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Endogenous aldehyde-induced DNA-
protein crosslinks areresolved by
transcription-coupled repair
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DNA-protein crosslinks (DPCs) induced by aldehydes interfere with
replication and transcription. Hereditary deficiencies in DPC repair and
aldehyde clearance processes cause progeria, including Ruijs—Aalfs
syndrome (RJALS) and AMeD syndrome (AMeDS) in humans. Although the
elimination of DPC during replication has been well established, how cells
overcome DPC lesions in transcription remains elusive. Here we show that
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endogenous aldehyde-induced DPC roadblocks are efficiently resolved

by transcription-coupled repair (TCR). We develop a high-throughput
sequencing technique to measure the genome-wide distribution of DPCs
(DPC-seq). Using proteomics and DPC-seq, we demonstrate that the
conventional TCR complex as well as VCP/p97 and the proteasome are
required for the removal of formaldehyde-induced DPCs. TFIIS-dependent
cleavage of RNAPII transcripts protects against transcription obstacles.
Finally, amouse modellacking both aldehyde clearance and TCR confirms
endogenous DPC accumulationin actively transcribed regions. Collectively,
our data provide evidence that transcription-coupled DPC repair (TC-DPCR)
aswell as aldehyde clearance are crucial for protecting against metabolic
genotoxin, thus explaining the molecular pathogenesis of AMeDS and other
disorders associated with defects in TCR, such as Cockayne syndrome.

The maintenance and faithful spatiotemporal expression of genetic
information is crucial for life' . Among genotoxic stresses, endog-
enousreactive aldehydesinduce covalent adducts and crosslinks with
biomolecules, which subsequently interfere with replication and tran-
scription®. To counteract the toxicity of aldehydes, organisms have
developed systems to eliminate them and repair the damage they cause.
Formaldehyde is a common one-carbon (1C) metabolite generated
from various cellular processes that occurs at tens-of-micromolar
concentrations in the human body’*”. Formaldehyde is primarily detoxi-
fied by the gene products of ADHS (alcohol dehydrogenase 5), which
encodes a glutathione-dependent formaldehyde dehydrogenase,

and ALDH2 (aldehyde dehydrogenase 2)*°. Simultaneous loss of func-
tion in these two genes causes a multisystem disorder called AMeD
syndrome (AMeDS), which is characterized by bone marrow failure
(aplastic anaemia), intellectual disabilities (mental retardation) and
developmental defects (dwarfism) due to the accumulation of endog-
enous formaldehyde and the overload of DNA repair pathways with
formaldehyde-derived DNA damage'*".

The most common forms of DNA damage induced by aldehydes are
DNA-interstrand crosslinks (ICLs) and DNA-protein crosslinks (DPCs).
These types of damage are particularly deleterious because they inter-
fere with replication and cause cell death when left unrepaired'".
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ICL repair relies on the FANC genes, which, when mutated, cause a
bone marrow failure syndrome known as Fanconi anaemia (FA)™. This
mechanism, also referred to as the FA pathway, is activated during
S-phase and removes ICLs through sequential processes”. The impor-
tance of the FA pathway in coping with aldehyde-induced DNA dam-
age is further underscored by the fact that loss of either of the FANC
genes, along with defectsin aldehyde metabolic processes, leads to the
development of more severe phenotypes in mice and humans'®®, In
parallelwithICLs, both enzymatic- and aldehyde-induced DPCs are also
predominantly eliminated during DNA replication through theinvolve-
ment of a metalloprotease, SPRTN, which is compromised in cases
of cancer-predisposed Ruijs-Aalfs progeroid syndrome (RJALS)" %,
The ubiquitin-proteasome system also plays a role in the proteolysis
of DPCs?* "%, After the initial degradation of DPC, the excision of rem-
nant peptides, as well as DPCs of smaller sizes (<11 kDa), may involve
nucleotide excision repair (NER)**%.

Aldehyde-induced ICLs and DPCs also block RNA synthesis. How-
ever, how they are resolved during transcription is less clear. Intrigu-
ingly, patients with AMeDS display the combined features of FA and
Cockayne syndrome (CS)**%, the latter being a progressive neuro-
degenerative disease associated with transcription-coupled repair
(TCR) deficiency, suggesting the involvement of a missing DNA repair
pathway for removing aldehyde-induced damage from active genes.
The TCR process, aconcept where DNA lesions located in transcribed
regions are promptly removed compared to otherlocations, isinitiated
by the stalling of an elongating RNA polymerase Il (RNAPII) at DNA dam-
age'. The conventional mechanism involves processing of the stalled
RNAPII by the ubiquitination of RPB1—the largest RNAPII subunit—at
the lysine-1268 residue by the CSA and CSB (Cockayne syndrome A
and B) proteins. RNAPIl ubiquitination triggers its interaction with the
UVSSA (ultraviolet-stimulated scaffold protein A) protein, followed by
UVSSA-lysine-414 ubiquitination to facilitate the recruitment of tran-
scription factor ITH (TFIIH)***". TFIIH unwinds nucleotides surrounding
the DNA lesionand further recruits the XPA (xeroderma pigmentosum
complementation group A) protein and endonucleases (XPF/ERCC1
and XPG) to remove ~30-bp damage-containing nucleotides. Even-
tually, DNA polymerases and ligases fill and seal the residual gap to
complete therepair. Yet, it remains unclear whether the conventional
TCR process can remove DNA lesions beyond those addressed by the
TC-NER mechanism.

In this Article we report that aldehyde-induced transcription-
blocking lesions are efficiently repaired by TCR. Using a newly devel-
oped technique to measure the genome-wide distribution of DPCs,
we reveal that the removal of DPCs in transcribed regions requires
conventional TCR factors and the proteasome. We also demonstrate
that a mouse model lacking both aldehyde clearance processes and
the TCR pathway exhibits aggravated AMeDS manifestations, repre-
sented by severe haematopoietic abnormalities and systemic asthe-
nia. Collectively, the removal of DPCs is pivotal in protecting against
aldehyde-induced transcription roadblocks, and we provide mechanis-
tic insights into the pathogenesis of diseases associated with defects
inaldehyde clearance and TCR.

Results

Formaldehyde-induced DPCs are removed from active genes
We initially measured the effects of formaldehyde on transcrip-
tion. HeLa cells were treated with formaldehyde for 1 h and labelled
with 5-bromo-uridine (BrU) to monitor nascent RNA synthesis. The
level of transcription decreased after formaldehyde treatment in
a dose-dependent manner (Extended Data Fig. 1a,b). Because for-
maldehyde causes a range of types of macromolecular damage that
interfere with transcription, we further focused on the effects of
formaldehyde-induced DPCs. Toinvestigate the repair kinetics of DPCs
in transcribed regions, we developed a next-generation sequencing
(NGS) method called DPC-seq, which enables genome-wide mapping of

DPCs through acombination of protein-conjugated DNA precipitation
and NGS library preparation. Briefly, cells exposed to formaldehyde
werelysedinsodium dodecyl sulfate (SDS)-denaturing buffer, followed
by DNA shearing and KCI-SDS precipitation®. After digestion of the
DNA-conjugated proteins with proteinase K, the DNA samples were
purified and subjected to high-throughput sequencing (Fig. 1a). Cells
were exposed to 600 pM formaldehyde for 1 h, followedby O hand4 h
of recovery time after aformaldehyde washout before DPC detection.
At4 hpost treatment, we observed amarked reduction of DPC-derived
high-throughput sequence reads across the gene bodies, suggesting
an efficient removal of DPCs from transcribed regions (Fig. 1b shows a
representative gene, YTHDFI). DPCs were efficiently removed from the
PKM gene, which is actively transcribed (transcripts per kilobase per
million (TPM) =1,730), whereas removal was not apparent in an inac-
tive gene, GRAMD2A (TPM = 0.3), whichis transcribed in the opposite
direction (Fig. 1c). Ribosomal DNA (rDNA) repeats are transcribed by
RNA polymerasel (RNAPI)*, and we did not observe any overt removal
of DPCs from a single rDNA unit in the 4-h recovery period (Extended
Data Fig. 1c). Furthermore, DPC removal from representative active
genes (PKM, TK1, AFMID and TCF7L2) was suppressed in cells treated
with RNAPII transcription inhibitors, 5,6-dichlorobenzimidazolel-p
-D-ribofuranoside (DRB) or triptolide; this was highly reproduciblein
different experiments (Fig. 1c and Extended Data Fig. 1d-f). Consist-
ent with these observations in individual genes, aggregation plots
depict similar profiles of DPC removal across the genome (Fig. 1d,e
and Extended Data Fig. 1g,h). Collectively, these data indicate that
formaldehyde-induced DPCs are exclusively eliminated from active
genes associated with RNAPII transcription activity.

Tofurther study the effects of transcriptlevels and the size of genes
on DPCrepair, we reanalysed DPC removal profiles in genes classified
accordingto their transcriptional activity and length. Consistent with
the effects of transcription inhibitors, we observed a negative correla-
tion between the DPC residual ratios 4 h post treatment with formal-
dehyde and the expression levels of genes (Fig. 1f). Notably, we found
that removal of DPCs was delayed for genes that were >20 kbin length
compared to genes with lengths of3-10 kb (Fig. 1g). We also compared
DPC residual ratios between nearby transcription start sites (TSS;
including 1 kb downstream of a TSS) and transcription end sites (TES;
including 1 kb upstream of a TES). As expected, we observed equally
efficient removal of DPCs both from the TSSsand TESs of shorter genes,
whereas DPCsin TESs were removed more slowly thanthose in TSSsin
longer genes (Fig. 1h).

DPCrepair by the conventional TCR pathway

In a previous report, genome-scale CRISPR screens against various
DNA-damaging reagents identified an interaction between the loss
of TCR and sensitivity to formaldehyde**. Moreover, neurodegenera-
tion and kidney failure were observed in mice lacking both AdhS and
aTCR gene, Csb™. Although these reports suggest that the repair of
aldehyde-derived DNA damage may involve TCR, the mechanistic
insights into the repair of this damage in transcribed regions remain
obscure. We therefore started to overview the effects of RNAPII stalling
caused by formaldehyde-induced transcription roadblocks. To initially
identify factors interacting with RNAPII in a formaldehyde-specific
manner, we performed a proteome analysis by immunoprecipitat-
ing elongating RNAPII (phosphorylated RPBI, at the C-terminal
domain, Ser2) followed by mass spectrometry (MS). The proteome
analysis detected the RNAPII interaction with TCR initiation factors
(red, Fig.2a), including CSB, CSA and UVSSA, as well as TFIIH- (yellow,
Fig. 2a), PAF1- (green, Fig. 2a) and PRC- (blue, Fig. 2a) complexes, ina
formaldehyde-specific manner. We noted that elongating RNAPIl was
ubiquitinated at the RPB1-K1268 residue dependently on CSB following
formaldehyde treatment (Extended Data Fig. 2a). Based on the similar-
ity of observations after UVirradiation®, the ubiquitination of RPB1 with
K48- and K63-linked chains may occur to facilitate the recruitment of
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Fig.1|Formaldehyde-induced DPCs are removed from active genes.

a, Schematic representation of the experimental procedure for DPC-seqin
cultured cells. b,c, Genome browser snapshot showing DPC-seq signals for HeLa
cells treated with formaldehyde (HCHO) (b), and in the presence of DMSO, DRB
ortriptolide (c). d,e, Metagene profile and heatmap from DPC-seq within or

near transcribed regions of genes with TPM = 30 (d) and 0.1< TPM <1(e). CPM,
counts per million mapped reads; TSS, transcription start site; TES, transcription
end site. Data represent the average of three replicates. f, DPC residual ratios
represent the proportions of sequence coverage of each gene in cells recovered

Gene length (kb)

Gene length (kb)

for 4 h divided by that of cells not recovered after formaldehyde treatment,
shownin four TPM bins. g, DPC residual ratios, shown in seven gene-length bins.
Means (+s.e.m.) from three independent experiments are shown. Statistical
significance was evaluated with Dunnett’s multiple comparison test. h, DPC
residual ratios on regions including 1 kb downstream of the TSS and regions
including1kb upstream of the TES, shown in seven gene-length bins. Means
(xs.e.m.) from three independent experiments are shown. Two-sided unpaired
t-test. Source numerical data are available as source data.
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conventional TCRfactorsin response to aldehyde-induced DNA dam-
age. Consistent with this, we identified the recruitment of TCRinitiation
factors to RNAPII as being CSB-dependent following formaldehyde
treatment, using MS and immunoblotting (Fig. 2b and Extended Data
Fig. 2b-d)***"*¢, Additionally, recruitment of the TFIIH core complex
isalso dependent on UVSSA and RPB1-K1268 ubiquitination, as well as
CSB (Extended Data Fig. 2e).

Because TCRis indispensable for prompt transcription recovery
after exposure to various genotoxic insults, we measured the recov-
ery of RNA synthesis (RRS) after formaldehyde treatment. Consist-
ently, TCR-deficient ACSB cells exhibited delayed RRS, irrespective of
cell cycle, post-formaldehyde treatment (Fig. 2c and Extended Data
Fig.3a,b).Similar to the conventional TC-NER processin response to UV
damage, ACSA and AUVSSA cells, along with RPB1-K1268R (POLR2A*®)
cells lacking the major damage-dependent ubiquitination site, also
exhibited defects in RRS following formaldehyde treatment. Remark-
ably, AFANCA cells compromised in the FA core complex display no
overt RRS deficiency (Fig. 2d and Extended Data Fig. 3c). The RRS defi-
ciency observed in ACSB cells was more evident at earlier time points
compared to AUVSSA or POLR2A®® cells, indicating that transcription
recovery following formaldehyde treatment relies more on CSB than
onthe RPB1-K1268 ubiquitination and UVSSA (Extended DataFig. 3d).
Unexpectedly, we did not observe any RRS defects after treatment with
formaldehyde in AXPA cells (Extended Data Fig. 3e). Either the loss of
FANCA or CSB or the ubiquitination of RPB1 sensitized cells to formal-
dehyde, and this effect was even more pronounced in ACSBand AFANCA
double-deficient cells (Fig. 2e and Extended Data Fig. 3c). These data
suggest that the FA core complex is dispensable for transcription
recovery in cells exposed to formaldehyde, so the FA pathway may be
aparallel DNA repair mechanism that targets formaldehyde-induced
DNA lesionsindependently of TCR.

To further obtaindirect evidence for theinvolvement of TCR fac-
torsinDPCremoval, we performed DPC-seqinwild-type and ACSBHelLa
cells. In response to formaldehyde exposure, the loss of CSB caused
a significant reduction in DPC repair activity in highly transcribed
regions of the genome, which was restored by the ectopic expression
of CSB-WT in ACSB cells (Fig. 2f and Extended Data Fig. 4a,b). The dif-
ferences in DPC repair kinetics were particularly prominent in highly
expressed and shorter genes (Fig. 2g). We noticed that the DPC depth
of coverage, even outside gene bodies, was also affected in ACSB cells,
showing slower repair kinetics compared to wild-type cells. This effect
isprobably attributed to bidirectional transcription and read-through
contributing to the rapid removal of DNA lesions located in those
regions (Extended Data Fig. 4c). We then investigated whether DNA
replication affects the removal of DPCs. To this end, we performed
DPC-seqinwild-type and ACSB cells synchronized at the G1/S-boundary
byaprotocolinvolving double thymidine followed by nocodazole block
and release. The results revealed that DPCs were removed in actively

transcribed regionsin G1-phase, similar to asynchronous cells, and the
process also depended on CSB (Extended Data Fig. 4d,e). Moreover,
similar trends (although not pronounced) in the delay of DPC repairin
transcriptionally active genes were observed in AUVSSA and POLR2AK®
cells (Fig. 2h,i). Thus, we conclude that conventional TCR factors have
animportantrole in DPC repair after treatment with formaldehyde.

DPCremoval by VCP/p97 and the proteasome in active genes
To identify specific factors involved in repairing aldehyde-induced
DNA damage through the TCR pathway, we performed a comparative
interactome analysis following UVirradiation and formaldehyde treat-
ment. Elongating RNAPIl wasimmunoprecipitated after DNA-damaging
treatment and subjected to MS analysis. This enabled us to find the
‘ATP-driven chaperone valosin-containing protein, (VCP)/p97’ as a
formaldehyde-specific interacting partner of elongating RNAPII
(Fig. 3a). The interaction was further verified by immunoblotting
(Fig. 3b). In the process of DPC elimination, proteolytic degradation
of covalently bound proteins is required before the incision pro-
cesses. VCP/p97, with its ATPase activity, binds to DPC and extracts it
to deliver the unfolded protein to the proteasome®. To further study
the roles of VCP/p97 in DPC removal from transcribed regions, we
performed DPC-seq following treatment of cells with the VCP/p97
inhibitors CB5083 and NMS873, observing a pronounced inhibition of
DPCremoval (Fig.3c,d). Additionally, we also examined the impact of
proteasomal degradation on the removal of DPCs. Treatment with the
proteasome inhibitors epoxomicin and MG262 significantly impeded
DPC removal kinetics, as measured by DPC-seq after formaldehyde
treatment (Fig. 3e,f).

Given that DNA damage-stalled RNAPII is ubiquitinated by CSB,
such modified RNAPII becomes a potential target of VCP/p97 for degra-
dation. To address this point, we examined the degradation profiles of
RNAPIlinresponse to DNA damage in combination with p97 inhibition
(Extended DataFig. 5a). Cells were fractionated to separately examine
degradation in the soluble nuclear/cytoplasm (Nuc/Cyto) fraction
as well as in the chromatin fraction. We observed an accumulation
of ubiquitinated RNAPII in the soluble fraction in cells treated with
NMS873 following formaldehyde treatment or UV irradiation. This
suggests that a substantial amount of elongating RNAPII undergoes
ubiquitination and degradation during DNA damage-induced global
transcription shutdown. In contrast, chromatin-bound ubiquitinated
RNAPII, representing RNAPII stalling at DNA damage, remained mostly
unchanged with or without NMS873 treatment. This indicates that
these chromatin-bound ubiquitinated RNAPII are not subjected to
degradation nor targeted by VCP/p97, irrespective of the types of
DNA damage.

Unlike UV irradiation, formaldehyde treatment resulted in a
stable RNAPII-p97 interaction in the chromatin fraction, even with-
out NMS873 treatment. However, this interaction was much weaker

Fig.2|DPCrepair by the TCR pathway. a, Volcano plot of MS analyses
illustrating the formaldehyde-induced protein interactions with elongating
RNAPIL The plot displays the log,-fold change and significance (-log,,(Pvalue))
assessed by an unpaired two-sided ¢-test: permutation-based FDR < 0.05 (n = 3).
Supplementary Table 1 provides the full results. b, Chromatin fractions of

Hela cells after formaldehyde treatment or UV irradiation were subjected to
immunoprecipitation with anti-RPB1 CTD phospho-Ser2 antibodies, followed
by immunoblotting with the indicated antibodies. The asterisk indicates
non-specific bands. Experiments were independently replicated twice with
consistent results. ¢, RRS after formaldehyde treatmentin WT and ACSBHela
cells. Cells were treated with 1,200 pM HCHO for 1 h, followed by 12-h incubation
for recovery. Quantification of BrU incorporation is shown (means +s.e.m.;n=3
independent experiments). Two-sided unpaired ¢-test. d, RRS after formaldehyde
treatment in the TCR- or FA- pathway-deficient HeLa cell lines. Cells were treated
with1,750 uM HCHO for 1 h, followed by 18-h incubation for recovery. The
quantification of ethynyluridine (EU) incorporation is shown (means + s.e.m.;

n=3independent experiments). Dunnett’s multiple comparison test.

e, Clonogenic survival of HeLa cell lines exposed to various doses of
formaldehyde. Results from three independent experiments (mean + s.e.m.) are
shown. Dunnett’s multiple comparison test. f, Metagene profile from DPC-seq
within or near transcribed regions of genes with TPM > 30 at 0 and 4 h after
formaldehyde washoutin WT, ACSB and ACSB stably expressing CSB-WT HelLa
cells. Datarepresent the average of three replicates. g, DPC residual ratiosin

WT or ACSBHelacells, shown in seven gene-length bins with TPM >100. Means
(xs.e.m.) from three independent experiments are shown. Two-sided unpaired
t-test. h, Metagene profile from DPC-seq within or near transcribed regions of
geneswith TPM =30 at 0 and 4 h after formaldehyde washoutin WT, AUVSSA and
POLR2A®® cells. Data represent the average of three replicates. i, DPC residual
ratios in WT, AUVSSA and POLR2A*® cells are shown in seven gene-length bins with
TPM >100. Means (+s.e.m.) from three independent experiments are shown.
Two-sided unpaired t-test. Source numerical data and unprocessed blots are
available in source data.
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Fig.3|DPCremoval by VCP/p97 and the proteasome in active genes.

a, Volcano plot of MS analyses illustrating the interacting proteins with elongating
RNAPII following formaldehyde treatment compared to UV irradiation. The

plot displays the log,(fold change) and significance (-log,,(P value)). Unpaired
two-sided ¢-test. Permutation-based FDR < 0.05 (n = 3). Supplementary Table 2
provides the full results. b, Chromatin fractions of HeLa cells after formaldehyde
treatment or UV irradiation were subjected toimmunoprecipitation with
anti-RPB1CTD phospho-Ser2 antibodies, followed by immunoblotting with the
indicated antibodies. Experiments were independently replicated twice with
consistent results. ¢, Metagene profile from DPC-seq within or near transcribed
regions of genes with TPM > 30 at 0 and 4 h after formaldehyde washout in cells
treated with VCP/p97 inhibitors. Data represent the average of two replicates.

d, DPCresidual ratios in cells treated with VCP/p97 inhibitors, shown in seven
gene-length bins with TPM >100. Means (ts.e.m.) from three independent

TES 4 kb

Gene distance

experiments are shown. Two-sided unpaired ¢-test. e, Metagene profile from
DPC-seq within or near transcribed regions of genes with TPM >30atOand4 h
after formaldehyde washout in HeLa cells treated with proteasome inhibitors.
Datarepresent the average of three replicates. f, DPC residual ratios in cells
treated with proteasome inhibitors are shown in seven gene-length bins with
TPM >100. Means (ts.e.m.) from three independent experiments are shown.
Two-sided unpaired t-test. g, Metagene profile from DPC-seq within or near
transcribed regions of genes with TPM > 30 at O and 4 h after formaldehyde
washoutin ACSB Hela cells treated with the indicated inhibitors. Data represent
the average of three replicates. h, DPC residual ratios in ACSB HeLa cells treated
with the indicated inhibitors, shown in seven gene-length bins with TPM > 100.
Means (+s.e.m.) from three independent experiments are shown. Two-sided
unpaired ¢-test. Source numerical data and unprocessed blots are available in
thesource data.

thanthat observed for the degradation of ubiquitinated RNAPIlin the
soluble fraction following DNA damage. Considering that the recruit-
ment of p97 tostalled RNAPIIis not affected in ACSB or POLR2A® cells
(Extended DataFig.5b), thisinteractionisindependent of the conven-
tional TCR process regulated by CSB and ubiquitination of RNAPII at
the RPB1-K1268 residue.

In parallel, we evaluated DPC removal kinetics by DPC-seqin ACSB
cells treated with NMS873 or MG262. The inhibitors exhibited no addi-
tive effects on the removal of DPC from actively transcribed regionsin
ACSBcells, indicating that the inhibition of DPC removalis epistatic to
ACSB (Fig.3g,h). Collectively, these data suggest that the unfolding and

degradation of DPC by VCP/p97 and the proteasome are required for
efficient TCR of formaldehyde-induced DPC damage, which operate
inthe same pathway as CSB.

Transcription-coupled removal of histone-DPC

Asingle nucleosome is composed of ~-147 bp of DNA wrapped around
ahistone octamer, which consists of two copies of each core histone
(H2A, H2B, H3 and H4)™. As they always associate with DNA, histones
are highly possible candidate DPCs that block RNAPII progression®**°,
Toinvestigate whether histone-DPCs are targets of the TCR pathway,
we developed an optional DPC-seq procedure to detect DNA-histone
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Fig. 4| Transcription-coupled removal of histone-DPC. a, Schematic
representation of the experimental procedure for histone-DPC-seq in cultured
cells. b,c, Metagene profile from histone-DPC-seq within or near transcribed
regions of genes with TPM > 30 (b) and 0.1< TPM <1(c) at 0 and 4 h after
formaldehyde washoutin WT and ACSB HeL a cells. Data represent the average
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ofthreereplicates. d, Histone-DPC residual ratios in WT or ACSBHeLacells,
shownin seven gene-length bins with TPM >100. Means (ts.e.m.) from three
independent experiments are shown. Two-sided unpaired ¢-test. Source
numerical dataare available in the source data.

conjugates and measure their distribution. We performed immu-
noprecipitation of histones using anti-H2B antibodies followed by
standard DPC-seq (Fig. 4a). We observed a sharp decline in DPC sig-
nals nearby TSSs O h after treatment with formaldehyde in highly
expressed genes, possibly due to the presence of abundant naked DNA
(Fig.4b). This observationis consistent with nucleosome evictionin
transcriptionally active promoter regions***, However, this decline
in signals was not detectable in inactive genes (Fig. 4c). Although
histone-DPCs were efficiently removed from actively transcribed
regions of the genome at 4 h after formaldehyde treatment, the loss
of CSB significantly delayed removal (Fig. 4b,d). Similar to the find-
ings on entire DPC removal (Fig. 2f), delays in histone-DPC repair in
ACSB cells were also more pronounced in shorter genes (Fig. 4d).
In total, CSB-dependent TCR targets nucleosomes crosslinked
with DNA.

TFIIS protects against aldehyde-induced transcription stress
The formaldehyde-induced RNAPII interactome analysis shown in
Fig.2ainitially identified the transcription factor IIS (TFIIS, encoded
by TCEAI), which promotes cleavage of RNA transcripts by binding
to the backtracked RNAPII, allowing it to resume transcription®.
Reverse interactome analyses using antibodies against TFIIS con-
firmedtheinteractions between TFIIS and RNAPII, as well as CSB, after
formaldehyde treatment (Fig. 5a), suggesting that TFIIS is recruited
to RNAPII stalled at aldehyde-induced DNA damage. Intriguingly,
the interaction between elongating RNAPII and TFIIS was exclu-
sively detected after treatment with formaldehyde, demonstrating
aspecific response to formaldehyde-induced DNA damage, unlike
after UVirradiation. Furthermore, the loss of CSB did not affect this
interaction (Fig. 5b).

To gain further insight into the role of TFIIS in response to for-
maldehyde DNA damage, we selectively depleted its expression
using siRNAs. Subsequently, cleaved PARP1, a marker for apoptosis,

was detected exclusively in TFIIS-depleted cells after formaldehyde
treatment, underscoring the specific involvement of TFIIS in the
apoptotic response to formaldehyde-induced DNA damage, dis-
tinct from the response to UV irradiation (Fig. 5¢). Furthermore, the
loss of TFIIS function caused defects in RRS and sensitized cells to
formaldehyde, with an even more pronounced effect observed in
cells with double-depletion of TFIIS and CSB (Fig. 5d,e). Notably,
TFIIS depletion did not exhibit any sensitivity to UV irradiation
(Fig. 5e). We next analysed the potential role of TFIIS in the ubiqui-
tination and degradation of DNA damage-stalled RNAPII and DPC
repair following formaldehyde treatment. We observed no appar-
ent effects on the levels and ubiquitination of elongating RNAPII in
TFIIS-depleted cells after formaldehyde treatment (Extended Data
Fig. 6a,b). Moreover, there were no overt defects in the recruitment
of TCR factors at stalled RNAPIl and DPCrepair in TFIIS-depleted cells
(Extended DataFig. 6¢,d).

Amino acid substitutions at the TFIIS D282 and E283 residues,
whicharelocatedinthe acidicloop of TFIIS, lose the ability of transcript
cleavage by RNAPII, resulting in increased levels of arrested RNAPII,
a slow transcription elongation rate, and genome instability under
unperturbed conditions in human cells***, To study the importance
of transcript cleavage by RNAPIlin response to formaldehyde-induced
DNA damage, we generated cell lines stably expressing siRNA-resistant
wild-type (WT, clone #12) and mutant forms (MT, D282A and E283A,
clone #21) of TFIIS (Extended Data Fig. 6e). Although this TFIIS mutant
may have dominant-negative effects on cell proliferation***, we did
not observe any overt cellular growth defectsin cells stably expressing
TFIIS-MT, whichis probably due to its mild expression levels. Although
the mutations did not affect the interaction between TFIIS and elongat-
ing RNAPII following formaldehyde exposure (Extended Data Fig. 6f),
the sensitivity measured by apoptoticinduction was not rescuedin cells
expressing TFIIS-MT, whereas cells expressing wild-type TFIIS showed
asubstantial suppression (Fig. 5f).
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Fig. 5| TFIIS protects against aldehyde-induced transcription stress.

a, Volcano plot of MS analyses illustrating the formaldehyde-induced protein
interactions with TFIIS. The plot displays log,(fold change) and significance
(-log,,(Pvalue)) assessed by unpaired two-sided ¢-test. Permutation-based

FDR < 0.05 (n=3).Supplementary Table 3 provides the full results. b, Chromatin
fractions of WT and ACSB HeLa cells after formaldehyde treatment or UV
irradiation were subjected toimmunoprecipitation with anti-RPB1 CTD phospho-
Ser2 antibodies, followed by immunoblotting with the indicated antibodies.
Experiments were independently replicated twice with consistent results. ¢, HeLa
cells transfected with non-targeting control (siCTRL) or TFIIS siRNAs (siTFIIS)
were treated with formaldehyde or UV irradiation. Cell extracts were analysed by
immunoblotting with the indicated antibodies. Experiments were independently
replicated twice with consistent results. d, RRS after formaldehyde treatment
orUVirradiationin WT and ACSB HeLa cells transfected with siCTRL or siTFIIS.
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followed by 13 h of incubation for recovery. Quantification of EU incorporation is
shown (means + s.e.m.; n =3 independent experiments). Statistical significance
was evaluated with a Tukey-Kramer multiple comparison test. e, Clonogenic
survival of WT and ACSB HelL a cells transfected with siCTRL or siTFIIS exposed
to various doses of formaldehyde or UV light. Results from three independent
experiments (mean + s.e.m.) are shown. Statistical significance was evaluated
with a Tukey-Kramer multiple comparison test. f, HeLa cells stably expressing
TFIIS-WT or TFIIS-MT transfected with the indicated siRNAs were treated or not
with formaldehyde. Cell extracts were analysed by immunoblotting with the
indicated antibodies. Experiments were independently replicated twice with
consistent results. Source numerical data and unprocessed blots are available in
the source data.
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Collectively, these findings imply that TFIIS may act on RNAPII
stalled by DPC to facilitate the resumption of transcription through its
ability to cleave transcripts when the removal of DPCs is completed,
which was a previously unrecognized primary role of TFIIS.

TCR deficiency exacerbates phenotypes of AMeDS model mice
We have recently reported that a functional single-nucleotide pol-
ymorphism, ALDH2 rs671 (¢.1510G>A, p.E504K), which is known to
cause the Asian alcohol flushing phenotype, in combination with bial-
lelic loss-of-function mutations in ADH5 leads to AMeDS, a digenic
multisystem disorder'®". Our mouse model of AMeDS, harbouring
double mutations (Adh5” and Aldh2-E506K, equivalent to the human
ALDH2-E504K and hereafter called Aldh2"") recapitulates the major
clinical findings of AMeDS, such as short life span, growth failure and
haematopoietic abnormalities (Extended Data Fig. 7a)". The cells of
patients with AMeDS are hyper-sensitive to formaldehyde, and mice
lacking both Adh5 and Aldh2 enzymatic activities showincreased levels
offormaldehydeinblood, indicating that the ADH5and ALDH2 function
to detoxify endogenous formaldehyde in a coordinated manner'®™,
The evidence suggests that the loss of functions of AdhS and Aldh2
increase the levels of aldehyde-induced DPCs, leading to transcrip-
tional stress in mice.

To test this, we quantified DPC levels in lineage-depleted (Lin")
bone marrow cells prepared from Adh5 and Aldh2 double-deficient
mice (Fig. 6a). Bone marrow failure is the most prominent pheno-
type in these animals, as previously reported". Notably, we detected
a statistically significant increase in DPC levels in AdhS”"Aldh2¥/¥!
mice compared to wild-type mice (Fig. 6b). To understand the role of
TCR in removing DPCs in mice, we generated animals compromised
in both aldehyde detoxification and the TCR pathway. We generated
triple-deficiency animals with the AdhS7Aldh2"¥'Csb™ genotype by
crossbreeding Adh5""Csb™™ mice with AdhS*"Aldh2*V¥'Csb™~ mice.
This approach was necessary because of devastating phenotypes
of the Adh5""Aldh2*"' double-null mutations'; no pups with the
AdhS7Aldh2¥""'Csb™~ genotype were observed from parental ani-
mals with the AdhS""Aldh2""'Csb™~ genotype (0 out of 26, P= 0.013;
x° test). Animals with the AdhS7"Aldh2"¥'Csb™" genotype were born
at a significantly lower frequency than expected (12.7%, instead of
25%), whereas animals with the AdhS” Csb™", Adh5""Aldh2"% and
Adh57Aldh2¥" genotypes were born at the expected Mendelian rate
(Extended Data Fig. 7b-d). The AdhS" Aldh2*/"'Csb™" genotype ani-
mals displayed a short life span and growth failure with poor weight
gain at2weeks and 6-7 months after birth (Fig. 6¢c and Extended Data
Fig. 7e). Moreover, because AdhS7 Aldh2*"*'Csb™~ mice exhibited
anaemia, similar to AdhS” Aldh2*"¥' mice (Extended Data Fig. 8a), we
conducted flow cytometric analyses of bone marrow cells from these
animals. We found that the number of multipotent self-renewing hae-
matopoietic stem cells (HSCs) defined by Lin c-Kit*Sca-1'CD150°CD48~
(CD150" long-term HSCs), immature haematopoietic progenitors,
including Lin"c-Kit*Sca-1'CD150"CD48 (CD150™ multipotent pro-
genitors (MPPs)) and Lin"c-Kit"Sca-1"CD150"CD48" (CD48" restricted
progenitors (HPC1)) cells were reduced in AdhS”"Aldh2"¥'Csb™ mice
(Fig. 6d and Extended Data Fig. 8b). Regarding more differentiated
progenitor cells, Lin c-Kit'**Sca-1'“CD127*CD135"* (common lymphoid

progenitors (CLPs)), Lin"c-Kit*Sca-1 CD34°CD16/32" (CD34" common
myeloid progenitors (CMPs)) and Lin"c-Kit"Sca-1"CD34 CD16/32~
(bipotent megakaryocyte/erythrocyte lineage-restricted progenitors
(MEPs)) were also substantially diminished in AdhS™"Aldh2"/¥'Csb™"
mice (Extended DataFig. 8b). Overall, TCR deficiency inanimals com-
promised in aldehyde clearance mechanisms exacerbates AMeDS
manifestations, including haematopoietic abnormalities, highlighting
theimportance of the TCR pathwayinresolving DNA damage induced
by endogenous aldehydes.

TCRisrequired for the removal of DPCs in mice

To investigate whether DPCs are repaired by the TCR pathway at the
individual animal level, we performed in vivo DPC-seq to measure the
distribution of aldehyde-derived endogenous DPCsin Lin"bone mar-
row cells. Compared to animals with the control AdhS 7 Aldh2"" geno-
type, AdhS"Aldh2"¥'Csb™ mice displayed a striking increase in their
DPC-seqsignals, especially within the gene bodies of highly transcribed
genes (TPM > 30). In contrast, the signals ininactive genes remained
unchanged across the genome. These observations were highly repro-
ducible between animals (Fig. 6e and Extended Data Fig. 9a-c). Remark-
ably, DPCs were accumulated significantly inAdhS” Aldh2''Csb™ mice
compared to animals with the control genotype, especially in shorter
genes, as well asin actively transcribed genes (Fig. 6e,f). In conclu-
sion, endogenously generated DPCs in mice deficientin the aldehyde
clearance metabolic processes are removed by the Csb-dependent
TCR pathway.

Discussion

In this Article we have identified a previously uncharacterized DNA
repair pathway, namely transcription-coupled DNA-protein crosslink
repair (TC-DPCR), which is responsible for the prompt and efficient
removal of DPCs from actively transcribed regions.

Development of DPC-seq

We have developed an NGS technique to measure the genome-wide
DPC distribution. DPC-seq successfully enabled us to measure DPC
repair kineticsinindividual genes as well as the metagenome. The pro-
files appear to reflect the distribution of chromatin-bound histones,
revealing the absence of DPC signals in nucleosome-free promoter/
TSS regions of active genes. DPC-seq can also measure endogenous
DPCsinmouse haematopoietic tissues. The method can be applied to
study the effects of aldehyde metabolism in various organs, identify
genessusceptible toaldehyde toxicity,and measure the repair kinetics
of DPCs induced by reagents other than reactive aldehydes, such as
5’-aza-2-deoxycytidine (5-aza-dC) or TOP1 inhibitors. This is particu-
larly relevantif DPCs generated by these reagents are removed by TCR.

Mechanisticinsights into the resolution of DPCs by TCR

TCRistriggered by RNAPIIstalling at transcription roadblocks induced
by various genotoxic stresses. However, the majority of previous works
have focused on UV damage and its repair mechanisms by TC-NER. Our
Article reveals that formaldehyde also activates the CSB-dependent
conventional TCR pathway, involving the ubiquitination of RPB1and
UVSSA-dependent recruitment of TFIIH. In this process, proteins

Fig. 6 | TCRis required for the removal of DPCs in mice. a, In vivo DPC-seq:
schematic representation of the experimental procedure for the measurement
of endogenous aldehyde-induced DPCs in mice. b, Quantification of DPCs
inlineage-depleted bone marrow cells from WT and AMeDS model mice
(means +s.e.m.; n =4 forwild-type, n =3 for AdhS”"Aldh2"'¥"). Two-sided
unpaired ¢-test. ¢, Kaplan-Meier curves with log-rank test show a significant
decrease in the survival of AdhS™"Aldh2"¥'Csb™ animals compared to
AdhS7Aldh2"¥ or AdhS™Csb™ animals (P< 0.0001). d, Quantification of
HSCs (Lin"c-Kit'Sca-1'CD150'CD48") in the indicated genotype animals
(means +s.e.m.; n=7forwild-type, n = 6 for Adh5""Aldh2"¥', n = 6 for

AdhS™Aldh2"¥', n =3 for AdhS™"Aldh2""¥', n =7 for AdhS”~Csb™",n=4 for
AdhS"Aldh2"¥'Csb™", n =5 for AdhS""Aldh2"""'Csb™~, n = 4 for AdhS™~
Aldh2MCsb™"). Statistical significance was evaluated with Dunnett’s multiple
comparison test. Pcompared to AdhS"Aldh2"¥'Csb™ mice. BM, bone marrow.
e, Metagene profile from DPC-seq within or near transcribed regions of genes
with TPM =30 (left) and 0.01 < TPM < 0.1 (right). Data represent the average of
three mice. f, DPC-seq read counts (reads per gene length per million) are shown
insix TPM bins (left) and in seven gene-length bins (right). Means (+s.e.m.) from
three mice are shown. Two-sided unpaired ¢-test. Source numerical data are
available in the source data.
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crosslinked with DNA are degraded to remnant peptides by the
VCP/p97 and proteasome axis, before removal by NER.

AUVSSA or POLR2A-K1268R cells showed milder cellular pheno-
types compared to ACSB cells, raising the possibility that the removal
of aldehyde-induced DPCs may involve an alternative repair process
distinct from that for UV damage. Although the interaction mechanism
between stalled RNAPIland TCRinitiation factors after formaldehyde
treatment resembles that after UVirradiation, the recruitment of TFIIH
toformaldehyde-induced stalled RNAPIlis less pronounced. Our data
show that histones are crosslinked with DNA (histone-DPCs) following
formaldehyde exposure, leading to the obstruction of RNAPII pro-
gression. Unlike UV damage, where RNAPII stalls and triggers TC-NER
whenaphotolesion inthe DNA template reaches the catalytic centre*’,
aldehyde-induced histone-DPCs never enter the polymerase’s active
site due to their large size, and the elongating RNAPII may stall just
before encountering the damage. This spatial difference between DNA
damage and stalled RNAPII may provide TCRinitiation factors withan
opportunity to recruit distinct downstream DNA repair machineries
in response to aldehyde-induced DNA damage. In fact, our data and
the accompanying papers**® demonstrate that XPA-deficient cells are
proficientin RRS following formaldehyde treatment. This emphasizes
that the removal processes of remnant peptides may require additional
factorsthat recognize large-sized DNA lesions and/or alternative inci-
sion machineries.

The major sources of DPCs are presumably conjugations of his-
tones with DNA***°, Although histone proteins are relatively smaller
in size (11-22 kDa), they may still need to be degraded into much
smaller peptides before being recognized and removed by NER in
humans, because the previously reported upper size limit of DPCs
acceptable to NER, tested biochemically, is -10 kDa (refs. 26,27). Our
data presented here demonstrate that the proteolytic degradation
of DPCs through the proteasome, after unfolding by VCP/p97, is an
imperative process for the rapid removal of formaldehyde-induced
damage from active genes. This suggests that histone-DPCs are
removed after degradation to remnant peptides during TC-DPCR.
Another potential source of DPCs is RNAPII itself. As prolonged
stalling of RNAPII may trigger its degradation in dependence on
CSB*°, we presume that RNAPII crosslinked with DNA should also
be ubiquitinated by CSB before being targeted by VCP/p97. How-
ever, based on the data presented in the Results, this contribution
is negligible. We expect that the majority of the stalled RNAPII is
not crosslinked with DNA following formaldehyde treatment, and
the RNAPII-p97 interaction can be explained by the existence of
other crosslinked proteins, that is, histone-DPCs, located in front
of the stalled RNAPII.

Nucleosomes are a strong barrier to RNAPII progression due to
steric interference, leading to the stalling of RNAPII and backtrack-
ing in vitro. TFIIS promotes transcription resumption by stimulating
RNAPII'sintrinsic RNA cleavage activity. Transcription elongation can
also be disturbed by DNA lesions, including UV-induced cyclobutane
pyrimidine dimers (CPD) and bulky DNA adducts. Although TFIIS
supports RNAPII backtracking and transcription restart stalled at
CPD in vitro*>*°, its role at transcription-blocking DNA lesions in vivo
remains elusive’?. Our findings reveal that nucleosomes become
crosslinked with DNA in cells exposed to formaldehyde, and TFIIS is
exclusively recruited to stalled RNAPIl at aldehyde-derived DNA dam-
agebutnotat UVlesions. Furthermore, TFIIS may be particularly impor-
tant for resuming transcription elongation when RNAPII encounters
histone-DPCs, similar toits role in navigating nucleosome barriers*>**.
However, our data suggest that TFIIS and CSB operate independently
in the resumption of arrested RNAPII following formaldehyde treat-
ment. This raises the possibility of alternative explanations, such as
the induction of formaldehyde-induced non-DPC DNA lesions, for
example, ICLs and base adducts. Further researchis needed to address
these questions.

Mouse model and human disorders associated with
DPCremoval

We have demonstrated that the overload of DNA repair pathways with
DPCs causes transcriptional stress, and, in parallel, TCR deficiency
aggravates the effects of aldehyde toxicity. In our animal model, lack-
ing both aldehyde clearance metabolic processes (AdhS 7 Aldh2"*")
and the TCR pathway (Csb™"), symptoms of AMeDS are exacerbated
by TCR deficiency; concurrently, symptoms of CS are highlighted
due to aldehyde clearance deficiency. Our data suggest that TCR s as
important as metabolic clearance for protecting against endogenous
aldehydes in animals.

Haematopoietic failure is a major phenotype that is common to
both FAand AMeDS. Itis obvious that endogenous aldehydes underlie
the development of both diseases, as the genotype of the rs671 allele,
which determines the aldehyde detoxification status of ALDH2, cor-
relates with the severity of their manifestations™"”. AMeDS is caused
by anincrease inendogenous aldehydes, which damages DNA, due to
deficiencies in aldehyde-detoxifying enzymes, whereas FA is caused
by abnormalitiesin the FA pathway, which repairs DNA damage caused
by aldehydes. As the FA pathway primarily repairs ICL, the main cause
of haematopoietic failure in FA and AMeDS is believed to be the accu-
mulation of unrepaired ICL, leading to the inhibition of HSC prolif-
eration. Although moderate AMeDS mice (AdhS” Aldh2"%") exhibit
haematopoietic failure in adults”, the additional loss of TCR exacer-
bates this manifestation in juvenile animals. The aggravated blood
phenotypes may be explained by the unrepaired DPCs in transcribed
regions. Note that AMeDS patients display additional manifestations,
notobservedinFA, suchas neurological abnormalities and dwarfism,
reminiscent of TCR-deficient CS. This suggests that the accumulation
of aldehyde-induced DNA damage repaired by pathways other than
FA is relevant to AMeDS disease development. Considering the data
presented here, which indicate the involvement of TCR in removing
DPCs, itisapparent that the common clinical manifestations observed
in AMeDS, CS and RJALS—caused by DPC repair deficiency—can be
explained by a shared molecular pathology*": the overload of DPC
repair pathways with endogenous aldehyde-induced DNA damage.
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Methods

Theresearch conducted in this study complies with all relevant ethical
regulations. Experiments using genetically modified mice and recom-
binant DNA were approved by the Animal Care and Use Committee and
the Recombinant DNA Experiment Committee of Nagoya University
(approval nos.R230006,166-101 and 169-113).

Plasmid and siRNA

The full-length human TF/IS cDNA (clone ID 6470030, Horizon
Discovery) was cloned into pEGFP-C1 (Clontech) containing the
N-terminal Strep-V5-tag. The TF/IS cDNAs were rendered insensitive
to TFIIS siRNA by introducing the underlined silent mutations (5’-
aacagGaaAgaCgaAacaaat-3’). Cloning and site-directed mutagenesis
were performed using KOD-Plus-Neo (TOYOBO). All constructs were
verified by Sanger sequencing. Plasmid DNA and siRNA transfections
were performed using X-tremeGENE HP (Roche) and Lipofectamine
RNAiIMAX (Thermo Fisher Scientific), respectively, according to the
manufacturer’sinstructions. The siRNA target sequences used in this
study are listed in Supplementary Table 7.

Celllines and culture

HeLacells (laboratory stock) and 293FT cells (Thermo Fisher Scientific)
were maintained in Dulbecco’s modified Eagle medium (DMEM, FUJI-
FILM) supplemented with10% fetal bovine serum (FBS, Invitrogen) and
antibiotics, unless otherwise noted. Mycoplasmatesting was performed
routinely. Cell lines stably expressing Strep-V5-GFP-TFIIS were obtained
by selecting HeLa cells transfected with pEGFP-C1-Strep-V5-GFP-TFIIS
plasmid in medium containing 500 pg ml™ G418 (Nacalai Tesque). HeLa
ACSB cells were transfected with pEGFP-C1-Strep-V5-GFP-CSB plasmid
inmedium containing 500 pg ml™ G418 (Nacalai Tesque). Unless oth-
erwise indicated, the following doses of chemicals were used: CB5083
(10 pM, Selleck), DRB (100 puM, TCI), epoxomicin (1 uM, FUJIFILM),
formaldehyde (600 pM, Nacalai Tesque), MG262 (1 uM, AdipoGen
Life Sciences), NMS873 (10 uM, Sigma-Aldrich) and triptolide (3 pM,
AdipoGen Life Sciences).

Genome editing using CRISPR-Cas9 technology

ACSB, ACSA, AUVSSA and POLR2A® cells have been described previ-
ously®. Toedit the FANCA gene, HiFi Cas9 nuclease V3 (Integrated DNA
Technologies) was mixed with CRISPR RNA (crRNA):trans-activating
CRISPR RNA (tracrRNA) complex. The mixture was electroporated
intoHela cells using 4D-Nucleofector (Lonza). Cells were recovered by
DMEM with 10% FBS and cultured on a35-mm dish for 24 h. Single-cell
clones were isolated using limiting dilution in 96-well plates. To edit
the XPA gene, a guide RNA (gRNA) coding sequence was cloned into
the PX459 vector>. HeLa cells were transfected with the plasmid using
Lipofectamine 2000 (Thermo Fisher Scientific). Cells were selected for
48 hinmedium containing 2 pg ml™ puromycin (Nacalai Tesque). Single
clones were isolated by limiting dilution. Mutations of gene-edited cells
were confirmed by Sanger sequencing. The crRNA, gRNA, and primer
sequence informationis listed in Supplementary Table 7.

Immunochemical methods

To analyse whole cell lysate, cells were dissolved in Laemmli sodium
dodecyl sulfate (SDS) sample buffer (50 mM Tris pH 6.8, 10% glyc-
erol, 100 mM dithiothreitol (DTT), 2% SDS, 0.1% bromophenol
blue) and cleared by centrifugation. Immunoprecipitation with
anti-RPB1-phospho-Ser2-CTD antibodies was performed as described
inref.31. Briefly, cells were suspended in EBC buffer (50 mM Tris pH 7.5,
150 mM NaCl, 0.5% NP-40, 2 mM MgCl,) supplemented with protease
inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Nacalai
Tesque). After centrifugation for 5 minat 4 °C, the supernatants were
collected (nuclear/cytoplasmicfraction), and the pellets were further
incubated in EBC buffer with Benzonase (Merck) for 1 hat4 °C, followed
by centrifugation (chromatin fraction). The extract was thenincubated

with anti-RPB1-phospho-Ser2-CTD antibodies (ab5095, abcam) and
protein A agarose beads (Milipore, #16-157) for 3 honarotator at 4 °C.
After an extensive wash in lysis buffer, the immunoprecipitates were
eluted with 2x Laemmli sample buffer. A Strep-Tactin pulldown assay
was carried out as described in ref. 56. Briefly, 293FT cells were trans-
fected with plasmid harbouring Strep-Myc-tagged ubiquitin using
X-tremeGENE HP (Roche) according to the manufacturer’s instruc-
tions. Cells were lysed in denaturing buffer (20 mM Tris, pH 7.5, 50 mM
NaCl,1mM EDTA, 1 mM DTT, 0.5% NP-40, 0.5% sodium deoxycholate
and 0.5% SDS) supplemented with protease and phosphatase inhibi-
tors. After sonication and clearing of the lysates, the supernatant was
incubated with Strep-Tactin Sepharose (IBA Lifesciences) for 3 h at
4 °C. After extensive washing with denaturing buffer, the precipitates
were eluted with 2x Laemmli sample buffer. Proteins were resolved
by SDS-polyacrylamide gel electrophoresis (PAGE). Resolved protein
samples were transferred to polyvinylidene fluoride membrane for
immunodetection. The antibodies used forimmunochemical experi-
ments are listed in Supplementary Table 8.

MS analysis

Enriched proteins using anti-RPB1-phospho-Ser2-CTD antibodies
(ab5095, abcam) or anti-TFIIS antibodies (302-239A, Bethyl Labora-
tories) were digested after alkylation using the filter-aided sample
preparation protocol®. Briefly, theimmunoprecipitates were dissolved
in SDS buffer (0.1 M Tris pH 8.5, 2% SDS, 100 mM DTT) and boiled for
5min. The proteins were diluted in 8 M urea in 0.1 M Tris pH 8.5, and
loaded onto 30-kDa Vivacon 500 centrifugal units (Sartorius). The
buffer was replaced by washing with ureabuffer, and the proteins were
alkylated with 50 mM iodoacetamide for 20 min at 25 °C in the dark.
The proteins were then digested with Lys-C (FUJIFILM) and trypsin
(Thermo Fisher Scientific) overnight at 37 °C. The resulting peptides
were purified using C18 tips (AMR). The peptides from theimmunopre-
cipitates were analysed by liquid chromatography mass spectrometry
(LC-MS) using an Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific) coupled to an UltiMate3000 RSLCnano LC system (Dionex
Co.) using a nano-HPLC capillary column (150 mm x 75 mi.d., Nikkyo
Technos Co.) viaananoelectrospray ion source. Reversed-phase chro-
matography was performed with alinear gradient (O min, 5% B; 75 min,
35% B) of solvent A (2% acetonitrile with 0.1% formic acid) and solvent
B (95% acetonitrile with 0.1% formic acid) at an estimated flow rate of
300 nl min™. A precursor ion scan was carried out using a 400-1,600
mass-to-charge ratio (m/z) before MS/MS analysis. Tandem MS was per-
formed by isolation at 0.8 Thwith the quadrupole, higher-energy col-
lisional dissociation (HCD) fragmentation with a normalized collision
energy of 30%, and rapid scan MS analysis in the ion trap. Only those
precursorswith charge state 2-6 were sampled for MS2. The dynamic
exclusion durationwas set to15 swithal0-ppmtolerance. Theinstru-
mentwas runintop speed mode with 3-s cycles. Allexperiments were
performed in the data-dependent acquisition mode to automatically
isolate and fragment top ten multiply-charged precursors (+2, +3, +4
and +5) accordingto their intensities. Former targetions were dynami-
cally excluded for 15 s, and all experiments were acquired using the
positive polarity mode. The full scan resolution was set to 70,000, and
the massrange was set to m/z350-1,400. The full scan ion target value
was set to 3 x 10°, allowing amaximum fill time of 60 ms. HCD fragment
scans were acquired with the optimal setting for parallel acquisition
usingal.6 m/zisolation window and anormalized collision energy of 27.

Proteomic data analysis

Raw datawere analysed withMaxQuant software (version1.6.0.1). AUni-
Prot database for the human proteome (Proteome ID UP000005640)
was used to search for precursor ions and MS/MS spectra using the
Andromeda search engine®®. Carbamidomethylation of cysteines
was searched as a fixed modification, and oxidation of methionines
and acetylation of protein N termini as variable modifications.
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Enzyme specificity was set to trypsin and Lys-C, and a maximum of two
missed cleavages were allowed for searching with a precursor mass
tolerance of 4.5 ppmand afragment mass tolerance of 20 ppm. A false
discovery rate (FDR) of 0.01for proteins and peptides and aminimum
peptide length of seven amino acids were required. Quantificationin
MaxQuant was performed using the built-in label-free quantification
(LFQ) algorithm. LFQ intensities were analysed with the statistical
software package Perseus (version 1.6.0.7). The logarithmized LFQ
intensities of the compared conditions were filtered to have two valid
values in at least one sample group. Missing values were imputed by
creating anormal distribution with a width of 0.3 relative to the stand-
ard deviation of the measured values and a 1.8-standard-deviation
downshift of the mean. Significant differences in protein abundance
were assessed by an unpaired two-sided ¢-test with permutation-based
FDR < 0.05. The proteomic datawere visualized using R (version 4.0.3)
inRStudio (version 2022.02.3 Build 492).

Measurement of BrU incorporation by flow cytometry

For the measurement of RRS after formaldehyde DNA damage, cells
were treated with1,200 pM HCHO for 1 h, followed by 12-h incubation
for recovery. Cells were labelled with 1 mM 5-bromo-uridine (BrU)
for 1h, followed by fixing in 4% formaldehyde for 15 min, then per-
meabilized with PBS containing 0.25% Triton X-100 for 10 min oniice.
After washing with PBS containing 0.05% Tween20, the cells were
stained with 2 pg ml™ Alexa Fluor 647 NHS Ester (A37573, Thermo
Fisher Scientific) for 30 minat room temperature. After washing with
PBS containing 0.05% Tween20, stained cells were mixed at a1:1ratio
with unstained cells. These cells were then stained with Alexa Fluor
488 anti-BrdU antibodies, and the nuclei were stained with 1 pg mi™*
4’,6-diamidino-2-phenylindole (DAPI; D523, DOJINDO). Data were
acquired ona CytoFLEX S FACS analyser (Beckman Coulter) by CytEx-
pert (version 2.0) and analysed with FlowJo software (version 10.8.1,
BD). The gating strategy is provided in Extended Data Fig. 10.

RRS assay using 5-ethynyluridine

Details of the assay have been described previously®. Briefly, cells were
cultured in DMEM supplemented with 10% FBS and plated in plastic
96-well plates. Cells were treated with formaldehyde or irradiated
with UV light (254 nm UVC), followed by incubation for RRS. The RRS
levels were measured by ethynyluridine (EU) incorporation. Recov-
ered cells as well as untreated cells were incubated for 2 h in medium
supplemented with 100 uM 5-ethynyluridine (5-EU, Thermo Fisher
Scientific), followed by fluorescent-azide conjugation (Click-chemistry,
Thermo Fisher Scientific). The cells were fixed and permeabilized for
20 minin PBS containing 2% formaldehyde and 0.5% Triton X-100. After
washing with PBS, the cells were then incubated with coupling buffer
with 10 pM Alexa Fluor 488 azide (A10266, Thermo Fisher Scientific),
50 mM Tris-HCI (pH 7.3), 4 mM CuSO,, 10 mM sodium ascorbate and
30 ng mI™ DAPI (D523, DOJINDO) for 60 min, followed by washing with
PBS containing 0.05% Tween20. Nuclear fluorescentimage acquisition
and data processing were automated with HCS Studio 2.0 software in
the ArrayScan VTl system (Thermo Fisher Scientific).

Clonogenic survival assays

Cellswere seeded in six-well plates and treated with formaldehyde for
2 horirradiated with UV light. After removing the formaldehyde, cells
were allowed to grow for nine days. Cells were fixed with methanol
and stained with crystal violet, and colonies with more than 50 cells
were counted.

Animals

C57BL/6JJcl mice were purchased from CLEA Japan. The animals were
kept under conditions of 23 +1°C, 50 + 5% humidity and a 12-h:12-h
light:dark cycle. They were fed a standard pellet diet (CE-2, CLEA
Japan) and tap water ad libitum. Both male and female mice were used.

InFig. 6b,d-fand Extended Data Figs. 8a,b and 9a-c, mice at three to
four weeks of age were analysed. In Fig. 6¢, mice at two weeks to one
year of age were analysed. In Extended Data Fig. 7a, mice at two weeks
tothree years of age were analysed. In Extended DataFig. 7b-d, mice at
two weeks of age were analysed. In Extended Data Fig. 7e, mice at two
weeks to seven months of age were analysed.

Genome editing of mouse embryos

Adh57 and Aldh2""' mice have been described previously inref.11. To
generate Csb-deficient mice, the following reagents were purchased:
Cas9 Nuclease V3, tracrRNA and crRNA (Integrated DNA Technolo-
gies). Pronuclear-stage mouse embryos were prepared by thawing
frozen embryos (CLEA Japan), then culturing them in potassium sim-
plex optimized medium (KSOM, ARK Resource). For electroporation,
100-150 embryos (1 h after thawing) were placed into achamber with
40 pl of serum-free medium (Opti-MEM, Thermo Fisher Scientific)
containing 100 ng pl™ Cas9 Nuclease V3 and 100 ng pl™ Csb gRNA.
Theywerethen electroporated with a5-mm gap electrode (CUY505P5,
NepaGene) inaNEPA21Super Electroporator (NepaGene). The pulses
for the electroporation had a voltage of 225V, pulse width of 1 ms for
mouse embryos, pulse interval of 50 ms, and the numbers of pulses was
4. Thefirstand second transfer pulses had a voltage of 20 V, pulse width
of 50 ms, pulse interval of 50 ms, and the number of pulses was 5. Mouse
embryos that developed to the two-cell stage after electroporation
were transferred into the oviducts of female surrogates anaesthetized
with sevoflurane orisoflurane (Mylan). gRNA sequence information is
listed in Supplementary Table 7.

Mice haematological analysis

Red blood cells (RBCs), haemoglobin concentration and haema-
tocrit were measured using an IDEXX ProCyte Dx system (IDEXX
Laboratories).

Bone marrow cellisolation and FACS analysis

Bone marrow cells were flushed from mice femurs and tibias using a
26-G needle followed by passing through a cell strainer in Ca**- and
Mg?"-free Hank’s buffered salt solution (HBSS, Gibco) supplemented
with 1% heat-inactivated bovine serum (Gibco). The RBCs were lysed
by resuspending the cells in RBC lysis buffer (eBioscience) for 5 min
onice. The cells were filtered through a 70-um cell strainer to obtain
a single-cell suspension. The number of cells was measured with a
haemocytometer. Lineage-depleted mouse bone marrow cells were
prepared using a Direct Lineage Cell Depletion Kit (Miltenyi Biotec).
The antibodies used for FACS analysis were as follows: FITC-conjugated
lineage cocktail, CD41, FceRla, CD117, Sca-1, CD48, CD150, CD135,
CD127,CD16/32 and CD34. Antibody staining was performed at 4 °C for
20 min. Dead cells were excluded by staining with 7-AAD (BioLegend).
Datawereacquired ona CytoFLEXS FACS analyser (Beckman Coulter)
by CytExpert 2.0 and analysed with FlowJo v10.8.1. Antibodies used for
FACS analysis are listed in Supplementary Table 8.

DPC quantification and DPC-seq

Protein-conjugated DNA was isolated using a conventional KCI/SDS
precipitation method™. The cells were lysed in SDS buffer (2% SDS;
20 mMTris, pH 7.5) followed by sonication using a Covaris M220 system
(5% duty factor, 200 cycles per burst, 16 min at 25 °C in microTUBE).
The sonicated samples were incubated with KCI buffer (200 mM KCl,
20 mM Tris pH 7.5) on ice for 5 min. After centrifugation at 20,000g
for 5 minat4 °C, the supernatant was collected as soluble DNA. Pellets
were washed five times by adding KCl buffer followed by incubation at
55°C for 5 min. After centrifugation, the pellets were dissolved in KCI
buffer with 0.04 mg mI™ Proteinase K and incubated at 55 °C for 3 h.
After centrifugation at20,000g for 5 minat4 °C, the supernatant was
purified using aMinElute PCR purification kit (QIAGEN). DNA concen-
tration was measured using Qubit dsDNA HS. The amount of DPCs was
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calculated as the ratio of precipitated DNA to total DNA (precipitated
plus soluble DNA).

Inthe experiments shownin Extended DataFig.4d,e, the cellswere
synchronized as described inref. 59. Cells were grown in the presence
of 2 mM thymidine (Sigma-Aldrich) for 24 h, washed with PBS and
grownin freshmedium for 9 h. The cells were then cultured inmedium
with thymidine for 24 h, washed with PBS, and grown in medium with
0.5 pug ml™ nocodazole (Sigma-Aldrich) for 11 h. After release from the
nocodazole block, the cells were treated with formaldehyde for 1h,
washed with PBS, and recovered for 4 h in the presence of thymidine
to block S-phase entry. Cell synchronization was confirmed by incor-
poration of 5-ethynyl-2’-deoxyuridine (EdU, Thermo Fisher Scientific).
Briefly, 2 hafter release fromthe nocodazole block, cells were labelled
with5 uM EdU for 5 hin the presence of thymidine, followed by fixing
in 4% formaldehyde for 10 min and permeabilization with PBS con-
taining 0.5% Triton X-100 for 5 min. After washing with PBS, the cells
were thenincubated with coupling buffer with 10 uM Alexa Fluor 488
azide (A10266, Thermo Fisher Scientific), 50 mM Tris-HCI (pH 7.3),
4 mM CuSO, and 10 mM sodium ascorbate. The cells were imaged on
aBZ-X800 microscope (Keyence).

For the detection of histone-DPCs, cells were incubated in EBC-2
buffer (50 mM Tris pH 7.5, 150 mM NacCl, 0.5% NP-40, 5 mM EDTA,
0.5 mMEGTA) supplemented with protease inhibitor cocktail (Roche)
for20 minonice. After centrifugation at10,000g for 5 min at 4 °C, the
pellets were dissolved in incubation buffer (50 mM Tris pH 7.5,150 mM
NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS,5 mM EDTA,
0.5 mMEGTA, 0.1%BSA) supplemented with protease inhibitor cocktail
(Roche), and sonicated using a Covaris M220 system (5% duty factor,
200 cycles per burst, 16 min at 7 °C in microTUBE). After centrifuga-
tionat20,000gfor10 minat4 °C, the supernatant wasincubated with
anti-H2B (ab1790, abcam) antibodies and protein A and G magnetic
beads (Bio-Rad) for12-16 h on arotator at 4 °C. After extensive wash-
ing, the beads were incubated with SDS buffer (2% SDS, 20 mM Tris
pH 7.5) for 15 min at 30 °C. The eluted supernatant was subjected to
DPCisolation.

Purified DNA was subjected to NGS. NGS libraries were gener-
ated using NEBNext Ultra [l DNA Library Prep Kit for Illumina (NEB) or
MGIEasy Universal DNA Library Prep Set (MGI). The prepared libraries
were sequenced onaHiSegX platform (Illumina) with150-bp paired-end
reads, a HiSeq2000 platform (Illumina) with 80-bp single-end reads, a
DNBSEQ-G400 platform (MGI Tech) with150-bp paired-end readsora
DNBSEQ-T7 platform with 150-bp paired-end reads.

The method is available from the Protocol Exchange web site®®.

Sequence data analysis

NGS sequence reads were adaptor-trimmed using fastp® (version
0.21.0) and aligned to the GRCh38 (human) or mm10 (mouse) reference
genomes using bowtie2 (ref. 62) (version 2.3.4.3). Uniquely mapped
reads were sorted using samtools®* (version1.15.1), and duplicates were
removed using picard MarkDuplicates (version2.25.0, Broad Institute).
The sequence data are listed in Supplementary Table 9.

Mapped reads were visualized using Integrated Genome Viewer®*
(IGV; version 2.14.1). Read coverage and scores were calculated and
visualized using deepTools® (version 3.5.1). The mapped readson a
ribosomal RNA unit were visualized according to ref. 66. Spearman’s
rank-correlation coefficients between experiments were calculated
using deepTools.

To analyse the relationship between transcription level/gene
length and DPC repair kinetics, the longest transcript for each gene
was extracted fromthe corresponding reference genomes, and genes
with regions overlapping another gene were excluded using bedtools®”’
(version 2.27.1). The gene expression profile of HeLa cells was obtained
from the Expression Atlas of EMBL-EBI (https://www.ebi.ac.uk/gxa/
experiments/E-MTAB-2706/Results) and the gene expression profile
of lineage-depleted cells from mice bone marrow was acquired from

RNA-seq data in this study (Supplementary Table 10). For read quan-
tification, mapped reads to reference genomes were counted using
HTseq®® (version 2.0.2) or bedtools. After excluding mitochondrially
encoded genes (in both human and mouse) as well as those on sex
chromosomes (inmouse), theread counts were normalized according
to their gene length, and the sumwas rescaled to 1 x 10° per sample.

RNA-seq

Total RNA from lineage-depleted mouse bone marrow cells (n = 3) was
extracted using an RNeasy Kit (QIAGEN). RNA was quantified with a
Qubit RNA BR Assay Kit (Life Technology), and integrity was evalu-
ated with Agilent Bioanalyzer 2100 (Agilent Technologies). RNA-seq
libraries were constructed with an MGIEasy RNA Directional Library
Prep Set (MGI) according to the manufacturer’s instructions. Librar-
ieswere sequenced with 150-bp paired-end reads on a DNBSEQ-G400
sequencer (MGl Tech). Low-quality reads and adapter sequences were
trimmed using fastp software®. The reads were mapped to the GRCm38
reference genome using HISAT2® (version 2.1.0), followed by transcript
assembly and quantification using StringTie”® (version 1.3.4d).

Statistics and reproducibility

The statistical tests used are indicated in the figure legends. No sta-
tistical method was used to predetermine sample size. The sample
sizes chosen are consistent with our previous publications. Data were
excluded from analysis only in cases of obvious technical failure.
Python (version3.9.13), R (version 4.0.3),JMP (version16.1.0) and Excel
(version 16.80) were used to generate graphs and perform statistical
analyses. Most experiments were replicated. All replication attempts
were successful. Thenumbers of replicate experiments are giveninthe
figurelegendsorin the figures. Samples were not randomized for this
study. This study was not blinded except for colony counting.

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

Data availability

All data needed to evaluate the conclusions are present in the paper
and/or the Supplementary Information. DPC-seq and RNA-seq data
in this study have been deposited with links to BioProject acces-
sion no. PRJNA1002083 in the NCBI BioProject database. The mass
spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD044310 (ref. 71). The GRCh38 human
genome can be accessed at https://www.ncbi.nlm.nih.gov/datasets/
genome/GCF_000001405.40/. The mm10 mouse genome (GRCm38)
canbe accessed at https://www.ncbi.nlm.nih.gov/datasets/genome/
GCF_000001635.26/. The UPO00005640 human proteome can be
accessed at https://www.uniprot.org/proteomes/UP000005640.
The gene expression profile of HeLa cells can be accessed at https://
www.ebi.ac.uk/gxa/experiments/E-MTAB-2706/Results. All other
data supporting the findings of this study are available from the cor-
responding author on reasonable request. Additional data related
to this paper may be requested from the authors. Source data are
provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1| Formaldehyde treatment blocks transcription.
(a) 5’-bromo-uridine (BrU) incorporationin HeLa cells treated with various
concentration of formaldehyde (HCHO) was measured by FACS analysis.
Datarepresent the three independent experiments. (b) Quantification of
datain (a). Means (zs.e.m.) from three independent experiments are shown.

Statistical significance was evaluated with Dunnett’s multiple comparison test.

(c) Genome browser snapshot showing DPC-seq signals for HeLa cells treated
with formaldehyde within a ribosomal DNA unit. IGS: intergenic spacer; ETS:
external transcribed spacer. (d) BrU incorporationin HeLa cells treated with

DMSO, DRB or triptolide was measured by FACS analysis. Data represent the two
independent experiments. (e) Quantification of datain (d). Means from two
independent experiments are shown. (f) A hierarchically clustered heatmap
showing Spearman’ rank correlation coefficients of DPC-seq signal intensities
(CPM) between three replicates in HeLa cells treated with DMSO, DRB or
triptolide. (g and h) Metagene profile and heatmap from input samples within
and near transcribed regions of genes with TPM > 30 (g) and 0.1< TPM <1(h).
TSS: transcription start site; TES: transcription end site. n = 1. Source numerical
dataare availablein source data.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01401-2

a e
RPBA Chr fraction IP: RPB1 pSer2
WT ACSB -K1268R WT _ ACSB AUVSSAPORL2AKR WT ACSB AUVSSA PORL2AKR ¢ T
e s o e 8 e o & @ OUT © © © 6 © 0 © 06 © 06 © 0 © 0 0 o @ HCHO
o uv kDa
kDa ® HCHO 135J i - — o= - - | CSB
nifetiess - M Sl dol
245 — 100 — — - *
- .. | UVSSA
135_!_ —— |css r. -
63 62
25 ] KU80 e o o e e — = |p
100 o= *
W G o — G —— — p89
bbb LLLLLL LRl
245 —
b 7
6 UVSSA /.
MTA1 P
~ 5 - HDAC2 DDB1 ® @ TCR factors
5 RBBP7
S 4 ot
g 2 ® ¢ MTA2 o _—
e 3 L RBBP4 /
S o ® o
9 () ® @ NuRD and PRC2 complex
P °
{ )
1 4
o CHD4
T T T T T T
0 2 4 6 8 10 12
Log,(UV/UT)
(o] 7
()
6 1 \ DDB1
O
5 CsSB °® ° @ TCR factors
S A )
T 4 CSA ') MTA1 o
ﬂ?_ Y \ RBBP4
§ 3 7 CHD4\.. @ NuRD and PRC2 complex
< ()
Y2 () @ TFIIS
RBBP7 //. ® . Triis
1 UVSSA /. g
MTA2
0 =
T T T T T T T T
-14 -12 -10 -8 6 -4 -2 0
Log,(ACSB/WT)
d .
6 -
RBBP4
- 5 CHD4 DDB1 @ TCR factors
3 UVSSA
g 4 4 N [ ./
= /' ¢ %
35 i -l P 1 @ NuRD and PRC2 complex
PN ®
> s e '\\\ MTA2
1 4 CSA  RBBP7 MTA1 HDAC2
0 -
T T T T T T T T
14 12 -10 -8 6 -4 2 0
Log,(ACSB/WT)

Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| CSB-dependent ubiquitination signalingis activated
inresponse to formaldehyde treatment. (a) Whole cell extracts of WT, ACSB
and POLR2AX® Hel a cells after formaldehyde treatment or UV irradiation were
analysed by immunoblotting with indicated antibodies. Experiments were
independently replicated twice with consistent results. (b) Volcano plot of mass
spectrometry analysesillustrating the UV-induced interaction of elongating
RNAPII. Chromatin fractions of HeLa WT cells after UV irradiation (UV) or
untreated (UT) were subjected toimmunoprecipitation with anti-RPB1CTD
phospho-Ser2 antibodies followed by mass spectrometric analysis. The plot
displays the log2 fold change and the significance (-logl0(P-value)) assessed

by unpaired two-sided t test: permutation-based FDR < 0.05 (n = 3). Selected
prospective elongating RNAPIl interactors are highlighted. See Supplementary
Table 4 for full results. (c) Volcano plot of mass spectrometry analyses illustrating
the CSB-dependent formaldehyde-induced interaction of elongating RNAPII.
Chromatin fractions of HeLa WT and ACSB cells after formaldehyde treatment
were subjected to immunoprecipitation with anti-RPB1 CTD phospho-Ser2
antibodies followed by mass spectrometric analysis. The plot displays the

log2 fold change and the significance (-log10(P-value)) assessed by unpaired
two-sided t test: permutation-based FDR < 0.05 (n = 3). Selected prospective
elongating RNAPIlinteractors are highlighted. See Supplementary Table 5

for full results. (d) Volcano plot of mass spectrometry analyses illustrating

the CSB-dependent UV-induced interaction of elongating RNAPII. Chromatin
fractions of HeLa WT and ACSB cells after UV irradiation were subjected to
immunoprecipitation with anti-RPB1 CTD phospho-Ser2 antibodies followed
by mass spectrometric analysis. The plot displays the log2 fold change and the
significance (-logl0(P-value)) assessed by a permutation-based ¢-test (n = 3).
Selected prospective elongating RNAPIl interactors are highlighted. See
Supplementary Table 6 for full results. (e) Chromatin fractions of WT, ACSB,
AUVSSA and POLR2A*® Hel a cells after formaldehyde treatment were subjected
toimmunoprecipitation with anti-RPB1 phospho-Ser2 antibodies followed

by immunoblotting with indicated antibodies. *indicates non-specific bands.
Experiments were independently replicated twice with consistent results.
Unprocessed blots are available in source data.
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Extended Data Fig. 3| CSB-dependent TCRinitiation signaling is required
for RRS. (a) RRS after formaldehyde treatmentin WT and ACSB cells. BrU
incorporationin HeLa WT and ACSB cells treated with formaldehyde was
measured by FACS analysis. Datarepresent the three independent experiments.
(b) Quantification of BrU incorporationin G1, S and G2 phase is shown

(means + s.e.m.; n =3 independent experiments). Two-sided unpaired t-test. (c)
Cell extracts from HeLaWT, ACSB, AFANCA and ACSB AFANCA cells were analysed
by immunoblotting with indicated antibodies. Experiments were independently
replicated twice with consistent results. (d) RRS after formaldehyde treatmentin
HeLa WT, ACSB, AUVSSA, POLR2A®® cells. Cells were treated with 500 uM HCHO

for1hfollowed by recovered at the indicated time points. Quantification of
5-ethynyluridine (EU) incorporation is shown (means + s.e.m.; n = 3 independent
experiments). Statistical significance was evaluated with Tukey-Kramer multiple
comparison test. (e) RRS after formaldehyde treatment or UV irradiationin

HeLa WT, ACSB, AXPA and AFANCA cells. Cells were treated with 1750 pM HCHO
for1hfollowed by 18 hincubation, or irradiated with 6 J/m? UV followed by 12 h
incubation for RNA synthesis recovery. Quantification of EU incorporation is
shown (means + s.e.m.; n =3 independent experiments). Statistical significance
was evaluated with Dunnett’s multiple comparison test. Source numerical data
and unprocessed blots are available in source data.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | CSB-dependent DPCrepair. (a) Extracts of HeLaWT,
ACSBand ACSB sstably expressing Strep-V5-EGFP (SVG)-CSB-WT were analysed
by immunoblotting with indicated antibodies. Experiments were independently
replicated twice with consistent results. (b) DPC residual ratios in HeLa ACSB
and ACSBstably expressing CSB-WT cells are shown in seven gene length bins
with TPM = 100. Means (+s.e.m.) from three independent experiments are
shown. Two-sided unpaired ¢-test. (c) Genome browser snapshot showing
DPC-seq signals for HeLa WT and ACSB cells treated with formaldehyde. (d)

EdUincorporation in HeLa cells synchronised by a double thymidine followed

by nocodazole block and release protocol. Data represent the two independent
experiments. (e) Metagene profile from DPC-seq within or near transcribed
regions of genes with TPM > 30 at 0 and 4 h after formaldehyde washoutin WT
and ACSB Hela cells synchronised by a double thymidine followed by nocodazole
block and release protocol. Data represent the average of three replicates. Source
numerical dataand unprocessed blots are available in source data.
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Extended Data Fig. 5| The role of VCP/p97 inresponse to formaldehyde-
induced DNA damage. (a) HeLa cell extracts fractionated into nuclear/
cytoplasm (Nuc/Cyto) and chromatin after formaldehyde treatment or UV
irradiation were subjected toimmunoprecipitation with anti-RPB1CTD
phospho-Ser2 antibodies followed by immunoblotting with indicated antibodies
(n=1). (b) Chromatin fractions of HeLa WT, ACSB, ACSA, AUVSSA and POLR2A**

cells after formaldehyde treatment or UV irradiation were subjected to
immunoprecipitation with anti-RPB1 CTD phospho-Ser2 antibodies followed by
immunoblotting withindicated antibodies. Experiments were independently
replicated twice with consistent results. Unprocessed blots are available in
source data.
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Extended DataFig. 6 | TFIIS is required for safeguard against formaldehyde-
induced transcription stress. (a) Whole cell extracts of HeLa WT cells
transfected with non-targeting control (siCTRL) or TFIIS siRNAs (siTFIIS) were
treated with formaldehyde. Cell extracts were analysed by immunoblotting
withindicated antibodies. Experiments were independently replicated twice
with consistent results. (b) 293FT cells transfected with siCTRL or siTFIIS

were transfected with Strep-Myc-Ubiquitin (Ubi). Whole cell extracts were
subjected to Strep-Tactin pull-down followed by immunoblotting with indicated
antibodies. Experiments were independently replicated twice with consistent
results. (¢) Chromatin fractions of HeLa cells transfected with siCTRL or siTFIIS
were subjected toimmunoprecipitation with anti-RPB1 CTD phospho-Ser2
antibodies followed by immunoblotting with indicated antibodies (n=1).

*indicates non-specific bands. (d) DPC residual ratios in HeLa WT cells
transfected with siCTRL or siTFIIS are shown in seven gene length bins with

TPM >100. Means (ts.e.m.) from three independent experiments are shown.
Two-sided unpaired ¢-test. (e) Whole cell extracts of HeLa cells stably expressing
TFIIS-WT or TFIIS-MT (D282A and E283A) were analysed by immunoblotting
withindicated antibodies (n = 1). (f) Chromatin fractions of HeLa cells stably
expressing TFIIS-WT or TFIIS-MT treated or not with formaldehyde were
subjected toimmunoprecipitation with anti-RPB1CTD phospho-Ser2 antibodies
followed by immunoblotting with indicated antibodies. Experiments were
independently replicated twice with consistent results. Source numerical data
and unprocessed blots are available in source data.
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Extended Data Fig. 7 | Loss of Csb exacerbates the phenotypes of aldehyde
metabolism-deficient AMeDS mice. (a) Kaplan-Meier curves with log-rank
test (partially adapted from Oka et al.") show a significant decrease in survival
of Adh5""Aldh2"¥ or AdhS™Aldh2¥"*' AMeDS animal compared to WT mice
(p<0.00010rp<0.0001, respectively). (b) Observed and expected frequencies
of mice at 2 weeks of age from intercrossed AdhS*~Csb™~ mice with AdhS*"
Aldh2""®'Csb™ mice. One-sided chi-square test shows significant difference
between observed and expected (p < 0.0001). (c) Observed and expected
frequencies of mice at 2 weeks of age from intercrossed between AdhS""Csb™"
mice. One-sided chi-square test shows no significant difference between
observed and expected (p = 0.89). (d) Observed and expected frequencies of
mice at 2 weeks of age from intercrossed of AdhS™ mice with AdhS*~

Aldh2" mice. Chi-square test shows no significant difference between observed

and expected (p = 0.94). (e) Body weights of individual mice at 2 weeks of age
(means +s.e.m.; n=18 for wild-type, n = 7 for Adh5""Aldh2"%',n = 8 for
AdhSAldh2"¥', n = 8 for AdhS™"Aldh2¥"%', n = 9 for AdhS”~Csb™",n=12for
AdhS""Aldh2"¥Csb™", n =14 for AdhS""Aldh2/'Csb™", n = 6 for AdhS ™ Aldh2"¥!
Csb™"),female mice at 6 to 7months of age (means +s.e.m.;n= 8 for
AdhS*"Aldh2"¥', n =7 for AdhS™Aldh2"¥',n =5 for AdhS"~Csb™~,n =5 for
Adh5""Aldh2"¥Csb™", n =3 for AdhS" Aldh2**'Csb™"), and male mice at 6 to 7
months of age (means +s.e.m.; n=7 for AdhS"Aldh2"*', n = 8 for Adh5™"Aldh2"¥,
n=4for AdhS’ Csb™",n=4for AdhS""Aldh2"¥'Csb™~, n = 5 for AdhS™"Aldh2"¥"
Csb™"). Statistical significance was evaluated with Dunnett’s multiple comparison
test. Pcompared to AdhS”"Aldh2"'Csb™ mice. Source numerical data are
available in source data.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Loss of Csb exacerbates abnormal hematopoiesis

in aldehyde metabolism-deficient AMeDS mice. (a) Red blood cell (RBC),
hemoglobin concentration (HGB), hematocrit (HCT), in peripheral blood at 3 to
4 weeks of age were analysed. (mean + s.e.m., RBC and HCT: n =11 for wild-type,
n=9for Adh5""Aldh2"¥, n = 8 for AdhS™ Aldh2"¥', n =7 for AdhS™ Aldh2¥"~,
n=10for Adh5" Csb™",n=13for Adh5*"Aldh2"""'Csb™", n = 4 for AdhS"" Aldh2"/¥!
Csb™,n=9for AdhS""Aldh2"'Csb™~, HGB: n = 7 for wild-type, n = 9 for
AdhS"Aldh2"¥', n = 8 for AdhS™"Aldh2"¥, n = 6 for AdhS™"Aldh2"¥', n = 6 for
AdhS'Csb™",n=12for AdhS""Aldh2"¥'Csb™", n = 4 for AdhS""Aldh2*"¥'Csb™"",
n=_8for Adh57Aldh2¥'Csb™"). Statistical significance was evaluated with
Dunnett’s multiple comparison test. Pcompared to AdhS™"Aldh2"¥'Csb™"

mice. (b) Quantification of hematopoietic subset: LKS (Lin"c-Kit"Sca-17), MPP
(Lin"c-Kit"Sca-1"'CD150"CD48"), HPC1 (Lin c-Kit"Sca-1'CD150 CD48"), HPC2
(Lin"c-Kit*Sca-1'CD150"CD48"), CLP (Lin"c-Kit"**Sca-1°*CD127°CD135%), CMP
(Lin"c-Kit*Sca-1"CD34"CD16/327), MEP (Lin"c-Kit*Sca-1 CD34 CD16/32"),

and GMP (Lin"c-Kit*Sca-1 CD34'CD16/32") in mice at 3 to 4 weeks of age is
shown (means +s.e.m.;n=7forwild-type, n=6 for AdhS""Aldh2"",n= 6

for AdhS7-Aldh2"®, n = 3 for AdhS7-Aldh2X""' \n =7 for Adh5”-Csb™",n =4 for
AdhS""Aldh2"¥Csb™", n =5 for AdhS"Aldh2*"“'Csb™", n = 4 for AdhS™"Aldh2"®
Csb™"). Statistical significance was evaluated with Dunnett’s multiple comparison
test. Pcompared to AdhS5” Aldh2*"'Csb™" mice. Source numerical data are
availablein source data.
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A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  FACS analysis: CytExpert 2.0, High-content analysis: HCS Studio 2.0

Data analysis FACS data: FlowJo (version 10.8.1). Western blot data: ImageJ (version 1.53a). Mass spectrometry data: MaxQuant software (version 1.6.0.1),
Perseus (version 1.6.0.7), R (version 4.0.3). Sequencing data: fastp (version 0.21.0), bowtie2 (version 2.3.4.3), samtools (version 1.15.1), picard
MarkDuplicates (version 2.25.0), Integrated Genome Viewer (version 2.14.1), deepTools (version 3.5.1), bedtools (version 2.27.1), HTseq
(version 2.0.2), Python (version 3.9.13), HISAT2 (version 2.1.0), StringTie (version 1.3.4), RStudio (version 2022.02.3 Build 492).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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DPC-seq and RNA-seq data in this study have been deposited with links to BioProject accession number PRINA1002083 in the NCBI BioProject database. The mass




spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD044310.
The GRCh38 human genome can be accessed at https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.40/. The mm10 mouse genome (GRCm38) can
be accessed at https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001635.26/. The UPO00005640 human proteome can be accessed at https://
www.uniprot.org/proteomes/UP000005640. The gene expression profile of Hela cells can be accessed at https://www.ebi.ac.uk/gxa/experiments/E-MTAB-2706/
Results. All other data supporting the finding of this study are available from the corresponding author on reasonable request. Additional data related to this paper
may be requested from the authors.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. The sample sizes chosen are consistent with previous publications (animal
experiments: Oka et al., 2020, cellular experiments: Oka et al., 2020 and Nakazawa et al., 2020).

Data exclusions  Data were excluded from analysis only in cases of obvious technical failure.

Replication Most experiments were replicated. All replication attempts were successful. The number of replicate experiments is given in the figure
legends or in the figures.

Randomization  Samples were not randomized for this study because randomization does not influence the experimental outcomes.

Blinding This study was not blinded except for colony counting because blinding does not influence the experimental outcomes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines [ 1IIX| Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
[] Clinical data

[ ] bual use research of concern

[] Plants
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Antibodies

Antibodies used ACTB, Santa Cruz Biotechnology, sc-47778, 1 to 4000
Cleaved PARP (Asp214), Cell Signaling Technology, #5625, 1 to 1000
CSA, Abcam, ab137033, 1 to 500
CSB, Santa Cruz Biotechnology, sc-398022, 1 to 250
FANCA, Bethyl laboratories, A301-980A, 1 to 1000
GFP, Santa Cruz Biotechnology, sc-9996, 1 to 500
H2B, Abcam, ab1790, 1to 167
KU70, Cell Signaling Technology, #4588, 1 to 1000
KU8O0, Cell Signaling Technology, #2180, 1 to 1000
Myc, Santa Cruz Biotechnology, sc-40, 1 to 1000
p62, Santa Cruz Biotechnology, sc-48431, 1 to 250
p89, Santa Cruz Biotechnology, sc-271500, 1 to 250
p97, Santa Cruz Biotechnology, sc-57492, 1 to 250
RPB1 phospho-Ser2, Abcam, ab5095, 1 to 500
RPB1 phospho-Ser2, Merck, 04-1571-1, 1 to 1000
SMC3, Bethyl laboratories, A300-060A, 1 to 4000
TFIIS, Bethyl laboratories, A302-239A, 1to 333
TFIIS, Santa Cruz Biotechnology, sc-393520, 1 to 250
UVSSA, Abnova, HO0057654-B01P, 1 to 500
Alexa Fluor 488 BrdU, BioLegend, #364106, 1 to 20
FITC lineage cocktail, BioLegend, #133302, 1to 5
FITC CD41, BioLegend, #133903, 1 to 200
FITC FceRla, BioLegend, #134305, 1 to 200
APC CD117, BioLegend, #105811, 1 to 20
PE Sca-1, BioLegend, #108107, 1 to 40
Brilliant Violet 421 CD48, BioLegend, #103428, 1 to 80
APC/Fire 750 CD150, BioLegend, #115940, 1 to 80
Brilliant Violet 421 CD135, BioLegend, #135313, 1 to 40
PE/Cy7 CD127, BiolLegend, #135014, 1 to 20
Brilliant Violet 421 CD16/32, BiolLegend, #101332, 1 to 80
APC/Fire 750 CD34, BiolLegend, #128614, 1 to 20
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Validation The following antibodies were validated in siRNA-treated or knockout human cells: CSA (Abcam, ab137033), CSB (Santa Cruz
Biotechnology, sc-398022), FANCA (Bethyl laboratories, A301-980A), TFIIS (Bethyl laboratories, A302-239A), TFIIS (Santa Cruz
Biotechnology, sc-393520), UVSSA (Abnova, HO0057654-B01P)

The following antibodies were validated in immunoprecipitation-based experiments using human cells: p62 (Santa Cruz
Biotechnology, sc-48431), p89 (Santa Cruz Biotechnology, sc-271500), p97 (Santa Cruz Biotechnology, sc-57492), RPB1 phospho-Ser2
(Abcam, ab5095), RPB1 phospho-Ser2 (Merck, 04-1571-1)

The following antibodies were validated in exogenous expression-based experiments: Myc (Santa Cruz Biotechnology, sc-40)

ACTB, Santa Cruz Biotechnology, sc-47778

https://www.scbt.com/ja/p/beta-actin-antibody-c4

Cleaved PARP (Asp214), Cell Signaling Technology, #5625
https://www.cellsignal.jp/products/primary-antibodies/cleaved-parp-asp214-d64e10-xp-rabbit-mab/5625
GFP, Santa Cruz Biotechnology, sc-9996

https://www.scbt.com/p/gfp-antibody-b-2

H2B, Abcam, ab1790
https://www.abcam.co.jp/products/primary-antibodies/histone-h2b-antibody-chip-grade-ab1790.html
KU70, Cell Signaling Technology, #4588
https://www.cellsignal.jp/products/primary-antibodies/ku70-d10a7-rabbit-mab/4588

KU8O0, Cell Signaling Technology, #2180
https://www.cellsignal.jp/products/primary-antibodies/ku80-c48e7-rabbit-mab/2180

SMC3, Bethyl laboratories, A300-060A
https://www.thermofisher.com/antibody/product/SMC3-Antibody-Polyclonal/A300-060A

Alexa Fluor 488 BrdU, BioLegend, #364106
https://www.biolegend.com/ja-jp/products/alexa-fluor-488-anti-brdu-antibody-10621?GrouplD=BLG8966
FITC lineage cocktail, BioLegend, #133302
https://www.biolegend.com/ja-jp/products/fitc-anti-mouse-lineage-cocktail-with-isotype-ctrl-5803
FITC CD41, BioLegend, #133903
https://www.biolegend.com/ja-jp/products/fitc-anti-mouse-cd41-antibody-5896

FITC FceRla, BioLegend, #134305
https://www.biolegend.com/ja-jp/products/fitc-anti-mouse-fcepsilonrialpha-antibody-5949

APC CD117, BioLegend, #105811
https://www.biolegend.com/ja-jp/products/apc-anti-mouse-cd117-c-kit-antibody-72

PE Sca-1, BioLegend, #108107
https://www.biolegend.com/ja-jp/products/pe-anti-mouse-ly-6a-e-sca-1-antibody-228

Brilliant Violet 421 CD48, BioLegend, #103428
https://www.biolegend.com/ja-jp/products/brilliant-violet-421-anti-mouse-cd48-antibody-7327
APC/Fire 750 CD150, BioLegend, #115940
https://www.biolegend.com/ja-jp/products/apc-fire-750-anti-mouse-cd150-slam-antibody-13440
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Brilliant Violet 421 CD135, BioLegend, #135313
https://www.biolegend.com/ja-jp/products/brilliant-violet-421-anti-mouse-cd135-antibody-8728
PE/Cy7 CD127, BioLegend, #135014
https://www.biolegend.com/ja-jp/products/pe-cyanine7-anti-mouse-cd127-il-7ralpha-antibody-6192
Brilliant Violet 421 CD16/32, BioLegend, #101332
https://www.biolegend.com/ja-jp/products/brilliant-violet-421-anti-mouse-cd16-32-antibody-8598
APC/Fire 750 CD34, BiolLegend, #128614
https://www.biolegend.com/ja-jp/products/apc-fire-750-anti-mouse-cd34-antibody-14762

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Hela-WT (laboratory stock), HelLa CSB-KO, HelLa CSA-KO, HelLa UVSSA-KO, Hela POLR2A-K1268R, 293FT (Thermo Fisher
Scientific) (Nakazawa et al., 2020)

Hela FANCA-KO, Hela CSB-FANCA-DKO, Hela XPA-KO, Hela CSB-KO +CSB-WT, Hela + TFIIS-WT, Hela + TFIIS-D282A-E283A
(This study)

All knockout cells were validated by DNA sequencing and/or western blotting. All cell lines stably expressing exogenous genes
were validated by fluorescent microscopy and western blotting.

Mycoplasma contamination Cell lines were negative for mycoplasma.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Adh5 knockout and Aldh2 knockin C57BL/6JJcl mice were generated using a CRISPR-Cas9 gene-editing approach (Oka et al., 2020).
Csb knockout C57BL/6JJcl mice were generated using a CRISPR-Cas9 gene-editing approach (this study). In figures 6b, 6d-f, extended
data figures 8a-b, 9a-c, mice at 3 to 4 weeks of age were analysed. In figure 6¢, mice at 2 weeks to 1 year of age were analyzed. In
extended data figure 7a, mice at 2 weeks to 3 years of age were analyzed. In extended data figures 7b-d, mice at 2 weeks of age were
analysed. In extended data figure 7e, mice at 2 weeks to 7 months of age were analysed.

No wild animals were included.

Both male and female mice were used in this study. There was no obvious sex-based difference, but sex-disaggregated data have not
been specifically analysed.

No field-collected samples were used in this study.

All the animal studies were conducted in compliance with the ARRIVE guidelines. The experiments using genetically modified mice
were approved by the Animal Care and Use Committee and the recombinant DNA experiment committee of Nagoya University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Hela cells were labeled with 1 mM 5-Bromouridine (BrU) for 1 h followed by fixed in 4% formaldehyde for 15 min,
permeabilised with PBS containing 0.25% Triton X-100 for 10 min on ice. After washing with PBS containing 0.05% Tween20,
cells were stained with 2 ug/ml Alexa Fluor 647 NHS Ester (A37573, Thermo Fisher Scientific) for 30 min at room
temperature. After washing with PBS containing 0.05% Tween?20, stained cells were mixed at a 1:1 ratio with unstained cells.
Then, these cells were stained with Alexa Fluor 488 anti-BrdU antibodies, and nuclei were stained with 1 pg/ml DAPI (D523,
DOJINDO). Data were acquired on a CytoFLEX S FACS analyser (Beckman Coulter) by CytExpert (version 2.0) and analysed
with FlowJo (version 10.8.1, BD). Mouse bone marrow cells were flushed from femurs and tibias using a 26G needle followed
by passing through a cell strainer in Ca2+- and Mg2+-free Hank’s buffered salt solution (HBSS; Gibco) supplemented with 1%
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heat-inactivated bovine serum (Gibco). RBCs were lysed by resuspending the cells in RBC lysis buffer (eBioscience) for 5 min
on ice. Cells were filtered through a 70 um cell strainer to obtain a single cell suspension. Number of cells was measured with
a hemocytometer. Antibodies used for FACS analysis were as follows: FITC-conjugated lineage cocktail, CD41, FceRla, CD117,
Sca-1, CD48, CD150, CD135, CD127, CD16/32, CD34. Antibody staining was performed at 4 °C for 20 min. Dead cells were
excluded by staining with 7-AAD (BioLegend). Data were acquired on a CytoFLEX S FACS analyser (Beckman Coulter) by
CytExpert 2.0 and analysed with FlowJo v10.8.1.

Instrument CytoFLEX S

Software CytExpert 2.0, FlowJo 10.8.1

Cell population abundance Post-sort fractions were not analysed.

Gating strategy In the BrU-incorporation experiments, a population of single cells were gated based on cells size (FSC height versus FSC

area). Anti-BrdU antibodies conjugated with Alexa Fluor 488 (BioLegend, #364106) were used to stain BrU positive cells. The
gating strategy is provided in Extended Data Fig. 10. Targeted population of mouse bone marrow cells were gated according
to the way in our previous paper (Oka et al., 2020).
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Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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