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In most human cancers, somatic mutations have been identified
in the mtDNA; however, their significance remains unclear. We
recently discovered that NMuMG mouse mammary epithelial
cells, when deprived of mitochondria or following inhibition of
respiratory activity, undergo epithelial morphological disruption
accompanied with irregular edging of E-cadherin, the appearance
of actin stress fibers, and an altered gene expression profile. In
this study, using the mtDNA-less pseudo ρ0 cells obtained from
NMuMG mouse mammary epithelial cells, we examined the roles
of two mitochondrial stress-associated transcription factors,
cAMP-responsive element-binding protein (CREB) and C/EBP
homologous protein-10 (CHOP), in the disorganization of
epithelial phenotypes. We found that the expression of matrix
metalloproteinase-13 and that of GADD45A, SNAIL and integrin
a1 in the ρ0 cells were regulated by CHOP and CREB, respec-
tively. Of note, knockdown and pharmacological inhibition of
CREB ameliorated the disrupted epithelial morphology. It is
interesting to note that the expression of high mobility group
AT-hook 2 (HMGA2), a non-histone chromatin protein implicated
in malignant neoplasms, was increased at the protein level
through the CREB pathway. Here, we reveal how the activation
of the CREB/HMGA2 pathway is implicated in the repression of
integrin a1 expression in HepG2 human cancer cells, highlighting
the importance of the CREB/HMGA2 pathway in malignant
transformation associated with mitochondrial dysfunction,
thereby raising the possibility that the pathway indirectly
interferes with the cell–cell adhesion structure by influencing the
cell–extracellular matrix adhesion status. Overall, the data
suggest that mitochondrial dysfunction potentially contributes to
neoplastic transformation of epithelial cells through the activa-
tion of these transcriptional pathways. (Cancer Sci 2012; 103:
1803–1810)

O ver the past decades, a range of somatic mutations and
depletions have been identified in the mtDNA in most

primary human cancers.(1–3) However, the relationship between
mtDNA instability and neoplastic cell development remains
unclear. Recent studies with regard to mtDNA heteroplasmy in
cancers have suggested that somatic mutations in mtDNA are
enriched during tumorigenic processes, implying that they
confer a selective advantage for the survival and growth of
pre-neoplastic cells.(4–6) In other studies, several mutations in
the mtDNA regions encoding polypeptides for the respiration
and oxidative phosphorylation chain have been suggested to
actively contribute to tumor progression and metastasis.(7,8) It
is noteworthy that all such mutations are associated with
increased levels of reactive oxygen species (ROS), suggesting

the involvement of ROS in the development of malignant
phenotypes.
Somatic mutations in mtDNA are found not only in the

protein-coding regions but also in the non-coding regions. In
human tumors, point mutations are frequently observed (39.7%
of the cancerous tissues examined) in the D-loop (non-coding)
region.(3) Mutations in this region, which contains the impor-
tant regulatory sequences for transcription and replication
initiation, hypothetically affect the copy number and/or gene
expression of the mitochondrial genome. One study supporting
this assumption reports a decrease in mtDNA copy number in
17 hepatocellular carcinoma (HCC) cases out of 24 cases with
somatic mutation(s) in the D-loop region.(9) Of note, instability
in the mtDNA D-loop region leading to decreased copy num-
ber has been suggested to be involved in human carcinogene-
sis.(3) In most cases of HCC and gastric cancers,
carcinogenesis is accompanied with an alteration in mitochon-
drial biogenesis and a repression of mtDNA replication.(3,10,11)

However, the effects of repression of mitochondrial biogenesis
on tumorigenesis are poorly understood. The involvement of
ROS in these processes remains an open question.
The present study examines the impact of decreased mito-

chondrial function on epithelial phenotypes associated with
malignant transformations. We used the mtDNA-less pseudo
ρ0 cells with decreased mitochondrial function. The ρ0 state
was attained by inhibiting mtDNA replication and transcription
using ethidium bromide (EtBr) rather than by D-loop muta-
tions interfering with mtDNA replication and transcription.(12)

We obtained the ρ0 cells from NMuMG mouse mammary
epithelial cells (NMuMG cells) and assessed their morphology
and gene expression. In the ρ0 state, the typical cobblestone-
like epithelial morphology was disrupted, resulting in irregular
cell–cell junctions. We also observed some alterations in gene
expression, including alterations in integrin a1 (ITGA1)
expression. In conclusion, we demonstrated the importance of
the two mitochondrial stress-associated transcription factors,
particularly that of cAMP-responsive element-binding protein
(CREB), in the disorganization of epithelial morphology.

Materials and Methods

Cell culture, ρ0 cell preparation and chemicals. NMuMG
mouse mammary epithelial cells were obtained and maintained
as described previously.(13) ρ0 cells were obtained by culturing
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in a normal medium containing 250 ng/mL EtBr and 50 lg/
mL uridine for 4–6 days.(12)

A panel of human cancer cell lines was maintained in
DMEM (MCF-7, A549, MDA-MB-231, HepG2, HOS, MIA-
Paca-2, Colo205 and EJ-1), F-12 (Hela S3) and RPMI1640
(Lu65) supplemented with 10% FCS. A set of HCC cell lines
was obtained from the Japanese Collection of Research Biore-
sources Bank (Osaka, Japan), and cultured in accordance with
the accompanying instructions.
CREB–CREB binding protein (CBP) interaction inhibitor

[N-(4-chlorophenyl)-3-hydroxy-2-naphthamide] was purchased
from Merck KGaA (Darmstadt, Germany). Protein kinase
inhibitors were obtained from Merck KGaA, except for H-89
and LY294002, which were purchased from Sigma (St Louis,
MO, USA) and LC Laboratories (Woburn, MA, USA), respec-
tively.

Expression of shRNA. shRNA was expressed using a lentivi-
rus vector, CS-RfA-ErTBsd, based on the CS-RfA-ETBsd
plasmid and modified to include the Tet-Off system.(14)

HEK293T cells were transfected with lentivirus vectors by the
calcium phosphate method to obtain culture supernatants
containing the lentivirus. Target cells were infected with the
virus by culturing these in virus-containing medium for 24 h.
After another 24-h incubation in the presence of doxycycline
(Dox, 500 ng/mL), infected cells were selected and maintained
in medium containing 10 lg/mL blasticidin for 2 days.

Antibodies and western blotting. Western blotting was
performed as described previously.(15) We used monoclonal
antibodies to E-cadherin, b-catenin, p120 (BD Transduction
Laboratories, Lexington, KY, USA), GAPDH (Chemicon,
Temecula, CA, USA), C/EBP homologous protein-10 or
CHOP-10 (GADD 153; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and CREB (48H2; Cell Signaling, Beverly, MA,

USA). Polyclonal antibodies included ZO-1 (Zymed Laborato-
ries, San Francisco, CA, USA), phosphor-CREB (Ser133; Cell
Signaling), high mobility group AT-hook 2 (HMGA2) (R&D
Systems, Minneapolis, MN, USA) and HMGA1 (Santa Cruz
Biotechnology).

Real-time RT-PCR. Total RNA was extracted, and cDNA was
synthesized and analyzed using methods described previ-
ously.(16) The assay was performed in triplicate, and at least
three independent samples were analyzed.

Attachment assay. Cells were washed, dissociated with
trypsin, resuspended in the assay buffer (DMEM supplemented
with 0.1% BSA), plated onto ECM-coated wells and incubated
for 20 min at 37°C. After 20–90 min, the cells were washed,
fixed with 3.7% formalin, and stained with 0.5% crystal violet.
An image of each well was acquired, and the number of cells
was counted. The experiments were performed in triplicate and
were repeated five times.

Results

Disorganized epithelial morphology in ρ0 cells. We treated
NMuMG cells with EtBr for 4–6 days to obtain the ρ0 cells,
as described previously.(12) Interestingly, the cells were slowly
flattened, and this was accompanied with obscure and disar-
ranged cell–cell junctions concomitant with deterioration in
mitochondrial activity (Fig. 1a). In particular, the cells exhib-
ited irregular edging of E-cadherin, and actin stress fibers were
present in their cytoplasm (Fig. 1b,c). Pharmacological inhibi-
tion of respiratory activity caused a similar morphological
change (Fig. S1), suggesting that interference with respiratory
chain activity was the primary cause of disorganization at the
cell–cell junctions. Expression levels of the cell–cell junction
proteins, such as E-cadherin and ZO-1, were only marginally
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Fig. 1. Disorganized epithelial morphology in the ρ0 cells. (a) NMuMG cells were treated with EtBr (250 ng/mL) for the indicated periods and
observed by phase contrast microscopy. (b),(c) Treated cells were examined by indirect immunofluorescence labeling using specific antibodies.
Actin fibers were stained with florescence-labeled phalloidin and the nuclei with DAPI. N: Control. ρ0: 6-day treatment with EtBr. (d) Cell lysate
was examined by immunoblotting with the antibodies as indicated. GAPDH was used as the loading control. (e) Total RNA was extracted and
analyzed by real-time RT-PCR, as described in the Materials and Methods section. The PCR products derived from each mRNA were normalized
to that derived from GAPDH in the same sample and are shown as a ratio relative to the control. The difference in ITGA1 expression in control
and ρ0 samples was assessed by t-test. #P < 2 9 10�6, *P < 0.05.
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affected (Fig. 1d), whereas expression patterns of integrins (a
group of cell–ECM receptors) were changed (Fig. 1e). In par-
ticular, ITGA1 mRNA expression was significantly repressed
in the ρ0 cells (Fig. 1e). As described previously,(12) levels of
intracellular ROS were reduced along with the membrane
potential in the ρ0 cells, suggesting that the involvement of
ROS in the above changes was unlikely.

Upregulation of C/EBP homologous protein-10 and cAMP-
responsive element-binding protein and their roles in the pheno-
typic disruption of ρ0 cells. We recently found a stress-inducible
transcription factor, CHOP, induced in murine myofibroblasts
under conditions of mitochondrial dysfunction.(16) Similarly, we
found that CHOP expression was induced at the mRNA and
protein levels in the NMuMG ρ0 cells (Figs S2,2a). Under the
same conditions, CREB, which has been identified as a mito-
chondrial stress mediator in sarcoma cell lines,(17) was either
activated or heavily phosphorylated at Ser133 (Fig. 2b). In the
current study, we assessed the roles of two transcription fac-
tors, CREB and CHOP, in epithelial cells under mitochondrial
stress, focusing on their roles associated with morphological
disruption.
We established a cell line in which the expression of each

transcription factor was inhibited by shRNA (using the Tet-Off
system) and observed the cellular responses following
mitochondrial dysfunction. The knockdown effects of shRNA
are shown in Supplementary Figure S2 (mRNA) and in
Figure 2(a,c) (protein). We first studied the involvement of
CREB and CHOP in gene expression in the ρ0 state, and
found that induction of matrix metalloproteinase-13 and
GADD45A under mitochondrial stress was attenuated by the
shRNA for CHOP and CREB, respectively (Fig. 2d).(16) Of
note, we observed a recovery of clear cell–cell junctions in the
ρ0 cells after the knockdown of CREB (Fig. 3a). In parallel,
the delocalization of E-cadherin and ZO-1 was alleviated under
the same conditions (Fig. 3b). A low molecular weight

chemical, designated CCI, interfered with the CREB–CBP
interactions and was also effective in repressing the morpho-
logical disruption (Fig. 3c), thereby supporting the important
role of CREB in this process. CREB was also implicated in
regulating the expression of ITGA1 and zinc finger
transcription factors, SNAIL and ZEB2, under conditions of
mitochondrial dysfunction. In the CREB-knockdown ρ0 cells,
the originally downregulated ITGA1 expression was increased,
whereas upregulated SNAIL and ZEB2 expression was
decreased (Fig. 3d). These results suggest that CHOP and
CREB have important functions in stress response signaling
under mitochondrial dysfunction. In particular, CREB is likely
to be implicated in the disruption of epithelial morphology.

High mobility group AT-hook 2 as a downstream mediator in
the cAMP-responsive element-binding pathway. To obtain
insight into the mechanisms underlying the diverse effects of
the CREB pathway ranging from gene expression to cellular
morphology, we focused on HMGA2. HMGA2, a non-histone
nuclear protein with DNA binding ability, alters chromatin
structure and/or interacts with several transcription factors,
thereby regulating a wide range of transcriptions.(18,19) Our
previous microarray analysis results (data not included)
suggested that this protein is activated in the ρ0 cells. Indeed,
as indicated in Figure 4(a), the protein level of HMGA2 in the
ρ0 cells was elevated to the same extent as in the cells treated
with transforming growth factor (TGF)-b, a well-known
inducer of HMGA2. Of note, HMGA2 expression was
mitigated by the shRNA for CREB, suggesting that HMGA2
was upregulated downstream in the CREB pathway. The effect
of the shRNA was specific to the ρ0 state as the induction by
TGF-b was unaffected (Fig. 4a). CCI treatment also alleviated
the induction of HMGA2 protein expression in the ρ0 cells
(Fig. 4b), further supporting the important role of CREB in
this process. Given that only marginal changes were observed
in the mRNA levels (Fig. S3), we suggest that CREB may
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Fig. 2. Upregulation of cAMP-responsive element-
binding protein (CREB) and C/EBP homologous
protein-10 (CHOP) and their roles in gene
expression. (a–d) Cell lysates from control (N) and
EtBr-treated cells (ρ0) (as shown in Fig. 1) with
(Dox�) or without (Dox+) expression of shRNA for
CHOP and CREB were subjected to immunoblotting
using specific antibodies. shRNA was expressed by
removal of Dox (0.5 lg/mL) from the culture
medium for 48 h. R is a positive control for CHOP
induction, exposed to rotenone (1 lM). In (d), total
RNA extracted under the same conditions was
analyzed by real-time RT-PCR. A ratio relative to
the control (Dox+ sample of the control) is shown.
shNT: negative control for shRNA (sequence was
not found in mammals). *P < 0.05, ***P < 0.0005.
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indirectly regulate HMGA2 expression at a post-translational
level. Supporting this view, the rate of degradation of the
HMGA2 protein in the presence of cycloheximide (CHX) was
lower in the ρ0 cells compared with the normal cells (Fig. 4c).

Activation of the cAMP-responsive element-binding protein/
high mobility group AT-hook 2 pathway in a human cancer cell
line. To determine whether the CREB/HMGA2 pathway was
activated in human cancer cells, 10 human cancer cell lines
were examined in this study. As shown in Figure 5(a), in
HepG2 cells, HMGA2 was highly expressed, and CREB
appeared to be phosphorylated to a substantial level (taking
the relatively low amount of the total CREB protein into
account). Moreover, HMGA2 expression in HepG2 cells was
sensitive to treatment with CCI, whereas the EJ-1 line, which
had no sign of CREB activation, was unaffected (Fig. 5a,c).
HMGA1 was hardly detected in any of the cell lines tested in
this study. Thus, we suggest that similar to the ρ0 cell model,
CREB is activated, which, in turn, upregulates HMGA2
expression in HepG2 cells. Of interest, HMGA2 expression
was observed along with CREB phosphorylation in five of the
six HCC cell lines (Fig. 5b), suggesting that activation of the
CREB/HMGA2 cascade is a prevalent trait in HCC.
The similarity between the results for the ρ0 and HepG2

cells suggests a mitochondrial dysfunction underlying the
activation of the CREB/HMGA2 pathway in HepG2 cells. In
support of this notion, a recent study identified a pathogenic
mtDNA mutation in HepG2 cells that resulted in reduced

activity of respiratory complex I.(20) We reinforce the involve-
ment of mitochondrial stress signaling in the activation of
CREB by demonstrating the involvement of calcium/calmodu-
lin (CaM) kinase. In an earlier study, this kinase was identified
as an activator of CREB under conditions of mitochondrial
dysfunction.(17) As shown in Figure 5(d), when HepG2 cells
were treated with a panel of kinase inhibitors, only KN-93, an
inhibitor of CaM kinase, significantly decreased the level of
CREB phosphorylation. This inhibitor also decreased HMGA2
expression in HepG2 cells (Fig. 5d). It should be noted that
mutations were also found in the mtDNA of the other HCC,
particularly in the D-loop region, which is a mutational hotspot
(Motoko Shibanuma, unpublished data, 2012).
We also attempted to define the biological roles of the

CREB/HMGA2 pathway in HepG2 cells. Unlike in the ρ0
cells derived from NMuMG cells, CREB was unlikely to play
a role in the gene expression of GADD45A, SNAIL and
ZEB2, as well as in the subcellular distribution of E-cadherin
and ZO-1 in this fully malignant human cancer cell line (data
not shown). Only the expression of ITGA1 was dependent on
the CREB/HMGA2 pathway. Treatment with both CCI and
siRNA for HMGA2 (Fig. S4) caused an increase in ITGA1
expression (Fig. 6a). This suggests that in HepG2 cells, the
activated CREB pathway mediates the downregulation of
ITGA1 through the upregulation of HMGA2. In EJ-1 cells, the
level of ITGA1 was also increased by inhibiting HMGA2, but
no such effect was observed with CCI (Fig. 6a). This
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Fig. 3. The involvement of cAMP-responsive element-binding protein (CREB) in the disruption of epithelial morphology. (a–c) Normal and ρ0
cells were examined by phase contrast microscopy (a) and (c) and by indirect immunofluorescence labeling (as described above) (b),(c). In (b),
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observation is consistent with the above results suggesting that
the expression of HMGA2 in EJ-1 cells was regulated by
mechanisms unrelated to CREB (Fig. 5b).
Finally, we studied the effect of CREB/HMGA2 pathway

activation on the cellular phenotypes of HepG2 cells. Keeping
in mind the important role of the pathway in the expression of
ITGA1, a subunit of cell adhesion receptors specific to colla-
gen, we examined the attachment phenotype of HepG2 cells.
We compared cell attachment to collagen and fibronectin with
and without CCI. We found that the attachment preference of
HepG2 cells was shifted in favor of collagen following CCI
interference in CREB function (Fig. 6b); this is consistent with
the observed recovery of ITGA1 expression (Fig. 6a).

Discussion

In general, lesions in the mtDNA coding or non-coding regions
result in deficiencies in the respiratory chain. In a defective
respiratory chain, aberrant ROS production often occurs as a
result of leakage of electrons to oxygen, and, consequently, a
catastrophic cycle of respiratory function dysregulation is
created because of additional mutations caused by ROS.(21)

During such a cycle, the cells are continuously exposed to
ROS and are either at a risk of developing oncogenic somatic
mutations, thereby activating the oncogenic pathways, or are at
risk of increased genome instability. Thus, the aberrant produc-
tion of ROS possibly accounts for some of the effects of
mtDNA mutations on tumorigenesis, especially in the initial
stages.
In the final phase of respiratory chain deficiency, however,

mitochondria are assumed to be completely deprived of their
ROS-producing capability, regardless of the formation of the
catastrophic cycle.(12) In this phase, the impact of ROS and
their signals presumably subsides. Instead, stress signals are
likely to be elicited due to the sensing of the loss of normal
mitochondrial functions. A recent study described such a stress

response to mitochondrial dysfunction that was mediated by
stress-inducible transcription factors, including CHOP(16) and
CREB.(17) Hypoxia-inducible factor-1 a signaling, which
requires mitochondria-derived ROS, appears to be dormant in
the ρ0 cells.(22)

In the present study, we explored the potential contribution
of mitochondrial dysfunction in tumorigenesis as a stress
modulating intracellular signaling during the later stages of the
process. It is noteworthy that the incidence of somatic muta-
tions in the D-loop of mtDNA is increased in late stage rather
than early stage cancers.(3) At the onset of neoplastic transfor-
mation in cells harboring mtDNA mutation(s), ROS are
expected to be the dominant mutagens. However, we reasoned
that in the resulting pre-neoplastic cells, stress signaling
activated by decreased mitochondrial function would play an
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increased role in tumorigenic progression. In the present study,
we observed changes in cell–cell junction structures as well as
altered gene expression in the ρ0 cells, and characterized the
roles of the CHOP and CREB mitochondrial stress mediators
in altering the cellular phenotypes. This is the first report to
evaluate the impact of mitochondrial dysfunction on epithelial
morphology; cells of mesenchymal origin and fully trans-
formed cancer cells have been studied previously.(16,17,23)

The mechanisms by which CREB and CHOP are upregulat-
ed under ρ0 conditions remain an open question. Based on our
previous study, ROS are unlikely to be involved in signal-
ing.(12) Indeed, the phosphorylation of CREB was insensitive
to an antioxidant, N-acetylcysteine (Motoko Shibanuma,
unpublished data, 2012). The involvement of an unfolded pro-
tein response, which is a major stress inducing CHOP, is also
unlikely.(16) Instead, perturbed intracellular calcium distribu-
tion is the most likely mechanism.(24) Mitochondria are impli-
cated in intracellular calcium storage and homeostasis together
with the endoplasmic reticulum (ER). In addition, they are
physically associated, and the transport of calcium from one
organelle to the other is highly efficient. In a previous report,
ER calcium depletion and the consequent increase in the cyto-
solic fraction were shown to, respectively, induce CHOP and

activate CREB.(25) The inhibition of CREB phosphorylation by
a CaM kinase inhibitor supports a similar involvement of
calcium signaling in ρ0 cells (Fig. 5d).
Our findings revealed the critical role of CREB in the disor-

ganization of epithelial phenotypes because of decreased mito-
chondrial functioning. The detailed mechanisms whereby the
architecture of the cell–cell junctions of the ρ0 cells was disor-
ganized downstream in the CREB pathway remain unclear.
ATP depletion has been associated with disordered cell–cell
adhesion.(26) The upregulation of the SNAIL family members
SNAIL, ZEB2 and SLUG(16) may have contributed to this
process through the induction of the epithelial–mesenchymal
transition (EMT), as has been reported in some cases of adeno-
carcinoma.(27) However, E-cadherin, an EMT regulator target,
remained highly expressed, and so activation of EMT was
unlikely in the ρ0 state. In other studies, depletion of mtDNA
has also been associated with tumorigenic phenotypes,
although, again, the detailed mechanisms remain unclear.(27–32)

Unexpectedly and interestingly, our study revealed a close
relationship between CREB and HMGA2, namely, CREB
regulation of HMGA2 expression, implying the existence of a
novel transcriptional network organized by CREB and
downstream HMGA2. HMGA2 is an oncofetal protein that is
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Fig. 6. The cAMP-responsive element-binding
protein (CREB)/high mobility group AT-hook 2
(HMGA2) pathway decreases ITGA1 expression in
HepG2 cells. (a) HepG2 and EJ-1 cells were treated
with CCI at the indicated doses for 20 h or with
siRNA for HMGA2 (50 nM for 48 h) and examined
by real-time RT-PCR to determine ITGA1
expression. The knockdown effects of the HMGA2
siRNA are shown in Figure S1c. A ratio relative to
the control is shown. *P < 0.05, **P < 0.005. (b)
Cells pretreated with CCI for 48 h were
dissociated, plated onto collagen-coated and
fibronectin-coated wells, and processed for the
attachment assay, as described in the Materials
and Methods section. A ratio of the cell number
in the collagen-coated wells to that in fibronectin-
coated wells is shown. *P < 0.05. (c) Contribution
of mitochondrial dysfunction to malignant
transformation of epithelial cells. Mitochondrial
dysfunction propagated stress signaling by
activating CREB-mediated and C/EBP homologous
protein-10 (CHOP)-mediated transcriptional
networks. HMGA2 played an intermediary role in
the CREB pathway and regulated a variety of
transcriptional activities downstream. In non-
transformed NMuMG mouse mammary epithelial
cells, the epithelial–mesenchymal transition (EMT)
regulators and ITGA1 were regulated downstream
of HMGA2. Together with previous findings.(12) the
cascades and their targets that potentially
contribute to neoplastic transformation are shown.
In the HepG2-transformed cancer cell line, the
CREB/HMGA2 axis is suggested to be active in
regulating the expression of ITGA1, but not the
EMT (see text). **P < 0.005, ***P < 0.00005.
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frequently amplified, rearranged and overexpressed in multiple
human cancers,(18,19) and it is causally related to neoplastic
cell transformation.(33,34) In this study, we originally identified
ITGA1 as a potential transcriptional target of HMGA2. Given
the possible interplay between cell–cell and cell–ECM
adhesions, it is likely that the disorganized epithelial morphol-
ogy that arises following mitochondrial dysfunction stems from
a change in ITGA1 expression downstream in the CREB/
HMGA2 cascade, which indirectly interferes with cell–cell
adhesion structures by influencing cell–ECM adhesion status.
Chen et al.(35) report that ITGA1 serves as a negative regulator
of epidermal growth factor receptor (EGFR) activity. This
observation raises another interesting possibility that EGFR
signaling, augmented by the repression of ITGA1 expression,
is a primary cause of the disorganized epithelial structures in
the ρ0 cells. Future studies should address the roles of the
CREB/HMGA2 pathway in neoplastic transformation in more
detail. The hypothetical contribution of mitochondrial dysfunc-
tion to malignant transformation in epithelial cells is illustrated
in Figure 6(c), highlighting the roles of the CREB/HMGA2
pathway and the CHOP-mediated transcriptional cascade.
We suggest that the CREB/HMGA2 pathway operates not

only in the ρ0 model but also in HepG2 human cancer cells.
However, we also noticed a difference between HepG2 and
NMuMG ρ0 model cells. For example, activation of the CHOP
pathway was not detected in the human cancer cell lines
studied (data not shown). Moreover, SNAIL and ZEB2 were

not regulated by the CREB/HMGA2 pathway in HepG2 cells.
Given that HMGA2 is an architectural nuclear factor modulat-
ing transcription through interaction with DNA and/or
canonical transcription factors, the difference may be ascribed
to the profiles of the transcription factors present in cells.
Interestingly, among cancerous tissues, HCC is characterized

by a high number of mutations in the D-loop (42.6% of HCC
carry the mutations) and a decreased mtDNA copy number
(57.4%).(3) Accordingly, the CREB/HMGA2 pathway deserves
further research as a potential therapeutic target against HCC
and other cancers that feature activated mitochondrial stress
signaling.
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