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Transcription termination determines the ends of transcriptional units and thereby ensures the integrity of the
transcriptome and faithful gene regulation. Studies in yeast and human cells have identified the exoribonuclease
XRN2 as a key termination factor for protein-coding genes. Herewe performed a genome-wide investigation of RNA
polymerase II (Pol II) transcription termination in XRN2-deficient Caenorhabditis elegans and observed two dis-
tinct modes of termination. Although a subset of genes requires XRN2, termination of other genes appears both
independent of, and refractory to, XRN2. XRN2 independence is not merely a consequence of failure to recruit
XRN2, since XRN2 is present on—and promotes Pol II accumulation near the polyadenylation sites of—both gene
classes. Unexpectedly, promoters instruct the choice of termination mode, but XRN2-independent termination
additionally requires a compatible region downstream from the 3′ end cleavage site. Hence, different termination
mechanisms may work with different configurations of Pol II complexes dictated by promoters.
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Gene transcription involves three major steps: initiation,
elongation, and termination. Transcription termination
determines the ends of transcriptional units by disassem-
bling the transcription elongation complex (TEC), thereby
releasing RNA polymerases and nascent transcripts from
DNA templates (Porrua et al. 2016; Proudfoot 2016). Fail-
ure in termination causes transcription readthrough,
which yields wasteful and possibly harmful intergenic
transcripts. It can also perturb expression of downstream
genes when the unterminated TEC sweeps transcription
initiation complexes off their promoters or collides with
RNA polymerases that transcribe opposite strands (Shear-
win et al. 2005). In eukaryotes, termination of protein-
coding gene transcription by RNA polymerase II (Pol II)
usually requires a functional polyadenylation (pA) signal,
typically a variation of the AAUAAA hexamer. Nascent
pre-mRNA is cleaved and the 5′ fragment is polyadeny-
lated at the pA site shortly downstream from the hexamer
by cleavage and pA factors (CPFs) (Shi and Manley 2015).
Two mechanisms have been suggested for transcription
termination of Pol II. In the allostericmodel, the pA signal
and/or other termination signals in the pA signal down-
stream region (PDR) induce reorganization of the Pol II
complex; i.e., association or dissociation of components
such as CPFs (Kim et al. 2004a; Zhang et al. 2005, 2015).

This causes conformational changes in Pol II and thus
TEC disassembly. In the kinetic model, also known as
the “torpedo” model, cleavage at the pA site separates
the pre-mRNA from the TEC, which continues synthesiz-
ing a downstream nascent transcript. This transcript is a
substrate of XRN2/Rat1p, a processive 5′-to-3′ exoribonu-
clease that catches upwith, and disassembles, the TEC by
an unknown mechanism (Kim et al. 2004b; West et al.
2004). The two models are not mutually exclusive, and
unifiedmodels have been proposed (Luo et al. 2006; Zhang
et al. 2015).

Although transcription termination can occur in vitro
without transcript cleavage at the pA site (Zhang et al.
2015), recent transcriptomics studies led to the conclu-
sion that XRN2/Rat1p are broadly important for efficient
transcription termination in human cells (Fong et al.
2015) and budding yeast (Baejen et al. 2017). At the same
time, because XRN2 inactivation does not fully prevent
but only delays termination in human cells and because
Rat1p depletion in yeast caused globally less severe termi-
nation defects than depletion of CPFs, alternative termi-
nation mechanisms have been speculated to compensate
partially for loss of XRN2 (Fong et al. 2015; Baejen et al.
2017). Here, we provide direct evidence for the operation
of an XRN2-independent pathway of transcriptional ter-
mination in Caenorhabditis elegans. We demonstrate
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that the two pathways affect separate genes, with specific
gene features (most notably promoters) instructing path-
way choice. Hence, alternative termination pathways
operate in C. elegans but appear distinct rather than re-
dundant in function.

Results

Readthrough transcripts accumulate in the absence
of XRN2

To examine the effect of XRN2 on the C. elegans tran-
scriptome, we sequenced mRNA from animals depleted
for XRN2 by RNAi. We noticed that a specific subset of
genes showed elevated levels of downstream intergenic
transcripts in XRN2-depleted samples as compared with
mock RNAi control samples (Fig. 1A; Supplemental Fig.
S1A,B), whereas other genes did not (Fig. 1B; Supplemen-
tal Fig. S1C). Since the sequencing libraries had been pre-
pared from RNA purified by oligo-dT beads, we wondered
whether these intergenic transcripts had been selectively
captured due to pA or intrinsic adenine-rich sequences

that specifically occurred in downstream regions of these
genes. However, this was not the case, since specificity
was retainedwhenwe sequenced total RNAdepleted of ri-
bosomal RNA (rRNA) (Supplemental Fig. S1D–F), sug-
gesting the possibility of a selective readthrough defect
upon XRN2 depletion.
Upon XRN2 knockdown, some regions showed inter-

genic transcription spanning distances of up to tens of ki-
lobases (Fig. 1C). We found an instance in which the most
upstream gene contributed to transcriptional readthrough
over 50 kb, invading downstream gene loci (Fig. 1C; Sup-
plemental Fig. S1G). In general, invasion is thought to re-
duce downstream gene expression by interfering with
transcription initiation (Greger and Proudfoot 1998;
Shearwin et al. 2005). InC. elegans, however, readthrough
transcripts might give rise to functional mRNAs because
trans-splicing can separate bicistronic or multicistronic
transcripts and provide downstream transcripts with a 5′

cap required for translation (Krause and Hirsh 1987; Allen
et al. 2011). Accordingly, we saw little evidence for accu-
mulation of long transcripts, with downstream genes re-
taining extensive read coverage for exons but not for
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Figure 1. XRN2 inactivation yields readthrough transcripts on a specific subset of genes. Wild-type animals were treated with mock or
xrn-2 RNAi from L1 to L4 stage and analyzed by RNA sequencing (RNA-seq). Snapshots of dpy-13 (A), col-180 (B), and a >50-kb region
downstream from dpy-13 (C ) genes are shown. RNA levels were normalized to total library size and are shown in green in a log2 scale
(0–13). Genes are shown in blue. Only reads aligning to the same strand as the gene of interest are included, and genes on the same strand
are marked with red arrows. (D) Schematic of the downstream and upstream regions used to identify XRN2-dependent termination. The
upstream region consists of the 2 kb immediately upstream of the transcript start site (TSS), while the downstream region consists of the
intergenic region downstream from the transcript end site (TES), extending either until the TSS of the next downstream gene on the same
strand or up to 10 kb at the longest. Genes showing significantly up-regulated read number in downstream regions in xrn-2(RNAi) versus
mock but no significantly up-regulated read number in upstream regions were classified as XRN2-dependent. Genes showing significant
up-regulation in both upstream and downstream regions could not be classified accurately and were omitted from further analysis. (E)
Volcano plot showing genome-wide analysis of read counts in regions downstream from all expressed genes. The X-axis represents the
log2 fold change in reads betweenmock and xrn-2RNAi conditions, while the Y-axis represents the adjusted −log10 P-value for each com-
parison. Cutoffs of P < 0.05 and log2 fold change ≥1 were used to define genes showing increased downstream readthrough in xrn-2 RNAi
(red plus gray points). This set of genes was further filtered based on changes in upstream read counts and operonmembership to result in
the final set of high-confidence XRN2-dependent genes (red points; see the text).
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introns (Fig. 1C). Moreover, pre-mRNA 3′ end cleavage,
which precedes degradation of nascent transcripts by
XRN2 in the torpedo model, was not impaired by XRN2
depletion: Knockdown of a CPF PCF11 caused accumula-
tion of both downstream transcripts (dpy-13DS) and tran-
scripts spanning the cleavage site (dpy-13 CS), whereas
only the former accumulated upon XRN2 knockdown
(Supplemental Fig. S1H,I). Finally, when we examined
specifically transcripts of the ama-1 gene, located down-
stream from dpy-13, we found that levels of mature
mRNA—i.e., 5′-capped (trans-spliced), cis-spliced, and
polyadenylated transcripts—increaseduponXRN2knock-
down (Supplemental Fig. S1J). Thus, transcription read-
through can cause ectopic expression and overexpression
of downstream genes inC. elegans (see also Fig. 4, below).

A large subset of genes fails to yield detectable
accumulation of readthrough transcripts upon XRN2
inactivation

In order to determine a high-confidence set of genes
that are dependent on XRN2 for their termination, we
calculated the change in strand-specific read density
downstream from aswell as in the 2 kb of sequence imme-
diately upstream of all genes upon XRN2 depletion (Fig.
1D). For genes with increased read density in both up-
stream and downstream regions, readthrough transcrip-
tion might derive entirely or partially from a gene
farther upstream, as evidenced above for the loci down-
stream from dpy-13. Hence, although this group might
contain genuine targets of XRN2, we disregarded them
for further analysis. We also discarded genes in operons,
as the average intercistronic distance was too short to re-
liably quantify readthrough. Using a cutoff of at least two-
fold up-regulation, we identified 1693 XRN2-dependent
genes (Fig. 1E; Supplemental Table S1).

Remarkably, out of 15,660 genes that were expressed in
our experiment and for which we could clearly define a
downstream region, 12,677 did not show increased read
density in downstream regions upon XRN2 depletion by
RNAi. As RNAi by feeding does not work efficiently in
certain types of cells, such as most neurons (Tavernarakis
et al. 2000), specific expression of genes in RNAi-resistant
cellsmay falsely categorize themasXRN2-insensitive. To
address this potential artifact, we performed RNA se-
quencing (RNA-seq) with a temperature-sensitive xrn-2
mutant strain, xrn-2(xe31) (see below), either on its own
or additionally supplemented with a transgene encoding
a catalytically dead xrn-2(D234/236A) mutant (xrn-2cd)
(Miki et al. 2014a,b). The latter setup was chosen to
achieve a particularly thorough inactivation of XRN2,
mirroring an approach used previously for human cells
(Fong et al. 2015). We found strongly correlated changes
of downstream transcript levels among the three data
sets, further supporting gene specificity in XRN2-depen-
dent transcription termination (Fig. 2A–C). At the same
time, each experiment also revealed a unique set of
XRN2-dependent genes (Supplemental Fig. S2A), validat-
ing our approach to successfully reducing false identifica-
tion of XRN2-insensitive genes.

It seemed possible that detection of readthrough was
determined mostly by the expression levels of affected
genes. However, we observed that although a weak
positive relationship between gene expression and read-
through transcription exists (R2 = 0.058), XRN2-depen-
dent genes are expressed at a wide range of levels, and,
conversely, many highly expressed genes are not XRN2-
dependent (Fig. 2D). Similarly, changes in gene expression
upon XRN2 RNAi had a very weak ability to predict read-
through (R2 = 0.081) (Fig. 2E). We conclude that although
high expression levels may aid detection of readthrough,
our inability to detect readthrough for a large number of
genes is not a technical consequence of their insufficient
expression.

Nonetheless, in order to explore features of XRN2-de-
pendent and XRN2-insensitive genes without any con-
founding influence of expression levels, we selected
1657 XRN2-insensitive genes from the pool of genes
that showed no readthrough in any of our experiments
with matching mRNA levels under mock conditions
(Supplemental Fig. S2B). Unless noted otherwise, all fol-
lowing comparisons here use these matched groups of
genes, which we call XDT (XRN2-dependent for termina-
tion) and non-XDT genes, respectively. The two groups
did not show obvious differences in basic gene structure,
such as gene body length (Supplemental Fig. S2C), number
of introns (Supplemental Fig. S2D), the incidence of the
canonical pA signal AAUAAA (61.6% and 66.8% of anno-
tated 3′ untranslated regions [UTRs]) (Mangone et al.
2010), or the general nucleotide composition in the 50
base pairs (bp) upstream of and downstream from the
cleavage site (Supplemental Fig. S2E), respectively.

Pol II termination selectively fails on XDT genes upon
XRN2 knockdown

Since XRN2 degrades nascent transcripts from 3′ end
cleavage sites, it was possible that our observations re-
flected selective stabilization of downstream transcripts
fromXDT genes rather than a genuine termination defect.
To test this possibility, we examined Pol II binding to
DNAby Pol II chromatin immunoprecipitation (ChIP) fol-
lowed by sequencing (ChIP-seq) (Fig. 3A). As reported pre-
viously (Ahn et al. 2016), Pol II signal peaked around
transcript start sites (TSSs) and shortly downstream
from transcript end sites (TESs) (Fig. 3B,C), consistent
with pausing at promoters and gene ends, respectively.
For XDT genes, XRN2knockdown extended Pol II binding
toward more distal regions of PDRs (Fig. 3B, dark-gray
shaded area), supporting a role of XRN2 in transcription
termination. As no such effect occurred on the PDRs of
non-XDT genes (Fig. 3C), we can conclude that the two
groups genuinely differ in their reliance on XRN2 for
termination.

XRN2 binds to—and enhances Pol II accumulation at the
TESs of—both XDT and non-XDT genes

We considered that the specificity of XRN2 for termina-
tion of only XDT genes was conferred by selective
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recruitment of XRN2 to only XDT but not non-XDT
genes. To test this possibility, we performed XRN2
ChIP-seq on lysates from animals that carried a functional
XRN2-GFP fusion protein as their only source of XRN2
(Miki et al. 2014b). Although XRN2 appeared more abun-
dant on XDT genes, it was also readily detected on non-
XDT genes, and its abundance correlated generally well
with Pol II signal at both TSSs and TESs for both XDT
and non-XDT genes (Fig. 3D–F). Because the XRN2 termi-
nation models imply that every TEC requires at least one
XRN2 molecule for termination, selectivity in XRN2 re-
cruitment thus does not appear to be the cause of differ-
ences in XRN2 sensitivity among genes. At the same
time, binding of XRN2 to non-XDT genes appears to be
functionally relevant: Although XRN2 was dispensable
for termination of non-XDT gene transcription, its deple-
tion decreased the peak of Pol II signal in the proximal
PDR, near the TES, for both XDT and non-XDT genes
(Fig. 3B,C).

A reporter system permits detection of termination
defects in vivo

Based on the fact that readthrough transcripts can be 5′-
capped, spliced, and polyadenylated (Supplemental Fig.
S1J), we developed a reporter system to visualize tran-
scription readthrough. We exploited the fact that intercis-
tronic regions (ICRs; short sequences that separate C.
elegans genes that are coexpressed in operons) promote

trans-splicing of—and thus acquisition of a 5′ cap on—
downstream transcripts (Huang et al. 2001). We generated
a transgenewhere an ICR derived from an operon contain-
ing the gpd-2 and gpd-3 genes preceded a coding sequence
for GFP fused to histone H2B and the tbb-2 3′ UTR. H2B
was included to concentrate GFP in the nucleus, facilitat-
ing detection.We inserted the fragment into an intergenic
region downstream from the endogenous dpy-13 gene
(Supplemental Fig. S3A). Consistentwith the lack of a pro-
moter, no transgene expression occurred under mock
RNAi conditions. However, upon XRN2 knockdown,
GFP accumulated specifically in the hypodermis, the
site of dpy-13 expression (Supplemental Fig. S3B), validat-
ing the reporter function.
Since the reporter system enabled detection of termi-

nation defects in living animals, we reasoned that it
would facilitate not only examination of candidate pro-
tein factors or DNA/RNA sequence elements for in-
volvement in the process (see below) but also unbiased
screening. As a proof of principle, we performed a ran-
dom mutagenesis screen using the dpy-13 readthrough
reporter and recovered four temperature-sensitive alleles
of xrn-2 (alleles xe31 through xe34) (Supplemental Fig.
S3C,D; Supplemental Table S2). Moreover, although no
CPF mutations were uncovered in our screen, possibly
due to their detrimental effects on animal viability and
fertility, targeted CPF knockdown caused a readthrough
signal, as expected from the torpedo model (Supplemen-
tal Fig. S4).
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XRN2 dependence is determined by gene elements,
not genomic location

We exploited the reporter system to gain insight into the
sequence or chromosomal features that determined the
choice of termination mode. We made a construct com-
posed of the dpy-13 promoter (Pdpy-13), its gene body
(from TSS to pA signal), and a 0.5-kb-long PDR (Pdpy-
13::dpy-13::dpy-13PDR) followed by ICR::GFP::H2B::tbb-
23′ UTR (Fig. 4A) and inserted it into a transcriptionally in-
active region on chromosome II. Like the endogenous
dpy-13 locus on chromosome IV, the transgenic animals
showed GFP signal in hypodermal cells specifically
upon XRN2 knockdown (Fig. 4B). In contrast, animals
carrying an analogous reporter based on the non-XDT
gene col-180 (Fig. 1B), which is also expressed in hypoder-

mal cells, did not show GFP signal upon XRN2 knock-
down (Fig. 4C). Thus, XRN2 dependence for efficient
transcription termination is determined by gene elements
(namely, promoters, gene bodies, and/or PDRs) but not
genomic locations.

Promoters determine XRN2 dependence in transcription
termination

In order to address which gene element determines XRN2
dependence in transcription termination, we examined
promoters, gene bodies, and PDRs of XDT (dpy-13) and
non-XDT (col-180) genes using the readthrough reporter
system (Fig. 4; Supplemental Fig. S5A–D). When we re-
placed dpy-13PDR by col-180PDR in the dpy-13
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and lighter-blue regions indicating a lower density of points. The red points indicate XDT genes. The dashed line represents a linear re-
gression of XRN2 ChIP signal against Pol II signal.
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readthrough reporter, XRN2 knockdown, but not mock
RNAi, yielded GFP signal in hypodermal cells (Fig. 4D).
This was also true when both the gene body and the
PDRwere replaced by those of col-180 (Fig. 4E), suggesting
that neither the gene body nor the PDR determines XRN2
dependence and implicating instead the promoter.
To test the role of the promoter, we generated four ad-

ditional reporters with the gene body and the PDR of
dpy-13 and the promoters of additional XDT genes
(dpy-5 and sqt-1) or non-XDT genes (col-180 and dpy-
18), respectively. Whereas the former retained XRN2 de-
pendence (Supplemental Fig. S5A,B), the latter did not.
Instead, when col-180 and dpy-18 promoters were tested,
the reporter animals showed GFP signal even under

mock RNAi conditions, and XRN2 knockdown did not
enhance the signal (Fig. 4F; Supplemental Fig. S5C). In
other words, the constructs that combined non-XDT pro-
moters with the XDT gene body and PDR were constitu-
tively termination-incompetent irrespective of XRN2
status. Their transcription is thus refractory to termina-
tion by XRN2 activity. We can exclude that this failure
to terminate is caused by an incompatibility with the
bicistronic reporter system because an additional report-
er that contained the col-180 promoter, gene body, and
PDR terminated both in the presence of XRN2 and
upon its depletion (Fig. 4C). We conclude that the
mode of termination, dependent on XRN2 or refractory
to it, is determined at the gene promoter, which may en-
dow TECs with specific properties.
To identify features that might distinguish between the

different types of promoters, we searched for transcription
factor motifs in promoters of XDT versus non-XDT genes
usingHOMER (Heinz et al. 2010). However, therewere no
significant enrichments of known transcription factor
motifs. We did detect some enrichments of de novo mo-
tifs, but these were present in a small number of promot-
ers of either class, making their biological relevance
doubtful (Supplemental Table S3). Similarly, scanning
each set of promoters for occurrences of core promoter
motifs using OProf (Ambrosini et al. 2003) revealed a
peak in occurrences of both the TATA-box and the Inrmo-
tif around the TSS, but these peaks did not differ between
XDT and non-XDT promoters (Supplemental Fig. S5E,F).
Hence, it appears that the different promoter functionali-
ties are not due to differential usage of core promoter
elements.

Non-XDT gene termination requires a compatible PDR

The fact that the Pcol-180::dpy-13::dpy-13PDR reporter
showed transcription readthrough (Fig. 4F) while Pcol-
180::col-180::col-180PDR did not (Fig. 4C) implicated ei-
ther the gene body or the PDR of col-180 in non-XDT ter-
mination. We dissected this mechanism further by
generating a Pcol-180::dpy-13::col-180PDR reporter and
found that col-180PDR sufficed for termination of tran-
scription initiated at the col-180 promoter (Fig. 4G). col-
180PDR also terminated transcription initiated at the
dpy-18 promoter (Supplemental Fig. S5D), suggesting
that non-XDT genes share a downstream element (DSE)-
dependent termination mechanism. However, this mech-
anism does not seem to function for Pol II complexes
formed at promoters of XDTgenes, since col-180PDR failed
to terminate transcription initiated at the dpy-13 promot-
er in the absence of XRN2 (Fig. 4D). In other words, al-
though col-180PDR supported XRN2-dependent
termination from anXDT gene promoter, it did not suffice
to confer non-XDT termination. Combined with XRN2
having failed to terminate transcription initiated at col-
180 and dpy-18 promoters, this suggests that the two ter-
mination mechanisms are not interchangeable for tran-
scription from two different types of promoters
(Supplemental Fig. S6).

Gene bodyPromoter PDR
ICR

GFP H2B tbb-2 3’UTR

pA signalA

xrn-2(RNAi)Mock

B

xrn-2(RNAi)Mock

C
dpy-13Pdpy-13 dpy-13 PDR col-180Pcol-180 col-180 PDR

dpy-13Pdpy-13 dpy-13 PDR

col-180Pcol-180 col-180 PDR

dpy-13Pdpy-5 dpy-13 PDR

dpy-13Psqt-1 dpy-13 PDR

dpy-13Pdpy-18 dpy-13 PDR

dpy-13Pcol-180 dpy-13 PDR

dpy-13Pcol-180 col-180 PDR

Promoters of
XDT genes

Promoters of
non-XDT genes
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Mock   xrn-2(RNAi)

-  +
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-  +
+  +
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-  -
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Figure 4. Promoters determine XRN2 dependence in transcrip-
tion termination. (A) A transcription readthrough reporter. The
indicated construct was integrated into an intergenic region
with no active transcription. (B–G) Animals carrying the indicat-
ed constructs were treated with mock or xrn-2 RNAi from L1 to
L4 stage and observed for GFP signal. The insets show differential
interference contrast (DIC) images that confirmmid-L4 stage vul-
va morphology. Bar, 100 µm. (H) Summary of the reporter assay.
All phenotypes, GFP-positive (+) or GFP-negative (−), were fully
penetrant and scored for ≥10 animals per condition.
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Reduced elongation rate is insufficient to permit
termination on a non-XDT gene by XRN2

According to the kinetic termination model, high elonga-
tion rates may prevent or delay effective termination,
suggesting that non-XDT genes might be refractory to
XRN2-mediated termination because TECs that tran-
scribe them are too fast for XRN2 to catch up with
them (Fong et al. 2015). Since the relatively short length
of C. elegans genes is an obstacle to direct measurements
of transcription elongation rates (Jonkers and Lis 2015),
we sought to test this model by artificially decreasing
transcription elongation rates through the R743H muta-
tion in the largest subunit of C. elegans Pol II (Bowman
et al. 2011), which corresponds to the R749H mutation
that reduces elongation rates of human Pol II (Fong
et al. 2014, 2015). We examined its effect on the Pcol-
180::dpy-13::dpy-13PDR reporter, where noncompatible
dpy-13PDR prevents the non-XDT mechanism demanded
by the Pcol-180 promoter, asking whether reduced elon-
gation rates would promote termination and do so in an
XRN2-dependent manner. This was not the case, as ter-
mination continued to fail even in the presence of
XRN2 (Supplemental Fig. S7).

Discussion

Among few transcription termination factors known,
XRN2 has been particularly well characterized. Thus,
studies from both yeast and human cells support a major
and conserved function of this ribonuclease in ending
transcription (Kim et al. 2004b; West et al. 2004). Accord-
ingly, we could readily observe termination defects when
we depleted XRN2 in C. elegans in vivo. Surprisingly,
however, termination continued to occur normally for a
large fraction of genes even after extensive depletion of
XRN2 through the combination of a temperature-sensi-
tive endogenous and a dominant-negative transgene
allele.

Even the stringent depletion protocol that we used
might have failed to eliminate XRN2 entirely, and it
might be argued that such residual amounts would suffice
for termination of some genes. In this view, XRN2 would
be highly potent rather than ineffective in terminating
transcription of non-XDT genes. However, the fact that
a reporter that combined a non-XDT promoter with an
XDT PDR was termination-deficient even in an XRN2
wild-type background all but excludes this formal possi-
bility. Specifically, it reveals that non-XDT genes are
not merely insensitive to XRN2 depletion but in fact are
refractory to XRN2-mediated termination. Hence, XDT
and non-XDT genes are genuinely distinct in their termi-
nation modes.

Since recent studies revealed that loss of XRN2/Rat1p
activities caused global termination defects in yeast and
human cells (Fong et al. 2015; Baejen et al. 2017), it seems
possible that termination in C. elegans might differ from
that in previously studied systems. For instance, termina-
tion on genes with fast elongation rates requires distances
of several kilobases past pA signal in human cells (Fong

et al. 2015). A DSE-dependent termination mechanism
might then be an adaptation to a compact genome, such
as that of C. elegans, to effectively avoid invasive tran-
scription into sensitive downstream genes. However,
previouswork (Fong et al. 2015; Baejen et al. 2017) focused
on general principles derived by metagene analyses rather
than individual genes and thus did not specifically address
whether and to what extent XRN2-independent ter-
mination pathways might be operational. Indeed, individ-
ual gene responses to XRN2 depletion in yeast appear to
differ greatly (Baejen et al. 2017). Hence, we consider it
likely that non-XDT mechanisms function also in other
organisms.

Our findings provide the first mechanistic insights into
XRN2-independent termination and a framework for fur-
ther investigation (Fig. 5). Specifically, since we could
readily detect XRN2 on non-XDT genes, failure of
XRN2 to terminate transcription on these genes is not ex-
plained by a lack of its recruitment. Rather, we propose
that TECs that transcribe the two classes of genes differ
in their susceptibility to XRN2 due to properties such as
elongation rate or complex stability. The two promoter
classes might then promote the recruitment of distinct
factors to—and/or conformational changes of—TECs.
This in turn would explain why promoter identity seems
the key to the choice of termination mode.

Differences in elongation rates are conceptually partic-
ularly appealing as a mechanism through which XRN2
sensitivity is determined. This is because previous work
in mammalian cells showed that elongation rate can af-
fect the location of transcription termination: Relative
to the wild-type situation, termination occurred, on aver-
age, more distantly from the pA site in the presence of a
“fast” Pol II and more proximally in the presence a
“slow” Pol II (Fong et al. 2015). Hence, the currently un-
known rate of RNA degradation by XRN2 and the rate
of RNA synthesis by Pol II appear well balanced. A suffi-
ciently large increase in synthesis rates could thus cause
a complete failure of XRN2 to catch up with and termi-
nate Pol II transcription. It is therefore intriguing that
Pol II occupancy appears generally reduced on the expres-
sion-matched non-XDT relative to XDT genes, an obser-
vation consistent with, albeit not proof of, higher
elongation rates on the former.

Despite conceptual appeal and circumstantial evidence,
direct evidence in support of the elongation rate model is
lacking. Specifically, we failed to convert a non-XDT gene
into an XDT gene through use of a “slow” Pol II. It is pos-
sible that the mutation failed to reduce elongation rates
sufficiently to permit XRN2-dependent termination.
However, our reporter gene data further show that non-
XDT promoters not only specify an inability to respond
to XRN2-dependent termination but also positively deter-
mine a TEC’s ability to respond to the alternative path-
way: When we combined an XDT promoter with a non-
XDT PDR, termination occurred normally in wild-type
animals but was still fully dependent on XRN2 and failed
in its absence. In other words, the non-XDT PDR, while
required for non-XRN2-dependent termination, is not suf-
ficient for it; it needs an appropriate promoter that
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specifies this terminationmode. Hence, features addition-
al to—or distinct from—elongation rate distinguish the
XRN2-independent from the XRN2-dependent termina-
tion mechanism. Presumably, these features might in-
clude specific factors whose recruitment to Pol II at
promoters promotes TEC disassembly at non-XDT PDRs.
Finally, we are intrigued by the observation that ChIP-

seq analysis revealed the presence of XRN2 near TESs of
non-XDT genes. Although further investigation will be
needed to determine the functional relevance of this ob-
servation, we can imagine at least two, non-mutually ex-
clusive, scenarios (Fig. 5). First, even in a non-XDT
mechanism, Pol II transcribes beyond the pA site and
thus generates a nonfunctional transcript requiring dis-
posal. XRN2, although not essential for such “scav-
enger” activity, might contribute to it redundantly
with other RNases. Second, and we think more interest-
ingly, since lack of XRN2 also reduced Pol II occupancy
near the TESs of both XDT and non-XDT genes, XRN2
might have a generic role in promoting Pol II pausing
near pA sites. Speculatively, although not required for
non-XRN2-dependent termination, XRN2-promoted
stalling might then serve to make this termination path-
way more robust. At any rate, we predict that further
study of XRN2 function at gene ends will continue to
provide novel insights into mechanisms of RNA
metabolism.

Materials and methods

Strains

The Bristol N2 strain was used as wild type. The mutant strains
used are listed in Supplemental Table S2.

Genetic screen

HW1604 strain animals carrying a dpy-13 transcription read-
through reporter weremutagenized with ethylmethanesulfonate
(EMS), and GFP-positive F2 generation animals were identified.
Mutations in xrn-2 were identified by direct sequencing or ge-
nome resequencing, respectively.

RNAi

RNAi was performed by the feeding method (Timmons and Fire
1998) at 20°C. Since xrn-2 RNAi causes slow growth, worms
were treated with mock (empty vector) or xrn-2 RNAi from L1
stage for 40∼42 or 48∼52 h, respectively, to achieve the same
mid-L4 developmental stage, confirmed by examination of vulval
morphology. Depletion of XRN2 was confirmed by Western blot
as described previously (Miki et al. 2014a).

Microscopy

Images were acquired using an Axio Observer Z1microscope and
AxioVision SE64 (release 4.8) software (Carl Zeiss). All pheno-
types shown in Figure 4, GFP-positive (+) or GFP-negative (−),
were fully penetrant and observed for ≥10 animals per condition.

RNA-seq

RNA-seq libraries were prepared using the TruSeq standard
mRNA library preparation kit [for poly(A)-RNA-seq; Illumina]
or the ovation universal RNA-seq system (for rRNA-depleted
RNA-seq; NuGEN) and sequenced by the HiSeq 2500 sequenc-
ing system (Illumina). Note that except for the results shown
in Supplemental Figure S1, D–F, all of our analyses were per-
formed on poly(A)-selected libraries. This choice was made to
minimize the number of falsely identified non-XDT genes:
Poly(A)-selected libraries contained fewer sporadic intergenic
reads than rRNA-depleted libraries in wild-type (XRN2-profi-
cient) conditions. Since readthrough is defined via a comparison
between xrn-2-depleted and control conditions, this lower back-
ground permitted more facile detection of readthrough (i.e.,
XDT genes) and thus helped to avoid false-positive identifica-
tions of non-XDT genes.

ChIP-seq

Pol II ChIP was performed as described previously with minor
modifications using mouse anti-Pol II CTD antibody (clone
8WG16; Abcam) (Zhong et al. 2010). For XRN2ChIP, a transgenic
strain expressing XRN2-GFP fusion protein was used (see the
SupplementalMaterial for details; Miki et al. 2014b). ChIP-seq li-
braries were prepared using the NEBNext Ultra DNA library
preparation kit for Illumina (NewEngland Biolabs) and sequenced
by the HiSeq 2500 sequencing system.

Bioinformatics analysis

Sequencing reads were aligned to the October 2010 (ce10) C. ele-
gans genome assembly from University of California at Santa
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Figure 5. Models for XRN2-dependent andDSE-dependent tran-
scription termination. XRN2 is recruited to Pol II on both XDT
and non-XDT genes and facilitates Pol II accumulation at the
gene ends, possibly by promoting pausing. On XDT genes,
XRN2 degrades a nascent transcript following 3′ end cleavage
and terminates Pol II. On non-XDT genes, Pol II transcribes be-
yond the pA site up to a DSE, which induces Pol II termination.
Cleavage at the pA site separates the nascent mRNA from the
downstream fragment; XRN2 might contribute, with other RN-
ases, to the degradation of the latter. Different Pol II colors illus-
trate presumeddifferences inTECproperties and/or composition,
determined by promoters, which result in differences in termina-
tion modes. See the text for details.
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Cruz (Rosenbloomet al. 2015). BigWig files of library size-normal-
ized coverage were generated using the qExportWig function in
QuasR (Gaidatzis et al. 2015). Gene-level expression for RNA-
seq data was quantified using the exon union model of genes
with annotated exons downloaded from WormBase (version
WS220, corresponding to the ce10 assembly; ftp://ftp.wormbase.
org/pub/wormbase/releases/WS220/species/c_elegans). Samples
were normalized by the total number of reads mapping to exons,
and very lowly expressed genes (mean normalized read count
≤16) were removed from further analysis. See the Supplemental
Material for descriptions of downstream readthrough analysis
and ChIP-seq analysis.
See the Supplemental Material for detailed methods

information.

Data accession

All RNA-seq and ChIP-seq data sets generated for this study have
been deposited at Gene Expression Omnibus (GSE79994: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE79994 [Miki
et al. 2016], and GSE97775: http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE97775 [this study]).
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