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Background and Objectives: The mechanisms of photo-
dynamic therapy (PDT) have been studied on the cellular
and tissue levels. However, the cellular behaviors of cancer
cells survived from PDT are still not clear. This study
attempted to investigate the influence of 5-aminolevulinic
acid (ALA)-based PDT on the invasion ability as well as
molecular changes in surviving cancer cells and their
progeny.
Materials and Methods: The systematic effects of ALA-
PDT were evaluated using human invasive carcinoma cells
(lung adenocarcinoma CL1-5 cells, melanoma A375 cells
and breast carcinoma MDA-MB-231 cells). To study the
cellular behaviors of surviving cancer cells, PDT-derived
variants were established as stable cell lines after consec-
utive treatment with ALA-PDT. Scratch wound assay and
invasion assay were performed to evaluate the migration
and invasion ability in the surviving cancer cells and the
established PDT-derived variants. RT-PCR and immuno-
blot analysis were performed to examine the expression
levels of epidermal growth factor receptor (EGFR).
Results: Though ALA-PDT caused differential phototox-
icity among these invasive carcinoma cells, reduced migra-
tion was found in all the surviving cancer cells Compared to
parental cancer cells, the established PDT-derived variants
exerted significant phenotypic changes of cellular morphol-
ogy, reduced mitochondrial function and a suppressed
cellular invasiveness. Furthermore, correlated with the
reduced invasion ability, expression of EGFR was down-
regulated in these established PDT-derived variants.
Conclusions: Except for direct cell killing, ALA-PDT could
reduce EGFR expression and invasion ability of the
surviving cancer cells and these effects could further pass
to the progeny. The results from this study provide insights
into a new mechanism by which PDT might affect cellular
behaviors and tumor metastasis. Lasers Surg. Med. 41:
305–315, 2009. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Photodynamic therapy (PDT), which is based on the
uptake of a photosensitizer followed by the selective

irradiation of light, is a therapeutic modality for cancer
treatment [1–3]. Compared to normal tissues, tumor
tissues have higher uptake or retention of photosensitizers
that result in the selective destruction of tumor cells after
light irradiation. Singlet oxygen is the major cytotoxic
agent responsible for the PDT-induced cellular damages
[1]. It can only diffuse less than 10 nm during its
lifetime and the effective area is estimated less than 5% of
the diameter of a typical mammalian cell [4]. Therefore,
the subcellular localization of photosensitizer is the major
determinant of the primary oxidative damages. Depending
on the characteristics of photosensitizer, PDT can damage
numerous organelles that cause cytotoxicity in tumor
tissues [5]. The cellular responses to PDT depend on the
amounts of photosensitizer and the light dose received,
which further triggers either cellular repair/recovery or
death [5,6]. PDT-induced direct cell killings as well as
damage to the exposed microvasculature may cause rapid
tumor ablation [3]. In addition to the acute cytotoxic effects,
a systemic post-PDT response involving inflammatory
changes and subsequent immune response also occurred
[7].

Due to the limited light penetration, PDT is generally
considered as a local treatment, especially for early
carcinoma. Primary tumors are commonly composed of
heterogeneous cell populations with different character-
istics, such as the metastatic potential [8]. These heteroge-
neous cells might differ in their ability in photosensitizer
uptake or retention, and that influences their sensitivity to
PDT or their repairing ability after PDT-induced damage
[9]. Considering the limitations of light penetration and
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photosensitizer content, certain amounts of tumor cell
might recover from PDT-induced damages and survive.
Recently, the mechanisms of PDT-induced cytotoxicity
have been studied on the cellular and tissue levels [3,5].
However, the cellular behaviors of tumor cells that
survived from PDT-induced damage are still not clear.
For example, compared with both surgery and no treat-
ment, local PDT of primary tumor results in a decrease in
the incidence of distant metastasis [10–12]. It has been
suggested that this reduced metastasis relates to the PDT-
induced modification of cell adhesion process at the cell
surface [13–16]. We recently demonstrated that the
increased adherence following ALA-PDT was transient
[17]. In this regards, the observed alteration in cell
adhesion cannot fully explain the reduction in tumor
metastasis after PDT. In addition, using an orthotopic
prostate tumor model, Momma et al. [18] showed that PDT
gave a significant increase in the mean number of lung
metastases. Therefore, it is necessary to further investigate
the PDT-induced biological consequences and the cellular
behaviors of surviving cancer cells and their progenies.

The aim of this work was to examine the post-PDT
response involving its influence on the migration ability as
well as molecular changes in surviving cancer cells. The
present study shows for the first time that ALA-PDT caused
permanently phenotypic morphology alternation, reduc-
tions of mitochondrial function and metastatic potential.
Furthermore, the downregulation of EGFR and reduced
metastatic ability were found in cancer cells that survived
from ALA-PDT as well as their progenies.

MATERIALS AND METHODS

Cell Culture and Photodynamic Treatment

CL1-5 cells were derived from a poorly differentiated
human lung adenocarcinoma [19] and cultured in RPMI
medium containing 10% fetal bovine serum (FBS). Human
breast carcinoma MDA-MB-231 was grown in RPMI
medium containing 10% FBS. The melanoma A375 cell
line was grown in DMEM medium containing 10% FBS.
Cells were cultured at 378C in a humidified atmosphere of
5% CO2. For ALA-PDT, cells were seeded onto culture
dishes or chamber slides and grown overnight in complete
medium. Unless specified, cells were then incubated with
1 mM ALA for 3 hours, and then exposed to various doses of
light. The light source consisted of high power LED array,
with the wavelength centered at 635� 5 nm [17]. The
fluence rate of LED light source is 60 mW/cm2. After
irradiation, cells were incubated with complete medium
until further analysis.

MTT Assay

The MTT [3(4,5-dimethyl-thiazoyl-2-yl)2,5 diphenyl-
tetrazoliumbromide] assay isbased onmeasuring theactiv-
ity of mitochondrial dehydrogenases, which can reduce
a water-soluble tetrazolium salt to a purple insoluble
formazan product. The amount of formazan product was
analyzed spectrophotometrically at the absorbance of
570 nm. Cells exposed to ALA but not light were used as

control. MTT activity (%)¼ (mean absorbance of treated
cells/mean absorbance of control cells)�100%.

Colony-Formation Assay

The PDT-induced phototoxicity was further determined
by colongenic assay. Briefly, 1000 cells were seeded into
60-mm dishes. The plating efficiency was higher than 80%.
After ALA incubation, cells were exposed to various doses of
light. Cells exposed to ALA alone were used as a control.
Seven days post ALA-PDT, cells were fixed and stained
with 0.5% crystal violet. Colonies containing more than
50 cells were counted. For counting the colony number, a
picture of the dish was taken after staining the colony with
crystal violet. The picture was then viewed in a computer by
using the software of Microsoft Paint. The picture was
further divided into 8 areas. Each independent colony was
counted one by one in the eight areas of the dish. All
experiments were carried out in triplicate.

Determination of Intracellular ALA-Induced PpIX

Exponentially growing cells were seeded at a density of
2�105 cells in 60-mm Petri dishes. After incubation with
ALA for 3 hours, the medium was removed and cells were
trypsinized and resuspended in PBS. The accumulated
PpIX content was measured by flow cytometry. A 620-nm
band pass filter (605–635 nm) was used to detect the PpIX
emission fluorescence under 488-nm argon laser excitation.
Fluorescence intensity of the cells was recorded and
represents the relative intracellular PpIX content.

Establishment of PDT-Derived Variants

Via consecutive ALA-PDT, CL1-5, A375, and MDA-MB-
231 cells were used to obtain variant cells and served as the
parental cell lines. To obtain the PDT-derived variants,
parental cells plated on 60-mm Petri dishes were incubated
with ALA, and then exposed to the various doses of light as
indicated. The surviving cells were allowed to proliferate
and replated for the following cycle of photosensitization,
which takes 3–6 days for each cycle. Survivors of the 1st,
3rd, and 5th cycle were further propagated and established
as stable variants for further analysis.

Flow Cytometric Analysis for JC-1 and
MTG Analysis

To examine the possible changes of mitochondrial
membrane potential and mitochondrial amount in estab-
lished variants, we stained cell suspensions with 5,5’,6,6’-
tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcarbocyanine
iodide (JC-1) and MitoTracker1 Green (MTG; Molecular
Probes, Eugene, Oregon, USA), respectively [20,21].
Briefly, cells were incubated with MTG (500 nM) or JC-1
(10 mg/ml) for 30 min and analyzed on a cell-by-cell basis
under the excitation of 488-nm laser light in a flow
cytometry combined with a specific detection system (FACS
CaliburTM, Becton Dickinson, Franklin Lakes, NJ, USA).
The MTG emission fluorescence was collected with a
530� 15 nm bandpass filter. For JC-1 analysis, emission
signals from red (585� 21 nm) and green (530� 15 nm)
light were isolated by each photomultiplier detector and
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processed for digitization 10,000 cells per experiment. The
mitochondrial membrane potential was determined by
histogram analysis of the ratio of the red to green
fluorescence intensities. At least three experiments were
performed for each sample cell line.

Determination of Mitochondrial ATP in
PDT-Derived Variants

Mitochondrial ATP content of PDT-derived variants was
measured with an ATP determination kit according to
manufacturer’s instructions (Molecular Probes). Briefly,
cells were plated and incubated in glucose-free culture
medium for 3 hours to avoid the production of ATP via
glycolysis. Cells were then lysed with 1% Triton, mixed
with ATP reaction buffer and the luminescence was
measured by a luminescence counter. The relative lumi-
nescence intensities were corrected by the amount of total
protein in cell extract. Three measurements were taken for
each sample.

Scratch Wound Assay

Cells were seeded into 60-mm dishes at 80% confluence
and grown for another 16 hours. Since cell proliferation
rates might affect the migration distance, cells were
preincubated with 10 mg/ml mitomycin C for 3 hours to
block cell division before conducting the migration assays.
A denuded area was done by across the diameter of the dish
by a rubber policeman. Cells were washed with PBS and
further incubated in a complete medium. At the time of 0,
24, 48, and 72 hours post incubation, pictures were taken
under microscope at a magnification of 20�. The migration
distance at different time point was determined by
subtracting the values obtained at hour 0 from 24, 48, or
72 hours.

Invasion Assay

The invasive ability of cells was measured in a trapezoi-
dal modified Boyden chamber [22]. Briefly, a polycarbonate
membrane with 10 mm pores coated with Matrigel was
placed between the upper- and lower-well plates of a
membrane invasion culture system chamber. Subse-
quently, 5�104 cells were seeded onto the upper wells and
incubated for 24 hours. Cells invaded through the coated
membrane were removed from harvested from the lower
wells with 2 mM EDTA, and dot-blotted onto a 0.1% poly-L-
lysine coated membrane. After fixation in methanol, blotted
cells were stained with 50 mg/ml propidium iodine for
30 min in the dark and the cell number in each blot was
counted under a fluorescence microscope at a 25-fold
magnification by use of the Analytical Imaging Station
software package (Imaging Research, Inc., Saint Cather-
ines, Ontario, Canada).

Immunoblot Analysis

Parental and PDT-derived variant cells were lysed and
equal amount of protein lysates were electrophoresed on
10% SDS–polyacrylamide gels. The proteins were trans-
ferred to nitrocellulose membrane and reacted with anti-

bodies against EGFR or b-actin (as loading control) (Cell
Signaling Technology, Inc., Danvers, MA, USA). Secondary
antibody conjugated with horseradish peroxidase was
applied and immunocomplex was visualized by Chemilu-
minescence Reagent Plus (Blossom Biotechnology, Inc.,
Boston, MA, USA).

Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was extracted from parental or PDT-derived
variant cells by using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). An equal amount of RNA of the
samples was used to synthesize first-strand cDNA by using
SuperScriptTM II reverse transcriptase (Invitrogen)
according to the manufacturer’s instruction. The same
cDNA product obtained from each sample was used for
subsequent PCR amplification by using Tag DNA polymer-
ase (Invitrogen). Primers used for human EGFR and
b-actin (housekeeping gene) are: EGFR (S: 5’-GATAGACG-
CAGATAGTCGC-3’; AS: 5’-TTCTTCATCCATCAGGGC-
AC-3’); b-actin (S: 5’-TGGACTTCGAGCAAGAGATGG-3’;
AS: 5’-ATCTCCTTCTGCATCC-TGTCG-3’), respectively.
The PCR product was then analyzed by electrophoresis on
2% agarose gels. Densitometric analyses of the PCR
products were analyzed by using the UVP LabWork
Software 4.6. The mRNA ratio between EGFR and b-actin
was calculated to normalize for initial variations in sample
concentration.

Statistical Analysis

All experiments were repeated at least three times with
4–6 parallel measurements in different dishes or slides.
Results were averaged for experiments performed under
similar conditions and expressed as the mean�SD. unless
stated otherwise. The statistical significance of differences
in the results was analyzed using Student’s t-test for paired
data or one-way ANOVA test for multiple comparisons.
A value of P<0.05 was accepted as statistically significant.

RESULTS

Differential Phototoxicity Relates to the Different
PpIX Contents in Cancer Cells With Invasiveness

To analyze the phototoxicity induced by ALA-PDT in the
invasive cancer cells, lung adenocarcinoma CL1-5 cells,
breast carcinoma MDA-MB-231cells, and melanoma A375
cells were used. These cell lines were derived from different
human cancerous tissues. The cellular survival was
estimated by MTT assay at 24 hours after light irradiation.
Cells incubated with ALA alone showed a 100% survival.
ALA-PDT-induced cancer cell deaths were significantly
found in A375 and MDA-MB-231 invasive cancer cells and
increased in a light-dose dependent manner (Fig. 1A). The
50% lethal light dose (LD50) for A375 and MDA-MB-231
cells are around 3 and 2 J/cm2, respectively. However, less
than 20% of cell death was found in CL1-5 cells even the
light dose was increased up to 18 J/cm2. However, the
survival rate of CL1-5 cells was not decreased even the ALA
concentrations were increased (data not shown).
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Since the amount of ALA-converted PpIX might
affect phototoxicity, we further examined whether the
differential cytotoxicity was due to the different PpIX
contents in cancer cells. Compared to other cancer cell lines,
PpIX accumulation was very low in CL1-5 cells (Fig. 1B)
and was not changed significantly as the ALA concen-
trations were increased (data not shown). The low PpIX
content in CL1-5 cells explains the relative low photo-

toxicity to ALA-PDT. Meanwhile, the relative high PpIX
content in MDA-MB-231 cells explains its high photo-
toxicity after light irradiation. These results indicated the
differential phototoxicity among these three cell lines
might be due to the differential ALA-converted PpIX
content.

To avoid misinterpretation of the overall death using
MTT assay, clonogenic assay was performed to further

Fig. 1. ALA-PDT induced differential phototoxicity in invasive

cancer cells. A: Cell viability was determined by MTT assay at

24 hours after light irradiation. Cells exposed to ALA only were

used as a control and shown as 100% survival rate. Points

represent the average values from three experiments and

expressed as mean�SD. B: After 3-hr incubation of 1 mM

ALA, the PpIX content was measured by flow cytometry. Each

point represented the relative mean�SD obtained from three

independent experiments. C: Clonogenic assay was further

performed to examine the cell viability of CL1-5 and A375.

Colonies containing more than 50 cells were counted at 7 days

post ALA-PDT. Cells exposed to ALA only were used as a

control and represented a 100% survival. D: In response

to ALA-PDT, CL1-5, and A375 cells formed compact colonies.

The colonies become more condense when the light dose

increased.
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assess the proliferation ability of CL1-5 and A375 after
ALA-PDT. As illustrated in Figure 1C, the ALA-PDT-
induced cytotoxicity of A375 cells was significantly
increased in a light-dose dependent manner with LD50

around 3 J/cm2. The typical colony images of control
and LD50 was shown in supplementary 1. Meanwhile,
clonogenic survival rate also showed the relative low
phototoxicity to ALA-PDT in CL1-5 cells, which still
showed an over 85% of survival rate even the light
dose was increased up to 18 J/cm2. Noted that, although
there is differential cytotoxicity among these cancer cells,
all the PDT-treated cells formed dense colonies and the
colonies got more condense when the light dose was
increased (Fig. 1D).

Reduced Migration Ability in PDT-Treated Cells

The more condense colony formed after ALA-PDT
suggests that the migration ability of cancer cells survived
from ALA-PDT might be affected. To examine this
possibility, we first treated CL1-5, A375, and MDA-MB-
231 cancer cells with ALA-PDT under the light dose of 6, 3,
and 1 J/cm2, respectively. After ALA-PDT, the survived
cells were kept for further growth. Then, the migration rate
was measured using scratch wound assay. As shown in
Figure 2, a significant reduction in migration was found
in CL1-5, A375, and MDA-MB-231 cancer cells survived
from ALA-PDT. These results suggest that the photo-
damage induced by ALA-PDT caused the suppression of cell
migration ability. It should be noted here that the reduced
migration rate was not related to the level of phototoxicity
because CL1-5 cells showing insensitive to ALA-PDT had
significant reduction in cell migration as found in A375 and
MDA-MB-231 cells.

ALA-PDT Results in Mitochondrial Damage
and Phenotypic Change

As shown above, reduced migration rate was found in
cancer cells survived from ALA-PDT. Whether this reduced
migration is a transient or permanent PDT-induced photo-
damage deserves further investigation. To study the
cellular behaviors of surviving cancer cells and their
progeny, we established stable PDT-derived variants by
having cancer cells under multiple treatments with ALA-
PDT. In these experiments, CL1-5, A375, and MDA-MB-
231 cells were treated with consecutive cycles of ALA-PDT
under various light doses. Surviving cells were then
cultured in complete medium and further established as
stable clones. The established PDT-derived variants
designed as CL1-5/3A5 and CL1-5/6A5 was treated with
ALA-PDT at a light dose of 3 and 6 J/cm2 for five cycles,
respectively. Similarly, the A375 and MDA-MB-231 var-
iants were established and maintained as stable cell lines,
which were designed as A375/3A5 and MDA-MB-231/1A5
after five consecutive cycles of ALA-PDT at 3 and 1 J/cm2,
respectively. Interestingly, the established CL1-5/6A5,
A375/3A5, and MDA-MB-231/1A5 variants have perma-
nent morphological changes. Compared to the fibroblastic
morphology of parental cells, they all showed polygonal

Fig. 2. Cancer cells survived ALA-PDT had reduced migration

ability. CL1-5, A375, and MDA-MB-231 cells were treated with

ALA-PDT under the light dose of 6, 3, and 1 J/cm2, respectively.

After ALA-PDT, surviving cells were allowed to proliferate and

then replate. Cells exposed to ALA only were used as a control.

By using scratch wound assay, the migration distance at

different time point was determined by subtracting the values

obtained at hour 0 from 24, 48, or 72 hours. The migration

distance (mm) was measured at the time indicated.
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morphology (Fig. 3A). In addition, the F-actin was re-
organized from the longitudinal stress fibers to the cell-
substrate interface with a rim of cortical actin, which
suggests the increased adherence to the substratum
(Fig. 3B).

Previously, we have shown that ALA-PDT could
cause mitochondria dysfunction [17]. Therefore, we further
examined the integrity of mitochondria in the established
PDT-derived variants. As shown in Table 1, compared to
parental cells, the mitochondrial membrane potential
evaluated by JC-1 was significantly reduced in CL1-5/
6A5, A375/3A5, and MDA-MB-231/1A5 variants. The levels
of mitochondrial ATP in PDT-derived variants were
also reduced (Table 1). However, there was no significant
difference in the mitochondrial content between the
parental and PDT-derived variants as judged by the MTG
fluorescence intensity. Collectively, these results clearly
showed that consecutive ALA-PDT caused permanent
mitochondrial damage in the established PDT-derived
variants.

PDT-Derived Variants Are not PDT-Resistant Cells
but Exhibit Reduced Migration and Invasiveness

As these PDT-derived variants were established from
cells that survived from five consecutive cycles of ALA-
PDT, it is reasonable to suspect that these variants might
be resistant to ALA-PDT. To address this issue, we further
compared the phototoxicity induced by ALA-PDT between
the parental cells and PDT-derived variants. Although
PDT-derived variants showed higher cell proliferation rate
(Supplementary 2), our studies showed that ALA-PDT did
not cause significant difference in phototoxicity between
parental cells and PDT-derived variants (Supplementary
3). These results suggest that these PDT-derived variants
are not resistant to ALA-PDT.

We then examined whether the migration ability was
permanently affected in the established PDT-derived
variants by scratch wound assay. As illustrated in Figure
4A, compared to parental CL1-5 cells, PDT-derived CL1-5
variants showed a significant reduction in migration rate,
which was correlated with the treatment cycles and light
dose. Similar phenomena were also found in PDT-derived
A375 and MDA-MB-231 variants (Fig. 4B). As motility is a
key factor in regulating cancer cell invasion [23], we further
examined whether this inhibition affected the metastatic
potential in ALA-PDT-derived variants by examining the
transmigration of a Matrigel barrier. Invasion chamber
analysis demonstrated that, compared to CL1-5 cells
(100%), the invasion rate of CL1-5/6A1, CL1-5/6A3, and
CL1-5/6A5 variants were 64.9� 19.2%, 38.9� 5.9%, and
25.0� 8.1%, respectively. The invasion rate of CL1-5/3A5
and CL1-5/6A5 were 49.0� 27.8% and 21.4� 13.3%,
respectively (Fig. 4C). The generality of the sustained
ALA-PDT effect on cellular invasiveness was also found in
the PDT-derived variants of A375 and MDA-MB-231. The
invasiveness was reduced to 65.2% and 68.9% in A375/3A5
and MDA-MB-231/1A5 variants, respectively (Table 1).
These results indicate that cancer cells that survived
ALA-PDT were damaged in mitochondria and showed a
reduction in cell migration and invasiveness.

The Reduction of EGF Receptor in
PDT-Derived Variants

Overexpression of EGFR is found in different types of
human tumors and often correlates with the enhanced
cellular proliferation and development of cancer metastasis
[24,25]. Moreover, down-regulation of EGFR has been
noted in PDT-treated cells in vitro and in vivo [26]. We
therefore investigated whether the decreased cell migra-
tion and invasiveness in PDT-derived variants are related
to the downregulation of EGFR. As shown in Figure 5A,
compared to parental CL1-5 cells, ALA-PDT caused a
reduction in the mRNA level of EGFR, which was propor-
tional to the treatment cycles and light dose. Similarly, the
reduced EGFR was also found in PDT-derived A375 and
MDA-MB-231 variants (Fig. 5B). Meanwhile, immunoblot-
ting analysis further showed ALA-PDT results in a
significant decrease of the EGFR protein levels in these
PDT-derived variants (Fig. 6). These results suggest

Fig. 3. ALA-PDT derived variant cells maintain a polygonal

cell morphology. A: Compared to parental cells (upper panel),

phase-contrast images (magnification 200�) show significant

morphological alterations in ALA-PDT derived variants

(lower panel) under microscope. The insets show higher

magnifications 400�. B: Parental and PDT-derived variant

cells were stained with 0.1 mM of Rhodamine Phalloidin

(Molecular Probes) to visualize the actin stress fiber and

examined under confocal microscope.
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that the consecutive treatment of ALA-PDT results in
the down-regulation of EGFR, which correlates with the
reduced migration and invasion in the PDT-derived
variants.

DISCUSSION

In this study, we used cancer cell lines derived from
different human carcinomas to examine the phototoxicity
and subsequent biological effects of invasive cells that
survived from ALA-PDT. Tumor cells are known to
accumulate more PpIX, which makes ALA successful in
diagnosis and treatment for tumor tissues [27]. This might
attribute to the aberration of heme biosynthesis, such as
the reduction of ferrochelatase (FC) activity or the increase
of porphobilinogen deaminase (PBGD) activity within the
tumor cells [28,29]. However, this study showed that CL1-5
cells derived from human lung adenocarcinoma responded
poorly to ALA-PDT due to the lower amounts of ALA-
converted PpIX (Fig. 1). Whether CL1-5 cells have aberrant
PBGD or FC activity, which might be contradictory to the
known roles of PBGD or FC in tumor cells, deserves further
investigation. In addition, it should be noted that the poor
response of CL1-5 cells did not reflect a general resistance of
lung adenocarcinoma to ALA-PDT because significant
phototoxicity was found in the other lung adenocarcinoma
H1299 cell line (data not shown). In fact, this study clearly
indicates that different cancer cells might respond differ-
entially to PDT. In this regards, it is important to study
the biological consequences and molecular changes of
surviving cancer cells after PDT.

One of the major findings in this study is that ALA-PDT-
induced photodamage impairs the migration ability in
cancer cells. This effect caused by ALA-DPT could pass to
their progeny. This was supported by the following
evidences. First, after ALA-PDT, the surviving cancer

cells form more dense colonies with less space between cells
(Fig. 1D). It should be noted that the progeny of surviving
cancer cells did not receive ALA-PDT but their forming
colonies are more compact. Second, the reduced migration
was further verified by wounding the confluent monolayer
of CL1-5, A375, and MDA-MB-231 cancer cells survived
from ALA-PDT (Fig. 2). Finally, compared to those of
the parental cells, the established PDT-derived variants
showed not only reduced migration but also reduced
invasion in Matrigel (Fig. 4). It has been accepted that
there are clonal variations with heterogeneous character-
istics in established cell lines. It is possible that some of
the clones in parental cells used in this study might
have similar morphology and migration ability as found
in the PDT-derived variants. Although our present studies
indicate that the PDT-derived variants are due to the PDT
selection process, it would be better to further investigate
the differences between the PDT-derived variants and
clones of parental cells with similar phenotype. In the
future, pure clones from parental cells and PDT-derived
variants with similar morphological phenotype will be
helpful in addressing this issue.

PDT-induced suppression of tumor metastasis has been
reported, which was mainly ascribed to direct cell killing
and microvascular destruction of tumor [11–13]. In
addition, this reduced metastatic potential is also linked
to the direct impairment of adhesion molecules at the
plasma membrane [15,30] or indirect deterioration of cell
adhesion [16,31]. In fact, following ALA-PDT, all the cancer
cells used in this study also showed transient morphological
alterations and increased adherence as previously found in
NIH3T3 cells [17]. However, this increased adherence
is transient and is not found in PDT-derived variants
(data not shown). Therefore, the reduced invasion of
PDT-derived variants might not fully be related to the
PDT-induced immediate deterioration of cell adhesion.

TABLE 1. Relationship Between the Mitochondrial Function and Cellular Invasion Ability in Parental and

Established PDT-Derived Variant Cells

Cell linea

Mitochondrial

content (cpsc)

Mitochondrial function

Relative invasion

ability (%)

JC-1 membrane

potential (%)

ATP content

(arbitrary U/mg)

CL1-5

Parental 34.6 � 3.8 0.88 � 0.04 0.85 � 0.07 100

6A5 37.1 � 1.0 0.78 � 0.01b 0.34 � 0.07b 21.4 � 13.3b

A375

Parental 28.1 � 0.8 1.50 � 0.04 0.13 � 0.01 100

3A5 25.6 � 2.4 1.19 � 0.03b 0.07 � 0.01b 65.2 � 14.6b

MDA-MB-231

Parental 51.4 � 4.8 3.91 � 0.43 0.32 � 0.03 100

1A5 60.7 � 15.1 2.83 � 0.19b 0.23 � 0.03b 68.9 � 17.5b

aCL1-5/6A5, A375/3A5, and MDA-MB-231/1A5 were established with consecutive five cycles of ALA-PDT under the light dose of

6, 3, and 1 J/cm2, respectively.
bP< 0.05 for difference between parental and PDT-derived variants.
cCPS is the unit of fluorescence intensity of MitoTracker Green measured by flow cytometry which is used to express the relative

mitochondrial content per cell.
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Recently, Casas et al. [32,33] have shown that cells
resistant to ALA-PDT have disorganized cytoskeleton and
decreased metastatic phenotype. Although the established
PDT-derived variants of this study were not PDT resistant

(Supplementary 3), they still showed reduced ability in the
migration and invasion. These results suggest that PDT-
induced photodamage could decrease the metastatic poten-
tial in surviving cancer cells. Furthermore, our finding in

Fig. 4. ALA-PDT derived variants show reduced migration

and invasion ability. A: By using scratch wound assay, the

migration distance at different time point was determined by

subtracting the values obtained at hour 0 from 48 or 72 hours.

The migration distance (mm) was measured at the time

indicated. Compared to parental CL1-5 cells, PDT-derived

CL1-5 variant cells showed reduced migration ability in a

treatment-cycle (left panel) and light-dose (right panel)

dependent manner. B: Similar results of migration ability were

found in the PDT-derived variants of A375 and MDA-MB-231.

C: The Matrigel invasion assays demonstrated the values of

relative invasiveness of PDT-derived variants normalized with

those of parental CL1-5 (100%). PDT-derived CL1-5 variants

showed a significant decrease of invasiveness, which was

corrected with the treatment cycles (left panel) and light dose

(right panel). These results are the average of three indepen-

dent experiments and expressed as mean�SD. *P<0.05;

**P<0.01 statistically significant difference compared with

the parental cells.
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the decreased EGFR expression of PDT-derived variants
might provide an alternative explanation for the reduced
invasion. Down-regulation of EGFR in PDT-treated cells
has been linked to antiproliferative effects of PDT [26] or
immediate loss of cellular response to growth factor, which
could be recovered in post-PDT cells [34]. In this study,
we found that the reduced migration correlates with the
down-regulation of EGFR. It is important to emphasize
here that the reduced EGFR and invasive behaviors
were irreversible even the established PDT-derived
variants were cultured in normal medium for over

30 growth cycles. These results indicate that ALA-PDT
might affect the cancer cell behaviors, such as the
reduction of EGFR levels and invasion ability in the
surviving cancer cells, which could be passed to their
progeny. These findings might further explain why PDT
can suppress the tumor metastasis as reported in animal
study [11,12,15,16]. It is important to further verify these
observations in an in vivo setting by using cancer cell lines
with spontaneous metastasis, because the cell lines used in
this study can only grow as primary tumors after subcuta-
neous injection.

Fig. 5. ALA-PDT results in the down-regulation of EGFR mRNA in a treatment-cycle

and light-dose dependent manner. A: CL1-5 cells were treated with various cycles of ALA-PDT

(6 J/cm2; left panel) or under various light doses for five consecutive cycles of ALA-PDT (3 and

6 J/cm2; right panel). B: The reduction of EGFR mRNA was also found in the PDT-derived

variants of A375 and MDA-MB-231. The mRNA levels of b-actin served as a loading control.

Fig. 6. ALA-PDT results in the down-regulation of EGFR

protein levels in a treatment-cycle and light-dose dependent

manner. A: CL1-5 cells were treated with various cycles of

ALA-PDT (6 J/cm2; left panel) or under different light dose

for five cycles of ALA-PDT (3 and 6 J/cm2; right panel). The

cell lysates were subjected to SDS–PAGE and analyzed by

immunoblotting. The levels of b-actin served as a loading

control. Compared to parental CL1-5 cells, PDT-derived CL1-5

variant cells have reduced EGFR protein determined. B: The

reduced expression of EGFR protein was also found in the

PDT-derived variants of A375 and MDA-MB-231.
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The changes of phenotype and invasion ability usually
involve expression changes at the level of nuclear genes.
Due to the short diffusion distance of singlet oxygen, the
sites of direct photodamage could be correlated to the sites
of photosensitizer location [35]. Under our experimental
conditions, PpIX was mainly localized at mitochondria as
evidenced by the superimposed images of PpIX and MTG
in CL1-5 cells (Supplementary 4). Electron microscopic
analysis demonstrated that the mitochondria showed a
larger size and contained fewer cistae after ALA-PDT
(Supplementary 5), indicating mitochondrial swelling.
In this regard, it is unlikely that this mitochondria-based
PDT will directly damage the nuclear DNA. One possible
explanation to the reduced invasion ability in PDT-derived
variants is the dissipation of mitochondrial membrane
potential (Table 1). It is possible that the abnormal
mitochondria somehow gradually alter the nuclear gene
expression profile and thus morphological phenotypes and
invasiveness. The cytosolic Ca2þ has been proposed as the
possible link between abnormal mitochondria and the
changes of nuclear gene expression [36]. The elevation of
cytosolic Ca2þ levels could influence several signaling
cascades regulating cell adhesion and metastasis [37,38].
Compared to parental cancer cells, we did observe a
significant increase of cytosolic Ca2þ level in PDT-derived
variants (unpublished results). Therefore, it is worthwhile
to further investigate whether the cytosolic [Ca2þ] plays a
critical role in affecting the nuclear gene expression, and
that further results in the alterations of cellular morpho-
logy and invasiveness in the PDT-derived variants of
cancer cells.

In conclusion, we have found that cancer cells survived
from ALA-PDT have permanent morphological change and
reduced metastatic potential. Further studies are needed to
investigate the molecular mechanisms underlying the
induction of phenotypic changes and the decrease of
cellular invasion ability in the PDT-derived variant cells.
Understanding this mechanistic basis and molecular
changes can portray a more complete picture of why cancer
cells that survived PDT have reduced metastatic ability
and therefore are of great significance in PDT biology.
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