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Abstract. Protein reversionless 3-like (REV3L), the catalytic 
subunit of DNA polymerase (pol) ζ, is well known to participate 
in error-prone translesion synthesis (TLS) with less stringent 
and lower processivity. Recent evidence has demonstrated that 
REV3L is involved in carcinogenesis and tumor progression. 
However, the function of REV3L remains unclear in esopha-
geal squamous cell carcinoma (ESCC). In the present study, we 
examined REV3L expression in ESCC tissues and its associa-
tion with clinicopathological parameters. REV3L was found to 
be significantly upregulated and correlated with lymph node 
metastasis and clinical stage in the ESCC tissues. To further 
investigate the potential role of REV3L in esophageal cancer, 
stable ESCC cell lines with suppression of REV3L expression 
were established. Downregulation of REV3L expression led 
to a decrease in cell proliferation and invasive capacity partly 
through suppression of cyclin D1 and survivin expression, and 
an increase in cellular sensitivity to 5-fluorouracil (5-FU) by 
induction of G1 phase arrest and apoptosis. Therefore, REV3L 
plays an important role in ESCC progression and chemore-

sistance, and is a potential diagnostic marker and therapeutic 
target for ESCC.

Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the 
most fatal malignancies with a relatively high incidence 
worldwide (1,2). Clinical evidence indicates that the etiology 
of ESCC includes multiple factors containing both environ-
mental and genetic determinants (3). Although a high number 
of genetic and epigenetic alterations has been reported in 
ESCC, molecular markers for early diagnosis and prognosis 
remain to be discovered. The majority of ESCC deaths are 
due to invasive disease; therefore, identification of novel genes 
involved in the tumorigenesis and development of ESCC could 
contribute to improving the outcome of this disease.

Translesion DNA synthesis (TLS) is one type of DNA 
damage tolerance mechanisms that allows continuing DNA 
synthesis even in the presence of DNA damage (4,5). Protein 
reversionless 3-like (Rev3L), the catalytic subunit of the DNA 
polymerase (pol) ζ, is well known to participate in error-
prone TLS with less stringent and lower processivity  (4). 
Rev3L maintains genomic integrity by inserting a substitute 
nucleotide in the opposite DNA adducts, which increases the 
mutation rate and contributes to carcinogenesis (6). Rev3L 
gene polymorphisms have been correlated with the risk of lung 
and breast cancer (7,8). Pol ζ was reported to promote tumor 
formation and is significantly associated with poor progression 
in cervical cancer (9,10). Thus, Rev3L may play an important 
role in carcinogenesis and tumor progression.

The REV3L gene appears to be ubiquitously expressed in 
normal and tumor tissues, while its expression pattern remains 
contentious in different cancer tissues (11,12). REV3L expression 
was found to be downregulated in colon, lung, gastric and renal 
cancer tissues as compared to adjacent tissues (13), whereas it 
was found to be upregulated in human glioma tissues (14). Our 
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previous study indicated that the mRNA level of Rev3L was 
significantly elevated in ESCC when compared with the level 
in normal controls (15), yet its role in ESCC development is 
unclear. In the present study, we analyzed the expression of 
REV3L in ESCC and adjacent normal tissues, as well as its 
association with clinicopathological parameters. Furthermore, 
we elucidated the role of REV3L in ESCC progression and 
drug‑resistance using well-established ESCC cell lines.

Materials and methods

Tissue samples. Human ESCC and adjacent tissues used in 
the present study were obtained from the Nanjing Medical 
University Affiliated Suzhou Hospital (Jiangsu, China). These 
tissues were resected from patients before chemotherapy and 
radiation therapy, and were immediately frozen and stored 
at -80˚C for reverse transcriptase (RT)-PCR and real-time 
PCR analysis. All patients gave signed, informed consent for 
their tissues to be used for scientific research. The study was 
approved by the Institutional Ethics Committee of Nanjing 
Medical University Affiliated Suzhou Hospital.

Cell culture. Human esophageal cancer cell lines ECA-109 and 
TE-1 were obtained from the Shanghai Cell Bank (Shanghai, 
China). Cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS) (both from HyClone) in a humidified atmosphere, with 
5% CO2 at 37˚C.

Generation of stable cell lines. The shRNA construct against 
REV3L (shREV3L) and the control plasmid (shNC) were 
purchased from Shanghai GenePharma (Shanghai, China). 
The shREV3L construct or control vector was transfected 
into ECA-109 and TE-1 cells using Lipofectamine  2000 
(Invitrogen Life Technologies, Carlsbad, CA, USA) according 
to the manufacturer's protocols. Stable clones were selected 
in medium containing G418 (500 µg/ml) (Sigma-Aldrich, 
St. Louis, MO, USA) for 4 weeks. Individual clones were 
isolated and expanded for further characterization.

Reverse transcription-polymerase chain reaction (RT-PCR). 
Total RNA was extracted using TRIzol reagent (Invitrogen 
Life Technologies) following the manufacturer's instructions. 
For reverse transcription, 1.0 µg of RNA/sample was reverse 
transcribed using an oligo(dT)12 primer and SuperScript II 
reverse transcriptase (Invitrogen Life Technologies). The 
primers for REV3L and β-actin were as follows: forward, 5'-C 
GCGTCAGTTGGGACTTAAG-3' and reverse, 5'-ACTATCG 
CCAACCTCAATGC-3' (REV3L); forward, 5'-AGCGAGCA 
TCCCCCAAAGTT-3' and reverse, 5'-GGGCACGAAGGCT 
CATCATT-3' (β-actin). RT-PCR was conducted using the 2X 
Taq PCR Master Mix (Takara Bio, Dalian, China) according 
to the manufacturer's instructions. The PCR products were 
separated by electrophoresis on 1.5% agarose gels, and the 
quantification of each band was performed using Quantity 
One software (Bio-Rad).

Immunofluorescence. Cells were fixed with 4% paraformal-
dehyde, washed with phosphate-buffered saline (PBS) and 
permeabilized with 1% Triton X-100 in PBS. Samples were 

then blocked with blocking solution (PBS containing 10% 
BSA and 1% Triton X-100) and incubated overnight at 4˚C 
with the REV3L antibody (1:1,000; Abnova, Taiwan, China). 
After washing, the Rhodamine-labeled goat anti-rabbit anti-
body (1:100; KPL, Gaithersburg, MD, USA) was added and 
incubated for 1 h at room temperature. Nuclear counterstaining 
was performed using 4'6-diamidino-2-phenylindole (DAPI) 
(Sigma-Aldrich). Cells were visualized under a fluorescence 
microscope (Eclipse 80i; Nikon, Tokyo, Japan).

Cell proliferation and cell viability assays. Cell proliferation 
was measured using Cell Counting Kit-8 (CCK-8) (Beyotime 
Biotechnology, China). A total of 2x103 cells/well were seeded 
in triplicate into 96-well plates for 1-6 days. Then, 10 µl of 
CCK-8 solution was added to each well, and incubated for 2 h 
at 37˚C. The optical density (OD) was measured at 450 nm 
with a microplate reader (Thermo, Waltham, MA, USA). The 
viability index was calculated as the experimental OD value/the 
control OD value. For 5-fluorouracil (5-FU) treatment experi-
ments, cells (5x103) were initially plated in quadruplicate into 
96-well plates. Twenty-four hours later, the cells were treated 
with various concentrations of 5-FU for 48 h. Cell viability 
was measured as described above. Three independent experi-
ments were performed.

Cell invasion assay. The invasive potential of cells was 
evaluated using 24-well Transwell inserts (Costar, New York, 
NY, USA). The inserts were pre-coated with 40 µl Matrigel 
(1:4 dilution; BD Biosciences, San Jose, CA, USA). Then, 
1x105 cells (200 µl) in serum-free medium were added to the 
upper chambers. The lower chambers were filled with medium 
that contained 10% FBS. After incubation for 24 h, the inserts 
were fixed with 3.7% paraformaldehyde/PBS and stained with 
2% crystal violet. The cells remaining in the upper chambers 
were scraped off, and the invading cells in the lower chambers 
were photographed under a microscope.

Flow cytometric analysis of cell cycle and apoptosis. A total 
of 5x105 cells/well were seeded in triplicate into 6-well plates. 
Twenty-four hours later, the cells were treated with 50 and 
100 µΜ 5-FU for 24 or 48 h. Cell cycle analysis was performed 
using the propidium iodide (PI) single staining method. Cells 
were collected and fixed with 70% ice-cold ethanol at 4˚C 
overnight. Then, the cells were washed with PBS and stained 
with PI (100 µg/ml) for 30 min in the dark before analysis. The 
cell cycle profiles were assayed using a FACScan flow cytom-
etry, and data were analyzed using MultiCycle software (both 
from BD Biosciences). Cell apoptosis was measured using 
the PE Annexin V apoptosis detection kit (BD Biosciences). 
After 48 h of culture, the cells were harvested and processed 
as described in the Annexin V-PE apoptosis detection kit and 
analyzed on a FACScan flow cytometry.

Western blot analysis. Western blotting was carried out on 
whole-cell extracts which were lysed in RIPA lysis buffer 
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100 and 
1% sodium deoxycholate, 0.1% SDS) that contained protease 
inhibitors for 20 min at 4˚C. The proteins were separated 
by 10% SDS-PAGE and transferred to PVDF membranes 
(Millipore, Bedford, MA, USA). After blocking with 5% 
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non-fat milk in PBS-Tween-20 for 1 h at room temperature, 
the membranes were incubated with primary antibodies 
targeting β-actin, survivin, cyclin D1 and PARP (Abcam Inc., 
Cambridge, MA, USA). After washing three times with TBST, 
the membranes were incubated with a horseradish peroxidase 
(HRP)-conjugated anti-rabbit or anti-mouse secondary 
antibody (Beyotime Biotechnology) for 2 h. The proteins 
were visualized using enhanced chemiluminescence (ECL; 
Beyotime, Nantong, China).

Statistical analysis. Results are expressed as means ± standard 
error of the mean (SEM). Statistical analyses were performed 
using SPSS 17.0 software (IBM, Armonk, NY, USA). P-value 
<0.05 was considered to indicate a atatistically significant 
result.

Results

Elevated REV3L mRNA expression level in ESCC and its 
correlation with lymph node metastasis and clinical stage. 
To investigate REV3L gene expression in ESCC and adjacent 

tissues, the mRNA level of REV3L was analyzed by qRT-PCR 
using 68 ESCC and 48 adjacent tissues. As shown in Fig. 1A, 
the expression of REV3L in the ESCC tissues was significantly 
higher than that in the adjacent tissues (P<0.05). To further 
evaluate the correlation of REV3L mRNA expression and 
clinicopathological features, the characteristics of 68 ESCC 
patients included in the present study were analyzed (Table I). 
As shown by Mann-Whitney U test, REV3L mRNA expression 
was positively correlated with lymph node metastasis (Fig. 1B; 
P<0.05) and clinical stage (IIb and III) (Fig. 1C; P<0.05). In 
contrast, REV3L mRNA expression was not correlated with 
pT, gender, age and histological grade among the groups of 
patients. Collectively, these findings indicate that overex-
pression of REV3L in ESCC is associated with lymph node 
metastasis and tumor progression.

Establishment of REV3L-knockdown cell lines. To study the 
potential role of REV3L in esophageal cancer, stable cell lines 
with REV3L knockdown were established using the ECA-109 
and TE-1 cells. REV3L mRNA and protein expression levels 
were analyzed by RT-PCR and immunofluorescence to verify 
the successful knockdown of REV3L in these cells. The 
results revealed that REV3L expression at the mRNA and 
protein levels was significantly lower (P<0.05) in the cells 
stably transfected with the shREV3L construct as compared to 
the cells transfected with the control vector (shNC), indicating 
effective knockdown of REV3L expression (Fig. 2A and B).

Table I. Relationship between REV3L expression and clini-
copathological parameters of the esophageal squamous cell 
carcinoma cases (n=68).

	 Relative REV3L expression
	 (relative to GAPDH)
Clinicopathological	 -------------------------------
parameters	 Cases	 Median (Q3-Q1)	 P-value

Age (years)
  <60	 28	 0.031 (6.499)	 0.151
  ≥60	 40	 0.120 (0.773)
Gender
  Male	 50	 0.094 (3.768)	 0.149
  Female	 18	 0.030 (0.970)
Histological grade
  Poor 	 9	 0.016 (0.032)	 0.946
  Moderate	 33	 0.080 (9.232)
  Well	 26	 0.143 (2.389)
pT
  pT1-2	 25	 0.077 (1.297)	 0.900
  pT3-4	 43	 0.080 (4.047)
pN
  (-)	 28	 0.031 (0.143)	 0.013
  (+)	 40	 0.511 (8.480)
Stage
  Ⅰ-Ⅱa	 26	 0.031 (0.132)	 0.019
  Ⅱb-Ⅲ	 42	 0.485 (8.147)

Figure 1. Overexpression of REV3L mRNA in ESCC tissues. (A) Real‑time 
PCR assay was performed to detect the mRNA expression of REV3L in 
ESCC and adjacent tissues (*P<0.05). (B)  Correlation between REV3L 
expression and lymph node metastasis (*P<0.05). (C) Correlation between 
REV3L expression and clinical stage (*P<0.05).
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Figure 2. Generation of REV3L-knockdown cell lines. (A) RT-PCR assay was performed to detect REV3L mRNA expression in THE TE-1 and ECA‑109 cells 
stably transfected with the shREV3L construct and control vector. β-actin level served as the loading control (**P<0.05). (B) Protein expression of REV3L was 
analyzed by immunofluorescence analysis (**P<0.05).

Figure 3. REV3L knockdown inhibits ESCC cell proliferation and invasion. (A) TE-1 and ECA-109 cells and their transfectants were cultured in 96-well 
plates at 2x103/well for 1-6 days. The cell proliferation was assessed by CCK-8 assay. (B) Cell invasion was detected using a Transwell chamber assay, which 
showed that THE shREV3L group was less invasive than the control group in both cell lines (*P<0.05). (C) Western blot assay of the expression of cyclin D1 
and survivin in the control and REV3L-knockdown cells. β-actin level served as the loading control.
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Effect of REV3L knockdown on the proliferation and inva-
sion of esophageal cancer cells in vitro. To examine whether 
the modulation of REV3L expression affects the tumorigenic 
properties of the esophageal cancer in vitro, we measured the 
abilities of cell proliferation and invasion using CCK-8 assay 
and Transwell analysis, respectively. As shown in Fig. 3, the 
cell proliferation (Fig. 3A) and invasion (Fig. 3B) were both 
decreased in the REV3L-knockdown cells (TE-1/shREV3L 
and ECA-109/shREV3L cells) compared to the control cells 
(TE-1/shNC and ECA-109/shNC cells) (P<0.05). These results 
suggest that REV3L plays an important role in esophageal 
cancer progression.

To further identify the mechanisms by which the silencing 
of REV3L inhibited esophageal cancer cell proliferation 

and invasion, we analyzed the expression levels of cyclin D1 
and survivin proteins due to their established roles in cell 
proliferation and invasion. Western blot analysis revealed that 
REV3L knockdown significantly downregulated cyclin D1 
and survivin protein expression in the esophageal cancer 
cells (Fig. 3C).

Knockdown of REV3L enhances 5-FU-induced cytotoxicity 
in the esophageal cancer cells. To study the possible role 
of REV3L in affecting the sensitivity of esophageal cancer 
cells to 5-FU, several concentrations of 5-FU were used 
to treat ECA-109 and TE-1 cells for 48 h. The cell viability 
was determined by the CCK-8 assay. As shown in Fig. 4, a 
dose-dependent inhibition in cell growth was observed in 

Figure 4. REV3L knockdown sensitizes ESCC cells to 5-FU. Cell viability was determined by the CCK-8 assay. Suppression of REV3L increased ESCC cell 
sensitivity to the cytotoxic effect of 5-FU (*P<0.05).

Figure 5. REV3L knockdown sensitizes ECA-109 cells to 5-FU-induced G1 phase arrest. ECA-109 cells were treated with 50 and 100 µM 5-FU for 24 h, and 
the phase distribution of the cell cycle was determined using flow cytometry. Downregulation of REV3L markedly promoted 5-FU-induced G1 phase arrest 
of ECA-109 cells (*P<0.05).
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the 5-FU-treated TE-1 and ECA-109 cells, and the REV3L-
knockdown cells were more sensitive to the cytotoxic effect of 
5-FU. The results from the cell cycle analysis using PI staining 
showed that the number of cells in the G1 phase in the ECA-109/
shREV3L cells was significantly higher than the number in 
the ECA-109/shNC cells after treatment with different doses 
of 5-FU for 24 h (Fig. 5). Together, these results indicate that 
REV3L plays a role in esophageal cancer resistance to 5-FU.

REV3L plays a critical role in esophageal cancer resistance 
to 5-FU-induced apoptosis. Next, we investigated whether 
the increased 5-FU cytotoxicity observed in the REV3L-
knockdown cells was related to apoptosis. The extent of 
apoptosis was determined by measuring the percentage of 
Annexin V stained cells, which detect both early- and late-
stage apoptosis. As shown in Fig. 6A, the apoptotic rates in the 
ECA-109/shREV3L cells were significantly higher than the 
rates in the ECA-109/shNC cells in response to different doses 
of 5-FU for 48 h. We then performed western blotting to analyze 
the cleavage of PARP protein, another established marker of 
apoptosis. As shown in Fig. 6B, ECA-109 REV3L-knockdown 
cells exhibited increased PARP cleavage compared with the 
control cells after treatment with 50 or 100 µM 5-FU for 48 h.

Discussion

Pol ζ is an error-prone DNA polymerase involved in TLS 
that is characterized by a less-stringent active site and a lower 
processivity compared with the high-fidelity replicative DNA 
polymerases (16). As the catalytic subunit of the pol ζ, REV3L 
is thought to be one of the major components of error-prone 
TLS and may play a significant role in tumor mutagenicity, 
progression, cytotoxicity and chemoresistance  (17). In the 
present study, the expression of REV3L was demonstrated 

to be significantly upregulated and positively correlated with 
lymph node metastasis and clinical stage in ESCC tissues. 
These findings indicate that overexpression of Rev3L may 
accumulate genetic damages that are involved in the tumori-
genesis and progression of ESCC.

There have been various controversial studies regarding 
the effect of REV3L on cancer cell growth. On the one hand, 
REV3L was established to be necessary for proliferation 
of mouse embryonic fibroblasts, and inhibition of REV3L 
expression resulted in a pronounced growth arrest in Burkitt 
lymphoma, lung, breast, mesothelioma and colon cancer 
cells (6,18). In contrast, suppression of REV3L expression did 
not alter cell growth/survival in HCT116, U2OS and HeLa 
cancer cell lines (13,19). In the present study, we found that 
downregulation of REV3L expression decreased cell growth, 
migratory and invasive potential of ESCC cells. This favors 
the notion that REV3L plays an important role in the tumori-
genesis and progression of ESCC.

To elucidate the molecular mechanisms whereby REV3L 
modulates growth and invasion of esophageal cancer cells, we 
examined the expression of cyclin D1 and survivin, key regu-
lators of cancer cell proliferation and therapeutic resistance. 
Cyclin D1, a key cell cycle regulator for cancer cell growth, 
is frequently overexpressed in a variety of human types of 
cancers including ESCC (20). Elevated levels of cyclin D1 have 
been found to correlate with early cancer onset, tumor progres-
sion, increased metastasis and reduced survival of cancer 
patients (21-23). Similarly, survivin, a member of the inhibitor of 
apoptosis protein family, functions to inhibit the mitochondrial 
pathway of apoptosis (24). Overexpression of survivin in ESCC 
was found to be associated with poor prognosis and resistance 
to radio-chemotherapy (25). Our data indicated that cyclin D1 
and survivin were significantly decreased in ESCC cell lines 
following REV3L knockdown. These findings indicate that 

Figure 6. REV3L knockdown sensitizes ECA-109 cells to 5-FU-induced apoptosis. (A) ECA-109 cells were treated with 50 and 100 µM 5-FU for 48 h, 
and apoptosis was examined by Annexin V-PE staining and flow cytometry. The percentage of Annexin V-PE stained cells was increased in the REV3L-
knockdown cells (*P<0.05). (B) PARP cleavage was increased in the REV3L-knockdown cells as detected by western blotting following treatment with 50 or 
100 µM 5-FU for 48 h. β-actin level served as the loading control.



ONCOLOGY REPORTS  35:  1664-1670,  20161670

cyclin D1 and survivin are involved in the REV3L actions in 
promoting esophageal cancer cell growth and invasion.

5-Fluorouracil (5-FU), a pyrimidine analogue of a broad-
spectrum anticancer drug, is widely prescribed for ESCC 
patients (26). The anticancer activity of 5-FU is through the 
inhibition of thymidylate synthase (TS) and incorporation of 
its metabolites into RNA and DNA molecules  (27), which 
result in failed DNA synthesis leading to cell apoptosis (28). 
Thus, suppression of DNA replication signaling is a potential 
approach to increase 5-FU sensitivity. REV3L has been shown 
to play a critical role in preventing cisplatin cytotoxicity (9,14), 
yet its role in 5-FU-resistance has not been previously reported. 
In the present study, we found that inhibition of REV3L expres-
sion increased the sensitivity of esophageal cancer cells to 
5-FU by inducing G1 phase arrest and apoptosis. These results 
indicate that inhibition of REV3L is likely a new strategy to 
overcome 5-FU-resistance in esophageal cancer.

In summary, the present study demonstrated that REV3L 
expression is significantly upregulated in ESCC tissues 
compared with adjacent tissues, and is positively correlated 
with lymph node metastasis and clinical stage. Inhibition 
of REV3L expression reduces ESCC cell proliferation and 
invasion at least in part through suppression of cyclin D1 
and survivin expression. Furthermore, we demonstrated that 
REV3L functions to confer chemoresistance to 5-FU treatment 
via regulation of the cell cycle and apoptosis. These findings 
illustrate a role of REV3L in human ESCC progression and 
chemoresistance, and provide a potential new diagnostic 
marker and therapeutic target for ESCC.
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