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Introduction: Head and neck squamous cell carcinoma (HNSCC), which rank the 7th

malignant tumors worldwide, is closely related to methylation and HPV infection. Ionizing

radiation therapy is the main strategy for HNSCC patients in advanced stage. Previously,

HPV-positive HNSCC predict better prognosis than HPV-negative HNSCCs under radio-

therapy, however its molecular mechanism is unresolved. SMG1 serves as a potential tumor

suppressor in various cancers, including HNSCC.

Methods: The mRNAs and proteins expression of HPV E6/E7, p16, p53, DNMT1, SMG1

were detected after different treatments by qPCR and Western blot. The clone formation

ability was measured in radiation dose after different treatments.

Results: In our study, the expression of HPV16 E6, DNA Methyltransferase 1(DNMT1)

and SMG1 in head and neck carcinomas cell lines was detected by RT-qPCR and

Western blot. Forced E6 level in HPV-negative cells by overexpression plasmid pro-

moted the expression of DNMT1, which resulted in decreased SMG1 expression.

Silenced SMG1 in HPV-negative HNSCC cells elicited increased radiation sensitivity,

suggesting that SMG1 may be an effective switch to regulate the effect of radiotherapy

in HNSCC.

Conclusion: Our study indicated that DNMT1 enhances the radiosensitivity of HPV-

positive head and neck squamous cell carcinomas via downregulating SMG1.
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Introduction
Head and neck cancer is one of the most common seem malignant tumors

worldwide, about 600,000 new cases of patients are diagnosed every year.1

This kind of tumor originates in nasopharynx, sinonasal tract, larynx, hypophar-

ynx, oropharynx and mucosa lining the oral cavity.2 About 10% of all patients

arise in the oropharynx. The most common kind of head and neck cancer is

squamous cell carcinoma (HNSCC).3 HNSCC is concealed and more than 60%

of patients are in advanced stage at the time of first visit.4 Risk factors for head

and neck cancer are complex including genetic background, smoking, drinking

and biological factors such as virus, physical and chemical factors, etc.5

Although the current multidisciplinary treatments based on surgery, radiotherapy

and chemotherapy, and targeted therapy have made great progress, the overall

survival rate of patients has not been shown improved in recent decades. The

5-year survival rate is only 40%-50%.
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Recent studies have shown that the occurrence of multi-

ple tumors in humans is associated with human papilloma-

virus (HPV) infection.6–8 HPV carcinogenicity has been

shown to play an important role in the etiology of genitour-

inary tumors in women.9 It is currently believed that HPV

infection is also a relevant causative factor in the develop-

ment of SCC of the head and neck.10 Some surveys have

shown that 20%-25% of HNSCC patients are positive for

HPV, especially oropharyngeal cancer.11 HPV causes

tumorigenesis by expressing E6 and E7 proteins.12 E6 and

E7 can degrade the expression products of the tumor sup-

pressor genes p53 and pRb.13 HPV E6 interacts with P53,

which degrades P53 protein and loses its anti-cancer effect,

increasing the chance of host cell malignant

transformation.13 HPV E7 acts on Rb to inactivate it.14

The inactivated Rb gene can reversely activate multiple

transcription factors. The binding of DNA cis-acting ele-

ments activates transcription of p16 gene, resulting in high

activation of p16 protein.15 The expression level of p16 and

Ki-67 is increased, which causes cell cycle disorder and

causes cell malignant transformation. Recent studies have

shown that E6 and E7 can also bind to other proteins, such

as Bak and p21, leading to their genetic instability.16

However, the separate expression of E6 and E7 is not

sufficient to cause malignant transformation of cells, and

the mechanism of genetic alteration caused by virus-

induced genomic instability remains unclear. In addition,

HPV-positive patients and HPV-negative patients have dif-

ferent responses to treatment and prognosis.17 HPV-positive

patients have more obvious effects on radiotherapy.

DNA methyltransferase 1 (DNMT1) encodes an enzyme

that transfers methyl group to cytosine nucleotides of geno-

mic DNA. This protein is the major enzyme responsible for

maintaining methylation patterns following DNA replica-

tion and shows a preference for hemimethylated DNA.

Methylation of DNA is an important complement of mam-

malian epigenetic gene regulation.18 Aberrant methylation

patterns are found in human tumors and associated with

developmental abnormalities.19 SMG1 is a protein involved

in nonsense-mediated mRNA decay (NMD) as part of the

mRNA surveillance complex. The protein has kinase activ-

ity and is thought to function in NMD by phosphorylating

the regulator of nonsense transcripts protein.20 It has been

reported that DNMT1 affects the expression of SMG1 and

changes the sensitivity to radiotherapy in tumors. But it has

not been widely studied in head and neck neoplasm.

In this study, we hypothesized that HPV E6 would

down-regulate SMG1 by increasing the expression of

DNMT1. The present research aimed to find the under-

lying mechanisms that affected the sensitivity of head and

neck tumors to radiation therapy, in order to improve the

effect of cancer patients on radiation therapy and improve

survival rate.

Materials and Methods
Cell Cultures and Transfection
We used 2 HPV-negative (FaDu, UM-SCC-4) and 2 HPV-

positive (UPCI-SCC-090, UM-SCC-47) HNSCC cell lines

which were bought from ATCC immortalized by expres-

sion of hTERT. FaDu and UM-SCC-47 cell lines were

cultured in Dulbecco’s modified Eagle’s medium

(DMEM) (Gibco, Carlsbad, CA) supplemented with 10%

fetal bovine serum. UM-SCC-4 cell line was cultured in

DMEM/F12 medium (Gibco, Carlsbad, CA) supplemented

with 10% fetal bovine serum and 0.4% hydrocortisone.

UPCI-SCC-090 cell line was cultured in minimum Eagle’s

medium (Gibco, Carlsbad, CA) supplemented with 10%

fetal bovine serum. All the cells were cultured at 37°C in

a humidified atmosphere of 5% CO2. SiRNAs were pur-

chased from RiboBio (Guangzhou, Chian) and plasmids

were purchased from GeneChem. SiRNAs and plasmids

transfection were performed using Lipofectamine 3000

transfection reagent (Invitrogen) following the manufac-

turer’s protocol. After 48 h of transfection, the cells were

collected and used for further analysis.

Clonogenic survival assay: Cells were seeded in 6-well

plates at different densities depending on the dose of

radiotherapy and treated with a dose of 2, 4, 6, 8 Gy

over an appropriate field size. After 14 days culture, the

colonies were fixed and stained with methylene blue in

methanol. The colonies containing at least 50 cells were

counted and survival fractions were corrected for the plat-

ing efficiencies.

Quantitative Real-Time PCR
Total RNA was extracted from cells using Trizol reagent

(Invitrogen, Carlsbad, CA), and the reverse-transcription reac-

tions were performed using random primers and an M-MLV

Reverse Transcriptase kit (Invitrogen, Carlsbad, CA). Real-

time PCR was performed to use a standard SYBR Green

qPCR master mix kit (DBI, German) protocol on Line Gene

9600 Plus Real Time PCR system (Bioer, China) according to

the instructions. GAPDH was used as reference. The 2−ΔΔCt

method was used to determine the relative quantitation of
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gene expression levels. Each sample was analyzed in tripli-

cate. Primer sequences were listed in Table 1.

Western Blot
Total protein was extracted from the cells by lysis with

RIPA Lysis Buffer (DGCS Biotechnology, China). The

protein content of the lysate was then determined using

the BCA kit (Beyotime, China) according to the manufac-

turer’s protocol. Cell lysates were resolved on a 10%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

and transferred onto a polyvinylidene fluoride (PVDF)

membrane (Millipore, USA). The membrane was blocked

with TBS-T (0.1% Tween-20 in TBS) containing 5% BSA

and incubated with primary antibody overnight at 4°C.

After three washes with TBS-T, the membrane was incu-

bated with HRP-conjugated secondary antibody for 1

h and then washed with TBS-T. The immune complexes

were detected by chemiluminescence (Supersignal West

Femto; Pierce Biotechnology) using MyECL Imager

(Thermo Scientific). Mean densitometry data from inde-

pendent experiments were normalized to the control.

Primary antibodies are listed as follows: E6 (ab70,

abcam, USA), E7 (sc-51951, santa cruz, USA), p16 (sc-

377412, santa cruz, USA), p53 (sc-71819, santa cruz,

USA), DNMT1 (5032s, CST, USA), SMG1 (4993s, CST,

USA), GAPDH (60004-1-Ig, proteintech, USA). All

experiments were repeated three times.

Statistical Analysis
All data analysis was performed using SPSS 23.0 soft-

ware. Given that the study data were consistent with

a normal distribution and the variance was equal, the

differences between two groups were calculated using

Student’s t-tests, and the differences between more than

two groups were analyzed using One-way ANOVA;

adjusted P-values were calculated by Tukey comparison

test. All data were presented as the mean ± SD.

A P-value<0.05 was considered statistically significant.

Result
HPV-Positive HNSCC Cell Lines are

More Sensitive to Radiation Than

HPV-Negative HNSCC Cell Lines
According to previous studies, FaDu and UM-SCC-4 are

classic HPV-negative HNSCC cell lines that do not express

HPV16 E6, while UM-SCC-47 and UPCI-SCC-090 are

deemed as HPV-positive cell lines that express HPV16 E6.

E6 and E7 were significantly higher in UM-SCC-47 and

UPCI-SCC-090 than FaDu and UM-SCC-4 (Figure 1A) by

RT-qPCR. In addition, the trends of p16 were the same as

that of E6 and p53 was down-regulated on HPV-positive

cells than HPV-negative cells (Figure 1A). The expression

of the corresponding proteins was consistent with the

mRNA (Figure 1B). With regard to radiosensitization,

HNSCC cells were treated with different doses of radiation,

and the survival rates were assessed by colony formation

assay. In parallel with previous studies, UM-SCC-47 and

UPCI-SCC-090 showed more radiation sensitivity than

those of FaDu and UM-SCC-4 (Figure 1C–E). From the

above results, we concluded that HPV-positive cells were

more sensitive to radiation than HPV-negative cells.

Table 1 The Primer Sequences for qPCR

Gene Primers Sequence

HPV E6 Forward CTCTGAATTCGCCACCATGCACCAAAAGAGAACTGCA

Reverse CCCTCGAGGTATCTCCATGCATGATTACA

HPV E7 Forward CAGAGGAGGAGGATGAAATAGATG

Reverse CACAACCGAAGCGTAGAGTC

P16 Forward GACCTGGCTGAGGAGCTG

Reverse AATCGGGGATGTCTGAGGGA

P53 Forward TGAAGCTCCCAGAATGCCAG

Reverse GCTGCCCTGGTAGGTTTTCT

DNMT1 Forward GAGGAGGGCTACCTGGCTAA

Reverse CTCCATCGGACTTGCTCCTC

SMG1 Forward TGGTGGAGAGTTACGCAGTC

Reverse AACTCTAAGGCTTTTACCTTTTTCA
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HPV-16 E6 Promotes the Sensitivity of

Radiation in HNSCC Cells
To investigate whether the HPV E6 level contributes to

increased sensitivity of HNSCC to radiation, we constructed

E6 overexpression FaDu and UM-SCC-4 cells and E6

silenced UM-SCC-47 and UPCI-SCC-090 cells and assessed

sensitivity of the cells to radiation in clonogenic survival assay

(Figure 2). As confirmed by RT-qPCR and Western blot, E6

and P16 expression were increased in E6 overexpression

HNSCC cells (Figure 2A and B) and decreased in E6 knock-

down HNSCC cells (Figure 2D and E). FaDu and UM-SCC-4

cells, transfected with E6 overexpression plasmid, possessed

increased clonogenic survival upon radiation (Figure 2C). On

contrary, Silenced E6 in UM-SCC-47 and UPCI-SCC-090

cells showed significantly reduced clonogenic survival upon

radiation compared with control cells (Figure 2F). Based on

the above results, we speculated that the expression of E6

enforced the radiation sensitivity of HNSCC cells.

E6 Downregulates SMG1 Expression via

DNMT1
Aberrant DNA promoter methylation is common in many

cancers, including HNSCC. SMG1 is reported to have a high

GC content in the promoter region, which might be regulated

by DNA methyltransferase 1 (DNMT1). We are interested to

detect the relationship between SMG1 expression and the

status of E6 in HNSCC. The mRNAs and proteins expression

of DNMT1 and SMG1 in HNSCC cells are displayed in

Figure 3A and B. DNMT1 expression in HPV-positive cells

was significantly higher than HPV-negative cells. However,

SMG1 expression in HPV-positive cells was lower than HPV-

negative cells. To explore the relationship among E6, DNMT1

and SMG1, we altered E6 expression in HNSCC cells.

Overexpression of E6 upregulated the DNMT1 level and

downregulated the SMG1 expression level while interference

of E6 leads to decreased DNMT1 expression but increased

SMG1 expression (Figure 3C–E). The E6 expression level and

radiotherapy sensitivity of E6 were detected. Overexpression

E6 expression increased the radiotherapy sensitivity in FaDu

and UM-SCC-4 (Figure 4A and B) while silence it decreased

the radiotherapy sensitivity in UM-SCC-47 and UPCI-SCC

-090 (Figure 4C and D). The content of E6 is related to radio-

therapy sensitivity. These results suggested that HPV-E6 pro-

mote the sensitivity of radiotherapy.

Next, we analyzed the regulatory effect of DNMT1 on

SMG1. As shown in Figure 5A–C, the expression of SMG1

was down-regulated by DNMT1 overexpression plasmid and

up-regulated when DNMT1 was silenced. Azacitidine is

a specificity DNMT1inhibitor. DNMT1 inhibitor Azacitidine

Figure 1 HPV-positive HNSCC cell lines are more sensitive to radiation than HPV-negative HNSCC cell lines. (A) The mRNA expressions of E6, E7, p16, p53 in FaDu, UM-

SCC-4, UM-SCC-47 and UPCI-SCC-090 cell lines by RT-qPCR. (B) The protein expressions of E6, E7, p16, p53 in FaDu, UM-SCC-4, UM-SCC-47 and UPCI-SCC-090 cell

lines by Western blot. (C, D, E) The different sensitivity to radiation among the FaDu, UM-SCC-4, UM-SCC-47 and UPCI-SCC-090 cell lines. *P < 0.05.
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Figure 2 HPV-16 E6 promotes the sensitivity of radiation in HNSCC cells. (A) The mRNA expression of E6 and p16 when E6 overexpression in the FaDu and UM-SCC-4

cells was detected by RT-qPCR. (B) The protein expressions of E6 and p16 when E6 overexpression in the FaDu and UM-SCC-4 cells was detected by Western blot. (C) The

sensitivity of the cells to radiation was detected by clonogenic survival assay when E6 overexpression in the FaDu and UM-SCC-4 cells. (D) The mRNA expression of E6 and

p16 when E6 silenced in UM-SCC-47 and UPCI-SCC-090 cells were detected by RT-qPCR. (E) The protein expressions of E6 and p16 when E6 silenced in UM-SCC-47 and

UPCI-SCC-090 cells were detected by Western blot. (F) The sensitivity of the cells to radiation was detected by clonogenic survival assay when E6 silenced UM-SCC-47 and

UPCI-SCC-090 cells. *P < 0.05.
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continuously decreased the expression of DNMT1 protein

expression over time (Figure 5D). Rescue was used to inves-

tigate the relationship between E6, DNMT1 and SMG1 by

overexpressing E6 and down-regulated the expression level of

DNMT1. The results showed that SMG1 expression

decreased after E6 overexpression and increased after

DNMT1 down0regulated in FaDu and UM-SCC-4. What's

more, E6 overexpression and DNMT1 silence at the same

time resulted in SMG1 expression between E6 overexpression

and DNMT1 silence (Figure 5E). The above results indicated

that E6 downregulates SMG1 expression via DNMT1.

Downregulation of SMG1 in HNSCC Cells

Results in Increased Radiation Sensitivity
Low SMG1 expression in HPV-positive HNSCC cells

might contribute to increased radiation sensitivity. To

clarify this speculation, we silenced SMG1 expression in

FaDu and UM-SCC-4, and assessed sensitivity of the cells

to radiation in clonogenic survival assay. Both siRNAs

resulted in a decreased expression of SMG1 in FaDu and

UM-SCC-4 (Figure 6A and B), and showed significantly

reduced clonogenic survival upon radiation compared with

control (Figure 6C). The above results indicated that

SMG1 increases the sensitivity of cells to radiotherapy.

Discussion
Head and neck cancers, which are variety and malignant,

are the 7th malignant tumors worldwide. Previous studies

have indicated that HNSCC development and radiotherapy

are closed related to HPV E6/E7. The occurrence of

methylation may also be related to the occurrence of

tumors.21 In our study, we classify 4 HNSCC cells by

Figure 3 E6 downregulates SMG1 expression via DNMT1. (A) The mRNA expression of DNMT1 and SMG1 in HPV-positive cells and HPV-negative cells was detected by

RT-qPCR. (B) The protein expression of DNMT1 and SMG1 in HPV-positive cells and HPV-negative cells were detected by Western blot. (C) The mRNA expression of

DNMT1 and SMG1 when E6 overexpression in the FaDu and UM-SCC-4 cells was detected by RT-qPCR. (D) The mRNA expression of DNMT1 and SMG1 when E6

silenced in the UM-SCC-47 and UPCI-SCC-090 cells were detected by RT-qPCR. (E) The protein expression of DNMT1 and SMG1 when E6 overexpression in the FaDu and

UM-SCC-4 cells and E6 silenced in the UM-SCC-47 and UPCI-SCC-090 cells were detected by Western blot. *P < 0.05.
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detecting HPV E6/E7. FaDu and UM-SCC-4 are HPV-

negative cell lines, UM-SCC-47 and UPCI-SCC-090 are

HPV-positive cell lines. HPV-positive HNSCC are more

sensitive to radiotherapy than HPV-negative cells. We

found that E6/DNMT1/SMG1 axis affected the sensitivity

of radiotherapy in HNSCC.

According to epidemiological investigations, HPV is

a major agent of HNSCC.22 Over the past several decades,

an increasing number of studies established the strong asso-

ciation of HPVwith the invasion and metastasis of HNSCC.

The gene mutations in HPV-associated HNSCC and the

unique mechanism of E6/E7-mediated carcinogenesis via

interactions with an array of cellular elements. Kindt N et al

research indicated that the involvement of HPV infection in

the release of macrophage migration was an inhibitory

factor in HNSCC.23 Morphoproteomics studies indicated

that HPV E6/E7 in-situ hybridization and biomedical ana-

lytics defined the etiopathogenesis of HPV-associated oro-

pharyngeal carcinoma.24 Viral DNA integration and

methylation of HPV were found in high-grade epithelial

dysplasia and head and neck squamous cell carcinoma.25

In many clinical cases of HNSCC, mutations in the p53

have occurred.26 P53 is a tumor suppressor gene. More than

50% of all malignant tumors will have mutations in the

gene. The protein encoded by p53 is a transcriptional factor

that controls the initiation of the cell cycle.27 In normal

conditions, many signals about cell cycle are sent to the

p53.28 The protein is determined by whether or not to start

cell division. If the cell is damaged and cannot be repaired,

the p53 will be involved in the initiation process, causing

the cell to die in apoptosis. Mutated p53 cannot effectively

be monitored allowing cancer cells to proliferate rapidly.

P16, known as multiple tumor suppressor 1 (MTS1),

can participate in the regulation of the cell cycle, which is

closely related to tumorigenesis.29 P16 has been found to

be homozygous deletion and nonsense, missense and fra-

meshift mutation in lung cancer, breast cancer, brain

tumor, bone tumor, skin cancer, bladder cancer and so

on, indicating p16 are widely involved in tumor formation

by deletion and mutation.30 P16 is localized in the nucleus.

Chou A et al demonstrated that p16 is an inhibitor of

CDK4, one of the key enzymes involved in the cell divi-

sion cycle.31 It is of great clinical significance to detect the

presence or absence of changes in the p16 in determining

the susceptibility of a patient’s tumor and predicting the

prognosis of the HNSCC.

Figure 4 The sensitivity of the cells to radiation was detected by clonogenic survival assay after regulating the expression of DNMT1. (A, B) The sensitivity of the cells to

radiation was detected by clonogenic survival assay when DNMT1 overexpression in the FaDu and UM-SCC-4 cells. (C, D) The sensitivity of the cells to radiation was

detected by clonogenic survival assay when DNMT1 silence in the UM-SCC-47 and UPCI-SCC-090 cells. *P < 0.05.
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DNMT1 is responsible for maintenance DNAmethylation

which ensures the fidelity of replication of inherited epige-

netic patterns.32 It has a very distinguishable preference of

methylating CpGs on hemimethylated DNA. Aberrant methy-

lation patterns are associated with certain human tumors and

developmental abnormalities. Au Yeung CL et al proved that

HPV-16 E6 upregulation DNMT1 through repression of

tumor suppressor p53.33 It has been reported that high expres-

sion of DNMT1can increased radiosensitivity.34

In this study, the expression of DNMT1 in HPV (-)

cells was lower than HPV (+) cells. The possible cause of

the above phenomenon was that HPV (+) cells needed

more DNMT1 to maintain methylation status. The

expression level of DNMT1 and methylation level are

related to the expression of E6.33

For many years, SMG1 has been known as a critical

component of an evolutionarily conserved mRNA surveil-

lance mechanism.35–37 It was later discovered to be

involved in the maintenance of genome integrity via gen-

otoxic stress response pathways. SMG1 is activated not

only in response to errors in mRNA processing but also in

response to DNA double-strand breaks caused by IR and

UV light. Effect of ionizing radiation on apoptosis and

SMG1 studies have been reported.38 Gubanova E et al

found the negative correlation between SMG1 and radia-

tion sensitivity in HPV-positive HNSCC cells.3 Our study

Figure 5 The regulatory effect of DNMT1 on SMG1. (A) The mRNA expression of SMG1 and DNMT1 was detected when DNMT1 was overexpressed by RT-qPCR. (B)
The mRNA expression of SMG1 and DNMT1 was detected when DNMT1 was silenced by RT-qPCR. (C) The protein expression of SMG1 and DNMT1 was detected when

DNMT1 was overexpressed and when DNMT1 was silenced by Western blot. (D) The protein expression of DNMT1 after Azacitidine treatment. (E) Rescue assay

detected E6 downregulates SMG1 expression via DNMT1. *P < 0.05.
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indicated that the expression of SMG1 in HPV (-) cells

was higher than HPV (+) cells. The SMG1 expression

decreased when overexpressing DNMT1 which inferred

that the expression of SMG1 might be regulated by

DNMT1 and the expression of SMG1 was one of the

important factors affecting the sensitivity of radiotherapy.

We demonstrated for the first time that DNMT1 down-

regulates the expression of SMG1 to increase the sensitiv-

ity of radiotherapy.

In summary, this study distinguished that HPV E6

could down-regulate the expression of SMG1 by up-

regulating the expression of DNMT1 in order to reduce

DNA stability and improve radiotherapy. SMG1 may be

an effective switch to regulate the effect of radiotherapy.

By regulating the expression of SMG1, HNSCC patients

can get better radiotherapy effect.
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the cells to radiation was detected by clonogenic survival assay after silence SMG1 in HPV-negative HNSCC cells. *P < 0.05.
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