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Abstract. p53 is one of the most important tumor suppressor 
genes, and its primary function is to act as a transcriptional 
activator to control cell cycle arrest, DNA repair and cellular 
metabolism by recognizing and binding to specific DNA 
sequences. Defects in the ring finger (RNF)20/RNF40/WW 
domain‑containing adaptor with coiled‑coil (WAC) complex, 
one of the histone H2B ubiquitination E3 ligases, have been 
reported to be a key factor in oncogenesis, cancer cell migra‑
tion and invasion. Histone H2B mono‑ubiquitination has been 
demonstrated to be essential for maintaining the functionality 
of the p53 tumor suppressor protein. The aim of the present 
study was to identify any sites in the p53 DNA‑binding 
domain (DBD) specific to the RNF20/RNF40/WAC 
complex that may be involved in the gene regulation in DNA 
damage response. The results demonstrated that p53 and the 
RNF20/RNF40/WAC complex interacted with each other, 
and the coiled‑coil regions in RNF20, RNF40 and WAC were 
identified to directly interact with p53. The R282 site in the 
p53 DBD, one of the frequent missense mutations associated 
with p53 mutation‑dependent cancer, was demonstrated to be 
the key binding site for the RNF20/RNF40/WAC complex. 
Furthermore, knockout of RNF20/RNF40 suppressed the 
expression levels of p53 and its target genes in HCT116 cells 
compared with those in wild‑type HCT116 cells. Consistent 
with these results, the R282W mutation in p53 inhibited the 
expression levels of p53 and its downstream genes by inac‑
tivating the interaction between p53 and RNF20/RNF40 
compared with those in wild‑type HCT116 cells. In conclusion, 

the results of the present study revealed the molecular mecha‑
nism of the interaction between the RNF20/RNF40/WAC 
complex and p53, and demonstrated that these proteins regu‑
lated gene transcription in the DNA damage response.

Introduction

p53 is a tumor suppressor protein (1). Mutations within p53 
have been demonstrated to lead to its inactivation, which is 
associated with ~50% of all types of human cancer (2). The p53 
protein contains an amino N‑terminal transactivation domain, 
a proline‑rich domain, a central DNA‑binding domain (DBD), 
a tetramerization domain and a carboxy‑terminal regulatory 
domain (CRD) (3). The majority of the cancer‑associated 
mutations are missense mutations located within the DBD (4). 
R175H, Y220C, G245S, R248Q/W, R249S, R273C/H and 
R282W are high‑frequency mutations that alter protein confor‑
mation and attenuate sequence‑specific binding to proteins (5). 
This results in the inhibition of wild‑type (WT) p53 function, 
and the mutated p53 interacts with inappropriate proteins 
and stimulates oncogenic genes (6). p53 is also an important 
transcription factor involved in the regulation of DNA repair, 
cell cycle arrest and apoptosis (7). Under normal conditions, 
p53 is present in a steady state, whereas in cells undergoing 
DNA damage or abnormal oncogenic events, p53 is activated 
through post‑translational modifications, such as phosphoryla‑
tion, ubiquitination and acetylation (8). Therefore, the levels 
of p53 are increased, resulting in the transactivation of the 
downstream target genes, which are involved in cell cycle 
arrest, DNA repair, autophagy and cellular metabolism (4). 
Furthermore, p53 activates genes such as AMP‑activated 
protein kinase β, tuberin and PTEN to suppress the mTOR 
(nutrient sensor) signaling pathway, which participates in 
aerobic glycolysis and oxidative phosphorylation (9). In addi‑
tion, cytosolic p53 exerts transcription‑independent functions, 
including triggering apoptosis by interacting with the apoptotic 
effector proteins BAX and BAK, and repressing autophagy by 
inhibiting the positive autophagy regulator AMP‑dependent 
kinase (10‑12).

In eukaryotic cells, genomic DNA is packaged into 
chromatin and encapsulates histone octamers to form 
nucleosomes (13). The N‑ and C‑termini of histones can be 
covalently modified by methylation, acetylation and ubiquiti‑
nation (14). Histone ubiquitination is an important epigenetic 
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modification widely involved in the regulation of chromatin 
structure, gene transcription, the cell cycle and other physi‑
ological processes (15). Ubiquitination is one of the covalent 
post‑translational modifications, during which the 8‑kD ubiq‑
uitin molecule (mono‑ubiquitination) or a poly‑ubiquitin chain 
(poly‑ubiquitination) conjugate to a protein substrate (16). 
The ubiquitin E3 ligase functions in the last step of the ubiq‑
uitination cascade (17). The ring finger (RNF) E3 enzyme, 
RNF20/RNF40 dimer, catalyzes the histone H2B mono‑ubiq‑
uitination (H2Bub1) at lysine 120 in the C‑terminus (18). 
H2Bub1 is essential for maintaining functionality of the p53 
tumor suppressor protein (19). The loss of RNF20 and RNF40 
attenuates the p53‑dependent cell response to cellular stress or 
toxicity; for example, RNF20‑knockdown by RNA interfer‑
ence in HeLa cells leads to decreased apoptosis and impaired 
cell cycle arrest compared with those in control‑transfected 
HeLa cells (20). In addition, WAC has been reported to act as 
a functional partner of the RNF20/RNF40 dimer, which medi‑
ates the interaction of the RNF20/RNF40 dimer with RNA 
polymerase II (21,22). Furthermore, p53 has been reported 
to interact with the RNF20/RNF40/WAC complex directly 
and to recruit the complex for H2Bub1 to target the p53 gene 
loci (21,23).

An increasing number of studies have demonstrated that 
the RNF20/RNF40/WAC complex is associated with genomic 
stability and tumorigenesis (8,24‑26). Therefore, it is impor‑
tant to investigate the underlying molecular mechanism by 
which the RNF20/RNF40/WAC complex and p53 synergisti‑
cally regulate target gene transcription. A previous study by 
Wu et al (27) reported that the CRD of p53 is a key binding 
region with the RNF20/RNF40 dimer; however, only partial 
deletion mutants of the p53 DBD were constructed in their 
study. There is currently no evidence of specific sites inter‑
acting with the RNF20/RNF40 dimer close to the C‑terminal 
region of the p53 DBD. In the present study, we hypothesized 
that, in addition to the CRD region interacting with RNF20, 
the amino acid (AA)201‑AA300 region of the p53 DBD 
may also interact with RNF20/RNF40, and that one of the 
cancer‑related hotspot sites of p53 may be a potential site for 
the interaction with the RNF20/RNF40 dimer. The aim of the 
present study was to detect the specific binding site of p53 with 
the RNF20/RNF40 dimer and to investigate the gene regula‑
tion function of these sites.

Materials and methods

Cell culture. The 293T, U2OS and HCT116 cell lines were 
obtained from the Shanghai Institute of Biochemistry and Cell 
Biology, and cultured in Dulbecco's modified Eagle's medium 
(DMEM; Sigma‑Aldrich; Merck KGaA) with 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.), and 
1% streptomycin and penicillin. The cells were cultured at 
37˚C in a humidified incubator with 5% CO2. All cell lines 
were confirmed to be free from mycoplasma contamination.

Co‑immunoprecipitation (Co‑IP) and western blot assays. 
After washing with 1X PBS, the cells were lysed with the 
NETN‑100 buffer [150 mM NaCl, 0.2 mM EDTA, 1% NP‑40 
and 50 mM Tris‑HCl (pH 7.5)] for 10 min on ice, supplemented 
with 1X protease inhibitor cocktail (Merck KGaA) and 1 mM 

phenylmethylsulfonyl fluoride, and centrifuged at 12,000 x g 
at 4˚C for 10 min. For Co‑IP, the cell lysates were incubated 
with 50 µl protein A/G agarose (Sangon Biotech Co., Ltd.) and 
the following antibodies (dilution, 1:1,000 for western blot‑
ting and 1:500 for Co‑IP): Anti‑HA (cat. no. D199961‑0100; 
Sangon Biotech Co., Ltd.), anti‑p53 (cat. no. ab26; Abcam), 
anti‑FLAG (cat. no. 14793; Cell Signaling Technology, Inc.), 
anti‑WAC (cat. no. ABE471; Merck KGaA), anti‑rat IgG (cat. 
no. ab172730; Abcam), anti‑RNF20 (cat. no. A300‑714A; 
Bethyl Laboratories, Inc.) and anti‑RNF40 (cat. no. Q2680124; 
Bethyl Laboratories, Inc.) overnight at 4˚C. Following incu‑
bation, precipitates were washed three times with PBS 
and added to the NETN‑100 buffer. Whole cell lysates and 
washed precipitates were incubated at 100˚C for 8 min in a 
dry bath incubator (Tiangen Biotech Co., Ltd) and separated 
by 10% SDS‑PAGE. The membranes were incubated with the 
aforementioned antibodies, followed by goat anti‑mouse IgG 
(H+L) HRP‑conjugated (cat. no. AP308P; Sigma‑Aldrich; 
Merck KGaA) and goat anti‑rabbit IgG H&L HRP‑conjugated 
(cat. no. ab205718; Abcam) secondary antibodies (dilution, 
1:1,000) at room temperature for 1.5 h. The membranes were 
incubated with SuperSignal West Pico Chemiluminescent 
Substrate (Thermo Fisher Scientific, Inc.) and visualized 
using an X‑ray film or an automatic digital imaging system. A 
total of three independent experiments were performed. The 
semi‑quantitative analysis of the western blotting results was 
performed using ImageJ 1.42q software Java 1.6.0_12(64‑bit) 
(National Institutes of Health) and GraphPad Prism 
version 6.02 for Windows (GraphPad Software, Inc.).

Mutant construction and plasmid transfection. Human 
full‑length RNF20, RNF40, RNF20 deletion 1 (D1)‑D8 and 
RNF40 D1‑D14 were cloned into the HA‑tagged vector modi‑
fied from pCDNA 3.1 (Thermo Fisher Scientific, Inc.). Human 
full‑length, internal deletion (Δaa. 101‑200 and Δaa. 201‑300) 
and missense mutation sequences of p53 (R248W, R248Q, 
R249S, R273C, R273H, R282W and R248QR273C) were cloned 
into the pCDNA3.1‑HA vector. Human full‑length and mutated 
WAC deletion (WD)1‑7 were cloned into the pS‑FLAG‑SBP 
vector (Addgene, Inc.). Deletion mutations within RNF20, 
RNF40 and WAC, and missense mutations in p53, were 
generated using the QuikChange site‑directed mutagenesis kit 
(Agilent Technologies, Inc.). Constructed plasmids (5 µg for 
cells incubated in a 10‑cm dish) with the indicated mutations 
were transfected into U2OS cells (for RNF20/RNF40/WAC 
deletion mutations generation) and 293T cells (for p53 deletion 
and missense mutations generation) at 70‑80% confluence using 
ViaFect (Promega Corporation) and Opti‑MEM (Thermo Fisher 
Scientific, Inc.) without FBS for 4‑6 h according to the manu‑
facturers' instructions. Subsequently, the cells were washed with 
PBS and cultured in DMEM with 10% FBS and 1% streptomycin 
and penicillin for 24 h prior to co‑IP and western blot assays. 
The single amino acid mutations were constructed according 
to previous studies by Tzin et al (28) and Kitzman et al (29), 
whereas the deletion mutations were constructed according to 
previous studies by Zhang and Yu (21).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from WT, RNF20‑/‑ and RNF40‑/‑ HCT116 
cell lines using TRIzol® reagent (Thermo Fisher Scientific, 
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Inc.) according to the manufacturer's instructions. RNA 
concentration was measured using a microplate reader. RT of 
the total RNA was performed using the PrimeScript™ 1st 
Strand cDNA Synthesis kit (Takara Bio, Inc.). qPCR was 
performed with gene‑specific primers and the QuantiNova 
SYBR® Green PCR kit (Qiagen, Inc.) on a CFX96 Real‑Time 
PCR Detection system (Bio‑Rad Laboratories, Inc.) The 
primers used were as follows: GAPDH forward, 5'‑ACCCACT 
CCTCCACCTTTGA‑3' and reverse, 5'‑CTGTTGCTGTAG 
CCAAATTCGT‑3'; p53 forward, 5'‑AGATGGGGTCTC 
ACAGTGTTGC‑3' and reverse, 5'‑ATGTTGACCCTTCCA 
GCTCCAC‑3'; p21 forward, 5'‑CATGCCAGCTACTTC 
CTCCT‑3' and reverse, 5'‑CAGGTCTGAGTGTCCAGGAA‑3'; 
p53‑upregulated modulator of apoptosis (PUMA) forward, 
5'‑GACGACCTCAACGCACAGTA‑3' and reverse, 5'‑CTA 
ATTGGGCTCCATCTCG‑3'; Achaete‑Scute homolog 1 
(mash1) forward, 5'‑CGACTTCACCAACTGGTTCTG‑3' and 
reverse, 5‑ATGCAGGTTGTGCGATCA‑3'; and octamer‑
binding protein 4 (Oct4) forward, 5'‑CGCAAGCCCTCA 
TTTCAC‑3' and reverse, 5'‑CATCACCTCCACCACCTG‑3'. 
The following thermocycling conditions were used: Initial 
denaturation at 95˚C for 2 min, followed by 35‑40 cycles at 
95˚C for 5 sec and 60˚C for 10 sec. The 2‑∆∆Cq method was used 
for quantification (30). A total of three independent experi‑
ments were performed.

Cell line construction using CRISPR‑Cas9. The primers for 
the deletion of RNF20 or RNF40 were designed from the 
CRISPR website (http://crispr.mit.edu/) and confirmed for 
accuracy using the Cas OFFinder website (http://www.
rgenome.net/cas‑offinder/). The following primers were used: 
CRISPR‑RNF20‑CDS2 forward, 5'‑CACCGTATTGAT 
TGTCAACCGATAC‑3' and reverse, 5'‑AAACGTATCG 
GTTGACAATCAATAC‑3'; and CRISPR‑RNF40‑CDS2 
forward, 5'‑CACCGTCCTCATCGTCAATCGCTAC‑3' and 
reverse, 5'‑AAACGTAGCGATTGACGATGAGGAC‑3'. The 
pSpCas9(BB)‑2A‑Pure V2.0 (PX49) vector (Addgene, Inc.) 
was used, while Lipofectamine 2000 (Thermo Fisher 
Scientific, Inc.) was used for plasmid transfection. A total of 
2.5 µg/well plasmid was transfected into HCT116 cells at 
70‑80% confluence in a 6‑well plate for 4‑6 h at 37˚C. 
Subsequently, the cells were cultured using a concentration 
gradient and treated with 1 µg/ml puromycin for 3 days to 
screen the successfully transfected cells. Following 2‑week 
culture, 12 monoclones with expected RNF20 deletion and 
12 monoclones with expected RNF40 deletion were selected 
and expanded for further culture. Finally, the protein knockout 
effect was detected using western blot analysis.

DNA damage‑inducing drug treatment. WT, RNF20 ‑/‑ 

and RNF40‑/‑ HCT116 cell lines were treated with DNA 
damage‑inducing drugs doxorubicin (Dox; 0.5 µM) and 
etoposide (VP‑16; 100 µM) for 0, 2.5 and 5 h prior to western 
blot analysis. WT, RNF20‑/‑, RNF40‑/‑, p53‑/‑ HCT116 cell 
lines and p53‑/‑ HCT116 transfected with pCDNA3.1‑HA‑p53 
R282W or pCDNA3.1‑HA‑p53 WT cells were treated with 
Dox (0.25 µM) for 12 h prior to RT‑qPCR detection.

Statistical analysis. Data are presented as the mean ± SD. 
One‑way ANOVA followed by Bonferroni's correction was 

used to determine the statistical differences among the experi‑
mental groups. GraphPad Prism version 6.02 for Windows 
(GraphPad Software, Inc.) and ImageJ 1.42q software with 
Java 1.6.0_12 (64‑bit) (National Institutes of Health) were 
used for data and statistical analysis. P<0.05 was considered to 
indicate a statistically significant difference.

Results

RNF20, RNF40 and WAC interacts with p53 through the 
coiled‑coil domain. p53 has been demonstrated to be func‑
tionally associated with genomic DNA and involved in 
chromatin modifications (31). Furthermore, the chromatin 
RNF20/RNF40/WAC remodeler complex has been reported to 
mediate the protein expression levels of p53 (32,33). Therefore, 
endogenous co‑IP and western blot assays were performed in 
U2OS cell lysates to detect the interaction between p53 and 
the RNF20/RNF40/WAC complex. The results revealed that 
p53 interacted with RNF20, RNF40 and WAC (Fig. 1A). 
Next, a series of internal deletion mutations within RNF20, 
RNF40 and WAC were created, as indicated in the structure 
images to map the interaction regions in RNF20, RNF40 and 
WAC with p53 (Fig. 1B‑D). As demonstrated in Fig. 1B‑D, 
the D4 mutant of RNF20, the D7 and D8 mutants of RNF40 
and the D7 mutant of WAC disrupted the interaction with p53, 
indicating that the coiled‑coil motif of RNF20 and RNF40 in 
the corresponding areas recognized the p53 protein. However, 
p53, RNF20 and RNF40 all interacted with WAC through the 
WD7 mutant; therefore, it was hypothesized that either p53 
interacted with WAC directly, or the RNF20/RNF40 dimer 
functioned as a bridge to connect p53 and WAC.

Mapping the specific p53 binding site with RNF20 and 
RNF40. Subsequently, the missense mutation in the DBD, 
which has been associated with ~50% of all types of cancer, 
was investigated. To determine whether the mutation sites 
in the p53 DBD mediated the interaction with RNF20 and 
RNF40, a WT recombinant plasmid, pCDNA3.1‑HA‑p53, 
was used as a template, and two partial deletion mutants in 
DBD domain including Δaa. 101‑200 and Δaa. 201‑300 were 
constructed (Fig. 2A and B) and transfected into the U2OS cell 
line. The cell lysates were examined using co‑IP and western 
blot assays. The results demonstrated that the Δaa. 201‑300 
mutation prevented p53 from interacting with RNF20 and 
RNF40 (Fig. 2B), suggesting that the p53 C‑terminal of DBD 
may be crucial for the interaction with RNF20 and RNF40. 
Next, a series of plasmids with high frequency cancer‑related 
p53 missense mutations within the p53 C‑terminal of DBD 
were constructed (Fig. 2C). A total of eight plasmids, including 
HA‑p53WT, HA‑p53R248W, HA‑p53R248Q, HA‑p53R249S, 
HA‑p53R273C, HA‑p53R273H, HA‑p53R282W and 
p53R248QR273C, were transfected into the 293T cell line, 
and the interactions between p53 and RNF20 were examined 
using co‑IP and western blot assays. The results demonstrated 
that the R282W mutation in the p53 DBD prevented p53 from 
interacting with RNF20 (Fig. 2B). Thus, the key site for the 
p53 interaction with RNF20 was R282.

RNF20/RNF40 complex maintains the activities of p53 and 
its target genes. To further investigate the role of RNF20 
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and RNF40 in p53 stabilization and transcription of p53 
target genes, p53 protein expression levels were analyzed 
using western blot analysis, and the relative mRNA expres‑
sion levels of p53, p21, PUMA, mash1 and Oct4 genes were 
determined using RT‑qPCR in RNF20‑ or RNF40‑knockout 
cells. CRISPR/Cas9 was used to knock out RNF20 and 
RNF40 in the HCT116 WT cell line, and the RNF20‑/‑ and 
RNF40‑/‑ HCT116 cell lines were successfully constructed 
(Fig. 3A). The HCT116 WT, RNF20‑/‑ and RNF40‑/‑ HCT116 
cell lines were treated with DNA damage‑inducing drugs Dox 
(0.5 µM) and VP‑16 (100 µM) for 0, 2.5 and 5 h. Western 
blot analysis results demonstrated that following RNF20‑ or 
RNF40‑knockout in the HCT116 cell lines, the protein expres‑
sion levels of p53 were significantly reduced compared with 

those in the WT cells. Following DNA damage induced by Dox 
and VP‑16, the p53 protein expression levels were increased in 
all the cell lines compared with those in the cells without Dox 
or VP‑16 treatment; however, the p53 protein expression levels 
were lower in the RNF20‑/‑ and RNF40‑/‑ HCT116 cells lines 
compared with those in the WT cell line (Fig. 3B and C). Thus, 
RNF20 and RNF40 stabilized the p53 protein expression level. 
To determine the effects of the RNF20/RNF40 complex on the 
mRNA expression levels of p53 and its downstream genes, the 
HCT116 WT, RNF20‑/‑ and RNF40‑/‑ cell lines were treated 
with Dox (0.25 µM; 12 h), and the relative mRNA expression 
levels of the transcription targets of p53 were detected using 
RT‑qPCR. The results demonstrated that following RNF20‑ 
and RNF40‑knockout, the mRNA expression levels of p53, 

Figure 1. Mapping the interaction region of the RNF20/RNF40/WAC complex with p53. (A) Co‑IP and western blot analysis of the endogenous interaction 
between p53 and RNF20/RNF40/WAC complexes. (B and C) Extracts from the U2OS cells transiently expressing HA‑tagged wild‑type (B) RNF20 or 
(C) RNF40 and their internal deletion mutations. Cell lysates were subjected to co‑IP, followed by western blot analysis with anti‑p53 and anti‑HA antibodies. 
(D) FLAG‑tagged wild‑type WAC and its deletion mutations were transiently expressed in the U2OS cell line. The interaction between WAC and p53 was 
examined using Co‑IP and western blot assays with anti‑p53 and anti‑FLAG antibodies. RNF, ring finger; WAC, WW domain‑containing adaptor with 
coiled‑coil; co‑IP, co‑immunoprecipitation; WCL, whole cell lysate; IB, immunoblot; D, deletion; WD, WAC deletion. 
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p21, PUMA, mash1 and Oct4 in these cell lines without Dox 
treatment were significantly lower compared with those in 
the WT cells without Dox treatment. Following induction of 
DNA damage, the increases in the levels of p53 and its target 
genes in RNF20‑/‑ and RNF40‑/‑ HCT116 cells lines treated 
with Dox were inhibited compared with those in WT HCT116 
cells treated with Dox (Fig. 3D). Taken together, these results 
suggested that the RNF20/RNF40 complex stabilized the p53 
protein expression levels and maintained the mRNA expres‑
sion of its p53 target genes.

Mutation in p53 associated with RNF20 interaction suppresses 
the mRNA expression levels of p53 target genes. The loss of the 
RNF20/RNF40 dimer downregulated the mRNA expression 
levels of the p53 target genes both in normal conditions and 
following DNA damage; however, it was unclear whether the 
p53 key binding site for RNF20, R282, mediated the inhibi‑
tion of the p53 target gene expression following DNA damage. 
To investigate this, the pCDNA3.1‑HA‑p53 R282W plasmid 
was transfected into the p53‑/‑ HCT116 cell line (Fig. 4A). 
Following Dox (0.5 µM) treatment for 12 h, the mRNA expres‑
sion levels of p21 in the WT cells were significantly increased 
compared with those in the untreated WT cells. The mRNA 

expression levels of p21 in the p53‑/‑ HCT116 cells were mark‑
edly reduced compared with those in the WT cells, and the p21 
levels of p53‑/‑ HCT116 cells treated with Dox were reduced 
compared with those in WT cells treated with Dox; however, 
the transfection of the pCDNA3.1‑HA‑p53 WT plasmid in 
p53‑/‑ HCT116 cells rescued the mRNA expression level of p21 
compared with p53‑/‑ HCT116 cells. In addition, the mRNA 
expression levels of p21 were lower in the pCDNA3.1‑HA‑p53 
R282W‑transfected p53‑/‑ HCT116 cells compared with those 
in cells transfected with pCDNA3.1‑HA‑p53 WT, which indi‑
cated that the p53 R282 site mediated the mRNA expression 
of p21 (Fig. 4B). The results of the PUMA, Oct4 and Mash1 
mRNA expression level analysis were consistent with those 
of p21 (Fig. 4B). These results demonstrated that the R282W 
mutation resulted in the inability of p53, to bind to RNF20, 
which further inhibited the downstream target genes of p53.

Discussion

p53 activates a variety of transcriptional targets in response to 
cellular stress or DNA damage (4). It has been reported that 
the RNF20/RNF40/WAC complex regulates the transcription 
of the p53 target genes by regulating H2Bub1 under genotoxic 

Figure 2. Mapping the key binding site in p53 with RNF20 and RNF40. (A) The location of the p53 missense mutations associated with cancer in the 
DNA‑binding domain. (B and C) The 293T cell line was transfected with pCDNA3.1‑HA‑p53 plasmids with WT, partial internal deletion and the indicated 
missense mutations. Co‑IP and western blot analyses were used to determine the exact site in p53, which interacted with RNF20 and RNF40. RNF, ring finger; 
co‑IP, co‑immunoprecipitation; IB, immunoblot; WT, wild‑type. TAD, transcriptional activation domain; PRD, proline‑rich domain; DBD, DNA‑binding 
domain; TD, tetramerization domain; CRD, carboxy‑terminal regulatory domain.
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stress (14). H2Bub1 is conserved in the evolution process from 
yeast to mammals (34). Mammalian RNF20 and RNF40 
have been demonstrated to be homologous to the E3 ubiquitin 
ligase Bre1 (BRE1) gene in yeast, forming a protein dimer, 
which synergistically interacts with E2 ubiquitinase RAD6 to 
catalyze histone H2B ubiquitination (35). WAC is a functional 
partner of RNF20/RNF40, which interacts with the coiled‑coil 
region of RNF20/RNF40 to mediate H2Bub1 (21). The present 
study aimed to investigate the interaction domain between the 
RNF20/RNF40/WAC complex and p53, as well as the role of 
this complex gene transcription regulation.

The coiled‑coil domains in RNF20, RNF40 and WAC have 
been reported to be highly conserved regions, as well as the 
WW domain of WAC, suggesting that these areas may serve 
important biological functions (33). Notably, the interaction 
between RNF20/40 and WAC is also mediated through the 
coiled‑coil motif (21). The results of the present study demon‑
strated that p53 not only interacted with RNF20 and RNF40, 
consistent with a previous report by Wu et al (27), but also 
with WAC directly or through the RNF20/RNF40 dimer. p53 
bound to the coiled‑coil regions of RNF20, RNF40 and WAC. 
In addition, a series of deletion mutants of p53 were constructed 

Figure 3. RNF20/RNF40 dimer maintains the activity of p53 and its target genes. (A) RNF20‑/‑ and RNF40‑/‑ HCT116 cell lines were successfully constructed 
using CRISPR/Cas9. Clones 1 and 2 were two samples from the RNF20‑/‑ HCT116 cell line, and clones 3 and 4 were from the RNF40‑/‑ HCT116 cell line. 
(B and C) The protein expression levels of p53 were analyzed using western blot analysis in the HCT116 WT, RNF20‑/‑ and RNF40‑/‑ cell lines following 
treatment with 0.5 µM Dox and 100 µM VP‑16 for 0, 2.5 and 5 h. (D) The relative mRNA expression levels of p53, p21 PUMA, mash1 and Oct4 in the WT, 
RNF20‑/‑ and RNF40‑/‑ HCT116 cell lines with or without doxorubicin treatment from three independent experiments were quantified using reverse transcrip‑
tion‑quantitative PCR. The data are presented as the mean ± SD. n=3. *P<0.05, **P<0.01 and ***P<0.001. RNF, ring finger; WT, wild‑type; Dox, doxorubicin; 
VP‑16, etoposide; PUMA, p53‑upregulated modulator of apoptosis; mash1, Achaete‑Scute homolog 1; Oct4, octamer‑binding protein 4.
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in the present study, and the results demonstrated that other 
than the CTD region interacting with RNF20, the C‑terminal 
part of the p53 DBD also interacted with RNF20/RNF40.

p53 initiates the transcription of genes associated with cell 
cycle arrest, cell senescence, apoptosis, metabolism, DNA 
repair and other processes under cell stress (36,37). The loss 
of p53 function is primarily attributed to mutations, including 
gene fragment deletions, insertions, missense mutations and 
loss of heterozygosity (38). Missense mutations caused by 
single nucleotide polymorphisms account for >80% of the 
total p53 mutations (39). Among these p53 missense muta‑

tions, 97% are point mutations and occur in the DBD (40). 
Mutations at the following positions occur at high frequency 
in cancer and are also termed hotspot mutations: R175H, 
R248Q, R248W, R249S, R273H, R273C and R282W (41). 
The present study focused on the specific sites interacting 
with the RNF20/RNF40 dimer close to the C‑terminal 
region of the p53 DBD. These mutations were screened by 
generating a series of missense mutants, and the results of the 
co‑IP assay revealed that R282W was a key site for interac‑
tion with the RNF20/RNF40/WAC complex. Since human 
RNF20 and RNF40 share sequence homology with BRE1 in 

Figure 4. RNF20/RNF40 dimer regulates p53 target gene expression. (A) Western blot analysis of the transfection of HCT116 cell line was transfected with 
pCDNA3.1HA‑p53 WT and pCDNA3.1HA‑p53R282W plasmids. (B) Reverse transcription‑quantitative PCR analysis of the effect of the p53 missense 
mutation on the regulation of its target genes in HCT116 WT, p53‑/‑ HCT116 acquired using CRISPR/Cas 9 technology and p53‑/‑ HCT116 cells transfected 
with pCDNA3.1HA‑p53 WT or pCDNA3.1HA‑p53R282W with or without Dox treatment. The data are presented as the mean ± SD. n=3. *P<0.05, **P<0.01 
and ***P<0.001. RNF, ring finger; WT, wild‑type; Dox, doxorubicin; PUMA, p53‑upregulated modulator of apoptosis; mash1, Achaete‑Scute homolog 1; Oct4, 
octamer‑binding protein 4.
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Saccharomyces cerevisiae, the key binding sites of p53 inter‑
acting with RNF20 and RNF40 are the same (42).

p53 activity is regulated by numerous post‑translational 
modifications associated with protein chaperones, regulatory 
factors and chromatin remodelers (43). During the genotoxic 
stress response, p53 induces the transcription of a series of 
target genes, such as p21, growth arrest and DNA damage 45, 
Mdm2 proto‑oncogene and PUMA (44). In the present study, 
RNF20 and RNF40 were demonstrated to be essential for 
maintaining p53 protein and mRNA expression levels, as well 
as those of its downstream genes, following DNA damage 
induction. Therefore, the RNF20/RNF40/WAC complex may 
be an important regulator of gene transcription associated with 
DNA damage response. Mutated p53 loses the function of cell 
cycle arrest, induction of apoptosis, mediation of cell senes‑
cence, repair of mismatched DNA bases and preservation 
of genomic stability (31). In addition, mutated p53 acquires 
a series of functions similar to those of oncogenes, such as 
transcription of target genes to accelerate cancer progression, 
enhancement of cancer cell chemical resistance and preven‑
tion of apoptosis; such mutations are termed gain‑of‑function 
(GOF) mutations (45). The results of the present study demon‑
strated that the R282 mutation, which was identified to be at 
the key binding site of p53 to RNF20 and RNF40, eliminated 
the induction of the p53 target genes. Thus, RNF20 cannot 
adequately maintain the stability of p53 and its downstream 
genes. However, the detailed mechanism remains unclear.

Previous studies have demonstrated that the R282W 
mutation is an important cause of p53 GOF, since it alters the 
protein‑protein interaction ability and DNA‑binding function 
of p53 (46‑48). This p53 GOF mutant interacts with p63 and 
p73, which is involved in chemoresistance and anticancer drug 
metabolism through cytochrome P450 3A4 induction (49). 
The R282W mutation also contributes to the epithelial‑mesen‑
chymal transition by suppressing Kruppel‑like factor 17 and 
promotes cancer cell invasion by microRNA‑155 induc‑
tion (50,51). The R282 mutation has also been identified in 
patients with Li‑Fraumeni syndrome and is enriched in bone 
tumors compared with bone tissues from healthy subjects (52).

Post‑translational modification of proteins is a common 
mechanism in various cell signaling pathways in eukaryotic 
cells (43). For instance, poly(ADP) ribose polymerase 1‑medi‑
ated poly‑ribosylation is an essential component of base 
excision repair pathways, and ataxia telangiectasia and 
Rad3‑related protein/ataxia telangiectasia mutated‑mediated 
phosphorylation of protein kinase checkpoint kinase 1 
(CHK1)/CHK2 are required in DNA double‑strand break 
repair pathways (43,53). Ubiquitination serves a crucial role 
in the cell cycle and proliferation, regulating the cellular levels 
of cytokines and coordinating oncogene transcription and 
the DNA damage response (22). According to a recent study, 
defects in ubiquitination are associated with human malignan‑
cies, such as ovarian, breast and colorectal cancer (26,54,55). 
Hooda et al (55) have reported that RNF20 deficiency contrib‑
utes to high‑grade serous ovarian carcinoma initiation, and a 
study by Tarcic et al (26) revealed that RNF20 represses NF‑κB 
and its downstream inflammatory cytokines, which inhibits 
cancer cells proliferation and migration in basal‑like breast 
tumors. Tarcic et al (54) have also reported that RNF20+/‑ mice 
are predisposed to inflammation‑associated colorectal cancer, 

and tissues from human colorectal tumors exhibit downregu‑
lation of RNF20/RNF40 and H2Bub1 in both the epithelium 
and the stroma. Therefore, mutations or low expression levels 
of the RNF20/RNF40/WAC complex, along with the dysregu‑
lation of deubiquitinases and cyclin‑dependent kinases have 
been reported to affect tumorigenic pathways (55). Taken 
together, the R282W mutation and the RNF20/RNF40/WAC 
complex are associated with the clinical prognosis of patients 
with colorectal or breast cancer (47,56). Previous studies 
have hypothesized that decitabine may maintain RNF20 
expression to restore H2Bub1 expression levels for treating 
primary breast carcinoma (22,57). Furthermore, proteasome 
inhibitors may be considered for the treatment of early stage 
tumors (58,59). In addition, the p53 R282 mutation has been 
predicted to be a potential biomarker for cancer prognosis, as 
it is associated with radioresistance, and patients with bladder 
cancer harboring the p53 R282 mutation have been shown to 
exhibit a shorter survival time compared with that in patients 
with nonsense mutations (47,60,61). However, whether the 
p53 R282W mutant and the RNF20/RNF40/WAC complex 
collaboratively contribute to tumor development and progres‑
sion requires further investigation.
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