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In Brief
Transcription of eukaryotic genes
requires an efficient termination to avoid
pervasive transcript synthesis. Here,
Shah and Maqbool et al. show that
tyrosine residues of RNA polymerase II
CTD are essential for termination and
recruitment of the Mediator and
Integrator complexes. A massive readthrough phenotype is observed when
these residues are mutated.
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SUMMARY

The carboxy-terminal domain (CTD) of RNA polymerase (Pol) II is composed of a repetition of
YSPTSPS heptads and functions as a loading platform for protein complexes that regulate transcription, splicing, and maturation of RNAs. Here, we
studied mammalian CTD mutants to analyze the
function of tyrosine1 residues in the transcription
cycle. Mutation of 3/4 of the tyrosine residues
(YFFF mutant) resulted in a massive read-through
transcription phenotype in the antisense direction
of promoters as well as in the 30 direction several
hundred kilobases downstream of genes. The
YFFF mutant shows reduced Pol II at promoterproximal pause sites, a loss of interaction with the
Mediator and Integrator complexes, and impaired
recruitment of these complexes to chromatin.
Consistent with these observations, Pol II loading
at enhancers and maturation of snRNAs are altered
in the YFFF context genome-wide. We conclude
that tyrosine1 residues of the CTD control termination of transcription by Pol II.
INTRODUCTION
The control of transcription requires RNA polymerase (Pol) II
recruitment at promoter, transcription initiation, and transition
to processive elongation. It also requires a proper control of
transcription termination (Proudfoot, 2016). Despite many efforts during the past years to understand this process in vivo,
it remains poorly understood. Transcription termination by
Pol II generally succeeds polyadenylation at 30 ends of genes
and can occur up to several kilobases after the annotated
48 Molecular Cell 69, 48–61, January 4, 2018 ª 2017 Elsevier Inc.

30 ends. Recent works have involved proteins or protein complexes in this process, such as the cleavage and polyadenylation complex and the histone methyl-transferase SetD2 (Grosso
et al., 2015; Nojima et al., 2015). Termination also occurs at 50
ends of genes. This process concerns a large fraction of
mammalian promoters in which the pausing of Pol II and divergent transcription are observed (Core et al., 2008; Seila et al.,
2008). Longer upstream antisense (AS) non-coding transcripts
can also be observed at many promoters in normal cells and
accumulate to high levels after exosome inhibition (Lepoivre
et al., 2013; Preker et al., 2008; Schlackow et al., 2017). Current
models propose that termination around promoters also requires polyadenylation, a process that would be partially
repressed in the sense, but not in the antisense, orientation
of the genes by the presence of U1 snRNP recognition sites (Almada et al., 2013; Ntini et al., 2013).
Among the questions left open is that of the determinants
targeted within the Pol II enzyme allowing termination in living
cells. Although mutations in catalytic subunits were characterized in Pol III active sites that impair transcription termination
(Iben et al., 2011; Shaaban et al., 1995), little is known about
Pol II, despite reports of slow/fast Pol II mutants displaying
impaired termination at a subset of genes (Fong et al., 2015;
Hazelbaker et al., 2013). In contrast to Pol I and Pol III, Pol II
produces transcripts of widely varying sizes and types,
including polyadenylated, non-polyadenylated, coding, and
non-coding transcripts with various functions and, thus,
different modes of regulation. As a consequence, Pol II activity
is tightly controlled through the action of many proteins or protein complexes that can act at all steps of transcription,
including recruitment, initiation, pausing, pause release, processive elongation, and termination.
The carboxy-terminal domain (CTD) of Pol II’s largest subunit, Rpb1, is an essential platform for recruitment of factors
controlling transcriptional and post-transcriptional events
(Eick and Geyer, 2013; McCracken et al., 1997). The CTD
is evolutionarily conserved and consists of repetitions of
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(A) Schematic representation of Pol II CTD tyrosine
mutants. WT and mutant heptads are represented
in light and dark blue, respectively.
(B) Western blot of rWT and CTD mutants
following 24-hr induction and 48-hr a-amanitin
treatment of the cells (72-hr induction).
(C) Example of RT phenotype at the 30 end of the
Znf621 gene.
(D) Average metagene profile of total sense
RNA-seq signal (inverse hyperbolic sine [asinh]
transformed) over the gene bodies and 20-kb
upstream and downstream regions. All profiles
were normalized so that signals are equivalent on
gene bodies (see STAR Methods). ***p < 2 3 1016
(2-sided Wilcoxon test) between rWT and YFFF.
See also Figure S1.
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-20kb
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suggesting that they might be involved
in the pause/termination processes.
heptads (Y1S2P3T4S5P6S7) that are phosphorylated in the Finally, both Med and Int also show impaired DNA recruitment
transcription cycle. Phosphorylations of serine 2 and serine as revealed by ChIP experiments.
5 (Ser2P and Ser5P) residues are the most studied and represent strong hallmarks of early transcription and processive RESULTS
elongation, respectively. The more recently characterized
Ser7P and Thr4P were proposed to be associated with Phenotypes of CTD Tyrosine Mutants
small nuclear RNA (snRNA) or histone gene transcription We previously investigated the function of Tyr1P residues in the
and transcription termination (Chapman et al., 2007; Egloff mammalian CTD by genome-wide location analysis (ChIP-seq)
et al., 2007; Harlen et al., 2016; Hintermair et al., 2012; Hsin and by generating mutations in the CTD, replacing all Tyr1 resiet al., 2011).
dues of CTD heptads into phenylalanine (Descostes et al.,
We and others have recently described that phosphoryla- 2014). These mutations resulted in a lethal phenotype and CTD
tion of Tyrosine1 (Tyr1) in metazoans occurs at promoters degradation in Rpb1, restricting further functional investigation.
(Descostes et al., 2014; Hsin et al., 2014) and that, in To circumvent this problem, we designed four new CTD mutants
mammals, Tyr1P is also found at enhancer locations. Chro- (Figure 1A) in which only Tyr1 residues of 2 or 3 quarters of the
matin immunoprecipitation sequencing (ChIP-seq) signals for heptads were mutated to Phe residues. The control used in our
Tyr1P were also observed to a lesser extent at 30 ends. experiments contains the wild-type (WT) CTD sequence,
Overall, the mammalian Tyr1P genomic locations were quite including the non-canonical repeats, and is designated as rWT.
distinct from the ones described in yeast, where enrichments All mutants, as well as rWT, contain an a-amanitin resistance
were essentially found over gene bodies and proposed to pre- mutation that allows to express a recombinant Rpb1, while the
vent early termination (Mayer et al., 2012). However, we were endogenous Rpb1 is suppressed as described previously (Barpreviously unable to describe the functional significance of tolomei et al., 1988; Meininghaus et al., 2000).
After induction of the mutants and rWT control cells, endogeTyr1 residues due to the lack of stable mutants, as mutations
of all Tyr1 residues of the CTD resulted in the degradation of nous Rpb1 was shut down by a-amanitin treatment. We then
Rpb1 (Descostes et al., 2014). To circumvent this problem, we analyzed the growth phenotype and the stability of the mutants.
have generated novel mutations in the CTD and focused our Mutants with half of the repeats mutated were found either lethal
analyses on a mutant, YFFF, in which Tyr1 residues are re- (YFFY) or viable and proliferated (YYFF and FYYF) for 5 to
placed by Phe in the last 3/4 of the CTD repeats. This mutant 10 days after the addition of a-amanitin to the medium, suggestreveals a role of Tyr1 residues in the control of the termination ing that the position of the heptads within the CTD is important
of 50 antisense and 30 sense transcripts. In the YFFF mutant, for tyrosine function (Figures S1A and S1B). Mutation of last
a massive transcription read-through (RT) is observed, three quarters of the repeats (YFFF) also resulted in a lethal
accompanied by reduced Pol II at the promoter-proximal phenotype. Despite their variable phenotypes, all Rpb1 mutants
pause, apparent transcriptional interference, snRNA matura- were stable at the protein level with comparable amounts of
tion defect, and decrease of Pol II accumulation at active hyper- (IIO) versus hypo-phosphorylated (IIA) forms of Rpb1 (Figenhancers. Further proteomic characterization of the YFFF ure 1B), as well as a comparable level of Ser2P, suggesting that
mutant showed that tyrosine mutations resulted in the they are competent for elongation and allowing us to pursue
YFFY

0

0
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functional study on the mutants. We also monitored the expression of the various phospho-isoforms of the CTD and found comparable levels of Ser2P, Ser5P, Thr4P, and Ser7P (Figure S1C).
At the time of sample collection for further experiments, all
mutant cells displayed around 80% viability.
We next assessed how transcriptomes of mutants were
affected by performing RNA sequencing (RNA-seq) experiments
after induction of recombinant Pol II and inhibition of endogenous Pol II with a-amanitin treatment (Figure S1A). In global
differential expression (DEseq) analysis, we found a large dysregulation essentially in the YFFF mutant, with many genes downregulated (48) and upregulated (810) (Figure S1D). However,
Gene Ontology analyses did not reveal specific functional categories that were lost or enriched in the mutant (data not shown).
Rather than an effect at specific categories of genes, our observations pointed to a global effect characterized by a 30 RT
phenotype visible weakly in mutants YYFF, FYYF, and YFFY
but strongly pronounced in the YFFF mutant (Figures 1C, 1D,
S1E, and S1F). The extent of the observed RT in the YFFF mutant
appeared extreme, spanning from several kilobases up to hundreds of kilobases from the annotated 30 ends, suggesting a
global pervasive phenotype. The phenomenon of 30 RT has
been reported for WT Pol II before (Proudfoot, 2016) and has
been described with a more amplified phenotype after knockdown of Setd2, Xrn2, CPSF, or WDR82 proteins (Austenaa
et al., 2015; Fong et al., 2015; Grosso et al., 2015; Nojima
et al., 2015). All these factors are known to interact with CTD
and function in the control of RNA elongation/termination. Interestingly, YFFF mutation has little effect on the binding of these
factors to CTD, while the interaction with other factors and
cellular complexes is fully abolished (mass spectrometry data
are discussed later). In sum, the phenotype of the YFFF mutant
suggests a strong functional link between Tyr1 in the CTD and
the control of termination.
Tyrosine Mutations Cause a Massive RT at 50 and 30 Ends
of Genes
To examine the consequences of the YFFF mutations in more
detail and to strengthen our initial observations, we undertook
further total RNA-seq experiments in which we improved the
signal-to-noise ratio in intergenic regions (see STAR Methods)
as exemplified in Figure S2A and quantified genome-wide in Figure S2B. Using this procedure, we confirmed a massive 30 RT
phenotype in the YFFF mutant and also observed an RT for 50 antisense transcription. An example for both phenotypes is shown for
the PDCD6IP gene in Figure 2A. 50 antisense transcription is a hallmark of mammalian genes (Core et al., 2008; Seila et al., 2008) that
occurs roughly at half of the promoters (Fenouil et al., 2012). To
consolidate this observation at the genome-wide scale, we performed RNA-seq composite average metagene profiles for protein-coding genes by rescaling rWT and YFFF RNA signals at
the same levels over the gene bodies (Figures 2B and S2C) to better visualize the RT phenotype. This demonstrated a clear RT effect at the 30 ends of genes in the sense direction and the 50
ends of genes in the antisense direction. This effect was also
clearly visible and significant without normalization of signals at
gene body (Figure S2D). We confirmed this independently by plotting the transcript densities over the gene bodies and 20 kb
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upstream of 50 ends and downstream of 30 ends (Figure 2C). The
transcriptome (gene bodies; Figure 2C, middle panel) shows a
typical bimodal distribution representing lowly and moderately/
highly expressed genes. The YFFF mutant displays more low
expression values (first Gaussian) and less moderate/high values
(second Gaussian) as compared to the rWT. The distributions of
the 50 antisense and 30 sense signals of the 20-kb regions surrounding the gene bodies indicate an inverse trend with more
signal for the YFFF mutant. The quantification of upstream antisense and downstream sense RT indices in the rWT and YFFF
mutant is shown in Figure 2D. Finally, a larger chromosomal
view (Figure 2E) further supports the genome-wide effect of the
RT phenotype. Altogether, our data suggest a strong termination
defect in mutant YFFF occurring at both ends of genes in sense
(downstream) and antisense (upstream) orientations.
We next asked whether the termination defect was specific to
the tyrosine mutations of the CTD. To this end, we built a
serine2-to-alanine mutant in which 3/4 of the distal CTD repeats
are mutated (S2AAA) in a manner similar to that of the YFFF mutant.
After shutdown of the endogenous Pol II, the S2AAA mutant also
showed a lethal phenotype but no significant 30 RT and only a slight
increase in 50 antisense transcription (Figure S2E; data not shown)
at a few genomic locations. Thus, the observed RT phenotype is
specific to the mutation of tyrosine residues in the CTD.
Previous works proposed that Pol II loading at the 50 end of
genes could influence termination at 30 ends (Nagaike et al.,
2011; Pinto et al., 2011). We sought to address this question in
the context of the YFFF mutations and, more specifically, whether
a marked 30 RT is linked to increase in 50 antisense transcription
and vice versa. We ranked the genes for decreasing ratio of
RNA-seq signal downstream of 30 ends in YFFF mutant versus
rWT, split them into 4 groups (A to D) from the highest to the lowest
RT effect at the 30 end, and plotted the 50 antisense RNA signal
correspondingly (Figure S2F; Table S8). Our analysis reveals that
a high RT transcription index at the 30 end of genes in groups
A and B correlated with a high RT transcription index for divergent
transcription at the 50 ends of genes. Lower levels of 30 end RT
transcription in groups C and D were paralleled by lower levels
of RT antisense transcription at 50 ends of genes. Similar analyses
were performed for larger intervals (20 and 50 kb downstream of 30
ends) and also by ranking the genes for decreasing ratio of 50 antisense RT transcription (data not shown) and indicated a link
between 50 antisense transcription and 30 RT phenotype in the
YFFF mutant. Further investigations however, did not allow us
to directly correlate the 50 to 30 RT levels in rWT or YFFF cells.
Altogether, our investigations support a model in which the
antisense RT transcription at 50 ends of genes and the 30 -end
RT are linked in the context of the YFFF mutant. They also indicate that at least half of the genes do present a significant RT
phenotype. In summary, our RNA-seq experiments strongly
suggest that Tyr1 mutations of the CTD result in a massive and
specific termination defect that occurs both for 50 antisense transcripts and sense transcripts at 30 ends of the genes.
The YFFF Mutations Result in Transcriptional Activation
of Downstream Genes and Transcriptional Interference
Because the YFFF mutant displayed an apparently pervasive
transcription phenotype, we asked whether this could result in
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Figure 2. YFFF Mutations Cause a Massive RT Both at the 30 and 50 (Antisense) Ends of Genes
(A) Example of RNA-seq signal (y axis) for a coding gene showing the 50 (antisense) and 30 (S) RT that extends to at least 100 kb upstream of the 50 end and 300 kb
downstream of the 30 end.
(B) Average metagene profile of total RNA-seq signal (asinh) in sense (blue) and antisense (red) orientation of the gene bodies and 20-kb upstream and
downstream regions.
(C) Density plots of antisense RNA-seq signal in the 20-kb region upstream (a) or downstream (c) of the genes (fragments per million nucleotides; FPM) or sense
signal on gene body (fragments per kilobase of transcript per million mapped reads; FPKM in b) in rWT and YFFF cells. Selected regions were excluding
genes <2 kb and/or having other genes within 20 kb. Regions concern 1,160 upstream antisense areas, 3,999 gene bodies, and 1,263 downstream areas of the
genome. All pairs of distribution are significantly different with a p value < 2 3 1016 (2 sided Wilcoxon test).
(D) Boxplot of upstream antisense indices (left) and downstream RT indices (right). Units are asinh transformed.
(E) Chromosome 2 snapshot of total RNA-seq data illustrating the generality of the YFFF RT phenotype. See also Figure S2.

transcriptional interference or transcription of previously silent
genes due to RT. Visual inspection of our data reveals many
examples in which RT transcription of one gene resulted in
increased transcription of the downstream gene (see PPFIA4

gene in Figure S2G). In this case, we could exclude that signals
originated from new initiation, as no H3K4me3 (or H3K27ac)
signal was observed in the intergenic regions or at the promoter
of the downstream gene. Conversely, when two genes were
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oriented head to head, we found many examples of apparent
interference of the RT with transcription of adjacent genes (see
ST14 gene in Figure S2H). However, we did not observe the
loss of H3K4me3 marks at adjacent promoters, possibly
because erasing of this histone modification is not very dynamic.
In an attempt to quantify global interference, we overlapped
genes that both were downregulated and had an increased antisense RNA-seq signal over the gene bodies. Our analysis
revealed that 14% of the downregulated genes also display
increased antisense RNAs, suggesting a relatively spread interfering effect (Figure S2I). Overall, we conclude that activation
of silent genes and interference is a very likely consequence of
the YFFF mutations, but this point will require further
investigation.
YFFF Transcription Yields Polyadenylated RNAs
An elevation of intergenic RNA levels at both gene ends could
result not only from a transcriptional RT but also from an
increased stabilization of the transcripts produced by natural
RT (or both). To address this question, we purified chromatinassociated RNAs (chrRNAs) to perform chrRNA sequencing
(chrRNA-seq) (Bhatt et al., 2012). This method allows scoring
for nascent RNAs associated with chromatin and gives a similar
readout compared to other nascent RNA-seq methods (Mayer
et al., 2015; Nojima et al., 2015). Both individual and metagene profiling of this data, using the same gene body normalization approach as before, confirmed that the RT observed in the
YFFF mutant originates at least from a transcriptional effect (Figures 3A–3C) both at the 30 and 50 ends. We also note that in both
rWT and YFFF, chrRNAs tend to accumulate in 50 antisense but
not sense orientation.
Pol II ChIP-seq allowed further confirmation of the RT at 30
ends with a delayed 30 pause around 2.6 kb after the annotated
30 ends (Figures 3D–3F). In these analyses, and as for RNA-seq,
we rescaled the signals so that Pol II has comparable levels on
the gene bodies (Figures 3D and S3A). At and after 30 ends, we
observed both an increased signal density (for at least 20 kb)
and a delayed Pol II accumulation/pause occurring approximately 2.6 kb downstream of annotated 30 ends. This delay is
more pronounced and extends further than the one recently
described for an Xrn2 D235A dominant mutation, also showing
30 RT (Figure S3C) (Fong et al., 2015). We also note that the result
remains clearly visible, even without performing the mentioned
normalization, by just scaling the data to the same amount of
sequenced tags (Figure S3B). We further calculated Pol II downstream (10 kb after annotated 30 ends) RT indices and found
significantly higher values in the mutant (Figure 3E, right panel),
in contrast to little difference observed upstream of 50 ends (Figure 3E, left panel). This latter result could be due to the fact
that Pol II ChIP-seq is less sensitive over such large intervals
to detect significant differences as compared to RNA-seq or
chrRNA-seq.
Next, we wondered whether RT transcripts were polyadenylated, as the observed RT could arise from Pol II proceeding transcription following cleavage of the poly(A) transcripts, with no
subsequent polyadenylation, as proposed in the torpedo termination model. To address this question, we performed poly(A)
RNA-seq on rWT and YFFF cells and analyzed RT poly(A) tran-
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scription. As shown in Figures 3G and 3H and exemplified at
the CCR7 locus (Figure 3I), 30 RT is clearly accompanied by
apparent polyadenylation. Thus, the polyadenylation complex
(CPA) might be associated with Pol II following the first poly(A)
signal, generally located a bit before the end of 30 UTRs. Intriguingly, increased poly(A) signal was also detected at 50 ends of the
genes in the antisense transcripts, indicating that the CPA could
load at these locations. However, we cannot rule out that,
despite two rounds of poly(A) RNA enrichment, the sequenced
libraries may contain residual non-polyadenylated RNA. The
observation that transcripts from non-polyadenylated histone
genes show approximately 100-fold lower enrichment in our
poly(A) RNA-seq data as compared to total RNA-seq data (Figure S3D) pleads, overall, against non-specific signal explaining
our apparent RT phenotype. Currently, we cannot discriminate
whether the high level of intergenic and antisense RT RNA in
the poly(A) fraction of mutant YFFF originates from constant polyadenylation at cryptic poly(A) sites or from A-rich transcribed
intergenic sequences. If polyadenylation of intergenic RNAs
should occur, as our data suggest, this event obviously does
not support termination of YFFF Pol II mutant. Together, our
data indicate that both 50 and 30 RT in the YFFF are linked to a
transcriptional effect and that these RNAs may be the subject
of polyadenylation long after the normal poly(A) signal. We
note, however, that polyadenylation can occur normally in the
mutant despite the RT effect, as highlighted by the high density
of reads at 30 ends of genes, suggesting that polyadenylation and
termination are uncoupled processes.
Tyrosine Mutations Are Associated with Reduced Pol II
at the Promoter-Proximal Pause Sites and Reduced
Nucleosome Depletion around Transcription Start Sites
Our Pol II ChIP-seq experiments showed a clear loss of Pol II
accumulation in YFFF at promoters, as exemplified at the
MYCBP locus (Figure 4A). This was also evidenced in metagene
profile analyses by applying normalization to gene bodies (Figure 4B) as previously done. When indexing genes according to
pausing score classes from low to high, we also found that
reduced Pol II levels were more pronounced at highly paused
genes in mutant YFFF (Figures 4C, 4D, and S4A). Such an effect
was recently described following knockdown of the PAF1 complex, which also resulted in a global reduction of Pol II at pause
sites in HCT116 cells (Chen et al., 2015). We then assessed
whether this could be accompanied by a change in nucleosome
occupancy at promoters and performed micrococcal nuclease
(MNase) sequencing (MNase-seq) in both rWT and YFFF. Interestingly, we found that nucleosome densities in proximity of
the nucleosome-depleted regions (NDRs), upstream of the transcription start sites (TSSs), were increased in the mutant (Figure 4E). This suggests that reduced Pol II levels at the pause
site shorten the extent of NDRs and result in increased nucleosome occupancy, probably through reduced average Pol II occupancy. Analyzing our ChIP-seq and RNA-seq data, we asked
whether reduced Pol II levels at promoters do correlate with the
30 RT in the YFFF mutant (Figures S4B–S4D). This was not the
case, as the 3 groups with low, medium, and high Pol II at
the pause site showed similar effects. Our data support a global
reduction of Pol II at promoter-proximal pause sites in the YFFF
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(I) CCR7 locus showing that RT RNA is polyadenylated (RNA-seq signal in y axis).
***p values are < 2.2e16. Figure S3E shows the non-normalized metagene chrRNA-seq and poly-RNA-seq show in (A) and (G). See also Figure S3.
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mutant. This reduced Pol II accumulation could equally result
from a defect in initiation, pausing, or early elongation of the
enzyme.
Transcribed Enhancers and Their Epigenetic Profiles
Are Affected in the Mutant
We previously showed that Tyr1P of Pol II is enriched at transcribed enhancers (TEs) (Descostes et al., 2014). Importantly,
TEs are more active and more tissue specific, but the act of transcription itself at these regions does not necessarily yield stable
elongated RNAs (Lubas et al., 2015; Natoli and Andrau, 2012).
Pausing of Pol II is also a hallmark of TEs (Core et al., 2014).
The question, therefore, arises as to whether TEs also show
reduced Pol II levels in the YFFF mutant, as is observed at promoters. To investigate this, we compared Pol II and epigenetic
marks characteristic of regulatory regions at both promoters
and TEs. We first isolated 1,316 intergenic TEs based on
H3K27ac/H3K4me1/Pol II selection as described previously
(Descostes et al., 2014), which we compared to a selection of
active control promoters. Interestingly, enhancers showed a
strong reduction of Pol II and a more modest but significant
loss of H3K27ac and H3K4me1 when compared to promoters
(see Figures 5A and S5A for examples). This effect was
confirmed genome-wide at most isolated enhancers (Figures
5B and 5C) but did not hold true for H3K4me3, which remained
comparable in rWT and YFFF. We did not observe significant
alteration of nucleosome positioning or NDRs at enhancers.
We also analyzed chrRNA-seq in this context and found little difference in rWT or YFFF, suggesting that the defect in Pol II density, most likely reflecting initiating or reduced Pol II pausing
(Core et al., 2014), does not impair transcription at TEs (Figure S5B). This was in contrast with the situation observed at
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(A) Examples of Pol II ChIP-seq showing promoter-proximal pausing loss in YFFF cells occurring at multiple genes (ChIP-seq signal is shown
in y axis).
(B) Average Pol II profiles at the TSSs of significantly bound genes (top 30% coding genes) in
rWT and corresponding profile in YFFF. Data are
normalized to bring the signals to the same level in
gene body.
(C) Pol II density heatmaps at the TSSs of genes
ranked by increasing pausing score in rWT and
shown at rWT and YFFF TSSs. The boundaries of
the 3 pausing groups 1–3 are shown on the left of
the heatmaps.
(D) Boxplots of pausing scores for the 3
groups in rWT and YFFF. Only groups 2 and 3
show significant differences. Three asterisks
indicate significantly different distributions with
p value < 2 3 10-16.
(E) Nucleosome densities at promoters in rWT and
the YFFF mutant. Data are normalized so that
MNase-seq counts are equivalent in both experiments (scaling). In (B) and (E), the light blue rectangles indicate the areas that were taken in
account for calculation of the indicated p values.
See also Figure S4.

promoters, in which reduced pausing was detectable after
RNA-seq and ChIP-seq profiling at the 50 ends of the genes, in
both the sense and antisense directions (Figures 3 and 4).
Together, the data indicate that promoters and enhancers
display similar molecular phenotypes due to YFFF mutations:
both show reduced accumulation of Pol II at the proximity of
pause site.
Mutant YFFF Is Impaired in Its Interaction with the Med
and Int Complexes
Our experiments shed light on a strong transcription termination
defect phenotype at both the 50 and 30 ends. To get further insight
into what could be the mechanism of tyrosine involvement in
termination, we immunoprecipitated Pol II and analyzed its associated proteins in rWT and YFFF cells by mass spectrometry
(MS) experiments. To improve the signal-to-noise ratio, we performed 5 biological replicates for each of the two pull-downs
following induction of recombinant Rpb1 and inhibition of endogenous Pol II by a-amanitin. The results highlight a marked loss of
the Med and Int complexes (Figure 6A), two major interactors of
the Pol II CTD (Baillat et al., 2005; Conaway and Conaway, 2015).
Most of the 31 and 12 subunits of the Med and Int complexes,
respectively, were lost in the YFFF mutant and in all biological
replicates (Tables S1 and S2). We note that subunits of the
kinase module of Med were not associated with Pol II in rWT
and YFFF cells. This is consistent with the observation that binding of CTD and the kinase module to Med is mutually exclusive
(Allen and Taatjes, 2015; Tsai et al., 2013).
Because the cleavage/polyadenylation (CPA) complexes were
previously linked to impaired termination phenotypes (Nojima
et al., 2015), we searched for proteins associated with these
complexes. We found that all of the CPSF subunits associated
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(A) Putative enhancers or enhancer stretches (in pink rectangles) around the DNAJC12 locus show altered Pol II loading in YFFF.
(B) Heatmap of Pol II densities at enhancers ranked by increasing Pol II signal in rWT and corresponding heatmap in YFFF.
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See also Figure S5.

with Pol II in rWT in MS were also associated with Pol II in the
YFFF mutant. Furthermore, XRN2, as well as most splicing
factors peptides, was found in comparable amounts in both
fractions (Table S3).
We then asked whether the loss of interaction with Med and
Int complexes was specific to mutation of the tyrosine residues
and, again, made use of our S2AAA in which the same 3/4 of
repeats are mutated as compared to YFFF. We analyzed the
S2AAA mutant in MS experiments using the same induction/
expression set-up. Interestingly, our results indicate that, while
Int complex subunits remain associated with Pol II, many Med
subunits are lost or show decreased interaction in the S2AAA
mutant (Figure S6A; Tables S5 and S6), suggesting that the
loss of interaction with Int might be more critical for the
observed RT phenotype when tyrosine residues are mutated
in the CTD.
To exclude the possibility that reduced Med and Int levels in
MS were due to reduced protein expression of these complexes,
we determined expression of the Med15 and Int11 subunits by

western blot and found no significant difference (Figures S6B
and S6C).
Among other interesting proteins that lost interaction with
the YFFF Pol II mutant, we found two CTD phosphatase
RPAP2-associated proteins, RPRD1a and RPRD2, and one
subunit of the PAF1c (WDR61) complex (Table S2).
We next wondered whether the loss of association of Med and
Int with Pol II in YFFF would result in their impaired recruitment on
DNA. To address this question, we performed ChIP experiments
in rWT and YFFF cells at several target characteristic locations
(including promoters, enhancer, and snRNA gene). Following
ChIP with Med1 and Ints11 antibodies (Abs), we found a
decreased signal to background levels in YFFF, as compared
to rWT cells, showing that lost Pol II contacts resulted in reduced
Med/Int occupancy on DNA as well (Figure 6B).
Altogether, these data indicate that loss of interaction with
Med and Int complexes is a major consequence of tyrosine mutations and strongly suggest that loss of one, the other, or both
complexes might relate to the phenotypes linked to termination
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Figure 6. Mass Spectrometry Differential
Analysis of rWT and YFFF Pol II Interactome

A

(A) Volcano plot comparing the Pol II interactome
in rWT and the YFFF mutant. The table on the right
lists selected proteins and complexes that interact
with the Pol II of both rWT and the YFFF mutant. All
12 subunits of the Pol II, several splicing factors,
and 30 end processing factors are listed in the
table. Represented on the left are the proteins and
complexes that do not interact with the YFFF Pol II.
Highlighted are the 25 subunits of the Med complex (green); 11 subunits of the Int (red), CTD
phosphatase-associated proteins (magenta), and
E3-ubiquitin ligase; and components of the
SOSS complex and a few other proteins (blue).
Threshold: log2 fold change R 5; p < 0.05. Data are
based on five independent biological replicates.
For these experiments, cells were collected after
24 hr of induction and 48 hr of amanitin treatment
as for the other assays.
(B) qPCR ChIP of Med (Med1) and Int (Inst11) at the
Ets1 enhancer (24 kb upsteam) and at the Rnu11,
Myc, Snhg3-Rcc1, Kxd1, and Taf12 promoters in
rWT and YFFF cells. Dashed lines highlight signals
observed at the negative control region. Data are
means ± SEM; n = 2.
See also Figure S6 and Tables S1, S2, and S3.

B

failure and promoter/enhancer defects. However, they might
also relate to a yet-uncharacterized independent function
of Tyr1.
The YFFF Mutations Impair Maturation of snRNAs and
Histone Non-polyadenylated Transcripts
The Int complex was previously described to function in synthesis and/or maturation of the snRNAs (Baillat et al., 2005; Egloff
et al., 2007). Given the major interaction defect observed in our
MS experiments, we wondered whether the YFFF mutant displayed impaired transcription/maturation at U1–U5 snRNA
genes. We thus analyzed transcription at these genes. We found
little effect for the YFFF mutant in chrRNA-seq experiments for
U1, U2, and U5 genes and a slight RNA signal increase at the
U4 genes (Figure 7A), suggesting that nascent transcription
was, essentially, not affected for these genes. A rather important
increase, varying from 33–63, was detected for total RNAs (Figure 7A), indicating that YFFF mutations may result in processing
defects and stabilization of snRNAs. The opposite effect was

56 Molecular Cell 69, 48–61, January 4, 2018

observed for RNAs of non-poly(A) histone
genes (Figure 7C). As for snRNA genes,
nascent transcription (chrRNA-seq) was
unaffected, but the total RNA-seq signal
was reduced several-fold for histone
RNAs (Figures 7C and 7D), indicating
that non-poly(A) histone genes undergo
massive destabilization and that proper
processing of transcripts from histone
genes is also affected in YFFF.
Overall, our results show strong and
opposite stabilization/maturation defects
for histone and snRNA genes in the YFFF mutant that might be
associated with the loss of Int interaction. We conclude that
the lack of tyrosine residues in the CTD can lead to the failure
of specific CTD-coupled processes such as proper termination
and processing of non-polyadenylated RNAs, while other processes such as transcript elongation or 30 processing and polyadenylation of mRNAs remain unaffected.
DISCUSSION
In this article, we report a novel function of mammalian CTD for
transcription termination at the 50 and 30 ends of genes. We
show that Tyr1 residues of the CTD are required for termination,
thereby strongly limiting the extent of pervasive transcription.
Among the phenotypes of Tyr1 mutants analyzed in this study,
the RT defect of the YFFF mutant was most striking. Transcription in this mutant remains high up to several hundreds of
kilobases downstream of poly(A) sites, thus representing an
exceptional case in which Pol II has lost the ability to terminate

A
chrRNA-seq Signal

U1
20k

rWT
YFFF

200k

rWT
YFFF

n=54
3000

U5

rWT
YFFF

rWT
YFFF

n=30

n=18

600k

100k

10k

30k

1500

0

0
-375bp

Total RNA-seq Signal

U4

U2
n=40

TSS

rWT
YFFF

375bp

-375bp

n=39

TSS

rWT
YFFF

375bp
n=46

300k

0

0
-375bp
6000

TSS

375bp

rWT
YFFF

-375bp

n=31
1000k

TSS

rWT
YFFF

375bp
n=12

200k
3000

15k

5000k

100k

0

0

0
-375bp

TSS

B

375bp

-375bp

U1

2k

TSS

U2

375bp

0

-375bp

TSS

C
chrRNA-seq Signal

400

0
2k

0
120k

0
2k

0
YFFF

chrRNA

0
120k

0
2k

0

0

YFFF

RefGene (+)
chr1 17 067 000

rWT
YFFF

chrX 91 053 000

TSS

375bp

n=38

200

0
-500bp TSS

rWT

Total RNA-seq Signal (asinh)

300k

Total RNA

-375bp

Histone genes

300k
rWT

375bp

8

rWT
YFFF

3’ End 500bp
n=38

4

0
-500bp TSS

3’ End 500bp

D
3k
rWT

Total RNA

0
3k
YFFF
0
500
rWT
0
500

chrRNA

YFFF
0
RefGene (+)
27 800 000

27 850 000

Histone Genes Cluster (chromosome 6)

(legend on next page)

Molecular Cell 69, 48–61, January 4, 2018 57

transcription. Although we cannot completely rule out that Pol II
association with a termination factor could be impaired due to its
altered expression, we do not favor this possibility based on our
MS data, where the number of CPSF peptides is comparable in
both rWT and YFFF cells. Furthermore, in comparison to YFFF,
the mutant S2AAA, in which Ser2 residues are mutated in the
same distal CTD repeats, did not show significant RT, indicating
the high specificity of our Tyr1 mutant phenotype. The observed
RT phenotype of 50 antisense transcripts in the YFFF mutant is
consistent with our previous analysis showing the association
of Tyr1P with antisense divergent transcription at the TSS of
the genes (Descostes et al., 2014).
Pervasive transcription occurring after the 30 ends of genes
has been reported in specific WT cells or specific cellular context
for Pol II mutants before. Recent works show that 30 RT can be
induced by osmotic stress or following herpes simplex 1 virus
infection (Rutkowski et al., 2015; Vilborg et al., 2015). Given the
overlap with the YFFF phenotype, it seems plausible that the
CTD is involved in these processes by triggering transcriptional
response to stress or viral infection. A mutation in the largest
Pol II subunit was also described, resulting in a faster and less
processive enzyme (Kaplan et al., 2008; Kireeva et al., 2008).
This mutation provokes distal termination at many genes, which
was correlated with the fast elongation rate of the mutant
enzyme (Fong et al., 2015). Although this phenotype was less
pronounced than the one described here, we do not exclude
that Tyr mutations might also alter the velocity of Pol II. Our study
also points out little, if any, termination defect in the S2AAA
mutant. This is surprising, given a previous report that highlights
the role of Ser2 for termination (Gu et al., 2013). However, we
cannot rule out that the intact heptads (1–13) that were not
mutated in our study still allow for the Ser2 to display a possible
termination-related function.
How Pol II terminates transcription at the 30 ends of genes
remains a completely open question. Two main models were
advanced in the past, the allosteric and the torpedo, the latter
being prevalent in recent literature (Proudfoot, 2016). In this
model, the exonuclease XRN2 attacks the uncapped 50 end of
the nascent RNA after 30 cleavage and causes termination of
transcription. Inactivation of XRN2 can result in termination defects downstream of poly(A) site and shift termination to further
downstream sequences (Fong et al., 2015; West et al., 2004).
However, XRN2 knockdown does not result in massive,
genome-wide, pervasive transcription of intergenic sequences
(Nojima et al., 2015), suggesting that XRN2 contributes to the
tuning of termination but not to the removal of Pol II from the template. We also found that XRN2 recruitment to Pol II is not altered
in the YFFF mutant (Figure 6), further supporting the notion that
its association with Pol II cannot prevent pervasive transcription.
More expectedly, knockdown of the CPA subunits CPSF73
(CPSF3) and CstF64 was shown to lead to reduced termination

(Nojima et al., 2015) but did not result in a massive, pervasive
transcription phenotype. Since the major CPSF subunits,
including CPSF3, are recruited to Pol II, and since polyadenylation of RNA occurs, at least, to the same extent in YFFF mutant
as compared to WT at the 30 ends, we assume that the failure of
termination occurs downstream of a functional 30 processing
machinery. Overall, we conclude that one of the main functions
of the missing tyrosine residues in the CTD of the YFFF mutant
is the control of transcription termination.
Another striking characteristic of the YFFF mutant is the
reduced Pol II accumulation at the 50 ends of genes. This could
result from a loading defect of essential CTD-associated factors
such as the ones we identified in our MS analyses, and we propose that an impaired promoter-proximal pausing could be the
cause of the termination defect at the 50 ends of the genes. We
also found a delayed, but not decreased in amplitude, Pol II
accumulation at the 30 ends of genes, indicating that the lack
of tyrosine residues generally affected pausing. At the 30 ends,
our result suggests that impaired complex(es) association with
Pol II would not allow proper pausing of the enzyme at the first
encountered poly(A) sites but, instead, at regions located, on
average, 2.6 kb downstream. The consequence of this late
pause could result in inefficient Pol II release from the template,
possibly because of an impaired conformational transition in the
enzyme or the lack of required signal, such as Tyr1P, required for
efficient Pol II release from DNA. In either way, further studies will
be required to address these possibilities.
Our MS experiments indicate that Int and Med complexes
no longer associate with the CTD in the YFFF mutant. Both
complexes were previously described as major CTD interactors,
based on affinity purification (Baillat et al., 2005; Kim et al., 1994).
The Med can act positively and negatively in the regulation of
gene expression. It first supports the recruitment of Pol II to
the promoter and later controls promoter release of Pol II in a
CTD-dependent manner (Allen and Taatjes, 2015). This negative
regulation of gene expression by Med was first described for
mutants with truncated versions of CTD in yeast, which were
able to maintain cell growth if specific subunits of the Med
were mutated (Kim et al., 1994; Koleske and Young, 1994).
Therefore, it appears likely that a potential promoter release
phenotype observed in the YFFF mutant may be the consequence of the lack of interaction of CTD with the Med. This
reduced pause could explain, at least in part, the 50 antisense
pervasive effect in the mutant. Studies in yeast and plants also
proposed involvement of the MED18 subunit of the Med head
module in transcription termination (Lai et al., 2014; Mukundan
and Ansari, 2011). Finally, reports have described a possible
role for Med and Int in Pol II release through recruitment of the
super elongation complex (Donner et al., 2010; Gardini et al.,
2014; Takahashi et al., 2011) and for Int in transcription termination (Skaar et al., 2015). Therefore, both Int and Med complexes

Figure 7. YFFF Mutations Affect Maturation of Transcripts from snRNA and Histone Genes
(A) Average metagene profile of chrRNA and total RNA (sense orientation) at the 50% most highly transcribed U1, U2, U4, and U5 snRNA genes. Gray rectangles
indicate the corresponding gene size.
(B) Examples of total RNA and chrRNA signals at representative U1 and U2 snRNA loci.
(C) Average metagene profile of chrRNA and total RNA (asinh) in sense orientation at the 50% most highly transcribed non-polyadenylated histone genes.
(D) Example of total RNA and chrRNA signals at histone genes cluster.
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were previously connected to transcription pausing- and termination-associated functions, making a direct link with the phenotypes described in this article.
At enhancers, we observed no apparent RT phenotype, unlike
at 50 or 30 ends of genes. However, Pol II occupancy and acetylation of histone H3K27 were impaired, suggesting that pausing
is affected at enhancers in mutant YFFF. Given the known similarities and differences of promoters and enhancers (Core et al.,
2014; Koch et al., 2011), Tyr1 residues of CTD might provide regulatory information that has different consequences at promoters and enhancers. A recent report indicated that WDR82
knockdown in macrophages results in pervasive transcription
at enhancers (Austenaa et al., 2015) that we did not observe at
enhancers in the YFFF mutant. Conversely, when analyzing the
transcriptome and Pol II data after WDR82 knockdown, we did
not find strong RT at gene units (unpublished data). Altogether,
this suggests that the control of termination might differ mechanistically for Pol II transcription initiated at promoters and
enhancers.
Our work provides novel insights in the process of transcription termination and directly supports the involvement of Pol II
CTD in this process. Future experiments should help to further
dissect the mechanism of termination and establish possible
roles of Med and Int complexes in termination and pause
release. The YFFF mutant described here should also provide
a great resource material to investigate the influence of extensive
pervasive transcription on the frequency of DNA breaks in the
genome, including the occurrence of DNA versus RNA polymerase collisions.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Establishing stable Cell lines
Raji is an Epstein-Barr-virus-positive Burkitt’s lymphoma cell line of Male origin. Full-length Rpb1 expression vector (rWT, YFFF,
YYFF, FYYF and YFFY) were transfected into Raji cells using 1 X 107 cells (10 mg plasmid, 960 mF, 250V). Polyclonal cell lines
were established after selection with G418 (1 mg/ml) for 2-3 weeks. Tetracycline was removed to induce the expression of recombinant Rpb1 by washing the cells three times with 50 mL of phosphate-buffered saline (PBS) supplemented with 1% fetal calf serum
(FCS) (GIBCO, Invitrogen). 24 h after induction, cells were cultured in the presence of 2 mg/ml of a-amanitin (Sigma) to inhibit endogenous Pol II. Cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml
streptomycin, 2mM L-glutamine (GIBCO, Invitrogen) at 37 C and 5% CO2.
METHOD DETAILS
I- Experimental Procedures
Antibodies
Monoclonal antibodies specific for haemagglutinin (HA)-tag (3F10, Roche), (12CA5, Sigma) and polyclonal antibodies against MED15
(11566-1-AP, Proteintech), MED1 (A301-793A, Bethyl laboratories) and INT11 (A301-274A, Bethyl laboratories) are commercially
available. Monoclonal antibodies against Rpb1 (Pol 3.3), Ser2P (3E10), Ser5P (3E8), Ser7P (4E12) and Thr4P (6D7) were described
previously (Chapman et al., 2007; Hintermair et al., 2012) and monoclonal antibody against GAPDH (5C4) was received from Elisabeth Kremmer, Helmholtz Zentrum Munich.
Construction of the CTD mutants
Mouse CTD sequences of rWT and tyrosine mutants (YYYF, YYFF, FYYF and YFFY) with an optimized human codon usage were
synthesized by Gene Art (Regensburg) and cloned into LS*mock vector (Meininghaus et al., 2000). All final constructs were
sequenced before usage.
Western blot analysis
Cells were washed twice with PBS and directly lysed with 2X Laemmli buffer. Whole cell lysates were separated on SDS-PAGE
(6.5% gel) and blotted on a nitrocellulose membrane (GE healthcare). The membranes were blocked with 5% milk/TBS-T solution
for 1 h and incubated overnight with the primary antibody at 4 C. Afterward, the membranes were incubated, either with IRDyelabeled secondary antibodies against rat (680 nm; Alexa, Invitrogen) and/or mouse (800 nm; Rockford, Biomol) and analyzed using
an Odyssey Imaging System (Li-Cor) or they were stained with HRP-conjugated secondary antibodies against rat (Sigma) or mouse
(Promega) to be detected by chemiluminescence.
Growth kinetics
Growth kinetics of rWT, CTD mutants and wild-type Raji cells were monitored over a period of 10 days. For each cell line, 20 X 106
cells were induced and the number of living cells (Nl) and the number of dead cells (Nd) were calculated every day using trypan-blue
staining. Cumulative living cell number was calculated by multiplying the total number of living cells (Nl) with the factor by which the
culture was split over the course of the experiment. These kinetics recapitulate growth features of samples collection for ChIPseq and
RNaseq experiments.
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Purification of Pol II interacting proteins for mass spectrometric analysis
For purification of recombinant Rpb1, a-HA antibody (12CA5) was coupled to Sepharose A/G beads for 4 h at 4 C. Simultaneously,
cells (7.5 X 107) were washed twice with ice cold PBS and lysed in lysis buffer [50mM Tris-HCl pH 8.0, 150mM NaCl, 1% NP-40
(Roche), 1 X PhosStop (Roche), 1 X protease cocktail (Roche)] for 30 min on ice. Samples were sonified (Sonifier 250 BRANSON,
3 3 20 cycles, output 5, duty cycle 50) and incubated on a shaker for 1 h at 4 C. Samples were then centrifuged at 10,000 g for
15 minutes and the supernatants were incubated with antibody-coupled Sepharose A/G beads for overnight at 4 C. Next day, beads
were washed three times with lysis buffer and continued with either on-beads trypsin digest or boiled with 2X Laemmli buffer (95 C,
8 min) to load proteins on SDS-PAGE for the subsequent in-gel trypsin digest.
On-beads trypsin digest
Following the standard immunoprecipitation procedure, beads were first washed with lysis buffer (three times) and then with 50mM
NH4HCO3 (ammonium bicarbonate). For trypsin digest, beads were incubated with 100 ml of 10 ng/ml of trypsin solution in 1M Urea
and 50mM NH4HCO3 for 30 minutes at 25 C. The supernatant was collected, beads washed twice with 50mM NH4HCO3 and all three
supernatants collected together and incubated overnight at 25 C after addition of 1mM DTT. 27mM of iodoacetamide (IAA) was then
added to the samples and incubated at 25 C for 30 minutes in dark. Next, 1 ml of 1M DTT was added to the samples and incubated for
10 minutes to quench the IAA. Finally, 2.5 ml of trifluoroacetic acid (TFA) were added to the samples and desalted using C18 stage tips
(Ishihama et al., 2006). Samples were evaporated to dryness, re-suspended in 30 ml of 0.1% formic acid solution and stored at 20 C
until LC-MS analysis.
In-gel trypsin digest
A standardized protocol was used for in-gel digestion with minor modifications (Shevchenko et al., 2000; Wilm et al., 1996). The
digested peptides were evaporated to 5 ml and re-suspended in 30 ml of 0.1% TFA solution prior to desalting by C18 stage tips. Samples were evaporated to dryness and re-suspended in 30 ml of 0.1% formic acid solution and stored at 20 C until LC-MS analysis.
Liquid Chromatography Coupled to Tandem Mass Spectrometry
For LC-MS/MS purposes, desalted peptides were injected in an Ultimate 3000 RSLCnano system (Thermo), separated in a 15-cm
analytical column (75 mm ID with ReproSil-Pur C18-AQ 2.4 mm from Dr. Maisch) with a 50 min gradient from 5 to 60% acetonitrile in
0.1% formic acid. The effluent from the HPLC was directly electrosprayed into a QexactiveHF (Thermo) operated in data dependent
mode to automatically switch between full scan MS and MS/MS acquisition. Survey full scan MS spectra (from m/z 375–1600) were
acquired with resolution R = 60,000 at m/z 400 (AGC target of 3x106). The 10 most intense peptide ions with charge states between
2 and 5 were sequentially isolated to a target value of 1x105, and fragmented at 27% normalized collision energy. Typical mass spectrometric conditions were: spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated capillary temperature, 250 C; ion selection
threshold, 33.000 counts. MaxQuant 1.5.2.8 was used to identify proteins and quantify by iBAQ with the following parameters: Database, Uniprot_Hsapiens_3AUP000005640_151111; MS tol, 10ppm; MS/MS tol, 0.5 Da; Peptide FDR, 0.1; Protein FDR, 0.01 Min.
peptide Length, 5; Variable modifications, Oxidation (M); Fixed modifications, Carbamidomethyl (C); Peptides for protein quantitation, razor and unique; Min. peptides, 1; Min. ratio count, 2. Identified proteins were considered as interaction partners if their
MaxQuant iBAQ values displayed a greater than log2 5-fold enrichment and p value 0.05 (ANOVA) when compared to the rWT
control. The data were processed for visualization using R (https://www.r-project.org/).
ChIP-seq and ChIP-qPCR
To cross-link the cells for ChIP, 1/10th volume of 10X crosslinking solution (100mM NaCl, 1mM EDTA pH 8, 0.5mM EGTA pH 8, 50mM
HEPES pH 7.8 and 11% formaldehyde) was added to the raji cells in culture medium. After 10 minutes’ incubation at room temperature, glycine was added to a final concentration of 250mM to quench the remaining formaldehyde and stop cross-linking. After five
minutes of quenching, cells were washed twice with cold PBS. Cells were then sonicated as described in next paragraph or snap
frozen in liquid nitrogen and stored at 80 C for sonication at a later stage.
For sonication, 50 x106 cross-linked raji cells were lysed by resuspending in cold 2.5mL LB1 (50mM HEPES pH 7.5, 140mM NaCl,
1mM EDTA pH 8, 10% glycerol, 0.75% NP-40, 0.25% Triton X-100) at 4 C for 20 minutes on a rotating wheel. Nuclei were pelleted
down by spinning at 1350 rcf. in a refrigerated centrifuge and washed in 2.5mL LB2 (200mM NaCl, 1mM EDTA pH 8, 0.5mM EGTA
pH 8, 10mM Tris pH 8) for 10 minutes at 4 C on a rotating wheel followed by centrifugation to collect nuclei. Nuclei were then resuspended in 1mL LB3 (1mM EDTA pH 8, 0.5mM EGTA pH 8, 10mM Tris pH 8, 100mM NaCl, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine) and sonicated using Bioruptor Pico (Diagenode) in 15mL tubes for 25 cycles of 30 s ON and 30 s OFF pulses in 4 C water
bath. All buffers (LB1, LB2 and LB3) were complemented with EDTA free Protease inhibitor cocktail (Roche), 0.2mM PMSF and
1mg/mL Pepstatin just before use. After sonication, Triton X-100 was added to a final concentration of 1% followed by centrifugation
at 20000 rcf. and 4 C for 10 minutes to remove particulate matter. After taking a 50ml aliquot to serve as input and to analyze fragmentation, chromatin was aliquoted and snap-frozen in liquid nitrogen and stored at 80 C until use in ChIP assays.
Input aliquots were mixed with equal volume of 2X elution buffer (100mM Tris pH 8.0, 20mM EDTA, 2% SDS) and incubated at 65 C
for 12 hours for reverse-crosslinking. An equal volume of TE buffer (10mM Tris pH 8 and 1mM EDTA pH 8) was added to dilute the
SDS to 0.5% followed by treatment with RNase A (0.2mg/mL) at 37 C for one hour and Proteinase K (0.2mg/mL) for two hours at 55 C.
DNA was isolated by phenol:chloroform: isoamylalcohol (25:24:1 pH 8) extraction followed by Qiaquick PCR Purification (QIAGEN,
Germany). Purified DNA was then analyzed on a 2% agarose gel or on Bioanalyzer (Agilent, USA) using a High Sensitivity DNA Assay.
Protein-G coated Dynabeads were incubated at 4 C in blocking solution (0.5% BSA in PBS) carrying specific antibodies to prepare
beads pre-coated with specific antibody which were then used for ChIP. Sonicated chromatin was added to pre-coated beads and
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the mix was incubated overnight at 4 C on a rotating wheel (please refer to the Table S4 for information on specific antibodies and
number of cells used for each ChIP). After incubation with chromatin, beads were washed 7 times with Wash buffer (50mM HEPES
pH 7.6, 500mM LiCl, 1mM EDTA pH 8, 1% NP-40, 0.7% Na-Deoxycholate, 1X protease inhibitor cocktail) followed by one wash with
TE-NaCl buffer (10mM Tris pH 8 and 1mM EDTA pH 8, 50mM NaCl) and a final wash with TE buffer (10mM Tris pH 8 and 1mM EDTA
pH 8). Immunoprecipitated chromatin was eluted by two sequential incubations with 50ml Elution buffer (50mM Tris pH 8, 10mM
EDTA pH 8, 1% SDS) at 65 C for 15 minutes. The two eluates were pooled and incubated at 65 C for 12 hours to reverse-crosslink
the chromatin followed by treatment with RNase A and Proteinase K and purification of DNA as described above for Input samples.
Med1 and Ints11 IPs were analyzed by qPCR (Stratagene) following manufacturer recommendations. Purified DNA was quantified
with Qubit DS DNA HS Assay (ThermoFisher Scientific, USA).
At lease 1ng of ChIP DNA was used to prepare sequencing library with Illumina ChIP Sample Library Prep Kit (Illumina, USA). After
end-repair and adaptor ligation, library fragments were size-selected using E-Gel SizeSelect 2% Agarose Gel (ThermoFisher Scientific, USA) followed by 12 cycles of PCR amplification. Barcoded libraries from different samples were pooled together and
sequenced on Illumina HiSeq2000 platform in paired-end sequencing runs.
Total RNA-seq
RNA was extracted from cells using TRIzol Reagent (ThermoFisher Scientific, USA) according to manufacturer’s instructions. Any
contaminating DNA was digested with rigorous Turbo DNase (ThermoFisher Scientific, USA) treatment according to manufacturer’s
instruction followed by a second extraction with TRIzol reagent to eliminate traces of contaminants. Purified RNA was quantified with
Nanodrop 1000 instrument and quality was assessed using RNA Nano or Pico Assay kit with Bioanalyzer (Agilent Technologies,
USA). Only the RNA samples with RIN above 8 were used for sequencing.
For strand-specific sequencing, ribosomal RNA was removed from total RNA with Ribo-Zero rRNA Removal Kit (EpiCenter, USA)
according to manufacturer’s instructions and depletion of rRNA was confirmed by analyzing the samples on RNA Pico Assay on Bioanalyzer. Libraries were prepared either with ScriptSeq Total RNA Library prep kit (EpiCenter, USA) according to manufacturer’s
instructions for the comparison of rWT and the 4 mutants shown in Figure 1 or with Small RNA Library Prep Kit (Illumina, USA) using
a modified protocol for the data showed in Figure 2 and later as follows: 50ng rRNA depleted total RNA was fragmented to 150bp by
digesting with 1U of RNaseIII (ThermoFisher Scientific, USA) for 10 minutes at 37 C in a 10ml reaction. Fragmentation reaction was
stopped by adding 90ml nuclease-free water and quickly adding 350ml RLT buffer from RNeasy Mini Kit (QIAGEN, Germany) followed
by purification of fragmented RNA using RNA Cleanup Protocol from this kit however to enhance the recovery of smaller fragments,
we added 500ml ethanol instead of recommended 250ml. 20ng RNaseIII fragmented RNA was used as input for ligation of 30 and 50
adapters according to Small RNA Library Prep Protocol followed by cDNA synthesis from adaptor ligated RNA and 10 cycles of PCR
amplification. However instead of performing a size-selection of agarose gel (as recommended by manufacturer for sequencing of
small RNAs e.g., miRNAs), we used 1 volume of Ampure XP Beads (Beckman Coulter, USA) to clean up the amplified library and
remove adaptor dimers according to manufacturer’s instructions. Purified libraries were then analyzed with HS DNA Assay Kit on
Bioanalyzer (Agilent Technologoes, USA) and sequenced on Illumina HiSeq2000 platform.
PolyA RNA-seq
Polyadenylated RNA was isolated from 5mg total RNA sample by two sequential purifications using Dynabeads mRNA Purification Kit
(ThermoFisher Scientific, USA) according to manufacturer’s instruction. Purified Poly(A) RNA was analyzed on Bioanalyzer using an
RNA Pico Assay chip. Sequencing libraries were then prepared using Small RNA Library Prep Kit (Illumina, USA) using the modified
protocol as described above for total RNA-seq.
chrRNA-seq
Chromatin associated RNA was isolated from 20x106 cells essentially as described previously by (Nojima et al., 2015) followed by
rigorous treatment with TurboDNase. Before library preparation, any contaminating rRNA was removed with Ribo-Zero rRNA
Removal Kit and libraries were prepared using Small RNA Library Prep Kit as described above for total RNA-seq.
MNase-Seq
Nucleosomal DNA was obtained by digesting the chromatin with micrococcal nuclease (MNase). For this purpose, 5 x106 Raji cells
were resuspended in 50ml Buffer I (150mM sucrose, 80mM KCl, 5mM K2HPO4, 5mM MgCl2, 0.5mM CaCl2, 35mM HEPES pH 7.4)
and then permeabilized by adding NP40 to a final concentration of 0.2% while incubating at 37 C for one minute. Then 500ml of
Buffer II (150mM sucrose, 50mM Tris pH 8, 50mM NaCl, 2mM CaCl2) was added along with 25 units of MNase enzyme (Roche
Diagnostics, USA) and incubated at 37 C for 10 minutes. Reaction was stopped by adding EDTA to a final concentration of
10mM quickly followed by addition of 1.45 mL of SDS Lysis Buffer (1% SDS, 10mM EDTA pH 8, 50mM Tris pH 8). After 10 minutes
of incubation at 4 C, 200ml aliquot was processed for extraction of DNA after treatment with RNase A and Proteinase K followed by an
extraction with phenol:chloroform:isoamylalcohol (25:24:1). Only those nucleosomal DNA preps were used subsequently where DNA
fragments corresponding to mononucleosomal fraction (147bp) formed at least 70% of all DNA fragments. Sequencing libraries
were then prepared with Illumina ChIP Sample Library Prep Kit (Illumina, USA) as described above for ChIP-seq libraries.
II- Bioinformatic Procedures
ChIP-seq Data Processing
For ChIP-seq, raw sequencing reads were aligned to human genome (hg19) using Bowtie2 (Langmead and Salzberg, 2012).
Sequence reads that aligned multiple times in genome with equal alignment score, were discarded as well as the duplicate reads
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with identical coordinates (sequencing depth taken into account) were discarded to remove potential sequencing and alignment artifacts. Aligned reads were elongated in silico using the DNA fragment size inferred from paired-reads or an estimated optimal fragment size for orphan reads using an in-house developed R pipeline named PASHA (Fenouil et al., 2016). These elongated reads were
then used to calculate the number of fragments that overlapped at a given nucleotide thus representing an enrichment score for each
nucleotide in the genome. Wiggle files representing average enrichment score every 50bp were generated. Sequencing data from
Input samples were treated in the same way to generate Input wiggle files. All wiggle files were then rescaled to normalize the enrichment scores to reads per million. Enrichment scores from Input sample wiggle files were then subtracted from ChIP sample wiggle
files. This allowed us to remove/reduce the over-representation of certain genomic regions due to biased sonication and DNA
sequencing. Besides this, input subtraction also improves the signal/noise ratio especially for ChIPs with low enrichment. Rescaled
and Input subtracted wiggle files from biological replicate experiments were then used to generate a wiggle file that represents the
average signal from several biological replicates.
RNA-seq Data Processing
Raw sequencing reads were aligned to human genome (hg19) using TopHat2 (Kim et al., 2013). Sequence reads that aligned multiple
times in genome with equal alignment score, were discarded. Thanks to strand-specific library prep of RNA samples, we could infer
the strand from which the RNA was originally transcribed hence we separated the reads that align to Watson and Crick strands and
processed them separately using PASHA (Fenouil et al., 2016) pipeline to generate strand-specific wiggle files. All wiggle files were
then rescaled to normalize the enrichment scores to reads per million. Rescaled wiggle files from biological replicate experiments
were then used to generate a wiggle file that represents the average strand-specific RNA signal from several biological replicates.
Gene Expression Analysis
Differential Gene Expression (DGE) analysis was performed by using the DESeq package (Anders and Huber, 2010) from
Bioconductor. First, HTseq-count program from the HTSeq framework (Anders et al., 2015) was used to count the sequence reads
mapping to gene annotations and then these counts were processed using the DESeq package to identify genes that are at least
3-fold (log2) differentially expressed relative to the reference sample.
Identification of genes downregulated due to interference of antisense transcription
We identified all the genes that were downregulated (log2 fold change > 1) in sense transcription as well as the genes that showed
upregulation (log2 fold change > 1) in YFFF mutant as compared to rWT with FDR 0.05 and pval < 0.05. Intersection of the two lists of
genes gave us the genes that are potentially downregulated due to interference from antisense transcription.
Peak calling
We used wiggle files to detect the genomic regions with enrichment signals beyond background signal. For this purpose, we used
Thresholding function of the Integrated Genome Browser (IGB) to determine the enrichment score above which we considered a
genomic region to be enriched relative to background noise (Threshold) as well as minimum number of consecutive enriched bins
to be considered an enriched region (Min.Run) and finally the minimum gap beyond which two enriched regions were considered
to be distinct (Max.Gap) (see Table S7 for parameters used). These parameters were then fed to an in-house script that performs
peak-calling by using algorithm employed by Thresholding function of IGB.
Identification of Active Enhancers
Genomic regions that show simultaneous enrichment with H3K4me1, H3K27ac and Pol II and are at least ± 1500bp away from any
annotated gene were considered to be putative active enhancers. To remove any unannotated promoters from our enhancer selection, we filtered out any regions that were more enriched with H3K4me3 as compared to H3K4me1. Method used for this filter has
been described previously in Descostes et al., 2014. In identified enhancers, position of the minimum signal of H3K27ac (nucleosome
depleted region – NDR) which was closest to location of maximum signal of Pol II was defined as center of the region.
Average Metagene Profiles
To generate average signal profiles, we selected the hg19 genes or identified enhancer regions that do not have any other annotation
within 20Kb (Figures 1, 2, and 3), 10kb (Figure 4), 2kb (Figure 5) around boundaries. Removal of the annotations too close to each
other is necessary to avoid mixing signals from close-by annotations which can cause misinterpretation of the results. ChIP-seq,
MNase-seq and strand-specific RNA-seq values from wiggle files were retrieved with in-house R and Perl scripts for selected genes
and enhancer regions. Then we used an algorithm as described previously (Koch et al., 2011) to rescale the genes to same length by
interpolating the values on 1000 points and build a matrix on which each column is averaged and resulting values are used to plot
average metagene profiles.
RNA RT index
Upstream and downstream RT transcription indices (Figure 2D, 3B, 3H, and S4D) were calculated by dividing average sense (for
downstream RT) and antisense (for upstream RT) signal in 20kb region upstream or downstream of the gene with average signal
in first half of the corresponding gene body. Asinh transformation was applied to the values for graphical representation.
Pol II read through index
Upstream and Downstream Pol II RT indices (Figures 3E, S4B, and S4C) were calculated by dividing average signal in 10kb region
upstream or downstream of the gene respectively with average signal in second half of the corresponding gene body. Asinh transformation was applied to the values for graphical representation.
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Pol II pausing score
Pol II pausing score (Figure 4D) was calculated as described earlier (Fenouil et al., 2016). Briefly, the average Pol II ChIP-seq signal
in 300bp / +100bp region around TSS was divided by average signal in second half of the corresponding gene body. Asinh
transformation was applied to the values for graphical representation.
QUANTIFICATION AND STATISTICAL ANALYSIS
All ChIP-seq, RNA-seq and MNase-seq experiments were performed in at least two biological replicates. Statistical significance of
differential metagene profiles was calculated by two sided Wilcoxon test. p values associated to the number of asterisks in figures are
described in figure legends. Significance of differential gene expressions were calculated by non-parametric Mann-Whitney test and
p values were adjusted for FDR < 0.05. Genes with at least 3-fold change in expression level relative to rWT were considered to differentially regulated.
DATA AND SOFTWARE AVAILABILITY
All high throughput sequencing data used in this study have been deposited at GEO under accession number GSE94330.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [1] partner
repository with the dataset identifier PXD008270. The raw western blot figures are accessible online on Medley data through the
following link: https://doi.org/10.17632/jkmfb9mnyt.1.
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