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MAIN TEXT 13 

Next generation sequencing has become one of the major approaches to investigate transcription 14 

regulation. RNA-seq, which sequences the RNA complement, can provide a snapshot of the steady-15 

state level of RNA. In addition to whole cell analysis, RNA-seq can be performed on different cellular 16 

fractions, such as chromatin, nucleoplasm, and cytoplasm, to investigate post-transcriptional regulation, 17 

for example. Chromatin RNA-seq provides a picture of the RNAs transcribed by RNA polymerase (pol) 18 

I, pol II, and pol III, associated with chromatin, which is a combination of nascent and processed 19 

transcripts. As chromatin RNA-seq cannot rely on a poly(A) tail enrichment method, a ribosomal (r)RNA-20 

depletion step is performed during library preparation to avoid an over-representation of rRNAs in the 21 

sequencing data. The variety of commercial kits and protocols that are available each has its own 22 

strengths and weaknesses (1). Contrary to analysis of the data obtained from standard whole-cell RNA-23 

seq or techniques investigating simultaneously nascent transcription of the three polymerases, such as 24 

precision nuclear run-on (PRO-seq), no bioinformatics step to remove the remaining rRNA reads is 25 

generally performed in chromatin RNA-seq (2-4). 26 

We have reanalysed 16 chromatin RNA-seq datasets from four different studies investigating the roles 27 

in transcription of the elongation factor SPT6 (5), the termination factors CPSF73 (6) and PCF11 (7), 28 

and the RNaseH1 enzyme, which degrades the RNA of RNA-DNA hybrids (8). We found that after 29 

rRNA-depletion with the Illumina Ribo-Zero gold rRNA-removal kit, rRNAs reads are still present in the 30 

sequencing data and represent between 0.8% and 92.1% of the reads mapping to the GRCh38.p13 31 

version of the human genome (Table 1). The proportion of reads mapping to rRNA genes was 32 

calculated by comparing the total number of reads mapping to the human genome with and without an 33 

intermediate step, where the reads are first mapped to an rRNA repeat to remove them (see Methods 34 

section). Importantly, differences across samples in the number of remaining rRNA reads within each 35 
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study indicate uneven rRNA depletion, which could affect downstream data analysis. The two samples 36 

with more than 90% of rRNA reads are likely due to a failure of the rRNA depletion step. However, their 37 

high sequencing depth is sufficient to still obtain more than 100 million paired-end reads mapping to 38 

non-rRNA regions.  39 

We also investigated whether the results were the same using the GRCh37.p13 version of the human 40 

genome, which is still widely used in the literature and was the version of the genome used for the 41 

original analysis of these16 chromatin RNA-seq datasets (5-8). For this comparison, we mapped four 42 

of the 16 samples to GRCh37.p13 (Table 2). We found a similar result using both the GRCh38.p13 and 43 

GRCh37.p13 version of the human genome, indicating that rRNA genes are annotated in both versions 44 

of the human genome and therefore contaminating rRNA reads may also be an issue with older versions 45 

of the human genome. As GRCh38.p13 is a corrected and improved version of the genome, mapping 46 

to GRCh37.p13 generally gave a lower number of mapped reads.  47 

An indication of incomplete rRNA depletion can be easily monitored in the distribution of reads between 48 

the forward and the reverse strand, as most of the rRNA genes are located on the forward strand. 49 

Human genes, either all genes or only protein-coding genes, are distributed evenly between both 50 

strands (Figure 1A). Similarly, analysis of nascent transcription by mNET-seq with a total pol II antibody 51 

shows an even distribution of the reads on the forward and reverse strands (Figure 1B). In the case of 52 

chromatin RNA-seq, a bias of the reads towards the forward strand is observed when the rRNA reads 53 

are still present, whereas the uneven strand distribution disappears following bioinformatics removal of 54 

the rRNA reads (Figure 1C). We then investigated whether the presence of contaminating rRNA reads 55 

could affect chromatin RNA-seq data analysis. To test this, we produced metagene profiles on a set of 56 

highly-expressed genes and compared the ratio of reads with and without the noted treatment, either 57 

without rRNA depletion (All reads) or with a bioinformatics rRNA depletion step (rRNA depletion) (Figure 58 

2A-D). For some of the comparisons, such as siPCF11/siLuc repeat 2 and RNaseH1 59 

overexpression/WT repeat 2, a clear change in the ratios is observed, indicating that the presence of 60 

different proportions of rRNA reads amongst the samples affects the outcome of the comparison. To 61 

determine whether the differences between presence or absence of rRNA reads are statistically 62 

significant, we quantified the chromatin RNA-seq data between the transcription start sites (TSSs) and 63 

the poly(A) site of the highly expressed genes followed by the calculation of the ratio of treatment to 64 

control (see Methods section, Figure 2E-H). We found statistically significant differences when rRNA 65 
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reads are effectively depleted or not effectively depleted in the eight comparisons, even where there is 66 

no visible change in the metagene profiles.     67 

To determine whether the issue with contaminating rRNA reads can be avoided by mapping the reads 68 

to the genome without the genomic contigs, we investigated the location in the genome where the rRNA 69 

reads map (Table 3). We found that 99.9% of the rRNA reads map to three locations: two genomic 70 

contigs, GL000220.1 and KI270733.1 (26% each), which are known to contain rRNA genes, and 71 

chromosome 21 (48%), which also has rRNA genes (9). The mapping of ~ 50% of the rRNA reads to 72 

chromosome 21 indicates that even if the two genomic contigs containing rRNA genes are removed, 73 

high levels of contaminating rRNA reads may affect data analysis. We also note that reads mapping to 74 

rRNA genes are highly specific as only a tiny fraction of the mapped reads (< 0.03%) are lost from 75 

chromosomes without rRNA genes from the bioinformatics rRNA removal step.  76 

We show here that even with a ribodepletion step, rRNA reads can still represent a significant proportion 77 

of the total reads of a chromatin RNA-seq library (Table 1). The non-removal of the rRNA reads can 78 

affect the conclusion when comparing treatment and control conditions, due to uneven rRNA depletion 79 

between samples as shown at the 5’ end of two single genes, NEK9 and PGP, in Figure 3. Although 80 

most of the samples analysed here did not show a major change following rRNA depletion, any 81 

comparison between two samples with an unaccounted significant difference in the proportion of rRNA 82 

reads can lead to an incorrect conclusion. We therefore recommend that any remaining rRNA reads 83 

are routinely removed from chromatin RNA-seq data with an additional bioinformatics step before 84 

downstream analysis.  85 

 86 

METHODS 87 

Transcription units’ annotation 88 

Gencode V31 annotation, based on the hg38 version of the human genome, was used to extract the 89 

location of the transcription units and the protein-coding genes. The set of 931 highly expressed genes 90 

in HeLa cells used for the metagene analyses are from (10).  91 

mNET-seq data processing 92 

Total pol II mNET-seq data from the GEO submission GSE110028 (5). mNET-seq data were processed 93 

as follows: adapters were trimmed with Cutadapt version 1.13 (11) in paired-end mode with the 94 

following parameters: -q 15, 10 --minimum-length 10 –A GATCGTCGGACTGTAGAACTCTGAAC –a 95 
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AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC. Trimmed reads were mapped to the human 96 

GRCh38.p13 reference sequence with with STAR version 2.6.1d (12) and the parameters --runThreadN 97 

16 --readFilesCommand gunzip -c –k --limitBAMsortRAM 20000000000 --outSAMtype BAM 98 

SortedByCoordinate. SAMtools version 1.3.1 (13) was used to retain only properly paired and mapped 99 

reads (-f 3). A custom python script (14) was used to obtain the 3’ nucleotide of the second read and 100 

the strandedness of the first read. Strand-specific bam files were generated with SAMtools. 101 

Chromatin RNA-seq data processing 102 

Chromatin RNA-seq data were obtained from the following GEO submissions: GSE137727: CPSF73 103 

degradation (6), GSE110028: SPT6 knockdown (5), GSE123105: PCF11 knockdown (7), and 104 

GSE87607: RNaseH1 overexpression (8). Chromatin RNA-seq data were processed as follows: 105 

adapters were trimmed with Cutadapt version 1.13 in paired-end mode with the following parameters: 106 

-q 15, 10 –minimum-length 10 -A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -a 107 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCA. The remaining rRNA reads were removed by 108 

mapping the trimmed reads to the rRNA genes defined in the Human ribosomal DNA complete 109 

repeating unit (GenBank: U13369.1) (Supplementary File 1) with STAR version 2.6.1d and the 110 

parameters --runThreadN 16 --readFilesCommand gunzip -c –k --outReadsUnmapped Fastx --111 

limitBAMsortRAM 20000000000 --outSAMtype BAM SortedByCoordinate. 112 

The unmapped reads were mapped to the human GRCh38.p13 reference genome with STAR and the 113 

parameters --runThreadN 16 --readFilesCommand gunzip -c –k --limitBAMsortRAM 20000000000 --114 

outSAMtype BAM SortedByCoordinate. SAMtools version 1.3.1 was used to retain only properly paired 115 

and mapped reads (-f 3). Strand-specific bam files were generated with SAMtools. FPKM-normalized 116 

bigwig files were created with deepTools version 2.5.0.1 (15) bamCoverage tool with the parameters –117 

bs 10 –p max –-normalizeUsing RPKM.  118 

Metagene profiles 119 

Metagene profiles were generated from FPKM-normalized bigwig files with Deeptools2 computeMatrix 120 

tool with a bin size of 10 bp and the plotting data obtained with plotProfile –outFileNameData tool. 121 

Graphs were then created with GraphPad Prism 8.4.2. 122 

Reads quantification 123 

Total read base count for chromatin RNA-seq data were computed with samtools bedcov tool using 124 

strand-specific bam files and normalized to 100 million paired-end reads and to the region’s length. The 125 
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quantification is thus defined: log2(([region] * normalization factor) / length region). The quantification 126 

region was defined as the TSS to the poly(A) site. The ratio of treatment over control for each gene was 127 

then calculated. Violin plots, which were plotted with the minimal, first quartile, median, third quartile, 128 

and maximal values, were created with GraphPad Prism 8.4.2 129 

P values and significance tests 130 

Wilcoxon matched-pairs signed rank test was performed in GraphPad Prism 8.4.2. 131 
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GEO submission Sample Name 

Number of total 

mapped 

single/paired-end 

reads 

Number of 

mapped reads 

after rRNA 

depletion 

Number of reads 

mapping to rRNA 

genes (% of total 

mapped reads) 

GSE137727; 

Single-end 

sequencing data 

(6) 

Hela CPSF73-

AID, no Auxin, 

Repeat 1 

40,330,665 39,599,872 
730,793 

(1.8%) 

Hela CPSF73-

AID, no Auxin, 

Repeat 2 

51,271,377 49,895,133 
1,376,244 

(2.7%) 

Hela CPSF73-

AID, with Auxin, 

Repeat 1 

49,101,660 48,688,254 
413,406 

(0.8%) 

Hela CPSF73-

AID, with Auxin, 

Repeat 2 

51,551,588 48,317,460 
3,234,128 

(6.3%) 

GSE110028; 

Paired-end 

sequencing data 

(5) 

HeLa siLuc, 

Repeat 1 
188,484,790 174,108,812 

14,375,978 

(7.6%) 

HeLa siLuc, 

Repeat 2 
79,862,134 71,548,900 

8,313,234 

(10.4%) 

HeLa siSPT6, 

Repeat 1 
184,121,714 177,454,196 

6,667,518 

(3.6%) 

HeLa siSPT6, 

Repeat 2 
75,109,180 69,174,938 

5,934,242 

(7.9%) 

GSE123105; 

paired-end 

sequencing data 

(7) 

HeLa siLuc, 

Repeat 1 
102,235,104 64,429,148 

37,805,956 

(37.0%) 

HeLa siLuc, 

Repeat 2 
87,992,826 57,666,978 

30,325,848 

(34.5%) 

HeLa siPCF11, 

Repeat 1 
105,287,068 64,606,322 

40,680,746 

(38.6%) 
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HeLa siPCF11, 

Repeat 2 
111,033,410 63,653,258 

47,380,152 

(42.7%) 

GSE87607; 

paired-end 

sequencing data 

(8) 

HeLa WT, 

Repeat 1 
376,740,560 297,520,806 

79,219,754 

(21.0%) 

HeLa WT, 

Repeat 2 
1,536,599,080 122,125,570 

1,414,473,510 

(92.1%) 

HeLa RNaseH1 

overexpression, 

Repeat 1 

382,709,514 312,362,380 
70,347,134 

(18.4%) 

HeLa RNaseH1 

overexpression, 

Repeat 2 

1,349,159,646 134,230,518 
1,214,929,128 

(90.1%) 

Table 1: Summary of the chromatin RNA-seq reads mapped to the GRCh38.p13 version of the human 204 

genome with and without removal of rRNA reads. 205 
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GEO submission Sample Name 

Number of total 

mapped 

single/paired-end 

reads 

Number of 

mapped reads 

after rRNA 

depletion 

Number of reads 

mapping to rRNA 

genes (% of total 

mapped reads) 

GSE87607; 

paired-end 

sequencing data 

(8) 

HeLa WT, 

Repeat 1 
276,453,712 251,959,340 

24,494,372 

(8.9%) 

HeLa WT, 

Repeat 2 
582,483,250 102,627,365 

479,855,885 

(82.4%) 

HeLa RNaseH1 

overexpression, 

Repeat 1 

334,113,048 312,321,083 
21,791,965 

(6.5%) 

HeLa RNaseH1 

overexpression, 

Repeat 2 

537,888,953 120,001,805 
417,887,148 

(77.7%) 

Table 2: Summary of the chromatin RNA-seq reads mapped to the GRCh37.p13 version of the human 221 

genome with and without removal of rRNA reads. 222 
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Chromosome or genomic contig % of rRNA reads mapping in chromatin RNA-seq 

Chr21 48% (± 0.8) 

GL000220.1 26% (± 0.5) 

KI270733.1 26% (± 0.3) 

Table 3: Summary of the proportion of rRNA reads mapping to the GRCh38.p13 version of the human 237 

genome and contigs (n = 16 biological replicates). 238 
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FIGURES LEGENDS 263 

Figure 1. Incomplete rRNA reads depletion affects the distribution of chromatin RNA-seq reads 264 

on forward and reverse strands. 265 

A/ Proportion of transcription units (all genes) or protein-coding genes on the forward or reverse strand 266 

in the Gencode V31 annotation. B/ Distribution of total pol II mNET-seq reads across the forward and 267 

reverse strand. C/ Proportion of mapped chromatin RNA-seq reads for the CPSF73 degradation, SPT6 268 

depletion, PCF11 depletion, or RNaseH1 overexpression datasets on the forward or reverse strand 269 

without (all reads) or with bioinformatics rRNA reads depletion (rRNA depletion).  270 

 271 

Figure 2. Incomplete rRNA reads depletion affects chromatin RNA-seq data analysis for CPSF73 272 

auxin-mediated depletion, SPT6 knockdown, PCF11 knockdown, and RNaseH1 overexpression. 273 

A/ Metagene analyses of the chromatin RNA-seq across highly expressed protein-coding genes without 274 

(all reads, blue and light blue) or with rRNA reads depletion (red and orange). The metagene analysis 275 

are shown as the ratio of Auxin+ (CPSF73 degradation) over Auxin- (no CPSF73 degradation). B/ 276 

Metagene analyses of the chromatin RNA-seq across highly expressed protein-coding genes without 277 

(all reads, blue and light blue) or with rRNA reads depletion (red and orange). The metagene analysis 278 

are shown as the ratio of siSPT6 over siLuc. C/ Metagene analyses of the chromatin RNA-seq across 279 

highly expressed protein-coding genes without (all reads, blue and light blue) or with rRNA reads 280 

depletion (red and orange). The metagene analysis are shown as the ratio of siPCF11 over siLuc. D/ 281 

Metagene analyses of the chromatin RNA-seq across highly expressed protein-coding genes without 282 

(all reads, blue and light blue) or with rRNA reads depletion (red and orange). The metagene analysis 283 

are shown as the ratio of RNaseH1 overexpression (OE) over wild-type (WT). E/ Quantification of the 284 

chromatin RNA-seq ratio Auxin+ over Auxin- across the gene body of the highly expressed protein-285 

coding genes, defined as TSS to poly(A) site. All reads: blue and light blue, rRNA depletion: red and 286 

orange. Statistical test: Wilcoxon matched-pairs signed rank test. F/ Quantification of the chromatin 287 

RNA-seq ratio siSPT6 over siLuc across the gene body of the highly expressed protein-coding genes, 288 

defined as TSS to poly(A) site. All reads: blue and light blue, rRNA depletion: red and orange. Statistical 289 

test: Wilcoxon matched-pairs signed rank test. G/ Quantification of the chromatin RNA-seq ratio 290 

siPCF11 over siLuc across the gene body of the highly expressed protein-coding genes, defined as 291 

TSS to poly(A) site. All reads: blue and light blue, rRNA depletion: red and orange. Statistical test: 292 
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Wilcoxon matched-pairs signed rank test. H/ Quantification of the chromatin RNA-seq ratio RNaseH1 293 

overexpression (OE) over WT across the gene body of the highly expressed protein-coding genes, 294 

defined as TSS to poly(A) site. All reads: blue and light blue, rRNA depletion: red and orange. Statistical 295 

test: Wilcoxon matched-pairs signed rank test.  296 

 297 

Figure 3. Examples of incomplete rRNA reads depletion affecting the comparison between 298 

treatment and control.  299 

Chromatin RNA-seq profiles of WT or RNAseH1 OE repeat 2 across NEK9 and PGP without (all reads, 300 

light blue) or with bioinformatics rRNA reads depletion (orange). The sense of transcription is shown by 301 

the arrow above the gene.  302 
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