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The largely nuclear cap-binding complex (CBC) binds to
the 5′ caps of RNA polymerase II (RNAPII)-synthesized
transcripts and serves as a dynamic interaction platform
for a myriad of RNA processing factors that regulate
gene expression. While influence of the CBC can extend
into the cytoplasm, here we review the roles of the CBC
in the nucleus, with a focus on protein-coding genes. We
discuss differences between CBC function in yeast and
mammals, covering the steps of transcription initiation,
release of RNAPII from pausing, transcription elongation,
cotranscriptional pre-mRNA splicing, transcription ter-
mination, and consequences of spurious transcription.
We describe parameters known to control the binding of
generic or gene-specific cofactors that regulate CBC activ-
ities depending on the process(es) targeted, illustrating
how the CBC is an ever-changing choreographer of gene
expression.

The nuclear cap-binding complex (CBC), which is a het-
erodimer conserved from Saccharomyces cerevisiae to
Homo sapiens, is composed of two cap-binding proteins
(CBPs). CBP20 directly binds the m7G cap at the 5′ end
of RNA polymerase II (RNAPII)-synthesized transcripts,
while CBP80 stabilizes the binding of CBP20 to the cap
and serves as an interaction platform for numerous factors
that control virtually every step of gene expression (Gona-
topoulos-Pournatzis and Cowling 2014; Müller-McNicoll
and Neugebauer 2014). RNAPII-synthesized transcripts
bound by the CBC include precursor and processed
mRNAs, long noncoding RNAs (lncRNAs), promoter up-
stream transcripts (PROMPTs), enhancer RNAs (eRNAs),
immature small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs) of intergenic origin, and primary-micro-
RNAs (pri-miRNAs). Whereas our lab discovered and con-

tributed to elucidating the role of the CBC in the
cytoplasm during the pioneer round of translation and
nonsense-mediated mRNA decay (NMD) (for review, see
Maquat et al. 2010; Ryu and Kim 2017; Kurosaki et al.
2019), our current research focuses on the role of the
CBC during gene transcription by RNAPII (Cho et al.
2018). Here, we review known roles of the CBC in the nu-
cleus during the transcription of genes that encode pro-
teins, stitching together past studies from diverse groups
to describe the continuum of CBC-mediated checks and
balances in eukaryotic cells.

Chromatin-associated steps in the synthesis
and processing of protein-coding transcripts

The transcription of eukaryotic protein-coding genes is a
stepwise process that can be divided into fundamental
stages, all of which are regulated by theCBC: preinitiation
complex assembly, transcription initiation, promoter-
proximal pausing, processive transcription elongation,
and transcription termination coupled to pre-mRNA
3′ end processing. The process of pre-mRNA splicing, be-
ing largely cotranscriptional, is also presented in this
review.

Preinitiation complex assembly

The first step of gene transcription is assembly at the core
promoter of a preinitiation complex (PIC) composed of
RNAPII and general transcription factors (GTFs). PIC as-
sembly is positively and negatively controlled by a pleth-
ora of transcription factors and cofactors as well as
chromatin remodelers that regulate promoter accessibili-
ty (Eychenne et al. 2017; Nogales et al. 2017).
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Transcription initiation

Transcription cofactors subsequently convey activating
cues leading to phosphorylation of the RNAPII carboxy-
terminal domain (CTD) at serine 5 (S5) and S7 by the cy-
clin-dependent kinase 7 (CDK7) subunit of theGTFTFIIH
(Haberle and Stark 2018). CTD phosphorylation enables
RNAPII to escape the promoter and begin pre-mRNA syn-
thesis; i.e., to initiate transcription. Despite being essen-
tial to the process of gene transcription in both lower
and higher eukaryotes (Schier and Taatjes 2020), PIC as-
sembly and transcription initiation are preferentially tar-
geted for regulating gene expression in lower eukaryotes,
such as the budding yeast S. cerevisiae (Hahn and Young
2011), while promoter-proximal pausing has emerged as
the early step that largely regulates gene expression in
metazoans (Adelman and Lis 2012).

Promoter-proximal pausing and pre-mRNA capping

In higher eukaryotes, RNAPII often pauses 25–50 bp
downstream from the transcription start site (TSS), await-
ing additional signals to engage in processive transcrip-
tion (Core and Adelman 2019). As the nascent transcript
emerges from the exit channel of RNAPII, RNAPII stall-
ing is induced by recruitment of (1) the two-subunit
DSIF (dichloro-1-β-D-ribofuranosylbenzimidazole [DRB]
sensitivity-inducing factor) complex composed of SPT4
and SPT5, and (2) the four-subunit NELF (negative elonga-
tion factor) complex composed ofNELF-A,NELF-B, either
the NELF-C or NELF-D isoform of theNELFCD gene, and
NELF-E. Particularly relevant to this review, promoter-
proximal pausing and accessibility of the 5′ end of pre-
mRNA as it emerges from the RNAPII exit channel coin-
cide to allow pre-mRNA 5′ end capping (Rasmussen and
Lis 1993; Martinez-Rucobo et al. 2015) and CBC recruit-
ment to the 5′ cap (Visa et al. 1996; Listerman et al.
2006; Glover-Cutter et al. 2008). Genome-wide recruit-
ment of the CBC to 5′ caps is facilitated by NELF (Aoi
et al. 2020), which directly binds the CBC via the NELF-
E subunit (Narita et al. 2007).

Even though promoter-proximal pausing is less preva-
lent in lower eukaryotes, in S. cerevisiae, promoter-prox-
imal accumulation of RNAPII can be observed following
genetic inhibition of the first catalytic step of pre-
mRNA capping (Lahudkar et al. 2014). Nonetheless,
such pausing does not coincide with CBC recruitment,
which occurs more than ∼110 bp downstream from the
TSS (Lidschreiber et al. 2013).

Transcription elongation

Recruitment of the positive transcription elongation fac-
tor b (P-TEFb) to promoters, so that its catalytic subunit
CDK9 phosphorylates the DSIF and NELF pausing com-
plexes and S2 of the RNAPII CTD, releases RNAPII
from promoter-proximal pausing (Core and Adelman
2019). RNAPII then engages in processive transcription
elongation, which is further established by the kinase ac-
tivity of CDK12 (Chirackal Manavalan et al. 2019).

Transcription elongation can be interrupted by addi-
tional pausing events. As one important example, RNAPII
can pause at stable first nucleosomes (i.e., +1 nucleo-
somes) in mammals (Barski et al. 2007; Chiu et al. 2018;
Aoi et al. 2020), in fruit fly (Mavrich et al. 2008; Weber
et al. 2014), and in the fission yeast Schizosaccharomyces
pombe (Booth et al. 2016). Like promoter-proximal paus-
ing, release from +1 nucleosome pausing relies on
P-TEFb (Booth et al. 2018; Chiu et al. 2018). However,
pausing at +1 nucleosomes is more transient (t1/2 < 15
sec) than pausing at promoter-proximal regions (t1/2 = 2–
30 min) (Core and Adelman 2019). At least in mammals,
+1 nucleosomes feedback to promoter-proximal pausing
(Jimeno-González et al. 2015) as well as pre-mRNA splic-
ing and early transcription termination (Chiu et al. 2018).
On one hand, stable +1 nucleosomes enhance promoter-
proximal pausing by augmenting NELF recruitment
(Jimeno-González et al. 2015). On the other hand, RNAPII
pausing at +1 nucleosomes located downstream fromCpG
islands has been proposed to cause premature transcrip-
tion termination in caseswhere theU1 small nuclear ribo-
nucleoprotein (snRNP) fails to recognize the 5′ splice site
of the first intron (Chiu et al. 2018).

Pre-mRNA splicing

Consistent with extensive physical interactions between
the transcription machinery and splicing factors, more
than 75% of splicing events occur cotranscriptionally
(Neugebauer 2019). Posttranscriptional events are more
likely to characterize constitutive splicing of 3′-terminal
introns and alternative splicing (Neugebauer 2019).
Whereas cotranscriptional splicing kinetics may vary
greatly between species (Neugebauer 2019), the core splic-
ing machinery is globally well-conserved (Will and Lühr-
mann 2011). First, 5′ splice site recognition by U1
snRNP, SF1 (BBP in yeast) binding to the branchpoint se-
quence, and U2AF (Mud2p in yeast) binding to the poly-
pyrimidine tract and 3′ splice site result in formation of
the early (E) complex (commitment complex in yeast).
Second, U2 snRNP replaces SF1/BBP to form the A com-
plex. Third, recruitment of the U4/U6•U5 tri-snRNP
forms the B complex, which is subsequently extensively
remodeled to form the B∗ complex that catalyzes the first
splicing reaction. The C complex subsequently finalizes
splicing, releasing the lariat intron.

Transcription termination and pre-mRNA 3′ end
processing

Transcription termination, which occurs downstream
from genes, is triggered by cleavage and polyadenylation
specificity factor (CPSF) together with cleavage stimula-
tion factor (CstF) recognition of a bipartite polyadenyla-
tion signal (PAS) in nascent pre-mRNA (Neve et al.
2017). Subsequent assembly of the complete 3′ end cleav-
age and polyadenylation (CPA) complex, which includes
cleavage factors I and II (CFI and CFII), results in pre-
mRNA cleavage and addition of a nontemplated poly(A)
tail by poly(A) polymerase (PAP). RNAPII pausing during
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transcription termination, as well as the binding of pro-
teins, can influence the selection of cryptic PASs that re-
sult in 3′ untranslated regions (3′UTRs) of different sizes
and functions in a process called alternative polyadenyla-
tion (Bentley 2014).
While this cleavage and polyadenylation pathway typi-

fies themajority of transcripts produced by protein-coding
genes, replication-dependent histone (RDH) mRNAs are
not polyadenylated. Instead, these short intronless tran-
scripts, which are expressed during S phase of the cell cy-
cle, typically end in a 3′ stem–loop structure (Marzluff
et al. 2008). The most recent model characterizing
3′ end processing of RDH pre-mRNAs involves the re-
cruitment of CPSF and the RNA endonucleolytic Integra-
tor complex (Takahashi et al. 2020).
Transcription termination per se is the release of RNA-

PII from the gene following pre-mRNA 3′ end cleavage.
Briefly, two not mutually exclusive models for termina-
tion prevail (Porrua and Libri 2015; Eaton et al. 2020). In
the “allosteric model,” RNAPII undergoes conformation-
al changes that result in its dissociation from the DNA
template. In the “torpedo model,” 5′ to-3′ degradation of
the 3′ cleavage product of the nascent transcript results
in disassembly of the transcription elongation complex.

The CBC promotes transcription initiation
and elongation

In S. cerevisiae, the CBC (yeast CBC [yCBC]) that is bound
to the 5′ cap of elongating transcripts facilitates PIC as-
sembly for subsequent rounds of transcription initiation,
particularly at promoters induced by environmental
changes, for example, promoters induced by glucose
(Lahudkar et al. 2011) or osmotic shock (Fig. 1, step i; Li
et al. 2016). CBC-mediated PIC formation and, subse-
quently, transcription initiation rely on the direct interac-
tion of Cbp20 protein (Cbp20p) and/or Cbp80p with gene-
specific transcription initiation factors (TIFs), such as
Mot1p (Lahudkar et al. 2011), Hot1p–Hog1p (Li et al.

2016), or Rap1p (Li et al. 2016). These TIFs are recruited
to the core promoters of target genes and are thought to
promote transcription initiation through the subsequent
recruitment of TATA-box-binding protein (TBP), a
component of theGTFTFIID. Thus, yCBC-mediated tran-
scription initiation may be limited to genes whose pro-
moter includes sequences recognized by transcription
factors or cofactors that also bind Cbp20p and/or
Cbp80p. Likewise, in the model plant Arabidopsis thali-
ana, the CBC (plant CBC [pCBC]) transactivates the flow-
ering gene FLC through the coactivator FRIGIDA (FRI)
(Bezerra et al. 2004; Geraldo et al. 2009), which promotes
FLC transcription by recruiting the GTF TFIID subunit
TAF14 as well as chromatin modifiers (Choi et al. 2011).
A role for pre-mRNA capping in transcription reinitiation
in budding yeast is supported by the finding that capping
enzymes Cet1p–Ceg1p and Abd1p promote PIC reassem-
bly following promoter escape in an in vitro-reconstituted
transcription initiation system (Fujiwara et al. 2019).
In Drosophila melanogaster, knockdown (KD) of

Cbp80 decreases total RNAPII occupancy at the promot-
er of inducible genes while increasing occupancy of initi-
ating RNAPII(pS5) relative to elongating RNAPII(pS2)
(Kachaev et al. 2019). These results indicate that fruit
fly Cbp80 not only promotes transcription (re)initiation
but also facilitates release from promoter-proximal paus-
ing. Such coupling is proposed to be mediated by the
interaction of Cbp80 with the poly(A)-binding protein-in-
teracting protein 2 (Paip2) and the TBP-related factor
Trf2 (Kachaev et al. 2019). Interestingly, Cbp80-mediated
expression of the fruit fly DHR3 gene following ecdysone
treatment is associated with recruitment of Paip2 to only
one of many alternative DHR3-gene promoters that is
specifically induced by ecdysone (Kachaev et al. 2019),
raising the possibility that the CBC also participates in
selecting alternative promoters through its interaction
with Paip2. Here again, this mechanism may depend
on promoter sequences that are targeted by the binding
of yet-to-be identified transcription factors to the CBC
and/or to Paip2.
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Figure 1. Model for the regulation of tran-
scription initiation and elongation by the
CBC. (Step i) In budding yeast and plants,
upon stimulation (yellow lightning), the
CBC bound to the 5′ cap (black ball) of an
elongating transcript (blue line) promotes
the recruitment of transcription initiation
factors (TIFs) and TATA-box-binding pro-
tein (TBP)-like factors to the promoter,
thereby facilitating preinitiation complex
(PIC) assembly and transcription reinitia-
tion. (Step ii) The CBC recruits the elonga-
tion factors CDK9 and CDK12 to release
RNAPII from promoter-proximal and/or +1
nucleosome pausing (in mammals) and/or
increase RNAPII processivity (in yeast and
mammals). (Step iii) In budding yeast, the

CBC promotes read-through transcription by inhibiting the selection of cryptic polyadenylation signals (PASs), thereby inhibiting the
transcription of downstream genes.Wedges at the bottom of the figure represent the preferred mode of transcriptional regulation in lower
versus higher eukaryotes.
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In humans, NELF-E directly binds CBP80 in vitro in a
cap-dependent manner (Schulze and Cusack 2017), each
NELF subunit coimmunoprecipitates with CBP80 in cell
lysates (Gebhardt et al. 2015)—with at least the NELF-
E–CBP80 coimmunoprecipitation (co-IP) being partially
resistant to RNase A treatment (Narita et al. 2007)—and
NELF-C is required for the recruitment of CBP80 to cellu-
lar promoters (Aoi et al. 2020). Loss of CBP80 at promoter
regions upon NELF-C depletion is concomitant with (1)
genome-wide shifting of RNAPII(pS2) occupancy from
promoter-proximal pause sites to downstream pause sites
that seem to be associated with +1 nucleosomes, and (2)
decreased RNAPII(pS2) occupancy on gene bodies (Aoi
et al. 2020). Results from precision nuclear run-on se-
quencing (PRO-seq) thatmapped genome-wide occupancy
of elongating RNAPII may indicate that RNAPII pausing
at +1 nucleosomes is stabilized upon loss of the CBC
(Aoi et al. 2020). Results from PRO-cap that measured
the abundance of 5′ capped nascent transcripts together
with results from ChIP-Seq that mapped occupancy on
DNA for the decapping enzymeDCP2 and the 5′-to-3′ exo-
nuclease XRN2 suggest that RNAPII pausing at +1 nucle-
osomes upon loss of the CBC is followed by pre-mRNA
decapping by DCP2 and, subsequently, pre-mRNA decay
by XRN2 (Aoi et al. 2020). The idea that the CBC protects
pre-mRNAs from 5′ end surveillance and cotranscrip-
tional decay is not new (Gonatopoulos-Pournatzis and
Cowling 2014).

Human cell studies demonstrated that CBP80 and
CBP20 coimmunoprecipitate with the CDK9 and cyclin
T1 subunits of P-TEFb in the presence of RNase A, and
also recruit CDK9 to promoter-proximal as well as distal
regions of target genes (Lenasi et al. 2011). Impairment
of P-TEFb recruitment following CBP20-KD or CBP80-
KD is associated with lower levels of elongating RNAPII
(pS2) on promoter-proximal and/or coding regions of a
subset of target genes concomitantly with higher levels
of short initiating transcripts (Lenasi et al. 2011). Thus,
the CBC appears to control release from promoter-proxi-
mal pausing in a gene-specific manner, possibly through
interactions with sequence-specific transcription factors
or cofactors. Notably, similar observations were made us-
ing a CBC-responsive intronless reporter (Lenasi et al.
2011), arguing against the possibility that the decrease
in transcription elongation following CBC-KD is an indi-
rect consequence of defects in pre-mRNA splicing (see
below), even though P-TEFb has also been implicated in
pre-mRNA splicing (Barboric et al. 2009).

Together, these results indicate that, in humans, NELF
and P-TEFb control release from promoter-proximal paus-
ing and processive elongation in a CBC-dependent man-
ner (Fig. 1, step ii). Thus, processive elongation would
occur only if the nascent pre-mRNA is properly capped
and the cap is subsequently bound by the CBC, consistent
with the idea that promoter-proximal pausing not only
functions as a regulator of gene expression, but also as a
pre-mRNA surveillance mechanism (Rambout et al.
2020). Positive effects of the CBC on transcription elonga-
tion may be inhibited by the key CBC cofactors arsenite
resistance protein 2 (ARS2) and the nuclear exosome tar-

geting (NEXT) complex (see below), whose individual
KD globally increases RNAPII occupancy in gene bodies
relative to promoter-proximal pause sites (Iasillo et al.
2017). This function of ARS2 andNEXT is likely indepen-
dent of their role in the cotranscriptional 3′-to-5′ decay of
aberrant transcripts (see below), since KD of the nuclear
exosome subunit RRP40 did not alter RNAPII occupancy
(Iasillo et al. 2017).

Despite the lack of evidence for promoter-proximal
pausing and the absence ofNELF orthologs in S. cerevisiae
(Lidschreiber et al. 2013), the yCBC similarly recruits
Bur1p and Bur2p, orthologs of mammalian P-TEFb sub-
units CDK9 and cyclin T (Bartkowiak et al. 2010), to pro-
moter-proximal regions and, depending on the gene
analyzed, also to the central region and 3′ end of genes
(Hossain et al. 2013; Lidschreiber et al. 2013). Additional-
ly, the yCBC genetically interacts with and recruits Ctk1p
and Ctk2p, but only to gene bodies (Hossain et al. 2013;
Lidschreiber et al. 2013). Ckt1p and Ckt2p are orthologs
of mammalian CDK12 and cyclin K, respectively (Bartko-
wiak et al. 2010). yCBC-mediated recruitment of the Bur
and Ctk complexes correlates with sustained levels of
elongating RNAPII(pS2) and phospho-CTD-dependent
histone H3K36 trimethylation (H3K36me3), which is an
epigenetic mark of active transcription (Hossain et al.
2013; Lidschreiber et al. 2013). Notably, effects of
Cbp80p on RNAPII processivity are not universally
evident (Wong et al. 2007), suggesting confinement to spe-
cific genes and/or contexts. Gene-specific Cbp80p-depen-
dent control of RNAPII elongation rates may rely on
intragenic features, possibly in conjunction with DNA-
binding transcription factors and/or RNA-binding pro-
teins, rather than or in addition to promoter features
(Rambout et al. 2018).

The CBC promotes constitutive splicing of first introns
at different steps of spliceosome assembly, depending
on the intron

Historically, the first reported molecular function of the
CBC pertained to its contribution to the splicing of an in
vitro-transcribed and m7G capped single intron-contain-
ing pre-mRNA in nuclear extracts of human cells (Izaur-
ralde et al. 1994). These findings were later extended to
budding yeast (Colot et al. 1996; Lewis et al. 1996a) and
plants (Kuhn et al. 2007) using similar in vitro experimen-
tal designs as well as in vivo approaches. Generally speak-
ing, the CBC preferentially promotes cotranscriptional
splicing of first introns (Görnemann et al. 2005; Bitten-
court et al. 2008) characterized by low splicing efficiencies
(Colot et al. 1996; Laubinger et al. 2008) independently, at
least to some extent, of the length of the intron or its po-
sition relative to the 5′ cap (Lewis et al. 1996b; Qiu et al.
2007; Hallais et al. 2013). Several molecular mechanisms
underlying CBC-dependent control of pre-mRNA splicing
have been proposed, the relative prevalence of which is
under debate. However, they appear to depend on the par-
ticular gene rather than the organism under study. We re-
view below proposed mechanisms.
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Initial studies indicated that the CBC promotes first in-
tron removal by facilitating recognition of the 5′ splice site
by U1 snRNP and, subsequently, formation of the E com-
plex in the case of humans (Lewis et al. 1996b) or the cor-
responding commitment complex in the case of budding
yeast (Fig. 2, step i; Colot et al. 1996; Lewis et al. 1996a;
Fortes et al. 1999b; Görnemann et al. 2005). In yeast,
yCBC-dependent recruitment of U1 snRNP possibly re-
lies on physical and genetic interactions between the
yCBC and the U1 snRNP protein Luc7p (Fortes et al.
1999a). Intriguingly, despite conserved protein–protein in-
teractions between yeast and plants, while pCBC prefer-
entially targets first introns, plant LUC7 preferentially
targets last introns (de Francisco Amorim et al. 2018).
Nonetheless, first introns that are partially retained in
pCBC mutants are completely spliced out when LUC7
is mutated (de Francisco Amorim et al. 2018), indicating
that LUC7 counteracts pCBC function at first introns
whose splicing is inefficient (de Francisco Amorim et al.
2018). In humans, the accessory CBC protein NCBP3
(see below), which does not exist in plants or yeast,
directly interacts with LUC7L2 (Das and Yu 2012),
one of three human orthologs of yeast Luc7p (Hosono
2019). This suggests that some type of complicated inter-
play between the CBC and LUC7 proteins also exists in
mammals.
While the CBC-dependent U1 snRNP recruitment

model is supported by numerous independent studies, in
vivo assays indicate that, at least in yeast, it may be true
for only a limited number of genes (Görnemann et al.
2005). At least four additional mechanisms for how the

CBC promotes gene expression through pre-mRNA splic-
ing have been proposed. Onemechanismmay prevail over
others depending on the particular gene; for example, 5′

splice site characteristics (Bragulat et al. 2010) or, as dis-
cussed above, intron length or intron distance from the
5′ cap, as well as promoter features.
In one, the yCBC may complete formation of the

commitment complex through its physical and genetic in-
teraction with the branchpoint recognition complex BBP–
Mud2p (orthologous to mammalian SF1–U2AF65) (Fig. 2,
step ii; Fortes et al. 1999b; Qiu et al. 2012). In a second
mechanism, the yCBC appears to facilitate U2 snRNP re-
cruitment, presumably to the branchpoint so as to pro-
mote formation of the A complex (Fig 2, step iii;
Bragulat et al. 2010). Possibly supporting the idea that
this second mechanism is conserved in mammals, the
splicing function of the human CBC can be functionally
replaced by the expression of serine-arginine-rich (SR) pro-
teins, members of a family of splicing factors that bridge 5′

and 3′ splice sites (Lewis et al. 1996b). In a third mecha-
nism, both yeast and human CBCs support splicing by
promoting cotranscriptional replacement of U1 snRNP
by U6 snRNP, which occurs concomitantly with recruit-
ment of the U4/U6•U5 tri-snRNP during B complex for-
mation that is subsequently remodeled in the C
complex (Fig 2, step iv; O’Mullane and Eperon 1998; Gör-
nemann et al. 2005). This scenario may constitute the
most prevalent role of the CBC in pre-mRNA splicing in
yeast and mammals. In yet another mechanism, a study
using human cells proposed that the CBC recruits U1
snRNP to 5′ splice sites via the U4/U6•U5 tri-snRNP,
whose many subunits robustly coimmunoprecipitate
with CBP80 in the presence of RNase A (Pabis et al. 2013).
InA. thaliana, the pCBC teams up with SERRATE (SE),

the ortholog of mammalian ARS2 (see below), and the
plant-specific cap-associated protein FRI to support intron
1 splicing (Laubinger et al. 2008; Geraldo et al. 2009). Oth-
er regulators of CBC-dependent splicing include the tu-
mor suppressor and NMD inhibitor MARVELD1 in
humans (Hu et al. 2013; Wang et al. 2013; Shi et al.
2014) and ubiquitinated histone H2B in budding yeast
(Hérissant et al. 2014).
As expected, the ability of the CBC to influence splicing

can be altered by posttranslational modifications that reg-
ulate its affinity for the 5′ cap. For example, addition of
GTP to CBP20 appears to recruit the GTP-binding protein
Cdc42 (Wilson et al. 1999, 2000). Cdc42 in turn activates
Cdc42-activated S6 kinase RPS6KB1, which phosphory-
lates CBP80 so as to increase CBC binding to the 5′ cap
of a reporter pre-mRNA, thereby increasing its splicing
(Wilson et al. 1999, 2000).
Splicing, in particular of first introns, stimulates tran-

scription elongation (Fong and Zhou 2001; Chathoth
et al. 2014), U1 snRNP-dependent transcription reinitia-
tion (Damgaard et al. 2008), H3K4 trimethylation (i.e., ac-
quisition of H3K4me3, which is a chromatin mark of
active transcription) (Bieberstein et al. 2012), and selec-
tion of weak alternative promoters within the first intron
of genes being transcribed (Fiszbein et al. 2019). Among
genes characterized by CBC-regulated pre-mRNA
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Figure 2. Model for the CBC-dependent removal of first introns.
(Step i) The CBC facilitates the recruitment of U1 snRNP (U1) to
the 5′ splice site (5′SS) of the first intron. (Step ii) The CBC pro-
motes recruitment of the BBP–Mud2p (yeast)/SF1–U2AF (mam-
mals) complex to the 3′ end of the first intron, which is
comprised of the branchpoint sequence (BPS), the polypyrimidine
tract (PT), and the 3′ splice site (3′SS). (Step iii) TheCBC promotes
recruitment of U2 snRNP (U2) to the 3′ end of the first intron.
(Step iv) The CBC catalyzes the replacement of U1 snRNP by
U6 snRNP (U6) at the 3′ splice site. Thick horizontal blue lines
represent the first and second exons, and the intervening thin
blue line represents the first intron.
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splicing, some but not all are also regulated transcription-
ally by the CBC in uncharacterized mechanisms (Geraldo
et al. 2009; Lenasi et al. 2011; Pabis et al. 2013). Future
studies that characterize genes based on the extent to
which their transcriptional activation and pre-mRNA
splicing efficiencies are mechanistically coupled, and
whether coupling is mediated by transcriptional effects
on splicing, splicing effects on transcription, or both, are
sure to lend important information on how gene expres-
sion is constitutively and, possibly, conditionally con-
trolled by the CBC.

The CBC regulates alternative splicing

In addition to facilitating constitutive splicing of first in-
trons, the CBC regulates hundreds of alternative splicing
events in human cells (Lenasi et al. 2011) and plants (Rac-
zynska et al. 2010, 2014; Kanno et al. 2020). In humans,
one proposed mechanism involves CBC-dependent re-
cruitment of P-TEFb, phosphorylation of RNAPII S2,
followed by the recruitment of the SR splicing factor 2/al-
ternative splicing factor (SF2/ASF, now renamed SRSF1)
on a splicing enhancer so as to promote exon inclusion
(Lenasi et al. 2011). Whether CBC-p-TEFb-dependent con-
trol of RNAPII elongation rates contributes to alternative
pre-mRNA splicing has not been directly tested.Nonethe-
less, gene-specific recruitment of P-TEFb by the CBC
(Lenasi et al. 2011) could explain how the CBC regulates
only a subset of alternative splicing events. Heteroge-
neous nuclear ribonucleoprotein F (hnRNPF) is another
possible regulator of CBC-dependent control of alterna-
tive splicing (Gamberi et al. 1997). The possible involve-
ment of sequence-specific RNA-binding proteins such as
SRSF1 (Anczuków et al. 2015) or structure-specific
RNA-binding protein such as hnRNPF (Huang et al.
2017) suggests that RNA features influence the CBC-de-
pendent control of alternative pre-mRNA splicing.

RNA-seq analyses of 5-wk-old A. thaliana leaves
knocked out for CBP80 or CBP20 (Raczynska et al. 2010)
or expressing SE harboring a point mutation (Raczynska
et al. 2014) indicate that the three proteins cooperate to
regulate an overlapping set of alternative splicing events,
primarily selecting alternative 5′ splice sites of first in-
trons. In contrast, 2-wk-old A. thaliana seedlings express-
ing a CBP80 harboring a point mutation predominantly
manifest intron retention (Kanno et al. 2020). The findings
that the CBP80 knock-out plant and the CBP80 point mu-
tant plant exhibit different defects on alternative splicing
could be explained by different domains of CBP80 affect-
ing different CBP80 functions and/or differences in the
age and type of tissues analyzed.

Clearly, the role of the CBC in alternative splicing is
largely understudied. In particular, it remains to be shown
whetherCBC function in alternative splicing ismechanis-
tically connected to its well-characterized role in consti-
tutive splicing, is influenced by transcription elongation,
or involves interactions with dedicated alternative splic-
ing factors. While indirect, the role of the CBC and/or
its cofactor PHAX in the synthesis (Yeh et al. 2017) and

nuclear export of snRNAs (Izaurralde et al. 1995; Ohno
et al. 2000; Segref et al. 2001) also contributes to alterna-
tive pre-mRNA splicing (Garcia et al. 2016; Yeh et al.
2017).

The CBC promotes selection of proximal 3′ end cleavage
sites of structured transcripts from intronless genes

Immunodepletion of CBP80 from human HeLa-cell
nuclear extracts reduces the stability of the CPSF–CstF
complex on in vitro-transcribed and capped intronless
pre-mRNA (Flaherty et al. 1997). As a consequence, PAS
cleavage of pre-mRNA is reduced by 75% in vitro, but
the efficiency with which a precleaved pre-mRNA under-
goes polyadenylation remains unaffected (Flaherty et al.
1997). A role for the CBC per se in pre-mRNA3′ end cleav-
age was demonstrated by 3′ end cleavage being partially
restored following the addition of recombinant CBP80
and CBP20 (Flaherty et al. 1997). Despite the cotranscrip-
tional nature of RNA 3′ end processing, these results indi-
cate that CBP80 requires neither ongoing transcription
nor sequential cotranscriptional recruitment of cleavage
factors to facilitate the cleavage step of 3′ end processing.
Since the reporter used was intronless, these results also
rule out that the CBC functions in 3′ end processing
depend on its functions in pre-mRNA splicing.

CBP80-promoted PAS cleavage relies on the physical as-
sociation of pre-mRNA 5′ and 3′ ends (Flaherty et al.
1997). Physical and functional interactions of CBP80 at
the 5′ cap with CPSF–CstF at the 3′ end of transcripts
are not direct and require additional cofactors (Flaherty
et al. 1997). Characterized cofactors (Fig. 3) include
NELF and ARS2, whose direct binding to the CBC aremu-
tually exclusive (Schulze and Cusack 2017). Another co-
factor is CFI, which coimmunoprecipitates with ARS2
in a partially RNase A-sensitive manner (Machitani
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Figure 3. The CBC serves as a hub for many cofactors. Illustra-
tion of how the CBC teams up with a number of cofactors that of-
ten bind in mutually exclusive mechanisms to differentially
regulate gene expression. Interactions and their effects on four
types of transcripts are exemplified. The color of each “OR” spec-
ifies mutually exclusive interactions designated by lines with
divergent arrowheads of the same color.
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et al. 2020) and is predicted to bind directly to CBP20 of
the CBC via its CFIm25 small subunit (Yang et al. 2011).

CBC–NELF

Data deriving from in vitro assays as well as chromatin
immunoprecipitation (ChIP) and colocalization experi-
ments using human HeLa cells have provided insight
into CBC–NELF-dependent 3′ end processing of RDH
pre-mRNAs (Narita et al. 2007). Results indicate that
NELF-E connects 5′ cap-bound CBC and 3′ end-associated
histone stem–loop-binding protein (SLBP) so as to process
the 3′ end of RDH pre-mRNAs in specialized nuclear bod-
ies that reside close to the associated RDH genes (Narita
et al. 2007) and overlap with Cajal bodies (Takahashi
et al. 2020). Depletion of CBP80, NELF-E, or SLBP results
in use of a distal PAS and the accumulation of long and ab-
normal polyadenylated mRNA species (Narita et al.
2007). Amodel was proposed involvingNELF recruitment
to RDH gene promoters followed by the recruitment of
the CBC to the 5′ caps and then SLBP to the 3′ stem–

loop of RDH pre-mRNAs (Narita et al. 2007). This model
implies that NELF does not dissociate from RNAPII fol-
lowing release from promoter-proximal pausing, which
notably is not prevalent on RDH genes (Anamika et al.
2012).

CBC–ARS2

In both humans and mice, KD of the CBC cofactor ARS2
also results in the accumulation of polyadenylated RDH
mRNAs, which it binds directly (Gruber et al. 2012; An-
dersen et al. 2013; Hallais et al. 2013; O’Sullivan et al.
2015). Themechanism by which the CBC–ARS2 complex
(also referred to as CBCA) controls RDH mRNA process-
ing involves the recruitment of either of at least two dif-
ferent processing factors to the proper 3′ cleavage site:
(1) Fas-associated death domain (FADD)-like interleukin
1β (IL-1β)-converting enzyme (FLICE) associated with a
huge protein (FLASH) (Hallais et al. 2013; Yang et al.
2013; O’Sullivan et al. 2015), or (2) the zinc finger protein
ZC3H18, which directly binds ARS2 and also recruits
NEXT (Andersen et al. 2013). Whereas the CBC–ARS2–
FLASH complex is likely to be specific for the processing
of RDH transcripts, the CBC–ARS2–NEXT complex (also
referred to as CBCN) does likewise plus also promotes the
maturation of human telomerase RNA (Tseng et al. 2015)
and inhibits pervasive transcription (see below). Regard-
less of its cofactor, CBC–ARS2 stimulates 3′ end RDH
pre-mRNA cleavage when the transcript 5′ cap and 3′

end are in close proximity, typically <0.5–1 kb apart (Hal-
lais et al. 2013). This distance requirement may reflect
gradual disruption or remodeling of the CBC–ARS2 com-
plex during transcription elongation (Müller-McNicoll
and Neugebauer 2014). In Drosophila, Ars2 does not
bind FLASH and is dispensable for 3′ end processing of
RDH pre-mRNAs (Sabath et al. 2013).
CBC–NELF- and/or CBC–ARS2-dependent processing

of RDH pre-mRNAs is possibly reminiscent of the CBC-
mediated 3′ end processing of pre-snRNAs (Müller-McNi-

coll and Neugebauer 2014; Takahashi et al. 2020). Like
RDH transcripts, snRNAs are short, intronless, and highly
structured transcripts that are not controlled by promoter-
proximal pausing and not polyadenylated unless a down-
stream PAS is used (Guiro and Murphy 2017). 3′ end
processing of RDH pre-mRNAs and pre-snRNAs appears
to depend on the recruitment of CPSF and integrator via
interactor of little elongation complex (LEC) ELL subunit
1 (ICE1) (Takahashi et al. 2020). Since ICE1 directly binds
CBP80 and coimmunoprecipitates with the above-men-
tioned CBC cofactors (i.e., NELF, SLBP, ARS2, FLASH,
and ZC3H18) in the presence of benzonase, a handoff
model was proposed in which promoter-recruited LEC is
escorted to 3′ end processing sites through the CBC (Taka-
hashi et al. 2020).
Nonetheless, CBC–NELF- and CBC–ARS2-dependent

processing of RDHpre-mRNAs differ in otherways. In hu-
mans, where CBC–NELF function is not associated with
the slowing of RNAPII by NELF at the stem–loop-associ-
ated cleavage site (Narita et al. 2007), CBC–ARS2 function
is reduced by a potent inhibitor of P-TEFb, the ncRNA
7SK (Gruber et al. 2012). This suggests that RNAPII elon-
gation rates may play a role in CBC–ARS2- but not CBC–

NELF-mediated 3′ end RNA processing. Adding to regula-
tory complexity, promoters may differ in their ability to
assemble the mutually exclusive CBC–ARS2 and CBC–

NELF complexes given that ARS2, but not NELF, is re-
quired for proper RDH pre-mRNA cleavage when a
CMV promoter is used to drive gene expression (Hallais
et al. 2013).
Through its association with CFI, ARS2 promotes the

selection of a proximal PAS in the intronless lncRNA
NEAT1, which otherwise ends with a triple-helix struc-
ture (Machitani et al. 2020). The 3′ end of both NEAT1
lncRNA isoforms is located several kilobases downstream
from their common promoter (Machitani et al. 2020); that
is, a distance at which CBC–ARS2 fails to regulate RDH 3′

end processing (Hallais et al. 2013). Therefore, ARS2-de-
pendent mechanisms controlling the processing of short
intronless RNAs such as RDH pre-mRNAs, and long
intronless RNAs such as NEAT1 lncRNAs, are undoubt-
edly very different.

The CBC inhibits selection of cryptic or first intron PASs

In budding yeast, the yCBC controls alternative transcrip-
tion termination by inhibiting the selection of weak poly-
adenylation sites (Figs. 3,4). As examples, genetic deletion
of the Cbp80p-encoding geneCBC1 results in selection of
the proximal-most of several cryptic PASs of cyc1-512
RNA (Das et al. 2000) and RNA14 RNA (Wong et al.
2007) as well as use of the weak PAS of mutated gal10-
Δ56 RNA (Wong et al. 2007). In the cases of RNA14 and
gal10-Δ56 RNAs, CBC binding to Npl3p, one of the
most abundant hnRNPs in yeast (Shen et al. 2000), inhib-
its recruitment of the CFIA complex (the yeast ortholog of
mammalian CFII) to theweak PAS (Wong et al. 2007). The
RNA-binding protein Npl3p inhibits the selection of the
weak PAS not by controlling RNAPII occupancy (Wong
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et al. 2007) but by competing with the polyadenylation/
termination factors for PAS binding (Fig. 4A; Bucheli
and Buratowski 2005). Since deletion of Cbp80p and
Npl3p did not affect recruitment of the CFIA complex to
the strong termination site of those genes tested, “antiter-
minator” functions of the CBC appear to apply only to
weak PASs (Wong et al. 2007). Notably, Cbp80p-depen-
dent inhibition of the weak PAS of mutated gal10-Δ56
RNA results in read-through transcription into the pro-
moter of the downstream gene, therefore indirectly pre-
venting PIC formation at that downstream promoter
(Fig. 1, step iii; Wong et al. 2007).

In human cells, the CBC inhibits transcription termina-
tion associated with intronic PASs in a mechanism in-
volving competition between 3′ end processing and
splicing (Fig. 4B). For example, tethering CBP20 or
CBP80 to the first exon of adeno-associated virus type 5
RNA inhibits transcription termination within the first
intron, presumably by inhibiting use of a cryptic PAS
and promoting recognition and use of the 5′ splice site
(Qiu et al. 2007). Along the same lines, mutation of the
5′ splice site of the first intron of NR3C1 pre-mRNA acti-
vates a cryptic intronic PAS in a CBP80- and ARS2-pro-
moted manner (Hallais et al. 2013). Reminiscent of
CBC–ARS2-dependent processing of RDH pre-mRNAs
(see above), CBC–ARS2-dependent competition of 3′ end
processing and splicing depends on the distance between
the CBC-bound 5′ cap and the 5′ splice site, with a longer
distance (>0.7–1 kb) inhibiting coupling (Qiu et al. 2007;
Hallais et al. 2013). The CBC also represses the use of
cryptic PASs in first introns in A. thaliana (Kuhn et al.
2007), but the underlying molecular mechanisms have
not been investigated.

Reports converge toward a model in which CBC–ARS2
forms a complex with different factors depending on the
targeted RNA species: CBC–ARS2–FLASH is at the
5′ cap of RDH transcripts (see above), CBC–ARS2–PHAX
(also referred to as CBCAP) is at the cap of pre-snRNAs
or other short RNA species, and CBC–ARS2–NCBP3 is

at the 5′ cap of mRNAs and, to a lesser extent, lncRNAs
(Gebhardt et al. 2015; Giacometti et al. 2017). Considering
that neither FLASH nor PHAX inhibits the selection of
intronic PASs of protein-coding genes (Hallais et al.
2013), we consider it likely that NCBP3 functions with
CBC and ARS2 to do so (Fig. 3). Supporting this idea, like
the CBC and ARS2, NCBP3 associates with U1 snRNP,
which functions in a process called “telescripting“ (So et
al. 2019). NCBP3 also associates with the transcription
and export (TREX) complex (Gebhardt et al. 2015), which
manifests numerous roles in gene expression that include
pre-mRNA splicing and 3′ end processing (Heath et al.
2016).

RNA surveillance: the CBC suppresses the synthesis
or promotes the degradation of spurious transcripts

Several reports describe how CBC–ARS2 suppresses per-
vasive transcription of both short noncoding transcription
units encoding mRNA-like PASs (e.g., 3′ extended
snRNAs and PROMPTs) and protein-coding genes by act-
ing on their pre-mRNAs at the first intron 5′ splice site in
humans (Andersen et al. 2013; Iasillo et al. 2017) and pos-
sibly in yeast (Figs. 3, 5A; Colot et al. 1996). In one pro-
posed mechanism, CBC–ARS2 recruits the 3′ end CFI
cleavage factor CLP1 to promote cleavage of unwanted
RNAs (Hallais et al. 2013). In another probably comple-
mentary mechanism, CBC–ARS2 recruits ZC3H18 that,
following early transcription termination, mobilizes ei-
ther the NEXT complex, in the case of normally short
transcripts (<1 kb) (Lubas et al. 2011; Andersen et al.
2013; Giacometti et al. 2017), or the poly(A) tail exosome
targeting (PAXT) complex, in the case of normally longer
(up to 10–100 kb) and polyadenylated transcripts (Meola
et al. 2016). Targeted RNAs are subsequently degraded
by the nuclear exosome. Just as ARS2 competes with
NELF for CBC binding (Fig. 3, red double arrows),
ZC3H18 competes with the export factor PHAX for
ARS2 binding (Fig. 3, blue double arrows), thereby deter-
mining the fate of the targeted RNA; i.e., nuclear decay
or increased expression, the latter presumably via en-
hanced RNA 3′ end processing (Giacometti et al. 2017).
This type of competition is not likely to be prevalent on
pre-mRNAs >200–300 nt, which is the length of unstruc-
tured RNA wrapped around a heterotetramer of
hnRNPC1/C2, because hnRNPC1/C2 inhibits PHAX
binding to the CBC (McCloskey et al. 2012). The CBC–

ARS2–ZC3H18 complex seems to be the functional
ortholog of the yeast Nrd1–Nab3–Sen1 (NNS) complex,
which also promotes early transcription termination in
a “distance to cap”-dependent manner (Porrua and Libri
2015).

In mammalian cells, the CBC likewise prevents accu-
mulation of early terminated mRNAs by depositing the
poly(A)-specific ribonuclease (PARN) at sites of DNA
damage following UV exposure (Figs. 3, 5B; Cevher et al.
2010). In a proposed model, 5′ cap-bound CBP80 hands-
off PARN to 3′ end-associated CstF-50 following RNAPII
stalling at sites of DNA damage (Cevher et al. 2010).
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Figure 4. Models for the inhibition of weak polyadenylation
sites by the CBC. (A) In budding yeast, the yCBC recruits Npl3p
to weak PASs, thereby inhibiting CFIA binding and premature
3′ end processing. (B) In humans, CBC–ARS2 inhibits the selec-
tion of intronic PASs by facilitating the recruitment of U1 snRNP
to the 5′ splice site of the first intron. We predict that this mech-
anism depends on the CBC–ARS2 cofactor NCBP3.
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While CBP80 binding to PARN inhibits PARN deadeny-
lase activity (Balatsos et al. 2006), PARN becomes active
when bound to CstF-50 so as to prevent polyadenylation
and, eventually, initiate RNA decay in the nucleus
(Cevher et al. 2010). While not the focus of this review, re-
lease of CBP80-mediated inhibition of PARN following
DNA damage is also critical for the degradation of snoR-
NAs within nucleoli (Duan et al. 2019).
In plants and fission yeast, ARS2 shuts down spurious

transcription by promoting heterochromatin formation
(Fig. 5C). SE, the plant ortholog of ARS2, prevents tran-
scription of transposable elements by recruiting the his-
tone methyltransferases ATXR5 and ATXR6, thereby
promoting H3K27 monomethylation (H3K27me1) and
chromatin compaction (Ma et al. 2018). In S. pombe, the
ARS2 ortholog Pir2 cooperates with the multifunctional
CCR4–NOT complex to induce H3K9 dimethylation
(H3K9me2)-mediated heterochromatin formation at ret-
rotransposon loci and developmentally regulated genes
containing cryptic introns (Sugiyama et al. 2016).

Alternatives to the cap-bound CBP20–CBP80 CBC

An important caveat to the interpretation of results we re-
port and analyze in this review is that a significant num-
ber of publications limited their experimental design to
the study of CBP80 or CBP20, assuming they do not exist
independently of the CBC heterodimer at the 5′ cap of
transcripts. For example, the finding that CBP80 and
CBP20 are found at a 1:1molar ratio in the B andC splicing
complexes supports the idea that the CBC is the function-
al unit of CBP80- and CBP20-dependent control of pre-
mRNA splicing (Schmidt et al. 2014). However, several

lines of evidence indicate that this assumption may not
universally hold.
First, <30% of CBP20 iCLIP reads mapped to the first

100 nt of bound RNAs in HeLa Kyoto cells (Giacometti
et al. 2017). In this experiment, CBP20 derived from a bac-
terial artificial chromosome (BAC) transgene; i.e., the en-
tire CBP20 gene including introns and regulatory
sequences. This raises the possibility that the non-cap-as-
sociated iCLIP reads typify the binding properties of
CBP20S, an alternative splicing isoform of CBP20 lacking
most of its RNA recognition motif (Pabis et al. 2010). Un-
like full-length CBP20, CBP20S does not bind CBP80 or
the m7G-cap, but nonetheless binds mRNA and localizes
to active transcription sites (Pabis et al. 2010). Another
possibility is that non-cap-associated iCLIP reads are the
result of mRNP loops that bridge the mRNA 5′ cap and
body.
Second, NCBP3 was initially described as a stress-asso-

ciated alternative cap-binding protein that teams up with
CBP80 at the 5′ cap of mRNAs and lncRNAs so as to form
a NCBP3–CBP80 CBC as an alternative to the canonical
CBP20–CBP80 CBC (Gebhardt et al. 2015). While these
conclusions were challenged by additional in vitro work
describing NCBP3 as a CBP20–CBP80 CBC accessory pro-
tein (Schulze et al. 2018), independent PAR-CLIP experi-
ments showed that NCBP3 binds not only cap-proximal
5′UTRs but also coding sequences (CDS), 3′UTRs, and in-
trons (Baltz et al. 2012). Whether NCBP3 is a 5′ cap-bind-
ing protein that forms an alternativeNCBP3–CBP80CBC,
a CBP20–CBP80 CBC accessory protein, an RNA-binding
protein, or all three, depending on the transcript or its
metabolic step, is an open question.
Third, mass-spectrometry analysis of protease-treated

oligo(dT)-pulldowns identified a short peptide consisting
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A C Figure 5. Models for the inhibition of spuri-
ous transcription by the CBC. (A) CBC–

ARS2 recruits the CFI constituent CLP1 to
promote the cleavage of spurious tran-
scripts. CBC–ARS2 then recruits the exo-
some via ZC3H18 and NEXT or PAXT so
as to degrade the cleaved transcript. CBC–

ARS2 binding to ZC3H18, and thus recruit-
ment of the exosome, is inhibited by
PHAX,whose binding to CBC–ARS2 is itself
inhibited by hnRNPC1/C2, a molecular rul-
er that wraps strings of 200–300 nt of un-
structured RNA. The CBC often prevents
spurious transcription by acting on cap-prox-
imal PASs typically found in first introns of
pre-mRNAs. (B) The CBC hands-off PARN
to CstF-50 at sites of DNA damage, thereby
releasing from inhibition its deadenylase ac-
tivity to initiate RNA decay. (C, step i) In
plants, CBC–ARS2 (that is, pCBC-SE) re-
cruits the H3K27 monomethyl (me1) trans-
ferases ATXR5 and ATXR6 to promote
heterochromatin formation and inhibit spu-
rious transcription of transposable elements.

(Step ii) In fission yeast, yCBC–ARS2 promotes H3K9 dimethylation (me2) through its binding to CCR4–NOT, thereby promoting hetero-
chromatin formation and inhibiting spurious transcription of retrotransposons and coding genes containing cryptic introns.
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of amino acids 312–323 of humanCBP80 as an RNA-bind-
ing motif (RBM) (Castello et al. 2016). We mapped this
RBM to the first α helix of the central repeat (310–422)
of the three evolutionary conserved MIF4G (middle por-
tion of [the cytoplasmic cap-binding protein] eukaryotic
translation initiation factor 4G [eIF4G]) domains of
CBP80 (Mazza et al. 2001). MIF4G domains are found
in numerous RNA metabolic factors and, while RNA-
binding properties have been reported, these domains
have been characterized largely as protein–protein inter-
action platforms (Marintchev et al. 2009; Clerici et al.
2014; Raisch et al. 2018). Intriguingly, the central RBM-
containing MIF4G domain of CBP80 is structurally
most similar to the central MIF4G domain of eIF4G (Mar-
intchev and Wagner 2005), which binds eIF4A next to its
RNA-binding surface (Marintchev et al. 2009). Thus, it
possible that crosslinks of the CBP80 RBM to RNA do
not reflect direct RNA binding, but instead close proxim-
ity to another RNA-binding domain. Considering the
RBM of CBP80 is buried within the cap-bound CBP20–
CBP80 CBC structure (Calero et al. 2002; Cho et al.
2018), extensive remodeling would be required to make
it accessible so as to be able to bind directly to or be found
in close proximity of RNA. Whether this would involve
CBP20S, NCBP3, or another undefined RNA-binding pro-
tein remains unknown.

Conclusion and perspectives

As illustrated throughout this review, the CBC serves as a
binding platform for a plethora of factors controlling es-
sentially every step of gene expression, including chroma-
tin accessibility, transcript synthesis and processing, and
nuclear RNA decay. Promoter features, the presence and
positions of introns, distance from the transcription start
site to the 5′-most splicing or 3′ end cleavage site, and
RNAPII processivity constitute some of the identified de-
terminants defining factors with which the CBC cooper-
ates to control the fate of the RNA to whose 5′ cap it is
bound. Under certain circumstances, even the fate of tran-
scripts synthesized from nearby transcription start sites is
regulated.

Comparing data obtained from studies of different spe-
cies suggests that the CBC and some of its cofactors
have undergone convergence in how they have evolved
to regulate gene transcription (Fig. 1). In lower eukaryotes,
such as S. cerevisiae, which lack prototypical promoter-
proximal pausing, the yCBC typically promotes gene tran-
scription by facilitating PIC formation: It recruits TIFs and
TBP-like factors to promoters. The yCBC also enhances
transcription elongation throughout gene bodies via re-
cruitment of the Bur complex to promoter-proximal re-
gions and the Bur or Ctk complex to gene bodies. In
higher eukaryotes such as H. sapiens, in which promot-
er-proximal pausing has emerged as an important nexus
of gene control, the CBC promotes gene transcription
via P-TEFb so as to release RNAPII from promoter-proxi-
mal pausing and possibly ensure RNAPII processivity
throughout gene bodies.

TheCBCpreferentially promotes the removal of first in-
trons, possibly characterized by specific sequences, and
regulates numerous alternative splicing events, in partic-
ular those involving first introns. Even though roles for
the CBC in pre-mRNA splicing emerged almost three de-
cades ago, it is unclear why and to what extent different
mechanisms prevail in different contexts. These mecha-
nisms include enhanced 5′ splice site recognition by U1
snRNP, enhanced recruitment of the SF1/BBP–Mud2p/
U2AF complex to 3′ intronic sequences, replacement of
SF1/BBP by U2 snRNP, and replacement of U1 snRNP
by U6 snRNP (Fig. 2).

Function of the CBC in transcript 3′ end processing is
tightly regulated by mutually exclusive and combinatori-
al interactions whose network extends to alternative
splicing, alternative polyadenylation, and RNA surveil-
lance, the latter of which includes the control of pervasive
transcription (Figs. 3–5). Globally, it appears that the CBC
promotes RNA cleavage at proximal sites of intronless
and structured transcripts, such as RDH pre-mRNAs,
pre-snRNAs, and NEAT1 lncRNAs. The CBC also pre-
vents early pre-mRNA 3′ end processing and polyadenyla-
tion—and thus early transcription termination—at
cryptic sites in first introns, unless splicing is impaired,
in which case the CBC ensures nuclear decay of the aber-
rant transcript.

ARS2 obviously plays a central role in CBC-dependent
3′ end processing of nascent pre-mRNAs, and possibly
pre-mRNA splicing.Whereas it is known that ARS2 tends
to partner with different cofactors depending on the RNA
species it targets, how this sorting takes place remains
largely uncharacterized. Localization of the processing
site within RNA seems to be a critical factor, impacting
CBC-dependent processing in numerous ways. The loca-
tion of the processing site could reflect one of a number
of determinants, including physical distance from the
TSS, length of the elongating transcript, time since tran-
scription was initiated, or sites at which competition
with other RNA processing events takes place. As an ex-
ample, elongating transcript length controls identity of
the CBC cofactors through recruitment of the
hnRNPC1/C2 molecular ruler (McCloskey et al. 2012).
As another example, CBC-mediated 3′ end processing
competeswith pre-mRNA splicing, inwhich caseRNAPII
pausing, and thus the time elapsed since transcription ini-
tiation, and U1 telescripting likely play important roles.
Others have proposed that promoter features control the
identity of CBC partners (Hallais et al. 2013), echoing
the current model by which transcription factor (and co-
factor) binding to promoters as well as gene bodies can
control the fate of nascent transcripts by regulating RNA-
PII elongation rates and/or by binding pre-mRNA to either
recruit or block one or more processing factors (Rambout
et al. 2018). Along these lines, we found that the transcrip-
tional coactivator peroxisome proliferator-activated re-
ceptor γ coactivator 1-α (PGC-1α) associates with the
CBC at the 5′ cap of nascent transcripts to induce gene
transcription (Cho et al. 2018) and prevent cytoplasmic ac-
cumulation of intron 1-containing transcripts (Rambout
et al. 2020). We predict that PGC-1α represents one of
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many mammalian transcriptional cofactors that control
CBC activity in a gene-dependent manner.
Despite the three decades that have passed since the

“canonical”CBP20–CBP80 cap-binding complex was first
discovered (Ohno et al. 1990), many fascinating questions
remain unanswered and are ripe for future discoveries of
the regulatory interplay between genes and their tran-
scripts. Important issues that merit investigation in the
future include expanding on evidence that the CBC oper-
ates on only a subset of genes: What defines these genes
and the mechanisms by which CBC function can vary
among these genes remain largely unknown. Another top-
ic worthy of pursuit derives from emerging evidence that
CBP80 may function independently of CBP20 and/or the
5′ cap.
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