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Abstract

Most mammalian protein coding genes are subject to alternative cleavage and
polyadenylation (APA), which can generate distinct mRNA 3' untranslated regions
(UTRs) with differing regulatory potential. While this process has been intensely
studied in recent years, it remains unclear how and to what extent cleavage site
selection is regulated under different physiological conditions. The cleavage factor I
(CFIm) complex is a core component of the mammalian cleavage machinery, and the
observation that its depletion causes transcriptome-wide changes in cleavage site use
makes it a key candidate regulator of APA. This review aims to summarise current
knowledge of the CFIm complex, and explores the evidence surrounding its potential
contribution to regulation of APA.

Introduction

The closely coupled cleavage and polyadenylation reactions are key steps in the
processing of most primary pre-mRNA transcripts into mature mRNA. Understanding
of this process has improved considerably since the initial identification of a common
AAUAAA polyadenylation signal (PAS) around 20 nt upstream from the cleavage
site [1]. A large number of proteins and protein complexes co-operate to stimulate
cleavage and subsequent polyadenylation in a manner that involves recognition of the
PAS and other sequence elements [2,3]. Although a full understanding of how each of
these components contributes to 3' end formation is lacking, the major factors
involved have been characterised (Fig. 1).

Some genes have a single, constitutively used cleavage site, but the majority have at
least two alternative sites — a phenomenon known as alternative polyadenylation
(APA; Fig. 2). Alternative cleavage sites are usually present within the 3'UTR,
generating transcripts with the same coding capacity but differing 3'UTR lengths.
This ‘UTR-APA’ has regulatory potential, as the extended 3'UTRs generated through
distal cleavage often contain additional regulatory elements, such as miRNA sites,
which may influence transcript stability, localization and translation efficiency. Less
commonly, in a situation known as ‘coding region-APA’ (CR-APA), alternative
cleavage sites exist within the coding region, driving changes in protein coding
capacity.

APA was first identified in the 1980s, with the demonstration that use of a proximal
cleavage site in the immunoglobulin heavy chain coding region results in production
of a secreted rather than membrane-bound IgM isoform [4,5]. Similar examples were
soon identified in other transcripts [6], and in the past decade development of a range
of 3' end-targeted sequencing techniques [7,8] has led to extensive annotation of
cleavage sites transcriptome-wide. Such analyses have revealed APA to be
widespread in yeast [9], plants [10] and animals [11-13], with recent estimates
suggesting that around 70-80% of mammalian transcripts are subject to APA [12,14].

The finding that APA is so prevalent sparked efforts to characterize cleavage site
usage in various physiological contexts. Intriguingly, a number of studies have
revealed that cleavage site selection is subject to global, directional modulation under
certain conditions. In particular, the onset of cell proliferation is associated with a
widespread shift towards preferential usage of proximal cleavage sites (3'UTR
shortening), as shown in T-cell activation [15], oncogenic transformation [16,17] and
serum-induced fibroblast proliferation [18]. The potential for such global shifts to



radically alter gene expression has attracted intense interest, but several studies have
suggested that the effects on RNA stability and translation are fairly modest at the
global level [19-21]. Nevertheless, numerous individual transcripts show clear
differential regulation of their alternative 3'UTR isoforms [16,21,22]. For example,
certain membrane proteins, including CD47, change their subcellular localization
depending on whether they are translated from the short or long 3'UTR isoform [23].

Thus, even in the absence of immediately obvious widespread changes in RNA
stability or translation, global APA shifts may substantially alter the expression or
dynamics of a subset of proteins. It is therefore of interest to understand how cleavage
site choice is regulated, and how this differs between tissues and physiological states
to orchestrate global changes in APA profiles.

Obvious candidates for involvement in selection of alternative cleavage sites include
cleavage factors themselves, and indeed a general trend has been noted whereby
increased expression of cleavage factors leads to increased use of weaker, proximal
cleavage sites [18,24]. This is exemplified by the finding that simultaneous
knockdown of CstF64 and its paralogue CstF64t leads to widespread 3’UTR
lengthening, through increased relative use of distal sites [25,26]. However, inhibition
or depletion of other RNA-associated factors not obviously linked with the cleavage
step, such as Ul snRNP [27] and PABPNI1 [28], can also induce extensive, directional
changes in cleavage site selection. It therefore seems likely that a range of RNA
binding proteins (RBPs) and complexes, as well as other factors such as chromatin
context and polymerase speed [29], may influence the choice of particular cleavage
sites to some extent, probably in a transcript-specific manner. However, the challenge
is to identify factors that act as 'master' global regulators of cleavage site choice in
vivo.

One cleavage factor with a particularly well-established influence on cleavage site
choice is cleavage factor I (CFIm) — a mammalian complex conserved in other
multicellular organisms, but absent from yeasts [30]. CFIm is unusual, in that it goes
against the observation described above that increasing cleavage factor expression
favours the use of weaker, proximal sites. Rather, knockdown of CFIm causes
pervasive 3'UTR shortening, through preferential use of proximal sites. This suggests
that CFIm may have a more sophisticated regulatory role in cleavage site choice than
other factors, actively promoting the use of distal sites or repressing the use of
proximal sites. The rest of this review will therefore focus on CFIm and the evidence
for its role as a key regulator of APA.

Cleavage factor Im (CFIm)

CFIm was first identified by biochemical fractionation as one of four nuclear
components necessary and sufficient to induce cleavage of the SV40 pre-mRNA in
vitro [31]. Further purification to near homogeneity showed that the CFIm fraction
contains three polypeptides of 25, 59 and 68 kDa [32], which have since been named
CFIm25 (or CPSF5/NUDT21), CFIm59 (or CPSF7) and CFIm68 (or CPSF6; Fig. 3).
This purified complex was able to bind pre-mRNA independently of other cleavage
factors, with all three subunits forming UV crosslinks to the substrate, and its
presence stabilised the binding of a CPSF-CstF-PAP complex to the RNA [32]. Pre-
incubation of CFIm with the pre-mRNA substrate also increased the rate and
efficiency of cleavage in an in vitro assay, suggesting that binding of CFIm may be



one of the earliest steps in promoting formation of an active cleavage complex [33].
Following cloning and expression of the subunits, it was demonstrated that CFIm
activity can be reconstituted by combining CFIm25 and CFIm68, suggesting some
functional redundancy between the CFIm59 and CFIm68 subunits, which also show a
high degree of sequence similarity [33].

These early experiments established CFIm as a factor with a central role in stabilizing
the cleavage complex. Following this, a SELEX approach identified its preferred
binding site on pre-mRNA as a UGUA motif [34], giving further mechanistic insight
into its activity. UGUA motifs are often found around 20 nt upstream of the PAS,
providing a platform to recruit CFIm to the cleavage site. UGUA-dependent CFIm
recruitment generally stimulates cleavage, as supported by the observation that
PAPOLG pre-mRNA cleavage was impaired when UGUA sites were mutated [35].
Intriguingly, it appears that CFIm binding also has the potential to suppress cleavage.
The CFIm68 pre-mRNA itself has several UGUA sites, one of which overlaps the
PAS. Pre-incubation of this particular pre-mRNA with high concentrations of CFIm
inhibited cleavage, presumably due to steric hindrance preventing recognition of the
PAS by CPSF [34]. This may be a rare example, representing an elegant CFIm
autoregulatory mechanism, but highlights the possibility that CFIm activity may be
suppressive as well as stimulatory, with the effect probably depending on the number
and positions of UGUA sequences in the 3'UTR.

Analyses of CFIm mutants, and ultimately structural studies, further illuminated
structure-function relationships in the complex (Fig. 3). The smallest subunit,
CFIm25, contains an inactive NUDIX hydrolase domain and no known RNA binding
motif. Despite this, it binds RNA more efficiently in vitro than the CFIm68 subunit,
which contains an RRM [36]. A crystal structure of CFIm25 in complex with a
UGUA-containing RNA molecule indicates that CFIm25 directly binds the UGUA
sequence, with hydrogen bonds and stacking interactions providing sequence-specific
recognition [37]. The RRM of CFIm68 and CFImS59, rather than mediating RNA
binding, forms the CFIm25-interacting surface [36]. As well as the RRM, CFIm59
and CFIm68 both have a central proline-rich domain and a C-terminal RS domain, of
the type usually seen in SR splicing proteins [33]. This RS domain appears to be
necessary for nuclear localization and, in CFIm68, provides a platform for interaction
with other SR proteins, potentially promoting links between cleavage and splicing
[36].

While active CFIm was originally assumed to be a dimer of CFIm25 with one
molecule of CFIm59 or CFIm68, reciprocal co-immunoprecipitations and size
exclusion chromatography suggest it exists as a heterotetramer, including a
homodimer of CFIm25 and two larger subunits, each of which may be CFIm59 or
CFIm68 [38]. This finding has been supported by a number of crystal structures, all of
which contain a CFIm25 homodimer [37,39-41]. The most informative crystal
structures show a CFIm25 dimer in complex with two CFIm68 RRM domains and
bound to a UGUA-containing RNA molecule [40,41]. Interestingly, these structures
reveal that a CFIm heterotetramer can bind two UGUA sequences simultaneously in
an antiparallel orientation, with one motif recognized by each CFIm25 molecule.
Furthermore, binding assays indicate that the two UGUA sequences may be present
within the same RNA, with looping out of the intervening sequence [40]. The
CFIm68 RRM was shown to be important for increasing RNA binding efficiency of
the complex, with mutagenesis analysis suggesting that it may directly contact the
RNA and play a crucial role in directing the path of the RNA loop between UGUA



sequences [40.42].
CFIm in alternative polyadenylation

Although CFIm appears to be an essential, core component of the cleavage
machinery, several observations suggest it may also have a regulatory role in selection
of alternative cleavage sites. Transient siRNA-mediated knockdown of CFIm25 in
HelL a cells caused a shift towards increased relative usage of proximal cleavage sites
in a number of transcripts, identified by northern blotting [43]. This finding was
extended to show that knockdown of CFIm68, although interestingly not its close
relative CFImS59, causes the same phenotype [38]. These trends were ultimately
validated at the transcriptome-wide level in HEK293 cells using a 3' end-biased
sequencing approach, leading to the conclusion that the CFIm complex globally
contributes to preferential selection of distal cleavage sites under normal conditions
[44-46].

These observations surrounding the CFIm knockdown phenotype leave open two
broad possibilities. Under normal conditions, CFIm may promote the use of distal
sites more strongly than proximal sites, or alternatively it may repress the use of
proximal sites. An elegant study which used CLIP to pinpoint the binding positions of
CFIm within 3'UTRs, in conjunction with 3' end sequencing data, helped to test these
two models [44]. This analysis demonstrated that where alternative sites are present,
the position of CFIm68 binding is strongly predictive of the most frequently used
cleavage site, usually the distal site [44]. Positioning of CFIm68 had the most
predictive power of all factors analysed, followed closely by CstF64 and CstF64t, and
then by CFIm59 and CFIm25. This strongly supports a model whereby CFIm (and in
particular CFIm containing CFIm68) preferentially binds at and promotes the use of
distal sites, explaining the increased relative use of proximal sites in its absence. This
idea is also supported by the finding that many transcripts subject to 3'UTR
shortening upon CFIm knockdown are enriched for UGUA sequences in the region
upstream of distal sites but depleted for the same motif around proximal sites [47].
However, this model is highly simplified, and it may well be that for some transcripts,
there is an important repressive role of CFIm at proximal sites, which is not revealed
when considering such transcriptome-wide data. Indeed, the demonstration that CFIm
can bind two UGUA sequences simultaneously has led to suggestions that the
complex may bind at both cleavage sites and loop out the intervening sequence,
simultaneously obscuring the proximal site and promoting use of the distal site [40].
Further investigation, perhaps involving abrogating binding of CFIm at specific sites
to probe the effect on APA, will be needed to clarify the stimulating versus
suppressive roles of CFIm.

While the impact of knockdown of CFIm25 or CFIm68 on APA is clear, the
observation that CFIm59 knockdown does not lead to the same 3'UTR shortening is
surprising, and suggests that despite their structural similarity, CFIm59 and CFIm68
may have fundamentally different roles in cleavage. It has been suggested that this
could result from differing protein interaction partners or post-translational
modifications. For example, CFIm59 lacks the glycine-arginine rich (GAR) motif
subject to arginine methylation in CFIm68 [48], and the RS region of CFIm68
mediates interactions with other SR proteins such as hTra2f3, Srp20 and 9GS8 [36],
which have not been demonstrated for CFIm59. In addition, slight differences
identified between the crystal structures of CFIm25 with the CFIm59 or CFIm68
RRM suggest that CFIm59 may have a narrower RNA exit cleft, resulting in a



different mode of RNA binding, which could explain its lack of influence on APA
[42].

CFIm regulation in physiological settings

Are the molecular phenotypes seen on CFIm depletion relevant to physiological
changes in cleavage site selection? There are two clear examples where changes in
CFIm2S5 levels directly influence APA and cellular phenotype. The first comes from a
study of the U251 glioblastoma cell line, which was found to have unusually low
levels of CFIm25 [46]. Restoring a ‘normal’ level of CFIm25 in this cell line resulted
in 3'UTR lengthening and decreased tumourigenic properties, both in vitro and in a
mouse xenograft model [46]. In this case, the decrease in CFIm25 levels appears to
have been key in promoting the shift towards increased proliferation and
transformation, and this may well apply to other cancers. This may be particularly
pertinent to brain tumours, as many neuronal transcripts have very long 3'UTRs and
are therefore especially susceptible to 3'UTR shortening [49].

The second example relates to a small number of patients with neuropsychiatric
disease who have natural copy number variations in CFIm25 [50]. It was found that
the altered CFIm25 levels in these patients significantly affect expression of MECP?2,
a gene that is mutated in Rett Syndrome and is essential for proper brain function.
Specifically, single-copy deletion of CFIm25 leads to MECP2 overexpression through
increased use of the proximal cleavage site, while CFIm25 duplication promotes use
of the MECP?2 distal site, giving more of the inefficiently translated longer isoform
and decreased protein expression. Both abnormally high and low levels of MECP2
cause neuropsychiatric disease, and so in both CFIm25 deletion and duplication, the
altered CFIm25 level seems to have an impact on cellular physiology via changes in
APA.

Aside from these two examples of altered CFIm25 expression in brain disease, CFIm
is expressed quite uniformly across different cell types and physiological settings. For
example, there is no large ‘knockdown-like’ change in expression seen upon cell
cycle entry in fibroblasts (J.H., unpublished data), and it appears unlikely that a
simple reduction in CFIm expression orchestrates global, proliferation-linked 3'UTR
shortening. It therefore remains unclear how CFIm may contribute to regulating
global APA changes without undergoing changes in expression.

One possibility is that the function of CFIm is specifically regulated by post-
translational modification (PTM), which may alter its affinity for distal cleavage sites,
or its interaction with other cleavage factors. In support of this hypothesis, de-
phosphorylation of a purified ‘CFm’ fraction with serine/threonine phosphatases
inhibited cleavage in vitro [51]. This fraction included CFIm and another cleavage
factor, CFIIm, suggesting that one of these complexes needs to be phosphorylated to
function.

Multiple potential sites of phosphorylation, acetylation, methylation and
ubiquitylation, have been identified on all three subunits of CFIm [52]. Among these,
K23 acetylation on CFIm25 is one of the few to have been validated experimentally
[53]; K23 acetylation is catalysed by CBP, which is recruited to the CFIm complex
via binding to CFIm68 [53]. One effect of this acetylation is to reduce interaction with
poly(A) polymerase, which may promote disassembly of the 3' end processing
complex. This example demonstrates the regulatory potential of PTMs on CFIm,
although an in vivo APA assay suggests that removal of this acetylation site through a



K23R substitution does not have any impact on cleavage site selection in HEK293T
cells (J.H., unpublished data).

Another well-studied modification on CFIm is the methylation of CFIm68 at three
residues — R202, R204 and R206 — within a GAR motif. In vitro studies demonstrated
symmetric dimethylation by PRMTS5 and asymmetric dimethylation by PRMT1
within this GAR motif [48], and methylation at R202 and R204 has since been
identified in vivo [54]. However, no biological role of this methylation has yet been
identified [48].

It is clear, however, that there are still many CFIm PTMs that have not been explored
with respect to a potential role in APA, and this is an area warranting further
investigation.

Conclusions and perspectives

While significant progress has been made in identifying factors that influence
cleavage site choice and APA, an understanding is still lacking of how these factors
co-operate to select a cleavage site in vivo, and in particular how they may bring
about global changes in cleavage site use, for example in proliferation.

Clearly CFIm normally stimulates usage of distal sites over proximal sites and is a
key player in pre-mRNA cleavage. How this preference is achieved, though, remains
unclear — UGUA motifs are often found upstream of both proximal and distal sites,
and CFIm can be recruited to some cleavage sites in the absence of an upstream
UGUA [44]. The rules governing recruitment and activity of CFIm at proximal versus
distal sites clearly need to be explored further, ideally in vivo and transcriptome-wide,
to gain a fuller understanding.

Another area for future investigation is the manner in which CFIm is regulated in the
absence of changes in its expression. PTM of CFIm remains an under-explored area,
and more targeted proteomics studies, for example with immunopurified CFIm, will
allow more extensive annotation of the PTMs present on the complex and,
importantly, how these PTMs change in different physiological situations. This could
provide important insights into how CFIm function is regulated to bring about
specific changes in APA, in proliferating cells for example.

Finally, it should be noted that CFIm is unlikely to be the sole factor responsible for
regulating all changes in APA patterns. Many factors have been shown to influence
cleavage site choice, and it appears that E2F-co-ordinated up-regulation of several
cleavage factors, including CstF64, could partly contribute to the APA shift in
proliferation [18]. However, given its obvious potential as a major regulator of
cleavage site choice, dissecting the role of CFIm is likely to be a crucial step in
unravelling the complexity of APA regulation.



Figure Legends

Figure 1: The core factors involved in cleavage and polyadenylation. A typical,
‘strong’ mammalian cleavage site is preceded, around 20 nucleotides upstream, by a
PAS of consensus sequence A(A/U)UAAA, which is recognised by the CPSF
complex. G/U-rich downstream elements (DSEs) following the cleavage site promote
recruitment of the CstF complex, while UGUA sequences, often found 40-50 nt
upstream of the cleavage site, are recognised by the CFIm complex. This is described
as a ‘tripartite’ recognition mechanism, with, for example, particularly prevalent
UGUA sequences or downstream GU-rich motifs able to help define the cleavage site
and potentially compensate for a suboptimal PAS [35]. These complexes, along with
CFlIm and poly(A) polymerase, assemble around the cleavage site and stimulate
endonucleolytic cleavage by CPSF73 at a site between the PAS and DSE (often a CA
dinucleotide). The free 3' end of the transcript is then subject to addition of a string of
non-templated adenosine monophosphates, the poly(A) tail, by poly(A) polymerase.
This schematic is highly simplified, and does not depict the interactions between the
cleavage factors, nor the full range of proteins that may contribute to cleavage and
polyadenylation.

Figure 2: The two major classes of alternative polyadenylation. In UTR-APA
there is more than one cleavage site present within the 3'UTR, such that use of
alternative sites changes the 3'UTR length without affecting coding capacity. Use of
such alternative sites may lead to exclusion/inclusion of regulatory elements, such as
miRNA target sites, impacting upon protein expression. CR-APA involves the use of
sites upstream of the terminal 3'UTR, which may be within an exon, or in an intron as
illustrated here. This leads to differences in coding capacity, yielding different protein
isoforms. In this example, use of the proximal site leads to exclusion of exon 3 and
extension of the exon 2 coding sequence due to use of an intronic stop codon, with the
remaining intronic sequence acting as a 3’UTR. Blue boxes: exons; black lines:
introns; red boxes: 3'UTR; yellow boxes: miRNA sites.

Figure 3: The CFIm complex. The CFIm complex is a heterotetramer, containing a
CFIm25 dimer and two larger subunits, each of which may be CFIm59 or CFIm68.
Each CFIm25 subunit binds one larger subunit. The domain organization and key
features of each subunit are illustrated here, with numbers representing amino acid
position. For further details see text.
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