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Abstract. 5-Aminolevulinic acid-mediated photodynamic
therapy (ALA-PDT) is an effective treatment option for cervical
intraepithelial neoplasia, the precancerous lesion of cervical
cancer, and early cervical cancer, particularly for young or
nulliparous women who want to remain fertile. A previous
report described the involvement of histone deacetylases
(HDAC) during ALA-PDT mediated apoptosis in the
cerebral cortex of a mouse model. Retinoblastoma-associated
protein 48 (RbAp48), a highly abundant component of HDACs,
is a critical mediator that controls the transforming activity
of human papillomavirus 16 in cervical cancer cells. The aim
of the present study was to investigate the involvement of
RbAp48 in ALA-PDT-induced cell death in cervical cancer
cells. RbAp48 was significantly upregulated in cervical cancer
cell lines treated with ALA-PDT, including SiHa and HeLa
cells. To establish the relevance of RbAp48 and the efficacy
of ALA-PDT in cervical cancer cells, the effect of ALA-PDT
was investigated in SiHa or HeLa cells following the depletion
of RbAp48 by small interfering RNA (siRNA). Reduction of
RbAp48 led to the reduced suppression of proliferation and
apoptosis induced by ALA-PDT in cervical cancer cells,
which was associated with a reduction in tumor suppressor
protein 53 (p53), retinoblastoma (Rb), apoptosis-related
enzyme caspase-3, and increased levels of the oncogenic
genes, human papillomavirus E6 and E7. These results provide
evidence that RbAp48 is an important contributor to the
efficacy of ALA-PDT in cervical cancer cells. RbAp48 may
be a therapeutic target that may help to improve the treatment
of cervical cancer.
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Introduction

Cervical cancer is one of the major causes of cancer
morbidity and mortality in women globally, particularly
in developing countries. According to the World Health
Organization International Agency for Research on Cancer
(GLOBOCAN 2012), >500,000 women worldwide were diag-
nosed with cervical carcinoma each year, of which >80% were
in less developed countries (1). In China, cervical cancer cases
are increasingly prevalent in young patients (2). Currently,
the established treatment for cervical cancer, particularly in
the early stages, is resection and radiotherapy. However, these
mainstream approaches may be associated with subsequent
pregnancy complications, which is problematic particularly
for young or nulliparous women who wish to remain fertile.
Improvements in treatment are required for patients with
cervical cancer and photodynamic therapy (PDT), a treatment
that preserves the cervix, may be a suitable option.

PDT is an innovative technique that is widely used for
local treatment of various solid tumors (3-5) and certain
non-malignant diseases (6-8). PDT involves using a specific
wavelength of light to activate a photosensitizer that is selec-
tively accumulated in the target tissue. PDT causes destruction
of stained cells through the production of singlet oxygen or
superoxide, and induces irreversible cell damage through
direct and indirect cytotoxicity (9). 5-Aminolaevulanic acid
(ALA)-mediated PDT (ALA-PDT) is an approved therapeutic
option for local therapy of various human precancerous and
cancerous lesions with encouraging clinical outcomes (10).
However, its specific mechanisms are not fully understood and
its efficacy is remarkably varied. A complete understanding
of the molecular mechanisms of PDT-mediated cell destruc-
tion may lead to improvements in its therapeutic efficacy.
Epigenetic regulation of transcription and histone modifica-
tion might be involved in PDT-mediated cell destruction (11).
The upregulation of the histone deacetylases HDAC-1 and
HDAC-11 has also been demonstrated in the mouse cerebral
cortex following ALA-PDT (11). Retinoblastoma-associated
protein 48 (RbAp48), a highly abundant component of
HDAC:S (12), is required for negative regulation of E2F tran-
scription factor activity through its interaction with HDACI
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and HDAC3 (13). A previous study has also demonstrated
that RbAp48 is a critical mediator controlling human papil-
loma virus (HPV)-16 transforming activity in HPV-induced
cervical carcinogenesis (14). RbAp48 suppresses the growth
of cervical cancer and reverts transformed phenotypes of
cervical cancer in vitro and in vivo. Furthermore, RbAp48
was identified as a radiosensitive gene in a microarray analysis
used for selecting radiosensitivity prediction molecules (15).
Finally, another previous study indicated the involvement of
RbAp48 in radiation-response and overexpression of RbAp48
enhanced the radiosensitivity of cervical cancer (16).

The present study demonstrated that PDT induces RbAp48,
which leads to cancer cell destruction through upregulation of
tumor suppressor protein 53 (p53) and retinoblastoma protein
(Rb) expression, and downregulation of the HPV genes,
E6 and E7. The current study provides evidence for the involve-
ment of RbAp48 in anti-proliferative responses to ALA-PDT.

Materials and methods

Cell culture and PDT. SiHa and HeLa cervical cancer cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA) and cultured in Dulbecco's modified
Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.),
under standard culture conditions. Cells, 80-90% confluent,
were used in all experiments. ALA hydrochloride, obtained
from Sigma-Aldrich (Merck Millipore; Darmstadt, Germany),
was dissolved in DMEM. Various concentrations (0, 50,
100 and 150 gM) of ALA dissolved in DMEM were added
to cells, which were then incubated for 6 h in the dark at 37°C
and 5% CO,. Following administration of ALA, all samples
went through 3 washing steps with PBS. Fresh culture medium
(DMEM supplemented with 10% FBS) was then added to
each well, followed by light-emitting diode laser irradiation
(Wuhan Yage Optic and Electronic Technology Co., Ltd.,
Wuhan, China) at a wavelength of 630 nm for 5 min and the
laser energy was 10 J/cm?. Then, cells were incubated in the
dark at 37°C, 5% CO, for 24 h.

Cell viability and cell counting assay. Cells were seeded
2x10° per well in a 96-well culture plate for the cell viability
assay and 1x10* per well in 24-well plates for the cell counting
assay. Cells were then treated with various concentrations
(0,50, 100 or 150 M) of ALA. Cell viability was evaluated by
Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan) according to the manufacturer's protocol
as described, 24 h after ALA-PDT treatment. For the cell
counting assay, cells were treated as above and detected as
described previously (14). Experiments were performed in
triplicate to ensure the reproducibility of the results. And the
half-maximal inhibitory concentration was derived from the
dose-response curve.

Western blotting. Cells were harvested 24 h after ALA-PDT
treatment and then washed 3 times with cold PBS. Total
protein was extracted from cells by the use of NP-40 lysis
buffer (Beyotime Institute of Biotechnology, Haimen, China)
according to the manufacturer's protocol, separated on

WU et al: PHOTODYNAMIC THERAPY CAUSES UPREGULATION OF RbAP48

12% polyacrylamide-SDS gels and transferred onto a 0.2 ym
polyvinylidene fluoride membrane (Immobilon®; EMD
Millipore, Billerica, MA, USA). After blocking with TBS
(0.1% Tween-20) containing 5% non-fat milk for 1 h at room
temperature, the blot was washed with TBST (10 mM TBS,
100 mM NaCl,0.1% Tween-20) 3 times for 10 min. The blot was
then incubated with mouse anti-RbAp48 antibodies (1:1,000;
cat. no. ab55778; Abcam, Cambridge, UK) or glyceraldehyde
phosphate dehydrogenase antibodies (GAPDH; 1:2,000; cat.
no. ab8245; Abcam, UK) overnight at 4°C. The blot was
washed again 3 times for 10 min and then incubated with a
goat anti-mouse horseradish peroxidase-conjugated secondary
antibody (1:1,000; cat. no. ab6789; Abcam) for 1 h at room
temperature. The blot was washed 3 times for 10 min and
immune complexes were visualized by chemiluminescence
using an ECL kit (GE Healthcare Life Sciences, Chalfont, UK)
and imaged using ImageQuant LAS 4000 (GE Healthcare Life
Sciences). The images were analyzed and quantified using
Image J software version 1.44 (National Institutes of Health,
Bethesda, MD, USA). The intensity of bands was normalized
in relative to GAPDH signals. Each experiment was repeated
3 times.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from cells with TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and then
5 pg total RNA was purified and reversely transcribed to cDNA
using random primers with the PrimeScript™ RT Reagent Kit
with gDNA Eraser (Takara Bio, Inc., Otsu, Japan) following the
manufacturer's protocol. Amplification of PCR products was
quantified using SYBR® Premix Ex Taq™ (Takara Bio, Inc.,
Otsu, Japan) and performed on the LightCycler 2.0 Instrument
(Roche Diagnostics, Basel, Switzerland) equipped with a
LightCycler Software version 4.0 (Roche Diagnostics, Basel,
Switzerland) using the following PCR conditions: 40 cycles,
95°C for 15s, 60°C for 1 min. Primers used for RT-qPCR
were as follows (forward and reverse, respectively): RbAp48,
forward 5'-ATGCCCCAGAACCCTTGTATC-3' and reverse
5'-GCCCATAGCCTTCCTTCTGAT-3"; HPV-16 E6, forward
5'-AATGTTTCAGGACCCACAGG-3' and reverse 5-TCA
CGTCGCAGTAACTGTTG-3'; HPV-16 E7, forward 5-AGT
GTGACTCTACGCTTCGG-3' and reverse 5-TGTGCCCAT
TAACAGGTCTT-3"; p53, forward 5'-GGCAGCTGGTTA
GGTAGAGG-3' and reverse 5-AGGTCGACCAAGAGGTTG
TC-3'; Rb, forward 5'-ACCCAGAAGCCATTGAAATC-3'
and reverse 5"“TCTGGGTGCTCAGACAGAAG-3'; capase-3,
forward 5"TAAATGAATGGGCTGAGCTG-3' and reverse
5'-ATGGAGAAATGGGCTGTAGG-3'; p-actin, forward
5'-CTCCAAATGCAAACTGGATG-3' and reverse 5'-TGT
TGATTTGGGCACAGACT-3', as described previously (14).
Target gene expression levels were normalized to (-actin
levels in the same reaction. The AACq method was used to
normalize mRNA levels (17).

Small interfering RNA (siRNA) transfection. Cells were plated
in 6-well culture plates at 1x10° cells/well and incubated at
37°C until they reached 80% confluency. Lipofectamine® 2000
reagent (Invitrogen, Thermo Fisher Scientific, Inc.) was used
to transfect siRNA oligonucleotides that targeted RbAp48
(siRbAp48; Sigma-Aldrich; Merck Millipore) and mammalian
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expression pSUPER vector (OligoEngine, Seattle, WA, USA)
into SiHa and HeLa cells as described previously (14). The
sequences of siRNAs were as follows: 5-CAGGGCATACGG
CAGTAGT-3' for si-RbAp48 (1) and 5'-CGAGGAATACAA
AATATGG-3' for si-RbAp48 (2), as previously described (14).
Cells were transfected with the pSUPER vector to generate
a control line. The sequences of control siRNA contained in
the pSUPER vector was 5'-GACTCCAGTGGTAATCTAC-3'.
At 48 h post-transfection, cells were harvested and used for
further experiments. Expression of RbAp48 was determined
by RT-qPCR and western blot assay.

Apoptosis rate analysis by flow cytometry. Cells were plated in
35 mm dishes and then received 100 uM ALA-PDT treatment
or irradiation as described earlier, and were incubated at 37°C
in the dark for 24 h. Then, the medium was removed, cells
were washed twice with PBS and collected in tubes (1x10°)
and were then stained using an Annexin V-FITC/PI Apoptosis
Detection kit (BestBio, Co., Shanghai, China) according to the
manufacturer's protocols. Analysis was carried out at activating
wavelength 488 nm and fluorescence emission was monitored
at 623 nm by a FACS Calibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, CA, USA) and the data analyzed using by
FACS Calibur flow cytometer instrument equipped with BD
CellQuest Pro software version 5.1 (BD Biosciences).

Statistical analysis. Data are presented as the mean + stan-
dard deviation. Statistical comparisons between means were
assessed by Student's t-test or two-way analysis of variance
using GraphPad Prism (version 6.0; GraphPad Software, Inc.,
La Jolla, CA, USA). Bonferroni's post hoc test was used for
post hoc comparison. P<0.05 was considered to indicate a
statistically significant difference.

Results

ALA-PDT induces RbAp48 expression in SiHa and HeLa
cells. To clarify the function of RbAp48 in ALA-PDT treat-
ment, the present study initially determined the expression
pattern of RbAp48. mRNA and protein levels of RbAp48 were
significantly upregulated in SiHa and HeLa cells subjected
to all concentrations of ALA-PDT treatment, compared with
untreated cells (P<0.05; Fig. 1). A previous study verified
that RbAp48 controls the transforming activity of HPV-16 in
cervical cancer (14). Therefore, RbAp48 may be involved in
the response of cervical cancer cells to ALA-PDT treatment.

Inhibition of RbAp48 expression via siRNA-mediated
silencing attenuates reduced viability caused by ALA-PDT
in SiHa and HeLa cells. To verify whether altered expression
of RbAp48 affects proliferation of PDT-surviving cervical
cancer cells, the current study initially suppressed RbAp48
gene expression in SiHa and HeLa cells using siRbAp48,
and subsequently performed PDT on cells and evaluated the
cell viability. As demonstrated in Fig. 2A, siRbAp48 inhib-
ited protein expression of RbAp48 compared with pSUPER
vector control (si-control) and parent SiHa or HeLa cells.
However, siRbAp48-2 had a stronger effect. Subsequently, the
effect of reduced RbAp48 expression on cellular responses
to ALA-PDT in SiHa and HeLa cells by siRNA knockdown
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Figure 1. ALA-PDT induces the expression of RbAp48 in cervical cancer
cell lines. (A) Relative mRNA levels of RbAp48 in SiHa and HeLa cells
assayed by reverse transcription-quantitative polymerase chain reaction.
Expression of RbAp48 in each sample was normalized to that of f-actin.
Data are presented as the mean + standard deviation of 3 independent experi-
ments. (B) Protein levels of RbAp48 in SiHa and HeLa cells were assayed
by western blot with anti-RbAp48 antibody 24 h after ALA-PDT treatment.
GAPDH was a loading control. Data from a typical experiment repeated
3 times with similar results are presented. (C) The ratio of RbAp48/GAPDH
for each was analyzed by densitometry and presented as bar graphs. ('P<0.05;
“P<0.01; "P<0.001 vs. 0 uM ALA). RbAp48, Retinoblastoma-associated
protein; 48ALA, 5-aminolevulinic acid; ALA-PDT, ALA-mediated photo-
dynamic therapy.

of RbAp48 was investigated. The CCK-8 assay (Fig. 2B) and
cell counting assay (Fig. 2C) revealed that reduced RbAp48
impaired ALA-PDT-induced cell growth inhibition in SiHa
and HeLa cervical cancer cell lines compared with si-control
cells (P<0.05).

RbAp48 modulates ALA-PDT-induced apoptosis. The
anti-tumor effect of ALA-PDT is predominantly mediated via
apoptosis. Therefore, the current study investigated whether
RbAp48 has a role in PDT-induced apoptosis. Knockdown of
RbAp48 in SiHa and HeLa cells led to a significant reduction
in PDT-induced apoptosis compared with si-control vector
groups (P<0.001 and P<0.001, respectively; Fig. 3).

RbAp48 regulates mRNA expression of tumor suppressors,
apoptosis-associated enzymes and oncogenic viral genes in
cervical cancer cells in response to ALA-PDT. To elucidate
the molecular mechanism by which RbAp48 functions in the
response of cervical cancer cells to ALA-PDT, RT-qPCR was
performed. mRNA expression changes of tumor suppressors
Rb and p53, apoptosis-associated enzyme caspase-3, and
HPV oncogenes, E6 and E7, in cervical cancer cell lines were
investigated. As presented in Fig. 4, silencing RbAp48 signifi-
cantly reduced mRNA levels of tumor suppressors pS3 (SiHa,
P<0.001; HeLa, P<0.001; Fig. 4A) and Rb (SiHa, P<0.01;
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Figure 2. Knockdown of RbAp48 in SiHa and HeLa cells reduces anti-proliferative effects of ALA-PDT treatment. (A) RbAp48 protein expression is reduced
in the si-RbAp48 1 and 2 transfected cells compared with the respective control cells. Si-RbAp48 reduced cell growth inhibition induced by ALA-PDT on
SiHa and HeLa cervical cancer lines, as measured by (B) Cell Counting Kit-8 and (C) cell counting assay. Data are presented as the mean + standard deviation
of 3 independent experiments. ('P<0.05; “P<0.01 vs. si-control group). ALA-PDT, ALA-mediated photodynamic therapy; Si, small interfering RNA; RbAp48,

retinoblastoma-associated protein 48; ALA, 5-aminolevulinic acid.

HeLa, P<0.05; Fig. 4B) induced by ALA-PDT treatment in
cervical cancer cells compared with the si-control treatments.
Similar results were observed for apoptosis-associated enzyme
caspase-3 (SiHa, P<0.001; HeLa, P<0.01; Fig. 4C). Notably,
siRNA knockdown of RbAp48 also significantly increased
the E6 (SiHa, P<0.01; HeLa, P<0.001; Fig. 4D) and E7 (SiHa,
P<0.01; HeLa, P<0.05; Fig. 4E) levels, that were reduced by
PDT, which have important roles in HPV-induced cervical
cancer. Therefore, RbAp48-mediated sensitivity to ALA-PDT
treatment in cervical cancer cells may be due, at least partially,
to its regulation of the expression of tumor suppressors p53
and Rb, apoptosis-associated enzyme caspase-3, and the HPV
oncogenes, E6 and E7.

Discussion

PDT, which has curative effects and causes remarkably
little scarring, has been clinically approved and has distinct

advantages in its ability to locally treat cervical cancer and
cervical intraepithelial neoplasia (CIN; the precancerous lesion
of cervical cancer) (3,5,8,18). Various clinical studies have
revealed that PDT is of particular value to women with CIN
or early cervical cancer who are interested in having children
later in life (19,20). Furthermore, PDT, as an ideal adjuvant
therapy (4), may be applied prior to or following chemotherapy
or surgery and can be repeated as many times as necessary
without cumulative toxicity (10,21,22). However, in clinical
trials, tumor responses induced by PDT varied between indi-
vidual patients. In certain patients, a number of tumor cells
may become resistant to PDT and survive, therefore leading
to relapse and metastasis (3,5,18). RbAp48, a potential thera-
peutic target in cervical cancer (14), is a radiation-inducible
gene that has the potential to increase the sensitivity of cervical
cancer cells to radiation (16). In the present study, mRNA and
protein levels of RbAp48 were upregulated in two cervical
cancer cell lines that had been subjected to ALA-PDT. To
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Figure 3. Reduced expression of RbAp48 in cervical cancer cell lines inhibits cell apoptosis induced by 5-aminolevulinic acid-mediated PDT. (A) Levels of
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retinoblastoma-associated protein 48; PDT, photodynamic therapy.

further ascertain the function of RbAp48 in PDT-induced cell
destruction, targeted siRNA was used to reduce the expression
of RbAp48 in SiHa and HeLa cells. Subsequently, cells from
both cell lines were subjected to ALA-PDT and viability was
examined. Reduced expression of RbAp48 in cervical cancer
cells suppressed the decrease in cell viability usually induced
by ALA-PDT, which confirmed that RbAp48 is an important
contributor to PDT-mediated cell destruction.

Cancer is defined as abnormal cell growth characterized
by increased cell proliferation and decreased apoptosis. With
exposure to PDT, cells initiate complex responses, including the
formation of highly reactive singlet oxygen or other free radi-
cals like hydrogen peroxides or superoxide anions, which can
kill tumor cells directly by apoptosis and/or necrosis (10,23).
The finding that PDT may cause an apoptotic response in
target cells without complete disruption of the tissue has
provided an explanation for the ideal characteristics required
of any ablative technology for focally treating early cervical
cancer. Certain studies have illustrated that apoptosis is crit-
ical for the therapeutic efficacy of PDT (24,25) and reduced
expression of RbAp48 inhibited apoptosis in exocrine gland
cells (26). The current study investigated the effect of reduced
RbAp48 on apoptosis, induced by PDT, which was assessed
by flow cytometric analysis using the Annexin V-fluorescein

si-control group). PI, propidium iodide; Si, small interfering RNA; RbAp48,

isothiocyanate/propidium iodide double staining method. As
presented in Fig. 3, reduced expression of RbAp48 in cervical
cancer cells decreased PDT-induced apoptosis. It is therefore
possible that PDT-mediated induction of RbAp48, at least
partially, contributes to subsequent apoptosis of treated cells
in addition to its inhibitory effect in malignant transformation,
and its ability to enhance the radiosensitivity of cervical cancer
cells. However, detailed studies are required to strengthen this
hypothesis.

It is clear that p53 is associated with several types of
human cancers and has great significance in cancer therapy.
Studies have demonstrated that p53 has an important role
in ALA-PDT-induced apoptosis in the HepG2 human liver
cancer cell line (27) and the sensitivity of mutated p53 HT29
human colon adenocarcinoma cells to PDT can be increased
by introducing the wild-type p53 gene (28). Rb is capable of
suppressing cancer growth, partly by binding and inhibiting
the activity of the E2F family of transcription factors (29-31). A
previous study demonstrated that PDT increased the amount of
hypo-phosphorylated Rb protein and decreased the amount of
hyper-phosphorylated Rb protein in A431 cells, and suggested
that Rb-E2F was involved in PDT-induced cell cycle arrest
and apoptosis (32). The current study reported that reduced
RbAp48, combined with ALA-PDT, reduced mRNA levels of
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p53 and Rb in cervical cancer cells, compared with PDT treat-
ment alone. Caspases are critical mediators of apoptosis (33).
Reports have indicated that caspase-3 is a death protease that
is frequently activated during PDT-induced apoptosis, and
is part of the mitochondria-initiated cytochrome c-mediated
caspase-dependent pathway (34,35). The present study demon-
strated that RbAp48 altered the expression of caspase-3 in
cervical cancer cells in response to ALA-PDT.

It is well established that E6 and E7 are major viral onco-
genes that promote host cell proliferation and decreased cell
apoptosis, and increase genomic instability to facilitate the
migration of HPV-infected cells (36). E6 and E7 proteins
form complexes with p53 and Rb, respectively, which leads to
dysregulation of cell cycle control mechanisms and the release
of transcription factor E2F, which then activates the expression
of cell cycle-associated genes. Viral oncogenes E6 and E7 are
essential for HPV-induced cervical carcinogenesis and support
the viral life cycle (37). As RbAp48 controls the transforming
activity of HPV-16 in cervical carcinogenesis by affecting
mRNA levels of E6 and E7, the present study conducted
RT-qPCR to investigate the effect of altered RbAp48 on E6
and E7 in cervical cancer cells that had been subjected to
PDT. The results indicate that ALA-PDT effectively decreased
mRNA levels of E6 and E7. Silencing RbAp48 increased
mRNA levels of E6 and E7 in cervical cancer cells compared
with cervical cancer cells subjected to ALA-PDT alone. It is
therefore possible that the regulation of p53 and Rb, caspase-3,
and E6 and E7, by RbAp48 contributes, at least in part, to the
cell destruction caused by PDT.

In conclusion, the results of the present study indicated that
RbAp48 is involved in the anti-proliferative effects and apop-
tosis induced by PDT in cervical cancer cells. As earlier studies
demonstrated that reduced expression of RbAp4S8 is specific to
cervical cancer, and considering the important role RbAp48
has in regulating cervical carcinogenesis, measuring RbAp48
expression may have the potential to predict the response that
individual cervical cancers will have to ALA-PDT. However,
a detailed study to investigate the involvement of RbAp48 in
PDT-mediated cell destruction, and the association with the
expression of RbAp48 and PDT-mediated therapeutic efficacy
in cervical cancer and its precancerous form, CIN, are required
to valiadate these findings.
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