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Human papillomavirus (HPV) 16 E6 has been proved to increase the radiosensitivity and

lead to the EGFR overexpression in cervical cancer cells. In this study, to investigate

the inhibition of nimotuzumab-mediated EGFR blockade combined with radiotherapy,

we established a C33A cervical squamous cell line overexpressed HPV16-E6 and a

nude mouse model bearing these cell lines. The CCK-8 assay was used to detect the

effects of various treatments on the proliferation of C33A cells. Flow cytometry was

used to detect the rates of apoptosis and cell cycle arrest. Gene transcription and

protein expression were detected by quantitative real-time polymerase chain reaction

(qRT-PCR) and western blot, respectively. Immunohistochemical staining was used

to evaluate protein expression in tumor tissue. We revealed that E6-overexpressing

C33A cells grew faster and were more sensitive to radiotherapy than control cells in

vitro and in vivo. The expression levels of EGFR, as well as those of downstream

signaling molecules AKT and ERK 1/2, were significantly upregulated in C33A cells

that overexpressed E6. We observed that nimotuzumab combined with radiotherapy

could enhance the inhibition of C33A cell growth induced by E6, both in vitro and in

vivo. We also observed enhanced effect after combination on G2/M cell cycle arrest

and apoptosis in E6-overexpressing C33A cells. Furthermore, the combined therapy of

nimotuzumab and radiation remarkably reduced the protein expression levels of EGFR,

AKT, ERK 1/2 in vitro, and in vivo. In conclusion, HPV16 E6 expression is positively

correlated with levels of EGFR, AKT, and ERK 1/2 protein expression. The combined

treatment with nimotuzumab and radiotherapy to enhance radiosensitivity in E6-positive

cervical squamous cell carcinoma was related to enhanced G2/M cell cycle arrest and

caspase-related apoptosis.
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FIGURE 3 | (A,B) Flow cytometry results show that the apoptosis rate of C33AE6 cells was significantly higher in the RT group and the RT+Ni combination group,

compared with untreated cells (*P < 0.05). The apoptosis rate was also significantly higher in the RT+Ni group than in the RT group (*P < 0.05). (C–E) Expression

levels of Fas and caspase 3 in C33AE6 cells were measured by western blot. The results showed significantly higher levels in the RT group and the RT+Ni group,

compared with untreated cells (*P < 0.05). The expression levels of Fas and Caspase 3 were significantly higher in the RT+Ni group of C33AE6 cells, compared with

the RT group (*P < 0.05).
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FIGURE 4 | (A–E) Western blot results showed that the expression levels of EGFR, AKT, and ERK1/2 were significantly higher in C33AE6 cells than in C33AT cells (*P

< 0.05). In addition, compared with the control group and the radiotherapy group, radiotherapy combined with nimotuzumab significantly reduced the expression

levels of EGFR, AKT, and ERK 1/2 (*P < 0.05).
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FIGURE 5 | (A,B) In nude xenograft mice, the tumor growth of C33AE6 cells was significantly more rapid than that of C33AT cells. This effect was first observed 4

days after injection and then persisted throughout the study period (#P < 0.05). From 7 days after injection until the end of the study period, tumor growth was

significantly slower in the RT and RT+Ni treatment groups, compared with the control group (*&P < 0.05). Tumor growth in the RT+Ni group was significantly slower

than that in the RT group from 7 days post-injection to the end of the study (1P < 0.05). (#P < 0.05, Overexpression control vs. E6 overexpression; *P < 0.05, RT

group vs. Control group; &P < 0.05, RT+Ni group vs. Control group; 1P < 0.05, RT+Ni group vs. RT group). (C,D) Expression levels of EGFR were slightly higher in

the RT group compared with the control group. In addition, compared with the control group and the radiotherapy group, radiotherapy combined with nimotuzumab

significantly reduced the expression levels of EGFR (*P < 0.05). Data are representative images (magnification ×200) from each group of tumors.
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FIGURE 6 | (A–D) Expression levels of AKT and ERK1/2 were slightly higher in the RT group compared with the control group, in addition, compared with the control

group and the radiotherapy group, radiotherapy combined with nimotuzumab significantly reduced the expression levels of AKT and ERK1/2 (*P < 0.05). Data are

representative images (magnification ×200) from each group of tumors.
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FIGURE 7 | Expression levels of caspase 3 (A,B) and cleaved-caspase 3 (C,D) were significantly stronger in the RT group and the RT+Ni group, compared with the

control group (*P < 0.05). The expression of caspase 3 and cleaved-caspase 3 was also significantly stronger in the RT+Ni group than in the RT group (*P < 0.05).

Data are representative images (magnification ×200) from each group of tumors.

can competitively interfere with the binding of EGF to
EGFR, resulting in the blockade of downstream signaling
pathways, inhibiting tumor cell proliferation, promoting tumor
cell apoptosis, and enhancing the efficacy of radio- and/or
chemotherapy. Although nimotuzumab has been used less
frequently in treating cervical cancer, several studies have shown
that the combination of nimotuzumab with radio-chemotherapy
for locally advanced cervical cancer has a very reliable treatment

effect (31–33). Nimotuzumab is therefore a promising option
for preoperative neoadjuvant treatment. In an early study by
Yang et al. 80 patients with locally advanced cervical cancer
were treated with cisplatin or gemcitabine in combination
with nimotuzumab, followed by complete pelvic radiotherapy.
The results showed that 11 patients had partial relief of
symptoms; 59 patients were stable; the rate of disease control
reached 88%. Drug side effects and safety were also within
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acceptable limits (33). In another study, 28 patients with locally
advanced cervical cancer received preoperative neoadjuvant
therapy. From the 1st week of intensity-modulated radiotherapy
(IMRT), nimotuzumab was administered intravenously in
combination with cisplatin or nedaplatin, weekly. After 1
month of neoadjuvant treatment, magnetic resonance imaging
(MRI) and gynecological evaluations showed a complete clinical
response rate of 28.5% and partial response rate of 71.5%. The
median survival of the 24 patients who had undergone surgery
was 22 months (34). Additional studies have investigated the
mechanisms underlying the ability of nimotuzumab to sensitize
cancer cells to radiotherapy. Lin et al. found that nimotuzumab
significantly enhanced apoptosis in A549 cells irradiated with
2Gy, compared with A549 cells treated with nimotuzumab or
irradiation alone. Combining nimotuzumab with irradiation also
significantly increased the number of cells arrested in the G2/M
phase, compared with the use of radiotherapy or nimotuzumab
treatment alone (35). In another study conducted by Gao et al.
PANC-1 pancreatic cancer cells were treated with nimotuzumab,
alone, or combined with radiation. The results showed that the
inhibition rate, the percentage of G2/M phase arrest, and the rate
of apoptosis were all significantly higher in the group treated with
nimotuzumab and radiation, compared with the group treated
with radiation alone (36).

Caspase 3 (cysteine-aspartate protease 3), known as cysteine
protease 3, is a key enzyme for both endogenous and exogenous
apoptotic pathways. This enzyme also plays an important
role in regulating inflammation, cell proliferation, and cell
differentiation. Once activated, caspase 3 causes irreversible cell
death by degrading important cellular proteins and activating
endonucleases. Caspase 3 is therefore considered to be a marker
of apoptosis. However, caspases 3 exists as an inactive zymogen
under normal circumstances. When cells undergo apoptosis,
caspase 3 is activated to cleaved-caspase 3, which plays a role in
promoting apoptosis by degrading low-molecular-weight DNA
and causing nuclear translocation. Shinomiya (37) pointed out
that radiation-induced apoptosis is a rapid form of apoptotic
cell death, related to the activation of caspase 3. Therefore,
we sought to detect treatment-induced cancer cell apoptosis in
tumor-bearing nude mice with IHC staining against caspase 3
and cleaved-caspase 3. Microscopic observation revealed that
most staining for these markers localized to the cytosol. In the
present study, the expression levels of caspase 3 and cleaved-
caspase 3 were significantly higher in the RT treatment group
and the RT+Ni group, compared with the control group, which
means that the apoptosis was involved in the radiotherapy
and combined therapy, and more activated apoptosis could be
observed in the combined therapy.

Aberrant EGF-mediated abnormal signaling plays a vital role
in increasing the ability of tumor cells to proliferate and migrate
during the growth process. The main downstream signaling
pathways for EGFR activation include the Ras mitogen-activated
protein kinase (MAPK) cascade, the phosphatidylinositol 3
kinase (PI3K) cascade, and the signal transduction and
transcription activator (STAT) cascade (38). We found that
radiotherapy alone can slightly increase the expression levels of

EGFR and AKT in C33A cells, which may be due to accelerated
tumor cell proliferation, anti-apoptosis, and radiation resistance
caused by radiation (39). Importantly, nimotuzumab combined
with radiotherapy significantly inhibited the activation of EGFR,
AKT, and ERK 1/2 in C33A cells. In the GBM (glioblastoma
multiforme) model, Nimotuzumab combined with radiotherapy
also obtained similar results (40). These data indicate that
the inhibitory effect of nimotuzumab on the EGFR signaling
enhances the cytotoxic effect of radiation to a certain extent.

In the present study, we found that nimotuzumab combined
with radiotherapy in inhibiting E6-promoted C33A cell growth
in vitro and in vivo. This combined effect of nimotuzumab
and radiotherapy increased the rates of G2/M cell cycle arrest
and apoptosis in E6-overexpressing CSCC in vitro. Previous
studies showed that, after medication or radiation is applied
to tumor cells, cell cycle checkpoints will detect cellular DNA
damage and induce in the number a greater proportion of cells
remaining in the G2/M phase (41). G2/M arrest has two effects:
First, cancer cell mitosis is discontinued, and cell proliferation is
inhibited. Second, if cancer cells accumulate and fail to repair
DNA damage, apoptosis will be triggered, and G2/M arrest
becomes irreversible (41, 42). In addition, our data also shows
that nimotuzumab combined with radiotherapy can increase the
radiotherapy sensitivity of p53 mutant C33A cells. Therefore,
this work broadens our preclinical understanding that EGFR
inhibitors can improve radiation anti-tumor and provides an
ideal choice for the treatment of p53 mutant cervical squamous
cell carcinoma. However, further clinical trials are needed to
confirm these findings and assess the potential toxicity of cervical
squamous cell carcinoma patients.
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