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Co-overexpression of the epidermal growth factor (EGF)
receptor (EGFR) and c-Src frequently occurs in human tumors
and is linked to enhanced tumor growth. In experimental sys-
tems this synergistic growth requires EGF-dependent associa-
tion of c-Src with the EGFR and phosphorylation of Tyr-845
of the receptor by c-Src. A search for signaling mediators of
Tyr(P)-845 revealed that mitochondrial cytochrome c oxidase
subunit II (CoxII) binds EGFR in a Tyr(P)-845- and EGF-de-
pendent manner. In cells this association involves translocation
of EGFR to the mitochondria, but regulation of this process is
ill-defined. The current study demonstrates that c-Src translo-
cates to themitochondriawith similar kinetics as EGFR and that
the catalytic activity of EGFR and c-Src as well as endocytosis
and a mitochondrial localization signal are required for these
events. CoxII can be phosphorylated by EGFR and c-Src, and
EGF stimulation reducesCox activity and cellularATP, an event
that is dependent in large part on EGFR localized to the mito-
chondria. These findings suggest EGFR plays a novel role in
modulatingmitochondrial function via its association with, and
modification of CoxII.

The epidermal growth factor receptor (EGFR)2 is overex-
pressed in many cancers including breast cancers, where its
overexpression is associated with a poor prognosis (1, 2), yet
EGFR alone when overexpressed in fibroblasts is a weak onco-

gene (3). The non-receptor-tyrosine kinase, c-Src, is also over-
expressed in �70% of breast cancers (4), suggesting that EGFR
and c-Src may function cooperatively in cancers that co-over-
express both kinases (1). Investigations in murine fibroblasts
and in human breast cancer cells have revealed synergistic
increases inDNA synthesis, soft agar colony growth, and tumor
formation in nude mice when EGFR and c-Src are co-overex-
pressed as compared with cells overexpressing EGFR or c-Src
alone (5, 6). These synergistic increases are dependent upon
EGF stimulation, the kinase activity of c-Src, and c-Src phos-
phorylation of tyrosine 845 (Tyr-845) (7), a highly conserved
residue in the activation loop of the catalytic domain of the
EGFR. Substitution of a phenylalanine for a tyrosine at position
845 (Y845F) ablates EGF-induced DNA synthesis (even in the
presence of overexpressed c-Src) without affecting the intrinsic
kinase activity of the EGFR or its ability to phosphorylate
canonical downstream substrates (13). Combined, these results
suggest that phosphorylated Tyr-845 (Tyr(P)-845) elicits a crit-
ical mitogenic signal when EGFR and c-Src are co-overex-
pressed that is mediated through unconventional substrates.
Subsequent efforts to identify mediators of the Tyr(P)-845

EGFRmitogenic signal revealed that phosphorylation and tran-
scriptional activation of Stat5b are dependent on Tyr(P)-845
and that Stat5b is required for EGF-inducedDNA synthesis (8).
Phage display screening of a human breast cancer tissue library
also identified cytochrome c oxidase subunit II (CoxII) as a
protein that binds the EGFR in a Tyr(P)-845- and EGF-depen-
dent manner (9). CoxII is a mitochondrially encoded, tran-
scribed, and translated protein that resides on the inner mito-
chondrial membrane (IMM) and is a key component of the
oxidative phosphorylation cascade (10). It has been suggested
that expression and activity (11) or protein-protein associations
(12) of Cox subunits may regulate cytochrome c release from
the mitochondria during apoptosis. In support of this idea,
Boerner et al. (9) observed an increase in apoptosis in adriamy-
cin-treated breast cancer cells expressing a mutant Y845F
EGFR as compared with those expressing wild type, stimulated
receptor. These results were suggestive of a cell survival role for
EGFR in CoxII-dependent mitochondrial events.
That CoxII and EGFR reside in different subcellular com-

partments raised the question of where, intracellularly, the two
proteins interact. Previous studies using confocal microscopy
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andbiochemical fractionation showed anEGF-dependent tran-
sient co-localization of the EGFR at the mitochondria that was
maximal around 20 min post stimulation (9). However, regula-
tion of this event was not investigated.
In this study, a multifaceted regulatorymechanism for EGFR

translocation to the mitochondria is revealed. Evidence is pre-
sented that demonstrates EGFR insertion into the mitochon-
drial membrane, EGF-induced translocation of c-Src to the
mitochondria, and a role for c-Src in EGFR translocation.
Clathrin-mediated endocytosis and an EGFR mitochondrial
localization signal also play critical roles in the process.We find
that EGFR and c-Src phosphorylate CoxII and that CoxII phos-
phorylation is increased after EGF stimulation. Further, EGF
treatment results in decreased Cox activity and cellular ATP
levels, the latter of which are in part dependent upon EGFR
mitochondrial localization. These findings suggest that EGF
stimulation alters mitochondrial function in the same time
frame as EGFR-mitochondrial co-localization, events that may
have implications for growth factor-mediated regulation of cel-
lular bioenergetics and survival.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Clonal cell lines of C3H10T1/2
murine fibroblasts co-overexpressing human EGFR and wild
type (wt) or kinase-defective (A430V) chicken c-Src, or singly
overexpressing wt c-Src were previously described (5, 7, 13).
Fibroblasts and HEK 293T cells were cultured as described in
Maa et al. (5), and MDA-MB-231 breast cancer cells were cul-
tured as described in Boerner et al. (9). Chinese hamster ovary
cells were cultured as described in Jo et al. (14). EGF (50–100
ng/ml; Sigma) was used for ligand stimulation. Pretreatment
with the following inhibitors before EGF stimulation was as
indicated: PP2 (10 �M, Calbiochem) for 1 h, AG1478 (5 nM,
Calbiochem) for 1 h, nocodazole (50 ng/ml, Sigma) for 3 h, and
cytochalasin D (1 �M, Sigma) for 40 min.
Confocal Microscopy—Cells were cultured and processed

according to Boerner et al. (9). The following primary antibod-
ies were used: anti-EGFR mouse monoclonal antibody (mAb)
(Transduction Laboratories/BDBiosciences), anti-EGFR sheep
polyclonal antibody (pAb) (Upstate, Charlottesville, VA), anti-
c-SrcmAb (EC10 (15), anti-�-tubulinmousemAb (Sigma), and
actin-specific fluorescein isothiocyanate-conjugated phalloidin
(Invitrogen). Images were captured with a Zeiss Standard 110
confocal microscope.
Electron Microscopy—200,000 cells were seeded onto glass

coverslips, cultured for 24 h, serum-deprived, and either left
untreated or stimulated with EGF for 20 min. Cells were then
washed, fixed in 4% glutaraldehyde (Electron Microscopy Sci-
ences, Hatfield PA) for 20 min, permeabilized in 0.1% saponin
in 20% goat serum for 1 h, incubated overnight with EGFRmAb
(Transduction Laboratories), washed, stained with ultra small
gold (ElectronMicroscopy Sciences) for 2 h, andwashed in 20%
goat serum followed by phosphate-buffered saline. Samples
were again fixed in 2% glutaraldehyde for 10 min, incubated
with silver developer and enhancer (Electron Microscopy Sci-
ences), rinsed, post-fixed for 30 min in 1% osmium tetroxide,
washed, dehydrated in ethanol and acetone, and infiltratedwith
epoxy resin (Electron Microscopy Sciences) at 60 °C for 48 h.

Ultrathin sections (70–80 nm) were contrast-stained with lead
citrate and uranyl acetate and viewed in a JEOL 1230 (Japan
Electron Optics Limited, Tokyo) transmission electron micro-
scope (80 kV) equipped with a Scientific Instruments and
Applications, Inc. (Duluth, GA) 12-C digital camera.
Fractionation and preparation of Sprague-Dawley rat fore-

brain mitochondria was carried out as described (16). Briefly,
the purified mitochondrial fraction was fixed, and pellets were
cut into 1-mm cubes, placed on pins, and frozen in liquid nitro-
gen. Ultra-thin cryosections (�80 nm)were cut on aUCT cryo-
ultramicrotome (Leica) at �130 °C and placed onto carbon-
and Formvar-coated nickel grids. Sections were incubated with
EGFR mAb (Transduction Laboratories) and Protein A-conju-
gated 10-nm gold particles (1:50) (Electron Microscopy Sci-
ences) (16) and viewed on a JEOL 1200-EX transmission elec-
tron microscope at 80 kV.
Immunoprecipitation—Lysates were prepared for immuno-

precipitation according to Boerner et al. (9). Twomg of protein
was incubated with EGFR mAb 108, anti-Tom40 pAb (Santa
Cruz Biotechnology, Santa Cruz, CA), or a negative antibody
control for 24 h at 4 °C. Anti-EGFR (Cell Signaling, Danvers,
MA) and anti-Tom40 (Santa Cruz) pAbs were used for immu-
noblotting. One mg of protein was incubated with CoxII
(Invitrogen) or IgG antibody for 24 h at 4 °C. Anti-CoxII
(Invitrogen) and anti-phosphotyrosine (Invitrogen) antibodies
were used for immunoblotting.
Subcellular Fractionation—Cells were seeded on 15-cm

plates (Nunc, Rochester, NY) at a density of 3 � 106 cells/plate,
cultured, serum-starved, and incubated with or without EGF.
Crude mitochondria were obtained by differential centrifuga-
tion and subjected to alkali extraction as described by Eskes
et al. (40). Fractions were loaded onto SDS-PAGE gels as cell
equivalents (except for whole cell lysates). The following pri-
mary antibodies were used for immunoblotting: anti-EGFR
rabbit pAb (Cell Signaling), anti-c-Src mouse mAb 2–17,
anti-Lamp 2 rabbit pAb (Zymed Laboratories Inc./Invitro-
gen), anti-voltage-dependent anion channel rabbit pAb (Cal-
biochem), anti-nucleoporin 62 mouse mAb, anti-Rab4
mouse mAb, and anti-Bip/Grp mouse mAb (all from Trans-
duction Laboratories). Antigen-antibody complexes were
developed by chemiluminescence (Pico ECL, Pierce) and
viewed by audioradiography.
Silencing of Protein Expression—To suppress the expression

of clathrin heavy chain or Rab7, cells were subjected to nucleo-
fection (Amaxa, Gaithersburg, MD) with clathrin heavy chain
siGENOME SMARTpool CLTC, siGENOME SMARTpool
RAB7, siCONTROL Non-Targeting siRNA #1 (all from Dhar-
macon), or no siRNA as recommended by Amaxa and incu-
bated for 48 h. Cells were then analyzed by confocalmicroscopy
or harvested for Western blotting. Fifty �g of total lysate was
immunoblotted with anti-clathrin mouse mAb (Transduction
Laboratories), anti-Rab7 pAb (Santa Cruz), or anti-�-actin
mouse mAb (Sigma).
Generation and Expression of EGFR Constructs—A fragment

encoding amino acids (aa) 622–666 of the EGFR was PCR-
amplified from pcDNA-wt EGFR, cloned between the EcoRI
and BamHI sites of phrGFP-C vector (Stratagene, La Jolla, CA),
and used for generation and amplification of the EGFR frag-
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ments, aa 622–644 and 645–666. These smaller fragments
were then cloned into the phrGFP-C vector between the afore-
mentioned sites. All mutants were sequenced before use. The
various enhanced green fluorescent protein (eGFP)-EGFRplas-
mids were nucleofected into 10T1/2 cells overexpressing c-Src
using an Amaxa nucleofector as directed by the manufacturer
and examined by confocal microscopy.
Full-length wt EGFR was PCR-amplified from pcDNA-wt

EGFR and inserted into the NotI and XhoI sites of pCMV-Tag1
(Stratagene). pCMV-Tag1-�645–666 EGFR was constructed
from thewt EGFR vector using themethod ofHo et al. (41). The
entire EGFR coding regions of both plasmids were sequenced
before use. HEK 293T cells were transfected with 4 �g of wt
EGFR or EGFR �645–666 plasmids using Lipofectamine2000
(Invitrogen) according to the manufacturer’s instructions,
serum-starved for 24 h, stimulated with EGF, and processed as
described.
Construction and Purification of His-tagged CoxII Trunca-

tion Mutant—Mitochondria from MCF7 breast cancer cells
were purified using aMitochondria Isolation kit (Pierce).Mito-
chondrial DNA (mtDNA) was further purified by phenol-chlo-
roform extraction and used as a template for PCR amplification
of the region of CoxII denoted in Fig. 8B. The resulting frag-
ment was cloned into pBluescript II SK� vector between the
EcoRI and XhoI sites. Because of the unique codon usage in
mtDNA, the CoxII sequence was altered for bacterial expres-
sion by changing four Ala residues to Gly by PCR. The EcoRI-
XhoI fragment of this constructwas cloned into pET28a (Nova-
gen, Gibbstown, NJ) and named His-CoxII.
BL21 Escherichia coli, transformed by His-CoxII pET28a,

were induced with 0.3 mM isopropyl 1-thio-�-D-galactopyran-
oside for 12 h at 25 °C. Bacterial pellets were suspended in cold
CHAPS buffer (0.65%CHAPS, 50mMTris pH 8.0, 2mMEDTA,
150 mMNaCl), sonicated, and clarified by centrifugation for 30
min at 25,000 � g. The His-CoxII peptide was purified by nick-
el-agarose chromatography, resolved by SDS-PAGE, and ana-
lyzed for purity by Coomassie stain.

32P Kinase Assay—Serum-starved MDA-MB-231 cells were
lysed in Nonidet P-40 buffer (1%Nonidet P-40, 20mMTris, pH
8.0, 137 mM NaCl, 10% glycerol, 2 mM EDTA), and 1 mg of
extract protein was immunoprecipitated with CoxII mAb
(Invitrogen) or IgG control. Immunoprecipitated CoxII or 0.1
�g of purified His-CoxII was incubated with 18 catalytic units
of purified Src (Upstate) and 10 �Ci of [�-32P]ATP (25 �M) in
Src reaction buffer (50 mMHEPES, pH 8.0, 0.5 mMMnCl2, 0.25
mM sodium orthovanadate) or 0.025 �g of truncated EGFR
(Upstate) and 10 �Ci of [�-32P]ATP (25 �M) in EGFR reaction
buffer (8 mMMOPS, pH 7.0, 0.2 mM EDTA, 2 mMMnCl2, 0.8 M

(NH4)2SO4, 0.25 mM sodium orthovanadate) for 30 min. The
reaction was stopped by the addition of 1⁄5 volume 0.5 M EDTA,
and samples were resolved by 15% (His-CoxII) or 12% (IP-
CoxII) SDS-PAGE. The gels were dried and exposed to film.
Oxygen Consumption Assay—Cytochrome c oxidase activity

of cells that had been incubated in serum free media or stimu-
lated with EGF for 20 min was analyzed as described (17).
ATP Concentration Assay—Cells were plated in 96-well

dishes at a density of 4500–5000 cells/well, cultured for 24 h,
starved of serum for 24–48 h in low glucose Dulbecco’s

modified Eagle’s medium (DMEM) (fibroblasts) or regular
DMEM (MDA-MB-231s), and stimulated with EGF. Chinese
hamster ovary cells were transfected with 0.1 �g of c-Src and
0.1 �g of wt EGFR,�645–666 EGFR, or K721 EGFR plasmids
using Lipofectamine 2000 before serum starvation and stim-
ulation. ATP concentration was measured with the ATPlite
kit (PerkinElmer Life Sciences) according to manufacturer’s
instructions, and luminescence was read by a Synergy 2 sin-
gle-channel multi-mode microplate reader (BioTek Instru-
ments, Inc., Winooski, VT).

RESULTS

EGFR and c-Src Translocate to the Mitochondria after EGF
Stimulation—Fig. 1 depicts EGFR co-localization with the
mitochondria inC3H10T1/2 cells co-overexpressing EGFRand
c-Src after 20 min of EGF stimulation. The 0-min time point
shows EGFR and mitochondria (identified by MitoTracker
Red) in separate subcellular compartments, whereas at 20 min
of stimulation, the EGFR image could be seen to merge with
that of the mitochondria, suggesting a co-localization. Similar
results were seen with MDA-MB-231 breast cancer cells (sup-
plemental Fig. 2C andZ-stack images in supplementalMovies 1
and 2) and with either 10, 50, or 100 ng/ml EGF (data not
shown). Quantification revealed that EGFR co-localized with
the mitochondria in 30% of cells (Fig. 1B), and 5–10% of the
total receptor in the cell was found in this compartment (Fig.
2D). By 30 or 40 min of EGF treatment, significantly less co-
localizationwas observed (Fig. 1B, supplemental Fig. 1, and Ref.
9). These results, alongwith our published data support the idea
that maximal detection of EGFR at the mitochondria occurs
10–30min post-EGF stimulation and that the co-localization is
transient.
Electronmicroscopy of 10T1/2 cells co-overexpressing c-Src

and EGFR (Fig. 2A) and of MDA-MB-231 breast cancer cells
(data not shown) also revealed positive EGFR staining in the
mitochondria of EGF-stimulated cells. Similarly, electron
microscopy of purified rat brain mitochondria demonstrated
specific EGFR staining (Fig. 2B).

To determine if EGFR could associate with mitochondrial
proteins other than CoxII, immunoprecipitation experiments
with extracts from 10T1/2 double overexpressors were per-
formed. Fig. 2C shows that EGFR co-immunoprecipitated with
Tom40, an outer mitochondrial membrane (OMM) transport
protein, in a reciprocal and EGF-dependent fashion. Fig. 2D
shows that the full-length receptor biochemically co-fraction-
ates with themitochondria and is predominantly present in the
alkali-resistant (membrane-inserted) fraction, purifying with
the voltage-dependent anion channel. Western blotting for
endosomal, lysosomal endoplasmic reticulum, and nuclear
markers indicated that the alkali-extracted fractions were rela-
tively clear of these organelles or vesicles. Together, these
results suggest that the full-length EGFR can associate with an
OMM protein and insert into mitochondrial membranes after
EGF stimulation.
Because c-Src phosphorylates Tyr-845 of the EGFR (7),

Tyr(P)-845 directly interacts with CoxII in the mitochondria
(9), and c-Src has been found in themitochondria of osteoclasts
and bovine aortic endothelial cells (18, 19), c-Src localization
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after EGF stimulation was tracked in 10T1/2 cells co-overex-
pressing EGFR and c-Src. Confocal microscopy (Fig. 3A)
revealed that maximal increases in c-Src localization at the
mitochondria occurred 20 min post-EGF stimulation, mimick-
ing the time course of the EGFR, and that 21% of the cells exam-
ined showed c-Src co-localizationwith themitochondria at this
time (Fig. 3B). Biochemical fractionation also revealed c-Src in
both the inserted and peripherally attached fractions (Fig. 2D).
To determine if themaximal increases in EGFR and c-Src at the
mitochondria occurred simultaneously, 10T1/2 cells co-over-
expressing EGFR and c-Src were immunostained for EGFR,
c-Src, andmitochondria. Supplemental Fig. 1 shows a maximal

merge of the stains at 20min of EGF
stimulation, suggesting EGFR and
c-Src can translocate to the mito-
chondria simultaneously.
EGFR Translocation Is Promoted

by c-Src Overexpression and Kinase
Activity—Boerner et al. (9) showed
that EGFR overexpression greatly
facilitated detection of EGF-stimu-
lated EGFR translocation to the
mitochondria. To determine if
overexpression of c-Src also in-
creased detection of the EGFR at the
mitochondria, 10T1/2 cells with
overexpressed EGFR and endoge-
nous levels of c-Src were subjected
to confocal microscopy. Fig. 4A
shows a reduction in EGFR localiza-
tion at the mitochondria after EGF
stimulation as comparedwith Fig. 1,
suggesting that overexpression of
c-Src enhances EGFR-mitochon-
drial translocation. That the cata-
lytic activity of c-Src is critical for
this event is demonstrated by
decreased EGFR translocation in
10T1/2 cells and MDA-MB-231
cells overexpressing EGFR and
c-Src upon treatment with the Src
family kinase inhibitor, PP2 (Fig. 4B
and supplemental Fig. 2,A andC) or
by 10T1/2 cells stably overexpress-
ing wt EGFR and kinase-defective
c-Src (supplemental Fig. 2B). Only
2% of 10T1/2 cells exhibited EGFR-
mitochondrial co-localization after
PP2 treatment (Fig. 4B). Combined,
these results indicate that c-Src
overexpression and kinase activity
enhance EGFR translocation to the
mitochondria.
c-Src Translocation Is Promoted

by the Kinase Activities of EGFR and
c-Src and Overexpressed EGFR—
Because c-Src and EGFR expression
levels and kinase activities regulate

the frequency of EGFR seen at themitochondria, we askedwhat
factors might regulate c-Src translocation to the mitochondria.
Fig. 5A shows that in 10T1/2 cells with overexpressed c-Src and
endogenous levels of EGFR, detection of c-Src at themitochon-
dria in response to EGF was greatly reduced as compared with
cells co-overexpressing both c-Src and EGFR (Fig. 3), sug-
gesting that overexpression of EGFR promotes c-Src trans-
location to the mitochondria. Similarly, mutational (Fig. 5B)
or pharmacological (Fig. 5C) inhibition of c-Src activity
(PP2) or pharmacological inhibition of the EGFR (AG1478)
(Fig. 5D) demonstrated the requirement for the catalytic
activities of c-Src and EGFR for maximal increases in c-Src

FIGURE 1. EGFR localizes to the mitochondria. A, 10T1/2 cells co-overexpressing EGFR and c-Src were cul-
tured in serum-free media for 24 h, incubated in MitoTracker Red dye, and left unstimulated or stimulated with
100 ng/ml EGF for 20 min. Cells were immunostained for EGFR and examined by confocal microscopy at 63�
magnification. Green, EGFR; red, MitoTracker; yellow, merge of green and red. B, the percentage of cells showing
co-localization (merge of red and green stains) was quantified. Results are expressed as the mean � S.D. of 2
experiments (50 cells were counted per experiment).
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at the mitochondria. Combined,
these results suggest that EGFR
and c-Src co-overexpression and
kinase activities enhance EGF-de-
pendent translocation of c-Src and
the EGFR to the mitochondria.
Regulation of EGFR Mitochon-

drial Localization by Endocytosis—
The dependence of the transloca-
tion on EGFR and c-Src tyrosine
kinase activities, both of which have
been shown to facilitate EGFR en-
docytosis (20–22), suggested that
endocytosis might be one mecha-
nism by which EGFR is transported
to the mitochondria. To test this
hypothesis, six inhibitors of EGFR
endocytosis were utilized: AG1478,
an EGFR kinase inhibitor (23); phe-
nylarsine oxide, a pharmacological
inhibitor of tyrosine kinases in-
volved in endocytosis (24); potas-
sium depletion, a means of inhibit-
ing clathrin coat formation (25);
nocodazole, a microtubule depoly-
merizing agent (26); cytochalasin D,
an actin network inhibitor (27);
Rab7 silencing, which slows the rate
of EGFR degradation and promotes
EGFR accumulation in EEA1 posi-
tive endosomes (28) and, most spe-
cifically, silencing of the clathrin
heavy chain, a critical component of
EGFR internalization (29). Com-
bined, the results of the inhibitor
studies (supplemental Figs. 2C, 3, 4,
and 5) were consistent with an in-
volvement of endocytosis in EGFR
translocation to the mitochondria.
However, the inhibitors employed
could have broader effects than on
endocytosis alone.
Thus, we sought to determine

whether clathrin-mediated endocy-
tosis specifically was critical for the
process. 10T1/2 cells co-overex-
pressing EGFR and c-Src were sub-
jected to clathrin silencing, and
suppression of clathrin protein ex-
pression was confirmed byWestern
blotting (Fig. 6A). Fig. 6B shows that
cells that had been mock-treated or
nucleofected with nonspecific con-
trol RNAi and treated for 20 min
with EGF exhibited increases in
EGFR at the mitochondria. How-
ever, cells that were silenced for
clathrin exhibited little to no detect-
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able co-localization (Fig. 6C). Together, these results strongly
suggested that clathrin-mediated endocytosis plays a critical
role in regulating EGFR translocation to the mitochondria.
EGFR Contains a Mitochondrial Localization Signal—The

juxtamembrane region of the EGFR contains basic amino
acids that lie between residues 645 and 666. Some OMM
proteins, such as Tom20 and Bcl-xL, contain a mitochon-

drial localization sequence con-
sisting of highly hydrophobic and
basic amino acid-rich sequences
in their transmembrane domains
(TMD) and membrane flanking
regions (30, 31). To determine
if aa 645–666 of the EGFR consti-
tuted a functional mitochondrial
localization sequence, expression
plasmids encoding eGFP-tagged
EGFR trans- and juxtamembrane
sequences were constructed (Fig.
7A). The constructs included
eGFP alone, eGFP plus the EGFR
(TMD) (aa 622–644), the jux-
tamembrane hydrophobic region
(aa 645–666) or both combined
(aa 622–666). Vector-only and
mutant constructs were nucleo-
fected into 10T1/2 cells overex-
pressing c-Src, and localization of
the GFP-EGFR fusion proteins
was determined by confocal
microscopy. Fig. 7B shows that
although the TMD (622–644) and
the juxtamembrane (645–666)
domains were unable to direct
localization of eGFP to the mito-
chondria, the combined domains
(622–666) did, suggesting that
this region is sufficient for EGFR
localization to the mitochondria.
To determine if the basic amino

acid-rich sequence in the jux-
tamembrane region was necessary
for EGFR translocation to the mito-
chondria, expression plasmids en-
coding full-length wt EGFR and
EGFR �645–666 were constructed
(Fig. 7A). The constructs were
transfected into HEK 293T cells,

which express elevated levels of c-Src. Fig. 7C shows an EGF-
inducible increase in wt EGFR localization with the mitochon-
dria that is diminished with EGFR �645–666, defining a novel
mitochondrial targeting function for this region of the receptor.
Together, these results suggest that the TMD and aa 645–666
are sufficient for EGFR-mitochondrial localization and aa 645–

FIGURE 2. EGFR localizes to the mitochondria. A, 10T1/2 cells co-overexpressing EGFR and c-Src were cultured in serum-free media for 24 h, left untreated or
stimulated with 100 ng/ml EGF for 20 min, and processed for immunoelectron microscopy analysis as described under “Experimental Procedures.” Arrows
indicate positive EGFR staining. B, mitochondria were purified from rat brain and subjected to immunoelectron analysis as described under “Experimental
Procedures.” Samples were stained with either anti-EGFR antibody or no primary antibody as a control. Arrows indicate positive EGFR staining in the mito-
chondria. C, lysates from EGF-stimulated or non-stimulated 10T1/2 cells co-overexpressing EGFR and c-Src were prepared as described under “Experimental
Procedures.” Two mg of protein lysate was immunoprecipitated (IP) with EGFR, Tom40 (goat), Tom40 (rabbit), or control IgG. Precipitated proteins were
immunoblotted (WB) with EGFR or Tom40 antibodies. D, biochemical fractionation of the EGFR and c-Src with the mitochondria is shown. 10T1/2 cells were
treated as described under “Experimental Procedures.” Fractionation yielded proteins present in and associated with the mitochondria (crude mitochondria),
proteins inserted in the mitochondrial membrane (alkali-resistant), and proteins peripherally attached to the mitochondrial membrane (alkali-sensitive).
Fractions containing cell equivalents were immunoblotted with the following antibodies: EGFR, c-Src, voltage-dependent anion channel (VDAC), Rab4,
Nucleoporin62, Bip/Grp, and Lamp2. Crude mitochondrial fractions represent 80 times the volume of whole cell lysates (WCL) present on the immunoblot,
whereas alkali-resistant and -sensitive fractions represent 26 times the whole cell lysate volume. ER, endoplasmic reticulum.

FIGURE 3. c-Src localizes to the mitochondria. A, 10T1/2 cells co-overexpressing EGFR and c-Src were treated
as in Fig. 1, A and B, except cells were immunostained for c-Src. Green, c-Src; red, MitoTracker; yellow, merge of
green and red. B, the percentage of cells showing merge of the red and green stains is graphed. Results are
expressed as the mean � S.D. of 2 experiments (50 cells were counted per experiment).
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666 are necessary for the full-length receptor to co-localizewith
the mitochondria.
EGFR and c-Src Phosphorylation of CoxII—The association

of EGFR with CoxII (9) and a previous study describing c-Src
phosphorylation of full-length, immunoprecipitated CoxII
(18) led to the hypothesis that EGFR may phosphorylate
CoxII. To test this hypothesis CoxII was immunoprecipi-
tated from MDA-MB-231 cells and incubated with purified
c-Src or purified, truncated EGFR in the presence of
[�-32P]ATP. Fig. 8A shows that full-length CoxII was phos-
phorylated by EGFR and c-Src above the level seen in the
CoxII immunoprecipitates alone. As an alternative ap-
proach, a bacterial expression plasmid encoding that portion
of CoxII identified in the phage display screen (Fig. 8B) was
constructed from human mitochondrial DNA. This His-
tagged CoxII fragment, which contains five putative EGFR/
c-Src phosphorylation sites, was purified and analyzed by
SDS-PAGE and Coomassie Blue staining (Fig. 8C). A doublet

of peptides was observed, with the
smaller one migrating at �6.5
kDa, the predicted size of the His-
CoxII fragment. Fig. 8D shows that
His-CoxII was phosphorylated by
c-Src and to a lesser extent by
EGFR over control levels in an in
vitro kinase reaction, whereas Fig.
8E shows that CoxII tyrosine
phosphorylation was increased in
intact MDA-MB-231 cells in
response to EGF stimulation.
Combined, these studies suggest
that EGF stimulation leads to an
increase in CoxII phosphorylation
that may be mediated by c-Src
and/or EGFR.
Mitochondrial Function Is Altered

after EGF Stimulation—Several
studies have linked phosphoryla-
tion of Cox subunits and inhibi-
tion of Cox activity (32). Thus,
using a polarographic method (32),
we asked whether alterations in
mitochondrial function occurred
in response to EGF. Fig. 9A shows
that EGF stimulation led to an
almost 60% inhibition of Cox spe-
cific activity in EGF-stimulated
10T1/2 double overexpressors
over a broad range of cytochrome
c concentrations.
These data and the central role of

Cox in mitochondrial ATP produc-
tion led us to question whether EGF
stimulation affected cellular ATP
levels. Fig. 9B shows a significant
decrease in ATP levels at 20 min of
post-EGF treatment in 10T1/2 cells
co-overexpressing EGFR and c-Src

and a return to near normal levels by 3 h, suggesting that EGF
treatment leads to a transient but significant decrease in cellu-
lar ATP. Fig. 9C shows that a similar decrease occurs in MDA-
MB-231 breast cancer cells at 20 min of EGF stimulation.
These findings led us to ask if the observed decreases in

ATP were dependent upon EGFR mitochondrial localiza-
tion. Chinese hamster ovary cells were transiently co-trans-
fected with c-Src and wt EGFR, �645–666 EGFR, or kinase-
defective (K721) EGFR. Fig. 9D shows a significant decrease
in ATP levels with expression of wt EGFR, whereas expres-
sion of mitochondria localization-deficient �645–666 EGFR
restores ATP levels to �80% of serum-free (SF) concentra-
tions. Interestingly, kinase-defective EGFR increases ATP
levels above SF levels, suggesting other signaling pathways
downstream of EGFR may play a role in decreasing mito-
chondrial function. Combined, these data further highlight
the effect both EGF stimulation and receptor localization
have on mitochondrial function.

FIGURE 4. c-Src kinase activity and overexpression enhance EGFR localization to the mitochondria.
10T1/2 cells with endogenous levels of c-Src and overexpressed EGFR (A) or 10T1/2 cells co-overexpressing
EGFR and c-Src (B) were treated as in Fig. 1, immunostained for EGFR, and examined by confocal microscopy.
B, cells were incubated with 10 �M PP2 for 1 h before EGF stimulation. The percentage of cells showing
co-localization of the EGFR with mitochondria was quantified. Results are expressed as the mean � S.D. of 2
experiments (50 cells were counted per experiment).
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DISCUSSION

The previously described translocation of the EGFR to the
mitochondria and its association with CoxII (9) raised a num-
ber of questions, including themechanism of translocation and
the consequences of EGFR presence in the mitochondria. Our
study points to an endocytic pathway that involves the EGFR,
c-Src, clathrin, and a mitochondrial localization sequence on
the receptor as critical components of translocation. Once in
juxtaposition to the mitochondria, the receptor can associate
with OMMproteins, integrate into mitochondrial membranes,
bind, and possibly phosphorylate CoxII, where involvement in

cell survival pathways andATPproduction after EGF treatment
is indicated (9). Interestingly, c-Src translocates to the mito-
chondria with the same time course as the EGFR, where it also
has the capability of phosphorylating CoxII.
Several pieces of evidence suggest that mitochondrial EGFR

originates from the plasmamembrane. First is the EGFdepend-
ence of the event (Figs. 1A and 2D and supplemental Fig. 2C and
Movies 1 and 2). Second is the rapid and transient nature of the
co-localization (10–30 min post-stimulation), which is well
within the normal kinetics of endocytosis and before EGF-in-
duced synthesis of the receptor (33). Third is the observation

FIGURE 5. c-Src localization to the mitochondria is promoted by overexpression of EGFR and kinase activities of EGFR and c-Src. 10T1/2 cells with
endogenous levels of EGFR and overexpressed wt c-Src (A) or 10T1/2 cells co-overexpressing EGFR and kinase-defective c-Src (B) were treated as in Fig. 1 and
immunostained for c-Src. C and D, 10T1/2 cells co-overexpressing EGFR and wt c-Src were treated with 10 �M PP2 (C) or 5 nM AG1478 (D) for 1 h before the
addition of EGF. The percentage of cells with merge of the red and green stains was quantified. Results are expressed as the mean � S.D. of 2 experiments (50
cells were counted per experiment).
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that fluorescein-labeled EGF co-localizes with the mitochon-
dria, albeit with slightly slower kinetics than that of the EGFR
(data not shown). Fourth is the requirement for the kinase
activities of both EGFR and c-Src as well as microtubule

and actin cytoskeletal networks.
Numerous studies have demon-
strated that these components are
important for efficient EGFR inter-
nalization from the plasma mem-
brane, ligand degradation, and
intracellular receptor signaling (20,
21). Finally, translocation of the
receptor is dependent on clathrin, a
well documented regulator of EGFR
internalization and trafficking of
endosomes (29, 34). However,
caveolin-mediated endocytosis and
other mechanisms of internaliza-
tion cannot be ruled out.
A putative mitochondrial local-

ization sequence in the EGFR also
appears to regulate co-localization
of the EGFR with the mitochondria.
Residues 622–644 (TMD) and basic
amino acids (residues 645–666) in
the juxtamembrane region are suffi-
cient for localization of a non-mito-
chondrial protein (eGFP) to the
mitochondria (Fig. 7). Fig. 7B dem-
onstrates that the eGFP fusion pro-
tein containing residues 645–666 is
targeted to the nucleus, whereas the
fusion protein containing the TMD
plus residues 645–666 is targeted to
the mitochondria. The TMD alone
is targeted to neither. Together,
these results suggest that some
membrane-dependent event is
involved in mitochondrial localiza-
tion of the EGFR.
Whether endosomes or later-

stage vesicles transport the EGFR to
the mitochondria and undergo
membrane fusion and/or EGFR
insertion is unknown. To date, little
evidence exists for endosome fusion
with the mitochondria. However,
studies have suggested that mito-
chondria contain proteins that
could mediate mitochondrial-vesi-
cle fusion, including vamp1 (a
v-snare), mito-phospholipase D,
and mitofusins. A second possible
mechanism of EGFR insertion into
the mitochondrial membrane in-
volves an endoplasmic reticulum
translocase. Liao andCarpenter (35)
found that Sec61, an endoplasmic

reticulum translocase, promotes EGFR excision from mem-
brane bilayers to allow EGFR transport into the nucleus. How-
ever, the kinetics of this process are slower than EGFR translo-
cation to the mitochondria (hours versus minutes), rendering

FIGURE 6. Clathrin-mediated endocytosis regulates EGFR localization to the mitochondria. A, 10T1/2 cells
co-overexpressing EGFR and c-Src were nucleofected with no oligos (Mock), nonspecific (NS) control siRNA, or
clathrin heavy chain siRNA as described under “Experimental Procedures.” Suppression of clathrin heavy chain
protein levels was assessed by Western blot analysis of 50 �g of whole cell lysates. Clathrin levels were deter-
mined by densitometric analysis and normalized to �actin. Cells described in B were nucleofected with no
oligos (Mock) or nonspecific (NS) control siRNA; those in C were nucleofected with clathrin heavy chain siRNA.
All cells were then incubated for 48 h in complete media and processed as in Fig. 1 for confocal microscopy.
Green, EGFR; red, MitoTracker; yellow, merge of green and red.

EGFR Translocation to the Mitochondria

36600 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 52 • DECEMBER 25, 2009



FIGURE 7. Analysis of the mitochondrial localization signal in the EGFR. A, eGFP-EGFR mutant plasmids is shown. B, 10T1/2 cells overexpressing c-Src were
nucleofected with plasmids encoding either GFP alone, GFP-TMD-645– 666, GFP-TMD, or GFP-645– 666. Cells were cultured and processed as described under
“Experimental Procedures.” 90 –95% of cells that expressed the various GFP fusion proteins displayed the congruent phenotype shown. The number of cells
counted per fusion protein was as follows: GFP, 9; �622– 666, 15; �622– 645, 7; �645– 666, 6. C, HEK 293T cells were transfected with plasmids encoding wt EGFR
or EGFR �645– 666. Cells were processed as described under “Experimental Procedures.” Green, GFP constructs or EGFR (as indicated); red, MitoTracker; yellow,
merge of green and red.
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this mechanism less attractive. A third mechanism invokes the
mitochondrial TOM complex. The TOM complex is typically
known to aid import of mitochondrial proteins encoded by
nuclear DNA.Nuclear-encoded proteins destined for themito-
chondria associate with Tom20 or Tom70 at themitochondrial
surface are transferred to Tom40 (the pore component of the
Tom complex) and finally inserted into the mitochondrial

membrane. The association of the
EGFR with Tom40 (Fig. 2C) sug-
gests that the TOM complex might
be involved in inserting the EGFR
into mitochondrial membranes.
Once integrated into the mito-

chondrial membrane, what is the
orientation of EGFR? Our current
knowledge of vesicle fusion would
indicate that the receptor spans the
OMM with the ligand binding
domain in the intermitochondrial
membrane space (IMS) and the
remainder of the molecule in the
cytoplasm. However, Tyr(P)-845 of
the EGFR kinase domain can
directly bind to CoxII, a protein
whose globular head is located in
the IMS and transmembrane
domains in the IMM (Fig. 8B) (9). In
order for Tyr(P)-845 to bind Cox II,
the kinase domain should reside in
the IMS. Thus, two possible models
of insertion are predicted. First, the
EGFR could be transported to the
IMM from the OMM so that
Tyr(P)-845 would be in the IMS and
the ligand binding region would
reside in the matrix. Mitochondria
outer and inner membrane contact
sites mediate transfer of proteins
from one membrane to the other
(36), making such a transfer plausi-
ble. Alternatively, the orientation of
the EGFR in the OMM may be
flipped such that the ligand binding
domain would reside in the cyto-
plasm and Tyr(P)-845 in the IMS, in
the proper orientation for binding
to CoxII. To explain this model, a
protein similar to a flipase or a
scramblase could be invoked that
could facilitate flipping of the EGFR.
Although speculative, these poten-
tial mechanisms provide starting
points for future studies.
Another key question raised by

this study is whether EGFR and
c-Src localization at the mitochon-
dria and the association of EGFR
with CoxII affects mitochondrial

function. To begin addressing this question, purified EGFR and
c-Src were found to phosphorylate a recombinant CoxII frag-
ment and CoxII immunoprecipitated from cells (Fig. 8). This
result supports a previous study showing full-length, immuno-
precipitated CoxII phosphorylation by immunoprecipitated
c-Src from osteoclasts (18). We have also observed tyrosine
phosphorylation of CoxII in cells stimulated by EGF. Our

FIGURE 8. EGFR and c-Src phosphorylate CoxII. A, MDA-MB-231 cells were serum-starved for 24 h, and 1 mg
of lysate protein was immunoprecipitated (IP) with anti-CoxII or IgG antibody. Precipitated proteins were
incubated with purified c-Src or truncated EGFR in the presence of [�-32P]ATP as described under “Experimen-
tal Procedures.” Precipitated proteins were also immunoblotted (WB) with CoxII antibody. B, mitochondrial
DNA from MCF7 cells was used as a template for generation of a truncated His-CoxII cDNA (aa 52–115). C, the
His-tagged CoxII truncation mutant was expressed in E. coli and purified as described under “Experimental
Procedures.” The purified protein plus extracts from un-induced and induced cultures were resolved by SDS-
PAGE and Coomassie-stained. IPTG, isopropyl 1-thio-�-D-galactopyranoside. D, purified His-CoxII was incu-
bated with purified c-Src or EGFR in the presence of [�-32P]ATP. Reactions were resolved by SDS-PAGE, dried,
and exposed to film. Kinase reactions were also immunoblotted with an anti-His antibody. E, MDA-MB-231 cells
were serum-starved for 24 h and EGF-stimulated, and 1 mg of lysate protein was immunoprecipitated with
anti-CoxII or IgG antibody. Immunoprecipitated proteins were immunoblotted with CoxII or phosphotyrosine
antibodies.
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studies do not exclude the possibility of other phosphoryla-
tion or modification events on other mitochondrial proteins,
including other Cox subunits and their effects on mitochon-
drial function.

The current study has shown that
20min of EGF stimulation results in
decreasedCox activity andATP lev-
els (Fig. 9). These results are incon-
gruent with the data of Miyazaki et
al. (18), who found that c-Src-
dependent phosphorylation of Cox
II in osteoclasts increases Cox activ-
ity. The reason for this discrepancy
is unclear, but it could be due to the
use of different cell types, growth
factor stimulation, different assays
for Cox activity, etc. However, we
have demonstrated that the
decrease in ATP can be partially
reversed by EGFR that is deficient in
mitochondrial localization (Fig.
9D), suggesting that the EGF-in-
duced reduction of ATP levels in
these cells does occur and is medi-
ated in part by mitochondrial local-
ization of the EGFR. These results
are supported by previous work
demonstrating that cAMP elevation
and tumor necrosis factor-� treat-
ments lead to tyrosine phosphoryla-
tion of Cox, inhibition of its activity,
and reduced ATP levels (17, 32).
In both 10T1/2 fibroblasts and

MDA-MB-231 cells, the observed
reduction in Cox activity in
response to EGF even in the pres-
ence of sufficient amounts of oxy-
gen suggests aWarburg-like effect is
occurring. This phenomenon is
characterized by a conversion in
ATP production from predomi-
nantly oxidative phosphorylation to
glycolysis and pentose metabolism
(37). The forces underlying this
switch are still unclear, but the shift
may occur to provide alternative
building blocks for cell proliferation
as well as to reduce mitochondria-
associated free radical production,
which might otherwise interfere
with growth (38). Linked to this shift
is the stabilization of hypoxia-in-
ducible factor 1 (HIF1). A primary
consequence of HIF1 activation is
inhibition of mitochondrial ATP
production and up-regulation of
glycolytic ATP production (37). Ini-
tially identified by its stabilization

and activation under hypoxia, HIF1 is now also known to be
activated under normoxia by oncogenes, such as EGFR (39) and
Src (37), among others. The mechanism by which these pro-
teins lead to HIF1 activation is unclear, but it is within reason

FIGURE 9. EGF stimulation alters mitochondrial function. A, 10T1/2 cells co-overexpressing EGFR and c-Src
were left untreated or treated with EGF for 20 min, and Cox activity was measured by an oxygen consumption
assay as described under “Experimental Procedures.” Specific activity (turnover number (TN)) is defined as
consumed O2 (�M)/(min�total extract protein (mg)). Shown are representative results of three experiments.
10T1/2 cells co-overexpressing EGFR and c-Src (B) and MDA-MB-231 cells (C) were assayed for ATP levels after
EGF treatment as described under “Experimental Procedures.” ATP concentration is plotted (B) as the percent
change compared with unstimulated, SF, or as -fold change compared with SF (C). Results are shown as the
mean � S.E. of three experiments (*, p � 0.022) for B and of four experiments (*, p � 0.021) for C. D, Chinese
hamster ovary cells were transiently co-transfected with c-Src and the indicated EGFR constructs and serum-
starved for 24 h and left untreated or stimulated with EGF for 20 min. Transfection efficiency was �85% in all
cases. ATP concentration is plotted as the percent change compared with SF. Average SF ATP concentrations
were as follows: wt EGFR � 5103, �645– 666 EGFR � 5057, K721 EGFR � 5096. The results are shown as the
mean � S.E. of seven experiments (*, p � 0.012; �, p � 0.044; #, p � 0.002).
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that this event could occur in response to EGF stimulation
and/or EGFR/c-Src co-localization with the mitochondria. In
this scenario EGF stimulation would lead to EGFR and c-Src
activation followed by translocation of these molecules to the
mitochondria, phosphorylation of CoxII by EGFR and/or c-Src,
reduction in oxidative ATP and free radical production, and an
increase in cell viability. Although speculative, this hypothesis
serves as a starting point upon which further investigation into
mechanisms of EGF-induced cellular survival can be based.
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