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Abstract

The regulation of transcription by RNA polymerase Il (RNAPII) underpins all cellular processes and is per-
turbed in thousands of diseases. In humans, RNAPII transcribes ~20000 protein-coding genes and
engages in apparently futile non-coding transcription at thousands of other sites. Despite being so ubig-
uitous, this transcription is usually attenuated soon after initiation and the resulting products are immedi-
ately degraded by the nuclear exosome. We and others have recently described a new complex,
“Restrictor”, which appears to control such unproductive transcription. Underpinned by the RNA binding
protein, ZC3H4, Restrictor curtails unproductive/pervasive transcription genome-wide. Here, we discuss
these recent discoveries and speculate on some of the many unknowns regarding Restrictor function
and mechanism.

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).

Introduction

Approximately 80% of the human genome can be
transcribed by RNA polymerase Il (RNAPII)."™
While some RNA synthesis derives from protein-
coding genes, most occurs in non-coding regions.
This abundance of apparently unproductive/non-
coding (nc)RNA synthesis is often termed pervasive
transcription (PT). PT can be defined as any tran-
scription that occurs at a genomic region that does
not generate classical “funct|onal" RNAs, such as
mRNA, snRNA, rRNA, miRNA.*° Regions of the
genome that are susceptible to PT are enriched
for CpG islands and contain a low number of nucle-
osomes — so-called nucleosome depleted regions
(NDR).°® While most PT RNA products have no
described function, PT may play important roles
(e.g. by maintaining open chromatin). Some of
these transcripts have a poly(A) tail,” providing
functional potential; however, most PT products

are rapidly degraded and these are a focus of this
review.

Although PT can occur in intergenic regions, a
classic example is the generation of PROMoter
uPstream Transcripts (PROMPTs).'%"" Here, as a
polymerase transcribes a protein-coding gene cre-
ating an mRNA, RNAPII initiates transcription
upstream and in the opposite direction to synthesise
a PROMPT (Figure 1).'? This upstream transcrip-
tion might initiate opportunistically due to the open
chromatin generated by initiation in the sense direc-
tion or from an independent promoter structure.
Regardless, antisense transcription usually termi-
nates within a few kilobases (kb), with the resulting
short RNA being degraded by the exosome via its
exoribonuclease, DIS3."%"*'* This contrasts with
genic transcription, where polymerases can tran-
scribe long distances and generate stable and func-
tional RNAs. This poses two fundamental
questions: what selectively terminates PT, and what
promotes protein-coding transcription?
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Figure 1. Pervasive transcription. Nucleosome-depleted regions are found around the promoters of protein-
coding genes and enhancers, where RNAPII can access the DNA and start transcribing. Productive transcription
(green) can occur over great distances before being terminated beyond the polyadenylation signal (PAS) via CPSF
and the XRN2 torpedo. PCPA denotes the premature cleavage and polyadenylation that can occur if U1 snRNA levels
are deficient. Pervasive transcription (red) is often targeted for attenuation by Integrator or Restrictor, with the
resulting RNAs degraded by the nuclear exosome via its catalytic DIS3 subunit.

Metazoans have numerous complexes that
promote transcriptional termination. The
archetypal example operates at the 3’ end of
protein-coding genes and depends on 3 end
processing of nascent transcripts by cleavage and
polyadenylation (CPA), which requires a
polyadenylation signal (PAS) that is recognised
and cleaved by the CPA complex.'®'® As a result,
an RNAPIl-associated 3' cleavage product is
exposed to 5 — 3’ degradation b¥ XRN2, leading
to transcriptional termination.'’" Although
required to terminate most protein-coding transcrip-
tion, CPA and XRN2 are less frequently employed
to terminate PT."®'®2" |nstead, additional com-
plexes are emerging, which selectively control such
unproductive/pervasive transcription

One of these complexes is Integrator, which
contains 15 subunits.?® Its INTS11 subunit has
endonuclease activity, while its INTS6 comgonent
links Integrator to the PP2A phosphatase.?*** Inte-
grator was originally discovered through its role in
the 3 end processing of snRNAs.”> However,
another major role of Integrator is to control
promoter-proximal transcription, which it does
genome-wide.?®#? Through this activity, Integrator
attenuates a large fraction of PT, via its interactions
with promoter-proximal RNAPIl and negative elon-
gation factor (NELF).°%*" Integrator is not the major

subject of this review, but its molecular mechanism
was recently described and its roles in transcnpnon
are reviewed in detail elsewhere.??%0:52

We and others recently discovered another
factor, ZC3H4, which also restricts PT.>*®
ZC3H4 interacts with several factors including
WDR82, ARS2, the Nuclear EXosome Targeting
(NEXT) complex and Casein Kinase 2
(CK2).°3:34:36:38.39 Baged on its impact on transcrip-
tion, this complex has been named Restrictor.®” In
this review, we will outline what is known about
Restrictor, and speculate on the answers to many
questions regarding its function(s).

Su(s)sing out the origin of ZC3H4

Although ZC3H4/Restrictor has recently come to
the fore, these discoveries were foreshadowed by
work from the lab of Lilie Searles who was
investigating the mechanism behlnd suppressor
genes in Drosophila melanogaster.”® In genetics,
a secondary mutation can be described as a sup-
pressor if it rescues (suppresses) the phenotype
of a primary mutation elsewhere within the genome.
A popular model to study suppressors was the ver-
milion gene, which encodes tryptophan oxygenase
(TO) — the enzyme responsible for brown eye col-
our in Drosophila melanogaster.*’ Normally, fly
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eye colour is a mosaic of red and brown, but spon-
taneous mutations of the vermilion gene give rise to
a red eye phenotype due to the absence of TO.
Genetically, these spontaneous mutations can be
caused by inserting a 412-type transposon into
the 5’ untranslated region (5 UTR) of the vermilion
gene.*%*? Interestingly, some wild-type (WT) ver-
milion mBNA was still detected via northern blot,
even when 412 was present in both alleles.*® This
is because the vermilion locus was still transcribed
following the transposon insertion and cryptic splice
sites, found within 4712, were being recognised by
the spliceosome. Utilisation of these splice sites
resulted in most of the transposon being spliced
out, giving rise to some near-wildtype (WT) vermil-
ion mRNA — although at levels too low to maintain
normal eye colour.** This primary mutation-
induced red eye phenotype can be reversed (sup-
pressed) by secondary mutations in the fly ortho-
logue of ZC3H4 — suppressor of sable (Su(s)).
The low level of WT-TO mRNA in primary mutant
vermilion strains is increased when Su(s) is also
mutated, suggesting that Su(s) could regulate the
vermilion locus by influencing splicing or
transcription.

Su(s) is approximately 150 kDa (kd) in size and
localises to the nucleoplasm and chromatin.
Immunofluorescence of polytene spreads shows
that while Su(s) binds throughout the genome, it is
strongly enriched at a subset of loci.*>*° It contains
two arginine-rich RNA binding motifs: (ARM1/2) and
an acidic-rich region (ACR) upstream of two CCCH
zinc fingers (ZF).*”*® Identifying its specific RNA
substrates was challenging as recombinant Su(s)
bound a broad range of RNAs.*® Subsequently,
the systematic evolution of ligands by exponential
enrichment (SELEX) and RNA footprinting was
employed to identify substrates. These techniques
revealed that Su(s) can bind to a UCAGUAGUCU
motif with downstream G/U-rich regions as well as
regions of GU dinucleotides.*®*® Biochemical stud-
ies revealed that Su(s) binding to the UCAGUA-
GUCU consensus came from its ARM1 alone
rather than involving the ZFs.*® Interestingly,
ARM2 was found to bind consensus site mutants
stronger than ARM1, while only ARM1 was required
for Su(s) to bind polytene chromosomes. The GU
motifs within this consensus may have some capac-
ity to bind spliceosomal U1 small nuclear ribonucle-
oprotein complexes (herein abbreviated to U1)
since GU is the most important dinucleotide motif
within the 5’ splice site. Indeed, it was proposed that
Su(s) served to destabilise RNA transcribed from
the 412transposon of vermilion mutants by compet-
ing with spliceosome assembly at suboptimal splice
sites.*? Consistently, the 412 silencing effects, alle-
viated by Su(s) depletion, are also reversed by con-
verting these suboptimal splice sites to consensus
sequences.*’ However, SELEX utilises a library of
random sequences flanked by priming/T7 RNA
polymerase promoter sites, which are then used

for amplification and in vitro transcription. It was
noted that the identified UCAGUAGUCU motif
was predicted to form a hairpin with the 5’ priming
region, raising the possibility that Su(s) could also/
instead recognises secondary structure.

The last three studies of Su(s) by Searles and
colleagues moved away from  vermilion,
broadening its substrates, and providing further
mechanistic understanding. Using a reporter, they
demonstrated that artificially tethered Su(s)
suppressed transcription — providing initial
evidence that Su(s) impacts RNA at the level of
transcription.”® Next, they reported that Su(s) regu-
lates aberrant RNAs generated after heat shock,
which are subsequently targeted by the exosome.®"
Interestingly, the ZF region of Su(s), and not the
ARMS, were required for the recognition of these
RNAs. This contrasts with how Su(s) binds polytene
chromosomes/RNA in a WT context, demonstrating
a multi-modal interaction of Su(s) with its sub-
strates. They identified the first interacting partner
of Su(s), WDR82, which is essential for its function
and demonstrated that Su(s) acts co-
transcriptionally.®® Importantly, this study provided
the first evidence that Su(s) and WDR82 induce
transcriptional termination. Finally, they hypothe-
sised that ZC3H4 was the human orthologue of
Su(s). Although there is limited amino acid conser-
vation between the two proteins, their regions of
predicted order and disorder show striking overlap.

From fly to human

The earliest mention of ZC3H4 in humans derived
from its presence in an interactome analysis of
WDR82 — a WD repeat-containing protein.”®
Although the ZC3H4-WDR82 interaction was not
characterised further, this study showed that
WDR82 forms distinct complexes with PNUTS-
PP1 phosphatase and the SET1A/B histone methyl
transferase complex.>* As such, these data uncov-
ered WDR82 as a lynchpin in several assemblies —
the relevance of which will be discussed below. We
serendipitously uncovered the link between ZC3H4
and transcription by screening for proteins with
reduced proximity to RNAPII following the elimina-
tion of the PAS recognition factor CPSF30.°* Apart
from other CPA factors, ZC3H4 and its paralogue,
ZC3H6, were the most prominent hits from this
screen. We hoped that ZC3H4 and/or ZC3H6 would
turn out to be part of the PAS processing and tran-
scriptional termination pathway. However, to our
surprise (and initial dismay), this was not the case.
Instead, ZC3H4 depletion (but not ZC3H6 loss)
induced widespread upregulation and extension of
ncRNAs highlighting it as a factor that restricts PT.

The clearest effects of ZC3H4 loss were on
PROMPTs and enhancer RNAs; with clusters of
the latter (so-called super-enhancers (SEs)) being
most obviously impacted.>*>** SEs contain multiple
closely spaced promoters and their short RNAs
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are degraded by DIS3, giving the impression of
transcriptional “islands” when viewed via a genome
browser after DIS3 depletion. When ZC3H4 is
depleted, these normally short RNAs are extended.
The clear difference in these two transcriptional pro-
files likely reflects the order in which these two fac-
tors operate. As DIS3 recognises free RNA 3’ ends,
it presumably degrades the products of transcrip-
tional termination. However, the longer transcripts
observed following ZC3H4 depletion represent a
failure of transcriptional termination and suggest
that Restrictor acts u;)stream of DIS3 — as was pro-
posed for Su(s).**°*°? Consistent with ZC3H4
somehow promoting transcriptional termination,
these extended PROMPT and SE transcripts
remain associated with RNAPIl following its
depletion.*®

ZC3H4 and its interactors

Figure 2 displays a linear view of ZC3H4, its
known domains, and its major interactors
described to date: WDR82, CK2, ARS2 and

Nascent RNA + cap binding
complex

ZCCHC8 (a component of the NEXT complex).
The three CCCH ZFs within ZC3H4 encompass
amino acids 396—467. Upstream of these ZFs is
an RGG/RG repeat region, which is required for
ZC3H4 to bind RNA.** Deletion of an N-terminal
portion of ZC3H4 that incorporated these repeats
corresponds to the region of Su(s) that mediates
its RNA binding via ARM regions.**“® ARM regions
have widely been reported to bind secondary struc-
tures such as hairpins, while RGG/RG regions bind
poly(G, U, C) tracks.’®>? Although we demon-
strated that the RGG/RG regions are likely impor-
tant for ZC3H4 to bind RNA, the relevance of the
ZF regions is unclear.®® This is because a ZC3H4
derivative bearing three CCCH > AAAA mutations
restored a large fraction of PT after the loss of
endogenous ZC3H4.%® In contrast, ZC3H4 lacking
the RNA binding N-terminal region cannot support
its transcriptional restriction function. Perhaps the
ZF’s of ZC3H4 function in the same manner as
those in Su(s) and help to recognise induced sub-
strates i.e. those arising from heat shock. Another
possibility is that ZC3H4 interacts with RNA in a
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Figure 2. ZC3H4 and its validated interactors. ZC3H4 is largely disordered, with only the three CCCH zinc
fingers and WDR82 binding regions showing some order. The N-terminal region interacts with RNA, presumably
mediated via the RGG / RG-rich regions. The DPR amino acid triplet within ZC3H4, important for WDR82 binding,
spans amino acids 951-953. WDR82 binds Ser5p-modified RNAPIlI and may thereby recruit ZC3H4 to such
polymerases. ARS2 bridges Restrictor to its substrates by binding both Nuclear Cap Binding Proteins (NCBP1/2) and
the SLIM motif (EDGELEEGEL) within ZC3H4. ARS2 and ZC3H4 recruit the NEXT complex to target Restrictor-
attenuated RNAs to the exosome. Casein Kinase 2a binds the CK2 tetramer to the N-terminal region between amino

acids 1 — 530.
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bipartite manner like the RNA binding protein FUS
— where the RGG/RG regions enhance RNA bind-
ing and its ZF's bind a specific sequence.® Interest-
ingly, FUS uses this binding mode to interact with,
and open, structured substrates and it will be inter-
esting to determine whether ZC3H4 can also use
this mechanism.

WDR82 is a member of the large family of WD
repeat-containing proteins, the most prominent
ZC3H4 interactor, and associates with the
Carboxyl-terminal domain (CTD) of RNAPII’s large
subunit when it is phosphorylated on Serine 5
(Ser5p).>*" Ser5p is most abundant in proximity
to the TSS,°* and an attractive model is that the
interaction between WDR82 and RNAPII supports
the promoter-proximal location and function of
ZC3H4. The importance of WDR82 for controlling
extragenic PT was first revealed by Austenaa
et al., who described the widespread extension of
such transcription following its depletion.”® The
WDR82-ZC3H4 interaction was initially charac-
terised as between amino acids 804-1057.% Fur-
ther dissection revealed an aspartate-proline-
arginine (DPR) amino acid triplet (starting at
D951) within this region, which mediates this inter-
action.®® This triplet has structural overlap with a
DPR motif in SET1A, which is also required for its
association with WDR82.%*%% This may explain
the mutually exclusive association of ZC3H4 and
SET1 complexes with WDR82.%°*® The functional
relevance of the WDR82-ZC3H4 interaction is clear
because, when over-expressed, the 804—1057 frag-
ment of ZC3H4 acts in a dominant-negative fashion
to dysregulate PT.*° A likely explanation is that this
fragment acts as a “sponge” for free WDR82
thereby preventing its association with endogenous
ZC3H4. Consistently, mutating this fragment to pre-
vent its interaction with WDR82 abolishes its ability
to inhibit Restrictor.®® Although expression of the
WDR82-interacting fragment of ZC3H4 disrupts
Restrictor function, WDR82 appears to Elay a
broader role in PT regulation than ZC3H4.”® This
is presumably because WDR82 loss could compro-
mise multiple transcription regulatory assemblies
that it is part of.

ZC3H4 also interacts with Casein Kinase 2 (CK2),
which is a tetrameric complex comprising two
catalytic (CK2a) and two regulatory subunits
(CK2B).°* CK2 interacts with the N-terminal region
of ZC3H4 and was found to phosphorylate the crit-
ical RNAPII elongation factor, SPT5.°%%%5¢ Phos-
phorylation of SPT5, by cyclin-dependent kinase 9
(CDK®9), is required for RNAPII to escape the
promoter-proximal pause and engage in efficient
elongation.®”°° However, CK2 phosphorylates
multiple serine and tyrosine residues in the N-
terminal region of SPT5, distinct from those known
to be targeted by CDK9.%® In the authors’ model,
phosphorylation of the N-terminal region of SPT5
aids RNAPII in transitioning from early to productive
elongation in the sense direction. Depletion of

ZC3H4 disturbs this balance, resulting in a down-
regulation of genic transcription and an increase in
upstream antisense transcription. However,
ZC3H4 depletion does not generally reduce sense
transcription suggesting that CK2 activity may act
via additional mechanisms to restrict PT. For
instance, the phosphorylation of SPT5 by CK2
may play an inhibitory role by restricting the elonga-
tion potential of RNAPII during PT.

The N-terminal region of ZC3H4 also interacts
with ARS2, a multi-domain protein that can act in
various transcriytional termination and maturation
pathways.®>’%"2 ARS2 was originally shown to
preferentially promote transcriptional termination
of short RNAs by an unknown mechanism.”®"?
ARS2 binds the cap-binding complex (CBC) where
it coordinates transcriptional termination and degra-
dation by the exosome via the NEXT complex,
which contains the helicase MTR4, the ZCCHCS8
scaffolding factor, and the RNA binding protein
RBM?7.”®"> NEXT recruitment to ARS2-CBC con-
ventionally involves ZC3H18 as an adaptor.”* How-
ever, ZC3H4 can recruit the NEXT complex
independently of ZC3H18 supporting a model for
the direct handover of Restrictor-terminated RNA
to the degradation machinery.®? ZC3H4 was identi-
fied as a prominent ARS2 interactor via a Short Lin-
ear Motif (SLiM) of amino acids (EDGELEEGEL)
within its N-terminal region.

The same SLiM is present in numerous ARS2
interactors, and its likely function is to ensure the
mutually exclusive participation of ARS2 in
different complexes to coordinate distinct aspects
of ncRNA biogenesis.”®’” In this respect, the SLiM
motif has some analogy to the DPR motif that
ZC3H4 and SET1A use for mutually exclusive inter-
action with WDR82. Importantly, the recruitment of
ZC3H4 to selected loci was strongly diminished by
the depletion of ARS2.%? Moreover, ZC3H4 lacking
the ability to bind ARS2 loses its restriction capac-
ity.®* Therefore, the ZC3H4-ARS2 interaction may
explain the long-known function of ARS2 in termi-
nating ncRNA transcription and provide one way
of locating Restrictor to relevant substrates via an
interaction with the 5’ end of the nascent RNA. How-
ever, at some Restrictor targets, depleting ZC3H4
induces a stronger transcriptional defect than the
loss of ARS2.%® As was suggested for Su(s), this
may reflect multiple modes of recruiting Restrictor
to targets (e.g. via the interaction of WDR82 with
Ser5p RNAPII).

What defines a Restrictor target?

The function of ZC3H4 in restricting unproductive
transcription was independently described by
Gioacchino Natoli’s lab, which similarlg showed its
dominant impact on extragenic PT.*> They also
found that not all PT is sensitive to ZC3H4, again
suggesting that it recognises an RNA or DNA fea-
ture. In an elegant experiment, they ruled out the
participation of promoter elements in this process.
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At a bidirectional promoter, where transcription in
the upstream antisense direction was Restrictor
sensitive and sense transcription was not, flipping
the promoter around did not affect the Restrictor-
sensitivity of the antisense transcript. Therefore,
an element in the transcribed RNA is important.

Austenaa et al., also noted that at least some
ncRNAs that were stabilised by ZC3H4 or WDR82
loss underwent chaotic splicing suggesting that
Restrictor  depletion unmasked otherwise
inefficient splice sites.®® This synergised with the
work on Su(s) where it was hypothesised that Su
(s) targeted transcripts when spliceosome assem-
bly was inefficient.”” Importantly, the deletion of
promoter-proximal cryptic (or chaotic) splice sites
stabilised Restrictor substrates that were conse-
quently no longer affected by depleting WDR82 or
ZC3H4.° Therefore, for both Su(s) and Restrictor,
there is a clear connection between the sensitivity
of transcription to this pathway and the efficiency
of splicing/spliceosome assembly. Nevertheless,
while Austenaa et al., showed that RNA is stabilised
by deleting the splice sites, Fridell et al., noted that
strengthening weak splice sites provided resistance
to Su(s). This suggests that the relationship
between the splicing potential of a transcript and
its sensitivity to Restrictor is not straightforward
and exactly what underpins this interplay remains
to be fully elucidated. Notably, the splice sites that
become active upon the depletion of ZC3H4/
WDR82 show little or no sequence deviation from
those in transcripts unaffected by Restrictor.*
Therefore, additional sequence elements or charac-
teristics of RNAPII may also be important (more on
the latter below).

In HeLa and HCT116 cells, ZC3H4 depletion
mainly affects PT. However, a subset of mRNAs
is upregulated in its absence, suggesting a
competition  between their attenuation by
Restrictor and their full-length expression.®*®° In
mouse embryonic stem cells (MESCs), a large
number (over 2500) of protein-coding genes are
affected by ZC3H4.°° That study demonstrated that
the histone methyl transferase, SET1A, promotes
the expression of low to moderately-expressed
genes transcribed from CpG island promoters.
While the transcription of such genes was downreg-
ulated by depleting SET1A, their expression was
restored by co-depleting ZC3H4. This suggests that
SET1A supports the transcription of these genes by
opposing Restrictor. We recently demonstrated that
ZC3H4 and WDR82 target the transcription of hun-
dreds of protein-coding genes when U1 cannot be
recruited to the nascent RNA.*® In analogy to
SET1A, U1 is well-known to enhance RNAPII elon-
gation and suppress premature transcriptional ter-
mination.”®’® These data suggest that many
transcripts have the potential to be targeted by
Restrictor unless opposed by elongation-
promoting activities. Indeed, U1 sites are known to
be rarer in PROMPT transcripts which are often

constitutively targeted by Restrictor.?”®' Because
U1 can enhance both splicing and elongation,
effects on the latter might be an important determi-
nant of Restrictor-sensitivity additional to the above-
mentioned impact of splicing and spliceosome
assembly.

These observations suggest that Restrictor
affects protein-coding transcription in certain
contexts, whereas many ncRNAs are
constitutively sensitive to Restrictor loss. Thus, in
addition to recognising nucleic acid features,
Restrictor function may be enabled by/require
certain forms of RNAPII. This could explain why
ZC3H4 is recruited to most RNAPII promoters
while its loss has selective effects on
transcription.®® An extension of this idea is that fac-
tors such as SET1A and U1 directly or indirectly
promote the eviction of Restrictor as RNAPII com-
plexes mature for full elongation.

Proximal labelling of ZC3H4 reveals
neighbouring pathways

Despite the above-discussed transcriptomics and
interactome studies, how ZC3H4 promotes
transcriptional termination remains a mystery. Of
the prominent ZC3H4 interacting factors, none
have the known ability to evict RNAPIl from
chromatin. This might indicate that ZC3H4
indirectly promotes termination by other pathways,
or that other relevant factors are only transiently
associated with it. To address this further, we
performed a proximity interactome study of
ZC3H4 using TurbolD.**#? This revealed Restrictor
to be proximal to multiple complexes, the most rele-
vant to transcriptional control and termination being
PNUTS-PP1, PAF1, and CPSF.

PP1 Nuclear-Targeting Subunit (PNUTS) is a
highly conserved protein that interacts with PP1
phosphatases to regulate their nuclear functions.®®
PNUTS-PP1 is part of the CPA complex and
dephosphorylates SPT5 to slow transcription and
enable Torpedo-dependent termination beyond
the PAS.'820.848% Thijs negative regulation of tran-
scription by PNUTS may sensitise RNAPII to
Restrictor. Alternatively, PNUTS may cooperate
with Restrictor to keep RNAPII in a poorly proces-
sive state. The promotion of restriction by a nega-
tive transcriptional regulator is reciprocal to the
function of a positive factor (U1) in counteracting
Restrictor.

Interestingly, PNUTS-PP1 orthologues also play
a critical role in terminating kinetoplastid
RNAPII.%°-% In that mechanism, polymerase arrest
at a hypermodified “base J” helps promote tran-
scriptional termination.®® By restricting the elonga-
tion capacity of RNAPII, Restrictor may similarly
enable PNUTS-mediated transcriptional termina-
tion at some loci. Recent in vitro studies suggest
that the yeast orthologue of PNUTS (Ref2) may ter-
minate transcription directly by promoting an RNA-
PIl dimer that is incompatible with transcription.”°
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A three-dimensional structure of this arrested dimer
has been solved and it will be exciting to see if this
dimerization is observed in whole cells. Further-
more, a plant orthologue of PNUTS (LUMINIDE-
PENDENS) associates with a  histone
demethylase complex (FLD-SDG26) that removes
H3K4me1 from 3’ end nucleosomes to create a less
favourable environment for future rounds of
transcription.”’

We performed a limited analysis of ZC3H4-
affected ncRNAs, which confirmed their sensitivity
to both Restrictor and PNUTS depletion.*® Because
the depletion of both factors did not cause synergis-
tic effects, we suggested that Restrictor and
PNUTS act in the same pathway in those cases.*®
A separate analysis of the proximal ZC3H4 interac-
tome similarly identified PNUTS but reached some
different conclusions on its role in Restrictor func-
tion.°? This was based on transcriptome-wide anal-
yses following the depletion of each factor
individually or both together. These analyses
revealed some overlap between PNUTS and
Restrictor effects, again indicating that they com-
prise a common pathway. However, the
transcriptome-wide approach uncovered many
transcripts that did not fit this model, suggesting
the synergistic action of PNUTS and Restrictor in
other cases. Interestingly, some of the exemplar
transcripts used in both studies were affected differ-
ently by PNUTS loss. For example, we showed that
the PROMPT upstream of ITPRIDZ is substantially
extended after PNUTS depletion whereas Russo
et al. described no effect whatsoever. This discrep-
ancy is not explained by cell line differences since
both studies used HCT116 cells. However, Russo
et al., employed dTAG-13 to deplete PNUTS-
dTAG, which works via a cereblon (CRBN) E3
ligase. The CRBN-based dTAG degraders are
known to function poorly in HCT116 cells,*°* which
may explain the partial depletion of PNUTS
observed by Russo et al. and why some transcripts
we observed as strongly affected by PNUTS loss
were unaffected in their study. Despite this discrep-
ancy, these studies highlight a connection between
Restrictor and PNUTS-PP1 that will be a fertile area
for future research.

Many components of the protein-coding 3’ end
formation machinery are also proximal to
Restrictor. The most prominent is SYMPLEKIN,
which is part of the CPSF complex.?® Co-depletion
of SYMPLEKIN with ZC3H4 revealed a synergistic
increase of PROMPT levels, suggesting they func-
tion in separate or redundant pathways, something
we also suggested when evaluating the interaction
between ZC3H4 and the 3 processing endonucle-
ase CPSF73."9% Interestingly, the transcriptional
readthrough at protein-coding genes caused by
SYMPLEKIN depletion was sometimes reversed
by simultaneous ZC3H4 depletion. This is thought
to be because limiting levels of SYMPLEKIN are
sequestered away from protein-coding 3’ ends in

a ZC3H4-dependent manner. As such, co-
depletion of ZC3H4 makes these trace levels of
SYMPLEKIN available once again for CPA-
dependent termination. The proximity of Restrictor
and the CPA machinery may be why we initially dis-
covered the reduced proximitX of ZC3H4 and RNA-
PIl after depleting CPSF30.%* These data highlight
the interesting possibility of a network of regulation
between different transcriptional termination path-
ways exposed by tuning the levels of their key
components.

Finally, the PAF complex is also proximal to
ZC3H4. This comprises PAF1, CTR9, RTF1,
CDC73, LEO1, and WDR61 (in humans only).?¢%°
It was first identified by two groups who found it
associated with RNAPII, and it has now been linked
with regulating pause release in addition to stimulat-
ing RNAPII elongation.”® "% Interestingly, RNAI
depletion of the PAF complex was shown to impair
the degradation of ncRNAs, including Restrictor sub-
strates (i.e. PROMPTSs).'% As the PAF complex is
proximal to Restrictor, it may connect RNAPII elon-
gation with Restrictor function and ncRNA turnover
by the exosome. However, the rapid elimination of
PAF components does not clearly impact PT, sug-
gesting that its role in ncRNA turnover might be a
secondary effect.'%*"% As for when ZC3H4 targets
protein-coding genes, any functional interaction with
PAF may be context-dependent. The association of
ZC3H4 with PAF distinguishes its transcriptional
attenuation function from that of Integrator which
associates with NELF (more below).*" Interestingly,
ZC3H4 shows a reduced association with RNAPII
following the acute depletion of PAF'%® — an obser-
vation consistent with Restrictor recruitment after
PAF complex loading. Table 1 summarises the fac-
tors that have been linked to the Restrictor pathway
so far:

Different RNAPII termination pathways related
or relevant to Restrictor

ZC3H4 and its orthologues appear to be largely
restricted to Metazoans.** Nevertheless, PT is com-
mon to all cells and organisms and a variety of ded-
icated transcriptional termination mechanisms are
used to control it. In the below section, we discuss
some other examples with similarity to Restrictor,
focussing on eukaryotic RNAPII.

The yeast Nrd1-Nab3-Sen1 complex

Nrd1-Nab3-Sen1 (NNS) is a complex that
regulates the transcriptional termination of
budding yeast transcripts including snRNA,
snoRNAs, cryptic unstable transcripts (CUTs,
which are the likely equivalent of mammalian
PROMPTSs), and some protein-coding RNAs.'%"~""°
At CUTs, it has been widely reported that
Nrd1-Nab3 are recruited to Ser5p RNAPII, where
this heterodimer then recognises UGUAG and
GNUCUUGU motifs (respectively) within nascent



Table 1 Factors related to Restrictor function.

Experimental
evidence

Role

Notes

Interactor Direct Proximal Other
Factors that support Restrictor function

WDR82 1%

ARS2 »

CK2 1%

RNAPII (CTD) 17

ZCCHC8 17

SYMPLEKIN v

PAF1 ‘ v

PNUTS I

SPT5 %
Factors that oppose Restrictor function

U1 snRNP P
SET1A v

IP-MS, IP-WB, in-
vitro reconstitution
IP-MS, IP-WB, in-
vitro reconstitution
IP-MS, IP-WB, in-
vitro reconstitution

IP-WB. in-vitro
reconstitution
IP-MS, IP-WB,

ZC3H4-Turbo

ZC3H4-Turbo,
RNAPII IP-MS
ZC3H4-Turbo

in-vitro kinase
assay

Co-depletion,
INSERT-seq
Co-depletion

Bridges ZC3H4 to RNAPII via Ser5p residues in
RNAPIIs CTD.
Recruits ZC3H4 to chromatin.

Both subunits form the tetrameric casein kinase
2 which phosphorylates SPT5.

Transcription.

Part of the NEXT complex, interacts with
Restrictor and hands aborted transcripts to the
exosome for turnover.

Not directly involved in the Restrictor pathway
but acts synergistically in the same regions.
Unknown. ZC3H4 no longer associates with
RNAPII following PAF1 depletion.
Dephosphorylates unknown factors.

Residues in its N-terminal domain selectively
impact antisense transcription and are
phosphorylated by ZC3H4-CK2.

Promotes RNAPII elongation, shielding protein-
coding transcription from Restrictor

Promotes the expression of moderately
expressed genes by opposing Restrictor.

Binds ZC3H4 at DPR®'~%5% and also part of SET1A,
PNUTS-PP1, and PCF11 complexes.

Binds capped RNA via CBC where it and multiple factors
interacts with ZC3H4s N-terminal region.

Ser/Thr kinase that phosphorylates multiple targets in the
Restrictor pathway. May phosphorylate other factors in
the Restrictor pathway.

Restrictor acts co-transcriptionally on Ser5p RNAPII, to
which it could be recruited by WDR82.

Forms NEXT with MTR4 and RBM?7.

Part of the CPA machinery.

Interacts with RNAPI| as part of the PAF1 complex where
it stimulates elongation.

Dephosphorylates SPT5 and RNAPII facilitating
transcription termination. It is unknown if this antagonises
ZC3H4-CK2 at SPT5.

Forms part of DSIF along with SPT4; phosphorylated by
CDKO9 to promote productive transcription.

Binds the 5’ splice site of mMRNA during spliceosome
assembly; acts as an elongation factor.
Binds WDR82 via a DPR motif in its N-terminal region.
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RNA.""""""3 Transcriptional termination is thought
to occur after the recognition of these motifs, when
the RNA:DNA helicase Sen1 is loaded onto the
NNS substrate and dislodges RNAPII from the
DNA template/nascent RNA using its RNA:DNA
helicase activity.''* Next, the CTD interacting
domain of Nrd1 interacts with Trf4 of the TRf4-
Air2-Mtrdp Polyadenylation (TRAMP) complex,
which polyadenylates the CUTs and hands them
over to the exosome for degradation.''®""®'2 More
recently, Collin et al. only observed read-through of
CUTs when Tyr1 of the CTD was mutated, not Ser5
(the transcriptional Profile of Ser5 loss was a lack of
promoter escape).''’ They also observed pause
sites at NNS substrates that were abolished in the
Tyr1 mutant and upon depletion of the phosphatase
Glc7. Their favoured model is that Glc7 dephospho-
rylates Tyr1 of the CTD to slow or pause transcrip-
tion. This pause is required because in vitro studies
suggest that Sen1 is only capable of terminating
paused transcription complexes due to being a
poorly processive helicase.’'®

It had been thought that NNS has no mammalian
equivalent because no obvious sequence similarity
exists between Nrd1/Nab3 and human proteins; it
should also be noted that, despite being
orthologues, the sequence conservation between
ZC3H4 and Su(s) is limited.® There is a striking
similarity between several aspects of NNS function
and those of Restrictor: both pathways regulate the
termination of ncRNA, hand terminated transcripts
over to the exosome for degradation, and regulate
a subset of protein-coding genes.***> Recognition
of these substrates occurs via RNA binding with
GU-rich motifs reported as preferred sites for both
complexes, which appear to regulate transcr'é)tional
termination independent of RNA cleavage.®® Inter-
estingly, both ZC3H4 and Nrd1 autoregulate the
expression of their own transcripts.''®%%%° As for
Nrd1, ZC3H4 interacts with Ser5p (although possi-
bly indirectly via WDR82).>*""" However, an unbi-
ased proteomic study indicated a potential
interaction between ZC3H4 and the RPB6 subunit
of RNAPIL."#° This could mean that ZC3H4 interacts
with RNAPII in a bimodal way, as recently sug-
gested for NNS.""” In yeast, Ser5p of the CTD is
widely reported to recruit NNS to enable the termi-
nation of snoRNA and CUTs.'?"'22 However, Collin
et al., observed that while the CTD was required for
termination, it was not required to recruit Nrd1 or
Sen1 to snoRNA loci. Using this analogy, perhaps
ZC3H4 mainly associates with RPB6 in an inactive
state before moving to the CTD to enact Restriction.
This could explain the strong similarities between
ZC3H4 and RNAPII chromatin occupancy profiles,
although not the limited number of affected
PROMPTs. As a general note, whether ZC3H4
associates with all/most promoter-proximal RNAPII
or is recruited in response to a problem with tran-
scription is unknown.

A key component of the NNS pathway proposed
by Collin et al. is the dephosphorylation of Tyr1 by
Glc7. This is interesting as, in humans, Tyr1
phosphorylation is enriched at PROMPT and
eRNA regions where ZC3H4 acts.'?® Furthermore,
Glc7 interacts with Swd2 and Ref2, the budding
yeast orthologues of WDR82 and PNUTS, respec-
tively.'®* Finally, the human orthologue of Sen1
(SETX) has been reported to play a role in both
protein-coding gene transcriptional termination
and the resolution of r-loops.'*> Whether SETX is
involved in Restrictor function is untested although
it was found (albeit low down the list) as proximal
to ZC3H4 via TurbolD.*® The genome-wide role of
SETX in mammalian RNAPII transcriptional termi-
nation remains to be fully determined.

Regulation of HIV transcription

Although not a eukaryote, attenuation of human
immunodeficiency virus (HIV) transcription shares
features with the control of PT in mammals. HIV
provirus is transcribed by RNAPII, which pauses
shortly after initiating and transcribing a so-called
trans-activation response (TAR) element. Release
of paused RNAPII occurs by the recruitment of
CDK9 to TAR by the trans-activator of
transcription (TAT) protein.'*® Thus, promoter-
proximal regulation of HIV transcription is analo-
gous to most mammalian protein-coding genes.
This promoter-proximally paused RNAPII can be
attenuated by PCF11, a CPA factor at protein-
coding genes.'?” Interestingly, PCF11 is one of
the few factors shown to dissociate RNAPII from
DNA in a purified system.'”® More recently,
PCF11 was found at the HIV promoter in complex
with WDR82 providing some analogy with the con-
trol of PT in mammals.'?° Like ZC3H4, PCF11 ter-
minates polymerases using a combination of RNA
and RNAPII binding. While it is unknown if ZC3H4
can dissociate RNAPIl from DNA in the same
way, these findings indicate commonality between
these two WDRB82-dependent pathways. As for
Restrictor function on endogenous genes, attenua-
tion of HIV transcription is opposed by U1."3%"3" |n
this original example of the suppression of early
transcriptional termination by a 5 splice site, U1
prevents the use of a PAS within the 5" long terminal
repeat (LTR) to ensure full-length HIV transcription.
Finally, transcription from the HIV promoter can be
attenuated by Integrator in the absence of
TAT."32133 Therefore, and like most mammalian
promoters, positive functions of U1 and CDK9 pro-
mote transcription at least in part by opposing mul-
tiple early termination mechanisms.

Intrinsic/DNA-directed transcriptional
termination

In bacteria, transcribed poly(U) stretches cause
RNA polymerases to terminate due to unstable
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rU-dA hybrids within the polymerase active site.'**

Upstream of these stretches are inverted GC-rich
repeats. These form hairpins and cause a
conformational change in paused poly-
merases.'*>'%° This forces the dissolution of the
ternary polymerase-RNA-DNA complex, constitut-
ing a so-called intrinsic termination mechanism.'’
We demonstrated that RNAPII terminates over T-
rich regions (in the coding DNA strand) downstream
of snRNA genes suggesting that this mechanism is
conserved throughout evolution.'*® More recently,
DNA-directed RNAPII termination was shown to
occur in budding yeast and we have shown that,
in mammals, this mechanism is frequently
employed in promoter-proximal regions where PT
is common."*? "% Recently, Vlaming et al., devel-
oped INtegrated Sequences on Expression of
RNA and Translation, using high-throughput
sequencing (INSERT-seq) to establish the effect
of nucleic acid sequences on transcription.’*' They
report that the most negative predictor of transcrip-
tion was the AT content of coding DNA strands, as
opposed to specific motifs. Considering these data,
Restrictor may enable an intrinsic-type termination
activity. Such a pathway may be effective because
of poor elongation enforced by Restrictor and
PNUTS-PP1 and explain why no cleavage site
has so far been observed in the Restrictor pathway.
Among the thousands of sequences assayed by
Vlaming et al, a 5’ splice site had the greatest pos-
itive impact on transcription. This synergises with
observations that U1 inhibition sensitises some
protein-coding transcription to Restrictor,®® that
chaotic splicing of some extragenic PT is seen in
the absence of Restrictor,*® and supports the origi-
nal hypothesis that Su(s) competes with the assem-
bly of splicing complexes to suppress RNA levels.*?
Table 2 summarises the RNAPII termination path-
ways discussed above:

Unanswered questions and future
directions

What is the relationship between Integrator
and Restrictor?

Why does a cell utilise both Integrator and
Restrictor to regulate PT? Integrator functions at
the promoter-proximal pause, when RNAPII is
associated with NELF."**""** The structure of this
complex has been solved, and importantly it pre-
cludes the simultaneous binding of PAF compo-
nents.*° When RNAPIl escapes the promoter-
proximal pause, PAF replaces NELF in an SPT6-
dependent process.'” Interestingly, NELF is
absent in ZC3H4 complexes and proximity interac-
tomes but PAF components are highly enriched.**
A plausible order of events is the surveillance of ini-
tial promoter-proximal RNAPII by Integrator (asso-
ciated with NELF-bound RNAPII) followed by
subsequent monitoring of transcription by Restrictor
(associated with PAF-bound RNAPII). If true, then
early events in elongation may be more complex
than currently envisaged, with early termination fre-
quently occurring even after the displacement of
NELF by productive elongation factors. Once elon-
gation is established, it appears to be resistant to
both termination complexes.

Interestingly, the only PAF component not
proximal to Restrictor is RTF1, which enhances
RNAPII velocity.'%*'*> Therefore, RTF1 could
potentially replace Restrictor at the commencement
of productive transcription. Interestingly, the PAF
complex (CTR9, LEO1, PAF1) and SPT6 are pre-
dicted to be CK2 targets.'“® This could mean that
ZC3H4 interacts with these components transiently
via CK2 in a similar way that has been shown for
SPT5, although this has not been explored.*® A fur-
ther distinction between Restrictor and Integrator is

Table 2 Comparison of different RNAPII termination mechanisms in eukaryotes.

Pathway Regions a pathway is active at Method of termination
CPA 3’ end of protein-coding genes PAS cleavage by CPSF73 followed by degradation of the RNAPII-associated
(all) and some PROMPTs product by XRN2. Termination is enabled by PNUTS-PP1 dephosphorylation of
SPT5, which slows transcription beyond the PAS.
Integrator Promoter proximal regions INTS6-PP2A counteracts CDK9 to negatively affect elongation, INTS11
(Metazoan) endonuclease cleaves nascent transcripts to promote termination, and the
INTS13/14 “sting” domain prevents the association of positive elongation factors
to favour termination.
Restrictor PROMPTS, enhancers, 5’ end of  ZC3H4 interacts with the RNA 5’ end via ARS2, Ser5p via WDR82, and RNA via
(Metazoan) some mRNA its ARMS domain. Modulation of SPT5 phosphorylation by CK2 and, potentially,
PNUTS-PP1 favour termination. How RNAPII is evicted from the template is
unknown.
NNS CUTs, snoRNA, some mRNA UGUAG / GNUCUUGU motifs in nascent RNA are recognised by NNS which
(Yeast) (aberrant) interacts with Ser5p of RNAPIIs CTD — RNAPII is removed from template DNA by

the RNA-DNA helicase Sen1.

DNA- directed  snRNA, promoter-proximal
(all) regions

RNAPII terminates over T-rich elements in the DNA coding strand. The
mechanism is possibly analogous to intrinsic termination in bacteria, which is

favoured by the weak rU: dA hybrid within the RNAPII active centre.
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suggested by experiments showing that ARS2
(which binds Restrictor) and NELFE (which associ-
ates with Integrator) interact with CBC in a mutually
exclusive manner.'"’

What provides the termination activity in the
Restrictor pathway?

In the review that coined the name “Restrictor”,
the authors asked whether ZC3H4 is a
nuclease.®” In flies and plants, orthologues of
CPSF30 have endonucleolytic potential which,
importantly, derives from their CCCH ZFs — the
same type of ZF present in ZC3H4.'**""5° With
the 3’ end processing machinery in mind, it could
mean that PNUTS, which is proximal to ZC3H4,
acts to slow RNAPII before ZC3H4 itself cuts the
nascent RNA. This would reveal a 3 end that
Restrictor and ARS2 could hand over to DIS3 for
turnover. On the face of it, this is an attractive
model; however, the available evidence suggests
this is not the case. For instance, while mutating
the third CCCH ZF finger in plant CPSF30 rendered
it inert, mutating all ZFs in ZC3H4 does not fully
ablate ZC3H4 restriction activity.**'*° As there are
no other annotated domains within ZC3H4, nucle-
ase activity is either absent, weak/irrelevant, or pro-
vided via another region of ZC3H4.

If ZC3H4 is not an endonuclease, another
(CPSF73 or INTS11) might be employed as part
of the Restrictor pathway. Rapid CPSF73
depletion causes transcriptional termination
defects at a subset of ncRNAs.'**® At some of
these loci, CPSF73 tended to synergise with
ZC3H4, implying that they act in different pathways
as Russo et al. also suggested for the CPA factor
SYMPLEKIN.?*92  When artificially ~tethering
ZC3H4 to a reporter construct via MS2 hairpins its
ability to silence reporter RNA is unaffected by Inte-
grator loss.>® As discussed above, the available
structural and interactome data indicate that Inte-
grator and Restrictor associate with distinct RNAPII
complexes. Importantly, endonucleolytic cleavage
of RNA creates a 5' end which would be recognised
by the major nuclear 5 — 3’ exonuclease XRN2.
However, while rapid depletion of XRN2 resulted
in the expected transcriptional read-through beyond
protein-coding genes, no termination defects were
observed at PROMPTs."®*® Because XRN2
requires an RNAPIl-associated cleavage product
to induce termination, this observation reduces the
likelihood of such an event being part of the Restric-
tor pathway. A caveat of this interpretation is that
RNAPII elongation capacity may be low during
PT, which might preclude the observation of long
read-through transcription that is conventionally
expected after depleting factors such as XRN2.

Ultimately, Restrictor-mediated termination is
likely to happen in one of three ways; via ZC3H4
directly, via an additional recruited factor, or
ZC3H4 independently. Establishing whether
ZC3H4 promotes termination itself likely requires
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in vitro systems to recapitulate Restrictor function
and/or a detailed structure that may allow more
definitive mutations to be tested in vivo. As
discussed above, ZC3H4 was not found in
association with known termination factors. On the
one hand, this appears to rule out their function in
its mechanism. However, another possibility is
that ZC3H4 enables transcriptional termination by
an established mechanism that responds to its
restriction of RNAPII elongation capacity. Another
indirect consequence of ZC3H4-restricted
elongation might be an intrinsic-like mechanism of
RNAPII termination.

What underpins the sensitivity of transcription
to ZC3H4?

The highest genomic occupancy observed for
ZC3H4 is at histones and snRNA loci, yet defects
in their transcription are not observed following
Restrictor loss.®* Histone gene transcriptional ter-
mination has been studied for decades and Restric-
tor has never been implicated.'®"'°? As a result, the
presence of ZC3H4 over these regions may consti-
tute an artifact, or there may be a context in which
Restrictor works here that we are unaware of as
was illuminated at other protein-coding genes by
SET1A depletion and U1 inhibition.**® For exam-
ple, Integrator has been proposed as a backup to
the 3’ end processing machinery at certain genes
under stress conditions — Downstream Of Genes
(DOGs)."**"°*  Although nobody has evaluated
ZC3H4 as a stress responder, Su(s) does recog-
nise additional targets following heat shock.”"

Does ZC3H4 function beyond PT?

Although Restrictor’'s role in PT regulation has
been well described above, there remains a
possibility that ZC3H4 has a role beyond this. For
example, Restrictor is essential during early
embryogenesis, where ZC3H4 '~ embryos are
non-recoverable post-gastrulation, and blastocysts
exhibit extensive DNA damage.'”® The cause of
this damage was not elucidated, but a potential
explanation could be that dysregulated poly-
merases might collide and interfere with the DNA
replication machinery.’*®"*" Interestingly, PNUTS
has been reported to play a role in the resolution
of transcription-replication conflicts, leading to the
possibility that ZC3H4 might also be involved.'®
Genome-wide sequencing studies have not been
performed in ZC3H4 '~ blastocysts, so it is unclear
to what degree transcription is dysregulated.

It was also observed that there were ~50% fewer
cells containing the essential transcription factor
OCT4 in ZC3H4~~ embryos, with the suggestion
that ZC3H4 worked upstream of it."”>> OCT4 is a
“master regulator” responsible for maintaining
pluripotency, with thousands of binding sites docu-
mented within the mouse genome."**'%? Interest-
ingly, OCT4 is regulated by both distal and
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proximal enhancers, with the deletion of the distal
enhancer causing a loss of expression.'®" As docu-
mented,***> ZC3H4 is active at enhancer regions
and it would be interesting to see if the cause of
OCT4 loss in ZC3H4~~ embryos was due to dys-
regulation of enhancer transcription.**'*> Finally,
because ZC3H4 (and Su(s)) suppress sub-optimal
splice sites, their depletion could also disrupt pre-
mRNA splicing.

The multiple faces of WDR82

WDR82 is reported to form complexes with
ZC3H4 and PNUTS mutually exclusively.>® As
such, the proximity of ZC3H4 and PNUTS may be
explained by multiple WDR82-containing com-
plexes on the same RNAPII (i.e. one containing
ZC3H4 and another bound to PNUTS). Interest-
ingly, PNUTS and ZC3H4 are found in the same
fraction following size exclusion chromatography
supporting the possibility that they form part of a lar-
ger common assembly affecting PT.°® In contrast,
ZC3H4 and SET1 do not co-sediment, consistent
with their identical mode of interaction with
WDR82 and their opposite effects on transcription
(SET1 promotes transcription whereas ZC3H4
restricts it). How and whether proximal ZC3H4
and PNUTS combine to elicit their effects on tran-
scription is an important question. One possibility
is that two separate WDR82-containing complexes
act independently to ensure the robust restriction of
PT. This is consistent with recent data from the
Natoli lab which identifies some extragenic tran-
scription that is separately affected by ZC3H4 and
PNUTS.?? Alternatively, WDR82 may form a single
transient complex with ZC3H4 and PNUTS to elicit
transcriptional termination. Such a complex was
recently predicted by AlphaFold modelling and fur-
ther suggested to occur viaimmunoprecipitation.'®®
This complex might be unstable and dissociate
once RNAPII is evicted from the chromatin tem-
plate. The possibility that functionally relevant
Restrictor complexes might be transient is
supported by our observation that the termination
inactive WDR82-interacting fragment of ZC3H4
co-precipitates RNAPII more strongly than the
termination active full-length protein.®

The recently described interaction between
WDR82 and PCF11 that attenuates HIV
transcription adds to the repertoire of WDR82-
containing complexes. How and why multiple
WDR82-complexes form is an important future
question. Moreover, it will be interesting to
determine whether WDR82 functions merely to
tether complexes to Ser5p RNAPII or if it
additionally plays a role in mediating critical
structural reconfigurations of its interacting partners.

The budding yeast homologue of WDR82 (Swd2)
also binds Ser5p, forms a complex with SET1, and
is part of the CPA complex.'®*'®* As mentioned
above, budding yeast does not have an obvious
ZC3H4 orthologue, yet Restrictor shares some fea-
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tures with the NNS complex. In analogy to WDR82-
PNUTS-PP1, Swd2 associates with the putative
PNUTS homologue, Ref2, and the Gic7 phos-
phatase — a complex known to function in transcrip-
tional termination.’®'#* Interestingly, a functional
link between Gic7 and NNS was established
through observations that termination defects
caused by Swd2 loss could be sug)pressed by
over-expressing the Sen1 helicase.'®® One conse-
quence of this was an increased association of
Glc7 with NNS. Given the plethora of WDR82 inter-
actions, depletion of factors such as ZC3H4 or
PNUTS may alter transcriptional profiles by chang-
ing the abundance of the various WDR82 com-
plexes. For example, the loss of ZC3H4 may
make more WDR82 available for interactions with
PNUTS, SET1, or PCF11. How these various
WDR82-containing complexes are regulated to
control transcription is an important question for
the future.

Is Restrictor a single complex or multiple
assemblies?

WDR82 is the strongest ZC3H4 interactor and
was also identified as a partner for Su(s).° Interest-
ingly, polyacrylamide gel-based analysis of the Su
(s) interactome suggested WDR82 to be its sole
interactor or, at least, its most prominent. However,
ZC3H4 interacts with multiple factors based on
immunoprecipitation from mammalian cells.>*°%3°
An obvious possibility is that a core dimer of
ZC3H4 and WDR82 participates in multiple Restric-
tor subcomplexes. Indeed, ARS2 and CK2 bind to
the N-terminal region of ZC3H4 and it would be
interesting to test whether they are mutually exclu-
sive. Moreover, the effects of depleting ARS2 from
cells are sometimes distinct from those resulting
from ZC3H4 loss and the latter causes the longer
extension of some Restrictor targets.**?

What is the function of the ZC3H4 paralogue,
ZC3H6?

Like ZC3H4, ZC3H6 is proximal to RNAPII and is
Metazoan-specific.> At present, it has no known
function, and our previous analyses suggest it is
not redundant with ZC3H4.°* Some relationship
between the two proteins is indicated by the fact
that the transcription of ZC3H6 is increased follow-
ing ZC3H4 depletion. However, its identification in
an RNAPII proximity screen following the perturba-
tion of the CPA machinery makes it likely that it does
have a function related to transcription. At present,
the function of ZC3HS6 in transcription or otherwise
is unknown.

Summary

The Restrictor complex is an emerging
regulator of PT. A possible model for Restriction
is depicted in Figure 3. Here, ZC3H4 targets a
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Figure 3. The Restrictor pathway. Restrictor interacts with RNAPII at most promoter-proximal regions. This could
occur via the ARS2-mediated interaction with RNA 5 ends and/or the WDR82-mediated interaction with Ser5p
RNAPII. At protein-coding genes, Restrictor is opposed in the sense direction by U1 (yellow) and the SET1A complex
(red) which enable RNAPII to transition to productive elongation. In the antisense direction, ZC3H4-CK2
phosphorylates the N-terminus of SPT5, while PNUTS-PP1 dephosphorylates currently unidentified factors that
may include SPT5. These activities maintain a pervasively transcribing state and favour early termination by an
unknown mechanism. At the same time, the liberated RNA-ZC3H4-ARS2 complex interacts with NEXT, handing over

terminated transcripts to DIS3 for degradation.

subpopulation of PAF and PNUTS-bound
polymerases engaged in PT. The basis for
Restrictor targeting is yet to be fully established
but accumulating evidence suggests some
selectivity toward poorly spliced RNAs or those
that fail to assemble splicing complexes.
Transcript targeting might be achieved by a
combination of the direct recognition of RNA/
DNA sequences by ZC3H4, by Restrictor
recruitment to the 5 end of RNA via ARS2, or
by targeting ZC3H4 to Ser5p via its interaction
with  WDR82. It remains to be seen whether
these different modes of Restrictor recruitment
can be employed separately or if there are
distinct Restrictor subcomplexes deployed under
certain circumstances. When bound to CK2,
Restrictor can control RNAPIl elongation via
phosphorylation of SPT5. Similarly, Restrictor
function may be enabled by PP1-PNUTS, which
distinctly dephosphorylates SPT5 to maintain

poor RNAPIlI elongation. Perhaps the most
important question is how transcriptional
termination ultimately occurs for Restrictor-

sensitive RNA. This could be by Restrictor itself
destabilising/evicting elongation complexes, by
an unknown factor, or via an established
mechanism that acts in a Restrictor-dependent
manner. Following termination, the liberated
RNA is rapidly targeted to the exosome via
ARS2-bound ZC3H4 and NEXT.*
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