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Abstract

In spite of initially promising responses, 5-year recurrence after photodynamic therapy (PDT)
sustains high level and an increase in PDT effectiveness is needed. It has been demonstrated that gap
junctional intercellular communication (GJIC) formed by Connexin (Cx)43 could improve the
transfer of “death signal” between cells, thereby causing the enhancement of cytotoxicity of
chemotherapeutics and suicide gene therapy. Nevertheless, whether Cx43-composed GJIC has an
effect on PDT phototoxicity remains unknown. This study showed that Cx43-formed GJIC could
improve PDT phototoxicity to tumor cells in vitro and in vivo. Specifically, Cx43-formed GJIC under
the condition of high cellular density could improve PDT phototoxicity in Cx43-transfected Hela
cells and Cx43-expressing U87 glioma cells. This effect was remarkably inhibited when Cx43 was
not expressed or Cx43-formed GJ] channels were prohibited. Additionally, the presence of
Cx43-mediated GJIC could decrease the mean RTV and tumor weights of xenografts after
Photofrin-PDT. The improved PDT efficacy by Cx43-composed GJIC was correlated with stress
signaling pathways mediated by ROS, calcium and lipid peroxide. The present study demonstrates
the presence of Cx43-composed GJIC improves PDT phototoxicity and suggests that therapeutic
strategies designed to upregulate the expression of Cx43 or enhance Cx43-mediated GJIC function
may increase the sensitivity of malignant cell to PDT, leading to the increment of PDT efficacy.
Oppositely, factors that retard Cx43 expression or prohibit the function of Cx43-mediated GJIC
may cause insensitivity of malignant cells to PDT, leading to PDT resistance.
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Introduction

Photodynamic therapy (PDT) is an alternative
cancer treatment based on the tumor-specific
accumulation of a photosensitizer, followed by
irradiation with specific wavelength of light, leading
to cell death and the ablation of tumors via reactive
oxygen species (ROS) generation [1]. PDT-mediated
cancer treatment has been successfully employed in

the treatments of brain, skin, lung, prostate and
esophagus malignancies [2]. Photofrin, the first
photosensitizer approved by the Food and Drug
Administration of America in 1995, has been reported
to treat esophageal cancer and other cavity tumors [3].
Initial treatment responses of PDT are infusive,
nevertheless, 5-year recurrence after PDT sustain high
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level. [4]. Thus, it would be therapeutically beneficial
to look for novel targets for the enhancement of PDT
phototoxicity.

Gap junction (GJ) is composed of connexin (Cx)
subunits. Six Cx proteins constitute a hemichannel,
which docks to a counterpart in a neighboring cell for
GJ formation. Gap junctional intercellular
communication (GJIC) mediates the direct diffusion of
molecules smaller than 1.5kDa from one cell to
another through GJ channels. This intercellular
communication has been reported to play a crucial
role in cell differentiation and growth, cell
proliferation and tumor suppression [5]. Additionally,
GJIC can enhance cytotoxic effects of ionizing
radiation and chemotherapeutics. For example, GJIC
could increase the cisplatin-induced apoptosis of
testicular cancer cells [6] and enhance the efficacy of
ionizing radiation in human skin fibroblasts [7].

It can be inferred from the above reports that the
GJIC-dependent sensitivity of cytotoxic substance
relies on the “death signal” penetrating via GJ
channels to neighboring unexposed cells. This is
termed “bystander effect”. It is noteworthy that
Cx43-composed GJIC has the ability to enhance
oxaliplatin cytotoxicity in colorectal cancer cell lines
[8] and increase suicide gene therapy using
herpesvirus vectors [9]. The findings that
Cx43-mediated GJIC dependent effect of cytotoxic
substance  indicates that the augment of
Cx43-composed GJIC could improve the transfer of
“death signal” between cells, leading to the
enhancement of cytotoxicity of chemotherapeutics
and suicide gene therapy. Nevertheless, whether
Cx43-composed GJIC plays a role in Photofrin-PDT
phototoxicity remains unknown.

It has been established that PDT could increase
the levels of ROS, Ca?* and lipid peroxides including
4-hydroxynonenal (4-HNE) and ceramide within cells
and these cytotoxic substances account for cellular
injuries following PDT [10, 11]. It is generally believed
that intracellular ROS and Ca?* can penetrate via GJ
channels to surrounding neighbors [12, 13].
Additionally, since the molecular weights of 4-HNE
and ceramide are smaller than 1.5kDa, the upper limit
of penetrable molecules via GJ channels, these lipid
peroxides may diffuse through G] channels.
Considering the above reports, it can be reasonably
hypothesized that Cx43-mediated GJIC might play a
role in PDT effectiveness.

Hence, the present study was designed to
explore the effect of GJIC formed by Cx43 on
Photofrin-PDT-mediated phototoxicity in
Cx43-transfected Hela cells and Cx43-expressing U87
glioma cells, and its potential mechanisms. The results
showed that the presence of Cx43-mediated GJIC

could augment the PDT phototoxicity in transfected
HeLa and U87 glioma cells and the xenografts
transplanted subcutaneously with HeLa cells. This
phototoxic action was related with the enhanced
levels of intracellular Ca?* and ROS, and increased
amounts of ceramide by gap junctional channels. This
study demonstrates that the presence of
Cx43-composed GJIC improves PDT phototoxicity
and suggests that therapeutic strategies designed to
upregulate the expression of Cx43 or enhance the
function of Cx43-mediated GJIC may increase the
sensitivity of malignant cell to PDT, leading to the
increment of PDT efficacy. Oppositely, factors that
retard the expression of Cx43 or prohibit the function
of Cx43-mediated GJIC may cause insensitivity of
malignant cells to PDT, leading to PDT resistance.

Material and methods

Materials

Photofrin® (75mg/vail) was purchased from
Union Med. Group Limited Company, Hong Kong,
China. The reagents for cell culture were obtained
from Life Technology. Doxycycline (Dox) and
puromycin were obtained by Abcam. Fluo-3-Am and
dichlorodihydrofluorescein diacetate (DCFH-DA)
were from Beyotime, China. 4-HNE and ceramide
ELISA kits were supplied by Shanghai Enzyme-linked
Biotechnology Co., Ltd, China. Other reagents were
all supplied by Sigma-Aldrich unless otherwise
stated.

Cell line and cell culture

The HeLa cell line used in the study was stably
transfected to express Cx43- formed GJ channels by
controlling tetracycline operon (Tet-on) inducible
gene expression system supplied by Biowit
technologies (Shenzhen city, China). Cells were
grown in DMEM supplemented with 10 % fetal
bovine serum (FBS) and 2 pg/mL puromycin. Cx43
expression was induced with 1pg/mL Dox for 48 h.
U87 glioma cell line (ATCC) was grown in DMEM
maintained with 10% FBS and 1%
penicillin-streptomyecin.

Photofrin preparation and drug treatment

Photofrin was freshly prepared in 5 % dextrose
solution for stock solution (10 mg/mL), which was
then diluted to variable concentrations by DMEM
when use. 18a-GA (final concentration: 10pM) and
phorbol ester (TPA, final concentration: 50nM) were
incubated with the cells 2 h before Photofrin
incubation. Retinoic acid (RA, final concentration:
30pM) and carbenoxolone (CBX, final concentration:
100pM) were added 24h and 10h before Photofrin
incubation, respectively.
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In vitro photosensitivity assessment

Cell counting kit-8 (CCK-8) and sulforhodamine
B (SRB) assays were used to measure the effect of
Cx43-composed GJIC on PDT photosensitivity in
HeLa and U87 cell line respectively according to our
previous studies [12, 13]. In brief, HeLa cells were
seeded into 96-well plates at low and high cell density
condition. Under high cell-density condition, cells at
3%x104cells/cm? were seeded, whereas, at low-density
condition, cells were seeded at 3x103 cells/cm? into
96-well plates. At high-cell density, a single cell was
allowed to contact with 3-5 others and provided a
substantial opportunity of gap junctional formation.
However, cells did not have chance to have a contact
with each other and no GJ channels were formed at
low-cell density. As for U87 cells, cells were seeded at
high density. The cells were then exposed to different
concentrations of Photofrin at 37°C for 4 h in the dark,
and Photofrin-free medium was added before
irradiation. After PDT (630nm, 20 mW/cm? and 2
J/cm?), cells were then cultured in Photofrin-free
complete medium for another 24h. For CCK-8 assay,
cells were incubated with CCK-8 solution (Dojindo
Molecular Technologies, Japan) for 2h. For SRB assay,
cells were fixed by 10% cold TCA (wt/vol) at 4°C for
1h, dyed with 0.4% SRB (wt/vol) for 30min at room
temperature, washed with 1% acetic acid (vol/vol) to
remove the unbound dyes, and dissolve bound dyes
with 10mM Tris base solution. The OD values were
measured at 450 and 564nm for CCK-8 and SRB assay

respectively, to determine cell survival using
Enzyme-labeling instrument (EIx808, Bio Tek,
America).

In vivo photosensitivity

For investigating the effect of Cx43-formed GJIC
on  photosensitivity  in  vivo,  six-week-old
BALB/c-nude mice (female) were transplanted with
HeLa cells expressed Cx43 as described in our
previous study [12]. In brief, the mice bearing
xenografts were treated with sucrose water containing
Dox (0.2 mg/mL Dox, 5% sucrose) during the period
of the experiment. The mice were intravenously
injected 2.5 mg/kg Photofrin or 0.5% sterile dextrose
(control), and then kept in darkness for 24h followed
by the irradiation at 630 nm at fluence rate of 75
mW/cm? for 135 J/cm? After PDT, the xenograft
volume (V) was calculated by the equation V=L (the
longest axis of xenograft) x W (the axis perpendicular
to L)2 x0.5. The relative tumor volume (RTV) of each
xenograft was determined based on the equation
RTV=volume of each time point/volume prior to
treatment. At the end, the xenografts were excised
and weighted after the mice were euthanatized. The
weight inhibition rate was determined by the

equation: Tumor weight inhibition rate (%) = (1-mean
tumor weight of treated groups/mean tumor weight
of control group) x100%. Animal care and
experimental procedures were performed in line with
the document “Guidance Suggestions for Caring for
Laboratory Animals” produced by the Ministry of
Science and Technology of China in 2006.

Haematoxylin and eosin (H&E) staining

The HE staining assay was performed according
to our previous study [14]. In brief, the xenografts
were excised and fixed in formaldehyde solution for
24h, then rehydrated and embedded in paraffin.
Sections of tumor were prepared and stained using
haematoxylin and eosin, then a light microscope was
ulitised to observe histological changes after PDT
under x400 magnification.

Western blot assay

The western blot assay was performed as
described in our previous studies [12, 13]. Briefly,
protein samples were separated and then transferred
to nitrocellulose transfer membrane (Excell Bio,
China). The dilution of Cx43 antibody and IRDye
800CW purified immunoglobulin-conjugated
anti-rabbit was 1:5000 and 1:10000 respectively.

‘“Parachute” Dye-Coupling Assay

The assay was employed as described in our
previous studies for measuring of GJ function [12, 13].
Briefly, after donor cells were grown to 70%-100%
confluence, cells were incubated with 5 upuM
calcein-acetoxymethyl ester for 30 min, the cells were
trypsinized and seeded to the receiver cells
(70%-100% confluence) at 1:150 donor/receiver ratio.
Donor cells were allowed to contact with the
monolayer of receiver cells for forming GJ channels
for 4 h at 37°C. The average amount of receiver cells
containing dyes transferred by each donor cell was
counted and normalized to the control group.

Intracellular ROS and Ca?* detection

Flow cytometer was utilized to determine the
intracellular levels of ROS and Ca2?* based on our
previous studies [12, 13]. In brief, after cells at
70%-100% confluent were incubated with or without
Photofrin for 4h, 20mM DCFH-DA and 5 pM
Fluo-3-Am were added and incubated with cells for 1
h for ROS and Ca?" measurement respectively. For
measurement of intracellular ROS, 30 min after PDT
(20 mW/cm? and 2 J/cm?), cells were harvested. As
for intracellular Ca2* detection, cells were bathed in
fresh Ca?* balanced salt solution (2mM MgCl, 10mM
HEPES, 140mM NaCl, 2.8mM KCl and 2mM CaCl,,
pH 7.2) or Ca?*-free balanced salt solution (140mM
NaCl, 10 mM HEPES and 2.8mM KCl, pH 7.2) and
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irradiated at 630 nm (20 mW/cm? and 2 J/cm?). After
PDT, cells were washed and harvested. A flow
cytometer (MACS Quantify, Germany) was utilized to
measure the fluorescence intensities of ROS and Ca?*.
The fluorescence intensities of Ca2* and ROS of
Dox-treated and -untreated cells in Photofrin-treated
group were normalized to Dox-treated and -untreated
cells in control group respectively.

4-HNE and ceramide measurement

ELISA assay was employed to measure the levels
of 4-HNE and ceramide according to our previous
studies [12, 13]. Briefly, cells at 70%-100% confluence
were incubated with or without 2.5pg/mL Photofrin
for 4h. 1h after PDT (20mW/cm? and 2J/cm?), cells
were harvested. Then, the levels of 4-HNE and
ceramide were determined using ELISA kit according
to manufacturers’ protocols. The levels of 4-HNE and
ceramide of Dox-treated and -untreated cells in
Photofrin-treated group were normalized to
Dox-treated and -untreated cells in control group
respectively.

Statistical analysis

The data were represented as mean * SD.
One-way analysis of variance (ANOVA) or t-test was
performed using SPSS software for Windows 20.0 for
analyzing the variance. P<0.05 was considered to be
statistically significant.

Results
PDT phototoxicity is cell-density dependent

For determining the role of GJIC in the survival
of Cx43-transfected HelLa cells after PDT, cells were
cultured in two cell-density conditions: a high-cell
density where cells were allowed to form gap
junctional channels, and a low-cell density in which
cells did not directly contact with each other and no
GJ was formed. As indicated in Figure 1, after
treatment with Photofrin, cell survival was
remarkably reduced in a concentration-dependent
manner at both high- and low-cell density. It is
noteworthy that at high-cell density, the phototoxicity
of PDT was significantly augmented than that at
low-cell density. In specific, the survival fraction at
low density were approximately 1.5, 2.8 and 4 folds
higher than that in high density when cells were
treated with 25, 5 and 10pg/mL Photofrin
respectively (Figure 1). However, cell survival
exhibited no significant difference when cells were
treated with 1pg/mL Photofrin. The above results
suggest that the photocytotoxic action of PDT
enhances when intercellular GJ channels are formed.
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Figure 1. Phototoxicity of Photofrin-mediated PDT is cell-density dependent.
CCK-8 assay was used to measure the survival of cells incubated by different
concentrations of Photofrin at high-density condition (310 4 cells/cm2) or at
low-density condition (3%103 cells/cm? ). Data were represented as mean * SD
from 3~4 independent experiments. t-test was performed to analyze statistical
difference between groups using SPSS 20.0. *P<0.05, #P<0.01 and “*P<0.01
versus 2.5ug/mL, 5pg/mL and 10ug/mL Photofrin-treated group at low-density,
respectively.

Cell-density dependence of PDT phototoxicity
is mediated by Cx43-formed GJIC

That phototoxicity of Photofrin-mediated PDT
depended on cell density suggests that
Cx43-composed GJIC may exhibit an effect on PDT
phototoxicity. To determine the role of GJIC
composed by Cx43 in phototoxic action of PDT, Cx43
expression and GJ function at the condition of
high-cell density were manipulated by two methods:
chemical inhibition by GJIC inhibitor and Dox
induction of Cx43 expression. Figure 2A showed that
Cx43 expression was induced by Dox-treated cells,
while the expression of Cx43 was not induced in
Dox-untreated cell. Additionally, parachute assay was
performed to measure GJ function of cultured cells as
described in the Materials and Methods section. In the
assay, donor cells dyed with calcein were incubated
with receiver cells. The function of GJ channel was
assessed by the number of receiver cells labeled with
calcein from donor cells. As indicated in Figure 2B,
GJIC were detected in Dox-treated cells, while no
GJIC was found in Dox-untreated cells. The function
of GJIC was significantly decreased after Dox-treated
cells were pretreated with 10pM 18a-GA, a GJ
inhibitor verified to suppress the function of GJ
channels (Figure 2C).

As illustrated in Figure 2D, GJ formation
resulted in a substantial decrease in cell survival after
treatment with 2.5pg/mL Photofrin. To be specific,
cell survival in Dox-treated (GJ-formed) cells were
about 1.8 times lower than in Dox-untreated
(GJ-unformed) cells. After Cx43-expressing cells
treated with 18a-GA, cell survival was reduced

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

602

compared to 18a-GA-untreated cells after cells were
treated with 2.5pg/mL  Photofrin  (Figure 2E).
However, cell survival had no significant change
between 18a-GA-treated and -untreated cells or
Dox-treated and -untreated cells when cells were
treated with 1, 5 and 10pg/mL Photofrin (Figure 2D
and E).

The above findings suggest that at medium
concentration of Photofrin, under the circumstance of
high-cell density where cells have changes to contact
with each other and GJ is potentially formed,
Cx43-composed GJIC holds a potential to augment the
PDT phototoxicity. However, when Cx43 is not
expressed or Cx43-mediated GJIC is restrained, the
sensitivity of cells to PDT was substantially reduced,
causing increased cell survival at high density.
Collectively, these results demonstrate that the
increment of PDT phototoxicity at high-cell density is
mediated by Cx43-formed GJIC.
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GJIC in U87 glioma cells

The role of Cx43-formed GJIC in
Photofrin-mediated PDT was further confirmed by
seeding U87 glioma cells, a cell line expressing
endogenous Cx43, at high-cell density. TPA and CBX,
Cx43-formed GJ inhibitors, and RA, a compound
being reported to enhance Cx43-composed GJIC, were
used to manipulate the function of Cx43-meidated
GJIC in U87 cells. Figure 3A~D showed that TPA and
CBX could remarkably inhibit Cx43-composed GJIC
since the results of parachute assay showed that the
amount of receiver cells receiving dyes from donor

cells was significantly reduced in TPA- and
CBX-treated groups compared to TPA- and
CBX-untreated groups. In contrast, RA could

substantially increase the amount of receiver cells
with dyes when compared to the controls, indicating
that RA enhances Cx43-composed GJIC (Figure 3E
and F).
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Figure 2. (A), (B) and (C): Dox induced Cx43 expression and 18a-GA inhibited G] channels. (A): Western blot assay was used to detect Cx43 expression. (B) and
(C): “parachute” dye-coupling assay was performed to measure GJ function after cells were treated with 10uM 18a-GA. Data were represented as mean * SD from
3 independent experiments. t-test was performed to analyze statistical difference between groups using SPSS 20.0. **P<0.01, versus Dox-treated group. (D) and (E):
Effects of Dox and 180-GA on the cell survival after PDT. Data were represented as mean * SD from 3~4 independent experiments. t-test was performed to analyze
statistical difference between groups using SPSS 20.0. *P<0.05, **P<0.01, versus Dox-untreated and Dox+18a-GA treatment group, respectively.
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Figure 3. Cx43-formed GJIC increases phototoxicity of Photofrin-mediated PDT in U87 glioma cells. (A~F) Effects of TPA, CBX and RA on Cx43-composed GJ
channel in U87 glioma cells respectively. The function of GJ channel was assessed by “parachute” dye-coupling assay. Data were represented as mean * SD from 3
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Effects of TPA, CBX and RA on the survival of U87 cells after PDT respectively. The survival of U87 cells was evaluated by SRB assay. *P<0.05, **P<0.01,
#tP<0.01versus TPA-, CBX- and RA-untreated group treated by 2.5ug/mL and 5ug/mL Photofrin, respectively.

The phototoxicity of Photofrin-PDT was
evaluated using SRB assay. As illustrated in Figure
3G~], cell survival in TPA- and CBX-treated cells was
significantly increased whereas cell survival in
RA-treated cells was substantially reduced when
compared to the control cells. In specific, at 2.5 and
5pg/mL  Photofrin, the survival fraction of
TPA-treated cells was about 1.8 times higher than
TPA-untreated cells, while in CBX-treated -cells,
survival fraction was approximately 1.5 folds higher
than CBX-untreated cells (Figure 3G and H). Whereas,
the survival of RA-treated cells reduced by a fact of
approximately 1.5 times than that of RA-untreated
cells when cells were treated with 2.5pg/mL
Photofrin (Figure 3I). These results suggest that at
medium Photofrin concentration, Cx43-formed GJIC
has an ability to increase phototoxicity of
Photofrin-mediated PDT in U87 glioma cells.

Improved PDT efficacy by Cx43-formed GJIC
in vivo

For exploring the role of Cx43-composed GJIC in
PDT phototoxicity in wvivo, BALB/c-nude mice
transplanted with Cx43-transfected HeLa cells were
fed with drinking water containing with or without
Dox to control the expression of Cx43 in tumor
xenografts. Before PDT treatment, tumor xenografts
randomly  selected from  Dox-treated and
Dox-untreated group were excised for measuring
Cx43 expression. As illustrated in Figure 4A, Cx43
expression in the xenografts of the mice treated with
Dox was induced.

After xenografts were grown to 100-300mm?3,
Photofrin or 0.5% sterile dextrose were given via tail
vein. 24 h after the administration, the xenografts
were irradiated at 630 nm at fluence rate of 75
mW/cm? for 135 J/cm?2 After irradiation, tumor

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

604

growth was measured by monitoring tumor volume
every 2 days for 10 days and the mean RTV of each
xenograft was calculated. Figure 4B indicated that the
tumor growth in both Dox-treated and Dox-untreated
mice was remarkably prohibited after PDT.
Importantly, Dox-treated xenografts exhibited a
significantly decrease in the mean RTV and tumor
weights when compared to Dox-untreated xenografts
after Photofrin-PDT (Figure 4B~D). The tumor weight
inhibitory rates of Dox-treated and Dox-untreated
group were 88.47% and 77.31% respectively (Table 1).
The above results suggest that Cx43-composed GJIC
has an ability to improve Photofrin-mediated PDT
efficacy in vivo.

The effect of Cx43-composed GJIC on PDT
efficacy was histologically assessed using H&E
staining. Figure 4E showed that the xenograft tissues
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in Dox-treated and -untreated groups were filled with
dense tumor cells, while tumor tissues in
Photofrin-treated groups demonstrated various
degrees of necrosis. Notably, A lower density of
tumor cells was observed in Dox-treated group than
that in Dox-untreated group after PDT (Figure 4E),
indicating an enhanced phototoxicity of PDT by
Cx43-composed GJIC.

Table 1. Tumor weight inhibitory rates after Photofrin-mediated
PDT*

Groups Tumor weight inhibition (%)
Dox-treated 88.47
Dox-untreated 77.31

Dox-untreated, Photofrin

*Tumor weight inhibitory rates are calculated at the end of treatment as described
above.

B mm Dox-untreated, control
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Figure 4. Cx43-composed GJIC improves Photofrin-mediated PDT efficacy in vivo. (A) Cx43 expression induced by Dox in the xenografts was detected by Western
blot; (B) Effects of Cx43-formed GJIC on the relative tumor volume (RTV) of mice after PDT; (C) and (D) Tumor weights of mice after Photofrin-mediated PDT; (E)
Histological changes of xenografted tumors after PDT was assessed using H&E staining assay. Micrographs of represented sections of tumors were observed using a
light microscope under X400 magnification. For (B), (C) and (D), data represent mean * SD from 6~7 independent samples. One-way ANOVA was performed to
analyze statistical difference between groups using SPSS 20.0. * P < 0.05, ** P < 0.01 versus control group (Dox-untreated); #P < 0.01, versus control group
(Dox-untreated); *P < 0.05, **P < 0.01, versus 2.5 mg/kg Photofrin group (Dox-untreated).
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Figure 5. Enhancement of ROS production by Cx43-formed GJIC followed by PDT. The cells were treated with or without Dox, followed by incubation with
DCFH-DA and irradiation with or without 2.5 mg/mL Photofrin. 30 min after PDT, flow cytometry was used to detect fluorescence intensity of ROS. (A): control;
(B): 2.5mg/mL Photofrin; (C): The fluorescence intensity of ROS. Data were represented as mean * SD from 5 independent experiments. t-test was performed to
analyze statistical difference between groups using SPSS 20.0. ** P < 0.01, versus Dox-untreated group.

Enhanced intracellular ROS production by
Cx43-formed GJIC followed by
Photofrin-mediated PDT

It has been reported that PDT induces ROS
production and ROS threatens the integrity of
proteins and DNA, causing cellular damage [15]. It
can be assumed that ROS may play a part in
Cx43-mediated  GJIC-dependent  augment  of
phototoxicity induced by Photofrin-PDT since ROS
can penetrate via GJ channels. As shown in Figure
5A~C, the quantities of ROS in Dox-treated cells were
significantly higher than that in Dox-untreated cells.
Specifically, the amount of intracellular ROS in
Dox-treated cells increased by a factor of
approximately 1.5 folds than that of Dox-untreated
cells. The results indicate that Cx43-mediated GJIC
holds a potential to augment ROS production, which
may be involved in the improved phototoxicity of
Photofrin-PDT by Cx43-formed GJIC.

Increased extracellular Ca?* influx and
intracellular Ca?* release by Cx43-formed GJIC
followed by Photofrin-mediated PDT

Reports have proven that PDT triggers the influx
of Ca% from extracellular medium and the
intracellular Ca?* release from Ca?* store, resulting in
an increased level of intracellular Ca?* concentration
([Ca?*];), causing apoptosis and cell death [16]. It has
been confirmed that Ca2*can transfer via GJ channels
for the regulation of cellular function [17]. Thus, the
presence of GJIC may facilitate Ca?* release and/or
influx. For exploring the role of Cx43-composed GJIC
in Ca?* influx after PDT, cells were illuminated in
Ca?*-containing balanced salt solution after exposure
to Photofrin. The results showed that in the presence
of CaZ in extracellular medium, [Ca?*]; of
Cx43-expressing (Dox-treated) cells was significantly
higher than that of cells not expressing Cx43
(Dox-untreated) (Figure  6A~CQ), indicating
Cx43-composed GJIC facilitates extracellular Ca?*
influx after PDT. For investigating the role of
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Cx43-composed GJIC in Ca?* release after PDT, cells
were irradiated in Ca?*-free balanced salt solution
after Photofrin treatment. As shown in Figure 7D~F,
the level of [Ca?*]; of Dox-treated (GJ-formed) cells
significantly = increased = when compared to
Dox-untreated (GJ-unformed) cells, indicating that
Cx43-composed GJIC may stimulate intracellular Ca?*

molecular weights (<1.5kDa). Therefore, we
hypothesized that these cytotoxic lipid peroxides
might account for the enhanced PDT phototoxicity by
Cx43-meidated GJIC. The results showed that
ceramide generation was remarkably increased by
Cx43-meidated GJIC. Specifically, the intracellular
level of ceramide was significantly 2.8 times higher in

release after PDT. Dox-treated cells than Dox-untreated cells (Figure 7B).
However, there exhibited no significant difference in
the level of 4-HNE between Dox-treated and
Dox-untreated cells (Figure 7A). These results
demonstrate that the GJIC-dependent increase in
intracellular ceramide production may be responsible
for the improved phototoxicity of Photofrin-PDT by
Cx43-mediated GJIC.

Elevated ceramide generation by
Cx43-formed GJIC followed by
Photofrin-mediated PDT

It has been reported that intracellular lipid
peroxides can be accumulated after PDT [10, 11].
Among the lipid peroxides, 4-HNE and ceramide
might pass through GJ channels since they have small
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Figure 6. Enhancement of extracellular Ca2+ influx and intracellular Ca2* release by Cx43-formed GJIC followed by PDT. The cells were pretreated with or without
Dox, then incubated with Fluo-3-Am and irradiated with or without 2.5 mg/mL Photofrin. Flow cytometry was used to detect the fluorescence intensity of Ca2* after
PDT. (A): control; (B): 2.5mg/mL Photofrin; (C): The fluorescence intensity of Ca2*. For (A), (B) and (C), the cells were incubated in fresh balanced salt solution in the
absence of Ca2* during irradiation. (D): control; (E): 2.5mg/mL Photofrin; (F): The fluorescence intensity of Ca2*. For (D), (E) and (F), the cells were incubated in fresh
balanced salt solution in the presence of Ca2* during irradiation. Data were represented as mean * SD from 4 or 5 independent experiments. t-test was performed
to analyze statistical difference between groups using SPSS 20.0. ** P < 0.01, versus Dox-untreated group.
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Figure 7. Elevated ceramide generation by Cx43-formed GJIC followed by PDT. The cells were pretreated with or without Dox, and then irradiated with or without
2.5 mg/mL Photofrin. The levels of 4-HNE and ceramide were detected using ELISA assay. (A): 4-HNE; (B): ceramide. For (A) and (B), data were represented as mean
+ SD from 4 and 5 independent experiments, respectively. t-test was performed to analyze statistical difference between groups using SPSS 20.0. ** P < 0.01, versus
Dox-untreated group.
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Discussion

Despite it is generally believed that tumor cells
have reduced connexins (Cxs) expression and/or
aberrant GJIC, changes in GJIC and Cxs expression
with  tumorigenesis  are  complicated and
heterogeneous. In some tumors, the expression of Cxs
can be maintained or upregulated. It has been
reported that Cx43 expression can be upregulated or
downregulated in glioma cells [18]. Moreover, no
changes in the expression of Cx43 is observed in small
lung cancers and in larger lung malignancy [19, 20].
Since the recurrences of PDT-mediated cancer
treatment of glioma and non-small cell lung cancer
can occur [21, 22], Cx43-formed GJIC would be
expected to play a significant role in PDT efficacy in
the above cases.

The present study demonstrates that there is a
substantially enhanced effect of Cx43-formed GJIC on
the phototoxicity of Photofrin-PDT. At high-cell
density, where cells have chances to contact with each
other to form GJ, inhibiting of Cx43-formed GJIC by
either pretreating with GJ inhibitor, 18a-GA, or
suppressing the expression of Cx43 could
significantly reduce PDT phototoxicity (Figure
2A~D). Such an action is deficient at low density
because of lacking GJ formation (Figure 1). The
GJIC-dependent effects under high-cell density
condition was also found in the treatment of U87
glioma cells with PDT, in which Cx43-mediated GJ
inhibitors TPA and CBX could remarkably suppress
PDT phototoxicity, whereas RA, a GJIC enhancer,
could substantially increase the sensitivity of cells to
PDT (Figure 3A~I). Moreover, the effect of
Cx43-mediated GJIC on PDT phototoxicity was also
evaluated in vivo. The results showed that the
presence of Cx43-mediated GJIC could significantly
decrease the mean RTV and tumor weights in
Dox-treated  xenografts when compared to
Dox-untreated tumors after Photofrin-PDT (Figure
4A~D). The histological results showed that
Cx43-composed GJIC induced by Dox resulted in a
decreased density of tumor cells in the sections of
xenografts after PDT (Figure 4E), indicating the ability
of GJIC to improve PDT efficacy in vivo. These results
indicate that wupregulating Cx43 expression or
improving the function of Cx43-composed GJIC may
enhance PDT phototoxicity and suggest that
treatment strategies designed to enhance the
expression of Cx43 or to retain the function of
Cx43-composed GJIC may improve PDT efficacy.

The present study makes clear that
Cx43-composed GJIC may be an important
influencing factor of PDT response. Thus, factors that
affect the functionality of GJIC may have influences
on PDT efficacy. It is now clear that several analgesics,

such as tramadol and flurbiprofen, has been reported
to restrain the functionality of gap junctional channels
[23]. Therefore, in the event that PDT is used
concurrently with these analgesics for patients who
accompanies carcinous pain, PDT efficiency can be
prohibited by the GJIC suppression produced by the
analgesics. It has also been noted that some
compounds, such as baicalein and simvastatin have
been shown to augment gap junctional function,
which enhances the efficiency of antineoplastic drugs
by increasing toxic bystander effects [24, 25]. Thus, if
PDT is used concurrently with these agents in clinical
settings, the efficiency of PDT for tumors with GJIC
can be increased.

It should be noted that GJIC-dependent effect on
phototoxicity were disappeared at low (1pg/mL) and
high (10pg/mL) Photofrin concentrations in the
present study (Figure 2 and 3). This accounts for the
fact that GJIC-dependent component of PDT efficacy
relies on clinically photosensitizer’ concentration
used. At low concentration, the diffusion of cytotoxic
substances induced by PDT via GJ channels can only
kill a small portion of cells and Cx43-mediated
GJIC-dependent effect would be obscured. At high
concentration, more than 80% cells were directly
killed and GJIC would not be expected to play a role
in the end point. At the clinically appropriate
Photofrin concentrations used, however, PDT
phototoxicity could be augmented by gap
junction-mediated intercellular diffusion of toxic
products and one should note that maintaining or
elevating the functionality of Cx43 GJIC may improve
PDT efficacy.

It has been determined that the bystander cell
killing effect of GJIC depends on the transfer of toxic
substances from one cell to an adjacent other via GJ
channels. Studies have shown that the generation of
ROS induced by PDT leads to cellular injuries by
assaulting lipids, DNA and proteins [15, 26], and ROS,
as an oxidative stress signal, is allowed to transfer
through GJ couplings [27]. Thus, intracellular ROS
may account for the increased phototoxicity of
Photofrin-PDT by Cx43-mediated GJIC. The results
indicated that ROS generation induced by PDT in
Cx43 expressing cells was substantially enhanced
than that in cells not expressing Cx43 (Figure 5A~C).
The above results demonstrate that the intercellular
ROS diffusion may be responsible for the enhanced
phototoxic action of PDT by Cx43-mediated GJIC.

It has been established that the enhanced [CaZ*];
owing to the increased Ca?" influx and release
induced by PDT can cause cell death and apoptosis
[28, 29] and Ca?* can transfer from one cell to
surrounding unexposed other via GJ couplings [30].
Therefore, the increased PDT cytotoxicity modulated
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by Cx43-formed GJIC may arise from the intracellular
Ca2* diffusion. However, studies have shown that the
rise of [Ca?*]; may close GJ complexes [31]. It should
be noted that the effective level of intracellular Ca?* on
GJ couplings rests upon the species of cell and Cx
expressed [32]. The data that the level of intracellular
Ca?* was increased by Cx43-composed GJIC indicated
that PDT-induced increase in [Ca2*]; had no effects on
the channels composed by Cx43 (Figure 6A~F).
Notably, the results demonstrate that Cx43-mediated
GJIC has the ability to facilitate Ca?* transfer, which
may account for the raised phototoxicity of
Photofrin-PDT by Cx43-composed GJIC (Figure
6A~F).

Reports have shown that the improved lipid
peroxides generation is responsible for apoptosis and
cell death induced by PDT [10, 11, 33]. Among these
lipid peroxides, 4-HNE and ceramide may transfer
through GJ complexes, causing the rise of
phototoxicity owing to their small molecular weights
(<1.5kDa). Thus, theoretically, the improvement of
PDT phototoxicity dependent on Cx43-mediated GJIC
may be associated with this mechanism. The results
showed that Cx43-mediated GJIC was able to elevate
the intracellular generation of ceramide after PDT,
whereas the presence of GJIC could not alter the
intracellular level of 4-HNE after PDT (Figure 7A and
B), indicating that the increased phototoxic effect of
GJIC mediated by Cx43 may be related with
ceramide-mediated lipid peroxide pathway.

Taken together, the present study presents the
enhanced effects of Cx43-composed GJIC on
PDT-mediated cancer treatment and indcates that the
function of Cx43-mediated gap junctional couplings
in malignant tumors may be an important decisive
factor of the response to PDT in clinic. Thus, several
beneficial therapeutic strategies should be considered.
Firstly, retaining or even transitorily elevating the
expression of Cx43 and the function of
Cx43-composed GJIC can enhance PDT phototoxicity,
resulting in a remarkable increase in therapeutic effect
of PDT. Oppositely,  factors  disturbing
Cx43-composed GJIC may cause the reduction of
malignancies’ sensitivity to PDT-mediated cancer
treatment, leading to a substantial decrease in PDT
efficacy.
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