
Article
A-to-I RNA Editing Contrib
utes to Proteomic
Diversity in Cancer
Graphical Abstract
Highlights
d Direct assessment of A-to-I RNA editing to proteomic

diversity in cancer specimens

d A rigorous computational strategy to detect variant peptides

caused by RNA editing

d Independent experimental evidence of RNA-editing-induced

variant peptides in tumors

d Effects of COPA editing on proliferation, migration, and

invasion of cancer cells
Peng et al., 2018, Cancer Cell 33, 1–12
May 14, 2018 ª 2018 Elsevier Inc.
https://doi.org/10.1016/j.ccell.2018.03.026
Authors

Xinxin Peng, Xiaoyan Xu,

Yumeng Wang, ..., Kenneth L. Scott,

Han Liang, Gordon B. Mills

Correspondence
hliang1@mdanderson.org

In Brief

By an integrated analysis of TCGA

genomic data and CPTAC proteomic

data, Peng et al. show that A-to-I RNA

editing contributes to proteomic diversity

in breast cancer through changes in

amino acid sequences. The edited COPA

protein increases proliferation, migration,

and invasion of cancer cells in vitro.

mailto:hliang1@mdanderson.�org
https://doi.org/10.1016/j.ccell.2018.03.026


Please cite this article in press as: Peng et al., A-to-I RNA Editing Contributes to Proteomic Diversity in Cancer, Cancer Cell (2018), https://doi.org/
10.1016/j.ccell.2018.03.026
Cancer Cell

Article
A-to-I RNA Editing Contributes
to Proteomic Diversity in Cancer
Xinxin Peng,1,10 Xiaoyan Xu,1,2,10 Yumeng Wang,1,3 David H. Hawke,4,5 Shuangxing Yu,5 Leng Han,6 Zhicheng Zhou,1,5

Kamalika Mojumdar,1 Kang Jin Jeong,5 Marilyne Labrie,5 Yiu Huen Tsang,7 Minying Zhang,8 Yiling Lu,5 Patrick Hwu,8,9

Kenneth L. Scott,7 Han Liang,1,3,5,11,12,* and Gordon B. Mills5,11
1Department of Bioinformatics and Computational Biology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
2Department of Pathophysiology, College of Basic Medicine, China Medical University, Shenyang, Liaoning Province 110122, China
3Graduate Program in Quantitative and Computational Biosciences, Baylor College of Medicine, Houston, TX 77030, USA
4The Proteomics and Metabolomics Facility, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
5Department of Systems Biology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
6Department of Biochemistry and Molecular Biology, The University of Texas Health Science Center at Houston McGovern Medical School,

Houston, TX 77030, USA
7Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX 77030, USA
8Department of Melanoma Medical Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
9Department of Sarcoma Medical Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
10These authors contributed equally
11Senior author
12Lead Contact

*Correspondence: hliang1@mdanderson.org

https://doi.org/10.1016/j.ccell.2018.03.026
SUMMARY
Adenosine (A) to inosine (I) RNA editing introducesmany nucleotide changes in cancer transcriptomes. How-
ever, due to the complexity of post-transcriptional regulation, the contribution of RNA editing to proteomic
diversity in human cancers remains unclear. Here, we performed an integrated analysis of TCGA genomic
data and CPTAC proteomic data. Despite limited site diversity, we demonstrate that A-to-I RNA editing
contributes to proteomic diversity in breast cancer through changes in amino acid sequences. We validate
the presence of editing events at both RNA and protein levels. The edited COPA protein increases prolifer-
ation, migration, and invasion of cancer cells in vitro. Our study suggests an important contribution of
A-to-I RNA editing to protein diversity in cancer and highlights its translational potential.
INTRODUCTION

Adenosine (A) to inosine (I) RNA editing is the most prevalent

RNA editing mechanism in humans, where ADAR enzymes

convert A to I at specific nucleotide sites of select transcripts

without affecting the DNA sequence identity (Bass, 2002).

Although the vast majority of A-to-I editing events occur in

non-coding regions, the absolute number of high-confidence

missense RNA editing sites in humans is large (>1,000) (Bazak

et al., 2014; Peng et al., 2012; Ramaswami et al., 2012, 2013).

Intriguingly, several individual editing events have been reported

to play critical roles in tumorigenesis, such as AZIN1 editing in
Significance

Understanding the molecular mechanisms contributing to p
biology and has significant clinical implications in cancer tre
data and CPTAC proteomic data, our study provides large-sca
teomic diversity in cancer cells. Thus, RNA editing represents a
human cancer and developing the strategies for precision can
liver cancer (Chen et al., 2013), CDC14B editing in glioblastoma

(Galeano et al., 2013), RHOQ editing in colorectal cancer (Han

et al., 2014), SLC22A3 and IGFBP7 editing in esophageal cancer

(Chen et al., 2017; Fu et al., 2017), PODXL editing in gastric can-

cer (Chan et al., 2016), and GABRA3 editing in breast cancer

(Gumireddy et al., 2016). Using RNA-sequencing (RNA-seq)

data from The Cancer Genome Atlas (TCGA), recent studies

have detected a large number of A-to-I editing events in cancer

transcriptomes, many of which show clinically relevant patterns

(Fumagalli et al., 2015; Han et al., 2015; Paz-Yaacov et al., 2015).

However, the surveys on the patterns of RNA editing in human

cancer have so far focused on the RNA level. Given the
rotein variation and diversity is a fundamental question in
atment. Through an integrated analysis of TCGA genomic
le direct evidence that A-to-I RNA editing is a source of pro-
n exciting paradigm for understanding themolecular basis of
cer medicine.
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Table 1. Identified A-to-I RNA Editing Events with Variant Peptide Support

Protein Position (hg19) Strand AA Change MS Dataset Variant Peptide

BRCA OV CRC NCI60

COG3 chr13: 46,090,371 + I635V 2 0 0 0 EVSLDLKK

COPA chr1:160,302,244 – I164V 11 1 2 3 VWDVSGLR

VWDVSGLRK

EEF1A1 chr6:74,229,074 – T104A 0 0 0 3 NMIAGTSQADCAVLIVAAGVGEFEAGISK

EEF1A1 chr6: 74,229,116 – I90V 1 0 0 0 YYVTIVDAPGHR

FLNB chr3: 58,141,801 + Q2327R 1 0 0 0 RLTVMSLR

HSP90AB1 chr6: 44,219,922 + K550R 5 0 0 0 EGLELPEDEEER

IFI30 chr19: 18,288,551 + T223A 2 0 0 0 PLEDQTQLLALVCQLYQGK

IGFBP7 chr4: 57,976,286 – R78G 11 0 0 0 GEGEPCGGGGAGGGYCAPGMECVK

SERPINB6 chr6:2,949,167 – E237G 1 0 0 0 ELNMIIMLPDGTTDLR
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tremendous complexity of post-transcriptional regulation

(Moore, 2005), we aimed to address to what extent genetic infor-

mation engendered by missense A-to-I editing is translated to

protein sequences, thereby contributing to proteomic diversity

in cancer. The mass spectrometry (MS) data recently available

from the Clinical Proteomic Tumor Analysis Consortium (CPTAC)

(Mertins et al., 2016; Zhang et al., 2014, 2016) provide an oppor-

tunity to address this question since they were generated from

patient sample cohorts with parallel genomic and transcriptomic

data from TCGA (The Cancer Genome Atlas Research Network,

2011, 2012a, 2012b).

RESULTS

Relative Contributions of RNA Editing and Somatic
Mutations to Cancer Proteomic Diversity
We obtained three CPTAC MS datasets (breast cancer [BRCA],

ovarian cancer [OV], and colorectal cancer [CRC]) and focused

respectively on 101 samples, 90 samples, and 84 samples,

with parallel RNA-seq and somatic mutation data in these data-

sets for subsequent analyses (Table S1).We combined this infor-

mation trove with another liquid chromatography tandem mass

spectrometry (LC-MS/MS)-based dataset of the NCI60 cell line

collection (Moghaddas Gholami et al., 2013). We developed a

sample-customized search strategy to identify variant peptides

caused by A-to-I RNA editing or somatic mutations (Figure 1A,

STAR Methods). Briefly, for each cancer sample in an MS set,

we first obtained somatic mutation data and detected missense

RNA editing events using RNA-seq data based on well-anno-

tated, literature-curated RNA editing sites (1,369 sites) in the
Figure 1. Relative Contributions of RNA Editing and Somatic Mutation

(A) The flowchart of variant peptide identification using MS data. For each MS set

samples were pooled to construct a sample-set-specific database. After the qu

considered as candidates. We manually reviewed each candidate and generated

(B) Four representative peptide spectrum matches of variant peptides due

IGFBP7_R78G).

(C) Information flow during the analysis of CPTAC breast cancer samples.We diss

the number of variants at the DNA level, somaticmutations (variants); number of va

variants); number of MS detectable variants in theory; number of variants cover

variant peptides; number of variants covered by uniquely mapped variant peptid

(D) Information flow of simulation analysis with the same editing sites but differe

See also Tables S1, S2, and S3, Figure S1.
RADAR database (Ramaswami and Li, 2014). We then con-

structed a customized peptide database by adding variant

peptides resulting from the mutations and RNA editing events

and employed the X!Tandem algorithm (Wen et al., 2014) to

search the corresponding MS data to identify variant peptide

candidates at a false discovery rate (FDR) = 0.01 (Table 1). In

the analysis, we considered fixed and variable amino acid

modifications as in the original CPTAC papers (Mertins et al.,

2016; Zhang et al., 2014, 2016). We implemented a series of

quality control steps to rule out possibilities that the resolved

peptide came from a homologous protein or that the detected

RNA editing event was due to variants at the DNA level such

as mutations or SNPs. Finally, to reduce false positives to a

minimal level, we manually reviewed all the candidate spectra

identified from variant peptides to obtain the final list attributable

to RNA editing or somatic mutations for each MS set. We also

removed variants leading to N-to-D amino acid changes in the

manual check step since they may be due to post-translational

deamidation. Figures S1A–S1E summarize the characteristics

of the datasets surveyed and resolved peptides.

Through this analysis, we detected a considerable number of

RNA editing events with confident variant peptide support (Ta-

ble 1, and some representative MS shown in Figure 1B). For

BRCA, our analysis included, on average, 104 editing-intro-

duced variants and 107 mutation-introduced variants per MS

set of three cancer samples, and identified 34 RNA editing

events and 57 mutations with variant peptide evidence across

the 36 BRCA MS sets (note that editing or mutation variants at

the same site but detected in different MS sets were counted

as independent events). For OV, our analysis included, on
s to Proteomic Diversity in Cancer

, all missense RNA editing sites and somatic mutations from the corresponding

ality control steps, only variants with a uniquely mapped variant peptide were

the final lists.

to RNA editing (upper: COG3_I635V, COPA_I164V; lower: IFI30_T223A,

ected the genetic information flow fromDNA to RNA to protein into seven steps:

riants with evidence of expression, both RNA editing andmutations (expressed

ed by resolved peptides (wild-type or variant); number of variants covered by

es; and number of variants passing the manual check.

nt nucleotide changes (A-to-C and A-to-T).
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average, 93 editing-introduced variants and 54 mutation-intro-

duced variants per MS set of three cancer samples, and identi-

fied 1 RNA editing event and 25 somatic mutations with variant

peptide support across the 64 OV MS sets. For CRC, our anal-

ysis included, on average, 17 editing-introduced variants and

342 mutation-introduced variants per cancer sample and identi-

fied 2 RNA editing events and 84 somatic mutations with variant

peptide evidence over the 89 CRCMS sets (see details in Tables

S2 and S3). Given the same patient samples, our pipeline

detected similar numbers of somatic mutations to those

reported in previous studies (Mertins et al., 2016; Zhang et al.,

2014), supporting the sensitivity of our approach. In addition to

the three patient proteomic datasets, we detected another

RNA editing site with supported variant peptides from the MS

dataset of 34 NCI60 cell lines.

Among the three cancer patient cohorts surveyed, OV and

CRC showed much lower numbers of variant peptides caused

by RNA editing than somatic mutations, but strikingly, the

BRCA dataset showed just over half as many variant peptides

(60%) per patient sample as caused by mutations. Therefore,

we performed amore detailed analysis of BRCA to dissect the in-

formation flow of RNA editing and somaticmutations (Figures 1C

and S1F). For the 101 BRCA samples, we started with 3,741 RNA

editing events and 3,860 somatic mutations and identified 2,193

mutations with expression evidence at the RNA level. For both

RNA editing and expressed mutations, �90% of them were

detectable by MS in theory (i.e., not Ile/Leu or Leu/Ile; and

length of variant peptide 8–35 amino acids) (Swaney et al.,

2010). However, only 24.8% of the RNA editing sites and

18.1%of the somaticmutationswere covered by a resolved pep-

tide (wild-type or variant), and �3% of editing sites or somatic

mutations were covered by a variant peptide, which was mainly

due to the low coverage of CPTAC datasets. Among variants

covered by variant peptides, almost all the mutation cases

(97%, 2.8%/2.9%) were associated with uniquely mapped

variant peptides, whereas this proportion was much lower

(30%, 1.1%/3.7%) for RNA editing, which may be due to

sequence similarity of ADAR targets. After careful manual review,

our final list included 0.9% of the editing events and 2.6% of ex-

pressed somatic mutations as ‘‘confident hits’’ (STARMethods).

Although we employed FDR = 0.01 in the variant peptide search,

this ‘‘decoy peptides’’-based FDRcould underestimate the noise

rate. To estimate the false-positive rate more conservatively, we

performed a simulation analysis through creating the same num-

ber of artificial RNA editing events with the nucleotide changes of

A-to-C or A-to-T at the same sites. Using the same analytic

procedure, the false-positive rate for detected editing sites was

estimated to be 20%, indicating that the true-positive rate of

the approach is likely 80% and that the majority of the detected

editing events are ‘‘real’’ (Figure 1D). Of note, the site diversity

of RNA editing for the patient cohort was much lower than that

of mutations, as most of the observed variant peptides resulted
Figure 2. Experimental Validation of RNA Editing Events with Peptide

(A) The relative expression (top) and the editing level changes (bottom) after tran

ADAR enzymes (ADAR1/2 MUT); GFP serves as negative control. Error bars den

(B) ADAR-perturbed RNA-seq experiment. The editing levels of the six RNA editing

mock, and RISC_free served as negative controls.

See also Figures S2 and S3.
from recurrent RNA editing sites across tumor samples (Table 1

and Figure S1G). In addition, we analyzed correlations between

RNA editing level detected by RNA-seq and ion intensity of

variant peptides in MS and found that across 34 MS sets, the

sample with the highest variant peptide intensity in each dataset

tended tobe thatwith the highest RNAediting level (binomial test,

p < 0.05). These results indicate that RNA editing can introduce

amino acid changes into proteins, contributing to protein diver-

sity at least in breast cancer.

Independent Validation of RNA Editing Events with
Variant Peptide Support
Across the four different MS datasets, we identified nine unique

RNA editing sites with variant peptide evidence (Table 1). Among

them, editing atCOPA_I164V and IGFBP_R78Gwas identified in

11 of the 36 BRCA MS sets, and COPA_I164V was the only one

identified in the four different tumor datasets (Table 1). As

expected, these nine editing sites tended to have a higher editing

level (i.e., the proportion of edited reads among total mapped

reads at the specific site of a given sample) and reside in genes

with a higher expression than RNA editing sites without detected

variant peptides (Figures S2A–S2C). In terms of predicted func-

tional effects, RNA editing sites with variant peptide support

were not more impactful than those without variant peptide

support (Figure S2D). However, four of the RNA editing sites

with variant peptide support (COG3_I635V, COPA_I164V,

FLNB_Q2327R, and IGFBP7_R78G) have been previously re-

ported in humans andmice (Pinto et al., 2014). We next validated

editing signals at these sites using two independent approaches.

First, using an RNA editing fingerprint assay (Crews et al., 2015),

we validated five of these editing sites in a breast cancer cell line,

Hs578T (Figure 2A). Second, we perturbed the expression of

ADAR1 and ADAR2 in this cell line. Based on RNA-seq data

upon overexpression or small interfering RNA (siRNA) knock-

down of specific ADAR enzymes, we observed dramatic

changes in editing levels in all six sites with sufficient coverage

(Figures 2B and S3). Thus, these two approaches validated 7

of 9 RNA editing sites, with 4 sites confirmed by both

approaches (COG3_I635V, COPA_I164V, FLNB_Q2327R, and

IFI30_T223A). Furthermore, these perturbation experiments

revealed the ADAR enzymes responsible for the observed edit-

ing signals: ADAR1 was responsible for EEF1A1_T104A and

SERPINB6_E337G; ADAR2 was responsible for COG3_I635V,

COPA_I164V, FLNB_Q2327R, and IGFBP7_R78G; and both

ADAR1 and ADAR2 contributed to editing of IFI30_T223A (Fig-

ures 2A and 2B). Collectively, these results provide independent

evidence for seven RNA editing sites that contributed to the vast

majority of editing-introduced variant peptides identified (i.e.,

28/34 in BRCA). The corresponding editing changes at the

remaining two sites (EEF1A1_I90V and HSP90AB1_K550R)

were not validated in the cell line surveyed potentially due to their

low editing level (e.g., <1%).
Support at the RNA Level

sfection of wild-type ADAR enzymes (ADAR1/2 WT) and catalytically inactive

ote ±SD.

sites with sufficient coverage (310) in different perturbed conditions, andGFP,
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Figure 3. Validation of Variant Peptides Caused by RNA Editing Sites through LC-MS/MS with Heavy Isotope Labeling Synthetic Peptides

Annotated MS (A and B) and retention times (C and D) for EVSLDLKK (COG3_I635V) (A and C) and VWDVSGLR (COPA_I164V) (B and D). The results of unlabeled

endogenous variant peptide are shown at the top, whereas the results of the spiked, labeled synthetic peptide are shown at the bottom of each panel. The heavy

isotope labeled amino acids are shown in red.
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Given the tremendous complexity of identifying variant pep-

tides from proteome-wide MS data (Deutsch et al., 2016; Nes-

vizhskii, 2014), we sought to validate the effects of RNA editing
6 Cancer Cell 33, 1–12, May 14, 2018
on variant peptides in independent samples using a targeted

MS approach. For this purpose, we focused on two RNA editing

sites (COG3_I635V and COPA_I164V) because (1) COPA_I164V
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is the only site consistently identified across multiple MS data-

sets; and (2) we recently reported the potential functional effects

of COG3_I635V on cell viability and drug sensitivity (Han et al.,

2015). We enriched COG3 and COPA proteins from an ovarian

cancer cell line, OVCAR-8, through immunoprecipitation, and

then performed LC-MS/MS analysis with spiked-in heavy

isotope labeled synthetic peptides. Importantly, endogenous

and synthetic peptides corresponding to both RNA editing

events appeared with the matched m/z peaks (Figures 3A and

3B), and they also had the same retention time as the edited

peptides (Figures 3C and 3D). In addition, the edited peptide in

COPA was previously identified in mouse liver (Wu et al.,

2014). These results provide additional support for the presence

of these edited proteins in tumor cells.

Clinically Relevant Patterns of RNA Editing Events with
Variant Peptide Support
For the eight unique RNA editing events with variant peptides

detected in patient samples, one fundamental question is

whether they, like ‘‘driver mutations,’’ can play active roles in

tumor pathophysiology or simply represent ‘‘passenger’’ events.

We carried out several analyses to address this question. First,

unlike somatic mutations that are by definition cancer specific,

RNA editing usually occurs in both normal and tumor samples.

To assess whether these RNA editing events are dysregulated

in cancer, we compared their editing levels in tumor samples

relative to the matched normal samples using TCGA RNA-seq

data. Although the observed RNA editing patterns often varied

in different tumor contexts, six of the eight RNA editing sites

showed significant overediting patterns in some cancer types

(Figure 4A and Table S4). However, it should be noted that

such tumor-normal comparisons could be misleading because

tumor and normal samples usually contain very different cell

compositions. For example, most cells in a breast tumor are

epithelial cells, whereas the epithelial proportion in normal breast

tissues is typically low (e.g., a few percent). We also detected

RNA editing signals in the Genotype-Tissue Expression (GTEx)

RNA-seq data of normal tissues (Figure S4A) (Picardi et al.,

2017). Second, somatic mutations usually occur at a high allele

frequency in tumor cells (e.g., 50% for heterozygous mutations

and 100% for homozygous mutations for a diploid cancer
Figure 4. Clinical Relevance of A-to-I RNA Editing Events with Peptide

(A) Normal-tumor comparison of RNA editing levels. Paired t test was used to as

(B) The upper quartile values of RNA editing levels of four RNA editing sites. For

are shown.

(C) Clinically relevant patterns of RNA editing sites with peptide evidence in differe

boxes indicate significantly differential editing levels among tumor subtypes (Krus

orange boxes indicate significantly differential editing levels among stage (Krusk

and blue boxes indicate significant associations of editing level with progressi

difference >3%).

(D) Differential editing level of COPA_I164V (left) and IGFBP7_R78G (right) in stom

subtypes (right). Kruskal-Wallis test was used to assess statistical significance.

(E) Correlations of editing level in COPA_I164V (left) and IGFBP7_R78G (right) w

(KIRC). Log rank test was used to assess statistical significance.

(F) The association of editing level at COG3_I635V with the drug sensitivity of flu

(G) The association of editing level at COPA_I164V with the sensitivity to austoc

statistical significance. In (A), (D), (F), and (G), the horizontal line in the box is the

whiskers extend to 1.5 interquartile range of the lower quartile and the upper q

numbers included in each comparison group.

See also Tables S4 and S5, Figure S4.
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genome). To assess the editing level (equivalent to the allele

frequency) of these RNA editing sites in tumor samples, we

performed a pan-cancer analysis using TCGA RNA-seq data of

>8,000 tumor samples of 24 cancer types (Table S5). We found

that RNA editing events for these sites generally could be de-

tected in a broad range of cancer types, but the editing level var-

ied greatly from site to site and from cancer type to cancer type.

Importantly, four RNA editing sties (COG3_I635V, COPA_I164V,

FLNB_Q2327R, and IGFBP7_R78G) showed relatively high edit-

ing levels in a large portion of patients (e.g., >25% of patients) of

multiple cancer types (Figure 4B). Although it is under debate

about what variant level (%) is required for gain-of-function activ-

ity in cancer, our results clearly showed that the functional

effects for amino acid changes caused by RNA editing events

cannot be simply dismissed due to low editing level. Third, to

assess their clinical relevance more thoroughly, we examined

the correlations of these four RNA editing events with key clinical

features using TCGA pan-cancer data and identified extensive

significant patterns in different cancer types (FDR <0.05, editing

level difference >3%; Figure 4C, Table S4). For example, the

editing level of COPA_I164V was increased in stomach

adenocarcinoma subtypes, from intestinal, mixed, to diffuse

(p = 3.1 3 10�16, editing level difference = 12.1%; Figure 4D,

Table S4). RNA editing at both COG3_I635V and COPA_I164V

correlated with worse progression-free patient survival time in

kidney renal clear cell carcinoma (COG3, log rank p = 1.2 3

10�2, Cox model p = 6.0 3 10�4, editing level difference =

18.1%; COPA, log rank p = 6.4 3 10�3, Cox model p = 1.9 3

10�2, editing level difference = 15.0%; Figure 4E, Table S4).

Notably, ADAR1 and ADAR2 expression levels did not show

significant correlations with patient survival times in this disease

(Figure S4B), suggesting that the signals at individual RNA

editing sites contain independent prognostic information from

the ADAR enzymes responsible for their generation. Finally, we

examined correlations between RNA editing levels and drug

sensitivity using Cancer Cell Line Encyclopedia (CCLE) cell

lines and identified that editing at COG3 and COPA was signifi-

cantly associated with drug sensitivity (Figures 4F and 4G,

Table S4). For example, higher RNA editing at COG3_I635V

was significantly associated with resistance to fluorouracil

(Rs = 0.21, p = 4.6 3 10�7, FDR <0.01; Wilcoxon rank-sum
Support

sess statistical significance.

each editing site, only the top five cancer types with the highest editing levels

nt cancer types. For each cancer type, gray boxes indicate not significant, red

kal-Wallis or Wilcoxon rank-sum test, FDR <0.05, editing level difference >3%),

al-Wallis or Wilcoxon rank-sum test, FDR <0.05, editing level difference >3%),

on-free survival times (log rank or Cox model test, FDR <0.05, editing level

ach adenocarcinoma (STAD) subtypes (left) and lung adenocarcinoma (LUAD)

ith patient progression-free survival time in kidney renal clear cell carcinoma

orouracil and austocystin D.

ystin D and lapatinib. (F and G) Wilcoxon rank-sum test was used to assess

median, the bottom and top of the box are the first and third quartiles, and the

uartile, respectively. In (D)–(G), numbers in parentheses indicate the sample
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test p = 7.8 3 10�3; Figure 4F); and higher RNA editing at

COPA_I164V was significantly associated with resistance to

austocystin D (Rs = 0.33, p = 2.3 3 10�15, FDR <0.01, Wilcoxon

rank-sum test p = 4.6 3 10�5; Figure 4G). Thus, the identified

RNA editing events may be involved in tumorigenesis and have

potential clinical implications.

Functional Effects of COPA Editing on Tumor Cells
Since the above intriguing patterns do not necessarily imply a

causal relationship, we next focused on COPA editing for exper-

imental investigation because of its variant peptide prevalence

across four MS datasets (Table 1), correlation of RNA editing

level with variant peptide ion intensity (Figures S5A and S5B),

relatively high editing level (Figure 4B), extensive clinical correla-

tions across cancer types (Figure 4C), and a large predicted free-

energy change on protein conformation (Rosetta, 3.03 Rosetta

units; Figure 5A). In CRISPR/cas9 COPA knockout MDA-MB-

231 (breast cancer) cells (Figure S5C), we introduced wild-type

COPA and mutant COPA_I164V cDNAs, respectively, with the

newly introduced COPA proteins being expressed at a level

similar to that in parental cells (Figures S5D–S5F). The expres-

sion of edited COPA proteins was confirmed and their relative

amount was assessed using LC-MS/MS (Figure 5B). Indeed,

whenmutantCOPAwas overexpressed, the proportion of edited

proteins was markedly increased. We found that edited

COPA_I164V significantly increased cell viability, wound healing,

migration, and invasion compared with wild-type COPA (t test,

p < 0.05; Figures 5C–5F). We observed similar patterns with

the introduction of wild-type and edited COPA into MDA-MB-

231 cells where the parental RNA was depleted by small hairpin

RNA (shRNA) targeting the 30UTR (Figure S6 and Table S6) as

well as wild-type MDA-MB-231, MCF10A (a normal breast

epithelial cell line) and SLR25 (a kidney cancer cell line) (Figures

5G–5I). These results suggest that edited COPA can make a

notable contribution to tumor development.

DISCUSSION

Understanding the mechanisms contributing to protein diversity

in cancer cells is a fundamental issue in cancer research, since

mutated proteins have been widely used as biomarkers and

therapeutic targets, and more recently as a major determinant

for cancer immunotherapy response. This study provides

large-scale direct evidence that the genetic information re-

coded by A-to-I RNA editing in cancer is manifest at the protein

level. Although the absolute numbers of DNA mutational and

RNA editing events detected at the protein level are low (likely

due to the low coverage of the CPTAC MS data relative to

exome-seq or RNA-seq data), our analysis provides a system-

atic estimation of the relative contributions of these two mech-

anisms to cancer protein diversity. Among the three cancer
Figure 5. Functional Effects of RNA Editing at COPA_I164V

(A) Impact of I164V on folding of COPA protein.

(B) The annotated LC-MS/MS of the edited COPA peptide in the MDA-MB-231 c

(C–F) Effects of COPA editing on cell viability (C), wound healing (D), migration (E

(G–I) Effects of the edited COPA on cell viability (G), migration (H), and invasion (I)

represent 100 mm. All error bars denote ±SD; t test, *p < 0.05; **p < 0.01; ***p <

See also Figures S5 and S6, Table S6.
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types surveyed, the contribution of RNA editing to cancer pro-

teomic diversity is the most significant in BRCA. Even in terms

of unique variants with variant peptides, the contribution of RNA

editing is notable. Indeed, based on the average coverage of

specific sites, the actual number of RNA editing sites that alter

protein sequence could be 10–100 times that identified in this

study. However, that the level of RNA editing varies from site

to site, generally lower than that of somatic mutations. Several

RNA editing events with variant peptide support show clinically

relevant patterns; and importantly, the editing in COG3 (re-

ported in our previous study) (Han et al., 2015) and COPA

(experimentally characterized in this study) could functionally

drive the growth and migration of cancer cells, in a manner

similar to driver somatic mutations. Collectively, our study sug-

gests that A-to-I RNA editing contributes to protein heterogene-

ity at least in some cancer types, and thus deserves more effort

from the cancer research community to elucidate the molecular

basis of human cancers and develop prognostic and therapeu-

tic approaches.
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KEY RESOURCE TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Flour 568 goat anti-mouse IgG Invitrogen Cat#A11004; RRID:AB_141371

Anti-a-Tubulin Cell Signaling Technology Cat#CST-2144; RRID:AB_2210548

Anti-COG3 Proteintech Cat#11130-1-AP; RRID:AB_2081402

Anti-COPA Sigma-Aldrich Cat#HPA028024; RRID:AB_10603787

Anti-ERK2 Santa Cruz Biotechnology Cat#sc-154; RRID:AB_2141292

Anti-GAPDH Santa Cruz Biotechnology Cat#sc-25778; RRID:AB_10167668

Anti-V5 Life technologies Cat#R960-25; RRID:AB_2556564

Chemical, Peptides and Recombinant Proteins

Blasticidin Gibco Cat#A1113903; CAS: 3513-03-9

Cholera Toxin Sigma Cat#C8052; CAS: 9012-63-9

Criterion XT Precast Gels Biorad Catalog#24600

DMEM/F12 Corning, NY, USA Cat#10-013-CV

EGF Peprotech Cat#AF-100-15

Fetal bovine serum Gibco Cat#16140-071

FMOC-13C6-15N4-Arginine-resin Cambridge Isotope labs

FMOC-13C6-15N2_LLysine- Cambridge Isotope labs

Halt protease and phosphatase inhibitor cocktail Thermo Scientific Catalog#78440

Horse serum Invitrogen Cat#16050-122

Hydrocortisone Sigma Cat#H0888; CAS:50-23-7

Insulin Sigma Cat#I1882; CAS:11070-73-8

Modified trypsin (sequencing grade) Promega Cat#V5111

Puromycin Gibco Cat#A1113803; CAS:58-58-2

RPMI 1640 Corning Cat#10-040-CV

SureBeads protein G Magnetic Beads Biorad Catalog#161-4023

BCA protein assay kit Thermo Scientific Cat#23225

Prolong gold antifade mountant with DAPI Invitrogen Cat#P36935

Critical Commercial Assays

High-Capacity cDNA Reverse Transcription Kit Applied Biosystem Cat#4374967

RNeasy plus Mini kit Qiagen Cat#74136

TaqMan Fast Universal PCR Master Mix Life technologies Cat#4352042

TURBO DNA-free Kit Invitrogen Cat#AM1907

SYBR Select Master Mix Applied Biosystem Cat#4472908

Lipofectamine 3000 Invitrogen Cat#L3000015

Lipofectamine RNAiMAX Invitrogen Cat#13778030

IncuCyte Cell Migration Kit Essen BioScience Cat#4493

Deposited Data

RNA-seq data from perturbation experiment This study NCBI SRA, SRP082419

CPTAC proteomic data Clinical Proteomic Tumor

Analysis Consortium

https://cptac-data-portal.georgetown.edu/

cptacPublic/

NCI60 proteomic data Proteomics of the NCI-60

panel

http://129.187.44.58:7070/NCI60/

RNA editing sites in the human genome Rigorously Annotated Database

of A-to-I RNA editing

http://rnaedit.com/

TCGA RNA-seq bam files CGhub https://cghub.ucsc.edu
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CCLE RNA-seq bam files CGhub https://cghub.ucsc.edu

TCGA somatic mutation data Broad GDAC FireHose https://gdac.broadinstitute.org/

TCGA WXS/WGS bam files Genomic Data Commons https://portal.gdc.cancer.gov/

TCGA patient clinic data TCGA data portal https://tcga-data.nci.nih.gov/tcga/

Drug sensitivity data Cancer Therapeutic Response

Portal

http://www.broadinstitute.org/ctrp/

An ATLAS of A-to-I RNA editing events in human REDIportal http://srv00.recas.ba.infn.it/atlas/

download.html

Experimental Models: Cell lines

MDA-MB-231 American Type Culture

Collection

ATCC� HTB-

26�

MCF10A American Type Culture

Collection

ATCC� CRL-10317�

Hs578T MD Anderson Characterized

Cell Line Core Facility

N/A

OVCAR-8 MD Anderson Characterized

Cell Line Core Facility

N/A

SLR23 MD Anderson Characterized

Cell Line Core Facility

N/A

SLR25 MD Anderson Characterized

Cell Line Core Facility

N/A

Oligonucleotides

COG3_I635V wild-type

FWD primer: TCTAGTTTTCTTGAGGTCCAGGGACAT

This study NA

COG3_I635V wild-type

REV primer: TACTTGGAGCGTCAGAGTCTATCAG

This study NA

COG3_I635V edited

FWD primer: GAACTCTATCAAGGCATTGTTGCTATTCA

This study NA

COG3_I635V edited

REV primer: ATTTCACACTGAATTCACCATTAAGGCAG

This study NA

COPA_I164V wild type

FWD primer: AGGTTTTTTTTCCTCAGACCAGACAT

This study NA

COPA_I164V wild type

REV primer: GTTTGTGTGTTAACAGGGCACAAC

This study NA

COPA_I164V edited

FWD primer: CACCACTGCATCTGTAGTTCCAAAT

This study NA

COPA_I164V edited

REV primer: GACTGTGCGCGTTTGGGCTG

This study NA

EEF1A1_T104A wild type

FWD primer: TCAGCCTGAGATGTCCCGGT

This study NA

EEF1A1_T104A wild type

REV primer: ATAAACTGAAAGCTGAGCGTGAAC

This study NA

EEF1A1_T104A edited

FWD primer: CCCATTCTTGGAGATACCAGCTT

This study NA

EEF1A1_T104A edited

REV primer: GACACAGAGACTTTATCAAAAACATGAGTG

This study NA

FLNB_Q2327R wild type

FWD primer: GCTGGTTAACTTTTAATCCCGATTACT

This study NA

FLNB_Q2327R wild type

REV primer: GAGCCTGGTAACTACGAGGTGT

This study NA

FLNB_Q2327R edited

FWD primer: GCTGTGCACCTTTGCATCAATC

This study NA

FLNB_Q2327R edited

REV primer: CGCCTCACTGTTATGAGCCTGCG

This study NA

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

IFI30_T223A wild type

FWD primer: TGGTACAACTGGCAGACAAGTGT

This study NA

IFI30_T223A wild type

REV primer: CAGACACTATCATGGAGTGTGCAATGG

This study NA

IFI30_T223A edited

FWD primer:

GCAAACACTCCTGAGGGAGCTG

This study NA

IFI30_T223A edited

REV primer: CCTTGGAAGATCAGACCCAGCTCCGTG

This study NA

sgRNA sequence for COPA:

GCTTTCACCCCAAAAGACCT

This study NA

sgRNA targeting sequence for COPA:

CTTTCACCCCAAAAGACCTTGG

This study NA

COPA KO GT-2-S:

AGCCCCTCTGTAATAAAACCTAAA

This study NA

COPA KO GT-2-R:

ATTCCCAAACCTTCCCACATC

This study NA

ADAR1 primer TheromFisher Scientific Hs00241666_m1

ADAR2 primer ThermoFisher Scientific Hs00953724_m1

COPA primer ThermoFisher Scientific Hs00189232_m1

b-actin primer ThermoFisher Scientific Hs99999903_m1

ADAR1-siRNA ThermoFisher Scientific Cat#4390824

ADAR2-siRNA ThermoFisher Scientific Cat#4392420

RISC-free control ThermoFisher Scientific Cat#AM4611

Recombinant DNA

pSpCas9(BB)-2A-GFP (PX458) Addgene Plasmid#48138

pHAGE-V5-puromycin expression vector Laboratory of Kenneth Scott,

Baylor College of Medicine,

Houston, TX 77030

N/A

Lentiviral Packaging Mix Addgene Plasmid# 12260 and 12259

pZIP-hEF1a-Blast-Zsgreen/COPA shRNA constructs Transomic technologies Cat#TLHSU1400

Software and Algorithms

ANNOVAR Wang et al., 2010 http://www.openbioinformatics.org/annovar/

sapFinder Wen et al., 2014 https://bioconductor.org/packages/release/

bioc/html/sapFinder.html

x-Tracker Shadforth et al., 2005 https://bessantlab.org/software/x-tracker/

SearchGUI Vaudel et al., 2011 http://compomics.github.io/projects/

searchgui.html

PeptideShaker Vaudel et al., 2015 http://compomics.github.io/projects/

peptide-shaker.html

Xtandem Parser Muth et al., 2010 https://github.com/compomics/

xtandem-parser

polyPhen-2 Adzhubei et al., 2013 http://genetics.bwh.harvard.edu/pph2/

I-TASSER Yang et al., 2015 http://zhanglab.ccmb.med.umich.edu/

I-TASSER/

TopHat2 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/

index.shtml

Mascotv2.5 Matrix Science, London, UK http://www.matrixscience.com/help/

june2014.html

Sequest HT and Proteome Discovererv1.4 Thermo Scientific https://www.thermofisher.com/order/

catalog/product/OPTON-30795

ProteoWizard Kessner et al., 2008 http://proteowizard.sourceforge.net/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Han Liang

(hliang1@mdanderson.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MDA-MB-231 and MCF10A cell lines were purchased from American Type Culture Collection (ATCC). Hs578T, OVCAR-8, SLR23

and SLR25 cells were obtained from theMD Anderson Characterized Cell Line Core Facility. All the cell lines were confirmed by short

tandem repeat (STR) analysis, and mycoplasma testing was found to be negative. MCF10A cells were maintained in complete

DMEM/F12 (Invitrogen) full medium with 5% horse serum (Invitrogen), 20 ng/ml EGF (Peprotech), 10 mg/ml insulin (Sigma),

100 ng/ml Cholera Toxin (Sigma), 0.5 mg/ml Hydrocortisone. MDA-MB-231, Hs578T, SLR23 and SLR25 cells were cultured in

RPMI 1640 medium supplemented with 5% fetal bovine serum.

METHOD DETAILS

Mass Spectrum Data Analysis
We obtained BRCA, OV, and CRC MS datasets in mzML format from the Clinical Proteomic Tumor Analysis Consortium (CPTAC,

https://cptac-data-portal.georgetown.edu/cptacPublic/). For BRCA and OV, each MS set contains the mixed data from three

samples and one common internal control sample labeled for isobaric molecules; for CRC, each MS set represents the data from

a single sample. For each dataset, only MS2 spectra were extracted andmerged into one file in mgf format employing the msconvert

from ProteoWizard. We obtained the RNA-seq BAM files of these samples from CGHub (https://cghub.ucsc.edu) and the somatic

mutation data (TCGA level-3) from Firehose. We only included the samples with parallel MS, RNA-seq (BRCA and OV: UNC

paired-end; CRC: UNC paired-end or single-end) and somatic mutation data for further analyses. As a result, our analysis employed

36 BRCAMS sets for 101 samples, 64 OVMS sets for 90 samples and 89 CRCMS sets for 84 samples (including 5 replicated sets). In

addition, we downloaded the MS dataset of 34 NCI60 cell lines (Moghaddas Gholami et al., 2013), and the raw data (vendor format)

were converted into mzML format using the command msconvert from ProteoWizard.

We downloaded the annotated RNA editing list (version 2) from RADAR (Rigorously Annotated Database of A-to-I RNA editing;

http://rnaedit.com/), which included 2,576,459 entries (Ramaswami and Li, 2014). We re-annotated all the RNA editing sites and

the somatic mutations using ANNOVAR based on the RefSeq annotation file (hg19_refGeneMrna.fa and hg19_refGene.txt [March

22, 2015]). Since A-to-I editing is strand-specific, we further discarded 378 sites with inconsistent strand annotation; and we also

discarded the sites in 10 HLA genes due to potential mapping errors. We downloaded RNA-seq bam files (hg19) from CGhub

(https://cghub.ucsc.edu). Our analysis included 1,369 missense RNA editing sites, and we screened these sites for editing signals

(R 3 edited reads and R 0.1% editing level in a given sample) based on the RNA-seq bam files.

For eachMS set, the amino acid changes caused bymissensemutations or RNA editing events from the related samples, together

with the RefSeq mRNAs, were used to build a sample-set-specific searching database. We used the R package, sapFinder, for the

searching database construction, peptide spectrum match identification and data parser (Wen et al., 2014). The tool, sapFinder,

employs R version of X!Tandem and a refined FDR estimation method, which was specially designed to address the issue of high

risk of false positive variant identification. In the analysis, the parent ion mass tolerance and fragment ion mass tolerance (monoiso-

topic mass) was set as 10 ppm and 0.1 Da, respectively. Carbamidomethylation of cysteine (57.02 Da) was considered as fixed

modification, and oxidation on methioine (15.99 Da) was considered as variable modification. For BRCA and OV MS datasets, we

further considered two more fixed modifications, iTRAQ 4-plex of N-terminal and lysine (144.10 Da), and two more variable modifi-

cations, acetylation of protein N-term (42.01 Da) and deamination of asparagine (0.98 Da). The specific protein cleavage site was set

as ‘‘[KR]j[X]’’, allowing for 2 missed cleavages. The FDR in sapFinder was set to 0.01. Only RNA editing and somatic mutations with

supported uniquely mapped variant peptides were kept for further manual check by a proteomic expert. In the information flow anal-

ysis, we counted the numbers of variants at each step, and the variants recurrent within the samples of a MS set were only counted

once. We also performed a simulation analysis to estimate the overall false positive rate in which the nucleotide change of A-to-C or

A-to-T at the same RNA editing sites were introduced and the same analytic procedure (including the manual check) was employed.

We employed x-Tracker to extract ion intensity for each peptide identified (Shadforth et al., 2005). SearchGUI and PeptideShaker

were used to generate representative peptide-spectrum matches (Vaudel et al., 2011, 2015). We used xtendem-parser to view pep-

tide-spectrummatches when necessary (Muth et al., 2010). To test correlations between the RNA editing level detected by RNA-seq

data and variant peptide intensity in MS data, given three samples in each MS data set, we used the binomial test (x = 15, n = 34,

p = 1/3). For peptide-spectra matches from COPA_I164V in breast cancer, we normalized the ion intensity of TCGA samples based

on that of the common reference sample across MS datasets. We then classified samples into ‘‘high editing group’’ and ‘‘low editing

group’’ using the upper quartile value of editing levels at the indicated site. One-tailedWilcoxon rank sum test was used to determine

the significance level between two groups.

To rule out the possibility that the detected variant peptides inferred by RNA editing in BRCA, OV and CRC were due to variants at

the DNA level, we manually re-checked the allele frequency at these detected sites in whole exome sequencing (WXS) or whole-

genome sequencing (WGS) data that were downloaded from Genomic Data Commons (https://portal.gdc.cancer.gov/).
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Pan-Cancer Clinical Relevance Analysis of the RNA Editing Sites
We downloaded the RNA-seq bam files of 8,223 samples from TCGA 24 cancer types from CGHub, and only paired-end RNA-seq

data were used in the analysis. To reliably estimate the RNA editing level at a site of interest, we only considered the samples where

the site was covered by at least 10 high-quality reads (base qualityR 20 andmapping qualityR 20), and the editing level was defined

as the fraction of edited reads among all the reads covering that position as previously described (Han et al., 2015). We obtained the

clinical information of patient samples, including subtypes, clinical stages, and patient progression-free survival time from TCGAdata

portal (https://tcga-data.nci.nih.gov/tcga/). We employed the Kruskal-Wallis test or Wilcoxon rank sum test or detect RNA editing

sites with a differential editing frequency among different tumor stages or subtype and considered FDR < 0.05 as statistically signif-

icant. We used the log-rank test and the univariate Cox proportional hazard model test to assess whether the RNA editing level was

significantly correlated with progression-free survival (PFS) and considered FDR < 0.05 per cancer type in either test as statistically

significant. We only reported the sites with a median editing-level difference between comparison of >3%. We downloaded the RNA

editing matrix from REDIportal (http://srv00.recas.ba.infn.it/atlas/), which is based on RNA-seq data in normal tissues from the GTEx

project, and calculated RNA editing levels of the sites of interest.

We obtained 946 RNA-seq BAM files of CCLE cell lines (Barretina et al., 2012) from CGHub and the drug sensitivity data from

Cancer Therapeutics Response Portal (http://www.broadinstitute.org/ctrp/) (Seashore-Ludlow et al., 2015), which included the

drug sensitivity data of 481 compounds across 664 cell lines. For each RNA editing site, we first calculated the Spearman rank

correlation between the RNA editing level (jRsj > 0.2) and considered FDR < 0.01 as statistically significant. To confirm the patterns

of significant hits, we implemented the waterfall method to categorize sensitive and resistant cell lines as previously described

(Barretina et al., 2012), and applied Wilcoxon rank sum test to assess the editing level difference between the two cell line groups

and considered p < 0.05 as statistically significant.

We compared the expression level and editing level difference between the RNA editing sites with and without peptide evidence.

For the 8 RNA editing with peptide evidence detected in BRCA, we compared them with the remaining missense RNA editing events

that could be theoretically detectable. We also assessed the functional effects of amino acid changes introduced by RNA editing

events, by polyPhen-2 score (http://genetics.bwh.harvard.edu/pph2/bgi.shtml ).

Modeling of Protein Folding Energy Changes
To understand the impact of the amino acid changes introduced by COPA_I164V at the atomic level, we first used I-TASSER (http://

zhanglab.ccmb.med.umich.edu/I-TASSER/) to generate protein models (Roy et al., 2010; Yang et al., 2015; Zhang, 2008), and

selected the representative protein models of the largest cluster in the subsequent analysis. Next, we estimated the protein stability

upon the amino acid change by applying Rosetta ddg protocol to calculate free energy changes (DDGs) based on the RNA edited

sequence. In the simulation, we generated 50models for both wild-type and edited proteins, allowing all side-chains to be repacked,

followed by backbone and side-chain minimization (Kellogg et al., 2011). The predicted DDG is the energy difference between wild-

type and edited sequence based on mean values of the three models with the lowest energy. To further confirm prediction accuracy,

we incorporated I-Mutant2.0 (Capriotti et al., 2005) and estimated DDGs for the proteins using structural information.

Generation of Stable Cell Lines
Themutant open reading frames (ORFs) corresponding to the RNA editing sites inCOPA ormutant ADAR1 and ADAR2weremade by

site-directed mutagenesis and confirmed by Sanger sequencing as previously described (Han et al., 2015). ADAR1-E912A and

ADAR2-E396A contain an E-to-A amino acid change that abolishes ADAR editase activity (Macbeth et al., 2005). Virus were

produced by transfecting HEK293PA cells with the GFP control vectors, pHAGE-V5-puromycin expression vectors (carrying

COPA-WT or COPA-I164V; ADAR1-WT or ADAR1-E912A; ADAR2-WT or ADAR2-E396A), pZIP-hEF1a-Blast-Zsgreen/non-targeting

shRNA constructs or pZIP-hEF1a-Blast-Zsgreen/COPA shRNA constructs (Transomic technologies, Table S6) and the Lentiviral

Packaging Mix (psPAX2 and pMD2.G). For RNA editing fingerprint assay, Hs578T cells were transfected by the virus followed by

selection with puromycin (1 mg/ml). For COPA functional assays, MDA-MB-231, MCF10A and SLR25 cells were transduced by

the virus followed by selection with puromycin (MDA-MB-231 1 mg/ml, MCF10A 0.75 mg/ml, and SLR25 1 mg/ml), or Blasticidin

(MDA-MB-231 10 mg/ml); and after 7 days of antibiotic selection, expression of the constructs was verified by Western blots.

RNA Isolation and Quantitative Real-Time RT-PCR
RNAs were isolated using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). RNAs were transcribed into cDNAs using the High-

Capacity cDNAReverse Transcription Kit (Life technologies, CA, USA). Quantitative real-time PCR (qPCR) was performed by Applied

Biosystems 7900HT Fast Real-Time PCR system (Applied Biosystems, Darmstadt, Germany). Expression levels were normalized to

b-actin. Reactions were done in duplicate using TaqMan� Fast Universal PCR Master Mix (2X), no AmpErase� UNG (Life technol-

ogies). The relative expression was calculated by the 2(–DDCt) method. The primers from ThermoFisher were as follows: ADAR1

primer (Hs00241666_m1), ADAR2 primer (Hs00953724_m1),COPA primer (Hs00189232_m1), and b-actin primer (Hs99999903_m1).

RNA Editing Fingerprint Assay
Lentivirus-transduced cells were harvested and total RNA was isolated using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) with

TURBO DNA-free� Kit (ThermoFisher Scientific) incubation step to digest any trace genomic DNA present. RNAs were

transcribed into cDNAs using the High-Capacity cDNAReverse Transcription Kit (ThermoFisher Scientific). We designed RNA editing
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site-specific primers that were compatible with SYBR green qRT-PCR protocols according to previous studies of the RNA editing

fingerprint assay (Crews et al., 2015). We performed qRT-PCR in triplicate using cDNA on an Applied Biosystems 7900HT Fast

Real-Time PCR system (Applied Biosystems, Darmstadt, Germany) and SYBR�SelectMasterMix (ThermoFisher Scientific). Melting

curve analysis was performed on each plate according to the manufacturer’s instructions. The relative expression was calculated by

the 2(–DDCt) method, and the expression levels were normalized to GAPDH. The relative RNA editing level (edit/WT RNA ratio) were

calculated as 2(CtEdit – CtWT).

RNA-seq Based ADAR Perturbation Experiments
To validate the RNA-editing sites, we chose Hs578T, SLR23 and SLR25 for perturbation studies. To knockdown ADAR enzymes,

the cells were transfected by ADAR1-siRNA (Catalog#:4390824, siRNA ID: s1007, ThermoFisher Scientific), ADAR2-siRNA

(Catalog#:4392420, siRNA ID: s1010, ThermoFisher Scientific), RISC-free control (Catalog#:AM4611, ThermoFisher Scientific)

with 50 nM, or MOCK only transfection reagent Lipofectamine� RNAiMAX (ThermoFisher Scientific). To overexpress ADAR

enzymes, virus was produced by transfecting the cells with the GFP control vectors, or pHAGE expression vectors (carrying

ADAR1-WT or ADAR2-WT). Total RNA of 96 h post-transfection cells was subjected to mRNA paired-end sequencing (the

sequencing platform was HiSeq2000) at the MD Anderson Sequencing and Microarray Core Facility. We mapped FASTQ raw reads

with Tophat2 (Kim et al., 2013) and performed the RNA editing analysis in the same way for TCGA RNA-seq BAM files. The related

FASTQ files have been deposited to NCBI SRA (SRP082419).

CRISPR/Cas9 Knockout Experiments
To generate a clean background to assess the effect of COPA RNA editing, the CRISPR/Cas9 experiment was performed according

to previous studies (Ran et al., 2013). Briefly, gRNA targeting COPA exon 2 was cloned into pSpCas9(BB)-2A-GFP (PX458). PX458

was a gift from Feng Zhang (Addgene, #48138). The plasmid (10 mg) was transfected into 2millionMDA-MB-231 cells in 10-cm-diam-

eter tissue culture dish by Lipofectamine 3000 reagent (Life Technology, L3000015). Two days after transfection, GFP positive cells

were sorted by Moflo Astrios Cell Sorter in MD Anderson Cancer Center Flow Cytometry Core Facility. Individual GFP positive cell

were seeded in wells of a 96-well plate. Four weeks after sorting, potentialCOPA knockout clones were verified byWestern blot using

COPA antibody (Sigma-Aldrich, HPA028024). To further confirm the results, we used PCR to amplify the region around the gRNA

targeting sequence and cloned the PCR product into TA cloning vector. After transformation, 10 bacterial clones were sequenced

by M13 primers. Table S5 lists the gRNA sequence, targeting sequence and PCR primers.

Immunoblotting
Whole-cell lysates for western blotting were extracted with RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%

sodium deoxycholate, 0.1% SDS, protease, and phosphatase inhibitor cocktail). Protein concentrations were determined using

bicinchoninic acid (Pierce, Rockford, IL, USA) assays according to the manufacturer’s instruction. Cell lysates (30 mg) were loaded

onto 8% or 12% SDS-PAGE and transferred to a polyvinylidene fluoride membrane and protein expression was depicted with an

enhanced chemiluminescence Western blot detection kit (Amersham Biosciences, Little Chalfont, UK). The following antibodies

were used: COPA (1:1000, SIGMA, HPA028024), V5 (1:5000, life technologies, R960-25), and ERK2 (1:3000, Santa Cruz Biotech-

nology, sc-154), a-Tubulin (1:1000, Cell Signaling Technology, CST-2144), GAPDH (1:3000, Santa Cruz Biotechnology, sc-25778).

Immunofluorescence
Cells were cultured in chamber slides overnight and fixed with ice-cold methanol for 10 min at room temperature. Cells were then

blocked for non-specific binding with 8% bovine serum albumin (BSA) serum in PBS for 1 hr at room temperature, and incubated

with the anti-V5 antibody (1:200, Life Technologies, R960-25) overnight at 4�C, followed by incubation with Alexa Fluor 568 goat

anti-mouse IgG (1:500, Invitrogen, A11004) for 2 hr at room temperature. Cover slips weremounted on slides using Prolong gold anti-

fade mountant with DAPI (ThermoFisher Scientific, P36935). Immunofluorescence images were acquired on a fluorescence

microscope.

Cell Viability Assay
TheMDA-MB-231, MCF10A, and SLR25 stable cell lines were seeded into 96-well plates, and the assays were performed at day 1, 2,

4, and 6 time points. CellTiter-Glo 2.0 (Promega, Madison, WI, USA) was added to assess cell viability according to the manufac-

turer’s instructions. MDA-MB-231 parental cells, and COPA knock-out cells with GFP, or COPA expression vectors were seeded

into 24-well plates and viability was accessed by measuring cell confluence (%) using IncuCyte Zoom live imaging. The significance

of the differences was analyzed with Student’s t-test, and p < 0.05 was considered statistically significant.

Wound Healing Assay
MDA-MB-231 cells (63104) were seeded into 96-well ImageLock plates for 24 hr in RPMI-1640medium includedwith 5% fetal bovine

serum. Automated 96-well cell migration (scratch wound) on IncuCyte was analyzed by IncuCyte� Cell Migration Kit (Essen

BioScience, Ann Arbor, Michigan, USA), which comprises of a 96-pin woundmaking tool (WoundMaker�), Cell Migration Analysis

software module and 96-well ImageLock Plates.
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In Vitro Migration and Invasion Assay
For transwell migration assays, 2.53104 to 13105 cells were plated in the top chamber with a non-coated membrane (Corning

BioCoat Control Insert; 8.0 mm; 24-well; 24/CS 354578). For invasion assays, 2.53104 to 13105 cells were plated in the top chamber

with Matrigel-coated membrane (Corning BioCoat Matrigel Invasion Chamber; 24-well; 24/CS 354483). In both assays, cells were

plated in mediumwithout serum or growth factors, andmedium supplemented with growth factors and serum (for MCF10A) or serum

(for MDA-MB-231 and SLR25) was used as a chemoattractant in the lower chamber. The cells were incubated for 18 hr or 30 hr and

cells that did not migrate or invade through the pores were removed with a cotton swab. Cells on the lower surface of the membrane

were fixed with ethanol, and then stained with Coomassie brilliant blue and counted in 10 different low-power (1003) micro-

scopic fields.

Protein Sample Preparation and LC-MS/MS Analysis
We enriched the two proteins, COG3 and COPA, through immunoprecipitation from an ovarian cancer cell line, OVCAR-8. We also

collected the protein, COPA, from the COPA knock-out clone transfected with the plasmids containing GFP, wild-type and edited

COPA ORFs, respectively. We used the following antibodies: COPA, Sigma-Aldrich, HPA028024; COG3, Proteintech, 11130-

1-AP. After one-day growth, cells were lysed in ice-cold lysis buffer (50 mM Tris HCl PH7.5, 150 mM NaCl, 2% CHAPS, 1mM

EDTA) supplemented with halt protease and phosphatase inhibitor cocktail (Thermo Scientific, Catalog#78440). Protein extracts

were quantified with a BCA protein assay kit (Thermo Scientific, Catalog#23225). Two mg of antibodies were incubated with

SureBeads protein G Magnetic Beads (Biorad, Catalog#161-4023) for 10 min at room temperature. Then, 2-6 mg protein extracts

were added to the beads and incubate 12 hr at 4�C. After the beads were washed and boiled, the immunoprecipitated protein com-

plexes were eluted and resolved on 4-12% Criterion XT Precast Gels (Biorad, Catalog#161-0789) and visualized by silver staining

(Thermo Scientific, Catalog#24600). The corresponding bands were excised and were further subjected to LC-MS/MS analysis at

the MDACC Proteomics and Metabolomics Core.

Synthetic peptides were prepared using standard FMOC chemistry, the carboxy-terminal residues were introduced using FMOC-

13C6-15N2-Lysine-, or FMOC-13C6-15N4-Arginine-resin (Cambridge Isotope labs). In the experiments, these ‘‘heavy’’ (stable-

isotope labeled) peptides were spiked into digests to validate extracted digests for the presence of the expressed (WT or edited)

peptide sequences by chromatographic co-elution.

Silver-stained gel pieces were diced, washed, destained using reagents from the Pierce silver-stain kit, and digested in-gel with

200 ng modified trypsin (sequencing grade, Promega) and Rapigest (TM, Waters Corp.) for 18 hr at 37�C. Resulting peptides were

extracted and analyzed by high-sensitivity LC-MS/MS on an Orbitrap Fusion mass spectrometer (Thermo Scientific, Waltham MA).

Both wild-type and RNA-edited peptides were targeted specifically. Proteins were identified by database searching of the fragment

spectra against the SwissProt (EBI) protein database using Mascot (v2.5, Matrix Science, London, UK) or Sequest HT and Proteome

Discoverer (v1.4, Thermo Scientific), or a custom database included the expected edited sequence. Typical search settings were as

follows: mass tolerances, 10 ppm precursor, 0.8 Da fragments; variable modifications, methionine sulfoxide, pyro-glutamate forma-

tion; enzyme, trypsin, up to 2 missed cleavages. In some cases, 13C6-15N2-Lys and 13C6-15N4-Arg were also included as variable

modifications. Peptides were subject to 1% FDR using reverse-database searching.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used paired Student’s t-test to assess the editing level differences of RNA editing sites with peptide evidence between tumor and

matched normal samples. We used the log-rank test and the univariate Cox proportional hazard model test to assess whether the

RNA editing level at individual sites and ADAR1/2mRNA expression were significantly correlated with progression free survival (PFS).

We used the Kruskal-Wallis test (three groups ormore in comparison) orWilcoxon rank sum test (two groups in comparison) to detect

RNA editing sites with a differential editing level among different tumor stages or subtypes. We usedWilcoxon rank sum test to deter-

mine differential editing level between drug sensitive and resistant cancer cell lines. We usedWilcoxon rank sum test to compare the

expression level, editing level, edited expression amount and predicted function effect between sites with peptide evidence and

those without peptide evidence. We used Wilcoxon rank sum test to determine the relative ion intensity difference between

COPA_I164V high and low editing groups. Cell viability, wounding length, migration and invasion data were analyzed using Student’s

t-test and the graphs show mean ± SD We also described the detailed information on p values for the statistical significance in the

figure legends and STAR Methods.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data from ADAR1/2 perturbation experiments reported in this paper is Sequence Read

Archive at NCBI: [SRP082419].
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