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Unique features of transcription termination and
initiation at closely spaced tandem human genes
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Abstract

The synthesis of RNA polymerase Il (Pol2) products, which include
messenger RNAs or long noncoding RNAs, culminates in tran-
scription termination. How the transcriptional termination of a
gene impacts the activity of promoters found immediately down-
stream of it, and which can be subject to potential transcrip-
tional interference, remains largely unknown. We examined in an
unbiased manner the features of the intergenic regions between
pairs of ‘tandem genes’—closely spaced (<2 kb) human genes
found on the same strand. Intergenic regions separating tandem
genes are enriched with guanines and are characterized by bind-
ing of several proteins, including AGO1 and AGO2 of the RNA
interference pathway. Additionally, we found that Pol2 is particu-
larly enriched in this region, and it is lost upon perturbations
affecting splicing or transcriptional elongation. Perturbations of
genes involved in Pol2 pausing and R loop biology preferentially
affect expression of downstream genes in tandem gene pairs.
Overall, we find that features associated with Pol2 pausing and
accumulation rather than those associated with avoidance of
transcriptional interference are the predominant driving force
shaping short tandem intergenic regions.
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Introduction

Transcription of messenger RNAs (mRNAs) and long noncoding
RNAs (IncRNAs) begins with the heavily regulated transcription ini-
tiation where RNA polymerase 2 (Pol2) complex is assembled
on promoters. It proceeds with transcriptional elongation, which
is often coordinated with processing of the nascent RNA (capping
its 5’ and splicing out the introns), and culminates with 3’ end
formation, which almost universally involves cleavage and polyade-
nylation (CPA) of the nascent RNA transcript following a polyadeny-
lation signal (PAS) and the addition of a poly(A) tail. As opposed

to transcription initiation, the mechanisms of transcription termina-
tion are relatively less understood (Gruber & Zavolan, 2019).

It is important to distinguish between the site of CPA, which
defines the end of the transcript and the site of Pol2 release from the
DNA (or ‘transcription termination site’), since Pol2 dissociates
from the DNA between 100 bp to several kb downstream of the
polyadenylation site (Hagenbiichle et al, 1984; Ashfield et al, 1991a;
Tantravahi et al, 1993; Dye & Proudfoot, 2001). The disengagement
of Pol2 from the DNA is thought to be important for both Pol2 recy-
cling into the cellular pool and for insulating elongating Pol2 from
downstream promoters to allow proper initiation at the downstream
gene (Greger & Proudfoot, 1998; Gromak et al, 2006).

There are two main models for the dissociation of Pol2 from the
DNA: the allosteric model and the torpedo model. The allosteric
model proposes that once the elongating Pol2 passes over a func-
tional PAS, it undergoes a conformational change (Zhang et al,
2015). This conformational change is thought to be mediated by the
association of CPA factors with Pol2 CTD, which results in a Pol2
pause and its eventual release. The torpedo model connects between
nascent RNA cleavage step and Pol2 release. In this model, XRN2,
as part of the 5'-to-3’ RNA degradation machinery, engages with the
free 5’ formed on the nascent transcript that is still being synthe-
sized by Pol2 following CPA (Connelly & Manley, 1988; West et al,
2004). XRN2 digests this RNA faster than the speed of Pol2 elonga-
tion and thus acts as a torpedo until it reaches Pol2 and triggers its
release from the DNA (Proudfoot, 2016). Indeed, the depletion of
Xrn2 in mammalian cells or of its ortholog Ratl in the yeast Saccha-
romyces cerevisiae has a strong effect on transcriptional termination
(Kim et al, 2004; West et al, 2004).

Having a paused, or slowed-down, Pol2 downstream of termina-
tion sites is not a feature uniquely ascribed to the allosteric model,
but it may also enhance XRN2-mediated termination and promote
Pol2 recycling. Paused Pol2 may be giving an advantage to XRN2 in
this race. G-rich elements are thought to enhance Pol2 pausing, pos-
sibly through promoting the formation of R-loop structures (DNA:
RNA hybrids) (Skourti-Stathaki et al, 2011). Potentially related, a G-
rich sequence motif, the MAZ element (GsAGs), bound by MAZ
transcription factor (TF), was also shown to be required for efficient
termination between closely spaced human complement genes C2
and factor B, which are separated by a mere 421 bp (Ashfield et al,
1991b, 1994). This sequence element was also shown to be suffi-
cient for polyadenylation in vitro. In contrast, similarly G-rich Spl
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binding sites GsCGs were not effective in this system. Pausing at
such sequences was shown to be an intrinsic property of Pol2, at
least in vitro (Yonaha & Proudfoot, 1999).

The different transcription steps are orchestrated by the modifi-
cation of heptapeptide repeats of the free CTD of Pol2 largest
subunit, RPB1 (Harlen & Churchman, 2017). At the promoter, Pol2
is mostly unphosphorylated. During initial elongation, Serine-5
and Tyrosine-1 gradually become phosphorylated (S5P and Y1P),
which might aid with the recruitment of the RNA capping machin-
ery. Later elongation stages are correlated with a decrease in SS5P
and an increase in S2P. Furthermore, S2P is associated with 3’
ends of genes and interacts with components of the CPA machin-
ery. In addition, phosphorylated threonine-4 (T4P) has also been
correlated with termination regions (McCracken et al, 1997; Hsin
& Manley, 2012; Heidemann et al, 2013; Schlackow et al, 2017;
Nojima et al, 2018), and phosphorylated Tyrosine-1 (Y1P) has
been linked to termination in yeast (Mayer et al, 2012) and mam-
mals (Shah et al, 2018).

While features of closely positioned promoters have been stud-
ied systematically (Chen et al, 2016), features of closely spaced
termination and initiation regions have been less explored. The
mammalian genome consists of two predominant types of regions
—gene-rich and gene-poor—and those are associated with overall
differences in sequence composition and other features, such as
intron length (Amit et al, 2012). Gene-rich regions are usually
characterized by more euchromatic regions, which are thought to
facilitate wide expression. A subset of these clustered genes are
found in particularly close proximity to each other (<2 kb dis-
tance). A further subset of these precede each other on the same
strand, we refer to such gene pairs as “tandem genes”. The preci-
sion of the termination process is thought to have significant
importance especially in the case of tandem genes, as it ensures
the production of two stable transcripts, avoiding a readthrough
transcript starting at a non-properly terminated upstream gene and
continuing at the promoter of the downstream gene (Shearwin et
al, 2005; Proudfoot, 2016). There are examples of such transcrip-
tional interference between adjacent genes having regulatory roles
in model organisms (Nguyen et al, 2014), and specific proteins as
well as appropriate Pol2 speed were shown to ensure efficient
transcriptional termination (Krzyszton et al, 2018; Yu et al, 2019;
Leng et al, 2020), suggesting that uncontrolled termination can
cause substantial crosstalk between adjacent transcription units. In
cases where both genes are well-expressed in the same cells, we
expect that efficiency of termination is particularly important to
allow both transcripts to be expressed at the right levels, and we
hypothesize that this efficiency is encoded in the intergenic
sequence. Notably, this intergenic sequence may optimize both
avoidance of interference between the two transcripts, as well as
potential recycling of the terminating Pol2 to be re-used in tran-
scription of the downstream gene, although experimental evidence
of such recycling is currently lacking and is difficult to obtain.

We became interested in the potential crosstalk between adjacent
transcriptional units following our observation that in mouse
embryonic fibroblasts, loss of the Chaserr IncRNA and the conse-
quent increased dosage of CHD2 chromatin remodeler leads to
repression of promoters found within 2 kb of highly transcribed
genes on the same strand (Rom et al, 2019). This observation
suggested that there is potential for substantial transcriptional
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crosstalk between closely spaced tandem genes in mammalian cells,
echoing studies in yeast (Martens et al, 2004; Hainer et al, 2011;
Pruneski et al, 2011; Thebault et al, 2011) and in other species
(Nguyen et al, 2014; Shuman, 2020). This motivated us to look
more broadly at features and perturbation sensitivities shared by
such transcriptional units, which we describe below.

Results

Prevalence of closely spaced and co-expressed tandem gene pairs
in the human genome

We first analyzed the overall prevalence of adjacent closely spaced
genes found on the same strand. We grouped pairs of adjacent
human protein-coding genes, considering genes > 5 kb and
< 800 kb in length, and removing all pairs of overlapping genes (see
Materials and Methods). We then split them into groups based on
their genomic orientation relative to each other: divergent genes, sit-
uated on different strands with transcription facing in opposite
directions (2,737 pairs, 23.2%); convergent, pairs on different
strands, with transcription directed towards each other (2,866 pairs,
24.3%); or tandem genes, transcribed from the same strand (6,177
pairs, 52.4%). The distribution of the relative orientations of genes
in the human genome is thus roughly as expected by chance. Adja-
cent gene pairs were further separated into groups based on their
distance from one another (defined as the minimal distance between
transcribed bases). Interestingly, the proportional share of closely
spaced genes (<2 kb and 2-5 kb) was generally higher than
expected, with the exception of divergent genes separated by 2-
5 kb, which were relatively depleted, whereas divergent genes in
the < 2 kb category were relatively more common, as expected for
genes that can share a common promoter (Fig 1A and Dataset EV1).
Notably, 222 (49%) of the close tandem pairs, 285 (51%) of the
close divergent pairs, and 315 (60%) of the close convergent pairs
have homologs that meet the same criteria in the mouse genome
(see Materials and Methods), suggesting that close tandem spacing
is not strongly avoided. We then focused on the set of tandem
genes, and analyzed in detail 457 pairs of adjacent, closely spaced
(< 2 kb) genes (with the constraints imposed above). We further
classified tandem pairs as co-expressed (188 pairs, ~41%) based on
HepG2 cell line expression data from the ENCODE project (Djebali
et al, 2012) (we obtained very similar results when using ENCODE
K562 data, and so focused on HepG2 in the rest of the analysis,
unless indicated otherwise) (see Materials and Methods and Dataset
EV2-EV10). We analyzed the co-expression proportion in the other
subgroups divided by orientations and distances and found that co-
expression was most common in the closely spaced pairs of genes,
regardless of their orientation (Fig 1A). Furthermore, this trend
remained if the distance between the genes was defined as the dis-
tance between their promoters (Fig 1B). We conclude that com-
pared to the convergent orientation, there are fewer tandem gene
pairs separated by < 2 kb, perhaps because the A/T-rich polyadeny-
lation signals are less likely to co-occur with G/C-rich promoters
(see below). Nevertheless, when the distance between adjacent
genes is short, there is no evidence that tandem genes are less likely
to be co-expressed, which could be expected if transcriptional inter-
ference was posing a substantial obstruction to transcription from
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downstream promoters (in which case we would expect to see selec-
tion for avoidance of co-expression, specifically for tandem pairs),
although such interference can still come from unannotated ncRNAs
that we do not consider here. As expected, there was a mild yet sig-
nificant correlation between the expression levels of the two tandem
genes (Fig EV1A, Spearman R = 0.24 P = 0.007, ENCODE HepG2
RNA-seq data), but there was no preference for the upstream
or downstream transcripts to be more abundant (P = 0.49 for
Wilcoxon paired test comparing expression of the upstream and the
downstream genes in HepG2 cells, Bonferroni-adjusted P > 0.1 for
each of seven other cell lines examined).

Sequence features of intergenic regions separating tandem co-
expressed gene pairs

We reasoned that co-expressed pairs of closely spaced tandem
genes, that need to be produced at similar conditions in many tis-
sues, would require, at least in some tissues where they are highly
expressed, a more precise regulation over the termination process.
Additionally, we considered the possibility that the vicinity of the
CPA site of one gene to the promoter of another may facilitate the
recycling of Pol2 machinery via some sequence or transcriptional
features within the “short tandem intergenic region” (STIR). As a
group, closely spaced co-expressed tandem genes tend to have sub-
stantially shorter introns than other genes (Fig 1C), consistent with
previous observations about differences between gene-rich and
gene-poor regions of the human genome (Amit et al, 2012). Mark-
edly, introns of co-expressed tandem genes are also shorter than
those of co-expressed closely spaced divergent or convergent genes.
These differences dictated our strategy for selecting control genomic
regions. As controls for the set of co-expressed adjacent tandem
gene pairs, we matched for each pair of a gene A found upstream of
B five “promoter-control” genes for B—these genes had a similar
intronal length and expression levels as B (based on ENCODE
expression data mentioned above), but no close upstream gene
within at least 5 kb. Similarly, we matched five “3’ control” genes
for A—these genes had a similar intronal length and expression pat-
tern to A, but no close downstream neighbor (Fig EV1B and Mate-
rials and Methods). Because the set of expressed genes differs
between cell lines, the set of controls was also cell-line-specific.

Figure 1. Genomic architecture and nucleotide composition of tandem genes.
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Importantly, in the following analyses, the lengths of the control
regions we use are the same as those of the STIRs. For example, as
controls for the 789 bp STIR between the genes TULPI and TEAD3
we used 789 bp upstream of the TSS of five genes expressed simi-
larly and with similar intronal length as TEAD3, and 789 bp regions
downstream of the CPA sites of five genes expressed similarly and
with similar intronal length as TULP1. These controls were used in
all subsequent analyses.

We considered the possibility that read-through transcription
through the STIR might occasionally generate fusion transcripts
which may confound our analysis. Such read-through has been
observed upon different perturbations in human cells (Vilborg et al,
2017; Arnold et al, 2021). Several lines of evidence suggest that
these events are exceedingly rare in unperturbed cells. First, the
examination of ChRNA-seq data of nascent transcripts showed that
read coverage immediately upstream of the TSS of the downstream
gene is reduced to almost baseline levels (Fig EV1C). Second, splic-
ing efficiency of the downstream gene (which might be reduced if
parts of it correspond to a long 3’ UTR of the upstream gene) was
rather indistinguishable from that of controls, including in the first
intron, where splicing efficiency was even greater in tandem genes
compared to controls (Fig EV1D and E). Third, when considering
long-read nano-COP data (Drexler et al, 2020), of the 20,925 reads
mapping to either the upstream or the downstream gene in a tan-
dem pair, only 122 (0.6%) overlapped exons of both genes, and
none contained spliced-out introns in both genes. For only 1.8% of
the 131 tandem gene pairs for which both genes had at least 10
nano-COP reads, there were at least 2 reads overlapping both genes.
In contrast, 90% of the reads that overlapped the CPA site of the
upstream gene overlapped at least 50 nt of the STIR, and 57% of the
upstream genes had at least 2 reads aligning to both the gene and
the STIR. These results suggest that whereas Pol2 that transcribes
the upstream gene continues to transcribe after the CPA site, as
expected, it very rarely extends the upstream transcript beyond the
TSS position of the downstream gene.

Short tandem intergenic regions were generally slightly more GC-
rich than both types of control regions (58% G/C on average for
STIRs compared to 46% and 55% at 3’ control regions and promoter
regions in HepG2 cell line, respectively) (Fig 1D). The nucleotide
composition at STIRs was more similar to the promoter control

A Donut chart displaying the distribution of different gene orientations (inner circle, dataset of genes defined in the Materials and Methods section), distances between
the genes (middle circle), and portion of co-expressed genes within each distance group (outer circle) defined in HepG2 cell line, using ENCODE RNA-seq data.
B Density plot of the log;o-transformed distance between the promoters of tandem (top), divergent (middle), or convergent (bottom) co-expressed (light red) or non-co-

expressed (yellow) pairs of genes. Co-expression was tested in the HepG2 cell line.

C Boxplot of distribution of the sums of introns lengths for co-expressed genes in the various genomic orientations. Co-expression was defined based on HepG2 data.
Respective plotted group sizes are 188 upstream or downstream tandem genes, 570 divergent genes, 404 convergent genes, and 8,733 non-tandem genes. The
thickened line represents the median intronal length of the genes, the lower and upper boxplot hinges correspond to first and third quartiles of the data, respectively.
The whiskers represent the minimal/maximal existing values within 1.5 x inter-quartile range. Outliers were removed from the analysis. ****P < 0.0001; Wilcoxon

rank-sum test.

D Overall nucleotide frequency within HepG2 co-expressed STIRs and within their promoter or 3’ controls. Shown are the standard deviation and paired Wilcoxon rank-

sum test P-values between STIRs and either control. ****P < 0.0001.

E Metagene analysis showing binned nucleotide ratio within co-expressed STIRs (purple), promoter controls (beige) or 3’ controls (orange), of HepG2 cells. Heatmap
shows the Bonferroni corrected P-value of paired Wilcoxon rank-sum test between STIRs and their respective controls within each bin.

F Metagene analysis of transposable element occupancy within HepG2 co-expressed STIRs or their respective controls. Bottom heatmap as in E.
Average PhyloP conservation scores within HepG2 co-expressed STIRs between the CPA site of the upstream gene and the TSS of the downstream gene (purple), and
in 1 kb flanking sequence. For the control genes, the TSSes of promoter control genes are aligned to the TSSes of the downstream genes (beige), and the CPA sites of

3’ control genes are aligned to the CPA sites of the upstream genes (orange).
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regions than to the 3’ control regions (Fig 1E). Notably, when com-
pared to the promoter controls, there was an enrichment of Gs,
spanning the full length of the STIR, and the depletion of As in the
beginning of the STIRs (Fig 1E). Furthermore, STIRs were depleted
of transposable elements compared to both controls (Fig 1F). This
may point to the functional importance of STIR sequences, but inter-
estingly, when considering sequence conservation during vertebrate
evolution, we observed slightly lower conservation levels in STIRs
compared to control sequences. Notably, the 3’ region of the
upstream co-expressed tandem gene shows some preferential con-
servation compared to its 3’ control gene set (Fig 1G). The proxim-
ity of a CPA site upstream of a promoter on the same strand thus
seems to have a mild effect on the sequence composition in the STIR
and on evolutionary conservation at the upstream CPA site.

G-rich sequence motifs are enriched in STIRs

The observation that STIRs have a biased sequence composition
prompted us to look for specific enriched motifs within these
regions. To this end, we used STREME (Sensitive, Thorough, Rapid,
Enriched Motif Elicitation) from the MEME suite package (Bailey,
2011, 2021; Bailey et al, 2015) and filtered for motifs both enriched
within STIRs compared to the background model (as defined by
STREME) and more prevalent in STIRs relative to promoter and 3’
control regions using FIMO (Grant et al, 2011) (see Materials and
Methods). We performed the enrichment analysis using both an
“RNA” mode that seeks motifs only in the strand where both genes
are transcribed, and a “DNA” mode, in which motifs are sought
on both strands. Our analysis highlighted ‘GGGGCGGG’ and
‘GGGGCGGGGSC’ found in RNA (STREME P = 0.023 and P = 0.035,
respectively) and ‘CCTTCCC’ found in DNA (P = 0.02) modes
(Fig 2A and Appendix Fig S1A) as the lead motifs found in ~33 %,
~49% and ~43% of the STIRs, as opposed to ~22%, ~33% and
~30% of control promoter regions and ~3%, ~15% and 23% of the
3’ controls, and with ~0.53, ~0.97 and ~0.43 average motif occur-
rences in STIRs as opposed to averages of ~0.36, ~0.74 and ~0.3 or
~0.04, ~0.21 and ~0.23 in the promoter and 3’ controls, respectively.
Notably, most enriched motifs in this analysis are particularly G/C-
rich (Fig 2B and Appendix Fig S1A and B). We verified that these
motifs were also enriched relative to random dinucleotide-
preserving shuffled STIR sequences, suggesting their presence does
not merely reflect the G-richness of STIRs (See Materials and
Methods, Appendix Fig S1C).

Moreover, the examination of specifically the GGGGNGGGG
motifs across the STIRs of co-expressed pairs in HepG2 and K562
showed enrichment in STIRs over both types of controls. As
expected, we found enrichment of the ‘GGGGCGGGG’ variant,
which is very similar to the ‘GGGGCGGG’ motif identified de novo
by STREME. ‘GGGGTGGGG’ and to some extent ‘GGGGAGGGG’
were also enriched in STIRs. Intriguingly, this was not the case for
‘GGGGGGGGG’ which was relatively depleted from all sequences
inspected, and further depleted in STIRs. Interestingly, the enrich-
ments are evident when we consider the G-rich motifs but not nec-
essarily their C-rich reverse complements, pointing to the specific
importance of Gs on the transcribed strand (Fig 2C and D and
Appendix Fig S1D), and consistent with the overall enrichment of
Gs mentioned above. Intersection of the enriched motifs with the
JASPAR database (Castro-Mondragon et al, 2022) using Tomtom

© 2022 The Authors
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(Bailey et al, 2009) (see Materials and Methods) pointed at three
TFs as potentially binding these motifs, MAZ, Sp5 (a member of the
Spl family, discussed below), and ZNF148, which is a relatively
poorly studied TF.

MAZ elements are G-rich motifs that were previously associated
with efficient termination and are being used as termination signals
in vitro and in vivo at individual genes (Ashfield et al, 1991a, 1994;
Yonaha & Proudfoot, 1999). Since our candidate motifs resemble the
‘MAZ’ element GsAGs, and due to the general enrichment of G-rich
motifs, we checked whether there is preferential binding of MAZ in
STIRs. Notably, ENCODE ChIP-seq data of MAZ in HepG2 cells
displayed a slightly higher binding signal in STIRs compared to both
types of controls, with no significant difference between STIRs and
promoter controls (Fig 2E). Notably, the majority of the signal
stemmed from the promoter of the downstream gene and not the 3’
of the upstream gene or the control. A similar known G-rich element
is the Spl binding motif (G/T)GGGCGG(G/A)(G/A)(C/T) (Nagaoka
et al, 2001), and it has been previously proposed that MAZ but
not Spl contribute to Pol2 pausing downstream of the CPA site
(Yonaha & Proudfoot, 1999). Interestingly, Spl also showed a
slightly but not significantly higher binding signal in STIRs com-
pared to promoter controls in HepG2, closely resembling the binding
pattern of MAZ (Fig 2F).

Short tandem intergenic regions therefore preferentially harbor
G-rich motifs, and those are typically located proximally to the
downstream promoter, and are associated with a slightly increased
binding of MAZ and to a lesser extent SP1 near the downstream
promoter.

Specific proteins preferentially bind STIRs

These findings led us to seek genome-wide evidence for preferential
binding of other proteins within STIRs. Using ENCODE ChIP-seq
data, we considered 338 factors profiled with ChIP-seq by the
ENCODE project in HepG2 and/or K562 cells. When considering just
the control regions, the factors were generally much more likely to
bind upstream of control TSSs (in regions length-matched to STIRs)
than to regions downstream of control CPA sites (Fig EV2A and B).
When comparing the fraction of STIRs bound by each factor to the
fractions of the respective control regions, we found enriched bind-
ing of several factors in STIRs, including AGO2, AGO1, RBM22,
BCL3, MYNN and NFATC1 (Figs 3A-G and EV2C-F).

Interestingly, G-rich stretches and AGO proteins were previously
implicated in transcriptional termination at specific genes (Skourti-
Stathaki et al, 2014). The model of Pol2 pausing following PAS tran-
scription suggests that G-rich terminator elements found tens of bp
downstream of the CPA site further enhance Pol2 pausing. This
pausing was suggested to be facilitated by R-loop structures reported
to be particularly enriched downstream of the CPA sites of
some genes. A study by (Skourti-Stathaki et al, 2011) suggested that
R-loops at G-rich regions in termination regions of the B-actin gene
induce antisense transcription, which leads to the generation of
dsRNA and the recruitment of the RNA-interference (RNAi) factors
such as AGO1, AGO2, DICER, and the G9a histone lysine methyl-
transferase. This recruitment was reported to lead to deposition of
the H3K9me2 repressive mark and to the recruitment of heterochro-
matin protein 1y (HP1ly), which in turn may reinforce Pol2 pausing
and promote Since we observed

transcription termination.
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Figure 2. Enriched motifs in STIRs.
A

race [l |

Logo representation of motifs identified by STREME in the “RNA” mode as enriched in either HepG2 (top) or K562 (bottom) co-expressed STIRs.

B Barplots showing the proportion of STIRs (purple) or control sequences (beige and orange) that carry the RNA-mode STREME-discovered motif.
C Barplots showing the proportion of co-expressed STIRs (purple) or control sequences (beige and orange) for the G4NG, motifs (or their reverse complement), for co-

expression in HepG2 cells.

D Histogram showing the binned distribution of G-rich motifs (or their reverse complement) across the co-expressed STIRs of HepG2 cells.

Metagene analysis (top) and corresponding binding heatmap (center) of MAZ in ENCODE ChIP-seq data in HepG2 co-expressed STIRs and flanking 5 and 3’ regions
and at the control regions (same controls as in Fig 1 and throughout the manuscript). Top graph shows median and standard error and the bottom heatmap shows
the binned Bonferroni-corrected paired Wilcoxon rank-sum test P-value heatmap.

F Asin (E), but for the SP1 ChIP-seq data in HepG2 cells.

Data information: (B, C) Shown are Bonferroni corrected proportion test P-values (*P < 0.05, **P < 0.01, ****P < 0.0001).

significant binding of both AGO1 and AGO2—components of the
RNAi machinery in STIRs, we sought to further examine the other
factors tied with the same pathway in these regions. Analyzing data
of RNA:DNA hybrids profiled using the S9.6 antibody in K562 cell
line by (Sanz et al, 2016), we indeed observed a substantial enrich-
ment of R-loops in STIRs (Fig 4A). To further examine the model
suggested by Skourti-Stathaki et al, we examined the binding of the
other factors using available ENCODE data, including G9a (EHMT2)
—an H3K9 methyltransferase, HP1y (CBX3), and the H3K9me2
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chromatin mark. All these factors were not enriched in STIRs
(Fig EV3A-C). Conversely, G9a showed ~30% depletion within
STIRs, peaking at the promoter, along with slightly lower levels of
H3K9me2 binding overall, precluding the promoter region, which
was similarly depleted of H3K9me2 (Figs EV3A and C). Notably,
G9a has additional substrates, such as H3K9 (Shinkai & Tachibana,
2011), therefore it might be recruited there under other circum-
stances. Alternatively, we hypothesized that the relatively low levels
of H3K9me2 and its histone lysine methyltransferase within STIRs

© 2022 The Authors
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Figure 3. Enriched binding of proteins at STIRs.
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A Barplot showing the proportion of co-expressed STIRs (purple), promoter control- (beige), and 3’ control- (orange) sequences bound by the different proteins
(analyzed in HepG2 cells). Bound sequences were aggregated and counted once when multiple binding peaks per sequence were observed. Shown are only
proteins with higher binding frequency at STIRs over both controls. Proteins are ordered by ranked frequency in STIRs and ranked descending order of calculated
minimal ratio of frequencies between STIR and each of the two controls. Inset scatter plot shows the log-transformed proportion ratio between binding sites at
STIRs or at either control, in purple are proteins enriched in STIRs over both types of controls. Indicated are several notably enriched proteins.

B Zoom-in on the top STIRs protein binding candidates in HepG2 cells. Shown are Bonferroni corrected proportion test P-values (*P < 0.05, ****P < 0.0001).

C Scatter plot showing the number of HepG2 co-expressed STIRs bound by each protein (as in (A)) versus the minimal tandem-to-control ratio calculated for each
control. Indicated are the top proteins enriched in STIRs. Y-axis values > 6 were filtered out.

D-G Metagene analysis (top) and corresponding binding heatmap (center) of median ChIP-seq signal of selected STIR-binding protein candidates AGO2 (D), AGO1 (E),
RBM22 (F) and BCL3 (G). Bottom heatmap corresponds to binned paired Wilcoxon rank-sum tests (Bonferroni corrected).

can be explained by the tendency of tandem genes to reside within
relatively gene-rich regions, which are generally less associated with
heterochromatic marks (Gilbert et al, 2004; Sanz et al, 2016). There-
fore, we next examined the binding of PHF8, an H3K9me2 demethy-
lase (Zhu et al, 2010). Interestingly, PHF8 levels were somewhat
higher in control promoter regions than in STIRs, perhaps because it
is recruited by H3K9me2, which was also higher in control promoter
regions (Fig EV3C and D). We conclude that whereas AGO binding
and R-loops are prevalent in STIRs genome-wide, there is no
genome-wide evidence for preferential activity of the H3K9me2-
associated machinery in these regions.

AGO2 binding promotes the expression of tandem gene pairs

Notable enrichment of AGO1 and AGO2 binding in STIRs led us to fur-
ther look for possible consequences of the binding. We examined the
changes in the ENCODE gene expression dataset of polyadenylated
RNA following AGO1 and AGO2 knockdown (KD) in K562 and HepG2
cell lines. For AGO2 KD we observed a significant yet mild decrease in
the expression of the tandem co-expressed genes compared to their
respective controls (Fig 4B). For AGO1, we observed smaller changes
in the same direction, which were significant only in HepG2 cells, and
only for the downstream gene in the tandem pair (Figs 4C and EV3E).
Examination of the correlation between the downstream and
upstream tandem genes expression changes following the KD showed
little to no correlation between the tandem pairs (Figs 4D and EV3F—
H), except the notable scarcity of tandem gene pairs where both genes
were up-regulated following AGO2 KD (Fig EV3H).

While there was no significant change in expression when con-
sidering all the tandem pairs, when we integrated ENCODE K562
AGO1 ChIP-seq data, we observed increased binding of AGO1 to
chromatin in the STIRs that were associated with relative downregu-
lation of gene expression of both the upstream and downstream
genes following the KD (Wilcoxon test P < 0.05). Furthermore, we
found a significant negative correlation between AGO1 binding and
the change in the expression of the upstream gene following KD
(Spearman’s correlation coefficient: —0.295, P = 1.2 x 1074 and a
similar yet non-significant (Spearman’s correlation coefficient:
—0.134, P =0.088) effect for AGO1 binding and the change in
expression of the downstream gene (Fig 4D). In addition, examining
the connection between R-loop signal and AGO1l KD in K562
cells showed significant correlation between changes in the down-
stream co-expressed tandem gene expression and R-loop signal
(P=3.1 x 10" (Fig 4E). However, R-loop signal intensity did not
correlate with gene expression changes of co-expressed tandem
genes following AGO2 KD in K562 cells (Fig EV3H).

8 of 18  Molecular Systems Biology 18: €10682 | 2022

Pol2 accumulates in STIRs

Due to the short distances between the tandem gene pairs that we
considered, and the continued association of Pol2 with DNA down-
stream of the CPA site, with the addition of our constraints for pick-
ing only pairs of genes that co-express in the relevant cell type, we
reasoned that STIRs might be associated with distinct patterns of
Pol2 occupancy. To examine that, we used mammalian Native Elon-
gation Transcript sequencing (mNET-seq) data from (Schlackow
et al, 2017). The mNET-seq strategy uses antibodies for several dif-
ferent Pol2 CTD marks, to obtain segments of nascent-RNA bound
by Pol2 in its different states. Importantly, in contrast to ChIP-seq,
mNET-seq data are strand-specific, allowing to consider Pol2 travel-
ing strictly on the same strand as the considered tandem genes. We
used the same definitions described above to define a set of 159 tan-
dem genes co-expressed in HelLa cells and their controls. Overall,
~1.25 fold enrichment over the promoter control of total Pol2 (phos-
phorylated and non-phosphorylated, tested using CMAG601 anti-
body) was observed at the peak just downstream of the promoter in
the downstream tandem gene (Fig 5A and Appendix Fig S2A). There
was also substantial Pol2 presence within the STIR whereas it was
absent from both controls (Fig 5A and Appendix Fig S2A), resulting
in an overall 6.8 and 8.4-fold enrichment of Pol2 occupancy across
the STIR, for the 3’ control and promoter control, respectively (see
Materials and Methods). Interestingly, all modifications of Pol2
showed enrichment at tandem intergenic regions and at the down-
stream promoters with slightly different patterns. For example, T4P
modification (using 6D7 anti-CTD Thr4-P modification antibody)
showed a stable signal for the 3’ control, downstream of the CPA
site, and a gradually increasing signal that was enriched by ~7 fold
compared to the 3’ control in STIRs (Fig 5B). Surprisingly, the signal
peaked at approximately the promoter of the downstream tandem
gene followed by a decreasing signal in the following 0.5 kb that
eventually reached background levels. As expected (Schlackow et
al, 2017), T4P signal was generally depleted at the promoter con-
trols (Fig 5B and Appendix Fig S2G). Another notable example is
the S2P modification (tested with CMA602 Ser2-P CTD antibody),
which showed an enrichment along the STIR that peaked down-
stream of the transcription start site and was then almost completely
absent after 1 kb. Notably, in both controls, S2P seemed to be
depleted, with a low signal at the promoter control just downstream
of the promoter (Fig 5C and Appendix Fig S2B). Y1P modification
was reported to be essential for the function of Positive Transcrip-
tion Elongation Factor b (P-TEFb) in phosphorylating Ser2 and tran-
sitioning from transcription initiation to elongation (Mayfield et al,
2019), S5P modification was suggested to facilitate the recruitment

© 2022 The Authors
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Figure 4. Features promoting the proper expression of tandem gene pairs.

log2(Downstream Gene Fold Change)
Following AGO1 KD

log2(Downstream Gene Fold Change)
Following AGO1 KD

A Metagene analysis (top) and corresponding heatmap (center) showing $9.6 DNA:RNA antibody DRIP-seq median signal in K562 co-expressed STIRs and flanking
regions and in their controls. Bottom heatmap shows the corrected P-value of binned paired Wilcoxon rank-sum test. Data from Sanz et al (2016).

B Boxplot of expression changes in upstream or downstream co-expressed tandem genes (164 genes in each group) following AGO2 KD in K562 cells (Data from
ENCODE). Five genes were used as controls per tandem gene (see Materials and Methods, Fig EV1B) and aggregated using the average log,-transformed fold change
value of each quintet. Blue dots correspond to tandem pairs co-expressed in both K562 and HepG2 cell lines (or their respective control). Black dots are tandem genes
co-expressed only in the respective cell line. The thickened line represents the median log, fold change following AGO2 KD, the lower and upper boxplot hinges
correspond to first and third quartiles of the data, respectively. The whiskers represent the minimal/maximal existing values within 1.5 x inter-quartile range. Outliers
were removed from the analysis. P-values were obtained using paired Wilcoxon rank-sum tests.

C Asin (B), for AGO1 KD in K562 cells.

D Scatter plot showing the changes in expression following AGO1 KD in K562 cells. Each dot represents the change in expression of a single tandem pair. Colors indicate
median AGO1 ChlIP-seq signal per STIR. Calculated Pearson’s correlation coefficients between upstream- and downstream- tandem genes changes in expression and
P-value are indicated. Spearman correlation between the downstream- or upstream- gene expression changes following KD and median AGO1 ChlIP-seq signal at STIR
was tested, with coefficients of —0.134 or —0.295 and P = 0.088 or P = 1.2 x 10~ “, respectively. Wilcoxon test of STIR ChIP-seq signal tested between the third

quadrant and all other quadrants: P = 1.7 x 10>,

E Scatter plot showing median R-loop signal at STIRs as a function of the changes in expression of the downstream gene in the co-expressed tandem pairs following
AGO1 KD in K562 cell line. Spearman correlation coefficient of —0.278, P = 3.1 x 10~*.

of the stabilizing capping enzyme complex (Ho & Shuman, 1999),
and S7P is enriched at promoters and gene bodies, and is thought to
regulate snRNA biogenesis (Egloff et al, 2007; Harlen & Churchman,
2017). For these three modifications, both the tandem genes and the
promoter controls show a peak of signal enrichment just down-
stream of the promoter, with ~1.25-, ~4-, or ~2.5- fold higher signal
at tandem downstream promoter over the promoter control genes,
for Y1P, S5P or S7P, respectively (tested using 3D12 Tyrl-P CTD
antibody, CMAGO03 Ser5-P CTD antibody, and 4E12 Ser7-P antibody,

© 2022 The Authors

respectively). Interestingly, these signals exist also within the STIR,
whereas they are depleted upstream of the promoter controls
(Fig 5D-F and Appendix Fig S2C,D,F). Intriguingly, treatment with
Pladienolide B (Pla-B), a splicing inhibitor that binds SF3B1 spliceo-
some subunit, made the pattern of S5P Pol2 binding almost indistin-
guishable between the tandem genes and the promoter controls,
suggesting that splicing substantially contributes to the Pol2 accu-
mulation in the intergenic region and around the promoter of the
downstream gene. Potentially, the inhibition of splicing affects

Molecular Systems Biology 18:€10682[2022 9 of 18
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Figure 5. Pol2 accumulates in STIRs.
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A-D Metagene analysis (top) showing the different median Pol2 carboxy-terminal domain modifications (phosphorylated and non-phosphorylated, T4P, S2P, and S5P,
respectively) occupancy signal at the sense strand of STIRs or controls and their flanking regions. Bottom are the respective corrected paired Wilcoxon rank-sum
test P-values. Data from Schlackow et al (2017). Shown is a representative replicate.

E, F Metagene analysis (top) and corresponding heatmap (center) of median Pol2 CTD modifications (Y1P and S7P, respectively) mNET-seq signal and standard error at
STIRs and controls, and their flanking regions. Bottom are the respective corrected Wilcoxon-paired test P-values. Data from Schlackow et al (2017).

G As in D, but showing the occupancy signal of S5P modification for Pla-B treated cells.

elongation of Pol2 through the upstream gene, leading to paucity of
Pol2 around the gene end. Yet, it is difficult to measure this scarcity
for 3’ control regions, since Pol2 levels near gene ends are generally
very low. Alternatively, Pol2 that is stalled at the intergenic region
is associated with the transcripts produced at the transcription
round that just terminated but are still engaged in the midst of splic-
ing, and so splicing inhibition causes disengagement of such immo-
bilized Pol2 (Fig 5G and Appendix Fig S2E). Interestingly, the
overall presence of Pol2 within STIRs is dramatically higher than in
the 3’ parts of transcribed genes, where the occupancy of Pol2,
including all the different modifications, is barely over background
levels (Fig SA-F).

As further evaluation of the role of upstream gene elongation in
the accumulation of Pol2 in STIRs, we also examined the conse-
quences of loss of Spt6 and Rtfl, two factors reported to separately
control Pol2 progression. We used mNET-seq data from K562 fol-
lowing Spt6 and Rtfl depletion from (Zumer et al, 2021) and exam-
ined Pol2 distribution within STIRs (Fig EV4). Spt6 was shown to
assist progression of elongating Pol2 through nucleosomes, and its
depletion was shown to have little to no effect on Pol2 accumulated
at promoters (Zumer et al, 2021). Indeed, data in K562 recapitulated
the pattern we observed in HeLa cells, showing strong accumulation
of Pol2 in STIRs in control conditions (DMSO-treated cells). This
accumulation was strongly reduced upon targeted degradation of
Spt6 (Fig EV4A and B), with a smaller effect on Pol2 in the down-
stream promoter. When examining Pol2 pausing under control con-
ditions, tandem downstream genes had lower Pol2 pausing index
than promoter controls. Spt6 degradation mildly reduced pausing at
both tandem genes and their controls (see Materials and Methods
and Fig EV4E-G). Interestingly, no effect was seen for Rtfl depletion
(Fig EV4C and D).

In order to study further the nature of the Pol2 accumulating at
STIRs and at the downstream promoter, we analyzed data on Pol2
occupancy in HCT116 cells treated with conditions resulting in a
high salt concentration (Erickson et al, 2018). Pol2 in STIRs and at
the downstream promoter in a tandem pair was more resistant to
NaCl or glucose treatments, that increase salt concentrations within
the cells, than Pol2 pausing at the control promoters (Appendix Fig
S3). These results suggest that at least some of the Pol2 complexes
in the aforementioned regions are in an “elongation” rather than in
a “pre-initiation/poised” state, as the latter state is more sensitive to
high salt concentrations (Erickson et al, 2018).

NELF-E KD suggests involvement in transcription regulation of
downstream tandem genes

We next tested whether the expression of tandem genes is particu-

larly sensitive to the loss of specific protein factors. We examined
this by analyzing KD data of 245 different protein factors, in 440

© 2022 The Authors

experiments (in HepG2 or K562 cell lines). Importantly, these data
are derived from RNA-seq of poly(A)-selected transcripts, and so
informative only for expression of mature RNA products. For most
factors, we found concordant changes in expression of the upstream
and downstream genes (Fig 6A), possibly related to their overall
shared features (see Discussion), and so we were particularly inter-
ested in factors whose loss preferentially affected just the upstream
or the downstream gene. This analysis highlighted Negative Elonga-
tion Factor Complex Member E (NELF-E), the knockdown of which
led to an increased expression of the downstream gene in a tandem
pair, while not affecting the upstream gene (Fig 6 and Dataset
EV11). NELF-E is a part of the NELF complex (composed of units A,
B,C/D and E). Based on current knowledge, release of Pol2 from the
proximal-promoter region and its conversion to elongating state is
dependent on the displacement of the negative elongation factor
(NELF) complex from the nascent transcript. This process is thought
to include the phosphorylation of several factors including Ser2 of
the CTD, NELF-E, and the Spt5 subunit of the DSIF (DRB Sensitivity
Inducing Factor) complex by positive transcription elongation factor
b (P-TEFb). These phosphorylations are followed by NELF dissocia-
tion and Pol2 transition from promoter-proximal pausing to elonga-
tion (Lu et al, 2016). NELF-E KD in HepG2 cells led to the greatest
median fold change in expression of the downstream tandem gene
versus its controls accompanied by a negligible median KD effect over
the upstream tandem gene compared to its controls (Fig 6B and
Dataset EV11). The trend was similar in K562 cells yet the effect was
less robust (Appendix Fig S4A). We next examined data from DLD-1
cells where NELF-C or NELF-E were tagged with an AID domain
enabling inducible degradation (Aoi et al, 2020), and chromatin occu-
pancy of various factors was examined before and after degradation
(Appendix Fig S4B-E). Occupancy of NELF-C and NELF-E was similar
between STIRs and control promoters, with slightly lower occupancy
in STIRs (Appendix Fig S4B and C). Pol2 with both S2P and S5P mod-
ifications was strongly enriched in STIRs compared to controls, fitting
the observations from the mNET-seq data (Appendix Fig S4D and E)
and S2P-modified Pol2 signal in STIRs was substantially more sensi-
tive to loss of NELF-C than control promoters. We conclude that
reduction in NELF complex levels leads to reduction of S2P-modified
Pol2 which accumulates at STIRs and to increase in the expression of
the downstream gene. Future studies may elucidate the mechanistic
connection between these changes.

In addition to NELF-E, we found SMN1 and XRN2 KD as having
similar, yet less robust effects of upregulation of the downstream
and not the upstream tandem gene (Fig 6A and Appendix Fig S4 F
and G). Intriguingly, SMN was previously suggested to play a role in
R-loops resolution (Zhao et al, 2016; Jangi et al, 2017). Fewer KD
experiments negatively affected just the downstream gene. Notably,
KD of U2AF1 had this effect in both K562 and HepG2 cells (Fig 6A),

and mutations in U2AF1 in myelodysplastic syndromes are
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Figure 6. NELF-E involvement in transcription regulation of downstream tandem genes.

A Scatter plot showing the median difference in expression changes, in poly(A)-selected RNA-seq datasets, between downstream tandem (y-axis) or upstream tandem
(x-axis) genes and the averaged expression changes in control. Candidate genes with high KD effect on expression compared to controls in the downstream tandem
gene but not in the upstream tandem gene are ranked lower and appear darker and vice versa. Shown are results from 440 KD experiments done in either HepG2 or

K562. KDs with the lowest ranking, and other proteins of interest are marked.

B Boxplot of expression changes in upstream or downstream 188 pairs of co-expressed tandem genes following NELF-E KD in HepG2 cells (data from ENCODE) or their
averaged aggregated controls (5 controls per tandem gene). Blue dots correspond to tandem pairs co-expressed in both K562 and HepG2 cell lines (or their respective
control). Black dots are tandem genes co-expressed only in the respective cell line. The thickened line represents the median log,-transformed fold change following
NELF-E KD, the lower and upper boxplot hinges correspond to first and third quartiles of the data, respectively. The whiskers represent the minimal/maximal existing
values within 1.5 x inter-quartile range. Outliers were removed from the analysis. P-values were obtained using paired Wilcoxon rank-sum tests.

associated with reduction of Pol2 pause release and R loop accumu-
lation (Chen et al, 2018; Nguyen et al, 2018).

Discussion

Our results show that STIRs differ from regions flanking 5" or 3’
ends of other genes in sequence composition, protein associations
and in the strong accumulation of Pol2. These regions primarily
resemble promoters, which implies that sequences required for reg-
ulated transcription initiation are longer and/or experience a stron-
ger selective pressure compared to sequences required for efficient
termination, and yet differ from other promoters, in particular in
strong accumulation of Pol2 bearing CTD modifications traditionally
associated with gene ends.

In our analysis, we focused on regions separating well-expressed
protein-coding genes, but pervasive transcription of mammalian
genomes leads to many additional transcripts produced near most
human promoters, mainly in an antisense orientation to the protein-
coding genes (Chen et al, 2016). Many of these transcripts are rap-
idly degraded, which results in a wide range of expression levels.
Inspection of RNA-seq read coverage on both strands shows that
antisense transcription is also present at our STIRs, but at much
lower levels than the transcription of the sense strands, and, within
the first half of the STIR, at levels lower than that of control pro-
moters (Fig EV1C). Transcription at downstream promoters in
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tandem pairs thus appears to be more unidirectional than in the
controls. In some cases, there could also be additional transcripts on
the sense strand that we are not considering, which can affect the
boundaries of the STIRs and potentially invalidate some of our con-
trol genes, but inspection of ChRNA-seq coverage suggests that such
transcripts are either rare or very lowly expressed (Fig EV1C). Full-
transcriptome segmentation into gene units that are agnostic to the
protein-coding potential, as performed in some species (Ivanov
et al, 2021), and which would benefit from long-reads, would
potentially allow a more accurate analysis of the cross-talk between
closely spaced transcriptional units. In any case, the wide range of
expression levels of the different transcripts will retain the challenge
of how to define “intergenic regions”.

Our observation of a slightly elevated guanine content at the tan-
dem intergenic regions was accompanied by enrichment of specific
G-rich motifs in these regions compared to the control regions and
to shuffled controls. As mentioned above, these findings echo stud-
ies of individual genes showing several possible functions for G-rich
sequences. These past reports include demonstrations of links
between the G-rich regions and MAZ, and SP1 (Arhin et al, 2002;
Oberg et al, 2005; Dalziel et al, 2007), and with the formation of
R-loops. GGGGAGGGG “MAZ” elements positioned in proximity to
the polyA site was reported to contribute to Pol2 pausing and thus
promote more efficient transcription termination facilitated by the
XRN2 exonuclease. Interestingly, MAZ itself does not seem to have
an effect on the termination activity, as RNAi-mediated depletion of
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MAZ did not affect termination (Gromak et al, 2006). This observa-
tion fits our analysis showing lack of enrichment of MAZ binding at
either 3’ control CPA sites or the CPA sites at STIRs (Fig 2E) despite
the overall G-richness of the tandem intergenic regions (Fig 1D and
E). These findings together may point towards the importance of the
G-rich structure of the sequences themselves, e.g., for regulation of
Pol2 speed, or to binding of other protein(s), rather than MAZ.
Gromak et al. reported that the proximity of MAZ elements to the
polyA site is important for the termination process, as a construct
containing MAZ element at a 2 kb distance from the polyA site,
rather than a proximal one, significantly reduced the termination
efficiency. Our analysis only partly supports this notion, since we
observed no bias for the MAZ elements to appear in proximity to
the CPA site (Fig 2E). MAZ elements and not GGGGCGGGG “SP1
elements” were proposed to specifically promote Pol2 pausing
and polyadenylation (Yonaha & Proudfoot, 1999). Interestingly,
the tandem intergenic regions we analyzed were enriched with
‘GGGGCGGG’ or ‘GGGGCGGGGSC’ motif that resembles the SP1 ele-
ment rather than the MAZ element (Fig 2A,C,D). Furthermore, all
types of G-rich motifs (with the notable exception of (G)y) were
much more prevalent upstream of the promoter controls, rather
than at 3’ controls, and indeed we observed binding of both SP1 and
MAZ centered at the TSS rather than at the CPA site (Fig 2E and F).
Our findings thus do not support the notion of the importance of
specifically an Adenosine flanked by runs of Guanines in facilitating
Pol2 pausing at termination sites (Fig 2D).

Dense genes are associated with shorter introns (Amit et al,
2012), which fits our observation of shorter total intronal length in
tandem genes as a group (Fig 1C). Other features associated with
shorter introns include lower levels of low-complexity sequences,
higher GC-content, proximity to another transcription unit and
slower transcription rate (Veloso et al, 2014). Intriguingly, most of
these features are exhibited to some extent at the tandem genes we
analyzed, in some cases within the intergenic region rather than in
the gene bodies, such as the lower rate of transposable elements
(Fig 1F) and the higher GC-content (Fig 1D). Transposable elements
are the main source for intronal expansion (Wu et al, 2013). The
lower rate of transposable elements at STIRs is potentially related to
the enrichment of Pol2 (Fig 5), which may provide less opportunity
for their introduction to these regions. Interestingly, we also find an
overall higher level of sequence evolution in STIRs compared to
control regions (Fig 1G). This increase is possibly related to the
potential of the G-rich motifs to form G-quadruplex structures,
which are associated with genome instability and increased muta-
tion rate (Bochman et al, 2012).

Based on the current model of transcription termination, tran-
scription continues for a few hundreds of bps to several kbs post
the CPA site before Pol2 is released from the DNA. This is thought
to be accompanied by the T4P CTD modification of Pol2. Consider-
ing this model, we expect that the Pol2 T4P signal, other Pol2 mod-
ifications associated with termination, and the general Pol2 signal
to be similar at the termination sites of all genes, irrespective of
their proximity to another transcriptional unit. Therefore, it is
unexpected that we find extensive Pol2 signal in STIRs, compared
to the control genes, in the “total Pol2” mNET-seq data (Fig 5A,
using anti-CTD CMAG601 antibody, recognizing both phosphorylated
and unphosphorylated CTD; Stasevich et al, 2014; Nojima et al,
2015). Further, this trend is seen when examining Pol2 with all the
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different CTD modifications (Fig SB-F and Appendix Fig S2),
including high levels of T4P signal downstream of the downstream
TSS while being almost at background levels in the corresponding
regions in both controls. Particularly striking is the prominent peak
of T4P-modified Pol2 at the downstream promoter, whereas such
Pol2 is rarely found at control promoters (Fig 5B and Appendix Fig
S2G). One potential explanation for this observation is that there is
a unique regulatory regime taking place when Pol2 is transcribing
tandem transcriptional units. In that case, it is possible that the
STIR may constitute a “preparation area” for a new cycle of tran-
scription of the downstream tandem genes. This would include
slowing down of Pol2 at the intergenic region, which may be
supported by its enriched signal at 3’ ends of upstream tandem
genes over control genes. Potentially, the 3’ control genes represent
cases where Pol2 is not necessarily recycled or where recycling is
distributed over a substantially longer genomic sequence, or where
fast release of Pol2 might be favored, to maintain its nuclear pool.
In tandem genes, the Pol2 that finished transcribing the upstream
gene can potentially be used to transcribe the downstream one,
perhaps before its CTD marks “reset” from their termination-
associated state. At the moment, we note that there is no experi-
mental support for the ideas described here, and that obtaining
such support is challenging using the available methodologies. Spe-
cifically, since we analyze bulk data from a large number of cells,
it is unclear to what extent the transcription events of tandem
genes occur concurrently or in short temporal succession. The com-
bination of methods enabling single-cell metabolic labeling with
those for single-cell chromatin occupancy can be particularly useful
for addressing this question in the future (Erhard et al, 2019; Barto-
sovic et al, 2021).

In order to examine which region of the STIR constitutes the pri-
mary accumulation site of Pol2, we examined Pol2 occupancy in
tandem intergenic regions of increasing sizes (while keeping the
other criteria the same, Appendix Fig S5). We observed that with
increasing intergenic distances there was a less pronounced Pol2
accumulation in the intergenic region, and that Pol2 accumulation
was predominantly found near the downstream TSS. This suggests
that Pol2 that finishes the transcription of the upstream gene con-
tinues to be associated with chromatin and predominantly pauses
near the downstream promoter (while carrying the termination-
associated marks T4P and S2P). Notably, this pausing might be
facilitated by the G-rich sequences that are also predominantly
found near the downstream promoter (Fig 2D). Furthermore, our
finding that NELF-E depletion preferentially leads to an increase in
expression of the downstream genes in the tandem pairs suggests
that the Pol2 pausing may have a functional role in restricting
expression from the downstream promoter.

As mentioned above, additional features of tandem genes may
also support slower Pol2 dynamics within STIRs. Alternatively, it is
also plausible that although we only considered tandem genes that
are co-expressed in bulk RNA-seq data, the actual transcription
cycles of the two tandem genes are disjoint events. This may be
supported by the T4P signal we see at the promoter region. The sig-
nal may stem from Pol2 which has not yet dissociated from the
DNA after transcribing the upstream gene, and is not going to be
involved in the transcription of the downstream gene. If this is the
case, since we controlled for expression, we would expect the STIR
profile to resemble the superposition of the signals of both types of
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controls. Notably, this does not appear to be the case, at least when
considering the median Pol2 occupancy signal (Fig 5).

When considering chromatin marks in STIRs, as mentioned
above, we did not observe a notable enrichment of H3K9me2 in
STIRs, where it was depleted similarly to other promoters. Other
histone marks also showed largely unremarkable patterns within
STIRs (Fig EV5), which were largely superpositions of the patterns
of the control regions, with a notable exception of H3K79me2,
which showed a reduced pattern in the gene body of the down-
stream gene. For H3K36me3, the reduction to background levels
was faster in STIRs compared to the 3’ controls, likely a conse-
quence of the nucleosome-depleted region at the downstream pro-
moter. Similarly, for H3K4me3, we found a smaller and narrower
peak centered at the —1 nucleosome, likely reflecting reduced levels
of divergent transcription from the downstream gene promoter.

Finally, we considered the possibility that different gene subsets
are responsible for the enriched binding patterns of the various fac-
tors that we found enriched within STIRs, and/or that different fac-
tors tend to preferentially co-bind the same regions. To test this, we
clustered the binding data (Appendix Fig S6 and S7 and Dataset
EV12-EV13). However, clustering of both the STIRs and the factors
did not point toward a specific regulatory pathway or subsets of tan-
dem genes with the same protein binding patterns.

An immense amount of research has been dedicated so far into
understanding transcription initiation in mammalian cells, and rel-
atively less attention has been dedicated to transcriptional elonga-
tion and termination. Still, these events were usually studied in
isolation, e.g., by considering separately promoters and termina-
tion regions. Our results suggest that the presence of an upstream
termination region within up to 2 kb can have a dramatic effect on
the protein occupancy at promoters, and those proteins lead to a
significant effect on the transcriptional activity of the downstream
genes. We further found that some of the features previously asso-
ciated with efficient termination at individual genes (e.g., G-rich
elements and MAZ binding) are likely mostly related to down-
stream promoters and not the upstream genes. Together with the
emerging importance and understanding of architectural chromatin
domains, this further suggests that integrative analysis of gene reg-
ulation on the genome rather than on the single-gene level will
most likely be required for detailed and accurate models of gene
regulation.

Materials and Methods
Extraction of tandem genes

46,012 Human hgl9 Refseq coding transcript annotations were
downloaded from UCSC Genome Browser (GB). Unique start and
end data per gene were kept to remove different inner splicing vari-
ants. Non-coding transcripts of these genes were integrated and
multiple transcripts of the same gene were flattened, choosing the
minimal start coordinate and maximal end coordinate. Genes from
the 23 aligned chromosomes were kept leaving 19,464 flattened
transcripts. Extraction of the five closest downstream (for the defini-
tion of tandem or convergent genes) or upstream (for the definition
of divergent genes) genes per gene was done using the “closest”
method of the bedtools-gnu/2.25.0 package. Pairs of genes were
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filtered to keep only the non-overlapping ones, and only the ones
where both genes are longer than 5 kb and shorter than 800 kb.
Genes of the different orientations were then divided into four
groups based on their minimal distance from one another, as
reported by bedtools.

Mouse homologs analysis

Mouse Refseq curated mm10 genes were downloaded from GB and
were processed in a similar manner to the human genes to obtain
497 mouse tandem genes. Mouse genes with homology to the
human tandem gene were obtained using the Ensembl database
(Kinsella et al, 2011), and mouse pairs were kept if both were tan-
dem in both mouse and human and marked as having “one2one”
orthology type.

Determining co-expressed tandem gene set

ENCODE expression data for multiple cell lines was quantified using
RSEM as described (Zuckerman & Ulitsky, 2019). The tandem pairs
were first filtered for expressed pairs (requiring both genes with
expression > 2 TPM). Differences between the upstream and down-
stream tandem genes expression level were calculated, transformed
to absolute values and empirical cumulative distribution function
was operated over the values. The 75" percentile was chosen as the
maximal allowed expression difference threshold between the two
co-expressed genes (for example 66.37 and 82.12 for HepG2 and
K562, for the set of tandem genes), leading to 188 and 164 co-
expressed tandem pairs in HepG2 and K562, respectively.

Creating the control set for the co-expressed tandem genes

A set of 8,861 non-tandem genes was defined as genes > 5 kb and
< 800 kb with minimal distance > 5 kb from another gene on any
strand. Total intronal length was calculated for both tandem and
non-tandem genes based on the average total intronal length of all
the isoforms of that gene annotated by Refseq. Each co-expressed
tandem gene was paired with five control genes with the closest
weighted resemblance to it both in expression levels and in total
intronic length (For example, for the HepG2 co-expressed pair
MRM2 and MADI1L1 which have TPMs of 12.68 and 14.02 and total
mean intronal length of 6,307 and ~366 kb, respectively, respective
control genes were RRP7A with TPM of 12.33 and intronal length of
6,034 and ASAP1 with TPM of 12.94 and intronal length of ~385 kb.
For both types of controls, sequences with the same length as the
length of the intergenic region of the original tandem pair were
extracted either upstream of the promoter region (“promoter con-
trols”, controlling for the downstream co-expressed tandem gene)
and downstream of the 3’ end (“3’' control”, controlling for the
upstream co-expressed tandem gene) and were set as the control set
for the intergenic region of the tandem pair.

Splicing efficiency analysis
Splicing efficiency analysis was done as described in
(Zuckerman & Ulitsky, 2019), using RefSeq introns annotations.

Overall and first-intron splicing score distributions were used for
further analysis.
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Pausing index calculation

Signal was calculated over tandem genes or controls using kentUtils
bigWigAverageOverBed. Pausing index was defined as the ratio
between the summation of the reads signal over the first 200 bases
following the TSS and the reads signal over the whole gene normal-
ized to the gene length. Datasets used for this calculation are
GSM4836456, GSM4836452, GSM4836445 and GSM4836447.

Nano-COP reads analysis

Nano-COP reads (Drexler et al, 2020) with accessions GSM4073916,
GSM4073917, GSM4073918, GSM3498218, and GSM3498220 were
aligned to the hgl9 human genome assembly using minimap2 (Li,
2018). Using bedtools, aligned reads were intersected with the set of
upstream- or downstream genes of the tandem pairs, or with the
STIRs. Sense reads from all experiments were combined.

Sequence analysis

FASTA format sequences of the intergenic region of HepG2 and
K562 co-expressed tandem pairs and their control sequences were
extracted. The sequences were divided into ~70 bins (based on the
minimal length of the co-expressed tandem intergenic regions), and
the nucleotide composition ratio was calculated. Control sequence
compositions were aggregated using the mean of each set of five
controls. Significance was tested using paired Wilcoxon rank-sum
tests. Genomic repeats overlapping individual positions within the
tandem intergenic regions and control sequences were obtained
using RepeatMasker tracks of GB and were filtered to keep only
non-simple repeat annotations. Bedtools’ maskfasta function was
used for soft masking and FASTA sequences for the tandem co-
expressed genes and controls were extracted and the sequences
were binned as described above. PhyloP evolutionary conservation
scores were obtained from GB, and plots were created using the
deepTools package (Ramirez et al, 2014).

Enriched motifs in co-expressed tandem intergenic regions

188 and 164 non-masked tandem intergenic region sequences of
HepG2 and K562 co-expressed tandem genes were used as input for
STREME (with the arguments --kmer 1 --minw 6 --maxw 12, and in
either “DNA” or “RNA” mode), which yielded 37 motifs with
P < 0.05. Motif occurrences were counted in the tandem intergenic
region and control sequences of the cell line where they were origi-
nally detected at using FIMO with STREME output. Scores were
summarized and motifs were filtered to keep ones with higher prev-
alence in the tandem intergenic regions both in the measure of total
number of motif occurrences per sequence and in the relative num-
ber of genes carrying the motif relative to the controls. Filtered
motifs were ranked by the minimal tandem-to-control scores ratio
and ordered by the sum of ranks of both measures. Proportion tests
were applied over the filtered motifs and P-values were corrected
using Bonferroni correction. For the G-rich enriched RNA motifs
(‘GGGGCGGG’ and ‘GGGGCGGGGSC’), 1,000 di-nucleotide pre-
served, randomly shuffled sequences of HepG2 or K562 STIRs were
generated and scanned for the aforementioned motifs using FIMO.
Enriched motifs were compared to JASPAR 2022 vertebrates motif
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database (Castro-Mondragon et al, 2022) using Tomtom (Gupta et
al, 2007) from the MEME suite package (motifs were first manually
converted to DNA alphabet to match the JASPAR motifs alphabet).
Significant JASPAR motifs (E-value and g-value < 0.05) mutual to
both G-rich motifs were kept.

TF binding and metagene analysis

ChIP-seq binding cluster data across the human genome were
obtained for 338 proteins profiled by the ENCODE project from the
GB (Dataset EV14). Binding sites were intersected with the co-
expressed tandem intergenic regions and control sequences of
HepG2 or K562 cells using the intersect function of bedtools.
Enriched TF binding at co-expressed tandem intergenic regions over
controls was calculated by taking the minimal ratio value between
the prevalence of TF binding at the tandem regions fractionated by
either the promoter- or 3’- control regions normalized binding prev-
alence. For example: AGO1 binding sites intersected at least once
with 136 out of 188 (~72%) of co-expressed tandem intergenic
region sequences, but only 357 or 89 of the 940 (~38% and ~9%) of
the promoter and 3’ control sequences in HepG2, respectively. The
analysis produced a set of 6 TFs with the highest minimal ratio
between co-expressed tandem intergenic region- and control- bind-
ing which were found in both HepG2 and K562 cell lines. To further
examine the binding pattern throughout the tandem intergenic- or
control- regions, ChIP-seq data of the 6 candidates were obtained
from the ENCODE project and were visualized as a metagene plot
using deepTools (Ramirez et al, 2014), averaging the bins using the
median value and showing the standard error. In addition, each
ChIP-seq experiment was adjusted with its own set of co-expressed
tandem genes and control genes based on the specific cell type used
for the ChIP-seq experiment as explained previously. Metagene plots
for EHMT2, H3K9me2, PHF8 and HP1y ChIP-seq data (from the
ENCODE project) and R-loop data (from the GEO database, acces-
sion GSE70189) were drawn in a similar manner.

ENCODE shRNA-seq data analysis

ENCODE shRNA experiments of 245 genes (440 experiments) done
in K562 and/or HepG2 were analyzed using DESeq2 (Dataset EV15).
For each factor, data of the co-expressed tandem genes and their
controls within the respective cell line was extracted and the distri-
bution and log,-transformed fold change of gene expression was
plotted and tested using Wilcoxon paired rank-sum test for the set
of upstream or downstream genes within the co-expressed tandem
pairs and their averaged controls. Scatterplot of the changes in
expression following KD of AGO1 and AGO2 for the downstream
and upstream co-expressed tandem genes were plotted and tested
using Pearson’s correlation. Additional correlation tests for ChIP-seq
or R-loops median signal and co-expressed tandem genes expression
change following KD were done using Spearman’s correlation.
Median difference in expression changes following KD between the
upstream or downstream gene and the controls were calculated. KD
experiments were ranked based on minimal-to-maximal effect over
the upstream gene compared to controls, maximal-to-minimal effect
over the downstream gene compared to controls, and overall abso-
lute difference between the effect on the upstream and downstream
gene. Ranking was done so that KD targets with low ranks are those
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affecting mostly the downstream tandem genes (and not the
upstream tandem genes) and vice versa.

Pol2 modifications analysis

Data of Pol2 binding was downloaded from the GEO database
(accession GSE81662) in bigWig format. Matrices for the plus and
minus strand of the co-expressed tandem intergenic regions in
HeLaS3 and their respective controls were built using deepTools
and binning was done based on the median value. Matrices were
then filtered according to strand and were combined. Extreme
values were filtered to remove rows containing outliers with values
above 99.99% and under 0.01% of the total combined matrix. To
calculate the overall enrichment of total Pol2 at STIRs over control
3’ or promoter regions, raw output sense of “total Pol2” (GSM2357382)
matrices were filtered to keep only the intergenic region, and overall
signal was summed at STIRs, or averaged per control quintet of each
STIR and then summed.

Clustering of tandem genes and binding experiments

Maximal value per gene per binding experiment was calculated over
the intergenic region and flanking regions (1 kb on each side, unless
stated otherwise) and over the associated control regions, using the
deepTools matrix output. For the control experiment, each quintet
controlling for a single tandem gene was first aggregated using mean
value to create a mean matrix per experiment. Tandem max matrix
was divided by either control matrix, genes with over 17 missing
values across experiments were removed from the cluster analysis,
matrix values exceeding 10 were converted to 10. Clustering of the
columns was done using Pearson’s correlation using the “comple-
te.obs” option to handle NA values and complete-link measure.
Genes were clustered using complete-link measure and euclidean
distances method. Log,-transformed FPKM values for gene expres-
sion annotations were computed using the ENCODE RNA-seq data.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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