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RNA 3′end tailing safeguards cells against
products of pervasive transcription
termination

Guifen Wu1, Jérôme O. Rouvière 1, Manfred Schmid1,2 &
Torben Heick Jensen 1

Premature transcription termination yields a wealth of unadenylated (pA−)
RNA. Although this can be targeted for degradation by the Nuclear EXosome
Targeting (NEXT) complex, possible backup pathways remain poorly under-
stood. Here, we find increased levels of 3′ end uridylated and adenylated RNAs
upon NEXT inactivation. U-tailed RNAs are mostly short and modified by the
cytoplasmic tailing enzymes, TUT4/7, following their PHAX-dependentnuclear
export and prior to their degradation by the cytoplasmic exosome or the
exoribonuclease DIS3L2. Longer RNAs are instead adenylated redundantly by
enzymes TENT2, PAPOLA and PAPOLG. These transcripts are either degraded
via the nuclear Poly(A) tail eXosome Targeting (PAXT) connection or exported
and removed by the cytoplasmic exosome in a translation-dependentmanner.
Failure to do so decreases global translation and induces cell death. We con-
clude that post-transcriptional 3′ end modification and removal of excess pA−

RNA is achieved by tailing enzymes and export factors shared with productive
RNA pathways.

Mammaliangenomes arepervasively transcribedbyRNApolymerase II
(RNAPII), yielding functional 5′end capped RNA along with a vast
abundance of processing and transcriptional by-products1,2. Given this
wealth of RNA there is a high demand for efficient turnover of excess
transcripts and various decay pathways have evolved to maintain RNA
homeostasis by clearing cells of differently sized transcripts3,4.

In the cytoplasm, the major pathways to control levels of
translation-competent RNA involve 5′−3′ exonucleolysis, of prior de-
capped RNA, by the XRN1 ribonuclease as well as 3′−5′ exonucleolysis
by the RNA exosome, via its cytoplasm-specific exonuclease DIS3L5,6

and its activating Superkiller (SKI) adapter complex7–9. RNAs under-
going such decay are most often 3′end processed and polyadenylated
in the nucleus and therefore require cytoplasmic deadenylation as a
necessary step in their turnover10,11. Cytoplasmic RNA control can also
occur by its translation-independent 3′end uridylation and subsequent
3′−5′ degradation by DIS3L2, which is independent of the RNA
exosome12–14. Here, RNA substrates range from certain mRNA to a

variety of smaller noncodingRNA (ncRNA),which are uridylated by the
uridylyl transferases TUT4 (ZCCHC11) and TUT7 (ZCCHC6)15–17.

Prior to their cytoplasmic degradation, cappedRNAs areexported
from the nucleus through different pathways, depending on the RNA
species and its features18,19. Broadly speaking, the phosphorylated
adapter for RNA export (PHAX) is central for the export of short RNA,
such asU-rich small nuclear RNA (UsnRNA), perhaps due to the affinity
of PHAX for RNAs <300nt20–23. Longer RNAs, includingmRNA and long
ncRNA, are primarily exported in conjunction by the transcription-
export (TREX) complex and the nuclear RNA export factor 1 (NXF1)24,25.

In the nucleus, decay of capped transcripts is predominantly
managed by the 3′−5′ exonucleolytic activity of the RNA exosome,
harboring its nuclear-specific subunits DIS3 and RRP64,26. Substrate
access is facilitated by the exosome-associated RNA helicase
MTR427–29, which connects to one of two primary nucleoplasmic
adapters: the nuclear exosome targeting (NEXT) complex30 or the
polyA (pA) tail exosome targeting (PAXT) connection31,32. NEXT forms a
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dimer of MTR4-ZCCHC8-RBM7 heterotrimers33,34 and can target the
exosome to short, TSS-proximal, pA− transcripts via its connection to
the 5′cap-binding complex (CBC)35–37. Conversely, PAXT consists of a
core MTR4-ZFC3H1 heterodimer, that associates with the nuclear pA
binding protein (PABPN1) to facilitate the exosome-mediated decay of
a variety of pA+ RNAs31,32,38–40. By their combined targeting of pA− and
pA+ RNAs, NEXT and PAXT are believed to provide for much of the
nuclear control of RNAPII-derived transcripts.

The above-mentioned cytoplasmic and nuclear decay pathways
have all been characterized in their own rights, but only little is known
about the extent towhich they functionally crosstalk and/or compensate
for one another. This is, however, an important consideration as no
pathway will, on its own, be fully sufficient. Moreover, changing gene
expression patterns, occurring during cellular transition or upon stress,
will unavoidably challenge a specific pathway with the potential hazard
of overwhelming it. Finally, certain cellular conditions might affect RNA
decay pathway components as exemplified by the NEXT subunit RBM7,
which is phosphorylated upon DNA damage, leading to its decreased
substrate targeting41–43. Here, compensatory pathways are likely required
to deal with accumulating NEXT substrates. In one example of NEXT
pathway compensation, we previously showed that decreased NEXT
activity may allow for the post-transcriptional polyadenylation of for-
merly pA− NEXT substrates, leading to their PAXT-dependent nuclear
turnover36. Hence, this provides one possibility for fail-safe decay in case
a first line of substrate recognition is prohibited. However, the cell may
contain additional backupmechanisms for NEXT activity. This is because
mammalian transcription units (TUs) broadly are prone to premature
transcription termination, giving rise to shortened transcripts with either
pA+ or pA− 3′ends44–46. Focusing here on pA− RNAs, which are the targets
of NEXT, early RNAPII termination within the first few kilobases (kb) of
transcriptional progress is typically directed by the Integrator (INT)- or
Restrictor (RES) complexes47–52. Sinceboth INT andRESoperate genome-
wide and in largely sequence-independent manners, extensive amounts
of NEXT substrates are constantly being produced.

Here, we explore which decay pathways maintain RNA home-
ostasis when NEXT-mediated turnover of pA− RNA is compromised.
Focusing on prematurely terminated and promoter upstream tran-
scripts (PROMPTs), we show that a relatively shorter fraction of these
are exported, via PHAX, to the cytoplasm, where they are uridylated by
TUT4/7 and degraded by the cytoplasmic exosome or the exoribo-
nuclease DIS3L2. The fraction of relatively longer transcripts, escaping
NEXT activity, are adenylated redundantly by the TENT2, PAPOLA and
PAPOLG enzymes. This yields two possible fates; i) handover in the
nucleus for PAXT-mediated decay, or ii) nuclear export by PHAX and
the conventional mRNA export machinery and turnover by the cyto-
plasmic exosome.

Results
Relatively short 3′end uridylated RNAs accumulate upon NEXT-
and exosome-depletions
Inspired by our previous discovery that pA− RNA substrates can
undergo post-transcriptional polyadenylation in NEXT and exosome
depletion conditions36, we wondered whether other 3′end modifica-
tions might also occur. Hence, we scrutinized previous RNA 3′end
sequencing (3′end seq) data36, taking advantage of their in vitro poly-
adenylation by E. coli poly(A) polymerase (E-PAP), enabling the
detection of non-canonical tails (Supplementary Fig. 1a). To obtain a
general overview, we first combined data from four different siRNA
knockdown conditions (siGFP, siRRP40 (also called siEXOSC3),
siZCCHC8 and siZFC3H1) each containing biological triplicate steady-
state (“total”) RNA samples, and duplicate RNA samples labeled with
4-thiouridine (“4sU”) for 10min. From these data, non-aligned terminal
sequences were collected and stratified by length, nucleotide content,
and the total number of reads computed. Filtering canonical pA tails
from the analysis (see “Methods”), the interrogated RNAs contained a

variety of non-templated tails, with “mixed A-tails” of occasional non-
adenosine residues residing inside pA tails (i.e., AnG, AnU, AnC) and
pure U-tails (Un) being the most abundant (Supplementary Fig. 1b).
Although, one should bemindful about possible sequencing artefacts,
similar observations were also made using different RNA sequencing
techniques, such as TAIL-seq and 3′RACE-seq53,54, with mixed A-tails
and U-tails reported to be synthesized by non-canonical pA poly-
merases TENT4A/B53,55,56 and terminal uridylyl transferases TUT4/757–59,
respectively.

We decided to focus our efforts on U-tailing. To evaluate the
extent to which U-tails might constitute sequencing artifacts, we first
scored their detection frequencies in cellular RNA compared to that of
the spike-in RNA lacking 3′end U-residues (Supplementary Fig. 1a).
Cellular RNAs with 1-2 non-templated U’s were significantly, but only
marginally better, detected than non-uridylated spike-in RNAs, while
the difference became more prominent for RNAs with ≧ 3 non-
templated U’s (Supplementary Fig. 1c). The lower detection-specificity
for 1-2 U’s might relate to sequencing errors at read ends and/or other
unknown technical issues60,61. Regardless the cause, we subsequently
focused on RNAs with 3-9 residues long U-tails and measured their
frequencies in response to depletion of the RNA exosome or its
nucleoplasmic NEXT- and PAXT-adapters. Notably, individual deple-
tion ofboth theRNAexosomesubunit RRP40 (siRRP40), and theNEXT
component ZCCHC8 (siZCCHC8), led to increased cellular RNA U-tail
frequencies of both total- and 4sU-RNA samples in an E-PAP-specific
manner (Fig. 1a). Conversely, depletion of the PAXT component
ZFC3H1 (siZFC3H1) only affected 4sU RNA U-tail frequencies slightly.
To directly visualize RNA U-tail abundance, we constructed aggregate
plots, displaying their log2-transformed sequencing coverage
(log2(cov)) when anchored to all annotated transcription start sites
(TSSs). Similar to the frequencymeasurements, RNA U-tail abundance
was increased upon exosome- and NEXT-depletions, but onlymildly in
4sU RNA samples upon PAXT-depletion (Fig. 1b). The fact that RNA
U-tails were less upregulated in NEXT- vs. exosome-depletion condi-
tions, when interrogating total RNAs, but reached similar levels in 4sU
RNA samples, was reminiscent of our previous observation for other
NEXT-sensitive targets, such as PROMPTs30,35,36. This presumably
reflects a redundancy between NEXT and PAXT, where NEXT sub-
strates can be polyadenylated and subjected to PAXT-mediated exo-
some decay36. The similar observation for U-tailed RNA indicated
multiple layers of RNA quality control.

To analyze for a potential RNA biotype specificity underlying the
observed U-tailing, we generated biotype-stratified heatmaps of the 3′
end seq data. Distinctly, increased U-tail levels were observed for all
RNAbiotypes in exosome- andNEXT-depletion conditions, and in both
total- and 4sU-RNA samples (Fig. 1c and Supplementary Fig. 1d).
However, compared to the general upregulation of RNA (“all 3′ends”),
U-tailing was predominantly present on shorter RNAs. In this relation,
we note that transcripts <100nt were excluded from our libraries due
to the utilized RNA purification method, which therefore is likely to
underestimate RNAU-tail frequencies. Focusing onwell-definedNEXT-
sensitive PROMPTs36, a similar pattern of upregulation of relatively
short RNAs with U-tails upon exosome- and NEXT-depletion was evi-
dent (Fig. 1d). Like the general 3′end heterogeneity of NEXT-sensitive
PROMPTs36, U-tailed transcripts also presented diverse 3′ends (Fig. 1e
and Supplementary Fig. 1e).

Taking our analysis together, we conclude that RNA U-tailing is
pervasive and generally more abundant upon disruption of the NEXT/
exosome pathway. Hence, when NEXT activity is low, RNAs appear,
which can both be uridylated and adenylated36.

Relatively short excess NEXT substrates are uridylated by TUT4/7
and degraded by cytoplasmic exonucleases
In human cells, RNA terminal uridylyl transferase activity is mainly
mediated by the TUT4 and TUT7 enzymes, which uridylate RNAs
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redundantly, but also with substrate preference, to convey RNA
processing or degradation57,58,62,63. With this in mind, we wondered
whether TUT4 and/or TUT7 could uridylate NEXT-sensitive RNAs
and control their abundance in the absence of functional nuclear
exosome- or NEXT complexes. Hence, siRNAs targeting TUT4 and
TUT7 individually, or in combination, were transfected into HeLa
cells, expressing RRP40 with a mini-auxin-inducible degron tag
(RRP40-mAID), enabling rapid protein depletion upon the addition
of indole-3-acetic acid (IAA/auxin)64 (Supplementary Fig. 2a, b). TSS-
proximal PCR amplicons for 8 NEXT-sensitive PROMPTs were
designed, based on our RNA 3′end seq data (see examples in Fig. 1e),

and used to monitor the relative RNA abundance by qRT-PCR. Given
the heterogeneity of the interrogated substrates, a mixture of ran-
dom hexamer- and anchored dT20 (dT20-VN)-primers were utilized
for cDNA synthesis to convert all RNA isoforms for subsequent qPCR
analysis. Combined depletion of TUT4 and TUT7 (TUT4/7) mildly
affected PROMPT levels, which was exacerbated when RRP40 was
co-depleted by auxin addition (Supplementary Fig. 2c). A similar
trend was observed in a background of ZCCHC8-mAID cells
upon their induced ZCCHC8 depletion (Supplementary Fig. 2d–f).
We interpret these results to indicate that NEXT and the nuclear
exosome normally clear most of the measured substrates, but upon

Fig. 1 | The human transcriptome pervasively generates short 3′end
uridylated RNAs. a Frequencies of U-tailed RNA as defined by the ratio of reads
with non-templated Us (3≤U ≤ 9) and total RNA reads. Data samples from cells
transfected with siRNAs against GFP (siGFP, control), RRP40 (siRRP40), ZCCHC8
(siZCCHC8) or ZFC3H1 (siZFC3H1) are shown (GEO: GSE137612,36). Data from
samples without (E-PAP−) or with (E-PAP+) in vitro E-PAP treatment are shown
separately. Note that all samples were subjected to reverse transcription using a dT
primer. The displayed data constitute three biological replicates of total RNA, and
two biological replicates of 4sU RNA (10min labeling) from each of the depletion
conditions, except for siGFP/4sU-RNAwhichwas included in triplicate. Sequencing
batch numbers are shown on the right. Data are presented as boxplots showing
quartiles and with individual batches displayed as separate points. b Aggregate
plots of reads of cellular U-tailed RNAs from total- and 4sU-RNA samples as indi-
cated. The log2 data coverage (log2(cov)) was plotted from regions encompassing
−1kb upstream to 3 kb downstream of annotated transcription start sites (TSSs)50.

Mean values and 90% confidence intervals are shown. The data were normalized to
levels of highly expressed mRNAs as previously described36. c Heatmaps of tran-
script end sites (TESs) of all RNAs (“All 3′ends”) or U-tailed RNAs (“U-tailed 3′ends”)
from −1kb to 3 kb regions relative to the TSSs of the indicated RNA biotypes as
defined in ref. 50. Data from4sURNA samples are shown. All heatmapswere sorted
in descending order according to the log2(cov) values in each depletion sample.
d Metagene profiles as in (b), but showing “All 3′ends” (left) or “U-tailed 3′ends”
(right) of NEXT-sensitive PROMPTs split by total (upper) and 4sU (lower) RNA
samples. e Genome browser views of “All 3′end” and “U-tailed 3′end” data from the
indicated 4sU RNA samples. Normalized and averaged signals are shown. PROMPT
names (i.e., proMIPOL1 and proMRPS14) are shown at the bottom of each screen-
shot. RNA 5′end data indicating PROMPT TSSs were derived from cap analysis of
gene expression (CAGE) data119. qRT-PCR amplicons used for downstream analyses
are indicated.
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NEXT/exosome inactivation TUT4/7 contributes to suppressing
RNA levels.

To more precisely pinpoint how TUT4/7 depletions affected tail-
ing of the interrogated RNAs, we devised a method to semi-selectively
measure U-tailed RNA frequencies. Briefly, total cellular RNA was
mixed with two in vitro transcribed spike-in RNA species: i) spike-in
RNA 1#; a mixture of 6 RNA isoforms containing 0 to 5 Us at their 3′
ends, and ii) spike-in RNA 2#; a negative control RNA devoid of 3′
terminal Us (Supplementary Fig. 2g). This RNA cocktail was poly-
adenylated by E-PAP and subjected to reverse transcription using a
dT20-A4 primer for detection of U-tailed RNA (>3U) by subsequent

qPCR analysis. The dT20-A4 primer was tested together with other
primers (see details in “Methods”) and chosen due to its high specifi-
city for spike-in 1# RNA (observed U-tailed RNA frequency of 22% and
close to the theoretical value of 20%) and low detection of the spike-in
2# control (∼2%) (Supplementary Fig. 2h). In parallel, levels of all RNA
isoforms were measured from cDNA synthesized with the unselective
dT20-VN primer, which allowed the calculation of U-tailed RNA fre-
quencies. Gratifyingly, using this E-PAP-based approach to measure
levels of all RNA isoforms (Fig. 2a) recapitulated our results using
random hexamer- and dT20-VN-primers (Supplementary Fig. 2c). Fur-
thermore, a significant decrease of U-tailed RNA frequencies was

Fig. 2 | Cytoplasmic 3′–5′ exoribonucleases degrade NEXT-sensitive RNAs uri-
dylated by TUT4/7. a Boxplots of qRT-PCR analysis of NEXT-sensitive RNAs from
RRP40-mAID cells, transfectedwith siLucor siTUT4/7, and treatedwith auxin (+), or
not (−), as indicated. cDNA was synthesized using a dT20-VN primer after E-PAP
treatment of total RNA. Individual levels of the 8 RNAs (see right part of Fig. 2d) are
represented by separate symbols with themean value of three biological replicates
shown. The line inside each box represents the mean value of the 8 targets. Box-
plots display the distribution of the values of 8 targets. All subsequent boxplots are
presented similarly. qRT-PCR data were normalized to GAPDH (reference RNA) and
plotted relative to the control sample (siLuc, IAA (−)). Statistical analysis was per-
formed using two-sided t-tests on themean values of the 8 targets across samples. *
p <0.05; ** p <0.01; *** p <0.001; ns, not significant. Similar statistical tests were
conducted for the subsequent qRT-PCR analyses and with p-values represented in
the same manner. Note that as the siLuc −IAA and siLuc +IAA samples were also
produced in Fig. 3a, statistical analysis was performed combining data from all
experiments (see “Methods”). All subsequent qRT-PCR experiments were

conducted employing three biological replicates unless statedotherwise. Note that
boxplots, which display measurements of all RNA isoform levels (“All isoforms”)
after E-PAP treatment and dT20-NV priming condition, are consistently represented
in white color. b Boxplots of qRT-PCR analysis of U-tailed RNA frequencies as
described in Supplementary Fig. 2g. Note that boxplots, which display measure-
ments of U-tailed RNA frequencies, are consistently represented in brown color.
c Boxplots of qRT-PCR analysis as in (a), but employing ZCCHC8-mAID cells.
dBoxplots of qRT-PCR analysis of U-tailedRNA frequencies as in (b), but employing
ZCCHC8-mAID cells. e Boxplots of qRT-PCR analysis as in (c), but employing
siDIS3L2 or siDIS3L siRNAs as indicated. f Boxplots of U-tailed RNA frequencies
analysis as in (d), but employing siDIS3L2 or siDIS3L siRNAs as indicated.gBoxplots
of qRT-PCR analysis as in (c), but employing siSKIV2L siRNA as indicated.
h Boxplots of U-tailed RNA frequencies analysis as in (d), but employing siSKIV2L
siRNA as indicated. i Diagram summarizing the proposed uridylation and decay
pathway.
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detected upon TUT4/7 depletion, consistent with the uridylyl-
transferase activities of these enzymes (Fig. 2b). As expected, similar
phenotypes were observed in ZCCHC8-mAID cells upon depleting
TUT4/7 (Fig. 2c-d).

How do these U-tailed RNAs get degraded? As TUT4/7 localize to
the cytoplasm of human cells54,65, we focused on three possible cyto-
plasmicdecaypathways; i) 3′−5′RNAdecaybyDIS3L2, ii) 3′−5′decay by
the cytoplasmic exosome, represented by DIS3L, and iii) 5′-3′ RNA
decay by XRN1. Individual siRNA-mediated depletion of these RNA
exonucleases was carried out in ZCCHC8-mAID cells (Supplementary
Fig. 2i, j). Scrutinizing levels of all RNA isoforms established that
depletion of either DIS3L2 or DIS3L, but not XRN1, increased transcript
levels in ZCCHC8 depletion conditions (Fig. 2e and Supplementary
Fig. 2k). To further evaluate possible roles of DIS3L2 and DIS3L in
U-tailed RNA decay, U-tailed RNA frequencies were also measured. In
contrast to TUT4/7 depletion conditions, the frequencies of U-tailed
RNAs were slightly increased as a result of elevated U-tailed RNA levels
(Fig. 2f). To substantiate a role of the cytoplasmic exosome, we also
depleted SKIV2L (Supplementary Fig. 2l), a component of its accessory
SKI complex9,66. Consistent with the effect of DIS3L depletion, SKIV2L
depletion also increased transcript levels (Fig. 2g). Due to a propor-
tional increase of U-tailed RNAs, their frequencies remained unchan-
ged (Fig. 2h).

Taking our results together, we conclude that NEXT-sensitive
PROMPTs, upon escapingNEXT-mediated nuclear exosomedecay, can
be exported to the cytoplasm,where at least a fraction of these, can be
uridylated by TUT4/7 (Fig. 2i). Uridylated RNAs are then degraded by
DIS3L2 or by the cytoplasmic exosome. While an involvement of
DIS3L2 in degrading U-tailed RNA is unsurprising15,63,67,68, the cyto-
plasmic exosome has not previously been implicated in U-tailed RNA
degradation. However, it has been reported to degrade U-tailed non-
sense-mediated mRNA decay (NMD) intermediates69 and SKIV2L can
bind U-tailed RNA66. Thus, decay of U-tailed RNA by the cytoplasmic
exosome could be a more general mechanism.

PHAX exports shorter excess NEXT substrates for cytoplasmic
uridylation
We next addressed how themostly short and excess NEXT substrates
end up in the cytoplasm after escaping nuclear decay. Since the
PHAX protein is involved in the export of short capped RNA, such as
UsnRNA, short ncRNA and the H2AX RNA, due to its affinity for
RNA< 300 nt20–23, we interrogated this possibility by depleting cel-
lular PHAX and subsequently measured all isoform RNA levels and
U-tailed RNA frequencies. As observed for siTUT4/7, co-depletion of
PHAX with RRP40 significantly increased NEXT-sensitive PROMPT
levels (Fig. 3a and Supplementary Fig. 3a), while markedly decreasing
U-tailed RNA frequencies (Fig. 3b). Similar tendencies were observed
upon co-depletion of PHAX with ZCCHC8 (Fig. 3c, d and Supple-
mentary Fig. 2i). This suggested that PHAX depletion may stabilize
these RNAs indirectly by retaining them in the nucleus, avoiding
uridylation and decay in the cytoplasm.We note that PHAX depletion
on its own impacted RNA levels, which likely attributed to lowered
ZCCHC8 levels upon mAID-tagging64. Regardless, these data support
the idea that PHAX is involved in the nuclear export of relatively
short and excess NEXT substrates, which makes them accessible for
uridylation in the cytoplasm.

To evaluate PHAX binding to the investigated transcripts, we
conducted RNA immunoprecipitation (RIP) using a GFP antibody to
precipitate PHAX fromHeLa cells, stably expressing a ‘localization and
affinity purification’ (LAP)-tagged PHAX (PHAX-LAP) construct, con-
taining a C-terminal GFP moiety70,71. As expected, given the recruit-
ment of PHAX to RNA via the CBC21, a specific interaction between
PHAX-LAP and the CBP20 and CBP80 proteins could be confirmed,
whichwas not affected by ZCCHC8-depletion (Supplementary Fig. 3b).
More importantly, the PHAX-LAP IP enriched for NEXT substrates in

the control (siLuc) condition, which was further increased upon
ZCCHC8 depletion (Fig. 3e), presumably due to increased substrate
availability (Supplementary Fig. 3c). We suggest that in the absence of
NEXT, more of its RNA substrates bind to PHAX, which mediates their
nuclear export, providing for cytoplasmic uridylation-coupled degra-
dation (Fig. 3f).

A fraction of longer excess NEXT substrates is polyadenylated
and exported to the cytoplasm
Inspired by shorter excess NEXT substrates, utilizing nuclear export
and cytoplasmic U-tailing for their decay, we wondered whether
A-tailed excess NEXT substrates would employ a similar backup
mechanism, in addition to their demonstrated handover for PAXT-
mediated decay in the nucleus36. Our RNA 3′end seq data revealed that
A-tailed substrates, accumulating upon ZCCHC8 depletion, were
generally longer than their U-tailed counterparts (Fig. 4a, compared to
Fig. 1d, right panel). Moreover, and as previously shown36, levels of
A-tailed substrates were increased upon co-depletion of ZCCHC8 with
the PAXT component ZFC3H1 (Fig. 4a).

Despite the fact that pA− NEXT-substrates can be polyadenylated,
the responsible poly(A) polymerase(s) (PAPs) remained unclear as did
the probability of whether a fraction of these A-tailed RNAs could be
subjected to nuclear export (Fig. 4b). To address the first question, we
depleted canonical PAPs, PAPOLA and PAPOLG, as well as their non-
canonical, but nuclear, counterparts TENT1, TENT4A/TENT4B
(TENT4A/B) and TENT2 (Supplementary Fig. 4a–c). Individual deple-
tion of TENT2, PAPOLA and PAPOLG mildly increased NEXT substrate
levels in the ZCCHC8 depletion condition, but no effect was observed
upon TENT1 or TENT4A/B depletion (Supplementary Fig. 4d). To
address any possible redundancy, TENT2, PAPOLA and PAPOLG were
co-depleted (Supplementary Fig. 4c and Supplementary Fig. 4e),which
led tomore robust RNA accumulation (Fig. 4c). This wasmirrored by a
decreasedRNAA-tailing frequency (Fig. 4d andSupplementary Fig. 4f).
We, therefore, conclude that A-tailing of excess NEXT substrates can
be conducted redundantly by TENT2, PAPOLA and PAPOLG.

To next explore the possibility of nuclear export of A-tailed RNAs,
their levels were examined by co-depleting candidate export factors
with ZCCHC8. PHAX co-depletion increased A-tailed RNA levels
(Fig. 4e), which was consistent with its binding to these substrates as
demonstrated by RIP experiments (Supplementary Fig. 4g, h). We
noted, however, that PHAX binding here was less prominent when
compared to its interaction with all RNA isoforms (compare Supple-
mentary Figs. 4h and 3e, note Y-axis scales). Given that most A-tailed
RNAs are believed to be exported by NXF1 with the assistance of the
TREX complex18,19,72, we co-depleted NXF1 or the TREX component
DDX39A/B (DDX39A/DDX39B) along with ZCCHC8 (Supplementary
Fig. 4i, j). Both depletions yielded increased levels of A-tailed RNA
(Fig. 4f, g), suggesting that these excess NEXT substrates can also be
exported by the TREX-NXF1 pathway, possibly because the nuclear
PAXT/exosome decay pathway becomes saturated.

Taking the data together, we suggest that excess NEXT substrates
can be redundantly polyadenylated by TENT2, PAPOLA and PAPOLG,
leading to PAXT-mediated nuclear decay or PHAX- or TREX-NXF1
mediated export (Fig. 4h). Given that PHAX can also export pA− RNA,
its depletion could potentially make retained pA− RNAs available for
polyadenylation by TENT2/PAPOLA/PAPOLG, which might contribute
to the observed phenotype.

Exported A-tailed excess NEXT substrates are degraded in a
translation-dependent manner
The observed increase in A-tailed excess NEXT substrates, upon
export factor depletion, suggested their removal in the cytoplasm.
To interrogate by which mechanism(s) such decay might be carried
out, we examined A-tailed substrate levels from ZCCHC8-mAID
samples co-depleted for the exosome exoribonuclease DIS3L, or
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DIS3L2 (Supplementary Fig. 2i). While DIS3L2 depletion, in line with
its uracil-specificity15,67, did not affect A-tailed RNA levels (Supple-
mentary Fig. 5a), these increased upon DIS3L depletion (Fig. 5a).
Consistent with an involvement of the cytoplasmic exosome,
depleting SKIV2L (Supplementary Fig. 2l) also increased levels of
excess A-tailed NEXT substrates (Fig. 5b). Moreover, disrupting both
nuclear and cytoplasmic decay by co-depleting ZFC3H1 and SKIV2L
(Supplementary Fig. 2l) further increased A-tailed RNA levels
(Fig. 5b), suggesting that the two decay pathways cooperate to clear
these substrates.

To investigate whether cytoplasmic SKI/exosome degrades
excessA-tailedNEXTsubstrates in a translation-dependentmanner,we
treated ZCCHC8-mAID cells with the translation elongation inhibitor
cycloheximide (CHX). This led to increased levels of A-tailed RNA
(Fig. 5c), suggesting translation-dependent turnover, as also observed
for other cytoplasmic exosome substrates9,66,73. Interestingly, however,
although DIS3L dually participates in A-tailed and U-tailed RNA decay
(Figs. 2f and 5a), turnover of the latter was not CHX-sensitive (Sup-
plementary Fig. 5b).

The engagement of translation in the turnover of cytoplasmic
A-tailed excess NEXT substrates might occupy available ribosomes
and, in turn, affect normal translational output. To address this pos-
sibility, we estimated protein synthesis by labeling nascent peptides
with puromycin, which causes premature chain termination by its
covalent incorporation into the growing peptide chain measurable by
anti-puromycin western blotting analysis74–76. As our ZCCHC8-mAID
cells harbor the puromycin resistance gene,we employed regularHeLa
cells and instead depleted ZCCHC8 and/or ZFC3H1 by siRNA trans-
fection (Fig. 5d, bottom panels). Individual depletion of these factors
led to decreased puromycin levels, which was further lowered by
ZCCHC8/ZFC3H1 co-depletion (Fig. 5d, top panel and Fig. 5e). Similar
effects were previously observed for ZFC3H1 depletion, but not for
ZCCHC8 depletion, which we suspect was due to a lower depletion
efficiency than obtained here38. In conclusion, excess RNA released

from the nucleus negatively impacts global protein synthesis, possibly
by occupying the translation machinery. In line with this, overall
increases in total pA+ RNA levels (Supplementary Fig. 5c) inversely
correlated with puromycin incorporation (compare Supplementary
Fig. 5c and Fig. 5e). Such importance of ZCCHC8 and ZFC3H1 in
maintaining normal protein synthesis implied increased cell death
upon their depletion, which was validated by flow cytometry analysis,
revealing an increased sub-G1 population accompanied by a decreased
G0/G1 population (Fig. 5f, g, Supplementary Fig. 5d, e).

Taking these results together, we suggest that A-tailed excess
NEXT substrates can either be degraded in the nucleus by the PAXT/
exosome pathway or in the cytoplasm by the SKI/cytoplasmic exo-
some complex in a translation-dependent manner (Fig. 5h). We sug-
gest that this protects against an overpowering of physiological
translation and promotes cell survival, although a strict cause and
effect relationship still remains to be established.

Fail-safe decay pathways target NEXT substrates upon
DNA damage
Our results so far revealed fail-safe removal of NEXT substrates under
conditions where this nuclear exosome adapter was artificially deple-
ted. To address whether the identified NEXT backup systems would
also respond to other conditions affecting NEXT activity, like DNA
damage where RBM7 is phosphorylated and in turn lowers its affinity
towards decay substrates41–43, we challenged cells with
4-nitroquinoline 1-oxide (4-NQO). This chemical triggers DNA damage
through its metabolite 4-hydroxyaminoquinoline 1-oxide by forming
DNA adducts on purines77. As expected, 4-NQO administration
increased levels of the previously interrogated “All isoforms” (Fig. 6a,
compare siLuc 4-NQO (−) and (+)), consistent with NEXT
inactivation41,43. Moreover, depleting SKIV2L or DIS3L2 in 4-NQO
treated cells (Supplementary Fig. 6) further increased RNA levels
(Fig. 6a). We note that U-tailed RNA frequencies decreased following
4-NQO treatment (Fig. 6b). Since 4-NQO triggers RNAPII release from

Fig. 3 | PHAX exports NEXT-sensitive RNAs for cytoplasmic uridylation.
a Boxplots of qRT-PCR analysis as in Fig. 2a, but depleting PHAX. b Boxplots of
U-tailed RNA frequencies as in Fig. 2b, but depleting PHAX. c Boxplots of qRT-PCR
analysis as in (a), but employing ZCCHC8-mAID cells. d Boxplots of U-tailed RNA
frequencies as in (b), but employing ZCCHC8-mAID cells. e Boxplots of qRT-PCR
analysis of the indicated RNA levels from IP samples from Supplementary Fig. 3b.

The values of the control sample (siLuc, LAP IP) were set to 1. cDNA for qPCR
analysis was synthesized by a mix of random hexamer- and dT20-VN-primers
(R + dT20-VN). Given the high reproducibility and limited experimental material,
this experimentwas conductedwith twobiological replicates. Note “Z8“ is short for
ZCCHC8. f Diagram summarizing the proposed RNA export, uridylation and decay
pathways.
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promoter-proximal pausing41, we speculate that fewer short RNAs,
which are substrates for uridylation, are produced. Finally, depleting
ZFC3H1 or SKIV2L, or both, increased A-tailed RNA levels in 4-NQO
treated cells (Fig. 6c), and combining siZFC3H1 with 4-NQO treatment
induced a significant increase of sub-G1 populations (Fig. 6d, e). We
therefore conclude that fail-safe decay is also operational upon DNA
damage.

Discussion
Decay systems rid cells of aberrant and excess transcripts to maintain
RNA homeostasis. This encompasses major RNA decay pathways,
across the nucleus and the cytoplasm3,4, but how these interrelate to
compensate for one another has not been thoroughly explored. In one
example from higher eukaryotes, we have previously described that
the inefficient removal of pA− RNA substrates by the nuclear exosome,
due to depletion of its NEXT adapter complex, may trigger their post-
transcriptional 3′end adenylation and subsequent handover to PAXT-
mediated nuclear decay by the exosome36. Earlier data from budding
yeast have demonstrated that handover of excess RNA can also occur
across cellular compartments as transcripts escaping nuclear quality
control are exported and abundantly targeted by the cytoplasmic
nonsense-mediated decay (NMD) pathway78. In the present study, we
expand this principle by describing NEXT pathway backup mechan-
isms that rely on RNA 3′end tailing and nuclear export mechanisms to
achieve cytoplasmic decay (Fig. 3f and Fig. 5h). The need for cells to be
able to efficiently handle excess NEXT substrates is apparent given the
wide variety of such substrates, including PROMPTs30, eRNAs79, 3′

extended snRNAs, snoRNAs, histone RNAs and telomerase RNAs64,79–81

as well as prematurely terminated RNAPII products from within
protein-coding genes47,50–52 and fromwithin transposable elements82,83.
We, therefore, suggest that primary decay by NEXT/exosome and
compensation by backup systems cooperate to restrict these non-
productive RNAs, enabling cells to handle extrinsic challenges, such as
the DNA damage condition imposed in this study, ultimately pro-
moting cell survival.

Our discovered backup mechanisms involve RNA 3′end tailing,
which implies that at least some RNAs with naked 3′ends are not
optimal decay substrates after their escape from initialNEXT targeting.
In previously reported cases, NEXT complex activity occurs in tight
conjunction to the prior processes of transcription termination50,52,83,
pre-mRNA splicing64,84 or microprocessor cleavage85 and in select
examples, a direct physical interaction between RNA substrate pro-
duction- and decay systems have been demonstrated51,52,85. Thus, while
conventional turnover of NEXT substrates is typically a coupled pro-
cess that accepts an unmodified RNA 3′end, their efficient “pick up” by
alternative decay pathways might rely on prior 3′end tailing. For
example, RNA uridylation appears to be a prerequisite for decay, as
TUT4/7 depletion leads to RNA stabilization (Fig. 3a and c). Similarly,
nuclear RNA adenylation is presumably central for translation-coupled
decay as poly(A) tails stimulate translation86. That said, we cannot
exclude that some 3′end tailing may result from the increased avail-
ability of non-tailed RNA in conditions where the relevant decay
machinery has been compromised. However, we consider this a minor
fraction, given the coupling between 3′end tailing and decay.

Fig. 4 | NEXT-sensitive RNAs can be polyadenylated and exported to the
cytoplasm. aMetagene profiles as in Fig. 1d, but showing ‘A-tailed 3′ends’ of NEXT-
sensitive PROMPTs from the indicated depletion samples, displaying total- (upper)
or 4sU- (lower) RNA.Data fromnoE-PAP treatment sampleswereused (data inGEO:
GSE137612,36).b Schematicdiagramshowing theproposednuclear polyadenylation
of excess NEXT substrates followed by their nuclear decay or export. Red text and
questionmarks indicate unresolvedprocesses. cBoxplots of qRT-PCRanalysis as in
Fig. 3c, but depleting TENT2/PAPOLA/PAPOLG (T2/A/G). d Boxplots of qRT-PCR
analysis of samples from (c) butmeasuring A-tailed RNA frequencies as depicted in

Supplementary Fig. 4f. Note that this boxplot, which displays measurements of
A-tailed RNA frequencies, is represented in green color. e Boxplots of qRT-PCR
analysis of A-tailing levels of RNAs from Fig. 3c. To obtain A-tailed RNA, total RNA
sampleswere reverse transcribedwith a dT20-VNprimer beforeqPCR analysis. Note
that boxplots, which displaymeasurement of A-tailed RNA levels (“A-tailedRNAs”:),
are consistently represented in yellow color. f Boxplots of qRT-PCR analysis as in
(e), but depleting NXF1. g Boxplots of qRT-PCR analysis as in (e), but depleting
DDX39A/B. h Diagram summarizing the proposed PAXT-mediated exosome decay
or nuclear export of A-tailed excess NEXT substrates.
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In the instance of the shorter fraction of our interrogated excess
NEXT substrates, cytoplasmic 3′end uridylation proceeds decay by
DIS3L2 or the SKI-associated exosome. RNA U-tailing is generally
considered a mark for complete RNA decay, although transcript pro-
cessing might also ensue, e.g., uridylation of U6 snRNA87–89 and mono-
uridylation of Let-7miRNA90–92. Despite the fact that non-templated U-
tails are found on a range of RNA substrates and that the operational
uridylation enzymes TUT4 and TUT7 have been identified, the
mechanisms underlying TUT4/7 recruitment to RNA 3′ends have only
been delineated in a few individual cases. In one example, the Let-7
miRNA binding protein Lin28 directly interacts with TUT4/7 in
embryonic stem cells93,94, and in another, TUT4/7 targeting to tran-
scripts, deriving from LINE-1 retrotransposable elements, is reported
to occur via the MOV10 protein54. Since DIS3L2 was found to bind
structured RNAs, secondary structure has been suggested to directly,
or indirectly throughRNAbindingproteins, recruitTUT4/717. However,
the diverse set of DIS3L2 and SKI-exosome substrates reported in the
present study suggests that amore general feature of these transcripts
might be recognized. Given the shortness of the identified U-tailed
excess NEXT substrates, RNA size might be relevant for TUT4/7
recruitment. Perhaps the difficulty of these RNAs to associate with
ribosomes enhances the likelihood of TUT4/7 targeting. This could

direct SKIV2L to the U-tailed RNA, either directly66 or via an inter-
mediary protein, as seen for fungus-specific SKA1 protein95. In an
alternative, but not mutually exclusive, scenario the nuclear history of
these transcripts might impact the involved cytoplasmic processes. In
the absence of active NEXT-targeting, the competing process of PHAX-
mediated nuclear export prevails37,70, possibly enabling the resident
RNA to be subjected to cytoplasmic 3′end modification as is the case
for conventional UsnRNA PHAX-export substrates96,97. However, dif-
ferent from the productive 3′end processing and RNP assembly of
snRNA prior to their nuclear re-import, excess NEXT substrates are
subjected to removal. Which mechanism(s) might discriminate these
productive and destructive pathways remains an interestingmatter for
further investigation.

While RNA U-tailing is primarily involved in destructive pathways,
A-tailing is widely employed for both productive and destructive
purposes. Conventional 3′end polyadenylation by the cleavage and
polyadenylation (CPA) complex largelyoccurs co-transcriptionally and
is critical for further RNA processing, stability, nuclear export, and
translation98–101. In a countering destructive pathway, the RNA polyA
tail and its nuclear pA-binding protein (PABPN1) can direct transcripts
for decay by the PAXT/exosome pathway30–32,36,39,40,102–105. Additionally,
short polyA tails, added by the mammalian Trf4/Air2/Mtr4

Fig. 5 | SKI/exosome degrades A-tailed NEXT-sensitive RNAs in cytoplasm.
a Boxplots of qRT-PCR analysis as in Fig. 4e, but employing the indicated samples
fromSupplementary Fig. 2i.bBoxplots of qRT-PCR analysis as in (a), but employing
the indicated samples from Supplementary Fig. 2l. c Boxplots of qRT-PCR analysis
as in (a), but treating cells without (−) or with (+) 10 ug/ml cycloheximide (CHX) for
3 h. d Western blotting analysis assessing puromycin incorporation in cells upon
the indicated siRNA-mediated protein depletions. HeLa cells were siRNA trans-
fected for 72 h and treatedwith 5 ug/mlpuromycin for 30minbefore harvesting for
western blotting analysis. Western membranes were probed with antibodies
towards puromycin, ZCCHC8, ZFC3H1, and Tubulin as a loading control. A repre-
sentative experiment from biological triplicate data is shown. e Quantification of
triplicate experiments from (d). Puromycin signal intensities were normalized to

those of Tubulin and with the control sample (siLuc, puromycin (+)) set to 1. Bio-
logical triplicate data are shown with each circle representing single replicate
values. Error bars represent standard deviations (SDs) andbargraph is presented as
mean ± SD. All subsequent bar graphs are presented similarly. f Flow cytometry
analysis of the cell cycle distribution of cells subjected to the indicated siRNA-
mediated protein depletion. The percentages of sub-G1 cells are indicated. A
representative experiment frombiological triplicate data is shown.gQuantification
of sub-G1 population data from (f). Biological triplicate data are shown with each
circle representing single replicate values. h Diagram summarizing the proposed
nuclear PAXT/exosome decay, export and cytoplasmic SKI/exosome decay of
A-tailed excess NEXT substrates.
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polyadenylation (TRAMP) complex promote the turnover of rRNA
processing byproducts through the nuclear exosome30,106. We suggest
that in an apparent blend of these pathways, excess NEXT substrates
may be A-tailed in the nucleus in preparation for their PAXT-mediated
destruction or their PHAX/TREX-NXF1 mediated export (36 and the
present study). Which factors might tilt an RNA towards nuclear decay
or export remains unknown. For example, it has been established that
PABPN1 functions in the handover of NEXT substrates to PAXT-
mediated exosome decay31,36, but PABPN1 has also been reported to
mediate RNA export107. Regardless thismechanism, we show that such
A-tailing is redundantly conducted by the TENT2, PAPOLA, and
PAPOLG enzymes. Again, it is unclear how this might occur. TENT2 is
localized in both the nucleus and the cytoplasm108,109, andwas reported
to adenylate cytoplasmic mRNA through recruitment by the cyto-
plasmic polyadenylation element-binding protein 1 (CEBP1) or the
QKI7 KH domain-containing RNA binding (QKI-7) protein110–112.
PAPOLG is strictly nuclear, while PAPOLA is both nuclear and cyto-
plasmic, and both enzymes are reported to adenylate RNA in a CPA-
dependent process coupled to pA site cleavage113,114. Since NEXT sub-
strates are originally produced as pA− RNAs in a CPA-independent
manner36, their adenylation by TENT2, PAPOLA, and PAPOLG in the
nucleus is most likely posttranscriptional. Given the localization of
TENT2 and PAPOLA, some adenylation could also occur in the cyto-
plasm. As for 3′end uridylation, additional factors involved in attract-
ing these pA polymerases to their pA− RNA 3′ends remain to be
defined.

We show that export of adenylated excess NEXT substrates is
mediated by conventional RNA export factors/complexes PHAX,
TREX, and NXF1. This occurs in apparent competition with PAXT-
mediated decay, shown here indirectly by the increased overwhelming
of general translation upon co-depletion of the PAXT component
ZFC3H1 (Fig. 5d), and previously demonstrated directly by nuclear-
cytoplasmic fractionation experiments38,105,115. The major effects of
ZCCHC8 and ZFC3H1 depletions on translation (Fig. 5d) may well
underscore the scale of cryptic RNAs normally removed in the nucleus

to maintain RNA homeostasis. It also suggests that most of these
transcripts, upon entering the cytoplasm, do not produce appreciable
amounts of protein but rather block ribosomes, preventing translation
of proper mRNA. Cytoplasmic removal of the latter is mainly con-
trolled by the translation-dependent and XRN1 mediated 5′–3′ RNA
decay pathway66,116. In contrast, the A-tailed excess NEXT substrates
reported in this study are predominantly degraded in a translation-
mediated process, depending on the SKI/exosome (Fig. 5a, b), but not
by XRN1 (Supplementary Fig. 2k). Since the SKI/exosome pathway has
been reported to degrade specific transcripts triggering ribosome
stalling, such as RNAs with small open reading frames (sORFs)9,66,
particular features of adenylated excess NEXT substrates are likely to
elicit their turnover through a similar mechanism. We suggest that
these pertain to RNA characteristics incompatible with efficient
translation, such as short transcript length, improper RNP composi-
tion, and/or non-optimal RNA pA tail length.

Regardless the exact mechanisms, RNA 3′end tailing appears
central formarking the RNA overflow, deriving from dampened NEXT-
activity, for alternative downstream decay. This is eventually executed
by pathways that are also operational in conventional RNA productive
and destructive processes and which underscores twomain principles
of RNA quality control: i) It is not carried out by specific systems, but
relies on redundant conventional activities, and ii) these provide a
network of specialized, but also cooperative pathways, enabling cells
to maintain RNA homeostasis and to survive during stress.

Methods
Cell cultures and their manipulations
Wildtype, RRP40-mAID, and ZCCHC8-mAID HeLa cells64 were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
siRNA transfections were carried out using Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s protocol. Cells were
subjected to 20 nM siRNA treatment for 3 days in all depletion
experiments, except for the siRNAs targeting NXF1 and DDX39A/B,

Fig. 6 | Fail-safe pathways degrade NEXT substrates upon DNA damage.
a Boxplots of qRT-PCR analysis as in Fig. 2a but employing the indicated depletion
samples treated with 5 µM 4-NQO (+), or not (−) for 4 h. b Boxplots of qRT-PCR
analysis as in (a), but measuring U-tailed RNA frequencies. c Boxplots of qRT-PCR
analysis as in Fig. 4e but employing the indicateddepletion sampleswith orwithout

4-NQO treatment. d Flow cytometry analysis as in Fig. 5f, but employing the indi-
cated samples with or without 4-NQO treatment. e Quantification of sub-G1 cell
populations from (d). Biological triplicate data are shown with each circle repre-
senting single replicate values.
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whichwere restricted to 2days due to severe cell deathwithprolonged
depletion. For AID-mediated protein depletion, 750 µM IAA sodium
salt (Sigma-Aldrich) was supplemented to cell culture medium for 6 h
before cell harvest. All siRNA sequences are listed in Supplementary
Table 1. For DNA damage induction, 5 µM of 4-NQO (Sigma-Aldrich)
was added to cell culture media for 4 h before cell harvest.

Western blotting analysis
After harvesting, cells were counted using an automated cell counter
(Invitrogen) and lysed with LDS Sample Buffer (Invitrogen) supple-
mented with Sample Reducing Agent (Invitrogen). Equal amounts of
protein were loaded onto PAGE gels after sample denaturation at 95 °C
for 15min. Proteins were transferred to PVDF membranes, which were
blocked with 5% skimmed milk in phosphate-buffered saline with
0.05% Tween 20 (PBS-T) for 1 hr at room temperature (RT), incubated
with primary antibody diluted in PBS-T at 4°C overnight and followed
by washing 3 × 10min with PBS-T. Membranes were then incubated
with HRP-conjugated secondary antibody diluted in PBS-T for 1 hr at
RT, followed by washing 3 × 10min with PBS-T. SuperSignal West
Femto HRP substrate (ThermoFisher Scientific) was applied to mem-
branes and signals were detected with an ImageQuant 800 (Amer-
sham).Utilizedprimary antibodies are listed in Supplementary Table 2.

RNA isolation and qRT-PCR analysis
RNA was extracted using TRIzol (Invitrogen) and treated with TURBO
DNase (Invitrogen) according to the manufacturer’s protocol. For
measuring ‘all isoform’ RNA levels, reverse transcription (RT) was
carried outwith SuperScript III reverse transcriptase (Invitrogen) using
1 µg RNA and a mixture of 20 pmol random hexamer- and 4 pmol
dT20-VN-primers in a 20 µl reaction at 50 °C according to the manu-
facturer’s protocol. Subsequently, qPCR was performed using Plati-
num SYBR Green qPCR SuperMix-UDG (Invitrogen) in a ViiA 7 Real-
TimePCRmachine (Life Technologies).Whenmeasuring ‘A-tailed’RNA
levels, qRT-PCR was carried out similarly, except that cDNA was syn-
thesized using 20 pmol dT20-VN primers. qRT-PCR data were analyzed
using GraphPad (Prism 7.0a). Utilized qPCR primers are listed in Sup-
plementary Table 3.

In vitro transcription of spike-in RNA
DNA templates for in vitro transcriptionweregeneratedbyPCRusing a
forward primer harboring a T7 promoter sequence and a reverse pri-
mer harboring 0−5 As at its 3′end. pUC19-ERCC-00136 (for spike-in 1#)
and ERCC-00136 (for spike-in 2#) plasmids were used as PCR
templates117. In vitro transcription reactions were carried out using
MEGAscript RNAi Kit (ThermoFisher Scientific) according to the
manufacturer’s protocol. Subsequently, RNA was purified by phenol
extraction and ethanol precipitation, and its concentration was mea-
sured by a NanoDrop Spectrophotometer (ThermoFisher Scientific).
The spike-in RNAmixture was prepared by first mixing spike-in 1# RNA
containing 0−5 U’s at the 3′ends in a ratio 5:1:1:1:1:1 as illustrated in
Supplementary Fig. 2g. Thismixturewas furthermixedwith spike-in 2#

RNA in a 1:1 ratio. Utilized primers are listed in Supplementary Table 3.

E-PAP treatment and measurements of U- and A-tailed RNA
frequencies
To measure U-tailed RNA frequencies, 4 µg of TURBO DNase (Invitro-
gen) treated total RNAwasmixedwith0.1 ng in vitro transcribed spike-
in RNAmixture as prepared above. This RNA cocktail was treated with
E. coli poly(A) polymerase (E-PAP, Invitrogen) at 37 °C for 30min in
50 µL reactions, containing 1× reaction buffer, 2.5mM MnCl2, 1 U
poly(A) polymerase, 2 U RiboLock RNase Inhibitor (ThermoFisher
Scientific) and 1mM ATP. E-PAP treated RNA was purified using Pure-
Link micro RNA purification kit (Invitrogen) following the manu-
facturer’s instructions. For the selective RT of U-tailed RNA 10 pmol of
the U-tailed RNA specific primer dT20-A4 primer was used in a 20 µl

reaction at 58°C to achieve high annealing specificity. RT of all RNA
isoformswas carried out with 20 pmol of the dT20- VN primer in a 20 µl
reaction at normal PCR extension temperature of 50°C. qPCR was
carried separately from cDNA synthesized with dT20-A4 and dT20- VN
primers. U-tailed RNA levels were normalized to levels of spike-in 1#,
while the All RNA isoform levels were normalized to levels GAPDH
RNA. U-tailed RNA frequencies were calculated by dividing levels of
U-tailed RNA by levels of all isoform RNA. To identify the optimal
U-tailed RNA-specific primer, five distinct RT primers, dT20-A1, dT20-A2,
dT20-A3, dT20-A4, and dT20-A5 were tested using the in vitro transcribed
spike-in RNAs. The dT20-A4 primer producedminimal background and
was chosen for experiments.

To measure A-tailed RNA frequencies, RNA was treated with or
without E-PAP as above. RT was carried out with the dT20- VN primer
for subsequent qPCR analysis. All isoform levels were measured from
samples with E-PAP treatment and A-tailed RNA levels were measured
from samples without E-PAP treatment by normalizing to GAPDH RNA
levels. A-tailed RNA frequencies were calculated by dividing levels of
A-tailed RNAs to those of all isoform RNAs.

Statistical analysis
Statistical analyses were performed using two-sided t-tests. Since siLuc
−IAA and siLuc +IAA samples were included in multiple experiments,
their statistical analyses were performed using mean values from the
combined data across all relevant samples. Specifically, the following
samples were combined: siLuc −IAA and siLuc +IAA data from Figs. 2a
and 3a; siLuc −IAA and siLuc +IAA data fromFigs. 2b and 3b; siLuc −IAA
and siLuc +IAA data from Figs. 2c, e, g, 3c and 4c; siLuc −IAA and siLuc
+IAAdata fromFigs. 2d, f, h and 3f; siLuc −IAA and siLuc +IAAdata from
Figs. 4e, f, g, 5a, b and Supplementary Fig. 5a; siLuc -IAA and siLuc +IAA
data from Supplementary Fig. 2f, Supplementary Fig. 2k and Supple-
mentary Fig. 4d.

RNA immunoprecipitation (RIP)
HeLa cells expressing “localization and affinity purification” (LAP)
control or PHAX-LAP constructs70,71 were treated with relevant siR-
NAs for 3 days. Cells were lysed in extraction buffer (20mM Tris-HCl
pH7.4, 150mM NaCl, 2 mM EDTA, 1mM DTT, 1 mM PMSF, 0.1% Tri-
tonX-100, supplemented with 1x proteinase inhibitor and 200 U/ml
RiboLock RNase Inhibitor) and sonicated using a microtip sonicator
(Branson 250). After sonication, lysates were centrifuged and clar-
ified supernatants were incubated with Dynabeads Epoxy M270
(Invitrogen) conjugated with anti-GFP antibody and rotated at 4°C
overnight. Beads were subsequently washed three times with
extraction buffer. 10% volumes of beads were utilized to elute the
captured protein using LDS Sample Buffer (Invitrogen) supple-
mented with Sample Reducing Agent (Invitrogen) for western blot-
ting analysis. The remaining bead volumes were used for RNA
extraction using TRIzol (Invitrogen).

Puromycin incorporation assay
HeLa cells were transfected with siRNAs for 48 hr. To avoid over con-
fluent cells, resulting in less active translation, cells were reseeded at
low confluency (reaching around 50% of confluency the next day) and
cultured for another 24 h. 5 ug/ml of puromycin (Gibco) was added to
cell culture medium for 30min before cell harvest and western blot-
ting analysis.

Flow cytometry analysis
siRNA-transfected HeLa cells were fixed with 70% of cold ethanol for
30min on ice. Cells were washed with PBS and incubated in a solution,
containing 50 ug/ml of propidium iodide (PI, Sigma) and 20 ug/ml of
RNase A (ThermoFisher Scientific) at 37 °C for 30min. Cells were
subsequently analyzed in a CytoFLEX machine (Beckman). FlowJo
10.9.0 was used for data analysis.
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RNA 3′end seq processing and read counts generation
Processing of raw reads and mapping to the genome was done as
described36, using the following versions of software: samtools v.1.6.0,
bedtools v2.16, BBMAP v35.92, STAR v2.5.2b, HTSeq v0.6.0. Mapped
readswere then sorted according to their type of non-aligned tail using
a custom Python script. Reads were stratified via the cigar string
information frombam files. Non-templated tail sequences were placed
at the 5′end of reads in the utilized library preparation method
(Lexogen QuantSeq REV) and thus identified with cigar strings
matching the regular expressions “^.S..M” and “^..S..M” for positive-
and “..M.S$“ or “..M..S$“ for negative-strand mappings. Further down-
stream analysis of total tail counts, tail-specific filtering, and the gen-
eration of coverage tracks were performed using custom Python and
bash scripts.

Frequency plots
Boxplots displaying the frequencies of U-tails within samples, the
representation of abundance of the individual tails’ motives, and the
display of U-containing reads relative to tail lengthwithin genomic and
spike-inRNAwereall basedon countsmentioned above andgenerated
using the ggplot2 R package.

Metagene profiles and heatmaps
Metagene profiles and heatmaps were produced using custom R
scripts as in (Lykke-Andersen et al., 2021). Briefly, the rtracklayer R
packagewasused to collect read coverage values for thewindow −1kb/
+3kb according to the TSS. Coverage values were then binned in 50nt
bins and used to generate heatmaps based on the R package Com-
plexHeatmap. The mean of coverage values across TUs over each bin
were also computed and plotted as metagene profiles using custom R
code. A 95% confidence interval of the mean coverage is displayed for
each sample and was measured through 50 steps of bootstrap sam-
plings with replacement.

Genome browser views
Genome browser views were generated using BigWig files and the R
package seqNdisplayR (https://rdrr.io/github/THJlab/seqNdisplayR/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available from the
corresponding authors upon request. All high-throughput RNA-seq
data used in this study were previously published36 and are available at
Gene Expression Omnibus (GEO) under accession code GSE137612.
Source data for Figures and Supplementary Figs. are provided as a
Source Data file. Source data are provided with this paper.

Code availability
Code and associated information for all bioinformatics analysis is
available at GitHub (https://github.com/THJlab/Wu_et_al_2024) and
can be downloaded from Zenodo (https://doi.org/10.5281/zenodo.
14001273)118.
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