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Protein families in human that can alter the original genetic
sequence — RNA and DNA editing

* ADARs- modify “A” into |
| is read as “G”
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A—| Editing is catalyzed by the dsRNA
binding ADARs ( adenosine deaminases
acting on RNA)

Zo Z dsRBD deaminase
ADAR1
ADAR2 C @K ¢ e {]
ADAR3/RED2 C EXEK ¢ -

R-rich

ADAR1 KO are embryonically lethal

Mutations in ADAR1 cause Aicardi-Goutieres syndrome



A to | RNA editing

* RNA editing is a post-transcriptional

* Alters the RNA sequence encoded by the DNA in a single-
nucleotide, site-specific, manner

 Adenosine can be converted to inosine

e |nosine is read as Guanosine

CAGATACATTEAGACCAGTGC Genome V
CAGATACATTEAGACCAGTGC HSM801523

CAGATACATT@AGACCAGTGC AB032994

CAGATACATTEAGACCAGTGC BC021008 A c A o T 1'@ c c |c TG

CAGATACATTAAGACCAGTGC BC0O11762
CAGATACATTEAGACCAGTGC AF160973
CAGATACATTEAGACCAGTGC BG480006&
Deamination CDNA
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Multiple effects of editing on gene regulation
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Non-recoding
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Eisenberg & Levanon , Nature Reviews Genetics 2018



RNA editing targets that change the CDS are rare in mammals

Glutamate receptor Serotonin receptor
a b ADAR1,
ADAR1 ADARZ st . -
o ﬁg fﬂ a2 15t example: GluR-B
l “ u 1 Q — R, controls Ca?*
Exon 11 Exon 5 epe . .
—J Q O permeability. 100% edited in
Intron 11 Intron 5&5 O .
CAG J:L AUA  AAU  AUU brain
Gln lle Asn e
| (Sommer et al, Cell 1991)
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2"d example: 5-HT,
5 sites, >20 combinations,

varying functional responses
(Burns et al, Nature 1997)




Editing is common in Alu repeats

Alu- Alu+
r T -

Exon

* ~1 million copies of Alu in the
human genome (10% of

genome)
e About 300 bp long
* Primate specific
* Form dsRNA structures

Levanon et al, Nature Biotech. 2004
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Systematic detection of RNA editing
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Hyper-editing

PAR-SN RNA, Inverted Alus (ambiguous structure)

tgagacAgtAtctcacagtccAggcetggAgttcagtggeattaacataactcactgcAgecttgAacacctgagctc AAAcgatectticaccttAtcctccagagtAgetgggactAcagtegegtgt
caacatgcctggctaattttagtttictaatttttttagagttgggatctcActAtgttgctt Agactggtettgaactcectggectcatgecatectettgectcagetggtattgtaggtgtgagecactgtgecaggt
actaactttttttatgttagaaaacaagtttitaggtattttatagttacttccttatgacaatatctcatcagaatctaggcectatctgatatctgactccatacgtttataccgtgtagtcagccattcccagatagagg
tcatttgagttacttagtgtttaccagcactigtttactaccttgcgatgatatttacagtgtatttttgggtatggttttggggttatttggttgtigttaaaatgectgtaatcccggeactttgggaggttgaggegggt
iatcacctgaggtcaggagttcgagcccagcctggccaacatggcgaaaccctacctctactaaaaatacaaaaattAgcctggcgtggtggcaggcacctgtAAtccaActAcgcaggaggct
ggcAggagaattgcttgaacccgggaggeggaggttgcagtgagecgagatcgegecaatggceactecattcagettgagtgacagaggtgagactcecatctcaaggtaaaaaaaaaaaaaat
agaaatcagcaactgctatttgagticacaggagtgagaagtcctctettgcatggtgagatggggaacatttaaticaatagaaatatttgagaccaggtatggtggcetcaAgectgtaAtcccageacttt
gggaggctgagttgggtggatcacctgacatcaggAgtitgagactagectggccaacatAgcAataccctgtctcaaagatacaaaaattaccc AAgcettggtggtgtgtgtetgtAAtcccagetAc
tcaggaggctgaggcAggagaatcActtgA Acctgggeggcaaaggttgcagtgagecgagaccatgecactgecactccagectgggtgacagagtgagacteegtctggaaaaaaaaagaaaaaaa



Detecting hyper-editing

Typical editing is detected by aligning the RNA to the
genome and searching for A>G mismatches

TCCCCACCCTGAGTAGCTGGGACTACAGGCATGTGCCACCACACCACCATGCTAGGCTAATGGTTTGTATTTGTTTGA : DNA

Lerrrrrrrrrrer*eeerrrrrrrrrrer*eeeerrrrrr e e ettt r et et e e e et e
TCCCCACCCTGAGTCGCTGGGACTACAGGCETGTGCCACCACACCACCATGCTAGGCTAATGGTTTGTCTTTGTTTGA :

“Too edited” RNAs will not align to the genome at all!

TCCCCACCCTGAGTAGCTGGGACTACAGGCATGTGCCACCACACCACCATGCTAGGCTAATGGTTTGTATTTGTTTGA : DNA

FEEEE*TEEEEr > et r* e > et *er > e e > et e > > e errrr*errrrrre>*
TCCCCECCCTGAGTEGCTGGGACTACEGGCETGTGCCECCACECCECCATGCTEGGCTEETGGTTTGTEGTTTGTTTGE -

How to detect such editing events?



Detecting hyper-editing

TCCCCACCCTGAGTAGCTGGGACTACAGGCATGTGCCACCACACCACCATGCTAGGCTAATGGTTTGTATTTGTTTGA : DNA

I T o T o ol o o B R o O O I B B I O R
TCCCCECCCTGAGTEGCTGGGACTACEGGCETGTGCCECCACECCECCATGCTEGGCTEETGGTTTGTETTTGTTTGE ¢

e Collect all sequences that were rejected from alignment to
the genome

e Transform the sequences— change every “A” to “G” in the
human genome and in the RNA sequences.

e Re-align to the genome.

TCCCCGCCCTGGGTGGCTGGGGCTGCGGGCGTGTGCCGCCGCGCCGCCGTGCTGGGCTGGTGGTTTGTGTTTGTTTGG : DNA

PEEErerrrrrererrerr et et et e rr e e et et et et et et e et et
TCCCCECCCTGGGTEGCTGGGECTGCEGGCETGTGCCECCGCECCECCEGTGCTEGGCTEETGGTTTGTETTTGTTTGE ¢



Detecting hyper-editing

DNA: TCCCCACCCTGAGTAGCTGGGACTACAGGCATGTGCCACCACACCACCATGCTAGGCTAATGGTTTGTATTTGTTTGA

PETEIXEETT R IX TP I X PP IXIX LI PP IXX XX
RNA: TCCCCGCCCTGAGTGGCTGGGGCTACGGGCGTGTGCCGCCACGCCGCCATGCTGGGCTGGTGGTTTGTGTTIGTTTIGG

a7 . Unmapped reads

DNA: TCCCCGCCCTGGGTGGCTGGGGCTGCGGGCGEGTGTGCCGCCGCGCCGCCEGTGCTGGGCTGGTGGTTTGTGTTTGTTTGG

Lrrrrrerrerrreereerrerreerrerreerrrrrerrrrrrrer e et e e et et e e e et
RNA: TCCCCGCCCTGGGTGGCTGGGGCTGCGGGCEGTGTGCCGCCGCGCCGCCETGCTGGGCTGGTGGTTTGTGTTTGTTTGG

Low quality reads

Carmi, PLoS Gen. 2011

Hyper-edited reads, sites & regions
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Counts of hyper-editing events
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A

DNA chrx:84346294-84346368: CTTAGATTTGATGAAATATGAGTGTGTTTGAGATCTGATCCAAGGTTTTAAAAAATTCATTTCAAATCCTGGAGA

PEE*ELTEErrrr e et et et e et e e ey > er > e e e e > ** et e et err e
RNA 1:3:46:17401:113074#0: CTTGGATTTGATGAAATATGAGTGTGTTTGAGATCTGGTCCAGGGTTTTAGGGAATTCATTTCAAATCCTGGAGA

B

Scale 288 hases| { haig
chirx: | 54, 546, 354| 54,346, 480| 54, 546, 458| G4,546, 08| =4, 546, 554| 4,346,608 54, 546, 654| 54,346, 708| 54,546, 758| 54,546, 508| a4, 346, 5548| 54,3546, 908|
. ) Detected ES from HEF
Editing sites R I | 1H 111 HIE im1irnl I 11 1 mrinmn nl miimn |
Your Sequence from Blat Search
TaLrEed 11 | Tourzed - S
Refioq Genes

APOOL

Ultra-edited read (+) 24 hit (-)

Porat, Nat. Comm. 2014
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Numerous clusters of editing sites

DNA: TCCCCACCCTGAGTAGCTGGGACTACAGGCATGTGCCACCACACCACCATGCTAGGCTAATGGTTTGTATTTGTTTGA

RNA: ..... G........ G...... = ®. ... ... G....... L [ T
DNA: GACTTGCCAGACTGATTTGCCACTGGTTCGAACTAGCTGCCCTTARCGTCTTGACGGTCACTGCACGGTTARACTCAG
RNA: .GB........ 6.......... [ = 6...... ... ... 6...... G......

Extremely rare Enriched in Evolution of ADAR
in coding dsRNA structures sequence preference
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Editing is everywhere
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Mouse & repeats
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Editing in repeats strongly depends on the repeats
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Alu Editability

* Distance to the closest reversely-oriented neighbor

 Number of Alu repeats of the same and reverse strand in the genomic
vicinity

e Expressed strand of the Alu

Al Alu
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Bazak, NAR 2014



Consequences of editing in repetitive elements

B DNA
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repeats
—_—
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B —
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Editing and exonization of L2 element
(S

Pinto, Genome Biology 2014



Editing inhibit recognition of cytoplasmic dsRNA by the
iInnate immune system
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Reduce A-to-I RNA Editing in Psoriasis

A. s Edited Alu B.
T
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Shalev, RNA 2018
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Hyper-editing sites per million-mapped-reads
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dsRNA triggers the innate immune system,
leading to an interferon response

dsRNA recognition
A MDAS
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dsRNA |RF7p
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Nucleus

Zhou 4u eT al. %ell gesearch 2015



Trade-off between Transcriptome Plasticity and
Genome Evolution in Cephalopods

|

Massive protein recoding
by A-to-| RNA editing in
coleoid cephalopods

Cephalopods i ’P I l
Nautiloids

ﬁ\ /« o
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——— R —

m Recoding events
Genomic mutations

.
>
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Rare protein
recoding

R S

-

Complexity tradeoff in coleoid cephalopods

Slowed-down genome evolution | Higher transcriptomic plasticity

A

Mutations density

o Spectrin

iti Y1842C
% editing g

T1914A
K1643R 11638V K1854R xu;sn;\

Giant fiber lobe 13 81 57 - R1912G
E1826G
Optic lobe 1 36 12 N1896S . D
Vertical lobe 04 20 - PR S’ T1861A
Buccal ganglia 5 57 33 llulM W “Kl“”‘
Stellateganglion 10 69 47 ‘%‘Quna
Po 8 E1811G
-
11638V xxem .l K1751R
N1640D> ;~ N1800S
Kl“:nf:
K1613R ¢ X% &K&'nnsc
¥ § 4 - 11785V
'~ K1694R  Y1631C
K1684R
K1683R B Recoding sites
E1671G B 1issue dependent recoding sites

0.06 L"\m.\ﬂmw%

rwﬁp‘M\M
||"

0.04 u'\ /

0.02 ' ¢ I

-200 0 200
Distance from recoding site (bp)

Alon et al elife 2015

I Lo p,",\,\‘ﬂlNIlL' bt i 101
WJ\UH V\J'Uu MMPMMWU\ Synonymous
changes
Norrsynonymous
changes

- Deletions

i nd b st Aot
[ ey

-200 0 200
Distance from control site (bp)

Liscovitch-Brauer, (Eisenberg lab) Cell 2017



In search for “mutations” at the RNA level

# tumors | # normal | # matched

Cancer type
samples | samples | samples
BLCA Bladder Urothelial Carcinoma 14 13 13
BRCA Breast invasive carcinoma 95 96 95
COAD Colon adenocarcinoma 137 18 18
TCGA data
Head and Neck squamous cell
HNSC 33 30 29
carcinoma
. pamewmowmnvmsemummosmmn e smne KIRC Kidney renal clear cell carcinoma 65 68 62
E 100 ' - H . ’- S
P . ) :/'///,// / /// LIHC Liver hepatocellular carcinoma 30 33 30
RSIIrI idieaaaned
FYEEcET T faE e f = LUAD Lung adenocarcinoma 266 38 36
CTTE T L L LT .
1 13 g g & ;‘§° £2°° Eggps aga; PRAD Prostate adenocarcinoma 37 35 31
et £ % i i is ° ! % g
=% it oo ot e, | THCA Thyroid carcinoma 48 48 42
PAAD Pancreatic adenocarcinoma 32 1 1
GBM Glioblastomamultiforme 163 -

Total matched 356 patients / 712 RNA-Seqs



https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=BRCA&diseaseName=Breast invasive carcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=COAD&diseaseName=Colon adenocarcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=HNSC&diseaseName=Head and Neck squamous cell carcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=KIRC&diseaseName=Kidney renal clear cell carcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=LIHC&diseaseName=Liver hepatocellular carcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=LUAD&diseaseName=Lung adenocarcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=PRAD&diseaseName=Prostate adenocarcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=THCA&diseaseName=Thyroid carcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=PAAD&diseaseName=Pancreatic adenocarcinoma
https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=GBM&diseaseName=Glioblastoma multiforme

A-to-1 RNA editing alteration in cancer

More editing sites U
in most cancer o000
types tested (TCGA
data, 712 matched
samples )
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Paz-Yaakov, Cell Reports 2015



ADAR1 expression levels are elevated in cancer

Editing
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Editing is a potential prognostic predictor in liver
hepatocellular carcinoma

A 1oo- LIHC
-____: I_ | p =0.00121
0.75 :
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3 ] |
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0.00 -
0 210 420 630 840 1050 1260 1470 1680 1890 2100
Days
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Index >=0.692 10 5 4 4 1 0 0 0 0 0 0

Numbers at risk



Prognostic predictor in head and neck tumors
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Pan-cancer editing alteration
(CDS and miRNA sites)
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A.  AGGGGTGTGACTCATCGACT

l

B. j)c,ﬂw }Gchuzuﬁ;{\(ﬁp X 1
puc UCCCCACIUGACUY

DNA template

v

ADAR A-to-I editing

A4

Recoding of a protein

v

Proteosomal degradation

v

Competing for binding an
empty MHC

v

Detection by the immune
system

TCCCCACATGAGTAGCTGGA

SCUYGPACHOdGUYGD
T
DevCCponsCroceCioy

A\ . e .
sotn 0% e EXTENSIVE RNA eo.lltmg- increase immune sel-f- o
representation diversity in medullary thymic epithelial

l

@3

cells

Danan-Gotthold et al Genome Biology 2016



Increased A-to-lI RNA editing provide a possible
source for autoantigens in Systemic lupus
erythematosus
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RNA editing vs Mutations
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Editing in Corals
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Differential RNA editing in spawning and eggs
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Summary

* A-to-l editing of repetitive elements is abundant in metazoans
* Editing in repeats strongly depends on the repeats repertoire
* Editing as a new type of “RNA mutations” in cancer

* Alterations of editing activity can be involved with autoimmune
diseases
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