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Inhibition of Delta‑like Ligand 4 enhances 
the radiosensitivity and inhibits migration 
in cervical cancer via the reversion of epithelial–
mesenchymal transition
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Abstract 

Background:  Concurrent chemoradiotherapy is the common first-line treatment for patients with advanced cervical 
cancer. However, radioresistance remains a major clinical challenge, which results in recurrence and poor survival. 
Many studies have shown the potential of Delta-like Ligand 4 (DLL4) as a novel prognostic biomarker and therapeu‑
tic target in many solid tumors. Previously, we have found that high DLL4 expression in tumor cells may predict the 
pelvic lymph node metastasis and poor prognosis in patients with cervical cancer. In our present study, we further 
studied the effects of DLL4 on the biological behavior and radiosensitivity of cervical cancer cells.

Methods:  The expression of DLL4 and epithelial–mesenchymal transition (EMT) phenotype markers in cervical can‑
cer cell lines or tissues were detected using Western blotting, and the expression of DLL4 mRNA in cervical cancer cell 
lines or tissues was detected using Quantitative real-time PCR. The effect of DLL4 on cell proliferation, migration, and 
radiosensitivity was evaluated using the CCK8 assay, flow cytometry, Transwell assays for cell invasion and migration, 
and Immunofluorescence staining in vitro.

Results:  The expression of DLL4 in radiotherapy-resistant SiHa cells was significantly higher than that in radiotherapy-
sensitive Me-180 cells. Furthermore, downregulation of DLL4 enhanced the radiosensitivity of SiHa and Caski cells 
via the inhibition of cell proliferation, promotion of radiation-induced apoptosis, and inhibition of the DNA damage 
repair. Moreover, downregulation of DLL4 inhibited the EMT and reduced the proliferation, invasion, and migration 
ability in SiHa and Caski cells. Consistent with the DLL4 expression in the cell lines, the expression of DLL4 in the tis‑
sues of the radioresistant group was also higher than that of the radiosensitive group.

Conclusions:  Downregulation of DLL4 inhibited the progression and increased the radiosensitivity in cervical cancer 
cells by reversing EMT. These results indicated the promising prospect of DLL4 against the radioresistance and metas‑
tasis of cervical cancer and its potential as a predictive biomarker for radiosensitivity and prognosis in patients with 
cervical cancer patients receiving concurrent chemoradiotherapy (cCRT).
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Background
Cervical cancer (CC) ranks as the fourth most common 
malignancy and also the fourth most frequent cause of can-
cer-related mortality in women worldwide [1]. Clinically, 
radiation therapy (RT) serves as the common treatment of 
CC therapy management, RT is the preferred treatment for 
advanced-stage CC, and the main means of postoperative 
adjuvant therapy for early-stage CC. More than 60% of CC 
patients receive RT [2]. Nevertheless, acquired radioresist-
ance leads to local therapeutic failure and poor outcomes 
in patients with CC. Thus, exploring the effective and reli-
able biomarkers for early prediction of radiosensitivity 
and the mechanisms underlying radioresistance in CC is 
important.

Epithelial–mesenchymal transition (EMT) is a funda-
mental biological process during which tumor cells develop 
more invasive phenotypes through the loss of epithelial 
characteristics and acquisition of mesenchymal character-
istics [3]. This process plays an important role in metastasis 
of many cancers [4]. The roles of EMT is in cell invasion 
and migration, tumor recurrence, and chemotherapy 
resistance have been investigated intensively [5–9]. Recent 
emerging evidence suggests that EMT also plays a deter-
minant role in the development of RT resistance of cancer 
cells [10–13]. In CC, the emergence of EMT is associated 
with the expression of some proliferative and proangio-
genic proteins and implies the poor prognosis of locally 
advanced CC [14]. However, the role of EMT in the devel-
opment of CC radioresistance remains unclear.

We previously found that high DLL4 expression level in 
tumor cells may predict the pelvic lymph node metastasis 
and poor survival in patients with FIGO stages I–II cervi-
cal cancer [15]. DLL4 is a novel transmembranous Notch 
ligand and shows a key function in angiogenesis during 
embryonic and postnatal development [16]. DLL4 block-
ade has been shown to inhibit tumor growth and angiogen-
esis in some murine tumor models [17]. and can prevent 
metastasis by inhibiting EMT, decreasing the number of 
cancer stem cells, and circulating tumor cells in Lewis 
lung Carcinoma [18]. Therefore, our present study aims to 
vertify whether DLL4 blockade can enhance the radiosen-
sitivity, reduce EMT phenotypes in CC cells, and provide 
a potential therapeutic target for the sensitization of CC 
cells.

Materials and methods
Patients and tissue sample
Ten pairs of fresh CC tissues from the radiosensitive 
group and radioresistant groups were obtained from the 

FIGO stages III patients with CC who underwent con-
current chemoradiotherapy (cCRT) at the Department of 
Gynecological Radiotherapy, Harbin Medical University 
Cancer Hospital, between January 1, 2018 and January 1, 
2019. All the patients were diagnosed with squamous CC 
through biopsy without history of other malignancy, and 
no patient received chemotherapy, RT, or immunother-
apy before cCRT. The Clinicopathological characteristics 
of these patients are shown in Table 1.

The RT sensitivity was determined through the tumor 
response according to Response Evaluation Criteria in 
Solid Tumors (RECIST v1.1.). The therapeutic outcome 
was evaluated 6 to 8  weeks after cCRT completion on 
the basis of pelvic CT or MRI examination. Treatment 
response was defined as follows: complete response (CR): 
disappearance of all lesions; partial response (PR): ≥ 30% 
shrinkage in the sum of lesion size; progressive disease 
(PD): ≥ 20% increase in the sum of lesion size or appear-
ance of one or more new lesions; and stable disease 
(SD): neither sufficient shrinkage to qualify for PR nor 
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Table 1  Clinicopathological characteristics of the patients 
with  cervical squamous cell carcinoma in  the  RT-sensitive 
group (CC-RS) and RT-resistant (CC-RR) group

CC-RS cervical cancer patients in RT-sensitive group, CC-RR cervical cancer 
patients in RT-resistant group, FIGO Federation International of Gynecology and 
Obstetrics, SCC squamous cell carcinoma

Variables No. patients
(N = 20)

Radiosensitivity

CC-RS
(N = 10)

CC-RR
(N = 10)

Age (years)

 <  45 13 6 (46.2) 7 (53.8)

 ≥ 45 7 4 (57.1) 3 (42.9)

FIGO stage

 IIIa 8 3 (37.5) 5 (62.5)

 IIIb 12 7 (58.3) 5 (41.7)

SCC-Ag value

 1.5–10 15 7 (46.7) 8 (53.3)

 > 10 5 3 (60.0) 2 (40.0)

Tumor size(cm)

 ≤ 4 14 6 (42.9) 8 (57.1)

 > 4 6 4 (66.7) 2 (33.3)

Deep stromal invasion

 No 5 3 (60.0) 2 (40.0)

 Yes 15 7 (46.7) 8 (53.3)

Pelvic lymph node metastasis

 No 12 7 (58.3) 5 (41.7)

 Yes 8 3 (37.5) 5 (62.5)
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sufficient increase to qualify for PD. Patients with CR and 
PR were defined as RT-sensitive (CC-RS), whereas those 
patients with SD and PD were defined as RT-resistant 
(CC-RR).

This study complied with the Helsinki Declaration 
and was approved by the Ethics Committee of Harbin 
Medical University Cancer Hospital (Harbin, China). All 
patients provided their informed consents.

Cell lines and tissue culture
The CC cell lines (i.e., SiHa, Caski, Me180 and C33A) 
were obtained from the cell bank of the committee on 
Type Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China). Caski cells were cultured with 
RPMI-1640 medium, the SiHa and C33A cells were cul-
tured with Modified Eagle’s Medium, and the Me180 cells 
were cultured with McCOY’s 5A medium. All media were 
supplemented with 100 unit/ml of penicillin, 100 mg/ml 
of streptomycin (Gibco, Life Technologies Inc., Grand 
Island, NY), and 10% fetal bovine serum (FBS). All cell 
lines were cultured in a humidified incubator maintained 
at 5% CO2 and 37 °C.

RNA extraction and real time‑PCR
Total RNA was extracted using TRIzol Reagent (Invit-
rogen), and the RNA was quantified using spectropho-
tometry (NanoDrop 2000, Thermo Fisher Scientific). 
The cDNAs were synthesized using the Verso cDNA kit 
(Thermo Fisher Scientific) in accordance with the man-
ufacturer’s instructions. Real-time PCR assay was per-
formed in triplicate using the SYBR-Green PCR Master 
kit (Applied Biosystems) and the ABI 7500 Fast Real-time 
system (Applied Biosystems). Primers to DLL4 were as 
follows: forward, 5′-AAC​TAC​TGC​ACC​CAC​CAC​TCC-
3′; reverse, 5′-GCC​ATC​CTC​CTG​GTC​CTT​ACA-3′. 
β-Actin genes were used to detect the normalization of 
each sample, and its primers were as follows: forward, 
5′-CTT​AGT​TGC​GTT​ACA​CCC​TTT​CTT​G-3′; reverse, 
5′-CTG​TCA​CCT​TCA​CCG​TTC​CAG​TTT​-3′. The 
PCR amplification conditions were as follows: 95  °C for 
10 min, and 40 cycles of 95 °C for 10 s, 60 °C for 20 s, and 
72 °C for 30 s. Results were calculated using the 2−△△C(t) 
method [19].

Western blot analysis
The total proteins were extracted from the cultured CC 
cells and frozen tissues CC tissues using the RIPA buffer 
supplemented with Halt Protease and Phosphatase Inhib-
itor Cocktail (100×, 78440, Thermo Fisher Scientific). 
The supernatant was obtained by centrifuging the insolu-
ble material at 12,000 rcf for 20 min at 4 °C. The protein 
concentration was detected using BCA Protein Assay Kit 
(Pierce Biotechnology), and the samples were denatured 

at 95 °C for 5 min. Then, 30 μg of the extracted proteins 
were isolated via sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis and transferred onto PVDF 
membranes (Millipore Company). The membranes were 
incubated with 5% nonfat dry milk in TBS-T at room 
temperature for 1 h and subsequently incubated with the 
primary antibodies supplemented with 5% nonfat dry 
milk in TBS-T overnight at 4  °C. The blots for glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (1:4000) 
(sc-32233, Santa Cruz) served as the normalized control. 
After washing the membranes with TBS-T, the mem-
branes were incubated with horseradish peroxidase-con-
jugated secondary antibody for 1 h at room temperature 
and washed again. The immunoreactive bands were then 
visualized using the ECL reagent (Seven Seas).

The primary antibodies were as follows: DLL4 rab-
bit polyclonal antibody (1:1000, ab7280, Abcam), PARP 
(1:500, # 9542S, Cell Signaling Technology), E-cadherin 
(1:1000, TA800670, ZSGB-BIO), N-cadherin (1:1000, 
TA503775, ZSGB-BIO), vimentin (1:1000, TA801297, 
ZSGB-BIO), Snail1(1:500, TA506430, ZSGB-BIO), 
Zeb1(1:1000, TA802313, ZSGB-BIO), MMP-2(1:1000, 
TA309752, ZSGB-BIO), MMP-9 (1:500, TA336901, 
ZSGB-BIO).

RNA interference and transfection
The DLL4 small interfering RNA 1 (siRNA1) 
(SASI_Hs02_00352665) and DLL4 siRNA2 (SASI_
Hs01_00174509) were obtained from Sigma-Aldrich, and 
the negative control siRNA was obtained from Invitrogen 
(12935-200). The sequence of the SiRNAs was as follows: 
DLL4 siRNA1 is sense (5′–3′) GUG​ACA​AGA​GCU​UAG​
GAG​A (dTdT), antisense (5′–3′) UCU​CCU​AAG​CUC​
UUG​UCA​C (dTdT); and DLL4 siRNA2 is sense (5′–3′) 
GUC​AUU​GCC​ACG​GAG​GUA​U (dTdT), antisense 
(5′–3′) AUA​CCU​CCG​UGG​CAA​UGA​C (dTdT). Caski 
and SiHa cells were seeded in 6-well plates and incu-
bated at 37  °C in a humidifed incubator. Lipofectamine 
RNAiMAX transfection reagent (Invitrogen) was used 
to transiently transfect the cells with 40  nM siRNA in 
accordance with the manufacturer’s instructions when 
the confluence was 60–80%. After 6–8  h, the medium 
was absorbed, and the incubation was continued using 
the complete medium.

Cell proliferation assay
The cell counting kit-8 (CCK8) assay was performed to 
determine the CC cell proliferation. In brief, 12  h after 
transfection, the cells were seeded at a density of 1500 
cells/well into 96-well culture plates and incubated for 
24, 48, and 72 h. Then, the CCK-8 solutions were added 
and incubated in accordance with the manufacturer’s 
protocol. The absorbance was measured at 450 nm using 
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a microplate reader (Thermo Fisher Scientific), and then 
the proliferation rate was calculated. For the radiosensi-
tivity detection, the density of the cell seeding was 8000 
cells/well, and the cells were irradiated at 0, 2, 4, 6, and 
8 Gy of high-energy X-ray using a linear accelerator after 
24  h of incubation. The time points of detection were 
24 h and 48 h.

Flow cytometric analysis
After transfection and incubation for 24  h, cells were 
irradiated with high-energy X-ray at 8 Gy and cultured at 
37 °C for 48 h. For the cell cycle assay, the cells were har-
vested and fixed with ice-cold 70% ethanol. After incu-
bating at −  20  °C overnight, the cells were centrifuged 
them at 2000 rpm for 5 min. Then, the supernatant was 
discarded, and 500  μl of 1× PBS was added to the sus-
pended cells. The cells were labeled with 2.5 μg DAPI and 
incubated in dark for 20  min. Finally, the cell cycle was 
detected using flow cytometry (FACS Calibur, BD Bio-
sciences). For the apoptosis assay, we cells collected and 
washed the cells with cold PBS twice. After centrifuga-
tion, the cells were resuspended with 90 μl of 1× binding 
buffer, and stained with 5 μl Annexin V-FITC and 5 μl PI 
for 15  min in dark using an Annexin V-FITC apoptosis 
detection kit (BD Bioscience, Oxford, UK). Then, 400 μl 
of 1× binding buffer was added to the cells before detec-
tion, and all specimens were subjected into flow cytom-
etry (FAC Calibur) to detect cell apoptosis.

Transwell assay for cell invasion and migration
The migration or invasion Transwell assays were con-
ducted using 24-well Gelatin- or Matrigel-coated Tran-
swell chambers (8-μm pore size, Corning Coster). At 24 h 
after transfection, the cells were seeded into the upper 
chamber and cultured with OPTI-MEM (Gibco) without 
FBS in a humidified incubator at 37 °C. For the migration 
assay, the seeding density was 1 × 105 cells/well. For inva-
sion assay, the seeding density was 0.75 × 105 cells/well. 
The bottom chamber contained the complete medium 
containing 20% FBS. After migration for 12  h or inva-
sion for 24 h, the filters were rinsed with PBS and fixed 
in the Hema3® fixative (Fisher Scientific) for 30 min. The 
non-invaded/non-migrated cells in the upper chamber 
were removed gently, and the filters were stained with the 
Hema3® solution I and II for 30 min in accordance with 
the manufacturer’s instructions. Lastly, the filters were 
mounted onto the slides with gridded coverslips and 
counted under an optical microscope (OLYMPUS IX51).

Immunofluorescence staining
Cells were seeded at the density of 10 × 104 cells/well 
onto covered slips which placed in six-well plates and 
incubated for 12 h. After that, the cells were exposed to 

8  Gy high energy X-ray, and then put back to incubate 
for 24  h. Then, the cells were fixed in 4% paraformal-
dehyde (Solarbio) for 20  min, incubated in PBS supple-
mented with 0.2% Triton X-100 (Solarbio) for 10  min, 
and blocked in PBS supplemented with 10%FBS and 1% 
bovine serum albumin for 1  h at room temperature in 
sequence. Thereafter, the cells were incubated with rabbit 
monoclonal antibody gammaH2AX (γ-H2AX) (Ser139, 
Cell Signaling Technology, 1:400), E-cadherin (WL00941, 
Wanleibio, 1:200), or Vimentin (WL01960, Wanleibio, 
1:200) diluted in PBS/10%FBS + 1%bovine serum albu-
min at 4  °C overnight. The next day, after rinsing with 
PBS, the cells were incubated with Alexa Fluor® 488 con-
jugated, goat anti-rabbit IgG (H + L) (Thermo Scientific) 
at 1:400 for 1 h at 37 °C in dark. Hoechst 33342 (1:10,000, 
Molecular Probes) was used for nuclear counterstaining. 
Slides were mounted using ProLong Diamond Antifade 
Mountant (#P36965, Invitrogen).

Statistical analysis
All data were presented as mean ± SD of at least three 
different experiments, and statistical analysis was per-
formed using unpaired Student’s t-test or one-way analy-
sis of variance through the SPSS 16.0 for Windows (SPSS, 
Chicago, USA). P < 0.05 was considered statistically 
significant.

Results
Efficiency of DLL4 knockdown in CC cells
Real-time PCR and Western blot were performed to 
detect the expression levels of DLL4 mRNA and protein 
in four CC cell lines (i.e., HeLa, SiHa, Caski and C33A). 
As shown in Fig.  1a, b, the relative expression level of 
DLL4 followed the order: SiHa > Caski > C33A > Me180. 
The RT-insensitive SiHa cells and the RT-sensitive 
Me-180 cells are the cell models widely used in the RT 
sensitivity study of CC [20]. Results showed that DLL4 
was highly expressed in the SiHa cells but lowly expressed 
in the Me-180 cells.

The SiHa and Caski cells with high DLL4 expression 
were selected to knock down DLL4 using the DLL4 siR-
NAs. At 48 h after the transfection, the expression level 
of DLL4 was evidently decreased in SiHa and Caski cells 
(Fig. 1c). These results indicated that DLL4 was knocked 
down successfully in these two CC cell lines.

DLL4 knockdown induced cell apoptosis, and inhibited cell 
proliferation, migration and invasion in CC cells
Flow cytometry was applied to detect whether DLL4 
had an effect on the apoptosis of CC cells. In Caski 
cells, the apoptosis rate of the DLL4 siRNA group was 
(17.52% ± 0.708%) was significantly higher than that of 
the siRNA Control group (8.863% ± 0.805%), and the 



Page 5 of 10Yang et al. Cancer Cell Int          (2020) 20:344 	

difference was statistically significant (P = 0.0002, Fig. 2a). 
A similar result was obtained in SiHa cells (P < 0.0001, 
Fig.  2a). Hence, DLL4 knockdown significantly induced 
the apoptosis of CC cells. The transwell assay results for 
cell invasion and migration showed that CC cells trans-
fected with DLL4 siRNA acquired less migratory and 
invasive abilities compared with cells transfected with 
the siRNA control. In the Transwell migration assay, the 
number of SiHa cells that migrated through the gelatin-
coated membrane in DLL4 siRNA group (47.33 ± 4.163) 
was significantly lower than that in the control group 
(69.00 ± 7.000) (P = 0.010, Fig.  2b). Similarly, the num-
ber of Caski cells that migrated through the gelatin-
coated membrane in the DLL4 siRNA group (6.10 ± 1.00) 

was significantly lower than that in the control group 
(19.34 ± 2.157) (P = 0.001, Fig.  2b). In the Transwell 
invasion assay, the invasion ability of the SiHa-DLL4 
siRNA cells (67.00 ± 7.211) was significantly lower com-
pared with that of the control group (106.70 ± 11.520) 
(P = 0.0072, Fig.  2c). Similarly, the invasion ability of 
the Caski-DLL4 siRNA cells (21.67 ± 3.055) was signifi-
cantly lower compared with that of the control group 
(59.33 ± 8.505) (P = 0.002, Fig. 2c). Therefore, results sug-
gested that DLL4 knockdown inhibited the migration 
and invasion of the CC cells.

As to the proliferation ability, the CCK8 cell prolif-
eration assay results demonstrated that the proliferation 
ability of CC cells in DLL4 siRNA group was inhibited 

Fig. 1  Efficiency of DLL4 knockdown in cervical cancer cells. a Western blot analysis and b real-time PCR analyses of the DLL4 expression levels in 
SiHa, Me180, C33A, and Caski CC cells at mRNA and protein levels. c Real‑time PCR and Western blot analyses was performed to detect the silencing 
efficiency of the two siRNA sequences, expression level of DLL4 was significantly downregulated in the DLL4 siRNA groups compared with the 
control group at both the mRNA and protein levels in Caski and SiHa cells. **P < 0.01, ***P < 0.001

(See figure on next page.)
Fig. 2  DLL4 downregulation induces cell apoptosis, inhibits cell proliferation, migration and invasion, increased the radiosensitivity in the cervical 
cancer cells. a, f Annexin V/propidium iodide (PI) double-staining apoptosis assay showed that DLL4 downregulation induced cell apoptosis 
and stimulated radiation-induced apoptosis significantly compared with the control group in Caski and SiHa cells. b Migration ability and c 
invasion ability of Caski and SiHa cells were detected using the Transwell assay. The migrated and invaded cells of the DLL4 siRNA groups were 
significantly less compared with those of the control group. d, e The CCK8 assay was performed to detect the proliferation ability of CC cells. DLL4 
downregulation inhibited cell proliferation and induced radiation-induced cell death compared with the control group in Caski and SiHa cells. 
g Western blot was used to assess the effect of DLL4 downregulation on the expression level of full-length and cleaved PARPs in the irradiated 
Caski and SiHa cells. GAPDH was used as a loading control. h The Cell cycle analysis showed that DLL4 downregulation did not significantly 
stimulate radiation-induced G2/M cell cycle arrest compared with the vector controls in the irradiated Caski and SiHa cells. i γH2AX foci analysis by 
immunofluorescence was conducted to detect the function of DLL4 on the regulation of DNA damage repair. DLL4 downregulation increased the 
DNA double-strand breaks (DSBs) caused by irradiation, suggesting that the repair of DNA DSBs was delayed by DLL4-siRNA. *P < 0.05, **P < 0.01, 
***P < 0.001
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significantly compared with the siRNA control group in 
Caski cells (72 h: P = 0.0432; 96 h: P = 0.0207) and SiHa 
cells (72 h: P = 0192; 96 h: P = 0.0263) (Fig. 2d).

DLL4 knockdown enhanced the radiosensitivity of CC cells
The cell proliferation assay was performed to determine 
the effect of DLL4 knockdown on the radiosensitivity of 
CC cells. Contrary to the siRNA control group, the DLL4 
siRNA group showed stronger sensitivity to RT from 
2  Gy to 8  Gy (Fig.  2e) both in SiHa (2  Gy: P = 0.0213; 
4  Gy: P = 0.0056; 6  Gy: P = 0.0024; 8  Gy: P = 0.0002) 
and Caski cells (2 Gy: P = 0.0193; 4 Gy: P = 0.0011; 6 Gy: 
P = 0.0033; 8  Gy: P = 0.0001), suggesting the increased 
radiosensitivity of CC cells after the downregulation of 
DLL4 expression.

DLL4 knockdown induced apoptosis, but had 
no significant effect on the cell cycle in irradiated CC cells
Given that DLL4 knockdown inhibited the proliferation 
ability of irradiated CC, flow cytometric analyses were 
performed to study the effect of DLL4 knockdown on the 
cell cycle and apoptosis in irradiated CC cells.

The DLL4-siRNA group exhibited higher apoptosis 
rates of the SiHa and the Caski cells than the control 
group. At 24  h after irradiation at 6  Gy, the apoptosis 
rates for SiHa and Caski cells of the DLL4-siRNA groups 
were 50.01% ± 2.531% and 57.23% ± 1.983%, respec-
tively, which were significantly higher than those in the 
control group (SiHa cells, 27.08% ± 1.643%; Caski cells, 
17.10% ± 3.194%) (SiHa, P = 0.0002; Caski, P = 0.0003) 
(Fig. 2f ). Furthermore, given that cleaved PARP is closely 
related to apoptosis, Western blot analysis was per-
formed to detect the change in the expression of PARP 
(total and cleaved) after DLL4 knockdown in the irradi-
ated SiHa and Caski cells. DLL4 knockdown upregulated 
the expression of cleaved PARP significantly (Fig.  2g). 
These results demonstrated that DLL4 knockdown can 
induce apoptosis, further verifying that the radiosensitiv-
ity of CC cells was improved after DLL4 knockdown.

In the cell cycle assay, DLL4 knockdown increased the 
percentage of cells in the G2/M phase in SiHa and Caski 
cells, but the increase was not statistically significant 
(Fig. 2h).

DLL4 knockdown impaired the DNA damage repair 
in the irradiated CC cells
The effect of DLL4 on the regulation of DNA damage 
repair was detected by Immunofluorescence staining of 
the γH2AX foci. As shown in Fig.  2i, the DLL4 knock-
down increased the DNA double-strand breaks (DSBs) 
caused by irradiation, suggesting that DLL4 knockdown 
delayed the repair of the DNA DSBs repair. Hence, 

radiosensitivity of CC cells by regulating the repair of 
DNA damage.

DLL4 knockdown inhibited the EMT in CC cells
EMT, as a biological process in which epithelial cells 
transform into mesenchymal phenotypic cells, not only 
enhances the ability of cell invasion and metastasis, 
and induces tumor cells to resist the killing effect of RT, 
chemotherapy and immunotherapy. Therefore, the corre-
lation between the knockdown of DLL4 and the expres-
sion of EMT phenotype markers in the cell lysates of 
the cultured cells, was analyzed further. Knockdown of 
DLL4 in SiHa and Caski cells resulted in the upregula-
tion of E-cadherin, which was the marker of the epithe-
lial phenotype, and the downregulation of N-cadherin, 
vimentin, Snail1, and Zeb1, which were the markers of 
the mesenchymal phenotype, compared with the siRNA 
control group (Fig. 3a). The results of IF further verifed 
that DLL4 knockdown in SiHa and Caski cells resulted 
in the upregulation of E-cadherin and downregulation 
of vimentin, compared with the siRNA control group 
(Fig.  3b). DLL4 knockdown also resulted in the down-
regulation of the expression of MMP2 and MMP9 in the 
results of Westernblot (Fig. 3a). Therefore, DLL4 knock-
down inhibited EMT and the secretion of MMP in CC 
cells.

DLL4 was upregulated in CC tissues of radioresistant group 
(CC‑RR)
The expression level of DLL4 in patients with cervical 
squamous cell carcinoma was detected in the CC-RR 
and the CC-RS groups using Western blot analysis 
and Real-time PCR to further certify the relationship 
between DLL4 and CC radiosensitivity. Results demon-
strated that compared with the CC-RS group, the CC-RR 
group had significantly higher expression level of DLL4, 
both in protein level (P = 0.0012, Fig. 3c) and in mRNA 
level (P < 0.0001, Fig. 3d), further confirming our results 
in vitro.

Discussion
Cervical cancer is a highly heterogeneous carcinoma with 
significant differences in radiosensitivity among patients 
[21]. The development of the intensity-modulated RT, as 
one of the main treatments for CC, is becoming increas-
ing attractive [22, 23]. However, radioresistance, which 
limits the efficacy of RT and leads to local therapeutic 
failure-evoking recurrence, suggests a poor prognosis 
in RT-treated patients with CC. Therefore, the biologi-
cal mechanism and related molecular biomarkers of the 
radiosensitivity in CC should be explored.

DLL4, as a main Notch ligand, is overexpressed in 
tumor vascular epithelial cells and tumor cells to activate 
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the Notch pathway in many solid tumors [24]. This mole-
cule plays a key role as a regulator for tumor angiogenesis, 
progression, and metastasis [25]. In our previous study, 
the DLL4 expression is closely related with the FIGO 
stage, lymphovascular space involvement, pelvic lymph 
node metastasis, and recurrence, predicting poor progno-
sis in patients with CC [15]. In current study, the effect of 
DLL4 on the biological behavior of CC was further stud-
ied, Results showed that DLL4 knockdown induced cell 
apoptosis, and inhibited cell proliferation, migration and 
invasion in  vitro. In the studies of other cancers, DLL4 
was also closely related to the invasion and metastasis 
ability of some tumor cells. In kidney cancer, Huang et al. 
have found that DLL4 overexpression increases the inva-
sion and migration ability of kidney cancer cells through 
transwell and scratch assay, and leads to the considerable 
upregulation of the MMP2 and MMP9 expression [26]. 
The results from gastric cancer studies have also con-
firmed that the invasion and metastatic abilities of gastric 

cancer cells are significantly enhanced after the upregu-
lated expression of DLL4 [27, 28].

To date, few studies have reported on the effect of 
DLL4 on the RT sensitivity of tumor cells. In human 
colon cancer xenografts, the Dll4 mAb can synergize 
the curative effect of ultrasound-stimulated microbub-
ble and RT through a synergistic tumor growth delay 
of up to 24  days [29]. In our present study, the DLL4 
expression RT-insensitive SiHa cells was upregulated 
compared that in RT-sensitive Me-180 cells. siRNAs 
were used to downregulate DLL4 and investigate the 
effect of DLL4 downregulation on the radiosensitiv-
ity of CC cells. Given that DLL4 was highly expressed 
in SiHa and Caski cells, siRNAs were used to down-
regulate DLL4 and the relevance between DLL4 and 
the radiosensitivity of CC cells was investigated. The 
CCK-8 assay indicated that DLL4 knockdown signifi-
cantly decreased the proliferation rate compared with 
the control group in the irradiated CC cells. This result 

Fig. 3  Western blot analysis demonstrated that DLL4 downregulation inhibits the EMT in the irradiated CC cells and DLL4 is upregulated in the 
CC-RR group. a Western blot analysis of the migration- and EMT-associated protein expression levels in the DLL4-siRNA group and control groups 
in the irradiated Caski and SiHa cells, GAPDH was used as the normalization control. b E-cadherin and vimentin analysis by immunofluorescence 
was conducted to detect the function of DLL4 on the regulation of EMT. c The DLL4 protein level detected by Western blot analysis and d the DLL4 
mRNA level detected by Real-time PCR in radioresistance CC (CC-RR) group was significantly upregulated compared with that in radiosensitivity CC 
(CC-RS) group. The data are presented as mean ± SD, **P < 0.01, ***P < 0.001
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indicated that the downregulation of DLL4 enhanced 
the radiosensitivity of CC cells. In addition, the in vitro 
results showed that DLL4 knockdown enhanced the 
radiosensitivity of SiHa and Caski cells through the 
promotion of RT-induced apoptosis and inhibition of 
DNA damage repair but not via the cell cycle arrest. 
The relationship between DLL4 and radiosensitivity 
in CC was also proved in the Western blot analysis of 
patients receiving cCRT.

In the last decade, EMT has been widely recognized 
to play an important role in the progress and metas-
tasis of tumor. In recent years, many studies have also 
suggested that EMT-like phenotype is related to the 
radioresistance of carcinoma cells via the inhibition 
of irradiation-induced cell death [30–32]. At the same 
time, EMT can induce the secretion of MMPs, leading 
to the degradation of the extracellular matrix, which 
further results in tumor cells escaping immune sur-
veillance and developing radioresistance [33]. In the 
current study, the downregulation of DLL4 also upreg-
ulated the expression level of E-Cadherin and downreg-
ulated the expression levels of N-Cadherin, Vimentin, 
MMP2, and MMP9. These results indicated that DLL4 
knockdown substantially inhibited the EMT in the CC 
cells, which may further lead to radioresistance.

Conclusions
This study demonstrated that the DLL4 blockade may be 
a potential therapeutic target to overcome the radiore-
sistance in CC cells and contribute to the inhibition of 
the progress and metastasis of CC. Furthermore, results 
suggested that DLL4 may be a biomarker to predict RT 
sensitivity of CC. However, a prospective study involv-
ing a high number of patients is warranted to validate 
the role of DLL4 as a novel predictive biomarker for the 
responses of cervical cancer patients with CC who are 
receiving cCRT. Further investigation is needed to eluci-
date the mechanism by which DLL4 mediates EMT and 
radiosensitivity and verify the feasibility of DLL4 as a 
clinical target.

Acknowledgements
The authors thank all the investigators and patients who participated in our 
study.

Authors’ contributions
Conceived and designed the experiments: YSS, XM, and ZYY. Performed the 
experiments: YSS, DYT, GLN, and WL. Analyzed and interpreted the data: XM, 
and YDY. Wrote the paper: YSS, YDY, and XM. Collected tissue samples: WL, 
DYT, and GLN. Decided to submit the article for publication: YSS, YDY, DYT, WL, 
GLN, and ZYY. All authors read and approved the final manuscript.

Funding
This study was supported by grants from the National Natural Science 
Foundation of China (Nos. 81602664, 81872460, 81872145, and 81672584), 

and the research project grant from Harbin Medical University Cancer Hospital 
(JY2016-05, JY2016-01, and JCQN2018-06).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
This study complied with the Helsinki Declaration and was approval by the 
Ethics Committee of Harbin Medical University Cancer Hospital (Harbin, 
China). All patients provided their informed consents.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Gynecological Radiotherapy, Harbin Medical University Can‑
cer Hospital, No. 150 HaPing Road, Nangang District, Harbin 150081, China. 
2 Department of Radiation Physics, Harbin Medical University Cancer Hospital, 
Harbin 150081, China. 3 Department of Breast Surgery, Harbin Medical Univer‑
sity Cancer Hospital, No. 150 HaPing Road, Nangang District, Harbin 150081, 
China. 

Received: 28 November 2019   Accepted: 18 July 2020

References
	1.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and mor‑
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68(6):394–424.

	2.	 Powell ME. Modern radiotherapy and cervical cancer. Int J Gynecol Can‑
cer. 2010;20(11 Suppl 2):S49–51.

	3.	 Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial–mesen‑
chymal transition. Nat Rev Mol Cell Biol. 2014;15(3):178–96.

	4.	 Gavert N, Ben-Ze’ev A. Epithelial–mesenchymal transition and the inva‑
sive potential of tumors. Trends Mol Med. 2008;14(5):199–209.

	5.	 Li W, Jia G, Qu Y, Du Q, Liu B, Liu B. Long non-coding RNA (LncRNA) 
HOXA11-AS promotes breast cancer invasion and metastasis by regulat‑
ing epithelial–mesenchymal transition. Med Sci Monit. 2017;23:3393–403.

	6.	 Yu J, Han Q, Cui Y. Decreased long non-coding RNA SPRY4-IT1 contributes 
to ovarian cancer cell metastasis partly via affecting epithelial–mesenchy‑
mal transition. Tumour Biol. 2017;39(7):1010428317709129.

	7.	 Sowa T, Menju T, Sonobe M, Nakanishi T, Shikuma K, Imamura N, Motoy‑
ama H, Hijiya K, Aoyama A, Chen F, Sato T, Kobayashi M, Yoshizawa A, 
Haga H, Sozu T, Date H. Association between epithelial–mesenchymal 
transition and cancer stemness and their effect on the prognosis of lung 
adenocarcinoma. Cancer Med. 2015;4(12):1853–62.

	8.	 Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, Sugimoto H, Wu CC, 
LeBleu VS, Kalluri R. Epithelial-to-mesenchymal transition is dispensable 
for metastasis but induces chemoresistance in pancreatic cancer. Nature. 
2015;527(7579):525–30.

	9.	 Mir N, Jayachandran A, Dhungel B, Shrestha R, Steel JC. Epithelial-to-
mesenchymal transition: a mediator of sorafenib resistance in advanced 
hepatocellular carcinoma. Curr Cancer Drug Targets. 2017;17(8):698–706.

	10.	 Marie-Egyptienne DT, Lohse I, Hill RP. Cancer stem cells, the epithelial 
to mesenchymal transition (EMT) and radioresistance: potential role of 
hypoxia. Cancer Lett. 2013;341(1):63–72.

	11.	 Shintani Y, Okimura A, Sato K, Nakagiri T, Kadota Y, Inoue M, Sawabata 
N, Minami M, Ikeda N, Kawahara K, Matsumoto T, Matsuura N, Ohta M, 
Okumura M. Epithelial to mesenchymal transition is a determinant of 
sensitivity to chemoradiotherapy in non-small cell lung cancer. Ann 
Thorac Surg. 2011;92(5):1794–804 (discussion 1804).

	12.	 Stark TW, Hensley PJ, Spear A, Pu H, Strup SS, Kyprianou N. Predictive 
value of epithelial–mesenchymal-transition (EMT) signature and PARP-1 
in prostate cancer radioresistance. Prostate. 2017;77(16):1583–91.



Page 10 of 10Yang et al. Cancer Cell Int          (2020) 20:344 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	13.	 Chang X, Xue X, Zhang Y, Zhang G, Zhou H, Yang Y, Ran Y, Xiao Z, Ge X, Liu 
H. The role of NRAGE subcellular location and epithelial–mesenchymal 
transition on radiation resistance of esophageal carcinoma cell. J Cancer 
Res Ther. 2018;14(1):46–51.

	14.	 Rojas-Puentes L, Cardona AF, Carranza H, Vargas C, Jaramillo LF, Zea D, 
Cetina L, Wills B, Ruiz-Garcia E, Arrieta O. Epithelial–mesenchymal transi‑
tion, proliferation, and angiogenesis in locally advanced cervical cancer 
treated with chemoradiotherapy. Cancer Med. 2016;5(8):1989–99.

	15.	 Yang S, Liu Y, Xia B, Deng J, Liu T, Li Q, Yang Y, Wang Y, Ning X, Zhang Y, 
Xiao M. DLL4 as a predictor of pelvic lymph node metastasis and a novel 
prognostic biomarker in patients with early-stage cervical cancer. Tumour 
Biol. 2016;37(4):5063–74.

	16.	 Shutter JR, Scully S, Fan W, Richards WG, Kitajewski J, Deblandre GA, 
Kintner CR, Stark KL. Dll4, a novel Notch ligand expressed in arterial 
endothelium. Genes Dev. 2000;14(11):1313–8.

	17.	 Noguera-Troise I, Daly C, Papadopoulos NJ, Coetzee S, Boland P, Gale NW, 
Lin HC, Yancopoulos GD, Thurston G. Blockade of Dll4 inhibits tumour 
growth by promoting non-productive angiogenesis. Novartis Found 
Symp. 2007;283:106–20 (discussion 121–5, 238–41).

	18.	 Mendonca L, Trindade A, Carvalho C, Correia J, Badenes M, Gigante J, 
Duarte A. Metastasis is impaired by endothelial-specific Dll4 loss-of-
function through inhibition of epithelial-to-mesenchymal transition 
and reduction of cancer stem cells and circulating tumor cells. Clin Exp 
Metastasis. 2019;36(4):365–80.

	19.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. 
2001;25(4):402–8.

	20.	 Ke G, Liang L, Yang JM, Huang X, Han D, Huang S, Zhao Y, Zha R, He 
X, Wu X. MiR-181a confers resistance of cervical cancer to radiation 
therapy through targeting the pro-apoptotic PRKCD gene. Oncogene. 
2013;32(25):3019–27.

	21.	 Bedard PL, Hansen AR, Ratain MJ, Siu LL. Tumour heterogeneity in the 
clinic. Nature. 2013;501(7467):355–64.

	22.	 Lan ML, Yu X, Xiao H, Zhou P, Hu N, Li J, Wang G. Clinical outcomes and 
toxicity of postoperative intensity-modulated versus three-dimensional 
conformal radiation therapy in patients with cervical cancer. Asia Asia Pac 
J Clin Oncol. 2016;12(4):430–6.

	23.	 Mazeron R, Dumas I, El Khouri C, Levy A, Attar M, Haie-Meder C. Intensity-
modulated radiotherapy in cervical cancer: towards a new standard. 
Cancer Radiother. 2014;18(2):154–60 (quiz 162, 164).

	24.	 Patel NS, Li JL, Generali D, Poulsom R, Cranston DW, Harris AL. Up-
regulation of delta-like 4 ligand in human tumor vasculature and 
the role of basal expression in endothelial cell function. Cancer Res. 
2005;65(19):8690–7.

	25.	 Leslie JD, Ariza-McNaughton L, Bermange AL, McAdow R, Johnson SL, 
Lewis J. Endothelial signalling by the Notch ligand Delta-like 4 restricts 
angiogenesis. Development. 2007;134(5):839–44.

	26.	 Huang QB, Ma X, Li HZ, Ai Q, Liu SW, Zhang Y, Gao Y, Fan Y, Ni D, Wang BJ, 
Zhang X. Endothelial Delta-like 4 (DLL4) promotes renal cell carcinoma 
hematogenous metastasis. Oncotarget. 2014;5(10):3066–75.

	27.	 Li GG, Li L, Li C, Ye LY, Li XW, Liu DR, Bao Q, Zheng YX, Xiang DP, Chen 
L, Chen J. Influence of up-regulation of Notch ligand DLL4 on biologi‑
cal behaviors of human gastric cancer cells. World J Gastroenterol. 
2013;19(28):4486–94.

	28.	 Miao ZF, Xu H, Xu HM, Wang ZN, Zhao TT, Song YX, Xu YY. DLL4 overex‑
pression increases gastric cancer stem/progenitor cell self-renewal ability 
and correlates with poor clinical outcome via Notch-1 signaling pathway 
activation. Cancer Med. 2017;6(1):245–57.

	29.	 El Kaffas A, Nofiele J, Giles A, Cho S, Liu SK, Czarnota GJ. Dll4-notch signal‑
ling blockade synergizes combined ultrasound-stimulated microbubble 
and radiation therapy in human colon cancer xenografts. PLoS ONE. 
2014;9(4):e93888.

	30.	 Theys J, Jutten B, Habets R, Paesmans K, Groot AJ, Lambin P, Wouters BG, 
Lammering G, Vooijs M. E-Cadherin loss associated with EMT promotes 
radioresistance in human tumor cells. Radiother Oncol. 2011;99(3):392–7.

	31.	 Chiba N, Comaills V, Shiotani B, Takahashi F, Shimada T, Tajima K, Winokur 
D, Hayashida T, Willers H, Brachtel E, Vivanco MD, Haber DA, Zou L, 
Maheswaran S. Homeobox B9 induces epithelial-to-mesenchymal transi‑
tion-associated radioresistance by accelerating DNA damage responses. 
Proc Natl Acad Sci USA. 2012;109(8):2760–5.

	32.	 Kim E, Youn H, Kwon T, Son B, Kang J, Yang HJ, Seong KM, Kim W, Youn B. 
PAK1 tyrosine phosphorylation is required to induce epithelial–mesen‑
chymal transition and radioresistance in lung cancer cells. Cancer Res. 
2014;74(19):5520–31.

	33.	 Nantajit D, Lin D, Li JJ. The network of epithelial–mesenchymal transition: 
potential new targets for tumor resistance. J Cancer Res Clin Oncol. 
2015;141(10):1697–713.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Inhibition of Delta-like Ligand 4 enhances the radiosensitivity and inhibits migration in cervical cancer via the reversion of epithelial–mesenchymal transition
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Patients and tissue sample
	Cell lines and tissue culture
	RNA extraction and real time-PCR
	Western blot analysis
	RNA interference and transfection
	Cell proliferation assay
	Flow cytometric analysis
	Transwell assay for cell invasion and migration
	Immunofluorescence staining
	Statistical analysis

	Results
	Efficiency of DLL4 knockdown in CC cells
	DLL4 knockdown induced cell apoptosis, and inhibited cell proliferation, migration and invasion in CC cells
	DLL4 knockdown enhanced the radiosensitivity of CC cells
	DLL4 knockdown induced apoptosis, but had no significant effect on the cell cycle in irradiated CC cells
	DLL4 knockdown impaired the DNA damage repair in the irradiated CC cells
	DLL4 knockdown inhibited the EMT in CC cells
	DLL4 was upregulated in CC tissues of radioresistant group (CC-RR)

	Discussion
	Conclusions
	Acknowledgements
	References




