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Abstract

Aims: Expression of the HER2 oncogene in breast cancer is associated with resistance to treatment, and Her2
may regulate bioenergetics. Therefore, we investigated whether disruption of the electron transport chain (ETC)
is a viable strategy to eliminate Her2high disease.
Results: We demonstrate that Her2high cells and tumors have increased assembly of respiratory supercomplexes
(SCs) and increased complex I-driven respiration in vitro and in vivo. They are also highly sensitive to
MitoTam, a novel mitochondrial-targeted derivative of tamoxifen. Unlike tamoxifen, MitoTam efficiently
suppresses experimental Her2high tumors without systemic toxicity. Mechanistically, MitoTam inhibits complex
I-driven respiration and disrupts respiratory SCs in Her2high background in vitro and in vivo, leading to elevated
reactive oxygen species production and cell death. Intriguingly, higher sensitivity of Her2high cells to MitoTam
is dependent on the mitochondrial fraction of Her2.
Innovation: Oncogenes such as HER2 can restructure ETC, creating a previously unrecognized therapeutic
vulnerability exploitable by SC-disrupting agents such as MitoTam.
Conclusion: We propose that the ETC is a suitable therapeutic target in Her2high disease. Antioxid. Redox
Signal. 26, 84–103.
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Introduction

Functional electron transport chain (ETC) is es-
sential for tumorigenesis (51, 57). At the same time, ETC

is important in normal cells by providing a milieu permitting
biosynthesis of aspartate and pyrimidine nucleotides, and for
ATP generation (3, 47, 50). Classical pharmacological ETC
inhibitors such as rotenone, antimycin A, or potassium cya-
nate have systemic toxicity, while available nontoxic ETC
inhibitors such as the antidiabetic drug metformin are not
potent enough and show little benefit for cancer patients in a
number of clinical trials (18, 23, 35). Therefore, effective
agents that would selectively target ETC in specific subsets of
cancer cells are sorely needed.

ETC resides in the cristae region of the inner mitochondrial
membrane (IMM). It comprises four respiratory complexes
(termed CI-CIV) that further assemble into higher molecular
structures called supercomplexes (SCs), increasing ETC ef-
ficiency and regulating substrate utilization (1, 21). ETC
generates electrochemical gradient across the IMM referred
to as the IMM potential (DCm,i). This is essential for ATP
production by mitochondrial ATP synthase and also allows
cargo delivery into mitochondria using cations such as the
triphenylphosphonium (TPP+) group (28), which can there-
fore be used to bring ETC inhibitors close to their molecular
targets (9). The level of ETC organization in various subsets
of cancer cells, while largely unexplored, could be associated
with differences in sensitivity to ETC inhibition.
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Breast cancer is the prevailing type of neoplasia in women,
and certain subtypes such as Her2high breast carcinomas are
difficult to treat (5, 6, 42). Her2 (also known as ErbB2) is a
receptor tyrosine kinase that may regulate metabolism, for
example, the pentose phosphate pathway (43). It has been
suggested that a fraction of Her2 translocates into mito-
chondria, where it can affect bioenergetics (7). Tamoxifen, a
mixed agonist/antagonist of the estrogen receptor (ER), is
used as the first-line therapy in hormone-sensitive breast
cancer, but is inefficient in the Her2high disease. It was re-
ported that tamoxifen inhibits mitochondrial complex I (CI),
although at suprapharmacological doses (25). This inspired
us to design, synthetize, and test tamoxifen tagged with the
TPP+ group, with expected accumulation adjacent to CI en-
hancing its effects on mitochondria.

In this study, we show that mitochondrially targeted ta-
moxifen (MitoTam) is far more efficient in killing breast cancer
cells than the parental compound. In stark contrast to tamoxi-
fen, MitoTam is highly effective toward cells and tumors with
high level of Her2. This is linked to the elevated CI and in-
creased SC assembly selectively disrupted by MitoTam, lead-
ing to enhanced reactive oxygen species (ROS) production and
cell death. Interestingly, the sensitivity of Her2high cells to
MitoTam depends on the presence of Her2 in mitochondria at
the IMM/matrix interface. We found that in a preclinical
model, MitoTam almost completely cured Her2high breast
carcinomas without deleterious side effects, supporting the
potential use of this novel ETC-targeted agent against Her2high

breast cancer highly recalcitrant to therapy (5).

Results

Tagging tamoxifen with TPP+ leads
to mitochondrial targeting and increased cell death

Tamoxifen, a low-affinity inhibitor of CI (25), was modi-
fied by the attachment of a TPP+ group, which ensures mi-
tochondrial accumulation based on the electrochemical
gradient across the IMM. This TPP+-modified tamoxifen,
MitoTam (Fig. 1A), was labeled with fluorescein yielding
MitoTam-F for intracellular visualization (Supplementary
Fig. S1; Supplementary Data are available online at www.
liebertpub.com/ars). Figure 1B shows that upon addition to
MCF7 cells, MitoTam-F accumulates in the mitochondria,
which become doughnut shaped and lose MitoTracker Far
Red fluorescence. The enlarged color-balanced image of the
intermediate state before the complete loss of red fluores-

cence shows green staining of internal structures of mito-
chondria, indicating that the accumulation of the drug at the
IMM likely interferes with mitochondrial function. Figure 1C
documents that MitoTam is more efficient in killing MCF7
cells than tamoxifen.

We estimated the IC50 value of MitoTam and tamoxifen for
a number of breast cancer cell lines and found that in all cases,
it was at least one order of magnitude lower for the TPP+-
tagged variant. On the other hand, IC50 values for noncan-
cerous cell lines were more than one order of magnitude higher
than for cancer cell lines, indicating a pharmaceutical window
of opportunity (Table 1). As expected for a compound origi-
nating from an ER antagonist, MitoTam was found more ef-
ficient in killing the ER-positive MCF7 cells than their triple-
negative counterparts, MDA-MB-231 cells (Fig. 1D). Mito-
Tam also eliminated Her2high ER-negative SKBR3 and MDA-
MB-453 cells with high efficacy (Fig. 1E). Importantly, when
the TPP+ group of MitoTam was disabled by the removal of its
positive charge, efficiency of the resulting compound (Tam-
DPPO, for structure, see Supplementary Fig. S1) was greatly
reduced (Fig. 1F). Similarly, the TPP-targeting group alone
(Supplementary Fig. S1) had little effect (Fig. 1G). This il-
lustrates the importance of mitochondrial targeting of the ta-
moxifen moiety for increased biological activity.

We next tested the effect of MitoTam on tamoxifen-resistant
cells using MCF7 cells made resistant to tamoxifen by long-
term exposure to escalating doses of the agent (TAM-R cells)
(Fig. 1H). Figure 1I documents that TAM-R cells were slightly
more susceptible to MitoTam. On the other hand, Tam-DPPO
that lacks the delocalized cationic group was less efficient to-
ward TAM-R cells than to parental MCF7 cells (Fig. 1J). We
also attempted to prepare MitoTam-resistant MCF7 cells in a
similar manner as we did for tamoxifen. However, we were not
able to obtain any surviving population upon long-term culture
(>6 months), suggesting that resistance to MitoTam may not
develop, similarly as we documented before for MitoVES (33).
Collectively, these data indicate that MitoTam exhibits supe-
rior structure-dependent killing activity that is not compro-
mised in cells resistant to the parental compound.

MitoTam effectively kills cells with high levels of Her2
and efficiently suppresses Her2high breast carcinomas

Breast cancer with high level of expression of the onco-
gene HER2 is particularly difficult to manage. Therefore,
we next investigated the effect of MitoTam on Her2high breast
cancer cells prepared by genetic manipulation. For this,
we used MCF7 cells with relatively low level of Her2 and
Her2-null MDA-MB-231 cells that were both transfected
with Her2 plasmid to achieve Her2 expression levels similar
to those found in natural Her2high breast cancer cell lines
(Fig. 2A). We also knocked down Her2 using shRNA in
MCF7 cells, further reducing its level (Fig. 2A). As expected,
MCF7 Her2high cells were more resistant to tamoxifen than
the parental cells (Fig. 2B). In stark contrast, Her2high MCF7
and MDA-MB-231 cells were more susceptible to MitoTam
than parental or Her2null cells (Fig. 2C–E), while this pref-
erence was absent for Tam-DPPO (Fig. 2F).

Consistently with the higher level of cell death induction,
MitoTam treatment resulted in stronger activation of the
apoptotic pathway in MCF7 Her2high cells compared with
mock MCF7 cells (Fig. 2G). Western blotting (WB) revealed

Innovation

Despite the promise of targeted therapeutics, Her2high

breast cancer is still difficult to control. In this study, we
show that Her2high cells and tumors have increased re-
spiratory supercomplex (SC) assembly, which can be se-
lectively disrupted in vitro and in vivo by MitoTam, a
mitochondrially targeted tamoxifen. This results in sub-
stantial reactive oxygen species generation in Her2high

background and efficient induction of apoptotic cell death.
Hence, disruption of respiratory SCs in specific subsets of
cancer cells represents a viable therapeutic strategy that
avoids toxicity associated with conventional electron
transport chain inhibitors. MitoTam has now passed pre-
clinical testing and proceeds to phase I clinical trial.
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FIG. 1. MitoTam associates with mitochondria and efficiently kills breast cancer cells. (A) Structures of tamoxifen
and tamoxifen tagged with the TPP+ group (MitoTam). (B) MCF7 cells were preloaded with MitoTracker Far Red, exposed
to FITC-labeled MitoTam (5 lM), and inspected by time-lapse confocal microscopy for the times shown. The last panel
presents the magnified and color-balanced view of the region highlighted at 40-min time point. Size bar = 5 lm. (C) MCF7
cells were exposed to tamoxifen and MitoTam at the concentrations (lM) and time points shown, and cell death was
evaluated using the Annexin V-FITC/PI method using flow cytometry. (D) MCF7 and MDA-MB-231 cells were exposed to
MitoTam for 24 h at the concentrations shown and cell death was evaluated by Annexin V/PI. (E) MCF7, MDA-MB-453,
and SKBR3 cells were exposed to MitoTam for 20 h at the concentrations shown and cell death was evaluated by Annexin
V/PI staining. (F) MCF7 cells were exposed to MitoTam, Tam-DPPO, and tamoxifen or (G) MitoTam and C11-TPP for
24 h and cell death was evaluated by Annexin V/PI staining. (H) Parental and tamoxifen-resistant MCF7 cells (MCF7 and
TAM-R cells, respectively) were exposed to tamoxifen, (I) MitoTam, or (J) Tam-DPPO for 24 h at the concentrations
shown and cell death was evaluated by Annexin V/PI staining. Images in (B) are representative of three independent
experiments; data in all other panels are mean values (n ‡ 3) – SEM. The symbol, *, indicates statistically significant
difference ( p < 0.05). TPP+, triphenylphosphonium; Tam-DPPO, Diphenylphosphine oxide tamoxifen. To see this illus-
tration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

86



accelerated cleavage of procaspase-9 and Parp1/2 in Her2high

cells, as well as an increase of proapoptotic Bax and decrease
of the antiapoptotic Bcl-2 protein. Interestingly, the level of
Her2 decreased in MCF7 Her2high cells upon exposure to
MitoTam. In a colony-forming assay, tamoxifen was profi-
cient in suppressing formation of colonies in MCF7 and
MCF7 mock cultures (Fig. 2H), while MitoTam was more
efficient in MCF7 Her2high cultures, corroborating anticancer
efficacy of MitoTam against Her2high breast cancer. Finally,
MitoTam showed an additive effect with inhibitors of Her2
signaling in Her2high, but not in parental MCF7 cells (Fig. 2I,
J), indicating that MitoTam targets sites or pathways distinct
from canonical Her2 signaling. In summary, these results
show that high Her2 expression is associated with increased
sensitivity to MitoTam.

To see whether Her2 sensitizes breast tumors to MitoTam
in vivo, we used the FVB/N c-neu mouse strain subcutane-
ously (s.c.) injected with NeuTL cells derived from sponta-
neous Her2high breast carcinoma (13). Figure 3A (and
Supplementary Fig. S2A with representative images) docu-
ments a strong effect of MitoTam (0.54 lmol/mouse/dose),
inhibiting growth of syngeneic tumors by *80%, while ta-
moxifen (applied at 2.69 lmol/mouse/dose, that is, at *5-
times higher dose than MitoTam) was much less efficient.

We next tested another tumor model, in which Balb/c nude
mice were s.c. injected with MCF7 mock or MCF7 Her2high

cells. Tamoxifen, which had a modest effect on parental
MCF7 mock tumors (2 lmol/mouse/dose), was even less
efficient in suppressing Her2high carcinomas, where it did not
prevent reaching the ethical endpoint (Fig. 3B and Supple-
mentary Fig. S2C, D). On the other hand, MitoTam at 8 times
lower dose (0.25 lmol/mouse/dose) prevented reaching the
ethical endpoint in all situations (Supplementary Fig. S2C, D).
It slowed down the growth of MCF7 mock tumors (fea-
turing relatively low level of Her2) and, after two doses,
tumor progression stopped (Fig. 3B).

Most importantly, MitoTam suppressed Her2high carcino-
mas such that their volume decreased threefold from the

original size with complete disappearance in two of the treated
animals (Fig. 3B and Supplementary Fig. S2B with repre-
sentative images). These animals stayed tumor free for 8
months following cessation of MitoTam administration, in-
dicating complete eradication of the Her2high breast carcino-
mas in these particular cases. Immunohistochemistry analysis
of control and treated tumors document increased TUNEL-
positive cells, in particular in Her2high tumors (Fig. 3C). This
is supported by WB showing high level of procaspase-9
cleavage in MitoTam-treated Her2high tumors, increased Bax,
and decreased Bcl-2 protein levels. WB also documents high
level of the Her2 protein in Her2high tumors and its decrease
upon MitoTam treatment (Fig. 3D).

MitoTam effectively suppressed tumors induced by mam-
mary expression of the HER2 transgene in FVB/N c-neu mice
(13) (Fig. 3E and Supplementary Fig. S2E), demonstrating
effectiveness in a more natural situation where a tumor ap-
pears in its native environment, without the initial presence
of homogeneous Her2high cell population. MitoTam also re-
duced invasiveness in a zone exclusion assay (Supplementary
Fig. S3A) and was effective in the Her2high mammosphere
model (Supplementary Fig. S3B) that generates cells with
cancer stem-like properties resistant to conventional therapy
(12, 49). In addition, MitoTam, but not tamoxifen, interfered
with sphere formation in this situation (Supplementary
Fig. S3C, D). Importantly, MitoTam suppressed not only the
primary tumor growth (Fig. 3F and Supplementary Fig. S2F),
but also the metastatic burden in blood, lung, and liver
(Fig. 3G) in the experimental 4T1 model of Her2high metastatic
breast carcinoma in Balb/c mice.

Collectively, these data clearly demonstrate that MitoTam
efficiently suppresses growth and progression of Her2high

carcinomas.

MitoTam induces ROS, dissipates mitochondrial
potential, and suppresses mitochondrial respiration
via complex I

Since MitoTam showed efficacy superior to that of ta-
moxifen, in particular in suppressing Her2high tumors, we
further investigated its mode of action. We first tested its
effect on generation of ROS as mitochondrial targeting can
improve the efficacy of ROS generation (9, 10, 37). Clearly,
MitoTam induced ROS within a short period of treatment,
while no ROS was induced with tamoxifen even at much
higher doses. The effect of MitoTam was more profound for
Her2high cells (Fig. 4A) when mitochondrial ROS-specific
probe (MitoSOX) was used. This was linked to cell death
induction since the ROS scavenger, N-acetyl cysteine
(NAC), suppressed the killing activity of the agent (Fig. 4B).

We next tested the effect of MitoTam on DCm,i. Using
confocal microscopy and flow cytometry with TMRM probe,
we found that MitoTam was very efficient in DCm,i dissi-
pation, while tamoxifen had no effect (Fig. 4C, D). DCm,i is
important for ROS generation in response to MitoTam and in
cell death induction by the agent as pretreatment with the
uncoupler FCCP suppressed both events (Fig. 4E, F). Inter-
estingly, MCF7 Her2low cells showed higher basal DCm,i,
although this was not followed by increased activity of Mi-
toTam. Finally, we show that MitoTam, in contrast to ta-
moxifen, decreased DCm,i almost to the same level as FCCP
(Fig. 4G). These data support the notion that ROS generation

Table 1. IC50 Values for Killing of Breast

Cancer Cell Lines and Nonmalignant Cells

with Tamoxifen and MitoTam

Cell linea IC50 (tamoxifen)b IC50 (MitoTam)

BT474 29.8 2.4
MCF7 15.2 1.25
MCF7 Her2high 21.6 0.65
MCF7 Her2low 14.1 1.45
MDA-MB-231 35.8 6.2
MDA-MB-436 12.6 3.4
MDA-MB-453 17.5 2.5
SK-BR-3 28.3 3.5
T47D 17.3 3.4
NeuTL 35.6 4.5
EAhy926c 40.3 10.9
A014578 n.d. 55.9
H9c2 n.d. 48.4

aCells were treated at *60% confluence.
bThe IC50 values were derived from viability curves using crystal

violet staining and are expressed in lM.
cEAhy926 cells were evaluated for the effect of MitoTam after

reaching complete confluence.
n.d., not determined.
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FIG. 2. MitoTam is more efficient in killing Her2high cells than their Her2low counterparts. (A) MCF7 parental,
Her2low (shRNA transfected), mock (empty plasmid transfected), and Her2high cells (Her2 plasmid transfected) and MDA-
MB-231 parental, mock, and Her2high cells were assessed for the Her2 protein in whole cell lysate using WB with actin as a
loading control. MCF7, MCF7 Her2low, and MCF7 Her2high cells were exposed to (B) tamoxifen or (C) MitoTam at the
concentrations shown for 16 h and cell viability assessed using the crystal violet method. (D) MCF7, MCF7 Her2low, and
MCF7 Her2high cells and (E) MDA-MB-231, MDA-MB-231 mock, and MDA-MB-231 Her2high cells were exposed to
MitoTam at the concentrations shown for 24 h, and cell death was evaluated using Annexin V/PI staining. (F) MCF7, MCF7
Her2low, and MCF7 Her2high cells were exposed to TAM-DPPO at the concentrations shown for 24 h and cell death was
evaluated using Annexin V/PI staining. (G) MCF7 mock and MCF7 Her2high cells were exposed to 2.5 lM MitoTam for the
times shown and the levels of procaspase-9, caspase-9, Parp 1/2 (both the intact and cleaved forms, indicated by arrows),
Bax, Bcl2, and Her2, with actin as loading control, were estimated by WB. (H) MCF7, MCF7 mock, and MCF7 Her2high

cells were seeded in Petri dishes in soft agar, cultured for 14 days after 16-h treatment with 20 lM tamoxifen or 2.5 lM
MitoTam, and stained with crystal violet to visualize individual colonies. (I) MCF7 and (J) MCF7 Her2high cells were
exposed to 2.5 lM MitoTam or solvent control in the presence of lapatinib (0.5 lM) or mubritinib (0.5 lM) for 24 h and cell
death was evaluated. Images in (A), (G), and (H) are representative of three independent experiments. Data in all other
panels are mean values (n ‡ 3) – SEM. The symbol, *, indicates statistically significant differences ( p < 0.05).
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FIG. 3. MitoTam efficiently suppresses Her2high breast carcinomas. (A) FVB/N c-neu mice s.c. injected with syn-
geneic NeuTL cells (2 · 106 cells per animal) were treated twice a week with tamoxifen (2.69 lmol/mouse/dose) or
MitoTam (0.54 lmol/mouse/dose) dissolved in 4% EtOH in corn oil, 100 ll per dose, and tumor volume evaluated by USI.
(B) Balb-c nu/nu mice were implanted with a slow-release estradiol pellet and injected s.c. with 2 · 106 MCF7 mock or
MCF7 Her2high cells per animal. As soon as USI-detectable tumors appeared (*50 mm3), the mice were treated with
i.p. injection with 100 ll of tamoxifen (2 lmol/mouse/dose) or MitoTam (0.25 lmol/mouse/dose) dissolved in 4% EtOH in
corn oil on days 3 and 7 of every week, and tumor volume was visualized and evaluated using USI. (C) Control and
MitoTam-treated MCF7 mock and MCF7 Her2high cell-derived tumors, excised at the end of the experiment, were fixed,
paraffin embedded, and stained using the TUNEL technique. The arrows indicate TUNEL-positive cells. Size bar = 50 lm.
(D) Control and treated tumors as shown in (B) were lysed and evaluated for the level of procaspase-9, caspase-9, Bax, Bcl-
2, and Her2 with actin as loading control using WB. (E) FVB/N c-neu mice with spontaneous tumors were treated twice a
week with MitoTam (0.54 lmol/mouse/dose) or solvent control, and tumor volume was evaluated. (F) Balb/c mice were s.c.
injected with syngeneic 4T1 cells (1 · 106 cells per animal) and treated with MitoTam (0.25 lmol/mouse/dose) or solvent
control twice a week, and tumor volume was evaluated. (G) Blood, lung, and liver harvested from animals in (F) were
homogenized and subjected to selection in the presence of 6-thioguanine for 10 days and colonies were counted. Data in (A)
and (B) are mean values (n = 6) – SEM and, in (E) and (F), are mean values (n ‡ 5) – SEM. The symbols, *, **, and #,
indicate statistically significant differences ( p < 0.05). WB, Western blotting. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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is mediating the killing activity of MitoTam and that this is
more profound in Her2high cells.

Since MitoTam is targeted to mitochondria (more spe-
cifically to the interface of the IMM and matrix), we tested its
effect on mitochondrial respiration. Using high-resolution
respirometry, we found that MitoTam suppressed CI-dependent
respiration more efficiently than CII-dependent respiration
and that this effect was stronger for MitoTam than for ta-
moxifen (Fig. 5A, B, and Table 2). In addition, MitoTam

inhibited NADH-cytochrome c (CI-CIII), but not succinate-
cytochrome c (CII-CIII) oxidoreductase activity in MCF7
cells (Fig. 5C, D), suggesting that CI is the likely target. To
support a role of CI in the anticancer activity of MitoTam, we
used Chinese hamster lung fibroblast cells with functional
and mutant CI (46) transformed with H-Ras (8). Interest-
ingly, the CI dysfunctional B10H-Ras cells (Fig. 5E) were
more resistant to MitoTam than the parental B1H-Ras cells
(Fig. 5F).

FIG. 4. MitoTam induces generation of ROS and dissipation of DJm,i. (A) MCF7, MCF7 Her2low, and MCF7
Her2high cells exposed to 5 lM MitoTam and 15 lM tamoxifen were assessed for ROS using DCF or MitoSOX. (B) Cells
were pretreated with 10 lM NAC, exposed to 2.5 lM MitoTam for 24 h, and evaluated for viability. (C) MCF7 Her2high

cells were stably transfected with mtGFP, preloaded with TMRM, and exposed to 5 lM MitoTam, followed by time-lapse
confocal microscopy. Size bar = 5 lm. (D) Cell lines exposed to 5 lM MitoTam and 15 lM tamoxifen were assessed for
DCm,i using TMRM. (E) MCF7 cells exposed to 10 lM MitoTam or 30 lM tamoxifen in the absence or presence of 10 lM
FCCP were assessed for ROS using DCF (60-min treatment) or (F) cell death (4-h treatment). (G) MCF7 cells, control or
exposed to 10 lM MitoTam or 30 lM tamoxifen for 60 min, were evaluated for DCm,i in the absence or presence of 10 lM
FCCP. The symbol, *, indicates statistically significant differences ( p < 0.05) between MCF7 Her2high and MCF7/MCF7
Her2low cells/tumors (A, D), cells treated in the absence and presence of NAC (B), or MitoTam (G). The symbol, **,
indicates statistically significant difference in the absence and presence of FCCP (G). FCCP, carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone; NAC, N-acetyl cysteine; ROS, reactive oxygen species. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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We next tested MCF7 cells and their Her2high counterparts
for respiration and found that the latter respired more, in
particular via CI (Fig. 5G). In addition, the CI-CIII activity
was higher in mitochondria from Her2high cells (Fig. 5C). We
also found that MitoTam suppressed respiration of Her2high

cells more profoundly than that of parental MCF7 cells
(Fig. 5G). In this case, we used a different setup than that used
in Figure 5A and B. Rather than titrating cells placed in the

respirometer chamber with MitoTam, they were cultured
with the agent for 1 h, after which respiration was assessed.

The in vitro results were recapitulated by assessing in vivo
effects of MitoTam (c.f. Fig. 3B). Tumors derived from
Her2high cells had unchanged leak respiration, but increased
maximal respiratory capacity (Fig. 5H) and higher CI-
dependent respiration (Fig. 5I), which was strongly suppressed
in response to MitoTam treatment of the animals, while

FIG. 5. Respiration is elevated in Her2high cells and tumors and is efficiently suppressed by MitoTam. MCF7 cell
respiration (106 cells/ml) was evaluated in the presence of CI (glutamate/malate) and CII substrate (succinate) with titrated
(A) MitoTam or (B) tamoxifen. (C) NADH-cytochrome c (CI-CIII) and (D) succinate-cytochrome c (CII-CIII) oxidore-
ductase activity was measured in mitochondria isolated from MCF7 and MCF7 Her2high cells and corrected for citrate
synthase. (E) B1H-Ras and B10H-Ras cells were evaluated for routine, leak, and ETS respiration and respiration via CI and
CII, and (F) for cell death upon exposure to MitoTam for 12 h. (G) MCF7 and MCF7 Her2high cells were treated with
2.5 lM MitoTam for 1 h, harvested, and evaluated for respiration via CI and CII. (H) MCF7 mock and MCF7 Her2high

tumors were evaluated for ETC and leak respiration and (I) CI and CII respiration. ( J) Liver from the same control and
MitoTam-treated mice as in (I) were evaluated for CI and CII respiration. (K) Glucose uptake in MCF7 and MCF7 Her2high

cells was measured after 1-h incubation with MitoTam (2 lM and 5 lM) or solvent control. (L) Lactate production and (M)
ATP level and were measured in MCF7 and MCF7 Her2high cells after incubation with MitoTam (5 lM) for the times
indicated. The symbols, * and **, indicate statistically significant differences ( p < 0.05).
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CII-dependent respiration was unchanged (Fig. 5I). These
effects were tumor specific as there was no difference in
respiration and no effect of MitoTam in the liver tissue from
the same animals (Fig. 5J).

Concerning glycolysis, neither glucose uptake (Fig. 5K)
nor lactate production (Fig. 5L) and ATP levels (Fig. 5M)
were affected differentially in parental and Her2high cells by
MitoTam. This suggests that alteration in glycolytic com-
pensation is not responsible for increased sensitivity of
Her2high cells to MitoTam.

Collectively, these data document that MitoTam sup-
presses respiration via CI both in cultured cells in vitro and in
breast carcinomas in vivo, resulting in ROS generation and
cell death.

MitoTam disrupts respiratory SCs elevated
in Her2high cells and tumors

The increased respiration of Her2high cells via CI might be
related to a more efficient assembly of respiratory complexes
(RCs). We therefore evaluated MCF7 Her2high and MCF7
mock cells for expression of components of mitochondrial
RCs using WB. Of these, subunits of CI and, to some extent,
those of CIII and CIV were more expressed (Fig. 6A). The
level of respiratory SCs, including the respirasome, an SC
comprising CI, CIII, and CIV (1, 2), was also increased in
MCF7 Her2high cells, as determined by native blue gel elec-
trophoresis (NBGE) (Fig. 6B, D). Interestingly, treatment of
MCF7 Her2high cells with MitoTam disrupted the SC
(Fig. 6C, E) in the Her2high background.

To see if MCF7 cells and their Her2high counterparts
maintain these features also in vivo, we analyzed tumors from
control and MitoTam-treated mice. NBGE analysis docu-
ments that tumors derived from MCF7 Her2high cells contain
higher level of SCs than tumors derived from parental cells
and that the respirasome was disrupted by MitoTam treat-

ment in the Her2high situation (Fig. 6F, H). This effect was not
secondary to the suppression of individual protein subunits of
ETC complexes as no change in expression of these subunits
was detected by WB after SDS-PAGE in tumors from
MitoTam-treated and control mice (Fig. 6G). These data
suggest that MitoTam directly disrupts respiration via CI and
the respirasome, an effect that is much more prominent in
Her2-high cells.

To gain insight into the interaction of MitoTam with CI,
we performed molecular modeling of MitoTam association
with CI, using the recently published crystal structure of
Yarrowia lipolytica CI resolved at 3.6–3.9 Å (60). Among
the 20 poses with predicted highest binding affinity, we
identified 3 preferred binding regions: inside the ubiquinone
(UbQ)-binding pocket, at its entrance, and at the surface of
the transmembrane region of the PP module. The internal
poses share the same binding cavity as well as orientation of
the tamoxifen moiety with the predicted position of UbQ
(Fig. 7), while the external poses are in close proximity to
the cavity’s entrance. This suggests that MitoTam could
affect UbQ interaction with CI and in this way stimulate
ROS generation, consistent with observed experimental
results.

Her2 is localized at the IMM

The Her2 protein was recently shown to localize also into
mitochondria using GFP-tagged Her2 fragments and bio-
chemical means (7), but this unexpected report has not been
confirmed. We therefore studied localization of Her2 in our
cellular models using several approaches. STED confocal
microscopy of MCF7 Her2high cells revealed colocalization
of a fraction of the Her2 protein with the IMM protein ATP
synthase. As expected, Her2 was also detected in the cyto-
plasm and on the plasma membrane (Fig. 8A). This is con-
sistent with WB of fractionated cells, showing high levels of
Her2 in mitochondria in MCF7 Her2high cells as well as in a
number of other breast cancer cell lines (Fig. 8B).

We then performed immunogold transmission electron
microscopy (IG-TEM). Figure 8C reveals that MCF7
Her2high cells contain more Her2 than their parental coun-
terparts at the IMM (light blue arrowheads) and that some
Her2 signal is also associated with stress fibers in the cyto-
plasm (green arrowheads). The super-resolution Biplane
FPALM/dSTORM technique (Fig. 8D) documents that in
MCF7 Her2high cells, Her2 is primarily associated with the
outer surface of the mitochondrial matrix mtHsp70-stained
region, highly indicative of localization at the IMM. This was

Table 2. Inhibition of Respiration via Complex I

and Complex II

Complex IC50 (tamoxifen)a IC50 (MitoTam)

CI 30 11.5
CII 47.2 30.6

aIC50 values were estimated from the inhibition of respiration of
MCF7 cells grown to 60–70% confluence in the Oxygraph using the
CI (glutamate/malate) and CII substrates (succinate) under increas-
ing concentration of tamoxifen or MitoTam.

FIG. 6. Increased supercomplex assembly in Her2high cells and tumors is disrupted by MitoTam. (A)Whole cell
lysate from MCF7 mock and MCF7 Her2high cells was assessed for the expression of subunits of CI, CII, CIII, CIV, and CV
as shown using SDS-PAGE, followed by WB, with actin as loading control. (B) Mitochondrial fraction was probed for
respiratory complexes and SCs by WB following NBGE with the following antibodies: CI, NDUFA9; CII, SDHA; CIII,
Core I; CIV, Cox5a; and CV, ATPb; Hsp60 was used as loading control. (C) MCF7 mock and MCF7 Her2high cells were
exposed to 2.5 lM MitoTam for the time periods indicated, and isolated mitochondrial fractions were evaluated for the CI
complex and SC by WB following NBGE. (D) Densitometric evaluation of NBGE blots shown in (B). (E) Densitometric
evaluation of NBGE blots shown in (C). (F) Control and MitoTam-treated tumors derived from MCF7 mock and MCF7
Her2high cells were evaluated for complexes and SCs as described above for (B). (G) Control and MitoTam-treated tumors
derived from MCF7 mock and MCF7 Her2high cells were homogenized and evaluated for subunits of mitochondrial
complexes by WB following SDS-PAGE with actin as loading control. (H) Densitometric evaluation of NBGE blots shown
in (F). Images (A–C, F, and G) are representative of 3 independent experiments. Data (D, E, H) are mean values – SEM
from three independent experiments. NBGE, native blue gel electrophoresis.
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further documented by WB analysis of submitochondrial
fractions, where Her2 was detected in intact mitochondria
and isolated mitoplasts, but not in the intermembrane space
(IMS) and outer mitochondrial membrane (OMM) fractions
(Fig. 8E). Moreover, using the protease protection assay,

Her2 remained unchanged upon addition of trypsin to intact
mitochondria isolated from MCF7 Her2high cells, while the
OMM marker, VDAC, was almost completely digested; both
proteins were sensitive to trypsin treatment in mitochondria
solubilized with Triton-X100 (Fig. 8F).
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We also fractionated MCF7 and MCF7 Her2high cell-
derived tumors treated with MitoTam and assessed them for
Her2 (Fig. 8G). Consistently with cultured cells, Her2 was
present primarily in the mitochondrial fraction of Her2high

tumors. Collectively, these findings confirm mitochondrial
localization of Her2 and document its presence at the IMM.

Mitochondrial Her2 determines
susceptibility to MitoTam

We speculated that the fraction of Her2 in mitochondria
may promote the increased sensitivity of Her2high MCF7 cells
to MitoTam. According to a recent report, mtHsp70 is needed
for mitochondrial localization of Her2 (7), and we also de-
tected Her2-mtHsp70 interaction using immunoprecipitation
(Fig. 9A). We knocked down mtHsp70 in MCF7 cells by
siRNA (Fig. 9B) and this reduced MitoTam-induced cell
death selectively in MCF7 Her2high cells, while having no

effect in mock-transfected or Her2low cells, completely ab-
rogating the increased sensitivity of Her2high cells to Mito-
Tam (Fig. 9C). Cells transfected with mtHsp70 siRNA
showed lower levels of Her2, mtHsp70, and NDUFA9 in
whole cell lysate (Fig. 9D) and, in particular, in the mito-
chondrial fraction (Fig. 9E). NBGE also documents reduced
SC levels in mtHsp70 knockdown cells using an antibody to
CI and CIII subunits, while no effect on CII was observed
(Fig. 9F).

To evaluate the involvement of mitochondrial Her2 in the
susceptibility of Her2high cells to MitoTam, we used a set of
modified Her2 constructs with increased or decreased ability
to translocate to mitochondria. Upon transient transfection in
MCF7 cells, the construct comprising Her2 tagged with the
mitochondrial targeting sequence of Cox8 (MTS) made the
cells more susceptible to MitoTam than the construct where
the inner MTS of Her2, described earlier (7), was deleted
(DMTS) (Fig. 9G). The insert in Figure 9G shows different

FIG. 7. Molecular modeling of MitoTam interaction with complex I. Left: Molecular structure of complex I with
indicated N, Q, PD, and PP modules. The broken red line indicates movement of electrons from the catalytic center of CI to
their acceptor, UbQ. Right: The structure of CI is shown using its lateral views with the boxed area containing the cavity
into which MitoTam can bind. The boxed area is enlarged, indicating two most probable positions of MitoTam inside the
cavity, with the potential effect on electron flow. UbQ, ubiquinone. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars

FIG. 8. Her2 is localized at the inner mitochondrial membrane. (A) MCF7 Her2high cells stained using anti-ATPb IgG,
followed by Alexa Fluor 488-stained secondary IgG, and anti-Her2 IgG, followed by Alexa Fluor 555 secondary IgG, were
inspected by STED confocal microscopy. White arrows show colocalization of anti-ATPb and anti-Her2 signals. Size
bar = 5 lm. (B) Breast cancer cell lines as shown were fractionated into the cytosolic + plasma membrane fraction and the
mitochondrial fraction and assessed for the level of Her2 by WB following SDS-PAGE. Mitochondrial marker, COXIV, and
cytosolic markers, SOD1 and actin, were used as loading controls. (C) MCF7 and MCF7 Her2high cells were assessed for
localization of Her2 using IG-TEM. The light blue arrowheads show position of gold particles associated with Her2 in
mitochondria, the green ones outside mitochondria, often pointing to stress fibers. Size bar = 0.5 lm. The two images on the
right-hand side are enlarged boxed regions in the middle images. (D) MCF7 Her2high cells were subjected to double-staining
with anti-Her2 IgG, followed by Alexa Fluor 647-stained secondary IgG, and anti-mtHsp70 IgG, followed by Cy3b-stained
secondary IgG, and inspected using the super-resolution PALM microscopy. The left and bottom images are enlarged boxed
images in the top right-hand micrograph. Size bar = 10 lm. (E) MCF7 Her2high cell lysate, their cytosolic + plasma
membrane fraction (C+PMF), mitochondria, mitoplasts, and intermembrane space + outer membrane (IMS+OMM) fraction
were assessed for Her2 using WB after SDS-PAGE with actin, NDUFA9, VDAC, Cyt c, and SDHA as loading controls and
preparation markers. (F) Mitochondrial fraction of MCF7 Her2high cells was exposed to trypsin in the absence or presence of
Triton X-100 for the periods indicated, at which time the preparations were assessed for Her2 by WB following SDS-PAGE.
VDAC, ATPb, NDUFS3, COXIV, and Cyt c were used as markers of different mitochondrial compartments. (G) Cytosolic
+ plasma membrane fraction and mitochondria of MCF7 mock or MCF7 Her2high tumors, excised from either control or
MitoTam-exposed mice, were evaluated for Her2 by WB following SDS-PAGE with COXIV and actin as fraction markers
and loading controls. All images represent at least three independent experiments. To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/ars
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levels of mitochondrial Her2 expression in MTS- and DMTS-
transfected cells, while the total Her2 expression was similar in
wild-type, MTS, and DMTS cells (Fig. 9H). These results
strongly indicate that the mitochondrial Her2 pool determines
the sensitivity of MCF7 cells to MitoTam.

Discussion

Despite considerable advances in molecular oncology,
cancer remains one of the leading causes of premature death
(44). Breast cancer is the most frequent carcinoma in females,
responsible for a high number of fatalities, and some subtypes

are very hard to manage (6). Tamoxifen is commonly used as
a first-line therapy of ER-positive breast cancer. However,
almost 50% of patients develop resistance caused by multiple
molecular reasons. One of these is the overexpression of the
HER2/neu (also referred to as ERBB2) oncogene (45). Taking
the high percentage of relapsed patients and possible side
effects into consideration (5, 6), there is a demand for new
generation of efficient drugs.

Based on the above, we designed and synthesized MitoTam,
a tamoxifen derivative where the original tamoxifen moiety is
conjugated to the mitochondria-targeting TPP+ group (cf
Fig. 1A). As predicted, this caused substantial accumulation of
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the modified compound at the matrix/IMM interface and led to
a number of striking functional consequences. We found that
MitoTam (i) kills a variety of breast cancer cells with a much
higher efficacy than tamoxifen; (ii) in stark contrast to ta-
moxifen, is more efficient in killing Her2high than Her2low

cells; (iii) very efficiently suppresses experimental Her2high

breast carcinomas; (iv) acts by suppression of CI-dependent
respiration and disruption of respiratory SCs, which is par-
ticularly apparent in the Her2high background; and (v) relies on
the presence of mitochondrial fraction of Her2 protein for high
efficacy in Her2high cells/tumors.

TPP+ tagging of tamoxifen makes it ideally suited for in-
teraction with the ETC located at the matrix/IMM interface.
We have shown recently that TPP+ modification accentuates
the propensity of medium affinity CII inhibitors to generate
ROS (9, 17). In the current study, we detected substantial
ROS generation upon MitoTam treatment, whereas very little
or no ROS were induced by tamoxifen. ROS were func-
tionally relevant as application of antioxidants protected
from MitoTam-induced cell death. Given the previously

published report that tamoxifen at supra-pharmacological
concentrations inhibits CI (25), we considered the possibility
that TPP+-driven accumulation of the inhibitor in the vicin-
ity of the ETC might result in accelerated CI inhibition.
Indeed, MitoTam avidly and instantaneously suppressed
CI-dependent respiration and CI-CIII oxidoreductase activity
in cultured cells and in tumors (but not in the liver, demon-
strating selectivity), while its effect on CII-driven respiration
or CII-CIII oxidoreductase activity was low.

In addition, cell death induced by MitoTam was signifi-
cantly reduced in a cellular model of CI deficiency, and
molecular modeling suggested that MitoTam interacts within
the UbQ binding cavity of CI. Importantly, such interaction
would induce ROS in CI functioning in the forward manner
expected to occur in intact cells (19, 52), explaining the ex-
perimental observations. Even though we cannot completely
discount a contribution of downstream ETC components
such as CIII and CIV to MitoTam-induced ROS formation
and cell death, based on the available evidence, we propose
that CI is the molecular target of MitoTam in mitochondria.

FIG. 9. Mitochondrial fraction of Her2 determines sensitivity to MitoTam. (A) Mitochondrial fractions of MCF7
Her2high and BT474 cells were immunoprecipitated with anti-Her2 IgG and the immunoprecipitate, input, and flow-through
inspected for Her2 and mtHsp70 by WB after SDS-PAGE. (B) MCF7 Her2high cells transfected with mtHSP70 siRNA or
NS siRNA were assessed for Her2 using qPCR. (C) MCF7, MCF7 Her2low, and MCF7 Her2high cells were transfected with
siRNA against mtHSP70 or with NS siRNA, left to recover for 24 h, and then exposed to 2 lM MitoTam for 24 h and
assessed for cell death. (D) MCF7 Her2high cells were transfected with mtHSP70 siRNA or NS siRNA and the whole cell
lysates were assessed for Her2, NDUFA9, and mtHSP70 by WB; Actin was used as a loading control. (E) MCF7 Her2high

cells were transfected with mtHSP70 siRNA or NS siRNA, and cytoplasmic and mitochondrial fractions were assessed for
Her2 and NDUFA9 by WB. VDAC and tubulin-a were used as a loading controls. (F) MCF7 Her2high cells were
transfected with mtHSP70 siRNA or NS siRNA, and the solubilized mitochondria were assessed for NDUFA9, SDHA
(probed after NDUFA9 using the same membrane), and UQCRC2 by WB after NBGE. VDAC was used as a loading
control. (G) MCF7 cells transiently transfected with empty vector, wild-type Her2, Her2-MTS, or Her2-DMTS were
exposed to 2 lM MitoTam for 24 h and assessed for cell death. Insert shows the protein level of Her2 in mitochondrial
fraction in MTS- and DMTS-transfected cells. SDHB was used as a loading control. (H) Whole cell lysates of transiently
transfected cells show an even level of Her2. Actin and VDAC were used as loading controls. The symbol, *, indicates
statistically significant difference between cells transfected with NS and mtHSP70 siRNA (B), between MCF7, MCF7
Her2high, and MCF7 Her2low cells transfected with NS or mtHsp70 and MCF7 Her2high cells transfected with NS and
mtHsp70 cells (C), and MCF7 cells transfected with wt, MTS, or DMTS plasmids (G). Images (A, D–H) are representatives
of at least three independent experiments. MTS, mitochondrial targeting sequence.
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In contrast to tamoxifen, MitoTam proved very efficient in
eliminating Her2high breast cancer cells and tumors in multi-
ple Her2high models. In some instances, MitoTam application
in mice led to complete regression of Her2high tumors (c.f.
Fig. 3), with no detectable relapse over the 8-month period
after cessation of treatment. In addition, MitoTam suppressed
invasiveness and metastasis formation, in line with reports
that elevated oxidative stress reduces metastases (32, 59).
Her2 overexpression sensitized both MCF7 and MDA-MB-
231 cell lines to MitoTam even though these cell lines differ in
their ER status. This indicates that Her2-associated sensitivity
is independent of estrogen signaling. Interestingly, we dis-
covered that Her2high cells and tumors express more CI and
that they have higher level of SCs, including the respirasome
(1, 21, 24, 51), and that Her2high cells and tumors feature
higher oxygen consumption with CI substrates. In addition,
we found that MitoTam treatment of Her2high cells and mice
bearing Her2high tumors disrupted ETC SCs, which was much
less apparent in cells with low Her2.

MitoTam also induced more mitochondrial ROS
in Her2high cells. Taken together, with more CI available,
Her2high cells may have higher capacity to generate ROS upon
CI inhibition. This effect might be further amplified in a
positive feedback loop by the MitoTam-mediated disruption
of ETC SCs. This is consistent with the notion that SCs are
viewed as conduits facilitating passage of reduced electron
carriers such as UbQ within the ETC (21, 24) and prevent
premature escape of electrons, limiting ROS formation.
Hence, disruption of SCs, possibly by direct MitoTam binding
or by initial ROS produced from CI, could amplify the overall
rate of ROS generation specifically in Her2high background
and push the Her2high cells over the threshold to cell death.

The results discussed above raise the possibility that Her2
overexpression could directly sensitize mitochondria to Mi-
toTam. Several oncogenes have been reported in mitochon-
dria (40), and one study recently suggested that a fraction of
cellular Her2 also translocates into that organelle and stim-
ulates glycolysis (7). We detect Her2 in mitochondria in our
experimental breast cancer in vitro and in vivo models using
several independent techniques and document that a signifi-
cant portion of the cellular Her2 is localized at the cristae
region of the IMM. In contrast to Ding et al. (7), we con-
sistently find increased respiration in Her2high cells and tu-
mors, in line with increased SC assembly. Two pieces of
evidence indicate that the mitochondrial fraction of Her2 is
functionally relevant for the sensitization to MitoTam. First,
the knockdown of mtHSP70, which mediates mitochon-
drial Her2 import (7), desensitized Her2high cells to Mito-
Tam, while no effect was observed in parental cells. Second,
overexpression of Her2 constructs with increased and de-
creased ability to localize into mitochondria increased and
decreased, respectively, sensitivity to MitoTam.

The reason why mitochondrial Her2 sensitizes to MitoTam
is not entirely clear, but is very likely connected to IMM lo-
calization of Her2 in the proximity of ETC. The reduction of
mitochondrial Her2 upon mtHSP70 knockdown reduced the
SCs, including the respirasome, and Ding et al. reported Her2
interaction with complex IV of ETC (7). Because the assembly
of the respirasome occurs only in the presence of CIII and CIV
(21, 26, 51), Her2 could affect this process by facilitating re-
spirasome assembly at the level of CIV, even though our data
suggest that MitoTam interacts directly with CI.

In summary, we show that mitochondrial targeting of ta-
moxifen enhances its efficacy and broadens its applicability
by imparting an additional biological activity directed at the
ETC. This introduces MitoTam into the family of mitocans,
anticancer agents acting directly on mitochondria, as first
shown for the selective agent a-tocopheryl succinate (29, 30)
targeting CII (8, 11). The role of CI in cancer is undoubtedly
complex and context dependent (15, 41), but its pharmaco-
logical modulation might represent an effective approach to
cancer therapy as demonstrated in this report. A novel finding
that oncogenes such as Her2 might modulate the supramo-
lecular organization of ETC and, in this way, determine the
amount of ROS produced upon CI inhibition strengthens the
paradigm of ETC targeting as a relevant approach for se-
lective suppression of cancer (20, 38, 39, 54, 58).

Interestingly, various treatment-resistant and metastatic
subpopulations of cancer cells show a high dependence on
mitochondrial respiratory function, even though the infor-
mation about ETC supramolecular organization into SCs in
this context is limited (14, 22, 36, 51, 55). Accordingly, ETC-
targeting agents such as MitoTam might provide means to
eradicate these resistant populations, as documented in
this report by efficient suppression of the hard-to-manage
Her2high breast carcinomas. MitoTam already passed the
preclinical testing where it showed a very favorable toxicity
profile and continues to phase I clinical trials.

Materials and Methods

Reagents

All reagents were from Sigma Aldrich (St. Louis, MO),
unless stated otherwise.

Cell culture

Human breast cancer cell lines, MCF7 and MDA-MB-453,
were obtained from the ATCC. BT474, MDA-MB-231,
MDA-MB-436, SK-BR-3, and T47D human breast cancer
cell lines were from J. A. López (Griffith University, Aus-
tralia). The mouse NeuTL breast cancer cell line was origi-
nally derived from spontaneous breast carcinomas of FVB/N
c-neu mice (13). The cells were cultured in DMEM (Lonza,
Basel, Switzerland) with 10% FBS and 1% antibiotics in a
5% CO2, 37�C, incubator. The 6-thioguanine-resistant mouse
4T1 cell line from ATCC was maintained in RPMI1640
(Lonza). Tamoxifen-resistant MCF7 cells were prepared by
cultivation of MCF7 cells in the presence of escalating doses
of tamoxifen for over 1 year. Chinese hamster lung fibro-
blasts B1 and B10 were from Prof. I. Scheffler (46). Human
foreskin fibroblasts A014578, rat cardioblasts H9c2, and
human immortalized endothelial EAhy926 cells were from
the ATCC. All cell lines were authenticated. Mammospheres
were generated and cultured as described (49).

Primary antibodies

The primary antibodies used were Her2 (OP-15; Calbio-
chem, San Diego, CA, or Ab-1221/1222; Sigma Aldrich),
mtHsp70 (MA3-028; Thermo Scientific, Waltham, MA),
Actin-HRP (5125; Cell Signaling, Danvers, MA), Caspase-9
(9501; Cell Signaling), Procaspase-9 (9508; Cell Signaling),
Parp 1/2 (sc7150; Santa Cruz, Dallas, TX), Bax (2772;
Cell Signaling), Bcl-2 (sc7382; Santa Cruz), Hsp60 (4870,
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Cell Signaling), NDUFA9 (459100; Life Technologies,
Carlsbad, CA), NDUFS3 (459103; Life Technologies),
NDUFV1 (ab5535; Abcam; Cambridge, United Kingdom),
SDHA(ab14715; Abcam), SDHA (ab14715; Abcam), SDHB
(ab14714; Abcam), CoreI (459140; Life Technologies),
Cox5a (453120; Life Technologies), CoxIV (4844; Cell
Signaling), Atpb (14730; Abcam; or kind gift from J.
Houstek, Institute of Physiology CAS, used for imaging), mt-
ND1 (74257; Abcam), Cyt c (sc13156; Santa Cruz), SOD1
(sc-11407; Santa Cruz), VDAC (4866; Cell Signaling), and
b-tubulin-HRP (ab40742; Abcam).

DNA constructs and cell transfections

MCF7 cells with silenced expression of Her2 oncogene
were prepared by stable transfection with shRNA vectors
(KH00209N; SA Biosciences, Frederick, MD). Full-length
human Her2 construct was produced by PCR amplification of
cDNA isolated from MDA-MB-453 cells using proofreading
PFU DNA polymerase (Fermentas, Waltham, MA) and
primers 5¢-ATA AAG CTA GCC TCG AGC ACC ATG
GAG CTG GCG G-3¢ (forward) and 5¢-ATA AAT CTA
GAG AAT TCT CAC ACT GGC ACG TCC AGA C-3¢
(reverse). The PCR product was gel-purified, digested with
XhoI/XbaI (Takara, Mountain View, CA), repurified, and li-
gated between the XhoI and XbaI sites of pEF/IRES/Puro
plasmid. MCF7 and MDA-MB-231 cells overexpressing
Her2 were prepared by electroporation. Empty vectors were
used as a control (mock transfection). Stable clones were
selected by puromycin and verified by WB. Transient trans-
fections with modified Her2-containing vectors were done
using Lipofectamine 3000 (Thermo Scientific).

To obtain the Her2-MTS construct, Cox8-derived MTS
was PCR-amplified from the pTagGFP2-mito vector (Evro-
gen, Moscow, Russia) using primers 5¢-ATA AAG CTA
GCC ACC ATG TCC GTC CTG ACG CCG CTG-3¢ (for-
ward) and 5¢-ATA AAC TCG AGC TTG GAT CCC CCA
ACG AAT G-3¢ (reverse), gel-purified, digested by NheI/
XhoI fast digestion enzymes (Thermo Scientific), repurified,
and ligated between the NheI and XhoI sites in front of the
full-length Her2 cDNA in the pEF/IRES/Puro plasmid.

The Her2-DMTS construct was prepared by deletion of
the internal mitochondria-targeting sequence reported by
Ding et al. (7) from the full-length Her2 cDNA in the pEF/
IRES/Puro plasmid by inverse PCR using Q5 high-fidelity
DNA polymerase in the presence of a GC enhancer (New
England Biolabs, Ipswich, MA). The PCR product was
agarose gel-purified and self-ligated by T4 ligase (Thermo
Scientific). Primers for the inverse PCR reaction were
phosphorylated by T4 oligonucleotide kinase (Thermo Sci-
entific) before use, and their sequences were 5¢-CTG CAG
GAA ACG GAG CTG GTG GAG-3¢and 5¢-GCA TGC GCC
CTC CTC ATC TGG-3¢. All constructs were verified by
DNA sequencing.

MCF7 cells with GFP-labeled mitochondria were prepared
by stable transfection with pTagGFP2-mito vector using
Fugene transfection reagent (Promega, Madison, WI). Trans-
fections with siRNAs, where indicated in the figure legends,
were performed using DharmaFect 1 reagent (Thermo Scien-
tific). siRNAs for mtHsp70 (SASI_Hs01_00216924) and
universal nonsilencing control siRNA were purchased from
Sigma Aldrich.

Cell death and viability assays

Cell death was quantified by using the Annexin V-FITC/
propidium iodide (PI) method and assessed by flow cytom-
etry (FACSCalibur or FACSCanto; Becton Dickinson,
Franklin Lakes, NJ). Proliferation was estimated using
crystal violet staining. Cell death in the mammosphere model
was assessed by PI (5 ng/ml, 5 min) staining and visual-
ized by wide-field fluorescence microscopy (Nikon Ti-E,
10 · lens).

Detection of ROS levels and mitochondrial
inner membrane potential

The levels of ROS were evaluated using 2¢,7¢-dichlo-
rdihydrofluorescein diacetate (DCF) or MitoSOX (Life
Technologies). Mitochondrial inner membrane potential was
detected using tetramethylrhodamine methyl ester (TMRM).
Cells were incubated with both probes under normal culture
conditions for the times indicated, followed by evaluation
using flow cytometry (50 nM TMRM, 5 lM DCF, 0.5 lM
MitoSOX) or time-lapse confocal microscopy (10 nM TMRM).

Glucose uptake, lactate production,
and ATP measurements

Glucose uptake was measured after 24 h of incubation in
low-glucose DMEM and 15 min of preincubation with 50 lM
2-nitrobenzodeoxyglucose (2-NBDG; Life Technologies) by
flow cytometry. For lactate production and ATP measure-
ments, the cells were seeded in a 96-well format (104 per
well) and the assays were performed as described (51).

Assessment of respiration of cells and tissue

Routine respiration and respiration via CI and CII were
assessed using the high-resolution Oxygraph-2k respirometer
(O2k; Oroboros Instruments, Innsbruck, Austria) according
to the standard procedure (16, 31). For CI- and CII-dependent
respiration, digitonin-permeabilized cells suspended in mi-
tochondrial respiration medium, MiR05, were used in all
experiments. The total oxygen concentration and consump-
tion were monitored in the presence of specific inhibitors and
substrates of CI (rotenone or glutamate/malate, respectively)
or CII (malonate or succinate, respectively) in the presence of
increasing concentrations of tamoxifen or MitoTam. Tissue
respiration was assessed in an analogous manner using
freshly excised tumor or liver homogenized in a dedicated
tissue shredder. Respiration was monitored within 1 h after
mice were sacrificed to avoid deterioration of the tissue.

Enzymatic assays

Isolated mitochondria were used after freeze–thaw treat-
ment and hypotonic lysis. For NADH-cytochrome c oxido-
reductase (CI-CIII) activity, 20 lg of mitochondria were
incubated with 50 mM Tris (pH 8.0), 1 mM KCN, 2.5 mg/ml
BSA, and 1 mM NADH at 30�C. Reaction (1 ml volume) was
started by the addition of 40 lM cytochrome c, absorbance at
550 nm was followed for 90 s, and rotenone (5 lg/ml) was
added for another 90 s. Rotenone insensitive rate was sub-
tracted. Succinate-cytochrome c (CII-CIII) oxidoreductase
activity was measured similarly, only NADH was replaced
by 10 mM succinate and rotenone by 3 lM antimycin. Citrate
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synthase was measured as described (48), but the reaction
was scaled down into a 96-well plate format (200 ll volume).

Cellular and subcellular fractionation

Cells were washed twice with PBS, harvested by scrap-
ping, and suspended in STE buffer (250 mM sucrose, 10 mM
Tris, 1 mM EDTA) containing protease inhibitors. Suspen-
sion was homogenized on ice using a glass–Teflon homog-
enizer; mitochondrial fraction was isolated by differential
centrifugation as detailed before (51). For preparation of
mitoplasts, isolated mitochondria were recentrifuged at 10,000 g,
the pellet resuspended in the hypotonic buffer (10 mM MOPS-
KOH, pH 7.2, 1 mM EDTA), and incubated on ice for 30 min
with occasional pipetting. The efficiency of the swelling re-
action was confirmed by WB for selected IMM, IMS, and
matrix proteins with parallel reaction of intact mitochondria
incubated in the SEM buffer (10 mM MOPS-KOH, pH 7.2,
250 mM sucrose, 1 mM EDTA).

Protease protection assay

To determine mitochondrial residence of Her2, crude mi-
tochondria were pelleted via centrifugation (10,000 g, 10 min,
4�C), resuspended to 0.5 mg/ml in the SEM buffer, and treated
with 50 lg/ml trypsin in the presence or absence of 1% Triton
X-100. The protease was inhibited by addition of 1 mg/ml
soybean trypsin inhibitor at indicated times and the sample was
processed for WB analysis.

Electrophoresis and Western blot analysis

SDS-PAGE, NBGE, and WB analysis were performed
according to standard protocols as detailed elsewhere (51).

TUNEL assay

Excised tumors were mounted into paraffin blocks and
sectioned. Tissue slices were deparaffinized and rehydrated.
Apoptosis was detected using Click-iT TUNEL Alexa Fluor
488 assay (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions.

Animal studies

Balb-c nu/nu mice were implanted with a slow-release
estradiol pellet (60-day release of 12 lg per day; Innovative
Research of America, Sarasota, FL) and injected subcuta-
neously (s.c.) with MCF7 mock or MCF7 Her2high cells at
2 · 106 cells/animal. When tumors reached the volume of 30–
50 mm3 (quantified by ultrasound imaging, USI), mice were
treated with either tamoxifen (2 lmol/mouse/dose), MitoTam
(0.25 lmol/mouse/dose), or solvent control (4% ethanol in
corn oil, 100 ll per dose) given intraperitoneally (i.p.) twice
per week. FVB/N c-neu mice were s.c. injected with synge-
neic NeuTl cells (13) at 2 · 106 cells/animal and treated as
above with tamoxifen (2.69 lmol/mouse/dose) or MitoTam
(0.54 lmol/mouse/dose). Tumor volume was monitored
by the USI instrument Vevo770 (VisualSonics, Toronto,
Canada).

For spontaneous Her2high tumor treatment, FVB/N c-neu
mice that developed tumors (450 mm3 on average) were
treated with MitoTam (0.54 lmol/mouse/dose) or solvent as
above. For metastasis measurements, Balb/c mice were s.c.

injected with 1 · 106 4T1 cells. After 1 week (when tumors
reached on average 100 mm3), MitoTam (0.25 lmol/mouse/
dose) or solvent was administered as above for 2 weeks. The
mice were sacrificed, blood, lungs, and liver were collected,
single-cell suspension was prepared, and the metastatic cells
were selected with 6-thioguanine for 10 days as described
(34). The number of 6-thioguanine-resistant colonies was
counted and expressed on per-organ basis. Animal weight
was regularly monitored. Individual experimental groups
contained at least five mice. All experiments were approved
by the Czech academy of Sciences or Griffith University
Ethics Committee and performed according to the Czech or
the Australian and New Zealand Council guidelines for the
Care and Use of Animals in Research and Teaching.

Zone exclusion assay

A total of 7 · 104 cells were seeded into glass-bottom
microscopy plates using two-well silicone inserts (Ibidi,
Martinsried, Germany). Three days after seeding, the inserts
were removed, and MitoTam (0.5 lM) or solvent control was
added. The plates were inspected by Nikon Ti-E wide-field
microscope using a 10 · lens at the time of insert removal and
after 24 and 48 h.

Time-lapse confocal microscopy

Cells were seeded on glass-bottom microscopy dishes
coated with poly-L-lysine. Images were recorded the third
day after seeding using 63x oil immersion lens of the SP5
confocal microscope (Leica Microsystems, Wetzlar, Ger-
many) equipped with a heated CO2 incubator as described in
detail before (53). Time-lapse images were recorded every
5 min with the first image taken 5 min before adding the drug.
The maximal projection of 2 lm z-stack is shown.

STED microscopy

Cells were grown on coverslips coated with poly-L-lysine,
fixed with 4% paraformaldehyde the third day after seeding,
permeabilized with 0.05% Triton X-100, 0.05% Tween-20 in
PBS, blocked with 5% FBS, and incubated with primary
antibodies against ATPb and Her2 (OP-15; Calbiochem) and
secondary antibodies conjugated with Alexa Fluor 488 or
Alexa Fluor 555 (Life Technologies). The coverslips were
mounted in a glycerol medium containing N-propyl gallate,
and single focal plane images were recorded with 100 · oil
immersion lens of SP8 confocal microscope equipped with
STED module with 660 nm depletion laser (Leica Micro-
systems) and white laser.

Double channel Biplane FPALM/dSTORM

Cells were grown on glass coverslips coated with poly-L-
lysine. Immunocytochemistry of Her2 and mtHSP70 proteins
was performed using respective primary antibodies and
secondary antibodies conjugated with Alexa Fluor 647 and
Cy3b (Life Technologies). Samples were mounted in the
dSTORM buffer (10% glucose, 50 mM cysteamine, 169 U of
glucose oxidase, 1.4 U of catalase; all in 10 mM NaCl, 50 mM
Tris-HCl, pH 8.0). Images were obtained using the Biplane
FPALM instrument (Vutara, Salt Lake City, UT) equipped
with 60 · water immersion objective.
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Immunogold transmission electron microscopy

Cells were grown on coverslips and fixed with 3% para-
formaldehyde and 0.1% glutaraldehyde in Sorensen’s buffer
(SB; pH 7.2–7.4). After washing in the SB buffer, cells were
dehydrated in ethanol series and embedded in LR white
resin by a standard procedure. Ultrathin sections (70–
90 nm) mounted on gilded copper grids, blocked with 10%
NGS in PBS with 0.1% Tween 20, 1% BSA, pH 7.4, were
incubated with primary antibody against Her2 diluted 1:50
(mouse monoclonal IgG, OP-15) and then with secondary
antibody diluted 1:30 (goat anti-mouse conjugated with 12-
nm colloidal gold particles; Jackson ImmunoResearch La-
boratories, West Grove, PA). Observations and acquisition
were done using the FEI Morgagni 268 transmission elec-
tron microscope operated at 80 kV (Fei Morgagni, Hills-
boro, OR). The images were captured with the Mega View
III CCD camera (Olympus, Tokyo, Japan). Multiple sec-
tions of at least three independent immunogold labeling
experiments were analyzed.

Molecular modeling

The prereleased crystal structure of yeast complex I from
Yarrowia lipolytica (PDB ID 4wz7) was kindly provided by
the authors (60). The geometry of MitoTam was optimized
using the DFT-D method (4). MitoTam was then allowed to
sample docking poses in a box (90 · 90 · 90 grid points, 1.0 Å
spacing) covering the lower part of the peripheral arm (Q
module) and the transmembrane PP module of the membrane
arm. The Python Molecular Viewer (PMV 1.5) genetic al-
gorithm steps each were collected employing AutoDock
version 4.2 (27). The program 3V (56) was used to identify
internal cavities connecting the iron–sulfur clusters with the
UbQ binding site in the crystal structure.

Synthesis of tamoxifen derivatives

The synthesis of MitoTam and the derivatives used in this
study (Supplementary Fig. S1) will be described in a separate
publication ( J.S. et al., under preparation).

Statistical analysis

Data were analyzed in GraphPad Prism 5.04 software
(GraphPad Software, La Jolla, CA) using unpaired Student’s
t-test analysis or two-way ANNOVA for comparisons of
more than two parameters. Data shown are mean values –
SEM of at least three independent experiments (unless stated
otherwise). A statistical difference of p < 0.05 was considered
significant.
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CI, CII, CIII, CIV, CV¼ respiratory complex
I, II, III, IV, V

ER¼ estrogen receptor
ETC¼ electron transport chain

FCCP¼ carbonyl cyanide 4-
(trifluoromethoxy)
phenylhydrazone

IMM¼ inner mitochondrial membrane
IMS¼ intermembrane space

MitoTam¼mitochondrially targeted
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MTS¼mitochondrial targeting sequence
NAC¼N-acetyl cysteine

NBGE¼ native blue gel electrophoresis
OMM¼ outer mitochondrial membrane

PI¼ propidium iodide
RC¼ respiratory complex

ROS¼ reactive oxygen species
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Tam-DPPO¼Diphenylphosphine oxide
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TMRM¼ tetramethylrhodamine methyl
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TPP+¼ triphenylphosphonium
UbQ¼ ubiquinone
WB¼Western blotting
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