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RNA editing is a means of diversifying the transcriptome 

and regulating innate immunity. Among the different classes of 
enzymes that modify RNA, adenosine deaminase acting on RNA 
(ADAR) is a type that catalyzes adenosine-to-inosine editing on 
double-stranded RNA molecules to regulate cellular responses to 
endogenous and exogenous RNA. Of the three ADAR homologs in 
humans, dysregulation of ADAR1 editing due to inherited 
mutations leads to disorders such as Aicardi-Goutieres syndrome, 
an inflammatory disease that manifests in the brain and skin, 
and dyschromatosis symmetrica hereditaria, a skin pigmentation 
disorder. ADAR1 is the primary A-to-I editor of RNA in humans, 
and the majority of edit sites are found in a class of 
repetitive elements called Alu, many of which are located in 
introns and 3’ untranslated regions of RNA. The functional 
consequences of A-to-I editing are varied, although a complete 
lack of functional ADAR1 is usually not tolerated, as revealed 
by the MDA5-mediated embryonic lethality in mice lacking 
functional ADAR1. In human neural progenitor cells, loss of 
ADAR1 causes spontaneous upregulation of interferon and cell 
death, although the RNA triggers remain unknown. Given the 
importance of ADAR1-editing in maintaining homeostasis in 
various contexts, there is a need to understand in more detail 
how ADAR1 isoforms are regulated and how they individually 
contribute to the A-to-I RNA editome.  

Two ADAR1 protein isoforms, p110 (110 kDa) and p150 (150 
kDa), are expressed constitutively and in response to 
interferon, respectively, but the contribution of each isoform 
to the editing landscape remains incompletely characterized, 
largely because of the challenges in expressing p150 without 
p110. We revealed that the p110 isoform can be expressed from 
the canonical p150-encoding mRNA due to leaky ribosome scanning 
downstream of the p150 start codon. Synonymous mutations 
introduced in the region between the p150 and p110 start codons 
reduce leaky scanning and usage of the p110 start codon, and 
cells expressing p150 constructs with these mutations produce 
significantly reduced levels of p110.  

With the ability to express p150 with significantly reduced 
levels of p110, the A-to-I editome can be classified in terms of 
p150-selective and p110-selective sites, allowing evaluation of 
the relative contributions of either isoform to global editing 



levels. Our editing analysis revealed that the majority of 
ADAR1-edit sites are p150-selective, although a significant 
proportion of ADAR1-edit sites are also shared between p150 and 
p110, being not dependent on presence of either isoform for 
editing to occur. Of the sites that are putatively p110-
selective, the majority are located in introns. 

Finally, the ability of p150 mRNA to give rise to p110 
means that p110 is also an interferon-inducible protein 
alongside the canonical interferon-stimulated ADAR1 isoform: 
p150. During the interferon response, the transcriptome changes, 
and many new mRNA structures, perhaps some immunogenic ones, 
will enter the nucleus and cytoplasm. The distribution of ADAR1 
isoforms is such that p110 is mostly present in the nucleus, and 
p150 mostly in the cytoplasm. We propose that optimal editing in 
the nucleus and cytoplasm during the interferon response is 
achieved by the inducibility of p110 and p150, both of which 
share a large number of target sites.  
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CHAPTER 1. Introduction to RNA editing 
The first chapter of this thesis aims to: 1. introduce 

initial discoveries that suggest RNA can be modified following 
transcription; 2. discuss studies that led to the discovery of a 
major editor of mRNA, adenosine deaminase acting on RNA (ADAR); 
and 3. discuss how the ADAR field has evolved and present what 
is known about regulation, which relates directly to experiments 
that will be presented in the following chapter. 
 
1.1 RNA can be modified after transcription 

Biological information, as it gets transferred from DNA to 
RNA, can be diversified during and after transcription. 
Diversification here refers to changing the molecular structure 
of individual nucleosides, or adding and removing nucleosides, 
and is not limited to the four canonical bases, as numerous 
metabolic derivatives of nucleobases are found in cells, such as 
hypoxanthine, which more commonly in biological contexts is 
called by its name when it attaches to a ribose ring: inosine.  

As transcription proceeds, the number of unique sequences 
beyond what would be specified directly by the DNA locus already 
begins to increase due to the error rate of RNA polymerase II: 
10-100 errors each second in human cells (1). As the mRNA 
polymer grows in the nucleus, one can imagine that nucleoside-
modifying enzymes present in the nucleus can catalyze reactions 
that further expand the number of unique sequences. After 
transcription and eukaryotic mRNA processing events such as 
polyadenylation and capping, the same possibilities for 
molecular modifications to nucleosides in the nucleus apply when 
mRNAs are exported to the cytoplasm.  

Although modified nucleobases, such as 5-methylcytosine, 
have been known to exist on RNA in cells for more than one 
hundred years, use of the phrase “RNA editing” has been rather 
belated (2, 3). In 1986, nucleoside addition was discovered in 
coxII mRNA from two species of protists, although the mechanism 
of addition was not described in detail until about a decade 
later (4, 5). The insertion of uridines, which involves the 
breaking and reforming of phosphodiester bonds, is needed to 
ensure translation of a functional cytochrome c oxidase 2 enzyme 
(6). This editing of coxII mRNA occurs in the mitochondria of 
the organisms, where four additional uridines were discovered in 
the coxII mRNA that were not present in the cox2 coding sequence 
in the mitochondrial DNA (Figure 1.1.1).  
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Figure 1.1.1 RNA editing of coxII in protists (4) 
A. Trypanosoma brucei (I) and Crithidia fasciculata (II) total 
RNA was used as the template for reverse-transcription using a 
coxII-specific primer. The cDNA was sequenced using chain-
terminating dideoxynucleotides followed by electrophoresis on a 
polyacrylamide gel. Electrophoresis is from left to right in the 
gel shown, and the additional thymidines seen in the cDNA are 
highlighted.  
B. The addition of thymidines is shown in context with parts of 
the coding and amino acid sequences of the enzyme for both 
protist species. The addition restores the reading frame for 
translation of a functional protein. AccI indicates creation of 
a new restriction digest site by the nucleotide additions. 
 

One year later, the field of RNA editing expanded to 
include mammals, with the discovery of cytidine-to-uridine (C-
to-U) editing in the ApoB mRNA from human and rabbit small 
intestine (7–9). The editing creates an early stop codon that 
results in translation of a smaller apo-B48 isoform from the 
edited mRNAs molecules (Figure 1.1.2). The enzyme that catalyzes 
this editing reaction is part of a family of cytidine deaminases 
called APOBEC (apolipoprotein B mRNA editing enzyme, catalytic 
polypeptide-like). Editing of ApoB mRNA occurs along with 
polyadenylation and splicing in the nucleus (10).  
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Figure 1.1.2 RNA editing of ApoB in humans (8) 
Total mRNA from human intestinal tissue was extracted, reverse-
transcribed into double-stranded cDNA, digested with restriction 
enzymes, and cloned into lambda phage vectors to generate a 
human intestinal cDNA library as a mixture of phage clones. 
Following infection of E. coli with the mix of phage clones, 
formation of individual plaques on the plate of E. coli, and 
transfer of DNA to nitrocellulose, screening of the clones was 
done by hybridization of two oligos corresponding to part of the 
ApoB cDNA, with one oligo containing the CAA-Gln and the other 
containing the edited TAA-Stop. Following hybridization, both 
oligos showed positive signals on the membrane, and DNA from 
those regions was extracted and sequenced using chain-
terminating dideoxynucleotides followed by electrophoresis on a 
polyacrylamide gel. Shown left is an example of part of the 
sequence from a phage clone that hybridized with the TAA-Stop 
oligo, and right an example of part of the sequence from a phage 
clone that hybridized with the CAA-Gln oligo. 
 
1.2 Discovery of adenosine deaminase acting on RNA 

In the same year that C-to-U editing was discovered, 
another report was published that would set the stage for 
another type of RNA editing to be revealed. This would grow out 
of the field of developmental biology, and specifically the use 
of antisense RNA to inhibit mRNA expression in frog eggs (11, 
12). Initially, antisense DNA oligos were used, but the 
abundance of single-stranded DNA endonucleases in frog eggs 
meant that antisense DNA oligos injected into eggs were quickly 
degraded and thus largely ineffective in getting around to 
forming the DNA/mRNA hybrids needed for inhibition of mRNA 
expression through the RNase H degradation pathway (13, 14). Use 
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of antisense RNA was therefore proposed for studying gene 
functions in frog embryo development, with the idea that having 
a long antisense RNA molecule anneal and hang off 5’ ends of 
target mRNAs would inhibit gene expression by blocking 40S 
ribosomal subunit scanning and assembly of translation 
initiation complexes. However, injection of antisense RNA did 
not produce the intended outcome, but rather, led to a 
surprising finding: disruption of the antisense/sense RNA duplex 
structure (Figure 1.2.1).  

After attempting to reanneal the sense and antisense RNA 
molecules following incubation, a partially reannealed RNA was 
formed that was determined to be unprotected from degradation by 
RNase A, which has specificity to single-stranded RNA (Figure 
1.2.2). Additionally, the partially reannealed RNA was found to 
have different migration properties on a native gel after the 
incubation with embryo extracts, but it retained the same 
migration properties on a denaturing gel, suggesting the mass is 
largely unchanged but the structure has been altered (Figure 
1.2.3).  

 
Figure 1.2.1 RNA duplex unwinding in frog eggs (15)  
In this experiment, phosphorus-32 (ATP, CTP, GTP, UTP) was used 
to label sense RNA, and hydrogen-3 (UTP) was used to label 
antisense RNA during in vitro transcription. The annealed duplex 
RNA was incubated with Xenopus laevis oocyte extracts (with or 
without proteinase K pretreatment) for 2 hours at 25°C followed 
by electrophoresis on a native polyacrylamide gel. The “M” and 
“D” lanes show where the monomer and duplex RNA, respectively, 
would migrate prior to incubation with egg extracts. Without the 
proteinase K pretreatment, the extracts were able to disrupt the 
RNA duplex structure, as shown in the “-“ lane. Pretreatment of 
extracts with different concentrations of proteinase K removed 
their ability to disrupt the RNA duplex structure, as shown in 
the “1x” and “5x” lanes, suggesting the agent responsible is a 
protein found in the extracts. 
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Figure 1.2.2 RNA duplex is degraded by RNase A (16) 
This film image shows radioactivity signal produced by RNA 
labeled with phosphorus-32 (ATP, CTP, GTP, UTP) and hydrogen-3 
(UTP) on its sense and antisense strands, respectively. The 
duplex RNA was incubated with Xenopus embryo nuclear extracts 
for the indicated times in minutes. The RNA was then extracted, 
depleted of proteins, and incubated at 25°C for 15 minutes in a 
salt solution with or without RNase A. Afterward, 
electrophoresis and transfer to a membrane revealed, for the 
RNase A (-) condition, radioactivity signals that start out 
where the duplex (d) is expected to migrate but then move upward 
toward where the monomer (m) is expected to migrate as the 
incubation times with embryo extract increased. For the RNase A 
(+) condition, radioactivity signals also started out where the 
duplex (d) is expected to migrate, but then disappear in the 
monomer-duplex gel mobility area. Faint signals are detected 
further down in the film, indicated by the arrows. 
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Figure 1.2.3 RNA duplex is structurally altered (16) 
An 816-base antisense RNA (A) was annealed to a 540-base sense 
RNA (5’s), and both strands consisted of nucleotides labeled 
with phosphorus-32 (ATP, CTP, GTP, UTP) incorporated during in 
vitro transcription. The annealed duplex (5’d) was incubated 
with embryo nuclear extracts for the indicated times in minutes. 
The film on the left shows radioactivity signal produced by the 
incubated duplex run out on a formamide-polyacrylamide 
denaturing gel after 2 minutes of 95°C heating. The numbers “816” 
and “540” refer to markers indicating where the antisense and 
sense RNA molecules, respectively, are expected to migrate. 
Incubation with the nuclear extracts over time did not change 
the pattern of migration for either molecule on a denaturing 
gel. The film on the right shows the same experiment except the 
heated RNA duplex was run on a native polyacrylamide gel. In 
contrast with the denaturing gel, the native gel reveals changes 
in the patterns of migration for both RNA molecules. 
 

The reason for the structural change was revealed to be due 
to differences in the base-pairing properties of the RNA duplex 
before and after incubation with the extracts. These differences 
were determined to be a direct result of covalent modifications 
to adenosines that converted some of them into inosines. Some 
clues that pointed the scientists toward inosine as the modified 
base include the fact that a single and simple reaction, 
deamination, could convert adenosine into inosine, and also the 
fact that the modified adenosines migrated in a manner similar 
to that of guanosine, which is structurally similar to inosine; 
guanosine has an amine side chain on the 2-carbon that inosine 
lacks, but they are otherwise identical (Figure 1.2.4).  
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Figure 1.2.4 The modified adenosine migrates with guanosine (16) 
Four RNA duplexes were labeled by in vitro transcription with 
radioactive (phosphorus-32) ATP, CTP, GTP, or UTP, and incubated 
for 1 hour with (+) or without (-) embryo nuclear extracts. The 
incubated RNA duplexes were then purified, depleted of proteins, 
and digested into mononucleosides using nuclease P1. 2D thin-
layer chromatography was then used to analyze migration patterns 
of the digested mononucleosides. The labeled ATP was the only 
nucleoside, as expected, that had two discrete radioactive 
signals; the unmodified adenosine moved a bit farther to the 
right horizontally compared to the modified adenosine, which 
migrated to essentially the same location as the labeled GTP. 
 

Frog extracts were not the only candidates tested. Thin-
layer chromatography performed on mononucleosides from digestion 
of RNA duplexes incubated with human lymphoma cell extracts 
revealed that radiolabeled adenosines appeared in two distinct 
regions, one at the expected region for adenosine and another 
near where guanosine would appear, consistent with what had been 
observed with prior Xenopus extract experiments. Fractionation 
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of labeled adenosines with unlabeled mononucleosides as 
standards, including unlabeled inosine, revealed that the 
radioactive eluates contained adenosine, as expected, and also 
inosine (Figure 1.2.5). 

 
Figure 1.2.5 The modified adenosine elutes with inosine (17) 
In this experiment, human beta-globin sense and antisense 
sequences were labeled with carbon-14 ATP during in vitro 
transcription and annealed to create a duplex. Following 
incubation with GM1500 (a human lymphoma cell line) extracts, 
the duplex was digested with nuclease P1 and analyzed on a 
reverse-phase liquid chromatography column along with unlabeled 
inosine as a standard. The elution fractions for the different 
nucleosides are shown by elution times on the horizontal axis, 
with readouts of both radioactivity (CPM) and UV-280nm 
absorbance throughout the fractionation. The peaks in 
radioactivity correspond to the inosine and adenosine absorbance 
peaks. 

 
Next, efforts were made to look into the mechanism of 

adenosine-to-inosine (A-to-I) modifications. By using fully 
carbon-13 labeled adenosines and oxygen-18 labeled water, the 
resulting modified adenosines were found to contain only carbon-
13 and oxygen-18, suggesting there was no loss and gain of 
carbons during the reaction and that addition of water 
(hydrolytic deamination) is the mechanism of modification (18).  

Naked adenosines on single-stranded RNA molecules do not 
appear to be efficient substrates for deamination, as having 
double-stranded structures, whether within a single molecule of 
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RNA or between two molecules, is essential for the reaction to 
occur (Figure 1.2.6). 

 
Figure 1.2.6 Double-stranded RNA substrates are edited (19) 
Variations of alpha2-globin mRNA sequence were synthesized using 
SP6 in vitro transcription from cDNA cloned into expression 
plasmids. Alpha-phosphorus-32 ATP was used during the synthesis 
process for labeling. Several substrates for editing analysis 
were created from the single-stranded transcribed molecules: αFL, 
a linear RNA molecule; 285T and 285R, intermolecular and 
intramolecular substrates, respectively, created from 285-base 
sense and antisense single-stranded RNA molecules corresponding 
to part of the alpha2-globin mRNA; 118T/118R and 70T/70R, the 
same as 285T and 285R, except the sense and antisense RNA are 
shorter. The seven different substrates were incubated with HeLa 
cell extracts, then purified, depleted of proteins, and digested 
into mononucleosides using nuclease P1. The products were 
fractionated using 1D thin-layer chromatography, shown in lanes 
a-g. Radioactivity was then quantified. The non-duplex substrate 
in lane-a did not show signal at the inosine location. 
Inosine/adenosine signal intensity ratios for the intermolecular 
substrates, 285T, 118T and 70T, were about 40%, 40%, and 30%, 
respectively. Ratios for the intramolecular substrates, 285R, 
118R and 70R, were about 17%, 17%, and 15%, respectively. 

 
The question that came next was to find the specific 

proteinase K sensitive agent or agent(s) responsible for this 
unwinding and deamination modification. Outside of test-tube 
conditions, in live cells, the deamination reaction was 
initially described to occur in both frog egg nuclear extracts 
and cytoplasm following breakdown of the nuclear membrane (15, 
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16). Thus, whole frog eggs were deemed to be excellent starting 
materials for purification of the protein in question. Ion-
exchange chromatography was used to fractionate whole frog egg 
extracts, and the fractions were tested for deamination activity 
(Figure 1.2.7). 

 

 
Figure 1.2.7 Fractionation of frog egg extracts (20) 
Whole frog eggs extracts were fractionated using 
diethylaminoethyl (DEAE) groups exchange resin in a column. 
Fraction numbers 12-98 were collected and mixed with a 794-base 
duplex RNA as the substrate. The RNA was internally labeled with 
alpha-phosphorous-32 ATG. After incubation, the RNA was purified 
and resolved on a native polyacrylamide gel, taking advantage of 
the fact that the altered duplex RNA migrated more slowly than 
the unmodified RNA in proportion to the number of inosine-
uridine mismatches. Two sets of fractions, labeled DE-1 and DE-
2, corresponding to fractions 28-36 and 70-86, were found to 
slow down the duplex RNA on the polyacrylamide gel. The “0” 
column includes only the unmodified RNA, and the “B” column is 
the RNA with the DEAE exchange groups. The “S” column is the 
duplex RNA incubated with unfractionated frog egg extracts. 

 
The fractions found to have deamination activity were 

purified using affinity chromatography, in which the ligand used 
was duplex poly-guanosine/poly-cytidine, which would be bound by 
the deaminase protein but presumably not be edited or 
destabilized by the protein during the purification process. The 
bound portions of the deaminase-active fractions from the ion-
exchange chromatography were then analyzed by electrophoresis, 
revealing a band around the 120-kilodalton area (Figure 1.2.8).  

Around the same time the protein was purified from whole 
frog eggs, homologs of this dsRNA adenosine deaminase protein 
was also purified for the first in mammals, from bovine liver 
and calf thymus, and revealed to have similar molecular weights 
of about 100 and 116 kilodaltons, respectively (21, 22). 
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Figure 1.2.8 Electrophoresis of deaminase-active fractions (20) 
The second deaminase-active set of whole frog egg fractions 
(fractions 70-86) was split into halves (GC-A and GC-B) and 
affinity purified using separation-pharmacia-agarose (Sepharose) 
attached to poly-guanosine and poly-cytidine RNA. The material 
in the fractions that was bound to the poly(G:C)-Sepharose was 
then analyzed using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and stained with silver for 
visualization. Further purification was done by utilizing 
different ligands in the column resins that have high affinity 
for proteins: a triazine dye (AF-Blue), and hydrophobic 
functional groups (Phenyl-650M). A clear band that corresponds 
to a molecular weight of about 120 kilodaltons appeared with the 
silver stain. 

 
Finally, editing assays, again with radioactively labeled 

duplex RNA as the substrate, confirmed the A-to-I editing 
activity of the proteins purified from Xenopus and calf thymus. 
With the dsRNA adenosine deaminase now purified, the task 
remained to sequence the protein, reverse infer possible mRNA 
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sequences, and test the inferences by screening cDNA libraries 
(23–25).  

Of note, there was clear motivation to clone the gene 
encoding this enzyme, particularly after a study reported a 
significant functional consequence of A-to-I editing: the now 
well-known editing activity observed in mRNA encoding AMPA 
receptor subunit GluR-B. The editing occurs within a putative 
intron-exon duplex structure and creates a nonsynonymous 
substitution leading to a arginine being incorporated in the 
polypeptide rather than a glutamine, with resulting changes in 
ion flow through the ionotropic AMPA receptor (26, 27).  

Cloning of the dsRNA-specific deaminase was achieved by 
screening human cDNA libraries with sets of oligos that 
correspond to the codons of part of the sequenced deaminase 
protein, taking into account the fact that different codons can 
specify the same amino acid, especially due to diversity at the 
third (wobble) position of codons (Figure 1.2.9). 

 
Figure 1.2.9 Cloning of ADAR cDNA (23) 
A. Bovine liver extracts were fractionated to search for 
portions with deaminase activity. The fractions that showed 
activity were purified using affinity chromatography and then 
analyzed by SDS-PAGE, revealing several polypeptides of 93, 88, 
and 83 kDa, show in lane 3. Lanes 1 and 2 show the molecular 
mass standards. The 93 and 88 kDa bands were cut and sequenced 
from their N-terminal ends by Edman degradation. The mRNA 
sequence possibilities were inferred from the amino acid 
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sequences toward the N-terminal end of the protein, taking into 
account the degeneracy of the genetic code. For both the 93 and 
88 kDa polypeptides, three sets of oligos were designed: 
antisense primers for first-strand cDNA synthesis, sense primers 
for first-round PCR, and internal probes corresponding to the 
deduced mRNA sequences between the sense and antisense primer 
binding sites. The first-strand cDNA synthesis and subsequent 
first-round PCR were carried out using total RNA from bovine 
endothelial cells as the starting material. Analysis of the 
first-round PCR products by Southern blot revealed PCR products 
that hybridized to the internal probes, and these products were 
isolated and inserted into plasmids for storage using the 
restriction sites that were part of the 5’ ends of the sense and 
antisense primers. These inserts were then used to screen a 
human natural killer cell cDNA library, which revealed positive 
cDNA clones. The inserts of the positive cDNA clones were then 
used as probes themselves for subsequent rounds of screening to 
identify the other inserts that allowed piecing together the 
full-length sequence of the cDNA.  
B. The open-reading frame of the human cDNA was determined to 
encode 1226-amino acids, shown in the schematic with the N-
terminal ends of the bovine 93 and 88 kDa polypeptides labeled 
with arrows. The full protein includes three regions that share 
homology with dsRNA binding motifs (DRBM). Finally, the nuclear 
localization signals are shown in boxes.  

 
The sequence of the full-length open-reading frame for 

human ADAR was deduced from the overlapping inserts of various 
cDNA clones that showed up as positive during several rounds of 
screening. Consistent with findings that ADAR binds to dsRNA and 
that A-to-I activity is prominently observed in nuclear 
extracts, the protein also has three dsRNA binding motifs and a 
nuclear localization signal (24, 28). 

With the protein sequenced and the mRNA sequence assembled, 
scientists were interested to know more about the DNA locus that 
contains the information for ADAR expression. Of interest, the 
human genome project had not started until September of 1999, so 
it is perhaps no surprise that the ADAR field progressed in a 
direction opposite to that of the central dogma of information 
transfer in biology (29). It was revealed by fluorescence in 
situ hybridization that the ADAR sequence is located on 
chromosome 1 (30, 31). Inserts from selected lambda phage 
vectors corresponding to fragments of human placental DNA were 
used in this in situ hybridization experiment (Figure 1.2.10). 
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Figure 1.2.10 Mapping of ADAR DNA sequence (30) 
A. Metaphase chromosomes from human lymphocytes are shown here 
fixed and hybridized with digoxigenin-labeled probes specific 
for the ADAR genomic sequence. The probes are inserts from 
lambda phage clones prepared from human placental DNA that 
tested positive in a screen with ADAR cDNA probes, which had 
been used previously in a screen for interferon-stimulated 
genes, including the ADAR gene. Here, DAPI was added for 
visualization of chromosomes, and anti-digoxigenin antibodies 
labeled with the rhodamine dye were used for visualization of 
the digoxigenin-labeled probes. The smaller box shows a 
homologous metaphase chromosome 1 zoomed in to show more 
details, and the darker signals near the centromere correspond 
to the location of the ADAR1 locus, at the long arm, region 2, 
bands 1.1-1.2 (q21.1–21.2). 

 
Around the same time the ADAR genomic organization was 

being mapped, two protein isoforms of ADAR were also reported, 
one inducible by several interferon isoforms, and the other 
constitutively expressed. The inducible isoform is about 150 kDa 
and can be found in both the nucleus and cytoplasm, whereas the 
other isoform is smaller, about 110 kDa, and is found in the 
nucleus (32). Antibodies specific to different portions of the 
full-length ADAR were used to probe nuclear and cytoplasmic 
extracts prepared from human neuroblastoma cells (Figure 
1.2.11). Furthermore, antibodies specific to the larger isoform 
and selective for the smaller isoform in cells untreated with 
interferon were used in immunofluorescence microscopy to 
visualize the two isoforms in situ (Figure 1.2.12). 
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Figure 1.2.11 Two ADAR protein isoforms (32) 
A. A schematic is shown of the full-length ADAR open-reading 
frame of 1,226 amino acids, corresponding to the assembled 
sequence of a set of cDNA clones, called K88 (the set is made up 
of several clones obtained through a few rounds of screening), 
previously isolated in a screen for interferon-regulated genes. 
Numbers 1-4 represent tandem (adjacent) repeat sequences; 
numbers 1 and 4 specifically share homology with the vaccinia 
virus E3L protein, which has the ability to bind Z-DNA. Numbers 
5-7 correspond to the dsRNA binding domains, and number 8 is the 
deaminase catalytic domain. Three immunogens were prepared using 
a plasmid expression system in E. coli; the expression plasmids 
encode glutathione S-transferase (GST) fusion proteins, K88#1, 
K88#2, and K88#3, corresponding to different regions of the ADAR 
protein: residues 858-1140, 268-748, and 9-240, respectively. 
Rabbits were immunized with these polypeptides, and antibodies 
specific to the different regions of the ADAR protein were used 
to probe nuclear (N) and cytoplasmic (C) extracts from human SH-
SY5Y neuroblastoma cells treated or untreated with Sendai virus-
induced leukocyte alpha-interferon. 
B. Antibody-antigen signal was detected on film by radioactivity 
emitted from iodine-125 attached to protein A, which binds 
antibodies. The C-terminal antibody, K88#1, detected antigen of 
sizes 150 kDa and 110 kDa in both the cytoplasmic and nuclear 
fractions, but only in the presence of interferon; without 
interferon, only the 110 kDa protein was detected, and in much 
higher amounts in the nucleus compared to cytoplasm. The K88#2 
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antibody, which recognizes the middle regions of ADAR, produced 
the same pattern as the C-terminal antibody. Finally, the N-
terminal antibody, K88#3, produced bands that correspond only to 
the 150 kDa isoform, present in both nucleus and cytoplasm. The 
pre-immunized serum (pre #3) did not produce signal.  
C. Although both PKR and ADAR have conserved arginine motifs in 
the dsRNA binding domains, no cross-reactivity was detected in 
the antibodies used to detect RNA-dependent protein kinase (PKR) 
and the middle portion of ADAR. 
 

 
Figure 1.2.12 Two ADAR protein isoforms in situ (32) 
Human amnion U cells were examined by immunocytochemistry, with 
antibodies that bind to epitopes in the middle (K88#2) and N-
terminal ends (K88#3) of full-length ADAR. Secondary antibodies 
conjugated to FITC were used to amplify signal from the primary 
rabbit antibodies. Panel A shows cells treated with interferon 
and probed with pre-immune serum. Panel B shows untreated cells 
probed with K88#2, which reacts with both isoforms but is 
selective for the smaller isoform (p110) in the absence of 
interferon. The selectivity is largely due to low expression 
levels of the larger isoform (p150) without interferon 
treatment. Panel C shows untreated cells probed with K88#3, and 
panel D shows interferon-treated cells also probed with K88#3. 
Lowercase a-d shows the same microscope fields as the top 
panels, but stained with DAPI. 
 
1.3 Evolution of the ADAR field 

After the discovery and cloning of ADAR, the field has 
evolved in three main directions: 1. regulation of ADAR 
expression; 2. ADAR editome analysis; and 3. role of ADAR 
proteins in regulating immunity, among other aspects of biology. 
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The third category, specifically ADAR1 regulation of innate 
immunity, will be touched on briefly in the second half of 
chapter two. The second category, and specifically ADAR1 
isoform-specific editome analysis, follows directly from work 
that will be presented in chapters two and three related to 
understanding isoform-specific ADAR1 expression, and will be 
presented in chapter four. Studies related to the ADAR1 editome 
and the role of ADAR1 in immunity have both benefited immensely 
from advances in sequencing technologies, stem cell techniques, 
CRISPR, and other methods. There has been less extensive work, 
taking advantage of advances in lab techniques, done on 
understanding regulation of isoform-specific ADAR1 expression in 
human cells.  

The early studies on ADAR regulation highlight the 
complexity of this system and will be reviewed briefly. The ADAR 
genomic locus was originally reported to have 15 exons, with the 
first exon being the one that includes the methionine codon for 
the p150 full-length open-reading frame (Figure 1.1.13). The 
published start of the exon 1 sequence is actually that of exon 
1A, one of three exons that have promoters upstream and that all 
attach to exon 2 during splicing of the pre-mRNAs. 
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Figure 1.2.13 ADAR genomic organization (31) 
A. Clones from a lambda phage genomic DNA library made from 
human lymphoid cells were screened using an insert from a 
plasmid that corresponds to part of the human ADAR cDNA 
sequence. The three overlapping clones that were selected from 
the screen, called lambda HUG1, lambda HUG2, and lambda HUG3, 
together encompass the 15 exons (boxes) and 14 introns (lines) 
that make up the human ADAR gene locus on chromosome 1. The 
letters shown on the schematics of the lambda clones refer to 
restriction sites: HindIII (H), XhoI (X), and SalI (S). Below 
the schematics of the lambda phage clones and the ADAR DNA locus 
is a schematic of the full-length open-reading frame, with 
smaller boxes denoting untranslated regions and larger boxes 
denoting coding regions.  
B. The starting and ending sequences of the 15 exons and 14 
introns are shown. The exon-intron junctions are denoted by 
slashes, and splice donor (gt) and acceptor (ag) sites in the 
introns are underlined. 
 
 With the exons and introns mapped and sequenced, scientists 
now turned to understanding how expression from the promoter(s) 
is regulated. First, Northern blots done with probes specific to 
ADAR mRNA suggested the size of the mRNA could be larger than 
what was predicted from assembling sequences directly from 
overlapping cDNA clones isolated from rounds of library 
screenings (23, 31). To examine the ends of ADAR mRNAs, 5’ rapid 
amplification of cDNA ends (RACE) was performed on total RNA 
using antisense ADAR specific primers for first-strand cDNA 
synthesis (33). These RACE studies revealed that transcription 
could potentially start at multiple sites upstream of the 
translational start site for p150 (Figure 1.2.14). One study 
done in HeLa and Raji cells (a cell of hematopoietic origin 
isolated from a patient with Burkitt's lymphoma) placed the 
transcriptional start sites at between 120 and 160 bases 
upstream of the translational start site; another study done 
using cells isolated from human placental tissue placed the 
transcriptional start site at a maximum distance of 186 bases 
upstream of the translational start site (31, 34, 35). Taking 
into account biological variability, there is perhaps no need to 
assume that transcription starts at the exact same nucleotide 
position each time. Maybe this variability is part of the reason 
for the evolution of 5’ untranslated regions (UTRs) in 
translatable mRNAs, that is, to ensure that the first methionine 
codon is not missed or broken apart because of variation in 
where transcription starts. Of course, structures of 5’ UTRs are 
also intimately associated with 40S ribosomal subunit scanning 
and regulation of translation initiation.  



 19 

 
Figure 1.2.14 ADAR exon 1 upstream sequences (31) 
Poly(A)-selected RNA from HeLa cells was reverse-transcribed 
using an ADAR specific antisense primer. Second-strand cDNA 
synthesis was achieved by adding an enzyme cocktail of RNase H, 
DNA Polymerase I, and DNA ligase. Blunt ligation of 5’ RACE 
adapter sequences to the cDNA ends was done using T4 DNA ligase, 
and this was followed by PCR amplification of ligated fragments. 
Products were cloned into vectors (using restriction sites 
present in the RACE adapter sequences) for DNA sequencing. In 
the genomic sequence shown above, the arrows show variations 
seen in the 5’ ends of the sequenced inserts, corresponding 
potentially to differences in transcriptional start sites. The 
+1 label and highlighted ATG show the first methionine codon of 
the full-length ADAR p150. A purine rich (Pu Box) region is 
upstream of the putative transcriptional start sites, and is 
highlighted by a box. Further upstream, boxed, are two SP1 
transcription factor binding sites. Even further upstream is a 
cAMP responsive element binding (CREB) site. CREB is a 
transcription factor that is part of the cAMP pathway (36). 
  
 Of curiosity, unlike many other eukaryotic genes, ADAR 
lacks a clear canonical TATA-type promoter signal upstream of 
the putative transcriptional start sites. A few years later, the 
sequences upstream of this exon were determined to be responsive 
to interferon, and an interferon-stimulated response element 
(ISRE) and kinase conserved sequence (KCS) were also identified 
(Figure 1.2.15). KCS was found to be required for efficient 
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transcription of the PKR gene both in the presence and absence 
of interferon (37).  
 

 
Figure 1.2.15 ADAR exon 1 interferon responsive sequences (31) 
In this experiment, total human placental RNA was used as the 
starting material, along with random hexamer priming for reverse 
transcription and completion of cDNA synthesis using the 
traditional cocktail of RNase H, DNA Polymerase I, and DNA 
ligase. After ligation of RACE adapters, several rounds of PCR, 
including nested PCRs, were performed on the cDNA using sense 
adapter-specific primers and antisense ADAR-specific primers. 
The PCR products were then cloned, sequenced, and mapped to the 
genomic locus based on Southern blot hybridization of cDNA 
probes (available from earlier experiments) to restriction-
digested lambda or P1 phage library DNA. The digested genomic 
DNA fragments that gave signals on the Southern blot could then 
be subcloned from the original giant phage vectors into smaller 
plasmids, sequenced, and aligned to the RACE cDNA sequences to 
reveal the exact sequences upstream of transcriptional start 
sites. Shown above, upstream of the start of exon 1, in boxes, 
are the ISRE and KCS, identified based on sequence homology 
(38). Of interest, the KCS sequence has only been found in the 
PKR promoter, and now, the ADAR promoter (39). Part of the ISRE 
had been referenced in an earlier study as a purine-rich 
transcriptional enhancer. Also labeled are consensus sequences 
for proximal specificity protein 1 (SP1), activating protein 2 
(AP2)(40), and metal response element (MRE) binding factors, 
along with restriction digest sites. 
 
 The RACE studies proved to be fruitful not only in defining 
potential ADAR exon 1A transcriptional start sites, but also 
identification of another exon 1B further upstream that shares 
the same linkage site with exon 2 (Figure 1.2.16). Unlike exon 
1A, the newly identified exon 1B lacks a methionine codon in the 
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ADAR open-reading frame when spliced to exon 2 and thus serves 
as an extended UTR during translation. The first start codon in 
these 1B splice variants (in the correct reading frame) is 
located at the 296th position in exon 2 and encodes p110.  

Exon 1B is shorter than 1A, with the longest RACE cDNA 
clone showing a 107-base sequence starting from the splice 
junction with exon 2, in contrast to exon 1A, which extends up 
to 201 bases from the junction. Of interest, the modern human 
genome build, hg38, and the associated curated NCBI Reference 
Sequence (RefSeq) database, annotates exons 1A and 1B with a 
maximum length of 257 and 126 bases, respectively.  

The curated annotations, according to the NCBI, are 
determined based on a combination of: 1. analysis of publicly-
available sequencing data, including data uploaded during 
publication of both related and unrelated studies; and 2. a 
review of relevant literature before the current trend of 
uploading sequencing data during the publication process. The 
increased maximum lengths of exons 1A and 1B as seen in the 
curated NCBI RefSeq database compared to the earlier RACE 
studies probably reflect the increased sensitivity of deep-
sequencing methods, ranging from the popular fragmentation and 
sequencing-by-synthesis methods to nanopore-based single-
molecule sequencing. 

 
Figure 1.2.16 Annotated sequences upstream of exon 1B (41) 
Here, the ADAR exon 1B sequence is shown, based on the largest 
5’RACE product, along with upstream genomic sequences and 
downstream intron sequences. Unlike exon 1A, this exon has a 
canonical eukaryotic promoter, labeled as TATA Box. Putative 
transcription factor binding sites are labeled for activator 
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protein 1 (AP-1)(42), polyoma enhancer activator 3 (PEA3), MRE 
binding factors, catabolite activator protein (Cap-Box) (43), 
purine-rich binding factors (Pu-Box), CCAAT box binding factors 
(CAT Box), cAMP response element factors (CRE), transcription 
factor IID (Inr)(44), AP-2, and erythroblast transformation 
specific variant 1 (Ets-1)(45). The AvaI restriction site shown 
is one of two restriction sites in the genomic DNA insert of a 
large P1-phage clone that allowed for digestion of the fragment 
containing ADAR exon 1B. 

 
The exon 1A and 1B ADAR splice variants identified from the 

RACE sequences have distinct promoter activities. The genomic 
sequences upstream of exons 1A and 1B were formally tested for 
level of constitutive activity and responsiveness to interferon 
by chloramphenicol acetyltransferase (CAT) promoter assays 
(Figure 1.2.17-1.2.18). 

 
(D) 

 
Figure 1.2.17 ADAR exon 1A promoter assays (35) 
A. Shown here is the genomic organization of the ADAR locus, 
with exon 1A denoted by “1” and the other 14 exons denoted by 2-
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15. The letter “R” appears above the exons that encode the three 
dsRNA-binding domains.  
B. Shown here are overlapping insert sequences from the lambda 
(human placental DNA) and P1 (human fibroblast DNA) phages 
isolated from screens using fragments of ADAR cDNA as probes.  
C. Shown here are restriction sites present in the assembled 
genomic DNA sequence, and in particular, the 904-base BamHI/XhoI 
fragment that contained the sequences upstream of exon 1A is 
magnified.  
D. Shown here are results from an experiment in which the 904-
base sequence was tested using the CAT-reporter plasmid. The 
reporter contains the chloramphenicol acetyltransferase gene, 
which, when expressed, catalyzes addition of an acetyl 
functional group to chloramphenicol; this process originally 
evolved in E. coli to prevent chloramphenicol from binding 
bacterial 23S rRNA and inhibiting translation (46). In this 
experiment, the BamHI/XhoI fragment was first blunted by Klenow 
fragment, a protein fragment created from cleavage of DNA 
Polymerase I with the subtilisin protease (47). The blunted DNA 
fragment was inserted into a single blunted cut introduced into 
the reporter plasmid and the orientation was confirmed by 
sequencing. The pCAT-Control plasmid, which contained the simian 
virus 40 (SV40) promoter/enhancer, was used as a positive 
control for signal, and the pCAT-Basic plasmid, which lacked a 
promoter, was used as a negative control. The four plasmids were 
transfected into human amnion U cells using a traditional DEAE-
dextran transfection method, and cells were either treated or 
untreated with alpha-interferon 24 hours after transfection. 
Cells were harvested up to 72 hours after transfection, and 
extracts from the cells were tested on chloramphenicol 
substrates labeled with carbon-14. The reaction products were 
analyzed by thin-layer chromatography and measurement of carbon-
14 radioactivity levels, taking advantage of the fact that 
acetylated chloramphenicol migrates differently than the 
original, unmodified molecule. The protein-normalized enzymatic 
activities of CAT are shown for the four transfection conditions 
with and without interferon. The BamHI/XhoI fragment drives 
expression of the CAT gene only in sense orientation and in the 
presence of interferon. The black and white rectangles show the 
locations of the KCS and ISRE elements, respectively, as 
referenced earlier in Figure 1.2.15. 
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B 

 
Figure 1.2.18 ADAR exon 1B promoter assays (48) 
A. The same four lambda (human placental DNA) and P1 (human 
fibroblast DNA) phages as the ones described in Figure 1.2.17 
are shown here with an extension further upstream of the ADAR 
exons. Exon 1B is indicated in the schematic along with several 
downstream exons, including exon 1A and its interferon-inducible 
promoter (PI Promoter). Like with the previously mapped exon 1A, 
the exon 1B sequence from 5’ RACE sequencing was used to design 
1B-specific probes, which were found to hybridize only to DNA in 
the phage P1-249 clone but not the other two P1 clones or the 
lambda phage clone.  
B. The 5.8-kb BamHI/BamHI fragment digest from the P1-249 insert 
is shown, and subsequent restriction digests within this 
fragment were tested using the CAT-reporter system as described 
in Figure 1.2.17. Only the sense-directional 2.2-kb XhoI/XhoI 
had promoter activity, which turned out to be constitutive. 
 
 With the promoter and splicing activities for exons 1A and 
1B formally tested, scientists now had a better understanding of 
the expression of ADAR in human cells. The promoter activities 
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and expression levels for these two splice variants were tested 
in vivo in amnion U cells (Figure 1.2.19).  
 
A 

 
B 

 
Figure 1.2.19 Relative expression levels of exons 1A and 1B (41) 
A. Shown here is a schematic of the first three exons and two 
introns of the ADAR locus, with splice linkages indicated by 
dotted lines.  
B. An experiment is shown here in which human amnion U cells 
were treated with 1,000 units/ml of alpha-interferon (from 
leukocytes stimulated by Sendai virus) for 24 hours. Total RNA 
was isolated from the cells and probed with phosphorus-32 end-
labeled probes specific for the exon 1A/exon 2 junction and the 
exon 1B sequence. The 28S and 18S eukaryotic rRNA positions are 
indicated next to the Northern blots. The increase in band 
intensity seen with the exon 1A/exon 2 probe corresponds with 
interferon treatment. By contrast, interferon treatment is not 
associated with an increase in band intensity when probed with 
the exon 1B probe, for the same amount of starting RNA material. 
 

Of note, there are additional possibilities for both 
transcription and splicing upstream of exon 2, in addition to 
exons 1B and 1A, as will be shown in the next chapter. In terms 
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of alternative splicing downstream of exon 2, truncations were 
observed in ADAR exons 6 and 7 that led to variations in the 
second and third dsRNA binding domains for the full-length ADAR 
isoform (Figure 1.2.20). Although all variants had comparable A-
to-I editing activity, mutation of the conserved lysine residues 
(49, 50) responsible for dsRNA binding in either the first, 
second, or third dsRNA binding domains of the variants affected 
their editing efficiencies differently. For example, abolishing 
the dsRNA binding activity of the second domain caused reduced 
editing for the binding-abolished non-truncated version relative 
to the binding-competent non-truncated version. However, this 
same lysine mutation in the second domain increased the 
efficiency of editing in the binding-abolished truncated 
versions, compared to the corresponding binding-competent 
truncated versions, at least in terms of in vitro editing levels 
(51). 
A 

 
B    C 

             
Figure 1.2.20 ADAR exons 6 and 7 splice isoforms (51) 
A. The schematics here show the open-reading frames of three 
full-length ADAR variants with changes in the splice junctions 
between exons 5-8. In the non-truncated version, ADAR-a, the 
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open-reading frame encodes a 1,226 amino acid polypeptide, the 
theoretically longest isoform. ADAR-b is made up of 1,200 amino 
acids and results from a truncated exon 7; ADAR-c is 1,181 amino 
acids in length and results from truncations in exons 6 (exon 6-
beta) and 7 (exon 7-beta), all due to alternative splicing. The 
four primer pairs (PP1, PP2, PP3, and PP4) were used to make PCR 
products from cDNA libraries prepared from human kidney, human 
placenta, and mouse macrophages. PP4 was designed to screen for 
a fourth theoretically possible cDNA variant (truncation in exon 
6 but not exon 7) given the observed alternative splice sites in 
exons 6 and 7.  
B. Shown here is 1% agarose gel electrophoresis of cDNA 
products, stained with ethidium bromide. Lanes b and c show the 
presence of cDNA encoding the ADAR-a, ADAR-b, and ADAR-c (faint 
smallest band) variants, for human kidney, and only ADAR-a and 
ADAR-b variants for mouse macrophages.  
C. Testing with PP2 in human kidney resulted in two bands and 
confirmed the presence of alternative splicing leading to a 
truncated exon 6, as shown in lane e. In human placenta, this 
truncation in exon 6 was not observed, as PP2 only gave one PCR 
product, as shown in lane f. Therefore, human kidney is able to 
express both truncated variants, while placenta only expresses 
the ADAR-b truncated variant. PP3 is used to further test for 
the presence and absence of ADAR-b and ADAR-c variants; it 
includes a reverse primer that binds at the splice junction 
between a truncated exon 7 and exon 8. PCR with PP3 gave two 
bands, as expected, for kidney cDNA, and only one band for 
placental cDNA, as shown in lanes g and i, respectively. 
Finally, PP4 was designed to test for the presence of the fourth 
theoretical isoform, with a full-length exon 7 (7-alpha) and a 
truncated exon 6 (6-beta). Although the reverse primer in PP4 is 
drawn to appear as if the binding site is solely within 
truncated exon 7 (7-beta), the agarose gel results are more 
consistent with usage of a primer that spans the splice junction 
between full-length exon 7 (7-alpha) and exon 8. The cDNA from 
kidney and placenta yielded only one product, as shown in lanes 
h and j, respectively, suggesting this fourth theoretical splice 
variant is not expressed in these tissues. Markers for ADAR-a, 
ADAR-b, and ADAR-c shown to the right of the gel apply only for 
the PCR products shown in lanes g-j.  
 

The two exon 7 truncated ADAR isoforms either lacked 26 
amino acids in third dsRNA binding domain, or that plus lacking 
another 19 amino acids in the region between the second and 
third dsRNA binding domains; these truncations did not seem to 
affect the conserved lysine residues important for dsRNA binding 
activity (51). The cDNA encoding these three variants were 
cloned into expression vectors without 5’ UTR sequences, which 
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seemed to inhibit expression of the proteins (51, 52). This will 
be relevant in experiments presented in later chapters that also 
utilize expression vectors with ADAR cDNA variants lacking their 
5’ UTR sequences. Truncation constructs were made in both the 
p150 and the p110 forms to test how well these cDNA variants 
could be translated in vivo (Figure 1.2.21). 

 
Figure 1.2.21 Expression of ADAR exon 6 and 7 variants (51) 
A. The four theoretically possible ADAR exon 6 and 7 variants 
(a, b, c, and the theoretical d) were cloned into expression 
vectors and transfected into monkey kidney COS-1 cells using 
traditional DEAE-dextran transfection methods. As benchmarks, 
nuclear (N) and cytoplasmic (C) extracts from human SY5Y 
neuroblastoma cells with and without interferon treatment were 
included in the immunoblot. Lanes a and b show extracts probed 
with an anti-ADAR antibody recognizing the middle of the 
protein, with the bands smaller than p150 and p110 corresponding 
to the putative truncations (a, b, and c) of the full-length 
(methionine-1) and methionine-296 ADAR versions. Extracts in 
lanes c-i were probed with a p150-specific antibody. Of note, 
expression of the full-length ADAR, without truncations (lane 
f), appeared to produce a smaller isoform around the size of 
p110, but because the antibody used was a p150 N-terminal 
specific antibody, this band and the other bands smaller than 
the largest bands were regarded as degradation products.  
B. The two alternatively spliced exons were introduced into the 
p110 open-reading frame; these constructs also showed efficient 
translation in COS-1 cells. One curiosity is that the band in 
lane letter l (ADAR-b) appears to be higher than the band in 
lane n (the theoretical ADAR-d variant), even though the ADAR-b 
variant, which is truncated by 26 amino acids, should be smaller 
than ADAR-d, which is truncated by 19 amino acids, both relative 
to the 931 amino acid full-length p110 version of ADAR-a. 
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In conclusion to this introductory chapter, it is worth 

mentioning that the human ADAR family of proteins include ADAR1; 
ADAR2, discovered and cloned in 1997 (53); and ADAR3, discovered 
and cloned in 2000 (54). The years here refer to when the human 
versions were isolated; the rat homologs, called RED1 and RED2, 
were identified earlier (55, 56). ADAR1 maps to chromosome 1, 
while ADAR2 and ADAR3 map to chromosomes 21 and 10, 
respectively. ADAR2 and ADAR3 lack the Z-DNA/Z-RNA binding 
domains found in ADAR1 and have two rather than three dsRNA 
domains (57). Furthermore, while the catalytic domains in ADAR1 
and ADAR2 are functional, this domain has not been found to be 
active in wild-type ADAR3 (58). The experiments reviewed above 
and ones that will be presented in later chapters focus on 
ADAR1. 
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CHAPTER 2. Regulation and function of ADAR1 
As reviewed in the first chapter, the expression and 

regulation of ADAR1 is complex and is worth re-examining using 
advances made in sequencing and other molecular biology 
techniques during the last two decades. The second chapter of 
this thesis aims to: 1. describe ADAR1 regulation at the DNA 
level with an application to screening of CRISPR knock-in 
clones; 2. describe the types of ADAR1 splice variants; 3. 
describe how splice variants contribute to ADAR1 p110 and p150 
protein levels; 4. describe the role of ADAR in maintaining 
immune homeostasis in human neuronal cells; and 5. discuss the 
belated evolution of longer ADAR isoforms compared to shorter 
ones in the animal kingdom. 
 
2.1 ADAR1 DNA regulation 

Human embryonic kidney (HEK) 293T cells were selected for 
nearly all experiments, largely because of convenience with 
regard to cell culture maintenance, and efficiency in terms of 
genetic manipulations. The number 293 refers to the experiment 
number from the lab in which this cell line was originally made, 
by transformation of primary human embryonic kidney cells with 
adenovirus type 5 DNA, which has regions that stimulate primary 
cell proliferation (59, 60).  

For purposes of studying ADAR1, 293T cells are easily 
responsive to human interferon treatment and express both p110 
and p150 isoforms, along with extensive global editing of RNA 
(61). Although ADAR2 is also expressed in 293T cells, 
significant ADAR2-associated A-to-I editing has not been 
detected in 293T cells, at least by comparing the editomes of 
ADAR2-KO and WT 293T cells (61). As the focus of this thesis is 
on ADAR1 and ADAR1-associated A-to-I editing, the use of 293T 
cells makes sense given that ADAR1 is the primary A-to-I editor 
in these cells. Previous work has suggested that ADAR1 is the 
primary editor of repetitive, non-coding RNA sequences in nearly 
all human tissue types, whereas ADAR2 targets more non-
repetitive, protein-coding RNA sequences (62).  

As had been reported previously, ADAR exon 1A has an 
interferon-stimulated response element (ISRE) upstream of the 
transcriptional start site (35). We took advantage of this 
element both in terms of validating the ability of ADAR to be 
induced by interferon-beta and determining the effectiveness of 
a CRISPR knock-in method, in which the goal here was to knock in 
the open-reading frame of GFP (minus the first ATG codon of GFP) 
directly after the p150-ATG codon. By stimulating the ISRE 
upstream of exon 1A with interferon, induction of GFP-tagged 
ADAR would enable quantification of GFP-positive cells to 
compare efficiencies of guide RNAs, among other factors.  
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Furthermore, fluorescence-activated cell sorting (FACS) by 
GFP-signal would allow isolation of single-cell clones to 
determine knock-in efficiency in terms of homozygosity and 
heterozygosity. Here, use of the terms homozygosity and 
heterozygosity is not perfectly precise, given that these terms 
are typically used when discussing diploid cells. 293T cells are 
not exactly diploid, but yet also not fully triploid; some cells 
in culture may have more than two copies of chromosome 1, where 
the ADAR1 gene locus is located, and some may have exactly two 
copies. The total number of chromosomes in 293T cells varies 
from 56 to 78, and about a third of cells in culture was found 
to carry 64 chromosomes (63–65). For all subsequent experiments, 
unless otherwise stated, 293T cells were maintained at 37°C and 
10% CO2, and cultured using Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% fetal bovine serum and MEM non-
essential amino acids (NEAA) solution. 

The CRISPR knock-in method was adapted from two reports, 
one describing a plasmid-based Cas9 expression system with 
built-in guide RNA cloning sites, and another describing a 
plasmid-based donor DNA strategy for knock-in and replacement of 
target sequences by homologous recombination, after double-
stranded breaks are introduced in both the donor DNA plasmid and 
chromosomal DNA (66, 67). Our experiment was done in WT 293T 
cells transfected with a Cas9/sgRNA expression plasmid and donor 
DNA plasmid carrying the insert containing the GFP open-reading 
frame (Figure 2.1.1). 
A     B 

 
Figure 2.1.1 Plasmids for CRISPR 
A. The plasmid shown on the left, PX459, is available from 
Addgene and has a U6 promoter that promotes expression of the 
single guide RNA (sgRNA), which has both a target-sequence 
specific CRISPR RNA and a trans-activating CRISPR RNA fused into 
a single molecule. A CMV enhancer element is upstream of the 
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open-reading frame encoding Cas9 connected to puromycin-
resistant protein (not applicable for this particular 
experiment) with a T2A self-cleaving peptide in between. The T2A 
works by causing the translating ribosome to skip forming a 
peptide bond at the C-terminal end of the T2A peptide (68). 
Finally, the ampicillin-resistance gene in the plasmid has its 
own promoter and allows propagation of the plasmid in 
transformed DH5-alpha E. coli cells cultured on Lysogeny broth 
(LB) agar plates with carbenicillin for selection. 
B. The donor DNA plasmid is a pUC57-based plasmid that encodes 
resistance to ampicillin. The insert contains the DNA sequence 
corresponding to ADAR1 exon 1A and the flanking sequences 
extracted from the most recent build of the human genome (hg38). 
The methionine codon in exon 1A now serves as the beginning of 
the open reading frame for GFP, and the GFP stop codon is 
removed and replaced with a linker peptide sequence, followed by 
the rest of exon 1A, which correspond to amino acids 2-5 of the 
p150 protein. The ends of the sequences flanking exon 1A (with 
the inserted enhanced GFP and linker proteins) includes the 
sgRNA sequences to be tested. The concept here is to have the 
guide RNA bring Cas9 to both the genomic locus and the dsDNA 
plasmid, thus introducing double-stranded breaks in both 
substrates. During the process of homology-directed DNA repair, 
the hope is that some molecules of liberated donor DNA, with the 
extended homology arms, will recombine with the chromosomal DNA, 
completing the knock-in.  
 

The donor DNA plasmid, a customized pUC57 plasmid, was 
synthesized by the Gene Universal company. This small plasmid 
encodes an ampicillin-resistance gene and was derived from the 
original pUC (University of California) series of plasmids with 
multiple cloning sites (69, 70). After delivery, the plasmid was 
transformed into DH5-alpha E. coli cells using heat-shock for 45 
seconds followed by plating on carbenicillin-selective LB agar 
plates and incubation at 37°C overnight. Single colonies were 
selected the next morning for single-tube cultures in LB broth 
with carbenicillin to maintain selective expansion of the 
transformed bacterial cells. After reaching the optical density 
threshold, the bacteria in suspension were pelleted, and plasmid 
DNA was extracted using the Qiagen miniprep kit, following 
manufacturer guidelines. 500ng of individual minipreps were 
mixed with a primer that binds to the insert and sent to 
Macrogen for sequence verification. Shown below is the insert 
sequence contained in the pUC57 plasmid: 

 
5’-GGGCGCAATGAATCCGCGGC(AGG)TGCGCTCCCGCCCATCCCCTCCCCCCCCCCTCCACATTGGAGACGCGGC
CACCACCGCGCTGGCGCGGAGAGAGGGAGGACCGGGCGTCATGCTGTTTCTGGCCTGAGGTTTTGTGTGCCTTTGTT
TTCCTTTTGCTCTATTCGTGTATTCCTGCCTACGGCCTGTGCGGGGAATTAGGAGCTCAGTACTGAAACGGCGGTTT
TCCTAAACAGTACCGGACGGGCGCGGGGGCTGACGCCTGTAATCCCAACACTTTGGGAGGCCGAGGTGGGCGGATCT
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CTTGAAGCCGGGAGTTCGAGACCACCCTGGCTAACGTGGTGAAACCCTGTTCTTACTAAAAATACAAAAAAAAAAAA
AAAAAAAAAGCCAGGAGTGATGGCGCTCGCCTGTAATCCCAGCTACTCCGTAGGCTGAGGCAGGAGAATCGCTTGAA
CCCGGGGGGCAGAGGTTGCAGTGAGCCGAGATTGCGCCATTGCACTCCAGCCTGGGCAAAAAGAGCGAGACTCCGCC
TCAAAAAAAAAAAAAAAAGTACCTTCCGTAGTTCTCATGCAGCGGAGGGGTTCGACTTGTAACCGGCCTGAAACCAA
GCGTGGCGCAAGATTTGCTCAA__GCCCCTCCTCTTGGCCAAACTTTCCGGAGGGGAAGGCTTTCCGAGGAAACGAA
AGCGAAATTGAACCGGAGCCATCTTGGGCCCGGCGCGCAGACCCGCGGAGTTTCCCGTGCCGACGCCCCGGGGCCAC
TTCCAGTGCGGAGTAGCGGAGGCGTGGGGGCCTCGAGGGGCTGGCGCGGCCCAGCGGTCGGGCCAGGGTCGTGCCGC
CGGCGGGTCGGGCCGGGCAATGCCTCGCGGGCGCAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCC
ATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTA
CGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGA
CCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAA
GGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGG
CGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGG
AGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATC
CGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT
GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGG
TCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGTGGAGGCGGTTCAGGC
GGAGGTGGCTCTGGCGGTGGCGGATCGCTCGAGAATCCGCGGCAG__GTAAGCCGGGCCGGCCTTGGACCTTCGCCG
CCGTCTGGGTTCGTTTACAACCTCACAGGCTTTGTGTTGCAGTGCGTAGCGTGTGCGTCTTGTGAGTGTTAGAGTGT
GTGTGTGTGTGTCGTCTTGCCAAGCAGCATTGCTGGTTTAGGAATTTGTGCGTCTTGTGAGTGTGTGTGTGTGGGTG
TGTGTCGTCTTGCCAAGCAGCATTGCTGGTTTAGGAATTTGTGCGTCTTGTGAGAGTGTGTGTGTGTGTGTGTGCGT
GTGTGTGTAGTCTTGCCAAGCAGCATTGCTGGTTTAGGAATTTGTGAATTTGTATCCTGCTCATTAATTCTGCAGAA
TGGAGCAGTGCGTGAAGAGGGCTTGGGGGAAAATGCGCCCCCGTCTGAGTAGGAAGGCCTGAGCCCATGTCAAGGCA
GACACATCGTCTCCCTTTCTGCTAGGGCCCCTTGTGGAACCCCCTACCCCCGCTTTAGCCCCACTTGAACAACGTTC
GGACTTTGAGCAGCGCACACTATCCTCAGCTCACCTTATCCACCTCCTGAAGGCCTTCTGGGAGTTAAAAATGGCAC
TTAAGCTGTAGGAGAAAGCTTGTTAACCACTTTATAG(CCT)GCCGCGGATTCATTGCGCCC-3’ 
 

The hg38 annotated ends (upstream genomic DNA/exon 1A 
junction and exon 1A/intron junction) of exon 1A are shown above 
with the “__” spaces. The eGFP sequence is shown in green, and 
the linker peptide sequence, comprised largely of glycine 
codons, is shown in blue. Note the linker peptide connects the 
final amino acid of eGFP (lysine-AAG) with the second amino acid 
of ADAR1 p150 (asparagine-AAT).  

The pUC57 plasmid containing the sequence above was 
transfected along with the PX459 plasmid that contains the GFP-
KI guide#1 oligos (shown on the next page). The pUC57 plasmid 
containing the same sequence above, but with the bolded target 
sequences at the ends replaced with the GFP-KI guide#2 target 
sequence, was transfected along with the PX459 plasmid that 
contains the GFP-KI guide#2 oligos. 

To knock-in the GFP open-reading frame within the ADAR1 
exon 1A locus, a double-stranded break in the chromosome would 
need to be introduced by Cas9, targeted by sgRNA. The double-
stranded break in the target sequence is expected to be between 
the third and four bases upstream of the first base of the 
protospacer adjacent motif (PAM) site (71). This is relevant for 
design of the homology arms in the donor DNA plasmid. Given that 
the corresponding guide RNA sequences are attached to the ends 
of the homology arms, and oriented such that the PAM sequence is 
proximal to the ends of the homology arms, the break introduced 
by Cas9 would result in a dsDNA fragment that contains the 3-
base PAM along with an additional 3 bases corresponding to part 
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of the guide RNA. Therefore, the homology arms should be 
designed to include only intron sequences to avoid disturbing 
either UTRs or coding regions of exons. Of course, not all side 
effects can be predicted, and there is always the chance that 
altering genomic intron sequences could change DNA regulatory 
elements or splicing elements. The following guide RNA sequences 
shown below were chosen based on availability of PAM sites 
around the p150 methionine. The PAM sequences are shown in 
parentheses. 

 
GFP-KI guide#1: 
Target sequence (sense strand) with PAM:  
5’-GGGCGCAATGAATCCGCGGC(AGG)-3’ 
ssDNA oligos for cloning into PX459: 
5’-CACCGGGCGCAATGAATCCGCGGC-3’ 
    3’-CCCGCGTTACTTAGGCGCCGCAAA-5’ 
GFP-KI guide#2: 
Target sequence (antisense strand) with PAM:  
5’-TCGCGGGCGCAATGAATCCG(CGG)-3’ 
ssDNA oligos for cloning into PX459: 
5’-CACCGCGCGGGCGCAATGAATCCG-3’ 
    3’-CGCGCCCGCGTTACTTAGGCCAAA-5’ 
 

The G/C highlighted in red for GFP-KI guide#2 is an extra 
base added to create a preferred transcriptional start site (G) 
for RNA polymerase III, and does not seem to affect targeting 
efficiency (66, 72). The oligos shown above were annealed at 95°C 
for 5min and then cooled to 4°C at a rate of 0.1°C/s. This 
produced the inserts with overhangs that were then ligated into 
recipient Cas9/sgRNA expression plasmids (PX459) following 
digestion with BbsI. Restriction digests and ligations with T4 
DNA ligase were done according to manufacturer (NEB) guidelines. 
Ligated produced were transformed into DH5-alpha bacteria, and 
carbenicillin-selected clones were submitted for sequence 
verification of the guide RNA inserts.  

With the sets of donor DNA and Cas9/sgRNA plasmids ready, 
an experiment was set up to transfect them into WT 293T cells in 
the presence and absence of nocodazole, a small molecule that 
has been shown to increase the efficiency of homology-directed 
repair (HDR) and inhibit non-homologous end joining (NHEJ) (67, 
73–75). After the double-stranded break, HDR is preferred over 
NHEJ because the donor DNA fragment needs to be introduced into 
the genomic locus during the DNA repair process (76). NHEJ is 
overall more efficient than HDR, and also active in more phases 
of the cell cycle; NHEJ is ideal when a sequence needs to be 
removed from the genomic DNA, as will be the case for the exon-
deletion experiments shown later in this chapter. Nocodazole 
prevents microtubule polymerization and arrests the process of 
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mitotic spindle formation, synchronizing cells in the mitotic 
phase (77). Because NHEJ is largely inactive during mitosis, 
synchronization of cells in this stage is thought to inhibit 
NHEJ and promote HDR activity (78, 79). 
 WT 293T cells were plated in regular medium with nocodazole 
for 12 hours before transfection, followed by expansion of cell 
cultures for interferon treatment, single-cell sorting, and 
downstream analysis (Figures 2.1.2, 2.1.3, and 2.1.4). 
 

 
Figure 2.1.2 Transfection of 293T cells for KI 
WT 293T cells were plated into wells (30,000 cells/cm2) coated 
with polymerized L-enantiomer lysine. Regular 293T medium was 
added with and without nocodazole at a concentration of 100ng/µl 
for 12 hours before transfection. Lipofectamine 3000 lipid-based 
transfection was performed following manufacturer guidelines. 
The +/- nocodazole groups were transfected either with the 
PX459sg1/pUC57sg1 or PX459sg2/pUC57sg2 combinations for 
transient expression of Cas9 and sgRNAs. As a control for 
transfection efficiency, cells were also transfected with PX458, 
which is the same as PX459 except the puromycin-resistance gene 
is substituted by a GFP gene. Transfected cells were cultured 
under standard conditions for 24 hours and imaged, as shown 
above, with a mix between the phase contrast and GFP channels. 
24 hours after transfection, the media was changed to remove 



 36 

nocodazole and lipid-DNA complexes. After growing to about 80% 
confluency, cells were passaged once and expanded (T25 refers to 
the 25cm2 flask used for the expansion) before plating (30,000 
cells/cm2) for further experiments.  

 
Figure 2.1.3 Flow cytometry analysis of bulk GFP-KI clones 
Bulk transfected cells were plated (30,000 cells/cm2) and treated 
with human interferon beta 1a by addition of recombinant protein 
(PBL Assay Science) to regular culture media at 1nM 
concentration for 48 hours. After 48 hours, cells were imaged 
using the GFP channel of a Zeiss microscope, and colonies of 
green cells were observed in the interferon-treated groups. GFP-
positive cells were sorted into 96-well (0.32cm2) flat-bottom 
plates using the BD FACSAria II flow cytometer at The 
Rockefeller University Flow Cytometry Resource Center. For 
single-cell culturing, media in the 96-well plates consisted of 
50% regular medium with 50% conditioned medium, which is 
supernatant harvested and filtered from other 293T cell 
cultures. After 2 weeks, single-cell clones were observed in, on 
average, about 20% of the wells. Clones were then lifted from 
the wells with Accutase gentle cell dissociation solution and 
transferred to 6-well (9.6cm2) plates for expansion.  
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A 

 
B 

 
Figure 2.1.4 Immunoblot analysis of bulk GFP-KI clones 
A. Originally, after 48 hours of interferon treatment, some 
wells were submitted for single-cell sorting by GFP signal and 
other wells were prepared for immunoblot. The graph here shows 
percent GFP-positive cells in the bulk cell population as 
measured by flow cytometry. Pre-treatment with nocodazole did 
not appear to significantly change the knock-in efficiency for 
this experiment. GFP-KI guide#1 may have a slightly different 
effect compared to guide#2 with regard to KI efficiency.  
B. For immunoblot, cells were lysed using 2X SDS-PAGE Sample 
Buffer with 400mM dithiothreitol (DTT) as a reducing agent, 
passed through a 26G needle 10 times to shear DNA, boiled (100°C) 
for 10min, and centrifuged at 10,000G for 10min. Cell lysate 
supernatants were loaded into 4-12% Bis-Tris gels and run at 
130V in 1X 3-Morpholinopropane-1-sulfonic acid (MOPS) buffer for 
2 hours at room temperature. Next, proteins were transferred 
from gels onto nitrocellulose membranes at 300mA for 2 hours at 
4°C. 10X transfer buffer was made using Tris-glycine and mixed 
with water and methanol to create 1X transfer buffer with 20% 
methanol. Following transfer, membranes were blocked for 1 hour 
at room temperature with 5% milk in TBS with 0.1% Tween20 
detergent. Following blocking, membranes were incubated with 
anti-ADAR1 antibodies (Santa Cruz D-8 clone, which recognizes an 
epitope within amino acids 1051-1226 in the C-terminal end of 
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ADAR1) and anti-beta-actin antibodies overnight at 4°C, followed 
the next day by three 15-minute washes, incubation with 
secondary antibodies conjugated to horseradish peroxidase (HRP) 
for 1 hour at room temperature, and another set of three 15-
minute washes with TBS/0.1% Tween-20. For chemiluminescence, 
membranes were incubated for 5min using Pico chemiluminescent 
HRP substrate. The immunoblot revealed presence of a larger band 
above the interferon-treated groups, corresponding to the GFP-
tagged ADAR1p150. WT 293T cell lysates are also shown in the 
first two lanes to serve as benchmarks. 
 
 The experiment described above is an example of how ADAR1 
expression is regulated at the DNA level by interferon-beta. The 
interferon-inducible promoter of exon 1A allowed for sorting of 
cells that grew from an original clone in which HDR successfully 
repaired the Cas9-induced double-strand break within exon 1A 
using the insert from the donor plasmid. The rate of 
heterozygous to homozygous clones is about 20:1, as determined 
by single-cell clone immunoblot screening. Another way to screen 
the clones is genomic DNA PCR using primers that extend into 
genomic DNA beyond the ends of the homology arms, to avoid 
amplifying residual plasmid DNA, which may be present in the 
cell or potentially integrated randomly into parts of the 
genome.  

Of note, one concern with the transfection of plasmids as 
compared to delivery of Cas9/sgRNA ribonucleoprotein complexes 
(RNPs) with single-stranded oligo DNA nucleotides (ssODNs) is 
random integration of expression plasmids, which can potentially 
generate low-level amounts of Cas9/sgRNA that could continue 
disrupting the gene locus, especially if the original guide RNA 
binding sites in the genomic DNA remain unmodified by the knock-
in, or if the PAM site is not altered in the donor DNA. In this 
experiment, successful knock-in would split the guide RNA 
binding sites, reducing the chance of repeated targeting of the 
locus by Cas9. Another method to reduce repeated targeting by 
lingering Cas9/sgRNA complexes would be to alter the PAM, and 
for guide#1, changing the (C)AGG to (C)AAG would be a way to 
preserve both the coding sequence of the protein at the fifth 
amino acid position (CAG/CAA: glutamine) and the splice donor 
(GT) site of intron 1A beginning with the final guanosine of the 
AGG PAM site. For guide#2, disrupting the PAM would mean 
changing the 5’ UTR non-coding sequence of exon 1A. 
 To continue the story on regulation of ADAR1 expression at 
the DNA level, we examined the relative expression of different 
RNA isoforms in a few different cell types. The isoforms 
selected for testing by quantitative PCR are based on 
annotations curated by NCBI RefSeq (Figure 2.1.5). 
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Figure 2.1.5 NCBI RefSeq curated annotations for ADAR1 
Shown are selected tracks from UCSC Genome Browser, an 
interactive web-interface tool for browsing genomic DNA sequence 
builds from different species and viewing a wide range of 
genomic annotations. For the ADAR1 locus on chromosome 1, three 
transcriptional start sites corresponding to exons 1B, 1A, and 
1C are annotated, all with linkages to exon 2. Shown below the 
exon-intron schematic is information extracted from the 
Encyclopedia of DNA Elements (ENCODE) project (80), showing 
chromatin immunoprecipitation (ChIP) sequencing data from seven 
different human cell lines, color-coded and overlayed: GM12878, 
a lymphoblastoid cell line; H1-hESC, a human embryonic stem cell 
line; HSMM, human skeletal muscle myoblasts; HUVEC, human 
umbilical vein endothelial cells; K562, a human leukemia cell 
line; NHEK, human epidermal keratinocytes; and NHLF, human lung 
fibroblasts. Here, chromatin was immunoprecipitated using an 
antibody specific to H3K4me3, which is histone H3 protein with 
addition of three methyl groups to the lysine 4 residue. DNA was 
then extracted from the antibody-bound portions for library 
preparation and sequencing (81). H3K4me3 is thought to occur 
near transcriptional start sites (82), and the peaks cluster 
around ADAR1 exons 1B, 1A, and 1C. 
 
 Using information from publicly available databases as a 
starting point, we aimed to see how ADAR1 RNA isoforms that 
begin with exons 1B, 1A, and 1C are expressed in 293T cells, 
human embryonic stem cells (hESCs), and induced hepatocyte-like 
cells (iHeps), in the presence and absence of interferon (Figure 
2.1.6). Details for culturing of hESCs and iHeps will be 
described later in this chapter. 
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Figure 2.1.6 Expression levels of ADAR1 RNA isoforms 
A. Total RNA was extracted from WT 293T cells, iHeps, and hESCs, 
reverse-transcribed using random hexamers and SuperScript III 
RT, followed by RNase H treatment, which resulted in single-
stranded cDNA. Quantitative PCR (qPCR) reactions were set up in 
duplicates for each gene (color-coded primer pairs) and sample 
combination with SYBR master mix. This mix contains DNA 
polymerase, dNTPs, and SYBR Green dye, which binds to double-
stranded DNA and forms a complex that absorbs blue light and 
emits green light, allowing relative quantification of DNA in 
each PCR cycle (83). Cycle threshold (Ct) values were defined 
for each reaction as the PCR cycle number at which the change 
(second derivative) in the slope (first derivative) for the 
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plotted fluorescence intensities goes from positive to negative. 
Ct values were averaged for each gene/sample combination in 
duplicate, and the differences in Ct values between the genes of 
interest and housekeeping gene (ribosomal protein S11) were 
calculated, and plotted as (1/2)ΔCt to show expression relative to 
RPS11 (approximate copies per RPS11). A 1% agarose gel shows the 
qPCR products with their expected sizes.  
B. The exon 1A variant showed increased expression following 
interferon treatment in the 293T cells and iHeps but less so for 
the hESCs, which maintained high expression of the exon 1A 
variant even at baseline, consistent with the finding that ISGs 
are constitutively expressed in pluripotent stem cells (84). The 
exon 1B variant was relatively consistent in expression with or 
without interferon treatment in 293T cells and hESCs, but 
slightly upregulated in iHeps with interferon treatment. The 
exon 1C variant was surprisingly upregulated with interferon 
treatment in the 293T cells and iHeps. The primer pairs used in 
this experiment are listed in appendix 1. 
 
 Given the availability of total RNA-sequencing data 
previously published for WT 293T cells, another method to 
analyze gene expression in addition to qPCR analysis of 
individual isoforms, was to look for reads that aligned to exons 
1B, 1A, and 1C. Exon 1C posed a challenge, however, because it 
is a repetitive element of the AluSc subfamily within the class 
of short interspersed nuclear elements (SINEs), and the presence 
of repetitive motifs and homopolymers creates a challenge for 
alignment and base-calling fidelity in sequencing machines. In 
one 293T dataset, many reads aligned for exons 1B and 1A, but 
less aligned for exon 1C. In the same dataset, the number of 
aligned reads also decreased in areas with Alu repeats, such as 
in the 3’ UTR of a reference gene (Figure 2.1.7). Several 
reasons could account for this observation of decreased read 
depth: 1. repetitive elements in RNA form secondary structures 
that resist the processive activity of reverse transcriptase, 
thus resulting in decreased formation of cDNA corresponding to 
repetitive elements; 2. alignment programs have difficulty 
assigning reads with repetitive sequences to a specific locus; 
and 3. lowered accuracy of base-calling tends to happen 
downstream of repetitive sequences, and this decreases the 
chance of finding a concordant alignment for the read.  

In the original experiment that produced the data shown in 
figure 2.1.7, total RNA was extracted from WT 293T cells and 
prepared using the Illumina stranded RNA-sequencing kit, 
following manufacture guidelines with two modifications to 
improve alignment of repetitive elements: 1. RNA fragmentation 
time was shortened to create larger fragment sizes; 2. 60% of 
the suggested volume of AMPure XP magnetic beads was used for 
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clean-up after PCR, to enrich for larger fragments of 400 bases 
(insert size around 300 bases) or larger. Of note, stranded 
library kits allow creating libraries that retain the 
sense/antisense information contained in each read. This is 
achieved by the use of dUTP in second-strand cDNA synthesis 
prior to ligation of adapters. Adapters pairs are oriented in a 
way to ensure the P5 (read 1) and P7 (read 2 in paired-end 
sequencing) primed reads correspond to sense and antisense 
sequences consistently for each fragment. Future rounds of PCR 
result in amplification of the first-strand antisense cDNA, 
which has a consistent P5/P7 orientation; second-strand cDNA, 
which has the opposite P5/P7 orientation, remains unamplified 
because it contains PCR-quenching uridine.  

The consistent orientation of P5 and P7 adapters around 
PCR-amplified fragments allow retention of strand information. 
Generally, read 1 contains the exact sense strand of the 
original mRNA, so the P5 sequence would typically be ligated on 
the 3’ end of the first-strand antisense cDNA and also the 3’ 
end of the uridine-quenched second-strand sense cDNA. The P7 
sequence would be ligated onto the 5’ ends of the first and 
second strand cDNA, and because the second strand will not 
amplify, the P7 primed read 2 should contain the sequence of the 
antisense strand.  
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Figure 2.1.7 ADAR1 exon 1C is an Alu element 
A. Aligned BAM files created with TopHat2 were indexed using 
SAMtools for compatibility with Integrative Genomics Viewer 
(IGV), which was used to generate the image tracks. Peaks 
corresponding to RNA-sequencing reads can be observed for the 
regions where exons 1B and 1A are located. Of note, because the 
scale is 0-125 reads, the reads that aligned to introns, 
although present (because total RNA was used to make the 
libraries), are present in low abundance relative to reads that 
mapped to exons, probably because spliced mRNAs are present in 
larger quantities than pre-mRNAs, and removed introns are 
degraded by various cellular mechanisms (85, 86). Without 
quantitative analysis of ADAR1 RNA isoforms, such as 
normalization of fragments per kilobase million (FPKM) or 
transcripts per kilobase million (TKM), it can be difficult to 
compare directly across the different isoforms and samples, but 
the trend suggests that 1B has higher basal expression levels 
than 1A, and that 1A is induced following interferon treatment. 
This is consistent with both qPCR data shown in figure 2.1.6 and 
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previous studies showing Northern blots and functional analysis 
of sequences upstream of these exons (35, 48).  
B. Few reads aligned to the genomic locus corresponding to exon 
1C, even with interferon treatment. Since exon 1C shares 
homology with Alu elements, it can be difficult to draw 
conclusions about 1C expression levels from this dataset. The 
color densities of boxes in the SINE lanes, generated using 
RepeatMasker, indicate the relative percentage of homology to a 
consensus sequence, with darker boxes corresponding to higher 
homology, meaning less base mismatches and insertions/deletions 
when aligned to the consensus sequence. The alignment results of 
other genomic regions with Alu repeats were also examined, with 
an example shown. The 3’ UTR of the Ataxia-telangiectasia 
mutated (ATM) kinase gene has several repetitive elements, 
including Alu elements, and aligned read counts are decreased in 
those regions compared to neighboring regions.  
 
 Collectively, the qPCR and total RNA dataset provide 
evidence for expression of ADAR1 exon 1B, 1A, and 1C variants in 
three different cell types, with the 1C variant being difficult 
to see in the TopHat2 alignment due to its repetitive sequences. 
The qPCR and RNA-sequencing results are consistent with presence 
of an interferon-inducible promoter upstream of the exon 1A 
sequence. Unexpectedly, we also observed an increase in exon 1C-
containing isoforms upon interferon treatment. This observation 
prompted further experiments to define the ADAR1 splice 
junctions and look for additional splicing events not previously 
described. 
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2.2 ADAR1 splice variants 
 There is expression of exon 1B, 1C, and 1A variants in 293T 
cells as assayed by SYBR Green I. Next, the qPCR products were 
resolved on agarose gel, extracted, and submitted for Sanger 
sequencing to define the splice junctions (Figure 2.2.1). 
 
A  

 
B 

 
Figure 2.2.1 Splice junctions of ADAR1 RNA isoforms 
A. The PCR products shown in the agarose gel in figure 2.1.6 
were extracted using the Qiagen gel extraction kit, following 
manufacturer guidelines. Forward primers used to generate the 
PCR products (shown in the schematic of the ADAR1 gene locus as 
color-coded arrows) were mixed with the corresponding gel-
extracted products and submitted for Sanger sequencing.  
B. Sequence chromatograms show the splice junctions between 
exons 1B, 1A, and 1C with exon 2 and are consistent with the 
annotated exon-intron boundaries. During the chain-termination 
sequencing reactions using ddNTPs labeled with fluorescent tags, 
fragments of different sizes are generated that are then 
separated by micro-electrophoresis. Base calls are made in the 
order of smallest to largest fragments, and for each position, 
if there are multiple bases, the area under the curves for the 
multiple bases correspond approximately to the ratio of the 
fragments possessing the different bases. The base called by the 
sequencer is based on the nucleotide peak with the highest area 
under the curve, but manual examination of individual positions 
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can reveal sites with multiple peaks, as is seen for the exon 
1C-exon 2 chromatogram. 
 
 Sanger DNA sequencing chromatograms reveal splice junctions 
that line up exactly with the RefSeq annotated splice junctions 
for the exon 1B-exon 2 and exon 1A-exon2 spliced isoforms (exon 
genomic sequences shown in uppercase and introns in lowercase): 
RefSeq exon 1B/intron 1B: …AAGTGCAAGACCCGgtaagagcc… 
RefSeq exon 1A/intron 1A: …TGAATCCGCGGCAGgtaagccgg… 
Refseq intron/exon 2: …ctgcagGGGTATTCCCTCAGCGGATAC… 
RefSeq exon 1C/intron 1C: …GAAAAAAAATAACCgtgtgagta… 
The canonical splice donor site is GT (GU in mRNA) at the 
beginning of the intron start site, often also with the exon 
preceding the splice donor site ending in a guanosine, and the 
splice acceptor site is AG at the end of the intron just before 
the junction with the downstream exon (87–90). Of curiosity is 
the exon 1C-exon 2 junction as seen in the Sanger chromatograms, 
in which there is an extra two bases (GT) between the RefSeq 
annotated end of exon 1C and start of exon 2. In addition, there 
appears to be a mix of nucleotides for each position starting at 
the second base of the extra GT sequence, which also corresponds 
to the first potential splice donor site (gt) in the intron 
immediately following exon 1C. Notably, there is a second 
putative splice donor site right after the first one (gtgt), and 
one can imagine this could lead to mixed splice donor activity 
(Figure 2.2.2). If both splice donor sites are active and join 
with the common splice acceptor site upstream of exon 2 (ag), 
then the possible splice isoforms based on usage of the second 
and first splice donor (gt) sites are, respectively (exon 2 
sequence is underlined): 
 
1. GAAAAAAAATAACCGTGGGTATTCCCTCAGCGGATACTACACCCATCCATTTCAAGG  
2. GAAAAAAAATAACCGGGTATTCCCTCAGCGGATACTACACCCATCCATTTCAAGG 
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Figure 2.2.2 Splice donors downstream of exon 1C 
A. The chromatogram shown in Figure 2.2.1 for the exon 1C-exon 2 
junction is shown here extended and with nucleotide annotations 
at each position for the two possible splice variants depending 
on which splice donor site downstream of exon 1C is used. Usage 
of the second splice donor site would result in the sequence 
shown closest to the chromatogram, whereas usage of the first 
splice donor site would result in the shorter sequence shown 
underneath. Following the chromatogram traces for each position, 
and taking into account both the highest and lower peaks, both 
sequences appear to be reasonable interpretations based on the 
chromatogram shown, except for the single boxed position that 
shows a smaller peak (C) inconsistent with the second sequence 
shown below at that position (A). Initially, we considered the 
possibility that this mismatch could result from a variant at 
that position in the cDNA either due to a PCR error (rare event, 
because KOD high-fidelity DNA polymerase was used in all PCR 
reactions) or single-nucleotide polymorphism (SNP) in the 
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genomic DNA (A-to-C), but this proposed A-to-C SNP was not 
observed at that position in the exon 1B and exon 1A containing 
mRNA variants. Even if the SNP was heterozygous, and the WT 
chromosome(s) or part of it happened to be silenced, this should 
still be uniform across the three qPCR products, which were 
produced from cDNA made from bulk RNA coming from the same cell 
population. Because of this inconsistency, we looked at other 
possibilities, starting with simply examining how the 
chromatogram would look by sequencing with the reverse primer, 
which would avoid the exon 1C homopolymer tail with regard to 
sequencing of exon 2.  
B. There is no SNP (T-to-G) in question seen in the antisense-
primed sequence, and the presence of the polyT stretch also 
created an alternate sequence with a 2-base displacement 
(deletion) starting downstream of the homopolymer, much like the 
polyA stretch, in which case the displacement seemingly 
corresponded to usage of the first splice donor site. Taking 
into consideration chromatograms generated from both sense and 
antisense sequencing primers, we conclude that this displacement 
is an artifact of the sequencing, and that the actual splice 
site between exon 1C and exon 2 is two bases downstream of what 
is annotated in RefSeq. In other words, the second splice donor 
site downstream of exon 1C is what appears to be involved in the 
splicing of exon 1C with exon 2, at least in 293T cells. 
 
 The presence of an 8-base adenosine homopolymer upstream of 
the splice junction between exon 1C and exon 2 seems to inhibit 
Sanger base-calling fidelity downstream, regardless of whether 
the sequencing was done in a sense or antisense direction. In 
correspondence with technical support at Macrogen, we learned 
that presence of homopolymer stretches, and particularly ones of 
the polyA/polyT type found so often at the tail ends of Alu 
repeat elements (91), results in the reporting of multiple 
possible DNA traces downstream, and often these traces are 
displaced by a few nucleotides. One study looking at the types 
of bias found in next-generation sequencing methods reported 
increased rates of indels in homopolymer regions as a function 
of polymer length, as compared to individual base mismatch rates 
in the same regions (Figure 2.2.3). Other informatics studies 
have also reported the need for error-correction protocols when 
analyzing next-generation sequencing data from regions with 
repeat elements and homopolymer motifs (92, 93). Although Sanger 
sequencing is different from next-generation sequencing both in 
terms of base-calling chemistry and downstream analysis methods, 
the bias toward indels seen in a few NGS platforms seems to 
apply also to Sanger sequencing, but in this case more 
downstream of polyA/polyT regions rather than within the 
homopolymers themselves. 
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Figure 2.2.3 Next generation sequencing bias (94) 
In this study, data from several NGS platforms: Illumina 
sequencing-by-synthesis, ion-torrent sequencing by release of 
hydrogen ions (not shown), Pacific Biosciences single-molecule 
sequencing (not shown), and Complete Genomics sequencing by 
circular-replication, are shown in terms of the rate of 
mismatches, deletions, and insertions (compared to reference 
genome builds) within homopolymers as a function of homopolymer 
length. For human sequencing data from HiSeq, the rate of 
mismatches largely remains the same, and increases slightly as 
the length of homopolymers increases past 8 bases. By contrast, 
the rate of indels, whether “real” or artifactual, begins to 
increase as the length of homopolymers increases past 4 bases, 
and the increase is up to two log-fold. 
  
 Having formally examined the splice junctions for ADAR1 
mRNA containing exons 1B, 1A, and 1C, there is one more 
curiosity from figure 2.1.6 that is worth mentioning: the 
observation that exon 1C-containing variants are also increased 
following interferon treatment. The experiment was repeated in 
293T cells, comparing the fold change across the different 
splice isoforms, with a focus on the band(s) generated by 1A-
specific forward and exon 2-specific reverse primers. We 
examined the hypothesis that there is alternative splicing of 1A 
to 1C within 1A pre-mRNAs. Specifically, we are checking if exon 
1C can function as both a retained exon and excised intron 
within the pre-mRNA that is formed from transcriptional 
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initiation upstream of exon 1A (Figure 2.2.4). Of note, 
examination of the sequence upstream of exon 1C does not reveal 
a KCS-like or ISRE-like element (35, 39), although this by 
itself does not rule out the possibility that the genomic DNA 
there could be responsive to interferon treatment. 
 
A 

 
B 

 
C 
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Figure 2.2.4 Novel 1A-1C splice junction 
A. Repeating the qPCR experiment in figure 2.1.6 using the same 
primers yielded the fold change results shown above in panel A, 
with 24 hours of interferon treatment. Although the fold-change 
in transcripts containing exon 1C is even more than that for 
transcripts containing exon 1A, this could be because the basal 
levels of 1C are lower than 1A. Without interferon treatment, 
the primer pair that binds to 1A-containing transcripts reach 
the inflection point for change in SYBR Green fluorescence 
earlier than the pair for 1C-containing transcripts, but 
differences in primer binding efficiencies make comparisons 
between primer pairs difficult.  
B. Examination of the PCR products resulting from the primer 
pair shown in the schematic (1A-2) reveals two bands upon close 
inspection: the expected 343-base band for the exon 1A-exon 2 
splice isoform, and another band a bit above the 600-base 
benchmark, highlighted by the red arrow. This band is thought to 
be the product of exon 1A spliced to exon 1C and then to exon 2. 
Using the RefSeq annotated splice junctions, a band of 619-bases 
is expected for a 1A-1C-2 splice isoform, but based on figure 
2.2.2, we can modify the expected size to 621-bases. The larger 
band was gel extracted, and a nested PCR was performed using a 
forward primer that binds within exon 1A 
(5’-AAGCGAAATTGAACCGGAGC-3’) and a reverse primer that binds 
within exon 1C (5’-CAGGATGGTGTCGATCTCCTG-3’). The nested PCR 
product was sequenced using both forward and reverse primers, 
revealing the 1A-1C splice junction as shown. Of note, the 
junction is 77 bases upstream of the RefSeq annotated start of 
exon 1C. The consensus splice acceptor site is present in the 
intron sequence immediately upstream of the extended exon 1C 
sequence, and the consensus splice donor site immediately 
downstream of exon 1A has already been referenced earlier (exon 
sequences capitalized and introns in lowercase): 
…AATGAATCCGCGGCAGgtaagccgg…tatccccagGTGAATACAA… 
C. Naturally, one might wonder if this splice isoform could 
produce an ADAR1 isoform larger than p150, but examination of 
the open-reading frame for the 1A-methionine in this 1A-1C-2 
isoform shows only the potential to translate small peptides 
upstream of the p110-methionine in exon 2, because of premature 
stop codons. Shown is the assembled 1A-1C-2 splice isoform with 
sense-strand translations for the three possible reading frames. 
The highlighted portion of the sequence shows the start of exon 
2, and the amino acid sequence on the bottom closest to the 
nucleotide sequence shows the p150 open-reading frame 
(GYSLSGYYTHPFQG…). In this frame, there is no methionine between 
the most distal stop codon before exon 2 and the glycine codon 
(GGG) that begins exon 2. Here, we are considering only the 
canonical translational start codon (ATG), although there is the 
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formal possibility that translation initiation can start 
somewhere other than at AUG codons (95). 
 

With the identification of this 1A-1C splice isoform, the 
observation that exon 1C containing mRNA isoforms are 
upregulated following interferon treatment can be attributed to 
increased transcription at the exon 1A start site coupled to 
alternative splicing. The 1A pre-mRNA molecules that contain 
exon 1C will be increased in abundance with interferon 
treatment, and the alternative splicing of 1A to 1C will ensure 
that not all exon 1C sequences are excised out and degraded as 
introns. This retention of exon 1C in between exon 1A and exon 2 
is one explanation for why the 1C-2 primer pair gives products 
that reach amplification threshold at an earlier PCR cycle for 
the interferon treated samples compared to untreated samples.  

Although this 1A-1C-2 splice isoform does not encode p150 
or an isoform larger than p150, it does have the potential to 
give rise to p110, suggesting that p110 is also interferon-
inducible by means of alternatively spliced pre-mRNAs that 
originate from an interferon-responsive promoter. More data 
suggesting that p110 is induced following interferon treatment 
will be presented in the next section, in which exon 1B, 1A, and 
1C deletions will be made using CRIPSR to understand the 
contributions of the various splice isoforms to ADAR1 protein 
levels.  

To conclude this section, the splicing results presented 
above are corroborated with publicly available single-molecule 
sequencing data, done using a nanopore sequencer designed by 
Oxford Nanopore Technologies. The human GM12878 B-cell line was 
sequenced and assembled using the minimap2 aligner, taking 
GRCh38 as a reference genome (Figure 2.2.5). The advantage of 
this sequencing method compared to Illumina methods is the 
extended length of contiguous reads, which typically go over 
100kb for DNA samples and 21kb for RNA samples, allowing 
increased confidence when determining presence of spliced 
isoforms (96, 97). Fragmentation-based methods rely more on read 
depth, overlapping reads, and informatics methods for assembling 
reads and inferring splice isoforms, although the assembly is 
complicated by the presence of repetitive sequences, many of 
which can be longer than the average read length at which 
sequencing-by-synthesis platforms can offer high base-calling 
confidence. 

In single-molecule Nanopore RNA sequencing, the poly(A) 
fraction can be captured using a poly(T)-bead based system. 
Reverse transcription of the mRNA is not necessary because the 
first-strand cDNA is not sequenced, but according to guidelines 
from the company, generating a cDNA/mRNA hybrid strand seems to 
improve throughput during the sequencing reaction. The poly(T) 
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used to capture RNA for sequencing includes additional sequences 
that enable sequencing tethers, which are single-stranded 
overhangs attached to molecular tethers, to anneal onto the 
captured poly(A) RNA, which then passes through modified 
transmembrane pore proteins or synthetic alloy pores, both in 
the single nanometer range in terms of diameter. Both the 
nanopore and captured RNA are immersed in a solution with ions, 
allowing detection of current when electricity is applied. As 
the RNA molecule passes through the pore (which is about 10nm or 
more in length) in response to an electric gradient set up in 
the solution, the presence of different bases in the RNA will 
briefly alter the structure for each sequence-nanopore 
combination, and these changes in structure affect the electric 
current around the nanopore and thus provide information about 
what is passing through. 
 

 
Figure 2.2.5 Nanopore dataset: ADAR1 RNA isoforms (97) 
Total RNA was extracted from the human GM12878 lymphoblastoid 
cell line, and the poly(A) fraction was isolated for sequencing. 
Shown above is the nanopore sequencing data corresponding to 
ADAR1, as mapped to the hg38 human-genome build on the UCSC 
Genome Browser. The alignments show presence of 1B-2, 1A-2, 1C-
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2, and 1A-1C-2 (red arrow) splice isoforms, along with other 
potential isoforms, including some that seem to start within 
exon 2. Of interest, the putative 5’ ends of the RNA isoforms 
seem to vary, recapitulating what was observed in the 5’ RACE 
studies (31, 35, 41). Whether these correspond to variations in 
the transcriptional start sites because of RNA polymerase II 
slippage, or whether they represent experimental variation 
during sample prep and sequencing is unclear, although both 
could be possibilities. Of note, the 1A-1C-2 splice isoform 
corresponds to an extended exon 1C as compared to the RefSeq 
annotation, and this is consistent with our Sanger sequencing 
data. Because the tracks here correspond to direct sequencing of 
RNA molecules captured during poly(A) selection, as compared to 
amplification of cDNA fragments, the numbers of tracks 
corresponding to each isoform can be taken as an approximate 
measure of the relative amounts of these isoforms in the 
original RNA sample. This figure shows only one snapshot of all 
the tracks that aligned to the ADAR1 locus, but even within this 
snapshot, it appears that exon 1C containing variants are 
present in much lower quantities than splice variants that 
contain exons 1B and 1A. 
 
2.3 Expression of ADAR1 p110 and p150 
 With the formal examination of ADAR1 splice junctions (for 
293T cells) in place, we next aimed to investigate the 
contributions of RNA variants containing exons 1B, 1A, and 1C, 
to ADAR1 protein levels. By adopting a CRISPR-based knockout 
approach that aims to delete exon sequences along with upstream 
promoter sequences, we were able to examine protein phenotypes 
of 293T cells when all three exons or combinations of the three 
exons and their promoters were removed from the genomic DNA.  

The method used to generate the knockouts is transient 
transfection of Cas9/sgRNA expressing plasmids, much like the 
method used to make the GFP-KI. In this case, the plasmid used 
(PX458) encodes a GFP protein that correlates with expression of 
the Cas9, because the two proteins are linked via a T2A self-
cleaving peptide. The approach is to use two guides, one that 
binds upstream of the exon and promoter sequences, if known, and 
one that binds downstream of the exon. The two break sites would 
result in removal of the insert containing the exon and 
promoter, and NHEJ repair mechanisms could then join the two 
break sites, resulting in the removed piece of chromosomal DNA 
being degraded.  

For guides designed to delete exon 1B and its promoter, the 
decision to make the upstream binding site about 600 bases 
upstream of the annotated transcriptional start site is based on 
prior studies examining promoter activity of genomic DNA 
sequences upstream of exon 1B (41). Single-cell cloning of GFP-
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positive cells was then done on the PX458 bulk-transfected 
cells, and clones were screened by genomic DNA PCR. Finally, the 
protein phenotypes of selected clones were analyzed by 
immunoblot (Figure 2.3.1). Guide RNA sequences are shown in 
appendix 2. 

To prepare for transfection of plasmids encoding Cas9 and 
exon 1B KO guide RNA, WT 293T cells were plated into PLL-coated 
wells at a density of 30,000 cells/cm2. Lipofectamine 2000 lipid-
based transfection was performed following manufacturer 
guidelines, including amount of plasmid DNA and volume of 
transfection reagents. 48 hours after transfection, with no need 
for media change, single-cell sorting was done in 96-well flat-
bottomed plates containing 50% conditioned 293T media and 50% 
fresh 293T. To prevent evaporation from inner wells, PBS was 
added to the outside ring of wells, in which there will be no 
addition of single-cell clones during sorting. Three plates were 
prepared per pair of guides being tested.  

Prior to sorting, cells were dissociated gently in FACS 
media: 0.5mL PBS/20mM HEPES/0.1% BSA, with DAPI added at 2ng per 
1 million cells for live/dead cell gating. Following sorting, 
all wells were replenished with fresh 293T media at 24hr and 
72hr time-points. After 2 weeks of growth as single-cell clones, 
the cells were transferred to 9.6cm2 plates for expansion. 
Following growth to 80-90% confluency, each well, which 
corresponds to one original single-cell clone, was treated with 
Accutase gentle dissociation media, and the lifted cells were 
split in half, one half for extraction of genomic DNA and the 
other half for resuspension in cryopreservation media (40% DMEM, 
40% FBS, and 10% DMSO). Freezing was done by incubating vials in 
isopropanol-infused Mr. Frosty containers, which are designed to 
achieve a temperature change of about -1°C per minute. After 24 
hours of cooling, cell clones can be transferred to liquid 
nitrogen, particularly if screening of genomic DNA is delayed. 
This system of storing and screening single-cell clones allows 
direct correlation of genotype to phenotype. 
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Figure 2.3.1 Exon 1B knockout cells 
A. Genomic DNA was extracted from sorted single-cell clones 
using the Qiagen DNeasy Blood & Tissue kit, and PCR reactions 
were set up using primers that bind more than 500 bases away 
from the predicted double-stranded break site. The reason for 
this primer design is to minimize the chance of false negatives, 
which can be caused by deletion of the primer-binding site 
during NHEJ DNA repair but retention of some or all of the exon 
sequence, particularly if only one of the two guide RNA target 
sites are efficiently cut. 20 clones were screened, and selected 
clones were further screened using another set of primers, 
5’-GGAAGTTTCCTTCTCTTTTCCCC-3’ and 5’-CTCCGCTAATTGCATACTTGGG-3’, 
and testing various input amounts of genomic DNA. The 1B-KO 
clone shown in panel A is the clone that was selected for the 
experiment shown in panel B, as the PCR pattern suggests a 
homozygous deletion of exon 1B.  
B. The corresponding frozen cell vial was thawed by infusion in 
a 37°C water bath, and just prior to the disappearance of ice 
crystals, the contents of the vial were transferred to a T25 
flask pre-filled with warmed 293T media. Cells were later plated 
at a density of 30,000 cells/cm2 the day before interferon 
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treatment. Interferon-beta was added to regular 293T media at a 
concentration of 1nM, and this interferon-spiked media was added 
to cells for 24 hours. Cells were then prepared for ADAR1 
immunoblot as described previously. Of note, the p150 band in 
the 1B-KO cells is present slightly even in the absence of 
interferon, and this band, along with the p110 band, both 
increased in intensity following interferon treatment. 

 
Of note, deletion of exon 1B did not result in removal of 

p110, suggesting that 1B-containing mRNA isoforms, which have 
the p110-ATG as the first start codon in the ADAR1 reading 
frame, are not the only mRNA variants contributing to p110 
protein levels. Furthermore, treating 1B KO cells with 
interferon resulted in upregulation of p110, suggesting the 
presence of mRNA with both p110-coding potential and the ability 
to be induced by interferon. The exon 1A-1C-2 splice variant is 
a possibility. Thus, we aimed to delete exon 1C, and to 
investigate how this deletion would impact p110 protein levels 
(Figure 2.3.2). As the promoter for exon 1C is not well 
annotated, the binding site for the upstream guide RNA was 
chosen to be located more than 1kb upstream of the annotated 
start of exon 1C. This distance was chosen to maximize deletion 
of upstream regulatory DNA elements that could promote 
transcriptional initiation without being so far upstream of exon 
1C that there is a risk of disturbing exon 1A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 58 

A 

 
B 

 
C 

 
Figure 2.3.2 Exon 1B/1C double-knockout cells 
A. The exon 1B knockout clone shown in figure 2.3.1 was 
transfected with pairs of guides to delete exon 1C. The method 
for designing guides, transfection, single-cell cloning, and 
genomic DNA screening is identical to that used to make the exon 
1B KO. The 1B/1C-KO clones were screened by genomic DNA PCR 
using a set of primers, 5’-GGAATTTGTGCGTCTTGTGAGTGTG-3’ and 
5’-TCCCACCTTCTTCAGCCCTTGG-3’, that bind more than 500 bases 
outside of the 1C-KO guide RNA binding sites, and PCR products 
corresponding to a selected clone is shown, generated by a 
second set of screening primers for confirmation, 
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5’-GTGTGTCGTCTTGCCAAGCAGC-3’ and 5’-CAGCCCTTGGGGTTTCCTCTCC-3’, 
and different input amounts of genomic DNA were tested, as was 
the case for exon 1B screening. Furthermore, the genomic DNA 
from this clone was screened using primers that bind outside of 
exon 1A to examine whether the exon 1A locus, which is about 2kb 
upstream of exon 1C, was affected by the DNA repair process. The 
selected clone had exon 1C removed and retained an intact exon 
1A locus, and was used for downstream analysis. 
B. Examination of the ADAR1 protein phenotype in the presence 
and absence of interferon revealed a pattern similar to that of 
exon 1B KO cells.  
C. Quantification, using ImageJ, of the relative p150 and p110 
band intensities between treated and untreated samples is shown 
here. Both WT and exon 1B and exon 1C double-deletion (Δ1B/Δ1C) 
cell clones showed positive (greater than 1) fold induction of 
p110 and p150 following interferon treatment. 
 
 Of note, removing exons 1B and 1C along with upstream DNA 
sequences did not abolish p110 protein levels, suggesting that 
additional mRNA variant(s) other than 1B and 1A-1C-2, 
potentially the 1A-2 isoform, or maybe a variant originating 
from an unidentified promoter, are contributing to p110 protein 
levels. Furthermore, quantification of the relative band 
intensities between interferon-treated and untreated 1B/1C-KO 
cells reveals upregulation of both p150 and p110 with exposure 
to interferon. Here, upregulation of p150 protein can be traced 
back to increased transcriptional activity at the promoter 
regions upstream of exon 1A, and upregulation of p110 protein 
suggests that the mRNA(s) in question with p110-coding potential 
is also upregulated following interferon treatment. Several 
possibilities were considered, including the hypothesis that 1A-
containing mRNAs could also give rise to p110 through 
translational initiation at the downstream methionine at codon 
296. To test if removing exon 1A would remove p110, the same 
CRISPR knockout system described above to remove exons 1B and 1C 
was used to remove exon 1A and its promoter, which has been 
formally examined in the literature (35). Deletion of exon 1A 
along with exons 1B and 1C resulted in clones that lacked 
detectable p150 and p110 protein levels as well as detectable A-
to-I editing at known editing sites (Figure 2.3.3). 
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Figure 2.3.3 Exon 1B/1C/1A triple-knockout cells 
A. The 1B/1C KO clone shown in figure 2.3.2 was used as a 
starting point to make a 1B/1C/1A triple KO. Following CRISPR KO 
single-cell cloning, genomic DNA from 20 clones was screened, 
and the selected clone shown above was screened again using a 
separate set of primers, 5’-TTACTAAAGCCTTCAGACCTG-3’ and 
5’-CTATAAAGTGGTTAACAAGCTTTC-3’, and the PCR products are shown on 
an agarose gel.  
B. Shown here is a schematic of part of the human ADAR1 locus on 
chromosome 1, namely the three alternative exon 1 structures 
(1B, 1A, and 1C from left to right) that each have distinct 
promoters, including the type I interferon inducible promoter of 
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exon 1A. Exon 2 is the common splice acceptor for the three exon 
1 structures shown. Exon 1A has a start codon for the ADAR1 p150 
isoform, and exon 2 has a start codon for the ADAR1 p110 
isoform. The dotted vertical lines together show a summary of 
the predicted break sites in the DNA locus from the iterative 
sets of deletions introduced by the Cas/sgRNA combinations. 
Color-coded arrows show the approximate binding sites of primer 
pairs used to generate the PCR products shown in the gel. The 
substrate used for the PCR reactions is genomic DNA from the 
1B/1C/1A knockout clone selected for downstream experiments; the 
bands on the gel represent a second-round confirmation that the 
clone has homozygous deletions in exons 1B, 1A, and 1C.  
C. Shown here is an immunoblot revealing ADAR1 isoforms in WT 
and triple-deletion (Δ1B/Δ1C/Δ1A) cell clones. By 
chemiluminescence-level sensitivity, p150 and p110 levels are 
undetectable. Analysis of a known A-to-I edit site in both 
clones was done using Sanger sequencing of cDNA PCR products 
made from the ATM gene 3’ UTR region, showing a double-peak (A 
and G) at that site only in the WT clone. Of note, inosine will 
appear as guanosine in sequencing reactions because of its base-
pairing properties (98). 
 

In summary, CRISPR-Cas9 technology was used to initially 
delete exons 1B and 1C in 293T cells along with their promoters, 
which initiate constitutive transcription of mRNA variants that 
have p110-coding potential. PCR was used to confirm homozygous 
deletion of the exons along with their promoters at the genomic 
DNA level. Immunoblotting for ADAR1 with a C-terminal specific 
antibody (amino acids 1051-1226) showed that while p110 levels 
were reduced following deletion of exons 1B and 1C, expression 
of p110 not entirely ablated. Furthermore, p110 was induced 
following treatment of exon 1B/1C knockout cells with 
interferon, raising the possibility that the interferon-
inducible exon 1A variant could be contributing to p110 protein 
levels.  

When exon 1A was deleted in addition to exons 1B and 1C, 
p110 was no longer detected at immunoblot sensitivity levels, 
suggesting that the exon 1A mRNA variant contributes 
significantly to the remaining p110 levels in Δ1B/Δ1C cells. As 
expected, p150 was also undetectable in Δ1B/Δ1C/Δ1A cells, and 
Sanger sequencing of reverse transcription (RT) PCR products 
from these cells confirmed a lack of A-to-I editing at known 
ADAR1-editing sites.  

More details about p110 expression from exon 1A-containing 
mRNAs will be presented in Chapter 3. Here, as brief side notes, 
two separate stories will be presented, one about the function 
of ADAR1 in neuronal cell biology, and another about the belated 
evolution of p150 compared to p110. 
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2.4 Function of ADAR1 in neural progenitor cells 
When discussing functions of proteins, one way to start is 

to see how knockouts affect biology, or how mutations in various 
domains of the protein affect function. In the case of ADAR1, 
complete lack of editing-capable protein is embryonic-lethal in 
mice, but this can be rescued by removal of the cytoplasmic 
dsRNA sensor MDA5 (melanoma differentiation-associated protein 
5). MDA5 is part of the RIG-I (retinoic acid inducible gene I) 
pathway, one of several innate pattern-recognition pathways that 
is stimulated upon interaction with various nucleic acid ligands 
(99–101). Broadly speaking, the MDA5/RIG-I family of receptors, 
upon encountering dsRNA in the cytoplasm, engages another 
protein called MAVS (mitochondrial antiviral-signaling protein), 
and this complex then activates various transcription factors 
from the IRF (interferon regulatory factors) family and also the 
well-known signaling complex, NF-κB (nuclear factor kappa B). 
This leads to transcription of various interferon genes, and 
subsequent synthesis and release of interferon isoforms that 
have their own autocrine and paracrine effects.  

For type I interferons, such as the alpha and beta types, 
binding to cognate receptors results in phosphorylation of 
various members of the Janus kinase family, which then further 
phosphorylate STAT (signal transducer and activator of 
transcription) proteins, leading to binding at various sequence 
motifs such as ISREs and GAS (Interferon-Gamma Activated 
Sequence) elements to initiate transcription of ISGs, including 
ADAR1. As a side note, while sensing of dsRNA is achieved in the 
cytoplasm by RIG-I and RIG-I-like receptors (RLRs), sensing of 
dsDNA in the cytoplasm is accomplished by cGAS (cyclic GMP-AMP 
synthase), among other proteins, which can interact with STING 
(endoplasmic reticulum resident transmembrane protein stimulator 
of IFN genes) to stimulate downstream IRF activity to initiate 
transcription of interferon genes (102–104). 
 These pathways and others that have evolved to recognize 
nucleic acid patterns from viral pathogens can also be activated 
by endogenous DNA and RNA structures that mimic viral nucleic 
acids. Up to half the human genome includes repetitive elements 
that are believed to have viral origins (105); one can imagine 
that transcription of some of these elements, often by RNA 
polymerase III (106), can result in formation of RNA structures 
that resemble viral RNA, thus leading to activation of innate 
response elements such as the RIG-I/MDA5 pathway. These viral 
structures may also be present in the genomic DNA, but they may 
remain hidden by the chromatin structure and thus not be 
extensively revealed to nuclear pattern recognition receptors.  

Because ADAR1 has the ability to bind and alter the 
structure of dsRNA molecules (in fact, this was how ADAR1 was 
originally discovered in Xenopus, as was discussed in chapter 1) 
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by modifying adenosines and destabilizing base pairings, one can 
imagine that one of the functions of ADAR1 could be to target 
endogenous viral elements when they are transcribed. By binding 
to endogenous viral dsRNA, ADAR1 could compete on a binding-
level with factors such as MDA5 and RIG-I, and/or ADAR1 could 
permanently modify these substrates, potentially rendering them 
less immunogenic from a structural perspective. 
 Although all cell types in an organism should have the same 
genomic DNA sequence, the transcriptomic profiles of cells vary, 
and can even be used to define a cell as being distinct from 
another cell. Repetitive DNA sequences, if expressed, are part 
of the transcriptomic profile, and of particular interest are 
the transcriptomes of cell types in the neuronal lineage, some 
of which have been shown to express Alu-repeat associated 
circular RNA molecules (107–110). These unique RNA elements are 
thought to play a role in development and differentiation down 
the neuronal lineage (111), but their association with 
transcription of Alu repeat elements raises the question of 
whether innate-sensing of dsRNA repeat elements in neuronal 
cells is regulated by ADAR1.  

In a human genetics study, mutations in ADAR1 leading to a 
catalytically inactive protein was linked to Aicardi-Goutieres 
syndrome (AGS), which manifests as developmental inflammation in 
the brain and skin. To further examine the role of ADAR1 in 
neuronal cells, previously generated ADAR1-knockout human 
embryonic stem cells (61, 84) were differentiated down the 
neuronal lineage, and the expression of interferon-stimulated 
genes was measured, among other measurements, as a readout for 
the extent of innate immune activation in these cells during the 
differentiation process. Of note, previous quantitative RT-PCR 
examination of ISG expression in whole blood taken from 10 AGS 
patients with mutations in ADAR1 revealed upregulation of genes 
such as ISG15 and IFIT1 (112).  

The process of maintaining and differentiating human 
embryonic stem cells (hESCs) down a neuronal lineage is 
different from culturing 293T cells in several ways. First, the 
basal media used is a trademark formula sold by STEMCELL 
Technologies called mTeSR, to which is added a supplement mix, 
also from the same company. This supplemented media must be 
changed daily to maintain pluripotency in the cultured cells. 
The only exception, during the neuronal differentiation pathway, 
is that once axon-like structures appear in culture, only half 
of the media is removed and replaced with fresh media, so as to 
not expose neuronal structures to air-drying conditions, even if 
briefly. This was found empirically to result in more successful 
culturing of neural progenitor cells (NPCs) and their progeny 
cell types, including neurons, astrocytes, and oligodendrocytes.  
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Of note, planning experiments that use hESCs require 
different considerations than when 293T cells are used. Freeze-
thawing hESCs more than necessary should be avoided, so each 
batch of thawed ESCs should be used for about two months of 
experiments to maximize its potential. After more than two 
months of passage with daily media changes, the hESCs should be 
discarded. Another difference from 293T cell culture techniques 
is usage of the small-molecule inhibitor of ROCK (Rho-
associated, coiled-coil containing protein kinase), called Y-
27632, during cell passaging. This inhibitor, when added to 
dissociated cell suspensions, seems to improve cell viability 
during passaging (113). Finally, media used for passaging and 
daily replenishing must be heated evenly at 37°C before adding to 
cells. 
 The process of generating NPCs from hESCs begins with the 
coating of 12-well plates (3.5 cm2) with Matrigel at 37°C for at 
least one hour. Matrigel is a trademark mixture of gelatinous 
protein secreted by mouse cancer cells, and helps in the 
expansion of hESCs and NPCs in culture (114). Once the Matrigel-
coated plates are prepared, the neuronal differentiation path is 
set in motion by addition of Neural Induction Media (NIM), 
followed by Neural Progenitor Media (NPM), both from STEMCELL 
Technologies. The differentiation process can take up to a 
month, as summarized in figure 2.4.1, although our protocol has 
been modified slightly from the original, in particular, the 
earlier addition of NPM at day 12. Pellets can continue to be 
harvested after the time points shown or in between the time 
points if cell counts on passage days permit the plating of 
additional wells.  

 
Figure 2.4.1 Differentiation of hESCs into NPCs 
The original protocol from STEMCELL Technologies shown above has 
been modified slightly. Details are in appendix 3. In summary, 
the protocol from STEMCELL Technologies was shortened so as to 
have 12 days of culturing in NIM media before switching to NPM 
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media. Time points for monitoring ISG expression include passage 
1, which is 6 days after culturing in NIM media, at which point 
the pluripotent hESCs have started to commit to a neural-like 
multipotent lineage; passage 2, which is after 12 days of 
exposure to NIM media, at which point most all cells can be 
considered multipotent neural stem cells, which have the ability 
to give rise to neurons, astroctyes, and oligodendrocytes; and 
day 3 NPM, which is 15 days after start of culture; and finally 
day 7 NPM, or 19 days after culture.  

 
Examination of cell-type specific markers was done 

throughout the differentiation process (Figure 2.4.2). Analysis 
of gene expression revealed, for two different ADAR1 KO clones, 
upregulation of STAT1 (signal transducer and activator of 
transcription 1) and ISG15 (interferon-stimulated gene 15) as 
compared to WT starting at passage 2. The upregulation continued 
through the end of the time points. Furthermore, and consistent 
with the observed ISG upregulation, there was also spontaneous 
upregulation of interferon-beta starting from day 12, although 
the endogenous trigger(s) for this upregulation remains to be 
determined in these cells (Figure 2.4.3). 
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P1: Day 6 NIM (Nestin, Oct4): 
N2    N3    N16 

 
P2d3: Day 3 NPM (Tuj1, Sox2): 

N2    N3    N16 

 
P2d3: Day 3 NPM (phase contrast): 

N2    N3    N16 

 
 
Figure 2.4.2 NPC immunocytochemistry 
Cells on coverslips, after fixation, were incubated in PBS with 
5% goat serum and 0.1% Triton X-100 to reduce non-specific 
binding of antibody Fc regions and to permeabilize cell 
membranes for access to intracellular antigens, respectively. 
Cells from P1 and P2d3 were then incubated for 1 hour at room 
temperature with mouse anti-Nestin/rabbit anti-Oct4 and mouse 
anti-Tuj1/rabbit anti-Sox2, respectively. Oct4 is a 
transcription factor used often as a marker for pluripotency 
(115), and Nestin is filament protein expressed in neural stem 
cells (116); Tuj1 is a tubulin protein expressed in both neurons 
and precursor cells committed to a neuronal lineage (117), and 
Sox2 is a transcription factor important for maintaining the 
biology of neural progenitor cells (118). After incubation with 
primary antibodies, three washes of 15 minutes each were done 
with blocking solution. Secondary staining using goat antibodies 
was then done for 1 hour at room temperature, followed by 
another set of washes. Finally, DAPI was added for 10 minutes to 
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stain the nucleus. The coverslips were then mounted onto 
microscope slides, sealed with nail polish, and imaged with a 
Zeiss microscope. The images correspond to cells plated in 24-
well plates that were imaged at the indicated time points. N2 
refers to a WT hESC clone, and N3 and N16 refer to two ADAR1 KO 
hESC clones. After 6 days of incubation with NIM, clusters of 
cells are beginning to express Nestin. After switching to NPM on 
day 12, cells can be observed to express Tuj1 after about 3 days 
on day 15. Axon-like structures are also visible on day 15, as 
shown in the phase contrast image. 
 

 

 
Figure 2.4.3 Spontaneous upregulation of IFN in ADAR1 KO NPCs 
RNA was harvested from cell pellets at the indicated timepoints. 
For each pellet, 1ml of TRI-reagent was added to dissolve the 
cells. The mix was incubated at room temperature for 5min. Next, 
200µl of chloroform per 1ml of TRI-reagent was added, and the 
mixture was vortexed for 10s and then incubated at room 
temperature for 3min. The mixture was then centrifuged at 
12,000G for 15min at 4°C. The upper aqueous phase, which contains 
RNA, was removed and transferred, about 500µl, with care not to 
take off the white-colored layer in the middle. RNA extraction 
was then continued with the Direct-zol RNA MiniPrep kit, 
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starting with adding to the samples a volume of pure ethanol 
equal to the removed aqueous solution. Digestion of genomic DNA 
with DNase I was done at 28°C for 30min. The RNA was reverse-
transcribed to cDNA for SYBR Green qPCR. Gene expression was 
normalized relative to RPS11. Upregulation of interferon-beta, 
ISG15, and STAT1 was observed in both ADAR1 KO clones, with no 
additional stimulus being provided to the cells. The qPCR primer 
sequences are listed in appendix 1. 
 
 Of note, the spontaneous upregulation of interferon-beta in 
the absence of ADAR1 and the concurrent stimulation of ISG 
expression in the NPCs resulted in changes in cell growth, 
viability, and morphology. There appeared to an inverse 
correlation between the growth rate of and the level of 
interferon upregulation, particularly after the third passage, 
or 19 days after start of culturing (7 days in NPM). 
Furthermore, evidence of cell death based on the emergence of 
halo-like features around cells as seen on phase contrast 
microscopy correlated with the level of interferon expression 
(Figure 2.4.4) 
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P2d7 (P3 or day 19): 
N2    N3   N16 

 
P3d1 (day 20): 

N2    N3   N16 

 
P3d2 (day 21): 

N2    N3   N16 

 
P3d3 (day 22): 

N2    N3   N16 

 
 
Figure 2.4.4 Cell death in ADAR1 KO NPCs 
The NPCs in 6-well plates were cultured until day 19, after 7 
days of incubation with NPM. At this timepoint, the WT and N3 
ADAR1 KO clones were confluent and the N16 ADAR1 KO clone, which 
had higher upregulation of interferon compared to clone N3, was 
about 80% confluent. Cells were counted for passaging, and the 
number of viable cells were determined using Trypan blue 
staining. Viable cells were then plated at a density of 1.5x105 
viable cells/cm2 and continued to be cultured with NPM media. 
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Phase contrast microscopy images were taken for the P3 timepoint 
and each additional day afterward for 3 days, as shown above. 
After the third passage, the WT clone continue to grow at a rate 
comparable to previous passages, but the N3 and particularly N16 
clones appeared to grow slower, and there was visible evidence 
of cell death.  
 
 To examine if the observed interferon and ISG upregulation 
are also observed in other cell types, we examined how these 
genes are expressed in hepatocytes, also differentiated from the 
same three hESC clones: N2, N3, and N16. The hepatocytes were 
responsive to interferon, expressed albumin as expected, but 
there was no spontaneous upregulation of interferon-beta, ISG15, 
or STAT1 (Figures 2.4.5 and 2.4.6). 
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A 

 
B 

 
Figure 2.4.5 ADAR1 KO hepatocytes have normal ISG expression 
A. In this experiment, hESCs were induced to become endoderm 
germ layer cells using the STEMdiff Definitive Endoderm Kit from 
STEMCELL Technologies. Once endoderm was established, 
differentiation down a hepatocyte lineage was done by culturing 
in basal media (KnockOut DMEM/F-12 CTS, 10% knockout serum 
replacement, 0.5% GlutaMAX, 0.5% non-essential amino acids) with 
hepatocyte growth factor (100ng/ml) for 8 days and then the same 
media but with addition of dexamethasone (40ng/ml) for another 3 
days. Next, the culture media was switched to Lonza hepatocyte 
culture medium with oncostatin M (20ng/ml) for 5 days. RNA was 
then extracted from the induced hepatocyte-like cells (iHeps), 
and expression of albumin was examined to assess hepatocyte 
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differentiation. As a control, albumin expression was not 
detected in NPCs. 
B. The same genes tested in NPCs (ISG15, STAT1, interferon-beta) 
were also tested in the iHeps, which showed no significant 
change in interferon or ISG expression levels in the ADAR1 KO 
clones (N3 and N16) compared to the WT clone (N2). 
 

 
Figure 2.4.6 ADAR1 KO hepatocytes respond to interferon  
The iHeps were treated with interferon-beta for 24 hours before 
RNA harvest and analysis of gene expression. The treated WT and 
ADAR1 KO cells all had the ability to upregulate ISG expression, 
indicating that they are responsive to interferon. Thus, the 
results in figure 2.4.5 are not due to lack of responsiveness to 
interferon. 
 
 We noticed, in the comparison between ADAR1 KO NPCs and 
hepatocytes, that the spontaneous upregulation of interferon and 
ISGs is intrinsic to the NPC population. Here, there is the 
possibility of a neuronal-specific RNA species that is an ADAR1 
target, either as a binding target or editing target, or both. 
This RNA species, if expressed at all, appears to not be of 
consequence in hepatocytes with regard to interferon and ISG 
expression.  

Next, based on previous studies suggesting that PKR 
(protein kinase R) works in tandem with RIG-I/MDA5 mediated 
interferon upregulation (119, 120), we used immunoblot to 
examine expression and phosphorylation of PKR. Classically, as 
part of the antiviral defense pathway and sensing of dsRNA, 
autophosphorylation of PKR dimers activates other kinase domains 
within the protein, enabling it to phosphorylate eIF2α 
(eukaryotic translation initiation factor 2α). As a result, 
translational activity is inhibited in cells, slowing down the 
ability of viruses to replicate in infected cells (121).  
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Of course, translational shutdown is not without 
consequence for cell biology, and prolonged shutdown may result 
in slower growing cells and even cell death, both of which seem 
to occur in the ADAR1 KO NPCs. On immunoblot, we detected 
phosphorylated PKR as early as day 12 after the start of NPC-
differentiation in one of the ADAR1 KO clones (Figure 2.4.7) 

 
Figure 2.4.7 PKR activation in ADAR1 KO NPCs 
Cell pellets from the indicated timepoints were prepared for 
immunoblot to detect PKR, using the rabbit anti-PKR antibody 
from Abcam that recognizes amino acids 500-600 of human PKR. The 
phosphorylated version of PKR (pPKR) was detected using the 
rabbit anti-pPKR antibody from Abcam that recognizes human PKR 
specifically when threonine-451 is phosphorylated. This version 
of PKR has a different mobility on the SDS-PAGE gel, as seen in 
the PKR lanes where pPKR is also present. Both ADAR1 KO clones 
(N3 and N16) showed activation of PKR, although the N16 clone 
experienced this earlier than the N3 clone. By day 19, the N16 
colony was growing slower and also showing signs of cell death; 
here the PKR and pPKR bands both appear fainter, although the 
actin levels are lower also. The immunoblot was done as 
described previously, except after transfer to nitrocellulose, 
LI-COR Odyssey blocking buffer was used instead of 5% milk for 
blocking and dilution of antibodies. On the second day, 
secondary antibodies were conjugated to Odyssey-compatible 
infrared dyes rather than horseradish peroxidase, to prepare for 
immediate imaging on the LI-COR machine after incubation with 
secondary antibodies and washing. 
 
 In summary, ADAR1 appears to be important in neural 
progenitor cells for suppressing a spontaneous upregulation of 
interferon, perhaps in response to immuno-stimulatory RNA 
species. This effect was not observed in hepatocyte-like cells, 
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also differentiated from the same parental hESC WT and ADAR1 KO 
clones; the hepatocytes were capable of expressing ISGs in 
response to exogenous interferon stimulation.  
 The changes in cell growth and viability in the NPCs seem 
to parallel the phosphorylation of PKR and upregulation of 
interferon. The N16 ADAR1 KO clone seems to be more sensitive to 
lack of ADAR1 than the N3 KO clone, or it has a more responsive 
interferon-signaling pathway, as revealed by the significantly 
higher fold change in ISG expression compared to the N3 KO 
clone. Furthermore, by day 19 (7 days in NPM), the N16 clone may 
already have translational shutdown as seen by the decrease in 
PKR expression in figure 2.4.7.  
 Having revealed a particular function for ADAR1 in NPCs, 
and consistent with the neuro-inflammatory phenotype of AGS 
patients with defective ADAR1, we next wondered how ADAR1 
isoforms evolved to be essential in humans. Could evolution of 
the longer ADAR1 isoforms, with more Z-DNA/RNA binding domains, 
be important for binding and regulating Alu element activity 
when these sequences began to copy themselves more actively, 
potentially creating immunogenic intermediates? It is known that 
Z-conformation sequence motifs are found in Alu elements that 
form inverted repeat structures, which is something that seems 
to be particularly abundant in primate genomes, including the 
human genome (122). 
 
2.5 Evolution of ADAR1 isoforms 

The evolutionary history of ADAR1 and its homologs, ADAR2 
and ADAR3, is vast. In brief, adenosine deaminases acting on 
tRNAs (ADATs), which are found in prokaryotes and eukaryotes, 
are thought to be ancestors of the modern ADAR proteins, which 
gained their dsRNA-binding domains, possibly through gene 
duplication, around the time the animal and protist kingdoms 
split (123, 124). Organisms grouped in the animal kingdom are 
known to have ADAR proteins (125, 126). Examination of changes 
in the domain structures of ADAR proteins reveals that organisms 
placed later in the phylogenetic tree have longer isoforms, and 
in particular, more Z-DNA/RNA binding domains. For example, 
while invertebrates such as drosophila and squid have dsRNA 
binding domains in their ADAR proteins, there are no Z-DNA/RNA 
binding domains (57). Vertebrates are perhaps some of the more 
recent types of animals to have evolved, and we set out to 
examine the p150 and p110 coding potential of the ADAR1 locus of 
100 different vertebrate species by using the Vertebrate Multiz 
Alignment (Figure 2.5.1). 
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Figure 2.5.1 ADAR1 Vertebrate Multiz Alignment 
The genomes of 100 different vertebrate species were aligned 
using the human hg19 sequence as a reference, and a snapshot of 
cDNA assemblies corresponding to the full-length open-reading 
frame in humans is shown above, generated using the SeaView 
software. The open-reading frame is shown with green bars to 
indicate the methionine codons. Position-1 is the p150-ATG 
position-886 is the p110-ATG. The ordering of species is ordered 
based on branching in the phylogenetic tree. For example, 
panTro4 (chimpanzee) is under hg19 (homo sapiens) and represents 
a single branching event.  
 

Of note, there is high conservation in the p110-ATG 
position across the 100 vertebrate species but less for the 
p150-ATG. Placing the p150-ATG on the phylogenetic tree reveals 
a belated appearance of p150 compared to p110 (Figure 2.5.2). 
The first appearance of ADAR1 p150 is in the nine-banded 
armadillo, which emerged between 50-60 million years ago, around 
the same time that early primates appeared (127, 128). Of note, 
Alu elements also emerged around this time from fusions of the 
7SL RNA, and they will eventually amplify throughout primate and 
human genomes (129, 130). The first appearance of ADAR1 p110 is 
in zebrafish, which is thought to have evolved 400-450 million 
years ago. Of note, armadillos have tRNA-derived short 
interspersed elements, different in origin from 7SL-derived Alu 
elements, but these SINE elements can form secondary structures 
that may be potential ADAR1 targets (131). 
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A 

 
B 

 
Figure 2.5.2 ADAR1 p150 evolution in vertebrates 
A. Shown are the 100 species found in the Vertebrate Multiz 
Alignment, organized on a phylogenetic tree, generated using the 
FigTree software. Lines in gray show absence of either p110 
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(left) or p150 (right) for each species, and lines in red show 
the first organisms that had a coding sequence aligning with the 
human (hg19) version of either ADAR1 p110 or p150: zebrafish and 
armadillo, respectively. Here, alignment requires presence of 
the p110 or p150 start codons along with homology downstream. 
B. Shown here are all vertebrates that have sequences upstream 
of exon 1A (p150-encoding) aligning with the corresponding human 
sequence. All animals that have ADAR1 p150 also appear to have 
the interferon promoter (ISRE sequence boxed in red), with some 
single nucleotide variants in the alignment. Some animals that 
lack p150-coding potential also seem to have this ISRE, about 
half, and the other half without p150 also lack the ISRE. 
Chimpanzees somehow appear to lack both the p150 promoter and 
the p150-ATG. The blue box is a kinase-conserved sequence found 
upstream of PKR and ADAR, and the schematic is adapted from 
George and Samuel (1999). 
 

The ADAR1 full-length p150 isoform, which has the 
additional Z-alpha-DNA/RNA binding domain in the N-terminal end, 
distinct from the second Z-beta-DNA/RNA binding domain, aligned 
to the human p150 version in 45 out of 100 vertebrates. By 
contrast, the p110 isoform aligned to all except 7 fish and 2 
mammals: lamprey, spotted gar, Mexican tetra, stickleback, 
southern platyfish, Nile tilapia, yellowbelly pufferfish, 
platypus, and tammar wallaby. The p110 isoform appears to have 
predated the p150 isoform, and when we consider invertebrates 
such as squid, octopus, and drosophila, all of which have ADAR, 
the Z-alpha domain is also lacking in their ADAR proteins (57).  

Fish are some of the oldest vertebrates, and although their 
genomes do contain transposable elements, they are not as 
numerous as the amount found in primate and human genomes (132, 
133). The evolution of the p150 isoform, with its high-affinity 
Z-conformation binding domain, coincides with evolution of 
species that have Z-conformation Alu repeat elements embedded in 
their genomes, such as early primate species. Of note, in 
humans, specific loss of the Z-alpha domain in p150 due to 
genetic variations causing a frameshift upstream of the p110-ATG 
has been observed in AGS patients, even though p110, with its Z-
beta domain, is still present and functional (134). 

Of curiosity is the chimpanzee ADAR locus, which lacks the 
p150-ATG on the Mulitz alignment (Figure 2.5.3). Although other 
nonhuman primate species, such as gorilla and orangutan, have 
sequences with p150-coding potential, examination of the overall 
editing levels revealed lower A-to-I edit frequencies, at least 
in brain tissue, for nonhuman primates compared to humans (135). 
There is the possibility that Alu sequences and structures are 
different in primates in such a way that they are less of a 
target for the Z-conformation or dsRNA binding domains of ADAR1, 
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and this could account for the differences in editing levels 
between humans and nonhuman primates. Editing levels in other 
species, such as mouse and drosophila, are also lower than in 
humans, partly because the genomes of those organisms lack 
traditional Alu substrates. Of interest, out of the total number 
of editing sites in octopus, almost one-quarter are in protein-
coding regions (57). 
 

 
Figure 2.5.3 ADAR1 locus in chimpanzees 
Shown above is a SeaView-generated image that corresponds to the 
coding sequence region of ADAR1, with the three possible reading 
frames displayed. Of note, there are two methionine codons in 
the second reading frame, but initiation of translation at these 
locations would result in production of truncated peptides 
because of nearby downstream stop codons. Although the 
chimpanzee (panTro4) sequence lacks the p150-ATG, it does have 
the p110-ATG and also the two ATG codons in the second reading 
frame, as aligned to the human ADAR coding sequence (hg19). 

 
As a side note, ADAR1 is not alone in the battle against 

Alu invasion (to use a term from Alan Herbert) of primate 
genomes. The endoribonuclease Dicer is also important in 
preventing accumulation of Alu elements, as was observed in eye 
tissue, in which buildup of Alu RNA in the cells of retinal 
epithelium leads to macular degeneration (136).  

Looking at the coding sequence of ADAR1 between the p150-
ATG and p110-ATG across the different vertebrate species, there 
is variability in the number of ATG codons in this middle 
region, but for humans and nonhuman primates, the number is two. 
The consequences of this with respect to expression of p110 will 
be discussed in the following chapter. 
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CHAPTER 3. Translational regulation of ADAR1p110 
Following up directly from chapter 2, this chapter aims to 

1. describe the unique organization of start codons within the 
ADAR1 open-reading frame; 2. describe regulation of p150 and 
p110 translation from the full-length ADAR1 mRNA; and 3. show 
how p150 and p110 isoform-specific knockout cell lines can be 
generated without changing the coding sequence of either 
isoform. 

 
3.1 ATG codon organization in ADAR1 

As was discussed at the conclusion of chapter 2, the human 
ADAR1 coding sequence has only two methionine codons in between 
the p150-ATG and p110-ATG codons. This unique feature was 
conserved in nonhuman primates, although other vertebrate 
species had varying numbers of ATG codons in this middle region 
(Figure 3.1.1). 
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Figure 3.1.1 Vertebrate ATG codons between p150 and p110 
Shown above is a phylogenetic tree listing the 100 vertebrate 
species included in the Multiz Alignment. Black lines point to 
vertebrates that have exactly 2 methionine codons in between the 
p150-ATG and p110-ATG; blue=1 or less; green=3; and red=4 or 
more. Species that lacked a p150-ATG, p110-ATG, or both were 
excluded (no lines). 
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The following nonhuman primates have exactly 2 ATG codons 
in between the p150 and p110 start codons: gorilla, orangutan, 
gibbon, rhesus, crab-eating macaque, baboon, green monkey, 
marmoset, and squirrel monkey. Notably, the first in-frame ATG 
after the p150 start codon is the p110-ATG, and the distance 
between these two codons: 885 bases, stands out among coding 
sequences in that most genes have lower numbers of bases between 
the first two methionine codons in the primary reading frame 
(Figure 3.1.2). 
 
A 

 

 
B 
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Figure 3.1.2 Distance between first two ATG codons 
A. Human cDNA sequences (57,348 in total) compiled from GRCh38 
using BioMart were analyzed using RStudio, first to split the 
sequences that start with ATG into triplets, corresponding to 
codons, and then to assign each codon a number starting from 1 
and increasing by 1 for each codon; the difference in the 
assigned numbers for the first and second ATG codons (if 
applicable, as a minority of open-reading of frames have only 
one ATG) was calculated for each sequence, and then all values 
were plotted on a histogram, showing counts of genes with 
different codon distances between the first two ATG codons 
(ATG2-ATG1) in the same reading frame. As an example, marked by 
the “X” in the left histogram, the ADAR1 gene has an ATG at 
position 1, and the next ATG is at position 296, and 296-1=295. 
As the green bars (start codons) show in the ADAR1 reading frame 
schematic above the histogram, the ATG3 and ATG4 codons are 
spaced much closer to each other and to ATG2 than the ATG2 is to 
ATG1. 
B. Because of variation of gene lengths, and specifically the 
possibility that this variation may impact the distribution of 
methionine codons and the average distances between them, we 
considered a normalization factor for the histogram: total 
number of codons per total number of ATG codons in the reading 
frame. This normalization factor essentially splits the gene 
length (in units of codons) by the number of ATG codons, and is 
testing for deviation away from a value of 1, which corresponds 
to an ATG2-ATG1 codon distance that equals the codon distance if 
all ATG codons are distributed evenly across the gene. As the 
normalized histogram shows, most genes have an ATG2-ATG1 codon 
distance less than what would be expected if all ATG codons are 
distributed evenly, and only 1% of genes have an ATG2-ATG1 codon 
distance that is about 4.5 times longer than what the distance 
would be if all ATG codons are distributed evenly; notably, 
ADAR1 has an ATG2-ATG1 codon distance that is 6.25 times longer 
than this normalization factor.  
 
 Examination of the primary ADAR1 reading frame revealed a 
unique organization of the first two ATG codons, which are 
separated by a distance of more than 6 times the distance if 
methionine codons are distributed evenly across the reading 
frame. We were curious to see how ADAR1 would appear when taken 
in context of a subset of similar genes rather than all genes. 
We chose a list of 51 ISGs, of which ADAR1 is one of them, from 
a previous screen of effector genes downstream of the type I 
interferon response (101). Even within this subset of genes with 
similar functions, ADAR1 stands out as having a long ATG2-ATG1 
distance (Figure 3.1.3). 
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Figure 3.1.3 Distance between first two ATG codons in ISGs 
A. Human cDNA sequences were extracted for the gene set shown, 
corresponding to effector genes involved in the type I 
interferon response.  
B. The number of bases between the first and second ATG codons 
in the primary reading frame was calculated for all 51 genes 
listed in panel A, and the values were plotted on a histogram. 
To the right of the histogram is a plot showing number of bases 
between ATG2 and ATG1 as a function of the total number of bases 
in the ISG reading frames. Longer reading frames are not 
necessarily correlated with longer distances between the first 
two ATG codons. Three genes that have particularly long 
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distances between ATG2 and ATG1 are highlighted in both charts: 
ZBTB21, ADAR1, and TRIM56.  
C. The three reading frames of ZBTB21, ADAR1, and TRIM56 are 
shown, with green bars showing start codons and red bars showing 
stop codons. Of note, the ADAR1 gene has only two out-of-frame 
start codons between ATG2 and ATG1, while ZBTB21 and TRIM56 have 
12 and 8, respectively.  
 
3.2 Regulation of p150 and p110 translation 

In chapter 2, the observation that p110 persisted following 
deletion of exons 1B and 1C suggested that exon 1A containing 
mRNAs could give rise to p110. This hypothesis was further 
supported when exon 1A and its promoter were deleted in the exon 
1B/1C double-knockout background, resulting in ablation of p110 
signal on immunoblot. Further, the observation that p110 is 
induced following interferon treatment could be explained by 
induction of the novel 1A-1C-2 splice isoform, which has only 
p110-coding potential, or alternatively, induction of the 1A-2 
splice isoform, which has both p150- and p110-coding potential. 

We therefore aimed to investigate if p110 could be produced 
from the canonical p150-encoding exon 1A mRNA. First, to examine 
if p150 transcripts can express p110, in vitro transcribed p150 
mRNA was generated and transfected into exon 1B/1C/1A knockout 
cells (ADAR1 KO cells). 24 hours after transfection, immunoblot 
revealed presence of p110 in addition to p150, and RT-PCR using 
primers to amplify the coding region between the p150 and p110 
start codons revealed a single band, suggesting that p150 and 
p110 are being produced from a single mRNA species (Figure 
3.2.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 85 

A 

 
B 

 
Figure 3.2.1 Expression of p110 from p150 mRNA 
A. In vitro transcription of mRNA was done using the SCRPSY 
backbone vector, which has a T7 promoter and the Invitrogen 
Gateway attB1 and attB2 cloning sites downstream of the promoter 
for inserting cDNA sequences into the vector for transcription. 
There are no XhoI sites in the ADAR1 p150 or p110 sequences, so 
the XhoI enzyme was selected to linearize SCRPSY with the cloned 
p110 and p150 cDNA sequences. 10µg of DNA was used as the 
starting material, and following linearization and purification, 
the plasmids were diluted to 0.5 µg/µl to prepare for in vitro 
transcription, which was done using the Cellscript T7 
transcription kit, following manufacturer guidelines for 
synthesizing RNA and adding the 5’ cap and 3’ polyA sequence. 
Purification of RNA was then done using the Qiagen RNeasy Mini 
kit, following manufacturer guidelines. Transfection of in vitro 
transcribed RNA (250ng) was done using Lipofectamine 2000 and 
OptiMEM, following manufacture guidelines. ADAR1 KO 293T cells 
were switched to transfection media (1.5% FBS in DMEM with 
NEAA), and the RNA/Lipo2000/OptiMEM mixes were added with 
centrifugation at 1,000G for 30min at 37°C. Media was not 
changed, and cells were harvested for immunoblot 24 hours later 
as described previously. Immunoblot with a C-terminal specific 
ADAR1 antibody shows that transfection of the p150 mRNA in ADAR1 
KO cells gave rise to both p150 and p110 protein isoforms.  
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B. The agarose gel shows reverse transcription (RT) PCR products 
generated with primers that amplify the region corresponding to 
bases 1-975 of the p150 open reading frame. The p110 open 
reading frame begins at nucleotide position 886. 
 

Expression of the in vitro transcribed p150 mRNA, which 
lacks the 5’ UTR regions found in the native mRNA isoforms, 
resulted in not only p150, but also p110 protein. Of interest 
next was the mechanism of this p110 translation. To investigate 
whether an internal ribosome entry site (IRES) is located 
upstream of the p110 initiation codon, a bicistronic reporter 
plasmid (137), a gift from the Eran Segal lab at Weizmann 
Institute, was used in which translation of enhanced green 
fluorescent protein is facilitated only if the upstream cloned 
sequence has IRES activity. The cDNA sequence between the p150-
ATG and p110-ATG (bases 1-885) was cloned into the reporter 
plasmid and then transfected into WT 293T cells for 24 hours. 
The ADAR1 cDNA sequence in question showed an eGFP signal 
similar to that of the random (empty) sequence, in contrast to 
the eGFP signal (88% of mRFP+ transfected cells) seen with the 
encephalomyocarditis virus (EMCV) IRES sequence (Figure 3.2.2). 
Data from this reporter plasmid suggest that internal ribosome 
initiation mechanisms resulting from sequences upstream of the 
p110-ATG do not contribute significantly to p110 translation.  

 
Figure 3.2.2 Internal ribosome entry site analysis 
WT 293T cells were transfected with a bicistronic reporter 
plasmid with a human elongation factor-1 alpha (PEF-1α) 
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constitutive promoter that encodes for monomeric red fluorescent 
protein (mRFP) and a sequence of interest upstream of enhanced 
green fluorescent protein (eGFP). The images on the left show a 
snapshot of cells in culture imaged with blue light, green 
light, and phase contrast, overlayed, for the untransfected, 
empty, and EMCV-IRES conditions. Note the co-localization of red 
and green signal in cells that were transfected successfully and 
were expressing both the mRFP via the constitutive promoter and 
the eGFP via internal initiation via the EMCV-IRES sequence. The 
histogram on the right shows counts of eGFP mean fluorescent 
intensity (MFI) values for a 46-base random sequence (empty), 
the 575-base encephalomyocarditis virus internal ribosomal entry 
site sequence (EMCV-IRES), and the 885-base sequence upstream of 
the p110-ATG (ADAR1 b1-885).  
 

There has been an interest to express ADAR1 p150 without 
p110, particularly in the context of seeing how the A-to-I RNA 
editomes compare between when only individual isoforms are 
expressed and when both are expressed. However, as had been 
mentioned in previous studies, the challenge lies in being able 
to remove p110 without also removing p150 (61, 138, 139). We 
devised strategies to reduce translation initiation at M296, the 
p110 start codon, starting with changing the p110-ATG to CTC 
(M296L), which, not surprisingly, decreased p110 protein levels 
but yet also resulted in production of smaller ADAR1 isoforms. 
These smaller isoforms could result from translation initiation 
downstream of M296 in the same reading frame as p150 and p110.  

Next, we reasoned that the sequences surrounding the p110 
methionine codon would influence translation initiation. How 
typical (optimal) are the sequences surrounding the p110 start 
codon? Looking at the same group of 51 ISGs (including ADAR1) as 
listed in figure 3.1.3, we calculated and plotted the 
frequencies that A, C, G, and T appear at the -3, -2, -1, +4, 
and +5 nucleotide positions surrounding the annotated 
translational start sites for those genes (Figure 3.2.4).  

There are distinct preferences for the sequences 
surrounding the annotated translational start site, as expected 
(140–143), with frequencies ranging from 6% for the atypical 
(weak/non-optimal) nucleotides, to 47% for the typical 
(strong/optimal) nucleotides. Notably, the p110-ATG is 
surrounded by optimal consensus nucleotides, specifically 
guanosines at position -3 and +4. We modified the sequences 
surrounding the p110-ATG to test how a weaker (most atypical) 
translation initiation context would affect production of p110. 
Immunoblot revealed that these mutations resulted in a protein 
phenotype similar to that of mutating the p110 start codon: 
significantly reduced p110 protein production and production of 
ADAR1 isoforms smaller than p110 (Figure 3.2.3). 
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Figure 3.2.3 Mutations to reduce p110 translation 
A. The graph shows an analysis of the consensus sequences 
surrounding the first ATG codon of fifty other genes with 
similar properties (nucleic acid binding and induction by 
interferon) to ADAR1. The number of times that A, C, G, and T 
appear at the -3, -2, -1, +4, and +5 nucleotide positions 
surrounding the first ATG codon was tallied up and divided by 51 
(total number of genes) to determine the frequencies shown on 
the vertical axis. For comparison, the bases at the same 
positions surrounding the p110-ATG are shown below. Of note, if 
bases occurred at random at each position, one would expect the 
frequencies for each base at each position to approach 0.25 
since there are four possibilities.  
B. The immunoblot shows ADAR1 KO cells with stable expression of 
various integrated cDNA constructs driven by a CMV-promoter: 
firefly luciferase (Fluc), WT p150 (p150), p150 sequence with 
p110-ATG mutated to CTC (M296L), and p150 sequence with non-
synonymous mutations (GACATGGC→TTTATGCT) in the consensus 
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sequences surrounding the p110-ATG (non-KOZAK). Mutations were 
introduced into the WT sequence using primers that contained the 
desired mutations and the WT p150 expression plasmid as a 
template for the initial PCR reactions. Overlap PCR was then 
used to assemble the fragments with mutations to be cloned back 
into the expression plasmid, which was packaged into lentivirus 
for transduction. At the moment, we only mutated the bases 
surrounding the p110 start codon, although creating an A-to-G 
mutation at the +4 position of the p150 start codon would also 
be an interesting experiment. 
  

With regard to the sequences surrounding ATG codons, we 
were also interested to examine how the pattern of bases around 
the first ATG compares to the pattern of bases around subsequent 
ATG codons in the same reading frame, and not only for the list 
of 51 ISGs, but for all compiled human protein-coding sequences. 
Nearly the same pattern was observed when all coding sequences 
were included in the analysis as when only considering the 51 
ISGs, and examination of sequences surrounding downstream ATG 
codons revealed a different pattern from the sequences 
surrounding the first ATG, primarily in the -5, -4, -3, -2, and 
+5 positions (Figure 3.2.4). 
 

 
Figure 3.2.4 Analysis of Kozak consensus sequences 
For this analysis in RStudio, 57,348 human cDNA sequences 
starting from 6 bases upstream of the annotated translational 
start codon were extracted using Biomart, and then split into 
letters grouped in threes (codons). Each triplet was assigned a 
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number consecutively starting from 1. The numbers corresponding 
to ATG triplets were extracted and the letters (bases) 
surrounding them corresponding to the -6, -5, -4, -3, -2, -1, +4, 
+5, and +6 positions were extracted for analysis. These 
sequences were entered into the WebLogo software (UC Berkeley), 
and the output frequency plots shown are size-proportional 
representations of the number of times that A, C, G, and T 
appear at the -6, -5, -4, -3, -2, -1, +4, +5, and +6 nucleotide 
positions surrounding each ATG codon, divided by 57,348, the 
total of genes included in the analysis. The first ATG codon has 
a unique pattern: G(C/G)CA(C/A)C for the -6 to -1 positions and 
GCG for the +4 to +6 positions. The ATG2 and ATG5 positions have 
nearly identical patterns of surrounding bases: 
(G/A)(A/T)(G/C)(G/A)(A/T)(C/G) for the -6 to -1 positions and 
(G/A)(A/T)(G/C) for the +4 to +6 positions, and the frequencies 
of the bases approach 0.25, suggesting there is perhaps less of 
a preference for specific bases at these surrounding positions. 
The corresponding sequences surrounding the ATG1 (p150-ATG) and 
ATG2 (p110-ATG) of ADAR1 are shown below for comparison. Of 
note, the p150-ATG is surrounded by a sub-optimal consensus 
sequence as compared to the p110-ATG, even though the annotated 
translational start codon for this open-reading frame is the 
p150-ATG. 
 

The smaller proteins in the M296L and non-KOZAK mutants, 
which are not seen in the WT p150 sample, are likely produced by 
initiation of translation by ribosomes that would not have 
arrived downstream (or would have arrived at low levels) if 
translation started earlier at the M296 position. This 
observation, coupled with examination of the Kozak consensus 
sequences surrounding the p110 and p150 start codons, suggest 
leaky ribosome scanning as a possible mechanism that contributes 
to downstream translation of p110 from the p150 mRNA. 

ADAR1 M296L and non-KOZAK mutants successfully suppressed 
p110 protein expression from the p150 mRNA, but these ADAR1 
variants have non-synonymous mutations that may interfere with 
ADAR1 protein function. Furthermore, smaller ADAR1 variants were 
produced, as detected by the C-terminal specific ADAR1 antibody, 
and these smaller variants may also have dsRNA binding and 
editing abilities similar to that of p110, given that they 
differ, putatively, only in the beta-Z-DNA/RNA domain, since the 
first dsRNA binding domain does not appear until the very end of 
exon 2 and beginning of exon 3.  

Of note, within exon 2, there are 6 other ATG codons aside 
from the p110-ATG in the same reading frame, and these could all 
be potential translation initiation sites for scanning 40S 
subunits that did not assemble translation complexes at upstream 
ATG codons. We therefore aimed to introduce synonymous mutations 
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in the region between the p150 and p110 start codons that could 
reduce leaky scanning and translation initiation at the p110-ATG 
and other downstream start codons.  

Within the 885-base stretch of nucleotides between the 
first two ATGs in the main reading frame, there are two out-of-
frame ATGs in a single alternate reading frame (Figure 3.2.5). 
During the process of leaky ribosome scanning on the p150 mRNA, 
there is a possibility that the full initiation complex 
assembles at a downstream methionine codon, which could be in 
the same or a different reading frame from the first AUG. Of 
note, AUG codons in alternate reading frames are possible start 
sites because scanning from the 5’ cap of mRNAs proceeds not in 
triplet fashion, as had been revealed by studies looking at the 
pattern of 40S-protected mRNA footprints (144). We reasoned that 
increasing the chance of translation initiation in an alternate 
reading frame would decrease the number of scanning 40S subunits 
that reach and assemble initiation complexes at the p110-AUG. To 
increase the chance of translation initiation in an alternate 
reading frame, synonymous mutations were introduced in the 
region upstream of the p110 start codon.  

The changes are as follows: 1. create an additional start 
codon in the alternate reading frame in optimal Kozak context; 
2. change the bases surrounding the two ATG codons in the 
alternate reading frame to increase likelihood of translation 
initiation at those start codons, and alter the bases 
surrounding the p110-ATG codon to decrease likelihood of 
translation initiation at that start codon; and 3. remove stop 
codons that would terminate early translation of the peptide in 
the alternate reading frame. Removing stop codons in the 
alternate reading frame can reduce likelihood of 40S scanning 
re-initiation when there is imperfect disassembly of translating 
monosomes upon encountering a stop codon (145). With stop codons 
up to the p110-AUG removed in the alternate reading frame, the 
monosomes will continue assembling the alternate peptide until a 
STOP codon is encountered downstream of the p110-ATG.  

Immunoblot revealed a significant decrease in p110 protein 
levels when the three groups of mutations mentioned above were 
introduced together into the WT open-reading frame (Figure 
3.2.5). Here, the synonymous mutations used to create the KOZAK-
mut clone are limited by the availability of degenerate codons, 
and these changes appear to be less effective in attenuating 
production of p110 compared to what was observed in the non-
KOZAK clone in figure 3.2.3, in which the most atypical 
sequences were introduced around the p110-ATG, necessitating 
non-synonymous mutations.  

The sequence shown below (on the next page) was ordered 
from Gene Universal, and it arrived in a pUC57 plasmid, as was 
the case for the GFP-KI donor plasmid mentioned in chapter 2. 
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For this gene insert, the unique restriction sites SpeI and SalI 
(shown bolded in black) present in the recipient expression 
plasmid (pTRIP) were included along with flanking sequences so 
the insert, which includes the entire ADAR1 open-reading frame 
plus surrounding sequences, can be digested from the pUC57 
plasmid and cloned into pTRIP for packaging into lentivirus. Of 
note, lentiviral particles used to transduce ADAR1 KO cells were 
made using WT 293T cells transfected with plasmids encoding 
retroviral envelope (VSVG) and structural/functional (Gag-Pol) 
genes, along with the pTRIP expression plasmid with the sequence 
of interest. The expression plasmids give rise to mRNA sequences 
with long terminal repeat sequences at the ends, and these mRNAs 
are packaged into lentiviral particles, which can reverse 
transcribe the mRNA into cDNA that will randomly integrate into 
the host cell genome during the infection (transduction) cycle.  

The positions of synonymous mutations designed to reduce 
p110 expression are highlighted in bold and underlined, and also 
color-coded according to the mutation category. The p150-ATG and 
p110-ATG codons are shown bolded in green. 
 
5’-CCTCTGCTAACCATGTTCATGCCTTCTTCTTTTTCCTACAGACTAGTCCAGTGTGGTGGAATTCTGCAGATATC
AACAAGTTTGTACAAAAAAGCAGGCTTGGAAGGAGTTCGAACCATGAATCCGCGGCAGGGGTATTCCCTCAGCGGAT
ACTACACCCATCCATTTCAAGGCTATGAACACAGACAGCTCAGATACCAGCAGCCTGGGCCAGGATCTTCCCCCAGT
AGTTTCCTGCTTAAGCAAATTGAATTTCTCAAGGGGCAGCTCCCAGAAGCACCGGTTATTGGAAAGCAGACACCGTC
ACTGCCACCTTCCCTCCCAGGACTCCGGCCAAGGTTTCCAGTACTACTTGCCTCCAGTACCAGAGGCAGGCAAGTGG
ACATCAGGGGTGTCCCCAGGGGCGTGCATCTCGGAAGTCAGGGGCTCCAGAGAGGGTTCCAGCATCCTTCACCACGT
GGCAGGAGTCTGCCACAGAGAGGTGTTGATTGCCTTTCCTCACATTTCCAGGAACTTAGTATCTACCAAGATCAGGA
ACAAAGGATCCTTAAGTTCCTGGAAGAGCTTGGGGAAGGGAAGGCCACCACAGCCCATGACCTGTCTGGGAAACTTG
GGACTCCGAAGAAAGAAATCAATCGAGTTTTATACTCCCTGGCAAAGAAGGGCAAGCTACAGAAAGAGGCAGGAACA
CCCCCTTTGTGGAAAATCGCGGTCTCCACTCAGGCTTGGAACCAGCACAGCGGAGTGGTTAGACCCGATGGTCATAG
CCAAGGAGCCCCAAACTCAGACCCGAGTTTGGAACCGGAAGACAGAAACTCCACATCTGTCTCAGAAGATCTTCTTG
AGCCTTTTATTGCAGTCTCAGCTCAGGCTTGGAACCAGCACAGCGGAGTGGTTAGACCAGACAGTCATAGCCAAGGA
TCCCCAAACTCAGACCCAGGTTTGGAACCTGAAGACAGCAACTCCACATCTGCCTTGGAAGATCCTCTTGAGTTTTT
GGATATGGCAGAGATCAAGGAGAAAATCTGCGACTATCTCTTCAATGTGTCTGACTCCTCTGCCCTTAATTTGGCTA
AAAATATTGGCCTTACCAAGGCCCGAGATATAAATGCTGTGCTAATTGACATGGAAAGGCAGGGGGATGTCTATAGA
CAAGGGACAACCCCTCCCATATGGCATTTGACAGACAAGAAGCGAGAGAGGATGCAAATCAAGAGAAATACGAACAG
TGTTCCTGAAACCGCTCCAGCTGCAATCCCTGAGACCAAAAGAAACGCAGAGTTCCTCACCTGTAATATACCCACAT
CAAATGCCTCAAATAACATGGTAACCACAGAAAAAGTGGAGAATGGGCAGGAACCTGTCATAAAGTTAGAAAACAGG
CAAGAGGCCAGACCAGAACCAGCAAGACTGAAACCACCTGTTCATTACAATGGCCCCTCAAAAGCAGGGTATGTTGA
CTTTGAAAATGGCCAGTGGGCCACAGATGACATCCCAGATGACTTGAATAGTATCCGCGCAGCACCAGGTGAGTTTC
GAGCCATCATGGAGATGCCCTCCTTCTACAGTCATGGCTTGCCACGGTGTTCACCCTACAAGAAACTGACAGAGTGC
CAGCTGAAGAACCCCATCAGCGGGCTGTTAGAATATGCCCAGTTCGCTAGTCAAACCTGTGAGTTCAACATGATAGA
GCAGAGTGGACCACCCCATGAACCTCGATTTAAATTCCAGGTTGTCATCAATGGCCGAGAGTTTCCCCCAGCTGAAG
CTGGAAGCAAGAAAGTGGCCAAGCAGGATGCAGCTATGAAAGCCATGACAATTCTGCTAGAGGAAGCCAAAGCCAAG
GACAGTGGAAAATCAGAAGAATCATCCCACTATTCCACAGAGAAAGAATCAGAGAAGACTGCAGAGTCCCAGACCCC
CACCCCTTCAGCCACATCCTTCTTTTCTGGGAAGAGCCCCGTCACCACACTGCTTGAGTGTATGCACAAATTGGGGA
ACTCCTGCGAATTCCGTCTCCTGTCCAAAGAAGGCCCTGCCCATGAACCCAAGTTCCAATACTGTGTTGCAGTGGGA
GCCCAAACTTTCCCCAGTGTGAGTGCTCCCAGCAAGAAAGTGGCAAAGCAGATGGCCGCAGAGGAAGCCATGAAGGC
CCTGCATGGGGAGGCGACCAACTCCATGGCTTCTGATAACCAGCCTGAAGGTATGATCTCAGAGTCACTTGATAACT
TGGAATCCATGATGCCCAACAAGGTCAGGAAGATTGGCGAGCTCGTGAGATACCTGAACACCAACCCTGTGGGTGGC
CTTTTGGAGTACGCCCGCTCCCATGGCTTTGCTGCTGAATTCAAGTTGGTCGACCAGTCCGGACCTCCTCACGAGCC
CAAGTTCGTT 
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Figure 3.2.5 Synonymous mutations to reduce p110 levels 
A. The start of the ADAR1 p150 sequence is shown labeled with 
nucleotides 1 (p150-ATG) and 886 (p110-ATG). Letter “a” refers 
to the primary ADAR1 open reading frame, while letters “b” and 
“c” refer to the two alternate reading frames. The mutation 
shown color-coded in green creates an additional start codon in 
the “b” reading frame. Mutations shown color-coded in blue 
weaken the consensus nucleotides surrounding the p110 start 
codon in the “a” reading frame and strengthen the consensus 
nucleotides surrounding the start codons in the “b” reading 
frame. Mutations shown color-coded in red remove the seven stop 
codons upstream of the p110-ATG and one stop codon downstream of 
the p110-ATG for the “b” reading frame. All mutations preserve 
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the protein coding sequence for the primary ADAR1 “a” reading 
frame.  
B. The immunoblot shows ADAR1 KO cells that were transduced with 
lentivirus to create cell clones that have stable expression of 
various constructs: the firefly luciferase sequence (Fluc), the 
WT p150 sequence (p150), the sequence with the green color-coded 
mutation (ATG-create), the sequence with blue color-coded 
mutations (KOZAK-mut), the sequence with red color-coded 
mutations (STOP-remove), and the sequence with combined 
green/blue/red mutations (p150r).  
C. This graph shows relative band intensities of p110 and p150 
quantified in ImageJ. The p-value was calculated using an 
unpaired t-test comparing p150 and p150r.  

 
Collectively, the data presented in this section suggest 

that leaky ribosome scanning on the p150 mRNA results in 
translation of p110 protein, and this mechanism can be 
significantly inhibited by making a series of changes to the 
sequence between the p150 and p110 start codons. Putatively, 
these changes result in increased ribosome activity in an 
alternate reading frame, and decreased desirability of the p110-
ATG with regard to how likely a monosome is to assemble there. 
With the ability now to significantly reduce p110 expression and 
retain expression of WT p150, we next aimed to generate cell 
lines for editing analysis. 

 
3.3 ADAR1 p150 and p110 isoform-specific cell lines 

For experiments involving stable expression of transduced 
ADAR1 constructs, the exon 1B/1A/1C KO clone (ADAR1 KO) 
described in chapter 2 was used as the starting cell line. 
First, we were interested in developing an assay for measuring 
ADAR protein levels in the stably transduced cell lines. 
Recombinant ADAR1 protein (p110 isoform) was used to set up a 
standard curve to relate ADAR1p110 immunoblot band intensity 
levels as a function of protein mass, and this standard curve 
was adapted for both p110 and p150. Fitting a linear equation to 
the data points allows calculation of the approximate mass of 
protein that corresponds to any band intensity level (Figure 
3.3.1).   
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Figure 3.3.1 Standard curve to quantify ADAR1 protein levels 
A. The immunoblot shows lysates from ADAR1 KO cells either 
stably transduced with various cDNA constructs or mixed with 
different amounts of recombinant c-Myc tagged p110 protein 
ranging from 0.42ng to 25ng. The yellow boxes around each lane 
were drawn using the ImageJ software, which then plots the 
signals from the top to the bottom of the boxes as lines, as 
shown in panel B.  
B. The area of each peak (in arbitrary units) was calculated in 
ImageJ, and for peaks corresponding to the recombinant p110 
protein lanes, the integral (area) values were plotted on the 
graph shown on the right side of panel B. A best-fit linear 
regression was applied, resulting in the equation shown inside 
the graph. The area values for the peaks corresponding to the 
overexpression clones could then be entered into the equation, 
and the mass of protein determined. The mass could then be 
converted to number of molecules using the molar mass and basic 
dimensional analysis. Finally, because each well was loaded with 
known numbers of cells (approximately 1/10 the volume of a 
120,000-cell lysate mixture), we can approximate the ADAR1 
molecules per cell for each sample. 
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Of note, one of the complications with using overexpression 

to produce ADAR1 and then doing A-to-I editing analysis is that 
the levels of protein may be different from that in WT cells, or 
the ratios of the levels of p110 and p150 isoforms may be off. 
We thus aimed to examine how the protein levels of ADAR1 
isoforms compare between WT 293T cells and the ADAR1 KO cells 
stably transduced with various expression constructs to 
reconstitute ADAR1. 
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Figure 3.3.2 Generation of clones for editing analysis 
A. During the process of generating ADAR1 overexpression clones, 
lentivirus titers were selected to create about one integration 
event per cell, which correlates to approximately less than 20% 
transduced in a population of 293T cells, although this number 



 98 

can vary depending on the transduction conditions and cell type 
(146–148). Shown here is quantification of transduced RFP+ cells 
(the pTRIP expression system has an EMCV-IRES driving expression 
of RFP reporter protein), showing about 10% transduction for the 
indicated volume of p150-carrying lentivirus. This population of 
cells was then sorted, and 3 single-cell colonies were selected 
following immunoblot analysis of sorted single-cell clones. The 
process was then repeated for the other ADAR1 cDNA variants, and 
clones with similar levels of protein expression were selected 
to represent each of the four groups that will be included in 
the editing analysis.  
B. The immunoblot shows ADAR1 levels in WT 293T cells with and 
without interferon, and ADAR1 KO cells transduced with p150, 
p150r, p110, and p150r+p110, all driven by the CMV-promoter in 
the pTRIP expression system. The recombinant p110 protein lanes 
shown in the right side of panel B were prepared as described in 
figure 3.3.1 and was used to generate the standard curve for 
determining the molecules per cell values for the lanes shown to 
its left.  
C. ADAR protein levels are plotted, showing the comparison 
between endogenous and exogenous expression, and between the 
different overexpression clones. The p150 and p150r clones had, 
on average, a p150 expression level about twice that of the WT 
cells with interferon treatment. On average, the p150 and p110 
clones had a p110 level about half that of WT cells. 
 
 As a final note to chapter 3, and as an extension to the 
work described in section 4 of chapter 2, the p150r group was 
analyzed in terms of the ability of p150 to suppress activation 
of PKR in the presence of interferon. Ribosomal subunits and 
polysomes were also profiled to determine the extent of 
translational activity in these cells with and without 
interferon treatment (Figure 3.3.3). 
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Figure 3.3.3 Interferon response in 293T cells 
A. The immunoblot shows expression of ADAR, PKR, and 
phosphorylated-PKR in the 5 groups of clones with interferon 
treatment. Of note, activation (phosphorylation) of PKR occurs 
only in the clones that are lacking p150.  
B. The graph shows absorbance values at 260nm corresponding to 
monosome and polysome fractions in one p150r clone with and 
without interferon treatment. Briefly, for polysome profiling, 
cells were harvested and lysed using polysome lysis buffer 
(Tris-HCl, NaCl, MgCl2, DTT, Triton X-100, cycloheximide), and 
10% and 50% sucrose gradients were prepared using Tris-HCl, KCl, 
and MgCl2, DTT, cycloheximide, and SUPERase RNase inhibitor. Cell 
lysate supernatants were added to the top of the sucrose 
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gradient, and the top layer was passed through the 10% and 50% 
sucrose gradients, respectively, by ultracentrifugation for 2 
hours at 38,000RPM. Following the centrifugation, the cell 
lysate supernatants were spread out in the sucrose gradient, and 
the mixture was slowly displaced into the polysome-profiling 
machine using 60% sucrose solution, and the 260nm absorbance 
values for the different fractions were plotted as a function of 
time using the TracerDAQ software. The absorbance peaks 
correspond to the different fractions present in the 
supernatant/sucrose mixture: free ribonucleoprotein (RNP) 
components, 40S subunits, 60S subunits, 80S monosomes, and 
finally polysomes. 
 

Of note, we observed that p150 is necessary and sufficient 
to suppress PKR activation and translational shutdown during the 
interferon response, at least in 293T cells. It is possible that 
p150- and p110-targeted sites are both unique and shared, and 
the induction of both isoforms during the interferon response 
leads to optimal editing in the cytoplasm and nucleus, in which 
the p110 isoform is present predominately.  

As one study recently suggested, the formation of 
potentially immunogenic dsRNA structures are often between 
intron-intron and intron-exon intramolecular (or even 
intermolecular) pairings, which often result from pairings of 
inverted Alu elements: for example, an intron or 3’UTR exon 
sequence that includes an Alu element, an intervening sequence, 
and then the same (or very similar) Alu element, but in reverse-
complement orientation (149). These pairings could be 
destabilized by p110 prior to splicing, or the splicing 
ribonucleoproteins themselves could bind intron sequences and 
reduce double-strandedness prior to excising the introns.  

Exon-exon dsRNA pairings that persist after splicing and 
that remain unedited by p110 would be potential targets for 
p150, especially if the dsRNA has strong Z-conformation motifs, 
which the p150 Z-alpha domain binds with high affinity (122). 
Although p110 is the predominant isoform in the nucleus, p150 
can be present in both nucleus and cytoplasm; the p150 amino 
acid sequence contains both nuclear localization and export 
signals (150, 151).  

Classifying the sites that are shared by both isoforms, or 
ones in which editing is done selectively by one isoform, will 
be a starting point to better understanding whether p110 and 
p150 play unique or redundant roles. To this end, the next 
chapter will present a potential taxonomy for the global ADAR1 
editome. 
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CHAPTER 4. Taxonomy of ADAR1 A-to-I edit sites 
The fourth chapter of this thesis aims to 1. describe how 

the cell clones selected for editing analysis will expand on 
knowledge within the A-to-I editing field; 2. describe the 
editing analysis workflow following RNA sequencing and show the 
proposed taxonomy of putative A-to-I edit sites; 3. discuss 
biological implications associated with classifying A-to-I edit 
sites. 
 
4.1 Clones for A-to-I editing analysis 

With the ability to express p150 with significantly reduced 
levels of p110, we now have the ability to start addressing 
questions such as: 1. Is the total A-to-I editome more or less 
the sum of the p110 and p150 editomes, with respect to edit 
positions? 2. To what extent do p110 and p150 play redundant 
roles with regard to A-to-I editing? Are there unique roles for 
p110 and p150 with regard to RNA binding and/or editing at 
baseline conditions, under certain states of cellular stress 
(152), and during the interferon response? We have already 
observed the necessity and sufficiency of p150 with regard to 
suppressing the beta interferon-induced translational shutdown 
mediated by PKR activation and eIF2α phosphorylation, although 
this experiment was done in 293T ADAR1 KO cells that are 
overexpressing high levels of p150. 

Using a human cytomegalovirus (CMV) promoter-driven 
expression system, ADAR1 constructs (p150, p110, and p150r) and 
firefly luciferase (fluc) control constructs were stably 
integrated into ADAR1 KO cells using lentiviral delivery, as 
described in the final section of chapter 3. Of curiosity, to 
investigate how A-to-I editomes would potentially differ when 
p150 and p110 are translated from separate mRNA molecules (as 
compared to p150, in which one mRNA has the potential to give 
rise to both protein isoforms), one p150r clone was selected for 
a second round of transduction with p110 to create a cell line 
that also expresses p150 and p110 protein, but from separate 
mRNA molecules (Figure 4.1.1).  



 102 

 
Figure 4.1.1 Overexpression system in ADAR1 KO cells 
Four different groups were created to help classify the A-to-I 
editome: p150, to describe the editome when both isoforms are 
present and have the potential to be expressed from the same 
mRNA; p150r, to describe the editome when p150 is present with 
significantly reduced p110; p110, to describe the editome when 
only p110 is present; and p150r+p110, to describe the editome 
when both isoforms are present but translated from separate mRNA 
molecules. The CMV promoter drives transcription of stably 
integrated transgenes, which encode the ADAR1 isoform and an RFP 
reporter protein via IRES-mediated translation initiation. The 
RFP enables single-cell sorting using fluorescence signals. The 
1B/1A/1C KO clone (ADAR1 KO) as described in chapter 2 was used 
as the starting cell for transduction of each of the four cDNA 
constructs. Only one group, the p150r group, went through a 
second round of transduction and single-cell cloning to create 
the p150r+p110 group, in which cells have both p150r and p110 
transgenes. To analyze ADAR1 expression levels independent of 
RFP signal (an indirect representation of ADAR1 protein), cells 
from the p150r+p110 and fluc groups were incubated with rabbit 
anti-ADAR1 antibody optimized for flow cytometry, and the anti-
rabbit secondary antibody mean-fluorescent intensity histograms 
are shown. 
 

For the groups mentioned above, clones were selected in 
triplicate, partly to address the issue of error rates during 
reverse transcription of RNA in first step of library 
preparation (barring the use of error-correction techniques such 
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as rolling-circle RT). In one study, the error rate of murine 
leukemia virus RT was found to be 1/37,000 (153). The RT used in 
all reverse transcription reactions, unless other stated, is the 
Invitrogen Superscript III version, which is a genetically 
modified version of the Moloney murine leukemia virus RT (154). 
The error rate of Superscript III has been determined to be 
between 1/15,000 to 1/32,000, depending on temperature and other 
variables (155).  

Downstream of the RT step, PCR errors (rare), sequencer 
base-calling errors, and unequal amplification of cDNA fragments 
are other concerns that can be addressed either in the variant 
calling workflow or by incorporating unique molecular tags 
during the RT step, as will be discussed as an ongoing effort in 
chapter 5. 
 
4.2 Editing analysis workflow and taxonomy of sites 

Libraries were prepared using the Illumina TruSeq Stranded 
Total RNA kit, with two modifications to the standard protocol 
to enrich for larger fragment sizes: reduction of fragmentation 
time to 2min at the 94°C incubation step with fragmentation 
buffer (likely some type of NaOH-containing solution); and 
following adaptor ligation, reducing the volume of AMPure XP PCR 
cleanup beads to 60% of the standard amount. RNA libraries were 
pooled, diluted, and sequenced using the 150-base paired-end 
sequencing option on the Illumina NextSeq 500 High Output and 
NovaSeq S1 flow cells. Base calling data stored in BCL files 
were converted into FASTQ files and demultiplexed using 
bcl2fastq Conversion Software at The Rockefeller University 
Genomics Resource Center. The NextSeq and NovaSeq sequencing 
results were merged and aligned to hg19 using STAR 2.5.4b with 
2-pass mapping (156–158). The alignment algorithm allows up to 3 
mismatches for each 22-nucleotide region and considers the mean 
insert sizes of the RNA library fragments when determining if a 
read pair is concordant.  

Unique and concordant read pair mappings were selected for 
variant calling. For each sample, Picard 2.18.1 was used to 
calculate total read counts, Phred quality scores, and alignment 
percentages. Aligned SAM files were converted into BAM files 
using SAMtools 1.9. Mutect2 from GATK 4.0 was used to identify 
reference-read mismatches for each of the 15 samples (5 groups 
in biological triplicates: firefly luciferase, p150, p110, 
p150r, and p150r+p110).  

Genomic positions with a unique mismatch type (one of 12 
possibilities amongst the four bases) were considered for 
editing analysis. As a starting point, positions with a total 
read count of greater than or equal to 5 in all 15 samples were 
selected for ADAR1-editing analysis. A mismatch site was called 
for a group if the mismatched nucleotide read count at that site 
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is greater than or equal to 2 in each of the biological 
triplicates. A value of 2 was selected here based on both the 
distribution of read depths across selected genomic positions 
and the average error rate of Illumina sequencing platforms 
(Figure 4.2.1). For example, one study found the Illumina HiSeq 
had an error rate of 3/1000 in terms of mismatches (94). 
Variations on the “total depth=5” requirement change the total 
numbers of sites identified, as will be discussed in chapter 5. 
 
A 

 
B 

 
Figure 4.2.1 Alignment and mismatch calling 
A. Following total RNA extraction, library preparation, and 
sequencing, alignment and variant identification were done using 
STAR and GATK, respectively. On average, between 1x108 and 2x108 
reads per sample successfully aligned to hg19 with STAR two-pass 
alignment.  
B. Following identification of genomic positions with single 
mismatches using GATK, the read depth at each position was 
extracted, and a histogram was generated showing the numbers of 
positions that have read depths corresponding to the range of 
depths across all extracted genomic positions.  
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The distribution of read depths was considered along with 
the Illumina sequencing error rate (about 1/1,000, a Q score of 
30, for up 75% of all called bases), to decide on a cutoff value 
for read depth of the alternate base in order to call a mismatch 
at that genomic position. Most of the identified 332,681 
positions (coverage of at least 5 in all 15 samples) have read 
depths of less than 1000. For the positions with a read depth of 
greater than 1000, there is an increased chance of having a 
mismatch called at that site because of a sequencing error. This 
is a broad generalization, because there is the same 1/1,000 
chance of calling a wrong base for the first cDNA fragment 
containing the position in question as the 1000th cDNA fragment 
containing that position.  

We reasoned that the chance of having two mismatches called 
in error at the same position is low, particularly for sites 
with coverage of less than 1,000 total reads, taking into 
account the average sequencing error rate of 1/1,000. Thus, we 
settled on a value of “2” for read depth of the alternate base 
for calling a mismatch. Of note, genomic positions are discussed 
in reference to cDNA sequences, as the RNA samples were treated 
with DNase I for 30 minutes to remove as much genomic DNA 
contamination as possible prior to the RT step. We decided to 
align reads to genome rather than transcriptome to increase the 
range of possible alignments, including possible 3’ extended RNA 
isoforms and independently transcribed repetitive elements that 
may not be well annotated in transcriptomic datasets. Of note, 
strand information can be added later in the workflow (based on 
P5/P7 read information contained in the stranded library, as 
described in figure 2.1.7). 

Additional filters were applied to identify potential 
ADAR1-edit sites from the list of mismatches. For each called 
site, a mean mismatch frequency=ΣG/Σ(A+C+G+T) was calculated based 
on summed read counts from the biological triplicates in each 
group. Next, to create a list of potential ADAR1-edit sites, 
mismatch sites were selected from any one of the four groups: 
p150, p110, p150r, or p150r+p110, and their edit frequencies 
were compared with edit frequencies of the same sites in the 
fluc group. To pass filter here, the selected site must have a 
mean mismatch frequency greater than 2 standard deviations above 
the mean mismatch frequency of that site in the fluc group. The 
goal of this step is to account for both background editing in 
the fluc group (from other RNA-editing enzymes such as APOBECs) 
and also to filter out SNPs (Figure 4.2.2).  
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Figure 4.2.2 Identification of potential ADAR1-edit sites 
Shown here is a schematic of the analysis workflow, starting 
with 150bp paired-end sequencing, alignment, and variant 
calling, which identified over 2 million unique mismatches 
between the cDNA and hg19 human genome build. To narrow down the 
list of mismatches to sites that can be compared across all 15 
samples, only genomic positions with coverage in all samples 
were selected, and this narrowed the list of sites by about one 
log-fold (332,681), when a minimum depth of 5 was required in 
all samples. Next, selected mismatches were further filtered by 
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the requirement that they are present in all biological 
triplicates of a group with a mismatch depth of at least 2, to 
minimize the chance of calling sequencing errors. Next, the 
mismatch frequencies for the sites from the ADAR1 groups were 
calculated and compared with the mismatch frequencies of the 
same sites in the fluc group, to filter out background editing 
and SNPs. At this point, 12,150 potential ADAR1-edit sites were 
identified, and nearly all mismatches were of the A-to-G and T-
to-C types, as expected before the addition of strand 
information. 
 

There remains the possibility that in the case of 
heterozygous SNPs, only one chromosome, either containing or not 
containing the SNP, is expressed in some but not all samples in 
the groups of biological triplicates. Such variants would not be 
filtered out if they happened to not be expressed in the fluc 
samples, but they would not represent true ADAR1 edit sites. 
Therefore, genomic positions found in the dbSNP138 database were 
excluded from further analysis. Furthermore, sites that mapped 
to the ADAR1 coding sequence region were excluded, because many 
of these mismatches corresponded to the p150r mutations created 
to reduce p110 expression (Figure 4.2.3). 
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Figure 4.2.3 Additional filtering criteria 
A. The schematic here, as seen previously in chapter 3, shows 
the mutations introduced to reduce p110 expression from the p150 
reading frame.  
B. Panel B shows read counts tallied up for the mismatch sites 
taken from a subset of the 12,150 sites identified from the 
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filtering strategy as described in figure 4.2.2. The subset 
contains all sites that mapped to the ADAR1 locus, and the graph 
shows their read depths. Mismatches with the highest read counts 
correspond to nucleotides on the mRNA molecules that were 
expressed from the stably integrated p150r transgene, as can be 
seen for the p150r and p150r+p110 samples. Because these sites 
are not true ADAR1-edit sites, they were excluded from the set 
of mismatches.  
C. Sites from the dbSNP138 database were also excluded from 
further analysis, further narrowing the list of potential ADAR1-
edit sites to 11,346. At this point, strand information has not 
been added to the genomic positions. 
 

Importantly, strand information must be added when 
finalizing the list of A-to-I edit sites because there are A-to-
G(I) genomic variants located in gene regions where 
transcription occurs in the antisense direction; these sites 
would therefore be T(U) instead A on the mRNA and would not be 
ADAR1 targets. By the same logic, T-to-C genomic variants 
located in a gene region where transcription occurs in the sense 
direction are also not true ADAR1-edit sites. Applying the 
strand information resulted in identification of 9,044 A-to-G(I) 
ADAR1-selective sites. 

To classify the list of putative ADAR1 editing sites, a 
site was called as “PRESENT” for a group if the read count for G 
at that site is greater than or equal to 2 in each of the 
biological triplicates, and “ABSENT” for a group if the read 
count for G at that site is equal to 0 in each of the biological 
triplicates. As a result of this requirement, some sites were 
unable to be classified, because the read counts for G at those 
sites were greater than or equal to 2 in only one or two of the 
biological replicates in a particular group (Figure 4.2.4).  

Using these classification filters, we identified 1,365 
potential sites that are shared by both isoforms (present in 
both the p150r and p110 groups); 1,733 potential sites that are 
p150-selective (present in the p150r group and absent in the 
p110 group); 138 potential sites that are p110-selective 
(present in the p110 group and absent in the p150r group); and 
277 potential sites that are p150/p110-selective (absent in both 
the p110 and p150r groups). The sites were annotated with 
information from Repeatmasker about repetitive elements, 
including Alu elements. Of note, Alu derives its name from the 
Arthrobacter luteus bacterial restriction endonuclease, which 
recognizes a target site in a class of repetitive elements found 
in human (about 11% of the human genome) and nonhuman primate 
genomes (159–162). Edit sites were also annotated with 
information regarding the function of the sequences that contain 
the sites. 
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Figure 4.2.4 Classification of potential ADAR1-edit sites 
Strand information was added to the list of mismatches, 
resulting in identification of 9,044 potential ADAR1-edit sties, 
which were further classified as sites shared between p110 and 
p150, p150-selective sites, p110-selective sites, and p150/110 
double-selective sites. Of the sites that could be classified, 
most are either shared between p110 and p150 (39%) or p150-
selective (49%). A minority of sites, putatively, are p110-
selective (4%) and p150/p110-selective (8%), or in other words, 
dependent on p110 and p150 to both be present in order for 
editing to occur.  
 

Of note, reliability in assigning ABSENT for a site in a 
particular group depends on a low false-negative rate, which can 
be hard to ascertain with bulk RNA sequencing, bulk alignment, 
and bulk variant calling. For instance, the combination of 
potential PCR bias and low coverage at repetitive Alu elements, 
where most edit sites are located, makes very possible that 
certain regions with sites that have low A-to-I edit frequencies 
might be determined to be entirely unedited in the final 
workflow. As discussed in chapter 2 (figure 2.1.7), the reduced 
coverage at Alu repeat regions is thought to result from a 
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combination of the RT-based library preparation method, lowered 
sequencing quality at homopolyer regions, and challenges in 
alignment. 

With regard to the percentage of sites that classify in the 
four groups, we can create one possible scenario as a thought-
experiment: an arbitrary false-negative rate of 4%, which could 
mean that 4% of sites determined to ABSENT in a group are 
falsely classified as ABSENT. This could mean that all the p110-
selective and p150/p110-selective sites (which have a double 
ABSENT requirement) are mistakenly assigned to their respective 
groups. Keeping the same scenario, of the sites classified as 
p150-selective (49% of all classified sites), about 4% would be 
expected to be misclassified. The shared sites, because of their 
double PRESENT requirements, depend solely on a low false-
positive rate. Because most edit sites have edit frequencies 
well below 50%, the chance of a false positive call is likely 
much lower than a false negative call, and in particular when 
taken into consideration the issue of low coverage at many 
putative edit sites. 

One way to increase coverage on a lower-throughput level is 
to do amplicon sequencing, and this can be coupled with 
degenerate molecular tags added to gene-specific primers during 
the RT step. During the analysis workflow, reads corresponding 
to PCR duplicates will have the same barcode and can be counted 
as a single read that corresponds to a single original RNA 
molecule. This method still remains vulnerable to RT errors and 
RT stalling at structured Alu elements, but it will allow more 
insight to be gained about how much the issues of coverage and 
PCR bias contribute to false negative rates with respect to 
identifying and classifying A-to-I edit sites. Ongoing work 
using this method will be presented in Chapter 5. 

Looking at the A-to-I editome across the samples, a few 
trends appear. Globally, the median length of edited genes is 
significantly longer than that of unedited genes. It is possible 
that longer genes have longer 3’UTRs and introns, both of which 
contain Alu elements, the primary target for A-to-I editing. 
Additionally, the samples that included p150, including p150 
alone, had overall more target sites compared to when p110 is 
alone. However, median edit frequencies (defined as depth of G 
divided by total depth) remained similar across the samples, 
suggesting that p110 alone is as capable of editing efficiently 
as p150 alone (Figure 4.2.5). 
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Figure 4.2.5 Global trends in editing  
In panel A, gene lengths, including exons and introns, were 
extracted from Biomart for two lists of genes, one with ADAR1 
edits and one without. Edited genes have a significantly longer 
median length compared to genes not targeted ADAR1. Panel B 
shows counts of all edit sites tallied up across the 15 samples, 
and panel C shows the median edit frequencies of all sites 
counted in panel B. 
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With regard to annotation, the majority of sites (85%) are 
located in Alu repeat elements, and a large proportion of sites 
map to intergenic (non-annotated RNA) regions (26%), introns 
(28%), and 3’ UTRs (41%). Of note, 1,389 sites were unable to be 
annotated because they were located in clusters of long genes in 
the same orientation, and the overlapping of sequenced cDNA 
inserts during alignment was insufficient to determine which 
gene the reads containing those sites originally came from. 
Techniques such as single-molecule sequencing would enable 
resolution of this issue. 

A predicted independent structure of the AluSq2 repeat 
element located in the 3’ UTR of the ATM gene reveals that edit 
sites tend to cluster near loops adjacent to double-stranded 
regions rather than be located within long-stretches of 
perfectly complementary strands. It is possible that the binding 
domains attach to dsRNA structures adjacent to loops, allowing 
the deaminase domain to then access the adenosines found in the 
loops (61). Of course, molecules are fluid from a thermodynamic 
perspective, so RNA may shift back and forth from one predicted 
structure to another depending on the conditions in cells, and 
this could influence which sites are edited and when (Figure 
4.2.6). 
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Figure 4.2.6 Annotation of global ADAR1-edit sites 
A. Pie charts show annotation of the 9,044 sites, using 
Repeatmasker for the Alu annotation and RefSeq-defined gene 
functions in ANNOVAR for the annotation of other gene features. 
84% of sites are located in Alu repeats; 16% are located in non-
Alu regions, and could either be in other types of repetitive 
elements or non-repetitive elements. 42% of sites map to 3’UTR 
regions; 28% to intron regions; 4% to non-coding RNA; 0.2% to 
coding regions that lead to non-synonymous (NS) mutations and 
0.1% to coding regions that lead to synonymous (S) mutations; 
and 0.02% to known splice acceptor sites in introns (of note, 
ADAR1 has the potential to create a GU splice donor site or 
create/remove an AG splice acceptor site). The remaining 26% of 
sites map to genomic regions that lack RefSeq annotations, 
although the extensive Ensembl database may have more genomic 
annotations corresponding to predicted RNA gene products that 
would allow further annotation of the remaining sites. The non-
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annotated portion shown in orange was analyzed further by 
looking at their locations relative to neighboring genes. Of the 
2,356 non-annotated sites, 26% are located less than 1kb 
downstream, 1% are located less than 1kb upstream, and 73% are 
located more than 1kb away from a neighboring gene, either 
upstream or downstream. Of note, the 26% of sites located within 
1kb downstream of a gene could be from gene isoforms with un-
annotated 3’UTR extensions (163).  
B. Shown here is the AluSq2 sequence from the 3’UTR region of 
the ATM gene, with a structure prediction using the minimum free 
energy function from the Vienna RNAfold package. Edit sites are 
labeled with numbers corresponding to bases 1-323 in the Alu 
sequence, and they tend to cluster in or adjacent to loop 
structures. Of note, the 3’UTR of the ATM gene has an AluSc8 
element in reverse-complement orientation about 1kb downstream 
of this AluSq2 element. While the independent structure shown 
above could exist within the 3’UTR, another possibility is 
formation of an inverted repeat structure between the two Alu 
elements. The inverted repeat is another classic target for 
ADAR1 editing and often has loops present in it because of 
imperfect complementarity between the Alu elements.  

 
Despite the challenges associated with classifying A-to-I 

edit sites using bulk RNA sequencing, we propose in the final 
section of this chapter to discuss some trends with regard to 
how the sites classify, and also the biological implications of 
isoform-selective and isoform-shared editing. 
 
4.3 Implications of an A-to-I editing taxonomy 

Within the sorting scheme shown in figure 4.2.4, p150-
selective sites were found to be largely located in 3’ UTRs 
(69%), while p110-selective sites were mostly found in introns 
(71%). Considering that p110 is predominately found in the 
nucleus, its selectively edited sites would be expected to be 
located in intronic Alu repeat elements, which predominate in 
the nucleus. One study concluded that the average pre-mRNA has 
8.8 exons and 7.8 introns, and about 80% of the exons have less 
than 200 bases. Most introns are between 20 and 11,000 bases in 
length, and less than 10% have more than 11,000 bases (164).  

Although p150 has the potential to shuttle between nucleus 
and cytoplasm, the relative amounts of p150 and p110 in the 
nucleus seem to favor p110-mediated editing. Consistent with 
this, 71% of p110-selective sites are in introns and only 11% of 
p150-selective sites map to introns. After splicing, Alu 
elements present in 3’UTRs would be targets for p150-editing in 
the cytoplasm. Consistent with this, 69% of p150-selective sites 
are located in 3’UTRs. Of the sites that are potentially shared 
independently by p110 and p150, 51% map to 3’UTRs and 30% map to 
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introns (Figure 4.3.1). These shared sites could be present on 
both pre-mRNAs and spliced mRNAs, and the sites not located in 
intron regions that remain unedited by p110 in the nucleus could 
become targets for p150 in the cytoplasm.  

For editing in the nucleus, one can imagine potential 
competition between the p110 and p150 isoforms for the shared 
target sites. The relatively higher levels of p110 compared to 
p150 would seem to favor p110 editing, but p150 has the unique 
high-affinity Z-alpha binding motif, allowing p150 to bind Alu 
repeats in Z-conformation with higher affinity than p110. These 
factors may allow a balance to be achieved between p110 and p150 
in terms of editing within the nucleus.  

 
Figure 4.3.1 Annotation of grouped ADAR1-edit sites  
The pie charts show proportions of annotations for the ADAR1-
edit sites grouped in the four different categories. As 
mentioned earlier, some sites were unable to be annotated 
because they are located in gene clusters. For p150-selective 
sites, 0.2% are located in 5’UTR; 69% in 3’UTR; none in known 
splice sites; 6% in non-coding RNA; 14% in non-annotated RNA; 
0.5% in coding regions; and 11% in introns. For p110-selective 
sites, 0.8% are located in 5’UTR; 15% in 3’UTR; none in known 
splice sites; 7% in non-coding RNA; 5% in non-annotated RNA; 2% 
in coding regions; and 71% in introns. For p110 and p150 shared 
sites, 0.9% are located in 5’UTR; 51% in 3’UTR; 0.07% in known 
splice sites; 8% in non-coding RNA; 10% in non-annotated RNA; 
0.1% in coding regions; and 30% in introns. For p150/p110 
double-selective sites, 0.2% are located in 5’UTR; 41% in 3’UTR; 
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0.02% in known splice sites; 4% in non-coding RNA; 26% in non-
annotated RNA; 0.4% in coding regions; and 28% in introns. 
 
 When we consider the possibility that some sites might 
require the presence of both p110 and p150 for efficient editing 
to occur, two possible mechanisms (not mutually exclusive) come 
to mind. One scenario is that selective editing of certain sites 
by one isoform changes the structure of the RNA in a way that 
makes other sites now accessible by the other isoform. Another 
scenario is that potential formation of heterodimers between 
p150 and p110 could influence selectivity for certain RNA 
targets. The formation of p150 and p110 homodimers has been 
shown to be required for editing under various in vitro 
conditions, but the formal examination of whether p150 and p110 
can interact in vivo remains lacking (165–167). Under specific 
immunoprecipitation conditions using our GFP-tagged p150 
(discussed in chapter 2), we observed low levels of p150 and 
p110 that co-precipitated with the GFP-tagged p150 (Figure 
4.3.2).  

Preparation of lysates for immunoprecipitation differed 
from the standard immunoblot protocol, with modifications 
designed to preserve protein-protein interactions (in the 
absence of cross-linking steps). Notably, all steps should be 
done on ice or as close to 4°C as possible. Cells were first 
scraped onto ice-cold PBS containing phenylmethylsulfonyl 
fluoride (PMSF), a protease inhibitor, and then centrifuged for 
3min at 1,500RPM. Next, cells were lysed using a mixture 10mM 
HEPES, 150mM KCl, 3mM MgCl2, 0.5% NP-40 non-ionic surfactant, 
Roche proteinase inhibitor cocktail, and 0.1mM PMSF 0.1 M, all 
diluted in PBS. To shear genomic DNA, cell lysates were passed 
through a 26-gauge needle 20 times and then centrifuged at 
15,000G for 10min. 
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B 

 
Figure 4.3.2 Immunoprecipitation of ADAR1p150 
A. The immunoblot shows nuclear and cytoplasmic fractions of WT 
293T cells and a heterozygous GFP-KI 293T clone described in 
chapter 2. During the preparation of lysates for 
immunoprecipitation, the supernatant was split for immunoblot 
and immunoprecipitation, and pelleted nuclei were also saved for 
immunoblot. Dicer is a cytoplasmic protein known to interact 
with ADAR1 during microRNA processing (168). PKR is a familiar 
dsRNA binding protein that has been shown to interact with ADAR1 
under certain conditions, such as HIV-1 infection (169). Beta-
actin and histone H3 are controls to assess the purity of the 
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cytoplasmic and nuclear fractions. The p110 isoform appears 
predominantly nuclear during baseline conditions, as can be seen 
comparing the nuclear (N) and cytoplasmic (C) mock-treated 
lanes; here, some nuclear materials appear to contaminate the 
cytoplasmic fractions, as histone H3 was detected in the WT mock 
and IFN “C” lanes. During interferon treatment, the GFP-p150-KI 
clone appeared to show presence of p110 protein in the 
cytoplasm. The p150 isoform is predominately cytoplasmic and is 
induced following interferon treatment, and the heterozygous 
ADAR1-GFP clone shows induction of both WT p150 and the GFP-
tagged p150. The cytoplasmic fractions shown in the immunoblot 
were used as the starting material for the anti-GFP 
immunoprecipitation experiment.  
B. A rabbit polyclonal antibody, previously purified on a GFP 
affinity column (gift from Peggy MacDonald), was added to 
Invitrogen Protein G Dynabeads, following manufacturer 
guidelines to bind back ends of the anti-GFP antibodies to the 
protein G. Next, magnetic bead-bound anti-GFP antibodies of 
various input amounts (2.5µg, 5µg, and 10µg) were incubated 
overnight with cytoplasmic lysates at 4°C on a rotating platform. 
Several wash steps were done the next day. The first set of 
washes were done 3 times, 5min each, using a mix of 10mM HEPES, 
150mM KCl, 3mM MgCl2, and 0.5% NP-40. The second set of washes 
were done 2 times, 5min each, using the same mixture except with 
0.05% NP-40. Finally, bound proteins were eluted with immunoblot 
sample buffer with DTT, and the eluate was boiled and loaded for 
immunoblot, probed with antibodies that recognize Dicer, the C-
terminal end of ADAR1, and PKR. As expected, the cytoplasmic 
input lanes from WT cells did not show evidence of Dicer, ADAR1, 
or PKR with anti-GFP immunoprecipitation. Dicer appeared in the 
mock and IFN treated lanes, and the GFP-tagged p150 increased in 
intensity in the IFN treated lanes compared to mock treated. Low 
levels of WT p150 and p110 isoforms appear to have co-
precipitated with the GFP-tagged p150. PKR did not appear to co-
precipitation with GFP-tagged ADAR1 in this experiment. 

 
Of note, the stringency of final wash steps in all 

immunoprecipitation experiments influences what remains bound to 
the antibody-bead complexes at the end to be eluted for 
examination by immunoblot. At this point, more experiments are 
needed to determine whether p150 and p110 form heterodimers in 
vivo, and whether this complex could influence the selectivity 
of RNA targets for binding and editing. 

A possible editing model, based on the proportions of 
annotated edit sites in the different categories, is that p150-
selective editing occurs more in the cytoplasm while p110-
selective editing occurs in the nucleus, where introns are 
located (Figure 4.3.3). Although almost no edit sites were 
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located in annotated splice acceptor (AG) sites, the possibility 
exists that p110-editing in introns can create new splice donor 
(AU-to-GU) and acceptor sites (AA-to-AG) in regions surrounded 
by motifs such as the poly-pyrimidine tract commonly found 
upstream of splice acceptor sites.  

Formation of inverted repeat structures in the nucleus can 
occur between intron-intron, intron-exon, and exon-exon 
sequences, and all these are potential substrates for p110 and 
p150 binding and editing. Following splicing, remaining exon-
exon dsRNA structures would be targeted by p150 following export 
to the cytoplasm. Binding by p150 is likely to be more high-
affinity than p110 because of the Z-alpha domain unique to p150 
(122).  
 

 
Figure 4.3.3 Model of ADAR1 p110 and p150 editing 
In this simplified schematic, p110 is shown as a nuclear protein 
and p150 as a cytoplasmic protein. This distribution represents 
the general baseline distributions of the two isoforms, although 
p150 does has the ability to enter the nucleus, and p110 has the 
ability to enter the cytoplasm under certain conditions. Intron 
regions of RNA targets are shown in black while exon regions are 
shown in red. 

 
Finally, our classification provides clarification on 

results from a prior study in which A-to-I editing analysis was 
performed on wild-type, ADAR1 knockout, and ADAR1 p150 KO cells 
(61). In that study, editing frequencies of both p150-dependent 
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sites and total ADAR1-dependent sites (including sites not 
dependent on p150 for editing to occur) were increased following 
interferon treatment. As expected, editing frequencies of p150-
dependent sites were increased because total p150 protein levels 
go up after adding interferon. Less was clear about the other 
ADAR1-dependent sites, specifically whether they are p110-
selective, shared, or require both p110 and p150 to be present 
for editing to occur.  

Prior studies were unable to taxonomically divide ADAR1-
dependent sites into isoform-independent (shared), p110-
selective, and p150/p110-selective (synergistic) sites because 
of the inability to express p150 without p110. At the current 
read depth, we find that of these ADAR1-dependent sites, 
excluding p150-selective sites (49% of sites), 39% are shared by 
both isoforms. And as mentioned in chapter 2, we observed that 
p110 is induced along with p150 during the interferon response. 
Thus, it makes sense that not only the edit frequencies of p150-
dependent sites would increase following interferon treatment, 
but the edit frequencies of all ADAR1-dependent sites would 
increase, as observed in the study mentioned above. We propose 
that increased expression of both p110 and p150 contribute to 
optimal editing of RNA targets in the nucleus and cytoplasm 
during the interferon response.  
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CHAPTER 5. Future directions and concluding remarks 
From a semantics perspective, to describe “why” something 

happens in biology often seems more difficult than describing 
“how” something happens, or “what” is happening. One could ask: 
Why do human cells have both ADAR1p110 and ADAR1p150 isoforms? 
Alternatively, one could ask: How are p110 and p150 produced in 
human cells? One could ask: Why does A-to-I editing occur? An 
alternative question could be: What sites on RNA show A-to-I 
editing? The work presented in this thesis has tried to address 
the “how” and “what” questions related to ADAR1 expression and 
A-to-I editing. The final chapter of this thesis aims to discuss 
future directions related to the themes of p110 and p150 
regulation and editing. 

 
5.1 Endogenous expression of p110 and p150 in different cells 

Our work focused on the HEK 293T cell as a model, largely 
because of the conveniences with regard to maintenance, and the 
efficiency of genetic modifications. We have deleted using 
CRISPR-Cas9 the first three splice donor exons along with their 
promoters, revealing the sum total of ADAR1 splice variant 
contributions to ADAR1 protein production, at least in 293T 
cells.  

Of note, experiments done in other cell types have revealed 
some promoter activity within exon 2 and also alternative 
splicing activity within exon 2 in a region that can act as an 
intron (170, 171). Our cell line showed undetectable ADAR1 
protein levels at chemiluminescence-level sensitivity and 
ablation of editing at known ADAR1 edit sites following deletion 
of exons 1B, 1A, and 1C. In our ADAR1 1B/1A/1C KO cell line, 
direct transfection of the p150-encoding mRNA variant resulted 
in production of p150 and p110 with observation of a single-
sized band by reverse transcriptase (RT) PCR.  

Different cell lines likely have variations in 
transcription factor expression, promoter activities, and 
alternative splicing events. Nevertheless, it would be 
interesting to examine formally these findings from other cell 
types in 293T cells, possibly using ADAR1 exon-2 specific probes 
to look for different sized variants by Northern blot. 

We identified multiple RNA variants that have p110-coding 
potential, including the 1B-2 variant, 1C-2 variant, 1A-1C-2 
variant, and also the 1A-2 variant. Synonymous mutations 
introduced into the coding region between the p150 and p110 
start codons that aimed to increase translation initiation rates 
in an alternate reading frame resulted in significantly 
decreased p110 expression from the p150 mRNA. This enabled 
expression of p150 in isolation, making possible now the study 
and comparison of editomes when each isoform is present in 
isolation.  
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We selected a system that involves stable expression of 
ADAR1 isoforms in a knockout background, and comparison with a 
control expressing firefly luciferase. One of the advantages of 
this system is that p150 and p110 levels can be kept constant 
during certain perturbations such as interferon treatment. This 
would be helpful in addressing questions such as how interferon-
induced co-factors could influence ADAR1 editing. In an 
endogenous context, treatment with interferon not only 
stimulates expression of potential ADAR1 trans-acting factors 
but also upregulates ADAR1 expression, making it difficult to 
separate the relative contributions of either one in isolation 
to the interferon editome. Of note, many protein trans-
regulators of ADAR editing have been identified recently (172).   

While an overexpression system has its merits, several 
drawbacks include the artificial nature of the mRNAs, which lack 
UTR sequences and also contain an IRES for RFP expression, and 
perhaps more significantly, the differences in protein levels 
between endogenous and exogenous expression contexts. Efforts 
have been made to knock-in the p150r sequence with its 
synonymous mutations into the endogenous context (ADAR1 exon 2), 
to create a p110-knockout cell line. Ongoing work involves using 
nucleofection of CRISPR ribonucleoprotein along with a p150r 
antisense ssDNA donor sequence. The background cell line would 
be an exon 1B/1C knockout cell line, which has the other p110-
enconding mRNA variants removed (Figure 5.1.1). Using a WT 
background cell line could also be interesting, because a 
homozygous knock-in here would only be able to express p110 and 
p150 from separate mRNA molecules (with significantly reduced 
p110 leaky expression on the 1A-2 transcript with the p150r 
mutations).  

We had considered the possibility that if p110/p150-
selective sites do occur, they could potentially be further 
classified in terms of sites that are uniquely edited only when 
p110 and p150 have the potential to be translated from the same 
mRNA species. During any given time, one mRNA may be coated with 
clusters of ribosomes, allow assembling of multiple polypeptides 
in tandem from one mRNA. As part of a previous thought 
experiment, we entertained the possibility that co-translation 
of p110 with p150 from one mRNA might increase the chance of 
heterodimer formation (due to spatial proximity), while 
translation of p110 and p150 from spatially separated mRNAs 
might favor homodimer formation over heterodimer formation. 
Perhaps p110 and p150 homodimers and heterodimers have different 
preferred RNA targets. 



 124 

  
Figure 5.1.1 Ongoing work related to p150r knock-in 
In this experiment, a gene block containing the p150r mutations 
was ordered from Gene Universal. The sequence includes homology 
arms for homology-directed repair during the CRISPR knock-in 
process. The sequence was amplified by PCR using a biotinylated 
primer that primes synthesis of the sense sequence and allows 
separation of the sense and antisense strands using 
streptavidin. The antisense ssDNA was isolated and 
electroporated into WT and exon 1B/1C KO cells along with a 
CRISPR ribonucleoprotein complex prepared from recombinant Cas9 
protein with guide RNAs. The electroporation was done using the 
Lonza 4D-Nucleofector system. Analysis of bulk genomic DNA with 
the indicated primer pairs (KI screening primers have bases 
shown in red, and importantly, one at the 3’ priming end, that 
correspond to the edited genomic sequence) suggests that there 
may be some degree of knock-in with use of the guides tested, 
such as guide#1 in the 1B/1C KO cell, although the PCR product 
sizes unexpectedly differed between the WT and KI pairs of 
primers. To reduce the background signal, the reverse primer was 
designed to bind a region outside the end of the antisense ssDNA 
sequence. Therefore, PCR products should correspond only to 
genomic DNA as the starting template material. Excising the gel 
bands and building a deep sequencing library from these PCR 
products would be an appropriate next step. 
 

Other possibilities for knock-in include non-cleavage based 
methods that use fusions between Cas9 and deaminase proteins or 
other single-base editing proteins (173–176). Of note, many of 
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these fusion proteins can be introduced into cells by plasmid-
based transient expression systems, and these plasmids are now 
commercially available on Addgene. 

Of note, knock-in of the p150r sequence in cell types such 
as embryonic stem cells would allow experiments to be done 
looking at how p150 and p110 individually shape differentiation, 
and also how the editomes of individual isoforms compare between 
different cell types. 

An additional thought, overexpression of the p150 Z-alpha 
domain in trans with p110 and analysis of A-to-I edit sites 
would highlight Z-alpha domain-dependent editing substrates 
amongst the p150-selective sites. 

 
5.2 Amplicon sequencing with unique molecular tags 

During bulk RNA sequencing, coverage at repetitive elements 
in particular is limited, possibly due to a combination of 
secondary structures impacting RT processivity during library 
preparation, lower quality base calls near homopolyer regions, 
and challenges involved with alignment. Ongoing efforts to 
quantify editing at selected sites include use of gene-specific 
RT primers to make amplicons for sequencing. Furthermore, 
molecular tags consisting of a random sequence of nucleotides 
were added to RT primers so that each primer creates a first-
strand cDNA that contains a unique barcode corresponding to the 
original RNA molecule (Figure 5.2.1). The methods for amplicon 
sequencing library preparation and analysis were adapted from 
several sources (177–182).  

As a side note, unique dual-matched indexes were chosen to 
increase the accuracy of assigning read to samples by 100 times 
compared to single index combinations (183). Index-hopping is 
the term used to describe a process that can cause misassignment 
of reads to samples during demultiplexing. One proposed 
mechanism of index-hopping during library preparation is the 
carry-over of adapters with index sequences during pooling of 
samples, either because of excess adapters or incomplete 
cleanup. During subsequent steps, the retained adapters with 
index sequences can prime PCR reactions and result in mixing of 
indexes between the pooled sample fragments. In the case of 
building libraries for amplicon sequencing, the inclusion of 
index sequences within primer sequences in the final PCR step 
before pooling already makes improbable the possibility of 
index-hopping based on the proposed mechanism of hopping. 
Informatic analysis of unexpected (unmatched) combinations of 
dual indexes present in the pooled libraries should reveal a 
value of zero or near zero.  
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Figure 5.2.1 Amplicon sequencing with molecular barcodes 
A. As an example of ongoing amplicon sequencing work, two 
examples are showing corresponding to the 3’UTR regions of 
TMEM120B and TIMM23B, which have ADAR1-edit sites. The amplicons 
were created first with a one-step RT reaction, in which the 
antisense gene-specific primer has a 10-base degenerate sequence 
that serves as a molecular tag for each RNA molecule. Second-
strand cDNA synthesis using a sense gene-specific primer was 
coupled with the first round of PCR (12 cycles) to add half of 
the Illumina adapters to both ends of the cDNA fragment. A 
second round of PCR was done to add the rest of the Illumina 
adapter sequences along with a unique dual index corresponding 
to each of the 15 samples, allowing pooling of samples in one 
sequencing reaction. 
B. After amplicons were built for each sample, they were pooled 
and normalized for sequencing on MiSeq. Analysis was done with 
an adapted version of the dms_tools2 software developed by the 
Jesse Bloom lab. The histograms here show tallied up counts of 
barcodes with different read counts; as shown, most barcodes 
were sequenced only once, suggesting PCR duplicates were minimal 
in our library preparation method. The data comes from barcoded 
amplicons in the 15 pooled samples: X1-X3 are fluc clones; C1, 
C7, and C10 are p150 clones; F5, F7, and F8 are p150r; Z2, Z6, 
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and Z8 are p110 clones; and Y4, Y7, and Y12 are p150r+p110 
clones. 

 
PCR biased duplications during library preparation is a 

potential concern, due to intrinsic differences in templates 
(184, 185). However, given that most unique barcodes were 
sequenced only once, PCR duplicates appear be a small 
contributor to final bias in the counting of edited and unedited 
sites on transcripts. As expected, the coverage is significantly 
increased in the amplicon sequencing compared to bulk RNA 
sequencing (Figure 5.2.2).  
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Figure 5.2.2 Amplicon sequencing provides high coverage 
A. The challenge of getting unbiased high coverage at repetitive 
Alu elements can be addressed by locus-specific amplicon 
sequencing. Because duplicate reads with the same barcode can be 
collapsed down to a single consensus read, the base counts from 
these collapsed reads accurately reflect that of the original 
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RNA sample. For barcodes with only one read, RT and sequencing 
errors are still possible; barcodes with multiple reads allow 
assembly of a consensus sequence, as was the original intent of 
the dms_tools2 workflow: to find deep sequencing errors and 
identify true mutations.  
B. Shown here, according to the results of amplicon sequencing, 
are edit frequencies of a site in TIMM23B shared by p110 and 
p150 (although p150 alone seems to edit this site with a higher 
frequency than p110), and a p150-selective site in TMEM120B.  
C. Shown here is part the NOL9 gene viewed in IGV that 
corresponds to an independent alignment of the bulk RNA 
sequencing data with HISAT2 rather than STAR. The region shown 
in the 3’UTR reveals multiple T-to-C (antisense mRNA) genomic 
mismatches that appear predominately in the p150r samples. Of 
note, selecting regions with hyper-editing to build amplicons 
for sequencing will allow extracting more information from a 
single amplicon.  
 
 Given that global median edit frequencies are around or 
below 0.2, producing an unbiased and reproducible taxonomy of 
ADAR1-edit sites in which sites are accurately categorized 
requires in particular high coverage at all positions to reduce 
the chance of false negatives. Amplicon sequencing provides a 
way to gain more coverage at select regions. Globally, in the 
bulk RNA sequencing analysis, the original cutoff depth 
requirement of 5 can also be modified, say to 50, and also 100. 
When this is done, the number of sites that pass the filters 
described in chapter 4 decreases, as expected, although the 
trends remain the same, in the sense that p150-selective and 
shared edit sites far outnumber the putative p110-selective and 
p150/p110 double-selective sites (Figure 5.2.3). 
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Figure 5.2.3 Changing depth requirement in bulk analysis 
The pie charts above show the proportion of sites that classify 
in the four categories with different read depth requirements. 
With a minimum depth of 5, as already shown in chapter 4, 9,044 
A/G mismatches were identified, of which 3,513 could be 
classified. With a minimum depth 50, the number of A/G 
mismatches passing filters is reduced to 2,447, of which 1,256 
could be classified. And with a minimum depth of 100, 1,181 A/G 
mismatches were identified, of which 646 could be classified. 
The pattern that p150-selective sites outnumber shared sites, 
which outnumber p110-selective and p150/p110-selective sites, 
holds for all three conditions, but what seems to increase 
slightly as the depth requirement increases is the proportion of 
p150-selective sites. Of note, the minimum depth requirement was 
changed while holding other filters in the analysis workflow 
constant, such as the minimum mismatch depth of 2 in each 
triplicate. Here, there could be another filter applied to only 
consider sites that pass a certain minimum edit frequency 
threshold. 
 

Amplicon sequencing could reveal sites that are rigidly 
edited in a specific manner by only p150 or p110, but it could 
also reveal sites that are more fluid and harder to place 
clearly in one of the defined categories, for example, the site 
in TIMM23B (chr 10: 51733164) shown in panel B of figure 5.2.2. 
By doing an unpaired t-test comparing the p150r and p110 groups, 
we learn that the p150r group edits this site at a frequency 
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significantly higher than that of the p110 group. But does this 
mean we place this site in the p150-selective group, or should 
it be placed in the shared group, because p110 also edits this 
site at a frequency significantly higher than that in the fluc 
group? To a degree, these questions are most interesting not so 
much about the taxonomy but perhaps more the consequences of 
categorized editing. As an example, we have made the suggestion 
that editing of p150-selective sites is critical for suppressing 
activation of PKR and preventing translational shutdown during 
the interferon response. 

Taxonomy is a valid exercise on its own, but part of the 
motivation to categorize in the first place is to learn what 
having p110-selective and p150-selective sites means for RNA, 
proteins, and cell biology. Thus, the ongoing work described 
above in this chapter help address but a fraction of potential 
questions related to ADAR1 and A-to-I editing. We have provided 
a starting point for future targeted analysis of edit sites. As 
brief examples, genes of interest with edit sites that create 
novel splice acceptor and donor sites could be checked for 
production of splice isoforms unique to cells with those sites 
edited; genes with editing in the 5’UTR, though rare, could be 
checked for changes in protein expression by a simple 
immunoblot.  

In a broader sense, we wonder if there are situations in 
which inosine and guanosine are not redundant, in the sense that 
certain biological processes might not interpret an A-to-I edit 
in the same way as, say, an A-to-G mutation. With exciting 
developments in experimental techniques, future investigations 
into editing of biological information at the DNA, RNA, and 
protein levels will undoubtedly be fruitful.  
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Appendix 1: qPCR primer pair sequences 
Exon 1B-exon 2 sense: 5’-GACTGAAGGTAGAGAAGGCTACG-3’ 
Exon 1B-exon 2 antisense: 5’-GCTGGTACCTGAGCTGTCTG-3’ 
Exon 1A-exon 2 sense: 5’-AAGCGAAATTGAACCGGAGC-3’ 
Exon 1A-exon 2 antisense: 5’-GGAGCTGCCCCTTGAGAAAT-3’ 
Exon 1C-exon 2 sense: 5’-CAGCACTTTGGGAGGCC-3’ 
Exon 1C-exon 2 antisense: 5’-GCTGGTACCTGAGCTGTCTG-3’ 
RPS11 sense: 5’-GCCGAGACTATCTGCACTAC-3’ 
RPS11 antisense: 5’-ATGTCCAGCCTCAGAACTTC-3’ 
STAT1 sense: 5’-AGGAAAAGCAAGCGTAATCTTCA-3’ 
STAT1 antisense: 5’-TATTCCCCGACTGAGCCTGAT-3’ 
ISG15 sense: 5’-GGCTGGGAGCTGACGGTGAAG-3’ 
ISG15 antisense: 5’-GCTCCGCCCGCCAGGCTCTGT-3’ 
IFN-beta sense: 5’-GTCAGAGTGGAAATCCTAG-3’ 
IFN-beta antisense: 5’-ACAGCATCTGCTGGTTGAAG-3’ 
RPS11 sense: 5’-GCCGAGACTATCTGCACTAC-3’ 
RPS11 antisense: 5’-ATGTCCAGCCTCAGAACTTC-3’ 
Albumin sense: 5’-TTTATGCCCCGGAACTCCTTT-3’ 
Albumin antisense: 5’-TGTTTGGCAGACGAAGCCTT-3’ 
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Appendix 2: Guide RNA sequences 
GFP-KI guide#1 (sense): 
Target sequence with PAM:  
5’-GGGCGCAATGAATCCGCGGC(AGG)-3’ 
ssDNA oligos for cloning into PX459: 
5’-CACCGGGCGCAATGAATCCGCGGC-3’ 
    3’-CCCGCGTTACTTAGGCGCCGCAAA-5’ 
GFP-KI guide#2 (antisense): 
Target sequence with PAM: 5’-TCGCGGGCGCAATGAATCCG(CGG)-3’ 
ssDNA oligos for cloning into PX459: 
5’-CACCGCGCGGGCGCAATGAATCCG-3’ 
    3’-CGCGCCCGCGTTACTTAGGCCAAA-5’ 
Exon-1B-KO upstream guide (antisense): 
Target sequence with PAM:  
5’-CAAACTCTCATCTAGAGGCC(TGG)-3’ 
ssDNA oligos for cloning into PX458: 
5’-CACCGCAAACTCTCATCTAGAGGCC-3’ 
    3’-CGTTTGAGAGTAGATCTCCGGCAAA-5’ 
Exon-1B-KO downstream guide (antisense): 
Target sequence with PAM:  
5’-AGAAGGACAGAGGCTCTTAC(CGG)-3’ 
ssDNA oligos for cloning into PX458: 
5’CACCGAGAAGGACAGAGGCTCTTAC-3’ 
   3’-CTCTTCCTGTCTCCGAGAATGCAAA-5’ 
Exon-1C-KO upstream guide (sense): 
Target sequence with PAM:  
5’-GATACTGCTTAGTAGTGAAG(AGG)-3’ 
ssDNA oligos for cloning into PX458: 
5’-CACCGATACTGCTTAGTAGTGAAG-3’ 
    3’-CTATGACGAATCATCACTTCCAAA-5’ 
Exon-1C-KO downstream guide (antisense): 
Target sequence with PAM:  
5’-GCTACTCTTGGCCCAAATC(TGG)-3’ 
ssDNA oligos for cloning into PX458: 
5’-CACCGCTACTCTTGGCCCAAATC-3’ 
    3’-CGATGAGAACCGGGTTTAGCAAA-5’ 
Exon-1A-KO upstream guide (sense): 
Target sequence with PAM:  
5’-CGTAGTTCTCATGCAGCGGA(GGG)-3’ 
ssDNA oligos for cloning into PX458: 
5’-CACCGCGTAGTTCTCATGCAGCGGA-3’ 
    3’-CGCATCAAGAGTACGTCGCCTCAAA-5’ 
Exon-1A-KO downstream guide (sense): 
Target sequence with PAM:  
5’-CTTGGACCTTCGCCGCCGTC(TGG)-3’ 
ssDNA oligos for cloning into PX458: 
5’-CACCGCTTGGACCTTCGCCGCCGTC-3’ 
    3’-CGAACCTGGAAGCGGCGGCAGCAAA-5’ 
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Appendix 3: NPC differentiation protocol 
Day 0 (P0): 

1. Coat 12-well (3.5 cm2) plate with matrigel at 37°C for at 
least one hour. Coat 6 coverslips (for immunocytochemistry 
analysis) in 24-well plate (1.9 cm2) with matrigel at 37°C 
for at least one hour. Also coat 24-well plate without 
coverslips for harvesting of cells for qPCR. 

2. Detach and plate hESCs (2x105 viable cells/cm2) 
a. Remove and save old media. 
b. Wash once with 1X PBS. 
c. Add 500μl Accutase gentle dissociate medium + 10μM Y-

27632 per well. 
d. Incubate at 37°C on rocker for 5min or until cells have 

lifted.  
e. Add old media back. 
f. Dissociate cells fully and collect cells in 15mL 

Falcon tube. 
g. Centrifuge for 1min at 500-1000RCF.  
h. Aspirate media and mix cells with 500μl NIM + 10μM Y-

27632, making sure to dissociate cells fully.  
i. Plate cells at a density of 2x105 viable cells/cm2 with 

1.5mL NIM + 10μM Y-27632 per well. 
Day 6 (P1): 

1. Coat 6-well plate (9.6 cm2) and 6 coverslips in 24-well 
plate (1.9 cm2) with matrigel at 37°C for at least one hour. 

2. Heat up NIM + 10μM Y-27632 at 37°C.  
3. Detach and plate NPCs (1.5x105 viable cells/cm2) for NPC 

monolayer passage 1 (P1). 
4. Collect 4.8x105 cells for immunoblot and the rest for qPCR 

(this timepoint is called passage 1 or P1). 
a. Add 1mL 1X PBS. 
b. Centrifuge for 5min at 1000RCF.  
c. Aspirate supernatant (use pipette if worried about 

aspirating pellet) and freeze P1 pellets at -80°C. 
Day 12 (P2): 

1. Coat 6-well and 24-well plates with matrigel at 37°C for at 
least one hour. Coat coverslips in 24-well plate with 
matrigel at 37°C for at least one hour. 

2. Heat up NIM + 10μM Y-27632 at 37°C.  
3. Detach and plate NPCs (1.5x105 viable cells/cm2) for NPC 

monolayer passage 2 (P2).  
4. Switch media from NIM to NPM 
5. Collect 4.8x105 cells for immunoblot and the rest for qPCR. 

Day 15 (P2 day 3):  
1. From the 24-well plate without coverslips, collect 4.8x105 

cells for immunoblot and the rest for qPCR. 
2. From 24-well plate with coverslips, fix cells for ICC 

(Figure 2.3.2). 
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a. Aspirate media and wash once with 1X PBS. 
b. Add 350μl of 4% PFA diluted in 1X PBS for 15min at room 

temperature. 
c. Wash three times with 1X PBS and store at 4°C until 

ICC. 
Day 19 (P2 day 7): 

1. From the 24-well plate without coverslips, collect 4.8x105 
cells for immunoblot and the rest for qPCR. 

2. From 24-well plate with coverslips, fix cells for ICC 
(Figure 2.3.2). 
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