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Summary

The torpedo model of transcription termination asserts that the exonuclease Xrn2 attacks the
5’PO4-end exposed by nascent RNA cleavage and chases down the RNA polymerase. We tested
this mechanism using a dominant-negative human Xrn2 mutant and found that it delayed
termination genome-wide. Xrn2 nuclease inactivation caused strong termination defects
downstream of most poly(A) sites and modest delays at some histone and U snRNA genes
suggesting that the torpedo mechanism is not limited to poly(A) site-dependent termination. A
central untested feature of the torpedo model is that there is kinetic competition between the
exonuclease and the pol 11 elongation complex. Using pol Il rate mutants, we found that slow
transcription robustly shifts termination upstream, and fast elongation extends the zone of
termination further downstream. These results suggest that kinetic competition between elongating
pol Il and the Xrn2 exonuclease is integral to termination of transcription on most human genes.

Introduction

Transcription termination is an essential step integral to the universal cycle of initiation,
elongation and termination of RNA chains. It is required to recycle polymerase and to
prevent interference between adjacent transcription units. Termination requires dismantling
of the stable ternary complex of DNA template, polymerase and RNA transcript. At most
genes termination of transcription by RNA polymerase 11 (pol I1) is triggered by recognition
of the poly(A) site (PAS) thereby ensuring that it occurs after the transcript is complete
(Birse et al., 1998; Connelly and Manley, 1988; Logan et al., 1987; Whitelaw and
Proudfoot, 1986). Pol Il transcription termination occurs at diffuse sites at variable distances
as much as 10 kb downstream of genes and is generally preceded by a peak of pol Il density
that is also usually quite diffuse (Lian et al., 2008). We refer to this region of 3’ flanking
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sequences as the “termination zone”. The peak of pol Il occupancy in the termination zone
has been interpreted as a pause that may facilitate co-transcriptional 3’ end processing and
coupled polymerase release from the template (Glover-Cutter et al., 2008; Gromak et al.,
2006) but other interpretations are also possible (Anamika et al., 2014; Grosso et al., 2012).
The length of the termination zone in the 3’ flanking region varies between genes and is
especially short for histone genes (Anamika et al., 2012) that make non-adenylated
transcripts by a mechanism that uses that same CPSF73 endonuclease that cuts poly(A) sites
(Dominski et al., 2005; Kolev and Steitz, 2005). What determines the length of the
termination zone is not known. Nor is it known for PAS-containing genes whether the length
of the termination zone is relatively constant and gene-specific or something that varies
between cell types. Recent evidence shows that in some cases termination downstream of
poly(A) sites can be greatly delayed in response to stress stimuli (Vilborg et al., 2015).

The mechanism of poly(A) site dependent termination has been a topic of intense interest for
almost three decades. The debate is centered on two predominant models that are not
mutually exclusive, the allosteric model and the torpedo model (Kuehner et al., 2011; Luo et
al., 2006; Richard and Manley, 2009). The allosteric model (Logan et al., 1987) posits a
conformational change in the polymerase after encountering the poly(A) site that weakens
the ternary complex and favors termination. The allosteric model is supported by in vitro
experiments in the presence of an anti-pol Il antibody that induces termination, but its
relevance in vivo remains to be established (Zhang et al., 2015; Zhang et al., 2004). The
torpedo model (Connelly and Manley, 1988), on the other hand, proposes that the 5/
phosphate end exposed by poly(A) site cleavage provides an entry point for an RNA 5/-3’
exonuclease that tracks down the nascent transcript and when it encounters the polymerase,
helps to dislodge it from the DNA template. The requirement for a nuclear 5-3’ RNA
exonuclease predicted by the torpedo model has been compellingly validated in budding
yeast where inactivation of the Ratl exonuclease substantially delays termination
downstream of genes with poly(A) sites. Furthermore exonucleolytic activity of Rat1 is
required for transcription termination in vivo as demonstrated by mutation of the active site
(Kim et al., 2004) whereas in vitro there are conflicting reports about whether enzymatic
activity is required for termination (Park et al., 2015; Pearson and Moore, 2013). In fission
yeast, the 3’-5" exonucleases in the exosome function have been proposed to act as backup
termination factors at protein coding genes but the importance of a 5’-3’ “torpedo” in this
organism is not known (Lemay et al., 2014). Whether the 5’-3’ torpedo mechanism is widely
used for poly(A) site dependent termination of transcription in metazoan cells remains
unresolved. Unexpectedly, ShRNA knock-down of mammalian Xrn2 exonuclease, the
homologue of Ratl, failed to inhibit termination downstream of a B-actin reporter gene
(Banerjee et al., 2009). On the other hand Xrn2 knockdown did inhibit termination at a -
globin reporter gene where termination is thought to be initiated by self cleavage of the
transcript at a CoTC element downstream of the poly(A) site (West et al., 2004). At this
exceptional class of CoTC containing genes (Nojima et al., 2013), cleavage and
polyadenylation are proposed to occur post-transcriptionally and uncoupled from
termination (West et al., 2008). Surprisingly, Xrn2 knockdown does not affect termination
downstream of PAS-containing chromosomal genes (Brannan et al., 2012; Nojima et al.,
2015), although we and others found evidence for an effect on premature termination within
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genes (Brannan et al., 2012; Wagschal et al., 2012). Based on these investigations it has
been suggested that “Xrn2 plays a unique role” in premature termination near the
transcription start site, but not in termination at 3’ ends (Nojima et al., 2015). Alternative
candidate termination factors that might act downstream of poly(A) sites include the nuclear
exosome and the helicase senataxin (Senl) that both function as terminators in yeast by
distinct mechanisms (Fox et al., 2015; Lemay et al., 2014; Porrua and Libri, 2013;
Schaughency et al., 2014; Steinmetz et al., 2006).

Pol Il termination downstream of genes that make non-adenylated transcripts is also poorly
understood in metazoans. Histone mRNA and U snRNA 3’ ends are made by
endonucleolytic cleavage that that is uncoupled from polyadenylation (Dominski, 2007). In
addition miRNA precursors can be co-transcriptionally cleaved by microprocessor, Drosha/
DCGRS8 (Morlando et al., 2008) which is required for transcription termination of a few long
non-coding RNAs (Inc RNAs) that host miRNAs (Dhir et al., 2015). The 3’ ends of the
MALAT1 and MEN Inc RNAs are created by the tRNA processing endonuclease RNAseP
(Wilusz and Spector, 2010). In principle, endonucleolytic cleavage at any these sites of 3’
end formation could provide entry points for an exonuclease torpedo that terminates
transcription, but this idea has yet to be confirmed (Baillat et al., 2005; Dominski et al.,
2005; O’Reilly et al., 2014; Skaar et al., 2015; Weiner, 2005). It has been reported in a few
cases however, that transcripts extending downstream of a co-transcriptional microprocessor
cleavage site are stabilized by Xrn2 knockdown (Ballarino et al., 2009; Wagschal et al.,
2012). Whether transcription termination by a torpedo mechanism commonly occurs
downstream of microprocessor cleavage sites within miRNA precursor genes is not known.

An integral component of the torpedo model is the implied kinetic competition between two
moving parts, the transcription elongation complex and the 5’-3' RNA exonuclease that is
pursuing it. This aspect of the model makes a clear prediction that has remained untested,
namely that fast elongation will delay termination and slow elongation will advance it.
Kinetic competition of this type was first defined in E. coli where the relative rates of RNA
polymerase elongation and rho helicase translocation determine where transcription
termination occurs (Jin et al., 1992). There is also strong evidence for kinetic competition
between RNA pol Il elongation and the terminator helicase Senl at the short non-coding
snoRNA genes in yeast (Hazelbaker et al., 2013). Slow and fast mutants in the trigger loop
of the pol 1l large subunit produced shortened or lengthened pre-snoRNA transcripts
respectively consistent with Kinetic competition between pol Il and Senl that tracks along
the nascent transcript (Hazelbaker et al., 2013; Porrua and Libri, 2013). Pol Il elongation
rate differs substantially between genes (Danko et al., 2013; Fuchs et al., 2014; Larson et al.,
2011; Veloso et al., 2014), but whether this variation affects where termination occurs in 3’
flanking regions is not known.

Here we investigate the universality of the torpedo model of pol 11 termination in human
cells and its prediction that termination and transcription elongation are engaged in a kinetic
competition with one another. We tested the importance of the 5’-3” exonuclease Xrn2 for
pol Il termination genome-wide by expressing an inducible dominant-negative mutant in the
exonuclease active site. This mutant in combination with shRNA mediated knockdown of
endogenous Xrn2 caused a general inhibition of pol 1l termination that shifted the
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termination zone further downstream of genes demonstrating that the torpedo mechanism
operates widely. To test for kinetic competition, we monitored termination genome-wide in
cells expressing slow and fast mutants of human pol 1. The results showed that at most
genes with poly(A) sites the site of termination is highly dependent on elongation rate. Slow
and fast elongation evoked early/upstream and late/downstream termination respectively, as
predicted by the torpedo model.

Xrn2 nuclease is required for poly(A) site-dependent pol Il termination genome-wide

To determine whether the Xrn2 exonuclease plays a widespread role in termination in
human cells, we wanted to inhibit its activity and determine whether profiles of pol Il in 3’
flanking regions were altered. Because we and others (Banerjee et al., 2009; Brannan et al.,
2012; Nojima et al., 2015) failed to detect a defect in termination when Xrn2 expression was
knocked down, we turned to a dominant-negative approach guided by a mutation of the
Xrnl active site that inactivates the enzyme while preserving the ability to form a stable
complex with RNA through interactions with a conserved 5’ PO, binding pocket (Jinek et
al., 2011). We mutated the homologous position in the active site of human Xrn2 (D235A)
and expressed the HA-tagged mutant protein under doxycycline control after site-specific
integration into HEK293 Flp-in cells (see Experimental Procedures). By analogy with the
Xrnl mutant, we expect Xrn2(D235A) to form stable complexes with RNA 5 PO, ends in
vivo and to delay degradation by sterically interfering with endogenous WT Xrn2. As a
control we made isogenic cells expressing HA-tagged wild type Xrn2. Both lines induced
expression of HA-tagged protein at approximately equal levels that were several fold above
endogenous Xrn2 (Fig. 1B). Pol Il ChlP-seq analysis of these cells after doxycycline
induction showed a very small delay in termination in the Xrn2(D235A) mutant expressing
cells (Fig. S1A). Over-expression of the WT Xrn2 did not strongly affect termination
relative to cells in which it is not over-expressed (Fig. S1A). To enhance the potential
dominant-negative effect, we stably knocked down endogenous Xrn2 by over 75% (Fig. 1B)
with a lentiviral sShRNA targeted to the 3’ UTR in cells with HA-Xrn2 WT and HA-Xrn2
(D235A) transgenes. These cells were used for all other experiments. To confirm that the
over-expressed WT and D235A Xrn2 are recruited to endogenous genes we performed anti-
HA ChIP of the tagged proteins. The results in Figure S1B show that the WT and D235A
Xrn2 are recruited to the termination region of the GAPDH gene and the TSS of the RPL32
gene at approximately equivalent levels. We conclude that the D235A mutation does not
inadvertently inhibit the ability of Xrn2 to associate with transcription complexes.

Notably we found that expression of Xrn2 (D235A) in the context of endogenous Xrn2
knockdown specifically extended regions of pol 1l occupancy beyond the poly(A) site by up
to several kilobases relative to the WT Xrn2 control (Fig. 1C—H) and this result was
reproduced in a biological replicate (Fig. S1D-I). The effect of inactivating the Xrn2
nuclease on transcription is likely dose-dependent because the combination of endogenous
Xrn2 knockdown with expression of mutant Xrn2 had a markedly greater impact than either
treatment alone. Furthermore the effect of Xrn2 enzymatic inactivation is widespread as
shown by the shift in pol Il density further into 3’ flanking sequences in a metaplot of
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several thousand well-separated genes (Figs. 11, S1C). We interpret this result to mean that
poly (A) site dependent termination is generally delayed but not entirely prevented by
interfering with Xrn2 access to 5" PO, ends. Pol 11 density normally increases in flanking
sequences relative to the 3’ end of the gene consistent with a transcriptional slow-down or
pause prior to termination. Xrn2 nuclease inactivation extended the length of termination
zone without reducing the density of pol 11 in that region. Thus while inactivating Xrn2
nuclease activity delays termination, it does not diminish the apparent pause that precedes
termination. In summary, Xrn2 exonuclease is required for timely pol Il termination
downstream of poly(A) sites genome-wide in human cells as predicted by the torpedo
model.

The position of the termination zone is a gene-specific property

To address whether the length of the termination zone is a specific property of individual
genes, we analyzed pol Il density profiles in the 3’ flanking regions of highly expressed,
well-separated non-histone genes. Genes were initially clustered into 2 groups based on
relative pol Il occupancy in their 3’ flanking regions in HEK293 cells (Fig. 2A). Gene
groups | and 11 (Table S1) have peaks of relative pol Il density approximately 1kb and 3kb
downstream of the most 3’ poly(A) site. We compared pol Il ChlP-seq profiles in 3’ flanking
regions for HEK293, Hela, 21NT breast epithelial and HAP1 myeloid leukemia lines and
found a remarkable conservation of the termination groups between these lines (Fig. 2B, C).
This observation suggests that the location of the termination zone is a relatively constant
intrinsic gene-specific feature. Groups | and 11 did not differ markedly in the strength of
their poly(A) sites but group | had slightly higher frequencies of AATAAA and ATTAAA
consensus sequences. We next asked how Xrn2 affects termination at group | and group Il
genes, and found that Xrn2 (D235A) caused a robust termination delay in both gene groups
(Fig 2D, E). These results therefore suggest that Xrn2 plays an important role in termination
at both proximal and distal positions downstream of poly(A) sites.

Xrn2 facilitates termination at some genes with polyA-transcripts

We examined whether Xrn2 functions in pol Il termination at genes whose RNA 3’ ends are
formed by cleavage mechanisms that are not coupled to polyadenylation. Mutation of Xrn2
robustly delayed termination of the non-adenylated miRNA host gene MIR17HG processed
by the microprocessor (Dhir et al., 2015) and the MALAT and MENP IncRNAs whose 3’
ends are formed by RNAseP cleavage (Wilusz and Spector, 2010) (Fig. 3A-C, Fig. S2A-C).
Consistent with a direct Xrn2 function in termination at these genes, ChIP experiments show
that it is recruited to their 3’ ends (Fig. 4A-C). Xrn2 (D235A) also markedly delayed
termination at a cohort of over 70 genes that are candidates for termination mediated by self-
cleaving CoTC elements (Nojima et al., 2013) (Fig. 3D). Together these results strongly
suggest that the Xrn2 exonuclease torpedo can mediate termination at genes where 3’ ends
are made by cleavage mechanisms other than canonical cleavage coupled to
polyadenylation.

Pol 1l ChlP-seq showed that the Xrn2 (D235A) dominant negative mutant does cause a
modest shift in pol Il occupancy into the 3’ flanking regions of some histone and U sSnRNA
genes consistent with delayed termination (Fig. 3E, G, Fig. S2D, E). Metaplots of the

Mol Cell. Author manuscript; available in PMC 2016 October 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fong et al.

Page 6

average pol Il profile for several hundred U snRNA genes showed a small but detectable
delay in termination in the Xrn2 D235A mutant (Fig. 3F) that is consistent with the presence
of Xrn2 on these genes as detected by ChIP (Fig. 4D-F). On the other hand, average pol Il
density over about 70 well-transcribed histone genes did not suggest a widespread delay in
termination when Xrn2 was inhibited (not shown), despite the fact that Xrn2 is recruited to
histone genes (Fig. 4G, H). These results are consistent with a redundant termination
mechanism(s) operating side-by-side with Xrn2 at histone and U SnRNA genes or that these
genes are less sensitive to reduced Xrn2 activity.

We mapped pol Il density across over 1200 intragenic and intergenic miRNA genes and
found a drop in pol Il density at their 3’ ends consistent with transcription termination, or
possibly an acceleration of pol 11 elongation rate (Fig. 3I). However, the Xrn2 mutant had
little or no overall effect on the putative termination 3’ of miRNA genes (Fig. 31). Similarly
termination at the non-canonical mMiRNA320A gene that is not a substrate of microprocessor
(Xie et al., 2013) is unaffected by Xrn2 nuclease inactivation suggesting that an independent
termination mechanism is involved (Fig. 3H). In summary the results in Figures 1-4 indicate
that Xrn2 makes different contributions to termination at different classes of pol 1l
transcribed genes. It has a major influence of termination at most human genes with poly(A)
sites, and also has a detectable positive effect on termination at some genes with alternative
forms of RNA 3’ end formation (Fig. 3) where it may act redundantly with other termination
factors (Rondon et al., 2009).

Elongation rate has widespread effects on termination downstream of poly(A) sites

To investigate whether kinetic competition affects the timing of transcription termination
downstream of mRNA coding genes, we mapped pol Il by ChIP in previously described
inducible cell lines expressing a-amanitin resistant mutants of the human large subunit that
accelerate or decelerate elongation. The R749H substitution in the funnel domain slows
elongation whereas the E1126G trigger loop mutation accelerates transcription. Average in
vivo elongation rates in these cell lines were 1.7 kb/min for the WT Am' pol I1, 0.5 kb/min
for R749H and 1.9 kb/min for E1126G (Fong et al., 2014). Pol 11 ChIP was conducted in
cells treated with doxycycline to induce the WT or mutant Am" large subunits, and then with
a-amanitin for 42 hr. to inhibit and degrade endogenous pol 11 large subunit. Notably, pol I
density profiles in the 3’ flanking regions of several protein coding genes (Fig. 5A-F) show
that the slow R749H mutant provokes proximal termination and the fast E1126G mutant
provokes distal termination relative to WT Am' pol I1. The shifting of termination sites in
the pol Il mutants is substantial, often increasing or decreasing the length of the transcribed
3’ flanking regions by several kilobases (e.g. Figs. 5C-E). Furthermore the effects of slow
and fast elongation mutants on where termination occurs are general, as evidenced by
average pol Il densities in a group of over 9000 well-separated genes (Fig. 5G). The results
of this meta-analysis show that the slow R749H mutant shifted the average pol Il profile in
3’ flanking regions upstream relative to WT by 1-2kb. The fast E1126G mutant on the other
hand caused an overall flattening of the pol Il profile in the termination zone that replaced
the clear drop-off in pol 11 density that occurs with WT pol II. This flattened profile is
consistent with reduced pausing, delayed termination and consequent broadening of the
“termination zone”. We examined the effects of elongation rate at Group | and Il genes that
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terminate at different positions relative to the poly(A) site (Fig. 2A—C) and found that slow
and fast mutants shift sites of termination proximally and distally respectively in both groups
(Fig. 5H, 1.

In summary, the ways in which slow and fast pol 1l mutants shifted termination at thousands
of genes, are most simply accounted for by kinetic competition between elongating RNA
polymerase and a “torpedo” pursuing it. These results therefore provide a new independent
line of evidence that validates a previously untested prediction of the original “torpedo”
model of poly(A) site dependent termination (Connelly and Manley, 1988).

Elongation rate effects on termination at genes with polyA-transcripts

We asked whether transcription elongation rate also affected termination at genes with
modes of RNA 3’ end formation other than cleavage/polyadenylation. The results in Figure
6 show that termination at histone and U sSnRNA genes can be affected by elongation rate in
a similar way to genes with poly(A) sites. The fast mutant pol Il extended further past the 3’
ends of these genes than the slow mutant, though the distances travelled into 3’ flanking
sequences are much less than at most poly (A) site-containing genes, consistent with
previous work (Anamika et al., 2012). In summary these results suggest that kinetic
competition with transcription elongation is a functional determinant of where termination
occurs at least at some genes with non-canonical modes of 3’ end formation. This conclusion
is supported by the effects of the dominant negative Xrn2 (Fig. 3) and by the presence of
Xrn2 at histone and U snRNA genes as determined by ChIP (Fig. 4).

Natural variation in elongation rate correlates with location of the termination zone

The pol Il mutants show that changing the elongation rate of pol Il mutants can influence
where transcription terminates downstream of most genes. This observation begs the
question of whether the variation in elongation rate between genes influences where
transcription normally terminates. To test this idea we compared termination on genes with
fast and slow average elongation rates as determined by in vivo pulse labeling of nascent
RNA after release of a DRB transcription block (Fuchs et al., 2014). Remarkably we found
that the fastest genes identified in that study (>4kb/min) had markedly different termination
profiles than the slowest genes (<3.5kb/min) as determined by pol Il ChlP seq in their 3’
flanking regions. The analysis in Figure 7 showed that the genes with slow elongation rates
have more proximal termination than those with fast elongation both in Hela and HEK293
cells. These results therefore argue that one important determinant of the length of the
termination zone at a particular gene is the natural rate of transcription elongation. Notably
the effects of natural variation in elongation rate, and manipulated changes in rate due to
mutation of Rpb1l, are identical. In both cases fast elongation is associated with delayed
termination relative to slow elongation.

Discussion

In this report we tested two central predictions of the torpedo model for RNA pol Il
transcription termination (Connelly and Manley, 1988) in human cells: a) that termination
requires the nuclear 5’-3’ exonuclease Xrn2 and b) that there is kinetic competition between
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transcript elongation by pol Il and transcript degradation by the exonuclease. In budding
yeast the Ratl homologue of Xrn2 has an established role in termination downstream of
poly(A) sites but it has not been clear if this is a general paradigm. In fission yeast the
nuclear exosome, a 3’-5’ exonuclease, functions as a terminator and the importance of Ratl
in this process is not known (Lemay et al., 2014). Unexpectedly, knockdown of Xrn2 has
little or no effect on termination downstream of poly(A) sites on natural chromosomal genes
(Brannan et al., 2012) leading to the suggestion that it may function exclusively in
premature termination near 5’ ends (Nojima et al., 2015). We re-examined the role of Xrn2
in termination downstream of genes using a combination of sShRNA knockdown and
expression of a dominant negative active site mutant, D235A that is predicted to lack
exonuclease activity and obstruct access of WT Xrn2 to substrate 5’ PO, ends (Jinek et al.,
2011). Termination was analyzed genome-wide by anti-pol 11 ChlP-seq which permits
mapping of pol 1l occupancy in the “termination zone” downstream of the 3’ ends of genes
before it is released from the template (Fig. 1A). The salient result of these experiments is
that Xrn2 is indeed required genome-wide for proper termination downstream of thousands
of poly(A) site containing genes (Figs. 1, 2). Termination was not prevented, but was
delayed by as much as 5kb or more on some genes when Xrn2 exonuclease activity was
inhibited (e.g. Fig. 1E). This observation is in agreement with results in in budding yeast,
showing that inactivation of Ratl nuclease delays, but does not eliminate termination both in
vivo (Kim et al., 2004) (B.E. and D.B. unpublished) and in vitro (Park et al., 2015). We
conclude that the 5’-3" RNA exonuclease, Xrn2, is a major effector of termination
downstream of poly(A) sites throughout the human genome. Dominant negative Xrn2 also
delayed termination at some genes that make poly(A)-transcripts including U snRNAs that
are cleaved by the Integrator complex and the long non-coding RNAs MALAT1 and MENP
that are cleaved by RNAseP (Fig. 3). These results suggest that the Xrn2 torpedo can load
onto 5’ PO, ends exposed not only by CPSF mediated cleavage coupled to polyadenylation,
but also by other endonucleolytic mechanisms.

An integral feature of the torpedo model is that after the exonuclease engages the cleaved
nascent transcript, it must pursue the polymerase and catch up to it before it can promote
destabilization of the transcription elongation complex. This scheme implies an obligate
kinetic competition between polymerase translocation by transcript elongation and torpedo
translocation by 5’-3’ exonucleolytic digestion. We tested for kinetic competition by using
fast and slow pol Il mutants to determine whether elongation rate affects where termination
occurs. These experiments demonstrated that slow elongation causes proximal termination
and conversely fast elongation causes distal termination at thousands of genes with poly(A)
sites (Fig. 5, Fig. S3). Termination at some histone and U snRNA genes that make non-
adenylated transcripts was similarly affected by the pol 1l mutants (Fig. 6, Fig. S4).
Importantly, these effects of transcription rate on termination are most easily accounted for
by kinetic competition between elongating pol Il and a 5’-3’ translocating torpedo that
follows it. Previously kinetic competition between RNA polymerase and 5’-3' RNA
helicases was reported for Rho in E. coli (Jin et al., 1992) and Sen1 at yeast SnoRNA genes
(Hazelbaker et al., 2013). We can not absolutely eliminate the possibility that the slow and
fast pol 1l mutants affect termination by an unknown mechanism unrelated to their effects on
elongation rate. However two lines of evidence argue against this possibility: 1) If the
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mutants worked independently of elongation rate, then it is not clear why the slow and fast
mutants would have opposite effects on termination (Fig. 5); 2) Wild-type pol Il terminates
later on genes with fast elongation than on genes with slow elongation (Fig. 7).

The size of the termination zone downstream of a poly(A) site varies between genes
(Anamika et al., 2012) and is relatively constant between cell types (Fig. 2B, C) suggesting
that it is an intrinsic gene-specific property. We found that genes with fast elongation have
more distal sites of termination than genes with slow elongation (Fig. 7) consistent with the
effects of fast and slow pol Il mutants. Natural variation in elongation rate (Danko et al.,
2013; Fuchs et al., 2014; Veloso et al., 2014) is therefore a likely determinant of where
termination occurs downstream of genes. It remains to be tested whether Group I genes with
proximal termination sites (Fig. 2) have slower average elongation rates than Group Il genes
with distal termination sites. Control of the extent of the zone of termination downstream of
genes by elongation rate could be of functional importance in cases where it affects
interference with adjacent sense or antisense transcription units, or collisions with
replication forks (Alzu et al., 2012). It will be of interest in future to investigate whether
modulation of “torpedo” function has a regulatory role in determining where transcription
termination occurs.

Our results demonstrate that Xrn2 exonuclease dependent termination operates widely
among pol Il transcribed genes in human cells, but they do not eliminate the possibility that
other modes of termination also at work on these genes. Redundant termination mechanisms
might be required for example if there were 3’ flanking sequences that block Xrn2
translocation. Such redundancy is consistent with the fact that inhibition of Xrn2 did not
eliminate termination, but only delayed it. Additional candidate terminators include the
DNA helicase TTF2, the RNA helicase senataxin and the RNA binding protein p54nrb that
interact with Xrn2 (Brannan et al., 2012; Kaneko et al., 2007; Skourti-Stathaki et al., 2011),
as well as the nuclear exosome (Lemay et al., 2014) and the pol 11 CTD-binding protein,
Pcfl1l (Zhang and Gilmour, 2006). Our results are not consistent with widespread in vivo
use of the poly(A) site-cleavage independent termination mechanism reported in vitro
(Zhang et al., 2015), because such a mechanism is predicted not to be affected by Xrn2
activity. The effects of fast and slow elongation on termination are consistent with any
exonuclease or helicase “torpedo” that translocates 5 to 3’ along the nascent transcript and
ultimately catches up with the polymerase to dislodge it (Connelly and Manley, 1988).
However, as originally predicted (Connelly and Manley, 1988), the termination defects
caused by an Xrn2 active site mutant at most pol 11 transcribed genes strongly implicate a
5’-3 RNA exonuclease torpedo mechanism together with kinetic competition that determines
where termination occurs.

Experimental Procedures

Plasmids

The human Xrn2 ORF sequence was inserted into the pcDNA5/FRT/TO (Invitrogen) with a
6XHA C-terminal epitope tag. The D235A mutation was introduced by mismatch overlap
extension PCR.
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Site-specific integration of pcDNAS5 Xrn2 expression plasmids into HEK293-Flp-in T-REX
cells (Invitrogen) was mediated by Flp recombinase. The cells were maintained in DMEM
media supplemented with 10% FBS, 200ug/ml hygromycin B, 6.5ug/ml blasticidin, and pen/
strep. Expression was induced with doxycycline (2.0 pg/ml) for 24 hr. before harvesting for
ChIP. These cells were infected with lentivirus pLKO0.1 expressing shRNA targeting the
Xrn2 3’ UTR (TRCN0000293640 target sequence GTGTATTCTAGATCATCTAAG) and
were stably selected in puromycin (2.0 ug/ml) as described(Brannan et al., 2012). HEK293
cells expressing WT, slow (R749H) and fast (E1126G) a-amanitin resistant mutants of Rpb1
have been described (Fong et al., 2014). ChIP extracts were prepared from these cells after
induction with doxycycline (2.0 pg/ml) for 12-16 hr. and treatment with a-amanitin (2.5
ug/ml) for a further 42hr. 21NT human breast cells (Band et al., 1990) were grown in
DMEM, 10mM Hepes, 1mM sodium pyruvate, 1X non-essential amino acids, 2mM L-
glutamine, 1% pen/strep, 10% fetal bovine serum, 1ng/ml insulin, Lug/ml hydrocortisone
and 12.5ng/ml human epidermal growth factor. HAP1 myeloid leukemia cells (Carette et al.,
2012) were grown in IMDM 10% FBS, 4mM L-glutamine, and 1%pen/strep.

Rabbit anti-pan pol 1l CTD and anti-Xrn2 were described previously (Brannan et al., 2012;
Schroeder et al., 2000). Anti-HA rabbit polyclonal was affinity purified..

ChIP has been described (Kim et al., 2011). Enzymatic steps and size fractionation of
libraries were done on AMPure XP SPRI beads (Beckman Coulter Genomics) (Fisher et al.,
2011) and sequenced on the lllumina Genome Analyzer 1Ix or Hi-Seq platforms. Reads were
mapped to the hg19 UCSC human genome (Feb. 2009) with Bowtie version 0.12.5
(Langmead et al., 2009) (Table S2). We generated bed and wig profiles using 50bp bins and
200bp windows assuming a 180bp fragment size shifting effect. Results were viewed with
the UCSC genome browser and meta plots were generated using R. Metaplots include all
genes in common between the relevant data sets for which a minimum ChiP signal was
obtained in all bins. The heatmap was made using the 543_heatmap function in HMTools
https://github.com/actor0/hmtools.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Exonuclease dead Xrn2 causes widespread delays in poly(A) site dependent
termination

A. The torpedo model of transcription termination by Xrn2 in kinetic competition with
elongating pol Il in the “termination zone” downstream of the poly(A) site.

B. Induction of HA-tagged WT and exonuclease dead (D235A) Xrn2 with doxycycline
(24hr) in HEK293 Flp-in TREX cells. Western blot signals with anti-Xrn2 antibody were
normalized to the CstF77 loading control using the Bio-Rad ChemiDoc MP imaging system.
Xrn2 shRNA knockdown was >75% (lanes 2,3 vs lane 1) and over-expression of WT and
D235A HA-tagged Xrn2 over endogenous was approximately 2.5 fold (lanes 4, 5).

C-H. Anti-Pol Il ChIP-seq shows delayed termination downstream of most genes with
poly(A) sites in cells expressing D235A dominant negative mutant Xrn2 relative to WT.
Endogenous Xrn2 is stably knocked down with an shRNA targeted to the 3’ UTR. UCSC
genome browser screen shots are shown with arrows indicating 3’ extension of the
termination zone caused by Xrn2 (D235A). Poly(A) sites are marked by vertical blue lines.
Scale bars represent 2kb. A biological replicate ChIP-seq is shown in Figs. S1D-I.

I. Metaplot of mean pol Il ChIP signals normalized to the poly(A) site for over 10,000 well
separated genes (>5kb apart) in cells expressing WT and dominant negative Xrn2 (D235A).
Note the downstream shift in average pol Il density caused by expression of mutant Xrn2. A
biological replicate is shown in Figure S1C.
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Figure 2. The termination zone is a reproducible gene-specific feature influenced by Xrn2
activit

A Tw)(/) groups of genes (I, 11, Table S1) that terminate at proximal, and distal positions
relative to the poly(A) site. Pol Il ChIP seq profiles for well separated (>8kb) non-histone
genes in HEK293 cells expressing WT HA-Xrn2 were clustered by k-means clustering
(kmeans function in R) after converting a distribution into binary features below and above
75 percentile.

B. C. Proximal and distal termination groups I and Il are conserved between cell types.
Mean Pol Il ChIP seq signals for HEK293 cells as in A, Hela, HAP1 myeloid leukemia and
21NT breast epithelial cells are shown. Note that termination distance is an intrinsic
property of genes conserved between cell types.

D, E. Xrn2(D235A) impairs termination at proximal and distal positions relative to the
poly(A) site. Mean Pol Il ChIP-seq signals are plotted from the experiment in Fig. 1.
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Figure 3. Mutant Xrn2 inhibits termination at a subset of genes with alternative modes of 3’ end
formation

A-C. Xrn2(D235A) impairs termination at Inc RNA genes with RNAseP- (A, B) and
microprocessor-mediated (C) 3’ end cleavage. UCSC genome browser screen shots of pol Il
ChlIP-seq results as in Fig. 1C. Arrows indicate 3’ extension of the termination zone caused
by Xrn2 nuclease inactivation. 3’ ends are marked by vertical pale blue lines. These results
are reproduced in a biological replicate ChlP-seq experiment shown in Figure S2A-C.

D. Xrn2 D235A delays termination at candidate CoTC containing genes (Nojima et al.,
2013). Metaplot of mean pol 11 ChIP signals normalized to poly(A) site.

E. Xrn2 D235A delays termination at a U4 snRNA gene. (See also Figure S2D).

F. Xrn2 D235A delays termination at U snRNA genes. Metaplot of mean pol Il ChIP signals
normalized to —500 bp relative to the TSS. Note a modest but detectable average delay in
termination caused by the Xrn2 (D235A) mutant.

G. Xrn2 D235A delays termination at a replication-coupled histone H3 gene. (See also
Figure S2E).

H. No detectable effect of Xrn2 mutation on termination at the non-canonical miR320A
gene whose transcript is not cleaved by microprocessor (Xie et al., 2013).

1. No general effect of Xrn2 mutation on putative termination downstream of canonical
miRNA genes that are cleaved by microprocessor. Metaplots of mean pol Il ChiIP signals
normalized to —500 bp relative to the 5" ends of miRNA genes. Note that pol Il density drops
downstream of miRNA genes consistent with termination, but the density profile is not
noticeably affected by Xrn2 (D235A).
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Figure 4. Xrn2 localizes to 3’ ends of genes with non-adenylated transcripts
Xrn2 ChiP-seq of doxycycline induced HEK293 cells expressing WT Xrn2 as in Fig. 1. A—

C. Inc RNA genes with RNAseP- (A, B) and microprocessor-mediated (C) 3’ end cleavage.
D-F. U snRNA genes. G, H. replication coupled histone genes. UCSC genome browser
screen shots of pol Il ChlP-seq results as in Fig. 1C. Blue lines mark 3’ ends.
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Figure 5. Pol 11 elongation rate has widespread effects on poly(A) site dependent termination
A-F. Anti-Pol 1l ChlIP-seq in HEK 293 Flp-in TREX cells expressing WT, slow (R749H,

red) and fast (E1126G, green) a-amanitin resistant (Am") pol 1l large subunits. Cells were
treated with doxycycline to induce expression of Amr large subunits, then with a-amanitin
for 42 hrs to inhibit and degrade endogenous pol 11 prior to ChIP with anti-pol 11 antibody.
UCSC genome browser screen shots are shown with red and green arrows indicating
shortening and extension of the termination zone caused by slow and fast mutants. Poly(A)
sites are marked by vertical blue lines. Scale bars represent 2kb. These results are
reproduced in biological replicate ChlP-seq experiments shown in Figure S3.

G. Metaplots of mean pol Il ChlP signals normalized to the poly(A) site as in Fig. 11 for
well-separated genes (>5kb apart) in cells expressing WT (black) slow (R749H, red) and
fast (E1126G, green) a-amanitin resistant (Am") pol Il large subunits. Note more proximal
termination in the slow mutant relative to WT and delayed termination in the fast mutant and
a less prominent peak of pol 1l density 3’ of the PAS.

H-I. Metaplots of mean pol 1l ChIP signals for proximal and distal termination groups I and
Il as in Figure 2. Note effects of elongation rate on both proximal and distal termination.
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Figure 6. Pol 11 elongation rate effects on termination at histone and U snRNA genes
A—-E. UCSC genome browser screen shots of pol 11 ChIP-seq results for selected histone (A,

B) and U snRNA genes (C—F) are shown with red and green arrows indicating shortening
and extension of the termination zone caused by slow and fast mutants. Vertical blue lines
mark RNA 3’ ends. Blue scale bars represent 1kb. These results are reproduced in biological
replicate ChlP-seq experiments shown in Figure S4.
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Figure 7. Elongation rate correlates with the extent of the termination zone
A, B. Metaplots of mean pol 1l ChlP-seq signal normalized to the poly(A) site for genes

with fast (>4kb/min) or slow (<3.5 kb/min) elongation rate as defined in Hela cells by Fuchs
etal. (Fuchs et al., 2014). Note that slow elongation correlates with more proximal and fast
elongation with more distal termination and this is conserved between Hela and HEK293
cells. HEK293 pol Il ChlIP is from cells expressing WT HA tagged Xrn2 (Fig. 1). Hela pol Il
ChlIPseq data (GSE30895)is from (Kim et al., 2011).
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