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expression of HSPs and regulates intron

retention of hundreds of transcripts.

Later, as these two YTHDC1-dependent
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nuclear stress bodies.
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SUMMARY
Heat stress (HS) induces a cellular response leading to profound changes in gene expression. Here, we show
that human YTHDC1, a reader of N6-methyladenosine (m6A) RNAmodification, mostly associates to the chro-
matin fraction and that HS induces a redistribution of YTHDC1 across the genome, including to heat-induced
heat shock protein (HSP) genes. YTHDC1 binding to m6A-modified HSP transcripts co-transcriptionally
promotes expression of HSPs. In parallel, hundreds of the genes enriched in YTHDC1 during HS have their
transcripts undergoing YTHDC1- and m6A-dependent intron retention. Later, YTHDC1 concentrates within
nuclear stress bodies (nSBs) where it binds to m6A-modified SATIII non-coding RNAs, produced in an
HSF1-dependent manner upon HS. These findings reveal that YTHDC1 plays a central role in a chromatin-
associated m6A-based reprogramming of gene expression during HS. Furthermore, they support the model
where the subsequent and temporary sequestration of YTHDC1 within nSBs calibrates the timing of this
YTHDC1-dependent gene expression reprogramming.
INTRODUCTION

The highly conserved heat stress (HS) response can be triggered

by multiple external stresses that include heat, hypoxia, protein

aggregation, and heavy metals, as well as in physiopathological

states.1–5 HS induces profound changes at key stages of the

gene expression process, from the stage of transcription,6–8 to

RNA processing,9–11 mRNA export,12,13 and translation.14,15

Genome-wide studies have shown that, upon HS, transcription

of thousands of genes is rapidly downregulated while transcrip-

tion of hundreds of others is activated.6–8,16,17 Heat shock pro-

tein (HSP) encoding genes are among the most upregulated

stress-responsive genes upon HS. HSPs, which are highly

conserved across evolution, are molecular chaperones whose

primary function is to protect cells, notably by preventing

misfolded protein aggregation.18,19 Heat-induced expression of

HSPs is mainly driven by heat shock transcription factor 1

(HSF1).20,21 Beyond HSP genes, HSF1 directly activates tran-

scription of more than 200 stress-responsive genes in response

to HS.6,7 In parallel, HSF1 directly activates the transcription of
C
This is an open access article und
non-coding regions of the genome22 encompassing pericentro-

meric23 and subtelomeric24 DNA repeats, unique interspersed

regions, such as enhancers,7,8 and the non-coding NEAT1

gene.25

Following HS, cells enter a recovery period during which

the heat-induced adaptive changes continue to take place. In

humans, a remarkable cytological feature of the recovery period

is the HSF1-dependent formation of subnuclear structures,

known as nuclear stress bodies (nSBs), at pericentric regions

highly enriched in satellite III (SATIII) DNA repeats.23,26 Upon

HS, HSF1 binds SATIII-rich regions23,26 and triggers the recruit-

ment of histone acetyltransferases and readers of acetylated

histones leading to their transcription by RNA polymerase II

(RNAPII).9,24,27 The produced SATIII non-coding RNAs (ncRNAs)

act in cis as they remain bound to their site of transcription and

are essential to the formation of nSBs.27,28 nSBs have long

been proposed to contribute to the heat-induced reprogram-

ming of gene expression by trapping factors regulating transcrip-

tion and RNA processing, especially splicing factors.29 Recently,

SATIII ncRNAs were found to promote intron retention in more
ell Reports 41, 111784, December 13, 2022 ª 2022 The Authors. 1
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than 400 pre-mRNAs, during the recovery period from heat

stress.30 This heat-induced intron retention regulation during

the recovery period has been proposed to rely on serine- and

arginine-rich pre-mRNA splicing factors (SRSFs) that concen-

trate on SATIII ncRNAs, where they may be efficiently phosphor-

ylated by the heat-induced kinase CLK1.30 Importantly, during

the HS period an even larger number of RNAs undergo intron

retention regulation and their export from the nucleus to the cyto-

plasm is blocked.10 However, what controls this earlier and

broader heat-induced intron retention and whether it is linked

to the HSF1-mediated gene expression control remains unclear.

N6-Methyladenosine (m6A) RNA modification is a critical

element of regulation of the heat stress response.31–33 The

m6A modification is widely conserved and is the most prevalent

internal RNA modification among living species.34,35 In eukary-

otes, m6A contributes to RNA stability, splicing, export, and

translation, as well as RNA-protein interactions.34–37 METTL3

is the main cellular methyltransferase and deposits m6A co-tran-

scriptionally.38,39 The level of m6A in specific RNAs changes

upon cell stress exposure, such as heat,31,33,40 UV,41 oxidative

stress,42 and chemical drugs.43 Under heat stress, m6A levels

can increase at the 50 or 30 UTRs of mRNAs. Deposition of m6A

at the 50 UTR of HSP mRNAs promotes their cap-independent

translation,32,33 while m6A at the 30 UTR has been linked to

degradation of the modified mRNAs.31 Recently, the SATIII

ncRNAs were reported to be also m6A methylated by METTL3

in response to heat stress.44

Most of the functions of m6A rely on reader proteins that spe-

cifically bind to this mark. The best characterized m6A readers

are members of the YTH domain-containing protein family,

which are expressed from yeast to humans.34,35,37 Mice and hu-

mans express five members of the YTH protein family, known as

YTHDC1-2 and YTHDF1-3. In the context of heat stress, the

cytoplasmic m6A reader YTHDF2 has been implicated in cap-in-

dependent translation of m6A-modified HSPmRNAs during heat

stress,32,33 while the nuclear m6A reader YTHDC1 has been

implicated in splicing control during the recovery period from

heat stress.44

Here, we show that the human m6A reader YTHDC1 is a chro-

matin-bound protein and a key player in the coordination of the

heat-induced reprogramming of gene expression triggered by

the HS. Upon HS, YTHDC1 distribution across the genome

changes leading to a marked enrichment at heat stress-respon-

sive genes, in particular HSP genes. Upregulation of HSP

expression induced by HS requires YTHDC1 binding to their

m6A-modified transcripts and YTHDC1 co-transcriptionally

promotes their m6A-dependent expression. In parallel, we

show that YTHDC1 controls heat-induced retention of thou-

sands of introns during HS in addition to the recovery period,

including introns in HSP pre-mRNAs and CLK1 pre-mRNA.

YTHDC1 localizes to many of their genes and associates to the

pre-mRNAs in a m6A-dependent fashion, indicating that at least

part of YTHDC1-dependent regulation of intron retention takes

place in cis. Furthermore, we show for several transcripts

that they remain bound to chromatin when subjected to heat-

induced intron retention. Finally, we show that, subsequent to

the YTHDC1-dependent upregulation of HSP transcripts and

intron retention regulation, which both take place rapidly in
2 Cell Reports 41, 111784, December 13, 2022
response to HS, YTHDC1 relocates to nSBs. This intranuclear

redistribution of YTHDC1 comes with a marked decrease in

YTHDC1 binding to HSP mRNAs and a strong increase in its

binding to m6A-modified SATIII ncRNAs. Altogether, these

results uncover that, in response to heat stress, YTHDC1 chro-

matin-associated functions coordinate an m6A-dependent re-

programming of gene expression. In addition, they highlight

that the ncRNA-dependent sequestration of YTHDC1 within

the nSBs constitutes an efficient way to calibrate the amplitude

and timing of the reprogramming of gene expression that takes

place mostly during HS.

RESULTS

YTHDC1 associates with chromatin and co-
transcriptionally acting RNA processing complexes
To investigate the function of the nuclear m6A reader YTHDC1,

we first purified YTHDC1 to identify its protein interactome by us-

ing mass spectrometry-based quantitative proteomic analysis

(Figures 1A and 1B). Protein extracts were subjected to DNase

and RNase digestions prior to the immunoprecipitation step.

We identified 86 putative partners of YTHDC1 (Table S1). Gene

ontology (GO) revealed that proteins co-purifying with YTHDC1

are mostly involved in the process of splicing and particularly

in alternative splicing, with the presence of 10 out of the 14

known SR/SRSF proteins (Figures 1B, S1A, and S1B). The inter-

action between endogenous YTHDC1 and SRSF1 or SRSF6

was confirmed by using co-immunoprecipitation experiments

(Figure S1C). Proteins previously identified as partners of

YTHDC1, such as SRSF3, SRSF10, CPSF6, and DDX39B,

were also identified.45–47 Among the remaining YTHDC1 interac-

tants, proteins involved in other co-transcriptional RNA process-

ing steps or RNA export were also highly represented, such as

subunits of the alternative polyadenylation complex (CPSF5

and 6) and of the THO/TREX complex with its associated pro-

teins (THOC 1, 2, 6, and 7, CHTOP, DDX39B, ERH, POLDIP3,

and SRRT) (Figures 1B and S1A). Because the YTHDC1

interactome showed a strong enrichment in proteins acting

in co-transcriptional processes we also examined whether

YTHDC1 associates with chromatin using subcellular fraction-

ation. Remarkably, YTHDC1 preferentially associated with the

chromatin fraction (Figure 1C). From these results, we conclude

that YTHDC1 mainly acts on, or in close proximity to, transcrip-

tionally active chromatin where it may contribute to RNA

processing.

Heat stress reshapes genomic localization of YTHDC1
In mouse, co-transcriptionally deposited m6A participates in the

heat stress response.31 To assess whether human YTHDC1

could participate in a chromatin-associated response to heat

stress, we further characterized YTHDC1 localization to chro-

matin in unstressed cells (non-heat-stressed, [NHS]) or heat-

stressed (HS) cells. Cell fractionation experiments showed

that HS has no major impact on the overall association of

YTHDC1 with chromatin (Figures 2A and S2A). To study

YTHDC1 distribution along the genome we then performed

chromatin immunoprecipitation experiments coupled to

massively parallel sequencing (ChIP-seq) from unstressed and



Figure 1. YTHDC1 is physically connected to chromatin and co-transcriptional processes

(A) Silver-stained gel of YTHDC1 immunoprecipitation eluates obtained using an irrelevant antibody (�) or a specific antibody against YTHDC1 (+). Asterisks,

heavy and low chains of IgG used for the immunoprecipitation.

(B) Volcano plot of the proteins identified in YTHDC1 purification. Each protein identified by mass spectrometry analysis is represented as a single dot. Average

enrichment (Log2[mean(IP)/mean(CT)]) was plotted along the x axis and p values [–Log10(p value)], obtained for each protein from three independent experiments,

along the y axis (ProStaR software tool). Proteins enriched in YTHDC1 IP and implicated in alternative splicing are in green. Enriched proteins with other functions

are in gray. CT, control immunoprecipitation done with irrelevant antibody.

(C) Cell fractionation experiments showing YTHDC1 association with the chromatin fraction. Left panel: Coomassie stained-gel of the cytosolic (Cy), nucleo-

plasmic (Np), and chromatin-associated (Ch) fractions. Right panel: western blots from the indicated fractions, using antibodies against YTHDC1, HSF1, H3, and

Tubulin-b.
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heat-stressed cells. YTHDC1 ChIP-seq peaks predominantly

matched with genomic regions annotated as protein-coding or

non-coding genes, under both NHS and HS conditions (Fig-

ure S2B). The genomic association of YTHDC1 was, however,

subjected to a significant redistribution between the NHS and

HS conditions, with 2,368 genes enriched in YTHDC1 in NHS

which increased to include 6,923 genes under HS (Figure 2B),

and 1,648 genes that were targeted by YTHDC1 under both

conditions (Figure S2C). Under both NHS and HS conditions,

approximately 75% of YTHDC1 target genes were protein-cod-

ing genes (Figure 2B).

Further analysis of the localization of YTHDC1 on chromatin

was performed by ranking protein-coding genes according to

the extent of binding of YTHDC1 over the gene body (normalized
ChIP-seq reads over the gene body + 500 bp on both ends) un-

der both HS and NHS conditions. Based on these criteria, genes

strongly associated with YTHDC1 in NHS, HS, or both conditions

were identified (Figure 2C, red, black, and yellow dots, respec-

tively). Genes displaying the highest normalized YTHDC1

ChIP-seq signal (top 30% of genes) in each condition were

selected for further analysis. GO analysis showed that protein-

coding genes enriched in YTHDC1 in unstressed cell were

associatedwith translation and cell-cycle regulation (Figure S2D,

top panel). Upon HS, YTHDC1 associated with genes involved in

stress responses, translation, apoptosis, cell cycle, and RNA

processing (Figure S2D, lower panel). These different categories

of genes correspond to those whose expression is the most

affected upon heat stress in mouse and human cell lines.6,7
Cell Reports 41, 111784, December 13, 2022 3
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We then determined the transcriptional status of the genes

bound by YTHDC1, by considering their association with

RNAPII, in both NHS and HS conditions.48 Among YTHDC1

genomic targets, approximately 75% were also associated with

RNAPII, under both NHS and HS conditions (Figure S2E).

Conversely, less than 25% of the RNAPII-associated genes were

enriched in YTHDC1 under NHS and HS conditions (Figure S2F).

Thus, the presence of RNAPII is not sufficient to recruit YTHDC1

to transcriptionally active regions of the genome since most

RNAPII-occupied genes do not show an enrichment for YTHDC1.

We next analyzed co-variations of RNAPII and YTHDC1 occu-

pancy on protein-coding genes upon HS. Genes were ranked

following the change in normalized ChIP-seq reads of RNAPII

or YTHDC1 upon HS. Remarkably, among the genes showing

the greatest increase in RNAPII occupancy during HS a signifi-

cant portion of them also exhibited the greatest increase in

YTHDC1 occupancy (Figure 2D, middle panel, top deciles, top

left square, and S2G). Similarly, genes with the most important

reduction in RNAPII occupancy during HS also showed the

greatest reduction in YTHDC1 association (Figure 2D, middle

panel, bottom deciles, bottom right square). Interestingly,

stress-responsive genes, in particular HSP genes, were highly

enriched in the upregulated category (Figure 2D, left panel), while

genes implicated in translation, and to a lesser extent in RNA

processing, were enriched in the downregulated category (Fig-

ure 2D, right panel). Averaged profiles of YTHDC1 occupancy

across target genes further showed that YTHDC1 localization

within genes also strongly diverged depending on whether the

genes were up- or downregulated upon HS. For the 500 genes

that had the most upregulated RNAPII signal upon HS,

YTHDC1 and RNAPII average occupancies were high across

the gene and at both their 50 and 30 ends (Figure 2E, left panel).

Noticeably, in the case of HSP upregulated genes, they tended

to accumulate at their 30 end upon HS, as shown, for example,

at the DNAJB1 gene (Figure 2F, left panel). In contrast, for the

500 genes with the most downregulated RNAPII signal,

YTHDC1 and RNAPII accumulate at the 50 end, near the tran-

scription start site (Figure 2E, right panel), as shown for the

downregulated RPL13 gene (Figure 2F, right panel). Overall,
Figure 2. Heat stress reshapes YTHDC1 genomic localization with a m

(A) Extracts of unstressed (NHS, no heat stress) and heat-stressed (HS) cells after s

were analyzed by immunoblotting using the indicated antibodies.

(B) Pie charts showing the distribution of YTHDC1 peaks under NHS and HS con

regions. Total numbers of genes associated with YTHDC1 in unstressed and hea

(C) Scatterplot showing normalized YTHDC1 ChIP-seq reads of YTHDC1 targeted

conditions. The top 30% of genes exclusively enriched in unstressed condition a

yellow. RPGC, read per genomic content.

(D) Analysis of the co-variation of RNAPII and YTHDC1 gene occupancy in he

changes (Z score) in RNAPII or YTHDC1 binding across genes in the HS com

regulated to the most downregulated. The scale represents p values for the in

Figure S2G, compared with expected. The lowest intersection is black while

enrichments for the 382 genes that have their highest enrichments both for RN

GO enrichments for the 262 genes that have their largest reduction of enrichm

according to the –Log10 of their p value.

(E) Average profiles of RNAPII and YTHDC1 over the 500 protein-coding genes wi

occupancy at their transcript end site, in HS (red) compared with NHS (black) cell

vertical gray lines.

(F) Browser shots of YTHDC1 and RNAPII ChIP-seq reads at upregulated HSP

unstressed (NHS) and heat-stressed samples (HS). A scheme of DNAJB1 and R
these results show that YTHDC1 localizes to a subset of

RNAPII-occupied genes and that HS induces a genome-wide

redistribution of YTHDC1, as well as a relocation within the

gene body itself depending on whether the gene is upregulated

or downregulated in response to HS.

YTHDC1 binding to m6A co-transcriptionally controls
heat-induced expression of HSPs
Given the pronounced heat-induced enrichment of YTHDC1 at

HSP genes and their importance in the heat stress response,

we wished to determine the role of YTHDC1 in controlling HSP

expression. We first focused on DNAJB1 and HSPA1A genes,

which showed strong enrichment of YTHDC1 in response to

HS (Figures 2F, left panel, and S3A). While DNAJB1 and

HSP70 proteins accumulate upon HS in different cell lines this

accumulation was strongly reduced in cells knocked down for

YTHDC1 (Figures 3A, WT and C1 KD, and S3B and S3C). To

directly test whether YTHDC1 binding to m6A plays a role in

the accumulation of HSPs, we established a cellular system

that allows the KD of the endogenous YTHDC1 and its replace-

ment with an ectopic wild-type (C1 WT) or mutated (C1-W428A)

version of YTHDC1. Ectopic YTHDC1 is resistant to RNA interfer-

ence (RNAi) KD due to silent nucleotide mutations introduced in

the coding sequence. Structural studies have demonstrated that

YTHDC1W428Amutation, which is locatedwithin the hydropho-

bic cage of the YTH domain, disrupts YTHDC1 binding to m6A

without significantly changing the structure of the domain.49

Importantly, while the ectopic expression of WT YTHDC1

rescued the heat-induced accumulation of DNAJB1 and

HSP70 proteins, expression of the YTHDC1-W428A mutant did

not (Figure 3A, compare C1 KD + C1 WT and C1 KD + C1-

W428A), indicating that YTHDC1 m6A recognition is critical for

the proper accumulation of DNAJB1 and HSP70 proteins in

response to HS. In agreement with YTHDC1 and m6A acting

directly on DNAJB1 and HSP70 (HSPA1A) mRNAs, the abun-

dance of these transcripts decreased in YTHDC1 KD cells (Fig-

ure 3B). Moreover, YTHDC1 interacted with both transcripts in

a METTL3-dependent manner (Figure 3C) and the m6A level on

DNAJB1 and HSPA1A mRNAs increased upon HS (Figure 3D).
arked enrichment to HSP genes

eparation into cytosolic (Cy), nucleoplasmic (Np), and chromatin (Ch) fractions,

ditions into protein-coding, pseudo, non-coding, and uncategorized genomic

t-stressed cells are indicated in parentheses.

over gene bodies +/� 500 bps in unstressed (NHS), heat stressed (HS) or both

re in black, in heat stressed in red, and both in unstressed and heat stressed in

at-stressed cells relative to unstressed cells. Middle panel: matrix showing

pared with the NHS conditions, and ranked by deciles from the most up-

tersection of the number of genes determined for each decile, as shown in

the highest is red (10�0 to 10�261, hypergeometric test). Left panel: GO

APII and YTHDC1 (first decile, left upper corner of the matrix). Right panel:

ents for both RNAPII and YTHDC1 occupancy. GO enrichments are ranked

th the largest increase (left panel) or the largest decrease (right panel) of RNAPII

s. Transcription start site (TSS) and transcript end site (TES) are marked by the

gene DNAJB1 (left panel) and downregulated RPL13 gene (right panel) from

PL13 gene organization is shown above the browser shots.

Cell Reports 41, 111784, December 13, 2022 5



(legend on next page)

6 Cell Reports 41, 111784, December 13, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
We then broadened this study by conducting RNA-seq

analysis on WT, YTHDC1 KD, and METTL3 KD in unstressed

and heat-stressed cells (Figures S3D–S3F). Importantly, among

the 29 HSP transcripts found to accumulate in response to HS,

25 required both YTHDC1 and METTL3 for their heat-induced

accumulation (Figure 3E), showing that YTHDC1 together with

METTL3 are required for the upregulation of the vast majority,

if not all, of the heat-induced HSP genes.

Interestingly, we found that YTHDC1 was enriched at 21 of the

25 HSP genes upregulated in a YTHDC1- and METTL3-depen-

dent fashion upon HS (Figure 3E), indicating that YTHDC1 may

upregulate expression of HSP proteins by acting on their genes.

In support of this possibility, the levels of chromatin-associated

DNAJB1 and HSPA1A transcripts decreased in YTHDC1 KD

cells (Figure S3G). ChIP-qPCR experiments that detected

RNAPII phosphorylated on serine 2 of its C-terminal repeat

(RNAPII-S2P), the elongating form of RNAPII, showed that

RNAPII-S2P occupancy was significantly reduced at the 30 end
of DNAJB1 and HSPA1A genes relative to the rest of the gene

and the downstream region, in YTHDC1 KD stressed cells (Fig-

ure 3F). In addition, RNA-seq experiments showed that the num-

ber of reads within the gene body region of heat-induced HSP

genes was more reduced than within the adjacent downstream

region in YTHDC1 KD andMETTL3 KD cells (Figure S3H), further

suggesting that most of the heat-inducedHSP geneswere expe-

riencing a transcription or co-transcriptional defect at their 30

end, in the absence of YTHDC1 orMETTL3. Altogether, these re-

sults indicate that, during HS, YTHDC1 co-transcriptionally pro-

motes the m6A-dependent production of HSP transcripts.

We note that the RNA-seq analysis showed that the KD of

YTHDC1 or METTL3 prevented or reduced the accumulation of

approximately one-third of the transcripts accumulating during

HS (37%, corresponding to 963 transcripts) or recovery (31%,

corresponding to 881 transcripts) in WT cells (Figures S3D and
Figure 3. YTHDC1 binding to m6A promotes heat-induced expression

(A) Top panel: western blots showing the levels of DNAJB1, HSP70, and YTHDC1 p

cells expressing an ectopic copy ofWT YTHDC1 (C1 KD +C1WT; Table S3), or ex

unstressed (NHS, no heat stress) cells, heat-stressed (HS) cells, or heat-stressed

control. Bottom panels: quantification of the western blot signals. Graphs show

ments.

(B) qRT-PCR showing the level ofDNAJB1 and HSP70 (HSPA1A) mRNAs in WT o

expressed in fold-change relative to the NHS condition and normalized to ActinB

(C) RNA-IP qPCR showing the interaction of YTHDC1 with DNAJB1 and HSP70

Variation of RNA levels is expressed in fold-change relative to control IP (with irrele

and SEM of three independent experiments.

(D) M6A-RIP(MeRIP)-qPCR showing the enrichment of m6A at DNAJB1, HSP70

Variation of m6A RNA levels is expressed as a percentage of enrichment comp

periments.

(E) RNA levels of 65 of the 79 HSP RNAs from cells subjected to HS or to HS and 3

KD (C1 KD) versusWT cells (middle graph), and inMETTL3 KD (M3 KD) versusWT

during the recovery compared with the NHS condition inWT cells. HSPRNAs accu

and METTL3 KD cells are highlighted by red stars. HSP RNAs with their genes tar

strong overlap between the RNAs with a red star and RNAs with black triangle. T

(F) ChIP-qPCR showing the occupancy of the elongating form of RNAPII (RNAPII-

under NHS and HS conditions. The enrichment of elongating RNAPII was determ

red segment), 30 UTR or beyond (schematized by the A to E gray segments). Data

and to tDNA (TRS-CGA1-1 gene). Brown arrows indicate the position of the put

pendent biological replicates. p values were calculated using a two-tailed Stude

0.006. Right panel: *p = 0.041.
S3F; Table S2), suggesting that, beyond HSP genes, hundreds

of other genesmay also rely on YTHDC1 andm6A for their proper

regulation of expression in response to HS.

HSF1, SATIII ncRNAs, and METTL3 promote YTHDC1
relocation to nSBs
To allow cells to properly recover, the cellular response con-

tinues several hours after the HS. Interestingly, while YTHDC1

mostly displays an even distribution in the nucleus (with the

exception of the nucleoli) in unstressed and heat-stressed cells,

we found that YTHDC1 concentrates in nuclear foci in cells un-

dergoing the recovery phase after heat stress (Figure 4A). This

striking subcellular relocation of YTHDC1 is not accompanied

by a significant change in YTHDC1 protein level (Figure 4B). In

human cells, a hallmark of the recovery period is the appearance

of nSBs in which pre-mRNA processing factors accumulate,

especially regulators of alternative splicing.29,30 We thus tested

whether YTHDC1 localize to nSBs.

Formation of nSBs takes place predominantly on the juxtacen-

tromeric heterochromatin of chromosome 9 where HSF1 is

massively recruited and activates transcription of the non-coding

SATIIIDNA repeats.29 After 3 h of recovery, 85%of the nuclei dis-

playedHSF1 foci, and all of HSF1 foci co-localizedwith YTHDC1,

suggesting that YTHDC1 is recruited to the nSBs (Figure 4A). A

similar relocation of YTHDC1 into foci co-localizing with HSF1

foci was observed in several cell lines (Figure S4A). SATIII DNA

and RNA FISH experiments confirmed YTHDC1 relocation to

nSBs during recovery (Figures 4C and 4D). In agreement with

the reversibility of the nSBs formation, YTHDC1 localization to

nSBs was lost 24 h after HS, with YTHDC1 nuclear distribution

resembling that of unstressed cells (Figure 4A). In addition, we

examined the subcellular distribution of the other four

human YTH domain containing proteins, YTHDF1-3 and

YTHDC2, fused to GFP, using fluorescence microscopy.
of HSPs in cis

roteins inwild-type (WT) cells, YTHDC1 knockdown cells (C1 KD), YTHDC1KD

pressing an ectopic mutant YTHDC1-W428A (C1 KD+C1-W428A; Table S3), in

cells subjected to 6 h of recovery (R). Tubulin-b (TUBB) was used as loading

the mean and standard error of the mean (SEM) of three independent experi-

r YTHDC1 KD cells, under NHS, HS, or R3 conditions. Variation of RNA levels is

(ACTB). Graphs show the mean and SEM of three independent experiments.

(HSPA1A) RNAs in WT or METTL3 KD cells, under NHS, HS, or R3 conditions.

vant IgG) and normalized to tRNA (TRS-CGA1-1 RNA). Graphs show the mean

(HSPA1A), and TUBB RNAs in WT cells under NHS, HS, or R3 conditions.

ared to the input. Graphs show the mean and SEM of three independent ex-

h of recovery (R) versus NHS conditions in WT cells (upper graph), in YTHDC1

cells (lower graph). RNAswere ordered according to the variation of their levels

mulating in HS or R conditions and accumulating less in both YTHDC1 KD cells

geted by YTHDC1 (ChIP-seq data) are highlighted by black triangles. Note the

hese RNAs are highlighted in bold.

S2P) atDNAJB1 andHSP (HSPA1A) genes, in WT or YTHDC1 KD (C1 KD) cells,

ined by qPCR amplification of genomic DNA from their coding sequence (CDS,

show the fold enrichment normalized to control IP (conducted with irrelevant IP)

ative cleavage/polyadenylation site. Values are mean ± SEM from three inde-

nt’s t test. Only significant p values are indicated. Left panel: *p = 0.042; **p =
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Figure 4. YTHDC1 relocates to nSBs in a HSF1-dependent manner and associates with SATIII ncRNAs

(A) Microscopy images of YTHDC1 (red) and HSF1 (green) fluorescent immunostainings showing their subcellular localization in cells not heat stressed (NHS), in

cells subjected to a heat stress (HS), or in cells subjected to a heat stress followed by 3, 6, or 24 h of recovery (R3, R6, or R24). Nuclear DNAwas stained with DAPI

(blue). Data shown are representative of three independent experiments. Scale bar, 10 mm.

(B) Western blot showing YTHDC1 protein level in NHS, HS, or R3 cells. Tubulin-b (TUBB) was used as a loading control.

(legend continued on next page)
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YTHDF2 cellular localization had been reported to change upon

heat stress.33 Under HS, YTHDF2 indeed showed a change of

its location but only within the cytoplasm, while the other YTH

proteins did not undergo major subcellular relocation (Fig-

ure S4B). Thus, YTHDC1 is the only member of the YTH protein

family that displays a stress-dependent relocation to nSBs in

response to an HS.

We next explored the mechanisms responsible for YTHDC1

relocation to nSBs. We found that YTHDC1 co-localization with

nSBs was lost when cells were subjected to RNAse digestion,

suggesting that YTHDC1 localization to nSBs is RNA dependent

(Figures S5A and S5B). HSF1-dependent activation of transcrip-

tion of the 9q12 SATIII DNA repeats is essential to the formation

of nSBs.23 Importantly, YTHDC1 did not form nuclear foci in

heat-stressed HSF1 KD cells (Figure 4E). Moreover, in cells ex-

pressing a dominant-negative mutant form of HSF1 (HSF1-

DBDtrim-GFP), no redistribution of YTHDC1 to the 9q12 locus

was observed in response to HS (Figure S5C). This dominant-

negative mutant was previously reported to still bind SATIII

DNA repeats and to prevent WT HSF1 from activating transcrip-

tion of the SATIIII DNA repeats.23,27 Together with the fact that,

when HSF1 no longer associated with nSBs, YTHDC1 still

concentrated into nuclear foci (Figure 4A, compare 6 h of recov-

ery with earlier time points), these results indicate that the heat-

induced RNA-based relocation of YTHDC1 to nSBs depends on

HSF1-activated transcription of SATIII DNA repeats, and that

YTHDC1 does not require HSF1 to stay within the nSBs.

Interestingly, we found also that METTL3 co-localized with

YTHDC1 during the recovery period and that the YTHDC1 signal

at nSBs was reduced in METTL3 KD cells (Figure S5D), suggest-

ing that m6A-methylated SATIII ncRNAs is involved in YTHDC1

recruitment to nSBs. Accordingly, RNA-IP-qPCR experiments

showed that YTHDC1associatedwithSATIII ncRNAs (Figure 4F).

The enrichment of YTHDC1 on SATIII ncRNAs mirrored the

enrichment of m6A on SATIII ncRNAs (Figures 4F and 4G) and

YTHDC1 association with SATIII ncRNAs was impaired in

METTL3 KD cells (Figure 4F). Noticeably, the ectopic YTHDC1-

W428A mutant protein, expressed in place of the endogenous

YTHDC1, still relocated to nSBs (Figures S5E and S5F). Thus,

YTHDC1 association with m6A may facilitate YTHDC1 relocation

to nSBs rather than being a prerequisite. In support of this pos-

sibility, RNA-IP-qPCR experiments showed that METTL3 KD

had a lesser effect on YTHDC1 association with SATIII ncRNAs

than on HSP transcripts (compare Figures 4F and 3C). Finally,

RNA-IP-qPCR experiments also showed that YTHDC1 enrich-

ment on SATIII ncRNAs gradually increased upon HS to the re-

covery period, while its enrichment on HSP transcripts was

restricted to the HS period (compare Figures 4F and 3C). These
(C and D) DNA- and RNA-FISH images showing YTHDC1 co-localization with, res

the recovery period 3 h (R3) after a heat stress. Nuclear DNA was stained with D

(E) Microscopy images showing YTHDC1 (red) and HSF1 (green) fluorescent immu

was stained with DAPI (blue). Scale bar, 10 mm.

(F) YTHDC1 RNA-IP-qPCR showing the enrichment of SATIII ncRNA inWT orMET

fold-change relative to IP control (done with irrelevant IgG) and normalized to tRN

(SEM) of three independent experiments.

(G) MeRIP-qPCR showing the enrichment of m6A on SATIII ncRNA and TUBB R

expressed as a percentage of the input. Graphs show the mean and SEM of thre
later findings show that YTHDC1 concentration within nSBs co-

incides with its dissociation from HSP transcripts.

YTHDC1 controls heat-induced intron retention
The SATIII ncRNAs have been proposed to concentrate splicing

regulators within nSBs to facilitate their efficient and timely phos-

phorylation by the CLK1 kinase during the recovery period.30 Our

finding that YTHDC1massively relocates to nSBs led us to inves-

tigate whether YTHDC1 functions as a regulator of splicing in

response to HS, and whether this function might contribute to

the global reprogramming of the genome expression induced

by HS. Remarkably, among the proteins found to be associated

with SATIII ncRNAs during recovery,30 were YTHDC1 and 31 of

its interacting proteins (Figure 5A). Furthermore, 25 of these pro-

teins were involved in splicing, with 16 specifically implicated in

alternative splicing.

We examined TAF1D and DNAJB9 pre-mRNAs, which were

previously identified by RNA-seq analysis and validated by

qRT-PCR experiments, as pre-mRNAs subjected to heat

induced SATIII-dependent intron retention during recovery.30

Splicing efficiency of TAF1D and DNAJB9 pre-mRNAs was

monitored before, during, and after HS, in WT and YTHDC1 KD

cells. In NHS and HS cells, no noticeable difference was

observed between WT and YTHDC1 KD cells when analyzing

themonitored splicing events (Figures S6A andS6B). In contrast,

during recovery, YTHDC1 KD cells experienced a delay in

restoring the normal level of intron retention compared with WT

cells. This defect was intron specific since it was not observed

with constitutively spliced introns of the same pre-mRNAs, indi-

cating that YTHDC1 is required for the selective heat-induced

retention of introns of TAF1D and DNAJB9 transcripts during re-

covery. Analysis of the subcellular localization of TAF1D and

DNAJB9 transcripts showed that, while 18%–20% of the spliced

TAF1D and 35%–50% of the spliced DNAJB9 transcripts accu-

mulated in the nucleoplasm or cytoplasm, less than 5%of the re-

tained intron-containing TAF1D and DNAJB9 transcripts were

present in the nucleoplasm or cytoplasm (Figure 5B), indicating

that TAF1D and DNAJB9 transcripts experiencing heat-induced

intron retention mostly remained associated with chromatin.

To identify transcriptome-wide the differentially retained in-

trons in response to HS we analyzed our RNA-seq data from

WT, YTHDC1 KD, and METTL3 KD cells (Figure 5C). Like

TAF1D and DNAJB9 transcripts, a total of 272 transcripts were

found to require YTHDC1 for their intron retention regulation dur-

ing the recovery period (Figures 5C and 5D). Strikingly, during the

HS period, when most of the heat-induced intron retention regu-

lation takes place (Figure S6C), 412 transcripts, representing

63% of the transcripts experiencing intron retention, also
pectively, SATIII DNA repeat pericentromeric region or SATIII ncRNAs, during

API (blue). Scale bar, 10 mm.

nostainings in HSF1 KD cells under NHS, HS, and R3 conditions. Nuclear DNA

TL3 KD cells, under NHS, HS, or R3 conditions. The enrichment is expressed in

A (TRS-CGA1-1 RNA). Graphs show the mean and standard error of the mean

NA in WT cells under NHS, HS, or R3 conditions. The enrichment of m6A is

e independent experiments.
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required YTHDC1 for their retention (see Figures 5C and S6D, for

an example of intron retention). During this period, YTHDC1 pre-

dominantly promoted intron retention (Figure 5C, upper left plot,

compare the size of the four populations of differentially retained

introns). More than 80% of the introns experiencing YTHDC1-

dependent retention during the HS period were then properly

spliced out during recovery (Figure 5D). Furthermore, most intron

retention events regulated by YTHDC1 were coregulated by

METTL3 (Figure 5E). Importantly, in agreement with YTHDC1-

regulated intron retention taking place at the site of transcription,

at least 45% of the respective genes were enriched in YTHDC1

(Figure 5F). Thus, YTHDC1 controls amajority of the intron reten-

tion events taking place in response to HS. Moreover, during HS,

these YTHDC1-dependent events may occur at the site of tran-

scription for a sizable portion of them.

YTHDC1 indirect regulation of intron retention during
recovery
OurChIP-seq experiments showedenrichment of YTHDC1at the

CLK1 gene during HS (Figure 6A). Moreover, the level of CLK1

protein increased early in the recovery period in a YTHDC1-

dependent manner (Figure 6B). Interestingly, these results,

together with the fact that CLK1 kinase regulates heat-induced

intron retention during recovery,50,51 suggested that during re-

covery YTHDC1 might control heat-induced intron retention in

an indirect manner by controlling expression of CLK1.

To explore how YTHDC1 regulates heat-induced expression

of CLK1, we first determined if YTHDC1 binds CLK1 transcripts

in response to HS. Indeed, YTHDC1 associated with CLK1 tran-

scripts during HS and this association required METTL3 (Fig-

ure 6C). The level of m6A enrichment on CLK1 transcripts also

significantly increased during HS (Figure 6D). Since the intron

retention status of CLK1 introns 3 and 4 was previously reported

to change between NHS and HS, as part of an autoregulatory

loop that controls the production of the catalytically active

form of CLK1 kinase,50,51 we then checked their retention status

in YTHDC1 KD cells. Our RNA-seq and RT-PCR analyses

showed that retention of these introns was independent of

YTHDC1, except for the latest time point during recovery (Fig-

ure S7A). Quite unexpectedly, our RNA-seq analysis revealed

that introns 5, 7, and 8 of CLK1 experienced a heat-induced
Figure 5. YTHDC1 controls heat-induced intron retention both during

(A) Venn diagram of YTHDC1 and SATIII protein interactomes. The proteins com

only proteins identified by mass spectrometry with at least one peptide in three in

are in bold and italic.

(B) Distribution of TAF1D and DNAJB9 RNAs between the cytoplasmic (Cy), nucle

heat stress, NHS), heat stressed (HS), or heat-stressed cells allowed to recove

fractions. The RNA distribution is expressed as a percentage of the total RNA pop

independent experiments.

(C) Scatterplots showing intron retention changes between WT cells (x axis) vers

panel) compared with NHS conditions. Introns with significant retention changes (

to their variation between WT and KD cells. The number of corresponding trans

introns that are YTHDC1 dependent is of 412 in HS versus NHS conditions and

(D) Pie chart showing the percentage of RNAs experiencing YTDHC1-dependen

(E) Venn diagram showing the transcripts experiencing both YTHDC1- and MET

NHS) or during recovery (R versus NHS).

(F) Pie charts showing the percentage of RNAs experiencing both YTHDC1- and M

and R3 versus NHS) and having at their genes enriched in YTHDC1 during HS.
retention in WT cells, but this time specifically during HS

(Figures 6E and S7B). In YTHDC1 KD and METTL3 KD cells,

the retention of introns 5, 7, and 8 was now also observed in

the recovery period (Figure 6F). Moreover, in a similar fashion,

CLK1 intron-3-spliced transcripts associated with chromatin

specifically during HS, in WT cells, while they also stayed asso-

ciated with chromatin during recovery in YTHDC1 KD cells (Fig-

ure 6G). Collectively, these results strongly suggest that heat-

induced upregulation of CLK1 protein level is controlled by

YTHDC1-dependent splicing and release of CLK1 transcripts

from chromatin.

We noted that both YTHDC1-dependent splicing and release

of CLK1 transcripts from chromatin (Figures 6F and 6G) were

observed during recovery when YTHDC1 had lost its binding to

CLK1 transcripts (Figure 6C). This result suggested the intriguing

possibility that these two YTHDC1 regulations might be

‘‘primed’’ during HS when YTHDC1 binds to CLK1 transcripts.

We then investigated whether other transcripts could experience

a similar indirect control by YTHDC1. Remarkably, among a total

of 102 transcripts that had, like CLK1 transcripts, at least one

intron retained independently of YTHDC1 during HS but spliced

in a YTHDC1-dependent manner during recovery (Figure 6H), 68

of them also had YTHDC1 enriched at their gene during HS (Fig-

ure 6I). Moreover, HSP heat-induced genes were clearly over-

represented among this list of genes (Figure 6J). Thus, during re-

covery, dozens of pre-mRNAs, including HSP pre-mRNAs,

experience a YTHDC1-dependent splicing, which may be

primed during HS when they are targeted by YTHDC1 and which

may significantly contribute to the indirect YTHDC1-dependent

regulation of intron retention taking place during the recovery

period.

DISCUSSION

This study provides evidence that YTHDC1 and m6A signaling

are key players in the coordination of the heat-induced reprog-

ramming of gene expression, with YTHDC1 and m6A acting on,

or in the close environment of, chromatin. Below, we discuss

the implication of these findings on our understanding of the

rapid and profound readjustment of gene expression taking

place in response to HS (Figure S8).
and after HS

mon to both interactomes are listed below the diagram. For both interactomes

dependent purifications were selected. Proteins involved in alternative splicing

oplasmic (Np), and chromatin-associated (Ch) fractions in unstressed cells (no

r (R) for 3 h, quantified by qRT-PCR after their purification from the different

ulation. Graphs show the mean and standard error of the mean (SEM) of three

us YTHDC1 KD cells or METTL3 KD cells (y axis) in HS (left panel) or R3 (right

10%) between cell lines are plotted in red and their number indicated according

cripts is shown in brackets and italic. The total number of RNAs with retained

272 in R versus NHS conditions.

t intron retention only during HS or during HS and recovery.

TL3-dependent heat-induced intron retention regulation during HS (HS versus

ETTL3-dependent heat-induced intron retention regulation (in HS versus NHS
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Our initial characterization of YTHDC1 showed that YTHDC1

predominantly associates to the chromatin fraction both in un-

stressed and heat-stressed cells. This finding is in agreement

with recent studies showing that m6A is deposited co-transcrip-

tionally on RNAs, in particular during heat stress,31 and that it

mediates co-transcriptional regulations,38,39 such as RNA pro-

cessing and degradation34,35,52 or deposition of repressive

histone marks.53 Our study uncovered that, during HS,

YTHDC1 co-transcriptionally promotes expression of HSPs in

a METTL3-dependent manner, by facilitating one or more pro-

cesses occurring at the 30 end of their genes, such as cleav-

age/polyadenylation, termination, or transcript release from the

site of production. This may be related to what has been recently

described for YTHDC1 in the mouse45 and for other nuclear YTH

proteins in plants54 and in fission yeast,54,55 indicating that

YTHDC1 chromatin-associated regulation of gene expression

may be evolutionarily conserved. In addition, YTHDF2 m6A

reader and m6A modification of HSP mRNAs were reported to

promote translation of HSPmRNAs under HS.32,33 This indicates

that heat-induced expression of HSPs may result from a close

functional interplay between two m6A readers acting on the

same HSP transcripts. Importantly, regardless of the intimate

mechanisms involved in this m6A-based regulation and their po-

tential conservation, which will require further studies to be bet-

ter understood, our study provides evidence that YTHDC1 plays

a key role in co-transcriptionally upregulating the expression of

HSPs, and indicates that expression of potentially many other

heat-induced genes may be regulated in a similar fashion in

response to HS.

In parallel, our study also uncovered a critical and broad func-

tion for YTHDC1 in controlling intron retention events triggered

by HS. Heat-induced intron retention regulation was reported

to take place within hundreds to thousands of transcripts during

HS9,10 and recovery.30,44 Our findings support a model whereby,
Figure 6. YTHDC1 promotes the splicing of CLK1 and HSP introns, ret

(A) Browser shot of YTHDC1 and RNAPII ChIP-seq reads at CLK1 gene from non

scheme of CLK1 gene shown above.

(B) Western blots showing the levels of CLK1 protein inWT or YTHDC1 KD cells fro

Tubulin-b (TUBB) is shown as loading control.

(C) RNA-IP-qPCR showing YTHDC1 enrichment onCLK1RNA inWT orMETTL3 K

fold-change relative to IP control (done with irrelevant IgG) and normalized to tRN

(SEM) of three independent experiments.

(D) MeRIP-qPCR showingm6A enrichment onCLK1RNA inWT cells under NHS, H

Graphs show the mean and SEM of three independent experiments.

(E) Browser shot showing RNA-seq reads at CLK1 locus in WT, YTHDC1 KD, and

shown below highlight the pre-mRNA sequence where introns remain in YTHDC1

organization is shown above the browser shots, with the positions of the exon an

(F) Volcano plots of CLK1 introns 5–8 retention in YTHDC1 KD versus WT cells (c

conditions. The average intron retention change (DIR) from three independent exp

value adjusted)] along the y axis. Introns with DIR > 0.1 or DIR < 0.1 and a –Log1
(G) qRT-PCR showing the distribution of CLK1 transcripts, containing or not int

plasmic (Cy) fractions in WT and YTHDC1 KD cells, under NHS, HS, or R3 conditi

population found in the Ch, Np, and Cy fractions. Graphs show the mean and SE

tailed Student’s t test. *p = 0.04 for the difference in percentages of spliced CLK1

KD cells shows no significant difference.

(H) Scatterplots showing, for the introns that have their retention regulated in respo

retention (IR) between WT cells (x axis) and YTHDC1 KD cells (y axis), in HS (left

transcripts containing at least one intron retained independently of YTHDC1 dur

(I) Pie charts showing that 68 RNAs among the 102 RNAs identified in (H) have t

(J) GO enrichments among the 68 genes (identified in [I]) as targeted by YTHDC1
during the HS period, YTHDC1 acts at the site of transcription of

many of these transcripts to mostly promote m6A-dependent

intron retention. In addition, YTHDC1 controls the splicing and

expression of the CLK1 transcript, which encodes a key regu-

lator of intron retention during the recovery period, indicating

that YTHDC1 not only acts directly by regulating intron retention

of the transcripts it binds to, but also indirectly through a control

of CLK1 expression. This indirect regulation of intron retention is

particularly relevant with themodel where the primary function of

YTHDC1’s relocation to nSBs is to sequester most of YTHDC1 to

stop YTHDC1-dependent intron retention aswell as upregulation

of HSPs triggered by HS (Figure S8). In support of a role for nSBs

in a negative feedbackmechanism,more than 80%of the introns

that required YTHDC1 for their retention during HS were spliced

when YTHDC1 relocated to nSBs. Furthermore, inhibition of the

formation of nSBs enhances heat-induced intron retention dur-

ing HS.9

Introns 3 and 4 ofCLK1were previously defined as retained in-

trons in unstressed cells.50 Our study identified CLK1 introns 5,

7, and 8 as introns that are retained only during HS in WT cells.

Transcripts experiencing heat-induced intron retention have

been reported to accumulate in the nucleus.10 Our subcellular

fractionation experiments showed that CLK1 transcripts, as

well as other transcripts containing one or more retained introns,

stay associated to the chromatin fraction, indicating that heat

stress may not only block protein expression by inhibiting tran-

scription but also inhibit the release of certain transcripts from

chromatin by interfering with their splicing. YTHDC1-dependent

splicing of CLK1 introns 5, 7, and 8 takes place at a time

when YTHDC1 no longer associates with CLK1 transcripts. An

intriguing possibility may be that YTHDC1-mediated splicing of

introns 5, 7, and 8 is bookmarked during HS when YTHDC1

binds toCLK1 transcript. Importantly, whatever the exactmolec-

ular mechanism is, our data also indicate that this regulation
ained during HS

-heat-stressed (NHS, non-heat stressed) and heat-stressed (HS) cells, with a

mNHS, HS, or heat stressed and then allowed to recover (R) for 3 h conditions.

D cells, under NHS, HS, or R conditions. Variation of RNA signal is expressed as

A (TRS-CGA1-1 RNA). Graphs show the mean and standard error of the mean

S, or R3 conditions. The enrichment is expressed as a percentage of the input.

METTL3 KD cells under NHS, HS, or R conditions. The rectangle and the zoom

KD and METTL3 KD cells during the recovery period. A scheme of CLK1 gene

d intron sequences that are highlighted and the introns numbered from 1 to 12.

ircles) and in METTL3 KD versus WT cells (triangles), under NHS, HS, and R3

eriments in KD versusWT cells is plotted along the x axis and p values [–Log10(p

0(p value adjusted) > 1.3 have their intron number indicated.

ron 3, between the chromatin-associated (Ch), nucleoplasmic (Np), and cyto-

ons. The RNA distribution is expressed as a percentage of the total CLK1 RNA

M of three independent experiments. The p value was calculated using a two-

transcript in WT cells in HS versus recovery. The same percentages in YTHDC1

nse to HS inWT cells in HS and R conditions (Figure S6C), the changes in intron

panel) or R3 (right panel) relative to NHS conditions. Plotted in red are the 102

ing HS and spliced in a YTHDC1-dependent manner during recovery.

heir gene enriched in YTHDC1 during the HS period.

during HS.
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potentially takes place on dozens of other transcripts, including

HSP transcripts.

This study also sheds light on the mechanism by which

YTHDC1 relocates to nSBs and on the function of these mem-

brane-less structures as the cell progresses through the heat

stress response. Our study demonstrates that YTHDC1 reloca-

tion to nSBs relies on the HSF1-dependent transcription of

SATIII DNA repeats triggered by HS. The nSBs have long been

proposed to regulate the splicing process via the relocation

of splicing regulators within the bodies.29,56,57 Strikingly, by

comparing the list of proteins co-purifying with YTHDC1 and

with SATIII ncRNAs,30 it appeared that not only YTHDC1 but

many of its co-purifying proteins associate with SATIII tran-

scripts, in particular, SRSFs proteins. In addition, our study

shows in vivo that YTHDC1 binds to SATIII ncRNAs and that

METTL3 also relocates to nSBs. After our study was submitted

for publication, Ninomiya and co-workers provided evidence

that METTL3 and YTHDC1 localize to nSBs in response to HS,

that SATIII are m6A-methylated by METTL3, and that m6A-

dependent SATIII sequestration of YTHDC1 is part of the mech-

anism controlling splicing during the recovery period.44 From all

these findings, we propose that the primary function of SATIII

m6A-dependent sequestration of YTHDC1 within nSBs is to

inhibit YTHDC1 functions, in promoting intron retention and

HSP expression, which are induced during the HS period.

Noteworthy, this sequestration mechanism is reminiscent of

the rapid and reversible nuclear sequestration of the unique

YTH protein in fission yeast that governs entry into meiosis,

and which, in this case, is triggered by nutrient starvation stress

and occurs on a cis-acting ncRNA, but in an m6A-independent

fashion.58,59

Taken together, our findings identify a regulatory system

centered around YTHDC1 and m6A signaling that, over the

course of the cellular response to HS, acts directly and indirectly

at different genomic locations, different stages of the gene

expression process, and at different times. In addition to HSF1

and potentially other transcription factors that induce gene

transcription upon heat stress,6,7 YTHDC1, m6A signaling, and

nSBs constitute an elaborate regulatory system that ensures

proper orchestration of the heat-induced reprogramming of

gene expression. Since YTHDC1 together with RNAPII co-

occupy the promoter region of the most downregulated genes

in response to HS (Figure 2D), YTHDC1 and m6A may have an

even broader role in the stress-dependent gene expression

reprogramming by also contributing to the heat-induced repres-

sion of genes.7,60 Taking into consideration the contributions of

HSF1, of HSPs, and of the heat stress response, in general, to

the development of cancer,4,61–63 this study, which improves

our understanding of the major reprogramming of gene expres-

sion induced by heat stress, is susceptible to also provide

insights into oncogenic mechanisms.

Limitations of the study
In this study, we show, by using cell fractionation experiments,

that the vast majority of YTHDC1 is found in the chromatin-en-

riched fraction and ChIP-seq experiments further show that

YTHDC1 is enriched at thousands of genes. However, these

experiments are not sufficient to evaluate to what extent
14 Cell Reports 41, 111784, December 13, 2022
YTHDC1 protein population associates to chromatin only, and

not to other cellular elements, such as the nuclear matrix, which

co-fractionates with the chromatin fraction. In addition, our

MeRIP-qPCR experiments show that HSP transcripts, other

protein-coding transcripts subjected to YTHDC1-dependent

intron retention, as well as SATIII ncRNAs, have their level of

m6A modification that significantly increases in response to

HS. Yet, they do not provide any information on where the

m6A marks accumulate along the RNA. Obtaining such infor-

mation may shed light on how exactly YTHDC1 regulates the

processing and functions of these RNAs. Our findings also

strongly support the fact that YTHDC1 acts co-transcriptionally

to regulate transcripts and that this co-transcriptional regula-

tion is important for controlling expression of their genes, in

response to HS. Nevertheless, the extent to which YTHDC1

may also regulate their expression by acting at a post-tran-

scriptional level remains to be determined. Finally, our data

indicate that, later in the HS response, YTHDC1 subsequent

and temporary localization to nSBs may mainly have to do

with the downregulation of the YTHDC1-dependent activities

that take place during HS (i.e., the induction of HSP expression

and the temporary repression of the expression of hundreds of

other proteins). Yet, an intriguing possibility that our study does

not address is that YTHDC1 relocation to nSBs may also have

to do with other potential functions of YTHDC1 taking place

within these membrane-less structures, such as the processing

of the SATIII ncRNAs or the re-assembly of the neighboring

heterochromatin. Regardless of these limitations, our work

identifies YTHDC1 and m6A signaling as key actors of a chro-

matin-associated reprogramming of expression of hundreds

of genes triggered by HS.
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A., Hesse, A.M., Couté, Y., Ferro, M., Bruley, C., and Burger, T. (2017).

DAPAR & ProStaR: software to perform statistical analyses in quantitative

discovery proteomics. Bioinformatics 33, 135–136. https://doi.org/10.

1093/bioinformatics/btw580.

78. Robinson, J.T., Thorvaldsdottir, H., Winckler, W., Guttman, M., Lander,

E.S., Getz, G., et al. (2011). Integrative genomics viewer. Nat. Biotechnol.

29, 24–26. https://doi.org/10.1038/nbt.1754.

79. Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to

ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. https://

doi.org/10.1038/nmeth.2089.

80. Lawrence, M., Huber, W., Pagès, H., Aboyoun, P., Carlson, M., Gentle-

man, R., Morgan, M.T., and Carey, V.J. (2013). Software for computing

and annotating genomic ranges. PLoS Comput. Biol. 9, e1003118.

https://doi.org/10.1371/journal.pcbi.1003118.

81. Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C., Baldwin,

J., Devon, K., Dewar, K., Doyle, M., FitzHugh, W., et al. (2001). Initial

sequencing and analysis of the human genome. Nature 409, 860–921.

https://doi.org/10.1038/35057062.

82. Anders, S., and Huber, W. (2010). Differential expression analysis for

sequence count data. Genome Biol. 11, R106. https://doi.org/10.1186/

gb-2010-11-10-r106.
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Materials availability
Reagents (including plasmids) generated in this study are available from the lead contact.

Data and code availability
d Datasets for YTHDC1 ChIP-seq and RNAPII ChIP-seq have been deposited at GEO under the accession numbers GSE166456

and GSE143591. RNA-seq data have been deposited at NCBI Bioproject under the accession number PRJNA773186. All the

unprocessed gel images, western blot images andmicroscopy images have been deposited in Mendeley data (https://doi.org/

10.17632/gttn89vbpn.1).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Human HeLa cell line (cervix adenocarcinoma from American Type Culture Collection, ATCC, VA, USA), HT1080 cell line (human

fibrosarcoma from American Type Culture Collection, VA, USA) and HFF2-TERT (Human foreskin fibroblasts immortalized from De-

cottignies’s Lab) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 2%

glutamine,medium named "DMEMcomplete", under stable physicochemical conditions (37�C, 5%CO2, 95%humidity). Heat-stress

experiments were performed by immersion of the culture flasks or culture plates in a warm water bath for 1h at 43�C. Cells were then

either harvested directly or returned to 37�C for recovery for the indicated time. All the cell lines have been authenticated by ATCC or

Decottignies’s Lab, and tested as free of mycoplasma contamination.

Stable HSF1 Knock Down (KD HSF1) HeLa cells (kindly provided by Lea Sistonen64 were grown in HeLa medium supplemented

with Geneticine antibiotic at 0.4%final concentration.

Bacteria
Bacterial transformations were performed with competent E. Coli strain (Top10). All the plasmids were verified by DNA sequencing.

Bacteria were grown in Luria-Bertani (LB) Broth medium, at 37�C under constant agitation (200 rpm).

METHOD DETAILS

RNA interference, and plasmid transfections
RNA interference experiments were performed using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the reverse

transfection protocol provided by the manufacturer. For each well of a 6 well-culture plate, 75 pmol of RNAi duplex were diluted

in 500 ml of OptiMEM (Opti-MEM I Medium without serum), and then 5 ml of Lipofectamine RNAiMAX were added. After mixing

the solution and an incubation of 15 min at RT, 240,000 cells diluted in 2 ml of DMEM complete medium were added to each

well. The final siRNA concentration was 40 nM in each well (the same siRNA final concentration was used for transfection of cells
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grown in 10 cm or 15 cm dishes). Cells were then incubated for 72 h. Knockdowns were verified by western blot and IF analyses. All

siRNAs were purchased from Eurogentec. The sequences are shown in Table S4.

For transfection of plasmids coupled to RNA interference experiments, cells were first transfected using jetPEI (Polyplus transfec-

tion) following the manufacturer’s batch transfection protocol. For each well in a 6-well plate 1 ml of jetPEI diluted in 100 ml 150 mM

NaCl (supplied with the jetPEI reagent) were added to 1 mg of plasmid DNA diluted in 100 ml of 150 mM NaCl. After incubation for

15 min at RT, the mix jetPEI/DNA was added to 600,000 cells. After 24h, cells were diluted four times in DMEM complete medium

transfected with siRNA using Lipofectamine RNAiMAX and grown for 72h.

Transfection of plasmids coding for YTH-domain proteins fused to GFP was carried out using jetPEI following the manufacturer’s

forward transfection protocol. For eachwell in a 6-well plate 2 ml of jetPEI were diluted in 100 ml 150mMNaCl and 1 mg of plasmid DNA

was diluted in 100 ml 150 mM NaCl. Solutions were mixed, vortexed briefly, incubated 15 min at RT and the mix jetPEI/DNA was

added to the cells at 50% confluence.

Transfection of plasmid coding for protein HSF1-dbdtrim domains fused to GFP23 was carried out using jetPEI following the man-

ufacturer’s forward transfection protocol. For each well in a 24-well plate 0.5 ml of jetPEI were diluted in 25 ml 150mMNaCl and 100 ng

of plasmid DNAwas diluted in 25 ml 150 mMNaCl. Solutions were mixed, vortexed briefly, incubated 15min at RT and themix jetPEI/

DNA was added to the cells at 50% confluence. The HSF1-DBD-Trim-GFP construct retains both the DNA binding and trimerization

domains and is deleted of the C-terminal part of HSF1. This construct forms granules in all cells, both at 37�C and 42�C without pro-

duction of SATIII transcripts. This mutant acts as a dominant negative, by preventing the endogenous HSF1 from accumulating into

the granules upon heat stress (described in27).

DNA constructs and mutagenesis
Coding sequence for full-length human YTHDC1 (hYTHDC1; 727 aa; Accession number NP_001026902) cDNA was amplified from a

HEK cells cDNA library by reverse transcription-PCR. The PCRproduct was then cloned into amammalianmodified pCI-neo plasmid

allowing the production of HA tagged proteins. Primers used are listed in the Table S4.

Plasmid coding for an ectopically expressed form of YTHDC1, which cannot be recognized by the siRNAs used for the transient

knockdown of the endogenous protein were obtained by site-directed mutagenesis (Q5 Site-Directed Mutagenesis Kit, biolabs)

using the following primers (Table S4): siC1_1immF and siC1_1immR; siC1_3immF and siC1_3immR (the mutated DNA sequence

does not modify the amino acid sequence). From this plasmid (called pci-neo-HA-YTHDC1imm), we established by PCR-based

mutagenesis YTHDC1 point mutants that lost its capacity to recognize m6A. The point mutation concerns the tryptophan 428 located

in the hydrophobic cage of the YTH domain that recognizes m6A that was substituted by alanine (A) using the primers W428A_F and

W428A_R (Table S4) to produce a point-mutant form of YTHDC1 named pCI-neohYTHDC1immW428A.

The mammalian expression vector pEGFP-N3 (Addgene # 6080-1) was used to express the human YTH-domain proteins in fusion

with GFP. Coding sequences for human YTHDC2 (hYTHDC2; 1430 aa; Accession number NP_073739), YTHDF1 (hYTHDF1; 559 aa;

Accession number NP_060268), YTHDF2 (hYTHDF2; 579aa; Accession number NP_001166599) and YTHDF3 (hYTHDF3; 585 aa;

Accession number NP_689971) cdnaswere amplified from aHEK cells cDNA library by reverse transcription-PCR using the following

primers: YTHDC1_Xho and YTHDC1_Xma; YTHDC2-Xho and YTHDC-2Bam; YTHDF1-Xho and YTHDF1-Bam; YTHDF2-Xho and

YTHDF2-Bam; YTHDF3-Xho and YTHDF3-Bam (Table S4). The PCR products were digested by the restriction enzymes XhoI-BamHI

(for hYTHDF1-2-3 and hYTHDC2 cdnas) or XhoI-XmaI for hYTHDC1 cDNA. The fragments obtained were then inserted into the XhoI-

BamHI or XhoI-XmaI digested pEGFP-N3 vector.

RNA purification and analysis
Total RNA was extracted from cells using the TRIzol Reagent (Invitrogen) following the manufacturer’s instructions. Cells from 6-well

plates or 10 cm dishes were collected by trypsinization and centrifuged 5 min at 600 g. For 105-107 cells, 1 ml of TRIzol reagent was

added and the mix was thoroughly vortexed (at this step occasionally samples were frozen and stored at �80�C). After 5 min incu-

bation, 0.2ml of chloroformwere added, themix was vortexed and then incubated for another 2–3min at RT. Following centrifugation

at 12,000 g for 15 min at 4�C, the aqueous phase (containing RNA) was carefully transferred to a new tube. Isopropanol (0.5 ml) was

added, the mix was vortexed and centrifuged for 10 min at 12,000 g, 4�C. The pellet was then washed in 75% (v/v) EtOH and centri-

fuged at 7500g for 5 min, 4�C. The RNA pellet was then air-dried, dissolved in 20–50 ml RNAse-free water, incubated at 60�C for

10 min and stored at�20�C. RNA concentration and A260/280 ratio were determined using NanoDrop ND-1000 UV spectrophotom-

eter. RNA integrity was evaluated by electrophoresis on 1% (w/v) agarose gel using the gelgreen Nucleic Acid Stain (Biotium) dye

following the manufacturer’s instructions.

Reverse transcriptase PCR was performed on 2 mg of RNA using Transcriptor Reverse Transcriptase (Roche). RNA was first sub-

jected to DNAse (Roche) treatment in the presence of 5X DNAse buffer (100 mM Tris pH 8, 10 mMMgCl2), 100 mM DTT (Invitrogen)

and RNAse inhibitor (Thermo Scientific) for 20 min at 37�C. Next 0.7 ml of 50 mM EDTA were added to the RNA-DNAse mixture and

incubated 10min at 70�C. RNA was then hybridized with a mix of specific primers at 2 mM in the presence of 50 mMMgCl2 for 10 min

at 65�C. cDNA synthesis was performed by adding 10 mM dNTP (Thermo Scientific), RNAse Inhibitor (Thermo Scientific), RT buffer

(Roche) and Reverse Transcriptase (Roche) and subsequent incubation for 10 min at 25�C, 40 min at 55�C and 5 min at 85�C.
For RNA-seq analysis, RNA was subjected to DNAse as described above and then purified by phenol/chloroform extraction. One

volume of acid phenol:chloroform (5:1, pH 4.7) was added to RNA and the mix was thoroughly vortexed 5 sec. Following
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centrifugation at 12,000 g for 5 min at 4�C, the aqueous phase (containing RNA) was carefully transferred to a new tube. One volume

of chloroform was added, the mix was vortexed and centrifuged at 12,000 g for 5 min at 4�C. The aqueous phase was recovered in a

new tube. 1/10 volume of 3 M ammonium acetate was added and then 2 volumes of 100% ethanol. After mixing, RNA was precip-

itated by incubation 30 min at �80�C. After centrifugation 15 min at 12,000 g, 4�C, the pellet was washed in cold 70% (v/v) ethanol

and centrifuged at 12,000 g for 5 min, 4�C. The RNA pellet was then air-dried, dissolved in 20–50 ml RNAse-free water. RNA concen-

tration and A260/280 ratio were determined using nanodrop ND-1000 UV spectrophotometer. RNA-seq libraries were made after

depleting the total RNA population of ribosomal RNAs and by using multiplexing. Construction of the libraries and high throughput

sequencing (nextseq 2000, Illumina) were performed at EMBL Genecore facility.

Western-blot analysis
Cells were washed with PBS and collected by centrifugation 5 min at 600 g. Proteins were extracted using lysis buffer (50 mM Tris,

pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1% (w/v) Triton X-100, 0.5% (w/v) sodium deoxycholate) supplemented with protease

inhibitor (Roche) and benzonase (Merck Milipore, 1/100). After 15 min on ice, total protein extracts were quantified using a Pierce

BCA Protein Assay Kit or a Bradford assay. Protein samples (10 mg) were then incubated at 95�C for 5 min in Laemmli sample buffer

(50 mM Tris-HCl, pH 6.8, 10% (v/v) b-mercaptoethanol, 1% (v/v) SDS, 10% (v/v) glycerol and 0.1% (w/v) bromophenol blue), sepa-

rated by SDS-PAGE, transferred to nitrocellulose membranes and analyzed using appropriate primary and secondary antibodies

(listed in Table S5). Antibodies were diluted in TBS- 0.1% (v/v) Tween20- 1% (w/v) fat dry milk, and membranes were washed in

TBS- 0.1% (v/v) Tween 20.

Enhanced chemiluminescence (ECL) detection was performed using reagents fromBio-Rad (Clarity Western ECL kit) and revealed

using ChemiDocMPSystem (BioRad) or the Fusion FX (Vilber) camera. Signals were quantified with the corresponding software, the

ImageLab software (Bio-Rad) or the Fusion-Capt software (Vilber Lourmat).

Subcellular fractionation
Fractionation was performed to obtain cytosolic and nuclear fractions fromWT, YTHDC1 KD and METTL3 KD cells. HeLa cells were

seeded in 10 cm dishes and transfected transiently with control siRNA or siRNA against YTHDC1. 72 h after transfection, cells were

submitted or not to heat stress treatment followed or not by a recovery period. Cells together with the dead floating cells were manu-

ally collected using a scraper, centrifuged for 5 min at 400 g and washed in cold 1x PBS (phosphate-buffered saline). On ice 150 ml of

lysis buffer (10mMTris pH 7.5, 60mMKCl, 15mMNaCl, 0.34M sucrose, 650 mMspermidine, 2mMEDTA, 0.5mMEGTA, 1mMDTT,

0.5 mM PMSF, 0.05% (w/v) Triton X-100 + 1 ml RNasin) were added gently to the cell pellet (obtained from one 10 cm dish) and incu-

bated for 10 min. After a 5 min centrifugation at 400 g, the supernatant (cytosolic fraction) was collected and stored on ice. 200 ml of

washing buffer (10 mM Hepes pH 7.5, 10 mM KCl, 0.3 M sucrose, 1.5 mM MgCl2, 1 mM DTT, 0.5 mM PMSF, + 1ml RNasin) were

added carefully to the pellet and the suspension was centrifuged 5 min at 400 g to obtain a final pellet containing the washed nuclei.

For purification of sub-nuclear fractions, the pellet containing the washed nuclei was resuspended into 75 ml of nucleus lysis buffer

(50 mM Tris pH 7.5, 140 mM NaCl, 1.5 mM MgCl2, 0.5% (w/v) NP-40), incubated 20 min on ice, and centrifuged 10 min at 20,000 g

(4�C). The supernatant (nucleoplasm) was collected and stored on ice. The remaining pellet was resuspended into 75 ml of 10mMTris

pH 7.5, 700 mM NaCl, incubated 20 min on ice and then centrifuged for 5 min at 20,000 g at 4C and the supernatant containing the

chromatin associated fraction was recovered. For SDS-PAGE and western blot analyses, one volume of cytosolic fraction and two

volumes of nuclear fractions (nucleoplasm and chromatin associated) were loaded on gels. For RNA extraction, 1 ml of TRIzol Re-

agent was added to each fraction, and the purification of RNA was performed as described above (RNA purification and analysis).

Protein immunopurification
Cells from 4 T75 flasks, at 90% of confluence were trypsinized, washed in 1X PBS and lysed 10 min on ice in 2 ml of lysis buffer

(50 mM Tris pH 8.0, 150 mM NaCl, 5 mM MgCl2, 0.5% (w/v) Na-deoxycholate, 1% (w/v) Triton X-100, 10% (w/v) glycerol, 1 mM

PMSF and 1 mM DTT). The soluble total extract was recovered after centrifugation at 20,000 g for 10 min at 4�C and nucleases

(benzonase, Merck Millipore) were added to this extract to degrade nucleic acids. Magnetic beads coupled to protein A (Dynabeads

Protein A, Thermo Fisher) were used for immunoprecipitation of YTHDC1 and the associated proteins. 7 ml of beads per IP were

washed in 1X PBS, 0.02% (w/v) Tween 20 and incubated with 10 ml of the purified polyclonal rabbit antibody raised against the

N-terminal part of YTHDC1 (homemade antibody) or with 5 ml of rabbit polyclonal IgG (control experiment, diagenode

C15410206) for 20 min at RT under agitation. The Dynabeads/antibody complexes were next equilibrated in the lysis buffer and

then incubated with 1 ml of the soluble proteins extract per IP. After incubation for 6 h at 4�C on a rotating shaker, the Dyna-

beads/antibody/antigen complexes were washed four time in 25 mM Tris pH 8.0, 1 mM MgCl2, 150 mM NaCl, 0.01% (w/v) NP40

washing buffer and the antibody-antigen complexes were eluted by addition of 40 ml 2X Laemmli loading buffer (60 mM Tris-HCl,

pH 6.8, 2% (v/v) SDS, 10% (w/v) glycerol, 10% (v/v) b-mercaptoethanol, 0.01% (w/v) bromophenol blue) and incubated 10 min at

70�C. 10 ml were loaded on SDS-PAGE followed by silver staining and 25 ml were used for MS/MS analysis. For Co-IP analysis,

the same protocol was used except that we used a commercial antibody (Anti-YTHDC1 A305-096A, Bethyl laboratories). 10 ml of

the eluate and 5 ml of a 1/25 dilution of the soluble extract were loaded on SDS-PAGE for the western blot analysis.
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Microscopy analyses with immunofluorescence, RNA-FISH and DNA-FISH
For immunofluorescence, HeLa cells grown on coverslips were fixed in 4%paraformaldehyde in phosphate-buffered saline (PBS) for

10min at RT, washed three times 5min in PBS 1X and permeabilizedwith PBS, 0.5% (v/v) Triton X-100, 0.5% (w/v) Saponin for 15min

at RT, andwashed again three times 5min in PBS 1X. Unspecific sites were blocked 30min at 37�C in PBS, 10% (v/v) FBS, 0.3% (v/v)

Triton X-100. Following this, cells were incubated 1 h at 37�Cwith appropriate primary antibody (listed in Table S5) diluted in PBS 1X,

1% (v/v) FBS. Cells were then washed three times 5 min in PBS 1X, 0.3% (v/v) Triton X-100 and incubated 30 min at 37�C with a

secondary goat anti-rabbit IgG Dylight 549 antibody (Vector; 1:1000) or goat anti-mouse IgG Alexa Fluor 488 antibody (Invitrogen;

1:500). DNA was counterstained with 250 ng/ml DAPI. To have comparative analysis between cell samples submitted to different

conditions, images were acquired with the same exposure time with an Apotomemicroscope using the 63x, oil immersion objective.

Images were analyzed using Fiji software and a minimum of 100 cells were analyzed for each experimental condition.

For RNA and DNA FISH to detect SATIII ncRNA and DNA, respectively, the cells were fixed and permeabilized as described in the

protocol used for immunofluorescence. Cells were then dehydrated by successive incubation for 3 min in 70% (v/v) ethanol, 90%

(v/v) ethanol, 100% ethanol. Coverslips were air-dried and DNA was denatured 10 min at 80�C in PBS 50% formamide (for DNA

FISH only). Then 5–10 ml and precipitated probe were deposited on each coverslip. The cells were incubated overnight at 37�C.
Next, cells were washed three times for 5 min in 50% (v/v) formamide, 2X SSC solution warmed to 45�C and three times for 5 min

in 2X SSC at RT under agitation -for DNA FISH- or washed three times for 5 min in 15% (v/v) formamide, 2X SSC solution and three

times for 5min in 2X SSC at RT-for RNA FISH. For studies combining RNA or DNA FISH and protein immunostaining after the final

washing steps of the FISH protocol, the cells were fixed again in PFA 4% (w/v), washed in 1X PBS and then incubated with the block-

ing solution for IF and the IF protocol was applied as usual. A minimum of 100 cells were analyzed for each experimental condition.

For RNase treatment, HeLa cells grown on coverslips were briefly washed with sterile CSK buffer (20 mM Tris-HCl, 3 mM MgCl2,

300 mM sucrose), then permeabilized 5 min at 4�C in CSK/0.5% (v/v) Triton X-100 solution, and briefly washed in PBS 1X. Cells were

incubated 10min at room temperature with a 1mg/ml RNase A solution (Merck 10109142001), washed with PBS 1X, and fixed in 4%

paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at RT, and finally washed three times 5 min in PBS 1X. RNA FISH or

IF was performed as described above.

Chromatin immunoprecipitation (ChIP)
ChIP experiments were performedmainly as described previously (Motamedi et al., 2004) with the followingmodifications. HeLa cells

(from two 15 cm dishes at 70–80% confluency, around 23 107 cells) were cross-linked with 1% (v/v) formaldehyde (Sigma) at room

temperature for 15 min. The reaction was quenched with glycine (Sigma) at a final concentration of 125 mM for 5 min at room tem-

perature. Cells were collected, centrifuged for 3 min at 1250 g, and the pellets washed twice in cold PBS. Cell pellets were resus-

pended in 7 ml of cell lysis buffer (50 mM HEPES pH 7.5, 10 mM KCl, 0.1% (w/v) NP40, and protease inhibitors) and transferred

to a chilled Dounce homogenizer on ice and homogenized for 36 strokes. The suspension was then centrifuged for 3 min at

1250 g at 4�C, and resuspended in 1 ml of nuclear lysis buffer (50 mM HEPES-KOH at pH 7.5, 500 mM NaCl, 1 mM EDTA at pH

8.0, 1% (v/v) Triton X-100, 0.1% (v/v) sodium deoxycholate, 0.1% (v/v) SDS, and protease inhibitors). Lysates were sonicated for

10 min (3000on, 3000off) at 30% amplitude in a water bath sonicator (Active motif), centrifuged at 18,000 g for 10 min and the super-

natant stored at �80�C. To obtain input DNA, 25 ml of clarified lysate was used.

Each immunoprecipitation reaction was performed from 30 mg of sheared chromatin incubated overnight at 4�C on a wheel with

2 mg of specific antibody (Anti-RNA polymerase II subunit B1 (phospho CTD Ser-2) Antibody, clone 3E10, Millipore; Anti-YTHDC1

A305-096A, Bethyl laboratories) or irrelevant IgG (Rabbit polyclonal igG, Diagenode C15410206). Forty microliters of a 50% slurry

of prewashed prota-Sepharose beads (nproteina Sepharose 4 Fast Flow, GE Health Care) were incubated with each lysate at 4�C
for 1 h. Beads were washed two times in nuclear lysis buffer, once with 10 mM Tris-HCl (pH 8.0), 0.25 M LiCl, 0.5% (v/v) NP-40,

0.5% (v/v) sodium deoxycholate, and 1 mM EDTA, and once with TE (10 mM Tris-HCl ph 8.0, 1 mM EDTA) at room temperature.

Immunopurified material was eluted by incubating with 100 ml of 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 1% (v/v) SDS at

65�C for 20 min. Eluate was transferred to a fresh tube and pooled with a final bead wash of 150 ml of TE with 0.67% (v/v) SDS.

For input DNA, 200 ml of TE with 1% (v/v) SDS was added to 25 ml of lysate. All samples were incubated at 65�C overnight before

addition of 200 ml of TE and 100 mg of Proteinase K (Roche), then incubated at 37�C for a further 2 h. After addition of 55 ml of 4 M

LiCl, DNA samples were extracted once with phenol:chloroform:isoamyl alcohol and once with chloroform and then precipitated

(1 ml 100% (v/v) ethanol and 2 ml glycogen (20 mg/ml) were added to the recovered upper phase, incubated at �80�C for 20 min,

centrifuged at 4�C for 20 min and washed once with 70% (v/v) ethanol). Precipitated and washed DNA was resuspended in 50 ml

10 mg/ml RNase A (for the input) or 0.5 mg/ml RNase A (for IP) and incubated at 37�C for 1 h.

Quantitative PCRwas conductedwith 2 ml of a 1/2 dilution of the IPDNA. Relative enrichment was calculated as the ratio of signal of

interest to signal of control IP. Primers used are listed in Table S4.

Chromatin immunoprecipitation for whole-genome analysis was performed fromHeLa cells using the "ChIP-IT High Sensitivity" kit

from Active Motif following the manufacturer’s instructions. Sheared chromatin was obtained using a probe sonicator (Active Motif)

by 10 cycles, 30 s ON, 30 s OFF at 63 W. ChIP were performed using 25 mg chromatin and 4 mg of antibody detecting YTHDC1

(Table S5). ChIP-seq libraries were constructed using the Next Gen DNA Library Kit (Active Motif 53216 and 53264). Library quality

was assessed using Agilent 2100 Bioanalyzer and Agilent High Sensitivity DNA assay. High throughput sequencing was performed

by Sequence-By-Synthesis technique using a nextseq 500 (Illumina) at Genom’ic facility, Institut Cochin, Paris.
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RNA immunoprecipitation (RIP)
YTHDC1 RNA-IP experiments were performed on WT and METTL3 KD cells. Briefly, cells were seeded in 15 cm dishes were cross-

linked with 1% (v/v) formaldehyde (Sigma) at room temperature for 15 min. The reaction was quenched with glycine (Sigma) at a final

concentration of 125mM for 5 min at room temperature. Cells were collected, centrifuged for 3 min at 1250 g, and the pellets washed

twice in cold PBS. Cell pellets were resuspended in 400 ml of lysis buffer (50 mMHEPES-KOH at ph 7.5, 150mMNaCl, 1 mMEDTA at

pH 8.0, 1% (v/v) Triton X-100, 0.1% (v/v) sodium deoxycholate, 5 mM DTT, 1 mM PMSF, and 100 U/ml ribolock (Thermofisher)) and

incubated 10 min on ice. The lysed cells were sonicated in a water bath sonicator (Active motif), for 10 min (3000on, 3000off) at 30%
amplitude centrifuged at 1000 g for 5 min and the supernatant is collected in new tubes. The pellet was resuspended in 400 ml of lysis

buffer and the sonication, centrifugation and supernatant collection were repeated twice to obtain a final volume of 1.2 ml of cell

lysate. The clarified lysate (1.2ml) was DNase treated 1 h at 30�Cby the addition of 133 ml of 10x DNase buffer and 700Units of DNase

I (RNase free, from Sigma). The DNase reaction was stopped by the addition of 80 ml EDTA 0.5 M, then the samples were centrifu-

gated 5min at 15,000 g and the supernatants were transferred to new tubes. The lysates were incubated at 4�C for 1 hwith either with

10 mg of anti-YTHDC1 (A305-096A, Bethyl Laboratories) or 10 mg of irrelevant igG (Sigma I4506). 40 ml of a 50% slurry of prewashed

protein A-Sepharose beads (N-protein A Sepharose 4 Fast Flow, GE Health Care) were added to the lysates and incubated at 4�C for

another 1 h. Beads were washed five times with, first, two washes with the lysis buffer, then one with the lysis buffer containing

500 mM of NaCl and 10 U/ml RiboLock, one with the wash buffer (10 mM Tris-HCl ph 8.0, 1 mM EDTA, 0.25 M LiCl, 0.5% (v/v)

NP-40, 0.5% (v/v) sodium deoxycholate, and 5 mM DTT and 10 U/ml RiboLock), and finally one with TE-DTT (10 mM Tris-HCl pH

8.0, 1 mM EDTA, 5 mM DTT and 10 U/ml RiboLock) at room temperature. Immunopurified material was eluted by incubating with

100 ml of 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 1% (v/v) SDS, 5 mM DTT and 10 U/ml RiboLock at 65�C for 20 min. The eluate

was transferred to a fresh tube and pooled with a final bead wash of 150 ml of TE with 0.67% (v/v) SDS, 5 mMDTT and 10 U/ml Ribo-

Lock. All samples were reverse crosslinked at 65�C overnight prior to their treatment for 30 min with 100 mg of Proteinase K (Roche).

After addition of 55 ml of 3 M NaOAc pH 5,2, RNA samples were extracted once with Acid-Phenol:Chloroform pH 4,5 (25:24:1, Ther-

mofisher), once with chloroform. Nucleic acids from the recovered upper phase were precipitated in 1 ml 100% (v/v) ethanol and 2 ml

glycogen (20 mg/ml), incubated at �80�C for 20 min, centrifuged at 4�C for 20 min and washed once with 70% (v/v) ethanol. Precip-

itated and washed rnas were resuspended in 20 ml of TE with 5 mM DTT and 10 U/ml ribolock. The purified rnas were subjected to

analysis by qRT-PCR.

For the MeRIP-qPCR analysis mRNAs were purified using Dynabeads mRNA Direct Kit (Fisher Scientific) according to manufac-

turer’s instructions. 5 mg of mRNAs were fragmented 10 min at 96�C by alkaline hydrolysis (100 mM bicarbonate buffer pH 9.2). For

immunoprecipitation, 100 ml of Protein-G Dynabeads were blocked with 1 ml of blocking solution (1mg/ml BSA, 1X PBS). After two

washes, beads were resuspended in 990 ml of blocking solution. 10 ml of m6A primary antibody (Synaptic Systems, 10 mg/ml) was

added to the beads. The mixture was incubated overnight at 4�C under constant agitation. Beads were then washed 3 times with

1 ml of cold blocking solution. After the final wash, beads were resuspended in 25 ml of blocking solution. Fragmented mRNAs

were then diluted in 975 ml of immunoprecipitation buffer (10 mM Tris-HCl, 150 mM NaCl, 0.05% v/v IGEPAL, 40U RNase inhibitor)

and added to beads. The mixture was then incubated overnight at 4�C under constant agitation. Beads were washed 2 times with

2ml of immunoprecipitation buffer, 2 timeswith 2ml of low salt washing buffer (10mMTris-HCl, 50mMNaCl, 0.1% v/v IGEPAL, 0.1%

v/v SDS) and 2 times with 2 ml of high salt washing buffer (10 mMTris-HCl, 500mMNaCl, 0.1% v/v IGEPAL, 0.1% v/v SDS) for a total

of 6 washes. Elution was performed 3 times by adding each time 100 ml of elution buffer (10 mM Tris-HCl, 150 mM NaCl, 0.05% v/v

IGEPAL, 40U RNase inhibitor, 6.7 mM N6-methyladenosine 50 monophosphate sodium salt). Each time, the mixture was incubated

1 h at 4�Cunder constant agitation. Eluted fractionswere then combined and precipitated overnight. After centrifugation, pellets were

resuspended in rnase/dnase free water in a final volume of 15 ml.

Bioinformatic analysis for chIP-seq data
For analysis of ChIP-seq data, sequencing readswere first filtered, using fastq_illumina_filter, and quality control of filtered readswas

performed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Filtered reads were then aligned to

GRCh3881 using the Burrows-Wheeler Aligner (BWA, http://bio-bwa.sourceforge.net/) with default parameters. The sorted BAM files

generated by SAM tools (http://www.htslib.org), keeping only reads with a mapping quality at least 30, were then normalized by

DeepTools67 bamCoverage function, with a bin size of 10 bp. RPGC normalization was applied, with an effective genome size of

2913022398, according to DeepTools’ user manual instructions. Files were then further normalized by subtracting an RPGC normal-

ized input data file, using bigwigCompare. From these normalized data files, peak calling was performed using NormR’s (https://doi.

org/10.1101/082263) enrichR function, searching for enrichment of each BAM file of ChIP-seq reads against the input BAM file, using

a False Discovery Rate (FDR) correction. Genomic Ranges80 was then used to determine overlap between the peak range and

genomic features of interest, such as genes with a transcription start site (TSS) and transcript end site (TES) from GRCh38. Profile

matrices were extracted from the normalized data files using DeepTools’ computeMatrix, using a bin size of 10 bp. Profiles were

generated from -5kb of tsss up to 5 kb after tess. Further quantification of the normalized ChIP-seq reads was calculated from

the start to end positions of gene bodies +/� 500 bp. Genomic elements and protein coding genes were obtained from Ensembl.

Protein binding variation between conditions was calculated using Z-scores, which were calculated as follows: Z-score = (HS –

NHS)/sqrt((HS + NHS)/2) (i.e., difference weighted by mean signal), which transforms the distribution of variations into a normal
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distribution, allowing for better statistical interpretation of the variations. Average binding profiles of proteins across genomic features

of interest were generated using seqplots’ (https://doi.org/10.18129/B9.bioc.seqplots) plotAverage function.

Decile matrices were created using color2Dmatplot from the plotrix package (https://www.rdocumentation.org/packages/plotrix/

versions/3.7-7). Decile matrices were generated by ranking genes by Z-score of variation of RNAPII or YTHDC1 binding in HS versus

NHS condition, followed by distribution by deciles. The number of genes in each decile, for both RNAPII and YTHDC1 variation, was

used to generate a matrix (10 3 10). The number of genes in each intersection was tested for significance (number of genes found

compared to expected) by hypergeometric test, generating a 10 3 10 matrix of p values.

Bioinformatic analysis of RNA-seq data
Raw reads were trimmed using Trimmomatic v0.39.69 Trimmed reads were filtered out read corresponding to mitochondrial

sequences using bowtie2 v2.3.570 in ‘sensitive-local’ mode. Reads mapping against GRCh38 genome without gtf file was

performed using Hisat2 v2.1.0.71 Read count was performed using htseq-count v0.12.472 in ‘union’ mode and normalized by

total of mapped reads (reads per millions, rpm). Differential analysis was performed using Bioconductor R v4.1.2 package de-

seq273 with a false discovery rate of 0.05. P values were corrected for multiple tests by the Benjamini-Hochberg rule (adjusted

P value).

Readthrough analysis. Counting of reads in the gene region or the 3 prime region (15 kb after the end of the gene) was performed by

bedtools coverage v2.30.0.71 Normalization was applied by dividing by the total mapped reads and the gene length (RPKM). To opti-

mize the difference between region and condition, for each gene the difference was calculated between the Log2 of the mean count

region and themean of all Log2 counts in the 9 conditions. This difference was divided by the standard deviation of the Log2 counts in

the 9 conditions. The ratio of the RNA-seq reads of the 15 kb downstream the 30UTR (Downstream) over the gene body (GB) was then

calculated as follow [[Log2(Reads Downstreamn)-mean(Log2ReadsDownstreamn1-9)]/sd(Log2ReadsDownstreamn1-9)] – [[Log2
(Reads gbn)-mean(Log2ReadsGBn1-9)]/sd(Log2ReadsGBn1-9)], where ‘‘n’’ corresponds to a given condition in which the reads over

the corresponding regions are counted and ‘‘n1-9’’ corresponds to all 9 conditions taken together for the same gene. This value cor-

responds to normcount. The heatmap was made by the geom_tile function in the ggplots2/tidyverse package.74

Detecting intron retention from RNA-Seq experiments. Intron retention study were performed using IRFinder 1.3.0.75 The raw

counts files were produced from fastq files using IRFinder binary with option -r REF/Human-grch38-release100 where REF/

Human-grch38-release100 is the genome reference index provided by irfinder authors (https://github.com/williamritchie/irfinder).

Delta_IR HS/NHS (resp. Delta_IR R/NHS) for a given condition (WT, YTHDC1 KD orMETTL3 KD) is the result of the statistical analysis

HS vs. NHS (ref.) (resp. R vs. NHS (ref.)) Performed by DESeq273,82 and R (R Core Team. R: A language and environment for statistical

computing. Vienna, Austria: R Foundation for Statistical Computing, 2017) script provided by IRFinder authors (https://github.com/

williamritchie/irfinder) in this condition. Only IR presenting variations between conditions in WT were kept, IR presenting variations

meaning introns with -Log10(padj) > (�10 IR.changes + 6), or -Log10(padj) > (10 IR.changes + 4) for HS vs. NHS (ref.) Model, or

-Log10(padj) > (�10 IR.changes + 4), or -Log10(padj) > (10 IR.changes + 2) for R vs. NHS (ref.) Model, padj meaning 5% FDR adjusted

p values according to Benjamini-Hochberg procedure.

Mass spectrometry (MS)-based quantitative proteomic analysis
Eluted proteins were separated by SDS-PAGE (4–12%nupage, Life Technologies) and stainedwith Coomassie blue R-250 (Bio-Rad)

before in-gel digestion using modified trypsin (Promega, sequencing grade) as previously described.83 For each sample, bands cor-

responding to light and heavy chains of immunoglobulins were processed separately from the rest. Resulting peptides were analyzed

by online nanoliquid chromatography coupled to tandem MS (Ultimate 3000 and LTQ-Orbitrap Velos Pro, Thermo Scientific). Pep-

tides were sampled on a 300 mm 3 5 mm PepMap C18 precolumn and separated on a 75 mm 3 250 mm C18 column (PepMap,

Thermo Scientific) using a 25-min gradient for immunoglobulin-containing bands and a 120-min gradient for the rest of the eluates.

MS and MS/MS data were acquired using Xcalibur (Thermo Scientific).

Peptides and proteins were identified and quantified using MaxQuant (version 1.5.3.30, (Tyanova et al., 2016) using the Uniprot

database (Homo sapiens taxonomy, April 2017 version) and the frequently observed contaminant database embedded in maxquant.

Trypsin was chosen as the enzyme and 2 missed cleavages were allowed. Peptide modifications allowed during the search were:

carbamidomethylation (C, fixed), acetyl (Protein N-ter, variable) and oxidation (M, variable). Minimum peptide length was set to 7

amino acids. Minimum number of peptides and razor + unique peptides were set to 1. Maximum false discovery rates - calculated

by employing a reverse database strategy - were set to 0.01 at peptide and protein levels.

Statistical analyses were performed using ProSstar.77 Proteins identified in the reverse and contaminant databases, proteins

only identified by site, immunoglobulin chains, and proteins exhibiting less than 3 intensity values in one condition were

discarded from the list. After log2 transformation, intensity values were normalized by median centering before missing value

imputation (slsa algorithm for partially observed values in the condition and DetQuantile algorithm for totally absent values in

the condition); statistical testing was conducted using Limma test. Differentially-expressed proteins were sorted out using a

log2 (fold change) cut-off of 2 and a p value cut-off of 0.01, allowing to reach an FDR inferior to 2% according to the

Benjamini-Hochberg procedure. For the volcano plot of YTHDC1 interactome showed in Figure 1, only proteins identified with

at least one unique peptide in three independent purifications and with more than four-fold enrichment relative to the control pu-

rifications were considered.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot signals were quantified with the ImageLab software (Bio-Rad) or the Fusion-Capt software (Vilber Lourmat). All the data

were expressed as the mean ± standard error of the mean (SEM) except for the data in Figures S6 and S7 expressed as the mean ±

standard deviation (SD). The number of replicates (n) is described in the Figure legends. Data from Figures 3F, 6G, S6A, S6B and S7A

were statistically analyzed with Student’s t test. Significance level achieved as indicated in figures is ***: p < 0.001, **: p < 0.01,

*: p < 0.05.
Cell Reports 41, 111784, December 13, 2022 e10
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