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Abstract. Poly(ADP‑ribose) polymerase (PARP) inhibi-
tors have little effect on homologous recombination repair 
(HRR)‑proficient tumor types, such as cervical cancer. In 
addition to catalytic activity, the PARP inhibitor, BMN673, 
traps PARP1 on damaged DNA and induces cytotoxic effects. 
The aim of the present study was to evaluate the therapeutic 
effect of PI3K inhibitors and BMN673 on cervical cancer 
cells. The Chou‑Talalay method was used to assess the syner-
gistic effect of drug combinations on cervical cancer cells. 
The effect of PI3K inhibitors and BMN673 on cell growth and 
survival were also assessed via a Cell Counting Kit‑8 assay 
and three‑dimensional sphere culture. Cell migration and 
invasion were assessed via Transwell migration and Matrigel 
invasion assays, respectively. In addition, DNA damage and 
HRR competency were assessed via immunofluorescent 
staining analysis of γH2AX and RAD51 foci, and tail moment 
in a comet assay. PARP1 binding in chromatin was assessed 
via a cellular trapping assay. Ex vivo cultured sections of 
patient‑derived cervical tumors were subjected to drug 
exposure followed by histological and immunohistochemical 
analyses. The results revealed that the PI3K p110α inhibitor 
BYL719 and the PARP inhibitor BMN673 synergized to inhibit 
cervical cancer cell proliferation, migration and invasion 
in vitro and ex vivo. However, the pan‑PI3K inhibitor BKM120 
did not produce the aforementioned effects. Additionally, 
cervical cancer cells exhibiting aberrant PI3K activation were 
more responsive to the combined inhibition of PI3K p110α and 
PARP. Mechanistically, BYL719 co‑operated with BMN673 to 
increase PARP1 trapping on chromatin, induce severe DNA 

damage and exert cytotoxic effects. The combined use of 
BMN673 and BYL719 may serve as a promising therapeutic 
strategy for patients with cervical cancer exhibiting aberrant 
PI3K activation.

Introduction

Cervical cancer is one of the most common causes of 
cancer‑associated mortality among women worldwide. Many 
patients with cervical cancer present with advanced stage 
disease at the time of diagnosis. However, available treatment 
options are limited and patient prognosis is usually poor (1). 
Therefore, there is an urgent need to develop novel and effec-
tive therapeutic regimens for women with advanced cervical 
cancer.

The PI3K/AKT pathway is one of the most important 
signaling cascades, which regulates numerous essential physi-
ological functions and cellular processes (2,3). Alterations 
that affect the activation of certain components of the PI3K 
pathway occur frequently in various types of cancer, including 
cervical cancer (1,2,4), making them attractive targets for drug 
development. However, pan‑PI3K inhibitors have been shown 
to exert serious adverse effects following long‑term treatment 
and have not exhibited significant results in recent clinical 
trials (5). An increasing number of studies have demonstrated 
that isoform‑selective PI3K inhibitors may be safer and achieve 
superior therapeutic efficacy than pan‑class I PI3K inhibi-
tors (6,7). PIK3CA, which encodes the p110α catalytic isoform 
of class IA PI3Ks, is one of the most frequently mutated onco-
genes in cervical cancer (1,4), indicating that PI3K p110α may 
be a potential therapeutic target for cervical cancer. BYL719, a 
PI3K p110α‑specific inhibitor (8), is currently being assessed 
in phase I/II clinical trials for the treatment of various types 
of cancer (https://www.clinicaltrials.gov). A BYL719 phase I 
study demonstrated a marked antineoplastic effect and a prom-
ising safety profile in various types of tumor with PIK3CA 
mutations (9). In addition, a phase Ib study revealed that the 
combined use of BYL719 and letrozole yielded favorable 
results in estrogen‑receptor‑positive breast cancer, indepen-
dent of the PIK3CA mutation status (10).

Poly(ADP‑ribose) polymerase (PARP) inhibitors are 
a promising class of novel drugs. PARP inhibitors were 
designed to exploit synthetic lethality, a situation in which 
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tumors carrying deleterious BRCA1/2 mutations were sensi-
tive to PARP inhibitors due to a defect in the homologous 
recombination repair pathway (11,12). Three PARP inhibitors 
have been approved by the Food and Drug Administration for 
BRCA1/2: Olaparib, rucaparib (for mutated advanced ovarian 
cancer) and niraparib (for recurrent epithelial ovarian, fallo-
pian tube or primary peritoneal cancer) (13‑15). The primary 
cytotoxic effect of PARP inhibitors has also been associated 
with the trapping of cytotoxic PARP1‑DNA complexes (16). 
PARP inhibitors used in a clinical setting differ in their ability 
to trap PARP1 at DNA damage sites. BMN673 (talazoparib) 
exhibits ~100 times more potent PARP1‑trapping activity than 
niraparib, rucaparib or olaparib (17), inducing marked cyto-
toxic effects (18‑20).

A phase I clinical trial of veliparib, a PARP inhibitor, in 
combination with cisplatin and paclitaxel demonstrated favor-
able effects in persistent and recurrent cervical cancer (21). A 
recent preclinical study also reported that olaparib sensitizes 
human cervical cancer cells to cisplatin and exhibits the 
anti‑invasive properties of cervical cancer cells (22), indicating 
that PARP inhibitors have therapeutic potential in cervical 
cancer.

The present study aimed to investigate whether the 
combined use of PI3K inhibitors with PARP inhibitors 
can effectively treat homologous recombination repair 
(HRR)‑proficient cervical cancer cells. The results revealed 
that the PI3K p110α‑specific inhibitor BYL719, rather than 
the pan‑PI3K inhibitor BKM120, synergized with BMN673, 
a PARP inhibitor with superior PARP‑trapping activity, 
to effectively suppress cervical cancer cell growth, migra-
tion and invasion. The potential mechanism underlying the 
therapeutic effect conferred by the combined inhibition of 
p110α by BYL719 and PARP by BMN673 was also assessed. 
Additionally, the effect of the proposed drug combination on 
ex vivo cultured patient‑derived cervical tumor explants was 
assessed.

Materials and methods

Cell culture and reagents. CaSki, HeLa and SiHa human 
cervical cancer cell lines and the H8 human cervical epithe-
lial cell line were obtained from the American Type Culture 
Collection (ATCC). The ME180 cell line was purchased from 
the Cell Bank of the Chinese Academy of Sciences. The cells 
were cultured at 37˚C as follows: CaSki and H8 cells were 
cultured in RPMI‑1640 with 10% fetal bovine serum (FBS), 
HeLa cells were cultured in DMEM containing 10% FBS, 
ME180 cells were cultured in McCoy's 5A (Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 10% FBS and 
SiHa cells were cultured in MEM (Gibco; Thermo Fisher 
Scientific, Inc.) with 10% FBS. All media were supplemented 
with 100 U/ml penicillin and streptomycin (HyClone; GE 
Healthcare Life Sciences). The PI3K p110α inhibitor, BYL719 
and the PARP inhibitor, BMN673 were purchased from 
MedChemExpress.

Drug combination analysis. The drug combination was deter-
mined using a Cell Counting Kit‑8 (CCK‑8) viability assay 
(Dojindo Molecular Technologies, Inc.). The cells were seeded 
at a density of 2,000 or 700 cells per well for 3 or 7 days under 

the treatment of different concentrations of drugs at 37˚C. 
CCK‑8 solution (10 µl) and 90 µl of medium were added to 
each well of the plate. The plate was incubated for 2 h at 37˚C. 
The absorbance at a wavelength of 450 nm was measured by 
an automated reader. The combination index (CI) was calcu-
lated to determine the combinational effects using CalcuSyn 
software version 2.0 (Biosoft) as previously described (23). 
Synergistic effects were indicated by a CI value <1.

Three‑dimensional (3D) sphere culture. The 3D sphere culture 
experiments were performed as previously described (24). The 
cervical cancer cells were seeded on plates coated with 50% 
Matrigel (BD Biosciences) at a density of 1,500‑2,000 cells 
depending on the size of the cells and 50% of the aforemen-
tioned respective mediums without serum. The cells were 
then cultured in their respective mediums supplemented with 
5% FBS and 2% Matrigel. After 72 h, the cells were treated 
with BYL719 (500 nM) and BMN673 (50 nM) for 8 days at 
37˚C, as indicated, and media was replaced every 2 days. 
Images of the 3D cell cultures were captured using an inverted 
phase‑contrast microscope (Leica Microsystems) and scored 
according to the diameter of the 3D spheres.

Transwell migration and invasion assay. The assays were 
performed in Boyden chambers with 8‑µm pore filter inserts 
for 24‑well plates (BD  Biosciences). The cervical cancer 
cells at a density of 105 cells in 200 µl of serum‑free medium 
were added to the upper chamber with or without Matrigel 
pre‑coated filters (BD Biosciences). The lower chamber was 
filled with 600 µl of medium containing 10% FBS as an 
attractant. Following drug treatment with BYL719 (500 nM) 
and BMN673 (50 nM) for 24 h in the Transwell migration 
assay and for 48 h in the invasion assay at 37˚C, cells that had 
migrated through the pores on the underside of the filter were 
fixed and stained with crystal violet. Images of the cells on 
the underside of the filter were captured with a Leica optical 
microscope (Leica Microsystems) and the cell numbers were 
counted in 10 independent visual fields.

Western blotting and antibodies. The cells were washed in 
PBS and lysed using RIPA buffer (Sigma‑Aldrich; Merck 
KGaA) supplemented with protease and phosphatase 
inhibitors (Roche Diagnostics). A total of 40  µg protein 
concentration was then determined using a BCA kit (Tiangen 
Biochemical Technology Co., Ltd., Beijing, China). Blocking 
buffer (5% skim milk) was added and shaken gently for ~2 h 
at 25˚C, separated via SDS‑PAGE and transferred onto PVDF 
membranes. The blots were probed with the following anti-
bodies: Phosphorylated (p‑)AKT (Ser473; cat. no. 700392; 
1:1,000 dilution; Cell Signaling Technology, Inc.), p‑S6RP 
(Ser235/236; cat. no. 4858S; 1:1,000 dilution; Cell Signaling 
Technology, Inc.), cleaved‑PARP (cat. no.  5625S; 1:1,000 
dilution; Cell Signaling Technology, Inc.), PARP1 (cat. 
no. 9542S; 1:1,000 dilution; Cell Signaling Technology, Inc.), 
histone H3 (cat. no. 17168‑1‑AP; 1:1,000 dilution; ProteinTech 
Group, Inc.) and vinculin (cat. no. V9264; 1:10,000 dilution; 
Sigma‑Aldrich; Merck KGaA). The secondary antibodies 
included goat anti‑mouse IgG (cat. no. A11031; 1:5,000 dilu-
tion; Invitrogen; Thermo Fisher Scientific, Inc.) and goat 
anti‑rabbit IgG (cat. no. A11034; 1:5,000 dilution; Invitrogen; 



ONCOLOGY REPORTS  42:  2097-2107,  2019 2099

Thermo Fisher Scientific, Inc.) shaken gently for at least 1 h at 
25˚C. The blots were detected with LI‑COR Odyssey (LI‑COR 
Biosciences, Lincoln, NE, USA).

Comet assay. Following drug treatment with BYL719 (500 nM) 
and BMN673 (50 nM) for 48 h, a comet assay was performed, 
as previously described (25). Following electrophoresis, the 
cells were stained with ethidium bromide, and images were 
captured with a fluorescence microscope (Leica Microsystems) 
and analyzed using CaspLab 1.0.0 software. For each group, 
200 randomly selected cells were assessed, and the degree of 
DNA damage was calculated as the percentage of DNA in the 
tail.

Immunofluorescence analysis. Immunofluorescent staining 
was performed as previously described (25). Following drug 
treatment with BYL719 (500  nM) and BMN673 (50  nM) 
for 48  h, the cells were incubated with anti‑RAD51 (cat. 
no. sc‑53428; 1:800 dilution; Santa Cruz Biotechnology, Inc.) 
or anti‑γH2AX (Ser139; cat. no. 9718S; 1:500 dilution; Cell 
Signaling Technology, Inc.) primary antibodies overnight at 
4˚C and fluorescence‑conjugated secondary antibodies for 1 h 
at 25˚C. Images of the cells were subsequently captured using 
a fluorescence microscope (Leica Microsystems). For each 
group, 200 randomly selected cells were assessed and cells 
containing more than five foci were scored as positive.

Subcellular fractionating and PARP trapping assay. Sub‑ 
cellular chromatin fractionating was performed as previously 
described (16). The cell pellets were lysed using cytoplasmic 
extraction buffer and membrane extraction buffer. The 
collected nuclei were then further lysed in nuclear extraction 
buffer to isolate the nuclear soluble fraction. Micrococcal 
nuclease (5 units; Thermo Fisher Scientific, Inc.) was used to 
release chromatin‑bound proteins in the remaining nuclear 
insoluble fraction. PARP binding in chromatin was subse-
quently assessed via western blotting.

Patient information, tissue preparation and ex vivo culture 
of patient tumor tissues. Two cases of cervical cancer were 
included in the present study. The first is a 60‑year‑old 
patient with newly diagnosed primary high‑grade cervical 
squamous cell carcinoma. The second is a 63‑year‑old 
patient with newly diagnosed primary high‑grade cervical 
adenocarcinoma. Neither patient had received any treatment 
prior to hysterectomy. The acquisition of tumor tissues was 
performed under an Institutional Review Board protocol 
approved by the First Hospital of Dalian Medical University 
(Dalian, China).

The tumor tissues were sectioned into ~200‑µm sections 
using an automated vibratome (Leica Biosystems). The 
sections were then randomized and cultured in RPMI‑1640 
medium supplemented with 10% FBS, 1% antibiotic/antimy-
cotic, 1 mg/100 ml hydrocortisone and 1 mg/100 ml insulin. 
Following plating, the sections were allowed to recover for 
2 h and were subsequently treated with BYL719 (500 nM) 
and BMN673 (50 nM) as single‑agents or in combination for 
24 h. Each treatment condition was examined using at least 
three tumor sections. All sections were cultured at 37˚C 
and 5% CO2 until harvest. The tissues were then fixed with 

paraformaldehyde and processed for histology and immuno-
histochemical (IHC) analyses.

Histology and IHC analysis. The histological and IHC analyses 
were performed as described previously (25). Formalin‑fixed 
and paraffin‑embedded tumor blocks were sectioned and 
stained with hematoxylin for 10 min and eosin for 1 min 
(H&E) at room temperature. IHC was subsequently performed 
using the following antibodies: Ki67 (cat. no. LM13785; 1:200 
dilution; Vector Laboratories, Inc.), cleaved‑caspase-3 (cat. 
no. 9664S; 1:1,000 dilution; Cell Signaling Technology, Inc.), 
p‑AKT (Ser473; cat. no. 700392; 1:200 dilution; Invitrogen; 
Thermo Fisher Scientific, Inc.), p‑S6RP (cat. no. 4858S; 1:400 
dilution; Cell Signaling Technology, Inc.) and γH2AX (cat. 
no. 9718S; 1:500 dilution; Cell Signaling Technology, Inc.). 
Images were captured and quantified using an upright optical 
microscope (Leica Microsystems). At least five random 40X 
fields were assessed. Image Pro Plus 6.0 software (Media 
Cybernetics, Inc.) was used to quantify the protein levels of 
p‑AKT and p‑S6RP.

Statistical analyses. For in vitro analyses, each experiment 
was repeated at least three times. For analyzing quantitative 
results, Student's t‑test and χ2 test were used for two‑group 
comparisons, and one‑way analysis of variance (ANOVA) 
and the Student‑Newman‑Keuls post hoc test were used for 
multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference. All statistical analyses were 
performed using GraphPad Prism 5.0 software (GraphPad 
Software, Inc.).

Results

Combined use of BMN673 and BYL719 synergistically 
inhibits cervical cancer cell growth, migration and invasion. 
The growth of four cervical cancer cell lines (ME180, CaSki, 
HeLa and SiHa) was assessed following treatment with certain 
PI3K inhibitors, including BKM120 and BYL719, alone or in 
combination with BMN673. The cervical cancer cells were 
treated with increasing drug concentrations for 72 h and the 
cytotoxic effects were analyzed via a CCK‑8 assay followed 
by median‑effect analysis. Although none of the four cervical 
cancer cell lines appeared to respond to the combination of 
BKM120 and BMN673 (data not shown), synergistic inhibi-
tory effects on the proliferation of cultured ME180, CaSki and 
HeLa cells were observed following the combined treatment of 
BYL719 and BMN673. However, no effect was demonstrated 
in SiHa cells (Fig. 1A). The synergistic inhibitory effect of 
combined BYL719 and BMN673 treatment was also observed 
when the ME180, CaSki and HeLa cells were subjected to 
longer drug exposure for 7 days (Fig. 1B). However, the SiHa 
cells remained unresponsive. These results indicated that 
further analysis was required to determine the therapeutic 
potential of the combined inhibition of p110α and PARP in 
cervical cancer.

The inhibition of migration and metastasis remains a chal-
lenge for cervical cancer treatment (26). To assess the effect of 
drug combinations on cell migration, a Transwell migration 
assay was performed with confluent monolayers of cervical 
cancer cells. Treatment with BMN673 and BYL719 as single 
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Figure 1. Effect of BYL719 and BMN673 as single agents or in combination on cervical cancer cell growth, migration and invasion. Cervical cancer cell lines 
were treated as indicated for (A) 3 (B) or 7 days and then subjected to a Cell Counting Kit‑8 assay. (C) Cell migration was assessed via a Transwell migration 
assay. Images of migrated cells on the underside of the filter were captured and counted via phase contrast microscopy. Cell numbers were counted from 10 
random fields per filter (magnification, x200). (D) Cervical cancer cell invasion was assessed by performing a Matrigel invasion assay. Images of invaded cells 
on the underside of the filter were captured and counted via phase‑contrast microscopy. Cell numbers were counted from 10 random fields per filter (magnifica-
tion, x200). (E) Cervical cancer cell lines were cultured in 3D Matrigel and indicated drug treatments for 8 days. Representative images of the 3D spheroids of 
cervical cancer cells are presented in the left panel. For each cell line, the quantification of scored colonies (ME180 and CaSki cells, >40 µm in diameter; HeLa 
and SiHa cells, >80 µm in diameter) are presented on the right (scale bar, 100 µm). Data are presented as the mean ± standard deviation of three independent 
experiments. *P<0.05, **P<0.01 and ***P<0.001 (analysis of variance and Student‑Newman‑Keuls post hoc test).
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agents led to partially filled spaces in the migration assay, 
whereas combinational treatment synergistically attenuated 
the migration of ME180, CaSki and HeLa cells, but not SiHa 
cells (Fig. 1C). A Matrigel invasion assay was subsequently 
performed to analyze the effect of the BMN673 and BL719 
combined treatment on the invasion of cervical cancer cells. 
As hypothesized, BMN673 and BYL719 when used alone only 
moderately inhibited cell invasion, whereas dual treatment 
with BMN673 and BYL719 markedly inhibited the invasion 
of ME180, CaSki and HeLa cells (Fig. 1D). However, combi-
national treatment did not lead to a significant synergistic 
inhibitory effect on SiHa cell invasion (Fig. 1D). These results 
indicated that dual treatment with BMN673 and BYL719 
effectively inhibited the migration and invasion of certain 
cervical cancer cells.

The effect of drug combinations on the growth of 3D spher-
oids cultured in Matrigel was assessed in the present study, as it 
closely mimics the tumor microenvironment (24). Single‑agent 
treatment with BMN673 or BYL719 exerted minor inhibitory 
effects, whereas dual treatment with BMN673 and BYL719 
markedly attenuated the growth of ME180 and CaSki cells, 
and to a lesser extent, HeLa cells, in 3D Matrigel (Fig. 1E). 
Similar to observations made following two‑dimensional (2D) 
monoculture, the growth of SiHa cell 3D spheroids remained 
intact in all treatment groups. These results indicated that the 
combined use of BYL719 and BMN673 may be an effective 
strategy for the treatment of cervical cancer.

Combined use of BYL719 and BMN673 synergistically 
inhibits the PI3K/AKT/mTOR signaling pathway and induces 
G2/M arrest. The effect of dual treatment with BYL719 and 
BMN673 on the PI3K/AKT pro‑survival signaling pathway 
was subsequently assessed. The results of western blot 
analysis revealed that BYL719 used alone or in combination 
with BMN673 markedly reduced the phosphorylation of AKT 
and S6RP proteins in the ME180, CASKI and HeLa cells 
(Fig. 2A). This was consistent with the inhibitory effect of 
BYL719 on PI3K p110α. In SiHa cells, the combined treat-
ment markedly reduced the phosphorylation of S6RP protein, 
and p110α inhibition induced the activation of pro‑survival 
AKT (Fig. 2A). This may explain the lack of synergy between 
BYL719 and BMN673 in this cell line. Additionally, western 
blotting revealed that drugs used in combination did not yield 
a synergistic increase in cleaved PARP (an apoptotic marker) 
in any of the four cervical cell lines (Fig. 2B).

The G2/M DNA damage checkpoint is known to prevent 
genomic DNA‑damaged cells from entering mitosis (27). To 
further assess the effect of drugs in this regard, cell cycle 
analysis was performed via flow cytometry. Compared with 
its effect as a single‑agent, BMN673 used in combination 
with BYL719 induced more marked G2/M phase arrest in 
the ME180, CaSki and HeLa cells (Fig. 2C). Concordant with 
the lack of observable effects in SiHa cells, the additional use 
of BYL719 did not lead to further increases in G2/M arrest 
caused by BMN673 single‑agent treatment (Fig. 2C).

Combined use of BMN673 and BYL719 induces DNA damage. 
The molecular mechanisms underlying the sensitivity of 
cervical cancer cells to combined treatment with BMN673 
and BYL719 were determined. Previous studies have 

indicated that PI3K inhibition has the potential to sensitize 
non‑BRCA1/2 mutant or HRR‑proficient tumors to PARP 
inhibitors  (23,25,28,29). To determine this mechanism in 
HRR proficient cervical cancer, a comet assay was performed 
to assess DNA damage in the different cell lines. BMN673 
monotherapy induced a moderate degree of DNA damage, 
whereas the combined use of BYL719 and BMN673 induced 
a more pronounced increase of DNA in comet tails in the 
ME180, CaSki and HeLa cells. However, no observable effect 
was observed in SiHa cells (Fig. 3A). By contrast, BYL719 had 
minimal impact on DNA integrity in any of the four cervical 
cancer cell lines.

To further assess the effect of combined treatment on 
DNA damage, nuclear γH2AX foci, which are indicators of 
DNA double‑strand breaks (DSBs), were assessed via immu-
nofluorescence staining. BMN673 treatment alone induced a 
moderate increase in DSBs, as evaluated by γH2AX nuclear 
foci, whereas BYL719 treatment exhibited a weak effect. 
Consistent with the results from the comet assay (Fig. 3B), the 
combined use of BYL719 with BMN673 resulted in signifi-
cantly more γH2AX nuclear foci than single‑agent treatment 
in the ME180, CaSki and HeLa cells, but not in the SiHa 
cells (Fig. 3B).

Whether deficient homologous recombination DNA repair 
contributed to the cytotoxic effects induced by the combined 
inhibition of p110α and PARP was determined. The impact 
of drug treatment was therefore assessed on the nuclear foci 
formation of RAD51, a key homologous recombination DNA 
repair protein (30). The immunofluorescence staining analysis 
revealed that all four cell lines retained strong nuclear staining 
of RAD51 across treatment groups, which was indicative of 
competent homologous recombination DNA damage repair 
(Fig. 3B). Furthermore, unlike the potent inhibitory effect of 
combined BYL719 and BMN673 treatment, no synergistic 
cytotoxic effect was detected between BYL719 and olaparib in 
the cervical cancer cell lines examined (Fig. 3C). The results 
indicated that the combined use of BYL719 with BMN673 
markedly induced DNA damage via a mechanism that is inde-
pendent of deficient homologous recombination DNA repair. 
In order to clarify the specificity of this combination and 
demonstrate whether this treatment confers toxicity to normal 
cells, the effects of the combination of BYL719 and BMN673 
on the growth of normal cervical epithelial cells (H8) was 
assessed (Fig. 3D and E).

Combined treatment with BYL719 and BMN673 increases 
the trapping of PARP1 on chromatin. BMN673 possesses a 
more potent ability to trap PARP1/2 at DNA damage sites to 
form cytotoxic PARP1/2‑chromatin complexes than other 
PARP inhibitors, including olaparib  (17,19). Therefore, the 
present study assessed whether the enhanced trapping of the 
PARP1‑chromatin complex accounted for the therapeutic 
effect exerted by BYL719 and BMN673 used in combination. 
The results revealed that BYL719 used as a single agent did not 
induce PARP1 trapping on chromatin (Fig. 4A and B). However, 
BMN673 induced moderate PARP1 trapping. Furthermore, the 
combined use of BYL719 and BMN673 resulted in a signifi-
cantly higher number of PARP1‑DNA complexes compared 
with that following BMN673 treatment alone in ME180, CaSki 
and HeLa cells, but not in SiHa cells (Fig. 4A and B). These 
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results indicated that enhanced PARP1 trapping on chromatin 
may, at least in part, account for the cytotoxic effect of dual 
BMN673 and BYL719 treatment on cervical cancer cells.

Combined use of BMN673 and BYL719 effectively treats ex vivo 
explants of cervical cancer harboring aberrant activation of 
PI3K signaling. An ex vivo explant culture model of cervical 
cancer was utilized to evaluate the therapeutic effect of BYL719 
and BMN673 dual treatment. Fresh surgical specimens of 
a primary cervical adenocarcinoma and a primary cervical 
squamous cell carcinoma were dissected into small sections. 

The tumor sections were subsequently cultured on an absorb-
able gelatin sponge for 2 h and then treated with BMN673 and 
BYL719 either alone or in combination for 24 h. The untreated 
explants exhibited similar architecture and cellularity to those 
of primary tumors (Figs. 5A and 6A), whereas BMN673 and 
BYL719 used as single agent treatments exerted minor effects. 
However, dual BMN673 and BYL719 treatment resulted in 
disrupted cellular integrity in both cases, indicating a promising 
therapeutic effect induced by the co‑targeting PARP and PI3K 
p110α (Figs. 5B and 6B). Concordantly, when compared with 
the vehicle or single‑agent treatment groups, the combinational 

Figure 2. Effect of BYL719 and BMN673 as single agents and in combination on the PI3K/AKT/mTOR signaling pathway, cell cycle and apoptosis of 
cervical cancer cells. (A) Cervical cancer cells were treated with inhibitors (50 nM BMN673, 500 nM BYL719) as indicated for 24 h. p‑AKT and p‑S6RP 
proteins were detected via western blotting. Vinculin served as a loading control. (B) Western blot analysis of cleaved PARP in cervical cancer cells treated 
with BYL719 and BMN673 as single agents or in combination for 24 h. Vinculin was used as a loading control. (C) Cervical cancer cells were treated with 
inhibitors (50 nM BMN673, 500 nM BYL719) as indicated for 24 and 48 h. Cells were stained with propidium iodide and analyzed for cell cycle progression 
via flow cytometry. *P<0.05, **P<0.01 and ***P<0.001 (analysis of variance and Student‑Newman‑Keuls post hoc test). ns, no significance; p‑, phosphorylated; 
PARP, poly(ADP‑ribose) polymerase.
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Figure 3. Effect of BYL719 and BMN673 as single agents or in combination on DNA damage and RAD51‑dependent homologous recombinant repair in 
cervical cancer cells. (A) DNA damage was measured via a comet assay in cervical cancer cells treated with inhibitors (50 nM BMN673, 500 nM BYL719) 
as indicated for 48 h. Quantification of DNA in the tail from three independent experiments is presented. (B) Immunofluorescent staining of γH2AX, RAD51 
and DAPI in respective cervical cancer cells treated with inhibitors (50 nM BMN673, 500 nM BYL719) as indicated for 48 h. Cells containing more than five 
foci were scored as positive. Data are presented as the mean ± standard deviation of three independent experiments. Scale bar, 20 µm. **P<0.01 and ***P<0.001 
(analysis of variance and Student‑Newman‑Keuls post hoc test). (C) Four cervical cancer cell lines were treated with BYL719 and olaparib as single agents 
or in combination for 72 h and then subjected to a CCK‑8 assay. *P<0.05. (D) H8 normal cervical epithelial cell line was treated with BYL719 (500 nM) and 
BMN673 (50 nM) in combination for 4 days and subjected to a CCK‑8 assay. (E) Immunofluorescent staining of γH2AX in H8 cervical epithelial cells treated 
with BYL719 (500 nM) and BMN673 (50 nM) as single agents or in combination for 48 h. Cells containing foci were scored as positive. Scale bar, 20 µm. 
CCK‑8, Cell‑Counting‑Kit‑8; ns, no significant; BYL, BYL719; BMN, BMN673.
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Figure 5. Response of primary cervical squamous cell carcinoma explants to BYL719 and BMN673 as single agents or in combination (A) Representative 
H&E staining between surgical specimens and cultured tumor explants. Representative images of (B) H&E staining and (C) immunohistochemical staining 
analyses of Ki67, cleaved‑caspase 3, p‑AKT, p‑S6RP and γH2AX in tumor explants treated with inhibitors as indicated (50 nM BMN673, 500 nM BYL719; 
scale bar, 50 µm. Data are presented as the mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 (analysis of variance and Student‑Newman‑Keuls post hoc test). 
H&E, hematoxylin and eosin; p‑, phosphorylated; BYL, BYL719; BMN, BMN673.

Figure 4. Effect of BYL719 and BMN673 as single agents or in combination on PARP1‑trapping in cervical cancer cells. PARP1 and histone H3 (loading 
control) in chromatin (nuclear insoluble) fractions were obtained from cells treated with inhibitors (50 nM BMN673, 500 nM BYL719) for 48 h. Representative 
(A) western blotting results and (B) quantitation of PARP1 trapping on chromatin are presented. Data are presented as the mean ± standard deviation of 
three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 (analysis of variance and Student‑Newman‑Keuls post hoc test). PARP1, poly(ADP‑ribose) 
polymerase 1; BYL, BYL719; BMN, BMN673.
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treatment group exhibited significantly reduced proliferation 
(determined via Ki67 nuclear staining) and enhanced apop-
totic cell death (determined via cleaved caspase-3 staining; 
Figs. 5B and 6B). In vivo signaling analysis using IHC staining 
revealed high AKT phosphorylation and S6RP signals in the 
two vehicle‑treated clinical samples, which were indicative 
of pro‑survival PI3K/AKT/mTOR signaling pathway activa-
tion (Figs. 5C and 6C). BYL719 used alone or in combination 
with BMN673 abrogated PI3K/AKT/mTOR signaling, as 
indicated by markedly reduced levels of pAKT and pS6RP 
(Figs. 5C and 6C). Consistent with previous observations that 
cervical cancer cell line models harbor aberrantly activated 
PI3K/AKT signaling, BMN673 and BYL719 dual treatment 
resulted in a substantial increase in the formation of γH2AX 
nuclear foci (Figs. 5C and 6C), indicating an accumulation 
of DSBs. These data may provide insights into the subset of 

cervical cancer cells that may be effectively treated with the 
combination of BMN673 and BYL719.

Discussion

There is an urgent need to develop an effective therapeutic 
regimen for advanced cervical cancer. The inhibition of 
PARP1 causes synthetic lethality in ovarian tumor cells with 
deleterious BRCA1/2 mutations or deficiency in homologous 
recombination DNA repair (31,32). Unlike ovarian cancer, with 
>50% of cases lacking HRR proficiency (33), the majority of 
cervical cancer cases retain intact HRR ability, thus limiting 
the application of PARP inhibitors in this disease. In previous 
years, intensive preclinical efforts have been made to develop 
novel PARP inhibitor‑based combinations against HRR profi-
cient tumors (29,34‑36). For example, PI3K inhibition with 

Figure 6. Response of primary cervical adenocarcinoma explants to BYL719 and BMN673 as single agents or in combination. (A) Representative H&E 
staining between surgical specimens and tumor explants. Representative images of (B) H&E staining and (C) immunohistochemical staining analyses of Ki67, 
cleaved‑caspase‑3, p‑AKT, p‑S6RP and γH2AX in tumor explants treated with inhibitors as indicated (50 nM BMN673, 500 nM BYL719; scale bar, 50 µm). 
Data are presented as the mean ± SEM. **P<0.01 and ***P<0.001 (analysis of variance and Student‑Newman‑Keuls post hoc test). H&E, hematoxylin and eosin; 
p‑, phosphorylated; BYL, BYL719; BMN, BMN673.
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BKM120, a pan‑class I PI3K inhibitor, has been revealed to 
result in impaired HR DNA repair, thus synergizing with the 
PARP inhibitor, olaparib, in a number of cancer types with 
BRCA proficiency, including triple negative breast cancer (29), 
prostate cancer (37), ovarian cancer (23,28), lung cancer (38) 
and endometrial cancer (25,39). Although the aforementioned 
studies reported the effective use of BKM120 in combination 
with olaparib, to the best of our knowledge, the present 
study demonstrated for the first time that BYL719 instead of 
BKM120 enhanced the antitumor effect of BMN673, a PARP 
inhibitor with potent PARP1‑trapping activity.

PARP1 is known to be recruited to damaged DNA sites 
and can be covalently trapped by PARP inhibitors specifi-
cally at single‑strand DNA breaks (16,17). The results of the 
present study revealed that the observed synergistic cytotox-
icity of combined BYL719 and BMN673 most likely occurs 
by increasing PARP1 binding to chromatin and thus inducing 
DNA damage. However, future investigations are necessary to 
investigate the molecular mechanisms by which dual BYL719 
and BMN673 treatment increases the retention of PARP1 at 
DNA damage sites, inducing cytotoxicity.

The three cervical cancer cell lines (ME180, CaSki and 
HeLa) that responded well to combined BYL719 and BMN673 
treatment harbored PI3K pathway alterations, with ME180 
and CaSki cells carrying PIK3CA mutations and HeLa cells 
carrying a mutation in EGFR upstream of the PI3K/AKT 
signaling pathway. Therefore, it was hypothesized that the 
mutational status of the PI3K pathway may explain the suffi-
cient attenuation of the AKT/mTOR signaling pathway in 
response to p110α inhibition by BYL719. By contrast, SiHa 
cells, which did not respond to drug combinations, did not 
carry PI3K/AKT pathway alterations (https://cancer.sanger.
ac.uk). Furthermore, BYL719 treatment in SiHa cells resulted 
in the induction, rather than a reduction, of pro‑survival AKT 
signaling, indicating that the PI3K/AKT signaling pathway 
was altered in response to PI3K inhibition. These results 
indicated that abrogated PI3K/AKT signaling in response to 
the combined use of BYL719 and BMN673 may predict thera-
peutic responses in cervical cancer. The results of the present 
study also revealed that BKM120 did not phenocopy the effect 
of BYL719 and that BKM120 in combination with BMN673 
did not yield synergistic effects, indicating the distinct roles of 
class IA PI3K isoforms in regulating the response of cervical 
cancer cells to PARP inhibitors.

To assess drug efficacy in an in vivo setting, primary tumor 
explant culture models of surgically resected primary cervical 
adenocarcinoma and primary cervical squamous cell carci-
noma were used in the present study, both of which harbor 
activated PI3K/AKT signaling. The results demonstrated that 
these ex vivo explant culture models recapitulated several 
features of primary cervical tumors, with preserved tissue 
architecture and tumor microenvironments. Therefore, the 
treatment of these tumor explant culture models may reveal 
drug responses that would be concordant with their respec-
tive primary tumors, representing a promising method for 
evaluating therapeutic sensitivities for personalized treatment. 
In congruence with the drug responses of cervical cancer 
cell lines cultured in 2D monoculture and 3D Matrigel, the 
two cervical tumor explant culture models harboring acti-
vated PI3K/AKT signaling revealed markedly attenuated 

proliferation and induced apoptosis following short‑term 
exposure to BYL719 and BMN673. In conclusion, the results of 
the present study indicated that the combined use of BMN673 
and BYL719 may represent a promising therapeutic strategy 
for cases of HRR‑proficient cervical cancer harboring aberrant 
PI3K pathway activation.
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