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Abstract
Background/Aims: Aberrant RNA editing, mediated by adenosine deaminases acting on RNA 
(ADAR), serves as a post-transcriptional event participating in tumorigenesis and prognosis. 
However, the RNA editing profiles during HCC progression and their clinical correlations remain 
unclear. Methods: Multiple tissue samples were collected from an advanced HCC patient. 
RNA-seq was performed to obtain the RNA editing profiles for each sample. Two RNA editing 
sites from CDK13 were further validated in 60 HCC patients; and their potential regulatory 
mechanisms were investigated. Results: In-depth analysis of the RNA-seq data revealed a 
significant number of editing sites (632-816) in coding regions for each tissue sample, showing 
branched evolution during tumorigenesis and metastasis. Two editing sites (Q103R and K96R) 
in CDK13 showed significant over-editing in tumor, and these phenomenon were validated 
in 60 HCC patients. Furthermore, the clinicopathological analysis revealed that these CDK13 
over-editing sites were positively associated with TNM, PVTT and poor prognosis. In addition, 
the editing level of these sites were significantly correlated with the expression of ADAR1. 
Loss of function assays further proved that these CDK13 over-editing sites were mediated by 
ADAR1 in HCC cells. Conclusions: CDK13 RNA over-editing sites mediated by ADAR1 may 
serve as novel cancer driver events in HCC progression.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common cancer with poor clinical 
outcomes, and it ranks the third leading cancer-related death in China [1]. HCC is associated 
with multiple high risk factors, including hepatitis B virus (HBV) or hepatitis C virus (HCV) 
infection, alcoholic cirrhosis and aflatoxin B1 (AFB1) contamination of food [2]. Similar as 
other solid tumors, the development of HCC also involves complicated genetic and epigenetic 
alterations. Due to the rapid development of next generation sequencing technology, recent 
studies have extensively focused on investigation of genomic DNA mutations and gene 
expression changes in HCC [3-7]. However, the mutations in genomic DNA are not the only 
driven force for HCC initiation and progression. Other events on RNA, such as RNA mutations, 
change of mRNA transcripts, also could significantly affect the initiation, development and 
prognosis of HCC.

RNA editing, a post-transcriptional event on RNA, was firstly discovered in trypanosome 
mitochondria [8]. In humans, the most popular type of RNA editing is A-to-I editing [9]. A-I 
editing is catalyzed by the enzyme family of adenosine deaminase acting on RNA (ADAR) 
, which can convert adenosine (A) to inosine (I) by deamination [10]. Subsequently, the 
splicing and translational machineries could recognize inosine as guanosine (G), therefore 
the result of A-I editing in coding regions may lead to amino acid substitution. Previous 
studies suggested that aberrant RNA editing events played a vital role in HCC development. 
For example, RNA over-editing of BLCAP which leads to a Tyr→Cys amino acid substitution, 
could stably promote cell proliferation by enhancing phosphorylation of AKT and further 
contribute to hepatocarcinogenesis [11]. Chen and his colleagues also suggested that 
increased ADAR1-mediated A-I editing of AZINI could promote cell proliferation and tumor 
progression through the neutralization of antizyme-mediated degradation of the target 
oncoproteins ornithine decarboxylase (ODC) and cyclin D1 (CCND1) in HCC[12]. In these 
studies，tumor over-editing sites are screened based on primary tumor and matched 
normal tissues, while profiling of RNA editing along with tumor recurrence and metastasis 
were rarely investigated and thus did not discriminate the trunk editing sites (commonly 
identified in all tumor sites) and recurrent/metastatic specific editing sites.

Here, we collected multiple tissue samples (including primary tumor, matched 
peritumor, recurrent tumors in segment VII and V of liver, portal vein tumor thrombus 
(PVTT) and metastatic lymph node) from a HBV related advanced HCC patient receiving 
two hepatectomy to analyze the RNA editing profiles during HCC progression. Our analysis 
discovered two RNA editing sites (Q103R and K96R) of CDK13 (cyclin-dependent kinase 
protein), which participated in pre-mRNA splicing and severed as a cancer driver gene in 
HCC. Then we explored the clinical significance and potential RNA editing mechanisms of 
CDK13 in large HCC cohorts. The results demonstrated that CDK13 RNA over-editing induced 
by ADAR1 were tightly associated with poor prognosis of HCC patients.

Materials and Methods

Sample collection
Six sequencing specimens were obtained from a HBV related advanced HCC patient who received 

surgical resection and other adjuvant therapies in Mengchao Hepatobiliary Hospital of Fujian Medical 
University over one 1-year clinical course. Primary HCC tissue and matched normal tissue were collected 
from the first surgery, and four recurrent/metastatic tumor tissues including the recurrent HCC in liver 
VII section (labeled as RT1), recurrent HCC in liver V section (labeled as RT2), portal vein tumor thrombus 
(labeled as MT1) and lymphatic node metastasis (labeled as MT2), were collected 5 months later at the 
second surgical resection (Fig.  1A). General deterioration then occurred at day 350 of follow-up. Treatment 
was stopped and the patient died 2 months later. Another 60 paired HCC tumor and matched peritumor 
samples were also obtained from Mengchao Hepatobiliary Hospital of Fujian Medical University. None of 
these patients received chemotherapy or other adjuvant therapies before surgical resection. The tissue 
samples were immediately frozen in liquid nitrogen after collection and kept until RNA extraction.
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All human sample collection procedures and usage of human samples were approved by the Institution 
Review Board of Mengchao Hepatobiliary Hospital of Fujian Medical University. The written consent was 
received from all of the participated patient in this study.

Transcriptome Sequencing
RNeasy Mini kits (Qiagen, Dusseldorf, Germany) were used to extract RNA from all samples according 

to the manufacturer’s instructions. RNA purity was assessed by measuring its A260/A280 ratio; RNA 
Integrity Number (RIN) was assessed using the Bioptic Qsep100. After that, RNA samples were prcossed 
for the purification of poly-A containing mRNA molecules using oligo-dT beads. The obtained mRNAs were 
fragmented into small pieces, and copied into cDNA using reverse transcriptase and random primers. After 
the end repair process, the cDNA fragments were all appended with a single ‘A’ base, and subsequent ligated 
with sequencing barcoded adapters. The ligated samples were enriched using PCR to construct the final 
cDNA library. Finally, transcriptome sequencing was performed on the Illumina HiSeq 3000 platform using 
paired end sequencing at Beijing Novogene Bioinformatics Technology Co, Ltd (Beijing, China).

Calling of RNA editing sites
RNA editing sites were identified using RNAEditor [13], which could identify RNA editing sites using 

RNA sequencing data alone. It mainly includes the following steps: (1) mapping reads to reference genome, 
(2) calling RNA variant, (3) filtering out known genomic SNPs, (4) identifying RNA editing sites. RNAEditor 
was downloaded from https: //rnaeditor.uni-frankfurt.de. The implement of this tools was conducted 
according to its documentation. All parameters used were set to default as recommended. The annotation 
files were acquired from RNAEditor annotation bundles.

Gene Ontology (GO) annotation and pathway enrichment analysis
The genes corresponding to tumor specific RNA editing sites were extracted and subjected to The 

Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.
gov) for gene ontology and pathway enrichment analysis. The enrichment results were annotated using 
KOBAS3.0[14].

Verification of RNA editing sites
RNA samples were prepared using RNeasy Mini kits (Qiagen, Dusseldorf, Germany). Template cDNA 

synthesis was done on 2 µg of total RNA using Transcriptor First strand cDNA Synthesis Kit (Roche, 
Basel, Switzerland) with random primers. RNA editing sites was verified using RT-PCR. The PCR primers 
were listed as follows: CDK13, p.K96R, forward primer: 5’-CTCTGGAGGTCAAGCGGC-3’,reverse primer: 
5’-GACTGGGAGCTCACATCCTC-3’; p.Q103R, forward primer: 5’-CTCTGGAGGTCAAGCGGC-3’, reverse primer: 
5’-GACTGGGAGCTATCCTC-3’. The PCR product was subjected to Sanger sequencing, and the editing levels 
were calculated with ab1 Peak Reporter (https://apps.thermofisher.com/ab1peakreporter) based on the 
peak-height ratio of 5. The over-editing events were defined by an increase of more than 20% editing in 
tumor samples compared with match normal samples [12].

Determination of ADAR1 expression
Real-time PCR was employed to quantify ADAR1 expression in HCC tissues and matched adjacent 

tissues. cDNA was prepared as described above, and Real-time PCR was performed on ABI 7500 Real-
time PCR System (applied Biosystems) with SYBR green qPCR Kit (DBI Bioscience, Ludwigshafen, 
Germany) by following primers: ADAR1, forward primer: 5’-CCCTTCAGCCACATCCTTC-3’, reverse primer: 
5’-GCCATCTGCTTTGCCACTT-3’; GAPDH, forward primer: 5’-GGGAAACTGTGGCGTGAT-3’, reverse primer: 5’- 
GAGTGGGTGTCGCTGTTGA-3’. Expression level of GAPDH was used as internal control. The relative target 
gene expression in HCC tissues and matched adjacent tissues were calculated by ΔCT method.

Cell culture
Human hepatoma cell line Bel-7402 was obtained from Shanghai Cell Bank of Chinese Academy of 

Sciences. Bel-7402 cells were maintained in RPMI-1640 culture medium (Gibco, Grand Island, NY, USA) 
supplemented with 10% fetal bovine serum (Gibco) and 100 U/mL penicillin and 100ug/ml streptomycin 
(Gibco),  and cultured at 37°C with 5% CO2.
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RNA interference
siRNA sequences targeting the ADAR1 gene were designed and synthesized by RiboBio Co. Ltd, 

Guangzhou, China. The sequences were designed as follow: siADAR1 (5’-CGCAGAGUUCCUCACCUGUATT-3’). 
Negative control siNC was provided by RiboBio Co. Then, the siRNAs were transfected into Bel-7402 cells 
in 6-well plates using Lipofectamine 3000 (Life Technologies, Grand Island, NY, USA) reagent in accordance 
with the manufacturer’s instructions. 6 hours after transfection, the culture medium was replaced by fresh 
RPMI-1640 (Gibco) culture medium. Then, the transfected cells were incubated for another 48 hours and 
subsequently collected for analysis.

Western Blot
Bel-7402 cells were lysed using RIPA buffer (0.5 M Tris-HCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic 

acid, 10% NP-40, 10 mM EDTA) containing protease inhibitor cocktail (Roche, Basel, Switzerland).Total 
protein extracts were subjected to protein gel electrophoresis using 10% SDS-PAGE, and transferred to 
nitrocellulose membranes(Life Technologies, Grand Island, NY, USA). After blocking with PBS containing 
5% BSA, the membranes were incubated with primary ADAR1 antibody (1:1000 dilution; ab88574; Abcam, 
Cambridge Science Park, UK) and β-actin antibody (1:5000 dilution; Transgen, Beijing, China) at 4°C 
overnight，followed by incubation with second HRP conjugated antibody (1:5000 dilution; Transgen) at 
room temperature for 1 h. The protein express level was visualized by enhance chemiluminescence.

Statistical analysis
The SPSS statistical software package (version 19.0， SPSS, Chicago, IL, USA) was used to perform the 

data analysis. The editing level of CDK13 in tumor samples and match normal samples were compared using 
paired Wilcoxon test. Categorical data between CDK13 editing level and the clinicopathological features of 
patients were analyzed by Fisher’s exact test. Kaplan-Meier plots and log-rank tests were performed for 
overall survival analysis. Comparison of ADAR1 and ADAR2 expression in tumor and matched peritumor 
samples were conducted using one sample t-test. ADAR1 levels in any two groups of clinical samples were 
tested with a two-tailed unpaired Student’s t-test. p<0.05 was considered as statistically significant.

Results

Calling of RNA editing sites for tumor samples from an advanced HCC patient
To analyze the RNA editing profiles during HCC progression, a HBV related advanced 

HCC patient sequentially receiving two hepatectomy were enrolled. After suffering 15 
years of decompensate hepatitis-B-related cirrhosis, this patient was first diagnosed with 
primary HCC by routine MR scan and further received surgical operation. After 5 months, 
the recurrence happened with multiple intrahepatic metastases, and then he received 
surgical debulking. During his two hepatectomy, multiple tissue samples (NT1, PT1, RT1, 
RT2, MT1and MT2) were collected for sequencing analysis. RNA sequencing was performed 
for all tissue samples, and obtained more than 82.36 million sequence reads for each 
sample. Bioinformatic tool “RNAEditor” was applied to analyze RNA editing in both tumor 
and matched peritumor samples. As shown in Fig. 1B, the results showed that an average 
of 203, 992 potential editing sites (ranging from 111, 689 to 280, 613) were detected in 
these 6 tissue samples; noteworthily, HCC samples shown an average 222453 of A to I RNA 
editing events- nearly twice as much as in normal tissue samples (111689). Consistent with 
previous studies, the majority of RNA editing sites were discovered in Alu region [15, 16]. 
Moreover, only 16.6% of these editing sites have been identified previously in DARNED [17], 
demonstrating that we were possibly identified high proportion of new RNA editing sites 
in this HCC patient. Visualization with Circos showed that these editing sites were evenly 
distributed on each chromosome (Fig. 1C). In addition, by examining the sequence near our 
detected editing sites, we interestingly discovered that the G base in the nearby upstream 
of editing site was decreased while in the nearby downstream of editing site was increased, 
which were well consistent with the reported sequence preference of ADARs targeting [18] 
(Fig. 1D).
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RNA editing profiles during HCC progression
RNA editing events occurring within 

coding regions may cause amino acid 
substitutions in translation process and further 
affect protein conformation and interaction. 
Based on the site location, these RNA editing 
sites could be divided into 9 categories: 3’-UTR, 
5’-UTR, upstream, splicing, ncRNA, intronic, 
intergenic, exonic and downstream regions. 
As shown in Fig. 2A and 2B among above 
mentioned 6 tissue samples, averagely 54.2% 
of RNA editing sites were identified in intronic 
region, 2.82% in downstream region, 27.7% 
in intergenic region, 8.44% in ncRNA region, 
0.03% splicing region, 0.91% in upstream 
region, 5.39% in 3’-UTR region, 0.14% in 5’-
UTR region; while only 0.39% (3299) editing 
sites were located in the coding region (632 in 
NT1, 732 in PT1, 797 in RT1, 816 in RT2, 749 in 
MT1, 797 in MT2). After filtering RNA editing 
acquired in peritumor sample (NT1), we 
obtained an average of 498 tumor specific RNA 
editing sites (range, 459-531); and only 95 of 
these RNA editing sites were shared between 
primary tumor and recurrent/metastatic 
tumors, indicating high heterogeneity of RNA 
editing events among tumor lesions (Fig. 2C). 
For better demonstration of the heterogeneity 
across tissue samples, phylogenetic trees 
were constructed based on RNA editing site 
distribution of each sample (Fig. 2D). Among 
these identified sites, 228 editing sites were 
common among all tissue samples, 95 of them 
were shared in all cancer tissues, 11 were 
specifically related to recurrences/metastases 
and others were unclassified or private since 
they did not follow any clear distribution pattern. Consistent with previous results in DNA 
mutations, this patient showed clear evidence of branched evolution during tumorigenesis 
and metastasis [19].

To further screen out the functional editing sites, 46 nonsynonymous sites from 12 
genes were extracted from 95 tumor specific RNA editing sites that commonly identified in 
all tumor samples (Fig. 2E). Then Gene Ontology (GO) annotation and pathway enrichment 
analysis were performed on these 12 genes to determine the significantly affected biological 
processes. Enrichment in nuclear division, positive regulation of transmembrane transport 
and organelle fission pathways were observed in GO annotation (Fig. 2F). Meanwhile, 
pathway enrichment analysis revealed that several glycosylation associated pathways were 
significantly enriched; interestingly, transcriptional regulation by TP53 pathway, which 
is crucial for the formation of most tumors, were also observed (Fig. 2G). By deciphering 
detailed genes in pathways, cyclin-dependent kinase protein kinase 13 (CDK13), which 
has been report to play a vital role in HCC development, was specifically assigned to 
transcriptional regulation by TP53 pathway. Based on above results, CDK13 was selected as 
the candidate for further large cohort study.

Figure 1 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Global identification of RNA editing 
sites in six tissues collected from an advanced 
HCC patient. (A) Tissue samples collected from 
the patient during two surgeries, labelled as 
NT1 (normal liver sample), PT1 (primary liver 
cancer), RT1 (Recurrent tumor in liver V section), 
RT2 (Recurrent tumor in liver VII section), MT1 
(portal vein tumor thrombus), MT2(lymphatic 
node Metastasis). (B) The number of RNA 
editing sites identified in six samples, including 
in Alu and non-Alu regions. (C) Distribution of 
RNA editing sites across all of the chromosomes 
(shown by exterior circle) in six samples. (D) 
The fraction of each nucleotide type in nearby 
upstream and downstream of the editing site.
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Identification of CDK13 RNA 
over-editing events in HCC
CDK13, a member of the 

cyclin-dependent serine/threonine 
protein kinase family, participated 
in pre-mRNA splicing and gene 
transcription in HCC. In this 
study, we identified two tumor 
specific editing sites in CDK13: 
the substitution of glutamine with 
arginine at residue 103 (Q103R) 
and the substitution of Lysine with 
arginine at residue 96 (K96R). To 
confirm these editing events of 
CDK13 in above RNA-sequencing 
samples, we perform sanger 
sequencing for both gDNA and 
cDNA. As shown in Fig. 3A and 3B, 
high frequency of RNA mutation in 
CDK13 Q103R and K96R site were 
detected in all five tumor samples 
(without in matched peritumor), 
but not detected corresponding 
mutation in DNA sequence. To 
further assess these two RNA 
editing events of CDK13 in HCC, 
another 60 paired HCC tumor 
samples and matched peritumor 
samples were enrolled for analysis. 
As shown in Fig 3C and 3D, these 
HCC samples had significant higher 
editing levels of CDK13 Q103R 
and K96R sites when compared 
with matched peritumor samples 
(p<0.001). Approximately 43% 
(26/60) of HCC patients had CDK13 
over-editing at Q103R site and 
60% (36/60) at K96R site; in total, 
65% (39/60) of HCC patients had 
CDK13 over-editing events (Q103R 
or K96R). These results suggested 
that Q103R and K96R of CDK13 may 
participate in HCC tumorigenesis.

CDK13 over-editing positively 
associates with poor prognosis of HCC
To investigate the role of CDK13 over-editing in HCC progression, we examined the 

association between the levels of these two editing sites and the clinical characteristics 
of above 60 HCC patients. As summarized in Table 1, CDK13 over-editing at Q103R site in 
tumors was statistically correlated with the presence of live cirrhosis (p=0.031), TNM stage 
(p=0.044) and presence of PVTT (p=0.031), while K96R site was significantly correlated 
with TNM stage (p=0.002) and the presence of PVTT (p=0.023). Furthermore, Kaplan–Meier 
analysis showed that the HCC patients with RNA over-editing of CDK13 at Q103R site or K96R 
site had a significant shorter OS time (p=0.048 and p=0.045 respectively, Fig. 4A and 4B). To 

Figure 2 

 
Fig. 2. The profiles of RNA editing sites in six samples 
collected from an advanced HCC patient. (A) The distribution 
of editing sites in each functional category. (B) The number 
of editing sites in coding regions. (C) Venn diagram of the 
number of tumor-specific editing sites in coding regions. 
(D) Tumor phylogenetic tree inferred by distribution of RNA 
editing sites in tissue samples; each branch length correlates 
with the number of editing sites on the branch as indicated. 
(E) The profiles of 46 non-synonymous tumor-specific RNA 
editing sites in coding regions. (F, G) Gene Ontology (GO) 
annotation and pathway enrichment analysis of the 12 tumor-
specific genes. The X-axis shows the enrichment significance 
presented with –log10 (P-value).
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improve the prognostic value 
of those RNA over-editing sites 
in HCC patients, AFP level was 
enrolled for further evaluation. 
As shown in Fig. 4C, the patients 
with CDK13 over-editing (+) and 
AFP (+) had significant shorter 
overall survival than those with 
CDK13 over-editing (+) and 
AFP (-) or CDK13 over-editing 
(-) and AFP (+), especially for 
those with CDK13 over-editing 
(-) and AFP (-) (p=0.002). These 
data suggested that RNA over-
editing of CDK13 at Q103R or 
K96R might represent a novel 
potential prognosis biomarker 
for HCC.

Potential mechanism 
of CDK13 RNA editing 
identified in HCC
RNA editing is catalyzed by 

ADAR family，which includes 
three members：ADAR1, 
ADAR2 and ADAR3. Among 
them, ADAR1 and ADAR2 are 
expressed in most tissues, 
whereas ADAR3’s expression 
is limited to the brain [20, 21]. 
To clarify potential mechanism 
corresponding to CDK13 RNA 
editing in HCC, we analyzed 
the correlations of ADAR 
expression with the editing 
level of CDK13 Q103R and K96R 
sites. Firstly, we compared the 
expression levels of ADAR1 and 
ADAR2 in the six sequenced 
samples. The results showed 
that the expression of ADAR1 
was significantly increased in 
tumor samples compared with 
matched peritumor samples, 
especially in recurrence/
metastasis tissues, while ADAR2 
only showed slight increase in 
tumor samples (p=0.001 and 
p=0.10, respectively, Fig. 5A 
and 5B). The increased ADAR 
enzyme expression also explained the phenomenon that RNA editing events were increased 
in tumor samples.

The Scatter plot showed that editing levels of CDK13 Q103R and K96R sites were 
positively correlated with ADAR1 expression (p=0.012 and p=0.006, respectively, Fig. 5C 

Figure 3 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Identification of CDK13 RNA over-editing events in HCC 
samples. (A, B) Sanger sequencing of both gDNA and cDNA of 
CDK13 Q103R site and K96R site in six tissue samples collected 
from an advanced HCC patient, respectively. Green indicates wild 
A base, Black indicates edited G base. (C) The RNA editing level of 
CDK13 Q103R site in large HCC cohort. (D) The RNA editing level 
of CDK13 K96R site in large HCC cohort.

Table 1. Associations between the editing levels of CDK13 Q103R 
and K96R sites and clinicopathological characteristics of 60 
hepatocellular carcinoma patients. *p<0.05; **p<0.01; oe: over-
editing

Clinical  Q103R site    K96R site  
Characteristics oe(-) oe(+) P-value   oe(-) oe(+) P-value 
Sex        Male 32 23 0.64  23 32 0.64 
Female 2 3   1 4  Age, years        <55 20 16 0.83  14 22 0.83 
≥55 14 10   10 14  AFP, ng ⁄ mL       <400 23 15 0.43  17 21 0.33 
≥400 11 11   7 15  HBV DNA       
＜500 13 12 0.54  10 15 1 
≥500 21 14   14 21  Cirrhosis        Absent 6 0 0.031*  2 4 1 
Present 28 26   22 32  Tumor number       Single 30 21 0.48  22 29 0.29 
Multiple 4 5   2 7  Tumor size, cm       <5 19 15 0.9  17 17 0.07 
≥5 15 11   7 19  TNM stage       I–II 31 18 0.044*  24 25 0.002** 
III–IV 3 8   0 11  PVTT        Absent 25 12 0.031*  19 18 0.023* 
Present 9 14   5 18  Tumor differentiation       I–II 12 6 0.306  7 11 0.9 
III–IV 22 20     17 25   
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and 5D), but not significantly 
associated with the expression 
of ADAR2 (p=0.126 and 
p=0.19, respectively, Fig. 5E 
and 5F). To further confirm 
the relationship between the 
level of CDK13 RNA editing 
and the expression of ADAR1, 
we evaluated the ADAR1 
expression in above 60 paired 
HCC samples by using real-
time PCR. Then these patients 
were divided into two groups 
with low level and high level 
in ADAR1 based on its median 
expression level in all 60 tumor 
samples. As shown in Fig. 6A 
and 6B，the editing level of 
CDK13 Q103R site and K96R 
were significantly associated 
with the expression of 
ADAR1 (p=0.01 and p=0.003, 
respectively ). These results 
suggested that CDK13 editing 
might be mainly mediated by 
ADAR1.

ADAR1 is responsible for 
CDK13 RNA editing in HCC
To further examine 

whether abnormal expression 
of ADAR1 could affect the 
editing level of CDK13, the 
HCC cell line Bel-7402 with 
high expression of ADAR1 
was used for knockdown 
experiment. As shown in Fig. 
6C, ADAR1 was successfully 
knocked down in Bel7402 
cells. Then, we evaluated the 
levels of those two CDK13 
editing sites by using sanger 
sequencing. As shown in Fig. 
6D, knockdown of ADAR1 
in Bel7402 cells could 
significantly decrease the 
editing level of CDK13 Q103R 
site (41%). Unfortunately, due 
to the low frequency of RNA 
editing in CDK13 Q96R in HCC 
cell lines（<5%）, we cannot accurately detect the editing level change in Bel-7402 cells 
after knocked down of ADAR1 expression（data not shown）. Hence, the potential regulator 
of this editing site still need to be further verified in HCC cells. These results suggested that 
ADAR1 is responsible for CDK13 RNA editing in HCC.

Fig. 4. Kaplan–Meier analysis of the association between CDK13 
RNA-editing and HCC patients’ overall survival. (A, B) CDK13 Q103R 
site or K96R site over-editing was significantly correlated with short 
overall survival time in HCC patients. (C) Comparison of the overall 
survival of three groups stratified by AFP level and CDK13 over-
editing level. oe: over-editing.

Figure 4 

 

Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The correlation between the RNA editing level and the 
expression of ADAR1, ADAR2. (A) Comparison of ADAR1 expression 
in six sequenced samples collected from an advanced HCC patient. 
(B) Comparison of ADAR2 expression in six sequenced samples 
collected from an advanced HCC patients. (C) The relationships 
between ADAR1 expression and the RNA editing level of CDK13 
Q103R site. (D) The relationships between ADAR1 expression and 
RNA editing level of CDK13 K96R site. (E) The relationships between 
ADAR2 expression and the RNA editing level of CDK13 Q103R site. 
(F) The relationships between ADAR2 expression and RNA editing 
level of CDK13 K96R site.
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Discussion

RNA editing is defined as a 
post-transcriptional event that 
modifies RNA nucleotides from 
their complementary genomic 
sequence. Deciphering tumor 
special RNA editing distribution 
in HCC, especially profiling of 
RNA editing along with tumor 
progression, could provide a 
novel angle for understanding 
HCC progression. In our study, 
we investigated the spatial 
and temporal distribution of 
RNA editing events during the 
development of HCC by analyzing 
multiple tissue samples collected 
from an advanced HCC patient. 
Our analysis revealed that high 
heterogeneity of RNA editing also 
existed, which was a common 
phenomenon in DNA level. These 
data might provide deep insights 
of how RNA editing events 
varied during tumorigenesis and 
metastasis.

CDK13 is a member of the 
cyclin-dependent serine/threonine protein kinase family, with a conserved central CTD 
kinase domain in C-terminal region and a degenerate arginine/serine-rich (RS) domain 
in N-terminal region. They are involved in gene transcription and Pre-mRNA Splicing [22-
24]. Recent studies have shown that aberrant levels of CDK13 were associated with several 
cancers. It was frequently up-regulated in HCC and colorectal cancer, suggesting CDK13 has an 
important influence on tumor development and progression [25]. Besides the overexpression 
of CDK13, RNA editing of CDK13 also played an important role in cancer development such as 
in glioblastoma cells [26]. However, the role of CDK13 over-editing in hepatocarcinogenesis 
and the potential regulatory mechanism are rarely studied in above literatures. In this study, 
we discovered two over-editing sites (Q103R and K96R) in the N-terminal region of CDK13, 
whose conformation is crucial for interacting with p32 (a regulating partner of the ASF/
SF2 splicing factor), were specifically detected in all tumor samples from the advanced HCC 
patient. Q103R site which has been discovered in human brain and in A172 glioblastoma 
cells [26, 27], while the other site (K96R) has never been reported before. Clinicopathological 
analysis showed that these two CDK13 over-editing sites were closely associated with the 
malignant process and prognosis of HCC, and may act as an “driver mutation” on RNA level 
participating in the development of HCC.

ADAR1, which is responsible for binding to double stranded RNA (dsRNA), could 
catalyze A to I editing by deamination [28]. Recent studies have shown that overexpression 
of ADAR1 could result in an increased A to I editing and further exert great influence in 
gene translation in HCC [12, 29, 30]. Consistently in this study, we also discovered that 
the overexpression of ADAR1 transcripts in HCC associated with the increased number of 
RNA editing events, suggesting that ADAR1 played crucial roles in HCC post-transcriptional 
regulation. Furthermore, the results also demonstrated that CDK13 editing pattern was 
significantly affected by the expression level of ADAR1, indicating that ADAR1 might serve as 
an “regulator” to participate in CDK13 over-editing in HCC progression.

Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. CDK13 over-editing is mediated by ADAR1. (A) The RNA 
editing level of CDK13 Q103R site in “high expression level” and 
“low expression level” of ADAR1. (B) The RNA editing level of 
CDK13 K96R site in “high expression level” and “low expression 
level” of ADAR1. (C) Real-Time PCR and Western Blot analysis of 
ADAR1 expression in Bel-7402 cells transfected with siADAR1 
and si-NC. (D) CDK13 editing levels are significantly decreased 
in Bel-7402 cells after transfected with siADAR1. Green indicates 
wild A base; black indicates edited G base.
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Conclusion

In summary, as the first detailed analysis of RNA editing profiles along with HCC 
progression, our study provides new understanding of tumor heterogeneity in RNA levels. 
Moreover, we also discovered that two over-editing sites (Q103R and K96R) of CDK13, which 
were specifically modified by ADAR1，were more abundant in HCC tumor tissues and closely 
associated with poor prognosis of HCC patients. Accordingly, CDK13 over-editing may serve 
as a novel driver event in the pathogenesis of HCC.
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