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The environmental toxin 2,3,7,8-tetrachlorodibenzodioxin (TCDD)
is a known human carcinogen; however, its precise mechanism of
action remains unclear. Here we show that TCDD induces mito-
chondrial dysfunction, stress signaling, and tumor invasion by a
mechanism similar to that described for mtDNA-depleted cells.
Treatment of C2C12 cells with TCDD disrupted mitochondrial trans-
membrane potential in a time-dependent fashion and inhibited
mitochondrial transcription and translation. TCDD also increased
cytosolic [Ca2�]c and RyR1-specific Ca2� release. These changes
were associated with increased calcineurin (CnA) levels and acti-
vation of CnA-sensitive NF-�B/Rel (I�B�-dependent) factors. Cells
treated with TCDD displayed resistance to apoptosis, increased
expression of the tumor marker cathepsin L, and a high degree of
invasiveness as tested by the Matrigel membrane invasion assay.
These effects were reversed by the CnA inhibitor FK506, and CnA
mRNA silencing suggesting that TCDD triggers a signaling pathway
similar to mtDNA depletion. Taken together, these results reveal
that TCDD may promote tumor progression in vivo by directly
targeting mitochondrial transcription and induction of mitochon-
drial stress signaling.

calcineurin � mitochondrial transcription � 2,3,7,8-tetrachlorodibenzodioxin
(TCDD) � tumor invasion � transmembrane potential

Mitochondrial dysfunction is associated with a myriad of pa-
thologies, including diabetes, heart disease, blindness, deaf-

ness, kidney disease, obesity, and neurodegenerative diseases, as
well as aging (1). Mitochondrial dysfunction is also associated with
cancer and has been reported to play a role in carcinogenesis (2–4).
Diverse stimuli, including environmental toxins, drugs, ionophores,
hypoxia, and mtDNA mutations/deletions are known to cause
mitochondrial dysfunction (2, 4–7). Recent studies from our and
others’ laboratories have shown that, in a number of cell lines,
mitochondrial dysfunction induced by partial depletion of mtDNA
or by mitochondrial inhibitors elicits mitochondria-to-nucleus stress
signaling that is propagated through activation of calcineurin (CnA)
and other factors (7–11). Moreover, activation of mitochondrial
stress signaling in C2C12 rhabdomyoblasts and A549 lung carci-
noma cells induces invasive phenotypes that are resistant to apo-
ptotic stimuli (8, 9, 12, 13).

Although various causes of mitochondrial dysfunction by physi-
ological processes are relatively better understood, the environ-
mental factors that affect mitochondrial function and lead to
mtDNA mutations are much less clear. The environmental toxin
2,3,7,8-tetrachlorodibenzodioxin (TCDD), a member of a family of
halogenated aromatic hydrocarbons known as dioxins, is a known
carcinogenic and teratogenic agent. TCDD has deleterious effects
on human as well as wildlife health. Wasting (cachexia), thymic
involution, tumor promotion, hepatotoxicity, developmental toxic-
ity, and immunosuppression are a few of the pathological effects of
TCDD (14, 15). TCDD is also known to induce oxidative stress,
production of superoxide and peroxide radicals, and DNA single-
strand breaks (16–18). However, the cellular and molecular mech-
anisms of TCDD-mediated pathologies are poorly understood.

TCDD and related dioxins are well established ligands for aryl
hydrocarbon receptor (AhR), which modulates transcriptional ac-

tivation of many genes, including those involved in fatty acid
metabolism (18), cell cycle regulation, immune response, and
xenobiotic metabolism. Binding of TCDD to AhR triggers AhR
nuclear translocation and its heterodimerization with AhR nuclear
translocator (Arnt). The AhR–Arnt complex activates transcription
by binding to dioxin-responsive elements, although some studies
question the absolute requirement of AhR for transactivation of
TCDD-responsive genes and hint at the existence of alternate,
AhR-independent pathways (19, 20).

Here we show that exposure of C2C12 myocytes to TCDD results
in inhibition of mitochondrial transcription, disruption of mito-
chondrial transmembrane potential (��m), and altered Ca2� ho-
meostasis. TCDD-treated C2C12 cells also developed resistance to
apoptosis and acquired highly invasive phenotypes. Notably, these
effects are dependent on CnA but not on AhR–Arnt factors. These
findings suggest that TCDD may promote tumor progression by
directly targeting mitochondrial function and triggering mitochon-
dria-to-nucleus stress signaling.

Results
TCDD Induces Mitochondrial Dysfunction in C2C12 Cells. Exposure of
C2C12 cells to the mitochondrial respiratory inhibitors such as
carbonylcyanide m-chlorophenylhydrazone (CCCP) or depletion of
mtDNA induces mitochondrial stress signaling, resulting in the
activation of a number of nuclear genes and the development of
invasive phenotypes (3, 7, 10). Therefore, we examined whether
TCDD that induces mitochondrial damage (16) also induces stress
signaling. TCDD treatment (10 nM) for 4 h resulted in a dissipation
of ��m as measured by MitoTracker Orange dye uptake (Fig. 1A).
This effect was similar to that seen in mtDNA-depleted or CCCP-
treated cells. Mitochondria from treated cells produced a higher
level of reactive oxygen species [supporting information (SI) Fig. 6]
possibly because of its secondary effects on membrane complexes
or matrix enzymes.

TCDD treatment also resulted in a marked increase in
caffeine-mediated Ca2� release and a concomitant reduction in
acetylcholine-mediated Ca2� release in C2C12 cells (Fig. 1 B and
C). These results were similar to those obtained with mtDNA-
depleted cells. Interestingly, acetylcholine-mediated Ca2� release,
signifying inositol trisphosphate channel activity, is prominent in
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control cells, but a markedly reduced magnitude of caffeine-
mediated release (7). In contrast, cells treated with TCDD exhib-
ited significant Ca2� release in response to caffeine, which evokes
Ca2� release from RyR1-specific stores (Fig. 1 B and C). Addition
of 100 mM KCl, which restores the transmembrane potential,
reduced the level of caffeine-mediated Ca2� release, suggesting that
augmented caffeine-mediated Ca2� release is associated with mi-
tochondrial dysfunction and associated changes in ��m.

The loss of ��m and increased cytosolic [Ca2�]c observed in
response to TCDD exposure suggested that mitochondria are a
direct target of this toxin. Therefore, we tested the effects of TCDD
treatment on mitochondrial transcription. Fig. 1D shows that
mitochondrial genome-coded CcOI and CcOII mRNA levels were
reduced by 60–80% in TCDD-treated cells, whereas the level of
nuclear genome-coded CcOIVi1 was increased by �4-fold. The
increase in CcOIVi1 level is consistent with our observations on
mitochondrial stress-mediated activation of nuclear target genes in
mtDNA-depleted C2C12 cells (7). A marked inhibition of
[32P]UTP incorporation by isolated mitochondria indeed suggests
a direct effect of TCDD on mitochondrial transcription (Fig. 1E).
Consistent with reduced transcription, mitochondrial translation
activity was reduced in a time-dependent manner after TCDD

treatment (�75% at 4 h and �85% at 24 h) (Fig. 1F). Additionally,
we did not see any significant cell death in C2C12 or RAW 264.7
macrophage cells up to 1 �M TCDD (data not shown). Conse-
quently, a 4-h duration of 10 nM TCDD treatment was used for all
subsequent experiments. Taken together, these results demonstrate
that TCDD induces mitochondrial dysfunction and increases cyto-
solic [Ca2�]c levels.

TCDD Activates Mitochondrial Stress Signaling in C2C12 Cells. Mito-
chondrial stress signaling initiated by mtDNA depletion is propa-
gated through activation of CnA and NF-�B (10). The stress-
mediated NF-�B pathway is quite distinct from the canonical or
noncanonical pathway and involves CnA-mediated dephosphory-
lation of I�B� and activation of cRel/p50 (10). The Western blot in
Fig. 2A shows that TCDD treatment caused an �4-fold increase in
cytosolic levels of CnA, a Ca2�-dependent phosphatase. A corre-
sponding increase in the nuclear localization of NFATc, a tran-
scription factor known to be activated by CnA, was also observed.
The cytosolic levels of I�B�, an inhibitor of NF-�B/cRel, were
significantly reduced after TCDD treatment, whereas the I�B�
levels were marginally increased (Fig. 2B), suggesting suppression
of the canonical NF-�B pathway. Nuclear cRel and p50 levels
increased, and cytosolic cRel and p50 levels decreased in response
to TCDD treatment (Fig. 2C). The role of CnA in the TCDD-
induced activation pathway was further tested with the CnA inhib-
itor FK506 and CnA mRNA silencing by the siRNA approach. SI
Fig. 7A shows that cells transfected with hairpin siRNA indeed show
reduced CnA protein. In both FK506-treated CnA silenced cells
cytoplasmic I�B� level did not reduce in response to TCDD
treatment. Further, the increase in nuclear cRel and p50 levels in
response to TCDD was negligible or marginal in FK506-treated or
CnA-silenced cells (SI Fig. 7B). Thus, TCDD, like mtDNA deple-
tion, induces a CnA-dependent NF-�B pathway (10).
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Fig. 1. TCDD disrupts ��m and alters Ca2� homeostasis in C2C12 cells. (A)
Uptake of MitoTracker Orange was recorded in control (● ), mtDNA-depleted
(■ ), CCCP-treated (Œ), or TCDD-treated (10 nM) (�) cultures. (B and C) Ca2�

release was measured with 1 �M Fura 2FF/FA by exposing control and TCDD-
treated cells to 10 �M acetylcholine (B) and 20 mM caffeine (C), respectively.
Where indicated, cultures were treated with 100 mM KCl to restore ��m. (D)
Mitochondrial genome-coded CcOI and CcOII and nuclear genome-coded
CcOIVi1 mRNA levels were quantified by real-time PCR with �-actin gene as
internal control. Treatment with 10 nM TCDD was for 4 h. (E) Level of
mitochondrial transcription in isolated mitochondria. [32P]UTP incorporation
was carried out as described in Methods. (F) Mitochondrial translation prod-
ucts were labeled with [35S]Met as described in Methods. Proteins were
analyzed by SDS/PAGE followed by fluorography.
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Fig. 2. TCDD induces expression of mitochondrial stress signaling marker
proteins. Subcellular fractions isolated from control and 10 nM TCDD-treated
cells were analyzed by Western blotting for CnA/NFATc (A), I�B� and I�B� (B),
and NF-�B transcription factors (C). �-Actin and YY1 were used as loading
controls for cytosolic and nuclear fractions, respectively.
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TCDD Induces the Expression of Nuclear Genes and Promotes the
Formation of Invasive Phenotypes. Mitochondrial stress induces the
expression of a number of nuclear genes in C2C12 and A549 cells,
including those involved in Ca2� storage/release and tumorigenesis
(8, 10). Western blot analysis (Fig. 3A) revealed that TCDD
treatment increased levels of the Ca2� channel receptor protein
RyR1 and cathepsin L, two known markers of stress signaling (7, 8).
Notably, cathepsin L is induced in many invasive tumors (21, 22).
Both CnA inhibitor FK506 and CnA mRNA silencing abrogated
TCDD-induced increase of both RyR1 and cathepsin L (Fig. 3A).
Thus, CnA plays an important role in the TCDD-induced expres-
sion of these stress response genes.

The possible role of TCDD in tumor promotion was investigated
by using the Matrigel matrix invasion assay system. TCDD-treated
cells displayed a high degree of invasiveness compared with that of
control cells (Fig. 3B Center and Left, respectively). Moreover, this
effect could be blocked by FK506 (Fig. 3B Center) or by CnA
mRNA silencing (Fig. 3B Right). Although not shown, the Ca2�

chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetate-
acetoxymethyl (BAPTA-AM) also blocked the TCDD-mediated
increase of invasion in cells.

Mitochondrial stress induced by mtDNA depletion or by treat-
ment with CCCP is known to confer resistance to staurosporine
(STP)-induced apoptosis (9). TCDD treatment had similar effects
on STP-induced apoptosis, as assessed by TUNEL-positive nuclei
(Fig. 3C). Interestingly, inhibition of apoptosis by TCDD was fully
reversed by FK506 (data not shown). These results are consistent
with the hypothesis that propagation of TCDD-mediated mito-
chondrial stress signaling requires active CnA.

TCDD-Induced Mitochondrial Stress Signaling Occurs Independently of
the Ah Receptor. A well established mechanism of TCDD action is
AhR–Arnt-mediated transcription activation. Therefore, we exam-

ined whether TCDD-induced mitochondrial stress signaling in
C2C12 cells is propagated through AhR–Arnt or through Ca2�-
activated CnA. As shown in Fig. 4A Top, nuclear AhR protein levels
were undetectable in control C2C12 cells as also in TCDD-treated
and mtDNA-depleted C2C12 cells. Although nuclear Arnt levels
could be detected in these cells, no major changes in the levels were
observed in response to TCDD exposure (Fig. 4A Middle). MCF7
cell lysates, which were used as a positive control, showed an
abundance of both AhR and Arnt proteins.

The AhR-heterodimerizing partner, Arnt, modulates xenobiotic
agent- and hypoxia-responsive transcription factor (23) by func-
tionally heterodimerizing with other non-AhR factors. Therefore,
to verify whether other Arnt-dimerizing factors are involved in
TCDD-mediated mitochondrial stress signaling, we tested the
effect of �-naphthoflavone (�-NF), a known antagonist of AhR, as
well as siRNA-mediated Arnt knockdown in C2C12 cells. As shown
in Fig. 4B, Arnt mRNA levels were significantly reduced in both
control and mtDNA-depleted cells stably expressing siArnt vector
(siArnt cells). However, TCDD had no effect on Arnt mRNA levels
in any of these cells. Target proteins of mitochondrial stress
signaling were analyzed by Western blotting, and the results are
presented in Fig. 4C. Treatment with �-NF did not affect TCDD-
induced expression of target proteins. In the same way, TCDD did
not elicit any changes in target protein levels in siArnt control and
siArnt mtDNA-depleted cells. Levels of nuclear cRel and p50 as
well as of cytosolic CnA were roughly equal in control cells and
siArnt cells treated with TCDD. At the same time, the cytosolic
levels of NF-�B inhibitor I�B� were reduced after these treatments.

Because C2C12 cells lack detectable AhR, we used Arnt�/�

mouse embryonic fibroblasts (MEFs) and Arnt�/� MEFs to test the
TCDD-mediated stress signaling (SI Fig. 8). Immunoblot results
show that a TCDD-induced increase in CnA (SI Fig. 8A) and
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Fig. 3. TCDD increases cathepsin L and RyR1 levels, promotes invasive behavior, and confers resistance to apoptosis in a CnA-dependent manner. (A) Western
blot analysis of cathepsin L and RyR1 levels in whole-cell lysates from control, CnA-silenced (siCnA), TCDD-treated, and TCDD � FK506-treated cells.
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CnA-dependent NF-�B activation (SI Fig. 8B) occurred normally
in Arnt�/� cells, suggesting that the signaling proceeds normally in
the absence of the AhR pathway.

The protein levels of RyR1 and cathepsin L, two known targets
of mitochondrial stress signaling (7, 8, 10, 12), were increased in
cells treated with TCDD (Fig. 5A). However, �-NF or Arnt
knockdown had no apparent effect on TCDD-mediated increases
in protein levels in C2C12 cells. We also tested Arnt�/� MEFs (Fig.
5B) and found that the TCDD-mediated increase in the levels of
RyR1 and cathepsin L proteins was not affected. These results
suggest that the observed induction may not involve the AhR–Arnt
pathway. RyR1 mRNA levels were increased in mtDNA-depleted
cells and in cells treated with TCDD (Fig. 5C Upper). In both cases,
Arnt mRNA silencing did not alter RyR1 mRNA levels. Cathepsin
L mRNA levels showed a similar pattern in that Arnt mRNA
silencing had no significant effect on TCDD-mediated induction of
mRNA (Fig. 5C Lower). Similarly, Arnt silencing had no effect on
TCDD-mediated increases in cellular invasiveness (Fig. 5D). The
invasive behavior of mtDNA-depleted cells was also not decreased
by silencing of Arnt mRNA, whereas FK506 treatment inhibited the
invasiveness in both control and mtDNA-depleted siArnt cells.

These findings confirm that TCDD-mediated transcriptional acti-
vation of target genes occurs through an AhR–Arnt-independent
pathway. In contrast, transcriptional up-regulation of marker genes
and increased tumor invasiveness were sensitive to FK506 and CnA
mRNA silencing, suggesting the involvement of the CnA pathway.

Discussion
Previously we have shown that mitochondrial dysfunction or dis-
ruption of ��m, either by mtDNA depletion or treatment with
respiratory inhibitors (CCCP, rotenone, and antimycin) alters
intracellular Ca2� homeostasis and induces stress signaling (7, 10,
13). The protein phosphatase, CnA, and PKC (13) are two impor-
tant intermediates in this pathway. Mitochondrial stress signaling
also confers resistance to apoptosis and enhances invasiveness. In
this work, we show that TCDD treatment induces mitochondrial
dysfunction as seen by disruption of ��m and initiates mitochon-
drial stress signaling, similar to that triggered by mtDNA depletion
and CCCP treatment (7, 10, 13). The signaling cascade appears to
be independent of AhR.

TCDD appears to elicit its effect by interfering with mitochon-
drial transcription as seen by reduced runoff transcription by
isolated mitochondria and markedly reduced mitochondria en-
coded mRNAs (Fig. 1 D and E). We were unable to detect any
reduction in mtDNA content or DNA chain breaks under the
present conditions (results not shown). As reported by others, we
also saw an increased reactive oxygen species production (SI Fig. 6),
which may be the result of its effects on mitochondrial membrane
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complexes or matrix enzymes. However, we do not rule out other
possibilities.

Numerous studies suggest that TCDD blocks cell death processes
in cancer cells, thereby promoting tumor development (24, 25).
However, the precise mechanism by which TCDD inhibits apopto-
sis remains unclear. We show that exposure to TCDD leads to
formation of invasive phenotypes, which is accompanied by resis-
tance to apoptosis (3, 8, 13). Our finding that TCDD-induced
activation of cRel/p50, up-regulation of cathepsin L and RyR1,
acquisition of invasive phenotypes, and resistance to apoptosis are
all sensitive to FK506, and CnA mRNA silencing suggests a direct
involvement of CnA in these processes.

In mammary epithelial cells, TCDD is known to trigger EGFR
signaling by induction of TGF� mRNA and protein (26, 27). Studies
using HeLa cells and MEFs have shown that TCDD suppresses the
checkpoint protein MAD2 or induces MAPKs in an AhR-
independent manner (28, 29). Another study (30) employing
AhR�/� mice demonstrated that TCDD inhibits cell death in
response to DNA-damaging agents by activating MDM2 and
inducing degradation of p53 in rat liver in an AhR-dependent
manner. TCDD is also known to induce PKC and ERK in an
AhR-independent manner (19, 29). PKC alters the recruitment and
binding ability of a number of transcriptional coactivators (25, 31,
32). cAMP response element-binding (CREB)-binding protein/
protein 300 (CBP/p300) is one such coactivator that can bind to the
transactivation domain of Arnt both in vitro and in vivo (33).
Mitochondrial stress signaling induced by mtDNA depletion has
been shown to activate a number of factors, including CREB (ref.
11). Our unpublished results suggest that CREB participates with
cRel/p50 proteins in the transcription activation of mitochondrial
stress target genes, RyR1 and cathepsin L. In this respect, our
results are consistent with these various observations and suggest
the existence of an AhR-independent mechanism of TCDD-
induced signaling cascade.

Our results reveal that TCDD triggers activation of I�B�-
associated NF-�B/cRel/p50. Interestingly, TCDD has been shown
to modulate the expression of genes encoding IL-1�, TGF�, TGF�,
EGFR, ER, c-Fos, and c-Jun by inducing the binding of many
NF-�B/Rel proteins to the �B site that overlaps with the dioxin-
responsive element-like site (34–39). The fact that TCDD-induced
expression of nuclear target genes observed in the present work was
highly sensitive to FK506 treatment and CnA mRNA silencing
suggests that CnA is involved in these transcriptional responses and
in the activation of NF-�B. In keeping with this possibility it has
been reported that TCDD activates NF-�B by AhR-independent
mechanisms (40, 41).

TCDD has been reported to increase cytosolic Ca2� and also
cause activation of PKC, PKA, and certain MAPKs (19, 42–44). In
this regard, our data provide a mechanistic insight on how TCDD
induces a change in Ca2� homeostasis through its direct action on
mitochondrial function causing disruption of ��m and culminating
with the activation of mitochondria-to-nucleus stress signaling. In
previous studies we have shown that mitochondrial stress signaling
also causes the activation of PKA and PKC pathways (3, 13). Results
presented in this work are consistent with the hypothesis that
Ca2�-dependent activation/promotion of tumor invasion in nontu-
morigenic C2C12 cells involves mitochondrial stress signaling that
is propagated through CnA-mediated activation of NF-�B and
leads to the transcription activation of nuclear genes such as
cathepsin L. Our observation that TCDD induces invasive pheno-
types in otherwise noninvasive C2C12 rhabdomyoblasts is of direct
significance in understanding mechanisms by which a large family
of polychlorinated biphenyls cause cancer in humans and animals.

Methods
Cell Culture. C2C12 skeletal myoblasts were grown in high-glucose DMEM con-
taining 10% FBS and 0.1% gentamicin. Depletion of mtDNA was carried out by
ethidium bromide treatment (100 ng/ml) for �70 passages as described previ-

ously (7). Clones containing mtDNA contents reduced by 40–80% were selected
andgrowninthepresenceof1mMsodiumpyruvateand50�g/mluridine.Clones
were subsequently divided into aliquots and frozen in liquid N2.

Isolation of Subcellular Fractions and Western Blot Analyses. Cells were homog-
enized in buffer containing 0.3 M sucrose, 10 mM Tris�HCl (pH 8.0), 10 mM NaCl,
3 mM MgCl2, protease inhibitors (i.e., 0.2 mM EDTA, 1 mM PMSF, and 50 �g/ml
leupeptin, aprotinin, chymostatin, pepstatin, and antipain), and phosphatase
inhibitors (i.e., 1 mM NaVO4, 100 �M molybdic acid, and 10 mM NaF). Subcellular
fractions were isolated as described elsewhere (7). Proteins were resolved on
polyacrylamide gels and subjected to Western blot analysis using appropriate
antibodies (1:1,500 dilutions). Western blots were developed by using the Super-
Signal West femto maximum sensitivity substrate kit (Pierce, Rockford, IL)
and were imaged and quantified with a VersaDoc imaging system (Bio-Rad,
Hercules, CA).

Measurement of ��m. The ��m was measured spectrofluorometrically by using
MitoTracker Orange (Invitrogen, Carlsbad, CA) CM-H2 TMRos as described pre-
viously (8). Each assay was carried out with 1.5 � 106 cells suspended in 1 ml of
extracellular medium. MitoTracker Orange CM-H2 TMRos (50 nM/6 � 106 cells)
was added directly to the cell suspension in the cuvette. The rate of dye uptake,
a measure of ��m, was monitored by using a Delta RAM spectrofluorometer
(Photon Technology International) at excitation and detection wavelengths of
525nmand575nm, respectively.Alldatawererecordedasfluorescenceunitsper
minute.

Calcium Release Assay. Calcium release was measured essentially as described
previously (8). Briefly, cells were harvested and washed with ice-cold extracellular
medium containing 120 mM NaCl, 5 mM KCl, 1 mM KH2PO4, 0.2 mM MgCl2, 0.1
mM EGTA, and 20 mM Hepes/Tris (pH 7.2). Nonpermeabilized cells were sus-
pended in buffer containing 20 mM Hepes/Tris (pH 7.2), 120 mM NaCl, 5 mM KCl,
1 mM KH2PO4. All buffers and solutions were passed through a Chelex column
(Sigma) to remove residual Ca2�. For each assay, 1.5 � 106 cells were loaded with
membrane-permeable Fura 2FF/FA (1 �M) for 20 min at room temperature. Ca2�

release in response to 20 mM caffeine and 10 �M acetylcholine was measured as
fluorescence units recorded at excitation 340/380 nm and emission at 510 nm.
Calibration of the Fura 2FF/FA signal was carried out in a calibration buffer
containing 10 mM EGTA/Tris/Hepes (pH 8.5) and 5 mM CaCl2, according to the
protocol provided with the Delta RAM.

Mitochondrial Protein Synthesis and Transcription. Cells were incubated in 200
�g/ml cycloheximide for 10 min. Labeling was carried out with [35S]Met (100 �Ci
perplate) for6h.Cellswerewashedandhomogenized inmitochondrial isolation
buffer with a glass homogenizer, and mitochondria were isolated by differential
centrifugation as described above. Mitochondrial protein (50 �g) was separated
on a SDS/15–20% gradient polyacrylamide gel and imaged by using a Bio-Rad
GS-525 molecular imager. For in vitro transcription, isolated mitochondria (2.5
mg/ml) were incubated with [32P]UTP in an energy-regenerating system (45)
supplemented with dNTPs, amino acid mix, and substrate mix containing succi-
nate, malate, pyruvate and isocitrate (2 mM each).

Matrigel Invasion Assay. In vitro invasion assays were carried out as described
previously (8). The Matrigel invasion chambers were prepared at 1:3 dilution of
Matrigel (Becton Dickinson) according to manufacturer’s protocol. Approxi-
mately 4 � 104 cells were suspended in 500 �l of growth medium and layered on
top of the Matrigel layer. Invading cells were stained with Meyer’s hematoxylin
and observed under brightfield microscope.

TUNEL Assay. Cells were grown on lysine-coated glass coverslips in 6-well plates
and treated with 2 �M STP for 4 h to induce apoptosis (9). Nuclear DNA breaks
were measured by using ApopTag Fluorescein from the in situ apoptosis detec-
tion kit (Intergen Company). The coverslips were mounted on slides with mount-
ing medium from the Prolong antifade kit (Molecular Probes). Cells were imaged
through an Olympus BX61 fluorescence microscope at Ex/Em-496/518.

RT-PCR and Southern Hybridization. Total cellular RNA (2.5 �g) was reverse-
transcribed with appropriate reverse primers and amplified with a commercially
available RT-PCR kit (PerkinElmer) and RyR1-specific forward and reverse primers
described before (7). Amplicons were separated on 1.2% agarose gel and trans-
ferred onto Zeta probe-GT membrane (Bio-Rad) for Southern hybridization. The
mouse RyR1 DNA fragment was used as a probe. Hybridization methods were
identical to those described previously (7).
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Real-Time PCR. Total RNA (5 �g) from TCDD-treated and untreated cells was
reverse-transcribed by using the high-capacity cDNA archive kit (Applied Biosys-
tems). Primers were designed by using Primer Express software (Applied Biosys-
tems). Real-time amplifications for CcOI, CcOII, CcOIVi1, Arnt, and cathepsin L
were performed in an Applied Biosystems 7300 real-time PCR machine by using
SYBRGreenMastermix(AppliedBiosystems).Each25-�l reactioncontained25ng
of cDNA and 200 nM forward and reverse primers. Two-step RT-PCR was carried
for 40 cycles. Data were analyzed by using Applied Biosystems RQ analysis
software. �-Actin served as an internal control. Target gene expression was
presented as fold increase over control levels.

siRNA-Mediated Gene Knockdown. A 19-nucleotide hairpin oligonucleotide
(5�-CTG GCA ACA CAT CTA CTG A-3�) with a 6-nucleotide spacer was cloned into
BamHI and HindIII sites of pSilencer 2.1 U6-neo vector. Control and mtDNA-

depleted cells grown in 6-well plates were transfected with 2 �g of siArnt
construct or scrambled DNA sequence by using FuGENE6 transfection reagent.
Isoform-specific Silencer Predesigned siRNA for CnA mRNA was purchased from
Ambion. The control cells were transfected by reverse-transfection with siPORT
NeoFX transfection reagent (Ambion) according to the manufacturer’s instruc-
tions. Transfected cells were grown in medium containing 90% DMEM, 10% FBS,
0.1% gentamicin, and G418 (800 �g/ml) to selecting positive siArnt clones. Cells
transfected with siRNA for CnA� were grown for 48 h and used for invasion assay.
Arnt protein and mRNA levels in isolated clones were determined by Western
blotting and real-time PCR, respectively.
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