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Supplementary Text 1

Remove duplicates
Possible PCR duplicates of RNA-DNA pairs of reads (all-to-all

data) and paired-end reads (one-to-all data) were removed via

FastUniq tool [1], while SeqKit rmdup [2] was used to process

single-end reads (one-to-all data). For iMARGI [3, 4] data sets

we followed the original paper authors’ recommendations to

perform this step after “Add restriction site”.

It is important to note that all replicas were processed

independently starting from the “Remove duplicates” step and

up to “BlackList”.

Add restriction site
Since endonucleases were used to fragment genomic DNA in the

GRID-seq [5], Red-C [6] and iMARGI [3, 4] methods (sonication

was used in RADICL-seq [7]), it was important to filter out

reads in which one of the ends did not end with half of the

restriction site. Further, the second part of the restriction site

was added to the corresponding ends of the reads, which slightly

increased the length of the reads and increased the efficiency

of unique mapping. This procedure was performed in strict

accordance with the recommendations of the original articles.

Trimmomatic
We used TRIMMOMATIC (v0.39) [8] ( parameters: window

size = 5, quality threshold = 26, minlen = 14 for detection

of low-quality position in each forward and reverse read. Few

low-quality cases with more than 50% discarded data after

trimming (Supplementary Table 3) were re-trimmed with a

more permissive “quality threshold” of 22 and an additional

LEADING:22 parameter.

Mapping
One-to-all data were mapped to the genome with HISAT2

program (version 2.1.0) [9] (parameters for single-end

reads: -k 100 –no-spliced-alignment –no-softclip; for paired-

end reads: -k 100 --no-spliced-alignment --no-softclip

--no-discordant --no-mixed). DNA-parts and RNA-parts of

the contacts (all-to-all data) were independently mapped

by the same program (parameters for DNA-parts: -k 100

--no-spliced-alignment --no-softclip, for RNA-parts: -k 100

--no-softclip --dta-cufflinks --known-splicesite-infile).

Splice site annotations for the respective genomes were obtained

using the “hisat2 extract splice sites.py” script [9]. SAM files

were filtered for unique mappings with at most 2 mismatches

relative to the reference genome.

CIGAR
Reads corresponding to RNA-parts can be mapped in three

ways:

1. with a complete match with the reference genome along

the entire length of the read (CIGAR of the “25M” type,

where M – match). Such reads went on without changes;

2. containing one missing interval (CIGAR of the form

“30M65N10M”, where M – match, N – skipped region).

For such reads, the longest section mapped without breaks

was left;

3. more complex mapping options (reads with complex

splicing): multiple missing intervals (CIGAR of the

form: “8M1113N56M79N8M”), mapping with insertions or

deletions. All such reads were removed.

BlackList
DNA-parts of the contacts that fell into the regions from

the ENCODE BlackList for GRCh38 and GRCm38 (accession:

ENCSR636HFF) were removed. For one-to-all data, “input”

(data with background nonspecific contacts) was not filtered

by the BlackList to avoid edge effects.

Annotation of RNA-parts of contacts
If the gene names were repeated in the general gene annotation

(more details about gene annotations can be found in

the relevant section here: https://rnachrom2.bioinf.fbb.msu.

ru/protocol, then a serial number was assigned to them

so that all gene names in the database are unique. For

example, the “WASIR1” gene was found twice in the gencode

annotation, so we assigned “WASIR1 1” and “WASIR1 2” to

the copies, respectively. Since one-to-all data does not have

any information on the RNA-parts of the contacts, we assigned

to each DNA-part from the experiment the coordinates of the

corresponding RNA source gene studied in the corresponding

experiment. In the case of all-to-all data, if the RNA-part of

the contact intersects a gene by at least 1 nucleotide, this RNA-

part was assigned to this gene. If the RNA-part of the contact

intersects more than one gene at the same strand, this RNA-

part was assigned to the gene showing the highest coverage

by RNA-parts, which was determined as the total number of

RNA-parts mapped to the gene normalized to the gene length.

Note that in this and subsequent steps, the replicas are

already merged to increase the amount of data and coverage.

X-RNAs assembly
A substantial amount of RNA-parts was not annotated by any

of the used gene annotations. Some of these unknown parts may

belong to unknown ncRNAs. Transcripts not corresponding to

any known gene (from GENCODE database [10]: annotation

version 35 for human and 25 for mice) were assembled using

StringTie [11] and then filtered by several criteria, e.g. length,

distance to the closest known gene on the same strand,

conservation on different taxonomic levels and high coverage.

We called the group of transcripts that passed all the filters

“X-RNAs”. To the X-RNAs the unique IDs were assigned based

on their genome location. E.g. X 1 13 a hg38 is the X-RNA

located on chromosome 1 of the human genome (version hg38)

in the 13th bin (each chromosome was divided into bins of

10’000 bp). And the letter “a” indicates that the source gene

of this X-RNA is the first in the bin relative to the beginning

of the corresponding chromosome.

Contacts normalization
For each experiment, the following procedure was carried out. A

single value (“n-reads (raw)” = 1) was assigned to each contact,

since a single contact corresponds to 1 pair of RNA- and DNA-

parts. After that, we defined background contacts depending

on the type of data:

1. All-to-all experiments. According to the approach pro-

posed in the GRID-seq [5] protocol, we defined back-

ground contacts as the total number of mRNAs trans-

contacts with each genomic site (not with the parental

chromosome). The genome was divided into 500 bp bins,

and for each bin we summed up the number of trans-con-

tacts made with this bin by protein-coding mRNAs (the

50 most contacting and 1000 least contacting mRNAs were

removed for each experiment).

https://rnachrom2.bioinf.fbb.msu.ru/protocol
https://rnachrom2.bioinf.fbb.msu.ru/protocol
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2. One-to-all experiments. The genome was divided into

500 bp bins, and for each bin we summed up the number of

“input” contacts whose centers fell into the corresponding

bin (if there was no “input” library for a particular

experiment, then the background was made constant, that

is, we assigned exactly one contact to each bin).

Then we smoothed the obtained signal with StereoGene

(v.2.20) [12] (parameters: bin = 500, wSize = 1000000,

flankSize = 10000, kernelSigma = 3000, kernelType = NORMAL)

and used it as a background signal – “n-reads (background)”

or nbg.

Then we normalized each nraw by the value of the

background signal (nbg) in the genomic coordinate where the

DNA-parts were mapped. To work with DNA-parts mapped to

the regions with zero value of the background signal, we added

the pseudocount to the nbg. And thus, we obtained nomalized

value (“n-reads (normalized)” or nnorm). This normalization

ensures that the sum of the normalized values is equal to the

number of reads in the experiment (Eq.1).

nnorm =
nraw

nbg + 0.5
· (

∑
nraw /

∑ nraw

nbg + 0.5
) (1)

For one-to-all experiments, the peaks (a genome regions

enriched in contacts of the RNA with chromatin) were

additionally called using the MACS2 [13] program with the

following parameters: -Q 0.05 -FORMAT BED (if single-end) or -Q

0.05 -FORMAT BEDPE (if paired-end). Contacts, the DNA-parts

of which intersected the peaks by at least 1 bp, will be used

in the further construction of analytical plots with previously

defined “n-reads (raw)” and “n-reads (normalized)”. Applying

this filter, we obtained “n-reads (raw & in peaks)” and “n-reads

(norm. & in peaks)”.

Annotation of DNA-parts of contacts
For each gene we calculated the following five intervals: gene

body, 5 Kb upstream and 5 Kb downstream from the gene,

from 5 to 50 Kb upstream and from 5 to 50 Kb downstream

from the gene according to the gene strand. Hence, the intervals

don’t intersect. DNA-parts of the contacts were annotated by

all the intervals. The coordinates of the DNA-part and the

corresponding intervals must intersect by at least 1 nucleotide.

Supplementary Text 2

During the data processing steps we noticed that RNA-parts

of the contacts in a number of experiments could represent not

those parts of genes sequences, from which the corresponding

RNAs were transcribed, but reverse complements of those

sequences. In other words, In some experiments, the “forward”

strand of the cDNA read part could be sequenced, and in others

— the “reverse” one.

In order to determine whether that hypothesis was true, an

experiment was carried out based on the following assumption:

in any viable cell line, the genes of ribosomal proteins must be

highly expressed, and it is likely that a significant part of the

data we have is precisely the messenger RNAs of these proteins

contacting with chromatin on their way to nuclear pores. For

each data set, we can select the RNA-parts of the contacts that

were aligned within the coordinates of the genes of ribosomal

proteins on both chains, and then calculate the fractions of

reads aligned on the gene chain and the chain complementary

to the gene (Figure 2).

If more reads were mapped to the gene chain than to its

complementary one, then during sequencing, the “correct”

cDNA chain was read corresponding to the sequence of RNA

in contact with chromatin, and vice versa. The RNA-parts

from experiments that have “wrong” cDNA chain sequences

needed to be reversed before future analysis, although it was

not obviously stated in any of the original papers.

Notably, when looking at human data, the following strands

were read: the “correct” cDNA strand (in the case of the

Red-C [6] experiment); the reverse strand (for GRID-seq [5]

and iMARGI [3, 4] experiments). Whereas in the case of

MARGI [14], it seems that mostly a random strand was

read, and the orientations of the RNA-parts of the con-

tacts were lost (Figure 2). It can be seen that for some

MARGI data sets (SRR5278097, SRR5278097, SRR5278100,

SRR5278102) strands were uniquely determined. However, due

to the low gene coverage of ribosomal proteins in these data

sets (Supplementary table 4) and to the loss of RNA-parts

orientations in other MARGI data sets, we decided to exclude

the MARGI experiment from any further analysis.

Looking at mouse data, we can see that the mouse GRID-seq

behaves like a human GRID-seq, and RADICL-seq [7] behaves

like Red-C (Figure 3).

Supplementary Tables (see file ”RNA-Chrom
supplementary tables”)

1. Table 1. Data processing statistics.

2. Table 2. Database content.

3. Table 3. 28 data sets that have been re-trimmed with a

more permissive “quality threshold” of 22 and an addi-

tional LEADING:22 parameter.

4. Table 4. Data that are involved in clarifying the ori-

entation of the RNA-parts of human contacts.

Supplementary Figures

Fig. 1. Distribution of the number of reads (contacts) in one-to-

all experiments (the replicas are already merged), remaining after all

processing steps (“BlackList” is the last step) and after additional

filtering: the intersection with MACS2 peaks (“Reads in peaks”). In order

for data sets with zero “Reads in peaks” to also be displayed, we added

1 read to each experiment.
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Fig. 2. Estimation of orientation of RNA-parts of the contacts for human data sets on a subsample of 53 ribosomal protein-coding genes (RPL22, RPL11,

RPL5, RPL31, RPL37A, RPL32, RPL15, RPL14, RPL29, RPL24, RPL22L1, RPL39L, RPL35A, RPL9, RPL34, RPL37, RPL26L1, RPL10A, RPL7L1,

RPL7, RPL30, RPL8, RPL35, RPL12, RPL7A, RPLP2, RPL27A, RPL41, RPL6, RPLP0, RPL21, RPL10L, RPL36AL, RPL4, RPLP1, RPL3L, RPL13,

RPL26, RPL23A, RPL23, RPL19, RPL27, RPL38, RPL28, RPL3, RPL36A, RPL13A, RPL39, RPL10 , RPL17, RPL36, RPL18A, RPL18).

Fig. 3. Estimation of orientation of RNA-parts of the contacts for mouse data sets on a subsample of 51 ribosomal protein-coding genes (Rpl7, Rpl31,

Rpl37a, Rpl7a, Rpl12, Rpl35, Rpl22l1, Rpl34, Rpl11, Rpl22, Rpl9, Rpl5, Rplp0, Rpl6, Rpl21, Rpl32, Rpl28, Rpl13a, Rpl18, Rpl27a, Rplp2, Rpl18a,

Rpl13, Rplp1, Rpl4, Rpl29, Rpl14, Rpl41, Rpl26, Rpl23a, Rpl23, Rpl19, Rpl27, Rpl38, Rpl10l, Rpl15, Rpl37, Rpl30, Rpl8, Rpl3, Rpl39l, Rpl35a, Rpl24,

Rpl3l, Rpl10a, Rpl7l1, Rpl36, Rpl17, Rpl39, Rpl10, Rpl36a).
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Charles Plessy, Gonçalo Castelo-Branco, Valerio Orlando,

and Piero Carninci. RADICL-seq identifies general and

cell type–specific principles of genome-wide RNA-chromatin

interactions. Nature Communications. 11, 1-14 (2020)

8. Anthony M Bolger, Marc Lohse, and Bjoern Usadel.

Trimmomatic: a flexible trimmer for Illumina sequence

data. Bioinformatics. 30, 2114-2120 (2014)

9. Daehwan Kim, Joseph M Paggi, Chanhee Park, Christopher

Bennett, and Steven L Salzberg. Graph-based genome

alignment and genotyping with HISAT2 and HISAT-

genotype. Nature Biotechnology. 37 pp. 907-915 (2019),

http://dx.doi.org/10.1038/s41587-019-0201-4

10. Adam Frankish, Mark Diekhans, Irwin Jungreis, Julien

Lagarde, Jane E Loveland, Jonathan M Mudge, Cristina

Sisu, James C Wright, Joel Armstrong, If Barnes,

Andrew Berry, Alexandra Bignell, Carles Boix, Di Tomas

Domenico, Sarah Donaldson, Silvia Carbonell Sala, Fiona

Cunningham, Ian T Fiddes, Carlos Garc, Jose Manuel

Gonzalez, Tiago Grego, Matthew Hardy, Thibaut Hourlier,

Kevin L Howe, Toby Hunt, Osagie G Izuogu, Shamika

Mohanan, Rory Johnson, Fergal J Martin, Laura Mart,

Paul Muir, Fabio C P Navarro, Anne Parker, Baikang

Pei, Fernando Pozo, Calvet Riera, Magali Ruffier, Bianca

M Schmitt, Eloise Stapleton, Marie-marthe Suner, Irina

Sycheva, Barbara Uszczynska-ratajczak, Maxim Y Wolf,

Jinuri Xu, Yucheng T Yang, Andrew Yates, Daniel Zerbino,

Yan Zhang, Tim J P Hubbard, Jyoti S Choudhary, Mark

Gerstein, Roderic Guig, Manolis Kellis, Benedict Paten,

Michael L Tress, and Paul Flicek. GENCODE 2021. Nucleic

Acids Research. 49, 916-923 (2021)

11. Mihaela Pertea, Geo M Pertea, Corina M Antonescu,

Tsung-cheng Chang, Joshua T Mendell, and Steven L

Salzberg. StringTie enables improved reconstruction of a

transcriptome from RNA-seq reads. Nature Biotechnology.

33 pp. 290-295 (2015)

12. Elena D Stavrovskaya, Tejasvi Niranjan, Elana J Fertig,

Sarah J Wheelan, Alexander V Favorov, and Andrey

A Mironov. StereoGene: rapid estimation of genome-

wide correlation of continuous or interval feature data.

Bioinformatics. 33, 3158-3165 (2017)

13. Yong Zhang, Tao Liu, Clifford A. Meyer, Jerome Eeckhoute,

David S. Johnson, Bradley E. Bernstein, Chad Nussbaum,

Richard M. Myers, Myles Brown, Wei Li, and X.

Shirley Shirley. Model-based analysis of ChIP-Seq (MACS).

Genome Biology. 9 (2008)

14. Bharat Sridhar, Marcelo Rivas-Astroza, Tri C. Nguyen,

Weizhong Chen, Zhangming Yan, Xiaoyi Cao, Lucie Hebert,

and Sheng Zhong. Systematic Mapping of RNA-Chromatin

Interactions In Vivo. Current Biology. 27, 602-609 (2017),

http://dx.doi.org/10.1016/j.cub.2017.01.011


	Supplementary Text 1
	Remove duplicates
	Add restriction site
	Trimmomatic
	Mapping
	CIGAR
	BlackList
	Annotation of RNA-parts of contacts
	X-RNAs assembly
	Contacts normalization
	Annotation of DNA-parts of contacts

	Supplementary Text 2
	Supplementary Tables (see file "RNA-Chrom supplementary tables")
	Supplementary Figures

