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Apatinib enhances the antitumor effects of radiation in HeLa cell
line mouse model of invasive cervical cancer
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Background: There is the lack of reports on apatinib (APA) combined with radiation in the treatment
of cervical cancer. The aim of our study was to investigate the anti-tumor effect of APA combined with
radiation using an in vivo model of cervical cancer.

Methods: The mouse models, established using Henrietta Lacks (FHeLa) cells, were randomly divided
into 4 groups: the control group, radiotherapy (RT) alone group, cisplatin (DDPs) combination RT group
(DDPs + RT), and APA combination RT group (APA + RT). The expressions of the vascular endothelial
growth factor receptor-2 (VEGFR-2), platelet endothelial cell adhesion molecule-1 (CD31), proliferating
cell nuclear antigen (Ki-67), and histone H2AX family member (y-H2AX) were determined using
immunohistochemistry (IHC), the extent of apoptosis was determined using terminal deoxynucleotidyl
transferase (TdT)-mediated (dUTP) nick-end labeling (TUNEL), and tumor metabolism was determined
using microl8F-fluorodexyglucose positron emission tomography/computed tomography. The length of
survival was observed and recorded.

Results: The positive expressions of VEGFR-2, CD31, and Ki-67 in the APA + RT group were obviously
reduced compared with the control, RT, and DDPs + RT groups (P<0.05). The positive expression of y-H2AX
was obviously increased compared with the control and RT groups (P<0.05), whereas the apoptosis rate
in the APA + RT group was obviously increased compared with the control, RT, and DDPs + RT groups
(P<0.05). The tumor metabolism and volume in the APA + RT group were obviously reduced compared with
the control, RT, and DDPs + RT groups. The length of survival was prolonged by 22 and 11 days in the APA
+ RT group compared with the RT and DDPs + RT groups, respectively (P<0.05).

Conclusions: The combination of APA and RT could significantly enhance the anti-tumor efficacy of RT

and prolong the median survival in a mouse model of cervical cancer.
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Introduction

Cervical cancer is a common malignant tumor among
women worldwide. More than half a million women
are diagnosed with cervical cancer every year and over
300,000 deaths are attributed to cervical cancer worldwide.
Approximately 90% of cervical cancers cases occur in low-
and middle-income countries (1). The incidence rate of
cervical cancer is 13.9 per 100,000 (2). In 2018, cervical
cancer ranked fourth among women in terms of morbidity
and mortality (3). China, a developing country, has a high
incidence of cervical cancer. In 2020, according to the
China cancer statistics study, the incidence and mortality of
cervical cancer in China ranked sixth and seventh amongst
all tumors for women (4).

According to the International Federation of Gynecology
and Obstetrics (FIGO, 2018) staging system, 37.2% of
patients are diagnosed at locally advanced stages (5,6).
The overall prognosis of locally advanced cervical cancer
remains poor, and even among patients with early cervical
cancer, in comparison with stage IB1, the death rate of
patients in stage IB2 cervical cancer is nearly triple (7).
Stage III cervical cancer is characterized by an even less
favorable 5-year survival rate (40.7% in stage IIIA, 41.4% in
stage IIIB, and 37.5% in stage I1IC) (8).

Surgery and radiotherapy (RT) are common treatments
for cervical cancer. RT, particularly concurrent RT based
on cisplatin (DDPs), is a standard treatment for locally
advanced cervical cancer. However, it is associated with
severe side effects and poor tolerance by patients. The
incidence of gastrointestinal toxicity is higher at stages
3 and above (9). Non-cisplatin-based concurrent chemo
RT is also associated with a high incidence of toxicity and
side effects (34.4%) (10). Antiangiogenic drugs, including
bevacizumab, combined with RT, can improve the overall
survival (OS) rate in patients with cervical cancer (1).

Apatinib (APA) is a novel oral tyrosine kinase
inhibitor that is associated with low toxicity. The main
therapeutic target of APA is vascular endothelial growth
factor receptor-2 (VEGFR-2). There has been wide
administration of APA to patients with gastric cancer,
hepatocellular carcinoma, lung cancer, and prostate cancer,
and it has been found to be associated with improved
efficacy and safety (11-14). In cervical cancer, APA is
primarily used in combination with chemotherapy among
patients with recurrent cancer (15,16). However, there
is a lack of research on the use of APA as a combination
treatment with RT in cervical cancer, and the mechanisms
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including the effects on VEGFR-2, platelet endothelial
cell adhesion molecule-1 (CD31), proliferating cell nuclear
antigen (Ki-67), and histone H2AX family member
(y-H2AX) are not clear. Herein, we investigated the anti-
tumor effect and mechanism of APA in combination with
RT to provide evidence for the use of APA combined with
RT as a treatment for advanced cervical cancer in a clinical
setting. We present the following article in accordance with
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-1442/rc).

Methods
Experimental design

Establishment of tumor-bearing mouse models
Henrietta Lacks (HeLa) cells, a cervical cancer cell line,
were obtained from the Oncology Department of Affiliated
Hospital of Southwest Medical University. The HeLa cells
were stored at —80 °C in a refrigerator, thawed in a water
bath at 37 °C, and centrifuged at 1,000 rpm for 1 minute.
The supernatant was discarded, 1.0 mL of the medium was
added to the frozen storage tube, and the cell sediment
at the bottom of the tube was mixed to obtain a uniform
cell suspension. Subsequently, the cell suspension was
transferred into a 25 cm’ culture bottle and 3 mL of
medium was added, followed by incubation at a constant
temperature of 37 °C in an atmosphere of 5% CO,. Cell
growth was observed daily using phase-contrast microscopy
and the medium was changed every 2 days.

When in the exponential growth phase, HeLa cells
(5x10%mL) were inoculated subcutaneously in the root
of the right hind limb in healthy BALB-C female nude
mice (n=48; 4-5 weeks; 18-20 g weight; Chongqing
Tianxinhuafu Biotechnology Company, China; Certificate
No. 2014-004) after disinfecting the skin with 75%
medical-grade alcohol. Specific-pathogen-free (SPF)
feeding was carried out at the medical laboratory animal
center. Daily changes in mental, dietary, weight, and
behavioral patterns, as well as tumor volume, were
recorded. Experiments were conducted when the volume
of the transplanted tumor was approximately 100-150
mm’. A protocol was prepared before the study without
registration. Experiments were performed under a project
license (No. swum?20210388) granted by the Institutional
Animal Care and Treatment Committee of Southwest
Medical University, in compliance with China national
guidelines for the care and use of animals.
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Figure 1 Research design and route. NS, normal saline; RT, radiotherapy; DDPs, cisplatin; APA, apatinib; VEGFR-2, vascular endothelial

growth factor receptor-2; CD31, platelet endothelial cell adhesion molecule-1; Ki-67, proliferating cell nuclear antigen; y-H2AX, histone
H2AX family member; TUNEL, TdT-mediated dUTP Nick-End Labeling apoptosis assay; micro-PET/CT, micro positron emission

tomography/computed tomography.

Experimental design

The number of tumor-bearing mice in each group was
determined based on a combination of literature and
statistics (17). Tumor-bearing mice were randomly divided
into 4 groups, including the control group (n=12), where
mice received intragastric normal saline from days 1-7 after
enrollment at a rate of 0.1 mL/day. Mice in the RT alone
group (n=12) underwent RT on day 7 after enrollment at
a radiation dose Dt=8 gray (Gy)/1 fraction (F). Mice in the
third group, namely, the cisplatin (DDPs) combination RT
group (DDPs + RT group; n=12) were intraperitoneally
injected once on day 6 after enrollment (DDPs 5 mg/kg),
and received RT on day 7 (Dt=8 Gy/1 F). The fourth
group was the APA (molecular formula: C,,H,;Njo.
CH,SO;; molecular weight: 493.58. 250 mg/tablet; Hengrui
Pharmaceutical Co., Ltd., Jiangsu, China) combined with
RT group (APA + RT group; n=12). First, APA solution
was dissolved in sterile normal saline (concentration:
40 mg/mL). Next, intragastric administration was conducted
from days 1 to 7 after enrollment at 200 mg/kg/day, and a
radiation dose Dt=8 Gy/1 F was administered 2 hours after
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completion of intragastric administration on day 7. The RT
equipment included a linear accelerator (Elekta, Stockholm,
Sweden), with an energy of 6 MV X-ray, and a distance of
100 cm from the skin. The research design and route are
shown in Figure 1.

Research assessment

Micro-positron emission tomography/computed
tomography

On the second day after intervention in each group, 6
tumor-bearing mice were randomly selected from each
group for micro 18F-fluorodexyglucose (18F-FDG)
positron emission tomography/computed tomography
(micro-PET/CT; Siemens, Erlangen, Germany)
examination. At 1 day after administration, the mice were
fasted to avoid asphyxia caused by gastric reflux during
PET/CT. The same day, at 8:00 pm, the mice were
anesthetized using an intraperitoneal injection of 1%
sodium pentobarbital (5 mL/kg). A dose of 150-300 pCi
18F-FDG was injected through the tail vein and fixed,
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and PET/CT scanning was conducted on the second day.
Micro-PET/CT images were assessed by experienced
nuclear medicine physicians, and the regions of interest
(ROIs) at all levels of the transplanted tumor were
delineated. The maximum standard uptake values (SUV_,,,)
of tumors within the ROIs were calculated using computer
analysis. The differences in the SUV,,,, ratio among groups
were calculated as:

Ratio (% ) _ Rate of Experimental Group — Rate of Reference Group «100% [ 1]

Rate of Reference Group

The 6 tumor-bearing mice in each group that underwent
micro-PET/CT scanning were euthanized via cervical
dislocation. Next, the tumor samples were collected, and
the protein expression of VEGFR-2, CD31, Ki-67, andy-
H2AX levels were determined using immunohistochemistry
(IHC). Additionally, cellular apoptosis was determined
using a terminal deoxynucleotidyl transferase (T'dT)-
mediated deoxyuridine triphosphate (dUTP) nick-end
labeling (TUNEL) apoptosis assay kit.

Tumor growth inhibition rate (T'GIR) and survival

In addition to the 6 tumor-bearing mice that underwent
the micro-PET/CT scan, the TGIR and survival of the
additional mice in each group were observed. The maximum
diameter (d,,.,) and minimum diameter (d,,;,) of tumors in
each group was measured using a vernier caliper every 2
days starting from the first day post-administration until the
25th day. The mean tumor volumes (T'Vs) were calculated
using TVs = d,,,, x d,,;,’/2 and TGIR was calculated using
TGIR (%) = (Reference Group TVs — Experimental Group
TVs)/Reference Group TVs x 100%. Survival times, which
started from the first day post-administration, were
observed until death. Next, the median survival period was
calculated. The differences of TVs and TGIR ratio among
groups were calculated using Eq. [1].

VEGFR-2

The paraffin-embedded tissues were fixed in 10% formalin
and sliced into 5-pm-thick sections using a microtome
(Leica Biosystems, Wetzlar, Germany). The samples were
deparaffinized using xylene, rehydrated with a gradient
alcohol series, and treated with 500 W microwave using
10 mM citrate buffer (pH 6.0) twice for 5 minutes each
time. After rinsing in Tris-buffered saline (pH 7.6), the
sections were immersed in H,O, (3%) solution to block
endogenous peroxidase activity. Next, 5% fetal bovine
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serum (FBS; 1:20) was added and the sample was mixed
with a primary antibody (VEGFR-2; Bio-World, Dublin,
USA) and incubated overnight at 4 °C. The next day, the
sections were washed. The first antibody (Bio-World, USA)
was tested using an appropriate secondary antibody at 37 °C
and incubated for 30 minutes in an atmosphere of CO, at
37 °C in a constant temperature incubator (Thermo Fisher
Scientific, Waltham, MA, USA). Diaminobenzidine (DAB)
was used for color development. Next, reverse staining
was conducted using hematoxylin. Lastly, the plates were
sealed, dried, and visualized using an inverted microscope
(Nikon, Tokyo, Japan). The criterion of VEGFR-2 protein
expression was the claybank or brown staining of the
cytomembrane evaluated by 2 independent pathologists.
Calculation of VEGFR-2 positive cells was performed by
selecting 5 fields for each section. The number of positive
cells in each field was counted under a microscope (x400),
and the mean number of positive cells in the 5 fields was
calculated as the number of positive cells in the section. The
difference in VEGFR-2 expression ratio among groups was
calculated using Eq. [1].

CD31, Ki-67, y-H2AX

The methods and steps of CD31, Ki-67, and y-H2AX were
similar to those used for the determination of VEGFR-2,
with the exception of the primary antibodies targeting
CD31, Ki-67, and y-H2AX (Bio-World, USA), respectively.
The criterion of CD31-positive expression was that the
CD3l-positive vascular endothelial cytoplasm was stained
either claybank or brown. The criteria of Ki-67 and y-H2AX
positive protein expression were the claybank or brown
staining within the nucleus. Calculation of CD31-, Ki-67-,
and y-H2AX-positive cells was similar to that used for
VEGFR-2. The differences in CD31, Ki-67, and y-H2AX

expression ratio among groups were calculated using Eq. [1].

Apoptosis

Cellular apoptosis was determined using a TUNEL assay
(Roche, Basel, Switzerland). Paraffin sections were dewaxed,
dehydrated, washed, reacted with the TUNEL reaction
mixture, incubated at 37 °C for 60 minutes, washed again,
and then observed using fluorescence microscopy. They
were also mixed with the conversion agent POD, incubated
at 37 °C for 30 minutes, and washed again. Then, DAB
substrate solution was added, the samples were incubated
at room temperature for 5-20 minutes, and observed using
optical microscopy. The criterion of cellular apoptosis was
either the presence of claybank or brown within the nucleus
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Figure 2 Protein expression of VEGFR-2 (claybank or brown in the cytomembrane, x 400, black arrows) and CD31 (claybank or brown in

the nucleus, x 400, black arrows) among groups. Results from IHC and the bar chart revealed that the positive expression rates of VEGFR-2
(A) and CD31 (B) in the APA + RT group were the lowest compared with the control, RT, and DDPs + RT groups (F=84.19, 36.90, 73.59,
and 27.0, 10.92, 8.38, respectively, P<0.05). *, compared with the control group; ¥, compared with the RT group; *, compared with the
DDPs + RT group. RT, radiotherapy; DDPs, cisplatin; APA, apatinib; VEGFR-2, vascular endothelial growth factor receptor-2; CD31,

platelet endothelial cell adhesion molecule-1; IHC, immunohistochemistry.

evaluated by 2 independent pathologists. Calculation
of apoptosis was similar to those with VEGFR-2. The
difference in the ratio of apoptosis levels among groups was
calculated using Eq. [1].

Statistical analysis

Statistical analyses were conducted using the software
SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). All data
were expressed as mean = standard deviation (SD). One-
way analysis of variance (ANOVA) and least significant
difference (LSD)-7 tests were used for comparisons between
groups. Survival curves were fitted based on the Kaplan-
Meier method, and P<0.05 was considered statistically
significant.

Results
Protein expression levels of VEGFR-2 and CD31

The protein expression levels of VEGFR-2 (Figure 2A) and
CD31 (Figure 2B) in the APA + RT group was significantly
lower than those in the control, RT, and DDPs + RT
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groups (reduced by 83.4%, 82.2%, 78.8%, and 71.1%,
60.0%, 38.9%, F=84.19, 36.90, 73.59, and 27.0, 10.92,
8.38, respectively; P<0.05). The protein expression levels
of VEGFR-2 and CD31 in the DDPs + RT group were
lower than those in the control and RT groups (reduced by
20.8%, 16.2%, and 52.6%, 34.5%, F=7.98, 6.80, and 19.37,
9.24, respectively; P<0.05). The protein expression levels of
VEGEFR-2 and CD31 in the RT group were only reduced
by 5.4% and 27.6% compared with the control group
(t=3.00 and 12.30, respectively; P<0.05). The differences of
VEGEFR-2 and CD31 in the APA + RT group were most
significant compared with the other groups (Table 1).

Protein expression levels of Ki-67, y-H2AX, and apoptosis

The protein expression level of Ki-67 (Figure 34) in the
APA + RT group was lower than that in the control, RT, and
DDPs + RT groups (reduced by 84.2%, 77.8%, and 65.6%,
F=57.73, 24.46, and 56.99, respectively; P<0.05). The
protein expression level of Ki-67 in the DDPs + RT group
was lower than that in the control and RT groups (reduced
by 54.1% and 35.6%, F=38.33 and 10.68, respectively;
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Table 1 Comparisons of VEGFR-2, CD31, Ki-67, y-H2AX, and apoptosis protein expression levels among groups (n=6, mean + SD)

Groups Rates of VEGFR-2 Rates of CD31 Rates of Ki-67 Rates of y-H2AX Levels of apoptosis
P (ratio, %) (ratio, %) (ratio, %) (ratio, %) (ratio, %)

Control 82.7+1.0 7.6+0.3 93.0+3.1 5.4+0.4 5.2+0.8

RT 78.2+3.7 (-5.4") 5.5+0.6"(-27.6") 66.3+3.4* (-28.7") 21.4+2.0*(+296.3"") 10.3+1.5*(+98.1%)

DDPs + RT 65.5:2.8
(20.8*/-16.2")

3.6+0.4
(-52.6"/-34.5")

APA+RT  13.9+1.3" 2.2+0.3"

42.7+2.1
(-54.1*/-35.6")

14.72.0""

42.2+2.9
(+681.5"/497.2%

22.7+3.0
(+336.5"/+120.4")

35.4+3.0"" 27.4+2.4*"

(-83.4"/-82.27/-78.8") (-71.1"/-60.0"/-38.9") (-84.2"/-77.87/-65.6") (+553.7"/+65.47/-16.1") (+426.9"/+166.0 /+20.7°)

A, ratio compared with control group; v, ratio compared with RT group; A, ratio compared with DDPs + RT group; T, increasing; l,
decreasing; *, P value compared with control group (P<0.05); #, P value compared with RT group (P<0.05); ', P value compared with DDPs
+ RT group (P<0.05). VEGFR-2, vascular endothelial growth factor receptor; CD31, platelet endothelial cell adhesion molecule-1; Ki-67,
proliferating cell nuclear antigen; y-H2AX, Histone H2AX family member; RT, radiotherapy; DDPs, cisplatin; APA, apatinib.

P<0.05). The protein expression level of Ki-67 in the RT
group was lower than that in the control group (reduced
by 28.7%; t=11.88, P<0.05). The difference of Ki-67
in the APA + RT group was most significant compared with
the other groups (Table 1).

The protein expression levels of y-H2AX (Figure 3B)
and the apoptotic rate of tumor cells (Figure 3C) in the
APA + RT group were higher than those in the control and
RT groups (increased by 553.7%, 65.4% and 426.9%, and
166.0%, F=22.18, 23.15, and 30.86, 20.51, respectively,
P<0.05). The protein expression of y-H2AX in the APA +
RT group was reduced by 16.1% (t=7.36, P<0.05), whereas
the apoptosis rate was increased by 20.7% (t=2.75, P=0.04)
compared with the DDPs + RT group. The protein
expression levels of y-H2AX and apoptosis in the DDPs +
RT group were higher than those in the control and RT
groups (increased by 681.5%, 97.2% and 336.5%, 120.4%,
F=28.50, 38.16 and 13.01, 11.60, respectively, P<0.05).
The protein expression levels of y-H2AX and apoptosis
in the RT group were higher than those in the control
group (increased by 296.3% and 98.1%, t=17.35 and 9.65,
respectively, P<0.05). The differences of y-H2AX and
apoptosis in the APA + RT group were most significant
compared with the other groups (Zable 1).

Tumor volume, TGIR, SUVmax, and survival

Starting from the fifth day post-treatment, tumor growth
within the APA + RT group was significantly reduced
compared with the control and RT groups. The tumor
volume (Figure 44) in the APA + RT group was lower than
that in the control and RT groups (reduced by 49.4% and
27.4%; F=3.97 and 4.77, respectively, P<0.05). There were

© Annals of Translational Medicine. All rights reserved.

no significant differences in tumor volume between the
APA + RT and DDPs + RT groups (only reduced by 5.3%;
t=1.97, P>0.05). However, the tumor volume in the RT and
DDPs + RT groups was lower compared with the control
group (reduced by 30.3% and 46.6%; t=3.50 and 4.13,
respectively, P<0.05). The tumor volume in the DDPs + RT
group was lower compared with the RT group (reduced by
23.3%; t=5.55, P<0.05). The T'GIR in the APA + RT group
was higher compared with the RT and DDPs + RT groups,
as it was increased by 63.8% and 25.6%, respectively
(P<0.05), whereas TGIR in the DDPs + RT group was
increased by 21.8% compared with the RT group (P<0.05).
Hence, the differences of tumor volume and T'GIR in the
APA + RT group were most significant compared with the
other groups (Table 2).

The SUV,,,, (Figure 4B,4C) in the APA + RT group was
lower compared with the control, RT, and DDPs + RT
groups (reduced by 53.1%, 42.3%, and 21.1%; F=15.25,
15.11, and 7.73, respectively, P<0.05). Furthermore, SUV
in the RT and DDPs + RT groups was lower compared
with the control group (reduced by 18.8% and 40.6%;
t=3.70 and 15.25, respectively, P<0.05). Additionally, the
SUV,,.« in the DDPs + RT group was lower compared with
the RT group (reduced by 26.9%; t=13.39, P<0.05). The
length of survival (Figure 4D) was longer by 22 and 11 days
in the APA + RT group compared with the RT and DDPs
+ RT groups (P<0.05). Thus, the differences in the SUV,,,
and median survival in the APA + RT group were most
significant compared with the other groups (Table 2).

Discussion

There are a few reports regarding the use of anti-
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Figure 3 Protein expressions of Ki-67, y-H2AX and apoptosis (x400, red arrows, claybank or brown in the nucleus) among groups. Results

from IHC and the bar chart revealed that the positive expression rate of Ki-67 (A) in the APA + RT group was lowest compared with the
control, RT, and DDPs + RT groups (F=57.73, 24.46 and 56.99, respectively, P<0.05). The positive expression rate of y-H2AX (B) in the
APA + RT group was higher compared with the control and RT groups (F=22.18 and 23.15, respectively, P<0.05), but was lower compared
with the DDPs + RT group (t=7.36, P<0.05). The apoptosis rate (C) in the APA + RT group was the highest compared with the control,
RT, and DDPs + RT groups (F=30.86, 20.51, and 2.75, respectively, P<0.05). *, compared with the control group; *, compared with the RT
group; °, compared with the DDPs + RT group. RT, radiotherapy; DDPs, cisplatin; APA, apatinib; Ki-67, proliferating cell nuclear antigen;

y-H2AX, histone H2AX family member; IHC, immunohistochemistry.

angiogenesis therapy in the treatment of cervical cancer.
Bevacizumab, which is primarily used in combination with
chemotherapy (18,19), reduces the risk of death (0.536.
95% CI: 0.32 to 0.905; P=0.0196) and prolongs median OS
by 5.8 months among patients with cervical cancer (19).
The novel and highly selective VEGFR-2 tyrosine kinase
inhibitor, APA, has been shown to be efficacious and safe in
the treatment of advanced gastric cancer (11). Furthermore,
there has been a lack of research on APA combination
RT in cervical cancer. Herein, we demonstrated that the
expression of VEGFR-2 and neovascularization with in the
APA + RT group was significantly lower compared with the
RT and DDPs + RT groups (reduced by 82.2% and 78.8%,
60.0% and 38.9%, respectively; P<0.05). When combined
with RT, APA could further reduce 66.0% and 24.5% of

© Annals of Translational Medicine. All rights reserved.

VEGFR-2 and CD31 expression compared with the DDPs
+ RT group, respectively. These results suggested that
APA combined with RT could significantly enhance the
inhibition of VEGFR-2, decrease the expression of CD31,
and reduce tumor angiogenesis. The reasons might be
attributed to the effect of RT on the vascular endothelial
cells in addition to the anti-angiogenic effect of APA. The
combination of APA and RT might have a synergistic effect
on anti-tumor angiogenesis.

The main objective of radiation is to induce DNA
double-strand breaks in tumor cells (20). The results from
this study demonstrated that phospho-H2AX or y-H2AX,
a biomarker for DNA double-strand breakage, can be used
for DNA repair detection post-radiation (21). A study
on the use of camptothecin derivative (TLC388) on H23

Ann Transl Med 2022;10(8):459 | https://dx.doi.org/10.21037/atm-22-1442
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Figure 4 Tumor volume and metabolism, and survival among groups. Results from the curve and the bar chart, and micro-PET/CT (red

arrows) revealed that the tumor volume (A) in the APA + RT group was significantly lower compared with the control and RT groups (F=3.97

and 4.77, respectively, P<0.05). Tumor metabolism (B,C) in the APA + RT group was significantly lower compared with the control, RT, and
DDPs + RT groups (F=15.25, 15.11, and 7.73, respectively, P<0.05). The median survival (D) in the APA + RT group was longer by 22 and
11 days compared with the RT and DDPs + RT groups (P<0.05), respectively. *, compared with the control group; *, compared with the RT

group; °, compared with the DDPs + RT group. RT, radiotherapy; DDPs, cisplatin, APA, apatinib; microPET/CT, micro positron emission

tomography/computed tomography.

human non-small cell lung cancer cells revealed that the
combination therapy of TLC388 and RT significantly
increased y-H2AX foci percentage (65.4% vs. 26.1%)
compared with that using RT alone (22). Results from
our study demonstrated that the levels of y-H2AX foci in
the APA + RT group were significantly higher compared
with the RT group as it increased by 65.4% (P<0.05), but
was lower compared with the DDPs + RT group (reduced

© Annals of Translational Medicine. All rights reserved.

by 16.1%). The results of our study suggested that APA
combined with RT could significantly enhance DNA
double-strand breaks. In addition to the direct damage
of radiation to DNA, the anti-angiogenesis effect of
APA might have also resulted in double-strand breaks in
DNA, indicating that APA combined with RT could have

a synergistic effect in enhancing double-strand breaks

in DNA.
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Table 2 Comparisons of tumor volume, TGIR, SUVmax, and median survival among groups (n=6)
3
Tumor volume (mm’, mean + SD) o SUVmax (mean + SD) Median
Groups (ratio, %) TGIR (ratio, %) (ratio, %) survival (days)
Control 1,234.0+859.3 3.2+0.2 42
RT 859.1+489.2* (-30.3") 34.8 2.6+0.2* (-18.8") 61*
DDPs + RT  658.8+365.9*" (-46.6"/-23.3") 42.4" (+21.8) 1.9:0.2*" (-40.6"/-26.9") 72+
APA+RT  623.9+313.2" (-49.4"/-27.4"/-53%)  57.0" (+63.8"/+25.6") 1.5+0.1*" (-53.1*/-42.3"/-21.1%) 83"

*, P value compared with control group (P<0.05); #, P value compared with RT group (P<0.05); * P value compared with DDPs + RT group
v

(P<0.05); T, increasing; l, decreasing; A, ratio compared with control group; , ratio compared with RT group; A, ratio compared with DDPs

+ RT group. TGIR, tumor growth inhibition rate; SUVmax, the maximum standard uptake value; RT, radiotherapy; DDPs, cisplatin; APA,

apatinib.

The expression of Ki-67, an antigen associated with
cell proliferation, is closely related to tumor prognosis. A
study of patients with breast cancer demonstrated that the
expression of Ki-67 >14% significantly increased recurrence
and was associated with shorter OS (23). Our study
demonstrated that the expression of Ki-67 in the APA + RT
group was significantly lower compared with the control,
RT, and DDPs + RT groups. In combination with RT,
APA could further reduce 42.2% of Ki-67 levels compared
with the DDPs + RT group. Our results demonstrated that
APA combined with RT could significantly reduce Ki-67
expression in tumor cells, and tumor cell proliferation
activity post-radiation of cervical cancer. The reason was
likely mainly attributable to the increase in DNA double
strand breaks.

Apoptosis is the main method of radiation-induced tumor
cell death (24). A study has demonstrated that VEGFR-2
is closely related to apoptosis, and that the inhibition
of VEGFR-2 can significantly increase the extent of
apoptosis (25). Our study demonstrated that the extent of
apoptosis in tumor cells within the APA + RT group was
significantly higher compared with the control, RT, and
DDPs + RT groups. In combination with RT, APA could
further increase apoptosis by 45.6% compared with the
DDPs + RT group. These results were consistent with
VEGEFR-2 expression. This indicated that APA combined
with RT could significantly increase apoptosis of tumor
cells after radiation of cervical cancer, which was likely
related to the inhibition of VEGFR-2 and the increase in
DNA double-strand breaks.

The method of PET/CT scanning is commonly used
to evaluate tumor tissue metabolism, and SUV,, is an
important evaluation parameter (26-28). In a study that

© Annals of Translational Medicine. All rights reserved.

evaluated PET/CT scanning as a predictor of survival
among 92 patients with bone or soft tissue tumors,
researchers used SUV,,,,=10.8 as a cut-off. All patients were
divided into 2 groups based on whether they were above or
below the cut-off value. The median follow-up period was
2.8 years with a range of 0.04 to 11.2 years. The mortality
rates of the 2 groups were 64.4% (29/45) and 25.5% (12/47),
respectively. The probabilities of the 5-years survival were
29.0% and 71.0%, while the average survival was 3.1 years
(95% CI: 2.2 to 4.0 years) and 8.6 years (95% CI: 7.3 to
9.8 years) (25). A study using PET/CT within invasive
cervical squamous cell carcinoma has demonstrated that
SUV value is an independent risk factor associated with
tumor recurrence and closely related to progression-free
survival (29). Results from the clinicopathological data
of uterine carcinosarcoma suggest that glycolysis and
metabolic tumor volume, seen on PET/CT scanning, are
significantly related to tumor recurrence. In addition, the
higher the glycolysis and metabolic tumor volume, the
higher the risk of tumor recurrence (30).

Our study demonstrated that SUV,,,, and tumor volume
within the APA + RT group were significantly lower compared
with the control, RT, and DDPs + RT groups (P<0.05). In
addition, the tumor growth inhibition rate within the APA +
RT group was significantly higher compared with the RT and
DDPs + RT groups (P<0.05). The median survival in the APA +
RT group was prolonged by 22 and 11 days compared with the
RT and DDPs + RT groups, respectively (P<0.05). Our results
indicated that APA combined with RT could significantly
reduce the SUV, value and tumor volume, and prolong the
median survival in an /7 vivo model of cervical cancer. The
possible mechanisms of APA combined with RT are shown in
Figure 5.
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Figure 5 The possible mechanisms of APA combined with RT. There were synergistic effects on anti-tumor angiogenesis, DNA double-

strand breaks, when APA combined with radiation, which resulted in reducing tumor proliferative activity by decreased Ki-67 expression,

and increasing of apoptosis in tumor cell, this in turn leaded to tumor shrinkage and decreased metabolic activity. The green was mainly
mechanisms of APA. The red was mainly mechanisms of RT. The bluish-gray was combined effects of APA combined with RT. Ki-67,

proliferating cell nuclear antigen; APA, apatinib; RT, radiotherapy.

Conclusions

In this study, we used an in vivo model of cervical cancer,
and demonstrated that APA combined with RT could
significantly enhance the anti-tumor effect of radiation,
and extend median survival. In addition to inhibition of
VEGEFR-2, the combination treatment could significantly
enhance DNA double-strand breakage, lower the expression
of CD31 and Ki-67, and enhance apoptosis. However,
the relationship between APA and VEGFR-2 inhibition
remains to be further studied. We used HeLa cells in this
study, which is not a cervical squamous cell cancer cell line;
thus, this is a limitation of our study.
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