bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Dual agonistic and antagonistic roles of ZC3H18 provides

for co-activation of distinct nuclear RNA decay pathways

Patrik Polak®, William Garland®, Manfred Schmid'?, Anna Salerno-Kochan?, Lis
Jakobsen®, Maria Gockert!, Om Rathore!, Piotr Gerlach®®°, Toomas Silla'®, Jens S.

Andersen?, Elena Conti® and Torben Heick Jensen®’

'Department of Molecular Biology and Genetics, Universitetsbyen 81, Aarhus
University, Aarhus, Denmark.

Present address: QIAGEN Aarhus A/S, Silkeborgvej 2, Aarhus, Denmark.
®Department of Structural Cell Biology, Max Planck Institute of Biochemistry, Am
Klopferspitz 18, Martinsried/Munich, Germany.

“Department of Biochemistry and Molecular Biology, University of Southern
Denmark, Campusvej 55, Odense M, Denmark.

®Present address: ReMedy International Research Agenda Unit, IMol Polish
Academy of Sciences, Warsaw, Poland.

®Present address: State Agency of Medicines, Nooruse str 1, Tartu, 50411, Estonia.
"Lead author. Email: thj@mbg.au.dk

Keywords: Nuclear RNA decay, activation, inhibition, PAXT, NEXT, ARS2, ZC3H18


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

The RNA exosome is a versatile ribonuclease. In the nucleoplasm of
mammalian cells, it is assisted by its adaptors the Nuclear EXosome Targeting
(NEXT) complex and the PolyA eXosome Targeting (PAXT) connection. Via its
association with the ARS2 and ZC3H18 proteins, NEXT/exosome is recruited to
capped and short unadenylated transcripts. Conversely, PAXT/exosome was
considered to target longer and adenylated substrates via their poly(A) tails.
Here, mutational analysis of the core PAXT component ZFC3H1 uncovers a
separate branch of the PAXT pathway, which targets short adenylated RNAs
and relies on adirect ARS2-ZFC3H1 interaction. We further demonstrate that
similar acidic-rich short linear motifs of ZFC3H1 and ZC3H18 compete for a
common ARS2 epitope. Consequently, while promoting NEXT function,
ZC3H18 antagonizes PAXT activity. We suggest that this unprecedented
organization of RNA decay complexes provides co-activation of NEXT and

PAXT at loci with abundant production of short exosome substrates.

Introduction

Mammalian genomic DNA is pervasively transcribed by RNA polymerase 1l (RNAPII),
generating a large volume of unstable noncoding RNA (ncRNA) along with the
canonical production of mMRNA and stable ncRNA (Djebali et al., 2012). Relevantly, a
large share of RNAPII transcription initiation events is estimated to be non-productive
and subjected to premature transcription termination with the released transcript
being rapidly removed by RNA decay (Steurer et al., 2018; Wu et al., 2020; Zimmer
et al.,, 2021). Such termination can occur outside of, or early within, conventional
transcription units (TUs) and be induced by the presence of transcription start site
(TSS)-proximal polyadenylation (pA) sites (Almada et al., 2013; Chen et al., 2016;
Ntini et al., 2013), recruiting the cleavage and polyadenylation (CPA) complex and
yielding short pA*™ RNA (Proudfoot, 2016). Features triggering early transcription
termination can also be more elusive (Beckedorff et al., 2020; Elrod et al., 2019;
Lykke-Andersen et al., 2021a) and activate the integrator (INT)- (Mendoza-Figueroa
et al., 2020) or ZC3H4-WDR82 (restrictor)-complexes (Austenaa et al., 2021; Estell
et al., 2021; Rouviére et al., submitted; Estell et al., submitted), giving rise to pA

RNA. Given their essential roles in integral quality control processes, that regulate
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genomic output and maintain transcriptome homeostasis, mechanisms connecting
early transcription termination and transcript turnover remain important study
objects(Garland and Jensen, 2020; Schmid and Jensen, 2018).

Nuclear RNA decay is primarily handled by the 3'-5' exonucleolytic activity of the
RNA exosome complex (Mitchell et al., 1997; Schmid and Jensen, 2018). To gain
access to its RNAPII-derived substrates, the exosome RNA helicase MTR4 (Falk et
al., 2017; Schuch et al., 2014; Wasmuth et al., 2017) can contact, at least, two
distinct nucleoplasmic adaptors; the nuclear exosome targeting (NEXT) complex
(Lubas et al., 2011) and the poly(A) exosome targeting (PAXT) connection (Meola et
al., 2016; Silla et al., 2020), targeting pA” and pA* transcripts, respectively (Gockert et
al., 2022; Wu et al.,, 2020). The NEXT complex, formed by a dimer of MTR4-
ZCCHCB8-RBM7 heterotrimers (Gerlach et al., 2022; Puno and Lima, 2022), can be
recruited to short, TSS-proximal, pA™ transcripts by connecting to the RNA-bound
cap-binding complex (CBC) via the ARS2 and ZC3H18 proteins (Andersen et al.,
2013; lasillo et al., 2017; Wu et al., 2020). The PAXT connection, on the other hand,
consists of a core MTR4-ZFC3H1 heterodimer, that associates with the nuclear pA
binding protein (PABPN1), in an RNA-dependent manner (Fig 1A, left panel). In
addition, less well-described interactions with the RNA binding proteins ZC3H3,
RBM26 or RBM27 are suggested to occur. Together, this facilitates the decay of a
wide range of pA* RNAs (Bresson and Conrad, 2013; Meola et al., 2016; Ogami et
al., 2017; Silla et al., 2020)

The 5' end of every RNAPII-produced transcript, regardless of its stability, is m’G
cap-modified and nascently bound by the CBC during the early stages of
transcription (Gonatopoulos-Pournatzis and Cowling, 2014). The CBC in turn
associates with ARS2, forming the trimeric CBCA complex (Andersen et al., 2013;
Hallais et al., 2013; Schulze and Cusack, 2017), which acts as a central hub for the
competitive exchanges of RNA sorting factors, also termed ‘classifiers’ (Lykke-
Andersen et al., 2021b), that ultimately direct the RNA towards a productive or a
destructive fate (Garland and Jensen, 2020). For example, CBCA can connect to
factors, such as ALYREF, PHAX or FLASH, to promote the cellular transport of
MRNA, snRNA or replication-dependent histone (RDH) RNA, respectively (Garland
and Jensen, 2020; Lykke-Andersen et al., 2021b). Alternatively, CBCA can direct its
bound transcripts towards RNA decay(Andersen et al., 2013). A key factor facilitating
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this is ZC3H18, which was shown to connect the CBCA and NEXT complexes
(Andersen et al.,, 2013; Winczura et al., 2018), while directly competing with
productive CBCA-interactors such as PHAX (Dou et al., 2020; Giacometti et al.,
2017). While the CBCA-ZC3H18-NEXT association was validated through protein
domain mapping (Winczura et al.,, 2018), an analogous connection to PAXT was
merely suggested based on the presence of ZC3H18 in PAXT-interactome data, but
has lacked further experimental validation(Meola et al., 2016). Indeed, PAXT activity
was originally proposed to rely on prolonged RNA nuclear residence times as a
means of ridding nuclei of pA’-transcripts inefficiently managed by export factors,
such as ALYREF (Fan et al., 2017; Libri, 2010; Meola and Jensen, 2017; Silla et al.,
2018). Hence, bona fide PAXT substrates were considered longer and more
processed than their NEXT-sensitive counterparts (Meola et al., 2016). More recent
genome-wide analyses have, however, revealed, that PAXT also targets short and
unspliced RNAs, which apart from their pA* 3'end status, are biochemically
reminiscent of NEXT substrates (Gockert et al., 2022; Wu et al., 2020). Whether
these TSS-proximal pA® transcripts rely on the same recruitment mechanism as
longer, and processed, PAXT substrates, and which role, if any, ZC3H18 plays in the

process, remains unclear.

Here, we find that the N-terminal domain of ZFC3HL1 is instrumental for PAXT-
targeting of short pA* transcripts. This is achieved by its direct binding to ARS2 via a
conserved acidic-rich short linear motif (SLiM), consistent with observations reported
in ZFC3H1 homologs (Dobrev et al., 2021; Foucher et al., 2022). Surprisingly though,
we find that ZC3H18, which promotes NEXT-mediated RNA decay, exhibits an
inhibitory effect on the ARS2-dependent PAXT decay pathway. This inhibition is
explained by a competition between ZFC3H1 and ZC3H18, both of which utilize a
similar SLiM to bind a common surface on ARS2. We suggest that this intricate set-
up provides the possibility for increased NEXT activity to lift the ZC3H18 inhibition of
PAXT, hereby providing for co-activation of the two pathways in situations where the

demand for RNA turnover is high.

Results

The ZFC3H1 N-terminus harbors important information for its function in RNA

decay
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ZFC3H1 is the central hub of PAXT, mediating direct contact with MTR4 and further
associating with accessory PAXT components (Silla et al., 2020; Wang et al., 2021)
(Fig. 1A, left panel). To dissect the relative contributions of ZFC3H1 domains in RNA
decay, we examined ZFC3H1 through the domain-predicted generation of six C-
terminally MYC-tagged ZFC3H1 variants (Z1%) (Fig. 1B). These truncated proteins, as
well as their full-length (FL) counterpart, were individually and stably expressed in
HelLa cells depleted of endogenous ZFC3H1 using specific SiRNA (siZFC3H1) (Fig.
S1A). Possible functional complementation was then assessed by RT-gPCR using
primers towards known PAXT substrates (Fig. 1A, right panel), which revealed that
only the Z1™ and z1**** variants consistently repressed the upregulation of RNA
levels induced by siZFC3H1 (Fig. 1C). This activity was particularly significant for the
Z1¥" variant due to its relatively low expression (Fig. S1A). In contrast, higher
expression of the N-terminally truncated z12!131°
activity, which immediately highlighted the N-terminus (1-218 aa) of ZFC3H1 as

variant yielded only marginal

being important for targeting of the tested substrates (Fig. 1C). Due to the somewhat
variable expression levels of the ZFC3H1 variants in HelLa cells (Fig. S1A), we
validated these results by introducing homologous mouse (mZ1*) constructs into our
previously established ZFC3H1 knockout (KO) mouse embryonic stem (mES) cells
(Garland et al., 2019) (Fig. S1B). With a caveat that we could not achieve expression
of mZ1™ or mz1'%**1%92 we consistently observed that only the mz1***® variant,
containing the intact N-terminus, was able to repress the upregulation of PAXT
targets triggered by the Zfc3h1™ conditions (Fig. S1C). Using the mES system, we
further narrowed down the functional region by interrogating activities of two
additional N-terminal truncations of mz1'*%3 (mz1%*%%% and mz1%"*% Fig. 1D),
which revealed that the first 33 aa of ZFC3H1 are important for its function (Fig. 1E).
From this, we conclude that the extreme N-terminus of ZFC3H1 plays an important

role in the decay of select PAXT-sensitive RNAs.

A conserved short linear motif connects ZFC3H1 to the CBC via ARS2

In order to further investigate the N-terminus of ZFC3H1, we first addressed the
conservation of this region by multiple sequence alignment analysis. This revealed
tandem copies of a highly conserved and acidic short linear motif (SLiM) within the

first central 33 aa of ZFC3H1 (Fig. S2). Interestingly, an identical motif was previously
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highlighted in the S. pombe ZFC3H1 homolog, spRedl, where it was linked to the
binding of the spArs2 protein (Dobrev et al., 2021). Moreover, while our study was
under completion, such ARS2 binding was confirmed by in vitro assays using human
proteins (Foucher et al., 2022). Inspired by this, we introduced point mutations into
the SLiM of Z1™" (Fig. 2A, upper left panel) and assessed their impact by expressing
the mutant protein Z1™™"" in HeLa cells depleted of endogenous ZFC3H1 (Fig. 2A,
upper right panel). Like the N-terminal deletions, the Z1™™"" construct was unable
to repress RNA levels of selected PAXT substrates in siZFC3H1-treated cells (Fig.

2A, lower panel).

To interrogate the effect of these point mutations on the interactome of the ZFC3H1
N-terminus, we generated wildtype (Z1**°*"") and mutant (z1***°™") MY C-tagged
variants and subjected them to IP followed by mass-spectrometry (IP-MS). Plotting
the relative enrichment of interacting proteins in Z172°WD ys, z120MUD |ps e
observed a significant enrichment of ARS2 and CBC components, NCBP1 and
NCBP2 (Fig. 2B). This interaction of ARS2 with the acidic-rich N-terminus of ZFC3H1
was confirmed by IP-WB analysis (Fig. 2C) and by in vitro pull-downs, demonstrating
that the recombinant 13" put not z1**3*™YN  directly interacts with ARS27 "1
(Fig. 2D).

Consistent with previous studies we therefore conclude that the conserved acidic
SLiM of ZFC3H1 binds ARS2 directly and further that this interaction is functionally

relevant.

The ZFC3H1-ARS2 connection facilitates the decay of short, adenylated

transcripts

What might then be the mechanistic consequence of the ZFC3H1-ARS2 interaction,
given that ZFC3H1/MTR4 was assumed to gain substrate access via the RNA pA tall
and its associated PABPN1 (Meola et al., 2016)? Providing a clue, we recently
reported that artificial tethering of ARS2 to a pA* reporter RNA made PAXT-mediated
decay more efficient (Melko et al., 2020). Hence, we set out to determine the exact
role of ARS2 in PAXT-mediated RNA decay by revisiting our previously published
RNA sequencing (RNA-seq) data from siARS2-treated HelLa cells (lasillo et al.,
2017). Utilizing a previously defined set of PAXT-sensitive RNAs (Wu et al., 2020), a
total of 1116 of these were split into 296 ARS2-dependent and 820 ARS2-
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independent substrates (Fig. 3A). Stratifying these RNAs by their corresponding
transcription unit (TU) lengths revealed that ARS2-dependent PAXT targets were
generally shorter (Fig. 3A and S3A, left panel) and with fewer exons (Fig. S3B, left
panel) than their ARS2-independent counterparts. In this way, ARS2 depletion
appeared to primarily affect shorter substrates as also seen for the NEXT pathway
(Fig. S3A and S3B, right panels).

As ARS2 is a central RNA sorting factor (Lykke-Andersen et al., 2021b), its depletion
will affect several aspects of RNA metabolism. We therefore investigated this size-
based substrate trend by analyzing RNA isolated from siZFC3H1 HelLa cells
complemented with either full-length ZFC3H1 (Z1™“"") or its mutated counterpart
incapable of binding ARS2 (z17™MYT). As the RT-qgPCR amplicons, utilized in our
earlier analysis of the Z1™™YD construct (Fig. 2A), were designed to detect short
PAXT substrates, we included amplicons detecting PAXT substrates of increasing
lengths. This strategy revealed that while the Z1™™Y" variant was unable to target
short PAXT-sensitive transcripts, it was fully capable of repressing such longer RNAs
(Fig. 3B). We further analyzed the functionality of the Z1™™"" construct in the decay
of ARS2-independent substrates at a global scale by conducting triplicate RNA-seq
experimentation of total RNA purified from the Z1™W"- and z1™MYT. expressing,
SiZFC3H1-treated cells (Fig. S3C). As predicted, ARS2-dependent PAXT substrates
were significantly upregulated upon Z1™MYDexpression relative to z1™-WD
expression, while an only modest effect was observed for ARS2-independent RNAs
(Fig. 3C and 3D).

We conclude that at least two independent branches of PAXT-mediated RNA decay
exist. One takes advantage of the CBCA connection to enhance access to shorter
substrates, resembling polyadenylated versions of those targeted by the NEXT
pathway (Figure 3E, top panel). The other branch targets longer and more spliced
RNAs, possibly relying more on the pA tail for factor recruitment (Fig. 3E, bottom

panel).

ZC3H18 antagonizes the ARS2-dependent PAXT pathway

The physical link between the CBCA and NEXT complexes was reported to be
bridged by the ZC3H18 protein (Fig. 4A), the depletion of which resulted in the

accumulation of NEXT substrates (Andersen et al., 2013; Winczura et al., 2018). A
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comparable connection between ZC3H18 and ZFC3H1 was also speculated to link
the CBCA to PAXT(Meola et al., 2016), however, this idea was never elaborated.
Given these biochemical interactions and our finding that NEXT- and ARS2-
dependent PAXT-substrates are of largely similar lengths, we were prompted to
investigate how ZC3H18 might impact ARS2-dependent PAXT activity.

Our previous approach to study ZC3H18 function utilized siRNA-mediated factor
depletion, which led to significant, albeit somewhat moderate increases of NEXT-
sensitive RNAs in siZC3H18 conditions (Andersen et al., 2013; lasillo et al., 2017;
Winczura et al., 2018). We therefore turned to a conditional degron-based technique
to rapidly deplete endogenous ZC3H18 via a fused mini-auxin-inducible degron and
3XFLAG (3F-mAID) tag (Natsume and Kanemaki, 2017). After 16 hours of auxin
(IAA) treatment, ZC3H18-3F-mAID protein levels were efficiently depleted (Fig. 4B).
Subsequent RT-gPCR assessment of selected NEXT-sensitive RNAs revealed their
significant, and expected, upregulation (Fig. 4C, left panel). In contrast, and to our
surprise, levels of ARS2-dependent PAXT substrates were reduced upon ZC3H18
depletion (Fig. 4C, mid panel). Thus, ZC3H18 may normally antagonize decay of
these transcripts. Since levels of ARS2-independent PAXT substrates yielded no
significant effect upon ZC3H18 depletion (Fig. 4C, right panel), the inhibitory function
of ZC3H18 might be enacted via ARS2. To validate these findings, we generated
analogous Zc3h18-3F-mAID mES cells and included previously established Zcchc8-
3F-mAID and Zfc3h1-3F-mAID lines (Garland et al., 2022), to perform a comparative
rapid factor depletion time course (Fig. S4A). Consistent with our HelLa cell data,
NEXT-sensitive RNAs were increasingly upregulated over the 8-hour time course
following depletion of ZC3H18 and ZCCHCS8, while PAXT (ZFC3H1)-sensitive RNAs
were reduced by ZC3H18 depletion (Fig. S4B).

To corroborate these diverse functions of ZC3H18 in NEXT- and PAXT-mediated
RNA decay genome-wide, we revisited siZC3H18 RNA-seq data (lasillo et al., 2017)
and assessed changes in NEXT- or PAXT-sensitive transcripts in SIARS2 vs.
siZC3H18 conditions. In general, NEXT-sensitive RNAs were upregulated in both
SIARS2 and siZC3H18 conditions (Fig. 4D, orange bar plots). PAXT-sensitive RNAs,
on the other hand, were only preferentially upregulated in siARS2 conditions and
predominantly downregulated upon ZC3H18 depletion (Fig. 4D, blue bar plots). Thus,
while ZC3H18 promotes NEXT activity it rather appears to inhibit the ARS2-
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dependent PAXT pathway. To gather further support for this idea, we generated a
HeLa cell line stably expressing DOX-inducible ZC3H18, which led to robust
overexpression of the protein after 24 h of induction (Fig. S4C, compare lanes 1 and
2). This condition led to a significant upregulation of ARS2-dependent PAXT-
sensitive RNAs but had only minor effects on ARS2-independent targets (Fig. 4E, top
panel). Assessing levels of two NEXT substrates also revealed significant increases
(Fig. 4E, bottom panel), which we surmise was due to out-titration of relevant NEXT

component(s) (see next section and Discussion).

We conclude that while ZC3H18 contributes functionally to the NEXT pathway, it
antagonizes the ARS2-dependent PAXT pathway.

ZFC3H1 and ZC3H18 compete for ARS2 binding

As ZC3H18 only antagonizes the ARS2-dependent branch of the PAXT pathway, we
tested whether ZC3H18 might negatively affect ARS2-ZFC3H1 association by
performing IPs of GFP-ARS2 stably integrated in HelLa cells (Andersen et al., 2013)
depleted, or not, of ZC3H18. Consistent with its role in bridging the CBCA and NEXT
complexes, ZC3H18 depletion led to reduced ARS2-ZCCHCS8 association (Fig. 5A).
Conversely, levels of ZFC3H1 were increased in the ARS2 IPs when ZC3H18 was
depleted. The observed downregulation of PAXT-sensitive RNAs in this condition
(Fig. 4C) was therefore likely to be due to the reinforced interaction between ARS2
and ZFC3H1, which in turn enhances ARS2-dependent PAXT activity.

Consistent with the possibility that ZC3H18 and ZFC3H1 might compete for binding
to the same region of ARS2, sequence analysis of ZC3H18 revealed three copies of
a ZFC3H1-like acidic SLiM in a highly conserved region of the protein (Fig. S5A). To
examine whether this motif indeed contributes to the ZC3H18-ARS2 interaction, we
introduced diagnostic point mutations into the ZC3H18 acidic SLiM (ZC3H18"YT, Fig.
5B) analogous to the mutations of Z1™™YD (Fig. 2A). We then stably integrated
MYC-tagged ZC3H18™'" and zZC3H18"" variants into HelLa cells and performed
MYC IPs. Both ZC3H18"" and ZC3H18""" constructs were expressed at comparable
levels and co-IP’ed ZCCHC8 and MTR4 with similar efficiencies (Fig. 5B),
demonstrating that the introduced changes did not affect NEXT binding. However, in
contrast, ARS2 and NCBP2 levels were both significantly reduced in the ZC3H18"""
IP (Fig. 5B), confirming that ZC3H18 and ZFC3H1 utilize similar motifs to interact
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with ARS2. We note that a previous study reported a coiled coil ZC3H18 domain
outside of this conserved region to contribute to ARS2-binding (Winczura et al.,

2018), the relevance of which now remains to be further investigated.

Since the PAXT-inhibitory effect of ZC3H18 appeared to be mediated via ARS2, we
assessed whether overexpression of a ZC3H18"YT variant (Fig. S4C) would no
longer affect ARS2-dependent PAXT-substrates, which was indeed the case (Fig.
S5B, left and middle panels). As ZC3H18YT overexpression also no longer affected
NEXT substrates (Fig. S5B, right panel), there might be additional ARS2-binding
proteins involved in NEXT-mediated decay, which could have been affected by the
ZC3H18"" overexpression (Fig 4E). One example is the ZC3H4 transcription
restriction factor, which harbors a similar acidic SLiM that resembles those of
ZFC3H1 and ZC3H18 (Rouviére et al., submitted).

Given the competition between ZFC3H1 and ZC3H18 for ARS2 binding, one might
expect that decreased ZFC3HL1 levels would affect NEXT activity. However, ZFC3H1
depletion did not significantly affect NEXT-sensitive transcripts (Meola et al., 2016;
Wu et al., 2020) and did not increase ZC3H18 association with ARS2 (data not
shown). This is presumably due to relevant protein copy numbers in HelLa cells,
where ZFC3H1 (44317) is approximately half as abundant as ZC3H18 (99017) (Hein
et al., 2015). We therefore turned to overexpression of ZFC3H1, taking advantage of
the Z12%°WT yariant, containing the ARS2-binding motif. As Z1¥?°WD cannot form
the full PAXT connection, we assumed that its overexpression might inhibit both
NEXT- and PAXT-mediated RNA decay pathways by saturating the corresponding
binding site on ARS2 (Fig. 5C). As a control, we utilized the z1*2°°™YD construct,
deficient for ARS2 binding, and overexpressed both constructs in HeLa cells. As
expected, both NEXT-sensitive and ARS2-dependent PAXT-sensitive RNAs were
upregulated upon overexpression of Z172%°WD \while the mutant showed no
significant substrate changes (Fig. 5D). Additionally, ARS2-independent PAXT
substrates remained unaffected, supporting the idea that the observed phenotype
was due to the blocking of the common ZFC3H1/ZC3H18 interaction surface on
ARS2. To obtain a global view, we further performed RNA-seq analysis of the
samples (Fig. S3C), using Z12°°™YD gyverexpression as a reference. This confirmed

that overexpression of Z1?%°W1D caused a global upregulation of both NEXT- and

10
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PAXT-sensitive ARS2-dependent RNAs, while no significant changes were observed
for ARS2-independent substrates (Fig. 5E).

At first glance, it seemed counterintuitive for two RNA decay pathways to compete for
ARS2-bound RNAs. However, since PAXT and NEXT target distinct substrate
species (pA" vs. pA” RNAs) and since individual TUs can express transcripts
sensitive to both pathways (Wu et al., 2020) we re-addressed the latter phenomenon
bearing our new finding in mind. To this end, we stratified TUs sensitive to both PAXT
and NEXT, adding a further-criteria of ARS2-sensitivity (n=238). Transcript
production from this TU selection was then analyzed using our previously published
3’end 4-thiouridine (4sU) RNA-seq data from HelLa cells depleted of ZFC3H1 or
ZCCHCS8 (Wu et al., 2020). To allow the capture of non-adenylated transcripts, along
with endogenously polyadenylated transcripts (pA”*), we utilized libraries generated
from RNAs following their in vitro polyadenylation (Wu et al., 2021). 3'end RNA-seq
signals, from siZFC3H1- and siZCCHCS8- relative to control-samples, falling within a 2
kb region surrounding annotated transcript end sites (TESs), were plotted and the top
50% ARS2-dependent PAXT and NEXT-sensitive TUs were visualized (Fig. 5F). This
representation, as well as selected genome browser views (Fig. 5G), highlighted dual
PAXT- and NEXT-sensitive TUs, which were largely driven by ZFC3H1-sensitive
3’ends at annotated TESs embedded in more heterogenous ZCCHCS8-sensitive 3’
ends. The analysis also reinforced the ample presence of TUs expressing both
PAXT- and NEXT-substrates.

Having ZC3H18 inhibit the ARS2-dependent PAXT pathway would be detrimental for
the efficient removal of transcripts produced from such dually sensitive loci. We
therefore suggest that demanding engagement of ZC3H18 with NEXT will locally
prevent its PAXT-inhibitory function, allowing for co-activation of the PAXT-ARS2
pathway to degrade pA® transcripts generated from the same TU (Fig. 6, see

Discussion).

Discussion

The PAXT connection targets a variety of nuclear pA™ RNAs. At one end, competition
between PAXT and nuclear export factors (Fan et al., 2017, 2018; Silla et al., 2018)

11


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

has led to a proposed nuclear timer model in which PAXT assembles on pA™ RNA
with a prolonged nuclear residence time due to inefficient export (Garland and
Jensen, 2020; Libri, 2010; Meola and Jensen, 2017). Now, we show that PAXT-
targeting can be enhanced by binding of the core PAXT protein ZFC3HL1 to the CBC-
associated protein ARS2, providing a more direct response to the production of early
terminated and short pA" RNAs. Remarkably, this distinct branch of the PAXT
pathway is antagonized by the NEXT-associated ZC3H18 protein via an
unprecedented crosstalk between the two RNA decay factors ZFC3H1 and ZC3H18,
on CBCA-bound RNAs. While the opposing roles of ZC3H18 in PAXT- and NEXT-
mediated RNA decay may at first appear contradictory, we propose that it provides
for possible co-activation of both pathways in demanding situations with larger

volumes of early terminated RNAs.

Although previous studies of PAXT-mediated RNA decay have acknowledged the
existence of a link between CBCA and PAXT, its importance was not subjected to
critical scrutiny due to a primary focus on PAXT recruitment via the RNA pA” tail
(Meola et al., 2016; Silla et al., 2020; Wang et al., 2021). However, an artificial PAXT-
sensitive RNA reporter system showed a clear requirement for ARS2, implying a role
of CBCA in PAXT-mediated RNA decay, at least in some situations(Melko et al.,
2020). Moreover, the S. pombe CBCA homolog was reported to form a submodule of
the Mtl1-Redl core (MTREC) complex, homologous to the MTR4-ZFC3H1 core of
the PAXT connection (Zhou et al., 2015), linked via an interaction between spArs2
and spRedl (Dobrev et al., 2021; Foucher et al., 2022). Indeed, we confirm here, that
a group of PAXT-sensitive RNAs display a dependency on ARS2 for their
degradation. While we find no categorical difference in biochemical features between
ARS2-dependent and -independent PAXT substrates, the former tends to be shorter,
less-spliced and more ‘nascent-like’. This is fitting with the concept of ARS2 being
crucial for fate decisions of RNAs produced within a promoter-proximal range of a
few kilobases (lasillo et al., 2017; Rouviere et al., submitted), which is exemplified by
its role in the biogenesis of short functional SnRNAs and RDH RNAs (Andersen et al.,
2013; Gruber et al., 2012; Hallais et al., 2013; lasillo et al., 2017; O'Sullivan et al.,
2015), the termination of short, unstable RNAs (lasillo et al., 2017; Rouviére et al.,
submitted) and the decay of unstable promoter-proximal transcripts via NEXT (lasillo
et al., 2017; Meola et al.,, 2016; Wu et al., 2020; Rouviere et al., submitted) or
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PAXT(Wu et al.,, 2020). Any role of ARS2 in the metabolism of longer and more
processed transcripts remains elusive. We therefore suggest that these depend on
features/factors that become more influential once an RNA ‘moves out’ of the ARS2-
dependent phase and becomes more a subject to post-transcriptional processing
steps and the assembly into export-competent RNPs. Non-optimal transcripts in this
category, that fail in any of these productive steps, may fall prey to PAXT-mediated

decay (Garland and Jensen, 2020).

As a biochemical account of the ability of ARS2 to be involved in promotor-proximal
RNA metabolism, the CBCA provides a central hub, capable of competitive
exchanges of multiple RNA sorting factors. Binary competition between ARS2
interactors has been widely reported such as ZC3H18 and PHAX (Giacometti et al.,
2017), ZC3H18 and NCBP3 (Dou et al., 2020), and PHAX and NCBP3 (Schulze et
al., 2018). The basis for this competition was shown to be mediated by a common
binding surface on ARS2, the lysine-rich surface of the ZnF domain (Foucher et al.,
2022; Melko et al., 2020; Schulze et al., 2018; Rouviére et al., submitted). In
agreement with recent studies (Dobrev et al., 2021; Foucher et al., 2022), we
demonstrate here, that a highly conserved acidic-rich SLiM in ZFC3HL1 is responsible
for the direct binding of ARS2. Refined searches of this SLiM consensus ([DE]-[DE]-
G-[DE]J-[ILV]) have revealed its presence in several other ARS2-interacting proteins
involved in nuclear RNA metabolism pathways (Dobrev et al., 2021; Foucher et al.,
2022; Rouviere et al., submitted). Together, this implies that ZFC3H1 impacts early
CBCA-mediated nuclear RNA fate decisions via competition for ARS2 binding with
other nuclear RNA sorting factors. Previous data supports the notion that these
factors do not show preference for specific RNA biotypes during nascent stages of
transcription, rather that they dynamically sample and exchange on the CBCA until
additional cues are sensed to form a signature which ultimately settles the fate of the
transcript (Garland and Jensen, 2020; Giacometti et al., 2017). The close proximity of
a pA" tail to the CBCA, along with the association of PABPN1, may be such a cue to
tip the scales of competition in favor of the CBCA-PAXT connection, explaining why
ARS2-dependent PAXT substrates tend to be short. On the other hand, the presence
of introns might result in a preferential recruitment of productive factors to the

nascent RNP, thus leaning spliced PAXT substrates towards the ARS2-independent
group.
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While factor exchange on the ARS2 ZnF domain was considered a productive vs.
destructive RNP concept, we report here the surprising observation that two ARS2-
interacting factors, ZFC3H1 and ZC3H18, targeting transcripts for PAXT- and NEXT-
mediated degradation, respectively, also compete between themselves. Moreover,
we demonstrate that this competition has unprecedented functional consequences
for nuclear RNA decay. Based on our findings, we propose a model where basal
NEXT activity, under standard conditions, leaves nuclear amounts of ZC3H18 and
NEXT components in excess. This, in turn, allows for ZC3H18 molecules,
unoccupied by NEXT, to dampen the CBCA-PAXT connection via competitive ARS2
binding (Fig. 6A), which is likely possible due to the relatively low nuclear levels of
ZFC3H1 compared to ZC3H18 and ZCCHCS8 (Hein et al., 2015). This inhibition may
then be lifted in physiological conditions, or in certain sub-compartments of the
nucleus, that demand intense NEXT activity, for example at loci, yielding a higher
load of early terminated transcripts (Fig. 6B). Since a large number of TUs produce
both NEXT- and PAXT-sensitive transcripts (Wu et al., 2020), an increased
production of NEXT substrates is naturally predicted to coincide with a parallel

increase in short PAXT-sensitive RNASs.

Our appreciation of the richness of RNA transactions taking place during the early
phases of RNAPII transcription has grown dramatically in recent years and we are
now beginning to understand the biochemical underpinnings of the
competition/crosstalk occurring between differently involved pathways. While there
are most certainly additional biochemical connections to be delineated, future efforts
will also start to address how these are orchestrated inside the cell nucleus to
achieve sufficient processing and transport of the needed short RNA biotypes while

preventing spurious transcripts to overwhelm such production.
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Figure 1. The ZFC3H1 N-terminus harbors important information for its function
in RNA decay.

(A) Left: Schematic representation of the PAXT connection, highlighting its ZFC3H1-
MTR4 core. See text for more detail. Right: Experimental design of the ZFC3H1
mutational analysis where the endogenous protein was replaced by one of the MYC-
tagged variants from (B). (B) Schematic map of full-length ZFC3H1 (Z1™), depicting
its predicted domains: SER = serine-rich, CC = coiled coil, PRO = proline-rich, ZnF =
zinc finger, TPR = tetratricopeptide repeat and the regions of ZFC3H1 covered by the
generated Z1 variants. (C) RT-qPCR analysis of selected PAXT substrates
(proASH1L, proSAMD4B, FOXD2-AS1) and a negative control NEXT substrate
(proSTATS3) from total RNA isolated from HelLa cells treated with control (siLUC) or
ZFC3H1-targeting SiRNA, while stably expressing one of the siRNA-immune ZFC3H1
variants from (B). The RT step was performed using a mixture of random and oligo
d(T)20VN primers. gPCR amplicons were positioned in TU 5’end regions. Results
were normalized to 18S rRNA levels and plotted as fold change relative to siLUC
control samples. Columns represent the mean values of three technical replicates,
which are depicted as individual data points, with error bars showing the standard
deviation (SD). (D) Top: Schematic representation of the mouse Z1***®* variant and
its N-terminal truncations used for further characterization of ZFC3H1. Bottom: WB
analysis of expression levels of mouse ZFC3H1 variants in mzfc3hl” mES cells,
using antibodies against ZFC3H1 and Vinculin (VCL) as a loading control. (E) RT-
gPCR analysis of selected mouse PAXT substrates and OCT4 mRNA (negative
control) from total RNA isolated from cells used in (D). Results were normalized to
GAPDH mRNA levels and plotted as fold changes relative to WT control samples.

Data representation as in Figure 1C.

Figure 2. A conserved short linear motif connects ZFC3H1 to the CBC via
ARS2.

(A) Top left: Schematic representation showing the conserved acidic short linear
motif (SLiM) in Z1™W" and the point mutations introduced in the Z1™™Y" construct.
Top right: WB analysis of Z1™-WT and z1™MY") expression in siZFC3H1-treated

cells, using antibodies against ZFC3H1 and Tubulin alpha (TUBA) as a loading

control. siLUC- and siZFC3H1-treated cells served as controls. Irrelevant samples
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1 FLWT), 71 FL(MUT),

between the ‘Z and lanes were deleted. Bottom: RT-gPCR analysis
as in Figure 1C, but on RNA from the above cell lines. Results were normalized to
GAPDH mRNA levels. (B) Volcano plot of mass spectrometry (MS) analysis of MYC
IPs from lysates of cells expressing MY C-tagged Z1*2%°WD relative to z1*209MUT),
Protein signals from both samples were normalized to bait protein levels. (C) WB
analysis of Z1:2°WD and z120MUT My C-IP samples from (B). The Input and IP
samples were probed with antibodies against MYC and ARS2. Irrelevant samples

between control (-) and (71 1-209(WT),

lanes were deleted. Note that signals from Input
and IP samples were captured at different exposure times. (D) Coomassie stained
SDS-PAGE gel showing Input and Amylose resin pull-down samples from assays of
His-ARS2¥" ¥ incubated with His-MBP-Z1'*%WD or His-MBP-z1'*3MYT) 4+ on top

indicates which proteins were added. Protein markers are indicated to the left.

Figure 3. The ZFC3H1-ARS2 connection facilitates the decay of short,

adenylated transcripts.

(A) Violin box plots depicting transcription unit (TU) size distribution of PAXT-
sensitive and -insensitive RNAs (Wu et al., 2020) further categorized into ARS2-
dependent and -independent groups as indicated. The following criteria were applied
to define ARS2-dependent TUs: log. fold change (SiARS2/CTRL) > 0 and adjusted p
value > 0.1 in total RNA-seq dataset generated from HelLa cells depleted of ARS2
(lasillo et al., 2017). TUs exhibiting NEXT-sensitivity were excluded from both
transcript categories. P values, calculated using two-sided Student’s t-test and
indicating the difference between ARS2-dependent and -independent groups, are
displayed on top of the plots. (B) RT-gPCR analysis of selected PAXT substrates
derived from TUs of different sizes as estimated from RNA-seq data from siZFC3H1
cells (Meola et al.,, 2016). RNA samples and data representation as in Figure 2A.
gPCR amplicons for proDIP2A and ZNF250 were positioned in TU 3’end regions to
avoid detection of early terminated RNA isoforms. (C) Violin box plots depicting the
logz fold change distributions of ARS2-dependent and -independent PAXT-sensitive
and -insensitive RNAs from total RNA-seq datasets generated from siZFC3H1-
treated HeLa cells, expressing Z17™Y7 relative to z1™WT. TUs exhibiting NEXT-
sensitivity were included in all categories as NEXT-mediated RNA decay was not

disrupted in these samples. P values were calculated as in (A). (D) Genome browser
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views of representative ARS2-dependent and -independent PAXT-sensitive
transcripts from RNA-seq dataset from (C). Tracks show the average signal of three
replicates in the relevant genomic coordinates. Signals from ‘+’ and ‘-’ strands are
displayed as positive and negative values, respectively. The irrelevant strand signal
has reduced opacity. An in-house custom HelLa-specific transcriptome annotation
from (Lykke-Andersen et al., 2021a) is displayed for both strands below the tracks.
(E) Model of PAXT-mediated RNA decay. The ARS2-dependent branch utilizes the
ZFC3H1-ARS2 connection to enhance targeting of primarily short, unspliced
substrates (top). The ARS2-independent branch targets mainly longer and spliced
RNAs (bottom). Whether ARS2 still binds the ARS2-independent substrates is

unclear (?).

Figure 4. ZC3H18 antagonizes the ARS2-dependent PAXT pathway.

(A) Schematic representation of the CBCA-NEXT and CBCA-PAXT connections.
ZC3H18 bridges the CBCA and NEXT complexes while its role for CBCA-PAXT was
evaluated here. (B) WB analysis showing depletion of ZC3H18-3F-mAID in HelLa
cells with (+) or without (-) expression of TIR1-HA and treatment with IAA as
indicated. Membranes were probed with antibodies against FLAG, HA and ACTIN as
a loading control. (C) RT-gPCR analysis of selected NEXT-sensitive (left panel) and
ARS2-dependent (mid panel) or -independent (right panel) PAXT-sensitive RNAs
from total RNA isolated from cells used in (B). Results were normalized to RPO
MRNA levels and plotted as fold change relative to -TIR1, -IAA control samples. Data
representation as in Figure 1C. (D) Bar plots showing TU counts of NEXT-sensitive
(orange) and PAXT-sensitive (blue) RNAs upregulated (> 0) or downregulated (< 0)
in total RNA-seq datasets generated from HelLa cells depleted of ARS2 or ZC3H18
relative to control cells (lasillo et al., 2017). (E) RT-gPCR analysis of selected NEXT
and ARS2-dependent and -independent PAXT-sensitive RNAs (as indicated on top)
from total RNA isolated from WT HeLa control cells or from cells following one day of
overexpression of stably integrated ZC3H18"". Results were normalized to GAPDH
MRNA levels and plotted as fold change relative to control WT samples. Data

representation as in Figure 1C.

Figure 5. ZFC3H1 and ZC3H18 compete for ARS2 binding.
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(A) WB analysis of GFP IPs from lysates of HelLa cells treated with control siRNA
(siLUC) or siZC3H18 while stably expressing GFP-ARS2. Input and IP samples were
probed with antibodies against GFP, ZC3H18, ZCCHC8 and ZFC3H1 as indicated.
Note that signals from Input and IP samples were captured at different exposure
times. (B) Top: Schematic representation of ZC3H18"" and zC3H18""" proteins,
depicting their predicted domains: CC = coiled coil, ZnF = zinc finger and SER =
serine-rich. Highlighted sequence indicates the conserved SLiM in ZC3H18"" and
the point mutations introduced in ZC3H18""". Bottom: WB analysis of MYC IPs from
lysates of HelLa cells expressing MYC-tagged ZC3H18"", MYC-tagged ZC3H18"""
and untagged control cells. Input and IP samples were probed with antibodies
against MYC, ARS2, NCBP2, ZCCHCS8, MTR4 and Tubulin alpha (TUBA) as a
control. Membrane probed for ZCCHCS8 was incompletely stripped and subsequently
probed for MTR4 resulting in detection of residual ZCCHCS8 signal as indicated. (C)
Schematic representation of the suggested inhibition of a common ZFC3H1/ZC3H18

binding site on ARS2 by overexpression of z1%20%WD

. The zoom-ins depict the
conserved ARS2-binding SLiM in the indicated proteins and the corresponding
binding site on ARS2. (D) RT-qPCR analysis as in Figure 4E, but of total RNA
isolated from WT HelLa control cells or from cells following two days of
overexpression of stably integrated z1¥2°WD or z1120%MUD " (E) Violin box plots
depicting log, fold change distribution of PAXT (left panel)- and NEXT (right panel)-
sensitive RNAs in total RNA-seq dataset generated from cells used in (D). Both RNA
groups were further categorized into ARS2-dependent and -independent as in Figure
3A. P values, calculated as in Figure 3A, indicate the difference between ARS2-
dependent and -independent groups. (F) Heatmaps displaying log, fold changes of
3’end 4sU-RNA-seq data from siZFC3H1 (left)- and siZCCHCS8 (right)-samples
relative to their control (Wu et al., 2020). Data were plotted in 2 kb regions centered
around annotated TESs of the top 50% of ARS2-dependent PAXT and NEXT-
sensitive TUs. The average signal from three replicates are shown. RNA samples
were in vitro polyadenylated to capture both pA™ and pA™ transcripts. (G) Genome
browser views of representative TUs from (F). Tracks contain the average signal of
three replicate samples, showing the relevant strand and genomic coordinates. The
in-house annotation from Fig. 3D is displayed for the relevant strand below the

tracks.
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Figure 6. Dual agonistic and antagonistic roles of ZC3H18 provides for co-
activation of NEXT- and PAXT-pathways

(A) At TUs with basal NEXT activity ZC3H18 is in excess, resulting in promotion of
CBCA-NEXT formation, while inhibiting the CBCA-PAXT connection. (B) Higher
substrate load demands increased NEXT activity, which will titrate ZC3H18 from its
CBCA-PAXT inhibition and lead to co-activation of the ARS2-dependent PAXT-
mediated and NEXT-mediated pathways.

Experimental model and subject details

HelLa cell culture and transfections

HelLa Kyoto cells and descended cell lines were cultured in DMEM, GlutaMAX
(Gibco) supplemented with 1x Pen-Strep (Gibco) and 10% FBS (Gibco) at 37°C, 5%
COs,. Cells were passaged every 3-4 days by aspirating medium, dissociating cells
with 0.05% Trypsin-EDTA (Gibco) briefly at 37°C, resuspending in culture medium
and plating an appropriate amount of cell suspension. Cell lines were seeded in 6-
well plates with culture medium without Pen-Strep prior to transfection with plasmid
DNA using Lipofectamine 3000 (Invitrogen) or with 20 nm siRNA using siLentFect
(Bio-Rad) and RPMI 1640 medium (Gibco), according to the manufacturers’
instructions. Table 1 lists siRNAs used in this study. Cells were incubated for 72 h
following siRNA transfection to achieve target protein depletions. For antibiotic
selection, Hygromycin B (Invitrogen) was used at 200 pug/ml, Zeocin (Invitrogen) was
used at 100 pg/ml. For mAID-tagged cell lines, 750 uM Indole-3-acetic acid sodium
salt (IAA, Sigma) was supplemented to the medium and cells were incubated for the

indicated timepoints before harvest.

MES cell culture and transfections

E14TG2a mES cells (male genotype, XY) and descended cell lines were cultured on
0.2% gelatin coated plates in 2i/LIF containing medium (1:1 mix of DMEM/F12
(Gibco) and Neurobasal (Gibco) supplemented with 1x Pen-Strep (Gibco), 2 uM
Glutamax, 50 pM B-mercaptoethanol (Gibco), 0.1 mM Non-Essential Amino Acids
(Gibco), 1 mM Sodium Pyruvate (Gibco), 0.5x N2 Supplement (Gibco), 0.5x B27
Supplement (Gibco), 3 UM GSKa3-inhibitor (CHIR99021), 1 uM MEK-inhibitor
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(PD0325901) and Leukemia Inhibitory Factor (LIF, produced in house)) at 37°C, 5%
CO.. Cells were passaged every 2-3 days by aspirating medium, dissociated cells
with 0.05% Trypsin-EDTA (Gibco) briefly at 37°C before the addition of an equal
volume of 1x Trypsin Inhibitor (Sigma) and gentle disruption by pipetting. Cells were
pelleted by centrifugation to remove trypsin before resuspending in 2i/LIF medium
and plating ~ 8x10* cells/ml. Cell lines were transfected with single plasmids using
Viafect (Promega) or multiple plasmids using Lipofectamine 3000 (Invitrogen) in 6
well plates according to the manufacturer's instructions. For antibiotic selection,
Blasticidin (BSD) was used at 10 pg/ml, Hygromycin B was used at 100 pg/ml,
Genetecin was used at 250 pg/ml. For depletions in mAID-tagged cell lines, 750 pM
Indole-3-acetic acid sodium salt (IAA, Sigma) was supplemented to the medium and
cells were incubated for the indicated timepoints before harvest. A full list of cell lines

used or generated in this study is found in Table 2

Method details

CRISPR/Cas9 knock-out/in cells

The generation of Zfc3hl” KO mES cell lines was described in (Garland et al.,
2019). CRISPR/Cas9 mediated genomic knock-ins of C-terminal 3xFLAG(3F) mini-
AID (mAID) tags were carried out using pGolden (pGCT) homology dependent repair
(HDR) donor vectors (Garland et al., 2022; Gockert et al., 2022). The generation of
Zcche8-3F-mAID and Zfc3h1-3F-mAID ES cells was described in (Garland et al.,
2022), and Zc3h18-3F-mAID ES cell lines were generated using the same approach.
Single guide RNAs (sgRNAs) were designed using the CHOPCHOP tool (v3) (Labun
et al., 2019) and cloned into the pSLCas(BB)2A-PURO vector (pX459 Addgene
plasmid ID: #48139) as previously described (Ran et al., 2013) (Table 3). OsTIR1-
expressing ES cells were co-transfected using Lipofectamine 3000 (Thermo) with 2
donor plasmids harboring distinct selection markers (HYG/NEO) along with a
sgRNA/Cas9 vector in a 1:1:1 ratio. Colonies were maintained under HYG/NEO
double selection for the donor plasmid markers to increase the likelihood of
homozygous knock-in cells. Single cell clones, that survived the selection process,
were expanded before screening by western blotting analysis and confirmed by

sanger sequencing of the targeted locus.
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cDNA cloning and exogenous expression of ZFC3H1

Human ZFC3H1 and ZC3H18 cDNA constructs were cloned using full-length cDNA
plasmids (pcDNA5-ZFC3H1-3xFLAG (Meola et al., 2016), pcDNA5-ZC3H18-3xFLAG
(Andersen et al., 2013)) as a template. Fragments were amplified by Phusion PCR
(NEB), using standard conditions, and cloned into DOX-inducible Tet-On (TO)
piggyBAC (pB) vectors harboring a C- or N-terminal MYC-tag and Hygromycin B
(HYG) selection marker using NEBuilder HiFi DNA assembly (NEB). HeLa Kyoto
cells were transfected with pB/TO-Z1*-MYC or pB/TO-ZC3H18*-MYC vectors along
with a pB transposase expressing vector (pBase) and a reverse tetracycline
transactivator expressing pB vector containing Zeocin selection marker (pB-rtTA).
Cell pools were selected using Hygromycin B and Zeocin until negative control cells
no longer survived (7-14 days). For induction of expression constructs, cells were
incubated for 1-2 days in culture medium supplemented with 1 pg/ml Doxycycline
(Sigma-Aldrich) before harvest. Expression was validated by WB analysis using
antibodies against MYC, ZFC3H1 or ZC3H18.

mZFC3H1 cDNA constructs were cloned, using a full-length cDNA plasmid as a
template (pCR-XL-TOPO[mZFC3H1], Transomic Technologies), into a piggyBAC
(pB) vector containing an N-terminal MYC tag and BSD selection marker using
NEBbuilder HiFi DNA assembly (NEB). Zfc3h1” mES cells were transfected with pB-
MYC-mZFC3H1*-BSD vectors along with a piggyBAC transposase expressing vector
(pBase) in a 1:1 ratio using Viafect (Promega). Cell pools were selected with BSD for
~ 7-10 days or until negative control cells no longer survived. Expression of
constructs were validated by western blotting analysis using MYC antibodies. All

generated constructs used and generated in this study are listed in Table 4.

RNA isolation and RT-qPCR analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. Extracted RNA was treated with TURBO DNase
(Invitrogen) according to the manufacturer’s instructions followed by cDNA synthesis
from 2 pg RNA using SuperScript 11l reverse transcriptase (Invitrogen) and a mixture

of 80 pmol random primers (Invitrogen) and 20 pmol oligo d(T)20VN (Merck). gPCR
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was performed using Platinum SYBR Green (Invitrogen) and AriaMX Real-Time PCR
machine (Agilent Technologies) or ViiA7 Real-Time PCR machine (Applied

Biosystems). Primers used for qPCR are listed in Table 5.

RNA-sequencing (RNA-seq)

Three biological replicates were prepared for each sample. RNA integrity was
assessed using a BioAnalyzer 2000 (Agilent) using RNA Nano chips. Samples were
ribodepleted and strand specific libraries were prepared by BGI Tech Solutions

(Europe) and sequenced on the DNBseq platform (BGI) (100 bp, paired end).

Processing and analysis of RNA-seq data

For all RNAseq data reads were mapped to GRCh38 with HISAT2 (v 2.2.1; (Kim et
al., 2015)) default settings and the following approach: Genome and splice site
information for 'H. sapiens, UCSC hg38 and Refseq gene annotations’ were obtained
from the HISAT2 download page (ftp://ftp.ccb.jhu.edu/publ/infphilo/hisat2/data/). Data
for canonical chromosomes (ie named chrl-22,X and Y but omitting all other
sequence contigs) was selected to create a custom index for read mapping. After
read mapping only proper read pairs with both reads mapping to the above genome
annotation were used for further analysis. Exon read counts overlapping our HelLa in-
house annotations (Lykke-Andersen et al., 2021a) were collected using the
featureCounts tools from the subread software suite (v 2.0.1; (Liao et al., 2014)) with
settings ‘-p -C -s 2 -t exon’. Differentially expressed transcripts were obtained from
those raw read counts using R package DESeq2 (v 1.32.0) at a false discovery rate
(FDR) cutoff of 0.1. Exon counts for differentially up- and down-regulated transcripts
were compared using custom scripts in R. For classification of transcripts into NEXT
and PAXT-dependent groups, we used differentially upregulated genes from siRBM7,
SiZCCHCS, siZFC3H1 -treated HelLa cells first described in (Meola et al., 2016)
(GSE84172) and similar data from siZC3H3 -treated cells first described in (Silla et
al., 2020) (GSE131255). Transcripts significantly upregulated (log2FC > 0 and padj <
1) in siRBM7, siZCCHCS8, siZFC3H1 and siZC3H3 were selected and used to
defined the set of NEXT targets (sig. upregulated in sSiRBM7 and siZCCHCS, but not
sig. upregulated in siZC3H3 and siZFC3H1), PAXT targets (sig. upregulated in
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siZC3H3 and siZFC3H1, but not sig. upregulated in siRBM7 and siZCCHC8) and
NEXT+PAXT targets (upregulated in all 4 knock-downs).ARS2-dependent transcripts
were similarly defined as being significantly upregulated (FDR < .1) upon SiARS2
knock-down from (lasillo et al., 2017) (GSE99344).

Western blotting analysis

Whole cell protein lysates were prepared using RSB100 buffer (10 mM Tris-HCI pH
7.5, 100 mM NaCl, 25 mM MgCl,, 0.5% NP-40, 0.5% Triton X-100) freshly
supplemented with protease inhibitors (Roche). Samples were denatured by the
addition of NUPAGE Loading Buffer (Invitrogen) and NUPAGE Sample Reducing
Agent (Invitrogen) before boiling at 95°C for 5 min. SDS-PAGE was carried out on
either NUPAGE 4%-12% Bis-Tris or 3%-8% Tris-Acetate (Invitrogen) gels. Western
blotting analysis was carried out according to standard protocols with the antibodies
listed in Table 6 and HRP- conjugated secondary antibodies (Agilent). Bands were
visualized by SuperSignal West Femto ECL substrate (Thermo Scientific) and
captured using an Amersham ImageQuant 800 imaging system (GE Healthcare).

Images were processed using ImageJ (v1.53) (Schneider et al., 2012).

IP experiments

Cells from a confluent 10 cm dish were standardly extracted in HT150 extraction
buffer (20 mM HEPES pH 7.4, 150/200 mM NaCl, 0.5% v/v Triton X-100) freshly
supplemented with protease inhibitors (Roche). Lysates were sheared by sonication
for 3x 5 s and clarified by centrifugation at 20,000 rcf for 10 min. Cleared lysates
were incubated with Pierce anti-c-MYC magnetic beads (Thermo Scientific) or M-270
Epoxy Dynabeads (Invitrogen) previously coupled with llama polyclonal anti-GFP
antibody (kindly provided by J. LaCava) overnight at 4°C. Beads were washed 3x
with HT150 extraction buffer and transferred to a fresh tube for the final wash.
Proteins were eluted by incubation at 95°C in NUPAGE Loading Buffer (Invitrogen)
for 5 min. Eluates were mixed with NUPAGE Sample Reducing Agent (Invitrogen)
and denatured for a further 5 min at 95°C before proceeding with western blotting

analysis.
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Protein expression and purification

Recombinant human ARS2™"®! ZFC3H1™* WT and its mutant variants were
expressed in BL21 (DE3) E. coli cells. ARS2 isoform 4 constructs were cloned from
synthetic gene codon optimized for E. coli (Invitrogen) as N-terminal 10xHis tagged
fusion protein cleavable with 3C protease. ZFC3H1 variants were cloned from a
synthetic gene codon optimized for S. frugiperda (Invitrogen) as N-terminal 6xHis-
MBP fusion constructs. After E. coli cells were grown to ODgoonm Of 1.2 at 37°C in
terrific broth (TB) medium, recombinant protein expression was induced with 0.5 mM
IPTG and incubated at 18°C for 16 h. Cultures were harvested by centrifugation at
2000 g for 15 min, and subsequently bacteria were lysed by sonication in 20 mM
HEPES/NaOH pH 7.5, 500 mM NacCl, 20 mM imidazole, 5 mM B-mercaptoethanol,
0.5 mM AEBSF, and 15 U/ml benzonase (Merck). All proteins were initially purified
using nickel-based affinity chromatography (IMAC, HIS-Select resin (Sigma-Aldrich)),
washed with the wash buffer (lysis buffer supplemented with 1M NaCl, 10 mM
MgSQ4, 50 mM KCI, and 2 mM ATP) and eluted with 20 mM HEPES/NaOH pH 7.5,
100 mM NaCl, 300 mM imidazole, 2 mM DTT. ARS2 variants were subsequently
loaded onto 1 ml HiTrap Heparin HP (Cytiva) and gradually eluted with buffer
containing 1M NacCl. In the final purification step, ARS2 and ZFC3H1 eluates were
subjected to size exclusion chromatography on a Superdex 75 Increase 10/300 GL
column (Cytiva) equilibrated in 20 mM HEPES/NaOH pH 7.5, 100 mM NacCl, 2 mM
DTT.

In vitro pull-down assays

For in vitro pull-down assays, ARS2 and ZFC3H1 variants were mixed at a final
concentration of 10 or 30 uM for each protein in pull-down buffer containing 20 mM
HEPES/NaOH pH 7.5, 100 mM NacCl, 2 mM DTT, 0.01% Tween 20 at a total volume
of 20 uyl and incubated on ice for 30 min. The protein mixtures were then incubated
with amylose resin (NEB) for 1 h at 4°C. Beads were washed 3x times with pull-down
buffer and bound proteins were eluted with SDS loading buffer. Input samples and
eluates were analysed by SDS-PAGE (12.5% gel) and visualized by Coomassie

staining.
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Mass-spectrometry and data processing

Three biological samples were prepared for each sample. After affinity enrichment,
eluted proteins were precipitated on MagResyn HILIC beads in 70% acetonitrile,
washed in 95% acetonitrile and 70% ethanol to remove detergents (Batth et al.,
2019) and digested with trypsin and Lys-C. The resulting peptides were desalted on
StageTips and subjected to LCMS analysis on an EASY nano-LC 1200 system (80
min gradient) coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo
Scientific). MS data were acquired by data-dependent acquisition and subjected
to MaxQuant database searches (Cox and Mann, 2008) using a human Uniprot
reviewed sequence database (2021), ‘match between runs’, and ‘label-free
Quantification’.Processed LFQ intensities of identified proteins were normalized to
the LFQ intensity of the bait protein. Subsequently, Student's t-test was performed to

obtain differential protein enrichment in Z1%2°W" |p relative to z1+2°°MUD |p,

Data visualization

Genome browser views based on BigWig files were generated using the R package
seqNdisplayR (https://rdrr.io/github/THJlab/seqNdisplayR/). RT-gPCR data was
imported from the AriaMx Software (v1.71, Agilent) or QuantStudio Real-time PCR
Software (v1.3, Applied Biosystems) and plotted using Graphpad Prism (v9.0.0).
Data for multiple sequence alignments was extracted from the Aminode webtool
(Chang et al.,, 2018) aligned using Clustal Omega (Sievers et al., 2011) and
displayed using Snapgene (v6.1.1). Volcano plots visualizing the analyzed MS data
were generated using custom JavaScript/CSS webtool. Heatmaps were created
using the R package Pheatmap (v1.0.12). Displayed data, nascent pA*" 3’ends (Wu
et al.,, 2020), was cantered around the annotated TES and log2 foldchange was
calculated within 2 nt bins. Displayed TUs represent top 50% of NEXT+PAXT ARS2-
sensitive subset extracted after ranking according to mean log.fold change of

siZCCHCS relative to ctrl within the displayed region.

Tables

Table 1: siRNAs used during this study
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Name Sequence (sense/antisense)

SiZFC3H1-5'UTR GGGCUAAGGUUGUGUGGAAdTAT/UUCCACACAACCUUAGC

SiZFC3H1-3'UTR ggi}ggAAUAUUAUGUGCAAdeT/UUGCACAUAAUAUUUGAC

siLUC g(LjJ-[JirCGCUGAGUACU UCGAdTdT/UCGAAGUACUCAGCGUA

siZC3H18 %;(SBC%TJGAAUUGUAGGUUUAdeT/UAAACCUACAAUUCAUUC
TdT

Table 2: Cell lines used or generated during this study

Name Source

HelLa Kyoto Anthony A. Hyman
HeLa z17-WNh.myC This study

HeLa z1"-™MY_myC This study

HelLa z1'-MYC This study

HelLa z1*%¥1%-MmyC This study

HeLa z1**%-myYC This study

HeLa z1*%%%-MmYC This study

HelLa z1%v 3% myC This study

HelLa z1B3119%9.myC This study

HeLa z12°WD.mycC This study

HeLa z1%2°™MUTmyC This study

HeLa MYC-ZC3H18"" This study

HeLa MYC-ZC3H18""" This study

HeLa GFP-ARS2 Andersen et al., 2013
HelLa ZC3H18-3F-mAID This study

HelLa ZC3H18-3F-mAID OsTIR1-HA This study

Mouse ES-E14TG2A ATCC

Mouse ES-E14TG2A Zfc3h1-/- #1 Garland et al., 2019
'\quse ES-E14TG2A Zfc3h1-/- MYC-mZ1" | This study

1

Mouse ES-E14TG2A Zfc3h1-/- MYC- This study
m21213-1363

Mouse ES-E14TG2A Zfc3h1-/- MYC- This study
leZlS-llB?

Mouse ES-E14TG2A Zfc3h1-/- MYC- This study
leZl3-612

Mouse ES-E14TG2A Zfc3h1-/- MYC- This study
m21913-1363

Mouse ES-E14TG2A Zfc3h1-/- MYC-mZ1** | This study

1363

Mouse ES-E14TG2A Zfc3h1-/- MYC- This study
lel36—1363

Mouse ES-E14TG2A OsTIR1-HA Garland et al., 2022
Mouse ES-E14TG2A OsTIR1-HA Zcchc8- Garland et al., 2022
3F-mAID
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Mouse ES-E14TG2A OsTIR1-HA Zfc3h1- Garland et al., 2022
3F-mAID

Mouse ES-E14TG2A OsTIR1-HA Zc3h18- This study
3F-mAID

Table 3: sgRNAs

Name Sequence

hzZC3H18 CRISPR_KI_F CACCGAGCATAGGCCGTGCCCCGAC
hzZC3H18 CRISPR_KI_F AAACGTCGGGGCACGGCCTATGCTC
mZC3H18_CRISPR_KI_F AGATCCCCGGGAAAGTGTAG
mZC3H18_CRISPR_KI_F CTACACTTTCCCGGGGATCT

Table 4: Plasmids used or generated during this study

Name Source
pB/TO[Z1™WD-MYC] HYG This study
pB/TO[Z1TMD-MYC] HYG This study
pB/TO[Z1'*'°-MYC] HYG This study
pB/TO[Z179-MYC] HYG This study
pB/TO[Z17* - MYC] HYG This study
pB/TO[Z1?**%°-MYC] HYG This study
pB/TO[Z1%* P -MYC] HYG This study
pB/TO[Z1¥ 19 MYC] HYG This study
pB/TO[Z1°WI.MYC] HYG This study
pB/TO[Z1"?°MID_MYC] HYG This study
pB[MYC-mZ1" %% BLAST This study
pB[MYC-mz1?*¥%%% BLAST This study
pB[MYC-mZz1°***%"] BLAST This study
pB[MYC-mZ1°*3°'] BLAST This study
pB[MYC-mZz1°313%%] BLAST This study
pB[MYC-mZ1**%%°] BLAST This study
pB[MYC-mZ1"*13%] BLAST This study
pB[OsTIR1-HA] ZEOCIN Garland et al., 2022
pGCT[hZC3H18-3F-mAID] HYG This study
pGCT[hZC3H18-3F-mAID] NEO This study
pGCT[mZC3H18-3F-mAID] HYG This study
pGCT[mZC3H18-3F-mAID] NEO This study

Table 5: qPCR primers

Species Name Sequence

Human proASH1L F TAGGGAGTGAGGCCAGTAGGA
Human proASH1L R TCCCAGGTTGGCAACTCAAC
Human proDDX6 F CACACCGACGAGAAAAGTTCG
Human proDDX6 R CATTTCTCAATCACGTCGCGG
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Human proDHCR7 F GCGACGCACATTGATGGAG
Human proDHCR7 R GCCCTAGGACCAAGAACTGTG
Human proPRKAA1 F AGGGGCTTCCTGGAACGATTA
Human proPRKAA1 R GACCGCAGAGTGGTAGTTAGG
Human proPRKACB F GCTGAACAGTATTCCGCGAC
Human proPRKACB R AGTGGGAACCGCTAGCTTTG
Human proSAMD4B F CTTAGCGCTTTCTGTGCATTCT
Human proSAMD4B R CTCTCCGATGGGAATGGCGA
Human GAPDH F GAGTCAACGGATTTGGTCGT
Human GAPDHR TGAGGTCAATGAAGGGGTCA
Human 18SrRNAF GCAATTATTCCCCATGAACG
Human 18S rRNAR GGGACTTAATCAACGCAAGC
Human FOXD2-AS1 F CTTTCTCCACCCGGATCTTC
Human FOXD2-AS1 R TGGGGAACATGTCTGAGGTC
Human proSTAT3 F CCGCCTGCTTTGAACTTCAG
Human proSTAT3 R TCTCCCCACGCACTCTAGTA
Human proKLF6 F AAGTTTTAGAGGGTCCGGCA
Human proKLF6 R CTCTGCATAACCTTCACCG
Human proLY6K F AATCCACCTTGTGCCCTCTG
Human proLY6K R ACCTCTGGACCAGCCATTTG
Human proDIP2A F AACTGCATGGGAATGCTTGC
Human proDIP2A R TTCCAGCTGGCAAAACTTGG
Human ZNF250 F TAGAGGCGACTCGGTGCTAT
Human ZNF250 R AGGCCTACTATGGCTCACAA
Human proEXT1 F TCTAATGGCTGCAGGGAAAC
Human proEXT1 R TAGCTGGGACAGTTGGCAAT
Human proDNAJB4 F TTTCTGGCGTTTCTGATTGA
Human proDNAJB4 R ACCAAAACGCAGGTTGTTTA
Mouse SNHG10 F GCCTTCCATGCCTCACCG
Mouse SNHG10 R GAATCAGAGGATCCTGCAAG
Mouse proANKHD1 F CTTGGTCCTGAGAACTGTCCG
Mouse proANKHD1 R CGCTCCGAGGTCACTCAACA
Mouse FAM120aos F CAGGAGTGACCCATCCATCG
Mouse FAM120aos R CCATCAAGGCCCTAAGCGC
Mouse OCT4 F CAGCAGATCACTCACATCGCCA
Mouse OCT4 R GCCTCATACTCTTCTCGTTGGG
Mouse proNUP85 F GCGGTAGTTGTGATCCCTCCC
Mouse proNUP85 R GGCTGGTTCTGAACTCCCGA
Mouse proSMG5 F CTGAGCGTTCTAGCGCAGG
Mouse proSMG5 R TTAGCCGCTGAGTCATCTCG
Table 6: Antibodies

| Target Host Source
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ACTIN Mouse Sigma-Aldrich (A2228)

ARS2 Rabbit GeneTex (GTX119872)

FLAG (M2) Mouse Sigma-Aldrich (F1804)

GFP (B-2) Mouse Santa Cruz Biotechnology
(sc-9996)

HA Rat Sigma-Aldrich
(11867423001)

MTR4 Rabbit Abcam (ab70551)

MYC Rabbit Cell Signalling Technology
(2278)

ALPHA-TUBULIN Rabbit Rockland (600-401-880)

VINCULIN (VCL) Mouse Sigma-Aldrich (V9131)

ZC3H18 Rabbit Sigma-Aldrich
(HPA040847)

ZCCHC8 Rabbit Novus Biologicals (NB100-
94995)

ZCCHC8 Mouse Abcam (ab68739)

ZFC3H1 Rabbit Sigma-Aldrich
(HPA007151)

References

Almada, A.E., Wu, X., Kriz, A.J., Burge, C.B., and Sharp, P.A. (2013). Promoter directionality
is controlled by Ul snRNP and polyadenylation signals. Nature 499, 360-363.
https://doi.org/10.1038/nature12349.

Andersen, P.R., Domanski, M., Kristiansen, M.S., Storvall, H., Ntini, E., Verheggen, C.,
Schein, A., Bunkenborg, J., Poser, I., Hallais, M., et al. (2013). The human cap-binding
complex is functionally connected to the nuclear RNA exosome. Nat Struct Mol Biol 20,
1367-1376. https://doi.org/10.1038/nsmb.2703.

Austenaa, L.M.l., Piccolo, V., Russo, M., Prosperini, E., Polletti, S., Polizzese, D., Ghisletti,
S., Barozzi, I., Diaferia, G.R., and Natoli, G. (2021). A first exon termination checkpoint
preferentially suppresses extragenic transcription. Nat Struct Mol Biol 28, 337-346.
https://doi.org/10.1038/s41594-021-00572-y.

Batth, T.S., Tollenaere, MaximA.X., Ruther, P., Gonzalez-Franquesa, A., Prabhakar, B.S.,
Bekker-Jensen, S., Deshmukh, A.S., and Olsen, J.V. (2019). Protein Aggregation Capture on
Microparticles Enables Multipurpose Proteomics Sample Preparation*. Mol Cell Proteomics
18, 1027-1035. https://doi.org/10.1074/mcp.tir118.001270.

30


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Beckedorff, F., Blumenthal, E., daSilva, L.F., Aoi, Y., Cingaram, P.R., Yue, J., Zhang, A.,
Dokaneheifard, S., Valencia, M.G., Gaidosh, G., et al. (2020). The Human Integrator
Complex Facilitates Transcriptional Elongation by Endonucleolytic Cleavage of Nascent
Transcripts. Cell Reports 32, 107917. https://doi.org/10.1016/j.celrep.2020.107917.

Bresson, S.M., and Conrad, N.K. (2013). The Human Nuclear Poly(A)-Binding Protein
Promotes RNA Hyperadenylation and Decay. Plos Genet 9, €1003893.
https://doi.org/10.1371/journal.pgen.1003893.

Chang, K.T., Guo, J., Ronza, A. di, and Sardiello, M. (2018). Aminode: Identification of
Evolutionary  Constraints in the Human Proteome. Sci Rep-Uk 8, 1357.
https://doi.org/10.1038/s41598-018-19744-w.

Chen, Y., Pai, A.A., Herudek, J., Lubas, M., Meola, N., Jarvelin, A.l., Andersson, R.,
Pelechano, V., Steinmetz, L.M., Jensen, T.H., et al. (2016). Principles for RNA metabolism
and alternative transcription initiation within closely spaced promoters. Nat Genet 48, 984—
994. https://doi.org/10.1038/ng.3616.

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat
Biotechnol 26, 1367-1372. https://doi.org/10.1038/nbt.1511.

Djebali, S., Davis, C.A., Merkel, A., Dobin, A., Lassmann, T., Mortazavi, A., Tanzer, A.,
Lagarde, J., Lin, W., Schlesinger, F., et al. (2012). Landscape of transcription in human cells.
Nature 489, 101-108. https://doi.org/10.1038/nature11233.

Dobrev, N., Ahmed, Y.L., Sivadas, A., Soni, K., Fischer, T., and Sinning, |. (2021). The zinc-
finger protein Redl orchestrates MTREC submodules and binds the Mtll helicase arch
domain. Nat Commun 12, 3456. https://doi.org/10.1038/s41467-021-23565-3.

Dou, Y., Barbosa, ., Jiang, H., lasillo, C., Molloy, K.R., Schulze, W.M., Cusack, S., Schmid,
M., Hir, H.L., LaCava, J., et al. (2020). NCBP3 positively impacts mRNA biogenesis. Nucleic
Acids Res 48, 10413-10427. https://doi.org/10.1093/nar/gkaa744.

Elrod, N.D., Henriques, T., Huang, K.-L., Tatomer, D.C., Wilusz, J.E., Wagner, E.J., and
Adelman, K. (2019). The Integrator Complex Attenuates Promoter-Proximal Transcription at
Protein-Coding Genes. Mol Cell 76, 738-752.e7.
https://doi.org/10.1016/j.molcel.2019.10.034.

31


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Estell, C., Davidson, L., Steketee, P.C., Monier, A., and West, S. (2021). ZC3H4 restricts
non-coding transcription in human cells. Elife 10, e67305. https://doi.org/10.7554/elife.67305.

Estell, C., Davidson, L., Steketee, P.C., Monier, A., West, S. (2022) ZC3H4 and WDR82
complexes restrict non-coding RNA and are counteracted by telescripting at protein-coding

genes. Submitted

Falk, S., Bonneau, F., Ebert, J., Kdgel, A., and Conti, E. (2017). Mpp6 Incorporation in the
Nuclear Exosome Contributes to RNA Channeling through the Mtr4 Helicase. Cell Reports
20, 2279-2286. https://doi.org/10.1016/j.celrep.2017.08.033.

Fan, J., Kuai, B., Wu, G., Wu, X,, Chi, B., Wang, L., Wang, K., Shi, Z., Zhang, H., Chen, S.,
et al. (2017). Exosome cofactor hMTR4 competes with export adaptor ALYREF to ensure
balanced nuclear RNA pools for degradation and export. Embo J 36, 2870-2886.
https://doi.org/10.15252/embj.201696139.

Fan, J., Kuai, B., Wang, K., Wang, L., Wang, Y., Wu, X., Chi, B., Li, G., and Cheng, H.
(2018). mRNAs are sorted for export or degradation before passing through nuclear
speckles. Nucleic Acids Res 46, 8404—-8416. https://doi.org/10.1093/nar/gky650.

Foucher, A.-E., Touat-Todeschini, L., Juarez-Martinez, A.B., Rakitch, A., Laroussi, H.,
Karczewski, C., Acajjaoui, S., Soler-Lépez, M., Cusack, S., Mackereth, C.D., et al. (2022).
Structural analysis of Redl as a conserved scaffold of the RNA-targeting MTREC/PAXT
complex. Nat Commun 13, 4969. https://doi.org/10.1038/s41467-022-32542-3.

Garland, W., and Jensen, T.H. (2020). Nuclear sorting of RNA. Wiley Interdiscip Rev Rna 11,
e1572. https://doi.org/10.1002/wrna.1572.

Garland, W., Comet, |, Wu, M., Radzisheuskaya, A., Rib, L., Vitting-Seerup, K., Lloret-
Llinares, M., Sandelin, A., Helin, K., and Jensen, T.H. (2019). A Functional Link between
Nuclear RNA Decay and Transcriptional Control Mediated by the Polycomb Repressive
Complex 2. Cell Reports 29, 1800-1811.e6. https://doi.org/10.1016/j.celrep.2019.10.011.

Garland, W., Mdller, 1., Wu, M., Schmid, M., Imamura, K., Rib, L., Sandelin, A., Helin, K., and
Jensen, T.H. (2022). Chromatin modifier HUSH co-operates with RNA decay factor NEXT to
restrict transposable element expression. Mol Cell
https://doi.org/10.1016/j.molcel.2022.03.004.

32


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Gerlach, P., Garland, W., Lingaraju, M., Salerno-Kochan, A., Bonneau, F., Basquin, J.,
Jensen, T.H., and Conti, E. (2022). Structure and regulation of the nuclear exosome
targeting complex guides RNA substrates to the exosome. Mol Cell
https://doi.org/10.1016/j.molcel.2022.04.011.

Giacometti, S., Benbahouche, N.E.H., Domanski, M., Robert, M.-C., Meola, N., Lubas, M.,
Bukenborg, J., Andersen, J.S., Schulze, W.M., Verheggen, C., et al. (2017). Mutually
Exclusive CBC-Containing Complexes Contribute to RNA Fate. Cell Reports 18, 2635-2650.
https://doi.org/10.1016/j.celrep.2017.02.046.

Gockert, M., Schmid, M., Jakobsen, L., Jens, M., Andersen, J.S., and Jensen, T.H. (2022).
Rapid factor depletion highlights intricacies of nucleoplasmic RNA degradation. Nucleic Acids
Res 50, 1583-1600. https://doi.org/10.1093/nar/gkac001.

Gonatopoulos-Pournatzis, T., and Cowling, V.H. (2014). Cap-binding complex (CBC).
Biochem J 457, 231-242. https://doi.org/10.1042/bj20131214.

Gruber, J.J., Olejniczak, S.H., Yong, J., La Rocca, G., Dreyfuss, G., and Thompson, C.B.
(2012). Ars2 Promotes Proper Replication-Dependent Histone mRNA 3' End Formation. Mol
Cell 45, 87-98. https://doi.org/10.1016/j.molcel.2011.12.020.

Hallais, M., Pontvianne, F., Andersen, P.R., Clerici, M., Lener, D., Benbahouche, N.E.H.,
Gostan, T., Vandermoere, F., Robert, M.-C., Cusack, S., et al. (2013). CBC-ARS2 stimulates
3'-end maturation of multiple RNA families and favors cap-proximal processing. Nat Struct
Mol Biol 20, 1358-1366. https://doi.org/10.1038/nsmb.2720.

Hein, M.Y., Hubner, N.C., Poser, I., Cox, J., Nagaraj, N., Toyoda, Y., Gak, I.A., Weisswange,
I., Mansfeld, J., Buchholz, F., et al. (2015). A Human Interactome in Three Quantitative
Dimensions Organized by Stoichiometries and Abundances. Cell 163, 712-723.
https://doi.org/10.1016/j.cell.2015.09.053.

lasillo, C., Schmid, M., Yahia, Y., Magbool, M.A., Descostes, N., Karadoulama, E., Bertrand,
E., Andrau, J.-C., and Jensen, T.H. (2017). ARS2 is a general suppressor of pervasive
transcription. Nucleic Acids Res 45, 10229-10241. https://doi.org/10.1093/nar/gkx647.

Kim, D., Langmead, B., and Salzberg, S.L. (2015). HISAT: a fast spliced aligner with low
memory requirements. Nat Methods 12, 357-360. https://doi.org/10.1038/nmeth.3317.

33


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Labun, K., Montague, T.G., Krause, M., Torres Cleuren, Y.N., Tjeldnes, H., and Valen, E.
(2019). CHOPCHOP v3: expanding the CRISPR web toolbox beyond genome editing.
Nucleic Acids Res 47, W171-W174. https://doi.org/10.1093/nar/gkz365.

Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics 30, 923-930.
https://doi.org/10.1093/bioinformatics/btt656.

Libri, D. (2010). Nuclear Poly(A)-Binding Proteins and Nuclear Degradation: Take the mRNA
and Run? Mol Cell 37, 3-5. https://doi.org/10.1016/j.molcel.2009.12.029.

Lubas, M., Christensen, M.S., Kristiansen, M.S., Domanski, M., Falkenby, L.G., Lykke-
Andersen, S., Andersen, J.S., Dziembowski, A., and Jensen, T.H. (2011). Interaction
Profiling Identifies the Human Nuclear Exosome Targeting Complex. Mol Cell 43, 624-637.
https://doi.org/10.1016/j.molcel.2011.06.028.

Lykke-Andersen, S., Zumer, K., Molska, E.S., Rouviére, J.O., Wu, G., Demel, C., Schwalb,
B., Schmid, M., Cramer, P., and Jensen, T.H. (2021a). Integrator is a genome-wide
attenuator of non-productive transcription. Mol Cell 81, 514-529.e6.
https://doi.org/10.1016/j.molcel.2020.12.014.

Lykke-Andersen, S., Rouviére, J.O., and Jensen, T.H. (2021b). ARS2/SRRT: at the nexus of
RNA polymerase Il transcription, transcript maturation and quality control. Biochem Soc T 49,
1325-1336. https://doi.org/10.1042/bst20201008.

Melko, M., Winczura, K., Rouviére, J.0., Oborska-Oplov4, M., Andersen, P.K., and Jensen,
T.H. (2020). Mapping domains of ARS2 critical for its RNA decay capacity. Nucleic Acids
Res 48, 6943—6953. https://doi.org/10.1093/nar/gkaa445.

Mendoza-Figueroa, M.S., Tatomer, D.C., and Wilusz, J.E. (2020). The Integrator Complex in
Transcription and Development. Trends Biochem Sci 45, 923-934.
https://doi.org/10.1016/j.tibs.2020.07.004.

Meola, N., and Jensen, T.H. (2017). Targeting the nuclear RNA exosome: Poly(A) binding
proteins enter the stage. Rna Biol 14, 820-826.
https://doi.org/10.1080/15476286.2017.1312227.

Meola, N., Domanski, M., Karadoulama, E., Chen, Y., Gentil, C., Pultz, D., Vitting-Seerup, K.,
Lykke-Andersen, S., Andersen, J.S., Sandelin, A., et al. (2016). Identification of a Nuclear

34


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Exosome Decay Pathway for Processed Transcripts. Mol Cell 64, 520-533.
https://doi.org/10.1016/j.molcel.2016.09.025.

Natsume, T., and Kanemaki, M.T. (2017). Conditional Degrons for Controlling Protein
Expression at the Protein Level. Annu Rev Genet 51, 83-102.
https://doi.org/10.1146/annurev-genet-120116-024656.

Ntini, E., Jarvelin, A.l., Bornholdt, J., Chen, Y., Boyd, M., Jgrgensen, M., Andersson, R.,
Hoof, I., Schein, A., Andersen, P.R., et al. (2013). Polyadenylation site—induced decay of
upstream transcripts enforces promoter directionality. Nat Struct Mol Biol 20, 923-928.
https://doi.org/10.1038/nsmb.2640.

Ogami, K., Richard, P., Chen, Y., Hoque, M., Li, W., Moresco, J.J., Yates, J.R., Tian, B., and
Manley, J.L. (2017). An Mtr4/ZFC3H1 complex facilitates turnover of unstable nuclear RNAs
to prevent their cytoplasmic transport and global translational repression. Gene Dev 31,
1257-1271. https://doi.org/10.1101/gad.302604.117.

O’Sullivan, C., Christie, J., Pienaar, M., Gambling, J., Nickerson, P.E.B., Alford, S.C., Chow,
R.L., and Howard, P.L. (2015). Mutagenesis of ARS2 Domains To Assess Possible Roles in
Cell Cycle Progression and MicroRNA and Replication-Dependent Histone mMRNA
Biogenesis. Mol Cell Biol 35, 3753-3767. https://doi.org/10.1128/mcb.00272-15.

Proudfoot, N.J. (2016). Transcriptional termination in mammals: Stopping the RNA

polymerase Il juggernaut. Science 352, aad9926. https://doi.org/10.1126/science.aad9926.

Puno, M.R., and Lima, C.D. (2022). Structural basis for RNA surveillance by the human
nuclear exosome  targeting (NEXT) complex. Cell 185, 2132-2147.e26.
https://doi.org/10.1016/j.cell.2022.04.016.

Ran, F.A., Hsu, P.D., Lin, C.-Y., Gootenberg, J.S., Konermann, S., Trevino, A.E., Scott, D.A.,
Inoue, A., Matoba, S., Zhang, Y., et al. (2013). Double Nicking by RNA-Guided CRISPR
Cas9 for Enhanced Genome Editing Specificity. Cell 154, 1380-1389.
https://doi.org/10.1016/j.cell.2013.08.021.

Rouviére, J.0., Salerno-Kochan, A., Lykke-Andersen, S., Garland, W., Dou, Y., Rathore, O.,
Molska, E.S., Wu, G., Schmid, M., Bugai, A., Jakobsen, L., Zumer, K., Cramer, P., Andersen,
J.S., Conti, E., Jensen, T.H. (2022). ARS2 instructs early transcription termination-coupled

RNA decay by recruiting ZC3H4 to nascent transcripts. Submitted

35


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Schmid, M., and Jensen, T.H. (2018). Controlling nuclear RNA levels. Nat Rev Genet 19,
518-529. https://doi.org/10.1038/s41576-018-0013-2.

Schuch, B., Feigenbutz, M., Makino, D.L., Falk, S., Basquin, C., Mitchell, P., and Conti, E.
(2014). The exosome-binding factors Rrp6 and Rrp47 form a composite surface for recruiting
the Mtr4 helicase. Embo J 33, 2829-2846. https://doi.org/10.15252/embj.201488757.

Schulze, W.M., and Cusack, S. (2017). Structural basis for mutually exclusive co-
transcriptional nuclear cap-binding complexes with either NELF-E or ARS2. Nat Commun 8,
1302. https://doi.org/10.1038/s41467-017-01402-w.

Schulze, W.M., Stein, F., Rettel, M., Nanao, M., and Cusack, S. (2018). Structural analysis of
human ARS2 as a platform for co-transcriptional RNA sorting. Nat Commun 9, 1701.
https://doi.org/10.1038/s41467-018-04142-7.

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., Lopez, R., McWilliam, H.,
Remmert, M., Séding, J., et al. (2011). Fast, scalable generation of high-quality protein
multiple sequence alignments using Clustal Omega. Mol Syst Biol 7, 539-539.
https://doi.org/10.1038/msb.2011.75.

Silla, T., Karadoulama, E., Mgkosa, D., Lubas, M., and Jensen, T.H. (2018). The RNA
Exosome Adaptor ZFC3H1 Functionally Competes with Nuclear Export Activity to Retain
Target Transcripts. Cell Reports 23, 2199-2210.
https://doi.org/10.1016/j.celrep.2018.04.061.

Silla, T., Schmid, M., Dou, Y., Garland, W., Milek, M., Imami, K., Johnsen, D., Polak, P.,
Andersen, J.S., Selbach, M., et al. (2020). The human ZC3H3 and RBM26/27 proteins are
critical for PAXT-mediated nuclear RNA decay. Nucleic Acids Res 48, 2518-2530.
https://doi.org/10.1093/nar/gkz1238.

Steurer, B., Janssens, R.C., Geverts, B., Geijer, M.E., Wienholz, F., Theil, A.F., Chang, J.,
Dealy, S., Pothof, J., Cappellen, W.A. van, et al. (2018). Live-cell analysis of endogenous
GFP-RPBL1 uncovers rapid turnover of initiating and promoter-paused RNA Polymerase II.
Proc National Acad Sci 115, E4368—-E4376. https://doi.org/10.1073/pnas.1717920115.

Wang, Y., Fan, J.,, Wang, J., Zhu, Y., Xu, L., Tong, D., and Cheng, H. (2021). ZFC3H1
prevents RNA trafficking into nuclear speckles through condensation. Nucleic Acids Res 49,
10630-10643. https://doi.org/10.1093/nar/gkab774.

36


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Wasmuth, E.V., Zinder, J.C., Zattas, D., Das, M., and Lima, C.D. (2017). Structure and
reconstitution of yeast Mpp6-nuclear exosome complexes reveals that Mpp6 stimulates RNA
decay and recruits the Mtr4 helicase. Elife 6, €29062. https://doi.org/10.7554/elife.29062.

Winczura, K., Schmid, M., lasillo, C., Molloy, K.R., Harder, L.M., Andersen, J.S., LaCava, J.,
and Jensen, T.H. (2018). Characterizing ZC3H18, a Multi-domain Protein at the Interface of
RNA  Production and Destruction Decisions. Cell Reports 22, 44-58.
https://doi.org/10.1016/j.celrep.2017.12.037.

Wu, G., Schmid, M., Rib, L., Polak, P., Meola, N., Sandelin, A., and Jensen, T.H. (2020). A
Two-Layered Targeting Mechanism Underlies Nuclear RNA Sorting by the Human Exosome.
Cell Reports 30, 2387-2401.e5. https://doi.org/10.1016/j.celrep.2020.01.068.

Zhou, Y., Zhu, J., Schermann, G., Ohle, C., Bendrin, K., Sugioka-Sugiyama, R., Sugiyama,
T., and Fischer, T. (2015). The fission yeast MTREC complex targets CUTs and unspliced
pre-mRNAs to the nuclear exosome. Nat Commun 6, 7050.
https://doi.org/10.1038/ncomms8050.

Zimmer, J.T., Rosa-Mercado, N.A., Canzio, D., Steitz, J.A., and Simon, M.D. (2021). STL-
seq reveals pause-release and termination kinetics for promoter-proximal paused RNA
polymerase Il transcripts. Mol Cell 81, 4398-4412.e7.
https://doi.org/10.1016/j.molcel.2021.08.019.

37


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 1

bioRxiv pBAXIoi: https://doi.org/10.1101/2023.05.09.539743; this versi&,‘n1 posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, wio has granté@BasRxiv ense to display the preprint in perpetuity. It is made
available under dCC-B NB Aterational license.
MYC-tag
Lz
.. KD/KO —— Functional analysis
<> Mwyyy
AAARARE AAAAN
- -
B, = —8—8 8= € O
Z1 1-1310
Z71219-1310 .
Z1219-1130
zy2ieso —e® ) —

Z1861—1310 -_. .

Zyroos I
C proASH1L proSAMD4B FOXD2-AS1 proSTAT3
5 Negative ctrl
3 10 10— 6 1.5+ (Neg )
)
Q o
2 8- 8
5% 2 1.0-
55 6+ 6
53
g% C]
2 4 4
58 2] 0.5
e
3 21 2
2
£
go_ol_loocoom o_ol_loooooa o_ol_leoooocn 00_0'—l°°°°°°’
S L5 52858 S L552858 S L5528 58 S L5 st @5 s
4 NIJZa3 23 4 NIGZ g2 4 NI 2z = NI 35222
5 o+ REELEE 7 +RELTES » +RiitEE ?orRARRES
NNNKNT NNNRT NNNNT + NNNXN T
+++++':_' +++"‘+':_‘ +++"'+':_‘ ++ ey
siZFC3HA1 siZFC3H1 siZFC3H1 siZFC3H1
D E SNHG10 proANKHD FAM120aos OCT4
~ 25 5 10 15 (Negative ctrl)
mz11—1363 SER cc B E -
el ] olo L
e 204 4 8- °
mZ1213-1363 . 0 3 o
>e : 1.0
s - 157 0 3 6 oo
% g 10 2- 4 0.5
o —
L e .
mz1136-1363 4.... 3
2 5 1- 2-
©
£ or
S o [ 0 ﬁ 0 0.0
meC3h1-/- = '— 'MMO"TM |—I|¢’;ﬂt')t") '— I ™ ™ M ™ : |—Il¢")lnl")¢':
g 3 3 < - b b o R ) < bbb < ob b b
i 2 3 8 o8 =2 N =2 g8 =2 o8 =2
N N N N ENEN ENEN EN g N ENEN
wWT - € € S € + ETE +E+E + ETE +E+E
+ + + + + + + +
-— —_— —_— —_—
250- N mZfc3h1" mZfc3h1" mZfc3h1" mZfc3h1"
— (@)
—_— w

130 - | S e e | -VCL



https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 2

siZFC3H1
A e
Z1 FUYORxivpeppriSEdRI: hitpsHeererg/10.1101/2023.05.00539743; thig versid® posted May 9, 2023. The copyright holder for this preprint (which
was noteertifiegby peer review) is the author/funde}, who has gtanted BioRxiv a license to display the preprint in perpetuity. It is made
'EEGELEDGE] available unger aCC-BY-INE-ND g0 International license.
EAGALEAGAI - - ZFC3H1

185 -

Z1FLMUT) _-_ e
] 0.

B e s | - TUBA

proASH1L proSAMD4B FOXD2-AS1 proSTAT3
(3) 10+ 20— 6= 1.5- (Negative ctrl)
g }
E 15+ -
o5
o3 4 1.0
Sy ©
S0 10-
T 44
o9 2- 0.5-
3 2 >
nllls
E o @ : g T 0- r— T 1 0——"=1 | S 0.0- T
= s ' £ 5 S - s ' §E 3 s ' & 3
o ES | z 3 pr g 3 | z 3
@ N @ N ® N @ N
YN YN YN YN
SiZFC3H1 SiZFC3H1 SIZFC3H1 SiZFC3H1
B Z1'""2%°-MYC IP-MS D
] WT rel. to MUT s . . s .+ 4+ His-MBP-z{m-aswW)
-+ - -+ -+ - -+ His-MBP-Z1""35MD
’ - -+ + & - -+ &+ + His-ARS2W
. 250 -
! © ARS2 150~ o
? - His-ARS2147-¢7
e 3. @ NCBP2 100 - "y =y = Ny
g 7.
2 @ NCBP1 5
™ vy GO WW Wy | HsMBP-Z1"®
1- 40 -
’]
30-
I T T T T T T T T 1
-1 0 1 2 3 4 5 6 7 8
log, fold change (Z1'-209WT)jz11-209(MUT)y
20-
C Input MYC IP Input Amylose resin
Z129 My - WT MUT - WT MUT pull-down
115 -] o || w— -_— - ARS2
30 -

- | - Z172-MYC



https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 3

A PAXT-sensitive  PAXT-insensitive
RNAs. . NAs ., - . . . . . .
bluhrl\AAlv feptirtadothttps;//doi.org/10.1101/2023.05.09.539743; this version posted Ma . The copyright holder for this preprint (which
P P U
6.44M@s nat certified,by peer review) is the author/funder, who has granted bioRxiv a license ta display the-preprintin-perpetuity. ttismade
s T 1 — ——avatablearderaCG-BY-NG-ND-4-0-nternational-icense-
10°1
proDDX6 proPRKAA1 proPRKACB proDHCR7 proDIP2A ZNF250
(300 bp) (800 bp) (1.5 kb) (3 kb) (12 kb) (15 kb)
20 - - 15+ 61 -
§ 1 6
2 19t 5 i
o 10 P 4 10 10 4
N
® 10 4
2
2 5 5 2]
5 2]
102_
o- o- o- o- o- o-
(&) ' = = (&} ' = E [&] ' = E [&] ' = = (&} ' = = [&] ' = E
@ N @ NI @ N @ NI @ N @ NI
N N N N N N
10°4 . . . . oy oy oy oy oy oy
z = = = siZFC3H1 SiZFC3H1 siZFC3H1 siZFC3H1 SiZFC3H1 SiZFC3H1
g8 29 g 23
() O © o O N~
Qo 2 Qo 2
N £ £ e N o Ll
2 g~ 27 g<
< o << o
< <
C PAXT-sensitive PAXT-insensitive D 500 bp
RNAs RNAs 6362@500 63627000 63627500 6362§000 636%8500 63629000 63629500
2.2¢-08 0.075 67 “ ‘
- 0, —
= 36
E -
2 2 z 67
z
N Q| z1fwm o — — it .
= N ]
5 " N 36
= < 674
N z el il
u 0-_ | L _ 4 Z1 FL(MUT) 01— —— )
[} J
GE)’ E 36
g 2 . .
g ] in—house MHENCR
o =
(s} in— -
£ ) é in—house GMEB2
g - % 100 bp
% 144077500 144078000 144078500 144079000
S 240
=z = = = 5 —
c c c c kel
5 5 5 5 . "
2 Es 2g g 3| = o
23 22 23 AN ¥ I 240+
gy 8 gy 82 < 3
e En e EN Q| z1wn o
Q= & e Q= & c N J
T 2 g 2 @ *
< < 240
E Z1FLMUTD) ol
———_——
ARS2-dependent 3
PAXT-mediated RNA decay . . )
in—house EXOSC4
in-house - AC109322.1
1 kb
50100000 50102000 50104000 50106000 50108000 50110000 50112000 50114000
99-
. O’F"“"W""WW"'"W I YA o -
15-
c:l:) 99-
8 ZIFL T 0 e T Ty
N 1
o | @ '
AARRY <Z( 99-
% ZAFHMUTY e e e ey e g = e e =
ARS2-independent 2 15
. [72]
PAXT-mediated RNA decay S h , wewm ——
2 in—house SMARCD1 AC074032.1,COX14
CBC x . _ I eE—
P = in-house NA.v4409
o i 500 bp
'8 3154‘4000 31545000 31545000 3154‘7000 3154800Q
[
_§ 29,
£ -0 —“w""_ N L~ T
/ % - 34
- 4 I 29,
Splicing < @
8 ZAFLWT) 04 ——— = — -
: : - % 34
O\ AARNY 29+
ZAFHMUT) - o T ————— - N B
34/
. [ __ > )}
- +
in-house NFKBIL1
in—house -

ATPBV1G2


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 4

A

TU count

bioRxiv prepri

was not ¢

o

CBCA

B

ZC3H18-3F-mAID

i https://doi.org/10.1101/2023.05.09.539743; this version posted May9; ;

N )
AN

250 -

70 -

40-

—+

Ider for this preprint (which

y peer review) is the author/funder, who has granted bioRxiMRTlicense to display the preptint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 Iq}mation_al licenge.

d

- ZC3H18-3F-mAID

E—

- TIR1-HA

-ACTIN

PAXT
PAXT-sensitive RNAs
NEXT-sensitive RNAs ARS2-dependent ARS2-independent
proEXT1 proDNAJB4 proASH1L proDDX6 ZNF250 proDIP2A
4- 6- 1.5+ 2.0 - 2.0 2.0 7
o
— -]
wgé, 34 1.5 1.5 1.5
Qo 4- 1.0+ °
©ox
5§ 2- 1.0- 1.0 1.0-
25s
Ez 2- 0.5
e 0.5 0.5 0.5
0- 0- 0.0- 0.0- 0.0- 0.0-
TR1 - - + + TR1 - - + + TIR1 - + o+ TIRT- - + + TIRT- - + + TIRT- - +
[AA] - + - + [AA] - + - o+ [AA] - + - IAAl - + - + IAAl - + - + [AA] -+ -
ZC3H18-3F-mAID ZC3H18-3F-mAID ZC3H18-3F-mAID ZC3H18-3F-mAID ZC3H18-3F-mAID ZC3H18-3F-mAID
SIARS2 siZC3H18 E PAXT-sensitive RNAs
491
c ARS2-dependent ARS2-independent
©
2 286 ccé proASH1L proSAMD4B proLY6K ZNF250
o S 10- 1.5- 2.01
@ o
Q e
2 oz 1 8 154
@ %’i’ 3 6 107
5E 1.0+
2 S 2 44 0s
e} 5
[Tt -
g 3 - r__l 5 0.5
5 E 0 T . 0 [ T I . 0.0 T N 0.0 T N
250 & 2 % 2 % 2 % 2 %
s I T T T
Q I I} I} I}
@ ) O O O
o N N N N
_|
S NEXT-sensitive RNAs
-500 1
! ! ! ! proSTAT3 proKLF6
22 22 22 22 6- -
2z =2z =2z =z
c o C x [ o c o
[} [} [} O 44
P i P P e
= = = = 22 ] 47
gz N =
z a z o 38 o
[<]
w

(normalised to GAPDH, relative to WT)

WT-j

ZC3H18"T +

WT-E-(

ZC3H18WT


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 5

A bipRiv preprint dogsigipg://doi.org/10. 1]B/2023 05.09.539748PHis version pd4ed Way 9, 2023. The copy@lt holder for t g '& print (WhICh
—was niot certified by peerteview) is the epmk@r?@@qiﬁgwho Ivew qnanted bIORXW‘P. \wgqse to display the preprint in perpe %E s made

® ® available unde Y-NE-NB4-6-nternational license.
z I " - MYC-ZC3H18
- —
8 8 8 8 130 - - -
O Z N O Z N -
3 n »n 3 n »
® GFP-ARS2 @ GFP-ARS2 130- » SDE= - -ARS2 @
- = - GFP-ARS2
130 - - - B wn - - w—  |-NCBP2 / \,
W |-ZC3H18 130 - @ ‘
130 - -'e ' — - === - ZCCHCS8 >
- - W - ZCCHCS ‘
100 - i . 130 - | w——— - s - MTR4 @ '
‘ — e ci— @ we= |- *ZCCHC8
= - v -
250 - .o - ‘ ZFC3HT 55 - | — — — -TUBA
NEXT PAXT
D PAXT-sensitive RNAs
ARS2-dependent ARS2-independent NEXT-sensitive RNAs
proASH1L proSAMD4B proLY6K ZNF250 proSTAT3 proKLF6
E 6 8- 15+ 5- 10-
o
- 6- 47 8- e
50 4 1.0
§ E 34 6
GG 44
=30} 24 4
O o 2+ 0.5
w2 5]
2 14 2
E
g o 0-

WT

Z11-208WT)

o
=)
L
o
1
=)
711-209MUT) p

Z11-209WT)

Z11-208WT)

g
g
§
N

711-2090MUT)
711-209MUT)
711-209(MUT)

Z11-208WT)
711-209MUT)

Z11-209WT)
Z711-209MUT)

Nascent 3'end RNA-seq (pA*/pA’)

. PAXT-sensitive RNAs NEXT-sensitive RNAs ARS2-dependent PAXT+NEXT-sensitive TUs
e 0, =
2 4 1.8e=11 41 1.1e-06 Top 50% (n = 119)
8 siZFC3H1 siZCCHC8
§ 24 2+ 2
§ fiyind 5
S oT & - 0+ -/ - sl T 15 &
N ; B g
N i o
c =0
© in L
224 -2 ‘ 1 &
G || o
ko] { T, @
L S
N 0
S-4 1 -4 ! 3
2 z z z z 05 o
c c c c by )
3 3 3 S 1ikd o)
58 ) g5 83 j B ul
o & N &9 ' N 2
=l T =l - N i 0
N £ £ & € E=] i
g = &€ 8= g
< & < 2
< < 3
L .
-Tkb 1gg *1KD -Tkb 1gg *1KD
G 1Ep 1mp
89309800 89310000 89310200 89310400 89310600 89310800 32891800 32892000 32892200 32892400 32892600
SiGFP %0 ) SIGFP 35
siZCCHC8 ** siZCCHC8 %
SiZFC3H1 50: SiZFC3H1 39
in-house - NA.v3379 in-house - NA.v4016
100_bp 100 bp
211257000 211257500 211258000 211258500 211259000 121802200 121802400 121802600 121802800
siGFP 21 SiGFP 50-
siZCCHCS8 217 siZCCHC8 %0
siZFC3H1 21 siZFC3H1 99

. _ - . _
in—house NA.v720 in-house LINC01089


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 6

A bioRxiv B@ﬁ’ﬁ%‘.t‘ﬂﬁ?ﬁ&?ﬁ&\éﬁ%g/lo.1101/2023.05.09.539743; this version posted May 9, 2023. The copyright holder for this preprint (which
not certified by peer review) is the author/funder, who has granted bioRxiv a license-to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 Internati

Promotes Inhibits E
CBCA-NEXT CBCA-PAXT !
<— 1
B Higher NEXT activity R PAXT co-activation

AAAAAAAAA

Promotes CBCA-PAXT
CBCA-NEXT inhibition relase
<


https://doi.org/10.1101/2023.05.09.539743
http://creativecommons.org/licenses/by-nc-nd/4.0/

