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M O L E C U L A R  B I O L O G Y

NAT10 and N4-acetylcytidine restrain R-loop levels and 
related inflammatory responses
Turja K. Debnath1, Nathan S. Abell1†, Yi-Ru Li1,2†, Sravan K. Devanathan1,  
Enrique Navedo1, Blerta Xhemalçe1,2*

N4-acetylcytidine (ac4C) is deposited on diverse RNAs by N-acetyltransferase 10 (NAT10), a protein with high bio-
logical relevance for aging and cancer. We performed a comprehensive survey of ac4C using metabolic labeling, 
sodium cyanoborohydride chemical treatment coupled to next-generation sequencing (NGS), and ac4C antibody–
based cell and molecular biology techniques. Our analysis shows that NAT10-dependent ac4C-acetylation is ro-
bust in rRNA and specific tRNAs but low/spurious in mRNA. It also revealed an inflammatory signature and 
mutagenesis at transcriptionally active sites in NAT10-KO cells. This finding led us to explore the role of NAT10 in 
R-loops, which were recently linked to APOBEC3B-mediated mutagenesis. Our analysis showed that R-loops are 
ac4C-acetylated in a NAT10-dependent manner. Furthermore, NAT10 restrains the levels of R-loops at a subset of 
differentially expressed genes in a catalytic activity–dependent manner. Together with cellular biology data show-
ing ac4C-modified RNA in endosomal structures, we propose that increased levels of ac4C-unmodified RNAs, likely 
derived from R-loops, in endosomal structures induce inflammatory responses.

INTRODUCTION
Acetylation of biomolecules by specific enzymes is an essential pro-
cess for proper cellular function. N-acetyltransferase 10 (NAT10) is 
a particularly important acetyltransferase responsible for both pro-
tein and RNA acetylation in mammalian cells. In RNA, NAT10 in-
troduces an acetyl group to the free amine group at the N4-position 
of cytosine (C) to form N4-acetylcytidine (ac4C) (1). This acetyl-
group transfer is an adenosine triphosphate (ATP)–driven reaction, 
with the acetyl–coenzyme A (CoA) cofactor supplying the required 
acetyl group for ac4C formation (1). This conserved RNA modifica-
tion has been observed in transfer RNAs and ribosomal RNAs, the 
most abundant RNAs in cells (2). In humans, ac4C has been detected 
in helix 34 (C1337) and helix 45 (C1842) of 18S ribosomal RNA 
(rRNA), as well as at position 12 of both tRNASer and tRNALeu 
(1, 3, 4). An adaptor protein called THioUridine synthases, RNA 
Methylases and Pseudouridine synthases (THUMP) domain con-
taining 1 (THUMPD1) is essential for ac4C deposition on tRNA but 
is not necessary for 18S rRNA acetylation (4). In addition, the C/D 
box small nucleolar RNA SNORD13 facilitates rRNA acetylation by 
exposing the modification site on pre-rRNA through base-pairing 
(4, 5). Recently, ac4C in mRNAs was reported to fine-tune mRNA 
translation in a position-dependent manner (6, 7), although its 
prevalence in human mRNA has been debated (8, 9). NAT10 is a 
multifunctional enzyme that also mediates histone and microtubule 
acetylation and is involved in nuclear architecture (10–12).

NAT10 has been linked to aging and cancer. NAT10 inhibition 
or depletion reverts the aberrant nuclear shape of cells derived 
from the premature aging disorder Hutchinson Gilford progeria 
syndrome (HGPS) (12). Consistently, preclinical data demon-
strated that targeting NAT10 in vivo, either via chemical inhibition 

or genetic manipulation, significantly enhanced the health span in 
an LmnaG609G HGPS mouse model (13). Furthermore, NAT10 
is also up-regulated in several cancers, including hepatocarcinoma 
(14, 15). However, the biological significance of RNA ac4C acetyla-
tion in the aging and cancer functions of NAT10 remains unclear, 
mainly due to the lack of methods to robustly analyze this emerging 
RNA modification.

As mentioned above, sodium borohydride– and sodium cyano-
borohydride–based approaches have been reported for base-resolution 
detection of ac4C with seemingly disparate results [(3, 7, 16) and re-
viewed in (17)]. Therefore, we used multiple chemical and molecu-
lar biology approaches to unbiasedly decipher acetylation of RNA 
and its biological importance (Fig. 1). In our first approach, we used 
metabolic labeling with sodium 4-pentynoate to generate a “click-
able” acetyl-CoA analog in cells, aiming to pull down acetylated or 
acylated RNA. Unfortunately, this method was not successful in de-
tecting ac4C RNAs (Fig. 1), as reported by another group while our 
paper was under review (18). In a second approach, we applied im-
proved sodium cyanoborohydride (NaCNBH3) chemistry–based 
transcriptome-wide sequencing methods to detect acetylation levels 
in diverse RNAs from HeLa wild type (WT) and NAT10-KO cell 
lines. In a third approach, we used ac4C-specific immunofluores-
cence (IF) experiments to detect the spatial distribution of ac4C 
RNAs. Together, our analyses suggest a molecular pathway through 
which NAT10 may regulate gene expression and maintain genome 
stability by acetylating R-loops and promoting their resolution. R-
loops are non-B DNA structures formed by an RNA:DNA hybrid 
and the displaced ssDNA of the original DNA duplex (19), primar-
ily occurring on GC-rich sequences during transcription. Their 
timely resolution is crucial for resuming productive transcription 
and preventing genome instability. Furthermore, we observe acety-
lated R-loop–derived products in endosomes, where they colocalize 
with the single-stranded RNA sensor Toll-like receptor 7 (TLR7) 
(20, 21). In the absence of acetylation in NAT10-KO cells, the TLR7 
pathway is activated, suggesting that NAT10 and RNA acetylation 
may suppress TLR7 activation. Our findings may have important 
biological implications in cancer, inflammation, and aging.
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RESULTS
Exploring ac4C sites by NaCNBH3-seq
To explore ac4C at single-base resolution in RNA, we applied the sodi-
um cyanoborohydride (NaCNBH3) chemistry developed by the Meier 
group (16). Under acidic pH, NaCNBH3 can reduce the C5═C6 bond 
of ac4C, resulting in C → T misincorporation during RT-PCR (reverse 
transcription polymerase chain reaction).

We treated total RNA extracted from HeLa WT and NAT10-KO 
cells with NaCNBH3 and coupled it to two different methods of 
next-generation sequencing: (i) thermostable group II intron re-
verse transcriptase sequencing (TGIRT-seq), which is optimal for 
sequencing tRNA (22), and (ii) whole-transcriptome RNA sequenc-
ing (RNA-seq; with post-treatment rRNA depletion), which is opti-
mal for sequencing longer RNAs and mRNAs, regardless of their 
polyadenylation status (Fig. 2A). Upon NaCNBH3 treatment using 
our optimized conditions (see Materials and Methods), the RNA 
was not majorly degraded and the ac4C1842 site on helix 45 of the 
18S rRNA was very efficiently reduced, leading to near-complete 
C → T conversion (Fig. 2, B and C).

To explore the ac4C sites in tRNA, we treated total RNA extracted 
from HeLa WT and NAT10-KO cells with mock or NaCNBH3 and 
then migrated them on a denaturing urea polyacrylamide gel to size-
select full-length tRNAs (Fig. 2C). Subsequently, we used TGIRT-seq 
to sequence these gel-extracted tRNAs (23). The TGIRT can go past 
many post-transcriptional RNA modifications often giving rise to 
modification-specific mismatch signatures during sequencing, which 
has been particularly useful for tRNA sequencing (22). To unbiasedly 
identify all mismatches dependent on NaCNBH3, NAT10-KO and 
their interaction, we computed Bhattacharya coefficients for all pairs 
(see Materials and Methods and fig. S1). We were able to identify ac4C 
at position 12 in CCG (middle C is ac4C) motif in tRNASer and tR-
NALeu, as well as two sites present (C1337 and C1842) in 18S rRNA 
(table S1 and fig. S2). These findings were consistent with the previ-
ous reports (1, 3, 4, 7). However, we did not observe any significant 
C → T conversion in any other CCG motif in the entire tRNA pool 
(table S1).

We also noted several other base modifications that were affected 
by either knockdown of NAT10 or NaCNBH3 treatment in our 
TGIRT-seq data. The mitochondrial tRNAMet (mt-Met-CAT) incor-
porates f5C at C34 position, which was reduced by NaCNBH3, giv-
ing rise to a strong C →  T misincorporation signal in WT and 

NAT10-KO but was absent in all mock-treated samples (fig. S3) 
(24). In mitochondrial tRNAGlu (mt-Glu-TTC), a strong T > A mis-
match was observed at U33 in both treated and mock NAT10-KO 
samples but not in either mock or treated WT samples (fig. S4). Of 
note, mitochondrial tRNAGlu (mt-Glu-TTC) contains a τm5s2U 
modification at the 34 wobble position, but no modification has 
been reported so far at U33. It is possible that another modifying 
enzyme is activated upon loss of NAT10 function and modifies the 
mitochondrial tRNAGlu (mt-Glu-TTC) at its U33 position. It is also 
possible that this modification is an indirect consequence of a po-
tential mitochondrial defect in NAT10-KO cells.

In parallel with TGIRT-seq of size-fractionated tRNAs (Fig. 2, C 
and D), we aimed to detect ac4C in mRNAs, regardless of their 
poly(A) status, and in noncoding RNAs. To this end, after mock and 
NaCNBH3 treatment as above (Fig. 2, A and B), we depleted ribo-
somal RNAs and performed whole-transcriptome RNA-seq librar-
ies (see Materials and Methods). As shown in the volcano plots in 
Fig. 2E, the NaCNBH3 treatment did not significantly affect the lev-
els of detected RNAs in either WT or NAT10-KO samples (tables S2 
and S3). As above, instead of assessing only C → T conversions, we 
analyzed all the possible mismatches induced by NaCNBH3 treat-
ment, NAT10-KO, or both. We failed to detect any statistically sig-
nificant ac4C sites on mRNAs, i.e., C → T mismatches consistently 
induced by NaCNBH3 treatment in WT but not NAT10-KO cells 
(note that manual curation showed that the sole significant C → T 
site mapped to a unique rRNA site; Fig. 2F). NAT10-KO cells 
showed an elevated level of C → T mismatches compared to WT 
cells (Fig. 2G), regardless of whether the RNA was treated with 
NaCNBH3 or not (Fig. 2H). Furthermore, most of these C → T mis-
matches in NAT10-KO cells were at ~50% of HeLa WT cells, sug-
gesting that they may arise at the DNA level, on one of the two 
alleles (Fig. 2I).

NAT10 regulates R-loop levels
Our further analysis of the above data showed that the observed C → T 
predominantly occur within CCG triplets [CCG in the (+) strand of the 
reference genome and GGC in the (−) strand of the reference genome; 
Fig. 3A]. CCG corresponds to the NAT10-modifying sequence in rRNA and 
tRNA. Moreover, our RNA-seq showed that APOBEC3B and APOBEC3C, 
which deaminate C to U (resulting in C → T mismatches in DNA), 
are significantly increased at the transcriptional level. The fact that the 
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Fig. 1. Schematics representing our strategies to uncover the identity and function of diverse ac4C RNAs in human cells. 
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Fig. 2. NGS results from total and transfer RNAs, after treatment with mock or sodium cyanoborohydride (NaCNBH3) in human cells. (A) Schematic representing 
our NGS strategy. (B) Validation of NaCNBH3 treatment efficiency and specificity by Sanger sequencing of RT-PCR product, showing ~100% C → T conversion after NaCNBH3 
treatment in WT but not NAT10-KO cells at the known ac4C site at the 18S rRNA helix 45 region. (C) Image of the urea polyacrylamide gel stained with SYBR used to size-
select tRNAs (yellow box). (D) Analysis of mismatches induced by NaCNBH3 treatment in the TGIRT-seq data of size selected tRNAs using Battacharya coefficient distances 
(see also fig. S1 for explanation of analysis and figs. S2 to S4 for IGV plots of select sites). (E) Volcano plots showing NaCNBH3 versus mock treatment, NAT10-KO versus WT, 
or interaction effects on differential gene expression in the ac4C-seq data of total RNA. x axis shows the fold change (FC) of normalized RNA read counts and the y axis 
shows the false discovery rate (FDR) (log10). Red dots indicate significantly down- or up-regulated genes with a fold change FC ≥ 1.5 and FDR ≤ 0.05, while the other colors 
indicate the other combinations of FC and significance, as indicated in the legend in top right of the volcano plot. (F) Heatmaps showing interaction effects on all possible 
mismatches observed in the ac4C-seq data of total RNA. (G) Heatmaps showing NAT10-KO versus WT effects on all possible mismatches observed in the ac4C-seq data of 
total RNA. (H) Graph representing raw allelic ratios (alternative count/total count) of all C → T and G → A variants by sample, showing highly different distributions be-
tween WT and NAT10-KO samples, but no difference based on NaCNBH3 treatment. (I) IGV plot showing a typical NaCNBH3 treatment-independent C → T mismatch ob-
served in NAT10-KO cells.
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Fig. 3. NAT10 regulates R-loop levels. (A) Triplet sequence analysis showing C → T mismatches in NAT10-KO cells. (B) Schematic of a cotranscriptional R-loop, showing 
the single-stranded DNA strand that is also the coding strand and the DNA/RNA hybrid, where the RNA is base-paired with the template strand. An example of a CCG 
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C → T mutations are mostly within NAT10 consensus sequence, in-
stead of a random sequence, is intriguing. APOBEC3B has recently 
been implicated in resolving R-loops formed in a cotranscriptional 
manner (25). As mentioned in the introduction, R-loops are formed 
by an RNA/DNA hybrid and the displaced ssDNA of the original DNA 
duplex (19) (Fig. 3B). APOBEC3B is thought to initiate R-loop resolu-
tion by deaminating the displaced ssDNA, which at transcribed regions 
corresponds to the nontemplate strand. The fact that we observe more 
C → T mismatches than G → A mismatches in mRNAs in NAT10-KO 
cells suggests that APOBEC3B may have acted on the nontemplate or 
coding strand preferentially. Consistent with this, 55% of the identified 
mismatches overlap with high-confidence R-loop regions (table S4). A 
quarter of these mismatches are found in clusters of two or more mis-
matches within the same R-loop region, which is indicative of enzymatic 
deamination activity (25). Together, these observations led us to hypoth-
esize that NAT10 might be involved in R-loop resolution.

To functionally assess the effect of NAT10 depletion on R-loop 
formation, we first performed dot blots with the RNA/DNA hybrid 
S9.6 mouse monoclonal antibody. Our antibody was validated with 
an in vitro R-loop system consisting of the pFC53 plasmid (26) 
in vitro transcribed and treated with ribonuclease (RNase) A to re-
move free RNA or RNase A + H to additionally degrade the R-loop 
(Fig. 3C). Genomic DNA was purified from HeLa WT and NAT10-
KO cells using a gentle DNA extraction method that preserves R-
loops (27) and was analyzed with dot blot with the S9.6 antibody 
using both a RNase H treatment control and a cocktail of excess 
RNase A  +  T1 control (in low-salt concentration) to remove any 
residual RNA (Fig. 3D). This analysis showed that NAT10-KO does 
not significantly affect global R-loop levels, at least not at the resolu-
tion provided by dot blot analysis (Fig. 3D). However, given that 
differentially expressed genes (DEGs) in NAT10-KO versus WT are 
enriched in R-loop–positive genes (Fig. 3E), we analyzed the effect 
of NAT10-KO on R-loop levels at specific genes with DNA-RNA hy-
brid immunoprecipitation coupled to next-generation sequencing 
or DNA-RNA immunoprecipitation sequencing (DRIP-seq) (27). 
As shown on Fig. 3F, NAT10-KO substantially increased the levels of 
R-loops at R-loop–positive genes that are differentially expressed 
(DEGs). The simplest explanation for the increase in R-loop levels in 
up-regulated genes is that their transcription is increased upon 
NAT10-KO. However, the increased R-loop levels in down-regulated 
genes are more intriguing and indicate that NAT10 may help resolve 
R-loops to promote productive transcription. Thus, it is likely that at 
least a part of the effect of NAT10-KO on the transcriptome may be 
related to a defect in R-loop resolution. In addition to the effects on 
gene expression, and consistent with an increase in R-loop levels, 
NAT10-KO cells display increased levels of endogenous DNA dam-
age, as marked by γ-H2AX (fig. S5).

NAT10 acetylates R-loops and promotes their resolution in a 
catalytic activity–dependent manner
Our results showing that NAT10-KO increases R-loop levels at spe-
cific genes suggest that NAT10 could directly affect R-loop resolution 
by acetylating the RNA strand. To test this hypothesis, we first per-
formed dot blots on gently extracted DNA from HeLa WT and 
NAT10-KO cells with a specific ac4C antibody (6) as described above 
(Fig. 3D). As shown on Fig. 4A, HeLa WT cells display an ac4C anti-
body signal that is significantly reduced by treatment with RNase H, 
down to the level observed in NAT10-KO cells, suggesting that 
NAT10 may acetylate the RNA portion of R-loops. To determine 

whether the acetyltransferase activity of NAT10 is functionally im-
portant for R-loop resolution, we constructed HeLa Flp-In T-REx 
cells with an inducible NAT10-FLAG (NAT10f) insert, either WT or 
an R628A catalytic mutant (Fig. 4B, top), and induced NAT10 ex-
pression for 24 hours (Fig. 4B, bottom) before performing DRIP-seq 
with the S9.6 antibody. Impressively, inducing NAT10f-WT overex-
pression for 24 hours resulted in considerably lower levels of R-loops 
at the R-loop positive DEGs (Fig. 4C). These data are consistent with 
the results in NAT10-KO cells; while NAT10-KO increases R-loop 
levels, NAT10 overexpression reduces them at NAT10-dependent 
DEGs. However, this was not observed with the NAT10f-R628A cata-
lytic mutant, despite this mutant being expressed at the same level as 
NAT10f-WT (Fig. 4B). This is a key result that strongly suggests that 
NAT10’s catalytic activity is crucial for its role in R-loop resolution.

ac4C antibody reveals cellular RNA targets localized at 
endosomal structures
In parallel to the above studies, we also used the ac4C antibody to 
detect ac4C RNA targets by IF (see Materials and Methods). Notably, 
HeLa WT cells displayed bright fluorescent foci (30 to 300 dots per 
cell) that were highly reduced in number and intensity in NAT10-
KO cells (0 to 60 dots per cell) (Fig. 5A and fig. S6). Moreover, these 
foci were also significantly reduced by RNase A treatment (Fig. 5A), 
confirming their RNA origin. Under our IF conditions, the ac4C foci 
were mostly cytoplasmic, but they were also visible in the nucleus 
and nucleolus (Fig. 5A). To investigate the nature of the cytoplasmic 
ac4C foci, we performed a small screen for colocalization of these 
foci with established markers of cytoplasmic bodies and organelles.

First, we performed colocalization studies between ac4C and the 
small ribosomal subunit RPS6. Although RPS6 exhibited the ex-
pected cytoplasmic staining, it did not colocalize with the ac4C foci 
(fig. S7). This result suggested that the ac4C modification on the in-
tact small subunit of the ribosome (within the 18S rRNA) is likely 
inaccessible under our IF conditions. This also suggests that the IF 
with the ac4C antibody is likely detecting other types of RNAs.

To check colocalization of ac4C foci with P-bodies, lysosomes, 
endoplasmic reticulum (ER), mitochondria, and peroxisomes, we 
used transfection of plasmids expressing fluorescent marker proteins 
or endogenous antibodies: Decapping MRNA 1A–green fluorescent 
protein (DCP1A-GFP) (P-body marker, fig. S8), Lysosomal Associ-
ated Membrane Protein 1 (LAMP1; lysosomal marker, fig. S9), 
CALNEXIN (ER marker, fig. S10), cpVenus-GFP (mitochondrial re-
porter, fig. S11), and Peroxisomal Biogenesis Factor 14 (PEX14-GFP; 
peroxisome marker, fig. S12). We observed no substantial colocaliza-
tion of ac4C signals with DCP1A-GFP, CALNEXIN, cpVenus-
GFP, and negligible colocalization of ac4C signals with LAMP1 and 
PEX14-GFP (figs. S7 to S12). While the majority of PEX14 foci were 
on close proximity to ac4C foci, they were not colocalized. In contrast 
to these cellular bodies and organelles, we observed notable overlap 
of the ac4C foci with multiple endosomal markers, such as Ras-
related protein RAB5 (early endosomes), RAB7, and RAB11 (mature 
endosomes) (Fig. 5B and fig. S12). Moreover, in the RAB5-GFP/ac4C 
images, we clearly observed distinct stages of ac4C foci, residing on 
or inside GFP-positive circular organelles (Fig. 5B).

Given our results that NAT10-KO increases the levels of R-loops, 
we wondered whether certain R-loop processing products were 
transported out of the nucleus and packaged into endosomal struc-
tures. We observed that overexpression of RNase H1 significantly 
increased the number of ac4C foci, suggesting that at least a portion 
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of these ac4C foci are R-loop–derived RNAs (Fig. 5C). In addition, 
we performed cellular fractionation of HeLa WT and NAT10-KO 
cells (fig. S5C), purified nucleic acids from the cytoplasmic and 
membrane fractions, and checked several R-loop amplicons from 
the DEG down category with and without including a reverse tran-
scription step. We found that the measured levels of the amplicon in 
the cytoplasm were similar to the levels of the mature RNA (Fig. 5D) 
for ACTB, NEAT1 and RPL13A, but not CALM3. For the NEAT1 
amplicon, we found that its levels were highly up-regulated in the 
membrane fraction in the NAT10-KO cells (Fig. 5E). This may also 
be the case for ACTB and RPL13A, but in those cases, the signal 
coming from the mature mRNA may dominate over the signal com-
ing from the R-loop. No or a negligible signal was obtained for all 
amplicons in the samples without a reverse transcription step, show-
ing that only the RNA portion of the R-loop amplicon was present in 
the cytoplasm/membrane fractions (Fig. 5, D and E).

NAT10-KO induces inflammatory TLR7 signaling
Analysis of RNA-seq in HeLa WT and NAT10-KO using ingenuity 
pathway analysis (IPA) revealed that NAT10-KO induces gene ex-
pression patterns triggered in inflammation, viral response, cardiac 
hypertrophy, hepatic fibrosis, and osteoarthritis. Recent research 
from the Meier group reported that substitution of cytidine with 
ac4C in transfected RNA can decrease inflammatory gene activation 
(28). Therefore, it is possible that the loss of acetylation in cellular 
RNA triggers the inflammatory gene expression in NAT10-KO cells. 
IPA predicts that TLR7-related pathway is induced upon NAT10 
knockout (Fig. 6A). TLR7 is an endosomal innate immune sensor 
capable of detecting single-stranded RNAs (20, 21, 29), including of 
small size (29–31), such as those produced by RNase H1 (32). As 
shown in Fig. 6B, TLR7 levels are highly increased in HeLa NAT10-
KO cells. Moreover, TANK-binding kinase 1 (TBK1), a major down-
stream marker of inflammatory pathways, is hyperphosphorylated, 
especially in the nuclear fraction (Fig. 6C). Moreover, consistent 
with the lack of detected R-loop DNA in the cytoplasm (Fig. 5, D 
and E), P-STING (stimulator of interferon genes phosphorylated at 
Ser366) was not activated (Fig. 6B). TLR7 protein levels are also in-
duced by siNAT10 (Fig. 6D), showing that this effect can be induced 
rapidly and is not a consequence of NAT10-KO cell line generation. 
When we used a TLR7 antibody for IF imaging, we observed that 
many TLR7 cytoplasmic foci colocalized with the ac4C antibody foci 
(Fig. 6E). This result suggested that TLR7 may interact with single-
stranded RNA that is acetylated by NAT10 to prevent its activation. 
In NAT10-KO cells, these single-stranded RNAs levels may be in-
creased and/or hypo-acetylated, triggering TLR7 activation and in-
flammatory responses. Given that our analysis shows that the RNA 
counterpart of R-loops is acetylated in a NAT10-dependent manner 
(Fig. 4A), we decided to test whether these single-stranded RNAs 
are derived from R-loops in the cytoplasm. To this end, we overex-
pressed RNase H1 in WT cells and observed its effect on the forma-
tion of TLR7 foci. This experiment showed that TLR7 foci increased 
in response to RNase H1 overexpression and colocalized with ac4C 
foci (Fig. 6F and fig. S14). To functionally test whether R-loop– 
derived RNAs are responsible for TLR7 activation, we generated 
HeLa Flp-In T-REx NAT10-KO cells with inducible expression of 
either human nuclear-only RNase H1 WT or a catalytic mutant 
(dRNase H1) from a single-site insertion at the FRT locus. As shown 
in Fig. 6G, overexpression of nuclear RNase H1 WT did not reduce 
TLR7 activation in NAT10-KO cells; however, expression of nuclear 

dRNase H1 drastically decreased the levels of TLR7 (Fig. 6G). This 
result is consistent with nuclear RNase H1 being responsible for 
producing the nuclear R-loop–derived RNAs in the cytoplasm, 
while nuclear dRNase H1 traps them in the nucleus, leading to a 
decrease of R-loop-derived RNAs in the cytoplasm and a reduction 
in TLR7 signaling. Thus, overall, our results suggest that NAT10 
may acetylate the RNA strand within R-loops, rendering R-loop– 
derived RNAs less inflammatory.

DISCUSSION
In this paper, we presented our findings from several biochemical ap-
proaches aiming to comprehensively decipher NAT10-dependent 
RNA acetylation in human cells (Fig. 1). We initially sought to use 
metabolic labeling with sodium 4-pentynoate (NaPen). While this ap-
proach labeled proteins as expected (33), it did not label known ac4C 
sites. This may be due to NAT10’s inability to transfer longer or bulk-
ier acyl chains, such as those derived from NaPen, to target RNA 
acetylation sites.

Using NaCNBH3 chemistry coupled with two RNA sequencing 
methods (Fig. 2A), we reproduced all known sites in tRNAs and 
rRNAs (Fig. 2, B to D) but observed no confident acetylated RNA in 
mRNA (Fig. 2, E and F). This is in agreement with the Sas-Chen 
et al. (3) paper but also with the data from Arango et al. (7) paper. 
Arango et al. reported ac4C sites after pooling biological replicates, 
whereas we only reported sites that were reproduced at similar rates 
in both biological replicates separately. This lack of reproducibility 
between biological replicates may be due to technical issues con-
nected to the labile nature of ac4C or possibly to the spurious or re-
versible nature of mRNA acetylation sites.

Our unbiased analysis of all mismatches to the reference genome 
in both mock- and NaCNBH3-treated cells revealed an increased 
rate of C →  T conversions in NAT10-KO cells compared to WT 
cells (Fig. 2, G and H), many of which behaved like mutations oc-
curring at the level of DNA (Fig. 2I). This, together with the fact that 
APOBEC3B activity, which produces C → T mutations through cy-
tosine deamination, has recently been shown to act on the single-
stranded DNA part of cotranscriptional R-loops (25), led us to 
explore a potential connection between R-loops and NAT10. We 
found that NAT10 knockout increased R-loops levels at many genes, 
including at genes with reduced expression levels in NAT10-KO 
compared to WT (Fig. 3F). Thus, it is likely that a portion of the 
NAT10’s effects on the transcriptome may be due to defects in R-
loop processing. We also found that the RNA counterpart of R-loops 
is acetylated by NAT10 (Fig. 4A). This result suggests that NAT10 
may directly interact with R-loops, which is consistent with the 
analysis of R-loop interactome from the Gromak lab (34). Moreover, 
when overexpressed for a short period of time (24 hours), NAT10-
WT, but not NAT10-R628A catalytic mutant, highly reduced R-loop 
levels at R-loop–positive DEGs. This demonstrates that NAT10’s 
catalytic activity is involved in R-loop resolution. Given that NAT10 
acetylates the RNA portion of R-loops in cells, it is likely that its 
RNA acetylation activity is required for NAT10’s effect on R-loop 
resolution, though we do not exclude the possibility that NAT10’s 
protein acetylation activity may also be involved. This activity may 
be required for transcriptional regulation, as well as during respons-
es to DNA damage, as recently observed for other RNA modifica-
tions within R-loops (35). Thus, given that NAT10 is relocalized 
from the nucleolus to the nucleoplasm upon DNA damage (15), it 
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will be of importance to determine whether NAT10-mediated R-
loop regulation also plays a role during DNA damage.

By using an ac4C-specific antibody (6), we revealed a substantial 
number of NAT10-dependent acetylated RNA in the cytoplasm 
(Fig. 5A). Given that NAT10 is mostly nuclear, it is likely that NAT10 
acetylates these RNAs in the nucleus, before their trafficking to the 
cytoplasm. These ac4C RNAs did not colocalize with the small ribo-
somal subunit (fig. S7), but colocalized with endosomal structures 
(Fig. 5B and fig. S13). These ac4C RNAs may be mostly single 
stranded, as they are efficiently degraded by RNase A (Fig. 5A and 
fig. S6). Given that NAT10 acetylates rRNA and tRNA within double- 
stranded RNA regions, these single-stranded ac4C RNAs may derive 
from misfolded or fragmented rRNA and tRNA. In addition, they 
may also derive from mRNA (6, 7) and from the RNA counterpart 
of R-loops. In support of this latter RNA category, RNase H1 over-
expression resulted in a significant increase of ac4C foci (Fig. 5C). 
The ac4C RNAs detected by IF also colocalized with TLR7, an RNA 
immune sensor specific for single-stranded RNA (Fig. 6E), and im-
portantly, TLR7 levels also increased upon RNase H1 overexpres-
sion and colocalized with ac4C foci (Fig. 6F). As predicted by IPA 
(Fig. 6A), TLR7 protein levels are increased upon NAT10 knockout, 
along with increased levels of TBK1 phosphorylation, a major 
downstream marker of inflammation (Fig. 6B). In addition, TLR7 
levels decreased in NAT10-KO cells within 24 hours of inducing a 
catalytic mutant of RNase H1 (dRNase H1) (Fig. 6G), which stabi-
lizes R-loops in the nucleus. Overall, we speculate that in WT cells, 
RNase H1 fragments from the RNA part of R-loops, are exported to 
the cytoplasm, where they are protected from triggering TLR7 
through ac4C modification. In NAT10-KO cells, R-loop levels are 
not only increased but also are no longer acetylated, leading to TLR7 
activation (Fig. 7). As mentioned previously, this is in agreement with 
acetylation rendering transfected mRNAs less immunogenic (28). 
Future studies will be required to decipher the characteristics of these 
cytoplasmic acetylated RNAs and their roles in cancer and inflam-
matory human diseases. In addition, the visualization method of 
acetylated RNAs we introduced here may be used as a biomarker in 
patient cells and tissues.

MATERIALS AND METHODS
Cell lines
The HeLa NAT10-KO cell line was a gift from S. Oberdoerffer. The 
HeLa Flp-In T-REx cell line was a gift from M. Hentze and M. Price. 

HeLa-Flp-In T-REx NAT10-KO cells were constructed using the Santa 
Cruz Biotech sc-406713 and sc-406713-HDR vectors. HeLa Flp-In 
T-REx WT with an empty vector, NAT10-WT-FLAG, NAT10-R628A-
FLAG; HeLa Flp-In T-REx WT, and NAT10-KO with an empty vector 
(EV), RNase H1, and dRNase H1 (D210N) were constructed accord-
ing to the manufacturer’s instructions (Thermo Fisher Scientific). The 
corresponding plasmids will be deposited on Addgene.

RNA/protein extraction
HeLa WT, NAT10-KO cells were grown in Dulbecco’s minimum es-
sential medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS), penicillin (100 U/ml), streptomycin (100 μg/ml), and 
2 mM l-glutamine (PSQ). HeLa WT (5 × 104 cells/ml) and HeLa 
NAT10-KO (7.5 × 104 cells/ml) cells were plated in 35-mm plates 
and cultured for 2 days. Since the growth of NAT10-KO is slower 
than WT, 1.5 times more NAT10-KO cells were seeded for all ex-
periments, unless otherwise mentioned. Cells were washed with 
37°C-heated phosphate-buffered saline (PBS) two times, lysed for 
5 min in SKP buffer, and frozen at −80°C until RNA and protein pu-
rification using a Norgen RNA/Protein Plus kit (product no. 48200) 
was performed according to the manufacturer’s instructions.

HeLa Flp-In T-REx WT empty vector cells were grown in DMEM + 
FBS  +  PSQ supplemented with blasticidin (10 μg/ml; Invivogen, 
ant-bl-1) and hygromycin (400 μg/ml; Invivogen, ant-hg-5). HeLa 
Flp-In T-REx NAT10-KO empty vector, RNase H1, and dRNase H1 
cells were grown in DMEM + FBS + PSQ supplemented with blas-
ticidin (10 μg/ml; Invivogen, ant-bl-1), hygromycin (400 μg/ml; 
Invivogen, ant-hg-5), and puromycin (1 μg/ml; GIBCO, Fisher, no. 
A11138-03). 1 × 105 cells/ml were seeded, and 24 hours postplating, 
RNase H1 expression was induced by treating the cells with doxycy-
cline (2 μg/ml; Sigma-Aldrich, no. D5207-1G) for 24 hours. RNA/
protein extraction procedure was same as mentioned above.

RT-PCR/qPCR analysis
One hundred to 500 ng of RNA (chemically treated or untreated) 
was reverse transcribed into cDNA with the SuperscriptIII First-
Strand Synthesis System for RT-PCR kit (Invitrogen) using both 
oligo(dT)20 and random hexamers. For the PCR, 1/20th of each re-
action was used according to the GoTaq Flexi DNA Polymerase (no. 
M8295) protocol, loaded onto 1% agarose gel to confirm the PCR 
product and purified using QIAquick PCR Purification Kit (Qiagen). 
The purified PCR product was sent to GENEWIZ for Sanger se-
quencing. For quantitative PCR (qPCR), 1/20th of each reaction was 
used for real-time PCR with PowerUp SYBR Master Mix and spe-
cific primers on a StepOne Plus system.

NaCNBH3-treatment coupled to next-generation sequencing
NaCNBH3-treatment was performed according to the protocol de-
scribed in Sas-Chen et al. (3). Three micrograms of total RNA from 
WT HeLa and NAT10-KO cells was used for NaCNBH3 or mock 
treatment. On the same day as the treatments were performed, a 
fresh solution of 1 M sodium cyanoborohydride (Sigma-Aldrich, no. 
42077) was prepared in ultrapure RNase-free water. In a 1.5-ml Ep-
pendorf tube, 3 μg of total RNA in 25 μl of water was mixed with 10 μl 
1 M HCl solution, followed by 55 μl of water, and 10 μl of the freshly 
prepared 1 M NaCNBH3 solution (final concentration of 100 mM). 
For the mock treatment, the conditions were exactly the same, except 
that 10 μl of water was used instead of the NaCNBH3 solution. Each 
tube was gently vortexed at a low speed for 30 s and incubated at 20°C 

NAT10-WT NAT10-KO

RNase H1 

ac4C

RNAP II

NAT10

TLR7

RNase H1 

RNAP II

TLR7

Increased 
R-loop levels

Fig. 7. Schematic of a simplified model of how NAT10 and ac4C might suppress 
TLR7 activation. 
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for 20 min. Immediately after the reaction, first 30 μl of 1 M tris-HCl 
(pH 8.0) and then 70 μl of water was added to each tube to scale up 
the volume to 200 μl. The reaction mixture was then cleaned up using 
RNeasy MinElute kit (Qiagen, no. 74204) with a modified protocol 
that allows recovery of RNAs of all sizes (36). The conversion 
efficiency was confirmed by Sanger sequencing (Fig. 2B), taking 
ac4C1842 site (in helix 45 of 18S rRNA) as a positive control. One 
microgram of each treated/purified total RNA was directly used for 
ribosomal RNA depletion without fragmentation, followed by RNA-
seq library preparation (TruSeq stranded total RNA library prepara-
tion kit from Illumina). Libraries were sequenced on a NextSeq 500 
instrument [75 nucleotides (nt), paired-end reads] at the Next Gen-
eration Sequencing Facility at MD Anderson Science Park.

RNA gel electrophoresis for size-selected small 
TGIRT-library preparation
After mock and NaCNBH3 treatment and clean up with the Qiagen 
RNeasy MinElute Cleanup Kit, 1 μg of RNA was mixed with an equal 
volume of Gel Loading Buffer II (AM8547), denatured for 15 min at 
70°C, and placed on ice. The RNA was migrated on 15% denaturing 
8 M urea polyacrylamide gel electrophoresis gel in a Criterion midi 
vertical electrophoresis system in 1× tris-borate EDTA (TBE). The 
gel was stained for 5 min with 50 ml of 1× TBE containing 5 μl of 
10,000X SYBR Safe and a picture was taken with the SynGene G-
Box system. The tRNA bands were cut out from the gel, eluted 
for 24 hours in 100 μl of TBE at 4°C, followed by purification using 
RNeasy MinElute kit as above. The purified RNAs were run on Pico 
Bioanalyzer (Agilent) before TGIRT-library preparation.

TGIRT-seq libraries
TGIRT-seq libraries were prepared as in (22). Reverse transcription 
with TGIRT-III (InGex) was initiated from a DNA primer (5′-GTG-
ACTGGAGTTCAGACGTGTGCTCTT CCGATCTTN-3′) encoding 
the reverse complement of the Illumina Read2 sequencing primer 
binding site (R2R) annealed to a complementary RNA oligonucle-
otide (R2) such that there is a single-nucleotide 3′ DNA overhang 
composed of an equimolar mixture of A, G, C, and T. The RNA oligo-
nucleotide is blocked at its 3′ end with C3Sp (IDT) to inhibit template 
switching to itself. Reactions contained purified RNAs, reaction me-
dium [20 mM tris-HCl (pH 7.5), 450 mM NaCl, and 5 mM MgCl2], 
5 mM dithiothreitol (DTT), 100 nM starting annealed molecule and 
1 μM TGIRT-III. Reactions were pre-incubated at room temperature 
for 30 min and cDNA synthesis was initiated by addition of 1 mM deoxy-
nucleotide triphosphates (an equimolar mix of dATP, 2′-deoxyguanosine 
5′-triphosphate, 2′-deoxycytidine 5′-triphosphate, and 3′-deoxythy‑ 
midine 5′-triphosphate). Reactions were incubated at 60°C for 15 min 
and were terminated by adding 5 N NaOH to a final concentration 
of 0.25 N and incubated at 95°C for 3 min to degrade RNAs and de-
nature proteins. The reactions were then cooled to room temperature 
and neutralized with 5 N HCl. cDNAs were purified by using a Qia-
gen MinElute Reaction Cleanup Kit and then ligated at their 3′ ends 
to a DNA oligonucleotide encoding the reverse complement of the 
Illumina Read1 primer binding site (R1R) using Thermostable 5′ Ap-
pDNA/RNA Ligase [New England Biolabs (NEB)]. Ligated cDNAs 
were repurified with MinElute Reaction Cleanup Kit as above and 
amplified by PCR for 12 cycles using Phusion DNA polymerase 
(Thermo Fisher Scientific) with overlapping multiplex and barcode 
primers that add sequences necessary for Illumina sequencing. PCR 
reactions were cleaned up with AMPure XP beads (Beckman Coulter) 

to remove adapter dimers. Libraries were sequenced on a NextSeq 
500 instrument (75 nt, paired-end reads) at the Next Generation Se-
quencing Facility at MD Anderson Science Park.

Bioinformatics
Analysis of TGIRT-seq small RNA libraries
TGIRT-seq small RNA libraries were analyzed as in (22). For all sam-
ples, reads were adapter trimmed using Cutadapt version 3.2 from 
both the 3′ end (adapter AGATCGGAAGAG) and 5′ end (adapter 
GATCGTCGGACT), and requiring a minimum read size of 18 base 
pairs (bp). Read pairs were merged using Flash version 1.2.11 requir-
ing a minimum of 5 bp of overlap, and only merged fragments were 
used for alignment. We assembled a custom human small RNA refer-
ence from several published databases, including nuclear tRNAs from 
tRNAdb, mitochondrial tRNAs from mitotRNAdb, piwiRNAs from 
piRNAdb, microRNAs from miRBase, and ribosomal RNA from an-
notations in the UCSC Genome Table Browser. We padded both ends 
of each sequence with 10 N’s (to capture nontemplated end modifica-
tions), concatenated the resulting FASTA files, and built a reference 
genome using STAR version 2.5.2b with default parameters, except 
for the following: --genomeSAindexNbases 7 --genomeChrBinNbits 
10 (to accommodate the high count and short length of human sRNA 
sequences). We mapped all processed libraries against this reference 
using STAR version 2.5.2b with default parameters, except for the fol-
lowing: --outSAMprimaryFlag AllBestScore --seedSearchStartLmax 
15 --outFilterScoreMinOverLread 0.25 --seedSearchLmax 15. Counts 
per sRNA were obtained using SAMtools idxstats. Allelic counts were 
obtained using the pysamstats utility (https://github.com/alimanfoo/
pysamstats) and detected variants were filtered to require a depth of at 
least 50 reads in each sample. As described in fig. S7, the allelic pro-
portions were used to compute Bhattacharya coefficients, in-group 
and out-group distances, and lastly, Bhattacharya distance differences. 
As seen in Fig. 2D, this method worked well to find known and un-
known sites responsive to NaCNBH3, NAT10-KO, or both.
Analysis of ac4C-seq libraries
For all samples, reads were adapter trimmed using Cutadapt version 
3.2 from both the 3′ end (adapter AGATCGGAAGAGCACACGTC) 
and 5′ end (adapter AGATCGGAAGAGCGTCGTG), and requiring a 
minimum read size of 18 bp. Trimmed reads were aligned against the 
hg38 reference genome using STAR version 2.5.2b with default param-
eters, sorted, and indexed using SAMtools. Gene counts were generated 
against the Gencode version 21 annotation set using featureCounts only 
counting fragments identified as Primary by STAR. Allele counts were 
generated using bcftools mpileup and required a read to be uniquely 
aligned and have base quality >20. Allelic counts were filtered to re-
move indels and exported to tab-delimited text files using bcftools filter, 
bcftools norm, and bcftools query.

Differentially expressed genes. DEGs were identified from gene 
counts using DESeq2 with default parameters except that a DEG 
was required to have both an absolute fold change of 1.5 or greater 
and a statistically significant false discovery rate–adjusted P value 
<0.05. We analyzed effects that are NAT10 dependent, effects that 
are NaCNBH3 dependent, and those that are both (Fig. 2E) by per-
forming contrasts on the same DESeq2 model fit. All final results 
were exported to Excel and all downstream plotting and analysis 
was performed with custom scripts in R with the ggplot2 graphics 
package, or IPA as indicated.

Allelic count data. To handle allelic count data, we separated the 
counts per variant site by reference and alternate allele count. The 

https://github.com/alimanfoo/pysamstats
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resulting dataset was filtered to require that (i) variants are single-
base substitutions, (ii) the total depth per site must be greater than 
20, and (iii) a site must pass this threshold in at least four samples. 
Differential allelic expression analyses were performed with DESeq2 
as described in https://rpubs.com/mikelove/ase, resulting in a set of 
estimated changes in allelic ratio between groups (as when comparing 
NAT10-KD to WT) or that are specific to the interaction of certain 
groups (as when testing for allelic expression specific to samples that 
are both NaCNBH3 treated and WT). As with differential gene expres-
sion, these were computed with contrasts on the same DESeq2 model 
fit and processed with custom scripts in R. All the datasets have been 
uploaded to Gene Expression Omnibus (GEO) and can be accessed 
with the following accession number: GSE274993.

In vitro R-loop preparation
The in vitro R-loops were prepared by in vitro transcription of the 
pFC53-mAIRN plasmid with the T3 RNA polymerase. Reactions 
(45.5 μl) containing 3 μg of pFC53-mAIRN plasmid, 1× transcrip-
tion optimized buffer from Promega [no. P1181: 40 mM tris-HCl 
(pH 7.9), 6 mM MgCl2, 2 mM spermidine, and 10 mM NaCl], 20 mM 
DTT, 0.05% Tween-20, and 0.25 mM rNTP were set up in 1.5-ml 
tubes on ice. Transcription was initiated by adding 4.5 μl (160 U) of 
T3 RNA polymerase (Promega, no. P4024). Samples were split in two 
tubes of 25 μl each and incubated at 37°C for 30 min and heat inacti-
vated at 65°C for 10 min. One of the tubes was treated with RNase A 
(0.01 μg/μl), while the other tube was treated with RNase A (0.01 μg/
μl) and 2 μl of RNase H (NEB, no. M0297S) at 37°C for 30 min. Both 
tubes were treated with 2 μl of proteinase K (Roche, catalog no. 
03115828001) at 37°C for 30 min. To verify R-loop quality, 4 μl of 
each reaction was supplemented with 1 μl of 50% glycerol, loaded on 
a 0.9% agarose, 1× TBE gel, and run at 100 V for 1 hour and stained 
with 1× SYBR. The gel was imaged using a Syngene G:box. After gel 
verification of R-loop formation, substrates were purified with a G50 
column and quantified using a DeNovix DS-11 spectrophotometer.

R-loop dot blot (S9.6/dsDNA/ac4C)
Five micrograms of total gDNA extracted from HeLa WT and 
NAT10-KO cells as in (27) was either treated with mock or RNase H 
or excess RNase A/T1 cocktail in a 1.5-ml tube for 30 min on a 37°C 
heated Eppendorf mixer at 300 rpm. For mock treatment, RNase H 
buffer was used without adding RNase H. For RNase H treatment, 
7 μl of RNase H (NEB, M0297S) was used in provided buffer. For 
excess RNase A/T1 cocktail treatment, 4 μl of RNase A (10 μg/μl) 
and RNase T1 (1000 U/μl, no. EN0541, Thermo Fisher Scientific) 
was used in 1× PBS. Each reaction was scaled up to 100-μl volume. 
After the reaction, 1 μl of 0.5 M EDTA was added to each tube. Sub-
sequently, gDNAs were purified as in (27). The indicated amount of 
purified gDNAs was blotted on BrightStar-Plus Positively Charged 
Nylon Membrane. Once the membranes were dried, DNA was cross-
linked on the membranes twice with 150 mJ/cm2 ultraviolet (UV) in 
a Stratagene UV cross-linker. The membranes were blocked with 5% 
nonfat milk in PBST (PBS + 0.1% Tween) for 30 min at room tem-
perature on a shaker. Then, the membranes were probed with the 
S9.6 or the dsDNA or ac4C antibody diluted 1:1000 in PBS +  1% 
milk and incubated overnight on the rocker at 4°C. The membranes 
were washed three times with 10 ml of PBST, 5 min each wash. The 
membranes were incubated with horseradish peroxidase–conjugated 
appropriate secondary antibody (1:10,000) in PBST + 1% milk, over-
night at 4°C. The membranes were washed three times with 10 ml of 

PBST, each wash for 5 min on the shaker, and lastly detected with ECL 
reagents (Amersham) in the Syngene G:box or developed on film.

DRIP-seq with S9.6 antibody
Ten milliliters of HeLa WT (5 × 104 cells/ml) and HeLa NAT10 KO 
(7.5 × 104 cells/ml) cells were plated in 10-cm plates and cultured 
for 3 days. gDNA was purified and used for S9.6-based DRIP-seq 
according to the protocol described in Sanz and Chédin (27). Forty 
nanograms of input diluted in 40 μl of TE buffer and 40 μl of DRIP 
sample from the DRIP experiment described above were subjected 
to sonication using a Bioruptor for 12 cycles with 15-s ON and 60-s 
OFF, using the “high” setting. The sonicated samples were used to 
prepare libraries using the NEBNext Ultra II kit and libraries were 
quality checked using the bioanalyzer 2100. The barcoded libraries 
were subjected to sequencing using the NovaSeq S1 instrument to 
obtain 100-nt-long single-end reads at the Genomic Sequencing 
and Analysis Facility at UT Austin. The adapter sequences in each 
raw sequencing file (fastq) were trimmed using Trim Galore (https://
github.com/FelixKrueger/TrimGalore). The quality of each pro-
cessed fastq file was then assessed with FastQC (www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Subsequently, the reads were 
aligned to the reference human genome hg38 using the bwa mem 
alignment method (https://github.com/lh3/bwa). SAMtools was used 
to remove low-quality mapped reads by filtering out reads with a 
mapping quality score of less than 10, as well as PCR duplicates (37). 
RLPipes was applied to generate bw and broadPeak files (https://
github.com/Bishop-Laboratory/RLPipes). DeepTools computeMatrix 
and plotHeatmap were used for generating heatmaps of the defined 
genomic sites of each sample (38). The overlapped regions between two 
sets of genomic features (bed files) were identified using BEDTools 
intersect (39). All the datasets have been uploaded to GEO and 
can be accessed with the following accession numbers: GSE273067 
and GSE273230.

Cellular fractionation
HeLa WT and NAT10-KO cells were plated in 100-mm plates and 
collected on the third day. WT cells (2 × 106 cells) and NAT10-KO 
cells (3 × 106) were used for cellular fractionation. After trypsiniza-
tion, cells were collected by centrifugation at 200g for 5 min at 4°C and 
washed twice with 5 ml of cold PBS. The cells were then fractionated 
with the Subcellular Protein Fractionation Kit for Cultured Cells from 
Thermo Fisher Scientific (no. 78840) according to the manufacturer’s 
instructions. RNA from cytoplasmic fraction was purified using the 
Qiagen RNeasy MinElute Cleanup Kit with a modified protocol that 
allows recovery of RNAs of all sizes (36). To extract the RNA from the 
membrane bound fraction, proteinase K (recombinant, PCR Grade, 
Roche, no. 3115887001) was used (37°C for 30 min), before RNA pu-
rification with Qiagen RNeasy MinElute Cleanup Kit as above.

Immunofluorescence
One milliliter of HeLa WT (5 × 104 cells/ml) and HeLa NAT10 KO 
(7.5 × 104 cells/ml) cells were plated on each well of a 4- or 24-well 
culture plate containing a BioCoat 12 mm #1 German Glass Coverslip 
coated with poly-l-lysine (Corning, no. 354085) and then grown for 
48 hours in a 37°C, 5% CO2 incubator. The medium was aspirated, 
coverslips were washed twice with 1 ml of 37°C heated PBS, and then 
immediately fixed with 500 μl of prewarmed 2% methanol-free form-
aldehyde (Polysciences, no. 18814) diluted in PBS with gentle rotation 
for 10 min. The fixed cells were washed two times with 1 mL of 1 × PBS, 

https://rpubs.com/mikelove/ase
https://github.com/FelixKrueger/TrimGalore
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once with 1 ml of PBS + 3% bovine serum albumin (BSA) and then 
were permeabilized with 1 ml of PBS + 3% BSA + 0.3% Tween-20 
for 15 min with gentle rotation. The permeabilized cells were washed 
twice for 5 min each with 1 ml of 1× PBS. Then, 200 μl of 65°C heated 
PBS was added to each coverslip and incubated in 65°C heated cham-
ber for 10 min with gentle shaking. In this step, PBS (mock) or ~33 μg 
of RNase A was used as control. After exactly 10-min incubation, the 
coverslips were snap-chilled on ice for at least 2 to 3 min. Then, each 
coverslip was washed with 1 ml of PBS + 3% BSA and incubated for 
18 hours with 200 or 250 μl of PBS + 3% BSA + 1/200 ac4C-specific 
antibody at 4°C overnight with gentle shaking. The following day, the 
coverslips were washed two times for 5 min each with 1 ml of 1× PBS, 
once with 1 ml of PBS + 3% BSA and incubated with 250 μl of PBS + 
3% BSA + 1/1000 compatible secondary antibody + Hoechst 33258 at 
a final concentration of 1 μg/ml for 1 hour in the dark. The cells were 
washed four times with 1 ml of 1× PBS, mounted using Vectashield 
and sealed with nail polish. In all cases, washes were performed for 
5 min each on a rocking platform. All slides were stored at 4°C before 
and after imaging, and all images were acquired using an inverted Olym-
pus Fluoview 1000 confocal microscope.

For GFP-plasmid transfection followed by IF experiments, 24 hours 
after plating as above, cells were transfected with 200 to 250 ng of plas-
mid DNA using Lipofectamine 3000 reagent according to the manu-
facturer’s instructions (Thermo Fisher Scientific). For IF experiments 
that did not involve the ac4C antibody, PBS + 3% BSA + 0.3% Triton 
X-100 solution was used for permeabilization and the 65°C heating 
step was not performed. Foci in the IF images were quantified with Fiji 
software and graphs were plotted using Prism 9.
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