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SUMMARY

Degradation of transcripts in human nuclei is primar-
ily facilitated by the RNA exosome. To obtain sub-
strate specificity, the exosome is aided by adaptors;
in the nucleoplasm, those adaptors are the
nuclear exosome-targeting (NEXT) complex and the
poly(A) (pA) exosome-targeting (PAXT) connection.
How these adaptors guide exosome targeting re-
mains enigmatic. Employing high-resolution 3’ end
sequencing, we demonstrate that NEXT substrates
arise from heterogenous and predominantly pA 3
ends often covering kilobase-wide genomic regions.
In contrast, PAXT targets harbor well-defined pA* 3’
ends defined by canonical pA site use. Irrespective
of this clear division, NEXT and PAXT act redundantly
in two ways: (1) regional redundancy, where the ma-
jority of exosome-targeted transcription units pro-
duce NEXT- and PAXT-sensitive RNA isoforms, and
(2) isoform redundancy, where the PAXT connection
ensures fail-safe decay of post-transcriptionally
polyadenylated NEXT targets. In conjunction, this
provides a two-layered targeting mechanism for effi-
cient nuclear sorting of the human transcriptome.

INTRODUCTION

Eukaryotic genomes are pervasively transcribed, leaving a large
proportion of the output RNA prey to the ribonucleolytic nuclear
exosome (Jensen et al., 2013; Kilchert et al., 2016; Schmid and
Jensen, 2018; Zinder and Lima, 2017). Such intense decay of nu-
clear RNA prevents deleterious accumulation of non-functional
material and includes removal of incorrectly/prematurely pro-
cessed transcripts from protein-coding genes as well as post-
transcriptional suppression of a large group of unstable long
non-coding RNAs (IncRNAs). In addition, the exosome is
engaged in turnover of nucleus-residing transcripts and 3' end
processing of numerous stable non-coding RNA (ncRNA) spe-
cies, such as rRNAs, tRNAs, small nuclear RNAs (snRNAs),
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and small nucleolar RNAs (snoRNAs) (Schmid and Jensen,
2018; Zinder and Lima, 2017). Hence, the diversity of RNAs tar-
geted by the nuclear exosome is vast, and, unsurprisingly, the
protein complex is essential for cell growth (Fasken et al.,
2017; Mitchell et al., 1997; Snee et al., 2016).

In human cells, the multi-subunit nuclear exosome complex
comprises two active exonucleases, EXOSC10/hRRP6 and
DIS3/hRRP44, whose in vivo activity critically depends on asso-
ciation of the exosome with adaptor complexes that individually
facilitate recognition of speci c substrates (Schmid and Jensen,
2018; Zinder and Lima, 2017). Two such adaptors have been
described to function in the nucleoplasm: the nuclear exo-
some-targeting (NEXT) complex and the poly(A) exosome-tar-
geting (PAXT) connection (Lubas et al., 2011; Meola et al.,
2016). NEXT and PAXT commonly contain the RNA helicase
MTR4/SKIV2L2, which directly interacts with the RNA exosome
and aids in its unwinding of targeted transcripts (Schneider and
Tollervey, 2013; Schuch et al., 2014). Even so, NEXT and PAXT
form mutually exclusive interactions with MTR4. Besides
MTR4, the trimeric NEXT complex consists of the Zn-knuckle
protein ZCCHC8 and the RNA binding protein RBM7 (Lubas
et al., 2011). The more complex PAXT connection comprises at
its core a stable dimer of MTR4 and the Zn- nger protein
ZFC3H1 (Meola et al., 2016). Additionally, ZFC3H1-MTR4 asso-
ciates more transiently with the nuclear poly(A) (pA) binding pro-
tein PABPN1, the Zn- nger protein ZC3H3, and presumably one
of the two RNA binding protein paralogs RBM26 and RBM27
(Meola et al., 2016; Silla et al., 2020). Although the exact archi-
tecture of an active PAXT connection has not been established,
individual depletion of any of the abovementioned PAXT compo-
nents leads to stabilization of a speci c subset of nuclear exo-
some targets (Silla et al., 2020).

NEXT and PAXT both connect, independently, to the nuclear
cap binding complex (CBC) (Andersen et al., 2013; Meola et al.,
2016), which, together with their strict nucleoplasmic localization
(Lubas et al., 2011; Meola et al., 2016), predicts af nities toward
capped RNAs. Consistently, the NEXT complex is required
for exosomal targeting of promoter upstream transcripts
(PROMPTS), enhancer RNAs (eRNAs), 3' extended snRNA, 3
extended histone RNA, and intronic RNA (Lubas et al., 2015; Lu-
bas etal., 2011), whereas PAXT mediates the exosomal decay of
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diverse IncRNAs, including spliced transcripts deriving from
snoRNA host genes and prematurely terminated RNAs produced
by intronic pA sites (PASs) within protein-coding genes (Meola
etal., 2016; Ogami et al., 2017). NEXT substrates have therefore
been suggested to comprise mostly short and unprocessed
RNAs, whereas PAXT substrates have been proposed to target
primarily longer polyadenylated transcripts (Meola et al., 2016).
However, at apparent odds with this trend, PROMPT and eRNA
loci harbor high densities of transcription start site (TSS)-prox-
imal PASs, which have been predicted to explain the rapid turn-
over of these RNAs by the exosome (Almada et al., 2013; Chen
et al., 2016; Ntini et al., 2013). However, whether these PASs al-
ways lead to canonical 3’ end processing by the cleavage and
polyadenylation (CPA) complex has not been established, and
at least some eRNA transcription appears to be terminated by
the Integrator-dependent pathway (Lai et al., 2015), presumably
resulting in pA RNA substrates. Taking these observations
together, the RNA biochemical properties dictating NEXT versus
PAXT targeting remain to be clari ed.

Here we report a detailed genome-wide analysis of NEXT and
PAXT substrate targeting in human HelLa cells. Our data corrob-
orate the notion that NEXT and PAXT provide complementary
substrate recognition by targeting pA RNAs shortly after their
release from the transcription machinery and pA* RNAs pro-
cessed by conventional CPA-mediated polyadenylation,
respectively. However, despite this clear distinction, a surpris-
ingly large degree of overlap exists. First, individual transcription
units often produce a complex mix of both NEXT- and PAXT-tar-
geted transcript isoforms that can only be distinguished by their
precisely mapped 3’ ends. Second, even though NEXT sub-
strates are normally not polyadenylated, NEXT depletion allows
their post-transcriptional polyadenylation and ensuing PAXT-
dependent turnover. Therefore, our results delineate targeting
requirements of nucleoplasmic RNA decay adaptor complexes
and reveal an unprecedented mechanism for fail-safe decay of
unwanted transcripts in case a rst line of substrate recognition
is prohibited.

RESULTS

NEXT and PAXT Target Both Common and Distinct
PROMPT Regions

Previous substrate analysis, based on a factor depletion/RNA
sequencing (RNA-seq) approach, estimated that NEXT primarily
targets short immature RNAs, such as PROMPTSs, whereas
PAXT targets longer and more processed transcripts (Meola
etal., 2016). However, this distinction was not absolute because
some PROMPTSs were also affected by depletion of PAXT com-
ponents (Meola et al., 2016; Silla et al., 2020). This blurry partition
might re ect targeting of different subsets of PROMPTSs by each
of the two adaptor complexes or, alternatively, may be due to
redundant functions of NEXT and PAXT. To distinguish these
possibilities, we re-analyzed published RNA-seq datasets of
small interfering RNA (siRNA)-mediated depletions of ZCCHCS,
ZFC3H1, and RRP40 (siZCCHCS8, siZFC3H1, and siRRPA40;
Meola et al., 2016) with an initial focus on PROMPT regions
because they constitute an overall well-de ned and uniform
group of exosome-sensitive loci.
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Manual inspection of these data, derived from steady-state
( total ) RNA samples, readily yielded evidence of PROMPTs
upregulated in both PAXT and NEXT depletion samples. How-
ever, afraction of PROMPTs was biased to be upregulated solely
in siZFC3H1 or siZCCHC8 samples, which we termed PAXT
PROMPTs and NEXT PROMPTSs, respectively (see Figures
1A and S1A for individual examples). The pathway-speci c sen-
sitivities of these PROMPTSs were further validated by gRT-PCR
analysis (Figure 1B). In both the RNA-seq and qRT-PCR data-
sets, upregulation of NEXT-sensitive PROMPTs under the
siZCCHCS8 condition was generally less pronounced than upon
RRP40 depletion. In contrast, PAXT PROMPTs were often
more upregulated in siZFC3H1 versus siRRP40 samples. Similar
trends have been observed previously (Andersen et al., 2013; Lu-
basetal., 2011; Meola et al., 2016), indicating a biologically rele-
vant distinction between NEXT and PAXT targets, which will be
addressed in detail below.

Inspired by these ndings, we re ned our previous bioinfor-
matics pipeline to de ne a list of 6140 PROMPT TSSs in
HelLa cells and used these to compute downstream transcript
sensitivities to ZCCHC8, ZFC3H1, and RRP40 depletion (Fig-
ure S1B; STAR Methods). As expected, the majority (5,426)
of these PROMPTs were upregulated more than 2-fold (sensi-
tivity score > 0.5; STAR Methods) upon siRRP40 treatment
(Table S1), whereas ZCCHC8 or ZFC3H1 depletion by the
same criteria led to upregulation of 3,946 and 2,982 PROMPTS,
respectively. Plotting siZCCHC8 versus siZFC3H1 sensitivity
con rmed our notion from selected examples that, although
the majority of PROMPTSs increased upon both ZCCHC8 and
ZFC3H1 depletion, a sizeable number displayed preferential
upregulation under only one of the conditions (Figure 1C).
To uncover PAXT- or NEXT-speci ¢ PROMPT features, we
therefore selected the 576 PAXT PROMPTs sensitive to
SiZFC3H1 but not siZCCHC8 (blue dots in Figure 1C) and the
corresponding 1,540 ZCCHC8- but not ZFC3H1-sensitive
NEXT PROMPTSs (orange dots in Figure 1C). Metagene analysis
of total RNA from siGFP control cells revealed that NEXT
PROMPTs are generally shorter and less abundant than
PAXT PROMPTs (Figure S1C, left panel), which supported
our previous analysis (Meola et al., 2016). This was despite
comparable TSS-proximal RNA levels for both PROMPT clas-
ses upon RRP40 depletion (Figure S1C, second panel)
and roughly equal RNA polymerase Il (Pol Il) loading at their
respective TSSs, as evaluated by mammalian native elongating
transcript sequencing (mMNETseq; Schlackow et al., 2017,
Figure S1D). Altogether, this pointed to distinct post-tran-
scriptional fates of NEXT and PAXT PROMPTs. In addition,
although the metagene plots in Figure S1C con rmed speci ¢
SiZCCHC8 and siZFC3H1 effects on NEXT and PAXT
PROMPTS, respectively, they also reinforced the abovemen-
tioned notion that NEXT PROMPTSs are only partially stabilized
upon ZCCHCS8 depletion (Figure S1C, compare the siZCCHC8
and siRRP40 plots).

Analyses so far were based on total RNA samples. We re-
ported previously that the effect of NEXT depletion was
enhanced in fractions of newly transcribed RNA puri ed from
cells subjected to 1-h metabolic labeling with 5-bromouridine
(BrU) (Meola et al., 2016). Surprisingly, analysis of these
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Figure 1. NEXT and PAXT Target Both Common and Distinct PROMPT Regions

(A) Genome browser views of RNA-seq data derived from total RNA samples of HeLa cells treated with siRNAs against GFP (siGFP control), RRP40 (siRRP40),
ZCCHCS8 (siZCCHCS8), or ZFC3H1 (siZFC3H1), as indicated by color code. Only data from the strand of the depicted PAXT (top) or NEXT (bottom) PROMPTSs are
shown. RNA-seq signals represent the average of normalized values from triplicate libraries. Tracks of individual PROMPTs are shown on the same scale, and
annotated genes are shown below the screen shots, with arrows indicating the major PROMPT TSSs as derived from siRRP40 cap analysis of gene expression
(CAGE) data (Andersson et al., 2014b).

(B) gRT-PCR analysis of PAXT (top) and NEXT (bottom) PROMPTSs from (A) and Figure S1A. Individual data points from three biological replicates are shown as
circles. Bars and error bars represent mean values * SD. Statistical analysis was performed using two-sided t tests. *p < 0.05; **p < 0.01; **p < 0.001; ns, not
signi cant.

(C) Scatterplot displaying PROMPT sensitivities to siZCCHCS8 (x axis) and siZFC3HL1 (y axis) conditions based on RNA-seq data from total RNA samples as in (A).
Each dot represents a PROMPT. PAXT- and NEXT-sensitive PROMPTSs, de ned by y and x axis thresholds, are highlighted in blue and orange, respectively.
Histograms showing distribution of sensitivities are added at the top and to the right of the scatterplot.

(D) Scatterplot and histograms as in (C) but for BrU RNA samples. Dot colors correspond to the classi cation from (C).

BrU-RNA-seq data revealed that the majority of transcripts
de ned as PAXT PROMPTSs, using the total RNA samples, lost
their PAXT sensitivity in BrU-RNA-seq and instead became
NEXT sensitive, whereas NEXT PROMPTs were upregulated
largely equally between BrU and total RNA fractions (Figures
1D and S1E, left panel). These trends were also apparent from
our selected PROMPT examples (compare Figure S1F with Fig-
ures 1A and S1A).

Hence, our initial analyses demonstrated that PROMPT re-
gions are complex and express transcripts that can be targeted
by both NEXT and PAXT pathways. Given the presence of
NEXT- and PAXT-speci c regions, these exosome adaptor sys-
tems do not appear to operate in a strictly redundant fashion.
Still, our observation that siZFC3H1 treatment yielded a gradual
increase in PAXT PROMPTSs, becoming most visible in the total
RNA fraction, and that the same PROMPTs were ZCCHCS8
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sensitive in the BrU-RNA fraction suggested that some redun-
dancy exists.

3' End Patterns Differ Substantially between NEXT and
PAXT PROMPTs

Given the non-trivial nature of PROMPT catabolism, we next
aimed to measure the exact position as well as the polyadenylation
status of the 3' ends of both steady-state and newly synthesized
RNA under relevant depletion conditions. To this end, HelLa cells
were treated with SiRNAs against GFP (control), RRP40, ZCCHCS,
or ZFC3H1, and after suf cient factor depletion (Figure S2A),
RNAs were labeled by a brief 10-min 4-thiouridine (4sU) pulse
before harvesting. From these cell samples, both total (steady-
state) and 4sU-labeled (nascent and newly synthesized) RNAs
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were isolated and subjected to pA* RNA 3
end sequencing (3" end-seq) (pA* libraries)
directly or, after in vitro polyadenylation
with E. coli pA polymerase (E-PAP) to cap-
ture both pA* and pA RNA 3’ ends (pA*™
libraries) (Figures 2A, S2B, and S2C). Data
were normalized to mRNA 3 ends so that
the 3’ ends of pA* RNAs were equally abun-
dantinpA*and pA* libraries, whereas pA
RNAs were only presentinthe pA™ dataset
(STAR Methods). The polyadenylation sta-
tus of RNAs could thus be deduced by
comparing pA* to pA* libraries.

Initial inspection of RNA 3 end pro les within our previously
selected PAXT PROMPT regions revealed well-de ned peaks
where signals concentrated in all analyzed libraries (Figures 2B
and S2D, left panels). As expected, all of these 3’ ends were
more strongly detected under siRRP40 and siZFC3H1 condi-
tions within the same library type. Selected NEXT PROMPTS,
on the other hand, showed striking spreading of their 3’ ends
over 1- to 2-kb-wide regions, with substantial heterogeneity be-
tween individual libraries (Figures 2B and S2D, right panels).
These 3’ ends were enriched in the siRRP40 and siZCCHCS li-
braries and were generally more abundant in the pA™ versus
the pA” libraries and in 4sU versus total RNA samples. Using
S. cerevisiae, we demonstrated previously that pA™ 4sU RNA
samples contain nascent RNA 3 ends (Schmid et al., 2018),



which was likely to also be the case with the data analyzed here.
Even so, signals within the pA*™ 4sU RNA 3' end fraction were
speci cally increased upon both siRRP40 and siZCCHCS treat-
ment (Figures 2B and S2D; see also below), despite the fact that
RRP40 depletion does not signi cantly alter Pol Il recruitment to
PROMPT regions (lasillo et al., 2017). Hence, we interpreted
such increased signals to be due to post-transcriptional tran-
script stabilization. More generally, we conclude that 3’ ends of
the interrogated NEXT targets are generally poorly de ned and
only partially polyadenylated, whereas PAXT targets harbor
well-de ned and polyadenylated 3’ ends.

To address the generality of these single-example observa-
tions, we characterized RNA 3' end signals within the regions of
PAXT and NEXT PROMPTSs classi ed above by RNA-seq data.
For this analysis, we de ned PROMPT transcript end sites
(TESs) as individual positions that harbor the highest 3’ end signall
intensity within 5 kb downstream of the relevant PROMPT TSSs
(STAR Methods). Metagene analysis anchored at these TES po-
sitions con rmed our RNA-seq data analysis, showing that PAXT
PROMPT 3' ends were generally more abundant in control cells
(Figure S2E) and further upregulated by siRRP40 and siZFC3H1
treatments in all library types, whereas NEXT PROMPT 3’ ends
were upregulated in siRRP40 and siZCCHCS libraries, with the
strongest relative increases in the pA™ and 4sU-labeled frac-
tions (Figures 2C and S2E). In addition, the metagene plots re-
vealed that the different patterning of NEXT and PAXT PROMPT
3’ ends was general, with TES signals sharply focused around
single positions for PAXT PROMPTs but much more spread for
NEXT PROMPTs, which was especially pronounced in the
pA™ libraries. Finally, and as initially noted using RNA-seq
data (Figure 1D), PAXT PROMPTs displayed a pronounced sensi-
tivity to siZCCHCS8 treatment in the 4sU RNA samples, which was
mostly visible in the pA™ libraries (Figure 2C, bottom left, and
S3A). Interestingly, this NEXT sensitivity was not con ned to the
PAXT PROMPT TESs but extended to neighboring parts of the
interrogated 2-kb region (Figure 2C, bottom left).

To provide robust 3’ end classi cation, we extended the NEXT
and PAXT RNA targeting analysis to a genome-wide inquiry.
First, we aggregated neighboring signals into 3’ end clusters
without considering gene annotations to permit unbiased anal-
ysis of 3’ ends from both intergenic and genic regions (Fig-
ure S3B; STAR Methods). For each cluster, signals in siZFC3H1
and siZCCHCS libraries were compared relative to signals from
the siGFP controls, separately for each of the four library types
(total RNA, pA*/pA* ; 4sU RNA, pA*/pA* ). Clusters displaying
signi cant upregulation (false discovery rate [FDR] < 0.1; STAR
Methods) in at least one of these four siZFC3H1/siGFP compar-
isons, but no signi cant upregulation in any of the four
SiZCCHCB8/siGFP comparisons, were classi ed as PAXT 3
end clusters and, vice versa, as NEXT 3' end clusters. This
classi cation distinguished PAXT- and NEXT-dependent 3’
ends more stringently than the above classi cation of PROMPTs
(see below). Of the total 208,069 3’ end clusters considered,
21,547 and 6,082 were classi ed as NEXT or PAXT speci c,
respectively. Taken together, NEXT and/or PAXT-sensitive clus-
ters encompassed 38% of all total pA* RNA 3’ ends detectable in
3’ end clusters, underscoring the large effect of the nuclear exo-
some on the transcriptome.

As observed for PAXT PROMPT TESs, the genomic set of all
PAXT 3’ end clusters generally constituted narrow regions with
a clear center peak (Figure S3D, blue pro les), which included
3 ends from within intergenic regions, introns, and IncRNAs (Fig-
ure S3E, top panel). In contrast, NEXT 3' end clusters were heter-
ogenous (Figures S3D, orange pro les, and S3E, bottom panel),
akin to the 3' end positions of NEXT PROMPTs. NEXT-sensitive
3" end clusters were also detected downstream of SnRNA gene
bodies and at the 3 splice sites of introns hosting snoRNAs (Fig-
ure S3C), which is consistent with the reported role of NEXT in
targeting the exosome for decay and/or processing of SnRNAs
and snoRNAs (Andersen et al., 2013; Lubas et al., 2015). Finally,
as also seen for PROMPT TESs, PAXT and NEXT 3 end clusters
were most upregulated in total RNA and 4sU RNA samples,
respectively (Figure S3D).

We further inquired about 3' end cluster behavior within eRNA
transcription units, which have been reported previously to pri-
marily produce NEXT targets but harbor high PAS densities (An-
dersson et al., 2014a; Chen et al., 2016; Lubas et al., 2011), and
within the rst introns of multi-exonic protein-coding genes,
which reportedly harbor premature termination sites targeted
by the PAXT pathway (lasillo et al., 2017; Kamieniarz-Gdula
et al., 2019; Ogami et al., 2017). Unexpectedly, both NEXT and
PAXT 3' end clusters were abundant in each of the annotation
types, with appearances reminiscent of the genome-wide
pattern (compare Figures 2D and 2E with Figure S3D), which
was also apparent at the level of individual examples (Figure S3E,
left panels). Whether intronic 3" ends are produced by premature
termination of transcripts starting at the TSS of the analyzed
genes or by exosomal decay of spliced-out introns could not
be distinguished.

Taking all these analyses together, our observations from
PROMPT regions could be extended to other RNA types, all
containing 3' ends biased toward NEXT- or PAXT-dependent
decay but without any particular biotype-dependent behavior.
Within this general notion, PAXT-targeted 3’ ends are generally
extremely localized, whereas NEXT-targeted 3’ ends span larger
genomic regions. This presumably highlights marked distinc-
tions in NEXT- and PAXT-directed RNA 3' end biology; in partic-
ular, that a potential redundancy between the NEXT and PAXT
pathways might primarily be based on recognition of overlapping
transcript isoforms, with the NEXT complex targeting heteroge-
neous 3’ ends surrounding distinct PAXT-sensitive sites.

PAXT- but Not NEXT-Sensitive 3' Ends Are Defined by
Canonical PASs

Because our analysis so far suggested that PAXT- but not NEXT-
mediated decay initiates at well-de ned 3’ end positions, we
wondered whether PAS-directed 3’ end formation might be spe-
ci ¢ for PAXT-dependent exosome targets. To examine this
possibility, we rst compared the frequency of the consensus
PAS hexamer motif AWTAAA around the summit position of
PAXT and NEXT 3' end clusters, which revealed that PAXT
clusters contain strong enrichment of PAS hexamer sequences
~20 nt upstream of cluster summits, whereas NEXT clusters
display less clear enrichment (Figure 3A). A smaller peak of
AWTAAA at both, NEXT and PAXT, cluster summits was due to
the general enrichment of As and Ts around the PAS
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Figure 3. PAXT- but Not NEXT-Targeted 3’

Ends Are Defined through PASs

(A) Frequency per nucleotide of the PAS hexamer
e motif AWTAAA + 100 nt around the summit of NEXT
and PAXT 3 end clusters.
(B) Combined violin density and boxplots depicting
PAS scores derived as logit(prediction score) from
the neuronal network model APARENT (APA
[alternative polyadenylation] regression network)
(Bogard et al., 2019) for PAXT versus NEXT
PROMPT 3’ end cluster summits. ***p < 0.00001
from a two-sided Mann-Whitney U test.
(C) CLIPdD factor af nities ranked by log,FC within
regions * 100 nt around PAXT/NEXT 3' end clusters.
Individual CLIP bait proteins are listed on the x axis,
and y axis values indicate log,FC between CLIP sig-
nals at PAXT versus NEXT 3’ end clusters. Clusters
overlapping annotated splice junctions were omitted
from analysis. The color code indicates FDR values
from a two-sided Mann-Whitney U test between the
PAXT and NEXT groups. The inset shows the top
eight PAXT-enriched CLIPdb datasets derived from
factors related to PAS processing: CPSF (FIP1L and
WDR33), CSTF (CSTF2 and CSTF2T), or CF1lm
(NUDT21, CPSF6, and CPSF7) complexes.
(D) Metagene plots of 3' end signals around the
TESs of PAXT and NEXT PROMPTSs as in Figure 2C
but after dividing each class into groups lacking
(TES without hexamer, solid lines) or containing
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(E) Frequency plot of AWTAAA motifs in 500-nt intervals of the rst 5,000 nt from the TSSs of NEXT (orange) and PAXT (blue) PROMPTSs.
(F) Mean PAS scores based on Bogard et al. (2019) as in (B) but for the regions in (E). Shaded areas show 95% con dence intervals.

(G) Nucleotide frequencies for regions in (E) using 100-nt intervals.

endonucleolytic cleavage position. That is, other A/T-rich motifs
were equally enriched at this position, whereas AATAAA was the
most enriched 6-mer sequence at positions 30 to 10 nt up-
stream of the cleavage site, as expected for canonical PASs
(data not shown). Consistently, estimating PAS strength in the
same genomic regions using a recently published neuronal
network-based approach that interprets not only hexamer pres-
ence but also the local sequence context, including additional
PAS-proximal motifs, demonstrated that NEXT 3’ end clusters
generally display poorer PAS strengths than PAXT 3’ end clus-
ters (Figure 3B; Bogard et al., 2019).

We then examined whether the observed PAS enrichment up-
stream of PAXT sensitive 3' ends would also be re ected by the
presence of relevant RNA binding proteins (RBPs). To this end,
we compared cross-linking immunoprecipitation (CLIP) pro les
from a CLIP database (CLIPdb; Yang et al., 2015) between
NEXT and PAXT 3’ end clusters. Ranking of available bait pro-
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teins by their relative af nities to PAXT versus NEXT 3’ end clus-
ters placed a subset of CPA components as the proteins most
prone to bind PAXT 3' ends (Figure 3C).

Although our analyses demonstrated a robust link between
conventional PAS positioning and PAXT activity, lesser but still
distinct PAS enrichment could also be observed upstream of
NEXT 3' end clusters (Figure 3A), which was even more apparent
when exploring PAS motif density (Figure S4A) and strength (Fig-
ure S4B) upstream of the TESs of our de ned PROMPT classes.
Itwas also re ected by our set of individual PROMPTSs, where all
four PAXT PROMPTSs contain an AWTAAA consensus sequence
within 17 23 nt from the major 3 end peak (Figure S4C), whereas
PASs at NEXT 3' ends were either not present (proSERINC3) or
less optimally positioned (proTTC32 and proKLF6; Figure S4D).
Notably, however, although PAS-proximal 3' ends at NEXT clus-
ters accumulated in sSiRRP40 samples, these were not substan-
tially increased relative to neighboring signals upon ZCCHC8
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Figure 4. Many PROMPTs Embody Both NEXT- and PAXT-Sensitive Transcript Isoforms

(A) Genome browser views of 3' end-seq data as in Figure 2B but from four manually selected NEXT+PAXT PROMPT regions. Blue and orange bars below the
browser views indicate regions of PAXT and NEXT sensitivity, respectively.

(B) Left: selection of NEXT+PAXT PROMPTSs (green dots) from total RNA-seq data as in Figure 1C, based on sensitivity thresholds. Right: metagene pro les of 3’
end-seq data around the TESs of NEXT+PAXT PROMPTSs. Display as in Figure 2C except that siZCCHC8 (dark green) and siZFC3H1 (light green) are shown in the
same panel.

(legend continued on next page)
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depletion (Figure S4D, compare the siRRP40 and siZCCHC8
tracks). Collectively, this raised the question of whether the
PAS presence within NEXT substrate territory is functionally rele-
vant for NEXT-dependent decay. In relation to this question, we
noted that a low level of siZFC3H1 dependence was evident at
NEXT PROMPT TESs (Figure 2C) and, to a lesser extent, at
NEXT 3' end cluster summits (Figure S3D), which suggested
that such PAS occurrence might trigger PAXT-mediated RNA
decay. To address this possibility more directly, we strati ed
the PROMPT classes into subgroups with or without an AWTAAA
sequence withinregion 10to 30 ntfrom the TES. Subsequent
metagene analysis highlighted that siZFC3H1 treatment sensi-
tivity at PROMPT TESs was strongest in the AWTAAA-containing
subgroups of both PAXT and NEXT PROMPTs (Figure 3D, left
panels). Sensitivity to siZCCHC8 treatment, on the other hand,
appeared to be independent of the presence of an AWTAAA
sequence (Figure 3D, right panels). Similar results were obtained
when sub-classing 3’ end clusters (Figure SAE). Taken together,
this strongly implied that NEXT-sensitive 3' ends are not directed
by PASs and that PAS occurrence within regions of NEXT
sensitivity re ects overlapping PAXT action at CPA-produced
3 ends.

We then wondered whether PAS positioning at PAXT- but not
NEXT-sensitive 3’ ends could be explained by genomic context;
i.e., whether NEXT PROMPT regions are generally depleted for
PAS motifs. To analyze this, we measured the abundance of
the PAS hexamer motif AWTAAA starting from the TSSs of
PAXT or NEXT PROMPTSs. In addition, we also measured PAS
strength in the same genomic regions (Bogard et al., 2019). Sur-
prisingly, these analyses demonstrated that NEXT PROMPTSs, on
average, contain as many, if not more, AWTAAA motifs (Figure 3E)
and ensuing higher PAS probabilities (Figure 3F). This mirrored a
general nucleotide bias because TSS-proximal regions of NEXT
PROMPTs were found to be generally more AT-rich compared
with their PAXT PROMPT counterparts (Figure 3G).

Taking these results together, we conclude that PAXT-tar-
geted 3 ends are generally created by the CPA machinery acting
on canonical PASs. The exact mechanism producing NEXT-
dependent 3' ends is more enigmatic, but evidence so far indi-
cates that these are produced independent of the CPA complex.
Even though Pol Il encounters PAS sequences during transcrip-
tion, this implies that these are either not recognized adequately
or do not produce stable polyadenylated 3’ ends.

PROMPT Regions Commonly Express Overlapping and
Pathway-Specific Transcript Isoforms

The PAXT connection and the NEXT complex form mutually
exclusively (Meola et al., 2016), and our analyses so far indicated
that PAXT and NEXT targets are separable. However, the major-
ity of analyzed regions express transcripts sensitive to both
siZFC3H1 and siZCCHCS8 treatment, which was particularly
evident by the siZCCHC8 responsiveness of PAXT PROMPTs
in the BrU and 4sU RNA datasets (Figures 1D and 2C). To under-

stand how individual transcription units are targeted by two
seemingly independent pathways, we rst interrogated four
PROMPT regions displaying dual NEXT and PAXT sensitivities
( NEXT+PAXT PROMPTSs ) in both BrU and total RNA-seq sam-
ples (Figure S5A). Although these PROMPT regions displayed
extensive 3' end spreading, like those of NEXT PROMPTS,
many 3’ ends accumulated around well-de ned PAXT-sensitive
summits, with the surrounding 3 ends responding only to NEXT
depletion (Figure 4A). This phenomenon was also evident from
metagene analysis of NEXT+PAXT PROMPTs selected from
RNA-seq data (Figure 4B) and for genome-wide 3' end clusters
responsive to both ZCCHC8 and ZFC3H1 depletion (Figure S5B).
Moreover, the four individual PAXT-sensitive 3' end summits all
arose 17 28 nt downstream of a PAS hexamer (Figure S5C)
and were enriched in the pA” libraries, whereas the surrounding
3’ end signal was most enriched in 4sU/pA* samples (Fig-
ure 4A). It therefore appeared that NEXT+PAXT PROMPT re-
gions produce distinct transcript isoforms that are individually
targeted by NEXT or PAXT pathways in a manner resembling
the targeting of transcripts from regions biased toward express-
ing only one of the pathway isoforms. To further validate the
notion that 3' ends within NEXT+PAXT PROMPT regions sur-
rounding the PAXT-sensitive summit are targeted by NEXT, we
conducted gRT-PCR analysis using primer sets targeting re-
gions upstream (5' amplicon) or downstream (3' amplicon) of
the summits (Figure 4C, top panels). In line with the 3’ end-seq
data, ZFC3H1 depletion resulted in increased signals only
when monitored with the 5° amplicons (Figure 4C, left panel),
whereas both RRP40 and ZCCHCS8 depletion caused increased
RNA output, as measured with both 5° and 3' amplicons
(Figure 4C).

Taken together, we conclude that NEXT+PAXT sensitive loci
are common and produce transcript isoforms with pathway-spe-
ci ¢ sensitivities similar to those of NEXT- and PAXT-biased
regions.

PAXT Targeting of NEXT Substrates in NEXT-Depleted
Cells

Given that NEXT and PAXT target transcripts from common loci,
we next investigated directly whether these exosome adaptors
may also redundantly target the same transcript isoforms. To
this end, we treated Hela cells with siRNAs co-depleting
ZCCHC8 and ZFC3H1 (siZCCHC8-siZFC3H1) and compared
this with cell samples treated with either siGFP control or individ-
ual ZCCHC8, ZFC3H1, or RRP40 siRNAs as before (Figure S6A).
gRT-PCR analysis of total RNA samples using the 5’ and 3’
amplicons from Figure 4C revealed an additive increase of
NEXT+PAXT PROMPTs upon siZCCHC8-siZFC3H1 double
depletion (Figure 5A). Interestingly, however, this was not only
observed when using the 5° amplicon (Figure 5A, left panel), de-
tecting both NEXT- and PAXT-speci c isoforms, but also when
using the NEXT-speci ¢ 3’ amplicon (Figure 5A, right panel).
Similarly, NEXT PROMPT levels were also elevated in the

(C) Experimental validation of NEXT versus PAXT 3' end sensitivities. Top: scheme depicting the prediction that PAXT sensitive transcript isoforms (blue
arrow) are PAS directed and will be detected only with the 5' amplicon, whereas extended NEXT-sensitive isoforms (orange arrow) will be detected
with both the 5" and 3’ amplicons. Bottom: gRT-PCR analysis of the NEXT+PAXT PROMPTs from (A) using the 5' and 3' amplicons. Presentation as in

Figure 1B.
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Figure 5. PAXT Redundantly Targets NEXT Substrates

(A) gRT-PCR analysis of NEXT+PAXT PROMPT levels in cells subjected to the indicated single or double depletions. Presentation as in Figure 4C.

(B) qRT-PCR analysis of NEXT PROMPTSs as in (A).

(C) gqRT-PCR analysis of PAXT PROMPTs as in (A).

(D) Metagene pro les of 3’ end-seq data at NEXT+PAXT, NEXT, and PAXT PROMPT TESs. Log,FC values from siZCCHCS (green), siZFC3H1 (light blue), and
SiZCCHC8-siZFC3H1 (dark blue) samples relative to their siGFP controls are shown.

(E) qRT-PCR analysis as in (B) but of NEXT PROMPT levels in cells subjected to the indicated single and double depletions. Note the similar effect of co-depleting
any individual PAXT component with ZCCHCS8.
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siZCCHCB8-siZFC3H1 compared with the siZCCHC8 depletion
sample and approaching levels of the siRRP40 sample (Fig-
ure 5B), whereas PAXT PROMPT levels did not markedly change
between siZCCHC8-siZFC3H1 and siZFC3H1 samples (Fig-
ure 5C). Altogether, this provided an explanation for our previous
observation that NEXT PROMPTSs were only partially stabilized in
siZCCHC8 compared with siRRP40 samples (Figure 1) because
ef cient decay of NEXT PROMPTSs requires inactivation of not
only NEXT but also of PAXT.

Intrigued by these observations, we prepared total and 4sU
RNA from siZCCHC8-siZFC3H1 samples and converted them
into 3’ end-seq libraries that were directly comparable with those
from single-factor depletion samples (Figure S6B). As expected
from the QRT-PCR experiments, metagene analysis of
NEXT+PAXT PROMPT TESs showed their enhanced accumula-
tion in the siZCCHC8-siZFC3H1 compared with the siZCCHC8
and siZFC3H1 libraries (Figure 5D, NEXT+PAXT). This effect
was most evident for the pA*/4sU sample with particularly
elevated levels of RNA 3' ends in NEXT-sensitive territory sur-
rounding PROMPT TESs. Similar additive NEXT-PAXT sensitivity
could be observed for NEXT PROMPTSs (Figure 5D, NEXT) and
for NEXT-sensitive regions surrounding the TESs of PAXT
PROMPTSs (Figure 5D, PAXT). Again, the enhanced stabilization
of such NEXT-sensitive 3' ends under the siZCCHC8-siZFC3H1
condition was most pronounced in the pA*/4sU sample but also
clearly signi cant for total RNA pA* ends (Figures 5D and S6C).
In general, such additive effects were also visible at single NEXT-
sensitive PROMPT loci (Figure S6D), and similar results were
obtained when comparing signals from 3" end cluster classes
(Figure S6E).

We recently identi ed the additional PAXT components
PABPN1 and ZC3H3 and the paralogous RBM26 and RBM27
factors as being required for PAXT-mediated RNA decay (Meola
etal., 2016; Silla et al., 2020) and therefore inquired whether ad-
ditive upregulation of NEXT targets could also be achieved upon
inactivation of these PAXT components. Although their individual
depletion (Figure S6F) led to only minor upregulation of interro-
gated NEXT PROMPTSs, co-depletion of any of these factors
with ZCCHCS8 (Figure S6F) resulted in an additive increase of
NEXT PROMPT levels (Figure 5E). Hence, PAXT components
generally cause enhanced stabilization of NEXT targets when
co-depleted with siZCCHCS.

We conclude that PAXT and NEXT cooperate to ensure ef -
cient decay of cryptic transcripts. More speci cally, PAXT ap-
pears to provide a second line of defense for exosome targets
that, for one reason or another, evade early NEXT-mediated
decay. PAXT-speci ¢ 3’ ends, on the other hand, are not
affected by NEXT.

Polyadenylation Is Required for Handover of NEXT
Targets to PAXT

How is the PAXT connection capable of targeting NEXT sub-
strates when these are only poorly adenylated, if at all? We pre-
viously noted that NEXT-sensitive 3’ ends could be detected as
pA* species, especially under siRRP40 and siZCCHC8 depletion
conditions (Figures 2B, 2C, 4A, and 4B), which prompted us to
investigate whether handover of NEXT targets to PAXT-medi-
ated decay might require their 3' end adenylation. To this end,
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we rst inquired whether our respective factor depletions would
affect the polyadenylation status of individual transcripts. This
was done by directly comparing the abundance of pA* relative
to pA*™ RNAs within the established PAXT and NEXT 3’ end
clusters. Although these analyses underscored the ef cient
polyadenylation of PAXT targets in all libraries (Figure 6A), they
also uncovered a striking effect of siZCCHC8 and siRRP40
depletion on NEXT target polyadenylation. That is, even though
the pA™ RNA fraction varied between conditions, NEXT targets
were consistently more polyadenylated in both RRP40- and
ZCCHC8-depleted samples (Figure 6A, compare siRRP40,
siZCCHCS8, and siZCCHC8/siZFC3H1 with siGFP).

This implied that polyadenylation of NEXT targets is a post-
transcriptional event prevented by early NEXT/exosome-depen-
dent decay and that such polyadenylation of transcripts failing to
undergo ef cient decay (as, for example, under the siZCCHC8
condition) might allow PAXT recognition. In this scenario, NEXT
targets would expectedly accumulate as polyadenylated spe-
cies upon ZCCHCB8/ZFC3H1 co-depletion, which was evident
for NEXT 3’ end clusters in both total and 4sU RNA samples (Fig-
ure 6A). To more directly analyze whether polyadenylation would
be required for PAXT-mediated decay of NEXT substrates, we
treated ZCCHCB8-depleted cells with the chain-terminating de-
rivative of adenosine, cordycepin, which blocks RNA polyadeny-
lation and has been shown previously to inhibit PAXT-dependent
RNA decay in vivo (Bresson et al., 2015; Meola et al., 2016). In
accordance, cordycepin treatment led to additive accumulation
of NEXT PROMPTS, much like the siZCCHC8/siZFC3H1 double
depletion condition (Figure 6B). Moreover, cordycepin treatment
did not cause any additional PROMPT stabilization in
siZCCHCB8/siZFC3H1-treated cells. This strongly indicated that
polyadenylation of NEXT targets allows their fail-safe decay by
the PAXT-dependent pathway (Figure 6C).

DISCUSSION

Target recognition and decay by the nucleoplasmic RNA exo-
some requires particular adaptors: the NEXT complex and the
PAXT connection (Lubas et al., 2011; Meola et al., 2016; Ogami
etal., 2017; Silla et al., 2020). Previous characterization of NEXT
and PAXT activities was predominantly based on an RNA
biotype-centric division of substrates based on their genomic
location and length, whereas exact substrate properties that
provide pathway speci city were left uncharacterized. However,
this remained an important problem that needed to be resolved
toward offering an understanding of which abilities eukaryotic
cells possess to handle the pervasive RNA production from their
genomes. We demonstrate here that NEXT substrates arise from
poorly de ned and heterogenous 3' ends of predominantly pA
RNAs, whereas PAXT targets pA* RNAs deriving from canonical
PAS use. Despite these distinct substrate features, the two
adaptor complexes act complementarily by ample targeting of
overlapping genomic regions and even, in some cases, by the
ability to target the same transcript isoforms (Figure 6C). This
two-layered targeting provides ef cient removal of unwanted
and spurious transcription products in the human cell nucleus.
Our analyses reiterate previous ndings that NEXT targets are
overall less abundant and mature than PAXT targets (Meola
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