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Abstract
Photodynamic therapy (PDT) is a novel cancer treatment utilising a photosensitiser, visible light and
oxygen. PDT often leaves a significant number of surviving tumour cells. In a previous work, we
isolated and studied two PDT resistant clones derived from the mammary adenocarcinoma LM3 line
(Int. J. Oncol. 29 (2006) 397–405). The isolated Clon 4 and Clon 8 exhibited a more fibroblastic,
dendritic pattern and were larger than the parentals. In the present work we studied the metastatic
potential of the two clones in comparison with LM3.

We found that 100 % of LM3 invaded Matrigel, whereas only 19 ± 6 % and 24 ± 7 % of Clon 4 and
Clon 8 cells invaded. In addition, 100% of LM3 cells migrated towards a chemotactic stimulus
whereas 38 ± 8 % and 73 ± 10 % of Clones 4 and 8 respectively were able to migrate. In vivo, 100%
of the LM3 injected mice developed spontaneous lung metastasis, whereas none of the Clon 8 did,
and only one of the mice injected with Clon 4 did. No differences were found in the proteolytic
enzyme profiles among the cells. Anchorage-dependent adhesion was also impaired in vivo in the
resistant clones, evidenced by the lower tumour take, latency time and growth rates, although both
clones showed in vitro higher binding to collagen I without overexpression of β1 integrin.

This is the first work where the metastatic potential of cells surviving to PDT has been studied. PDT
strongly affects the invasive phenotype of these cells, probably related to a higher binding to collagen.
These findings may be crucial for the outcome of ALA-PDT of metastatic tumours, although further
studies are needed to extrapolate the results to the clinic employing another photosensitisers and cell
types.
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INTRODUCTION
Photodynamic therapy (PDT) is a novel cancer treatment modality utilising a photosensitiser,
visible light and oxygen [1,2]. The photosensitiser absorbs light and, in the presence of oxygen,
transfers the energy, producing cytotoxic oxygen species [3].

5-aminolevulinic acid (ALA) is an alternative compound for the treatment of malignant
tumours [4,5]. ALA is a naturally occurring delta amino acid that is ultimately converted into
Protoporphyrin IX (PpIX), the immediate precursor of heme and an endogenous
photosensitiser.

Currently, topical photodynamic therapy (PDT) has received approval for the treatment of
dermato-oncologic conditions like actinic keratoses, Bowen’s disease, in-situ squamous cell
carcinoma and basal cell carcinoma in many countries all over the world [6]. ALA is also
frequently applied topically or systemically in PDT of superficial tumours such as cancer of
the oral cavity, localised cutaneous lymphomas, and metastatic skin secondaries from breast
or pinna [7] as well as non-tumour applications, especially psoriasis, viral-induced diseases,
or acne vulgaris [8]. Non-superficial cancers such as duodenal, oesophageal, colorectal and
cervical intraepithelial neoplasias, among others, have also been treated with ALA-PDT [9,
10,11]. ALA has also been employed in the photodiagnosis and treatment of lung cancer,
malignant glioma, bladder cancer and peritoneal carcinomatosis [12,13,14,15].

The accumulation of ALA is more pronounced in malignant cells as compared to their normal
counterparts in vitro and in vivo, and the reason for this phenomenon is attributed to an increase
of the rate-limiting enzyme porphobilinogen deaminase [16,17], and a decrease of the acitivity
of ferrochelatase in tumour cells [18].

PDT, similarly to the rest of the anticancer therapies, often leaves a significant number of
surviving tumour cells which have been exposed to reactive oxygen species arising from light
excitation of a photosensitiser, but not enough to be destroyed. The characteristics of the cells
resistant to PDT allow us to study the changes induced in the long term by the treatment. These
changes can be exploited to selectively treat the surviving cells either with modified PDT
protocols or with other therapies [19].

A reduction of metastasis has been reported in vivo after PDT compared to surgery [20,21,
22]. Rousset et al [23] also reported a decrease of metastasis induced by colon adenocarcinoma
cells treated with Photofrin-PDT respect to the control. On the contrary, Momma et al. [24],
employing an orthopic prostate tumour model, showed that PDT induced an increase in the
number of metastasis due to the induction of the vascular endothelial growth factor [25], which
is reversed by simultaneous administration of antioangiogenic therapies [26].

Since the plasma membrane is the target for various photosensitisers [27], it is not surprising
to find that PDT induces changes in cell adhesion, invasion and metastasis. In addition, tumour
cells treated with PDT release prostanoids [28] that have been shown to influence the in vivo
dissemination, and in vitro migration of carcinoma cells.

The metastasis process involves the detachment and infiltration of the cells from the original
primary tumour. In the first step, the cells released from the primary tumour have to penetrate
to the blood or lymphatic vessels. Circulating cells can then migrate through the walls of vessels
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to surrounding tissues (extravasation) where they settle, adhere, proliferate, and induce
angiogenesis, creating metastasis. Circulating cells can then migrate through the walls of
vessels to surrounding tissues (extravasation) where they settle, adhere, proliferate, and induce
angiogenesis, creating metastasis. The processes of intra- and extravasation are regulated by
the activation of proteolytic enzymes capable of degrading the extracellular matrix (ECM)
[29].

In a previous work, we isolated and studied two ALA-PDT resistant clones from the murine
mammary adenocarcinoma LM3 cell line [19]. The isolated clones exhibited a more
fibroblastic, dendritic pattern, and a higher cell spreading while the parental line presented
polyhedric shape, grew in clusters and was smaller. These different features led us to think that
the resistant lines could present different adhesive, invasive or metastatic phenotypes.

In the present work we studied the metastatic potential of the clonal lines derived from the
LM3 adenocarcinoma resistant to ALA-PDT. We examined in vitro the adhesion, migration
and invasion processes, together with the proteolytic enzymes profile and in vivo, we assayed
the ability of the resistant clones to induce spontaneous metastasis.

MATERIALS AND METHODS
Chemicals

Bovine serum albumin (BSA) was obtained from Sigma, St. Louis, MO, USA. Anti mouse
monoclonal antibody against β1-integrin was from Transduction Laboratories, UK and β-actin
from GE Healthcare UK limited, Buckinghamshire, UK. The secondary antibody was
peroxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc,
West Grove, PA, USA). Fibronectin, laminin and Collagen I, were obtained from Collaborative
Biomedical Products (Becton Dickinson, Bedford, MA, USA).

Cell lines and cell cultures
LM3 cell line [30] derived from the murine mammary adenocarcinoma M3 was cultured in
minimum essential Eagle’s medium supplemented with 2 mM L-glutamine, 80 μg/ml
gentamycin and 5% fetal bovine serum, and incubated at 37°C in an atmosphere containing
5% CO2. Clon 4 and Clon 8 cells resistant to ALA-PDT were obtained after multiple ALA-
PDT treatments of LM3 parental cells as previously described [19].

Animals
Randomized inbred male BALB/c mice 12 weeks old, weighing 20–25 g were used. They were
provided with food (Purina 3, Molinos Río de la Plata) and water ad libitum. Animals received
human care and were treated in accordance with guidelines established by the Animal Care
and Use Committee of the Argentine Association of Specialists in Laboratory Animals
(AADEALC), in full accord with the UK Guidelines for the Welfare of animals in Experimental
Neoplasia [31].

Evaluation of tumour growth
LM3 and the resistant clones were compared in their ability to growth as subcutaneous (s.c).
primary tumours and to spontaneously metastasize to the lung. An amount of 105 to 106 cells/
0.2 ml were injected s.c. into the left flank of BALB/c mice (n=7 per point). Tumour volume
was measured every week to establish the growth rate. Latency period was defined as the time
when 50% of mice of each group developed palpable tumours. Tumour take was defined as
the percentage of mice that developed palpable tumours at latency time.
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Evaluation of spontaneous lung metastasis
A cell suspension of 106 cells/0.2 ml was injected s.c in the mice. When the tumours reached
different fixed diameters, animals were sacrificed and the subpleural visible metastatic nodules
were counted under a dissecting microscope. In addition, lungs were fixed in formaldehyde
and embedded in paraffin according to standard histological procedures. Serial sections (4 um)
from the whole lungs were cut and stained with H&E for counting metastasis in the parenchima.

Invasion and chemotaxis assays
The invasiveness of LM3 and resistant clones was tested in vitro in a 24-well insert system
using an 8 μm PET membrane coated with Matrigel Basement Membrane Matrix (BD BioCoat
Matrigel invasion chambers, BD Biosciences, Bedford, MA, USA) following a described
method [32]. Inserts were rehydrated with medium without serum according to manufacturer’s
instructions. Exponentially growing mammary tumour cells (7 ×104 cells/filter) suspended in
medium without serum, were added to the upper chamber and assembled with the lower
chamber, which had been prefilled with filtrated lung conditioned complete medium as
chemoattractant [33]. After 20-hour incubation at 37°C, the cells on the upper surface of the
filter were removed with a cotton swab. Time and cell density conditions were established
before. The filters were fixed with ice-cold methanol and stained with 0.1 % crystal violet. The
degree of invasion was measured by counting the number of cells in five randomly selected
areas of the lower surface of the filter at × 400 magnification. Tumour cell chemotaxis was
measured following the same procedure employing the control inserts without the Matrigel
coating.

Cell adhesion to ECM proteins: for adhesion assays, 96-well high binding plates were coated
at 4°C overnight with ECM proteins: 5μg ml−1 fibronectin, 40 μg ml−1 laminin, and 20 μg
ml−1 collagen I dissolved in PBS pH 8.8. At least 1 h before the plates were used, the ECM
liquid was discarded, and the wells were blocked with a solution of 0.5% bovine serum albumin
(BSA). Cells (5 × 105 ml−1) were trypsinised and plated in medium with BSA on the coated
wells. Other wells were coated with BSA as a control for non-specific binding. After 30 min
incubation at 37°C, the cells were washed three times with PBS. The remaining adherent cells
were fixed in methanol: acetone (1:1) for 15 min. and stained with 0.5% crystal violet. Adherent
cells were quantified by absorbance at 560 nm after solubilisation in 2% sodium dodecyl
sulfate. Adhesion values were determined by quadruplicate measurements.

Plating efficiency
Cells were detached using trypsin/EDTA and resuspended in complete medium. Diluted
suspensions were plated on 100 mm dishes and incubated for 10 days. Cells were fixed with
ice-cold methanol and stained with 0.1% aqueous crystal violet. Colonies of more than 50 cells
were counted.

Detection of metalloprotease (MMP) activity
Collagenolytic activity secreted by LM3 and ALA-PDT resistant cells was determined in
conditioned media by gel electrophoresis SDS-polyacrylamide copolymerized with 0.1%
gelatin. Protein content in the cells was determined with the Lowry et al. method [34] and the
conditioned media were diluted before seeding. To detect specific activity, after running, the
gels were washed in 2% Triton X-100 and incubated for 72 h in 0.25 M Tris-HCl/1 M NaCl/
25 mM CaCl2 buffer (pH 7.4). To detect non-specific activity, 40 mM EDTA was added to the
buffer solution. Gels were fixed and stained with Coomassie Blue. Gelatinolytic bands were
identified by negative staining and quantified by a scan image densitometer coupled to an image
analyzer. MMP activities were expressed as arbitrary units.
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Immunoblots for β1-integrin
Semiconfluent monolayers were washed and then lysed with RIPA buffer [150 mM NaCl, 1%
Triton X-100, 0.05% deoxycholate, 0.1% SDS, 1% Nonidet-40, 50 mM Tris (pH 8)] containing
Phosphatase cocktail 2 and Protease inhibitor cocktail (Sigma). The samples were adjusted to
the same protein concentration (Bichinconinic acid protein assay kit, Pierce, Rockford, IL,
USA), denatured by boiling in Laemmli sample buffer with 5% β-mercaptoethanol and
separated by SDS-PAGE, performed as described by Laemmli. Gels were electroblotted to a
PDVF Immobilon-P membrane (Millipore, Bedford, MA, USA), blocked with 5% skim milk
in Tris buffered saline (Tris HCl 10 mM pH 7.6, NaCl 0.9%, 0.05% Tween 20) overnight at
4°C. Afterwards, the membranes were incubated 1 h at room temperature with a specific
antibodiy anti β1-integrin diluted 1:1000 in blocking buffer. Secondary antibody was used
diluted 1:10,000 and incubated 1 h at room temperature. Detection was performed using ECL
Plus Westernblotting detection system (GE Healthcare UK limited, Buckinghamshire, UK).
Bands were quantified by scanning on a digital GS-700 densitometer and employing Molecular
Analyst software.

Statistical analysis
Kruskal-Wallis test was employed to evaluate differences in the latency periods. The unpaired
t-test was used to establish the significance of differences between groups in the rest of the
experiments. Differences were considered statistically significant when P < 0.05.

RESULTS
Invasion in vitro

Invasion was assayed in vitro (Figure 1) employing a 24-well insert system coated with
Matrigel, using lung conditioned medium as chemoattractant. We observed that 100 % of LM3
were able to invade Matrigel, whereas only 19 ± 6 % and 24 ± 7% of Clon 4 and Clon 8 cells
invaded.

In addition, we tested chemotaxis or directional migration using control inserts, and we saw
that 100% of LM3 cells migrated through the porous membrane, whereas 38 ± 8 % and 73 ±
10 % of Clones 4 and 8 respectively were able to migrate.

In vitro and in vivo behaviour
Colony formation assay in vitro was significantly impaired (25–30%) in both Clon 4 and Clon
8 compared to LM3 (Table 1).

Tumour take was decreased in the resistant clones compared with the LM3 line (Table 1), most
markedly in Clon 8. When 105 LM3 cells were injected s.c. into mice, 30% of mice developed
tumours, whereas no tumours were developed in the resistant clones. Increasing the amount
injected to 5×105 cells, tumour take was 100% for LM3 cells, 60% for Clon 4 and 30% for
Clon 8. Further increasing the amount injected to 106 cells, 100% of mice injected with LM3
and Clon 4 developed tumours, and only 60% of mice injected with Clon 8 did.

Growth rate was also significantly decreased in Clon 4 (p=0.047) compared with LM3, and
Clon 8 growth delay was even more marked, 3.5-fold lower than the control. Latency time was
similar for LM3 and Clon 4 whereas it was markedly longer for Clon 8 cells (p< 0.001).

Induction of spontaneous metastasis
Spontaneous lung metastasis induced by LM3 and resistant clones are shown in Figure 2.
Whereas subcutaneous implanted LM3 cells mestastasised to lung in a tumour-size dependant
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way, Clones 8 and 4 almost did not induce nearly any metastasis at all. Only one small
metastasis was found in one Clon 4 lung in the 7–19 mm tumour diameter range, whereas Clon
8 cells did not induce any metastasis at all.

Cell adhesion
We did not find any significant differences in the adhesion of the three cell lines to the ECM
proteins fibronectin and laminin, whereas Clon 4 adhered 1.3-fold to Collagen I (p= 0.027)
and Clon 8 adhered 2-fold (0.001) as compared to LM3 (Figure 3). BSA was employed as a
non-ECM control.

Metalloprotease activities
Both LM3 and resistant clones exhibited strong MMP-9 and weak MMP-2 signals. However,
the comparison of the arbitrary units obtained after quantification of both bands, revealed that
there were no significant differences between LM3 and the resistant clones (Figure 4)

Westernblot assays
Westernblot assays did not show significant differences in the expression of β1-integrin in the
resistant clones as compared to LM3 cells (Figure 5).

DISCUSSION
In a previous work we had shown that the ALA-PDT resistant Clones 4 and 8 exhibited a more
fibroblastic, dendritic pattern, and a higher spreading in plastic while the parental cell line
presented polyhedric shape, grew in clusters and was smaller [19]. These different features led
us to think that the resistant lines could present different adhesive, invasive or metastatic
phenotypes.

In the present work we showed that the ALA-PDT resistant clones have a severely impaired
metastatic potential. The metastasis process involves the detachment and infiltration of the
cells from the original primary tumour, intravascular invasion, transport in the blood,
extravasation, adhesion and ultimately, proliferation at the metastatic site [29]. We studied the
differences in motility, invasion and adhesion of these low metastatic cell lines, and it is clear
that some of these steps are altered.

Plating efficiency dropped significantly in Clon 4 and Clon 8 cells, and in vivo, tumour take
and growth rate were also decreased in both clones, and latency time was longer in Clon 8,
showing that the general anchorage-dependent adhesion is somehow affected in these cells.

Proteolytic activity and remodelling of the extracellular matrix are important players in tumour
progression. There is consensus to say that MMP activities correlate with higher metastatic
potential [35]. However, during tumour regression the increase in cell death has been shown
to be accompanied by an increase in proteolytic activity and extracellular matrix remodelling
[34].

Both LM3 and resistant clones exhibit MMP-2 and MMP-9 activities, but no significant
differences were found between LM3 and the resistant clones, suggesting that an impaired
collagenolitic activity is not the reason for the different metastatic phenotype. It was found that
PDT induced MMP-1 and MMP-3 activities in a fibroblast model [37], whereas PDT impaired
MMP-2 and MMP-8 activities in glioma cells [38] and no alterations in the MMPs pattern were
observed in some other PDT-treated cells [39,40].

Casas et al. Page 6

Cancer Lett. Author manuscript; available in PMC 2009 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results from in vitro assays suggest that ALA-PDT resistant clones have a dramatic decrease
in their ability to migrate and/or invade through Matrigel basement membranes. Whereas Clon
4 invading ability was 4-times lower than the LM3 parental cells, the migratory response was
also impaired 2.5 times. Clon 8 presented the same decreased ability to invade as well, whereas
the migratory response was only impaired 1.25 times. Since cell motility and chemotaxis are
implicated in tumour-cell invasion [41], we believe that these are the main steps affecting the
metastatic potential of LM3-derived cells. Moreover, since the migration process in Clon 8
was less markedly affected than the invasion, we hypothesise that the latter is the blocking
point in the metastatic cascade in these cell types. Jiang et al. [42] also found that PDT with
Photofrin reduced the invasiveness of malignat glioma spheroids through Matrigel-coated
filters and normal fetal rat brain aggregates.

The adhesion process may either contribute to increase or to impair the metastatic potential of
the cell, depending on the components involved in the adhesion process. It has been shown
that loosening of cell-substrate interactions leads to increased invasion [43].

Collagen is found in significant amounts in basement membranes and it has been shown to
promote attachment of both normal and neoplastic epithelial cells [44]. The highly metastatic
subline of rat prostatic adenocarcinoma, MAT-LyLu was found to be less adherent to Collagen
IV, compared to the low metastatic and high motile PIF-1 subline [45], and increased adhesion
to collagen I has been correlated to decreased Matrigel invasion and metastasis [46,47]. On the
other hand, higher adhesion to collagen IV increased the metastatic potential in other cell
models [48,49] and confers in vitro an increased motility and invasion [50,51].

In our ALA-PDT resistant model, there were no differences in the adhesion to laminin and
fibronectin, but adhesion to collagen I was increased in both clones, more markedly in Clon
8, and this process is likely to be restraining the ability to invade through Matrigel.

Some authors observed changes in the adhesion to plastic or endothelium in PDT-treated cells
[52,53], transient impairment of some adhesion molecules expression [23,54], loss of focal
adhesion plaques and alterations of integrin signalling [55,56]. In addition, several authors
reported an increased resistance to trypsinisation after PDT, process mediated by cleavage of
extracellular integrin fragments [57,58,59,60].

Many studies have demonstrated that PDT alters the extracellular matrix profoundly, enhances
the synthesis of collagen type I [61], increases platelet adhesion to collagen [62], and induces
collagen cross-linkings [40]. In addition, PDT using Verteporfin transiently inhibits cell
adhesion to collagen [55,56]. It is therefore, not surprising to find that ALA-PDT alters
adhesion to collagen in ALA-PDT surviving cells.

Although we ignore which integrins are involved in the adhesion of LM3 cells to substrate,
α2β1 integrin has been associated with breast cancer, and it was found to bind collagen I,
laminin and tensacin [63]. However, we did not find overexpression of β1 integrin in our
resistant clones that could account for the increased adhesion to collagen I.

Since parental LM3 cells do not have a clonal origin, it is a heterogeneous population and we
have to take into account that functional and morphologic changes present in the resistant
clones, may be either arising after PDT treatments or just selected during the process of
resistance. However, since cell membrane is one of the targets of ALA-PDT [64], inducing
membrane cross-linkings, it is not surprising to find changes in adhesion, migration and
invasion, driven by PDT treatment [65].

However, numerous cell components other than plasma membrane, including mitochondria,
lysosomes, Golgi apparatus and nuclei have been described as targets for the cytotoxic effects
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of photodynamic therapy with other photosensitisers [66], and these different targets can lead
to different metastatic phenotypes.

To sum up, this is the first work where the metastatic potential of cells resistant to PDT has
been studied. We found that PDT strongly affects the invasive phenotype of these cells,
probably related to a higher binding to collagen. These findings may be crucial for the clinical
outcome of ALA-PDT of metastatic tumours. Further studies are needed to elucidate if this is
a common feature of all the cells subjected to multiple PDT treatments, if any photosensitiser
in any cell type would induce the same alterations and moreover, if these alterations would
appear after in vivo photodynamic treatment.
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5-aminolevulinic acid

ALA-PDT  
ALA-based PDT
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extracellular matrix

MMP  
matrix metalloprotease
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PDT  
photodynamic therapy

s.c  
subcutaneous
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Figure 1. In vitro migration and invasion of LM3, Clon 4 and Clon 8
The invasiveness of the cells was tested in vitro in Matrigel-coated inserts, whereas the
chemotaxis was measured using the control uncoated inserts. Bars, means ± SD of 4
independent experiments run in triplicate. The results are expressed as % of total cells plated
in the inserts.

Casas et al. Page 13

Cancer Lett. Author manuscript; available in PMC 2009 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Lung spontaneous metastasis induced by LM3, Clon 4 and Clon 8
A cell suspension of 106 cells/0.2 ml was injected s.c. When the tumour reached different fixed
diameters, animals were sacrificed and the total number of metastasis (macroscopic +
microscopic) were counted. Points, number of metastasis of single mouse. At least 7 mice per
point were used.
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Figure 3. Cell adhesion of LM3, Clon 4 and Clon 8 cells to ECM proteins
After 30 min of culture on BSA, laminin, fibronectin or collagen I, cells were quantified using
a colorimetric method described in Materials and Methods. The Figure illustrates results from
one representative experiment of 3; each experimental condition is mean ± SE from 4 individual
samples.
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Figure 4. Gelatin zymography of conditioned culture media of LM3, Clon 4 and Clon 8 cells
A representative image of a gelatin zymogram is shown.
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Figure 5. Western blot analysis β1-integrin
Total extracts of subconfluent cultures were employed. Actin was employed as a loading
control. The figure is representative of at least three independent experiments

Casas et al. Page 17

Cancer Lett. Author manuscript; available in PMC 2009 November 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Casas et al. Page 18

Table 1
In vitro and in vivo behaviour of LM3 and resistant clones injected subcutaneously in mice

LM3 Clone 4 Clone 8

Plating efficiency (%)a 95 ± 8 75 ± 10* 70 ± 4
Tumour take (%) (106/5×105/105 cells/mouse)b 100/100/30 100/60/0 60/30/0
Growth rate in exponential phase (cm3/day)c 0.091 ± 0.017 0.075 ± 0.015* 0.025 ± 0.001*

Latency (days)d 20 (15–23) 22 (17–27) 35 (28–45) **

a
n=3

b
n=5 per point.

c,d
106 cells/mouse, n =9, three independent experiments.

d
mean (range).

*
p< 0.05 vs. LM3, unpaired Student’s t-test.

**
p<0.001 vs. LM3, Kruskal-Wallis test.
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