N
N

N

HAL

open science

Aberrant RNA methylation triggers recruitment of an
alkylation repair complex
Ning Tsao, Joshua R Brickner, Rebecca Rodell, Adit Ganguly, Matthew

Wood, Clement Oyeniran, Tanveer Ahmad, Hua Sun, Albino Bacolla, Lisheng

Zhang, et al.

» To cite this version:

Ning Tsao, Joshua R Brickner, Rebecca Rodell, Adit Ganguly, Matthew Wood, et al..
RNA methylation triggers recruitment of an alkylation repair complex. Molecular Cell, 2021, 81 (20),

pp.4228-4242.e8. 10.1016/j.molcel.2021.09.024 . hal-03759772

HAL Id: hal-03759772
https://cnrs.hal.science/hal-03759772
Submitted on 30 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Aberrant


https://cnrs.hal.science/hal-03759772
https://hal.archives-ouvertes.fr

Molecular Cell

Aberrant RNA methylation triggers recruitment of an
alkylation repair complex

Graphical abstract Authors

Ning Tsao, Joshua R. Brickner,
Rebecca Rodell, ...,

Alessandro Vindigni, Nicolas Reynoird,
Nima Mosammaparast

Without Alkylation Damage

R%%:AF = ,ig. Correspondence
nima@wustl.edu

LD 4

@ In brief
Tsao et al. demonstrate that RNA and not
With Alkylation Damage With Alkylation Damage DNA alkylation is necessary and sufficient
N V433 RNW:}%%S? R to recruit the ASCC-ALKBH3 damage
?3 i - %W“ repair complex. The ASCC pathway
it ”’t}%ﬁ% (& suppresses transcription and R-loop

LR i
N R VS
.‘rm%; fw:u,w@:

* R-loop suppression
« Dealkylation repair
* Transcriptional repression

accumulation in response to alkylation
stress. This E3 ubiquitin ligase activity of
RNF113A, which recruits this complex, is
induced by alkylated RNA.

Highlights
e Alkylated RNA, but not DNA, recruits ASCC-ALKBH3 in an
RNF113A-dependent manner

e This alkylation repair pathway suppresses transcription and
R-loop accumulation

e Alkylated pre-mRNA activates RNF113A ES3 ligase activity
in vitro

Tsao et al., 2021, Molecular Cell 81, 4228-4242
October 21, 2021 © 2021 The Authors. Published by Elsevier Inc. 35
https://doi.org/10.1016/j.molcel.2021.09.024 é CellPress



mailto:nima@wustl.�edu
https://doi.org/10.1016/j.molcel.2021.09.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2021.09.024&domain=pdf

¢ CelPress Molecular Cell

OPEN ACCESS

Aberrant RNA methylation triggers
recruitment of an alkylation repair complex

Ning Tsao,"-° Joshua R. Brickner,-° Rebecca Rodell," Adit Ganguly,’ Matthew Wood,?2 Clement Oyeniran,’

Tanveer Ahmad,* Hua Sun,' Albino Bacolla,® Lisheng Zhang,® Valentina Lukinovié¢,* Jennifer M. Soll,’

Brittany A. Townley,! Alexandre G. Casanova,* John A. Tainer,>” Chuan He,®8 Alessandro Vindigni,? Nicolas Reynoird,*
and Nima Mosammaparast'-1%*

1Department of Pathology & Immunology, Washington University in St. Louis School of Medicine, St. Louis, MO 63110, USA

2Division of Oncology, Department of Medicine, Washington University in St. Louis School of Medicine, St. Louis, MO 63110, USA
3Edward A. Doisy Department of Biochemistry and Molecular Biology, Saint Louis University School of Medicine, St. Louis, MO 63104, USA
4Institute for Advanced Biosciences, Grenoble Alpes University, CNRS UMR5309, INSERM U1209, Grenoble, France

5Department of Molecular and Cellular Oncology, University of Texas M.D. Anderson Cancer Center, Houston, TX 77030, USA
6Department of Biochemistry and Molecular Biology, Department of Chemistry, and Institute for Biophysical Dynamics, University of Chicago,
Chicago IL 60637, USA

“Molecular Biophysics and Integrated Bioimaging, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

8Howard Hughes Medical Institute, University of Chicago, Chicago IL 60637, USA

9These authors contributed equally

10 ead contact

*Correspondence: nima@wustl.edu

https://doi.org/10.1016/j.molcel.2021.09.024

SUMMARY

Central to genotoxic responses is their ability to sense highly specific signals to activate the appropriate
repair response. We previously reported that the activation of the ASCC-ALKBHS repair pathway is exqui-
sitely specific to alkylation damage in human cells. Yet the mechanistic basis for the selectivity of this
pathway was not immediately obvious. Here, we demonstrate that RNA but not DNA alkylation is the initiating
signal for this process. Aberrantly methylated RNA is sufficient to recruit ASCC, while an RNA dealkylase sup-
presses ASCC recruitment during chemical alkylation. In turn, recruitment of ASCC during alkylation damage,
which is mediated by the E3 ubiquitin ligase RNF113A, suppresses transcription and R-loop formation. We
further show that alkylated pre-mRNA is sufficient to activate RNF113A E3 ligase in vitro in a manner depen-
dent on its RNA binding Zn-finger domain. Together, our work identifies an unexpected role for RNA damage

in eliciting a specific response to genotoxins.

INTRODUCTION

The importance of genome maintenance is underscored by the
evolution of multiple mechanisms to repair specific types of
damaged DNA. Repair of alkylated DNA is particularly critical
in cancer, as alkylation chemotherapy is used to treat many tu-
mors (Fu et al., 2012; Soll et al., 2017). Alkylated bases can
disrupt canonical base pairing, inhibit replication, or induce
mutagenesis (Fu et al., 2012; Soll et al., 2017). At least three ma-
jor pathways are responsible for the repair of simple alkylated
damage, including base excision repair, the AlkB family of deme-
thylases, and methylguanine methyltransferase (Brickner et al.,
2019; Drables et al., 2004; Fu et al., 2012). Evidence exists linking
each pathway to alterations in alkylation damage responses in
tumors (Butler et al., 2020; Fu et al., 2012; Soll et al., 2017). Yet
it is unclear how any alkylation repair pathway is selectively acti-
vated or how they are coordinated with other processes, such as
transcription.

4228 Molecular Cell 817, 4228-4242, October 21, 2021 © 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

We previously showed that human ALKBHS is coupled to
the ASCC helicase, which is specifically recruited during alkyl-
ation damage to nuclear speckle bodies, corresponding to re-
gions of RNA polymerase Il transcript processing (Brickner
et al., 2017). The recruitment of this complex requires K63-
linked ubiquitination by the RNF113A E3 ubiquitin ligase and
recognition of the ubiquitin chain by ASCC2. In a similar
manner, the ASCC complex is also recruited to mediate ribo-
some quality control (RQC) (Juszkiewicz et al., 2020; Matsuo
et al., 2020). Other established DNA damage signaling path-
ways, such as DNA double-stranded break repair, also
depend on KB63-linked ubiquitination (Schwertman et al.,
2016). However, the molecular basis for the alkylation damage
specificity in the RNF113A-ASCC-ALKBH3 pathway remains
unclear.

Alkylating agents damage not only DNA but also RNA (Fedeles
et al., 2015; Vagbo et al., 2013). In fact, treatment of E. coli with
the alkylating agent methyl methanesulfonate (MMS) resulted in
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Figure 1. RNA alkylation is necessary for ASCC recruitment to nuclear foci during
(A) In vitro demethylation assays on identical sequences of m1A-containing RNA (left) or TmeA DNA oligonucleotide (right) with wild-type or catalytically inactive
(H156A) BsV-AlkB protein. Reactions were quantified using LC-MS/MS and shown as a percentage of no protein control (n = 4 or 5 independent replicates; error

bars indicate + SD of the mean; *p < 0.05).

(B) U20S cells expressing HA-ASCC2, as well as indicated FLAG vectors were treated with MMS (500 puM) for 6 h, then processed for immunofluorescence after

Triton X-100 extraction. Scale bar, 10 um.

(C) Quantification of (B) (n = 3 biological replicates; error bars indicate + SD of the mean; **p < 0.001 and ***p < 0.0001).

10-fold more alkylated lesions in RNA than DNA (Vagbg et al.,
2013). Alkylated mRNAs likely induce various RNA degradation
pathways, particularly RQC (Yan et al., 2019). Intriguingly, RNA
dealkylation mechanisms exist, and some AIkB proteins are
capable of repairing m1A and m3C in both single-stranded
DNA (ssDNA) and RNA (Aas et al., 2003; van den Born et al.,
2008). RNA dealkylation has also been demonstrated for certain
human AIkB proteins, including ALKBH1, ALKBH3, and ALKBH8
(Aas et al., 2003; Liet al., 2017; Liu et al., 2016; Ueda et al., 2017;
van den Born et al., 2011). Emerging from these studies is the
notion that alkylated RNA is likely to affect cellular physiology,

and mechanisms appear to have evolved to repair or remove
damaged RNA.

Here, we demonstrate that aberrant RNA methylation acti-
vates the RNF113A-ASCC pathway. Interestingly, recruitment
of ASCC mediates transcriptional downregulation and R-loop
suppression. We further find that RNF113A E3 ligase activity is
induced specifically during methylation damage but not with
other types of genotoxic agents. Mechanistically, we reveal
that upon alkylation, RNF113A recognizes nascent pre-mRNAs
in the context of the spliceosome and that its E3 activity is
induced by alkylated RNA through its ZnF domain. Our findings

Molecular Cell 87, 4228-4242, October 21, 2021 4229
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uncover a role for aberrantly methylated RNA in initiating the
cellular response to alkylation via the activation of the
RNF113A-ASCC pathway.

RESULTS

RNA alkylation is necessary and sufficient to mediate
ASCC recruitment

We previously reported the discovery of a nuclear signaling
pathway that recruits the ASCC complex as part of the alkylation
damage response (Brickner et al., 2017). Although the mecha-
nistic basis for this alkylation damage selectivity was unclear,
we reasoned that RNA modification may play an important role
for such specificity. To test whether RNA damage was necessary
for ASCC recruitment, we used an RNA-specific repair enzyme
to counter the RNA alkylation without affecting DNA alkylation.
We cloned and characterized an AIlkB demethylase from blue-
berry scorch disease virus (BsV), an RNA virus (van den Born
et al., 2008). By using quantitative liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS), we confirmed that BsV-
AlkB can demethylate a m1A-modified RNA oligonucleotide
but not a DNA substrate with the identical sequence (Figure 1A;
Figures S1A-S1C). Having established its selectivity for RNA, we
expressed BsV-AlkB as an NLS fusion in U20S cells, which tar-
geted it to the nucleus (Figure S1D). Strikingly, BsV-AIkB-NLS
expression significantly reduced HA-ASCC2 foci formation to
background levels following MMS-induced alkylation damage
(Figures 1B and 1C). The enzymatic activity of BsV-AIkB was
important for foci suppression, as the H156A catalytic mutation
was less capable of countering ASCC2 recruitment, indicating
that RNA alkylation is necessary for MMS-induced ASCC2 foci
formation.

To test if RNA methylation was sufficient to recruit the ASCC
complex, we cloned the METTL8 methyltransferase, which pro-
duces 3-methylcytosine (m3C) on various RNAs (Xu et al., 2017).
Although the function of this modification is not fully clear, it is
one of the major modifications produced on RNA by alkylating
agents also a substrate for the AIkB enzymes (Aas et al., 2003;
Drablgs et al., 2004; Ougland et al., 2004). We purified METTL8
and various catalytic mutants from 293T cells (Figures S2A and
S2B). Using LC-MS/MS, METTL8 was found to be active only
on a single-stranded RNA (ssRNA) substrate in vitro; no activity
was found on the same ssDNA substrate (Figures 2A and 2B).
We then expressed a human METTL8-NLS fusion, which was
targeted to the nucleus, where it appeared to partition to the
nucleolus (Figure S2C). Ectopic expression of wild-type (WT)
METTL8-NLS induced recruitment of the ASCC3 helicase to
nucleolar regions (Figures 2C and 2D). Conversely, two catalytic
mutations targeting the putative SAM-binding domain of
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METTL8 (D’Silva et al., 2011; Noma et al., 2011) (G204A/
G206A and D230A; Figures S2A-S2C) failed to recruit ASCC3
to nucleoli (Figures 2C and 2D; Figure S2D). Using quantitative
LC-MS/MS, we confirmed that these two METTL8 mutants
were deficient for in vitro RNA methyltransferase activity (Figures
2A and 2B). To provide further support for our model, we took
advantage of a distinct RNA methyltransferase TRMT61A, which
produces m1A, another substrate for the AlkB enzymes (Safra
et al., 2017). NLS-fused TRMT61A was not present in nucleoli
but instead localized to nuclear speckle bodies, marked by the
spliceosomal protein PRP8 (Figures S2E and S2F), which coin-
cides with the region to which ASCC is recruited during chemical
alkylation (Brickner et al., 2017). Similar to METTL8, TRMT61A
also resulted in recruitment of ASCC3 to these same regions in
a manner that depended on the TRMT61A catalytic domain (Fig-
ures S2G and S2H). In addition, TRM61A was able to recruit the
ASCC-associated demethylase ALKBH3 (Figures S21 and S2J)
(Dango et al., 2011). However, TRMT61A expression was not
capable of recruiting ALKBH2, suggesting specificity for the
ASCC-ALKBHS pathway (Figure S2K).

During our analysis of METTL8-induced ASCC recruitment, we
noted that the catalytically inactive proteins failed to localize to
nucleoli as robustly as the WT (Figure S2C), which could alterna-
tively explain impaired ASCCS3 recruitment. To clarify this ques-
tion, we used an inducible locus system with which we could
target this methyltransferase to an MS2-containing gene re-
porter (Janicki et al., 2004; Shanbhag et al., 2010). Here, fusing
a degron-tagged METTL8-NLS to mCherry-Lacl allowed tar-
geted recruitment of the methyltransferase to the locus upon in-
duction with the Shield1 ligand (Figure 2E). Although much of the
WT protein still localized to nucleoli, METTLS8 similarly induced
ASCC3 recruitment to this locus, which in contrast was attenu-
ated with the METTL8 G204A/G206A catalytic mutant (Figures
2F and 2G). Taken together, our results support the model that
aberrant RNA methylation is both necessary and sufficient to re-
cruit the ASCC complex.

Transcript and R-loop modulation by ASCC in response
to alkylation damage

Previous work on ASCC has indicated that this complex can
disassemble ribosomes stalled on mRNAs as part of RQC
(Juszkiewicz et al., 2020; Yan et al., 2019). We reasoned that
ASCC may function in analogously modulate transcription or
promote RNA degradation during nuclear alkylation damage.
RNA sequencing (RNA-seq) analysis revealed that although
global transcript downregulation did not occur in response to
MMS, many mRNAs were altered under these conditions (Fig-
ure 3A; Table S1). Notably, ASCC3 modulated differentially
expressed genes (DEGs) upon MMS treatment; specifically,

Figure 2. RNA alkylation is sufficient to recruit ASCC

(A and B) In vitro methyltransferase assays were performed using FLAG-tagged proteins with RNA (A) or DNA (B) oligonucleotides. Products were digested and
quantified using LC-MS/MS. n = 2 independent replicates and error bars indicate + SD of the mean.

(C) U20S cells expressing FLAG vectors were processed for immunofluorescence using the indicated antibodies. Scale bar, 10 pm.

D) Quantification of (C) (n = 3 replicates; error bars indicate + SD of the mean; **p < 0.001 and ***p < 0.0001).

E) Locus reporter system to target METTLS activity.

(
(
(F) METTL8-catalyzed ASCC3 recruitment to the targeted locus. The nucleolus and the reporter locus are shown. Scale bar, 10 pm.
(

G) Quantification of (F). n = 2 replicates; error bars indicate + SD of the mean.
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MMS-upregulated DEGs were modestly downregulated in
ASCCS3 knockout (KO) cells (Alog, fold change [FC] of —0.26 in
WT versus ASCC3 KO cells; Figure S3A), whereas MMS-down-
regulated DEGs were derepressed to a greater degree in ASCC3
KO cells (Alog, FC of +0.48 in WT versus ASCC3 KO cells; Fig-
ure 3B; Figure S3B). Thus, ASCC3 potentially represses or de-
grades certain transcripts. Unabated transcription or lack of
degradation of damage-associated transcripts may lead to R-
loop accumulation, which could be detrimental for genomic
integrity. Consistently, ASCC3 KO cells exhibited greater R loops
compared with controls upon MMS damage (Figure 3C). As
ASCC2 is a partner of ASCC3 and mediates targeting of
ASCC3 (Brickner et al., 2017), we performed RNA-seq in
ASCC2 KO cells. Again, we found that loss of ASCC2 results in
a signature that mirrors loss of ASCC3 during alkylation (Fig-
ure 3B; Figures S3A and S3B). Although loss of ASCC3 or
ASCC2 did result in certain transcript changes in the absence
of alkylation (Figures S3C and S3D), functional analysis of these
DEGs were not enriched for DNA repair or RNA processing
(Table S2). Thus, ASCC may have a direct role in R-loop suppres-
sion during alkylation stress.

To test if MMS-induced transcript alterations could be due to
aberrant RNA methylation, we used the reporter system from
Figure 2. Indeed, targeting METTLS8 to this locus significantly
reduced transcript levels from this reporter (Figures 3D-3F; Fig-
ure S3E), which depended upon METTL8 methyltransferase ac-
tivity (Figures 3D-3F). The deposition of m3C on the nascent
transcript did not inhibit its quantitation by gRT-PCR; indeed,
our results were not significantly altered after treatment of the
purified RNA with ALKBH3 (Figures S3F and S3G), which prefer-
entially demethylates m3C (Aas et al., 2003). To test whether loss
of ASCC3 would alter the expression of nascent transcription
from this reporter, we performed qRT-PCR upon ASCC3 knock-
down (Figures S3H and S3l). As with the global response to MMS
seen by RNA-seq, loss of ASCC3 partially derepressed this
target locus. To determine whether this repression represented
a general trend in response to nuclear RNA methylation, we ex-
pressed METTL8-NLS in WT and ASCC3 KO cells and analyzed
transcription using RNA-seq (Figure 3G; Table S3). Although the
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overall transcriptional changes were relatively modest in
response to METTL8-NLS compared with MMS treatment, we
again found that loss of ASCC3 caused derepression of genes
downregulated by METTL8-NLS (Figure 3G). Our data indicate
that the ASCC complex is recruited to sites harboring aberrant
RNA methylation to mitigate their expression or induce their turn-
over, in turn limiting R-loop formation.

To further delineate the mechanism of ASCC3 during alkyl-
ation, we created a homozygous knockin mutation
(ASCC3G1364D/G1354D. - jagignated ASCC3XVKY), previously re-
ported to abolish its helicase activity (Dango et al., 2011) (Fig-
ure S3J). RNA-seq analysis revealed a preferential modulation
of downregulated DEGs during alkylation, mirroring the ASCC3
KO (Figure 3H; Figure S3K; Table S4). We focused on three
genes, which we confirmed to be partially derepressed upon
alkylation in ASCC3*VK! cells (Figure S3L). We then used ethyny!
uridine (EU) labeling to isolate and analyze nascent transcripts;
this showed that all three had modestly greater nascent tran-
script levels after MMS treatment in the ASCC3X"X! than control
cells (Figure 3J). A subsequent chase revealed little degradation
of two of the three transcripts in control cells, while the third
(HOXD11) exhibited ~50% loss after 3 h. Notably, there was
no significant difference at the end of the EU chase in any of
these transcripts in WT or ASCC3X"K! cells (Figure 3K). These
data indicate that the DNA helicase activity of ASCC3 may sup-
press nascent transcription during damage. Importantly, the
ASCC3K"K cells also had a higher level of R-loop accumulation
upon alkylation (Figure 3L), underscoring the functional signifi-
cance of its activity during damage.

Selective activation of RNF113A E3 ligase upon
alkylation damage

The above data indicated a role for RNA damage in ASCC
recruitment. We reasoned that RNF113A, which acts upstream
of ASCC, could be activated during alkylation. By using tandem
ubiquitin binding element (TUBE) conjugated beads to isolate
ubiquitinated proteins, we found that RNF113A was ubiquiti-
nated in response to MMS but not by other types of damaging
agents (Figure 4A), despite the fact that they induced similar or

Figure 3. ASCC mediates transcriptional repression in response to aberrant RNA methylation
(A) RNA-seq analysis of WT U20S cells + MMS treatment (n = 3 biological replicates). Genes upregulated or downregulated +1 or +2 log, fold change (FC) with

MMS are highlighted.

(B) Boxplot of downregulated genes upon MMS treatment (at least —2 log, FC) in WT versus ASCC3 and ASCC2 KO cells.

(C) R-loop quantitation in WT and ASCC3 KO U20S cells under the indicated conditions (n = 4 independent replicates; error bars indicate + SD of the mean;

Hokk

p<

0.0001 by one-way ANOVA with Tukey’s multiple-comparisons test, with single pooled variance).

(D) METTL8-mediated nascent gene repression as visualized by the MS2-YFP reporter system. The mCherry-Lacl vector alone is shown separately because of
different exposure time used solely for the mCherry-Lacl control. Scale bar, 10 um.

(E) Quantification of MS2-YFP-positive/mCherry-positive foci from (D) (n = 3 independent replicates; error bars indicate + SD of the mean; “p < 0.05 and **p < 0.01;

n.s., not significant).

(F) Quantification of normalized YFP-MS2 nuclear foci intensities from (D) (n = 3 independent replicates; error bars indicate + SD of the mean; ***p < 0.001; n.s., not

significant).

(G) Boxplot of downregulated genes upon DD-METTL8-NLS induction (at least —1 log, FC) with Shield1 ligand in WT and ASCC3 KO cells.

(
(

H) Boxplot of downregulated genes upon MMS treatment (at least —2 log, FC) in WT and ASCC3X"X cells.
1) Scheme for nascent transcript analysis. Cells were treated with MMS, pulsed with EU, and EU was removed during a chase period.

(J) Nascent transcript analysis of three genes from WT and ASCC3*VX! cells after MMS treatment. n = 3 independent replicates; *p < 0.05.

(K) Nascent transcript analysis of the same three genes from WT and ASCC:
n.s., not significant.

3KI/KI

cells after MMS treatment during the chase period. n = 3 independent replicates;

(L) R-loop quantitation in WT and ASCC3%"! cells performed under the indicated conditions (n = 3 independent replicates; error bars indicate + SD of the mean;
****p < 0.0001 by one-way ANOVA with Tukey’s multiple-comparisons test with single pooled variance).
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greater levels of DNA damage signaling, as assessed by pH2A.X
(Figure S4A). Deletion or mutation of the RING domain signifi-
cantly reduced RNF113A ubiquitination upon MMS treatment,
indicating that this represents bona fide autoubiquitination (Fig-
ure S4B). We then used different TUBE reagents that recognize
ubiquitin chains non-specifically (ubiguilin) or K63-linked chains
(TAB2). This showed that a significant portion of the ubiquitin
linkage associated with RNF113A activation was K63 linked,
consistent with previous findings demonstrating that RNF113A
functions with the K63-specific E2 enzyme UBC13 (Brickner
etal., 2017) (Figure 4B). Equimolar concentrations of the methyl-
ating agent methyl iodide (Mel) induced autoubigitination of
RNF113A but the ethylating agent ethyl methanesulfonate
(EMS) was significantly less potent in this assay, suggesting
that RNF113A is preferentially activated by methylation
compared with larger adducts or that EMS is less reactive than
MMS (Figure S4C). Consistent with its autoubiquitination,
RNF113A purified from cells pretreated with MMS was signifi-
cantly more active as an E3 ligase compared with RNF113A
purified from control cells; this in vitro result may represent
ubiquitination of an associated, larger molecular weight protein
(Figure 4C). MMS-induced autoubiquitination was specific to
RNF113A, as RNF8 and RNF168, two E3 ligases involved in
DNA damage signaling, were not autoubiquitinated upon alkyl-
ation (Figure 4D), although alkylation induced RNF8/RNF168
recruitment to pH2A.X foci (Figure S4D). The recruitment of these
E3s coincided with increased double-stranded DNA break
signaling in S/G2 cells, as determined by pH2A.X foci formation
in a FUCCI (fluorescence ubiquitin cell cycle indicator; Sakaue-
Sawano et al., 2008) cell system (Figure S4E), likely representing
replication-dependent DNA breaks.

To further probe the mechanism of RNF113A activation, we
expressed the BsV-AIkB protein prior to assessing RNF113A au-
toubiquitination. WT BsV-AIkB-NLS significantly reduced
RNF113A autoubiquitination in two different cell lines, in contrast
to the catalytic mutant, which was markedly attenuated in these
assays (Figure 4E). This suggested that RNA alkylation may play
a role in activating RNF113A. Indeed, expression of nuclear
TRMT61A recruited ALKBH3 to nuclear speckles in a manner
that was suppressed upon RNF113A depletion (Figure 4F;
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Figure S4F). Loss of RNF113A resulted in markedly increased
sensitivity to MMS but not camptothecin, as determined by a
colorimetric survival assay and a colony formation assay (Fig-
ure 4G; Figures S4G-S4l). This increased sensitivity to MMS
was not rescued by BsV-AIkB expression; thus, RNA damage
repair alone likely does not account for this MMS hypersensitivity
(Figures S4J and S4K). Indeed, loss of ALKBH3, which demethy-
lates both RNA and DNA, was epistatic with RNF113A loss (Fig-
ure 4H; Figure S4L). To directly determine whether RNF113A
promotes DNA alkylation reversal, we analyzed 1meA repair us-
ing quantitative mass spectrometry. This demonstrated a
modest but significant increase in the amount of retained
1meA upon loss of RNF113A during recovery from MMS damage
(Figure 4l). Importantly, neutral comet assays also revealed a
greater number of DNA breaks during recovery from alkylation
damage in RNF113A-depleted cells (Figure 4J). Altogether,
these data indicate that although RNF113A is activated primarily
upon RNA alkylation, it plays a vital role in DNA alkylation reversal
and genomic integrity.

RNF113A activation as part of the spliceosome

RNF113A appears to be specifically activated in response to
alkylation damage, but the molecular mechanism for this activa-
tion is not understood. Structural studies on RNF113A and its
yeast ortholog Cwc24p have demonstrated spliceosomal asso-
ciation (Haselbach et al., 2018; Yan et al., 2016). Specifically, the
CCCH-type zinc finger associates with the 5 splice site of pre-
mRNAs in the active spliceosome (Figure 5A; Figures S5A and
S5B). RNF113A may therefore function to interrogate pre-
mRNA integrity. To further analyze the relationship between
RNF113A and the spliceosome during alkylation, we performed
a proteomic analysis of RNF113A interactors in HeLa-S cells
before and after MMS treatment (Figure 5B; Figure S5C; Table
S5). RNF113A was associated with spliceosomal components,
and many of these interactions, such as with the spliceosomal
protein BRR2/SNRNP200, as well as SR proteins, were
increased after MMS damage; associations with proteins
involved in other pathways, such DNA repair (RIF1) or translation
initiation (EIF4B) were also induced with MMS. Co-immunopre-
cipitation verified the MMS-induced RNF113A interaction with

Figure 4. Alkylation damage selectively activates RNF113A E3 ligase

(A) HeLa-S cells were treated with the indicated agents. Lysates were then used for tandem ubiquitin binding element (TUBE) pull-down using ubiquilin-con-
jugated beads. Inputs and pull-down material were analyzed using western blot (n = 3 independent experiments).

(B) TUBE pull-downs as in (A) using MMS, except that HALO-Ubiquilin (non-selective ubiquitin binding) or HALO-TAB2 (specific for K63 ubiquitin) beads were
used. Input lysates are shown on the left (n = 3 independent experiments).

(C) ES ligase assays were performed using RNF113A purified from Hela cells + MMS pretreatment (n = 3 independent experiments).

(D) TUBE pull-downs as in (A) using MMS, then probed for the different E3 ligases (n = 2 independent experiments).

(E) TUBE pull-downs as in (A) after transient (293T) or stable (HeLa) expression of the indicated vectors (n = 2 independent experiments for each).

(F) U20S cells expressing HA-ALKBHS3, FLAG vectors, and indicated shRNAs were used forimmunofluorescence. Scale bar, 10 um. A zoomed-in area is shown
on the right. Quantification of co-localizing HA-ALKBH3/PRP8 foci is shown on the right. n = 4 replicates (combining two technical replicates of two independent
experiments); “**p < 0.001; error bars indicate + SD of the mean.

(G) Control or RNF113A-specific gRNAs were used for genome editing in HelLa cells. Resistance to MMS was determined using MTS assay (n = 5 technical
replicates for each).

(H) The indicated KO cell lines were used to assess resistance to MMS using MTS assay (n = 5 technical replicates).

(I) Control or RNF113A-depleted cells were pulsed with 2.0 mM MMS for 1 h and incubated for another 0-2 h. Genomic DNA was isolated, digested, and assessed
for TmeA/A using LC-MS/MS (n = 4 biological replicates); “p < 0.05 and **p < 0.01.

(J) Control or RNF113A-depleted cells were pulsed with 0.5 mM MMS for 1 h, then incubated for the indicated periods of time. Neutral comet assay was used to
assess DNA double-stranded breaks (n = 3 independent replicates; error bars indicate + SD of the mean; ****p < 0.0001 by one-way ANOVA with Tukey’s multiple-
comparisons test with single pooled variance). Examples of comet tails are shown on the right.
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SRRM2 and BRR2, which were resistant to benzonase treatment
(Figure 5C). These data suggested that RNF113A E3 activation
may be linked to a more stable association with the spliceosome
when it encounters damaged RNA. We reasoned that if
we inhibit spliceosome activity at a step prior to RNF113A bind-
ing, MMS-induced activation of this E3 would be mitigated.
Addition of a small molecule inhibitor PB, which binds to SF3B
and inhibits early spliceosome activation (Cretu et al., 2018)
reduced MMS-mediated RNF113A autoubiquitination while
significantly increasing pH2A.X signaling (Figure 5D). This poten-
tially links spliceosomal function, RNF113A activation, and DNA
damage signaling.

To complement these studies, we performed RNA immuno-
precipitation followed by mass spectrometry (RIP-MS) of nucle-
otides, resulting from RNase treatment, from cells expressing
FLAG-RNF113A. Upon MMS treatment, association between
RNF113A and RNA increased significantly (Figure 5E). More
important, our tandem MS analysis allowed us to interrogate
whether these RNAs included alkylated ribonucleosides. MMS-
induced modifications m1A, m3C, and m7G were associated
with RNF113A-bound RNAs (Figure 5F). Cross-linked immuno-
precipitation followed by deep sequencing (CLIP-seq) confirmed
that RNF113A interacted primarily with pre-mRNAs (67.6%),
with nearly half of these interactions (47.9%) occurring in intronic
regions, although additional high-confidence CLIP hits were also
identified (Figures 5G and 5H; Table S6). Altogether, these data
supported the model that RNF113A E3 activation may be linked
to a more stable association with the spliceosome, where it may
encounter damaged RNA.

Direct activation of RNF113A E3 ligase by

methylated RNA

The ASCC complex is recruited by methylation of RNA, and
RNF113A is activated and recruited to the spliceosome during
alkylation, implying that RNF113A E3 ligase activity may be stim-
ulated by damaged pre-mRNA. We therefore used RNF113A
complex purified from HelLa-S nuclear extracts and tested the
ability of damaged RNAs to induce its E3 activity. We first used
in vitro transcribed B-globin pre-mRNA (Movassat et al., 2014)
as a potential substrate for inducing RNF113A E3 activity.
Although the unmodified RNA had a mild stimulatory effect on
the E3 activity of RNF113A, we observed a marked increase in
the E3 activity when the same RNA was pre-methylated in vitro
(Figure 6A). LC-MS/MS validated the presence of methylated
RNAs including m7G, m1A, and m3C (Figure S6A); in addition,
the alkylated form of this RNA appeared less capable of splicing
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in vitro (Figure S6B). The modified RNA alone lacked any
apparent E3 activity, suggesting a stimulation of RNF113A (Fig-
ure S6C). We then assessed whether an RNA oligonucleotide
bearing a specific methylation mark was capable of increasing
the E3 activity of RNF113A. As many of these damage-induced
modifications, such as m7G, are relatively unstable, only m1A-
containing oligonucleotides were commercially available. A
ssRNA oligo containing an m1A modification, but not its un-
modified counterpart, induced the E3 activity of RNF113A (Fig-
ure 6B). In contrast, the identical DNA oligonucleotide containing
1-methyldeoxyadenosine at the same position had no apparent
effect on increasing ubiquitination by RNF113A (Figure 6B).
Thus, RNF113A appears to encode an E3 ligase that is respon-
sive to RNA damage.

The presence of a conserved RNA-binding ZnF (Figure 5A)
suggested that this region of RNF113A may act in its association
with pre-mRNAs upon alkylation. To test this, we created two
site-directed mutants within this domain. RIP-MS from cells ex-
pressing these mutant forms of RNF113A demonstrated a
reduced degree of MMS-induced RNA binding relative to WT
RNF113A (Figure 6C; Figure S6D). To determine the functional
significance of this binding, we focused on the K218A/F219A
mutant. Notably, this mutant still localized to nuclear speckle
bodies, as with WT RNF113A, suggesting that this protein is
properly folded (Figure S6E). However, compared with WT
RNF113A, the mutant was markedly less capable of MMS-
induced association with BRR2 (Figure S6F), In addition, it had
a markedly reduced ability to be activated by MMS, as assessed
by autoubiquitination via TUBE assay (Figure 6D). We then tested
the ability of the m1A-containing oligonucleotide to activate the
K218A/F219A mutant. In contrast to WT RNF113A, the E3 ligase
activity of the K218A/F219A mutant appeared increased at base-
line but was not further activated by the m1A-containing RNA
(Figure 6E). To test the function of this mutant in cells, we per-
formed knockdown-rescue experiments and assayed for
MMS-induced ASCC3 foci formation in U20S cells (Figure 6F;
Figure S6G). Expression of WT RNF113A rescued ASCC3 foci
formation, but the K218A/F219A mutant did not, implying that
the ZnF domain is important for RNF113A function during alkyl-
ation damage. As with loss of ASCC3, MMS-induced R-loop
accumulation was exacerbated by RNF113A loss (Figure 6G).
Although WT RNF113A expression reduced R-loop accumula-
tion under these conditions, the K218A/F219A mutant was
defective in this respect. Consistent with these phenotypes, cells
expressing the ZnF domain mutant were sensitive to MMS to
nearly the same degree as RNF113A lacking its catalytic RING

Figure 5. Characterization of RNF113A during alkylation damage

(A) Stick representation of the 5’ splice site GU within the pre-mRNA and its interactions with RNF113A and SF3A2 (PDB: 6FF4).

(B) FLAG-tagged RNF113A was affinity purified from HelLa-S nuclear lysate with or without MMS treatment, then analyzed using LC-MS/MS. Total peptide
intensities for the indicated proteins (normalized to RNF113A) were used to generate the scatterplot.

(C) Hela cells expressing the indicated FLAG vectors were used for immunoprecipitation with or without MMS treatment, in the presence or absence of ben-
zonase. Bound and input material was analyzed as shown (n = 3 independent replicates). (D) TUBE pull-downs were performed using HelLa-S cells treated with
MMS and SF3B inhibitor as indicated, then probed using western blot as shown (n = 3 independent experiments). WCE, whole cell lysate.

(E and F) HeLa-S cells expressing FLAG-vector or FLAG-RNF113A were subjected to RNA immunoprecipitation with or without prior MMS treatment. Purified
RNAs were digested and the unmodified ribonucleosides (E) or methylated ribonucleosides (F) were analyzed by quantitative LC-MS/MS. The results are shown
as the mean + SD (n = 3 independent replicates; *p < 0.05 and **p < 0.01).

(G and H) CLIP-seq analysis of RNF113A during MMS-induced damage. Categories of high-confidence hits found in three biological replicates are shown in (G),
with specific regions mapped within protein coding RNAs shown in (H).
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finger domain (Figure 6H). Altogether, these data indicate a func-
tional role of the RNA-binding ZnF domain of RNF113A in activa-
tion of its E3 ligase activity, which in turn promotes ASCC3
recruitment and alkylation damage resistance.

DISCUSSION

Although relatively unexplored, recent work has begun to high-
light the importance of RNA in propagating genotoxic responses,
particularly for promoting homologous recombination, microho-
mology mediated repair, and non-homologous end joining dur-
ing double-strand break repair (Bader et al., 2020; Mazina
et al., 2017). Although these studies have focused on the role
of RNA-associated proteins, transcripts, and R-loops in medi-
ating repair, our study highlights a mechanism by which aberrant
RNA methylation activates a signaling response to recruit the
ASCC complex, which in turn helps maintain the genome.
Although these “aberrant” methylations are strongly induced
by alkylating agents, we should note that they are thought to
exist in certain mRNAs, albeit in low amounts under normal
cellular conditions, such as internal m7G sites within certain
mRNAs (Zhang et al., 2019), which may in turn activate this
pathway. Thus, it is plausible that even in unperturbed cells,
this pathway is nominally responding to repair alkylated
bases that may be induced inappropriately through off-target
effects of these methyltransferases. Indeed, basal RNF113A ac-
tivity in the absence of exogenous damage may allow the
pathway to be activated quickly in response to such endogenous
events.

How cells shut down transcription, both locally and globally,
in response to DNA damage is an area of increasing interest.
Here, we show that aberrant methylation damage, either by
alkylating agents such as MMS or overexpression of METTLS,
results in repression of certain target genes (Figure 3). These
alkylation-repressed transcripts are partially derepressed
upon loss of either ASCC3 or ASCC2. Such findings support
and extend previous results that suggest that the ASCC
complex shuts down nascent transcription globally upon UV
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damage (Williamson et al., 2017). It is likely that this activity
of the ASCC complex is responsible for suppressing R-loops
upon alkylation stress.

Consistent with previous findings, we demonstrate that
RNF113A E3 ligase activity is specifically stimulated by alkylation
damage (Figure 4). Loss of RNF113A sensitized cells to alkyl-
ation damage, but not to other DNA damaging agents, mirroring
our previous results with the ASCC complex (Brickner et al.,
2017). This phenomenon appears to be specific to this alkylation
repair pathway, as MMS did not significantly induce the autoubi-
quitination of RNF8 or RNF168, two well-characterized ligases
involved in double-strand break repair (Schwertman et al.,
2016). Notably, these latter E3 ligases appear to be regulated
primarily by recruitment to sites of DNA double-stranded
break-induced foci, which are also induced by MMS primarily
in S/G2 phase of the cell cycle, whereas RNF113A is constitu-
tively associated with nuclear speckle bodies.

In concert with prior published data, our results here suggest a
working model for how RNF113A functions upstream of the ASCC
complex in response to alkylation stress (Figure 7). RNF113A as-
sociates transiently with the active spliceosome, but this associ-
ation is stabilized upon alkylation damage. Our data indicate
that RNF113A interacts with damaged RNA through its ZnF
domain; however, as depicted in our first working model (Fig-
ure 7A), itis unlikely that this domain directly recognizes a specific
modification on the RNA. Although we cannot rule out the possi-
bility that this ZnF domain recognizes methylated nucleotides
directly (Figure 7B), we have not observed a stable interaction be-
tween RNF113A and alkylated RNA (data not shown). Thus, we
reason that alkylated RNA, which we find inhibits pre-mRNA pro-
cessing on the spliceosome, may in turn be the signal to recruit
and activate the RNF113A E3 ligase. In either case, this associa-
tion of RNF113A culminates in its autoubiquitination as well as
ubiquitination of other proteins in the spliceosome, such as
BRR2 (Brickner et al., 2017). In turn, the K63-linked ubiquitination
recruits the ASCC complex via the ASCC2 subunit. The recruit-
ment of ASCC by RNF113A mediates repression of nascent tran-
scription and prevents R-loop accumulation.

Figure 6. Alkylated RNA activates RNF113A in vitro and its ZnF domain is critical for its function in alkylation damage

(A) RNF113A complex was immunopurified from untreated HelLa-S nuclear lysate, and in vitro E3 ligase assays were performed in the presence of the B-globin
pre-mRNA (0.1 or 0.3 uM) with or without treatment with dimethyl sulfate as the methylating agent. The reaction products were analyzed using western blotting
using the antibodies as shown (n = 3 independent experiments).

(B) In vitro E3 ligase assays were performed as in (A) with the presence of 0.1, 0.2, or 0.5 uM single-stranded RNA, m1A-RNA, or m1A-DNA oligonucleotides (n =2
independent experiments). Result with the m1A DNA (right) was from the same blot as the m1A RNA.

(C) HelLa-S cells expressing FLAG-RNF113A wild-type (WT), FLAG-RNF113A K218A/F219A, or FLAG-RNF113A F123A/K218D were subjected to RNA immu-
noprecipitation (RIP). Purified RNAs were digested, and the methylated nucleosides were analyzed using tandem mass spectrometry. The result is shown as the
mean + SD (n = 3 independent replicates; *p < 0.05 and **p < 0.01).

(D) TUBE assays were performed from HelLa cells expressing the FLAG-HA tagged WT RNF113A or the K218A/F219A mutant, with or without two levels of MMS
(100 or 250 puM) as shown. Ku80 was used as the input control.

(E) In vitro E3 ligase assays were performed as in (B) with WT or K218A/F219A RNF113A complex in the reactions containing 0.1 or 0.3 uM RNA or m1A-RNA
oligonucleotides (n = 2 independent experiments).

(F) U20S cells expressing the indicated short hairpin RNAs (shRNAs) were rescued with empty vector or the indicated RNF113A vectors. After MMS treatment,
cells were processed for immunofluorescence staining using the indicated antibodies. Scale bar, 10 um. Quantitation (defined as percentage cells having five or
more foci) is shown on the right for each condition, as the mean + SD (n = 3 independent replicates; “p < 0.05; n.s., not significant).

(G) R-loop quantitation in HelLa cells expressing the indicated combinations of gRNA and rescue vectors was performed under the indicated conditions (n = 4
replicates; error bars indicate + SD of the mean; **p < 0.01 and ***p < 0.0001 by repeated-measures one-way ANOVA with Tukey’s multiple-comparisons test,
with a single pooled variance).

(H) HeLa cells were transduced with control gRNA or RNF113A-specific gRNAs, along with the indicated rescue vectors. Resistance to MMS was determined
using MTS assay (n = 5 technical replicates for each gRNA/rescue vector condition combination).
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Figure 7. Models for the RNF113A-ASCC pathway

(A) In the preferred model, RNF113A becomes stably associated with the
spliceosome upon methylation damage to nascent RNA, activating the
RNF113A E3 ligase, which in turn recruits the ASCC complex.

(B) In the alternative model, the ZnF domain of RNF113A senses the aberrant
methylation directly, while also associating with the spliceosome, activating its
E3 ligase activity.

Our previous findings indicate that ASCC-ALKBH3 functions
as a complex (Dango et al., 2011; Brickner et al., 2017), whose
loss impairs repair kinetics of alkylated lesions in DNA.
RNF113A also promotes more efficient repair of DNA double-
stranded breaks secondary to alkylation damage (Figure 4);
consistently, expression of the RNA selective BsV-AIkB protein
does not rescue the alkylation damage sensitivity of RNF113A
deficiency. Combined with our evidence that RNF113A is
epistatic to ALKBHS3, these data indicate that RNF113A pro-
motes alkylation damage reversal on DNA. Yet, as alkylated
RNA is more abundant, having the initial pathway activation
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signal through RNA may have evolved as a more sensitive mech-
anism to detect and indicate alkylation damage in the nucleus.
The fact that ALKBH3 can repair both ssRNA and ssDNA (Aas
et al., 2003; Sundheim et al., 2006), and the ability of ASCCS3 to
unwind DNA (Dango et al., 2011) and also function in RQC further
bolsters the multifunctionality of this complex in repairing or
ridding cells of damaged RNA as well as DNA. Therefore, our
work has potentially unveiled the adaptation of RNA damage
recognition as a mechanism to recruit the ASCC complex to
damaged, transcriptionally active regions to maintain genomic
integrity.

Limitations of the study

Our work strongly suggests that the ASCC complex uses its heli-
case activity to downregulate nascent transcription and sup-
press R-loop formation, yet how it would use its motor activity
to this end is unclear. Furthermore, our findings establish a major
mechanism by which RNF113A is directly activated as an E3
ligase by alkylated RNA, which to our knowledge has yet to be
described in the literature. However, the precise mechanism
by which damaged RNA activates this E3 ligase is unknown. In
addition, we cannot rule out other mechanisms that act up-
stream of RNF113A to regulate its E3 ligase activity. Indeed,
many E3 ligases are regulated by other post-translational modi-
fications (Song and Luo, 2019). Structural studies will likely be
necessary to fully understand its regulation and mechanism of
action.
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Reagent or Resource

Source

Identifier

Antibodies

6x-His (Mouse)

ASCC3 (Rabbit)

Flag (Mouse)

Flag (Rabbit)

GAPDH (Rabbit)

HA (Mouse)

Nucleolin (Rabbit; for METTL8/TRMT61A staining)
Nucleolin (Rabbit; for S9.6 staining)
pH2A.X (Mouse)

pH2A.X (Rabbit)

RNF113A (Rabbit)

RNF8 (Rabbit)

RNF168 (Rabbit)

Ubiquitin (Mouse)

p-actin HRP

BRR2 (Rabbit)

SRRM2 (Rabbit)

S9.6

Anti-rabbit Alexa Fluor 488
Anti-mouse Alexa Fluor 546
Anti-mouse Alexa Fluor 594

Abcam (ab18184)
(Dango, et. al. 2011)
Sigma

Sigma

Abcam
BioLegend
Bethyl

Abcam

Abcam

Active Motif
Sigma

Abcam

Gift of D. Durocher (U of Toronto)
Santa Cruz
Sigma

Bethyl

Biorbyt

Kerafast

Thermo Fisher
Thermo Fisher
Thermo Fisher

ab18184; RRID: AB_444306
N/A

F3165; RRID: AB_259529
F7425; RRID: AB_439687
ab181602; RRID: AB_2630358
901501; RRID: AB_2565006
A300-711A-T; RRID: AB_533463
ab22758; RRID: AB_776878
ab26350; RRID: AB_470861
39117; RRID: AB_2793161
HPAO000160; RRID: AB_1079821
ab105362; RRID: AB_10711502
N/A

sc-8017; RRID: AB_2762364
A3854; RRID: AB_262011
A303-454A; RRID: AB_10953802
orb337685

ENHO001; RRID: AB_2687463
A11034; RRID: AB_2576217
A21123; RRID: AB_141592
A32742; RRID: AB_2762825

Chemicals, peptides, recombinant proteins

His-BsV-AlkB (bacterial)

His-BsV-AlkB (H156A; bacterial)
His-hALKBH3

Flag-METTL8-NLS (HEK293T)
Flag-METTL8-NLS (D230A; HEK239T)
Flag-METTL8-NLS (G204A/G206A; HEK239T)
Flag-RNF113A-WT (HeLa-S)

UBE1

UBchb5c

RNase A

RNase H

Nuclease S1

FastAP alkaline phosphatase
SUPERaseeIn RNase inhibitor

RNaseOut recombinant ribonuclease inhibitor
RNase T1 and RNase inhibitor/NEB/M0314
Polynucleotide Kinase

Protesase & phosphatase inhibitor cocktail
Flag peptide

Benzonase

Anti-Flag M2 agarose beads

This study
This study
This study
This study
This study
This study
This study
Boston Biochem
Boston Biochem
Invitrogen
NEB

Sigma
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
NEB

Thermo Fisher
Sigma

Sigma

Sigma

N/A

N/A

N/A

N/A

N/A

N/A

N/A
E-305
E2-627
12091-039
M0297
N5661
EF0651
AM2694
10777019
EN0542
B0201S
A32961
F3290
E1014
A2220

(Continued on next page)
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Reagent or Resource Source Identifier
Anti-Flag M2 magnetic beads Sigma M8823
Ni-NTA beads QIAGEN 88221
TUBE beads Boston Biochem AM-130
Ubiquilin-HALO beads Zhao et al., 2018 N/A
TAB2-HALO beads Zhao et al., 2018 N/A
Hoechst 33342 BD Bioscience 561908
Adenosine ribonucleoside Cayman Chemical Company 21232
Guanosine 5’-monophosphate Cayman Chemical Company 16957
Cytidine 5'-triphosphate Cayman Chemical Company 18147
1-methyladenosine ribonucleoside Cayman Chemical Company 16937
7-methylguanosine ribonucleoside Cayman Chemical Company 15988
3-methylcytidine ribonucleoside Cayman Chemical Company 21064
ProLong Gold Invitrogen P36930
PB (Pladienolide B) Cayman Chemical Company 16538
Puromycin Sigma P8833
Hydroxyurea Sigma H8627
Bleomycin Millipore-Sigma 203401
Shield-1 Takara Bio 632189
Doxycycline Sigma D3447
Methyl methanesulfonate (MMS) Sigma 129925
Dimethyl sulfate (DMS) Sigma D2438
Camptothecin (CPT) Selleckchem S1288
Critical commercial assays
MTS assay Promega G3580
Click-iT Nascent RNA Capture Kit Thermo Fisher C10365
Next Small RNA Library Prep Set for lllumina NEB 7300
HiScribe T7 In Vitro Transcription Kit NEB E2050
RNA Clean & Concentrator-5 Kit Zymo Research R1013
RNasey Mini Kit QIAGEN 217004
Comet Assay Trevigen 4250-050-K
ProtoScript First Strand cDNA Synthesis Kit NEB E6300
DNeasy Blood & Tissue Kit QIAGEN 69506
Nucleoside Digestion Mix NEB MO0649S
Deposited Data
Raw sequencing data This study GEO: GSE158090
Original data This study Mendeley Data: https://data.mendeley.
com/datasets/fmzn5hdbmw/1
Experimental models: Cell lines
293T ATCC N/A
HelLa ATCC N/A
Hela-S ATCC N/A
U208 ATCC N/A
U20S FUCCI Byrum et al., 2019 N/A
U20S ASCC2 KO Brickner et al., 2017 N/A
U20S ASCC3 KO Brickner et al., 2017 N/A
U20S 2-6-3 Janicki et al., 2004 N/A
U20S 2-6-5 Shanbhag et al., 2010 N/A
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Continued
Reagent or Resource Source Identifier
U20S ASCC3G1354D/G1354D This study N/A
Oligonucleotides
For PCR primers, see Table S7 IDT N/A
m1A RNA substrate (for demethylase assay): Midland Certified Reagents N/A
5-CAGAGGAGGUAAAAAAAUGGIM1AJAUUGUACAAA-3 Company
1meA DNA substrate (for demethylase assay): Midland Certified Reagents N/A
5'-CAGAGGAGGUAAAAAAAUGG [1meAJAUUGUACAAA-3' Company
RNA substrate (for methyltransferase assay): IDT N/A
5-CAGAGGAGGUAAAAAAAUGGAAUUGUACAAA-3'
DNA substrate (for methyltransferase assay): IDT N/A
5'-CAGAGGAGGUAAAAA
AAUGGAAUUGUACAAA-3'
Recombinant DNA
pET-28a-Flag-BsV-AlkB-NLS This study N/A
pET-28a-Flag-BsV-AIkB-NLS (H156A) This study N/A
pHAGE-Flag-BsV-AlkB-NLS This study N/A
pHAGE-Flag-BsV-AlkB-NLS (H156A) This study N/A
pPHAGE-3xHA-ASCC2 Brickner et al., 2017 N/A
pHAGE-Flag-METTL8-NLS This study N/A
PHAGE-Flag-METTL8-NLS (D230A) This study N/A
pHAGE-Flag-METTL8-NLS (G204A/G206A) This study N/A
pHAGE-Flag-TRMT61A-NLS This study N/A
pHAGE-Flag-TRMT61A-NLS (D181A) This study N/A
pDD-Flag-mCherry-Lacl This study N/A
pDD-Flag-METTL8-NLS-mCherry-Lacl This study N/A
pDD-Flag-METTL8-NLS This study N/A
pDD-Flag-METTL8-NLS-mCherry-Lacl (G204A/G206A) This study N/A
pPMSCV-Flag-HA-RNF113A (WT and RING mutants) Brickner et al., 2017 N/A
PMSCV-Flag-HA-RNF113A (ZnF mutants) This study N/A
pHAGE-3xHA-RNF113A Brickner et al., 2017 N/A
pHAGE-3xHA-RNF113A (ZnF mutants) This study N/A
T7-driven B-globin pre-mRNA Movassat et al., 2014 N/A
pPHAGE-Flag-TRMT61A (WT and catalytic dead) This study N/A
Software and algorithms
OpenComet v1.3.1 OpenComet N/A
ImageJ ImageJ N/A
Sequest Eng et al., 1994 N/A
STAR v2.0.4b Dobin et al., 2013 N/A
Subread:featureCount v1.4.5 Liao et al., 2014 N/A
Salmon v8.0.2 Patro et al., 2017 N/A
RseQC v2.3 Wang et al., 2012 N/A
Flexbar v3.5.0 https://github.com/seqan/flexbar N/A
STAR v2.7.8 https://github.com/alexdobin/STAR N/A
Bedtools v2.30.0 https://bedtools.readthedocs.io/ N/A
en/latest/
Samtools v1.12 http://www.htslib.org N/A
CLAM pipeline v1.2.0 https://github.com/Xinglab/CLAM N/A
Homer v4.11 http://homer.ucsd.edu/homer/ngs/ N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nima
Mosammaparast (nima@wustl.edu).

Materials availability
All reagents generated in this study are available from the Lead Contact without restriction.

Data and code availability
RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in
the key resources table. Original western blot and microscopy image data have been deposited at Mendeley and are publicly avail-
able as of the date of publication. The DOl is listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Human cell lines (293T, Hela, HelLa-S, and U20S; all originally from ATCC) were cultured in Dulbecco’s modified eagle medium
(Invitrogen), supplemented with 10% fetal bovine serum (Sigma), 100 U/ml of penicillin-streptomycin (GIBCO) at 37°C and 5%
CO,. U20S FUCCI contains integrated lentiviral mKO2-hCdt1 and mAG-hGem cell cycle reporters (Byrum et al., 2019). The
U20S ASCC3 KO and U20S ASCC2 KO cell lines contain CRISPR/Cas? derived mutations that render each respective locus as
homozygous null (Brickner et al., 2017). U20S 2-6-3 cell line contains tet-inducible, CMV minimal promoter reporter cassettes ex-
pressing MS2 repeats at chromosome 1 (Janicki et al., 2004; Shanbhag et al., 2010). The U20S ASCC3X"X! mutant cell line contains
a homozygous mutation encoding the G1354D substitution in ASCC3.

METHOD DETAILS

Plasmids

Plasmids containing human ASCC2 and RNF113A cDNAs were previously described (Dango et al., 2011). The BsV-AIkB cDNA (van
den Born et al., 2008) was synthesized as a gBlock (IDT) after optimization of the sequence for human cell expression, fused to the
SV40 NLS, and cloned into pENTR3-C. METTL8 was amplified from human cDNA, fused to the SV40 NLS, and cloned into pENTR-
3C. TRMT61A cDNA was synthetically generated (GenScript), fused to SV40 NLS and cloned into pENTR-3C. For mammalian cell
expression, cDNAs were subcloned into pHAGE-CMV-3xHA, pHAGE-CMV-Flag, pMSCV (no tag), or pMSCV-Flag-HA as needed
by Gateway recombination (Brickner et al., 2017). For degron tagged expression, the mCherry-Lacl sequence (from Addgene
#18985) was subcloned into pLVX-PTuner (Takara Bio). To create the DD-Flag-METTL8-NLS-mCherry-Lacl, Flag-METTL8-NLS
was subcloned into the pLVX-PTuner-mCherry-Lacl. For recombinant protein expression, cDNAs were subcloned into pET28a-
Flag. Mutations were created by PCR-mediated mutagenesis or synthesized as gBlocks (IDT). For shRNA-mediated knockdowns,
TRC pLKO.1 vectors were used as previously described (Brickner et al., 2017). For CRISPR/Cas9 mediated knockout of RNF113A,
gRNA sequences were cloned into pLentiCRISPR-V2 (Addgene#52961). The T7 B-globin minigene construct for in vitro transcription
of B-globin pre-mRNA was kindly provided by Dr. Klemens Hertel (University of California, Irvine), and was described previously
(Movassat et al., 2014). All constructs derived by PCR or from gBlocks were confirmed by Sanger sequencing.

Cell culture and cell survival assays

The U20S FUCCI cell line (Byrum et al., 2019) and the ASCC2 and ASCC3 knockout cell lines (Brickner et al., 2017) were previously
described. The U20S 2-6-3 reporter cell line (Janicki et al., 2004; Shanbhag et al., 2010) was a kind gift of Roger Greenberg (Univer-
sity of Pennsylvania). The ASCC3G1354D/G1354D knack-in cell line was created using CRISPR/Cas9 and homologous recombination of
a donor DNA containing the desired mutation at the Washington University GEiC core facility. Clones were screened and verified by
deep sequencing. Preparation of viruses, transfection, and viral transduction were performed as described previously (Brickner et al.,
2017). Knockdown experiments (using shRNA) and knockout experiments (using CRISPR/Cas9) were performed by infecting cells
with the indicated lentivirus and selecting with puromycin (1 pg/ml) for 48-72 hours. For ASCC foci rescue experiments, cells
were transduced with the indicated pMSCYV retroviral vector. For DNA damaging agent survival assays using Hela cells, 1500-
2000 cells per well were cultured overnight in 96-well plates in 100 uL media. Cells were then exposed to medium containing the
indicated concentration of methyl methanesulphonate (MMS; Sigma) for 24 hours at 37°C. The media was then replaced with
normal media, and cell viability was assessed using the MTS assay (Promega) 72 hours after initial damaging agent exposure. For
experiments involving camptothecin (CPT; Sigma), cells were exposed to medium containing the indicated concentration of the
damaging agent in culture medium for 72 hours at 37°C. Viability was then processed by MTS assay as above. All MTS-based survival
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experiments were carried out in technical quintuplicate. For colony formation assay, knockout or control HelLa cells were trypsinized,
counted, and plated at low density. After overnight incubation, the cells were treated with the indicated doses of MMS or campto-
thecin for 24 hours in complete medium. The cells were incubated for 12-14 days, fixed, and stained with crystal violet. The exper-
iment was performed in quadruplicate for each cell line and drug dose. Colonies were counted and relative survival was normalized to
untreated controls.

Neutral comet assay

Hela cells were plated 24 hours before treatment with 0.5 mM MMS for 1 hour. Media was replaced and incubated for another two
hours when indicated. Cells were then trypsinized and resuspended to 3 X 10° cells/mL in cold PBS. Neutral comet assays were per-
formed using CometAssay (Trevigen), according to manufacturer’s protocol. Cells were combined with low melting point agarose
1:10 and spread onto a comet slide (Trevigen) and allowed to dry at 4°C for 30 minutes. Slides were placed in lysis solution (Trevigen)
at 4°C for 1 hour before immersion in 1X TBE (0.1M Tris Base, 0.1M Boric Acid, 2.5mM EDTA) for 30 minutes. Lysed cells were then
electrophoresed at 25V for 30 minutes at 4°C. Slides were incubated with DNA precipitate solution (1M Ammonium Acetate, 95%
EtOH) for 30 minutes, and subsequently incubated in 70% EtOH for 30 min. Slides were then dried overnight at room temp. Slides
were stained with 1X SYBR Gold (Thermo Fisher) for 30 min, and images were acquired with a fluorescence microscope (LEICA DMU
400B; 10X). At least 75 comets were scored for each condition using OpenComet in Imaged software.

Protein purification

Recombinant, His-tagged BsV-AlkB and ALKBH3 proteins were purified from Rosetta (DE3) cells using an AKTA-pure FPLC (GE
Healthcare). Cells were resuspended in His-lysis buffer (50 mM Tris-HCI pH 7.3, 250 mM NaCl, 0.05% Triton X-100, 3 mM B-ME,
30 mM imidazole, and protease inhibitors) and lysed by sonication. After centrifugation and filtration, the extract was loaded onto a
HisTrap HP column using a 50 mL Superloop (GE Healthcare). After extensive washing with lysis buffer, the protein was eluted
using lysis buffer containing 400 mM imidazole. All recombinant proteins were dialyzed into TAP buffer. Flag-tagged METTL8
was purified from transiently transfected 293T cells by resuspension in Flag-lysis buffer (50 mM Tris-HCI pH 7.9, 150 mM
NaCl, 10% glycerol 1.0% Triton X-100, 1 mM DTT, and protease inhibitors) and lysed by sonication. After incubation with Flag
resin, beads were washed three times with 10 mL of Flag-lysis buffer and twice with 4 mL Flag-lysis buffer. The protein was eluted
with TAP wash buffer (50 mM Tris, pH 7.9, 100 mM KCI, 5 mM MgCl,, 0.2 mM EDTA, 0.1% NP-40, 10% glycerol, 1 mM 1 DTT)
containing 0.4 mg/ml Flag peptide.

RNF113A complex purification and proteomic analysis

Flag-HA-RNF113A was stably expressed after transduction of pMSCV-Flag-HA-RNF113A retrovirus into HelLa-S cells. Nuclear
extract was prepared from the stable cell line with or without prior treatment with MMS (0.5 mM for 30 minutes for IP-MS, 5 mM
for 1 hour for IP-Western), and the RNF113A complex was purified using anti-Flag (M2) resin (Sigma) in TAP buffer (50 mM Tris-
HCIpH 7.9, 100 mM KCI, 5 mM MgCl,, 0.2 mM EDTA, 10% glycerol, 0.1% NP-40, 1 mM DTT, and protease inhibitors). For benzonase
treatment, EDTA was omitted from TAP buffer and 100 U/ml benzonase was added into the cell lysates prior to the immunoprecip-
itation. After peptide elution, the complexes were subjected to western blotting with indicated antibodies or TCA precipitated and
associated proteins were identified by LC-MS/MS at the Taplin Mass Spectrometry Facility (Harvard Medical School) using an
LTQ Orbitrap Velos Pro ion-trap mass spectrometer (ThermoFisher) and Sequest software (Eng et al., 1994). Total and unique peptide
spectral counts, as well as total peptide intensities, can be found in Table S5.

Alkylated pre-mRNA preparation

In vitro transcription of B-globin pre-mRNA was performed by using HiScribe T7 In Vitro Transcription Kit (NEB). The in vitro tran-
scribed pre-mRNA was treated with dimethyl sulfate (DMS) as described (Tijerina et al., 2007). RNA was added into a 25 pL reaction
mixture containing 0.65% DMS, 50 mM Na-MOPS pH 7.0, 10 mM MgCl,, and incubated at room temperature for 10 minutes. Re-
actions were quenched with 475 puL quench solution (0.3 M sodium acetate, 30% B-Mercaptoethanol) prior to ethanol precipitation.
The RNA pellets were dissolved in water and concentration was determined using a Nanodrop. Methylation status of the ribonucle-
osides was analyzed by quantitative LC-MS/MS, as described below.

Nucleic acid demethylase and methyltransferase assays

For demethylation assays, methylated oligonucleotides (RNA and DNA sequences shown in Key Resources Table) were pur-
chased from Midland Certified Reagents Company (Midland, TX). Demethylation reactions were carried out using 60 pmol of sub-
strate oligonucleotide in the presence of 20 pmol BsV-AIkB protein for 1 hour at 37°C in a 50 pl reaction mixture containing 50 mM
HEPES-KOH pH 7.5, 2 mM ascorbic acid, 100 pM 2-oxoglutarate, 40 uM FeSO,4 and 1 ul RNaseOUT recombinant ribonuclease
inhibitor (ThermoFisher). Methyltransferase assays were carried out using 100 pmol of substrate oligonucleotide (IDT; see Key Re-
sources Table for sequence) in the presence of ~0.5 pg of immunopurified Flag-METTLS8 for 2 hours at 37°C in a 40 puL reaction
mixture containing 50 nM HEPES pH 7.5, 3 mM MgCl,, 0.5 mM S-adenosylmethonine and 1 uL. RNaseOUT recombinant RNase
inhibitor. The products for both types of reactions were digested to nucleosides and analyzed by quantitative LC-MS/MS, as
described below.
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RNA immunoprecipitation (RIP) for LC-MS/MS analysis

The procedure was followed as previously described (Wang et al., 2014), with minor modifications. HeLa-S cells expressing empty
pMSCV-Flag vector, Flag-RNF113A (WT), or ZnF point mutants grown in 15-cm dishes were treated with or without 5 MM MMS for 1
hour. Cells were harvested and the pellets were lysed with 2 volumes of lysis buffer (10 mM HEPES pH 7.5, 150 mM KCl, 0.5% NP-40,
2 mM EDTA, 0.5 mM Zn(NO3),, 10 mM B-ME, protease inhibitors and 400 U/ml RNase inhibitor), incubated on ice for 5 minutes then
shock-frozen at —80°C for 30 minutes. Cell lysates were thawed on ice and centrifuged at 15,000 g for 15 minutes. The supernatant
was immunoprecipitated with M2 agarose beads at 4°C for 4 hours. Beads were washed eight times with 1 mL ice-cold NT2 buffer
(50 mM HEPES pH 7.5, 200 mM NaCl, 0.05% NP-40, 2 mM EDTA, 0.5 mM Zn(NOs3),, 10 mM B-ME and 200 U/ml RNase inhibitor) and
eluted with 5 packed bead volumes of NT2 buffer containing 0.4 mg/ml Flag peptide. The supernatant was mixed with 1 mL TRIzol for
RNA extraction according to the manufacture’s protocol, then digested for nucleoside mass spectrometry analysis.

Nucleoside mass spectrometry

With the exception of the analysis of genomic DNA after MMS treatment, samples were digested to nucleosides at 37°C overnight
with Nuclease S1 from Aspergillus oryzae (Sigma-Aldrich), followed by dephosphorylation with FastAP alkaline phosphatase (Thermo
Fisher) at 37°C for 1 hour. For genomic methylation adduct analysis, genomic DNA was extracted using using the DNeasy Blood &
Tissue Kit (QIAGEN). 5 ug genomic DNA was digested with Nucleoside Digestion Mix (NEB) at 37°C for 3 hours prior to LC-MS/MS
analysis. Chromatographic separation was performed using an Agilent 1290 Infinity Il UHPLC system with a ZORBAX RRHD Eclipse
Plus C18 2.1 x 50 mm (1.8 um) column. The mobile phase consisted of water and methanol (with 0.1% formic acid) run at 0.5 ml/min.
For DNA nucleosides, the run started with a 3 min gradient of 2%-8% methanol, followed by a 2 min gradient of 8%-98% methanol,
98% methanol was maintained for 4 min, followed by re-equillibration to 2% methanol over 1 min. For RNA nucleosides, the run
started with a 3 min gradient of 2%-8% methanol, followed by a sharp increase to 98% methanol which was maintained for
4 min. Mass spectrometric detection was performed using an Agilent 6470 Triple Quadrupole system operation in positive electro-
spray ionization mode, monitoring the mass transitions 266.13/150 (for m1dA), 252.11/136 (for dA), 282/150 (for m1A), 268.1/136 (for
A), 242.1/126.1 and 242.1/109 (for m3dC), 228.1/112 (for dC), 258/126 (for m3C), 244.1/112 (for C), 298/166 (for m7G), and 284.2/152
(for G).

RNA sequencing and analysis

RNA was purified using the QIAGEN RNeasy Mini Kit (#217004). Samples were prepared according to library kit manufacturer’s pro-
tocol, indexed, pooled, and sequenced on an lllumina HiSeq. Basecalls and demultiplexing were performed with lllumina’s bcl2fastq
software and a custom python demultiplexing program with a maximum of one mismatch in the indexing read. RNA-seq reads were
then aligned to the Ensembl release 76 top-level assembly with STAR version 2.0.4b(Dobin et al., 2013). Gene counts were derived
from the number of uniquely aligned unambiguous reads by Subread:featureCount version 1.4.5(Liao et al., 2014). Isoform expres-
sion of known Ensembl transcripts were estimated with Salmon version 0.8.2 (Patro et al., 2017). Sequencing performance was as-
sessed for the total number of aligned reads, total number of uniquely aligned reads, and features detected. The ribosomal fraction,
known junction saturation, and read distribution over known gene models were quantified with RSeQC version 2.3 (Wang
et al., 2012).

All gene counts were then imported into the R/Bioconductor package EdgeR(Robinson et al., 2010) and TMM normalization size
factors were calculated to adjust for samples for differences in library size. Ribosomal genes and genes not expressed in the smallest
group size minus one sample greater than one count-per-million were excluded from further analysis. The TMM size factors and the
matrix of counts were then imported into the R/Bioconductor package Limma (Ritchie et al., 2015). Weighted likelihoods based on the
observed mean-variance relationship of every gene and sample were then calculated for all samples with the voomWithQuality-
Weights (Liu et al., 2015). The performance of all genes was assessed with plots of the residual standard deviation of every gene
to their average log-count with a robustly fitted trend line of the residuals. Differential expression analysis was then performed to
analyze for differences between conditions and the results were filtered for only those genes with Benjamini-Hochberg false-discov-
ery rate adjusted p-values less than or equal to 0.05. For each contrast extracted with Limma, global perturbations in known Gene
Ontology (GO) terms and KEGG pathways were detected using the R/Bioconductor package GAGE (Luo et al., 2009) to test for
changes in expression of the reported log, fold-changes reported by Limma in each term versus the background log, fold-changes
of all genes found outside the respective term. Heatmaps were generated using the Heatmapper online tool (heatmapper.ca). All
RNA-Seq primary data and metadata have been deposited in the Gene Expression Omnibus repository (https://www.ncbi.nlm.
nih.gov/geo) under accession number GSE158090.

qRT-PCR and nascent RNA analysis

For the MS2 reporter analysis, RNA was extracted using the QIAGEN RNeasy Mini Kit (#217004). Reverse transcription was per-
formed on the purified RNA with the ProtoScript First Strand cDNA Synthesis Kit (NEB E6300) using poly(dT) primers. SYBR Green
JumpStart Tag Ready Mix (Sigma S9194) with used with gPCR using the QuantStudio 6 Flex Real-Time PCR System (Applied Bio-
systems). For nascent RNA analysis, cells were incubated with 0.2 mM 5-ethynyl uridine (EU) at 37°C for 1 hour, then harvested for
total RNA extraction at indicated time points. 5 pg total RNA was subjected to nascent transcript isolation by using Click-iT Nascent
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RNA Capture Kit (Thermo Fisher Scientific, C10365). After reverse transcription, 1 uL cDNA from each sample was used for gPCR by
using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) and QuantStudio 6 Flex Real-Time PCR System.

CLIP-seq and analysis

Ten 15-cm dishes of Hel a cells expressing pMSCV-Flag vectors were used for each CLIP. Cells were treated with 5 mM MMS for 1
hour and crosslinked by exposing twice with 0.15 J/cm? of 254 nm UV, then scrapped off and lysed with 3 volumes of 1X NP-40
buffer (50 mM HEPES-KOH pH7.5, 150 mM KCI, 2 mM EDTA, 0.5% NP-40, 10 mM B-ME, protease inhibitors and 400 U/ml RNase
inhibitor). Clear cell lysates were treated with RNase T1 (Thermo Scientific) to a final concentration of 0.1 U/ul at room temperature for
15 minutes and immunoprecipitated with anti-Flag magnetic beads (M2; Sigma) at 4°C for 1 hour. Beads were washed three times
with IP-wash buffer (50 mM HEPES-KOH pH7.5, 300 mM KCI, 0.05% NP-40. 10 mM B-ME, protease inhibitors and 200 U/ml RNase
inhibitor) and treated with RNase T1 to a final concentration of 10 U/ul at room temperature for 15 minutes. SUPERaseeln RNase
Inhibitor (ThermoFisher) was then added to a final concentration of 1 U/pl to inhibit RNase T1. Beads were further washed three times
with high-salt wash buffer (50 mM HEPES-KOH pH7.5, 500 mM KClI, 0.05% NP-40. 10 mM B-ME, protease inhibitors and 200 U/mi
RNase inhibitor) and twice with PNK buffer (50 mM Tris-HCI pH7.5, 50 mM NaCl, 50 mM MgCl,). Beads were treated with 10 uL of T4
Polynucleotide kinase (PNK; NEB) in 100 pL of 1X T4 PNK Reaction buffer containing 1 U/ul SUPERasee®In RNase Inhibitor at 37°C for
30 minutes, followed by addition of 1 mM ATP and 5 pL PNK for another 30 minutes incubation. After removal of the supernatants,
beads were incubated with proteinase K at 55°C for 30 minutes with shaking. The supernatants were collected and RNAs were pu-
rified by using RNA Clean & Concentrator-5 kit (Zymo Research). The purified RNAs were subjected to library preparation by using
NEB Next® Small RNA Library Prep Set for lllumina® (NEB #7300) and sequenced by lllumina HiSeq.

The single-end CLIP-Seq raw data was trimmed with flexbar (version 3.5.0, https://github.com/seqgan/flexbar) tool to remove
adapters and low-quality reads (length shorter than 20). Remaining reads were aligned to the human genome (GENCODE v37
GRCh38, https://www.gencodegenes.org) using STAR (version 2.7.8a, https://github.com/alexdobin/STAR). The rRNA and PCR
duplicated reads were removed using bedtools (version 2.30.0, https://bedtools.readthedocs.io/en/latest/) and samtools (version
1.12, http://www.htslib.org), respectively. The filtered BAM files were used in the CLAM pipeline (version 1.2.0, https://github.
com/Xinglab/CLAM) to define candidate cross-linking regions. The cross-linking signatures were detected from the RNF113A
CLIP-Seq data (plus MMS treatment) using the empty vector CLIP-Seq data as control with set region bin as 100. To reduce false
positives, the CLIP candidate cross-linking regions shared by all three replicates were used for downstream analysis. For the de-
tected signals, Homer (version 4.11, http://homer.ucsd.edu/homer/ngs/annotation.html) was used to annotate the regions with spe-
cific genomic features.

Immunofluorescence microscopy

Allimmunofluorescence microscopy for foci analysis was performed as previously described (Brickner et al., 2017), with minor mod-
ifications. U20S cells expressing NLS-tagged METTL8 or TRMT61A fusions were washed with 1 x PBS prior to fixation with 3.2%
paraformaldehyde. For YFP-MS2 analysis, the U20S 2-6-3 expressing degron-tagged Lacl fusion proteins were incubated with
300 nM Shield1 ligand (Takara Bio) and 1 pug/ml doxycycline for 24 hours, then washed with 1 x PBS prior to fixation as above.
For ASCC localization, U20S 2-6-5 cells were treated as the 2-6-3 cells but were extracted with 1 x PBS containing 0.2% Triton
X-100 and protease inhibitor cocktail (Pierce) for 10-20 minutes on ice prior to fixation. For MMS-induced foci analysis, U20S cells
were treated with 500 uM MMS in complete medium at 37°C for six hours, washed with 1 x PBS, then extracted and fixed as above.
All cells were then washed extensively with IF Wash Buffer (1 x PBS, 0.5% NP-40, and 0.02% NaNs3), then blocked with IF Blocking
Buffer (IF Wash Buffer plus 10% FBS) for at least 30 minutes. Primary antibodies were diluted in IF Blocking Buffer overnight at 4°C.
After staining with secondary antibodies (conjugated with Alexa Fluor 488 or 594; Millipore) and Hoechst 33342 (BD Bioscience),
where indicated, samples were mounted using Prolong Gold mounting medium (Invitrogen). Epifluorescence microscopy was per-
formed on an Olympus fluorescence microscope (BX-53) using an ApoN 60X/1.49 NA oil immersion lens or an UPlanS-Apo 100X/1.4
oil immersion lens and cellSens Dimension software. Raw images were exported into Adobe Photoshop, and for any adjustments in
image contrast or brightness, the levels function was applied. For foci quantitation, at least 100 cells were analyzed in triplicate, un-
less otherwise indicated.

RNA-DNA hybrid (R-loop) quantification by immunofluorescence

Detection of s9.6 signal was performed as described previously (Wood et al., 2020). U20S or HeLa cells were seeded on glass cov-
erslips 24 hours before treatment. After treatment with MMS, coverslips were fixed with 100% ice-cold methanol for 10 min at —20°C.
Fixed coverslips were treated with 6 pg/ml RNase A (Invitrogen) in RNase A buffer (10 mM Tris-HCI, 5 mM NaCl, 5 mM EDTA,) for
30 min at 37°C to avoid non-specific binding of single-stranded RNA outside R-loops. Negative controls were created by additional
incubation of slides with 6 png/mL RNase H (NEB), for 2 hours at 37°C. Cells were then washed in PBS and then blocked in 5% BSA
diluted in PBS for 30 min at 37°C followed by incubation with the s9.6 primary antibody (1:500; Kerafast) and rabbit anti-nucleolin
primary antibody (1:2000; Abcam) for 1 hour in a humid chamber at 37°C. Secondary antibodies anti-mouse Alexa Fluor 546 and
anti-rabbit Alexa Fluor 488 (both 1:1000; Thermo Fisher Scientific) and DAPI were incubated with cells for 30 minutes in a humidity
chamber at 37°C. Coverslips were mounted onto glass slides using ProLong Gold (Invitrogen). Images were taken using a 63X
objective with a confocal fluorescent microscope (LEICA: DMi8 TCS SPE). Only nuclear staining was used to quantify R-loop
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accumulation, and all cytoplasmic and nucleoli staining was removed before analysis. We subtracted cytoplasmic and nucleolar
staining, as determined by co-staining with nucleolin. Images were analyzed using an Imaged macro that sequentially subtracted
nucleolin staining, detected and outlined nuclei based on DAPI staining, and measured mean integrated density of 9.6 staining
in nuclei to avoid bias. At least 100 cells were counted for each individual replicate.

His-ubiquitin pulldown assays

His-tagged ubiquitin was immunoprecipitated after denaturation as described previously (Gajjar et al., 2012; Xirodimas et al., 2001),
with minor modifications. Briefly, HeLa cells expressing Flag-HA-RNF113A WT, Flag-HA-RNF113A 1264A or Flag-HA-RNF113A
ARING were transfected with His-Ub. At ~42 hours after transfection, cells were exposed MMS (500 uM). The cells were harvested,
washed twice with cold 1x PBS and lysed in 1 mL of Lysis buffer (6 M guanidinium-HCI, 100 mM Na,HPO,4/NaH,PO4, 10 mM Tris-HCI
pH 8.0, 5 mM imidazole, 10 mM B-mercaptoethanol, and protease inhibitors). Cells were sonicated on ice for 10 s twice and centri-
fuged at 11K rpm at 4°C for 10 min. The supernatant was collected in a new tube and 4 mL of Lysis buffer was added. Ni-NTA-agarose
beads were washed four times with Lysis buffer, added to the lysate and incubated for 4 hours at room temperature with rotation.
Samples were washed for 5 min at room temperature once with Lysis buffer, once with Wash buffer (8 M urea, 100 mM
Na,HPO4/NaH,PO,4, 10 mM Tris-HCI pH 6.8, 5 mM imidazole, 10 mM B-mercaptoethanol, and protease inhibitors), and twice with
Wash Buffer plus 0.1% Triton X-100. Beads were then incubated with Elution Buffer (50 mM Tris-HCI pH 7.3, 250 mM NaCl,
400 mM imidazole, 0.05% Triton X-100, 3 mM B-mercaptoethanol, and protease inhibitors) overnight at 4°C. After elution, 4x Laemmli
Buffer was added, and samples were analyzed by Western Blotting.

Tandem ubiquitin binding element (TUBE) assays

HelLa-S cells (~6-8 x 107) grown in a spinner flask were treated with the indicated genotoxic agents (1 mM MMS, 10 mM hydroxy-
urea, 20 pM bleomycin, 1 uM camptothecin, 200 uM H,O,, or otherwise indicated) for four hours at 37°C. The cells were collected by
centrifugation, and washed with ice-cold PBS and frozen at —80°C as two cell pellets. Each cell pellet was resuspended in 10 mL
TUBE lysis buffer (50 mM Tris-HCI, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% (v/v) Triton X-100, and 0.27 M sucrose) containing freshly
added 100 mM iodoacetamide, protease and phosphatase inhibitors, then rotated at 4°C for one hour for lysis. The extract was spun
at 6500 rpm for 30 minutes. Supernatant was transferred to a fresh tube and spun at 6500 rpm for 5 minutes. A fraction of the spun
extract was kept as input, and the rest was rotated overnight at 4°C with 50 uL commercial ubiquilin-conjugated TUBE beads (Boston
Biochem) or HALO-conjugated TUBE beads (Zhao et al., 2018). The beads were washed three times with 10 mL high salt TAP buffer
(50 mM Tris-HCI, pH 7.9, 300 mM KCI, 5 mM MgCl,, 0.2 mM EDTA, 0.1% NP-0, 10% glycerol, 2 mM B-mercaptoethanol, 0.2 mM
PMSF) and once with 1 mL low salt TAP buffer (50 mM Tris-HCI, pH 7.9, 0 mM KCI, 5 mM MgCl,, 0.2 mM EDTA, 0.1% NP-0,
10% glycerol, 2 mM B-mercaptoethanol, 0.2 mM PMSF). Beads were resuspended in 50 uL Laemmli buffer and analyzed by western
blotting.

Ubiquitin ligase assays

Reactions analyzing ubiquitin chain polymerization were performed in ubiquitin ligase buffer (25 mM Tris pH 7.3, 25 mM NaCl, 10 mM
MgCl,, 100 nM ZnCl,, 1 mM B-mercaptoethanol) containing 2 mM ATP and 10 uM of ubiquitin in a total volume of 20 pl. E1 activating
enzyme (UBE1; Boston Biochem) was used at 31.25 nM, and E2 ubiquitin conjugating enzymes (Ubch5c; Boston Biochem) were
used at 0.625 uM. Flag-tagged-RNF113A purified from HelLa-S cells with or without treatment with MMS was added to each reaction
and incubated at 37°C for 3 hours. For the reactions incubated with nucleic acid, Flag-tagged-RNF113A or RNF113A mutant proteins
purified from HeLa-S cells was used at 0.1 uM. In vitro-transcribed B-globin pre-mRNA with or without treatment with DMS, as well as
DNA or RNA oligonucleotides with or without single m1A in the sequences were added as indicated concentrations and incubated at
37°C for 1.5 hours. Reactions were stopped with 20 uL of Laemmli buffer, analyzed by SDS-PAGE, and western blotted.

QUANTIFICATION AND STATISTICAL ANALYSIS
Where relevant, data is represented as the mean of the indicated number of replicates and error bars represent the standard deviation
of the mean. All p-values, except where indicated, were calculated by Student’s t test. RNA-Seq boxplot p-values were determined

by an exact permutation of the Wilcoxon-Mann-Whitney as described (Marx et al., 2016). R-loop analysis p-values were determined
by repeated-measure one-way ANOVA with Tukey’s multiple comparisons test, with a single pooled variance.
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Figure S1 (Tsao et al.)
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Figure S2 (Tsao et al.)
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Figure S3 (Tsao et al.)
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Figure S5 (Tsao et al.)
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Supplemental Figure Legends

Supplemental Figure S1. Characterization of the Blueberry Scorch Virus (BsV) AlkB
demethylase, Related to Figure 1. (a) Wildtype and a catalytic mutant (H156A) form of Hiss-
tagged BsV-AlkB-NLS protein purified from bacteria was separated on 4-12% SDS-PAGE gel
and stained with Coomassie brilliant blue (CBB). Positions of molecular weight markers (Mw)
are shown on the left. (b) An RNA oligonucleotide containing a single 1-methyladenine was
subjected to demethylation using the BsV-AlkB proteins from (a). Sample ion intensity
chromatograms from LC-MS/MS analysis of the digested nucleoside products is shown. (¢)
Demethylation assays were performed as in (b), except that a DNA oligonucleotide with the
identical sequence was used as a substrate for the reaction. (d) Immunofluorescence analysis of
U20S cells expressing Flag-vector, Flag-BsV-AlkB-NLS (WT), or the Flag-BsV-AlkB-NLS
(H156A). Cells were stained for the Flag antigen and the nuclei were counterstained with

Hoechst. Scale bar, 10um.

Supplemental Figure S2. Characterization of the METTLS8 and TRMT61A RNA
methyltransferases, Related to Figure 2. (a) Schematic of the human METTLS
methyltransferase (top). Alignment of the predicted S-adenosylmethionine (SAM) binding
domain is shown (bottom), with underlined letters indicating the conserved residues (G204,
G206, and D230) targeted for mutagenesis. (b) Flag-GFP, Flag-METTLS-NLS (WT), and Flag-
METTLS8-NLS (G204/206A) were purified from 293T cells, separated on 4-12% SDS-PAGE gel
and silver stained. (¢) Immunofluorescence analysis of U20S cells expressing Flag-METTLS8-
NLS (WT), Flag-METTLS-NLS (D230A), or Flag-METTL8-NLS (G204/206A). Cells were

stained for the Flag antigen, nucleolin, and the nuclei were counterstained with Hoechst. Arrows



indicate nucleoli. Scale bar, 10um. (d) Total nuclear intensity of the Flag antigen was quantified
from cells expressing the indicated vectors (corresponding to experiments in Figure 2¢c-2d). N =
3 independent replicates and error bars indicate =S.D. of the mean. (e) and (f) U20S cells
expressing Flag-TRMT61A-NLS (WT) or a mutant version targeting the catalytic domain of
TRMT61A (D181A) were stained for the Flag antigen, as well as nucleolin (e) or the nuclear
speckle marker PRPS (f). Nuclei were counterstained with Hoechst. Scale bar, 10um. (g) U20S
cells expressing the WT or D181 A mutant Flag-TRMT61A-NLS were stained with the indicated
antibodies and the nuclei were counterstained with Hoechst. Scale bar, 10um. (h) Quantification
of (g). N = 3 replicates, with error bars indicating +£S.D. of the mean. *** p <0.001. (i) U20S
cells expressing HA-ALKBH3 as well as the indicated Flag vectors were stained with the
indicated antibodies after pre-extraction with Triton X-100. Scale bar, 10um. A zoomed in area
is shown on the right for each merged panel. (j) Quantification of (i). N = 3 technical replicates,
with error bars indicating +S.D. of the mean. *** p <0.001. (k) U20S cells expressing HA-
ALKBH?2 along with the indicated Flag vectors were stained as shown with the indicated
antibodies after pre-extraction with Triton X-100. Scale bar, 10um. A zoomed in area is shown

on the right for each merged panel.

Supplemental Figure S3. Transcriptome analysis during alkylation damage, Related to
Figure 3. (a) Box plot of upregulated genes upon MMS treatment (at least +2 log> FC) in WT
cells in comparison to ASCC3 and ASCC2 KO cells. (b) Heatmap comparing MMS-
downregulated genes (at least -2 log> FC) in WT, ASCC3, and ASCC2 KO cells (n=3

biological replicates per condition).



(c¢) and (d) Volcano plot of RNA-Seq transcriptome analysis comparing WT U20S with
ASCC3 KO cells (¢) or WT U20S with ASCC2 KO cells (d) in the absence of MMS
treatment. Genes upregulated or downregulated more than +1 or +2 logz FC in the knockout
condition are highlighted as shown. (e) Relative quantitative RT-PCR analysis of the MS2
transcript was performed in the U20S reporter system transduced with the DD-Flag-
METTLS8-mCherry-Lacl vector under the indicated conditions. N = 3 independent replicates
and error bars indicate +S.D. of the mean; * p < 0.05. (f) Hise-tagged human ALKBH3 protein
purified from bacteria was separated on 4-12% SDS-PAGE gel and stained with Coomassie
brilliant blue (CBB). (g) Quantitative RT-PCR analysis was performed with or without pre-
incubation of the total RNA with ALKBH3 to demethylate m3C prior to qRT-PCR. N =3
independent replicates and error bars indicate £S.D. of the mean; n.s., not significant. (h) and (i)
Quantitative RT-PCR analysis was performed after transduction with the indicated shRNAs.
N = 3 independent replicates and error bars indicate +S.D. of the mean. * p <0.05. (j) Analysis
of the ASCC3KUKI cell line. Sequence context of the targeted mutation is shown above, along
with whole-genome sequencing (WGS) of the isolated clone. Whole cell lysates were used in
Western blot analysis below, and probed with the indicated antibodies. (k) Box plot of
upregulated genes upon MMS treatment (at least +2 log> FC) in WT cells in comparison to the
ASCC3KIKI cells. (I) Quantitative RT-PCR analysis was performed using RNA from WT and
ASC(C361334D/GI354D cells under the indicated conditions. N = 3 independent replicates and error

bars indicate +S.D. of the mean.. ** p < 0.01, *** p <0.001.

Supplemental Figure S4. Selective activation of RNF113A by alkylation damage, Related

to Figure 4. (a) Whole cell lysates from cells treated with the indicated damaging agents



(corresponding to Figure 4a) were analyzed by Western blot using the antibodies as shown (b)
HeLa cells expressing His-Ub and the indicated HA vectors were treated with MMS as shown.
Whole cell extracts were then used for His-pulldowns using Ni-NTA beads under denaturing
conditions. Lysate inputs as well as the pulldown material were analyzed by Western blot using
the antibodies as shown. (¢) HeLa-S cells were treated with equimolar amounts of MMS versus
ethyl methanesulfonate (EMS), or MMS versus methyl iodide (Mel), and cell lysates were used
for TUBE pulldowns (n=3 independent experiments). (d) U20S cells expressing FUCCI
indicators were treated with MMS, then stained for pH2A.X foci. Foci quantification from cells
in the indicated cell cycle stages using FUCCI indicators is shown on the right. Scale bar, 10 um.
(e) U20S cells expressing HA-RNFS (top) or GFP-RNF168 (bottom) were treated with MMS,
stained and visualized as shown. Scale bar, 10 um. A zoomed in area is shown on the right for
each panel. (f) HeLa cells were transduced with the non-targetting control (NTC) or RNF113A-
specific gRNA vectors. Whole cell lysates were subsequently analyzed by Western blot using the
antibodies as shown. (g) Resistance to camptothecin was determined in control and RNF113A
knockout cells using MTS assay (n=5 technical replicates for each gRNA). (h) and (i) Control
and RNF113A knockout cells were used for clonogenic survival assay using MMS (h) or
camptothecin (i). (j) Control and RNF113A knockout HeLa cells were transduced with the
indicated expression vectors. Resistance to MMS was then determined using MTS assay (n=5
technical replicates for each gRNA/vector combination). (k) HeLa cells were transduced with the
indicated gRNA vectors. Whole cell lysates were then used for Western blotting using the

indicated antibodies.



Supplemental Figure S5. Structural implications and functional analysis of
RNF113A/Cwc24p, Related to Figure 5. (a) Schematic of human RNF113A and the
conservation of its CCCH-type ZnF domain. (b) Stick representation of the pre-mRNA and yeast
spliceosomal interface (PDB: SGM6). The 5 splice site GU is recognized through steric,
stacking, and polar contacts by Prp11 and Cwc24 (the RNF113A orthologue in S. cerevisiae)
subunits of the spliceosome. The K160 and F161 residues in yeast Cwc24 are conserved as K218
and F219 in human RNF113A. (c) Venn diagrams integrating RNF113A CLIP-Seq targets with
differentially expressed genes during MMS treatment. “DEG-up” refers to MMS-induced genes,

and “DEG-down” refers MMS-repressed genes (defined as at least £log, FC 0.585).

Supplemental Figure S6. In vitro and functional characterization of human RNF113A,
Related to Figure 6. (a) In vitro-transcribed B-globin pre-mRNA was treated with 0.65%
dimethyl sulfate (DMS) for 10 minutes. RNA was purified and digested for the analysis of
nucleosides by LC-MS/MS. (b) The methylated or unmethylated -globin pre-mRNA from (a)
was 2P labeled, then used for in vitro splicing assay using HeLa nuclear extracts (HeLa NE) as
shown. Products were analyzed by PAGE. (¢) E3 ubiquitin ligase assays were performed using
RNF113A complex, in the presence or absence of the methylated or unmethylated -globin pre-
mRNA, as indicated. (d) HeLa-S cells expressing Flag-RNF113A wildtype (WT), Flag-
RNF113A K218A/F219A, or Flag-RNF113A F123A/K218D were subjected to RNA
immunoprecipitation. Purified RNAs were digested and the unmodified ribonucleosides were
analyzed by mass spectrometry. The result shown as mean £S.D. (n=3 independent replicates; *
p <0.05, ** p<0.01). (¢) HA-RNF113A (WT) or the HA-RNF113A K218A/F219A mutant

were expressed in U20S cells and processed for immunofluorescence using the indicated



antibodies. Quantification of co-localization with the nuclear speckle factor PRP8 is shown on
the right (shows as the mean £S.D.; n=3 replicates). Scale bar, 10 um. (f) HeLa cells expressing
empty Flag-vector, Flag-RNF113A (WT) or the Flag-RNF113A K218A/F219A mutant were
treated with MMS as shown. Lysates were then used for Flag immunoprecipitation. Bound and
input material was analyzed by Western blot as shown. Relative quantitation of BRR2 to
RNF113A is shown on the right; N = 3 independent replicates and error bars indicate +S.D. of
the mean). (g) U20S cells were transduced with the indicated shRNA and Flag expression
vectors. Whole cell lysates were used for Western blotting and probed with the antibodies as
shown. (h) HeLa cells were transduced with the indicated gRNA and RNF113A expression
vectors. Whole cell lysates were used for Western blotting and probed with the antibodies as

shown.
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