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Targeting REV7 effectively reverses 5‑FU 
and oxaliplatin resistance in colorectal cancer
Xianjun Sun1, Wenhou Hou2, Xin Liu1, Jie Chai1, Hongliang Guo1 and Jinming Yu2* 

Abstract 

Background:  Despite an enormous research effort, patients diagnosed with advanced colorectal cancer (CRC) still 
have low prognosis after surgical resection and chemotherapy. The major obstacle for CRC treatment is chemoresist-
ance to front line anti-cancer drugs, such as 5-fluorouracil (5-FU) and oxaliplatin. However, the mechanism of chem-
oresistance to these drugs remains unclear.

Methods:  Cell viability to 5-FU and oxaliplatin was measured by the CellTiter-Glo® 2.0 Cell Viability Assay. The 
endogenous REV7 protein in CRC cells was detected by western blotting. The translesion synthesis (TLS) events were 
measured by plasmid-based TLS efficiency assay. Cell apoptosis was evaluated by caspase3/7 activity assay. The in vivo 
tumor progression was analyzed by HT29 xenograft mice model.

Results:  In this study, we found that expression of REV7, which is a key component of translesion synthesis (TLS) 
polymerase ζ (POL ζ), is significantly increased in both 5-FU and oxaliplatin resistant CRC cells. TLS efficiency analysis 
revealed that upregulated REV7 protein level results in enhanced TLS in response to 5-FU and oxaliplatin. Importantly, 
inhibition of REV7 by CRISPR/Cas9 knockout exhibited significant synergy with 5-FU and oxaliplatin in cell culture and 
murine xenograft model.

Conclusion:  These results suggest that combination of REV7 deficiency and 5-FU or oxaliplatin has strong inhibitory 
effects on CRC cells and identified REV7 as a promising target for chemoresistant CRC treatment.

Keywords:  REV7, TLS, 5-FU, Oxaliplatin, Resistance, Colorectal cancer

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Colorectal cancer (CRC) is the third most common 
cancers worldwide and is often diagnosed at advanced 
stages [1]. The 5-year survival rate for patients with 
advanced stage CRC is only 10–15% largely due to resist-
ance to chemotherapy and lack of alternative regimens 
[2]. Therefore, understanding of mechanisms underlying 
chemoresistance is extremely important for improving 
chemotherapy in CRC. 5-fluorouracil (5-FU) has been 
used as the mainstay of chemotherapy for CRC patients 

since the 1950s [3]. Other chemotherapy drugs, such 
as oxaliplatin and irinotecan, have been developed and 
approved for advanced CRC treatment [4]. 5-FU is a syn-
thetic nucleotide analog that inhibits thymidylate syn-
thase and incorporates its metabolites into DNA, hereby 
leading to cell death [5]. Oxaliplatin is the third gener-
ation-platinum drug that causes cytotoxicity through 
introducing platinum–DNA adducts [6]. Both 5-FU and 
oxaliplatin treatments result in disruption of DNA rep-
lication. Therefore, tolerance of DNA assault generated 
by 5-FU or oxaliplatin during replication, which avoids 
replication folk stalling and subsequent cell death, might 
related to 5-FU and oxaliplatin resistance.

Replicative DNA polymerases are highly efficient 
and accurate during DNA synthesis. However, this fea-
ture limits their ability to tolerant damaged DNA as 
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a template, thus inhibits progression of the replica-
tion fork [7]. Direct replication of damaged DNA can 
be achieved by translesion synthesis (TLS), a conserved 
mechanism throughout species from bacteria to mam-
mals [8]. It relies on specialized DNA polymerases with 
structural feature to accommodate damaged template at 
the cost of replication fidelity [9]. Genetic studies of lung 
cancer show that extension TLS DNA polymerase POL 
ζ (REV3 and REV7) is related to cisplatin-resistance in 
lung adenocarcinomas [10, 11]. In this study, we found 
that protein expression of REV7 and TLS efficiency were 
upregulated in both 5-FU and cisplatin-resistant CRC 
cells. Genetic inhibition of REV7 significantly improved 
sensitivity to 5-FU and cisplatin in  vivo and in  vitro, 
thereby highlighting the therapeutic potential of inhibit-
ing REV7 in chemoresistant CRC therapy.

Materials and methods
Cell culture
HT29 cells (female, colorectal adenocarcinoma cells 
purchased from ATCC) were grown at 37  °C with 5% 
CO2 in McCoy’s 5a medium (SigmaAldrich), 10% (v/v) 
FBS (Gibco), and 1% Penicillin–Streptomycin antibiotic 
(Corning). SW480 cells (male, colorectal adenocarci-
noma cells purchased from ATCC) were grown at 37 °C 
with 5% CO2 in L-15 medium (SigmaAldrich), 10% (v/v) 
FBS (Gibco), and 1% Penicillin–Streptomycin antibiotic 
(Corning). 5-FU resistant cells were generated by incu-
bating its parental cells with 5-FU at 0.5 µM, 1 µM, 2 µM 
and 4  µM for 2  weeks (48  h treatment with incubation 
in drug free medium for 12  days). Oxaliplatin resistant 
cells were generated by incubating its parental cells with 
oxaliplatin at 2 µM, 4 µM, 8 µM and 16 µM for 2 weeks 
(48  h treatment with incubation in drug free medium 
for 12 days). The resistant cells were kept in the medium 
with drugs for at least another 16 weeks. Entire popula-
tion of resistant cells were used in this study.

Viability assay
Cell viability in response to 5-FU and oxaliplatin was 
evaluated by the CellTiter-Glo® 2.0 Cell Viability Assay 
(Promega; G9242) according to the manufacture’s proto-
col. Briefly, cells were plated at 5000 cells/well in 96-well 
flat bottom plate (Corning Costar) and incubated for 
overnight. Increasing doses of 5-FU and oxaliplatin was 
dissolved in DMSO and added in each well for 48  h. 
CellTiter-Glo Luminescence stain was added per the 
manufacturer’s instructions and the luminescence signal 
was read by the plate reader (BioTek). Relative viability 
was normalized with DMSO only controls. Transfections 
were performed using Lipofectamin2000 (ThermoFisher) 
24 h before the viability assay according to the manufac-
ture’s protocol.

Western blotting assay
Cells were washed with ice cold PBS and lysed by ice cold 
RIPA buffer (20  mM Tris–HCl pH 7.5, 150  mM NaCl, 
1  mM Na2EDTA, 1  mM EGTA, 1% NP-40, 1% sodium 
deoxycholate, 2.5  mM sodium pyrophosphate, 1  mM 
β-glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin). 
Cell lysate was harvested and centrifuged at 15,000 rpm 
for 10  min. Supernatant was collected and its protein 
concentration was measured using Bradford assay (Bio-
Rad) according to the manufactory protocol. Protein 
samples were loaded and separated on SDS-PAGE gel at 
120 V for 50 min and transferred to PVDF membrane at 
100  V for 1.5  h. Membranes were subjected to specific 
antibodies and the protein band intensities were quan-
titated using ChemiDoc™ XRS + Imaging System (Bio-
Rad). Antibodies: REV7 (Abcam; 115622), beta-actin 
(Cell Signaling Technology; 4967).

Apoptosis assay
Cell apoptosis assay was performed using caspase3/7 
activity kit (Caspase-Glo® 3/7 Assay System; Promega; 
G8091). Briefly, CRC cells were plated at 3 × 105 cells/
ml and incubated for overnight. Cells were treated with 
1 µM of 5-FU or 10 µM of oxaliplatin for 24 h. 1 μM of 
Staurosporine, which activates caspase-3, was employed 
as positive control. Caspase-3/7 activity was determined 
according to the manufacture’s protocol.

Reverse transcription quantitative real‑time PCR (RT‑qPCR)
The total RNA was extracted by using the RNeasy Mini 
Kit (Qiagen Corporation) and was reverse transcribed by 
using the iScript SuperMix reagent (Bio-Rad) according 
to the manufactures’ instruction. Fluorescence and qPCR 
were detected by using SYBR Green Super Mix (Bio-Rad) 
on Real-Time PCR system (CFX Connect; Bio-Rad). The 
following primers were used: REV7 forward, 5′-GTG​
GAG​AAA​GTG​GTG​GTG​GT-3′ and reverse, 5′-TCT​
TCT​CCA​TGT​TGC​GAG​TG-3′; Actin (intrinsic control) 
forward, 5′-CAC​CAT​TGG​CAA​TGA​GCG​GTTC-3′ and 
reverse, 5′-AGG​TCT​TTG​CGG​ATG​TCC​ACGT-3′

Xenograft tumor model
1 × 107 HT29-Oxa-R, HT29-Oxa-R-KO, HT29-5-Fu-R 
or HT29-5-Fu-R-KO cells in 100  µl of PBS were inocu-
lated into the right flank of nude mice (female, 8 weeks 
old, athymic Foxn1nu; Vital River; Beijing, China). 6 mice 
were analyzed for each group. Oxaliplatin and 5-Fu was 
injected every 3 days (oxaliplatin, 3 mg/kg; 5-Fu, 30 mg/
kg) when tumor volume reached 100  mm3. Tumors 
volume was calculated using the following formula: 
(length × width2)/2. Tumor volume and body weight 
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were measured every 2  days. Animal experiments were 
approved and carried out according to the regulations by 
the Shandong Cancer Hospital and Institute.

TLS assay
The TLS assay was previous described [12]. Briefly, 
200 ng of competitor gapped plasmid and the 50 ng of 
lesion-containing plasmid were transfected into HT29 
and SW480 cells using Lipofectamine2000 (Ther-
moFisher). Cells were incubated at 37  °C for 4  h and 
harvested. Subsequently, DNA was extracted using 
DNA isolation kit (QIAGEN) and transformed into 
the recA- E. coli to propagate closed plasmids for 16 h. 
Plasmid DNA was extracted from E.  coli culture and 
lesion region was amplified by PCR (forward primer: 
5′ TTG​TAC​TGA​GAG​TGC​ACC​ATG​CCC​GT-3′, 
reverse primer: 5′-GAG​TCA​GTG​AGC​GAG​GAA​
GCG​TGC​TG-3′). Restriction enzymes XhoI and SphI 
(NEB) were used to digest the PCR products, which 
were next subjected to TSQ Altis™ Triple Quadrupole 
Mass Spectrometer (ThermoFisher) to determine the 
nucleotides originally repaired in CRC cells.

CRISPR/Cas9 knockout
Guide RNA sequences targeting REV7 were cloned 
into the pSpCas9(BB)-2A-GFP (PX458) vector, a 
gift from Feng Zhang (Addgene; 48138; Massachu-
setts, USA.) [13]. The plasmid was transfected in 
5-FU and oxaliplatin resistant CRC cells using Lipo-
fectamine2000 (ThermoFisher) and incubated for 24 h. 
GFP positive cells, which indicating successful trans-
fection, were selected and seeded using BD FACS-
Melody cell sorter (BD biosciences). Single clones were 
harvested after 14 days and REV7 deficiency was vali-
dated using western blotting assay.

Statistical analysis
Statistical analysis was performed using Prism7 soft-
ware (GraphPad). Student’s t-test was used for com-
parison of two groups. One-way ANOVA analysis with 
a Bonferroni post-test was used to compare multiple 
groups. *p < 0.05 was considered significant. Variation 
is indicated and presented as mean ± SEM.

Results
Establishment of chemoresistant CRC cell lines
Previous studies show that TLS polymerases, such as 
REV1 and Polζ (REV3 and REV7), are positively corre-
lated with cisplatin resistance [14]. Since TLS is the com-
mon pathways triggered by both 5-FU and oxaliplatin, we 
hypothesize that TLS polymerases play a role in mecha-
nism of 5-FU and oxaliplatin resistance. To evaluate TLS 
factors that might contribute to resistance mechanism 
in CRC, we first generated 5-FU and oxaliplatin resist-
ant cell lines. HT29 and SW480 cells were repeatedly 
exposed to a range of drug concentrations in cell culture 
for 2  months. To the end, the sensitivity of paired cell 
lines was determined by cell viability to 5-FU and oxalipl-
atin. As shown in Fig. 1a, b, 5-FU resistant HT29 (HT29 
5-FU-R) and 5-FU resistant SW480 (SW480 5-FU-R) 
cells showed a 4.82-fold and 4.09-fold increase in resist-
ance to 5-FU respectively, based on a comparison of IC50 
values. In addition, oxaliplatin resistant HT29 (HT29 
Oxa-R) and oxaliplatin resistant SW480 (SW480 Oxa-R) 
exhibited 4 to fivefold higher IC50 as compared to their 
parental cell lines (Fig. 1c, d).

REV7 is upregulated in 5‑FU and oxaliplatin resistant CRC 
cells
Using western blotting assay, we identified that REV7, 
which is the scaffolding protein tethering REV3 and 
REV1, was upregulated in both 5-FU and oxaliplatin 
resistant CRC cells (Fig. 2a–d), indicating that REV7 par-
ticipates in the common pathway shared by mechanisms 
underlying 5-FU and oxaliplatin resistance. To provide 
direct evidence that REV7 expression is induced by 5-FU 
and oxaliplatin, we treated the CRC wild type (WT) cells 
with 5-FU and oxaliplatin for 3  days and observed that 
REV7 expression was increased in a dose dependent 
manner (Fig. 2e–h).

To investigate whether 5-Fu and oxaliplatin induce 
REV7 at transcriptional level, we evaluated REV7 mRNA 
expression in response to 5-Fu or oxaliplatin. As shown 
in Additional file  1: Figure S1A–D, 5-Fu and oxaliplatin 
did not significantly affect REV7 mRNA expression, sug-
gesting that the increased REV7 protein is not caused by 
induced transcription. We also measured REV7 protein 
expression after drug treatment in the presence of pro-
tein synthesis inhibitor cycloheximide (CHX). We found 
that REV7 expression failed to be induced by 5-Fu or 

(See figure on next page.)
Fig. 1  Generation of 5-Fu and oxaliplatin resistant CRC cell lines. a Relative cell viability to 5-Fu in HT29 WT and HT29 5-Fu-R cell lines. Cells were 
treated with 0 µM, 1 µM, 2 µM, 4 µM, 8 µM of 5-Fu for 48 h. b Relative cell viability to 5-Fu in SW480 WT and SW480 5-Fu-R cell lines. Cells were 
treated with 0 µM, 2.5 µM, 5 µM, 10 µM, 20 µM of 5-Fu for 48 h. c Relative cell viability to oxaliplatin in HT29 WT, HT29 5-Oxa-R, d SW480 WT and 
SW480 Oxa-R cell lines. Cells were treated with 0 µM, 5 µM, 10 µM, 20 µM, 40 µM of oxalipatin for 48 h. The statistical analysis of cell viability was 
calculated by using one-way ANOVA. Variation is indicated and presented as mean ± SEM
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HT29 WT         IC50=1.1uM
HT29 5-Fu-R   IC50=5.3uM

SW480 WT         IC50=2.3uM
SW480 5-Fu-R   IC50=9.4uM

HT29 WT        IC50=8.2uM
HT29 Oxa-R   IC50=35.3uM

SW480 WT        IC50=5.1uM
SW480 Oxa-R   IC50=24.8uM
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oxaliplatin, indicating that 5-Fu and oxaliplatin trans-
lationally increased REV7 expression (Additional file  1: 
Figure S2A–D). In addition, in the presence of protea-
some inhibitor MG132, REV7 protein expression was 
still induced by 5-Fu and oxaliplatin (Additional file  1: 

Figure S3A–D), indicating the elevated REV7 is not due 
to decrease of proteasome-mediated degradation.

These results suggest that REV7 indeed regulates 5-FU 
and oxaliplatin resistance in CRC.
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TLS efficiency is increased in 5‑FU and oxaliplatin resistant 
CRC cells
REV7 is essential for efficient TLS in mammalian cells 
[15, 16]. Therefore, we then determined whether TLS 
efficiency is altered in 5-FU and oxaliplatin resistant CRC 
cells using a plasmid-based TLS efficiency assay [12]. 
Gapped lesion plasmid, which mimics damaged tem-
plate in replication, and gapped control plasmid were 
transfected in WT and resistant CRC cells to allow TLS. 
The closed plasmids were propagated in E. coli and the 
gap region was amplified by PCR followed by restriction 
enzyme digestion. The final nucleotides were determined 
by LC–MS (Fig.  3a). As we expected, bypass efficiency 
of 5-FU resistant HT29 and SW480 cells were signifi-
cantly higher than that of WT cell lines (Fig. 3b, c). Simi-
lar results were found in oxaliplatin resistant CRC cells 
(Fig.  3d, e), indicating upregulated TLS contributes to 
CRC cell resistance to 5-FU and oxaliplatin.

REV7 deficiency reduces TLS efficiency in 5‑FU 
and oxaliplatin resistant CRC cells
Given that REV7 and TLS efficiency were increased in 
response to 5-FU and oxaliplatin, we then asked whether 
elevated TLS in resistant CRC cells is caused by upregu-
lated REV7. Using CRISPR/Cas9 targeting REV7, we gen-
erated 2 clones of REV7 deficient 5-FU and oxaliplatin 
resistant HT29 cells (HT29 5-FU-R-KO1, HT29 5-FU-
R-KO2, HT29 Oxa-R-KO1, HT29 Oxa-R-KO2,) (Fig. 4a, 
b). We then measured TLS efficiency in the absence and 
presence of REV7 and found that REV7 deficiency signifi-
cantly inhibited TLS in both 5-FU and oxaliplatin resist-
ant HT29 cells (Fig.  4c, d). To eliminate the off-target 
effects of CRISPR/Cas9 that might affect the TLS assay, 
we measured TLS efficiency in REV7 deficient HT29 cells 
complemented with WT REV7. As shown in Fig.  4a–d, 
REV7 expression in REV7 deficient cells rescued TLS 
efficiency, suggesting that REV7 indeed regulates TLS in 
5-FU and oxaliplatin resistant CRC cells.

Inhibition of REV7 overcomes resistance to 5‑FU and 
oxaliplatin in vitro
To determine whether REV7 deficiency sensitize CRC 
cells to 5-FU, we compared cell viability in response 
to 5-FU between REV7 proficient and deficient HT29 
5-FU-R cells. As shown in Fig.  5a, deletion of REV7 
improved cell sensitivity to 5-FU by 7 folds and REV7 
complementation restored 5-FU resistance. Simi-
lar observation was also found in HT29 Oxa-R cells in 
response to oxaliplatin (Fig. 5b), suggesting that REV7 is 
a potential target for 5-FU and oxaliplatin resistant CRC 
patients. Using caspase 3/7 activity assay, we also found 

that REV7 deficiency profoundly increased caspase 3/7 
activity in response to 5-FU and oxaliplatin (Fig.  5c, d), 
indicating that combination of REV7 deficiency and 5-FU 
or oxaliplatin generates synergy through upregulated cell 
apoptosis.

REV7‑deficiency inhibited oxaliplatin‑resistant HT29 
xenograft tumor growth in vivo
We further demonstrated tumor-suppressive synergy 
between REV7 deficiency and oxaliplatin in  vivo. We 
first established murine xenograft model. HT29 Oxa-R 
and HT29 Oxa-R-KO cells were subcutaneously inocu-
lated into lower flanks in nude mice (female, 8  weeks 
old, athymic Foxn1nu, 6 mice/group). Oxaliplatin 
or vehicle was given when tumor volume reached 
100  mm3. As shown in Fig.  6a–c, expression of REV7 
did not affect tumor volume without oxaliplatin treat-
ment, indicating REV7 does not affect tumorigenesis 
in CRC. Notably, oxaliplatin exhibited excellent tumor 
growth suppression in HT29 Oxa-R-KO xenograft as 
compared to REV7 proficient HT29 Oxa-R xenograft 
with no significant difference in body weight (Fig. 6a–
d). To determine whether REV7 contributes to 5-Fu 
resistance in  vivo, we used HT29 5-Fu-R and HT29 
5-Fu-R-KO xenograft to evaluate tumor-suppressive 
synergy between REV7 deficiency and 5-Fu. As shown 
in Additional file  1: Figure S4A–C, REV7 deficient 
xenograft exhibited significant sensitivity to 5-Fu as 
compared to REV7 proficient xenograft without obvi-
ous toxicity. Therefore, we confirmed that inhibition 
of REV7 generates synergy with front-line chemother-
apy in CRC in vivo.

Discussion
5-FU has been widely used as anticancer drug since 1957 
and contributed in the treatment of variety types of can-
cer, such as CRC, breast cancer and head and neck can-
cer [17]. Despite many advantages provided by 5-FU, 
its clinical efficacy has been largely limited due to drug 
resistance. Upregulated thymidylate synthase expression 
is commonly acknowledged as its major molecular mech-
anism for 5-FU resistance [18]. However, Contributions 
from multiple factors and pathways have been recog-
nized, including methylation of the MLH1, overexpres-
sion of anti-apoptosis proteins, dysregulated DNA repair 
[19–22]. Our study, for the first time, identified that TLS 
play an important role in 5-FU resistance. Significantly, 
both 5-FU and oxaliplatin resistant CRC cells exhibited 
elevated expression of REV7. Although 5-FU and oxali-
platin generate DNA damage through different mecha-
nisms, they all trigger upregulation of TLS via inducing 
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REV7 expression, suggesting a novel DNA repair mecha-
nism in accordance with DNA damage induced by these 
drugs and a very promising role of REV7 as a target to 
overcome 5-FU and oxaliplatin resistance in CRC (Fig. 7).

Obtaining specific small molecule targeting TLS 
is challenging because replicative and TLS polymer-
ase share same substrate and loading proteins [23, 24]. 
Hashimoto et  al. found that evolutionarily conserved 

Fig. 3  TLS efficiency is increased in 5-FU and oxaliplatin resistant CRC cells. a Outline of plasmid-based TLS efficiency assay. Procedures was 
described in “Material and methods” section. b Plasmid-based TLS efficiency analysis in HT29 WT, HT29 5-Fu-R, c SW480 WT, SW480 5-Fu-R, d HT29 
Oxa-R and e SW480 Oxa-R. **p < 0.01; ***p < 0.001. The p-values were calculated by using unpaired two-tailed Student’s t-test. Variation is indicated 
and presented as mean ± SEM
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interaction between insertion TLS polymerase REV1 
and REV7 is specific and critical to efficient mutagenic 
TLS [25]. This research led to a recent discovery of a 
potent REV1-REV7 interface inhibitor, JH-RE-06, which 

exhibited TLS inhibition and significant synergy with 
cisplatin in human fibrosarcoma, melanoma and pros-
tate adenocarcinoma cells [12]. Together, these findings 
and our observations render the REV1-REV7 interface 
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Fig. 7  Model for targeting REV7 in 5-FU and oxaliplatin resistant colorectal cancer

an outstanding target for development of combination 
chemotherapies with 5-FU and oxaliplatin in CRC.

Conclusion
Taken together, we found that TLS key factor REV7 was 
overexpressed in 5-FU and oxaliplatin resistant CRC 
cells. Consequently, elevated expression of REV7 results 
in increase of TLS efficiency and resistance to 5-FU and 
oxaliplatin. REV7 deficiency exhibited excellent synergy 
with chemotherapy drugs in vitro and in vivo. Our results 
suggest that targeting REV7 is a promising approach to 
overcome chemoresistance in CRC patients.
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