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Background:Here, we investigated whether ironmobilization enhanced photodynamic therapy (PDT)-induced cell killing.
Results: Lysosomal iron release and mitochondrial iron uptake through mitoferrin-2 (Mfrn2) acted synergistically to induce
PDT-mediated and iron-dependent mitochondrial dysfunction and cell killing.
Conclusion:Mfrn2 plays a critical role in transporting iron to mitochondria to enhance PDT.
Significance: Head and neck cancers expressing higher Mfrn2 protein levels benefit more from PDT.

Photodynamic therapy (PDT) is a promising approach to treat
head and neck cancer cells. Here, we investigated whether
mitochondrial iron uptake through mitoferrin-2 (Mfrn2)
enhanced PDT-induced cell killing. Three human head and
neck squamous carcinoma cell lines (UMSCC1, UMSCC14A,
and UMSCC22A) were exposed to light and Pc 4, a mitochon-
dria-targeted photosensitizer. The three cell lines responded
differently: UMSCC1 and UMSCC14A cells were more resis-
tant, whereas UMSCC22A cells were more sensitive to Pc
4-PDT-induced cell death. In non-erythroid cells, Mfrn2 is an
iron transporter in the mitochondrial inner membrane. PDT-
sensitive cells expressed higherMfrn2mRNA and protein levels
compared with PDT-resistant cells. High Mfrn2-expressing
cells showed higher rates of mitochondrial Fe2� uptake com-
pared with low Mfrn2-expressing cells. Bafilomycin, an inhibi-
tor of the vacuolar proton pump of lysosomes and endosomes
that causes lysosomal iron release to the cytosol, enhancedPDT-
induced cell killing of both resistant and sensitive cells. Iron
chelators and the inhibitor of the mitochondrial Ca2� (and
Fe2�) uniporter, Ru360, protected against PDTplus bafilomycin
toxicity. Knockdown of Mfrn2 in UMSCC22A cells decreased
the rate of mitochondrial Fe2� uptake and delayed PDT plus
bafilomycin-induced mitochondrial depolarization and cell
killing. Taken together, the data suggest that lysosomal iron
release and Mfrn2-dependent mitochondrial iron uptake act
synergistically to induce PDT-mediated and iron-dependent
mitochondrial dysfunction and subsequent cell killing. Further-
more, Mfrn2 represents a possible biomarker of sensitivity of
head and neck cancers to cell killing after PDT.

Head and neck cancer, including cancers of themouth, nose,
oral cavity, and throat, is the sixthmost common cancer world-
wide (1). Current treatments for head and neck cancers include
surgery, radiation, chemotherapy and any of these in combina-
tion (2). However, each of these treatments leads to undesirable
side effects that cause systemic toxicity or disfigurement that
can dramatically affect quality of life.
Photodynamic therapy (PDT)2 is a localized treatment that

uses a light-activated photosensitizer, which upon activation,
transfers its high energy to oxygen and generates reactive oxy-
gen species (ROS) that kill cancer cells. PDT is a non-invasive
method, making it a promising alternative to conventional can-
cer therapy. PDT is best used for treatment of superficial can-
cerous lesions, including cutaneous neoplasms, head and neck
cancers, and premalignant conditions such as Barrett esopha-
gus (3, 4). These lesions are easily accessible to red laser light.
Use of PDT in large solid tumors is more challenging. Depend-
ing on the wavelength of the photosensitizing light and the
concentration of photosensitizer, the depth of tumor destruc-
tion ranges from a few mm to 1 cm. Decreased oxygen tension
deep in poorly vascularized tumors can also result in decreased
formation of singlet oxygen and other ROS, thereby diminish-
ing the therapeutic effect of PDT. Thus, adjuvant treatments to
increase intratumoral ROS production during PDT should
increase treatment efficacy.
In our studies, we have used phthalocyanine 4 (Pc 4), which is

a silicon phthalocyanine bearing a dimethylaminopropylsiloxy
ligand on the central silicon (5). Pc 4-PDT generates ROS pri-
marily within mitochondria, which leads to mitochondria-me-
diated apoptotic events that include the mitochondrial perme-
ability transition, mitochondrial swelling and cytochrome c
release (6). Other analogs of Pc 4 that primarily localize to lyso-
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the parent compound Pc 4, which localizes predominantly to
mitochondria (7). Enhanced PDT efficacy is partly due to a
release of lysosomal constituents such as cathepsins to the cyto-
sol (8, 9).
Cellular iron exists in two pools: non-chelatable iron that is

bound to ferritin and prosthetic groups (heme, iron-sulfur
complexes, etc.) of proteins and chelatable iron that is either
free or relatively loosely bound to anionic metabolites such as
citrate and ATP. Chelatable but not non-chelatable iron is
accessible for complex formation with chelators such as desfer-
rioxamine (DFO). Lysosomes store substantial amounts of che-
latable iron, which when released enhances PDT efficacy (10,
11). Chelatable iron promotes oxidative stress by catalyzing the
Fenton reaction, which produces highly reactive hydroxyl rad-
ical (OH�) from H2O2 and O2

. (12). OH� damages DNA, pro-
teins, and membranes.
Under physiological conditions, cytosolic chelatable iron

concentration is low. However, in pathological conditions, che-
latable iron released from lysosomes can dramatically increase
cytosolic iron concentration (11, 13). Mitochondria rapidly
accumulate chelatable iron released by lysosomes via the elec-
trogenic mitochondrial calcium uniporter (MCU) (11, 14–16).
MCU has recently been characterized as a 40-kDa mitochon-
drial membrane protein with channel activity (15, 16). In addi-
tion to Ca2�, MCU also transports Fe2� into mitochondria
when cytosolic Fe2� is elevated (11, 14).

Another mitochondrial protein, mitoferrin (Mfrn), also has
been reported to mediate iron transport across the mitochon-
drial inner membrane (17–19). Mfrn has two isoforms. Mfrn1
(SLC25A37) is a 38-kDa protein that is highly expressed in
erythroid cells and in low levels in other tissues, whereasMfrn2
(SLC25A28), a 39-kDa protein, is expressed in non-erythroid
tissues (20–23). The relative extent to which MCU and Mfrn
contribute to mitochondrial iron uptake and how these pro-
teins interact is poorly understood.
In this study, we explored the potential contribution of

Mfrn2 to PDT-mediated mitochondrial dysfunction and cyto-
toxicity after release of lysosomal iron with bafilomycin. Our
findings indicate that lysosomal iron release andmitochondrial
iron uptake through Mfrn2 act synergistically to induce PDT-
mediated and iron-dependent mitochondrial dysfunction and
subsequent cell killing. To our knowledge, this is the first study
to show the causal link betweenMfrn2 and mitochondrial dys-
function under pathological conditions.

EXPERIMENTAL PROCEDURES

Cell Culture—Human head and neck squamous carcinoma
cell lines (UMSCC1, UMSCC14, and UMSCC22) were a gift
from Dr. Besim Ogretmen (Medical University of South Caro-
lina). Cells were cultured on 10-cm (3 � 106/dish), 6-cm
(360,000/dish), 35-mm glass-bottomed MatTek dishes (Mat-
Tek Corp.; 150,000/dish), 24-well plates (100,000 and 200,000/
well for UMSCC1 and UMSCC22A, respectively), and 96-well
plates (6,000 and 15,000/well for UMSCC1 and UMSCC22A,
respectively) in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) supplemented with 10% fetal bovine serum (FBS)
and penicillin/streptomycin (complete culture medium) in a
humidified 37 °C incubator at 5% CO2, 95% air.

Cellular Pc 4 Uptake—The phthalocyanine photosensitizer
Pc 4 was obtained from Dr. Malcolm Kenney (Case Western
Reserve University) (5). A stock solution of 0.5 mM was pre-
pared in dimethyl formamide and diluted into complete culture
medium. At 24 h after replating, cells were incubated with Pc
4 at indicated concentrations for 18 h and then washed twice
with PBS and lysed in 0.5% SDS. Cell lysates were collected,
and fluorescence was measured with a fluorometer (Photon
Technology International, Birmingham, NJ) using 610-nm
excitation and 630–720-nm emission. A calibration curve
was constructed by adding known concentrations of Pc 4 to
the lysates.
Laser Scanning Confocal Microscopy—Glass-bottomedMat-

Tek dishes were placed in an environmental chamber at 37 °C
on the stage of a Zeiss LSM 510 laser scanning confocal micro-
scope (Zeiss, Thornwood, NY). A 63 � numerical aperture 1.4
oil immersion planapochromat objectivewas used for all exper-
iments. Rhodamine 123 and Pc 4 fluorescence was imaged
using 488-nm excitation/500–530-nm emission and 543-nm
excitation/560-nm long pass emission, respectively. Tetram-
ethylrhodamine methylester (TMRM) fluorescence was
imaged using 543-nm excitation and 560-nm long pass emis-
sion. Cells in images were outlined using Adobe Photoshop
software (Mountain View, CA). Average TMRM fluorescence
intensity of the outlined cells was then quantified followed by
background subtraction to yield cell specific mean TMRM flu-
orescence intensity.
Subcellular Localization of Pc 4—UMSCC1, UMSCC14A,

and UMACC22A cells were cultured onto glass-bottomed
MakTek dishes and loaded with Pc 4 for 18 h. Medium was
changed to fresh medium supplemented with insulin-transfer-
rin-selenium-X reagent (insulin (10 �g/ml), transferrin (5.5
�g/ml), selenium (6.7 ng/ml), ethanolamine (0.2 mg/ml))
(Invitrogen) but omitting FBS. To assess co-localization of Pc 4
with mitochondria, cells were loaded with 500 nM rhodamine
123 for 20 min. Medium was then changed with fresh medium
containing 50 nM rhodamine 123. Images of rhodamine 123 and
Pc 4 were collected with confocal microscopy.
Photodynamic Therapy—Cell cultures were incubated with

different concentrations of Pc 4 for 18 h before exposure to 390
mJ/cm2 red light (670 nm) at 37 °C from an Intense HPD 7404
diode laser (North Brunswick, NJ). After exposure to red light,
cells were incubated for various periods of time prior to
analysis.
Mitochondrial Iron Uptake—UMSCC1 and UMSCC22A

cells were cultured on 24-well plates for 24 h. Cells were then
washed three times with intracellular buffer as follows (120mM

KCl, 10mMNaCl, 2mMMgCl2, 2.5mMKH2PO4, 20mMHEPES
buffer, pH 7.4, 0.02mM EGTA, 5mMNa2 succinate, 2mMATP,
3 mM glutathione, 1 �M rotenone, 2 �M thapsigargin, 5 �M

oligomycin, and 1 �g/ml protease inhibitors pepstatin, anti-
pain, and leupeptin). Digitonin (10 �M) was added to the last
wash. After 10 min, buffer was substituted with intracellular
buffer containing 5 �M calcein-free acid (Molecular Probes),
but no EGTA or digitonin and incubated for 5 min. Calcein
does not enter mitochondria and thus localizes exclusively to
the extracellular space. Calcein fluorescence (495-nm excita-
tion/515-nm emission) was measured using a fluorescence
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plate reader (Novostar, BMG LabTechnologies, Offenburg,
Germany) at 37 °C. After collection of base-line fluorescence, 5
�M FeSO4 was added, and fluorescence was measured every
0.5 s for 120 s. Fe2� binds to calcein in 1:1 ratio resulting in
quenching of calcein fluorescence (11, 24–26). As mitochon-
dria take up Fe2�, extramitochondrial calcein fluorescence
becomes unquenched. Rates of decrease of fluorescence were
normalized to protein content, and Fe2� uptake was expressed
as �mol Fe2�/min/mg protein.
Mitochondrial Membrane Potential—Cells incubated with

Pc 4 as described above were loaded with 250 nM TMRM for 60
min in culture medium followed by 50 nM TMRM to maintain
equilibrium distribution of the fluorophores. After collecting
base-line images of red TMRM fluorescence, cells were
exposed to light (390 mJ/cm2), and images were subsequently
collected over time using confocal microscopy.
Assessment of Cell Death—Cell death was assessed by pro-

pidium iodide (PI) fluorometry using a multiwell fluorescence
plate reader as described previously (27). PI fluorescence was
measured at frequent intervals using 530-nmexcitation (25-nm
band pass) and 620-nm emission (40-nm band pass) filters.
Between measurements, microtiter plates were placed in a
37 °C incubator. At the end of the experiment, digitonin (200
�M) was added to eachwell to permeabilize all cells and label all
nuclei with PI. Cell viability determined by PI fluorometry is
essentially the same as cell viability determined by trypan blue
exclusion (27).
RNAi Knockdown—UMSCC22A cells in 10-cm Petri dishes

were transfected with human Mfrn2 (Ambion Silencer Select,
catalog no. 4392420, Gene SLC25A28-S37874) and non-target
siRNA (25 nM,Ambion) using LipofectamineRNAiMAX trans-
fection reagent (Invitrogen) by reverse transfection according
to the manufacturer’s instructions. After 3 days, cells were
trypsinized and plated on 24-well plates (50,000 cells) for a sec-
ond siRNA transfection. After 3 more days, cells were loaded
with Pc 4 for PDT experiments, as described above.
Quantitative Real Time PCR—Total mRNA was extracted

from cell lysates using an RNeasy Mini Kit (Qiagen) following
the manufacturer’s instructions. Quantitative real time PCR
was performedby a two-step procedure. cDNAwas synthesized
by an iScript cDNA Synthesis kit (Bio-Rad), and PCR was car-
ried out using iQSYBR Green Supermix (Bio-Rad). Relative
Mfrn gene expression was normalized to r18S as a gene expres-
sion control. Primers for Mfrn1 and Mfrn2 were adopted from
Harvard Gene Bank as follows: Mfrn1 (ID 7706150a1)-fw,
5�-TAGCCAACGGGATAGCTGG-3� andMfrn1-rv, 5�-GTG-
GTGTAGCTCCGGTAGAAG-3� (178 base pairs); Mfrn2 (ID
28703800a1)-fw, 5�-CTGCGTGATGTACCCCATCG-3� and
Mfrn2-rv, 5�-CCTGTTGCTGTGACGTTCAG-3� (159 base
pairs); 18S-fw, 5�-GAGGGAGCCTGAGAAACGG-3�; and
18S-rv, 5�-GTCGGGAGTGGGTAATTTGC-3� (68 base
pairs).
Western Blot Analysis—Cell extracts were prepared in ice-

cold radioimmune precipitation assay lysis buffer (150 mM

NaCl, 1 mM EGTA, 1% sodium deoxycholate, 1% Triton X-100,
0.1% SDS, 1% Nonidet P-40, 50 mM Tris-Cl, pH 7.4) supple-
mented with a mixture of protease inhibitors (Roche Diagnos-
tics) and centrifuged. Equivalent amounts of protein deter-

mined by Bradford assay (Bio-Rad) in sample buffer
(Invitrogen) supplemented with 10% SDS and 10% �-mercap-
toethanol were resolved on NuPAGE® Tris-bis 4–12% poly-
acrylamide gels (Invitrogen). Proteins were transferred to
PVDF membranes (EMD Millipore) and probed with anti-
Mfrn-2 (1:500) (Abcam), anti-TOM20 (1:1000) (Santa Cruz
Biotechnology), and anti-�-tubulin (1:1000) (Sigma-Aldrich).
Membranes were developed by the Enhanced Chemilumines-
cence Detection System (Thermo Fisher Scientific), and band
intensities were quantified using a Caresteam 4000 PRO image
station (Woodbridge, CT).
Statistical Analysis—Data are shown asmeans� S.E. from at

least three independent experiments performed in triplicate.
Pairwise comparison was performed by two-tailed t test using
Instat2 software (GraphPAD, San Diego, CA). A p value � 0.05
was considered to be statistically significant.

FIGURE 1. Cellular uptake and subcellular localization of Pc 4 in head and
neck cancer cells. In A, UMSCC22A, UMSCC14A, and UMSCC1 cells were incu-
bated with 75–300, 100 –372, and 125– 451 nM Pc 4, respectively, for 18 h in
complete culture medium. Cells were lysed, and Pc 4 was measured spectro-
fluorometrically, as described under “Experimental Procedures.” Values were
normalized to protein and represent three independent experiments. In
B, UMSCC1, UMSCC14A, and UMSCC22A cells were incubated with 251, 201,
and 150 nM Pc 4, respectively, for 18 h. These loading concentrations achieved
virtually equal Pc 4 uptake (1.5 pmol/mg protein) in three cell lines, as shown
in A. Subsequently, cells were loaded with rhodamine 123 (Rh123), and green
rhodamine 123 and far red Pc 4 fluorescence was imaged by confocal micros-
copy, as described under “Experimental Procedures.” Images are representa-
tive of three independent experiments.
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RESULTS

Cellular Uptake and Subcellular Localization of Pc 4 in Head
and Neck Cancer Cells—Pc 4 is a hydrophobic photosensitizer
that diffuses freely across the plasma membrane and binds to
membranes of intracellular organelles (6). Based on prelimi-
nary experiments, the three head and neck cancer cell lines
were incubated with different concentrations of Pc 4, as indi-
cated in Fig. 1A. Cellular Pc 4 uptake was determined in cell
lysates. The three cell lines took up Pc 4 differently in the
order of UMSCC22A � UMSCC14A � UMSCC1 (Fig. 1A).
UMSCC14A and UMSCC1 cells required higher loading con-
centrations of Pc 4 to yield the same Pc 4 uptake asUMSCC22A
cells (Fig. 1A). Subsequent studies utilized Pc 4 loading concen-
trations described in Fig. 1A to achieve nearly equal Pc 4 loading
of 0.8, 1.5 and 2.8 pmol/mg protein for the three cell types.

Subcellular localization of Pc 4was determined at equal cellular
Pc 4 loading (1.5 pmol/mg) using confocal microscopy. To
determine co-localization of Pc 4 withmitochondria, cells were
loadedwith rhodamine 123, a green-fluorescingmitochondria-
specific probe. Most far red-fluorescing Pc 4 co-localized with
rhodamine 123-labeled mitochondria, as shown by yellow in
the merged green and red fluorescence images (Fig. 1B). In all
three cell lines, the overall Pc 4 pattern and co-localization of Pc
4 with rhodamine 123 were similar (Fig. 1B).
Head and Neck Cancer Cells Respond Differently to PDT—

After determination of Pc 4 loading concentrations resulting in
equal cellular Pc 4 uptake between the three head and neck
cancer cell lines, we determined their individual sensitivity to
Pc 4-PDT. Sensitivity to Pc 4-PDT was determined at three
different levels of cellular Pc 4 uptake: 0.8, 1.5, and 2.8 pmol/mg
protein. All three cell lines were resistant to PDT at Pc 4 uptake
of 0.8 pmol/mg protein (Fig. 2A). At 1.5 pmol/mg protein, Pc
4-PDT had minimal toxicity in UMSCC1 and UMSCC14A
cells, but UMSCC22A cells were more sensitive. In
UMSCC22A cells, viability decreased to 15% at 8 h after PDT
with 1.5 pmol of Pc 4/mg protein (Fig. 2,A andB). At still higher
Pc 4 (2.8 pmol/mg), the differences in sensitivity between cell
lines diminished, although UMSCC22A cells still showed the
fastest rate of cell killing (Fig. 2C). Because resistant UMSCC1
and UMSCC14A cells were similar in sensitivity to PDT, we

FIGURE 2. Head and neck cancer cells respond differently to PDT. Cells on
96-well plates were incubated for 18 h with Pc 4 to yield cellular Pc 4 loading
0.8, 1.5, and 2.8 pmol/mg protein (A, B, and C, respectively), as described in
Fig. 1A. Cells were then placed in fresh medium supplemented with insulin-
transferrin-selenium-X reagent and PI (30 �M) but omitting FBS followed by
exposure to light, as described under “Experimental Procedures.” Viability
was assessed by PI fluorometry. Data represent three independent experi-
ments performed in quadruplicate. *, p � 0.05; **, p � 0.01; ***, p � 0.0001
compared UMSCC1 and UMSCC14A to UMSCC22A.

FIGURE 3. Bafilomycin enhances PDT killing in resistant and sensitive cell
lines. UMSCC1 (A) and UMSCC22A (B) cells plated on 96-well plates were
incubated with Pc 4 to yield loading of 0.8 and 1.5 pmol/mg protein, as
described in Fig. 1A. After 18 h, medium was changed to fresh medium sup-
plemented with insulin-transferrin-selenium-X reagent and PI (30 �M) but
omitting FBS, followed by incubation with bafilomycin (Baf, 50 nM) for 1 h,
where indicated. Subsequently, cells were exposed to light. Viability was
assessed by PI fluorometry. Data represent three independent experiments
performed in quadruplicate. *, p � 0.0001 compared with Pc 4 (1.5 pmol) (A).
*, p � 0.01; **, p � 0.001 compared with Pc 4 (0.8 pmol) (B).
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focused on UMSCC1 cells in comparison with UMSCC22A
cells for further experiments.
Bafilomycin Enhances PDTKilling in Both Resistant and Sen-

sitive Cell Lines—Our previous studies showed that collapse of
lysosomal pH by bafilomycin, an inhibitor of the vacuolar pro-
ton-pumping ATPase (V-ATPase), enhances mitochondria-
mediated Pc 4-PDT killing in A431 epidermoid cancer cells
(10). Here, we assessed the effect of bafilomycin on PDT-in-
duced cell killing in head and neck cancer cell lines. At a loading

of 0.8 pmol/mg protein, Pc 4-PDT alone or in combinationwith
bafilomycin induced minimal toxicity in resistant UMSCC1
cells (Fig. 3A). At higher Pc 4 loading (1.5 pmol/mg), the com-
bination of Pc 4with bafilomycin caused 100% cell deathwithin
5 h after PDT (Fig. 3A). In these experiments, bafilomycin alone
and light alone caused no toxicity (data not shown).
In sensitive UMSCC22A cells, Pc 4 at 0.8 pmol/mg protein

caused no toxicity during PDT, but the combination of Pc 4
with bafilomycin greatly enhanced cell killing and decreased
viability from 93% (Pc 4-PDT alone) to 17% (Pc 4-PDT plus
bafilomycin) (Fig. 3B). At higher Pc 4 (1.5 pmol/mg), PDT
induced substantial cell killing in sensitive UMSCC22A cells,
and bafilomycin did not further enhance killing since the
UMSCC22 cells were already very sensitive to the higher Pc 4
dose. We obtained similar results with another agent, chloro-
quine, which, similar to bafilomycin, causes lysosomal alkalin-
ization (data not shown) (28, 29). Bafilomycin and chloroquine
induce lysosomal alkalinization by different mechanisms: bafi-
lomycin inhibits V-ATPase, whereas chloroquine is aweak base
that accumulates into lysosomes to collapse the acidic pH gra-
dient. Acidic lysosomal digestion of iron-containing proteins is
one source of intralysosomal chelatable iron. However, the lys-
osomal protease inhibitors pepstatin A and leupeptin (10 �M)
did not alter PDT-induced cell death in either the presence or
absence of bafilomycin (data not shown). Taken together, the
results in Figs. 2 and 3 demonstrated that bafilomycin sensitizes
both sensitive and resistant head andneck cancer cell lines to Pc
4-PDT. Resistant cells are sensitized by bafilomycin and rela-
tively higher Pc 4 loading, whereas sensitive cells were sensi-
tized at lower Pc 4 loading.

FIGURE 4. Iron chelators and Ru360 protect against bafilomycin-en-
hanced PDT killing. UMSCC1 (A) and UMSCC22A (B) cells were loaded with
Pc 4 in the presence and absence of iron chelators, DFO (1 mM) and sDFO (1
mM), and the MCU inhibitor, Ru360 (10 �M) for 18 h. Cells were exposed to
light, and cell killing was assessed with PI fluorometry, as described in Fig. 2.
Values are from three independent experiments. *, p � 0.05; **, p � 0.01
compared Pc 4�bafilomycin�DFO/sDFO/Ru360 to Pc 4�bafilomycin (Baf).
In C, UMSCC22A cell lysates collected at 45 min post-PDT were analyzed by
Western blotting for LC3-I and II. Blot is representative of four independent
experiments.

FIGURE 5. Differential endogenous Mfrn2 gene and protein expression in head and neck cancer cells. In A, Mfrn1 and Mfrn2 mRNA were quantified in
different cell types by real time PCR, as described under “Experimental Procedures.” Values are expressed as arbitrary units (a. u.) normalized to the house-
keeping rRNA 18S. Data are from three independent lysates. *, p � 0.05; **, p � 0.01 compared with UMSCC22A. In B and C, cell lysates were analyzed by
Western blotting for Mfrn2, TOM20, and �-tubulin. Blots are representative of three independent experiments (B). Band intensities were quantified and
normalized to �-tubulin (C). Data are from three independent lysates. *, p � 0.0001 compared with UMSCC22A. In D, UMSCC1 and UMSCC22A cells were
incubated in intracellular buffer, and rates of the mitochondrial Fe2� uptake were measured after digitonin-permeabilization from dequenching of calcein
fluorescence, as described under “Experimental Procedures.” Data represent three independent experiments performed in triplicate. *, p � 0.01 compared
with UMSCC22A.
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Iron Chelators and Ru360 Protect Against Bafilomycin-en-
hanced PDTKilling—Bafilomycin releases chelatable iron from
lysosomes to the cytosol (11). Therefore, we characterized
whether chelation of iron would protect against bafilomycin-
enhanced cell killing during PDT. Cells were pretreated with
DFO (1 mM) for 18 h before bafilomycin and subsequent light
exposure. In resistant UMSCC1 cells, DFO protected against
cell killing and increased cell viability from 0 to 37% at 5 h after
PDT with high Pc 4 (1.5 pmol/mg) (Fig. 4A). sDFO (1 mM,
Biomedical Frontiers, St. Paul,MN), which is taken up by endo-
cytosis and specifically chelates endosomal/lysosomal iron,
protected against cell killing after Pc 4-PDT to an even greater
extent than DFO, increasing viability from 0 to 52% after 5 h
(Fig. 4A). Ru360 is a highly specific inhibitor of the electrogenic
MCU (30). When cytosolic Fe2� increases, MCU transports
iron into mitochondria (11, 14). Ru360 (10 �M) blocked bafilo-
mycin-enhanced PDT killing, increasing viability from 0 to 79%
after 5 h in UMSCC1 cells (Fig. 4A).

Similarly, in sensitive MUSCC22A cells, DFO and sDFO
greatly protected against bafilomycin-enhanced PDT toxicity
at low Pc 4 (0.8 pmol/mg), increasing viability from 17% to 69
and 60%, respectively, after 8 h (Fig. 4B). Ru360 provided even
greater protection and increased viability from17 to 87%. Cyto-
protection with sDFO indicated that bafilomycin-enhanced
toxicity during PDT is mediated by release of lysosomal iron to
the cytosol, whereas protection by Ru360 implies that mito-
chondrial iron uptake by MCU also underlies PDT.
Bafilomycin and chloroquine block processing of autophago-

somes and prevent autophagy by accumulation of LC3-II (31–
33). To exclude the possibility that DFO or Ru360 affect
autophagy, LC3-II protein expression was determined in
UMSCC22A cells. Bafilomycin plus Pc 4-PDT increased LC3-II
protein expression (Fig. 4C). However, DFO and Ru360 did not
have additional effect on LC3-II, indicating that cytoprotection
by DFO and Ru360 cannot be explained by changes in
autophagy.
Differential Endogenous Mfrn2 Gene and Protein Expression

in Head and Neck Cancer Cells—In non-erythroid cells, Mfrn2
is an iron transporter localized in the mitochondrial inner
membrane that transports iron from the cytosol into mito-
chondria (20, 34). Because bafilomycin-induced toxicity during
PDT is likely related to mitochondrial iron uptake, we assessed
Mfrn2 expression in head and neck cancer cells. PDT-sensitive
cells (UMSCC22A) expressed 2-fold higher Mfrn2 mRNA
measured by quantitative PCR compared with PDT-resistant
(UMSCC1 and UMSCC14A) cells. As expected, all head and
neck cancer cells expressed little Mfrn1, the isoform expressed
predominantly in hematopoietic cells (Fig. 5A). Conversely,
human562 erythromyeloblastoid leukemia cells expressed high
levels of Mfrn1 and less Mfrn2 (Fig. 5A).
As assessed by Western immunoblotting, PDT sensitive

UMSCC22Aexpressed 2-fold higherMfrn2 protein levels com-
pared with resistant UMSCC1 and UMSCC14A (Fig. 5, B and
C). Lys-562 cells expressedmuch lowerMfrn2 (Fig. 5, B andC).
Samples from all cell lines contained equal amounts of the
mitochondria-specific protein TOM20 (Fig. 5C). Thus, the dif-
ference inMfrn2 protein expression between the cell lines can-

not be explained by differences in mitochondrial proteins in
lysates.
Down-regulation of Mfrn2 Results in Decreased Mitochon-

drial Fe2� Uptake—Next, we determined whether cells ex-
pressing more Mfrn2 were capable of transporting iron faster
from the cytosol to mitochondria compared with cells with less
Mfrn2. Mitochondrial iron uptake was measured in digitonin-
permeabilized cells after addition of 5 �M FeSO4 using calcein
fluorescence, which is quenched by Fe2�. Bafilomycin was not
included in these experiments because any iron released by
lysosomes would have been immediately diluted into the
medium. Indeed, PDT-sensitive UMSCC22A cells showed
higher rates of mitochondrial Fe2� uptake compared with
resistant UMSCC1 cells (0.27 versus 0.08 �mol Fe2�/min/mg

FIGURE 6. Mfrn2 knockdown decreases mitochondrial iron uptake.
UMSCC22A cells were transfected with Mfrn2 and non-target siRNA for 6
days, as described in “Experimental Procedures.” In A, Mfrn2 mRNA expres-
sion by real time PCR was normalized to 18S rRNA and expressed as percent of
non-target values. Data are from three independent experiments. *, p � 0.01
compared with non-target siRNA. In B, protein expression of Mfrn2 and �-tu-
bulin after siRNA treatments was quantified. A representative Western blot
and averaged intensities from three independent experiments are shown. *,
p � 0.05 compared with non-target siRNA. In C, mitochondrial Fe2� uptake
was measured in digitonin-permeabilized cells, as described under “Experi-
mental Procedures.” Data are from three independent experiments per-
formed in triplicate. *, p � 0.01 compared with non-target siRNA.
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protein) (Fig. 5C). Ru360 (10 �M) blocked Fe2� uptake virtually
completely in both cell lines (data not shown).
The results in Fig. 5 demonstrate a correlation between

Mfrn2 expression and mitochondrial Fe2� uptake in head and
neck cancer cells. Therefore, we reasoned that decreased
expression of Mfrn2 in UMSCC22A cells should also de-
crease mitochondrial Fe2� uptake. Knockdown of Mfrn2 in
UMSCC22A cells using siRNA caused an 88% decrease in
Mfrn2 gene expression (Fig. 6A) and a 56% decrease in protein
expression (Fig. 6B). As expected, knockdown of Mfrn2 also
decreased rates of mitochondrial Fe2� uptake by 79% com-
pared with cells transfected with non-target siRNA (0.31 versus
0.07 �mol/min/mg protein) (Fig. 6C).
Down-regulation ofMfrn2DelaysMitochondrial Depolariza-

tion and Cell Death after PDT Plus Bafilomycin—Iron, by par-
ticipating in Fenton chemistry and increasing ROS production,
can induce mitochondrial dysfunction and cell death. There-
fore, we assessed the effects ofMfrn2 knockdownonmitochon-
drial membrane potential and cell viability in high Mfrn2-ex-
pressing UMSCC22A cells. At 0 min, bright pseudocolored red
and yellow spheres represented high TMRM fluorescence
intensities in polarized mitochondria (Fig. 7A). After exposure
to PDT with low Pc 4 (0.8 pmol/mg protein) plus bafilomycin,
bright spheres rapidly disappeared in cells transfected with

non-target siRNA, such that after 15 min, most TMRM had
leaked from the mitochondria, indicating mitochondrial depo-
larization. After 30 min, virtually all polarized mitochondria
disappeared (Fig. 7, A and B). By contrast inMfrn2 knockdown
cells, many brightly fluorescent mitochondria persisted even
after 30 min (Fig. 7A). These differences were statistically sig-
nificant (Fig. 7B). Moreover, Mfrn2 knockdown protected
against cell killing after PDT with bafilomycin, increasing cell
viability from 0 to 56% after 8 h (Fig. 7C). The results implicate
Mfrn2 expression as a key factor in sensitivity to Pc 4-PDT.

DISCUSSION

This study provides mechanistic information regarding the
contribution of lysosomal chelatable iron tomitochondrial dys-
function and cell death during PDT. Our results indicate that
lysosomal iron release and mitochondrial iron uptake through
Mfrn2 act synergistically to induce PDT-mediated and iron-de-
pendent mitochondrial dysfunction and subsequent cell killing
in head and neck cancer cells. To our knowledge, this is the first
study to show that Mfrn2 participates in mitochondrial dys-
function under pathological conditions.
Treatment of head and neck cancers is especially challenging

because current treatments such as surgery drastically affect
patient quality of life. PDT has been successfully used for head

FIGURE 7. Mfrn2 knockdown confers resistance to mitochondrial depolarization and cell killing after PDT. In A, UMSCC22A cells were transfected with
Mfrn2 and non-target siRNA for 6 days, as described under “Experimental Procedures.” Cells were then incubated with Pc 4 (0.8 pmol/mg protein) for 18 h in
complete culture medium, loaded with TMRM, as described under “Experimental Procedures.” Red fluorescence of TMRM was imaged by laser scanning
confocal microscopy before (0 min) and every 5 min after irradiation for 30 min. Image intensity was pseudocolored according to the reference bar. Repre-
sentative images from three independent experiments are shown. In B, average TMRM fluorescence after background subtraction under conditions described
in A is plotted as percentage of TMRM fluorescence of 0 min. Data are from analysis of 74 – 80 cells per treatment group obtained from three independent
experiments. *, p � 0.05 compared with non-target siRNA. In C, cells viability under the same conditions as A was determined by PI fluorometry. Data represent
three independent experiments performed in quadruplicate. *, p � 0.05 compared with non-target siRNA. Baf, bafilomycin.
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and neck squamous carcinomas in a number of clinical trials
using different photosensitizers (35, 36). In this study of differ-
ent head and neck cancer cell lines exposed to Pc 4-PDT,
UMSCC1 and UMSCC14A were more resistant than
UMSCC22A to Pc 4-PDT (Fig. 2). Differences in sensitivity
could not be explained by differences in uptake or sub-cellular
localization of Pc 4 (Fig. 1).
During Pc 4-PDT, the predominant proportion of ROS pro-

duction occurs inside mitochondria, leading to the mitochon-
drial permeability transition and cell death (6). Our previous
results showed that lysosomal iron release by bafilomycin
greatly accelerates Pc 4-PDT-mediated cell killing in A431 epi-
dermoid carcinoma cells (10). Although bafilomycin acts on
lysosomes, its toxic effects are manifested in mitochondria by
accelerated depolarization after PDT, resulting in cell death
(10). Lysosomes are a reservoir of chelatable, redox-active Fe2�

(11). Fe2� reacts with H2O2 to generate highly reactive and
toxic OH�. Once released from lysosomes by bafilomycin, iron
can participate in iron-mediated Fenton chemistry in the cyto-
sol or be taken up by mitochondria to catalyze mitochondrial
ROS production. Bafilomycin enhanced PDT cell killing in all
three head and neck cancer cell lines studied, although there
was a difference in sensitivity to bafilomycin among the cell
lines (Fig. 3). Chloroquine, another lysosomal alkalinizing
agent, also promoted PDT toxicity (data not shown).
UMSCC22A cells that were most sensitive to PDT alone

were also most sensitive to bafilomycin-enhanced toxicity dur-
ing PDT (Fig. 3). The iron chelators DFO and sDFO both pro-
tected against bafilomycin-enhanced PDT toxicity (Fig. 4). The
observation that sDFO, which specifically chelates lysosomal
iron, was also cytoprotective indicates that lysosomes/endo-
somes release redox-active chelatable iron after bafilomycin
and that DFO and sDFO prevent this release by chelating the
intraluminal iron store of these organelles. As shown by
increased LC3-II protein expression, bafilomycin plus Pc
4-PDT enhanced accumulation of autophagosomes. However,
DFO and Ru360 did not change LC3-II protein expression, sig-
nifying that cytoprotection by DFO and Ru360 was not medi-
ated by changes of autophagy (Fig. 4C).
Ru360 also protected against bafilomycin-enhaced PDT tox-

icity (Fig. 4). Interestingly, Ru360-mediated protection was
greater than that observed with iron chelators. Ru360 is a
potent inhibitor of theMCU (30). For years, Ca2� uptake across
the mitochondrial inner membrane has been known to be
mediated by MCU. However, only recently, MCU was identi-
fied as a 40-kDamitochondrial inner membrane protein. MCU
contains two transmembrane domains and shows channel
activity (15, 16). MCU also mediates transport of Fe2� into
mitochondria, and DFO- and sDFO-sensitive mitochondrial
iron uptake throughMCUoccurs in pathological situations and
contributes to cytotoxicity (11, 14, 29). Therefore, Ru360 pro-
tection against bafilomycin toxicity during PDT is likely
explained by prevention of Fe2� uptake into mitochondria
through MCU.
AlthoughMCUmay serve as an iron transporter under path-

ological conditions, other iron transporters have been identi-
fied as well. Mfrn1 is highly expressed in erythroid cells,
whereas nonerythroid tissues express Mfrn2 (20). There is no

sequence homology between MCU and Mfrn2 (15, 16). All
three head andneck cancer cell lines expressed very littleMfrn1
(Fig. 5). Interestingly, the cell lines that were more resistant
(UMSCC1 and UMSCC14A) to PDT and bafilomycin toxic-
ity also expressed less Mfrn2 mRNA and protein than
UMSCC22A, a sensitive cell line (Figs. 3 and 5). Furthermore,
mitochondria in permeabilized UMSCC22A cells took up Fe2�

at a 3.6-fold faster rate compared with UMSCC1 cells (Fig. 5C).
These findings suggest that Mfrn2 may be a regulator of MCU.
The interaction between MCU and Mfrn2 is still unresolved.
Immunoprecipitation does not show an interaction between
MCU and Mfrn2 (16). However, this interaction may require
higher Fe2� compared with physiological conditions. Another
possibility is that MCU and Mfrn2 are two entirely separate
transporters, but both are inhibited by Ru360. Further studies
are needed to address these questions.
Down-regulation of Mfrn2 decreased the rate of mitochon-

drial Fe2� uptake and delayed mitochondrial depolarization
and subsequent cell death after PDT plus bafilomycin (Figs. 6
and 7). These findings are consistent with the conclusion that
Mfrn2-dependent mitochondrial Fe2� uptake contributes to

FIGURE 8. Mfrn2 contributes to PDT-induced cell death. Pc 4-PDT induces
mitochondrial ROS production resulting in apoptotic cell death. The photo-
sensitizer Pc 4 localizes to mitochondria and is activated by light (hv) to pro-
duce formation of intramitochondrial ROS, including H2O2. Iron released from
lysosomes by bafilomycin is taken up by mitochondria in a Mfrn2-dependent
fashion. Iron inside mitochondria participates in Fenton chemistry to further
enhance the ROS-mediated mitochondrial permeability transition (MPT),
mitochondrial depolarization, cytochrome c (cyto c) release and apoptotic cell
death. Cytotoxicity is decreased by the iron chelators DFO and sDFO and by
Ru360 that prevents mitochondrial iron uptake. Knockdown of Mfrn2 delays
mitochondrial depolarization and cell death induced by bafilomycin during
PDT.
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cytotoxicity during PDT. The finding that Ru360 protected
against bafilomycin-enhanced PDT toxicity also suggests that
MCU-mediated mitochondrial Ca2� uptake may contribute to
PDT cytotoxicity, which would explain greater protection by
Ru360 than DFO or sDFO (Fig. 4).
Our data support the conclusion that lysosomal iron release

and mitochondrial iron uptake act synergistically to induce
PDT-mediated and iron-dependentmitochondrial dysfunction
and subsequent cell killing (Fig. 8). Pc 4 localized to mitochon-
dria is activated by light to produce intramitochondrial ROS.
Iron released from lysosomes by bafilomycin is taken up by
mitochondria in a Mfrn2-dependent fashion, where it partici-
pates in iron-mediated Fenton reaction and further enhances
ROS-mediated mitochondrial permeability transition onset,
mitochondrial depolarization, cytochrome c release, and apo-
ptotic cell death (6). Intracellular iron chelation by DFO and
lysosomal iron chelation by sDFO protect against mitochon-
drial depolarization and cell death (10). Knockdown of Mfrn2
decreasesmitochondrial iron uptake and also delaysmitochon-
drial depolarization and cell death after PDT. Mfrn2-depen-
dentmitochondrial iron uptakemay also involveMCUbecause
Ru360, a specific inhibitor of MCU, blocks Mfrn2-dependent
iron uptake and protects against PDT cytotoxicity. Mfrn2 rep-
resents a possible biomarker of sensitivity of head and neck
cancers to cell killing after PDT. Furthermore, adjuvant bafilo-
mycin or chloroquine might enhance tumor response to Pc
4-PDT, especially in high Mfrn2-expressing tumors, by pro-
moting iron-dependent ROS production.
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