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Mitochondrial Respiratory Dysfunction Induces Claudin-1
Expression via Reactive Oxygen Species-mediated Heat Shock
Factor 1 Activation, Leading to Hepatoma Cell Invasiveness*
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Background: Increased claudin-1 (Cln-1) expression in human hepatoma cells with mitochondrial defects leads to high
tumor cell invasiveness.
Results: Cln-1-mediated hepatoma cell invasiveness occurs via heat shock factor 1 (HSF1) activation.
Conclusion: The mitochondrial defect-ROS-HSF1 axis controls hepatoma cell invasiveness.
Significance: HSF1 is a key mitochondrial retrograde-responsive transcription factor controlling hepatoma cell invasiveness.
Although mitochondrial dysfunction has been implicated in
tumor metastasis, it is unclear how it regulates tumor cell
aggressiveness. We have reported previously that human hepatoma cells harboring mitochondrial defects have high tumor cell
invasion activity via increased claudin-1 (Cln-1) expression. In
this study, we demonstrated that mitochondrial respiratory
defects induced Cln-1 transcription via reactive oxygen species
(ROS)-mediated heat shock factor 1 (HSF1) activation, which
contributed to hepatoma invasiveness. We first confirmed the
inverse relationship between mitochondrial defects and Cln-1
induction in SNU hepatoma cells and hepatocellular carcinoma
tissues. We then examined five different respiratory complex
inhibitors, and complex I inhibition by rotenone most effectively induced Cln-1 at the transcriptional level. Rotenone
increased both mitochondrial and cytosolic ROS. In addition,
rotenone-induced Cln-1 expression was attenuated by N-acetylcysteine, an antioxidant, and exogenous H2O2 treatment was
enough to increase Cln-1 transcription, implying the involvement of ROS. Next we found that ROS-mediated HSF1 activation via hyperphosphorylation was the key event for Cln-1 transcription. Moreover, the Cln-1 promoter region (from ⴚ529 to
ⴙ53) possesses several HSF1 binding elements, and this region
showed increased promoter activity and HSF1 binding affinity
in response to rotenone treatment. Finally, we demonstrated
that the invasion activity of SNU449 cells, which harbor mitochondrial defects, was blocked by siRNA-mediated HSF1
knockdown. Taken together, these results indicate that mitochondrial respiratory defects enhance Cln-1-mediated hepatoma cell invasiveness via mitochondrial ROS-mediated HSF1
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activation, presenting a potential role for HSF1 as a novel mitochondrial retrograde signal-responsive transcription factor to
control hepatoma cell invasiveness.

Mitochondrial respiratory defects are distinct metabolic features of cancer cells (1, 2). In the early stages of cancer development, actively proliferating tumor cells cannot avoid hypoxia
because of their rapid nodular mass formation. Therefore, this
respiratory impairment has long been recognized as an epiphenomenon of tumors. However, mitochondrial defects and the
accompanying activated glycolysis persist in metastatic malignant cancers even after a normoxic environment is restored by
activated angiogenesis. Similar observations have been made
with cultivated tumor cells under normoxia (3), indicating that
cancerous respiratory defects are not just a transient consequence of environmental constraints in tumor tissue but may
be the result of genetic changes or oncogenic modulations.
Indeed, the mitochondrial defects found in cancer cells are
mostly associated with mitochondrial DNA damage, such as
deletions and/or point mutations, as described in many types of
cancers (4 –7). Mitochondrial dysfunction is also induced by
oncogenic Myc-mediated pyruvate dehydrogenase inactivation
(8) or by oncogenic Ras-mediated mitophagic degradation (9).
Interestingly, mitochondrial DNA damage or mitochondrial
defects may contribute to cancer promotion, metastasis, and
chemoresistance in addition to primary tumor growth (6,
10 –12). These observations suggest that mitochondrial defects
have causative roles in tumor progression. However, the underlying molecular mechanisms of how mitochondrial dysfunction
regulates tumor progression are not fully understood.
Increased levels of reactive oxygen species (ROS)3 and the
resultant oxidative stress are also key features of tumor cells.
Cancer cells with a high metastasis capacity have more ROS
accumulation than those with a low tendency for metastasis
3

The abbreviations used are: ROS, reactive oxygen species; HCC, hepatocellular carcinoma; OCR, oxygen consumption rate; NAC, N-acetylcysteine;
HSE, heat shock element.
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(13–15). In addition to ROS-induced oxidative damage to cellular proteins, lipids, and nucleotides, ROS also function as second messengers to regulate various metastasis-related signaling
pathways via reversible oxidative posttranslational modifications (16), subsequently contributing to tumor angiogenesis,
cancer cell invasiveness, and metastasis. Interestingly, increased ROS in cancer cells emanate primarily from defective
mitochondria as a result of an incomplete and inefficient electron transfer process in the defective respiratory chains (17–
19), supporting the mechanistic link between tumor progression and mitochondrial defects. Inhibition of complex I activity
by stable suppression of GRIM-19 or NDUFS3 decreased complex I-enhanced cell migration, invasion, and spheroid formation through ROS production (10). The contribution of mitochondrial dysfunction-mediated ROS to cell migration activity
was also demonstrated in SC-M1 human gastric cancer cells
(20). These observations emphasize the key role of ROS in
mitochondrial dysfunction-mediated tumor progression.
Claudins are a family of tight junction components that form
paracellular barriers, thereby controlling the flow of molecules
in the intercellular space of the epithelium. However, aberrant
up-regulation of claudins has often been reported in human
cancers, including hepatocellular carcinoma (HCC) and primary colon carcinoma (21, 22). Among claudins, claudin-1
(Cln-1) is known to play a key role in the invasive behavior of
human liver cells via the c-Abl-PKC signaling pathway (23).
Overexpression of Cln-1 augments the invasiveness of tumor
cells through increased secretion and activation of metalloproteinases (24, 25), which supports the tumor-promoting activity
of Cln-1. Recently, we reported that hepatoma cells harboring
mitochondrial dysfunction control cell invasion activity
through augmenting Cln-1 expression. However, the molecular mechanism of how mitochondrial dysfunction controls
Cln-1 expression remains unclear. In this study, we demonstrate that mitochondrial respiratory defects augment Cln-1
expression through ROS-mediated heat shock factor 1 (HSF1)
activation, contributing to hepatoma cell invasiveness.

Experimental Procedures
Cell Cultures and Tumor Samples—Human hepatoma cells
(SNU-354, SNU-387, SNU-423, and SNU-449) were purchased
from the Korean Cell Line Bank (Seoul, Korea) and cultured in
Gibco RPMI 1640 medium (Invitrogen) supplemented with
10% Gibco FBS (Invitrogen) and Gibco antibiotics (Invitrogen)
at 37 °C in a humidified incubator with 5% CO2. Chang cells
were obtained from the ATCC. Chang cell clones were isolated
by single-cell dilution and expansion of Chang cell (ATCC,
Rockville, MD), and a Chang clone with strong hepatic characteristics (Ch-L), validated by confirming liver-specific expression of albumin and carbamoyl-phosphate synthase-1, was
used for this study (26). Ch-L clones were cultured in Gibco
DMEM (Invitrogen) supplemented with 10% FBS.
HCC tumor samples and surrounding control tissues were
obtained from 28 patients with HCC during the period of 2003–
2005 at Ajou University Hospital after surgical resection with
informed consent through the Ajou Institutional Review Board.
No patient in this study received chemotherapy or radiation
therapy before surgery.

21422 JOURNAL OF BIOLOGICAL CHEMISTRY

Measurement of the Oxygen Consumption Rate (OCR)—The
OCR was also measured in situ with cultured cells using an
XF-24 extracellular flux analyzer (Seahorse Bioscience, North
Billerica, MA) according to the protocol provided. Briefly, cells
were seeded on XF24 cell culture microplates (Seahorse Bioscience) at a density of 10,000 cells/well and preincubated with XF
assay medium (Seahorse Bioscience) containing 1 mM pyruvate
and 5 mM glucose. Its mitochondrial specificity was confirmed
by adding 5 mM KCN.
Immunocytochemistry—Cells were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100 for 10 min, and
incubated in blocking solution (2% bovine serum albumin in
TBS containing 0.1% Tween 20) for 2 h. After incubation overnight with primary antibody for Cln-1 (catalog no. 717800,
Invitrogen) at 4 °C, cells were washed three times and probed
with cy3-conjugated anti-rabbit antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 h. After washing
and mounting with mounting solution, cells were visualized by
confocal microscope (LSM710, Carl Zeiss, Oberkochen,
Germany).
Estimation of Intracellular and Mitochondrial ROS Levels—
To determine intracellular and mitochondrial ROS levels,
dichlorofluorescin diacetate (Molecular Probes, Eugene, OR)
and mitochondrial specific MitoSOX威 (Invitrogen) fluorogenic
probes were used, respectively (27). Briefly, cells were incubated in media containing dichlorofluorescin diacetate (20 M)
and MitoSOX威 (25 M) for 20 min at 37 °C. Stained cells were
washed, resuspended in PBS, and analyzed by flow cytometry
(FACS Vantage, BD Biosciences). Mean values of arbitrary fluorescence units of 10,000 cells were used and expressed as the
percentage of negative control.
Subcellular Fractionation—The nuclear and cytoplasmic
fractions were obtained from 90% confluently grown cells on
100-mm dishes as described previously with slight modifications (28). Briefly, cells were harvested by trypsinization and
resuspended in medium A (250 mM sucrose, 0.1 mM EDTA, and
2 mM HEPES (pH 7.4)). The cell slurry was homogenized in a
Dounce homogenizer (StedFastTM stirrer, Fisher Scientific,
Pittsburgh, PA) and spun at 500 rcf for 10 min to precipitate
nuclei. The nucleus pellets were washed three times with buffer
A (0.1 mM EDTA, 10 mM KCl, and 10 mM HEPES (pH 7.9))
containing 1% Nonidet P-40, and the final pellets were collected
for the nucleus fraction. The supernatant cytoplasmic fractions
were separately collected. Nucleus and cytoplasmic fractions
were subjected to lysis in radioimmune precipitation assay
buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 50 mM Tris (pH 8.0))
for Western blot analysis.
Construction of HSF1 cDNA Plasmids and Transfection of
cDNA Plasmids and siRNAs—To generate a cDNA plasmid,
pcDNA-HSF1-HA, conventional cloning procedures were
applied. Briefly, the pcDNA-HSF1-HA plasmid was constructed by conventional TA cloning using pGEMT-easy (Promega), and the HSF1 cDNA fragment was amplified by PCR
using total cDNAs of the Ch-L clone and the primer set
5⬘-AGAATTCATGGATCTGCCCG and 5⬘-TGAGCTCGGAGACAGTGGG. The HSF1 cDNA was subcloned into
EcoRI and XhoI sites of the pcDNA3-HA vector constructed
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previously (29). The Cln-1 overexpression plasmid pcDNACln-1 has been constructed previously (26).
To introduce plasmids and siRNAs into cells, cells were
transfected with plasmids and siRNA duplexes using FuGENE
HD (Promega) and OligofectamineTM reagent (Invitrogen),
respectively, according to the instructions of the manufacturer.
HSF1 siRNAs (#1, 5⬘-ACUGUAGAUUGCUUCUGUA; #2,
5⬘-GAACUAAAGCCAAGGGUAU) and negative control
siRNAs (5⬘-CCUACGCCACCAAUUUCGU) were obtained
from Bioneer (Seoul, Korea).
Construction of the Promoter-Luciferase Reporter Plasmid
and Promoter Assay—The human Cln-1 promoter region of
767 bp (⫺529 to ⫹238, NG_021418) was cloned by targeted
PCR against total genomic DNA of Ch-L using a primer set,
5⬘-GCTCGAGCCAATCTGTAGAGTGT and 5⬘-TATAGATCTTCGCTCGGGCGC. The amplified Cln-1 promoter
region was inserted between the BglII and XhoI sites of the
pGL3-basic vector (Promega). After construction, the inserted
promoter was confirmed by DNA sequencing.
To monitor Cln-1 promoter activity, cells were transfected
with a total of 1 g of DNA (700 ng of pcDNA3 or
pcDNA3-HSF1-HA, 250 ng of the cloned reporter plasmid, and
50 ng of thymidine kinase promoter-driven Renilla luciferase
plasmid as an internal control) using FuGENE HD reagent.
After 2 days, the luciferase activity of the cell lysate was measured by Synergy 2 multi-mode reader (BioTek Instruments,
Inc., Winooski, VT) according to the protocol provided with
the Dual-Luciferase reporter assay system (Promega). The
Cln-1 promoter-mediated luciferase activities of the reporter
plasmid were normalized to Renilla luciferase activity.
ChIP Assay—The ChIP assay was performed according to the
ChIP assay kit protocol (Upstate Biotechnology Inc., Lake
Placid, NY) with slight modifications. Briefly, cells were treated
with 1% formaldehyde to stably cross-link the DNA-interacting
proteins to genomic DNA. After lysis, the lysates were sonicated briefly to shear genomic DNA and centrifuged at 13,000
rpm for 10 min. An aliquot was saved for input control, and the
other aliquots were subjected to ChIP using HSF1 antibody
(catalog no. 4356S, Cell Signaling Technology) and protein
G-agarose beads (Millipore Corp., Billerica, MA). The eluted
DNA was purified using a DNA extraction kit (Inclone Biotech,
Seoul, Korea), and the specific Cln-1 promoter region (⫺490 to
⫹53, 543 bp) was amplified by PCR with the primer sets 5⬘GAGACAAGTGATGGAACGACC and 5⬘-CTGGAGTCTGGATACTAGAAGC (Bioneer) and sequenced for validation.
Cell Invasion Assay—Cell invasion assays were performed
with Transwell威 permeable supports (Corning, Acton, MA)
according to the instructions of the manufacturer. Briefly, cells
(2 ⫻ 104) prestarved with serum-free RPMI for 16 h were placed
into the upper chamber with 0.2 ml of serum-free RPMI. RPMI
(0.8 ml) supplemented with 10% fetal bovine serum was placed
in the lower chamber as a chemoattractant. Uncoated porous
filters (8-m pore size) were precoated with 7% growth factorreduced BD MatrigelTM matrix (BD Biosciences) for the assay.
The cells invading the lower surface were fixed by 100% methanol for 1 min, stained with hematoxylin solution (Sigma-Aldrich, St. Louis, MI) and eosin Y solution (Sigma-Aldrich) and
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counted. All experiments were performed as independent triplicate experiments.
Western Blot Analysis—Western blotting was performed
using standard procedures. Cln-1 antibody (catalog no. 717800)
was purchased from Invitrogen, and HSF1 antibody (catalog no.
4356S) was from Cell Signaling Technology. Antibody for phospho-HSF1 (Ser(P)-326, catalog no. ab115702) was obtained
from Abcam. Antibodies for ␤-actin (catalog no. sc-1616) and
␣-tubulin (catalog no. sc-5286) were from Santa Cruz Biotechnology. Antibodies against NDUFA9 of complex I (catalog no.
A21344) and MTCOII of complex IV (catalog no. A6404) were
from Molecular Probes.
RT-PCR—Total RNA was isolated using TRIzol (Invitrogen),
and cDNA was prepared using avian myeloblastosis virus
reverse transcriptase (Promega). PCR was performed with
25–30 cycles of the reaction involving 95 °C for 30 s, 53–58 °C
for 30 s, and 72 °C for 70 –90 s. The PCR primer sets for Cln-1
(5⬘-GAGCGAGTCATGGCCAACGCG and 5⬘-GCCTCTGTGTCACACGTAGTC), NDUFA3 (5⬘-CAGTGCTGGTCGTGTCCTTC and 5⬘-GGCATGTTCCCATCATCACG), UQCRB
(5⬘-GCCTTTCTCTGTTCGCGATG and 5⬘-ATCCAGCCACTTGCCTGATG), ATP5G3 (5⬘-TCTCGACCAGAGGCTAGTAGG and 5⬘-TTGCAGCACCTGCACCAATA), and ␤-actin
(5⬘-CCTTCCTGGGCATGGAGTCCTGT and 5⬘-GGAGCAATGATCTTGATCTTC for a short fragment of 202 bp and
5⬘-GCACTCTTCCAGCCTTCCTT and 5⬘-CTGTCACCTTCACCGTTCCA for a long fragment of 518 bp) were produced
by Bioneer. Quantitative real-time RT-PCR was performed by
using ThunderbirdTM SYBRTM quantitative PCR mix (Toyobo
Co., Ltd., Osaka, Japan) and the Bio-Rad CFX96TM real-time
system.

Results
Increased Expression of Cln-1 Is Associated with Mitochondrial Dysfunction of Hepatoma Cells—First we examined the
relationship between mitochondrial dysfunction and Cln-1
expression in hepatoma cells using four different SNU hepatoma cells (SNU-354, SNU-387, SNU-423, and SNU449). A
previously characterized Ch-L clone that possesses liver-specific genes (30) was used as a control with active mitochondria.
SNU-354, SNU-423, and SNU449 cells with defective mitochondrial respiration showed increased Cln-1 expression at
both the mRNA and protein levels, whereas cells with active
mitochondria (SNU387 and the Ch-L clone) had low Cln-1
expression (Fig. 1, A and B). Increased Cln-1 expression was
mostly localized in the cell-to-cell contact region of the plasma
membrane (Fig. 1C), implying its usual function as a tight junction component. Next, we compared the expression levels of
Cln-1 and a core subunit of mitochondrial respiratory complex
IV using 28 individual HCC tumor samples and their surrounding specimens (Fig. 1, D and E). There was no clear one-onone correlation between decreased complex IV subunit and
increased Cln-1 expression in human hepatoma tissues. However, 20 tumor samples had decreased expression (below 0.2fold) of the complex IV subunit, implying mitochondrial
defects. Of 20 samples with mitochondrial defects, 14 (63.6%)
had increased expression (more than 2.0-fold induction) of
Cln-1 (Fig. 1E). These results suggest that up-regulation of
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Cln-1 expression may be associated with mitochondrial dysfunction in some hepatoma cells.
Complex I Inhibition by Rotenone Effectively Induces Cln-1
Expression at the Transcriptional Level—Next we investigated
the relationship between Cln-1 expression and mitochondrial
defects. Overexpression of Cln-1, regardless of whether it was
transient or stable, in Ch-L clones did not affect the OCR (Fig. 2,
A and B). However, when Ch-L clones were treated with the
respiratory inhibitors rotenone (complex I inhibitor), thenoyltrifluoroacetone (complex II inhibitor), antimycin A (complex
III inhibitor), and oligomycin (complex V inhibitor), Cln-1
expression was increased significantly at the transcription level
without altering respiratory subunit expression or any clear
alterations in respiratory subunit expression (data not shown).
KCN (complex IV inhibitor) did not lead to increased Cln-1
expression (Fig. 2, C and D). Of the five respiratory complex
inhibitors, complex I inhibition by rotenone showed the most
effective Cln-1 induction. This induction started with 1 M
rotenone and increased progressively 3 h after treatment at the
transcription level (Fig. 2, E and F). We further demonstrated
that a mitochondrial defect by siRNA-mediated knockdown of
NDUFA9, a complex I subunit, induced Cln-1 expression (Fig.
2G). These results indicate that the mitochondrial complex I
defect is involved in Cln-1 expression and also suggest that
rotenone-induced Cln-1 expression can be used as a proper
model to elucidate the molecular link between mitochondrial
defects and Cln-1 expression.
Mitochondrial ROS Generated by Rotenone Are a Key Regulator of Cln-1 Expression—Next we asked how complex I inhibition by rotenone regulated Cln-1 transcription. To address
this, we monitored intracellular and mitochondrial ROS levels
in hepatoma cells and compared them with those of Ch-L
clones. Hepatoma cells with mitochondrial defects had
increased levels of both mitochondrial and intracellular ROS
(Fig. 3A). When the Ch-L clone was treated with rotenone, both
mitochondrial and intracellular ROS increased in a dose-dependent manner, accompanying Cln-1 mRNA induction and
showing an inverse relationship with respiratory inhibition
(Fig. 3B). Pretreatment with N-acetylcysteine (NAC), an antioxidant, effectively blocked rotenone-induced Cln-1 transcription (Fig. 3C). When the Ch-L clone was exposed to a subcytotoxic dose of hydrogen peroxide (H2O2), intracellular ROS
increased in a biphasic manner, and mitochondrial ROS
increased progressively (Fig. 3, Da and Fa), implying that the
second peak of intracellular ROS may be linked with mitochondrial ROS, which was probably triggered by an H2O2-induced
mitochondrial defect (Fig. 3F, b). This biphasic ROS generation
by a subcytotoxic dose of H2O2 corresponds well with a previous report (31). Interestingly, under these conditions, Cln-1
mRNA expression also showed a biphasic profile, suggesting

FIGURE 2. Pharmacological inhibition of respiratory complex I effectively
induces Cln-1 expression at the transcriptional level. A, OCR was measured after Cln-1 was overexpressed in the Ch-L clone using pcDNA-Cln-1.
Con, control; tub, tubulin. B, Ch-L clones stably expressing Cln-1 were isolated
after transfecting cells with the pcDNA-Cln-1 plasmid and then subjected to
an OCR assay (top panel) and Western blot analysis (bottom panel). C and D,
the Ch-L clone was challenged with 5 M rotenone (Ro), 200 M thenoyltrifluoroacetone (TT), 5 M antimycin A (AA), 5 mM KCN (KCN), or 5 M oligomycin
(Oli) for 12 h. C, a representative Western blot image for Cln-1 (a) and quantified results (b) are shown. C, control. D, Cln-1 mRNA levels by RT-PCR. A representative gel image (a) and quantified results (b) are shown. E, the Ch-L
clone was exposed to the indicated concentration of rotenone for 12 h. Western blot (a) and RT-PCR (b) results are shown. F, the Ch-L clone was challenged
with 5 M rotenone for the indicated time periods. Western blot (a) and RTPCR (b) results are shown. G, the Ch-L clone was transfected with siRNA (50 or
100 pmol) for NDUFA9 for 3 days and subjected to OCR measurement (a) and
Western blot analysis (b). *, p ⬍ 0.05; **, p ⬍ 0.01 versus control by Student’s t
test.

that a certain level of ROS may be required for Cln-1 induction
(Fig. 3, D and E). These results indicate that mitochondrial ROS
generated by complex I inhibition is critically involved in Cln-1
transcription.
ROS-mediated HSF1 Phosphorylation Is a Key Regulatory
Event for Cln-1 Expression—To investigate how mitochondrial
ROS modulate Cln-1 expression, we analyzed potential transcription factor binding sites in the Cln-1 promoter region
(⫺2729 to ⫹271 bp, NCBI accession no. NG_021418) using the
TFSEARCH program. The most abundant transcription bind-

FIGURE 1. The inverse relationship between Cln-1 expression and mitochondrial respiratory defects in hepatoma cells and tissues. The Ch-L clone and
SNU hepatoma cell lines (SNU354, SNU387, SNU423l, and SNU449) were cultured for 2 days to maintain an exponentially growing state. A, Cln-1 protein levels
by Western blot analysis. OCRs of the cells were measured as described under “Experimental Procedures,” and their percentages of control (Ch-L) are shown in
the bottom panel. **, p ⬍ 0.01 versus Ch-L by Student’s t test. Tub, tubulin. B, Cln-1 mRNA levels by RT-PCR. C, immunocytochemistry for detecting the
intracellular localization of Cln-1. Arrows indicate enhanced expression of Cln-1 in the cell-to-cell contact regions of the cytoplasmic membrane. D, protein
expression ratios of Cln-1 and the complex IV (Comp IV) subunit in 28 HCC tumor samples and their surrounding tissues from the Western blot analysis shown
in E. E, Western blot analysis of 28 HCC tumors (T) and their surrounding specimens (S). Shown are numbers of tumor samples with down-regulated mitochondrial activity (Mito-down, ⬍0.2-fold), which were estimated by complex IV subunit expression, with up-regulated Cln-1 expression (Cln-1 up, ⬎2-fold induction),
and with both Mito-down plus Cln-1 up.
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FIGURE 3. Complex I inhibition-induced Cln-1 expression is mediated by
ROS production. A, the Ch-L clone and SNU hepatoma cell lines (SNU354,
SNU387, SNU423l, and SNU449) were cultured for 2 days to maintain an exponentially growing state. Mitochondrial and cytoplasmic ROS levels were measured by cytofluorimetric analysis after staining cells with MitoSOX (䡺) or
dichlorofluorescin diacetate (f) fluorigenic (fl.) dyes, respectively. B, the Ch-L
clone was treated with the indicated concentrations of rotenone for 12 h.
Mitochondrial ROS levels (a), intracellular ROS levels (b), OCR (c), and Cln-1
mRNA levels by RT-PCR were monitored. C, control. C, the Ch-L clone was
challenged with 5 M rotenone for 12 h with or without NAC pretreatment for
6 h. Cln-1 mRNA levels were examined by RT-PCR. D, the Ch-L clone was
exposed to 300 M H2O2 for the indicated time periods. Intracellular ROS
levels (a) and mRNA levels (b) are shown. E, RT-PCR for Cln-1 was performed
after the Ch-L clone was treated with the indicated concentrations of H2O2 for
3 days. F, the Ch-L clone was exposed to 300 M H2O2 for the indicated time
periods. Mitochondrial ROS levels (a) and mRNA levels of some respiratory
complex subunits by quantitative RT-PCR (b) are shown. *, p ⬍ 0.05; **, p ⬍
0.01 versus control by Student t test.

ing site in the promoter region was for HSF1, which is known as
a stress-responsive transcription factor (data not shown) that is
regulated by oxidative signaling (32), suggesting its potential
involvement in mitochondrial ROS-mediated Cln-1 transcription. Upon exposure to rotenone, the mobility of the HSF1 protein band was delayed on SDS-PAGE (Fig. 4A), and this band
was hyperphosphorylated, as shown by complete dephosphorylation using  phosphatase (Fig. 4B). This finding implied that
it was activated, as shown previously (33). The delayed band
was phosphorylated on Ser-326 (Fig. 4A), the activating phos-
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phorylation site (34). Rotenone-induced HSF1 activation was
further demonstrated by augmented transcription of HSP70, a
known major target of HSF1 (Fig. 4C) and nuclear targeting of
HSF1 (Fig. 4D). HSP70 transcription was faster than Cln-1 transcription (Fig. 2F, b), implying differential regulation by HSF1.
The delayed HSF1 mobility was recovered by NAC pretreatment and induced by exogenous H2O2 treatment, corresponding with the Cln-1 expression pattern (Fig. 4, E and F). We then
investigated whether rotenone-induced Cln-1 expression was
truly mediated through HSF1. Induction of Cln-1 by rotenone
was effectively suppressed by siRNA-mediated HSF1 knockdown, and HSF1 overexpression was sufficient to induce Cln-1
in the Ch-L clone (Fig. 4, G and H). These results support the
hypothesis that complex I inhibition by rotenone induced
Cln-1 transcription through ROS-mediated HSF1 activation.
Complex I Inhibition Increases Cln-1 Promoter Activity
through HSF1 Binding on the Promoter—We then examined
how HSF1 regulated Cln-1 transcription. We constructed a
reporter plasmid containing the Cln-1 promoter region, including the transcription start, from ⫺529 to ⫹238. This promoter
region contains more than 15 potential HSF1 binding sites (Fig.
5A). The cloned promoter region was sufficient for activation
by rotenone treatment, and increased promoter activity was
diminished by NAC pretreatment (Fig. 5, B and C). Overexpression of HSF1 itself increased promoter activity, and additional
rotenone treatment further enhanced the activity but led to
only a minor increase (Fig. 5D). We further demonstrated that
complex I inhibition truly increased HSF1 binding to the Cln-1
promoter region (from ⫺529 to ⫹ 53) using a ChIP assay
(Fig. 5E).
HSF1 Activation Regulates Hepatoma Cell Invasiveness—
Finally, we investigated whether HSF1 activation induced by
mitochondrial ROS is truly involved in hepatoma cell invasiveness. SNU hepatoma cells (SNU354, SNU423, and SNU449)
harboring high Cln-1 expression and mitochondrial ROS had
high cell invasion activity, and this invasiveness was blocked
significantly by Cln-1 suppression but not completely (Fig. 6, A
and B). Cln-1 overexpression- and NDUFA9 knockdown-mediated Cln-1 induction in the Ch-L clone also enhanced cell
invasion activity (Fig. 6C), implying the involvement of mitochondrial defect-mediated Cln-1 expression in hepatoma cell
invasiveness. Furthermore, cell lines harboring high Cln-1
expression showed delayed HSF1 mobility on SDS-PAGE (Fig.
6A). However, SNU354 cells had low expression of both HSF1
and Cln-1 without activating phosphorylation of Ser-326,
whereas SNU423 and SNU449 cells had high HSF1 phosphorylation and Cln-1 expression (Fig. 6A). Unexpectedly, the invasion activity of SNU423 was not altered by HSF1 knockdown
(data not shown), suggesting the possible involvement of additional inhibitory mechanisms on HSF1 activity in this cell.
Therefore, we employed SNU449 cells to evaluate the role of
HSF1 in hepatoma cell invasiveness. The high Cln-1 expression
in SNU449 cells was obviously diminished by NAC treatment
and siRNA-mediated HSF1 knockdown (Fig. 6, D and Ea).
Eventually, siRNA-mediated HSF1 knockdown significantly
decreased the invasion activity of SNU 449 cells (Fig. 6E, b).
Taken together, these results indicate that ROS-mediated
VOLUME 290 • NUMBER 35 • AUGUST 28, 2015

Mitochondrially Mediated HSF1 Activation Induces Cln-1

FIGURE 4. Complex I inhibition induces Cln-1 expression by ROS-mediated HSF1 activation. A–C, the Ch-L clone was treated with 5 M rotenone (Ro) for
the indicated time periods. A, Western blot analysis. C, control; ␣-tub, ␣-tubulin. B, cell lysates were incubated with  phosphatase for 2 h and subjected to
Western blot analysis. Dephos, dephosphorylation. C, RT-PCR for mRNA levels. D, after the Ch-L clone was treated with 5 M rotenone for 12 h, nuclear (Nuc) and
cytoplasmic (Cyt) fractions were isolated as described under “Experimental Procedures.” E, the Ch-L clone was exposed to 5 M rotenone for 12 h with or
without pretreatment of NAC for 6 h and subjected to Western blot analysis. F, the Ch-L clone was exposed to 300 M H2O2 for the indicated time periods and
subjected to Western blot analysis. G, the Ch-L clone was transfected with siRNAs for HSF1 and then exposed to 5 M rotenone for 12 h. Cell lysates were
subjected to Western blot analysis. H, the Ch-L clone was transfected with pcDNA-HSF1-HA for 2 days. Cell lysates were subjected to Western blot analysis.

HSF1 phosphorylation (activation) is involved in certain hepatoma cell invasiveness via Cln-1 expression.

Discussion
Mitochondrial respiratory defects that are accompanied by
mitochondrial gene mutations are common in most cancers
(35, 36). Therefore, they are considered a metabolic hallmark of
cancer. Although the contribution of mitochondrial defects to
cancer development, such as tumor angiogenesis, metastasis,
and chemoresistance, has often been reported (6, 10, 11,
37–39), it is unclear how mitochondrial impairment regulates
tumor progression. One plausible explanation is that an altered
mitochondrial metabolism communicates with the nucleus
through “mitochondrial retrograde signaling.” The retrograde
AUGUST 28, 2015 • VOLUME 290 • NUMBER 35

signaling begins with the release of second messengers, ROS
and Ca2⫹, from defective mitochondria (40). These messengers
then activate several cytosolic signaling transducers through
redox modification or posttranslational modification. In turn,
certain transcription factors or cofactors are activated and/or
trans-localize into the nucleus, switching on gene transcriptions de novo (40, 41). Therefore, the key molecular link
between mitochondrial defects and tumor progression is the
activation of certain transcription factors.
Several key transcription factors, including CREB and
PGC-1, have been identified to regulate mitochondrial defectresponsive transcriptional reprogramming (40). In this study,
we demonstrated that HSF1 is another mitochondrial retrograde-responsive transcription factor regulated by mitochonJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 5. Complex I inhibition increases Cln-1 promoter activity through binding of HSF1. A, design of the GRN-pGL3-luciferase reporter plasmid
containing the promoter region of Cln-1 from ⫺2894 to ⫹230. Putative HSF1 binding sites in the promoter region (⫺539 to ⫺1) of Cln-1 are shown in the
bottom panel. Putative HSF1 binding sequences are underlined with arrows. Bold sequences contain key sequences for HSF1 binding. B, the Ch-L clone was
transfected with the GRN-pGL3-luciferase plasmid and treated with 5 M rotenone for the indicated time periods. Promoter activity was monitored. C, control.
C, promoter activity. The Ch-L clone was transfected with the GRN-pGL3-luciferase plasmid and challenged with 5 M rotenone (Ro) for 12 h with or without
NAC pretreatment for 6 h. D, promoter activity. The Ch-L clone was transfected with the GRN-pGL3-luciferase plasmid and pcDNA-HSF1-HA (HSF1). pcDNA3 was
used as a mock control for HSF1. E, promoter binding activity by ChIP assay using anti-HSF1 antibody (Ab). The Ch-L clone was treated with 5 M rotenone for
the indicated time periods and subjected to a ChIP assay. * and #, p ⬍ 0.05; ** and ##, p ⬍ 0.01 versus control by Student’s t test.

drial ROS. This is the first report to show a direct link between
the mitochondrial defect-ROS-HSF1 axis and cancer development. The transcription factor HSF1 is multifaceted and controls protein homeostasis in response to diverse proteotoxic
stresses (42). Upon stress, HSF1 trimerizes and is then transported into the nucleus, where it is hyperphosphorylated and
activates several heat shock proteins, such as HSP70, by binding
to the consensus heat shock element (HSE). The HSF1 activity
is attenuated by a negative feedback loop with binding of the
produced HSP70 to its transactivation domain (43). Recently,
enhanced activation or expression of HSF1 has been associated
with a poor prognosis in several types of cancer (42, 44, 45).
HSF1 promotes HCC cell migration and invasion by activating
the expression of HSP27 (46). In addition, HSF1 is activated by
redox regulation (47, 48). Therefore, it is reasonable to hypothesize that HSF1 may play an important role in transcriptional
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reprogramming that occurs in response to cellular stress by
mitochondrial ROS. Indeed, upon exposure to complex I inhibition, HSF1 was activated by hyperphosphorylation, especially
at Ser-326. HSP70 transcription was induced rapidly and attenuated slowly, implying its negative feedback regulation. However, Cln-1 transcription followed HSP70 expression and corresponded with the HSF1 hyperphosphorylation pattern.
These results suggest that transcriptional regulation by HSF1
may vary depending on the target gene.
HSF1 binds specifically to HSE, which has a consensus
sequence that is a tandem array of three oppositely oriented
NGAAN motifs, or degenerate versions of them, that bind with
trimerized HSF1 (49). However, the Cln-1 promoter sequence
did not have the consensus sequence for HSE but had several
dispersed direct or inversed repeats. Nevertheless, HSF1 binding to the Cln-1 promoter was confirmed by ChIP assay. Some
VOLUME 290 • NUMBER 35 • AUGUST 28, 2015
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FIGURE 6. HSF1 regulates hepatoma cell invasion activity through Cln1 expression. A, Western blot analysis. B, SNU354, SNU423, and SNU449 cells were
transfected with siRNA for Cln-1 for 2 days and subjected to a cell invasion assay. Representative images of invaded cells are shown in the bottom panel. C, the
Ch-L clone was transfected with pcDNA-Cln-1, siNDUFA9, and/or siCln-1 for 2 days and then subjected to cell invasion activity (top panel) and Western blot
analysis (bottom panel). D, SNU449 cells were treated with NAC for 6 h and subjected to Western blot analysis. C, control. E, SNU449 cells were transfected with
siRNAs for HSF1 for 2 days and then subjected to Western blot analysis (a) and cell invasion activity (b). * and #, p ⬍ 0.05; ** and ##, p ⬍ 0.01 versus control by
Student’s t test. F, schematic of the involvement of mitochondrial defect-induced HSF1 activation in Cln-1-mediated hepatoma cell invasiveness.

explanations for this unexpected finding are that the HSF1
trimer may bind three dispersed HSE sequences that are placed
closely by the looping DNA strand or that binding of hyperphosphorylated HSF1 to a single HSE may activate the Cln-1
promoter with the help of other factors activated by mitochondrial defect-mediated retrograde signaling. In this way, HSF1
may regulate the transcription of various target genes, such as
Cln-1, in addition to HSPs. However, if any inhibitory factors
exist in some cellular context, then HSF1 activity on Cln-1 promoter may be invalid, as in the case of SNU423. These results
contribute to a better understanding of the novel regulatory
mechanism of HSF1.
AUGUST 28, 2015 • VOLUME 290 • NUMBER 35

Major targets of HSF1 are known to be HSPs, which restore
the structures of proteins distorted by proteotoxic stress.
Therefore, induction of HSPs by HSF1 under mitochondrial
oxidative stress must be required to maintain essential cellular
functions for tumor progression. However, it is still questionable why HSF1 activates Cln-1 transcription. Although recent
studies support the involvement of Cln-1 in tumor metastasis,
the detailed molecular mechanisms of how Cln-1 regulates
tumor activities remain unclear. In general, tight junctions regulate the passage of ions and molecules through the paracellular
pathway in epithelial and endothelial cells. However, Cln-1 also
has unexpected roles in tumor cells. It recruits and promotes
JOURNAL OF BIOLOGICAL CHEMISTRY
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the activation of matrix metalloproteinase 2 and makes tumor
cells aggressive (25). Interestingly, Cln-1 alone is sufficient to
exert a tight junction-mediated gate function in metastatic
tumor cells even in the absence of other tight junction-associated proteins (50). These findings suggest that Cln-1 may be
required to overcome the cellular stress triggered by mitochondrial defects by exporting excess ions or stressors out of the cell.
Our results from this study demonstrate that Cln-1 is up-regulated in response to mitochondrial ROS in the early stage of
HCC invasiveness via HSF1 activation. The detailed molecular
mechanisms of how Cln-1 controls HCC invasion activity
remain to be elucidated.
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