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Abstract

Significance:We demonstrate that clinically used kinase inhibitors such as lapatinib can be used
for enhancing aminolevulinic acid (ALA) for tumor fluorescence imaging and photodynamic
therapy (PDT).

Aim: ALA is used as a prodrug for protoporphyrin IX (PpIX) fluorescence-guided tumor resec-
tion and PDT. Our previous studies indicate that tumors with high ABCG2 activity exhibit low
PpIX fluorescence, which hampers the application of ALA. We aim to determine whether clin-
ically used ABCG2-interacting kinase inhibitors increase ALA-PpIX fluorescence and PDT.

Approach: PpIX fluorescence was determined by spectrofluorometry, flow cytometry, and con-
focal microscopy after ALA alone or in combination with kinase inhibitors in triple negative
breast cancer (TNBC) cell lines. Cytotoxicity was examined after ALA-PDT alone or in combi-
nation with kinase inhibitors. Effect of single and combination treatments on apoptosis was
assessed by Western blot.

Results: Four kinase inhibitors (lapatinib, PD169316, sunitinib, gefitinib) significantly in-
creased ALA-PpIX fluorescence and PDT response in TNBC cells with ABCG2 activity, but
not in MCF10A nontumor breast epithelial cell line without ABCG2 activity. Confocal micro-
scopic imaging showed that PpIX fluorescence was weak and diffuse after ALA alone, which
was greatly enhanced by kinase inhibitors, particularly in the mitochondria. Lapatinib was the
only inhibitor that significantly reduced PpIX efflux in cell culture medium and showed stronger
enhancement of PDT response than other kinase inhibitors. Lapatinib, in combination with ALA,
induced tumor cells to undergo apoptosis, whereas no apoptosis was detected after each indi-
vidual treatment.

Conclusions: Although all four kinase inhibitors were able to enhance ALA-PpIX fluorescence
and PDT, lapatinib exhibited the strongest enhancement effect. As an FDA-approved kinase
inhibitor for breast cancer treatment, lapatinib is ready to be used in combination with ALA for
therapeutic enhancement in tumors with elevated ABCG2 activity. This rational combination
approach warrants further investigation in tumor models.
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1 Introduction

Aminolevulinic acid (ALA) is an FDA-approved drug for photodynamic therapy (PDT) and
fluorescence-guided tumor resection.1 Although ALA itself has no fluorescence and photosen-
sitizing activity, it is metabolized in the heme biosynthesis pathway to produce protoporphyrin
IX (PpIX) in mitochondria that exhibits red fluorescence and photosensitizing activity.2

Catalyzed by ferrochelatase (FECH) in mitochondria, PpIX is further chelated with ferrous iron
(Fe) to form the pathway final product heme with no fluorescence and photosensitizing activity.
Although the mechanism is not yet clear, the preferential accumulation of PpIX in malignant
cells enables the use of ALA as a prodrug for tumor treatment with PDTand tumor surgery under
the guidance of PpIX fluorescence. PDTwith ALA is now commonly used in clinic for precancer
skin lesions and superficial skin cancers with good response rate and excellent cosmetic
outcomes.3 ALA-PpIX fluorescence-guided surgery of high-grade gliomas results in better pro-
gression-free survival than conventional white light surgery by dissecting more tumor tissues.4 In
addition to skin and brain tumors, ALA is currently under investigation for other types of tumors
as a PDT agent and/or intraoperative imaging probe.

Because ATP-binding cassette subfamily G member 2 (ABCG2) is involved in the efflux
transport of PpIX, inhibition of ABCG2 transporter activity represents a promising therapeutic
strategy for the enhancement of ALA-PpIX fluorescence and PDT response.2 ABCG2 inhibitors
such as fumitremorgin C (FTC) and its derivative Ko143 have been shown to enhance ALA-PpIX
fluorescence and PDT effects in ABCG2-expressing cells.5–7 Tumor cell lines with elevated
ABCG2 activity exhibited good responses to Ko143 for the enhancement of PpIX and PDT, but
not tumor cell lines with little ABCG2 activity.8,9 These previous studies support the combination
of ABCG2 inhibitors and ALA for therapeutic enhancement. However, FTC and Ko143 are not
suitable for in vivo application due to neurotoxicity and the instability in serum, respectively.10,11

Despite extensive efforts, clinically useful ABCG2 inhibitors are still not available.12

Some clinically used kinase inhibitors for cancer treatment are ABCG2 substrates and, there-
fore, act as competitive inhibitors of the transporter.13 These ABCG2-interacting kinase inhib-
itors including imatinib14 and gefitinib15 were shown to increase ALA-PpIX fluorescence and
PDT effects, suggesting that these drugs may be repurposed for the therapeutic enhancement of
ALA. We have evaluated over a dozen small molecule kinase inhibitors and identified six FDA-
approved drugs that significantly increased the intracellular PpIX in a renal cell carcinoma cell
lines with high ABCG2 activity.9 Notably, lapatinib was the only one that not only increased
intracellular PpIX but also reduced PpIX efflux in the medium. In this study, we further assessed
some of these kinase inhibitors for the enhancement of ALA-PpIX fluorescence and PDT effect
in triple negative breast cancer (TNBC) cell lines, which are known to be resistant to chemo-
therapeutics due to the elevation of ABCG2 and other efflux transporters.16 We showed that
lapatinib and other kinase inhibitors greatly enhanced ALA-PpIX fluorescence in mitochondria
and sensitized TNBC cells to undergo apoptosis induced by ALA-PDT, demonstrating the effec-
tiveness of using these clinically available drugs for the enhancement of ALA.

2 Materials and Methods

2.1 Chemicals

5-ALA hydrochloride from Frontier Scientific Inc. (Logan, Utah) and rhodamine 123 from
Life Technologies (Grand Island, New York) were dissolved in phosphate-buffered saline (PBS).
Lapatinib, gefitinib, and sunitinib malate salt (all from LC Laboratories, Woburn, Massachusetts),
PD169316 (from Millipore, Burlington, Massachusetts), pheophorbide a (Pha, from Frontier
Scientific Inc.), Ko143 (from Santa Cruz Biotechnology, Santa Cruz, California) were all dissolved
in DMSO. All chemicals were sterilized through 0.22-μm filters and stored in a −20°C freezer.

2.2 Cell Culture

MCF10A human breast epithelial cells were maintained in Dulbecco’s modified Eagle medium
(DMEM)/Ham’s F-12 (50/50) medium supplemented with epidermal growth factor 20 ng/mL,
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insulin 10 μg∕mL, hydrocortisone 0.5 μg∕mL, cholera toxin 100 ng/mL, 5% horse serum
(Atlanta Biologicals), and 1% antibiotics and antimycotics (Mediatech, Manassas, Virginia).
Triple-negative breast tumor cell lines (HCC1395, BT-20, MDA-MB-231, and Hs578T) were
cultured in RPMI 1640 (HCC1395), EMEM (BT-20), or DMEM (MDA-MB-231, Hs578T)
medium supplemented with 9% fetal bovine serum (Atlanta Biologicals) and 1% antibiotics
and antimycotics. All cell lines were purchased from American Type Culture Collection (ATCC,
Manassas, Virginia). Cells were maintained at 37°C in a cell culture incubator with 5% CO2.

2.3 Spectrofluorometric Analysis of PpIX Fluorescence

Cells were implanted in six-well cell culture plates and allowed to grow for 2 days. Cells were
incubated with ALA alone, Ko143 or kinase inhibitors alone, and ALA in combination with
Ko143 or kinase inhibitors for 4 h in the complete medium. Cell culture medium was collected
after the treatment. Cells were rinsed twice with PBS and lysed in 1% SDS solution. Both
cell culture medium and lysates were centrifuged and the supernatants were collected for PpIX
fluorescence measurement using a Fluoromax-3 fluorescence spectrometer (Horiba JY, Edison,
New Jersey) with the excitation wavelength of 400� 2.5 nm. Effects of inhibitors on PpIX
fluorescence in cell lysates and medium were determined using the equation ðFALAþinhibitor −
FInhibitorÞ∕FALA × 100% where FALAþinhibitor; FInhibitor, and FALA indicate the fluorescence of
samples treated with ALA in combination with an inhibitor, inhibitor alone, and ALA alone,
respectively.

2.4 Flow Cytometry

Cells were implanted in 60-mm dishes and allowed to grow for 2 days. Cells were incubated with
ALA alone, Ko143 or kinase inhibitors alone, and ALA in combination with Ko143 or kinase
inhibitors for 4 h in the complete medium. After the incubation, cells were rinsed with PBS and
trypsinized. Cells were resuspended in PBS and measured with a FACSCalibur flow cytometer
(BD Biosciences) for fluorescence in the FL3 channel (488 nm excitation, 650 nm long-pass
emission). About 20,000 cells were measured and recorded for each experiment. Effects of inhib-
itors on cell fluorescence were determined using the equations described above.

2.5 ABCG2 Transporter Activity Assay

Cells were implanted in 60-mm dishes and allowed to grow for 2 days. Cells were incubated with
ABCG2 substrate pheophorbide a (Pha, 500 nM) alone or in combination with ABCG2 inhibitor
Ko143 (1 μM) for 4 h in the complete medium. Cells were rinsed with PBS after the incubation
and trypsinized. Cells were resuspended in PBS and measured with a FACSCalibur flow cytom-
eter for fluorescence in the FL3 channel. Fluorescence after Pha in combination with Ko143
was normalized to that after Pha treatment alone to indicate the ABCG2 activity.

2.6 FECH Activity Assay

Effects of kinase inhibitor lapatinib on FECH activity were determined as described previously.9

Briefly, cells in 100-mm dishes were treated with lapatinib (1 μM) for 4 h or untreated for control
and lysed with 0.1% Triton X-100 in PBS containing 200 μM palmitic acid and 1× protease
inhibitor cocktail. Lysates were centrifuged to obtain the supernatant, which was incubated with
zinc acetate (500 μM) and various concentrations of PpIX for 10 min at 37°C. The resultant
Zn-PpIX was detected using a Fluoromax-3 fluorescence spectrometer with the excitation wave-
length of 400� 2.5 nm and emission wavelength of 590 nm. FECH activity was indicated by the
amount of Zn-PpIX produced per gram cell protein per minute.

2.7 Confocal Fluorescence Microscopy

Cells were implanted in glass bottom cell culture dishes (MatTek, Ashland, Massachusetts) and
allowed to grow for 2 days. Cells were treated with ALA alone or in combination with Ko143
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or kinase inhibitors for 4 h in the complete medium. Rhodamine 123 (Rho) was added to the
medium at 30 min before imaging to highlight the mitochondria. After the incubation, cells were
rinsed with PBS twice and incubated in serum-free DMEM medium for imaging. Live-cell
imaging was performed with a Nikon TiE (Eclipse) confocal microscope using a 60 × 1.40 NA

oil immersion objective as described previously.17 PpIX fluorescence was imaged with 405 nm
laser excitation and 700� 37.5 nm emission with the exposure time of 500 ms. Rho fluores-
cence was imaged with 488 nm laser excitation and 525� 18 nm emission with the exposure
time of 300 ms. Differential interference contrast images were acquired using exposure times
in the range of 100 to 200 ms at the same magnification. The colocalization between PpIX and
Rho fluorescence was determined by the Pearson’s coefficient analyzed with the NIH Image J
software.

2.8 PDT Treatment and Cytotoxicity Assay

Cells were implanted in 96-well plates and allowed to grow for 2 days to reach around 70%
confluency. Cells were incubated with complete medium containing no drug (for control),
ALA alone, Ko143 or kinase inhibitors alone, and ALA in combination with Ko143 or kinase
inhibitors for 4 h. After the incubation, cells were treated with 5 mW∕cm2 irradiance of 633 nm
light for 10 or 20 min, resulting in a light fluence of 3 or 6 J∕cm2. Light illumination was pro-
vided by a diode laser system (High Power Devices Inc., North Brunswick, New Jersey) coupled
to a 600-μm core diameter optical fiber fitted with a microlens at the end of fiber to achieve
homogeneous irradiation. Light intensity was measured with an optical power meter (Thorlabs,
Inc., North Newton, New Jersey). Immediately after light treatment, drug-containing media were
replaced with fresh media. Cell viability was determined at 24 h after treatment with CellTiter 96
Aqueous Non-Radioactive Cell Proliferation Assay (MTS assay, Promega, Madison, Wisconsin)
by following the manufacturer’s instruction.

2.9 Western Blot

Cells were lysed at 70% to 80% confluency in NP40 lysis buffer supplemented with protease and
phosphatase inhibitors as described previously.18 Cell lysates were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and electrophoretically transferred to polyvinylidene
fluoride membranes (Millipore). Blots were first incubated with the primary antibody for poly
(ADP-ribose) polymerase (PARP) or actin and then with horseradish peroxidase-conjugated
secondary antibody. All antibodies were obtained from Cell Signaling Technology (Danvers,
Massachusetts). Immunoblots were incubated with SuperSignal West Dura extended duration
substrate (Thermo Scientific) and immunoreactive bands were captured with GE Amersham
Imager 600 (GE Healthcare Bio-Sciences, Piscataway, New Jersey).

2.10 Statistical Analysis

One-way or two-way ANOVA with posttests were used to determine statistical differences
between groups and statistical significance was accepted at P < 0.05. Statistical analysis was
performed using GraphPad Prism software (La Jolla, California).

3 Results

3.1 Kinase Inhibitors Increased ALA-PpIX in TNBC Cell Lines

Spectrofluorometric analysis showed that incubation with ALA for 4 h resulted in PpIX accu-
mulation in MDA-MB-231 tumor cell lysates [Fig. 1(a)]. PpIX fluorescence was also detected in
cell culture medium [Fig. 1(b)], suggesting PpIX efflux transport by tumor cells. Treatment with
all four kinase inhibitors as well as ABCG2 inhibitor Ko143 significantly increased PpIX fluo-
rescence in the cell lysates [Fig. 1(c)]. Lapatinib and Ko143 significantly reduced PpIX efflux
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into the medium [Fig. 1(d)]. Treatment with three other kinase inhibitors (PD169316, sunitinib,
and gefitinib) also showed the trend of reducing PpIX fluorescence in the medium, although the
results were not statistically significant as indicated by one-way ANOVA test.

Effects of kinase inhibitors on ALA-PpIX fluorescence were also examined by flow cytom-
etry. Treatment of MDA-MB-231 cells with Ko143, lapatinib, and PD169316 led to significant
increase in the FL3 channel fluorescence [Fig. 2(a)]. Fluorescence was also increased after treat-
ment with sunitinib and gefitinib, although they were not statistically significant. Because lapa-
tinib significantly increased ALA-PpIX fluorescence in cell lysates and reduced PpIX efflux
in the medium, it was chosen for the evaluation of PpIX fluorescence enhancement in a panel
of TNBC cell lines and a nontumor breast epithelial cell line MCF10A. Figure 2(b) shows that
lapatinib significantly enhanced ALA-PpIX fluorescence in all four TNBC cell lines, but not in
MCF10A cells. All four TNBC cell lines were found to exhibit higher ABCG2 activity than
MCF10A cells [Fig. 2(c)]. FECH enzymatic activity assay showed that lapatinib treatment had
no significant effect on FECH activity [Fig. 2(d)].

3.2 Kinase Inhibitors Increased ALA-PpIX Fluorescence in Mitochondria

ALA-PpIX fluorescence was imaged with a confocal fluorescence microscope after 4 h incu-
bation with ALA alone or in combination with Ko143 or kinase inhibitors. PpIX fluorescence
was weak and diffuse in MDA-MB-231 cells treated with ALA alone (Fig 3). In contrast, treat-
ment with Ko143 as well as kinase inhibitors greatly enhanced ALA-PpIX fluorescence, par-
ticularly in the mitochondria (highlighted by Rho fluorescence). Colocalization analysis of PpIX
and Rho fluorescence images indicate that Ko143 and kinase inhibitors significantly increased
PpIX accumulation in the mitochondria (Fig. 4).

Fig. 1 Effects of kinase inhibitors on ALA-PpIX fluorescence emission in cell lysates and culture
medium. MDA-MB-231 cells were incubated with 1 mM ALA alone or in combination with Ko143 or
kinase inhibitors (all at 1μM) for 4 h. Control received no treatment. PpIX fluorescence spectra
of (a) cell lysates and (b) medium were measured with a spectrofluorometer. PpIX fluorescence
in (c) cell lysates and (d) medium was quantified and normalized to the fluorescence of ALA treat-
ment alone to show the percent change. Data are presented as mean ± standard deviation (SD)
from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared with
ALA alone.
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3.3 Kinase Inhibitors Sensitized TNBC Cells to ALA-PDT by Inducing
Apoptosis

The cell viability of MDA-MB-231 cells after ALA-PDT alone, kinase inhibitors alone, and
combination treatments was determined and shown in Fig. 5. Neither ALA-PDTalone nor kinase
inhibitors alone had any significant effect on cell viability. PDT in combination with kinase
inhibitors (both 0.1 and 1.0 μM) led to significant reduction in cell viability. Lapatinib was more
effective in enhancing PDT than other kinase inhibitors at the concentration of 0.1 μM.

Effects of lapatinib in combination with ALA-PDT on cell viability were further evaluated
in four TNBC cell lines and MCF10A cells. Compared with PDT alone (the first data points
in figures), combination treatments resulted in significantly lower cell viability in all four
TNBC cell lines but not in MCF10A cells [Fig. 6(a) and (b)]. Lapatinib caused a dose-
dependent decrease in cell viability when used in combination with ALA-PDT. PDT combined
with lapatinib or Ko143 induced PARP cleavage, the hallmark of apoptosis, in MDA-MB-
231 cells, whereas PDT or lapatinib treatment alone did not show clear cleavage [Fig. 6(c)].
No PARP cleavage was detected after either single treatment or combination treatments in
MCF10A cells.

Fig. 2 (a) Effects of kinase inhibitors on ALA-PpIX fluorescence by flow cytometry. MDA-MB-231
cells were incubated with 1 mM ALA alone or in combination with Ko143 or kinase inhibitors (all
at 1 μM) for 4 h. PpIX fluorescence was measured with a flow cytometer and normalized to the
fluorescence of ALA alone to show the percent change. *P < 0.05, ***P < 0.001, compared with
ALA alone. (b) Effects of lapatinib on ALA-PpIX fluorescence. Four TNBC cell lines and nontumor
MCF10A cells were incubated with 1 mM ALA alone or in combination with 1 μM lapatinib for 4 h.
PpIX fluorescence was measured with a flow cytometer. ***P < 0.001, compared with the corre-
sponding ALA treatment alone. (c) ABCG2 transporter activity of MCF10A and TNBC cell lines.
*P < 0.05, **P < 0.01, ***P < 0.001, compared with MCF10A. (d) Effects of lapatinib (1 μM for 4 h)
on FECH activity in MDA-MB-231 cells. Control received no treatment. All data are presented
as mean ± SD from at least three independent experiments.
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Fig. 3 Effects of kinase inhibitors on PpIX intracellular localization. MDA-MB-231 cells were incu-
bated with 1 mM ALA alone or in combination with Ko143 or kinase inhibitors (all at 1 μM) for 4 h
and imaged with a confocal fluorescence microscope. Mitochondria were marked by rhodamine
123 (250 ng/ml) added into cell culture medium at 30 min before imaging. Bar, 10 μm.

Fig. 4 The colocalization between PpIX and Rho fluorescence was determined by Pearson’s
coefficient analyzed with the NIH Image J software. Data are presented as mean ± SD from six
images. ***P < 0.001, compared with ALA treatment alone.
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Fig. 6 Effects of ALA-PDT in combination with lapatinib on (a), (b) cell viability and (c) apoptosis.
Cells were incubated with ALA (1 mM) alone or in combination with various doses of lapatinib for
4 h. Cells were treated with either (a) 3 J∕cm2 or (b) 6 J∕cm2 dose of light (5-mW∕cm2 irradiance
of 633 nm light). Cell viability was determined at 24 h after treatment. (c) Cell lysates were probed
for PARP cleavage, the marker of apoptosis, by Western blot. MCF10A and MDA-MB-231 cells
were incubated with ALA alone (1 mM), ALA in combination with lapatinib (1 μM) or with Ko143
(1 μM) for 4 h and then exposed to 3.0 J∕cm2 light treatment. Cell lysates were prepared at 24 h
after treatment for Western blot.

Fig. 5 Effects of ALA-PDT alone, kinase inhibitors alone, and ALA-PDT in combination with kin-
ase inhibitors on cell viability. MDA-MB-231 cells were incubated with ALA (1 mM) alone, kinase
inhibitors alone at (a) 0.1 μM or (b) 1.0 μM, or ALA in combination with kinase inhibitors for 4 h.
Cells were then treated with 3 J∕cm2 dose of light (5 mW∕cm2 irradiance of 633 nm light for
10 min). Cell viability was determined at 24 h after treatment. In both (a) and (b), the dose of
Ko143 was 1.0 μM. Data are presented as mean ± SD from four experiments. **P < 0.01,
***P < 0.001.
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4 Discussion

Effects of small molecule kinase inhibitors on ALA-PpIX fluorescence and PDT response were
evaluated in TNBC cell lines in this study. The results confirmed our previous findings in renal
cell carcinoma cell lines9 and demonstrate in TNBC cell lines that clinically approved kinase
inhibitors, such as lapatinib, sunitinib, and gefitinib, increased ALA-PpIX fluorescence. As in
the previous study, we found here that lapatinib was the only kinase inhibitor that significantly
increased intracellular PpIX and reduced PpIX efflux. Both our previous and present studies
suggest the use of lapatinib and other clinically approved kinase inhibitors for the enhancement
of ALA-PpIX fluorescence.

Enhancement of PpIX by kinase inhibitors greatly sensitized TNBC cell lines to ALA-PDT,
which were not sensitive to PDT alone likely due to ABCG2-mediated PpIX efflux. All four
TNBC cell lines used in the study showed elevated ABCG2 activity [Fig. 2(c)]. Confocal fluo-
rescence imaging revealed weak PpIX fluorescence, which was enhanced by ABCG2 inhibitor
Ko143 and kinase inhibitors (Fig. 3). Importantly, we found that Ko143 and kinase inhibitors
increased PpIX localization in mitochondria (Fig. 3 and 4). This finding is in agreement with a
previous study showing that ABCG2 transporter is localized in both cell membrane and mito-
chondria.19 Since PpIX is biosynthesized inside the mitochondria, suppression of ABCG2 efflux
function in mitochondria by Ko143 and kinase inhibitors resulted in PpIX accumulation in mito-
chondria. As mitochondria are important for initiating cell apoptosis, increased PpIX accumu-
lation in mitochondria led to increased apoptosis induced by PDT in combination with Ko143 or
lapatinib (Fig. 6).

As a dual kinase inhibitor of human epidermal growth receptors EGFR and HER2 for breast
cancer treatment, lapatinib is a substrate for ABCG2 and P-glycoprotein (P-gp), another ATP-
binding cassette family protein commonly involved in multidrug resistance to cancer chemo-
therapy.20 In addition to lapatinib, other tyrosine kinase inhibitors, such as imatinib and gefitinib,
are ABCG2 substrates as well.13 Because diverse ABCG2 substrates share a common binding
site in the ligand binding domain of ABCG2, they also function as competitive ABCG2 inhib-
itors.21 Such interactions between tyrosine kinase inhibitors and ATP-binding cassette efflux
transporters have stimulated the use of kinase inhibitors to overcome transporter-mediated multi-
drug resistance to chemotherapeutic agents.22

PpIX is a substrate for ABCG2, but not for P-gp (ABCB1) or multidrug resistance-associated
protein 1 (ABCC1).5 Repositioning of ABCG2-interacting kinase inhibitors for the enhancement
of ALA-PpIX is important and necessary, considering that no ABCG2 inhibitor is currently
available for clinical application. Tyrosine kinase inhibitors imatinib14 and gefitinib15 have been
shown to enhance ALA-PpIX fluorescence and PDT due to the inhibition of ABCG2. Our pre-
vious evaluation of over 12 kinase inhibitors led to the identification of lapatinib as the most
potent drug for enhancing ALA-PpIX fluorescence.9 This study further demonstrates the effec-
tiveness of lapatinib in enhancing ALA-PDT by inducing apoptosis. Strong enhancement of
ALA-PpIX fluorescence and PDT by lapatinib was likely due to its potent inhibition of ABCG2
activity. Lapatinib inhibited pheophorbide a-mediated transport in an ABCG2-expressing cell
line with an IC50 of 0.08 μM, the lowest among all 11 ABCG2-interacting kinase inhibitors
examined.21 Its ABCG2 inhibitory activity was much stronger than imatinib (IC50∶0.99 μM),
gefitinib (IC50∶3.01 μM), and sunitinib (IC50∶0.57 μM), supporting the use of lapatinib as a
potent ABCG2 inhibitor to enhance ALA-PpIX fluorescence and PDT.

Interestingly, some kinase inhibitors including gefitinib and vemurafenib were shown to dis-
play off-target binding and inhibition to FECH, the enzyme catalyzing the conversion of PpIX
to heme.23 Because the inhibition of FECH activity is known to increase PpIX fluorescence,24

we examined FECH activity after lapatinib treatment. Our data indicate that lapatinib at 1 μM,
the highest concentration we used for the enhancement of ALA-PpIX and PDT, had no sig-
nificant effect on FECH activity, which excludes the contribution of FECH inhibition to
lapatinib-induced PpIX enhancement. In addition to FECH inhibition, increased activity of heme
biosynthesis enzymes upstream of FECH may also lead to PpIX enhancement.2 Although the
effect of lapatinib on those heme biosynthesis enzymes is not known, the finding that lapatinib-
induced PpIX enhancement was observed only in cells lines with elevated ABCG2 activity sug-
gests that it does not have a significant effect on those enzymes.
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5 Summary

We have shown in this study the effectiveness of four ABCG2-interacting kinase inhibitors (lapa-
tinib, PD169316, sunitinib, and gefitinib) in enhancing ALA-PpIX fluorescence and PDT in
TNBC cell lines. These results together with our previous study demonstrate the feasibility
of repurposing clinical kinase inhibitors for the therapeutic enhancement of ALA in tumors with
elevated ABCG2 activity. Particularly our study revealed lapatinib as a potent agent for enhanc-
ing ALA. Lapatinib in combination with ALA significantly increased PpIX fluorescence and
PDT-induced apoptosis in tumor cells that were resistant to ALA-PDT alone. Our future work
will focus on determining whether this therapeutic enhancement approach leads to enhanced
ALA-PpIX fluorescence and PDT response in tumor models with elevated ABCG2 activity.
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