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SUMMARY
Linker histones are highly abundant chromatin-associated proteins with well-established structural roles in
chromatin and as general transcriptional repressors. In addition, it has been long proposed that histone H1
exerts context-specific effects on gene expression. Here, we identify a function of histone H1 in chromatin
structure and transcription using a range of genomic approaches. In the absence of histone H1, there is
an increase in the transcription of non-coding RNAs, together with reduced levels of m6A modification lead-
ing to their accumulation on chromatin and causing replication-transcription conflicts. This strongly suggests
that histone H1 prevents non-coding RNA transcription and regulates non-coding transcript turnover on
chromatin. Accordingly, altering the m6A RNA methylation pathway rescues the replicative phenotype of
H1 loss. This work unveils unexpected regulatory roles of histone H1 on non-coding RNA turnover and
m6A deposition, highlighting the intimate relationship between chromatin conformation, RNA metabolism,
and DNA replication to maintain genome performance.
INTRODUCTION

Linker histone H1 plays an essential role in the folding of nucleo-

some arrays into more compact chromatin structures. Impor-

tantly, growing evidence from the past decade supports the

concept that histone H1 is a multifunctional protein that can block

the binding of other proteins to chromatin and also act as a recruit-

ment platform for activators or repressors thus fine-tuning chro-

matin function (Hergeth and Schneider, 2015; Fyodorov et al.,

2018). There are seven genes coding for somatic linker histone

H1 subtypes or variants in the mouse and human genomes,

with an average of 0.5 to 1.3 H1 molecule per nucleosome de-

pending on cell type (Woodcock et al., 2006). Disruption of one

or two linker histone genes, initially performed to delineate sub-

type-specific functions, revealed that cells can maintain their total

H1 content through compensatory upregulation of the remaining

H1 genes (Fan et al., 2001). However, inactivation of three sub-

types leading to a 50%of the normal level of H1 resulted in embry-

onic lethality in mice, demonstrating that a correct stoichiometry

of linker histone deposition on chromatin is essential for mamma-

lian development (Fan et al., 2005). Embryonic stemcells (mESCs)

derived from these triple-knockout embryos (H1-TKO) have a
Cel
This is an open access article under the CC BY-N
genomic average of one H1 molecule every four nucleosomes.

These cells display limited changes in gene expression, yet they

display de-repression of major satellite elements (Fan et al.,

2005; Cao et al., 2013; Geeven et al., 2015).

The distribution of histone H1 throughout the genome is not uni-

form. It has been shown that chromatin at active and poised gene

promoters is characterized by reduced histone H1 levels, while

inactive genes and heterochromatin are enriched in H1 (Izzo

et al., 2013; Cao et al., 2013; Millán-Ariño et al., 2014). In addition,

H1 mediates the silencing of heterochromatic repetitive elements

by both modulating their higher order structure and interacting

with the histonemethyltransferases responsible for the repressive

methylation of these regions (Healton et al., 2020). The dual role of

H1 is not limited to heterochromatin, as it also affects chromatin

architectureby interacting directlywithboth transcriptional activa-

tors and/or repressors. Some examples include H1 binding to

Cul4A ubiquitin ligase and the PAF1 elongation complexes that

help maintain active gene expression (Kim et al., 2013a, 2013b),

its recruitment by the Msx1 factor to a regulatory element in the

MyoD gene resulting in repressed muscle cell differentiation

(Lee et al., 2004), or its interaction with p53 repressing its tran-

scriptional activation effect (Kim et al., 2008).
l Reports 40, 111329, September 13, 2022 ª 2022 The Author(s). 1
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We previously found that reductions on histone H1 content

generated genome-wide alterations in their replication initiation

patterns, as well as massive fork stalling and DNA damage due

to replication-transcription conflicts (Almeida et al., 2018). These

findings raised the question of how limited alterations in gene

expression upon H1 deficiency can be reconciled with wide-

spread replication-transcription conflicts. To delineate addi-

tional functions of histone H1 on transcription regulation, in this

study we performed a detailed analysis of chromatin transcript

abundances, RNA polymerase II (RNAPII) location and activity,

and nascent RNA N-6-adenosine methylation (m6A) profiling in

H1-TKO-deficient mESCs (triple knockout for the subtypes

H1c,H1d, andH1e). We found that reductions in histone H1 con-

tent resulted in the presence of thousands of cis-regulatory non-

coding transcripts bound to chromatin. These non-coding RNAs

(ncRNAs) were actively transcribed upon H1 deficiency,

anchored to chromatin through RNAPII complexes, and also dis-

played reduced levels of m6A. Remarkably, knockdown of the

m6A demethylases ALKBH5 and FTO, and the m6A reader

YTHDC1, rescues the replicative stress of H1-TKO cells. These

results indicate that an appropriate histone H1 content is

required to limit ncRNA accumulation on chromatin, likely by

both reducing RNAPII recruitment, leading to a decrease in their

transcription, and facilitating co-transcriptional m6A deposition,

which affects their stability. Our findings reveal an unexpected

role of histone H1 in regulating non-coding RNA turnover in chro-

matin and uncover a link between chromatin conformation and

RNA post-transcriptional modifications, with important implica-

tions for understanding genome functionality.

RESULTS

Reductions in histone H1 content lead to the
accumulation of non-coding transcripts on chromatin
A variety of models of H1 depletion in different systems showed

limited transcriptional alterations, comprising both up- and down-

regulation of specific sets of genes (Shen and Gorovsky, 1996;

Hashimoto et al., 2010; Vujatovic et al., 2012; Fan et al., 2005;

Sancho et al., 2008; Geeven et al., 2015; Izquierdo-Boulstridge

et al., 2017). To investigate themechanismbywhichH1deficiency

leads to transcription-dependent replicative stress we searched

for chromatin-enriched RNAs in H1-TKO mESCs, using the chro-

matin-enriched RNA sequencing (CheRNA-seq) approach

(Werner and Ruthenburg, 2015). This technique preferentially de-

tects RNAs bound to chromatin through RNA polymerase mole-

cules, thus enabling the analysis of partially processed transcripts,

as well as of structural RNAs (Figure 1A). The enrichment of chro-

matin-associated transcripts in CheRNA preparations was moni-

tored by checking the chromatin/nucleoplasm ratio for Kcnq1ot1

and Neat1, two non-coding RNAs that associate to chromatin

post-transcriptionally, relative to Klf16 and Nat8L, two normally

exported mRNAs (Werner and Ruthenburg, 2015) (Figure 1B). In-

clusion of a spike-in luciferase RNA allowed to assess potential

changes in the overall amount of chromatin-bound RNA between

preparations (Figure S1A). Normalized reads from triplicate exper-

iments fromwild-type (WT) or H1-TKOmESCs were used to build

a de novo transcriptome, and transcripts were classified in four

classes regarding their genome location and coding potential:
2 Cell Reports 40, 111329, September 13, 2022
(1) internal antisense RNAs (IAS), (2) long intergenic non-coding

RNAs (lncRNAs), (3) promoter upstream transcripts (PROMPTs),

and (4) codingRNAs (coding) (Figure S1B). CheRNA-seq analyses

revealed thousands of differentially expressed transcripts

comprising the four categories (fold change > 2 and adjusted

p < 0.01) (Figure 1C). Strikingly, all non-coding classes were upre-

gulated in H1-TKO cells (Figures 1D and 1E; blue, upregulated in

WT, and red, upregulated in TKO). In addition, intergenic reads not

statistically included in thedenovo transcriptomewerealso higher

in H1-TKO cells (Figures S1C and S1D). These findings indicate

that an appropriate histone H1 content is required to prevent the

accumulation of non-coding transcripts in chromatin.

Accumulated non-coding transcripts are regulatory
RNAs
Functional analysis of gene expression revealed the enrichment

of gene categories related to cell differentiation and develop-

ment among differentially abundant coding transcripts (Fig-

ure S2A). Consistently, the promoters of differential coding tran-

scripts were overrepresented in Polycomb features, like SUZ12

binding sites and H3K27 trimethylation (Figures S2B and S2C),

and mapped to Polycomb chromatin states as defined in Juan

et al. (2016) (Figure S2D). In agreement, upregulated genes in

histone H1-depleted cells were very lowly expressed in WT con-

ditions, and the histone mark composition of their promoter re-

gions was not significantly changed relative to downregulated

ones (Figures S2E and S2F). These findings agreed with earlier

work linking histone H1 with Polycomb complexes (Kim et al.,

2015), a connection that was not detected inmRNA preparations

(Geeven et al., 2015) likely due to the strong enrichment for low-

expressed and unstable RNAs in the CheRNA samples.

Chromatin-associated non-coding RNAs frequently have cis-

regulatory functions (Werner et al., 2017; Gil and Ulitsky, 2020).

To evaluate whether the lncRNAs unveiled in mESCs upon a

reduction in histone H1 levels were indeed enhancing the activity

of neighboring promoters, we first calculated the expression

levels of coding genes relative to their distance to a differentially

expressed lncRNA (Werner and Ruthenburg, 2015; Werner et al.,

2017) (Figure 2A). This analysis showed that the closer to a

lncRNA, the higher the transcriptional activity of a gene. Consis-

tent with this, a large fraction of upregulated non-coding tran-

scripts were generated from enhancer-like chromatin regions

(Figure 2B), and displayed enrichment in H3K4me1 around their

transcription start sites (TSSs) (Figure 2C). Likewise, lncRNAs

with differential enrichment in H1-TKO cells were preferentially

located in cis of genes functionally involved in development

and RNAPII transcription (Figure 2D). A deeper analysis of this

last group revealed that it comprised key transcription factors

involved in cell differentiation, including the pluripotency factors

Nanog, Sox2, Pou5f (Oct3/4), and c-Myc. In all cases, the

lncRNAs TSSs mapped at the superenhancer (SE) regions that

regulate the transcription of these genes in embryonic stem cells

(Li et al., 2014; Blinka et al., 2016; Liao et al., 2013) (Figure 2E).

We subsequently examined the dbSUPER database and found

that, out of the 231 annotated SE in mESCs (Khan and Zhang,

2016), 227 matched an assembled lncRNA. Thus, the chro-

matin-associated lncRNAs unmasked when histone H1 levels

are reduced fulfill the requirements of regulatory RNAs. As the
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Figure 1. Histone H1-deficient cells specif-

ically accumulate non-coding transcripts

on chromatin

(A) Schematics of CheRNA purification and

representative example of chromatin and nucle-

oplasmic RNA fractions run in a non-denaturing

1% agarose gel. M, 1 kb ladder.

(B) Ratio between chromatin and nucleoplasmic

levels for the indicated RNAs: Kncq1ot1 and

Neat1 lncRNAs associate to chromatin post-

transcriptionally (Werner and Ruthenburg, 2015),

whereas Klf16 and Nat8L mRNAs do not. Quan-

titative real-time PCR data represent the mean

and SD of three biological replicates of WT and

H1-TKO mES cell preparations. Blue, WT cells;

red, H1-TKO cells. Primer sequences are listed in

Table S1.

(C) Volcano plot showing the log2(fold change)

and the �log(p value) for the indicated CheRNA

classes between WT and H1-TKO cells: internal

antisense (IAS), lncRNAs, promoter upstream

transcripts (PROMPTs), and coding RNAs. See

Figure S1 for transcript classification.

(D) Number of differentially expressed transcripts

between WT and H1-TKO cells for each CheRNA

category. Blue, overexpressed in WT; red, over-

expressed in H1-TKO cells.

(E) Representative IGV browser snapshots of

transcripts specifically accumulated in the chro-

matin of H1-TKO cells. Upper panel: IAS for the

Galnt10 gene. Lower panel: several lncRNAs

adjacent to the silent Lgi1 gene.
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functional terms of the differential lncRNA-neighbor genes were

similar to the set of differentially expressed coding genes (Fig-

ure S2A), we checked whether the accumulation of non-coding

transcripts in H1-TKO chromatin was altering the expression of

the proximal coding gene. We found that the fold change be-

tween lncRNA expression and that of its neighbor coding gene

was correlated for downregulated, but not for upregulated

lncRNAs (Figures 2F and S2G). In the examples shown in Fig-

ure 2E, Nanog, Sox2, and Pouf5 SE-derived lncRNAs are upre-

gulated in H1-TKO cells, while their corresponding mRNAs are

unchanged. On the contrary,Myc gene, as well as its SE-derived

lncRNA are downregulated in H1-TKO cells. A similar trend was

detected for IAS and PROMPTs, despite their lower numbers

(Figures S2H and S2I). Collectively, these data suggest that his-

tone H1 is a repressor of (silent) regulatory lncRNAs which, in its

absence, accumulate in chromatin likely contributing to the repli-

cative phenotype.
Cell R
Depleting histone H1 levels in
human cells triggers non-coding
transcript accumulation in
chromatin and transcription-
dependent replicative stress
To confirm that the accumulation of non-

coding transcripts in chromatin was

consequence of histone H1 depletion,

rather than an indirect effect related to

the lack of differentiation potential of
H1-TKO mESCs (Zhang et al., 2012), we next analyzed the tran-

scriptional status of human differentiated cells knocked down for

histone H1 (Izquierdo-Boulstridge et al., 2017). We applied the

same computational pipeline designed for CheRNA-seq data

to re-analyze published total RNA sequencing (RNA-seq) data

from breast cancer T47D cells upon doxycycline-induced

knockdown for the subtypes H1.2 and H1.4 (shMultiH1, human

homologues of the murine H1c and H1e, respectively) (Fig-

ure S3A; Izquierdo-Boulstridge et al., 2017). Despite the reduced

representation of non-coding transcripts in total RNA prepara-

tions relative to chromatin-RNA preparations, lncRNA transcrip-

tion was enhanced upon induction of histone H1 silencing (Fig-

ure 3A). We confirmed that lncRNAs were enriched in CheRNA

preparations relative to nucleoplasm (Figure 3B, brown bars),

and that their genomic loci were marked by H3H4me1 (Fig-

ure S3B, left panel). In addition, the chromatin accumulation of

differential lncRNAs increased upon histone H1 depletion
eports 40, 111329, September 13, 2022 3
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Figure 2. Accumulated non-coding transcripts are cis-regulatory RNAs

(A) Distribution of log(RPKMs) of coding genes located at the distances shown of a lncRNA. Blue, WT cells; red, H1-TKO cells. Statistical differences between cell

types are noted above (Mann-Whitney test).

(B) Percentage of lncRNAs whose TSS matches each of the chromatin states shown. The percentage was compared with the expected one obtained from 100

random permutations of the differential transcripts, and the p value was calculated. *p < 0.01. Chromatin states are from Juan et al. (2016).

(legend continued on next page)
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Figure 3. lncRNA overexpression and tran-

scription-dependent replicative stress upon

inducible knockdown of histone H1 in human

cells

(A) Volcano plot showing the log2(fold change) and

the �log(p value) for each transcript in shMultiH1

T47D Dox+ cells relative to Dox� cells. The number

of differential expressed transcripts for each category

is shown below. Total RNA-seq data are from Iz-

quierdo-Boulstridge et al. (2017).

(B) Chromatin/nucleoplasm enrichment of 6 lncRNAs

in T47D shMultiH1 ± Dox. Quantitative real-time PCR

data represent mean and SD of four independent

RNA preparations, expressed as ratio relative to

nucleoplasm (Dox�) (n = 4). Primer sequences are

listed in Table S2.

(C) Representative example of DNA fibers from Dox�
and Dox+ shMultiH1 cells labeled sequentially for

20min with CldU (red) and IdU (green) in conditions of

active (�DRB) or blocked (+DRB) transcription elon-

gation used to estimate fork rates and fork asym-

metries. Scale bar, 5 mm.

(D and E) Measure of DNA replication fork rate

(D), and fork asymmetry (E), in Dox� and Dox+

shMultiH1 cells untreated (�DRB) or treated for 3 h

with DRB (+DRB). Median values are indicated. Data

shown are pooled from two independent experi-

ments. Statistical differences between distributions

were assessed with the Mann-Whitney rank-sum

test.
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(Figure 3B, light brown bars), as well as the local levels of

H3H4me3 (Figure S3B).

We then asked whether this short-term histone H1 depletion

also recapitulate the replicative stress we described for H1-

TKO mESCs (Almeida et al., 2018). DNA fiber analysis showed

significant decreases in fork rate and increases in fork asymme-

try upon H1 reduction (Figures 3C–3E, light brown bars). Most
(C) Profile of CheRNA-seq and ChIP-seq signal of the indicated histone marks plotted in 4 kb window

shown. H3K4me1 WT and TKO signals were multiplied by a scale factor of 2 to facilitate visualization in

(2015).

(D) Gene Ontology (GO)-term enrichment analysis of the set of genes proximal to a differential lncRNA. The

The size and color of the dots match the number of enriched genes and the adjusted p value, respective

(E) IGV browser snapshots of lncRNAs derived from the annotated enhancers regulating Nanog and Sox2

panel). Note that in the case ofMyc, there is a parallel downregulation of the gene and the lncRNA derived

examples there is an upregulation of the SE-derived lncRNAs with no change in the expression levels of

(F) Heatmap showing the expression fold changes of upregulated or downregulated lncRNAs and the ne

See also Figure S2.

Ce
importantly, the replicative phenotypes

were transcription dependent, as both

were readily reverted when inhibiting

RNAPII elongation activity by 5,6-dichloro-

benzimidazole1-b-D-ribofuranoside (DRB)

treatment. The elevated DNA damage

signaling of these cells was concomitantly

reduced by transcription inhibition (Iz-

quierdo-Boulstridge et al., 2017; Fig-

ure S3C). Altogether, these results indicate

that reducing histone H1 content in human

differentiated cells increases transcription-
dependent replicative stress that might be mediated by

enhanced non-coding RNA chromatin association.

Accumulated transcripts are tethered to chromatin by
RNAPII and can form R-loops
To address how ncRNAs are transcribed upon H1 deficiency, we

next investigated RNAPII genomic occupancies. We performed
s surrounding the TSS of the lncRNA’s categories is

a single plot. ChIP-seq data are from Geeven et al.

observed/expected ratio is represented in the X axis.

ly.

(upper panel) and Pou5f (Oct4) andMyc genes (lower

from the SE in H1-TKO cells, while for the other three

their corresponding coding genes.

ighboring coding gene.

ll Reports 40, 111329, September 13, 2022 5
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Figure 4. Accumulated transcripts are transcribed at high rates and tethered to chromatin by RNAPII

(A) Metaplots of RNAPII-seq andCheRNA-seq spike-in normalized signals at the indicated transcript categories inWT andH1-TKO cells, plotted in a 4 kbwindow

around the TSS. Note that the TSS position at IAS refers to the antisense strand of the coding gene. RNAPII WT and TKO signals were multiplied by a scale factor

of 1:2, to facilitate visualization in a single plot. See Figures S4A–S4F for further details on RNAPII ChIP-seq data.

(B) Relationship between chromatin abundance fold changes (CheR-seq) and transcriptional rate fold changes (TT-seq) at the indicated transcript categories.

See also Figure S4G.

(legend continued on next page)
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chromatin immunoprecipitation sequencing (ChIP-seq) using

human chromatin as a spike-in control to detect quantitative dif-

ferences in chromatin-bound RNAPII between cell types (see

STAR Methods) and found a 12% increase in RNAPII in H1-

TKO chromatin (Figure S4A; quality controls for RNAPII ChIP-

seq data are shown in Figures S4B–S4D). However limited, this

excess in RNAPII complexes was not uniformly distributed

through the genome but specifically located around the TSS of

accumulated transcripts in H1-TKO chromatin (Figures S4E

and S4F). Changes in the levels of coding transcripts, lncRNAs

and IAS were accompanied by parallel changes in the levels of

RNAPII at their TSS in either cell type (Figure 4A). Moreover, pro-

moter-proximal regions of lncRNAs and IAS upregulated in

H1-TKO cells recruited almost as much RNAPII as some coding

promoters (Figure 4A, lower panels). To ensure that differential

transcripts anchored to chromatin by RNAPII complexes were

actively transcribed, we conducted nascent transcriptome

sequencing assays (TT-seq; Schwalb et al., 2016). We found a

positive correlation between RNA synthesis rates and chromatin

transcript abundances for all RNA classes, indicating that the

residence time of nascent transcripts on chromatin is related

to their production (Figures 4B and 4C). In agreement with this,

changes in nascent expression between cell types correlated

with RNAPII gains in H1-TKO cells, both for coding and lncRNAs

(Figure S4G). To further investigate the transcription dynamics of

CheRNAs, we next compared the RNAPII pausing index of the

various transcript classes. We found that lncRNAs in general dis-

played lower pausing indexes than coding RNAs and that upre-

gulated coding RNAs have decreased RNAPII pausing (Fig-

ure 4D). Interestingly, RNAPII pausing at upregulated lncRNAs

was significantly higher in H1-TKO cells than in WT cells (Fig-

ure 4D, insets). These analyses support the idea that reductions

in histone H1 levels in chromatin results in increased recruitment

of RNAPII molecules engaged in active transcription, a fraction of

which can be paused at TSS of lncRNAs, altogether potentially

impeding the advance of moving replication forks.

Transcripts that remain longer in the transcription bubble

can give rise to RNA:RNA hybrid structures (R-loops), a poten-

tial source of replication-transcription conflicts in mammalian

cells (reviewed by Garcı́a-Muse and Aguilera, 2019). We have

previously shown that R-loops accumulate in H1-TKO cells

and that transient overexpression of RNAseH partially

restored the slow fork progression phenotype (Almeida et al.,

2018). To investigate R-loop formation at CheRNA loci, we per-

formed MapR, a technique that takes advantage of a catalytic

deficient mutant of RNaseH fused to micrococcal nuclease to

release and sequence DNA regions containing R-loop struc-

tures (Figures S5A and S5B) (Yan et al., 2019). As previously re-

ported, MapR preferentially detects R-loop enrichments at TSS

of active genes (Figure S5C) (Yan et al., 2019). Accordingly,

R-loop levels paralleled CheRNA levels at all transcript cate-

gories (Figures 4E and S5D), confirming that R-loop formation
(C) Heatmap representation of CheRNA-seq and TT-seq fold changes between

(D) Cumulative distribution and boxplots (inside) of RNAPII pausing index at the in

by a Mann-Whitney U test.

(E)Metaplots ofMapR normalized signal at the indicated transcript categories inW

details of R-loop abundance determination by MapR.
is increased in histone H1-depleted chromatin likely contrib-

uting to the replicative phenotype.

Chromatin-associated transcripts have reduced levels
of m6A modification
Chromatin-associated regulatory RNAs, including PROMPTs

and enhancer RNAs, aremarked bym6Amodification, which de-

stabilizes their levels in chromatin (Liu et al., 2020). Thus, to iden-

tify specific features of lncRNA transcripts repressed by H1, we

first focused on m6A. This modification is co-transcriptionally

deposited on RNAPII transcripts by theMETTL3/METTL14writer

complex and read by YTH domain-containing proteins (Zaccara

et al., 2019). Intriguingly, several members of the writer complex

accessory proteins, as well as the m6A nuclear reader YTHDC1,

have been identified as high-confidence interactors of multiple

histone H1 subtypes in human cells by proteomics approaches

(Zhanget al., 2016).Wehypothesized that non-coding transcripts

in H1-TKOcellsmight accumulate in chromatin due not only to an

increased transcription (Figure 4) but also to alterations in m6A

modification. In agreement with this idea, global m6A levels

were decreased on CheRNA preparations in H1-TKO cells rela-

tive to their WT counterparts (Figure 5A). To confirm these find-

ings and to determinem6A changes at specific transcript classes

we coupled CheRNA purification with m6A immunoprecipitation

and sequencing (ChMeRIP-seq), using an in vitro methylated

RNA as spike-in control (see STAR Methods). ChMeRIP reads

distribution across gene bodies recapitulated the TSS- and

stop codon-proximal accumulation reported by m6A immuno-

precipitation and sequencing (MeRIP-seq) from total RNA in

mESCs (Liu et al., 2020, 2021; Xu et al., 2021) (Figures S6A and

S6B). It also detectsm6A enrichments at characterized lncRNAs,

as exemplified byMalat1 orNeat1 loci (Patil et al., 2016; Liu et al.,

2021) (Figure S6C). As anticipated from the global m6A CheRNA

measurements, ChMeRIP-seq analyses revealed significantly

reduced levels of methylation in H1-TKO cells for both coding

and non-coding transcripts (Figures 5B and S6A). Of note,

lncRNAs displayed higher m6A levels than coding RNAs in WT

mESCs chromatin (Figure 5B), a finding that is suggestive of

distinct post-transcriptional regulation dynamics for non-coding

transcripts. Interestingly,m6A losses inH1-TKOcellswere signif-

icantly higher at lncRNAs, specifically at the upregulated lncRNA

category (Figure 5C; representative examples in Figure 5D),

which consistently harbors higher binding densities of the m6A

catalytic subunitMETTL3 at their promoter regions inWTmESCs

(Figure S6D; data from Xu et al., 2021). m6A deposition was not

qualitatively different between cell types, as exemplified by the

ChMeRIP profiles at the previously defined m6A peaks of the

genes Ythdc1 or Spen (Figure S6B) or at the lncRNAs Malat1 or

Neat1 (Figure S6C) (Wei et al., 2021). None of these transcripts

were differentially abundant onH1-TKOchromatin, andquantita-

tive assessment of m6A abundances at these defined peaks

showed either a gain or no change in histone H1-depleted cells
H1-TKO/WT conditions at differential transcripts.

dicated transcript categories inWT and H1-TKO cells. p values were calculated

T andH1-TKO cells, plotted in a 4 kbwindow around the TSS. See Figure S5 for

Cell Reports 40, 111329, September 13, 2022 7
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Figure 5. Accumulated lncRNAs in H1-TKO cells have reduced levels of m6A modification

(A) Dot-blot quantification of m6A levels on 300 ng rRNA-depleted or 5 mg total CheRNA preparations fromWT and H1-TKO cells. n = 3 biological replicates, error

bars indicate means ± SD. p values are shown (one-sample t test).

(B) ChMeRIP RPKMs for coding and non-coding transcripts, normalized by the RPKMs in the CheRNA input. p values are shown on top (Mann-Whitney U test).

See also Figure S6.

(C) Plots showing the ratios of normalized ChMeRIP read counts relative to input between H1-TKO and WT cells (log2 H1-TKO/WT) at the indicated transcript

categories. p values for the comparisons are shown on top (one-sample Wilcoxon rank-sum test).

(D) Representative IGV screenshots showing normalized reads from ChMeRIP-seq and the corresponding CheRNA-seq inputs of two differentially abundant

lncRNAs in WT and H1-TKO cells.

(E) m6A levels of 9 upregulated lncRNAs quantified through normalizing ChMeRIP qPCR results with spike-in betweenWT and H1-TKO cells. Data from two non-

differential coding and lncRNAs with defined m6A peaks are also shown on the right. The IGV tracks of ChMeRIP reads of these m6A-modified transcripts are

shown in Figures S6B and S6C. n = 2 biological replicates; error bars indicate means ± SD. Upregulated lncRNAs are named relative to the location to the nearest

coding gene. Primer sequences are listed in Table S1.

(F) ChMeRIP ratios between H1-TKO and WT cells across 5 quantiles of increasing chromatin transcript levels for coding (upper plot) or lncRNA (lower plot).

CheRNA RKPMs are from WT cells.

(G) Same as in (F) across 5 quantiles of increasing histone H1 levels at ±2 kb of the TSS. H1 ChIPseq data in WT cells are from Cao et al. (2013). In all cases

boxplots denote the medians and the interquantile ranges, and the whiskers represent the 10th and 90th percentiles.
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Figure 6. Impairing m6A demethylase activity in H1-TKO cells decreases lncRNA abundance on chromatin and rescues the speed of

replication forks

(A) Simplified scheme of the m6A modification pathway.

(B) Quantitative real-time PCRmRNA silencing levels of Alkbh5, Fto,Mettl3, and Ythdc1 24 h after cellular transfection with the indicated specific siRNAs. mRNA

levels were normalized to HprtmRNA levels at each condition. Data show the median ± SD of two independent replicates (n = 2). Primer sequences are listed in

Table S1 and siRNA sequences in Table S3.

(C) Replication fork rates of WT and H1-TKO cells transfected with the indicated siRNAs. Median values are indicated. Data shown are pooled from two inde-

pendent experiments (n > 410). Statistical differences between distributions were assessed with the Mann-Whitney rank-sum test. See also Figure S7.

(D) Representative RNAPII-S2P + PCNA PLA images and quantification of PLA foci per cell in WT and H1-TKO cells. PLA foci are represented as boxplots (n = 2),

where the center line indicates the median and the boxes and whiskers indicate 25th to 75th and 10th to 90th percentiles, respectively. Foci numbers per cell

below and above the whiskers are drawn as individual points (Mann-Whitney U test). Scale bar, 10 mM. PLA controls are shown in Figure S7F.

(E) Same as in (D) in cells transfected with the indicated siRNAs (n = 2). Median values are indicated. More than 300 cells/condition were quantified.
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(intriguingly, themRNAencoding for the transcriptional repressor

SPEN was markedly less methylated in H1-deficient cells)

(Figure 5E). In contrast, all upregulated lncRNAs tested displayed

reductions in m6A levels to various extents in H1-TKO cells, indi-

cating that m6A losses are a hallmark of chromatin accumulated

lncRNAs. To characterize the transcripts mostly affected bym6A

loss, we sorted them by nascent RNA abundances and histone

H1 promoter-proximal occupancies in WT cells. We found that
maximal reductions inm6A levels correlatedwith lower transcript

expression and higher histone H1 occupancy in WT cells

(Figures 5F and 5G). As noted before, these associations were

stronger for non-coding transcripts (Figures 5F and 5G, lower

panels), albeit also occur at coding RNAs (Figures 5F and 5G,

upper panels). Altogether, these results provide evidence

supporting a connection between histone H1 and m6A levels of

chromatin-associated lncRNAs.
Cell Reports 40, 111329, September 13, 2022 9



Figure 7. Cartoon representing the impact

of histone H1 levels on ncRNA turnover on

chromatin

Under physiological H1 levels, transcription of

ncRNAs is reduced and those ncRNAs that remain

present display high levels of m6A methylation.

Upon H1 depletion, there is an increased recruit-

ment of RNAPII complexes driving transcription of

ncRNAs. These nascent ncRNAs, in addition, have

reduced levels of m6A modification, which causes

their stabilization on chromatin, generating con-

flicts with incoming DNA replication forks.
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To sustain these findings further, we next examined m6A and

chromatin RNA abundances of H1-TKO differentially expressed

RNAs in mESCs depleted of METTL3 (Mettl3-KO) (Liu et al.,

2020). As expected, m6A levels were reduced inMettl3-KO cells,

irrespectively of the transcript category analyzed (Figure S6E,

empty bars). Notably, we identified a positive correlation be-

tween expression alterations in both mutant scenarios: up or

downregulated lncRNAs in H1-TKO cells were also up- or down-

regulated inMettl3-KO cells (Figure S6F, empty bars). These ob-

servations suggest that, while affecting similarly all types of tran-

scripts, reduced m6A levels specifically stabilize non-coding

transcripts that are retained in chromatin in histone H1-depleted

cells. Similar analyses in cells depleted of the m6A nuclear

reader YTHDC1 revealed that RNA abundances were negatively

correlated in all cases between histone H1- or METTL3-depleted

and YTHDC1-depleted cells (Figure S6F, gray bars), suggesting

that YTHDC1 is implicated in the differential stability of these

non-coding transcripts.

Reduced methylation of lncRNAs alters their chromatin
turnover, triggering replication-transcription conflicts
Taken together, these analyses indicate that reductions in his-

tone H1 levels results in the altered turnover of non-coding tran-

scripts in chromatin in a m6A-dependent manner. This interpre-

tation makes the prediction that increasing m6A levels in

H1-TKO cells will destabilize non-coding transcripts in chro-

matin, thus alleviating the replicative stress phenotype (Fig-

ure 6A). To test this prediction we first used reversible short inter-

fering RNA (siRNA) to deplete the m6A erasers, ALKBH5 and

FTO (Figure 6B, first and second panels). Then, we analyzed

replication dynamics by fiber stretching. Interestingly, the deple-

tion of either demethylase restored the replication fork speed of

H1-TKO cells toward WT levels (Figure 6C, first and second

panels). Analogous effects were observed by a combined deple-

tion of both demethylases (Figures S7A and S7B), or by exposing

the cells to the alpha-ketoglutarate dependent demethylases in-

hibitor R-2-hydroxyglutarate (R2-HG) in conditions in which

overall DNA synthesis was not detectably altered (Figures S7C
10 Cell Reports 40, 111329, September 13, 2022
and S7D). To ensure that CheRNA upre-

gulation was still occurring upon

ALKBH5/FTO inhibition we quantified

the chromatin/nucleoplasm ratio of

several lncRNAs in H1-TKO cells after

R2-HG treatment (Figure S7E). Notably,
the reversal of the replicative phenotype occurs despite of high

levels of lncRNAs on chromatin, suggesting that the relative

decrease in m6Amodification is the main contributor of the repli-

cative impairment of these cells. This interpretation was

confirmed by knocking down the m6A writer METTL3, resulting

in slow elongating forks in WT mESCs, without further aggra-

vating the H1-TKO replicative phenotype (Figures 6B and 6C,

third panels). Thus, METTL3 seems to function in the same

pathway as histone H1 to regulate m6A levels on chromatin-

associated lncRNAs. Intriguingly, replication fork speeds in H1-

TKOwere also fully restored upon knockdown of them6A reader

YTHDC1 (Figure 6C, fourth panel), even though its expression

was only decreased by 30% in H1-TKO cells (Figure 6B, fourth

panel). Altogether, these results imply a requirement for appro-

priate m6A levels and a role of YTHDC1 on chromatin-bound

lncRNAs to allow smooth replication fork progression.

Finally, to evaluate the function of m6A modification on

lncRNAs in genome performance, we investigated replication-

transcription conflicts by proximity ligation assay (PLA) between

the elongating form of RNAPII phosphorylated at Ser2 (RNAPII-

S2P) and PCNA, a key component of the replisome. Nuclear

PLA foci were clearly higher in H1-TKO cells, strengthening the

conclusion that the replicative stress of histone H1-depleted

cells was due to replication-transcription clashes (Figures 6D

and S7F). In concordance with the recovery of fork velocities,

FTO or YTHDC1 depletion, but not METTL3 depletion, signifi-

cantly decreased PLA foci in H1-TKO cells (Figure 6E). We

conclude that histone H1 and m6A installation at lncRNAs pre-

vent replication-transcription conflicts.

DISCUSSION

In all organisms studied, reductions in H1 levels do not cause

global upregulation of transcription but rather affect a reduced

set of genes (Shen and Gorovsky, 1996; Hellauer et al., 2001;

Fan et al., 2005; Sancho et al., 2008; Hashimoto et al., 2010; Vu-

jatovic et al., 2012; Geeven et al., 2015). By examining nascent

transcription and RNAPII occupancies in WT and H1-TKO mES
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cells we expanded these findings to around 1,300 upregulated

and 1,600 downregulated genes, mostly implicated in cell differ-

entiation and development. Altered H1 content likely affects

RNAPII recruitment at those TSS sites directly, as the chromatin

architecture of the promoter-proximal region of differentially ex-

pressed genes was not significantly changed. We further show

that H1 depletion allowed increased recruitment of RNAPII com-

plexes driving transcription of thousands of non-coding RNAs

derived by superenhancers of neighboring coding genes, 75%

of which were not previously annotated in the mouse genome

(ENSEMBL non-coding transcriptome). Strikingly, we found

that lncRNAs harbor reduced levels of m6A modification,

causing their stabilization on chromatin and thus generating con-

flicts with advancing replication forks (Figure 7). We conclude

that histone H1 has a fundamental role in controlling the potential

toxic effects of excessive levels of chromatin-associated

ncRNAs. These findings are relevant as they uncover a link be-

tween an essential component of chromatin and the m6A non-

coding regulatory axis, with important implications for genome

integrity.

Although m6A modification is best studied for coding RNAs,

m6A profiling studies (Patil et al., 2016) have shown that it is

also present in lncRNAs (Meyer et al., 2012). Methylation of

XIST lncRNA contributes to its transcriptional repression effects

through the recruitment of the nuclear m6A binding protein

YTHDC1 (Patil et al., 2016), although the extent of its contribution

to XIST-mediated chromosomal silencing remains controversial

(Nesterova et al., 2019). The question of howm6Amodification is

selectively directed to specific RNAs is not yet clear. It has been

proposed that the RNA-binding proteins RBM15 and RBM15B,

that associate with the WTAP-METTL3/14 complex, enable the

binding of the m6A writer complex to multiple RNAs, including

XIST (Patil et al., 2016). In a similar fashion, the components of

the WTAP complex VIRMA (virilizer homolog), WTAP (Wilms tu-

mor associated protein), ZC3H13, and CBLL1/Hakai, all of which

interact with histone H1 (Zhang et al., 2016), are putative candi-

dates to mediate substrate RNA specificity. Because reductions

in m6A levels correlate positively with histone H1 occupancy in

WT cells, we speculate that the presence of H1 at lncRNAs loci

will abrogate RNAPII recruitment at their TSS sites, and also

facilitate co-transcriptional m6A deposition, thus ensuring

appropriate non-coding transcript turnover. Indeed, m6A-RNA

turnover dynamics is executed by reader proteins, and several

mechanisms have been proposed depending on the type of

RNA and the cellular context (Roundtree et al., 2017; Ries

et al., 2019). Conditional knockout of YTHDC1 in mESCs en-

hances the stability of repeat RNAs transcribed by transposons

(Liu et al., 2020), and initiates cellular reprogramming to a 2C-like

state (Liu et al., 2021). On the other hand, YTHDC1-m6A RNAs

can form phase-separated nuclear condensates that maintain

mRNA stability suppressing myeloid leukemic differentiation

(Cheng et al., 2021). The intriguing finding that YTHDC1 deple-

tion in H1-TKO cells rescues the replicative phenotype similarly

to ALKBH5/FTO depletion suggests that YTHDC1 is required

for the stability of lncRNAs even when m6A levels are impaired.

This is in agreement with a recent preprint showing that YTHDC1

mediates the chromatin association and gene expression effects

of HOTAIR lncRNA regardless of the ablation of its major m6A
site (Porman et al., 2020). The authors propose that differential

affinities of YTHDC1 for distinct m6A sites might mediate the

functionally diverse and context dependent effects observed

even for a single lncRNA. Further experiments are required to

determine both the mechanisms of H1-mediated m6A deposi-

tion and m6A-mediated fate at individual lncRNAs.

Our work highlights yet another example of the multi-faceted

functions of histone H1 beyond chromatin architecture. We

propose that histone H1 functions as a regulator of lncRNA

metabolism. These findings add onto the hypothesis that the

multi-functionality of linker histones can be explained through

H1-protein interactions that directly regulate recruitment of pro-

teins to chromatin (Hergeth and Schneider, 2015; Kalashnikova

et al., 2016). The adaptability of the intrinsically disordered N-

and C-terminal domains of H1 likely facilitates the wide range

of specific protein-protein interactions reported (Kalashnikova

et al., 2013; Szerlong et al., 2015; Zhang et al., 2016). Accord-

ingly, the disordered terminal domains acquire secondary

structure when bound to DNA (Roque et al., 2005), nucleo-

somes (Lu and Hansen, 2004; Fang et al., 2012), and possibly

other proteins. Recent studies addressing histone H1 distribu-

tion in the three-dimensional nucleus showed that, in differenti-

ated cells, local H1 density regulates the degree of chromatin

compaction through maintaining a condensed and spatially

distinct chromatin B compartment (Serna-Pujol et al., 2020;

Willcockson et al., 2021). In line with this, decompaction of

three-dimensional chromatin has been proposed as the domi-

nant effect of H1 loss of function occurring in B cell lymphomas

(Yusufova et al., 2021). Given the implication of histone H1 in

lncRNA modification and chromatin retention unveiled here, it

is tempting to speculate that some of the defects associated

with diseases carrying histone H1 missense mutations, such

as certain cancers or Rahman syndrome (Landau et al., 2015;

Reddy et al., 2017; Ciolfi et al., 2020), could be mediated by

lncRNAs altering the maintenance of proper chromatin

compartmentalization, or nuclear bodies formation (Saitoh

et al., 2004; Xiao et al., 2016).

In conclusion, our work emphasizes the crucial role of histone

H1 as a transcriptional regulator, whose full characterization

awaits multiple studies in the coming years. As anticipated by

A. P. Wolffe, ‘‘understanding the molecular mechanisms by

which histone H1 exerts its functions might uncover new ways

to manipulate gene expression’’ (Wolffe, 1997).

Limitations of the study
Even though our work shows that histone H1 and METTL3 func-

tion on the same pathway to regulate m6A levels on nascent

ncRNAs, we cannot exclude the possibility that the increased

rates of transcription occurring in the absence of H1 might also

contribute to less efficient co-transcriptional m6A deposition.

The molecular details linking histone H1, m6A writers, down-

stream effectors of m6A modification and ncRNA removal from

chromatin remain to be elucidated. We propose that YTHDC1

protects ncRNAs from degradation, regardless of their m6A

levels, through a process that might involve nuclear bodies for-

mation and surely requires further investigation.

Because the stability of R-loop structures is regulated by the

m6A modification of the RNA component (Abakir et al., 2020),
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we cannot discard that the reduced levels of m6A in H1-depleted

cells will also increase R-loops levels on chromatin, contributing

to the elevated rates of replication-transcription conflicts

observed in these cells.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell lines

d METHOD DETAILS

B Cell culture, siRNA transfection, and drug treatments

B Flow cytometry

B Chromatin enriched RNA (CheRNA) sequencing

B DNA fiber stretching

B Immunofluorescence

B Chromatin immunoprecipitation and quantitative real

time PCR (ChIP-qPCR)

B Retrotranscription and quantitative real-time PCR

B RNAPII chromatin immunoprecipitation sequencing

(ChIP-seq)

B Transient transcription sequencing (TTseq)

B CheRNA m6A-RNA immunoprecipitation (meRIP-seq)

B MapR

B m6A quantification by dot-blot

B Proximity ligation assays

B CheRNA-seq analysis

B Histone H1 knock-down RNA-seq analysis

B RNAP II ChIP-seq analysis

B MapR analysis

B ChMeRIP-seq analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2022.111329.

ACKNOWLEDGMENTS

We are indebted to Arthur Skoultchi and Encarna Martı́nez-Salas for reagents

and advice, Ana Losada and Ana Cuadrado for help with RNAPII-ChIP, Luci-

ana Gómez-Acuña for help on TT-seq, Sandra Benavente for advice in m6A-

IP and FTO inhibition, and César Cobaleda for support on computational anal-

ysis. We are grateful to the SMOC and Genomic Services at CBMSO and Pepe

Belio for art work.We also thankWendy Bickmore, AndrewWood, and Andrew

Jackson for continuous support during M.G.’s sabbatical stay at the HGU and

Ferran Azorı́n, Jordi Bernues, Victor Corces, Crisanto Gutierrez, and members

of M.G. lab for critical reading of themanuscript. Work at theM.G. lab was sup-

ported by the SpanishMinistry of Sciences and Innovation (BFU2016-78849-P

and PID2019-105949GB-I00, co-financed by the European Union FEDER

funds), a CSIC grant (2019AEP004), and a Salvador de Madariaga mobility

grant (PRX19/00293). J.M.F.-J., C.S.-M., and J.I.-A. were supported by the

Spanish Ministry of Sciences and Innovation fellowships (BES-2014-070050,
12 Cell Reports 40, 111329, September 13, 2022
BES-2017-079897, and PRE2020-095071, respectively); S.M.-V. was sup-

ported by a predoctoral fellowship from the Spanish Ministry of Education

and Universities (FPU18/04794); and M.S.-P. was supported by an AGAUR-

FI predoctoral fellowship co-financed by Generalitat de Catalunya and the Eu-

ropean Social Fund. A.J. was supported by the Spanish Ministry of Sciences

and Innovation (BFU2017-82805-C2-1-P and PID2020-112783GB-C21) and

J.F.C. by core funding to the MRC Human Genetics Unit from the Medical

Research Council (UK).

AUTHOR CONTRIBUTIONS

J.M.F.-J., C.S.-M., S.M.-V., S.R., A.F.-L., M.S.-P., and J.I.-A. performed ex-

periments. J.M.F.-J. performed all computational analyses. J.M.F.-J.,

C.S.-M., and M.G. designed and analyzed the experiments. M.M.M. contrib-

uted to the TT-seq experimental design and analysis. M.G. conceived the proj-

ect, analyzed experiments, and wrote the article. M.G., A.J., and J.F.C.

secured the funding. All authors analyzed the data, discussed the results,

and approved the final version of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 7, 2022

Revised: July 4, 2022

Accepted: August 17, 2022

Published: September 13, 2022

REFERENCES

Abakir, A., Giles, T.C., Cristini, A., Foster, J.M., Dai, N., Starczak, M., Rubio-

Roldan, A., Li, M., Eleftheriou, M., Crutchley, J., et al. (2020). N6-methyladeno-

sine regulates the stability of RNA:DNA hybrids in human cells. Nat. Genet. 52,

48–55.

Almeida, R., Fernández-Justel, J.M., Santa-Marı́a, C., Cadoret, J.C., Cano-

Aroca, L., Lombraña, R., Herranz, G., Agresti, A., and Gómez, M. (2018). Chro-
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Antibodies

Rat monoclonal anti-CldU Abcam Catab6326; RRID:AB_305426

Mouse monoclonal IgG1 anti-IdU BD Biosciences 347580; RRID:AB_10015219

Mouse monoclonal IgG2a anti-ssDNA Millipore MAB3034; RRID:AB_94645

Anti-rat IgG Alexa-Fluor 594 ThermoFisher A-11007; RRID:AB_10561522

Anti-mouse IgG1 Alexa-Fluor 488 ThermoFisher A-21121; RRID:AB_2535764

Anti-mouse IgG2a Alexa-Fluor 647 ThermoFisher A-21241; RRID:AB_2535810

Mouse monoclonal anti-gH2AX (Ser139) Millipore 05-636; RRID:AB_309864

Anti-mouse Alexa-Fluor 488 ThermoFisher A-21202; RRID:AB_141607

Mouse monoclonal anti-RNAPII Millipore 05-623; RRID:AB_309852

Rabbit polyclonal anti-m6A Synaptic Systems 202003; RRID:AB_2279214

Anti-H3K4me3 Abcam ab8580; RRID:AB_306649

Anti-H3K4me1 Abcam ab8895; RRID:AB_306847

Rabbit IgG Millipore 12-370; RRID:AB_145841

Mouse monoclonal IgG2a anti-PCNA

(PC10)

Santa Cruz sc-56; RRID:AB_628110

Rabbit polyclonal anti-phospho RNAPII

(Ser2)

Bethyl lab A300-654A; RRID:AB_519341

Chemicals, peptides, and recombinant proteins

Mouse LIF Millipore ESG1106

DRB (5,6-Dichlorobenzimidazole 1-b-D-

ribofuranoside)

Sigma D1916

R-2-HG (R-2-hydroxyglutarate) Sigma H8378

Lipofectamine 2000 Reagent ThermoFisher 11668027

IdU (5-Iodo-20-deoxyuridine) Sigma I7125

CldU (5-Chloro-20-deoxyuridine) Sigma C6891

TRIzol Reagent ThermoFisher 15596026

HotStarTaq DNA polymerase Qiagen 203205

4sU (4-thiouridine) Sigma T4509

EZ-Link HPDP-Biotin Pierce 21341

RiboLock RNase Inhibitor (40 U/mL) ThermoFisher EO0381

BioMag�Plus Concavalin A Polysciences 86057-3

Critical commercial assays

Ribo-Zero rRNA Removal Kit Illumina 20040526

TruSeq Stranded Total RNA Library Prep Illumina 20020596

RNeasy MinElute Cleanup column Qiagen 74204

QiAquick Gel extraction Kit Qiagen 28704

NEBNext DNA Library Prep Kit New England Biolabs E6040

NEBNext Ultra II DNA Library Prep Kit New England Biolabs E7645

NEBNext Ultra Directional RNA Library Prep

Kit

New England Biolabs E4720

Mouse RiboPOOL kit siTOOLs Biotech GmbH K006-000055

Duolink� In Situ Red Starter Kit Mouse/

Rabbit

Merck DUO92101

(Continued on next page)

Cell Reports 40, 111329, September 13, 2022 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

CheR-seq This paper GEO: GSE166426

RNAPII ChIP-seq This paper GEO: GSE166426

TT-seq This paper GEO: GSE166426

ChMeRIP-seq This paper GEO: GSE166426

MapR This paper GEO: GSE166426

H3K4me1, H3K4me3 and H3K27me3 ChIP-

seq

Geeven et al., (2015) GEO: GSE75426

shMulti RNAseq Izquierdo-Boulstridge et al. (2017) GEO: GSE83277

Mettl3-WT, Mettl3-KO and Ythdc1-KO

meRIP-seq

Liu et al. (2020) GEO: GSE133600

Mettl3 ChIP-seq Xu et al. (2021) GEO: GSE126243

H1c and H1d ChIP-seq Cao et al. (2013) GEO: GSE46134

Experimental models: Cell lines

H1-TKO mES cells Fan et al. (2001) N/A

shMulti T47D cells Izquierdo-Boulstridge et al. (2017) N/A

Oligonucleotides

Primers for quantitative real-time PCR, see

Table S1

This paper N/A

Primers for ChIP-qPCR, see Table S2 This paper N/A

siRNA targeting sequences, see Table S3 This paper N/A

Recombinant DNA

GST-MNase Addgene Plasmid#136291

GST-RHD-MNase Addgene Plasmid#136292

Software and algorithms

Tophat2 Kim et al. (2013a), 2013b https://ccb.jhu.edu/software/tophat/index.

s/html

Samtools Li et al., 2009 http://samtools.sourceforge.net/

Cufflinks Trapnell et al. (2010) http://cole-trapnell-lab.github.io/cufflinks/

Salmon Patro et al. (2017) https://combine-lab.github.io/salmon/

DESeq2 Love et al. (2014) https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Panther Mi et al. (2019) http://pantherdb.org/

Enrichr Kuleshov et al. (2016) https://maayanlab.cloud/Enrichr/

BWA mem N/A http://bio-bwa.sourceforge.net/bwa.shtml

Bowtie Langmead et al. (2009) http://bowtie-bio.sourceforge.net/index.

shtml

MACS2 Zhang et al. (2008) https://github.com/macs3-project/MACS

R 3.6.0 N/A https://www.r-project.org/

Other

SDS2.4 Applied Biosystems N/A

Prism v7 GraphPad N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Marı́a

Gómez (mgomez@cbm.csic.es).

Materials availability
This study did not generate new reagents.
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d The accession number for the sequencing data reported in this paper is GEO: GSE166426.

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
Mouse embryonic stem cells WT and H1-TKOwere kindly provided by Arthur Skoultchi and authenticated by assessing histoneH1c,

H1d andH1e depletion on NGS experiments. Human breast cancer T47D cells inducible knock-down for the subtypes H1.2 andH1.4

upon doxycycline treatment were previously described in Izquierdo-Boulstridge et al. (2017) and authenticated by RT-qPCR.

METHOD DETAILS

Cell culture, siRNA transfection, and drug treatments
Mouse embryonic stem cells were grown in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Biosera), 13 non-essen-

tial aminoacids (Gibco), 1mM sodium piruvate (Gibco), 2mM L-glutamine (Gibco), 50 mM b-mercaptoethanol (Gibco), 103 U/mL LIF

(ESGRO), 100 U/mL penicillin (Invitrogen) and 100 mg/mL streptomycin (Invitrogen), at 37�C and 5% CO2. For transcription inhibition

experiments, cells at 80% confluency were treated with 100 mM5,6- dichlorobenzimidazole 1-b-d-ribofuranoside (DRB) (Sigma) for 3

hours. For small interfering RNAs (siRNA) transfection, LipofectamineTM 2000 (Thermo) was used to deliver siRNAs into mES cells.

40nM of each siRNAwas diluted in 1mL of OPTIMEM and incubated for at least 20min with Lipofectamine diluted in OPTIMEM. Cells

were tripsinized, resuspended in medium without antibiotics and added to the previous mix of Lipofectamine and siRNA. After incu-

bating cells for 15min at RT, cells were seeded into newplates. Transfected cells were analyzed after 24h. All siRNAswere purchased

from Sigma. For FTO/ALKBH5 inhibition, cells were treated with 20 or 40 mM R-2-hydroxyglutarate (R2-HG) (Sigma) for 24h. T47D

inducible H1 knock-down cells were grown in RPMI 1640medium, supplemented with 10% FBS, 2mML-glutamine, 100 U/mL peni-

cillin, and 100 mg/mL streptomycin at 37�C with 5% CO2. Depletions were induced by 3 days exposure to 2.5 mg/mL doxycycline

(Sigma) as described (Izquierdo-Boludstridge et al., 2017). All cells tested negative for mycoplasm infection.

Flow cytometry
For cell-cycle analyses, cells were pulse-labeled for 20 min with 250 mM IdU (Sigma) and fixed overnight in 70% ethanol at �20�C.
Cells were then incubated in 2 M HCl (Merck) with 0.5% Triton X-100 (Sigma) for 30 min and neutralized with 0.1 M Sodium Tetra-

borate pH 9.5 (Merck) for 2 min before blocking 10 min with a solution of 1% BSA (Sigma) and 0.5% Tween20 (Sigma) in PBS. After-

wards cells were incubated for 1 hour withmouse anti-BrdU antibodies (BDBiosciences) followed by 30minutes incubation with anti-

mouse IgG Alexa-Fluor 647 antibodies (Thermo Fisher Scientific) at RT. Cells were finally stained with 2mg/ml DAPI (Merck) for

another 10 minutes in the dark at RT. All samples were processed in a FACSCanto II (Becton Dickinson) with FACSDiva v6.1.3 soft-

ware and analysed with the FlowJo v10 program.

Chromatin enriched RNA (CheRNA) sequencing
CheRNA preparations were obtained as described inWerner and Ruthenburg (2015). Briefly, 403 106mES cells were lysed in 800 mL

ice-cold Lysis Buffer A (10 mM Tris pH 7.5, 0.1% NP-40, 150 mM NaCl) for 5 min on ice. Nuclei were collected by sucrose cushion

centrifugation (24% sucrose in lysis buffer A), rinsed with ice-cold PBS + 1mM EDTA, and resuspended in 500mL ice-cold Glycerol

Buffer (20 mM Tris pH 7.9, 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF, 50% glycerol). Nuclei were lysed by adding

one volume of ice-cold Lysis Buffer B (10 mMHEPES pH 7.6, 1mMDTT, 7.5 mMMgCl2, 0.2 mM EDTA, 0.3M NaCl, 1M urea, 1%NP-

40) and kept on ice for 10 min, with periodic vigorous shaking. Insoluble chromatin was sedimented by centrifugation at 14000g and

4�C for 2 min, rinsed twice with cold PBS + 1mMEDTA, and resuspended in 100 mL PBS. At this point, 10 pg of an in vitro transcribed

luciferase RNA was added to both the nucleoplasmic and chromatin samples as a spike-in control. RNAs were purified using

TRIzolTM, followingmanufacturer’s instructions. Before library preparation, ribosomal RNAwas depleted from the samples by a treat-

ment with Ribo-Zero rRNA Removal Kit (Illumina). Libraries were generated using TruSeq Stranded Total RNA Library Prep (Illumina),

and sequenced by 1 3 75 single reads at the Fundación Parque Cientı́fico de Madrid.

DNA fiber stretching
Exponentially growing cells were pulsed consecutively for 20 min with 50 mMCldU (Sigma) and 250 mM IdU (Sigma). Collected cells

were resuspended in cold PBS at a concentration of 0.53 106 cells/mL, and 2mL of this cell suspension was lysed through the addi-

tion of 10 mL of spreading buffer (200mMTris pH 7.4, 50mMEDTA, 0.5%SDS) on the top of amicroscopy slide at 30�C. After 6min of

incubation in a humidity chamber at RT, DNA fibers were stretched by leaning the slide with a 30� slope. Slides were air dried and

fixed at �20�C with 3:1 methanol:acetic acid solution, incubated with 2.5M HCl solution for 30 min at RT, washed three times

with PBS, and treated with blocking solution (1% BSA, 1% Triton X-100 in PBS) for 1 h. Samples were sequentially incubated
Cell Reports 40, 111329, September 13, 2022 e3
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with primary antibodies; 1:100 anti-CldU (Abcam), 1:100 anti-IdU (Bencton Dickinson) and 1:3000 anti-ssDNA (Millipore) for one hour,

and with secondary antibodies; 1:300 anti-rat IgG Alexa-Fluor 594, anti-mouse IgG1 Alexa-Fluor 488 and anti-mouse IgG2a Alexa-

Fluor 647 (Invitrogen) for 30 min. Slides were mounted with Prolong Diamond (Invitrogen) and fibers visual acquisition was performed

with an Axiovert200 Fluorescence Resonance Energy Transfer microscope (Zeiss) using the 403 oil objective. Images were analyzed

with ImageJ software, considering a conversion factor of 1mm = 2.59 kb (Jackson and Pombo, 1998). Fork rates were calculated by

measuring the length (kb) of the IdU track divided by the duration of the pulse (min), and fork asymmetries were obtained by calcu-

lating the percentage of the difference between the lengths of both CldU and IdU tracks of each replication fork. Statistical analysis of

all data was performed with Prism v7 (GraphPad Software) using the non-parametric Mann-Whitney rank sum test.

Immunofluorescence
Cells grown on glass coverslips (VWR) were fixed with 3.7% formaldehyde in PBS for 15 min at RT and permeabilized with 0.5%

Triton X-100 in PBS for 20 min at RT. Samples were blocked with 3% BSA (Sigma) in PBS before overnight incubation at 4�C
with antibodies anti-gH2AX (1:250) (Millipore), followed by 1 h incubation at RTwith antibodies anti-rabbit Alexa-Fluor 488 (Invitrogen)

and 5 min staining at RT with 2ng/mL of DAPI (Merck) in PBS. Coverslips were mounted in Prolong Diamond (Life Technologies) and

visual acquisition was performed in a A1R + confocal microscope (Nikon) using a either a 403 or a 603 oil objective. Nuclear seg-

mentation was based on DAPI staining. Statistical analyses were performed in Prism v7 (GraphPad Software) using the non-para-

metric Mann-Whitney rank sum test.

Chromatin immunoprecipitation and quantitative real time PCR (ChIP-qPCR)
Chromatin immunoprecipitation was performed according to the Upstate (Millipore) standard protocol. Briefly, cells were fixed using

1% formaldehyde for 10 min at 37�C, chromatin was extracted and sonicated to generate fragments between 200 and 500 bp. Next,

30 mg of sheared chromatin was immunoprecipitated overnight with the indicated antibody. Immunocomplexes were recovered us-

ing 20 mL of protein A magnetic beads, washed and eluted. Cross-linking was reversed at 65�C overnight and immunoprecipitated

DNA was recovered using the IPure Kit (Diagenode). Genomic regions of interest were identified by real-time PCR (qPCR) using

SYBR Green Master Mix (Invitrogen) and specific oligonucleotides in a QuantStudioTM 5 Real-Time PCR System machine

(ThermoFisher Scientific). Each value was corrected by the corresponding input chromatin sample.

Retrotranscription and quantitative real-time PCR
SuperscriptIII was used to generate the cDNA followingmanufacturer’s instructions. qPCR reactions were performed in an ABI Prism

7900HT Detection System (Applied Biosystems), using HotStarTaq DNA polymerase (Qiagen) following manufacturer’s instructions.

For absolute quantification, the Ct of each amplicon was interpolated in a standard curve obtained from the amplification of genomic

DNA at five different concentrations (from 0.2ng/mL to 125ng/mL) and analyses were carried out with the SDS2.4 software (Applied

Biosystems).

RNAPII chromatin immunoprecipitation sequencing (ChIP-seq)
Crosslinkings were performed in culture medium with 1% formaldehyde during 15 min at RT. After stopping the reactions with

125mMglycine for 5min, cells were washed twice with PBS and collected by scrapping in ice-cold PBS supplemented with protease

and phosphatase inhibitors (10 mM leupeptin, 100 mMPMSF, 1mMpepstatin, 2 mg/mL aprotinin, 5 mMNaF, 1mMNaVO3). Cells were

centrifuged at 200g for 5 min, resuspended in cold Lysis Buffer (50 mM Tris pH 8, 1% SDS, 10 mMEDTA, protease and phosphatase

inhibitors) at a concentration of 2 3 107 cells/mL and incubated on ice for 20 min. Soluble chromatin was fragmented on a Covaris

sonication system by 40 cycles at 20% intensity, during 20min 100 mg of the fragmented chromatin was diluted 1:10 in Dilution Buffer

(20 mM Tris pH 8, 1% Triton X-100, 2mM EDTA, 150mM NaCl, protease and phosphatase inhibitors), and 5 mg of human chromatin,

obtained from a MCF10A cell line following the same protocol, was added as spike-in control. Precleared chromatin was incubated

overnight with 25 mg of anti-RNApolII antibody (Millipore) at 4�Cwith gentle agitation, followed by a 2 h incubation with 200 mL of A/G

protein beads. Immunocomplexes were washed sequentially with four different buffers, all supplemented with protease and phos-

phatase inhibitors: low salt buffer (10 mM Tris pH 8, 0.1% SDS, 1% Triton X-100, 2mM EDTA, 150 mMNaCl), high salt buffer (20 mM

Tris pH 8, 0.1% SDS, 1% Triton X-100, 2mM EDTA, 500 mM NaCl), LiCl buffer (10 mM Tris pH 8, 0.25M LiCl, 1% NP40, 1% Na-de-

oxycholate, 1mM EDTA) and TE buffer (10 mM Tris pH 8, 1mM EDTA). Finally, chromatin was eluted with elution buffer (0.1M

NaHCO3, 1% SDS), crosslinkings were reverted, and DNA was purified with phenol-chloroform extraction and ethanol precipitation.

Libraries were generated with the NEBNext Ultra II DNA Library Prep Kit (New England Biolabs) following the manufacturer’s recom-

mendations and sequenced by 1 3 75 single-reads at Fundación Parque Cientı́fico de Madrid.

Transient transcription sequencing (TTseq)
Nascent transcription labeling assays were carried out as previously described (Schwalb et al., 2016; Maslon et al., 2019). 4-thiouridine

(4sU)was added to sub-confluent cell cultures at a final concentration of 1mMfor 10min before cell harvest. Cells were lysed directly on

a platewith 5mLof TRIzol (Invitrogen), total RNAwas isolated followingmanufacturer0s protocol and sonicated by twopulses of 30 s in a

Bioruptor instrument. A total of 100 mg of sonicated RNA per cell line was used for biotinylation and purification of 4sU-labeled nascent

RNAs. Biotinylation reactions consisted of total RNA and EZ-Link HPDP-Biotin dissolved in dimethylformamide (DMF) and were
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performed in labeling buffer (10 mM Tris pH 7.4, 1 mM EDTA) for 2 h with rotation at RT. Unbound Biotin-HPDP was removed by chlo-

roform/isoamylalcohol (24:1) extraction inMaXtract tubes (Qiagen). RNAwas precipitated with 10th volume of 5MNaCl and 1 volume of

isopropanol. Following one wash in 80% ethanol, the RNA pellet was left to dry and resuspended in 100 mL RNase-free water. Bio-

tinylatedRNAwaspurified using mMacsStreptavidin kit, eluted twice using 100mMDTTand recovered usingRNeasyMinEluteCleanup

column (Qiagen) according to instructions. cDNA libraries were prepared using NEBNext Ultra Directional RNA Library Prep Kit (New

England Biolabs) according to the manufacturer’s instructions. Libraries were pooled and sequenced by 23 75 single-reads at Funda-

ción Parque Cientı́fico de Madrid. Reads were aligned to the mm10 reference genome using Tophat2 (Kim et al., 2013a, 2013b) with

standard parameters. bedGraph files loaded in the IGV browser were generated with the Bedtool genomecov.

CheRNA m6A-RNA immunoprecipitation (meRIP-seq)
CheRNAswere purified as described above, and 1 pg of in vitro transcribed N6-methylated Luciferase RNA per million cells was added

as spike-in control before Trizol extraction. RNA fragmentation andmeRIP were performed as described in Dominissini et al. (2013) and

Zeng et al. (2018), with the following modifications. Aliquots containing 2 mg of CheRNAs in 18mL of DEPC H2O were fragmented by

incubationwith 2 mL of 100 uL Tris pH 7, 100 uL ZnCl2 1M, 800 uLDEPCwater, at 70�C for 8min, and reactions were stopped by adding

2 mL of 0.5MEDTA. A total of 50 mg of pooled fragmentedCheRNAswere incubatedwith 5 mg of anti-m6A antibodies (Synaptic Systems)

previously bound to A/G protein agarose beads (SantaCruz) in IP buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Igepal CA-630),

and supplementedwithRiboLockTM (ThermoScientific), during 6 h at 4�C.Beadswerewashed three timeswith IP buffer,meRNAswere

eluted in elution buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Igepal CA-630, 6.67mM m6A) and purified through RNeasy col-

umns (Qiagen) following the manufacturers protocol. For qPCR analyses, (target-meRIP/spike-meRIP)/(target-input/spike-input), were

represented per each region. Libraries for massive sequencing were generated using TruSeq Stranded Total RNA Library Prep (Illu-

mina), without previous rRNA depletion, and sequenced by 1 3 75 single reads at the Centre for Genomic Regulation.

MapR
GST-MNase and GST-RHDMNase protein expression and purification were carried out as described in Yan et al. (2019). MapR ex-

periments were performed exactly as described in Yan et al. (2019) by exposing 5 millions of cells immobilized on Concavalin

A-coated beads to 1mM of purified GST-MNase or GST-RHDMNase proteins. MNase-released DNA fragments ranging between

200-1000 bp were size-purified from agarose gels using QIAquick gel extraction kit (Qiagen). Libraries were generated with the

NEBNext Ultra II DNA Library Prep Kit (New England Biolabs) following the manufacturer’s recommendations and sequenced by

2 3 50 pair-end reads on a NovaSeq platform at Fundación Parque Cientı́fico de Madrid.

m6A quantification by dot-blot
rRNA depletions were carried out at Fundación Parque Cientı́fico de Madrid. Briefly, 5 ug of CheRNAs were used as input at each

depletion using RiboPOOLTM kit (siTOOLs Biotech GmbH) following manufacturer recommendations. Clean-up of rRNA-depleted

RNAs were performed with Agencourt RNAClean XP (Beckman Coulter) and the resulting preparations were validated and quantified

by 4200 TAPEStation (Agilent Technologies). 5 mg of CheRNA or 300 ng of rRNA-depleted CheRNA for each condition were dena-

tured at 95�C for 5 min and transferred to a Hybond-XL membrane (Amersham) in a Bio-Dot� Microfiltration Apparatus (Bio-Rad)

following manufacturer’s instructions. Spotted RNAs were UV-crosslinked to the membrane in a Stratalinker� 1800 (Stratagene)

at 120mJoule/cm2. The signal detectionwas performed after hybridation with anti-m6A antibody (Synaptic Systems), using standard

ECL detection reagents.

Proximity ligation assays
PLAwas performed using Duolink PLA Technology (Merck), following themanufacturer0s instructions. mESCs were permeabilized with

1% Triton X-100 + 4% paraformaldehyde in 1xPBS for 15 min at RT, washed with PBS, and fixed with 100% ice-cold Methanol for

15 min at 4�C before incubating with Duolink Blocking Solution for 1h at 37�C in a heated humidity chamber. Mouse anti-PCNA and

rabbit anti-RNAPIIS2P antibodies were diluted 1:2000 in Duolink Antibody Diluent and incubated overnight at 4�C. Then, secondary
antibody binding, ligation and amplification reactions were performed according to the manufacturer0s guidelines. Duolink in situ

PLA probe anti-rabbit PLUS, Duolink in situ PLA probe anti-mouse MINUS and Duolink Detection Reagents Red were used to perform

the PLA reactions. Slides weremounted in Duolink in situMountingMediumwith DAPI and visual acquisition was performed in a A1R +

confocal microscope (Nikon) using a 603 oil objective. DAPI-based nuclear segmentation and foci quantification were performed using

FIJI homemade generated macros, available on request. PLA foci number per cell were quantified for all conditions (>300 cells/repli-

cate). Statistical analyses were performed in Prism v7 (GraphPad Software) using the non-parametric Mann-Whitney rank sum test.

CheRNA-seq analysis
Reads were aligned to the mm10 reference genome and to the Luciferase coding sequence using Tophat2 (Kim et al., 2013a, 2013b)

with standard parameters. bedGraph files loaded in the IGV browser were generated with the Bedtool genomecov. The scores of

these files were normalized with the total number of aligned reads for each experiment. For the transcriptome assembly, reads com-

ing from six experiments (three WT and three H1-TKO replicates) were pulled, and separated in two files depending on the template

strand (Watson or Crick), discriminating them with Samtool view -F 0 3 10 or -f 0 3 10, respectively. Spliced reads were discarded
Cell Reports 40, 111329, September 13, 2022 e5



Article
ll

OPEN ACCESS
from the pull, by removing the entries with a CIGAR string which contained any ‘N’ character. The remaining reads were used to

assemble a ‘‘genome-guided’’ transcriptome with Cufflinks v2.2.1 (Trapnell et al., 2010). This transcriptome was further curated

with home-made scripts to remove low abundance transcripts (minimum coverage <2.5), remove very short transcripts (size

<300 bp), merge proximal transcripts in the same strand (distance <2.5 kb) and split transcripts which included an already annotated

TSS in the RefGene database. These transcripts were classified in four groups: coding, PROMPTs, lncRNAs and internal antisense

transcripts (IASs), according to the diagram shown in Figure S1. After transcriptome assembly, 21702 coding transcripts, 3139

PROMPTs, 12673 lncRNAs and 2904 IASs were detected. For the differential gene expression analysis, the quantification of reads

per transcript was performed with Salmon (Patro et al., 2017) using standard parameters. To select differentially expressed genes,

DESeq2 software (Love et al., 2014) was used, setting two different thresholds: adjusted p-value < 0.01 and fold-change > 2. GO-

term enrichment analyses were performed using Panther v14.1 software (Mi et al., 2019). To account for transcription factor and

epigenetic enrichments, Enrichr software was employed (Kuleshov et al., 2016).

Histone H1 knock-down RNA-seq analysis
Reads from total RNA-seq preparations (Izquierdo-Boulstridge et al., 2017) were aligned to the hg19 reference genome using To-

phat2 with standard parameters. For the transcriptome assembly, reads coming from the six experiments (two controls, two

H1.4-KD and two multi-KD) were pulled, and separated in two files depending on the template strand (Watson or Crick), discrimi-

nating them with Samtool view -F 0 3 10 or -f 0 3 10, respectively. The reads that matched a RefGene annotated coding gene

were removed from the pull, and the remaining reads were used to assemble a ‘‘genome-guided’’ transcriptome with Cufflinks

v2.2.1, exclusively from the non-coding part of the genome. This transcriptome was further curated with home-made scripts to re-

move low abundance transcripts (minimum coverage <2.5), remove very short transcripts (size <300 bp), merge proximal transcripts

in the same strand (distance <2.5 kb) and split transcripts which included an already annotated TSS in the RefGene database. Finally,

it was merged with the ENSEMBL coding transcriptome using Cuffmerge, and the transcripts were classified in the four same types

as before: in the end, 22827 coding transcripts, 2420 PROMPTs, 14843 lncRNAs and 4562 IASs were detected. The differential gene

expression analysis was performed as described above. In this case, the statistical thresholds were set as adjusted p-value < 0.1 and

fold-change > 2.

RNAP II ChIP-seq analysis
Reads were aligned tomousemm10 and human hg19 reference genomes using bwamem algorithm. In addition to the standard total

read number normalization, the ratio between mouse and human reads was used to correct the H1-TKO cells metaplot signal, ac-

cording to this formula:

TKOs =
TKOr �mouseWTreads=humanWTreads

mouseTKOreads=humanTKOreads

where

TKOs is the spike-in normalized RNApolII signal.

TKOr is the total reads normalized RNApolII signal.

MapR analysis
Reads were aligned to the mm10 reference genome using bwa mem algorithm. The peak-calling was performed with MACS2 with

standard parameters, without the use of a genomic input.

ChMeRIP-seq analysis
Reads were aligned to the mm10 reference genome using Tophat2 (Kim et al., 2013a, 2013b) with standard parameters to generate

the bedGraph files loaded in the IGV browser. For the quantification of m6A methylation, the number of reads per transcript was

quantified, both in the meRIP and the cheRNA input, using Salmon (Patro et al., 2017). The methylation level of each transcript

was defined as the ratio of the RPKMs in meRIP divided by the RPKMs in the input.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of ChIP-qPCR or RT-qPCR data were carried out with the SDS2.4 software (Applied Biosystems), as specified in the

STAR Methods section. Statistical analysis of DNA fibers, immunofluorescence and PLA data were performed with Prism v7

(GraphPad) using the non-parametric Mann-Whitney rank sum test. Statistical comparisons of genomic datasets were done in R

(3.6.0 version) using the non-parametric Mann-Whitney rank sum test. Details can be found at the corresponding Figure Legends.
e6 Cell Reports 40, 111329, September 13, 2022
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Figure S1, related to Figure 1. Differential expression analysis between WT and H1-

TKO CheRNA-seq.  

(A) Percentage of Luciferase reads in WT and H1-TKO CheRNA-seq replicates. n.s., not 

significant, t-test p-value=0.30.  
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(B) Diagram of transcript classification after the “genome-guided” transcriptome 

assembly (see STAR*Methods for details). A total number of 21,702 mRNAs, 3,139 

PROMPTs, 12,673 lncRNAs, and 2,904 IAS were detected.  

(C) Representative IGV browser snapshot of a region not assembled as a transcript with 

differential CheRNA reads accumulation in H1-TKO cells in the Crick strand. 

(D) Boxplot showing the distribution of RPKMs at inter-transcript regions in WT and 

H1-TKO cells (Mann-Whitney U test). 

  



 
Figure S2, related to Figure 2. Characterization of differentially accumulated coding 

CheRNAs. 

Fernández-Justel et al_Figure S2A

-log(p-value)

-log(p-value)

D

FE

CheRNA TKO
CheRNA WT H3K4me1 WT

H3K4me1 TKO
H3K4me3 WT
H3K4me3 TKO

H3K27me3 WT
H3K27me3 TKO

-2 kb TSS +2 kb
0

1

2

3

4

Downregulated

-2 kb TSS +2 kb
0

1

2

3

4

Upregulated

-2 kb TSS +2 kb
0

1

2

3

4

All

N
or

m
al

iz
ed

re
ad

s

Downregulated

m
E

S
W

T 
R

P
K

M
s

5

4

3

2

1

0

All

Upregulated

H3K27me3 H1

H3K27me3 CD3 Primary Cells

H3K27me3 CD8 Naive Primary Cells

10 11 12 13 14
log(p value)

SUZ12_18692474_ChIP-Seq_MESCs_Mouse

SUZ12_20075857_ChIP-Seq_MESCs_Mouse

SUZ12_18692474_ChIP-Seq_MEFs_Mouse

MTF2_20144788_ChIP-Seq_MESCs_Mouse

RNF2_27304074_Chip-Seq_ESCs_Mouse

SUZ12_18555785_ChIP-Seq_MESCs_Mouse

0 20 40 60 80

viral process
cell-cell signaling

death
cellular component movement

cell death
cellular component organization

cell-cell adhesion
cation transport

embryo development
neurotransmitter secretion
synaptic vesicle exocytosis

cellular process
mesoderm development

signal transduction
phosphate-containing compound metabolic process

regulation of phosphate metabolic process
transmembrane receptor protein tyrosine kinase signaling pathway

cell adhesion
biological adhesion

regulation of catalytic activity
ectoderm development

MAPK cascade
cell communication

regulation of molecular function
intracellular signal transduction

system development
cell differentiation

nervous system development
cellular component morphogenesis

developmental process

0 2 4 6 8 10 12 14 16

-log(p-value)

B

C

U
p-

re
gu

la
te

d
m

R
N

A
s

D
ow

n-
re

gu
la

te
d

m
R

N
A

s

Up-
regulated
lncRNAs

Down-
regulated
lncRNAs

U
p-

re
gu

la
te

d
m

R
N

A
s

D
ow

n-
re

gu
la

te
d

m
R

N
A

s

Up-
regulated

IAS

Down-
regulated

IAS

U
p-

re
gu

la
te

d
m

R
N

A
s

D
ow

n-
re

gu
la

te
d

m
R

N
A

s

Up-
regulated

PROMPTs

Down-
regulated

PROMPTs

G H I

Polycomb (H3K27me3)

Enhancers (H3K4me1)
Active promoters (H3K4me3)

No-signal
On-going transcription
Genic enhancers

CTCF loci

All Downregulated Upregulated

4%

30%

4%

45%

10%

1%

9%

19%

34%

3%
1%

1%

31%

11% 22%

22%

5%1%1%

31%

18%
*

*

*

*

*

*

*

*



(A) GO-term enrichment analysis of the set of genes proximal to a differential lncRNA. 

The adjusted -log(p-value) for each term is plotted. 

(B, C) Enrichr analysis of overrepresented transcription factor binding sites (B), or 

chromatin marks (C), at the promoter regions of differential coding transcripts. The 

adjusted -log(p-value) for each ChIP-seq database entry is plotted. 

(D) Pie plots showing the percentage of transcripts whose promoters matches each of the 

indicated chromatin states. The percentage was compared with the expected one obtained 

from 100 random permutations of the differential transcripts, and the p-value was 

calculated. *p-value<0.01. Chromatin states are from Juan et al. (2016). 

(E) Boxplots showing the distribution of the RPKMs of differential coding transcripts in 

WT mES cells. 

(F) Metaplots of the indicated ChIP-seq signals and CheRNA-seq reads for WT and H1-

TKO cells, plotted in 4kb windows around the TSS. H3H4me1 WT and H1-TKO signals 

were multiplied by a scale factor of 2, to facilitate the visualization in a single plot. ChIP 

data are from Geeven et al (2015). 

(G) Fold-change of lncRNA expression between WT and H1-TKO cells (X-axis) and the 

nearest coding gene (Y-axis).  

(H, I) Same as in (G) for IAS (H) or PROMPTs (I). 

  



 
 

Figure S3, related to Figure 3. lncRNAs are overexpressed upon inducible knock-

down of histone H1 genes in human cells.  

(A) Representative cell cycle distribution of T47D shMultiH1 cells without (Dox -) and 

with 3 days of doxyclyclin treatment (Dox +). The percentage of actively replicating cells 

was evaluated by 20 min pulse with IdU. Upon 3 days knock-down of histone H1 genes 

T47D shmultiH1cells partially accumulate in G1 as described (Izquierdo-Boulstridge et 

al., 2017).  

(B) ChIP-qPCR abundances of H3K4me1 and H3K4me3 histone marks at the indicated 

lncRNAs upon Dox treatment. A representative experiment is shown. IgG was used as 

ChIP non-specific control. Primer pairs for CDK2 TSS and 3kb-upstream were used as 

enrichment controls for H3K4me3 immunoprecipitation (Table S2).  

(C) Distribution of gH2AX nuclear intensities in T47D shmultiH1 Dox - and Dox + 

cells treated (+) or not (-) with DRB for 3h, n > 311 (Mann-Whitney rank sum test). 
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Figure S4, related to Figure 4. Accumulated transcripts are tethered to chromatin 

by RNAPII.  

(A) Normalized amounts of immunoprecipitated RNAPII molecules in WT and H1-TKO 

cells in both ChIP-seq replicates (z-test).  

(B) Metagene profiles of normalized RNAPII reads along all coding transcripts. 
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(C) ChIP-qPCR abundances of RNAPII at the TSS or 4 kb upstream of the Mecp2 gene 

in WT and H1-TKO cells (Table S2). 

(D) IGV screenshot of a gene-rich region from chromosome 2 showing normalized reads 

of RNAPII and CheRNAs from WT (first three rows) and H1-TKO cells (last three rows). 

(E) Pie plots showing the distribution of RNAPII reads in the genomic regions shown in 

both ChIP-seq replicate experiments. Promoter annotation was downloaded from 

GENCODE coding transcripts database: the locus comprises TSS +/- 1kb, gene bodies 

encompass the region from TSS+1kb to TTS, and intergenic regions are the remaining 

genome.  

(F) Metaplots of CheRNA-seq and RNAPII-seq spike-in normalized signals from 

duplicate experiments in WT and H1-TKO cells, plotted in a 4kb window around the 

TSS. Note that the scale of the Y-axis is not the same in both plots, in order to facilitate 

the visualization of RNAPII signal differences between WT and H1-TKO conditions. 

RNAPII WT and TKO signals were multiplied by a scale factor of 1:2. 

(G) TT-seq log2(ratios) between H1-TKO and WT cells across 5 quantiles of increasing 

gain in RNAPII abundances (H1-TKO/WT fold-change) for coding (left) or lncRNA 

(right). 

  



 
 

Figure S5, related to Figure 4. R-loop levels reflect transcription levels. 

(A) Schematics of R-loop detection by targeted RNaseH (MapR; Yan et al., 2019) and 

IGV browser representative region showing sequencing reads derived from cells treated 

with a catalytic deficient mutant of RNAseH fused to micrococcal nuclease (RNHD-MN, 

identifying R-loops) or MNase (MN, control) in WT and H1-TKO mESCs. Two 

replicates of RNHD-MN and one of MN per cell type were sequenced. 

A
R

N
H
D

-M
N

R
N

H
D

-M
N

M
N

M
N

G
en

om
ic

di
st

rib
ut

io
n

WT TKO

100

80

60

40

20

0

40%

21%

39%

68%

30% 40%

21%

39%

71%

28%
33%

64%

3%

Intergenic
Gene body
Promoter

Lo
ca

liz
at

io
n

(%
)

B C

RNHD-MN WT

RNHD-MN TKO

MN WT

MN TKO

RefSeq genes

Chr7: 27,010,428-31,473,016
28.000 kb 29.000 kb 30.000 kb 31.000 kb

296

0
296

0
296

0
296

0

RNHD-MN MN

R-loops control

MapR

M
ap

R
si

gn
al

TSS-2 kb TTS +2 kb

120

100

80

60

40

20

0

RNHD-MN TKO
RNHD-MN WT

MN TKO
MN WT

D
Chr13:97,401,802-97,537,208

20 kb

(0-2700)

(0-2700)

(0-118)

(0-118)

(0-8)

(0-8)

(0-260)

(0-260)

RefSeq genes
Differential lncRNAs

WT
TKO

WT

TKO

WT
TKO

RNAPII

CheRNA

MapR

Chr19:38,246,966-38,412,028
20 kb

(0-1600)

(0-1600)

(0-3)

(0-3)

(0-36)

(0-36)

(0-206)

(0-206)

Fernández-Justel et al_Figure S5



(B) Peak distribution of R-loops and controls at the indicated genomic regions. Promoter 

annotation was downloaded from GENCODE coding transcripts database: the locus 

comprises TSS +/- 1kb, gene bodies encompass the region from TSS+1kb to TTS, and 

intergenic regions are the remaining genome. The genomic distribution in shown on the 

right. 

(C) Metagene profiles of normalized RNHD-MN and MN reads along all coding 

transcripts. 

(D) IGV browser snapshots of RNAPII, CheRNA and MapR at three differential lncRNA 

loci with increased R-loop signal in H1-TKO cells (highlighted in grey). The orange 

highlight on the right shows a differential coding RNA with increased R-loop signal in 

H1-TKO cells. 
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Figure S6, related to Figure 5. m6A alterations of chromatin-enriched transcripts in 

H1 TKO cells. 

(A) Metagene profiles of ChMeRIP reads along coding transcripts in two replicates for 

WT and H1-TKO mESCs.  

(B, C) IGV browser snapshots of MeRIP (Liu et al., 2020) and ChMeRIP normalized 

reads along the genes Ythdc1 and Spen (B), and the lncRNAs Malat1 and Neat1 (C). The 

regions highlighted in grey correspond to the m6A peaks interrogated by ChMeRIP-

qPCR in Figure 5D. These RBM15-guided m6A peaks were identified in Wei et al 

(2021): Ythdc1 intron 11, Spen intron 2, Malat1 and Neat1 5´-ends. 

(D) METTL3 levels at a 4kb window surrounding the TSS of the indicated transcript 

categories. METTL3 ChIP seq data are from Xu et al (2021). Statistical differences 

between distributions were assessed with the Mann-Whitney U test. P values are indicated 

on top.  

(E) Plots showing the ratios of m6A content between Mettl3-KO (white) or Ythdc1-KO 

(grey) mES cells and their WT counterparts at the indicated transcript categories.  

(F) Same as (E) for RNA levels. m6A RIP-seq and RNA-seq data are from Liu et al 

(2020). In all cases boxplots denote the medians and the interquantile ranges and the 

whiskers represent the 10 and 90 percentiles. 

  



 
 

Figure S7, related to Figure 6. Inhibiting m6A demethylase activity rescues the slow 

replication phenotype of H1-TKO cells.  

(A) RT-qPCR mRNA silencing levels of Alkbh5 and Fto 24h after cellular transfection 

with siCtrl or a cocktail of siAlkbh5/Fto. mRNA levels were normalized to Hprt mRNA 
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levels at each condition. Data show the median +/- s.d of two independent replicates 

(n=2). siRNA sequences are listed in Table S3. 

(B, C) Replication fork rates of WT and H1-TKO cells transfected with the indicated 

siRNAs (B), or treated with the indicated amounts of R2-HG for 24h (C). Median values 

are indicated. Data shown are pooled from two independent experiments (n > 350). 

Statistical differences between distributions were assessed with the Mann-Whitney rank 

sum test. 

(D) Representative cell cycle distribution of WT or H1-TKO mES cells treated for 24h in 

the presence of the indicated amounts of R2-HG. The percentage of actively replicating 

cells was 

evaluated by 20 min pulse with IdU. 

(E) Ratio between chromatin and nucleoplasmic levels for the indicated RNAs in H1-

TKO cells untreated (white bars) or treated with 40mM R2-HG for 24h (grey bars). All 

lncRNAs except Malat1 and Neat1 are differentially accumulated in chromatin in H1-

TKO mESCs. Klft16 and Nat8L and coding RNAs that do not accumulate in chromatin 

in either cell type. RT-qPCR data represent the mean and standard deviation from two 

biological replicates (n=2). Primer sequences are listed in Table S1. 

(F) Representative RNAPIIS2P and PCNA PLA controls in H1-TKO cells. Scale bar, 10 

µM. 

  



Oligonucleotides for RT-qPCR 

Kcnq1ot1-Fw TTGGATTACTTCGGTGGGCT 

Kcnq1ot1-Rv ACACGGATGAAAACCACGCT 

Neat1-Fw TTGGGACAGTGGACGTGTGG 

Neat1-Rv TCAAGTGCCAGCAGACAGCA 

Klf16-Fw GTGTACCAAGCGGTTCACC 

Klf16-Rv CAGGTCGTCGCAGGAGTTC 

Nat8L-Fw TGTGCATCCGCGAGTTCCGC 

Nat8L-Rv GCGGAAAGCCGTGTTGGGGA 

Luciferase-Fw ACACCCGAGGGGGATGATAA 

Luciferase-Rv CCAGATCCACAACCTTCGCT 

a-Dnajc1-Fw TCCTCAGGGCAAGAGGAACT 

a-Dnajc1-Rv TGAAGGCAAGGAGAGGCAAG 

a-Tacstd2-Fw TGCTCACAATTCAGTTATGGGTG 

a-Tacstd-Rv TCACAGCTGTAGCAATAGGCAA 

e-CD38-Fw GCCACGGTGGACAAGACTAA 

e-CD38-Rv GGCTCCTAAATCCTCCAGCA 

a-Reep3-Fw TGGGGTCTCAGAGCAGATGA 

a-Reep3-Rv AACCATTAGCTGCCCCACTC 

e-Sox2-Fw CAGGCAGGCCTTACACTCAT 

e-Sox2-Rv GGAACTTCCCTACGCCATCA 

a-Mycn_1-Fw TGAAACCCAATTTGTGGGGC 

a-Mycn_1-Rv TCAGAGGCAGGGACACTTCA 

a-Mycn_2-Fw TCCCCTAGGGATGGAGGGAG 

a-Mycn_2-Rv TGCCTTTGACATCCTGGCAT 

Lncenc1_1-Fw GCTGGTTCCCTTTTTAATATTTCCC 

Lncenc1_1-Rv GTGTGCCCATTCTCACACAAA 

Lncenc1_2-Fw GTGGATGAGAACGGAGGCTAA 

Lncenc1_2-Rv GCAAGGCAGCCACAAAATACA 

Malat1-Fw AACGGCCGTCAACTTAACCT 

Malat1-Rv TGAAGGTCGGCCTTGTAGAT 

Ythdc1-Fw GCCAGGGCCTCCATTTATGT 

Ythdc1-Rv TGGGGAGTGCATTTACGACC 

Spen-Fw ACTTGGGTTAGAAGAGGGGC 

Spen-Rv GGGCCAATGGGGGAAGTTAT 

m6A-luc-Fw GGTGGTCTCTCTCCAGACCT 



m6A-luc-Rv TGGCAGTGTCTAACTGCTGG 

Alkbh5-Fw GTGGGACCTTTTGGGTTTCAG 

Alkbh5-Rv GCATACGGCCTCAGGACATTA 

Fto-Fw TTCATGCTGGATGACCTCAATG 

Fto-Rv GCCAACTGACAGCGTTCTAAG 

Ythdc1-Fw CCATCCGGTACCACATGAAGC 

Ythdc1-Rv GGTCTACTTCTCCGACCACTG 

Mettl3-Fw AACTTACGCTGACCACTCCA 

Mettl3-Rv CCAGACCAGATGCTAAAGAG 
 
 
Table S1, related to Figures 1, 5 and 6. Oligonucleotides used for RT-qPCR 
  



Oligonucleotides for ChIP-qPCR 

lncRNA1-Fw GTTCCCATGCCCACTCTCTC 

lncRNA1-Rv CTGCATGTGGAGCTCTCGAA 

lncRNA2-Fw TCTCTCCCTTTTCTCTCTGCA 

lncRNA2-Rv TCCTGAAATTGAGGCTTGCC 

lncRNA3-Fw AGAGACGGGGTTTTGCTACG 

lncRNA3-Rv CCATTGTGACTCATGCCCCT 

lncRNA4-Fw AGATTGCTCAGGGTGGTTGG 

lncRNA4-Rv GCTGAGCTACCGGGTATTGG 

lncRNA5-Fw TTCATCATGTTGGCCAGGCT 

lncRNA5-Rv AATACAGTCCGGCACAGTGG 

lncRNA6-Fw AGCAGAACACATGAGTACCCA 

lncRNA6-Rv ACTTCTGAGGGGAAAGGAGGA 

CDK2 upstream-Fw CAGCGAGGAAAGTCACATCA 

CDK2 upstream-Rv TGGGGTGAGGGTAGTTTCTG 

CDK2 TSS-Fw GCGGCAACATTGTTTCAAGT 

CDK2 TSS-Rv GTCGGGATGGAACGCAGTAT 

Mecp2 upstream-Fw GACACAGCCAACAGAGTAGGG 

Mecp2 upstream-Rv TCCTGATAGCAGCAGGACTTC 

Mecp2 TSS-Fw TTTTCCGGACGGGTTTTACC 

Mecp2 TSS-Rv GTGCAGCAGCACACAGGCTG 
 
 
Table S2, related to Figures 3 and 4. Oligonucleotides used for ChIP-qPCR 
  



siRNA sequences 

Control siRNA sense UUCUCCGAACGUGUCACGU(dT)(dT) 

Control siRNA antisense ACGUGACACGUUCGGAGAA(dT)(dT) 

ALKBH5 siRNA sense GAGAACUAUUGGCGCAAAU(dT)(dT) 

ALKBH5 siRNA antisense AUUUGCGCCAAUAGUUCUC(dT)(dT) 

FTO siRNA 1 sense UUAAGGUCCACUUCAUCAUCGCAGG(dT)(dT) 

FTO siRNA 1 antisense UGCGAUGAUGAAGUGGACCUUAA(dT)(dT) 

FTO siRNA 2 sense CAGGCACCUUGGAUUAUAU(dT)(dT) 

FTO siRNA 2 antisense AUAUAAUCCAAGGUGCCUG(dT)(dT) 

YTHDC1 siRNA sense CGACCAGAAGAUUAUGAUA(dT)(dT) 

YTHDC1 siRNA antisense UAUCAUAAUCUUCUGGUCG(dA)(dC) 

METTL3 siRNA sense GCUACCGUAUGGGACAUUA(dT)(dT) 

METTL3 siRNA antisense UAAUGUCCCAUACGGUAGC(dT)(dT) 
 
 
Table S3, related to Figure 6. siRNA targeting sequences. 
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