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Summary
Recently, photodynamic therapy using 5-aminolevulinic acid (ALA-PDT) is widely used in
cancer therapy, owing to the tumor-specific accumulation of photosensitizing protoporphyrin IX
(PpIX) after administration of ALA. In the present study, by focusing on ALA-based photodynamic
challenge (ALA-PDC) with 640 nm of LED, we examined the potential involvement of
p53-mediated apoptosis in 3 human gastric cancer cell lines. We found the cytotoxic effects of
ALA-PDC are dependent on both the ALA concentration and the irradiation dose of LED. Typical
morphological changes of apoptotic and/or necrotic cell death caused by ALA-PDC were observed
by propidium iodide and Hoechst 33258 staining. At the higher concentrations of ALA, necrotic cells
were increased whereas apoptotic cells were decreased. Among three cell lines tested, we found that
MKN45 cells which possess wild-type p53 gene are highly sensitive to ALA-PDC. However,
MKN45 cells after treatment with p53 specific inhibitor pifithrin-α showed significantly decreased
sensitivity to ALA-PDC. Immunoblotting analysis confirmed that Ser15 in p53 was phosphorylated
following ALA-PDC in MKN45 cells, suggesting p53 protein stabilization and transcriptional
up-regulation of p53 target genes. Conversely the photosensitivities of KKLS and MKN28 cells
which harbor mutant p53 gene were little affected by pifithrin-α. Thus, we propose that the gene
status of p53 is potential to predict the patient’s response to ALA–PDT and the patient who has
wild-type p53 gene would be sensitive for ALA–PDT.
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Introduction
Photodynamic therapy (PDT) is an advantageous anti-tumor treatment that utilizes the
generation of reactive oxygen species in tumor tissue [1-3]. 5-Aminolevulinic acid (ALA) is
recently used for PDT, owing to the tumor-specific accumulation of photosensitizing
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protoporphyrin IX (PpIX) after administration of ALA [3; 4]. As ALA can be applicable orally or
topically, ALA administration has become a widely acceptable and popular procedure, particularly
for the treatment of skin cancer [4]. Accumulation of ALA in cancer cells rapidly increases the
intracellular porphyrin levels preferentially in neoplastic regions. ALA-induced intracellular
accumulation of protoporphyrin IX (PpIX) is also used for fluorescence diagnosis of premalignant
and malignant diseases in dermatology, urology, neurosurgery, otorhinolaryngology, gynecology,
and gastroenterology [4; 5].
p53 plays the central role of tumor suppressor protein to restrict tumor development by serving
as a sensor of cellular stress, such as DNA damage and oxidative stress [6; 7]. p53 is also involved
in triggering apoptosis. p53 protein is composed of a core DNA-binding domain and several
regulatory domains such as trans-activation domain, proline-rich domain, tetramerization domain,
and carboxy terminal regulatory domain. Over 50% of human cancers reportedly possess p53
mutation. Most of p53 mutations are missense mutations found in DNA-binding domain known as
hot spot, showing the ablation of apoptosis. In this regard, it is of importance that loss of function of
wild-type p53 decreases the efficacy of anti-cancer treatments such as radiation therapy and
chemotherapy [8; 9]. Hitherto, the signal transduction involved in PDT-mediated cell death using
several types of photosensitizers has been reportedly investigated so as to make the consideration to
the efficacy of PDT [10-15]. Fisher et al reported that p53 expression does not directly modulate
tumor cell sensitivity to Photofrin-PDT in either apoptosis-responsive (LS513) or nonresponsive
(MCF-7) cells. Lee et al also suggested that the gene status of p53 may not be important in
hypericin-PDT-mediated cell killing or induction of apoptosis [11; 15].
In this work, we investigated the involvement of p53 on ALA-based photodynamic challenge
(ALA-PDC) with 640 nm of LED irradiation. We examined the potential involvement of
p53-mediated apoptosis in ALA-PDT using a p53 specific inhibitor pifithrin-α [16] showing
pifithrin-α inhibited p53-mediated apoptosis. The present study provides evidence that the status of
p53 gene in cancer cells is practical and useful biomarkers for predicting the photo-sensitivity to
ALA-PDT.
Experimentals
Biochemicals
5-Aminolevulinic acid (ALA) hydrochloride was purchased from COSMO OIL CO., LTD.
(Tokyo, Japan). Pifithrin-α was purchased from ALEXIS (Lausen, Switzerland). MTT reagent,
propidium iodide (PI), and Hoechst 33258 were purchased from Sigma–Aldrich (St. Louis, MO).
RPMI-1640 medium and protease inhibitor cocktail were obtained from Nacalai Tesque (Kyoto,
Japan). Penicillin–streptomycin and FBS were purchased from Invitrogen (Carlsbad, CA). All other
chemicals used were of analytical grade.
Cells and cell culture
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The human gastric cancer cell lines KKLS [17] were kindly provided by Dr. Mai of Cancer
Research Institute of Kanazawa University (Kanazawa, Japan). MKN45 and MKN28 cells were
kindly provided by Dr. Suzuki (Fukushima Medical College, Fukushima, Japan). Cells were
maintained at 37°C under 5% CO2 gas in RPMI-1640 medium supplemented with 10% (v/v)
heat-inactivated FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin.
Detection of non-synonymous p53 mutation in human gastric cancer cells
To detect non-synonymous mutation of p53 in MKN45, MKN28, KKLS cells, the coding
region of p53 cDNA (NM_000546) were amplified by RT-PCR using the sense primer p53-37seq:
5’-TTG CCG TCC CAA GCA ATG GAT GAT TTG ATG CTG TC-3’ and the antisense primer
p53-2seq: 5’-GCG GAG ATT CTC TTC CTC TGT GCG CCG GTC TCT CCC A-3’. The sequence
of most common amino acid residues altered region in cancer known as hotspots in p53 was
determined by direct sequence method using the sense primer p53-37seq: 5’-TTG CCG TCC CAA
GCA ATG GAT GAT TTG ATG CTG TC-3’, p53-seq5: 5’-GAT GAA GCT CCC AGA ATG CCA
GAG GCT GCT-3’, p53-1seq: 5’-ACC TGC CCT GTG CAG CTG TGG GTT GAT TCC ACA-3’,
and p53-seq4: 5’-TTG CGT GTG GAG TAT TTG GAT GAC AGA AAC ACT TTT-3’, then the
anti-sense primer p53-44seq: 5’-GCA AGT CAC AGA CTT GGC TGT CCC AGA ATG CAA G-3’,
p53-seq6: 5’-TCT CCC AGG ACA GGC ACA AAC ATG CA-3’, and p53-2seq: 5’-GCG GAG ATT
CTC TTC CTC TGT GCG CCG GTC TCT CCC A-3’. We confirmed the p53 status of those cell
lines; MKN45 cells possess wild-type p53 whereas KKLS cells (Gly245Asp) and MKN28 cells
(Ile251Leu) possess non-synonymous p53 mutation.
Incubation of human gastric cancer cells with ALA and exposure to light-emitting diode (LED)
irradiation
Cells were seeded in a 96-well plate (1  104 cells/well) and cultured at 37°C under 5% CO2
gas for 24 h. ALA was added to the culture medium at increased concentrations, and incubation
continued in the dark for 4 h. Thereafter, cells were exposed to LED irradiation for designated time
(630 nm, 3.6 mW/cm2) by placing the cell culture plate below an LED irradiation unit provided by
SBI ALA PROMO (Tokyo, Japan). Cells were further incubated in the dark for 24 h, and cell
viability measured by the MTT assay as described previously [18]. The absorbance of formazan (a
metabolite of MTT) in the resulting solution was measured photometrically at a test wavelength of
570 nm and a reference wavelength of 655 nm in a Microplate reader Model 550 (Bio-Rad
Laboratories, Hercules, CA). IC50 values were calculated from dose–response curves (i.e., cell
survival vs. ALA concentration) obtained in duplicate experiments.
In this context, in order to investigate classification of cell death - i.e. apoptosis and/or necrosis,
MKN45 cells incubated for 24 h following photodynamic treatment were stained with 5 μM of PI
and Hoechst 33258 in culture medium for 1 h. Fluorescence of PI or Hoechst 33258 was detected
with a fluorescence microscope (IX70/FLUOVIEW; Olympus, Tokyo, Japan).
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Western blot analysis
For immunoblot analysis, cell lysates were prepared as described previously [18]. Samples
were first treated with the SDS-PAGE sample buffer solution. Thereafter, sample proteins were
separated electrophoretically by using a 12% polyacrylamide gel and electroblotted onto an
Immobilon-P PVDF membrane (Millipore Corp., MA). The membrane was incubated in a blocking
solution containing 5% (w/v) skim milk in TTBS [20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.05%
(v/v) Tween 20] at room temperature for an hour.
We used a polyclonal antibody specific to the phosphorylated p53 at Ser15 (Cell signaling
technology, Boston, MA; 1:1000 dilution), or monoclonal antibody against rabbit muscle GAPDH
(American Research Products, Belmont, MA; 1:1000 dilution) as the first antibody, depending on
the specific purpose of the immunoblot analysis. For the second antibody, we used anti-mouse IgG
horseradish peroxidase (HRP)-conjugated antibody (Cell Signaling Technology, Beverly, MA) and
anti-rabbit IgG HRP conjugates (Santa Cruz Biotechnology) at 1:3000 dilution.
HRP-dependent luminescence was developed with Western Lightning Chemiluminescent
Reagent Plus (PerkinElmer Life and Analytical Sciences, Waltham, MA) and detected with a
Lumino Imaging Analyzer LAS-4000mini (GE Healthcare UK, Amersham Place, England).
Results and Discussion
Photosensitivities of human gastric cancer cells are dependent on ALA and irradiation dose.
In the present study, in order to evaluate the cellular photosensitivity, we first treated cells in the
presence of ALA for 4 h in the dark. Cells were then exposed to LED light (630 nm, 3.6 mW/cm2)
for 0, 0.5, 1, 2.5, 5, 10 min, and the cell viability was analyzed using MTT assay. Figure 1
demonstrate the LED irradiation and ALA dose-responses of MKN45, KKLS

Figure 1. The dose responses of human gastric cancer cells to photodynamic sensitization following
incubation with ALA. The cellular sensitivity by ALA-PDC is dependent on the ALA- and
irradiation-dose. (A) MKN45 cells (wild-type p53) (B) KKLS cells (mutant p53; Gly245Asp) (C)
MKN28 cells (mutant p53; Ile251Leu).
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, and MKN28 cells to ALA-PDC. Each cell lines exhibited photosensitivity depending on ALA
concentration and irradiation energy of LED light. The cell viability of the control cells was not
affected by irradiation with the LED light in the absence of ALA (data not shown). The IC50 values
for 10 min (2160 mJ/cm2) of MKN45, KKLS, MKN28 cells were calculated to be 100, 700, and
1000 μM for ALA, respectively. Compared with MKN45 posseing wild-type p53 gene, KKLS and
MKN28 harboring mutant p53 gene showed lower sensitivity to ALA-PDC. These results suggest
that gene status of p53 would determine the efficacy of ALA-PDT.
ALA-PDC induced apoptosis in MKN45 cells associated with chromatin condensation by
photosensitization
Multiple signaling cascades are concomitantly activated in cancer cells exposed to the
photodynamic stress. Depending on the subcellular localization of cytotoxic ROS, those signals are
transduced into adaptive or cell death responses [19]. To address the question of whether apoptosis
occurs in the case of ALA-PDC, we investigated the morphological change of MKN45 cells caused
by photosensitization following incubation with 100 µM ALA for 4 h. Using PI and Hoechst33258
staining, typical morphological change of apoptotic and/or necrotic cell death caused by ALA-PDC
were observed. Fluorescence staining with Hoechst 33258 (blue) revealed the ALA-PDC induces
chromatin condensation leading to apoptosis (Fig. 2). On the other hand, PI staining (red) detected
the late apoptotic or necrotic cells. This result demonstrates that apoptosis and necrosis are
concomitantly occurred in the case of ALA-PDC. In higher concentration of ALA, necrotic cells
were increased and apoptotic cells were decreased. In KKLS and MKN28 cells, apoptotic cells were
not observed at the IC50 condition of ALA-PDC (data not shown). These results suggest that when
the lower amounts of ALA are incubated with cancer cells with wild-type p53, the efficacy of
ALA-PDT is highly attributed to apoptosis-mediated cell death.

Figure 2. Fluorescence staining of apoptotic
and necrotic MKN45 cells using PI and
Hoechst 33258. Arrows indicate typical
apoptotic cells associated with chromatin
condensation and/or cellular fragmentation.
PI derived red fluorescence is observed in
necrotic cells.
Effect of p53 inhibition to the cellular sensitivity to ALA-PDC
To investigate the potential involvement of p53 on apoptosis after ALA-PDC, we estimated the
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effect of p53 inhibition during ALA-PDC on the cell viability. Three cell lines were used in this
experiment: MKN45, KKLS, and MKN28. Cells were incubated with 50 μM PFT-α at increased
concentration of ALA for 4 h. Cells were then replaced with fresh medium, and exposed to LED
light for 10 min. Cell viability 24 h after ALA-PDC was measured by MTT assay. As the results,
PFT-α significantly conferred cellular resistance on MKN45 cells (Fig. 3). This result strongly
suggests that wild type p53 is critically involved in ALA-PDC induced apoptosis. In contrast, the
effects of PFT-α on both KKLS and MKN28 were minimal compared with MKN45. These results
suggest that the variant type of p53 could determine the photo-sensitivity to ALA-PDC. It is of
importance that mutant p53 might be no efficacy of ALA-PDT.

Figure 3. Effect of pifithrin-α on cell viability of human gastric cancer cells after ALA-PDC. Cells
were incubated with ALA in presence or absence of 50 µM PFT-α. The cellular sensitivity by
ALA-PDC is measured by MTT assay as described in Experimentals section.
Ser15 phosphorylation of p53 following ALA-PDC
Human p53 possesses a series of serine / threonine phosphorylation sites. It is known the
majority of these sites are phosphorylated following cellular stress. Ser15 phosphorylation of p53 is
known to reduce p53 affinity for its primary negative regulator HDM2 and promotes the
recruitment of transcriptional coactivators. In this study, we assessed the phosphorylation status and
the stabilization of p53 after ALA-PDC from immunoblotting analysis with specific antibody to p53
and Ser15-phosphorylated p53 (Fig. 4). ALA-PDC to MKN45 cells induced Ser15 phosphorylation
in p53. The only LED irradiation hardly affected p53 status. Furthermore, the Ser15
phosphorylation and the deprivation of p53 were completely suppressed with a p53-specific
inhibitor pifithrin-α (PFT-α). These results suggest that apoptosis following ALA-PDC in MKN45
is mediated by wild type p53. Previous studies have shown that PFT-α inhibits p53 accumulation in
various cell systems subjected to ultraviolet radiation, cisplatin, resveratrol, or doxorubicin
treatment [16; 20-23]. To our knowledge, this is the first report showing PFT-α could inhibit
ALA-PDC-induced p53 status in MKN45 cells. Reportedly it is suggest that PFT-α interferes with
multiple steps of apoptosis such as JNK and ERK [23]. Further study is ongoing in our laboratory
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for the specific mechanism that pretreatment of cells with PFT-α followed by ALA-PDC attenuated
p53-dependent apoptosis.
Figure 4. Immunoblotting of p53 protein in MKN45
cells.
The protein levels of p53 phosphorylation were
obtained by immunoblotting. We used a polyclonal
antibody specific to the phosphorylated p53 at Ser15 as
described in Experimental section.
Conclusion
We demonstrated the wild type p53 is of importance to predict the efficacy of ALA-PDT
because MKN45 cells, wild type p53, showed higher cellular sensitivity by ALA-PDC than KKLS
and MKN28 cells expressing mutant p53 (Fig. 1). Many clinical studies have revealed associations
between p53 mutation and poor clinical outcome in a variety of cancer. Over 50% of human cancers
reportedly possess p53 mutation, showing the ablation of apoptosis. Our results also suggested that
mutant p53 decreased the efficacy of ALA-PDT as well. However, ALA-PDT has a potential to
induce necrosis when higher amount of PpIX is accumulated in cancer cells (Fig.1 and 2). In this
regard, with the effort that cancer cells accumulate PpIX, ALA-PDT would be successful in the case
of p53 mutant cancer. In any of these cases, the status of p53 could be a significant factor in
determining the therapeutic strategy.
The efficacy of ALA-PDT is also considered to depend on the intracellular PpIX concentration
that can produce cytotoxic singlet oxygen and other ROS via photoactivation reactions. In mutant
p53 cancer, cellular PpIX accumulation is required to induce necrosis. It is speculated that
enhancement of PpIX accumulation would be achieved by an inhibitor of PpIX efflux transporters.
The potential to induce both apoptosis and necrosis indicate the clinically advantageous merit of
ALA-PDT. In conclusion, we hypothesize that the variant type of p53 is potential to predict the
patient’s response to ALA-PDT.
Acknowlegement
The study in the authors’ laboratories was supported by Research Fellowships of the Japan
Society for the Promotion of Science (JSPS) for Young Scientists as well as a Grant-in-Aid for
Young Scientists (B) (No. 22700910 to S.Ogura) from the Ministry of Education, Culture, Sports,
Science and Technology. This work was partly supported by a Grant-in-Aid for Scientific Research
(C) (No. 23501305 to Y.Endo) from JSPS. Y. Hagiya is a JSPS Research Fellow.
References
1
D. Dolmans, D. Fukumura, R.K. Jain, Nature Reviews Cancer, Photodynamic therapy for
27
29

2

cancer, 2003, 3, 380-387.
T.J. Dougherty, C.J. Gomer, B.W. Henderson, G. Jori, D. Kessel, M. Korbelik, J. Moan, Q.

3

Peng, Journal of the National Cancer Institute, Photodynamic therapy, 1998, 90, 889-905.
S.B. Brown, E.A. Brown, I. Walker, Lancet Oncology, The present and future role of

4

photodynamic therapy in cancer treatment, 2004, 5, 497-508.
B. Krammer, K. Plaetzer, Photochemical & Photobiological Sciences, ALA and its clinical

5

6
7
8

9

10

impact, from bench to bedside, 2008, 7, 283-289.
W. Stummer, U. Pichlmeier, T. Meinel, O.D. Wiestler, F. Zanella, R. Hans-Jurgen, G. Lancet
Oncology, Ala-Glioma Study, Fluorescence-guided surgery with 5-aminolevulinic acid for
resection of malignant glioma: a randomised controlled multicentre phase III trial, 2006, 7,
392-401.
C. Dai, W. Gu, Trends in Molecular Medicine, p53 post-translational modification:
deregulated in tumorigenesis, 2010, 16, 528-536.
C.A. Brady, L.D. Attardi, Journal of Cell Science, p53 at a glance, 2010, 123, 2527-2532.
S. Sato, J. Kigawa, Y. Minagawa, M. Okada, M. Shimada, M. Takahashi, S. Kamazawa, N.
Terakawa, Cancer, Chemosensitivity and p53-dependent apoptosis in epithelial ovarian
carcinoma, 1999, 86, 1307-1313.
M. Hamada, T. Fujiwara, A. Hizuta, A. Gochi, Y. Naomoto, N. Takakura, K. Takahashi, J.A.
Roth, N. Tanaka, K. Orita, Journal of Cancer Research and Clinical Oncology, The p53
gene is a potent determinant of chemosensitivity and radiosensitivity in gastric and
colorectal cancers, 1996, 122, 360-365.
M. Mitsunaga, A. Tsubota, K. Nariai, Y. Namiki, M. Sumi, T. Yoshikawa, K. Fujise, World
Journal of Gastroenterology, Early apoptosis and cell death induced by ATX-S10Na
(II)-mediated photodynamic therapy are Bax- and p53-dependent in human colon cancer

11

cells, 2007, 13, 692-698.
A.M.R. Fisher, K. Danenberg, D. Banerjee, J.R. Bertino, P. Danenberg, C.J. Gomer,
Photochemistry and Photobiology, Increased photosensitivity in HL60 cells expressing

12

wild-type p53, 1997, 66, 265-270.
C.M.N. Yow, C.K. Wong, Z. Huang, R.J. Ho, Liver International, Study of the efficacy and
mechanism of ALA-mediated photodynamic therapy on human hepatocellular carcinoma

13

14

cell, 2007, 27, 201-208.
M. Barberi-Heyob, P.O. Vedrine, J.L. Merlin, R. Millon, J. Abecassis, M.F. Poupon, F.
Guillemin, International Journal of Oncology, Wild-type p53 gene transfer into mutated p53
HT29 cells improves sensitivity to photodynamic therapy via induction of apoptosis, 2004,
24, 951-958.
A.M.R. Fisher, A. Ferrario, N. Rucker, S. Zhang, C.J. Gomer, Cancer Research,
Photodynamic therapy sensitivity is not altered in human tumor cells after abrogation of p53
function. 1999, 59, 331-335.

30

28

15

H.B. Lee, A.S.H. Ho, S.H. Teo, Cancer Chemotherapy and Pharmacology, p53 Status does

16

not affect photodynamic cell killing induced by hypericin, 2006, 58, 91-98.
P.G. Komarov, E.A. Komarova, R.V. Kondratov, K. Christov-Tselkov, J.S. Coon, M.V.
Chernov, A.V. Gudkov, Science, A chemical inhibitor of p53 that protects mice from the side

17

effects of cancer therapy, 1999, 285, 1733-1737.
T. Asai, J. Juzen Med. Soc, Establishment and Characterization of Human Undifferentiated
Carcinoma Cell Line of the Stomach (KKLS), and a Trial of New Chemosensitivity Test,

18

19

Liquid Top Layer-MTT Assay (LMA). 1991, 100, 425-444.
A. Tamura, Y. Onishi, R. An, S. Koshiba, K. Wakabayashi, K. Hoshijima, W. Priebe, T.
Yoshida, S. Kometani, T. Matsubara, K. Mikuriya, T. Ishikawa, Drug Metabolism and
Pharmacokinetics, In vitro evaluation of photosensitivity risk related to genetic
polymorphisms of human ABC transporter ABCG2 and inhibition by drugs, 2007, 22,
428-440.
E. Buytaert, M. Dewaele, P. Agostinis, Biochimica Et Biophysica Acta-Reviews on Cancer,
Molecular effectors of multiple cell death pathways initiated by photodynamic therapy, 2007,

20

1776, 86-107.
M. Jiang, X.L. Yi, S. Hsu, C.Y. Wang, Z. Dong, American Journal of Physiology-Renal
Physiology, Role of p53 in cisplatin-induced tubular cell apoptosis: dependence on p53

21

transcriptional activity, 2004, 287, F1140-F1147.
H.Y. Lin, A. Shih, F.B. Davis, H.Y. Tang, L.J. Martino, J.A. Bennett, P.J. Davis, Journal of
Urology, Resveratrol induced serine phosphorylation of p53 causes apoptosis in a mutant

22

23

p53 prostate cancer cell line, 2002, 168, 748-755.
M. Zhang, W. Liu, D. Ding, R. Salvi, Neuroscience, Pifithrin-alpha supresses p53 and
protects cochlear and vestibular hair cells from cisplatin-induced apoptosis, 2003, 120,
191-205.
C.C. Chua, X.W. Liu, J.P. Gao, R.C. Hamdy, B.H.L. Chua, American Journal of
Physiology-Heart and Circulatory Physiology, Multiple actions of pifithrin-alpha on
doxorubicin- induced apoptosis in rat myoblastic H9c2 cells, 2006, 290, H2606-H2613.

29
31

