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Abstract
The SF3b complex is an intrinsic component of the functional U2 small nuclear ribonucleoprotein (snRNP). As U2 snRNP 
enters nuclear pre-mRNA splicing, SF3b plays key roles in recognizing the branch point sequence (BPS) and facilitating 
spliceosome assembly and activation. Since the discovery of SF3b, substantial progress has been made in elucidating its 
molecular mechanism during splicing. In addition, numerous recent studies indicate that SF3b and its components are 
engaged in various molecular and cellular events that are beyond the canonical role in splicing. This review summarizes the 
current knowledge on the SF3b complex and highlights its multiple roles in splicing and beyond.
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Introduction

Introns were discovered in the late 1970s [1, 2]. The splicing 
of introns from nuclear precursors of message RNA (pre-
mRNA) is executed by the spliceosome, a ribonucleopro-
tein (RNP) apparatus that first surfaced in the literature in 
1985 [3–5]. Since the discovery of this splicing machinery, 
characterization of its biochemical composition and cata-
lytic properties has flourished in the splicing field. Early 
applications of chromatographic fractionation procedures in 
HeLa cells produced various protein complexes, designated 
SF factors (SF1 to SF4), that are required for splicing [6]. 
One of these protein complexes, SF3, was further shown to 
contain two subcomplexes, SF3a and SF3b [7]. Although the 
name for SF3b first appeared in 1993, studies on its com-
position and function, as will be discussed in subsequent 
sections in this review, were already ongoing at that time. 
Excellent reviews have recently been published on the struc-
tures and functions of U2 small nuclear ribonucleoprotein 
(snRNP) and SF3b1 in splicing [8, 9]. In this review, I focus 
on the SF3b complex and discuss its roles in splicing as well 
as multiple emerging nonsplicing roles.

Composition and structure

Characterization of the purified SF3b complex indicated that 
it consists of seven proteins with a molecular size ranging 
from 10 to 155 kDa [10–12] (Fig. 1a). Due to methodologi-
cal differences in identifying SF3b components in human 
and yeast, a number of names have been designated for these 
proteins across different species. In this review, I will use 
SF3b1-7 for consistency and clarity (Fig. 1a).

Seven SF3b components have been shown to contain 
distinct domains (Fig. 1b). SF3b1 is the largest protein in 
the SF3b complex, with a notable region containing 20 
tandem repeats termed the HEAT domain. This region was 
originally found in and named after Huntingtin, EF3, PP2A, 
and TOR1 [13, 14]. In addition, SF3b1 harbors a stretch of 
U2AF ligand motifs (ULMs) at its N-terminus, which can 
specifically interact with the U2AF homology motif (UHM) 
found in proteins, including U2AF65 (also called U2AF2) 
and Tat-SF1/Cus2 [15]. SF3b2 has no putative structural 
domains, except for a prominent proline-rich (PR) region at 
its N-terminus and another, rather short but more conserved, 
within its C-terminal part [16]. SF3b3 is composed of three 
seven-bladed β-propeller (BP) domains: BPA, BPB, and 
BPC. These domains highly resemble the damaged DNA 
binding protein 1 (DDB1) as well as the cleavage and poly-
adenylation specificity factor subunit 1 (CPSF1) [10, 17]. 
On the other hand, SF3b4 contains two N-terminal RNA 
recognition motifs (RRMs) and a C-terminal PR domain 
[18]. The remaining three components of the SF3b complex 
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Fig. 1   Composition and structure of the SF3b complex. a Nomen-
clature of SF3b components. Names used in human (H. sapiens) and 
budding yeast (S. cerevisiae) counterparts are listed for comparison. 
b Schematic domain organization of SF3b components depicted in 
different colors (SF3b1, cyan; SF3b2, pink; SF3b3, yellow; SF3b4, 
orange; SF3b5, green; SF3b6, blue; and SF3b7, purple). Domains 
on each protein are labeled and colored in gray. UHM, U2AF homol-
ogy motif; HEAT, Huntingtin, EF3, PP2A, and TOR1; PR, proline-
rich; HID, HEAT interaction domain; BPA/B/C, β-propeller domain 
A/B/C; RRM, RNA recognition motif; ZnF, zinc finger. c Structure 
of the SF3b complex. The left panel displays the overall structure of 
the SF3b complex in cartoon mode with each component labeled. 
The SF3b complex appears like a flaming torch with SF3b1 on the 
upper flame part, SF3b3 on the lower torch part and other subunits 
dotted within or around. The modification-related residues of SF3b1 
(Thr434), SF3b2 (Arg508), and SF3b7 (Lys29) are indicated with 

red circles and colored in black [73, 78, 79]. The right panel shows 
three views of the SF3b complex in surface mode. The seven SF3b 
components are colored the same as in b. Protein Data Bank (PDB) 
accession code for the depiction of the structures is 5Z56 [27]. d 
Conformation of the SF3b1 HEAT domain. Superimposition of two 
conformations of the HEAT domain with the open conformation 
colored in gray and the closed conformation in rainbow. PDB acces-
sion codes for the depiction of the structures are 5Z56 and 5IFE [17, 
27]. e The structure of SF3b1 binding to U2 and the pre-mRNA 
intron. Expanded view of the boxed region showing the location of 
BS-A in a pocket formed by SF3b1 and SF3b7. Proteins are shown 
in surface mode and RNAs in cartoon. SF3b6, which is distant from 
BS-A in the structure, is also shown. The pre-mRNA intron is colored 
in olive and U2 in firebrick. Proteins are colored the same as in b, and 
PDB accession code for the depiction of the structures is the same as 
in c 
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are all small proteins with no structural features in SF3b5, 
an RRM domain in SF3b6 and a zinc finger (ZnF) domain in 
SF3b7 [11, 12, 19]. Notably, SF3b5 and/or SF3b6 have been 
missing from some of the species examined so far.

Recently, atomic structures of the SF3b complex within 
the spliceosome were resolved [14, 20–28]. The overall 
architecture of the SF3b complex looks like a flaming torch 
with SF3b1 and SF3b6 on the upper flame part, SF3b3 
on the lower torch part, and the other proteins in between 
(Fig. 1c). The HEAT domain of SF3b1 is the central scaf-
fold within the complex, which organizes into a superhelical 
assemblage with structural plasticity and has extensive inter-
actions with other components. SF3b6 is incorporated into 
the complex by interacting with the N-terminal fragment of 
SF3b1. SF3b2 contacts the outside of the C-terminal HEAT 
domain in SF3b1 through a conserved approximately 140-
amino acid fragment (herein termed the HEAT interaction 
domain, HID, see Fig. 1b). This, in turn, links SF3b4 to the 
middle part of the complex within SF3b. SF3b3 forms the 
bottom part of the flaming torch and harbors the C-termi-
nal HEAT domain (together with the end anchor region) 
of SF3b1 and SF3b5 between its BPA and BPC domains. 
SF3b7, located at the central cavity of the SF3b complex, 
is surrounded by the circular HEAT domain of SF3b1. In 
addition to these SF3b cryogenic electron microscopy (cryo-
EM) structures within the spliceosome that were already in 
a U2/branch point sequence (BPS)-bound state, there is also 
an SF3b crystal structure in its core form, which contains 
no U2 snRNA or BPS [17]. The SF3b core comprises only 
the HEAT domain of SF3b1, SF3b3, SF3b5, and SF3b7. A 
structural comparison between the U2/BPS-bound SF3b and 
its core suggests that the HEAT domain contains two differ-
ent conformations: an open conformation in the apo core 
structure and a closed conformation in the U2/BPS-bound 
state (see Ref. [8]. for review, Fig. 1d).

Functional roles in splicing

Recognizing BPS

The function of SF3b in splicing was initially investigated 
separately by different groups in the 1990s, and then coa-
lesced into the general view that we currently have. The 
Reed lab purified spliceosomal complexes from HeLa 
nuclear extracts and used two-dimensional gel electropho-
resis to identify their protein compositions. They subse-
quently identified a set of spliceosome-associated proteins 
(SAPs) [29]. Similarly, the Luehrmann lab purified the U2 
snRNP from HeLa cells, characterized its composition, 
and identified several novel proteins that are specific to 
the slower-sedimenting 17S U2 snRNP [30]. The Krainer 
lab separated HeLa nuclear extracts into different fractions 

using chromatographic fractionation and tested their 
requirements for splicing. They then isolated and named 
the SF3b complex as mentioned above [7]. The Sharp lab 
applied site-specifically modified pre-mRNAs for photo-
crosslinking assays and identified a protein named p14 
that specifically recognizes the branch site adenosine 
(BS-A) during splicing [31]. When all these studies came 
together, it turned out that some of the SAPs and several 
novel proteins in the U2 snRNP were the same proteins 
and that they, together with p14, all belong to the SF3b 
complex [32, 33]. Finally, the SF3b complex was purified, 
and all seven components were identified [12]. Identifica-
tion of homologous proteins of the SF3b complex in other 
organisms, especially in Saccharomyces cerevisiae (except 
SF3b6), strongly suggests that this multiprotein complex 
is conserved with evolution.

Starting from these early works, the basic function of 
SF3b in splicing was gradually established and has been 
elaborated with more recent studies (Fig. 2). First, as a 
component of U2 snRNP, the SF3b complex is recruited to 
the 12S U2 snRNP, generating the 15S U2 snRNP. Subse-
quently, another U2 snRNP component, SF3a, is incorpo-
rated into the snRNP, forming the functional 17S U2 snRNP 
[32]. Later, as 17S snRNP enters the spliceosome, the SF3b 
complex recognizes BS-A in pre-mRNA with its SF3b6 
subunit and facilitates an interaction between U2 and BPS 
[11, 31, 34]. Once catalytic activation of the spliceosome is 
primed, the SF3b complex is removed from U2/BPS together 
with several other proteins through the action of the ATPase 
Prp2 to release the 2′ hydroxyl of BS-A for the subsequent 
catalysis of transesterification. However, it still binds loosely 
to U2 within the spliceosome until it finally disassembles 
from the splicing machinery [35–40] (Fig. 2).

Recent cryo-EM structures of human and yeast spliceo-
somal complexes (A, pre-B, B, and Bact) prior to catalytic 
activation have revealed structural details of SF3b in binding 
to U2/BPS [14, 20–28] (Fig. 1e). These structures show that 
the U2/BPS duplex is clamped tightly by terminal HEAT 
repeats, with the bulged BS-A flipping out of the duplex 
and being sandwiched in a pocket between the C-terminal 
HEAT repeats and SF3b7 (hereafter called BS-A pocket, see 
Fig. 1e). Intron region downstream of BPS runs zigzag on 
top of the platform formed by the HEAT domain and SF3b7 
and exits from the N-terminal HEAT repeats. However, the 
molecular mechanisms by which SF3b facilitates the for-
mation of U2/BPS during spliceosome assembly are still 
unclear. In addition, the position of SF3b6, which has pre-
viously been shown to biochemically bind to BS-A during 
splicing, is surprisingly distant from BS-A within the human 
cryo-EM structures of the spliceosome. This suggests that 
the recognition of BS-A by SF3b6 may be a much earlier, 
and presumably transient, event during spliceosome assem-
bly. Interestingly, as SF3b6 is missing in S. cerevisiae and 
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seems to also be absent in Cyanidioschyzon merolae [41], 
this event may be different in these organisms.

Therapeutic drugs affect BPS binding in cancers

The HEAT domain is the central area for RNA and pro-
tein binding in the SF3b complex. Its importance is further 
reinforced by the fact that this domain contains mutation 
hotspots in several types of cancer, including hematological 
malignancies and solid tumors [42, 43]. Scrutiny of these 
cancer-related missense mutations showed that most of 
them are located in a region that interacts with the intronic 
sequence downstream of BPS, suggesting that these muta-
tions could affect pre-mRNA binding. Transcriptomic and 
biochemical studies have shown that these mutations induce 
the usage of cryptic 3′ splice sites upstream of canonical 
splice sites, in addition to promoting the selection of alterna-
tive branch points, although a structure-guided mutagenesis 
analysis revealed that mutations on some residues that con-
tact U2 snRNA and encapsulate BS-A appear non-essential 
and can be tolerated in S. cerevisiae [44–48]. In addition, 
studies in S. cerevisiae indicate that the corresponding 
cancer-related mutations in yeast SF3b1 also alter interac-
tions between SF3b1 and other proteins, including Prp5 and 
SUGP1, suggesting that mutations in this region have pleio-
tropic effects in splicing [47, 49, 50].

In addition to these effects of the mutant SF3b1, Obeng 
and colleagues demonstrated that a spliceosome modulator, 
E7017, can selectively kill cells expressing SF3b1k700E, 

a mutant form of SF3b1 [51]. In fact, E7107 is one of the 
several small molecular splicing inhibitors that specifically 
target SF3b1, thereby interfering with spliceosome assem-
bly. Interestingly, the cryo-EM structure of the SF3b core 
bound to E7107 showed that E7107 resides in the BS-A 
pocket with the HEAT domain of SF3b1 adopting the open 
conformation [52]. The BS-A pocket likely accommodates 
other inhibitors that target SF3b1. For instance, pladienolide 
B, another SF3b1 inhibitor with a distinct structure, was also 
found to occupy this pocket [53]. These splicing modulators, 
therefore, inhibit splicing by interfering with the formation 
of the U2/BPS duplex and blocking the correct BS-A con-
figuration in the spliceosome [54, 55]. Intriguingly, recent 
studies show that several mutations within the BS-A pocket, 
either on the HEAT domain of SF3b1 or on SF3b7, confer 
resistance to these inhibitors [56, 57].

Apart from SF3b1, other SF3b components have also 
been found to be associated with cancers or genetic dis-
eases. For instance, SF3b2 was reported to positively regu-
late human prostate cancer and has been implicated to be 
overexpressed in hepatocellular carcinoma (HCC) [58, 59]. 
Similarly, SF3b4 has also been implicated in HCC [58, 
60–62]. RNA sequencing (RNA-seq) analysis showed that 
SF3b4 inactivates KLF4, a tumor suppressor, by inducing its 
aberrant splicing. In addition to HCC, mutations in SF3b4 
are involved in the pathogenesis of two types of acrofacial 
dysostoses: Nager syndrome (NS) and Rodriguez syndrome 
(RS) [63, 64]. In contrast to SF3b1, mutations resulting from 
SF3b4 lead to a reduction in its expression levels, which 

Fig. 2   The SF3b complex in splicing. The SF3b complex is first 
recruited into the U2 snRNP during snRNP maturation, then incorpo-
rated into the spliceosome, and binds to BS-A during the spliceosome 
assembly and activation stages (A to Bact). Once the spliceosome is 
catalytically activated (B*), SF3b is displaced from U2/BPS for catal-
ysis to occur and subsequently becomes loosely associated with the 

spliceosome until the end of splicing [35–40]. Structures of spliceo-
somal A (PDB accession code: 6G90, [25]) and Bact (PDB accession 
code: 5Z56, [27]) complexes depicted in surface mode and colored in 
gray are also shown above respective cartoons with SF3b colored the 
same as in Fig. 1b
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subsequently cause defects in pre-mRNA splicing as well 
as reduced expression of neural and skeletal genes [65, 66]. 
SF3b7 is considered a cancer-promoting factor in several 
types of cancers, including glioblastoma multiforme, lung 
adenocarcinoma, and HCC [67–71]. RNA-seq analysis 
showed that alternative splicing patterns are dysregulated 
in these cancers. Collectively, components of the SF3b com-
plex are deeply involved in various cancers and exert their 
effects primarily through rewiring the cellular alternative 
splicing network.

Modifications of SF3b

The splicing function of the SF3b complex can be regu-
lated and subtly tuned by protein modifications, including 
phosphorylation/dephosphorylation of SF3b1, methylation 
of SF3b2 and SF3b4, and acetylation of SF3b7.

The most prominent modification within the SF3b com-
plex is the phosphorylation of SF3b1, which is tightly cor-
related with the progress of catalysis during splicing [13]. 
However, the molecular details and biological significance 
of this modification within the active spliceosome are 
still poorly understood. To date, two protein kinases that 
impose phosphate groups on SF3b1 have been identified. 
Dual-specificity tyrosine-phosphorylation regulated kinase 
1A (DYRK1A) is responsible for protein phosphorylation 
mainly at its Thr434 residue, whereas cyclinE-cdk2 medi-
ates protein phosphorylation within its N-terminus and pre-
sumably at multiple sites [72, 73]. Phosphorylated SF3b1 
is recognized by nuclear inhibitor of protein phosphatase-1 
(NIPP1) and is subsequently directed by the latter to protein 
phosphatase-1 (PP1) [74, 75]. PP1, together with another 
phosphatase, PP2A, has been implicated in the progression 
of the second step of splicing, where it dephosphorylates 
SF3b1 [76].

In addition to phosphorylation, methylation of the SF3b 
complex components, including SF3b2 and SF3b4, also 
affects pre-mRNA splicing [77, 78]. SF3b2 is methylated 
by PRMT9 at its Arg508 residue, while SF3b4 is methylated 
by CARM1 within its C-terminal PR region. The methylated 
SF3b2 is then capable of binding to the Tudor domain of the 
survival of motor neuron (SMN) protein, suggesting that the 
methylation of SF3b2 may play a role in coordinating the 
assembly of U2 snRNP during its maturation. Interestingly, 
although the U2-related protein SPF30 also contains a Tudor 
domain, it appears that this domain does not interact with 
methylated SF3b2 in vitro [78].

Recently, one study reported that SF3b7 is acetylated 
mainly at its Lys29 residue under nutrient starvation [79]. 
The study further found that this modification enhances 
the interaction between SF3b7 and other SF3b compo-
nents and changes the cellular pre-mRNA splicing patterns. 

Notably, levels of acetylation in SF3b7 Lys29 are signifi-
cantly increased in colorectal cancer tissues.

These modification-related residues exhibit a sparse dis-
tribution on the structure of the SF3b complex, rendering the 
acting mechanism of these modifications at a specific splic-
ing stage unlikely (Fig. 1c). Collectively, it is evident that 
protein modifications on the SF3b complex play multiple 
roles, including the stabilization of SF3b, biogenesis of U2 
snRNP, regulation of pre-mRNA splicing, and progression 
of tumors.

Roles beyond splicing

U2‑snRNP‑dependent roles of SF3b

The 3′‑end processing of histone pre‑mRNA

Nuclear pre-mRNA splicing is not a solitary process but 
is coupled to other gene expression steps, including tran-
scription, 5′ capping, and 3′-end processing, as well as 
subsequent nuclear export. For example, a link between 
splicing and 3′-end processing is achieved by an interac-
tion between U2 snRNP and cleavage and polyadenylation 
specificity factor (CPSF) (Fig. 3). Kyburz et al. found that 
U2 snRNP physically interacts with CPSF via their respec-
tive subunits, and this interaction is pivotal for the coupling 
of splicing and 3′-end processing [80]. Notably, this study 
showed that SF3b3 interacts with its homologous protein 
CPSF1 (CPSF160 used therein) from the CPSF complex in 
an in vitro GST pull-down assay. Interestingly, as described 
below, the interaction between U2 snRNP and CPSF applies 
well to the processing of histone pre-mRNAs which contain 
no introns (Fig. 3).

While studying the 3′-end formation of replication-
dependent histone pre-mRNAs, Friend et al.found that 
SF3b1 of the SF3b complex that is within the U2 snRNP 
contacts, both in vivo and in vitro, a 22-nt RNA element, 
which is present in the majority of histone pre-mRNAs, 
in conjunction with a U2 snRNP-related protein Prp43 
[81]. Surprisingly, the 22-nt RNA element, especially its 
most conserved 7-nt motif, has no similarity to the BPS 
of pre-mRNA introns. It has further been shown that sev-
eral SF3b components within the U2 snRNP precipitated 
with the 22-nt RNA element in nuclear extracts, and U2 
snRNP also binds to histone pre-mRNAs in Xenopus lae-
vis germinal vesicles and HeLa cells, as evidenced by 
the presence of SF3b1 as well as Prp43 in the respective 
immunoprecipitation assays; this demonstrates the inter-
action between this RNA element and the SF3b complex 
is U2-snRNP-dependent. Previously, SF3b1 was shown 
to bind to a purine-rich ceramide-responsive RNA cis-
element 1 (CRCE1) located in an exon of Bcl-x pre-mRNA 
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[82]. It is unclear how SF3b1, which contains no known 
sequence-specific RNA binding motifs, can bind this RNA 
element. Although CRCE1 is comparable in length to the 
22-nt RNA element of histone pre-mRNAs, these two ele-
ments are different from each other at the sequence level. 
In addition, SF3b was recently found to be capable of bind-
ing to several other sequence motifs, which was examined 
via SF3b1-enhanced cross-linking and IP (eCLIP) experi-
ments [83]. Taken together, the findings of these studies 
indicate that SF3b, possibly its SF3b1 subunit, has the 
ability to bind to many distinct RNA sequences in addi-
tion to the canonical BPS in pre-mRNA introns. However, 
questions remain with regard to how SF3b1/SF3b interacts 
and whether U2 forms a duplex by base pairing with these 
RNA sequences.

PcG‑mediated Hox gene repression

Apart from the aforementioned function of SF3b in the 
3′-end processing of histone pre-mRNAs, this complex 
has also been implicated in the gene repression of Hox 
genes through the action of polycomb group (PcG) pro-
teins (Fig. 3). For instance, Isono et al.demonstrated that 
the SF3b1 component of the SF3b complex can specifically 
interact with the Zfp144 and Rnf2 components of polycomb 
repressive complexes 1 (PRC1), a PcG protein complex 
[84]. Their interactions were first identified by yeast two-
hybrid screening and then confirmed by in vitro glutathione 
S-transferase pull-down and in vivo co-immunoprecipitation 
(co-IP) assays. The presence of SF3b1 and a U2-specific 
protein, U2B”, during precipitation with PcG proteins from 

Fig. 3   Nonsplicing roles of the SF3b complex. The SF3b complex 
and its components participate in various molecular and cellular 
events that are beyond its canonical role in splicing. These events 
are sorted as either U2-dependent (labeled with circled numbers, 
② for the 3′-end processing of histone pre-mRNA [81], ③ for PcG-
mediated Hox gene repression [84] and ④ for the inhibition of AAV 
vector transduction [93]) or U2-independent (⑤ for novel mRNA 
export pathway mediated by THO [83]) for the SF3b complex in the 

nucleus. SF3b components are also engaged in several biological 
events that occur in different cellular compartments (⑥ for SF3b3 and 
SF3b5 containing the SAGA complex [96, 97, 99], ⑦ for SF3b1 con-
taining the B-WICH complex [101], ⑧ for SF3b3 containing CRLs 
[102, 103], ⑨ for the SF3b4-p180 complex in ER translational control 
[104], and ⑩ for the SF3b3-Mincle-mediated inflammatory response 
in necrotic cells [111]). The splicing pathway of the SF3b complex 
(labeled with ①) is also depicted for completeness and comparison
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the nuclear insoluble fraction tentatively suggested that the 
interaction of SF3b with the PRC1 complex likely occurs in 
a U2-snRNP-dependent manner. By generating and examin-
ing the SF3b1 haploinsufficient mouse models, the authors 
found that expression levels of SF3b1 were remarkably 
reduced and the mice exhibited skeletal phenotypes similar 
to PcG mutants. Notably, decreased levels of SF3b1 led to a 
dramatic dissociation of SF3b1 with PRC1 proteins, whereas 
the general splicing patterns seemed unaffected.

Recently, studies have demonstrated that a portion of 
nuclear U2 snRNPs are either directly or indirectly teth-
ered to chromatin via SF3b or SF3a [85–87]. Conceivably, 
impeding the association of these U2 snRNPs with chroma-
tin alters pre-mRNA splicing outcomes. In the future, it will 
be interesting to see what roles other than splicing are played 
by chromatin-bound U2 snRNPs.

Blocking adeno‑associated viruses (AAV) vector 
transduction

RNA splicing is a pivotal step in gene expression, influences 
many cellular processes, and is also employed by extracel-
lular pathogens, such as viruses. Indeed, the first intron was 
discovered from adenovirus over 40 years ago. Analyses of 
the interplay between viral components and cellular splicing 
factors have shown that many viruses manipulate the cellu-
lar splicing machinery in favor of their infections [88]. For 
example, yeast two-hybrid assays enabled the identification 
of two components of the SF3b complex, SF3b2 and SF3b7, 
as interactors with viral proteins, including ICP27 of the 
herpes simplex virus, Vpr of the human immunodeficiency 
virus, and NS5A of the swine fever virus [89–92]. Moreo-
ver, ICP27 and Vpr block spliceosome assembly and inhibit 
splicing by hijacking SF3b2.

Recently, Schreiber et al. identified an SF3b compo-
nent, SF3b7, as a restriction factor for recombinant AAV 
[93] (Fig. 3). They found that SF3b7, as well as other SF3b 
proteins and U2AF65 in the U2 snRNP complex, blocks 
AAV vector transduction in the stage after second-strand 
synthesis but prior to its transcription. They further showed 
that cellular restriction of AAV transduction is unlikely due 
to the effect of recombinant viruses on the cellular splic-
ing machinery but specific to the U2 snRNP complex. 
This is evidenced by two facts: first, spliceosomal proteins 
BRR2 and PRRP31, which are the respective U5 and U4/
U6 snRNP components of the spliceosome, have no inhibi-
tory effects on AAV vector transduction, and second, the 
pharmacological inhibition of U2 snRNP by meayamycin 
B, which targets SF3b1, promotes AAV vector transduction, 
whereas drugs that modulate other splicing steps show no 
such effects. In addition, the authors showed that SF3b com-
ponents, especially SF3b1, interact with the viral capsids 
after infection. These results indicate that the SF3b complex 

within U2 snRNP plays an important nonsplicing role in 
blocking AAV vector transduction.

The U2‑snRNP‑independent role of SF3b in mRNA 
export

As previously mentioned, pre-mRNA splicing is coordinated 
with other cellular processes during gene expression. After 
the initiation of RNA transcription and during the splicing 
stages, two multimeric complexes, the transcription-export 
(TREX) complex and the exon junction complex (EJC), are 
gradually deposited on the processing mRNA molecules, 
and both become engaged in the subsequent mRNA export 
process. Recently, Wang et al. found that the SF3b com-
plex is involved in TREX recruitment onto both spliced 
and intronless mRNAs, thereby revealing a novel role of 
SF3b in RNA export [83] (Fig. 3). The authors showed that 
components of the subcomplex THO in TREX interact with 
SF3b components both in vivo and in vitro. Knockdown 
of SF3b1 resulted in nuclear retention for both spliced and 
intronless mRNA molecules, whereas tethering the SF3b-
binding motif from histone pre-mRNAs (as mentioned above 
in the “The 3′-end processing of histone pre-mRNA” sec-
tion) to an exogenous intronless mRNA promoted its export. 
The study demonstrated that the role played by SF3b here 
exhibits a U2-snRNP-independent manner, as the disrup-
tion of U2 snRNP via an antisense morpholino promoted, 
instead of inhibited, this SF3b-THO interaction as well as 
mRNA export. In addition, other U2 snRNP protein com-
ponents, including SF3a and U2-specific A′ and B″, are dis-
pensable for their interaction. This strongly indicates that the 
role played by SF3b here is beyond its canonical function 
in splicing. Apart from the aforementioned findings, three 
more sequence motifs that SF3b binds to were identified. 
The ability of SF3b1/SF3b to bind to these heterogeneous 
sequence motifs opens up new functional possibilities for 
the SF3b1/SF3b complex/U2 snRNP in RNA metabolism.

A key question to be answered revolves around the source 
of the SF3b complex for this SF3b–THO interaction. One 
possible source is the U2 snRNPs in the catalytic spliceo-
some. Once the spliceosome is primed for catalytic activa-
tion, SF3b releases BS-A and repositions itself within the 
spliceosome during the dramatic rearrangement triggered 
by the action of Prp2, and then becomes loosely associated 
with the spliceosome [36, 94]. It is possible that the loosely 
associated SF3b is subsequently recruited to exons by rec-
ognizing its sequence motifs thereon and concomitantly 
interacts with THO. However, a previous study showed 
that SF3b components are not significantly present in the 
spliced mRNPs affinity-purified under physiological condi-
tions from HeLa nuclear extracts. This is although TREX 
and EJC complexes are both associated with the purified 
mRNPs, and the substrate pre-mRNA AdML used for this 
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purification contains one of the SF3b recognizing motifs 
(GAGGA) [95]. It is probable that the coupling between 
SF3b and THO might be destroyed under the conditions for 
the purification. Alternatively, another source is the nuclear 
SF3b pool, where the complex is in a free state without U2 
binding. Regarding this possibility, the attendant question 
is, when and how these SF3b molecules signal the timing 
for binding to both the sequence motifs on exons and THO 
proteins.

Nonsplicing roles of SF3b components

The subsequent sections of this review will discuss the roles 
of components of the SF3b complex that are outside the 
range of splicing based on their cellular compartments.

SF3b components in the nucleus

Spt-Ada-Gcn5 acetyltransferase (SAGA) is a transcriptional 
coactivator complex first identified in yeast. A study of 
human SAGA-like complexes identified SF3b3 as a com-
ponent in each of the two SAGA complexes, STAGA and 
TFTC [96, 97]. Although it appears that the protein in SAGA 
does not affect splicing, its true function in this complex 
remains elusive. Subsequently, SF3b5 was additionally iden-
tified as a SAGA component together with the above SF3b3, 
based on an interaction with the conserved Sgf29 subunit of 
the human SAGA complex [98]. Moreover, a recent study 
showed that SF3b3 and SF3b5 were also found in drosophila 
SAGA [99]. This suggests that these two proteins may be 
intrinsic components of SAGA in higher eukaryotes. In this 
recent study, it was further shown that the expression of a 
subset of SAGA-regulated genes is affected by disrupting 
SF3b5 in the fly genome. However, the result is presumably 
an outcome of the combinational effects of SF3b5’s roles in 
both splicing and, if it exists, SAGA-related transcriptional 
activation. In addition to being a component of the SAGA 
complex, SF3b3 was also found in a nuclear receptor core-
pressor complex, together with an SF3a protein [100]. In 
addition, SF3b1 was identified as a component in a high 
molecular weight chromatin-remodeling complex termed 
B-WICH [101]. To date, the nature of these interactions 
remains unclear, while the functions of the SF3b proteins in 
their respective complexes have yet to be elucidated.

SF3b components in the cytoplasm

While studying the regulation of Cullin-RING ubiquitin 
ligase (CRL) complexes, Menon et al. initially identified 
SF3b3 as an interacting partner of a subunit from the COP9 
signalosome complex. It mediates the deneddylation of Cul-
lins and interacts with several Cullin proteins [102] (Fig. 3). 
Later, Cordero-Espinoza et al. demonstrated that SF3b3 can 

negatively regulate the assembly and ligase activity of CRL1 
by interfering with the integrity of the complex, whereas 
it has no influence on other CRLs examined [103]. In the 
future, studies will be required to explore the molecular 
aspects of SF3b3 with regard to its role in the ubiquityla-
tion system.

Nascent mRNAs exported from the nucleus must go 
through ribosomes for translation. When searching for 
cofactors of p180, an integral endoplasmic reticulum (ER) 
membrane protein, in ER translational control, Ueno et al. 
surprisingly found SF3b4 [104]. They showed that SF3b4 
interacts specifically with the C-terminal coiled-coil domain 
of p180. The authors further elaborately demonstrated that 
SF3b4 cooperates with p180 for efficient protein biosynthe-
sis of COL1A1, the mRNA of the p180-dependent collagen 
gene, in a manner dependent on a sequence motif located 
in the 5′ untranslated region (UTR) of COL1A1. This find-
ing clearly provided a unique role for SF3b4 in the transla-
tional control on the ER (Fig. 3). In addition, their work pro-
vides the possibility that SF3b4, which contains two RRM 
domains, may preferably bind to some sequence motifs in 
a direct way, as was first attempted by in vitro RNA selec-
tion [105]. The interaction between SF3b4 and the sequence 
motif identified in this work can easily be examined by a 
conventional electrophoretic mobility shift assay. Moreover, 
enhanced cross-linking and IP (eCLIP) can be applied to 
SF3b4 to explore possible binding motifs, similar to experi-
ments performed by Wang et al. for SF3b1 [83].

A recent study noticed the phenomenon that SF3b1 relo-
calizes to nuclear and cytoplasmic aggregate foci in response 
to genotoxic stress in S. cerevisiae [106]. It appears that this 
redistribution pattern is specific to SF3b1, since over 600 
other surveyed proteins (including more than a dozen splic-
ing factors) and two SF3b components, SF3b2 and SF3b4, 
showed no such phenomena. The authors also checked for 
factors, including intranuclear quality control (INQ) marker 
proteins and molecular chaperones that influence the for-
mation of aggregate foci of SF3b1. Although subcellular 
redistribution of nucleus-to-cytoplasm transport under stress 
conditions has previously been observed in other splicing 
factors in mammalian and yeast cells, the localization pat-
tern of SF3b1 observed here seems distinct from those fac-
tors [107–110]. Nevertheless, further studies are needed 
to unravel the underlying molecular mechanism of this 
phenomenon.

SF3b components on the cell membrane

In addition to the aforementioned SF3b components that 
have nonsplicing functions in the nucleus and cytoplasm, 
one component of this complex, SF3b3, has an extraordinary 
role: it acts from outside the cell (Fig. 3). While studying 
the molecular mechanism of the inflammatory response to 
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necrotic cells, Yamasaki and colleagues found that SF3b3 is 
a ligand of Mincle, a C-type lectin receptor that is expressed 
on immune cells [111]. Their findings further suggested that 
upon exposure to various stimuli and stresses such as irradia-
tion, SF3b3 is released from dead cells and then sensed by 
Mincle via direct binding to its extracellular domain. This 
process triggers a signal cascade that leads to the production 
of a series of inflammatory cytokines. Since this discovery, 
the immunological correlation between SF3b3 and its cog-
nate receptor has been observed under other pathological 
conditions, including brain and liver injuries [112–115]. 
However, it is unclear why SF3b3 stands out as the signal 
molecule for dead cells.

Conclusions and perspectives

Over 30 years of research on the SF3b complex have estab-
lished its fundamental function in eukaryotic nuclear pre-
mRNA splicing. Its central role in recognizing BPS is 
embodied, comprehensively, in different molecular and cel-
lular activities, including facilitating spliceosome assembly 
and activation, regulating cellular alternative splicing net-
works, and impacting tumorigenesis. In addition to the role 
played by SF3b in splicing, extensive studies in recent years 
have gained several novel findings regarding this traditional 
complex and its components. These findings range from its 
participation in gene regulation on chromatin to the initia-
tion of cell signaling on the cell membrane. Consequently, 
a rather integrative view, albeit currently in an incomplete 
and schematic state, of the multifaceted nature of the SF3b 
complex should be instituted in our knowledge.

However, basic questions remain to be answered. One 
open question is the maturation and biogenesis of this mul-
timeric complex. For example, the assembly pathway of the 
heptameric SF3b complex from its components, as well as 
its role during U2 snRNP assembly/biogenesis prior to and 
after splicing in a cellular context, should be investigated. 
Although cryo-EM structures of the spliceosome prior to 
catalysis have demonstrated how SF3b interacts with U2/
BPS and enwraps BS-A, it remains unclear how the process 
that SF3b recognizes BS-A and facilitates U2/BPS formation 
occurring during spliceosome assembly. Furthermore, in 
comparison to the group II introns, whose BPS is discerned 
only by RNA elements, there are no clues so far on how 
such a complicated protein complex as SF3b has evolved 
for arranging the recognition of the specific RNA sequence 
during the process of eukaryogenesis. Regarding the emerg-
ing nonsplicing roles of the SF3b complex, one intriguing 
question is how these nonsplicing functions are acquired in 
higher eukaryotes. Moreover, attention must be paid to care-
fully discern the diverse functional complexes beyond the 
spliceosome and whether the isolated SF3b subunit or the 

holo U2 snRNP/spliceosome is involved. Knowledge of this 
may lead to a better understanding of the functions of SF3b 
beyond splicing and its expansion into many other biological 
processes along with the evolution of organism complexity.

Acknowledgements  I would like to acknowledge Hong Cheng and 
Kiyoko Ogawa-Goto for their critical comments on the manuscript. 
I apologize to colleagues whose work could not be cited owing to 
space limitations. This work was funded by Grants from the National 
Natural Science Foundation of China (31872717) and the Research 
Fund of Development and Regeneration Key Laboratory of Sichuan 
Province (SYS18-05).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

	 1.	 Berget SM, Moore C, Sharp PA (1977) Spliced segments at the 
5’ terminus of adenovirus 2 late mRNA. Proc Natl Acad Sci USA 
74(8):3171–3175. https​://doi.org/10.1073/pnas.74.8.3171

	 2.	 Chow LT, Gelinas RE, Broker TR, Roberts RJ (1977) An 
amazing sequence arrangement at the 5’ ends of adenovirus 2 
messenger RNA. Cell 12(1):1–8. https​://doi.org/10.1016/0092-
8674(77)90180​-5

	 3.	 Brody E, Abelson J (1985) The "spliceosome": yeast pre-messen-
ger RNA associates with a 40S complex in a splicing-dependent 
reaction. Science 228(4702):963–967. https​://doi.org/10.1126/
scien​ce.38901​81

	 4.	 Frendewey D, Keller W (1985) Stepwise assembly of a pre-
mRNA splicing complex requires U-snRNPs and specific intron 
sequences. Cell 42(1):355–367. https​://doi.org/10.1016/s0092​
-8674(85)80131​-8

	 5.	 Grabowski PJ, Seiler SR, Sharp PA (1985) A multicomponent 
complex is involved in the splicing of messenger RNA pre-
cursors. Cell 42(1):345–353. https​://doi.org/10.1016/s0092​
-8674(85)80130​-6

	 6.	 Kramer A, Frick M, Keller W (1987) Separation of multiple com-
ponents of HeLa cell nuclear extracts required for pre-messenger 
RNA splicing. J Biol Chem 262(36):17630–17640

	 7.	 Brosi R, Hauri HP, Kramer A (1993) Separation of splicing factor 
SF3 into two components and purification of SF3a activity. J Biol 
Chem 268(23):17640–17646

	 8.	 Maji D, Grossfield A, Kielkopf CL (2019) Structures of SF3b1 
reveal a dynamic Achilles heel of spliceosome assembly: Impli-
cations for cancer-associated abnormalities and drug discovery. 
Biochim Biophys Acta Gene Regul Mech 1862(11–12):194440. 
https​://doi.org/10.1016/j.bbagr​m.2019.19444​0

	 9.	 van der Feltz C, Hoskins AA (2019) Structural and functional 
modularity of the U2 snRNP in pre-mRNA splicing. Crit Rev 
Biochem Mol Biol 54(5):443–465. https​://doi.org/10.1080/10409​
238.2019.16914​97

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.74.8.3171
https://doi.org/10.1016/0092-8674(77)90180-5
https://doi.org/10.1016/0092-8674(77)90180-5
https://doi.org/10.1126/science.3890181
https://doi.org/10.1126/science.3890181
https://doi.org/10.1016/s0092-8674(85)80131-8
https://doi.org/10.1016/s0092-8674(85)80131-8
https://doi.org/10.1016/s0092-8674(85)80130-6
https://doi.org/10.1016/s0092-8674(85)80130-6
https://doi.org/10.1016/j.bbagrm.2019.194440
https://doi.org/10.1080/10409238.2019.1691497
https://doi.org/10.1080/10409238.2019.1691497


3592	 C. Sun 

1 3

	 10.	 Das BK, Xia L, Palandjian L, Gozani O, Chyung Y, Reed R 
(1999) Characterization of a protein complex containing spli-
ceosomal proteins SAPs 49, 130, 145, and 155. Mol Cell Biol 
19(10):6796–6802. https​://doi.org/10.1128/mcb.19.10.6796

	 11.	 Will CL, Schneider C, MacMillan AM, Katopodis NF, Neubauer 
G, Wilm M, Luhrmann R, Query CC (2001) A novel U2 and 
U11/U12 snRNP protein that associates with the pre-mRNA 
branch site. EMBO J 20(16):4536–4546. https​://doi.org/10.1093/
emboj​/20.16.4536

	 12.	 Will CL, Urlaub H, Achsel T, Gentzel M, Wilm M, Luhrmann R 
(2002) Characterization of novel SF3b and 17S U2 snRNP pro-
teins, including a human Prp5p homologue and an SF3b DEAD-
box protein. EMBO J 21(18):4978–4988. https​://doi.org/10.1093/
emboj​/cdf48​0

	 13.	 Wang C, Chua K, Seghezzi W, Lees E, Gozani O, Reed R 
(1998) Phosphorylation of spliceosomal protein SAP 155 cou-
pled with splicing catalysis. Genes Dev 12(10):1409–1414. 
https​://doi.org/10.1101/gad.12.10.1409

	 14.	 Rauhut R, Fabrizio P, Dybkov O, Hartmuth K, Pena V, Chari 
A, Kumar V, Lee CT, Urlaub H, Kastner B, Stark H, Luhrmann 
R (2016) Molecular architecture of the Saccharomyces cer-
evisiae activated spliceosome. Science 353(6306):1399–1405. 
https​://doi.org/10.1126/scien​ce.aag19​06

	 15.	 Kielkopf CL, Lucke S, Green MR (2004) U2AF homology 
motifs: protein recognition in the RRM world. Genes Dev 
18(13):1513–1526. https​://doi.org/10.1101/gad.12062​04

	 16.	 Gozani O, Feld R, Reed R (1996) Evidence that sequence-
independent binding of highly conserved U2 snRNP proteins 
upstream of the branch site is required for assembly of spli-
ceosomal complex A. Genes Dev 10(2):233–243. https​://doi.
org/10.1101/gad.10.2.233

	 17.	 Cretu C, Schmitzova J, Ponce-Salvatierra A, Dybkov O, De 
Laurentiis EI, Sharma K, Will CL, Urlaub H, Luhrmann R, 
Pena V (2016) Molecular architecture of SF3b and struc-
tural consequences of its cancer-related mutations. Mol Cell 
64(2):307–319. https​://doi.org/10.1016/j.molce​l.2016.08.036

	 18.	 Champion-Arnaud P, Reed R (1994) The prespliceosome com-
ponents SAP 49 and SAP 145 interact in a complex impli-
cated in tethering U2 snRNP to the branch site. Genes Dev 
8(16):1974–1983. https​://doi.org/10.1101/gad.8.16.1974

	 19.	 Trappe R, Ahmed M, Glaser B, Vogel C, Tascou S, Burfeind P, 
Engel W (2002) Identification and characterization of a novel 
murine multigene family containing a PHD-finger-like motif. 
Biochem Biophys Res Commun 293(2):816–826. https​://doi.
org/10.1016/S0006​-291X(02)00277​-2

	 20.	 Yan C, Wan R, Bai R, Huang G, Shi Y (2016) Structure of 
a yeast activated spliceosome at 3.5 A resolution. Science 
353(6302):904–911. https​://doi.org/10.1126/scien​ce.aag02​91

	 21.	 Bertram K, Agafonov DE, Dybkov O, Haselbach D, Leelaram 
MN, Will CL, Urlaub H, Kastner B, Luhrmann R, Stark H 
(2017) Cryo-EM structure of a pre-catalytic human spliceo-
some primed for activation. Cell 170(4):701 e711–713 e711. 
https​://doi.org/10.1016/j.cell.2017.07.011

	 22.	 Plaschka C, Lin PC, Nagai K (2017) Structure of a pre-cat-
alytic spliceosome. Nature 546(7660):617–621. https​://doi.
org/10.1038/natur​e2279​9

	 23.	 Bai R, Wan R, Yan C, Lei J, Shi Y (2018) Structures of the 
fully assembled Saccharomyces cerevisiae spliceosome 
before activation. Science 360(6396):1423–1429. https​://doi.
org/10.1126/scien​ce.aau03​25

	 24.	 Haselbach D, Komarov I, Agafonov DE, Hartmuth K, Graf B, 
Dybkov O, Urlaub H, Kastner B, Luhrmann R, Stark H (2018) 
Structure and conformational dynamics of the human spliceo-
somal B(act) complex. Cell 172(3):454–464.e411. https​://doi.
org/10.1016/j.cell.2018.01.010

	 25.	 Plaschka C, Lin PC, Charenton C, Nagai K (2018) Prespli-
ceosome structure provides insights into spliceosome assem-
bly and regulation. Nature 559(7714):419–422. https​://doi.
org/10.1038/s4158​6-018-0323-8

	 26.	 Zhan X, Yan C, Zhang X, Lei J, Shi Y (2018) Structures of 
the human pre-catalytic spliceosome and its precursor spli-
ceosome. Cell Res 28(12):1129–1140. https​://doi.org/10.1038/
s4142​2-018-0094-7

	 27.	 Zhang X, Yan C, Zhan X, Li L, Lei J, Shi Y (2018) Struc-
ture of the human activated spliceosome in three conforma-
tional states. Cell Res 28(3):307–322. https​://doi.org/10.1038/
cr.2018.14

	 28.	 Charenton C, Wilkinson ME, Nagai K (2019) Mechanism of 5’ 
splice site transfer for human spliceosome activation. Science 
364(6438):362–367. https​://doi.org/10.1126/scien​ce.aax32​89

	 29.	 Bennett M, Michaud S, Kingston J, Reed R (1992) Protein com-
ponents specifically associated with prespliceosome and spli-
ceosome complexes. Genes Dev 6(10):1986–2000. https​://doi.
org/10.1101/gad.6.10.1986

	 30.	 Behrens SE, Tyc K, Kastner B, Reichelt J, Luhrmann R (1993) 
Small nuclear ribonucleoprotein (RNP) U2 contains numer-
ous additional proteins and has a bipartite RNP structure under 
splicing conditions. Mol Cell Biol 13(1):307–319. https​://doi.
org/10.1128/mcb.13.1.307

	 31.	 MacMillan AM, Query CC, Allerson CR, Chen S, Verdine GL, 
Sharp PA (1994) Dynamic association of proteins with the pre-
mRNA branch region. Genes Dev 8(24):3008–3020. https​://doi.
org/10.1101/gad.8.24.3008

	 32.	 Brosi R, Groning K, Behrens SE, Luhrmann R, Kramer A 
(1993) Interaction of mammalian splicing factor SF3a with U2 
snRNP and relation of its 60-kD subunit to yeast PRP9. Science 
262(5130):102–105. https​://doi.org/10.1126/scien​ce.82111​12

	 33.	 Staknis D, Reed R (1994) Direct interactions between pre-
mRNA and six U2 small nuclear ribonucleoproteins during 
spliceosome assembly. Mol Cell Biol 14(5):2994–3005. https​://
doi.org/10.1128/mcb.14.5.2994

	 34.	 Query CC, Strobel SA, Sharp PA (1996) Three recognition events 
at the branch-site adenine. EMBO J 15(6):1392–1402

	 35.	 Jurica MS, Licklider LJ, Gygi SR, Grigorieff N, Moore MJ 
(2002) Purification and characterization of native splice-
osomes suitable for three-dimensional structural analysis. RNA 
8(4):426–439. https​://doi.org/10.1017/s1355​83820​20210​88

	 36.	 Warkocki Z, Odenwalder P, Schmitzova J, Platzmann F, Stark 
H, Urlaub H, Ficner R, Fabrizio P, Luhrmann R (2009) Recon-
stitution of both steps of Saccharomyces cerevisiae splicing 
with purified spliceosomal components. Nat Struct Mol Biol 
16(12):1237–1243. https​://doi.org/10.1038/nsmb.1729

	 37.	 Lardelli RM, Thompson JX, Yates JR 3rd, Stevens SW (2010) 
Release of SF3 from the intron branchpoint activates the first 
step of pre-mRNA splicing. RNA 16(3):516–528. https​://doi.
org/10.1261/rna.20305​10

	 38.	 Fourmann JB, Schmitzova J, Christian H, Urlaub H, Ficner R, 
Boon KL, Fabrizio P, Luhrmann R (2013) Dissection of the fac-
tor requirements for spliceosome disassembly and the elucida-
tion of its dissociation products using a purified splicing system. 
Genes Dev 27(4):413–428. https​://doi.org/10.1101/gad.20777​
9.112

	 39.	 Ilagan JO, Chalkley RJ, Burlingame AL, Jurica MS (2013) Rear-
rangements within human spliceosomes captured after exon liga-
tion. RNA 19(3):400–412. https​://doi.org/10.1261/rna.03422​
3.112

	 40.	 Bertram K, Agafonov DE, Liu WT, Dybkov O, Will CL, Hart-
muth K, Urlaub H, Kastner B, Stark H, Luhrmann R (2017) 
Cryo-EM structure of a human spliceosome activated for step 2 
of splicing. Nature 542(7641):318–323. https​://doi.org/10.1038/
natur​e2107​9

https://doi.org/10.1128/mcb.19.10.6796
https://doi.org/10.1093/emboj/20.16.4536
https://doi.org/10.1093/emboj/20.16.4536
https://doi.org/10.1093/emboj/cdf480
https://doi.org/10.1093/emboj/cdf480
https://doi.org/10.1101/gad.12.10.1409
https://doi.org/10.1126/science.aag1906
https://doi.org/10.1101/gad.1206204
https://doi.org/10.1101/gad.10.2.233
https://doi.org/10.1101/gad.10.2.233
https://doi.org/10.1016/j.molcel.2016.08.036
https://doi.org/10.1101/gad.8.16.1974
https://doi.org/10.1016/S0006-291X(02)00277-2
https://doi.org/10.1016/S0006-291X(02)00277-2
https://doi.org/10.1126/science.aag0291
https://doi.org/10.1016/j.cell.2017.07.011
https://doi.org/10.1038/nature22799
https://doi.org/10.1038/nature22799
https://doi.org/10.1126/science.aau0325
https://doi.org/10.1126/science.aau0325
https://doi.org/10.1016/j.cell.2018.01.010
https://doi.org/10.1016/j.cell.2018.01.010
https://doi.org/10.1038/s41586-018-0323-8
https://doi.org/10.1038/s41586-018-0323-8
https://doi.org/10.1038/s41422-018-0094-7
https://doi.org/10.1038/s41422-018-0094-7
https://doi.org/10.1038/cr.2018.14
https://doi.org/10.1038/cr.2018.14
https://doi.org/10.1126/science.aax3289
https://doi.org/10.1101/gad.6.10.1986
https://doi.org/10.1101/gad.6.10.1986
https://doi.org/10.1128/mcb.13.1.307
https://doi.org/10.1128/mcb.13.1.307
https://doi.org/10.1101/gad.8.24.3008
https://doi.org/10.1101/gad.8.24.3008
https://doi.org/10.1126/science.8211112
https://doi.org/10.1128/mcb.14.5.2994
https://doi.org/10.1128/mcb.14.5.2994
https://doi.org/10.1017/s1355838202021088
https://doi.org/10.1038/nsmb.1729
https://doi.org/10.1261/rna.2030510
https://doi.org/10.1261/rna.2030510
https://doi.org/10.1101/gad.207779.112
https://doi.org/10.1101/gad.207779.112
https://doi.org/10.1261/rna.034223.112
https://doi.org/10.1261/rna.034223.112
https://doi.org/10.1038/nature21079
https://doi.org/10.1038/nature21079


3593The SF3b complex: splicing and beyond﻿	

1 3

	 41.	 Stark MR, Dunn EA, Dunn WS, Grisdale CJ, Daniele AR, Hal-
stead MR, Fast NM, Rader SD (2015) Dramatically reduced spli-
ceosome in Cyanidioschyzon merolae. Proc Natl Acad Sci USA 
112(11):E1191–1200. https​://doi.org/10.1073/pnas.14168​79112​

	 42.	 Yoshida K, Ogawa S (2014) Splicing factor mutations and 
cancer. Wiley Interdiscip Rev RNA 5(4):445–459. https​://doi.
org/10.1002/wrna.1222

	 43.	 Kielkopf CL (2018) Insights from structures of cancer-relevant 
pre-mRNA splicing factors. Curr Opin Genet Dev 48:57–66. 
https​://doi.org/10.1016/j.gde.2017.10.008

	 44.	 Darman RB, Seiler M, Agrawal AA, Lim KH, Peng S, Aird D, 
Bailey SL, Bhavsar EB, Chan B, Colla S, Corson L, Feala J, 
Fekkes P, Ichikawa K, Keaney GF, Lee L, Kumar P, Kunii K, 
MacKenzie C, Matijevic M, Mizui Y, Myint K, Park ES, Puy-
ang X, Selvaraj A, Thomas MP, Tsai J, Wang JY, Warmuth M, 
Yang H, Zhu P, Garcia-Manero G, Furman RR, Yu L, Smith 
PG, Buonamici S (2015) Cancer-associated SF3B1 hotspot muta-
tions induce Cryptic 3’ splice site selection through use of a 
different branch point. Cell Rep 13(5):1033–1045. https​://doi.
org/10.1016/j.celre​p.2015.09.053

	 45.	 DeBoever C, Ghia EM, Shepard PJ, Rassenti L, Barrett CL, 
Jepsen K, Jamieson CH, Carson D, Kipps TJ, Frazer KA (2015) 
Transcriptome sequencing reveals potential mechanism of cryp-
tic 3’ splice site selection in SF3B1-mutated cancers. PLoS 
Comput Biol 11(3):e1004105. https​://doi.org/10.1371/journ​
al.pcbi.10041​05

	 46.	 Alsafadi S, Houy A, Battistella A, Popova T, Wassef M, Henry E, 
Tirode F, Constantinou A, Piperno-Neumann S, Roman-Roman 
S, Dutertre M, Stern MH (2016) Cancer-associated SF3B1 muta-
tions affect alternative splicing by promoting alternative branch-
point usage. Nat Commun 7:10615. https​://doi.org/10.1038/
ncomm​s1061​5

	 47.	 Carrocci TJ, Zoerner DM, Paulson JC, Hoskins AA (2017) 
SF3b1 mutations associated with myelodysplastic syndromes 
alter the fidelity of branchsite selection in yeast. Nucleic Acids 
Res 45(8):4837–4852. https​://doi.org/10.1093/nar/gkw13​49

	 48.	 Carrocci TJ, Paulson JC, Hoskins AA (2018) Functional analy-
sis of Hsh155/SF3b1 interactions with the U2 snRNA/branch 
site duplex. RNA 24(8):1028–1040. https​://doi.org/10.1261/
rna.06566​4.118

	 49.	 Tang Q, Rodriguez-Santiago S, Wang J, Pu J, Yuste A, Gupta 
V, Moldon A, Xu YZ, Query CC (2016) SF3B1/Hsh155 HEAT 
motif mutations affect interaction with the spliceosomal ATPase 
Prp5, resulting in altered branch site selectivity in pre-mRNA 
splicing. Genes Dev 30(24):2710–2723. https​://doi.org/10.1101/
gad.29187​2.116

	 50.	 Zhang J, Ali AM, Lieu YK, Liu Z, Gao J, Rabadan R, Raza 
A, Mukherjee S, Manley JL (2019) Disease-causing mutations 
in SF3B1 alter splicing by disrupting interaction with SUGP1. 
Mol Cell 76(1):82 e87–95 e87. https​://doi.org/10.1016/j.molce​
l.2019.07.017

	 51.	 Obeng EA, Chappell RJ, Seiler M, Chen MC, Campagna DR, 
Schmidt PJ, Schneider RK, Lord AM, Wang L, Gambe RG, 
McConkey ME, Ali AM, Raza A, Yu L, Buonamici S, Smith 
PG, Mullally A, Wu CJ, Fleming MD, Ebert BL (2016) Physi-
ologic expression of Sf3b1(K700E) causes impaired erythro-
poiesis, aberrant splicing, and sensitivity to therapeutic spli-
ceosome modulation. Cancer Cell 30(3):404–417. https​://doi.
org/10.1016/j.ccell​.2016.08.006

	 52.	 Finci LI, Zhang X, Huang X, Zhou Q, Tsai J, Teng T, Agrawal 
A, Chan B, Irwin S, Karr C, Cook A, Zhu P, Reynolds D, Smith 
PG, Fekkes P, Buonamici S, Larsen NA (2018) The cryo-EM 
structure of the SF3b spliceosome complex bound to a splicing 
modulator reveals a pre-mRNA substrate competitive mechanism 
of action. Genes Dev 32(3–4):309–320. https​://doi.org/10.1101/
gad.31104​3.117

	 53.	 Cretu C, Agrawal AA, Cook A, Will CL, Fekkes P, Smith PG, 
Luhrmann R, Larsen N, Buonamici S, Pena V (2018) Structural 
basis of splicing modulation by antitumor macrolide compounds. 
Mol Cell 70(2):265 e268–273 e268. https​://doi.org/10.1016/j.
molce​l.2018.03.011

	 54.	 Corrionero A, Minana B, Valcarcel J (2011) Reduced fidelity of 
branch point recognition and alternative splicing induced by the 
anti-tumor drug spliceostatin A. Genes Dev 25(5):445–459. https​
://doi.org/10.1101/gad.20143​11

	 55.	 Folco EG, Coil KE, Reed R (2011) The anti-tumor drug E7107 
reveals an essential role for SF3b in remodeling U2 snRNP to 
expose the branch point-binding region. Genes Dev 25(5):440–
444. https​://doi.org/10.1101/gad.20094​11

	 56.	 Yokoi A, Kotake Y, Takahashi K, Kadowaki T, Matsumoto Y, 
Minoshima Y, Sugi NH, Sagane K, Hamaguchi M, Iwata M, 
Mizui Y (2011) Biological validation that SF3b is a target of the 
antitumor macrolide pladienolide. FEBS J 278(24):4870–4880. 
https​://doi.org/10.1111/j.1742-4658.2011.08387​.x

	 57.	 Teng T, Tsai JH, Puyang X, Seiler M, Peng S, Prajapati S, Aird 
D, Buonamici S, Caleb B, Chan B, Corson L, Feala J, Fekkes P, 
Gerard B, Karr C, Korpal M, Liu X, Lowe JT, Mizui Y, Palacino 
J, Park E, Smith PG, Subramanian V, Wu ZJ, Zou J, Yu L, Chi-
cas A, Warmuth M, Larsen N, Zhu P (2017) Splicing modula-
tors act at the branch point adenosine binding pocket defined by 
the PHF5A-SF3b complex. Nat Commun 8:15522. https​://doi.
org/10.1038/ncomm​s1552​2

	 58.	 Xu W, Huang H, Yu L, Cao L (2015) Meta-analysis of gene 
expression profiles indicates genes in spliceosome pathway are 
up-regulated in hepatocellular carcinoma (HCC). Med Oncol 
32(4):96. https​://doi.org/10.1007/s1203​2-014-0425-6

	 59.	 Kawamura N, Nimura K, Saga K, Ishibashi A, Kitamura K, 
Nagano H, Yoshikawa Y, Ishida K, Nonomura N, Arisawa M, 
Luo J, Kaneda Y (2019) SF3B2-mediated RNA splicing drives 
human prostate cancer progression. Cancer Res. https​://doi.
org/10.1158/0008-5472.CAN-18-3965

	 60.	 Wong YH, Wu CC, Lin CL, Chen TS, Chang TH, Chen 
BS (2015) Applying NGS data to find evolutionary net-
work biomarkers from the early and late stages of hepatocel-
lular carcinoma. Biomed Res Int 2015:391475. https​://doi.
org/10.1155/2015/39147​5

	 61.	 Iguchi T, Komatsu H, Masuda T, Nambara S, Kidogami S, 
Ogawa Y, Hu Q, Saito T, Hirata H, Sakimura S, Uchi R, Hayashi 
N, Ito S, Eguchi H, Sugimachi K, Maehara Y, Mimori K (2016) 
Increased copy number of the gene encoding SF3B4 indicates 
poor prognosis in hepatocellular carcinoma. Anticancer Res 
36(5):2139–2144

	 62.	 Shen Q, Eun JW, Lee K, Kim HS, Yang HD, Kim SY, Lee EK, 
Kim T, Kang K, Kim S, Min DH, Oh SN, Lee YJ, Moon H, Ro 
SW, Park WS, Lee JY, Nam SW (2018) Barrier to autointegra-
tion factor 1, procollagen-lysine, 2-oxoglutarate 5-dioxygenase 
3, and splicing factor 3b subunit 4 as early-stage cancer decision 
markers and drivers of hepatocellular carcinoma. Hepatology 
67(4):1360–1377. https​://doi.org/10.1002/hep.29606​

	 63.	 Bernier FP, Caluseriu O, Ng S, Schwartzentruber J, Buckingham 
KJ, Innes AM, Jabs EW, Innis JW, Schuette JL, Gorski JL, Byers 
PH, Andelfinger G, Siu V, Lauzon J, Fernandez BA, McMillin 
M, Scott RH, Racher H, Consortium FC, Majewski J, Nickerson 
DA, Shendure J, Bamshad MJ, Parboosingh JS (2012) Haplo-
insufficiency of SF3B4, a component of the pre-mRNA spli-
ceosomal complex, causes Nager syndrome. Am J Hum Genet 
90(5):925–933. https​://doi.org/10.1016/j.ajhg.2012.04.004

	 64.	 McPherson E, Zaleski C, Ye Z, Lin S (2014) Rodriguez syn-
drome with SF3B4 mutation: a severe form of Nager syndrome? 
Am J Med Genet A 164A(7):1841–1845. https​://doi.org/10.1002/
ajmg.a.36555​

https://doi.org/10.1073/pnas.1416879112
https://doi.org/10.1002/wrna.1222
https://doi.org/10.1002/wrna.1222
https://doi.org/10.1016/j.gde.2017.10.008
https://doi.org/10.1016/j.celrep.2015.09.053
https://doi.org/10.1016/j.celrep.2015.09.053
https://doi.org/10.1371/journal.pcbi.1004105
https://doi.org/10.1371/journal.pcbi.1004105
https://doi.org/10.1038/ncomms10615
https://doi.org/10.1038/ncomms10615
https://doi.org/10.1093/nar/gkw1349
https://doi.org/10.1261/rna.065664.118
https://doi.org/10.1261/rna.065664.118
https://doi.org/10.1101/gad.291872.116
https://doi.org/10.1101/gad.291872.116
https://doi.org/10.1016/j.molcel.2019.07.017
https://doi.org/10.1016/j.molcel.2019.07.017
https://doi.org/10.1016/j.ccell.2016.08.006
https://doi.org/10.1016/j.ccell.2016.08.006
https://doi.org/10.1101/gad.311043.117
https://doi.org/10.1101/gad.311043.117
https://doi.org/10.1016/j.molcel.2018.03.011
https://doi.org/10.1016/j.molcel.2018.03.011
https://doi.org/10.1101/gad.2014311
https://doi.org/10.1101/gad.2014311
https://doi.org/10.1101/gad.2009411
https://doi.org/10.1111/j.1742-4658.2011.08387.x
https://doi.org/10.1038/ncomms15522
https://doi.org/10.1038/ncomms15522
https://doi.org/10.1007/s12032-014-0425-6
https://doi.org/10.1158/0008-5472.CAN-18-3965
https://doi.org/10.1158/0008-5472.CAN-18-3965
https://doi.org/10.1155/2015/391475
https://doi.org/10.1155/2015/391475
https://doi.org/10.1002/hep.29606
https://doi.org/10.1016/j.ajhg.2012.04.004
https://doi.org/10.1002/ajmg.a.36555
https://doi.org/10.1002/ajmg.a.36555


3594	 C. Sun 

1 3

	 65.	 Devotta A, Juraver-Geslin H, Gonzalez JA, Hong CS, Saint-
Jeannet JP (2016) Sf3b4-depleted Xenopus embryos: a model 
to study the pathogenesis of craniofacial defects in Nager syn-
drome. Dev Biol 415(2):371–382. https​://doi.org/10.1016/j.ydbio​
.2016.02.010

	 66.	 Marques F, Tenney J, Duran I, Martin J, Nevarez L, Pogue R, 
Krakow D, Cohn DH, Li B (2016) Altered mRNA splicing, 
chondrocyte gene expression and abnormal skeletal develop-
ment due to SF3B4 mutations in rodriguez acrofacial dysosto-
sis. PLoS Genet 12(9):e1006307. https​://doi.org/10.1371/journ​
al.pgen.10063​07

	 67.	 Hubert CG, Bradley RK, Ding Y, Toledo CM, Herman J, Skutt-
Kakaria K, Girard EJ, Davison J, Berndt J, Corrin P, Hardcastle 
J, Basom R, Delrow JJ, Webb T, Pollard SM, Lee J, Olson 
JM, Paddison PJ (2013) Genome-wide RNAi screens in human 
brain tumor isolates reveal a novel viability requirement for 
PHF5A. Genes Dev 27(9):1032–1045. https​://doi.org/10.1101/
gad.21254​8.112

	 68.	 Yang Y, Zhu J, Zhang T, Liu J, Li Y, Zhu Y, Xu L, Wang 
R, Su F, Ou Y, Wu Q (2018) PHD-finger domain protein 5A 
functions as a novel oncoprotein in lung adenocarcinoma. J 
Exp Clin Cancer Res 37(1):65. https​://doi.org/10.1186/s1304​
6-018-0736-0

	 69.	 Zheng YZ, Xue MZ, Shen HJ, Li XG, Ma D, Gong Y, Liu YR, 
Qiao F, Xie HY, Lian B, Sun WL, Zhao HY, Yao L, Zuo WJ, 
Li DQ, Wang P, Hu X, Shao ZM (2018) PHF5A epigenetically 
inhibits apoptosis to promote breast cancer progression. Can-
cer Res 78(12):3190–3206. https​://doi.org/10.1158/0008-5472.
CAN-17-3514

	 70.	 Mao S, Li Y, Lu Z, Che Y, Huang J, Lei Y, Wang Y, Liu C, Wang 
X, Zheng S, Sun N, He J (2019) PHD finger protein 5A promoted 
lung adenocarcinoma progression via alternative splicing. Cancer 
Med 8(5):2429–2441. https​://doi.org/10.1002/cam4.2115

	 71.	 Yang Q, Zhang J, Xu S, Jia C, Meng W, Tang H, Zhang X, 
Zhang Y, Fu B (2019) Knockdown of PHF5A inhibits migra-
tion and invasion of HCC cells via downregulating NF-kap-
paB signaling. Biomed Res Int 2019:1621854. https​://doi.
org/10.1155/2019/16218​54

	 72.	 Seghezzi W, Chua K, Shanahan F, Gozani O, Reed R, Lees 
E (1998) Cyclin E associates with components of the pre-
mRNA splicing machinery in mammalian cells. Mol Cell Biol 
18(8):4526–4536. https​://doi.org/10.1128/mcb.18.8.4526

	 73.	 de Graaf K, Czajkowska H, Rottmann S, Packman LC, Lilischkis 
R, Luscher B, Becker W (2006) The protein kinase DYRK1A 
phosphorylates the splicing factor SF3b1/SAP155 at Thr434, a 
novel in vivo phosphorylation site. BMC Biochem 7:7. https​://
doi.org/10.1186/1471-2091-7-7

	 74.	 Boudrez A, Beullens M, Waelkens E, Stalmans W, Bollen M 
(2002) Phosphorylation-dependent interaction between the splic-
ing factors SAP155 and NIPP1. J Biol Chem 277(35):31834–
31841. https​://doi.org/10.1074/jbc.M2044​27200​

	 75.	 Tanuma N, Kim SE, Beullens M, Tsubaki Y, Mitsuhashi S, 
Nomura M, Kawamura T, Isono K, Koseki H, Sato M, Bollen 
M, Kikuchi K, Shima H (2008) Nuclear inhibitor of protein 
phosphatase-1 (NIPP1) directs protein phosphatase-1 (PP1) 
to dephosphorylate the U2 small nuclear ribonucleoprotein 
particle (snRNP) component, spliceosome-associated protein 
155 (Sap155). J Biol Chem 283(51):35805–35814. https​://doi.
org/10.1074/jbc.M8054​68200​

	 76.	 Shi Y, Reddy B, Manley JL (2006) PP1/PP2A phosphatases are 
required for the second step of Pre-mRNA splicing and target 
specific snRNP proteins. Mol Cell 23(6):819–829. https​://doi.
org/10.1016/j.molce​l.2006.07.022

	 77.	 Cheng D, Cote J, Shaaban S, Bedford MT (2007) The arginine 
methyltransferase CARM1 regulates the coupling of transcription 

and mRNA processing. Mol Cell 25(1):71–83. https​://doi.
org/10.1016/j.molce​l.2006.11.019

	 78.	 Yang Y, Hadjikyriacou A, Xia Z, Gayatri S, Kim D, Zurita-
Lopez C, Kelly R, Guo A, Li W, Clarke SG, Bedford MT (2015) 
PRMT9 is a type II methyltransferase that methylates the splicing 
factor SAP145. Nat Commun 6:6428. https​://doi.org/10.1038/
ncomm​s7428​

	 79.	 Wang Z, Yang X, Liu C, Li X, Zhang B, Wang B, Zhang Y, Song 
C, Zhang T, Liu M, Liu B, Ren M, Jiang H, Zou J, Liu X, Zhang 
H, Zhu WG, Yin Y, Zhang Z, Gu W, Luo J (2019) Acetylation 
of PHF5A modulates stress responses and colorectal carcino-
genesis through alternative splicing-mediated upregulation of 
KDM3A. Mol Cell 74(6):1250 e1256–1263 e1256. https​://doi.
org/10.1016/j.molce​l.2019.04.009

	 80.	 Kyburz A, Friedlein A, Langen H, Keller W (2006) Direct inter-
actions between subunits of CPSF and the U2 snRNP contrib-
ute to the coupling of pre-mRNA 3’ end processing and splic-
ing. Mol Cell 23(2):195–205. https​://doi.org/10.1016/j.molce​
l.2006.05.037

	 81.	 Friend K, Lovejoy AF, Steitz JA (2007) U2 snRNP binds 
intronless histone pre-mRNAs to facilitate U7-snRNP-depend-
ent 3’ end formation. Mol Cell 28(2):240–252. https​://doi.
org/10.1016/j.molce​l.2007.09.026

	 82.	 Massiello A, Roesser JR, Chalfant CE (2006) SAP155 Binds 
to ceramide-responsive RNA cis-element 1 and regulates the 
alternative 5’ splice site selection of Bcl-x pre-mRNA. FASEB 
J 20(10):1680–1682. https​://doi.org/10.1096/fj.05-5021f​je

	 83.	 Wang K, Yin C, Du X, Chen S, Wang J, Zhang L, Wang L, Yu 
Y, Chi B, Shi M, Wang C, Reed R, Zhou Y, Huang J, Cheng 
H (2019) A U2-snRNP-independent role of SF3b in promoting 
mRNA export. Proc Natl Acad Sci USA 116(16):7837–7846. 
https​://doi.org/10.1073/pnas.18188​35116​

	 84.	 Isono K, Mizutani-Koseki Y, Komori T, Schmidt-Zachmann MS, 
Koseki H (2005) Mammalian polycomb-mediated repression of 
Hox genes requires the essential spliceosomal protein Sf3b1. 
Genes Dev 19(5):536–541. https​://doi.org/10.1101/gad.12846​05

	 85.	 Sims RJ 3rd, Millhouse S, Chen CF, Lewis BA, Erdjument-Bro-
mage H, Tempst P, Manley JL, Reinberg D (2007) Recognition 
of trimethylated histone H3 lysine 4 facilitates the recruitment 
of transcription postinitiation factors and pre-mRNA splic-
ing. Mol Cell 28(4):665–676. https​://doi.org/10.1016/j.molce​
l.2007.11.010

	 86.	 Convertini P, Shen M, Potter PM, Palacios G, Lagisetti C, de 
la Grange P, Horbinski C, Fondufe-Mittendorf YN, Webb TR, 
Stamm S (2014) Sudemycin E influences alternative splic-
ing and changes chromatin modifications. Nucleic Acids Res 
42(8):4947–4961. https​://doi.org/10.1093/nar/gku15​1

	 87.	 Kfir N, Lev-Maor G, Glaich O, Alajem A, Datta A, Sze SK, 
Meshorer E, Ast G (2015) SF3B1 association with chromatin 
determines splicing outcomes. Cell Rep 11(4):618–629. https​://
doi.org/10.1016/j.celre​p.2015.03.048

	 88.	 Boudreault S, Roy P, Lemay G, Bisaillon M (2019) Viral modu-
lation of cellular RNA alternative splicing: a new key player in 
virus-host interactions? Wiley Interdiscip Rev RNA 10(5):e1543. 
https​://doi.org/10.1002/wrna.1543

	 89.	 Bryant HE, Wadd SE, Lamond AI, Silverstein SJ, Clements JB 
(2001) Herpes simplex virus IE63 (ICP27) protein interacts with 
spliceosome-associated protein 145 and inhibits splicing prior 
to the first catalytic step. J Virol 75(9):4376–4385. https​://doi.
org/10.1128/jvi.75.9.4376-4385.2001

	 90.	 Terada Y, Yasuda Y (2006) Human immunodeficiency virus type 
1 Vpr induces G2 checkpoint activation by interacting with the 
splicing factor SAP145. Mol Cell Biol 26(21):8149–8158. https​
://doi.org/10.1128/mcb.01170​-06

	 91.	 Hashizume C, Kuramitsu M, Zhang X, Kurosawa T, Kamata 
M, Aida Y (2007) Human immunodeficiency virus type 1 Vpr 

https://doi.org/10.1016/j.ydbio.2016.02.010
https://doi.org/10.1016/j.ydbio.2016.02.010
https://doi.org/10.1371/journal.pgen.1006307
https://doi.org/10.1371/journal.pgen.1006307
https://doi.org/10.1101/gad.212548.112
https://doi.org/10.1101/gad.212548.112
https://doi.org/10.1186/s13046-018-0736-0
https://doi.org/10.1186/s13046-018-0736-0
https://doi.org/10.1158/0008-5472.CAN-17-3514
https://doi.org/10.1158/0008-5472.CAN-17-3514
https://doi.org/10.1002/cam4.2115
https://doi.org/10.1155/2019/1621854
https://doi.org/10.1155/2019/1621854
https://doi.org/10.1128/mcb.18.8.4526
https://doi.org/10.1186/1471-2091-7-7
https://doi.org/10.1186/1471-2091-7-7
https://doi.org/10.1074/jbc.M204427200
https://doi.org/10.1074/jbc.M805468200
https://doi.org/10.1074/jbc.M805468200
https://doi.org/10.1016/j.molcel.2006.07.022
https://doi.org/10.1016/j.molcel.2006.07.022
https://doi.org/10.1016/j.molcel.2006.11.019
https://doi.org/10.1016/j.molcel.2006.11.019
https://doi.org/10.1038/ncomms7428
https://doi.org/10.1038/ncomms7428
https://doi.org/10.1016/j.molcel.2019.04.009
https://doi.org/10.1016/j.molcel.2019.04.009
https://doi.org/10.1016/j.molcel.2006.05.037
https://doi.org/10.1016/j.molcel.2006.05.037
https://doi.org/10.1016/j.molcel.2007.09.026
https://doi.org/10.1016/j.molcel.2007.09.026
https://doi.org/10.1096/fj.05-5021fje
https://doi.org/10.1073/pnas.1818835116
https://doi.org/10.1101/gad.1284605
https://doi.org/10.1016/j.molcel.2007.11.010
https://doi.org/10.1016/j.molcel.2007.11.010
https://doi.org/10.1093/nar/gku151
https://doi.org/10.1016/j.celrep.2015.03.048
https://doi.org/10.1016/j.celrep.2015.03.048
https://doi.org/10.1002/wrna.1543
https://doi.org/10.1128/jvi.75.9.4376-4385.2001
https://doi.org/10.1128/jvi.75.9.4376-4385.2001
https://doi.org/10.1128/mcb.01170-06
https://doi.org/10.1128/mcb.01170-06


3595The SF3b complex: splicing and beyond﻿	

1 3

interacts with spliceosomal protein SAP145 to mediate cellular 
pre-mRNA splicing inhibition. Microbes Infect 9(4):490–497. 
https​://doi.org/10.1016/j.micin​f.2007.01.013

	 92.	 Zhang C, He L, Kang K, Chen H, Xu L, Zhang Y (2014) Screen-
ing of cellular proteins that interact with the classical swine fever 
virus non-structural protein 5A by yeast two-hybrid analysis. J 
Biosci 39(1):63–74. https​://doi.org/10.1007/s1203​8-013-9411-y

	 93.	 Schreiber CA, Sakuma T, Izumiya Y, Holditch SJ, Hickey RD, 
Bressin RK, Basu U, Koide K, Asokan A, Ikeda Y (2015) An 
siRNA screen identifies the U2 snrnp spliceosome as a host 
restriction factor for recombinant adeno-associated viruses. 
PLoS Pathog 11(8):e1005082. https​://doi.org/10.1371/journ​
al.ppat.10050​82

	 94.	 Wan R, Bai R, Yan C, Lei J, Shi Y (2019) Structures of the cata-
lytically activated yeast spliceosome reveal the mechanism of 
branching. Cell 177(2):339–351.e313. https​://doi.org/10.1016/j.
cell.2019.02.006

	 95.	 Merz C, Urlaub H, Will CL, Luhrmann R (2007) Protein compo-
sition of human mRNPs spliced in vitro and differential require-
ments for mRNP protein recruitment. RNA 13(1):116–128. https​
://doi.org/10.1261/rna.33680​7

	 96.	 Brand M, Moggs JG, Oulad-Abdelghani M, Lejeune F, Dilworth 
FJ, Stevenin J, Almouzni G, Tora L (2001) UV-damaged DNA-
binding protein in the TFTC complex links DNA damage recog-
nition to nucleosome acetylation. EMBO J 20(12):3187–3196. 
https​://doi.org/10.1093/emboj​/20.12.3187

	 97.	 Martinez E, Palhan VB, Tjernberg A, Lymar ES, Gamper AM, 
Kundu TK, Chait BT, Roeder RG (2001) Human STAGA com-
plex is a chromatin-acetylating transcription coactivator that 
interacts with pre-mRNA splicing and DNA damage-binding 
factors in vivo. Mol Cell Biol 21(20):6782–6795. https​://doi.
org/10.1128/mcb.21.20.6782-6795.2001

	 98.	 Vermeulen M, Eberl HC, Matarese F, Marks H, Denissov S, But-
ter F, Lee KK, Olsen JV, Hyman AA, Stunnenberg HG, Mann 
M (2010) Quantitative interaction proteomics and genome-wide 
profiling of epigenetic histone marks and their readers. Cell 
142(6):967–980. https​://doi.org/10.1016/j.cell.2010.08.020

	 99.	 Stegeman R, Spreacker PJ, Swanson SK, Stephenson R, Florens 
L, Washburn MP, Weake VM (2016) The spliceosomal protein 
SF3B5 is a novel component of drosophila SAGA that func-
tions in gene expression independent of splicing. J Mol Biol 
428(18):3632–3649. https​://doi.org/10.1016/j.jmb.2016.05.009

	100.	 Underhill C, Qutob MS, Yee SP, Torchia J (2000) A novel nuclear 
receptor corepressor complex, N-CoR, contains components of 
the mammalian SWI/SNF complex and the corepressor KAP-1. 
J Biol Chem 275(51):40463–40470. https​://doi.org/10.1074/jbc.
M0078​64200​

	101.	 Cavellan E, Asp P, Percipalle P, Farrants AK (2006) The WSTF-
SNF2h chromatin remodeling complex interacts with several 
nuclear proteins in transcription. J Biol Chem 281(24):16264–
16271. https​://doi.org/10.1074/jbc.M6002​33200​

	102.	 Menon S, Tsuge T, Dohmae N, Takio K, Wei N (2008) Asso-
ciation of SAP130/SF3b-3 with Cullin-RING ubiquitin ligase 
complexes and its regulation by the COP9 signalosome. BMC 
Biochem 9:1. https​://doi.org/10.1186/1471-2091-9-1

	103.	 Cordero-Espinoza L, Hagen T (2013) Regulation of Cullin-
RING ubiquitin ligase 1 by Spliceosome-associated protein 130 
(SAP130). Biol Open 2(8):838–844. https​://doi.org/10.1242/
bio.20134​374

	104.	 Ueno T, Taga Y, Yoshimoto R, Mayeda A, Hattori S, Ogawa-
Goto K (2019) Component of splicing factor SF3b plays a key 
role in translational control of polyribosomes on the endoplasmic 

reticulum. Proc Natl Acad Sci USA 116(19):9340–9349. https​://
doi.org/10.1073/pnas.19017​42116​

	105.	 Tanaka Y, Ohta A, Terashima K, Sakamoto H (1997) Polycis-
tronic expression and RNA-binding specificity of the C. elegans 
homologue of the spliceosome-associated protein SAP49. J Bio-
chem 121(4):739–745. https​://doi.org/10.1093/oxfor​djour​nals.
jbche​m.a0216​48

	106.	 Mathew V, Tam AS, Milbury KL, Hofmann AK, Hughes CS, 
Morin GB, Loewen CJR, Stirling PC (2017) Selective aggre-
gation of the splicing factor Hsh155 suppresses splicing upon 
genotoxic stress. J Cell Biol 216(12):4027–4040. https​://doi.
org/10.1083/jcb.20161​2018

	107.	 van der Houven van Oordt W, Diaz-Meco MT, Lozano J, Krainer 
AR, Moscat J, Caceres JF (2000) The MKK(3/6)-p38-signal-
ing cascade alters the subcellular distribution of hnRNP A1 
and modulates alternative splicing regulation. J Cell Biol 
149(2):307–316. https​://doi.org/10.1083/jcb.149.2.307

	108.	 Shomron N, Alberstein M, Reznik M, Ast G (2005) Stress alters 
the subcellular distribution of hSlu7 and thus modulates alter-
native splicing. J Cell Sci 118(Pt 6):1151–1159. https​://doi.
org/10.1242/jcs.01720​

	109.	 Spiller MP, Reijns MA, Beggs JD (2007) Requirements for 
nuclear localization of the Lsm2-8p complex and competition 
between nuclear and cytoplasmic Lsm complexes. J Cell Sci 
120(Pt 24):4310–4320. https​://doi.org/10.1242/jcs.01994​3

	110.	 Tkach JM, Yimit A, Lee AY, Riffle M, Costanzo M, Jaschob 
D, Hendry JA, Ou J, Moffat J, Boone C, Davis TN, Nislow C, 
Brown GW (2012) Dissecting DNA damage response pathways 
by analysing protein localization and abundance changes during 
DNA replication stress. Nat Cell Biol 14(9):966–976. https​://doi.
org/10.1038/ncb25​49

	111.	 Yamasaki S, Ishikawa E, Sakuma M, Hara H, Ogata K, Saito 
T (2008) Mincle is an ITAM-coupled activating receptor that 
senses damaged cells. Nat Immunol 9(10):1179–1188. https​://
doi.org/10.1038/ni.1651

	112.	 de Rivero Vaccari JC, Brand FJ 3rd, Berti AF, Alonso OF, Bull-
ock MR, de Rivero Vaccari JP (2015) Mincle signaling in the 
innate immune response after traumatic brain injury. J Neuro-
trauma 32(4):228–236. https​://doi.org/10.1089/neu.2014.3436

	113.	 He Y, Xu L, Li B, Guo ZN, Hu Q, Guo Z, Tang J, Chen Y, 
Zhang Y, Tang J, Zhang JH (2015) Macrophage-inducible C-type 
lectin/spleen tyrosine kinase signaling pathway contributes to 
neuroinflammation after subarachnoid hemorrhage in rats. Stroke 
46(8):2277–2286. https​://doi.org/10.1161/strok​eaha.115.01008​8

	114.	 Greco SH, Torres-Hernandez A, Kalabin A, Whiteman C, 
Rokosh R, Ravirala S, Ochi A, Gutierrez J, Salyana MA, Mani 
VR, Nagaraj SV, Deutsch M, Seifert L, Daley D, Barilla R, Hun-
deyin M, Nikifrov Y, Tejada K, Gelb BE, Katz SC, Miller G 
(2016) Mincle signaling promotes Con A hepatitis. J Immunol 
197(7):2816–2827. https​://doi.org/10.4049/jimmu​nol.16005​98

	115.	 Zhou H, Yu M, Zhao J, Martin BN, Roychowdhury S, McMul-
len MR, Wang E, Fox PL, Yamasaki S, Nagy LE, Li X (2016) 
IRAKM-Mincle axis links cell death to inflammation: patho-
physiological implications for chronic alcoholic liver disease. 
Hepatology 64(6):1978–1993. https​://doi.org/10.1002/hep.28811​

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.micinf.2007.01.013
https://doi.org/10.1007/s12038-013-9411-y
https://doi.org/10.1371/journal.ppat.1005082
https://doi.org/10.1371/journal.ppat.1005082
https://doi.org/10.1016/j.cell.2019.02.006
https://doi.org/10.1016/j.cell.2019.02.006
https://doi.org/10.1261/rna.336807
https://doi.org/10.1261/rna.336807
https://doi.org/10.1093/emboj/20.12.3187
https://doi.org/10.1128/mcb.21.20.6782-6795.2001
https://doi.org/10.1128/mcb.21.20.6782-6795.2001
https://doi.org/10.1016/j.cell.2010.08.020
https://doi.org/10.1016/j.jmb.2016.05.009
https://doi.org/10.1074/jbc.M007864200
https://doi.org/10.1074/jbc.M007864200
https://doi.org/10.1074/jbc.M600233200
https://doi.org/10.1186/1471-2091-9-1
https://doi.org/10.1242/bio.20134374
https://doi.org/10.1242/bio.20134374
https://doi.org/10.1073/pnas.1901742116
https://doi.org/10.1073/pnas.1901742116
https://doi.org/10.1093/oxfordjournals.jbchem.a021648
https://doi.org/10.1093/oxfordjournals.jbchem.a021648
https://doi.org/10.1083/jcb.201612018
https://doi.org/10.1083/jcb.201612018
https://doi.org/10.1083/jcb.149.2.307
https://doi.org/10.1242/jcs.01720
https://doi.org/10.1242/jcs.01720
https://doi.org/10.1242/jcs.019943
https://doi.org/10.1038/ncb2549
https://doi.org/10.1038/ncb2549
https://doi.org/10.1038/ni.1651
https://doi.org/10.1038/ni.1651
https://doi.org/10.1089/neu.2014.3436
https://doi.org/10.1161/strokeaha.115.010088
https://doi.org/10.4049/jimmunol.1600598
https://doi.org/10.1002/hep.28811

	The SF3b complex: splicing and beyond
	Abstract
	Introduction
	Composition and structure
	Functional roles in splicing
	Recognizing BPS
	Therapeutic drugs affect BPS binding in cancers
	Modifications of SF3b

	Roles beyond splicing
	U2-snRNP-dependent roles of SF3b
	The 3′-end processing of histone pre-mRNA
	PcG-mediated Hox gene repression
	Blocking adeno-associated viruses (AAV) vector transduction

	The U2-snRNP-independent role of SF3b in mRNA export
	Nonsplicing roles of SF3b components
	SF3b components in the nucleus
	SF3b components in the cytoplasm
	SF3b components on the cell membrane


	Conclusions and perspectives
	Acknowledgements 
	References




