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1 | INTRODUCTION

Photodynamic diagnosis (PDD) and photodynamic therapy (PDT) using
talaporfin sodium (talaporfin) as a photosensitizer has attracted atten-
tion as a new mode of cancer treatment. PDD is a diagnostic method
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Photodynamic therapy (PDT) using the photosensitizer talaporfin sodium (talaporfin)
is a new mode of treatment for cancer. However, the metabolic mechanism of ta-
laporfin has not been clarified. Thus, we investigated the uptake, transportation,
and elimination mechanisms of talaporfin in carcinoma and sarcoma. The results
showed that talaporfin co-localized in early endosomes and lysosomes. Talaporfin
uptake was via clathrin- and caveolae-dependent endocytosis and a high amount of
intracellular ATP was essential. Inhibition of lysosomal enzymes maintained intra-
cellular talaporfin levels. Inhibition of K-Ras signaling reduced talaporfin uptake in
carcinoma and sarcoma cell lines. Talaporfin was taken up by clathrin- and caveolae-
dependent endocytosis, translocated from early endosomes to lysosomes, and finally
degraded by lysosomes. We also demonstrated that ATP is essential for the uptake of
talaporfin and that activation of K-Ras is involved as a regulatory mechanism. These
results provide new insights into the metabolism of talaporfin in cancer cells for the

enhancement of PDT for carcinoma and sarcoma.
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that detects fluorescence emitted from tumor tissue, and PDT is a
therapeutic method that kills cancer cells with reactive oxygen species
(ROS) generated from photosensitive substances.! Talaporfin, which
is derived from chlorophyll and l-aspartic acid, is a second-generation
photosensitizer that improves the efficiency of ROS generation and
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reduces side-effects compared with first-generation photosensitizers
such as hematoporphyrin derivatives.? The half-life of talaporfin is
138 hours and that of the first-generation photosensitizer porfimer
is 250 hours. The fact that talaporfin is eliminated faster might con-
tribute to reduced side-effects and accelerate the timing of laser irra-
diation. Laser irradiation is carried out at 4-6 hours after injection of
talaporfin in patients with lung and esophageal cancer, which is much
shorter than the 48-72 hours patients must wait when porfimer is
used. Moreover, cell death after PDT could induce anti-tumor immune
responses through the activation of immune cells, cytokine release,
and CD8+ T cell infiltration into the tumor, followed by the forma-
tion of immunological memory,3’4 Talaporfin has been used in PDT for
some cancers, but its specific uptake and discharge mechanisms for
cancer cells have not been clarified.

Endocytosis and transporters have been confirmed as the mech-
anisms of drug uptake and elimination by cells. Endocytosis regu-
lates nutrient uptake, the cell expression level of surface receptors,
plasma membrane turnover and cellular signaling, and is required for
cell spreading, polarization and migration.” In addition, endocytosis
also affects drug resistance in cancer cells.® Transporters function in
the transportation and discharge of drugs and toxins that affect the
growth, survival, and migration of cancer cells.” A previous study sug-
gested that the potential uptake of talaporfin is mediated by endo-
cytosis;8 however, the detailed mechanisms have not been clarified.

In the present study, we investigated the mechanisms of up-
take and elimination of talaporfin in carcinoma and sarcoma cells.
We show that the uptake of talaporfin was mediated by endocy-
tosis via clathrin and caveolae and transferred from early endo-
somes to lysosomes, followed by degradation in the lysosomes.
Moreover, in the uptake of talaporfin, a high amount of ATP was
essential as was to a lesser degree activation of the Ras signaling
pathway.

2 | MATERIALS AND METHODS

This study was performed in accordance with the guidelines estab-
lished by the Declaration of Helsinki and was approved by the Ethics
Committee of Sapporo Medical University. The healthy donors pro-

vided informed consent for the use of blood samples in our research.

2.1 | Celllines and culture

The cell lines used in this study are shown in Table S1.
Osteosarcoma cell lines OS2000 and OS13 and the bone
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malignant fibrous histiocytoma cell line MFHO3 were established
in our laboratory.” ! The other cell lines were purchased from the
Japanese Collection of Research Bioresources Cell Bank (Tokyo,
Japan) and the ATCC (Manassas, VA). All cell lines were cultured
ina 5% CO, incubator.

2.2 | Temporal analysis of talaporfin uptake

Each cell line was suspended at 1.0 x 10° cells/mL in a serum-free
DMEM, RPMI-1640, IMDM, HamF12 or AIM-V. Talaporfin sodium
(Meiji Seika Co. Ltd, Tokyo, Japan) was added to a final concentration
of 30 pg/mL and cultured at 37°C for 1-4 hours. After incubation,
the medium was removed, washed three times with PBS, fixed with
0.5% formalin, and analyzed with a BD FACSCanto Il flow cytometer
(Becton-Dickinson, Mountain View, CA). For the detection of ta-
laporfin fluorescence, a long-pass filter of 655 nm/670 nm was used
for 488 nm excitation light. Unstained cells were used as a negative

control.

2.3 | Analysis of hourly excretion of talaporfin in
different cells

Each cell line was seeded in a T25 cell culture flask (Corning Inc.,
Corning, NY) using serum-free DMEM, RPMI-1640, IMDM, HamF12
or AIM-V 24 hours before the experiment and cultured to approxi-
mately 80% confluence. The medium was removed, washed once
with PBS, and cultured in the medium supplemented with talaporfin
for 1 hour at 37°C. After incubation, the medium was replaced with
5 mL fresh medium, followed by culture at 37°C for 1-24 hours. The
cells were washed three times with PBS, fixed with 0.5% formalin

and analyzed by flow cytometer.

2.4 | Analysis of intracellular dynamics of talaporfin
localization

Cells were seeded on a 35-mm glass base dish (Iwaki Glass, Tokyo,
Japan) 24 hours before the experiment and cultured to 1 x 10° cells/
well. CellLight lysosomes-GFP (Thermo Fisher Scientific, Waltham,
MA) or CellLight Early Endosomes-GFP (Thermo Fisher Scientific)
was added at 10-50 particles per cell (PPC) and incubated over-
night. After incubation, the medium was replaced with fresh me-
dium supplemented with talaporfin at concentrations of 30 pg/mL,
60 pg/mL, and 100 pg/mL. The cells were washed three times every

FIGURE 1 Variability in the uptake and elimination of talaporfin in various cancer and normal cell lines. (A-F) Change of mean
fluorescence intensity of indicated cell lines after incubation with talaporfin (30 ug/mL) for 4 h. (G-L) Change of mean fluorescence intensity
of indicated cell lines after 1 h incubation with talaporfin following removal of extracellular talaporfin after 24 h. Mean fluorescence
intensity increase (%MFl increase) (A-F) was calculated using the following formula: %MFl increase = [(MFI of talaporfin-treated) - (MFI of
non-treated)]/(MFI of non-treated) x 100. Mean fluorescence intensity remaining (%MFI remain) (G-L) was calculated using the following
formula: %MFI remain = [(MFI after talaporfin-eliminated)/(MFI of talaporfin-pretreated)] x 100. All experiments were repeated three times
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20 minutes, fixed with 0.5% formalin, and analyzed using a confo-
cal laser scanning microscope (ELYRA PS.1/LSM 780; Carl Zeiss,

Oberkochen, Germany).

2.5 | Blocking assay of endocytosis

Cells were suspended in DMEM or IMDM at 1.0 x 10° cells/mL in
1.5 mL microtubes. After the uptake of talaporfin, the following endo-
cytosis inhibitors were added: 2-deoxyglucose (2-DG; Sigma-Aldrich,
St Louis, MO) at a concentration of 50 mmol/L), sodium azide (0.1%
w/v; Kanto Chemical, Tokyo, Japan), methyl-p-cyclodextrin (5 mmol/L;
Wako, Osaka, Japan), genistein (0.1 mmol/L; Wako), sucrose (0.45 M;
Wako), chlorpromazine hydrochloride (20 mmol/L; Tokyo Chemical,
Tokyo, Japan), cytochalasin B (1 mmol/L; Wako) and colchicine
(1 mmol/L; Wako). After culture at 37°C for 30 minutes, the cells were
chilled on ice for 30 minutes, washed three times with PBS, fixed
with 0.5% formalin and analyzed by flow cytometry. For the inhibi-
tion of clathrin-dependent endocytosis, Pitstop 2 (ab120687; Abcam,
Cambridge, UK) was added to the serum-free DMEM or IMDM to a
final concentration of 25 pmol/L, and the cells were cultured at 37°C
for 1 hour. Talaporfin was subsequently added to the cells to a final
concentration of 30 pg/mL and the cells were washed three times with

PBS, fixed with 0.5% formalin, and analyzed by flow cytometry.

2.6 | Blocking assay of lysosomal
degradation of talaporfin

Cells were seeded in a 6-well plate at 3 x 10° cells/mL. After 24 hours,
talaporfin was added to IMDM at concentrations of 30 pg/mL or
100 pg/mL, and cells were cultured for 24 or 1 hour at 37°C. After
staining with talaporfin, the cells were washed once with PBS and
cultured in IMDM containing chloroquine (CQ; 12.5 pug/mL, 25 pg/
mL) or NH,CI (5 mg/mL, 10 mg/mL) for 48 hours at 37°C. Cells were
then washed three times with PBS, fixed with 0.5% formalin, and
analyzed by flow cytometry.

2.7 | Measurement of ATP production

Cellular ATP levels were measured using Cellno ATP assay kit (Toyo
B-Net Co., Ltd, Tokyo, Japan) according to the manufacturer’s proto-
col. Cells were cultured in 96-well flat plates with DMEM or IMDM
for 30 minutes. After incubation, luminescence intensity was meas-
ured using an Infinite M1000 Pro plate reader (Tecan, Mannedorf,

Switzerland).

2.8 | Inhibition assay of Ras signaling pathway

A549 and MIA PaCa2 cells with K-Ras mutation were used.!?*® HDFa

cells, the keratinocyte cell line, were used as the control. Cells were

Cancer Science Nulia e

seeded in a 6-well plate at 1 x 10° cells/well and preincubated for
24 hours. The following Ras signaling pathway inhibitors were used:
wortmannin (at concentrations of 2 nmol/L, 20 nmol/L, 200 nmol/L),
ZSTK474 (at concentrations of 0.01 pmol/L, 0.1 umol/L, 1 pmol/L),
sorafenib (at concentrations of 0.5 pmol/L, 5 pmol/L, 50 pmol/L), and
trametinib (at concentrations of 0.1 mmol/L, 1 mmol/L, 10 mmol/L).
The inhibitors were added and cultured for 1 hour. The medium was
removed, washed once with 1 x PBS, and serum-free DMEM con-
taining a final concentration of 30 pg/mL talaporfin was added. The
cells were washed three times with PBS, fixed with 0.5% formalin,

and analyzed by flow cytometry.

2.9 | RT-PCR

Total RNA samples were extracted using TRIzol (Qiagen,
Germantown, MD), and cDNA samples were synthesized with 2 ug
total RNA using Superscript Il Reverse Transcriptase (Invitrogen,
Eugene, OR) in accordance with the manufacturer’s protocol. PCR
was carried out using Tag DNA polymerase (Qiagen) under the fol-
lowing conditions: initial denaturation for 2 minutes at 94°C, fol-
lowed by 35 cycles of denaturation for 15 s at 94°C, annealing for
30 s at 56°C, elongation for 30 s at 72°C, and a final elongation step
for 5 minutes at 72°C. The primers used in experiments are sum-
marized in Table S2.

3 | RESULTS

3.1 | Intracellular talaporfin levels increased
after incubation with talaporfin and decreased
after removal of extracellular talaporfin in various
carcinoma and sarcoma cells

We investigated whether there was a difference in intracellular lev-
els of talaporfin after incubation with talaporfin and after removal
of extracellular talaporfin among various cell lines. Intracellular ta-
laporfin levels increased in all cell lines at various levels except for
PBMC, as shown in Figure 1 and Table S3. Subsequently, intracellular
talaporfin also decreased at various levels 24 hours after removal of

extracellular talaporfin in all cell lines (Table S3).

3.2 | Incorporated talaporfin translocates from early
endosomes to lysosomes

To assess the mechanisms of drug uptake and elimination, we first
focused on ATP-binding cassette (ABC) transporters involved in can-
cer multidrug resistance. However, we could not identify the specific
expression of ABC transporters (Figure S1).

Next, we focused on endocytosis as a candidate mechanism of
talaporfin metabolism. We analyzed the colocalization of talaporfin,

with Rab5a, the lysosomal antigen LAMP1, and mitochondria in the
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Intracellular talaporfin was colocalized with early endosomes and lysosomes but not with mitochondria. Fluorescence

microscopy images of Rab5a, lysosomal membrane protein 1 (LAMP1), mitochondria, and talaporfin in sarcoma cell line (A, C, D) and lung

cancer cell line (B, E, F) are shown in the indicated colours. Bar = 10 um
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FIGURE 3 Uptake of talaporfin was suppressed by inhibition of endocytosis. (A) Fluorescence intensity of MFHO3 with or without
incubation with talaporfin previously treated with the indicated endocytosis inhibitors. The proportion of talaporfin-positive cells is
indicated. Representative results of independent experiments (n = 3) are shown. (B, C) The proportion of talaporfin-positive cells of MFHO3
with incubation with talaporfin previously treated with the indicated endocytosis inhibitors (n = 3). (D-H) Changes in talaporfin uptake
after treatment with Pitstop2 (n = 3). Proportions of talaporfin-positive cells are shown. Data represent the means + SE. *P < .05, **P < .01,

P <.005

lung cancer and sarcoma cell lines. The colocalization of talaporfin
consistent with Rab5a and LAMP1 was observed in the sarcoma
cell line MFHO3 and the lung cancer cell line SBC3 (Figure 2A, B). In
contrast, talaporfin was not colocalized with mitochondria. Similar
results were also observed in other lung cancer and sarcoma cell
lines (Figure 2C-F). Intracellular talaporfin level increased with time
(Figures S2-S7). These results suggested that talaporfin was trans-

ported from early endosomes to lysosomes.

3.3 | Talaporfin is taken up by endocytosis

We observed that the incorporated talaporfin accumulated in early
endosomes and lysosomes. Therefore, we hypothesized that it might
be taken into cancer cells by endocytosis. We analyzed changes in
the uptake of talaporfin using endocytosis inhibitors (Figure 3A-C).
Uptake was greatly reduced in MFHO3 after incubation on ice. This
observation suggested that talaporfin is taken into cells by active

transport. Moreover, the uptake of talaporfin was significantly re-
duced by culturing with 2-DG and NaN,, which inhibit intracellular
ATP synthesis. This indicates that ATP is essential for talaporfin
metabolism. In contrast to the high amounts of ATP produced by
MFHO3, the amounts produced in PBMC were very low (Figure S8).
When the amount of intracellular ATP decreased, the amount of ta-
laporfin uptake also decreased (Figure S9). Therefore, the uptake of
talaporfin is dependent on the amount of intracellular ATP.

Sucrose, which is an inhibitor of clathrin-dependent endocytic
lattice formation, also reduced talaporfin uptake. Genistein (an in-
hibitor of caveolae endocytosis), methyl-p-cyclodextrin (MBCD, an
inhibitor of caveolae and lipid raft endocytosis), cytochalasin B (an
inhibitor of phagocytosis and micropinocytosis), and colchicine (an
inhibitor of microtubule formation) reduced the uptake of talaporfin.
In contrast, chlorpromazine hydrochloride, which is an inhibitor of
clathrin film formation, did not reduce uptake. Moreover, Pitstop2,
which specifically inhibits clathrin-dependent endocytosis,14 signifi-
cantly reduced the uptake of talaporfin in lung cancer and sarcoma
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Inhibition of Ras signaling pathway suppresses the uptake of talaporfin in cancer cells with K-Ras mutation. Proportion

of talaporfin-uptake cells treated with PI3K pathway inhibitors (wortmannin, ZSTK474) and MAPK pathway inhibitors (sorafenib, and
trametinib) at the indicated concentrations in A549 (A-D), MIA Paca-2 (E-H), HDFa (I-L) (n = 3). HDFa was used as control without K-Ras
mutation. Data represent the means + SE. *P < .05, **P < .01, ***P < .005

cell lines (Figure 3D-G). These results suggested that talaporfin is
taken up via both endocytosis mechanisms, clathrin-dependent and
caveolae endocytosis. In addition, macropinocytosis and phagocy-
tosis are slightly involved. Microtubule formation also plays a role in
the uptake of talaporfin.

3.4 | Intracellular disappearance pathway
of talaporfin is by enzymatic degradation in
lysosomes

Considering the colocalization of talaporfin with early endosomes
and lysosomes, we hypothesized that the elimination of talaporfin
is dependent on degradation by lysosomes. We analyzed MFHO3
after treatment with the lysosomal degradation inhibitors chloro-
quine (CQ) or NH,CI, which suppressed lysosomal enzyme activity
by increasing the internal pH of endosomes.!® Results showed that
after culture with CQ or NH,Cl for 48 hours, the decrease in fluores-
cence intensity of talaporfin was significantly inhibited (Figure 4A,
B). These results suggested that enzymatic degradation in lysosomes

contributed to the elimination of talaporfin in cancer cells.

3.5 | Talaporfin uptake is dependent on
K-Ras activity

We observed that talaporfin was taken up by endocytosis, which
required high ATP production. Talaporfin was then transferred to
early endosomes and lysosomes, after which the lysosomal enzymes
were degraded. However, Ras mutations might be involved in the
activation of glycolysis and endocytosis.'**® Therefore, we evalu-
ated the changes in talaporfin uptake by the inhibition of the Ras
signaling pathway in K-Ras mutant cancer cells, the lung cancer
cell line A549, and the pancreatic cancer cell line MIA PaCa2 with
K-Ras mutation.*?*® The human fibroblast cell line HDFa was used
as a control. Wortmannin and ZSTK474 were used as inhibitors of
PI3K, and sorafenib and trametinib were used as inhibitors of MAPK.
Results showed that all inhibitors reduced talaporfin uptake in A549
and MIA PaCa2 cells (Figure 5A-H). In HDFa cells without K-Ras
mutation, the inhibitory effects were slightly limited compared with
A549 and MIA PaCa2 cells (Figure 5I-L). These results indicate that
downstream of the K-Ras signaling pathway, both PI3K and MAPK
pathways might promote the uptake of talaporfin. In contrast, A549

and MIA PaCa2 cells did not show any decrease in the amount of
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ATP after treatment with all inhibitors (Figure 6A-H). HDFa, a nor-
mal keratinocyte cell line, showed a decrease in ATP production only
after treatment with sorafenib at 50 pmol/L (Figure 6l-L), which is
similar to talaporfin uptake (Figure 5K). These results suggested that
activation of the Ras signaling pathway could confer increased up-
take of talaporfin but might be independent from intracellular ATP

levels in cancer cells.

4 | DISCUSSION

In the present study, we analyzed the uptake and excretion of ta-
laporfin in various carcinoma and sarcoma cell lines. Talaporfin was
taken up by cancer cell lines, and the amount increased with time.
This phenomenon is also observed in the clinical administration of
talaporfin in cancer patients.”” In addition, a decrease of talaporfin
over time was observed in all cancer cell lines.

In a previous report, the porphyrin compound Protoporphyrin
IX was taken up and excreted by the ABC transporter.20 Therefore,
we first hypothesized that talaporfin was metabolized by ABC trans-
porters. However, the transporters specifically expressed in cancer
cell lines, in which the fluorescence intensity of talaporfin quickly de-

creased, could not be identified. Instead, we showed that talaporfin

was taken up by endocytosis, translocated from early endosomes to
lysosomes, and degraded by lysosomal enzymes in cancer cell lines.
These results are consistent with previous reports showing that tal-
aporfin accumulates in lysosomes.®

The combination of 2-DG and NaN, inhibited the uptake of ta-
laporfin mediated by the suppression of ATP production. Ice treat-
ment also inhibited the uptake of talaporfin. These results suggested
that the uptake mechanism of talaporfin is dependent on active
transport including endocytosis. Sucrose and Pitstop2 are inhibitors
of clathrin-dependent endocytosis, and genistein is an inhibitor of
caveolae-dependent endocytosis. Treatment with these inhibitors
also reduced the uptake of talaporfin. These results suggested that
uptake might be dependent on both clathrin-dependent and caveo-
lae-dependent endocytosis. We examined the pathway of talaporfin
elimination in cancer cells using inhibitors of lysosomal enzyme, CQ
and NH,CI, which inhibit degradative activity through the increase
of pH in the lysosome. After treatment with CQ and NH,Cl, intense
uptake of talaporfin was maintained for 24 hours. From the observa-
tions described above, we considered that uptake of talaporfin might
be eliminated in cancer cells by enzymatic degradation by lysosomes.

Talaporfin was taken up by endocytosis over time in various can-
cer cell lines but not in PBMC. In clinical settings, photosensitizers

such as talaporfin are also selectively taken up into cancer cells.!
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Generally, endocytosis is the ubiquitous machinery maintained not
only in cancer cells but also in normal cells.’ It is not yet clear why ta-
laporfin is not taken up by normal cells, including PBMC. In the pres-
ent study, we observed that the intracellular amount of ATP is far
higher in cancer cell lines than in PBMC. In addition, ATP is required
for the uptake of talaporfin in cancer cell lines. This might be a pos-
sible reason for the non-uptake of talaporfin in PBMC. Talaporfin is
taken up via endocytosis, which is a generally conserved phenome-
non among both normal and transformed malignant cells. Therefore,
talaporfin uptake might not be specific to malignant cells but could
be strongly increased in them. In cancer cells, constitutive upregu-
lation and activation of dynamin-1 might contribute to clathrin-de-
pendent endocytosis, which alters signaling to enhance survival,
migration, and proliferation.?* Mutant forms of p53 and Ras might
also harness endocytosis in cancer cells.® Therefore, upregulated
endocytosis, which is an active transporter, might depend on high
amounts of intracellular ATP.

Moreover, in cancer cell lines with K-Ras mutations, the uptake of
talaporfin was suppressed by PIBK and MAPK inhibitors. This might
indicate that the mutation of K-Ras promotes the uptake of talapor-
fin. Fujioka et al reported that the Ras-PI3K signaling pathway is in-
volved in the regulation of clathrin-independent endocytosis.’® Roy
et al showed that K-Ras mutations regulate caveolae-dependent en-
docytosis in human colon cancer.”’ These studies suggest that activa-
tion of the Ras signaling pathway might promote caveolae-dependent
endocytosis more than clathrin-dependent endocytosis. It has also
been reported that mutation of K-Ras enhances the glycolytic path-
way by a glucose transporter.’®?2 These studies suggest that the pro-
motion of talaporfin uptake via mutated K-Ras activation is mediated
by the high amount of intracellular ATP. Therefore, we investigated
whether inhibition of K-Ras reduced the amount of intracellular ATP.
However, the amount of ATP was maintained by PI3K and MAPK in-
hibitors in cancer cell lines. These results support the idea that activa-
tion of K-Ras signaling could promote the uptake of talaporfin, but this
might be independent of the amount of intracellular ATP.

Cell death after PDT could induce anti-tumor immune responses
by activation of immune cells, cytokine release, CD8+ T cell infil-
tration, and the formation of immunological memory,>* which
suggests possible benefits of combination therapy using PDT and
immunotherapy.

In conclusion, we found that uptake of talaporfin was mediated
by both clathrin-dependent and caveolae-dependent endocytosis in
carcinoma and sarcoma cells; talaporfin was then translocated from
early endosomes to lysosomes and was finally degraded by lyso-
somal enzymes. We also demonstrated that ATP is essential for the
uptake of talaporfin, and that the activation of K-Ras is involved as
a regulatory mechanism. These results provide new insights into the
metabolism of talaporfin in cancer cells for the enhancement of PDT

for carcinoma and sarcoma.
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