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ABSTRACT

In recent years, numerous evidence has been accumulated about the extent of A-to-I editing in human RNAs and the key
role ADAR1 plays in the cellular editing machinery. It has been shown that A-to-I editing occurrence and frequency are tis-
sue-specific and essential for some tissue development, such as the liver. To study the effect of ADAR1 function in hepa-
tocytes, we have created Huh7.5 ADAR1 KO cell lines. Upon IFN treatment, the Huh7.5 ADAR1 KO cells show rapid arrest
of growth and translation, fromwhich they do not recover. We analyzed translatome changes by using a method based on
sequencing of separate polysome profile RNA fractions. We found significant changes in the transcriptome and transla-
tome of the Huh7.5 ADAR1 KO cells. The most prominent changes include negatively affected transcription by RNA po-
lymerase III and the deregulation of snoRNA and Y RNA levels. Furthermore, we observed that ADAR1 KO polysomes
are enriched in mRNAs coding for proteins pivotal in a wide range of biological processes such as RNA localization and
RNAprocessing, whereas the unbound fraction is enrichedmainly inmRNAs coding for ribosomal proteins and translation-
al factors. This indicates that ADAR1 plays a more relevant role in small RNA metabolism and ribosome biogenesis.
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INTRODUCTION

A-to-I type of editing is performed by adenosine deami-
nases acting on RNA (ADARs). By deaminating adenosine
residues, inosine (I) is introduced to RNA. The replacement
of an amino group by an oxo group changes the hydrogen
bond acceptor and donor sites, affecting thus both the
RNA sequence and nucleotide base-pairing. There are
three human ADAR proteins out of which only two are cat-
alytically active, ADAR1 and ADAR2. ADAR1 is responsible
for the majority of A-to-I editing outside the brain. A short-
er variant of the ADAR1 protein (p110) is expressed consti-
tutively and ubiquitously and localizes mainly in the cell
nucleus. A longer variant (p150) is expressed upon inter-
feron (IFN) stimulation and localizes in the cytoplasm (Pat-

terson and Samuel 1995). ADAR1 protein is composed of
two Z-DNA binding domains, three dsRNA-binding mo-
tifs, and one deaminase domain. Through its binding
and editing activity, ADAR1 can influence miRNA process-
ing, alternative splicing, nuclear export, degradation, or
protection of RNA molecules as reviewed in Wang et al.
(2017). Besides its catalytic activity, ADAR1 can influence
cellular processes by interacting directly with other pro-
teins in the cell, like Dicer (Ota et al. 2013) and PKR (Cler-
zius et al. 2009). Sheer dsRNA-binding activity of ADAR1
was also shown to protect mRNA from the Staufen1-medi-
ated mRNA decay (Sakurai et al. 2017).

A huge effort has been put into identifying sites subject-
ed to ADAR1 editing. Using the fact, that inosine preferen-
tially pairs as guanosine, edited sites can be identified
through sequencing as A-to-G mismatches. With the rise
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© 2024 Roučová et al. This article, published in RNA, is available un-
der a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http://creativecommons.org/licenses/
by-nc/4.0/.

ARTICLE

1164 RNA (2024) 30:1164–1183; Published by Cold Spring Harbor Laboratory Press for the RNA Society

mailto:martin.pospisek@natur.cuni.cz
mailto:benes@embl.de
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/cgi/doi/10.1261/rna.080097.124
http://www.rnajournal.org/site/misc/terms.xhtml
http://www.rnajournal.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


of high-throughput methods, most studies adopted the
bioinformatic approach of aligning the whole genome
and transcriptome sequences (Bahn et al. 2012; Peng
et al. 2012; Ramaswami et al. 2013). This concentrated en-
deavor revealed that the distribution and level of ADAR1-
dependent RNA editing is tissue-specific and the vast
majority of ADAR1-dependent editing occurs in Alu re-
petitive sequences (Levanon et al. 2004; Kiran and
Baranov 2010; Ramaswami and Li 2014; Picardi et al.
2017). Furthermore, the profile of A-to-I editing was ob-
served to differ in various types of cancer at both the
mRNA and miRNA levels (Mingardi et al. 2018; Tassinari
et al. 2019; Heraud-Farlow and Walkley 2020). Being in-
ducible by IFN, ADAR1 also serves as a part of the cellular
antiviral machinery and can edit viral RNA and influence its
splicing (Liu et al. 2015; Tomaselli et al. 2015; Figueroa
et al. 2016; Pfaller et al. 2018).
Various types of small RNAs have been discovered up to

now, and some of them have been also documented as
ADAR1 targets. miRNAs are short noncoding RNAs per-
forming a posttranscriptional regulation of gene expres-
sion. The primary transcript folds back on itself and forms
a hairpin structure, which is processed by enzymes DRO-
SHA and Dicer into a 21–23 nt long dsRNA molecule.
Then, one of the strands is loaded onto RISC to perform
its gene expression regulation. Although ADAR1 overex-
pression has been observed to have little effect on the
global miRNA expression (Chen et al. 2015; Ishiguro
et al. 2018), ADAR1 can bind (Ishiguro et al. 2018) and alter
expression of certain miRNAs (Galipon et al. 2017; Cho
et al. 2018; Yujie et al. 2020) and/or their processing to
mature miRNAs (Díaz-Piña et al. 2018). ADAR1 can also
edit miRNAs including their seed regions, which can affect
their pairing ability and target binding specificity (Heale
et al. 2009; Nigita et al. 2016).
Small nucleolar RNA (snoRNA) are another type of small

RNAs in the cell. They are canonically involved in the mat-
uration of rRNA and snRNA in the nucleolus, but can bind
other targets like lncRNA or even mRNA and influence
their splicing (Watkins and Bohnsack 2012). ADAR1 has
been shown to be localized in the nucleolus as well, al-
though it is believed to be catalytically inactive there (Des-
terro et al. 2003; Vitali et al. 2005). However, this might be
challenged because nucleolar RNAs are enriched in Alu
repeat elements scattered within intronic sequences,
which are required together with nucleolin for maintaining
nucleolus structure and targeting genomic loci to the nu-
cleolus (Caudron-Herger et al. 2015). A snoRNA-related
lncRNA has been shown to promote ADAR1 dimerization
and increase its A-to-I editing activity recently (Huang
et al. 2022). Deeper connection between ADAR1 protein
and snoRNA has not been made yet.
Y RNAs are evolutionarily conserved and can be found in

all animals but also in some bacteria and archaea. They
associate with Ro60 protein and form together a core of

Ro60 RNPs. Ro60 RNPs play presumably an important
role in the quality control of noncoding RNAs, including
pre-5S rRNA and U2 snRNAs (Hendrick et al. 1981). Y
RNA can function also independently of Ro60 as has been
shown in DNA replication (Christov et al. 2006). Ro60 was
also reported to function as a repressor of ADAR1-mediated
editing of Alu sequences (Quinones-Valdez et al. 2019).
However, functions of Y RNAs and Ro60 RNPs in human
cells are largely unexplored and most of the molecular
and structural data are derived from bacteria.
So far, ADAR1 has been studied in the human cellsmainly

through big sequencing projects of various tissues and in
cell lines using knockdown assays. ViableADAR1 knockouts
(KO) were gained only in HEK293T and HeLa cell lines (Pes-
tal et al. 2015; Pfaller et al. 2018). Another attempt included
knocking out ADAR1 in human embryonic stem cells and
their subsequent differentiation into hepatocyte-like cells
or neuronal progenitors (Chung et al. 2018). In our study,
we strived to identify changes that the loss of ADAR1 induc-
es in differentiated human hepatocytes, because the liver
and hepatocytes specifically belong to the most affected
tissues in ADAR1 KO mice (Hartner et al. 2004; Wang
et al. 2015). We aimed for a nonembryonic differentiated
hepatocyte cell line Huh7.5, which is a broadly used model
cell line and is permissive for hepatotropic viruses such as
hepatitis C virus and hepatitis B virus (Blight et al. 2002;
Le et al. 2021). We used this new Huh7.5 ADAR1 KO cell
line to test whether ADAR1 loss influences mRNA loading
to polysomes. Our analysis revealed that other types of
small RNAs are also influenced by ADAR1 loss, namely,
snoRNAs and Y RNA, which have not yet been reported
in connection to ADAR1 to the best of our knowledge.

RESULTS

Generation of Huh7.5 ADAR1 KO cell lines

We used a CRISPR/Cas9 system to generate an ADAR1-
deficient cell line from a differentiated hepatoma cell line
Huh7.5. In total, we designed four gRNAs to target the
ADAR1 gene. Two gRNAs target the start and the end of
exon 2 (ADAR_Targ1 and ADAR_Targ2), one targets
exon 12 (ADAR_Targ3), and one targets exon 13 (ADAR_
Targ4) (Fig. 1A; Materials and Methods). Our aim was to
achieve a large recombination and eliminate a significant
portion of the ADAR1 gene, therefore impairing the ex-
pression of both p110 and p150 variants. We successfully
tested our CRISPR/Cas9 system on the HEK293 cell line, a
parental cell line of HEK293T, in which a viable elimination
of ADAR1 was reported previously (Supplemental Fig.
S01; Pestal et al. 2015). After optimization of the system
for the Huh7.5 cell line, we successfully obtained Huh7.5
ADAR1 KO and confirmed the recombination event by se-
quencing and western blot analysis (Fig. 1B). The recombi-
nation in the ADAR1 gene in the Huh7.5 cell line occurred
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FIGURE 1. Characterization of Huh7.5 ADAR1 KO phenotype. (A) Schematic depiction of CRISPR/Cas9-directed ADAR1 gene recombination in
Huh7.5 cell line. The recombination between target sequences (marked T1–T4) in the region coding exon 2 and exon 12 of ADAR1 mRNA is
designed to eliminate a significant portion of the ADAR1 gene. The wild-type (wt) variant of the ADAR1 protein is shown with its functional do-
mains: two Z-DNA binding domains (purple), three dsRNA-binding domains (pink), and deaminase domain (green), including the active site (yel-
low). The recombination eliminates all three dsRNA-binding domains and the majority of the deaminase domain with the active site. The
depiction is based on the longest transcript variant of ADAR1, ID: NM_001111.4. (B) Western blot analysis of ADAR1 KO efficiency. Huh7.5
wt and Huh7.5 ADAR1 KO cell lines were grown for 24 h in DMEM+10% FBS with or without 0.1 nM IFN-β up to full confluence and harvested.
Lysate samples containing an equal amount of proteins (40 µg) were used for the western blot analysis. The complete loss of ADAR1 bands (both
for p110 and p150) in the Huh7.5 ADAR1 KO cell line can be observed as well as the preservation of ISG15 expression upon IFN treatment.
ADAR1 KO was also confirmed by PCR and sequencing of the target region. (C ) Quantification of size increase of Huh7.5 ADAR1 KO cells com-
pared to Huh7.5 wt cells using fluorescent microscopy.We stained both cell types withWGA (membrane) and DAPI (nuclei) and used this staining
to calculate the area covered by individual cells. The graph combines a violin plot, which shows the frequency of cell areasmeasured for Huh7.5wt
(red) and Huh7.5 ADAR1 KO (blue), and a box plot, which shows the first quartile, median, and the third quartile. The median values for each cell
line are stated in the box plot. The graph shows that Huh7.5 ADAR1 KO cells area distribution is shifted to larger sizes. The quantification method
is described in theMaterials andMethods section. (D) Wound healing assayof Huh7.5wt andHuh7.5ADAR1KO cells. The initial woundwas done
just to a confluent monolayer of Huh7.5 wt and Huh7.5 ADAR1 KO cells. The graph shows the size of the wound at 0, 24, and 48 h (n=6, signifi-
cance of differences was assessed by paired and two-sample T-test). In the presence of FBS, Huh7.5 wt and Huh7.5 ADAR1 KO cells healed the
wound at a similar rate.Without FBS, thewound inHuh7.5ADAR1KOmonolayer stayedbigger than in Huh7.5wt; NS P>0.05; (∗) P<0.05; (∗∗∗∗) P
<0.0001. (E) Growth properties of Huh7.5 wt and Huh7.5 ADAR1 KO cells. The growth was measured by the resazurin assay. Both cell types were
grown in a regular medium (DMEM+10% FBS). IFN was added 6 h postseeding. In a regular medium (DMEM+10% FBS), the growth rates for
Huh7.5 wt (red) and Huh7.5 ADAR1 KO (blue) were similar. Huh7.5 ADAR1 KO cells stopped their growth as soon as 24 h upon IFN addition and
died by 72 h (dark blue). Error bars for each data point show the standard deviation of the triplicate measured. (F ) Polysome profile analysis of the
Huh7.5 wt and the derived ADAR1 KO cells under normal and IFN conditions. Polysomes were analyzed from cells upon 24 h of 0.1 nM IFN-α
treatment. Data are normalized to 60S peak. There is a shift from the polysomal fraction in favor of the ribosomal 80S peak in the IFN-treated
Huh7.5 ADAR1 KO (dark blue) compared to IFN-treated Huh7.5 wt (dark red).
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before ADAR_Targ1 and ADAR_Targ3 sites. About 15.4
kbp of theADAR1 genewas excised by the recombination,
which led to the elimination of all three dsRNA-binding do-
mains and half of the catalytic domain, including the active
site of the enzyme (Fig. 1A).

Huh7.5 ADAR1 KO cells display altered morphology
and profound response to interferon

Morphologically, the Huh7.5 ADAR1 KO cells are similar to
their wt parent (Supplemental Fig. S02). When working
with Huh7.5 ADAR1 KO cells, we observed an increase
in apparent cell size when the cells were adherent to the
surface of the culture dish. We quantified this parameter
for Huh7.5 wt and Huh7.5 ADAR1 KO cells by measuring
the area of fluorescently labeled cells adherent to a surface
and the particle size of trypsinized cells in suspension. The
area covered by the Huh7.5 ADAR1 KO cell on the dish
(median=8472 px) was larger than the area covered by
the Huh7.5 wt cell (median=6406 px). The average (medi-
an) Huh7.5 ADAR1 KO cell was 32% larger than its wt
counterpart, when it grew adherent to the dish surface
(Fig. 1C). When converted to a cell suspension by trypsini-
zation, both cell lines showed basically the same cell size of
∼18 µm as determined by the cell counter (Supplemental
Table S01).
A cell size increase was previously observed for Huh7

cells growing in human serum (HS) supplementedmedium
(Steenbergen et al. 2013). We tested if Huh7.5 wt and
ADAR1 KO cells get larger in HS supplemented medium
or if the cell size increase for the Huh7.5 ADAR1 KO cells
is final. We obtained volunteer male and female HS. Ad-
herent Huh7.5 ADAR1 KO cells increased their area by
72% and 43% after their passaging for 12 weeks in media
supplemented with female and male HS, respectively. Ad-
herent wt Huh7.5 cells increased their area only by 31%
and 22%, respectively, in a parallel experiment (Supple-
mental Table S02).
Observed differences in surface area size between the

Huh7.5 wt and Huh7.5 ADAR1 KO adherent cells while
keeping their volume similar suggested possible differenc-
es in their interaction with the dish surface and prompted
us to assess their migration capabilities. To analyze that,
we performed a wound healing assay in normal and se-
rum-free medium. In normal medium, Huh7.5 ADAR1 KO
cells healed the wound at a similar rate as Huh7.5 wt. In
serum-free medium, after 24 h both cell types slowed
their migration rate, although Huh7.5 ADAR1 KO did so
more rapidly. In the latter case, the wound never healed
completely (Fig. 1D).
To further characterize both cell lines, we measured the

growth rate of the newly established Huh7.5 ADAR1 cell
line using a resazurin-based approach. Under normal con-
ditions, growth rates of KO cells and wt were comparable
with average division times 28.91 h for Huh7.5 wt and

29.23 h for Huh7.5 ADAR1 KO (Supplemental Table
S03). However, there was a significant difference in their re-
sponse to the IFN-α treatment. Whereas Huh7.5 wt cells
merely slightly decreased their growth rate, Huh7.5
ADAR1 KO cells stopped growth and died within 3 days
after IFN-α treatment (Fig. 1E). Polysome profiling showed
a rapid decrease of polysomal fraction in favor of a mono-
some peak in the Huh7.5 ADAR1 KO cell line after IFN-α
treatment (Fig. 1F). This is in a good agreement with a
previously observed translational shutdown in HEK293T
ADAR1KO cells (Chung et al. 2018). However, we observed
the translational shutdown as soon as 24 h after IFN-α/β
application in Huh7.5 ADAR1 KO cells, thus substantially
earlier than 48 h, which was reported for HEK293T ADAR1
KO (Fig. 1E,F; Supplemental Fig. S03; Chung et al. 2018).
To check IFN signaling pathway integrity in the Huh7.5

ADAR1 KO cell line, we analyzed the ISG15 levels in the
cells cultivated in normal medium and in medium with
added IFN. We used IFN-α or IFN-β in concentrations as
low as 0.1 nM to induce ISG15 expression. Western blot
analysis showed that ISG15 induction by IFN was not im-
paired in cells depleted of ADAR1 (Fig. 1B). In some exper-
iments, the western blot showed a slight ISG15 production
evenwithout IFN addition in Huh7.5 ADAR1 KO cells com-
pared to Huh7.5 wt cells (Supplemental Fig. S04). This
could be due to autocrine IFN signaling of the Huh7.5
ADAR1 KO cells. A similar trend of local inflammation
was observed in the liver of ADAR1 KO mice (Hartner
et al. 2004; Wang et al. 2015).

ADAR1 influences mRNA abundance in the cell

Findings about the effect of ADAR1 loss on mRNA abun-
dance differ. In HEK293T cells, it was reported that lack
of ADAR1 protein does not influence transcript abundance
in the cell (Chung et al. 2018), whereas others found hun-
dreds of differentially expressed transcripts (Hartner et al.
2009; Liddicoat et al. 2015). The influence of ADAR1 pro-
tein on transcript abundance might be cell type-specific
and might be specifically high in hepatocytes because
the liver is substantially more affected in ADAR1 KO
mice than other tissues (Hartner et al. 2009; Liddicoat
et al. 2015; Wang et al. 2015). Therefore, we isolated
and sequenced total RNA from Huh7.5 wt and Huh7.5
ADAR1 KO human hepatocellular carcinoma cells (Fig.
2A; Supplemental Fig. S05A). Using the DESeq2 package,
the differential expression analysis showed 1308 genes
with increased expression and 1018 genes with decreased
expression (with fold change [FC] >1.5 and adjusted P-val-
ue<0.05) (Fig. 2B,C). This is in agreement with previous
findings of other groups using ADAR1 KO mice as a model
(Hartner et al. 2009; Liddicoat et al. 2015; Pestal et al. 2015).
We validated our DESeq2 results by performing RT-qPCR
on randomly selected genes with prominent increase and/
or decrease in mRNA abundance determined by FC in
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the DESeq2 analysis. The results of RT-qPCR were consis-
tent with the DESeq2 results (Supplemental Fig. S06).

We performed a gene set enrichment analysis (GSEA)
on the DESeq2 results data set devoid of genes with not
applicable adjusted P-value to assess which biological
processes are, namely, influenced by ADAR1 depletion
in the Huh 7.5 cells. We used the WEB-based GEne SeT
AnaLysis Toolkit (WEBGESTALT) (Liao et al. 2019). The
analysis showed an enrichment of categories involved in
the number of biological processes (FDR<0.05), mainly
amine metabolic process, nucleoside bisphosphate meta-
bolic process, fatty acid derivative metabolic process, neu-
tral lipid metabolic process, and fatty acid metabolic
process (NES, normalized enrichment score>2) (Supple-
mental Table S04). Similar analysis using the molecular
function GOdatabase demonstrated increased expression
of genes from categories monooxygenase activity, lipid

transporter activity, oxidoreductase activity, and acting
on CH—OH group of donors (NES>2) (Supplemental
Table S04). Apparently, the expression of genes involved
in processes which are typical for hepatocytes is among
the most affected by the ADAR1 KO. On the other side
of the spectrum, leading among the biological process
categories with negative enrichment scores were transcrip-
tion by RNA polymerase III (RNA Pol III) and RNA splicing
(NES<−2). In accordance with the latter, GSEA with the
cellular compartment gene data set revealed decreased
expression of genes belonging to the spliceosomal com-
plex category (NES<−2) (Supplemental Table S04).

Loss of ADAR1 affects mRNA loading into polysomes

We wanted to test whether loss of ADAR1 can influence
the translation of individual mRNAs. To achieve that, we

A B

C D

FIGURE 2. RNA-seq and differential expression in RNA samples of Huh7.5 wt and Huh7.5 ADAR1 KO. (A) Schematic depiction of analyzed RNA
types. Total RNA and RNA from the polysome profiles were isolated from both Huh7.5 wt andHuh7.5 ADAR1 KO cell lines. The polysome profiles
were dissected in two fractions: all from the loading peak up to themonosomal 80S peak (unbound) and the rest (polysomal). All six sample types
were subjected to RNA-seq analysis. (B) MA plot of DESeq2 results for mRNAs in total RNA samples. The plot shows results of differential expres-
sion analysis done by DESeq2. Significantly changed genes (FC>1.5, P-adj <0.05) are in blue, unchanged genes are in black. Edited genes are
marked with a red circle. (C ) Volcano plot of differential mRNA abundance. The plot shows DESeq2 results for mRNA changes in total RNA sam-
ples. Threshold for FC is set to 1.5, and threshold for adjusted P-value is set to 0.05. Genes passing both thresholds are in orange, genes passing
only the FC threshold are in green, genes passing only the adjusted P-value are in blue, genes not passing any threshold are in gray. (D) Principal
component analysis of all mRNA sequencing samples. Counts for the DESeq2 analysis were normalized by the DESeq2 rlog. In the plot, along the
PC1 axis, different mRNA types can be separated (unbound, polysomal, and total), and along the PC2 axis, the different cell lines can be sepa-
rated (Huh7.5 wt and Huh7.5 ADAR1 KO).
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decided to analyze the distribution of individual mRNAs
between pools of polysome bound and polysome un-
bound cellular mRNAs. We performed a polysome profile
analysis from Huh7.5 wt and Huh7.5 ADAR1 KO cells and
divided the profiles into two different fractions (Fig. 2A).
The first fraction contained the initial part of the profile,
including the peak corresponding to the 80S ribosome (fur-
ther named “unbound”). The second fraction contained the
remaining part of the profile comprising polysome peaks
(further named “polysomal”). Poly(A)+ RNAs from these
fractions were sequenced, and the RNA-seq data were an-
alyzed using DESeq2 to investigate how ADAR1 loss influ-
ences their distribution along the polysome profile
(Supplemental Fig. S05B,C). To assess the variance be-
tween different sample types, we performed a principal
component analysis of the RNA-seq data (PCA). PCA
showed that the most profound differences between sam-
ples could be attributed to their localization along the poly-
some profile and to the cell line of origin (Fig. 2D).
To compare mRNA partitioning between the unbound

and polysome fraction in ADAR KO and wt cells, we imple-
mented the DESeq2 interaction analysis between the two
parameters (cell line and mRNA source fraction). This en-
abled us to observe cell line-specific changes inmRNA dis-
tribution between the two parts of the polysome profile
(unbound and polysome fractions) (Love et al. 2014). In
other words, it allowed us to compare the relative differen-
tial abundance of transcripts in unbound and polysomal
fractions with respect to the cell line of origin and suppress
possible influence of differences in particular mRNAs
abundances in total RNA pools of both compared cell lines
(Fig. 3A). Further examples of this analysis are depicted in
Supplemental Figure S07. Using this approach, we calcu-
lated log2(fold change) parameter (log2FC), negative value
of which corresponds to mRNAs with enhanced polysome
loading in Huh7.5 ADAR1 KO cells or retarded mRNA
polysome loading in Huh7.5 wt cells. The other way
around, its positive value corresponds to retarded mRNA
polysome loading in Huh7.5 ADAR1 KO cells and en-
hanced polysome loading in Huh7.5 wt cells (examples
in Fig. 3A; Supplemental Fig. S07). Even though it is not al-
ways true, if we place an equal sign between the increased
mRNA loading into polysomes and enhanced translation
of these particular mRNAs, then we can simplify that in
this kind of analysis −log2FC corresponds to an enhanced
translation of the particular mRNA in Huh7.5 ADAR KO
cells in comparison with Huh7.5 wt.
We identified 318 genes exhibiting retarded translation

and 335 genes exhibiting enhanced translation in the
Huh7.5 ADAR1 KO cell line in comparison with its parental
Huh7.5 wt cells (FC over 1.5 and adjusted P-value<0.05)
(Fig. 3B; Supplemental Table S05). There were 66 pseudo-
genes, mainly pseudogenes of ribosomal proteins, en-
riched in the retarded translation gene group. GSEA
analysis of mRNAs demonstrating differential translation

between Huh7.5 wt and Huh7.5 ADAR KO cells revealed
that loss of ADAR1 led to a relative increase in the repre-
sentation of a substantial number of categories in the bio-
logical process GO database (Supplemental Table S06).
Categories with NES higher than 2.0 representing mRNAs
with retarded translation in Huh7.5 ADAR1 KO cells
comprise the following biological processes (BP): protein
localization to the endoplasmic reticulum, translational ini-
tiation, establishment of protein localization to the mem-
brane, cytoplasmic translation, protein targeting, and
RNA catabolic process. Categories with NES lower than
−2.0 representing mRNAs with enhanced translation in
Huh7.5 ADAR1 KO cells include the following biological
processes: protein localization to chromosome, RNA local-
ization, regulation of chromosome organization, tricarbox-
ylic acid metabolic process, chromosome segregation,
microtubule cytoskeleton organization involved in mitosis,
RNA polyadenylation, DNA conformation change, actin fil-
ament-based movement, mRNA processing, toxin trans-
port, spindle organization, and microtubule anchoring.
Similarly, for the cellular compartment database, categories
with NES<−2 include nuclear periphery, preribosome, mi-
crotubule organizing center part, chromosomal region,
transcription elongation factor complex, chaperone com-
plex, Cajal body, site of DNA damage; category with NES
>2 was ribosome, and cytosolic part. For the molecular
function database, categories with NES<−2 comprise
helicase activity, ATPase activity, histone binding, ligase ac-
tivity, RNA polymerase binding, motor activity, oxidore-
ductase activity, acting on the aldehyde or oxo group of
donors, tubulin binding, ADP binding, modification-de-
pendent protein binding, whereas categories with NES>
2 were structural constituents of ribosome and rRNA bind-
ing. Interestingly, if we count GO categories with the NES
below −1.8 and above 1.8 in the biological processes GO
category, we receive a significantly higher number of cate-
gories with NES<−1.8. This result could be interpreted
that ADAR1 KO led to the overall increase in global cellular
translation and to the deregulation of many biological pro-
cesses in the hepatocellular carcinoma cells. Similar obser-
vation comes from the GSEA analysis using the cellular
compartment and molecular function GO data sets (Sup-
plemental Table S06).
Whenwe take a look at the genes and categories that ap-

pear in both RNA abundance analysis (total RNA) and poly-
some loading analysis (unbound vs. polysomal fraction
comparisons) (Fig. 3C), we can observe that transcripts of
the category protein localization to the endoplasmic reticu-
lum (GO:0070972) with retarded translation in Huh7.5
ADAR1 KO are also more abundant in the Huh7.5 ADAR1
KO cell line (Supplemental Table S07). On the other hand,
mRNAs in categories exhibiting enhanced translation in
Huh7.5 ADAR1 KO cells are less abundant in the ADAR1
KO cell line: mRNA processing (GO:0006397), RNA
localization (GO:0006403), RNA splicing (GO:0008380),
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protein-containing complex localization (GO:0031503),
ribonucleoprotein complex localization (GO:0071166),
and positive regulation of signaling receptor activity
(GO:2000273) (Supplemental Table S07).

We noticed that the unbound fraction of the Huh7.5
ADAR1 KO cells is significantly enriched in transcripts of
genes containing snoRNAgenes within their locus.We test-
ed our DESeq2 data set if snoRNA coding is an aspect that
more generally influences gene enrichment in the retarded
translation group. Interestingly, we found that transcripts of
genes containing snoRNA genes within their locus had
more than 8.7 times higher odds to be in the Huh7.5
ADAR1 KO retarded translation group than genes without
snoRNA genes (logistic regression, P<2×10−16).

A-to-I editing does not influence the target mRNA
abundance or its translation behavior

One of the obvious possible explanations of differential
expression or translation in Huh7.5 ADAR1 KO cell lines
is the lack of ADAR1 editing. To examine this, we used
JACUSA software (Piechotta et al. 2017) to identify
ADAR1 edited positions in the Huh7.5 cell line. JACUSA
software enables the comparison of the cDNA sequences
directly without the need of comparing sequences to the
reference genome first.

We compared data from the triplicates of total RNA-seq
from Huh7.5 wt and Huh7.5 ADAR1 KO cells. Using RNA-
seq data from the Huh7.5 ADAR1 KO cell line is

A

C

B

FIGURE 3. Differential analysis of Huh7.5 ADAR1 KO and Huh7.5 wt translatomes. (A) Schematic depiction of mRNA differential expression and
polysome loading analysis. DESeq2 analysis was done with interaction design of mRNA type and cell line parameters for Huh7.5 ADAR1 KO and
wt cells. As an example, we show the normalized read counts for the LEO1 gene that exhibits increased polysome loading in Huh7.5 ADAR1 KO
cells in comparison to Huh7.5 wt polysomes (log2FC=−1.425749). Further examples of mRNA behavior leading to differential polysome loading
are depicted in Supplemental Figure S07. (B) Volcano plot of differential mRNA loading onto polysomes. The plot shows DESeq2 results for
mRNA changes in total RNA samples. Threshold for FC is set to 1.5 and threshold for adjusted P-value is set to 0.05. Genes passing both thresh-
olds are in red, genes passing only the FC threshold are in green, genes passing only the adjusted P-value are in blue, genes not passing any
threshold are in gray. (C ) Scatter plot of differentially expressed genes and genes with differential polysome loading. Out of 18,366 genes
from total RNA analysis, only 13,835 genes that also appear in the differential polysome loading analysis are shown. Differentially expressed
genes (FC>1.5 and adjusted P-value <0.05 in total RNA) are in blue, genes with differential polysome loading are in green, genes that are
both differentially expressed and exhibit differential polysome loading are in red, remaining genes are in black (unchanged).
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advantageous because the results are thus not influenced
by the residual ADAR1 activity as has to be expected in
more common studies based on ADAR1 knockdown.
Also, comparing the KO cell line to its parental cell line
minimizes the influence of SNPs. After filtering (see
Materials and Methods), we obtained 8664 positions that
were edited only in Huh7.5 wt samples and not in
Huh7.5 ADAR1 KO samples corresponding to 1082
unique genes with annotated RefSeq transcripts (O’Leary
et al. 2016). In total, 1062 of genes with edited transcripts
were present in our DESeq2 results (Supplemental Table
S08).
We classified A-to-I edited nucleotide positions into

categories based on their location within the RefSeq tran-
scripts (Fig. 4A) and the repetitive element type assigned
to that location in Repbase (v23.11) (Bao et al. 2015).We as-
signed two extra categories “upstream” and “downstream”

for edited positions located between a BioMart database
given gene start and a transcript start and positions located
after a database given transcript end (TE) up to gene end,
respectively (biomaRt attributes start_position, transcript_
start, transcript_end, and end_position, respectively)
(Smedley et al. 2015). These positions may correspond to
a 5′ or 3′ UTR of another transcript of the gene, but for
our analysis, we considered only RefSeq transcripts. The re-
sults show that most of the edited positions were located in
the 3′ UTRs and introns of transcripts containing SINE ele-
ments. Only a few A-to-I edited sites were detected in the
mRNA coding sequences (Fig. 4B). Inosine can pair with
C, A, and U during decoding in ribosomes or can induce
a ribosome stalling (Licht et al. 2019). Even though we ap-
plied only the simplest I-to-G decoding rule, we found pos-
sible nonsynonymous changes in the polypeptide chains
caused by A-to-I editing in transcripts of the following
genes: SRP9, ZNF669, C11orf80, TROAP, COG3, CLTC,
ZNF587B, FLNB,NOP14, andH2BC5.Detailed information
about the exact position of the edited site, editing frequen-
cy, possible changes in the corresponding polypeptide
chain, and comparison with data in REDIportal and ADedi-
tome databases (Mansi et al. 2021; Wu et al. 2021) are de-
scribed in Supplemental Table S09. The positions edited in
coding regions of CLTC, ZNF91, and H2BC5 in Huh7.5 cell
lines are not proposed to be A-to-I edited in neither REDI-
portal nor ADeditome databases.
We wanted to check if lack of the ADAR1-dependent A-

to-I editing can be correlated with mRNA abundance. In
the group of 1308 genes that were more abundant in total
RNA from the Huh7.5 ADAR1 KO cell line (FC>1.5, adjust-
ed P-value<0.05), there were only 60 edited mRNAs pass-
ing our set filters (Fig. 4C; Supplemental Table S08). Out of
the 1018 less abundant mRNAs, 29 gene transcripts were
edited. Using logistic regression, we found that the edited
transcripts have decreased odds to be differentially ex-
pressed between Huh7.5 ADAR1 KO and Huh7.5 wt cells
(Table 1).

Further, we found 24 edited transcripts with retarded
translation and 27 edited mRNAs with enhanced transla-
tion in Huh7.5 ADAR1 KO cells (Fig. 4D; Supplemental
Table S08). Behavior of these mRNAs in translation does
not correlate with the lack of editing (Table 1).

A

B

C

E

D

FIGURE 4. Edited position and their corresponding genes in Huh7.5
cell line. (A) A schematic depiction of used RNA/gene part annota-
tions. On the top, there is the DNA composition of a hypothetical
gene. Positions located between a database given gene start and
a transcription start site (TSS) are annotated as “upstream.”
Analogically, positions located after a database given TE up to the
gene end are annotated as “downstream.” Annotations for “5′

UTR,” “CDS,” “3′ UTR,” and “intron” follow the database annota-
tions. For transcripts without UTR and CDS annotations, a simple
“exon” category was established. BiomaRt (version 2.38.0) was used
to assign annotations. (B) A table of edited sites identified in Huh7.5
ADAR1KO toHuh7.5wt total RNA comparison. The table summarizes
all identified edited positions based on their position in the transcript
and the type of repetitive element they are part of. Repetitive ele-
ments were assigned to positions using Repbase v. 23.11. Positions
not located in a database annotated repetitive element are grouped
in “none” column. (C ) Venn diagram of edited mRNA abundance.
The diagram shows number of edited mRNAs belonging to unique
genes which are differentially abundant in Huh7.5 ADAR1 KO cells
compared to Huh7.5 wt. (D) Venn diagram of editedmRNA polysome
loading. The diagram shows number of edited mRNAs belonging to
unique genes which exhibit altered polysome loading in Huh7.5
ADAR1 KO cells in comparison to Huh7.5 wt. (E) Venn diagram of
unique genes with edited transcripts in Huh7.5 and HEK293T cell
lines. The diagram shows that about half of the genes with edited tran-
scripts in Huh7.5 overlap with the set of genes with edited transcripts
in HEK293T identified by Chung et al. (2018).
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We compared our list of edited positions for the Huh7.5
cell line with the list provided for HEK293T by Chung et al.
(2018), who identified 1494 unique A-to-I edited tran-
scripts in the HEK293T transcriptome. Transcripts of
594 genes were shared between their and our set of A-
to-I edited mRNAs (Fig. 4E). We took our and Chung’s lists
of genes with edited transcripts and performed an over-
representation analysis (ORA) using the WebGestalt tool
(Liao et al. 2019). The analysis revealed that genes present
in both sets belong, besides others, to the significant num-
ber of enriched categories involved in RNAprocessing and
metabolism (Supplemental Table S10). The majority of the
categories are shared between the HEK293T and Huh7.5
data sets analyzed by ORA individually (Supplemental
Table S11).

Lack of ADAR1 leads to changes in the abundances
of small RNAs

As mentioned above, we found that mRNAs of genes har-
boring snoRNA genes within their transcription unit have a
higher probability to demonstrate retarded translation in
Huh7.5 ADAR1 KO cells. Therefore, we specifically se-

quenced small RNAs contained in total RNA, unbound,
and polysome preparations from both Huh7.5 wt and
Huh7.5 ADAR1 KO cells. We identified 702 miRNAs using
the Chimira web tool (Vitsios and Enright 2015) in the
total RNApreparation and analyzed their levels by DESeq2
(Fig. 5A; Supplemental Fig. S08A). Twenty-eight unique
miRNAs were more abundant in total RNA preparation
from Huh7.5 ADAR1 KO cells, and 28 miRNAs were less
abundant (Fig. 5A; Supplemental Table S12). In the un-
bound versus polysomal fraction comparison analogical
to themRNADESeq2 analysis, we found threemiRNAs en-
riched in the Huh7.5 ADAR1 KO unbound fraction and 12
miRNAs enriched in the Huh7.5 ADAR1 KO polysomal
fraction. To assess if the changed miRNA abundance cor-
relates with their target abundance, we combined these
findings with the list of miRNA targets from miRTarBase
(version 7.0) (Huang et al. 2019). In our case, we limited
the list only to targets supported by strong evidence in
the database. Most miRNAs correspond to many mRNA
targets in miRTarBase and consequently also to many
mRNAs among the gene transcripts significantly detected
in Huh7.5 ADAR1 KO cells. We attempted to analyze these
data by various ways, including analysis of principal

TABLE 1. Logistic regression of the chance of edited transcripts to belong among the differentially abundant and/or differentially
translated mRNAs

Huh7.5 ADAR1 KO group of Odds of edited transcript to belong to group P-value

more abundant transcripts 0.75 0.0383

less abundant transcripts 0.45 3.54e-05

retarded translation 0.96 0.854

enhanced translation 1.03 0.869

A B

FIGURE 5. miRNA and small RNA changes in Huh7.5 ADAR1 KO. (A) MA plot of DESeq2 results for miRNAs mapped by Chimira in total RNA
samples. The plot shows results of differential expression analysis done by DESeq2. Significantly changed miRNAs (FC>1.5, P-adj < 0.05) are in
blue, unchanged miRNAs are in black. Edited miRNAs are marked with a red circle. (B) MA plot of DESeq2 results for small RNA sequencing
mapped to the genome in total RNA samples. The plot shows results of differential expression analysis done by DESeq2. Significantly changed
small RNAs (FC>1.5, P-adj < 0.05) are in blue, unchanged small RNAs are in black. Edited small RNAs are marked with a red circle.
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component. However, we were unable to detect any clear
common correlation between differential expression of
miRNAs in total RNAs of Huh7.5 wt and Huh7.5 ADAR1
KO cells and their targets’ abundance or distribution
alongside the polysome profile. The data are summarized
in Supplemental Table S12. Similar analysis of the most
prominently changed hsa-mir-10b led to the same conclu-
sion in the sense of counts of positively and negatively
changed target mRNAs even when including its weakmiR-
TarBase targets in the analysis. Nevertheless, we can spec-
ulate about the possible contribution of increased
abundance of some hsa-mir-10b targets including FUT6,
FUT1, and KLF4 to the observed morphological changes
of Huh7.5 ADAR1 KO cells (Supplemental Table S13).
We checked if any of the miRNAs in our data are edited

specifically by ADAR1. We found miRNAs hsa-mir-9903,
hsa-mir-3144, hsa-mir-625, and hsa-mir-561 to contain an
edited nucleotide. For hsa-mir-9903 and hsa-mir-561,
the guide strand is edited, for hsa-mir-3144 and hsa-mir-
625, the passenger strand is edited. Interestingly all of
these miRNAs are edited within the 2–7 nt of the 5′ region,
which could potentially change their target binding prefer-
ences, mainly in those edited in the guide strand. To inves-
tigate this, we used the miRNA target prediction web tool
of miRDB (Chen and Wang 2020). The edited and unedit-
ed variants of miRNAs control almost completely separate
sets of targets (Supplemental Fig. S09). Out of the edited
miRNA, only miRNA hsa-mir-625 and hsa-mir-561 exhibit
increased abundance in the total Huh7.5 ADAR1 KO
RNA samples, specifically miR-625-3p and miR-561-5p,
which are the edited strands. The hsa-mir-3144, hsa-mir-
625, and hsa-mir-561 would be classified as Huh7.5
ADAR1 KO unbound fraction enriched, but the adjusted
P-value did not pass the filtering (adjusted P-value<0.05).
We analyzed the abundance and polysome loading of

mRNAs targeted by edited miRNAs. However, we were
unable to detect any clear correlation between the editing
of miRNAs and their target abundance or distribution
alongside the polysome profile. The data are summarized
in Supplemental Table S14.
We did not observe any change in the abundance or the

polysome loading behavior of miRNA processing genes
DROSHA, DGCR8, DICER1. AGO1, AGO2, and PACT.
Only TRBP exhibited retarded polysome loading in
Huh7.5 ADAR1 KO cells.
Because Chimira annotates reads only to a miRNA data-

base (miRBase 22.1) (Kozomara et al. 2019), we decided to
map the reads from small RNA sequencing also to the
whole-genome reference (GRCh38) to assess possible
changes in other small cellular RNAs (Fig. 5B; Supplemen-
tal Fig. S08B). Our alignment method revealed 41 more
abundant small RNAs (17 miRNAs, 24 snoRNA, or
SNHG) and 37 less abundant small RNAs (28 miRNAs,
8 RNY or RNYP, 1 scaRNA) in total RNA preparation of
the Huh7.5 ADAR1 KO cell compared to Huh7.5 wt cells

(Supplemental Table S15). From the groups of more and
less abundant miRNAs, 16 and 20 miRNAs from direct
mapping to the genome, respectively, were shared be-
tween our and Chimira mapping. Furthermore, our map-
ping allowed us to see changes in other small cellular
RNAs, like the increased abundance of snoRNA and de-
creased abundance of RNY and their pseudogenes in
the Huh7.5 ADAR1 KO cell line. When we compared the
abundance of certain read lengths sequenced in wt and
Huh7.5 ADAR1 KO cells, we noticed that some read
lengths are enriched or underrepresented in Huh7.5
ADAR1 KO sequencing. By performing size-specific read
alignment, we again found less abundant RNY, namely,
RNY1, RNY4, and RNY3 at sizes 30 and 37 nt in Huh7.5
ADAR1 KO total RNA preparation. These might corre-
spond to RNY fragments found in apoptotic (Rutjes et al.
1999) or proliferating cells (Nicolas et al. 2012). In poly-
some analysis, eight small RNAs were enriched in the
Huh7.5 ADAR1 KO polysomal fraction (seven miRNAs,
one scaRNA).

DISCUSSION

With the increasing number of ADAR1 knockdown and KO
studies, it becomes obvious that the effects of the lack of
ADAR1 or its overexpression are both heavily influenced
by the parental tissue type of the cells used (Giacopuzzi
et al. 2018). This indicates the involvement of not only
ADAR1 itself, but also the specific mechanisms and path-
ways that activate after the cell differentiation and are
thus specific for the given cell type. The liver has been
shown to be among the most affected organs upon
ADAR1 loss (Hartner et al. 2004). Although, attempts
have been made to establish human hepatic cells lacking
ADAR1 protein (Chung et al. 2018; Liu et al. 2019), to
our knowledge a complete KO has not yet been present-
ed. In this study, we successfully obtained a viable
ADAR1 KO cell line of differentiated hepatocytes Huh7.5
and investigated changes induced by such an alteration.
Morphologically, the Huh7.5 ADAR1 KO cells do not

display many changes, which have been shown also for
the human iPS cells and HEK293T (Katayama et al. 2015;
Chung et al. 2018). We observed an increase in the
Huh7.5 ADAR1 KO cell size compared to the Huh7.5 wt,
which has recently been shown also for cardiomyocytes,
where ADAR1 depletion led to the enlargement of the
whole heart and increased the likelihood of a fatal heart
failure (El Azzouzi et al. 2020). So far, ADAR1 loss in the
liver has been reported to reduce the liver size, which is,
however, attributed to cell death (Hartner et al. 2004).
Huh7.5 ADAR1 KO proliferation also appears unchanged
as it was shown for hESC (Chen et al. 2015). The response
to IFN was much faster in Huh7.5 ADAR1 KO than it was
reported for HEK293T ADAR1 KO cells. The onset of de-
creased growth could be observed as soon as 24 h after
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IFN-α addition, which is substantially sooner than the 48 h
that were previously reported for HEK293T ADAR1 KO
cells (Chung et al. 2018). Huh7.5 ADAR1 KO are also sub-
stantially more sensitive to IFN treatment than HEK293
ADAR1 KO and HEK293T ADAR1 KO cell lines. To obtain
a marked decrease in growth and global translation, a 10
times higher concentration of IFN has to be applied to
HEK293 ADAR1 KO and HEK293T ADAR1 KO cell lines
than to Huh7.5 ADAR1 KO (Fig. 1E,F; Supplemental Fig.
S03; Chung et al. 2018). Same as for the HEK293T, the
Huh7.5 ADAR1 KO cells underwent translational arrest in-
duced by IFN from which they did not recover. We ob-
served specific low induction of ISG15 in Huh7.5 ADAR1
KO cells (Supplemental Fig. S04), which supports the pre-
viously reported induction of IFN signaling accompanying
ADAR1 deficiency (Hartner et al. 2009; El Azzouzi et al.
2020) and may help to explain the observed inflammation
of the liver tissue in ADAR1-deficient mice (Hartner et al.
2004). A failure to regulate the response to autosecreted
IFN in ADAR1 KO hepatic cells might be the cause for their
cell growth arrest and death (Wang et al. 2015). A-to-I edit-
ingdestabilizesdsRNAstructures. ADAR1 loss thus increas-
es the structural integrity of cellular dsRNAs and leads to
chronic activation of cellular dsRNA sensors, including
PKR, RIG-I, MDA5, and OASes, which may lead to various
pathogenic states, such as Aicardi–Goutières syndrome
and tumorigenic inflammation (Chen and Hur 2022).

Creating the Huh7.5 ADAR1 KO cell line enabled us to
identify edited positions specific for human hepatocytes.
While we still have to keep in mind that Huh7.5 is a can-
cer-derived cell line and its editing profile could be altered
from normal hepatocytes, we clearly showed that groups
of gene transcripts edited in Huh7.5 and HEK293T overlap
only partially. Part of the edited transcripts identified
in Huh7.5 belongs to categories strongly associated with
the liver (e.g., lipid homeostasis) (Kawahara et al. 2007).
Consistent with other studies, we found that positions ed-
ited by ADAR1 in the Huh7.5 cell line are particularly pre-
sent in the noncoding regions of 3′ UTR and introns, mostly
Alu repeats (Cho et al. 2018). However, we also identified
13 A-to-I edited positions in CDS that in five cases led to
silent or conservative missense changes in mRNA. This is
valid for the most expected interpretation of inosine as
guanosine. However, inosine can form pairs and be decod-
ed also with adenosine and uridine or can induce a ribo-
some stalling as has been evidenced recently (Licht et al.
2019). Interestingly, two of the proteins with edited coding
mRNA sequences are involved in cell adhesion (trophinin)
and connection of the cell membrane to the actin cytoskel-
eton (filamin-B). Some of the other proteins are involved in
protein modification, transport, and secretion (Signal rec-
ognition particle 9 kDa protein, Conserved oligomeric
Golgi complex subunit 3, Clathrin heavy chain, Peptidyl-
prolyl isomerase like 3 and Rhomboid domain-containing
protein 3) (Stelzer et al. 2016). Disbalance in the produc-

tion of cell adhesion-related proteins may contribute to
the observed differences between Huh7.5 wt and
Huh7.5 ADAR1 KO cells in their cell-surface size and ability
to heal wounds. Irregularities in the production of part of
these could also influence the function of the protein
secretion pathway and consequentlymay lead to observed
prominent downregulation of translation ofmRNAs coding
for proteins involved in protein localization to the endo-
plasmic reticulum. Nucleolar protein 14 (NOP14) is among
the few proteins possibly affected by ADAR1 editing.
NOP14 plays a role in pre-18S rRNA processing and small
ribosomal subunit assembly (Stelzer et al. 2016). Possible
alterations in these processes may also indirectly contrib-
ute to the observed significant changes in polysome load-
ing of mRNAs coding for proteins classified into the rRNA
binding and preribosome and ribosome part GO catego-
ries. A-to-I editing has been detected also in coding
mRNA sequences for three zinc finger proteins, fromwhich
ZNF91 is specifically required to repress SINE-VNTR-Alu
(SVA) retrotransposons (Stelzer et al. 2016). In this case, I
interpretation as G leads to synonymous codon reading;
however, other base pairs and/or ribosome stalling cannot
be excluded (Stelzer et al. 2016).

ADAR1 has twomajor ways it can influence gene expres-
sion. The first is through its editing activity where ADAR1
can alter the RNA sequence and influence its processing,
coding potential, translatability, and stability (Wang et al.
2017). Secondly, it can influence the gene expression by
its sheer RNA binding capability (Heale et al. 2009; Sakurai
et al. 2017). Furthermore, this is not valid just for mRNAs,
but also for miRNAs, which in turn can again influence
gene expression at the level of transcript translation or
degradation (Yang et al. 2006; Heale et al. 2009; Ota
et al. 2013; Yates et al. 2013; Nigita et al. 2016).

Loss of ADAR1 protein has been shown to have a big in-
fluence on mRNA abundance in cells (Hartner et al. 2009;
Liddicoat et al. 2015), which is consistent with our findings
of hundreds of differentially expressed genes in Huh7.5
ADAR1 KO cells. We and others also did not observe a sig-
nificant correlation between RNA editing events and
mRNA abundance (Heale et al. 2010; Nakano et al. 2016;
Guallar et al. 2020). On the other hand, several studies pro-
posed that while the loss of ADAR1 influences heavily the
protein level, the mRNA level remains unchanged (Yang
et al. 2017). Few differentially expressed genes and no sig-
nificant differential enrichment of any gene sets were re-
ported in the transcriptome comparison between WT and
ADAR1-deficient HEK293T cells (Chung et al. 2018). Our
data do not provide any evidence about the correlation be-
tween A-to-I editing of transcripts and their loading and/or
unloading onto polysomes (Fig. 4D; Table 1).

Two of the four miRNAs, which we identified as edited,
show increased abundance in Huh7.5 ADAR1 KO, but we
did not observe a consistent effect on their mRNA targets
(Supplemental Table S14). All four edited miRNAs had a
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relatively low abundance and the A-to-I editing frequency
of the edited nucleotide was only ∼20% for those included
in miRTarBase (hsa-mir-3144, hsa-mir-625, and hsa-mir-
561). Individual miRNAs can recognize hundreds of
mRNA targets and most of their binding sites are nonca-
nonical. It has been shown that even more vigorous exper-
iments based on either overexpression or knockdown of
cognate miRNAs typically led to only small changes in
the expression of their individual targets which were fur-
ther difficult to reconcile with any phenotype. The as-
sumed role of the miRNA regulatory network is thus
rather maintaining homeostasis of gene expression and re-
ducing its noise than functioning as its prominent on–off
switch (Hausser and Zavolan 2014; Schmiedel et al.
2015). Edited miRNAs identified by us in human hepato-
cytes thus could broaden the regulatory network of their
cognate miRNAs which may rather lead to the difficult-
to-catch small changes in the global gene expression ho-
meostasis than to the well-observable perturbations in
the abundances of the individual mRNA targets.
We observe a higher abundance of the aryl hydrocarbon

receptor mRNA in Huh7.5 ADAR1 KO total RNA, which
was shown to be related to miR-378 target site loss in
ADAR1 KD Huh7 cells (Nakano et al. 2016). Editing of
AHR mRNA is in our data indeed lost, yet we do not ob-
serve a shift in the AHR mRNA polysome loading. miR-
378 abundance itself is in our data unchanged.
The most differentially decreased miRNA in Huh7.5

ADAR1 KO cells is miR-10b (Supplemental Table S12).
Higher levels of miRNA-10b are associated with increased
metastasis, increased migration, and increased invasive
potential in many cancer types, including hepatocellular
carcinoma in which elevated levels of miR-10b can also
serve as a negative prognostic marker (Sheedy andMedar-
ova 2018; Aksoy et al. 2022). Among themost differentially
increased miR-10b target mRNAs in Huh7.5 ADAR1 KO
are fucosyltransferases FUT1 and FUT6 and Krüppel-like
transcription factor KFL4 (Supplemental Table S13). All
these proteins have been found to play a role in cell adhe-
sion, migration, and tumor invasion (Kanoh et al. 2003; Pal-
umberi et al. 2010; Desiderio et al. 2015; Lai et al. 2019; He
et al. 2023). It is tempting to speculate that the decrease of
miR-10b contributes to observed differences between wt
and ADAR KO human hepatocytes in their cell-surface
area size and behavior in wound healing assay.
Analysis of mRNA distribution between polysomes and

unbound fractions enabled us to identify a set of tran-
scripts of ribosomal protein pseudogenes to be enriched
in the ADAR1 KO unbound fraction. Unlike the common
opinion of pseudogenes as junk DNA, they are often tran-
scribed and number of reports about their possible biolog-
ical function, including protein coding and/or serving as a
source of functional noncoding RNA, is increasing (Chee-
tham et al. 2020). Considering global changes in mRNA
loading to polysomes and affected ribosome synthesis in

Huh7.5 ADAR1 KO cells, further investigation of the possi-
ble connection between ribosomal protein pseudogenes
and ADAR1 function could bemeaningful. Besides editing
and differential expression of some miRNA, we also ob-
served the deregulation of some other small RNAs, which
might be even more important for the cell physiology. To
our knowledge, the ADAR1 influence on small RNAs other
than miRNAs remains largely unexplored. We observed
that the loss of ADAR1 protein led to an increase in the
abundance of several snoRNAs. This may directly affect ri-
bosome biogenesis and cause a decreased plasticity in ri-
bosome composition change upon stress, including
stimulation by IFN. This would be certainly a direction
worth exploring.
Analysis of small RNA content in Huh7.5 ADAR1 KO he-

patocytes revealed a decreased abundance of Y RNAs.We
did not observe any changes in their interaction partner
Ro60 mRNA abundance or its loading to polysomes.
One of the suggested functions of Y RNAs is the regulation
of Ro60 protein activity in noncoding RNA quality control
(Boccitto and Wolin 2019). Therefore, decreased levels
of Y RNAs might be one of the causes of the observed
deregulation of ribosome biogenesis and misbalanced
levels of some snoRNAs in Huh7.5 ADAR1 KO cells. Y
RNAs are transcribed by RNA Pol III, and their decreased
levels in ADAR1 KO hepatocytes are in a good agreement
with the observed decrease of RNA Pol III transcription
upon ADAR1 depletion (Supplemental Fig. S10). ADAR1
has been found together with ADAR2 in the nucleolus
(Desterro et al. 2003); however, unlike ADAR2, no specific
function has been assigned to ADAR1 in this cellular com-
partment, yet. We found a significant decrease of mRNAs
coding for several RNA Pol III subunits and transcription
factors in Huh7.5 ADAR1 KO cells (Supplemental Table
S04), which may suggest a direct way for investigation
into the ADAR1 role in the nucleolus. Interestingly there
are contradictory reports about ADAR1 role in A-to-I edit-
ing of Alu elements transcribed by RNA Pol III. In HeLa
cells, these Alu transcripts were edited by ADAR1 (Dupuis
2012), whereas in HEK293T no A-to-I editing of the RNA
Pol III Alu transcripts was observed (Chung et al. 2018).
We show here that transcription of RNA Pol III subunits
and transcription factors are significantly affected by
ADAR1 depletion, which also has to be taken into account
for future analysis of A-to-I editing of RNA Pol III-tran-
scribed RNAs. Regulation of RNA Pol III and thus Y RNAex-
pression by ADAR1 provides also an unexpected piece to
the puzzle of onset of autoimmune diseases such as sys-
temic lupus erythematosus and Sjögren’s syndrome in
which the role of Ro60 and ADAR has been proposed
(Boccitto and Wolin 2019; Dolcino et al. 2019; Quinones-
Valdez et al. 2019; Muro et al. 2020).
Besides analysis of the whole transcriptome including

small and micro RNAs, we also analyzed translatome in
Huh7.5 ADAR KO cells and compared it with the Huh7.5

ADAR1 KO changes small RNA levels in hepatocytes

www.rnajournal.org 1175

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1


wt translatome. To do that, we developed a new approach
that simultaneously considers trends in mRNA distribution
between polysomes and the unbound fraction in Huh7.5
wt and ADAR KO cells and thus allows us to pick up a set
of transcripts enriched either in polysomes or in the un-
bound fraction of both Huh7.5 wt and Huh7.5 ADAR1
KO cells. This analysis revealed significant differential en-
richment of mRNAs coding for ribosomal proteins, transla-
tion factors, and proteins involved in protein targeting and
localization in the unbound fraction of Huh7.5 ADAR1 KO
cells (or in other words, in polysomes of Huh7.5 wt). Six of
the nine biological process GO categories significantly en-
riched in mRNAs in the Huh7.5 ADAR1 KO unbound frac-
tion are somehow associated with translation and/or
protein targeting. Opposite to this, mRNAs belonging to
77GObiological process categories were differentially en-
riched in Huh7.5 ADAR1 KO polysomes and/or in the
Huh7.5 wt unbound fraction (Supplemental Table S06).
However, the total number of mRNAs enriched in the un-
bound fraction is roughly comparable with those enriched
in the polysomal fraction in Huh7.5 ADAR1 KO cells (Fig.
3B). This disproportion may mean that a generally higher
fraction of key mRNAs classified into distinct biological
process GO categories is differentially loaded to Huh7.5
ADAR1 KO polysomes than to the unbound fraction. This
may mean increased translation of these mRNAs as well
as a slower flow of these mRNAs through polysomes and
their retardation on translating ribosomes. The latter
might be more probable because of the possibly affected
ribosome synthesis in Huh7.5 ADAR1 KO cells. Deeper in-
vestigation will be needed to better understand this
phenomenon.

The differences between the observed impact of
ADAR1 deficiency on changes in mRNA levels and editing
of Alu transcripts across different studies are both probably
cell line-specific. The HEK293T ADAR1-deficient cell line
revealed negligible changes in gene expression and no
A-to-I editing of Pol III-transcribed Alu elements (Chung
et al. 2018). On the other hand, both ADAR1- and
ADAR2-mediated editing of Pol III-transcribed Alu ele-
ments were found in HeLa cells (Dupuis 2012). Similarly,
we found a large number of differentially expressed genes,
including decreased expression of several RNA Pol III sub-
units and general transcription factors, between the
Huh7.5 wt cell line and its ADAR1-deficient derivative.
One of the reasons could be the that whereas HeLa and
Huh7.5 cell lines were derived from the fully differentiated
somatic cells, HEK293T probably originated from the im-
mature embryonic neuronal cells (Shaw et al. 2002). Anoth-
er difference, which may play a role, could be the overall
level of the A-to-I editing activity in the parental cells.
This can be reproducibly measured and expressed with
the help of the Alu editing index (AEI) (Roth et al. 2019).
Schaffer et al. (2020) determined AEI in 1610 cell lines
and found that only 52 of them displayed higher editing

activity than the median AEI value corresponding to
1.14. HEK293T cells have been used for testing transiently
expressed ADARs due their low intrinsic ADAR activity.
HEK293T AEI is lower (0.63 as inferred from Roth et al.,
Fig. 4), than AEI of their parental cell line HEK293 (1.069)
and Huh7 (1.206) (Roth et al. 2019; Schaffer et al. 2020).
High intrinsic A-to-I editing activity in the Huh7 cell line
may also explain our observed difficulties in preparation
of ADAR1 KO in its derivative Huh7.5 in comparison with
the HEK293 where preparation of ADAR1 KO was relative-
ly easy. The HEK293T cell line has been immortalized by
transfection of the adenovirus serotype 5 DNA and further
improved by expression of the SV40 large T antigen. Both
adenoviral proteins and SV40 large T antigen heavily influ-
ence the transcriptionmachinery of all eukaryotic polymer-
ases including RNA Pol III as well as impact cellular antiviral
response (Sollerbrant et al. 1993; Larminie et al. 1999;
Samuel 2012; Price et al. 2022; UniProt Consortium
2023). Adenovirus type 5 also strongly stimulates the tran-
scription of endogenous Alu elements by RNA Pol III
(Panning and Smiley 1993). The presence of adenoviral
proteins and the SV40 large T antigen could thus be the
reason for the low differential gene expression between
HEK293T and its ADAR1-deficient derivative and for the
undetectable A-to-I editing in the RNA Pol III-transcribed
Alu elements observed previously (Chung et al. 2018).

MATERIALS AND METHODS

Cell lines

The Huh7.5 cell line (human, male) was kindly provided by C.M.
Rice based on an MTA. Cell lines were maintained in regular
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich),
with 10% inactivated fetal bovine serum (FBS), at 37°C in a humid-
ified atmosphere containing 5%CO2 and were passaged regularly.

Plasmid construction

Gene-specific targets were designed using ZiFiTTargeter (version
4.2) (http://zifit.partners.org/ZiFiT/Disclaimer.aspx). A pair of re-
verse complementary oligonucleotides (1 µL of 100 µM of each
primer; marked as Top and Bot; see Supplemental Table S16)
were annealed (95°C for 6 min; 50°C for 6 min; 37°C for 60 min,
and 22°C for 180 min) in 1× concentrated T4 ligation buffer in a
total volume of 20 µL and phosphorylated by the addition of 2U
T4 Polynucleotide Kinase (Fermentas) and 2 µL of 1 mM ATP
(Sigma-Aldrich) for 80 min at 37°C. After phosphorylation, a par-
ticular annealed duplex was cloned into a dephosphorylated
(Shrimp alkaline phosphatase—Fermentas) BbsI digested pU6-
sgRNA vector (Shan et al. 2013), using T4DNA ligase (Fermentas).
To prepare the pRR-Puro recombination-dependent reporter
(Flemr and Bühler 2015) containing sequences homologous to
the targeted gene, we mixed all the duplexes of a particular
gene together, treated them with a Klenow fragment of DNA po-
lymerase I (4 µL of phosphorylated duplexes, 5U of a Klenow
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fragment [Fermentas], 1 µL of 2 mM dNTPs [Roche] at 37°C for
25 min, froze for 120 min at −20°C), treated them with T4 DNA
ligase (Fermentas) for 180 min at 22°C, and ligated them into
an Ecl136II linearized and Shrimp alkaline phosphatase (Fermen-
tas) dephosphorylated pRR-Puro plasmid using T4DNA ligase. All
clones were verified by PCR analysis, restriction endonuclease
digestion, and sequencing.

Cell culture transfection

Cells were transfected by Lipofectamine 2000 Transfection
Reagent (Invitrogen), according to the manufacturer’s instruc-
tions. In short, cells were seeded in a 24-well plate overnight to
reach 80% confluence at the time of transfection; 1.5 µL of
Lipofectamine 2000 Transfection Reagent was mixed with a total
of 1 µg of plasmid DNA in 50 µL of Opti-MEMMedium, incubated
at room temperature for 5 min and added to cells. One day after
transfection, the medium was changed for fresh DMEM+10%
FBS. Two days after transfection, the medium was changed for
DMEM containing 10% FBS and supplemented with 2 µg/mL
Puromycin (Sigma-Aldrich). After 1 day of cultivation, cells were
detached from the dish surface by trypsin, resuspended in an
equal volume of Puromycin-containing medium, and cultivated
for 4 days. Themediumwas then changed for regular DMEM con-
taining 10% FBS. After 9 days, grown colonies were transferred to
a 96-well plate and tested for recombination.

Cell growth assay

Cells were freshly grown and seeded into a 96-well plate at 20%–

30% confluence. For the IFN parallels, normal medium was
changed for medium containing 2 µg/mL IFN-β (Sino Biologicals)
or IFN-α (Sino Biologicals) 6 h after seeding cells. With the excep-
tion of the 0 h point, the medium was changed before resazurin
(Sigma-Aldrich) addition. Ten percent of the well medium volume
of resazurin was added to each measured well, and cells were in-
cubated at 37°C in a humidified atmosphere containing 5% CO2.
After 4 h of incubation, the medium was transferred into a black
96-well plate, and fluorescence was measured using Varioskan
Flash (Thermo Fisher Scientific), excitation 530 nm, emission
585 nm, bandwidth 5 nm for 100 msec.

Cell size assay

Cells were seeded in a 6-well plate containing amicroscopy cover
glass at a density to reach ∼70% confluence after overnight culti-
vation. The following day, cells were washed with PBS (Lonza) and
fixed by 4% formaldehyde for 15 min at 37°C. Cells were washed
three times with Hank’s Balanced Salt Solution (HBSS, 0.14M
NaCl, 5 mM KCl, 1 mM CaCl2, 0.4 mM MgSO4, 0.5 mM MgCl2,
0.3 mM Na2HPO4, 0.4 mM KH2PO4, 4 mM NaHCO3, and 6 mM
glucose). Stock fluorescein-labeled (FITC) Wheat Germ Aggluti-
nin (WGA, Vector Laboratories) was diluted to a working concen-
tration 5.0 µg/mL in HBSS. Cells were labeled at room
temperature for 10 min. Labeling solution was aspired and cells
were washed twice with HBSS. Cells were permeabilized by
0.2% Triton X-100 in HBSS for 3min. Cover glass was thenmount-
ed on a glass slide with Mowiol (Polysciences) containing 0.1 µg/
mLDAPI. Slides were then analyzed by fluorescent microscopy on
a Nikon Ti2.

Pictures of 100 (10× 10) consecutive fields were taken in the
green (FITC) and blue (DAPI) channels. Images were sewn togeth-
er, and the resulting picture was used for analysis in MATLAB. The
nuclei count was determined by separate DAPI signals with a de-
sired roundness and intensity to exclude dividing or dying cells.
The nuclei were then used for a region-growing algorithm across
the green signal. Data for all cell areas obtained this way are
shown in Figure 1C.

Wound healing assay

Cells were grown to confluence in a 6-well plate. A wound was
made to the monolayer by scratching the surface with a pipette
tip. Pictures of the wound were taken at 24 and 48 h postscratch-
ing. The size of the wound was evaluated in ImageJ. The signifi-
cance of different healing speeds was assessed by paired or
two-sample T-test (n=6).

Western blot analysis

The medium was aspired from the culture, and cells were lysed
directly using a 2× loading buffer (125 mM Tris-Cl, 3% SDS,
10% gylcerol, 0.01% bromphenol blue, and 3.3% β-mercaptoe-
thanol). Lysates were boiled for 10 min prior to loading on 12%
SDS PAGE Tris–Gly gel. Proteins were blotted to a PVDF mem-
brane (Bio-Rad) and probed for ADAR1 (Sigma-Aldrich), ISG15
(Santa Cruz), and tubulin (Abcam). Blots were developed using
chemiluminescent detection. All antibodies used for western
blot analysis are listed in Supplemental Table S16.

Polysome profiling

The polysome profiling method has been described elsewhere
(Masek et al. 2020). To summarize, cells were grown to 80% con-
fluence and then treated with 100 µg/mL cycloheximide for 5 min
at 37°C. From that point on, cells were handled on ice. Cells were
washed with cold PBS with 100 µg/mL cycloheximide and lysed in
a polysome profile lysis buffer (10 mM HEPES [pH 7.5], 62.5 mM
KCl, 5 mMMgCl2, 2 mM DTT, 1% Triton X-100, 100 μg/mL cyclo-
heximide, Complete EDTA-free [Roche, 1 tablet/10 mL], and 40
U/mL Ribolock [Thermo Scientific]). Lysates were incubated on
ice for 20min with occasional vortexing. Lysates were centrifuged
at 8000g for 5 min at 4°C. RNA content of lysates was measured
using Nanodrop. One milligram of RNA was cast on a 10%–50%
sucrose gradient, which was prepared in solution containing 10
mM HEPES (pH 7.5), 100 mM KCl, 5 mM MgCl2, 2 mM DTT,
100 μg/mL cycloheximide, complete EDTA-free (1 tablet/100
mL), and 5U/mL Ribolock (Thermo Scientific). Gradients were pre-
pared in Gradient Master 108 v5.3 (Biocomp). Gradients were
centrifuged in an SW41Ti rotor at 35,000g for 3 h in an Optima
L-90 Ultracentrifuge (Beckman Coulter). Polysome profiles were
obtained using an ISCO UA-5 detector and ISCO UV absorbance
reader (Teledyne, ISCO); data were collected and processed us-
ing Clarity Lite software (DataApex).

RNA extraction

Total RNA was isolated from freshly grown cells in 10 cm dishes
using TriReagent (Sigma-Aldrich). Cells were washed with PBS
and covered by 1.2 mL of TriReagent. To augment cell lysis, cells

ADAR1 KO changes small RNA levels in hepatocytes

www.rnajournal.org 1177

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1


were scraped from the dish surface. Lysates were transferred into
a tube and vortexed; 350 µL of chloroformwas added for RNA ex-
traction. The mixture was vortexed and centrifuged for 20 min at
13,000g and 4°C. The RNA-containing fraction was transferred
into a clean tube, and RNAwas precipitated by adding 1× volume
of isopropanol, vortexing, and incubating at −20°C for 1 h. RNA
precipitate was pelleted by centrifugation and washed twice
with 75% ethanol. RNA was then air dried and diluted in RNase-
free water. RNA yield and quality were assessed via agarose elec-
trophoresis and Nanodrop measurement.

Polysome profile fractions, unbound and polysomal, were col-
lected directly during polysome profile analysis. Fractions were
mixed with 1× volume of 5.25 M guanidine thiocyanate and
0.25 M natrium citrate, vortexed and mixed with 1.33× volume
of isopropanol and incubated at −20°C overnight. Samples
were centrifuged at 15,000g and 4°C for 40 min and washed
with 75% ethanol. Precipitate was air dried and dissolved in
TriReagent; 0.35× volume of chloroform was added and mixture
thoroughly vortexed. After 25 min of centrifugation at 13,500g
and 4°C, the RNA-containing phase was transferred into a new
tube, and 1 µL of GenElute-LPA (Sigma-Aldrich) was added.
RNA was then precipitated by adding 1× volume of 75% ethanol
and incubating at −20°C overnight. Precipitate was washed twice
with 75% ethanol, air dried and dissolved in RNase-free water.
RNA yield and quality was assessed via agarose electrophoresis
and Nanodrop measurement.

RT-qPCR

Five micrograms of RNA from each sample was reverse-tran-
scribed using 20 U ofM-MuLV Reverse Transcriptase (Thermo Sci-
entific), and 1 µg of oligo(dT) primer in a reaction volume of 40 µL.
cDNA synthesis was performed at 37°C for 5 min followed by in-
cubation at 42°C for 75 min and subsequent inactivation at 70°C
for 10 min. qRT-PCR experiments were performed using a Light-
Cycler 480 (Roche) and LightCycler 480 SYBR Green I Master mix
(Roche). The 10 µL reactions were performed in triplicates. Each
reaction contained 2 µL of cDNA and 500 nM gene-specific prim-
ers (list of used primers is provided in Supplemental Table S16).
The amplification protocol was 95°C for 5 min; 44 cycles of
95°C for 10 sec, 58°C for 15 sec, 72°C for 15 sec; followed by
melting curve determination.

Library preparation and RNA sequencing

Libraries for mRNA sequencing were prepared with the TruSeq
Stranded mRNA kit (Illumina) using 250 ng of RNA per library.
Samples were prepared in three biological replicates for each
cell line (Huh7.5 wt and Huh7.5 ADAR1 KO) and RNA type (total,
unbound, and polysomal). mRNA was isolated from total RNA by
a poly(A) selection with oligo(dT) beads, followed by fragmenta-
tion and random priming of mRNA to generate double-stranded
cDNA fragments. Subsequently, adaptors were ligated to cDNA
fragments, which were then amplified and purified with SPRIse-
lect beads (Beckman Coulter); no size-selection was performed.
Size distribution of the final libraries was assessed on a Bioana-
lyzer with a DNA High Sensitivity kit (Agilent Technologies), and
concentration was measured with a Qubit DNA High Sensitivity
kit in Qubit 2.0 Fluorometer (Life Technologies). The 18 libraries

were pooled by nine and sequenced using NextSeq 500 platform
(Illumina) with a read length of 85 nt single-end mode. Libraries
for small RNA sequencing were prepared manually with NEB
Next multiplex smRNA Library Prep kit (New England Biolabs)
from 300 ng of RNA and amplified with 14 PCR cycles. Obtained
libraries that passed the QC step, which was assessed on the Agi-
lent Bioanalyzer system (Agilent Technologies), were pooled in
equimolar amounts and sequenced on HiSeq 2500 (Illumina)
with a read length of 50 nt single-end mode. All the RNA se-
quencing experiments, including preparation of the libraries,
were performed in the GeneCore facility at EMBL, Heidelberg.

RNA sequencing data analysis

Read mapping and filtering

mRNA sequencing quality was assessed by FastQC (version
0.11.5) and MultiQC (version 1.0). Reads were trimmed from
adapter sequences and mapped using STAR (version 2.4.2a) to
the human reference genome (GRCh38) using default parameters
(i.e., the maximal number of mismatches in a read alignment was
10). The gene count matrices were also generated during the
alignment using GRCh38.84 annotation; 90.72%–91.87% of
reads were mapped for total and polysomal RNA samples;
82.12%–84.94% of reads were mapped for unbound RNA sam-
ples. Reads mapping to only one gene were counted.

Small RNA reads were processed by Chimira pipeline (Vitsios
and Enright 2015) to obtain information on miRNA changes. To
assess small RNA changes, small RNA reads were mapped to a
genome reference GRCh38.84 using arguments: “bowtie -n
1 -l 10 -m 100 -k 1 -p 40 ‐‐best ‐‐strata” and counted by “htseq-
count ‐‐format sam ‐‐nonunique all” using the gencode.v32.
annotation.gtf annotation file.

Gene expression analysis

Differential expression was assessed using R package DESeq2
(version 1.22.2) (Love et al. 2014). The count matrix was prefil-
tered for gene IDs that contained at least four reads in at least
three samples. DESeq2 results were further devoid of gene IDs
with a nonapplicable adjusted P-value for downstream analysis.
GSEA was performed by using the ranked list of DESeq2 results
with a “stat” column used for ranking.

Editing events analysis

Obtained BAM files were deduplicated using SAMtools (version
1.7) (Li et al. 2009). Editing events were determined using JACUSA
(version 1.2.3) (Piechotta et al. 2017). Analysis was done using trip-
licates of total RNA sequencing data. The filter’s setting for analysis
was to filter variant calls in the vicinity of read start/end, splice site
and homopolymer sequence, minimum of five reads coverage,
consider only AG changes, with respect to the libraries being
stranded and minimum read quality 20 (call-2 –a B,S,Y –c 5 –C
AG –f B –P RF-FIRSTSTRAND, RF-FIRSTSTRAND q -20). We ob-
tained 308,484 positions passing the set filters (414,473 positions
did not pass). Based on the recommendation provided in the
JACUSApublication (Piechotta et al. 2017), we then set the passing
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statistics threshold to 2.00 to put more stringent requirements on
our edited position calls. Piechotta et al. (2017) recommend 1.56
statistics for duplicates. We set the threshold more stringently fol-
lowing the recommendation in their Supplemental Figure 9;
10,003 nt positions met these statistical criteria. We further limited
our analysis to 8664 positions that were edited only in Huh7.5 wt
samples and not in Huh7.5 ADAR1 KO samples.

Software and databases used

FastQC (version 0.11.5) (Andrews 2010)
MultiQC (version 1.0) (Ewels et al. 2016)
STAR (version 2.4.2a) (Dobin et al. 2013)
SAMtools (version 1.7) (Li et al. 2009)
JACUSA (version 1.2.3) (Piechotta et al. 2017)
Chimira release 1.5 (Vitsios and Enright 2015)
Python (version 3.6)
R version 3.5.2 (2018-12-20)
ggplot2_3.1.1
DESeq2_1.22.2 (Love et al. 2014)
Vennerable_3.1.0.9000
gplots_3.0.1.1
biomaRt_2.38.0 (Smedley et al. 2015)
MATLAB 2020a
WebGestalt 2019 (Liao et al. 2019)
miRTarBase (version 7.0) (Huang et al. 2019)
miRDB (version 6.0) (Chen and Wang 2020)
miRBase (version 22.1) (Kozomara et al. 2019)
Repbase (version 23.11) (Bao et al. 2015)
REDIportal (Mansi et al. 2021)
ADeditome (Wu et al. 2021)

DATA DEPOSITION

The sequencing reads have been deposited in the European
Nucleotide Archive (ENA) at EMBL-EBI under accession number
PRJEB50933. Information on individual library type and its ID is
in Supplemental Table S17.
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Supplemental material is available for this article.
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We thank Ondrěj Ťupa andMartin Schätz for creation of the script
for MATLAB picture analysis. Funding was provided by the ELIXIR
CZ research infrastructure project (MEYS grant no. LM2023055, to
M.P.), including access to computing and storage facilities, and
the project National Institute of Virology and Bacteriology (Pro-
gramme EXCELES, ID Project No. LX22NPO5103)—funded by
the European Union—Next Generation EU.

Received May 14, 2024; accepted May 17, 2024.

REFERENCES

Aksoy F, Ak Aksoy S, Dundar HZ, Tunca B, Ercelik M, Tekin C, KıyıcıM,
Selimoglu K, Kaya E. 2022. Blood-based biomarkers in Afp normal/
stable hepatocellular carcinoma: diagnostic and prognostic rele-
vance of Mir-10b for patients on liver transplant list. Transplant
Proc 54: 1826–1833. doi:10.1016/j.transproceed.2022.05.024

Andrews S. 2010. FastQC: a quality control tool for high through-
put sequence data. http://wwwbioinformaticsbabrahamacuk/
projects/fastqc.

Bahn JH, Lee JH, Li G, Greer C, Peng G, Xiao X. 2012. Accurate iden-
tification of A-to-I RNA editing in human by transcriptome se-
quencing.Genome Res 22: 142–150. doi:10.1101/gr.124107.111

Bao W, Kojima KK, Kohany O. 2015. Repbase update, a database of
repetitive elements in eukaryotic genomes. Mob DNA 6: 11.
doi:10.1186/s13100-015-0041-9

Blight KJ,McKeating JA, Rice CM. 2002. Highly permissive cell lines for
subgenomic and genomic hepatitis C virus RNA replication. J Virol
76: 13001–13014. doi:10.1128/JVI.76.24.13001-13014.2002

Boccitto M, Wolin SL. 2019. Ro60 and Y RNAs: structure, functions,
and roles in autoimmunity. Crit Rev Biochem Mol Biol 54: 133–
152. doi:10.1080/10409238.2019.1608902

Caudron-Herger M, Pankert T, Seiler J, Nemeth A, Voit R, Grummt I,
Rippe K. 2015. Alu element-containing RNAs maintain nucleolar
structure and function. EMBO J 34: 2758–2774. doi:10.15252/
embj.201591458

Cheetham SW, Faulkner GJ, Dinger ME. 2020. Overcoming challeng-
es and dogmas to understand the functions of pseudogenes. Nat
Rev Genet 21: 191–201. doi:10.1038/s41576-019-0196-1

Chen YG, Hur S. 2022. Cellular origins of dsRNA, their recognition and
consequences. Nat Rev Mol Cell Biol 23: 286–301. doi:10.1038/
s41580-021-00430-1

Chen Y, Wang X. 2020. miRDB: an online database for prediction of
functional microRNA targets. Nucleic Acids Res 48: D127–D131.
doi:10.1093/nar/gkz757

Chen T, Xiang JF, Zhu S, Chen S, Yin QF, Zhang XO, Zhang J, Feng H,
Dong R, Li XJ, et al. 2015. ADAR1 is required for differentiation
and neural induction by regulating microRNA processing in a cat-
alytically independent manner. Cell Res 25: 459–476. doi:10
.1038/cr.2015.24

Cho CJ, Jung J, Jiang L, Lee EJ, Kim DS, Kim BS, Kim HS, Jung HY,
Song HJ, Hwang SW, et al. 2018. Combinatory RNA-sequencing
analyses reveal a dual mode of gene regulation by ADAR1 in gastric
cancer.Dig Dis Sci 63: 1835–1850. doi:10.1007/s10620-018-5081-9

Christov CP, Gardiner TJ, Szüts D, Krude T. 2006. Functional require-
ment of noncoding Y RNAs for human chromosomal DNA replica-
tion. Mol Cell Biol 26: 6993–7004. doi:10.1128/MCB.01060-06

Chung H, Calis JJA, Wu X, Sun T, Yu Y, Sarbanes SL, Dao Thi VL,
Shilvock AR, Hoffmann HH, Rosenberg BR, et al. 2018. Human
ADAR1 prevents endogenous RNA from triggering translational
shutdown.Cell 172: 811–824.e14. doi:10.1016/j.cell.2017.12.038

Clerzius G, Gélinas JF, Daher A, Bonnet M, Meurs EF, Gatignol A.
2009. ADAR1 interacts with PKR during human immunodeficiency

ADAR1 KO changes small RNA levels in hepatocytes

www.rnajournal.org 1179

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.080097.124/-/DC1
http://wwwbioinformaticsbabrahamacuk/projects/fastqc
http://wwwbioinformaticsbabrahamacuk/projects/fastqc
http://wwwbioinformaticsbabrahamacuk/projects/fastqc
http://wwwbioinformaticsbabrahamacuk/projects/fastqc


virus infection of lymphocytes and contributes to viral replication. J
Virol 83: 10119–10128. doi:10.1128/JVI.02457-08

Desiderio V, Papagerakis P, Tirino V, Zheng L, Matossian M,
Prince ME, Paino F, Mele L, Papaccio F, Montella R, et al. 2015.
Increased fucosylation has a pivotal role in invasive and metastatic
properties of head and neck cancer stem cells.Oncotarget 6: 71–
84. doi:10.18632/oncotarget.2698

Desterro JM, Keegan LP, Lafarga M, Berciano MT, O’Connell M,
Carmo-Fonseca M. 2003. Dynamic association of RNA-editing en-
zymes with the nucleolus. J Cell Sci 116: 1805–1818. doi:10.1242/
jcs.00371

Díaz-Piña G, Ordonez-Razo RM, Montes E, Paramo I, Becerril C,
Salgado A, Santibanez-Salgado JA, Maldonado M, Ruiz V. 2018.
The role of ADAR1 and ADAR2 in the regulation of miRNA-21 in
idiopathic pulmonary fibrosis. Lung 196: 393–400. doi:10.1007/
s00408-018-0115-9

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. 2013. STAR: ultrafast universal RNA-seq
aligner. Bioinformatics 29: 15–21. doi:10.1093/bioinformatics/bts635

DolcinoM, Tinazzi E, Vitali C, Del Papa N, Puccetti A, Lunardi C. 2019.
Long non-coding RNAs modulate Sjögren’s syndrome associated
gene expression and are involved in the pathogenesis of the dis-
ease. J Clin Med 8: 1349. doi:10.3390/jcm8091349

Dupuis DE. 2012. “Alu repetitive elements transcribed by RNA poly-
merase III are A-to-I RNA editing targets.” PhD thesis, p. 172.
Lehigh University

El Azzouzi H, Vilaca AP, Feyen DAM, Gommans WM, de Weger RA,
Doevendans PAF, Sluijter JPG. 2020. Cardiomyocyte specific dele-
tion of ADAR1 causes severe cardiac dysfunction and increased le-
thality. Front Cardiovasc Med 7: 30. doi:10.3389/fcvm.2020.00030

Ewels P, Magnusson M, Lundin S, Käller M. 2016. MultiQC: summarize
analysis results for multiple tools and samples in a single report.
Bioinformatics 32: 3047–3048. doi:10.1093/bioinformatics/btw354

Figueroa T, Boumart I, Coupeau D, Rasschaert D. 2016. Hyperediting
by ADAR1 of a new herpesvirus lncRNA during the lytic phase of
the oncogenic Marek’s disease virus. J Gen Virol 97: 2973–2988.
doi:10.1099/jgv.0.000606

Flemr M, Bühler M. 2015. Single-step generation of conditional
knockout mouse embryonic stem cells. Cell Rep 12: 709–716.
doi:10.1016/j.celrep.2015.06.051

Galipon J, Ishii R, Suzuki Y, Tomita M, Ui-Tei K. 2017. Differential bind-
ing of three major human ADAR isoforms to coding and long non-
coding transcripts.Genes (Basel) 8: 68. doi:10.3390/genes8020068

Giacopuzzi E, Gennarelli M, Sacco C, Filippini A, Mingardi J, Magri C,
Barbon A. 2018. Genome-wide analysis of consistently RNA edited
sites in human blood reveals interactions with mRNA processing
genes and suggests correlations with cell types and biological vari-
ables. BMC Genomics 19: 963. doi:10.1186/s12864-018-5364-8

Guallar D, Fuentes-Iglesias A, Souto Y, Ameneiro C, Freire-
Agulleiro O, Pardavila JA, Escudero A, Garcia-Outeiral V,
Moreira T, Saenz C, et al. 2020. ADAR1-dependent RNA editing
promotes MET and iPSC reprogramming by alleviating ER stress.
Cell Stem Cell 27: 300–314.e11. doi:10.1016/j.stem.2020.04.016

Hartner JC, Schmittwolf C, Kispert A, Müller AM, Higuchi M,
Seeburg PH. 2004. Liver disintegration in the mouse embryo
caused by deficiency in the RNA-editing enzyme ADAR1. J Biol
Chem 279: 4894–4902. doi:10.1074/jbc.M311347200

Hartner JC, Walkley CR, Lu J, Orkin SH. 2009. ADAR1 is essential for
the maintenance of hematopoiesis and suppression of interferon
signaling. Nat Immunol 10: 109–115. doi:10.1038/ni.1680

Hausser J, Zavolan M. 2014. Identification and consequences of
miRNA-target interactions—beyond repression of gene expres-
sion. Nat Rev Genet 15: 599–612. doi:10.1038/nrg3765

He Z, He J, Xie K. 2023. KLF4 transcription factor in tumorigenesis.
Cell Death Discov 9: 118. doi:10.1038/s41420-023-01416-y

Heale BS, Keegan LP,McGurk L, Michlewski G, Brindle J, Stanton CM,
Caceres JF, O’Connell MA. 2009. Editing independent effects of
ADARs on the miRNA/siRNA pathways. EMBO J 28: 3145–3156.
doi:10.1038/emboj.2009.244

Heale BS, Eulalio A, Schulte L, Vogel J, O’Connell MA. 2010. Analysis
of A to I editing of miRNA inmacrophages exposed to Salmonella.
RNA Biol 7: 621–627. doi:10.4161/rna.7.5.13269

Hendrick JP, Wolin SL, Rinke J, Lerner MR, Steitz JA. 1981. Ro small
cytoplasmic ribonucleoproteins are a subclass of La ribonucleo-
proteins: further characterization of the Ro and La small ribonu-
cleoproteins from uninfected mammalian cells. Mol Cell Biol 1:
1138–1149. doi:10.1128/mcb.1.12.1138-1149.1981

Heraud-Farlow JE, Walkley CR. 2020. What do editors do?
Understanding the physiological functions of A-to-I RNA editing
by adenosine deaminase acting on RNAs. Open Biol 10:
200085. doi:10.1098/rsob.200085

Huang HY, Lin YC, Li J, Huang KY, Shrestha S, Hong HC, Tang Y,
Chen YG, Jin CN, Yu Y, et al. 2019. miRTarBase 2020: updates
to the experimentally validated microRNA-target interaction data-
base.Nucleic Acids Res 48: D148–D154. doi:10.1093/nar/gkz896

HuangWT, SunYM, PanQ, FangK,ChenXT, ZengZC,ChenTQ, ZhuSX,
Huang LB, Luo XQ, et al. 2022. The snoRNA-like lncRNA LNC-
SNO49AB drives leukemia by activating the RNA-editing enzyme
ADAR1. Cell Discov 8: 117. doi:10.1038/s41421-022-00460-9

Ishiguro S, Galipon J, Ishii R, Suzuki Y, Kondo S, Okada-
HatakeyamaM, TomitaM, Ui-Tei K. 2018. Base-pairing probability
in the microRNA stem region affects the binding and editing spe-
cificity of humanA-to-I editing enzymes ADAR1-p110 and ADAR2.
RNA Biol 15: 976–989. doi:10.1080/15476286.2018.1486658

Kanoh A, Ota M, Narimatsu H, Irimura T. 2003. Expression levels of
FUT6 gene transfected into human colon carcinoma cells switch
two sialyl-Lewis X-related carbohydrate antigens with distinct
properties in cell adhesion. Biochem Biophys Res Commun 303:
896–901. doi:10.1016/S0006-291X(03)00420-0

Katayama S, Shimoda K, Takenaga Y. 2015. Loss of ADAR1 in human
iPS cells promotes caspase3-mediated apoptotic cell death.
Genes Cells 20: 675–680. doi:10.1111/gtc.12261

Kawahara Y, Zinshteyn B, Sethupathy P, Iizasa H, Hatzigeorgiou AG,
Nishikura K. 2007. Redirection of silencing targets by adenosine-
to-inosine editing of miRNAs. Science 315: 1137–1140. doi:10
.1126/science.1138050

Kiran A, Baranov PV. 2010. DARNED: a DAtabase of RNa EDiting in
humans. Bioinformatics 26: 1772–1776. doi:10.1093/bioinfor
matics/btq285

Kozomara A, Birgaoanu M, Griffiths-Jones S. 2019. miRBase: from
microRNA sequences to function. Nucleic Acids Res 47: D155–
D162. doi:10.1093/nar/gky1141

Lai TY, Chen IJ, Lin RJ, Liao GS, Yeo HL, Ho CL, Wu JC, Chang NC,
Lee AC, Yu AL. 2019. Fucosyltransferase 1 and 2 play pivotal roles
in breast cancer cells. Cell Death Discov 5: 74. doi:10.1038/
s41420-019-0145-y

Larminie CG, Sutcliffe JE, Tosh K, Winter AG, Felton-Edkins ZA,
White RJ. 1999. Activation of RNA polymerase III transcription in
cells transformed by simian virus 40. Mol Cell Biol 19: 4927–
4934. doi:10.1128/MCB.19.7.4927

Le C, Sirajee R, Steenbergen R, Joyce MA, Addison WR, Tyrrell DL.
2021. In vitro infection with hepatitis B virus using differentiated
human serum culture of Huh7.5-NTCP cells without requiring
dimethyl sulfoxide. Viruses 13: 97. doi:10.3390/v13010097

Levanon EY, Eisenberg E, Yelin R, Nemzer S, Hallegger M, Shemesh R,
Fligelman ZY, Shoshan A, Pollock SR, Sztybel D, et al. 2004.
Systematic identification of abundant A-to-I editing sites in the hu-
man transcriptome. Nat Biotechnol 22: 1001–1005. doi:10.1038/
nbt996

Rouc ̌ová et al.

1180 RNA (2024) Vol. 30, No. 9



Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, Genome Project Data Processing Sungroup.
2009. The sequence alignment/map format and SAMtools.
Bioinformatics 25: 2078–2079. doi:10.1093/bioinformatics/btp352

Liao Y, Wang J, Jaehnig EJ, Shi Z, Zhang B. 2019. WebGestalt 2019:
gene set analysis toolkit with revamped UIs and APIs. Nucleic
Acids Res 47: W199–W205. doi:10.1093/nar/gkz401

Licht K, Hartl M, Amman F, Anrather D, JanisiwMP, JantschMF. 2019.
Inosine induces context-dependent recoding and translational
stalling. Nucleic Acids Res 47: 3–14. doi:10.1093/nar/gky1163

Liddicoat BJ, Piskol R, Chalk AM, Ramaswami G, Higuchi M,
Hartner JC, Li JB, Seeburg PH, Walkley CR. 2015. RNA editing
by ADAR1 prevents MDA5 sensing of endogenous dsRNA as non-
self. Science 349: 1115–1120. doi:10.1126/science.aac7049

Liu Y, Ma T, Liu J, Zhao X, Cheng Z, Guo H, Xu R, Wang S. 2015.
Circulating type 1 vaccine-derived poliovirus may evolve under the
pressure of adenosine deaminases acting on RNA. J Matern Fetal
NeonatalMed28:2096–2099. doi:10.3109/14767058.2014.979147

Liu G, Ma X, Wang Z, Wakae K, Yuan Y, He Z, Yoshiyama H, Iizasa H,
Zhang H, Matsuda M, et al. 2019. Adenosine deaminase acting on
RNA-1 (ADAR1) inhibits hepatitis B virus (HBV) replication by en-
hancing microRNA-122 processing. J Biol Chem 294: 14043–
14054. doi:10.1074/jbc.RA119.007970

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15: 550. doi:10.1186/s13059-014-0550-8

Mansi L, Tangaro MA, Lo Giudice C, Flati T, Kopel E, Schaffer AA,
Castrignano T, Chillemi G, Pesole G, Picardi E. 2021. REDIportal:
millions of novel A-to-I RNA editing events from thousands of
RNAseq experiments. Nucleic Acids Res 49: D1012–D1019.
doi:10.1093/nar/gkaa916

Masek T, Del Llano E, Gahurova L, Kubelka M, Susor A, Roucova K,
Lin CJ, Bruce AW, Pospisek M. 2020. Identifying the translatome of
mouseNEBD-stage oocytes via SSP-profiling; a novel polysome frac-
tionationmethod. Int JMol Sci 21: 1254. doi:10.3390/ijms21041254

Mingardi J, Musazzi L, De Petro G, Barbon A. 2018. miRNA editing: new
insights into the fast control of gene expression in health and disease.
Mol Neurobiol 55: 7717–7727. doi:10.1007/s12035-018-0951-x

Muro Y, Ogawa-Momohara M, Takeichi T, Fukaya S, Yasuoka H,
KonoM, AkiyamaM. 2020. Clinical and serological features of der-
matomyositis and systemic lupus erythematosus patients with au-
toantibodies to ADAR1. J Dermatol Sci 100: 82–84. doi:10.1016/j
.jdermsci.2020.08.008

Nakano M, Fukami T, Gotoh S, Takamiya M, Aoki Y, Nakajima M.
2016. RNA editing modulates human hepatic aryl hydrocarbon re-
ceptor expression by creating MicroRNA recognition sequence. J
Biol Chem 291: 894–903. doi:10.1074/jbc.M115.699363

Nicolas FE, Hall AE, Csorba T, Turnbull C, Dalmay T. 2012. Biogenesis
of Y RNA-derived small RNAs is independent of themicroRNApath-
way. FEBS Lett 586: 1226–1230. doi:10.1016/j.febslet.2012.03.026

Nigita G, Acunzo M, Romano G, Veneziano D, Laganà A, Vitiello M,
Wernicke D, Ferro A, Croce CM. 2016. microRNA editing in
seed region aligns with cellular changes in hypoxic conditions.
Nucleic Acids Res 44: 6298–6308. doi:10.1093/nar/gkw532

O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R,
Rajput B, Robbertse B, Smith-White B, Ako-Adjei D, et al. 2016.
Reference sequence (RefSeq) database at NCBI: current status,
taxonomic expansion, and functional annotation. Nucleic Acids
Res 44: D733–D745. doi:10.1093/nar/gkv1189

Ota H, Sakurai M, Gupta R, Valente L, Wulff BE, Ariyoshi K, Iizasa H,
Davuluri RV, Nishikura K. 2013. ADAR1 forms a complex with
Dicer to promote microRNA processing and RNA-induced gene
silencing. Cell 153: 575–589. doi:10.1016/j.cell.2013.03.024

Palumberi D, Aldi S, Ermini L, Ziche M, Finetti F, Donnini S, Rosati F.
2010. RNA-mediated gene silencing of FUT1 and FUT2 influences

expression and activities of bovine and human fucosylated nucle-
olin and inhibits cell adhesion and proliferation. J Cell Biochem
111: 229–238. doi:10.1002/jcb.22692

Panning B, Smiley JR. 1993. Activation of RNA polymerase III tran-
scription of human Alu repetitive elements by adenovirus type 5:
requirement for the E1b 58-kilodalton protein and the products
of E4 open reading frames 3 and 6. Mol Cell Biol 13: 3231–
3244. doi:10.1128/mcb.13.6.3231-3244.1993

Patterson JB, Samuel CE. 1995. Expression and regulation by interfer-
on of a double-stranded-RNA-specific adenosine deaminase from
human cells: evidence for two forms of the deaminase. Mol Cell
Biol 15: 5376–5388. doi:10.1128/MCB.15.10.5376

Peng Z, Cheng Y, Tan BC, Kang L, Tian Z, Zhu Y, Zhang W, Liang Y,
Hu X, Tan X, et al. 2012. Comprehensive analysis of RNA-seq
data reveals extensive RNA editing in a human transcriptome.
Nat Biotechnol 30: 253–260. doi:10.1038/nbt.2122

Pestal K, Funk CC, Snyder JM, Price ND, Treuting PM, Stetson DB.
2015. Isoforms of RNA-editing enzyme ADAR1 independently
control nucleic acid sensor MDA5-driven autoimmunity and mul-
ti-organ development. Immunity 43: 933–944. doi:10.1016/j
.immuni.2015.11.001

Pfaller CK, Donohue RC, Nersisyan S, Brodsky L, Cattaneo R. 2018.
Extensive editing of cellular and viral double-stranded RNA
structures accounts for innate immunity suppression and the provi-
ral activity of ADAR1p150. PLoS Biol 16: e2006577. doi:10.1371/
journal.pbio.2006577

Picardi E, D’Erchia AM, Lo Giudice C, Pesole G. 2017. REDIportal: a
comprehensive database of A-to-I RNA editing events in humans.
Nucleic Acids Res 45: D750–D757. doi:10.1093/nar/gkw767

Piechotta M, Wyler E, Ohler U, Landthaler M, Dieterich C. 2017.
JACUSA: site-specific identification of RNA editing events from
replicate sequencing data. BMC Bioinformatics 18: 7. doi:10
.1186/s12859-016-1432-8

Price AM, Steinbock RT, Di C, Hayer KE, Li Y, Herrmann C, Parenti NA,
Whelan JN, Weiss SR, Weitzman MD. 2022. Adenovirus prevents
dsRNA formation by promoting efficient splicing of viral RNA.
Nucleic Acids Res 50: 1201–1220. doi:10.1093/nar/gkab896

Quinones-Valdez G, Tran SS, Jun HI, Bahn JH, Yang EW, Zhan L,
Brümmer A, Wei X, Van Nostrand EL, Pratt GA, et al. 2019.
Regulation of RNA editing by RNA-binding proteins in human
cells. Commun Biol 2: 19. doi:10.1038/s42003-018-0271-8

Ramaswami G, Li JB. 2014. RADAR: a rigorously annotated database
of A-to-I RNA editing. Nucleic Acids Res 42: D109–D113. doi:10
.1093/nar/gkt996

Ramaswami G, Zhang R, Piskol R, Keegan LP, Deng P, O’Connell MA,
Li JB. 2013. Identifying RNA editing sites using RNA sequencing
data alone. Nat Methods 10: 128–132. doi:10.1038/nmeth.2330

Roth SH, Levanon EY, Eisenberg E. 2019. Genome-wide quantifica-
tion of ADAR adenosine-to-inosine RNA editing activity. Nat
Methods 16: 1131–1138. doi:10.1038/s41592-019-0610-9

Rutjes SA, van der HeijdenA, Utz PJ, van VenrooijWJ, PruijnGJ. 1999.
Rapid nucleolytic degradation of the small cytoplasmic Y RNAs
during apoptosis. J Biol Chem 274: 24799–24807. doi:10.1074/
jbc.274.35.24799

Sakurai M, Shiromoto Y, Ota H, Song C, Kossenkov AV,
Wickramasinghe J, Showe LC, Skordalakes E, Tang HY,
Speicher DW, et al. 2017. ADAR1 controls apoptosis of stressed
cells by inhibiting Staufen1-mediated mRNA decay. Nat Struct
Mol Biol 24: 534–543. doi:10.1038/nsmb.3403

Samuel CE. 2012. ADARs: viruses and innate immunity. Curr Top
Microbiol Immunol 353: 163–195. doi:10.1007/82_2011_148

Schaffer AA, Kopel E, Hendel A, Picardi E, Levanon EY, Eisenberg E.
2020. The cell line A-to-I RNA editing catalogue.Nucleic Acids Res
48: 5849–5858. doi:10.1093/nar/gkaa305

ADAR1 KO changes small RNA levels in hepatocytes

www.rnajournal.org 1181



Schmiedel JM, Klemm SL, Zheng Y, Sahay A, Blüthgen N, Marks DS,
van Oudenaarden A. 2015. MicroRNA control of protein expres-
sion noise. Science 348: 128–132. doi:10.1126/science.aaa1738

Shan Q, Wang Y, Li J, Zhang Y, Chen K, Liang Z, Zhang K, Liu J, Xi JJ,
Qiu JL, et al. 2013. Targeted genome modification of crop plants
using a CRISPR-Cas system. Nat Biotechnol 31: 686–688. doi:10
.1038/nbt.2650

Shaw G, Morse S, Ararat M, Graham FL. 2002. Preferential transforma-
tion of human neuronal cells by human adenoviruses and the origin
of HEK 293 cells. FASEB J 16: 869–871. doi:10.1096/fj.01-0995fje

Sheedy P, Medarova Z. 2018. The fundamental role of miR-10b in
metastatic cancer. Am J Cancer Res 8: 1674–1688.

Smedley D, Haider S, Durinck S, Pandini L, Provero P, Allen J,
Arnaiz O, Awedh MH, Baldock R, Barbiera G, et al. 2015. The
BioMart community portal: an innovative alternative to large, cen-
tralized data repositories. Nucleic Acids Res 43: W589–W598.
doi:10.1093/nar/gkv350

Sollerbrant K, Akusjärvi G, Svensson C. 1993. Repression of RNA po-
lymerase III transcription by adenovirus E1A. J Virol 67: 4195–
4204. doi:10.1128/jvi.67.7.4195-4204.1993

Steenbergen RH, Joyce MA, Thomas BS, Jones D, Law J, Russell R,
Houghton M, Tyrrell DL. 2013. Human serum leads to differentia-
tion of human hepatoma cells, restoration of very-low-density lipo-
protein secretion, and a 1000-fold increase in HCV Japanese
fulminant hepatitis type 1 titers. Hepatology 58: 1907–1917.
doi:10.1002/hep.26566

Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S,
Stein TI, Nudel R, Lieder I,Mazor Y et al. 2016. TheGeneCards suite:
from gene datamining to disease genome sequence analyses. Curr
Protoc Bioinformatics 54: 1.30.31–31.30.33. doi:10.1002/cpbi.5

Tassinari V, Cesarini V, Silvestris DA, Gallo A. 2019. The adaptive po-
tential of RNA editing-mediated miRNA-retargeting in cancer.
Biochim Biophys Acta Gene Regul Mech 1862: 291–300. doi:10
.1016/j.bbagrm.2018.12.007

Tomaselli S, Galeano F, Locatelli F, Gallo A. 2015. ADARs and the bal-
ance game between virus infection and innate immune cell re-
sponse. Curr Issues Mol Biol 17: 37–51. doi:10.21775/cimb.017.037

UniProt Consortium. 2023. UniProt: the universal protein knowledge-
base in 2023.Nucleic Acids Res 51:D523–D531. doi:10.1093/nar/
gkac1052

Vitali P, Basyuk E, Le Meur E, Bertrand E, Muscatelli F, Cavaillé J,
Huttenhofer A. 2005. ADAR2-mediated editing of RNA substrates
in the nucleolus is inhibited by C/D small nucleolar RNAs. J Cell
Biol 169: 745–753. doi:10.1083/jcb.200411129

Vitsios DM, Enright AJ. 2015. Chimira: analysis of small RNA sequenc-
ing data and microRNA modifications. Bioinformatics 31: 3365–
3367. doi:10.1093/bioinformatics/btv380

Wang G, Wang H, Singh S, Zhou P, Yang S, Wang Y, Zhu Z, Zhang J,
Chen A, Billiar T, et al. 2015. ADAR1 prevents liver injury from in-
flammation and suppresses interferon production in hepatocytes.
Am J Pathol 185: 3224–3237. doi:10.1016/j.ajpath.2015.08.002

Wang Q, Li X, Qi R, Billiar T. 2017. RNA editing, ADAR1, and the
innate immune response. Genes (Basel) 8: 41. doi:10.3390/
genes8010041

Watkins NJ, Bohnsack MT. 2012. The box C/D and H/ACA snoRNPs:
key players in the modification, processing and the dynamic fold-
ing of ribosomal RNA. Wiley Interdiscip Rev RNA 3: 397–414.
doi:10.1002/wrna.117

Wu S, Yang M, Kim P, Zhou X. 2021. ADeditome provides the geno-
mic landscape of A-to-I RNA editing in Alzheimer’s disease. Brief
Bioinform 22: bbaa384. doi:10.1093/bib/bbaa384

Yang W, Chendrimada TP, Wang Q, Higuchi M, Seeburg PH,
Shiekhattar R, Nishikura K. 2006. Modulation of microRNA pro-
cessing and expression through RNA editing by ADAR deaminas-
es. Nat Struct Mol Biol 13: 13–21. doi:10.1038/nsmb1041

Yang CC, Chen YT, Chang YF, Liu H, Kuo YP, Shih CT, Liao WC,
Chen HW, Tsai WS, Tan BC. 2017. ADAR1-mediated 3′ UTR
editing and expression control of antiapoptosis genes fine-tunes
cellular apoptosis response. Cell Death Dis 8: e2833. doi:10
.1038/cddis.2017.12

Yates LA, Norbury CJ, Gilbert RJ. 2013. The long and short of
microRNA. Cell 153: 516–519. doi:10.1016/j.cell.2013.04.003

YujieDMM, Shi X, Ji J, Su Y. 2020. ADAR1p150 regulates thebiosynthesis
and function of miRNA-149∗ in human melanoma. Biochem Biophys
Res Commun 523: 900–907. doi:10.1016/j.bbrc.2019.12.110

MEET THE FIRST AUTHOR

Kristina Roučová
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Kristina Roučová is the first author of this paper, “Loss of
ADAR1 protein induces changes in small RNA landscape in he-
patocytes.” Kristina is a PhD student at the Laboratory of RNA
Biochemistry, Faculty of Science, Charles University in Prague,
Czech Republic. The main focus of her research is on RNA edit-
ing and analysis of the translatome.

What are themajor results described in your paper and how do
they impact this branch of the field?

A major result of our work is the establishment of an ADAR1 KO
cell line derived from differentiated human hepatocytes. This
broadens the spectrum of ADAR1 KO cell lines available to us
and other researchers to conduct research on, notably if the stud-
ied problem has specific demands on the tissue type. We provide
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a detailed characterization of multiple areas of changes in ADAR1
KOHuh7.5. At the mRNA level, we systematically analyzed chang-
es in transcriptome and translatome. We describe alterations of
the small RNA landscape in the ADAR1 KO cell line, namely, in
miRNA, snoRNA, and Y RNA levels. Furthermore, we identified
Huh7.5 specific A-to-I editing events at both small RNA and
mRNA levels and assessed the A-to-I editing connection to the
transcriptome and translatome changes. We found that Huh7.5
hepatocytes are more sensitive to interferon than HEK293 cells,
and Huh7.5 ADAR1 KO even more so. Huh7.5 ADAR KO cells
also show low-level intrinsic activation of the interferon-stimulated
genes. This may suggest why the liver is the most affected tissue in
the ADAR1 KO mice. Last but not least, the Huh7.5 cell line is an
important model in virological research. Generation of Huh7.5
ADAR1 KO thus paves the way for new research aimed at under-
standing how hepatotropic viruses interact with the cell antiviral
defense machinery, of which ADAR1 is an important player.

What led you to study RNA or this aspect of RNA science?

Throughout my undergraduate studies, I found the impressive ver-
satility of RNA undervalued by my fellow students. In someminds,
it was reduced to an overlooked middle man between a gene and
a protein product. Instead, I saw an essential cogwheel that con-
nects everything and makes things happen in the cell. RNA can
serve as an information carrier, a scaffold for assembling a macro-
molecular complex, or as an executive molecule of a certain func-
tion. It is subjected to countless regulations and modifications.
RNA editing, as one of the modifications, can alter all of the men-
tioned RNA’s roles. I think it is all these possibilities that make RNA
research a fascinating field to study.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

The most challenging part of this project was the actual acquire-
ment of the KO cell line. I think everybody can relate to the frustra-
tion of a prolonged optimization of your protocol, especially when

you are not sure if what you are trying to achieve can realistically be
done. We knew from other groups’ work with mouse models that
the loss of ADAR1 protein causes many problems that are incom-
patible with the viability of the animal, and the liver belongs to the
most affected tissues. In the mouse models, the lethality was over-
come by simultaneously knocking out a downstream signaling
molecule of the dsRNA sensing pathway (MAVS). Slightly reluc-
tantly, we were prepared to opt for the double knockout solution,
which we inevitably did after a number of attempts and failures to
create an ADAR1 KO Huh7.5 cell line. With MAVS KO, we verified
the functionality of our CRISPR system, so at that point we were al-
most convinced the double KO was the only way. Luckily, I kept
performing more optimization versions of the ADAR1 KO-only
protocol in parallel with the double KO plan, and it actually paid
off. So, it was a kind of double alteration of thinking, where we al-
most gave up on the plain ADAR1 KO, but eventually succeeded
and realized that it can be done.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

I still remember a piece of advice that was given to us by David
Staněk during our undergraduate studies: “Don’t be afraid to kill
your babies.” It is meant tomake you critically rethink your hypoth-
esis based on your results. Hopefully, in this way you can drop a
pointless topic or a direction of research before it drains you phys-
ically and emotionally, not to mention resources and career devel-
opment. On the other hand, a scientist should be perseverant and
not easily deterred by obstacles and difficulties. In that, I am great-
ly inspired by my supervisor Martin Pospíšek and my advisor
Vladimír Beneš. For me, they embody the saying, “There is a sol-
ution to every problem.” Their optimism and enthusiasm helped
me through various troubleshooting, inconclusive results stretches
and learning a considerable amount of new methods during my
PhD studies. I feel these two notions are tugging you in the oppo-
site direction, and finding the right balance is the basis to a healthy
approach to science.
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