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Charting and probing the activity of ADARs
in human development and cell-fate
specification

Amir Dailamy1,6, Weiqi Lyu1,2,6, Sami Nourreddine1, Michael Tong1,
Joseph Rainaldi1,3, Daniella McDonald1,3, Rebecca Panwala1, Alysson Muotri4,
Michael S. Breen5, Kun Zhang1,2 & Prashant Mali 1

Adenosine deaminases acting on RNA (ADARs) impact diverse cellular pro-
cesses and pathological conditions, but their functions in early cell-fate spe-
cification remain less understood. To gain insights here, we began by charting
time-course RNA editing profiles in human organs from fetal to adult stages.
Next, we utilized hPSC differentiation to experimentally probe ADARs, har-
nessing brain organoids as neural specific, and teratomas as pan-tissue
developmental models. We show that time-series teratomas faithfully recapi-
tulate fetal developmental trends, and motivated by this, conducted pan-tis-
sue, single-cell CRISPR-KO screens of ADARs in teratomas. Knocking out ADAR
leads to a global decrease in RNA editing across all germ-layers. Intriguingly,
knocking out ADAR leads to an enrichment of adipogenic cells, revealing a role
for ADAR in human adipogenesis. Collectively, we present a multi-pronged
framework charting time-resolved RNA editing profiles and coupled ADAR
perturbations in developmental models, thereby shedding light on the role of
ADARs in cell-fate specification.

Adenosine-to-inosine (A-to-I) editing is a critical post-transcriptional
modification that alters RNA nucleotides, is catalyzed by adenosine
deaminases acting on RNA (ADAR) enzymes, and is one of the most
prominent epitranscriptomicsmodification in metazoans1–8. There are
3 human ADAR enzymes: ADAR, ADARB1, and ADARB2. ADAR (also
known asADAR1) is constitutively expressed acrossmost tissues, and is
mostly known to edit repetitive RNA9. ADARB1 (also known as ADAR2)
is also expressed in most tissues, with the highest expression in the
CNS, and known tomostly edit coding regions9,10. ADARB2 (also known
as ADAR3) is exclusively expressed in the CNS and contains a cataly-
tically inactive deaminase domain; thus, it does not edit RNA and is
mostly known to play a regulatory role in RNA editing9,11. Adenosines
are deaminated and converted to inosines in A-to-I RNA editing, and
the inosines are interpreted as guanosines by cellular chemistry.

Consequently, A-to-I editing can yield unique protein isoforms10,12,13

and also influence miRNA14 and mRNA stability15, splicing16, and
localization17. Furthermore, the dysregulation of ADAR proteins, both
via their RNA editing-dependent and -independent18,19 functions, have
been linked to various diseases, such as cancer20, neurological
disorders21,22, viral infection23, metabolic disorders24, and auto-immune
malignancies25.

Systematic investigations intoRNAeditingprofiles in adult human
tissue havedocumented editing sites across tissues and uncovered key
regulators in RNA editing13,26,27. In addition to their roles in adult tis-
sues, ADAR enzymes are pivotal regulators of post-transcriptional RNA
processing during various developmental stages27–31. In mice, Adar-
KO18,32,33 and Adarb1-KO34,35 result in embryonic and perinatal lethality,
respectively, highlighting their putative role in developmental
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processes. However, due to these lethality phenotypes,mousemodels
are limited in their capacity to systematically study ADAR’s role in cell
fate specification. Lastly, given the prevalence of A-to-I editing in
primate-specific Alu elements36, mouse models may not capture the
human-specific roles that ADARs have in human development.

Taken together, while significant insights exist regarding ADARs’
roles in mouse models and adult human tissues, a knowledge gap
remains concerning their impact on early human organogenesis.
Towards this, we established here a multi-pronged framework (Fig. 1)
to systematically map and functionally interrogate their role in human
development. We first charted time-course RNA editing profiles in five
different human organ tissues, from fetal to adult stages. Next, to
experimentally probe ADARs, we utilized two human pluripotent stem

cell (hPSC) derived models of development: cerebral organoids, in
vitro derived brain tissue-specific constructs; and teratoma tissues,
in vivo derived pan-tissue constructs37. The multilineage nature of the
teratoma allowed the analysis of RNA editing across all germ-layers in a
single experiment, motivating a deeper investigation into teratoma
tissue as a developmental model for RNA editing. By generating time-
series teratomas, we observed that neural tissue in teratomas repli-
cates transcriptomic and epitranscriptomic developmental patterns
evident in fetal cerebral tissue. Moreover, a pan-tissue, single-cell
CRISPR-KO screen in teratomas unveiledADAR’s integral role across all
germ layers, with a distinct emphasis on adipogenic cell-fate deter-
mination, suggesting ADAR’s potential implication in obesity-related
phenotypes.
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Fig. 1 | This graphical abstract illustrates our study’s workflow.We begin by
analyzing RNA editing and ADAR expression dynamics across diverse tissue types,
utilizing both human organ data and hPSC-derived developmental models.

Subsequently, we employed the teratoma for a pan-tissue ADAR perturbation
screen, probing the functional roles of ADAR proteins across all three germ layers.
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Fig. 2 | Time seriesbulkRNAediting analysis inhuman fetal tissues. a Schematic
depicting theworkflow for this investigation intoRNAediting andADARexpression
dynamics inbulk organ tissues across lifespan.Organ time-series data isbinned into
4 developmental groups—early gestation (4–10 wpc), late gestation (11–20 wpc),
newborn-to-teenager (0–19 years of age), and adult-to-senior (25–63 years of age)—
for conducting comparisons across sequential developmental periods. b–g AEI

levels (solid red circles), as well as ADAR (open blue circles) and ADARB1 (open
green circles) expression values, are charted throughout lifespan for the forebrain
(b), hindbrain (c), heart (d), liver (e), kidney (f), and testis (g). h Cohen’s d com-
parison between sequential time groups for AEI, ADAR, ADARB1, and ADARB2,
across all organs (not detected = n.d, box represents 95% confidence interval).
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This study provides a pan-tissue, single-cell-level investigation
into the spatiotemporal profiles and functional roles of ADARs during
human fetal development. By investigating a range of fetal and fetal-
like tissues, we elucidate the dynamic RNA editing landscape, casting
light on its implications in human development and disease.

Results
RNA editing analysis in bulk human organs
We first employed a time-resolved mammalian gene expression
database38 to systematically investigate temporal RNA editing levels in
multiple humanorgans, including the forebrain, hindbrain, heart, liver,
kidney and testis. We categorized the data into four developmental
stages: early gestation (4–10 weeks post conception, wpc), late
gestation (11–20 wpc), newborn-teenager (0–19 years old), and adult-
senior (25–63 years old) (Fig. 2a).

A-to-I editing events are predominantly observed in Alu ele-
ments—repetitive DNA sequences exclusive to the primate
genome36. Given its robustness, and especially as it accounts for the
editing activity in low covered regions, while avoiding the need to
quantify the editing level per-site, we assessed the global editing
levels in bulk human organs via the Alu editing index (AEI)39. This is
obtained by calculating the ratio of A-to-G mismatches to the total
adenosine coverage within Alu regions. We then measured the AEI
shifts and ADAR enzyme expression dynamics across successive
developmental stages.

In the forebrain, we observed a significant rise in AEI (p-value =
1.24E-10, Cohen’s D = 4.12) during the late gestation to the newborn-
teenager transition, accompanied by a decrease in ADAR (p-value =
2.54E-3, Cohen’s D = −1.35) and an increase in ADARB2 (p-value = 1.86E-
05, Cohen’s D = 1.91) (Fig. 2b). Furthermore, in the hindbrain we
observe an upward AEI trend throughout all of lifespan (Fig. 2c). We
observe concordant significant increases between both the AEI and
ADARB1 expression in the early-to-late gestation transition – AEI (p-
value = 7.72E-04, Cohen’s D = 1.50) and ADARB1 (p-value = 1.17E-06,
Cohen’s D = 2.04)—and from late gestation to the newborn-teenager
transition—AEI (p-value = 4.57E-04, Cohen’s D = 1.42) and ADARB1 (p-
value = 1.50E-02, Cohen’s D =0.99)—which suggests ADARB1 is driving
the increase in AEI during hindbrain development (Fig. 2c). These
findings are consistent with a recent report tracking RNA editing in
developing human brain tissue27.

In the heart, we observe pronounced AEI fluctuations throughout
development (Fig. 2d). Initially, in the early-to-late gestation transition,
there is a notable drop in AEI (p-value = 2.73E-03, Cohen’s D = −1.03),
followed by an increase in AEI during the late gestation to newborn-
teenager transition (p-value = 4.56E-04, Cohen’s D = 1.43) (Fig. 2d).
This initial decrease and subsequent increase in AEI are concordant
with drops in ADARB1 expression during both the early-to-late gesta-
tion transition (p-value = 2.15E-03, Cohen’s D = −1.35) and the late
gestation to newborn-teenager transition (p-value = 4.56E-04, Cohen’s
D = 1.43) (Fig. 2d).

The liver exhibited very dynamic shifts in AEI across lifespan
(Fig. 2e), with an initial decrease in AEI during the early-to-late gesta-
tion transition (p-value = 3.21E-04, Cohen’s D = −1.11), a robust increase
in AEI during the late gestation to the newborn-teenager transition (p-
value = 3.28E-05, Cohen’s D = 6.00), and finally another significant
increase in AEI during the newborn-teenager to adult-senior transition
(p-value = 4.40E-02, Cohen’s D = 1.26) (Fig. 2e). Again, the initial drop
and subsequent rise in AEI were concordant with decreases (p-
value = 4.83E-02, Cohen’s D = −0.60) and subsequent increases (p-
value = 4.36E-02, Cohen’s D = 1.43) in ADARB1 expression, respec-
tively (Fig. 2e).

In the kidney, we observed a significant increase in AEI during the
late gestation to newborn-teenager transition (p-value = 4.77E-04,
Cohen’s D = 1.51), coinciding with a significant drop in ADARB1 (p-
value = 1.25E-02, Cohen’s D = −1.10) (Fig. 2f).

In the testis we observed a robust AEI reduction (p-value = 9.94E-
05, Cohen’s D = −5.21) during the newborn-teenager to adult transition,
which is concordant with a robust and significant decrease in ADAR
expression (p-value = 3.33E-03, Cohen’s D = -2.19) (Fig. 2g, h).

Intrigued by a notable drop in heart and liver AEI during early
gestation (Fig. 2d, e), we further investigated this trend by dividing the
early gestation period into two phases: 4–7 wpc and 8–11 wpc. During
this developmental shift, we observed a significant reduction in AEI in
heart tissue (p-value = 4.35E-03, Cohen’s D = −1.80), which is con-
cordant with a significant decrease in ADAR (p-value = 1.81E-05,
Cohen’s D = −2.64). In the liver, we also noted a substantial decrease in
AEI (p-value = 2.13E-02, Cohen’sD = −1.00), accompaniedby significant
reductions in both ADAR (p-value = 1.79E-04, Cohen’s D = −1.82) and
ADARB1 (p-value = 9.75E-3, Cohen’s D = −1.24) expression.

In summary, there are few convergent trends with respect to AEI
and ADAR expression dynamics across tissues. ADARB1 expression
dynamics closely follows the progressive increase in AEI throughout
hindbraindevelopment, and adrop inAEI during very early gestation is
accompanied by a drop in ADAR expression in both heart and liver
tissue. After examining RNA editing trends throughout human devel-
opment in bulk tissues, we next shifted our attention to a single-cell
investigation of RNA editing at prenatal stages to uncover cell-type
specific trends that may govern early organogenesis. To explore this,
we employed lab-grown, hPSC-derivedmodel systems, complemented
with human fetal tissue data40.

Site-specific editing analysis in bulk human organs
To gain a deeper insight into A-to-I editing dynamics beyond just
global editing metrics, we employed a site-specific RNA editing pipe-
line (Supplementary Fig. 1A)27. This pipeline identified edited mRNA
sites within the REDIportal table across all bulk organ time-series data
(forebrain, hindbrain, liver, heart, kidney, and testis). Subsequently, we
examined differential editing levels in these sites between postnatal
and prenatal samples using customized R scripts, akin to established
computational methodologies27. The resulting delta editing values
(differential editing rate between postnatal and prenatal samples, as
defined in previous applications27) were then correlated with the log-
fold change in expression levels of corresponding genes between
postnatal and prenatal samples. After identifying RNA editing sites at a
site-specific level, we next classified editing sites into their corre-
sponding genetic regions, and found that the majority of identified
sites are located in 3’UTRs (Supplementary Fig. 1B). Furthermore, we
found that the largest number of editing sites were identified in the
hindbrain (Supplementary Fig. 1B).

Next, we identified sites that are differentially edited between
prenatal and postnatal samples across all tissues (Supplementary
Fig. 1C). The delta editing rate of these differentially edited sites was
then correlated with the log fold change of the corresponding gene
expression level changes. Across all organs, we observed a slightly
negative correlation (R = −0.133) between the change in editing levels
and gene expression across all identified differentially edited genes
(Supplementary Fig. 1D).

In order to shed light on potential developmentally conserved
RNA editing mechanisms, we next aimed to uncover genes with dif-
ferentially edited sites common to multiple tissue types (Fig. 3a). We
observed 58 prenatal versus postnatal differentially edited sites that
were shared across all organ datasets (Fig. 3b). Intrigued by this con-
vergence, we conducted functional annotation on these genes using
the ToppGene Suite and identified GO terms associated with innate
immunity and DNA replication (Fig. 3c). Notably, EIF2AK2 (also known
as PKR) and MAVS, involved in viral response and innate immunity
pathways, were found to have differentially edited sites in all analyzed
tissues (Fig. 3d). Thus, through an unbiased look at the convergence of
prenatal versus postnatal differentially edited RNA editing sites across
organs from all three germ-layers, we identified that there is a
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significant shift in RNA editing of innate immunity-related genes dur-
ing the fetal-to-adult transition.

To assess how shifts in RNA editing correlate with gene expres-
sion, we utilized Gene Set Variation Analysis (GSVA)41, which con-
denses information from gene expression profiles to calculate gene
scores for specificbiological pathways. Specifically,we computedgene

set scores for C2 gene sets from the Human MSigDB Collections42,43,
tracking them over time for the Viral Infection Gene Set (red line) and
DNA Replication Gene Set (green line) (Fig. 3e–j). The global editing
level of these samples, measured by the Alu Editing Index (AEI, blue
line), was overlaid onto the graphs to visualize changes in global
editing levels across development for each organ (Fig. 3e–j). We
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observed significant inverse correlations between the AEI and gene
scores from these two pathways in the forebrain (Fig. 3e), hindbrain
(Fig. 3f), and liver (Fig. 3h). This analysis underscores the crucial role of
A-to-I editing in regulating gene expression in innate immunity and
DNA replication pathways during the fetal-to-adult transition.

Single-cell RNA editing analysis in hPSC-derived model systems
After exploring A-to-I editing dynamics in adult bulk tissue, we sought
to explore A-to-I editing trends in early human tissue development at a
single-cell level, starting with 8-week-old cerebral organoids and 8–10-
week-old teratomas, both derived from human pluripotent stem cells
(Fig. 4a). As compared to bulk RNA sequencing, single-cell RNA
sequencing data is characterized by more limited coverage and a 3’
bias due to the poly-A based capture probes utilized via the 10X
Chromium platform44. Thus, we decided to utilize the robust AEI index
to more accurately estimate global editing levels.

We started our investigation with cerebral organoids, and
observed that 8-week-old cerebral organoids were composed of 3
main cell types: Radial Glia, Intermediate Progenitors, and Glutama-
tergic Neurons (Fig. 4b). We measured AEI trends across these cell
types (Fig. 4c) aswell as the correlation between AEI and expression of
ADAR and ADARB1 for each cell type (Fig. 4d). To gain insight into the
pan-tissue influence of ADARs, we next considered the teratoma as an
additional model system. Among neural lineages, we observed 8–10
week-old teratomas included Radial Glia, Intermediate Progenitors,
Glutamatergic Neurons and also GABAergic neurons, and across all
tissues composed of over 20 distinct cell-types representative of all
three germ layers (Fig. 4e)37. We confirmed these cell-types exhibit a
strong correlation with their corresponding fetal counterparts (Sup-
plementary Fig. 2A). Moreover, we assessed the reliability of teratoma
single-cell RNA sequencing libraries for RNA editing analysis by com-
paring single-cell editing rates with those from bulk teratoma RNA
sequencing libraries, revealing a high correlation between these two
library generation and sequencingmodalities (Supplementary Fig. 2B).
Finally, we confirmed expression of keymarker genes (Supplementary
Fig. 2C). As expected, ADAR exhibited ubiquitous expression across all
teratoma cell-types, whileADARB2was neural-specific andADARB1was
most highly expressed in neural tissues, and at lower levels elsewhere
(Supplementary Fig. 2D). Lastly, we conducted a similar teratoma
generation pipeline on 3 other commonly used PSC cell lines (H9s,
HUES62s, and PGP1s, Supplementary Fig. 3A). We were able to call all
major cell-types in H9 teratomas (Supplementary Fig. 3B) and saw
similar AEI levels (Supplementary Fig. 3C) and AEI-to-ADAR correlation
levels (Supplementary Fig. 3D) as well. These observations and trends
were also seen in the HUES62 (Supplementary Fig. 3E-G) and PGP1
(Supplementary Fig. 3H–J) cell lines.

To quantify RNA editing levels in unique teratoma cell-types, we
created pseudo-bulk samples by pooling single cell RNA count
matrices from matching cell-types together (refer “Methods”). Our
observations revealed varying levels of AEI across teratoma cell
types (Fig. 4f). Notably, we observe a significantly lower AEI in
muscle cells compared to the average teratoma AEI (Fig. 4f), which is
consistent with reports examining RNA editing across adult human
bulk tissue samples9,39. Furthermore, ADAR and ADARB1 expression
explained 31% and 10% of the variance in teratoma cell-type AEI,
respectively (Fig. 4g), which is also consistent with adult human bulk
tissue sample reports9.

In summary, the teratoma presents a promising model for RNA
editing analysis due to its rich panoply of cell-types spanning all three
germ-layers and its notable AEI-to-ADAR correlation trends among
these cell-types. Importantly, generating the teratoma only required
8–10 weeks compared to the 5 months needed to generate cerebral
organoids with comparable neural cell-type diversity45. Given these
favorable characteristics, we decided to proceed with the teratoma for
our subsequent investigations.

RNA editing analysis in time series teratomas
To investigate temporal RNA editing trends in teratoma cell types and
determine their correlations with human fetal tissue, we produced
teratomas at four distinct developmental stages: 4, 6, 8, and 10 weeks.
Given that we would be harvesting and storing our samples in OCT
blocks as they reach the desired developmental states (4, 6, 8, and
10 weeks), and subsequently processing RNAseq libraries all at once,
we sought a library preparation method that would be broadly
applicable and compatiblewith this storagemodality. Towards this,we
explored single-nucleus RNA sequencing (snRNAseq) as it is compa-
tiblewithmanymethodsof samplepreservation, including frozenOCT
blocks. To assess if both library processing modalities were compar-
able in the context of RNA editing, we first compared RNA editing
metrics and cell recovery rates across platforms. Although there are
differences in total number of captured RNA editing sites (Supple-
mentary Fig. 4A, B) and cell recovery rates (Supplementary Fig. 4C),
RNA editing rates across single cell and single nucleus libraries corre-
late strongly (R =0.811) with one another (Supplementary Fig. 4D).
Motivated by the concordance acrossmodalities, we then constructed
single nucleus RNA sequencing (snRNA-seq) libraries, and conducted
transcriptomic and RNA editing analysis across these samples (Fig. 5a).

First, we confirmed that teratomas from the same developmental
stage strongly correlated with each other (Supplementary Fig. 5A). We
then examined how cell-type proportions change during teratoma
development. Notably, early-stage teratomas exhibited a higher pro-
portion of germ-layer progenitors, while later-stage teratomas were
predominantly composed of their differentiated progeny (Supple-
mentary Fig. 5B-F). For instance, in the ectoderm, week 4 teratomas
were primarily composed of radial glia, constituting about 65% of the
ectodermal cell types, while this proportion gradually decreased to
~35% in week 10 teratomas (Supplementary Fig. 5C). Conversely, the
relative proportion of early neurons in the ectodermwas less than 10%
in week 4 teratomas, gradually increasing to around 40% in week 10
teratomas (Supplementary Fig. 5C). We observed similar trends in the
endoderm, where precursor definitive endoderm cells in early-stage
teratomas gave rise to mid/hindgut epithelium in the later stage ter-
atomas (Supplementary Fig. 5D); and also in the mesoderm, where
COL15ApositiveMSC/Fibroblast progenitors46 (termedhere asMyoFib
cells) exhibit a high initial relative mesodermal percentage that pro-
gressively decreases during teratoma development (Supplementary
Fig. 5F). These results demonstrate that teratoma cell types repro-
ducibly mature into their differentiated progeny in a progressive
manner.

Similar to week 10 teratomas (Supplementary Fig. 2D), we
observed ubiquitous expression of ADAR across all stages of teratoma
development, while ADARB2 exhibited neural-specific expression, and
ADARB1 showed strongest expression in neural tissues but also was
expressed at low levels elsewhere (Supplementary Fig. 6A-C).

Fig. 3 | Examining the convergence of differentially edited sites across organ
systems. a Schematic depicting the site-specific RNA editing analysis pipeline for
developmental bulk organ samples. After bulk organ samples were grouped into
prenatal and postnatal groups, differential editing analysis was conducted between
these two developmental groups. Finally, an analysis was conducted to find shared
and unique differentially edited sites between organs. b Venn diagram illustrating
the number of shared and unique prenatal versus postnatal differentially edited

sites across all examined organ datasets. c GO term functional annotation of the
pan-organ shared differentially edited sites. D List of the input genes that are
associated with these corresponding convergent GO terms. e–j Charting global A-
to-I editing dynamics (AEI), along with the Viral Infection and DNA replication
pathway gene scores, across developmental time, for the forebrain (e), hindbrain
(f), heart (g), liver (h), kidney (i), and testis (j). Correlation between the gene score
sets and the AEI was measured using the Pearson correlation coefficient.
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Fig. 4 | Single-cell RNA editing analysis in hESC-derived model systems.
a Workflow schematic for conducting single-cell RNA editing analysis on hESC-
derived cerebral organoids and teratomas. b UMAP plot from 8-week cerebral
organoids processed through the single-cell RNA sequencing pipeline. c AEI values
for all major 8-week cerebral organoid cell-types, with each data point calculated as
a pseudo-bulk value from each cerebral organoid cell-type (n = 3 cerebral orga-
noids, error bars represent standard error of themean). d Correlation between AEI
to ADAR expression (top) and to ADARB1 expression (bottom) for all 8 week cer-
ebral organoid cell-types. e Aggregated UMAP plot from 4 H1 teratoma processed

through the single-cell RNA sequencing pipeline. f Box-and-whiskers plot showing
the AEI values for all major teratoma cell types, with each data point calculated as a
pseudo-bulk value (n = 4WT teratomas, centerline of the box represents themean,
box represents 95% confidence interval, and error bar is standard error of the
mean) Significance is tested using a unpaired two-tailed t-test (*p ≤0.05, **p ≤0.01,
***p ≤0.001, and ****p ≤0.0001; ns, not significant.)gCorrelationbetweenAEI value
to ADAR expression (top) and to ADARB1 expression (bottom) for all teratoma
cell-types.
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Fig. 5 | Single nuclei RNA editing analysis across teratoma development.
a Workflow schematic for running single nuclei RNA editing analysis across ter-
atoma development. b Aggregated and downsampled UMAP plots from H1 ter-
atomas across weeks 4–10 of development, processed through the single-cell RNA
sequencing pipeline. 2–5 teratoma samples were processed for each time point.
UMAP plots are downsampled so the total number of cells plotted is consistent

across all time points. c AEI values for all teratoma cell-types across development.
d Pan germ-layer correlation between teratoma cell-types and corresponding cell-
types from the Human Fetal Cell Atlas database. e Transcriptomic correlation
between time series teratomas and time-resolved human fetal cortex data between
Gestational Weeks (GW) 14-19. f RNA editing rate, via AEI, correlation between time
series teratomas and time-resolved human fetal cortex data between GW14–19.
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Interestingly, our analysis revealed that the contribution of ADAR to
AEI variation in week 4 and 6 teratomas was less than 1%, but increased
to approximately 10% by weeks 8 and 10 (Supplementary Fig. 6D).
Furthermore, we observed a 2-fold increase in average AEI throughout
teratoma development (pooled Cohen’s d = 1.21) (Fig. 5c), which was
largely driven by, increases in ADAR (pooled Cohen’s d =0.25) (Sup-
plementary Fig. 6E). Notably, within Schwann Cell Progenitors (SCPs),
ADARB1 (p-value = 4.13E-02, Cohen’s D = 1.73), in comparison to ADAR
(p-value = 9.26E-02, Cohen’s D = 1.21), seemed to mostly contribute to
the significant rise in SCP AEI (p-value = 1.56E-03, Cohen’s D = 2.01)
throughout teratoma development (Supplementary Fig. 6E). These
results motivated a deeper investigation into the reliability teratoma
RNA editing dynamics.

To examine if the teratoma could serve as a reliable model for
spatiotemporal RNA editing in human development, we correlated AEI
values from teratomas with those from corresponding fetal cell types
and found a strong correlation across cell-types from all germ-layers
(Fig. 5D). Given the dynamic RNA editing profiles evident in fetal brain
tissue (Fig. 2b, c)27, our attention next shifted to teratoma neural tissue
for a more in-depth analysis of time-resolved RNA editing in the
teratoma.

Transcriptomic correlations across fetal cortex and teratoma
neural cell-types revealed that neural cell-types within the teratoma
progressively mature as the teratoma develops, as measured via the
progressive increase in cosine similarity index with successive devel-
opmental time-points (Fig. 5e). This progressive transcriptomic
maturation prompted us to compare RNA editing in teratoma neural
tissue with that in fetal cerebrum tissue over time. Consistent with our
maturity findings, the AEI measurements were correlated between
teratoma and fetal samples, and showed a strong epitranscriptomic
alignment throughout development (Fig. 5f).

In summary, our correlations of transcriptomic maturity and
global editing with human fetal tissue corroborate the teratoma as an
effective tool to model temporal RNA editing patterns during early
fetal development. This motivated the use of teratomas as a platform
to probe and interrogate the functions of ADARs in human develop-
ment via pooled CRISPR-KO screens.

RNA editing analysis in ADAR-KO teratomas
To directly assess the functions of ADAR family enzymes during cell-
fate specification, we adopted a previously generated iPSC line, in
which the Cas9 protein is knocked-in to the AAVS1 locus of the PGP1
iPSCs (PGP1-Cas9s)37. PGP1-Cas9s were transduced with a gRNA library
targeting ADAR, ADARB1, and ADARB2, injected into immunodeficient
mice, and formed teratomas (ADAR-KO teratomas) (Fig. 6a). After a 10-
week growth period, ADAR-KO teratomaswere excised, and single-cell
RNA sequencing libraries were generated. We confirmed that pre-
viously identified teratoma cell-types were present in ADAR-KO ter-
atomas (Fig. 6b), and investigated RNA editing signatures across all
cell-types utilizing both the AEI and a supervised site-specific analysis
of A-to-I editing sites cataloged in existing RNA editing database47.

In comparison to AAVS1 double-strand break induction control
cells (AAVS1-KO), we observed a statistically significant drop in AEI
upon ADAR knockout (p-value = 9.6E-9, Cohen’s d = −1.39) (Fig. 6c). In
contrast, the disruption of ADARB1 and ADARB2 did not lead to dis-
cernible effects on global editing patterns. Furthermore, we examined
site-specific RNA editing levels across bonafide editing sites cataloged
in the RediPortal database47 (Fig. 6d). Consistent with the above AEI
analysis results, editing siteswithinAlu repeats (Cohen’s d = −0.29) and
non-Alu repetitive regions (Cohen’s d = −0.45) exhibited a statistically
significant drop in editing levels upon ADAR knockout (Fig. 6d). We
also noticed a significant decrease in editing of Alu repeats following
ADARB1 knockout, although the impact is relatively minor compared
to the effect of ADAR knockout (Cohen’s d = −0.05) (Fig. 6d). In con-
trast, ADARB2 knockout did not result in any significant changes in Alu

editing (Fig. 6d). These observations highlight the primary role of
ADAR in A-to-I editing within Alu elements.

Transcriptomic and fitness analysis in ADAR-KO teratomas
Motivated by the observed decline in RNA editing upon ADAR-KO, we
extended our investigation to the transcriptomic level within ADAR-
KO teratoma cell types (Fig. 7a). Employing the Earth’s Mover Distance
(EMD), a measure of dissimilarity between KO and non-targeting
control (NTC) samples (refer Methods), we observed heightened glo-
bal transcriptomic variation in ADAR-KO, ADARB1-KO, and ADARB2-KO
samples, compared to AAVS1-KO samples (Fig. 7b).

To further investigate this transcriptomic variation upon ADAR-,
ADARB1-, and ADARB2-KO, we conducted weighted correlation net-
work analysis (refer Methods), revealing a reduced expression (nega-
tive effect size, Fig. 7c) of co-expressed genes across various cell types
upon ADAR knockout, with the most pronounced impact observed in
mesodermal cell-types, such as in theMyoFib,MSC/Fib, andmuscle, as
well as in ectodermal Neural-Progenitors (Fig. 7c). Next, we conducted
differential expression analysis across knockout samples to examine
these global transcriptomic impacts upon knockout.

First, DEGs were discovered at the germ-layer level across per-
turbations, and calculated relative to AAVS1-KOs (refer “Methods”).
Discovered DEGs were used to conduct Gene Ontology (GO) term
analysis in order to identify upregulated and downregulated gene
families (refer Methods; Supplementary Figs. 7A–E). GO term analysis
revealed the upregulation of the JNK pathway activation gene family in
the Mesoderm ADAR-KO cells (Supplementary Fig. 7B). Interestingly,
we observed that the JNK pathway genes were significantly upregu-
lated solely in the mesoderm, and not in other germ layers (Fig. 7d).
Considering the JNK pathway is a stress and apoptosis induction
pathway48, we next conducted a fitness analysis across perturbations.
Initially, we observed a pan-teratoma fitness defect in ADAR-KO cells,
while no significant fitness impact was observed in ADARB1-KO or
ADARB2-KO cells (Supplementary Fig. 8A, B). Germ-layer level analysis
unveiled a significant fitness defect in both the mesoderm ADAR-KO
and ectoderm ADAR-KO (Fig. 7e), compared to NTC. However, the
effect size of this fitness defect of ADAR-KO, compared to NTC, ismost
pronounced in the mesoderm (Cohen’s d = 3.12) compared to the
ectoderm(Cohen’s d = 2.16). These resultsmirror the significantfitness
defect—which ultimately leads to embryonic lethality—seen inAdar-KO
mice33, further corroborating the teratoma as a faithful model which
recapitulates phenotypes seen in bonafide mammalian development.

Cell-type enrichment in ADAR-KO teratomas suggests ADAR as
an inhibitor of human adipogenesis
Motivated by the teratoma’s uniquemulti-lineage nature and ability to
faithfully recapitulate developmental phenotypes, we investigated the
ADAR proteins’ significance in human embryonic cell-fate specifica-
tion, which remains insufficiently investigated and poorly understood.
Leveraging ADAR-KO teratomas as an experimental model, our
objective was to uncover the extent of the ADAR family of proteins’
influence on cell-fate determination across all germ-layers (Fig. 8a).

Our investigation commenced with an enrichment analysis of
ADAR-KO teratomas, unveiling a pan-teratoma reduction in ADAR-
expressing cells (Supplementary Fig. 8A) and discernible variations in
cell type compositions across perturbations (Supplementary Fig. 8C).
Employing a prior developed pipeline to calculate cell-type composi-
tions following a pooled in vivo CRISPR-Cas9 knockout screen (refer
Methods)49, we sought to further analyze these observed effects via cell-
type enrichment analysis. Enrichment analysis unveiled a significant
increase of Adipogenic-MSCs in ADAR-KO cells compared to AAVS1-KO
controls (Fig. 8b). This finding was unexpected, as it is contrary to the
previously observed fitness defect inmesoderm ADAR-KO cells (Fig. 7e).
DEG analysis in ADAR-KO Adipogenic-MSCs vs AAVS1-KO Adipogenic-
MSCs revealed many differentially expressed adipogenic, JNK/Stress
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pathway, and glycolysis genes (Fig. 8c). In contrast, we found no sig-
nificant DEGs when comparing AAVS1-KO Adipogenic-MSCs to NTC
Adipogenic-MSC controls (Fig. 8d). Further analysis into this JNK-
mediated stress response in ADAR-KO Adipogenic-MSCs revealed a
strong stress response gene expression signature (Fig. 8e). In line with
enrichment results (Fig. 8b), we correspondingly observed a strong pro-
adipogenic gene expression signature (Fig. 8f).

Inspired by recent literature that links viral RNA infection, and the
subsequent stress response, to downregulated glycolysis via MAVS
signaling50,51, we measured the expression of glycolysis-related genes
to see if the ADAR-KO perturbation recapitulated this phenotype. We
observed a decreased expression in many glycolytic genes (Fig. 8g).
Due to a recent report demonstrating that IRX proteins trigger adi-
pogenesis from hMSCs via repressed glycolysis52, we measured IRX3
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and IRX5 expression levels and observed an increase in their expres-
sion levels (Fig. 8g).

To validate the observed increase in Adipogenic-MSCs within
teratoma cells following ADAR-KO, we conducted experiments using
primary human MSCs in vitro. These cells were transduced with len-
tivirus carrying ADAR-targeting shRNA (LV-shADAR) or a non-targeting
shRNA control (LV-shControl) (Fig. 8h). We first verified the effec-
tiveness of ADAR knockdown after shADAR transduction at the onset
of adipogenic differentiation (day 0) (Fig. 8j) Furthermore, we
observed enhanced adipogenesis at day 8 of adipogenic differentia-
tion in shADAR samples, as indicated by an upregulation of adipogenic
markers ADIPOQ and PPARG (Fig. 8k) and a significant increase in Oil
Red O positive percent cells compared to the shControl (Fig. 8i, l).
These findings validate the observed adipogenic enrichment in ADAR-
KO teratomas.

We further validated this finding using an iPSC-derived MSC dif-
ferentiationmodel. Two distinct iPSC lines (KOLF2.1Js and PGP1s) were
differentiated toMSCs and then similarly transduced with LV-shADAR,
along with LV-shControl (Supplementary Fig. 9A). As seen in primary
MSCs, following ADAR repression (Supplementary Fig. 9B) we
observed increased adipogenic differentiation, as measured by Oil O
Red positive staining (Supplementary Fig. 9C). These findings further
substantiate the observed adipogenic enrichment in ADAR-KO
teratomas.

We hypothesize that an increase in dsRNA following ADAR-KO53

triggers a similar MAVS-mediated stress response following viral
infection. Furthermore, we suggest that the stress induced by JNK
pathway activation triggers adipogenesis, and synergistically interacts
with the IRX-regulated reduction in glycolysis—a known driver of adi-
pogenesis from hMSCs52. This intricate interplay potentially suggests
putative mechanistic underpinnings behind the observed enrichment
of Adipogenic-MSCs following ADAR knockdown.

Discussion
Beyond their known role in editing dsRNA to prevent unwanted innate
immune responses, the diverse functions of ADAR proteins, especially
in embryonic development, are understudied. Here, we characterized
spatiotemporal RNA editing patterns across various human fetal tis-
sues, extended our investigations to lab-grown developmental model
systems, and probed the functional roles of ADARs in cell-fate deter-
mination across all three germ layers via CRISPR-Cas9 KO screening in
the teratoma.

Our time-course analysis of human fetal-to-adult organ data
identified trends that motivate future investigations into the spatio-
temporal role of ADARs beyond brain tissue27. For instance, we noted
sharp drops in global editing levels during early gestation (4–9wpc) in
both heart and liver tissue. Investigating whether this conserved phe-
nomena is coincidental or driven by convergent underlying mechan-
isms will be an intriguing avenue for future analysis. Furthermore, the
sharp decline in AEI and ADAR expression between years 25 and 63 of

testis development suggests a senescence- or aging-related pheno-
type, as diminished ADAR expression is associated with senescence54.
This observation raises the possibility that the testis may exhibit an
accelerated-aging phenotype, in relation to the other organs we’ve
studied, given that the testis are the only examined organ tissue in our
analysis which exhibits a decrease inADAR expression in the later time-
points. Considering our dataset encompasses individuals up to 63
years old, it would be intriguing to explore time-series transcriptomic
profiles in more advanced stages of aging (beyond 63 years of age) to
determine whether this decline in ADAR expression is a convergent
trend across other organ tissues as well.

Prenatal RNA editing dynamics particularly intrigued us, as they
may offer glimpses into the elusive black-box that is mammalian
development. Towards this, we characterized RNA editing trends in
cerebral organoids and teratomas, as both provide a lab-grown source
of prenatal-to-perinatal tissue that can be experimentallymanipulated.
We observed that the teratoma is a powerful model system as it allows
the exploration of RNA editing profiles across all three germ-layers
simultaneously, and faithfully recapitulates RNA editing trends seen in
human fetal development. Lastly, through our unbiased, pan-tissue
screening in the teratoma, we observed a fitness defect in ADAR-KO
cells, that ismost strongly seen inmesodermal cells, and uncovered an
ADAR-mediated role in inhibiting adipogenesis from human MSCs.

ADAR’s role in murine cell adipogenesis has been appreciated in
recent years55,56, but has yet to be explored in a human context. We
propose this adipogenic effect is in part driven by a decrease in ADAR
expression, putatively leading to an increase in cellular dsRNA. The
presence of dsRNA triggers a stress response57, repressing
glycolysis50,51 and potentially driving adipogenic programs
downstream52. Lastly, although there is substantial research linking
inflammation and obesity58,59, the link to decreasedRNAediting has yet
to be explored. Our findings indicate that inflammation triggered via
ADAR downregulation, potentially from cellular senescence and phy-
siological aging54, may be a driver for obesity. Future studies could
compare RNA editing levels in adipogenic tissue from obese and non-
obese individuals to investigate if these trends hold in an adult
organism.

Our findings further corroborate the importance of ADARs in
human development, and extend previous spatiotemporal editing
investigations. We also demonstrated that the teratoma could be used
to model prenatal RNA editing dynamics, and uncovered the role of
ADARs in mesenchymal stem cell fate specification. The link between
ADAR dysregulation and adipogenesis could also motivate the devel-
opment of therapeutics for obesity.

A limitation of this work is the use of 3’ biased RNA sequencing
libraries, which limited the scope of the examined editome. This leads
to a lossof editing information across theRNA transcript,most notably
in re-coding regions. Future studies could involve generating single-
cell full-length RNA sequencing libraries, whichwill enable the tracking
of re-coding regions, at the single-cell level.

Fig. 8 | Enrichment analysis in ADAR-KO teratomas revealsADAR as a potential
inhibitor of human adipogenesis. a Workflow schematic for ADAR-KO screen in
PGP1-Cas9 iPSCs, followed by teratoma formation and downstream cell-type
enrichment analysis. (B) Enrichment analysis depicting cell-type specific enrich-
ment or depletion across perturbation conditions. c DEGs from comparing Adi-
pogenic MSCADAR-KO cells versus AdipogenicMSCAAVS1-KO cells. Genes related
to adipogenesis (blue), JNK/stress pathways (green), and glycolysis (red) are high-
lighted. d DEG analysis comparing Adipogenic MSC AAVS1-KO cells versus Adipo-
genic MSC NTC cells. Genes related to adipogenesis, JNK/stress pathways, and
glycolysis are denoted. e Gene expression analysis across a subset of adipogenic
pathway genes in Adipogenic MSC ADAR-KO cells versus Adipogenic MSC AAVS1-
KO cells. f Gene expression analysis across a subset of JNK/stress pathway genes in
Adipogenic MSC ADAR-KO cells versus Adipogenic MSC AAVS1-KO cells. g Gene

expression analysis across a subset of glycolysis pathway genes in Adipogenic MSC
ADAR-KO cells versus Adipogenic MSC AAVS1-KO cells. h Schematic depicting
experimental validation of ADAR’s role in adipogenic differentiation from MSCs.
i Oil O Red staining of 8 day differentiated Adipogenic-MSCs (Scale bar = 250μm).
j ADAR transcript quantification in MSCs post shRNA transduction, at day 0 of
adipogenic differentiation (n = 3 biological replicates, error bars represent stan-
dard error of the mean). (*p ≤0.05, **p ≤0.01, ***p ≤0.001, and ****p ≤0.0001; ns,
not significant.)kADIPOQ and PPARG transcript quantification inMSCspost shRNA
transduction, at day 8 of adipogenic differentiation (n = 2 biological replicates).
lQuantification ofOil O redpercent positive Adipogenic-MSCs. Full tilescan images
of a 48-well are taken and quantified with respect to total DAPI+ cells (n = 3 biolo-
gical replicates, error bars represent standard error of the mean). (*p ≤0.05,
**p ≤0.01, ***p ≤0.001, and ****p ≤0.0001; ns, not significant).
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The epitranscriptome is a powerful regulatory system within the
cell that is understudied and holds great potential for discoveries in
gene expression dynamics. This study is an extensive investigation of
RNA editing and ADAR expression dynamics across various human
tissues, providing a unique opportunity to uncover RNA editing trends
and the diverse functional roles of ADAR proteins in embryonic
development and organogenesis.

Methods
AEI RNA editing analysis
Raw sequencing reads are parsed to create pseudobulk reads for each
cell state, such as cell types, batches of experiment and knockout
conditions and the dedup function from umitools package is used to
remove PCR duplicate reads. Alu editing index (AEI) was calculated for
deduplicated bam files for each experiment condition using the
RNAEditingIndexer v1.0. AEI is an aggregated index representing the
ratio of edited reads (A-to-G mismatches) over the total coverage of
adenosine bases in Alu elements and has been demonstrated as a
robust index with respect to coverage, read lengths as well as batch
effects introduced by sample preparation. Alu repeats outlined by
UCSC genome browser were supplied to designate regions where AEI
was calculated over and SNP sites included in hg38CommonGen-
omicSNPs150 were discarded.

Site-specific RNA editing analysis
Editing levels at known sites were calculated similar to existing com-
putational pipelines27. First, coordinate-sorted BAM files of mapped,
parsed and deduplicated reads were generated with STAR. Then,
nucleotide coordinates of known editing sites previously identified in
REDIportal were examined with customized scripts with samtools
mpileup function47. Filters were applied to remove SNP sites in com-
mon genomic variation in dbSNP (v150) and sites within 5 base pairs to
read ends and splice sites. At least 5 reads covering the site and at least
3 edited reads observed were required to call an editing event for
single cell/single nucleus sequencing read pseudobulk samples.

Differential RNA editing analysis and gene ontology analysis
We adopted a similar approach to existing computational pipelines to
catalog common A-to-I editing sites and identify differentially edited
sites across human development27. To ensure capturing of common
editing sites across samples, we imposed stringent criteria for high-
quality sites, keeping sites that have at least 60% detection rate and at
least 5% mean editing rate in samples subsetted from each organ.
Additionally, samples with more than 20% missing values were exclu-
ded. Confirming that the processed RNA editing matrices exhibited
less than 7%missingdata on average, themiceRpackage60 is employed
to impute the missing values using the predictive mean matching
method with five multiple imputations and 30 iterations.

To uncover differentially edited sites, we utilized the limma R
package61. Potential confounders including sex, expression level of
ADAR and ADARB1 (both enzymes demonstrate importance in reg-
ulating development and varying abundance) were taken into account
as covariates for linear modeling. We adjusted for multiple testing
using the Benjamini-Hochberg procedure and sites with FDR corrected
p-values < 0.05 were deemed as significant. Genes containing A-to-I
editing sites with significant levels of editing changes were recognized
as differentially edited genes.

Differentially edited genes were functionally annotated using the
ToppGene Suite62.

RNA editing analysis in bulk human organs
RNA sequencing data for all bulk humanorgans was retrieved on Array
Express via accession code E-MTAB-681438. Time series data was split
into 4 groups, based on their developmental stage annotations: Group
1) 4 weeks post conception (wpc) to 10 wpc were binned into “early

gestation”; Group 2) 11 wpc to 20 wpc were binned into “late gesta-
tion”; Group 3) 0 to 20 years of age were binned into “newborn-teea-
ger”; and Group 4) 25-63 years of age were binned into “adult-senior”.
Comparisons were made between sequential time series groups—
Group 1 versus 2, Group 2 versus 3, and Group 4 versus 4—in order to
quantify the shift in RNA editing and ADAR expression between tem-
poral stage transitions. A two-tailed Student’s t-test was done to
determine significance between groups and the Cohen’s d test com-
parison was run to determine effect size.

AEI measurements were performed as mentioned above.

RNA editing analysis in wild type teratomas
RNA sequencing data for teratomas was retrieved via NCBI GEO
accession code GSE: 156170. AEI measurements were performed as
mentioned above.

RNA editing analysis in human fetal organs
RNA sequencing data for fetal organs was retrieved via raw data pro-
vided at dbGaP (accession number phs002003.v1.p1). AEI measure-
ments were performed as mentioned above.

Figure generation
All figures and schematics were generated using Inkscape is a free
graphic and design editor.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw and processed data generated from this study are available at
Gene Expression Omnibus with accession code GSE248941. Source
data are provided with this paper.

Code availability
Customized scripts used for analysis are available at this github reposi-
tory: SammiLyu/scScreens_ADARs [https://github.com/SammiLyu/
scScreens_ADARs].

References
1. Nishikura, K. Functions and regulation of RNA editing by ADAR

deaminases. Annu. Rev. Biochem. 79, 321–349 (2010).
2. Jain, M., Jantsch, M. F. & Licht, K. The editor’s I on disease devel-

opment. Trends Genet. 35, 903–913 (2019).
3. Quin, J. et al. ADAR RNA modifications, the epitranscriptome and

innate immunity. Trends Biochem. Sci. 46, 758–771 (2021).
4. Samuel, C. E. Adenosine deaminases acting on RNA (ADARs) are

both antiviral and proviral. Virology 411, 180–193 (2011).
5. Reich, D. P., Tyc, K. M. & Bass, B. L. C. elegans ADARs antagonize

silencing of cellular dsRNAs by the antiviral RNAi pathway. Genes
Dev 32, 271–282 (2018).

6. Eisenberg, E. & Levanon, E. Y. A-to-I RNAediting—immuneprotector
and transcriptome diversifier. Nat. Rev. Genet. 19, 473–490 (2018).

7. Bass, B. L. RNA editing by adenosine deaminases that act on RNA.
Annu. Rev. Biochem. 71, 817–846 (2002).

8. Wang, Y., Zheng, Y. & Beal, P. A. Adenosine deaminases that act on
RNA (ADARs). Enzymes 41, 215–268 (2017).

9. Tan,M.H. et al. Dynamic landscape and regulation of RNAediting in
mammals. Nature 550, 249–254 (2017).

10. Rosenthal, J. J. C. & Eisenberg, E. Extensive recoding of the neural
proteome in cephalopods by RNA editing. Annu. Rev. Anim. Biosci.
11, 57–75 (2023).

11. Wang, Y. et al. RNA binding candidates for human ADAR3 from
substrates of a gain of functionmutant expressed in neuronal cells.
Nucleic Acids Res. 47, 10801–10814 (2019).

Article https://doi.org/10.1038/s41467-024-53973-0

Nature Communications |         (2024) 15:9818 14

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE248941
https://github.com/SammiLyu/scScreens_ADARs
https://github.com/SammiLyu/scScreens_ADARs
www.nature.com/naturecommunications


12. Eisenberg, E. Proteome diversification by RNA Editing. Methods
Mol. Biol. 2181, 229–251 (2021).

13. Gabay, O. et al. Landscape of adenosine-to-inosine RNA recoding
across human tissues. Nat. Commun. 13, 1184 (2022).

14. Ohman, M. A-to-I editing challenger or ally to the microRNA pro-
cess. Biochimie 89, 1171–1176 (2007).

15. Wang, I. X. et al. ADAR regulates RNA editing, transcript stability,
and gene expression. Cell Rep 5, 849–860 (2013).

16. Kapoor, U. et al. ADAR-deficiency perturbs the global splicing
landscape in mouse tissues. Genome Res 30, 1107–1118 (2020).

17. Valente, L. & Nishikura, K. ADAR gene family and A-to-I RNA editing:
diverse roles in posttranscriptional gene regulation. Prog. Nucleic
Acid Res. Mol. Biol. 79, 299–338 (2005).

18. Hu, S.-B. et al. ADAR1p150 prevents MDA5 and PKR activation via
distinct mechanisms to avert fatal autoinflammation. Mol. Cell
https://doi.org/10.1016/j.molcel.2023.09.018 (2023).

19. Hubbard, N. W. et al. ADAR1 mutation causes ZBP1-dependent
immunopathology. Nature 607, 769–775 (2022).

20. Fritzell, K., Xu, L.-D., Lagergren, J. & Öhman, M. ADARs and editing:
the role of A-to-I RNA modification in cancer progression. Semin.
Cell Dev. Biol. 79, 123–130 (2018).

21. Tan, T. Y. et al. Bi-allelic ADARB1 variants associated with micro-
cephaly, intellectual disability, and seizures. Am. J. Hum. Genet.
106, 467–483 (2020).

22. Singh, M. Dysregulated A to I RNA editing and non-coding RNAs in
neurodegeneration. Front. Genet. 3, 326 (2012).

23. Toth, A. M., Li, Z., Cattaneo, R. & Samuel, C. E. RNA-specific ade-
nosine deaminase ADAR1 suppresses measles virus-induced
apoptosis and activation of protein kinase PKR. J. Biol. Chem. 284,
29350–29356 (2009).

24. Slotkin, W. & Nishikura, K. Adenosine-to-inosine RNA editing and
human disease. Genome Med. 5, 105 (2013).

25. Rice, G. I. et al. Mutations in ADAR1 cause Aicardi-Goutières syn-
drome associated with a type I interferon signature. Nat. Genet. 44,
1243–1248 (2012).

26. Picardi, E., D’Erchia, A. M., Lo Giudice, C. & Pesole, G. REDIportal: a
comprehensive database of A-to-I RNA editing events in humans.
Nucleic Acids Res. 45, D750–D757 (2017).

27. Cuddleston, W. H. et al. Spatiotemporal and genetic regulation of
A-to-I editing throughout human brain development. Cell Rep. 41,
111585 (2022).

28. Niescierowicz, K. et al. Adar-mediated A-to-I editing is required for
embryonic patterning and innate immune response regulation in
zebrafish. Nat. Commun. 13, 5520 (2022).

29. Moore, J. B. 4th et al. The A-to-I RNA editing enzyme Adar1 is
essential for normal embryonic cardiac growth and development.
Circ. Res. 127, 550–552 (2020).

30. Tsivion-Visbord, H. et al. Increased RNA editing inmaternal immune
activationmodel of neurodevelopmental disease.Nat. Commun. 11,
5236 (2020).

31. Lu, D., Lu, J., Liu, Q. & Zhang, Q. Emerging role of the RNA-editing
enzyme ADAR1 in stem cell fate and function. Biomark Res. 11,
61 (2023).

32. Hartner, J. C. et al. Liver disintegration in themouse embryo caused
by deficiency in the RNA-editing enzyme ADAR1. J. Biol. Chem. 279,
4894–4902 (2004).

33. Liddicoat, B. J. et al. RNA editing by ADAR1 prevents MDA5 sensing
of endogenous dsRNA as nonself. Science 349, 1115–1120 (2015).

34. Chalk, A. M., Taylor, S., Heraud-Farlow, J. E. & Walkley, C. R. The
majority of A-to-I RNA editing is not required for mammalian
homeostasis. Genome Biol 20, 268 (2019).

35. Terajima, H. et al. ADARB1 catalyzes circadian A-to-I editing and
regulates RNA rhythm. Nat. Genet. 49, 146–151 (2017).

36. Deininger, P. Alu elements: know the SINEs. Genome Biol 12,
236 (2011).

37. McDonald, D. et al. Defining the teratoma as a model for multi-
lineage human development. Cell 183, 1402–1419.e18 (2020).

38. Cardoso-Moreira, M. et al. Gene expression across mammalian
organ development. Nature 571, 505–509 (2019).

39. Roth, S. H., Levanon, E. Y. & Eisenberg, E. Genome-wide quantifi-
cation of ADAR adenosine-to-inosine RNA editing activity. Nat.
Methods 16, 1131–1138 (2019).

40. Cao, J. et al. A human cell atlas of fetal gene expression. Science
370, eaba7721 (2020).

41. Hänzelmann, S., Castelo, R. & Guinney, J. GSVA: gene set variation
analysis for microarray and RNA-seq data. BMC Bioinform. 14,
7 (2013).

42. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 102, 15545–15550 (2005).

43. Liberzon, A. et al. Molecular signatures database (MSigDB) 3.0.
Bioinformatics 27, 1739–1740 (2011).

44. Cuddleston, W. H. et al. Cellular and genetic drivers of RNA editing
variation in the human brain. Nat. Commun. 13, 2997 (2022).

45. Uzquiano, A. et al. Proper acquisition of cell class identity in orga-
noids allows definition of fate specification programs of the human
cerebral cortex. Cell 185, 3770–3788.e27 (2022).

46. Buechler, M. B. et al. Cross-tissue organization of the fibroblast
lineage. Nature 593, 575–579 (2021).

47. Mansi, L. et al. REDIportal: millions of novel A-to-I RNA editing
events from thousands of RNAseq experiments. Nucleic Acids Res.
49, D1012–D1019 (2021).

48. Cui, J., Zhang, M., Zhang, Y.-Q. & Xu, Z.-H. JNK pathway: diseases
and therapeutic potential. Acta Pharmacol. Sin. 28, 601–608
(2007).

49. Jin, X. et al. In vivo Perturb-Seq reveals neuronal and glial
abnormalities associated with autism risk genes. Science 370,
eaaz6063 (2020).

50. Zhang, W. et al. Lactate is a natural suppressor of RLR signaling by
targeting MAVS. Cell 178, 176–189.e15 (2019).

51. He, Q.-Q. et al. MAVS integrates glucose metabolism and RIG-I-like
receptor signaling. Nat. Commun. 14, 5343 (2023).

52. Jiang, B. et al. IRX5 promotes adipogenesis of hMSCs by repressing
glycolysis. Cell Death Discov. 8, 204 (2022).

53. Chung, H. et al. Human ADAR1 prevents endogenous RNA from
triggering translational shutdown. Cell 172, 811–824.e14 (2018).

54. Hao, X. et al. ADAR1 downregulation by autophagy drives senes-
cence independently of RNA editing by enhancing p16INK4a levels.
Nat. Cell Biol. 24, 1202–1210 (2022).

55. Yu, Z. et al. ADAR1 inhibits adipogenesis and obesity by interacting
with Dicer to promote thematuration ofmiR-155-5P. J. Cell Sci. 135,
jcs259333 (2022).

56. Cui, X.-B., Fei, J., Chen, S., Edwards, G. L. & Chen, S.-Y. ADAR1
deficiency protects against high-fat diet-induced obesity and
insulin resistance in mice. Am. J. Physiol. Endocrinol. Metab. 320,
E131–E138 (2021).

57. George, C. X., Ramaswami, G., Li, J. B. & Samuel, C. E. Editing of
cellular self-RNAs by adenosine deaminase ADAR1 suppresses
innate immune stress responses. J. Biol. Chem. 291, 6158–6168
(2016).

58. Ellulu, M. S., Patimah, I., Khaza’ai, H., Rahmat, A. & Abed, Y. Obesity
and inflammation: the linking mechanism and the complications.
Arch. Med. Sci. 13, 851–863 (2017).

59. Saltiel, A. R. & Olefsky, J. M. Inflammatory mechanisms linking
obesity and metabolic disease. J. Clin. Investig. 127, 1–4 (2017).

60. Zhang, Z. Multiple imputation with multivariate imputation by
chained equation (MICE) package. Ann. Transl. Med. 4, 30 (2016).

61. Ritchie, M. E. et al. limma powers differential expression analyses
for RNA-sequencing andmicroarray studies.Nucleic Acids Res. 43,
e47 (2015).

Article https://doi.org/10.1038/s41467-024-53973-0

Nature Communications |         (2024) 15:9818 15

https://doi.org/10.1016/j.molcel.2023.09.018
www.nature.com/naturecommunications


62. Chen, J., Bardes, E. E., Aronow, B. J. & Jegga, A. G. ToppGene Suite
for gene list enrichment analysis and candidate gene prioritization.
Nucleic Acids Res. 37, W305–W311 (2009).

Acknowledgements
The authors would like to thank Kian Kalhor, YanWu, and Ramin Dailamy
for useful discussions and support throughout all stages of the study.
This work was generously supported by UCSD Institutional Funds, NIH
grants (R01HG012351, OT2OD032742, R01NS131560, U54CA274502),
and a Department of Defense Grant (W81XWH-22-1-0401). This pub-
lication includes data generated at the UC San Diego IGM Genomics
Center utilizing an Illumina NovaSeq 6000 that was purchased with
funding from a National Institutes of Health SIG grant (#S10OD026929).

Author contributions
Conceptualization and design: P.M., A.D., W.L., A.M.; Experiments: A.D.,
W.L., J.R., S.N., D.M., R.P.; Computational analyses: W.L., M.T., M.B., K.Z.;
Writing: P.M., A.D., W.L. with input from all authors.

Competing interests
P.M. is a scientific co-founder of Shape Therapeutics, Boundless Bios-
ciences,NavegaTherapeutics, Pi Bio, and EngineBiosciences. A.M. is the
co-founder of and has an equity interest in TISMOO, a company dedi-
cated to genetic analysis and human brain organogenesis, focusing on
therapeutic applications customized to autism spectrum disorders and
other neurological diseases. K.Z. is a full-time employee and equity
holder of the Altos Labs. The remaining authors declare no competing
interests. The terms of these arrangements have been reviewed and
approved by the University of California, San Diego in accordance with
its conflict of interest policies.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53973-0.

Correspondence and requests for materials should be addressed to
Prashant Mali.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-53973-0

Nature Communications |         (2024) 15:9818 16

https://doi.org/10.1038/s41467-024-53973-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Charting and probing the activity of ADARs in human development and cell-fate specification



