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Abstract

Adenosine deaminase acting on RNA (ADAR) family enzymes consist of double-stranded RNA binding domains
(dsRBDs) and a deaminase domain (DD) that convert adenosine (A) into inosine (I) acting as guanosine (G) during
translation. Site-directed RNA editing is an important technique for correcting gene sequences and ultimately tuning
protein function.

In this study, | engineered the DD of adenosine deaminase acting on RNA (ADARL) and the MS2 system to target
specific adenosines, with the goal of correcting G-to-A mutations at the RNA level. For this purpose, the ADAR1-DD
was fused downstream of the RNA-binding protein MS2, which has an affinity for the MS2 RNA. | checked the binding
affinity of artificial enzyme system by Biacore ™ X100. To direct editing to specific targets, | designed guide RNAs
complementary to target RNAs. The guide RNAs directed the ADAR1 deaminase to the desired editing site, where it
converted adenosine to inosine. To provide proof of principle, | used an allele of EGFP bearing a mutation at the
58™ amino acid (TGG), encoding Trp, into an amber (TAG) or ochre (TAA) stop codon. In HEK-293 cells, this system
could convert stop codons to read-through codons, thereby turning on fluorescence. | confirmed the specificity of editing
at the DNA level by restriction fragment length polymorphism (RFLP) analysis and sequencing, and at the protein level
by western blotting. The editing efficiency of this enzyme system was ~5%.

Further, I tried to compare the deaminase activity of ADAR1-DD and different isoforms of ADAR2-DD. The guide
sequence was fused with MS2 stem-loop. As a target, mutated amber (TAG) stop codon at 58 amino acid (TGG) of EGFP
was used. After transfection of the above three factors in HEK 293 cells, varying degree of the fluorescence signal was
observed. Regarding ADAR2 isoforms, 120 bp consisting the Alu-cassette present in the middle of the DD. ADAR2-long
without Alu-cassette showed much higher fluorescence signal than the ADAR2-long with Alu-cassette. According to
the I-TASSER (lterative Threading Assembly Refinement) data, inserted Alu-cassette result longer coil in the middle of
the deaminase domain. Due to insertion of the Alu-cassette, the distance between residues after 203 is increased
dramatically. The ligand binding site i.e. nucleic acid binding capacity also largely differ due to the insertion of the Alu-
cassette. Another isoform ADAR2-short which is approximately 81 bp shorter at C-terminal, the fluorescence signal was
undetectable. A single amino acid substitution of ADAR2-long (E488Q) renders the enzyme more active than the wild
types. The fluorescence microscopic image and fluorescence spectra analysis are suggesting that ADAR1-DD is more
active than ADAR2-long-DD. In the result of Western blot and sequencing, | found that ADAR1-DD is the most active
deaminase than any other DDs. To my knowledge, this is a complete biological approach for the comparative study of
ADARs-DD that gives important information on the rational use of DD in the future application for therapeutic purposes.

Regarding guide length, 21 bp guide found more functional and regarding the position, upstream guide is more
efficient. The editing efficiency can be increased approximately 16%. Double mutated ochre (TAA) stop codon can be
converted to (TGG) with 5' adenosine preference. Off-target editing increase with the increase of efficiency to the targeted

adenosine. | believe that this system could be used to treat genetic diseases resulting from G-to-A point mutations.

Keywords- ADARs, MS2 RNA, RNA editing, stop codon, genetic diseases.

Page | 1



Doctoral Dissertation Md Thoufic Anam Azad

CONTENTS

CHAPTER I: General introduction

1.1  RNA editing 3
1.2 Types of RNA editing 3
1.2.1 A-to-1 RNA editing 4
1.2.2 C-to-U RNA editing 6
1.2.3 U-to-C RNA Editing 7
1.3 Types of ADARs and their characteristics 7
1.4 Mechanism of RNA editing 8
1.5  Point mutations and genetic diseases 12
1.6 Artificial systems for RNA editing and genetic restoration 15
1.6.1 Chemically modified system for RNA editing 15
1.6.2 Tethering proteins used to control protein of interest 17
1.6.3 Genetically encoded enzyme system 19
1.7 Comparative activity of different ADARs towards RNA editing 21
1.8  Aim of this study 23
1.9  References 23

CHAPTER II: Site-directed RNA editing by adenosine deaminase acting on RNA
(ADARL1) for correction of the genetic code in gene therapy

2.1 Introduction 35
2.2 Materials and methods 38
2.3  Result 45
2.4 Discussion 53
2.5  References 56

Page | 1



Doctoral Dissertation Md Thoufic Anam Azad

CHAPTER I11: Comparative activity of adenosine deaminase acting on RNA

(ADARSs) isoforms for correction of genetic code in gene therapy

3.1  Introduction 64
3.2 Materials and methods 66
3.3 Result 73
3.4 Discussion 85
3.5  References 88

CHAPTER 1V: Efficiency of site-directed RNA editing by MS2-ADAR1-DD system

4.1  Introduction 97
4.2  Materials and methods 99
4.3  Result and discussion 102
4.4  References 114

CHAPTER V: Final discussion

5.1  Final discussion 118
5.2  References 124
5.3  List of publications 127
5.4  Conference/workshop attended 128
55  Acknowledgement 129

Page | 2



Doctoral Dissertation Md Thoufic Anam Azad

1.1 RNA editing

RNA editing was first defined as the modification of RNA ultimately changing its coding
capacity.! The term “RNA editing” was first invented in 1986 when it was found in
Trypanosoma mitochondrial cytochrome oxidase (cox) subunit Il gene, four nucleotides were
added in the RNA which was not included in the genomic DNA.? The report on mammalian
RNA editing was reported in 1987.3 From that time, this term has been used for insertion?,
deletion or substitution*® of nucleotides. But recent scientific advancement and application of
next-generation sequencing technology have changed the understanding and effect regarding
RNA editing. In higher eukaryotes insertion and deletion has not been reported yet but the most

widespread phenomenon is base conversion.?

RNA editing is one of the most important epigenetic processes by which post-
transcriptional modification of gene occurs. This phenomenon results in diversity of transcript
by insertion, deletion or conversion of nucleotides ultimately leading to protein diversity.®
Previously it was assumed that one gene is responsible for one protein but by RNA editing
along with another mechanism like splicing, different functional proteins can be produced from
the same gene. Therefore, RNA editing is very important for differentiation, growth and

development in life.
1.2 Types of RNA editing

There are several types of RNA editing events in living organisms. Among these A-to-1,
C-to-U and U-to-C are the common types. A-to-1 and C-to-U RNA editing are generally caused
by the ADARs and APOBEC-AID deaminase family respectively. However, the enzymes
responsible for U-to-C editing does not discover yet although it is the abundant phenomenon

in lower plant species and rare in animals. Different types of RNA editing are described below-
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1.2.1 A-to-1 RNA editing

The widespread RNA editing in the vertebrate is A-to-I RNA editing”® where the single
adenosine is converted to inosine that works as guanosine during translation. One of the
important epigenetic mechanism is RNA editing that caused by ADARs resulting A-to-1/G
base-modification.® In this case the target site forms dsRNA with complementary sequence
(ECS) (Figure 1). Only a single nucleotide change produces a wide variety of transcriptome.
A-to-1 RNA editing is the most prevalent type of RNA editing in mammals caused by

ADARs’"! in the C6 position of adenosine.°

Exon Intron

Figure 1. Adenosine deaminases acting on RNA (ADARSs) recognize duplex RNA that is
formed between the editing site and the editing site complementary sequence (ECS) which is
often located in a downstream intron. The enzyme binds to the double-stranded (ds) RNA
through their dsRBDs and deaminates a specific adenosine to inosine.!

The frequency of editing events is higher in the central nervous system (CNS)*-1¢ but reported
in almost in every tissues.’®'"® During development of brain, ADARs play an important role.
ADAR1 knockout mouse was found embryonic death!® whereas ADAR2 knockout mouse
showed epilepsy leading to death.2’ However, when ADARS activity abolished in flies there is

neuromuscular disorders and degeneration of nerve tissues observed.!® In the mammalian brain,
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different proteins need to be finely modulated by the ADARs which are required for different
electrochemical functions.?®?? Glutamate mRNA editing is a continuous process in the
development of the brain. Approximately 100% editing occurs in the adult brain.? Any
hindrance in the RNA editing of the GIuR2 receptor by the ADAR?2 result progressive epilepsy
leading to death within a few weeks in mice. Q-to-R RNA editing of subunit 2 of AMP GIuR2
results impossible for Ca?* impermiability of the receptor containing glutamate subunit.?® G
protein coupling receptor HTR2C is the only one that undergoes editing in five sites (A, B, E,
C, D) which are close to proximity in the second intracellular loop of the receptor. Serotonin
signaling is modulated by the RNA editing; RNA editing of the receptor decrease the
proficiency of receptor within the G proteins.’> ADAR1 and ADAR2 found enzymatically
active however, ADAR3 activity not reported yet although its deaminase domain characteristic

is conserved.

G-protein coupling

COOH

Activated of phospholipase C

Innositol phosphates
+
Diacylglycerol RNA editing

1. 20-fold reduction in 5-HT potency
2. 5-fold reduction in basal G-protein coupling
3.  6-fold reduction in agonist binding

Figure 2. RNA editing in seven transmembrane 5-HT2CR (gray cylinders) shown with the lipid
membrane (yellow color). Seven amino acids in loop Il (white characters) are presented
together with the conversion (red characters). Unedited isoform indicated by INI whereas fully
edited isoform indicated by VGV with greatly reduced sensitivity of the receptor. Highest
reduction of the sensitivity of the receptor observed when 158 position asparagine (N) is
converted to glycine (G) therefore, it is shown in larger font size.?*
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1.2.2 C-to-U RNA editing

Tissue-specific apolipoprotein B (apoB) was first identified RNA editing in mammals.®%°

Apolipoprotein B can produce two forms of protein—one full-length apoB-100 produced in liver

another isoform apoB-48 produced in the small intestine.

APOB mRNA

=

[
Mooring ‘l (
sequence | |

5' efficiency
element

Figure 3. APOBEC1 binds near to the Mooring sequence of APOB mRNA with the help of the
associated factor (ACF) and deaminate C-to-U.!

Both isoforms are responsible for lipid metabolism and these are produced from the same
transcript. The shorter isoform is produced when the 6666 cytidine of glutamine codon (CAA)
is converted to uridine stop codon TAA. This conversion and generation of shorter apoB48
(241 kDa) have also required for dietary lipid absorption.>?® The longer form (241 kDa)
synthesized in liver required for carrying for endogenously synthesized triglyceride and
cholesterol in blood circulation. Mooring sequence is important for site selection in C-to-U

RNA editing (Figure 3).
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1.2.3 U-to-C RNA editing

A-to-1 RNA editing in dsRNA and C-to-U in DNA or ssRNA are the common
phenomenon in higher eukaryotes whereas U-to-C conversion is very rare 26272 which only
reported in the transcript encoding the Wilms’ tumour susceptibility gene in mammals.?® In
arthropods, U-to-C RNA editing found in generating tissue-specific calcium channel which is
affected by the RNA editing activity.?® However, U-to-C by amination is a common
phenomenon in plants sometimes it may exceed C-to-U events in some cases.*® In mammals,
RNA U-to-C editing reported 2’ in the mitochondrial transcript. RNA editing also affect
alternative splicing,®> micro RNA processing® and other many important cellular

events 1,33,34,35

1.3 Types of ADARs and their characteristics

ADARs are modular protein with different domain for individual function (Figure 4). The
dsRNA unwinding activity used to the questionable discovery of ADARs in Xenopous levis
egg and embryos.’820 Later on, it was revealed that such activity mainly from the dsRNA
specific ADAR.1°*® However, ADARL is the first discovered mammalian gene among the
ADARs.?122 Soon after its discovery ADAR1 was cloned and characterized in protein level by
sequencing. This research leads to the discovery of ADAR2. A-to-1 RNA editing causing
deaminases genes are three in numbers ADAR1, ADAR2 and ADAR3.%" Expression of
ADAR1 and ADAR?2 occurs in many tissues whereas ADAR3 only in the brain. ADAR1
expresses in 2 forms as a result of alternative splicing. One full-length ADAR1 with 150-kDa
that transcribed by interferon inducible promoter mainly localize in the cytoplasm. Another
one 110-kDa (p110) which transcribed from constitutive promoter started from downstream

start codon primarily localize in the nucleus.®
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Z-DNA binding dsRBD NLS DM
hADAR1p160
(1.226 aa)

hADAR1p110
(931 aa)

hADAR2
(701 aa)

hTENR
(576 aa)

hADAT1
(502 aa)

hADAT2
(191 aa)

hADAT3
(351 aa)

. dsRBD: Double strand DM: catalytic Z-DNA
RNA binding domain domain binding

X No catalytic function . R enriched domain D NLS

Figure 4. Protein domains of ADARs consist of dsRNA (blue) which bind dsRNA and the
catalytic deaminase domain (DM; green box). ADAT1, ADAT2, and ADAT3 have a DM domain
which they also use to bind tRNA. ADAR3, TENR, and ADAT3 are inactive and that is
represented by an (X) in the DM domain. ADAR1 has Z-DNA binding at the N-terminus
domains and ADARS3 contains an R-enriched region at the N-terminus.*®

1.4 Mechanism of RNA editing

For a better understanding of the mechanism of RNA editing by ADAR2, NMR data has
been revealed with the substrate®® and without substrate.** The target is recognized by the
dsRBD and the deaminase activity mainly performed by the DD of the enzymes (Figure 5. A

and B).

dsRBD1 dsRBD2

Exon Intron

Figure 5. A. Transcripts encoding Alu repeat elements are often present in introns of
transcripts. If two are present in opposite orientation less than 2 kb apart they can base pair
with the other and form a duplex structure that is edited by ADARs.* B. The dsRNA-binding
domains of ADARSs bind to a duplex that is formed between an exon and a downstream intron.
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ADAR’s catalytic deaminase domain (DM) catalyses the conversion of a specific adenosine to
inosine by hydrolytic deamination.>®

Base flipping is the important step before deamination, in case of ADAR2-DD the residue
coordinating for base filliping are recognized as 488 approaches to the targeted duplex RNA
and form a minor groove. The side chain occupies the space created by the flip out base (Figure
6) ADAR prefer A-C>A-U>A-A>A-G mismatch, it indicates that pyrimidine preferred than
purine because of purine conflict with 488 residues. This finding also complies with the other
duplex DNA modifying enzymes.*>* The ADAR-DD result some conformational changes in
the RNA causing kink in the RNA strand opposite to the target adenosine. This activity is also
aided by the R510 and S495 side chains. The R510 conserved in ADAR1 and ADAR?2 ion-

pairs with the flip out base.

Figure 6. View of structure perpendicular to the dsRNA helical axis. Colors correspond to those
in Red, flipped-out base ; gray space-filling sphere, zinc; yellow, Q488; green, previously
disordered aa 454-477 loop; space filling, IP6. A transparent surface is shown for the
hADAR2d protein.*°

The C-terminal of the deaminase domain form the flanking region to be buried the inositol
hexakisphosphate molecule (IP6). IP6 required for RNA editing by the ADAR2. The IP6 buried

inside the catalytic domain and bounded to the domain with many polar residues.*® This

molecule associated with 29 water molecules. Hydrogen bond formed directly with the residue
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or indirectly with the water molecules.*! Thus main functions of IP6 is folding of the DD side

by side it may have the function of modulating the DD during deamination.**

Figure 7. Image of the active site and IP6 binding site in hADAR2-D are shown in different
views. Nucleophilic water (aqua sphere) is coordinated by zinc (magenta sphere) and E396
residue. Zinc and IP6 (yellow sticks) are communicated by hydrogen bonds (dashes) same
condition between the conserved residues (green sticks) and IP6. W523 and W687 residues
also relayed by water (aqua spheres).IP6 is almost embaded.*!

IP6 is essential for the activity of ADARSs in vitro and even in vivo.** IP6 may form during
synthesis, external IP6 can also increase the activity of the ADARs. Why the cytidine
deaminases, not deaminases the usual ADARs substrate because there are distance and space
differences between these two deaminase molecules. Involvement of Zinc in the enzyme may
acts as a structural assistance another may work as functional assistance. In case of ADAR2
active site associated to the Zn is principally classified as structural Zn(Il) there is a water
bound #* which related to the catalytic assistance Zn (I1). In case of catalytic Zn (11) ions the
bonds with the ligands are longer, so easier to be inhibited by inhibitors.*® Milimoller
concentration EDTA have no activity on the protein.*®#7 It indicates that Zn is more structural
rather than functional involvement.** DD activates the water molecule by the help of Zinc ion
in their active site.*®4° Zinc containing active site is present in ADAR2-DD, these are two
cytosine 451 and 516 a histidine 394 (Figure 7). Side by side water molecule responsible for
hydration of adenosine.** However, it is interesting that when mutation of the corresponding
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residue in case of ADARL, render this enzyme non-functional, it indicates that the hydrolytic
mechanism is almost similar in both isoforms.>® ADAR chemical reaction to its substrate is
more similar to ADA, however, ADARS are evolved from CDA like APOBEC and AID®'>

less likely related to ADA.

NH, HO |\|H2 O
N G\N ADAR N NH
(AL THS < | ) AL
RNA RNA RNA
hydrated
adenosine intermediate inosine

Figure 8. ADARSs catalyse the deamination of adenosine to inosine via the addition of water to
the 6-position to form a hydrated intermediate. Inosine differs from guanosine only at the 2-
position, where inosine lacks guanosine’s amino group.*

o L g
H'Z\*E a] uo o}
T 9L Qo,, N 00
O_ . NHZ H |_ ). @ lll_ : -
- 32 2 : (Nf*ﬁ"\H o N, O § HoN_ 0 2] : EN X
LGS N - N o H-N O
I 4J NH NH }
R R ,f ff : -
b o <N N N ¢ | JH
wnebnr e N \
A B c D “C+D

Figure 9. Proton transfers involving E396 during ADAR2-catalyzed adenosine deamination.**

Hydrolytic deamination (Figure 8) during adenosine deamination is facilities by zinc in
presence of glutamic acid residues (E394) (Figure 9). This residue involved in proton transfer.
In the above reaction from the water bound zinc molecule E394 transfer proton and convert
zinc as highly reactive zinc-hydroxide which attack to C6 of the adenosine near the active site
of deaminase domain. Ultimately removing the proton from the zinc-hydroxide produce

ammonia during the reaction.
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1.5 Point mutation and genetic diseases

A single base change in genome or mRNA can develop diseases. Some genetic diseases
caused by point mutation are shown in Table 1. If we can restore mutated RNAs, these disease

can be treated.

Table 1: T>C or G>A substitutions causing human genetic diseases.>>>*

No | Disease state Gene Base Amino | Codon | Author Journal Vol. Page Year
Symbol change acid
1. ADA deficiency ADA CTG-CCG Leu- 107 Hirschhorn PNAS 87 6171 1990
pro
2 ADA deficiency ADA AAA-AGA | Lys- 80 Valeria EMBOJ | 5 113 1986
Arg
3 Adrenal CA21HB | AAC-AGC | Asn- 494 Rodrigues EMBOJ | 6 1653 1987
hyperplasia Ser
4 APRT Deficiency | ART ATG-ACG | Met- 136 Hidaka JCI 81 945 1988
Thr
5 Albinism, Ocul (1) | TYR GAC-GGC | Asp- 42 King MBM 8 19 1991
Gly
6 Albumin ALB CAT-CGT His- 128 Madison PNAS 88 9853 1991
Komagome 2 Arg
7 Aldolase A defic. | ALDA GAT-GGT | Asp- 128 Kishi PNAS 84 8623 1988
Gly
8 Amyloid PALB TAC-TGC Tyr- 114 Ueno BBRC 169 143 1990
polyneur Cys
9 Amyloid PALB GTG-GCG | Val- 30 Johns CLIN 41 70 82
prealbumin Ala GENET
10 | Androgen insens. AR TAC-TGC Tyr- 761 McPhaul JCI 87 1413 1991
syn. Cys
11 | Antithrombin 11l | AT3 TTC-TCC Phe- 402 Olds TH 65 670 1991
def. Ser
12 | Antitrypsin « 1 Pl CTC-CCG | Leu- 41 Tahahashi JBC 263 15528 | 1988
def. Pro
13 | Antitrypsin «1 Pl CTC-GCG | Val- 213 Nukiwa JBC 261 15989 | 1986
def. Ala
14 | Chr. Granulomat. CYBB91 | CAT-CGT His- 101 Bolscher BIOOD 77 2482 1991
dis. Arg
15 | Cystic CFR TAT-TGT Tyr- 913 Vidaud HUM 85 446 1990
Fibrosi Cys
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16 | Elliptocytosis SPTA CTG-CCG Leu- | 207 Gallagher JCI 89 892 1992
Pro
17 | Elliptocytosis SPTA AAG-AGG | Lys- | 48 Floyd BLOOD 78 1364 1991
Arg
18 | Epidermolysis KRT14 | CTG-CCG Leu- | 384 Bonfias Science 254 1202 1991
bull Pro
19 | G6PD deficiency G6PD CAC-CGC | His- | 32 Chao NAR 19 6056 1991
Arg
20 | G6PD deficiency G6PD CTG-CCG Leu- | 968 Beutler BLOOD 74 2550 1989
pro
21 | Galactosaemia GALT | CTG-CCG Leu- | 195 Reichardt GENOMICS 12 596 1992
Pro
22 | Galactosaemia GALT | CAG-CGG | GIn- | 188 Reichardt AJHG 49 860 1991
Arg
23 | Gangliosidosis GLB1 ATC-ACC lle- 51 Yoshida AJHG 49 435 1991
GM1 Thr
24 | Gangliosidosis GLB1 TAT-TGT Tyr- | 316 Yoshida AJHG 49 435 1991
GM1 Cys
25 | Gaucher’s GBA AAC-AGC | Asn- | 370 Tsuji PNAS 85 2349 1988
disease (1) Ser
26 | Gaucher’s GBA CTG-CCG Leu- | 444 Tsuji PNAS 316 570 1987
disease (2) Pro
27 | Gyrate atrophy OAT CTT-CCT Leu- | 402 Mitchell PNAS 86 197 1989
Pro
28 | HPRT deficiency HPRT | CTA-CCA | Leu- | 40 Davidson JCI 84 342 1989
Pro
29 | HPRT deficiency HPRT ATT-ACT Ile- 41 Davidson AJHG 48 951 1991
Thr
30 | HPRT deficiency HPRT | ATG-ACG | Met- | 56 Skopeck HUM 85 111 1990
Thr GENET
31 | HPRT deficiency HPRT | TTG-TCG Leu- | 130 Gibbs PNAS 86 1919 1989
Ser
32 | HPRT deficiency HPRT | ATT-ACT lle- 131 Davidson AJHG 48 951 1991
Thr
33 | HPRT deficiency HPRT GAT-GGT | Asp- | 52 Lightfoot HUM 88 695 1992
Gly GENET
34 | HPRT deficiency HPRT | ATT-ACT lle- 182 Tarle GENOMICS 10 499 1991
Thr
35 | HPRT deficiency HPRT | GAT-GGT | Asp- | 200 Davidson JBC 264 20 1989
Gly
36 | HPRT deficiency HPRT | CAT-CGT His- | 203 Tarle GENOMICS 10 499 1991
Arg
37 | Haemoglobin HBB CAT-CGT His- 117 Kutlar HUM 86 591 1991
Arg
38 | Haemolytic PGK CTG-CCG Leu- | 88 Maeda BLOOD 77 1871 1991
anaemia Pro
39 | Haemophilia A F8 TTC-TCC Phe- | 293 Higuchi PNAS 88 7405 1991
Ser
40 | Haemophilia A F8 TTG-TCG Leu- | 2166 | Levinson AJHG 46 53 1990
Ser
41 | Haemophilia A F8 GAA-CGA | Glu- | 272 Youssoufia | AJHG 42 867 1988
Gly
42 | Haemophilia A F8 AAA-AGA | Lys- | 425 Higuchi PNAS 88 7405 1991
Arg
43 | Haemophilia A F8 TAT-TGT Tyr- | 473 Higuchi PNAS 88 7405 1991
Cys
44 | Haemophilia A F8 GAT-GGT | Asp- | 542 Higuchi PNAS 88 7405 1991
Gly
45 | Haemophilia A F8 TAT-TGT Tyr- 1680 | Traystman GENOMICS 6 293 1990
Cys
46 | Hepatic lipase HL AAT-AGT | Asn- | 193 Hegele BBRC 179 78 1991
def. Ser
47 | Insulin Resistance INSR CTG-CCG Leu- | 233 Klinkham EMBOJ 8 2503 1989
Pro
48 | lsovaleric IVD CTA-CCA Leu- | 13 Vockley AJHG 49 147 1991
acidaemia Pro
49 | LDLR deficiency LDLR | TAT-TGT Tyr- | 807 Davis CELL 45 15 86
Cys
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50 | Laron dwarfism GHR TTT-TCT Phe- | 96 Amselem NEJM 321 989 1989
Ser

51 | Leprechaunism INSR CAC-CGC His- 209 Kadowaki JCI 86 254 1990
Arg

52 | Leukocyte adhes. LFA1 CTA-CCA | Leu- | 149 Wardlaw JEM 172 335 1990
Def. Pro

53 | Lipoprt. lipase LPL ATT-ACT lle- 194 Henderson JCI 87 2005 1991
def. Thr

54 Lipoprt. lipase LPL GAT-GGT Asp- | 158 Ma JBC 267 1918 1992
def. Gly

55 LCAM deficiency LCAM | AAT-AGT Asn- | 351 Nelson JBC 267 3351 1992
Ser

56 | MCAD deficiency MCAD | ATA-ACA | lle- 375 Yokota AJHG 49 1280 1991
thr

57 | Marfan syndrome coL1 CAG-CCG | GIn- | 618 Phillips JCI 86 1723 1990
A2 Arg

58 | Methaemoglobin DIAL CTG-CCG Leu- | 148 Katsube AJHG 48 799 1991
Pro

59 | Methylmalonicacid | MCM CAT-CGT His- | 532 Crane JCI 89 385 1992
Arg

60 | Neurofibromatos NF1 CTC-CCG Leu- Cawthon CELL 62 193 1990
is (1) Pro

61 | OTC deficiency OoTC CTA-CCA | Leu- | 45 Grompe AJHG 48 212 1991
Pro

62 | OTC deficiency oTC CTT-CCT Leu 111 Grompe AJHG 48 212 1991
Pro

63 | Phenylketonuria PAH TTG-TCG Leu- | 48 Konecki HUM 87 389 1991

Ser GENET

64 | Phenylketonuria PAH TTG-TCG Leu- | 255 Hofman AJHG 48 791 1991
Ser

65 | Phenylketonuria PAH CTG-CCG Leu- | 311 Licht-k BIOCHEM 27 2881 1988
Pro

66 | Phenylketonuria PAH TAT-TGT Tyr- | 204 Wang GENOMICS 10 449 1991
Cys

67 | Phenylketonuria PAH GAA-GGA | Glu- | 221 Konecki HUM 87 389 1991

Gly GENET

68 | Phenylketonuria PAH TAC-TGC Tyr- | 414 Okano NEJM 324 1232 1991
Cys

69 | Pompe disease GAA ATG-ACG | Met- | 318 Zhong AJHG 49 635 1991
Thr

70 | Retinitis RDS CTG-CCG Leu- | 185 Kajiwara MATURE 354 480 1991
pigmentosa Pro

71 Retinitis RHO TAC-TGC Tyr- 178 Sung PNAS 88 6481 1991
pigmentosa Cys

72 | Retinitis RHO GAC-GGC | Asp- | 190 Sung PNAS 88 6481 1991
pigmentosa Gly

73 | Ster.18-hydrox. CYP18 | GTG-GCG | Val- | 386 Mitsuuchi BBRC 182 974 1992
Def. Ala

74 | Thalassaemia o HBA2 | ATG-ACG | Met- | -1 Piratsu JBC 259 12315 1984
Thr

75 | Thalassaemia o HBA2 | CTG-CCG Leu- | 125 Goossens NATURE 296 854 1982
Pro

76 | Thalassaemia o HBB CTG-CCG Leu- | 110 Kobayshi BLOOD 70 1688 1987
Pro

77 | Thalassaemia o HBD CTG-CCG Leu- | 141 Trifillis BLOOD 78 3298 1991
Pro

78 | Wilm" tumor WT1 GAC-GGC | Asp- | 396 Pelletier CELL 67 437 1991
Gly
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1.6 Artificial system for RNA editing and genetic restoration

The initial concept of therapeutic application by site-directed RNA editing activity
reported by Woolf and his colleagues in 1995.%° The designed complementary sequence should
not interfere in any cellular process as it contains a mismatch. The DD contains dsRNA base
flip-out capacity;>**14° side by side the translating ribosomal protein also have a strong RNA

unwinding activity.>"8

1.6.1 Chemically modified system

ChVK Photoadduct
./ Hybridization CHYKeC
bl ' _— ST Q—
wow — MM ==
s
Target RNA (C) l a0°C

@ mg_m 12 om

/ 'D Photosplitting

Target RNA (U) eHvCel

R = e Y
B-Elu ”I.'Ir u-Elo TI‘Ti U-Ew In‘llr

Figure 10. Schematic drawing of the photochemical RNA editing.*®
Recently photochemical RNA editing is exciting as it has a great response and less
expensive than enzymatic RNA editing. Professor Fujimoto group in JAIST has developed
ultrafast crosslinking that are able to convert C-to-U for RNA editing. They designed modified
ODN ©V U and ®NVK for the editing of RNA and DNA®® (Figure 10). Professor Tsukahara
group in JAIST use the above modified ODN and converted BFP to GFP by artificial RNA

editing®.:%2 for the future purpose of genetic restoration.

Another chemically modified system used the DD of ADARL1 and the ADAAR2 where

they replaced the dsRBDs with SNAP-tag. This tag have the binding affinity with a cogent
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benzylguanine (BG). BG can be attached to any guide RNA depending on the target (Figure
11). They reported that this modified system is functional in in vitro.®3® In case of HEK-293
T cell, annelids egg; light source augment the assembly and functionality of this system as

well.®® However, these therapies must continue to supply effector molecules forever.

A N+ B | priortoediting | after A-to-l editing
I SN Ser (AGUIC) Gly (IGUIC)
- ’/l Tyr (UAUIC) Cys (UIU/C)
0 Thr (ACA/CIG/U) | Ala (ICAICIGIU)
lle (AUU/C/A) Val (IUUIC/A)
Start/Met (AUG) | Val (IUG)
- Stop (UAA) Stop (UAI, UIA)
- Stop(UAG, UGA) Trp (UIG)
Adenosine (A) His (CAUIC) Arg (CIU/C)
Arg (AGA/G) Gly (IGA/G)
ADAR l Lys(AAA/G) Arg (AIA/G); Glu (IAA/G)
/ NH Asn (AAU/C) Asp (IAU/C); Ser (AIU/C)
1 I () Gin (CAA/G) Arg (CIA/G)
Asp (GAUIC) Gly (GIU/C)
o Glu (GAA/G) Gly (GIAG)
L- 5°-88 (AG_GU) formation or destruction
e 3-SS (YAG_R) | formation or destruction
C
LIS TS G sRED MM dsREDME dsRBD deaminase domain 1
i replace dsRBD with SNAP-tag
4
SNAP-tag | deaminase domain [
—Cz—. BG-QuideRNA s,

in situ conjugation of deaminase and guideRNA

e P

guideRNA-deaminase
conjugate

Figure 11. A. Hydrolytic deamination of adenosine by ADAR results inosine. B. Almost 12
among 20 amino acids can be converted by A-to-I RNA editing. C. The dsRBD is replaced by
a SNAP-tag (an engineered O6-alkylguanine-DNA-alkyl transferase) which guided by a
cogent benzylguanine (BG)-modified guide RNAs towards specific target.®®
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1.6.2 Tethering proteins used to control protein of interest

Basically, in eukaryotic organism two types of tethering system are used originated from
bacteriophage, these are MS2 and the lambda N system.%® The tethering system is used to
monitor RNA localization in vitro and in vivo by cogent RNA, fused with the reporter RNA.
MS2 system is the widely used system in molecular biology used for in vitro and in vivo
studies.®’®° The theme of MS2 system originated from MS2 bacteriophage where the viral
RNA is coated with the multimeric MS2 proteins which form the viral capsid. The icosahedral
capsid of MS2 bacteriophage consists of 90 dimer protein elements that binds to the
bacteriophage RNA to protect it from different adverse environments. The X-ray structure and
the crystallographic data™" indicate that the MS2 proteins form and assembled as dimer
orientated in antiparallel orientation (Figure 12). The C-terminal of one molecule closely
positioned to the N-terminal of another molecule. One MS2-RNA molecule bound to the MS2
protein dimer. The RNA binding sites of the cognate RNA span around the total ten B-sheets
(five from each molecule).®® This system was designed by Singer and colleagues for the
monitoring of ASH1 particle localization in yeast cells’? and was first applied for the mRNA
localization of budding yeast.” The basic application of this system reported when it was used
in yeast three-hybrid system which was used for identification of RNA target for an RNA
binding protein.”* Tethering assay was first reported in 1998. SR (Ser/Arg-rich) protein as a
splicing modulator was studied by tethering with MS2 protein whereas the number and position
of MS2 protein were changed. In addition, of the above work, the MS2 system was used to
monitor mRNA localization of ASH1 (absent, small and homeotic discs 1) containing the 6X
MS2-RNA loop in the 3’UTR and GFP to the bud tip in Saccharomyces cerevisiae. The most
important features of this system are the specificity and sensitivity made in more reliable.” To
date, more than hundred publication described the use of this system in different work related

to RNA tagging, live imaging etc.”
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Figure 12. A. MS2-RNA stem-loop wild-type, B. change in few nucleotide result higher binding
mutant, C. Antiparallel oriented MS2 protein dimer with 10 B-sheets.%®

In principle, the MS2 protein is fused to the 3’ end of the reporter protein.”® The other tethering
system of eukaryotic can be used '’ but these have some disadvantages because iron-responsive
elements present in 5’ or 3’ UTR of a number of elements may affect the binding efficiency and
may also affect the hybrid protein as well.”® MS2 closely related tether system was first reported
in 1990 for protein RNA complex purification.™

The MS2 and the lambda N tethering system can produce the similar result. Factors responsible
for nonsense-mediated decay was studied by both MS2 and Lambda N system indicate that
tethering systems do not affect the functionality of adjacent factors.®82 To find out the
difference between these two systems require more intensive study. In spite of these, the MS2
system bind with the cognate RNA as a dimer whereas the lambda N system binding is
monomeric. Both systems forms a stem-loop structure with its cogent RNA but in MS2 system
loop structure sequence is more important whereas in case of lambda N both the stem and loop
RNA sequence is important for binding to its specific protein. Both Lambda N System is a very
small system (12.2 kDa, 107 amino acids) that binds to box B Lambda N RNA. Montiel-
Gonzalez et al. found that they can direct the ADAR?2 catalytic domain to specific adenosine
for site-directed RNA editing.®® It also proved that this system can restore functionality of

CFTR receptors in frog oocytes by eliminating stop codon of mutated CFTR genes.®®
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Both tethering proteins produces a stem-loop structure but MS2 bind with the loop containing
nucleotides whereas lambda N binds to all the nucleotides. Therefore, we speculate that there
might have more rotational freedom in case of the MS2 system than the lambda N system.
Having rotational freedom is more advantageous for the artificial enzyme system
1.6.3 Genetically encoded enzyme system

In this case, the active parts of the deaminase system like deaminase, guide and substrate
are encoded in plasmid or encoded in the cellular chromosome (Figure 13 and 14) that are

expressed continuously and become assembled in the cell cytoplasm. After that the deaminase

exert its function to the specific target.

A C

dsRBD deaminase

ADAR2
ADAR1p150 *

AN
\ 1 fEARER
[VVV / &
@D D) ADAR2 GTG’AG‘ """" T A A AAs
NLS
B A* A Go
Beee l F o ¥ G21
CAUUA GGUGLCUGE  AUA UAUAACAAUAN
N CULELL I TLRitisti ADAR1p110

UAU AUAUUGUUGUA

/"\ /\ ’," / \
‘ ’\‘\’/\}\\‘/\/\‘
= exon l natural cis-acting R/G-site ‘ V ‘ / [ \/ \\// “/j \

== intron
GTGIAG:‘ ------- T A A A Am G

5 Stop 3
! A, ! As G
UGUUCCGU AACAA j
[INEERRN Glclxl:llll?ll’?? ‘i“l”i\ ll”l“l"lllll%‘l’ ADAR1P15°
. ACAAGGCA CGGCUGUCACC UAU AUAUUGUUGUA
3 J A’ 2 4 A
(] Ca1 G37
== GFP mRNA engineered trans-acting guideRNA \v \
== R/G-motif
== MRNA binding site > G T GIA G

Figure 13. RNA editing with genetically encoded R/G-guide RNAs. A. Abovementioned three
type of human ADARs used. Scheme of the three human ADARs used in this study. B.
Assembly of substrate, guide R/G-motif of the GluR2 and deaminase. C. Sequencing result
indicates that full-length ADAR2 more functional than the ADAR1 and the long form ADAR1
more functional than the short form when W58x codon in eGFP used as substrate. However,
off-target editing was evident in all isoforms.8

Page | 19



Doctoral Dissertation

A WA496X
&

Ly — 3

Guide Oligo A 8

B W496X

5 'y | L, e p— 3
Guide Oligo B
Mismatch

W-'-IQGX

5 ' — | o ——

8 Guide Oligo C

39

Md Thoufic Anam Azad

Figure 14. Use of lambda N system for directing the ADAR2 deaminase domain fused
with the Lambda N peptide in vitro. Figure indicate that the guide can be designed to
avoid the off-target W496X is the premature termination codon in CFTR is the target
whereas the red marks are the editing site and white are the nonedited adenosine.®?

Montiel-Gonzalez et al. in 2013, showed that the system (Figure 13) can guide the

ADAR2-DD in HEK cell and frog oocyte by transient transfection to convert a stop codon

of mutated GFP to read through codon that turns on fluorescence. It is found that in

serotonin receptor RNA editing occurs leading to adverse physiological disorders. In some

site-specific target to serotonin site, it was found overlapping specificities. Therefore, the

serotonin receptor parts that bind with the dsRBD can be utilized for engineering artificial

enzyme system by not only ADARL but also ADAR2.
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1.7 Comparative activity of different ADARSs towards RNA editing

Comparative RNA editing of different isoforms of ADAR not reported well in cell culture
system even in in vitro system. In the previous study, most of the cases the full-length ADARs
were used for their deaminase activity.®* However, in my study and in some other study®: only
the deaminase domain is used. Use of the deaminase domain results in deletion of different
parts of the enzyme like dsRNA binding domain NLS, NES.® These elements render this
enzyme as a shuttle protein between nucleus and cytoplasm. The full-length ADARSs are shuttle
protein, ADAR?2 shuttles between nucleoplasm, nucleolus whereas ADAR1 shuttles between
nucleolus, nucleoplasm and cytoplasm.® Even a region in the N terminal half of the ADAR1-
DD interferes with nuclear localization.®® In spite of that, recently only deaminase domain of
ADAR? is used for cytosolic mRNA correction.®”8388 Byt only deaminase domain use for
RNA editing purpose most probably will render the enzyme cytoplasmic. So, | speculate that
the use of only deaminase domain will be more reliable for RNA editing in therapeutic purposes.
As it is planned to use the target the cytosolic defective mRNAs, therefore, the enzyme system
should be localized in cytosol only. The pre-mRNA and mRNAs have a more complex
structure with loops, mismatches and bulges, that make it easier for the full-length ADARL1 to

recognize it with its dSRBDs irrespective of a specific target.
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Figure 15. The relative A-to-l editing values after 30 min of incubation are shown. Both
substrates were co-incubated (each at a concentration of 0.16 fmol/l) with either ADAR1-L or
ADAR?2 containing cell extracts .

In the above figure, two substrates were incubated with the ADAR1 and ADAR?2 separately
and the histogram indicates that ADAR1 deaminase activity much higher than the ADAR2
(Figure 15). In another previous study regarding the ADAR2 containing Alu-cassette in the
deaminase domain found that, insertion of the Alu-cassette in the deaminase domain does not
differ in substrate specificity but differ in their deaminase activity i.e. inserted Alu-cassette
decreases the deaminase activity of the full-length enzyme.*®® In my study, | studied the effect
of inserted Alu-cassette on the structure and the deaminase activity of the only deaminase

domain of ADARs.
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1.8 Aim of this study

In case of gene therapy whole gene or transcript is targeted but my aim is to correct point
mutations that result stop codons, defective codons ultimately production of defective or non-
functional protein and diseases. The defective codons can be altered to the desired codon or
another read through codon by base substitution. Considering the above purpose the aims of

this study are-

1. Development of artificial enzyme system for correction of the mutated stop codons amber

(TAG) and (TAA) to read through codon.

2. To find out the most active ADARs deaminase domain (DD) that can be utilized for the

purpose of genetic treatment.

3. Improve the efficiency of this system.
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Chapter 11
Site-directed RNA editing by adenosine deaminase acting on RNA

(ADARL1) for correction of the genetic code in gene therapy
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2.1 Introduction

Programmable nuclease tools for genome editing, including transcription activator-
like effector nucleases (TALENSs), RNA-guided engineered nucleases (RGENS), zinc-
finger nucleases (ZFNs), and the clustered regularly interspaced short palindromic repeat
(CRISPR)-Cas9 system,* hold promise for use in gene therapy. Recently, notwithstanding
the ethical issues related to clinical applications,? the use of the CRISPR-Cas9 system in
eukaryotic cells has attracted a great deal of attention.® Point mutations generally cause
single amino acid substitutions, which can generate tumor-specific antigens that
ultimately lead to cancer.* Genetically engineered T-cells have been used to eliminate
cells harboring such point mutations.* Other diseases caused by point mutations include
cystic fibrosis,® chronic granulomatous disease,® hepatic lipase deficiency, and

hemophilia A.”

RNA editing is a type of post-transcriptional modification of the gene-encoded
sequence, which allows several forms of a protein to be produced from the same gene.®
RNA editing can result from insertion, deletion, or substitution of nucleotides. ° In
mammalian cells, adenosine (A) and cytosine (C) are edited to inosine (1) [which base-
pairs like guanosine (G)] and uracil (U), respectively, in both coding and noncoding
sequences.®*2 The AID-APOBEC enzyme family is responsible for C-to-U conversion,
and numerous targets of APOBECI have been reported in 3’UTRs.* On the other hand,
A-to-1 editing is mediated by the adenosine deaminase acting on RNA (ADAR) family.
Such editing occurs in a wide variety of RNAs.'3 4 In a systematic study, A-to-1 editing
sites were detected in 6% of human pri-miRNAs.%® In microRNAs, A-to-1 editing alters
binding affinity and gene silencing activity.®

Page | 35



Doctoral Dissertation Md Thoufic Anam Azad

Vertebrates have three ADARs: ADAR1Y and ADAR2,'® which are functional, and
ADAR3,*® which is non-functional. All three enzymes have a typical deaminase domain
in their C-terminal regions,'® and N-termini containing double-stranded RNA-binding
domains (dsRBDs).2* ADARL contains an additional Z-DNA-binding domain,?* whereas
ADAR3 contains an Arg-rich single-stranded RNA (ssRNA)-binding domain.*®
Homodimerization is important for ADAR activity.?> 2 ADAR1 and ADAR2 form
homodimers, whereas ADAR3 does not, potentially explaining its lack of deaminase
activity.?? The first and third dsRBDs of ADAR1 and ADAR2, respectively, are
responsible for their homodimerization.?* Both elevation®® and reduction®® of ADAR

editing activity have been associated with carcinoma.?’?®

Abnormalities in RNA editing can result in various neurological and behavioral
anomalies, including epilepsy and Prader—Willi syndrome.*?*% In mice, Adar1 knockout
results in early embryonic death,31*2 whereas, in humans, an insertion mutation in the
ADAR1 gene results in dyschromatosis symmetrica hereditaria.>®* Reprogramming of
genetic information at the RNA level has the potential to provide insight into fundamental
biology, as well as opportunities for gene therapy applications.®* Although A-to-I
substitution is a single-nucleotide change, it can have a significant physiological or
clinical impact. When RNA editing occurs in open reading frames of genes, 12 of the 20
standard amino acids can be altered. Accordingly, this strategy can target amino acids
(GlIn, Arg, His, Tyr, Ser, Thr, and others) that are important for catalysis, signaling, and
post-translational modifications.® Start and stop codons, splicing signals, and miRNA
recognition sites can likewise be modified.*® Therefore, applications of site-specific RNA

editing hold promise for therapeutic purposes. Reports of correcting mutant RNASs in vitro
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and in Xenopus embryos have attracted a great deal of attention, but several technical

challenges remain, including more specific control of deaminase activity.*®

Recently, different types of guide RNA have been used to make the enzyme target-
specific. Earlier studies used synthetic guide RNA, along with fusion of lambda-N peptide
to the deaminase domain of human ADAR?2 (lambda-N+ADAR?2), to correct mutations
in CFTR (cystic fibrosis transmembrane conductance regulator),®” and chemically
modified guide RNAs have been used to correct point mutations in human cell lines and
annelids.®®  Previously, we demonstrated chemical RNA editing using
oligodeoxynucleotides (ODNSs) containing 5'-carboxyvinyl-2'-deoxyuridine [(CV)U].3%4°
Very recently, a genetically encoded guide RNA was used to repair point mutations
associated with a neuronal disease phenotype.*®

In this study, | sought to develop more useful tools for restoring the genetic code,
using the MS2 system and a genetically encoded novel guide RNA to direct the deaminase
domain of wild-type ADAR1 to specific targets. The MS2 system is more frequently used
than lambda N/B box systems for tethering of protein to RNAs.* This system is a novel
system commonly used for in vivo label with GFP for RNAs.** To our knowledge, this
study represents the first example of engineering the MS2 system to design an RNA

editing enzyme complex capable of targeting specific point mutations.
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2.2 Materials and methods

2.2.1 Plasmid construct preparation

To enable targeting of the enzymes to a TAG stop codon of interest, | cloned the

deaminase domain of ADAR1 downstream of MS2 in pCS2+MT using the Ncol and Xbal

(Takara) restriction enzymes to yield pCS2+MT-MS2HB-ADAR1 (Figure 1). The

domain was amplified by PCR from cDNA of human intestine using forward and reverse

primers harboring the appropriate restriction sites. The primers were designed using the

Primer3 online software. ADARL1 expresses well in small intestine, testes, thymus, and

uterus (Figure 2). The in-frame and domain structure were confirmed using the EXPASY

bioinformatics resource portal and NCBI BLAST search.

)
o
€ &
N (“d@ org
< &
A. pCS2+MT- B. pCS2+ Guide C. pcDNA3.1-
ADAR1 RNA-MS2 RNA mt
6670 bp 4529 bp 6160 bp

Figure 1. Plasmid constructs used in the study

M1 2 3 4 5 6 7 8 M

(Amber. TAG)

Figure 2. Expression of the human ADAR1 deaminase domain (~1200 bp) in different
tissues. 1, bone marrow; 2, lung; 3, skeletal muscle; 4, small intestine; 5, spinal cord ;

6, testes; 7, thymus; 8, uterus; M, 100 bp marker.
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pCS2+MT-MS2HB-ADAR1 nucleotide sequence

6x Myc Tag, ATGGAGCAAAAGCTCATTTCTGAAGAGGACTTGAAT; italics after Ncol, MS2;
underlined italics, HB; bold underlined, linker between MS2HB and ADAR1; after the
linker sequence, ADAR1 deaminase domain.

The restriction enzymes used to prepare the construct were Ncol (CCATGG), Xhol
(CTCGAG), and Xbal (TCTAGA). Start and stop codons are highlighted

GGACTTGAATGAAATGGAGCAAAAGCTCATTTCTGAAGAGGACTTGAATGAAATGGAGAGCT
TGGGCGACCTCACCATGGCTGCAGGAATTGATCCGCGGCCGCGCATGGCTTCTAACTTTACTC
AGTTCGTTCTCGTCGACAATGGCGGAACTGGCGACGTGACTGTCGCCCCAAGCAACTTCGCTA
ACGGGGTCGCTGAATGGATCAGCTCTAACTCGCGTTCACAGGCTTACAAAGTAACCTGTAGCG
TTCGTCAGAGCTCTGCGCAGAAGCGCAAATACACCATCAAAGTCGAGGTGCCTAAAGTGGCAA
CCCAGACTGTTGGTGGTGTAGAGCTTCCTGTAGCCGCATGGCGTTCGTACTTAAATATGGAAC
TAACCATTCCAATTTTCGCTACGAATTCCGACTGCGAGCTTATTGTTAAGGCAATGCAAGGTCT
CCTAAAAGATGGAAACCCGATTCCCTCAGCAATCGCAGCAAACTCCGGCCTCTACGGCGCAAT
GGCTTCTAACTTTACTCAGTTCGTTCTCGTCGACAATGGCGGAACTGGCGACGTGACTGTCGCC
CCAAGCAACTTCGCTAACGGGGTCGCTGAATGGATCAGCTCTAACTCGCGTTCACAGGCTTAC
AAAGTAACCTGTAGCGTTCGTCAGAGCTCTGCGCAGAAGCGCAAATACACCATCAAAGTCGAG
GTACCTAAAGTGGCAACCCAGACTGTTGGTGGTGTAGAGCTTCCTGTAGCCGCATGGCGTTCG
TACTTAAATATGGAACTAACCATTCCAATTTTCGCCACGAATTCCGACTGCGAGCTTATTGTTAA
GGCAATGCAAGGTCTCCTAAAAGATGGAAACCCGATTCCCTCAGCAATCGCAGCAAACTCCTT
AATTAACCATCATCACCACCATCATGACTACGATATACCCACAACCGCCAGCGAGAATCTGTAC
TTTCAAGGAGAGTTAGGGATGAGGGGTTCAGCTGGAAAGGCCGGTGAAGGTGAAATCCCTGC
CCCTCTTGCTGGTACCGTTTCTAAGATACTGGTAAAAGAAGGTGACACTGTTAAAGCTGGTCA
AACAGTTCTGGTGCTGGAGGCTATGAAAATGGAGACAGAAATTAACGCTCCTACTGACGGAA
AAGTTGAAAAGGTGTTAGTTAAGGAAAGAGATGCTGTTCAAGGTGGTCAAGGTCTAATCAAG
ATCGGCGTTCATCATCACCACCATCATCTCGAGGAACGCATGGGTTTCACAGAGCTCCCTCTC
ACTGGCAGCACCTTCCATGACCAGATAGCCATGCTGAGCCACCGGTGCTTCAACACTCTGACT
AACAGCTTCCAGCCCTCCTTGCTCGGCCGCAAGATTCTGGCCGCCATCATTATGAAAAAAGACT
CTGAGGACATGGGTGTCGTCGTCAGCTTGGGAACAGGGAATCGCTGTGTGAAAGGAGATTCT
CTCAGCCTAAAAGGAGAAACTGTCAATGACTGCCATGCAGAAATAATCTCCCGGAGAGGCTTC
ATCAGGTTTCTCTACAGTGAGTTAATGAAATACAACTCCCAGACTGCGAAGGATAGTATATTT
GAACCTGCTAAGGGAGGAGAAAAGCTCCAAATAAAAAAGACTGTGTCATTCCATCTGTATATC
AGCACTGCTCCGTGTGGAGATGGCGCCCTCTTTGACAAGTCCTGCAGCGACCGTGCTATGGAA
AGCACAGAATCCCGCCACTACCCTGTCTTCGAGAATCCCAAACAAGGAAAGCTCCGCACCAAG
GTGGAGAACGGAGAAGGCACAATCCCTGTGGAATCCAGTGACATTGTGCCTACGTGGGATGG
CATTCGGCTCGGGGAGAGACTCCGTACCATGTCCTGTAGTGACAAAATCCTACGCTGGAACGT
GCTGGGCCTGCAAGGGGCACTGTTGACCCACTTCCTGCAGCCCATTTATCTCAAATCTGTCACA
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TTGGGTTACCTTTTCAGCCAAGGGCATCTGACCCGTGCTATTTGCTGTCGTGTGACAAGAGAT
GGGAGTGCATTTGAGGATGGACTACGACATCCCTTTATTGTCAACCACCCCAAGGTTGGCAGA
GTCAGCATATATGATTCCAAAAGGCAATCCGGGAAGACTAAGGAGACAAGCGTCAACTGGTG
TCTGGCTGATGGCTATGACCTGGAGATCCTGGACGGTACCAGAGGCACTGTGGATGGGCCAC
GGAATGAATTGTCCCGGGTCTCCAAAAAGAACATTTTTCTTCTATTTAAGAAGCTCTGCTCCTT
CCGTTACCGCAGGGATCTACTGAGACTCTCCTATGGTGAGGCCAAGAAAGCTGCCCGTGACTA
CGAGACGGCCAAGAACTACTTCAAAAAAGGCCTGAAGGATATGGGCTATGGGAACTGGATTA
GCAAACCCCAGGAGGAAAAGAACTTTTATCTCTGCCCAGTATAGTATGCTCCAGTCTAGA

2.2.2 Guiding ADARL to a specific target

It is important to control and direct the RNA editing enzyme to a specific target. For
this purpose, | fused the MS2 protein upstream of the ADAR1 deaminase domain to
produce MS2-ADAR1 chimeric protein from the same vector under the control of the
CMV-IE 94 promoter. MS2-RNA expressed by another vector contained the upstream
guide RNA. This MS2 RNA binds the MS2 protein and recruits the deaminase protein to
the specific target. The optimum 21 bp guide RNA sequence complementary to the
targeting sequence was inserted upstream (pCS2+-Guide-MS2 RNA) of the MS2 RNA
(Figure 1. B) sequence by PCR using a proofreading polymerase (Pfu). The guide RNA
sequence was 21 bp long with two mismatches: an A-to-C mismatch to facilitate
deamination and an A-to-G mismatch to avoid off-target editing. As a target, | used
mutated EGFP (X58, TAG) in pcDNA3-EGFP. Restriction enzymes EcoR1 and Xhol were
used for cloning. The resultant clones were confirmed by sequencing (Applied

Biosystems 3130xI Genetic Analyzer, USA).
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pCS2+-Guide-MS2 RNA: Guide RNA 21 base pair and MS2RNA 6x were inserted
into pCS2+ vector (addgene)

Bold underlined text, EcoR1 and Xho1 restriction enzyme sites; bold italic underlined
text, MS2RNA 6x; highlighted text, 21 base pair guide sequence.

CGCCATTCTGCCTGGGGACGTCGGAGCAAGCTTGATTTAGGTGACACTATA
GAATACAAGCTACTTGTTCTTTTTGCAGGATCCCATCGATTCGAATTCGAGG
GGGGGCCAGGGCACGGGGAATGGCCATGGGACGTCGACCTGAGGTAATT
ATAACCCGGGCCCTATATATGGATCCTAAGGTACCTAATTGCCTAGAAAAC
ATGAGGATCACCCATGTCTGCAGGTCGACTCTAGAAAACATGAGGATCACCC
ATGTCTGCAGTATTCCCGGGTTCATTAGATCCTAAGGTACCTAATTGCCTAGA
AAACATGAGGATCACCCATGTCTGCAGGTCGACTCTAGAAAACATGAGGATC
ACCCATGTCTGCAGTATTCCCGGGTTCATTAGATCCTAAGGTACCTAATTGCC
TAGAAAACATGAGGATCACCCATGTCTGCAGGTCGACTCCAGAAAACATGAG
GATCACCCATGTCTGCAGTATTCCCGGGTTCATTAGATCTGCGCGCGATCG
ATATCAGCGCTTTAAATTTGCGCTCGAGCCTCTAGAACTATAGTGAGTCG
TATTACGTAGAT

2.2.3. Construction of target and reporter substrate

In this study, mutated EGFP was used as a target of the system. Mutations were
introduced at the 58" amino acid (TGG to TAG or TAA, encoding amber or ochre stop
codons, respectively) (Figure 1 C) using a site-directed mutagenesis kit. The primers used
for this purpose were designed with PrimerX, an online utility for automated design of
mutagenic primers: amber forward, AAGCTGCCCGTGCCCTAGCCCACCCTCGT;
amber reverse, ACGAGGGTGGGCTAGGGCACGGGCAGCTT; ochre forward,
AAGCTGCCCGTGCCCTGGCCCACCCTCGT; ochre reverse,
ACGAGGGTGGGCCAGGGCACGGGCAGCTT. The presence of the stop codon at the

58" amino acid position completely abolished EGFP fluorescence.
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2.2.4 Cell culture and transfection

About 3 x 10° cells/well were seeded in 12-well culture plates (Costar, Corning,
USA), grown for 24 h to 50-70% confluence, and then subjected to transfection. Cell
culture medium was D-MEM with high glucose (WAKO) supplemented with 10% fetal
bovine serum (Invitrogen). Lipofectamine 3000 (Invitrogen) was used for transfections.
2.2.5 Cell observation

Cells were observed on a JuLi Smart fluorescence cell imager microscope (Figure
4) and a Keyence Biozero-800 fluorescence microscope under standard conditions during
observation.

2.2.6 RNA extraction and cDNA synthesis

RNA was extracted from the cells using the Trizol reagent (Invitrogen). Briefly,
culture medium was aspirated, and 500 pl of Trizol reagent was added to each well. Cells
were lysed directly in the culture dish by pipetting up and down several times, and the
lysate was transferred to 1.5 ml tubes. Chloroform (100 ul) was added, and the sample
was shaken vigorously by hand for 15 s. After incubation for 2—3 min at room temperature,
the sample was centrifuged at 12,000 x g for 15 min at 4°C. The aqueous supernatant was
transferred to a new tube and mixed by inversion with 250 pl of 100% isopropanol. To
accelerate precipitation of RNA, the mixture was incubated at room temperature for 10
min, and then centrifuged at 12,000 x g for 10 min at 4°C. The supernatant was removed,
and the RNA pellet was washed with 0.5 ml of 75% ethanol, followed by centrifugation
(7500 x g for 5 min at 4°C). The supernatant was discarded, and the RNA pellet was
allowed to air dry for 5-10 min. The pellet was suspended in RNase-free water. After

DNase treatment, an equal amount of RNA was used for cDNA synthesis using a gene-
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specific primer for EGFP and the Superscript 111 cDNA synthesis kit (Invitrogen). Every
experiment was performed at least three times, yielding similar results.

2.2.7 Confirmation of restoration

PCR products were digested with a restriction enzyme that differentiated between
the edited and unedited DNA sequences. PCR was performed using Go Taq polymerase
(Promega). Thermal cycling conditions were as follows: 35 cycles of denaturation at 96°C
for 2 min, annealing at 60°C for 0.5 min, and extension at 72°C for 0.5 min (GeneAmp
PCR system 9700, Applied Biosystems, USA). The PCR products were ethanol-
precipitated and run on an agarose gel. PCR bands of ~324 bp were cut out and purified
using the Qiagen Gel Extraction kit. DNA was quantitated using an ND-1000
spectrophotometer. Equal amounts of DNA were incubated 37°C for 3 h with Haelll
restriction enzyme, which digested the 324 bp PCR product into two fragments of 228
and 96 bp. In the mutated allele of EGFP, Haelll did not digest (5°...TAGCC...3’) due
to the presence of the mutated TAG codon at the 58" amino acid in place of the wild-type
TGG (5°...TGGCC...3’) codon. The digested DNA was run in 6% polyacrylamide gel,
stained with SYBR green (Lonza), and imaged on a LAS-3000 Imager (Fujifilm) (Figure

5).
2.2.8 Bulk sequencing of PCR products for editing observation

Direct sequencing of PCR-amplified products was performed on an Applied
Biosystems 3130xl Genetic Analyzer (Applied Biosystems, USA). PCR-amplified
products were run on 6% polyacrylamide gels, and then stained with DNA gel stain
solution. The bands were cut out, frozen, and homogenized by crushing. About 10 pl of

0.1x TE was added, and the sample was vortexed well.
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Editing % =2.7 [ Editing%=4.2 | [ Editing%=102 | | Editing % = 53.2 |

EGFP /mutated
EGFP%

2.5/97.5 5.0/95.0 10.0/90.0 50.0/50.0

Editing % 2.7 42 10.2 53.2

Figure 3. Optimization of sequencing output for the determination of editing efficiency.
Optimizing the sequencing experiment. Mutated and wild type EGFP was mixed together
and sequenced. Calculative editing percentage approximate to the ratio of plasmid mix.

After centrifugation at 14,000 rpm for 15 min, 2 pl of supernatant was subjected to a
sequencing reaction using a reverse primer for EGFP. Raw sequence data were analyzed
with the Seq Scanner 2 software (Applied Biosystems). When the edited and unedited
products were present together, a dual peak C (edited) and T (unedited) was observed at
the target site. Peak height was measured using the ImageJ software. Editing was
quantified based on maximum peak height ratio of the edited and unedited products
(100% x [C height/ (T height + C height)]).*> ** However, for validation by Sanger
sequencing, plasmids containing antisense CCA (edited) and CTA (unedited) were mixed
in various ratios (2.5%, 5%, 10%, 20%, and 50%) to observe the correlation of peak
height with the concentration ratio (Figure 3). In most of the above mentioned treatments,
| found that the difference between the calculated and experimental editing results was
>10% (Figure 3).
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2.2.9 Western blot analysis for detection of full-length functional protein

Western blotting to detect full-length functional EGFP and MS2-ADAR1 chimeric
protein was performed as previously described® with GFP polyclonal antibody
(GTX113617) and the Myc-tag (Cell Signaling), respectively, at a 1:5000 dilution.
Cultured HEK-293 cells were washed twice with ice-cold PBS, and total protein was
extracted with RIPA cell lysis buffer containing 1x proteinase inhibitor cocktail (Nacalai
Tesque). Protein concentration was measured by Bradford assay. Equal amounts (30 ug)
of whole protein extract were subjected to 12% SDS-PAGE at 100 V for 1.5 h. For the
positive control, the EGFP sample was 30-fold more dilute than the other samples.
Precision Plus Protein Dual-Color standards (Bio-Rad) were used as protein markers.
Secondary antibody was used at 1:2500 dilution. Amersham ECL western blotting
detection reagent (GE Healthcare) was used to develop the blots, and images (Figure 6 A

and B) were acquired on an LAS-3000 Imager (Fujifilm).

2.3 Results
2.3.1 RNA restoration using an artificial enzyme system

To develop a genetic restoration tool for therapeutic use, | sought to restore
expression of a mutated EGFP in the human cell line HEK-293. The EGFP allele used for
this study harbored a mutation in the 58" amino acid of EGFP (TGG, encoding Trp) to a
TAG stop codon, and consequently does not encode a protein that generates a fluorescent
signal (Figure 4 c—d). When all three factors were provided of the system (amber-mutated
EGFP, ADARL, and guide RNA) to HEK-293 cells, fluorescence was detected, indicating
that the TAG stop codon had been converted to a TGG (Trp) codon (Figure 4 i—j). The

fluorescence signals were those of cell cytoplasmic EGFP, because the engineered
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deaminase domain is expressed in and localized to the cytoplasm. However, when only
two of the factors were provided, no detectable fluorescence was observed (Figure 4 e—
h). When all three factors were present, the fluorescence signal was comparable to that of

the EGFP positive control (Figure 4 K-1).

2.3.2 Confirmation of restoration

ADART| + . . + + EGFP
Amber . + + + + positive
Guide control

Figure 4. Cell imaging using a JuLi Smart fluorescence cell imager microscope after
transfection with different factors. Three different factors are indicated above the figures.
“+” indicates the presence of factors and “-” indicates the absence of factors during
transfection. The upper row of images are bright-field images and the lower row of
images are fluorescence images. Scale bar is 250 um. Every experiment was performed
at least three times with similar results.

Target specificity is an important consideration in the context of genetic restoration.
The goal was to convert the amber (TAG) stop codon of EGFP to a TGG (Trp) codon in
HEK-293 cells. To test specificity at the sequence level, | performed RT-PCR followed
by RFLP analysis of EGFP using the Haelll restriction enzyme, which only digests the
5°...TGGCC...3” sequence. | performed restriction enzyme digestion of RT-PCR-
amplified products from experimental and control cells to confirm the specificity of the

system for the target. Only converted EGFP should be cut by Haelll (Figure 5, lane 3,
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positive control) into two bands of 228 and 96 bp, whereas the amber-mutated EGFP
sequence (5°...TAGCC...3’) should not be cut. When all three factors of the system were

EGFP cut by Hae Il

¥
CCCTGGCCCAC
GGGACC‘GGGTG

G
C

T
A
5

sebp W gy

Figure 5. Restriction fragment length polymorphism (RFLP) analysis of amber
conversion to EGFP. Purified PCR products (324 bp) were cut with Hae III restriction
enzyme, which should result in restriction fragments of 228 bp and 96 bp. Lane 1, MS2-
ADAR1+Amber +Guide; lane 2, 100 bp marker; lane 3, EGFP; Lane 4, Amber + Guide;
lane 5, MS2-ADAR1 + Amber.

present (Figure 5, lane 1, experimental), we observed the 228 and 96 bp bands, reflecting
conversion of the amber (TAG) stop codon to the read-through (TGG) codon. In lanes 4
and 5, no Haelll-digested bands were observed, confirming that neither guide RNA nor

ADAR1 alone can perform the G-to-A conversion.
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2.3.3 Determination of RNA editing efficiency

| calculated the editing efficiency at the RNA level by direct Sanger sequencing of
PCR-amplified products. To optimize the sequencing assay, | mixed various
concentrations of mutated and wild-type EGFP. The proportion of mixing and analytical

value were found approximately similar to each other (Figure 3).

ool

Sequence A. Wild type EGFP
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W ‘ A ‘ Ui

Sequence B. Control, two factors, without Guide RNA
fq Target site
\ b
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Sequence C. Three factors, experimental

Figure 6. Antisense sequencing result of the targeted EGFP.
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To quantify RNA editing, the samples from Figure 4 gl were sequenced using reverse
primers. Dual peaks from unedited and edited RNAs were only detected when all three
factors were applied to the cells (Figure 6 C). The editing efficiency of the system was
approximately 5% at the RNA level, and we observed no off-target changes within the
region complementary to the guide RNA or adjacent adenosine nucleotides (Figure 6 C).

2.3.4 Western blot analysis for detection of full-length functional protein

To determine whether the fluorescence signal was derived from full-length EGFP or
another source (i.e., to determine whether the system is capable of producing full-length
functional protein), | performed western blot analysis using polyclonal GFP antibody.
When all three factors were transfected, | could detect full-length GFP of 29 KDa (Figure
7 A, lane 1). No EGFP band was present when only the mutated EGFP and guide RNA
(Figure 7 A, lane 3), mutated EGFP alone, or ADARL1 alone (Figure 7 A, lanes 4 and 5)
was present. However, a weak signal was detected when ADAR1 was provided along

with the amber mutant allele of EGFP (Figure 7 A, lane 2).
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Figure 7. A. The genetically engineered MS2-ADAR1 enzyme system can convert a stop
codon TAG to TGG and produce a full length functional protein. All lanes contained the
same amount of protein except for lane EGFP +ve control containing 29 KDa EGFP,
which was diluted 30-fold more than the materials in the other lanes and used as
positive control. A protein of 20 KDa was observed as a background signal in all samples
even without amber (lane 5). All experiments were performed at least three times with
similar result. B. Western blot detection of an approximately 93 KDa Myc-tag MS2HB-
ADAR1 protein from pCS2+MT- MS2HB-ADARL1 transfected HEK 293 cells.
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2.3.5 Restoration of double mutation ochre stop codon

In the experiments described above, we confirmed that the enzyme system could
recode an amber (TAG) stop codon to TGG in EGFP. We next sought to determine
whether we could recode another stop codon, ochre (TAA). Because of the double A-to-
G corrections for the ochre codon, it is more difficult to restore it than the amber codon.
According to the fluorescence images, wild-type EGFP generated a high level of
fluorescence (Figure 8 k—I), whereas the allele harboring the ochre (TAA) stop codon did
not. ADARL1 and guide RNA alone had no effect on the stop codon, and consequently
yielded no fluorescence (Figure 8 a—b and c—d). However, upon addition of the guide
RNA along with ADARL, the TAA codon was restored to TGG, as demonstrated by the
fluorescence signal (Figure 8 i—j). Further confirmation was provided by PCR followed
by RFLP analysis. Based on the fluorescence and PCR-RFLP results, we conclude that

the TAA codon was restored to TGG.

ADAR1 + - - + + EGFP positive control

Ochre - + + + +

Guide - +
RNA

Figure 8. Cell imaging using a JuLi Smart fluorescence cell imager microscope after
transfection with different factors. Three different factors are indicated above the figures.
“+” indicates the presence of factors and “—* indicates the absence of factors during
transfection. The upper row of images are bright-field images and the lower row of
images are fluorescence images. Scale bar is 500 um.
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2.3.6 Detection of cytosolic localization of the enzyme system

From Confocal microscopy image (Figure 9) it is found that the artificial enzyme

system is localized in the cell cytoplasm and convert mutated EGFP to wild type

fluorescence.

Figure 9. Confocal microscopy (The Olympus FLUOVIEW FV1000 confocal laser
scanning microscope images). Row A. with two factors, row B. EGFP
fluorescence signal from cell cytoplasm when three factors applied. Left column

bright and right column fluorescence image.
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2.4 Discussion

In this study, | investigated whether the deaminase domain of ADAR1 would be
functional in a biological approach to A-to- RNA editing. | also sought to determine
whether the MS2 system is compatible with designing an RNA editing enzyme model.
The experimental data suggest that only the deaminase domain of ADAR1, lacking the
double-stranded RNA-binding domain (dsRBD), can be made competent for RNA editing
by adding an artificial guide RNA. Because the deaminase domain of ADARL is devoid
of a nuclear localization signal (NLS) and a nuclear export signal (NES)**', the
engineered enzyme system is localized to the cytoplasm and easily trapped by the targeted
mRNA in the cell cytoplasm. Moreover, the guide RNA which is a component of the
artificial enzyme and EGFP mRNAs which are substrates of the artificial enzyme should
be present in the cytosol (Figure 9). The use of only the deaminase domain decreases the
packaging and gene delivery load for adenovirus or other systems that might be used to

target this system to specific tissues.

Previous work showed that ADAR2 without the dsRBDs is functional and can
perform A-to-I conversion to achieve RNA editing in vitro and in vivo.®” The authors of
that study used the lambda N system to control the site-specificity of their RNA editing
enzyme. In this study, | used the MS2 system instead of lambda N; the former is more
frequently used in RNA studies.** When guide RNA is chemically attached to the
deaminase domain of ADAR1 and ADAR?2, the enzymes exhibit deaminase activity in
vitro, in cell culture, and in annelids.® Natural cis-acting R/G-site was designed to
trans-acting guide RNA for wild-type ADAR2 including dsRBDs. In this case, the
deaminase domain was located 3" of the R/G-site.® In the case of a guide RNA with the

ADARL1 deaminase domain alone, the protein was also positioned at the 3" end of the
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guide apparatus. In HEK-293 cells, we were able to convert a TAG and TAA stop codon
to a TGG (Trp) read-through codon. Conversion was detected by fluorescence
microscopy (Figure 3). Further confirmation of conversion of the amber mutation was
provided by RT-PCR followed by RFLP analysis (Figure 5). For this purpose, | used the
Haelll restriction enzyme, which only digested the converted (or wild-type) EGFP
(5’...TGGCC...3’). This RFLP assay confirmed the specificity of the editing enzyme

system, as well as the editing location.

In addition, | performed Sanger sequencing of the PCR-amplified EGFP products
to observe the peak height at the targeted adenosine position. Quantification of editing at
the RNA level is performed by antisense sequencing, as it provides a more accurate peak
height ratio.*® In antisense sequencing of the PCR products, | observed a dual peak only
at the target site. By contrast, in the adenosine adjacent to the target, | did not observe any
off-target editing (Figure 6C), confirming the specificity of the engineered system. The
use of an A-to-G mismatch during guide RNA design helps to avoid off-target editing
(Figure 9).%°

ADART1 MS2 protein

_ Target RNA < MS2 RNA

STTTTTTTTT

Guide RNA

Figure 9. Experimental assembly of engineered ADARL (red), MS2 protein (green), and
MS2 RNA (yellow) connected to the guide RNA. In the target RNA, the targeted
adenosine (red) will be converted to inosine, which will be read as guanosine during
translation. The targeted adenosine mismatches with cytosine and is flipped out,
resulting in easy deamination.

Page | 54



Doctoral Dissertation Md Thoufic Anam Azad

| also conducted western blot analysis to detect functional EGFP, in order to
determine whether the system was capable of producing full-length protein. When all
three components of the system were introduced to HEK-293 cells and incubated for 48
h, mutated EGFP was converted to EGFP. By contrast, no EGFP signals were detected
when only mutated EGFP or mutated EGFP and guide RNA (but no enzyme) were
provided, indicating that other cellular factors were not involved in editing. However,
when the cells were treated with ADAR1 and the amber-mutated allele of EGFP, |
observed a weak EGFP signal. This effect could be attributed to the effects of complex
secondary structure in the EGFP mRNA, or to inappropriate proportions of enzyme and
substrate inside the cells. In the future, it will be necessary to perform further tuning of
the system in terms of guide RNA, rotational opportunity of MS2 system with the enzyme,
and the relative proportions of the factors. Previous work showed that proper
concentrations of enzyme and reporter substrate can eliminate minor autoediting.*

Efficiency is a critical consideration in biological RNA editing. Several
opportunities exist to tune the efficiency of the system reported here. Altering the length
and multiplicity of the guide or increasing the MS2 RNA loop from 6x to 12x may make
the system more effective and efficient. In addition, optimization of the binding between
guide and target could increase the efficiency of RNA editing by this system.
Standardization of the concentrations of different factors is also important for achieving

the desired output.

In conclusion, ADARL1 can be used for RNA editing with the MS2 system. Our
guide RNA is very simple, and | am confident that this type of guide RNA design, in

conjunction with the MS2 system, will be applicable to specific targeting of a variety of
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other active enzymes. This system could be used to restore point-mutated RNA in patients

with various diseases, thereby mitigating disease symptoms.
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Chapter |11
Comparative activity of adenosine deaminase acting on RNA (ADARsS)

isoforms for correction of genetic code in gene therapy
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3.1 Introduction

Genetic manipulation mainly encompasses gene knockout and knockdown!? but
recently codon level genetic manipulation has been drawing much attention for its
application in therapeutic approach. Most of these approaches are focused on DNA level
but theoretically, manipulation can be performed at any stage up to translation.>* RNA
editing belongs to the post-transcriptional modification resulting in some distinct changes
to targeted nucleotide sequences within the RNA molecule. This may include insertion,
deletion* or substitution of nucleotides.>® There are several types of RNA editing such as
A-to-1, C-to-U, U-to-C and so on. A-to-1 RNA editing is the most important and widely
observed type of RNA editing in higher eukaryotes’® caused by ADARs. ADARs have
three types; ADAR1, ADAR2, and ADARS3 are classified depending on their period of
discovery. ADAR1 and ADAR2 are widely expressed in almost all tissues,®° and
functional ! whereas ADAR3 expresses mainly in the brain.!>? ADAR3 cannot deaminate
any targeted adenosine.'®12121415 Natural ADAR enzymes consist of two components;
the first one is responsible for recognition of the substrate, which includes the ds RNA
binding domains, while the other is the functional deaminase domain that has the
adenosine modifying activity.!® Adenosine deaminases mainly deaminate the adenosines

within dsRNAs, however, dSRNA substrate are also measles virus genomes become
Page | 64



Doctoral Dissertation Md Thoufic Anam Azad

hypermutated'® as well as the hepatitis delta virus antigenome in the host cell containing
a stop codon turn on to read through codon coding as tryptophan?’ due to the deaminase
activity of adenosines.

Site-directed RNA editing has a great impact on tuning protein function as it can edit
12 out of 20 amino acids.!* Not only stop codons but also splice sites and splice
modulating elements can be altered by RNA editing.!® RNA editing also has a potential
therapeutic prospect. ADAR2-DD are organized by a wide variety of technologies to
make the system more target specific.®4?0 In previous studies, it has been reported that
full-length ADAR1 and ADAR?2 have several isoforms with varying activity.?1:?? Side by
side, only the deaminase domains of the ADARs have also been reported as
functional .1®2%2* Therefore, | choose ADAR1-DD and ADAR2-DD isoforms for their
comparative deaminase activity. Several mutations have been corrected by in vitro trial
and even in in vivo studies. CFTR mutated gene was corrected in Xenopus oocytes by
lambda N system.® Parkinson's disease-related cause PINK1/Parkin-mediated mitophagy
is also corrected in the cell line.2% In our previous study, we used a chemical modification
approach for RNA editing.?>?® Recently, | modified the deaminase domain of ADAR1
with the MS2 system for correction of amber (TAG) and ochre (TAA) stop codons to

readable codons.?” The MS2 system is widely used in molecular biology?® for tagging
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GFP and in the study of RNA and protein localization?® in vivo. However, in most of the
previous studies, either the ADAR1 or ADAR2 was used but the aim of this work to
compare the deaminase activity of only the deaminase domain of these two isoforms. The
use of only the DD will probably result in the study is more accurate and conclusive as
the deaminase domains of ADARs are more conserved than other parts. Comparatively,
the deaminase activity is also affected by the dsRBD. Use of the DD only as a functional
unit for genetic restoration will make deaminase compatible for gene delivery in future.
3.2 Materials and Methods
3.2.1 Preparation of the plasmid construct

Preparation of the amber stop codon (TAG) containing plasmid was done by the site-
directed mutagenesis in the pcDNA-EGFP (Addgene) having the TGG codon at the 189
nt (nucleotide) position. The mutagenesis was done in the TGG to convert it into the TAG
(Amber stop codon). The process of site-directed mutagenesis was done using the Quick
Change 11 Site-Directed Mutagenesis Kit (Agilent Technologies, Catalog No. 200523).
Along with the kit, forward and reverse primer were also necessary. Forward primer:
AAGCTGCCCGTGCCCTAGCCCACCCTCGT, Reverse primer:

ACGAGGGTGGGCTAGGGCACGGGCAGCTT.
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3.2.2 Construction of ADARs-DD and guide RNA plasmid

MS2 protein was inserted into pCS2+MT vector plasmid (Addgene) within Ncol-

Xhol restriction site. Then, hAADARs (Human ADARs-DD) were inserted into the same

vector at the Xhol-Xbal restriction site to form fusion protein MS2-DD. The plasmid was

extracted from the transformed DH5« (Takara) using the QIAGEN spin prep Kit.

Restriction digestion of the extracted plasmid DNA was done by using corresponding

restriction enzymes. For confirmation of restriction digestion, the inserted portion in the

plasmid was sequenced using the Applied Biosystem genetic analyzer (3130xI Sequence

Analyzer). However, in the case of ADAR2 long-DD, the whole plasmid was sequenced

using the 3130xI Sequence analyzer (primer list and sequence given in the supportive

information). For the preparation of the guide RNA, 21 nucleotides complementary to the

target site was inserted either upstream or downstream of MS2-RNA, with either forward

or reverse primer (pCS2+Guide-MS2-RNA-Guide). Then cloned products were

transformed into DH5c and extraction of the plasmid DNA was done using the QIAGEN

spin prep kit and the confirmation of the length was done by performing Gel

electrophoresis and the final confirmation was done by the sequence of the bases using

the 3130xI Sequence analyzer.
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3.2.3 Determination of binding efficiency of MS protein and MS2 RNA

pCS2+-Guide-MS2RNA was linearized by restriction digestion with Xhol
(CTCGAG) (Takara). Sp6 promoter (ATTTAGGTGACACTATAGAA) located just
upstream of our target was used as a promoter for RNA synthesis. Briefly, restriction
digestion of pCS2-Guide-MS2RNA and pCS2-MS2RNA-Guide plasmid by Xhol
(Takara) then ethanol precipitation was done to purify the samples. The reaction mixture
for RNA synthesis by MEGAscript SP6 was as follows- 20 pl reaction as manufacturer
recommendation and incubation at 37°C for 5-6 hours followed by DNase (Promega)
treatment. MS2 RNA purification by Phenol-chloroform and MS2 RNA quantification
by ND-1000 spectrophotometer. An ssRNA band of Approximately 550 bp was checked
by denaturing polyacrylamide gel electrophoresis. MS2 protein preparation from
pCS2+MT-MS2HB-ADAR1-DD. MS2 protein and MS2RNA binding efficiency was
determination by Biacore ™ X100.
3.2.4 Cell culture transfection with Lipofectamine 3000

HEK (Human Embryonic Kidney) 293 cells was cultured in 24 well plates (Costar,
Corning, USA) for up to 80-100% confluency by using D-MEM (Dulbecco's Modified
Eagle's medium, WAKO) with high glucose supplemented with 10% fetal bovine serum

(Invitrogen) and was kept inside the incubator at 37°C and 5% CO: for 24 hours.
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Transfection was done in cultured HEK 293 cell line by using the Lipofectamine 3000
(Invitrogen), following instruction of manufacturer. Approximately 2X10° cells/well
counted by hemocytometer was cultured in the 24 well plate. After 24 hours of incubation,
the cells were observed under a microscope for transfection. The confluency of the cell
was about 70%-80%. All the three factors were transfected (ADAR1+Amber+Guide
RNA) using OptiMEM (Gibco) and Lipofectamine 3000 (Invitrogen), according to the
protocol of the manufacturer. After 6 hours of transfection and incubation, the medium
was changed to growth medium D-MEM with high glucose (WAKO) supplemented with
10% fetal bovine serum (Invitrogen) for maximization of the growth of the cells. Again
kept in the incubator for incubation. Following 24 hours of incubation from the
transfection, images were taken using the JuLi Smart fluorescence cell imager microscope
and keyance biozero 800 fluorescence microscope.
3.2.5 Cellular observation for GFP expression

For evaluating GFP expression JuLi Smart fluorescence cell imager microscope, the
Keyance Biozero 800 fluorescence microscope were used under optimized conditions

during the observation.
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3.2.6 RNA extraction and cDNA synthesis

RNA from the cells was extracted by Trizol (Invitrogen). Briefly, after aspirating the

growth media cells were washed gently with ice-cold PBS. For 24 well plates, about 200

pl Trizol reagent (Invitrogen) was added. After mixing properly, the solution was taken

to 1.5 ml tube and about 50 pl chloroform was added and mixed gently by inverting 4-5

times. After centrifugation at 12,000 rpm for 10 minutes, the clear supernatant was

transferred to new tubes containing 100 pl 100% isopropanol. Again, after centrifugation

at 12,000 rpm for 10 minutes, the supernatant was discarded. About 300 pl of 70% ethanol

was added and centrifuged for 10 minutes at the same speed. The supernatant was then

carefully discarded and the tubes allowed to air dry for 5 minutes. The samples were

treated with DNase (Promega, USA) according to manufacturer’s instructions. Total

RNA concentration was measured by ND-1000 spectrophotometer and an equal amount

of RNA was used for cDNA synthesis by Superscript |11 (Life Technologies), according

to manufacturer’s instruction, by the gene-specific primer of EGFP.
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3.2.7 Western blot analysis for detection of full-length functional protein and

ADARs-DD deaminase efficiency

Experimental cells were cultured in 24 well plate. For western blot analysis of the

targeted EGFP, the specific polyclonal GFP antibody (GTX113617) was used at a 1:5000

dilution. The media was aspirated and the well containing cells were washed gently with

ice-cold PBS. After that, the cells were scraped by cell scraper and was taken in

corresponding tubes. Cell wells were washed again and transferred to their corresponding

tubes as well. Total protein was extracted with RIPA cell lysis buffer containing 1X

proteinase inhibitor cocktail (Nacalai Tesque). Protein concentration was measured by

Bradford assay and an equal amount of protein was loaded to run in 12% SDS-PAGE at

100 V for 1.5 h. Precision Plus Protein Dual-Color standards (Bio-Rad) were used as

protein markers. The semi-dry transfer was conducted to P\VDF membrane for 30 minutes

at 100 volts. The secondary antibody was used at 1:2500 dilution. Amersham ECL

western blotting detection reagent (GE Healthcare) was used to develop the blots, and

images were acquired on a LAS-3000 Imager (Fujifilm).

3.2.8 Quantitative analysis of ADARs-DD deaminase efficiency
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Sequencing of the extracted plasmid was done by using the Big Dye Terminator
Cycle Sequencing Kit following the manufacturer's guideline. After the thermal cycle,
ethanol precipitation was done. The samples were then loaded into the 96 well plate after
mixing with HiDi formamide. The sequencing was done using the 3130 Sequence
Analyzer. Ultimately, the site-directed mutagenesis was confirmed by the sequencing.
Editing was quantified based on maximum peak height ratio of the edited and unedited
products (100% x [C height/ (T height + C height)]) according to the described
protocol 3931
3.2.9 Prediction of deaminase domain structures affected by Alu-cassette

Alu-cassette affecting the ADAR2 structures were analyzed by the I-
TASSER (lterative Threading Assembly Refinement)  bioinformatics  tools.33* |-
TASSER is the consistently top-ranked bioinformatics method according to CASP
(Critical Assessment of protein Structure Prediction).®>3 The nucleotide sequence was
first transcribed by Expassy translation tools then the amino acid sequence was submitted
to the I-TASSER tools. Depending on the sequence length, after 3-7 days the analyzed
data with different parameters were given in a link that contains different structural
models, tertiary structure ligand binding site etc. Based on these values the differences

that might affect functionality were determined.
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3.3 Results
3.3.1 Determination of binding efficiency of MS2 protein and MS2 RNA

MS2 system is a widely used system in molecular biology to study RNA localization
and preparation of chimeric proteins. In this system, | modified the ADARs-DD with an
MS2 protein associated with Myc and HB tag protein, therefore, I checked the binding
affinity of the modified MS2 system. The purposes of the tagged peptides were to confirm
full-length chimeric protein production and their purification (Figure 1 A and B). We
found considerable bonding response in Biacore ™ X100. The relative binding response
is raised in response to increased analytes (MS2-RNA-Guide RNA) concentration (Figure
1 D). Therefore, we can conclude that the modified system has a considerable binding

affinity and can be utilized in in vivo studies.
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Figure 1. A. Western blot analysis for detection of approximately 115 KDa Myc-taged MS2-
ADARL1 protein from pCS2+MT- MS2-ADAR1 transfected into HEK 293 cells. Only cell
lysates without transfection were used as a negative control. B. Western blot analysis for
detection of approximately 44 KDa Myc-taged MS2 protein from pCS2+MT-MS2
transfected HEK 293 cells. C. In vitro synthesis of Guide RNA analytes. M indicates the
ssRNA marker, lane 1 blank, lane 2 in vitro synthesized approximately 550 bp RNA in
denatured polyacrylamide gel D. Biacore ™ X100 result to analyse the binding affinity of
MS2 and MS2 RNA. Cycle 1-3 for start up and cycle 4-6 response for sample where in
cycle 1-3 response only from buffer were used, cycle 4-5 blank and cycle 6 indicates
binding response of MS2 and MS2 RNA.
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3.3.2 Fluorescence microscopic observation

| used the mutated EGFP (TAG) at the 58" amino acid as a reporter substrate to be
converted to tryptophan (TGG) by the artificial enzyme system. Desired A-to-I editing
produced a full-length fluorescence protein. | used the Keyance Biozero 800 fluorescence
microscope where fluorescence signals were found to be brighter than the JuLi smart
fluorescence microscopy (Figure 2). The other enzymes like ADAR2-long without Alu
SDM, ADAR2-long with Alu SDM, ADAR2-long without Alu-cassette showed
fluorescence signals (Figure 2). Roughly the intensity of fluorescence signal like
ADAR1> ADARZ2-long without Alu SDM> ADAR2-long with Alu SDM > ADAR2-
long without Alu (Figure 2). Therefore in summary, from the fluorescence examination,
we only found the deaminase activity of the ADAR2-long with Alu, ADAR2-long
without Alu, ADAR2 long with Alu SDM, ADAR2 long without Alu SDM, ADAR1 and

ADAR?2 with short C-terminal did not show any observable fluorescence.
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JulLi images

Figure 2. JuLi Smart fluorescence cell imager microscope and Keyence Biozero-800 fluorescence
microscope images. Colum A. no enzyme used, B. ADAR2-short C-terminal, C. ADAR2-long with

Alu, D. ADAR2-long without Alu, E. ADAR2-long with Alu SDM, F. ADAR2-long without alu SDM, G.

ADARL1, H. EGFP
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3.3.3 Western blot analysis to detect full-length functional EGFP protein

As we inserted an amber (TAG) stop codon in the substrate, we detected the
comparative functionality of different enzymes by western blot to determine whether this
system with all DD can convert mutated EGFP and produce full-length functional
proteins or not. To find the answer, | aimed to detect 29 kDa EGFP in all ADARs, even
in the case of ADAR2-short. In western blot analysis, almost all ADARs showed signals
(Figure 3). Inwestern blot, ADARL1 showed the strongest signal than any other ADARS.
In this case, ADAR2-short in C-terminal showed a very little signal but it was still higher

than the negative control (Figure 3).
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Figure 3. A. Western blot analysis to detect comparative efficiency of ADARs
isoforms. lane 1. ADAR2- short ¢ terminal; lane 2. ADAR2-long with Alu cassette;
lane 3. ADAR2-long without Alu cassette; lane 4. ADAR2-long with Alu cassette
SDM; lane 5. ADAR2-long without Alu cassette SDM; lane 6. ADAR1; lane 7.
negative control without any enzyme. In all lanes (1-6), 29 kDa EGFP was present in
almost all ADAR isoforms B. Comparative efficiency of ADAR isoforms. Western blot

and densitometry analysis.
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3.3.4 Quantitative analysis of ADARs-DD deaminase efficiency

To find out the specificity of the adenosine editing, | sequenced the targeted EGFP

mRNA. In the antisense sequencing result, | found that the targeted adenosine was

deaminated which was observed as dual C/T peak height in the targeted adenosine. C

peak heights were observable in the case of ADAR1 and ADAR2 long without Alu-

cassette (Figure 4). In another case the C peak signals were undetectable. This also gives

the result that ADARL1 is more active than any other isoform. Editing efficiency for

ADAR1-DD is approximately 7.5%, ADAR2-long without Alu 6.5%.
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Figure 4. A. Sequencing result for different isoforms of ADARs-DD; a. ADAR2-short C-
terminal, b. ADAR2-long without Alu cassette SDM, c. ADAR2-long with Alu cassette SDM,
d. ADAR2-long with Alu cassette, e. ADAR2-long without Alu cassette SDM, f. ADAR1 B.
Comparative efficiency of different isoforms of ADARs towards amber stop codon TAG

restoration. Data was obtained from sequencing result by peak height ratio calculation.
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3.3.5 Deaminase domain structure, estimated distance among residues and ligand

binding sites affected by Alu-cassette

According to the I-TASSER (Iterative Threading Assembly Refinement) data,

inserted Alu-cassette in the ADAR?2 long result in the longer coil (Figure 5 A) in the

middle of the deaminase domain than the isoform without Alu-cassette (Figure 5 B). In

another finding of the Swiss model and FATCAT superposition, the coil is found larger

when Alu-cassette added (Figure 5 C). Due to insertion of the Alu-cassette, the distance

among the residues after 203 is increased dramatically (Figure 6 A and B). The ligand

binding site i.e. nucleic acid binding capacity also largely differ due to the insertion of

the Alu-cassette (Figure 7).
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With Alu-
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| longer coil

Without Alu-
cassette,
shorter coil

Figure 5. With and without Alu-cassette affecting the structure of ADAR2-long isoform.
A. Structure with Alu-cassette, B. Without Alu-cassette C. superposition of two
isoforms with different colors generated by FATCAT. Gray and read color indicate

figure A and B respectively.
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Figure 6. The graph indicates the estimated distance among residues by I-TASSER
bioinformatics tools. A. Indicates two models regarding ADAR2-long with Alu-cassette,
B. Indicates two models regarding ADAR2-long without Alu-cassette. Difference of gap

after 200 residue is widely visible.
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Download the residue-specific ligand binding probability, which is estimated by SYM.

Download the all possibie binding ligands and detalled prediction summary.

Download the templates clustering results.
(a) C-score is the confidence score of the prediction. C-score ranges [0-1], where a higher score indicates a more reliable prediction.
{b) Cluster size Is the total number of templates in a cluster.
(c) Lig Name is name of possible binding ligand. Click the name to view its information in the BlolIP database.

(d) Rep is a single complex structure with the most representative ligand in the cluster, i.e., the one listed in the Lig Name column.
Multis the complex structures with all potential binding ligands in the cluster,

Figure 7. Alu-cassette and alteration of ligand binding sites in deaminase domain by I-
TASSER bioinformatics tools. A. ADAR2-long with Alu-cassette, B. ADAR2-long without

Alu-cassette.
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3.4 Discussion

In most of the recent site-directed RNA editing approaches recently either ADAR1-
DD or ADAR2-DD is used.® 237 In our newly developed MS2-ADARs-DD systems we
also targeted the ADAR2-DD first but in our study, we found lower deaminase activity
(Figure 2, 3 and 4). However, it is interesting that the ADRA1-DD was found to be more
active than the other isoforms (Figure 2, 3 and 4). ADARs-DD are usually conserved but
they have highly variable dsRBDs with varying activity.* In this study as only the DD of
ADARSs are used, the variability is minimized very well. The MS2 system was similar for
all ADARs. The target amber (TAG) stop codon of mutated EGFP was selected as it is
easy to deaminate. Therefore, the minimum deaminase activity of ADARs isoforms was
possible to study by this system.

It was found that the binding affinity of the modified MS2 system was retained well
(Figure 1 D). In most of the study, the deaminase domain of ADAR21419.203738 js ysed,
A detailed study on ADAR2 and its substrate may be the cause for this. Structural study
on both ADAR2-DD and dsRBDs has been revealed**° whereas the study in the case of
ADARL is less informative. In sequencing quantitative analysis, it was found that only
ADAR1 and ADAR2 showed signal. However, in western blot analysis, all the ADARs-

DD showed full-length EGFP converted from mutated EGFP. Antisense sequencing of
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the targeted mRNA was performed as it gives more accurate quantification than the sense
sequencing.*! It is also found that, the editing efficiency of this system approximately 7
percent. In the sequencing result, deaminase activity of some isoforms was undetected. It
Is reported that editing efficiency needs to be more than 5 % at RNA level to be detected
by Sanger sequencing methods.*? In this system, efficiency can be increased by inserting
multiple guides and multiple MS2 RNA in the plasmid construct. In the very recent work,
multiple guides and chimeric protein complexes greatly increased the efficiency of
editing system.3?° In the genetic correction where ADAR2-DD was used previously, if
ADARI1-DD is used in that case the correction efficiency could be increased more. In an
in-vitro study, it was observed that full-length ADAR1 is more functional than ADAR2.%
In another recent study, with the full-length ADARSs and the guide system that basically
designed on the basis of natural binding strategy of ADARs with the glutamate receptor
found that, ADAR2 more functional than the ADARZ1.% It might be due to the different
binding affinity of ADARs dsRBD with the same designed guide and substrate. However,
insertion of Alu-cassette almost in the middle of the deaminase domain results in the
alternatively spliced isoform of ADAR2.%! Due to insertion of the Alu-cassette, the
deaminase activity of the ADAR?2 is decreased but the substrate specificity remains

unchanged.?! This indicates that, substrate recognition mainly executed by the dsRBDs
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which we modified by the MS2-system in this study and similar for all studied deaminase
domains here. According to I-TASSER result, the inserted Alu-cassette alters the ligand
binding capacity of the deaminase as well (Figure 7 A and B). Taken together it can be
stated that, Alu-cassette in the coding region of ADARs play a significant role in the
alteration of its functionality. The E488Q mutation of the ADAR2 long makes the enzyme
more active in in vitro study.*’*® However, in the cellular environment, it was not reported
well. | prepared the construct converting E-to-Q amino acid and found that, the converted
amino acid makes the deaminase domain more functional in the HEK-293 cell. In the
cellular environment, full-length ADARs behave like a shuttle protein, #8490

ADAR?2 shuttles between nucleoplasm, nucleolus whereas ADAR1 shuttles
between nucleolus, nucleoplasm and cytoplasm.*® Even a region in the N-terminal half of
the ADAR1-DD interferes with nuclear localization.*® Our guide RNA system ensures to
make dsRNA structure and mismatch with the target RNA and thus easy to be recognized
and deaminate. Moreover, the guide RNA which is a component of the artificial enzyme
and the EGFP mRNA which is the substrates of the artificial enzyme should be present
in the cytosol. To our knowledge, this is a complete comparative biological approach of
RNA editing by ADARs-DD that reveals more information for future use of these

deaminases for RNA editing purpose.
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Chapter IV

Efficiency of site-directed RNA editing by MS2-ADAR1-DD system
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4.1 Introduction

RNA editing by converting adenosine (A) to inosine (I) which read as guanosine (G)
during translation is the most reported RNA editing in mammals caused by the adenosine
deaminase acting on RNA (ADAR). Majority of these events occurs in the central nervous
system therefore altered RNA editing results in different diseases related to the
neuromuscular system. ADARs consist of dsSRBDs and a deaminase domain (DD). I
programmed the ADARI1-DD to the specific adenosine with the help of MS2 system
mediated guide RNA. Previously, it was showed approximately 7 % RNA editing
efficiency in amber stop codon (TAG) conversion to tryptophan (TGG) of EGFP and no
off-target. The neighboring sequences of the targeted adenosine play an important role
regarding the efficiency of A-to-1 RNA editing.! I tried to correct three type of mutated
codons in EGFP. Regarding the sequence context 5S'neighbor preferences are USA>C> G
whereas 3’ neighbor preferences are G>C~A>U? 2, The off-target effect is a big concern
in genome editing and RNA editing as well. The potentiality of RNA editing by base
substitution is much higher as it recoded the stop codons (UGA, UAG, and UAA) to
tryptophan (UGG) and thus can alter 12 out of 20 amino acids. This technique has been
utilized to target a wide variety of diseased transcript of Cystic Fibrosis,* Duchenne

muscular dystrophy® and Factor V Leiden thrombophilia.® In the Sanger sequencing, off-
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target editing is difficult to assess in genome-wide. Genome-wide off target asses will
provide more information on editing status. According to the above findings and EGFP
context, amber (TAG) is the easiest and opal (TGA) is the most difficult codon to be
converted to (TGG). Ochere (TAA) has the moderate possible codon for conversion.
However, double conversion (TAA>TGG) might be the fact regarding conversion
efficiency. The aim of this work is to evaluate the efficiency of different guide RNAs to
improve the editing efficiency. Therefore, I have designed the guide RNA upstream and
downstream of the MS2 RNA. The guide sequences are 19, 21, 23, 19 2X bases, another
2 guides containing 13 bp upstream but in a different location was designed. Total 9
guides complementary to the targeted RNA were designed where 7 were tested. In this
time, I decrease the transfecting reporter target by 1/4™ and found the editing efficiency
up to highest 16.6%, however, I found one off target and without guide RNA the targeted
editing was noticeable as well. It indicates that for specificity, there should be a precise
calculation of the enzyme, guide and targeted RNA expression. Optimization of the
promoter of the constructs and the tagged peptides present adjacent to the MS2-ADARI1-

DD might have an effect on the functionality of this system for therapeutic applications.
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4.2 Materials and Methods

Regarding the ADAR1-DD construct with MS2 protein was used in this study.
ADARI1-DD was checked from UCSC human genome browser’ described in chapter II.
For the comparative study of six guide RNA amber stop codon (TAG) in 58 position of
EGFP was used. Even the opal (TGA) and ochre (TAA) also converted by this deaminase
system.

Here I designed 7 guide RNA complementary to target RNA. Guide RNA length is
19, 21, 23, 19 2X bp in length. The increased length is to N and C terminal of the target
RNA simultaneously figure. In this time the purpose of different guide design was to
increase the efficiency of the artificial enzyme system and to find out the most efficient
guide. MS2-RNA sequence was amplified with a guide containing forward and reverse
primer with reverse (MS2RNARv ~ ATTCCTCGAGCGCAAATTTAAAGCGCTGAT)
and (MS2RNAFw GATTACGAATTCGAATGGCCATG) primer respectively Guide
sequence was inserted in the pCS2+ only (addgene) plasmid in EcoRI-Xhol restriction
sites by cloning. Briefly, the cloning process the pCS2+ only plasmid and the PCR
product of MS2 RNA 6 x containing guide sequence and EcoRI and Xhol (Takahara) were
digested in a separate reaction. After that ethanol precipitation of the reaction mix was

conducted. The digested vector was incubated for 30 minutes with bovine alkaline

Page | 99



Doctoral Dissertation Md Thoufic Anam Azad

phosphatase followed by ethanol precipitation. The purified products were separated by

1.5% agarose gel and the desired band and were cut by short exposure of UV trans

illumination. Quiagen gel extraction kit was used to purify the vector and insert. Ligation

was performed by mighty mix (Takara) according to manufacturer instruction. HEK-293

cells were cultured in 24 well plate 1.5x105 cells/well. After overnight incubation at 37

with 5% CO2 cells was transfected with lipofectamine -3000 (Invitrogen) according to

manufacturer instruction. After 6 hours of transfection media was changed to fresh

DMEM (Wako) with 10% fetal bovine serum. After 72 hours of transfection cells were

collected for RNA extraction by Trizol (Invitrogen). RNA was treated with DNase

(Promega, USA) according to manufacturer instructions. cDNA was synthesized with

superscript III (Invitrogen) according to manufacturer instructions with EGFP gene-

specific primer. PCR was conducted for 324 bp length with Go Taq polymerase (Promega)

at annealing temperature 60 and extension temperature 72 for 30 seconds. Total 40 cycles

were run for the desired concentration of the PCR products. PCR products were run on

6% polyacrylamide gel for 20 minutes in presence of 1X TBE buffer. Exact band size gel

was cut with help of UV trans illumination. Then the gel pieces were frozen for 30 minutes

at -80 degrees. After that, the gel piece was crushed with the help of disposable pellet

pestle/tissue grinder (Kimble®, Capitol Scientific, Inc TX 78758, USA, Catalog no.

Page | 100



Doctoral Dissertation Md Thoufic Anam Azad

749520-0090). About 10 up 0.1x TE was added and vortexed for 10 minutes. The
supernatant was collected to use in sequencing reaction after centrifugation for 10 minutes
at high speed. Antisense sequencing was performed with the PCR reverse primer to assess
the C/T peak height at the targeted adenosine. Editing percentage in RNA level was

calculated from the C/T peak height>®.

Table 1. Guide RNA designed and inserted to upstream and downstream of MS2RNA 6X
by PCR and cloning with forward and reverse primer respectively. Red letters, restriction
site; green mark and underline, guide sequence; yellow mark, primer for MS2RNA; red

mark CCA and TGG, targeting to mutated codon. Red mark C and G mismatch to avoid

off-target editing.
No. Guide Name Guide sequence
1 Guide 19 bp upstream atcaGAATTC_m
TGGGACGTCGAC
2 Guide 21 bp upstream atcaGAATTC_m
CATGGGACGTC
3 Guide 23 bp upstream atcaGAATTC_m
GCCATGGGACGT
4 | Guide 19 bp downstream | attcCTCGAGCCGTGCCOMBMBCCOBCCCTICGCAAATTTA
AAGCGCTGAT
5 | Guide 21 bp downstream | attecCTCGAGCCCGTGCCOMBBICCOBCCCTECGCAAATT
TAAAGCGCTG
6 | Guide 23 bp downstream | atteCTCGAGGCCCGTGCCORBBOCCBCCCTCGCGCAAA
TTTAAAGCGCT
7 Guide 19 2x upstream atcaGAATTC_
BEAGGGCACGGGAATGGCCATGGGACGTCGAC
8 |Guide 13g- MSRNA | atcaGAATTOAGGGBGGGRBMGGGAATGGCCATGGGAC
upstream GTCGAC
9 | Guide 13 g MS2RNA | atcaGAATTCGGRBMGGGCACGGGA ATGGCCATGGGAC
upstream GTCGAC
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4.3 Result and discussion

Optimal guide design can increase the efficiency and specificity of RNA editing.*
I increase the length of guide RNA from 19 to 23 base pairs (Table 1). However, in my
study, [ have found that 21 bass guide is more active than the 19 bases and 23 bases guide
(Figure 1). Upstream located guides are more functional than the downstream guides for
all three lengths and 21 bases guides were more functional than the other two forms i.e.
functionality 21bp guide>23 bp guide> 19 bp guides (Figure 1). Regarding the position
of guide RNA, upstream guide were more active than the downstream guide RNA (Figure
1). However, without guide RNA there is a considerable level of target site editing which
may be due to the concentration difference of ADAR1 deaminase and reporter EGFP. 1
also prepared another guide with 19 2x guide which contains 19 bp repeat in the upstream
guide. In a previous study, it was found that repeated guide increases the efficiency of the
deaminase system.” Off-target is a big challenge for site-directed RNA editing which can
be mitigated by changing the complementarity of guide RNA*. However, the structure of
only the deaminase domain can decrease the off target. Recently it is published that, the

addition of nuclear localization signal (NLS) in the deaminase domain decrease off-target
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editing.'”

il

Guide 19 bp  Guide 19 bp Guide 21 bp Guide 21 bp Guide 23 bp Guide 23bp 2 factors, Amber
upstream downstream downstream upstream upstream downstream  and ADAR1-DD only
Editing % 13 7 Editing % 124 Editing % 12.8  Editing % 16.6 Editing % 14.7 Editing % 132  Editing % 7.5

18.00% Editing%

16.00%
14.00%

12.00%

10.00%

8.00%

6.00%

4.00%
N

2.00%
0.00%

Figure 1 A. Sequencing result of the comparative efficiency of different guide RNA for
EGFP RNA editing. B. Quantification of different guide RNA, It is found that upstream

guide more active than the downstream guide and 21 bp guide is the most active one.
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Figure 2. ADADR1-DD concentration affecting editing efficiency with guide 21 bp
upstream. A. ADADR1-DD 250 ng Guide 21 bp upstream 500 ng, B. ADADR1-DD
500 ng Guide 21 bp upstream 500 ng, C. ADADR1-DD 1000 ng Guide 21 bp upstream
500 ng. D. Quantification of editing efficiency affected by the concentration of ADAR1-
DD. Green bar indicates the editing in target site and orange bars indicate editing in

off-target site.
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Figure 3. A. Upstream sequence of mutated EGFP B. Upstream sequence of restored

EGFP. Due to off-target editing red mark TAC converted to TGC (TAC>TGC,;Y>C).

Off-target editing may be due to the higher similarity of the complementary sequence in
the off-target site especially due to higher G-C contents. As the off-target increase in
response to the higher enzyme concentration (Figure 2), this may also due to the free
enzymes that are helped to bind to the off-target sites by endogenous molecules. Oft-
target editing (TAC>TGC) found 50 bp downstream of the target (TAG>TGG) (Figure
3). Off-target editing increase when the concentration of ADAR1-DD is increased. In the
off-target conversion of an adenosine results missense mutation (TAC>TGC; Y>C) in the

EGFP. In complementary to the guide sequence no off-target editing observed.
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Figure 4 A. ADADR1-DD 500 ng Guide 21 bp upstream 250 ng, B. ADADR1-DD 500
ng Guide 21 bp upstream 500 ng, C. ADADR1-DD 500 ng Guide 21 bp upstream
1000 ng, D. Quantification of editing efficiency affected by the concentration of guide
RNA. Green bar indicates the editing in target site and orange bars indicate editing in

off-target site.
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Editing efficiency of the deaminase system increases with increasing the concentration of

deaminase concentration. Editing efficiency is proportional to the concentration of

deaminase (Figure 2). Regarding ADADRI-DD, 250 ng is applied editing efficiency

approximately 4%. When the amount increased 2-4 times the efficiency also increases 2-

4 times than the initial editing efficiency (Figure 2). In another observation, I kept the

deaminase concentration constant to 500 ng and changed the guide concentration (Figure

4). In this case, the guide concentration and the editing efficiency is inversely proportional

(Figure 4). This may be due to higher binding of chimeric deaminase with the guide

system and thus make them less available for targeted EGFP. However off-target also

found lower comparing to the figure 3. In case of off-target editing site which is found 50

bp downstream of the target-no off-target observed when the ADADR1-DD concentration

was 250 ng but it increases as the deaminase concentration is increased. The codon (TAC)

is the off-target codon, although there are, more probable off targetable (TAC) sequence

near the off-target but in only one (TAC) location found off target editing. This off-target

is proportional to the higher concentration of the ADAR1-DD deaminase. When higher

proportion amount of deaminases is applied the off-target editing in that site also

increased. It indicates that it can be minimised by changing the proportion of different

factors. Recently it is reported the addition of NLS in the N terminal of the ADAR2-DD
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decrease the off target.!® Another thing, it may be due to the free deaminase in the cell
cytoplasm and its prolonged association with the EGFP transcript. Therefore, off-target

can be minimized by precise calculation of the effector molecules.
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Figure. 5 A. ADADR1-DD 250 ng Guide 19 2x bp upstream 500 ng, B. ADADR1-DD
500 ng Guide 19 2x bp upstream 500 ng, C. ADADR1-DD 1000 ng Guide 19 2x bp
upstream 500 ng. D. Quantification of editing efficiency affected by the concentration
of enzyme concentration. Green bar indicates the editing of target site and orange

bars indicate editing in off-target site. Page | 108
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Figure 6 A. ADADR1-DD 500 ng Guide 19 2x bp upstream 250 ng, B. ADADR1-DD
500 ng Guide 19 2x bp upstream 500 ng, C. ADADR1-DD 500 ng Guide 19 2x bp
upstream 1000 ng. D. Quantification of editing efficiency affected by the concentration
of guide RNA. Green bar indicate the editing of target site and orange bars indicate

editing in off-target
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[ used another guide 19 2X bp upstream where 19 bp is repeated twice as a guide. In this

case when 250 ng is used the editing efficiency is >6% (Figure 5) and it is higher than the

21 bp upstream guide (Figure 2). On the other hand, when the deaminase concentration

is increased twice than the editing efficiency is not increased as twice as the 21 bp

upstream guide. But when the concentration of the deaminase is increased to 1000 ng, the

deamination efficiency is approximately 16% (Figure 5). However, in case of changing

the guide concentration with the 19 2X guide, the editing efficiency decreases with the

increase of guide concentration (Figure 6).
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Figure 7. A and B Replicate of the experiment. C. Editing efficiency of conversion of
stop codon ochre (TAA) to tryptophan (TGG) codon. Green color bars indicate the
conversion of 5" nearest-neighbor adenosine and orange color bars indicate the 3'
nearest-neighbor adenosine. Replicates of the experimental data are analyzed and

presented side by side.
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In a previous study, we have observed that ochre (TAA) stop codon can be converted
to (TGG) and turn on fluorescence signals in HEK-293 cells.!" In this study, I have
quantified RNA editing efficiency and determined the extent of editing levels regarding
5" and 3' preferences. From the experimental data, it is observed that the 5' adenosine
(TAA) is more efficiently edited than the 3' adenosine (TAA) (Figure 7). Editing
efficiency in 5 adenosine is almost 7% whereas in 3' adenosine is 6.5%. It may due to the
preference of 5' adenosine than the 3' adenosine by the deaminase system. The efficiency
of RNA editing depends on several factors. For example in in vitro system efficiency is
always higher.* It may be due to the presence of reactive molecules in close contact and
very few interfering molecules. In case of in vivo system, RNA editing efficiency is
comparatively lower than in vitro system. Regarding editing efficiency, in cell culture
system is lower than the editing efficiency in egg or zygote. It may be due to the difference
in the delivery of genetic material. In case of the cell, transfection is the common methods
for gene delivery however in egg or zygote microinjection is a good choice. Transfection
may not ensure all kinds of reactive molecules inserted simultaneously into cell cytoplasm.
Whereas microinjection may ensure delivery of all reactive molecules at a time. Off-target
editing is a challenge for SDRE. This types of off-target editing may found in the

complimentary of guide region containing adenosines or in the other portion of targeted
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mRNA. It is reported that the off-target editing even may higher than the targeted
editing.!? Off-target editing can be minimized by changing the concentration of guide
RNA but this sometimes also decrease the target site editing efficiency.'® Another recent
work reported that addition of nuclear localization signal sequence in N-terminal of the
deaminase domain can reduce off-target editing. The wild-type DD of ADAR?2 is more
specific than the mutated ADAR2 (E488Q).!> However, the efficiency of wild-type
isoforms is lower. In my study, I used the ADAR1-DD which I found more functional
then ADAR2. Regarding lambda-N system and deaminase domain of ADAR?2 it showed
appropriately 20% editing efficiency in frog oocytes. But when they applied this
technique in HEK-293 cells the efficiency decreases to approximately 12%.* It may be
due to the difference in inserting effector molecules inside cells and oocytes. However,
the off-target and how the guides were designed was not clear to me from the manuscript.*
In my finding the editing efficiency up to 16% and the of target sites comparatively lower
than the previous report. Even no off-target events in complementary to guide sequence
are observed. It is reported that E488Q the more active deaminase! then the others but
this target many off-target comparing the others.? Off-target is strongly related to the
concentration of guide RNA expression**. RNA editing is a transient process and does

not affect the genome level and even off-target not as malignant as genome level
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malignancy. It is not found any off-target in the guide complementary region in my result.

However, it is common phenomena that off-target editing can be found in case of SDM.

Even multiple off-target found within complementary guide sequence in case of ADAR2-

DD and ADAR2-DD (E488Q)*°. Although 50% of the EGFP transcript was analyzed by

Sanger sequencing and observable off-target was found only 50 bp downstream of the

target adenosine. It might be due to a higher presence of G-C content adjacent to targeted

and off targeted adenosine (Figure 2 A and B). Therefore, if NLS is added in this studied

construct the off-target editing efficiency can be decreased and the editing efficiency

might improve.
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Chapter V

Final discussion
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5.1 Final discussion

Recently genome editing has gained much attention after the discovery of CRISPR-
Cas system although other reprogrammable genome editing tools like TALEN, zinc finger
nuclease reported and still being used mainly for developing different genetically
modified organism (GMO) for research purposes. Engineering of different gene editing
tools largely depend on some algorithms for the design of guide sequence, avoid off target,
target specificity calculating etc. Efficiency, specificity and safety are big deal regarding
the use of genome editing tools. For CRISPR-Cas system, homology-mediated repair
system is needed to repair between cut and inserted DNA which is only present in dividing
cells. In case of non-dividing cells like nerve and muscle cells, this system facing
challenges. In association with technical challenges® and bioethical issue, it's still
controversy regarding the clinical application of this technology. Because, in case of
genetic disease only one gene or part of gene is defective but when CRISPR system is
applied in germ cells or embryo, other genes may have the possibility to be mutated thus
ultimately it may affect multi-organ functionality. CRISPR system in association of
deaminase is also used for single nucleotide substitution in DNA level.2 However, China
has tasted CRISPR for therapeutic purposes recently® but the outcome still under

observation and preliminary result of treatment not revealed due to the privacy of the
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patients. Side by side, very recently the USA has approved this system for clinical
application.* New frontier regarding correction of point mutation in DNA has developed
by using CRISPR for unwinding the DNA double helix and deamination by deaminase.
RNA editing is one of the important post-transcriptional modification of genetic
information encoded in the genome of a living organism. There are different family of
deaminase that are responsible for A-to-1, C-to-U and even U-to-C type RNA editing.
Anrtificial RNA editing is the process where only targeted mRNA is edited for the purposes
of tuning protein function without dismantling the highly organized and complicated
genomics DNA. Naturally, the deaminase binds to the target by sequence-specific manner
with help of its associated structures. For example, ADARSs binds to the dSRNA formed
by the inverted Alu repeats in RNA whereas APOBEC target to the cytidine adjacent to
“Mooring sequences” etc. These deaminases are reprogrammable to target specific
nucleotide at any sequence. Harnessing and engineering the natural deaminase is an
excellent prospect for therapeutic application for the purpose of treatment of point
mutated genetic diseases in future. A-to-1 editing can alter 12 out of 20 amino acids. My
developed system can be successfully used to target any cytosolic RNA and could be used

for any developmental stage.
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In the chapter II, | have shown that the recognized MS2 system can be utilized to

control the deaminase domain of ADAR1 towards site-specific A-to-l RNA editing.

Genetically encoded guide RNA and the chimeric protein of MS2-ADAR1-DD express

well in HEK-293 cell and becomes active after being expressed. This is the first report

for site-directed RNA editing by the MS2 and ADAR1-DD deaminase. Fluorescence

microscopic result indicated that the signals in the experimental wells is resembling the

wild-type EGFP which proves that this designed system capable of converting mutated

amber (TAG) EGFP to wild type (TGG) EGFP. Restriction fragments length

polymorphism (RFLP) clearly indicates that the RNA editing site is exactly the targeted

site. Sanger sequencing of the target substrate is a good evidence regarding the specificity

of editing by duel peak height at desired adenosine site. | performed antisense sequencing

as it gives more accurate results according to the previous study. In protein level, western

blot was performed to check whether the deaminase system can convert mutated EGFP

substrate to full-length functional protein or not. Full-length functional protein was

produced in case of the experimental treatment. It indicates that the guide RNA and

chimeric protein of MS2-ADAR1-DD are working properly.
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In Chapter 111, 1 utilized my developed deaminase system in association of MS2
system for the comparative study of the DDs of different ADARs in HEK-293 cell. In
most of the previous study for A-to-1 conversion, ADAR2 is used but in HEK-293 cells |
found that ADAR1-DD is more functional than other DDs. ADAR1-DD showed highest
fluorescence signal than any others DDs. In western blot analysis, | was able to detect the
full-length EGFP by polyclonal anti GFP antibody in all isoforms of ADAR-DDs.
Densitometry analysis of the western blot image showed that the highest level of EGFP
was expressed in case of ADAR1-DD whereas the lowest level of protein was detected in
case of ADAR2-with short C-terminal. ADAR1-DD activity showed almost twice than
the ADAR2-DD. However, ADAR2-long without Alu-cassette was also showed a
considerable level of EGFP expression. In case of quantitative RNA editing analysis from
the sequencing result, ADAR1-DD is the most active. However, ADAR2-long with
Alu-cassette and ADAR2-with short C-terminal, the editing event was not detected well.
It may be due to the limitation of this sequencing technique regarding detection of the
low level of editing events. In this comparative study, only the DD of ADARs were used.
In the previous reports, the ADAR2-long without Alu-cassette is used for base
substitution.>® The detailed structural study may favor that studies.’®'? In my analysis

using I-TASSER bioinformatics tools, it is obvious that inserted Alu creates a larger coil
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in the middle of the deaminase domain. The longer coil even creates a wider gap among

the residues located upstream and downstream of it. It is reported that adequate folding

ability of the ADAR2-DD is required for the proper activity that is aided by IP6 molecule

buried in the core of the DD.1®® The dsRBD of ADARs have different substrate

specificity and affinity. Therefore, use of only deaminase domain has made the study

more conclusive.

In Chapter 1V, I tried to find out the most appropriate guide structure and position

regarding the MS2-RNA loop. Side by side the efficiency of the system was improved

with different concentration of the guide and ADAR1-DD. In this chapter, efficiency was

improved from 7% to approximately 16%. Another stop codon ochre (TAA) was also

converted to tryptophan (TGG). In this case, the 5' adenosine more efficiently edited than

the 3' adenosine. However, the off-target editing reported in this case. The probable cause

and mitigation measures regarding off-target editing also discussed here.

The recent advancement in gene editing is very exciting. This designed guide

system is genetically encoded and can be utilized for any other deaminases as well. To

my knowledge, any other sequence containing the adenosine can be targeted by this

system. CRISPR-Cas has two components mainly; CRISPR-Cas that cut the DNA and an

attached guide RNA molecule that helps to recognize the target DNA. Even CRISPR-Cas

Page | 122



Doctoral Dissertation Md Thoufic Anam Azad

system recently modified in association of modified adenosine deaminases from E. Coli
2 for the correction of point mutation in DNA level. In these case use of this human
ADAR1-DD could be a good candidate for correction of point mutation in DNA level as
well.

In conclusion, in my developed deaminase system, the efficiency is approximately
7% to 16%. However, efficiency and specificity are the big challenges and need
consideration of many factors. Still, I am working on design and screening of different
kinds of guide RNAs with variation in length and complementary sequence. Another
thing, the MS2-deaminase containing plasmid pCS2+MT-MS2HB-ADARs-DD has myc-
tag and HB tag peptides for detection purposes; where myc-tag is located upstream of this
chimeric protein and HB located between MS2-deaminase. HB-tag is appropriately 300
bp in langth. Therefore, these structures might affect the efficiency of the whole system
although such activities not reported in case of ADAR yet but reported in case of cytidine
deaminase. Trimming out these tag peptides might increase the efficiency of this system.
In the present result, | have utilized MS2-RNA-6X as a cognate RNA for MS2 protein.
We already ordered to purchase MS2-RNA-12X plasmid which has more binding
freedom with MS2 protein. Non-cutting version of CRISPR-Cas with the ADAR1-DD or

full-length ADAR1 could be a good candidate for correction of point mutations in genome
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level by base substitution. Lastly, report from the NMR study of ADAR1-DD in a

complex with the MS2 system or ADAR1-DD alone will certainly be an important

discovery and answer many questions. The above points obviously will be a landmark

contribution for correction of point mutation for the therapeutic purpose in near future.
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