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Chinese abstract 

(A-to-I) 核糖核酸編輯事件是在轉錄組中最常見的轉錄後核糖核酸編輯修飾，腺苷

(Adenosine)轉換肌苷(Inosine)會造成體細胞突變和蛋白質組學的多樣性，然而其致

癌性依舊極少探究。我們透過分析全基因組體細胞包含肺腺癌組織和配對的鄰近

正常組織轉錄組中的(A-to-I) 核糖核酸編輯事件，一共得到 26280 個 RNA 編輯事

件且主要發生在非編碼以及 Alu 重複的區域。其中體細胞(A-to-I)編輯事件造成的

變異體包括 AZIN1-S367G, RHOA-R176G, TUBGCP2-N211S and RBMXL1-I40M 皆

會形成錯義突變，而 MDM2-UTR and PPIA-UTR 則發生在 3 端非轉譯區，這些 RNA

編輯事件都能在 RNA 編輯資料庫以及藉由收集肺腺癌組織透過 SEQUENOM 

MassARRAY® System 方式驗證。有趣的是，體細胞 A-to-I 核糖核酸編輯事件發

生在 RHOA 上不僅會造成錯義突變且只發生在 RhoA 變異體 2 的 3 端上而不是在

主要的 RhoA 變異體 1 上。進一步發現，有表現 RHOAiso2-R176G 比起表現

RHOAiso2 的肺腺癌病患轉錄組出現與調節異常的 RHOA 功能、細胞增生、細胞

轉移以及臨床結果相關的基因提升。大量表現 RHOAiso2-R176G 在肺腺癌細胞株

會透過增加 RHOA-GTP 的活性並增加下游 Rock1/2 的磷酸化來提升細胞的增生和

轉移並且在異種移植實驗中增加腫瘤的生長和轉移。總體而言，當(A-to-I) RNA 編

輯事件發生在 RHOAiso2-R176G 會造成錯意突變且透過活化 RHOA-GTP/p-

ROCK1/2 路徑能促進腫瘤發展，且可能成為在肺腺癌治療上針對蛋白異構體治療
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與診斷的標靶。 

 

 

關鍵字：肺腺癌、核糖核酸編輯事件、RHOA-R176G 、SEQUENOM 

MassARRAY® System、Rock1/2 
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Abstract 

Adenosine to Inosine (A-to-I) RNA editing, the most common posttranscriptional editing 

in transcriptomes, causes somatic mutations and proteomic diversity but rarely explored 

their tumorigenicity. We conducted genome-wide somatic A-to-I RNA editing analysis 

of paired adjacent normal and lung adenocarcinoma (LUAD) transcriptomes and 

identified 26,280 editing events with majority of them residing in the non-coding and Alu 

repeat regions. Somatic A-to-I edited variants including AZIN1-S367G, RHOA-R176G, 

TUBGCP2-N211S and RBMXL1-I40M harbored nonsynonymous mutations, and 

MDM2-UTR and PPIA-UTR at the 3’ untranslated region were validated in databases 

and in SEQUENOM MassARRAY® System on newly collected LUAD tissues. 

Interestingly, somatic RHOA A-to-I RNA editing sites caused nonsynonymous mutations 

occurred mainly at the unique 3’-end RHOA isoform 2 RNA (RHOAiso2), but not RHOA 

major isoform 1. Upregulated genes of RHOAiso2-R176G-expressing LUAD patient 

transcriptomes, in compared with that of RHOAiso2, are associated with aberrant RHOA 

functions, proliferation, migration and clinical outcomes. Expression of RHOAiso2-

R176G in LUAD cells potentiates RHOA-GTP activity to phosphorylate ROCK1/2 

effectors and enhance cell proliferation and migration and increase tumor growth in 

xenograft and metastasis models. In summary, somatic A-to-I edited isoform 2 specific 
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RHOAiso2-R176G mutation activated RHOA-GTP/p-ROCK1/2 signaling to promote 

tumor progression could be an isoform specific theranostic target in LUAD therapy.  

 

Key words:  

Lung adenocarcinoma, A-to-I RNA editing, RHOAiso2-R176G variant, SEQUENOM 

MassARRAY® System, Rock1/2 
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Chapter1 introduction 

1.1 Lung adenocarcinoma 

Lung cancer is the second most commonly diagnosed cancer among all genderin and as 

well as the leading cause of cancer death in Taiwan and around the world, with overall 

survival rate of 12% in 2022[1]. Depending on the stages, the overall survival rate from 

that stage1 70-85% to distant metastases is less than 5%[2]. The majority of newly 

diagnosed patients present with late stage metastatic lung cancer that are inoperable and 

resistant to therapies. Pathologically, lung cancers were divided into two major subtypes: 

non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), comprised 

approximately 85% and 15% of patients, respectively[3]. Lung adenocarcinoma is the 

most common primary lung cancer seen in the United States. The main factor of risk is 

highly associated with smoking tobacco. Although the proportion of smoking people has 

declined, lung cancer is still widespread globally. Currently, the treatment of lung 

adenocarcinoma was based on the stage. Surgery is the better choice for early stage, but 

therapies for the advance stage patients including radiation therapy, chemotherapy, 

immunotherapy, target therapy and combined therapy are need. Because most diagnosed 

lung adenocarcinoma patients are incurable and advanced, 
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chemotherapy and target therapy are often used, but the survival of most patients is still 

dreadful. A subset of NSCLC is having mutations in epidermal growth factor receptor 

(EGFR) and anaplastic lymphoma kinase (ALK) which was described in lymphoma 

originally, but most ALK-positive cancers are in non-small cell lung cancer[4-6]. As 

therapeutic targets, EGFR mutation might have been treated with tyrosine kinase 

inhibitors, and ALK treated with ALK inhibitors as first-line target therapy. If the tumor 

is EGFR and ALK-negative, first-line chemotherapy is usually a platinum-based doublet, 

with bevacizumab as a possible third agent. KRAS mutation is the most frequent 

oncogene in non-small cell lung cancer around 20~40% of lung adenocarcinoma. In 

previous studies, KRAS mutant, a genetic biomarker for immune checkpoint inhibition, 

NSCLC are recommended for receiving chemotherapy and combined immunotherapy. 

When advanced NSCLC cannot be treated with targeted therapy, immunotherapy or 

immunotherapy combined with chemotherapy is often used. There are many FDA 

approves immunotherapy drugs to block PD-1 and PD-L1 pathway to treat NSCLC, 

including Atezolizumab, Durvalumab, Nivolumab and Pembrolizumab. FDA also 

approved Ipilimumab to block CTLA-4 pathway in combined with nivolumab to block 

PD-1 pathway or with chemotherapy [7-9]. Although treatments with inhibitors of 

molecular targets and immune checkpoints change the therapeutic paradigms with 

estimated increasing response rates and therapeutic benefit of ~30% of cancer patients 
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depending on cancer types, discover novel biomarkers and targets in cancers for 

developing innovative therapies remains critical to prolonging cancer patients' lives, 

including LUAD[10-12]. 
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1.2 Adenosine-to-inosine (A-to-I) RNA editing 

RNA editing is a common post-transcriptional modification event on selected RNA 

transcripts, which might be through two main enzymatic mechanisms: ADAR (Adenosine 

Deaminase that Act on RNA) family and APOBEC[13]. ADAR family converts 

Adenosine to Inosine and APOBEC can catalyze cytidine to uracil (C>U), but C>U is 

less common than A>I editing. A to G is the most common type of mismatch types. The 

ADARs family has three members ADAR1, ADAR2, and ADAR3. Comparing the 

Structures, ADAR2 has similar enzymatic domains with ADAR1.  

ADAR3 has only been detected in brain and as an inhibitor of editing activity even though 

ADAR3 has enzymatic domains. [14]. In previous studies, Alu elements are the main 

targets of ADAR, because Alu elements can form a double strain RNA structure by 

repetitive reverse sequence. Alu elements are the most abundant repetitive elements and 

are interspersed throughout the human genome which might play an important role in 

editing of human transcriptome. According to editing events, it may increase 

transcriptome diversity via changes of the protein coding, RNA splicing and miRNA 

targets contributed to developmental complexity, and disease formation[15-18]. 

Moreover, there are more and more studies showing that RNA-editing events might play 

an important role in cancer progression. Although RNA-editing events are important to 
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cancer, there is still lack of detailed discoveries in LUAD.  

Currently, based on modulate features and RNA editing activity of ADAR family, 

ADARs become biological tools not only for RBP target identification but also for 

therapeutic ADAR-based recoding. To date, CRISPR (Clustered Regularly Interspaced 

Short Palindromic Repeats) system has become a fixture in the laboratory and companies, 

CRISPR-Cas system is a therapeutic biology technique that can provide target DNA 

binding, cutting, editing, and integration. But CRISPR-Cas editing still has limitations. in 

previous researches, Cas9 which is one of enzyme used in CRISPR editing system could 

induce immune response and random Off-target effects to create unexpected mutations 

that influence on genome. Somehow, ADAR RNA editing could provide opportunities 

for RNA therapeutic in CRISPR system and allow clinicians to make temporary fixes to 

eliminate mutations in proteins, halt their production or change the way that they work in 

specific organs and tissue. However, RNA editing development is still far from perfect 

due to the characteristics of ADARs that could only change A-to-I RNA editing, therefore 

ADAR-CRISPR is relatively inefficient in modified plants and animals. [19-22]. 

Recently, there are three RNA editing databases including DARNED[23], REDIportal[24] 

and The Cancer Editome Atlas (TCEA)[25]. In REDIportal V2.0 , RNA editing sites were 

collected from transcriptomes of human and non-human organisms with normal tissues 

in the Genotype‐Tissue Expression (GTEx).  The Cancer Editome Atlas (TCEA) RNA 
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editing events were collected from 11,051 samples across 33 cancer types in The Cancer 

Genome Atlas (TCGA) projects. However, the functional and pathological impacts of the 

majority of A‐to‐I editing events during development and diseases are commonly 

neglected and underexplored. 
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1.3 Ras homolog gene family, member A, (RhoA) 

The Ras homolog gene family, member A, (RhoA) is a small GTPase in the Rho family, 

and is involved in multiple oncogenic processes, including regulating cytoskeleton 

dynamics, cell morphology and polarity, cell motility, vesicle trafficking, cell cycle 

progression, cell survival, cell growth, and differentiation [26-28]. The RhoA gene is 

located on chromosome 3 and has 6 splice variants. There are 20 Rho GTPases in humans 

that can be classified into subfamilies according to their structural homology and mode 

of regulation. From the functional and structural data demonstrated that RhoA is 

composed of effector binding domain, GTP or GDP binding domain, hypervariable 

domain and the C-terminal with CAAX motif. RhoA GTPases perform as molecular 

switches in the regulation of multiple cellular processes. RhoA cycles between an inactive 

(GDP-bound) and active (GTP-bound) state which was regulated by guanine nucleotide 

exchange factors (GEFs) to activate Rho GTPases and GTPase-activating proteins (GAPs) 

to inactivate Rho GTPases. The hypervariable region is the most diverse among the 6 

variants, which regulate RhoA membrane association while undergo palmitoylation[29-

31]. When the C-terminus of RhoA undergoes post-translationally modification by 

geranylgeranylation[31], the RhoA translocate from membrane to the nucleus which 

might regulate cell growth and cytoskeletal organization.  
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In previous studies, there are many protein have been demonstrated that interact to RhoA, 

including downstream target protein ROCK1, ROOCK2, MYBPH and so on. RhoA can 

activate downstream ROCK1/2, and activated ROCK1/2 regulate myosins and other 

actin-binding proteins in response to Rho which increases cell migration[32, 33]. In 

previous studies, RhoA activates focal adhesion kinase (FAK) signaling which leads to 

its increased association with the p85 regulatory subunit of phosphatidylinositol-3-kinase 

(PI3K) and to concomitant activation of Akt pathway[34]. 

RhoA has been reported in a variety of cancers, including, Breast carcinoma, testicular 

cancer, oesophageal squamous cell carcinoma, and lung tumor. Moreover, RhoA/ROCK 

signal is also involved in other disease, including hypertension, and regulated central 

nervous system. Most research is regarding RhoA isoform 1, but not other variants. RhoA 

isoform 2 has similar functional domains but has a different C-terminus which is still 

worth exploring.  
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Chapter 2 Materials and Methods 

2.1 Data sources for identify of RNA editing events 

The transcriptome dataset of 23 lung adenocarcinoma patients were obtained from 

GSE40419 [35] at NCBI Gene Expression Omnibus (GEO).[36]. Human reference 

genome 19 (hg19) used in read alignment as reference genome were downloaded from 

UCSC Genome Browser. The transcriptomes in both normal and tumor tissues were 

collected and eliminated that derived from over 60 years old patients. 

Read quality control was performed by Trimmomatic. Read base quality Q-score was set 

>30. First 14 bases of each read were cut due to inconsistent per base sequence content.[37, 

38]. 

In normal condition, reads have an equal proportion of each nucleotides A, T, C, G about 

25%, but there are large deviations from first 14 bp, to collect more precise data we 

trimmed first 14 bases of each read. 

The range of quality base on position from the beginning to the end of the sequence. 

Typically with the illumina data, high quality sequence reads are from the beginning of 

the sequence down to about 3/4. Q-score was set >30. And trimmed the reads which 

quality below 25. We collected the reads only quality >30 and total obtained 87bp. 

Read alignment was performed by STAR aligner[38]. Normal and tumor reads were 

aligned to the hg19 reference genome respectively. Novel splicing junctions were 

discovered during 1 pass mapping, and 2 pass mapping was performed to increase read 

coverage of regions that were downstream or upstream of splicing junctions. Alignments 

were sorted by chromosome coordinate. Duplicate reads were removed by Picard. We 

only kept uniquely mapped reads for analysis. 
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Normal and tumor alignments were processed with SAMtools and subsequently VarScan 

for the discovery of potential A to I editing sites, which were the nucleotide substitutions 

(gene to transcript) of A to G on positive reading strand and T to C on the negative strand. 

We eliminated the editing sites against known sites in NCBI dbSNP database ( Figure 

2)[39, 40]. 

Filtered variants sorted as “Somatic” by VarScan were defined as cancer-specific A-to-I 

RNA editing sites. A list of candidates was created with 6 sets of editing sites of each 

patients. The list was intersected and annotated with known editing sites databases 

(RADAR[41] and DARNED[23]), candidate editing sites were annotated with the 

genomic locations with the gene name if available in ANNOVAR[42],repetitive region 

data (UCSC RepeatMasker[37]), and gene annotation data (GENCODE v19). The list of 

candidates was sorted by number of patients with the editing event. 

 

2.2 Gene set enrichment analysis 

For gene set enrichment analysis, we imported the differential expressed genes of LUAD 

transcriptomes into GSEA software (GSEA v4.2.3 for Windows) for analysis. We 

examined the enriched gene signatures including the hallmark and the curated gene sets 

and the ontology gene sets from the Molecular Signatures Database (MSigDB v7.4)[43]. 

 

2.3 SEQUENOM MassARRAY® System 

AZIN1 (Chr.8: 103841636), MDM2 (Chr.12: 69237004), PPIA (Chr.7: 44842099), 

TUBGCP2 (Chr.10 135110893), RBMXL1 (Chr.1 89449390), and RHOA (Chr.3 
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49398382) candidate genes were selected to examine the RNA editing frequency by 

Sequenom MassARRAY (Sequenom Inc. CA, USA) at the core facility of the National 

Center for Genome Medicine in Academia Sinica of Taiwan. Two specific gene primers 

and one extension primer for each candidate target was designed by MassARRAY assay 

design software. The region (50-100bp) of candidate targets was amplified and the 

extension primer was hybridized editing sites. The non-edited and edited PCR product 

were generated and base on MALDI-TOF technology, two different PCR product were 

separated by different mass value (Tables 3 for all the sequences of primers) The RNA 

editing ratio is calculated based on the formula below. 

 

𝑭𝒐𝒍𝒅 𝒄𝒉𝒂𝒏𝒈𝒆 𝒐𝒇 the 𝑹𝑵𝑨 𝒆𝒅𝒊𝒕𝒊𝒏𝒈 𝒓𝒂𝒕𝒊𝒐= 

𝐺(𝑐𝐷𝑁𝐴)𝐻𝑒𝑖𝑔ℎ𝑡

(𝐴(𝑐𝐷𝑁𝐴) + 𝐺(𝑐𝐷𝑁𝐴))𝐻𝑒𝑖𝑔ℎ𝑡
/

𝐺(𝑔𝐷𝑁𝐴)𝐻𝑒𝑖𝑔ℎ𝑡

(𝐴(𝑔𝐷𝑁𝐴) + 𝐺(𝑔𝐷𝑁𝐴))𝐻𝑒𝑖𝑔ℎ𝑡
 

 

2.4 3D structural prediction to compare RHOA isoform 2 and mutant proteins 

We downloaded the RHOA isoform 2 (RHOAiso2 and C9JX21) sequences from the 

NCBI database and predicted the parental protein and its mutated peptide R176G by using 

the software I-TASSER[44, 45]. We selected the top models predicted by I-TASSER and 

chose the highest scores structures for further analysis. 
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2.5 Lung cancer cell lines and LUAD samples 

Five LUAD cell lines including CL1-5, H1299, CL1-0, H23, A549 were maintained in 

DMEM medium with addition of 10% fetal calf serum, non-essential amino acid (Gibco, 

11140), penicillin-streptomycin (Gibco, 15140), L-glutamine (Gibco, 25030081) in 

5%CO2 at 37◦C incubator. After IRB approval No. (451)103A-28, we collected twenty 

paired tumor and adjacent normal tissue of LUAD patients from the Cheng Hsin General 

Hospital for validation experiments. 

2.6 Sample preparation and constructs  

Total RNA samples was extracted by TRIzol (Invitrogen) according to the manufacturer's 

instructions. RNA was reverse-transcribed into cDNA with oligo-dT primers using a 

Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Scientific). Genomic DNA 

was extracted from 6 lung cancer cell lines and 20 Paired lung adenocarcinoma patients 

tumor and normal adjacent tissue from using DNeasy kit as per manufacturer’s 

instructions (Qiagen). RHOA isoform 2 gene sequence was PCR amplified from 

immortalized cell line NL20cDNAs. The PCR product was subcloned into the expression 

vector pcDNA3-Flag. Site-directed mutagenesis was conducted to generate RHOAiso2-

R176G form RhoAiso2. Tables 5 for the primer sequences. 
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2.5 Functional assays for LUAD cell migration, tracking and wound healing 

In migration assay, migration assay, Cells (1×104 to 5×104) were added to the upper 

chamber of the 8μm PET cell culture inserts (Millicell) and 700 μL medium containing 

10% FBS was added into the lower chamber to incubate for 24 h. 

Cells were then fixed with methyl alcohol for 30 min and stained with 0.5% crystal violet 

for 30 min. The stained cells on the filters were counted. 

For wound healing assay, each well filed with 70 μL composed of cells (5×105 to 1×106 

cells /ml) and medium into the insert and cultured in a 37 °C incubator (ibidi culture-

insert 2 well from the ibidi GmbH at Martinsried in Germany). After 17 to 24 hours for 

cell attachment, the culture-insert was removed and the well was refilled with fresh 

medium. Two automated photographs of wound healing fields was taken every 30 min 

(Model- Leica DMI 6000B) to capture at magnification of 20× and analyzed with the 

MetaMorph image analysis software. All wound healing assays were repeated three times. 

In the cell tracking assay, cells were seeded in low density in a 12-well plate and incubated 

in 37 °C overnight. After cell attachment, migrated cells were photographed with the 

Model- Leica DMI 6000B microscope every 30 min for 24 hours and data was analyzed 

by using MetaMorph Image analysis software. 
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2.6 RHOA-GTP pull down assay 

The LUAD cell lines (A549, CL1-0, and CL1-5) were transfected and overexpressed with 

RHOAiso2 and RHOAiso2-R176G and harvested after 30 mins treatment with or without 

Rho Activator I (Cytoskeleton, Inc Cat. # CN01). Based on the RHOA Activation Assay 

Kit from the Cell Biolabs Inc. (STA-403-A), we conducted experiments based on 

manufacturer’s instruction with all procedures proceed on ice. Total cell lysate was 

evaluated by the Bradford assay kit. The agarose bead slurry of the Rhotekin RBD was 

incubated with 2 mg/ml of protein lysates with rotation at 4 °C for 1 hour. Then, the 

Rhotekin RBD Agarose bead slurry with removed supernatant was boiled with reduced 

2X SDS-PAGE sample buffer followed by the Western blot assay. 

2.7 RT-PCR and quantification of RNA expression 

RT-PCR was carried out with SYBR Green PCR Master Mix (Thermo Scientific). For 

quantification of gene expression at RNA level, equal amounts of cDNA and primers 

were mixed with SYBR Green Master Mix (Thermo Fisher Scientific™) and performed 

PCR reaction in Applied Biosystems 7500 Real-Time PCR System. GAPDH served as 

the internal control for normalization. Tables 4 for the primer sequences of selected genes 

in RT-qPCR. 
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2.8 Cell proliferation assays 

 

Cell proliferation assay was detected in triplicate wells by using PrestoBlue™ Cell 

Viability Reagent (Invitrogen™). A total of 1×103 CL1-5, CL1-0 or A549 cells were 

seeded per well in the 96-well plates. The cells were incubated in a 37 °C incubator. We 

analyzed the cell viability at days 0, 1, 2, 3, 4 and 5 after cell seeding by detecting the 

absorbance with a microplate reader. 

 

2.9 Western blotting analysis 

The total protein lysates were extracted from LUAD cells using RIPA lysis buffer 

containing additional protease inhibitor cocktail and phosphatase inhibitor (Roche). 

Protein concentration in the cell lysate was quantified by the Bradford assay kit. Lysates 

were loaded and separated in the 12% SDS–PAGE and then transferred to 0.2 µm PVDF 

membrane (Millipore). The PVDF blotting membrane was further probed with specific 

antibodies from 3 hours to overnight at 4 °C. The antibodies against specific proteins were 

listed and used for our Western blotting analysis: β-Actin (FNab00872, FineTest), Flag 

(F3165, Sigma), RHOA (#2117, Cell Signaling ), p-Rock1 (phospho T455 + S456) 

(ab203273, abcam), p-Rock2 (Ser1366) (# PA5-34895, Invitrogen), Rock1/2 (ab45171, 

abcam). The PVDF membrane was then incubated with 1:10000 ratio HRP-conjugated 
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secondary antibodies for 1 hr at room temperature. The intensity of chemo-luminescence 

was detected by using the ImageQuant LAS 4000 mini. 

 

2.10 Tumorigenesis in animals 

CL1-5 cells (3 × 106 in 100 µl) transfectants of the RHOAiso2 wild type and RHOAiso2-

R176G were mixed with Matrigel (BD Biosciences) at a 1:1 (v/v) ratio and 

subcutaneously injected into the opposite sites of the 8-week-old female BALB/c nude 

mice. Tumor volumes were measured and calculated as (width2 x length)/2 and expressed 

in mm3.Tumors were resected and weighed after 4 weeks.  

For systemic metastasis tail vein injection assay, mice were injected with CL1-5 

transfectants (1× 106) intravenously through tail vein. All mice were sacrificed after 4 

weeks. The pulmonary tumor nodules were calculated after fixation of lungs with 10% 

formaldehyde for 48 h. All animal experiments were performed by following the 

guidelines and approved protocols from the institutional animal care and user committee. 

2.11 TaqMan System for detection of A-to-I RNA editing events 

The PCR primers and TaqMan probe specific for RhoAiso2 and GAPDH were  

designed using Realtime PCR Tool (Integrated DNA Technologies, inc.). We conducted 

the TaqMan real time quantitative PCR amplification reactions in the AB 7500 fast real-
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time system. A 20 μl reaction mixture containing 10 μl IDT PrimeTime Gene expression 

Mater Mix, 400 nM primers (100~ 400 nM in optimization studies), 100 nM TaqMan 

probe (100~500 nM after optimization) was applied for each of the target genes. The 

accumulated fluorescent PCR products were measured by AB 7500 system and 

continuous monitoring. We carried out experiments in triplicate with no template control 

and no-RT sample. 

2.12 Experiment of CRISPR-Cas13 system 

All procedures followed from previous publication[46]. To mimic RNA A-to-I editing  

in vivo, we applied CRISPR method to guide ADAR1 to the designated loci to perform 

A-to-I editing. In brief, ADAR1 was fused with dCas13b and the corresponding crispr 

RNAs (crRNAs) were expressed in HEK-293T cells by transfecting pC0047-CMV-

dPspCas13b-ADAR1DD (E1008Q) (Addgene no. 103863), RhoA_variant3 (isoform 

2)_176_codon_crRNA contained pC0043-PspCas13b crRNA backbone (construct from 

Addgene no.103854), and pC0052-REPAIR non-targeting guide clone as negative 

control (Addgene no.103868). After 48 hours, RNA was collected and evaluated the A-

to-I RNA editing efficacy by Taqman qPCR after cDNA synthesis. The sequence of 

RhoA_variant3(isoform2)_176_codon_crRNAis 5'-

CACCGTCCTGAGTAGCTGGGGTTACGTTTT-3' designed by using PrimeDesign 
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(https://drugthatgene.pinellolab.partners.org/)[47]. 

 

2.13 Knockdown with shRNAs and lentiviral infections to cells. 

The ADAR1 shRNAs (small hairpin RNAs) were obtained from the core facility of the 

TRC library: TRCN0000050788 (shRNA1) and TRCN0000050790 (shRNA2) from the 

National RNAi Core Facility Platform of Academia Sinica. The vectors of pLKO.1 with 

shRNAs, pMD2.G and psPAX2 were transfected into 293T host cells by turbofect for 

virus production. The viral supernatants were collected after 48 hours infection in A549 

cell. 
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Chapter 3 Results 

 

3.1 A‐to‐I RNA editing events were identified in LUAD patient transcriptomes 

 

By comparing RNA transcripts to reference DNA sequence (hg19), we aimed to find out 

tumor specific A-to-I RNA edited events, where somatic mutations only occurred on the 

tumor but not on adjacent normal (Figure1). We first downloaded RNA-seq data derived 

from 23 LUAD patients with transcriptomes in both normal and tumor tissues from NCBI 

(GSE40419), then, we established a pipeline (Figure 2) for comprehensive identification 

of somatic RNA editing events. Reads with quality value (Q score) higher than 30 were 

collected, and each read contained 87 base pairs for reads quality control. The first 14 

bases of each transcript read were cut due to inconsistent per base sequence content. 

Furthermore, due to the difficulty of collecting the patients’ genomic DNA and RNA 

sequencing data at the same time on the public domain, we therefore aligned sequence 

reads of normal and tumor samples to the reference genome (hg19) respectively by using 

STAR Aligner. We removed duplicate reads and kept the best quality of each unique read 

for further analysis. Normal and tumor reads alignments were processed with SAMtools 

followed by subsequently VarScan for the discovery of potential A-to-I editing sites. The 

known SNPs were removed according to the dbSNP database. 
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More than 52,000 candidate editing sites were identified with validation through two 

RNA editing databases (RADAR and DARNED), repetitive regions of editing sites were 

tagged based on UCSC RepeatMasker, and every editing site was annotated by gene 

symbols in accordance with GENCODE v19.  

Consistence with previous studies, A-to-G and T-to-C edited events were the most 

common mismatch editing events out of the obtained 26,000 A-to-I RNA editing events 

(Figure 3 and Table 1). The result also showed that the majority of A-to-I RNA editing 

events resided in intronic and UTR regions among them 55% of RNA editing events 

detected in the Alu region (Figure 4), similar to previous research. 

When further assessing the frequency and distribution of 26,000 RNA editing events in 

23 LUAD patients, more than 90% of A-to-I editing events were existed in only 1/23 

LUAD patients but three A-to-I editing events in the UTR regions, including PPIA 

(peptidylprolyl isomerase A, Chr.7: 44842099), SCD (stearoyl‐ CoA desaturase, Chr.10: 

102121601), and MDM2(Chr. 12: 69237004) were identified in 11/23 LUAD patients 

(Figure 5). MDM2 was discovered to be a hyper-editing gene in cancer types in previous 

studies. A-to-I RNA editing site on on 3’UTR of MDM2 might regulate epithelial to 

mesenchymal transition (EMT)-related miR200. 

To identify the potential therapeutic targets of A-to-I editing events occurring in the 

coding sequences (CDS) and possibly causing nonsynonymous mutations in lung 
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adenocarcinoma, we identified several events existed in 3–4 cases out of 23 LUAD 

patients including AZIN1‐S367G (antizyme inhibitor 1, Chr. 8: 103841636) and 

RhoAiso2-R176G (RhoA isoform 2, Chr. 3: 49398382), RhoAiso2–Y175C (Chr. 3: 

49398382), TUBGCP2‐N211S (Chr. 10:135110893), and RBMXL1 (RNA binding motif 

protein, X‐linked like 1‐I40 M, Chr. 1: 89449390) mutations. We then further validated 

these nonsynonymous mutations in multiple A-to-I RNA editing databases (Figure 5) and 

in cancers of TCGA datasets. The results seemed to indicate that RhoAiso2-R176G had 

higher edited samples in tumor samples comparing to normal samples. Besides, we also 

found AZIN1, which was the first gene identified hyper-editing in two editome databases 

and associated with tumorigenesis of Hepatocellular carcinoma (HCC) in previous studies. 

The A-to-I RNA editing events occurred in the coding region of AZIN1 with amino acid 

changed from serine to glycine, therefore increasing high binding affinity with Antizyme 

which inhibited oncogenic ODC and CCND1 degradation to increased HCC progression. 

Thus, AZIN1, MDM2, and other four nonsynonymous A-to-I edited events were served 

as our validated targets. In summary, we identified 5 A-to-I RNA edited nonsynonymous 

mutations highly enriched in LUAD patients. With our stringent criteria, we believed that 

the identified 5 A-to-I edited nonsynonymous mutations might play important roles in 

LUAD tumorigenesis.  
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3.2 Validation of in silico identified somatic A-to-I RNA editing events with 

SEQUENOM MassARRAY® System in LUAD patient samples  

 

We selected six somatic A-to-I editing events including 4 nonsynonymous AI‐edited 

mutations and 2 3’UTR editing sites in LUAD for experimental validation at LUAD 

patient samples. We prepared both cDNAs and genomic DNAs from LUAD tumors and 

their corresponding adjacent normal tissues (n = 20) in Taiwan and 5 LUAD cell lines 

both cDNA and genomic DNA. In previous studies, pyrosequencing was the predominant 

tool for validating A-to-I editing sites as it would present A versus G peak percentage. 

However, considering pyrosequencing is cost-intensive and time-consuming. We 

implemented the SEQUENOM MassARRAY® System method to validate A-to-I RNA 

editing events. Said method is efficient and highly reproducible; moreover, it detects 

multiple sites simultaneously and can be performed with very limited amount of samples. 

Most importantly, the A-to-I editing ratio can be quantified. With known editing sites 

AZIN1-S367G and MDM2-UTR as positive controls for the validation experiments 

(Figure 6), the result demonstrated that higher RNA editing frequency (editing ratio) in 

MDM2‐UTR (UTR) (average 21%) and AZIN1‐S367G (average of 5.4% was detected 

in LUAD cancer cell lines and tissues matching with previous reports. In addition, we 

measured the A-to-I RNA editing frequency of the remaining four selected novel somatic 
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A‐to‐I RNA editing events including RHOAiso2‐R176G, TUBGCP2‐N211S, RBMXL1‐

I40 M and PPIA‐UTR occurred in 5 LUAD cell lines and 20 LUAD patients in Taiwan 

(Figure 7 and 8). Our results showed that the RNA editing ratio was higher in tumor 

compared with adjacent normal tissues (n = 20) which was also consistent with our 

previous results in LUAD cell lines. We found that the RNA editing ratio of RHOAiso2‐

R176G nonsynonymous mutation was significantly higher in both LUAD cell lines and 

the local LUAD tumor samples compared to their adjacent normal tissues (Figure 7 and 

8). Thus, we investigated the roles of the RHOAiso2‐R176G mutation in LUAD 

tumorigenesis.  Among Rho family proteins, RHOA, Rac1, and Cdc42 are the best 

characterized Rho GTPases to act as important regulators of cytoskeleton dynamics, to 

potentiate downstream cell motility-related signaling, and to modulate diverse cell 

migration activities via the regulatory switch from the inactive form of GDP-bound state 

to the active form of GTP-bound state [48]. RhoA has at least 6 isoforms, the major form 

is is the longest RhoA isoform 1 (193 amino acid) (Ensembl ID:ENST00000418115), 

while RHOAiso2‐R176G editing site is located in unique sequence of RhoA isoform 2 

(187 amino acid ) (Ensembl ID: ENST00000422781). Furthermore, we assessed 

informational RhoA isoforms expression in both the GTEx and TCGA databases 

collected in the UCSC Xena (Figure 9). We noted that RhoA isoform1 and isoform 2 

were ubiquitously expressed in multiple normal and cancer tissues. So far, there is no 
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functional and mechanistic studies of RHOAiso2 in biology- and diseases-related relevant 

documentations. Here, we made a primary structural comparison between RhoA isoform 

1 (UniProt ID: P61586) and RhoA isoform 2 (UniProt ID: C9JX21). After sequence 

alignment, RhoA isoform 2 has an alternate 3’ coding exon in the C‐terminal domain 

which is the hypervariable domain in RhoA isoform 1, and conserves identical N‐terminal 

domain core guanine nucleotide-binding (G-domain) and the insert domains responsible 

for GTP and GDP binding for conformational changes required for GTPase activity 

(Figure 11).  

Interestingly, Interestingly, several A-to-I RNA editing sites were found in the coding 

region which led to nonsynonymous mutation locating on RhoA isoform 2 C‐terminal 

domain, instead of on the major RhoA isoform 1 as mentioned in REDIportal and The 

Cancer Editome Atlas (Figure 10 and 11). In our study, we acknowledged that more than 

55% of A-t-o I editing events occurred in Alu epetitive element. Therefore, we conducted 

annotation of repeat masked regions in the 3’ coding exon in C‐terminal sequence of 

RhoA isoform 1 and RhoA isoform 2 by using RepeatMasker. We discovered that RhoA 

isoform 2 3’ coding exon in C‐terminal sequence could form an Alu repetitive element, 

but not RhoA isoform 1. This might explain why RhoA isoform 2 shows hyper-edited on 

3’ coding exon in C‐terminal thru alternative splicing mechanism. We also found 

RhoAiso2-R176G is noted to have the highest editing frequency across tumor types in 
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The Cancer Editome Atlas and REDIportal. 

Consistent with in silico results, we confirmed that the expression of RhoA isoform 1 was 

much higher expressed than that of RhoA isoform 2 in LUAD cell lines via RT‐qPCR 

test. Furthermore, to assess the RNA editing frequency of RhoAiso2-R176G, we 

performed TaqMan PCR system platform by two RhoAiso2-R176G specific probes, and 

showed a similar trend of RNA editing frequency by using MassARRY platform (Figure 

12). 

ADAR (adenosine deaminase acting on double stranded RNA) family is an A to I RNA 

editing enzyme which can bind double strain RNA and catalyze Adenosine to Inosine, 

and inosine can be recognized as Guanosine during translation. Here, we would like to 

examine whether RhoAiso2-R176G was RNA edited by ADAR1 in LUAD cell lines. We 

knocked down ADAR1 with shRNA and detected the RNA editing ratio of RhoAiso2-

R176G mutation. The result indicated that RNA editing ratio of RhoAiso2-R176G 

mutation has decreased during ADAR1 knockdown (Figure 13), whereas being increased 

when we overexpressed Cas13b‐fused ADAR1 with crRNA. Taken together, we applied 

MassARRY® system platform to quantitate A-to-I RNA editing ratio and identified that 

RhoAiso2-R176G presents higher RNA editing ratio in LUAD cell lines and in patients. 

Also RhoA isoform 2 has hyperediting harbor on 3’ coding exon in C‐terminal, and 

RhoAiso2-R176G increased and diminished RNA editing due to ADAR1 expression. 
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Thus, we further explore the function and roles of somatic edited RhoAiso2-R176G 

mutation in tumor progression of LUAD. 
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3.3 Comparison of gene signatures between the RHOAiso2‐R176G and RHOAiso2 

expressing LUAD patient transcriptomes  

 

We would like to know whether A-to-I edited mutation of RhoAiso2-R176G will change 

the protein structure and cause different functions compare to parental RhoA isoform 2. 

We downloaded the RHOA isoform 2 protein fragment structure from the database. We 

predicted 3D protein structure for comparison by using I‐TASSER software ( Figure 14). 

We found that the prediction protein structure of RhoAiso2-R176G didn’t change the 

conformational structure after superimposing with RhoAiso2(Figure 14). 

Next, we investigated whether the edited RhoAiso2-R176G variant in LUAD patients 

would induce different functions compared with that of parental RhoAiso2 in 

transcriptome analysis. We performed gene set enrichment analysis (GSEA) of 

differential expression genes by comparing retrieved transcriptomes of GSE40419 

between RHOAiso2-R176G variant and RHOAiso2 expressing LUAD samples. 

Surprisingly, we found gene signatures were upregulated in Rho-GTPases activaty, Lung 

cancer poor survival, cell migration, G2M checkpoint, and epithelial-mesenchymal 

transition (EMT) which correlated with phenotypes of cell proliferation, cell migration, 

poor clinical outcome, and Rho function pathway in expressed RhoAiso2-R176G LUAD 

patients respectively. (Figure 15). 
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To further confirm our results, we constructed the RHOAiso2‐R176G or RHOAiso2 

clones and expressed above transfectants in the LUAD cell lines A549 and CL1‐5. The 

expression efficiency was detected by western blot and immunofluorescence (Figure 16). 

Then, we quantified the expression of selected genes in each functional gene signature at 

RNA level by RT-qPCR assay. By comparing the expression changes of the 22 genes in 

all four gene signatures including 7 genes of RHOA functions, 8 genes of cell 

proliferation, 10 genes of cell migration, and 7 genes of clinical outcomes, we detected 

significantly upregulation in overexpressed RhoAiso2-R176G variant compared to that 

RhoAiso2 variant and mock control in A549 and CL1-5 cell line. But no significant 

difference in these 22 genes expression in overexpressed RhoAiso2 compared to Mock 

control (Figure 17). We also analyzed the distribution of present of RhoAiso2-R176G in 

our 20 LUAD patients by stages, the result shows that stages of patients with RhoAiso2-

R176G from IA2 to IVA and over 70% of patients with late stages. Furthermore, the 

patients expressing RhoAiso2-R176G variant increases recurrence risk 2.5 times 

compared to that of RhoAiso2 (Figure 18). Together, expression of somatic RNA A-to-I 

edited nonsynonymous RHOAiso2-R176G variant might involve Rho GTPases 

activation and regulate lung cancer cell migration and proliferation lead to poor clinical 

outcome in LUAD patients. Our results indicated that expression of RhoAiso2-R176G 

plays an important role in LUAD tumor progression. 
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3.4 Expression of RHOAiso2-R176G increased cell proliferation and migration in 

LUAD cells 

To further investigate whether the expression of RHOAiso2-R176G variant might 

regulate cell growth and migration in LUAD cells in vitro and to confirm the GESA in 

LUAD patients’ transcriptome and genes expression results in A549 and CL1-5 cell lines, 

we obtained RHOAiso2 and RHOAiso2-R176G stable clones in A549, CL1-5, and CL1-

0 cell lines for further functional investigation. The expression efficiency was detected 

by western blot and immunofluorescence (Figure 16). We found that expression of 

RHOAiso2-R176G variant significantly increased cell growing capability in A549, CL1-

5, and CL1-0 cell lines compared to that of RhoAiso2 (Figure 19 and 20). Since cell 

migration is involved in many pathological processes which might cause cancer 

metastasis, angiogenesis, immune response, and tumor progression that depends on cell 

motility speed and direction of cell migration, we studied the expressed RHOAiso2-

R176G variant in cell migration and cell motility more quantitatively and at the single-

cell level. Here, we demonstrated wound closure dynamics in 12h and 24h by wound 

healing assay, and the result showed cell migration was increased in A549, CL1-5, and 

CL1-0 expressed RhoAiso2-R176G compared to RhoAiso2 and Mock control. To assess 

the single-cell migration, we track of dozens of individual cells with expressed RhoAiso2-

R176G, RhoAiso2 and Mock control over 24 hours series and revealed that cell migration 
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increased in RhoAiso2-R176G compared to RhoAiso2 and Mock control in A549, CL1-

5 cell lines (Figure 19). Taken together, we suggest that the expressed RHOAiso2‐R176G 

variant in LUAD cells increased cell proliferation and migration and also confirm the 

predicted GSEA functions from transcriptomes in LUAD patients.  
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3.5 Expression of RHOAiso2-R176G increased tumor growth and metastasis 

 

Next, we further investigated the RHOAiso2-R176G expression involved in tumor 

progression, and the orthotopic xenograft mouse model was performed as in vivo assays 

(Figure 21). We expressed the RhoAiso2-R176G and RhoAiso2 in CL1-5 cells mixed 

with Matrigel and subcutaneously injected into mice. As the results in vivo, RhoAiso2-

R176G trasfectant promoted tumor growth and tumor volume compared to that of 

RhoAiso2 in the orthotopic xenograft model. Later, orthotopic mouse model in systemic 

metastasis assays migrated to lung tissues was performed by mice tail vein injection, and 

the result showed increased tumor nodules in lung tissues in RhoAiso2-R176G variants 

group compared to RhoAiso2 group. We suggested that RHOAiso2-R176G variant has 

oncogenic feature and promote LUAD tumor progression in vivo. 
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3.6 Expression of RHOAiso2‐R176G increased RHOA‐GTP activity and 

downstream phosphorylated ROCK1/2 signaling 

 

Since we confirmed expression of the RhoAiso2-R176G variant enhanced cell growth 

and migration in vitro and also increased tumor size and tumor metastasis in vivo in 

LUAD, we further investigate downstream oncogenic signaling activated by RhoAiso2-

R176G. RhoA is a Small GTPase and activated RhoA can regulate cell migration, 

invasion, cell cycle, apoptosis, and angiogenesis by activated downstream effectors 

ROCK1/2 (Rho-associated, coiled-coil-containing protein kinase 1/2) which control 

multiple functions. Besides, RhoAiso2 has a different 3’ coding exon in the C-terminal 

domain compared to RhoA isoform 1, and acts as an RNA editing harbor in RhoA isoform 

2 C-terminal. Moreover, there is no mention any function of RhoA isoform 2 in literature. 

Thus, we would like to know whether RhoA isoform 2 also has GTPase function and will 

RhoAiso2-R176G gain or lose function compared to parental RhoA isoform 2. We, 

therefore, measured RhoA-GTP activity and downstream Rock1/2 phosphorylation in 

RhoAiso2-R176G compared to RhoAiso2 in A549 and CL1-5 cell lines treated with or 

without RhoA activator (Figure 22). The result showed that expression of RhoAiso2-

R176G increased the active RhoA-GTP compared to that of parental RhoA isoform 2, 

and also increased phosphorylation Rock1/2 in A549 and CL1-5 with or without treated 



doi:10.6342/NTU202300461

 

34 
 

RhoA activator. Furthermore, when we treated RhoA inhibitor CCG-1423 that RhoAiso2-

R176G also increased cell viability compared to RhoAiso2 and Mock control in A549 

and CL1-5 (Figure 23). In summary, our results indicated that the somatic A-to-I edited 

RhoAiso2-R176G variant plays an oncogenic role and enhanced tumor progression in 

LUAD though increase of active form RhoA-GTP and downstream p-Rock1/2 signaling. 
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Chapter 4 Discussion and Conclusion  

 

In this study, we identified 26,280 somatic A-to-I RNA editing events in transcriptomes 

derived from 23 paired LUAD patients, validated the known MDM2-UTR and AZIN1-

S367G as our positive control, and uncovered the innovative (RHOAiso2-R176G, 

TUBGCP2-N211S, RBMXL1-I40M, and PPIA-UTR) RNA editing events in silico with 

editing data in databases and experimentally with SEQUENOM MassARRAY® System 

and Taqman system in LUAD patient samples and LUAD cell lines. Finally, we 

conducted functional assays to indicate that expression of RHOA isoform 2 specifically 

RHOAiso2-R176G variant is an oncogenic driver via upregulated RHOA-GTP/p-

ROCK1/2 axis in tumor progression of LUAD cell and mice models. In addition to the 

common somatic therapeutic mutations detected at the genomic DNA level, our results 

added a new direction to identify cancer driver mutations from the somatic 

posttranscriptional A-to-I RNA edited nonsynonymous mutations that facilitate LUAD 

tumor progression. 

Furthermore, we found RhoA isoform 2 has an A-to-I RNA editing hub harbored in the 

3’ exon coding region on the C-terminal domain, and only specific in RhoA isoform 2 

but not in RhoA isoform1 thru alternative splicing. Due to the ADARs enzymatic feature 

which can covert adenosine to inosine on Alu repetitive regions, we conducted 
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investigation to know whether the Alu element in the 3’ exon coding region on the C-

terminal domain specific in RhoA isoform 2 after gaining the cryptic exon in alternative 

splicing. In our results, we identified three somatic A-to-I RNA edited RhoAiso2 

nonsynonymous mutation in 23 paired LUAD patient transcriptomes including RhoA-

iso2-R176G, Y175C, and K162R with high RNA editing frequency in our result and also 

confirmed from REDIportal and TCEA database. Moreover, we demonstrated that 

expression of RHOA isoform 2 specific RHOAiso2-R176G variant could enhance RhoA-

GTPase activity in LUAD cell lines and further to increase cell proliferation and 

migration. At the same time, RhoAiso2-R176G expression also shows higher cell 

viability when RhoA inhibitor was treated compared to parental RhoA isoform2.  

 

RhoA is a member of Rho GTPase family which was composed of Rac1, RhoA and 

Cdc42. RhoA was well-studied after it was discovered from 1980s. In addition, RhoA 

was shown to participate in many functional mechanisms to regulate cell cycle, actin 

organization and cell adhesion.[27]. The RhoA protein has five alternative variants 

including isoform 1 (193 amino acids and 22 kDa) which is the longest variant , isoform 

2 (187 amino acids, similar molecular weight to isoform 1) , isoform 3 (90 amino acids), 

isoform 4 (129 amino acids) and isoform 5 (86 amino acids) (Figure 9 ). The functional 

and primary structural data demonstrated that RhoA is composed of effector binding 
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domain, GTP or GDP binding domain, hypervariable domain and the C-terminal with 

CAAX motif. The hypervariable region located from 173-189 amino acid that was shown 

to have the most diversity region among RhoA variants. In previous studies, RhoA protein 

translocated from membrane to nucleus was regulated by palmitoylation on the C-

terminus of RhoA, which regulated many biological functions.[49] The hypervariable 

region and C-terminus are involved in regulatory or effector protein binding when C-

terminus undergoes post-translational lipid modification. In our study, we validated the 

expression RhoA isoform 2-specific RNA edited nonsynonymous mutations which occur 

on A-to-I RNA editing harbor with enhanced oncogenic functions. However, the 

mechanism of RhoAiso2-R176G enhanced GTPase activity is still unknown. In the 

coming future, we would like to know whether A-to-I RNA editing events that occur in 

RhoA isoform 2 harbor will have other biological meaning in LUAD tumor progression 

such as regulating C-terminus geranylgeranylation or modulating RhoA subcellular 

localization. 

However, although there are millions of A-to-I RNA editing events reported, the function 

and mechanisms involved in cancer progression of A-to-I editing events were still rarely 

explored. For instance, AZIN1-S367G variant is the well-discovered A-to-I edited 

mutation with more affinity to antizyme, a protease to degrade cell cycle proteins such as 

ornithine decarboxylase (ODC1) and cyclin D1 (CCND1), to enhance cell growing 
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capability and tumor growth. MDM2-UTR is another known A-to-I RNA editing variant 

at the 3’-UTR MDM2 that could interfere with the microRNA-155 binding to stabilize 

MDM2 transcripts and enhance cell proliferation. In our study, we provided a new insight 

that A-to-I edited nonsynonymous somatic mutation RHOAiso2-R176G could be 

prioritized for functional evaluation and develop a therapeutic target against LUAD tumor 

progression. In addition, our preliminary but yet to reconfirm result also found RhoAiso2-

R176G might potentially regulate cell migration and proliferation through activated FAK/ 

SPP1 axis.   

In conclusion, 26,280 somatic posttranscriptional A-to-I RNA editing events were 

identified in transcriptomes of 23 paired LUAD and validated the frequent 

nonsynonymous A-to-I edited variant sites in silico in multiple cancers in TCGA datasets 

and with the SEQUENOM MassARRAY® System by using the locally collected twenty 

cases of LUAD pair samples. After functional validations of somatic A-to-I RNA edited 

nonsynonymous RHOAiso2-R176G variant in LUAD in vitro and in vivo models, we 

showed that RHOAiso2-R176G expression could activate downstream RHOA-GTP/p-

ROCK1/2 signaling to facilitate LUAD tumor progression. Referring to the high 

percentage of LUAD patients expressing RHOAiso2-R176G variant, it might be a 

nonnegligible therapeutic target in LUAD with isoform specific targeting strategies. Our 

results established a new avenue to identify innovative theranostic targets vis 
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posttranscriptional A-to-I RNA edited nonsynonymous mutations in LUAD with 

potential therapeutic and diagnostic impacts to cancers and human diseases. 
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(A) 

Figure 1 The schematic drawing of identifying A-to-I RNA editing events in LUAD 

transcriptomes with tumor and the corresponding normal pair. 
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(A) 

 

 

Figure 2 The detail pipeline for identification of genome-wide A-to-I editing events 

of LUAD transcriptomes and validation in the known editing databases in silico. 
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Figure 3 RNA mismatch types.  

(A) A > G and T > C were the most common types of mismatch editing events 
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(A) 

 

 

 

Figure 4 Identify the region of informative editing sites.  

(A) The majority of A-to-I RNA editing events resided in intronic and UTR regions, and 

approximately 55% of RNA editing events occurred in the Alu region 
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(A) 

 

 

 

 

 

 

 

 

 

(B) 

 

 

Figure 5 The sample counts of RNA editing events in 23 LUAD patients.  

(A) The RNA editing frequency of total editing events in LUAD samples (n = 23, 

GSE40419). The cumulative editing events marked in blue; the frequency of cumulative 

total editing marked in red and the percentage of editing events in coding sequences (CDS) 
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marked in yellow. 

(B) Selected five A‐to‐I RNA editing events of nonsynonymous mutations were validated 

in the Editome and TCGA databases.*, LUAD samples (n = 23, GSE40419) #, Multi-

cancer types in TCGA and the LUAD samples from TCGA data.  

  



doi:10.6342/NTU202300461

 

51 
 

(A) 

 
 

Figure 6 SEQUENOM MassARRAY® System method to validate A-to-I RNA 

editing extents and editing ratio formula.  
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Figure 7 The RNA editing frequency of Selected A‐to‐I RNA editing sites in LUAD 

cell lines 

The MDM2 and AZIN1 editing sites served as positive controls for the A‐to‐I RNA 

editing events located in the noncoding UTR and the nonsynonymous mutations, 

respectively. AZIN1 (Chr.8: 103841636), MDM2 (Chr.12: 69237004), PPIA (Chr.7: 
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44842099), TUBGCP2 (Chr.10 135110893), RBMXL1 (Chr.1 89449390), and RHOA 

(Chr.3 49398382) candidate genes. 
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Figure 8 The RNA editing frequency of Selected A‐to‐I RNA editing sites in paired 

LUAD samples(n=20). 
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Figure 9 Expression of RHOA alternative spicing isoforms in normal (GTEx) and 

cancer (TCGA) tissues in UCSC Xena. 
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Figure 10 Nonsynonymous A-to-I RNA editing sites preferentially located at the 

unique C-terminal of RHOA isoform 2 but not the major isoform 1 of RHOA. 
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(A) 

 

(B) 

 

 

Figure 11 The schematic drawing of RhoA isoform 1 and 2 domains. 

(A) Made a comparison between RhoA isoform 1 (UniProt ID: P61586) and RhoA isoform 

2 (UniProt ID: C9JX21). The RHOA isoform 2 seems a hyper A‐to‐I edited events harbor 

instead of the RHOA major isoform 1. 

(B) The C-terminal of RhoAiso2 was Alu element rich region. 
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(A) 

 

 

 

 

 

(B) 

 

Figure 12 Expression of RHOA isoforms and RHOAiso2-R176G in LUAD cell 

lines by using TaqMan platforms.  

(A) Expression of RHOA isoforms 1 and 2 in LUAD cell lines by using RT-qPCR. (B) 

Detection of RHOAiso2-R176G A-to-I RNA editing ratio (%) in LUAD cell lines with 

TaqMan platforms 
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(A) 

 

(B) 

 

(C) 

 

 

 

Figure 13 ADAR1 expression modulates A-to-I RNA editing led to RHOAiso2-

R176G mutation.  

(A) Knocked down ADAR1 with shRNAs diminished expression of ADAR1 at protein 

level by Western blotting analysis led to reduced A-to-I RNA editing ratios of 

✱
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RHOAiso2-R176G in A549 cells by using MassARRAY and TaqMan Platforms. 

(B) Overexpression of Cas13b-fused ADAR1 and R176G corresponding crRNA elevated 

A-to-I RNA editing of RHOAiso2-R176G mutation in 293T cell. 
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(C) 

 

 

Figure 14 Comparison of predicted structures in between RHOAiso2 and 

RHOAiso2‐R176G by using I‐TASSER. 

(A) Predicted secondary structure of RHOAiso2‐R176G (position marked by the red box).  
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(B) Predicted 3D structure of RHOAiso2 ‐R176G(position indicated by red arrow).  

(C) Predicted RHOAiso2 (blue) 3D structure superimposed with predicted RHOAiso2‐

R176G (pink) 3D structure (red arrow indicating R176G position) 
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Figure 15 Comparison of gene signatures between the RHOAiso2‐R176G and 

RHOAiso2 expressing LUAD patient transcriptomes 

Gene set enrichment analysis (GSEA) of differential expression genes by comparing 

between RHOAiso2-R176G variant and RHOAiso2 expressing LUAD transcriptomes 

(GSE40419). The gene signatures were upregulated in Rho-GTPases activate, Lung 

cancer poor survival, cell migration, G2M checkpoint, and epithelial-mesenchymal 

transition (EMT) which correlated with cell proliferation (marked in gray), cell migration 

(marked in brown), poor clinical outcome (marked in purple), and Rho function pathway 

(marked in aqua) in expressed RhoAiso2-R176G LUAD patients.  
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Figure 16 The protein expression level of RhoAiso2 and RhoAiso2-R176G in 
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LUAD cell lines 

(A) RHOA isoform 2 (RHOAiso2) and the RHOAiso2-R176G variant constructs were 

cloned into pcDNA 3.0-Flag. (A-B) The expression intensity and efficiency were detected 

by western blot and immunofluorescence in LUAD cell lines CL1‐5 and A549. 
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Figure 17 Validation of enrichment gene signatures in the RHOAiso2‐R176G 

mutation compared with RHOAiso2‐ expressing LUAD cell lines. 

Comparing the expression changes of the 22 genes in all four gene signatures by RT-
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qPCR in CL1-5 and A549 cell lines which overexpressed RHOAiso2‐R176G and 

RHOAiso2 
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Figure 18 The distribution of present of RhoAiso2-R176G in 20 LUAD patients. 
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(E) 

 
 

 

Figure 19 RHOAiso2‐R176G promoted cell proliferation and migration in LUAD 

cell lines compared to RHOAiso2.  

(A) The expression level of RHOAiso2 and RHOAiso2-R176G in cell lines were detected 

by western blot. 

(B-E) Cell proliferation, wound healing, cell migration and cell tracking were detected in 

RHOAiso2 and RHOAiso2-R176G overexpressed CL1-5 and A549 cell lines.  
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Figure 20 Expression of RHOAiso2-R176G mutation in LUAD cell line CL1-0  

(A) Western blotting analysis.  

(B) cell proliferation and cell migration with wound healing (C) and trans-well (D) assays. 
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Figure 21 RHOAiso2‐R176G variant promotes tumor growth and metastasis in 

vivo compared to RHOAiso2 . 

(A) The expression level of RHOAiso2 and RHOAiso2-R176G in cell lines were detected 

by western blot.  

(B-C) The tumor weight and tumor volume were increased on the RHOAiso2‐R176G 

variant compared to RHOAiso2 xenograft model. 

(D) The number of tumor nodules were increased in RHOAiso2‐R176G variant 

metastasis mouse model which promoted tumor metastasis compared to RHOAiso2 

mouse model by tail vein injection. 

  



doi:10.6342/NTU202300461

 

75 
 

(A) 

 

 

 

 

(B) 

 

 

 



doi:10.6342/NTU202300461

 

76 
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Figure 22 RHOAiso2‐R176G specific variant increased RHOA‐GTP activity and 

phosphorylated p‐ROCK1/2 signaling.  

 

(A) RHOA activity were increased in RHOAiso2‐R176G variant compared to RHOAiso2 

by RHOA activity pull‐down assay after RHOA activator was treated.  

(B) The expression of phosphorylate Rock1/2 were enhanced in RHOAiso2‐R176G 

variant compared to RHOAiso2. 

(C) RHOA activity were increased in RHOAiso2‐R176G variant compared to RHOAiso2 

by RHOA activity pull‐down assay after without RHOA activator treated.  
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(A) 

 

(B) 

 

 

Figure 23 Expression of RhoAiso2-R176G increased cell viability at RhoA inhibitor 

CCG-1423 treated. 

(A-B) Cell viability assay of expression of RhoAiso2R176G after treated CCG-1423 24 

h. 
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Table 1 A-to-I editing events in 20 paired LUAD 

Table 2 Statistics 

Please refer to information available from https://doi.org/10.1002/mc.23490. 

. 
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Table 3 Primer sequences of selected RNA editing sites for SEQUENOM 

MassARRAY® System 
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Table 4 Primer sequences for RT-qPCR of selected genes in functions of RHOA 

functions, cell proliferation, cell migration and clinical outcomes. 

 

1 APP_F TCTCGTTCCTGACAAGTGCAA 

2 APP_R GCAAGTTGGTACTCTTCTCACTG 

3 CCL27_F GCAGCATTCCTACTGCCAC 

4 CCL27_R AGGTGAAGCACGAAAGCCTG 

5 CCT5_F TGGAACTGTCCAAGTCTCAGG 

6 CCT5_R CATCGGCTATTCTGATTGGGTG 

7 CENPK_F AACACTCACCGATTCAAATGCT 

8 CENPK_R CAGTCAAGGGAATTGTTTCAGGT 

9 CENPL_F CACCAGAGTCAACTCCTAGTGC 

10 CENPL_R TCTGCTTCCTGACCGATTCTAA 

11 CHEK1_F CCAGATGCTCAGAGATTCTTCCA 

12 CHEK1_R TGTTCAACAAACGCTCACGATTA 

13 DNAJA1_F ACTGGAGCCAGGCGATATTAT 

14 DNAJA1_R CTTCAACGAGCTGTATGTCCAT 

15 FJX1_F CCGGCTCGTAAGCAACCTC 

16 FJX1_R AGCGGCTCGTTATACTTGTCC 

17 G3BP1_F CGGGCGGGAATTTGTGAGA 

18 G3BP1_R TCTGTCCGTAGACTGCATCTG 

19 GPI_F CCGCGTCTGGTATGTCTCC 

20 GPI_R CCTGGGTAGTAAAGGTCTTGGA 

21 HIF1A_F ATCCATGTGACCATGAGGAAATG 

22 HIF1A_R TCGGCTAGTTAGGGTACACTTC 

23 ITGA4_F CACAACACGCTGTTCGGCTA 

24 ITGA4_R CGATCCTGCATCTGTAAATCGC 

25 KIF2A_F AAGGCAAAGAGATTGACCTGG 

26 KIF2A_R GAAGCTACAGTCCGTCGATTC 

27 LRP8_F CTGTGGCGACATTGATGAGTG 

28 LRP8_R TCTTGGTCAGTAGGTCCATCTC 

29 MCM6_F GAGGAACTGATTCGTCCTGAGA 

30 MCM6_R CAAGGCCCGACACAGGTAAG 

31 MTHFD2_F GATCCTGGTTGGCGAGAATCC 

32 MTHFD2_R TCTGGAAGAGGCAACTGAACA 
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33 PPP2CA_F GTTCGTTACCGTGAACGCATC 

34 PPP2CA_R TGGCGAGAGACCACCATGT 

35 PSAT1_F TGCCGCACTCAGTGTTGTTAG 

36 PSAT1_R GCAATTCCCGCACAAGATTCT 

37 RFC4_F TTGGGCCTGAACTTTTCCGAT 

38 RFC4_R AGCGACTTCCTGACACAGTTA 

39 RPA3_F AGCTCAATTCATCGACAAGCC 

40 RPA3_R TCTTCATCAAGGGGTTCCATCA 

41 STC1_F CACGAGCTGACTTCAACAGGA 

42 STC1_R GGATGTGCGTTTGATGTGGG 

43 STEAP1_F CCCTTCTACTGGGCACAATACA 

44 STEAP1_R GCATGGCAGGAATAGTATGCTTT 

45 RhoaV3-F AGGAGCCTCACTGTGTCGCCAGGCTGG 

46 RhoaV3-R TCAGGTTTCACCGGCTCCTGGGTGTG 
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Table 5 Primer sequences for cloning and construction of RHOAiso2 and 

RHOAiso2-R176G site mutagenesis. 

1 
RHOA-

EcoR1F 
F:AGCTGAATTCATGGCTGCCATCCGGAAG 

2 
RHOA-

Xho1R  
R:AGCTCTCGAGTCAGGTTTCACCGGCTC 

3 
SDM-RHOA-

F 
F:GTAGCTGGGGTTGCAGGCGCCCACTACCAC 

4 
SDM-RHOA-

R 
 R:TGGGCGCCTGCAACCCCAGCTACTCAGGAG 

 


