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1  | INTRODUC TION

Lung cancer is the most frequent cause of cancer- related deaths 
worldwide, with approximately 2.09 million new cases and 1.76 
million deaths every year.1 Most (approximately 85%) lung carci-
noma cases are non- small cell lung cancers (NSCLCs) at initial pre-
sentation. Histologically, subtypes of NSCLC are adenocarcinoma 
(38.5%), squamous cell carcinoma (20%) and large cell carcinoma 
(3%).2 Despite the latest advancements in new treatment modali-
ties, including surgery, chemotherapeutic agents and radiother-
apy, the overall 5 year survival of patients with NSCLC is less than 
20%.3 Meanwhile, the potential molecular mechanism of NSCLC is 

unknown and greater efforts should be directed towards the devel-
opment of anti- NSCLC strategies.

The RING- in- between- RING (RBR) E3 ubiquitin ligases (RBR 
E3 ligases) are recently categorized E3 members, which contain a 
highly conserved catalytic unit consisting of a RING1, an in- between 
RING (IBR) and a RING2 domain.4,5 Contrary to classical RING and 
HECT E3 ligases, RBR E3 ligases catalyse ubiquitin transfer to a sub-
strate through a combined RING/HECT- like mechanism, in which the 
RING1 domain facilitates E2 discharge to directly form a thioester in-
termediate with a cysteine in RING2.6 These E3 ligases are involved 
in important cellular events including cellular and stress signalling, 
regulation of post- translational modifications and protein stability, 
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Abstract
The expression pattern, biological functions and the related mechanisms of the ring 
finger protein 19A (RNF19A) in non- small cell lung cancer (NSCLC) remain poorly un-
derstood. This study aimed to explore the role of RNF19A, as well as the underlying 
potential mechanism, in the development of NSCLC. Here, we found that RNF19A 
was overexpressed in NSCLC tissues, and RNF19A expression in NSCLC tissue sam-
ples was associated with NSCLC carcinogenesis and poor outcome. RNF19A pro-
moted the proliferation of NSCLC cells and inhibited apoptosis. RNF19A reduced p53, 
p21 and BAX expression and induced Cyclin D1, CDK4, CDK6 and BCL2 expression. 
The inhibitory effect of RNF19A knockdown on proliferation was partially rescued 
by p53 silencing. RNF19A interacted with p53, shortened p53 half- life and mediated 
p53 ubiquitin- degradation. Collectively, we suggest that RNF19A plays a critical on-
cogenic role in lung carcinogenesis by disrupting the function of p53. RNF19A may 
serve as a new biomarker and/or target for NSCLC management.
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and cycle control.7 Misregulation of RBR proteins often leads to di-
verse diseases, including various cancers. For instance, RBR E3 li-
gases, including Parkin,8 RNF144A,9,10 RBCK111,12 and RNF21613 are 
involved in lung, breast and colorectal cancers through ubiquitin- 
mediated degradation, indicating the vital function of RBR proteins 
in carcinogenesis.

Ring finger protein 19A (RNF19A), also known as Dorfin, is a 
poorly understood member of RBR E3 ligases, which carries three 
highly conserved domains including two RING finger motifs and an 
IBR motif at its N terminus.14 The biological functions and action 
mechanisms of RNF19A remain largely unknown. Available literature 
confirms the independent function of RNF19A by controlling protein 
quality, and its potential involvement in the development of neuro-
degenerative diseases.15- 18 It was reported that the mRNA levels of 
RNF19A increases in the serum of patients suffering from prostate 
cancer.19 However, to date, there are no studies on the intracellular 
RNF19A expression pattern, as well as its direct role and mechanism, 
in cancers. Here, we aimed to explore the biological functions, clin-
ical application and underlying molecular mechanisms of RNF19A in 
NSCLC.

2  | MATERIAL S AND METHODS

2.1 | Human samples

NSCLC specimens from 136 patients, who underwent curative 
surgery in the First Affiliated Hospital of China Medical University 
in Shenyang, China, were obtained from 2014 to 2016. None of 
the patients had received pre- operative chemoradiotherapy. 
Besides, we collected 30 normal paracancer tissues (control sam-
ples) from these patients. Eight NSCLC specimens and matching 
normal paracancer tissues were rapidly placed in liquid nitrogen 
within 10 minutes and then stored at −80°C in an ultra- low tem-
perature refrigerator until Western blotting was performed. All 
patients provided written informed consent, and all experiments 
were approved by the Medical Research Ethics Committee of 
China Medical University.

2.2 | Bioinformatic analyses

Differences in the transcriptional expression of RNF19A between 
NSCLC tissues and their corresponding non- tumour samples were 
evaluated based on the data obtained from the Oncomine database 
(http://www.oncom ine.org) 20 The conditions were set as follows: 
Data type, mRNA; P- value < 0.01; fold change >1.5; gene rank, all. 
The prognostic value of RNF19A in NSCLC was analysed via Gene 
Expression Profiling Interactive Analysis (GEPIA) (http://gepia.cance 
r- pku.cn/) 21 The median gene expression level, 95% confidence 
intervals (CIs), HRs and P values were retrieved from the GEPIA 
database. A P- value < 0.05 was considered to denote statistically 
significant results.

2.3 | Immunohistochemistry (IHC)

The resected specimens were fixed using a 10% formaldehyde solu-
tion, embedded in paraffin and cut into 4 μm thick serial sections. 
After incubating at 70℃ for 2 hours, the sections were dewaxed 
and rehydrated in xylene and graded alcohol. A citrate solution 
(0.01 mol/L) (Maixin- Bio) was used for antigen retrieval under high 
temperature and pressure for 3 minutes. The activity of endog-
enous peroxidase was blocked via incubation with 0.3% H2O2 for 
20 minutes, and then, each section was blocked in 5% goat serum 
for 30 minutes.

All the sections were incubated with a drop of anti- RNF19A rab-
bit polyclonal antibody (1:50 in 2% BSA; #PA5- 54861; Invitrogen, 
Carlsbad, CA, USA) overnight at 4°C. After soaking in 1 × PBS 
thrice for 5 minutes, the sections were incubated with the sub-
strate provided in the ElivisionTMsuper HRP (Mouse/Rabbit) IHC 
Kit (KIT9921; MaiXin) according to the manufacturer's instruc-
tions. Next, 3,3'- diaminobenzidine (DAB) staining and haematox-
ylin counterstaining were performed. Finally, the sections were 
dehydrated using gradient ethanol, cleared by dimethylbenzene 
and mounted with a neutral gum seal tablet. Immunohistochemical 
staining results were evaluated by two experienced pathologists 
in a double- blinded manner. The scoring system for positively 
stained cancer cells was established as described previously.22 
Briefly, based on the staining intensity, cells characterized by no 
staining, weak staining, moderate staining and strong staining 
were scored as 0, 1, 2 and 3, respectively. According to the range 
of positive cell distribution, tissues characterized by 0%, 1- 30%, 
31- 70% and 71- 100% positive cells were scored as 0, 1, 2 and 3, 
respectively. The two scoring results were multiplied to give a 
total score ranging from 0 to 9. Tissues with total scores of 0- 3 
were considered to show low expression of RNF19A, and those 
with scores of 3- 9 were considered to show high expression of 
RNF19A.

2.4 | Cell culture, transfection and transduction

Human non- small cell lung carcinoma cell lines A549, H292, H460, 
H661, H1299 and SK- MES- 1 were purchased from the Cell Bank of 
the China Academy of Sciences (Shanghai, China). Human bronchial 
epithelial cells (HBE) were obtained from the ATCC. According to the 
ATCC protocol, HBE cells were grown in DMEM, while A549, H292, 
H460, H661 and H1299 cells were grown in RPMI 1640 medium, and 
SK- MES- 1 cells were cultured in MEM. Ten per cent foetal bovine 
serum was added to all media, and all cells were cultured at 37°C in 
a 5% CO2- containing atmosphere. In vitro transfection of two small 
interfering RNAs (siRNAs) and RNF19A expression plasmids were 
performed using Lipofectamine 3000 reagent (Invitrogen) following 
the manufacturer's protocol. Cells were transfected with siRNA tar-
geting RNF19A and scrambled control siRNA (Ribobio, Guangzhou, 
China) for 72 hours. The siRNA sequence against RNF19A was as 
follows: siRNF19A- 1, 5'- GATCCATTCTGAATTCCTA- 3'; siRNF19A- 2, 
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5'- GCAAGTAGATATTGAGTCA- 3'. An RNF19A DNA fragment was 
cloned into the PCMV3 vector, containing a FLAG sequence, which 
was obtained from Sino Biological.

2.5 | MTT and colony formation assays

The viability of lung cancer cells was analysed using the MTT assay. 
Briefly, the treated A549, H460 and H1299 cells were seeded in 
96 well microplates at a density of 3000, 1500 and 2000 cells per 
well, respectively. The cells were incubated with a 10% MTT so-
lution (100 µl/well) for 3.5 hours, and the absorbance was meas-
ured at 490 nm. Measurements were taken once per day for five 
consecutive days. For the colony formation assay, approximately 
500 cells/well were plated into a six- well plate and incubated for 
8- 12 days. The colonies were fixed with cold methanol for 15 min-
utes, stained with 0.5% crystal violet solution for 30 minutes, and 
finally, colonies consisting of more than 50 cells were counted using 
ImageJ.

2.6 | Apoptosis analysis

Cell apoptosis assay was performed via Annexin V- FITC/PI stain-
ing according to the manufacturer's instructions (Annexin V- FITC 
Apoptosis Detection Kit, #KGA105- KGA108, KeyGene BioTech, 
Nangjing, China). Briefly, the transfected cells were incubated for 
48 hours, collected using 0.25% trypsin without EDTA and washed 
twice with pre- cooled PBS. Cell pellets were suspended in 500 μl 
binding buffer and then stained with 5 μl Annexin V- FITC and 5 μl 
propidium iodide. After letting the reaction happen at room tem-
perature and away from light for 5- 15 minutes, the stained cells were 
detected using flow cytometry.

2.7 | Western blotting

Frozen tissues and cultured cells were harvested and lysed with 
NP- 40 lysis solution containing protease inhibitors. After meas-
uring the protein concentration of the mixed lysates, 40 μg of 
supernatant protein was separated via SDS- PAGE (12% gels) 
and subsequently transferred onto PVDF membranes. Then, the 
membranes were blocked with 5% skimmed milk for 2 hours at 
about 37°C and incubated with appropriate primary antibod-
ies overnight at 4°C. After washing thrice with TBST, the mem-
branes were incubated with freshly prepared HRP- conjugated 
anti- mouse (#SA00001- 1)/ rabbit (#SA00001- 2) secondary an-
tibody (1:10 000; Proteintech, Wuhan, China) at 37°C for 1 h. 
Hybridization signals were detected via ECL detection reagents 
using a Bio- Imaging System (UVP Inc, Upland). An anti- RNF19A 
polyclonal antibody (#PA5- 54861) was obtained from Invitrogen; 
an anti- CDK4 (#12790) antibody was purchased from Cell Signaling 
Technology (Beverly, MA, USA). Finally, anti- p53 (#10442- 1- AP), 

anti- p21 (#10355- 1- AP), anti- Cyclin D1 (#60186- 1- Ig), anti- CDK6 
(#14052- 1- AP), anti- BAX (#60267- 1- Ig), anti- BCL2 (#12789- 1- AP) 
and anti- GAPDH (#60004- 1- Ig) antibodies were obtained from 
Proteintech. All primary antibodies were diluted 1:1000, except 
for GAPDH which was used at 1:10 000.

2.8 | Quantitative real- time PCR (qRT- PCR)

Total RNA was extracted using TRIzol reagent (TransGen Biotech, 
Beijing, China), and the cDNA was reverse transcribed using the 
FastQuant RT Kit (TIANGEN Biotech, Beijing, China) following 
the manufacturer's instructions. qRT- PCR was performed using a 
7900HT fast real- time PCR system (Applied Biosystems, Foster 
City, CA, USA). The reaction conditions for qRT- PCR were as fol-
lows: Pre- degeneration at 95°C for 15 minutes; followed by 40 cy-
cles of denaturation at 95°C for 10 seconds and annealing at 60°C 
for 32 seconds. GAPDH was used as an internal control, and relative 
gene expression was calculated using the 2−ΔΔCt method.

Sequences of designed primers were as follows: For RNF19A, 
forward 5'- AGCATAGGGGAGGGAAGTGT- 3' and reverse 5'- TACCA 
TGGCACTTCCTGACA- 3'; for p53, forward 5'-  CAGCACATGACG 
GAGGTTGT- 3' and reverse 5'-  TCATCCAAATACTCCACACGC- 3'; 
for GAPDH, forward 5'- CGGAGTCAACGGATTTGGTCGTAT- 3' and 
reverse 5'- AGCCTTCTCCATGGTGGTGAAGAC- 3'.

2.9 | Protein half- life detection

After being transfected with 75 nmol/L siRNF19A or siControl for 
24 hours, A549 and H460 cells were treated with 3 μg/ml cyclohex-
imide (CHX) and collected after 0, 0.5, 1, 1.5, 2 and 2.5 hours of 
treatment. Protein was extracted for SDS- PAGE and Western blot-
ting using anti- RNF19A or anti- p53 antibody. GAPDH served as an 
internal reference and the half- life of p53 was estimated.

2.10 | Co- immunoprecipitation and 
ubiquitination assays

Co- immunoprecipitation and ubiquitination assays were carried 
out as described previously.23 Briefly, the cell lysates were blocked 
with 40 μl Protein A + G agarose beads (Beyotime Biosciences) at 
4°C for 2 hours and immunoprecipitated with 4- 10 μg mouse pri-
mary anti- p53 (#60283- 2- Ig, Proteintech), mouse primary anti- FLAG 
(#HT201- 01, TransGen Biotech) or rabbit primary anti- p53 (#10442- 
1- AP, Proteintech) antibodies overnight at 4°C. The immune com-
plexes were captured by 30 μl Protein A + G agarose beads and 
visualized via Western blotting.

For the ubiquitination assay, A549 cells were transfected with 
specified siRNA or plasmids for 48 hours and then treated with 
MG132 (MedChemExpress, Monmouth Junction) for 24 hours be-
fore they were collected and lysed.
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After centrifuging, the supernatant was immunoprecipitated using 
an anti- p53 (1:1000, #10442- 1- AP/#60283- 2- Ig, Proteintech) antibody 
overnight at 4°C. Samples were then incubated with Protein A + G 
agarose (Beyotime Biosciences) and washed there times in NP- 40 lysis 
buffer. Agarose and 20 μg of the protein immunocomplex were immuno-
blotted using an anti- HA antibody (1:1000, #51064- 2- AP, Proteintech).

2.11 | Statistical analysis

The SPSS 19.0 statistical software (SPSS Inc) and the GraphPad 
Prism 7.0 software (GraphPad Software, Inc) were used to analyse 
the experimental data. The correlation between RNF19A expres-
sion and clinicopathological characteristics was examined using the 

F I G U R E  1   RNF19A is highly expressed in NSCLC tissues and correlates with poor prognosis. A, Expression of RNF19A in eight matching 
NSCLC and non- tumour tissues was detected via Western blotting. T, tumour tissue; N, non- tumour tissue. *P < .05. B, IHC staining 
representative images of RNF19A in NSCLC and non- tumour specimens. a, bronchiole tissue; b, alveolar tissue; c, squamous cell carcinoma 
tissue; d, adenocarcinoma tissue. C, RNF19A mRNA expression comparison between NSCLC and non- tumour tissues from the Oncomine 
database. *P < .05, **P < .01 and ***P < .001. D, RNF19A expression correlates with poor prognosis in patients with NSCLC, obtained from 
GEPIA data sets. *P < .05, ** P < .01 and ***P < .001. E, Immunoblot of RNF19A confirms high expression of RNF19A in NSCLC cell lines. 
IHC, immunohistochemistry; NSCLC, non- small cell lung cancer
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chi- squared test. Data were presented as the mean ± standard error 
(SE), and quantitative analysis was performed using Student's t test 
if not stated otherwise. The level of significance was set at *P < .05, 
** P < .01 and ***P < .001.

3  | RESULTS

3.1 | RNF19A is highly expressed in NSCLC and is 
associated with poor patient outcome

To explore the RNF19A expression pattern in NSCLC, we exam-
ined the expression of RNF19A in matching cancerous and nor-
mal tissues from eight patients with NSCLC via Western blotting. 
RNF19A expression levels were notably increased in six out of 
eight NSCLC tissues compared with those in the normal adjacent 
tissues (Figure 1A P < .05). Meanwhile, IHC was carried out in 
136 NSCLC specimens and 30 normal lung tissues to examine the 
expression of RNF19A in patients with NSCLC who underwent 
curative surgery. Our data showed that RNF19A expression was 
significantly higher in NSCLC tissues (detection rate: 79.4%) than 
that in normal tissues (detection rate: 30.0%, Table 1, Figure 1B 
P < .01). The chi- squared test indicated that high RNF19A expres-
sion was notably associated with tumour size (P < .05) and TNM 
stage (P < .05) of patients with NSCLC (Table 2). However, no sig-
nificant association between RNF19A expression and other clini-
cal features, such as histological type or differentiation degree, 
was observed.

Consistently, bioinformatics analysis of data sets retrieved from 
the Oncomine database also demonstrated a significantly higher 
RNF19A expression in lung cancer tissues compared with normal 
lung tissues (Figure 1C  < .05). Moreover, the analysis of lung can-
cer survival data from the GEPIA database suggested that patients 
with NSCLC with higher RNF19A expression showed shorter over-
all survival (Figure 1D  < .05). These results strongly suggested that 
high RNF19A expression might play a critical role during NSCLC 
progression.

RNF19A expression was investigated in NSCLC cell lines, A549, 
H292, H460, H661, H1299 and SK- MES- 1 using Western blotting. 
Compared with those in HBE cells, RNF19A levels were mostly el-
evated in tumour cell lines (Figure 1E). A549 and H460 cells were 
used for the subsequent experiments because of their moderate 
RNF19A expression.

3.2 | RNF19A promotes NSCLC cell growth

To further explore the possible biological function of RNF19A in 
NSCLC, we used RNF19A- specific siRNA or a PCMV3- RNF19A vec-
tor to suppress or enhance RNF19A expression in A549 and H460 
cell lines, respectively. qRT- PCR and Western blotting were per-
formed to identify the transfection efficiency. The results showed 
that RNF19A siRNA effectively blocked RNF19A expression at 
the protein and mRNA level, while RNF19A was overexpressed in 
PCMV3- RNF19A vector- transfected cells (Figure 2A). MTT analysis 
showed that RNF19A knockdown suppressed the growth of A549 
and H460 cells. On the contrary, RNF19A overexpression promoted 
growth (Figure 2B  < .05). Moreover, RNF19A knockdown inhibited 
the colony formation in A549 and H460 cells, while RNF19A over-
expression dramatically increased this capacity (Figure 2C  < .05). 
Furthermore, RNF19A knockdown promoted the apoptosis of A549 
and H460 cells, yet, RNF19A overexpression had opposite effects 
(Figure 2D  < .05). These results suggested that RNF19A might act as 
an oncogene in NSCLC.

3.3 | RNF19A represses p53 expression and 
regulates p53 downstream signalling

Our results showed that RNF19A supported the growth of NSCLC 
cells. We further explored the possible mechanisms of RNF19A- 
prompted proliferation and apoptosis inhibition in cancer cells and 
paid attention to the regulation of p53 by RNF19A. First, we detected 
p53 expression at protein and mRNA levels after transfection with 
RNF19A siRNA or a plasmid that carried RNF19A. Our data revealed 
that knockdown and overexpression of RNF19A significantly up- 
regulated and down- regulated p53 expression at the protein level, 
respectively (Figure 3A); however, the mRNA expression of p53 did 
not change (Figure 3B). Next, we detected the effects of RNF19A on 
the expression levels of p53 downstream proteins. RNF19A knock-
down significantly increased the expression levels of the cell cycle 
inhibitor p21 (CDKN1A) and the pro- apoptotic factor BAX, and de-
creased the expression of Cyclin D1, CDK4, CDK6, as well as the 
pro- survival factor BCL2, in A549 and H460 cells. Overexpression 
of RNF19A had the opposite effect (Figure 3A). These data suggested 
that RNF19A might inhibit the p53 signalling pathway in NSCLC cells.

3.4 | RNF19A exerts tumour- promoting effects 
through p53

The above results suggested that RNF19A promoted cellular prolif-
eration and inhibited apoptosis in A549 and H460 cells, which en-
dogenously express wild- type TP53. However, RNF19A knockdown 
or overexpression did not affect the proliferation and apoptosis 
in p53- null (H1299) or p53- mutant (SK- MES- 1) cells (Figure 4A- C, 
Figure S1A- C). This observation suggested that RNF19A plays a pro- 
oncogenic through p53.

TA B L E  1   RNF19A expression in normal lung and NSCLC tissues

Group n

RNF19A

χ2- value P- value− +

Normal 30 21 9 28.843 .000

NSCLC 136 28 108

Abbreviations: NSCLC, Non- small cell lung cancer.
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To further confirm whether p53 is essential for the oncogenic 
role of RNF19A, we carried out a rescue experiment by repressing 
p53 expression in RNF19A siRNA- transfected cells. As shown in 
Figure 4D- E, p53 knockdown dramatically reduced the proliferation 
inhibition effect of RNF19A knockdown in A549 and H460 cells. In 
addition, p53 knockdown reversed the effect of RNF19A knockdown 
on the expression of p53 downstream proteins (Figure 4F). These 
data suggested that RNF19A promoted NSCLC growth at least par-
tially through p53.

3.5 | RNF19A interacts with p53 to promote p53 
ubiquitination

The above results suggested that RNF19A knockdown and over-
expression increased and decreased p53 expression at the protein 
level, respectively, while p53 expression did not change, indicating 
that RNF19A might regulate p53 at the post- transcriptional level. 
As RNF19A is an E3 ubiquitin ligase that can achieve ubiquitina-
tion independently, we speculated that RNF19A might interact 

with p53 and participate in its ubiquitination and degradation. To 
confirm this hypothesis, RNF19A- silenced A549 and H460 cells 
were treated with the proteasome inhibitor MG132, and p53 
expression was detected via Western blotting. In line with our 
hypothesis, MG132 rescued the elevated expression of p53 due 
to RNF19A knockdown (Figure 5A). This suggested that RNF19A 
promoted p53 degradation via the proteasome pathway. We next 
examined the half- life of endogenous p53 in A549 and H460 cells 
which were treated with CHX after RNF19A siRNA transfection. 
We observed that endogenous p53 in RNF19A- knockdown cells 
had a longer half- life than in the scramble siRNA- treated group 
(Figure 5B).

We then performed endogenous co- immunoprecipitation in 
A549 cells to determine whether RNF19A interacts with p53. The 
results showed that precipitated p53 immunocomplexes included 
RNF19A (Figure 5C).

Next, plasmids carrying exogenous FLAG- RNF19A and p53 were 
co- transfected into A549 cells; then, FLAG and p53 were immunopre-
cipitated, respectively. We found that exogenous RNF19A and p53 
co- immunoprecipitated in both assays (Figure 5D). To further assess 

Clinicopathological characteristics n

RNF19A

χ2- value P- value− +

Gender

Male 89 15 74 2.197 .138

Female 47 13 34

Age (y)

≤60 68 14 54 0.000 1.000

>60 68 14 54

Histological type

Squamous cell carcinoma 69 12 57 0.876 .349

Adenocarcinoma 67 16 51

Differentiation degree

Well- moderate 81 19 62 1.008 .315

Poor 55 9 46

Tumour size

≤3 cm 66 19 47 5.273 .022

>3 cm 70 9 61

lymph node metastasis

Negative 90 22 68 2.420 .120

Positive 46 6 40

TNM stage

Ⅰ + Ⅱ A 73 20 53 4.469 .035

Ⅱ B + Ⅲ 63 8 55

Abbreviations: NSCLC, Non- small cell lung cancer.

TA B L E  2   Correlation between RNF19A 
protein expression and clinicopathologic 
variables of patients with NSCLC

F I G U R E  2   RNF19A promotes NSCLC cell proliferation and inhibits apoptosis. A, RNF19A knockdown and overexpression was detected 
via Western blotting and qRT- PCR. B, Viability of transfected A549 and H460 cells was measured using the MTT assay. C, Colony formation 
was detected in transfected A549 and H460 cells. D, Transfected A549 and H460 cells were stained with Annexin V- FITC/PI. Stained 
cells were analysed via flow cytometry. *P < .05, ** P < .01 and ***P < .001. Data are presented as the mean ± SE of three independent 
experiments. SE, standard error
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whether RNF19A regulates p53 ubiquitination, RNF19A was overex-
pressed or knocked down in A549 cells that were pre- treated with 
MG132 to block proteasome- dependent degradation. We observed 
that RNF19A overexpression distinctly induced p53 ubiquitination, 
while RNF19A knockdown reduced p53 ubiquitination (Figure 5E).

4  | DISCUSSION

In this paper, we have identified RNF19A as a novel onco- driver in 
NSCLC based on two observations: (1) RNF19A was highly expressed 
in NSCLC tissues, and its overexpression was positively correlated 
with poor patient outcome in NSCLC; (2) RNF19A increased NSCLC 
cell proliferation and survival. These results suggested that RNF19A 
promoted NSCLC development. Previous work has confirmed that 
several RBR E3 ligases are involved in the regulation of tumour pro-
gression by modulating the degradation of tumour promoters or 
suppressors.24 However, the expression pattern, functional implica-
tion and prognostic value of RNF19A in NSCLC have been poorly 
defined.

The canonical homo- tetrameric p53a protein, also known 
as p53 or the ‘Guardian of the genome’,25 is a powerful and 

well- known tumour suppressor, encoded by TP53. p53 is a vital 
transcription factor that plays a crucial role in several cell cycle 
regulation pathways and induces apoptosis when necessary.26 
The loss of p53 usually leads to tumorigenesis27- 29 and promotes 
the occurrence and development of tumours.30,31 In this study, 
we showed that RNF19A not only decreased p53 expression at 
the protein level but also regulated the downstream signalling 
of p53, suggesting that RNF19A might promote NSCLC devel-
opment by decreasing p53 function. The investigation of the 
potential mechanism indicated that RNF19A (1) promoted prolif-
eration and decreased apoptosis by down- regulating p53 and (2) 
regulated p53 downstream signalling, including p21, Cyclin D1, 
CDK4, CDK6, BAX and BCL2. p21 was the first gene to be iden-
tified to be induced by the wild- type p53; this induction arrests 
the cell cycle progression at the G1/S transition through the 
inhibition of CDK4 and CDK6/cyclin- D complexes.32,33 Cyclin 
D1, a growth factor sensor, activates CDK4 and CDK6 at the G1 
phase.34 In addition, p53 triggers a complex network of signals 
that work through the extrinsic and intrinsic apoptotic path-
ways. The intrinsic pathway (also called the mitochondrial path-
way) promotes the expression of the BCL2 family of proteins 
towards the pro- apoptotic members. Under certain conditions, 

F I G U R E  3   RNF19A represses the expression of p53 and regulates p53 downstream molecules. A, Expression of p53 and its downstream 
molecules was evaluated via Western blotting in A549 and H460 cells transfected with RNF19A siRNA and RNF19A overexpression plasmid. 
B, TP53 mRNA expression in the transfected cells was evaluated using qRT- PCR. Data are presented as the mean ± SE of three independent 
experiments. N.S., not significant; SE, standard error

F I G U R E  4   RNF19A exerts tumour- promoting effects through p53. A- C, Knockdown or overexpression of RNF19A had no notable effect 
on the colony formation, cell viability and apoptosis of p53- null (H1299) cells. D, Knockdown of p53 significantly increased the reduction 
in the colony formation of RNF19A siRNA- transfected A549 and H460 cells. E, p53 depletion attenuates the inhibitory effect of RNF19A 
knockdown on A549 and H460 cells. F, Changes in the expression of p53 and its downstream proteins were detected via Western blotting 
after transfection of RNF19A- silenced cells with p53 siRNA. Statistical results are presented as the mean ± SE, N.S., not significant,*P < .05, 
** P < .01, and ***P < .001. SE, standard error
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p53 can promote apoptosis by regulating the transcription of 
particular apoptotic target genes which mediate the majority 
of apoptotic effects. BAX was the first confirmed p53- induced 
member of the BCL2 family, which activates the intrinsic apop-
totic pathway by inducing the expression of more than three 
kinds of BCL2 pro- apoptotic family members.35 In our study, 
RNF19A decreased p53 expression and modulated the expres-
sion of its downstream signalling proteins (p21, BAX, Cyclin D1, 
CDK4, CDK6 and BCL2). It is worth mentioning that p53 knock-
down significantly, although only partially, rescued the inhibi-
tory effect of RNF19A knockdown on the growth of NSCLC cells. 
Thus, our results strongly indicated that the biological functions 
of RNF19A might be, at least partially, mediated by the p53 path-
way. In contrast, no change in the expression levels of TP53 was 
detected, suggesting post- transcriptional regulation of p53 by 
RNF19A.

Transcriptional activation of p53 can be mediated by exten-
sive post- translational modifications including ubiquitination, 
phosphorylation, acetylation and methylation.36- 38 Ubiquitination 
is critical for maintaining p53 stability as well as transcriptional 
regulation of its downstream targets.39 It should be noted that 
p53 is targeted for ubiquitination and degradation by several E3 
ligases, including RBR proteins, such as Parkin, RBCK1, RNF31, 
and CUL9.40- 44 Given the fact that RNF19A is an RBR E3 ubiqui-
tin ligase that can perform ubiquitination independently, we have 
been suggested that RNF19A may play a pro- oncogenic role by 
regulating p53 ubiquitination. In the present study, consistent 
with our hypothesis, we found that RNF19A did not only nega-
tively regulate p53 half- life but also interacted with p53 and in-
duced its ubiquitination. Our study has thus added RNF19A to the 
already existing list of RBR E3 ubiquitin ligases involved in p53 
ubiquitination.

Our study also has some limitations. First, we were unable to 
analyse the prognosis of our collection of specimens, because the 
original specimens were collected between 2014 and 2016, and not 
enough time had passed to collect information. Therefore, prognos-
tic information could only be downloaded from biological databases 
for further analysis. Second, we have evidence that p53 is at least 
partially involved in lung tumorigenesis by RNF19A; however, we 
should not rule out other targets of RNF19A in this complex biolog-
ical process.

In conclusion, our study has revealed the clinical significance 
and biological function of RNF19A in NSCLC. RNF19A decreases 
p53 expression and its downstream signalling, binds to p53 and 
promotes its ubiquitination, thereby promoting NSCLC growth and 

progression. RNF19A may thus act as a new biomarker and target for 
NSCLC prognosis and therapy.

ACKNOWLEDG EMENTS
We would like to thank Editage (www.edita ge.cn) for English- 
language editing.

CONFLIC T OF INTERE S T
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTION
Yu Cheng: Conceptualization (lead); Writing- original draft (lead). 
Yujiao Hu: Methodology (equal). Huanxi Wang: Data curation 
(equal); Methodology (equal). Zhi Zhao: Data curation (equal); 
Methodology (equal); Software (equal). Xizi Jiang: Data curation 
(equal); Methodology (equal); Software (equal). Yao Zhang: Data 
curation (equal); Methodology (equal); Software (equal). Jiameng 
Zhang: Methodology (equal); Resources (equal). Yue Tong: 
Methodology (equal); Resources (equal). Xueshan Qiu: Funding 
acquisition (lead); Project administration (lead); Supervision 
(lead).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Yu Cheng  https://orcid.org/0000-0001-5528-2058 
Xueshan Qiu  https://orcid.org/0000-0001-9481-8249 

R E FE R E N C E S
 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. 

Global cancer statistics 2018: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries. CA: A 
Cancer J Clin. 2018;68(6):394- 424.

 2. Skřičková J, Kadlec B, Venclíček O, Merta Z. Lung cancer. Casopis 
lekaru ceskych. 2018;157(5):226- 236.

 3. Hirsch FR, Scagliotti GV, Mulshine JL, et al. Lung can-
cer: current therapies and new targeted treatments. Lancet. 
2017;389(10066):299- 311. https://doi.org/10.1016/S0140 - 6736 
(16)30958 - 8

 4. Morett E, Bork P. A novel transactivation domain in parkin. Trends 
Biochem Sci. 1999;24(6):229- 231. https://doi.org/10.1016/S0968 
- 0004(99)01381 - X

 5. van der Reijden BA, Erpelinck- Verschueren CA, Lowenberg B, 
Jansen JH. TRIADs: a new class of proteins with a novel cysteine- 
rich signature. Protein Sci. 1999;8(7):1557- 1561. https://doi.
org/10.1110/ps.8.7.1557

F I G U R E  5   RNF19A interacts with p53 and promotes p53 ubiquitination. A, RNF19A- silenced A549 and H460 cells were treated with 
MG132 and DMSO (control). RNF19A and p53 expression levels in the treated cells were detected via Western blotting. B, RNF19A- silenced 
A549 and H460 cells were treated with CHX at the indicated time points. RNF19A and p53 expression levels in the treated cells were 
detected via Western blotting and the half- life of p53 was calculated. C, Endogenous p53 and RNF19A form a protein complex in A549 
cells. D, RNF19A co- immunoprecipitates with p53 in A549 cells transfected with p53 and FLAG- tagged RNF19A. E, A549 cells transfected 
with RNF19A expression plasmid or the RNF19A siRNA along with HA- ubiquitin (Ub). Levels of p53 ubiquitination were detected via 
immunoprecipitation using the anti- p53 antibody, followed by anti- HA immunoblotting

http://www.editage.cn
https://orcid.org/0000-0001-5528-2058
https://orcid.org/0000-0001-5528-2058
https://orcid.org/0000-0001-9481-8249
https://orcid.org/0000-0001-9481-8249
https://doi.org/10.1016/S0140-6736(16)30958-8
https://doi.org/10.1016/S0140-6736(16)30958-8
https://doi.org/10.1016/S0968-0004(99)01381-X
https://doi.org/10.1016/S0968-0004(99)01381-X
https://doi.org/10.1110/ps.8.7.1557
https://doi.org/10.1110/ps.8.7.1557


     |  7807CHENG Et al.

 6. Smit JJ, Sixma TK. RBR E3- ligases at work. EMBO Rep. 
2014;15(2):142- 154. https://doi.org/10.1002/embr.20133 8166

 7. Eisenhaber B, Chumak N, Eisenhaber F, Hauser MT. The ring be-
tween ring fingers (RBR) protein family. Genome Biol. 2007;8(3):3- 
209. https://doi.org/10.1186/gb- 2007- 8- 3- 209

 8. Ding D, Ao X, Liu Y, et al. Post- translational modification of Parkin 
and its research progress in cancer. Cancer Commun. 2019;39:77. 
https://doi.org/10.1186/s4088 0- 019- 0421- 5

 9. Yang YL, Zhang Y, Li DD, et al. RNF144A functions as a tumor sup-
pressor in breast cancer through ubiquitin ligase activity- dependent 
regulation of stability and oncogenic functions of HSPA2. Cell 
Death Differ. 2019;27(3):1105- 1118. https://doi.org/10.1038/s4141 
8- 019- 0400- z

 10. Zhang Y, Yang YL, Zhang FL, Liao XH, Shao ZM, Li DQ. Epigenetic 
silencing of RNF144A expression in breast cancer cells through 
promoter hypermethylation and MBD4. Cancer Med- US. 
2018;7(4):1317- 1325. https://doi.org/10.1002/cam4.1324

 11. Liu ML, Zang F, Zhang SJ. RBCK1 contributes to chemoresistance 
and stemness in colorectal cancer (CRC). Biomed Pharmacother. 
2019;118:109250.

 12. Gustafsson N, Zhao C, Gustafsson JA, Dahlman- Wright K. RBCK1 
drives breast cancer cell proliferation by promoting transcription of es-
trogen receptor alpha and cyclin B1. Cancer Res. 2010;70(3):1265- 1274.

 13. Wang H, Wang Y, Qian L, et al. RNF216 contributes to prolifera-
tion and migration of colorectal cancer via suppressing BECN1- 
dependent autophagy. Oncotarget. 2016;7(32):51174- 51183.

 14. Niwa J, Ishigaki S, Doyu M, Suzuki T, Tanaka K, Sobue G. A novel 
centrosomal ring- finger protein, dorfin, mediates ubiquitin ligase 
activity. Biochem Bioph Res Co. 2001;281(3):706- 713. https://doi.
org/10.1006/bbrc.2001.4414

 15. Niwa JI, Ishigaki S, Hishikawa N, et al. Dorfin ubiquitylates mutant 
SOD1 and prevents mutant SOD1- mediated neurotoxicity. J Biolog 
Chem. 2002;277(39):36793- 36798. https://doi.org/10.1074/jbc.
M2065 59200

 16. Ito T, Niwa J, Hishikawa N, Ishigaki S, Doyu M, Sobue G. Dorfin lo-
calizes to Lewy bodies and ubiquitylates synphilin- 1. J Biolog Chem. 
2003;278(31):29106- 29114. https://doi.org/10.1074/jbc.M3027 
63200

 17. Takeuchi H, Niwa J, Hishikawa N, et al. Dorfin prevents cell 
death by reducing mitochondrial localizing mutant superox-
ide dismutase 1 in a neuronal cell model of familial amyotrophic 
lateral sclerosis. J Neurochem. 2004;89(1):64- 72. https://doi.
org/10.1046/j.1471- 4159.2003.02289.x

 18. Huang Y, Niwa J, Sobue G, Breitwieser GE. Calcium- sensing recep-
tor ubiquitination and degradation mediated by the E3 ubiquitin li-
gase dorfin. J Biolog Chem. 2006;281(17):11610- 11617. https://doi.
org/10.1074/jbc.M5135 52200

 19. Srivastava RK, Bai VU, Hwang O, et al. Averaged differential ex-
pression for the discovery of biomarkers in the blood of patients 
with prostate cancer. PLoS One. 2012;7(4):e34875. https://doi.
org/10.1371/journ al.pone.0034875

 20. Rhodes DR, Kalyana- Sundaram S, Mahavisno V, et al. Oncomine 
3.0: genes, pathways, and networks in a collection of 18,000 cancer 
gene expression profiles. Neoplasia. 2007;9(2):166- 180. https://doi.
org/10.1593/neo.07112

 21. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server 
for cancer and normal gene expression profiling and interactive 
analyses. Nucleic Acids Res. 2017;45(W1):W98- w102. https://doi.
org/10.1093/nar/gkx247

 22. Xu Y, Ren H, Jiang J, et al. KIAA0247 inhibits growth, migration, 
invasion of non- small- cell lung cancer through regulating the 
Notch pathway. Cancer Sci. 2018;109(4):1055- 1065. https://doi.
org/10.1111/cas.13539

 23. Jiang J, Xu Y, Ren H, et al. MKRN2 inhibits migration and invasion 
of non- small- cell lung cancer by negatively regulating the PI3K/Akt 

pathway. J Exp Clin Canc Res. 2018;37:189. https://doi.org/10.1186/
s1304 6- 018- 0855- 7

 24. Wang P, Dai X, Jiang W, Li Y, Wei W. RBR E3 ubiquitin ligases in 
tumorigenesis. Semin Cancer Biol. 2020;67:131- 144. https://doi.
org/10.1016/j.semca ncer.2020.05.002

 25. Efeyan A, Serrano M. p53: Guardian of the genome and policeman 
of the oncogenes. Cell Cycle. 2007;6(9):1006- 1010. https://doi.
org/10.4161/cc.6.9.4211

 26. Niazi S, Purohit M, Niazi JH. Role of p53 circuitry in tumorigene-
sis: a brief review. Eur J of Med Chem. 2018;158:7- 24. https://doi.
org/10.1016/j.ejmech.2018.08.099

 27. Sarasqueta AF, Forte G, Corver WE, et al. Integral analysis of p53 
and its value as prognostic factor in sporadic colon cancer. BMC 
Cancer. 2013;13:277. https://doi.org/10.1186/1471- 2407- 13- 277

 28. Liu BW, Liu Y, Liu JR, Feng ZX, Liu T. Prognostic effect of p53 ex-
pression in patients with completely resected colorectal cancer. 
Tumour Biol. 2014;35(10):9893- 9896. https://doi.org/10.1007/
s1327 7- 014- 2219- z

 29. Stefancikova L, Moulis M, Fabian P, et al. Prognostic impact of 
p53 aberrations for R- CHOP- treated patients with diffuse large 
B- cell lymphoma. Int J Oncol. 2011;39(6):1413- 1420. https://doi.
org/10.3892/ijo.2011.1170

 30. Harvey M, McArthur MJ, Montgomery CA Jr, Bradley A, Donehower 
LA. Genetic background alters the spectrum of tumors that develop 
in p53- deficient mice. FASEB J. 1993;7(10):938- 943. https://doi.
org/10.1096/fasebj.7.10.8344491

 31. Jacks T, Remington L, Williams BO, et al. Tumor spectrum analysis in 
p53- mutant mice. Curr Biol. 1994;4(1):1- 7. https://doi.org/10.1016/
S0960 - 9822(00)00002 - 6

 32. Karimian A, Ahmadi Y, Yousefi B. Multiple functions of p21 in 
cell cycle, apoptosis and transcriptional regulation after DNA 
damage. DNA Repair. 2016;42:63- 71. https://doi.org/10.1016/j.
dnarep.2016.04.008

 33. Abbas T, Dutta A. p21 In cancer: intricate networks and multi-
ple activities. Nat Rev Cancer. 2009;9(6):400- 414. https://doi.
org/10.1038/nrc2657

 34. Bertoli C, Skotheim JM, de Bruin RA. Control of cell cycle transcrip-
tion during G1 and S phases. Nature Rev Mol Cell Biol. 2013;14(8):518- 
528. https://doi.org/10.1038/nrm3629

 35. Aubrey BJ, Kelly GL, Janic A, Herold MJ, Strasser A. How does p53 
induce apoptosis and how does this relate to p53- mediated tumour 
suppression? Cell Death Differ. 2018;25(1):104- 113. https://doi.
org/10.1038/cdd.2017.169

 36. Bang S, Kaur S, Kurokawa M. Regulation of the p53 family proteins 
by the ubiquitin proteasomal pathway. Int J Mol Sci. 201921(1):261. 
https://doi.org/10.3390/ijms2 1010261

 37. Pant V, Lozano G. Limiting the power of p53 through the ubiquitin 
proteasome pathway. Gene Dev. 2014;28(16):1739- 1751. https://
doi.org/10.1101/gad.247452.114

 38. Tang Y, Zhao W, Chen Y, Zhao Y, Gu W. Acetylation is indispens-
able for p53 activation. Cell. 2008;133(4):612- 626. https://doi.
org/10.1016/j.cell.2008.03.025

 39. Chao CK. Mechanisms of p53 degradation. Clin Chim Acta. 
2015;438:139- 147. https://doi.org/10.1016/j.cca.2014.08.015

 40. Jung YY, Son DJ, Lee HL, et al. Loss of Parkin reduces inflammatory 
arthritis by inhibiting p53 degradation. Redox Biol. 2017;12:666- 
673. https://doi.org/10.1016/j.redox.2017.04.007

 41. Yu S, Dai J, Ma M, et al. RBCK1 promotes p53 degradation via ubiq-
uitination in renal cell carcinoma. Cell Death Dis. 2019;10(4):254. 
https://doi.org/10.1038/s4141 9- 019- 1488- 2

 42. Zhu J, Zhao C, Zhuang T, et al. RING finger protein 31 promotes p53 
degradation in breast cancer cells. Oncogene. 2016;35(15):1955- 
1964. https://doi.org/10.1038/onc.2015.260

 43. Pei XH, Bai F, Li Z, et al. Cytoplasmic CUL9/PARC ubiquitin ligase is a 
tumor suppressor and promotes p53- dependent apoptosis. Cancer 

https://doi.org/10.1002/embr.201338166
https://doi.org/10.1186/gb-2007-8-3-209
https://doi.org/10.1186/s40880-019-0421-5
https://doi.org/10.1038/s41418-019-0400-z
https://doi.org/10.1038/s41418-019-0400-z
https://doi.org/10.1002/cam4.1324
https://doi.org/10.1006/bbrc.2001.4414
https://doi.org/10.1006/bbrc.2001.4414
https://doi.org/10.1074/jbc.M206559200
https://doi.org/10.1074/jbc.M206559200
https://doi.org/10.1074/jbc.M302763200
https://doi.org/10.1074/jbc.M302763200
https://doi.org/10.1046/j.1471-4159.2003.02289.x
https://doi.org/10.1046/j.1471-4159.2003.02289.x
https://doi.org/10.1074/jbc.M513552200
https://doi.org/10.1074/jbc.M513552200
https://doi.org/10.1371/journal.pone.0034875
https://doi.org/10.1371/journal.pone.0034875
https://doi.org/10.1593/neo.07112
https://doi.org/10.1593/neo.07112
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1111/cas.13539
https://doi.org/10.1111/cas.13539
https://doi.org/10.1186/s13046-018-0855-7
https://doi.org/10.1186/s13046-018-0855-7
https://doi.org/10.1016/j.semcancer.2020.05.002
https://doi.org/10.1016/j.semcancer.2020.05.002
https://doi.org/10.4161/cc.6.9.4211
https://doi.org/10.4161/cc.6.9.4211
https://doi.org/10.1016/j.ejmech.2018.08.099
https://doi.org/10.1016/j.ejmech.2018.08.099
https://doi.org/10.1186/1471-2407-13-277
https://doi.org/10.1007/s13277-014-2219-z
https://doi.org/10.1007/s13277-014-2219-z
https://doi.org/10.3892/ijo.2011.1170
https://doi.org/10.3892/ijo.2011.1170
https://doi.org/10.1096/fasebj.7.10.8344491
https://doi.org/10.1096/fasebj.7.10.8344491
https://doi.org/10.1016/S0960-9822(00)00002-6
https://doi.org/10.1016/S0960-9822(00)00002-6
https://doi.org/10.1016/j.dnarep.2016.04.008
https://doi.org/10.1016/j.dnarep.2016.04.008
https://doi.org/10.1038/nrc2657
https://doi.org/10.1038/nrc2657
https://doi.org/10.1038/nrm3629
https://doi.org/10.1038/cdd.2017.169
https://doi.org/10.1038/cdd.2017.169
https://doi.org/10.3390/ijms21010261
https://doi.org/10.1101/gad.247452.114
https://doi.org/10.1101/gad.247452.114
https://doi.org/10.1016/j.cell.2008.03.025
https://doi.org/10.1016/j.cell.2008.03.025
https://doi.org/10.1016/j.cca.2014.08.015
https://doi.org/10.1016/j.redox.2017.04.007
https://doi.org/10.1038/s41419-019-1488-2
https://doi.org/10.1038/onc.2015.260


7808  |     CHENG Et al.

Res. 2011;71(8):2969- 2977. https://doi.org/10.1158/0008- 5472.
CAN- 10- 4300

 44. Nikolaev AY, Li M, Puskas N, Qin J, Gu W. Parc: a cytoplasmic an-
chor for p53. Cell. 2003;112(1):29- 40. https://doi.org/10.1016/
S0092 - 8674(02)01255 - 2

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Cheng Y, Hu Y, Wang H, et al. Ring 
finger protein 19A is overexpressed in non- small cell lung 
cancer and mediates p53 ubiquitin- degradation to promote 
cancer growth. J Cell Mol Med. 2021;25:7796– 7808. https://
doi.org/10.1111/jcmm.16674

https://doi.org/10.1158/0008-5472.CAN-10-4300
https://doi.org/10.1158/0008-5472.CAN-10-4300
https://doi.org/10.1016/S0092-8674(02)01255-2
https://doi.org/10.1016/S0092-8674(02)01255-2
https://doi.org/10.1111/jcmm.16674
https://doi.org/10.1111/jcmm.16674

