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Abstract. Aim: We investigated the effect of photodynamic
therapy (PDT) using radachlorin on invasion, vascular
Sformation and apoptosis by targeting epidermal growth factor
receptor (EGFR)/vascular endothelial growth factor receptor
2 (VEGFR?2) signaling pathways in the HEC-1-A endometrial
adenocarcinoma cell line. Materials and Methods: To
investigate the apoptotic pathway, we performed the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay, and western blot analysis. We also
evaluated the effects of PDT on tubular capillary formation
in and invasion by HEC-1-A cells with a tube formation
assay, invasion assay, prostaglandin E2 (PGE2) assay, and
western blot analysis. Results: PDT had anticancer effects on
HEC-1-A through activation of the intrinsic pathway of
apoptosis via caspase-9 and poly-(ADP-ribose) polymerase
(PARP). PDT also inhibited tubular capillary formation in
and invasion by HEC-1-A under VEGF pretreatment, that
resulted from down-regulation of VEGFR2, EGFR, Ras
homolog gene family/ member A (RhoA) and PGE2. These
results are indicative of the specificity of radachlorin-
mediated PDT to VEGF. Conclusion: The major advantage
of radachlorin-mediated PDT is its selectivity for cancer
tissue while maintaining adjacent normal endometrial tissue.
Therefore, radachlorin-mediated PDT might offer high
anticancer efficacy for endometrial adenocarcinoma and an
especially useful modality for preserving fertility.
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Endometrial cancer is the third most common malignancy in
Korea and the most common gynecological cancer in the
United States (1, 2). The burden of endometrial cancer has
increased with an annual increase in incidence and mortality.
Approximately 80% of endometrial cancers are diagnosed at
an early stage (3, 4) and 3-14% of all cases are diagnosed
before 40 years of age (5). Conservative therapy has emerged
as an alternative to surgery in the management of young
patients with early-stage endometrial cancer who wish to
retain their fertility. Hormonal agents, such as progestin, and
gonadotropin-releasing hormone analogs are often used in
such cases (6). However, maintenance treatment with
hormonal agents precludes pregnancy; moreover, the
therapeutic effect appears to be inadequate. Therefore,
development of new treatment modalities for endometrial
cancer is required for women who wish to preserve their
fertility.

Epidermal growth factor receptor (EGFR) and vascular
endothelial growth factor receptor 2 (VEGFR2) are tyrosine
kinase receptors that play a key role in cancer development
and progression. Activation of EGFR and VEGFR?2 triggers
the phosphorylation of multiple proteins, including those of
the phosphatidylinositol-3-kinase/serine/threonine kinase
(PI3K/AKT) and mitogen-activated protein kinase (MAPK)
pathways which are involved in cell survival, apoptosis and
angiogenesis (7, 8). Overexpression of EGFR and VEGFR2
is frequently observed in many cancer types (9, 10).
Abnormal activation of EGFR and VEGFR?2 correlates with
poor prognosis and chemoresistance (11, 12). Because of
potential interactions and their well-established role in cancer
growth and angiogenesis, inhibition of both EGFR and
VEGFR?2 signaling pathways might improve the outcome of
patients with endometrial cancer (13).

Photodynamic therapy (PDT) is becoming widely
accepted as a potential treatment for cancer and some non-
malignant diseases (14). Some studies indicated the potential
therapeutic role of PDT in patient with early-stage
endometrial cancer (15, 16). PDT involves the use of a
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Figure 1. Structure of radachlorin®. A: Major component. sodium chlorine eg; B: one of the minor components, sodium chlorine eg.

compound called a photosensitizer that can be excited by a
specific wavelength of light. The activated photosensitizer
then interacts with molecular oxygen to produce cytotoxic
singlet oxygen and other reactive oxygen species that destroy
target cells (17). Radachlorin, a mixture of the sodium salts
of chlorine e6, chlorine p6 and purpurin 18, is a promising
second-generation photosensitizer (Figure 1). Radachlorin
has better light penetration of target tissue, as compared to
first-generation photosensitizers (18). The anticancer effects
of PDT using radachlorin in some in vitro and in vivo cancer
models have been reported (19-22); however, the potential
of radachlorin-mediated PDT for the treatment of
endometrial adenocarcinoma remains unclear.

In the present study, we investigated the effect of
radachlorin-mediated PDT on invasion, vascular formation and
apoptosis by targeting EGFR/VEGFR?2 signaling pathways in
the HEC-1-A endometrial adenocarcinoma cell line.

Materials and Methods

Cell lines and cell culture. The human endometrial adenocarcinoma
cell line HEC-1-A was purchased from the American Type Culture
Collection (Manassas, VA, USA). HEC-1-A was maintained in
McCoy’s 5A medium (Life Technologies, Grand Island, NY, USA)
containing 10% fetal bovine serum and 1% streptomycin-penicillin
(Corning, Carlsbad, CA, USA).

Photosensitizer and light source. Radachlorin (RADA-PHARMA Co,
Ltd., Moscow, Russia) was dissolved in dimethylsulfoxide (DMSO)
to obtain 1 mM stock solution, which was stable in solution at 0+4°C
in the dark. Working drug solutions (0.39-200 pg/ml) were prepared
by diluting the stock solution with serum-free medium. A diode laser
device (WonTech, Korea; power output 50 mW) was the source of
monochromatic red light (660 nm) for PDT used in this study.
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Photodynamic treatment and observation of cell morphology. HEC-
1-A cells were seeded at a density of 5x104 cells per well in 96-well
flat-bottomed micro titer plates (SPL Life Science, Daejeon, Korea).
After 24 h, cells were incubated with different concentrations of
radachlorin for 4 h in the dark. After removing the drug and
washing with phosphate-buffered saline (PBS), the treated cells was
irradiated using a light-emitting diode at 25 J/cmZ2. All irradiations
were performed at room temperature (25°C). Controls for each
experiment were cells exposed to PDT light (at each light dose)
without radachlorin. Cells were observed at 24 and 48 h under an
inverted microscope (BX51; Olympus, Miami, FL, USA)).
Cytototoxicity by PDT results were expressed as the percentage of
treated cell viability in comparison to controls. All experiments were
repeated three times.

Assessment of cell viability: 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay. Cell survival was
evaluated by MTT assay. In brief, culture medium was removed, and
control/treated cells were incubated in medium with 0.5 mg/ml MTT
solution (Sigma-Aldrich Corporation, St. Louis, MO, USA) for 3 h
at 37°C to allow MTT metabolism. The resulting formazan crystals
were dissolved with 100 mol/l of DMSO (Life technologies, Grand
Island, NY, USA) and the absorbance was measured at 540 nm using
an enzyme-linked immunosorbent assay (ELISA) plate reader
(Tecan, Austria).

Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end
labeling (TUNEL) assay. TUNEL assay was performed by TdT-
FragELTM DNA fragmentation Detection Kit (Oncogene, Boston,
MA, USA) according to the manufacturer’s instructions. Briefly,
cells were seeded in a chamber slide and incubated with 25 pM of
radachlorin described previously. After PDT, cells were incubated
for 24 and 48 h and were fixed using 2% formaldehyde. After
fixation, cells were permeabilized with 2.5% triton X-100 for 10min
and washed with PBS. TdT-Annexin V labeling reaction mixture in
equilibrium buffer was added to specimens and incubation
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Figure 2. Morphological observation under an inverted microscope: the control cells grew adherently, showing clear contour. However, photodynamic
therapy (PDT)-treated cells had altered morphology, showing condensed cytoplasm or floating behavior.

performed for 2 h. After incubation, specimens were counterstained
with 20 pg/ml of propidium iodide (PI) and annexin V-positive cells
were observed by fluorescence microscope.

Tube formation assay. Plates were coated with matrigel (BD
Biosciences, Bedford, MA, USA) by incubation at 37°C for 30 min.
Cells (3x10%) were seeded with 50 ng/ml of recombinant human
VEGF (Peptrotech, Rocky Hill, NJ, USA) onto the 24-well
matrigel-coated plates. After 8 h incubation, cells were fixed with
2% formaldehyde and were stained with 2% crystal violet. Tube
formation was observed under microscopy (BX51; Olympus) and
total tube area was measured using Image J program (NIH,
Bethesda, MD, USA).

Invasion assay. The invasive ability of HEC-1-A cells was measured
by the Boyden chamber invasion assay. Matrigel was applied to the
top side of 8-um pore polycarbonate filters. In a Boyden chamber
consisting of two chambers. A total of 30 pl of medium from HEC-
1-A cells cultured for 24 h was applied in the lower chamber, and
in the upper chamber, HEC-1-A cells were seeded at a density of
1x105 cells with or without 50 ng/ml of recombinant human VEGF
(Peptrotech, Rocky Hill, NJ, USA). The chamber underwent PDT
and was incubated for 8 h at 37°C. At the end of incubation, the
cells in the upper surface of the membrane were carefully removed
with a cotton swab and cells that had invaded across the matrigel to
the lower surface of the membrane were fixed with methanol and
stained with 5% Giemsa solution. The invading cells on the lower
surface of the membrane filter were counted with a light
microscope. The data are presented as the average number of cells
attached to the bottom surface from randomly chosen fields. Each
experiment was carried out in triplicate.

Prostaglandin E, (PGE;) assay. The expression level of PGE2 in
cell culture medium was determined using an ELISA. Cell culture
medium was collected from tube formation assay supernatant which
was concentrated using centricon (Millipore, Temecula, CA, USA).

The ELISA kits were purchased from R&D Systems (Minneapolis,
MN, USA) and assays were performed according to the
manufacturer’s instructions and repeated in triplicate.

Western blot analysis. HEC-1-A cells were seeded at a density of
1x105 cells per well onto 6 wells with or without 50 ng/ml of
recombinant human VEGF (Peptrotech, Rocky Hill, NJ, USA)
before PDT. For western blot analysis, cell lysates were prepared
with lysis buffer [50 mM Tris-HCl, (pH 7.5), 1 mM
ethylenediaminetetra-acetic acid, 150 mM NacCl, 10 pg/ml aprotinin,
10 pg/ml  leupeptin, 10 pg/ml pepstatin A, 1 mM
phenylmethylsulfonyl fluoride, 1 mM sodium fluoride, 10 mM
iodoacetamide, 1 mM sodium orthovanadate] for 1 h on ice then
centrifuged twice at 10,000 x g for 15 min. Equal amounts of
lysates (50 pg) were boiled in sodium dodecyl sulfate sample buffer
and subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). After transfer, immuno-active
products were detected by ECL system (GE, Piscataway, NJ, USA).
Monoclonal antibodies to poly-(ADP-ribose) polymerase (PARP),
caspase-9, VEGFR2, Ras homolog gene family/ member A (RhoA),
and EGFR were obtained from Cell Signaling (Beverly, MA, USA).
Mouse monoclonal antibody to [3-actin (Sigma-Aldrich Corporation,
St. Louis, MO, USA) was used as a loading control.

Statistical analysis. Results are expressed as the mean+S.D. The
statistical significance of differences between the groups was
determined by applying Student’s z-test. Values of p<0.05 were
considered statistically significant.

Results

The morphological observation of HEC-1-A cells after PDT.
In order to investigate whether radachlorin-mediated PDT
induced cell death, HEC-1-A cells were observed under an
inverted microscope 24 and 48 h after treatment. As shown in
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Figure 2, the control cells grew adherently, showing a clear
contour. However, PDT-treated cells had altered morphology,
showing condensed cytoplasm or floating growth pattern
within 24 h.

Viability of HEC-1-A cells was reduced with PDT. The effect
of different concentrations of radachlorin with PDT on HEC-
1-A cell viability was determined by MTT assay. Figure 3
shows that the viability of cells treated with radachlorin and
PDT decreased on treatment with 12.5 to 200 uM
radachilorin. After 24 h incubation, the half-maximal
inhibitory concentration (ICs() for radachlorin was 55.4 uM,
and after 48 h incubation, this was reduced to 20 uM. Based
on these results, 25 uM of radachlorin and 48-h incubation
time were selected for further studies.

PDT induced apoptosis of HEC-1-A cells. TUNEL assay
determines nuclear fragmentation by using TdT to transfer
fluorescein-12-d UPT to free 3’-OH of cleaved DNA (16).
Apoptotic cells produce fragmented nuclear DNA, which is
stained brightly using annexin-V and PI labeling. From
Figure 4, it can be seen that radachlorin-mediated PDT led
to a significantly increased number of TUNEL-positive cells,
implying that apoptosis was enhanced in comparison to
controls. The effect of apoptosis was significantly stronger
at 48 h incubation, compared to 24 h incubation.

Radachlorin-mediated PDT augmented the apoptosis
signaling pathways. Caspases are cysteine proteases that are
activated during the apoptotic signaling pathways. PARP
belongs to a family of proteins mainly involving DNA repair
and programmed cell death. Expression of PARP and
caspase-9 were analyzed to study the involvement of the
apoptosis signaling pathways. Expression of PARP and
caspase-9 were significantly increased in VEGF-pretreated
HEC-1-A cells treated with PDT in comparison to cells not
pretreated with VEGF, as shown in Figure 5.

PDT reduced tubular formation of HEC-1-A cells. Tubular
formation in endometrial cells has an important role in
angiogenesis. VEGF induction of VEGFR results in tubular
capillary formation in endometrial cells, which is related to cell
invasion. The inhibitory effects of PDT on tubular formation
in HEC-1-A cells were assessed using in vitro capillary-like
structure (tube) formation assay. Cells treated with PDT alone
showed a decrease in total tube area (p=0.0029) compared to
cells treated with VEGF alone (Figure 6). Interestingly, PDT
treatment of VEGF-pretreated cells led to stronger inhibition
of tubular formation in comparison to PDT of cells not
pretreated with VEGF (p=0.0036) (Figure 6).

PDT suppressed invasion by HEC-1-A cells. Cancer cell
invasion is an important step in metastasis. We investigated
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Figure 3. 3-(4,5-Dimethylthizol-2-yl)-2,5-diphenyltetrazolium bromide
assay. Cell viability was reduced by increasing concentrations of
radachlorin. Based on the results, 25 uM of radachlorin and 48 h
incubation time were selected for further studies.

the inhibitory effect of PDT on HEC-1-A invasiveness using
a Boyden chamber. PDT blocked invasion by HEC-1-A cells,
as compared to controls (p=0.0084) (Figure 7). Likewise,
HEC-1-A invasiveness was markedly reduced by PDT in
VEGEF pretreated cells (p=0.0087).

PDT reduced PGE2 production of HEC-1-A cells. PGE2 is
a pro-inflammatory, mitogenic, and pro-angiogenic molecule.
As shown in Figure 8, PGE2 levels decreased significantly
in PDT-treated HEC-1-A cells (p=0.0002). Likewise, the
inhibitory effect of PDT was stronger in VEGF-pretreated
cells (p=0.0008).

Expression of EGFR, VEGFR?2, and RhoA were reduced with
radachlorin-mediated PDT. Expression of EGFR, VEGFR2
and RhoA were analyzed in order to investigate the anti-
angiogenic effects of PDT. As shown in Figure 9, expression
of VEGFR2, EGFR and RhoA were reduced by PDT under
VEGEF pretreatment after 48 h incubation.

Discussion

PDT is an evolving modality for treating malignant neoplasms
through its potential to eliminate microscopic cancer cells.
Among gynecologic cancers, PDT is reportedly effective for
cervical, vaginal, vulvar, and early endometrial cancers (15,
16, 23-27). PDT is less damaging to normal surrounding
tissue, indicating enhanced tumor selectivity. Mirzaei et al.
reported that HepG2, a hepatocellular carcinoma cell line, was
more sensitive to the lethal effects of radachlorin- PDT than
HFLF-PI4, a normal liver cell line (18). Therefore, PDT is a
promising alternative for selective therapy of tumor cells.
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Figure 4. Terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay. A: Cells were labelled with annexin-V and propidium
iodide (PI) to study apoptosis. Radachlorin-mediated photodynamic therapy (PDT) led to a higher proportion of TUNEL-positive cells, implying
that apoptosis was enhanced in comparison to controls. The effect on apoptosis was significantly stronger with 48-h incubation than 24-h incubation.
B: The histogram shows that the number of apoptotic cells increased significantly with radachlorin-mediated PDT. Significantly different from the

control at **p=0.0026 and ***p<0.0001 .

The objective of this study was to evaluate the efficacy of
radachlorin-mediated PDT on HEC-1-A, a human endometrial
adenocarcinoma cell line. We also investigated the signaling
pathways involved in anticancer effects of radachlorin-
mediated PDT.

Our study suggests that radachlorin-mediated PDT
significantly inhibited cell invasion and vascular formation,
and enhanced apoptosis of HEC-1-A cells.

MTT and TUNEL assay showed that radachlorin-mediated
PDT led to a higher number of apoptotic cells. Caspase- 9 is
implicated as an initiator caspase, triggering the intrinsic
pathway of apoptosis. Once activated, it leads to cleavage of
various cytoplasmic or nuclear substrates, including PARP.
Our western blot assay showed up-regulation of caspase-9
and PARP on treatment of HEC-1-A cells with radachlorin-
mediated PDT. These results indicate that the intrinsic
pathway of apoptosis via caspase-9 and PARP through
inhibition of EGFR/VEGFR2 is the main pathway by which
apoptosis was induced by PDT in HEC-1-A cells.

Cell migration and invasion are landmark events that
transform a locally growing tumor into a systemic, metastatic
disease. Cancer invasion is a cell- and tissue-driven process
by which the physical, cellular and molecular determinants
adapt and react throughout disease progression (28).
Angiogenesis, the formation of new blood vessels from pre-
existing vessels, is an essential process in malignant tumor
invasion (29). Radachlorin-mediated PDT significantly
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Figure 5. Western blot analysis of poly-(ADP-ribose) polymerase
(PARP) and caspase-9. Expression of apoptosis pathway-related
proteins PARP and caspase-9 was significantly increased in vascular
endothelial growth factor (VEGF)- pretreated HEC-1-A cells treated
with photodynamic therapy (PDT) in comparison to cells not pretreated
with VEGF. C: Untreated control cells.

reduced invasion and vascular formation by HEC-1-A-cells.
Known regulatory mechanisms of angiogenesis include
angiogenic induction with VEGF; however, recent studies
indicate that the angiogenic response is more complex and
may involve many factors (30). Among the many angiogenic
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Figure 6. Tube formation assay. A: Measuring the area of capillary-like structures under microscopy (x20) shows inhibitory effects on tubular
formation by photodynamic therapy (PDT). B: PDT led to a decrease in total tube area, as compared to control. Interestingly, PDT treatment in
vascular endothelial growth factor (VEGF )-pretreated cells showed stronger inhibition of tubular formation in comparison to cells not pretreated

with VEGF.
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Figure 7. Invasion assay. A: Invasive cells on the lower surface of the membrane filter as seen using a light microscope (x40). B: Photodynamic
therapy (PDT) significantly blocked invasion by HEC-1-A cells compared to controls. HEC-1-A invasiveness was markedly reduced by PDT in

vascular endothelial growth factor (VEGF )-pretreated cells.

factors, VEGFR2, EGFR, PGE2 and RhoA were selected in
our study. PGE2, the predominant prostaglandin in solid
tumors, is synthesized in cancer epithelial, blood vessel
endothelial, and immune cells (31). PGE2 exerts its effects
in an autocrine and paracrine fashion and affects cancer cell
growth, survival, and migration (32). Available evidence
suggests that PGE2 might induce proangiogenic factors, such
as VEGF, which initiate angiogenesis of endothelial cells.
Our results showed that radachlorin-mediated PDT
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suppressed PGE2 production of HEC-1-A cells. The
VEGFR/EGFR signaling pathway is critical for endothelial
cell proliferation, migration, cell survival and for the
induction of vascular permeability (33).

One of the small GTPases, RhoA, controls a diverse array
of cellular processes, including cytoskeletal dynamics, cell
polarity, membrane transport, and gene expression (34). Rho
signaling is reportedly essential for VEGF dependent in vivo
angiogenesis and in vitro capillary formation (35-37). With
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Figure 8. Prostaglandin E2 (PGE2) assay showed PGE, expression
significantly decreased in photodynamic therapy (PDT)-treated HEC-
1-A cells. The inhibitory effect of PDT was stronger in cells treated with
vascular endothelial growth factor (VEGF).
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Figure 9. Western blot analysis of epidermal growth factor receptor
(EGFR), Ras homolog gene family/ member A (RhoA), and vascular
endothelial growth factor receptor-2 (VEGFR2). Expression of VEGFR2,
EGFR and RhoA were inhibited by PDT after 48 h incubation under
pretreatment with VEGF. The expression folds comparing untreated cells
(C) were measured using Image J, and normalized with B-actin.

certain angiogenic signals including VEGF, RhoA is
converted from its inactive (GDP-bound) to active form
(GTP-bound) via catalysis from certain Rho guanine
nucleotide exchange factors (38). Brad et al. suggested that
Rho inhibition blocks VEGF-driven vessel formation (39).
In our study, results from western blot analysis showed
down-regulation of VEGFR2, EGFR and RhoA, which
suggests that radachlorin-mediated PDT inhibits multiple
pathways involved in cancer invasion and vascular
formation. Interestingly, tube formation and invasion assay
results showed strong anticancer effects on cells pretreated
with VEGF, indicative of the specificity of radachlorin-
mediated PDT to VEGF-expressing cells.

Therefore, different signaling pathways were modulated
in radachlorin-mediated PDT. Firstly, the angiogenic
pathway was suppressed by inhibition of VEGFR2, EGFR,
PGE2, and RhoA. Secondly, intrinsic apoptosis was activated
via caspase- 9 and PARP.

These findings could be of importance in developing PDT
as a fertility-preserving therapy for patients with gynecolgical
cancer.
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