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Epitranscriptomics refers to posttranscriptional alterations on an
mRNA sequence that are dynamic and reproducible, and affect gene
expression in a similar way to epigenetic modifications. However, the
functional relevance of those modifications for the transcript, the cell,
and the organism remain poorly understood. Here, we focus on RNA
editing and show that Apolipoprotein B mRNA-editing enzyme,
catalytic polypeptide-1 (APOBEC1), together with its cofactor
RBM47, mediates robust editing in different tissues. The majority of
editing events alter the sequence of the 3′UTR of targeted transcripts,
and we focus on one cell type (monocytes) and on a small set of
highly edited transcripts within it to show that editing alters gene
expression by modulating translation (but not RNA stability or local-
ization). We further show that specific cellular processes (phagocyto-
sis and transendothelial migration) are enriched for transcripts that
are targets of editing and that editing alters their function. Finally, we
survey bone marrow progenitors and demonstrate that common
monocyte progenitor cells express high levels of APOBEC1 and are
susceptible to loss of the editing enzyme. Overall, APOBEC1-mediated
transcriptome diversification is required for the fine-tuning of protein
expression in monocytes, suggesting an epitranscriptomic mechanism
for the proper maintenance of homeostasis in innate immune cells.
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The transfer of genomic information from DNA to mRNA is
modulated epigenetically by chemical modifications to DNA

or to the histones that package it. In mammals, DNAmodifications
include 5 mC methylation, hmU methylation, and, most recently,
m6dA methylation, all of which are predicted to affect transcrip-
tional output (reviewed in refs. 1–3). Similarly, histone modifica-
tions impact transcription by facilitating interactions and generally
turning genes on or off (often together with DNA modifications).
Recently, it has become clear that mRNA can also be modified (4,
5). In particular, the dynamic nature of modifications in mRNAs
(as well as in many noncoding RNAs) has given rise to the idea of a
heretofore invisible “code” that resides in nucleic acids but is di-
vergent from their genetically encoded sequence. Detection of
mRNA modifications has relied on increasingly sensitive methods
for profiling common epitranscriptomic marks, and these methods
are revealing an increasingly large number of modifications, sug-
gesting that the regulation of RNA fate, and therefore of gene
expression, is encoded, at least in part, within the epitranscriptome.
The most prominent (and easily verifiable) of these alterations

are the deamination of adenosine to inosine (decoded as gua-
nosine) and the deamination of cytosine (C) to uracil (U), col-
lectively termed “RNA editing.” These are respectively mediated
by the adenosine deaminases that act on RNA (ADARs) and the
cytidine deaminase, Apolipoprotein B mRNA-editing enzyme,

catalytic polypeptide-1 [APOBEC1; as well as its homolog
APOBEC3A in humans (6)]. Studies with animals deficient in
ADARs have suggested that editing plays a key role in the brain
as well as in the immune system. In both contexts, editing has
been implicated in disease progression and manifestations [e.g.,
depression, epilepsy, schizophrenia, amyotrophic lateral scle-
rosis (7) in the brain; Aicardi and other syndromes in immunity
(8, 9)]. As well, the frequency of ADAR editing has been shown
to change dramatically between different tissues [e.g., fetal
and adult brains (10)]. However, a major complication of work
with ADAR-deficient animals, in terms of understanding
function, is that loss of the enzyme leads to retrotransposon
mobilization and eventual cell death in all organisms studied
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(11–14). In contrast, APOBEC1-deficient animals (which are
null for C-to-U editing) are viable (15, 16), and thus amenable
to functional studies.
Until recently, APOBEC1 has been thought to have a defined

set of targets [e.g., the transcript of Apolipoprotein B (ApoB)],
and thus a limited biological role, with constrained expression to
the small intestine and liver. However, work on APOBEC1, to-
gether with its newly discovered cofactor RBM47 (17), has led to
the identification and validation of hundreds of instances of
C-to-U editing in many cell types, with APOBEC1 being widely
expressed in the immune system (18, 19) (SI Appendix, Fig. S1).
It is now apparent that the editing activity of APOBEC1 extends
well beyond its canonical target, ApoB. However, the functional
relevance of these abundant epitranscriptomic alterations, at
either the molecular or cellular level, has yet to be described.
Here, we surveyed the effects of editing at the transcript level

(to determine if and how it might affect transcript fate) and at the
cellular level (to determine whether editing correlates with altered
cellular phenotypes). We focused on a small number of transcripts
that are highly edited (for which we would expect a larger mea-
surable effect), which we have characterized at multiple levels. We
have also pinpointed the developmental stages within bone mar-
row that are susceptible to loss of the editing enzyme and shown
that editing is important for the proper maintenance of monocyte
subsets. These experiments aim to broadly describe the effects of
editing from the molecule to the organism, and should serve as a
useful starting point for future work that delves deeper into
mechanistic questions that remain outstanding.

Results
APOBEC1 RNA Editing Is Differentially Regulated in Different Tissues.
APOBEC1 is expressed in a wide array of tissues, most notably in
cells from the immune system. Previous studies of Apobec1 have
demonstrated that the frequency of editing is related to its expres-
sion (20–23). We tested this conjecture using data from intestinal
enterocytes and macrophages. We found that in macrophages, the
median editing frequency is 10% (Fig. 1A), which is lower than what
is reported in intestinal enterocytes [36% (24) and 25% (25)], even
though the expression of APOBEC1 is at least an order of magni-
tude greater in macrophages vis-à-vis enterocytes (Fig. 1B). This
could be related to differences in cofactors: Neither Apobec1’s
cofactor, required for the specificity with which Apobec1 edits
ApoB in enterocytes (20, 26), nor ApoB is present in macro-
phages (Fig. 1B). Only a small subset of transcripts expressed and
edited in enterocytes (combined data from refs. 24, 25) are also
expressed and edited by bone marrow-derived macrophages
(BMDMs) (Fig. 1C). We then compared editing in macrophages
with that of bone marrow-derived dendritic cells (DCs) (data
from ref. 19): Only one-third of the edited transcripts in DCs are
shared with macrophages (Fig. 1C). This differential specificity

between tissues (even those of shared origin) might be the result
of differential “coating” of individual transcripts by RNA binding
proteins, whose complement varies between cells (27).

RNA Editing in BMDMs Is Robust but Does Not Affect Transcript
Stability or Localization. To understand the role of editing for
the targeted transcripts, we focused on BMDMs, which express
high amounts of APOBEC1 and RBM47, a feature characteristic
of most cells of the immune system (SI Appendix, Fig. S1).
Within BMDMs, APOBEC1 expression results in robust RNA
editing, which can be determined using a variety of bioinformatic
approaches (e.g., ref. 19) and can be validated using Sanger se-
quencing of individual subclones from PCR products from
wildtype and Apobec1−/− cells (Fig. 2A and SI Appendix, Fig. S2).
As previously noted, the vast majority of APOBEC1 editing in
BMDMs occurs within 3′UTRs, with editing frequencies ranging
from 5 to 85%, a localization distribution common to both
adenosine and cytosine deaminases (19, 28). Many of the tran-
scripts edited in BMDMs are also edited in RNA-sequencing
(RNA-seq) datasets from mouse intestinal enterocytes as well
as in RNA-seq datasets derived from human small intestine (the
only tissue where human APOBEC1 is robustly expressed at
steady state), supporting the importance of coregulated editing
across species (SI Appendix, Table S1).
The preferential localization of edited sites to the 3′UTR, a key

regulatory region of transcripts, suggests that editing may play a role
in the modulation of gene expression. To evaluate the possibility that
APOBEC1-mediated editing might affect mRNA stability, as sug-
gested for ADAR-mediated editing in the past (5), we first looked at
transcript abundance differences at the steady state, between wildtype
and Apobec1−/− cells. We found that transcript levels of individual
genes were highly correlated between the two genotypes, suggesting
that APOBEC1 does not broadly affect mRNA levels (SI Appendix,
Fig. S3A). Because RNA editing imparts sequence heterogeneity
among cells of a population (19, 28), any downstream analysis of the
effects of editing on the rate of decay of individual transcripts using
transcriptome-wide methods [e.g., 5′-bromo-uridine (BrU) immu-
noprecipitation chase-deep sequencing analysis (BRIC-seq) (29)] is
problematic, as it could average out potentially substantial differ-
ences. We therefore turned to “spot-checking” the rates of decay of
transcripts edited with very high frequency within populations of
wildtype BMDMs. Focusing on such transcripts allows for a mean-
ingful comparison with their unedited counterparts in Apobec1−/−

BMDMs. We then used standard methods (e.g., actinomycin D to
block mRNA synthesis, followed by quantitative RT-PCR at sev-
eral time points after actinomycin-D treatment) to assess decay
rates. Interestingly, we found no differences in stability between the
largely edited and completely unedited mRNAs (SI Appendix, Fig.
S3B). In fact, edited transcripts tend to have very long half-lives
[e.g., B2m (30)]. We conclude that APOBEC1-mediated RNA
editing is unlikely to broadly affect RNA stability.
The 3′UTR editing by ADARs has also been shown to modu-

late nuclear retention (6), and we wanted to determine whether
APOBEC1-mediated editing could alter transcript localization.
While methods exist to demarcate transcript localization in vivo
and at the level of single cells [e.g., fluorescent in situ sequencing
(31)], these are highly technically demanding and, as a result, are
not widely used. We therefore turned to more traditional, low-
throughput methods; using biochemical fractionation approaches
(32), we determined that editing events could be identified in
chromatin-associated nascent transcripts (SI Appendix, Fig. S3D),
confirming that APOBEC1 acts soon after transcription, as pre-
viously demonstrated (31). However, in all cases we examined, the
nuclear and cytoplasmic levels of transcripts were unaffected by
editing (SI Appendix, Fig. S3C) and editing frequencies were similar
between the nuclear and cytoplasmic compartments (SI Appendix,
Fig. S3D), suggesting that C-to-U editing does not broadly modu-
late subcellular localization.

RNA Editing Affects the Translational Output of BMDMs. APOBEC1-
dependent editing imparts sequence diversity within transcript

Macrophages

Enterocytes

52
101

63

3 0
5

Dendritic 
cells

Ap
ob
ec1

Ap
ob
A1
cf
Ga
pd
h
Ap
ob
ec1

Ap
ob
A1
cf
Ga
pd
h

Macrophages Enterocytes

A B C

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0

50

100

150

200

250

Percent of transcripts edited

N
um

be
r o

f e
di

te
d 

si
te

s

Fig. 1. APOBEC1 editing differs even within related cell lineages. (A) Histo-
gram of editing rates in BMDMs. (B) Semiquantitative PCR of APOBEC1, ApoB,
Apobec1’s cofactor (A1cf), and GAPDH transcripts (Apobec1, Apob, A1cf, and
Gapdh, respectively). (C) Venn diagram depicting the number of edited
transcripts shared between macrophages (275 edited sites in 71 transcripts),
DCs (16 edited sites in 15 transcripts), and enterocytes (61 edited sites in
59 transcripts).
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3′UTRs even within single cells (19), and yet this diversity does
not seem to alter RNA stability or localization (at least in bulk).
We therefore asked whether it changed the final outcome of gene
expression, which is protein abundance. To assess whether editing
of individual transcripts changed the translational output vis-à-vis
that of their unedited counterparts, we generated dual-luciferase
constructs containing 3′UTRs of interest, which were directly
amplified from wildtype BMDM cDNA. We then transfected those
into APOBEC1-deficient BMDMs, which contain the physiologi-
cally relevant milieu of RNA binding factors, and assessed the
effect of editing within a 3′UTR on one of the luciferase cassettes
(Renilla) standardized against expression of the second luciferase
cassette (firefly).
We first tested a “pre-edited” construct containing the C-to-

thymine (T) change we had isolated from the Cd36 transcript
(Fig. 2A), and found that this single-nucleotide variant led to
significant modulation of luciferase levels (Fig. 2B). Cd36 encodes
a well-studied surface scavenger receptor, for which good
antibodies exist. Using these antibodies, we were able to confirm
that wildtype macrophages (in which Cd36 is 80% edited) dis-
played significantly lower levels of CD36 at the cell surface (as
measured by mean fluorescence intensity) than APOBEC1-
deficient counterparts (Fig. 2C). In addition to demonstrating
that editing of the Cd36 3′UTR leads to changes in protein
abundance [confirming the findings of Mehta and Driscoll (26)],
these data show that it is the editing function of APOBEC1 (i.e.,
the point mutations introduced within mRNA, phenocopied here
in the luciferase assays in the absence of the editing enzyme) and
not some other editing-independent activity, as previously docu-
mented for ADAR1 (34).

To ensure that the APOBEC1-driven modulation of protein
abundance is not limited to CD36, we then tested a small
number of additional pre-edited constructs containing C-to-T
changes isolated from the relevant transcripts isolated ex vivo
from wild-type BMDM transcripts (Fig. 3A). Generally (al-
though not always, as discussed below), an increase in the
number of C-to-T changes led to a decrease in protein abun-
dance, suggesting that APOBEC1-generated edits modulate the
translational output of the transcripts we tested. To determine
what could account for these differences, we considered several
possibilities. The first one is that editing directly alters the in-
teraction of a given transcript with the ribosome (loading, initi-
ation, or translational efficiency). To directly assess this,
standard “ribosomal profiling” experiments (e.g., Ribo-seq) have
been used in the past (35). However, since ribosomes do not
occupy 3′UTRs, these methods cannot be used to directly de-
lineate how the single-nucleotide variants introduced by editing
directly affect the process of translation in the edited subset in
relation to the unedited subset within the same sample. Another
possibility is that editing indirectly affects the interaction of a
given transcript with the ribosome, for example, through “recoding”
microRNA (miRNA) target sites within transcripts, a possibility
raised in the past, based on the observation that APOBEC1-
dependent 3′UTR edits were preferentially located in regions
of substantial phylogenetic conservation (24) that had features of
miRNA binding. To capture such sites together with miRNAs
expressed in BMDMs, we performed high-throughput sequenc-
ing of mRNA and miRNA isolated by cross-linking and immu-
noprecipitation of Argonaute (Ago) proteins (36) in cells derived
from wildtype and Apobec1−/− littermates (SI Appendix, Fig. S4).
We focused on the subset of 3′UTRs where Ago occupancy
overlapped with edited sites and assigned to these a set of likely
miRNA targets, selected based on miRNA abundance (Fig. 3B)
and recently defined rules for canonical as well as noncanonical
binding (37, 38). We also accounted for sites potentially modified
through editing, resulting in disruption or creation of miRNA/
mRNA pairing (SI Appendix, Table S2). We then tested whether
single-nucleotide changes through APOBEC1 editing at the
miRNA target sites could disrupt miRNA regulation. We cloned
edited and unedited 3′UTRs into dual-luciferase expression vec-
tors and cotransfected them with their putative miRNA in HEK-
293T cells (or an irrelevant control miRNA) in the absence of
APOBEC1. Repression of miRNA was then determined by
comparing the loss of luciferase in the presence of the miRNA
between edited and unedited constructs. We identified a subset
of 3′UTRs [e.g., Sptssa (also known as 1110002B05Rik), Rac1]
where editing disrupts predicted miRNA–UTR interactions,
resulting in derepression of luciferase levels in the edited con-
struct compared with the unedited construct (Fig. 3C). Therefore,
sequence changes consistent with APOBEC1-mediated editing can
alter miRNA targeting and protein production. However, such
changes will be hard to identify from global profiling data, because
of cell-to-cell sequence heterogeneity (19). For example, the
transcripts for which we have observed miRNA target site deletion
show an ∼30% edit rate (suggesting potentially that 30% of the
cells in the population edit). Thus, a miRNA-dependent twofold
change in mRNA levels, when this twofold change is expected to
impact only 30% of the mRNA transcripts in the population,
would not lead to detectable changes, making their identification in
a global screen problematic. In all, while APOBEC1-mediated
editing can impact translation and protein output through miRNA-
dependent mechanisms, editing can also affect protein output via
mechanisms that do not directly implicate the recoding of a miRNA
target site, including the loss or gain of binding of specific sets of
RNA binding proteins (RBPs) that promote or disallow ribosomal
loading (reviewed in refs. 38, 39).

APOBEC1-Mediated RNA Editing Alters Cellular Behavior by Targeting
Transcripts That Belong to a Common Pathway. Previous investiga-
tions of the functional consequences of RNA editing have fo-
cused on instances where transcripts are edited with very high

Subclone
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 2
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 6
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 7
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 8
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 9
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 10
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 11
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 12
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 13
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 14
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 15
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 16
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 18
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 19
. . . . . . . . . . . . . . . T . . . . . . . . . . . . . . 20

A G T C A C A G C A T A T T T C A A A A G A T T A A T A T G

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

reference sequence

cD
N

A

wildtype

Apobec1-/-

cD
N

A
 chr5:17288970-172889393′UTR: Cd36A

B

Tmem55aUN
0.0

0.5

1.0

1.5

R
el

at
iv

e 
Lu

ci
fe

ra
se

   
   

   
  U

ni
ts

p = 0.04

Wildtype Apobec1-/-
150

200

250

300

350

M
FI

p = 0.006
Wildtype-1

Apobec1-/--1

C

100 101 102 103 104

FL-4 :: APC CD36

0

50

100

150

200

C
el

ln
um

be
r

Apobec1-/--2

Wildtype-2

0

50

100

150

200

ce
ll 

nu
m

be
r

100 101 102 103 104

FL4 :: APC CD36
CD36
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n = 5). UN, unedited construct. (C) Mean fluorescence intensity (MFI) of
CD36 surface protein levels inwildtype and Apobec1−/− BMDMs (n = 4). Error
bars represent the SEM; statistical significance was obtained using a t test.
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frequency and with clear biological implications (e.g., refs. 40–
43). However, the collective functional consequence of targeting
a large number of transcripts has never been examined. Subsets
of APOBEC1-edited transcripts in BMDMs encode proteins
important for discernible macrophage functions like lysosome
maturation/phagocytosis (e.g., Lamp1, Lamp2, Atp6ap1), as well
as proteins important for cytokine signaling/migration (e.g., Rac1,
Kras, Pak2, Brb2; SI Appendix, Table S3). Given that editing can
affect protein abundance, we asked whether small alterations in
the levels of such proteins could collectively alter cell physiology, by
assessing the relative performance of wildtype and Apobec1−/−

BMDMs in both phagocytosis and migration.
To test phagocytosis, we added pHrodo-labeled Staphylococcus

aureus particles to BMDM cultures at two different concentrations,
equivalent to two “multiplicities of infection.” The pHrodo-labeled
S. aureus particles are taken up by the macrophages and become
fluorescent within the acidic environment of the lysosome, enabling
quantification by flow cytometry. Consistent with reports that in-
creased abundance of LAMP1 leads to an increase in phagosome
maturation (44), Apobec1−/− macrophages (which show decreased
Lamp1 expression after editing; Fig. 3A) showed an increase in
particle uptake, compared with their wildtype counterparts (Fig. 4A).
To test migration, we employed a chemotaxis assay where BMDMs
are incubated in a two-chamber cell culture dish that separates cells

from the chemotactic agent (CXCL12, selected because its receptor
CXCR4 was well expressed in wildtype and Apobec1−/− BMDMs).
Over a range of chemokine concentrations, we observed a dimin-
ished ability of Apobec1−/− cells to migrate in comparison to their
wildtype counterparts (Fig. 4B). This diminished capacity is not
due to changes in receptor levels, which are comparable between
genotypes (not shown), suggesting that the functional difference
we observe is due to changes in downstream signaling pathways,
which include a number of proteins encoded by transcripts that
are targets of editing (e.g., RAC1, KRAS, PAK2, BRB2).

Loss of APOBEC1-Mediated RNA Editing Results in Subtle Fluctuations
in the Number of Proinflammatory Monocytes. To address whether
the in vitro differences we observe have in vivo consequences, we
first surveyed the population of bone marrow-derived immune cell
progenitors (Fig. 5A) that would be sensitive to loss of APOBEC1.
We used fluorescence-activated cell sorting of specific subsets of
cells followed by quantitative RT-PCR to estimate APOBEC1
expression levels. We found increased transcript levels for the
editing enzyme within the common monocyte progenitor (cMOP)
population (Fig. 5B). To then isolate APOBEC1-dependent effects
on the monocyte lineage in the absence of other known monocyte-
extrinsic APOBEC-1–related phenotypes (e.g., lipid metabolism),
we turned to a competitive reconstitution experiment (Fig. 5C).

A

B

C

Fig. 3. APOBEC1-mediated editing modulates protein production by altering 3′UTR regulation. (A) Effect of editing in protein production, in the absence of
the editing enzyme. The 3′UTRs of interest depicted at the top of each plot were cloned directly from cDNA derived fromwildtype BMDMs. A schematic at the
top of each graph depicts the range of edited 3′UTRs tested. All error bars represent the SEM; statistical significance was obtained using a t test. LUC, luciferase. (B)
Putative miRNA targets in APOBEC1-edited regions that overlap with Ago footprints. “Edited” (with C-to-T mutations reflecting APOBEC1-dependent changes)
and “Unedited” (reflecting the genomic reference) footprint sequences were scanned for miRNA target regions (match to position 2–7, 1–6, or 3–8 of mature
miRNA sequence). The miRNA targets that would be created (green) or disrupted (red) by an APOBEC1-editing event are depicted. (C and D) APOBEC1-editing
disruption of putative miRNA target regions in the Sptssa and Rac1 3′UTRs. UN, unedited construct with a sequence consistent with the reference genome. ED,
edited construct, mutated to reflect the editing event in question. A schematic depicting miRNA-site deletion or creation by APOBEC1 editing is shown at the top
of each graph. The miRNA repression was calculated using the ratio of relative luciferase values (Materials and Methods) between miRNA and unrelated miRNA
for each edited and unedited pair. The star indicates values below 0 or no relative repression (n = 5).

Rayon-Estrada et al. PNAS | December 12, 2017 | vol. 114 | no. 50 | 13299

SY
ST

EM
S
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714227114/-/DCSupplemental/pnas.1714227114.sapp.pdf


We found that Apobec1−/− cMOP cells significantly outcompeted
their wildtype counterparts at 6 wk after transplantation (Fig. 5D),
suggesting that APOBEC1 mRNA editing has a role in generating
this population. Looking further downstream in the develop-
mental process, within the secondary lymphoid organs, we found a
significant increase in numbers of M1-like (Ly6C+) monocytes of
the Apobec1−/− genotype vis-à-vis their wildtype counterparts in the
spleen at 6 wk (Fig. 5E), a trend that initiated at 3 wk (Fig. 5E).
Meanwhile, the frequency of the other major type of monocytes, the
M2-like (Ly6C−) cells, was not altered (Fig. 5E). The increase in
Ly6C+ monocytes is not due to an increase in their proliferative
capacity [we did not observe expression of the cell proliferation
marker Ki-67 in monocytes (not shown)]. We hypothesize that the
increase is due, in part, to the reduced capacity to signal through
CXCR4 (Fig. 4B), whose deficiency in vivo results in loss of re-
tention and an increased capacity to egress from bone marrow (45).

Discussion
RNA editing is an active process that introduces base changes
within hundreds of transcripts, while leaving the genome intact.
The vast majority of effort in the field of editing has been spent on
cataloguing editing instances in transcripts within different tissues,
and attempting to understand how some of those altered transcripts
correlate with disease progression and manifestations [AZIN1 and

others (46, 47)]. In contrast to DNA mutation, where the muta-
tional landscape represents a sum total of events that could have
been introduced at different times, some of which have functional
consequences (“driver” mutations) yet others do not (“passenger”
mutations), the functional consequences of RNA editing are likely
the result of the alteration of the sequence of tens, even hundreds,
of transcripts at the same time [although a few single events (e.g.,
ApoB editing) can also be consequential].
To date, very little has been done to functionally characterize

the molecular consequences of editing, in aggregate, and how
these might affect cellular activity. Here, we have attempted to
survey the global effects of editing at the level of the molecule
(e.g., transcript stability, localization, translational output) and at
the level of the cell (e.g., impacts on specific cellular behaviors as
defined by sets of transcripts). Our survey suggests that, mech-
anistically, editing affects translation (but not RNA stability or
localization). This effect on translation is, in part, indirect: We
show that editing can erase miRNA target sites, thus relieving
miRNA-mediated translational repression [thought to occur at
early steps of the translation process (48, 49)]. While the majority
of editing events do not alter miRNA target site sequences, leaving
the precise mechanism of how editing interferes with translation
unclear, it is tempting to hypothesize that edited transcripts are
differentially loaded onto the ribosome. The adaptation of methods
that assess translational efficiency, while also scanning the 3′UTR
(untranslated) sequence, will help address such mechanistic ques-
tions in the future.
In terms of how editing alters cellular behavior, we have

demonstrated that editing of transcripts within cellular pathways
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Fig. 4. APOBEC1 is required for the proper phagocytosis and migration of
BMDMs. (A) Phagocytosis of S. aureus pHrodo particles. (Left) Schematic of the
phagocytosis setup: Phrodo-labeled particles are nonfluorescent in cell culture
media; however, upon phagocytosis, they are transported to the lysosome inside
the cell, whose acidic environment allows the particle to become fluorescent.
(Right) Phagocytosis assay (n = 5). Error bars represent the SEM; statistical sig-
nificance was obtained using a t test. MOI, multiplicity of infection. (B) Trans-
endothelial migration assay. (Left) Schematic of the migration setup: Cells are
plated in a two-chamber well (Top blue), which separates the cells from the
chemokine (purple) via a porous membrane (green). Cells then transverse the
membrane and can be quantified. (Right) Quantification of migration toward
CXCL12. Error bars represent the SEM; statistical analysis was performed using
the multiple measured one-way ANOVA, followed by a t test with Bonferroni’s
correction (n = 3). *P < 0.05; **P < 0.01; ***P < 0.0001.
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Fig. 5. APOBEC1 is expressed within specific monocyte progenitors, and is
required for the proper maintenance of monocyte populations in the periph-
ery. (A) Schematic depicting the differentiation of monocytes from the cMOP.
MDP, monocyte DC progenitor. (B) Apobec1 expression in sorted monocyte
progenitors, relative to Gapdh expression, determined via quantitative PCR.
(C) Schematic of the competitive reconstitution assay. Briefly, progenitor cells
from both lineages were obtained from bone marrow and introduced into a
recipient, whose progenitors were depleted via sublethal irradiation. The re-
cipient mouse reconstitutes all blood lineages from the mixed wildtype and
Apobec1−/− progenitors. (D) Analysis of bone marrow monocyte progenitor
populations in radiation chimeras reconstituted with equal numbers of wild-
type and Apobec1−/− progenitor cells 6 wk after transplantation (n = 6).
(E) Analysis of spleens from mice reconstituted as in D. Error bars in D and E
represent the SEM with statistical significance calculated using a t test.
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of relevance to the life of a monocyte can be correlated with
changes in cellular performance: Apobec1−/− BMDMs tend to
migrate less, but phagocytose more (Fig. 4A). However, it is
important to note that these experiments are done with pop-
ulations of cells, which are heterogeneous with regard to editing
(a limitation that has hampered our ability to globally check how
editing affects transcript processing). As well, while we suggest that
editing of specific sets of transcripts alters, for example, trans-
endothelial migration profiles, it is important to remember that these
transcripts are coordinately altered together with nearly a hundred
others. In future work, we aim to utilize targeted approaches within
Apobec1−/− cell lines to conclusively demonstrate that it is editing
alone, within specific transcripts, that alters cellular activity.
Our experiments demonstrate that RNA editing of clusters of

transcripts that aggregate in common pathways is correlated with
the difference in output of those pathways and, by extension, with
differences in cell physiology. They also predict that slight dif-
ferences in the maintenance of monocyte subsets might, over time,
have critical consequences for the health of the organism (50).
Finally, although human monocytes express a different C-to-U
mRNA-editing enzyme (APOBEC3A), we hypothesize that the
process of RNA editing (the generation of single-nucleotide

variants at the RNA level) will be broadly relevant as a novel
regulatory mechanism in both mice and humans.

Materials and Methods
All experimental procedures were approved by the Rockefeller University
Animal Care and Use Committee, and adhere to NIH guidelines for the care
and use of experimental animals. Details regarding RNA-seq and downstream
bioinformatic analyses, and all other molecular and cellular methods
reported herein, are available in SI Appendix, SI Materials and Methods.
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