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Abstract

Transcriptional interference, which can be mediated by read-through transcription, is recognized as a
mechanism negatively controlling gene expression levels. Recent studies highlighted the importance of
transcriptional interference mediated by read-through transcription in response to different kinds of
stresses and in response to viral infections. In this study we investigated the extent of transcriptional
interference mediated by read-through transcription in different human cell lines. Our results, based on
the analysis of transcriptomics and genomics data, reveal that transcriptional interference is widespread
in the human genome in unperturbed conditions. Furthermore, through the use of RNA pol Il mutants
with different velocity, we show that transcriptional interference can be controlled by RNA pol Il speed.
Finally, we observe that read-through transcription invading downstream genes significantly associates
with decreased level of translation of downstream genes in tandem gene pairs, therefore probably
affecting protein levels. Together these data indicate that transcriptional interference is a mechanism
controlling gene expression in unperturbed conditions. In addition, our results uncover the importance of
transcription speed in controlling the expression level of downstream genes in tandem gene pairs.

*Virginie Jouffret and Maurane Eisele contributed equally to this work.

**Didier Trouche and Lisa Muniz contributed equally to this work.

Introduction

In eukaryotes transcription by RNA polymerase Il controls the production of messenger-RNA (mRNA) as
well as several non-coding RNA. Transcription by RNA pol Il is tightly regulated at all stages of its cycle
i.e., initiation, promoter proximal pausing, elongation and termination. Transcription termination is
defined as the dissociation of the ternary complex formed by the RNA pol Il, the nascent RNA and the
DNA matrix. On protein coding genes, transcription termination is tightly linked to processing of the 3’
end of mRNAs. It begins with the transcription of the polyA signal that induces conformational changes
in the RNA pol Il elongation complex, most probably linked to dephosphorylation events. These
conformational changes then lead to a slow-down of the RNA pol Il which allow its catch-up by the 5’ to
3’ exonuclease Xrn2 (1, 2). In higher eukaryotes, transcription termination by RNA pol Il is not taking
place at a precise location downstream the gene but in a more diffuse manner in a so called ‘termination
window’ (3). Transcriptional read-through refers to the continuation of transcription beyond this
termination window.

Transcription termination is a dynamically regulated process which can respond to different stimuli. Its
control is especially important as it can affect not only the expression of the gene that is transcribed
itself but also the expression of the gene located downstream on the genome, whether it is a tandem
gene or a convergent gene. Indeed, if the RNA pol Il does not terminate transcription before reaching the
gene located downstream, it can cause transcriptional interference, which is defined as ‘the suppressive
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influence of one transcription process, directly and in cis on a second transcriptional process’ (4).
Transcriptional interference can occur through different mechanisms including promoter competition,
“sitting duck” interference, occlusion, collision and roadblock (reviewed in (4)).

Transcriptional interference has been shown to occur in many different organisms. For example, in S.
cerevisiae transcription of the SER3 gene, involved in the first step of serine and glycine biosynthesis, is
tightly repressed during growth in rich medium. This repression has been shown to involve a
transcriptional interference-based mechanism in which transcription of the SRG1 non coding RNA
across the SER3 promoter is associated with a high nucleosome occupancy and interferes with the
binding of activators to the promoter of the SER3 gene (5, 6). In S. pombe, three phosphate acquisition
genes are repressed in phosphate rich conditions by transcriptional interference through transcription of
long non coding RNA genes located upstream of these three different protein-coding genes (7-9). In this
case, transcriptional elongation factors travelling with the polymerase that initiated transcription on the
upstream IncRNA promoter establish a repressive chromatin environment over the downstream protein-
coding gene promoters preventing the binding of transcription factors (8). In D. melanogaster, the
expression of bxd ncRNAs represses the expression of homeobox gene Ubx by transcriptional
interference and participates in the establishment of the mosaic pattern of Ubx during embryonic
development (10). In mouse embryonic stem cells, transcription of the Airn IncRNA over the Igf2r
promoter silences the expression of the Igf2r imprinted gene by reducing the recruitment of functional
RNA pol Il to its promoter (11).

In addition, transcriptional interference has been shown to be coupled to translational repression of the
mMRNA produced from the downstream promoter, in pairs of alternative promoters in yeast as well as in
human cells (12, 13). Indeed, transcription from the upstream promoter leads to the production of an
mRNA harboring a 5' leader sequence containing an upstream ORF that affects the translation efficiency
of the downstream ORF. This phenomenon depends on Swi/Snf co-transcriptional nucleosome
remodeling around the downstream promoter (14).

While all the above examples of transcriptional interference refer to long non coding RNA genes
regulating the expression of downstream protein-coding gene promoters, or to alternative promoters of a
same gene, several studies have shown that transcriptional interference can also be mediated by read-
through transcription from protein-coding genes. A recent study in ant neurons has shown that activation
of a single odorant receptor gene in a large tandem array of many related genes silences downstream
genes expression through transcriptional interference mediated by read-through transcription which is
crucial to ensure specificity of the olfactory sensory neurons (15, 16). Along the same line, it has been
shown in human cells that deletion of the promoter of the CSDE1 protein coding gene induced an
increase in the expression of the N-Ras gene located downstream (17), probably also reflecting
transcriptional interference mediated by transcriptional read-through from the CSDE1 gene. Finally, we
have shown a few years ago that activation of transcriptional read-through on some genes in cells
undergoing oncogene induced senescence is associated with a decrease in the expression of
convergent genes (18). We showed for two of these read-through RNAs, that their increased expression
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is mediated by an increase in the RNA pol Il speed in these intergenic regions, and that they repress the
expression of the downstream gene.

Besides these examples showing read-through mediated transcriptional interference on one or a few
protein coding genes in physiological conditions, recent studies highlighted the possible extent of this
mechanism in response to different kinds of stresses, in response to viral infections as well as in cancer
(19-25). Indeed, in these studies, transcriptional read-through was shown to invade the genes located
downstream (called read-in), to produce fusion transcripts and alter the chromatin state and 3D
organization, which all could potentially affect the transcription of the genes located downstream (19—
25). Notably, it has been shown that the translation efficiency of the invaded gene mRNAs can be
affected (20, 22).

Interestingly, transcriptional read-through has recently been shown to be widespread in the human
genome (26), which raises the question of the consequences of such events on downstream genes’
expression. Indeed, although discovered more than forty-five years ago (27-29) and the subject of
numerous studies, transcriptional interference and its potential as an important mechanism of gene
expression regulation remain elusive. Most of the studies showing transcriptional interference have been
focusing on a single or a few specific gene pairs. As a consequence, the extent of transcriptional
interference in eukaryotic genomes remains unknown.

Here, we investigated the extent of transcriptional interference in human cells, its link with read-through
transcription and how it could affect downstream genes translation.

Results

Read-through transcription is widespread in the human
genome

When analyzing the different classes of genes in RNAseq data from WI38 cells, we noticed that while
both genes in pairs of convergent or divergent genes were expressed at the same level, within a pair of
tandem genes the downstream gene tended to be less expressed than the upstream gene (18). This
striking observation led us to analyse this bias in more details and in different cell lines. We first
analysed the expression of tandem genes, that we defined as genes organized in the same direction and
separated by a maximal distance of 100kb, in another non-cancerous cell line (MCF10A ER-Src (30)
hereafter called MCF10A) as well as in cancer cells (U20S) (31). From total RNA-seq data, we plotted
metagene profiles and boxplots for all tandem genes and found that the difference between expression
of the upstream and downstream genes also holds true in these two cell lines (Fig. 1A and
supplementary Fig. 1). We thought that this could be due to transcriptional interference mediated by
read-through transcription coming from the upstream gene. To test this hypothesis, we used an in-house
developed pipeline to detect read-through transcripts from RNAseq data. Briefly, this pipeline, that we
named HMM, uses a Hidden Markov Model to detect continuous signal after the annotated polyA site
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from bigwig files (see materials and methods). Before using this pipeline, we tested its performance by
comparing the read-through transcripts detection with two other published pipelines DOGfinder (32) and
ARTdeco (21). We detected read-through transcripts from our four replicates of published U20S total
RNAseq data using default parameters for ARTdeco and DOGfinder. ARTdeco, DOGfinder and HMM
detected 2783, 6439 and 5617 read-through transcripts expressed in U20S cells respectively. ARTdeco
detected read-through transcripts produced from 13.8% of all genes while DOGfinder and HMM detected
read-through transcripts from about 25% of all genes. We found a good overlap between read-through
transcripts detected by the three pipelines (supplementary Fig. 2A). The HMM pipeline detected most of
the read-through transcripts detected by both published pipelines: 72% of the read-through transcripts
detected by ARTdeco and almost 51% of the read-through transcripts detected by DOGfinder. Moreover,
25.5% of all the read-through transcripts were uniquely detected by the HMM pipeline. When we
compared the expression level of genes producing read-through transcripts (+ RT) or not (-RT) identified
by the three different pipelines, we noticed that the HMM pipeline actually detects read-through
transcripts produced from genes that are less expressed as compared to read-through transcripts
identified by the DOGfinder and ARTdeco pipelines (supplementary Fig. 2B), suggesting that it is less
biased by the expression levels of genes from which read-through transcripts originate. In conclusion,
we found that HMM has a similar sensitivity than ARTdeco and DOGfinder and is slightly better in
detecting read-through transcripts from lowly expressed genes. We therefore used the HMM pipeline in
the rest of the study.

We detected read-through transcripts originating from expressed genes (FPKM > 1) from two RNAseq
replicates in U20S, MCF10A and WI38 cell lines. We identified 2560, 3238, and 2844 read-through
transcripts as compared to 12300, 11025, and 9354 expressed genes in U20S, WI38 and MCF10A
respectively, indicating that between 21% and 30% of expressed genes produce read-through transcripts
in these cell lines. Interestingly, we found that 52% of read-through transcripts are found in at least two
of the cell lines and 21% are common to all three cell lines (supplementary Fig. 2C), suggesting that
some genes are more prone to produce read-through transcripts than others, as recently shown in
human tissues (26).

Read-through transcription limits the expression of downstream
genes in tandem and convergent gene pairs

In order to test whether transcriptional interference mediated by read-through transcription could be
responsible for the lower expression of downstream genes in pairs of tandem genes, we separated pairs
of tandem genes into two different classes using total RNAseq data from U20S cells: one for which the
upstream gene produces read-through (+ RT) and the other not (-RT). We then drew metagene profiles
and boxplots for these two classes of tandem gene pairs, as well as boxplots representing the ratio of
expression of downstream genes versus upstream genes (Fig. 1B and supplementary Fig. 3A). While the
expression level of the downstream gene is about the same as the expression level of the upstream
gene in the -RT class, the expression of the downstream gene is lower than the expression of the
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upstream gene in the + RT class. We also drew the same metagene profile and boxplots but using the
read-through detected by either DOGfinder or ARTdeco. We found the same trend towards a lower
expression of the downstream genes in + RT gene pairs (supplementary Fig. 3B), indicating that read-
through transcription is associated with a lower expression of downstream genes whatever the
algorithm used to detect them. However, we also noted that we tend to enrich the + RT genes class with
genes that are expressed at a higher level as compared to -RT genes, even when using the HMM
algorithm although it can detect read-through from lowly expressed genes as compared to DOGfinder
and ARTdeco (see supplementary Fig. 2B). This observation can be explained by the fact that the
detection of read-through transcripts necessitates a minimal level of coverage on the read-through
region and thus a minimal level of expression of the gene producing the read-through. But, it could lead
to a bias when comparing the expression level of downstream genes with the expression level of
upstream genes in pairs of tandem genes in the -RT and + RT classes. In order to avoid this bias, we
decided to directly compare the level of expression of downstream genes from the -RT and + RT classes
(Fig. 1C), which showed that the level of expression of downstream genes in the + RT class is lower than
the level of expression of downstream genes in the -RT class.

To test whether this finding holds true in other cell lines, we drew metagene profiles (supplementary

Fig. 4A) as well as boxplots to directly compare the level of expression of downstream genes from the -
RT and + RT classes (supplementary Fig. 4B) using total RNAseq data from MCF10A and WI38 cells. The
results obtained from MCF10A and WI38 cells recapitulated the results obtained from U20S cells. Taken
together, these results suggest that read-through transcription from the upstream gene interferes with
expression of the downstream gene in the + RT class.

Finally, we thought that read-in transcription might bias total RNAseq data by generating reads on the
downstream genes in tandem gene pairs. Indeed, read-in transcription has been shown to induce an
apparent increase in expression of downstream genes in conditions in which read-through transcription
is highly activated such as IAV and HSV-1 infection (19-21) as well as different stress conditions (22).
Transcriptional interference might thus be underestimated in total RNAseq data. PolyA+ RNAseq data
are probably less biased given that read-in transcripts might not always be properly matured or exported
to the cytoplasm and will be less represented. To test this hypothesis, we analysed published polyA+
data from U20S cells (33, 34) (Fig. 1D) and found that the difference in expression of downstream genes
in the + RT class as compared to expression of downstream genes in the -RT class is more pronounced
in polyA+ RNAseq data than in total RNAseq data (Fig. 1C), thus indicating that mature transcripts may
be strongly affected by transcriptional interference.

We wondered whether such an interference mediated by read-through transcription could also be
detected on convergent gene pairs. When we previously drew metagene profiles with our RNAseq data
from WI38 cells, we noted that the expression levels of convergent genes were lower than that of
tandem or divergent genes and postulated that it could reflect a higher tendency of transcriptional
interference between convergent genes (18). However, in this study, we did not take into account
whether genes produced read-through or not. We thus sorted convergent gene pairs in -RT and + RT
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classes and then divided the + RT class into two classes according to the strand on which the gene
producing read-through is located. We then drew metagene profiles for the different classes of genes in
U20S cells (Fig. 1E). These analyses indeed revealed that when a gene from a convergent gene pair
produces read-through, the convergent gene is less expressed, consistent with transcriptional
interference as for tandem gene pairs. Again, we performed the same analyses on RNAseq data from
WI38 and MCF10A cells and found the same trend towards a lower expression of the convergent gene
when the other gene in the pair produces read-through (supplementary Fig. 5A). As for tandem genes, we
noted that we tend to enrich the + RT gene class with genes that are expressed at a higher level as
compared to -RT genes, which could lead to a bias when comparing genes producing read-through with
genes that do not produce read-through. In order to avoid this bias, we decided to compare the level of
expression of genes convergent to genes producing read-through to that of genes convergent to genes
not producing read-through. Genes located on the plus and minus strands were analysed separately in
order to take into account the strand on which the gene producing read-through is located
(supplementary Fig. 5B). These analyses showed that genes convergent to genes producing read-
through tend to be less expressed than genes convergent to genes that do not produce read-through,
again in agreement with the interpretation that transcriptional read-through interferes with the
expression of downstream convergent genes.

(A) Metagene analysis of strand specific total RNA-seq profiles representing the median within the gene
population of the normalized coverage in tandem genes and intergenic regions in U20S and MCF10A
cells. Analyses are shown for one replicate out of two for MCF10A cells and out of four for U20S cells.
Amongst these loci only pairs with a mean of the normalized coverage computed on the gene body >0
and an intergenic region size of more than 100 nt and less than 100kb were considered (4707 loci for
U20S cells and 4071 loci for MCF10A cells). (B) Same as in (A) for U20S cells, except that tandem gene
pairs were separated into two classes based on the production or not of read-through transcripts (RT)
from the upstream gene detected by the HMM algorithm, as indicated. Analysis of one representative
RNA-seq replicate is shown out of four. A minimum threshold on upstream genes expression was
applied to -RT gene class in order to avoid biasing our analysis due to a difference in the level of
expression of upstream genes in between the -RT and + RT classes (3704 gene pairs in the -RT class;
987 gene pairs in the + RT class). (C) Boxplots showing the median, first and third quantiles of the
median normalized coverage for downstream genes from the -RT and + RT classes in tandem gene pairs
from total RNAseq data from U20S cells. The -RT and + RT tandem genes classes were selected as in
(B). Analyses are shown for one replicate out of four. *p < 0.05 by Wilcoxon-Mann-Whitney test and
adjusted by the Benjamini-Hochberg procedure. (D) Tandem gene pairs were separated into two classes
based on the production of read-through transcripts from the upstream gene (-RT and + RT) in published
polyA+ RNAseq data from U20S cells (33, 34) and the level of expression of downstream genes was
determined for each class. The -RT and + RT tandem genes classes were selected as in (B). Boxplots
show the median, first and third quantiles of the level of expression of these genes expressed in CPM.
***p < 0.01 by Wilcoxon-Mann-Whitney test and adjusted by the Benjamini-Hochberg procedure. (E)
Same as in (B) except that convergent genes’ loci were analysed and separated based on the strand on
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which the gene producing read-through transcripts is located (1044, 356, 575, and 555 loci in the -RT, +RT
on both strands, +RT on the minus strand, and + RT on the plus strand classes, respectively).

Read-through transcription limits transcription of downstream genes
in tandem gene pairs

Since we performed these analyses using total and polyA+ RNAseq data, we cannot exclude the
possibility that the effect we detect on the downstream gene in tandem and convergent gene pairs is
post-transcriptional. To show that the interference is at the transcription level, we tested RNA pol Il
loading on downstream genes when the upstream gene produces read-through. We thus repeated the
same kind of analyses but using published CTD Serine 5 phosphorylated (Ser5P) RNA pol Il ChIPseq
data. Indeed, CTD phosphorylated on Serine 5 marks promoter region and is necessary for transcription
initiation. To perform this analysis, we used two published datasets obtained in the non-cancerous
HEK293 cells and cancer cells DLD1 (35, 36). We first identified read-through transcripts from either
RNAseq or tNETseq data obtained from the same datasets in order to classify tandem genes in the -RT
and + RT classes. As in the other cell lines we analysed above, the expression of the downstream gene is
lower in the + RT class as compared to the -RT class (supplementary Fig. 6A), suggesting that read-
through transcription from the upstream gene also interferes with expression of the downstream gene.
Strikingly, the RNA pol Il CTD Ser5P profiles from both cell lines show that read-through transcription
from the upstream gene correlates with a decrease in initiating RNA pol Il loading on the promoter of the
downstream gene (supplementary Fig. 6B). However, these metagene profiles also show that the level of
RNA pol Il CTD Ser5P is higher on + RT genes than on -RT genes, suggesting that these genes are indeed
more transcribed. We thus also compared directly the level of RNA pol Il CTD Ser5P loaded on the
promoter of downstream genes in the -RT and + RT genes classes (Fig. 2A). These results show that
genes located downstream of genes producing read-through have less initiating RNA pol Il loaded on
their promoters as compared to genes located downstream of genes that do not produce read-through.
These data suggest that the reduction in RNA levels from the downstream gene within the + RT gene
class is transcriptional rather than post-transcriptional.

In order to confirm that the effect we detect on downstream gene’s expression level is transcriptional, we
also tested whether it holds true when analysing nascent RNAs. We thus performed six replicates of
TTchemseq experiments in U20S cells. We then used the HMM pipeline to detect read-through
transcripts from these nascent RNAseq data and analysed the transcription level of downstream genes
in the -RT and + RT classes (Fig. 2B). Although, as expected due to read-in transcription, not significant
when analysing each experiment independently, analysis of all six replicates together revealed that
transcription of downstream genes in the + RT class is lower than transcription of downstream genes in
the -RT class. Taken together these results show that the lower expression of downstream genes within
the + RT gene class is associated with a lower transcription of these genes and is most probably due to
transcriptional interference mediated by read-through transcription.
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(A) Analysis of the median normalized coverage of S5P RNA pol Il ChIPseq data from DLD1 (36) and
HEK293 cells (35). Tandem gene pairs were separated into two classes based on the production of read-
through transcripts (RT) from the upstream gene or not as indicated. Amongst these loci only pairs with
a mean of the normalized coverage computed on the gene body > 0 and an intergenic region size of
more than 100nt and less than 100kb were considered. The level of RNA pol Il Ser5P detected on
downstream genes was determined for each class. Boxplots show the median, first and third quantiles
of the median normalized coverage of the ChIPseq on these genes. (B) Tandem gene pairs were
separated into two classes based on the production of read-through transcripts from the upstream gene
or not (-RT and + RT) in TTchemseq data from U20S cells and the level of expression of downstream
genes was determined for each class. Left panel: Analyses are shown for one replicate out of six.
Boxplots show the median, first and third quantiles of the median normalized coverage for these genes.
ns: non-significant. Right panel: The dot plots show the medians of the median normalized coverage for
downstream genes in the -RT and + RT classes from six independent experiments, with individual
experiments identified by circles of different colors. *p < 0.05 by paired Welch test.

The level of transcriptional interference depends on the distance travelled by RNA pol Il downstream
the polyA site

If transcriptional interference is mediated by polymerases coming from the upstream gene entering into
the downstream gene promoter, then the level of transcriptional interference would depend on the
distance travelled by RNA pol Il after the polyA site of the upstream gene. To test this hypothesis, we
designed several reporter systems in which we introduced two genes organized in tandem and in which
the transcription termination signal of the upstream gene is identical but the distance separating the two
genes varies. Indeed, we hypothesized that varying the distance between the two genes but keeping the
same transcription termination efficiency would mimic a change in the distance travelled by RNA pol I
after the polyA site. We thus cloned two reporter genes (mCherry and GFP) organized in tandem under
the control of identical strong promoters (CMV) (Fig. 3A). We used the termination signal from the
human BYSL gene for transcription termination of the upstream gene mCherry. Indeed, in U20S cells,
transcription termination from the BYSL gene takes place in a zone of around 1kb to 2kb downstream of
the polyA site (data not shown). We constructed five different reporter systems in which the two reporter
genes are separated by 500pb (0.5kb-IntR), 1kb (1kb-IntR), 2kb (2kb-IntR), 3kb (3kb-IntR) or 4kb (4kb-
IntR) of the intergenic region located immediately downstream of the BYSL gene. We transfected U20S
cells with these different constructs and analysed by flow-cytometry the level of expression of the
mCherry and GFP proteins. Strikingly, we found that GFP protein expression increased with the distance
between the mCherry and GFP genes (Fig. 3B, left panel and supplementary Fig. 7B), a behaviour also
observed compared to mCherry as illustrated by the GFP/Cherry ratio (supplementary Fig. 7A and B).

At the RNA level, GFP expression does not change between the 0.5kb-IntR reporter and the 2kb-IntR
reporter, while it increases when the two genes are separated by 3kb or more (Fig. 3B, right panel).
Although surprising considering GFP protein expression results, this finding could be explained by the
fact that when measuring GFP RNA levels in the 0.5kb-IntR, Tkb-IntR and 2kb-IntR we actually detect
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read-in transcription, i.e., transcription coming from the mCherry gene and entering into the GFP gene,
which decreases when the distance between the tandem genes increases. To test this possibility, we
analysed by RT-qPCR a region of the CMV promoter located upstream from the GFP gene. We found that
transcription in this region is high in the 0.5kb-IntR and decreases to become nearly undetectable in the
4kb-IntR, anti-correlating with the distance separating the tandem genes (Fig. 3C). These results suggest
that the GFP RNAs amplified by RT-qPCR are a mixture of RNAs started at the TSS of the GFP and fusion
RNAs containing both the mCherry sequence and the GFP sequence. However, since there is no IRES to
promote translation of the GFP ORF from the fusion RNA, the GFP protein cannot be produced from
these fusion RNAs, which leads to a decrease in its expression level.

Taken together, these results thus show that in a setting in which the transcription termination signal is
identical, the distance separating the genes determines the expression level of the downstream gene in
the pair of tandem genes, as expected for transcriptional interference mediated by read-through
transcription.

We next wondered whether in a setting in which the transcription termination signal varies from gene to
gene such as the human genome, the distance separating the genes could still affect the level of
transcriptional interference. We thus plotted the level of expression of the downstream gene against the
distance separating it from the upstream gene for the + RT gene pairs (Fig. 3D). These results show that
in the genome the level of expression of downstream genes does not only depend on the distance
separating the genes.

(A) Schematic representation of the reporter system used to analyse transcriptional interference. The
mCherry and GFP coding sequences were cloned downstream of two identical CMV promoters and
separated by genomic sequences of different lengths beginning at a position located 109bp upstream of
the polyA site of the human BYSL gene. (B) Left panel: GFP protein expression level measured by flow
cytometry in U20S cells transfected with the different reporter systems. The dot plots show the medians
for 10 000 cells from three independent experiments, with individual experiments identified by circles of
different colors. ns: non-significant, *p < 0.05, ***p < 0.01 by paired Welch test. Right panel: GFP RNA
expression level measured by RT-gPCR in U20S cells transfected with the different reporter systems,
normalized by the level of expression of the puromycine resistance gene which is expressed from the
reporter plasmid in order to account for transfection efficiency differences in between samples. The
histogram shows the means and standard deviation from three independent experiments. *p < 0.05, ns:
non-significant by Student’s T-test. (C) Expression level of CMV promoter RNAs measured by RT-qPCR in
U20S cells transfected with the different reporter systems normalized by the level of expression of
puromycin resistance gene expressed from the reporter plasmids. Means and standard deviation from
three independent experiments are shown. *p < 0.05, ***p < 0.01, ns: non-significant by Student’s T-test.
(D) Dot plot representing the level of expression (FPKM) of downstream genes from the + RT tandem
genes’ class according to the intergenic distance separating them from the upstream gene expressed in
bp.
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RNA pol Il speed can control the level of interference on the downstream gene in tandem gene pairs

Transcription speed has been shown to control the distance travelled by RNA pol Il after the polyA site of
a gene, with slower transcription shifting termination closer to the polyA site while faster transcription
extends the distance travelled by RNA pol Il after the polyA site (37). We thus hypothesized that slowing-
down RNA pol Il may decrease the transcriptional interference on downstream genes in a context in
which it is high while accelerating RNA pol Il may increase the transcriptional interference on
downstream genes in a context in which it is low. We thus co-transfected the different reporter systems
(0.5kb-IntR, T1kb-IntR, 2kb-IntR, 3kb-IntR or 4kb-IntR) together with plasmids encoding alpha-amanitin
resistant slow (R749H), fast (E1126G) or WT RNA pol Il (38) and measured the level of GFP and Cherry
expression by flow cytometry (see Fig. 4A for GFP expression and supplementary Fig. 8 for
GFP/mCherry ratio). In agreement with our hypothesis, expression of the slow mutant induces an
increase in the GFP expression from reporter systems on which transcriptional interference is high
(0.5kb-IntR, Tkb-IntR, 2kb-IntR), suggesting that transcriptional interference is reduced. In contrast, the
fast mutant expression has no or little effect on the level of GFP expression on these reporter systems,
probably because transcriptional interference is already maximal.

Strikingly, expression of the fast RNA pol Il mutant induces a decrease in the GFP expression from
reporter systems on which transcriptional interference is low (3kb-IntR and 4kb-IntR), suggesting that
transcriptional interference is increased (Fig. 4A and supplementary Fig. 8). In contrast, the slow mutant
has little or no effect on the level of GFP expression on these reporter systems, probably because
transcriptional interference is already minimal. Thus, taken together these results indicate that
transcriptional interference is determined by RNA pol Il speed.

Since these experiments using mutant RNA pol Il have been performed on transiently transfected
reporter systems, we wondered whether these results would hold true in a chromatin context. So, we
stably integrated the 1kb-IntR and the 4kb-IntR reporter systems in the AAVS1 safe harbor site of U20S
cells, thus establishing two independent cell lines containing either the Tkb-IntR or the 4kb-IntR. We
noticed that as for transiently transfected reporter systems, the level of expression of RNAs at the CMV
promoter is lower in the 4kb-IntR cell line as compared to the 1kb-IntR cell line, while the level of
expression of the GFP is much higher (supplementary Fig. 9).

We then analysed by flow cytometry the level of expression of GFP and mCherry in these two cell lines
after transient transfection of the RNA pol || speed mutants. As for the transiently transfected reporter
system, expression of the slow mutant induces an increase in the GFP expression level in the 1kb-IntR
cell line but has little effect in the 4kb-IntR cell line (Figs. 4B, 4C and supplementary Figs. 10 and 11). The
fast RNA pol Il mutant on the other hand, has little effect on the expression of GFP in the 1kb-IntR cell
line (Fig. 4B, left panel, supplementary Fig. 10), whereas it induces a decrease in this expression in the
4kb-IntR cell line (Fig. 4C, left panel and supplementary Fig. 11). The effect of the RNA pol Il speed
mutants on GFP expression level is recapitulated at the RNA level (Figs. 4B and 4C, right panels),
suggesting that the effect is transcriptional.
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Thus, altogether, these data indicate that transcriptional interference on downstream genes is controlled
by RNA pol Il speed, probably through its effect on transcriptional read-through.

(A) GFP protein expression levels were measured by flow cytometry in U20S cells co-transfected with
plasmids encoding either the 0.5kb-IntR, Tkb-IntR, 2kb-IntR, 3kb-IntR or 4kb-IntR reporter systems
together with the WT, Slow or Fast RNA pol Il mutants expression vectors and treated with alpha-
amanitin for 48 hours. Dot plots show the median for 10 000 cells in each condition, from three
independent experiments identified by circles of different colors. *p < 0.05, ***p < 0.01, ns: non-significant
by Welch t-test and adjusted by the Benjamini-Hochberg procedure. (B) Left panel: The Tkb-IntR reporter
cell line was transfected with plasmids encoding the WT, Slow or Fast RNA pol Il mutants and treated
with alpha-amanitin for 48 hours. The GFP protein expression levels were measured by flow cytometry.
Dot plots show the median for 10 000 cells in each condition, from four independent experiments
identified by circles of different colors. ***p < 0.01, *p < 0.05 by Welch t-test. Right panel: GFP RNAs
expression levels were measured by RT-gPCR and normalized relative to GAPDH mRNA expression level.
The means and standard deviations from four independent experiments are shown. ***p <0.01, ns: non-
significant by Student’s T-test. (C) Same as in (B) except that the 4kb-IntR reporter cell line was used.
Left panel: Dot plots show the median for 10 000 cells in each condition, from six independent
experiments identified by circles of different colors.

Read-through mediated transcriptional interference can be regulated by perturbations of the speed of
endogenous RNA pol Il

To directly test whether changes in the GFP RNA levels are due to transcription coming from the
mCherry gene, we intended to stop RNA pol Il originating from the mCherry gene by targeting a dCas9 to
the non-transcribed DNA strand in the intergenic region between mCherry and GFP. Indeed, this has been
shown to efficiently block the progression of bacterial RNA polymerase (39) and to suppress read-
through transcription when targeted downstream a polyA site in human cells (40). To avoid steric
hindrance between the dCas9 targeted in the intergenic region and the loading of RNA pol Il onto the
CMV promoter of GFP, the guide RNA was designed to target a site located 2kb upstream from the CMV
promoter of GFP in the 4kb-IntR reporter cell line. Upon expression of the fast RNA pol Il mutant to
generate transcriptional interference on this reporter system, we found that targeting a dCas9 to the
intergenic region induces an increase in GFP protein expression level (Fig. 5A left panel, supplementary
Fig. 12). The effect of the targeting of dCas9 in the intergenic region on GFP expression level is
recapitulated at the RNA level (Fig. 5A middle panel). Moreover, when measuring the CMV promoter
RNAs level we found that, as expected if transcription is blocked in the intergenic region, its expression
is lower after targeting the dCas?9 in the intergenic region (Fig. 5A, right panel). These results thus
demonstrate that the transcriptional interference we detect in the stably integrated reporter system is
due to RNA pol Il originating from the upstream gene and travelling through the intergenic region.

Previous experiments showing the effect of RNA pol Il speed on transcriptional interference were
performed using mutants of RNA pol Il. We next intended to test whether changes in RNA pol Il speed
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observed upon environmental changes can also affect transcriptional interference.

RNA pol Il speed is increased upon histone hyper-acetylation induced by the use of the histone
deacetylase (HDAC) inhibitor TSA (41), therefore creating a more open chromatin structure. Another way
to affect RNA pol Il speed is through the inhibition of the PP1 phosphatase which serves as a brake for
RNA pol Il throughout the genome. Although its effect is more important in termination regions, PNUTS-
PP1 inhibition induces a 1.6 fold increase in RNA pol Il speed in gene bodies and a 3.4 fold increase in
termination regions (42). We thus tested the effect of TSA and of a specific inhibitor of PP1,
tautomycetin, on the 4kb-IntR reporter cell line since it is the reporter for which we detect an important
effect of the increase in the speed of RNA pol Il (see Fig. 4C). Treatment of the 4kb-IntR reporter cell line
with TSA induced a major increase in expression of both mCherry and GFP (data not shown and
supplementary Fig. 13) probably because a more open chromatin structure favors transcription.
Nevertheless, treatment with both Tautomycetin and TSA induced a strong decrease in the ratio between
GFP and mCherry expression (Fig. 5B, left panel), recapitulating the effect of the fast RNA pol Il mutant
as expected. The effect of TSA and Tautomycetin on GFP expression level is recapitulated at the RNA
level (Figs. 5B, middle panel), suggesting that the effect is transcriptional. Finally, we detected a
significant increase in the level of CMV promoter RNAs after treatment with both Tautomycetin and TSA
(Figs. 5B, right panel), consistent with increased read-through transcription which could be responsible
for the effects we detect on GFP expression.

Thus, taken together, these data show that manipulating the speed of RNA pol Il can affect the
expression of genes most probably through regulating transcriptional interference.

(A) The 4kb-IntR reporter cell line was co-transfected with plasmids encoding the Fast RNA pol || mutant,
a dCas9 protein, and either a control guide RNA (Scr) or a guide RNA targeting the non-transcribed
strand in the intergenic region between mCherry and GFP (IntR). Left panel: GFP protein expression level
was measured by flow cytometry for each individual cell in the population for 10 000 cells in each
condition in each experiment. Dot plots show the medians from 3 independent experiments identified by
circles of different colors. *p < 0.05 by Student’s t-test. Middle and Right panels: GFP and CMV promoter
RNAs expression levels were measured by RT-qPCR and normalized relative to GAPDH mRNA expression
level. The means and standard deviations from three independent experiments are shown. *p < 0.05, by
Student’s t-test. (B) Left panel: GFP and mCherry proteins expression levels were measured by flow
cytometry in the 4kb-IntR cell line treated with either the histone deacetylase inhibitor trichostatin A
(TSA) at 3.3 pM, an inhibitor of the PP1 phosphatase Tautomycetin at 500nM or DMSO as a control. The
ratio of GFP over mCherry expression was calculated for each individual cell in the population. Dot plots
show the medians for 10 000 cells from four independent experiments identified by circles of different
colors. *p < 0.05, ***p < 0.01 by Welch t-test. Middle and Right panels: GFP/mcherry ratio and CMV
promoter RNAs expression levels were measured by RT-gPCR and normalized relative to GAPDH mRNA
expression level. The means and standard deviations from five independent experiments are shown. *p
<0.05, ***p < 0.01 by Student'’s t-test.

Page 14/42



The level of transcriptional interference depends on the speed of RNA pol Il on endogenous genes

We then tested whether this effect of RNA pol Il speed on interference on the downstream gene would
hold true for endogenous tandem genes. We thus selected two pairs of tandem genes on which we can
detect read-through produced from the upstream gene using the HMM algorithm (+ RT), as well as two
pairs of tandem genes for which we cannot detect any read-through (-RT). For both the + RT and -RT
classes we chose tandem genes separated by either a short intergenic region of 12kb (RBM25-PSENT1,
+RT) and 15kb (SERPINE1-AP1S1, -RT) or by a longer intergenic region of 84kb (YAP1-BIRC3, +RT) and
86kb (SLCO9A1-TENTS5B, -RT) (Fig. 6A). We transfected plasmids encoding alpha-amanitin resistant slow,
fast or WT RNA pol Il mutants in U20S cells. We noticed that transcription by both the fast and slow RNA
pol Il mutants induced a small decrease in upstream gene expression in the tandem gene pairs we
analysed. We thus monitored changes in expression of the read-through relative to the upstream gene’s
expression. As expected, transcription by the slow RNA pol [l mutant decreased the level of expression
of read-through transcript from both RBM25 and YAP1 as compared to the WT RNA pol Il, while
transcription by the fast RNA pol [l mutant increased the expression of read-through from these genes
(Fig. 6B). Interestingly, while transcription by the slow RNA pol Il mutant induced a small increase in the
level of expression of the downstream genes in the + RT pairs as compared to transcription by the WT
RNA pol Il it had little or no effect on the expression of downstream genes in the -RT pairs (Fig. 6C).
Conversely, transcription by the fast RNA pol [l mutant lowered the expression of the two downstream
genes from the + RT pairs while it had no or little effect on the downstream genes in the -RT pairs

(Fig. 6C). These results suggest that RNA pol Il speed can modulate the level of transcriptional
interference on downstream genes in endogenous tandem gene pairs.

(A) IGV genome browser views of total RNAseq data from U20S cells for the RBM25-PSEN1 and YAP1-
BIRC3 tandem gene pairs which are part of the + RT class and SERPINE1-AP1S1 and SLCO9A1-TENT5B
tandem gene pairs which are part of the -RT class. The black arrows indicate the orientation of the
genes. The red dotted line indicates the read-through transcript detected by the HMM algorithm for the
RBM25 and YAP1 genes. The blue double arrows indicate the position and length of the intergenic
region. (B) U20S cells were transfected with plasmids encoding the WT, Slow or Fast RNA pol Il mutants
and treated with alpha-amanitin for 48 hours. The expression level of read-through transcripts was
analysed by RT-gPCR for the + RT genes; the amplicon is located 11.8kb downstream of RBM25 polyA
site and 0.7kb upstream of PSEN1 TSS for the RBM25-PSEN1 pair and 9.5kb downstream of YAP1 polyA
site for the YAP1-BIRC3 pair. The means and standard deviations from eight independent experiments
are shown. ***p < 0.01, ns: non-significant by Student’s t-test. (C) Same as in (B) except that the level of
expression of downstream genes for each tandem gene pair was measured by RT-gPCR and normalized
to GAPDH mRNA expression level. The means and standard deviations from eight independent
experiments are shown. *p < 0.05, ***p < 0.01, ns: non-significant by Student’s t-test.

Transcriptional interference regulates cellular processes
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Read-in transcription has been shown to result in a defect in translation of the invaded genes in response
to HSV-1 infection (20) as well as in response to stress (22). In order to test whether this reduced
translation of genes invaded by read-through is also true in non-stressed conditions, we analysed two
different published ribosome profiling datasets from U20S cells (33, 34). We calculated the ratio of the
ribosome profiling signal over the polyA+ RNAseq signal and found that, in both datasets, the translation
of downstream genes from tandem gene pairs in the + RT class is significantly lower than that of
downstream genes in the -RT class (Fig. 7A). These results suggest that even in unperturbed conditions,
transcriptional interference lowers the translation of downstream genes.

We then wondered whether genes whose expression can be regulated by read-through transcription, ie,
downstream genes in tandem gene pairs and genes that are convergent to a gene producing read-
through would be enriched in any specific biological process. We performed gene ontology analysis of
common downstream genes from the + RT class in tandem and convergent gene pairs in U20S, MCF10A
and WI38 cells. This analysis revealed that they are enriched in genes involved in regulation of
transcription by RNA pol Il (Fig. 7B), which suggests that this read-through mediated transcriptional
interference mechanism could be a way to fine tune the level of transcription in cells.

(A) Published ribosome profiling data from U20S cells were analysed and normalised to polyA+ RNAseq
data from the same dataset (33, 34). Tandem gene pairs were separated into two classes based on the
production of read-through transcripts from the upstream gene or not (-RT and + RT) and the ratio of
ribosome profiling normalized by polyA + RNA seq level of downstream genes was determined for each
class. Analyses are shown for one replicate out of three. Boxplots show the median, first and third
quantiles of the ratio for these genes. ***p < 0.01 by Wilcoxon-Mann-Whitney test and adjusted by the
Benjamini-Hochberg procedure. (B) Gene ontology enrichment analysis performed using ShinyGO on
genes located downstream tandem and convergent genes producing read-through in common between
the U20S, WI38 and MCF10A cell lines.

Discussion

Our results show that almost one fourth of all expressed genes produce read-through in the different cell
lines we analysed in this study, including cancerous and non-cancerous cell lines. These results show
that read-through transcription is not only a hallmark of stress response but is more widespread than
previously anticipated as recently shown by different studies (26, 43). Caldas and colleagues (26)
observed that between 9 and 18% of expressed genes produced read-through in healthy human tissues
while we estimate that a higher percentage of genes produce read-through in unperturbed conditions.
This could be explained by the fact that their analyses were limited by available data for human tissues
that are non-stranded and do not present an optimal coverage for detection of read-through, thus most
probably leading to an underestimation of the number of genes producing read-through. Alternatively, in
vitro culture conditions produce some basal stress that result in permanent expression of read-through
transcripts.
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The organization of genes in the human genome does not seem to be under any kind of selection
pressure since about one fourth are organized in a convergent orientation, one fourth are organized in a
divergent orientation, one half are organized in tandem with half of them localized on the plus strand and
half of them on the minus strand. However, we noticed that read-through production seems to be more
biased by the organization of genes in the genome. Around 24% of tandem genes and 35% of convergent
genes produce read-through transcripts. This observation could be related to the chromatin status of the
intergenic region following these different classes of genes. Indeed, upstream genes in tandem gene
pairs are followed by promoter regions of the downstream genes which could restrict the progression of
polymerases in these regions. On the other hand, our analyses show that a higher percentage of
convergent genes produce read-through as compared to other genes organization. Nevertheless, most
of the polymerases producing these read-through transcripts seem to terminate as soon as they reach
the end of the downstream gene likely through head-on collision of polymerases as shown in bacteria
(33). Indeed, head-on collision between bacterial RNA polymerases has recently been shown to drive
transcription termination in between convergent gene pairs (44). This model was proposed to represent
a conserved transcription termination mechanism for convergent genes given that this gene
organization is found in different organisms (44). If this mechanism also operates in human cells, we
would expect a more pronounced drop in the level of reads aligning in the read-through region when
reaching the convergent gene 3’ end, thus highlighting transcription termination through head-on
collisions. In a previous study, we indeed observed a drop in read coverage when a class of senescence
triggered read-through transcripts reaches their convergent gene 3’ end (18). By analysing metagene
profiles from highly expressed read-through transcripts in U20S and WI38 cells, we noticed that we
indeed detect a drastic drop in the number of reads aligning to the read-through region in convergent
gene pairs as soon as the read-through transcript reaches the convergent gene 3’ end (for example see
“+RT on both strands” metaprofiles in Fig. 1C for U20S cells and supplementary Fig. 5A for MCF10A and
WI38 cells). These results suggest that as shown for bacterial RNA polymerases, this head-on collision
mechanism could drive transcription termination of RNA pol Il that do not terminate before reaching the
convergent gene 3’ end. This could explain why the regulation of transcription termination is less tight on
these convergent genes, since the cells evolved another way to terminate read-through transcription.

While Caldas and colleagues observed widespread transcriptional read-through in the human genome
(26), they found that the read-through they detected invades the downstream gene at a low frequency.
Our data, on the other hand, suggest that invasion of downstream genes is not so infrequent since, using
ARTdeco, we detect read-in on around 11% of expressed genes. This discrepancy could come from the
fact that Caldas and colleagues used polyA+ RNAseq data which could confound this kind of analyses.
Indeed, when the polymerase invades the downstream gene it might not always terminate transcription
at a canonical polyA site and is usually associated with incomplete splicing (20) which results in
aberrant transcripts that are most probably unstable and thus undetectable by polyA+ RNAseq. However,
transcription of both tandem genes by a polymerase initiating transcription at the upstream promoter
can also lead to the production of a fusion transcript that can give rise to a chimeric transcript by
splicing of exons from the upstream gene with exons from the downstream gene (23, 45). Chimeric
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transcripts have been shown to be associated with different kinds of cancers (23, 46) but can also be
found in non-diseased tissues (47) and can in some cases be translated into chimeric proteins (46). All
these arguments show that while it represents an important aspect of the stress response, read-through
transcription may also account for an important part of the transcriptome composition in normal
tissues. Besides the possibility of giving rise to chimeric transcripts (23, 47), transcriptional read-through
has been suggested to play a role in the maintenance of the nuclear stiffness which can be important in
response to osmotic stress (48). In addition, these read-through transcripts have also been suggested to
play a role as miRNA sponges and could thus regulate by another mean the expression level of genes
(26).

The results we present in this article show that, in addition to these functions, read-through transcription
can have important consequences on gene expression. Indeed, the expression of downstream genes
located on the opposite strand in the case of convergent genes or on the same strand in the case of
tandem genes can be affected by the expression of the upstream gene. These data suggest that the
human genome has evolved so that the level of transcription of one gene can affect the expression of
neighboring genes even in unperturbed conditions. Our metagene profiles indeed show that
transcriptional read-through is globally associated with a lower expression level of downstream genes.

Our results suggest that read-in transcription can lead to mis-interpretation of RNAseq data when
considering downstream genes in tandem gene pairs as has been shown in the case of 1AV infection and
heat-shock response (21). However, we show here that this read-in transcription should also be
considered as an important regulator of transcription level of downstream genes in non-stress
conditions. A recent study has shown that closely spaced tandem genes (separated by less than 2kb)
tend to be co-expressed although RNA pol Il bearing CTD modifications associated with transcription
termination accumulate at the promoter region of the downstream gene (49). These results suggest that
regions separating these tandem genes and especially promoters of the downstream genes have
evolved to enable transcription regardless of read-in by RNA pol Il coming from the upstream gene.
However, this does not seem to be the case for all tandem genes as we show here that transcription of
the downstream gene, regardless of the distance separating the genes tend to be lower than that of
upstream genes.

Our analyses of ribosome profiling data show that downstream genes in pairs of + RT tandem gene are
less translated than downstream genes of the -RT class, thus suggesting that transcriptional interference
is a way to control the expression of some genes in the genome. Intriguingly, gene ontology analysis of
common downstream genes in the + RT class showed an enrichment of genes involved in RNA pol I
transcription. It is thus tempting to speculate that transcriptional interference mediated by read-through
transcription could be a way to fine tune transcription by RNA pol Il in human cells, allowing them to
adapt their response to acute transcriptional changes, such as upon stress.

More generally, it would be interesting to investigate the role of pairs of tandem and convergent genes
affected by this transcriptional interference mechanism to check whether they are involved in related
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pathways. Indeed, transcriptional interference could be a way to couple the expression of genes involved
in a pathway. For example, the YAP1 and BIRC3 genes, which form a pair of tandem genes for which we
showed that RNA pol Il speed can affect the expression of the downstream BIRC3 gene (Fig. 4), are both
playing a role in apoptosis regulation.

Our results also provide insights into the regulation of transcriptional interference by read-through
transcription. Our tests showed that the distance travelled by RNA pol Il after the gene is an important
determinant of transcriptional interference. Using different reporter systems we showed that in a context
in which the transcription termination signal is the same, manipulating the distance between the tandem
genes can affect the expression of the downstream gene. However, our analysis in the human genome
showed that the level of expression of downstream genes does not only depend on the distance
separating it from the upstream gene. This is probably because, the distance travelled by RNA pol Il
downstream genes depends on several parameters including the efficiency of transcription termination.
Indeed, we showed that transcriptional interference depends on transcription speed which has been
shown to affect transcription termination efficiency (37, 50). To our knowledge, this is the first
demonstration that transcription speed is a major determinant of transcriptional interference, thus
regulating the expression level of genes in humans. Importantly, previous findings in fission yeast
showed that a slow RNA pol Il mutant induces premature transcription termination of an upstream non
coding RNA which relieves transcriptional interference on the downstream tandem gene (51), suggesting
that this role is conserved during evolution. This result suggests that an evolutional pressure on genome
organization adapted the extent of transcriptional interference between neighboring genes.

A recent study has shown that the 2kb upstream as well as the 2kb downstream of the polyA site of
genes producing read-through are associated with the H3K36me3 and H3K79me2 active chromatin
marks (26). These two active chromatin marks positively correlate with RNA pol Il speed (52-54) again
pointing to a role of RNA pol Il speed in controlling the distance travelled by RNA pol Il downstream the
polyA site and thus influencing transcriptional interference. We have shown that histone hyperacetylation
through treatment with TSA induces an increase in transcriptional interference. Together with the fact
that specific histone marks are associated with read-through transcription our data suggest that
modifications of the chromatin landscape could control transcriptional interference through the
regulation of RNA pol Il speed, adding another layer of complexity to the control of the expression levels
of specific genes by chromatin modifications.

Materials and methods
RNAseq

For RNA-seq in MCF10A cells, 5-10 pg of total RNA, extracted as described below, was submitted to
EMBL-GeneCore, Heidelberg, Germany. Two independent biological replicates were sequenced. We used
strand-specific RNA-seq method, relying on UTP incorporation in the second cDNA strand. RNA-seq
samples were sequenced using lllumina NextSeq 2000 sequencer, paired-end, 150-bp reads.
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TTchem-seq

TTchem-seq was performed as described in the protocol from Gregersen et al, 2021 (55). Briefly,

2 million U20S cells were plated in 3 15-cm dishes. 24 hours later, 4SU was added to the culture medium
to a final concentration of TmM for 10 minutes before collecting the cells in Trizol. Total RNA extraction
was then performed, total RNAs were mixed with yeast 4TU-labeled RNA to serve as spike-in and
fragmented using NaOH. Fragmented RNAs were then biotinylated and 4SU-RNA were pulled-down using
streptavidin beads. Strand specific libraries (NEBNext Ultra Il Directional RNA Library Prep Kit for
lllumina, E7760S) were then prepared for high-throughput sequencing.

Bioinformatics analyses

Total RNA-seq analyses

Total RNA-seq data obtained from published studies (GSE131579 for U20S cells (31); GSE85085 for
WI38 (18); GSE145368 for DLD1 cells (35); GSE97827 for HEK293 cells (34)) were downloaded as raw
sequencing files (FASQ files) and then analysed as data we have generated. Potential contamination by
remaining rRNA in the ribo-depleted total RNA were removed by an initial alignment of paired-end reads
to the human rDNA sequence hg38 using STAR v2.7.10a (56) with the parameters -
genomeSAindexNbases 2 --outSAMunmapped Within. Unmapped reads were extracted using samtools
view v1.9 (56) with flags -F 256 -f 4 -h, then realigned to the female hg38 genome with STAR v2.7.10a
with default parameters. Aligned reads were sorted and indexed using samtools, retaining only primary
alignments (-F 256). Normalized coverage tracks (bigWig files) were generated using deeptools
bamCoverage v3.5.1 with the following parameters -bs 1 --normalizeUsing CPM --scaleFactor 50. Quality
control was performed using FastQC v0.11.5 on both raw FASTQ files and final BAM files.

Ser5P-RNA pol Il ChiP-seq

RNA Pol Il Ser5p ChlIP-seq datasets GSE97827 (34) and GSE145368 (35) were retrieved from ChlIP-Atlas
(58) as bigWig files after alignment on hg38.

tNETseq

RNA pol Il tNet-seq datasets were obtained from GEO for WT and slow RNA pol Il mutants (GSE149018
(57)). Raw sequencing data (FASTQ files) were retrieved using fastg-dump v3.0.6. Paired-end reads were
aligned on hg38 using STAR v2.5.3a with parameters "--readFilesCommand gunzip -c". Aligned reads
were sorted and indexed using samtools v1.9, filtered out low quality mapping (-q 25) on first dataset.
Normalized coverage tracks were generated using deeptools bamCoverage v3.4.3 with the following
parameters -bs 1 --normalizeUsing CPM. Raw coverage tracks (bigWig files) were generated in the same
way but using parameter -normalizeUsing None instead. Quality control was performed using FastQC
v0.11.5 on both raw FASTQ files and final BAM files.

Read-through detection
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In total RNA-seq data, the coverage of a read-through originating from a gene is typically lower than exon
coverage but similar to intron coverage. To identify read-through transcripts from such data, we thus
intended to find regions downstream of genes and with a coverage similar to intron coverage of the
upstream gene. We used a Continuous-State Hidden Markov Model (CS-HMM) to infer from RNA-seq
coverage hidden genic states (estimated from average intron coverage) and intergenic states with a
Poisson and zero-inflated Poisson mixture model. Based on RefSeq annotation and raw bigWig files,
detection uses 200-bp windows (binLength) to smooth local variations. Genic states identified
downstream of genes, within 500 bp (allowedRange) and with a minimum length of 5 kb (minSize), are
classified as putative read-through transcripts.

In order to test the quality of these predictions, two hypotheses are tested: 1) whether the two-state
model (genic/intergenic) significantly outperforms a null single-state model (p-value cutoff = 0.001,
Cut_off_pvalue), and 2) whether a single-transition model is better than a random-transition model (p-
value cutoff = 0.001, Cut_off_pvalue_seq). Putative read-through transcripts that do not meet these
criteria are filtered out from the final list of read-through transcripts. For each data sets, detection is
performed per condition, and the union of all genomic regions identified as read-through transcripts in at
least one condition is returned.

The tool was applied to MCF10A, WI38, U20S, DLD1 and HEK293T raw bigWig generated with Deeptools
bamCoverage.

Tandem and convergent gene pairs annotation

From RefSeq annotation file, gene set was cleaned by removing genes entirely contained within another
gene, and the longer annotated isoform of each gene was retained. 18919 genes were analysed. When
ordered by start position, pairs of adjacent genes on the same strand (plus or minus) were classified as
tandem genes (4920 gene pairs on strand -, 5093 gene pairs on strand +), pairs of adjacent genes on
opposite strand were classified as convergent genes when arranged end-to-end (5020 gene pairs) and as
divergent genes when arranged head-to-head (4612 gene pairs). No threshold on the distance between
adjacent gene pairs was used. Convergent gene pairs with less than 100 bp between their transcription
end sites were excluded from analyses. R 4.2.1 was used with library: rtracklayer_1.56.1,
GenomicAlignments_1.32.1, plyranges_1.16.0, tidyverse_1.3.2.

Coverage filtering and metaprofiles

Normalized bigWig files were used to analyze coverage across gene pairs. For each pair, we partitioned
the following regions into 20 equal bins and computed the mean coverage per bin for both strands: 1)
the region upstream the gene spanning from TSS-4 kb to TSS, 2) the first gene region from TSS to TES, 3)
the intergenic region between the paired genes, 4) the second gene region from TSS to TES, and 5) the
downstream region from TES to TES + 4 kb.

For tandem gene pairs, when a read-through transcript was detected on the upstream gene, the pair was
annotated as + RT, in a strand-specific way. For convergent gene pairs, genes producing a read-through
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transcript were individually annotated as + RT based on the strand on which they are located; if both
genes produced read-through transcripts, they were classified under the '+RT on both strands' category.

Pairs were removed from the analyses if either gene exhibited a sum coverage of zero (FilterGeneCov0).
For tandem genes, we also filtered out lowly expressed -RT pairs using the minimum coverage of all
upstream genes from the + RT class as a threshold, in order to limit the bias for highly expressed genes
introduced by read-through detection (FilterGeneSupMinRT).

Metaprofiles were generated by calculating the median coverage of each bin across all genes, using R
4.2.1 with library : rtracklayer_1.56.1, GenomicAlignments_1.32.1, plyranges_1.16.0, tidyverse_1.3.2,
rstatix_0.7.1.

Benchmark of ARTdeco and DOGFinder

We detected read-through transcripts in strand-specific RNA-seq data from U20S cells (31) using three
different tools: DoGFinder (default + -s flag), ARTDeco (default), and our HMM-based pipeline described
above using hg38 cleanRefSeq. Events were considered consistent across methods if the predicted
read-through transcripts overlapped in the TES-TES + 2 kb region, thereby classifying the corresponding
genes as + RT. For supplementary Fig. 1B, gene coverage was computed using Deeptools computeMatrix
(58) with the following parameters "scale-regions --binSize 200 --regionBodyLength 4000 --
afterRegionStartLength 4000 --beforeRegionStartLength 4000 --skipZeros -missingDataAsZero".
Metaprofiles were subsequently generated in R using the resulting coverage matrices as described
above.

Published ribosome profiling data

Raw sequencing data (FASTQ files) were retrieved from the NCBI Gene Expression Omnibus (GEO)
(GSE51584 (45); GSE66929 (44)) using fasterg-dump (v3.0.0). For C.rp_rep2 that had been sequenced
across two lanes, the FASTQ files were merged using samtools merge to create a single file per sample
prior to downstream processing. Adapter and quality trimming was carried out with the following
parameters: -e 0.1 (maximum allowed error rate of 10%), -q 20 (quality trimming threshold), and -0 1
(minimum adapter overlap length). A minimum read length threshold of 18 nucleotides (Trim Galore
default) was applied, and only reads passing the trimming and quality filters were retained for
downstream analysis. Filtered reads were aligned to the human reference genome hg38 using STAR
(v2.5.3a).

Only uniquely mapping reads were retained, and a maximum mismatch rate of 5% was allowed.

All other parameters were kept at their default settings. Read quantification was performed using
featureCounts from the Rsubread package (v2.20.0). Reads were counted in single-end, unstranded
mode using the RefSeqCurated GTF annotation, restricting counting to annotated exons. Multi-mapped
reads were excluded, and only reads overlapping features by at least 20 nucleotides and covering at
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least 90% of the read length were counted. Raw gene-level counts were normalized using counts-per-
million (CPM) as implemented in edgeR (v4.0.16).

Reporter plasmids cloning

The pMK231 plasmid (#105924, Addgene) was linearised with Bglll and Hpal. The Cherry and CMV-GFP
sequences were amplified by PCR from the pmCherry-C1 and pEGFP-N3 plasmids respectively using
primers containing 25nt overlapping ends with the linearized pMK231 plasmid (see “Cherry” and “GFP”
primers in supplementary table 1). The two PCR fragments were then inserted into the linearized
pMK231 using the proligation free kit from Applied biological following the manufacturer’s instructions.
The resulting pMK231-mCherry-GFP plasmid was digested with Bglll and Hindlll in order to linearize it in
between the end of the Cherry gene and the start of the CMV promoter located upstream of GFP. The
BYSL (Bystin like) gene’s polyA site together with pieces of the intergenic region of different sizes were
amplified by PCR from U20S cells’ genomic DNA (see “BYSL out” primers in supplementary table 1). A
nested PCR was performed on the fragment obtained with primers containing 25nt overlaps with the 3’
end of the mCherry sequence and the 5’ end of the CMV promoter located upstream of GFP (see “BYSL-
xxbp” primers in supplementary table 1). Ligation of the BYSL intergenic sequence into the linearized
pMK231-mCherry-GFP plasmid was performed using the HiFi DNA Assembly mastermix from NEB. For
creation of the stable cell lines, the puromycin resistance gene was then replaced by the blasticidin
resistance gene from the pMK391 (#121192, Addgene). The puromycine resistance gene was removed
from the pMK231 plasmid by PCR using primers designed to have around 25nt overlapping ends with the
blasticidin resistance gene that was extracted by PCR from the pMK391 plasmid. The two pieces were
assembled using the proligation free cloning kit following the manufacturer’s instructions.

Guide RNA expressing plasmid cloning

The sequence targeting the intergenic region in between the mCherry and GFP genes in the reporter
system (see supplementary table 1 for the sequence of the sgRNA BYSL) was cloned into the pESgRNA
plasmid according to the protocol established in the Lachaud's laboratory (59).

Stable integration of the reporter system in U20S cells

The reporter systems were stably integrated into the genome of U20S cells by homologous
recombination targeted to the AAVS1 safe harbor site with a guide RNA and Cas9 protein expressed
from the plasmid #72833 (Addgene). 150 000 U20S cells were transfected with 300ng of #72833
plasmid and 700ng of the donor plasmid containing either the Tkb-IntR or the 4kb-IntR reporter systems.
Cells were then treated with puromycin and diluted to obtain colonies originating from a single cell. The
colonies were then tested for integration of the reporter system in the AAVS1 safe harbor site by PCR
with primers targeting both the 5" and 3’ sites of integration, but also the plasmid backbone in order to
eliminate clones in which integration of the reporter system happened elsewhere in the genome.

Cell culture
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MCF10A ER-Src cells were maintained as described previously for MCF10A cells (60). U20S cells were
grown in DMEM high glucose Glutamax supplemented with Sodium pyruvate, Penicilin streptomycin and
10% fetal bovine serum at 37°C and 5% CO2. Plasmids transfection was performed using the JetPrime
reagent (Ozyme) according to the manufacturer's recommendations, the total amount of DNA
transfected per wells of a six wells plate was 1ug using 2pL of JetPrime. The medium was changed 4
hours following transfection to limit cell toxicity. Cells were harvested 72h following transfection and
either used directly for flow cytometry or for RNA extraction.

RNA pol Il mutants RPB1-WT, RPB1-E1126G (Fast) and RPB1-R749H (Slow) encoding plasmids (38) were
transfected into cells 24h before treatment with alpha-amanitine at a final concentration of 2.5ug/uL,
cells were then collected 48h following addition of alpha-amanitine.

Cells were harvested and directly used for flow cytometry 24h following addition of TSA or tautomycetin.

For blocking the progression of RNA pol Il in the intergenic region, the 4kb-IntR stable cell line was co-
transfected with a plasmid encoding the fast RNA pol Il mutant (RPB1-E1126G) and a plasmid encoding
the dCas9 (#61355 Addgene) together with a plasmid encoding either the scramble guideRNA or the
BYSL guideRNA.

RNA extraction and RT-gPCR

RNA extraction was performed using the MasterPure RNA extraction kit following the manufacturer’s
instructions except that the DNAse treatment was performed for 45 minutes using a mixture of RiboZero
DNase and DNAse |. Reverse transcription was perfomed on 500ng of total RNA using the Superscript I
RT and random primers and following the manufacturer’s instructions. The qPCR was perfomed using
Takara premix exTaq Sybr green mastermix and Biorad CFX instruments. See supplementary table 1 for
the list and sequences of the primers used for gPCR analyses.

Flow cytometry

Cells were analyzed on a Cytoflex flow cytometer (Beckman-Coulter). Forward and side scatter
measurements were used to differentiate live and dead cells; dead cells were removed from the
analyses. Forward scatter height and width measurements were then used to differentiate single cells
from doublets and clumps; doublets and clumps were removed from the analyses. Compensation was
empirically adjusted by using cells transfected with single-gene constructs (either with the pmCherry-C1
or with the pEGFP-N3 plasmids) and non-transfected cells (See supplementary Fig. 14 for an illustration
of the analysis). Data from at least 10,000 cells positive for both mCherry and GFP expression were
collected, and further analyses were performed with FlowJo Software (BD). The ratio of green
fluorescence relative to red fluorescence were calculated from each individual cell and median, first and
third quantiles were derived for 10 000 cells in each experiment. For transfection of the RNA pol Il
mutants in the stable cell lines, we co-transfected an RFP expressing plasmid in order to select for
transfected cells.
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Figure 1

Read-through transcription limits the expression of downstream genes in tandem and convergent gene
pairs

(A) Metagene analysis of strand specific total RNA-seq profiles representing the median within the gene
population of the normalized coverage in tandem genes and intergenic regions in U20S and MCF10A
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cells. Analyses are shown for one replicate out of two for MCF10A cells and out of four for U20S cells.
Amongst these loci only pairs with a mean of the normalized coverage computed on the gene body >0
and an intergenic region size of more than 100 nt and less than 100kb were considered (4707 loci for
U20S cells and 4071 loci for MCF10A cells). (B) Same as in (A) for U20S cells, except that tandem gene
pairs were separated into two classes based on the production or not of read-through transcripts (RT)
from the upstream gene detected by the HMM algorithm, as indicated. Analysis of one representative
RNA-seq replicate is shown out of four. A minimum threshold on upstream genes expression was
applied to -RT gene class in order to avoid biasing our analysis due to a difference in the level of
expression of upstream genes in between the -RT and +RT classes (3704 gene pairs in the -RT class; 987
gene pairs in the +RT class). (C) Boxplots showing the median, first and third quantiles of the median
normalized coverage for downstream genes from the -RT and +RT classes in tandem gene pairs from
total RNAseq data from U20S cells. The -RT and +RT tandem genes classes were selected as in (B).
Analyses are shown for one replicate out of four. *p<0.05 by Wilcoxon-Mann-Whitney test and adjusted
by the Benjamini-Hochberg procedure. (D) Tandem gene pairs were separated into two classes based
on the production of read-through transcripts from the upstream gene (-RT and +RT) in published polyA+
RNAseq data from U20S cells (33,34) and the level of expression of downstream genes was determined
for each class. The -RT and +RT tandem genes classes were selected as in (B). Boxplots show the
median, first and third quantiles of the level of expression of these genes expressed in CPM. ***p<0.01
by Wilcoxon-Mann-Whitney test and adjusted by the Benjamini-Hochberg procedure. (E) Same as in (B)
except that convergent genes’ loci were analysed and separated based on the strand on which the gene
producing read-through transcripts is located (1044, 356, 575, and 555 loci in the -RT, +RT on both
strands, +RT on the minus strand, and +RT on the plus strand classes, respectively).
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Figure 2

Read-through expression limits transcription of downstream genes in tandem gene pairs

(A) Analysis of the median normalized coverage of S5P RNA pol Il ChIPseq data from DLD1 (36) and
HEK293 cells (35). Tandem gene pairs were separated into two classes based on the production of read-
through transcripts (RT) from the upstream gene or not as indicated. Amongst these loci only pairs with

Page 32/42



a mean of the normalized coverage computed on the gene body >0 and an intergenic region size of more
than 100nt and less than 100kb were considered. The level of RNA pol Il Ser5P detected on downstream
genes was determined for each class. Boxplots show the median, first and third quantiles of the median
normalized coverage of the ChIPseq on these genes. (B) Tandem gene pairs were separated into two
classes based on the production of read-through transcripts from the upstream gene or not (-RT and
+RT) in TTchemseq data from U20S cells and the level of expression of downstream genes was
determined for each class. Left panel: Analyses are shown for one replicate out of six. Boxplots show
the median, first and third quantiles of the median normalized coverage for these genes. ns: non-
significant. Right panel: The dot plots show the medians of the median normalized coverage for
downstream genes in the -RT and +RT classes from six independent experiments, with individual
experiments identified by circles of different colors. *p<0.05 by paired Welch test.
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Figure 3

The distance travelled by RNA pol Il influences transcriptional interference on the downstream gene

(A) Schematic representation of the reporter system used to analyse transcriptional interference. The
mCherry and GFP coding sequences were cloned downstream of two identical CMV promoters and
separated by genomic sequences of different lengths beginning at a position located 109bp upstream of
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the polyA site of the human BYSL gene. (B) Left panel: GFP protein expression level measured by flow
cytometry in U20S cells transfected with the different reporter systems. The dot plots show the medians
for 10 000 cells from three independent experiments, with individual experiments identified by circles of
different colors. ns: non-significant, *p<0.05, ***p<0.01 by paired Welch test. Right panel: GFP RNA
expression level measured by RT-gPCR in U20S cells transfected with the different reporter systems,
normalized by the level of expression of the puromycine resistance gene which is expressed from the
reporter plasmid in order to account for transfection efficiency differences in between samples. The
histogram shows the means and standard deviation from three independent experiments. *p<0.05, ns:
non-significant by Student'’s T-test. (C) Expression level of CMV promoter RNAs measured by RT-qPCR in
U20S cells transfected with the different reporter systems normalized by the level of expression of
puromycin resistance gene expressed from the reporter plasmids. Means and standard deviation from
three independent experiments are shown. *p<0.05, ***p<0.01, ns: non-significant by Student’s T-test. (D)
Dot plot representing the level of expression (FPKM) of downstream genes from the +RT tandem genes’
class according to the intergenic distance separating them from the upstream gene expressed in bp.
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Figure 4

RNA pol Il speed controls the extent of transcriptional interference

(A) GFP protein expression levels were measured by flow cytometry in U20S cells co-transfected with
plasmids encoding either the 0.5kb-IntR, Tkb-IntR, 2kb-IntR, 3kb-IntR or 4kb-IntR reporter systems
together with the WT, Slow or Fast RNA pol Il mutants expression vectors and treated with alpha-
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amanitin for 48 hours. Dot plots show the median for 10 000 cells in each condition, from three
independent experiments identified by circles of different colors. *p<0.05, ***p<0.01, ns: non-significant
by Welch t-test and adjusted by the Benjamini-Hochberg procedure. (B) Left panel: The Tkb-IntR reporter
cell line was transfected with plasmids encoding the WT, Slow or Fast RNA pol Il mutants and treated
with alpha-amanitin for 48 hours. The GFP protein expression levels were measured by flow cytometry.
Dot plots show the median for 10 000 cells in each condition, from four independent experiments
identified by circles of different colors. ***p<0.01, *p<0.05 by Welch t-test. Right panel: GFP RNAs
expression levels were measured by RT-gPCR and normalized relative to GAPDH mRNA expression level.
The means and standard deviations from four independent experiments are shown. ***p<0.01, ns: non-
significant by Student’s T-test. (C) Same as in (B) except that the 4kb-IntR reporter cell line was used.
Left panel: Dot plots show the median for 10 000 cells in each condition, from six independent
experiments identified by circles of different colors.
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Figure 5

Perturbations of the endogenous RNA pol Il speed influence transcriptional interference

(A) The 4kb-IntR reporter cell line was co-transfected with plasmids encoding the Fast RNA pol Il mutant,
a dCas9 protein, and either a control guide RNA (Scr) or a guide RNA targeting the non-transcribed
strand in the intergenic region between mCherry and GFP (IntR). Left panel: GFP protein expression level
was measured by flow cytometry for each individual cell in the population for 10 000 cells in each
condition in each experiment. Dot plots show the medians from 3 independent experiments identified by
circles of different colors. *p<0.05 by Student’s t-test. Middle and Right panels: GFP and CMV promoter
RNAs expression levels were measured by RT-qPCR and normalized relative to GAPDH mRNA expression
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level. The means and standard deviations from three independent experiments are shown. *p<0.05, by
Student’s t-test. (B) Left panel: GFP and mCherry proteins expression levels were measured by flow
cytometry in the 4kb-IntR cell line treated with either the histone deacetylase inhibitor trichostatin A
(TSA) at 3.3 pM, an inhibitor of the PP1 phosphatase Tautomycetin at 500nM or DMSO as a control. The
ratio of GFP over mCherry expression was calculated for each individual cell in the population. Dot plots
show the medians for 10 000 cells from four independent experiments identified by circles of different
colors. *p<0.05, ***p<0.01 by Welch t-test. Middle and Right panels: GFP/mcherry ratio and CMV
promoter RNAs expression levels were measured by RT-gPCR and normalized relative to GAPDH mRNA
expression level. The means and standard deviations from five independent experiments are shown.
*p<0.05, ***p<0.01 by Student'’s t-test.
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Figure 6

RNA pol Il speed influences the level of transcriptional interference on endogenous genes

(A) IGV genome browser views of total RNAseq data from U20S cells for the RBM25-PSEN1 and YAP1-
BIRC3 tandem gene pairs which are part of the +RT class and SERPINE1-AP1S1 and SLC9A1-TENTSB
tandem gene pairs which are part of the -RT class. The black arrows indicate the orientation of the
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genes. The red dotted line indicates the read-through transcript detected by the HMM algorithm for the
RBM25 and YAP1 genes. The blue double arrows indicate the position and length of the intergenic
region. (B) U20S cells were transfected with plasmids encoding the WT, Slow or Fast RNA pol Il mutants
and treated with alpha-amanitin for 48 hours. The expression level of read-through transcripts was
analysed by RT-gPCR for the +RT genes; the amplicon is located 11.8kb downstream of RBM25 polyA
site and 0.7kb upstream of PSEN1 TSS for the RBM25-PSEN1 pair and 9.5kb downstream of YAP1 polyA
site for the YAP1-BIRC3 pair. The means and standard deviations from eight independent experiments
are shown. ***p<0.01, ns: non-significant by Student’s t-test. (C) Same as in (B) except that the level of
expression of downstream genes for each tandem gene pair was measured by RT-qPCR and normalized
to GAPDH mRNA expression level. The means and standard deviations from eight independent
experiments are shown. *p<0.05, ***p<0.01, ns: non-significant by Student'’s t-test.
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Figure 7

RNA pol Il speed influences the level of transcriptional interference on endogenous genes

(A) IGV genome browser views of total RNAseq data from U20S cells for the RBM25-PSEN1 and YAP1-
BIRC3 tandem gene pairs which are part of the +RT class and SERPINE1-AP1S1 and SLC9A1-TENTSB
tandem gene pairs which are part of the -RT class. The black arrows indicate the orientation of the
genes. The red dotted line indicates the read-through transcript detected by the HMM algorithm for the
RBM25 and YAP1 genes. The blue double arrows indicate the position and length of the intergenic
region. (B) U20S cells were transfected with plasmids encoding the WT, Slow or Fast RNA pol Il mutants
and treated with alpha-amanitin for 48 hours. The expression level of read-through transcripts was
analysed by RT-gPCR for the +RT genes; the amplicon is located 11.8kb downstream of RBM25 polyA
site and 0.7kb upstream of PSEN1 TSS for the RBM25-PSEN1 pair and 9.5kb downstream of YAP1 polyA
site for the YAP1-BIRC3 pair. The means and standard deviations from eight independent experiments
are shown. ***p<0.01, ns: non-significant by Student’s t-test. (C) Same as in (B) except that the level of
expression of downstream genes for each tandem gene pair was measured by RT-gPCR and normalized
to GAPDH mRNA expression level. The means and standard deviations from eight independent
experiments are shown. *p<0.05, ***p<0.01, ns: non-significant by Student'’s t-test.
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