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Hematoporphyrin monomethyl ether combined with He-Ne
laser irradiation—-induced apoptosis in canine breast cancer
cells through the mitochondrial pathway
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Hematoporphyrin monomethyl ether (HMME) combined with He-Ne laser irradiation is a novel and promising photodynamic therapy
(PDT)-induced apoptosis that can be applied in vitro on canine breast cancer cells. However, the exact pathway responsible for HMME-PDT
in canine breast cancer cells remains unknown. CHMm cells morphology and apoptosis were analyzed using optical microscope, terminal
deoxynucleotidyl transferase dUTP nick end labeling fluorescein staining and DNA ladder assays. Apoptotic pathway was further confirmed
by Real-time-polymerase chain reaction and Western blotting assays. Our results showed that HMME-PDT induced significant changes in
cell morphology, such as formation of cytoplasmic vacuoles and the gradual rounding of cells coupled with decreased size and detachment.
DNA fragmentation and cell death was shown to occur in a time-dependent manner. Furthermore, HMME-PDT increased the activities of
caspase-9 and caspase-3, and released cytochrome ¢ from mitochondria into the cytoplasm. HMME-PDT also significantly increased both
mRNA and protein levels of Bax and decreased P53 gene expression in a time-dependent manner, while the mRNA and protein expression
of Bcl-2 were repressed. These alterations suggest that HMME-PDT induced CHMm cell apoptosis via the mitochondrial apoptosis pathway
and had anti-canine breast cancer effects in vitro.
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Introduction

Photodynamic therapy is an effective method to treat
malignant tumors [4] that can deactivate malignant cells via
reactive oxygen species (ROS) produced by light-activated
photosensitizers. During promising photodynamic therapy
(PDT), tumor cells absorb and accumulate a large number of
photosensitizers, resulting in PDT-induced lesions in malignant
tumor tissues [33]. Preclinical and clinical trials have shown
that PDT results in formation of malignancies at multiple sites
with minimal normal tissue toxicity [29]. Photodynamic
therapy is a minimally invasive treatment that can be used
repeatedly at the same site. Moreover, PDT can be utilized in
combination with chemotherapy, ionizing radiation, or surgery,
making it a promising treatment option for adjuvant tumor
therapy.

Selection of appropriate animal models for human breast
tumors remains a major challenge in advancing breast cancer
research. Canine and human mammary glands share similar
molecular mechanisms [14]. For example, spontaneous tumors
in dogs possess many similar features as those found in
humans, including relevant biological behavior, histological
appearance, molecular targets, genetics and response to
conventional treatments [15]. Moreover, molecular
cytogenetic analyses have shown that canine and human tumor
cells derived from hematological malignancies preserve the
ancestral chromosomal aberrations [2,34]. The expression of
ERBB?2 and TP53 genes demonstrated similar alterations in
mammary carcinomas in dogs and human, indicating they have
similar roles in carcinogenesis and potential prognostic index
[10,31]. Moreover, dogs have a relatively large body size when
compared with other laboratory animals, in addition to
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providing genetic diversity similar to humans. Therefore, dogs
are an attractive potential model for human cancer research
[28,35].

Hematoporphyrin monomethyl ether (HMME) is a promising
photosensitizer that has been of great interest to researchers
because of its advantageous physicochemical properties [5,33].
HMME combined with a He-Ne laser as a novel treatment
demonstrated a great advantage in the potential treatment of
canine breast cancer [18,19]. Previous studies have shown that
HMME-PDT could induce the death of canine breast cancer
cells through apoptosis in vitro [19] via damage to the
mitochondrial structure and dysfunction [18]; however, the
detailed mechanism underlying HMME-PDT induced
apoptosis through the mitochondrial pathway remains unclear.
Therefore, this study was conducted to investigate the
relationship of HMME-PDT induced apoptosis, cell
morphology and gene expression with mitochondrial pathways
of apoptosis.

Materials and Methods

Reagents and HMME-PDT

HMME was purchased from Red Green Photosensitizer
(China). The He-Ne laser, CHMm cell line and cell culture
conditions were described in a previous study [18,19,24].
Experimental cells were randomly divided into mock
treatments (without HMME or irradiation), HMME (16 mM),
irradiated (2.8 x 10* J/m?®), or HMME (16 mM) plus laser
irradiation (2.8 x 10*J/m?). Cells were cultured for 24 h, then
pretreated with or without HMME with serum free medium for
2 h and irradiated with He-Ne laser according to the
experimental plan. Subsequent analyses were carried out at 3 h,
6 h, 12 h, 24 h and 48 h post-irradiation.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay

Cells were plated at densities of 1.0 x 10° cells/cm” in 35-mm
culture dishes with coverslips. Cells were washed three times
with cold phosphate-buffered saline (PBS) after the selected
treatment periods, then fixed for 10 min at —20°C in
acetone/methanol (1 : 1, v/v). Apoptotic cell death was
subsequently detected by the TUNEL method using
commercial kits (KeyGen TUNEL Detection Kit; KeyGen,
China) according to the manufacturer’s protocols. Finally, cells
were washed three times with cold PBS, then mounted on glass
slides and dipped into emulsion and glycerol/PBS (1 : 3, v/v) to
measure their fluorescence. The cells were visualized and
analyzed using a Ti-s fluorescence microscope (Leica,
Germany). Cells with apoptosis in the group panel were
quantified by randomly counting 200 positively stained cells.
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DNA fragmentation

Samples (3 x 10° cells) were collected from each group to
measure DNA fragmentation. Fragmented DNA was isolated
following the protocol described by Moore and Matlashewski
[23]. Briefly, DNA pellets were washed once with 80% ethanol,
spun down and air-dried, then dissolved in Tris-EDTA buffer at
pH 7.6. Electrophoresis was performed on a 1.5% agarose gel
for 1 h at 85 V. The results were analyzed and recorded with an
Ultra Violet Products Gel Documentation System (ZF-208;
Shanghai Jia Peng Technology, China).

Measurement of cytochrome c release

Cells were harvested and washed twice with PBS for the
cytochrome c release assay [17]. The cells were then incubated
with extraction buffer (10 mM Hepes, 1.5 mM MgCl,, 10 mM
KCl, 250 mM sucrose, | mM EGTA, 1 mM EDTA, 0.05%
digitonin, and 1 mM phenylmethylsulfonylfluoride) at 4°C for
10 min, then centrifuged at 100,000 x g for 10 min at 4°C. The
supernatant represented the cytosolic extract. The pellet was
subsequently disrupted in lysis buffer (1 mM EGTA, 1% Triton
X-100, 10 mM Tris~HCL, pH 7.4, 1 mM EDTA, and protease
inhibitors) to obtain a mitochondrial fraction. Finally, cytosolic
or mitochondrial fractions were detected by Western blot and
analyzed for cytochrome c.

Western blot analysis

Cells were harvested and disrupted in 1 mL of cell lysis buffer
(1% Triton X-100, 0.015 M NaCl, 10 mM Tris-HCI, 1 mM
EDTA, 1 mM PMSE, 10 g/mL of each leupeptin and pepstain A)
and incubated for 20 min on ice. Lysates were then centrifuged
at 10,000 x g and 4°C for 20 min, after which the supernatants
were mixed with one-quarter volume of 4x sodium dodecyl
sulfate (SDS) sample buffer, boiled for 5 min and separated
through a 12% SDS-polyacrylamide gel electrophoresis gel.
After electrophoresis, proteins were blotted onto nylon
membranes following the manufacturer’s instructions (Bio-
Rad Laboratories, USA). Next, membranes were blocked in 5%
dry skim milk (1 h), rinsed and incubated with primary and
secondary antibodies for 1 h at room temperature. Finally,
Western Blots were quantified using an enhanced
chemiluminescence system (GE Healthcare, USA). Densitometry
of the Western blots was analyzed using the QuantiScan
software (Biosoft, UK).

Caspase-3 and caspase-9 activity assay

Enzymatic activity of caspase-3 and caspase-9 were detected
using caspase-3 and caspase-9 activity assay kits (KeyGen)
according to the manufacturer’s protocols. Briefly, samples
were collected and washed twice with ice-cold PBS, then
re-suspended in 50 pL of chilled cell lysis buffer and incubated
on ice for 30 min. Next, samples were centrifuged at 100,000 x
g and 4°C for 10 min. The cytosolic extracts were then



transferred and kept on ice until the protein concentration was
determined by BCA assay [36]. Briefly, protein samples (100
ug) were diluted with appropriate volumes of cell lysis buffer
and 50 pL of 2x reaction buffer (containing 10 mM
dithiothreitol) to a final volume of 100 uL. Caspase-3 or
caspase-9 substrate (5 uL) was then added, after which samples
were incubated at 37°C for 4 h. Finally, the caspase-3 or
caspase-9 activity was assessed based on the absorbance at 405
nm using a microplate reader (Bio-Rad Laboratories).

Real-time polymerase chain reaction (PCR) assay

Total RNA was isolated using TRIZOL reagent (Invitrogen,
USA), after which template cDNA for real-time PCR was
synthesized using the PrimeScript real time-PCR Kit (Takara
Bio, Japan) according to the manufacturer’s instructions.
Quantitative real-time PCR was conducted using a LightCycler
(Roche, Germany) with the SYBR Premix Ex Taq real
time-PCR Kit (Takara Bio), LightCycler Fast Start DNA
Master SYBR Green I (Takara Bio) and the following
primers: B-actin (GenBank accession No. Z70044; forward:
GCTGTCCTGTCCCTGTATTCC; reverse: AGCCAAGTCCA
GACGACGCAAG), Bax (GenBank accession No.

Fig. 1. Changes in cell morphology determined following
hematoporphyrin  monomethyl ether (HMME)-promising
photodynamic therapy (PDT) treatment. CHMm cells were
treated as indicated, after which images were acquired using a
light microscope. Arrows indicate cells contained cytoplasmic
vacuoles. Arrowheads show cells became round and smaller and
detached. Scale bars = 100 um.
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NM_001003011.1; forward: TTGCTTCAGGGTTTCTTCCA;
reverse: CGACATTCGCTCCGCTTCTTG), Bcel-2 (GenBank
accession No. NM_001002949; forward: CTTCGCCGTGATG
TCCAG; reverse: CAGATGCGGGTTCAGATAC) and P53
(GenBank accession No. NM_001003210; forward: AAGA
CCTACCCTGGCACCT; reverse: ACCTCGCTCACGAACT
CC) according to the manufacturer’s protocols. Gene expression
was analyzed using the LightCycler software package. Relative
gene expression was normalized to that of the housekeeping
gene, -actin, using the protocol described by MW Pfaftl [27].

Statistical analysis

Data are expressed as the means + SD. Differences between
groups were evaluated by one-way ANOVA followed by a
Student’s ¢ test using SPSS software (ver. 13.0; SPSS, USA). A
difference at p < 0.05 was considered statistically significant.

Results

HMME-PDT induces apoptosis in canine breast cancer cells
The toxicity of HMME-PDT toward CHMm cells was
observed by microscopy. The results revealed that HMME-

Control

'

Fig. 2. TUNEL fluorescein staining to detect DNA fragmentation
in CHMm cells following PDT-HMME treatment. Green
fluorescence indicates DNA fragmentation. HMME-PDT
treatments resulted in increased numbers of TUNEL-positive
cells at all tested time points (6, 12, 24 and 48 h). Scale bars =
100 pm.
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PDT caused morphological changes in cells at different time
points after individual treatments (Fig. 1). When compared with
mock treated cells, the growth of cells treated with
HMME-PDT was significantly inhibited. Consistent with this
observation, HMME-PDT treated cells demonstrated significantly
more morphological changes than mock treated cells. A large
number of HMME-PDT treated cells contained cytoplasm
vacuoles (arrows in Fig. 1), and cells gradually became round,
smaller and detached (arrowheads in Fig. 1). Cell death
occurred in a time-dependent manner, showing sharply
increased cell death and reduced density after 12 h of HMME
and irradiation treatment relative to mock treated cells (Fig. 1).

TUNEL staining was used to detect apoptosis induced by
HMME-PDT in canine breast cancer cells. The nuclei of
apoptosis cells (TUNEL-positive cells) were labeled with
fluorescein isothiocyanate, and their morphologic alterations
associated with apoptosis were verified by fluorescence
microscopy (Fig. 2). Apoptosis cells appearances at all tested
time points (3, 6, 12, 24 and 48 h) post-exposure, and increased
the rate induced by HMME-PDT. The apoptotic percentages of
canine breast cancer cells after HMME-PDT treatment increased
substantially (Table 1).

Apoptosis was also examined by DNA ladder analysis. A
typical DNA ladder first responded to HMME-PDT at 3 h
post-exposure, then became more prominent with time after
exposure (Fig. 3).

Mitochondria Cyto C release was detected in cytosol using
Western Blotting with a specific antibody. Western blot analysis
showed that mitochondria Cyto C was released and induced by
HMME-PDT at 6, 12, 24, and 48 h after irradiation (panel A in
Fig. 4). Cyto C accumulated in a time-dependent manner in the
cytosol (panel A in Fig. 4).

Since the release of Cyto C is linked with the activity of
caspase-9 and caspase-3 in the mitochondrial apoptosis
pathway, the enzymatic activity of caspase-9 and caspase-3
after HMME-PDT treatment was measured to understand the
mechanism of cellular death. The activities of caspase-9 and
caspase-3 were stimulated remarkably from 6 h and 12 h,
respectively, relative to mock treated cells (panels B and C in
Fig. 4).

Table 1. Apoptosis ratio of CHMm cells treated with HMME-PDT

Relative gene and protein expression in the mitochondrial
apoptotic pathway

To investigate this, we monitored the expression of three
important apoptosis-related genes (P53, Bax and Bcl-2) in
CHMm cells challenged by HMME-PDT (Fig. 5). The P53
mRNA expression of HMME-PDT treated cells was
significantly higher than that in the control treatment.
Moreover, treatment with HMME-PDT up-regulated the
mRNA and protein expression of Bax and down-regulated
those of Bcl-2, resulting in a decreased Bcl-2 to Bax ratio (panel
Ain Fig. 5 and panel B in Fig. 5). The Bcl-2/Bax ratio of mRNA
expression ranged from 0.8 to 0.09 and the protein expression
ratio ranged from 1.2 to 0.14, indicating increased levels of
apoptotic molecules in response to HMME-PDT (panel C in
Fig. 5).

Discussion

HMME-PDT induces canine breast cancer cell death via
oxidative imbalance [20]. In the presence of oxygen, visible

Mock 3h 6h 12h

24h 48h Mark bp
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Fig. 3. DNA ladder assays detected DNA fragmentation in
CHMm cells following PDT-HMME treatment. The ladder
indicates DNA fragmentation. The ladder appeared first at 3 h
after exposure, then became increasingly prominent with
lengthening of exposure time.

Apoptosis ratio (mean + SD, %)

Group
3h 6 h 12 h 24 h 48 h
Mock 5.4 + 0.53 5.7 + 1.23 6.18 + 2.42 59 + 1.97 7.7 + 3.48
HMME-PDT 11.1 + 1.56* 35.7 + 1.43** 68.8 + 3.52%** 85.4 + 2.07** 87.7 + 2.27**

Asterisks statistically significant (*p < 0.05 and **p < 0.01, respectively) when compared to mock-treated cells.
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Fig. 4. HMME-PDT induced changes in caspase 3, 9 and Cyto C
in canine breast cancer cells. (A) HMME-PDT induced the
release of Cyto C at 6, 12, 24, and 48 h after PDT. (B and C) The
activities of caspase-9 and caspase-3 were remarkably stimulated
from 6 h and 12 h, respectively, when compared with the mock
treated cells (n = 3, mean + SD).
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Fig. 5. Relative gene and protein expression in the mitochondrial
apoptotic pathway. (A) The treatment up-regulated the mRNA of
P53 and Bax and down-regulated Bcl-2. (B and C) Bcl-2
expression was down-regulated and Bax expression was
up-regulated, further decreasing the ratio of Bcl-2 to Bax.

light irradiation using an appropriate wavelength matched to the
absorption spectrum of the photosensitizer generates ROS,
including singlet oxygen, superoxide anions, or hydroxyl
radicals, which induce cytotoxicity [6,32,38]. HMME is mainly
distributed in the cytoplasm, including mitochondria, lysosomes,
endoplasmic reticulum and the Golgi apparatus [4,37]. It is the
basic way that the photosensitizer localized in the mitochondria
causes mitochondrial damage by PDT to induce apoptosis [16].
Mitochondria play a central role in the intrinsic pathway of
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apoptosis [3]. HMME-PDT caused death of canine breast
cancer cells through induced damage to the mitochondrial
structure and mitochondrial dysfunction [18]. Our study
demonstrated that HMME-PDT caused alterations including
cytoplasmic vacuoles, cell shrinkage, and membrane blebbing,
as well as cleavage of chromosomal DNA into internucleosomal
fragments and cell death in canine breast cancer cells.
Additionally, cell death induced in our PDT-HMME procedure
was specific. These conclusions are based on the observation
that massive cell death occurred in a time-dependent manner
following treatment with HMME-PDT. Mitochondrial
transmembrane potential was changed by HMME-PDT in
canine breast cancer cells [18], inducing the permeabilization of
mitochondrial membranes (MMP). MMP released several
apoptogenic proteins from the inter-mitochondrial membrane
space into the cytosol [3]. Mitochondrial Cyto C release into the
cytosol triggers apoptosome assembly with persistently
expressed Apaf-1 (apoptotic protease-activating factor) and
procaspase-9. Procaspase-9 was further auto-cleaved to active
Caspase-9, which in turn triggered Caspase-3 via activation of
procaspase-3 [9,26]. Caspases activation also modulated the
cascade of signaling transduction inside cells and controlled
demolition of cellular components. Consistent with this
knowledge, the results of the present study revealed that
PDT-HMME treatment significantly released the mitochondrial
Cyto C in the cytoplasm of the CHMm cells. The activation of
caspase-9 by HMME-PDT treatment can successively stimulate
procaspase-3, which in turn can activate procaspase-9 and form
a positive feedback activation pathway [8]. However, as
cytosolic apoptotic signals can also engage the death receptor
apoptotic pathway and because the mitochondrial apoptotic
pathway cross-talks with that of the death receptor [22], the
death receptor pathway may also contribute to HMME-
PDT-induced apoptosis in CHMm cells. Accordingly, further
research is required to elucidate the detailed mechanisms of
CHMm cells apoptosis induced by HMME-PDT in vitro.

We further evaluated the cellular apoptosis mechanism by
expression of p53, Bel-2 and Bax, which are widely accepted
apoptosis indicators. As an important transcription factor, p53
is involved in apoptosis by regulating the transcription of target
genes. Additionally, it is worth mentioning that the expression
of p53 was found to be significantly up-regulated in CHMm
cells treated with HMME-PDT in our study. These findings
indicate that p53 may play a major role in the apoptosis response
to HMME-PDT. The target genes of p53 encode many
pro-apoptotic proteins, including PIGs, PERP, p53, AIPI,
PUMA, Fas, Bax, Apaf-1, and Noxa [21]. Upon activation of
apoptosis, caspase-3 can cleave p53. The fragments of p53 can
then translocate to the mitochondria and induce apoptosis [30].
As a sequence-specific transcription factor, p53 induces
transcription of the pro-apoptotic proteins Bax [25], while it
down-regulates transcription of the anti-apoptotic proteins
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Bcl-2 and Bel-x L [11]. Furthermore, p53 can directly interact
with anti-apoptotic Bel-2 and Bel-x L proteins and suppress its
function. These transcription-dependent pro-apoptotic effects
of pS3 may exert synergistic effects on apoptosis, rapidly
amplifying the apoptotic effect and inducing the death of
CHMm cells. The Bcl-2 family is pivotal in the regulation of
mitochondria-initiated apoptosis [39]. Previous research has
suggested that overexpression of Bcl-2 will inhibit apoptosis
via the formation of Bcl-2/Bax heterodimers, and the ratio of
Bcl-2 to Bax appears to play a key role in a cell’s threshold for
undergoing apoptosis [7]. Here, we demonstrated that
HMME-PDT down-regulated Bcl-2 and up-regulated Bax
expression, further decreasing the ratio of Bcl-2 to Bax. These
findings indicated that HMME-PDT induces apoptosis of
CHMm cells and that pro-apoptosis effects were positively
correlated with Bax and Bcl-2 in the HMME-PDT-treated
group. Bcl-2 is a highly sensitive target of PDT, and damage to
Bcl-2 can bring about efficient induction of apoptosis
[12,13]. Since the Bcl-2 family proteins play a key role in
mitochondrial-dependent caspase activation [ 1], downregulation
of Bcl-2 may cause initiation of mitochondrial apoptosis. Taken
together, it is plausible that downregulation of Bcl-2 and
upregulation of Bax played a major role in the HMME-PDT
induced mitochondrial apoptosis pathway in CHMm cells, and
that the mitochondrial apoptotic pathway plays an important
role in the mechanism of HMME-PDT induced apoptosis in
CHMm cells.

In summary, the present study demonstrated an anti-canine
breast cancer effect of HMME-PDT in vitro. HMME-PDT can
release Cyto C, downregulate Bcl-2, upregulate Bax and P53
and activate caspase-9, 3, thereby inducing CHMm cell
apoptosis via the mitochondrial apoptosis pathway. These
combined observations showed great potential for HMME-
PDT in the treatment of canine breast cancer; however, the
clinical relevance of these findings needs further study.
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