitochondrial transcription factor A (TFAM), the first well-characterized transcription factor from vertebrate
mitochondria, is closely related to mitochondrial DNA (mtDNA) maintenance and repair. Recent evidence
has shown that the ratio of mtDNA to nuclearDNA (nDNA) is increased in both human cells and murine
tissues after ionizing radiation (IR). However, the underlying mechanism has not as yet been clearly identified.
In the present study, we demonstrated that in human lung adenocarcinoma A549 cells, expression of TFAM
was upregulated, together with the increase of the relative mtDNA copy number and cytochrome c oxidase
(COX) activity after α-particle irradiation. Furthermore, short hairpin RNA (shRNA)-mediated TFAM knock-
down inhibited the enhancement of the relative mtDNA copy number and COX activity caused by α-particles.
Taken together, our data suggested that TFAM plays a crucial role in regulating mtDNA amplification and
mitochondrial biogenesis under IR conditions.
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INTRODUCTION

Ionizing radiation (IR) can generate excessive reactive
oxygen/nitrogen species (ROS/RNS) leading to DNA
damage and genomic instability [1]. Most of this IR-induced
ROS/RNS is largely produced in the mitochondria [2, 3].
Due to the close proximity to the electron transport chain and
the low efficiency of repair systems, mitochondrial DNA
(mtDNA) is more sensitive to oxidative stress than nuclear
DNA (nDNA), and the mtDNA damage is more extensive
and persists longer than the nDNA damage [4, 5]. MtDNA
damage and the subsequent mitochondrial genomic instabil-
ity are closely related to retinal degeneration, neurodegenera-
tion, aging, and carcinogenesis [6–9]. Therefore, it is of
special importance to maintain mtDNA and mitochondrial
functions, especially under oxidative stress conditions.
Recent evidence has shown that the ratio of mtDNA/nDNA

is increased in both human cells [10] and murine tissues
[11–13] after IR. However, the mechanisms underlying the
mtDNA amplification induction after irradiation are as yet
poorly understood.
Mitochondrial transcription factor A (TFAM), a 25-kDa

nDNA-encoded protein and the major protein component of
mitochondrial DNA (mtDNA) nucleiods [14], is a member
of the high mobility group (HMG) superfamily of
DNA-binding proteins [15]. Previous studies have shown
that the TFAM protein directly regulates mtDNA copy
number [16, 17]. The TFAM protein is translocated into the
mitochondria and binds to mtDNAwithout sequence specifi-
city, playing an important role in the maintenance of mtDNA
[16]. TFAM also activates mtDNA transcription initiation in
the presence of mitochondrial RNA polymerase and tran-
scription factor B (TFBM1 or TFBM2) [18]. Recently,
Thomas et al. reported that mitochondrial biogenesis was
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stimulated in mice treated with recombinant human TFAM
[19]. Nishiyama et al. also showed an increase in the mtDNA
copy number in mitochondrial disease mouse models by
over-expression of TFAM [20]. Recent reports have sug-
gested that TFAM is involved in mitochondrial biogenesis
[21, 22]. Additionally, TFAM recognizes the structural
alterations of DNA, cisplatin-damaged DNA and oxidatively
damaged DNA [23], suggesting that TFAM is one of the
mtDNA-repairing proteins [24, 25]. Given the role of TFAM
in mtDNA repair and maintenance, we hypothesized that
under IR conditions, TFAM plays a crucial role in the regula-
tion of mtDNA copy number and mitochondrial biogenesis.
In this study, we investigated relative mtDNA copy

number and cytochrome c oxidase (COX) activity to assess
mitochondrial biogenesis after α-particle irradiation. Our
data showed that mitochondrial biogenesis is induced after
α-particle irradiation in human lung adenocarcinoma A549
cells, and demonstrated that TFAM regulates this IR-induced
mitochondrial biogenesis.

MATERIALS ANDMETHODS

Cell culture, kits and reagents
A549 cells were maintained in Dulbecco’s Modified Eagle
Medium (Gibco, Life Technologies, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS)
(Hyclone, Thermo Fisher Scientific, Beijing, China) at 37°C
in a humidified 5% CO2 incubator. Succinate dehydrogenase
(SDH) activity and COX activity were detected with assay
kits from GENMED (Shanghai, China) according to the
manufacturer’s instructions. Protein was quantified with
BCA reagent from Sangon (Shanghai, China). Total DNA
was extracted using an AxyPrep gDNA extraction kit pur-
chased from Axygen Biosciences (Hangzhou, China).
LY294002 was purchased from Sigma-Aldrich (St Louis,
MO, USA).

Alpha particle irradiation
Cells were seeded into each specially designed circular dish
(inside diameter: 3 mm) with a 3.0-μm thick Mylar film
bottom to which the cells were attached. Culture medium
was refreshed every other day and the cells were irradiated
by α-particles when the confluence reached 60–70%.
Alpha particles from the 241Am irradiation source traversed
the 65-mm-long vacuum chamber, the exit window, the
3.5-μm-thick Mylar film mounted in the exit window, the
1-mm-thick air layer, the 3.0-μm-thick Mylar bottom, and
finally reached the cells which were attached to the bottom.
The dose rate was 1.0 cGy/s measured using a silicon surface
barrier detector and a CR39 particle track detector [26]. The
source activity was 7.4 MBq and the active area 50 mm in
diameter. The energy of the source was measured to be an
average of 3.5 MeV at the cell layer.

Quantification of the relative mtDNA copy number
The relative mtDNA copy number was quantified by SYBR
Green quantitative PCR on a StepOneTM Real-Time PCR
System (Applied Biosystems, Life Technologies, Foster
City, CA, USA) using a relative standard curve method [27].
MtDNA content was determined by amplification of 12S
rDNA coded by mtDNA with primers 5′TAACCCAAG
TCAATAGAAGCC and 5’CTAGAGGGATATGAAGC
ACC. nDNA content was determined by amplification of the
β-actin coding sequence with primers 5’GAGCGGGAAA
TCGTGCGTGAC and 5’GGAAGGAAGGCTGGAAGA
GTG. The mtDNA/nDNA ratio was used to estimate the
relative mtDNA copy number.

Western blotting
Total proteins were separated by 10–12% SDS-PAGE and
transferred to a PVDF membrane. After blocking in PBST
with 1% skimmed milk, the PVDF membrane was incubated
with primary antibody overnight at 4°C. Then the membrane
was washed with PBST and incubated with the correspond-
ing HRP-linked secondary antibody for 2 h at room tempera-
ture. Protein bands were visualized using enhanced ECL
substrates purchased from CWBIO (Beijing, China). Primary
antibodies used in this work were as follows: TFAM
(1:2000, Gene Tex, Irvine, CA, USA), Akt (1:10000,
Epitomics, Burlingame, CA, USA), phosphorylated Akt
(Ser473) (1:500, Cell Signaling Technology, Beverly, MA,
USA), and β-Actin (1:2000, Abmart, Shanghai, China).

Generation of TFAM-knockdown A549 cells
TFAM-short hairpin RNA (shRNA) and Scrambled-shRNA
were purchased from OriGene Technologies (Rockville,
MD, USA). A549 cells were transfected with TFAM-shRNA
or Scrambled-shRNA using Mega Tran 1.0 Transfection
Reagent (OriGene Technologies, Rockville, MD, USA)
according to the manufacturer’s recommendations. DMEM
with 1 µg/ml puromycin was used as the selective medium.
Transfectants were isolated and maintained in DMEM with
0.2 µg/ml puromycin for further experiments. Knockdown of
TFAM was confirmed by western blotting.

Statistical analysis
All experimental results reported here represent at least three
independent replications. Data are presented as mean
values ± standard deviation (SD). Significant levels were
assessed using Student’s t-test. A P-value of < 0.05 between
groups was considered to be statistically significant.

RESULTS

TFAM gene expression was upregulated after
α-particle irradiation
The expression of TFAM in A549 cells after α-particle
irradiation was determined by western blotting. Increased
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expression of TFAM was observed at 12 h after irradiated by
25 cGy α-particles (Fig 1A). Quantitative data of TFAM ex-
pression was shown in Fig. 1B. TFAM gene expression
reached the maximal level at 12 h after irradiation with each
dose (10 cGy, 2.96-fold; 25 cGy, 4.91-fold; 50 cGy,
6.01-fold), and then declined with the extension of post-
irradiation time. At 48 h, TFAM expression level in A549
cells irradiated with 10 cGy and 25 cGy returned to a level
approximate to that observed in sham-irradiated cells. In add-
ition, the effect of different radiation doses (10 cGy, 25 cGy,
50 cGy) on TFAM expression was also indicated in Fig. 1B;
the expression level of TFAM was significantly upregulated
with increase in the dose of α-particles, especially at 12 h
after irradiation.

Mitochondrial biogenesis was stimulated after
α-particle irradiation
To examine whether mitochondrial biogenesis was stimu-
lated by α-particle irradiation, the relative mtDNA copy
number was analyzed in A549 cells. As shown in Fig. 2A,
the relative mtDNA copy number was increased by 0.48-,
0.74- and 0.6-fold at 24, 30 and 48 h post-irradiation
compared to the sham-irradiated control, indicating

mitochondrial biogenesis was stimulated by α-particles. To
further verify this result, COX activity and SDH activity
were measured, since the COX complex was jointly encoded
by mtDNA and nDNA, while the succinate dehydrogenase
complex was encoded entirely by nDNA [28]. At 24 h after
irradiation, the activity of COX was increased 0.98-fold in
A549 cells compared to sham-irradiated cells, whereas the
activity of SDH was only slightly affected by 25 cGy
α-particles (Fig. 2B). This further confirmed the induction of
mitochondrial biogenesis in α-particle-irradiated A549 cells.

TFAM knockdown diminished IR-induced
mitochondrial biogenesis
Since both TFAM expression and mitochondrial biogenesis
were significantly promoted in A549 cells by 25 cGy
α-particles, we then tested whether the mitochondrial bio-
genesis was regulated by TFAM after irradiation. TFAM
knockdown A549 cells (sh-TFAM A549 cells) and its
control cells (sh-scram A549 cells) were established by trans-
fecting wild type A549 cells with TFAM-shRNA plasmids
and scrambled-shRNA plasmids, respectively. TFAM

Fig. 1. Upregulation of TFAM expression in A549 cells after
exposure to α–particles. (A) Western blotting analysis of TFAM
protein level in A549 cells at 12 h after 25cGy α–particle
irradiation. (B) Quantitative analysis of TFAM expression level
detected by western blotting (normalized to β-actin). A549 cells
were irradiated by 10, 25, 50 cGy α–particles respectively and
incubated for 3, 6, 12, 24 and 48 h after irradiation. Sham-irradiated
cells were used as controls and values were standardized to those of
controls. (*P < 0.05, **P < 0.01.)

Fig. 2. Increases of relative mtDNA copy number and COX
activity in A549 cells after exposure to 25 cGy α–particles. (A)
DNA samples were prepared at 0, 6, 12, 24, 30 and 48 h,
respectively after irradiation. Relative mtDNA copy number was
calculated using mtDNA/nDNA. (B) COX and SDH activity at 24 h
after irradiation. (*P < 0.05, **P < 0.01.)
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knockdown efficiency was detected by western blotting and
shown in Fig. 3A. After 25 cGy α-particles, TFAM level
was increased in sh-scram A549 cells, which was similar to
the observation made in wild type A549 cells. However, in
sh-TFAM A549 cells, no obvious upregulation of TFAM
was observed after irradiation (Fig 3B). Further, changes in
the relative mtDNA copy number, along with the COX and
SDH activity, were investigated in both sh-TFAM and
sh-scram A549 cells after irradiation. After 25cGy
α-particles, the relative mtDNA copy number in sh-scram
A549 cells was significantly increased, by 0.28- and
0.58-fold compared with sham-irradiated sh-scram cells at
24 h and 30 h, respectively (Fig 3C). However, with respect
to sh-TFAM A549 cells, 25 cGy α-particles exerted no effect
on mtDNA copy number (Fig 3C). Results of COX and
SDH activity were shown in Fig. 3D. After irradiation with
25 cGy α-particles, no evident change was observed in SDH
activity in either sh-TFAM or sh-scram A549 cells.
However, 24 h after irradiation, a 0.67-fold increase in COX
activity was measured in sh-scram A549 cells, which was
consistent with the observation made in wild type A549
cells, although no increase in COX activity was observed in

sh-TFAM A549 cells. The above results suggest that TFAM
is a key regulator of mitochondrial biogenesis in A549 cells
after IR stimulation. Moreover, as shown in Fig. 3C and D,
knockdown of TFAM negatively influences the basal levels
of relative mtDNA copy number and COX activity. This
result further confirms our conclusion.

Phosphatidylinositol 3,4,5-triphosphate kinase/
protein kinase B was involved in TFAM
upregulation after α-particle irradiation
Phosphatidylinositol 3,4,5-triphosphate kinase/protein
kinase B (PI3K/Akt) has been reported to be activated after
IR [29]. To determine the relationship between PI3K/Akt
activation and TFAM upregulation after irradiation,
LY294002, a specific chemical inhibitor of PI3K/Akt, was
used, and Akt phosphorylation was detected by western blot-
ting. As shown in Fig. 4 (left two lanes), the phosphorylation
of Akt (Ser473) was stimulated by 25 cGy α-particles, accom-
panied by the upregulation of TFAM. However, the use of
100 µM LY294002 suppressed the activation of Akt and
resulted in attenuation of TFAM (Fig 4, right two lanes).
This indicated that the PI3K/Akt signaling pathway was

Fig. 3. Knockdown of TFAM in A549 cells attenuated the increases of mtDNA copy number and COX activity caused by 25 cGy
α-particles. (A) TFAM expression in wild type, sh-scram, sh-TFAM A549 cells was determined by western blotting. (B) TFAM expression
in sh-scram, sh-TFAM A549 cells at 12 h after irradiation. (C) Relative mtDNA copy number in sh-scram, sh-TFAM A549 cells at 0, 24 and
30 h after irradiation. (D) COX and SDH activity in sh-scram, sh-TFAM A549 cells at 24 h after irradiation. (*P < 0.05, **P < 0.01.)
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involved in the increase of TFAM expression in A549 cells
after irradiation.

DISCUSSION

It has been widely accepted that IR has detrimental effects on
nuclear DNA, which may lead to cell death and tumorigen-
esis. However, extra-nuclear parts that cannot avoid being
targeted by IR have not drawn enough attention until recent
years. Using a microbeam facility, Wu et al. have previously
proved that cytoplasm-targeted irradiation results in geno-
toxic effects [2], indicating the necessity of investigating the
effects of IR on extra-nuclear organelles. Mitochondria,
where the majority of IR-induced ROS/RNS come from, and
which directly suffer the oxidative damage in turn, are inevit-
able targets of IR among the extra-nuclear parts. Our results
show that the relative mtDNA copy number was increased
in human lung adenocarcinoma A549 cells after α-particle
irradiation (Fig. 2A). This observation is consistent with the-
previous studies in murine tissues and malignantly trans-
formed human small airway epithelial cells (SAECs)
[10–13]. Zhang et al. reported a decrease in COX activity in
SAEC cells after α-particle irradiation [10], whereas a sig-
nificant increase in COX activity in A549 cells was evident
in our results (Fig. 2B). This variance could be owing to the
difference in physiological requirements between these two
cell lines. That is, in human SAECs, IR-induced ROS might
alter mitochondrial capacity and promote subsequent neo-
plastic transformation [10], while in human lung adenocar-
cinoma A549 cells, because of the low efficiency of repair
systems, enhanced mitochondrial capacity may be needed
for urgent energy demand.
It has been proposed that TFAM, the first well-

characterized transcription factor from vertebrate mitochon-
dria, is closely associated with mitochondrial biogenesis
[21, 22]. However, under IR conditions such as in the radio-
therapy of cancer, the relationship between TFAM and mito-
chondrial biogenesis remains incompletely defined. In
the present study, we proved that TFAM is a key regulator of
the increase of mtDNA copy number and COX activity in
A549 cells after α-particle irradiation (Fig. 3), suggesting

involvement of TFAM in IR-induced mitochondrial biogen-
esis. It has been demonstrated that TFAM plays an important
role in recognizing and binding oxidatively damaged DNA
[23], and participates in the repair of damaged mtDNA [7,
30]. In addition, mtDNA is a critical cellular target of
IR-induced mitochondrial ROS [4]. Point mutations [31],
deletions [32] and supercoiling formation changes [5] caused
by IR have recently been identified in mtDNA. Thus, one
possible explanation for our results is that, after IR, mtDNA
damage triggered TFAM-involved mtDNA repair. The total
mitochondrial content of irradiated cells may have been
increased, through TFAM-mediated mitochondrial biogen-
esis, to guarantee the overall energy supply, which might be
compensatory machinery for damaged mitochondria. Further
investigations are needed in order to identify the role of
TFAM in the coordination of IR-induced mitochondrial bio-
genesis and damaged mtDNA repair. It is worth mentioning
that, although both our results and Zhang’s research show
that mtDNA copy number is increased after irradiation, the
expression patterns of TFAM differ a lot. Zhang and his
colleagues observed an increase of Pol-γ expression and a
decrease of TFAM expression in murine intestinal tissues at
4 days, 21 days and 30 days after 5 Gy γ-ray whole-body ir-
radiation [13]. The authors suggested that increased Pol-γ
was responsible for mtDNA synthesis, and that TFAM was
downregulated to prevent the expression of proteins encoded
by damaged mitochondrial genomes in normal murine intes-
tinal tissues after irradiation [13]. However, as a type of
cancer cells, A549 cells might require a sustained energy
supply to overcome the damage caused by radiation and thus
survive. This might lead to upregulation of TFAM for both
the replication of mitochondrial genomes and the expression
of mtDNA-encoded proteins within a relatively short time
after irradiation. At the same time, the different responses of
single cells and tissues to cell irradiation and whole-body ir-
radiation, and the different corresponding effects on the regu-
lation of TFAM and mitochondrial functions should not be
neglected. Since the available information is limited, it is of
great importance to perform further investigations. Our
results have also shown that TFAM is activated by PI3K/Akt
following α-particle irradiation (Fig 4). Piantadosi et al.
demonstrated that PI3K/Akt regulates TFAM by directly
phosphorylating nuclear respiratory factor-1 (NRF-1), which
facilitates NRF-1 nuclear translocation and TFAM activation
[27]. However, further investigations are needed to clarify
the details of how PI3K/Akt stimulates TFAM after IR.

CONCLUSION

In conclusion, we have shown that both mitochondrial bio-
genesis and TFAM expression are promoted in A549 cells
after α-particle irradiation. Furthermore, our data indicate
that TFAM is a key regulator of IR-induced mitochondrial
biogenesis. These findings suggest that under IR conditions,

Fig. 4. Influence of PI3K/Akt inhibitor LY294002 on IR-induced
TFAM upregulation. 100 µM LY294002 was added into culture
medium 1 h before irradiation. The expression of phosphorylated
Akt (Ser473), Akt, TFAM and β-actin at 12 h after irradiation was
detected by western blotting.
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TFAM plays a crucial role in the signaling pathways regulat-
ing mtDNA amplification and mitochondrial biogenesis.
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