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ABSTRACT
APOBEC3A cytidine deaminase induces site-specific C-to-U RNA editing of hundreds of genes in
monocytes exposed to hypoxia and/or interferons and in pro-inflammatory macrophages. To examine the
impact of APOBEC3A overexpression, we transiently expressed APOBEC3A in HEK293T cell line and
performed RNA sequencing. APOBEC3A overexpression induces C-to-U editing at more than 4,200 sites in
transcripts of 3,078 genes resulting in protein recoding of 1,110 genes. We validate recoding RNA editing
of genes associated with breast cancer, hematologic neoplasms, amyotrophic lateral sclerosis, Alzheimer
disease and primary pulmonary hypertension. These results highlight the fundamental impact of
APOBEC3A overexpression on human transcriptome by widespread RNA editing.
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RNA editing enzymatically alters transcript sequences encoded
by DNA to meet physiological demands and occurs in single
cell organisms, plants and animals.1 Adenine and cytidine
deamination are the 2 major types of RNA editing in mammals.
Deamination of adenine to inosine (A > I) by adenosine deam-
inase enzymes occurs in hundreds of thousands of sites, but
such deamination mostly targets non-coding and intronic
regions, especially those containing Alu repeat sequences.2,3

Protein recoding A > I RNA editing affects dozens of genes but
occurs mostly in the brain.4 Recoding RNA editing by cytidine
deamination was thought to be rare in humans, physiologically
occurring only in the APOB RNA in intestinal cells mediated
by the APOBEC1 cytidine deaminase enzyme.5 We recently
found that transcripts of hundreds of genes coordinately
acquire site-specific C-to-U (C > U) RNA editing in peripheral
blood monocytes that are exposed to hypoxia and during M1
(proinflammatory) macrophage differentiation.6 This editing
predicts protein recoding in dozens of genes. Interferons
(IFNs) and hypoxia induce C > U RNA editing in an additive
manner in monocytes, increasing the RNA editing levels to
above 80% for several tested genes. Gene expression, transfec-
tion, knockdown, site-directed mutagenesis studies and in vitro
analysis by purified protein showed that APOBEC3A (A3A), a
cytidine deaminase which is structurally related to APOBEC1
and expressed primarily in myeloid cells including monocytes
and macrophages,7 catalyzes this RNA editing.6 Thus, A3A is a
novel C > U RNA editing enzyme.

APOBEC3s (A3s) are comprised of 7 structurally related
genes (3A, 3B, 3C, 3DE, 3F, 3G and 3H) located in tandem in
the long arm of chromosome 22.8 The identification of A3G as
an HIV-1 restriction factor9 and subsequent studies have led to

an increasing recognition of A3 enzymes in antiviral host
defenses.10 It is thought that cytidine deamination mutations
introduced by A3G in HIV single stranded DNA during reverse
transcription explains the mechanism of HIV-restriction.11

A3A has been implicated in the inhibition of retrotransposons
and several viruses of public health concern including HIV-1,
HTLV-1, HPV, parvoviruses and hepatitis B.12-19 The virus-
restricting functions of A3A are typically demonstrated by
reduced infectivity of the virus upon exogenous co-expression
of the plasmids encoding the enzyme and viruses in a cell line
such as HEK293T human embryonic kidney cells.12-17,19

Although A3A’s cytidine deaminase function is essential for its
antiviral activities,6,12,20,21 the mechanism by which A3A inhib-
its viruses is not understood well. A3A efficiently mutates single
stranded DNA oligonucleotides in vitro11 and transfected plas-
mid DNAs in overexpression systems.22 However, DNA muta-
tions in the infectious agents restricted by A3A could not be
conclusively demonstrated.12,13,17,19,23

In this study, we examine the impact of A3A overexpression
in the human transcriptome by characterizing the transcrip-
tome wide C > U RNA editing and gene expression changes
upon exogenous expression in HEK293T cells. Our results
show an unprecedented extent of RNA editing by A3A. We val-
idate editing of selected sites in primary monocytes and dem-
onstrate that widespread RNA editing triggered by
overexpression of A3A also occurs in primary cells under phys-
iologically relevant conditions.

We have previously shown that the overexpression of A3A
by transfecting plasmid A3A expression vector (pA3A) into
293T cells induces SDHB c. 136C > U RNA editing.6 Higher
editing levels are observed with transfecting increased amounts
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of pA3A (Fig. 1A). Similarly, higher editing levels are observed
upon transfection of U2OS osteosarcoma cells with increased
amounts of pA3A. However, editing levels were lower in U2OS
cells than in 293T cells for a given pA3A level and did not
increase above 10% even with 0.75 mg of transfected pA3A
despite high transfection efficiency (Fig. S1). These results sug-
gest that, although exogenous expression of A3A induces RNA
editing in 2 distinct cell types, the editing levels might be influ-
enced by cell type specific factors. To examine transcriptome-
wide RNA editing events, we transfected 1 mg of pA3A into
293T cells (293T/A3A) and confirmed high SDHB c. 136C > U
RNA editing levels (mean D 50.55% compared to 0.87% with
control empty vector, n D 3). To identify transcriptome-wide
RNA editing sites, we initially performed a low-stringency bio-
informatic analysis examining sites that have at least an average
of 5% editing level and at least 1 sequence read with a variant
base call. This initial analysis revealed over 11,000 sites with C
> U RNA editing in 2,254 genes (detailed list is available upon
request).

To evaluate validity of the general experimental and bioin-
formatic approach to identify the C > U RNA editing sites, we
first examined the 31 RNA editing sites previously identified in
monocytes.6 Transcripts of 4 genes (C1QA, ITGB2, LGALS9
and LRP10) were not detected in 293T/A3A cells, likely reflect-
ing low expression. Of the remaining 27 genes, RNA editing
was confirmed at the same cytidine site in transcripts of 26
genes (Supplementary material Table 1). RNA editing of EVI2B
at C119T (chromosome 17:29632509, hg19) was not observed
in 293T/A3A cells. These data suggest that the overall approach
to identify RNA editing targets in 293T/A3A cells was sound.

To validate novel RNA editing sites identified by the initial
low-stringency RNA seq analysis of 293T/A3A cells, we per-
formed Sanger sequencing of 19 new protein recoding C > U
RNA editing sites in 19 genes (Table 1) associated with various
diseases. We validated RNA editing both in 293T/A3A cells
subjected to RNA seq analysis and/or in monocyte enriched
PBMCs (MEPs) jointly exposed to interferon type 1 (IFN1)
and hypoxia. RNA editing was validated by Sanger sequencing
in 13 of 15 (»87%) tested sites in 293T/A3A cells (Fig. 2 and
Fig. S2). RNA editing of OPTN and RAD51C, which occurred
respectively at 9% and 11% in RNA seq analysis, could not be
validated by Sanger sequencing in 293T/A3A cells (Fig. S2),

possibly due to low editing levels. High editing levels in RNA
seq analysis of 293T/A3A cells correlated with successful vali-
dation by Sanger sequencing in MEPs jointly exposed to IFN1
and hypoxia (Table 1). Only one of 11 sites that had editing lev-
els � 20% in 293T/A3A cells by RNA seq was validated in
MEPs (Table 1). In contrast, 6 of 8 sites that had editing levels
>20% in 293T/A3A cells by RNA seq were validated by Sanger
sequencing of MEPs cDNAs (p D 0.006, Fisher’s exact test,
2-sided). Notably, several genes associated with breast cancer
(BARD1, PTEN, SF3B1), hematologic neoplasms (SF3B1,
KMT2A (MLL)), amyotrophic lateral sclerosis (ATXN2), Alz-
heimer disease (NCSTN) and primary pulmonary hypertension
(BMPR2) were validated as recoding RNA editing targets at
highly conserved amino acids in MEPs jointly exposed to IFN1
and hypoxia. Recoding RNA editing of classical tumor suppres-
sor genes for breast cancer including BRCA1, BRCA2, TSC2,
ATM and MSH2 could be validated in 293T/A3A cells but not
in the MEP cells (Fig. S2).

Since sites that have low editing levels in our initial low-
stringency RNA seq analysis were less likely to be validated by
Sanger sequencing, especially in the primary MEP cells exposed
to IFN1 and hypoxia, a high-stringency filtering was applied to
increase the likelihood of experimental validation of the edited
sites. The increased stringency criteria involved at least 15%
editing level and at least 2 sequence read with a variant base
call. Approximately 25–35 million reads were obtained for each
sample in RNA sequencing (Supplementary material Table 2).
Most of these reads (81%–92%) could be mapped by Subread
or Tophat alignment softwares. The mapped reads mostly
(55%–69%) located in coding or untranslated regions of genes
(Supplementary material Table 3). The average depth of cover-
age by mapped reads among the samples was at least 9 for
31–35 million genomic nucleotide positions. These positions
were examined for RNA sequence variation.

In analyses of RNA sequencing data to identify single-nucleo-
tide sequence variations, significant differences in RNA sequences
of the two groups of A3A and control transfectants were identi-
fied for 4,373 genomic positions (Supplementary material
Table 4). At all these positions, the sequence variation was of
C > U but not any other type. Average levels of such putative
C > U RNA editing were 0 in all the control samples
and >15% in A3A transfectant samples for all 4,373 sites.

Figure 1. Overexpression of A3A in 293T cells induces c.136 C>U SDHB RNA editing proportional to the increased amounts of A3A plasmid. (A) SDHB c.136 C> U editing
levels in 293T cells are shown. The cells are transfected with control empty vector (500 ng) or pA3A at amounts indicated in a 12-well tissue culture plate. Mean and its
standard error for n D 3 are shown. (B) Immunoblot showing A3A levels in whole-cell lysates (20 mg protein) of 293T cells transiently transfected with an empty vector
control (EV) or increasing amounts of plasmid DNA construct for expression of A3A (pA3A). The A3A protein expression was detected by anti-DDK tag antibody. b-Actin is
used as a loading control.
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Table 1. Validation of novel C > U recoding RNA editing sites identified in 293T/A3A cells by Sanger sequencing.

Genea
Chromosomal
positionb

cDNA and amino
acid changec

Editing level (%) in MEPs
with Hypoxia/IFN (Sanger)d

Editing level (%)
in 293T/A3A (Sanger)d

Editing level (%)
in 293T/A3A (RNA Seq)e

Disease
associationf

APH1A 1: 150268720 C91T, R91C — 25 27 AD
ATM 11: 108332026 C7777T, Q2593X — 9 16 AT
ATXN2 12: 111516348 C1900T, H634Y 37 NA 54 ALS,SCA2
BARD1 2: 214728731 C2279T, S760L 42 58 61 Br./Ov. Ca
BMPR2 2: 202530820 C994T, R332X 34 NA 28 PH
BRCA1 17: 43093994 C1537T, H513Y — 10 30 Br./Ov. Ca
BRCA2 13: 32398616 C10103T, S3368F — 6 9 Br./Ov. Ca
BRIP1 17: 61683858 C3188T, S1063L — 9 12 Br./Ov. Ca
FTO 16: 53873854 C964T, R322X — 6 13 Obesity
KMT2A 11: 118472106 C947T, S316L 32 NA 54 Leukemia
MDM2 12: 68828924 C677T, S226L — 16 14 Cancers
MSH2 2: 47414318 C644T, S215L — 10 17 Colon ca.
MTHFR 1: 11794386 C1319T, S440L — 7 20 Miscellaneous
NCSTN 1: 160344811 C115T, Q39X 25 12 21 AD
OPTN 10: 13125989 C1192T, Q398X — — 9 ALS
PTEN 10: 87957858 C640T, Q214X 6 8 12 Cancers
RAD51C 17: 58709925 C772T, R258C — — 11 Br./Ov. Ca
SF3B1 2: 197393060 C3668T, S1223F 18 NA 29 Leukemia
TSC2 16: 2058820 C922T, R308W — 19 19 TS

aGenes selected from initial low-stringency bioinformatic analysis. The underlined genes remained after high-stringency filtering.
bBased on the UCSC hg38 genome assembly used for mapping reads with the Subread subjunc aligner.
c Nucleotide numbering for the shortest transcript isoform, with A of the ATG translation initiation codon at position 1.
dEditing levels in monocyte-enriched PBMCs (MEPs) exposed to hypoxia and interferon type 1 or 239T/A3A cells are calculated from Sanger traces via SequencherTM soft-
ware (average of 3 donors for MEPs or 3 technical replicates for 293T/A3A). Normoxic MEPs showed no evidence of editing for any site although low levels of editing
are seen for BMPR2 (6%) in MEPs. Negative sign indicates that editing is either absent or too low to be detected by Sanger sequencing. NA D Not analyzed.

eEditing levels are averages estimated by Tophat and Subread alignment softwares.
f AD D Alzheimer disease; ATD Ataxia Telengiectasia; ALS,SCA2 D Amyotrophic Lateral Sclerosis, Spinocerebellar Ataxia Type 2; Br./Ov. Ca D Breast or Ovarian cancer;
PHDPulmonary Hypertension; TS D Tuberous Sclerosis.

Figure 2. Sanger validation of C > U RNA editing sites in primary cells identified by low-stringency RNA seq analysis of 293T/A3A cells. RNA editing at the highlighted Cs
was validated in monocyte/enriched PBMCs (MEPs; n D 3 donors) treated with hypoxia and IFN1 (HI) for 24 h, in 7 of 19 tested genes. C > T(U) editing is characterized
by emergence of a secondary T peak (red) accompanied by a reduction in height of C peak (blue). MEP-N shows lack of editing in a representative sequence chromato-
gram from control MEP cells maintained in normoxia without IFN1 treatment. Chromatograms for the remaining 12 RNA editing sites that could not be validated in MEPs
are shown Fig. S2.
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Average C > U RNA editing levels at these sites were between
15% and 73% (mean D 25%, SD D 9%). Editing levels were
>25% and >50% respectively for 1,752 (40%) and 88 (2%) sites
(Fig. 3A). Since we were able to validate all sites in HEK293T
cells that have editing levels above 11%, we expect that sites
remaining after increased stringency will be mostly validatable in
293T/A3A cells. In MEPs, increased stringency retained 8 sites, 6
(ATXN2, BARD1, BMPR2, KMT2A, NCSTN, SF3B1) of which
could be validated (75%), compared to 7 of 19 sites (»37%) vali-
datable in the initial low stringency analysis (Table 1). However,
increased stringency also eliminated PTEN which was validated
in MEPs. Thus although sites remaining after increasing the
stringency are more likely to be validated in MEPs, some truly
edited sites are absent in the final list.

4,285 (98%) of the 4,373 sites occur in the known human
(RefSeq) transcriptome. Of these 4,285 sites, 2,851 (67%) are

in the known exonic RNA sequences (Table 2). C > U edit-
ing of RNA at the 4,373 sites is predicted to result in 1,499
(34%) synonymous, 989 (23%) missense and 299 (7%) non-
sense changes in RNA translation (Table 2). The 4,285 edit-
ing sites that are in the known transcriptome are transcribed
for a total of 3,078 genes. The highest number of editing sites
(7) was seen for two genes, AFF4 and FLNA. Five, 10, 51,
199 and 594 genes respectively had 6, 5, 4, 3 and 2 editing
sites (Supplementary material Table 5). These results expand
the number of A3A’ s C > U editing targets by an order of
magnitude and suggest that thousands of genes may acquire
site-specific C > U RNA editing when A3A is overexpressed
in non-immune cells or in monocytes jointly exposed to
hypoxia and IFN1.

To identify common features of sequence contexts of the
editing sites, we examined 12 base-long sequences flanking the

Figure 3. Salient characteristics of C > (U)RNA editing by A3A in 293T cells (A) Mean and range of editing level at the 4,373 sites identified as targets for A3A-mediated
editing are shown for the 3 A3A transfectant samples. The sites are ordered by the mean editing level. (B) Logo indicating sequence conservation and base frequency for
sequences bearing the editing sites (at position 0). (C) Histogram of lengths in bases of inverted repeat sequences flanking the editing sites.
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edited C residue. The edited C has a U, C, G or A at the imme-
diate 50 position for 4,276 (98%), 68 (1.6%), 21 (0.5%) and 8
(0.2%) sites, respectively. This observation and sequence logo
analysis (Fig. 3B) suggests [AUC] [AUC] [CU]C[AG] as a
sequence motif that is commonly targeted by A3A. (The resi-
dues within brackets are different possibilities for a position.
Edited C is underlined). AUC, UUC and CUC are respectively
seen for 2,144 (49%), 1,109 (25%) and 855 (20%) of the 4,373
editing sites. We previously noticed that edited Cs were fre-
quently flanked by inverted repeats.6 Here, analysis of 25 nts
containing the edited C in the middle for all edited sites show
that the edited C was flanked by a pair of inverted repeat
sequences of 3–9 b for 4,153 (95%) of the editing sites. Sequen-
ces of 4 bases were most common, seen for 1,529 (35%) sites
(Fig. 3C). GCC, CCA and CCU were the 3 most common
repeat sequences, seen for 83 (1.9%), 69 (1.6%) and 69 (1.6%)
of editing sites. Inverted repeat sequences of 4 bases or longer
flanked 62.7% of edited Cs, but only 28.6% of randomly
obtained 25 nt sequences from human GRCh38 RefSeq tran-
scriptome. These results suggest that both sequence context,
especially at the immediate 50-end, and the presence of long
flanking inverted repeats play an important role in selection of
edited Cs by A3A.

Among the 6 transfectant samples of the study, 18,593 genes
were considered as expressed and were analyzed for differential
expression. Of the 7,376 (39.7%) genes that were differentially
expressed (P < 0.05), 46 and 383 were respectively down- and
up-regulated with �2 fold-change in the A3A transfectants
compared to controls (Supplementary material Table 6). Corre-
lation between editing and gene expression levels was not
observed. The differential expression of genes probably occurs
as both direct and indirect effects of A3A overexpression. Acti-
vation of transcriptional/translational machinery (relative to
empty vector) or downstream effects of thousands of edited
transcripts may contribute to differential gene expression.

We previously performed Sanger sequencing of genomic
DNAs corresponding to several edited sites in gene transcripts
and found no mutations.6 To further test whether transient
expression of exogenous A3A induces genomic DNA muta-
tions, we amplified SDHB exon 2, where the edited c.136 is
located, using a high fidelity Taq polymerase, in 293T cells

transfected either with an empty vector (EV) or pA3A for
48 hours. We cloned the SDHB exon 2 PCR products into plas-
mids and sequenced 45 clones transfected with EV and
46 clones with A3A vector. The amplified segment contains 22
TC/AG motifs which are preferentially deaminated by A3A in
ssDNA templates as well as 16 CC/GG motifs which are known
to be targeted by the enzyme albeit with lower efficiency.24 We
found one T deletion out of 8,505 nucleotides in EV-transfected
clones and no mutation out of 8,694 nucleotides in A3A-trans-
fected clones. These results suggest that whereas transient
expression of A3A causes widespread RNA editing, gDNA
mutation is negligible.

In summary, we show that short-term overexpression of
A3A in 293T cell line which does not endogenously express the
enzyme is sufficient to cause C > U RNA editing in thousands
of genes’ transcripts. The majority of these transcripts are likely
edited in primary monocytes in response to physiological rele-
vant stimuli (combined exposure to IFN1 and hypoxia). How-
ever, we also see evidence of RNA editing in certain transcripts
(e.g. BRCA1, TSC2) in 293T cells that could not be validated in
primary monocytes exposed to hypoxia/IFN1. This may be due
to A3A overexpression in 293T cells which might lead to spuri-
ous editing of certain transcripts or related to differences in cell
type. Additionally, this study supports our previous observation
that site-specific editing mediated by A3A is dependent on the
sequence and secondary structure of the transcripts.6 Further-
more, we find no evidence of genomic DNA mutations upon
transient expression of A3A.

Our results demonstrate that the number of RNA editing
targets of A3A is substantially higher than has been initially
suggested by the RNA seq analysis of primary monocytes
exposed to only hypoxia.6 Since the inhibitory functions of
A3A against a range of viruses are often demonstrated by exog-
enous co-expression of 0.1–2 mg of pA3A along with viral plas-
mids,12,17,20,25-27 our findings suggest that widespread editing of
host gene transcripts may play an antiviral role by altering the
availability of cellular proteins required by viruses to complete
their infectious cycles. Previous studies showed that increased
amounts of transfected pA3A increases antiviral functions of
A3A in vitro.13,23 We find that higher expression of A3A also
causes higher levels of RNA editing. Thus, there is a possibility
of a correlation between RNA editing of host transcripts and
the antiviral activity of A3A. Cellular RNA editing model of
viral restriction is particularly relevant for A3A, where muta-
tions in the inhibited virus DNAs have yet to be conclusively
demonstrated.12,13,17,19,23 Nevertheless, a direct link between
host gene RNA editing and antiviral function of A3A remains
to be demonstrated.

We present new evidence that certain predisposition genes
for amyotrophic lateral sclerosis, Alzheimer disease and pri-
mary pulmonary hypertension are targets of A3A-mediated
RNA editing. Whether RNA editing of disease predisposition
genes indeed occurs in non-immune cells in vivo and predis-
poses to disease are the subjects for future studies. Since RNA
editing function of A3A is likely transiently induced by interfer-
ons, hypoxia or ectopic expression, novel experimental and bio-
informatic approaches will be required to directly examine the
role of intermittent A3A-mediated RNA editing in the patho-
genesis of viral and chronic diseases.

Table 2. Gene features and effects on translation codon for A3A-mediated C > U
RNA editing sites2

50 untranslated region 153

Exonic Synonymous 1499
Non-synonymous Nonsense 299

Stop loss 0
Missense 989
Unknown 5

Non-coding RNA 59

3’ untranslated region 1166
Intronic Coding RNA 74

Non-coding RNA 41
Untranscribedb 36
Intergenic 52

aAs reported by the ANNOVAR annotation tool.
bWithin 1 kb up- or down-stream respectively of a known transcription start or end
site.
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Methods

Isolation and culture of cells

The TLA-HEK293TTM 293T human embryonic kidney cell-line
was obtained from Open Biosystems� (Huntsville, AL). Periph-
eral blood mononuclear cells (PBMC) of anonymous platelet
donors were isolated from Trima AccelTM leukoreduction sys-
tem chambers (Terumo BCT�, Lakewood, CO) after thrombo-
cytapheresis, in accordance with an institutional review board-
approved protocol. A density gradient centrifugation method
using polysucrose-containing Lymphocyte Separation Medium
(Mediatech�, Manassas, VA) was used for PBMC isolation.
MEPs were prepared from PBMCs using the cold aggregation
method with slight modification as described.28 Briefly, PBMCs
were subjected to gentle rocking at 4�C for an hour and aggre-
gated cells that sedimented through fetal bovine serum (FBS;
VWR�, Radnor, PA) were collected after 8–16 hours for mild
monocyte enrichment (»20%¡40% monocytes).

Gene expression construct and transfection
of plasmid DNA

Sequence-verified plasmid constructs in pCMV6 vector for
CMV promoter-driven expression of human A3A with sequen-
ces matching NCBI RefSeq sequences NM_145699.2 and con-
taining C-terminus MycDDK tag were obtained from OriGene
(Rockville, MD, product number RC220995). 293T cells were
transfected with plasmid DNA using the liposomal X-trem-
eGENETM 9 DNA reagent (Roche�, Indianapolis, IN) or jet-
PRIMETM (Polyplus-transfection�, New York, NY) reagents in
either 6-well tissue culture plates using 1 mg pA3A plasmid to
perform RNA seq experiments or in 12-well plates using vari-
ous concentrations of pA3A plasmid as per the guidelines pro-
vided by the manufacturer. Transfection efficiency with both
reagents was 60%-80% as assessed by fluorescent microscopy of
cells transfected with the pLemiRTM plasmid DNA (Open Bio-
systems�) for expression of a red fluorescent protein. Cells
were harvested 2 d after transfection.

Hypoxia and interferon treatments

For hypoxia, cells were cultured under 1% O2, 5% CO2 and 94%
N2 in an XvivoTM System (Biospherix�, Lacona, NY). Human
‘universal’ type I IFN, a hybrid of N-terminal IFNa-2 and C-
terminal IFNa-1, produced in E. coli were obtained from PBL
Assay Science� (Piscataway, NJ), and used at 300–600 U/ml.
Hypoxia and/or IFN1 treatments were for 24 hours.

Sanger sequencing

Sequencing primers (Integrated DNA Technologies�) are listed
in Supplementary Table 7. Candidate C > U RNA editing sites
that were validated by Sanger sequencing in PCR-amplified
cDNA fragments are noted in Table 1. PCR reactions were
treated with exonuclease I and shrimp alkaline phosphatase
(New England Biolabs�) and then directly used for sequencing
on 3130 xL Genetic AnalyzerTM (Life Technologies�). The edit-
ing–related T peaks were first examined visually for emergence
of a new T peak accompanied by a reduction in height of the C

peak and subsequently confirmed by recognition of these peaks
by Sequencher Variance Detail Reporter software in 3 replicates
(i.e., biological replicates of hypoxia/interferon exposed pri-
mary monocytes or technical replicates of 293T/A3A transfec-
tants). Major and minor chromatogram peak heights at a
nucleotide position of interest were quantified with
SequencherTM 5.0 software (Gene Codes�, Ann Arbor, MI) to
calculate editing level for the position. The software identifies a
minor peak only if its height is �5% of the major peak. Thus,
editing levels less than 5% could not be quantitated. Genomic
PCR amplification of SDHB exon 2 from 293T cells was per-
formed using previously described intronic primers29 FN2A
(hg38 assembly: 17044934–17044956) and RN2A (hg38 assem-
bly: 17044724–17044744) and high fidelity Herculase II Fusion
Taq Polymerase with 1%-2% DMSO (Agilent Technologies,
Santa Clara, CA). PCR products are subsequently cloned into a
plasmid (PCR Cloning kit, New England Biolabs, Ipswich,
MA).

Immunoblotting of cell lysates

Whole-cell lysates from 293T cells were prepared using M-PER
reagent (Thermo Fisher, Rockford, IL) with 1X Halt protease
and phosphatase inhibitor cocktail (Thermo Fisher). 20 mg
proteins were suspended in Laemmli buffer and heated at 95�C
for 15 mins followed by reducing and denaturing polyacryl-
amide gel electrophoresis on pre-cast, 4%–15% gradient poly-
acrylamide gels (Mini-PROTEAN TGX, Bio-Rad, Hercules,
CA). Proteins from the gel were then transferred to polyvinyli-
dene difluoride membrane with a pore-size of 0.2 mm for
7 min at 1.3 A in a Bio-Rad Trans-Blot Turbo apparatus.
Membranes were incubated in Tris-buffered 0.15 M NaCl of
pH 7.5 with 0.05% v/v TWEEN 20 (Sigma Aldrich, Saint Louis,
MO) and 5% w/v dried, non-fat, cow milk (Carnation, Nestle�,
Glendale, CA) with mouse monoclonal anti-DDK (product
number TA50011-100, 4C5, 1:25,000 dilution) purchased from
OriGene (Rockville, MD)/mouse monoclonal anti-b-actin
(product number AM4302, 1:15,000 dilution) and incubated
overnight at 4�C. Horseradish peroxidase-conjugated, goat
anti-mouse IgG antibodies were obtained from Life
Technologies and used at 1:2,000 dilution and incubated for
one hour at room temperature. Luminata Forte Western HRP
Substrate (EMD Millipore) and CL-XPosure auto-radiography
films (Thermo Fisher) were used for chemiluminescent
detection.

RNA sequencing

Directional RNA sequencing libraries were prepared using the
TruSeqTM Stranded Total RNA Sample Prep Kit (Illumina�,
San Diego, CA). Each library, indexed for multiplex sequencing
of 6 libraries per flow lane, was prepared from 1 mg of DNAse
I-treated total RNA (Agilent� RIN values of 7.6–9.5) after
rRNA depletion with Ribo-ZeroTM Gold reagents. Ten PCR
cycles were used during library generation and the modal
library fragment size was 300 bp. Paired-end, 101 b sequencing
of libraries was done on HiSeqTM 2000 instrument with
TruSeqTM SBS and PE Cluster v3 Kit reagents (Illumina�).
CASAVA 1.8.2 (Illumina�) was used for base-calling and de-
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multiplexing to obtain raw sequencing reads. Raw read data
was deposited in NCBI BioProject with accession number
261741. Reads were filtered and trimmed to remove adapter
sequences and poor-quality bases using Trimmomatic 0.33
with options: HEADCROP:12 ILLUMINACLIP: TruSeq3-PE-
2.fa:2:30:10:6:TRUE LEADING:5 TRAILING:5 SLIDING-
WINDOW:4:15 MINLEN:30. Raw and processed read counts
are provided in Supplementary material Table 2.

Mapping of RNA sequencing reads

Reads were uniquely mapped to the GRCh38 human reference
genome assembly (Ensembl release 78 of December 2014) using
the Subread 1.4.5-p1 aligner, with these options specified for
the subjunc command: -d 30 -D 400 -uH. Reads were also
uniquely mapped with the Tophat 2.0.12 aligner, with these
options specified for the tophat2 command: –library-typeDfr-
firststrand –mate-std-devD35 -g 1 -N 3 –no-novel-juncs -r
10 –read-edit-dist 3. Genome indices for these aligners were
respectively built with Subread index (options: -BF) and Bow-
tie2 2.2.3 bowtie2-build commands. Transcriptome index for
Tophat was built with tophat2 command using Ensembl’s gene
model for the genome assembly. RSeQC 2.4 was used to iden-
tify UCSC gene features of genomic regions that the reads
mapped to. Mapping statistics are provided in Supplementary
material Table 3. To count mapped reads at the gene level for
the Ensembl gene model, Subread-aligned read data was ana-
lyzed with Subread featureCounts with options: -g gene_id
-O -p -s 2 -t exon.

Identification of putative A3A-affected RNA editing sites

The clipOverlap command (option: –poolSize 10000000) of
bamUtil master version of 21 September 2014 was used to
clip sequence overlaps between read pair-mates in mapped
read data. The mpileup command (options: -AB -d 2000 -q 1
-Q 20) of Samtools 0.1.19 was then used to obtain genome-
wide read base information from the mapped sequencing
data. Custom scripts were used to parse the mpileup output
into base calls. Genome positions at which the total A/C/T/G
base call was <6 in any of the 6 samples or <9 in any of the
2 sample-groups of this study were ignored. Positions were
then identified as possibly variant if all samples of at least one
sample-group had �2 non-reference base calls of the same
base-type at a variation level �0.03, with group-wide averages
of �3 and �0.045 respectively. Variation level was calculated
as the ratio of variant base call count to the sum of variant
and reference base call counts. Variant positions for which
calls for base-types other than the reference and variant con-
stituted �1% of all A/C/T/G calls or were >1 in any sample
were ignored. Positions with range/variation value of <2 for
variation levels across all 6 samples were also ignored. A two-
tailed b binomial test (IBB 13.06 package for R 3.0.2) compar-
ing variation levels of the 2 sample-groups was then per-
formed for each of the remaining variant positions. P values
obtained with the test were corrected for multiple testing by
the Benjamini-Hochberg method. Positions for which the
average variation level was >0 for both sample-groups or was
<0.05 for �1 sample-group, or for which the corrected P

value was �0.01, or which were not seen with both Subread-
and Tophat-aligned data or failed a strand-bias test were
ignored. The strand-bias test used base call counts across the
group of A3A trasfectant samples, and was applied to only
those positions for which there were �8 calls for each of refer-
ence or variant base-types, with <25% of base calls of either
base-type from reads of either forward or reverse direction.
Failure was deemed if P value in a Fisher exact test that com-
pared reference and variant base calls from reads of the 2
directions was <0.05. Finally, putative A3A-affected RNA
editing sites were identified from the remaining genome posi-
tions for which the average editing level for the 3 A3A trasfec-
tant samples was >0.15. The editing level was the mean of
variation levels calculated from Subread- and Tophat-aligned
data. The directional nature of the RNA sequencing libraries
was used to identify the transcribed chromosomal strand at a
genomic position to assign the type of RNA editing. RNA
sequences flanking an editing site were deduced from the ref-
erence human genome and corrected for homozygous single-
nucleotide polymorphisms in the HEK-293T cell-line. The 22
March 2015 release of ANNOVAR tool with its RefSeq-based
hg38_refGene database was used to annotate sites with infor-
mation on gene, gene feature and effect of editing of protein
sequence. The list of editing sites with annotations is provided
in Supplementary material Table 5. The step-wise filtering of
genome positions in the process to identify editing sites is
detailed in Supplementary material Table 4.

Other

Sequence logos were created with the WebLogo 3 online tool.
Gene set enrichment analyses were performed with PANTHER
9.0 online tool (URL: http://www.pantherdb.org). The edgeR
3.10.2 Bioconductor package was used for differential gene
expression analyses. Only those genes with read counts >20 in
at least 3 of the study’s 6 samples were analyzed; the rowsum.
filter and prior.df values for estimateCommonDisp and estima-
teTagwiseDisp functions were respectively set at 12 and 0.2;
and, P values calculated by the Fisher exact test were corrected
with the Benjamini-Hocheberg method. Differentially
expressed genes with a �2-fold change are noted in Supple-
mentary material Table 6. Allele specific qPCR using LightCy-
cler 480 System (Roche) analysis is employed to measure
SDHB transcript editing levels at c.C136U as previously
described.6,36 Ratio of edited and total SDHB transcript levels is
measured in a given cDNA using technical triplicates.
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